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GEOCHEMICAL INVESTIGATION OF THE BAHI FORMATION IN THE WESTERN

PART OF SIRT BASIN, LIBYA
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ABSTRACT

Seventy three samples from the Bahi Formation from
Jour boreholes in the western part of the Sirt Basin have
been analysed for 26 elements to indicate the gecchemi-
cal signature of the Bahi Formation. Variation in the
major elements and the trace elements both laterally
and vertically within the formation have been corre-
lated, to give some indication of the provenance and to
throw light on the tectonic setting of the sediment.

Geochemical studies of the major and trace elements
distribution within the Bahi Formation showing a high
Si0, content, indicate a high degree of maturity in
most of the samples whereas K, 0 and Al, Q5 and most
of the trace elements are associated with feldspar
and/or clay minerals. The relationship between the
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various trace elements suggests that the Bahi Forma-
tion was derived largely from pre-existing sedimentary
sources. The discriminant function analysis of the ma-
jor elements suggests that the Bahi Formation was
derived from a craton interior and/or a passive conti-
nental margin.

INTRODUCTION

The Bahi Formation is defined as a heterogeneous
clastic rock succession known only from boreholes.
The term Bahi has been used widely and rather
loosely in the central and western part of the Sirt
basin (Barr & Weegar, 1972). This formation occurs
at the base of marine Upper Cretaceous formations.
Cenomanian marine sediments have been recorded
from concession 32. Maastrichtian strata occur above
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the Bahi in concession 11, 16 and in the southern
part of concession 32 (Fig. 1). The formation lies
unconformably upon either igneous and meta-
morphic Precambrian rocks, the Cambro—Ordovician
Hofra Formation and the Devonian Tadrart Forma-
tion. The Bahi Formation consists essentially of
two units, the lower one composed of argillaceous
sandstone, and the upper being subdivisible into two
tongues of coarse to very coarse sandstone with cross
bedding and coarse-grained sandstone respectively,
separated by a thin bed of argillaceous red silt-
stone. Glauconite is common in the uppermost part,
but seems to be absent in the lower part (Sghair,
1990).

There have been no geochemical studies of the
Bahi Formation. In this study, a detailed inves-
tigation of major and trace elements has been carried
out. On the basis of vertical and lateral lithological
variation of the formation a total of seventy-three
samples were selected, 13, 27, 20 and 13 from cores
in the A2-32, A4-32, D1-32 and F6-32 boreholes
respectively. These have been analysed using an
X-ray fluorescence spectrometer (Leake et al.,
1969; Harvey et al, 1973). Ten major oxides were
determined using XRF (SiO,, TiO,., Al,O,,
Fe¥O, (total), MnO, MgO, CaO, Na,O, K,O,
P,0s;), and 16 trace elements (Ba, Ce, Co, Cr, Cu,
Ga, La, Ni, Pb, Sr, Th, Y, Zn, Zr, U).
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The major oxides FeO, H,O, CO, were deter-
mined by wet chemical analysis. The FeO was
determined by titration of standard dichromate
solution with rock solution made by dissolving a
measured amount of whole rock powder (0.5 grams)
in sulphuric and hydrofluoric acids. The FeO per-
centage, determined by titration, was used to cal-
culate the amount of Fe,O5 present. The amounts
of H,O and CO, in the samples were determined
using the Penfield method of combustion, adsorp-
tion and gravimetry. The amount of total sulphate
(SO;) was determined by using the gravimetric
method.

MAJOR ELEMENTS

Several recent studies have investigated the sedi-
mentary geochemistry of elastic rocks in order to
indicate their provenance and geotectonic setting by
using variable discriminate functions based on major-
element data. Bhatia (1983) used the major oxides
Fe,0; +Mg0O, Al;0;/8i0,, K,0/Na,0, Al;O,/
(CaO+Na,0O) and TiO, as discriminating para-
meters to indicate the relationship between the
geochemical composition of sandstones and the
geotectonic settings of their sedimentary basins. He
showed that the nature of continental margins and
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FIG. 1

Location map of the studied area in the western part of the Sirt basin, Libya.
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FIG. 2. Contd.

ocean basins can be deciphered on the basis of the
major element compositions of sandstones.

In this study, the lateral and vertical geochemical
variation within the Bahi Formation in the four
selected boreholes reflect different mineralogical com-
position resulting from changes in environmental
conditions at the time of deposition and/or different
sources for the sediments of this formation.

Major oxides of the Bahi samples from the four
boreholes, were plotted against each other on scatter

plot diagrams to show the inter-relationships between

these elements. The major oxides results show a high
content of Si0, at the expense of other oxides in
most of the studied samples. This suggests a more
mature sediment in these samples, whereas in the
upper part of the formation at A2-32, D1-32 and
F6-32 boreholes, the SiO, content is low due to an
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abundance of evaporites and carbonate as a cement
or matrix. In the lower part of the formation the SiO,
content varies inversely with the clay mineral and
feldspar content.

The sources of both Al,O3 and K,O in the sedi-
mentary rocks are feldspars and sheet silicates such as
micas and clays. As a result the abundance of Al,O;
can be directly related to the abundance of feldspar,
mica and clay minerals. A plot of Al,0; versus K,0
(Fig. 2A), shows a strong positive correlation. This
suggests the same source for minerals containing
these oxides. TiO, content in the sediments is due to
terrigenous material consisting of: 1- wheathering
residue in the form of chemically unaltered grains like
rutile, or in the form of partly decomposed minerals
like mica, 2- new products of weathering such as
anatase and clay minerals, 3- diagenetic minerals
(Wedepohl, 1978, 22-k-1). The plots of TiO, versus
Al;O; and K, O (Fig. 2C & D), show a poor positive
correlation in some studied samples. This suggests
that the TiO, content is associated with the clay
minerals and/or K-feldspar, whereas the majority of
the studied samples show very low content TiO,,
suggesting that the titanium content may be concen-
trated in oxides or non layer silicates, opaques and
rutile minerals which have been detected in the Bahi
sediment. In most of the samples from the Bahi
Formation in the four boreholes, the plots of Al,O4
and K,O versus FeQs(total) (Fig. 2B & E), show a
positive correlation suggesting that the Fe¥O, con-
tent is conentrated in clay minerals and/or feld-
spar. However, iron oxide is present in replacement
minerals in the weathered feldspar and in cement
materials.

Most of the calcium in the sedimentary rocks
occurs in the carbonate fraction (Wedepohl, 1978,
20-k-1). The detrital components in the form of Ca-
plagioclase and accessory minerals such as apatites
contain significant amounts of CaQ in their crystal
structure. The presence of a positive correlation be-
tween CaQ and CO,(Fig. 3A), is related to enrich-
ment of the Bahi sediment by carbonate cement
composed of varying proportions of calcite and dol-
omite, whereas some studied samples show high CaO
content with very low CO,. This is undoubtedly
related to the presence of evaporites (CaSQ,) in the
uppermost part of the formation. Magnesium is
present in the sediments mainly as dolomite and
phyllosilicates such as chlorite and glauconite. Phyi-
losilicates are mostly present in shales and to a
smaller extent in sandstones, graywackes and arkoses
(Wedepohl, 1978, 12-k-1), a plot of MgO versus CO,
(Fig. 3B), shows a positive correlation in most studied
samples, suggesting that the amount of MgO is
present mainly in a somewhat dolomitic carbonate
cement, whereas small amonts of magnesium may
indicate the presence of a phyllosilicate (glauconite).
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The uppermost part of the formation is rich in
glauconite, whilest a plot of CaO with MgO (Fig. 3C),
shows two trends which in some samples show a good
positive correlation. This suggests that a high content
of both oxides is related to an abundance of dolomite
whereas in other samples there is a lack of correlation
between MgO and CaO. High content of CaO is
related to the presence of calcite and anhydrite,

NIGGLI NUMBERS

The use of Niggli numbers can be very useful in
distinguishing between K which is derived from detri-
tal feldspar and K from detrital illite, mica or other
sheet silicate minerals. The Niggli numbers are based
on taking the percentage of the sum of the mole-
cular content of Al,Qj(al), CaO(c), FeO+Fe, 05 +
MgO(fm)} and Na,0O+K,O(alk).k=K,0/Na,O+
K., O (Niggli, 1954, p. 13-15).
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A plot of al-alk versus Niggli K has been used to
distinguish between K in feldspar and K in sheet
silicates such as micas and clay minerals. High al-
alk(>30), indicates clay-rich rocks (shale), whereas
low al-alk (<30) indicates a high feldspar content,
supported by negative correlation with Niggli K if the
K was largely in potassium feldspar or positive corre-
lation if the K was largely in sheet silicates. The
absence of negative or positive correlations suggests
that a mixture of the two minerals is present (Van de
Kamp & Leake, 1985).

A plot of al-alk versus Niggli K (Fig. 4A), shows
absence of negative or positive correlation suggesting
that the K occurs in a mixture of both feldspar and
clay minerals. Some of the studied samples, show al-
alk>30. This suggests that most of K may be
related to the sheet silicates whereas the majority of
the samples have al-alk < 30 suggesting that K is
represented in a mixture of both feldspars and clay
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minerals, whereas a plot of Niggli ¢ versus al-alk
(Fig. 4B), shows three well defined trends. The
dominant trend shows that ¢ is largely related to
dolomite (c=50). Another trend shows that c is
largely related to calcium carbonate (c=100),
whereas some samples show very low content of ¢
(c nearly 0), and this may be related to clay
minerals, while the plot of al-alk against Fe3O,
(total) (Fig. 4C), shows two main separate fields.
One trend shows a positive correlation suggesting
that the FeX¥O, content is largely associated with
clay minerals, whereas the other field shows low
Fe¥O, content suggesting that Fe may be related to
detrital iron oxides and in a plot of al-alk versus
TiO,(Fig. 4D), most of the studied samples show
very low content of TiO, and an undefined relation-
ship with al-alk. This suggests that the titanium
may be present in detrital minerals such as rutile
and opaques and to a limited extent in a few samples
it is associated with clay minerals giving a poor
positive correlation.

TRACE ELEMENTS

Many attempts have been made by various
workers to differentiate similar lithological units and
to determine the depositional environments of the
sediments and their provenance on the basis of
trace element distributions. Van de Kamp & Leake
(1985) state that the trace elements are useful for
provenance determination. They noted that the high
values of cobalt, chromium and nickel indicate
detritus from mafic and ultramafic sources; barium
is a good indicator of a potassium feldspar-rich
provenance, and high barium content in arkoses
suggests granites and monozonite in the source
area. They also showed that most trace elements
are concentrated in sheet silicates such as mica and
clay minerals; Bhatia and Crook (1983) used the
La, Ce, Nd, Th, Zr, Nb, Y, Sc and Co trace elements
to distinguish provenance types and tectonic settings;
Hickman and Wright (1983) used rare earth elements
to determine the provenance of sediments by plot-
ing Y+La+Ce, Ni+Cr and Sr on a triangular
diagram; Loring (1981) noted that the concentra-
tion of Zn, Cu, Pb, Co, Ni, Cr, V, Se, Hg and Be is
low in sands, and increases with reduction in the
grain size of sediments; Fenner & Hagner (1967)
established a criterion to distinguish between stratig-
raphical units of similar lithology on the basis of
trace elemsnt variations. Trace elements have been
determined in the analysed samples from the four
selected boreholes, in an attempt to understand the
characteristics of these elements and their distri-
bution, and to give some indication of the pro-
venance and depositional environment of the Bahi

Formation. The following plots of trace elements
against each other and versus ai-alk may help in this
respect.

A plot of K,O against gallium, lanthanium, rubid-
ium and cerium in the Bahi samples (Figs. 5B, C,E &
F), show a positive correlation. This suggests that
these trace elements are concentrated in the K-feld-
spar and/or in the clay minerals, whereas plots of
barium, strontium, cobalt, nickel, lead, thorium, ura-
nium, chromium, copper, zinc and yttrium against
K,O do not show any clear correlation. This suggests
that they are not concentrated in sheet silicate or
K-feldspar. Plots of Al,O5 against Ga and Rb in the
Bahi samples (Figs. 5A and 5D), show a positive
correlation suggesting that gallium and rubidium are
mainly concentrated in the clay minerals or in the
K-feldspar or in both.

The parameter al-alk provides a measure of the
aluminium contained in the clay minerals and micas
rather than in the feldspar (Van de Kamp & Leake,
1985). Plots of al-alk against the trace elements lead,
chromium, cerium, zinc, yttrium, lanthanium, zirco-
nium and rubidium (Fig. 6), show no positive or
negative correlation. This suggests that these trace
elements are neither concentrated in the feldspar nor
in the clay minerals.

The presence of lanthanium in the sediments is
related to an increase in the alkalinity of weather-
ing solutions. It is precipitated and fixed like alu-
minium, galium and titanium (Wedepohl, 1978,
p. 39-57-71-g-1). Cerium content in the sediments
could also be due to the increase in alkalinity of
weathering solutions. The presence of a positive
correlation between lithanium and cerium in the
Bahi Formation, suggests that these elements are
contributed by the same sedimentary processes,
from a source characterized by highly alkaline
weathering. Plots of rubidium, yttrium and gallium
versus lanthanium (Fig. 7), show a positive correla-
tion. This suggests that these trace elements are
largely concentrated in the clay minerals and/or in
the feldspar.

Hickman and Wright (1983) used this relationship
for the Appin Group slates (late Precambrian Dal-
radian Supergroup of Scoltand) to suggest their
provenance. The Ni and Cr end of the diagram
represents provenances composed of basic rocks, the
Y +La+Ce end represents a provenance composed
of granitic rocks whereas the Sr end represents a
provenance containing the highest proportion of sedi-
mentary rocks.

A plot of Y+La+Ce versus Sr for the Bahi For-
mation samples in the four boreholes (Fig. 8), shows
a very distinct trend, Virtually all the samples fall
in the Sr sector indicating that the Bahi sediment is
largely derived from a preexisting sedimentary
source.



Geochemical Investigation of the Bahi Formation

A
=]
20 ]
! o
5]
o-15 [~
E
o
& T oo
m =1
¢ 10 & o
! (o] ®
] (= ]
(o] ]
5F @ ao
® oo
| (marme
aamD @ 00
emr» O
o a i 1 " 1 i
0 5 10 15
Al203 (%)
B
o
20 ]
o
]
~15F
E
a
2 00
m L
010 o -
o ®
o e o
o e
5 @ a
°®¢ ¢
oo ¢
@D O o
0 P‘D? 1 1 1 L 1 L 1
0 1.0 2.0 3.0 4.0
K20 (%)
Cc
H1
B o
d (u]
° o
o
- o
o ©
® o
®
.. L 1]
o
P 0, 1 . 1 N 1 :
1.0 2.0 3.0 4.0
K20 (%)

D
150
e A2-32 ul:l
| o A4-32
o Di1-32
e F6-32 &
100 | o
E
o L
5 i o
g s °
50 . o
o
] 0““ L
o
0 AOO ool 1 1
0 5 10 15
Al203 (%)
E
150
o
5]

B [n]
"100 o
£
o. !

o
Ke] (o]
. L o
50 » o
o
Qe o
_ )
0 ﬁ \ S 1 2, r 1
0 1.0 2.0 3.0 4.0
K20 (%)
F
100
o
n]
80 |
5 o
& ¢ :
E60F o
g 4 Og d
[}
Q40 F
3 ,%
'odn’ oo
o gt
% °
o
0 81 1 1 L 1 L 1 i
0 1.0 2.0 3.0 4.0
K20 (%)

FIG. 5. Plots of Ga and Rb vs Al;O; and K,O; La and Ce vs K, 0.



40

10
o D
1« °
Do
= =] o
5F 0O o o
0 ¢ O ® 0
muoo o
oco0o0 o

Pb (ppm)
o

F‘%
onnl .l.l.ol-

0 10 20 30 40 50 60
al - alk

120}F ©

100

8]

8

8]
a8 °
®
. [ ]

(p
@
o

T o~ 1

m o%
oo

xl;l-].lul.l

0 10 20 30 40 50 60

al - alk
C
100
o
o
gof
° o
8
T 60
o roo Hg e
~ 40 o ° °
3 o.'o' o
20
°°Eb9:oo° :o
0 ?1.1?1.1.{3
0 10 20 30 40 50 60
al - alk
D
60 - ™
o
o °
‘E40"o.
& 1° o®
c °
N 20 moo
°%,° Qw 0%
'.l-l-l.l-lnl
0 10 20 30 40 50 60
al - alk

Sghair

FIG. 6. Plots of al-alk vs pb, Cr, Ce, Zn, Y, La, Zr and Rb.

E
v e A2-32
30 o A432
o D.EI g Di1-32
g
s BE .
S 10 kdeag® e
g0 % @° ,
oYanS§® o o a
[}
oufxl-lclnlnl
0O 10 20 30 40 50 60
al - alk
F
[ o
40'. o
sal’ o
E_ ® o °
3’20» ¢ O ¢ o
a [ @0, 003 °

0 10 20 30 40 50 60
al - alk

G

600

400 |° °

°n D‘. [ ]

.no Ebtp

e’ o
ool ¢Po o

0 10 20 30 40 50 60
al - alk

Zr (ppm)

200

150

o
50 0O

Rb (ppm) _

0 e ® ¢ ®
0 &D%D.i;sl@l%1 "
0 10 20 30 40 50 60
al - alk




Y (ppm)

40

30

20

10

20

0

Geochemical Investigation of the Bahi Formation

10

20 .30
La (ppm)

40

o o

0 comm

(=]

O% o
O 4pe@O ¢ ¢

ommp e,

@
1 L I L

o 1

0

20 30
La (ppm)

FIG. 7. Plots of La vs Y, Ga, Rb and Ce.

HI+Cr

40

150

—
o
o

Rb (ppm)

100

80

o2]
o

Ce (ppm)

20

Y+La+Ce

AAZ-32

O Ad4-32

opi-32

®F6-32

FIG. 8. Plot of Ni+Cr versus Y+La+Ce versus Sr in the four boreholes.

C
e A2-32 o
o A4-32
g Di1-32
e FB6-32
i o
o
o
B o o
o
I ; :'.0- ° ’
o e
Lﬂﬁg‘ PR 1
0 10 20 30 40
La (ppm)
D
o
a]
i o
o
®na
- e ® o
L o.:..g
s
5 "
b
ﬁa"“
1 1 19 1 1 1 1
10 20 30 40
La (ppm)

41



42 Sghair

VERTICAL VARIATION OF
BAHI GEOCHEMISTRY

The vertical variation in the major element com-
position, Al; O;Na,; O, K, 0 and Fe% O, (total) of the
Bahi Formation, in the four boreholes, is related to
changes in grain size and composition. This may
indicate changes in the depositional environment
and/or change in sediment provenance. Figs 9A-C,
show the vertical distribution of the major elements
and the trace elements of the Bahi Formation in
boreholes A2-32, A4-32 and F6-32 respectively. In
borehole AZ2-32, the uppermost part of the Bahi
Sandstone is characterized by large amounts of clay
minerals including chlorite, illite and kaolinite
together with glauconite, low silica content, and high
portion of the major elements (sample No. 2-1). The
upper part of the formation is also characterized by a
high CaO content in the form of carbonate and
evaporite (samples No. from 2-2 to 2-6) and poor

silica content, whereas the lower part of the forma-
tion (samples No. from 2-7 to 2-13) (below 1904m) is
characterized by smaller grain size, low silica content
and also a high proportion of major elements. This
reflects a less mature sediment. The high concentra-
tion of the trace elements varies inversely with the
grain size and thus the maturity of this sediment.
However, the concentration of trace elements is high
in the samples which show a high proportion of
feldspar and clay minerals (Fig. 9A). In borehole
A4-32, for a thickness of 7.6m down to 1845m
(samples 14-16) and for a thickness of 7m down to
1880m (samples 25-27) there is a reduction in grain
size and a compositional change of the Bahi Forma-
tion. There is also a decrease in silica content and an
increase in other major elements and hence increase
in the amount of feldspar and clay minerals. This
reflect variation in major elements distribution and
indicate relative mineralogical maturity of the Bahi
sediments for these intervals (Fig. 9B). There is also a
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FIG. 9A. Variation in chemical composition and the concentration of major and trace elements in the Bahi Formation
(A2-32 borehole). The uppermost (glauconite-bearing) part of the formation is represented by the uppermost sample.
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FIG. 9B. Variation in Chemical composition and the concentration of major and trace elements in the Bahi Formation
(A4-32 borehole). The uppermost (glauconite-bearing) part of the formation is not represented.

change in the trace elements distribution particularly
with respect to lanthanium, cerium, rubidium and
yttrium, which show increasing concentration with
reduction in grain size. In borehold F6-32, variation
in major and trace elements is related to the low silica
content and high CaO and MgO content particularly
in the upper part of the section whereas the lower
part is characterized by high silica content refiecting
increase in quartz. This indicates a more mature
sediment (Fig. 9C).

DISCRIMINANT FUNCTION ANALYSIS AND
TECTONIC SETTINGS

In the past, several attempts have been made to use
discriminant function analysis for sandstone geo-
chemistry to classify individual sandstone samples
into predefined groups on the basis of multiple

variables in order to identify the tectonic setting of
the provenance. Bhatia (1983) used discriminant
function analysis to classify sandstone suites using
eleven major element oxides as variables and chose
five sandstone suites in eastern Australia to re-
present his predefined groups. Discriminant scores
for the analysed Bahi samples from the four bore-
holes have been calculated using the unstandardised
function coefficient (Bhatia, 1983), the results are
plotted with respect to function I versus function II
(Fig. 10).

All the studied samples in the Bahi Formation,
from the four boreholes, fall into the passive margin
field except for two samples from the F6-32 bore-
hole which fall into oceanic island arc and one from
the A4-32 and two from the D1-32 boreholes which
fall into the active continental margin field. Passive
margins are characterized by mineralogically mature
sediments deposited in plate interiors, at stable
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FIG. 9C. Variation in chemical composition and the concentration of major and trace elements in the Bahi Formation
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FIG. 10. Plot of discriminant scores along Function I
versus Function II in the Bahi Formation in the four
boreholes, using Bhatia’s (1983) fields of various tectonic
setting.

continental margins or in intracratonic basins. De-
rived sediments are characterized by recycled quartz-
rich sediments originating in older adjacent continen-
tal terranes (Bhatia, 1983).

CONCLUSIONS

The significance of the major and trace element
distribution within the Bahi Formation leads to the
following conclusions:

The high amount of SiO, in most of the Bahi
samples is considered to indicate a high degree of
maturity. The low content of SiO,, encountered in
some samples, is probably due to enrichment of the
sediment with carbonate, anhydrite and clay min-
erals. The variation of K,O and Al; O, is probably
due to variation of feldspar and clay mineral content
both laterally and vertically. The high content of CaO
and MgO in some of the studied samples, particularly
in the upper part of the formation, is related to
enrichment with cement composed of varying pro-
portions of calcite, dolomite and anhydrite.

Most of the trace elements (La, Rb, Ce, Zn, Ga and
Y) show a positive correlation with Al;O5 and K,O
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but a lack of correlation with al-alk. This may be
related to the presence of these trace elements in both
K-feldspar and clay minerals. The relationships be-
tween Y + La + Ce, Ni+ Cr and Sr, show that the Bahi
sediment is derived primarily from a pre-existing
sedimentary source.

Lateral and vertical distribution of the Bahi Forma-
tion show considerable variation in major and trace
elements. This is related to specific lithofacies probably
resulting from variation in the environmental condi-
tions at the time of deposition of the unit. It is clear
from the various geochemical plots that there is
variation from boreholes involving clear correlation,
particularly in boreholes D1-32 and A2-32, but which
are not evident in boreoles A4-32 and F6-32. This
implies slightly different depositional controls and
local diagenetic variations.

The discriminant function analysis technique shows
that the Bahi Formation is derived from a passive
continental margin with a mature sandstone cover.
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