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AsstracT. The present work deals with a detailed chemical study on
the clay mineral assemblages characterizing some clay deposits,
shales and mudstones, which differ in their texture, colour, lithology,
and depositional environments. Samples selected from seven Tertiary
formations located in Makkah and Rabigh quadrangles are chemically
analyzed; some are used as environmental discriminators.

The distribution of major and some trace elements in 77 samples
has been investigated and the results obtained were tabulated and
graphically illustrated. A wide range of variation is shown in the re-
sults of both major and trace constituents. This is due to their variable
content of clay mineral constituents and the abundance or paucity of
other admixtures, e.g. quartz, feldspar and minor heavy mineral
grains. The local occurrence of minor gypsum and carbonate veinlets
in some formations and ferrugination in others are also effective.

A positive correlation exists in some formations between Fe,O5
and each of MnO, Cr, Ni, Cu & Zn; between each of Sr & Cu versus
Ca0; and in most cases between Ga and Al,O;. Whereas SiO, shows
a negative correlation with each of Al,0; and L.O.I..

Most of trace elements entered the depositional basin in close as-
sociation with clay minerals and Ca-Fe-bearing detritus.

The examined clay minerals and their trace elements are mainly
source controlled (e.g. granitic and some pelitic rocks) and, an en-
vironmental illustration using Ga, B & Rb in a ternary diagram would
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indicate transitional to marine depositional environments for the stud-
ied clay deposits.

Key worps: Tertiary clays, Makkah and Rabigh, Saudi Arabia, Geo-
chemistry and depositional environments.

Introduction

In the last three decades, the study of clay deposits received a great interest of
some mineralogists to cope up with the expanding need of clay products. The
different modes of formation and environments of clay deposition yield various
clay deposits differing in their mineralogical and chemical composition, thus
sharing in the diversification of clay uses (Taj et al., 2001b).

The present work deals with a detailed chemical study of clays, shales and
mudstones at fifty stations which represent seven Tertiary formations and four
boreholes, aiming to conclude their depositional environments. They are distrib-
uted in Makkah and Rabigh quadrangles in the west central part of the Arabian
Shield bordering the Red Sea between lat. 21°00" & 23°00'N and long. 38°50' &
40°30'E (Fig. 1). The selected analyzed bulk samples are seventy three from
Haddat Ash Sham (HS), Usfan (US), Shumaysi (SH), Khulays (KH), Buraykah
(BR), Ubhur (UB) and Dafin (DF) formations (Fig. 2). Four samples were also
subjected to chemical analysis from three boreholes, located between Usfan and
Haddat Ash Sham in Makkah quadrangle (Fig. 1). The distribution of the major
oxides and some environmental discriminator trace elements from the clay de-
posits and associated mudrocks of diverse formations, has been tabulated and
graphically investigated.

The used apparatuses for analyses are: computerized Perkin Elmer Mass-
ICP-MS (model PQ/2) at the labs of the Geological Survey of Saudi Arabia,
Jeddah; and X-ray fluorescence spectrometer (XRF) at the central laboratories
sector of the Egyptian Geological Survey and Mining Authority, Giza, Egypt .

General Geology

The two quadrangles comprise Precambrian basement rocks unconformably
overlain by Tertiary sedimentary rocks in the west, and by Miocene to Pliocene
lavas in the north (Moore and Al- Rehaili, 1989).

Extensive areas of Quaternary surficial deposits (sand and gravel) are ex-
tended on the coastal plain and in the major wadies (Fig. 1). The stratigraphic
succession of Tertiary formations, as well as, the paleogeography and structures
of these sediments are studied by Spencer and Vincent (1984).

The studied formations are chronologically arranged, starting from the oldest
Haddat Ash-Sham (HS), Usfan (US), Shumaysi (SH), Khulays (KH), Buraykah
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Fic. 1. Simplified geological and location map of the fifty studied stations in the Makkah and Ra-
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Fig. 2. Tertiary formations in the Makkah and Rabigh quadrangles (Moore & Al-Rehaili, 1989).
*Clay minerals are arranged in a descending order: M = Montmorillonite (Ca*™ and/or
MgH rich variety), K = Kaolinite, I = Illite, Ch = Chlorite and M-I = Mixed layer (Bas-
yoni et al., 2002 and Taj et al., 2002).

(BR), Ubhur (UB) and the youngest Daffin (DF). Any number following these
abbreviations indicates its station location. Some authors dealt with the geology
of these formations among whom: Brown et al. (1963), Al-Shanti (1966), Karp-
off (1975), Spencer and Vincent (1984), Ramsay (1986), Moore and Al- Rehaili
(1989) and Zeidan and Banat (1989).

The Tertiary layered rocks of Makkah quadrangle are composed of tilted and
faulted strata, which are exposed sporadically, and usually poorly, beneath a
cover of flat-lying lavas and Quaternary deposits in the western part of the
quadrangle. They were assigned by Brown ef al. (1963) to the Shumaysi and
Usfan formations. Spencer and Vincent (1984) divided the Shumaysi Formation
into the Haddat Ash-Sham, Shumaysi, Khulays and Buraykah formations.
These four formations, together with the Usfan Formation, and the Sita Forma-
tion of Pallister (1982 & 1986), are grouped into the Suqah group (Fig. 2). It is
possible that the Haddat Ash-Sham, Usfan and Shumaysi formations are facies
variants and thus chronostratigraphic near-equivalents (Spencer and Vincent,
1984).
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Tertiary sedimentary rocks in the western part of the Rabigh quadrangle are
best preserved adjacent to where they have been covered by Tertiary basalt
flows; elsewhere, they occur in low hills rising above the coastal plain, largely
concealed by sand and gravel. The rocks are generally horizontal but have been
faulted and consequently attain flexure dips, in places, as much as 40°. They lie
unconformably beneath Tertiary lava flows and unconformably overlie, or are
faulted against, the Precambrian rocks. They have been assigned to the Usfan,
Shumaysi (?), and Daffin formations (Ramsay 1986) .

The studied formations were faulted and tilted, but not folded. They rest un-
conformably on the Precambrian basement rocks (Fig. 3), and are in turn, over-
lain by Tertiary to Quaternary basalt lava flows of the Rahat group, which are
flat-lying and essentially undeformed (Fig. 4). Their outcrops are discontinuous
and form low to medium relief ridges surrounded by the Precambrian crys-
talline rocks and the Quaternary alluvial and eolian deposits.

Lithologically, all the studied formations consist mainly of siliciclastic
material presumably derived from the surrounding Precambrian basement and
pre-existing sedimentary rocks. However, the overwhelming clastic sed-
imentation is temporarily interrupted by limited but persistant marine and
lacustrine carbonate units in Usfan Formation, US 9 (Fig. 5) and Daffin Forma-
tion, DF 35 (Fig. 6). The sedimentary sequences of the studied formations have
a limited extent. The unconformable base of these formations, in some in-
stances, is marked by the occurrence of basal conglomerates. In some cases the
beds of these formations are gently dipping to the northeast (Fig. 7). Spencer
and Vincent (1984) assigned that the Khulays Formation may be discordantly
overlain by the Shumaysi Formation in Fajj Al-Kuraymi at the southeastern end
of the Sugah trough. The Buraykah Formation is possibly unconformable on the
Khulays Formation (Spencer and Vincent, 1984). However, Moore and Al-
Rehaili (1989) considered that the Khulays Formation is conformably overlain
by the Buraykah Formation.

Some minor faults, affect different parts of the studied formations, are of the
normal type, and trending NE-SW. Dragging took place at the contacts of the
fault plane (Fig. 8) indicating the direction of the foot wall. This fault trend is in
accordance with the direction of the graben fault system, which had been taken
place in post-Oligocene time, in connection with the development of the Red
Sea Rift system .

A detailed mineralogical study of the same formations is given by Basyoni et
al., (2002) and Taj et al., (2002). The result of their work showed that the rel-
ative abundance of the studied clay deposits are of three types. The first, which
is the most common, is highly montmorillonitic, the second is made up of a
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Fic. 3. Fissile hard ferruginous shale, intercalated by thin bands and pockets of gypsum. This sed-
imentary sequence is directly impinged on Precambrian basement rocks as indicated by its
irregular paleorelief, station: DF 37 (Al-Jafa).

- " — N A T . L=

Fic. 4. A general view of fissile olive grey clay with gypsum bands and pockets intercalations.
Differential weathering occurs through the hard crumpled sandstone bed overlying the
eroded shale. A flat plateau of dark basaltic lava flows (Harrat) topping up the succession
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Fic. 5. A distinctive fossiliferous limestone ledge distinguishing Usfan Formation in the field.
The upper part includes black shale and sandstone (Paleocene-lower Eocene). Usfan beds
are dipping towards northeast at an angle of 15°-25°, Station : US9, Haddat Ash-Sham
locality.

Fic. 6. Medium relief limestone ridge of Daffin Formation (DF35) extending NW-NE, consists of
three parts. The upper one, 1.5 m thick is white, fossiliferous, hard limestone. The middle
part, 1m thick is pale yellowish brown, ferruginous sandy limestone. The lower part is
greyish pebbly calcareous sandstone (2 ms thick). Precambrian crystalline rocks are out-
cropping near this ridge (out of the photo).
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Fic. 7. Well defined angular unconformity between the inclined greyish white clay bed, dipping
20°NE, and the overlying yellowish white clayey sandstone. Station: SH30, El-khayat
quarry, W. Jabal Abu Mukassar.

Fic. 8. Minor fault (F-F) affecting Usfan succession (US8) trending NE-SW. Dragging is ob-
served at the contact of the fault plane, indicating the foot wall direction of the normal
fault. Thin bands (reach 25 cm) of clayey sandstone (white) are intercalated the chocolate
brown clay deposit.



mixture of montmorillonite followed by kaolinite and illite, and the third is
highly kaolinitic with some montmorillonite. They added that kaolinite is gener-
ally increased southward in Makkah quadrangle. While chlorite, as minor com-
ponent shows a northward increase in Rabigh quadrangle. Based on X-ray dif-
fraction analysis of the clay fractions of the studied samples, the identified clay
minerals and their abundances are illustrated in Table (1).

TasLe 1. Identified clay minerals and their relative abundance in the clay fractions of the studied
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samples, (1) Basyoni ef al., 2002; (2) Taj et al., 2002.

.| Station | Sample Montrpor- Kaolinite | Illite | Chlorite Mixed
Formation o o illonite K) 0 (Ch) layer Remarks

' ' M) (M-I)

1 | BS10 62 +H + RN - -

Haddat 63 -t +H + - -

Ash Sham 64 +H - + - -
HS27 92 - + - -

Us6 26 HH + - -

US7 28 -+ +++ + + -

30 - ++ + + -

US8 31 HHH + + - -

32 - +H+ +H - -

33 -+ ++ + - -

34 ++ +H+ + - -

36 ++ -+ + - -

38 +HH HH+ +H - -

39 + - +H - -

40 - + - - -

41 +H +H+ - - -

4 +HH +HH +H - -

) 43 HH + + - -

(Usfan) 44 += - + - -

45 +H ++ + - -

46 +H +HH +H - -

47 HH + + + -

49 -+ ++ +H - -

50 +H+ + + - -

52 +HHt +HH+ +H - -

53 +Ht - + - -

53A +++ +++ +H - -

54 +Ht - - - -

36 +HHt H+ - - -

58 +Ht +HH + - -

Us9 59 + +++ +H - -

61 +Ht - - - -
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TasLE 1. Continued.
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F .| Station | Sample Montmor— Kaolinite | Illite | Chlorite Mixed
ormation o o illonite K) 0 (Ch) layer Remarks

' ' M) (M-I)
Us30 97 -+ ++ +H - -
98 - +HH+ ++ - -
9 + - +H + -
100 - - - - -
@ 101 - + + - -
Shumaysi 102 - TN (. - -
SH50 132 -+ ++ +H - -
133 - ++ + - -
134 - ++ + - -
135 + -+ + - -
KH2 KH1 ERRERE + + - -
KH2 - + + - -
KH3 - + + - -

KH - + + - - | Composite sample

(KH1,2,3)

KH3 KHF1 HH + + - -
KHF2 - + + - -
KHF3 - ++ +H + -

KHF HH + + - ~ | Composite sample

(KHF1,2,3)

7 +HH+ + + - -
8 - ++ + - -
9 - + + - -
10 - + + - -
(8] KH4 11 - + + - -
Khulays 14 +HH++ + + + -
17 - + + - -
KH5 18 - ++ + - -
19 HH ++ + - -
20 - ++ + - -
22 - ++ + + -
23 HH ++ + + -
25 - ++ - + -
KHI1 65 +++ +++ +H - -
66 +H +H+ +HH+ - -
67 + +++ +H+ - -
KHI12 68 + +++ +H +H -
KH14 74 + - + + -
75 + +H+ +H+ + -
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TasLE 1. Continued.

Montmor- - . . Mixed
.| Station | Sample o Kaolinite | Illite | Chlorite e
Formation o o illonite K) 0 (Ch) layer Remarks
' ' M) (M-I)
76 + -+ +H +H -
77 -+ ++ + - -
78 + -+ + + -
79 - + + - -
80 + -+ +H - -
M fkue| T - + + -
Khulays
KH17 83 ++H ++ +H - -
84 -+ ++ + + -
KH20 87 + -+ +H + -
KH47 126 - ++ ++ - -
KH49 131 +H+ -+ - - -
BR13 69 +H+ +++ + + -
1 70 -+ +++ - + -
Buraykah 71 -+ - + - -
72 FHH - +H +H -
73 - ++ ++ + —
UB1 UB1 - + ++ - - Grayish white clay
UB3 - + + - - Contact between
reddish & white clay
UB4 - + + + - Hard fissile sandy
clay
UB2 | UBI29 +H +H +H - - Thin greenish grey
Q) clay t.)and between
Ubhur massive gypsum &
selenite
UBI130 +HH+ +H+ ++ - - Bottom of the quarry
UB3 | UBS§%A +H+ ++ ++ + - Core of spheroids
UB90A - ++ + + - Core of spheroids
UB90B +H+ ++ ++ - - Spalls of spheroids
UB4 | UB9IA - - + - - Core of spheroids
UB9IB |  ++++++ - - - - Spalls of spheroids
DF37 114 +H+ +H+ +H - -
DF38 115 +H+ +H +H - -
W | ppao | 116 +++ + _ - — | Swelling chlorite
Daffin | ppyy 117 + + + + -
118 + +H+ +H + -
DF42 119 + +H + + -
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TasLE 1. Continued.

F .| Station | Sample Montmor- Kaolinite | Illite | Chlorite Mixed
ormation o o illonite K) 0 (Ch) layer Remarks
' ' M) (M-I)
DF43 121 - +H +H +H+ -
1)) DF44 122 ++ - ++ + - Core of spheroids
Daffin | DF45 123A o+ ++ ++ - - Spalls of
123B ++H ++ + + - spheroids
DF46 125 ++H+ ++ - +H+ - Swelling chlorite
31 103 - - + - -
(36)*
104 +H+ +H+ +H + -
(@5
) 32 105 SR + + + -
Haddat (32)*
S[:;?n 33 106 - ++ +H + -
(45)*
107 HH ++ + - -
(70)*
Sub- 108 +H +H +H - -
surface (120)*
samples | 34 109 - - - - +
00)*
110 -+ +HH+ ++ - -
00)*
111 +HH+ ++ + - -
(120)* - ++ + - -

Symbols for approximate percentage contents are ++++++: more than 90; +++++: 70-90; ++++: 50-70; +++:
30-50; ++:10-30; and + less than 10; —: not recorded.
*Depth in meter.

The present paper is extracted from the final report for King Abdulaziz Uni-
versity Sponsored research, Project No. 203/419 submitted by the same authors
(Taj et al., 2001a).

Chemical Composition

Complete chemical analyses of the major oxides and some trace elements
(Li, B, V, Cr, Co, Ni, Cu, Zn, Sr, Mo & Pb) were performed on 77 clayey sam-
ples from the studied seven formations, among them 4 samples were raised
from three boreholes representing the Haddat Ash Sham sub-surface samples
(Tables 2-7). Ga & Rb were analysed in 47 clayey samples (Table 7) from the
whole analysed ones.
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TaBLE 2. Major and some trace constituents of bulk samples from Haddat Ash Sham (HS) and Us-
fan Formations.

Formation HS UsS
Station D.L HS10 US8 Us9
Sample no. 62 63 | 31 32 33 34 39 40 4 42 B 46 56
§i0,% 100 | 580 533555 488 545 467 516 516 576 536 624 582 | 60.1
ALyO;4 1.00| 125 201 | 17.8 249 253 252 176 216 192 206 154 193 | 199
Fe,05* 100 66 64157 104 31 112 145 68 61 87 42 46 1.1
Ca0 100 21 <10 13 <10 12 <10 L5 <L0O <LO <LO L1 L3 | <10
MgO of 12 117 L1 <10 13 1.0 13 12 13 14 13 13
K,0 050 23 07 <05 10 10 LI 10 <05 <05 08 <05 <05 | L5
MnO 001 001 001|002 023 002 003 020 002 001 002 001 001 | 005
TiO, 001] 067 097109 115 125 110 101 121 113 116 079 104 | 158
P,0; 0.01 | 0.113 0.1820.064 0.169 0.161 0.177 0.551 0.099 0.052 0.108 0.055 0.107 | 0.076
Na,0 005|030 148(0.097 08 100 082 143 082 103 090 08 057 | 062
S0, 0.05 [ <0.05 <0.05[<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 | <0.05
LO.L 005 | 1537 13901529 1122 1196 1125 949 13.18 12.08 12.33 1299 1326 | 12.12
Total 8921 99.2]1 99.7 1009 100.5 100.93 99.93 100.16 99.95 100.56 99.75 100.24 | 99.10
Li (ppm) 10 0 23 10 20 12 23 12 20 15 19 <10 IS 36
B 0] 33 30)]<10 13 <10 19 18 19 <10 18 <10 <10 31
\Y 10 ] 138 209 ] 217 200 182 211 320 187 171 200 199 227 | 140
Cr 10 64 221 8 33 62 37 38 93 97 8 64 104 | 110
Co 51 24 10 26 104 11 24 37 19 17 21 17 19 26
Ni 10 <10 <10] 12 <10 <10 <10 <10 11 40 26 36 42 56
Cu 5 13 23 56 112 28 4 79 117 58 118 67 91 122
Zn 501 55 92| 8 119 33 122 117 8 100 128 8 74 | 122
St 51312 300 176 124 597 114 236 -l6l 151 148 135 257 96
Mo A SRS I RS S N 5 /ARSI S TR S TR ST S <5
Pb 10 4 <10]<t0 <10 <10 10 14 11 <10 16 <10 <10 20

*Total iron as F€,04

D.L. Detection Limit
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TaBLE 3. Major and some trace constituents of bulk samples from Shumaysi (SH) and Buraykah

Formations.
Formation HS Br
Station | D.L. HS30 SH50 BR13
Sample no. 97 98 99 100 101 102 | 132 133 134 135 69 70 73

§i0,% 1.00| 584 683 484 616 624 449 4524 54 6262 4370] 499 476 610
ALyO;4 1.00| 168 143 189 136 137 2592240 1474 1760 26.60| 17.5 153 129
Fe,04* 100 57 L6 119 60 54 1121248 663 & 1243] 87 155 27
Ca0 1001 1.0 <10 1.0 <10 10 <1O| L10 390 050 060] 2.1 14 2.1
MgO 100 12 <10 13 15 14 <10 | 142 450 040 100 24 24 2.6
K,0 0.50]<0.05 <05 <05 <05 <05 <05]065 1.8 020 070] 05 05 1.0
MnO 0.01] 001 001 009 002 001 007010 010 010 010] 006 015 0.07
TiO, 001] 095 081 097 072 073 116|135 087 100 137] 137 143 073
P,05 0.0110.094 0.037 0.169 0.057 0.073 0.197] 026 023 022 0270228 0207 0.122
Na,0 005] 062 043 051 084 074 045|147 251 040 031]120 128 252
505 0.051<0.05 <0.05 <0.05 <0.05 <0.05 <0.05|<0.05 005 136 <0.05]<0.05 <0.05 <0.05
LOL 0.05] 1389 11.69 1543 1347 1354 13.65|11.27 1042 879 1272|1583 13.83  11.00
Total 99.30 99.73 99.22 99.36 99.47 100.08| 98.79 99.75 101.09 99.75] 99.84 99.65  99.79

Lipm) | 10| <10 13 15 <10 <10 23 |[<t0 35 13 2| 16 13 <10

B 10 Im 1 24 13 13 51| 2 76 4 40 66 69 24
\Y 10| 197 123 223 146 160 222 | 123 148 169 221 | 189 221 141
Cr 10010 9 9 7 73 98] 8 139 97 133 117 105 49
Co 5 2 < 31 24 18 29 6 20 18 27| 32 40 16
Ni 10 351 63 81 48 63| 38 8 70 9B 4 13 10
Cu 5 % 43 8 9% 51 87| 48 43 52 8| ST N 37
Zn 51105 53 161 122 98 106 | 51 119 84 127 | 115 122 78
St 51104 92 99 102 105 163 | 99 18 190 136 | 161 185 235
Mo 5 50 6 <5 < 6 <5 5 <5 5 <5 6 <5
Pb 10<10 <10 13 16 15 27|<10 10 13 15]<10 11 10

*Total iron as F€,04
D.L. Detection Limit
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TasLE 4. Major and some trace constituents of bulk samples from Khulays Formation (KH).
Formation KH
Station | D.L. KH, KH; KH,
Sample no. 1 2 3 F1 F2 P3 7 8 9 10 13 14
Si0,% | 1.00| 547 573 517|757 516 516 450 492 656 S1.1| 510 SI11
ALO; |1.00f 162 178 16| 78 190 190 180 199 142 19.0| 141 16.7
Fe,0;* |1.00] 67 62 63| 37 107 125 1.7 93 41 100| 81 86
Ca0 Loof 13 1.0 17| L1 12 10 53 22 1.1 10| 46 12
MgO 1.00] 2.1 14 *2.1 1 L1 1.4 1.4 1.7 1.8 1.2 13 14 18
K,0 0.50[ <0.5 05 <05| 06 0.6 16 <05 <05 05 05| <05 <05
MnO 0.011 0.02 0.01 0.01|0.07 0.04 004 005 003 002 002( 002 0.02
TiO, 0.01] 1.14 111 110|062 127 128 114 127 087 125 087 0.96
P,05 0.01]0.125 0.061 0.297(0.076 0.289 0.205 0.551 0215 0.051 0.101] 0.061 0.158
Na,0 [0.05] 1.80 095 210|144 081 077 080 088 081 086 1.17 151
S04 0.05[<0.05 <0.05 <0.05]{<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
LOI 0.05[1522 13.70 17.50| 7.35 1322 1240 1583 1554 1122 14.62 17.93 17.19
Total 99.86 100.08 99.46| 99.64 100.18 100.85 100.62 100.89 99.92 99.8| 99.80 99.76
Li(ppm) | 10 | <10 12 <10 | <10 15 15 13 14 <10 14| <10 <10
B 10| 34 24 30| 13 37 34 46 47 24 40 43 51
\% 10 | 167 204 161 | 117 194 246 241 200 201 204| 169 202
Cr 10 91 114 87 110 85 71 84 102 70 91 19 86
Co 5 10 16 10 10 29 32 30 27 17 23 40 4
Ni 10 32 sl 17 | <10 <10 11 22 18 16 120 37 20
Cu 501 4 52 41 21 42 59 111 80 295 46| 37 35
Zn 5| 108 84 84| 43 109 119  1.00 108 76 105 71 81
Sr 51177 154 214 | 114 153 152 148 175 126 146| 163 149
Mo 51 <5 S <S5 <S <5 <5 <5 <5 S| <SS
Pb 10 | <10 <10 <I0| <10 <10 <10 <10 <10 <10 <10| <10 <10

*Total iron as F€,04

D.L. Detection Limit
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TasLe 4. Continued.
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Formation KH
Station | D.L. KHS KHI1 KH14 KHI7| KH20|  KH48 | KH49
Sample no. 9 22 25 )6 66 67| 74 76 19| 8 | 8 | 127 128 131
S§i0% | 100|536 802 510|535 497 50.7| 489 579 6L1| 483 | 521 | 89.21 6334 | 64.26
AlyO; 100 162 73 217|176 176 175] 183 163 128 142 203 | 420 1343 | 15.60
Fe, O | 100 [ 128 22 80 [ 65 77 72| 120 70 45| 68| 88 [ 184 70 | 206
Ca0 100 10 <10 <10 12 13 LI| 10 <10 LI| 63]<L0|<10 123]<10
MgO 100 <0 <0 10 120 22 20| L7 14 18| 20| 10 [ 10 164 | <10
K,0 050 [ <0.05 <05 <05]<05 <05 <05| <05 <05 <05 09| 05 [<0.50 050 | 0.56
MnO 0011 004 002 002004 003 002] 005 003 001| 007|003 | 010 0.10 | 0.10
TiO, 001 [ 206 081 140 | L14 137 123] 151 147 080 1.02| 122 | 023  0.69 | 050
P,04 0.01 1 0.243 0.0247 0.117 ] 0.169 0.305 0.180{ 0.217 0.097 0.046| 0.171] 0236 | 0.10  0.20 | 027
Na,0 | 0.05[ 038 023 074 [ 173 170 1.94| 113 097 086| 1.86| 0.72 | 0.24  0.60 | 0.56
805 0.05 [ <0.05 <0.05 <0.05]<0.05 <0.05 <0.05| <0.05 <0.05 <0.05| <0.05| <0.05 | <0.05 <0.05| <0.05
LOL | 005]1223 644 1505 15.66 1689 17.08] 13.90 1237 15.76| 17.79] 13.93 | 331  10.56 | 13.80
Total 100.10 99.35 100.581100.09 99.35 99.5]99.26 99.10 99.33| 99.46| 99.89 [101.78  99.24 | 99.66
Lippm) | 10 | 15 <10 20| 12 16 12| 13 10 <W0| 17| 39 [ <10 <10| 17
B 0|3 17 20019 6 6| 70 52 30| S7T| 7825 28 56
v 10227 63 373|180 18 176 227 207 239 | 180 | 195 | 79 140 | 223
Cr 10 143 70 142 1100 102 98 | 116 115 94| 99 | 114 | 60 250 | 146
Co 5142 19 29115 36 13| 4 13 3| 1518|110 31 26
Ni 0] 12 13 323 37 4| 13 30 4] 18|<10] 38 7 78
Cu 51 4 20 8| 4 49 44 37 0 47| 50| 28 | 23 106 | 121
In 51133 56 13116 & 112 104 129 73] 95{ 98 | 35 2383 | 112
Sr 51149 108 204 | 159 147 136 | 147 125 148| 178 | 199 | 6l 9% | 182
Mo 51508 TS <5 S5 <5 <S5 5SS <SS
Pb 0] 16 <10 19]<t0 <10 <10 13 12 <10|<10| 25 |<10 13 14

*Total iron as F€,04
D.L. Detection Limit
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TaBLE 5. Major and some trace constituents of bulk samples from Ubhur Formation (UB) and

boreholes (HS).
Formation UB HS (subsurface samples)
Station | D.L. UB22 UB23 UB24 St.31] St.33|  St.34
Sample no. 129 | 130 | 89A 89B 90A 90B | 91A 9IB| 103 | 106 | 109 110

SiO,% | 1.00[50.20| 63.74| 63.6 626 59.5 621 | 774 764| 484 | 524 | 50.1 56.6

ALO; [1.00) 1846 13.63| 123 133 134 131 | 74 69 | 229 19.6 | 20.1 20.0
Fe,0;* [1.00] 6.50 | 740| 59 56 56 6.3 29 28 121 | 83 | 88 17
Ca0 1.00) <1.0| 1.1I0| 16 16 28 20 12 13 ] <10 21 | 1.2 <10
MgO |[1.00| 400 | 1.33| 21 23 24 25 1.5 14 ] <1.0| 20 | 14 11
K0 [050) 234071 18 1.8 15 1.6 0.9 08 | 05 15 | <05 05
MnO |0.01f 0.12 | 0.1 | 0.05 0.07 0.05 007 [ 007 0.04| 0.02| 0.10 | 0.03 0.10
TiO, |0.01f 091] 0.68| 079 083 085 085 | 0.50 053] 1.16 | 098 | 0.87 1.19
P,05 [0.01] 023 | 0.19] 0.155 0.158 0.160 0.153 | 0.030 0.026| 0.173 | 0.144]0.091 0.087
Na,0 [0.05] 14 | 06 | 2.00 1.86 186 174 | 1.03 097| 0.50 | 0.80 [ 0.27 0.41
SO, 0.05] <0.05 | <0.05| <0.05 <0.05 <0.05 <0.05 [ <0.05 <0.05[ <0.05| <0.05|<0.05 <0.05
LOL [0.05)11.69( 103] 9.19 946 1234 9.07 |6.79% 836 12.68| 12.11|15.76 11.33
Total 99.5 1 99.49] 99.53 99.63 99.62 99.53 | 99.77 99.58] 99.46|100.18|99.17 100.07

Li(ppm) | 10 | 116 | <10 | 21 24 24 26 | <10 <10 16 15 15 18
B 10 | 157 321 58 5Z 65 65 25 21 42 15 10 12
\ 10 | 162 | 134 123 135 142 153 75 67 | 203 | 183 | 204 144
Cr 10 | 113 168 | 111 123 118 123 53 531 117 | 109 | 84 77

Co 5 291 56 18 16 17 15 6 6 16 25 19 19
Ni 10 67| 130 | <10 48 38 43 28 38 52 411 35 40
Cu 5 80 80| 31 35 43 67 17 18 58 41 83 32
Zn 51129 167 97 94 101 124 76 80 | 104 | 100 | 77 108
Sr 51 226 87| 186 188 167 162 | 132 125 | 192 | 149 | 166 129
Mo 5 6| S| <5 <5 <5 5 <5 <5 7 5 5 129

Pb 10 10 | <10| 1.5 16 <10 13 10 16 21 241 16 14

*Total iron as F€,05
D.L. Detection Limit
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TasLE 6. Major and some trace constituents of bulk samples from Daffin Formation (DF).

R.J. Taj et al.

Formation DF
Station | D.L. | DF36 | DF37 | DF38 | DF40| DF41  |DF42 | DF43| DF44 DF45 DF46 | DF47
Sample no. 113#| 114 | 115 | 116 | 117 118 | 119 | 121 | 122 | 123A 123B| 125 126
Si0,% 1.00 | 3.50 | 48.50| 58.32 |55.00 |47.00 49.00{ 52.70{52.20| 51.50| 56.40 56.65| 56.86 | 61.32
AlLO, 1.00 | 0.40 | 18.20| 17.40 |16.80 | 17.00 14.20{ 17.00| 18.04| 17.00| 17.00 16.50| 16.10 | 14.00
Fe,05* 1.00| 021 9.15| 930 | 5.50 | 8.20 12.17| 8.30 | 8.87 | 896 | 7.58 7.40| 9.56 | 9.80
Ca0 1.00 | 32.55| 2.00 | 1.80 | 2.00 | 450 3.20| 2.00 | 1.62 | 1.84 | 2.10 220| 3.34 | 0.60
MgO 1.00| 025| 2.84 | 0.80 | 4.00 | 3.20 2.63| 4.50 | 430 | 3.81 | 2.60 2.84| 2.20 | 142
K,0 050 0.04| 1.60 | 1.30 | 0.60 | 1.60 1.72| 2.00 | 2.11 | 2.10 | 1.60 1.70 | 0.75 | 0.70
MnO 0.01f 0.01{ 0.01] 0.04 {0.10 | 0.10 0.10( 0.10 | 0.10| 0.10 { 0.15 0.15| 0.13 | 0.10
Tio, 0.01| 0.10| 1.04] 1.32 {0.80 | 1.00 1.30| 1.10 | 1.13 | 1.10 | 1.22 119 1.07 | 1.77
P05 0.01f 0.27{ 0.10| 0.10 | 0.10 | 0.50 0.20| 0.10 | 0.10 | 0.10 { 0.20 0.30| 0.90 | 0.10
Na,O 0.05f 0.10 1.20| 1.50 {2.00 | 2.10 3.00| 1.50 | 1.60 | 2.52 | 2.52 250 1.70 | 1.12
S04 0.05 | 43.90] <0.05] <0.05 {<0.05 |<0.05 <0.05| <0.05|<0.05] <0.05|<0.05 <0.05| <0.05 | <0.05
LOL 0.05 | 19.84] 15.21] 10.01 |12.60 | 14.55 12.23| 10.02| 9.77 | 10.72| 8.34 838 | 7.00 | 8.85
Total 101.17) 99.74 89.85 {99.50 {99.75 99.76 99.62|99.85] 99.65| 89.71 99.81| 99.61 | 99.78
Li (ppm) 10 | <10] 94| <10 | 28 31 22| 31 31 500 35 37| 14 ] <10
B 10 151 102 | 60 | 46 66 62| 95| 98| 109 | 61 60| 48 74
\ 10 | <10 | 179 | 186 | 147 | 167 146 161 | 168 | 167 | 201 171 | 194 | 185
Cr 10 260 120 | 114 | 107 | 105 144 | 172 | 154 | 116 | 131 134 | 66 | 250
Co 5 <S|OIS) 12 26 22 20 28| 28| 24| 48 36 29 30
Ni 10 ] <10 77| 50 | 80 58 38| 103 8| 70 59 64| 30 79
Cu 5 6| 62| 28 | 46 43 28| 52| 44| 251 70 92| 40 41
Zn 5 11| 8| 98 102 | 8 78| 98| 8| 8 | 117 91| 132 95
Sr 51590 | 222 | 166 | 228 | 371 389 | 202 | 203 | 262 | 238 239 | 190 | 113
Mo 51 5| S 515 5 51 <5 | <5 | 262 | 238 51 190 5
Pb 10| <10f 10| 10 [ <10 | <10 13 10 10 10| 26 19| 10 10
*Total iron as F€,05 #Gypsum Sample

D.L. Detection Limit
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TasLe 7. Ga & Rb contents (ppm) in selected samples from the studied formations.
, . , Ga (ppm) Rb (ppm
Serial Sample no. Station Formation
D.L. 5
1 62 Haddat 15.8 36.0
2 63 HSI10 As Sham 28.3 14.0
3 32 29.3 11.0
4 33 g 40.0 6.0
351
5 39 US8 2 20.5 14.0
6 41 24.9 8.0
7 43 22.6 11.0
8 98 23.8 5.0
9 99 21.3 11.0
10 100 SH30 B 20.5 8.0
11 101 % 20.7 8.0
12 102 g 28.5 14.0
=
13 132 @ 15.0 45.0
14 133 16.0 45.0
15 134 SHS0 15.0 11.0
16 135 24.0 26.0
17 70 Burayka 17.1 7.0
18 73 BRI13 16.7 8.0
19 KHF1 12.5 5.0
20 KHF3 KH3 21.6 7.0
21 10 22.8 9.0
22 14 KH4 2 22.0 8.0
<
23 25 KH5 S 29.6 9.0
24 79 KH14 20.0 5.0
25 127 6.0 5.0
26 128 KH48 13.0 20.0
27 131 KH49 19.0 24.0
28 129 18.0 71.0
29 130 UB22 ki 13.0 21.0
£
30 90A - 17.6 12.0
31 90B UB23 17.2 14.0
32 91A UB24 13.1 9.0
33 106 BH33 Boreholes* 24.1 17.0
34 110 BH34 25.5 9.0
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TasLE 7. Continued.

Ga (ppm) Rb (ppm
Serial Sample no. Station Formation

D.L. 5
35 113 DF36 <5 5
36 114 DF37 17.0 46.0
37 115 DF38 17.0 32.0
38 116 DF40 15.0 16.0
39 117 18.0 41.0
40 18 DF41 _ 16.0 39.0

i

41 119 DF42 3 16.0 46.0
42 121 DF43 17.0 50.0
43 122 DF44 17.0 40.0
44 123 18.0 30.0
45 123B DF45 200 31.0
46 125 DF46 15.0 16.0
47 126 DF47 14.0 15.0

D.L. Detection Limit

Major Constituents
Alumina and Silica

Alumina and silica are known to be the most important major oxides con-
stituting the clay minerals. They are inversely related where an increase in one
of them is accompanied by a decrease in the other as shown in samples of all
formations (Fig. 9, A-E and Tables 2-6).

Silica content in the analysed clayey samples ranges between 43.70% and
89.21% (Tables 3 & 4 cont.). In some of the analyzed samples, the amount of
Si0, is higher than the theoretical value required for Al,O5 to make alumino-
silicate clay minerals. The remainder amount constitutes the detrital silty to
sandy quartz grains, which are commonly observed in the samples either by the
naked eye, or by using a hand lens or through the mineralogical investigations.
Generally, the highest SiO, percents were recorded in several samples of Khu-
lays and Ubhur formations, those samples are mainly of sandy nature. On the
other hand, the lower values of SiO, were recorded in some pure clay samples
of the different studied formations.

Alumina content ranges between 4.20% and 26.60% (Tables 4, cont. & 3).
Generally, the samples having the lowest and highest Al,0;% are themselves
showing the highest and lowest Si0,% confirming the inverse relation between
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Al,O5 and SiO,. The highest Al,O5 percents are recorded in samples having the
highest kaolinite content and in pure clay samples composed essentially or total-
ly of clay minerals (Table 1). Generally the lowest alumina content values are
recorded in some samples of Khulays and Ubhur formations, which are mostly
of argillaceous nature and not proper clay deposits. Silty and sandy clay sam-
ples of the other formations show also low Al,O; content.

Total Iron (Fe,03) and MnO

Total iron expressed as Fe,O5 ranges from 1.1% to 15.5% (Tables 2 & 3) in
the investigated clay samples. The total iron content of most of the analyzed
samples lies in the middle of this range. Some samples are completely stained
with iron oxides giving them the reddish brown or chocolate colors. This is due
to the presence of iron-bearing minerals as goethite which has been also re-
vealed by thermal analyses (Basyoni et al., 2002).

MnO occurs in minor amounts ranging from 0.01% to 0.23% (Table 2). Its
content in the majority of the analyzed samples lies near the lower limit of this
range. However, samples having relatively high MnO content contain also high
Fe,0;5. This confirms the proportional relation between the two oxides (Fig. 10,
A-E). The visible occurrences of the tubercular and dendrite forms of Mn-
minerals in several localities of the studied formations reflect the increase of
MnO% in the corresponding samples. The presence of most manganese minerals,
in thin fractures, near the surface is pervasive and probably represents the earliest
stage of supergene alteration (Sorem & Gunn, 1967 and Tosson & Saad 1974).

CaO & MgO

Both oxides occur in relatively smaller amounts as compared with the fore-
going oxides. CaO ranges from <1.0% to 6.3% (Table 2 & 4 cont.) in the an-
alyzed clayey samples. The low values are recorded mostly in Usfan and Shu-
maysi samples, while the higher values are recorded in Khulays and Daffin
samples. Similarly, MgO ranges from <1.0% to 4.5% (Tables 3 & 6). Usfan and
most Shumaysi samples show the lowest MgO content, while Buraykah, Khu-
lays, Ubhur and Daffin samples show higher content of MgO.

The CaO and MgO contents increase or decrease according to the relative
abundance of calcite, gypsum, montmorillonite and chlorite. Ca™" and /or Mg*™"
are readily accommodated in montmorillonite, which is mineralogically de-
tected in most of the analyzed clay samples especially those of Khulays and Bu-
raykah formations that have higher contents of both oxides. Chlorite (Table 1)
could be also considered as a contributor for MgO where it is recorded in the
three analyzed Buraykah samples that contain the highest MgO content (Table
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3). The lowest CaO and MgO contents recorded in Usfan and Shumaysi sam-
ples are due to their sandy and ferruginous nature, which is identified by a high-
er kaolinite content than montmorillonite (Table 1). Gypsum and calcite, which
often fill thin veinlets, could be considered as minor contributors for CaO.

K,0 & Na,0

The analyzed clayey samples generally have low K,O & Na,O contents. K,O
ranges from < 0.5%, in many samples of Shumaysi, Usfan and Khulays forma-
tions (Tables 2-4), to 2.3%-2.34% in two samples of Haddat Ash-Sham and Ub-
hur formations, respectively (Tables 2 &5). The concentration of K,O in most
samples seems to follow the distribution of the illite. The highest illite content
recorded is about 40% illite (Samples 62 & 129, Table 1) contains the highest
K,O content. Most of the analyzed Ubhur Formation samples have an average
of about 1.5% K,O and about 20% illite. Potassic feldspar minerals share illite
as potassium contributors.

Na,O content ranges from 0.097% to 3.00% (Tables 2 & 6). It is attributed to
the presence of water soluble NaCl salt and sodic plagioclase feldspar. The low-
est Na,O content which was recorded in one of the samples contain a high
montmorillonite percentage (Sample 31, Tables 1 &2) may indicate the non
contribution of Na* as exchangeable cation in the montmorillonite structure.
However, the results of mineralogical analysis confirms that the exchangeable
cations of montmorillonite are Ca™" (Basyoni et al., 2002).

Tio,

TiO, ranges from 0.50% to 2.06% (Tables 5 & 4) in all studied samples. Its
average content in the samples of the different formations is as follows: Haddat
Ash Sham (0.82%), Usfan (1.12%), Shumaysi (0.85%), Buraykah (1.18%),
Khulays (1.10%), Ubhur (0.74%) and Daffin (1.08%). The TiO, content is
mainly due to the expected titanium-bearing heavy minerals, e.g. rutile, ilmenite
and sphene. Minor titanium amount can readily replace Al in the kaolinite lat-
tice (El Askary and El Mahdy, 1976). Keith and Degens (1959) concluded that
the fresh water muds contain about 1-3.5 wt% Ti (1.66-5.8 wt% TiO,), while
most marine muds contain less than 0.7 wt% Ti (1.16 wt% TiO,). Accordingly,
the aforementioned averages of TiO, wt% could suggest marine to transitional
depositional environments for the studied mudrocks of the seven formations.

S0,

SOj; is recorded in scarce amount, being <0.05% (below the detection limit of
the apparatus used in the analysis) in all the analyzed samples (Tables 2-6). Its
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content is most probably attributed to the presence of gypsum, which occa-
sionally is associated with the studied clay rocks, either as strings or minute
pockets.

L.O.I

Loss on ignition values show considerable variation in the analyzed clayey
samples either in those from different localities or in the samples of the same lo-
cality. It ranges from 3.31% to 17.93% (Table 4, cont.). The lowest L.O.1. val-
ues are recorded in the silty and sandy clay samples which contain high silica
content. Accordingly, there is an inverse relation between L.O.L. and SiO, con-
tents in the majority of samples as indicated in figure (11, A-E). The L.O.I. wt%
corresponds essentially to the hygroscopic and crystalline water of the clay min-
eral suite, and in few samples, to the water of crystallization of gypsum and
goethite which is recorded by thermal analysis technique (Basyoni et al., 2002).
It could be also, to a lesser extent, due to the expelled CO, gas of the less com-
monly occurring carbonates in the studied samples.

P,0s

The P,O5 wt% in the analysed samples varies from 0.026 wt% to 0.90 wt%
(Tables 5 & 6). Phosphorous is most probably adsorbed on the different clay min-
erals or present as hydrated calcium phosphate. It is evident that, in most of the
analysed samples, there is a characteristic decrease in P,O5 with increase in the
CaO contents. The subordinate amount of P,Os could indicate that the studied
clay deposits in the different formations are probably originated from the effect of
weathering solutions, which are geochemically characterized by a higher content
of phosphorus than those derived from volcanic processes (Harder, 1964).

Trace Elements

The following eleven trace elements were determined: Li, B, V, Cr, Co, Ni,
Cu, Zn, Sr, Mo, and Pb in the same 77 selected samples, which cover all the
studied formations. Two more trace elements Ga and Rb were also determined
in 47 samples selected from the different formations. Some chemical data are
graphically treated and discussed in conjunction with the depositional environ-
ments.

Several geochemical studies based on trace elements are performed as clay
minerals contain major part of traces due to their reactivity, variability of struc-
ture and the very small grain size (El Sherbini, 1995). Clay minerals and trace
elements seem to be regulated and stabilized by depositional environment
(Saad, 1996).
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From the results of the analyses, it could be concluded that the samples con-
taining high silica content, and consequently low clay minerals content are char-
acterized by a general depletion in the concentration of trace elements. On the
other hand, distinctly enriched in most trace elements are those samples con-
taining less silica and high clay mineral content. This confirms the close associa-
tion of most of these trace elements with clay minerals. It is possible that the
greater part of such trace elements have been inherited from the source rocks and
bounded with the clay mineral lattices at or slightly after the mineral formation.

Generally, strontium shows the highest concentration (189.8 ppm in average)
followed by V, Cr, Zn and then Cu. B, Ni and Co. Li and Pb show lesser values
while Mo represents the least content, being less than 5 ppm in all the analyzed
samples (Tables 2-6).

The geochemical correlation studied by El Shahat and El Sherbini (1994)
suggested that chromium is mainly accommodated in the iron oxides and in
clay minerals. This is indicated also by the strong positive correlation with
Fe,05 wt% in the majority of samples of the studied formations (Fig. 12, B-E).
Chromium also shows positive correlation with a number of major and trace
elements, which are closely associated with iron oxides and clays e.g. Ni, Co,
Zn, Cu, Mn and Al.

Nickel shows strong sympathetic variation with Fe,O5 in four of the studied
formations (Fig. 13, B-E), besides a large number of other elements, which are
heavily loaded on iron oxides and clays. The geochemical behavior of Ni in the
examined samples suggests a trend similar to that of Cr.

Copper relation with the other elements is similar to that observed in the be-
havior of Cr and Ni indicating their incorporation in the iron oxides and the
clays. Copper shows strong positive correlation with Fe,O5 in all the studied
samples (Fig. 14, A-E).

Zinc is particularly enriched in the analyzed samples; it reaches an average of
95.8 ppm. The relative enrichment of Zn is expected as the analyzed clayey
samples have high content of iron oxides and clays, which easily accommodate
the bulk of Zn. The geochemical behavior of Zn suggests a very strong positive
correlation with Fe,O5 in all the studied samples (Fig. 15, A-E). Zn relation
with the other elements points to its detrital nature in the examined samples.
Wedepohl (1972) suggested that the major transport and accumulation of Zn in
sedimentary environments occur mainly in the ferric oxides and clay minerals.

Strontium shows the maximum average in the analyzed samples, it reaches
up to 189.8 ppm. It reaches the maximum values in all analyzed samples of the
Daffin Formation (Table 6 and Fig. 16-E). The samples which are commonly
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tribution of Cu ppm (Symbols as in Fig. 9).
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gypsiferous and calcareous have the highest levels of Sr. The latter has a strong
sympathetic variation with CaO in all samples of the studied samples (Fig. 16,
A-E), confirming its association with Ca-bearing minerals particularly calcite
and gypsum. The fine dispersed carbonate particles within the clays acted as an
accumulator for Sr, Ca, Mg and Sr are generally detritally with the carbonate
content. Copper also correlates positively with CaO content. Both Sr and Cu are
positively correlated with montmorillonite (e.g. Samples 63, 31, 40, 7,9 & 91B
in Tables 1, 2, 4 & 5). The high exchange capacity of montmorillonite, as well
as the similarity of the ionic radius of Cu and Sr support their accommodation.

Lithium has a low average value in the analyzed samples (17.4 ppm). It is
mainly accommodated in kaolinite, although the latter is not referred to as a Li-
bearing mineral in text books of geochemistry. Kaolinite is regarded as Li-
carrier in the Carboniferous sediments of Scotland (Wilson et al., 1972).
Li-bearing kaolinite is largely attributed to its source rocks, that generally con-
tain more Li-content as the granitic and some pelitic rocks. The leached acidic
environment, in which kaolinite is mainly formed favors the Li-entrance into
the kaolinite lattice to compensate the substitution of Mg2+ and /or Fe*" for the
octahedral A",

Gallium is present in clay minerals structure and it shows a proportional re-
lation with Al,O5 in all samples of the studied samples (Fig. 17, A-F). It is
noticed that Ga and Al,O; are present in relatively higher content in Usfan and
Shumaysi formations (Table 7 & Fig. 17, A-B) than in the other formations.
However, the values of Ga and Al,O5 in Khulays Formation are fluctuated (Fig.
17 C).

Boron (10 to 157 ppm, Tables 2-6) is on the whole of the analyzed samples,
much lower than 100 ppm which is that of the “average shale” of Turekian and
Wedepohl (1961). The relatively high values are recorded in samples having
more illite (e.g. Samples 62, 65, 66, 67 & 129 in Tables 1, 2, 4 cont. & 5). It is
indicated by Harder (1970) that in marine sediments; B is enriched in illite rath-
er than in kaolinite-montmorillonite-rich mudrocks. This fact is evidenced, to
some extent, in the studied formations where B shows high values in samples
having considerable illite content (Basyoni et al., 2002). Harder (Op. Cit.) at-
tributed that the boron content in clays is due to a weakly bound either adsorbed
B, or its incorporation in the structures of clay minerals.

Several trace elements are used as indicator elements in discriminating dep-
ositional environments. Degens et al. (1957) concluded that B & Ga are in rel-
atively insoluble forms of combination and therefore they are suitable for use as
paleosalinity indicators. The values of both trace elements are generally fluctu-
ated in the analyzed samples.
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Boron and rubidium are more abundant in a group of marine shales rather
than in a group of fresh-water shales of Pennsylvanian age, whereas Ga is more
abundant in fresh-water group (Degens et al. 1957). In the present study, it ap-
pears possible by using the ternary diagram of Ga, Rb & B (Fig. 18) to indicate
marine to transitional depositional environments for the clay deposits and as-
sociated mudrocks of the studied formations. Specifically; values of Shumaysi
and Haddat Ash Sham formation are plotted in transitional environment field.
However, those values of the other studied six formations indicate a marine
depositional environment.

o Rb
20 -1 T &0 50 1 k1] Fi ]
BORON  ABUNDANCE

Fic. 18. Triangular diagram showing abundance of gallium, rubidium and boron in ppm, and dep-
ositional environments in forty seven samples of: Haddat Ash Sham @, Usfan <>, Bu-
raykah B, Shumaysi [, Khulays A, Ubhur O and Daffin formations A (after Degens et
al., 1957).
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Co, Ni, Cr and V have diverse affinities and might partially belong to the det-
rital, organic, as well as the sulphide chemically precipitated components of
sediments (Gindy and Tamish, 1985). Simple bivariate diagrams between V &
Cr (Fig. 19, A-E) are established. These diagrams show one prominent cluster
of plots mostly around one maxima, but some individual samples plots display,
to some extent, diffuse or flat scatter. These maxima suggest little changes in
the quality and/or provenance of detrital matter containing these elements and
which was supplied to the depositional sites of the studied formations.

Bivariate plots between Co & Ni (Fig. 20, A-E) display a very diffuse or flat
scatter, which could indicate a strong change in the quality and/or provenance
of detrital matter containing these elements. Post-depositional mobility of these
elements in intrastratal solutions of sediments of the depositional sites of the
studied clays is thus suggested.

Conclusion

Chemical analyses for the relevant major oxides and elven trace elements: Li,
B, V, Cr, Co, Ni, Cu, Zn, Sr, Mo and Pb were conducted on seventy-seven sam-
ples from the studied seven formations. However, Ga and Rb were carriedout
on forty-seven samples selected from the same formations. The results show a
wide range of variation in their major constituents and indicate a close associa-
tion of most of the analyzed trace elements with the detritus clay minerals.
Some of these elements are used as environmental discriminators. Based on the
geochemical investigation, the following conclusions have been arrived at:

a — A positive correlation exists between Fe,O5 and each of MnO, Cr, Ni,
Cu, and Zn; between Sr and Cu versus CaO; and also between Ga and A;20;.

b — SiO, shows a negative correlation with each of Al,0O5 and L.O.I. SiO,
varies chiefly with relative amounts of either the detrital quartz grains or the
other silicate minerals or both. The Al,0O5 varies mainly according to the abun-
dance and kind of clay minerals.

¢ — Most of trace elements are detritally associated and entered the deposi-
tional basin in close association with clay minerals and Ca-Fe-bearing detritus.

d — Although, the studied clay minerals and trace elements are mainly source
controlled (e.g. granitic and some pelitic rocks represent the source of Li). Geo-
chemical studies based on trace elements are performed since clay minerals
contain the major part of such elements due to their reactivity, variability of
structure and the very small grains size. Clay minerals and trace elements seem
to be regulated and stabilized by depositional environment.

e — The distribution of Ga, B and Rb in a ternary diagram would indicate ma-
rine to transitional depositional enviroments for studied clay deposits. The di-
versity of clay minerals (kaolinite, montmorillonite, illite and chlorite, Table 1)
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and the different values of concentration of trace elements (Li, B, V, Cr, Co, Ni,
Cu, Zn, Sr, Rb and Ga), besides, some elements show one prominent cluster of
plots mostly around one maxima. All together suggest the possible source area
of the studied clastic in the Arabian Shield. Their parental rocks are: low and
high grade metamorphic rocks, igneous rocks (basaltic and granitic) and sedi-
mentary rocks of pelitic nature.
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