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Abst Madts. study del vaasi Diteo etr Brgesdasaict erti he Tchirehzrine

Niger. The chavacaerisatpohensial Uranium In Situ RecovVve
Empl oying a multifaceted approach, including wel|l l og d
sat eblalsietde | i neameéhi sasaluydyyi provides a compreh édmrimpwe turod
fluid fl ow. Li neameddp eanndeelnyts i ppa trteewrenasl,s csochasliest ent wi t h

restricted to mechani cianv apraitttnse, r nass, weeltlt ears cnoera relsyp osncda |neg

net wor ks. Various deformation struct uextse mbriea sdacitreeectt eeal af
def ormati on bancdast,acdmbcthBaeseaiuddadcwdelbls. ITehpi datrnine || f
heterogenyoansd ppenméabililcgntretxtatelheoeidat d | digveirfareea a i irloir
relationship obtained in sandstone reservoir mag ngxthet

i mpact of deformation structures on such petrophysical
EEW trending deformation structuresiThisewdValaingg ¢ar spyomng
with the presende sofutheredservedei ehespenahki actberhasy i @i

behavioun acfl asatic dands and fault rocks. Considering i m
interplay between fractures, fault s, and fluid flow pr
permeability orientation can attenuate channell edsed]!| ow,

matrix. These results pr ovsicdael ea neahtanrtaecgt cedFtréhdctt aupr petdd gRcehs earnv
properties in sandst @entei,onofdferNmMR par dodawsd tsi drmors wepht ians | SF

Key wiNrmdauFabhkyur ed nReSietruv OReraact earsyt,i ¢ def ormati on bands,

PoroBdrntmeabil ity relationship, Uranium ore, Sandstone r e
1 I ntroduction

Geol ogi cal reservoirs have |l ong played a cruc(ikdl Ireorl ee ti
200t00 oil and(Baswiestetacal onh 1990; CubiTtodagt ahejr20mpor
to addressing environment al coarclkeoms(ehvwaspse egtal d lyc g¢ mpEa &t &

activities such( Qis etORals.e,duzel@G2da)ast omBGagmbanet pgledubc2® ma)

( Moeck, pO0thpar w@aRdmpe,apadGdmorSy tu Recovery (SesrRdkoh mi
2 0 1 &@ological reservoirs are complex media where petrophysical properties (porosity and permeability) control the
capacity to contain and transport the fluidlsB e a r ,. Th&se prdperties are affected by numerous and imbricated
sedimentarydiagenetic and tectonic processes that makes the evaluation of reservoir quality a recurring chialienge.

complexity is particularly evident in fractured and fat
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(Narr et al ., .ThéONFRBs;are blasdifisdddelson(220 MfdlDvying the relative contribution of the fractures

and the matrix to the porosity and permeability values. This classification was applied in numerous NFR chtioastéskee

Al I an an d), fodarsviey)2e8p@cially in tighmatrix reservoirf Evans and Leki a, 1990; H
and Hopkins, 1994; Nort hr op.Howeder, the applicaton of duéh® OlgssifiCation cemaine t
a challenge in high porosity matrix reservoirs and within polyphased tectonic settings. The multiple tectonic phases and

associated processes in a such a setting can make the deformation structures more or less favourabégrfqrenali

exploitation in terms of petrophysical propertjdsy draining or compartmentalising the reserfoiAnt onel | i ni al
1994; Aydin and Johnson, 1978,; Ball as eSt rauc.t,ur2a0 1 5a n dF ops
properties of NFRs remain poorly constrained in Deglevo

and Swe elh suchlaT@ntext, it is essential to study the arrangement of deformation structures and quantify their
respective petrophysitampact within the different parts of the reservoir (vertical and lateral variations in mechano
stratigraphic properties). A better understanding of the relationships between the matrix characteristics, the deformation

arrangement and processes, and th&ophysical properties is fundamental to improve reservoir management in such

heterogeneous geological systefnSonnt ag et Thils ,i 29de& )i s of first i mport s
metallic ore deposits, -NFRh conntl@érxdni um, in mixed matri x
Fl uvi al sandstone sequences are highly heterogeneous r e

structures they can contTahiens eanhde ttelreigrenreolt € esn af & Ficd ai &
Sedi mentol ogi cal variations within sandstone bodi es, |

compl exities arperimeagfidoim ysozesi tsyp,rting, s hapG bvadrmiggt i2c

Miall, 1988; NMcecrcaodhdeddye afitact &i0¢g O ihhettceardoliggeenteri dyhy si cal pr o
reservoir units. These factors also significantAyydiahape
2006 ; Fossen feotl | alw.i,n gp2eGtOwie)etnr m s it &t il @ n a nodf csaut cahc | pdos¥bonugs dr eof
al ., 1997; Wondhandt gmdfidcanca@itdd)saggregati on structures ¢

orosi-gyai féedheasdmdt pdorslayndst ones-siwber easesf coomatconormalnd

ehaviour, arepdravwsrg reao ams-damgtheé @dRdlhleadss et al ., 2015; Fo

p
b
et al;Fou20hle)phatpe and the compositionhAnmfogelliinsi espeal.
Knipe, 2001; Giekcoon,| yl1ed&)tri bute to the initiatisanioh v
0

f the host sandstone properties is then necessary to u
i mpact on the reservo®madmrad pee rsttireusc tium esu shucdo mtse xth.os e
observed in NFR boreholessamatleas¢erpotemnteisal t helyi magd at s
scale faults, such as jointe Maegtod | ®@ncktdaeaflar, mat0ildn Paodd an
al ., . ThOk6)Xi versity of structur-ecahd spansfhér opgapestat es
described and understood, esp®Warakbhyahdr Robei.Da®mMpaciNa
aforementi oned sartei aosno nosf, tchhearracclteerdf such struct ursesal @n
and smefl hiod i nvestigation.

In this paper, we use a multifaceted approach to tiehstr

sandstone and poliynp hMoretdh etrenc t Minger a(rTeCahi r ez udge) sbbasied

l ineaments analysis and interpretation based on Bawell i
|l og dat a, includingnoeoplkpsi balrethat @8 ( agiec yporosity an
permeability), and (iii) hydrogedhegilchireéezrsitse (dewaeee
site, i s presentlUr agt ucthi d SRf err odotehbnal never compl et
Understanding fluid flow in such NHR ei.s scervieaiadl itng ecpgtii
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traditionally spaovherkesdthdhd@®@| mmcaparnt)d by deformation s
for | eaching solution, ' imiting its access to the Uran
integrated compsaehemsofvecaompraxt®AFR, encompassing both
di scuss our f{ispiangessht mno @epmtdr oopfhy si c al propertieqiofi)tt
the resulting anisotropy of Baeseadalinl iotuy driindemglsy twlee
concerning anisotropic flow management for potenti al IS

2 Geological setting

2.1 Tectonic frameworKk

The Tim Mersopg basin (Niger) is the northern part alf t hi
North Africa (Figure la). 1t is located at the inta&rsec
nor-sbuth trench resting on the Adrar des | foras Massif t
east. The basin has experienced a polyphased tectonic e\

and the At(lSemipiea er iafntdi Bgeaudoi,n,and 8cdo mpraed sairan &lu,pHLa®Fdy
and Late Creta¢CGeudbeAlpdin@0688entGuiraud et dhis to&p] eXce

evolution | eads to the formation of various deformati on
Lower Cretaceous sedi@entbeanflil ROOG; (Bugumedliey al. ., 1
These structur ed30-8npcA NHEABIONL Ful Geshsaeds 2006, WVaisa
structur al framework was reworked during the | ate Creta
dextradl isp rmdcktei on of the NO7O0SAIE @ arud & st i®nadtritchre dcfa otl lse r N\
U. d<ipt is |l ocated in a syncline structure that borders

fault to the North and the Magagi NO70AE fault tsctahe S

faul tfg azndires are interpreted in the sedimentary reser\yV
are few structur al constraints on this fracture aredufsaul
mudstone @AEi ghree bhs) .n scal e, regional faults arescnognsi c
fluids during the u(f@ernlhenawd,e 22CP®;si MamanestMgmeadou et al

2.2 Lithostratigraphy

The | ithostratigraphic column of the Tim Mersop -halst ai ¢ |
period from Devonian to Lower Permian, a continent al s e
in the LowéwWalCsat drc elrpyasnliugait)imoneralthe | mouraren deposit
I sandstone unit, corresponding to the Upper Jurassic |

and contains arkosic sandst arees dd mrgiemhlead cwintim erreawo rcd eacs s
from fine volcanic sediments) intraclasts, as wellsas m
in a braided system evolMamagn ei nMaomaad onue a NR2dQelr6i;mig\sad ysreaitrted mi esu
confined aquifer. The Tchirezrine |Igranntedosvamnidisedntele
(Upper Jurassic) and is overlayed by a 100 omnéhaold bseh

mudstone), above the I mouraren deposit.
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3 Materi al and met hods

3.1 Lineament study

>
o
—
o

er to better certdtornaiodf ttthe dgedmetnraitd aln Grtgarcit ur e s
f this stadglyavel obesl aneaméet Sousbsngusabbbbstvatemage bl
onstrain the structurascalomtteat amaldy e it)heatgddmetrreisceal

tructur.alManenttworblkecause of the significant sand cover t

o »mw O o

f the geometrical organisation of the basin's structur

3.1.1 Data acquisition

The coordinate referen-dMESs BEM Mz o "CeR S 2 NEPWBaGs 3RHLeEBSR duri ng
Google Earth Pro database have been used to digitalize
CNES Airbus and Maxar Tentohsnaoil cosg iweass aussseaddllroye eorf akoisest ehaomé n t
mapBOO0O®p reference | arge scale structures affecting the
and y = 1940042; 2041469) covers a sampling area of 750
respectivekwgr Geobhemhosdymiecss oaft hGo. 3 m/ pi xel resobontleormr .ha
resesovaihieaméBOfdrom 4 sdampleiciegntahea Tchirezrine |1 uni t. W
in esaclhkf ol Mowlicdgn et al . (200 1Ir)e caonmdmeWadt aktiinosn se tt oa |i.n h(i2b0i1t5
of each circle varies and ranges from 72.9 m stidtiel23 mar
outcrop area has been chosen to optimize the cleannst p

the size of t hesdgesowifr cthlears asteemplreder of di mensions as a

We haveddil ginttiaments net(wWdrkK WLDeivred o@ Gle DB mTizfbunm, ¢ t2i 002n0a)l i t i ¢
were used to extract topoll egqigdidht eras eaorefit s sdeisacthd adse naszo

lineaments (e.g., trace}y eMhiwkths oc unta ntuhael |sya npal bienlg ewdi nld onwes
areas such easwg®dnidmutelpogatameter was established for e
bet ween the starting and the end point. Length paramet e
l engt hs (i .hee.r ea dsedg meerdt aiss a strai ght l'ine between vert

i ncemnect ed Fouyr tvheerrt iicnefsor.mat i on on t haen dt of pnoal toingoi rckasl caanna | by
i i chi arant eMaentz oaclc.h OdA R2009)2 £ tOvaa s. k a(i1ln%9n9 )et,Sahde( 280682 and(
(20,158@tdkins et al. (2015)

3.1.2 Fracture saetwork character:i

Azi muth sets

Azi muths from each samplwweigheéadwbaetfproseedi agram|] ewpt
azimuth, and thwergdfeaed (Seageesbdbyenagnld Rera eaochde,rf i2rdsit@®)a me r
(see section 3.1.1), the roca&l diatgruwent wass chOE&epmb e=hmed. oi &
This rose diagram is also useful to have #scalewsof utcher

of the Tim Mersop basdrnderRolsien edd mgmrtasns( sode sseomtnidon f3. 1. !

l i neaments at the reservoir scal e. These sets caar ébrec eaN ¢
(i .e. spacing, |l ength distribution, nature).
Gener al net work parameters
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To detlaemniohoait f r,acheurrsehso wi (t 1z9 Bagwde Henrtdfao d o t e d € thh ag &@m& )4 tye r
which is calcul ated fF emgtnhe dtiovtiadle da rbéyaniTihriee fsleaemepghiecihde ¢ i s
cal cdfloard e caizfiimeuetth of Iwihn ecshmeeblélsotwesr compari son oWethahlkso
considerterseecti off noddmdée iprditNeameaiteygompidfdoead e a c h ndcoiw cfurl camn tw
number of intersection (nodes) of thar éanjdhe Il Nnepmemmed

sampled areas are then plotted against the P21 from dif
Spacing

Sp
in
b a
An

cing anal ysi sorwlaesr donmee afnoerntssecsoentds i n the circular sa
ividually by image processing. One binary image (bl
kgrotthdsEaurface i mage and was r ot axaexdi st oo fp otshiet iiomma gt
l yze Liond rfa plhm@gramdff esa.f2004)areeach pi xel yarvnl amimxakkisl t
wa analysed to export the coordinates of each |l ineamen
t h
ch

vV a

refore calculate the distBhmciempbred we etnhtaywroe e endsatcaug ti we

®® ®© »u 29 O o

cked the | argest spacing values in places without ce¢

ues due to cehsowpirlgrbyos@mimpaoeer.ach set to each o
spacing values, we have plotted the @p)] udsfimeboapltoheqgs
di v

Odl ing 1919€yf .1, the lineamentsC®Oréa,redhel 4i hgpasmpatsdt hed
clustered distribution.

iviedhd meédCogxpaocidnd ewass, uls®e66)t o discuss the spatial

Length distribution

Length dasafFrydusiion commsenltiheu spepad wtpde ratt it seremosté@otwi e et al
Jackson and ®andergs ®@®Oyvakk®Rad hea9et al., 2023; Solivahiasd
candbre by pl ot e nyggrhd u mueldanea mtiee n @yolgo(gClhdtl ds eRr ocamh .t,h els9e9 Op
wehaper fear m-equesares fit f expiboime agmogaudéann ¢talhnfed ft ihnte of t he di st

i ts -slguaastes @Roeff A-tpaeowdEr stri buti on, which i s c¢onnaonnlbye f
desedsbsmnalddi@am an expBreerktowd|tas e@ ntdo A2 Ineera, feBnOtPsB ¢lte regt ha |
Watterson et al., 19@ber ¥¥mael ekpgnentahl, dlL996Jbunit oseths
show -demdredent charactediayteirdlei gdhuoetaibtgos t meucch aurfiBchdalbeundhr |
that | imits the structure propagati,2@Q6é6e.g., for lithol
To perform a |l ength distribution analysis, two geometr.i
the frequency of small I ineaments due to the I imited re
(itee smallest fractures wild.| be under sampled due to th
sizefdutbel ow which | ineaments are too much trunlcangtdh a

di stri b(uHeifofnerl aaasnd Be v a nGo n1s9i9d0e;r iOddg itnhge, rle9s9o/7l)ut i on (0. 3
chosemetaer6s val ue -dfofr itm uaacadri daan(weuBgrn,h bt oeheal st uddDe§;

2001Bf) we consider a reasonable margin of error of 2 pi Xe

truncated greater than 1/10 of their real  engt(h i dndetnts
bias is the underestimation of the | ength of generally
sand cover, in our specific case.(1lPP6Wewhager eéacimmeedal
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affected by censori nlge ndpit $othrei bduettiearmilnaw i soinn cod exhcel udi ng

determinati on.

3.2 Wells dat a

The data set used for this study was carried out firmmgm 12
The study focuses on boreholes drilled in the southern
kil onaeptarrets ( Hihgudat hdset presented in this study comes n
133 m and 160 m depth, thenOraneds! yrawint hbmt h&Rstapgeof

3.2.1 Core description

Drill cores have bheemollegyribheed.i mati et m ofdef samdgsiuanas e
sucliractures, deaifdr iMaeiamea shraames| iogmed Ir yyo, sip. eec.i ffireodm very
(VFSs) to very coarse sandstone ( MO\Sisc)h oulssi, Ag2 0clodIn)y ettt U dwn
sandstones, data classified as VFSGBi Islhhomw,i n30 s4/;s t Maymad ri &
were excluded from the structur al anal ysi s.

3.2.2 Optical borehol e i mages

Optical borehol es i mages data were acquired usi®dg.the
Deformation structures ha@OBbaseed o¢h asoletcit g dcahhedtokne dao+f & | oyns
core pictures based on apparent mor phol ogy (e. g., t ex
obser vtabbet pnst ures havehbeecatypeastddtaedef ar mati on bands ¢
t hgel o ssReaycock ePl@énsi(2wliby cal cul a(tledB 4DolrrewipogdbDagsho

fractures countadoperamébescéaml ine, here corresponding

Geometrical attributes of these structures, such aosn dip
unrolled and(@demantkdetmMagent hd7TON data from picked str

striinkeorder t hevndadmpgdarneeament data from 2D satellite i mag:¢
3.2.3 Geophysical l ogging and processing
Geophysical l ogging data from wawetebscal olvoesebBobésthhEi

ag | sildwness-Wawr@on iFaul-tlo@gd wngt i ¢ data was acquired using

all opwomagsi ty PHItSibmasgidolno & et qalt j(d@mHr@heabi |l ity | og from
Resonance ( NMRNMRo glgpiamgqui red using NMRSAragH eQwéd O B&I&Rb i | i
est i niishlib@amsed on SRdHReMbequoietisceiel 62yefd et al. (202R29r and
addi tiindmalmati on on NMR theorical background).

0 00— (1)

Whebeics for mat iCsn)mtinonaned x (s Hdwneets gD olrm3t KOs Dsatt theey fd rud

s | o w(Oe shsn
o6 b Y VGG Y (2)

WheK&ed s the NMR g e ramef astirenpaet i goenn tT, . wtalre abbogar i t hii ¢ me
rel axati on TtPiQRetpgomaol)s,i taynd r om NMR measurement ( %) .
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A sampling step of O0.PHIla$hKlymasc ruossesd tthoe rreecsoevrewo ibro.t hEach da
| abel defined from core ghesamreiapt iIVden yad mpa a pukscetdt etdl air nch@pma rv
equati onBdar (fbDmo)d e | the theoretical evolution of per
homogenous grain size di ameremeabiDiftyecemtvesheorireaslpoma
are used for compaasebn with measured da

o ° o pm (3)

[0]

Wh ekies t he per mdiahhiel iptoyr o(sdethye y(g%)aianndsi ze di ameter ( m).

3.3 Aquifer testing

An aquifer tesdad ngn hwel IbZ2leMOUEe?d287Y to estimate the char
| oddagrati on pumping operation.f Twm {2M&Woime ttehres sweuBtgh d(nldMd
east (I MOU _@i5r2&d tgiuored ulrdi)ng the pumping sequence, the pi
every minute for the first 10 minutes and with an incr
hours. The test was stopped after 830 hours (~35 days)

used to estimate the extension of the cone of deptédesi o
dstance of the piezometers (m) in logarithmic scale. A |
dewatering( Kremxdman Oamd Ridder, 2000)

Tracing involves injecting a tracer ( NacCl brine) i nto
production and observing(s$€Esylrercoottoy!l add?2 i )pakpr amdgd wa
tracing was used, involving the injection of 1700 oln of
the surface, -bynénsboatduchgvianhy ometer on theedi stcihairtgye d

acquired using Gebei seaosdbDbpg3iptebgal was 1 hour for t
in particular chloride restitutiowegend$|[ E€bsescsoadubyi ebt y
restitution is then estimated over the ti meTab@la)d.di Triaocnia
was firstly-Spaxfier tidd oimm I MOU_2527 3 W axMGU_(2f5r20/m 21) M@Uh_
Il MOU_2527 _2) after returning to the initial conductivit

4 Resul ts

4.1 Lineaments analysis from satellite images
4. 1. 1sBabéenstructures

At the basin scalegedthe Foneamannhssets ofganistinct orie

-The NONOBORAE-WSBNEset consists of |ineaments with appar
These faults are distributed halnolgewnegl utsh gy aamr o sso métei |
because of the quaternary sanW toeedi 0Fi bavkss2ar andomj
theseWEWE aults (Figures 2c¢c and e);

-The NUBOAE-WNBWSE set is composed of | ineament wiahdaepart
These faults ar eWSWnd angtarsali potsreihkeaENEIl | ustrated by the
(Figures 2c¢c and d) ;



275 -The NINDOOAOEAE) (Nadbairal l el to the Arlit fault that border
2f). This set is poorly outcropping because of thd sedi
deposits) and frequently underlined by the presence of

-The set-NNODAARABSNWE i s mainly detected in the basement
sedi mentary cover but-sicalgemnetals|l yeé¢apedssodtihy kKmul t s.

280 ( Fi gu+neosr tehaaonnd d, and Figure 1lbypoant Adrar aEmolpeesEehiglu
structures have about 40 km of spacing and crosscut bo
part of the window. The Madaouela structure is also bo
Ar |l iSt tMMu ( Figure 1b).

325000 000 375000

1975000 2000000 2025000

1950000

I(b) N 1storder

0 300 600 m
I

[] Tchirezrine Il —— 1st order lineaments Mineralized perimeter
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Figure 2: Lineaments map and the(a Mempgiume sofoblsiem & @ e jattR otsee
di agram showiwred gthhe dl eazgtmut h o) nDaeptpaecidl e d nvesaenad net fsma h ef 6 @aw gieng
Il mouraren site and the outcropping Tchirezrine |1 areap.dhe | ¢
Example of the conjugate system 6BUuUNOZOAEt andgNatPAEsamp N8O
W faults associ at(@fd Etxcamp | M0 &@GF ABNOfLDWIEt .t rending fold r eMaaptsed t
data: &odegdrfJllandsat / aCppAfcabds SCNERi c)busMa(xar Teedmipl ogi es (

4.1.2 Detailed Iineament networks in the Tchirezrine 1|1
At otal of 4779 | ineaments were mapped from the four cir
Table 1).

10



Detailed description of the |Iineaments affeqgta ng th

e images showi nd)
t

t lhien s@ameni ti ntgr avd ¢sxdOiIWER$ ind e &tdd e t( avii it dhnd w v e

ion nodes dagdLeags oheddl rosamehtos) showi ngnfloirn enaunmebnetr

memtsl. | i neament s

are censored at the boundary of the

in the study area. Satellite images data from Googl e,

11



