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Petroleum Generation and Maturation of the Arabian Gulf Region

I.A. SAIL and K. MAGARA
Department of Petroleum Geology, Faculty of Earth Sciences,
King Abdulaziz University, Jeddah, Saudi Arabia.

ABSTRACT. The result of application of Lopatin's and Waples' methods on
generation and maturation of petroleum in the Arabian region proves that
the Permian and Triassic sedimentary rocks are possible sources for only
gus and the Tertiary sediments have generated only heavy oils (immature).
However, the study of the Jurassic and Cretaceous source rocks indicates
that they are the main hydrocarbon generators with large areal distribu-
tions. The superposition of the existing oil and gas ficlds over the petroleum
generation maps further confirms the above result,

Introduction

Vitrinite reflectance has been widely used as an index of the level of organic matura-
tion, which is important in assessing the status of petroleum generation and matura-
tion in sourcc rocks. Figure 1 summarizes several maturation indices including vitri-
nite reflectance in relation to oil and gas generation (Dow 1977).
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[16. 1. Maturation indices including vitrinite reflectance, R, in relation to oil and gas generation (Dow
1977).
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Because vitrinite reflectance values are measured using rock samples, proper esti-
mate of organic maturation in the subsurface can only be made after drilling a well.
However, in most exploration plays, it is desirable to have such an estimate before
drilling. Both organic maturation and vitrinite reflectance are primarily controlled
by temperature and duration of geologic time {(Connan 1974). Therefore, it is possi-
ble to estimate the reflectance if a relationship among the reflectance, geologic age,
and depth of burial (or temperature) in a study arca is known. Figure 2 shows such an
empirical relationship for the Gulf Coast sedimentary rocks (Dow 1978). This figurc
only represents an example of Gulf Coast, which was not used for the current study
described in this paper.
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tary rocks (Dow 1978).
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Where rates of sediment burial were relatively uniform throughout an cntire
geologic period, a plot of depth of a bed of known geologic age provides a reliable es-
timate of vitrinite reflectance such as in Fig. 2. However, if the rate of burial was sig-
nificantly changed in the geological past, or if major erosional periods were tnvolved,
a reliable estimate cannot be made by simply plotting the depth or temperature value
on a chart such as that of Fig. 2.

To make a proper estimate of vitrinite reflectance, the burial history and the time-
temperature index of a given scdimentary rock must be estimated (Waples 1980).
Based on Lopatin’s (1971) fundamental concept, Waples stated that the time-temp-
crature index (TTI) or the maturity indicator of & given sediment is given by the sum
of the maturitics acquired in each time-temperature index, or

TTE = % () . (™) (0

nnun

wherc At, is the length of time spent by the sediment in the n tA temperature interval,
" is the temperature {actor of the same interval shown in Table 1, and n max and n
min are the n-values of the highest and lowest temperature intervals encountered.

Tantt 1. Listof temperature interval, index value, n, and temperature factor, ro for calculation of time-
temperature indices or integrals (U1 {from Waples 1980).

lemperature Index Temperature

interval ("C) Valuen Factor
M- 20 g s
20- 30 -7 27
30- 40 O 2®
40- 50 -5 25
30- 60 —l 24
6i)- 70 3 2°
70- 80 -2 27
50- 90 -1 20
90-100 i 1
100-110 1 2
110-120 2 22
120-130 3 2
130-140 m 25

Once the TT1 value is calculated for a given sample, it can be converted to vitrinite
reflectance, R,,, using Figure 3, which is a plot of Waples® correlation between TTI
and R,, derived from 402 worldwide samples. In short, Waples’ method is a method
which combines Lopatin's theory and the true subsurface data obtained worldwide.
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Vitrinite reflectance 1s normally measured on the actual subsurface samples (cut-
tings or cores) by using a microscope. During the current study. such measurcments
were made on the samples from two oil fields in the Kingdom to document the valid-
ity of Waples” method described above. However, because of the confidential nature
of the data. we are unable to show the result in this paper.

Vitrinite reflectance based on the actual subsurface samples can be estimated only
in anticlinal areas, becausc virtually all the petroleum wells are drilled there. On the
contrary, most petroleum is considered to have been originated from the synelinal
arcas because the synclines usuaily cover larger arca and also are geochemically
more mature. This is generally true. even if some vertical petroleum migration is in-
volved along with the lateral migration. In short, vitrinite reflectance based on the
actual samples does not represent the synelinal arcas where most oil has been gener-
ated. because virtually no subsurface samples are available in the synelines.

There are also two other advantages of using Waples” method over the method
based on the actual samples; 1. The former method can estimate the organic matur-
ity of a bed at any stage in the geological past as well as at present. On the contrary,
the latter method can estimate the maturity only at the present time, 2. The former
method has greater chances of application, because it is simple and quick. and does
not require a large number of confidential data.

As a matter of fact. at the Department of Petroleum Geology of the King Ab-
dulaziz University, the authors had no other alternative but using Waples' method,
because we arc not allowed to show the result of the actual measurements of vitrinite
reflectance in a printed form.

[t is, however, always recommended to examine the results obtained by Waples’
method using the actual samples in the region, even though such an examination or
documentation can be made only for the anticlinal areas where the samples are avail-
able,

Although the validity of the vitrinite reflectance or Waples™ method in generat is
not our main concern in this paper, the following point may be worthy for discussion.
In the region, where most petroleum was derived from typical marine source mate-
rial {e.g. alginitc), the oil generation zone indicated by vitrinite would have little
meaning, except that it may infer a possibility of generating oil. The actual amount of
oil generated from the source rocks largely depends on the type and quantity of the
proper organic matter in sediments.

Because of the above reason, the reader must consider the oil gencration zone de-
scribed in this paper as a zone with a merc possibility of generating oil. Despite the
limitations and ditficulties of both vitrinite reflectance and Waples® method, they
have been quite widely used in many sedimentary basins of the world, One excclient
cxample of such application in the study arca was published by Avyres e af. (1982).

During the current study, the authors also faced other major difficulties related to
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data 1. The only regional 1sopach maps available to us are those constructed by
Kamen-Kaye in 1970, because more recent data have not been released to public on
a regional basis. 2. The subsurface temperature values of various reservoirs were
reported by Young eral. (1977). We had to use these values regionally because there
was no other alternative. Hopefully in future, one may be able to improve the assess-
ment of petroleum generation in the region, by the use of better temperature data.

In this region, the rate of burial had significantly changed in the geological past, as
the result of regional tectonism. This situation is clearly shown in the burial history
plots based on Kamen-Kaye's data (1970). However. the detailed discussion of the
regional tectonic movement is outside the scope of this paper {sec Powers et al. 1966,
Baydoun and Dunnington 1975 and Murris 1980). Possiblc clfect of erosion on mat-
uration was not considered in this paper, because the erosional thicknesses in dif-
ferent arcas in the region could not be estimated from the available data.

The possibility of vertical oil migration was discussed by various workers ( Young et
al. 1977, Ayres et al. 1982, and Ala 1982). The result of our study also suggests that
such vertical migration would have happened.

Generation and Maturation of Petroleum in the Arabian Gulf Region

In 1970, Kamen Kaye published a paper entitled “Geology and Productivity of
Persian Gulf Synclinorium™, in which he collccted data and constructed five regional
isopach maps of the Permian, Triassic, Jurassic, Cretaceous, and Tertiary periods.
These five isopach maps were chosen as basic data for the study of regional pet-
rolcum geology in this paper. Using these original isopach maps. a series of cumula-
tive isopach maps (¢.g. Permian plus Triassic, Permian plus Triassic plus Jurassic.
cte) were constructed, Each isopach map or cumulative isopach map depicts the bu-
rial contour map of a layer at a given geologic stage. For example, Permian isopach
map is the burial map of a luver at the base of the Pernuian section at the end of the
Permian period (Fig. 8). The cumulative isopach map of Permian through Triassic is
the burial map of a layer at the base of Permian section at the end of Triassic period
(Fig. 9). In such constructions of the paleoburial maps, variation of paleo (deposi-
tional) water depth is not considered. Liffect of sediment compuction and erosion are
not considered cither, on the assumption that it did not causce significant changes in
the evaluation of hydrocarbon generation and maturation. A total of ten burtal maps
were constructed by this method in addition to the five original ones (Fig. 8-22).

Before mapping the regional oil maturation, fifteen locations were arbitrarily cho-
sen for constructing burial history plots (see solid circles in Fig. 4 for locations). Note
that these locations represent neither oil fields nor oil wells, but were sclected arbit-
rarily or randomly. Although a large number of the burial history plots and the time-
temperature tables were constructed tor these locations, only those for three loca-
tions {6, 1T and 12 in Fig. 4) arc shown as examples in this paper; they arc Figures 5,
6, and 7 (burial history plots) and Tables 2, 3 and 4 (time-temperature data and cal-
culated TTI and R,)}.



33

Petroleurn Generation and Maiuration. ..

"1X0] 01 1§31 “5|0qUIAS 104

$oU § I UIt-001 £¢ €€ TLRISK 960p 3 Tis KT
N 2 106 9T rLTLET AL f 952 061-081
6 /1 06 % oz FUBIILT Z01 ] szl 0RL-0LL
§ 81 08 0L w7 R S 6 9 0L1-M1
R izl oL 09 sel vL89¢ 95T B ot 091061
820 o e 09 0% 91 rLTIE gl 9 91 0eL-0rl
E1'0 R o 05 ok 1 9l 08 ol % OFI-0gL
so Y i o 0g o @l T - 01 r 051021
irenaay, 0 (R0 Pt o ol z 0zL-011
N1 PUTT a7 zi 1 011001
Nl 5¢ I € 191-051 2y LTI L 6 2 001-06
ol i 91 051l 6570 TR seT i v/ 06 08
[ 8 h Ur 1O - €50 ar's Sl £l w1 08 0L
® ¥ ! e te 50 Rt e re g1 0L 09
f [ o0l 500 1l 61 s e o 05
< ol A1 -06 3..: N.v.c 0t'0 61 911 oS ,:w
. ol Dh 08 v Ty o gl %C1/1 oF N
[
11 bl 08 0L MNSEILE
f ot oL 09
Il o M9 -0 [0.}0 e L HCAT $UT | R0 azeniIe
0l /1 0s 0r et 718581 9126 6 201 1 TA00E
L Rel/l or -0¢ See ¢ 6656 0z1s 0t TS 00Z-061
PP sLT ve Srer ST ® 957 061-081
T vEL6lE N 6 Pl 081-0L1
5T $T HOUNET Sorl I w7l 0891-0L1 807 ] HS N Y 0L1-091
80T RGRLO 9LS 3 0Lt-mt %1 PEEEE 887 [ i 0914261
‘| NOTOS HRC f 091051 <l [ i 08 # 9! osl-0rl
1 HaTIT R ¥ nsl-orl el €1 €991 08 nt N Ur1-0g1
I O I N Pl 1 PEGR oy nl + 0E1-02
| 860 6 0E1-0z! §0 sy n Y z FaRIN
g v . “ﬁﬁ" st st 1" n L 11000
al m”“ p”.x. ¢ fiod £9°0) BErl o 6 o 001-06
ot 86T n 06 08 a1l 650 6 s 9 til 06 -03
< ¢ 08 -0L L850 PER s ar ®1 08 0L
e “ of 09 - 050 PEE z By 911 0 09
e P 9 05 LIy L 90 Iz il ® 05
o G0 . o¢ 05 0F - orih w0 50 4 o/t 0s -0
i g0 ir i -0t 0 £T0 £7°0 [3)3 Lranl ar -0t
JssEInf IO R
A:ﬂ_: A 1L 1Ty :c.__u_d.u_ H. 4 L 1971 __I__ME_ E_:_ux.z. __.>wu3=_
SRuY sy Joory Bty auug, lomey aunyrradwn g,

‘A[2anadsal ‘spousad L1enId ] pue
DUEIIA[JOL 21ULIIA puE ([ 1) Xopul inieiadwal-awn jo Uonejnde) g 4718v |

§N022RIDIYD “IL

N[ SSRIL] CURIIIAG JO SISBG 1R § "ON LONEIOT 241 10] ™y



IO 01 104 CS[0GIIAS 10

- - - - 08 L e ] 0F 13 oz1-011
- - - - - e 09 KT ] t 011-001
Ty R0 Y950 9 -(8 . 133 0T o 001-06
9D bed ] I s -or o N 0z il 06 08
(2 sl 0l ar -0g SIET 6l {1 08 -0
Caenaag 381°C g¢ 9l 0L -9
vl | ot el 09 -08
2 wron wa hid I sr b T/ 06 -08 SEN 690 TEC0 g £9/1 0s -0t
g 9s°0 i sLee = i 08 -0L szlo sTin 91 Lol or ~0f
= Lot 5 €LY Ll €T 911 0L 09
= 610 SRl 790 e el 09 08 I
v SRET | [Eral} %1 /| s -or i
== (870 )] 6cho 1 hra il ot -0y 9r1 HOTE6! % oz r QE1-0T1
.W. SR ot N 8¢ T 0ci-oit
3 POT' ST [ £C i 011-001
“ ™ foa a X AL w0 6 %1 o 00106
=< mn”. Fe ,; .5_“_5; ZEY S 61 /1 06 08
~ - mt M_ ”r_ ”” o Lo oy §79°€ 67 /1 08 0L
- .,.& | :.h . 7 G 81 1§ 9ls1 0L 09
e RRY'0 09 08 11971 ¥E60 0g el 09 05
s o790 0 O L S7E0 £ v9/1 0 or
T 0 ot -0t Sl Seen sien Bt s 0or -0t
Jfsseanf [FLg UTALR )
_,.N: "y 1] v =::“1..,: h_,m. “y 1LI jius] __.;”M:.: :o:Hu_u.: _maw.udc_
bkl - auny oy S ' Mur], lomey E:_E_.&EP_.

“Alaannadsar spouad £L1en10) pue sno
-00L1217) TOISSEINT *OISSVLL] TURIUIN JO S38RQ 1B | | "ON UONEIOT 21 10] * "3 *DIURII[JII 2ULILA puE ([ [_]) Xopul 2Inle1adwal-oull jo UONeInIe) "¢ 3T8v |

34



35

1X01 O 13100 T S[ogqUIAS 10

Petroleum Generation and Maturation.

- - - - 06 -08 §TT STT SRIT LY 1t o 0L1-091
s RIT6T sZ1 ol 08 0L g SRIZ'EEn 91 « 091-051
ar'o qL9l S8 rl 0L 09 cl SRIZ 1Tk £l 91 0S1-0p1
- 89640 $0 91 09 -08 'l S8ITEIT vl N Op1-0E1
- 89670 LRIZ0 rl 0 -or 1 81T tl r 0£1-021
- 18L0°0 18200 ol or -0¢ I SRIT ol z 0zI-011
L SRIT a1 I oL1-001
¢8Iz ot wn 001-06
N - - 3 OPL-0yl SRIT St 1 2l 06 08
s s1l 1Ny 60l S r E1-0T1 N $89¢ 91 871 0L
560 INTE L8 ity T L0 $89p NI ¢ 91/1 oL 9
L”“ Tm”ww . _w_ H; Ies €0 £ ze/ 09 08
et ¢ c _ - - . .
IR A oL e pmom o m o mw
£ SO I8IST SLE°] #il ; ! BTl g
RED 180C°1 ST90 9141
- 192670 LErCH el
- FRCETD otel o 2l LT 30r1 1 Nzl 081021
_ st 500 et 0091 s v 0L1-m1
MOIIRIALS sy N 3 091051
[ rl a1 NE
L1 L1 129" ar e 9] 05108 | 9és zl M nel-0gl
1 6119 ¥20 o R arL-nel N o v LUz
s alLoLll (M r 0gLngi 1 - 0z1011
60 61018 T C )
. oo oyt 5 X SE41y 1 T 011-001
L 0 eI o | SE91LL 1 & o
e - 5899°11 L til 06
950 Al SiT til 9y Se9y o "
50 AR ST W1 SEIFL a2 8/l 0%
REF0 i 1 STY0 Yl stir'e [ 9l or
. 80 a1z $L°0 cefl - 9Lr1 T cen 09
Lro 910 61290 SR 9/ il 9z 67 i1 0s
- cro GLRT0 szT11 ¥E0 - ¥hs s¢ STl or
Jwwrnf
o T 1 J. ") T 1 2
pfswwm o TLL Rhe! Jzadmug [MSTIRLA)] [LESEIT] junw_._ux Y ILL flul SR | [BESEIT}
- awing jo ey aintesadwa ! auwing Jomuy aniedadwa]

“A1oandadsal sportad L1v1a] pue sno
-20E191D) DISSEIN{ *JISSELI | "URILLIAJ JO $38EQ 1¥ 7] "ON UONEI0T Y1 10} * “Y "22UBIII|}d1 Uil puk (|11 ) xopul anjeiadwial-ouny jo uONgmok) ‘ 314v |



36 I.A. Sailand K. Magara

f | [

48° be° SCALE 56°
L 13} o 100 zcl>o Miles.
1 1
® Location
@7
o8
.—280
o3 @0
47/\
@10
,."\/
o2
—24° , - o2

13
@1
15 4

G4 Map showing arbitrarily selected locations in the Arabian Gulf region tor burial history plots,

Gegiogical age since deposition in m.y

P T ]|oo J |5|o] Cz?o] aalo-'b 20 my
=50
o _
=
g
£ 5
g —foo
®
10— 5
-1 ©
H
a
7§
=4
18- 1 l
—fiso
201= -

Fiai. 5. Burial history plots for location No. 6 (refer to Fig. 4 for location): P = Permian. T = Triassic,
I = Jurassic. C = Cretaceous. and Te = Tertiary.



Petroleurn Generation and Maturation ... 37
Geclogical age since depasition in m.y, —

Cc Ta
P lsoT Jm J 1501 zogl 250 300 m.
0 T 1 T T T
40 A
50
sl 4
.
-1 ©
- i
o wo+ 3
= g
S o e
- 18
= a
= 12
o
]
a
5
150 4
4
20 4

Fici. 6. Burial history plots for location No. 11 (refer to Fig. 4 for location). For the symbols, refer to cap-
tion ol Fig. 5.

Geologicol age since deposition in M.y,

C Ta
F [50 T 100 Y so 200 ‘ 250 300 my
o T T T T T
40 4
50
s i
— 1.
- o
L
o o4 ¢
o 3
8 2
= of i g
—_ o
z £
= 1&
[}
U
o
151
150
20F 7

Fii 7. Burial history plots for location No. 12 {refer to Fig. 4 for location).

For the symbols, refer to cap-
tion of Fig. 5.



38 {.A. Sailand K. Magara

Burial and Petroleum Generation
of a Bed at Permian Base

1. Burial Map of Base of Permian at end of Permian Period (Fig. 8)
a) Sedimentation and Paleosiructure

Sedimentation at this stage spread over the entire Arabian Gulf region. Thickest
arcas of sedimentation occurred in the northwestern and eastern parts of the region
(A, and A>in Fig. 8), wherc the thickness amounts to about 1,500 ft.

Itis interpreted that subsidence reached its maximum in those parts of the region.
On the other hand, areas of relatively thin sedimentation existed in the northern and
southern parts of the region (B, and B, in Fig. 8). where burial ts also considered to
be relatively shallow. Based on the above observations and interpretations, compac-
tion fluid (in this early stage of burial, mostly water) should have moved from rela-
tively deep subsidence arcas to shallow ones.

h) Petrolewm Generation and Maturation

As depicted in Figure 8, the caleulated vitrinite reflectance, R, ranges from 0.43
to 0.46%. This suggests that there was virtually no chance for oil generation at this
stage.

FiG. 8 Burial map of base of Permiun at end of Permian period. Numberson contour lines indicate burial
depth or thickness in thousand feet (e.g. 1.3 = 1300 (), Number on cach location shows caleu-
lated vitrinite reflectance, R, For other symbols, refer 1o text. Original data derived from
Kumen-Kaye (1970).
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2. Burial Map of Base of Permian at end ol Triassic Period (Fig. 9)
a) Sedimentation and Paleostructire

Figurce 9 shows the thickest areas in the northwestern and eastern parts of the Ara-
bian Gulf region (see A, and As) whereas the thinnest sedimentation occurred in the
northern and southern parts of the region (B, and B+ in Fig. 9).

The thickest as well as thinnest arcas occurred in the same general areas as those in
the previous stage (Fig. 9). This suggests that similar subsiding and relative uplifting
patterns continued from Permian to the end of Triassic,

b) Petrolewn Generation and Maiuration

The caleulated vitrinite reflectance. R, as shown in (Fig. 9), varies from 0.47 at
the thin arcas to 0.56% at the maximum geosynelines. This suggests that there was
still no chance for major oil gencration, where the compaction fluid might have con-
tained slight amounts of heavy oil.
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FiG 9. Burial map of base of Permian at end of Triassic period. Reler to caption of Fig. 8 for other exp-
lanations.
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3. Burial ¥Map of Base of Permian at end of Jurassic Period (Fig. 10)
a. Sedimentation and Paleosiructure

The accumulated sedimentary burial of base of Permian to the end of the Jurassic
period had maximum thickness of about 8,000 ft. at the center of the geosyncelines
(A;and A in Fig. 10). These thickest arcas existed in the northern and castern parts
of the region. 'Fhe thinnest sedimentation occurred in the nothern and southern parts
of the region (B, and B; in Fig. [0).

The structural features mostly indicate the continuation of subsidences and rela-
tive uplifts in the same manner as obscrved previously.

b. Petroleam Generation and Maturation

The arcas of the thickest sedimentary columns {(maximum geosynclines) mostly
show good chance for oil gencration; the calculated vitrinite reflectance, R, ranges
between 0.6 and €.74% . On the contrary, the areas of thin sedimentation had no
chance for significant oil generation (R,<0.6%).

Note that oil 1s expected to be generated where vitrinite reflectance, R, ranges be-
tween 0.6 and 1.0% (within this range, the peak rate of oil gencration may be at-
tained between (1,75 and 0.85%, R,)). Forthe zone of R, greater than 1% . we expect
the conversion of oil into natural gas.
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Fic. 10, Burial map of base of Permian at end of Jurassic period. Refer to caption of Fig. § for other exp-
lunations,




Petroleum Generation and Maturation. .. 41

4. Burial Map of Base of Permian at end of Cretaceous Period (Fig. 11)
a. Sedimentation and Paleostructure

The burial map of the base of Pcrmian at the end of Cretaccous shows the thickest
areas in the northwestern and eastern parts of the region (A, and A, in Fig. 7). The
thinnest sedimentation occurred in the northern, southern, and southwestern parts
of the studied arca (B, B, and B; in Fig, 11).

The general structural feature was not changed, both subsidence and uplift con-
tinued in similar manners from Permian to the end of Cretaceous.

b. Perroleum Generation and Maturation

Actually, the calculated vitrinite reflectance, R, ranges from 0.78 to 1.3%. These
values suggest that the thinnest arcas had best chance for oil gencration (R,<1%),
whereas the geosynclines had good chance to generate wel gas through thermal -
cracking of oil.
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F16. 11. Burial map of basc of Purmian at end of Cretaceous period. Refer to caption of Fig. 8 for other
cxplanations.
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5. Burial Map of Base of Permian at Present (Fig. 12)
a. Sedimentation and Paleosiructure

The sedimentation at this burial stage is very thick in the northeastern areas (A in
Fig. 12), which trends from northwest to southeast. Its maximum thickness was not
determined, but probably amount to about 24,000 ft. This geosyncline is known to
represent the foothills of the Zagros Mountain range.

The second thickest area, which trends north-south, occurred in the eastern part of
the region, where the maximum thickness is about 22,000 ft. (A, in Fig. 12). This
geosyncline belongs to the foothills of the Oman Mountains.

The thinnest arcas existed at the northern, southwestern, eastern, and central
parts of the region (B, B,, B;and By in Fig. 12). The general structural feature was
completely changed during Tertiary; the geosyncline had been shifted to new elon-
gated one trending in the northwest-southeast direction. During this period, the
Arabian Gulf area had been affected by thick deposition and the regional erogeny
(mostly Alpine).

The compaction fluids had chances to migrate from the maximum geosynclines to
their margins.

b. Petroleum Generalion and Maturation

The study of petroleum generation and maturation within this period is of great
importance, because it can be related to the present hydrocarbon habitats and oc-
currences in the Arabian Gulf region.

The calculated vitrinite reflectance, R,,, ranges between 0.98% and 4.00% in most
parts. Based on Waples’ (1980} definition of petroleum generation stages, four zones
{major oil gencration, oil and wet gas generation, wet and dry gas gencration, and
dry gas generation) were identified and arc shown in Fig. 12.

The zone of vitrinite reflectance, R,,, between 0.98 and 1.09%, exists in the south-
western part of the region as an elongated strip (Fig. 12). This area indicates signific-
ant generation of oil.

The next zone, where R, ranges from 1.0 to 1.3%, occurs in the southwestern part
of the region parallel to the previous area. The same maturation zone in the central
part of the region has a circular pattern, Oil and wet gas are expected to exist in this
zonc.

The third zonc has vitrinite reflectance, R, between 1,3 and 2.2%. It occurs in the
central part of the region as a dominant feature. Both wet and dry gases are belicved
to have been generated from this zone.

The fourth zonc has vitrinite reflectance, R, from 2.2 t0 4.0%.. [t occurs along and
around the gcosynclines at the northeastern and castern parts of the region. This
arca has the maximum thickness in the region (>>24,000 ft), where only dry gas can be
cxpected to have been generated and preserved.
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Fii. 12, Burial map of basc of Permian at present. Refer to caption of Fig. 8 for other explanations.

6. Conclusion

In the rock of suitable organic matter within the Permian section, oil is expected to
have been generated and preserved only in the areas of relatively thin deposition,
whereas gases (both wet and dry) would have been dominated in most other areas.
Therefore, the Permian sediments are not considered as prime source rock for the
accumulated hydrocarbons in the Arabian Gulf region. Thereis a high probability of
finding natural gas in the Permian sections. Suitability of the sediments for such gas
generation is outside the scope of this study, because of lack of data, particularly in
synclinal areas.
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Burial and Petroleum Generation
of a Bed at Triassic Base

1. Burial Map of Base of Triassic at end of Triassic Period (Fig. 13)
a. Sedimentation and Paleostructure

The sedimentation during the Triassic Period was thicknest in the northwestern
and eastern parts of the Arabian Gulf region (A, and A, in Fig. 13}, whereas the thin-
nest sedimentation existed in the northern. central, and southwestern parts of the re-
gion {B,, B, and By in Fig. 13).

b. Petroleum Generation and Maiuration

The vitrinite reflectance, R, at this stage, ranges between 0.41 and 0.46%. These
vitlues indicate that there was no chance for major oil generation,
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Fi6. 13. Burial map of base of Triassic at end of Triassic period. Refer to caption of Fig, 8 for other exp-
lanations.
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2. Burial Map of Base of Triassic at end of Jurassic Period (Fig. 14)
a. Sedimentation und Paleostructure

Figurc 14 shows the burial depth of the base of Triassic at the end of Jurassic. The
maximum geosynclines occurred in the northwestern and eastern parts of the region
(A, and A, in Fig. 14), whereas the thinnest sedimentations existed in the northern,
central, southeastern, and southwestern parts of the region (B, B;, Byand By in Fig.
14). The general structural features suggests that similar subsiding and uplifting con-
ditions continued throughout the Triassic and Jurassic ages.

b. Pewroleum Generation and Maturation

The calculated vitrinite reflectance, R, ranges between (.43 and 0.57%. These
values suggest that no chance for the major oil generation.
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Fig. 14. Burial map of base of Triassic at end of furassic period. Refer to caption of Fig. 8 for other exp-
lanations.
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3. Burial Map of Base of Triassic at end of Cretaceous Period (Fig. 15)
a. Sedimentation and Paleostructure

At this stage, the maximum geosynclines occurred in the northern, southeastern
and northwestern parts of the Arabian Gulf region (A, A,, and Ay in Fig. 15),
whereas relatively shallow burial existed in the central, southeastern and southwest-
ern parts of the region (B, B, and B; in Fig. 15). There was no significant change in
the general structural feature since the previous periods.

b. Petroleum Generation and Maturation

The calculated vitrinite reflectance, R,, varies between 0.6 and 0.93%. This
suggests good chance for oil generation, especially within the geosynclines.

|
48° 52° 56°

|
() 0 100 200 Miles

~

SCALE

, ‘ /
/// LAl \ oz'\

Fi. 15, Burial map of base of Triassic at end of Cretaceous period. Refer to caption of Fig. $ for other
explanations.
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4. Burial Map of Base of Triassic at Present (Fig. 16)
a. Sedimentation and Pualeostruciuie

Figure 16 represents the burial depth of the base of Triassic at present. The
maximum geosynclines exist in the northeastern and eastern parts of the region (A
and A, in Fig. 16). The northeastern part (A)) belongs to the foothills of the Zagros
Mountains. Another geosyncline at A, in Fig. 16 belongs to the foothills of the Oman
Mountains. On the other hand, the relatively shallow burial occurs in the northeast-
ern, and southwestern parts of the region (B,. B, and By in Fig. 16). Similar subsiding
and uplifting conditions continued extensivelv during the Tertiary period.

b. Petroleum Generation and Maturation

The vitrinite reflectance. R,,, ranges between (.8% in the areas of shallow burial
and 3.3% within the central gecosyncline (Fig. 16). Four oil generation zones could be
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Fii. 16. Burial map of basc of Triassic at present. Refer to caption of Fig. 8 for other explanations.
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identified. The first zone has vitrinite reflectance, R, from 0.8 to 1.0%. [t occurs in
the northwestern part of the region with nearly north-south trend. This zone is be-
lieved to have generated only oil. The second zone has vitrinite reflectance, R, rang-
ing from 1 to 1.3%. It exists in the central part of the region. This zone is expected to
contain both oil and wet gas.

The third zonc has vitrinite reflectance, R, ranging between 1.3 and 2.2% which
occurs in the northeastern, southeastern, southern, and western parts and extends to
the central part of the region. Within this zone, both wet and dry gases are expected
to have been generated and prescerved to the maximum depth of about 18,000 ft. The
fourth zonc has vitrinite reflectance, R, between 2.2 and 4.8%. It occurs in the
northeastern parts of the region. In this zone, only dry gas is expected to have been
gencrated and preserved.

5, Conclusions

Actually, the gas gencration dominates in the region, whereas oil generation zone
occurs in the arcas of relatively shallow burial. This suggests that the Triassic sedi-
ments may be good source rocks for gas, but not for oil within the Arabian Gulf reg-
ion, Again, the suitability of the sediments for gas generation is outside the scope of
this paper.

Burial and Petroleum Generation
of a Bed at Jurassic Base
1. Burial Map of Base of Jurassic at end of Jurassic Period (Fig. 17)
a. Sedimeniation and Paleostructure

The sedimentation during the Jurassic period was spread over the entire Arabian
Gulf region (Fig. 17). Generally, the region had the maximum geosyncline in the
western part (A, in Fig. 17). The thinnest sedimentation occurred in the northeast-
ern, southeastern and southwestern parts of the region (B, B, and B; in Fig. 17).

b. Petroleum Generation and Maturation

Here, the vitrinite reflectance, R, varies from 0.45 to 0.49%, suggesting that
there was no chance for the major oil gencration at this stage.

2. Burial Map of Base of Jurassic at end of Cretaceous (Fig. 18)
a. Sedimerntation and Paleostructure

The maximum geosyncline occurred in the northwestern, northern, and southeast-
ern parts of the region (A, A, and A,in Fig. 18), whereas the thinnest sedimentation
occurrcd in the northern, central, southeastern and southwestern parts of the region
(B, B,, By and B, in Fig. 14). During this period, the region had probably been af-



49

Petroleum Generation and Maturation. ..

.
O.4fe /i ////
Yy

e

KR | S,
LA N B 9 il W4
b1, 17, Burial map of base of Jurassic at end of Jurassic period. Refer to caption of Fig. 8 for otherexp-
lanations.
T —
Js- By 5‘2' 5‘6'

200 Milas

N

A\ \\\ .
\\.\‘\ \

T
.

By \‘Jf l
m
! /!

A
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fected by subsidence (A, A, and A; in Fig. 14) and relative uplift (B, B,, B; and B,
in Fig. 18). The foothills of Iran and Oman had been formed during this period (A,
and A, in Fig. 18).

b. Petroleum Generation and Maturation

The calculated vitrinite refiectance, R,,, ranges between 0.54 and 0.74% . Oil s ex-
pected to have been generated in the maximum geosynclines (R, >0.6%), cspecially
in the southeastern one (A;in Fig. 18), if therc were suitable source rocks. There was
no chance for major oil generation in the relatively shaltow burial areas.

3. Burial Map of Base of Jurassic at Present (Fig. 19)
a. Sedimentation and Paleostructure

Figurc 19 shows the burial depth of the base of the Jurassic formations at prescent.
The maximum geosynclines occur in the northeastern and eastern parts of the region
(A, and A, in Fig. 19), whereas the thinnest scdimentation existed in the northeast-
ern, southeastern, central and southwestern parts of the region (B, B,, B;and B, in
Fig. 19).

The general structural feature was completely changed in the northeastern
geosyncline during the Tertiary period (A, in Fig. 19). Tt belongs to the foothills of
the Zagros Mountains in Iran. The geosyncline shown as A, in Fig. 19 suggests that
subsidence similar to the one in A, continued in a relatively small arca in Oman. In
summary, it may be stated that the foothills of the Zagros and Oman Mountains were
formed since Cretaceous.
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Fii 19 Burial map of base of Jurassic at present. Refer to caption of Fig. 8 for other explanations.
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b. Petroleum Generation and Maturation

The vitrinite reflectance, R, varies between .66 and 2.5%. Four oil generation
and maturation zones arc identified (Fig. 19). The first maturation zone, with vitri-
mite reflectance, R, values between 0.66 and 1.0%, occurs in the southwestern and
central parts of the region. This zone is belicved to have generated oil in significant
amounts, if there are suitable source rocks.

The next maturation zone, with vitrinite reflectance, R, between 1.0 and 1.3%,
occurs in the southeastern, ecastern, central, and northwestern parts of the region.
Most oils were being converted to wet gas within this zone.

The third maturatien zone which has vitrinite reflectance, R, between 1.3 and
2.2% . cxists in the northeastern and castern parts of the region. Wet and dry gases
are expected to have been generated in this late stage of the burial depth of about
18,500 ft. The vitrinite reflectance, R, in the fourth maturation zene ranges from 2.2
to 2.5%. It occurs in a small area in the northern part of the region where only dry gas
can be expected.

4. Conclusion

Figure 19 suggests a possibility of oil gencration in the Jurassic formations in the
southwestern and central parts of the region. On the other hand, the Jurassic
scdimentary rocks in most other parts of the region has reached the stages of over
maturation for oil. Only wet and dry gases can be cxpected from these source rocks.
Suitability of the Jurassic sediments for generating oil will be discussed later.

Burial and Petroleum Generation
of a Bed at Cretaceous Base

1. Burial Map of Base of Cretaceous at end of Cretaceous (Fig. 20)
a. Sedimentation and Paleostructure

Sedimentation during the Cretaceous period caused its maximum burial in the
northecastern, southeastern, and western parts of the region (A, A, and A, in Fig.
20). The northeastern geosyncline had been elongated in the northwest-southeast
trend, which belongs to the foothills of the Zagros Mountains, whereas the south-
castern trend belongs to foothills of Oman (A, and A, in Fig. 20). The thinnest
sedimendation occurred in the northeastern, southeastern, central, and southwest-
ern parts of the region (B,, B;, By and B, in Fig. 20).

b. Petroleum Generation and Maturation

The calculated vitrinite reflectance, R, ranges between 0,47 and 0.72%. It
suggests that there was a good chance for oil generation around the southeastern
geosyncline (A, in Fig. 20). However, the other parts of the region did not reach a
significant oil gencration stage.



52 1A, Sailand K. Magara

Fiii 20, Burial map of base of Cretaceous at end of Cretaceous period. Refer to caption of Fig. 8 forother
explanations,

2. Burial Map of Base of Cretaceous at Present (Fig. 21)
a. Sedimentation and Paleostruciure

Figure 21 shows the burial map of base of the Cretaceous formations at present,
The thickest sedimentation occurs in the northeastern and east-southeastern parts of
the region (A, and A, inFig, 21), whereas the thinnest sedimentation occurred in the
northern, southeastern, central, and northwestern parts of the region (B, B,, Byand
B,in Fig. 21). Both Fig. 20 and 21 suggest that similar subsiding and relative uplifting
teatures continued throughout Cretaceous and Tertiary periods.

b. Petroleum Generation and Maturation

The calculated vitrinite reflectance, R, ranges between 0.5 and |.8%. Three pet-
roleum generation and maturation zones are identified (Fig. 21). The first matura-
tion zone has vitrinite reflectance, R, between 0.5 and 0.6%, which occurs in the
southwestern part and is extending to the central parts of the region with maximum
depth of about 6,100 ft. This zonc shows no chance for a major oil generation,
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The second maturation zone which has vitrinite reflectance, R, from 0.6 to 1.0%,
occurs in the northwestern, central, eastern, and southeastern parts of the region.
The maximum depth amounts to about 11,200 ft. This zone suggests oil generation
and preservation in significant amounts, if therc are proper source rocks,

The third maturation zone has vitrinite reflectance, R, between 1.0 and 1.3%. It
exists in the northeastern, eastern, and southcastern parts of the region within the
gcosynclines. This zone is expected to have generated and preserved wet gas from
oil. In other words. it suggests a possible existence of both oil and wet gas in this
zone.
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Fici 21, Burial map of basc of Cretaceous at present. Refer to caption of Fig. § for other explanations.
3. Conclusion

The major oil generation and maturation zone within the Cretaceous sediments
suggests a possibility of the existence of mature source rocks for the accumulated
hydrocarbons in the northwestern, central, southern, and southwestern parts of the
region. The western and central parts have, however, no chance to generate a sig-
niticant amount of oil. Wet gas may have gencrated in the over-matured zone along
the geosynclines in the region.

Suttable source section of Cretaceous will be described later.
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Burial and Petroleum Generation
of a Bed at Tertiary Base

1. Burial Map of Base of Tertiary at Present (Fig. 22)
a. Sedimerntation and Paleostructure

The thickest sedimentation occurs in the northeastern and east-southcastern parts
of the region (A, and A, in Fig. 22}, whereas the thinnest sedimentation exists in the
northeastern, southeastern, southwestern, and central parts of the region (B, B;, By
and B, in Fig. 22).
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Fic. 22, Burial map of base of Tertiary at present, Refer to caption of Fig. 8 for other explanations.

b. Petroleum Generation and Maturation

The vitrinite reflectance, R, ranges between 0.47 and 0.68%. The immature
zone, which has vitrinite reflectance, R,. between 0.46 and 0.6% , occurs throughout
the region except the geosynclines. This zone has no chance for major oil generation.

The maturation zone in Fig, 22 has vitrinite reflectance, R, between 0.6 and
0.68%. It exists in the northeastern and ecastern parts of the region along the
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scosynelines. This zone is expected to have generated at least heavy oil, if there are
suitable source rocks.
2. Conclusion
The oil generation zone within the Tertiary sediments occurs only in the toothills
of the Zagros and Oman mountains, whercas the other parts of the region are still im-
mature.
Probable Source Rocks in Jurassic and
Cretaceous Formations in Saudi Arabia
Data on the source rocks, in gencral, are scarce in this region. Ayres er al. (1982)
reported the probable source rocks of the Jurassic and Cretaccous ages in Saudi
Arabia. Figure 23 shows the summary of their observation: 1. there are several
source sections in Jurassic such as those of the Marrat, Dhruma and Twaiq Moun-
tain-Hanifa Formations, 2, there is a major source section in the basal part of the
Cretaccous section (Sulaiy),

Source
Time Rock Unit | Lith. |Reservoir Rock

—— e e
Toarciom o -
— j

FiG. 23, Generalized Cretaceous and Jurassie stratigraphic section showing lithology, reservoir units,
and source rocks (from Avres ef al. 1982).
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For the other geologic formations (Permian, Triassic und Tertiary). there is no re-
liable source rock data on a regional basis.

Superposition of Oil Field Distribution Over
Oil Generation Map

In order to evaluate the applicability of the oil generation maps for exploration, it
would be intercsting and worthwhile to compare these maps with the actual distribu-
tion of oil fields in the Arabian Gulf region. This is particularly true tor the Jurassic,
Cretaceous and Fertiary formations which contain significant amounts of oil.

Figure 24 shows such a map of superpositions for Jurassic: this figure suggests that
some of the oils trapped in the formations of this age (mostly Upper Jurassic) derived
from the source rocks of the basal Jurassic formations. However, some oil fields
occur in the over-mature zone of the basal Jurassic. This further suggests that oil may
have derived from the source rocks of the Middle Jurassic formations as well, Note
that, according to Ayres ¢ al. {1982}, there is no major source sections in the Upper
part of the Jurassic Formations.
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Fici. 24, Map of Jurassic oil generation zone and Jurassic producing oil fictds,
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Figurc 25, on the other hand, depicts a similar map for the Cretaceous formations.
There is generally a good match between the oil field distribution and maturation
zone, except the ficld at Bahrain where the areais generally immature. The structure
in Bahrain is an anticline, probably associated with deep-seated salt growths. The oil
may have migrated upward from the Jurassic source rocks to the Cretaceous reser-
voirs through faults and fracturcs caused by the salt growths.
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Fic 25. Maup of Cretaceous oil gencration zone and Cretaceous producing oil fields.

The comparison between the Tertiary oil field distribution and source rock mat-
uration could be scen in Fig. 26. The Tertiary mature zonc exists in the eastern and
northwestern parts of the region, whereas the main producing oil fields occur in the
northwestern part. Many oil ficlds occur in the immature zone, where significant ver-
tical migration of oi! from the Cretaceous source rocks may have taken place. Based
on their independent study of ages of accumulated oils and reservoirs, Young et al.
(1977) also suggested such a possibility of long-distance vertical migration of oil in
this region.
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Fii 26, Map of Tertiary oil generation zone and Tertiary producing oil ficlds.

Conclusions

There are two main conclusions from the current study. Each of them could be de-
scribed 1n detail as follows:

1. The application of Lopatin’s and Waples' methods for petroleum generation
and maturation suggests the following:
® The Permian and Triassic sedimentary rocks are possible sources mainly for
gas.
e The Tertiary sediments may be source of immature heavy oils.
® The Jurassic and Cretaceous sedimentary rocks are the main source for oil in
the region.

2. The superposition of the Jurassic, Cretaceous and Tertiary oil generation and
maturation zones over the existing oil fields suggests the following:
® The Jurassic sedimentary rocks would have generated the oils accumulated
in the Jurassic producing oil fields. Source rocks in the basal and middle parts
of Jurassic are the most important in this respect.
® The Cretaceous sedimentary rocks have generated the oils accumulated in
the Cretaceous and Tertiary producing oil fields,
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