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ABSTRACT

Paleozoic and Mesozoic outcrop and core samples (REMINA
Dekese and REMINA Samba wells) covering various strati-
graphic intervals from the central Congo Basin were analyzed
for total organic carbon (C,,,), total inorganic carbon (Ciporg),
and total sulfur content. Rock-Eval analysis and vitrinite re-
flectance (R,) measurements were performed on the basis of
the C,,, content. Fifteen samples were chosen for molecular
organic geochemistry. Nonaromatic hydrocarbons (HCs) were
analyzed by gas chromatography (GC)-flame ionization de-
tection and GC-mass spectrometry.

Samples of the Alolo shales from the Aruwimi Group (Lindi
Supergroup, late Neoproterozoic to early Paleozoic) are in gen-
eral very poor in C,,, (most samples <0.5%) and contain a high
amount of degraded organic matter (OM). All samples of this
group revealed a type III to IV kerogen and cannot be con-
sidered as a potential source rock. Permian—Carboniferous sed-
iments from the Lukuga Group (Dekese well and outcrop
samples) contain moderate contents of organic carbon (<2%).
The Tpax values (heating temperature at which the top peak
of S, occurs) indicate early mature OM, partly also a higher
level of maturity because of R, (0.6-0.7%) and production
index values (S1/S; + S, < 0.2). All samples contain hydro-
gen-poor type III to IV kerogen with low HC generation
potential, only having a very minor gas generation potential.
The kinds of OM, as well as the biological markers, indicate a
terrestrial-dominated depositional environment.
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Organic geochemical investigations on Upper Jurassic (Stan-
leyville Group) to Lower Cretaceous (Loia Group) samples
from the Samba well and outcrops in the northeastern part of
the Congo Basin reveal moderate to high contents of organic
carbon (as much as 25%). The kerogen has very high hydrogen
index (HI) values reflecting type I kerogen of excellent quality
in the Stanleyville Group (as much as 900 mg HC/g C,,4) and
type I to Il kerogen in the overlying Loia Group (as much as
900 mg HC/g C,,). Outcrop samples from the Stanleyville
Group have variable partly high C,,, contents and are also
characterized by very high HI values (as much as 900 mg HC/g
Corg)- The samples studied are too immature for petroleum
generation. Based on biomarker analysis, an aquatic anoxic
depositional environment can be assumed for the Stanleyville
Group, whereas a lacustrine deposition is likely for the sam-
ples of the Loia Group. Based on the geologic knowledge of
the area, deposition under lacustrine conditions is most likely
also for the Stanleyville Group. Both the Stanleyville and Loia
groups can be regarded as excellent petroleum source rocks
and could be part of a petroleum system if sufficient burial and
maturation have occurred. The presence of resedimented vi-
trinite particles in the Lukuga Group of the Dekese well with a
slightly higher maturation rank than the autochthonous vi-
trinites suggests that 3000-4000 m (9840-13,120 ft) of
Carboniferous to Devonian sediment has been eroded from
the eastern margin of the Congo Basin.

Finally, R, data were used to create one-dimensional models
for the Dekese and Samba wells, giving an overview of the
burial, thermal, and maturity histories of the area.

INTRODUCTION

Intracontinental sedimentary basins contain some of the world’s
major hydrocarbon (HC) provinces, for example, the giant gas
resources of West Siberia (Surkov et al., 1991; Kontorovich
et al., 1996; Littke et al., 2008). Some of the source rocks in
rift-related continental basins were deposited under lacustrine
conditions (e.g., Upper to Lower Cretaceous of Africa and
South America; also Songliao Basin, northern China; Paleozoic
of western China and Tertiary of eastern China and Southeast
Asia; Harris et al., 2004). In later rifting stages, potential source
rocks were also deposited under deltaic and marine conditions.
Katz (1995) assumed that source rock accumulations are richest
during the active rift stage, when rift-related lakes reach their
greatest depth and extension. Commonly, anoxic bottom-water
conditions prevailed during this phase of rift lake development.
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One exception is the Sudan rift basin, where the
source rocks are related to the deposition of lacus-
trine sediments under shallow-water conditions
during late rift phase (Schull, 1988), and a signif-
icant increase in the organic matter (OM) content
occurred from the early to late rift stage. In general,
three critical factors have been identified for the
deposition of organic-rich sediments: (1) high bio-
productivity, including high nutrient flux (Pedersen
and Calvert, 1990); (2) slow sediment accumula-
tion that does not dilute the OM (Tyson, 2001); and
(3) oxygen-depleted (anoxic) conditions that limit
oxidation reactions in the water column and in the
shallow sediments (Demaison and Moore, 1980).
The Congo Basin is one of the largest intra-
cratonic sedimentary rift basins in the world (cov-
ers a total of 3.7 million km? [ 1.4 million mi®]) but
still poorly investigated with respect to petroleum
potential. Between 1950 and 1980, geophysical in-
vestigations and data from four wells (Esso Zaire
Mbandaka, Esso Zaire Gilson, REMINA Samba, and
REMINA Dekese) gave further insight into the
structure of the Congo Basin and the deposited
sequences. Results of the first exploration campaign
(gravimetry, refraction seismics, field mapping, and
drilling of the Samba and Dekese stratigraphic
boreholes) by RemiNa (1952-1956) are synthe-
sized in Cahen et al. (1959, 1960) and Evrard
(1957, 1960), whereas the second exploration
phase was conducted by Shell, Texaco, and Japan
National Oil Corporation (JNOC) (1970-1984;
seismic reflection, field investigations, and drilling
of the Mbandaka, Gilson exploration boreholes).
Only short syntheses have been published by
Lawrence and Makazu (1988) and by Daly et al.
(1992). Limited geochemical and petrological
characterization of samples from potential source
rock units was undertaken several years after the
REMINA campaign on samples from outcrops and
boreholes stored at the Royal Museum for Central
Africa. A more systematic geochemical and pet-
rological investigation of source rocks was based on
new outcrop samples collected during the INOC
1984 campaign, focusing on the Lower Cretaceous
sandstones of the Kananga region and the Jurassic
bituminous shales of the Kisangani region. The
source rocks of the more than 4000 m (>13,120 ft)

deep Gilson and Mbandaka wells have been ana-
lyzed in detail, but the results are not publicly
available and all the sample material has been lost.
As a result, the present knowledge on the source
rock characteristics remains incomplete and mostly
confidential. This fact presents an important limit-
ing factor for the understanding of the HC system
of this huge basin. Up to now, the investigations
by Daly et al. (1991, 1992) contain the most
comprehensive source information on the in-
tracratonic Congo Basin, including the basin
structure and its post-Paleozoic history. In addi-
tion, Giresse (2005) compiled the Mesozoic—
Cenozoic history of the intracratonic Congo Basin,
and Kadima et al. (2011a, b) proposed a revision of
the stratigraphic and tectonic evolution of the
Congo Basin since the late Neoproterozoic. This
article documents various types of source rocks in
the Congo Basin; the quantity, quality, and ma-
turity of OM; and the depositional environment
in relation to tectonic evolution. For this purpose,
a total of 147 samples stored in the rock collection
of the Royal Museum for Central Africa, Belgium,
covering various stratigraphic units of the intracra-
tonic Congo Basin, were investigated, including two
wells (Samba and Dekese; Figures 1, 2).

GEOLOGIC SETTING
Overview

The Congo Basin is a broad and long-lived intra-
cratonic depression in the center of the African
plate covering most of the Democratic Republic
of Congo (DRC, formerly Zaire), the People’s Re-
public of Congo, and the Central African Repub-
lic, coinciding with a region of pronounced long-
wavelength gravity anomaly (Crosby et al., 2010)
(Figure 1). It has a long history of sediment ac-
cumulation, tectonic inversion, and erosion since
the Neoproterozoic (Veatch, 1935; Cahen and
Lepersonne, 1954; Lepersonne, 1977; Daly et al.,
1992; Giresse, 2005; Kadima et al., 2011a) and is
still tectonically active (Delvaux and Barth, 2010).
According to Daly et al. (1992) and Kadima et al.
(2011a, b), the evolution of the Congo Basin started
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Figure 1. Simplified map of the Congo Basin with location of the sample sites. OM = organic matter.

in the Neoproterozoic probably in an intracra-
tonic extensional context. The subsequent sub-
sidence is at least partly related to the cooling of
the stretched lithosphere during the Paleozoic and
was affected by several basin inversion periods. The
late Cenozoic subsidence is possibly controlled by
the action of a downward dynamic force on the
lithosphere either related to a high-density object
at the base of the lithosphere (Downey and Gurnis,
2009; Crosby et al., 2010) or in response to a
downwelling mantle plume (Forte et al., 2010) or
to delamination (Buitler and Steiberger, 2010).
The stratigraphic evolution of the Congo Basin
is incompletely known because of its large dimen-
sions and limited exposure and exploration work.
The general stratigraphic evolution has been syn-
thesized by Lawrence and Makazu (1988) and Daly
et al. (1992) based on the results of two explora-
tion campaigns, correlating well stratigraphy with
field-based observations. A synthetic stratigraphic
column was presented by Daly et al. (1992), as-
suming long-distance lateral continuity of the groups.
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However, this concept appears to be of limited
applicability as the stratigraphic units vary laterally
both in facies and thickness, some of them being
of limited extent and locally missing. A revised and
more detailed stratigraphy is presented in Kadima
et al. (2011a, b), considering the spatial distribu-
tion of the observations (Figure 2).

Summary of the Tectonostratigraphic Evolution

The development of the Congo Basin appears to
be controlled by a series of events, defining three
first-order sedimentary units that are separated by
prominent seismic reflectors and broadly correlated
to the Neoproterozoic, Paleozoic, and Mesozoic—
Cenozoic.

Sedimentation started in the Neoproterozoic
during a poorly defined intracratonic rifting stage
that failed to develop into a real continent break-
up. The postrift subsidence controlled the depo-
sition of a first sedimentary unit during the Cryo-
genian and the Ediacaran. This sequence is known



Age at . Dekese Samba Lindi/ E . . . Sedimen-
- 1 1 .
Base (Ma) Stratigraphy Well Well Margin Kalemie Lithology Environment tary Units
Couches A Superficial L
18 Quaternary 22 m) deposition FIuV|at|I§ to
23 Neogene || =~ ] Couches 1 O. Sands Loose sand lacustrine
- (6e-86m) Gre sili Basin closed b 3
rés iliceous asin closed by o
65 Paleogene | Polymorphe sandstones marginal uplift B‘
——_._FErosion____ Recent | "Erosion _ || _ Erosion_] [ Erosionandweathering ___ | &
erosion
80 Late Senonian Couches 2 Continental to (@)
Tur. Ceno - Kwango Loose sandstones ) |
Cretaceous (82—107 m) lacustrine o
100 |77 manian || LU _ 7| I N R I =
__ __Unconformity - M _ __ [ __ ] e e A Loca tectonic unconformity, | §
Late Albian Couches B || Couches 3 Bokunau Sandstones - Continental to 8
112 Early—Middle (439 m) (372 m) 9 siltstones lacustrine [0}
Cretaceous [Early Aptian—|| Couches C Couches 4 Loia Sandstones - | Eolian and shallow =
145 Late Albian (254 m) | (280 m) mudstones lacustrine
Earl . .
y Early Aptian Couches 5 || Stanleyville Bituminous shales| Shallow lacustrine
Cretaceous— Oxfordi 323 470 and limestones [to lagoonal - marine
161 |Late Jurassic| ~-Xtordian (323 m) (470 m) &
237 Stratlgraphlc hiatus Se|§mlc Erosion and/or no deposition
T T eaufort horizon rodiineomssoed
) eaufol .| [Reddish sandstones| )
250 Early Triassic Group Haute Lueki and mudstones Tropical climate
Tectonic unconformlty ? Seismic P.-T. unc. Far-field tectonic reactivations
horizon - i
Permian |Ecca Group Couches D.E Lu.kuga Black shales, coal Coal.bea”ng
300 (146 m) (coaliferous) lacustrine basins o
Pennsyl- Dwyka Couches F,.G Lukuga Lukuga || Diamictites, varval| Mountain glaciers ©
318 | vanian | Group || (816m) |} || | (locally) || (glacial) shales (3—4 oscillations) 8
Stratigraphic hiatus Seismic horlzon Erosion and/or no deposition %
Aruwimi ) o
Middle to Early Paleozoic Couches H Couches 6 Red Beds Red arkoses and | Foreland basm.-
542 (>156 m) (> 871 m) (1760 m) black shales Platform deposit
550 Late Pan-African TD:1856m  TD: 2038 m | Weak unc. Tectonic reactivations
i Siliciclastics, ) 0O
Ediacaran Lokoma i Lagoonal to marine o)
imestones
635 Q (470 m) 8
§ Diamictites Marinoan glacial E
s [Ena] 3
= o
< . Stromatilites, =
e i Ituri carbonates Marine? g
3 Cryogenian (130 m) , ? 8
z ety | _evapories | 2
LA e N (i I (S Tectonic unconformity " 1| % —
750 | Basement Crystalline basement Basement

Figure 2. Overview on stratigraphic units within the Congo Basin (modified from Kadima et al., 2011b). Note that the term “couches”

refers to the English term “beds.”

from the work of Verbeek (1970) in the Lindi-
Aruwimi region, north of Kisangani. In this type
region, it is composed of approximately 130 m
(~430 ft) of stromatolitic carbonates at the base
(Tturi Group), followed by approximately 470 m
(~1540 ft) of siliciclastics and limestone (Lokoma
Group) deposited in an environment interpreted
as lagoonal to marine. These units are further sub-
divided into Penge arkoses (10-20 m [33-66 ft]),
Lenda carbonates with carbonaceous layers (80—
130 m [262-430 ft]), and Asoso shales and sand-
stones (50 m [164 ft]) for the Ituri Group and
Akwokwo tillites (0-40 m [33-130 ft]), Bobwam-
boli conglomerates and arkoses (50-250 m [164-

820 ft]), Mamungi gray shales and limestones (200
500 m [656-1640 ft]) and Kole shales (100 m
[328 ft]) for the Lokoma Group (Figure 2).
Above a marked unconformity in the seismic
profiles, which is, however, weakly expressed in the
Lindi-Aruwimi region, a thick (1760 m [5774 ft])
sequence of Paleozoic siliciclastics follows, which is
dominated by red arkoses, and forms the Aruwimi
Group. Verbeek (1970) subdivided this unit succes-
sively into Galamboge quartzites with cross-bedding
(100-150 m [328-492 ft]), Alolo carbonaceous
dark shales (350-400 m [1148-1312 ft]), and Banalia
red arkoses with cross-bedding (as much as 1200 m
[3937 ft]), with transitional approximately 100-m
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(~328-ft)-thick transitional units between them.
The Alolo shales were probably deposited in a
shallow-marine to lagoonal basin. The Banalia red
arkoses are overlain by glacial-interglacial and post-
glacial sediments of the Lukuga Group (816 and
146 m [2677 and 479 ft], respectively, in the Dekese
well), attributed to the Pennsylvanian—Permian.
This age for the Aruwimi Group is problematic and
constrained only by the Pan-African unconformity
(~550-542 Ma) at the base and by the Pennsylvanian—
Permian sediments of the Lukuga Group on top,
spanning the entire early-middle Paleozoic. No
prominent discontinuities can be seen between the
Aruwimi and the Lukuga groups either in the Dekese
core or in the seismic profiles. In consequence, they
have been grouped into a single sedimentary unit
representing the known Paleozoic in the Congo Ba-
sin. The stratigraphy of the Lukuga Group contains
a series of glacial to periglacial massive diamictites
and varval dark-gray shales deposited under water
in a large basin in front of mountain glaciers in the
Dekese area (couches F-G) or as morainic deposits
in the region of Kalemie during several glacial os-
cillations. They are overlain by postglacial black
shales in the Dekese area (couches D-E) or sand-
stones with coal seams in the Kalemie region along
the western shore of Lake Tanganyika (Lukuga coal
field) (Fourmarier, 1914; Jamotte, 1931; Cahen
etal., 1959).

A marked discontinuity separates the Paleozoic
sedimentary unit from the overlying Mesozoic—
Cenozoic series assembled into a third sedimen-
tary unit. The Mesozoic sedimentation began in
the eastern rim of the Congo Basin with Triassic
reddish sandstones and mudstones in the Kalemie
region (Haute Lueki Group), overlying unconform-
ably the Permian sediments in the Lukuga coal
field. At Kisangani (former Stanleyville) and south
of it along the upper course of the Congo River
(also named Lualaba), 470 m (1542 ft) of sand-
stones with bituminous shales and limestones of
the Late Jurassic to Early Cretaceous (Oxfordian—
early Aptian) represent lacustrine deposits, assem-
bled into the Stanleyville Group (Passau, 1923;
Lombard, 1960; Lepersonne, 1977, Cahen, 1983a;
Colin, 1994). Toward the basin center in the Samba
well, 323 m (1060 ft) of fluvial-lacustrine red sand-
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stones with thin layers of bituminous shales are
attributed to the Stanleyville Group, directly over-
lying the Aruwimi Group (couches 5; Cahen et al.,
1959). The Stanleyville Group is absent in the
Dekese well (Cahen et al., 1960) and occurs in a
condensed section in the Kinshasa area (Egorov
and Lombard, 1962). The depositional area of the
overlying Loia Group (upper Aptian-lower Albian)
enlarged considerably, and its depocenter shifted
toward the present center of the basin, whereas the
southern and eastern rims of the basin were up-
lifted (Lepersonne, 1977; Cahen, 1983b). The Loia
Group is represented in the Dekese well by 254 m
(833 ft) of eolian sand dunes (couches C) and in
the Samba well by 280 m (918 ft) of shallow la-
custrine sandstones and mudstones with bitumi-
nous shale levels (Cahen et al., 1959, 1960; Linol
etal., 2011).

The stratigraphic succession continues with
the upper Albian Bokungu fluviodelatic sandstones
and siltstones (372-439 m [1220-1440 ft] in the
wells), unconformably overlain by the Late Creta-
ceous Kwango Group. The Kwango Group has
been defined and dated paleontologically in the
Kwango River region on the southwestern side of
the DRC, where the complete section contains
the Turonian to Late Cenomanian Inzia formation
and the Maastrichtian-Senonian N’Sele Formation
(Lepersonne, 1951, 1977; Colin, 1994). A slight
unconformity with a basal conglomerate exists be-
tween the Kwango and the Bokungu groups. The
Kwango Group is not represented in the Dekese well
because of recent river incision erosion (the Dekese
well is located in the floor of a valley where the
Kwango Formation is outcropping on the flanks). In
the Samba well, the 280-m (918-ft)-thick couches
C, composed of pure quartz sand and kaolin-bearing
clay, are correlated to the Kwango Formation but
do not contain datable material (Cahen etal., 1959).
They are, however, markedly different mineralogi-
cally from the underlying Bokungu feldpathic sand-
stones that do not contain kaolin. A recent reexam-
ination of the contact between these two formations
shows that it is fault controlled (Kadima et al., 2011).

The Paleogene is represented by the Gres Poly-
morphe Group, composed of silicified eolian sands
deposited over a prominent erosion surface, and



surmounted by the Neogene Ochre Sands (70-90 m
[230-295 ft] in total for the Cenozoic) (Cahen
etal., 1959, 1960, 1983b; Lepersonne, 1977; Linol
etal, 2011).

This review shows that the sedimentary units
and discontinuities at the scale of the basin pres-
ent strong lateral variations in thickness and fa-
cies. In particular, the Paleozoic—Mesozoic discon-
tinuity spans the entire Triassic and Jurassic in the
Samba well, the Permian and Triassic in the Dekese
well, and is almost absent in the Kalemie area. This
loosely constrained period would correspond to
an important compressional basin inversion (Daly
et al., 1992) that has been related to far-field ef-
fects during the Late Permian—Early Triassic de-
velopment of the Cape fold belt of South Africa
(Hilbich et al., 1983; Le Roux, 1995; Delvaux,
2001; Newton et al., 2006; Tankard et al., 2009).

SAMPLES AND METHODS

A total of 147 samples were made available from
the Royal Museum of Central Africa, Tervuren,
Belgium. They include outcrop samples of the
Neoproterozoic (Lenda limestones, Ituri Group,
and Mamungi shales, Lokoma Group) in the
Lindi and Ubangui regions, middle-lower Paleo-
zoic (Alolo shales, Aruwimi Group) north of Ki-
sangani, Pennsylvanian-Lower Permian (lower gla-
cial to periglacial part of Lukuga Group) in the
Walikale area (North Kivu), Upper Jurassic-Lower
Cretaceous (Stanleyville Group) along the upper
Congo River (Lualaba), in Kisangani and south of
it (Figures 1, 2). In addition, samples from the
Dekese and Samba wells were collected from the
Loia, Stanleyville, and Lukuga groups. One coal
sample of mid-Permian postglacial age from the
Lukuga coal field near Kalemie along the congolese
shore of Lake Tanganyika was also investigated
(Figure 1). Only organic-rich levels of these groups
have been sampled instead of a systematic sam-
pling, and the results obtained in this work do not
represent the quantitative average composition of
the sampled units but instead have been used to
qualify the OM type and maturation in terms of

source rock potential and depositional environ-
ment. Samples from the Lindian Supergroup have
been collected by Verbeek (1970), with most of the
Alolo shale samples close to a fault zone.

Total inorganic carbon (Cjnorg) and total or-
ganic carbon (C,,,) were measured with a Leco
RC-412 carbon analyzer via infrared absorption.
Total carbon (Ciutal) concentrations were deter-
mined using Ceoral = Cinorg + Corg. The CaCOs3
percentages were calculated using CaCOs = 8.333
Cinorg. Total sulfur (TS) concentrations were mea-
sured using a Leco S-200 sulfur analyzer with a
precision of less than 5% error and a detection limit
of 0.0001%. Rock-Eval pyrolysis was performed
on 60 samples having C,,, contents more than
0.4%. Approximately 100 mg of powdered rock
was heated in the helium stream of a Delsi, Inc.,
Rock-Eval II instrument. A detailed description
of the procedure is given in Espitalié et al. (1985).
Parameters determined by Rock-Eval pyrolysis in-
clude hydrogen index (HI = mg HC equivalents/g
Corg), oxygen index (OI = mg CO,/g C,,y), and
Tmax (temperature of maximum pyrolysis yield). A
modified Van Krevelen diagram (HI vs. OI) and a
crossplot of S; and C,,, were used for kerogen
classification. Vitrinite reflectance (R,) was mea-
sured on samples with C,,, more than 0.4%. For
microscopic studies, samples were embedded in an
epoxy resin, and a section perpendicular to bed-
ding was polished (Taylor et al., 1998). The pol-
ished blocks were investigated at a magnification
of 500x in incident white light and in incident
light fluorescence mode, excited by ultraviolet and
violet light. The R, measurements were conducted
using a Zeiss Axioplan incident light microscope at
a wavelength (1) of 546 nm with a Zeiss Epiplan-
Neofluar 50x, 0.85 oil objective. An yttrium alu-
minum garnet standard was used, with an R, of
0.889%. For samples rich in vitrinite or solid bi-
tumen particles, at least 50 measurements were
made. Mean R,, and standard deviation values were
calculated using the Diskus Fossil software (Carl H.
Hilgers Technisches Biiro). In total, 43 samples
were studied by way of reflected light microscopy.

Fifteen samples were selected for molecular
organic geochemistry based on their C,,, and Rock-
Eval data. The analysis of nonaromatic HCs was
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conducted on 10-g aliquots of each sample ex-
tracted with dichloromethane (DCM; 40 mL) and
hexane (40 mL) using ultrasonic treatment. The
extracts were fractionated by polarity chromatog-
raphy into nonaromatic HCs (5 mL pentane), ar-
omatic HCs (5 mL pentane and DCM at a ratio of
4:6), and heterocompounds (5 mL MeOH). Gas
chromatography (GC) of nonaromatic HCs was
performed on a Fisons Instruments GC 8000 se-
ries ECD 850 equipped with an on-column injec-
tor, a Zebron ZB-1 HT Inferno fused silica capillary
column (30-m x 0.25-mm inner diameter; film
thickness, 0.25 yum) and a flame ionization detec-
tor. Hydrogen was used as the carrier gas. The oven
temperature was programmed from 80°C (3 min)
to 300°C (held 20 min) at 10°C/min.

The biomarkers were determined by GC-mass
spectrometry (GC-MS) using a Finnigan MAT 95SQ
mass spectrometer coupled to a Hewlett Packard
Series II 5890 gas chromatograph. The spectrom-
eter was operated in electron ionization mode at an
ionization energy of 70 eV and a source tempera-
ture of 260°C. The chromatograph was equipped
with a splitless injector and a Zebron ZB-1 fused
silica capillary column (30 m x 0.25 mm; film
thickness, 0.25 um). Helium was used as carrier
gas. The oven temperature was programmed from

80 to 310°C (held 3 min) at 5°C/min.

NUMERICAL BASIN SIMULATION

The thermal and depositional evolution of sedi-
mentary basins can be reconstructed by computer-
aided models. For obtaining a reliable model, com-
piling and quantification of geologic, physical, and
chemical processes that have occurred during ba-
sin development are necessary. Calibration data
based on investigations of sediment samples rep-
resentative of the investigated site are a fundamental
input for a basin simulation to generate scenarios as
close as possible to reality. Principles of basin mod-
eling were described by Welte and Yalcin (1987)
and principles of one-dimensional (1-D) model
calibration by Senglaub et al. (2006). The major
outcomes of basin modeling approaches are burial,
temperature, and maturation histories. The basin
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evolution is separated into chronological events
with a defined age. Each event represents a time of
sedimentation, erosion, or nondeposition (Wygrala,
1988). The temperature history is dependent on
the heat input into the system, the heat transfer
(conduction and convection), and the heat distri-
bution. The temperature history results from the
burial history, the petrophysical properties of the
rocks, as well as spatial- and time-specific (paleo-)
heat-flow data. For optimization of the model, cal-
ibration procedures are required. The R, is the
most important calibration parameter. By leveling
the input parameters, evolution scenarios can be
modified until the modeled calibration parameters
match the values measured during the investiga-
tion of the sediment samples considered repre-
sentative for the sequences in the modeled basin.
Frequently leveled input parameters during model
calibration are, for example, erosion thickness and
heat flow (Petmecky et al., 1999; Senglaub et al.,
2006). For calculation of the R, by means of the
software PetroMod (Schlumberger IES, version 10),
the Easy %R,, algorithm of Sweeney and Burnham
(1990) has been chosen. It is applicable for the R,
range between 0.3 and 4.6%.

Based on the recent geologic setting of the
Congo Basin, known geologic processes through
time, heat-flow estimation (i.e., Daly etal., 1992;
Sebagenzi et al., 1993; Giresse, 2005), and R,, as
calibration data, 1-D models of the Dekese and
Samba wells were created.

RESULTS
Elemental Analysis

The highest C,,, values were found for well and
outcrop samples of the Loia and Stanleyville groups,
with values as much as 25% for samples of the
Stanleyville Group (Table 1; Figure 3A). For the
samples of the Lukuga Group, low to moderate
(<2%) Corg values were measured (Table 1). An
exception is the coal that has a C,,, content of
48% and a CaCOs content of approximately 3%
(Figure 3A). Samples of the Aruwimi, Ituri, and
Lokoma groups generally have the lowest C,,,



contents, with mean values less than 0.2%. The
Cinorg content and, thus, the CaCO5 content are
generally low (<35%) for the Lukuga, Loia, Stan-
leyville, and Lokoma groups. High Cj,org and CaCO5
values were recorded only for samples of the Aru-
wimi and the Ituri groups, with CaCO3 values as
much as 99% (Figure 3A). The CaCOs contents of
the Stanleyville Group show an increase in Ciyorg
with a decrease in C,,, (Figure 3A).

The sulfur content is highly variable, especially
in samples of the Aruwimi and Loia groups. The
highest values (as much as 4.4%) occur in the
Aruwimi and Loia groups. The lowest values were
measured for the samples of the Stanleyville and
Lukuga groups, which had values less than 0.6%.
The Lukuga coal sample also revealed a low TS
content (0.5%; Table 1). The Lokoma Group re-
vealed a high amount of TS (2.69%), leading to a
very high TS/C,,, ratio of 14.16 (Figure 3B). In
the Lukuga Group, because of high C,,, values,
the respective TS/C,,, values are only moderate to
low, ranging between 0.01 and 0.16. The TS/C,,,
values of the Stanleyville Group are highly vari-
able because of the variable contents of C,, (0.05-
0.8). High TS/C,,, values seem to be characteristic
of the Aruwimi Group, which has values as much
as 4.97 (Figure 3B). Especially in the Aruwimi
Group, most of the sulfur is present as pyrite, as
demonstrated by microscopic examination.

Rock-Eval Pyrolysis

The Rock-Eval pyrolysis data for samples of the
Stanleyville Group revealed a range of the HI from
786 to 1028 mg HC/g C,,, in the samples of the
Lualaba area (Figure 3C). The Ol is in the range of
21 to 183 mg CO,/g Coyq, and production index
(PI) values are as much as 0.07 (Figure 3E). The S,
values range between 22 and 246 mg HC/g rock
(Figure 3D). The Ty, is in the range of 424 to
438°C (Figure 3E).

For the samples of the Loia Group in the
Samba well, a wide variation in the HI values
(Figure 3C) ranging from 430 to 965 mg HC/g
rock, with a mean value of approximately 751 mg
HC/g rock is typical (Figure 3C). The OI ranges

from 22 to 135 mg CO,/g C,,,, with a mean value
of 64 mg CO,/g C,,g. The Tpay is in the range of
429 to 437°C, and PI values range from 0.01 to
0.05 (Figure 3E). Samples show various S, values
in the range of 6 to 160 mg HC/g rock. For the
Loia and Stanleyville groups, an increase of S, with
increasing C,,, is typical (Figure 3D). Another
pattern is given for the samples of the Lukuga and
Aruwimi groups. For the Lukuga Group, the T«
ranges between 427 and 437°C, with HI values
from 18 to 265 mg HC/g rock, OI values between
20 and 154 mg CO,/g C,,, and Pl value as much as
0.5. The Lukuga coal sample has an HI of 200 mg
HC/g rock and an OI of 38 mg CO»/g C,,g, with a
Trmax of 426°C and a PI of 0.03 (Figure 3C-E).
Based on their very low S values, most HI and T},
values are not reliable for the samples of the Aru-
wimi Group. The T,,,. values range from 416 to
450°C, with PI as much as 0.8. All Rock-Eval

parameters are compiled in Table 1.

Organic Petrography

An overview of maturity distribution is provided
by R, data, which is considered to be the most
reliable and most commonly used maturity indi-
cator (Dow, 1977; Waples et al., 1992). However,
most of the samples of the Congo Basin contain a
large amount of resedimented vitrinite and vitrinite-
like particles, especially Pennsylvanian-Lower Perm-
ian samples of the Lukuga Group in the Dekese
well, and to a lesser extent, samples of the Wali-
kale area. The dominance of resedimented parti-
cles suggests that Mississippian and possibly also
Devonian rocks were deposited at the margin of
the basin over much greater areas than those rep-
resented by the present-day outcrops. Erosion of
these units at the basin margin occurred at the
same time when Pennsylvanian to Lower Permian
units were deposited in the basin center.

The R, values of all samples are plotted in
Figure 3F and in Table 1. The R, measurements
revealed values of 0.6 to 0.8% for the Lukuga Group
(Dekese well; Figure 3F), where values increase
with depth. However, much scatter exists because
of the predominance of resedimented vitrinite,
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which is difficult to distinguish from autochthonous
vitrinite. The Kalemie coal sample microscopically
presents a high amount of vitrinite and sporinite,
the latter with a greenish to yellow fluorescence.
Alginite was also observed but only in minor
amounts. The R, of this outcrop coal sample is
0.47% (Figure 3F; Table 1).

The R, values of samples of the Stanleyville
Group in the Lualaba Basin range from 0.4 to 0.55%
(Figure 3F; Table 1), whereas samples of the Loia
Group (Samba well) show R, values ranging from
0.56 to 0.7%. The latter samples represent less
abundant vitrinite and vitrinitelike particles but
lamalginite as a predominant maceral (as much as
90%). Fluorescence observations revealed a greenish
to yellow color of the particles. Fresh pyrite was also
abundant in the samples of the Loia Group, which
revealed a nearly unweathered kind of the sample
material (Littke et al., 1991b).

Molecular Organic Geochemistry

All of the investigated samples of the Congo Basin
contain n-alkanes in the range of n-Cy, to n-Cs;
(Figure 4; Table 2). In most samples, a clear dom-
inance of short-chain n-alkanes (n-Cy5s-n-Cy9) rel-
ative to long-chain n-alkanes (n-C;7-n-Cjz1) is not
obvious, indicating moderate to low maturity lev-
els and a mixture of aquatic (lacustrine or marine)
and terrestrial OM. At high levels of maturity,
long-chain n-alkanes are cracked and short-chain
n-alkanes clearly predominate. Very high n-C;-/
n-C,; ratios (>10) were only recorded for the
Aruwimi sample and one of the Lukuga samples.
The ratio of n-C;7 to n-Cy7 is less than 1 in samples of
the Loia Group and in some samples of the Lukuga
Group; in all other samples, it is more than 1, with
the highest dominance of n-C;7 in the Aruwimi
Group. The abundance of pristine (Pr) and phytane
(Ph) is moderate to high, with a weak dominance
of Pr in samples of the Aruwimi, Lukuga, and
Stanleyville groups. In samples of the Loia Group,
a dominance of Ph could be observed, which is
typical of source rocks deposited under anoxic con-
ditions and/or carbonate to evaporite environments.
The latter can, however, be excluded because of the
low to moderate carbonate contents of Loia sedi-

ments. The ratios of Pr/n-C;5 and Ph/n-Cg range
from 0.4 and 1.4, respectively, with the coal sam-
ple reaching a value of 3.8 (Figure 5). Different ra-
tios were used to calculate the ratio of odd-carbon-
numbered over even-carbon-numbered n-alkanes
(carbon preference index [CPI] and odd-to-even
predominance [OEP]; Table 3). High values are
typical for the Lukuga samples, including the coal
from Kalemie, indicating a strong terrestrial contri-
bution in this unit. The Loia and Stanleyville sam-
ples show lower values, but—with one exception—
also predominance of odd-numbered n-alkanes.
Lower values were recorded for Aruwimi samples,
which were deposited before the appearance of
terrestrial plants.

Biomarker ratios were used to characterize the
depositional environment and the maturation range
of potential source rocks. The biomarkers we eval-
uated for this study were tricyclic and pentacyclic
triterpanes as well as steranes and diasteranes (cf.
Peters and Moldowan, 1991), with a focus on
evaluation of peak area ratios from tricyclic and
pentacyclic terpanes measured from the M/Z 191
trace, steranes measured from the M/Z 217 and 218
trace, and diasteranes from the M/Z 259 trace
(Table 2; Figure 6). In addition, sesquiterpanes and
tetracyclic terpanes were found in some samples,
but only in minor amounts.

For the tetracyclic terpanes, only Cy3Hyg was
identified in all samples, C,4H4> in addition was
identified only for one Lukuga sample from the
Walikale area (1267). Tricyclic terpanes in the
range of Cjg to Cy5 were abundant, whereas Cyq
and larger carbon numbers were mainly under the
detection limit, except in samples 1204 and 1205
(Loia Group). Identification of these tricyclic
terpanes was based on peak identification de-
scribed by Wang (1993). For the Lukuga coal
sample, only C,oHszg molecules could be identi-
fied. Dominant peaks in the samples of the Lukuga
and Loia groups are the aa and B configurations.
The ratio tricyclics/17a-hopanes, which is helpful
to describe the maturity range, was used for the
Loia samples, which revealed values between 0.17
and 0.44 (Table 3). Pentacyclic terpanes of the
hopane series from C,7 to C3; are dominated by
Cy9 hopane and Csq to C3; hopanes, with only a
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Figure 3. Bulk geochemical data of various samples of the
Congo Basin. (A) Total organic carbon (C,g) versus carbonate
contents. (B) Total sulfur (TS in percent) versus C,g contents of
different lithologies. (C) Rock-Eval hydrogen index (HI) (S5/%Corg)
and oxygen index (Ol) (S3/%Cqg) values. (D) Rock-Eval S,
(amount of hydrocarbons [HCs] formed by the pyrolytic break-
down of kerogen (mg HC/g) versus C,, data. (E) Rock-Eval
production index (Pl) (S,/S; +S,) and T, (heating temper-
ature at which the peak of S, occurs). (F) Maturity parameters
vitrinite reflectance (R,) and Tpax.



minor contribution of Cz, homohopanes. The
172(H)218(H) and 178(H)21a(H) isomers dom-
inate the M/Z 191 fragmentograms. The Czq to
Cs; hopanes were present in both the Loia and
Lukuga groups and in the Lukuga coal sample. The
norhopane (Cyg)/hopane (Czg) ratio is less than
0.5 in all samples, except in the Lukuga samples,
where it is 0.8 for the coal sample and 1.1 for
sample 1267. The C3, 22S/(22S + 22R) ratio ranges
between 0.23 and 0.56. The T,, (Cy; 17¢[H]-
22,29,30-trisnorhopane) is more dominant than
T, (Cy7 182[H]-22,29,30-trisnorneophane) in all
samples. The ratio of T,/(T; + T,,) is in all samples
less than 0.5 and only in the Loia samples slightly
higher (0.52; Table 3). The ratios of C3,/Czo hopane
with values less than 0.3, for all samples, indicate
lacustrine instead of marine source rock depositional
environments. The terpane assignments are given
in Table 2, and characteristic chromatograms are
shown in panels A to C, G, and H of Figure 6.
Table 3 summarizes the hopane ratios.

The Cy9 20S/(20S + 20R) ratios range be-
tween 0.1 and 0.55, with highest values for the
Lukuga Group, especially the Lukuga coal sample.
High concentrations of 24-ethyl-5¢, 14a, 17a(H)-
cholestane occur in all samples, 24-methylcholes-
tanes being dominant especially in samples of the
Loia Group. Measurements of C,7, Cyg, and Cyg
revealed a dominance of the C,g steranes. Sterane
and assignments are given in Table 2 and character-
istic chromatograms in panels D to F of Figure 6.
Table 3 and Figure 7 summarize the sterane ratios.
Diasteranes, which are used for maturity evaluation,
could only be identified for one sample of the
Lukuga Group (1267). The diasteranes/steranes ra-
tio revealed for this sample a value of 0.31, the ratio
of 20S/(20S + 20R)138,17a(H)-diasteranes is 0.6.
The sterane/hopane ratio calculated for the Loia
and Lukuga groups revealed values between 0.09
and 1.17, with highest values for the Loia Group.

Numerical One-Dimensional Modeling,
Dekese Well

All information as stratigraphic intervals and thick-
nesses concerning the Dekese well was adopted
from the “Description du Sondage de Dekese”

(Cahen et al., 1960). Additional data on the pa-
leogeographic history of the area from (Daly et al.,
1992; Giresse, 2005) were also used. For the
Dekese well, a marked phase of subsidence was
assumed for the Late Cretaceous (Cenomanian—
Santonian) with deposition of approximately
1000 m (~3280 ft) of sediments (Figure 8A).

Calibration of this model was performed using
measured R, data from the Lukuga Group. The
calculated and measured R, data are shown in
Figure 8B. The coalification was calibrated with
the measured R, data, leading to the assumption
of (1) a heat flow of 68 mWm™? at the time of
maximum burial (80 Ma) (Figure 8C) and (2) a
deposited and then eroded thickness of Upper
Cretaceous sequences of 1000 m (3280 ft).

The maturation, burial, and heat-flow histories
of the Dekese well are shown in panels A to E of
Figure 8. The burial history shows one significant
phase of subsidence (120-90 Ma). After the de-
position of Paleozoic layers with a maximum
thickness of 3000 m (9840 ft), rapid and impor-
tant subsidence occurred in the middle of the Late
Cretaceous. The depth of the deepest horizon taken
into account in the model (Ituri) rapidly increased
as much as approximately 4850 m (15,912 ft)
within 11 m.y. At that time, the base of the Lukuga
Group, for which calibration data are available,
reached a depth of approximately 2600 m (~8530 ft).
After deposition of approximately 900 m (~2950 ft)
of Pennsylvanian-Lower Permian sediments of the
Lukuga Group, several hundred meters of sedi-
ments were eroded during Middle Permian uplift.
Note that no exact conclusion on eroded thicknesses
and heat flows for this period can be deduced from
our data, but temperatures were definitely lower
than those later reached during the Cretaceous.
Therefore, a very high heat flow and an erosion of
several thousand meters can be excluded. Jurassic
and Lower Cretaceous sediments accumulated to a
thickness of a few hundred meters. The base of the
Lukuga Group stayed at approximately 1000 m
(~3280 ft) deep. This was followed by rapid de-
position of almost 2000 m (6562 ft) of sediments,
the base of Ituri and Lukuga groups reaching
depths of 4850 and 2600 m (15,912 and 8530 ft),

respectively.
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Maximum burial was reached at approximately
80 Ma (Santonian—Campanian transition), during
which the base of the Ituri and Lukuga groups
reached 175 and 110°C, respectively, leading to
corresponding maturities of 1.8 and 0.8% (Figure 8D,
E). The maturity level remained constant from the
Late Cretaceous until the Holocene. Note that cal-
ibration data also allow the assumption of a lower
heat flow during maximum burial; in this case, a
higher eroded thickness has to be assumed. In other
words, the amount of erosion (1000 m [3280 ft])
is regarded as a minimum.

Numerical One-Dimensional Modeling,
Samba Well

All information as stratigraphic intervals and thick-
nesses concerning the Samba well was adopted
from Cahen et al. (1959). Additional data of the
paleogeographic history of the area were also used
(Daly et al., 1992; Giresse, 2005). Similarly, as for
the Dekese well, a marked phase of subsidence was
assumed for the Late Cretaceous (Cenomanian—
Santonian), with rapid deposition and erosion of
approximately 900 m (~2950 ft) of sediments
(Figure 9A).

Calibration of this model was performed with
assistance of the measured R, data. The calculated
and measured R, data are shown in Figure 9B.
The coalification was calibrated with the mea-
sured R, data and led to an (1) assumed heat flow
of 72 mWm™ for the time of maximum burial
(80 Ma) (Figure 9C) and an (2) assumed deposited
and eroded thickness of the Kwango Group of
900 m (2950 ft) (Figure 9A). Today, this sequence
is almost completely eroded, leaving only 115 m
(377 ft) in the well. The burial history shows one
significant main phase of subsidence that started in
the Late Jurassic to Early Cretaceous and shifted
the base of the Aruwimi red beds to a depth of
approximately 2850 m (~9230 ft). For the sedi-
ments of the Stanleyville Group, a depth of 2000 m
(6562 ft) could be calculated. At this time, the
base of the Loia Group, for which calibration data
are available, reached a depth of approximately
1600 m (5250 ft). After deposition of these layers
and the sediments of Bokungu Group, rapid depo-
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sition led to a maximum burial depth of 1800 m
(5906 ft) and temperatures of approximately 100°C
for the base of the Loia Group. This was followed
by erosion of the Kwango Group because of uplift
that led to a present-day depth of 1200 m (3937 ft)
for the base of the Stanleyville Group, and 900 m
(2950 ft) for the base of the Loia Group. Note that
calibration data also allow the assumption of a
lower heat flow during maximum burial; in this
case, a higher eroded thickness has to be assumed.
Thus, the amount of erosion (~900 m [~2950 ft])
is regarded as a minimum.

Maximum burial was reached at 80 Ma, and
the base of the Aruwimi Group reached tempera-
tures as much as 130°C, leading to a correspond-
ing maturity of 0.8% R,. The Stanleyville Group
reached, at the maximum burial, a temperature of
120°C (Figure 9E). This value corresponds to a
calculated maturity value of 0.7% R,, (Figure 9D).
From the Late Cretaceous until the present day,
the maturity remained stable and present-day tem-
peratures are at approximately 80°C.

DISCUSSION
Depositional Environment

The high CaCOs contents of the samples of the Ituri
Group suggest a strong marine or lacustrine influ-
ence; OM could not be identified because of the
low C,,, contents. The Lokoma Group contains
low amounts of CaCOs. The Aruwimi Group con-
tains marine aquatic OM in very low quantities and
commonly moderate carbonate contents, suggest-
ing a marine depositional environment with a high
influence of terrestrial OM. Type III to IV kerogen
indicates the presence of highly inert material that
has been affected by a moderate to high thermal
maturity.

Samples of the Lukuga Group revealed a high
amount of terrestrial-derived OM, represented by
type III to IV kerogen. The low contents of car-
bonate lead also to the assumption of a terrestrial,
more oxic, depositional environment. The investi-
gated coal sample of the Lukuga Group is a quite
typical mineral-enriched coal with abundant vitrinite
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and sporinite. It probably derives from peat de-
posited in a wet topogenous swamp.

The Stanleyville Group revealed a highly vari-
able carbonate content. Samples representing type I
kerogen revealed the lowest carbonate contents.
This leads to the assumption of an aquatic (most
likely lacustrine) depositional environment, but
with a strong (periodic) influence of terrestrial
OM. The depositional environment is described
by Lepersonne (1977) as dominantly shallow la-
custrine to swampy and even brackish, partly in
relatively arid climate for the upper part of the
Stanleyville Group. A thin calcareous level found
at Songa (south of Lubumbashi) was considered
as marine on the basis of fossil fishes attributed to
a marine species, but a recent revision (L. Taverne,
2011, personal communication) shows that this
ichtyofauna is highly endemic and exists in both
marine and continental environments. In the ab-
sence of clear indications for a marine connection
at that time and because of the location of the site
in the middle of the Gondwana continent, de-
position of the Stanleyville Group under lacus-
trine conditions is most likely. Samples of the Loia
Group show high C,,, values with low to moder-

ate carbonate contents, indicating a more oxic de-
positional environment.

The TS values were measured in some samples
to provide an insight into the depositional envi-
ronment and, in particular, to the intensity of bac-
terial sulfate reduction (Berner, 1970, 1984). Un-
der anoxic conditions, dissolved sulfate is reduced
to H>S, which reacts with iron minerals to form
iron sulfides. The TS/C,,, ratios reflect the inten-
sity of microbial sulfate reduction in OM decom-
position, giving a qualitative indication of the re-
dox status in the depositional environment. Berner
(1970, 1984) found an empirical relationship be-
tween sulfur content and C,,, content, which is
typical for most marine sediments deposited under
aerobic bottom waters (Figure 3B).

Moderate to high sulfur content and TS/C,,,
values (Figure 3B) are characteristic of nearly all
samples of the Loia, Aruwimi, and Lokoma groups.
These moderate to high ratios indicate a generally
strong bacterial sulfate reduction. Very high TS/
Corg values suggest that more OM is consumed via
sulfate reduction than under normal marine con-
ditions (Berner, 1984). Visual analysis indicates the
presence of significant amounts of pyrite in the
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Table 2. Identified Tricyclic Terpanes, Hopanes, and Steranes

Tricyclic Terpanes (M/Z 191)

133 (methyl)-Tricyclic terpane C;gHs4
13, 14B-Tricyclic terpane CyHs¢
13, 14B-Tricyclic terpane CyoHse
13, 14a-Tricyclic terpane CyoHse
13, 14a-Tricydlic terpane CyoHsg
138, 14B-Tricyclic terpane C,;Hsg
13¢, 14B-Tricyclic terpane C;;Hsg
13, 14c-Tricyclic terpane Cy;Hsg
13, 14B-Tricyclic terpane Cy;Hsg
13, 14a-Tricyclic terpane Cy,Hag
13, 14B-Tricyclic terpane CyHag
13, 14a-Tricyclic terpane CysHg,
13¢, 14a-Tricyclic terpane CyoHsg
13, 14a-Tricyclic terpane CyzHas
13, 14a-Tricyclic terpane Cy4Hay

Tetracyclic Terpane CyzHao
13, 14a-Tricyclic terpane CysHae
13¢, 14a-Tricyclic terpane CysHyg

Tetracyclic Terpane Cy4H,,
13, 14a-Tricyclic terpane CygHas
138, 14a-Tricyclic terpane CygHag
13¢, 14a-Tricydlic terpane CygHag

<C""V‘_‘.Q'UO:3—7¢‘_'_‘=‘OQ—"(D a n T o

Hopanes (M/Z 191)

1 18c:(H)-22,29,30-Trisnorneohopane (7;)
2 17a:(H)-22,29,30-Trisnorhopane (T,

3 17a(H), 21/(H)-28,30-bisnorhopan
4 17a(H),213(H)-30-Norhopane
5 17B(H),215(H)-30-Norhopane
6 17a(H),213(H)-Hopane
7 175(H),21(H)-30-Norhopane
8 17(H),21a(H)-Hopane
9 (225)-17a(H),218(H)-29-Homohopane
10 (22R)-17x(H),213(H)-29-Homohopane
11 17B(H), 215(H)-Homohopane
12 17(H), 215(H)-hopane
13 (225)-17ax(H),218(H)-29-Dihomohopane
14 (22R)-17(H),213(H)-29-Dihomohopane

Steranes (M/Z 217 and 218)

(20S)-5a(H),14a(H),17x(H)-Cholestane
(20R)-5¢(H),14(H),17(H)-Cholestane
(20S)-24-Methyl-5a(H),145(H),173(H)-Cholestane
(20R)-24-Methyl-5a(H),145(H),175(H)-Cholestane
(20S)-24-Methyl-5¢(H),14a(H),17a(H)-Cholestane
(20S)-24-Ethyl-5¢:(H),14(H),17(H)-Cholestane
(20R)-24-Ethyl-5¢:(H),143(H),173(H)-Cholestane
(205)-24-Ethyl-5¢(H),143(H),178(H)-Cholestane
(20R)-24-Ethyl-5c(H),14c(H),17x(H)-Cholestane

— ToOommogNw>
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samples of the Aruwimi Group derived from bac-
terial sulfate reduction and OM oxidation. This
shows that sufficient iron was available to fix most
of the sulfur in the form of iron sulfide. Interest-
ingly, very high TS/C,,, values are also typical for
the Aruwimi sediments, but at low C,,, values and
also low HI values. The latter indicates only poor
preservation of the primary OM, that is, no anoxic
bottom water. Another explanation for the high TS/
Corg values in these sediments would be a petroleum
impregnation, followed by (bacterial) sulfate reduc-
tion and petroleum oxidation. However, allochtho-
nous solid bitumen was not observed in the samples.

Littke et al. (1991a) and Liickge et al. (1996)
showed that the consumption of part of the me-
tabolized OM during early diagenesis greatly in-
fluenced the quality of OM in shallow-marine
sediments. The bulk of the Loia samples shows high
Corg and TS contents, but only moderate TS/C,,,
values. This might indicate that these samples were
deposited under high productivity conditions, with
bottom waters that were not anoxic, but only partly
reduced in molecular oxygen. Thus, sulfur uptake
into the sediments occurred only in the freshly de-
posited sediment, probably at a few decimeters
below the sediment and water interface. In com-
pletely anoxic waters, sulfide precipitation and sul-
fur uptake into OM already starts within the water
column, leading to high TS/C,,, values (Sinninghe
Damsté and Koster, 1998). In contrast, the sam-
ples of the Stanleyville Group revealed high amounts
of C,g but only low to moderate sulfur contents.
This could be related to a strong weathering of these
rocks that causes an oxidation of sulfides (pyrite)
(Littke et al., 1991b).

The Lukuga Group was deposited under ter-
restrial conditions, as also supported by low TS val-
ues and TS/C,,, ratios. The Lukuga coal sample
revealed a low TS/C,,, ratio (0.01), indicating a
low consumption of sulfur in OM and, therefore,
deposition under oxic terrestrial conditions. Based
on the relationship between C,,, and TS contents,
the original sediment composition (original OM,
carbonate, silicate) before sulfate reduction was
calculated (Figure 10) (Littke, 1993).

As dissolved sulfate is reduced, the sulfide con-
centration in sediments increases, and part of the
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Corg is consumed (Lallier-Verges et al., 1993; Liickge
et al., 1996). Sulfur concentration, therefore, can
be used to calculate the OM content before sulfate
reduction according to Littke (1993) (Figure 10).
Samples from the Stanleyville Group define trends
showing that, with an increase in silicate, the con-
tent of OM also increases. This tendency is ex-
plained as a consequence of a higher nutrient sup-
ply when the supply of clastic material increased
in otherwise carbonate-dominated environments
(Stein and Littke, 1990; Thurow et al., 1992).

The samples of the Loia Group represent an-
other system, with a high percentage of silicate and
an increasing amount of OM with a decrease in
silicate (Figure 10). The high amount of OM re-
flects high bioproductivity caused by a change from
terrestrial to aquatic influences or a higher amount
of preservation possibly caused by anoxic to dys-
oxic water conditions. Samples of the Aruwimi
and Lukuga groups did not reveal a particular trend.
They contain a high amount of silicate with only
low to moderate amounts of OM and carbonate.
This points to a highly terrestrial environment or
to an aquatic, completely oxic environment, in
which almost no OM was preserved.

Microscopic observations and n-alkane patterns
show that the Loia and Stanleyville groups contain
a mixture of predominant algal-derived and aquatic

OM and minor terrestrial OM at variable carbonate
contents. The Pr/n-C;7 and Ph/n-C;g ratios are typi-
cal of an anoxic depositional environment (Figure 5).

Detailed biomarker analysis was done for some
samples of the Loia and Lukuga groups, which seem
to be hardly affected by weathering. Both sample
sets revealed contributions of tricyclic terpanes in
the range of Cyo to C,s. These are typically evi-
dence of a contribution from higher plant mate-
rials (Tissot and Welte, 1984). The occurrence of
triterpanes reflects the contribution of prokaryotic
membranes that are present in bacteria and blue-
green algae (Tissot and Welte, 1984; Moldowan
et al., 1985), whereas steranes originate from al-
gae and higher land plants. The contribution of Cz
to Csz; hopanes in samples of the Loia and Lukuga
groups is regarded as an indicator of deposition
under more oxic conditions because otherwise,
under highly reducing conditions, extended homo-
hopanes should be present (Peters and Moldowan,
1991; Tyson and Pearson, 1991).

The dominance of C,g norhopane in the Lukuga
Group, as a result of preferential preservation in the
presence of sulfur, is frequently observed in sedi-
ments with limited iron availability such as car-
bonates (Blanc and Connan, 1992) and points to
an oxic character of the sediments. The oxic
character is also supported by the C31/Csq hopane
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Figure 7. Relative composition of C,7, Cyg, and Cy steranes in
selected samples showing the relative abundance of C,5 and Cy,
indicating terrestrial plants and aquatic matter as the main
source of the organic matter.

ratio, which shows a dominance of the C3; hopane.
These ratios and the dominance of C,g steranes
in the Lukuga samples lead to the conclusion of a
mainly terrestrial OM contribution. The abundance
of hopanes shows the strong contribution of bac-
terial OM. The sterane/hopane ratio indicates, thus,
a terrigenous or microbially reworked OM for the
samples of the Lukuga Group, especially the coal
sample.

Samples from the Loia Group show a greater
input of C,7 steranes, most probably derived from
various types of algae. The abundance of both C,-
and Csg steranes leads to the assumption of a la-
custrine depositional environment for the Loia
Group (Figure 7). An explanation for the low dia-
steranes concentrations in all samples might be
clay-poor sediments, that is, a carbonatic system
of deposition. The low values of the C3,/C3( ho-
pane ratio (<0.20) might indicate deposition under
more lacustrine conditions, whereas higher values
(>0.25) represent marine shales, carbonates, and
marl source rocks. The sterane/hopane ratio gives
an idea about the OM input. Steranes originate
mainly from algae and higher plants, and hopanes
originate from the cell material of bacteria. The
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highest values of the Loia Group indicate the pres-
ence of algal OM. Sterane/hopane ratios, thus,
indicate higher amounts of planktonic and/or
benthic algae (Moldowan et al., 1985) for the Loia
samples.

Applying all of the available parameters (i.e.,
distribution of steranes, low diasteranes, high HI
values, TS/C,,, values), deposition in a lacustrine
environment is most likely for the most prominent
petroleum source rocks of the Loia Group. In gen-
eral, environments with an oversaturation of car-
bonates occur in warm, arid climates, especially in
areas where carbonate rocks are eroded in the hin-
terland of the lake. Comparison of the depositional
environment and kind of OM of the Loia Group
with other well-investigated sediments in central
and east Africa revealed high similarities with sed-
iments in Lake Tanganyika in the East African rift
system. This is a mildly alkaline lake, where high
sulfur and carbonate concentrations, especially high
Mg and Ca concentrations, occur. The lake water
displays thermal stratification that varies seasonally
above an apparently permanently anoxic hypo-
limnion at water depths of 50 to 250 m (164 ft—
820 ft) (Cohen, 1989). Because of the strongly re-
ducing anoxic bottom waters of Lake Tanganyika,
accumulation of significant quantities of autoch-
thonous organic carbon was possible (Cohen, 1989),
in addition to allochthonous OM. In Lake Tan-
ganyika, the HI is as high as 600, with a primary
productivity ranging from 400 to 500 g C/m? yr
(Kelts, 1988). Variations in productivity are relat-
ed to changes in phytoplankton and algae com-
position, as well as in their (periodic) abundance
(Huc et al.,, 1990). Lake Tanganyika contains a
high diversity of carbonate facies within the litto-
ral zones of the lake, resulting from oversaturation
of Ca, alkalinity of the lake waters, the presence
of biogenic carbonate-producing algae, and clas-
tic sediment accumulation on littoral platforms
(Cohen and Thouin, 1987). The quality of the OM
is related to the depositional environment, which
is a function of the rift morphology. The delivery
of clastic sediments in the system is also controlled
by the basin morphology (half graben), including
canyon systems, platform ramps, and structural

highs.
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Petroleum Potential and Maturity

The concentration of C, in a rock is not sufficient
for estimating the oil generation potential. Espitalié
etal. (1985) and Peters (1986) recommended that
source rocks with S, (remaining potential) more
than 5 and 10 mg HC/g rock should be consid-
ered as having a good and very good source rock
potential, respectively.

Outcrop samples of the Stanleyville Group are
characterized by type I kerogen of excellent quality
because of their high HI values (Figure 3C). Sam-
ples of the Loia Group revealed a wide variation in
the HI and OI values, representing a mixture of
type I and II kerogen. Both sample sets also offer
R, and T}, values, which are typical for maturity

ranges partly within the oil window (immature—
early mature). Low PI values, showing a high re-
maining HC generation potential, are attributed to
the presence of thermally quite stable kerogen that
has not yet reached temperatures high enough for
significant petroleum generation. These values are
supported by the n-alkane distribution patterns,
which also revealed an immature to early mature
stage of OM. Both Stanleyville and Loia groups
can be regarded as excellent petroleum source rocks
and could be part of a petroleum system, where
sufficient burial and maturation occurred.
Permian—Carboniferous sediments from the Lu-
kuga Group (Dekese well) contain much OM, but
only type III to IV kerogen (Figure 3C), having a
very minor gas generation potential. The T,
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values indicate early mature OM, which is sup-
ported by R, and PI values, although the latter
indicates higher maturity than T,,,.. This obser-
vation is tentatively explained by the presence of
abundant resedimented OM. Outcrop samples from
the Lukuga Group in the Walikale area show
similar results, but partly with higher maturity, as
indicated by R, data and T, values. All samples
contain hydrogen-poor type III kerogen with low
oil generation potential. The Pr/n-C;7 and Ph/n-C;3
ratios confirm an early mature stage of the OM in
most of these samples, and even indicate a more
mature stage for the others. The coal sample from
Kalemie has Pr/n-C;7 and Ph/n-C; g ratios (Figure 5),
which are characteristic for an early mature stage
of the OM, supporting the R, data.
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The Alolo shales of the Aruwimi Group, rep-
resenting type III to IV kerogen (Figure 3C), can-
not be considered as a potential oil source rock
with respect to their kerogen type. Nevertheless,
the n-alkane distribution leads to the assumption
of the presence of mature oil within these sam-
ples. Note that on the basis of C,,, and R, values,
the Alolo shales have been generally considered
as poor source rock quality. The 200-m (656-ft)-
thick middle gray zone of the Alolo shales ex-
posed along the lower course of the Aruwuimi
River near Yambuya is assumed to yield as much as
1.69% C,g, with seven samples yielding 1% C,,.
It was concluded in unpublished reports The Alolo
shales constitute a moderate to good source rock
and speculate that this unit extended over a large



1000

90/ \10
r",; \\.
80/ 20
70/ m 3o
60,/ 40
Organic Matter X Carbonate
50,/ \50
40/ 60
30, W \70
.".. . l‘\
20/ .80

' f [E] \
10/ & @ . \.00

A% o =

n‘ L . Moo

100 90 80 70 60 50 40 30 20 10 0
Silicate

<»>Samba [ OQutcrops
ELoia EStanleyville BLukuga EAruwimiBU. Lokoma

Figure 10. Original sediment compositions before sulfate re-
duction for some of the Congo samples.

part of the Congo Basin, predicting a large gen-
eration potential. Reanalyzing a total of 32 Alolo
Shale samples from the same collection, we came
to a markedly different conclusion. Our samples
represent three different sections of the Alolo
Shale: Malili-Banalia (10 samples) and Yambuya
(18 samples) sections along the Aruwimu River and
Lindi Bridge (6 samples) section along the Lindi
River near Kisangani. Only the Yambuya section
gave moderate C,, values, averaging 0.58% with a
maximum of 1.83%, whereas the other sections
gave average values of 0.13 (Malili-Banalia) and 0.18
(Lindi Bridge). The nine richest samples of the
Yambuya section were analyzed by Rock-Eval,
giving very low HI (27 on average) and relatively
high OI (158 on average) (Figure 3D).

The various CPI and OEP values that were
used in this study revealed values more than 1 for
most samples of the Loia, Stanleyville, and Lukuga
groups, indicating a low thermal maturity based on
the odd preference of the n-alkanes.

The ratio of tricyclic terpanes/17a-hopanes re-
vealed immature to early mature OM. This ratio
increases with increasing thermal maturity because
more tricyclic terpanes than hopanes are released
from kerogen at higher levels of maturity (Aquino
Neto et al., 1983). Maturity, as expressed by ho-
pane isomerization ratios 22S/(22S + 22R), of

nearly all samples shows that the OM is immature
to marginally mature. The T,/T,, ratio (18« [H]-
22,29,30-trisnorneohopane [T;]/17a[H]-22,29,30-
trisnorhopane [T}, ]; Table 3) is dependent on both
thermal maturation and source lithology. During
catagenesis, Ty, is less stable than Tj; thus, the
ratio of T, to T, should increase with maturity. In
our samples, values are less than 0.53, indicating
immature to marginally mature OM. The margin-
ally mature nature of the OM is also supported
by the Cy9 17a-norhopane/Cs( 17a-hopane ratio,
where norhopane is more stable than hopane dur-
ing thermal maturation.

Maturity information derived from typical ste-
rane ratios also shows low maturity of all samples,
that is, the 20S/(20S + 20R) values are all less than
0.55. The 24-ethyl-5¢,140,17a(H)-cholestane (20R)
is the dominant Cg sterane isomer and, in general,
charactistic of immature source rocks.

Burial and Temperature Histories, Uplift,
and Erosion

The thermal and depositional evolution of the cen-
tral part of the Congo Basin was evaluated by 1-D
numerical modeling calibrated with the general
geologic information and the R, data from the
Dekese and Samba wells. The modeling revealed
that the deepest burial occurred during the Late
Cretaceous (~80 Ma, Santonian—Campanian tran-
sition) for both wells, which is also supported by
apatite fission-track results (U. Glasmacher, 2011,
personal communication). In general, the calibration
of a model is based on (1) heat flow and (2) de-
position and erosion of the sediment packages. Be-
cause of the intracratonic nature of the Congo Basin,
high heat flows can be excluded. Therefore, a high
amount of deposited and eroded sequences is nec-
essary to explain the R, data. For the Dekese and
Samba wells, erosions of, respectively, 1000 and
900 m (3280 and 2950 ft) (because 150 m [492 ft]
of Late Cretaceous sediments are left in Samba well)
were assumed, leading to temperatures and related
maturity ranges matching with the measured R,
data. The temperature and maturation histories of
both wells indicate that higher temperatures and,
thus, deeper burial for the sediments of the Loia
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and Lukuga groups, respectively, can be excluded,;
otherwise, they would show a higher R,. Based
on R, data, it is also possible to recalculate the nec-
essary burial depth for the sediments of the outcrop
localities. The coal sample of the Lukuga coal field
near Kalemie revealed an R, of 0.47%, which im-
plies a former burial of approximately 1500 m
(~4920 ft). In the cases of the outcrop samples of
the Lukuga Group in the Walikale area, a deeper
burial to approximately 2500 m (~8200 ft) is
necessary to reach an advanced maturity level
(0.7-0.8% R,). This mid-Cretaceous accelerated
subsidence followed by Late Cretaceous uplift and
erosion could be a manifestation of the Senonian
basin inversion and rejuvenation that Guiraud and
Bosworth (1997) evidenced for most part of Africa
but is not yet reported in the Congo Basin.

The petrological investigation of the samples
revealed a high amount of resedimented and al-
lochthonous vitrinite and vitrinitelike particles in
the Lukuga Group, typically with R, values of 0.8
to 1.1%. This leads to the assumption of a prove-
nance from older Carboniferous units containing
abundant terrestrial OM. The resedimented vitri-
nite particles with a high reflectance (0.8-1.1%)
were buried deeper (~3000-4000 m [~9840-
13,120 ft]) than those with lower values and, thus,
were exposed to higher temperatures (~100-
130°C). These resedimented vitrinites could stem
from the eastern part of the Congo Basin, where
Carboniferous intervals were deposited and partly
eroded. This implies a deep burial for the Carbon-
iferous sediments in this area with later erosion.
Because of the absence of terrestrial land plants
before the Devonian and high abundance of ter-
restrial OM being typical for the Carboniferous,
these sediments are preferred as source for the
resedimented vitrinites in the Lukuga Group in the
wells of the central Congo Basin.

CONCLUSIONS

Our data revealed two potential source rocks in the
Congo Basin: sediments of the Loia and Stanleyville
groups. All of the sub-Mesozoic sediments contain
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only a small amount of OM. Only the Lukuga Group
has a higher amount of OM, which has at best a very
minor gas generation potential. The high C,,, content
of the Loia and Stanleyville groups is caused by the
high bioproductivity of aquatic OM (algal phyto-
plankton) and its preservation. Anoxic to dysoxic
bottom-water conditions are interpreted for these
groups because of the Pr and Ph values. Clearly,
the aquatic OM of the Loia Group strongly con-
tributed to the total OM. The amount of alginite
and the HI values are high, accompanied by the
presence of components in extractable HCs, which
are indicative of algal OM. In addition, hydrogen-
poor OM is also abundant mainly in a mixture with
the algal-derived material. Especially the sediments
of Lokoma and Aruwimi groups show this mixture,
but also some samples of the Stanleyville Group.
Clear indications of terrestrial input in these groups
are the high CPI values of long-chain n-alkanes and
the petrological composition.

All of the Mesozoic and Paleozoic source rocks
show an early maturity, partly within the oil win-
dow (Stanleyville and Loia groups), which is in-
dicated by T and R, values. Based on the R,
data and the geologic setting, a former burial of
1600 m (5250 ft) for the sediments of the Loia
Group is probable. The abundance of allochtho-
nous and resedimented vitrinite in the Lukuga
Group leads to the assumption of redeposition of
terrestrial OM of Carboniferous sediments. Based
on R, data, the sediment outcrops of the Lukuga
Group at the Walikale area, eastern margin of
the Congo Basin, have been buried to a 2500-m
(8200-ft) depth. The resedimented vitrinite parti-
cles in the Lukuga Group at the Dekese well even
suggest burial to 3000-4000 m (9840-13,120 ft)
of the now eroded Carboniferous (and Devonian)
rocks at the eastern basin margin.

Because of the kind and quality of the OM of
the Loia and Stanleyville groups, these sediments
can be regarded as excellent potential source rocks.
Considering the early mature range and the burial
history of wells Dekese and Samba, we conclude
that exploration for conventional oil should focus
on positions in the basin where the Upper Jurassic
to Lower Cretaceous sequence has reached greater
maturity than in the case of the areas studied here.
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