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Oil Field, Libya
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Abstract [In this investigation, Peng-Robinson equa-
tion of state (EOS) modelling for two recombined
reservoir oil samples is represented using the Computer
Modelling Group (CMG PROP) software. EOS char-
acterizations for these oils were developed to predict
optimum solvent compositions-minimum miscibility
composition (MMC ) for LPG-Dry Gas mixtures, and
minimum miscibility pressure (MMP) for CO, in
miscible flooding. EOS parameters were tuned to match
the experimental PVT data besides viscosity data for
both oils. Accordingly, phase diagrams, pseudoternary
diagrams and pressure-composition diagrams for both
oils in contact with several LPG-Dry Gas compositions
andfor CO were generated at reservoir temperature of
206 °F.

It was found that the main mechanism of oil recovery
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is a condensing drive for both oils at minimum miscibil-
ity composition. Miscibility of these oils with CO; was
achieved at a pressure considerably high. These found-
ings were used to help design slim tube experiments as
well as swelling experiments.

INTRODUCTION

Study of miscibility of different solvents and gases
with reservoir oil is one of the most important pro-
cesses to enhance oil recovery. Literatures on theor-
etical studies,!"?3*-> experimental laboratory investi-
gations® 7% and field applications'®'! of miscibility
are available. Miscibility is achieved at certain condi-
tions of pressure and temperature depending on the
composition of both the reservoir oil and the injected
gases or solvents. There are generally two types of
miscible processes, the first contact miscible (FCM),
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where solvent (LPG) mix directly with reservoir oil in
all proportions and their mixtures always remain in
a single phase. The second process is the multiple
contact miscible (MCM) process-dynamic miscibility
processes, where gases or solvents are not directly
miscible with reservoir oil, but under a appropriate
conditions of pressure, temperature and oil-gas or
oil-solvent compositions, in-situ miscibility could be
achieved through repeated contacts of the injected
material with reservoir oil. The MCM is of three
kinds: the vaporizing, the condensing and condens-
ing/vaporizing miscible processes.

In the present investigation, equation of state
(EOS) characterizations of two recombined oils
(1800R & 2030R) were developed in order to predict
the minimum miscibility composition (MMC) for
rich-gas and minimum miscibility pressure (MMP)
for CO,; in miscible flooding processes. Peng-Robin-
son'?13 cubic equation of state was applied for both
oils. Equation of state parameters were tuned to
match all available experimental data for these oils.
Then, pseudoternary diagrams and pressure-compo-
sition diagrams for the oils in contact with several
rich gas compositions and/or CO, were generated to
figure out the mechanisms of oil recovery and the
optimum compositions and pressures for gas injec-
tion with rich gas and/or CO,. This information was
used to help design slim tube experiments as well as
swelling experiments. Once these experiments were
completed then the EOS characterization can be
revised and compositional simulation could be
undertaken.

EXPERIMENTAL DATA

Experimental data were available for two recom-
bined cils 1800R and 2030R with bubble point pres-
sures of 1800 psia and 2030 psia respectively.'*13
These oils were directly recombined from the separ-
ator gas and oil at a specific gas oil ratio (GOR). The
two oils are essentially the same except that 2030R
has a greater amount of solution gas. Thus, it should
be possible to characterize the C, . for the oils with
the same pseudocomponents. For each oil the experi-
mental data available include bubble point pressure-
flash liberation, direct flash, recombination of separ-
ator oil and gas and differential liberation data.

SPLITTING OF C, .

Since both oils are derived from the same source
except for a difference in the amount of the solution
gas, it should be possible to use one set of plus
fraction components for both oils. In order to split
the plus fraction of the two oils the molecular weight
and specific gravity of the plus fraction are required.

The molecular weight of the plus fraction can be
calculated from the extended chromatographic analy-
sis. The molecular weight of the plus fraction for both
oils 1800R and 2030R were about 155. Specific grav-
ity of the plus fraction for oil 1800R was estimated to
be about 0.85 by using specific gravity of the stock
tank oil that was 0.8201. This information was used
to split the plus fraction into two pseudocomponents.
The properties of the two pseudocomponents. The
properties of the two pseudocomponents are shown
on Table 1 for oil sample 1800R and 2030R. It was
found that two pseudocomponents were adequate to
model these oils because of the large amount of
components present between C; and Cj ;.

TUNING OF EOS PARAMETERS

In order to assure the accuracy of EOS predictions
of miscibility conditions for these two oils, the EQS
parameters must first be tuned to match experimental
data, then a more reliable analysis of recovery mech-
anism and miscibility conditions may be made. The
tuning is accomplished using the regression option in
CMG PROP. The regression variables are critical
pressure and temperature, the volume shifts of
methane, and the C;, components. Also, the binary
interaction coefficient exponent and the molecular
weights of the C,. components were used as re-
gression variables as represented in Table 1. These
variables were adjusted to maich the experimental
data for both oils including the bubble point pres-
sures, the flash liberation data, the differential liber-
ation data, and the separator flash data. A high
weight was given to matching the bubble point pres-
sure data since the match of all the other experiments
depended on having an accurate bubble point pres-
sure. After several different regression runs, a good
match of the experimental data was achieved. The
final values of the regression variables and the match
of the experimental data are shown on Tables 3 & 4.
An acceptable match of the results for both oils was
achieved (Figs. 1-13).

GENERATION OF PHASE DIAGRAMS AND
DETERMINATION OF MISCIBILITY
CONDITIONS

Using the tuned EOS parameters, the conditions
for miscibility and the mechanism of oil recovery can
be analyzed using multiple contact ternary diagrams
as well as pressure-composition and pressure-tem-
perature diagrams. First, the pressure-temperature
diagrams were generated for both oils (Fig. 14). These
diagrams are consistent with the typical diagrams for
black oils with the reservoir temperature much lower
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Table 1. EOS components properties for reservoir oils 1800R and 2030R at 206 F, Raguba oil field, Well No. E40.

Component MW Critical  Critical Critical ~ Acentric Volume Interaction Coefficient® Critical Volume** 0il Composition
Pressure Temperature  Volume — Factor Shift Hydrocarbon and 1800R 2030R Mole Fraction
Pe, Atm.  Te, K Ve, I/gmol AC N2 co2 Ve, Igmol Ve, Ifgmol  1800R  2030R
N2 2801 3350 12620  8.950E-02 4.000E-02 —1.284E-01 —2.08E-02 8950E-02 8950E-02 2.08E-03 2.57E-03
CO, 4401 7280 30420  9400E-02 2.250E-01 —9.435E-02 —2.08E-02 9.400E-02 9.400E-02 5.89E-03 6.34E-03
C1 1604 46.73 16473  9.900E-02 8.000E-03 —1.237E-01  3.10E-02 1.03E-01 9900E-02 9.900E-02 2.08E-01 2.31E-01
C2 3007 4820 30540  1480E-01 9.800E-02 —1.021E-01  4.20E-02 1.30E-01 1.480E-01 14B80E-01 7.53E-02 7.80E-02
C3 44,10 4190 369.80  2.030E-01 1.520E-01 —7.330E-02 9.10E-02 1.35E-01 2.030E-01 2.030E-01 7.53E-02 7.50E-02
iC4 5812 36.00 408.10  2.630E-01 1.760E-01 —5.707E-02  9.50E-02 1.30E-01 2630E-01 2630E-01 249E-02 244E-02
nC4 58.12 37.50 42520  2.550E-01 1.930E-01 —5.706E-02  9.50E-02 1.30E-01 2.550E-01 2.550E-01 6.85E-02 6.65E-02
iC5 7215 3340 46040  3.060E-01 2.270E-01 —3446E-02 9.50E-02 1.25E-01 3.060E-01 3.060E-01 3.46E-02 3.34E-02
nC5 7215 3330 469.60  3.040E-01 2.510E-01 —3.443E-02  9.50E-02 1.25E-01 3.040E-01 3.040E-01 3.80E-02 3.66E-02
FCé 86.00 3026 563.61  3440E-01 2.750E-01 —4.227E-03 1.20E-0l 1.50E-01 3.440E-01 3.440E-01 5.37E-02 5.15E-02
C7-C13 13885 2372 70699  4755E-01 3.403E-01 2258E-01 1.20E-O1 1.50E-01 5.706E-01 5.706E-01 3.20E-01 3.12E-01
Cld+ 301.90 14.84 956.18  8.384E-01 6436E-01  8.824E-02  1.20E-01 1.50E-01 8.569E-01 6.707E-01 9.24E-02 B.21E-02

OMEGA =0.45723553 in the EOS
OMEGB =0.07796074 in the EOS
MIXVC =0.82733389, exponent coefficient used in viscosity calculations, for Oil 1800R, (see Appendix A)
MIXVC =0.80000000, exponent coefficient used in viscosity calculations, for Oil 2030R, (see Appendix A}

PVYC3

*binary interaction coefficient [or hydrocarbon-non-hydrocarbon component pairs
**Component pseudo-critical volume used to compute the mixture critical volume used in viscosity calculations

than

the critical

Next,

series

of

=2.000, binary interaction coefficient exponent for hydrocarbon-hydrocarbon component pairs

by a condensing mechanism where the liquid phase

temperature.
pseudoternary diagrams were generated for oil 1800R
at 1850 psia contacted by various solvents made up
by blending LPG with dry gas in different molar
ratios (from 30% to 60% LPG). The compositions of
these various solvents, LPG and dry gas are represen-
ted in Table 2. Figure 15 shows the ternary diagram
for oil 1800R contacted by solvent with LPG ratios
of 55%. From this diagram, evidently miscibility is
achieved when the solvent composition is around
55% LPG or greater. The pressure-composition dia-
grams for oil 1800R with different solvents is shown
in Fig. 16, From this figure, it is evident that until the
LPG ratio is 50% the principal mechanism of recov-
ery will be via vaporizing mechanism. However, at
higher LPG ratios, the mechanism becomes princi-
pally a condensing mechanism. Thus, miscibility is
achieved with a solvent with LPG of 55% or greater

becomes enriched with intermediates to the point that
it becomes miscible with the injected gas.

The pseudoternary diagrams for oil 2030R at pres-
sure of 2100 psia show that miscibility is achieved for
a solvent with 50% LPG or greater (Fig. 17). To
analyze the mechanism of recovery we examine the
pressure composition diagrams for these systems (Fig.
18) just as we did for oil 1800R. From this diagram,
it appears that up to 40% LPG in the solvent of the
principal mechanism of recovery is a vaporizing
mechanism but for more LPG in solvent the mechan-
ism becomes primarily a condensing mechanism.

Ternary diagrams'®!” for oil 1800R contacted
with CQO, at several different pressures were gener-
ated to determine the miscibility pressure for this oil
with CO,. The ternary diagram for pressures of 1850,
3000, and 4400 psia is shown in Fig. 19. For ali these

Table 2. Solvents composition of the blended LPG/Dry gas samples.

Component Dry Gas 040 LPG* 045 LPG 0.5 LPG 0.55 LPG 0.6 LPG LPG
Mole% Mole% Mole% Mole% Mole% Mole% Mole%

N2 1.358 0.815 0.747 0.679 0.611 0.543

CO,

Cl 86.419 51.851 47.530 43.210 38.889 34.568

cz 8.354 6.000 5.706 5412 5117 4.823 2.469

C3 2831 13.560 14.901 16.243 17.584 18.925 29.654

IC4 0.389 9.444 10.576 11.708 12.839 13971 23.026

NC4 0.649 18.330 20.540 22750 24960 27.170 44.850

*0.40 LPG: Molar Ratio of 040 LPG to 0.60 Dry Gas.
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Table 3. Comparison of experimental data with EOS predicted values before and after regression analyses, reservoir oil sample of Pb= 1800 psia at
206F, Raguba oil field, Well No. E40.

Exper. Data Pressure Exper. Predicted Values Error* Error** Weight
Processes Type psig Values Reduction After Factor
Before After
Pb Psia — 1800 13789 1805.8 0.2307 0.0032 200
Differential Solution 1785 674.50 1358.20 71695 0.9508 0.0629 12
Liberation GOR 1500 588.60 1358.20 642.62 1.2158 0.0918 12
Scf/bbl 1200 494.84 1253.20 367.63 1.3855 0.1471 12
900 400.51 1067.60 493.17 14344 0.2314 12
600 309.93 886.29 416.43 1.5160 0.3436 12
300 206.31 687.19 325.85 1.7515 0.5794 12
0 0.00 0.00 0.00 0.0000 0.0000 12
Liberated 1785 0.844 0.897 0.0526 0.1029 0
Gases 1500 0813 0.836 0.900 —0.0778 0.1066 25
Z-factor 1200 0.842 0.853 0.904 —0.0611 0.0741 25
900 0.856 0.871 0911 —0.0468 0.0644 25
600 0.886 0.892 0.920 —0.0310 0.0380 25
300 0.917 0917 0.930 —0.0144 0.0145 25
0 1.000 0.982 0.986 0.0039 0.0137 25
Liquid 1785 0.675 0.772 0.669 0.1356 0.0087 4
Densities 1500 0.685 0.776 0.676 (0.1184 0.0139 4
gfec 1200 0.696 0.785 0.682 0.1084 0.0196 4
900 0.708 0.809 0.690 0.1171 0.0259 4
600 0.720 0.836 0.698 0.1295 0.0309 4
300 0.736 0.868 0.708 0.1415 0.0377 4
0 0.750 1.009 0.755 0.3386 0.0060 4
QOil FVF 1785 1457 2.005 1.495 0.3499 0.0259 25
Bbl/stb 1500 1.414 1.997 1.462 0.3779 0.0340 25
1200 1.367 1.948 1429 0.3802 0.0450 25
900 1.320 1.848 1394 0.3436 0.0562 25
600 1.274 1.747 1357 0.3062 0.0652 2.5
300 1.215 1.629 1.308 0.2643 0.0766 25
0 1.080 1.077 1.051 —0.0239 0.0266 25
Direct API 0 41.039 6.333 50.074 0.6255 0.2202 0.1
Flash FVF 0 1.413 1.593 [.362 0.0914 0.0358 0.1
Liberation GOR 0 762.40 821.58 547.25 —0.2046 0.2822 0.1
Constant Relative 5000 0.9596 0.9283 0.9555 0.0284 0.0043 1
Composition Oil 4000 0.9697 0.9429 0.9667 0.0245 0.0031 1
Liberation Volume 3000 09817 0.8607 0.9800 0.0197 0.0017 1
2500 0.9885 0.9711 0.9878 0.0169 0.0007 1
2000 0.9961 0.9829 0.9964 0.0130 0.0003 1
1900 09970 0.9855 0.9982 0.0104 0.0012 1
1850 09977 0.9868 0.9992 0.0095 0.0015 1
1785 1.0000 0.9885 1.0045 0.0071 0.0045 |
1770 1.0058 0.9889 1.0078 0.0149 0.0020 1
1700 1.0207 0.9908 1.0242 0.0259 0.0035 1
1600 1.0461 0.9936 1.0509 0.0456 0.0046 1
1500 1.0773 0.9964 1.0822 0.0706 0.0045 1
1300 1.1649 1.0419 1.1630 0.1039 0.0016 1
1000 1.4097 1.2838 1.3611 0.0549 0.0345 1
700 1.9991 1.8016 1.7733 —0.0142 0.1130 1
Reservoir Oil 5000 0.8522 0.1466 0.8720 0.8048 0.0232 1
Oil Viscosity 4500 0.8235 0.1427 0.8382 0.8089 0.0179 1
Viscosity cp 4000 0.7948 0.1386 0.8037 0.8144 0.0112 1
Meas, 3500 0.7661 0.1344 0.7685 0.8214 0.0032 1
3000 0.7369 0.1301 07325 0.8176 0.0060 1
2500 0.7081 0.1256 0.6957 0.8051 0.0176 1
2200 0.690% 0.1228 0.6731 0.7964 0.0258 1
2100 0.6852 0.1219 0.6655 0.7933 0.0288 1
2050 0.6822 0.1214 0.6617 0.7919 0.0301 !
2015 0.6804 0.1211 0.6550 0.7906 0.0315 1
1785 0.6682 0.1189 0.6413 0.7818 0.0402 1
1500 0.6725 0.1204 0.6730 0.8202 0.0008 1
1200 0.6813 0.1219 0.7084 0.7798 0.0412 1
900 0.6916 0.1235 0.7513 07353 0.0862 1
600 0.7469 0.1250 0.8016 0.7594 0.0732 1
300 0.9688 0.1268 0.8717 0.7689 0.1002 1
0 1.2089 0.1294 1.1963 0.8825 00104 1

*Error Reduction= Error before Regression —Error after Regression
**Error after =(Experimental — Calculated)/Experimental



Table 4. Comparison of experimental data with EOS predicted values before and after regression analyses, reservoir oil sample of Pb=2030 psia at
206F, Raguba oil field, Well No, E40.

Exper. Data Pressure Exper. Predicted Values Error* Error** Weight
Processes Type psig Values Reduction After Factor
Before After
Differential Pb Psia — 2030 1534.7 2027.8 0.2429 0.0011 200
Liberation Solution 2015 780.26 1511.40 800.34 09113 0.0257 12
GOR 1800 703.64 151140 74240 1.0928 0.0551 12
Scil/bbl 1500 603.16 1497.50 662.79 1.3839 0.0989 12
1200 508.23 1292.90 585.12 1.3926 0.1513 12
900 414.91 1100.70 508.09 1.4282 0.2246 12
600 326.62 913.24 428.75 1.4833 0.3127 12
300 215.63 707.85 33507 1.7288 0.5539 12
0 0.00 0.00 0.00 0.0000 0.0000 12
Liberated 2015 0.837 0.896 0.0592 0.1041 0
Gases 1800 0.859 0.826 0.896 —0.0049 0.0436 25
Z-factor 1500 0.851 0.838 0.899 —0.0408 0.0566 25
1200 0.894 0.853 0.904 0.0352 0.0110 2.5
900 0919 0.871 0911 0.0433 0.0092 25
600 0.944 0.892 0919 0.0288 0.0264 25
300 0970 0917 0.930 0.0136 0.0413 25
0 0.982 0.986 0.0040 0.0137 0
Liquid 2015 0.648 0.756 0.662 0.1453 0.0221 4
Densities 1800 0.656 0.763 0.667 0.1464 0.0167 4
g/fcc 1500 0.666 0.758 0.674 0.1264 0.0117 4
1200 0.676 0,782 0.681 0.1491 0.0072 4
900 0.686 0.806 0.688 0.1720 0.0035 4
600 0.697 0.833 0.697 0.1949 0.0004 4
300 0.710 0.866 0.708 0.2165 0.0035 4
0 0.749 1009 0.755 0.3395 0.0081 4
Qil FVF 2015 1.570 2097 1.537 0.3148 0.0208 25
Bbl/sth 1800 1.527 2079 1.512 0.3517 0.0098 25
1500 1.478 2.090 1477 0.4130 0.0008 23
1200 1.430 1.979 1.442 0.3758 0.0083 23
900 1.383 1.875 1.406 0.3387 0.0168 23
600 1.337 1.770 1.368 0.3012 0.0229 2.5
300 1.275 1.648 1.317 0.2600 0.0327 25
0 1.079 1.079 1.052 —0.0245 0.0247 25
Direct API 0 41.631 5.838 49.684 0.6663 0.1935 0.1
Flash FVF 0 1.551 1.665 1.403 —0.0221 0.0954 0.1
Liberation GOR 0 878 041.53 62641 —0.2142 0.2866 0.1
Constant Relative 5000 0.9596 0.9283 0.9555 0.0284 0.0043 1
Composition il 4000 0.9716 09426 0.9681 00262 0.0036 1
Liberation Volume 3000 0.9844 09618 0.9826 0.0211 0.0018 1
2500 0.9916 09732 09911 0.0180 0.0005 1
2300 09948 09782 0.9947 00167 0.0001 1
2200 0.9964 0.9808 0.9966 0.0155 0.0002 1
2100 0.9981 0.9834 0.9986 00142 0.0005 1
2050 0.9992 0.9848 0.9996 00141 0.0004 1
2015 1.0000 0.9857 1.0024 00119 0.0024 1
2000 1.0031 0.9862 1.0053 00147 0.0022 1
1950 1.0137 0.9876 1.0153 00242 0.0016 1
1900 1.0252 0.9890 1.0260 00345 0.0008 1
1800 1.0512 09919 1.0497 0.0550 0.0014 1
1700 1.0815 0.9949 1.0770 0.0760 0.0041 1
1500 1.1598 10156 1.1455 0.1120 0.0124 1
1300 1.2716 1.1272 1.2404 0.0890 0.0245 1
1000 1.5519 14072 1.4715 00414 0.0518 1
760 1.9769 1.8362 1.8175 —0.0094 0.0806 1
Reservoir 0il 5000 0.6589 0.1459 0.7304 0.6700 0.1083 1
0il Viscosity 4500 0.6474 0.1417 0.7054 0.6917 0.0895 1
Viscosity cp 4000 0.6355 0.1373 0.6795 0.7147 0.0692 1
Meas. 3500 0.6260 0.1329 0.8528 0.7450 0.0428 1
3000 0.6109 0.1282 0.6251 0.7668 0.0233 1
2500 0.5982 0.1235 0.5965 0.7906 0.0029 1
2200 0.5907 0.1206 0.5787 0.7756 0.0203 1
2100 0.5882 0.1196 0.5727 0.7703 0.0264 1
2050 0.5870 0.1191 0.5697 0.7676 0.0295 1
2015 0.5861 0.1187 0.5676 0.7658 0.0317 1
1785 0.5936 0.1200 0.5845 0.7827 0.0153 1
1500 0.6088 0.1215 (.6080 0.7990 0.0013 1
1200 0.6348 0.1232 0.6353 0.8050 0.0008 1
900 0.6900 0.1250 0.6663 0.7845 0.0344 1
600 0.7720 0.1268 0.7026 0.7459 0.089% 1
300 0.8540 0.1289 0.7510 0.7284 0.1206 1
0 0.9360 0.1329 0.9241 0.8453 0.0128 1

*Error Reduction = Error before Regression — Error after Regression
**Error after =(Experimental — Calculated)/Experimental
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pressures no miscibility was achieved at pressure less
than 4400 psia and the mechanism of recovery
seemed to be a condensing/vaporizing mechanism,
However, the results do not seem correct because
CO; should be able to achieve miscibility with most
black oils at pressures lower than 3000 psia. The
MMP of CO, with this oil was calculated using
Glaso? correlation for pure CO, and found 2572 psia.
Similar results were achieved for oil 2030R contacted
with CO, at several different pressures, 2100, 3000
and 4400 psia, as shown in Fig. 20, The MMP of CO,
with this oil was calculated using Glaso® correlation
for pure CO, and found 2669 psia. The results
obtained by EOS may be misleading because the
EOS was tuned only with black-oil data and not data
for oil mixed with CO, that is not available.

VISCOSITY MATCHING OF OILS 1800R AND
2030R

Using the tuned EOS parameters obtained previ-
ously, the viscosity of the oil 1800R and 2030 psia
were matched using regression on the parameters on
the Jossi, Stiel, and Thodos'® viscosity equation (see
Appendix-A). A comparison of the experimental data
and the calculated viscosity using the viscosity corre-
lation is shown on Figs. 6 & 12 showing a good
match at reservoir conditions above and below
bubbie point pressure. The final values of the viscos-
ity parameters are shown in Table 1.

MINIMUM MISCIBILITY COMPOSITION
DETERMINATION BY THE SLIM TUBE
TECHNIQUE

When conducting slim tube experiments, it is essen-
tial that any solvent be a single phase at injection
conditions. To check this, the pressure-temperature
diagrams for solvents with varying amounts of LPG
from 10% to 90% were generated. All solvents were
found a single phase at the reservoir temperature of
206°F and the injection pressures of 1850 and 2100
psia. Figure 21 represents the pressure-temperature
diagram for 40% to 60% LPG solvent.

The two oils were displaced, at reservoir tempera-
ture by different solvents made up by blending LPG
and Dry Gas,'®*%2! in a slim tube of 40 feet length,
40.5% porosity and the total pore volume of the
system was 99 cc. Figure 22 illustrates the schematic
diagram for the slim tube apparatus. Five slim tube
experiments were conducted on each oil. For oil
1800R, the injection pressure was 1850 psia while for
2030R the injection pressure was 2100 psia, The first
series of experiments were conducted on oil 1800R at
1850 psia by various sclvents made up by biending
LPG with dry gas in different molar ratios (15%,
25%, 35%, 45% and 55% LPG). The oil recovery in

percent was plotted as a function of the LPG% in the
solvent as shown in Fig. 23. The oil recovery was
calculated when a solvent volume of 1.2 of the total
system volume was injected. The intercept of the two
straight lines in Fig. 23 shows that the minimum
miscibility composition of the solvent was 40% LPG
and 60% dry gas for the oil 1800R, In the same
manner, the oil 2030R was displaced by solvents of
15%, 20%, 30%, 35% and 40% LPG and the results
were plotted in Fig. 24. It was found that a minimum
miscibility composition of 35% LPG was required to
achieve miscibility with the oil 2030R. From the
above experiments, obviously the minimum miscibil-
ity composition was over estimated by the EQS for
both oils. The slim tube data will be combined with
the swelling data when it is ready to re-tune the EOS,

CONCLUSIONS

1. The phase behaviour of both oils 1800R and
2030R were matched using one set of EOS par-
ameters.

Using the tuned EOS parameters analysis indi-

cates that miscibility will be achieved for oil

1800R at 1850 psia for LPG ratios of 55% or

more. The main mechanism of recovery is a

condensing drive.

3. For oil 2030R at 2100 psia miscibility will be
achieved via a condensing mechanism for solvent
with LPG content of 50% or greater.

4, Minimum miscibility composition for both oils
was over estimated using EOS.

5. Any solvent composition will always be single
phase at 206°F and 1850 or 2100 psia.

6. Minimum miscibility pressure predicted by EOS
for both oils with CO, was also over estimated.
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APPENDIX A

The viscosity model used in obtaining oil viscosity
values is the following

[(7—3°) +1]°2° = viscoeff (1)* + viscoeff (2) p,
+ viscoeft (3) p? + viscoeff (4) p?
+ viscoefl (5) p?

where
n = phase viscosity, cp
n° =low pressure fluid viscosity, cp, calculated



Equation of State Application to Predict MMC and MMP 7

internally from the Jossi, Stiel and Thodos
equation, cp
¢ = TY® MW!/2 p23

T, = fluid pseudo-critical temperature, °K
MW = fluid molecular weight, gm/mol

P, =1luid pseudo critical pressure, atm

pr = fluid reduced molar density=(p x V¢)
p = fluid molar density, kmol/m?, and
VEivve = F(z(i) x visve(i)™)

with

z(i) = the mole fracture of component i.

*viscoeff (1-5) for oil 1800R:
1.227600E-01, 2.803680E-02, 7.023960E-02, —4.492087E-02 and
1.119888E-02

*yiscoefl (1-5) for oil 2030R:

1.119912E-01, 1.869120E-02, 7.023960E-02, —3.260640E-02 and
7.465920E-03
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Tertiary-Quaternary Alkaline-Subalkaline Magmatism in
Gharyan Area-Field Aspects and Petrography

M.T. Busrewil*, and W.J. Wadsworth™

st s & gl D) bl I bl e By A Sl
Coygpidgy O 3 Jrs o b Syl

s Ca)kll R 7 e PR S P PR N TPRCH [ e e QB Bl ke gl
el ST el Lol Ji L elaudisy _,P._ﬂ, QLAY gl o3 oVl S Aby 21 STl Buaddy Zadl LW Sl
Sodey |8 ol e Bl U o 8 U 2kl LW gl (o dRlel) Caame e 3amn AL Jm b sl mi))
G Y] QI Bl e ST ) ems U OF ) ey il ety ZUELT B O rajn,, ¢ AL Obagl Lam bl 3 B
(a.J.slfsu:.qu LI -1 o) ML“.,JM o L)U'- o OlES) ¢ al S wts b Bl bl oda o Blis Ol dmy 8
SED B Gkdl J5, bl

spes o Bl B3 el oda 01 ) Gl ol Silaghney Adab) 85V sy Gl apde SLY G SV s (22SKs
JE Il Sy &35 STy e IS B Aleas S L L) yieally GST) ede s O o 2SS Zzill (ST
camplty WU Lo fsls Q10 Bladl 25 e day Sl

LI Dbl e St ZexY sl B 1S LIS Llks e 055 Ol elsgn A0 :@;J ey e il S #

CJB bl B e 5 Ll ads e e Oy Akl oL w‘ﬁ

bl By el Boewy jaall D el Dy LTI Slbowil) G (4] ALz 0l eall ads F Gy

Abstract Tertiary — Quaternary volcanic activity is of separate eruptive events. The suggestion that the
conspicuous along the eastern scarp of Jabal Nafusah OIS may represent the first phase of igneous activity in
and comprises an old lava series (OLS), young lava the area is debatable because of suspect dating.

series ( YLS ), volcanic cones, phonolite dome — shaped The phonolites are exposed at only a few localties.
intrusions and pyroclastic rocks, The OLS are the most Field evidence and K-Ar Age dating suggest that they
voluminous and form a fairly continuous plateau in the are much older than the late volcanic centres (LVC ).
central part of the region. In contrast to the older flows, These centres, erupted from central volcanoes and
the YLS is mostly restricted to the periphery of the dykes, are represented by very small volume of the
OLS plateau, as is clearly shown on satellite images. In eruptive products throughout and outside the lava field.
addition, parts of the YLS occupy an ancient buried Black, massive, poorly-sorted deposits made of frag-
wadi system. Both the OLS and YLS are petrographi- mented products of explosive eruptions and matrix-
cally similar, although field evidence revealed a number supported blocks are encountered in the area. These

deposites are considered to have been formed initially

; 1ing phreatic — phreatomagnetic explosion
*Department of Geology, University of Al Fateh, P.O. Box 13258, bydue”t.ope' [g, I; @ p.”' i g B dp I;
Tripoli, GS.P.LAJ. and part of which were later reworked. Based on fie

**Department of Earth Sciences, The University, Manchester criteria they have been classified into vent facies, near
M. 13 9PL, England. — vent facies and distal facies.
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INTRODUCTION

The rocks of the Gharyan Volcanic Province
(GVP) are mostly contained within a quadrilateral
area of some 7000Km? between the towns of
Gharyan, Tarhunah, Bani Walid and Mizdah (Fig. 1).
The volcanic rocks themselves cover an area of ap-
proximately 3000 Km? and form a generally continu-
ous sheet in the central part of the region, with some
peripheral outlier and a number of more scattered
intrusions, believed to be part of the same volcanic
field originaily.

A summary of the work undertaken up to 1970 has
been given by Busrewil (1974). The chemistry of the
main groups of the GVP has been briefly established
by Almond et al., (1974). Later work by Busrewil and
Wadsworth (1980) discussed in more detail the gen-
esis of the basanitic suite of rocks. Geologic maps of
the area at a scale 1:250.000 with explanatory book-

lets were published by the Industrial Research Centre
(Antonovic, 1977, El Hinnawy and Cheshitev, 1975;
Mann, 1975; Zivanovic, 1976).

Several K: Ar data have been previously published
on the volcanic rocks from the GVP (Piccoli, 1970;
Ade-Hall, et al., 1975). Some determinations [rom the
YLS are contradictory and others are inconsistent
with field relations.

In this paper we present 6 K: Ar whole rock ages
from rock units of the GVP. These data are consider-
ed to provide valid estimates of the ages of each of
the units measured. Based ‘on more recent field work
and petrography we reiterate some of earlier con-
clusions (Almond et al, 1970, Busrewil and Wad-
sworth, 1980) but incorporate the results of the
subsequent investigations. A discussion of the
petrogenetic relationships within the GVP will be
presented elsewhere (Busrewil and Wadsworth, in
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MODES OF OCCURRENCE

The igneous activity has four principal manifesta-
tions which can be easily recognized in the field.
Firstly, there is the old lava series (OLS) with its
subordinate young lava series (YLS) which cover
most of the region (Fig. 1); secondly, there are the
phonolitic intrusions which tend to occur as individ-
ual domes or clusters of domes just north of the
Gharyan town along the northern limit of the escarp-
ment; thirdly, there are the late volcanic centres
(LVC), resting locally on top of the OLS, or represen-
ted by chemically similar minor intrusions outside the
OLS area; fourthly, an episode of explosive volcan-
ism, however, developed possibly during Quaternary
time. The latter activity resulted in the empiacement
of tuff cones and intrusive and reworked pyroclastics.
This morphological grouping is supported by both
field observation (Christie, 1955; Busrewil, 1974) and
available radiometric ages (Table 1).

Table 1. K/Ar age determination of rock types in the GVP.

Locality Age (Ma) Classified here as
32°10'40"N 13°22'30"E* 1.3+05 LVC
32°03'00 N 13°31'10"E* 294+ 1.1 (basanitic suite)
32°12°00 N 13°13'45"E=* 51+15

31°51°00 N 12°58'45"E* 77+ 15

32°12'30 N 12°23'00"E* 23+03 YLS
32°12'30"N 13°08'30"E* 2.6 + 08 (basaltic andesites)

32°05'45"N 13°19'45"E*** 4.8 + 04
32°08'00"N 13°13'00"E***  5.05 + 0.8
32°15°05"N 13°14'31"E***  6.02 + 1.3

Kaf Tekut** 377 Phonolites
Kaf Mantrus** 39.7

Kal Abu Ghannush** 40.7

Qulayb al Anz (32°23'36"N}

(13°23'36"Ey*+* 407 + 1.2

32°1540"N 15°18'30"E*** 414 +2
Umm al Ezz*** 47 + 1.2

* Analysed by Mobil Research Department, Dallas, Texas, 1967.
** Piccoli, 1970.

*** Carried out by the Isotope Geology Unit, British Geological
Survey.

As far as the principal rock types are concerned,
the OLS and YLS are composed of basaltic andesites
and the LVC are generally basanitic (with related
differentiates), while the domes are all phonolitic
(Fig. 2).

FIELD RELATION OF THE GHARYAN
VOLCANIC PROVINCE
Old Lava Series

This lava sequence rarely comprises more than four
or five individual flows, reaching a maximum total

@  FPhonolites

A Bosonitic  Suit

O Plolecu lzva (old ond young
lava series)

Na20+

KZO

Wit 10 |

Fig. 2. Tatal alkali vs silica diagram for Gharyan vol-
canics. The style of notation is the same in the succeeding
plots.

thickness of approximately 40 m. In the more periph-
eral parts of the lava field, only one or two flows are
present, but they are nevertheless surprisingly persist-
ent and dominate wide areas of the plateau coutry. In
many places the base of the lavas is not exposed but
elsewhere they are seen to rest unconformably on the
sedimentary rocks (Upper Cretaceous age), particu-
larly along the wadis,

Erosion has dissected parts of the volcanic terrain
into wadis and ridges with a relief in excess of 60 m.
Sets of columnar joints, are sometimes exposed and
accentuated vertical developmet of landslides.

Young Lava Series

In contrast to the older flows, the younger lavas are
almost barren of soil and vegetation covers. This unit
produces distinetly dark colour on false colour land-
sat imagery. Field observation revealed that the in-
itial invasion of the OLS was followed by a long
period of erosion of unknown duration and down
cutting to form new wadis which at a much later time
were partly infilled by the YLS. The wadi filling lava
form a thin resistant mass while the Mesozoic coun-
try rocks, on either sides, are much more rapidly
removed. The original wadi segments are expressed
today, either as a coherent basalt mass or as a
particulate mass flow.

The existence of prominet wadi system before the
eruption of the YLS is very well exhibited on satellite
thematic mapper image. It is indicated by the long
sinuous outcrops extending from the main voleanic
region, particularly toward Beni Walid (Wadi
Tininai, Wadi Ghubbeen), Wishtatah and northwards
in the vicinity of the present drainage system of Wadi
Ghan where Christie (1955) reported the existence of
basalt on the crust of hard pan and caliche that had
formed previously in the wadi bed. He believed that
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the basalts postdated the topographic features and
must be very young, possibly of early Quaternary or
late Pliocene age. Piccoli (1970) distinguished these as
“valley basalts” in contrast to the OLS (flood basalts).
Along Wadi al Hamam (32° 15" 36"N, 13° 1%’ 55”E),
the writers have observed the existene of basalt on
top of a soil-supported conglomerate. The lava flow
itself shows pronounced exfoliation and attains a
maximum thickness in excess of one metre. At higher
levels old wadi terraces consisting of loose conglom-
erate, composed of rounded limestones, sandstone
and basalts approximately 4-12 ¢cm in diameter, are
cemented by clay matrix. Still at higher levels, an
older lava flow approximately 10 m thick is exposed
along the wadi banks and pre-dates the last period of
wadi incision.

North of station 520, basalt lavas were observed
underlying Quaternary sediments at near-surface sec-
tion of Wadi Tamasillah where the pipe line route of
the Great Man-Made River Project is constructed.
The basalt was found to be very fresh and shows
vesicular and columnar jointing structures. Prelimi-
nary chemical data of selected samples from this
locality suggest that the lavas belong to the subalka-
line magma type (Busrewil and Wadsworth, in prep.).
The Quaternary sediments lie unconformably on the
lava and in places where the basalt is either missing
or not reached, its thickness exceed the depth of the
pipe line trench (7 m). The wadi deposits show a well
developed fining up sequence and are characterized
by interbedded sand and pebbly layers with occa-
sional ocurrence of alluvial soils. Cobbles and boul-
ders with a fine sand/silt matrix approximately 50 cm
thick were observed in the middle level of the trench.
The occurrence of such a high energy discharge in
wadi section is inferred and interpreted to indicate
humid phase environments. The field observations
from widyan Al Hamam, Ghan and Tamasillah sug-
gest that a Quaternary period of volcanism poured
out small quantities of basalt on the surface.

PHONOLITES

General Introduction

The phonolites occur in an approximately east-
west belt along the northern edge of the plateau lava
field (Fig. 1) where they form prominent conical hills.
Occurrences of trachytes, phonolites and alkali tra-
chytes between Mizdah and Gharyan were reported
by Lipparini (1940). Further reconnaissance of this
region revealed no traces of such exposures.

The phonolites form islated dome-shaped intru-
sions amid the broad expanses of Mesozoic sedi-
ments. In some cases they are clearly intrusive lac-
coliths with the overlying sediments strongly arched
over the dome-shaped intrusion, while the underlying

Fig. 3. Close view of columinar jointing in Abu Shaybah
Formation (ss), about 1 km west of Kaf Tekut, Photo by
Osama A. Joha of the Geology Department, Al Fateh
University.

sediments are relatively undisturbed. In other
examples, the phonolites are strikingly discordant
with generally steep contacts against almost horizon-
tal sediments, and with sill-like apophyses locally.
The overall impression is of masses of viscous
phonolitic magma rising diapirically through the
sediments, with varying degrees ol success; some
appear to solidify at depth in transgressive mode,
while others form domes beneath their roof of coun-
try rocks, It is believed that at few points near the top
of the upheaval, the magma broke through the sur-
face or was emplaced close to it. This is supported by
the observation of vesicular phonolites at a small hill
approximately 1 km NW of Kaf Abu Ghannush and
horizontal jointing of the sandstone close to the
contact between the Abu Shaybah Formation and the
roof of an intrusive dike along the road cut about
1 km west of Kaf Tekut (Fig. 3). A brief description of
few selected intrusions is summarised below:

Kaf Tekut: This is apparently the most straightfor-
ward phonolitic intrusion, as the country rock is
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generally domed all around it. The intrusion, now has
the appearance of a crater, breached on its east side
and it is not entirely regular in shape, as the
phonolites bulge out beneath a skin of sediments,
when it reaches lower levels on the south and south-
west side. Near this bulge occur the patchy outcrops
of basaltic breccia (Wadi Qurdu).

The outer part of the dome is apparently a thick
skin of porphyritic phonolite (approximately 30 m.
thick), showing a progressive chilling of the ground-
mass towards the margin, and exhibitng a very
prominent columnar jointing perpendicular to the
margin. At the ‘breached’ entrance to the central
crater of Kaf Tekut, this jointing is horizontal, while
at higher levels it becomes progressively steeper as
the skin turns over to form the domical roof.

Inside this jointed skin is a zone of smooth
rounded outcrops of coarser (groundmass) phono-
lites, but equalily porphyritic, and inside this is infer-
red to be the heavily altered zone responsible for the
eroded (crater like) cores of the intrusive. Tt seems
highly likely that the highest and most central part of
the original dome-shaped plug would be the most
susceptible to hydrothermal modifications, because
the late stage fluids would all tend to concentrate
here, beneath the viscous impervious skin. Indeed this
may have helped the body rise diapirically through
the sediments.

The presence of altered phonolites in the centre of
the mass (G 128, Table2) and Triassic sediments
(Azizia Formation) on top of the SW part of the
igneous body (Gray, 1971) suggest that the Kaf Tekut
is best named as a shallow intrusive domal igneous
body with an appearance of a physiographic ring
structure today.

Table 2. Average of selected major chemical analyses of
Charyan volcanics.

1

(B}

3 4 h} G9 G127 G128

§i0, 5134 4554 4652 5033 5785 43.55 43.12 57.36
TiO, L.78 233 274 248 025 296 337 073
Al,O; 1520 1341 13.66 1584 2039 996 11.25 2048
Fe,O; 225 402 372 441 232 643 1034 3.17
FeO 788 705 752 509 091 387 352 035
MnO 015 018 018 021 020 022 022 011
MgO 707 1223 936 494 020 1399 1185 094
CaO 928 1040 1029 792 070 1498 1055 3.49
Na,O 377 303 374 540 992 203 279 279
K.O 086 117 145 251 717 123 217 718
P.O; 042 064 085 087 009 077 082 020

1. Average of 11 YLS and OLS; 2. average of 5 alkali olivine
basalts; 3. average of 7 hawaiites; 4. average of 2 mugearites;
5. average of 10 phonolites; G96 a clast of olivine basalt from the
pyroclastics of Wadi Qurdu; G127 a clast of olivine basalt from the
pyroclastics of Wadi Qabil; G128 phonolite [rom the central part
of the Kaf Tekut igneous body.

Kaf Abu Ghannush: The Kaf Abu Ghannush phono-
lite is a discordant mass of irregular shape, displaying
a variety of contact relationships. The mass itsell is
cut approximately in the centre by two phonolite
sheets of dykes and at least one dyke-like mass at a
lower level of the igneous body. The setting of the
mass is best explained as a stock or laccolith with
locally sill-like apophyses. Remnants of the country
rock can be clearly seen in the centre. The relation-
ship between this phonolitic mass and the country
rocks is not very clear at the present level of erosion.
However, the presence of a smal fault in the eastern
part of the intrusion with marked dip of the sedi-
ments away from the igneous body suggests that the
mass may have caused the tilting and faulting.

Kaf Mantrus: Another prominent hill with an im-
pression of more resistant marginal facies (giving
summit peaks) with steep jointing, this is also prob-
ably an intrusive dome.

It is very difficult to assess the field relationships
between the phonolitic mass (Kaf Mantrus) and the
country rock, as the sedimentary rocks are weathered
all round, particularly north and north west of the
phonolitic mass where the Jefarah lowland emerges.
Piccoli (1970) interpreted the morphological setting
of Kaf Mantrus as a doming protrusion or plug of
highly viscous lavas similar to those known parts of
the central Saharan zone of Atakor (Girod, 1964) and
Tibesti (Vincent, 1970). Further reconnaissance of
Kaf Mantrus and similarly formed phonolites (e.g.
Ras Umm al Fzz, Ras al Jammah) suggests that they
are best interpreted as shallow intrusive “phonolitic
domes” rather than extrusive bodies.

LATE VOLCANIC CENTRES

These form prominent features scattered on and
around the main plateau lava field. They almost
always occur as distinct hills or clusters of hills rising
above the general level of the plateau and usualy seen
from a considerable distance in the field. Scoria cones
are locally present at a few centres, suggesting that
they are fairly young (Busrewil and Wadsworth,
1980). In some areas, only intrusive rocks are found,
in the form of dykes, pipes, plugs and small dome-
shaped masses that probably did not reach the sur-
face in the liquid state, but have been exposed by
erosion. The intrusive “centres” occur in different
parts of the area, particularly north of Mizdah and
the northern jabal escarpment where dykes of very
limited length (a few tens of metres) indicate rather
localized upwelling of magma, probably connected to
a volcanic vent. Field description of the most promi-
nent and accessible centres has already been given
(Busrewil and Wadswoth, 1980) and details need not
be repeated here.
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PYROCLASTIC ROCKS

Initial Statement

The occurrence of numerous localities of fragmen-
tary volcanic rocks in the GVP raised the problem as
to the primary or secondary origin of these materials
(Gray, 1971). Some may have flowed down wadis
{Hey, 1962). Others are associated with dykes having
a NW strike (Gray, 1971). Tufl cones composed of
abundant thin beds made up of fragmentary ma-
terials with accretionary lapilli, presumably resulted
from large eruptive pulses, characteristic of hydrovol-
canic eruption, were encountered SE of Al Urban
village. In addition, numerous occurrences of dia-
tremes with occasional presence of herzolites are
partially exposed along new road cuts. Furthermore,
a well bedded pyroclastic materials appear to be
sandwiched between lava flows of the YLS were
also observed at Wadi Mugaitilah (32°02'10" N,
13°12'20"E). Based on position relative to source,
these rocks are divided into vent [acies, near-souce
facies and distal or fluvial facies as was recognized
elsewhere by many writers (R. Walker, 1984: Fisher
and Schmincke, 1984; Cas and Wright, 1988). The
characteristics which gave clues to the mode of de-
position or environmental condition, or both, at the
time of emplacement, are emphasized. These are
described in descending order of frequency of occur-
rence and also in descending order of aggregate
volume of preserved deposits as follows.

Vent Facies

Numerous occurrences are partially exposed along
wadi systems or new road cuts. At Kabdet al Jamel
locality, there is a distinct area of pyroclastic rocks
which are separated from Kaf Tekut phonolite by
Wadi Qurdu and is entirely surrounded by Abu
Ghaylan Formation (Middle Jurassic). These rocks
are predominantly consolidated assemblages of pyro-
clasts. They are black, massive, poorly sorted deposi-
ts, consisted of a mixture of volcanic [ragments
(=>90% of lapilli tuff) and sedimentary materials
(approximately 5cm in diameter). Matrix-supported
blocks (up to 80cm in diameter) of the underlying
sediments and volcanics are common.

In several other localities including Wadi Qurdu
and Wadi Qabil there are breccias which are restric-
ted to outcrops within existing wadi systems. These
deposits are uniformly massive, dull grey. Subangular
to subrounded fragmens 5cm. in diameter are com-
mon. Matrix-supported blocks of basic volcanics oc-
cur locally, as do a lew Mesozoic sedimentary rock
fragments. Dense and unvesiculated clasts of 10-
[5cm. diameter showing impressive ball — milling
were found associated with the pyroclastics of Wadi

Qurdu and Wadi Qabil. A whole rock chemical
analysis of two clasts show their alkaline character
(Table 2). Volcanic dykes, which cut through the
pyroclastics, range in width from 2m. to 15m. and
can be followed over a distance in excess of 100 m.

Abundant ultramafic xenoliths, thought to be de-
rived from the upper mantle, were found in the vent
facies and their associated dykes as well (al Urban
area, 200 m east of Ras al Masid). The latter are
known for their abundance of ultramafic nodules
(Busrewil and Wadsworth, 1980). This may suggest
that magma composition and pyroclastic eruption
appear to be related. Mineralogically, they comprise
variable proportion of highly magnesian olivine, or-
thopyroxene and clinopyroxene, commonly together
with spinel (Busrewil and Wadsworth, in prep.). The
presence of associated ultramafic xenoliths and acci-
dental pieces of the underlying sediments as well as
the products of ball-milling and the overall strati-
graphic position demonstrate that these [ragmentary
materials are obviously volcanic vents. The ascending
magma may have intruded through reactivated faults
and the deposits may have been formed initialy by
vent opening phreatomagmatic activity. Renewal of
volcanism in the form of localized dykes cutting in
the middle part of the vent facies deposits may be
related to lack or decrease in the efficiency of
water/melt interaction as all observed [ractures are
filled with secondary minerals (mostly calcite).

Proximal Facies

This facies represent the northern part of Wadi
Ghan pyroclastic deposits. The pyroclastics itself are
approximately 15 m thick and consists of small frag-
ments cemented together in a calcareous matrix.
These fragments are all subangular (up to 3cm in
diameter) and apparently 80% basic rocks and 20%
sediments. The lower part of the exposed facies show
trough cross-bedding while the upper part is massive.
Compared with the distal facies it is darker in colour
and show very little or no systematic lateral and
vertical variation in clast content, size and composi-
tion. It is suggested that the near-source facies, par-
tialy exposed at this locality, may have been formed
initially by vent opening phreatic-phreatomagmatic
explosion. Unlike the vent facies it appears to have
been remobilized shortly after deposition within poss-
ibly an old valley or a vent flank or a cut-off channel.

Distal Facies

These pyroclastics are best displayed in the walls of
Wadi Ghan area for over 1 km stretch. The deposits
were first described by Hey (1962) as a “mud flow”
with uncertain climatic or volcanic origin. They are
unconformably underlain by the Ain Tobi Member of
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Cenomanian age and overlain sharply by Qasr al Haj
Formation of Pleistocene age. At its head, this facies
appears as massive water-laid volcanic breccias. It is
dark grey in colour, approximately 6 m thick and
consists of small fragments (basalt & sediments)
cemented together in a calcareous matrix. The clasts,
1-4 cm, are subangular to subrounded and poorly
sorted.

The massive unit passes down-flow within some
300 m to cross-bedded subfacies. Halfway along the
direction of transport, a vent facies cutting this distal
facies can be observed. Both of which were intruded
by a basanitic dyke. The source of the reworked
pyroclastics is thought to have resulted initially from
localized explosive volcanism at or near the catchmet
area of Wadi Ghan. The products of which were later
transported with local sediments to its present day
position. The presence of few tuff cones in the area of
study may reinforce this conclusion. From the previ-
ous examples, it seems clear that the three types of
pyroclastic rocks have much in common in terms of
lithologies, nonectheless, they are distinct in both
appearance and mode of emplacement.

RADIOMETRIC DATING

Piccoli (1970) made preliminary measurements of
rocks from the Gharyan Volcanic Province which has
provided K-Ar results around 52, 35.5 Ma for the old
lava series, 37.9, 39.7, 40.7Ma for the isolated
phonolite masses, 29.5, 5.7, 3.5 Ma for the young lava
series from Wadi Ghan and Bani Walid areas. He
also reported ages of 11.5 and 8.5 Ma for two isolated
shield volcanoes (Rus Al Moher and Tebrah). Further
age determination by Ade-Hall et al., (1975) yielded a
young ages of 2-6 Ma from sites in the northern part
of the main lava field. From Ade-Hall et al., (1975)
description of the localities, these samples appear to
have been collected from the YLS. They have con-
sidered that the ages of the plateau lavas (OLS) are
much younger than indicated by Piccoli (1970) and
attributed this discrepancy to excess argon.

The present work presented six new whole rock
K-Ar age data (Table 1). This is supplemented by
unpublished data by Mobil. Based on age data and
field observation the following suggestions are made.

1. Piccoli (1970) suggested that the OLS was ex-
truded from fissure sources during Early Focene
(52 Ma). It is asssumed, until further age data are
obtained, that such ages must remain conjectural,
as no new data are available to substantiate such
igneous activity.

The whole-rock ages for the phonolites, obtained
from three different laboratories do cluster heav-
ily around 40 Ma (Piccoli, 1970; Table 1). This
suggests that the data are of value and supports

!\)

an Eocene age for the early emplacement of the
phonolites. It also suggestive of relatively long
emplacement history spanning an interval of ap-
proximately 10 Ma. After long period of quiesc-
ence another phase of igneous activity led to the
emplacement of the LVC and the YLS.

3. The 29 Ma age dating of a basalt sample from
Wadi Ghan (Piccoli, 1970) should be considered
suspect as a much younger age was obtained by
Mobil from the same locality (2.6 Ma). The latter
age is consistent with field observations and lies
within the age range of the YLS. Two discrete
episodes of the YLS are present and can best be
seen in Wadi al Hamam area. The youngest of
these may be of Holocene age.

4. Renewal of volcanism in the form of localized
explosive volcanism is developed and resulted in
the emplacement of tuff cones and intrusive as
well as reworked pyroclastics. Field evidence sug-
gests that this phase of igneous activity must be
geologically very young (Pleistocene — Holocene)
and could be contemporaneous with the em-
placement of volcanic dykes and the extrusion of
the last episode of the YLS.

PETROGRAPHY

The Lava Series (OLS and YLS)

These rocks are coarse grained compared with the
basanitic suite. The phenocrysts consist exclusively of
olivine and pyroxene but they are rarely abundant.
Olivine phenocrysts are rounded to subhedral in
shape and are partly iddingsitized, particularly in the
peripheral zones. Clinopyroxene phenocrysts are
usualy pale brown augite and exhibit slight zoning.
The groundmass consists of plagioclase, pale brown
augite, granular olivine and opaque oxides (Table 3).
Plagioclase forms the dominant phase in all sections

Table 3. Microprobe analysis of selected minerals from GVP*

Rock Type Pheonolite Basaltic andesites
Rock No G66!  Ge6*  Ge6* Gllet Gl9® Gl19¢
5i0, 44.81 66.25 39.21 51.68 55.08 36.40
TiO, - 6.61 095 s -
Al,O4 32.83 19.66 13.78 4.8 20.35 -
FeO 0.63 0.18 9.54 691 0.45 33.99
MgO = - 13.69 15.71 = 29.70
CaO - 0.13 11.86 20.23 11.59 0.33
Na,O 1742 531 2.65 - 4.98 =
K,0 3.96 943 1.18 - 0.17 -
MnO - = 0.09 015 0.07 0.50
Total 9965 10096 9843 9981 101.69 10052

1 =Nepheline; 2=K. Feldspar; 3=Kaersutite; 4= Augite; 5=Pla-
gioclase {An,,); 6=0livine (Fo,,). *="for Gharyan basanitic suite
see Busrewil and Wadsworth (1980).
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studied, exhibits slight normal zoning and occurs as
tabular crystals. Albite twinning is common but com-
bined carlsbad-albite twinning is often developed.
The titaniferous oxides are abundant in the rocks and
seem to belong to magnetite — ilmenite assemblages.
Apatite needles are sparsely disseminated throughout
the rocks.

Phonolites

Many of the phonolites are virtually aphyric but
some of them are porphyritic. The phenocrysts in-
clude, in order of decreasing abundance, alkali feld-
spar, nepheline, amphibole, iron-titanium oxides and
sphene. The alkali feldspar is represented by sparsely
scattered phenocrysts of sanidine and to less extent of
anorthoclase. Both types of alkali feldspar are locally
zoned, have a patchy extinction and exhibit a smail
degree of late stage hydrothermal alteration in which
the feldspar is altered to sericite. Small euthedral
nephelines also occur as rectangular phenocrysts and
are most abundant in the more sodic phonolites
(Fig. 4). Phenocrysts of clinopyroxene are pale green
to pale brown, weakly pleochroic sodic augite
and occasionally a deep brown resorbed variety is

Fig. 4. Phenocrysts of anorthoclase, nepheline (top left)
and augite set in a fine-gtained groundness; X 35: X PL.

Fig. 5.
fine-grained groundmass; X 35; X PL,

Fig. 6. Typical fine-grained phonolite. Alkali feldspar and
aegirine form the bulk of the crystalline phases together
with opaque oxides; X35, X PL.

locally recognised in some sections (Table 3). Phenoc-
rysts of sodic amphiboles occur sporadically (Fig. 5).
Dark brown kaersutite phenocrysts are mantled by
granular clinopyroxene and opaque oxides. Similar
aggregates without kaersutite cores are interpreted as
completely resorbed amphibole crystals. Equant
grains of iron ores are present as microphenocrysts
whereas sphene occurs as euhedral grains. The
groundmass is fine (trachytic texture) and consists of
alkali feldspar laths (and maybe feldspathoid), laths
are extremely ill-defined with marked patchy extinc-
tion (Fig. 6). The aegirine is found as minute grains
which are strongly pleochroic with marked greenish
colour. The iron ore is liberally scattered as inter-
stitial patches throughout the groundmass. Apatite
forms needle-shaped inclusions while the analcime
makes up cloudy patches replacing the former groun-
dmass. Deformation fabrics within the phonolites are
lacking and this clearly indicates that the intrusions
occurred prior to any significant crystallization of
magma as this is typical of high-level forceful intru-
sions.

Basanitic Suite

Almost all the olivine basalts are characterised by
the absence of plagioclase phenocrysts and by abun-
dance ol clinopyroxene and olivine phenocrysts. The
clinopyroxene phenocrysts ofien occur in small clus-
ters and individual crystals frequently display hour-
glass zoning. They are rarely pleochroic, though very
occasionally they have mauve pleochroic rims, prob-
ably enriched in Ti. The olivine phenocrysts are often
colourless, generally unzoned, unhedral or subhedral
in shape and are commonly idingsitized. Large ol-
ivines (but less abundant anhedral variety) are now
more magnesium-rich (Fogy) and show evidence of
deformation. These are interpreted as xenocrysts de-
rived by fragmentation of the lherzolites. The com-
postion of resorbed olivine xenocrysts are similar to
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those of olivines from the ultramafic xenoliths (Bus-
rewil and Wadsworth, 1980). Orthopyroxene grains
also occur locally and probably also resulted from
distintegration of ultrabasic inclusions. The ground-
mass of the olivine basalt is on the whole very fine
grained and glassy patches are not unusual. In addi-
tion it contains a high percentage of ore minerals and
randomly oriented laths of plagioclase, olivine and
titanaugite. Nepheline and/or analcime, although
they may be present, have not been identified under
the microscope. The aphyric types are identical tex-
turally to the groundmass of the porphyritic types.

Many hawaiites are texturally indistinguishable
from the olivine basalts, although olivine and augite
are almost always coexisting phases (where they are
present). Their only difference being the bulk chemis-
try. The groundmass of typical hawaiites tends to be
less mafic than the basalts. It comprises very fine
grained plagioclase laths associated with iron-oxides,
clinpyroxene and olivine groundmass. Apatite and
iron oxides are common accessores.

The mugearites are pedominantly aphyric. The
groundmass is nearly the same colour as the
hawaiites except in the reduction of olivine and to
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lesser extent clinopyroxenes. The plagioclase consists
almost entirely of very fine grained laths. Larger
microphenocrysts of pale green pyroxene and colour-
less olivine are encountered.

CHEMISTRY

Average chemical composition of the several
groups from the GVP are listed in Table2 and
pertinent features of the alkalies are plotted on TAS
variation diagram (Fig. 2). Although the petrology of
these rocks will be the subject of a further contribu-
tion, the variation of selected major and trace el-
ements against S.I. is deliberately presented to sup-
port the three fold divisions of th GVP (Figs. 7-8).
The phonolite analyses are conspicuous features and
obviously form a discrete group with very clear
separation from other groups. The plateau lava
(OLS + YLS) has a narrow compositional range and
attains a differentiation index (D.l.) between 35-40
(Almond et al, 1974; Busrewil, 1974). This suggests
that they are not primary magma, but rather frac-
tionated melts derived from a primary magma. In
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Si0., MnO, TiO, and P.O; vs Solidification Index (S.I.) for Gharyan volcanics.
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Fig. 8. Rb, Nd, Sr, Ce, Zr and Y vs Solidification Index
(S.1.) for Gharyan volcanics.

addition most of the analysed rocks contain norma-
tive hypersthene and were thus named transitional
hawaiites by Busrewil, (1974). Utilizing the parameters
Total Alkali-Silica diagram for the chemical classifi-
cation of volcanic rocks (Le Bas et al., 1986, 92) they
lie in the basalt andesite field (Fig. 2). The basanitic
suit as a whole is strongly sodic with Na,0/K,O
ratio exceeding 2:1 (Table 2). Compared with the QLS
and YLS, they cover a much wider range (Basalt-
hawaiite-mugearite) of composition. They also con-
tain less 8i0», Al,O; and exhibit a more pronounced
enrichment of the minor elements (TiO,, P,Os,
MnO, K,O, Na,O) and most of the trace elements
(Figs. 7-8) compared with the lava series of similar
S.I. values. This difference emphasises the individuality
of the basanitic rocks when compared with the old
and young lavas series and may be related to higher
pressure fractionation or lower degrees of partial
melting of upper mantle materials (Busrewil and
Wadsworth, 1980).

The volcanic mfaterials of the vent facies, although,
altered, are mafic, very poor in silica and high in
MgO (Table 2) suggesting little or no fractionation
since equilibration of magma with mantle materials.

DISCUSSION

In Tertiary time the Gharyan area has been the site
of extensive alkaline volcanism that has continued

(but with interruption) to recent times and resulted in
the emplacement of three suites of alkalic rocks. The
products of the OLS and YLS were mildly basaltic
andesites. These subalkaline rocks are by far the
dominant rock type exposed on east Jabal Nafusah.
They show no evidence of wide spread differentiation
and form the lava plateau field. Similar subalkaline
rocks were described from central Libya (Busrewil
and Suwesi, 1993) and Ethiopia (Mohr and Zanettin,
1988). The phonolites form prominent isolated dome-
shaped intrusions and display a variety of contact
relationships with the associated Mesozoic sediments.
In a few places the phonolites were intruded by the
basanitic dykes (e.g. Kabdat al Jamal area) but no-
where show tontact with the plateau lava. They are
much older than the associated basanitic rocks and
were thus interpreted as an ultimate residue of frac-
tionation from an undersaturated basic parental melt
at depth (Almond et al., 1974). Similar suggestion was
envisaged for the evolution of Harrat Kishb
phonolites of Saudi Arabia (Camp et al., 1992).

The LVC are, for the most part, extrusive (volcanic
cones, shield volcanoes). However, there is a possibil-
ity that in some instances the dykes had an intact
roof, and the magma never reached to the surface.
The rocks themselves display a particularly rather
wide variety of rock types (olivine basalt — hawaiite —
mugearite). The more evolved varieties are exposed at
only few localites and appear to constitute a very
small volume of eruptive products (less than 2% in
areal extent). The parental melts are thought to have
been moved rapidly from depth to higher Ievels,
where most of the chemical variation is produced by
low pressure crystal fractionation (Busrewil and
Wadsworth, 1980).

The pyroclastic rocks are predominantly con-
solidated assemblages of volcanic fragments. Based
on field criteria, these rocks are divided into source
or vent [acis, near-source facies and distal facies. The
source facies are thought to be related to pyroclastic
dykes and tuff cones and their origin seems to be due
to interaction between magma and subsurface water.
The abundance of ultramafic nodules in this facies is
a clear testimony to their rapid flow rate through the
crust. The souce of the reworked pyroclastic rocks
(near-source and distal facies) is probably related to
these localised explosive volcanism. The products of
which were later transported by wadi system to their
present localities.

Radiometric dating of the GVP has been confined
to limited number of K-Ar whole rock. Despite their
inherent flaws (inherited Ar and/or Ar loss) existing
K-Ar ages for the GVP do cluster heavily in two
discrete episodes (around 40 Ma for the phonolites
and 10-1 Ma for the LVC and YLS. There is thus an
agreement that the two periods witnessed the em-
placement of phonolites, the extrusion of volcanic
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cones and pyroclastic rocks as well as the outpouring
of the YLS. The age of the OLS has been much
debated (Ade-Hall et al., 1975) and the existing data
emphasize the need for better understanding of rela-
tive age distribution within the GVP.
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Foraminiferal Study of the Miocene From Well D2-NC41,
Northwestern Offshore, Libya
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Abstract.  Analysis of the foraminiferal contents of nthonic  foraminiferal  species  Elphidium  spp.,
twenty cutting samples from the subsurface section of Peneroplis spp., Borelis melo, and Quingueloculing spp.
well D2-NC41, offshore NW Libya, covering the would indicate continuous shallowing during the de-
Middle Miocene-lowermost Pliocene Al Mayah ( part) position of the upper Al Mayah Formation ( Serraval-
Tubtah, Marsa Zouvaghah, and Sbabil (part) Forma- lian), the Tubtah Formation (Tortonian), and the
tions, has resulted in the recognition of 38 planktonic Marsa Zouaghah Formation ( Messinian). The Shabil
and 83 benthonic foraminiferal species. Formation (Pliocene) deposition commenced with

Planktonic Foraminifera at the lower part of the more deep marine environment indicated by the new
section indicate Zone N8 of Blow (1969, 1979) of appearance of plankronic Foraminifera.

Langhian age { = Praeorbulina glomerosa glomerosa
Zone). Zones N9-N18 indicating Serravallian — lower-
most Lower Pliocene are not precisely determined due
to the lack of planktonic Foraminifera.

The lower part of the section is relatively rich in
planktonic Foraminifera (25 species) indicating deep
water paleoenvironment. Upward the section a notice-
able decrease and/or absence of planktonic Foraminif-
era, and the increase and/or first appearance of be-

INTRODUCTION

This study is part of a large micropalaeontological
project of the Oligiocene—Pliocene of the Tarabulus
Basin, Pelagian Platform, offshore northwestern
Libya which is being carried out by the Petroleum
Research Centre, Tripoli, to re-evaluate its
foraminiferal contents, biostratigraphy, palaeoecol-
ogy, stratigraphy and correlation with neighbouring
* Petroleum Rescarch Centre, P.O. Box 6431, Tripoli, G.S.P.L.AL. areas.

25




26 Abusrewil

More than 50 exploratory wells have been drilled
in this area. Many other biostratigraphical inves-
tigations have been published (Van Hinte et al., 1980;
Hammuda et al., 1985; Eliagoubi, 1986, Hammuda
et al, 1991). On onshore areas of NW Libya Salem
and Spreng (1980), and Sherif (1991) published more
detailed studies on Miocene biostratigraphy of Al
Khums Formation.

Well D2-NC41 which is situated in the centre of
the Tarabulus Basin, (Fig. 1) was drilled in 1977. It
penetrated a sedimentary sequence of 123771t
(3772.5m) ranging in age from Cenomanian to
Pliocene. The sea bed was encountered at 545 ft
(166 m) and the first recovery at 805 ft (245 m) within
the Sbabil Formation.

Twenty cutting samples were processed using stan-
dard  micropalacontological  techniques.  The
Foraminifera were picked and partly identified at the
Geology Department, Glasgow University, United
Kingdom. The benthonic Foraminifera were photo-
graphed using scanning-electron microscope and 9
plates were prepared. The planktonic Foraminifera
and other additional benthonic Foraminifera from
the same samples were indentified at the Petroleum

- Research Centre, Tripoli, Libya. The nomenclature of
Foraminifera is mainly based on those by Loeblich
and Tappan (1964, 1988).
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Fig. 1. Location map of the study area.

STRATIGRAPHY

The studied sequence in well D2-NC41 consists of
four rock units, these are in ascending order:
Al Mayah Formation

Al Mayah Formation in well D2-NC41 consists of
2945 [t {depth 4990 {t-2045 ft) sequence of silty and

sandy clays and shales with levels of sand. Originally
the name “Mahmoud Formation” was given to the
lower 1378 ft and the name “Beglia Formation” to the
1567ft by Costa and Fandi (1977), however, the
whole sequence is attributed to Al Mayah Formation
(Hammuda et al,, 1985, pp. 25-32, 129-133).

Tubtah Formation

The Tubtah Formation in well D2-NC41 consists
of 815 ft (depth 2045 ft—1230 ft) sequence of limestone
(wackestone/packestone), grey green clay with levels
of wackestone, and limestone (wackestone, locally
boundstone), sometimes oolitic. Originally, Costa and
Fandi (1977) considered this interval to belong to the
upper part of the “Beglia Formation”,

Marsa Zouaghah Formation

The Marsa Zouaghah Formation in well D2-NC41
consists of 360t (depth 870 ft-1230ft) sequence of
crystalline gypsum with levels of white, fossiliferous,
slighty dolomitic limestone (wackestone/packestone).
Costa and Fandi (1977) considered this interval as the
“Saoual Formation” which is unconformably over-
lain by “Raf Raf Formation” (=Sbabil Formation of
Hammuda et al., 1985).

Shabil Formation

Only the lower 65ft (depth 870 ft-805ft) of this
formation had been recovered from this well, how-
ever, the sea bed is at 545 ft giving possible thickness
of 325ft. The Sbabil Formation at this location
consists of a sequence of mudstone and wackestone
with interbeds of clay beds unconformably overlying
the Marsa Zouaghah Formation.

BIOSTRATIGRAPHY

Planktonic Foraminifera

Thirty four planktonic forminiferal species have
been identified (Fig. 2), they are: Globigerina cf. aper-
tura CUSHMAN, G. brazieri JENKINS, G. connecta
JENKINS, G. eximia TODD, G. cf. falconensis BLOW, G.
cf. globularis ROEMER, G. venezuelana HEDBERG;
Globigerinita glutinata (EGGER), Gt. uvula (EHREN-
BERG); Globigerinoides apertasuturalis JENKINS, G,
bisphericus TODD, Gn, cl. bollii BLOW, Gn. bullatus
CHANG, Gn. dinapolii OGNIBEN, Gn. extremus BOLLI,
Gn. immaturus LEROY, Gn. muratai ASSANO, Gn. ob-
liguus BOLLI, Gn. quadrilobatus (D’ORBIGNY), Gn.
parawoodi KELLER, Gn. sacculifer (BRADY), Gn. sub-
sacculifer CITA, PRIMOLI SILVA and ROSSI, Gn. frilobus
(REUSS); Globigerinopsoides algeriana CITA and MAZ-
ZOLA; Globoquadrina dehiscens (CUSHMAN, PARR and



27

Foraminiferal Study of the Miocene from Well D2-NC41

BAQIT MN 210USEO “[FDN-TA [[9M JO 9U3001[] 1SOWIIMOT-U0IA 2Y) Ul Biojunueio,] omoiyued jo uonnquisiq 7 ‘big

WLIIA|ON BONGIQ
snuwariea sapjounadigo)y o
Saiaes sapossadigoln o
iioq 33 s3pioutraiigoln
VEIIAIUN ') { LSS o
ds sprdoueradigoyn
poaseind sapjoupadiqoln
ER0)jSUTY) BUpNGIoIEL]
ds yuppnboqoin
wneyi o) waupenbogoyn
su3as14ap vupspenbogeln
suzpanzauaa eumadiqo)
fsuauoa|v] vuisadigo|n)
winpade 73 supadiqo)n
sanbyqo sapjoutadiqoln L
sunjrmmpead 55
ruopsoL) “2g ~namagdng 50
snqaju) sapjouadiqoein o
r)30u03 vmsiigo)n
Jajynaansqus saplounadiqo)ny o o
EIEnw sapjouuaiiqo)n &
SRR Fpiouadinon o o
snegopupunb sapiounsadigopsy ]
snjepng s2pioutathiqoyn o

o

cmoo

o0pooo0oO0

0000

wnan L___u_.._n_au_u
wovpadw saprosdounsadiqo)n

spennseade 50

Imns 3 wuloqIQ
suamopd ssasawod ‘groansy
waand wsosawopd ‘qaoavsyg
SN usesawop qroansy a
suvinqoiB  vupsdiqern
papmq vuLsigoly

o
a0 oo
o
o

iy Hadigoyyy
133)nE ©IPIO[EIIOGOL)
wuepngd eyusdiqorn

SIS orguod]  Teves | FUSTNOZ HvlendL | H v A v W 1 v L

39v1S n3o0nd | nwwssaw O NvINOLwOL NVITIvAVHYEIS NY Il HSNUVY T LIV AR

NOLIVNOZ SIN FAL BN oW a0 NVINVLINDY

LINIWNOHIANS TveoLu | ' N08, | weodivid moTTvHs a3iomisau | wupaivld 9330 0L MOTIVES N3O WHOd 1V 1d 43433 q =2

INOZOIE vQOJvH1SO | THOITIW -

SO
WAIGIHETS | 1HY0038°Y 01 3 W S 1 1 3 4 0 9 'ddS  YNIINBH03VHd | oleed

INIJ30 | SNZ00IN
39VLS / SE3S| ooy | Nadon i N 3 2 0 | W 3 1 a a 1 W (NVIHONYT) INI30IW ¥3mo" | NONvLINDvosa
NOILYWHOS 4vd 4wy 4Ynovs v I 1 9 3 g a n O W H v W ‘03 UNLVLIN s

T SI700 | A 5]
NOILdIH0s3d 108 + "5drn | sai- oo |« Ao | SANE | avoisanvs @ oNYS ATVHS 40 ST3A3T + AVTD ALTS "Av12 8 3VHS A,
re I Lo et v (E e I S | i 1 [ i T | : e
907 - ASOTOHLIN g wahljﬁ_,_;-l L i e e s L R B G B R
i i ,LL,-Ill.n: 1t e O O e e PO O PO T o O Tt N o O O I o T O | N A e o

o
00 0oo

2.0
W]

[ RN |
|
L |

14 HLJ3a 371dWvS

840"
aros
nrol
12304
1250
1380
1560
2045
2200 ~
2740
361
3800
60
660

1000

1500

2500

2004
4000
14500

2000}




Abusrewil

28

2AQIT PN QIOYSHO THFON-T [[9M JO 9UI0I[J 1SOULIIMOTT-IUIDOIA AN Ul RIIUIWEIO,] JWWOYIUq JO UONNqUISK] ‘£ f14

EJEUILINIE BUESOpON
enbnue ey d
epidsiy TunoBian 9
eupfeund vupabian
BERIND BUYNIjUST] e
wnuesapeq sjuojay
SiuuojY euinuag
HERI08 '} euipjoudn
de eupiotdg
rdds gupunuejaky a
twnueanog uojuop Q ) o Q
TRIda) 11TI3aq BUoWwWy. 2 4 o
+14B393q |89 EjuoWLNS L ° L] 0o o o
wnuaApe wnipiydig o
widspa wnppdg L & eiopa ° ©
SEmapos el
ELID BUIAlj0g
EFUAINOE EujugmE o
paBemyas cupsbinn o
S|EUajuotog ruuabian a
sninjeqo| seplaig)y e o o
‘eezwlAd vupabian a
qeuwnae gupabian
eiana eupebian o o o
de pupnpue|Bopnasy
smouaeid sapjucdy < e
lluepjas *fa TuEiNyXD)
nessagiaiyas sapiuodacap o ¢ e o o o
esago euynujisepy
Enesy sujnuliey o
GeupEa rujesd|dosdg
Iuabuipieyans sop)
nsabuiprey sap)
BjEIS0a eujl
snuepabunopnasd g oo o
snuepofiun sap)!

0 ooo

©oco0O0ococo0Oo0RECC 0RO

000000

a ©
o RoDB QO

20 o0op oo
e oo
o

oCoace
<
o
o

spefijna eugnaojenbump oo ° o a
vunsseps eupabian oo
SjuLoe eulpioitn

0co0D DG COGOO

a
ooo0o 00

Tavas | NTRE0Z Hvianl | H v A ¥ W 1 v R

NYITv9105N8
J9YLS 3INI00INd zq_z_wmms_\ NYINOLHOL \ NVITIvYAYHYIS N Y I-H 9 N ¥ 1 NYINGLINDY
NOIIVNOZ 8IN JIN 6N 8N IN

LINIWNOHIANT Jveoru § 5300 [ wHO4lvid MOTIVHS 03lowisay | wHOdLvld 4330 0L MOTIVHS N3O WHOd4 1V d 43d33qg =
VODOVHLS0 | O - 150 : STTIAISSI
3INOZ OIS e 01 3 W S |17 3 ¥4 0 8@ ddS  VYNITNEH03IVvHd |00

39yLlS / S3y3g| NI b 3NN I N 3 2 0 I W 3 1 a a t w (NVIHONYT) 3NID0IN d3M0 | JWNFlinovye

NOILYWHO4 vy dvy 4vnovs v I g 9 3 8 a n O W H v W 03 YNIVLEN
d-M 2L.L700 ‘M ‘SON
NOILdI¥d530 100 + 5dA9 | 15AH- o s o | 39

7 Iz P A H A e vt o [ {1
BN (IR I o o o o A T St S A R S S O B | Wik
4 L3 [ e e L AT I O R e G B |

=0

‘HS + A¥TD

INOLSONVS 8 ONVS ATVHS 40 ST3A37 + AVID ALIS ‘A¥ID ® 3VHS AONVS 5055

9071 - A90TOHLITH >
14 Hid3a 3 TdWvs|

Q

S

B40:

B704s
1260
1250°
1360

L
2045
2200
2740

a2Ed-
4660

4000
lasa]




29

from Well D2-NC41

locene

feral Study of the Mi

ini

Foram

uonenunuo)  f By

vunuoaeid eujAlog
ungsueydat |3 epesopopy
Tesasdep eujjnaojoudg
Tnapne spauey
TIEBs0s eunuiBiey
Sisuaiaya eujjnuBiapy
essudop oBilyg
es0qqi@ suueq
esoBruopnasd eurmxay
snuzydes eHEsopoy
L1y 2 CRATTTELTETTEE
|iUEp|Os BURNIXD]
s|u03jq *f3 vuynIoanbing
wnjesasy) whjpydig
wneajnae wnipydig a
®Buo|qo *ja ruynacjanbing
wnynupw wnipydiy
wnjjasew wnippydig o
wnjenagie o wnpydig
swispnd wjjawoisebapy o
wiadse eujjnogjanbung
oW sjjauog
dia co
n o
siujodjBue) 4o “piydjaatquy oa
wnjruejdwos wnippygd|g
dr sijdounuag o a El

esobnt o spenyxa) L
[rEsHo sljdalovay acco ©
Teuyenq eufjnaojenbuing
wnjnujas eujnacpnbuing o oogoo [ o
B|SUF|LIEL *)3 TURINJXD)
eini0es eueinixa)
Ejeinagas euyuoyd)g
cidsppe Ja vuiposAn
TUTIANDY BRMETUTH oa o
S|SUDUEZE|R ‘f2 BUBMIING
Rul =upaBian
ourjuosupjred |j1Ea0aq Wiy
TiTIe|ip Bugajog
Snufatjey sapjoulEwouy o o
wsoBny gugnuelq
wmenbijqo wnjusBojesAiyg
Sjunwioa eujjepuog

53133dS

o
eapopeool

a

cooo

o
a
a
o

a0 ot

oo opoeo o

a

cpoaopg oo

o

)

o
a

[GWE0d  ieves | HYRSYROZ Hvignui | H v A v W 3 v w58

39Y1S anN3o0Td | wwinissaw N Y INOLHOL / NYITIVAVHHIS NY | HO9 N Y T Ny
| [0 4 BIN ITH NVINVLINOY
I NOIIVN 6N 8N A

LNIWNOHIANI waor | 08| We0dlvid moTvHs  aarowisay | wHodlvid 330 0L MOTIVHS N3O WHO4d LY 1d 43d33qg ==

YADJIYHLSO | "HOITIW - 1S0
3INOZOIE D e 01 3 W s | 1 3 ¥4 0 8 ‘dd s YNIINBYO3IVHd |, SHassd

3ovis ¢/ s3w3g| oo, 1 20w 3N 3 2 0 | W i 1 ¢ a | W (NVIHONYT) INIO0IN H3IMOT NYINV1INDY 0z

3N3D0IN
NOILYWYHO4 ELEIEL ni:.oqm 1 9 3 a 3 - = 5 = = . -
NOILdIHIS3a d —M o100

100 + 'SdAD | LSO W= /A INOLSANYS 8 ONVS ATVHS 40 §13A3T + AVID ALTIS 'AVID 8@ 3IVHS o e =055
=3 = - = *
907 - ASOTOHLIT mﬁ% sl O TN B B I .
ferd | 1 [+ 19 10 L !

L] L S I
14 HId3a 3Tdvs| L

L L S B I o T T T T T T

[ AR o 1 B

i

= -
g g
i &

[GI%]

1504
2500
ood

3500 - =
Wi -
3612
aeonq
60
4660




30 Abusrewil

COLLINS), Gq. langhiana CITA and GELATL
Globorotaloides  suteri BOLLL,  Orbulina  bilobata
(D'ORBIGNY), O. cl. suturalis BRONNIMANN, O. univer-
sad  DORBIGNY; Praeorbulina glomerosa circularis
(BLOW), Pr. glomerosa curva (BLOW), Pr. glomerosa
glomerosa (BLOW) and Pr. tranistoria (BLOW).

Benthonic FForaminifera

Eighty five benthonic foraminiferal species have
been identified (Fig. 3). They are: A. Anomalinoides
helicinus (COSTA): Anmonia becearii beccarii (LINNE),
A. beccarii parkinsoniana (D’ORBIGNY), A. beccarrii
tepida (CUSHMAN): Bolivina cf. antiqua D’ORBIGNY, B.
arta MACFADYEN, B. dilatata REUSS, B. placentina
ZANMATTI, B. reticulata VON HANTKEN; Borelis melo
(FICHTEL and MOLL); Bulimina aculetata D'ORBIGNY,
B. cf. alazanensis CUSHMAN, B. costata D'ORBIGNY;
Cancris  auricnla  (FICHTEL and MOLL); Clrysa-
logonium  obliquarum (BATSCH); Cibicides lobatulus
(WALKER and JAcoB), Cibicidoides dutemplei (D’OR-
BIGNY), C. haidingerii (BRADY), C. pseudoungerianus
(CUSHMAN), C. subhaidingerii (PARR), C. ungerianus
(D'ORBIGNY),  Cribroelphidium — cl.  longipointis
(SHCHEDRINA); Cyclammina sp.. Dentaling conununis
(D'ORBIGNY), D. filiformis (D'ORBIGNY); Dorothia gib-
hosa (D'ORBIGNYY);, Elphidiun acufeatiim (D'ORBIGNY),
E. advenum (CUSHMAN), E. cl. articulatum (DOR-
BIGNY), E. complanatim (D’ORBIGNY), E. crispum
(LINNE), E. fichteliwmun (D'ORBIGNY), E. incertum
(WILLIAMSON), E. macellunm (FICHTEL and MOLL), E.
minuttm  (REUSS),  Eponides  praecincius KARRER;
Gyroidina altiformis (CUSHMAN), G. altispira CUSH-
MAN and STAINFORTH, G. cl. soldanii (DORBIGNY), G.
sp.; Hanzawaia bouneana (D'ORBIGNY); Lenticuling cul-
trata (DEEMONTFORT), L. rotulata (LAMARCK); Mar-
ginuling cherensis TEDESCHI and ZANMATTI, M. costa
(BATSCH), M. hirsuta D'ORBIGNY, M. obesa CUSH-
MAN: Megastomella purisima (BRAMLETTE);, Meloniis
barleeamint (WILLIAMSON); Neoeponides schreiberseii
(D'ORBIGNY). Nodosaria acuminata HANTKEN. N. cf.
raphanistrum (LINNE'), N. raphanus (LINNE'), Nonion
boueanum (D'ORBIGNY).  Peneroplis carinata  SIL-
VESTRI, P. ¢ristata SILVESTRI, P. sp., Planulina rugosa
(PHLEGER and PARKER); Pseudoglandulina sp.; Pyrgo
depress (D'ORBIGNY), Quingueloculing aspera D'OR-
BIGNY, Q. bicarinata DYORBIGNY, Q. cl. bhicornis
(WALKER and JACOB), Q. oblonga (MONTAGU). Q.
seminulim (LINNE), Q. vulgaris D'ORBIGNY; Siphonina
reticulata (CZIEK); Spiroloculing depressa D'ORBIGNY,
S. excavata DORBIGNY: Textularia cl. marielensis
LALICKER and BERMUDEZ, T. pseudorugosa LA-
CROIX, T cf. rugosa cOSTA, T. sagittula DEFRANCE,
T. cf. soldanii FORNASINI, T soldanii FORNASINI;
Urigering acuminata HOSIUS, U. bononiensis FOR-
NASINL, U. flinti CUSHMAN, U. hispida SCHWAGER, U.
peregrina CUSHMAN, U. pygmaea D'ORBIGNY, U.

rutila CUSHMAN and TODD, U. schwageri BRADY, U.
striatissima PERCONIG; and Virginulinella sp.

AGE DETERMINATION AND ZONATION
Planktonic Foraminifera

Miocene

1. Aquitanian: In the Mediterranean area the
Early Miocene boundary is taken at the base of the
Aquitanian at the first appearance ol Globogadrinag
dehiscens (laccarino, 1985). The Globoquadring dehis-
cens dehiscens Subzone (=Zone N4 and lower part of
Zone N5 of Blow 1969, 1979) of the Globoguadrina
dehiscens dehiscens — Catapsydrax dissimilis Zone was
correlated with the Aquitanian stage (laccarino,
op. cit., p. 285), the upper boundary was taken at the
first appearance of Globigerinoides altiaperturus
which is in coincidence with the interval from the first
appearance of Globiguadrina dehiscens dehiscens Lo
the first appearance of Glohigerinoides altiaperturus.
In well D2/NC41 the Aquitanian has not been en-
countered in the studied samples.

2. Burdigalian: laccarino (1985, pp. 285-286) [ol-
lowed Demmarcq et al. (1974, fide laccarino, op. cit.)
in their proposal of the second stratotype ol the
Burdigalian, they recognized Zones N3 (part), N6,
and N7 of Blow (1969, 1979) to which laccarino
(op. cit., p. 283) correlated the Globigerinoides al-
tiapertuius — Catapsydrax dissimilis Subzone ol the
Globoquadring  dehiscens dehiscens Zone and the
Globigerinoides-trilobus Zone coinciding with the
Burdigalian stage. The lower boundary ol the Bur-
digalian was taken at the first occurrence of
Globigerinoides altiaperturus and the upper boundary
at the lower boundary of the Langhian coincident
with the first occurrence of Praerorbulinag spp. and
Globoguadrina langhiana corresponding to the base of
Zone N8 of Blow (1969, 1979). In well D2/NC41 the
Burdigalian has not been encountered in the studied
samples. However, Costa and Fandi (1977) drawn the
base ol the Langhian 90 fi below sample 4900 (i.e. at
depth 4990 ft in well D2/NC41).

3. Langhian: Taccarino (19835), Berggren and Mil-
ler (1989), and Miller and Katz (1987, part) consider-
ed the first appearance ol Praerorbuling glomerosa
marking the lower boundary of Zone N§ of Blow
(1969, 1979) equivalent to the base of the Prueor-
bulina glomerosa Zone. laccarino (1985, p. 286) drawn
the upper boundary of the Praerorbuling glomerosu
Zone (=Zone N8) within the Langhian at the first
appearance of Orbulina saturalis marking the lower
boundary of the Orbuling suturalis Subzone of the 0.
suturalis — Globorotalia peripheroronda Zone corre-
sponding to the base of Zone N9. The upper bound-
ary ol the Langhian corresponds to the first appear-
ance of Orbuling wniversa marking the lower
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boundary of the Orbulina universa Subzone ol the O.
suturalis-Grt. peripheroronda Zone, an event which is
in coincidence with the last appearance of Praeor-
bulina glomerosa and thus identily the Langhian-Ser-
ravallian boundary (laccarino, op. cir.. p. 286, how-
ever, text-figure 4, p. 298 shows shorter range ol Pr.
glomerosa). Berggren and Miller (1989, p. 310) also
considered the first appearance of Orbuling saturalis
limiting the upper boudary of Zone N8 in the Lower
Miocene.

However, studics by Blow (1969, 1979). Stainlorth
et al. (1975), Kennett and Srinivasan (1983). Bolli and
Saunders (1985). Jenkins (1985), Belanger and Be-
rggren (1986) and McLaughlin (1989) considered the
Praeorbulina glomerosa Zone (=Zone N§ of Blow
1969, 1979) within the late Lower Miocene and the
upper boundary of the Zone limiting the lower
Middle Miocene boundary corresponding to the first
appearance of Orbulina suturalis. Blow (1969, 1979)
considered the Langhian equivalent to his Zones N9
— lower NI15 corresponding to the whole Middle
Miocene. Thus, based on the correlation with Tac-
carino (1985), Miller and Katz (1987), and Berggren
and Miller (1989) the Langhian is equivalent to Zones
N8 and lower N9 of Blow (1969, 1979) and equivalent
Zones corresponding to the interval from the first
appearance of Pracorbulina spp. to the first appear-
ance of Orbulina universa including the planktonic
foraminiferal zones, the Praeorbulina glomerosa Zone
and Orbulina suturalis Zone. In Well D2/NC41 this
stage (i.e. the Langhian) is represented by 13901t
{depth 3600-4990 ft) sequence in the lower part of the
studied Al Mayah Formation in accordance with the
total range ol Pracorbulina spp. The first appearance
of Orbulina spp. close to O. universe marking the top
of the Praeorbulina glomerosa Zone (=Zone NB8).

4. Serravallian: The first appearance of Orbulina
universa marks the lower boundary of the Serraval-
lian within the Middle Miocene of the Mediterranean
area (Agip Mineraria, 1957, 1980; and laccarino,
1985). Similarly, the first appearance of Orbulina spp.
was taken as the Middle Miocene lower boundary by
Stainforth et al. (1975) and Kennett and Srinivasan
(1983). Blow (1969, 1979) considered the Langhian
representing the Middle Miocene and drawn its up-
per boundary (i.e. the Middle/Upper Miocene bound-
ary) approximately at the middle of his Zone N15,
slightly below the Canadiana Datum and the
Globorotalia acostaensis Datum. Similarly Agip Min-
eraria (1957, 1980); Van Hinte er al. (1980), Belanger
and Berggren (1986), and Berggren and Miller (1989)
drawn the Middle Miocene upper boundary slightly
below the first occurrence of Neogloboguandrina acos-
taensis which appeared very early in the Late
Miocene limiting the lower boundary of Zone NI16.
laccarino (1985, pp. 285, 290, text-figures [-4) also
considered the upper boundary of the Middle

Miocene corresponding to the upper boundary of the
Serravallian slightly below the lower boundary of the
Globorotalia acostaensis Zone within the uppermost
Zone NI3 (=Globorotalia menardii Zone) corre-
sponding to the Middle/ Upper Miocene boundary in
the Mediterranean area. Stainforth et al. (1973), Ken-
nett and Srinivasan (1983). Bolli and Saunders (1985).
Miller and Katz (1987) and Mclaughlin (1989) took
the upper boundary of the Middle Miocene with the
first appearance of Globorotalia acostaensis. corre-
sponding to the upper boundary of the Glohorotaliu
menardii Zone (Stainforth er al. 1975 Bolh and
Saunders. 1985). In well D2 NC4!| the lower bound-
ary of the Serravallian is taken at the last appearance
of Pracorbulina spp. This boundary is taken as the
lower boundary of Zone N9 in accordance with Agip
Mineraria (1957, 1980). Stainforth et al.. (1973). Ken-
nett and Srinivasan (1983) and laccarino (1985). The
upper boundary of the Serravallian is not exactly
determined due to the lack of planktenic Foraminil-
era from the upper part of Al Mayah Formation in
this well.

5. Tortonian: The lower boundary of the Tor-
tonian (i.e. the Serravallian/Tortonian boundary) was
drawn at the first occurrence of Sphaeroidinellopsis
seminuling, Globigerinoides sacculifer, and Globigeri-
nita glutinata slightly above the first occurrence of
Globorotalia menardii and below the first occurrence
of Globorotalia acostaensis (Agip Mineraria, 1957,
1980). Van Hinte et al. (1980, p. 214) placed the
Tortonian lower boundary within the “Globororalia
menardii” Zone slighty below the first occurrence of
sinistrally coiled Globorotalia acostaensis. laccarino
(1985) following Cita and Blow (1969) (Fide lac-
carino, op. cit.) considered the lower boundary of the
type Tortonian falls within the uppermost part of
Zone NI15 slightly below the first occurrence of
Globorotalia acostaensis. Blow (1969) considered the
Middle Miocene (lower part of Zone NI5)/Late
Miocene (upper part of Zone N15) boundary corre-
sponding to the Langhian/Tortonian-Messinian
boundary at the Middle of Zone N15 (Globorotalia
(Turborotalia) continuosa Zone). Belanger and Be-
rggren (1986, pp. 326-329) and Berggren and Miller
(1989, pp. 310, 312} also considered the Middle
Miocene/Late Miocene boundary slightly below the
first occurrence of Neogloboquadrina acostaensis. Stu-
dies by Stainforth et al (1975), Kennett and
Srinivasan (1983), Bolli and Saunders (1985). and
McLaughlin (1989) took the first appearance of
Globorotalia acostaensis corresponding to the lower
boundary of Zone N16 (= Globorotalia acostaensis
Zone) in coincidence with Middle/Upper Miocene
boundary. Based on the lack of planktonic
Foraminifera above the base of the Serravallian in
well D2/NC41, the exact boundary of the Tortonian
is not determined, however, in accordance with pre-
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vious studies, it is possible that the lower boundary
could be drawn within the Borelis melo Zone (Costa
and Fandi, 1977: Hammuda er al,, 1991). The upper
boundary of the Torionian is taken at the first
appearance of Globorotalia conomiozea at the lower
limit of Zone N17 (Globorotalia conomiozea Zone)
(Van Hinte et al., 1980; Taccarino, 1985). Bolli and
Saunders (1985) and McLaughlin {1989%) placed the
upper boundary of the Tortonian corresponding to
the first appearance of Gleborotalic  humerosa,
Globigerinoides obliquus extremus, Tirborotalia hu-
merosa, and Sphaeroidinellopsis seminulina. Agip Min-
eraria (1957, 1980) placed the upper boundary of the
Tortonian at the first introduction of saline deposits,
lacking in most sections the normal foraminiferal
fauna of the Messinian. Similar procedure was adop-
ted in well D2/NC41 by Costa and Fandi (1977) and
the present work. However, further studies may prove
that the top of the Tortonian (i.e. the Tor-
tonian/Messinian boundary) may be below the pres-
ent interpretation.

6. Messinian: The first occurrence of Globorotalia
coromiozea was taken to limit the lower boundary of
the Messinian in the Mediterranean area by Van
Hinte et al. (1980, pp. 214-216), and laccarino (1985,
p. 285, 293-299}. The same criteria for limiting the
lower boundary of the Messinian was also used by
Kennett and Srinivasan (1983, p. 9, Temperate Zona-
tion), Jenkins (1985, p. 266, 268), and Belanger and
Berggren (1986, pp. 326-329), the later authors corre-
lated the uppermost late Miocene with Zone N17 (the
Globorotalia conomiozea Zone) above the Neog-
loboquadring acostaensis Zone. Agip Mineraria (1937,
1980) considered the Messinain corresponding to the
Globorotalia humerosa Zone in coincidence with the
last appearance of most planktonic Foraminifera in
the Mediterranean area in response to the Messinian
Salinity. Bolli and Saunders (1985, pp. 159, 167—176)
and McLaughlin (1989) considered the uppermost
Miocene (Zone N17=Globorotalia humerosa Zone)
start at the first occurrence of Globorotalia humerosa.
Blow (1969, p. 250-252, 289, 1979, pp. 52-56, 91)
considered the Messinian corresponding to Zone N17
(Globorotalia (G.) tumida plesiotumida Zone) in coinci-
dence with the first evolutionary appearance of
Globorotalia (G.) tumida plesiotumida. Kennett and
Srinivasan (1983, p. 8) considered Zone N8 represen-
ting the uppermost Miocene corresponding to the
first appearance of Globorotalia tumida tumida in the
tropical zonation. While Berggren and Miller (1989,
pp. 310, 312) considered Zone N17 corresponding to
the late Upper Miocene. The upper boundary of the
Messinian in the Mediterranean area (ie. the
Miocene/Pliocene boundary) is taken at the first open
marine conditions after the late Miocene salinity
crisis in the area corresponding to the first appear-
ance ol Sphaeroidinellopsis spp., Orobulina spp.,

and other planktonic foraminiferal species (Agip
Mineraria 1957, 1980) and to the first appear-
ance of Sphaeroidinellopsis, Globorotalia humerosa,
Globigerinoides elongatus and Globigerinoides ruber
(Iaccarino, 1985, pp. 285, 287, 290). The first appear-
ance of Globorotalia margaritae was taken as the
upper boundary of the Miocene corresponding to the
lower limit of the Globorotalia margaritae Zone
(Stainforth er al., 1975, p. 15, 88, 90-96). Van Hinte
et al. (1980, pp. 214-216), Bolli and Saunders (1985,
pp. 159, 167-176) and McLaughlin (1989) also con-
sidered the first appearance of Globorotalia mar-
garitae as the upper boundary of the Miocene. In well
D2/NC41 the Messinian is determined in correlation
with lithostratigraphic equivalents in the Gabes—
Tarabulus Basin (Costa and Fandi 1977; Van Hinte
et al, 1980; Hammuda er al, 1991, Kassab et al.,
1995},

The Miocene/Pliocene Boundary

The Miocene/Pliocene boundary in the Mediterra-
nean region is taken at the end of the salinity crisis
corresponding questionably to the N17-N18 bound-
ary coinciding with appearance of open marine
fauna characterized by the first occurrence of
Sphaeroidinellopsis  sphaeroides, Globorotalia  hu-
merosa, Globigerinoides elongatus represented by the
Sphaeroidinellopsis ~ seminulingd  Zone below the
Globorotalia margaritae Zone (laccarino, 1985, pp.
285, 287, 294-299). Similarly Agip Mineraria (1957,
1980) took the Miocene/Pliocene boundary slightly
below the first appearance of Globorotalia margaritae
corresponding to appearance of planktonic
Foraminilera above the Messinian due to the salinity
crisis in the Mediterranean area. Elsewhere, the
Miocene/Pliocene boundary is taken at the first ap-
pearance ol Globorotalia margaritae (Stainforth et al.,
1975; Bolli and Saunders, 1985; McLaughin, 1989),
first appearance of Globorotalia puncticulata (Kennet
and Srinivasan, 1983, p. 9; Jenkins, 1985; Belanger
and Berggren, 1986), first appearance of Globorotalia
tumida (Berggren and Miller (1989), and the first
appearance of Sphaeroidinella dehiscens in the tropi-
cal areas (Kennett and Srinivasan, 1983, p. 8). In well
D2/NC41 the Miocene/Pliocene boundary is taken at
the first appearance of planktonic Foraminifera at the
Messinian/Zanclean boundary characterized by Or-
bulina universa, Globigerinoides extremus, Gn. sac-
culifer, Gn. trilobus, Gn. guadrilobatus, and Gn. imma-
turus.

Benthonic Foraminifera
Most of the benthonic loraminiferal species recorded

in this study from the Miocene to lowermost Pliocene
have been recorded elsewhere in the Mediterranean
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region and other areas ranging throughout the
Miocene and some cross the Miocene to the
Pliocene—Pleistocene (Agip Mineraria, 1957, 1980,
Mediterranean area; Souaya, 1963, 1967, Miocene of
Egypt; Eliagoubi, 1972, NE Libya; Mazzola, 1976,
Miocene of Sirt Basin, Libya; Hageman, 1979,
Pliocene—Pleistocene of Greece; Salem and Spreng,
1980, Sherif 1991, Middle Miocene of NW Libya;
Boltovsky, 1980, DSDP, S. Pacific and Indian Ocean;
Van der Zwaan, 1982; Late Miocene of the Mediter-
ranean, Van der Zwaan et al., 1986, Miocene—Pleis-
tocene of the Mediterranean; Morkhoven et al., 1986,
Miocene—Recent, Borsetti et al., 1986, Miocene—Pleis-
tocene of the Mediterranean; and Brun et al., 1984,
Middle-Upper Miocene of Nigeria). However, some
of the benthonic foraminiferal species encountered in
the studied section of well D2/NC41 have been re-
ported elsewhere in a restricted occurrence. Species
that were reported to first occur in strata as old as
Middle Miocene (Langhian) and may range to
younger strata (Eliagoubi, 1972; Mazzola, 1976;
Salem and Spreng, 1980; Van der Zwaan, 1982; Brun
et al., 1984; Borsetti et al., 1986; and Van der Zwaan
et al, 1986) and occur in the Langhian ol well
D2/NC41 are: Cibicides lobatulus, Bolivina antigua,
Elphidium advenum, Uvigerina bononiensis, U. rutila,
U. schwageri, U. striatissima, Cibicidoides haidingerii,
and Eponides praecinctus. The last five species are
restricted to the Langhian in well D2/NC41.

Species reported elsewhere to first occur in the
Serravallian and younger strata (Maazola, 1976; Van
Hinte et al., 1980; Van der Zwaan, 1982; Borsetti et
al., 1986) and first occur in the Serravallian of well
D2/NC41 are: Uvigerina flinti and Elphidium com-
planatum. Elphidium aculeatum has been recorded
from the Tortonian to Pliocene (Agip Mineraria,
1957, 1980; Hageman, 1979, Pliocene to Pleistocene;
Van der Zwaan, 1982, Late Miocene). In well
D2/NC41 it is also first observed in the Tortonian.
Textularia pseudorugosa, Sprioloculina depressa, and
Dorothia gibbosa made thier first appearance within
the Pliocene to Pleistocene of the Mediterranean
(Agip Mineraria, 1957, 1980) also first appeared in the
lower part of the Pliocene Sbabil Formation of well
D2/NC41 (Fig. 3). The nature of the studied material
(sandstones, siltstones, silty shales, evaporites and
limestones) and the interval of sampling and the
crystallization of many species specimens resulted in
a not well defined distribution of species, thus out of
the 85 benthonic species recorded in this study 25
species are identified from one samply only, and 15
species are recognized in 2 samples only (Fig. 3).
Twenty two species are identified from one sample
each in the Langhian, two species from the Serraval-
lian, one species from the Tortonian and three species
from the Messinian. Most of these species may occur
in older and/or younger strata elsewhere in the Medi-

terranean and other parts of the world. However,
some of them have facies controlled stratigraphic
intervals (Agip Mineraria, 1957, 1980; Eliagoubi,
1972; Salem and Spreng, 1980, Van Hinte et al., 1980,
Van der Zwaan, 1982; Brun et al., 1984; Borsetti et al.,
1986; Belanger and Berggren, 1986; Morkhoven et al.,
1986; Van der Zwaan et al., 1986; Miller and Katz,
1987; Sherif 1991).

PALAEOECOLOGY

AL MAYAH FORMATION: The lower part of the studied Al
Mayah section (depth 4900 {t—4660 ft., 4 samples) con-
sists of silty shales and silty clays. It is relatively rich
in planktonic (30 species) and benthonic (36 species)
Foraminifera. The increase in percentage of plank-
tonic Foraminifera indicates deep open marine envi-
ronment (Smith, 1955; Bandy, 1964; and Boltovsky,
1969). Benthonic Foraminifera identified from this
interval characterized by

1. Cibicidoides spp. C. dutemplei, water depth
100 m-600m; C. haidingerii, W.D. 100-600 m; C.
pseudoungerianus, W.D. 35m-1000m; C. subhaidin-
gerii, W.D. 100 m-2000 m; and C. ungerianus, 500 m.
These species are found in muddy substrate, normal
open maring, outer neritic to lower bathyal (W.D.
100 m-2000 m) (Brolsma, 1978; Hageman, 1979; Hay-
nes, 1981, Van der Zwaan, 1982; Morkhoven et al.,
1986).

2. Uvigerina spp: U. striatissima, rich; U. rutila,
common, U. acuminata, U. pygmaea, U. bononiensis,
and U. schawageri rare. Uvigerina spp. are found
most abundant at outer shelf and upper continental
slope, outer neritic (100 m)—u. bathyal (1600 ml) (Hay-
nes, 1981). Borsetti et al. (1986) found Uvigerina
bononiensis in the outer neritic and less than 300 me-
ters water depth.

3. Ammonia spp. (rare). The rare occurrence ol
Ammonia spp. may indicate water depth of open
normal marine environment deeper than middle
neritic (more than 90m) (Hageman, 1979; Walton
and Sloan, 1990).

The second interval of Al Mayah Formation (drill-
ing depth 4260 ft-3520{t., 5 samples) also contains a
relatively rich planktonic Foraminifera (24 species)
indicating open marine environment (Smith, 1955;
Bandy, 1964; Boltovsky, 1969). Forty one benthonic
species are identified from this interval characterized
by

1. Ammonia beccarii beccarii (rich). Shallow, warm,
normal marine, inner-middle neritic (Hageman, 1979).

2. Bolivina spp.: B. dilatata and B. antiqua. Outer
neritic to middle bathyal (100 m-1000 m) muddy sub-
strate, normal open marine (Brolsma, 1978, Van
Hinte et al, 1980; Haynes, 1981; Van der Zwaan,
1982, Brun et al.,, 1984; Sherif, 1991).

3. Bulimina spp.: B. costata and B. acuteata. Open
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normal marine, water depth 100 m-3000m., outer
neritic-abyssal, prefered depths 100 m, 400 m, 600 m,
800 m (Brolsma, 1978, Van Hinte et al., 1980; Van der
Zwaan 1982; Morkhoven et al., 1986).

4. Cibicidoides spp.: C. dutemplei (W.D. 100 m-
600 m); C. psendoungerianus (W.D. 353 m—1000 m); C.
ungerianus (W.D. to 500m). C. subhaidingerii (W.D.
100 m-2000 m), and C. haidingerii (W.D. 100-600 m)
(Hageman, 1979; Van der Zwaan, 1982; Morkhoven
et al., 1986).

5. Lenticulina  rotulata: Lenticulina spp. prefer
outer neritic — upper bathyal (100 m—400m), also
found at 100 m-1000 m (Brolsma, 1978).

6. Peneroplis spp. (rare): Inner to middle neritic
(W.D. 0-152 meters) (Souaya, 1963).

7. Quingueloculina seminulina (rare): Restricted
shallow to shallow open marine, inner to middle
neritic (25 m-35 m) (Haynes, 1981).

8. Uvigerina spp.. U. striatissima, U. rutila, U.
hispida, U. peregrina, U. pygmaea, and U. schwageri.
Uvigerina species are found most abundant at water
depth 100 m-600 m (Haynes, 1981), Uvigerina hispida
inhibits upper bathyal to lower bathyal, 200-2000 m,
(Morkhoven et al., 1986). Brun et al. (1984) estimated
500 m water depth. Uvigerina peregrina inhibits nor-
mal marine of wide water depth range, 100 m—1600 m
(Brolsma, 1978; Sejrup et al., 1981; Haynes, 1981; Van
der Zwaan, 1982; Belanger and Berggren, 1986; Cas-
sell and Sen Gupta, 1989), however, Brolsma (1978),
Sejrup et al. (1981), and Cassell and Sen Gupta (1989)
referred to 100 m—600 m water depth preference for
U. peregrina.

9. Nonion boueanum: The rare occurrence of
Florilus boueanum would indicate water depths less
than upper bathyal (Van Hinte et al,, 1980). Hageman
(1979) refers to open normal marine environment.
Sherif (1991) quoted open shallow marine.

The uppermost Al Mayah Foramtion consists of
1475 ft. (drilling depth 3520 ft.—2045 ft.) of clays, shaly
sands and sandstones. More shallow environment
prevailed during the deposition of this part of Al
Maya Formation indicated by the low diversity of
both planktonic (5) and benthonic (13) species. The
increase in Ammonia, Textularia and Elphidium would
indicate inner to middle neritic (Souaya, 1963; Hage-
man, 1979; Haynes, 1981; Van der Zwaan, 1982;
Sheril, 1991). The presence of panktonic Foraminilera
in low diversity would indicate open marine connec-
tions (Smith, 1955; Bandy, 1964; Boltovsky, 1969).

TUBTAH FORMATION AND LOWERMOST MARSA ZOUAGHAH
FORMATION: Drilling depth interval 2045 ft—1170 ft.
This interval consists of limestones (wackestone,
packestone) with interbeds of clay and is oolitic in the
upper part of the Tubtah Formation. It is relatively
rich in Borelis melo, Elphidium spp., Peneroplis, and
Quingueloclinag spp. and very poor in planktonic
Foraminifera.

L. Elphidium aculealtum prefers sandy, vegetlated
substrate of normal salinity (Hageman, 1979).

2. E. macellum is found in innershell, 0~5 m (Sherif,
1991), E. crispum inhibits open normal marine inner
neritic to middle neritic (0-90m) environment
(Souaya, 1963; Eliagoubi, 1972; and Sherif, 1991).

3. Quingueloculina seminulim may flourish in open
shallow marine with vegetated substrate, it is slightly
tolerant to hyposaline, water depth 25-35 meters,
inner neritic (Hageman, 1979; Haynes, 1981).

4, Peneroplis spp.:. Vegetated carbonate substrate,
inner to middle neritic (0-152 m), rich from 0-18 m
(Souaya, 1963).

5. Borelis melo: Large milolids inhibit shallow,
warm, clear hypersaline environments (Haynes 1981;
Walton and Sloan, 1990). Borelis melo inhibits shal-
low, warm, clear, marine waters of the inner neritic,
0-33 m on sandy and oolites substrate (Haynes, 1981;
Sheril, 1991). This interval reflects shallow, warm,
normal marine vegetated inner neritic platform with
slight restrictions upward.

MARSA ZOUAGHAH FORMATION: Drilling depth interval
1170 ft-870 ft. This part of the Marsa Zouaghah For-
mation consists of wackestone-packestones, gypsum
and dolomitic wackestone-packestone. No Forami-
nifera have been found. The presence of evaporites is
interpreted as Sabkha deposits (0~10m) in the Mess-
inian of well NC35A, ofishore NW Libya (Van Hinte
et al., 1980).

SBABIL FORMATION: Drilling depth interval 870 ft—
840 fi. The Sbabil Formation, at this locality, is made
of clay, wackestone, and mudstone-sequence. Twenty
one benthonic species and nine planktonic species are
identified. The benthonic assemblage is characterized
by:

1. Elphidium spp. (E. fichtelianum, vegetated sub-
strate, Hageman, 1979; E. crispum, inner neritic —
upper bathyal, Souaya, 1963; E. macellim. inner shelf,
Sherif, 1991).

2. Miliolids: Spiroloculina depressa, and Pyrgo de-
pressa. Smal miliolids inhibit warm, clear, shallow
marine waters (Haynes, 1981) and shallow, warm
clear, shallow marine waters (Haynes, 1981) and shal-
low, warm clear, hypersaline waters (Walton and
Sloan, 1990).

3. Bolivina antiqua: Brun er al, (1984) refer to
waters deeper than 150 m and abundant in bathyal
depths.

4. Nodosarids: Nodosaria cf. rephanus inhibits
outer neritic — middle bathyal, 100 m—1000 m (Hay-
nes, 1981).

5. Uvigerina peregrina: Hageman (1979) referred to
open marine waters of 0-1600 m depth. Van Hinte et
al. (1980) concluded a water depth of 610m for a
benthonic association contains Uvigerina peregrina in
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the Sbabil Formation of well NC35A, offshore, NW
Libya.

6. Cibicidoides pseudoungerianus has been found at
water depth range 0-1800 m (Brolsma, 1978).

7. Cibicidoides subhaidingerii water depth range
100-2000 m (Morkhoven, 1986).

Thus, it is possible that this faunal association of
planktonic and benthonic Foraminifera indicates
open normal marine middle neritic to upper bathyal
(100 m — less than 600 m water depth).

CONCLUSIONS

Twenty samples from well D2-NC41, offshore, NW,
Libya, drilling depth interval 4900 [1-840 [t have been
studied for their foraminiferal contents in aim to
re-evaluate the biostratigraphy and palacoecology of
the studied section. This resulted in:

1. Eighty five benthonic and 38 planktonic
foraminiferal species are recognized.

2. Based on the planktonic foraminiferal species
the N8 Zone of Blow (1969, 1979) (= Pracorbulina
glomerosa glomerosa Zone), the boundary ol Zones
N8/NO9, and Zone N17/N18 are determined.

3. The lack of planktonic Foraminifera in some
parts of the section did not permit precise zonation
for those parts.

4, Four rock units are encountered, Al Mayah,
Tubtaha, Marsa Zouaghah, and Sbabil Formations.
Based on their foraminiferal contents and/or strati-
graphic position, these rock units are considered of
Middle Miocene to lowermost Pliocene as follows:

{a) Al Mayah Formation (part): Langhian — Ser-

ravallian (Middle Miocene).

(b) Tubtah Formation: Tortonian (low Upper

Miocene).
(c) Marsa Zouaghah Formation: Messinian (high
Upper Miocene)

(d) Sbabil Fermation: Lower Pliocene
The boundary between the Serravallian and Tor-
tonian is not determined.

5. The Langhian part of Al Mayah Formation was
deposited in normal open marine, muddy to fine
substrate platform with water depth that may range
between outer neritic to upper bathyal (100 m-
600 m). A decrease in depth is noticed upward the
section towards the top of Al Mayah Formation to
probably lesser than outer neritic open marine plat-
form.

6. The Tubtah Formation and the lower part of
the Marsa Zouaghah Formation contain benthonic
Foraminifera indicative ol deposition under warm,
clear, shallow, normal marine environment in a veg-
ctated inner neritic platform (less than 100 m W.D.)
with slight restrictions upward.

7. The remaining interval of the Marsa Zouaghah
Formation (upper 300 {t) yielded no Foraminifera, the
presence of evaporites suggests Sabkha deposits (0-
10 m) in accordance with the Messinian salinity crisis.

8. The lowermost Sbabil Formation foraminiferal
fauna indicates open marine middle neritic to upper
bathyal (100 m - less than 600 m W.D.).
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Plate 1
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10.
11.
12,
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14.
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. Bolivina reticulata (VON HANTKEN), x 100, S. 4660

. Bolivina arta (MACFADYEN) x 87, S. 4660

. Bolivina cf. antigua (’'ORBIGNY), x 110, 9. 840

. Bolivina dilatata (REUSS), x 175, S. 3540

. Bolivina dilatata (REUSS), x 140, S. 3540

Virgulinella sp., x 130, S. 2200

Virgulinella sp., x 140, S.2200

Virgulinella sp., x 125, S. 2200

Textularia cf. soldanii (FORNASINI, x40, S. 4860
Textularia sagittula (DEFRANCE), x 82, S.2200
Textularia sagittula (DEFRANCE), x 93, S. 2200
Textularia soldanii (FORNASINI), x 24, S. 870
Textularia soldanii (FORNASINI, % 18, S. 870
Textularia soldanii (FORNASINI, x 25, S. 1230
Textularia pseudorugosa (LACROIX), x 53, S. 840

. Textularia cf. rugosa (COSTA), x 145, S. 3520

. Cyclammina sp., x40, S, 4660

. Spireplectammina carinata (D'ORBIGNY), x 66, S, 4660
. Spiroplectammina carinata (’ORBIGNY), x 54, S. 4860

ate 2
. Elphidium erispum (LINNE), x 52, S.1170

2. Elphidium crispum (LINNEY, % 60, S. 1260
3. Elphidium crispum (LINNE), x 70, S.1230

4

. Cribroelphidivim cf. longipoints (SHCHEDRINA),
S. 1350

5. Elphidivm complanatum (DoRBIGNY), x 120, S. 2740
6. Ephidium advenum (CUSHMAN), x 112, S. 4660

7. Cribroelphidium cf. longipoints (SHCHEDRINA), x 36, S.

8

9.

1290
. Peneroplis sp., x 100, 8. 3520
Gyroidina sp., x 190, S. 4660

10. Cancris auricula (FICHTEL and MOLL), x 122, S. 870

11

. Peneroplis carinata (SILVESTRI), x 70, S. 1350

12. Peneroplis cristata (SILVESTRI), x 73, S. 3520

Pl

ate 3
. Spiroloculina depressa ("ORBIGNY), x 23, 8. 876

2. Spiroloculina excavata (ORBIGNY), x 62, §. 1230

3. Quinqueloculina cf. bicornis (WALKER and JACOB), x 66,

S. 1230
. Quinqueloculina cf. oblonga (MONTAGU), x 33, S. 1320

4
5. Quingueloculina cf. oblonga (MONTAGU), %91, S. 1230
6

. Quinqueloculina vulgaris (DORBIGNY), x 67, S. 1230

7. Quinquelocuiina vulgaris (ORBIGNY), x 58, S. 3800
8

. Quingueloculina aspera (’ORBIGNY), x 65, S. 1350

9. Quinqueloculina aspera (YORBIGNY), x 43, S. 1560
10. Quinqueloculina bicarinata (YORBIGNY), %95, §.3520

. Borelis melo (FICHTEL and MOLL), % 78, 8. 1560

12. Borelis melo (FICHTEL and MoLL), x 71, S. 1560
13. Borelis melo (FICHTEL and MOLL), x 63, S. 1560

. Borelis melo (FICHTEL and MOLL), x 57, S. 1560

15. Borelis melo (FICHTEL and MOLL), x 68, S. 1350

x 78,
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Plate 4

1.
. Nonion boueanum (YORBIGNY), x 192, 5. 4660
. Nonion boueanum (D"ORBIGNY), x 158, S. 4660
. Nonion boueanum (D’ORBIGNY), x 106, S. 2200
. Nonion boueanum (DORBIGNY), x 100, S. 2200
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Nonion boueanum (D'ORBIGNY), x 119, S. 3600

Nonion boueanum (D'ORBIGNY), x 123, S. 3800

. Lenticulina cultrata (DE MONTFORT), x 114, S.4260
. Marginulina obesa (CUSHMAN), x 38, S. 4860

. Lenticulina rotulara (LAMARCK), 122, S. 4820

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Lenticulina rotulata (LAMARCK), x 77, S. 4660
Lenticuling cultrata (DE MONTFORT), % 130, S.4260
?Dentaling filiformis (D'ORBIGNY), x 35, S. 4660
Dentalina communis (D'ORBIGNY), x 41, S.4260
Lenticulina rotulata (LAMARCK), x 104, S. 4260
Marginulina obesa (CUSHMAN), x 36, S. 4820
Nodosaria cf. raphanistrum (LINNE), x 95, S. 840
Chrysalogonium obliquatum (BATSCH), x 20, 8. 4260
Nodosaria raphanus (LINNE) x 26, S. 1230
Marginulina hirsuta (DORBIGNY), x 50, S. 4820

Plate 5
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11.
12,
13.

Cibicidoides subhaidingerii (PARR), % 91, S. 3600

Cibicidoides sublhaidingerii (PARR), x 104, S. 3600
Cibicidoides subhaidingerii (PARR), x 112, S. 3540
Cibicidoides subhaidingerii (PARR), x 132, S. 3600

. Cibicidoides subhaidingerii (PARR), x 95, S. 3600
. Cibicidoides subhaidingerii (PARR), x 141, S. 3600

Cibicidoides subhaidingerii (PARR), x 125, S. 4660
Hanzawaia boueana (ORRBIGNY), x 210, S. 840
Cibicidoides pseudoungerianus (CUSHMAN), x 163, S. 840
Megastomella purisima (BRAMLETTE), x 64, S. 1260
Megastomella purisima (BRAMLETTE), x 33, S. 1560
Megastomella purisima (BRAMLETTE), x40, S. 1350
Cibicidoides dutemplei (ORBIGNY), x 90, 8. 3540

Plate 6
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. Cibicidoides dutemplei (ORBIGNY), x 142, S, 4260
. Cibicidoides dutemplei (DORBIGNY), x 84, S. 4860
. Cibicidoides dutemplei (DDORBIGNY), x 135, S. 3600

Cibicidoides dutemplei (’ORBIGNY), x 105, S. 4820
Cibicidoides dutemplei (’ORBIGNY), x 142, 8. 4860
Cibicidoides dutemplei (DORBIGNY), x 142, 8. 4660

. Cibicidoides dutenplei (IORBIGNY), x 142, S. 3600
. Planulina rugosa (PHLEGER and PARKER), x 186, S. 3540
. Planulina rugosa (PHLEGER and PARKER), x 108, S. 4260

Planulina rugosa (PHLEGER and PARKER), x 110, S. 4260

. Cibicides lobatulus (WALKER and JACOB), x 137, S. 4820

Cibicidoides ungerianus (’ORBIGNY), x 80, S. 3600
Cibicidoides ungerianus (ORBIGNY), x 137, S. 3600
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Plate 7

1.

SR

8.
9.
10.
11.
12.

Ammonia beccarii tepida (CUSHMAN), x 202, S. 2740

. Annnonia becearii tepida (CUSHMAN), x 195, 8. 3540

Ammonia beccarii tepida (CUSHMAN), x 208, S. 4660
Ammonia beccarii tepida (CUSHMAN), x 181, 8. 4660
Ammonia becearii tepida (CUSHMAN), x 75, §.4260
Ammonia becearii tepida (CUSHMAN), x 65, S. 1350
Ammonia beccarii parkinsoniana (D'ORBIGNY),
S. 3800

Anunonia becearii tepida (CUSHMAN), x 142, S, 3520
Ammonia beccarii beccarii (LINNE), x 56, S. 3800
Gyroidina altiformis (CUSHMAN), x 184, S.4900
Gyroidina cf. soldanii (DDORBIGNY), x 62, S. 4660
Melonis barleeanum (WILLIAMSON), x 70, S. 4660

Plate 8

. Uvigerina acuminata (HOSIUS), x 82, 5.4820

. Uvigerina acuminata (HOS1US), %91, S. 4820

. Uvigerina rutila (CUSHMAN and TODD), x 113, S. 3600
. Uvigerina pygmaea ("ORBIGNY), x 120, S. 3520

. Uvigerina pygmaea ('ORBIGNY), x 108, S. 4820

. Uvigerina hispida (SCHWAGER), x 108, S. 4260

. Uvigerina bononiensis (FORNASIND, x 97, S. 840

. Bulimina aculeata (D'ORBIGNY), x 133, S. 3600

Bulimina aculeata (D'ORBIGNY), x 183, S. 4660
Bulimina costata (D'ORBIGNY), x 108, S, 4820

. Bulimina costata (D'ORBIGNY), x 88, S. 4660

Bulimina costata (D'ORBIGNY), x 88, S. 4860
Bulimina costata (IYORBIGNY), % 128, S. 4660

. Bulimina costata (D'ORBIGNY), x 100, S. 4260

Bulimina costata (D'ORBIGNY), x 100, S. 4660

. Bulimina costata (D'ORBIGNY), x 110, S. 3540.
. Bulimina costata (DORBIGNY), x 152, S. 3520

x 1660,

Plate 9
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Uvigerina striatissima (PERCONIG), x 91, 8. 3600.
Uvigerina striatissima (PERCONIG), x 91, S. 4660.
Uvigerina striatissima (PERCONIG), x 76, S. 3540.
Uvigerina striatissima (PERCONIG), % 99, S. 3600.
Uvigerina bononiensis (FORNASINI, x 116, S. 4660.
Detail of wall surface of specimen illustrated in fig. 2,
x 483,

. More detail of wall surface of the same specimen

illustrated in fig. 2, x 950,

. Apertural view of same specimen, x 200.
. Uvigerina flinti (CUSHMAN), x 83, 8. 3600.
10.
11.
12
13.
14.
15.
16.
17.

Uvigerina flinti (CUSHMAN), x97. S, 3600.

Uvigerina schwageri (BRADY), x 97, S. 4660.

Uvigerina peregrina peregrina (CUSHMAN), x 95, S. 840.
Uvigerina peregrina peregrina (CUSHMAN), x 79, S. 840,
Uvigerina schwageri (BRADY), x 162, S. 3520.

Uvigerina schwageri (BRADY), x 186, S. 3520.

Uvigerina rutila (CUSHMAN and TODD), x 108, S. 4660.
Uvigerina rutila (CUSHMAN and TODD), x 125, S. 4260,
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Abstract A fairly thick sequence of sandstones with
very subordinate shales, designated as Pre-Upper Cre-
taceous (PUC) by the operating company ( Winther-
shall ), are met at Bl, B2, B3 and B4-96 in the
subsurface of Maradah Trough, Sirt Basin. The Amal
Platform defines its eastern limits. The operating com-
pany divided the PUC sequence into PUC ‘B’ (older)
and PUC ‘A’ ( younger) units. The PUC ‘B’ is 995+
Seet thick and comprises mainly sandstones with very
rare and thin levels of shales. The PUC ‘A’ unconfor-
mably overlies the PUC ‘B’ and consists of sandstones

and shales. It is divisible into Units I-IV on basis of
gross lithology and log characteristics. The thickness of

PUC 'A’ ranges from 510 feet in the east to 765 feet in
the west. It thickens to 1450 feet firther west towards
Jakhira.

PUC ‘B’ and PUC A’ sequences comprise mostly
quartz-arenites of fairly similar petrographic charac-
ters. It, however, is possible to resolve one fiom the
other on basis of gross lithologic, and palynologic
criteria.

The palynofossil assemblage, though scarce, suggests
PUC ‘B’ to be ?Precambrian—-Cambrian. The assem-
blage recovered from PUC ‘A’ is relatively very rich
and referable to Middle Triassic ( Anisian and
?Ladinian). These and other data suggest an uncon-
Jormity between PUC 'B’ and the overlying PUC ‘A",

Lithologic characters, petrographic attributes and
palynofossil contents suggest that PUC ‘B’ was prob-
ably laid in a tectonically active graben under mainly
non-marine oxic environments during ?Pre-Cambrian.
The detritus appears to be partly recycled. Subsequent-
Iy, the depositional area underwent uplift and erosion
till the close of Early Triassic. The PUC ‘A’ appears
to have been laid in a graben under fluctuating oxic-
anoxic and non-marine to at times probable transi-
tional environments during Middle Triassic ( Anisian
and ?Ladinian). Tectonically the graben was fairly
subdued during most of the Anisian and promoted evol-
ution of mainly non-marine shales with subordinate
sandstones. The later period was marked by a relative-
lye accelerated negative tectonism and interludes of
marine influence. Westerly increments in thickness and
overall increase in sandstone contents of PUC ‘A’
indicate that the Marada Trough was asymmetric and
the faults defining its western fringes were tectonically
more active during the Middle Triassic.

Relatively colder climates appear to have prevailed
during ?Precambrian—Cambrian when the PUC 'R’
sequence was developed. The palaeoclimates during the
evolution of the lower part of PUC ‘A’ sequence, dated
as Anisian, were mainly hygrophytic. These, however,
switched over to mixed hygrophytic-xerophytic types
during Ladinian when the upper part of the PUC ‘A’
sequence was laid.

INTRODUCTION

Sediments of Triassic age are usually considered to
be absent in the Sirt Basin (Barr and Weegar, 1972).
The geolegic period extending from Carboniferous to
?Jurassic is opined to be denoted by non deposition
possibly due to continued uplift and erosion of the
Sirte anticlise (Massa and Delort, 1984). The adjoin-
ing Ghadamis Basin to the west and the Cyrenaica
Platform to the east, being syneclises contain a [airly
complete record of palacozoic and Mesozoic sedi-
ments (Adloff et al., 1986 Karr et al., 1972; Bellini and
Massa, 1980; Brugman et al,, 1985 and Brugman and
Visscher, 1988).

The Pre-Palaeocene quartzose clastics met in the
subsurface of Sirt Basin broadly belong to three ages.
The Gargaf~Hofra quartzites and Amal Formation
are considered to be of Cambrian-Ordovician age
(Roberts, 1970; Barr and Weegar, 1972). The mostly
non-marine Nubian-Sarir sandstones and other
homotaxial deposits are generally assigned a ?Juras-
sic — Early Cretaceous age (Bannerjee, 1980). The
shallow marine — marine sandstones and shales in-
cluded into several other formations (e.g. Maragh,
Bahi, Etel, Rachamat, Sirte etc.) are dated as Late
Cretaceous XX (Barr and Weegar, 1972).

Brugman et al, 1985, and Thusu er al, 1988,
reported the presence of Triassic palynomorphs from
shale levels in subsurface sandstones met at Al-96 in
the Maradah Trough, Eastern Sirt Basin, Libya
(Fig. 1).

The present study deals with the occurrence of
Triassic sediments in the subsurface from another
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Fig. 1. Location map, Maradah Trough, Sirt Basin, Libya.
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new locality (B1, B2, B3, and B4-96 wells) in the
Maradah Trough and mainly discusses their evol-
ution, age and environment sedimentation. The study
is based on lithologic and petfographic investigations
by the senior author and palynologic studies by the
junior author.

GENERALISED STRATIGRAPHY

The pre-Late Cretaceous sequence met in the
studied wells comprises sandstones and minor shales.
The operating company (OPCO) divided these sand-
stones into Pre-Upper Cretaceous ‘B’ (older) and
PUC ‘A’ (younger) sequences (Fig. 2). The PUC ‘B’
comprises mainly sandstones with rare-scarce thin
levels of shale. The sandstones are whitish, light gray,
grayish brown, moderately hard, sometimes cross-
bedded, locally friable, partly quartzitic, medium to
coarse grained, rarely fine grained, moderately sorted,
at times pebbly (3—4 mm), scarcely argilaceous and
micaceous. Graded bedding is common. Detrital
grains are generally cemented by silica and at times
by barite and comprise angular — subangular and at
times subrounded quartz grains. Sub-vertical frac-

51

tures filled by siliceous matter and barite are present.
Shales are rare to scarcé. They are present as streaks
and thin to very thin beds. They are light grey to dark
gray, grayish brown, reddish brown, varicoloured,
mottled, subfissile — fissile, brittle, often laminated,
silty-sandy and scarcely micaceous. Fissility is more
pronounced due east whereas, the micaceous content
increases towards the west (Table 1). Siltstones are
fairly rare. They are medium gray, light beige,
micaceous, argillaceous and display sub-vertical frac-
tures. The thickest (995+ feet) drilled section of PUC
‘B’ is met at B1-96. Basement is not reached in any of
the four wells (Table 1).

The PUC ‘A’ comprises sandstones, shales and
minor siltstones. Sandstones are ofl-white, greenish
gray, occasionally with reddish tint, brownish gray,
yellowish brown, light brown, beige, dark gray occa-
sionally variegated, moderately consolidated, fine to
medium grained, at times coarse grained, and mi-
cromicaceous. Graded bedding and alternation of
finer and coarser grained sandstones are fairly com-
mon. Subrounded, clear, white and moderately well
sorted quartz grains are the most dominant constitu-
ent. Ferriginous matter, pyrite, plant remains and
claystone clasts are present. Siliceous and carbonate
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(dolomitic) cements are observed. Matrix, though
low, is argillaceous. The Siltstones are gray to dark
brownish gray, greenish gray, light brownish, mi-
cromicaceous, argillaceous, often grading to very fine
sandstones and silty shales, at times sub-fissile,
laminated and locally with abundant organic matter.
Thin levels of brownish, fine-medium grained and
well consolidated sandstones are present. The shales
are gray, medium dark gray-dark brownish, locally
greenish brown, reddish, variegated, microfaulted,
medium hard, subfissile—fissile, laminated, splintery,
often pyritic, silty-sandy and often grade to siltstones.
Traces of carbonaceous, coaly matter, pyritised plant
remains and streaks—stringers and interbeds of
brownish gray, friable sandstones and siltstones with
siliceous and dolomitic cements are present. In gen-
eral, the micaceous content of sandstones and shales
increases towards the west (Table 1). Shales are more
fissile and paper thin due east. The thickness of PUC
‘A’ varies from 510 feet in the east to 765 feet in the
west (Fig.2). It rapidly increases to about 1450 feet in
A4-96 located very close to Al-96 in another fault
block approximately six kilometres south of B2-96
(Fig. 2).

Variations in gamma ray and resistivity curves
together with changes in lithologic characters and
organization enable classification of PUC ‘A’ into
four units (Fig. 2, Table 1). It is unconformably over-
lain by pebbly to coarse grained and at times con-
glomeratic sandstones containing abundant glaucon-
ites and levels of greenish gray shales as well as
carbonates. These are included into the Maragh For-
mation of Late Cretaceous age (Fig. 2). The glaucon-
ites reported in well cuttings from several levels
within the PUC ‘A’ may be contaminations from the
Maragh Formation,

Gross characters of the principal lithologies form-
ing the PUC ‘A’ and PUC ‘B’ sequences are sum-
marized in Table 2.

PETROGRAPHIC STUDY

The study follows the classification and nomencla-
ture of sandstones proposed by Gilbert (1954). Abun-
dance of various detrital components were deter-
mined visually using diagrams of Shvestov (Terry and
Chillinger, 1955) and Bacelle and Bosellini (1965).
Roundness was estimated after the chart of Krumbein
(1941).

Sandstones form the bulk of PUC ‘B’ and PUC ‘A’
sequences. Compositionally, they are classed as
quartz-arenites. Shales are very subordinate in PUC
‘B’ but relatively more abundant in PUC ‘A’. Petro-
graphic differences between the quartz-arenites and
shales of PUC ‘B’ and PUC ‘A’ sequences are too
subtle and they alone cannot be objectively used to

identify one from the other. The general petrographic
characters of quartz-arenites and shales are as given
below.

Quartz-arenites

The arenites are constituted mainly by quartz and
minor amounts of chert, rock fragments and traces of
feldspars as well as ore minerals. In general, they are
fairly deficient in matrix. A few levels, however, seem
to contain up to 5% of clayey-chloritomicaceous-
quartzose matrix. Most of the principal detrital frac-
tion is of 200-350 n size. A few grains larger than
500 p also are present. Rounding in the 200-350 p
population ranges from 0.3 to 5. Coarser detrital
grains are usually better rounded (0.5 to 0.7). Grains
with roundness exceeding 0.7 are rare. Some of the
detrital grains seem recycled.

Quartz forms nearly 80% of the essential detrital
fraction. Various varieties are recognised. Slightly-
strongly strained quartz with undulose extinction and
inclusions are the most common. The inclusions are
generally of rutile, zircon, micas and tourmaline. A
few grains also display gaseous inclusions. Quartzitic
aggregates, polycrystalline quartz and stretched
metamorphic quartz also are present. Unstrained
grains with uniform extinction are noticeable. Authi-
genic growths defined by dust rings and rims caused
by dissolution and replacement by carbonates are
frequently observed. A few quartz grains are very well
rounded and seem recycled. Detrital chert forms
3-5% of the detrital fraction. They usually are fairly
well rounded (0.5) and characterised by an aggregate
of mutually interfering or interlocking minute silica
grains exhibiting characteristic pin-head extinction. A
few well rounded broken chert grains are noticeable.
Some of the chert grains are ferruginous while a few
others are recycled. Feldspars are present only in
traces. In most cases they are untwinned and fairly
fresh. Their identification could thus be possible only
on basis of cleavage traces, at times feeble to very
feeble alteration to ?sericite and if possible, the optic
sign. Most of the feldspars are marked by small
extinction angles suggestive of the albite-oligoclase
range. Some of the feldspars exhibit straight extinc-
tion and may represent orthoclase. Rock fragments
exclusive of chert are usually scarce and seem to form
less than 3-5% of the detrital mass. The rounding
ranges from 0.3 to 0.5 but a few are very well rounded
and seem recycled. Metaquartzites are the most com-
mon and those of argillites, quartz-schist, orthoquar-
tzites are very rare. Accessory detrital minerals in-
clude a host of heavy minerals and micas. Zircon,
tourmaline, sphene and rutile are fairly common and
most of these are recycled.

The non detrital constituents include cements. Sil-
ica is the most common cement. Clayey, carbonate
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Table 2. Gross characters of arenites and shales of (PUC) ‘B’ and (PUC) ‘A’ sequences, Maradah
trough, Sirt Basin, Libya.

Characters

PUC'B’

PUC A’

ete. (?Precamb.—Cambrian ) ( Middle Triassic)
General Whitish — It. gr., hard, med - cse’. Off white — gray, variegated,
qtzitic, pebbly, well compacted, sub — reddish, f. — med., rarely
vert, [ractures, rarely fria. Grains pebbly, compacted and locally
subrounded, a few well rounded, [riable. Grains are sub. ang.
mod. sorted, and with authegenic - subrounded, also very well
growths. Rarely micaceous. Non- rounded, with authegenic
calcareous. growths. Micaceous, often calc
- dolomitic.
Composition Strained quartz, tr. fresh alkali Strained quartz, tr. alkali
feldspars. Chert and gtzitic rock feldspar, fairly common
frag. traceable. Strained micas, chert and metaqtzitic and
recycled quartz, other rock frag. Strained
micas, and frequent recycled
quartz.
Matrix Rare, patchy; usually silty; clay Patchy; usually argill,,
altering to micas. altered to micas
Diagenesis Moderately compacted, indurated Well compacted, cemented
cemented by silica and ferru. matter. by carbonates, silica and ferru.
Some fractures filled by barite. matter. Authegenic growths
he Authegenic growths on quartz are on quartz grains are less
- comimon. common.
- Heavy Generally impoverished, scarce to Relatively richer and abun-
= Mineral very scarce. Includes rounded zircon, dant. Flooded by very well
o Suite tourmaline, rutile and sphene and a rounded zircon, tourmaline,
few zoisite, chtd, garnet. Ore sphene and rutile. Others include
b 4 W W e
minerals are abundant. epidote, zoitite, chloritoid,
< staurolite, monazite, allanite
and garnet etc. Ore minerals
l are less abundant.
Glauconite Absent Absent
General Gray, very dark gray, black, hard, Gray, very dark gray, black,
fissile, slickensided, non-calc., rarely med. soft, fissile, at times paper
silty, brittle, often laminated. thin, slickensided, pyritiferous.
Generally rare Generally more common.
Glauconite Absent Absent
Plant Rare to scarce; often pyritized. Often present, at times very
Remains common, usually pyritized.
Coaly Absent Present. Well structured.
Matter
” Organic Mainly amorphous, very dark gray Mainly herbaceous, light brn -
v Matter to black, very mature to dk. brown, mature.
— metamorphosed. TAI = 3+ to 5. TAI = 2 to 3+.
= Worm Not present Present. Horizontal more
s Burrows common than vertical.
- Palynofossils Ornamentation is obliterated. Well preserved. Several species
Grains are corroded. are recorded. See text and
MLeiosphaeridia spp.. and Appendix 1.
?Kildinella ripheica etc.
Other None recorded Branchiopods, fragments of
Fossils Conularids, fishscales and
part of fish tooth.
Age ?Precambrian — Cambrian on basis Middle Triassic (Anisian and

of palynofossils

?Ladinian) on basis of
palynofossils.
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and cherty cements are patchy and subordinate.
Cementation by ferruginous and chloritomicaceous
matter is also observed.

The petrographic characters of arenites forming the
PUC ‘B’ and PUC ‘A’ sequences are fairly similar to
one another. The differences are subtle and these
alone cannot be employed to differentiate one from
the other. Their principal characters are summarized
in Table 2.

Shales

The shales are dark gray to black, fissile and
usually hard. They comprise clay minerals and car-
bonaceous and bituminous matter. Silt is subordi-
nate. The chloritomicaceous clay minerals occur gen-
erally as evenly oriented shred-like and moderately
crystalline aggregates. Organic matier is often pres-
ent. Ferruginous stains are common. Authigenic min-
erals, other than the micas, mainly include pyrites.
These occur generally as anhedral — subhedral crystal
grains throughout the shale fabric.

The shales of PUC ‘B’ and PUC ‘A’ are fairly
similar to one another. They are, however, more
abundant in PUC °‘A’. Fissility is at times more
pronounced and slickensiding is commeon in shales of
PUC ‘A’. These shales are fairly rich in comminuted
organic remains. Anhedral pyrite is commonly pres-
ent and evenly disseminated in the clay mineral
fabric. It, however, also occurs as stringers, films and
less frequently as euhedral crystal aggregates. Several
fossils of Branchiopods and plants are pyritized. Dia-
genetic anhydrite is at times present along some of
the shaly planes. The shales of PUC ‘B’ are hard,
extremely low in organic content and fairly deficient
in pyrites. Their micaceous content, however, exhibits
better crystallinity and orientation.

DIAGENESIS
Compaction

Alternating sandstone-shale laminae display the
best evidence of compaction megascopically. In quite
a few cases (B3-96, core 2, 11593-11606 ft; B2-96, core
2, 11724-11784ft) the two are squeezed into one
another. The laminae exhibit thickness variations due
to differential compaction. Compaction and packing,
which are reflected by the nature of detrital grain
contacts, control porosity (Gilbert, 1949; Taylor,
1950; Thompson, 1950 and Siever, 1959).

The grain contacts in the quartz-arenites are
usually concavo-convex. Planar, line or tangential
contacts are less common. Sutured contacts formed
by interpenetration assisted by pressure solution are
very rare. At times, relatively larger (exceeding 350 )
quartz grains are penetrated by those of silt grade

and their contacts seem to be marked by a thin film
of ferruginous-argillaceous mass. Fused contacts are
usually absent. In general, the arenites exhibit a
moderate degree of pre-diagenetic compaction.

Cementation and Authigenesis

Silica is the most common cement. It occurs as thin
films between detrital grains and in some cases, also
as interfering authigenic growths. Films are more
common in finer and medium grained arenites. Chert
cement marked by typical pinhead extinction is also
present. Authigenic growths are relatively more com-
mon over quartz grains exceeding 350400y and at
times form interlocking textures. The original detrital
grain boundaries are defined by dust rings. In several
cases, the dust rings of adjacent quartz grains are not
in contact with one other. This indicates that diagen-
esis by silica occurred during early burial stage when
the detrital mass was inadequately compacted. The
quartz grains of arenites with clayey matter are
generally devoid of authigenic growths. The presence
of clayey matter probably inhibited authigenesis by
silica.

Cementation by chloritomicaceous matter is more
frequent in finer and medium grained arenites. It is
brought about by diagenetic encroachment of clayey
minerals into the peripheral regions of detrital quartz
grains. Very fine clays fill part of the intergranular
voids and act as cement when partially recrystallized.

Cementation by carbonates is very limited and
usually patchy. Dolomite appears to be the principal
constituent and whenever present, replaces the silica
cement. Quartz—carbonate reaction rims surrounding
some of the larger detrital quartz grains and display-
ing several stages of peripheral dissolution are notice-
able. Quartz grains floating in poikilitic carbonate
cement are observed though rarely.

Pyritization

Diagenetic pyrite is present in arenites and shales.
It, however, is relatively more abundant in the dark
grey organically rich fissile shales of PUC ‘A’ (B2-96,
core 2, 11724-11784 ft, B3-96, core 3, 11593-11606 ft).
It occurs as evenly distributed disseminations, indivi-
dual euhedral-anhedral crystals and irregular strin-
gers or films along the fissility planes. Mutually
interfering microcrystalline aggregates and nodules
are rare. Some of the fossilised plant remains, fish
scales and Branchiopods are pyritized.

PALYNOLOGIC ASSEMBLAGE

Palynofossils were separated using standard tech-
niques involving disintegration of samples, treatment
with hydrochloric acid to remove carbonates and
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ferruginous matters, dissolution of siliceous fractions
in hydrofluoric acid (40%), thorough washing to
remove the acid, sieving through 10p sieves and
finally, separation using zinc bromide solution
(Sp.Gr. = 2.00).

In general, the assemblage is usuvally scarce and
relatively poor in PUC ‘B’ but richer in PUC ‘A’
where several species are recorded (Fig. 3, Appendix
I).

PUC ‘B’

The assemblage is very poor, fragmentary, and
largely unidentifiable. The palynolossils are usually
structureless, with obliterated ornamentation and
their peripheral areas are substantially corroded
possibly by bacteria. The rest of the organic matter is
mostly amorphous, very dark gray to black and
thermally over matured with TAI (Staplin, 1969;
Geochem, 1980) ranging from 3+ to 5. The reddish
brown partly oxidised shales in well B2-96 yielded a
sphaeromorph similar to Leiosphaeridia spp. and
Kildinella ripheica.

PUC A°

In general the organic residue is light brown to
dark brown with TAI ranging from 2 to 34. It is
mostly herbaceous, algal and woody. [nertinitic mat-
ter are minor to subordinate. Palynofossils are more
varied (Fig. 3, Appendix I), better preserved and well
identifiable. Their ornamentation is fairly intact and
largely unobliterated.

The palynologic assemblage includes several spe-
cies. The more important of these include Stellapol-
lenites thiergartii, Alisporites complex, Platysaccus
queenslandii, Lunatisporites, sp., Aratrisporites, sp.,
Stroterisporites sp., Triadispora crass, Cyadopites sp.,
Calamospora tener, and Alisporites magnus besides
several others (Appendix I). Veryhachium sp. and
Micrhystridium sp., though rare and sporadic, are
observed in the PUC ‘A’ met at B2 and B3-96.

FOSSIL FAUNAL ASSEMBLAGE

The sandstones and shales of PUC ‘B’ seem to be
devoid of fossil fauna. The assemblage recorded in the
PUC ‘A’ (B2-96, cores 2 and 3; B3-96, core 3) com-
prises numerous Branchiopods (Lioestheria sp.),
Conulariids, fish spine, fish scales and part of fish
tooth (M.C. Keen, personal communication, 1993).

DISCUSSION
Age

A reddish brown partly oxidised shale in PUC ‘B’
met in well B2-96 yielded sphaeromorphs similar to

Leiosphearidia spp. and Kildinella ripheica. Leios-
phearidia spp. is also reported from the Precambrian-
Cambrian succession developed over the Cyrenaica
Platform which adjoins the Maradah Trough (Bou-
det, 1988). The PUC ‘B’, hence, could be of Precam-
brian—Cambrian age.

The palynologic assemblage of PUC ‘A’ is referable
to Middle Triassic and enable classification of this
sequence into that of Anisian and ?Ladinian ages.
The assemblage referable to Anisian is marked by low
to fair diversity. It is noted from the intervals 11740-
11900 ft in B2-96, 711410-11515ft in B4-96, 11440-
11605 ft in B1-96 and 11575-11675 [t in B3-96. Diag-
nostic forms include Stellapolienites thiergartii, Alis-
porites complex, Platysaccus queenslandii, Limatis-
porites sp., Aratrisporites sp., Stroterisporites sp.,
Triadispora crassa, Cyadopites sp., Calamospora tener,
and Alisporites magnus. Veryhachium sp. and Mic-
rhystridium sp., though rare and sporadic, are ob-
served in the sequence met B3-96.

The assemblage indicative of ?Ladinian is recorded
in the succession overlying that of Anisian age and
underlying the unconformity separating PUC ‘A’
from the Maragh Formation (Fig. 2). Typical forms
include Cycadopites sp., Lunatisporites sp., Calamos-
pora tener, Triadispora crassa, Alisporites magnus,
Aratrisporites sp. and Partitisporites novimundanus
morphon besides several others (Fig. 3). Veryhachium
sp. and Mierhystridium sp. though rare and sporadic,
are observed in sequences met at B2 and B3-96. The
assemblages are fairly comparable to those recovered
from the Middle Triassic (Anisian and ?Ladinian) met
in the subsurface of nearby areas (Brugman and
Visscher, 1988 and Thusu et al., 1988).

Palynological Phases

Evolution of a floral assemblage during a geologic
time interval can be traced through several transi-
tionary palynologic associations designated as
“phases”. The concept of phase, first propagated by
Schurman (1977), is employed for inferring palaeoen-
vironments. According to Van der Zwan (1980), a
phase is "any recognisable step in the (local, regional
or inter-regional) gradual compositional development
of successive (palynological) assemblages”. The over-
all assemblages indicate gross ecology and age bul
when resolved into phases and sub phases, reflect
changes in ecologic parameters during relatively
shorter time slices. Qualitative and quantitative com-
positional characteristics of the palynologic assem-
blage are important aspects of the “phases” and these
are employed for age dating and deducing palaeoen-
vironments. The concept of phase also helps in bring-
ing out minor changes in palaeoenvironments. Brug-
man (1986, p.34), however, opines that “the phases
are primarily based on quantitative data concerning
(land derived) spores and pollen grains. The phases
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reflect the inter-regional floral development and are
considered to be indepenent of local environmental
gradients. Their characters, may in time, provide a
basis for a regional scheme of differentially diagnosed
palynological assemblage zones.”

Regional changes in ecology are dependent upon
tectonic, physicochemical and climatic conditions. All
of these effect sedimentation. Variations in phases
may be gradual or sudden. All the transitional eco-
logic regimes may be present or a few may be absent
due to changes in geomorphotectonic attributes pre-
vailing in the provenance and the depositional areas.
Thus, it may be possible to relate the presence or
otherwise or type of “phases” to local and regional
tectonic and ecologic conditions attending evolution
of the sedimentary pile. Visscher and Van der Zwan
(1981) proposed fifteen categories of readily recognis-
able and environmentally sensitive groups of spores
and pollen grains on basis of a study of coals and
evaporites. Categories ‘A’ to ‘G’ are regarded hy-
grophytic whereas, ‘K’ to ‘O’ reflect xerophytic affin-
ities. The status of categories ‘H’, T’ and ‘I is either
indifferent, indeterminate or unknown.

The assemblage of palynofossils from PUC ‘B,
dated as ?Pre-Cambrian—Cambrian is poor and
scarce and inadequate for resolution into phases. The
assemblage from PUC ‘A’, dated as Middle Triassic,
is relatively richer. It is resoluble into broadly two
phases. The older, corresponding to Anisian, is refer-
able to the thiergartii-vincetinense phase (Fig. 2). This
assemblage is comparable to that of the Anisian
recognised in the nearby L4-96 and is composition-
ally similar to that established in the Alpine Anisian
of Ttaly and Hungary (Brugman and Visscher, 1988
and Brugman, 1986). The taxa are fairly similar to
those of the categories ‘B-‘G’ and include pollens
of Leavigatosporites sp., Aratrisporites sp. and
Cycadopites sp. These are regarded hygrophytic (Vis-
scher and Van der Zwan, 1981). A very few forms of
categories ‘K’, ‘L’ and ‘O’ of xerophytic affinities also
are present. The younger phase with a palynofossil
assemblage referable to ?Ladinian age exhibits close
affinities to plurianulatus — novimundanus phase. Its
taxa, which include Lunatisporites sp., Triadispora sp.
and Stellapollenites sp., seem referable to the catego-
ries K-O. A few representing categories B, C, E and
G also are present. It may be thus observed that this
phase includes a mixed assemblage of hygrophytic
and xerophytic types. It is thus evident that the
hygrophytic elements indicating humid environments
thrived during the Anisian. These were taken over by
relatively drier and mixed types during the ?Ladinian
as may be inferred from the considerable presence of
xerophytic categories (K, L and Q) along with those
of hygrophytic habitat.

Palaeovegetation

The palacovegetation appears to have been fairly
varied. Presence of Platysaccus sp. and Alisporites sp.
(Pteridosperms or seed ferns) indicate prevalence of
coniferous vegetation (Clement—Westerhof, 1974; Al
Ameri, 1990 and Baldoni, 1991). Aratrisporites sp.,
could have been contributed by shrubby Lycopsida
plants. Cycadeles/Bennettitales also seem to have
been present.

Palaeoenvironment

The data available from the PUC ‘B’ sequence is
largely inconclusive. The sedimentary succession
dominated by the quartz-arenites with scarce to rare
levels of shales has till date not yielded any palynofos-
sils or fossil fauna diagnostic or indicative of marine
or transitional environments. The gross character-
istics, such as, grain size, overall composition, traces
of fresh feldspars, detrital micaceous content, pres-
ence of oxidised-mottled shales, micaceous siltstones,
normal graded bedding, planar cross bedding and
interlaminated arenites and shales seem to indicate
non-marine environments and possible prevalence of
colder climates.

PUC “A’ sequence is lithologically more heterogen-
ous. Shales are relatively very common. The overall
lithologic suite and palynologic as well as fossil
faunal assemblage indicate deposition under largely
non-marine environments as is suggested by the pre-
sence of oxidised, mottled and variegated shales,
detrital micaceous content carbonaceous-coaly mat-
ter, at times microconglomeratic contents in arenites,
arenite-shale interlaminations, slumps, frequent alter-
nations of very coarse and fine grained arenites and
graded bedding etc. The more conclusive evidences
for prevalence of non-marine environments, however,
are offered by the palynoflossils (Fig. 3; AppendixI)
and presence of pyritized plant remains. This is fur-
ther supported by the occurrence of branchiopods,
fossil fish scales and fish tooth. The branchiopods,
especially the Lioesthria sp., “probably indicate a
non-marine environment such as presence of fresh
water ponds or saline lakes” (M.C. Keen, personal
communication 1993),

Occurrences, though rare, of Veryhachium sp. and
Microhystridium sp. at a few levels seem to suggest
occasional prevalence of some marine influence, or
these few acritarchs are reworked older material.

Provenance

The sandstones of PUC ‘B’ and PUC ‘A’ comprise
mainly strained quartz. Feldspars are very rare and
those present are usually fresh and include alkali
feldspars. The detritus, in general, is subrounded and
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moderately sorted. Chert and meta quartzite, quartz-
schist, argillite and orthoquartzite rock fragments are
present. The heavy mineral suite mainly comprises
stable minerals, such as zircon, tourmaline, rutile and
sphene and some of these are distinctly recycled. All
these characteristics indicate that these sandstones
were derived from acid igneous and low grade quartz
rich metamorphic rocks fairly deficient in feldspars.
Presence of recycled grains suggests derivation from
sedimentary rocks. The basement met at Rakb High
(Fig. 1) comprises mainly quartz rich granites and in
all probability, it contributed most of the detritus.
Contributions from the Amal Platform region cannot
be ruled out.

The presence of recycled grains of quartz, zircon,
rutile and tourmaline bespeak significant contribu-
tions from pre-existing older sedimentaries, such as
Gargaf Quartzite, Amal Sandstone and even the
quartz-arenites of PUC ‘B’ sequence. This is further
evidenced by presence of reworked Palaeozoic paly-
nomorphs such as Dactylofusa sp., Multiplicis-
phaeridium sp., Apiculiretusisporites sp., Cymatios-
phaera  sp., Dictyotidium sp., Leiofusa sp,
Retusotriletes sp., Hymenozonotriletes sp., Dibolis-
porites sp., Verricosisporites sp., and Calyptosporites
sp. etc. (Bindra Thusu, personal communication—
1993, Thusu, 1993).

CONCLUSIONS

1. The thick sandstone sequence, met in the sub-
surface of Maradah Trough and classified into Pre-
Upper Cretaceous (PUC) ‘B’ and ‘A’ units comprises
mainly quartz-arenites with subordinate shales and
siltstones . The PUC ‘A’ sequence is classified into
four units on basis of lithologic variations and log
characters. Each of the four units significantly
thickens towards the Rakb High adjoining the west-
ern margins of Maradah Trough.

2. The PUC ‘B’ unit is tentatively dated as
Precambrian to Cambrian and the PUC ‘A’ unit is
inferred to be of Middle Triassic (Anisian and
?Ladinian) age con basis of palynofossils.

3. The PUC ‘B’ sandstones seem largely non-mar-
ine. They may also include some fluvioglacial depo-
sits. In general, the PUC ‘A’ sequence evolved under
largely non-marine environments possibly with occa-
sional mild marine influence towards the eastern
parts of Maradah Trough. The palaeoclimates were
mainly hygrophytic during the Anisian but changed
to mixed hygrophytic-xerophytic during the
?Ladinian.

4. The Maradah Trough was assymetrically active
with enhanced negative tectonism along the fault
separating it from the Rakb High during evolution of
the Middle Triassic sequence.

5. The provenance for arenites of PUC ‘B’ and ‘A’
units largely comprised feldspar deficient acid igneous
and low grade quartzose metamorphic rocks. Contri-
butions from recycling of pre-existing older sedimen-
taries, which might include Gargaf Quartzite, Amal
Sanstone and even the quartz-arenites of PUC ‘B’
sequence, are significantly displayed by the arenites of
PUC ‘A’ sequence.
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APPENDIX 1

Selected palynofossils in PUC ‘B’ and PUC A’ se-
quences, Maradah Trough, Sirt Basin, Libya.

Palynomorphs are arranged according to their
principal distinguishing features.

Pre-Upper Cretaceous ‘A’ sequence
Azonate smooth trilete spores.

Leavigate.
Calamospora spp.
Punctatisporites ssp.
Deltoidospora spp.
Concavispora sp.
Todisporites marginalis.

Muronati.
Cyclotriletes—Convulutispora complex
Convolutispora spp.

Uvaesporites spp.

?Sellospora rugoverrucata.

Smooth monolete spores.
Laevigatosporites spp.

Sculptured monolete spores.
Aratrisporites spp.

Monosaccoid pollen.
Ouvalipollis pseudoalatus
Stellapollenites thiergartii

Alete bisaccoid pollen.
?Voltziaceaesporites heteromorphus
Alisporites—Falcisporites complex
Platysaccus papilionis
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Platysaccus queenslandi
Vitreisporites pallidus

Monolete, dilete and trilete bisaccoid pollen.
Argustisulcites grandis

Triadispora crassa

Triadispora plicata

Teaniate bisaccoid pollen.
Teaniate bisaccoid pollen
Lunatisporites noviaulensis

Asaccate
Inaperturate pollen.
Partitisporites novimundanus morphon

Colpate pollen.
Enzonalasporites ssp.
Cycadopites spp.
Monosulcites spp.

Acritarchs
Micrhystridium spp.
Veryhachium spp.

Miscellaneous
Cyanophytic tubes,

Pre-Upper Cretaceous ‘B’ sequence
?Leiosphaeridia spp.
?Kildinella ripheica.
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Models for the Hydrogen-bonded Water Molecules to the Chemisorbed
Oxyhydroxyl Layer on the Chromium Surface

A.S. Al-Taie"
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Abstract XPS and UPS Photoelectron Spectroscopy mechanism of the dehydroxylation of this layer when
techniques ( Anoble ESCA-5 Spectrometer which per- the exposed surface warmed to room temperature, have
mit pressure from 1-107'! Torr) have been used to been suggested by the monitoring of the XPS and UPS
investigate water vapour interaction with clean and spectra.

pre-oxygen exposed chromium surface in the tempera-
ture range 80-623 k.

Initially at low exposure (o <monolayer ), the inter-
action of water vapour with clean chromium surface is
dissociative at active site of chromium atoms through
the formation of an adsorbed oxyhydroxyl layer to-
gether with molecular water which is coordinately
bonded to the unsaturated site, via the oxygen which
strongly held.

The second layer which represents the physically
adsorbed layer occurs at higher than one monolayer
coverage through water molecules hydrogen bonded to
the chemisorbed oxyhydroxyl layer. Models and the

INTRODUCTION

The interaction of water vapour with clean metal
surfaces has been studied and characterized by XPS
and UPS in the past decade and the behaviour of the
interaction can be summarized in general by three
categories.

Firstly, molecular adsorption at low temperature
takes place with no evidence for any interaction at
room temperature.”' ™ Secondly, dissociative adsorp-
tion at room temperature gives chemisorbed oxygen
and molecularly adsorbed water. In the third cat-
egory dissociation of the water, molecule is only

3 : g : 6-11
*Department of Chemical Engineering, Al-Fateh University P.O. partial and surface hydroxyl species dominates.®'")
Box 13589, Tripoli, G.S.P.L.A.J. In each case of these studies, the oxygen species
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with O, binding energy between that of chemisor-
bed oxygen and adsorbed water molecules was as-
signed to the hydroxyl groups.

In this work, the Photoelectron spectroscopy (XPS)
was used to determine surface concentrations of oxy-
gen, hydroxyl and water molecules through monitor-
ing the O, spectral regions, while the (UPS) pro-
vided information about the nature of the bonding of
the adspecies to the substrate.

Experimental

Spectra from polycrystalline chromium surface
were obtained by using a Vacuum Generators model
ESCA-5 Spectrometer, fitted with a VGQ7 mass
spectrometer for use in monitoring the gas phase!!?
during evacuation and thermal treatment. Details of
the spectrometer, sample preparation mounting base
pressures and operating conditions together with
data quantification can be found in previous publica-
tions.!!313)

Fig. 1 shows a series of He(,, spectra for various
exposure of H,O-vapour to clean surface at 80K,
then subsequent heating of the substrate to 623 K,
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Fig. 1. Hey, spectra for the interaction of H.O-vapour
with a clean chromium surface at 80 k together with the gas
phase spectrum of H,O, and subsequent heating the ad-
layer to 623 k.
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Fig. 2. Shows some of the difference spectra correspond-
ing to figure 1.

together with the gas phase,'* while Fig.2 shows
some of the difference spectra corresponding to Fig. 1.

The three valence orbitals of the H,O molecules
are lby, 3a; and lb,, the Ib, provides the bonds
between the hydrogen and oxygen holding the mol-
eculé together while the 3a, bond between the two
hydrogens gives the water about 109° bend,!* and
the Ib, is the non-bonding oxygen orbital of pure 2p
character.

The clean surface exhibits an intense band at about
1.0 ev with a second weak feature at 2.5 ev below the
fermi level from the 3d level.

Slight changes in the He;, spectra due to initial
interaction of water vapour with clean surface are
first observed, which resulted in the development of
bands at 5.5 and 9.0ev figure 1 and clearly in the
corresponding difference spectrum (a-clean) Fig. 2.

On increasing the exposure, a more intense band at
about 7.0 ev developed with increase of intensity and
width of the band at 9.0 ev, at the same time the band
at 5.5ev is still seen from the profile of the 7.0ev to
lower binding energy. With more addition of water
vapour, the band at 7.0 ev becomes narrower and is
shifted to 7.3ev and at the same time a weak third
band emerged at 13.0ev with the attenuation of the
d-band.

From the difference spectra and by comparison
with the gas phase spectrum, there are three regions,
4510 5.5 6to90and 9 to 13.0ev. The 4.5 to 5.5ev
region is assigned to emission from the 0y, orbital of
the chemisorbed oxygen [rom observations of the
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interaction of clean chromium with oxygen.* The
second region 6.0 to 9.0 ev is composite, being made
up to emission from the O, surface hydroxyl and
the 1b;, orbital of molecularly adsorbed water at
about 7.3 ev,*6718 and the third region which is also
composite, is made up of emission from the hydroxyl
(at 9.5ev) and emission from the 3a; orbital of
molecularly adsorbed water at 13.0 ev.

DISCUSSION

Initially, at low exposure (¢ < monolayer), the inter-
action of H,O-vapour with clean surface is dissocia-
tive at the active site of chromium atoms through the
formation of an adsorbed oxyhydroxyl layer, together
with molecular water which is coordinately bonded
to the unsaturated sites via the oxygen atom which is
strongly held.

The curve-fitting O, spectral region shows three
components peaks at 530.1 (due to chemisorbed oxy-
gen), 531.7 (due to chemisorbed hydroxyl species),
and 533.5 ev (due to molecular water) respectively.

The He,, spectra corresponding to this range of
coverage shows a band mainly in regions one and
two as shown in Fig. 1(a,b), and the difference spectra
{(a-clean) (b-clean) in Fig. 2, which mainly shows the
band due to chemisorbed oxygen atoms (O,,) and
chemisorbed hydroxyl species,''®'® whereas the Ib,
orbital from the molecularly adsorbed water in the
third region is very weak indicating that water mol-
ecule does not have its integrity on the surface with
this range of exposure.

The second layer which represents the physically
adsorbed layer occurs at higher than one monolayer
coverage through water molecules hydrogen bonded
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to the chemisorbed oxyhydroxyl layer which cannot
be distinguished from the OH species of the
chemisorbed layer by XPS or UPS techniques (strong
hydrogen bonding interaction Q% ..... H-OH). This
occurs at low temperature between molecularly ad-
sorbed water and surface oxygen.!!'!¥

The second type of physical adsorption is represen-
ted by H,O — molecules which are hydrogen bonded
to the chemisorbed layer through hydrogen atoms
and weakly bonded to the surface through oxygen
atom. These two types of physical adsorption may be
illustrated by models (1) and (2) respectively.

On increasing the coverage (¢=2.6) the main
changes are the increase in the intensity of Oy, at
533.5ev with a shift in the B.E. to 534.0 ev, the Hey,
spectrum, Fig. 1 and 2 shows the bands of the con-
densed moelecular water at about 7.3, 9.5 and 13.0ev
respectively.

As the adlayer is warmed to 150 k, most of the O,
intensity at 534.0 ev disappears with a shift to 533.5 ev
and a little increase in the intensity of O, at 530.1
and 531.7ev, with a total concentration of oxygen
adlayer left on the surface 2.1x10'°atom. cm™*
(e=13).

The corresponding He,,, spectrum showed disap-
pearance of the molecular orbitals from regions two
and three with a shift in the bands of 1b, and 3a, at
7.3 and 9.5ev to lower binding energy and much
wider than before, with gained intensity at 3.5 ev. The
layer which is desorbed at 150 k represents the con-
densed water.??

On further warming the substrate to R.T. 298.0 K
the intensity of the O, at 530.1 ev increased by half
what is lost from the intensity at 531.7 and 533.5ev
respectively (Table 1).

Table 1. Surface concentrations of chemisorbed oxygen, hydroxide and water from the curve-fitted data
of XPS-spectra
Treatment ax 10713 of Oy gx 10713 of ex 10713
chemisorbed hydroxide chemisorbed of water
hydroxide
1.8L H,O at 80k 0.070 0.120 0.123
3L H,0 at 80k 0.080 0.480 0.590
6L H,O at B0k 0.20 0.650 1.270
[2L H,0 at 80k 0.160 1.050 2982
Warmed to 150k 0.360 1.360 0.441
Warmed to 210k 0.540 0970 0.237
Warmed to 2908k 0.880 0.640 0.120
Warmed to 623k 1410 0.170 0.075
30L H,O on clean at 298 k 0.500 0.20 —
400L H,O at 298k 1.110 0.50 0.219
Heated to 623 k 1.390 0.27 0.154
Addition of 750 L H,O over 1.390 0.627 0.430
at 298 k

12L O, clean at 298 k 1.50 — —
12L H,0 at 298k 1.120 0.834 0.149
3672L H,O at 298k 1.150 1.05 0.285
Heated to 623 k 1.870 0.282 0.112
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The suggested explanation of this observation may
be by dehydroxylation through the breaking of hy-
drogen bonding to desorb water molecules and addi-
tion of chemisorbed oxygen atoms to the surface
(model 1), through the breaking of oxygen hydrogen
bond and hydrogen bond toward the chemisorbed
oxygen to form chemisorbed hydroxyls on the sur-
face, chemisorbed oxygen atoms and hydrogen atoms
(model 2).

During the heating of the substrate from 298 to
623 k, the decrease in the concentrations of hydroxide
and H,O species at 531.7 and 533.5 ev is paralleled by
an increase in the chemisorbed oxygen component at
530.1 ev, which clearly indicated that the decompo-
sition proceeds through the dehydroxylation of
chemisorbed hydroxide and dehydrogenation of the
coordinative water molecule, the suggested mechan-
ism is:
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Fig. 3. Shows the variation of () oxygen species, O, and
H.0,, concentrations with the exposure at 80k, (b) O,
OH,,, and H,0,, with temperature of the substrate.

OH(,)— Oy +3H, ), 3)

H;0a~ Oy + Hayy. (4)

We assigned Oy, on the basis of the core level
investigation, which shows that the bulk oxidation
started at R. Temperature and no bulk oxidation
below that temperature.

The hydrogen adatoms may be subsequently re-
combining and desorbing as molecular hydrogen,'®
where the dehydroxylation takes place above room
temperature through desorption of hydrogen gas.*

When the clean surface is exposed to H,O-vapour
at room temperature, the Oy, spectral region after
about half monolayer exposure, shows two wide
components (from curve-Fit) with about 0.5ev shift
to higher binding energy, and the corresponding He,;,
spectrum shows a development of three bands, when
the up-take increase in one monolayer coverage the
O component at 534.5 ev increases with a compar-
able increase in the intensity of the other components
at 530.5 and 532.3 ev, respectively.

From these observations, the interaction of H,O
vapour with a clean surface at 298 k occurs by initial
dissociation of water to chemisorbed oxygen atoms,
followed by hydroxide and the water to form a layer
of chemisorbed species, with higher concentration of
chemisorbed oxygen atom on the surface than that at
80 k interaction.

On heating the substrate to 623 k, the mechanism
of the activation is through the dehydroxylation and
dehydrogenation of the hydroxyls and coordinative
water molecules as mentioned before.

When this surface is cooled to 298 k, the addition
of water vapour resulted in dissociation to hydroxyl
and coordinative water adsorption without any
change in the concentration of the Oy, at 530.1ev.
This confirmed that during the heating of the adlayer
regeneration of the active metallic surface sites by
incorporation of the chemisorbed oxygen atoms in to
the bulk occurs and the adsorption of water vapour
at 298 k leads to dissociation to hydroxyls and coor-
dinative bonding water on the metallic site.

When the clean surface is pre-oxygen exposed at
298k (0=one monolayer), and then followed by
H,O-vapour, surface hydroxylation takes place and
the concentration of the hydroxyls which is formed
equal to twice the loss in the concentration of
chemisorbed oxygen at low temperature and when
the exposure of H,O-vapour increased to 367 L, there
was no change in the concentration of the chemisor-
bed oxygen and the only change is the increase in the
concentration of the hydroxyls and water species.
During the heating of the adlayer to 623k, dehyd-
roxylation occurs through desorption oxygen atoms
to the surface (Fig.4 which shows the desorption
features from the hydroxyl and water bands).
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Fig. 4. (a) Heyy, spectra for clean chromium surface exposed to H,O-vapour, then heating the surface to 300L H,O at 298 k.
(b) Heyy, for the partial oxidised surface with H,O — vapour and heated to 623 k.

The suggested mechanism is that the Cr— O surface ACKNOWLEDGEMENT
has active oxygen adatoms that have not developed
the ionicity associated with the Cr—Q?~ bond on the The author wishes to thank Prof. Roberts, M.W.
surface (may be chemisorbed oxygen species on the and Dr. Carely, A.F,, of School of Chemistry and
surface) hydroxylated through hydrogen bonding to Applied Chemistry, University of Wales, Cardiff,
water molecules which are aiready coordinated to U.K. for their helpful and valuable discussions.
unsaturated metallic site, or may be decomposition of
water molecule into a mixed adlayer of hydrogen REFERENCES

atoms and surface hydroxyls on the active site, and
then subsequently the hydrogen adatoms bonded to
the chemisorbed oxygen adatoms from hydroxyl spe- 1. Au, CT., Breza, J. and Roberts, M.W., 1979, Chem. Phys. Lett.,

cies; this mechanism can be illustrated by the follow- 66, 340.
ing equations: 2. Fisher, G.B. and Fland, J.L., 1980. Surf. Sci. 94, 446.
3. Miller, LN, Lindau, I. and Spices, W.E., 1981, Surf Sci. 111,

298 k 595.
O(“) +H,0 O...... H-OH, (5) 4. Au, C.T., Roberts, M.W. and Zhu, A.R., 1982. Swf. Sci. 115, L
active site I”'_ p "
H,0 ——— OH,,+H,, (6) 5. Marini, C. and Harn, K., 1983. Surf. Sci. 126, 279.

6. Atkinson, 8., Brundle, C.R. and Roberts, M.W., 1974. Faraday
Disc. Chem. Soc. 58, 62.

O H, — OH,,, 7
@+ Hea @) ( ) 7. Norton, P.R,, Tapping, R.L. and Goodale; 1.W., 1977. Swrf. Sci.
65, 13.
The dehydroxylation process is: 8. Roberts, M.W. and Wood, P.R,, 1977. J. Electron Spectros 11,
431.
o.. ... 2 OH(,,) 623k | k 20@ +Hagp (8) 9. Gimzewski, J.K., Aflrossman, S., Gibson, M.T., Watson, L.M.

and Fabizn, D.J,, 1979. Surf Sc. 80, 298.
10. Moyes, R.b. and Roberts, M.W., 1977, Catalysis 49, 216.
or 11. Padalia, B.D., Gimzewski, J.K., Affrossman, S., Lang, W.C,,
63k, Watson, L.M. and Fabizn, D.J, 1976. Surf. Sci. 61, 468.
ZOHM = 20(;,) +Hsy,. ) 12. Turner, D.W., Baker, C., Baker, A.D. and Brundle, C.R., 1970.



66

14,
15,
16.

Al-Taie

Molecular Photoelectron Spectroscopy, Lond. Wiley intersci-
ence,

. Joyner, R.W., Roberts, M.W. and Yates, K., 1979. Surf. Sci. 87,

501.

Roberts, M.W., 1980. Advnces in Catalysis, 29, 55.

Al-Taie, Ali, S., 1991. Iragi J. of Chem. 16{2), 1.

Briggs, D., Connor, J.A., considine, M. and Hillier, LH., 1977.
J. Electron Spectrose. 12, 143,

7.
18.

Wachs, LE, and Kelemen, S.R., 1981. J. Catal. 71, 78.
Dwyer, D.J,, Kelemen, S.R. and Kalder, A.,, 1982. J. Chen.
Phys. 76, 1832,

. Zecchina, A., Coluccia, S, Gughielminotti, and Ghiotti, G.,

1971. J. Physical Chemisiry 75, 2774.

. Stuve, E.M., Madix, R.J. and Sexton, B.A., 1981. Surf, Sci, 111,

11.



PRIJ, Vol. 8 (January 1996); P. 67-73, 3 FIGS, 11 TABLES.

Evaluation of Sedra and Hamada Crude Oils for Manufacturing of Lube Base
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Abstract The potential of production of lube base
stocks of Sedra and Hamada crude oils has been
assessed both in terms of quality and quantity, Atmos-
pheric residua (3407°C) of these crude oils were
prepared and evaluated for manufacturing of lube base
stocks for different classes. The atmospheric residua
(3407°C ) of these crude oils were further distilled into
nine different fractions. The comparative yield and
properties of raw cuts, dewaxed cuts and dewaxed-
solvent extracted cuts were determined and evaluated
for lube base stocks production. Suggestions of possible
use of Sedra and Hamada lube base stocks are also
presented.

INTRODUCTION

The lubricant production in Libya is entirely based
on imported lube base oils, bulk of which is in the
viscosity range of intermediate (N 150, N 250), heavy
(N 500) and bright stocks. As a result of this situation
an attempt has been made to look into the likely
availability of lube base stocks from Hamada and
Sedra crude oils both in respect to yield and quality

*Petroleum Research Centre P.O, Box 6431, Tripoli, G.S.P.LAJ.

67

since these crude oils are processed in Az-Zawiyah
refinery.

This paper presents comparative yield potential
and available viscosity range of base stocks from
Sedra and Hamada crude oils. This work also pres-
ents views on utilization aspects, based on the current
developments in lubricant formulations and applica-
tion aspects.

EXPERIMENTAL

Experimental work, reported herein, was carried
out using Sedra and Hamada crude oil samples
obtained from Az-Zawiyah refinery. Physico-chemi-
cal data of these crude oils are reported in Table 1.
Sedra crude oil has API gravity 35.6 while Hamada
crude oil has 40.0 API gravity. The characterization
factors (K,,,) of Sedra and Hamada crude oils are
12.20 and 12.25, respectively.

Preparation of Atmospheric Residue

The atmospheric residue was prepared by distilla-
tion of crude oil through a distillation column, which
is conforming to ASTM D2892 method, for atmos-
pheric distillation to remove naphtha, kerosine and
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Table 1. Characteristics of Sedra and Hamada crude oils

Test method Test description Result

Sedra Hamada
crude  crude

ASTM D1298 Specific gravity at 15.6/15.6°C 0.8469 0.8249

ASTM D1298 API gravity 35.6 40.0
ASTM D1796 Waler and sediment content 0.1 Traces
ASTM D129  Sulphur content 1.52 0.10
ASTM D97 Pour point, °C 3 —6
ASTM D445  Kinematic viscosity at 37.8°C, ¢St 5.36 4.63
IP 143 Asphaltene content, wt.% 0.71 0.46
ASTM D189  Conradson carbon residue, wt.%  2.74 2.09
ASTM D482  Ash content, wt.% Nil 0.0059
UOP 375 Characterisation factor 1220 1225
1P 77 Salt content, ppm Nil 1074

gas oil fractions boiling up to 340°C. The left over
portion in distillation flask remains as atmospheric
residue. The yield of atmospheric residue of Sedra
and Hamada crude oils were found to be 50.26, and
48.56 wt.% respectively.

Preparation of Lube Distillate Cuts

Eight distillate cuts ranging from 340 to 550°C and
vacuum residue of Sedra and Hamada crude oils were
prepared by distillation of corresponding atmos-
pheric residue (340*°C) using a batch distillation
apparatus made according to ASTM D1160 method.
The position of cuts on composite TBP distillation
curve up to 550°C is shown in Fig. 1. The boiling
range and yield of these distillate cuts are presented
in Table 2. The properties of distillate cuts of Sedra
and Hamada crude oils are given in Table 3 and
Table 4, respectively.

Deasphalting of Vacuum Residue

The vacuum residue (550*°C) was propane deas-
phalted using a batch, four litres capacity extractor at
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Fig. la. TBP distillation curve of sedra crude oil.
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Fig. 1b. TBP distillation curve of Hamada crude oil.

60°C. The ratio of solvent (propane) to oil was used
as 5:1 by volume. The deasphalted oil (DAQO) was
separated from the solvent initially in the extractor
and subsequently by evaporation with a nitrogen
purge at 150°C. The yield of oil and asphalt was
found 11.34 and 23.12 wt.% on atm. residue, respect-
ively for Sedra crude oil while the yield of oil and
asphalt for Hamada crude oil was found as 8.28 and
20.69 wt.% on atm. residue, respectively.

Processing of Distillate Cuts and Deasphalted Qils
(DAO)

Distillate cuts and deasphalted oils were processed
according to the following steps:

Step I: Dewaxing (to improve the low temperature
properties)

Step 2: Solvent extraction (to improve viscosity in-
dex and quality)

The above sequence may be altered during the pro-
cess design.

Dewaxing

A mixture of methyl ethyl ketone (MEK) and
toluene in the ratio of 70:30 by volume was used for
dewaxing of all distillate cuts. Dewaxing temperature
was 1242°C and the ratio of the solvent to feed was
maintained as 3:1 by volume. The chilled solvent was
mixed with the preheated feed and cooled to —12°C
with agitation. The mixture was allowed to stand for
about 2 hours and then filtered using No. 4 sintered
glass filter. The wax cake was washed three times
with the solvent and the extract was stripped out of
the solvent in a rotary vacuum separator. The wax
cake was stripped out from the filter and weighed to
determine the yield of the slack wax. The yields of oils
after dewaxing are reported in Table 2. The proper-
ties of dewaxed oils of Hamada and Sedra are given
in Tables 5 and 6, respectively.
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Table 2: Yields of raw and processed cuts of Hamada and Sedra crude oils

Hamada crude oil Sedra crude oil
Distillate cuts Yield on atm. residue (wt.%) Distillate cuts Yield on atm. residue (wt.% )
correspond to correspond to
atm. distillation atm, distillation
(°c) Raw cut Dewaxed cut Dewaxed and °C) Raw cut Dewaxed cut Dewaxed and
solvent solvent
extracted cut extracted cut
340-370 20.05 18.97 14.24 340-355 287 2.53 1.70
370400 9.55 8.77 5.61 355-395 10.58 8.88 6.36
400425 135 6.64 4.50 395421 10.82 9.08 5.66
425-450 9.74 8.72 6.10 421-450 9.63 8.03 5.26
450-475 5.15 4.63 3.28 450475 9.21 7.70 523
475-500 7.72 7.02 5.16 475-500 9.49 8.17 549
500-525 6.26 5.68 4,35 500-525 5917 5.01 336
525-550 5.21 4.74 3.74 525-550 6.13 533 3.54
550+ 8.28 6.83 5.02 550+ 11.34 9.55 7.36
(deasphalted oil) {(deasphalted oil)
Table 3. Properties of raw distillate cuts of Hamada crude oil
Distillate cuts Specific APl Kin. viscosity Kin. viscosity Pour Total
correspond to gravity at gravity at 40°C at 100°C point sulphur
atmospheric 15.6/15.6 (°C) (wt.%)
distillation
(°C) °C {cSt) (SUS) (cSt) (SUS)
340-370 0.8588 333 8.47 53.6 225 33.7 3 0.25
370400 0.8698 31.2 12.8 69.0 296 36.1 12 0.23
400425 0.8768 299 18.4 91.1 3.67 384 21 0.28
425-450 0.8833 28.7 294 139 4.69 41.7 27 0.34
450-475 0.8916 272 86.0 399 8.88 55.4 36 0.39
475-500 0.9004 257 — — 11.5 64.6 39 0.23
500-525 0.9034 25.1 — — 13.8 73.2 39 0.28
525-550 09118 23.7 — — 19.6 96.8 42 0.30
550+ 0.9415 18.8 — — 44.8 210 57 0.50
(deasphalted oil)
Table 4. Properties of raw distillate cuts of Sedra crude oil
Distillate cuts Specific API Kin. viscosity Kin. viscosity Pour Total
correspond to gravity at gravity at 40°C at 100°C point sulphur
atm. distillation 15.6/15.6 (°C) (wt.% )
(°C) °C (cSt) (SUS) {cSt) (SUS)
340-355 0.8599 33.1 793 51.9 228 338 12 0.57
355-395 0.8709 31.0 12.1 66.4 2.86 357 18 0.60
395421 0.8788 29.5 15.8 80.6 346 377 27 0.61
421-450 0.8857 283 25.7 122 4.52 41.1 30 0.65
450-475 0.8956 265 — — 6.45 47.3 39 0.69
475-500 0.9075 244 — — 9.31 56.8 42 0.72
500-325 0.9175 22,7 — — 134 717 45 0.73
525-550 0.9295 20.7 — — 219 107 51 0.81
550+ 0.9318 204 — — 384 181 60 —

{deasphalted oil)
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Table 5, Properties of dewaxed distillate cuts of Hamada crude oil

Distillate cuts Specific API Kin. viscosity Kin. viscosity Viscosity Pour Total
correspond to gravity at gravity at 40°C at 100°C index point sulphur
atm. distiliation 15.6/15.6 (°C) (wt.%)
(°c) e (cSt) (8US) (dSt) (SUS)
340-370 0.8580 134 7.84 51.5 2.18 334 71 -6 0.26
370400 0.8719 30.8 11.9 65.6 274 353 50 -6 0.27
400-425 0.8831 28.7 20.6 100 3.78 387 45 -6 0.29
425-450 0.8921 27.1 347 163 497 42.6 44 —6 0.31
450-475 0.8987 259 61.8 287 7.04 49.2 57 -6 0.31
475-500 0.9073 24.5 129 598 10.8 62.1 52 -6 0.32
500-525 0.9124 236 222 1028 153 79.1 56 -9 0.34
525-550 0.9185 226 419 1941 217 106 49 —6 0.36
550+ 0.9239 21.7 1524 — 54.9 257 78 0 0.73
{deasphalted oil}
Table 6. Properties of dewaxed distillate cuts of Sedra crude oil
Distillate cuts Specific API Kin, viscosity Kin. viscosity Viscosity Pour Total
correspond to gravity at gravity at 40°C at 100°C index point sulphur
distillation 15.6/15.6 (°C) (wt.% )
(TBP) (°C) °C (cSt) (SUS) (cSt) (SUS)
340-355 0.8709 310 8.00 52.1 2.21 33.7 72 —6 045
355-395 0.8869 28.0 14.0 73.5 297 364 38 —6 0.54
395-421 0.8949 26.6 20,0 97.8 3.64 38.6 31 -9 0.64
421-450 0.9028 252 304 143 472 42.1 52 -6 0.68
450475 0.9128 23.5 65.1 302 7.15 499 52 -6 0.73
475-500 0.9198 223 112 520 9.79 58.9 49 —6 0.81
500-525 0.9258 21.3 191 886 13.1 71.1 39 -9 0.84
525-550 0.9299 20.7 285 1322 17.5 88.6 52 -9 0.88
550+ 0.9317 204 1457 6749 51.3 242 72 +3 0.52

{deasphalted oil)

Solvent Extraction

The majority of lubricating oil refining technologies
use furfural, phenol and N-methyl-pyrrolidone
(NMP) as a solvent. It is generally known that the
thermal stability of furfural is low, while phenol has
undesirable safety and health aspects. NMP is con-
sidered more advantageous, for it is non toxic, its
physical and chemical characteristics are more fa-
vourable, and it dissolves the aromatics more selec-
tively than either phenol or furfural. The main char-
acteristics of the most widely used solvents: phenol.
furfural and NMP are given in earlier publication
(Ahmad et al., 1995; Gardos et al., 1982).

Keeping all these points into consideration dry
NMP was selected as solvent for extraction to im-
prove viscosity index and quality of the base oil. The
conditions used for solvent extraction are shown in
Table 7. The dewaxed oil (50 ml) and an appropriate
amount of NMP solvent were mixed and agitated at
55 to 58°C for 20 minutes. The mixture was allowed
to stand for 30 minutes to settle down. The upper
layer (raffinate) containing the product was separated

Table 7. Conditions used for solvent extraction
of dewaxed oil

Solvent oil ratio 2:1
Temperature, °C 55-58
Number of stages 1
Extraction time, min. 20
Settling time, min. 30

and stripped using initially a rotary vacuum evapor-
ator and subsequently using a stream stripper. GLC
analysis of the oil was performed which indicated that
the solvent content has been reduced to traces in the
base oil. The yield and properties of the oil after
solvent extraction are tabulated in Tables 2, 8 and 9,
respectively.

DISCUSSION

The atmospheric residua (340*°C) of Hamada and
Sedra crude oils was distilled using a batch distilla-
tion apparatus made according to ASTM D1160
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Table 8. Properties of processed (dewaxed and solvent extracted) distillate cuts of Hamada crude oil
Distillate cuts Spec. API Kin. viscosity Kin. viscosity Viscosity ~ Pour  Flash Total Conradson
correspond to  gravity at  gravity at 40°C at 100°C index point point sulphur  carbon residue
atm. distillation  15.6/15.6 °C) (°c) (we.% ) (wt.% )
(°C) °C (cSt) (SUS) (cSt) (SUS)
340-370 0.8371 37.5 7.55 50.6 2.11 33.2 66 -6 164 0.07 0.0225
370-400 0.8537 34.2 12.3 67.1 3.06 364 108 -6 180 0.03 0.0270
400425 0.8607 329 21.1 103 4.00 39.5 73 —6 196 0.05 0.0271
425-450 0.8685 314 26.5 126 4.66 41.6 87 -6 210 0.11 0.0271
450-475 0.8755 301 529 246 6.66 48.0 69 -6 232 0.21 0.0273
475-500 0.8830 28.7 93.6 434 9.40 57.1 69 —6 258 0.18 0.0791
500-525 0.8871 28.0 155 718 13.1 70.6 71 -9 282 0.09 0.1026
525-550 0.8508 273 257 1191 17.7 88.8 68 —6 292 0.06 0.3427
5504 0.9076 244 994 — 441 207 82 0 >300 0.55 0.8529
(deasphalted oil)
Table 9. Properties of processed (dewaxed and solvent extracted) distillate cats of Sedra crude oil
Distillate cuts Spec. API Kin. viscosity Kin. viscosity Viscosity ~ Pour  Flash Total Conradson
correspond to  gravity at  gravity at 40 at 100°C index point  point sulphur  carbon residue
atm. distillation  15.6/15.6 (°C) (°C) (wt.%) (wt.%)
(°C) °C (cSt)  (SUS)  (cSt) (5US)
340-355 0.8548 340 8.89 55.0 243 345 90 —6 166 0.11 0.033
355-395 0.8585 333 12.5 67.8 2.85 359 57 -9 178 0.14 0.054
395-421 0.8663 318 16.5 834 337 317 57 —6 188 0.17 0.089
421450 0.8745 303 20.2 98.7 397 39.7 84 —6 218 0.25 0.070
450475 0.8845 28.5 473 220 6.56 48.0 86 —6 231 0.30 0.150
475-500 0.8896 27.6 72.6 337 8.67 55.1 89 —6 250 0.33 0.068
500-525 0.8948 26.6 125 580 11.8 66.2 78 -6 274 0.39 0.064
525-550 0.8976 26.1 176 816 15.1 78.8 83 —6 295 0.45 0.094
550+ 0.9110 238 937 4340 43.5 205 85 +3 248 0.42 2,080
{deasphalted oil)
method. The eight distillate cuts ranging from 340 to i 1200
550°C were prepared and vacuum residue was also = [
collected. The vacuum residue (550*°C) obtained o I
from Hamada crude oil and Sedra crude oil, was then 2 800 |
separately propane deasphalted and the oil contents e
were collected. They were found to be 8.28 wt.% and z L
11.34 wt.% on atmospheric residue for Hamada and é 400 -
Sedra crude oils, respectively. The deasphalted oil E -
and other distillate fractions were subjected to de- ) I
waxing and solvent extraction. The properties of oils 0 L
0 10 20 30 40 50

obtained after treatment are given in Table 8 for
Hamada crude oil and Table 9 for Sedra crude oil.
The plot of mid wt.% of yield versus kinematic
viscosity at 40°C of processed oils is shown in Fig. 2
and Fig. 3 for Hamada and Sedra crude oils respect-
ively. The yields of different grades of base stocks
have been calculated and the cut range corresponds
to these yields were calculated and presented in Table
10.

The distillate fractions after processing (dewaxing
and solvent extraction) had viscosity index 66-108 in
case of Hamada crude oil and 57 to 90°C in case of
Sedra crude oil, and pour point —6 to —9°C in

Mid. wt. % on atm. residue

Fig. 2. Kin viscosity versus mid wt.% of yield of pro-
cessed base oil of hamada crude oil.

case of both Hamada and Sedra crude oils. The
deasphalted oils obtained from vacuum residua after
dewaxing and solvent extraction had pour point 0°C
in case of Hamada crude oil and +3°C in case of
Sedra crude oil. The viscosity index (VI) of processed
oils obtained from Hamada and Sedra crude oils are
lower than the required in specifications of finished
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Kin, viscosity at 40 C { SUS)

1000
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0 10 20 30 40 50

Mid. wt.% on atm. residue

Fig. 3. Kin viscosity versus mid. wt.% of yield of pro-
cessed base oil of sedra crude oil.

Table 10, Distillation range and yield of different class of base oils

Base oil Distillation range Yield on Yield on
(°C) atm. residue crude oil
(wt.%) (wt.%)

Hamada Sedra Hamada Sedra Hamada Sedra
crude crude crude crude crude  crude

Base stock 340449 340442 46,04 31.50 2236 15.83

for light

lubricants

N 150 449466 442-478 2.60 6.60 1.26 332
N 230 — 478-505 — 4.50 — 2.26
N 500 466-550 505-550 14.58 8.10 7.08 4.07
Bright 550+ 550+ 5.02 7.36 2.44 370

stock

engine oils. Therefore, further processing or addition
of a suitable additive of viscosity index improver is
required to produce good quality engine oil from
these base lube oils. Material balance of the yields of
lube base stocks, wax content, aromatic content and
asphalt content are given in Table 11. The yields of
base stock to produce light viscosity range lubricants
were found to be 46.04wt% on atm. residue
(22.36 wt.% on crude) in case of Hamada crude oil
and 31.50 wt.% on atm. residue (15.83 wt.% on crude)
in case of Sedra crude oil. Recent reports in the
literature (Singh et al. 1985) indicate that base oils of
lower viscosity are required by the automotive sector
to meet the need of fuel efficient multigrade lube oils.
However, the volatility of such base oils need to be
carefully controlled to avoid excessive oil consump-
tion. These reports further indicate that friction modi-
fiers have been found to respond best in low viscosity
oils.

The above trends make the situation favourable
towards the use of lube base stocks from Hamada
and Sedra crude oils since the major potential of
these oils are in lower viscosity range. The volatility

Table 11. Material balance of the process

Product Yield on atm. residue Yield on crude
(wt.%) (wt.%)
Hamada Sedra Hamada Sedra
crude crude crude crude
Base oil for light 46.04 31.50 22.36 15.83
viscosity lubricants

N 150 2.60 6.60 1.26 3.32
N 250 — 4.50 — 2.26
N 500 14.58 8.10 7.08 4.07
Bright stock 5.02 7.36 2.44 3.70
Wax content 372 8.56 1.81 4,30
Aromaticextract 7.35 9.22 3.57 4.63
Asphalt 20.69 23.12 10.05 11.62

Losses were calculated to be 1.04 wt.% on atm. residue in case of
Sedra crude oil.

characteristics of these base oils can be improved by
careful control of vacuum unit operation so that
produced oils have less low boiling materials.

Although it is difficult to make any firm statement
on the application aspect of formulated Iubricants
from Hamada and Sedra lube base stocks in the
absence of any performance data, however, it is
possible to state that it appears possible to formulate
multigrade oils like 20W50, 20W40, and alike with
the combination of the following:

(a) By the use of modern additive package of en-
hanced viscosity index increasing power.

(b) By the use of synthetic base oils as components in
the base oil blend.

CONCLUSIONS

1. Obtained evaluation results indicate that Hamada
and Sedra crude oils can be used to produce
different grades of lube base stocks but the viscos-
ity index of these base oils was found between 66
to 108 in case of Hamada crude oil and 57 to 90
in case of Sedra crude oil. Therefore, a suitable
additive of viscosity index improver is required to
produce good quality engine oil from these base
lube oils.

2. Production potential of a substantially large
amount (46.04 wt.% on atmospheric residue;
22.36 wt.% on crude oil in case of Hamada crude
oil and 31.50wt.% on atmospheric residue;
15.83 wt.% on crude oil in case of Sedra crude oil)
of lube base stocks lies in the light viscosity range.
Such type of base oils, according to the recent
trends, can be used in the formulation of fuel
efficient, multigrade motor oil along with the
proper additive package and synthetic lubricants.
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Production of Glycerine by Tungstate Catalyzed Oxidation of Allyl Alcohol by
Hydrogen Peroxide: a Kinetic and Mechanistic Study
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Abstract  The kinetics and mechanism of formation of
glycerine from allyl alcohol by hydrogen peroxide in
the presence of sodium tungstate as catalyst have been
studied. The reaction is first order with respect to allyl
alcohol and catalyst and zero order with respect to
hydrogen peroxide. The mechanism of formation of
glycerine is considered to be through epoxidation of
allyl alcohol to glycidol and then hydrolysis of glycidol
to glycerine. Based on substituent and salt effects the
mechanism of formation of glycidol is believed to be
concerted with considerable polar (electrophilic) char-
acter. The energy of activation has been calculated to
be 68.9 kImol ™.

INTRODUCTION

Glycerine is a chemical which enjoys wide use in
industry because of both its chemical and physical
properties. Its major use as a chemical is in the
manufacture of alkyds resins. Glycerine is also used
in drugs, cosmetics, tobacco, food and beverages,

*Petroleum Research Centre P.O. Box 6431, Tripoli, G.S.P.LA.L
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explosives, manufacture ol cellophanes and poly-
ethers. Glycerine is produced as a by-product in soap
industry. It is also produced (Lowenheim and Moran,
1975) synthetically as petrochemical from propylene
via either allyl chloride or acrolein as intermediates.
Another possible synthetic route of manufacturing of
glycerine is from the oxidation of allyl alcohol by
hydrogen peroxide using tungstic acid or its salt as
catalyst. This paper describes the kinetics and mech-
anism of the formation of glycerine from allyl alcohol
by hydrogen peroxide using sodium tungstate as
catalyst.

EXPERIMENTAL

All the chemicals used were of B.D.H. (Analar)
grade. Hydrogen peroxide was standardized (Kolt-
hoff et al., 1969) by permanganate method and aliyl
alcohol was standardized using bromate-bromide
procedure (Lucas and Pressman, 1938). The ionic
strength of the reaction mixture was maintained by
the addition of sodium perchlorate. The pH of the
reaction mixture was adjusted by addition ol per-
chloric acid solution. In the kinetic runs, the concen-
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tration of hydrogen peroxide was measured
colorimetrically (Reichert et al., 1939, Ahmad and
Degam, 1991).

The kinetics of the reaction was followed by
monitoring the concentration of hydrogen peroxide.
Every run was at least 90% complete. After the
reactants had reached thermostat temperature, the
reaction was started by addition of hydrogen perox-
ide. The kinetics were followed by examining 5 ml
aliquots of the reaction mixture for hydrogen perox-
ide content. The aliquots were added to a test tube
which already contains 10 ml distilled water and 5 ml
titanium sulphate solution to stop the reaction, Op-
tical density of this solution was measured at 420 nm
and the concentrtion of hydrogen peroxide was read
from a calibration graph.

The concentration of glycerine was measured
quantitatively by using gas chromatographic tech-
nique. Chrompack Packard Gas Chromatograph
(model 439) equipped with flame ionization detector
(FID) was used. The column was 10m long and
packed with the material used for analysis of acohols.
Nitrogen was used as carrier gas. The yield of glycer-
ine at pH 3.0 was found to be 95%. The presence of
glycidol as an intermediate was also detected by
pyridinium chloride-pyridine method (Jungnickel
et al, 1953).

RESULTS AND DISCUSSION

The progress ol the reaction was followed by
examining the concentration of hydrogen peroxide at
different time intervals. The isolation method was
applied for determining the kinetics of the reaction. In
all experiments the concentration of allyl alcohol was
at least filteen times higher than the concentration of
hydrogen peroxide. The disappearance of hydrogen
peroxide in kinetic run obeys a simple zero order
reaction. The plots of concentration of hydrogen
peroxide versus time were good straight lines and
their slope yields k.. The pseudo-zero order rate
constants (k,z4) were found to be independent of the
concentration of hydrogen peroxide. The results are
reported in Table 1. The average k.., was found to
be 3.45x 1077 4+0.012x 10" " moldm 3 sec™ L.

The order of reaction with respect to sodium tung-
state (catalyst) was determined by varying its concen-
tration and keeping all other variables constant. The
plot of k.. against the concentration of sodium
tungstate was a straight line (Fig. 1) which passes
through the origin. This shows first order dependence
of rate on catalyst (sodium tungstate) concentration
and it also confirms that there is no reaction in the
absence of sodium tungstate. Similarly, the depend-
ence of rate on allyl alcohol concentration was deter-
mined by varying its concentration while keeping
all other variables constant. The observed pseudo-

Table 1. Pseudo-zero order rate for tungstate catalyzed
formation of glycerine from allyl alcohol by hydrogen

peroxide
[H,05] x 103 ko, x 107
(M) (moldm™3 sec™!)
250 3.45
3.00 3.47
3.50 3.44
4.00 346
4.50 3.45
5.00 3.44

[Na,WO,]=5.00 x 10~* M; [Allyl alcohol] =0.10 M;
Temp., 40°C; pH=3.0; 4=50.00x 10™* M.

600

500

400~

3.00-

Kabsd x 107

200+

Keleld

o UDlJ_, ! 1 1 [} ] ! 1
0.00 100 200 300 400 5.00 6.00 T00 800

{Noz wos]x 10% M

Fig. 1. First order dependence of rate on catalyst concen-
tration [H.0,]=4.00x107*M [Allyl alcohol]=0.10M
pH, 3.0; Temp., 40°C.

zero-order rate constants (k,,.g), when divided by
allyl alcohol concentration, gave a constant value
(Table 2). This shows that the order of reaction with
respect to allyl alcohol is first order.

Table 2. First order dependence of rate on allyl alcohol concentra-
tion for the formation of glycerine by hydrogen peroxide using
sodium tungstate as catalyst

[Allyt alcohol] ke x 107

(moldm™3 sec™!)

knbsd 7

[Aliyl alcohol]

0.10 345 34.5
0.15 5.19 34.6
0.20 6.88 344
0.25 8.63 345
0.30 10.40 34.7
0.35 12.10 346

[H.0,]1=4.00x 1073 [Na,WO,]=35.00x 107* M;
Temp., 40°C; pH=3.0; £ =50.00 x 10~* M.
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In aqueous solutions tungstate gave tungstate
anions by the following equation

WO2 *H,0 = HWO; + “OH. (1)

Preliminary studies have shown that the formation
of glycerine from allyl alcohol is through the inter-
mediate glycidol (epoxy allyl alcohol). Secondly at our
experimental conditions, hydrogen peroxide does not
bring about the formation of glycerine from allyl
alcohol without the catalyst and the catalyst alone
(without hydrogen peroxide) as well fails to bring
about the formation of glycerine. These observations
suggest that hydrogen peroxide oxidizes tungstic acid
anion into peroxytungstic acid anion which then
brings about the epoxidation of allyl alcohol to
glycidol. The glycidol hydrolyses at low pH values
and gives glycerine as the final product.

It has been reported earlier (Beg and Ahmad, 1975)
that the HWO73 is the active species for epoxidation
reactions in such system. The most probable mechan-
ism is as follows

k
CH,—CH—CH,OH + HWO3 k:’

(intermediate complex), (3)

(intermediate complex)
Y, CH,— CH—CH,0H +H,0, )
N o
0

Hydrolysi
CH,—CH—CH,0H —/—%,

N/
0

HOCH,—CH(OH)—CH,0OH
(Glycerine), (5)

Rate of reaction =k; [intermediate complex]. (6)

Applying steady-state approximation of the concen-
tration of intermediate complex, we get

k, [CH,=CH—CH,OH][HWO; —*k-
[intermediate complex]—k;

[intermediate complex] =0, (7)

[intermediate complex]

_ k,[CH,—CH—CH,0H][HWO3 ]
- ]C2+](3 ’

(8)

Substituting the concentration of intermediate com-
plex from equation (8) into equation (6), we get

Rate of reaction

=k[CH,=CH—CH,OH][HWO3], 9
where
kyks
k= :
ka+ks

Since the formation of peroxytungstic acid anion
from tungstic acid anion is assumed to be instan-
taneous and complete, equation (9) can be written as

Rate of reaction

=k'[CH,=CH—CH,0OH][Na,WO,]. (10)

This explains the order of reaction with respect to
allyl alcohol, catalyst and hydrogen peroxide. Hence

Rate of reaction="Fk,y, (11)

where

kopsa=k'[CH,—CH—CH,OH] [Na,WO0,]. (12)

Increasing in ionic strength did not affect the
reaction rate. This was confirmed by changing the
ionic strength of the medium by addition of sodium
perchlorate solution from 50.00 x 10™* M to 300.00 x
107*M and determining the rate of reaction (k).
In all the cases k,,,; was found to be the same within
reproducibility limit of the experiments. The reaction
rate of crotyl alcohol was performed under the same
conditions as for allyl alcohol given in Table 1. In
place of 0.10 M aliyl alcohol, crotyl alcohol of the
same concentration was used to observe the substitu-
ent effect of methyl group on reaction rate. The
average value of k,;,,, was found to be 3.84 x 10~7 mol
dm™3sec™!. The faster oxidation rate of crotyl alco-
hol compared to that of allyl alcohol under identical
conditions shows that the presence of methyl group
at the double bond is rate enhancing, This points to
an electrophilic addition which is generally observed
in the corresponding reaction of olefins with organic
peracids and in other three-centered additions
(Swern, 1957). The salt effects and the methyl sub-
stituent effect described above give an insight into the
nature of the transition state of the oxygen transfer
from peroxytungstic acid anion to the double bonds
of the olefinic substrate as described elsewhere
{Ahmad and Degam, 1991). The mechanism of the
reaction is given in Fig, 2.

The reaction was studied at six different tempera-
tures ranging from 35°C to 60°C, and the results are
given in Table 3. The plots of log k.., against recip-
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Fig. 2. Mechanism of the reaction.

Table 3. Dependence of rate on temperature

Temperature 1
X 100 k,x107  7+logk,
308 3.25 2.18 0.3385
313 3.19 3.45 0.5378
318 3.14 4.87 0.6875
323 3.10 7.01 0.8513
328 3.05 11.22 1.0499
333 3.00 15.85 1.2000

[H20,]=4.00x 1073 M; [Na,WO,]=500x 10* M;
[Allyl aleohol]=0.10 MpH =3.0; £#=50.00 x 10~* M.

rocal of temperature gave a straight line. The energy
of activation was calculated from the slope of the plot
to be 68.9 kI mol ™.
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