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Abstract

The Paleogene Sokorl Formation in Termit Basin is recognized as the most important hydrocarbon reservoir. Howevef,iia spite o
reservoir importance, published studies on its diagenetic process and their effects on reservoir quality are absehtRetlingitaphic
analysis, scanning electron microscopy andaX diffraction were used to assess diagenetic characteristics, controls on reservoir and
reservoir quality of Sokorl Formation. The Sokorl sandstones are mostly quartz sandstone, litheregitrtand rarely lithic fed-
spathiecquartzarenite, with an average mass fraction of quartz 95%, feldspar 1.6% and rock fragments 3.4% (Q95F1.6R3.4). Diagenetic
processes in Sokorl sandstones include mechanical compaction, cementation, dissolutioacamderg@p[The main authigenic minerals

are quartz overgrowth and clay minerals, which occur asfplimg and porelining cements. Sokorl sandstone has undergone stages A
and B of eodiagenesis and now, it is experiencing stage A of mesodiagenesis. 8presid occurrences of quartz overgrowth suggest
that Sokorl sandstones lost a significant amount of primary porosity during its diagenetic history. Secondary porositydoector
partial and complete dissolution of feldspar, quartz grains and ragpkérts, so increasing reservoir quality. The latter is predominantly
controlled by depositional environment controls on grains size, sorting and matrix. Thus, reservoirs of best qualityosited aep
braided river channel environments. In addition,amtumulation has no discernable effects on porosity and oil probably entered the
reservoir at late diagenetic stage, after quartz overgrowth and authigenic cements had already occurred

Keywords Dissolution lllite -Smectite RatioReservoir Quality Sandstone Diagenesi§ermit Basin

1. Introduction

The Termit Basin is a typical Mesoze@enozoic intracontinental Rift basin, part of the Eastern Niger Basins within the West African
System. Thdater with the Central African Rift System form thecadled West and Central African Rift system (Fairhead 1986, Schull
1988, Genik 1992, 1993).This rift system originated during the kupadf the Gondwana land and the forming of the South Atlantic and
Indian Oceans in the Early Cretaceous time. Located at the southeastern side of the country, about 1400km East of Nagnitalyofthe
Niger), between latitude 12° and 17° N and longitude 12° and 1&igel). It connects with narrow grabens (Figriamely Tefidet,
Tenere, Grein, Bilma and Kafra grabens to the North and adjoins the Bornu Basin at the northern end of Benoue faulChade and
Basin to the South. To the West and Néftlest it is bounded by crystalline basement rocks of Goure and Aintdim and Mesozoic
Zinder massifs. To the East and NeEhst the Mesozoic Dibeilla granite constitutes the border (Genik 1992).

The Termit is an extensional asymmetric Rift Basin and contains estimated sediment thickness of around 12,000m (Ge988)1992, 1
I'n Niger, oi l exploration began in 195006s years andsoatherm f i r
Hoggar, Djado, Talak, Lake Chad zone and the southern lullemmeden Basin. In 1982, well akounter oil in the &eogene
Sokorl Formation at the western part of the Termit Basin. For more details of oil exploration history, readers areoreferoetd &

Philp 2012. Recently in 2008, exploration by China National Petroleum Corporation (ONRE)Petroleum S.Aas continued in the
Agadem Block, which covers 27,517 kof the Termit basin and strikes in the NW direction, about 300 km longNrdBection and
60-110km wide in WE direction (Fig.3). Exploration targeted reservoirs in the Termit Basin are twetgaadeservoir units: (i) Eo-
cene sandstones (Sokorl Formation) the focus of this paper, deposited in fluvial/alluvial, deltaic and lacustrine emsvieosrm@ht
Campanian sandstone deposited in alluvial and fluvial environments. Eocene reservadividekisinto 5 sand groups namely E1, E2,
E3, E4 and E5 are characterized by average porosity-822band permeability of 500mD. The second reservoir unit is less well known
and has porosity of 205% and permeability of up to 82 mD (Zanguina et al81@3nik 1993).

The hydrocarbons are mainly sourced from the Upper Cretaceous, Eocene marine and lacustrine shales (Genik 1993, H#pouna & Ph
2012). The Oligocene lacustrine mudstones referred to as the Sokor2 constitute a regional seal and the arostrootaral styles and
hydrocarbon traps are typically associated with normal fault blocks (Liu et al. 2012b, 2017, Chang & Zung 2017).The géstietmic
ies of potential source rocks in the Termit Basin were conducted by Harouna & Philp 2012 anal.L20#5. Also, comprehensive il
to-oil correlation base on the biomarker and isotopic studies by L. Wan et al. 2014 distinguished two oil families in thBaBermit
Burial history and thermal evolution of the basin was carried out by Harouna @13l. 2
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Fig. 1: Regional Geological Map Showing Location of Termit Basin within the West and Central African Rift System (Muwdifig8enik 19921993).

However, guestions remain concerning the reservoirs characterization and evaluation in the basin. For instance, sittaitoml co

reservoirs and reviews of the radioactive sand thickness and low resistivity pay intervals that will affect the hydassagsment was

carried out by Chang & Zung 2017. But it not addresses the issues of reservoirs petrophysic parameters and its didg#setic con

Therefore, the present paper seek to further investigate diagenesis and reservoir quality evoligsmibbythe micrefeatures of the
reservoir of major pagone in Sokorl Formation. More especially we seek to answer the following key questions:

1) What are the diagenetic processes occurred in these fluvial/alluvial, deltaic and lacustrine deposits @ifing bur
2) What are the highest volumetrically important mineral cements?
3) What events control reservoir quality?
4) Has oil in place had any discernible effects on sandstone diagenesis?
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Fig. 2: StratigraphidColumn of theTermit Basin(Modified from Genik1993)
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Fig. 3: Map of the Agadem BlockShowing the Location of Studied Wells

2. Regionalgeologic setting and stictural evolution of the basin

The Termit Basin developed under the background of the opening of the South Atlantic OCeztadeous. From the Early Aptian to
Late Albian, the AfricarArabian Plate extended in NEW direction (Faure 1966, Louis 1970, Petters, 1978, 1981) arfelgpréfrican
metamorphic zones and Rafrican fold belts moved in NSE direction (Maurin & Guiradi 1993). Intracontinental rift basins in East
Niger, Chad, Sudan, etc. entered their initial-gftnperiod and subsided rapidly along NBE boundary faults, giving rise to terrestrial
sandstone and mudstone of thousands of meters (Guiraud et al. 19B7GU%aud & Maurin 1991).
In Late Cretaceous, synift activities became weakened inside the Afridsnabian Plate, when the global sea level reached its high in
the Phanerozoic Eon and sea water came fromTég¢ioys Ocean and South Atlantic Ocean tmdpion transgression on a large scale
(Ziegler 1988, Genik 1992, 1993). There was a t®alsaran Seaway inside the African Plate (Guiraud & Maurin 1992), which separat-
ed Hoggar uplift and Tibesti uplift and traversed Benue Trough, Chad, Niger, Algefdadirfidom the south to the north. At the end of
Cretaceous, sea level descended and sediments in Central and West African basins were mainly of fluvial facies. FrohMhasend
trichtian to Early Paleocene, the AfricAmabian Plate underwent regionglifit and was exposed to certain denudation in Upper Creta-
ceous (Guiraud 1993). In Paleocene and Middle Eocene, rifting activities occurred again in basins in Eastern Niger n$adatc. ke
Late Eocene (37 Ma), the Africarabian Plate collided witthe Eurasian Plate (Binks & Fairhead 1992) with tectonic compression in
NNW-SSE inside the plate (Schéfer et al. 1980); after that, the AfAcalpian Plate entered a period with active magmatic activities
and active extension mainly in NER®WVW or near BV direction (Fairhead 1986, Daly et al. 1989, Binks & Fairhead 1992, Genik 1992,
1993). Rift basins in NWWSE direction in Central and West Africa entered intenserifiymg stage and severe magmatic activities ap-
pearing at such weak crustal structure®asAfrican fold belts (Maurin & Guiraud 1993). At the beginning of Miocene (~22 Ma), the
African-Arabian Plate collided with the Eurasian Plate more violently (Ziegler 1992, Anketell 1996) and internal plate was Igtructural
compressed, uplifted and derad
According to fault activity characteristics of the basin (Fig.4; Fig.5), and integrated with regional tectonic evoluétiimayytise struc-
tural evolution of Termit may be divided into three periods and six stagesiftRyeriod includes Pa#frican crust fitting stage and
CambrianJurassic steadfast craton stage,-sftrperiod includes Early Cretaceous rifting stage, Late Cretaceous Riftingjdence
Transition Stage and Paleogene rifting stage -pfigteriod includes Neoger@uaternary deggssion stage.
During the Preift period (770130 Ma, Fig.2), structural evolution in Termit Basin may be dated back to PrecambriAfriean crust
fitting movement (about 77850 Ma), during which PaAfrican ancient land formed (as a part of Gondwhagd). At the same time,
some areas with specially oriented weak structures came into being, which became preexisted fracture zones in Early tGretaceou
Paleogene rifts (fig.5). In Cambriglurassic stage (about 5580 Ma), Central and West Africa wasvered with terrestrial sediments
overlapping from the north to the south, which formed wedge shaped craton. Thermal metamorphism occurred in somedtwa areas
weak structures in Pafdfrican ancient land which result of higlrade metamorphic gneisadalow-grade metamorphic strata in the
Termit basins (Table 1). With the disintegration of Gondwana Land and the initiation of the Atlantic Ocean and the ladigab©aé
130 Ma), the Termit Basin entered faulting, structural subsidence and depasiEanyi Cretaceous to Paleogene Period. Theriftyn
period (13696 Ma, Fig.2), at the Early Cretaceous rifting stage, the internal AfAcabian Plate was dominated by extensional stress
in NE-SW direction. In Eastern Niger, intense rifting gave risa s&ries of N\ASE faults following the same trend of the weak struc-
tures (prePanAfrican metamorphic zones) in the basement (Fig.5), giving birth to a series of grabens addwalé groups (Fig.5;
Fig.1). At that time the subsidence center of theriiteBasin lay in Dinga sag (Fig.4). At this stage, stratigraphic distribution was domi-
nated by faulting activities at graben boundaries ordn@ben boundaries and the internal is provided with three complete-fioarse
coarse cycles. Its lithologicabmponents include alternate layers of fluvial, deltaic, ssbedlow lacustrine sandstone and mudstone
(Fig.2). Early Cretaceous rifting stage is bordered by top and bottom unconformable surface; the bottom surface sepétmates pre
deposition from sy-rift deposition and top surface is a transitional surface of Late Cretaceous Riftinglence Transition Stage {96
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66.5 Ma, Fig.2). At this later Cretaceous stage, the basin experiencedesimorifting at its early stage followed by lotgrm therme
tectonic subsidence, generally dominated by depression with relatively weak faulting acBeisiesgroups in East Niger are a unified
marine basin against thermal precipitation and kagge transgression, which is deposited with massive marinstsaadand argillite

and is represented by Donga Formation and Yogou Formation. At its later stage of Santonian, compressional tectonic naodement m
the basin uplift as a whole and relative sea level dropped down gradually with an eventual transitiindotabenvironment in Maas-
trichtian represented by massive braided river sandstone of Madama Formation (Fig.2). At that time the subsidencéneéraeminf t
Basin lay in the central part of Dinga sag (Fig.4). Therdymperiod ended with the Palgene rifting stage (66-85.2 Ma, Fig.2) in
which, deposition occurs against the tectonic setting of ecgke extension of the Africafrabian Plate. Faulting activities were rela-
tively weak in the period from Paleocene to middle Eocene. From end eh&adae middle Oligocene, the basin experienced intense
extensional faulting process due to the regional extensional stress #WKEdirection and strike in NVBE. The lithological compo-

nents mainly include Sokorl Formation deposits in lacustrine aral sklimentary environment and shehallow lacustrine and semi

deep lacustrine mudstone of Sokor2 Formation (Fig.2). The subsidence center lies in the side of Dinga faulted terracdoshitd i
Dinga sag (Fig.4). At the end of structural evolutiotthaf Termit Basin, sedimentary formations in pafting period (25.20Ma, Fig.2)

mainly include the Neogene and Quaternary deposits, which are in angularly unconformable contact with underlftisgdipmentary
formations. They are mainly fluvial sedents and alluvial plain sediments (Fig.2) and lithologies mainly include sandstone and sand.
The basin was generally dominated by thermal depression with weak tectonic activities. The subsidence center lay i th®mgitl

sag (Fig.4).

Table 1: Basementnd Igneous Rock Dating Data in tiiermit Basinand Surrounding Basinafter Genik 1993) (R: Radioactivity Dating;S: Inferred
from Relevant Formatiorand Output Patterns)

Basin Well Name Depth (m) Lithology Occurrence Aga(Ma) Notes

Grein Seguedingl 3143 Biotite, gneiss, pegmatite Bedrcok 434489 R
Gosso Lorom Outcrop basalt, dolerite, tuff Eruptive rock 1-10 R
laguil -1 2486 Homfel, schist Bedrock >266<116 R
laguil A-1 1250 Alkali diabase, schist Bedrock 8.6+0.5 R

Termit Dilia Langrin-1 1987 Granite Bedrock 190+7 R
Sedigil 2095 rhyolite, basalt rock wall 085 S
Sedigi2 2103 Rhyolite rock wall 085 S
Kumia-1 4100 Dolerite Bedrock 095 S
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3. Samples and methods

This study included data from the analysis of side wall core (SWC) sandstones samples of @dgagllef Termit Basin representing
different depths, collected from Sokorl Formation. The porosity and permeability evaluation is based on the logginysiaisaraal
to look for the general rule of physical properties of each reservoir sand gatsmshe surfaepore ratio is used. The homogenization
temperature data of enclosure in rock samples used were obtained from the unpublished data (CNPC Niger Petroleum S.A).

450 Fault

Y I

T Reactivited Pan-African fault
& Pan-African fold zone
% Early Cretaceocous basin
O - B - N s [ L
Fig. 5: PreParrAfrican Metamorphic Zoneand Basin Groupgn East NigerModified from Maurin & Guiraud1993: (1: ReActive Gneiss (>Z53); 2:
PrePanAfrican Metamorphic Zones~730 Ma); 3: Upper ProterozoidJnit; 4: Later Proterozoidyroclast Schist Zone; 5: Phanerozoic Sedimentary
Cover)

Analytical techniques utilized in conducting this study included-sieiction petrography, scanning electron microscopy (SEM) and X

ray diffractometry (XRD). Samples selected for thaction petrographic studies were impregnated with blue or red epaxyadmlp
distinguishing porosity. A total of 142 thisections were investigated under polarizing microscope. The quantification of diagenetic and
detrital components, visual porosity, pore types, and sorting parameters, as well as textural modalsizegveere determined using
counting 300 points in each thsection. Bulk sandstones SWC were also observed by scanning electron microscopy (SEM) at 20 kv
with a Cambridge Stereoscan 240. The later has been used to confirm the already identifiedeckdy om thirsection, to determine

pore structure and mode of clay occurrence within pore spaees. diffraction (XRD) of oriented mounts of bulk sandstone samples
was performed after they were air dried, glycol saturated and heated at 450°C foe 4bniposition of the mineral fraction was deter-
mined by fitting the XRD pattern to the sum of the theoretical individual patterns of different contents. For the puhmosiapminer-

als identification on t he | ebuksamples by séttling ima watez awlunfnrX&RD tvds comducted p a
following standard procedures. Prior to separation, each sample was dispersed in deionized water, disaggregated iD.diluted
washed sever al times. The | ess than 2 em size fractions were

4. Results

4.1. Lithologic features of reservoirs

The Sokorl Formation, with a present thickness of-B00® m represent a sequence of dominantly sandstones interbeditie
shale/mudstones divided from the top to the base into 5 sand groups of pay zone ranging from E1 to E5. Based on itheloggrall |
analysis and grain size distribution, the-lE3 sand groups adominated by fine to mediwgrain,silty a nsbme oarsegrained (Fig.6)

and represented several representative sedimentary-fa@es, including distributary channel of delta plain, underwater distributary
channel in delta front, mouth bar in delta fratiistal bar in delta front an8hallowlake bankbar. Generally, these sandstones are tex-
turally mature. Sorting ranges from poor to moderate. The roundness of the detrital grains varies mainly-&ogulautto rounded
(Fig.6F and G)The grains in the reservoir are featured by point contacts, lanigate, suture contacts and concasovex contacts can

also be seen in some local area (Fig.6C and D).

The Paleogene Sokorl sandstones are mqgstlya r t z  dithioghiartzapenite and rarely lithic fedspathigiartzarenite with an
average mass fréon of quartz 95%, feldspar 1.6% and rock fragments 3.484F(@Rs.4) (Fig.7). They have a mass fraction of quartz
grains 99% at most and 66% at least, and 95.8% on average of the rock volume, feldspar 4% at most and 1% on averdgggand rock
ment 32% amost, 1% at least and 3.7% on average. The types of rock fragments are igneous, metamorphic and sedimentary rock. Tl
E1-E5 sandstones have an average framework composition of quartz 8&4@3%0, clay mineral 11.90%.20%, kfeldspar 2.97%

0.16%, plagiclase 0.16% only present in E2, calcite, dolomite, siderite, pyrite, halite and barite are present in some sand @pups (Fig.
The relative development of siderite suggest weak oxyigensedimentary environment (Lan et al. 2015).



152 International Journal of Advanced Geoscienc

4.2. Diagenetic proceses

The Sokorl Formation in Termit Basin has undergone numerous diagenetic processes that exert a great significancevtarthe reser
property and influence on its qualitfhrough the observation of thsections as well as the research on SEM and XRilysis, there

are four types of diagenesis considered to be of great significance to the sandstones reservoir of Agadem Block, naaatbn,comp
cementation, dissolution and replacemdiie compaction is mainly mechanical type, but the chern@malpaction is (pressure solution)

rare. The cementation mainly includes carbonate, quartz overgrowth, clay minerals and pyrite. Dissolution mainly ind$ypdes fel
grain, quartz grain and clay matrix.

4., 2Colmpacti on

Textural features of Sokorl sandstsnshows occurrence of various degrees of mechanical compaction, depending on the extent to

which the rocks have been buried. The major compaction phenomena includimgnted compaction of grains, took place mainly in

siltstone and sandstones withiergrain matrix contentAs burial depth increase, the formation pressure also increase, which leads to the

orientation array of detrital grains (Fig.6A).i Defprmation of plastic grains mainly the bending, tensioning or embedment of flexible

grainsthrough which, microfractures in brittle framework grains can occur and solid grains could be broken and crashed os-even tran

formed into fake matrix (Fig.6B and H).i Rearjangemerdndcontact relations of detrital grains changed with burial deptfease.

The contact of grains became close and turned into coramwex and linear contact from point contact (Fig.6C and D). These phe-

nomena imply extensive mechanical compaction in the Sokorl Formation, specifically in the silt to fine grainedesatiddtarften

have higher contents of pseudmtrix than medium to coarse grained sandstones. As thegiaies pores loss from mechanical com-

paction is irreversible, it is a damatge diagenesis influencing the poorer physical property of sandsttimeheiincrease of burial

depth. Chemical compaction occurred locally due to intergranular pressure dissolution of quartz grains as indicatedsieynteeopr

straight and sutured contacts (Fig.6C).
s ’? »

Fig.6. Thinsection photomicrographs of Sok@adndstones depicting: (S)lty quartz grains, orientecbmpaction, Agads, 2006m, E2;
(B) Finegrain quartz, compactioeffects (bending, tensionirgg embedment of flexible grains, brittle framework and fake im)atr
AgadiE-1, 1867m, E1; (CMedium quartz grains, well compacted with suture contaetsgrrows) and concaxewnvexcortacts(yel-
low arrows) Gololo SE1, 2205.5m, E2; (D) Finguartz grains, well compact&dth long contacts (blue arrows), Admgr1737m, E4,
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(E) Mediumquartz grains, point contagorous cementation, Dibeilla-IN, 1723m, E5; (F) lie quartz grains, suéingularsubrounded,
point contacts, Dibeilld, 1632m, E4, (G) Mediumuartz grains, sutoundedrounded, point contacts, Ounissdyil140m E3; (H)
Coarsequartz grains, microfractureoumeri2, 2622.8m, E3

Fig.7. Triangular ternary diagrams showing the framework grain composition of Sokorl sandstones in the study area



