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Abstract Water saturation determination from
wireline resistivity log depends on the measurements
of resistivity index on core samples. Resistivity in-
dex measurements are carried out in laboratory
using Archie’s equation; Ip = R,/Ry = Sy, Er-
rors in the saturation exponent n, can give rise to
serious errors in the estimation of hydrocarbon sat-
urations. One of the major sources of uncertainty is
the method of measurements. The continuous injec-
tion technique is used routinely in the oil industry. In
this technique one fluid phase (brine) is continuously
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displaced by another phase (oil) at a constant injec-
tion rate. In this paper, a new experimental approach
is proposed in which repeated resistivity index mea-
surements are carried out on the same samples at
various infection rates. The effect of injection rate
on saturation exponent for core samples can be in-
vestigated. Four carbonate core samples with a wide
range of porosity and permeability were tested to
demonstrate resistivity index measurements at low
and high injection rates. Use of continuous injection
technique at different rates has illustrated that for
the water-wet samples a uniform Ip/Sw correlation
was established over wide range of Sy when low
rate is used. It is concluded that the injection rate se-
lection has an important role on the 1r/Sw relation.
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1t is recommended as a result of this work that for re-
sistivity index measurements, various injection rates
should be used to obtain the best I [ Sw relation and
consequently the proper saturation exponent could
be obtained.

INTRODUCTION

Water saturation is commonly determined from
electric well logs based on an empirical Archie’s
equation [1]; I = S," = R,/Ry. The Archie’s
parameters are frequently obtained from laboratory
measurements on core samples. An assumption in
laboratory measurements is that the sample satura-
tion is distributed uniformly. It is assumed also that
saturation exponent n, is constant over Sy range.
Many cases are being encountered where resistiv-
ity index (/) versus brine saturation (Sw) gives
non-linear relationship. Wettability, micro-porosity,
capillary end effects, and some other factors which
cause this non-linearity.

The experimental procedure design, and espe-
cially selection of injection rate in continuous injec-
tion technique could have an important influence on
the non-linearity of Ir/Sw curves. The inaccurate
evaluation of saturation exponent can result in large
errors in hydrocarbon calculation as described by de
Waal [2]. In order to use Archie’s equation, the uni-
form water distribution should be maintained along
the core sample, and Iz /Sw should have a linear re-
lation (i.e. constant ). If improper desaturation pro-
cedure is used in resistivity index measurements, a
non-uniform saturation distribution may prevail and
invalid 7z /Sw curves will be produced, and hence
erroneous value of saturation exponent may be ob-
tained. The influence of injection rate on I;/Sy
relationships has received much less attention in
the past, probably on account of the time and cost
involved in such experiments. Generally, the fluid
distribution in porous media is function of rock pore
structure characteristics, wettability, fluid properties,
stresses, and experimental conditions, rate of injec-
tion of displacing fluid, desaturation history. The
pore structure also affects the shape of displacing
front which in turn modifies the fluid distribution
behind it and hence the resistivity values [3].

SATURATION EXPONENT TECHNIQUES

Numerous number of techniques have been de-
vised to measure the electrical resistivity of rocks

partially saturated with brine. Porous plate method,
and continuous injection technique are the recent
techniques used in the oil industry with wider use of
the continuous technique. Lyle and Mills [4] showed
theoretically that the laboratory-derived Archie sat-
uration exponent may be different from the actual
value, and concluded that whenever the core is other
than uniformly saturated, the Iz versus Sy log-log
plot will exhibit curvature. However, the most re-
cent developed technique to measure the resistivity
index is continuous injection which believed to be
powerful, accurate and rapid, as well as it provides
continuous fr/Syw curve rather than a limited num-
ber of points [2]. It is reliable where experimental
error can be minimized by automation of measure-
ments procedure and performed at an equivalent
reservoir stress. In this technique oil is injected at
a constant rate to displace brine. The porous plate
method has been used to obtain uniform desatura-
tion and uniform I5/Sy relation as described by
Maerefat et al. [5]. They concluded that sufficient
desaturation time should be allowed to obtain homo-
geneous saturation. It is believed that at capillary and
electrical equilibrium, the uniform saturation distri-
bution can be achieved, but small scale permeability
heterogeneity seems to cause non-linearity even af-
ter this equilibrium [6]. Lewis et al. [7], used low
injection rate to minimize fingering which may oc-
curred during high injection process, then they used
simultaneously high rate to compress the length of
capillary end effect. They recommended that four-
electrodes system which is not affected by contact
resistance to be used. In their experiments they
tested high porosity and permeability samples, and
concluded that the capillary end effect and viscous
fingering cause the non-linearity of //Sy relation-
ship [7]. Spurt [8] used X-ray CT scan to monitor
saturation distribution along the core samples. He
changed capillary pressure (not injection rate) and
encountered problem in achieving homogenous sat-
uration during resistivity index tests for the two
high porosity and permeability grainstone samples
desaturated at constant oil/brine capillary pressure.
Gray et al., [9] measured I for sandstone samples
at low constant injection rate (0.02 cc/hr), they se-
lected this rate so that an insignificant pressure drop
existed across the sample through the desaturation
processes. However, the uniform 7 /Sy plot had not
been achieved except for Sy less than 45%. Elasha-
hab e al., [10] used multiple potential electrodes
system in fp measurement to enable assessment of
saturation distribution and end effect.

The injection rate chosen for Iz measurements by



New Experimental Approach of Saturation Exponent Measurements

continuous injection technique, theoretically should
be

(1) not so high, as to introduce fingering or channel-
ing through the core sample,

(2) low to prevent significant saturation change at a
given time along the sample.

This criteria was applied in this investigation.
Four carbonate samples, 1.5" diameter, 3" length
with wide range of porosity and permeability were
collected to study the effect of injection rate on
Ir/Sw relationship. The samples properties are
listed in Table 1.

Table 1. The physical properties of the samples

Sample No, b (%6) k(mD) G.D. (gm/fec)
I 15.1 3.74 2.859
2 34.5 29.09 2.853
3 33.0 26,14 2.834
4 17.7 9.5 2.850

Repeated resistivity index measurements by con-
tinuous injection technique on these samples were
performed at alternating injection rate.

EXPERIMENTAL PROCEDURE

Low and high oil injection rate experiments were
carried out on these samples and the rates chosen

Brine Out

were (0.03 and 0.15) cc/hr. Fig. 1 shows the appa-
ratus of I measurements and Fig. 2 illustrate the
core sleeve with multiple elcetrodes system. The
fully brine-saturated samples were mounted in a
multiple core holder made of aluminum and sub-
jected to confining pressure of 400 psi, which was
increased to 3000 psi. The sample pore volume
was calculated based on the brine volume collected
in pipettes which is attached to the outlet of each
sample after the system was being maintained in
equilibrium. Oil was injected at one end of the
samples, brine (100 g/l, NaCl) was expelled at the
other ends, through a semi-permeable membrane.
The semi-permeable membrane was supported on a
brine saturated high porosity glass disc. Both volt-
age, phase angle and temperature were monitored
continuously during the oil injection process. All
samples were made preferentially water-wet, and
firstly cleaned with methanol, then fired to 600°C
for one day in a high temperature furnace to make
them water-wet [11].

Before the desaturation processes began, and
samples loaded, the resistivity of fully saturated
samples (Ry) was measured. The samples loaded to
the core holder, then oil/brine desaturation process
started and I measured when capillary and electri-
cal equilibrium were reached. This equilibrium was
indicated when there was no further change in re-
sistance (i.e. no further fluid redistributed along the
core length). Two different Tates of 0.03 cc/hr and
0.15 cc/hr were used for the displacement of brine
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Fig. . Schematic diagram of core holder and resistivity index measurement apparatus
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Fig. 2. Schematic diagram of core sleeve with multi electrodes system

water by oil from the core samples. The amount of
displaced fluid was measured by a calibrated poten-
tiometer connected to the pump piston. The pump is
regularly calibrated at experiments conditions. The
samples were subjected to re-cleaning process to
remove oil contamination and the cleaning method
used kept them in water-wet condition and remain
as that throughout the experiment. The resistance
of samples measured at 1kHz, to avoid polariza-
tion effect [11]. Resistivity was corrected to slight
temperature variations by using Arp’s equation [12].

On the second part of this experimental investiga-
tion, the resistivity index measurements were carried
out using porous plate method, in order to compare
it with continuous injection technique results. In this
method the resistivity measurements and desatura-
tion process take place separately. The samples were
desaturated simultaneously by placing them on a
porous plate in pressure cell, and gas pressure was
applied. The gas (nitrogen) enters the samples from
all directions except from end face. The gas pres-
sure was maintained until no more brine produced.
After the capillary equilibrium (samples held 4-3
days in plate) at each pressure point is reached, the
gas is then released, and the samples removed from
the pressure cell and weight measurements were
taken as well as resistivity readings. The procedure
was repeated by increasing gas pressure at various
desaturation points.

RESULTS AND DISCUSSION

The continuous injection technique results in an
accurate and precise determination of I, versus
Sw relationship of core samples [2]. The advan-

tage of this technique is providing a continuous
Iz /8w curve rather than,a limited number of data
points, this is of particular importance in the case
of curved Ip/Sw relationship. In this technique, the
non-wetting phase (oil) is injected into the sample
at a constant rate. A uniform saturation distribu-
tion along the length of core sample is required
to measure saturation exponent accurately which
leads to proper hydrocarbon evaluation. It is be-
lieved that by using this technique with very low
injection rate might achieve the homogenous satu-
ration distribution and uniform [z /Sy relation may
be obtained.

To begin the continuous injection process, the
displacement pump starts to inject the oil core
holder. Initially this was performed at low rate (0.03
ce/hr) for displacing brine from the flowlines. This
low rate has been selected such that an amount of oil
corresponding to samples 1, 2, 3 and 4 pore volumes
will be injected approximately in (26, 25, 13 and 12)
days respectively, and for high rate (0.15 cc/hr) the
samples pore volumes will be injected at (8, 8, 4
and 4) days respectively. The continuous injection
of oil was stopped for each sample individually af-
ter that given time or when no more brine expelled
from the sample. The samples then were cleaned and
resaturated. After several resistivity readings were
taken, Sy was determined. Figures 3, 4, 5 and 6
show the measured resistivity index versus average
brine saturation for all the samples at low and high
rates. The Archie’s relation of Iz = S, assumes
that a straight-line relationship of log (/) versus log
(Sw) exists (a constant saturation exponent over the
entire saturation range). This assumption has been
considered by many previous investigators [13, 14,
15, 16] as “invalid”. In this experimental investi-
gation this assumption may be proven as “valid”.
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Fig. 3. Resistivity index, Ir vs. water saturation, Sw for core
sample No. 1 at low and high injection rate
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Fig. 5. Resistivity index, Ir vs. water saturation, Sw for core
sample No. 3 at low and high injection rate

However by comparing the plots of 7z /Sy for these
tested samples with each other and with porous
plate measurements, it has been found that a straight
Ip/Sw correlation can be established over much
wider range of Sy as shown in Figs. 3, 4, 5 and 6.
Basically, when non-wetting phase injected into
the samples to displace wetting phase, the large
pores will be penetrated firstly because they rep-
resent less resistance. As desaturation progresses
a saturation heterogeneity through the core sample
may persists and yield nonlinearity of Ip/Sy, but
this may depends on the non-wetting injection rate
and the heterogeneity of the core samples them-
selves. A rate of 0.03 cc/hr in sample 3 (Fig. 5), can
be considered as the optimum because linear I/ Sw
relation was obtained. Also for sample 2 (Fig. 4),
a constant i obtained over a good range of Sy by
using the same injection rate. In contrast the z/Sw
relationship becomes linear at brine saturation below
(65-75%) when a low rate is chosen, as it is shown
in Figs. 3, 4, 5 and 6. In this wide range of Sy,
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Fig. 4. Resistivity index, Ir vs. water saturation, Sw for core
sample No 2 at low and high injection rate
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Fig. 6. Resistivity index, Iz vs. water saturation, Sw for core
sample No 4 at low and high injection rate

Table 2. Saturation exponent values by two techniques

Continuous Injection Technigue | Porous Plate
Method
Sample No.  Low Rate High Rate
1 1.54 1.51 1.55
2 2.18 2.02 2.15
3 3.21 3.18 3.18
4 2 1.71 1.83

the Archie’s assumption has been proven its validity,
and n from linear part of /;/Sy curves should be
used, provided that the desaturation process should
be achieved at least to the reservoir Sy level in labo-
ratory, to avoid improper extrapolation. On the other
hand, high injection rate can create significant pres-
sure drop through the desaturation process which
results in an invalid //Sw relations. Although the
carbonate samples tested here have bimodal pore
size distribution which believed to be the main cause
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of the non-linearity of Ir/Sw, the selection of in-
jection rate has an important role to overcome this
problem. Also another interesting feature was ob-
served, that low permeability sample (sample 1)
shows clear linear I /Sy relation at Sy below 75%,
(Fig. 3). In sample 3 (Fig. 5), the resistivity mea-
surements for Sy > 65 and < 100% are useless in
determining »n, when low rate is used, but this range
of Sy is much less when a high rate is used The sat-
uration exponent values were found to be 1.55, 2.15,
3.18 and 1.83 by using the porous plate method.
Very interesting feature was found where these n
values are close to those measured by continuous
injection technique at low rates. Again this confirms
the importance of injection rate for establishment of
proper Ir/Sw correlations. Table (2) presents the n
values by the two methods.

CONCLUSIONS

Performing resistivity index by continuous injec-
tion technique at a fixed-rate may produce inaccurate
(n) values, and subsequently an error in Sw deter-
minations. The influence of injection rate on the
resistivity index/brine saturation relationship has an
important role to be considered. These measure-
ments should be repeated at various injection rates to
select an optimum rate for each core sample (proper
n value).

This has shown that the low injection rate method
is prefered on the high rate method, due to insignif-
icant saturation changes taking place through the
core sample at a given time. Furthermore, the low
rate would produce linear relationship of I versus
Sw over much wider range of Sy. This new exper-
imental approach has illustrated that for water-wet
samples a uniform [p/Sw relation can be estab-
lished. Therefore the usage of larger number of ho-
mogeneous and heterogeneous samples with various
injection rates (high, moderate and low) is required
for further investigation.
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Petrography and Palaeoenvironment of the Sidi as Sid Formation in
Northwest Libya
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Abstract The Sidi as Sid Formation (Upper Cre- ber. Five diagenetic dolomite types are recognized
taceous) outcropped in Jabal Nafusah in NW Libya in the Ain Tobi Member. They are Type-1, fine and
is composed of very fine to very coarse-grained subhedral replaces mudstone/wackestone facies that
dolomite of the Ain Tobi Dolostone Member and show homogeneous luminescence pattern; Type-2,
marly limestone, dolomites and calcareous shales very fine, anhedral to subhedral replaces pack-
interbeds with bedded gypsum of the Yifran Mem- stone/grainstone facies and characterized by bright

orange and yellow luminescence pattern; Type-3,
fine to medium, subhedral associated with quartz
*Petroleum Research Center, P.O. Box 6431 Tripoli — Libya and has dirty orange luminescent cores and bright
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orange rims; Type-4, medium to coarse, euhedral
to subhedral crystalline fabric with orange lumines-
cent cloudy cores and dully luminescent clean rims;
Type-5 (barogue), coarse to very coarse, subhe-
dral with curved crystal faces and characterized by
orange luminescent inclusion-rich cores and dully
luminescent inclusion-free rims.

The environment of deposition of the Sidi as
Sid Formation is part of inner ramp which ranged
from restricted or lagoonal ramp and open to semi-
restricted ramp environments which graded north-
wards to mid- and outer ramp environments. The
Yifran Member represents restricted ramp environ-
ment and the Ain Tobi Dolostone Member repre-
sents open- to semi-restricted ramp environment.
The ramp margin had been removed due to post-
Cretaceous erosion and the outer ramp environment
is represented by the Sidi As Sid Formation’s equiv-
alent (Alalgah Formation) in the offshore Basin.

INTRODUCTION

Sidi as Sid Formation (Cenomanian) is out-
cropped along Jabal Nafusah in northwestern Libya
(Fig. 1). Jabal Nafusah Escarpment extends from

El-Bakai

the coast of the Mediterranean Sea near Al Khums
in a broad arc 350 km south and west to the Libyan—
Tunisian border where it is 130 km from the coast.
Jabal Nafusah continues into Tunisia, turns north,
and dies out near Gabes, and it is known in that area
as the Jifarah Escarpment.

Christie (1955) described Ain Tobi and Yifran as
separate formations, but El Hinnawy and Cheshitev
(1975) assigned the term Sidi as Sid Formation
which includes two members (Ain Tobi Member be-
low and Yifran Marl Member above). It is difficult
to demarcate these two rock units in many places, so
that were mapped together by all authors.

Ain Tobi Member is previously described by
El Hinnawy and Cheshitev (1975), Megerisi and
Mamgain (1980a,b) as it is composed of greyish
limestone and dolomitic limestone with marly inter-
calations in the lower part and well bedded white
to light yellow limestone and dolomitic limestone in
the upper part.

The lithotypes of the Ain Tobi Member have been
evaluated by systematic measurements and descrip-
tion of the units encountered in the NW Libya. A
total of twelve sections have been measured along
Jabal Nafusah Escarpment. Two hundred ordinary
thin section and same number polished thin sections
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Fig. 1. Location for measured sections: (1) Abu Ghaylan section; (2) Ras Fam Mulghah section; (3) Al Khums (Wadi Ghanimah)
section; (4) Wadi Jabbar section; (3) Kiklah section; (6) Ar’Rabtah section; (7) Taghmah section; (8) Riaynah section; (9) Jadu section;
(10) Kabao section; (11) Wazan section; (12) Nalut section.
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were examined petrographically and by Cathedolu-
minescence Microscope to determine mineral com-
position and texture. All ordinary thin sections were
stained by alizarin red S and potasium ferricynide
according to Dickson (1965). They are all unstained
which indicate the completeness of dolomitization
and dolomites contain less than 1% FeO (Sperber et
al., 1984). 154 sample were analysed by X-ray dif-
fraction and they also show the total replacement by
dolomite.

PALAEOGEOGRAPHY AND FIELD
OBSERVATIONS

Cenomanian Palaeogeography in
Northwestern Libya:

The Ain Tobi sediments were deposited during
a major marine transgression which began in north-
west Libya at the beginning of the Cenomanian and
culminated in the Late Turonian,

The Ain Tobi Dolomite Member is a part of

a shelf deposit which covers all or part of Alge-
ria, Tunisia, Libya, Egypt, Niger and Chad (Reyre,
1966). The isopach map (Fig. 2) shows that the re-
gion of the present Jabal Nafusah in northwest Libya
is a part of a wedge of Cenomanian strata which
thicken to the south toward the axis of the Ghadamis
Basin. The Jabal Nafusah area was adjacent to a
topographically high or non-subsident region to the
north,

There is a general decrease in carbonate content
from northeast to southwest and increasing in silici-
clastics. This reflects generally the gradient between
an onshore clastic source and offshore carbonate
production.

In the subsurface from northwest Libya into the
Sirt Basin there are lithologic and nomenclature
changes in the Cenomanian section. The Bahi and
Lidam Formations (subsurface) are equivalent to
the Sidi as Sid and Nalut Formations (outcrop).
The Bahi Formation is a siliciclastic composed of
interbedded sandstone, siltstone, conglomerate and
shale with common glauconite pellets in the up-
permost part. The lower part is thought to be non-
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Fig. 2. Cenomanian isopach map in northwestern Libya (Tunisia after Busson, 1970).
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marine, but the glaucenitic upper part is apparently
marine (Sghair, 1993), and is believed to be di-
achronous unit, ranging in age from Cenomanian to
Maastrichtian. The Bahi Formation is conformably
overlain by the marine Lidam Formation or other
younger Upper Cretaceous strata.

The Lidam Formation is dated as Cenomanian in
age (Barr and Weegar, 1972). It is composed mainly
of argillaceous dolomite with common glauconite
pellets and quartz grains in the lower portion, oolitic
packstone and grainstone in the middle part, and fine
to medium dolomite associated with anhydrite at the
upper part (El-Bakai, 1989; 1991). It was deposited
in a shallowing upward ramp in the northwestern
part of the Sirt Basin (El-Bakai, 1989; 1992).

The Ain Tobi Dolostone Member is a part of a
transgression sequence that can be found throughout
most of North Africa. As in the case of Ain Tobi
Dolostone Member, most of the transgressive units
were deposited on a carbonate platform, possibly a
carbonate ramp. The dominance of carbonates and
presence of evaporites reflect a warm possibly dry
Cretaceous climate. The Sidi as Sid (Ain Tobi and
Yifran Members) transgressive sequence is part of a
major worldwide Mid-Cretaceous rise in sea-level.

Main Lithologic Units of the Ain Tobi Member:

The Ain Tobi Dolostone Member is widely dis-
tributed rock unit, along Jabal Nafusah Escarpment
and it forms the topmost of this escarpment. Gen-
erally, the thickness of the Ain Tobi sediments in-
creases from southwest to the northeast direction.
The thickness ranges from 5m in Wazan area to
more than 110 m in the area between Mesellatah and
Qasr Khiar. The maximum thickness of Ain Tobi
was observed in Jadu section in the western part of
the escarpment, and this is due to the percentage of
coarse clastics which was the highest in the area.
Ain Tobi Dolostone Member is unconformably un-
derlain by Kiklah Formation (Fig. 3a) and overlain
by Yifran Marl Member.

Ichthyosarcolites Band.:

The Ichthyosarcolites Band is a marker bed
across the whole Jabal Nafusah. It is consistently
present at each locality at the lower andfor mid-
dle of the Ain Tobi Dolostone Member. The band

was recognized and described by Christie (1955) in
eastern Jabal Nafusah because of leached moulds
of the rudist Ichthyosarcolites sp. commonly found
at its top. Rudists have been destroyed probably
by silicification at the western Jabal Nafusah, but
the band can still be recognized due to its promi-
nent position, thickness and relatively resistance to
weathering comparing with the other beds (Fig. 3b).

The fchthyosarcolites Band is an unusually thick
unit compared to other bedded intervals in the Ain
Tobi. It ranges from 3 to 18 m in thickness although
it is sometimes difficult to locate the base (specially
at the western Jabal Nafusah) due to the diagenetic
alteration. The band is composed of dolomite, chert
and some quartz sand. Generally, the band is cross-
bedded in the central and eastern Jabal Nafusah
areas and appears to be uniformly bioturbated in
the western area of Jabal Nafusah. In addition to
rudists (Fig. 3c), which gives the band its name,
other bivalves, gastropods, echinoids, bryozoans and
foraminifera occur mainly as moulds. QOoids are also
present.

The Ichthyosarcolites Band makes a gross
change from the dominance of thicker bioturbated
beds below to thinner beds above. The overlying
beds contain sedimentary structures which indicate
deposition in shallower water and some show signs
of current activity (e.g. cross-bedding and micro-
bial). Beds below the band are more resistant to
weathering than those above. The upper beds are
often soft and powdery while the underlying beds
tend to be crystalline. This is due to differences in
depositional lithology across the band. Sediments
above the band contain more argillaceous material
and gypsum than those below it, thus this part of
the Ain Tobi Member has the steepest weathering
profiles found in the section. The [chthyosarcol-
ites Band may be the result of a facies change in
response to a change in sea level. The change in
bedding thickness, dominated types of sedimentary
structures, and lithology are probably due to a shift
from deposition in tens of meter to less than that. The
coincidence of the band and sea level fluctuation is
only suggested here because the microfuna does not
provide the necessary biostratigraphic detail.

In summary, the Ichthyosarcolites Band of the
Ain Tobi Dolostone Member is a distinctive marker
bed throughout Jabal Nafusah. In the eastern part
of the escarpment it is characterized by a distinc-

Fig. 3. Field photographs showing: (a) The angular unconformity between the Kiklah Formation below and the Ain Tobi Member
above at Abu Ghaylan area: (b) Tabular bedding which is the dominant sedimentary structure within the Ain Tobi Dolostone Member;
(c) General view of the Ichthyosarcolites Band at Tarhunah area; (d) The extensive bioturbation at Wadi J abbar section.
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tive fauna including rudist bivalves. In the west it
is represented by dolomite. The band represents the
culmination of a basin filling sequence which may
mark a drop and subsequent rise in sea level. Be-
cause water depths were different before and during
deposition of the band versus after the band it makes
at least a facies change if not a minor disconformity
due to change in sea level.

Bioturbation Unit:

Bioturbation structures are the most common
form of structures found in units of the Ain Tobi
of Jabal Nafusah (Fig. 3d). They are the most con-
tinuous in the escarpment, commonly extending
for 5km. The Ichthyosarcolites Band is bioturbated
throughout Jabal Nafusah in NW Libya where dia-
genesis has had a less obscuring effect on primary
fabric. Bioturbated units can be found above and
below any of the other sedimentary units.

Generally, dolomitization has obscured most of
the primary deposition textures of the bioturbated
beds. Most of the grains have either been leached
and left as mouldic porosity or they have been
replaced. The precursor matrix material was prob-
ably limestone because of the random orientation of
dolomite crystal axes and the uniform crystal size
(Evamy, 1967). Intercrystalline and leached mouldic
porosity averages between 10-20% (estimates from
thin sections). If each of the leached mouldic pores
is assumed to be precursor grain, bicturbated units
were wackestones, packstones and possibly grain-
stones. The original bioturbated sediments of the
Ain Tobi Member were probably bioturbated by
the combined activity of worms, enhinoderms and
molluscs.

Interpretation: Deposition of Ain Tobi sedi-
ments probably has occurred on an open marine
platform with alternating periods of storm rework-
ing and bioturbation. Storm generated currents and
bioturbation rather than tidal currents are thought to
be principally responsible for disturbing sediments
over the Ain Tobi platform. Bioturbation is indicated
by lack of internal layering. Storm activity is indi-
cated by cross-bedded carbonate sand units up to 4 m
thick in and above the Ichthyosarcolites Band. Tidal
currents are thought to play a minor roll in the Ain
Tobi deposition particularly in the oolitic intervals
because of the absence of extensive channel devel-

Fig. 4. (a} Field photographs showing laminated dolomudstone unit at Wadi Jabbar section; (b) Polished slab photograph of sample

opment, absence of levees and limited development
of distinctly intertidal or supratidal environments.

Laminated Unit:

Laminated units are found principally in the
dolomudstone units (Fig. 4a), but may be present
in dolowackestones and dolopackstones. The lam-
inated units are generally less than 1 m thick, but
may range up to 2m in thickness. They may extend
laterally for kilometres although units are difficult
to trace because of differences in weathering. These
lamination are smooth and flat to slightly undula-
tory. Individual laminations extend laterally from 1
to 30 m. Narrow vertical burrows (Fig. 4b) may be
present and extend down for 5 to 6 cm. The burrows
do not branch.

Interpretation: The flat to undulatory laminated
units with fenestra are most easily recognizable as
cryptalgal stromatolites. The fenestrs, fine lamina-
tions, flat to undulatory surfaces are the criteria used
to identify them as stromatolites. Most of fenestral
and non fenestral units are flat, therefore could have
been originated in several environments. Laminated
units of the Ain Tobi are attributed to the trapping
and binding of algae. The inferred location of micro-
bial development is in some type of lagoonal setting
in the intertidal zone,

The thickness of the flatness laminae, the lack of
fenestra and probably the aridity of the climate of the
Ain Tobi sedimentary environment (judging from
Cretaceous palaeotemperature curves of Savin, 1977
and the presence of gypsum in Yifran Marl Mem-
ber of Jabal Nafusah and Ghadamis Basin) indicate
that Ain Tobi laminated units probably deposited in
intertidal environment.,

Cross-bedding Unit:

The cross-bedding units of the Ain Tobi Mem-
ber increase in thickness towards the northeast. The
dominant types of cross-bedded units are dune or
tabular which mainly occurred in the Ras Fam
Mulghah (Section #2) and Taghmah (Section #7).
Trough cross-bedding occurs at the Abu Ghaylan
(Section #1, Fig. 4c). The thick cross-bedded unit
in the Ras Fam Mulghah is composed of dolograin-
stones. The grains which form these carbonate sands
include ooids, peloids, foraminifera, quartz grains
and fragments of gastropods, bivalves and echinoids.

taken from Taghmah section. Note well preserved lamination in a completely dolomitized mudstone. Some laminae are disturbed by
burrows; (c) Outcrop photograph at Abu Ghaylan section showing small-scale cross-bedded oolitic doloplackstone/dolograinstone; (d)

Field view showing mudcracks structure at Abu Ghaylan section.
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Cross-bedded carbonate sands are the only units
that commonly contained recognizable ooids. These
units are the only ones in which grains can be iden-
tified because dolomitization, was fabric retentive
and the exterior forms of the grains are preserved
(non-mimetic replacement).

Interpretation: The generation of ooid grains and
grainstone sand bodies in Recent carbonate environ-
ments occurs in shallow agitated waters, less than
2m (Milliman, 1974). Hine (1977) suggests that
ooids generated through interaction of tidal currents
and storm generated waves. Tidal currents are pri-
marily responsible for ooid generation while storm
currents distributed them. Because ooids make up
a significant proportion of the grains in these units,
some tidal activity is indicated, These cross-bedded
units represent the highest energy environment of
the Ain Tobi Member and probably are shoal de-
posits,

Collapse Breccia:

Units interpreted as solution breccias occurred in
small intervals in most of the measured sections. So-
lutions breccia has implied dissolution of evaporite
minerals and the subsequent collapse of interbed-
ded or overlying material. In the Ain Tobi Member
true solution breccias are rare. This type of feature
occurs commonly on sabkhas (Wilson, 1975). In
this case precipitation and dissolution of the gypsum
may have occurred during a brief period of exposure,
despite the fact that there is little real evidence of
subaerial exposure in the Ain Tobi. Distinct mud-
cracks are found only in the Tarhunah area (Ras Fam
Mulghah section), the Wadi Jabbar section and Abu
Ghaylan section (Fig. 4d). The lack of horizontal
surface may have hindered the recognition of mud
cracks and makes positive identification of vertical
cross sections through possible mud cracks difficult.
The mud cracks generally are uncommon, and sug-
gests that subaerial exposure was rare during the
deposition of the Ain Tobi Member.

LITHOTYPES OF AIN TOBI MEMBER

The Ain Tobi Member is an arenaceous to argilla-
ceous dolostones. The dolomitized limestone or
dolostone contains a varying proportion of poorly
sorted, subangular to subrounded quartz sand. Ac-
cording to the field observations and petrographic
studies of samples from twelve measured sections,
Ain Tobi Member can be divided into five lithotypes:

Lithotype 1. Cross-bedded dolograinstones and

dolopackstones. The scale of cross-bedded locally
decreases upward and may show erosional relief at
the basal surfaces. Channel geometry is suggested in
some areas by the lateral changes into marls.
Lithotype 2. Bioturbated dolowackestones and
dolopackstones. These contain subhorizontal frac-
tures and burrows belonging to trace fossils.
Lithotype 3. Bedded dolomudstones and dolo-
packstones with rare wavy laminations and biotur-
bation. This facies is generally interbedded with
bioturbated dolowackestones and dolopackstones.
Lithotype 4. Laminated dolomudstones and
dolowackestones with microbial, birds-eye structure
and gypsum.
Lithotype 5. Solution breccias consisting of an-
gular clasts, commonly silicified in a dolomitized
matrix.

These lithotypes of the Ain Tobi Dolostone
Member are interpreted as a shallow-shelf or ramp
carbonate deposit (discussed below). These rep-
resent a shoaling-upward cycles deposited during
regressive phases.

Ain Tobi Dolostone Member is overlain by
Yifran Marl (upper member of the Sidi as Sid For-
mation). It consists of yellow soft marls, marly
limestone and dolomites and calcareous shales with
uncommon interbeds of bedded gypsum, gypsifer-
ous shales and oolitic limestone. Marls with bedded
gypsum predominate west of Yifran whereas to the
east the thickness decreases and dolomitic limestone
predominate. Recrystallization makes identification
of textures difficult, mudstones, wackestones, and
wackestones/packstones occurred with occasional
oolitic grainstone. Parallel lamination is the most
common sedimentary structure and sparse fauna
generally consists of molluscs. Bioturbation is com-
monly occurred throughout the member. The lithol-
ogy of Yifran Marl Member is interpreted as a re-
stricted ramp (inner-ramp) in the western and south
of Jabal Nafusah, and as an open to semi-restricted
ramp in the eastern Jabal.

PETROGRAPHY

In this study Ain Tobi Member is assigned as
“Ain Tobi Dolostone Member” because the petro-
graphic details and XRD analysis of samples taken
from 12 measured sections scattered throughout the
study area (Fig. 1) show that all Ain Tobi sedi-
ments have been completely dolomitized (more than
95% dolomite) and only traces of calcite occurred in
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the form of calcitization or dedolomitization. Yifran
Marl Member will not be treated petrogaphically in
this study.

According to the crystal shape and size distribu-
tion, five different types of dolomite recognized in
the studied sections. These differences may reflect
the variation of origin, mechanisms, chemistry and
may be the timing of dolomitization. Detailed geo-
chemistry and origin of these types of dolomite is
a separate study now in progress. Some individual
samples of these sections composed of more than
one type of dolomite. The dolomite types are clas-
sified according to Friedman (1965) and Sibley and
Gregg (1987). All types of dolomite are calcian,
nonferroan and have more than 52% CaCO3, except
Type-1 which is stoichiometric (49-50% CaCO3).
All types are moderately to well ordered as deter-
mined by XRD.

Hand Specimen Petrography

Type-1 dolomite is yellowish-grey, porous and
laminated mainly replaced wackestone/packstone.
The laminae usually pinkish in colour. This type of
dolomite is associated with birds-eye structure, rip-
ples and microbial with gypsum nodules or collapse
breccia and quartz grains in the western part of the
study area. Type-2 dolomite is very fine, whitish-
grey, cross-bedded, slightly porous and calcareous
crystalline replaced mainly packstone and grain-
stone facies. Type-3 is also laminated, tan to grey,
calcareous and interbedded with quartz sandstone.
Type-4 dolomite is light-grey to yellowish, slightly
porous and calcareous being replaced the highly
fossiliferous sediments and occurred mainly at all
positions of almost all measured sections. Type-
5 dolomite is grey, coarse to very coarse, porous
crystalline with pearly lustre appearance (Fig. 5a) re-
placed calcerenitic packstone lithofacies. This type
is restricted to the eastern part of the study area and
rarely occurred at western part of the study area.

Transmitted Light and Cathodoluminescent
Microscopy:

Type 1 dolomite:

It is an early and pervasively non-ferroan
dolomite, generally consists of unimodal or very fine
to fine (10-100 wm, average 70 stm), closely packed
nonplanar-a or xenotopic (anhedral) dolomite crys-
talline (Fig. 5b). These dolomite cystals have totally
replaced the precursor sediments which probably
were lime mudstones and wackestones and its crys-
tals have inclusions. The cores of some crystals

are selectively dissolved out leaving intracrystalline
pores. The texture is mainly xenomorphic. The
commonly observed cathodoluminescence pattern in
Type-1 dolomite is homogeneous orange lumines-
cence at zones succeded dissolved cores and very
thin bright yellow luminescent outer rims (Fig. 5c).
Type-1 dolomite is the most common type in the
Ain Tobi Dolostone Member and occurred at all
locations.

Type 2 dolomite:

The crystals of this type of dolomite are made
up of unimodal or very fine mainly less than 10 xm,
closely packed nonplanar-a or xenotopic dolomite
crystalline (Fig. 7a). The crystals are usually dirty or
cloudy and mainly nonmimetically replaced skele-
tal and non-skeletal allochems. Crystals of Type-2
dolomite exhibit bright yellow orange luminescent
pattern whereas late crystals occurred as a cement
around pores show red to dark brown luminescent
appearance (Fig. 7b). In fabric-destructive or non-
mimetic replacement, original fabrics are commonly
outlined by abundant inclusions. Mouldic, interpar-
ticle and vuggy porosities are commonly occurred
within this xenomorphic mosaic dolomite and has
been found in the lower and middle intervals of most
measured sections.

Type 3 dolomite:

Type-3 dolomite is unimodal (average 100 pm),
nonplanar- a and planar-s replacive crystalline. This
type is mainly associated with quartz grains (Fig. 5d)
and may be occured post-compaction. It is mainly
found at bottom of all measured sections. Quartz
grains associated with this type are subrounded
medium to coarse and unicrystalline, cemented by
quartz overgrowth. They are usnally coarser than
dolomite crystals and sometimes fractured probably
due to compaction. Type-3 dolomite is characterized
by dully luminescent cores and orange luminescent
rims (Fig. 6a).

Type 4 dolomite:

It is polymodel or fine to medium (average
200 xm), nonplanar-s or hypidiotopic and non-
ferroan dolomite crystalline (Fig. 6b). The crystals
are cloudy at cores and more cleaner rims, and ex-
hibits undulose extinction. Some times this type oc-
curred as an isolated euhedral rthombs (Fig. 6¢). This
type believed to be an intermediate to late diagenetic
dolomite and has completely replaced the original
sediments which probably were bioclastic wacke-
stone/packstone. Some crystals show replacement
or recrystallization of precursor fine and nonplanar-
a (Type-1) dolomite crystals, whereas others have
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their cores partially or completely dissolved out
due to continued dissolution, leaving irregular voids
indicating dedolomitization. In some instances dis-
solution has proceeded to the point where almost
the whole crystal has been dissolved out leaving a
rhombic moulds. The texture of Type-4 dolomite
is generally hypidiomorphic. Cathodoluminescence
microscopy shows that the cores are mainly dirty
orange luminesent due to inclusion-rich, whereas
inclusion-free rims exhibit dully orange luminescent
(Fig. 6d). These differences reflect that the Fe and
Mn values are considerably lower in the inclusion-
rich than in the inclusion-free zones (Fairchild,
1980; Coniglio and James, 1988; Amthor and Fried-
man, 1991; 1992) due to recrystallization (Nielsen
et al., 194). Intercrystalline, mouldic and vuggy
porosities are associated with this dolomite type
which occurs in various stratigraphic intervals.

Type 5 dolomite:

This type of dolomite occurred in the eastern
Jabal Nafusah only and has been observed in Al
Khums and Wadi Jabar areas. Type-5 dolomite is
composed of coarse to very coarse or polymodal
(500 pm-2 mm), planar-s and zoned baroque or
saddle crystalline (Fig. 7c). These replacive crys-
tals have curved faces or boundaries and cleavage
planes. They show extremely undulose extinction.
The crystals characterized by euhedral cloudy cores
and clean rims, which indicate their replacement to
the original micritic sediments. The cloudy cores
exhibit orange luminescent and rims show dully lu-
minescent, but the cleavage lines have bright yellow
pattern (Fig. 7d).

Dedolomitization.

The term dedolomitization was first proposed by
Von Morlot (1848) to describe a possible mechanism
by which the mineral calcite replaces the mineral
dolomite. Evidences for dedolomitization have been
observed under the microscope and by XRD analysis
of whole rock of the Ain Tobi dolomite sediments.
Presence of euhedral or idiomorphic dolomite crys-
tals with their cores leached out leaving itracrys-
talline pores and sometimes the whole rhomb dis-
solved out leaving euhedral mouldic pores, indicat-
ing dedolomitization. The dissolved cores of some
crystals are filled or replaced by calcite (Fig. 8a).
Some other rhombohedral crystals are replaced by

large or blocky non-ferroan, and late calcite crys-
tals. These calcite crystals being as an overgrowth
with an optical continuity with dolomite substrates.
In some cases the dolomite rhombs are corroded or
rounded crystals, whereas elsewhere some dolomite
crystals float in a coarser calcite crystals with ir-
regular contacts between them indicating dedolomi-
tization. Under cathodoluminescence microscope
the dedolmitizated crystal show complex zonation
(Fig. 8b). Dolomite zones show bright yellow lu-
minescent pattern whereas the replacive calcite zone
exhibit dully orange luminescent.

Several authors attributed the phenomenon of
dedolomitization to early diagenesis and/or sur-
face chemical weathering (Evamy, 1967; Braun
and Friedman, 1970; Magaritz and Kafri 1981) or
to oxidation of pyrite (Evamy, 1963), all epige-
netic process. Budai er al. (1984) pointed out that
dedolomitization can occur any where (surface and
subsurface) conditions are favourable for it.

Distribution of dolomite

Dolomite has been found to replace all Ain Tobi
sediments in all measured sections, only traces of
limestone remain. Sandstone occurred in the lower
part or below the Ichthyosarcolites band occurred in
the western part of the study area.

Type-1 and Type-4 dolomites occurred in all
sections in different stratigraphic positions. Type-3
dolomite is mainly occurred at bottom of all sec-
tions and in higher position in section #9 at Jadu
area. Type-2 dolomite has been found mainly at the
middle parts of measured sections in the western and
central parts of the study area within the Ichthyosar-
colites band or replacing packstone and grainstone
facies. It replaces the oolitic grainstone intervals in
the lower and middle parts of the measured sec-
tions at the eastern part of Jabal Nafusah (east Wadi
Ghan). Finally, Type-5 dolomite restricted to the
eastern part of the study area at the top of mea-
sured sections in Fam Mulghah, Wadi Jabbar and
Al Khums area and rarely at Riaynah and Jadu
area. Dedolomitization or the replacement of the
dolomite by calcite crystals has been observed at
various stratigraphic positions. It has been found at
the bottom of section #9 and section #10, close to the
unconformity between Kiklah Formation below and
Ain Tobi Member above, and occurred also at top of
sections #4, #5, $6, #8, and section #9 (Fig. 1).

Fig. 5. (a) Polished slab photograph showing the very coarse saddle dolomile seen at Al Khums coast; (b) Photomicrograph of Type-1
dolomite (PPL); (c) Luminescence microscopy of the same sample (b) showing the homogeneous orange luminescence pattern; (d)
Photomicrograph of Type-3 dolomite associate with quartz grains (PPL).
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ENVIRONMENT OF DEPOSITION

A sedimentary model was proposed for the Sidi
as Sid Formation (El Hinnawy and Cheshitev, 1975)
in the Jabal Nafusah escarpment and Ghadamis
Basin to the south. In this section the term facies
is avoided because the depositional environments
could be defined on the basis of sedimentary struc-
tures and because dolomitization has obliterated
most of the criteria used to define microfacies based
on textures and grain types.

The Cenomanian depositional environments,
found on the Jabal Nafusah escarpment and in the
Ghadamis Basin are part of inner ramp sequence
according to definition of Ahr (1973); Buxton and
Pedley (1989); Elrick and Read (1991); Burchette
and Wright (1992) which ranged from open to semi-
restricted ramp and a restricted or lagoon ramp.
In this study the open to semi-restricted and re-
stricted ramps will be discussed, because they occur
in the exposures of the Sidi as Sid Formation and
in the subsurface of Ghadamis Basin where well
logs are available. In the offshore Gabes—Tarabulus—
Misratah Basin most drilled wells did not pene-
trate deeper than the Maastrichtian and in Tunisia
the data are not available. Published data on the
Gabes—Tarabulus-Misratah Basin and Tunisia areas
and data gathered during this study from outcrop
and subsurface Ghadamis Basin will be used in
order to propose a model for the Cenomanian in
northwestern Libya.

Inner Ramp:
Restricted or lagoon Ramp:

The restricted ramp environment is represented
by the Yifran Marl Member of the Sidi as Sid Forma-
tion in the subsurface of Ghadamis Basin, southern
Nafusah uplift and in Jabal Nafusah. Yifran Member
is composed of approximately 70 m of marls, marly
limestone, dolomites and calcareous shales interbeds
of bedded gypsum in western Jabal Nafusah and
dominated by limestone in eastern part of the study
area. In the subsurface (Ghadamis Basin) it consists
of 150 m of interbedded dolomite, shale and evapor-
ites. In both Jabal Nafusah and the Ghadamis Basin
it overlies open to semi-restricted dolostones of the
Ain Tobi Member and is overlain by Nalut Forma-
tion. Units associated with restricted ramp occurred

commonly above the Ichthyosarcolites Band close to
the contact between Ain Tobi and Yifran Marl.

The rare fauna present in the Yifran Marl suggest
deposition in a shallow, marine, neritic environment
(Fig. 9) with restricted lagoonal conditions (inter-
tidal and supratidal) with no tidal channels in the
western part of the basin (Megerisi and Mamgain,
1980a). A lagoonal palaesoenvironment is suggested
because it could impound water whose evaporation
would result in evaporite deposition indicated by the
solution breccias in the Ain Tobi Dolostone Mem-
ber (lithotype-5) and in actual evaporite layers in the
Yifran Marl Member.

Open to Semi-Restricted Ramp:

The open to semi-restricted ramp environment is
represented by the Ain Tobi Dolostone Member of
the Sidi as Sid Formation in the Jabal Nafusah es-
carpment and in the subsurface of Ghadamis Basin
where it can be traced on completion logs. In the
Ghadamis Basin the open to semi-resricted ramp
consists of dolomite which overlies Early Creta-
ceous siliciclastics of the Kiklah Formation and
underlies lagoonal rocks of the Yifran Marl Mem-
ber. The Ain Tobi Member thins to the south as
the Yifran Marl thickness. In the Jabal Nafusah
escarpment the open to semi-restricted ramp con-
sists of dolostones, sandy dolomite, chert and quartz
sandstone. It is composed mainly of bioturbated
bedded carbonate units, with cross-bedded oolitic
dolograinstones and laminated dolomudstones. The
bioturbated units especially those containing rud-
ists such as the Ichthyosarcolites Band and cross-
bedded sands are more abundant towards the north
of the Nafusah escarpment. The carbonate muds
and associated evaporites are more abundant south
of the escarpment and at the top of the escarp-
ment (Yifran Marl Member) towards the restricted
or lagoon ramp,

The vertical change from dolowackestones/dolo-
packstones through dolomudstones and dolowacke-
stones to thinly bedded dolomudstones probably
represent cycles of shoaling-upward deposited dur-
ing regressive phases. The lower part of each cycle
is composed of interbedded, bioturbated dolowacke-
stones/dolopackstones and bedded dolomudstones
(lithotype-2 and 3). The upper part consists of thinly
bedded dolomudstones with gypsum nodules, algal

Fig. 6. (a) Luminescence microscopy of same sample shown in (Fig. 5d). Note that Type-3 dolomite, which is associated with quartz, has
a dull luminescent core and bright rims; whereas quartz shows dark blue colour; (b) Photomicrograph of Type-4 dolomite, characterized
by cloudy cores and clean rims; (c) Photomicrograph of sample taken from Jadu section showing isolated crystals of Type-4 dolomite.

Note the crystal shapes are planar-e and are loosed interlocking (PPL).
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Fig. 8. (a) Thin-section photomicrograph of sample taken from Kabao section showing dedolomitization and dissolution. Note that
cores of some crystals are selectively dissolved out leaving intracrystalline pores and some of them are replaced by calcite in later stage
(PPL); (b) Luminescence microscopy of sample shown in (a). Note the complex zonation of the dedolomitization where dolomite zones
show bright luminescent and calcite zones show dull luminescence and the pores are black.

laminations and solution breccias (lithotype-4 and
5). Each cycle was initiate by a rapid rise in sea
level, a conditions suggested by the sharp contact
between the intertidal lithotype-4 and the overlying
carbonates lithotype-2 at Tarhunah and in the Abu
Ghaylan area. Gradnal shallowing as a result of sedi-
mentation created extensive tidal flats and evaporitic
sabkhas in which lithotype-3 and 4 were deposited.
The bedded dolomudstones and dolopackstones of
lithotype-3 were deposited in a low intertidal zone,
and the algal mats or microbial of lithotype-4 were
deposited in a higher intertidal zone.

Evaporites formed at the top of the cycles in
sabkha type environment were probably extensive at

the time of deposition. However, subsequent leach-
ing, during subaerial exposure, removed many of
the evaporite layers, now represented by solution
breccias (lithotype-5). These are best developed in
the thinner sequences of western outcrops (Wazan
and Nalut area), which show rather restricted ma-
rine aspect. Cycles involving lithotype-1 (large-scale
cross-bedded dolograinstones and dolopackstones)
are well developed in sequence northeast at Tarhu-
nah area. This cycle is interpreted as a tidal-channel
deposit. Deposition occurred during progradation of
broad shoals or lateral migration of tidal channels.
Based on the subsurface data it is thought that
the lithotypes of the Sidi as Sid Formation (Ain Tobi

Fig. 7. (a) Photomicrograph showing Type-2 crystalline dolomite which is very fine nonplanar-a being replaced by oolitic grainstone
(PPL): (b) Luminescence microscopy of same view (a). The very fine dolomite replacing concentric structure of ooids have bright
yellow luminescence (Y), whereas dolomite within intraparticle porosity or lining interparticle pores have red luminescence (arrow);
{¢) Thin-section photomicrograph of Type-5 saddle dolomite crystalline. It shows cloudy cores and clean rims (PPL); (d) Luminescence
microscopy of same view shown in (c). Note that cloudy cores have bri ghter luminescence than clean rims whereas cleavage lines show

bright yellow luminescent pattern (arrow).
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Fig. 9. Schematic block diagram of proposed Cenomanian sedimentary environment in NW Libya.

and Yifran members) regressive megasequence con-
ditions could be more evaporitic south of Jabal Na-
fusah, with better development of sabkha sequences
could be expected.

Mid-Ramp or Ramp Margin:

Stratigraphic sequences in wells drilled on the
Jifarah Plain north of Jabal Nafusah indicate that
post-Cretaceous erosion has removed the Sidi as Sid
and the remainder of the Cenomanian in at least
part of that area. The open to semi-restricted ramp
environment probably graded nerthwards into mid-
ramp or ramp margin environment. The margin is
thought to occupy a narrow band in the subsurface
that parallels the present coastline.

The presence of ramp margin is inferred on the
basis of Cenomanian rudist debris in the Ain Tobi
Member of the Jabal Nafusah, from oyster debris
found at a point southeast of Tarabulus in Jabal

Nafusah where its orientation changes from north-
south to east-west, and from oyster packstones and
grainstones of the Sidi as Sid’s equivalent (Zeb-
bag Formaticn) in Tunisia (Pedley er al., 1982).
This deposition environment probably also con-
tains cross-bedded carbonate bodies and bioturbated
units such as those found in the Ain Tobi Mem-
ber in the Nafusah Escarpment. The presence of the
Ichthyosarcolites Band as a series of buildups and
the absence of a visible shelf-slope break on seis-
mic lines implies that this is a ramp margin, The
extensive post-Cretaceous erosion which removed
the Cretaceous deposits along the coast may have
resulted in obliteration of any ramp margin that was
present.

Outer Ramp:
The Gabes-Tarabulus—Misratah Basin lies to the
north of the ramp margin (Fig. 10). The Cenomanian
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strata in this basin is represented by the Alalgah
Formation (Hammuda et al., 1985). The outer ramp
environment is only known from the description of
completion logs which reached the Cretaceous in
offshore Libya (e.g. K1-137, H1-137, L1-137 and
T1-NC35A wells).

Cenomanian sediments of the Alalgah Formation
consist of laminated dolomitic marls containing mil-
iolid and pelagic foraminifera and rudist material.
The miliolid and rudist are thought to be derived
from higher up the slope near the crest of the uplift.
The pelagic foraminifera represent normal sediment
accumulations for this environment.

Because of the paucity of the Upper Cretateous
subsurface data, and absence of surface data in
the northwestern Libyan offshore region, elabora-
tion upon the basinal and slope environments is not
possible.

Conclusion

1. The Sidi as Sid Formation includes two mem-
bers. They are the Ain Tobi Dolostone Member
which previously describe as dolomitic limestone
and the Yifran Marl Member.

2. Bioturbation, lamination and cross-bedding
structures are the most common form of struc-
tures found in units of the Ain Tobi Member. Units
interpreted as solution breccias occurred in small
intervals in most of the measured sections.

3. Ichthyosarcolites Band of Christie (1955)
found in the lower and middle part of the Ain Tobi
Member and vary the thickness from 3 to 18 m. The
band is a marker bed across the whole Jabal Na-

fusah. The Ichthyosarcolites Band makes a gross
change from the dominance of thicker bioturbated
beds below to thinner beds above.

4. The Ain Tobi sediments have completely been
dolomitized and five diagenetic types are identified.
Dolomite Type-1 as early, fine, subhedral and non-
ferroan. Cores of crystals of this dolomite type are
selectively dissolved leaving intrapores. Crystals of
dolomite Type-1 have homogeneous luminescence
pattern. Dolomite Type-2 is early, very fine, and an-
hedral to subhedral replacing packstone/grainstone
facies, Crystals of dolomite Type-2 have bright
orange-yellow luminescent pattern. Dolomite Type-
3 occurs in the lower part of the Ain Tobi sequence
in all measured sections and interbedded with quartz
sandstone. Its crystals are fine to medium, sub-
hedral probably formed post-compaction. Type-3
dolomite is characterized by dirty orange lumines-
cent cores and very thin bright luninescent rims.
Type-4 dolomite is medium to coarse, cuhedral to
subhedral and characterized by cloudy cores and
clean rims. Crystals of this type have orange lu-
minescent cores and dull rims. Dolomite Type-5
(baroque dolomite) found only in the eastern part
of the study area. Crystals of this type are coarse
to very coarse with cloudy cores and clean rims
and characterized by curved faces. Dolomite Type-5
has orange luminescent cores, dull rims and bright
cleavage lines. Early calcitization or replacement
of dolomite by early calcite occurs close to the
unconformity surface and show complex zonation.
However, replacement of dolomite by late calcite oc-
curs in the top of the sequence and show dull to no
luminescence.
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5. The Sidi as Sid Formation represents part of
inner ramp sequence, which ranged from open to
semi-restricted ramp and restricted or lagoon ramp.
The restricted ramp environment is represented by
the Yifran Marl Member, the open to semi-restricted
ramp environment is represented by the Ain Tobi
Member in Jabal Nafusah areas and in the subsur-
face Ghadamis Basin. The open to semi-restricted
ramp probably graded northwards into mid-ramp or
ramp margin environment which are removed by
post-Cretaceous erosion from the Jifarah Plain. The
outer ramp environment is represened by the Alal-
gah Formation in the offshore Gabes—Tarabulus—
Misratah Basin. It consists of laminated dolomitic
marls containing miliolid and pelagic forminifera.
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Planktonic Foraminiferal Zonation of the Oligocene—Miocene Succession of Well
H1-NC41, NW Offshore, Libya

[.I.M. Kassab*, A.K. Abusrewil*, and F.E. Abuhmida*
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Abstract Analysis of the planktonic foraminiferal NC41, NW offshore, Libya enabled to subdivide the

contents of 183 cutting and sidewall core samples
from the Oligocene—Miocene sequence of well HI-

*Petroleum Research Centre, P.O. Box 6431, Tripoli, Libya,
GSPLAI

sequence into eleven planktonic foraminiferal zones,
they are in ascending order:

(1) The Globigerina ampliapertura Zone.
(2) The Globorotalia opima opima Zone.
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(3) The Globorotalia kugleri Zone.
(4) The Globogquadrina dehiscens Zone.
(5) The Globigerinoides altiapertura Zone.
(6) The Globigerinoides bisphericus Zone.
(7) The Praeorbulina glomerosa glomerosa Zone.
(8) The Orbulina suturalis Zone.
(9) The Orbulina universa Zone.
(10) The Globorotalia acostaensis Zone.
(11) The Globigerinoides extremus Zone.

The Oligocene—Miocene planktonic foraminiferal
biosequence of well HI-NC41 has been correlated
with P-N Zones, the biostratigraphic events age esti-
mates in million years, and the European stage
boundaries.

The absence of Zones P17, P18, P19, and possi-
bly the lower part of the Zone P20 may indicate a
period of erosion and non deposition at the Eocene/
Oligocene boundary. In the Late Oligocene, Zone
P22 and possibly the lowermost Zone Nda are miss-
ing indicating a hiatus at this interval. The miss-
ing of Zones N10 {(part), N11, NI12, N13, N14 (part)
may due to nondeposition (hiatus), change in depo-
sitional environment or both.

The top of Zone N17 is also missing indicating
unconformity at the end of the Miocene.

INTRODUCTION

The biozonation of the Oligocene—Miocene sedi-
ments of well HI-NC41 is part of the biostrati-
graphic study of the Oligocene—Pleistocene of the
Tarabulus Basin, Pelagin Platfrom, NW offshore,
Libya.

A large number of foraminiferal specimens were
picked in order to precisely determine the character
of the biozones, their age, boundaries, and to cor-
relate them with the P-N Zones and the European
stage boundaries. Utilizing the vertical extension of
the planktonic foraminferal index species, several
time gaps are postulated during the deposition of the
Oligocene—Miocene sequence.

Well H1-NC41 is one among more than 60 ex-
ploratory wells drilled in the offshore area (Fig. 1),
it is situated in the middle of the Tarabulus Basin
(long. 12° 43’ 07”7, lat. 33° 26’ 05"), and was drilled
by NOC-Agip Name in 1979. It penetrated 12532
ft. (3820.7 m) sedimentary sequence ranging in age
from the Palaeocene-to the Pleistocene.

The sea bed was encountered at 769 ft. (234.4 m),
water depth at 662 ft. (201.8 m), and first recovery
at D.D. around 1055 ft. (321.6 m) from the lower
Pleistocene (Hyalinea baithica Zone) portion of the
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Fig. 1. Location Map

Sbabil Formation. The Oligocene-Miocene sedi-
mentary sequence in this well is 7224 ft. (2202.4 m)
thick (including 44 ft. belonging to the larger foram
Nummulites vascus Zone).

The planktonic foraminiferal biostratigraphy of
the Oligocene—Miocene of the subsurface, NW
offshore, Libya have been investigated previously
by Van Hinte er al. (1980, well BI-NC35A,
Messinian-Tabianian), Cococcetta (1982, well H1-
NC41, Palacocene—Pleistocene, unpublished NOC-
Agip Name report), Hammuda et al., (1983, 16
wells, 32 rock units ranging in age from Triassic—
Pleistocene), Duronio (1985, Bouri Field, 7 wells,
10 rock units and groups ranging in age from
Palaeocene to Pleistocene), and Hammuda et al.,
(1991, 11 wells, 15 rock units involving two rock
groups, ranging in age from Santonian to Pleis-
tocene). Salem and Spreng (1980) and Sherif (1991)
dealt in detail with onshore (NW Libya) Al Khums
Formation (Miocene).

One hundred and sixty one cutting and 23 side-
wall core samples were supplied by NOC-Agip
Name, Tripoli, Libya, they were processed using
standard micropalaeontological techniques, the fos-
sils contents of all size fractions were picked (in
proportional quantity) and identified.

STRATIGRAPHY

The Oligocene—Miocene succession in well H1-
NC41 is 7224 ft. (2202.4 m) thick sequence of
distinct stratigraphic units unconformably overly-
ing the Upper Eocene Samdun Formation of Tellil
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Group and unconformably underlying the Pliocene—
Pleistocene Sbabil Formation. The rock units are in
ascending order.

1. Ras Abd Jalil Formation

The Ras Abd Jalil Formation is underlain by
the open marine shallow water Nummulites vas-
cus marker bed which is 44 ft. (13.41 m) (D.D.
9028 ft.—8984 ft.) nummulitic limestone of late
Early Oligocene (late Rupelian) age. Ras Abd Jalil
Formation is 2198 ft. (670 m) (D.D. 8984 ft—
6786 ft.) sandy shales, marl, and marly limestone
sequence of deep water origin characterized by rich
planktonic foraminiferal contents (ranging in ap-
parent percentage from 56% to 99%) indicating
15.6 Ma time duration of deposition from the bot-
tom of the Globigerina ampliapertura Zone (Late
Oligocene) at 33.2 Ma to the top of the Globigeri-
noids altiapertura Zone at 17.6 Ma (Early Miocene,
early Burdigalian),

The lower contact of Ras Abd Jalil Formation in
well HI-NC41 is quite sharp corresponding to the
change in fauna and lithology from dark grey shale
above to whitish nummulitic limestone below, the
contact is considered (at present) conformable with
the Nummulites vascus marker bed. The upper con-
tact with Al Mayah Formation is taken (at present)
at D.D. 6786 ft. (below sample 6790) (in accordance
with NOC-Agip Name, 1979) corresponding to
the Globigerinoids altiapertura/Globigerinoids bi-
sphericus zonal boundary, although no major change
in lithology was observed as the boundary falls
within a silty shale sequence.

2. Al Mayah Formation

Al Mayah Formation is 3806 ft. (1160 m) se-
quence of grey green silty shale, shale, sandstone,
mudstone (H12), shale and sandstone of open shal-
low platform to middle neritic environment (30—
100 m} indicated by a marked decrease in the
planktonic Foraminifera up the section (the appar-
ent planktonic foraminiferal percentage ranges from
4.66% to 84.86%). The planktonic Foraminifera in-
dicate Upper Burdigalian (late Early Miocene, the
Globigerinoids bishpericus Zone) to Early Tortonian
(the Globorotalia acostaensis Zone, lower part) of
slightly more than 7.4 Ma time duration.

The lower boundary of Al Mayah Formation at
well H1I-NC41 is taken (at present) at the Lower/

Middle Burdigalian boundary. There is no clear
lithological change at this level as the silty shale
of Ras Abd Jalil Formation continues upward, how-
ever, the present boundary is following the well log.
The upper boundary is taken at the change from
silty marl and marl to fossiliferous limestone at D.D.
2980 ft. corresponding to the FA of Borelis melo
within the Early Tortonian. NOC-Agip Name (1979)
followed by Cococcetta (1982) put the boundary
262 ft. below the present boundary at the change
from quartzose sand to silty marl, locally grading to
shale, with thin levels of limestone corresponding to
their Borelis melo Zone lower boundary.

3. Tubtah Formation

The Tubtah Formation is 908 ft. (276.8 m) (from
D.D 2980 ft.—2072 ft.) thick oolitic, fossiliferous
limestone with marly horizons of inner shallow plat-
form (15-25 m water depth) indicated by the dom-
inance of benthonic Foraminifera characterized by
Borelis spp., Elphidium spp., miliolids, and rotaliids.

The planktonic Foraminifera are scarce found
only in the marl iterbeds, however, they are char-
acterized by species referable to this upper part of
the Globorotalia acostaensis Zone and the lower
part of the Globigerinoids extremus Zone indicating
Tortonian age.

The rich and diverse benthonic foraminiferal
fauna enabled the subdivision of the Tubtah For-
mation into two benthonic foraminiferal zones, a
lower Borelis melo Zone, and an upper Ammonia—
Eiphidium Zone (the later zone continues into the
overlying Marsa Zouaghah Formation).

The first introduction of gypsum within the lime-
stone indicates the start of the Marsa Zouaghah
Formation overlying the Tubtah Formation at D.D.
7072 ft.

4. Marsa Zouaghah Formation

Marsa Zouaghah Formation is 268 ft. (81.7 m)
(D.D. 2072 ft.—1804 ft.) thick gypsum and limestone
(fossiliferous, oolitic, miliolids) sequence character-
ized by poor planktonic and benthonic foraminiferal
assemblages indicative of shallow water (£ 9.14 m—
15.24 m) of deposition of the tidal flat complex. The
presence of scarce but variable planktonic species
enabled to refer this depth interval to the upper part
of the Globigerinoids extremus Zone (Messinian),
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the benthonic Zone Ammonia—Elphidium is also
extended to the Marsa Zouaghah Formation.

The Marsa Zouaghah Formation is uncon-
formably overlain by the Sbabil Formation (Lower
Pliocene—Pleistocene), the boundary is taken at D.D.
1804 ft. at the change from gypsum and limestone
of the Marsa Zouaghah Formation below to the
clay, sandy clay and mar!l of the Sbabil Formation
above. The unconformity is indicated by change
in lithology and fauna representing the transition
from the Miocene to the Pliocene. The Ammonia—
Elphidium—miliolids—Ostracoda faunal association
indicative of shallow restricted marine environment
of the Messinian (Late Miocene) Marsa Zouaghah
Formation is overlain by the transgressive clays
rich in planktonic Foraminifera (Sphaeroidinellop-
sis, Globigerinoides, Globigerina, Globorotalia) of
Early Pliocene age.

BIOSTRATIGRAPHY

Based on rich and diverse planktonic Fora-
minifera of the Oligocene-Miocene characterizing
the sedimentary succession of well HI-NC41 NW
offshore, Libya, the sequence has been subdivided
into eleven planktonic foraminiferal zones. This
biosequence is proposed for well HI-NC41 by in-
tegrating the vertical planktonic foraminiferal char-
acteristics of this section with equivalent sections
in the Mediterranean and other parts of the world,
the deviation from other zonal schemes is con-
trolled by the local characteristics of the planktonic
Foraminifera at this particular area of the Mediter-
ranean as a result of climatic differentiations and
sea level changes. This has resulted in scarcity
of some diagnotic species (Globorotalia periph-
eroacuta, Globorotalia conomiozea, Globigerinoids
diminutus, Globigerinoids ruber, Globigerina ne-
penthes, 3 occurrence, Globigerinita insueta, most
of the Middle and Upper Miocene keeled Globoro-
talias), diachronous character species (Catapsydrax
dissimilis,? Globigerinoids obliquus,? Globigeri-
noids ruber, Praeorbulina transitoria), and absence
of other species (Globorotalia fohsi fohsi, Globoro-
talia fohsi lobata, Glohorotalia fohsi robusta, and
many other keeled Globorotalia, Pulleniatina ssp.,
Catapsydrax stainforthi, single occurrence).

The Oligocene—Miocene planktonic foramini-
feral biosequence in well HI-NC41 in ascending
order is

1. The Globigerina ampliapertura Zone

The G. ampliapertura Zone is defined by the in-
terval range of the named zonal taxon from its FA
immediately above the Nummulites vascus marker
bed to its last occurrence. It is of Lower Oligocene
age of 2.0 Ma time duration.

The zone covers a depth of 64 ft. (19.5 m) from
D.D 8984 ft. to D.D 8920 ft. of the lower part of Ras
Abd Jalil Formation. Lithologically this interval is
dark grey shale grading to sandy marl.

Most characteristic planktonic foraminiferal
species of this zone are: Catapsydrax dissimilis,
Globigerina ampliapertura, Globigerina ciperoen-
sis subspecies, Globigerina goratanii, Globigerina
ochitaensis subspecies, Globigerina praebulloides
subspecies, Globigerina sellii, Globigerina tripar-
tita, Globigerina venezuelana, and many others in-
cluding contaminated species occurring in the cut-
ting samples (see Fig. 2).

Based on the analysis of the vertical distrib-
ution of Globigerina ampliapertura, Globigerina
ciperoensis angulisuturalis, and Globorotalia opima
opima (Blow, 1969, 1979; Berggren, 196%b, 1971:
Stainforth et al., 1975; Bolli and Saunders, 1985;
Miller and Katz, 1987) the Globigerina ampliaper-
tura Zone of well HI-NC41 is correlated with Zone
P20 of Blow (1969), and the upper part of Zone
P19/20 of Blow (1979) and equivalent P-Zones and
biozones (see Fig. 3).

The time duration of the Globigerina ampliaper-
tura Zone (=P20) is 2.0 Ma-2.5 Ma (Blow, 1969,
1979; Berggren, 1969b, 1971; Vail and Mitchum,
1979; Lidz, 1984, Bolli and Saunders, 1985; Haq
et al., 1987), accordingly a time duration of 2.0 Ma
is assumed for the Globigerina ampliapertura Zone
in well HI-NC41 (considering 0.5 Ma for the N. vas-
cus Zone at the lower part of Zone P20). Based on
this age estimation 0.97 cm/1000 years rate of sedi-
mentation is calculated for the 64 ft. interval of the
Globigerina ampliapertura Zone assuming constant
rate of subsidence.

2. The Globorotalia opima opima Zone

The Globorotalia opima opima Zone is a partial
range zone of 3.0 Ma time duration in the Oligocene
defined by the range of the zonal marker from the
LO of Globigerina ampliapertura to the LO of the
zonal marker.
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The Globorotalia opima opima Zone of well H1-
NC41 covers a depth of 580 ft. (176.8 m) from D.D.
8920 ft. to D.D. 8340 ft. within Ras Abd Jalil Forma-
tion. Lithologically this depth interval is grey sandy
shale, sandy marl, and thin marly limestone.

Most characteristic planktonic foraminiferal
species of this zone are: Globorotalia opima
opima, Globorotalia opima nana, Globorotalia may-
eri, Globorotalia siakensis, Globorotalia acros-
toma, Globorotalia nkbrowni, Globorotalia cife-
lii, Globorotalia munda, Globigerina praebulloides
subsp., Globigerina eunapertura, Globigerina sel-
lii, Globigerina triapartita, Globigerina ciperoen-
sis ciperoensis, Globigerina ciperoensis angulisu-
turalis, Globigerina cip. fariasi, Catapsydrax dis-
similis, Globorotaloides suteri and Cassigerinella
chipolensis.

Based on the vertical distribution of the
planktonic foraminiferal species characterizing the
boundaries of the Globorotalia opima opima Zone
(i.e. Globorotalia opim opima, Globigerina amplia-
pertura, Globigerina ciperoensis angulisuturalis) it
is correlated with Zone P21 of Blow (1969, 1979)
and equivalent P-Zones and biozones (Fig. 3).

The time duration of the Globorotalia opima
opima Zone is 3.0 Ma (Berggren and Miller, 1988),
accordingly the 580 ft. thick Gloeborotalia opima
opima Zone sediments have 5.89 cm/1000 years cal-
culated rate of sedimentation assuming constant rate
of subsidence.

3. The Globorotalia kugleri Zone

The Globorotalia kugleri Zone is a partial range
zone of 0.5 Ma tittie duration in the Late Oligocene
defined by the rdnge of the zonal marker from the
LO of Globorotalia dpima opima (coincident with
the FA of the Globorotalia kugleri group and Glo-
bigerinoids primordius) to the FA Globoquadrina
dehiscens (coincident with the FA of the genus Glo-
bigerinoides excluding Globigerinoids primordius).

The Globorotalia kugleri Zone is 175 ft.
(53.35 m) thick dark grey shale and marl (D.D.
8340 ft.—8165 ft.) within Ras Abd Jalil Formation,

The Globorotalia kugleri Zone is characterized
by many distinctive planktonic species, most char-
acteristic are: Globigerinoides primordius, Globoro-
talia opima opima, Globorotalia kugleri: group,
Globoguadrina praedehiscens, Catapsydrax dissim-
ilis, Globigerina euapertura, Globigerina sellii,
Globigereina venezuelana, Globigerina tripartita,
and Globigerina binaiensis.

Based on the analysis of the vertical distrib-
ution of Globorotalia kugleri, Globorotalia men-
dacis, Globorotalia pseudokugleri, Globigerinoides
bullatus, Globigerinoids primordius, Globigerinoids
quadrilobatus, Globorotalia opima opima, Globige-
rina ciperoensis subsp. and Globoguadrina dehis-
cens (Fig. 2), the Globorotalia kugleri Zone of well
H1-NC41 is considered equivalent to the lower part
of Zone N4 of Blow (1969, 1979) and Bolli and
Saunders (1985), Zone N4da of Kennett and Srini-
vasan (1983), Miller and Katz (1987), Berggren and
Miller (1988, 1989) and equivalent N-Zones and
biozones (see Fig. 3).

The time duration of the Globorotalia kugleri
Zone as defined in this study is 0.5 Ma (FA of
Globorotalia kugleri at 23.7 Ma to FA of Globo-
quadrina dehiscens at 23.2 Ma), the lower boundary
is in accordance with Bolli and Saunders (1985),
Miller and Katz (1987), and Berggren and Miller
(1988), the upper boundary is in accordance with
Iaccarino and Salvatorini (1982), Kennett and Srini-
vasan (1983), and Iaccarino (1985). The definition
of Miller and Katz (1987), Berggren and Miller
(1988, 1989) (FA of Globorotalia kugleri at 23.7 Ma
to the LA of Globorotalia kugleri at 21.8 Ma
=1.9 Ma time duration), and the definition of Bolli
and Saunders (1985) (FA of Globorotalia kugleri
=25.5 Ma to the FA of the Globigerinoides pri-
mordius =24.6 Ma =0.9 Ma time duration) are not
coinciding with the present work definition. Thus
in assuming continous sedimentation and a constant
rate of subsidence through the Globorotalia kugleri
Zone of well H1-NC41 time, the 175 ft. (=53.35 m)
sediments may had been deposited at 10.67 cm/1000
years rate of sedimentation.

d. The Globoquadrina dehiscens Zone

The Globogquadrina dehiscens Zone is a partial
range zone of 2.3 Ma time duration of Aquitanian
age (Early Miocene) define by the range of the zonal
marker from its FA (23.2 Ma) (coincident with the
FA of Globigerinoides immarturus and Globigeri-
noides quadrilobatus) to the FA of Globigerinoides
altiapertura (20.9 Ma).

The Globoquadrina dehiscens Zone is 435 ft.
(132.6 m) thick (D.D. 8165 ft.—7730 ft.) dark brown
to grey shale and marl within Ras Abd Jalil Forma-
tion.

The planktonic Foraminifera are very rich in this
zone ranging in apparent percentage from 86.30%
to 98.93% dominated by the genus Globigerinoides
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(37 species and variants). Most characteristics are
the disappearance of Globigerinoides primordius
and Globorotalia kugleri at the top of the zone, the
disappearance of Globorotalia nkbrowni, Globoro-
talia cifellii, Globorotalia mendacis, and Globoro-
talia pseudokugleri, Globigerina sellii, and Glo-
bigerina tripartita within this zone, and the FA of
Globoguadrina dehiscens at the lower boundary of
the zone,

Based on on the vertical distribution of Globo-
quadrina dehiscens and Globigerinoides altiaper-
tura, the Globoquadrina dehiscens Zone as defined
here can be correlated with the upper part of Zone
N4 and the lowermost Zone N5 of Blow (1969,
1979), Berggren (1969b, 1971);? the upper of Zone
N4 of Stainforth et al., (1975),? Bolli and Saunders
(1985), Zone N4 and lowermost Zone N3 of Iac-
carino (1985); Zone N4b and lowermost Zone N5 of
Zhang et al. (1993); Zone N4b of Kennett and Srini-
vasan (1983), Miller and Katz (1987), and Berggren
and Miller (1988, 1989) and equivalent biozones.

The time span for the Globoquadrina dehiscens
Zone as defined here from the FA of Globoquadrina
dehiscens (23.2 Ma) to the LA of Globorotalia kug-
leri coincident with the FA of Globigerinoides altia-
pertura (20.9 Ma) is 2.3 Ma (Berggren and Miller,
1989; Zhang er al., 1993) accordingly, the calcu-
lated rate of sedimentation is 9.47 cm/1000years
assuming constant rate of subsidence.

5. The Globigerinoides altiapertura Zone

The Globigerinoides altiapertura Zone is a range
zone of 3.3 Ma of early Burdigalian (M. Miocene)
age defined by the first evolutionary appearance of
Globigerinoides altiapertura at 20.9 Ma to its last
occurrence at 17.6 Ma coincident with the first evo-
lutionary appearance of Globigerinoides bisphericus
(not Globigerinoides sicanus).

The thickness of the Globigerinoides altiaper-
tura Zone is 944 ft. (287.8 m) from D.D. 7730 fi.
to D.D. 6786 ft., lithologicaly this depth interval is
brown shale and marl representing the upper part of
Ras Abd Jalil Formation.

The planktonic Foraminifera are very rich rang-
ing in apparent percentage from 76.67% to 97.32%
dominated by the genus Globigerinoides (64 species
and variants) characterized by the FA of Glo-
bigerinoides altiapertura, Globigerinoides amplus,
Globigerinoides subguadrarus, and Globigerinoides
murataii at or near the lower boundary, the disap-
pearance of Globigerinoides altiapertura at the up-

per boundary, and the disappearance of Catapsydrax
dissimils within its lower part.

Based on the zonal criteria of the Globigeri-
noides altiapertura Zone(total range of the zonal
marker) coincident with the first evolutionary oc-
currence of Globigerinoides bisphericus (not Glo-
bigerinoides sicanus) at its upper boundary and
assuming synchronous first and last occurrence of
Globigerinoides altiapertura, the Globigerinoides
altiapertura Zone is considered equivalent to Zone
N5 and N6 (or most of it) of Blow (1969, 1979,
excluding lowermost Zone N3), Bolli and Saunders
(1985, excluding the uppermost Zone N6), Zhang
et al. (1993, excluding the lowermost part of Zone
N5) and equivalent biozones (see Fig. 3).

The N5/N6 zonal boundary is generally based on
the FA of Globigerinita insueta (18.1 Ma, Barron
et al., 1985) (see Blow, 1969, Berggren, 1971, Stain-
forth et af., 1975; Kennett and Srinivasan, 1983;
Barron et al., 1985; Bolli and Saunders, 1985), how-
ever, laccarino (1985), and Zhang et al. (1993) found
that the FA of Globigerinita insueta is diachro-
nous, it is also scarce in the Mediterranean area,
which seems true for well H1-NC41 (Kassab et al.,
1995-1996) and the Sirt Basin (Berggren, 1969a),
accordingly Zhang et al., (1993) preferred the FA of
Globorotalia praescitula (19.0 Ma) distinct between
the N5/N6 Zones, however, the last and first appear-
ance of Globorotalia praescitula seems diachronous
as well (Blow, 1969, 1971; Stainforth er al., 1975,
Kennett and Srinivasan, 1983; Barron et al., 1985;
Bolli and Saunders, 1985; Iaccarino, 1985; Zhang
et al., 1993).

The time of deposition of the Globigerinoides al-
tiapertura Zone is 3.3 Ma, thus the rate of sedimen-
tation during the deposition of the Globigerinoides
altiapertura Zone (total thickness 287.8 m would be
8.7 em/1000 years.

6. The Globigerinoides bisphericus Zone

The Globigerinoides bisphericus Zone is a
Lower Miocene (Upper Burdigalian) partial range
zone of 1.3 Ma time duration defined by the range
of Globigerinoides bisphericus (not Globigerinoides
sicanus) from its first evolutionary appearance co-
incidint with the LO of Globigerinoides altiaper-
tura (17.6 Ma by correlation with N6/N7 zonal
boundary) to the FA of Praeorbulina glomerosa
glomerosa (16.3 Ma, Iaccarino, 1985, by correla-
tion with Cowie and Basset, 1989; Miller and Katz,
1987, Zhang et al., 1993; Aubry, 1993) and the first
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evolutionary appearance of Globigerinoides sicanus
(16.6 Ma; 16.3 Ma).

The Globigerinoides bisphericus Zone covers a
thickness of 1026 ft, (312.8 m) from D.D, 6786 ft. to
D.D. 5760 ft. in the lower part of Al Mayah Forma-
tion. This depth interval is made of quartzose sand,
shale, silty and glauconitic horizons.

The Planktonic Foraminifera show a marked
decrease in number of individuals relative to the
underlying zone, the apparent percentage of the
planktonic Foraminifera ranges from 22.4% to
84.86% dominated by the genus Globigerinoides
(63 species and variants). Most characteristics are
the FA of Globigerinoides bisphericus (not Glo-
bigerinoides sicanus) at the lower boundary and
the disappearance of Globigerinoides altiapertura
close to the lower boundary, also characteristics is
the abundance of Globigerinoides immaturus, Glo-
bigerinoides obliquus, Globigerinoides quadriloba-
tus, Globigerinoides sacculifer, and Praeorbilina
transitoria,

Assuming synchronous LA of Globigerinoides
altiapertura and synchronous FA of Pr. glomerosa
glomerosa, therefore, and in accordance with the
zonal definition of the Globigerinoides bispheri-
cus Zone (first evolutionary appearance of Glo-
bigerinoides bisphericus, coincident with the LA
of Globigerinoides altiapertura to the FA of Pr.
glomerosa glomerosa coincident with the FA of Glo-
bigerinoides sicanus) the Globigerinoides bispheri-
cus Zone of well H1-NC41 can be correlated with
Zone N7 (and may be the lower part of Zone N8)
of Bolw (1969, 1979), Zone N7 of Stainforth et al.
(1975), laccarino (1985), Bolli and Saunders (1983,
excluding the lowermost part), the upper part of
Zone N7 and the lowermost part of Zone N8 of Ken-
net and Srinivasan (1983), Zone N8 of Barron et al.
(1985), Miller and Katz (1987), and Zone N7 and
the lowermost Zone N8 of Zhang er al. (1993).

The lower limit of Zone N7 is widely taken corre-
sponding to the LO of Catapsydrax dissimilis (Blow,
1969, 1979, Stainforth er al., 1975; Keller, 1981;
Kennett and Srinivasan, 1983; Lidz, 1984; Barron
et al., 1985; Bolli and Saunders, 1985; Iaccarino,
1985; Miller and Katz, 1987; Berggren and Miller,
1989, Zhang et al., 1993).

The last occurrence of Catapsydrax dissimilis in
well H1-NC41 is within the upper part of Zone
N5 (similar observation was noted by Zhang et al.,
1993, p.302 for diachronous LO of Catapsydrax
dissimilis in borehole Eureka 68-136, upper De
Soto Canyon, NE Gulf of Mexico), thus it is not
in the reach of limiting Zone N7 in well Hl-

NC41, therefore, the taxa Globigerinoides bispher-
icus (not Globigerinoides sicanus), and Globigeri-
noides altiapertura are used to limit the lower
boundary of the N7 Zone. The N6/N7 boundary
is at 17.6 Ma (LA of Cat. dissimilis at 17.6 Ma,
Barron et al., 1985; Zhang et al., 1993; Aubry,
1993). Accordingly the Globigerinoides altiaper-
tura/Globigerinoides bisphericus zonal boundary is
considered at 17.6 Ma by correlation with the N6/N7
zonal boundary. Assuming constant rate of subsi-
dence, the rate of sedimentation during the time
of deposition (1.3 Ma) of the Globigerinoides bi-
sphericus Zone (thickness 312.8 m) is 4.06 cm/1000
years.

7. The Praeorbulina glomerosa glomerosa Zone

The early Langhian (Middle Miocene) Praeor-
bulina glomerosa glomerosa Zone is a partial range
zone of 1.1 Ma time duration defined by the range
of Pr. glomerosa glomerosa from its FA (16.3 Ma,
Taccarino, 1985 by correlation with Cowie and Bas-
set, 1989; Miller and Katz, 1987; Zhang et al.,
1993; Aubry, 1993) coincident with the FA of Glo-
bigerinoides sicanus to the FA of Orbulina suturalis
(15.2 Ma, Iaccarino, 1985 by correlation with Cowie
and Basset, 1989),

The zone covers 620 ft. (189.0 m) from D.D.
5760 ft—to D.D. 5140 ft. thickness of grey green
shale; sandy, pyritic glauconitic, and fossiliferous
limestone thin levels of the lower part of Al Mayah
Formation.

The Planktonic Foraminifera show a noticeable
decrease in number of individuals in this zone, their
apparent percentage ranges from 9,66% to 60.29%.

The genus Globigerinoides is consistent in its
dominance of the planktonic Foraminifera (51
species and variants). Most characteristics are the
FA of Pr glomerosa glomerosa, P. glomerosa
curva, Globigerinoides. sicanus, Globigerinoides
elongatus, Orbulina bilobata, Globorotaloides vari-
abilis, Grtd. hexagona, Sphaeroidinellopsis spp.,
and Sphaeroidinella spp.

Based on the zonal definition (range of Pr. glom-
erosa glomerosa from its FA coincident with the FA
of Gns. sicanus, to the FA of Orbulina suturalis),
the Pr. glomerosa glomerosa Zone is correlated
with most of Zone N8 of Blow (1969, 1979), and
Berggren (1969b, 1971), Zone N8 of Stainforth et al.
(1975), most of Zone N8 of Kennett and Srinivasan
(1983), Barron et al., (1985), Zone N8 of Bolli and
Saunders (19835, part), Iaccarino (1985), Miller and
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Katz (1987), Berggren and Miller (1989), and most
of Zone N8 of Zhang et al. (1993) and equivalent
biozones (see Fig. 3).

Assuming constant rate of subsidence, the rate of
sedimentation during the time of deposition (1.1 Ma)
of the Pr. glomerosa glomerosa Zone (189 m) at well
H1-NC41 is 17.27 cm/1000 years.

8. The Orbulina suturalis Zone

The Upper Langhian (Middle Miocene, 0.2 Ma
time duration) Orbulina suturalis Zone is a partial
range zone of 520 ft. (158.5 m) thickness from D.D.
5140 ft. to D.D. 4620 ft., it is defined by the range
of Orbulina suturalis from its FA (15.2 Ma, Barron
et al., 1985; Zhang et al., 1993; Aubry, 1993) to
the FA of Orbulina universa (15.0 Ma, Iaccarino,
1985 by correlation with Cowie and Basset, 1989).
Lithologically it is grey green shale with levels of
limestone, silstone and marl falls within the upper
part of Al Mayah Formation.

The planktonic Foraminifera range in apparent
percentage from 7.07% to 68.87%. The genus Glo-
bigerinoides still the dominant planktonic genus (44
species and variants). Most characteristics of the
zone is the FA of Orbulina suturalis and the dis-
appearance of the Praeorbulina glomerosa group in
this zone.

The zonal criteria of the Orbulina suturalis Zone
as defined by the FA of Orbulina suturalis to the FA
Orbulina universa correlates it with the lower part
of Zone N9 and equivalent N-Zones (Blow, 1969,
1979; Berggren, 1969, 1971; Stainforth et al.,
1975; Kennett and Srinivasan, 1983; Bolli and Saun-
ders, 1985; Iaccarino, 1985; Miller and Katz, 1987)
and possibly the lower part of Zone N9 of Barron
et al. (1985), Berggren and Miller (1989), and Zhang
et al. (1993) and equivalent biozones (see Fig. 3).

The 158.5 m thick Orbulina suturalis Zone of
0.2 Ma time duration is thought to have been de-
posited at a rate 79.25 cm/1000 years in case of
constant rate of subsidence.

9. The Orbulina universa Zone

The Orbulina universa Zone is a partial range
zone of Middle Miocene age (Serravallian) of
4.8 Ma time duration (in well HI-NC41). It is de-
fined by the range of the zonal marker from its
FA (15.0 Ma, Iaccarino, 1985 by correlation with
Cowie and Basset, 1989) to the FA of Globoro-

talia acostaensis (10.2 Ma, Miller and Katz, 1987,
Berggren and Miller, 1989; Zhang er al, 1993). It
is made of 1250 ft. (381 m) (D.D. 4620 ft. to D.D.
3370 ft.) of thin grey marly limestone, grey marl,
grey green shale, and quartzose sandstone of the
upper part of Al Mayah Formation.

The planktonic Foraminifera range in the appar-
ent percentage from 4.66% to 61.22%. The genus
Globigerinoides is represented by 49 species and
variants (most of them are rare to very rare), most
characteristics are the FA throughout this zone
of Globigerinoides seigliei, Globigerinoides Ken-
netti, Globigerinoides tenellus,? Globigerinoides
conglobatus and transitionals, Globorotalia scit-
fila, Globorotalia humerosa, Globorotalia menardil,
Globorotalia pseudobesa, Globigerina regina, Glo-
bigerina praenepenthes, Globigerina umblicata,
Globigerina multiloba, Globigerina pachyderma,
Globigerina nepenthes, Sph. hancocki, Grtd. fal-
conarae, and Orbulina universa.

Based on the present definition of the Orbulina
universa Zone (FA of Orbulina universa to the FA
of Globorotalia acostaensis), the lower boundary of
the zone may fall within the middle of Zone N9 or
the lower third of it (Blow, 1969, 1979; Stainforth
et al.,, 1975, Kennett and Srinivasan, 1983; Bolli
and Saunders, 1985; Iaccarino, 1985). The upper
boundary of the Orbulina universa Zone has been
drawn differently. Iaccarino (1985) put the upper
boundary corresponding to the FA of Globorotalia
praemenardii at the base of Zone N-10 in the Lower
Serravallian, Hammuda et al. (1991) put it at the
FA of Globorotalia fohsi lobata-robusta or the FA
of Borelis melo at a similar stratigraphic position
to Iaccarino (1985), while Cita and Premoli Silva
(1971-1973 in 1976), Borsetti et al. (1979), Agip
Minerraria (1980), and Duronio (1985) extended
the upper boundary of the Orbulina universa Zone
almost to the end of the Serravallian (and by correla-
tion within Zone N15 or the base of N16, fide Kassab
et al., 1995-1996). Similarly in well H1-NC41, the
Orbulina universa Zone upper boundary coinciding
with the FA of Globorotalia acostaensis at the base
of Zone 16.

The planktonic Foraminifera indicative of Zones
N10-N15 are either very scarce (Globorotalia may-
eri, Globorotalia praemenardii, Globorotalia pe-
ripheroacuta, Globorotalia siakensis, Globigerina
nepenthes), or absent (Globorotalia fohi fohsi,
Globorotalia fohsi lobata, Globorotalia fohsi ro-
busta).

A possible hiatus within the Orbulina universa
Zone may be questionably concluded due to the
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ill representation (or absence) of the planktonic
Foraminifera indicative of N-Zones (10, 11, 12, 13,?
14). However, in case of continuous deposition the
Orbulina universa Zone of well HI-NC41 is corre-
lated with the upper part of Zone N9-N15 of Blow
(1969, 1979) and equivalent N-Zones and biozones
(Blow, 1969, 1979; Berggren, 1969b, 1971; Stain-
forth er al., 1975; Thunell, 1979; Kennett and Srini-
vasan, 1983, Bolli and Saunders, 1985; Iaccarino,
1985) (see Fig. 3).

Assuming constant rate of subsidence during the
time of deposition of the Orbulina universa Zone
(4.8 Ma) in the area of well H1-NC41, the 381.09 m
would have been deposited at rate of 7.93 em/1000
years.

10. The Globorotalia acostaensis Zone

The Globorotalia acostaensis Zone is a par-
tial range zone of Lower Tortonian (low Upper
Miocene) age. It is defined by the range of Globoro-
talia acostaensis from its FA (10.2 Ma Zhang et al.,
1993; 11.3 Ma, Bolli and Saunders, 1985; 10.0 Ma,
Kennett and Srinivasan, 1983) to the first evo-
lutionary occurrence of Globigerinoides extremus
(6.7 Ma, Zhang et al, 1993; 8.2 Ma, Bolli and
Saunders, 1985; 7.7 Kennett and Srinivasan, 1983).

The Globorotalia acostaensis Zone is 690 ft.
(210.3 m) thick (from D.D. 3280 ft. to D.DD. 2590 ft.)
sandstone, shale, silty clay, fossiliferous limestone,
bryozoan limestone, marly limestone, and Borelis
limestone representing the uppermost part of Al
Mayah Formation and the lower part of the Tubtah
Formation.

The planktonic foraminiferal assemblage of this
zone is rather poor, its apparent percentage ranges
from 0.76% to 35.34%. The genus Globigeri-
noides shows noticeable decrease in number of in-
dividuals and to a less extent in the number of
species (44 species and variants, 34 of them are
rare to very rare). Other Planktonic genera are
also poorly represented. Globorotalia acostaensis,
Globorotalia cibaoensis, Globigerinoides? conglo-
batus, Globigerinoides elongatus, and Globigeri-
noides seigliei made their FA in this zone. Globigeri-
noides extremus limits its upper boundary.

Based on its definition (the range of Globoro-
talia acostaensis from its FA to the FA of Glo-
bigerinoides extremus), the lower boundary of the
Globorotalia acostaensis Zone is correlated with
the lower limit of Zone N16 (Blow, 1969, 1979,
Strainforth et al, 1975; Kennett and Srinivasan,

1983; Bolli and Saunders, 1985; Iaccarino, 1985;
Miller and Katz, 1987; Berggren and Miller, 1989;
McLaughlin, 1989; Zhang et al., 1993)

The FA of Globigerinoides extremus is within
Zone N16 (Blow, 1969, 1979 lower part, Iaccarino,
1985, middle part), within lower part of Zone N17
(Zhang et al., 1993), and at the base of Zone N17
corresponding to the FA of Globorotalia humerosa
and Globorotalia plesiotumida (Kennett and Srini-
vasan, 1983; Barron et al., 1985; Bolli and Saunders,
1985; McLaughlin, 1989). The restriction the FA of
Globigerinoides extremus to the base of Zone N17 is
in accordance with the last four authors.

Accordingly, the Globorotalia acostaensis Zone
is correlated with Zone N16 of Blow (1969, 1979)
and equivalent N-Zone and biozones (ignoring the
FA of Globigerinoides extremus at the lowest part of
Zone N16 of Blow, 1969, 1979).

The Globorotalia acostaensis Zone is of 3.5 Ma,
3.1 Ma, 2.3 Ma time duration (Zhang et al.,
1993; Bolli and Saunders, 1985, Kennett and Srini-
vasan, 1983) and in assuming a continuous de-
position in the area of HI1-NC41, the 210.3 m
of sediments could have been accumulated at a
rate of 6.0 cm/1000 years, 6.7 cm/1000 years, or
9.1 em/1000 years.

11. The Globigerinoides extremus Zone

The Upper Miocene (Upper Tortonian-Lower
Messinian) Globigerinoides extremus Zone is a
partial range zone defined by the range of the
zonal marker from its first evolutionary appearance
(6.7 Ma, Zhang et al., 1993; 7.7 Ma, Kennett and
Srinivasan, 1983; 8.2 Bolli and Saunders, 1985) to
the top of the studied section just below the un-
conformity separating the Miocene/Pliocene boun-
dary.

The 710 ft. (216.46 m) thick interval depth from
D.D. 2590 ft. to D.D. 1880 ft. covered by Globigeri-
noides extremus Zone is lithologically made of (in
ascending order Borelis limestone, oolitic limestone,
marly limestone, anhydrite, marl, gypsum, fossilif-
erous oolitic limestone, and gypsum belong to the
upper part of the Tubtah Formation and most of the
Marsa Zoughah Formation.

The planktonic Foraminifera are extremely rare
(with exception of 2 samples which gave a good
yield from the fine size fraction), the planktonic
foraminiferal percentage ranges from 1.82% to
50.0%. The genus Globigerinoides is represented by
29 species and variants most of them are rare to
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very rare. Other planktonic genera are also poorly
represented,

The base of the Globigerinoides extremus Zone
as defined here (the first evolutionary appearance
of Globigerinoides extremus) marks the base of
Zone N17 (Kennett and Srinivasan, 1983; Barron
et al., 1985; Bolli and Saunders, 1985; McLaughlin,
1989).

The top of the zone in well HI-NC41 is
marked by unconformity at the Messinian (Upper
Miocene)/Lower Pliocene boundary, therefore, the
Globigerinoides extremus Zone of the present work
is considered equivalent to most part of Zone N17
of Blow (1969, 1979) and equivalent N-Zones and
biozones,

The top of this zone is not determined due to
missing samples, however, the top of the Marsa
Zouaghah Formation may represent the top of this
zone and in any case an unconformity is indicated
at the top of the Marsa Zouaghah Formation (NOC-
Agip Name, 1979; Cococcetta, 1982, well H1-NC41
report), indicating missing time at the end of the
Miocene, therefore an age older than 5.3 Ma is
supposed for the top of the Globigerinoides ex-
tremus Zone in well HI-NC41, in this case the
calculated time duration of the Globigerinoides ex-
tremus Zone in well HI-NC41 would be < 1.4 Ma,
< 2.4 Ma, and < 2.9 Ma (see definition), accord-
ingly the calculated rate of sedimentation would be:
> 15.46 cm/1000 years, > 9.0 cm/1000 years, or
> 7.46 cm/1000 years.

HIATUSES

1. Eocene/Oligocene

Previous studies of the Eocene-Oligocene se-
quences in the subsurface NW offshore, Libya, as-
sumed unconformable relations between the Upper
Eocene Samdun Formation and the overlying Lower
Oligocene Nummulites vascus marker bed (Panci
et al., 1976, well A1-NC41; NOC-Agip Name,
1979, well HI-NC41, 1981, well P1-NC41; 1982,
well N1-NC41; Bristot, 1982, well MI1-NC41).
Eocene/Oligocene unconformity has also been de-
tected between the Oligocene-Lower Miocene Ras
Abd Jalil and Dirbal Formations and the underly-
ing Tellil Group (Samdun Formation} (wells NC41:
R1, 81, F1, F2,J1, B1-B§, C1-C8, well D1-NC35A;
NOC-Agip Name, 1979, 1980, 1981, 1982, 1984,
1989, 1994, 1995; Drughi, et al., 1978; Bristot

and Cassan, 1982; Sirt Oil Co., 1983; Hammuda
et al., 1985; Duronio, 1985; Hammuda et al., 199]).
Assuming the Eocene-Oligocene boundary (i.e.
the Priabonian-Rupelian boundary) is at 36.5 Ma
(Berggren and Miller, 1988, 1989; Cowie and Bas-
set, 1989) and consequently considering this bound-
ary coinciding with the P17/P18 Zone (7. cerroazi-
lensis/Cassigerinella chipolensis Zone), and as this
planktonic foraminiferal boundary is not usually
well detected in subsurface NW offshore, Libya due
to the non-planktonic dominant foraminiferal fauna
of the Upper Eocene-Lower Oligocene in the south
central part of the basin, an unconformable relation
is expected. Hammuda et al. (1991) considering the
Lower Oligocene base of 37.0 Ma postulated un-
conformity ranging in magnitude from 4.5 Ma to
18.5 Ma for 9 wells in the NW offshore, Libya
subsurface across the Eocene/Oligocene boundary.

The time span for Cassigerinelia chipolensis-
pseudohastigerina micra Zone may be in the range
2.5 Ma-3.0 Ma (see Bolli and Saunders, 1985;
Berggren and Miller, 1988, 1989). In well HI-NC41
the Globigerina ampliapertura Zone (Zone P20) is
underlain by the Nummulites vascus Zone (0.5 Ma
by correlation with Ben Ferjani et al., 1990), marks
the base of the Oligocene, the time duration of both
zones is around 2.5 Ma (Globigerina ampliapertura
Zone is 2.0 Ma-2.5 Ma according to Blow, 1969,
1975; Berggren, 1969, 1971; Vail and Mitchum,
1979; Lidz, 1984; Bolli and Saunders, 1985; Hagq
et al., 1987) consequently it is concluded that the
hiatus time span at the base of the Nurmmulites vas-
cus Zone (base of Oligocene) in well HI-NC41 may
range from 2.5 Ma to 3.0 Ma (uppermost Zone N17,
Zone P18, Zone P19,? lowermost Zone P20).

2. Oligocene

Based on the analysis of the vertical distribu-
tion (first and last occurrence) of the planktonic
foraminiferal species Globorotalia opima opima
(LA 28.2 Ma, Aubry, 1993), Globorotalia kugleri,
(FA 23.7 Ma-LA 21.8 Ma, Zhang er al., 1993), Glo-
bigerina ciperoensis (FA £35.5 Ma-LA -=2.5 Ma,
Bolli and Saunders, 1985), Globigerinoides pri-
mordius (FA £26.7 Ma-LA £23.7 Ma, Berggren
and Miller, 1989), and Globoquadrina dehiscens
(FA 23.2 Ma, Zhang et al, 1993, Aubry 1993), it
is possible that Zone P22 of Blow (1969, 1979)
(equivalent to the Globigerina ciperoensis Zone of
Bolli 1957, and Globigerina angulisuturalis Zone
of Blow, 1969, 1979), and lowermost part of Zone
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N4a are not represented in well HI-NC41 as it
is explained by the overlap of the vertical ranges
of Globorotalia opima opima, Globorotalia kugleri
s.1. and Globigerinoides primordius (see Fig. 3).
The duration of Zone P22 is 4.5 Ma (Berggren and
Miller, 1988, 1989). This interval or at least most
part of it (3.0 Ma—4.5 Ma) is not represented because
of the overlap of the Zone N4 zonal markers with the
P21 Zone (FA event of Globigerinoides primordius
may start within the upper part of Zone P22, accord-
ing to Miller and Katz, 1987; Berggren and Miller,
1988, 1989), accordingly this would give 1.0 Ma
time of Zone P22 may be questionably represented
in well HI-NC41.

3. Oligocene/Miocene

The present planktonic foraminiferal analysis
does not reveal missing time at the transition from
the Oligocene Globorotalia kugleri Zone to the
Miocene Globoquadrina dehiscens Zone, However,
previous studies by Panci et al. (1976, well Al-
NC41), and Sirt Oil Co. (1983, 1984, 1985, wells
NC35A D1, HI, I1) show unconformable relation
across the Oligocene/Miocene boundary. Moreover,
further studies may include the Globorotalia kugleri
Zone within the Miocene, thus indicating unconfor-
mity at the base of the Miocene.

4, Middle Miocene

In well HI-NC41 the Orbulina universa is in
normal biosequential relation with the underlying
Orbulina suturalis Zone within Zone N9. The bio-
zonal sequential relationship with the overlying bio-
zones is not exactly determined due to the scarcity
of the well known zonal markers. The planktonic
Foraminifera indicative of Zone N10-N15 are either
very scarce or absent. A possible hiatus within the
Orbulina universa Zone may be questionably con-
cluded due to the ill represéntation (or absence) of
the planktonic Foraminifera indicative of N-Zones
(10,11, 12, 13,7 14)

5. Miocene/Pliocene

The uppermost Miocene is not determined due to
missing samples, however, NOC-Agip Name (1979
well log) followed by Cococcetta (1982, well H1-

NC41 report) indicated missing time at the end
of the Miocene involving part of the Messinian, it
includes the top of Zone N17 (Globigerinoides ex-
tremus Zone of the present work), therefore, an age
older than 5.3 Ma is supposed for the top of the
Miocene in well HI-NC41.

CONCLUSIONS

(1) Based on the wvertical distribution of the
planktonic Foraminifera, eleven planktonic
foraminiferal biozones are recognized and
are correlated with P-N Zones, and by their
integration enabled to determined possible
hiatuses as follows:

(a) The Globigerina ampliapertura Zone
(2.0 Ma) is underlain by the N. vascus
marker bed (0.5 Ma) both representing
Zone P20 (2.5 Ma) with Zone P18-P19 of
the Lower Oligocene missing.

(b) The Globorotalia opima opima Zone is cor-
related with Zone P21 (3.0 Ma).

(c) The Globorotalia kugleri Zone (0.5 Ma
marking the top of the Oligocene is cor-
related with the Zone N4a (lower part of
Zone N4) with Zone P22 (3.0 Ma-4.5 Ma)
missing.

(d) The Globogquadrina dehiscens Zone
(23 Ma) marking the Lower Miocene
(Aquitanian) is correlated with the upper
part of Zone N4 and the lowermost part of
Zone N3,

(e) The Globigerinoides altiapertura Zone
(3.3 Ma) (Lower Burdigalian) is correlated
with Zone N5 (excluding its lowermost part)
and Zone N6. Its lower boundary marks the
Aquitanian/Burdigalian boundary.

(f) The Globigerinoides bisphericus Zone
(1.3 Ma) (Upper Burdigalian) is correlated
with Zone N7. Its upper boundary marks
the Burdigalian/Langhian boundary.

(8) The Praeorbulina glomerosa glomerosa
Zone (1.1 Ma) (Lower Langhian) is cor-
related with Zone NB8. Its lower boundary
marks the Burdigalian/Langhian boundary.

(h) The Orbulina suturalis Zone (0.2 Ma) (Up-
per Langhian) is correlated with the lower
part of Zone N9. Its upper boundary marks
the Langhian/Serravallian boundary.

(1) The Orbulina universa Zone (4.8 Ma) (Ser-
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ravallian) is correlated with the upper part
of Zone N9 to N15, however, there is a pos-
sibility of missing Zones N10 (part)-N15
(part) due to scarcity or absence of zonal
index planktonic Foraminifera, the possi-
bility of a hiatus in the Serravallian is not
excluded. The top of this zone marks the
Serravallian/Tortonian boundary.

() The Globorotalia acostaensis Zone (3.5 Ma,
2.3 Ma, 3.1 Ma) (Lower Tortonian) is corre-
lated with Zone N16.

(k) The Globigerinoides extremus Zone (<
14 Ma, < 24 Ma, < 2.9 Ma) (Up-
per Tortonian/Lower Messinian) is corre-
lated with Zone N17. The upper part of
Zone N17 is considered missing and the
top of the Globigerinoides extremus Zone
uncenformably marks the Messinian/Lower
Pliocene boundary.

(2) The Eocene/Miocene boundary is taken at
33.7 Ma involving a hiatus older than 2.8 Ma.

(3) The Oligocene/Miocene boundary is taken at
23.2 Ma corresponding to the base of the Globo-
quadrina dehiscens Zone (base of Aquitanian).

(4) The Aquitanian/Burdigalian boundary is taken
at (20.9 Ma) corresponding to the Globo-
quadrina dehiscens/Globigerinoides altiaper-
tura Zones boundary.

(5) The Burdigalian/Langhian (Early Miocene/
Middle Miocene boundary) (163 Ma) is
taken corresponding to the Globigerinoides
bisphericus/Pr. glomerosa glomerosa Zones
boundary.

(6) The Langhian/Serravallian (15.0) boundary is
taken corresponding to the Orbulina sutu-
ralis/Orbulina universa Zones boundary,

(7) The Serravallian/Tortonian (Middle Miocene/
Late Miocene boundary) (10.2 Ma) is taken
corresponding to the Orbulina universa/
Globorotalia acostaensis Zones boundary.

(8) Due to the scarcity of planktonic Foraminifera
in the Late Miocene of well H1-NC41, the Tor-
tonian/Messinian boundary is taken within the
Globigerinoides extremus Zone following the
NOC-Agip Name (1979, well log).

(9) The Miocene/Pliocene boundary is at the top
of Marsa Zouaghah Formation possibly at
the top of the Globigerinoides extremus Zone
(+5.3 Ma).

(10)Based on the planktonic foraminiferal contents
of the studied rock units, they are considered of

Oligocene—Miocene age as follows:

(a) Ras Abd Jalil Formation (Lower Oligocene—
Lower Miocene, lower Burdigalian).

(b) Al Mayah Formation [late Lower Miocene
(upper Burdigalian) — early Upper Miocene
(lower Tortonian)].

(c) Tubtah Formation (lower upper Miocene,
Tortonian).

(d) Marsa  Zouaghah  Formation {upper
Miocene, Messinian). The uppermost
Miocene is not represented and the
Lower Pliocene Sbabil Formation is
unconformably  overlying the Marsa
Zouaghah Formation.
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Petrography of the Triassic Phosphorites in Gharyan Area, NW Libya
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Abstract The studied Triassic phosphorites are lo-
cated in Gharyan area, north-western Libya. The
phosphorites form the lower part of Abu Shaybah
Formation, and are composed of phosphate ele-
ments, such as pellets, micronodules, intraclasts,
coprolites and bone fragments plus a mixture of car-
bonate and quartz grains. Petrographic study of the
Gharyan Triassic phosphorites shows that they were
Jormed by deposition as phosphate mud, followed by
reworking and redeposition as phosphate sands.

INTRODUCTION

Ayler (1967) compiled the previous work on the
phosphate occurrences in a bulletin for the Ministry
of Industry in which he concluded that if commer-
cial phosphate deposits exist in Libya, they would
not be easily found. In 1973, the Industrial Re-
search Centre (LR.C.) carried out (through Polser-
vice) a systematic exploration programme covering
four areas in NW Libya. The study included sedi-
mentary rocks of Late Cretaceous to Miocene age,
but only a few phosphatized pelecypod shells were

45

noticed, After a quick visit to NW Libya, through
the Bureau de Recherches Geologiques et Minieres
(B.R.G.M.), Slansky (1974) thought that there were
some chances of discovering new phosphate de-
posits in Gharyan area. In the course of mapping
(Tarabulus Sheet at a scale of 1:250000) El Hin-
nawy and Cheshitiv (1975) reported the presence of
phosphate bands at the top of Al Aziziyah Forma-
tion in Gharyan dome and Al Khurmat al Hamra
dome. This study presents both petrography and
field observations, as very little is as yet known.

GEOLOGICAL SETTING

In the study area the Mesozoic sedimentary se-
quence shows considerable variation in lithology
and thickness, which reflects the shifting of sedi-
mentary environments both laterally and vertically.
The Early Triassic rocks are poorly exposed and
indicate a continental environment with the devel-
opment of red micaceous sandstone and siltstone
facies. The Middle Triassic sequence shows a mix-
ture of carbonate and terrigenous lithology formed
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in an alternating near-shore marine to continental
environment. The Late Triassic sediments were de-
posited in a continental environment that gradually
shifted to a shallow water marine environment. (El
Hinnawy and Cheshitev, 1975; Fatmi er al., 1978).
There are a few prominent domes in the study area
which brought the Triassic formations to the sur-
face. These formations are commonly cut by faults

(Fig. 1).
Kurrush Formation

Kurrush Formation consists locally of red to
brown, fine-grained, micaceous, and glauconitic
sandstone. It is poorly exposed and only the upper
23.5m are exposed (Fig. 2). The contact between
Kurrush Formation and the overlying Al Aziziyah
Formation is transitional. The upper unit of Kurrush
Formation consists of sandy limestone The environ-
ment of deposition of this formation was sublittoral
and the changes in lithology were related to the
fluctuations in sea level (Desio, et al., 1960; 1963;
Burrollet, 1963; El Hinnawy and Cheshitev, 1975).

Al Aziziyah Formation

Al Aziziyah Formation consists lithologically of
well-bedded limestone characterised by its dark grey
colour. The limestone is partly siliceous and partly
dolomitic with common clay and chert beds. The
thickness of Al Aziziyah Formation in the study area
is about 120 m (Fig. 2). Its depositional environment
is relatively quiet, water inner shelf environment as
indicated by its fossil assemblage (Christie, 1955; El
Hinnawy and Cheshitev, 1975).

Abu Shaybah Formation

The Abu Shaybah Formation consists locally of
a thin unit of a phosphatic breccia with angular
to subrounded grains in the base and cross bedded
sandstone in the upper part. The latter is white, red
and yellow in colour alternating with green and red
bands of clay. The thickness of the formation in
the study area i1s 105m (Fig. 2). The depositional
environment of Abu Shaybah Formation is mainly
continental with shallow water, marine to lagoonal
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Fig. I. Geologic map showing location of the Gharyan phosphorite.
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Fig. 2. Stratigraphic section of the Triassic formations in Gharyan area.

and coastal lake facies, particularly in the upper
part (Desio, et al., 1960, 1963; El Hinnawy and

Cheshitev, 1975; Fatmi et al., 1978).

THE PHOSPHORITES
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During their systematic mapping of Tarabulus
Sheet, El Hinnawy and Cheshitev (1975) reported
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the presence of phosphate bands and described them
as the upper part of the marine limestone of Al Az-
iziyah Formation. The present study suggests that
the phosphorite sediments, which overlie the surface
unconformity of the upper part of Al Aziziyah For-
mation, belong to the lower member of Abu Shaybah
Formation,

The phosphorite bands show a variation in thick-
ness ranging from 3.9 m at Wadi al Qabil (Fig. 3a) to
less than 0.5 m at Kaf Tekut. In Bu Reshada and Ras
Tunat areas the phosphorite bands are 0.5 m thick.

PETROGRAPHY

Megascopically the phosphorites are coarse-
grained, light brown to light grey in colour with a
micro-conglomeratic texture. They include phospha-
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tized pelecypods, gastropods, fish teeth, and bone
fragments (Fig. 3b). Most of the phosphorites un-
der consideration show good compaction and poor
to moderate sorting. Using Slansky’s classification
(Slansky, 1986), the Gharyan Triassic phosphorites
are mainly phospharenite and phospharudite with
some quartz- phospharenite. In thin sections un-
der the microscope phosphatic and non-phosphatic
elements and cement can be distinguished.

A-Phosphatic Elements

Pellets

The Gharyan phosphorites show pellets that
range from 10% to 15% of the phosphorites in Wadi
al Qabil. The grain size ranges from 0.5 to 1.2 mm.
The pellets are mostly broken but complete units are
sometimes seen (Fig. 4d). Except for very few fine
quartz grains no nuclei were noticed in most of the
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Fig. 3. Phosphorite outcrop in Wadi al Qabil; (b) Bone fragment for aryan phosphorites; (c) Broken pellet filled with microsparite; (d)

Microfacies of Gharyan phosphorite pellet showing some organic matter.
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examined pellets.

The broken pellets are filled with microsparite
(Fig. 3c). Some of the pellets contain organic mat-
ter (Fig. 3d). Some others show calcification in the
boundaries and less calcification inside. This may be
due to chemical substitution,

Micronodules

The micronodules range from 10% to 15% of the
studied phosphorites of Gharyan area. The grain size
of the micronodules of all the phosphorites ranges
from 0.6 to 2.0 mm.

They are composed of rounded to subrounded
grains. Their boundaries are broken and the fill-
ings are made of fine grains of quartz, micrite, and
microsparite.

Intraclasts
The irregular phosphate elements represent about

4% to 15% of the total component. The grain size of
the phosphatic interclasts ranges from 0.4 to 1.8 mm.
The endogangue and the exogangue in the intra-
clast are of fine to medium quartz grains with mi-
crosparite, and fine bone fragments, showing some
organic matter.

Coprolites

The coprolites represent less than 10% of the to-
tal components in most of the examined sections
from Gharyan area. (Fig. 4a). Their grain size ranges
from 0.2 to 0.7 mm.

Bone fragments

The amount of bone fragments in these phospho-
rites ranges from 4% to 10%. The studied phos-
phorite specimens were found to contain broken
and fractured vertebrate bone fragments. These frag-
ments are elongated, and filled with microsparite.

Fig. 4. Microfacies showing (a) coprolite, (b) fish scale, (c) secondary dolomite and (d) plagioclase grain.
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The phosphatic sediments are rich in fish teeth and
fish scales (Fig. 4b).

B-Other (non-phosphatic) Elements

The main other elements (non-phosphatic) are
quartz, feldspar and some carbonate pellets, inter-
clasts, and lithoclasts,

Quartz

Rounded to subrounded, abundant quartz grains
represent about 15% of the total volume in the stud-
ied phosphorite. The quartz detritus are cemented by
calcite and hematite. Some of the detritus are made
of secondary dolomite. (Fig. 4c).

Feldspar

The studied phosphorites show grains of plagio-
clase and microcline. The plagioclase grains occur
mostly as exogangue elements and have euhedral
form (Fig. 4d). The microcline grains are endo-
gangue in some pellets of the studied phosphorites.

C-Cement

In the examined thin sections cement forms more
than 20% volume. It is mainly sparite with some
hematite around the grains. Elongated vugs filled by
small quartz detritus were also observed.

GENESIS AND CONCLUSION

The studied Triassic phosphorite is coarse-
grained, light brown to light-grey in colour with
a micro-conglomeratic texture. It includes a phos-
phatized fauna of pelecypods and gastropods with
fish teeth and bone fragments. This phosphorite is
generally composed of phosphatized structureless
diagenetic grains and ovules with rectangular skele-
tal grains as intraclasts, together with subangular
detrital fine-grained quartz and very fine-grained
carbonate cement. Some of the quartz grains show
evidence of reworking, especially the exogangue
grains. The phosphorites show variation in thickness
with a maximum exposed thickness of about 3.9 m
in Wadi al Qabil, Gharyan dome area. From this pet-
rographic study, the Gharyan Triassic phosphorites

Lagha

seem to have been formed first by deposition as a
phosphate mud and then reworked and redeposited
as phosphate sands in a shallow marine environment.
The phosphorite particles show deformation as a re-
sult of late tectonic movement (faulting and doming)
associated with the central Jabal Nafusah uplift. The
faults and domes have no relation with the mineral-
ization. The presence of the euhedral feldspar grains
is an indication that the phosphorites did not suffer
transportation for a long distance. This suggests that
the feldspar and phosphorite grains originated from
the same area.
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Preparation of Activated Carbon from Carbonaceous Industrial Wastes
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Abstract Activated carbon (AC) was obtained by A mixture of the carbon source with elemental
carbonizing the following low value sources and in- sulfur in a 1:1 ratio was first carbonized under at-
dustrial wastes: mospheric conditions at 250°C followed by a sec-
ond stage carbonization at 500°C under nitrogen at-
— 500%°C vaccum residue (VR) mosphere in an electrically heated tubular furnace,
— Asphaltenes separated from crude oil sludge Carbon was finally thermally activated at 900°C un-
deposits (SA) der Na gas atmosphere in the same heater.

—  Waste rubber from used tires (WR) Evaluation of the activity of the prepared carbon
— A blend of asphaltenes and waste rubber (AWR) types was achieved by measurements on adsorption
of acetic acid, iodine, and methylene blue dye from

*Petroleum Research Centre, P.O. Box 6431, Tripoli, Libya. their aqueous solutions.
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INTRODUCTION

The importance and world wide recognition of
activated carbon as an essential material was through
its use in poisonous gas masks during World War 1.
Nowadays activated carbon finds an ever expanding
uses in the fields of purification of materials, control
of environmental pollution and catalysis.

Activated carbon (AC) represents a form of non-
crystalline, amorphous material. Its basic unit resem-
bles that of pure crystalline graphite, except that the
layers (sheets) of the fused hexagonal carbon rings
are not stacked uniformly in a parallel manner on
each other:
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(a) Graphite {b)Graphitizing AC  (c) Non-graphitizing AC

X-ray examination of graphite (a) and activated
carbon shows two types of the latter [1]. One type (b)
is a semi-crystalline (graphitized structure), having
parallel layers of hexagonal rings but not stacked on
each other in a complete uniformity. The other type
{c) has no parallel layer connections with a complete
randomness in the net formation, thus having pores
of vast size and distribution. Thermal activation in-
creases the formation of carbon type (c) resulting
in an increased surface area and a diversity of pore
formation. The size, shape, and surface area of pores
depend on carbonizing and activating temperatures,
as well as on the nature of carbonaceous material
(CM) [2].

Activated carbon is usually prepared from high
carbon content CM such as wood coal, bones, co-
conut shells, organic waste, petroleum residues, etc.
Several methods are available in the literature for the
preparation of AC[3, 4, 5,6, 7].

In this paper, accounts on the preparation, acti-
vation and assessment of activated carbon obtained
by reacting petroleum carbonaceous materials and
waste rubber, with elemental sulfur, will be given.

EXPERIMENTAL

1. Separation of Asphaltenes from Sludge Bitu-
men (SA)

3g of bituminous material; which was previ-
ously extracted from Hamada crude oil sludge with
toluene; was mixed with 100 ml of normal hep-
lane (n-C7) in a 200 ml conical flask. The mixture
was shaken 2 h at room temperature, followed by
filtration and separation of asphaltenes using a suit-
able Buchner funnel under water pump suction.
Asphaltenes were dried 1 h at 105°C.

The extraction of organics (bituminous like ma-
terial) from inorganics and water was performed in a
modified soxhlet system using toluene as the reflux-
ing solvent which effected the separation of water by
azeotropic distillation (see Fig. 1).

CONDENSER

COOLING -~
WATER

CONDENSED
TOLUENE

SOME OF
AZEOTROPED WATER

BOILING CHIPS
HEATING MANTLE

Fig. 1. Real shape of extractor.
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2. Preparation of Waste Rubber (WR) as a Feed
for Carbonization

Pieces of waste rubber from a used tire were fur-
ther granulated either by using an electric blender, or
by immersing into liquid nitrogen followed by quick
hammering in a mortar. WR granules of particle size
of 1-3 mm diameter were screened by a suitable
sieve.

3. Vacuum Residue (VR), 500" °C As a Feed for
Carbonization

VR was directly obtained as such from crude oil
evaluation laboratory at Petroleum Research Centre.

4. Carbonization and Activation Operations

10 g samples of CM (VR, WR or SA) were mixed
with 10 g of elemental sulfur (i.e. 1:1; wt/wt ra-
tio), in a 250 ml round bottom (RB) flask connected
to a condenser. The condenser was connected to a
cold trap of salt and ice mixture and the latter was
connected to solution traps containing 10% aqueous
NaOH for the purpose of trapping H>S gas produced
from the carbonization operation (Fig. 2).

The partially carbonized material in the RB flask
was crushed and placed in porcelain boats and was
further carbonized 1 h at 500°C, under N,-gas at-
mosphere in an electrically heated tubular furnace.

Activation was achieved in the same tubular fur-
nace by raising the temperature to 900°C and main-

taining a 30 cc/min. flow of N;-gas for a period of
[ h

H,S gas evolved in the second stage carboniza-
tion at 500°C and during activation was trapped in
10% aq. NaOH solution in a series of traps con-
nected to the heater (Fig. 3). Final yield of activated
carbon is about 60% based on CM.

5. Activated Carbon from a Blend of SA and WR

To 5 g of fully carbonized WR (at 500°C/N,-
atmosphere), 5 g SA was added to form a new
carbonization feed AWR. 5 g of elemental sulfur was
added to the latter feed and was thoroughly mixed.
The mixture was carbonized and activated in exactly
the same manner as described in 4 above to yield a
new activated carbon denoted AWR-AC.

6. Assessment of Carbon Activity by Acetic Acid
Adsorption

To 50 ml samples of 0.1 M acetic acid solution,
was added 0.1 and 0.3 g of each activated carbon
prepared in the course of this work and to a com-
mercial powdered activated carbon obtained from
Merk. The mixture was shaken 30 min., filtered and
the first 5 ml discarded. 20 ml of the filtrate was
titrated against 0.1 N NaOH using phenolphthalein
as indicator. The titration was repeated twice

WATER OUT
2-NECK ROUND \  CONDENSER
BOTTOM FLASK \ Z \
> —1
&
WATER IN
REACTANTS
<> TO VENT
HEATING MANTLE COLD TRAP

e

TEMPERATURE CONTROL

Fig. 2. First stage atmospheric carbonization.

AQUEOQUS NaOH TRAPS
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FLOW RATE
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NITROGEN GAS
CYLINDER

Fig. 3. Second stage carbonization and activation system.

7. Assessment of Carbon Activity by lodine Ad-
sorption from Aqueous Solution

0.1 g of dry AC was weighed into a stoppered
250 ml flask. 5 ml of 5% HC1 was added and
the mixture was gently heated up to boiling point
and was kept at this temperature for 30 min. Car-
bon was cooled to room temperature and 50 ml of
0.01 M I; aq. scl. was added. The mixture was well
shaken, filtered and the first 5 ml. discarded. 20 ml
of the filtrate was transferred to 100 ml conical flask
and was titrated against 0.01 N sodium thio-sulfate
(Na;5,03) aq. solution until the disappearance of
the yellow color. At this point 1 ml starch solution
was added and the titration was continued until blue
colour disappeared.

8. Assessment of Carbon Activity by Remov-
ing Methylene Blue (MB) Dye from Aqueous
Solution

Typically 0.1 g of powdered AC was added to
100 ml of MB (aqg. sol.) containing 5 ppm of the
dye. The solution was stirred, let settled and 5 mi
quickly pipetted out, centrifuged 3 min at 2000 rpm
and absorbance at 660 nm was measured. Stirring
and repeating the measurements was continued at
suitable intervals until colour is nearly completely
removed.

The concentration of un-adsorbed MB was de-
termined from a calibration curve of a series of aq.
sol. of MB of known concentrations and measured
absorbancies as given in the following table.

TUBULAR PORCELAIN

TO VENT

COLD TRAP

AQUEQUS NaOH TRAPS

Solution No  MB conc. (ppm)  Absorbance (A = 660 mm)

1 ! 0.189
2 2 0.386
3 4 0.724
4 5 0.898
5 7 1.376
6 10 1.865
7 12 2.254

15 2473

RESULTS

1. Materials

The reaction 1s based on carbonizing a suit-
able organic material with elemental sulfur from
an accessible source. The produced carbon can be
activated by a variety of methods. The reaction
also yields hydrogen sulfide (H,S) as a by-product,
which is converted to elemental sulfur and reused.
The whole operation is generally presented as shown
below.

Activation — Active Carbon

Hydrogen strippin
CuHy + yy25 ——BV STPPNE | 0 1 312, S

NS

Recycled < S < Converted
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It is proper to give short accounts on the carbon ber was sieved and suitable particle size was

providing materials (Carbonaceous materials—CM) isolated.

lsgd 16 Bur wark. Weisnployed the tollowing ChCs; Activated carbon was also prepared from a blend
(i) Vacuum residue (VR) 500™°C supplied by of WR with SA in order to improve properties,

the crude oil assessment department at
P.R.C. It contained 8.5% hydrogen.

(ii) Asphaltenes separated from bituminous
matter isolated from crude oil sludges (SA).

2. Measurement of Carbon Activity

ToluEne.s used t.o STt hyc?rocarboins arid 2.1. Adsorption of Acetic Acid (AA) from Aqueous
azeotrope water in one operation. A diagram Solution

of thie operation is given in Fig, L. The results on the adsorption of 0.3 g AA dis-
Asphaltenes were separated from sludge solved in 50 ml water by different weights of granu-
hydrocarbons (SHC) by precipitation with lated and powdered prepared activated carbons, are
n-heptane (n-C7: SHC 33:1). Asphaltenes given in Table 1.

constituted about 30% of SHC.
(ii1) Waste rubber from used tyres (WR). Rub-

ber from used tyres was crushed either by 2.2, Adsorption of lodine from Aqueous Solution
freezing in liquid - N,, then crushing, or The term Iodine Number is defined as the number
by an electrical blender. The crushed rub- of milligrams of iodine adsorbed by 1g of activated

Table 1. Assessment of activity by adsorption of acetic acid from aqueous solution.

| Granulated Carbon | Powdered Carbon '
Carbon carbon Actual  Weight of  %Acid Carbon Wi, of %Acid  Remarks on
Sample Experimental Weight acid removed  expl. acid removed  process of
Abbreviation weight (g)  of acid removed by w.t.  removed preparation
x 103 1 g! (g) bylg
VR-AC 0.1005 6.0 0.060 20.0 VR:S5%; 1:1
0.1996 12.0 (250C° — 900C°)3
0.3052 14.0
VR-AC> 0.1010 12.0 VR:S; 1:1
0.1989 14.0 0.071 23.7 (250 — 500 — 900C®)
0.3016 18.0
VR-ACH 0.3000 7.7 0.039 13.0  0.1076 0.028 9.3 VR:S; I:1.5
(250 — 350 — 500 — 900 C®)
VR-AC3, 0.1015 2.4 VR:S; 1:1.5
0.2037 6.0 Washed with CSo
0.3099 24.0 0.077 25.8 (250 — 500C°)
WR-AC 0.1037 6.0 0.058 194 01012  0.049 16.3 WR:S; 1:1
0.2023 12.0 250 — 500 — 900C°
0.3045 27.0
SA-AC 0.1016 12.0 0.118 394 01044 0.115 38.3 SA:S; 1:1
0.2074 24.0 (250 — 500 — 900C")
0.3060 30.0
AWR-AC 0.1018 0.088 293 AWR:S; 1:1
Refer to Exp. IL.5
Commercial-AC 0.1054 0.086 28.7 obtained from MERK

I Calculated from corresponding experimental weights.

2 :

~Elemental sulfur.

Values in brackets represent stages of treatment temperature,
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Table 2. Volumetric determination of adsorbed iodine from aqueous solution

mit! I6) gh mglz
Nay§$203  Eguivalence  Adsorbed by Adsorbed by
Carbon type (0.01 N) (g) 0.1 g carbon 1 g carbon
WR-AC 32 0.0406 0.0112 112
SA-AC 24 0.0305 0.0213 213
AWR-AC 28.6 0.0363 0.0155 155
VR-AC3 36.7 0.0466 0.0052 52
Commercial-AC 16.6 0.0217 0.0301 301
"1 ml IN Nap$,03 = 0.12691 g I.
2May also be termed: Iodine Number.
carbon. The measurement is usually done by con- DISCUSSION

tacting a specified weight of AC with a standard
solution of I, under specified conditions of time,
temperature and shaking. The amount of adsorbed
iodine is calculated by back titration of unadsorbed
1, with sodium thiosulfate (Na;S,03) using starch
as indicator. The results are given in Table 2.

2.3. Removal of Methylene-Blue (MB) Dye from
Aqueous Solution

The results of removing MB from aqueous so-
lution as a function of time, using different types
of prepared activated carbon are given in Table 3.
The same table gives also the natural logarithms of
the concentrations of unadsorbed MB remained in
solution after each treatment time.

Figure 4 gives a plot of InC Vs adsorption time
(in seconds) of some of the activated carbons. The
slopes of lines at certain adsorption time reflect the
relative activity of carbon samples.

Carbonaceous materials can be converted to car-
bon by a variety of methods capable of strip-
ping hydrogen. These methods are usually thermal
processes, therefore many unwanted constituents are
also removed by the action of heat which effects
a chain degradation of the carbonaceous mater-
ial to carbon. Some of the carbon is lost during
degradation and one usually looks for methods and
conditions that minimize carbon loss.

For carbonaceous materials of petroleum origin,
and the like, the use of elemental sulfur as a car-
bonizing agent has proved very effective [1, 2, 8,
9]. It is well established that elemental sulfur at-
tacks hydrocarbons at a temperature as low as 100°C
producing hydrogen sulfide [10].

CnHZn-i-Z + S _A" C.'tH?_n + HZS (1)
(Paraffin) (Olefin)

However production of H>S on a large scale as a by-
product in any industrial operation is a big problem
from the environmental point of view. This problem
has been overcomed by the development of methods
of conversion of H,S to other useful materials such
as elemental sulfur or to H»SQ4. It is of interest
here to mention that nearly 50% of total world-
wide needs for sulfur is supplied by recovery from
tail gases [11]. One of the most developed methods
is the Claus Process or some of its modifications.
Reactions involved in this process are:

Sy + 301 — SOog + Hy Oy

AH =-5188KJ (2)
' " " " A:l‘; tion ’:'e Sec::ds " " " " (Fer03)
™ SOZ(R] 4+ 2HS(g) 35(1) + H, O(g)
Fig. 4. Comparison of relative activity of prepared carbon, AH=1428 KJ 3
prep
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Table 3. Removal of methylene—blue dye from aqueous solution containing 5 ppm with activated carbon.

Carbon Wt.(g) Time A M.B. M.B. % InC normalized
sample (sec) (660 nm) remained removed removed slope value
(ppm) {ppm)
VR-AC 0.1022 1800 0.639 3.40 1.60 32* - -
5100 0.584 3.15 1.85 37 - -
VR-ACy, 0.1053 800 0.664 3.55 1.45 20* - -
5100 0.629 3.35 1.65 33 - -
WR-AC 0.1020 30 0.318 1.70 3.30 66 53.1
90 0.254 1.40 3.60 72 337
180 0.193 1.00 4.00 80 0.00
240 0.171 (.85 4.15 83 —16.3 0.40
360 0.120 0.65 4.40 88 —51.1
600 0.078 0.40 4.60 92 —01.6
900 0.057 0.30 4.70 94 —1204
SA-AC 0.1018 60 0.227 1.20 3.80 76 18.2
120 0.174 0.90 4.10 82 —10.5
240 0.088 0.45 4.55 91 —-79.9 0.68
360 0.064 0.35 4.65 93 —105.0
600 0.035 0.20 4,80 96 —160.9
AWR-AC 0.1012 30 0.126 0.65 4,35 87 —43.1
60 0.090 045 4,55 91 —-79.9 1.00
120 0.075 0.35 4.65 93 —105.0
180 0.043 0.20 4.80 96 —160.9

(*) Carbon sample did not mix, with the solution and stayed floating even with vigorous stirring.

Versions of Claus units of variable capacities are
available in the market of Chemical Process Indus-
tries.

The general equation for the carbonization reac-
tion is:

CyHy + y/28 222008 0C 4 y/2H, S (4)

C, H, = Carbonaceous material.

The value of y and thus the amount of elemen-
tal sulfur needed for the carbonization reaction is
determined by the percentage of hydrogen in the
feed.

Most of the petroleum heavy ends (and the like),
when used as feeds for active carbon preparation,
contain around 7-9% H.

If simple calculation is made taking into consid-
eration the approximate average molecular weight of
the feed material and that 2 g of H is needed to pro-
duce 34 g of H,S, this will give a reasonable weight
ratio of 1:1 of elemental sulfur to feed to effect a
proper carbonization reaction.

Activation of C from reaction (4) by a suitable
method to give AC (activated carbon) follows. The
recovery of the carbonization agent (elemental sul-
fur) should be performed which is motivated by
economical and environmental considerations when
applying the process on an industrial scale.

Using vacuum residue (VR) from the distillation
of crude oil, namely Sarir 500%°C which contained
about 8.5% H did produce a type of AC (VR-
AC|,3 and 3,) which showed moderate activity
toward acetic acid adsorption from aqueous solu-
tion (Table 1). The conditions of carbonization are
mentioned in the same table which indicated that
increasing the ratio of sulfur to feed to 1.5:1 dete-
riorated the quality (VR-AC3). Some improvement
did occur when washing the prepared carbon with
CS» prior to activation at 900°C. Deterioration of
quality in VR-AC; was also obvious when pow-
dered carbon was assessed in terms of acetic acid
adsorption (Table 1). It is worth mentioning here that
activated carbon prepared from vac.resid (VR-AC,
and VR-AC;y,) repelled an organic matter dissolved
in water like methylene blue (MB) and these AC
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stayed floating on the surface, thus effecting very
little removal of MB (Table 3). On the other hand
similar type of AC (VR—AC;3), mixed with solution
with no problem when an inorganic matter, like I,
was dissolved in water and some removal of I; from
solution did occur (Table 2). This observation needs
further investigation.

Asphaltenes are regarded as the heaviest con-
stituents of crude oils, having molecular weights
of 2000-5000 and unit layer sheets stacked on
top of each other in a similar manner to graphite.
Asphaltenes are therefore ready to form activated
carbon with small needed modifications which are
attained by proper carbonization conditions.

The main goal of our work is to employ refuse
materials in obtaining valuable substances. Sludges
from storage tanks on land or from carrier ships is
a heavy burden on the oil industry and consequently
on the environment. Sludges are expected to contain
a high percentage of asphaltic materials. We have
carried out some detailed investigations on the po-
tentials of hydrocarbons in sludges (SHC) and at this
stage we focused on separating this portion from wa-
ter and inorganic fines. After we achieved that, using
a laboratory scale system (Fig. 1), we proceeded fur-
ther to separate the asphaltenes from SHC. The yield
of n-C; asphaltenes from Hamada crude oil sludge
was about 30%.

On the same theme of using refuse materials
we proceeded to employ waste rubber (WR) in the
preparation of active carbon. Even though the incor-
poration of WR in an industry like AC preparation
will have a very minor contribution to solving the en-
vironmental problem from piling of e.g. rubber from
used tires, nevertheless, from the economic point of
view we have a free raw material to use.

Waste rubber from tires contains about 12% car-
bon black as a hardening agent, and about 1%
elemental sulfur as a volcanization agent, in addi-
tion to natural and synthetic and reclaimed rubbers
and other additives such as plasticisers, accelerators,
antioxidants etc. Thus WR is a good feed for AC
production, especially in terms of its contents of
carbon black and sulfur.

Activated carbon prepared from carbonizing WR
produced carbon of a medium activity compared to
SA-AC. This is clear from Tables 1 and 2 in terms
of acetic acid and iodine adsorption.

It was mentioned by Japanese workers in the
field of carbonization that waste rubber; in a mix-
ture with wood coal and a carboneceous binder [12],
or in a mixture with high boiling (220-380°C) aro-
matic oils [8]; that the activated carbon produced

possessed weak mechanical characteristics and ad-
sorption properties tend to be weak. This in a way
fits our findings. In an attempt to improve the physi-
cal properties and adsorption capability of WR-AC,
it was coated with a petroleum binder prior to activa-
tion. Thus the carbonized matter at the 500°C stage
obtained from WR was mixed with a 1:1 weight ra-
tio of asphaltenes separated from Hamada Crude Oil
sludge (SA) dissolved in benezene. After the evap-
oration of solvent, the SA-WR-AC mixture was
further mixed with elemental sulfur in a 1:1 wt. ratio
with respect to added asphaltene. The whole blend
was carbonized in the usual two stages (250°C at-
mospheric followed by 500°C under N, atmosphere
then activation at 900°C) was carried out to give
the composite AWR-AC. The latter activated car-
bon showed a much improved mechanical properties
as a first impression measurement when crushed by
hands. Adsorption characteristics were very good
with respect to acetic acid and iodine and excellent
in terms of rate of removal of methylene blue from
aqueous solution (Tables 1, 2 and 3 and Fig. 4).

The activity of carbon is not measured only by
the amount of material adsorbed, but also by rate of
adsorption (e.g. removal from solution) of the ma-
terial. This rate is usually measured by the time in
seconds needed to remove a certain concentration of
methylene blue dye from aqueous solution. This de-
termination required the construction of a calibration
curve of MB in water, where measurements were
carried out at A660 nm.

The relative rates of removal of MB from aque-
ous solution by some types of AC prepared by us,
are given in Table 3. Activated carbon prepared
from vacuum residue. (VR-AC and VR-AC3,) were
excluded, since they resisted mixing with the MB
solution.

A comparison is made between the slopes
of the straight lines obtained for readings below
240 second (4 min.) of adsorption time and InC
where C is the concentration of the remaining (un-
adsorbed) MB in solution. The results of this com-
parison study are given in Table 3 and plotted in Fig.
4. Calculated slopes normalized with respect to the
slope of AWR-AC are given in the same table. It is
obvious that regarding AWR-AC as a standard, the
relative activities of SA-AC and WR-AC are 0.68
and 0.40 that of AWR-AC respectively.

Tentative explanation of the inflection point of
the two straight lines in the plot of InC against ad-
sorption times in WR-AC and SA-AC, is that: at
this point monolayer adsorption is completed, and
a slower multi-layer adsorption commenced. Higher
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activity AWR-AC - i.e. greater surface area — does
not show inflection point with the range of MB —
concentration employed (5 ppm) thus a clear straight
line is obtained.

CONCLUSIONS

The following conclusions may be drawn at the
present stage of this study:

1. the study successfully yielded several types of ac-
tivated carbons prepared from low value, or refuse
materials.

2. Even though the activating medium was quite
mild, represented by N;-gas, the quality of some
of the prepared activated carbon, especially AWR-
AC and SA-AC was quite acceptable and these
carbons possessed considerable adsorptive charac-
teristics as measured by conventionally accepted
standard methods.

3. A new method was proposed for expressing rel-
ative carbon activity. This is accomplished by nor-
malizing the relative values of the slopes from InC
against time plot of adsorption — where C is the
concentration of unadsorbed coloured material in
aqueous solution expressed in part per million and
time in seconds.

4. The just mentioned plot in 3 above (i.e InC Vs
time) may provide a way for estimating the point at
which a mono-layer adsorption is completed. This
is obtained at the inflection point of the two straight

lines representing the rate of adsorption (Fig. 4). The
amount of material adsorbed when a mono-layer is
completed may help deriving a method for surface
area determination of activated carbon.
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Isolation and Characterization of Two Thermotolerant Methylotrophic
Bacterial Strains
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Abstract Two thermotolerant methylotrophic bac- late EM, there was an increment in the different
terial isolates (EM,, EMa) capable of growing in growth parameters: methanol concentration, oxy-
mineral salts medium, containing 50 mM methanol gen consumption and CO, production. Moreover the
as the sole carbon and energy source, were stud- metabolic and cell growth rate monitored as cell dry
ied. The maximum specific growth rates of EM, weight (mg/ml) and protein content in whole cells
and EMa in batch culture were 1.39h~" and 0.8 h~! were also increased.
respectively.

Growth of the two tested microorganisms was in-
fluenced by different (growth conditions) methanol INTRODUCTION

concentration, temperature and pH values. They dif-
fered in their tolerance to methanol concentration.

The optimum growth temperature of EMl and EM, Methylotrophic bacteria play important roles in
were 50 and 55°C respectively. The highest specific several biotechnological processes (Anthony 1982;
growth rate (mux) of EM, and EM, were observed Crawford and Hanson 1984; van Verseveld and
at the optimum pH 7.4 and 8.0 respectively. Duine 1987). They are most interesting organisms
In chemostat continuous culture of the iso- particularly from an applied point of view since
evidence has been published for the presence of

*Petroleum  Research Centre, PO. Box 6431, Tripoli, methylotrophic bacterial strains in nature (Colby
G.S.PLA.JL. and Zatman 1975; Akiba et al., 1970; Snedecor

61
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and Cooney 1974; Hitzman 1976), Consequently,
these menthanol — utilizing thermotolerant bacterial
strains may be of considerable industrial interest,
both as single cell protein production (s.c.p.) and
also for the transformation of methanol to useful
metabolites. They have the ability to grow easily on
this inexpensive carbon source. The use of microor-
ganisms, capable of growing on petroleum derived
fractions, such as methane and methanol, has been
established.

The balance of mass — energy must be examined,
thus, Yoshifumi er al., (1983) found that there was
an exponential increase of bacterial growth lag with
the increase in methanol concentration,

Other growth conditions and regulation of
methylotrophic bacteria were previously reported.
(Dijkhuizen et al.,, 1988). Methylotrophic bacteria
are varied in their physiological behavior with re-
spect to different growth conditions. Methanol uti-
lizing bacteria are also classified according to their
efficiency optima. The most important biotechno-
logical factors for s.c.p. production are cell yield,
growth rate, and crude protein content in whole cells
of biomass (Lowry et al., 1951).

Other parameters for biotechnological factors are
substrate affinity, thermotolerance and the biological
stability of the culture.

The objective of this work is to study two isolated
local thermotolerant methylotropic bacteria and the
effect of some environmental conditions on their
growth.

MATERIALS AND METHODS

The bacterial strains were isolated on aerobic
medium of the following composition (per litre
of distilled water): (NH4)» SO, 1.5g, K,HPO,
4.65 g, Na,HP(Q4.2H,0 1.5g Mg SO,4.7H,0 0.2 g,
2ml/litre of trace elements solution (Vishniac and
Santer 1957) and 1.5% w/v of agar for isolates
maintenance, was added to the same medium.

The medium was sterilized in autoclave at 121°C
for 15 minutes. The microorganisms used through-
out this study have recently been isolated in pure
culture in our laboratory from soil samples, where
one gram of each sample was introduced into 150 ml
conical flask (in triplicates) containing 25 ml of the
above medium. Appropriate amounts of (filter ster-
ilized) methanol were added to each flask. The inoc-
ulated flasks were incubated in a horizontal shaker
(80 rpm) at 55°C for three days. Culture suspensions
of 72h incubation were streaked out on methanol

agar plates and incubated at 55°C for 48 h. Two types
of colonies, designated as EM| and EM3, producing
good growth on methanol agar, were selected for
subsequent experiments.

GROWTH EXPERIMENTS

Growth of the isolated bacterial strains on differ-
ent methanol concentrations (25, 50, 100, 200, 300,
400, 500, 600 and 800 m mol) were examined in
liquid medium. The effects of temperature and pH
values on the growth of the isolated strains were car-
ried out. Growth was monitored by measuring the
optical density at 430 nm. Doubling time (7T'd) and
the maximum specific growth rate (ft;,,:) of the two
isolates (EM; and EM,)} were calculated according
to the following equations:

f; — 1

] =
T ldx ) — ldx @) M
_In2 0693 ”
Mmax - Td - Td o,

Continuous Culture Cultivation

The growth of strain EM|, in continuous culture
at 50°C and pH 7.4 was used to study the effect
of various dilution rates. During continuous growth,
methanol and oxygen consumption rates and CO,
production were estimated as described by Brooke et
al., (1989). Dry weight was measured by gravimetry
after drying overnight at 105°C, as previously con-
ducted by Dijkhuizen et al., (1988). Protein content
in whole cells was estimated previously as stated by
Duchards and Attwood, {(1989) and Brooke et al.,
(1989). Bovine serum albumin was used as standard
protein.

RESULTS

The two isolated EM; and EM, were found to
produce a good growth on agar medium containing
50 mM methanol, however these strains differed in
several characteristics. EM, was gram positive, rod
shaped cells of length up to 8.57-11.43 pm and
spore forming bacilli. The other strain EM» was also
gram positive but the cells showed filamentous shape
non spore forming bacteria. Both strains do not uti-
lize glucose as a carbon source and do not grow on
nitrate, asparagine and methylamine HCI but they
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can easily grow on glutamine as a nitrogen source
other than ammonia.

Eifect of Methanol Concentration on the Specific
Growth Rate

The specific growth rate of the two tested bac-
terial strains was significantly affected by the high
methanol concentration (Fig. 1). The highest spe-
cific growth rate (pn)1.39h~! of the strain EM,
was observed on methanol concentration range 0.1-
0.2mol. The specific growth rate (pyy) suddenly
decreased when the methanol concentration was
more than 0.2 mol. The response of the strain EM,
was different. This strain showed high sensitivity
to the low methanol concentration. The specific
growth rate (fygy) of this strain was in the range
of 0.8-0.84h™! in methanol concentration of up to
0.1-0.2 mol.
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Fig. 1. Influence of different methanol concentration on the
growth of two tested bacterial strains.

Effect of Temperature

The two bacterial strains were able to grow at a
wide range of temperature 37-60°C (Fig. 2). The
highest (ftmay) of the strain EM; 1.3h~! was ob-
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Fig. 2. Influence of the cultivation lemperature on the growth
of both strains.

served at 50°C and this value slowly decreased due
to the increase of the growth temperature, how-
ever the highest (ttmy) value 1.0~ of EM, was
observed at 55°C.

Effect of pH

The results showed that the (tgq.,) of the
two bacterial strains were influenced by pH value
(Fig. 3). The optimum pH values for the growth of
EM, and EM; were 7.4, 8.0 respectively.
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Fig. 3. Typical (ftmax) of different pH spectrum.

Effect of Dilution Rate on the Growth of the
Bacillus Strain EM

As the above results revealed that the strain EM,
was efficient to grow on methanol under optimal
conditions, this strain was chosen for further in-
vestigations of the effect of dilution rate on the
different parameters of continuous growth in chemo-
stat culture. The results indicated that the increase
of methanol dilution rate (D. rate) is associated

Table 1. Influence of growth rate on the kinetics of growth
of bacillus strain EM1 in a carbon-limited chemostat cul-
ture (temp = 50.0°C, pH = 7.4, SR = 50.0 mM methanol.)
Rates: [mM/h~! (g dry weight/cells)‘l].

D. rate q qoz qcoy yield dry wt protein

(Ir‘l) methanol g/mol mg/ml ‘ %
0.11 7.4 515 27 148 0.74 45.9
0.155 9.6 675 29 162 0.8l 45.68
0.21 13.0 8.67 343 176 0.88 55.68
0.25 14.6 98 35 185 0925 56.2
0.32 169 1151 36 190 095 58.9

SR = concentration of methanol in the reservoir.
D = dilution.
q = consumption and/or production.
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with an increase in the methanol and oxygen con-
sumpticn and CO; production. Influence of dilution
rate on growth of the thermotolerant methylotrophic
bacilli EM, in continuous culture at optimum temp
50°C, pH 7.4 and methanol concentration 50 mM
is shown in Table 1. As the cultivation D, rate was
increased the bacterial dry weight increased from
0.74-0.95 mg/m] at D. rate 0.11 h~! to the maximum
of 0.32h~!. The data indicated that the increase in
protein content in whole cells is correlated with the
D. rate and methanol consumption.

DISCUSSION

Microbial biomass production can be represented
by different microbial growth parameters out of
these is the maximum specific growth rate pimyy.
From an economic point of view, the efficiency
of an industrial growth process is increased with
higher pmax and in mixed culture the species with
the greatest (ftmax) has the highest probability of
survival Guthkre (1980). The results of this work
revealed that p.,c of the tested bacterial strains
EM, and EM, reached their highest values when
the medium contained methanol in concentration
range 50-200 mM. The influence of the methanol
concentration on methanol utilizing bacteria growth
and activity was not fully established. Girio and
Attwood, (1991) found that the addition of 50 mM
methanol as a carbon limited chemostat culture of
methylobacterium species caused an acceleration of
its metabolic rates. There is a relationship between
methanol concentration and gy, of Methylotrophic
bacteria. Yoshifumi Amano et al., (1983) found
that the highest maximum specific growth rate was
determined at methanol concentration lower than
inhibition constant (ki) 40g/l. The date indicated
that the ptmgax of the two bacterial strains was influ-
enced by the growth temp. The results showed that
the two isolates have the highest pi,,« at tempera-
ture range 50-55°C which could strongly suggest
that the two bacterial strains are methylotrophs ther-
motolerant bacteria. The thermophilic bacteria are
classified with respect to pH into two major groups
(Sonnleiter, 1983; Sundaram, 1986).

— Thermoacidophiles with pH optima in the range
1.5-4.0

— Thermophilic neutrophiles with pH optima in the
range 5.8-8.0.

Our bacterial strains have the highest pn,, value at

the pH range 7.4-8.0. Thereby it could be suggested
that these strains EM; and EM, are methylotrophic
thermotolerant neutrophilic bacteria.

The resulting increase in the cell dry weight
and protein content during continuous cultivation
of the Bacillus efficient strain EM,, the increase in
methanol and oxygen consumption and the increase
in D. rate, show a linear relationship.

Maintenance Energy Requirement

When ¢ methanol is plotted against D. rate
the resultant plot yield information regarding the

maximum growth yield (Y25 ) on methanol and

maintenance energy requirement. Linear regression
analysis of the date gave a Y4t . of 35.7 g cells.
mol methanol.

The increment in cell dry weight and protein
concentration suggested that there is polymer stor-
age produced throughout the D. rate increment
(Kjeldgaard and Kurland, 1963), whereas synthesis
of their catabolic enzymes is not similarly adjusted
(O’Brien et al., 1980).

These anabolic, enzyme activities, and identi-
fication of some metabolic products, need further
investigations.
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Determination of Trace Amount of Lead in Potable Water by Flow Injection Flame
Atomic Absorption Spectrometry Aided by a Pre-Concentration Micro Column
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Abstract Lead is determined by using on line pre-
concentration micro column of activated alumina
and a flow-injection atomic absorption spectropho-
tometer. Samples of groundwater were collected
Jrom different locations around Tripoli. Results were
obtained for a flow rate of 3.4 ml/min. Nitric acid
concentration for eluting lead was 2 M. Ammonia
solution was used as a carrier at a concentration
of 0.15M. Samples and standards were injected at
pH 4.5 using an injection loop of 1000ul. Lead
was determined at a range of 0.2-8.1 ug/l with RSD
0.5%.

INTRODUCTION

The presence in water of toxic heavy metals such
as lead, cadmium, and mercury has been of con-
cern for many years. Major sources of lead pollution

*Petroleum Research Centre P.O. Box 6431 Tripoli, Libya,
G.S.PLAL
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are industrial processes, such as lead smelting, and
lead-containing industrial products, such as leaded
motor gasoline, paints and water transporting pipes.
Although the adverse health effects caused by lead
have not been fully substantiated, most governments
and environmental protection agencies around the
world take precautionary measures against it, be-
cause it is believed that this element disrupts some
of the normal reactions, occurring in the living body,
when exceeding a certain level, causing damage of
the nervous system and toxictiy [1]. Thus there is
vital necessity for accurate lead determination.
Flame Atomic Absorption Spectrophotometry
(FAAS) is the most commonly used technique for
trace metal determination; it is easy to use and a
lot of data base of information is now available. Al-
though FAAS has been successfully used for lead
determination, it has a limitation, that it is not
sensitive enough for low level lead concentration.
Graphite furnace and hydride generation can
offer this sensitivity but it needs skilled operators,
it is of low precision and suffers from matrix inter-
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ference [2]. Duel silica type atom trapping [3] can
provide enough sensitivity at the level of wg/l for
the determination of lead, but this technique requires
a highly-skilled operators. Therefore the determina-
tion of trace elements below routine detection limit,
using available equipment, becomes necessary.

Flow injection, flame atomic absorption analysis
for trace elements has now been successfully devel-
oped for on line pre-concentration [4] procedure for
many samples due to its improvement of sensitivity
and reduction of analysis time. This technique, using
a micro column of Chelex 100 ion exchanger, has
been demonstrated by Olsen erf al., [5] in the deter-
mination of heavy metals in sea water. The potential
of flow injection analysis (FIA) for rapid procedures
using traditional ion exchangers have been studied
for the determination of many elements [2, 6].

In this study on line pre-concentration by basic
activated alumina in conjunction with flow anaylsis
system was used for the evaluation of lead content
in groundwater used for drinking purposes. The sim-
plicity of the method and versatility of activated alu-
mina in its basic form as on line pre-concentration
column gives a well accepted system because it does
not require major expenses for the determination of
lead at trace level (ng/1), when a graphite furnace is
not available.

EXPERIMENTAL

Sample Pre-treatment

Water samples, collected at the source, were im-
mediately acidified with 2M nitric acid and were
then kept in polyethylene containers before conduct-
ing the analysis.

Materials and Reagents

All chemicals used were of high purity ana-
Iytical grade. Nitric acid and ammonia solutions
were obtained from (BDH) chemicals, Poole Eng-
land. Standard solutions were prepared daily from
stock standard solution supplied by VHG Lab, Tar-
taric acid (0.5 M), used as a complexing agent, was
obtained from Chadwell Health, Essex, England.
Aluminum oxide, activated, basic, 95+ % (Aldrich
Chemicals Co. Ltd.} and further activation [7] was
made before it was used for packing the column.
The PTFE (6 cm long, 3 mm i.d) mini column was
packed with alumina (140 mesh). Water of high
purity was used throughout the experimental work.
Buffer solution (Ingold, Bestell. Nr. 9863) was used
for calibration of pH metre.

Instrumentation and Apparatus

Atomic Absorption Spectrophotometer (Varian
AA 1475) equipped with Epson printer, and lead
hollow cathode lamp, was used in the determination
of lead concentration. Knick Digital pH Meter 646
was used in our work for the adjustment of the pH at
4.5 Peristaltic pump, injection loop was calibrated
at 1000ul. PTFE syringes were used to inject the
solutions.

Analytical Procedure

The acidified samples were kept for 24 h prior
to analysis. The complexing agent (I ml/100 ml of
tartaric acid 0.5 M) was added.

Stapdards were adjusted to working pH using
aqueous ammonia (2 M) and left 1 h. The alumina
micro columns were prepared and flushed with the
carrier solution (0.15 M NH;). Water samples were
pre-concentrated on the column prior to analysis.
Three packed micro columns were used for every
watere sample. When FAAS system is working us-
ing flame of air — acetylene the nebulizer tube was
connected to the flow injection outlet system using
a carrier flow rate of 3.4ml/min. The micro col-
umn was connected to the system with injection loop
of 1000 ul. Standards containing 10-1500 pg/1 were
first injected to the basic alumina column using am-
monia as a carrier, then after 2 min. lead eluted using
1000 ul of 2 M HNO3, the signal then recorded.

Micro column of activated alumina contained
lead from water samples treated with identical pro-
cedure as that for standard solution. Lead was also
eluted from the column using 1000 ul HNO; of 2M
to the FAAS system where signals were recorded.

RESULTS AND DISCUSSION

Lead II, 217 nm resonance line was used for
the determination of lead by FAAS. The effects of
various parameters, were determined. Acid concen-
tration, flow rate, and pH were examined by using
1 ;1g/l ml~! lead solution. The optimum conditions
of the experimental work for lead determination in
drinking water of Tripoli were thus established. Dif-
ferent concentrations of nitric acid solutions were
prepared and were used for eluting lead content from
activated alumina micro column. Fig. 1. represents
the variation of the peak height response with nitric
acid concentration.

Maximum absorbance of lead was obtained at a
concentration of acid of 2M, whereas below this
concentration the absorbance is decreased by de-
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creasing the concentration.

The maximum release of lead from the activated
alumina surface being at acid concentration of 2M
may indicated either a shift to acid catalyzed alu-
mina, which retains lead or a chemsorption between
lead and alumina is taking place at acid concentra-
tion higher than 2 M. In both cases lead release will
be reduced.

The effect of the flow rate of the carrier stream
has been optimized. Fig. 2 depicts the flow rate of
the carrier stream versus lead absorbance. Clearly
the peak height response was found to increase very
little when flow rate was extrapolated to 5 ml/min.
The value of 3.4ml/min. was thus selected as the
operating flow rate for lead measurements.

0.15M ammonia solution served as the carrier
stream maintained the column basicity. Fig. 3. il-
lustrates the dependence of absorbance on pH. It is
evident that pH 4.5 is effective in accumulating lead
on the alumina column. The calibration graph at the
optimum conditions including flow rate, acid and
ammonia concentrations showed a good linearity
with the value of regression coefficient of 0.99963.
The relative standard deviation (r = 3) at 100 ppb
was found to be 0.5%.

Results of analyzed drinking groundwater sam-
ples from different localities in Tripoli area are
summarised in Table 1.

It is quite clear from the table that the maximum
amount of lead was found to be in Ghot ash Shaal
area (8.13 ugl™"). The value in that area is higher
that the others probably because the water distribu-
tion pipe network is very old, extensively corroded
and situated in a highly populated area of very heavy
traffic. Contamination of water with polluted soil
should not be ruled out.

Table 1. Present lead determination and associated stan-
dard deviation in drinking water from selected locations

in Tripoli city
Lead Lead
concentration concentration
Sample name (,LLgl_l ) Sample name (ugl™1)
Hai 2 March 0.45+0.03 Sidi El masry 0.75 £0.03
Zagouny 0.33+0.02 Milk Factory*  0.60 4+ 0.04
Petroleum 0.80+0.02 Zawit El mazy* 0.50 4 0.02
Institute
Hai al Andalus* 0.60+0.02 Mawashi 2.10+£0.05
Company™*
Ghot ash Shaal* 8.13+0.04 Al Gasi 2.50+0.08
mosque

[T 1)

*No of replicate “n"= 4, otherwise No. n = 3
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