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Abstract

Groundwater i s &ucstiat inc alg desnestce ,f @agricul tu
the KomatbegwBasin (KYB). Howeveexplgoiotwa tnigo rp,r «
popul ation growt h, poll ution from geogenic an
t hr etantee#tleornng sustainability of this vital wate
approach which combines geochemical model | i ng
|l nformati on-b8gedemecBGhbpues, C hbeadoenmed dr & Ics aanmac
environmental stable isotopes analysis to det e
recharge mechanisms, and contamination source
support |l ntegrated Water) Rasoduhekbp Managadmewt
Devel opméndD&®o@a) in KYB and the wider Sahel r
coll ected from 2t4hBeo ma ttéahue ob adisn acuroisrsg t wo s a
(120 each) of wetH,antde ndpreyr asteuarseo, n st.o tdahlieddpit 3 DOl

redupodot emM®RR)and el ectrical conductivity (EC)

digetatctrical conductivity meter in sitau whi l
DO meter. Maj or cations (Na, Ca, Mg, and K) a
Crand Co), were analyzed using inductively cou

OES) while ani NOandCwer eiC®Onal yzeadgrmuasp mhyg (@(lo@) cf
alkalinity and bicarbonate were measured in

titrimetric method and in Laboratoiy aisi ng KOI
were anthheAfAd | sl @patVo reyt mlaes athape Laboratory f

of Water in Lilongwe, Mal awi using Picaro St al



Hydrochemical anal ysi st hKee na dYa@ghde tbthaasti rg riosu npdrwead
of -Mpg#HCO water type, %carfhssa mpluebsng Sameugr 68 ndyv
parameters exceeded World Health Organizati ol
di agr ams i aweantteirf i iemt érthomeccki mang &Bactor i nfl uen
chemistry. The groundwat er % uoafl istaympilnedse xa s( GW&Q
27% as good for drinkin@gctTlhe Dted dvye esnh gwed oag ys
and groundwat &mmeequasleisdsydrurt her geochemical an

reveal ed that oohrligrifndbemdadt mMmridpageni ¢ sour ce

fertilizers and nitrification processes in pit
t hat groundwater chemistry is primarily influ
i nduptrroicalsses and miner al weat heri ng((HCGA)d i t i ¢
identified the I mpacts of evaporation and io0

Groundwater sampled during wet and dry seasol
dol omite and fluorite mineriaolxsi dan dlepyCale ¢ d ead tp

at mospheirn cnepaCrd y all sampl es.

The study al so assessiedas sheaivayt entert md knigpog H keua § botni

l ead, i ron, manganescghntaam ndaarmptrossem sa g nti H e craait
the | ocal icomnuwenibldidedsead model s revealed that
poll uted in upstream parts and highly poll ut ec

assessments showed that both adults and chil
carceinimloegal t hf edmeadt g contaminated groundwat e
suggests that physicochemical parameters and

behaviours and originated from dMogteiovetropgieoge
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The Petroleum Technol ogy Devel opment Fund
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processes influencing groundwater chemistry
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research. Conducting this study in the regi
scientific solutions to pressing regional p |

Furthermore,onfgo @wiudmaliemgs amati ng of lkgumamdwat
heal tbf rgs&sendmianatrn ocnoonrttaher n Ni geri a but al
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exploration, as well as @aomesy alcemtn.d Tahgird cw
seamlessly with PTDFO6s mission and vision by

soci oecofheming .wel |
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exchange,amrdo ceevsadpeoss A & ialgoew. EKwaya etMadeqv &r0,17

rapid population growt h, i ntensive agrn cul tt
t he rheagvieonsi gni ficantly increased water dem
groundwat er guality and quantity in the re
hydrochemical assessment and stabl e i sotop
geochdmipa ocesses influencing groundwater che

analssressharge processesualhisgipulktliriid i cadl tflo

effective, sustainablien wahteerbamsainnagement str a

Accor diengCotzo et,t lmdq.u,i f(e20XTle)charge pr ochehses and
KomadYagle bweierenhanodi fi ed overdudrextdearsdi vteh |

irrigation far mi ff@ bwi fwulxilbha ety dzeadtknnensatdincg uasntdr i a |

di schMumersous cases of renal failure have be
communities such as Gashua, Bur fNagmir ,u Bvied hamic
(Ahmed et al ., 2018a.AMmedr(@0k8@8®popgbeadj ahao

centre recor dsarforuonmd ctohmnemuHaidteijeisa Ngur u wet |l a
parts of tYoe eKdbhmad ngtwe otf hatdmd @G ted patients w
chronic kidney d#twsebhsehéS&Dgaswstbriri nating
Jakusko in Yobe Stat e, as well wascemphasi ze
nearly every household has been affected eit

di sease or bhesfroggtialhb wuttdenh of renal f ai



cases were said to have begun about 20 year
suggests that the disease is not confined t
affecting individuals of alll ageégderilycl Hod iwe ¢
women appeared to experi en(cSeulnadrmea ns.eevidaoaelt .i, mj
people in the communities rely on hospital (
more widely used ®BotehnhbDi altlsy(@RhEn)d ambp negpi 8
including | ead, c¢adinf aimreom,yr sa@md cni tsroat ea,m,ar e
and are believed to be the primary @absiungnt
renal f ail urreelaantde dp Sthiesbe. avcAehsmed et al ., 2018a
Wazir.i et al ., 2012;. AMalz,sreivle & a daqguadget geacie ae, d 2t Ohl
presewvaericeims ami nants i n bheiAgnsohundewataelr. ,of2 Ot
& Ali, 2024; Jagaba et al., 2020; Tukur et a
Howe v er ,d ad emp rneohaet nt sei m/pet has beenhyw@dechemiccaa
procesnndg ol |l ing the ¢gdewndwgt eorol ¢ lue miosmt rsyo,ur
health risk®T&sseovcail autaetde wwihteh general suitabil

and irrigation, and analyze groundwater rech

1.2 Aim and Objectives of the Research

1.2.1 Research Aim

Thsesearmddt nvesthegagreoundwat er r e sYooubrec eBsa soi fn
using an integrated apprnooadceh |tidhag ed omébc heis(
chemomet r,i odmeaxsad ¢ sansd et sabl e i sotope anal ysi

elucidate the key hygdrwr e ggarooougnednn act ael a s Eiddese ssster

suitabil i tayidf or ,g dteirddaufrrygyges and hafpaouhewdt é@r
pol |,uatniadnyze the chemical spRTEand on naest icgo
groundwater rechd8hge gmad¢harsi stnos provide i nsi

4



management of granddwatder pregEemBtoag caetse dnamatge
in the Koma&duBgausdi nt he wi der eQiashueli ngegvadrer (o

availabil it ycliinmattheenethoanntgeexntmeonft al and ant hr o]

The KomnrvaodbueguBasin in Nigeria was selected as
f ultfhiel requirements of the scholarship fundi
Devel opment ARudnidt i{orn@alB ayp e n s it & & & ioefnrgoeusn d wat er
cont amiamait gonfi cant socioeconomic iIssues, an

agricultural activities and food security 1in

1.2.2 ReseaRQh aQue StpieeanSP c Objectives (

FouResearch RQewtirensdeiVel oped to acbsewechhe

These research questions and their associate

RQ1Wh aartehe gener al hydrochemical characteri s

suitability for drinking and irrigation purp

SO1 Conduct a case study to determine the

pur pios elkkYB.

SO02 Conduct a case study on groundwater qu:

potability.
SO3 With the aid of Piper trilinear diagran
facies and water types in the basin.

S04 Conduct a case study to determine the
parameters and the | ink between geol ogy a

di stribution of groundwawade tqgairarhii ntegd pamr d me



gui de i n devedtopatiepgi eefsfuesd taii mea bl e use and

groundwater in the basin.

SO5 Conduct irrigation water qguality anall
par ametcernsg rtohati rrigation water quality suc
adsorption ratio (SAR), Magnesium Adsorpti
(SSP), total hardness (TH), electrical con
per meabty i ndex (PI) and Kel |l yos rati o ( K

computati on.

RQ2Wh a't role can chemometrmadedappnyge aceh aptay
assessing geochemical evolution and mechani s

as hoeri gin/ source of chemi cahkcoommrd¥tglueubasbsnPn
SO6 I nvestigate geochemical evolution an
chemistry usmodellkeoondgemical
SO7 Conduct a case study to dpdamratminrdee t he

gr oundwadcehre nwosmentg i ¢ anal ysis approach.

S 0.8 To explore the impact of climate chanc

in the basement and sedihee ma a¥ghieg uBAa seirm.ar y

SO9 Develop a conceptual mod el for geoche

processes oft hfeo ma ddaiad elra sinn.

RQ3What are the sBTUHKsdd uan d ns taantdu & heefitrheas s oc
KomadYaghue basidd mdRrdéedbooawn speciation and compl

aqueous solution?



SO10 Conduct chemomettbiasednahnnusiysPiTakisan i v @ e

identify their sduwrviecAHst Aedbasnhnhami nati on

SO11 Model speciation and RDEgNl egkrac u nodnwad fe r

KomadYaghhe Basin using Geochemistds Wor kBenc

SO12 Conduct human heatahcirneke miscseamsdaneaadar

PTHsn t he basin.

RQ4What role can @#Oamifd oif Set oipdeesntadaff yi ng t h

groundwater rechar ¢ éeraannds b a usn dreero/ib ahamsasisugan

SO13 Conduct stable isotope analystilbe to

KomadYaghlie basin.

SO1lbetermine the spatial di stribution and

signatures itnhkygmauMdwatlkeasioh and the wider

13 TheStsuctur e

Thi s PhD r eissecausschihyhder oorgke oda hdtma s 1t ehyy & ro dld ghgey
KomadYagle Blagien, a, &RAhefl ovméespurotnali ihtap. titsesi s

c o mp o s9e dc hoafpgrti egrigaen 1 .nt r od ualtiitoenr acthas getueatne v a re ava
destciramet hodol odmaicre a plaleagithgat es dhet resyl t s se
anaddi scusemnolnaedomnec o mneancaha hdenvanisn. r ebagt eh
(chapi&@irsepresest eatdldpece mvi pwbti.cathesne paper s
' inked Isepquenpmpmuadlanreaea et t s anal y3paskeaadde edn s c us
publ i samed nit repreneaet viioenvad d n phoe2ds eme@ann s u b mirvent dkeedr and

revifTédw. t hesi sdecshcaapstbebrdsl | aorwes :



- The dhhiapéehappreersachntosver vi ew b & e eahienc,lhaensd s
resear c hwigtulds pteicori s cwhibwderaah s wesed and ful
achieveat meomai.lmeT hree stehaerscihs st ructure i s &

chapter.

- Chapter 2 provi des l i terature revi ews o]
investigations. The fundament al principl e
wel | presented in tlkechoapgthampt et-ofubathrdat e o n

knowl efd@® c h enmoi dceal Bl nisintgaibd @t opi ¢ ga noaulnydswiast e o f
reso.urTdeose rt a @ phdekancohvel spadfgeent mei Pacsf kt he wo
Moreover, |l adei ati ememahdc e sear ovlaesgapemwed i n |
respecti v&. chapters 5

- The thinfdhaphetreldy descar.fde shedyt adya |
as wel |l as it sgepohnyosripchaoll oagn &c aly ccrhaar act er i
this chapter. |t described the wvarious r
settings, and grtohkeo dnaa¥@he rieashiamges of

- Chapttehre dmetyhacda@lpdaer ) egr oneit heod od ®dmaweeisd ado
achieving theTBeutgbobattety vasd field me
research were wedhsipsteenmader Thlseused,
dat a, softwar e, reconnai ssance Vvisits,

calibration, groundwat er i nventories, f
parameters, groundwat er osraangod ianngd tsraanmpsl peo
assurande tggnd oqua ol , | aboratory analysi s,
geoc hemoidced I'D,mgpifHisot opes analgati s, eaaldudt

and interpretation.



Chapter 5 is the first chagpneR&QMd nt itheugthe
SO1, SQandsced®4. This chapter presents a
hydrogeochemical characteristics and w a
sustai nabkdmadMagiue basiaweut isleiazsionng physi cc
dat aset. The | ink between geology and hy
facamd groundwater qgqualsistwbilmndgdédxedin the b
Chapter 6 is the second chapter in the
chemometric anal ymeideli lnh dggeosch enngi cgaelo ¢ h e m
and mechanisms influencingt deroiughidnv/ag ceur cce
chemical constituents in growotdtwabasiinn

chapter answers RQ2 through SO0O6, SO7, SO¢

constituents in the groundwater wéygei det
and hierarclhinadlyscbusterther mor e, Gi bbs |
pl pansd callkoarloi ne i ndices revealed dtiyygroge:
season groundwater in the basin. Finally,
hydrogeochemical procesaas amepl dicatuovse of
to groundwater sustainability.

Chapter 7 presents an integrated -bmegeiddol
model s to iRTemalilfut ivamaissielsed as | anwdkl of co
and their associakesad pumasenbhedl| tihhe third
secti amsamRdlJedang8t RQou@3% 010, ,&0d1S012. Th
speciati osn Béankp,snv@elbbedg the Pousbaix

pHmodelilmtGWBgeochemi st 6s o0 fwowakrbee)n.c FoVaasreido u s

model sHEICdeHdRI , and mHPI aided the determ

|l evel s whi |l e t he suitability of wet an



(considering bot h phyPsTicsoacnhde mircrail g aptairocanm ew ¢
based on GWQI, WPI and | WQl (hydrochemica
Doneendsrdspgrcamivedlyl vy, sources/ origin of
KYB were identified using PaardandRdésHECArr e
Chapter 8 answers RQ4 amrde dtahetf sflour$ @1 3 han
the resulAt stmdoeopnc dataset of groundwze
campaigns covesdagonmmwsEKtYyBigaddddwat er dat as:
majlmasi nst he SabhMelAtfrregciaonweafe utili-zed to
recharge relationships tiammdkYBPiandnt bgr &t
resources management . Il n doing so, the re
devel oped Il dsidrag asa@&itnf3a | oc al and 4t hreegi on
precipitation dataset from 15 GNIP stati
devel opamemgt omfa l meteoric water | ine for t
Chapter 9: This chapter presents the gene
by pr oavdiicdsi snsgi smu manad y offi ndhientghseyi s contr i |
knowl edemwp,l i cati on of the study to ground
achi esWbDiGhga,langd the way forward. |t al so p
drawn from the research, suggesthiconse am

research.

References: This section documented the |
Appendices: This section constitutes a |
play a vital role i n achieving the desire

10
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FigdrEl ow dohgtamttrhuhé@gig®lei ghgs d anegu btshtei
speci fi esadbdrjesxsdsdadteiem. each chap




Literature Review

Tle previous telamtherovemrees emwo wtflhierhiemagr B saa m¢ hr

q

c

e

t

uesstainddhspeci fi scoibtf iec &lcvhe evi ng tbheallthesired
hapter gpndvidbteersatv ureeelsevant to the reselatr ch
xpltohfeessdament al cprise eittghlee $ & no wlhberdageed t hesi
opwlci | st hrgbhkeanghtawygpepd tihmbhbadzeul t t Becti ol
e s ecalracglft b a p*8ecrosmpa i swa opeeevi pwedi wiatt h omor e

etailed | igpagnrnidfuischcalkdgvi ews

.1 BriefofGOweéradi eGw oundwater Resources

Gr oundcwantsetri t utre 9 f abbet e@8t hds aivaabioluab I66) ftri an

more than thbakessbhandusegreseamsGonfa, 2023; Omi

Panaskar et al . ,.AD® L6t hoiwaedw mrfelt o 'tae | .daet pi2dint $ )

d

b

a

f

roundwater (Noor dei nlki ng 20.Zhe Weaolliumet o&l .g
roundwater resources i s e3wtiitratoend yt of®. Be md b
onsidered renewable and readily avail abl e

epth, qualityGlamedsorc&rogkdwa2@16) s gener al
dettthean surface water due to its | ower sus
ctivities and i Gs obadmfattesnt orr eaqgei rceaspeadcii théyh €
or vpuripadgets i s i ncreasi ngloycdempd wii ttiean ,b emal
ui ttaobeleet t he requirementOsnodbfe, a @Ee®P@dd erdandeato
5 % ®wfahswln Af rdiepecnddsemohgwat @r i nésm@r ces
upply. Mor ed ean doaft® I® a1 Yoegaf rotwhaGdscers o arueseesd f or

rrigatmeandci ndustri al (pQuarrproasreds erte saple. c,t i2v0ell9y;

ngrao et al ., 2023, Mar k .Tehtesad .f, i g2uWrlebs;, nhauys
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exponentially due to the declining quantity
popul ation growth which heightens the ri sk
urbani zati on, iampalcttbsu kna y al,ocsda t(&K. 4,8 por t ed t h.
t he gl obal annual groundwater discharge rat

depending on cl i madxcednbbe gteyomir aglh ygrl eabhahl r gger o

rattxcessive groawdwsfurecarhangédsd i n |duwlithgr aslt a
norms, and papulwat il o= sgwhdi wirhla ts ee veavhaaerirgeeg a fofnesc t
wor |l dwindger ao et al ., 2023; Musi e & Gonfa, 20

22. Groundwater Resources of Nigeria

Groundwater i s a vpirtoavliwdriicesypppb ge domebli geri agr
and industGraun pwatpers tisg retdh bsmawalt ok e spaces
and sediments within(PRikgi,talDslBffad ddeuvgo frweetl Il es ¢
and deep borelsolues earre utnhdew ansaeioru ndw&li gerr as oL
Nigeria are estimated to be about 87 kmj whi
the country, partdiacoldgs bobwi tim lairmidt eadn ds usrefnaic €
during dfAhmeds®&  nMansor, 201&; gdgeéeme geett salit,s
mostl| yafsreannbmant and sedi mentary aquifers acro
domestic, agricult rAdlelaamda iendudt.r,i &I0 0BUr pPAks
et 2a0ll2; |l ghal o .r Ademi6yOy ,% pdOf2 ONi gleepamd ci t i
groundwater f or v a(rAboiuosy ed o&8mePsetriecr ap,u r2p0ols9e;s O m¢
al ., . ExdCa0)a0 1Ri)g(h | i chretaevdy trked i ance on groundwe
ur ban areas of Ni geri a. Their study I dent i

chall enges affecting groundwater quality.

Groundwater is widely used f orariirdr irgatiiocan odu

(NorthegrOarperrt )& Al kal i, 199, deomawlalfeoretgra
13



in Nigeria has increased significantly due
insufficient funding for water and sanitat
regul antaipgrm sofpi rniaantcel a l resource management, d e
water resources from human activitiegpstl i ma
technol ogi es for gf Ademwhter & x pd dour gabt ei soann ,
Ai zebeokhwhii,|] e20glr7o)undwat er resources in sout
studied, thethatrt hedmes egnosn S olpeamnliycudmar Ig
northeastern regi eamridadharoa chtadsmaie zceldi niohg res e mr e s
gr oundvestearnr cpho lalqwtiriftoenh,ar ge me olvamdiwameyr sust a
and integrabtedrappdwatbr r.€bhaptees Ban&égeman
g afpotrhkeo ma dYglue bwsicharacterizing the groundyv
pol |l uti chrumamurheed,t h ri sk aasrmrsd sisanegmtoiwfayiermng a v

recharge processes

2.3 Groundwater Pol l uti on

Groundwater pollution is a wiedd at epionspaasc tpr ot
not ormegalth obsudeciecbeomi ¢ déOmbopman®& Okogbue
Raj esth 2019)Groundwatmay po#daimidenguat e sanit
indiscriminate use of fertilizers and manur e
and indust(tKuaWwadkat es2014,; OdSk ogth (& 0lL,BHi y a
highlighted that rgersadncbswaftdgoameeg e bt at iooan gr ou
unpl anned urbanization, weak explodamesni pol
di schatrgesappropriate places] ea&datnemasri eea@s ea girr
groundwater pollution by increasing its sali
( Kurwadkar, 201HMor O©guw eouyna,waz ®r5)pol | uti on ma)

sources, including soils and geol ogi cal form

14



and various | ithologies, which can (lldaahiomat

et 2a011.9An annual death of about 1.7 million ¢
to be a result of i nges(tEnoem idkfe cean tad mi,n a2t0eld :
Pol lution of groundawaifseeosmr e asouetesesi nf,Nagehr

geogeni capdopessemanagement O(Emehf keert &f onp
Yusuf & AbVayreisouas@le®) of groundwater poll uti ol
from | andtieveEbgopmenmtastroaexelfdluaniten, of gr
hydrogeodommgesti c waste and sewage, as wel |l
accident al spill s(&gbuendustriadl ,d2®8dBar dgd
Abi ye , W2I0iI1928012Repotr,hatd groundwater pollution

Ni gareisaul tsal i mamdt aabhhropogeni c raactki wietaitehse rad

and -watc&r i nter aGrnrowmdwatoecresc@st genastein onamnd
westerofNpgetba is mostly attributed tot agr.i
l atrines, mgaeptnigc atcanks ti es, insufficient S @

i nadequate wastgeh anhaon achemgmot, | 20R2a&ah of groundw
ar edd gaefsi attri buted to oil exploration acti\
( Owo yeetmRalOl1.B,g bi nol a & Amangmbd, thadad0oldgyoundwat
southern Nigeria primarily results from oil
runoff, waste disposal, poorly managed septi

constructiom,t ralblutoef twhiscihgncdo i cant water qu:

PreviousnsNudleengigdrfoundwat eérn pooddtlhuheérom and so
regiAmshi et al., 2019; Dawoud & Raouf, 2009;
Getso et al., 2018; Goni et al., 2019; Mghben
et al . .Howz&23) tlhacaske mpreticeasi wéo amehiywd ailt i on,
v ar igoruosu n dpvaltleut i on s bur @aesioncpaaactdtesd hoen ,h u man
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agrigulgtruoruendwat er sustainabil iptayrtarcdil asotiyoae
northern parCBkapfed/adid ¢t ds sftogya.p h e -Yoobmea dbuagsui n
by tmgaoiumgbhwdtleit i andsobhemelBagbasgthsoiumrg ¢ hemomet
techni geweasl uat i nguadriauwn dfwoart earrmad i assepuirp@® seh

health risks assocgradenndd wahtedrrblassfawy met al s i n

24Gr oundwater Quality

The quality of groundwat er i's an i ssuleheof |
chemical composition of groundwater 1is the
eval uatinggt dvea tdarka jei¢d s3e0lDBH)e c hemi cal orcecaucrt i on
bet ween minerals and groundwater wiatflhiemt ele
water (Ewpetsexnl2]; &KtajaGBhypreover, t heofover al
groundwattear ms of domesti c, agriculgthurfalcaamn
i nf | ubemc@ldutygir om naood tod e h 12a0dleBhe qual ity of gr
is significantly affected by natur al process
di ssoluti on, preci pirtoatki oinnt elriatch a loongy,, aasn dwe
activities suchiabk ppgoomembeagr e,anidn uysbram!| ,d e v
2020; ZhangBoertehadl.e wWadt2edr) i n sedi mentary regi
val ues, i ndicating a cormrsgsovedwa t(eArd eagwd laintay
et al .. As2déd22ds ment and monitoring of ground

hydrogeochemical and statistical a "ahimesi s=,t a

al ., 2019;. Marini, 2006)

2.4.1 Assessment of Groundwater Quality for
The assessment of groundwater quality for d
chemical composition of groundwater, and rem

16



i n i nstances of degradati on as wel | as i d
contam{ Aahapoorna & Janardhana, GROodbdws&SDewaaw
assessmentpdropiosletsynpkiicnagl | 'y per f or medyubayl ijtuyx t e
par ameter against t he drGiimloi negt . Maalw. e, vt eh2e0t 2a3n)d
groundwater quality i nanrewxme(rGWQll) vcaaluceu lfartoemn
gual ity parametersoft ograscmdrwa téhmed gstuad t efbofi é ¢ tt
communwatadre iqgufadrifhayt r owai s et al ., 2023; Att
Chakraborty, 20 10mo n®hnean & tO kad @@ n ul eB,d td(eB2p0c2hle) mi c a
characteri zatobntanteevabtuamseasi bhe quality

for drinnkbogo di st sit estthyo Wsi gtehraita .t hTenenirt r at e

groundwat er i s fr obnasuendc ofnd mtoil Il iederni da p wlgiemat |
facilitiesTrondisewaspse.s,se(d202n0e) quality of gr
purposes giving special iempshhaaslilso wo na gaualfiemist
Nort hern TWarilsd a®rugsai nnihgztaaandoanr d | i mits and gr

i ndfetxt.a et eanp.l ,ay@dB@22guaéei evanndea both WHO
and Egyptiant cstiadha@mtridf y ianmnd sassess the suita
i n dthrer oumnfdi hgmai | i aBactaanbayla,| Eg {Zp0t hékmpalbooy & dy ,
hydrogeochemical anal ysis and water quality
a rur al area oWQWeahaBgeggrpendahaert hat deen

drinkiadng hough i taneax hcihdiotrd dhei gcho nicremmnt r at i ons

Hamza (20 leajp.l,0 ypedl | ut i on i nulleRxMamab iwlait ey qual it
(WQt » assess groundwater quality and identif
Simi lGarbwp, eteabluat(tefz2water quality for drin
sources i n Bauchi metropolis wusing the Wate

examined groundwater quality fofAdoiakialg. pu
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Ams hi et al.;kyad0lil9,etBabagamiad?24,; Bernard & A
2009; Suleiman et al.TheRk®20s detamhk ef ablbffi
groundwater quality parameters align with dr
of the groundwater quality index in a regio

These i ssawegh lpyrese Qihmreopstfeotrhter aonusnbd ar y Koima&dugu

basin

24 Assessment of Groundwater Quality for [ rri
Groundwater is extensively wused for irrigati
concentrations of maj or i1ons (cations and a

introduce toxic metals and hasrinmfgulr insikcsr othoe sa c
and f oddshsoasfhet&y Bera, 2028 rilcathalueet-faldl ud2ad
and irrigasttéhce fparimamrg, occuphkaomandYaluer daisd @n
whichntri butes significantly to(Adeyeng ehe
2020; Gana.Eemmtsuali.ng 23®@Db%) g utahkeo mp dygmea nidswsait re r

essenti al for sust.&yaabkévie r(alrOrdjbgsaetsiscend prhaec tiirc

water qguality in Warr.i and iTthe eamwilrysns uUum
parameters such as electrical conductivity,
permeability index, sodium adsorption ratio,

tot al hardness. The Geé®ébanalpsi asandegealuadwah
chemistry is predominantly influenced-by r o
HCO a-ed NpapdeleltadadQ&O0Opl uated the quality c
residential and irrigation purposes in Gubru
identified inCihewstidy areea uims s@ainity haza
of groundwater viamitlse dunegto factors such as

| eaching from terrestrial sal ts, abdmi bad ex

18



studi es have assessed groundwater gual ity
hydrochemical indices and tihe momptalce &s toefr ns
However, Chapter 7 addresses this gap by usi:
di agmaamsgehbkr raisgati on wiad eevagbhatht alyt heedeg xof gr

for irrtihgeana dvagghien basi n.

24. Bydr ochemi cal | Gd ocasiuialeirtty ri gati on

The hydrochemical i ndices wutilizediinml edal u
El ectrical Conductivity (EC), Total Dissolve
Sodium Percentage ( Na%), Magnesium Hardness
Adsorption Ratio (SAR), Resi dual Sodli Tat aBli c a
Hardneg€y@hlK)ware et al., 2018, 2020a; Ghosh

El ectrical Conductivity (EC)

El ectri calmecaosmsidrutchtei veiatsye wi t hpafsed waleaw gh c
El ectrical conductivity is directly proport
nat wadaler The haahobdictlpeast siess €eedc thoynda k. Thei t y

osmotic acrtarpeidwibesn ocfahigphhtegncies | mpairing t he

nutrients and (wWdhtoesrh f&r Bmrtah e 290Qi3l; | shaku et

Total Dissolved Solids (TDS)

TDS is one of t he most i mportant par ameter
agriculture. Hi gh TDS | evels <cause water S
accumulation in the soil, makiArgviitntdiafsfaimgu I
202Ranaskar et al ., 2016)
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Tot al Hardness ( TH)

Tot al hardness or Hardness is the term used
with detergents due to its high concentratio
Il i mi t s (iRasj ewssha geet al ., 20 1T0;t aRa waatr demte sa | .i ,s
concentrédandA®Mohc€atr at(iEyranikiwawat et al ., 20
202Ri)gh hardness of water | eads to scale acc

Kidney failure m&aoo naslusnop trieosnu (aAfh riteabrnoe t w aatl e r,

|l shaku et al ., 2011)

Magnesium Hazard ( MH)

Magnesium HazardSwabBolaoasré&diDasdbu(tBodd4) ity
irrigation wat erc.onkEleenit atad d romgdgehsetsricoiyisa sér uct v
The magnesium hazard is assessed based on ¢t
concentration to the concentration of calciu
irrigated soils is signgficoarttelny . i rFfulru éehrea et

magnecontmansender al kal i ne, thedkdy ni mpaci@ilng

Pivil et. allh.e, cohx2x)ntrati*om ofrregygaheaedgesabll s
increased?{lRavjedshofetMgal ., 2019; Rawat et al
Permeability I ndex (PI)

Per meabntdexyi si mpemp@aé&mtmefe er s ggat eon quality, \
esti mamecdtrme nger me &sked Udintge r df appl i cati on of |
typically i mpacts soil per meabehttgfi onmst by
cal ci um, magnesium, @hsh&dhkecaeboaht g 2PO0PL heRz

val aese cladssi fli asMhdared sl Itlh.at fall i nto c¢cl ass
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suitable for irrigation with 75% or more max
classchtkegasemprduitable for irrigation with

(Rawat et al ., 2018)

Sodium Adsorption Ratio (SAR)

Sodiadignor mttiimn measures soil sodicity, which a
sodium adsorption rati o I ndreeccaseeasyetwh t hi ¢ lo¢
concentrations of cal¢Kumamandt magneskPQ0Qmhlj nRg
Ther efdempeynpdasn t he concentrations of sodi um,
sodium concentration in soil (RaedsB®B®BOLN) t he

SARrovides the extent mbawWwkB&Ehaeslozmddls6)ddsor b

ecemx change complex of irrigawhen wat Baamsdnhy gh

ow'cQan tvehnitccshistsl|lel s per si on of ic hsgoy |p as(titrsuechtleusr ed

et al., 2011)

Sodium Percentage ( Na%)

Sodium reacts with soil to | ower permeabil it
suit adi Ilgirtoundwater for irrigation. When sod
hi gh concemltayatpamti cles in the soil absorhb
calcium. This wusually results in reduced soi

of g disles kaa0l1.1,; RanzaB XkéYy

Resi dual Sodium Carbonate (RSC)

The resi dual sodium carbonate i s used to det
the quality défl shakugati @an . wa 2R31ICL ;i sR adneafti neetd
rati o of t he t ot al concentration of car bona

calcium and magnedqdiRamwaitn eitr il ggt 2di8¥at ent i o
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bi carbonate and carbonate facilit dtHevadntge di s

al2017)
Kell ydos Rati o
Kell yés ratio is a significant water quality

ions relative to the concentrati on(sl sockkakwal ci
al2.0,11; eRapa@lsWgters <wilt harkel astegablieetdor i rri

those witdhee&Kmenddsuiltabee( Hwang reti galt.i,on2017; R

25Geochemi stry of Groundwater

The chemical and bi ogeochemical cobhetit uc
hydrogeochemistry and geochemi caBapk@prcewsrsaes
geochemistry 1is essenti al for assessing the
groundwat € Mo lgluerma t gt al ., 20TBe OBHgaogfe miedt r
groundwater sbar geloyedepempd owatssresi suehaatsi ol
recharge, mineralcppedgpiiimtagaeheecsti ons am
and anthropo@gé&Emewmwitlhhe0il i t Odukdhha, ag88&53 ment
geochemi cal tpreoceevsosleust iaomd of water, al ong wi
activities on grouahlywdanechenmirecaldesteuany nefd rmy

groundqwdtodrn nl ade et al . Hydba8hedhhanll ptoakss

roalt er I nd etriacn i exchange, evaporation, mi
seawater intoreduobhjoonxidatdi @omol ogi cal acti vi
hydr oclenmi odli gmnoundwasyst(eKmsmaguietemal ., 2014
al ., 2013; Omonona & Okogbue, 2021)

The geochtme sClage ohasin is controlled by ge

neof ormation and infiltrati(dBmucfhel1 &gl ii nt o
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et (a2l0.0,8di cated that the primary process goV.:

Kebbi i's the weath@wowneniofa2 @ i h ad inz2d alt & e
groundwater chemistry of the inland areas of
silicate weathering and ion exchange process

influenced by seawater itnigdalanfdl uisdin ngxclsandgd
Omonena(a2l0.n,®Veedallat t he waAtnmeerr iofi sEmyeiugbraal t o s
influenced by weathering of minerals | ike Le
di ssolution of silicrattet mendg e@ma tbeomiad &l nmgrmea
groundwater chemistpgou ing enrog & chtedicnu | Na hgéeyisiceami a r
northeastern Ragtlhpédl otbeeaabw@idahc.lgede he mi c al
model |l ing and chemometric abhelddskbk,,thapegaps
bempl| gee®d hemi c al mo del tl @ olgntiaeql wiecdd Hobgeatoceonted mii cca |
procesuseéhsaasbhonate dissolution, e vi anpf ol ruaet ni coi nn ¢
groundwat erandhemiisnmpaagctthr opogeni cpraoncdeisngesgert
gr oundwaotrmeard-Yagtue Baave a urmderoautgadingdrionugn dowa ttehre

chemistry.

26Geoc helBwN @ladotfi o0Gr oundwat er

The geochemical evolution of grounsdvaagt eirt en
passes t hrough subsurface strata, i nteract.
(Hussainzadeh et al ., 2023; TaGaesehbkmienl aky
is affected by physical, c had rtidwgea | ¢ 0 nacnedn t briad Ii
di ssolved minerals and gases in groundwater
and identi fying potenti al cpnbamssati onnf & a
geochemical evol-uockni nnet adei owast,err edo X r
processes, mi ner al di ssolution and prdai pita
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et al ., 2018; .C\ad ¢t lee miedalalmgde2l0l2i3n)g uses ma
chemical reactions to characterize the chem
systems. Various processes governing grounc
groundwater chemifdterct i avred ymoi suali gkbpdi bmmahy
202 Gearemi cal denodaen dree chioawt compl ex hbhaharwmal wa
response to wvarious champgewsfemitnr e quioht Bmi onm

groundvpatngrh et al ., 2013)

Piper and Dur ov di agd amesr hyeree g eanpH eompieada | t of
groundwater preval ent iisno utthhee aGsgtbed gnb uNe agremiiBag 1
Singth @2Q0Rh3sessed the i mpact of seasonal vV a
groundwater quality i n GangawAdadred4Y¥a nguenoac,h elmi ¢
mod el reveal-sat uhcag h coenhantientge and brucite, ma
unsuitable for iiesi gadi omat uHamapracesgsies wer

changtehbey dnogeochemical n aEtmeerne tkodfa2l G.dh@&h dgur cotuendd w

ahydrochemical assessment of gr ounidnaeggati n
geospati al and hydrochemical approaches. The
area and that groundwater contamination is f

ant hhropogehjtcomattsgegdORper diagram, Chadha p
and Schoeller diagram to tdme oruinldevatt ke clysmied

and its environs, Ni geri a.

Eyankevtanal0.48al uated the groundwater quality
pit in the Nkalagu region bfe mph eagsesogthheentinc aB e
mo d e lt leicthglTiheuéh.ydr ogeochemi cal faciesCa@inal ysi
water type is predodk mainit(aldiQn 6jvlestmapatdwd ar e
concentrations in groundwater sampfloeusnidbeom t
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di stinct al k&t e pebte @2 0.&Xx 3 hiame @ st he hydr ogeoch
groundwater in the upper CrossdiRifveerteaBtasiym,e s
by assemajiimagn tchobencentr ati ons i nc htehnei cgarl o uf nadcw ae
groundwater wer e-cheentntaNgtdl @G s iNGld C @Qi6 &,

CaMgHCg -N-&C@ an&-CiN@ Owoyeenti @202%kX)ami ned t he

variability in hydrochemical properties and
of groundwater in Delta State, Ni ge@da Daendd a r
Mg are the predominant cations in the coasta

the inl aPiderregiittaaHL®s -N&€§Q -8h, aM@ECI@ar e

the preval ent watoeri cf acadioess. pMmortesqgvecrorrel ati
model ling iemdgradsredwthami shry in the inland
silicate weathering, whil e thath efxcthlaemgeoas

weat heringtandal séadwathemng

Theasonal and spati al evorl amaioms od o arrloy nidmn\a
t he Kowadeg Baos idn.t e, tohmeprree haeame it hea t s tetwhddl et e
evolution of hgntdhoeceht e iswdaylfp rfi aocui seasl) e sded M d Ny s

t he IMasiemrveesre at bibmpoanct s of ant hropogenic acti
evol ution ofs gaibssuenndivdahtearei mssues havepliean ai

5 abnd

27Potenti al |l y Plolxli &h &l esnesnt s

Potential | ypotlolxuitci oenl eitme ngr oundwat er itsh eo f S
environment but publ iPCTElBreabt bundwat eprr esearc €
concenthiaat it oesetnadrom si mpanggt s on ecoféfFatemsi an
et al ., 2024; VelvuprPadlEskaraar W tKawiidc hand 20 @ 3

t hheu man body WHR&n airnggdstadd , 28e8vy Nmetdaslt r @aonl,
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originates from industri al effluents, agricu
management, urban ruROEDNntamdngeéoge@nbccsosrt
compl exation and adsdmhmpgtiompacdrsdofedhenxaviye met
include severe health risks, i ncluding neut
devel opment al (ismsmeds datn «lh.i,| d2E®N8 a; Nanayakk

Ogugbuaja,Grdoauh@wat er PT Ghmwatya maifnfaetcetd sbuyr f ace wa

and soi l guality, |l eading to reduced agricul
cro(pklang et al ., 2019; Noor . Soturiadeent i 2024t i
mechani sms, BMEodegmmaewdeoent i al for devel op

groundwater management and remediation strat

He amg tpaoll | anidippoent emu mead arl istho adul t shawnea mcht | We e
t horoughopwmr ey usdchaalde Ko ma d¥aghue Blasvierveew ,stfudi es
i ntegrat e sidaantdi sstpiactail ad & anhdbegesivegy gpadtl d ut iiom | s s L
someocal ities Thar ddhn@mpeheadtd e 9 sgeadp pbhyivn ad

compr e menmmd iylB@ Bo lolf,fstoiuo @ e | daenndt iafsiseeastsisanngi 4 the d
humheal t hori bhsh adudmsmaned cédgiliodnadugual e |

Yobe .basin

28Speciation andP&€oeptl ealalt y oifiro ®&rco LEA cewneetnd rs

Chemi cal speciation and complexation refer
various mol ecul ar (amgu niboina de feotr mesl .i,n 2n0alt2e;r J
Laxen & Harrison, 198The Sc¢lhkakiwealets paelc.i,at 2C(
significantly influences the g¢gecoHhHamniissotnr.y Mern
combine with wvarious | igands, such as hydr

fluori des, to form compl(e&Khaxn ien ar .3 qrROAUS

201GBhemical shTeEsnatgr omndfwat er i s model |l ed b
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GWB Wor kbench, andAgvu rshuiad d eMI eNtT E®I . 2012; J
Khan & Um&hgegmRiBnRdayguati c systems i s €Eoomml ex
t hat of other trace el ements with two major
of mobilityhamanemowibtiet gettal ., 250 kIAkKktwkadbusy
(20r®nducted modelling of chemical speci es
el ements in groundwalteenro bilne seds talktes & ®tde2t0m SNidg &
and chemical speciation of arsenic and hea
geochemical speciati on model | tVing . s offhtewar er ef
indicated that arsenic predémi fantl)y i eaxitdhtee
Khan & (JUJnzetppl| cayieRp H pl ot to model the speci
groundwat emomao 6 m gagpuseppooms tseasons. Their resi
of the groundwdtaé msiontheAdihedaFiedgsiH yi ng r ed

condiptrieoarmasi t he aqui fer.

Research onantiec o meldée @mactieioed earfent s and t heir
groundwat er systYonbeo fBatshienoko nbaedeung uc lo ethdemrcat e d
has mapplicadvapeo®dh eoidedtlloiong such as GWB W
MI NTEQPHRHEQ®& undteres tlaelda v ieoluersse ticdhifer t u mdwat er

of t hdesiesshnebe anddr e stseemt. am 7

2.BOpi demi ol ogy of hkocemaad- glb es ebaassei n n

Renal di seases particularly chronic kidney
maj or pubtsmemoaltthern Nigeria, with an incre
regimoal udengomMatbeg@BAbmad et al ., 2018a; Oni
Sul ai man .etAtall.ea2t0285% of i ndrievli dtuead si sud & ® 1

State are from Gashua and-Nguwurmowrdil mgndar e &ds

renal failure have |l ed to many deaths and ¢
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residents in the region. Data collected fron

January and October 2018, (aAdarmawnyetaSAbhMed ZTOB3Z

et @O1Fao)und t hat 40% of hospital admi ssi ot
communities were for CKD, with 70% of cases
deteriorating environmental and soci oeconomi
lvel of kidney diseases in the region, with ¢
contamination, environment al poll ution as w
(Adamu et al ., 2021; Oni & Ai zebeokhai, 2017
Heavy metals such as | ead, craadgni airm, a rach da rag socec
key pollutants contaminating( ubantwat et, as$

Waziri & Oguglwajsami 2@l@ont ami nated water an
is considered a primary pathway for heavy me
the population has suffered, succ umlhd & t20,1
shows cases of nreant hadsteaarsiEBparntenabf dNE gae
northeastern Nigeria affect al | age groups,
preference f or( Ahnnye dd eemtogala.p,hi 2018 a;HoGMeivrea ma
community reports indicate that women exper.
t han men, although the reasons for t his di
comprehensive epidemiol ogi catluditeud,i essn denr stchoe
need for more scientific investigathuwmasnto

hearl itshk s
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Tabd €ases of seawoarst heast(eAmmeald getr.ial ., 2018a)

Name ofCommunity Kidney disease incidence

Arki Kidney diseasegxist, number uncertain
Auyo 10 deaths

Dawa 1 death

Gamsarka 1 death; 2 patients imospital

Ganuwar Kuka 2 patients in hospital

Guri 5 deaths; 1 patient in hospital

Hadejia Kidney disease exists, number uncertain
Madachi 1 death

Malam Madori Kidney disease exists, number uncertain
Sabon Gida Gabas 3 deaths

Zugo Kidney disease exists, number uncertain
Lawan Fannami, Gashua Several cases and deaths

Lawan Katuzu, Gashua Several cases and deaths

Lawan Zango, Gashua Several cases and deaths

Nguru Several cases and deaths

21 Bt abl e IKBydmoggmpmean Ofxygen in Groundwater ASSE

St aibd ®toofpxeysglet) (and diefud ree praaortfd wad leer D e s

that vary spatially and temporally abwerada wa
range of processe(sGoanit,hi20Q6bt,e @att2dr2Pycd Ge b
i sotopes are used in estimating groundwater
determining the origin of groundwater, recheé
groundwater and i nf(dArzmatzi cen an .pa s2t0 0a8l;i nGeotnd
al . ,. 280&8b1 e i smdlogpdawlveest bwaheextensi vely us.
modern meteoric waters and pal aeometeoric wa
and cooler conditi@mmrsi odt Lalt.e, P2@0 5kt odemeau
et al ., 120@Q®)pe geochaewmimpr enempsiowd desnder st e
geochemical and hydamoalme mif(cBael | 4 pors dectensasle.s, 12n0 1
2019, Salif.u Wndeals.t,an220bhg) groundwater recheé

devel oping sustainable water resource manage
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and ant hr opo(gBeenlilco aectt iavli.t,i e2s0 1 9 ; F a yMeo oekt,

al

(208D&®8d that the distribution of isotopes

several processes:

- Evaporation: This emits | ightefdl6i §0t OPp e
into the atmosphere, |l eaving enriclh8d hea
(T O)) causing water bodies and soil mo i

- Condensation and preci piatpatuiscers: alhdi sc omd cs

at mospher e, |l eading to comnrdeesiusiatiisornt opfi c &
|l ighter precipitation. This results i

- Il sotopic fractionation in c¢clouds (Rayl ei
cool and rel ease moi sture as t hey mo v e

compositiwapmdr water

- Infiltration and groundwater recharge:

precipitation into groundwater, resul

reflecting the composition of | ocal preci

- Mi xiwag er sources: This can modify the

- Sublimation and snowmel t : T hadd roeccctu rt s awbhsd

tgvapouproviding insights into seasonal

- Transpiration: The process by awnhd crhe |pel aasne

t i

water vapor into the atmosphere, resulti

Goni, enmMpOlOcty)ed stable isotopes to trace

water composition in only Maiddidlbautc B@2d0 QI69Q we r

met ¢

out hwestern Chad basin. Mi ddI e and |l ower

ndicating the same evolution, while upper

nvestwiagseredces and ages of waters, t he

30
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gr

Se

e

e

undwater pal «¢o oigh ecnicatinesc c e ke aqui fers of t h

i mentary BasirHhC@gThaywdWwauad, Nthat i s S

eralized, replenished by modern meteoric

a

f

r

n

ers exhibited a palaeometeoric origin,
i etanall.y,ze(d201s&)t opi ¢c compositions of g
water to ascertain recharge sources,

ar RThkeeégs blatss ni.ndi cate t hat | ocal preci
dwat er rechar gt anmitHwesiegnatdigplset ®dgge s
i butions from canal Abme ¢ a(® @& 2eajadniinrerdi ¢ ahte
rical stable isotopic compositions of
principal aqui fer andndeegsvondi egbéedr
oast alecaaad igibopdrgsr reaa iep irt asait,engnd | dbeoap aqu
as the Nile Vat & e kda ehgped eDaail it faa lalq,uiifrerrisg a

eep aqui fers.

ole of sdebtefysogopedundwahne memec htaor g
raefgfieocntse@a shoy a | variationsf aasd reegi 08 :
expl ored. Few st udiles oHavedt @aipi ®e sstiiggnaatt e

dwatgeno uredcwataghanneomsa of e KomatbegBasi n.

abs&pgedWetbtari ¢ RMWLle) fLarn et K¥o bKeo nBaedduigru

Lake Bhadédaewmgp romh ennt eirwpa et ati on of 1 sot oj

ntexter Momevearchspat selhepinal vamidaboans, |

mati c f act elrrsopswecal aCso ntvlea ggtethtcee Ziomrea I( | o rCc

KYB and t he ivwi dearc kSanlge|l Troe qaqidalmr ess t hese ¢

ot opeldlinah@)sitso (@lr wbaindradadhearr g e mMe owpEdma s ms
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RMWLf or t he -Yoobnea diuagyéuien Ch aadn dr eQjahoenl amé&@g@s o n gat e

seasomalogbhimd vamgir@datuinanmsthiemr ge processes.

2101 Groundwater Recharge Mechani sms

Groundwater recharge is assessed by wvarious
water balance, temperature profiles, water |
ot hmord e lalpipmp@Ameasri et al ., 2018; Ei ssa et al

2019t abl e hied gteopesy the origin, pathways and
moves through t heFahyyedreal oagi.c al2Ddlc; lagH@loi edt iac
i sotope tracers I n recharge assessment IS

groundwater redBamges mechmadnismdd21,; Hao et al

Tewode¢twe(da20,8enti fied recharge zones and esti
Chad basin (LCB) wutilizing stable water isot
results identify potenti al groundwater reche
to correlate with water u sBaoguecddeutradlhédg® xlhoey eeda r |
sodium and stable isotope mass balance techn
infiltration in the Lake Chad basin. The st
100 mm/a for the southernnpobheamdp@@i70ofN tiB
an overall estimate rahgnhbgth g@ddndkrdo sed B8O
distributiont®dfi‘t®majtoracieored ;em®ib,hs el ameéntar én
River basin. Their results indicate that the
mi xing surface water and groundw&t dreitlh datdwe, e n
(20a3d)i mated groundwater rechar gl dpiaimncs u
groundwater, r at hAemaetdezro faen da rsepar ionfg Ghnana. The\
recharge rate of 125. 76 mm/ a for groundwat e
representing%l®@f 78nmawmal 8r 89nf al | , and rechail
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AuguEdtimueds(all9.8,8al yzed modern hydrological pr
pal aeohydrol ogy through hydrogeochemical an
groundwater aquifers and various other water
aqui feoendete bccur between 24 and 18.6 ka B
recharge at Manga GCmmakskyéamdwhisl ¢ onegli o malber &
mainly from surface water. Further moca&nt t he
groundwater resources whereas the d&apidaquif

et @@Qxrmployed hydrogeochemical and environ

groundwater quality and origin in Gushegu di
gual ity due to elevated fluoride, b it cogreb on a-
anal ysis suggests meteoric origin, however,
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3 Description of the Study Area

3.1 The SSteutdtyi nAgr e a

The stutigeat earKsobhauktdgébeays i n | (ok¥MB)ed i n the So
part of the Lake -Chsidn gatkiah Healkte iIChad subua
Northeastern NigeriRepnd wlo wthh we sSsehrienh Nrileggei r® |
of Afri 88 1( Flihgeurbeasi n c caweerdss 64 BOP Key ¢ r ma € ¢

2020; CastleHeial, e RaDt0i2Oon i n thdm bad Avi v ar itehde
hi ghest el evation recorddduin 9 Ba@c hoif anhde Jb
contri KitBisonf rionfh AMieg/¢er2adal.9,)The basin i s pri mar
Lake ChikKeomaydugu Yobe and Kosmadtugms .Gahvao rmavjea
t he River Hade@ inee edtnhtba B eNvgeuar uJ awneatf loatnides Yaorbde

River. The Kano hi ghhHeandde jiisa tRiiev efeari enh RBliosuea rcheé «
its source fr(oBmrtahe tJoasl .Bl a2t0el&8Buea®Vir i o Ra vertr i

the upstrtehbbkmdepr & Bfver system. Wathrtogdatbae

j ogdnpstreamt owroWliadirlm t he Hadejia River. Not &
Tiga, Watari, and C@halolmawatGarl ge .Rdmee;s eGaeaans
are | atcautpeset paeths t hevhbadnhr ol amdutf | &®Avs i nt

NadeNgiuar u wet Damds .maliinay used to stthleramowat el

River Ilrrigation Propafelcaod KRdrPt)r.oll tr d sse raV csior
irrigation project: the Hadejia Valley 1lrrig
constructthtedg deda@anw. The Chall awa Gorge dam i s

irrigatiionKRIwat enp HVI P, Wat er supply t o Ka
manageémensttrroulc Alumeetd 2a0l 1.8 )An b almseE Ira i gati on pro

t he basin -NgurtiheWeHaldaendsa ( HNW)GConselIYA2) on
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32Cl i matVe gendti on

Th&omadYghie bass nsaeeadrhtid i &t | decahtaer act eri zed by
drougptronounced saenads csnalniviarciaanbp dridtiyctub lr | fyl
downstream partTheetbpsheewbadsebspove:t tamael dry
seastbi®s weti sxmesroinenced between May aind tSheept e

month of August wbafhreom h@c tdorbyeArd etyas oAp reit!l al

Chiroma et Abouyt 28015% of rainfaldl occurs bet
annual rainfal]l i n the upstmmeam gleoost trhawd 0 @ h e
at Kano while itmwmaaiesndridad ajnona ca®d aalb Ngtur

around the middle of etdhteoeltha sminn.i nRaali nvfaallu e aonfo
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toward t hepadotwsvmshghdeageni et al ., 2Re®e ntAh me
studies have highlighted the i mgadte ofn ¢ lhiems:
(AdegterialkR@atdeyer:i et al ., 2019; Dosi.dcoet al
instlenoween 139371thaprde2fias been a notable incr
| eadiongnore frequent @ardt isewlearel ¥y | iom dti mgg down

(Joshua, 2021; .Umar & Gray, 2023)

Cl i mat e c hianndgicec asateu diiheesse trends are | i kely t.
suggesting a rise in both the in{éAdndutetamd
2021; JosAmaaven&a2de mini mu?te ti empreercaotrudreed obfe t
mont hs of December and January whil €C ains aver
recorded mmethwadfesnMarhceh and April . Theasdownst
exper altowedmount of faaii df ahetthnedt @b @ apemat i on
emi nent due t olhhiisghv atreihapbeislaiatsyo ian i ty of extr
bet ween the wupstream andpodsoewsn scthraelalme npgaerst sf oor
recharge, as i ntdesnsteo rianicnrfeaalsle do fsguerafualocdemart @ m
rechsarigret o (Agereiyfeern s et al ., 2PMaOep\VAulde kasia

experssegoiefi cantdd éhoitogolini tnegn sivitegnatdsiam gqp f tad I r i ver

and inundation add sfuammolumattd srogwllayr edaissr upt | oc
but also alter the natural (€ihalda RRr déyas ®en
Enobong et al ., 20RRe Wanmirn &h &g ayy, m@dBat e r
% and an annual evaporation rate of r2an3g ensm/ y .

from 1800 mm( Acde 2Ar@0 2fme vegetation of t he
domi nat ed by dhernusbes garnads sq caahteltysesr @ d ett r ead s 20z

al ., 2015, Goes, 2002)
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34Gener al Gedlragy gdrmtpdoalye Chad Basin

341 The Geoddéogdy Basi n

ThealChad basin sits on the African Continent
of QGrhet aBemwes rift systamNwBeucrhkaeqg u tlednt7o6m | Lo p
2016)The bedrock of the Pretakbraidarm alsa :ne men to
bysedi mentofdePakaéeészoic t(iMaQuabtchh@§)Tages

configuration of the crystallinesobbabemstner:
sout hwestern and balChlaelr bhalsomddreneat ht hdre s
|l ake resembl es t heg BRrormsetr &nd oqreasled nM2806e6))e Ma d
The structur al geol ogy of the basin consi st s
fl ow and Oleucghbaerngier o et al ., .Tlh®9 @Qg,;e nahau B égeero | eo
Lake Chad basin B23s hporweisnegn tneads ti no fFitghuer ebasi n

Quaternary sedi ments.

25°N

5 , 1 -Carbonderous
g 7 -Devonuan
. {& J‘ -suunan
- ,A‘I\ﬁ"j' N -Cambrian-Ordoviesan
3 7

o2, ) N A -Igneotsrod(.s (extrusves/intrusives)
£ w C b s
Ml ‘» " Africal

RN (N Rloiblic

10% 24%

i

i
5 g

o
A
/i

Main rivers
Secondary rivers
Lake Chad Basin

International Borders

FigB82&eneral Geology of t(hVveaslsaok)o ,Chaddl 2Ba s i n
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34. 2 Stratigraphy of Lake Chad Basin
The stratilgarkegdpdhd mdsitrhecompri ses sedi ment de

back tfhiPe@ima e 0oz dismw swhiyc md ephaxcietoswser Cr et aceous

Continent al I ntedepalsaiis@d kakraconéaocuesa U is n e l i mes
Continent al Hamadi en (C&netamng@oabki nentealcabal
and Continental Terminal of | aRluisdaaod me agda) .d

sedi ment deposits aret b@mpp&€rae tda avandcuodd d © & Mme 1b tl
Comp({ AXxbovbo et al ., 1986ThkKadeakbuahi sétaal g
Chad basin consists of three sandy horizons

of varyingBdr aeomildDe&s$)

3bHydrogeol ogy of Lake Chad Basin

The Lake Chad Basin is covered mostly by Quc:
(Vassol.o, Th2e0 1INogr t her nhapar Aeofi ¢ hdepasih with
dunes whil e thhlsl swild thieh ;nrDprbd d cd depesiunt t ons
various sequences of thin | ayers of sand an:i
guat er nar y Lakfahidfthesri nofhashesome di ssolved salts
above the pe(rBo sah ¢2h0el 6/))Tmeé t mai n source of gt
LalCéhad ibsahse -BRIeiicsClodarmeat i on and the younger (

(Bakari, 20Z%¥4;2a0Maguabuchi

The Upper Pliocene aquifer mhahsepaitthti Ekoml aly:e
| ower Pliocene aquifer. Hydraulic conducti vi
m digy opez2a0l1.6,)The | ower Pliocene aquifer is ¢
3nt hick that is undembfi hhébyCeandséonak ©ér |
Continent al Ter mi nal aqui fer i s connfiinn etdh ewi
Continental TéAwbowabofer mal.i onl9T8hee WUpoppeerz Relti
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aquifer behaves as an aquitard because it i
sandstones of the Lower Pliocene and Contine
causing artesian conditiong Lopetzl vtimlthe 20d
2012)The wupper aquifer has La/ns.aplphreo xyiinmealtde oyfi
aquifer L/ss 2whitloe 3t2he yieaddged Ot hle/(sR&Ewe¢i ea gu

et 2a0l10.3,; e tE dabBItl. 2,)

Studies are | acking on the deepest sandstone
Hamadi en and Continental (Akejicéaneret balcaus2
et al ., 1986 ; Edet. eThaluppéblancdvassaokd, ago

|l argely from precipitation and depositional
rechacgiems t he southern part of the basin fro
areas, rivers and | akes. The Lower Pliocene
their outcrops at the (bAwsvboaviborateralor,. o9 &6
Rechar gesmm/fa awerua ddsMa stea®@mreyda faord Ya®r ® s wamp
in the basin reveals the occurrence of direc
t hpeer col ati on of precipitation accumul ated i
l ow tritiumisvoatl upeessi fgrtidumlwyt hsee ¢ deadr g et he past at
mor e t han (6Wa syseoalros,F i2§@ilrdeys t he geol ogy and t#F

the basin along section AA.
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50 Artesian area of Late Pliocene aquifer (0-50) Annual
Kanem(200) E Mean (m)
Maiduguri Gul'lllmhillld.ﬂ(él tﬂ:‘lga :Trhenhﬂ"gl Eguei Maji ArSSn Aree L:y:g‘n“ —+400
vaporati o
Lake Chad o Wk d $LIVAS o0 775 4 +300

r

Tona
TN
6831 m
|
1044 m
------ Potentiometry of Late Pliccene /| Continental Terminal
j—— Potentiometry of the unconfined aquifer | Heavy gravimetry anomaly
: Quaternary Aquifer l:l Low permeability Formations,
:l Detritical Formations |77 v| Primary sandstones
T‘ Cristalline basement
Fi g8B3@eol ogi ss&lctCromsswi th dept h, drawn al ong
the SW and Faya Hagtg etalue tloa k(éhfe@ BBeoch hBha diemr & W
1992)

36General GCeé&dlragy gdrrgpdhmayrobeu Basin

361 The Geol oYypbef BHemaduagu
The Ko nvaodbueg ub a siiann whnitcengr al pariteatfedmkiez eCch aa

rifasin because of the presence of basement
pattenrmabaemmdce of various comfm@Av élesth ©018.6,) p hy s
The factors controdexisginigeliael o arakhnlkes sj
t hPea-Af r iodcammgeni ¢ event s( MaCuwrlrdye rT KIS 7iiedasmenn tiss L
by basement compl eguirt efkosranasftdi i ogd)d Bam@m@atr arry 201

Gent hon et al ., 2015)
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Legend

Rivers

Geology
Precambrian Basement
////{ Sedimentary Cretaceous
~| Jurassic Igneous Younger Granite
Sedimentary Tertiary
3 Sedimentary Quaternary
:] Komadugu-Yobe Basin

0 125 250 Km

L J

Fi gB4Geol oMap adf gKudonlae uB a

36 2 The Geol ogical-YsbeuB8tsrae of Komadugu

The Komaodouegubassonfstas structure that i's predo
symmetrical folds, whi ch asroeu tdhowei sntanttfr femmadst Ity
to difhbet ederetnrau €i ve rocks, buried hills and

of the similarities (iAwv bsoevibsomied rad f. T, le el t9i8abuw!| tGo
in the basin are mostly in the basement and
Hi emgl e faults are formed withasinhkeuwadzee |
movement al ong t(h-Awbeo vwhaes earte nal .f,a ull ATB6e fObualjtes
the basin terminate below the trhb€gedvaakoansgitl
Tertiary sedc¢mesescdt ool i vi ew, whil e two maj
recognized namel y: t h es olua theweaslt| yt rpeenrds inggt ef natu
pattern characteristic of morftiwasthemst andet
faults that are numeri csalultyhweshbhorntdiemat e gt ¢ at

(Freund & Meheerohdad9dapovihstsi mple and fol ded
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have | ow fold fr eqgfuefineyq uaenndc ya ntbd d rt euadsee s Ttheewa r
part of the basmhml iwthed e aibred Be@austdse aBhermolpdayg |
the basin flatten with depth. Many nor mal f a
various directions in the basin. These fold

sout heastern dAvticatmInd 86, he basin

36 3 Lithostrati-yYobhphBasinKomadugu

ThlealChad tbagetnher wisthidetrHei KYBDBy a monot onous
and the Chad formation. The sedi ments bel ov
southern edge of the basin where (iAlv bmerbgpe sty
al .,. 1DB&)generalized stratigraphic -Yoboebsecr i pt
Bashiaseen pr eAveébrotvebd IteyObaadj.e et10d8lH)e ,,LD2@®4) )

et al ,, Bautrdal 6e)t .al ., (2018)

The Chad For mati on

Chador maitsi otnhe | atest ff orYmmdtei oWwaslim ehEéela&omaad
Chad formation pr esePnlteitshteo cuepnpee rfnoorsma tH loino cceon
of fluviatile and | acustrine that separate |
uppmirddl e and | ower aqui faeafewhmei @Obdjedslek, o
20Q¥a)ri ous col ours of asfgreodn aybed ol wohwgay nwdh iady re e ys
colours. Chad formation is made up of | ight

i nfr eopebdrbtyi zon which indicate so@GBafar maog&ni

Abdul gani yu, 2017; Wal i et al ., 2020)
Kerkerri For mati on

Ke rKreirfroir mat i on i s ¢ harlaacytienrg ztead mboyd ehroartiezloyn t pe
congl omer at e, sandstone, siltstone, grit ancd
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Shale and GomobBaiSanmset &nAbdul gani yu, VaoiLadaus W
mi nerals found in tzhisonMf,ormatilbe, ckhyani sed
tour mal i ne, staurolite, l'i moni t e, and hornb
compl ex rocks and (AdewwiakieSI8 6| | Akoak ©Osuohkdu,
Burai mo & Abdul §hei yarma@oOiddhmh is confirmed toc
of the o@odrlreenmsc eMomfo c od mSipti ensi znoanrogeionl gpWatlseis b a

et al., 2020)

Bi ma Sandstone

Bi ma sandstontehwesatdhderi nmgd offkrnddnc @snidatt guence

of red sandstone and mudstone, which 1lies wu
formation has Cenomanian age as it (iBuertahe ol
al2.0,18; Vas.sollhog, BBONld2s)t one has an average t hi
m beKadzell and KamnhlkomredzeZz@p®@)xTiheel Gongi |l a f o

underl ain the¢ OBama2adsladn)dst one

Gongila Formati on

The Gongila formation i s comdefsta@&i depos iBti maf
moderately thick gméawyrdardls oHiHalceaad canmsehallisll o w
mar enegi r drOberte., A2n0 lalv)er age t hi-&&h em swa sa nrge ma

bWwvboeboall9.B,6gsmei smi c data for this formati on

Fika (Shale) Formation

The Fi ka ( Shiaslocemp ofscerdigpaadiyodiad &bkues samet wme &
gl auconi te, -grypisruend amnalnddtnene in (Berapegeér ap
2018; Wwal i, Da.n kRaink g fedr nad T u o 2N#ads)t dat kdi an |

byObaj e,.Obadte1(p20.pd43 it t hat t he Fblkac ki oghmalta c
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marine origin almost gypsiferous with interc
m was recorrldleed f@odm e, Wwiyi2A/é&lo)e bo(all9.86F or ded

thickmesgieseg Ofair om © he basi n.

Gombe Formati on

The Gombe fchhramatcibyeniisear cal ati ons of sil tst«
However, coal seam intercalationgOlaejee alot, p
2004)The Gombiees Saomg ¢ smabdsdsed sandstones and s
Maastrichtian sode.alltteramlasongohsaiyer a wekl gr it
devel op-bdd a&(rBougsa, 220 L8 he Gombe Sandstone was
estuarine/ deltaic environment during the Ma

formation in any significantOlpajre, on0bI) the

36 4 Hydrogeol oYyobe fBaKsoimadugu
The main sour cetshkemfmagit@gue diwa s e nP laaies tt diee rPd i ©

for mati on and the younger overlying Quatern
f or mathha@ami es | ater al and vertically is esse
mi nor arenaceo| E£€£dmoentd g200n0sBy mauanwdrwat er resour
KomadYgle 8waeirn ved from three prominent sand
separated by thick clay | ayaqgs i(fiBeuersd 2g011.8];he u
Edmuetsla®la.9)The upper aquifer -cvaarrfiieabedvripima c e 8 |
and mostly unconfined in many places whereas
(Edmuend2002heydr ogeol sgict #Aloond Ad e -YKdbma dbuwuagu n

i's pr efieqqBeed i n
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Elevation Chalawa _ Eles ation
Discharge ZoneEvaporative

(m, amsl) Gorge Dam Retun A' (m, amsl)
60— : — +600
A ** Local Recharge Kang
0 |- <500
00— “ME\'HWWP Hadejia-Nguru Wetland | .0
Refurn + *** Recharge Lake Chad
Zone
. - Ba Fecharge
N~ Tone * 300
- +200
S 100
.
[ 0
-100 — === DPotentiometry of the unconfined aquifer W7 Continental Terminal 10
I soa
20 —| [EFEE Weathered Basement Cretaceous 220
a0 | EEE Parialy Weathered Basensent [ Gravity Anomaly -
Fractured Basement I Water Body R . .
400 — [ ] Cristalline Basement @ _ SN L
Quaternary Aquifer 0 § 100Km - :
50 —| [ petrificnl o mation . -,
0 [ iew Permenbility F ormations B S 0

Fi g85@ ol ogioesalc shioownivanrgi agu s f er sforoma tCihan.

Upper Aqui fer

The Uppeirb akarigiemr deposit s, del t aicoo nsa@fkitment
interbedded sands andwhcilcahy sh aosf abne t ewxeteenn sbi vteo
50M0KM,over | yiofg trhoes tr e gPiloeni.s t Toncee nRl is;and and ¢
formation (dJpgperl|lagwni bgr y he | ate Pl eistocene
at so many times. Water i s caormdikhtaiddmesccor shis
average depmhbhBuoefta2a0ll.8,p ek o fp@@L6,)The upper aqui f
approxi mate yil/IdAkafeitezz Q8 9T hFEhheeccarrence 0
l ongi tudi nal dWSHW stolitea e@ dPhgi EN&cene dadge i n t
Komadugu Yo lpa elcedpeny adhwantels ( Manga dune syste

grassl ands that (oAkeurjliieezse tehte aal.l,uva. ¥ he Edm

intedepnessions host many saline | akes that
aqui fer of the dune and occasionally with 1t
( Edmuentd 8a919.9,)Annu al grasses with some perenni

45



covers of t heafdamebow Heolweuvubks, EarnkboptrreiseEnpr Gga

Leptadeni a apnic atce albeipea ,of t he ephemer al | ak
for traditional irrigation cropping and har
(Edmunds et al ., .12999; Goni et al ., 2001)

Mi ddl e Aqui fer

The Midduedamtust®seof the basin area and extenct
whiich separated by a thick argillaceous <cl ay
has an extremely variable «codmmdeirtiiadsngthi €&
from fioeagwavepgor|l y graded @Bdmwmaddldi¥y9,)unc et
The thickness of the aquifer mnlxeiermg etsh es | magxhi
recorded thickness. Some of the predominant
oxide andcrardbanaseaket r é Boerth 2a011.8,; Eedtmuanld.s,

1999)Thi s aqui fer IIh/gsAkal jeytieza®d3,pf 24 to 32

Lower Aqui fer

The | ower confined aqui ftehMapdewgiuo uslay elan own
been extended to the fringes cocbagsesm@tiasd. 1
and gravels and occurs at nananadv ehraasg ea dveaprti ha bol
of abmuitn 89o me ar(eBaasr hoer té& el daaesdg0il1.B,9 6 BedtmB un d &

all1.999)The yield of thé/(sbdwetr2®ilqegdi fer i s 10 t

37Groundwater RechaYogbee iBnaskonmadugu

The Konvaodoueg wWal |l ey iasr dodheoofght wki mmhi hhe uncon
aquioffert he Laker eChekadvesegiexcrharges by deep pe
wetl @bdseCto2a0l 1.1,)However, the aquifer recharge
potentialhabee¢membaisi ned doevceabdeetshes ¢ act the ee
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irrigation farmiagbwi t(laieheGpbllKpenasdhuaglul ow al |
aquifer that wunderlies the Yobe floodplain r
seepage falmannreilvsdrn | tration of floodwater, [
combination of (@&aidt erhr & e.Adokeaslr,ic,s1PWPPEG) t hat

infiltration of rainfall directly into the

infiltration of water through inundated fl oo
recharge-Ngmrda et i andaadiado édHea dRij vSaorb dBvaaslien .et ¢
(20b4pgphlighted t hahteo mmheYvafhleo oRJiivnegr osfy st em i s
component of groundwaiNgrur ue Me & f iedandusmmdast dala.s ,Ha
(2008)i mat ed r e-d Brenmr/ gyee tarhkedirea dbYighle4 Basi n. Rech
3060nm/ year was Castiemat&e Al llivnlei Mahp@a9a&)r assl an
North Eastern Nigeria. Groundwwaegt iamgatsed natt

to 18.6 tHBwsanactyadreat 2a0928) Edmunds
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4 Met hodol ogy

This chapter highlights the materials and n
section of the thesis was develewaedwaes g ouer
(chap38)r.s cEkapwthert he result section densi $tesl

materials and methods section formatted acco

4 ResedMadcrri al s

4.1.1 Materials

The foll owing eampel otyleed mahtoetrdiasl issvedy he over

objectives.

- Gl obal Positioning System (GPS) uisnegd f or
| ocadwumoinsg fieldworKk.

- Wateirp mesedr for measuri ngpOmeater mbagalesnt
EC, ab& water teampeeathreampl sngul ocati on

- Digital HACK Al kalinity meter with Methyl

- ContainegsafiileacbBampl ing basin used for d

- 50 ml pol ysftoyr ecrod | becctttilnegs gr oundwat er s amj

- Permanent malrakbeergsi ounsgeldvaft @er s ampl es.

- Cool boxes wsreoduafdenr staddp@ elpe factr et e nsf er
t hreefrigerator.

- lce boxes ugedwawer k= aiphdngsc oaatl boxes

- El ecSterlildomapeyi ng t hebotosvietro opfr esvaermptk isnpg | |

and entry of air into the sample containe

Field notebook amdupBgpesfopbpchemocdi ngar ame
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- Concentratedasfnort rsiacmpalcel dd iHQNeGs t i o n .

4. 1.2 Data and Data Sources

Data is the fundament al and edsyquodtsidhdt & | lesned
this research were hWwdreaq c b eamdsiotaatibadrey dpda (f «
ge 0os pdattiaal( f or geospati al anal ydideraeuireed ef
These datctédsees groundwat er sdaungp | veesl Icso,l | tewck e dw
borehol es, as ovwdlali nesfoif g lodna onp kd wrisng wet and
seasosogpogr aphi cal mavesoleb &1 hbde &1t eohyntabbeae Bba d
Ri ver Basin Devel opm&he o4 wtgh oorhil ttyd a(t ideRIBBYA )a.r
sourced from t he United St ates Geol ogi

(https:// certmapper.-mapsé omh.igoev /schated /|l appes /i war

Landsat 8 OLI (Operational Land | mager) and

Expl itemps¢/ / earthexpdmreirsusgsi gevboundary

DI V@l it ps: / Qwww.pdigvhad s oi | data were obtain

(https://data.apps.fao.org/ map/ cgtalog/ srv/ er

4. 1.3 Bodd wiam et he Research

Various software usedlOn8GWB sGe cecstbaamicsht aWoerOkA
Exc#i nidadd Oriy3bhlePsgoof t ware used to analyze
groundwater, prepare maps and perform GI S an

software besl pw:esent ed

T ArcGI & 10 .cGIlI Shaisseda maepbpi ng commer ci,al sof
storing, editing, viewing, managi ng, ma |

referenced data.i Are &l Sngiefopat wakyg sised
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https://certmapper.cr.usgs.gov/data/apps/world-maps/
https://earthexplorer.usgs.gov/
https://www.diva-gis.org/
https://data.apps.fao.org/map/catalog/srv/eng/catalog.search?id=14116#/home

T GWB GeocWemkkénchhel 7GWB package was ori gi

t he Department of Geol ogy ofChtamgp aUmginv e I

Geochemistodos Workbench i s software for ma
stabilityeduadsbdbm$¢ eaanodof natural waters, t
modelrleiancgt i ve transport, plotting the re-c

rel at.ed dat a

T Microsoft: EMcero2801L6 Excel I's a spreadshe
to store, view, analyze, and create graph
T Origida3PrTohi s is used for scientific data
prepare various dmoapledgddtmadanalgysies a@amhdt h:

gual ity gmd ameltteirsari ate statistical anal

4. 2 Research Met hods

4. ReXxonnai ssance Survey

A reconmsairyeseo walsot enddwee tihn k abwiuheed gset udy ar e a
aprerequisite to every field iwavodvseri gaey ,on.
' iterature r edviiseomssd s df cosceu so ng.r oAu pdesut,iaefi eed dl ivti es

and sever al phone calls wi-Ydbe¢ hfpaswimke hbbkde:

nf ormation on the geological and hydrogeol o
various aquifers and their characteristics v
and hedasniltlhed waesgpltwhigadh | oves$ sbheatr @atgh e

basin topotgsapbiaadmthpme and to come up witdtl

(7))

ampling method. During the reconnaissance s

—+

enlighten them about tahceq uvampndrr ef shirdceen tod d fh et
and to enquire more about the security chall

assesplmemtt he dngkell dwadri kngo isratag pa wape t @Ad s .
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4. 2.2 Sampling Strategy
20gr oundwater samples were hteohheb&edtdaugu t h

Yobenbasitwo sam@l2i0n ¢ aanpbheetsw eearx hAugust 2021 1
2021 (we't season) and Mar chi gtuor eAp4a.il Rroe2s2e
met hodol ogi cal fIThhweehart sofoft ye oshudagtt er s
each spmphifThg first sample was acidatfiierd avid
PTEsnal ystilsee second and the thirndi osnasmtparedse we
isotopes analysis respectimbel pampbessiwee eoftcot
at each sampling point, one unaci dicfaitd d nfsor
antet als amédlvuyascisdi fied samples forstamdyns
empl oyed composite sampl i ng ,medeoursiatnddu ei stsa
contaminati on hi st erlyecitmve heamp@lsimg f olrhear
groundwateas@obf mptoags meahod was ahipptlareyd dfo
insecurity, bad trandamgraadd abmpd i ngadoramd e a:

of groundwater amadernseatmimi ywaits dme s

The selective sampling approach was empl oyed
basin, including Bade, Yusufari, Nguru, Gur.i

due to their history ofr eglraotuendd wiBit ssed speod y ut & «

sampling was ustehdleano meemnepariosndnd the ter
near Poti skum, Danbuo, Mi s au, and Darazo, w
dental fluorosi s di s etasaerse anroet psreecvuarl ee natn.d Fhoary
roads, which pose risks such as car breakdo

characteristics wer eofacamsise d med shiondg ama k ierag

representative of botdéd samplkingRameém@wmoidasn dw ec
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communi tiahsi swiotrhyowtf groundwater contaminat.i ¢

chemistry, especially in areas | ocated at th

Labelling:Adfl Samplleess col |l ected were | abelle
sampbet |l welabeh| ed aSIXIBX @®KXKBr e tXhseaanprn ees ¢ micat i
number whil e A, B andanp3 erse pfroers enmett atl hse, ancoirdm

maj or anions®tampesl Gnfadcysi s respectively.

Recordi ng :i nifrofrontamha toinon f owa&aaclthmesnathépd & indy p
notebook such as the measur edofphsyasmml@mén gpfar a
sampling point, | ocati on &mododr dionitheeasi lainar yb

infor.mati on
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o T =

ReconnaSLsrsv%

(o

o aliHd

| sotAopé )

\ 4 l
FigurMetdholdol ogi c al FIl ow Chart
4. 2.3 Fieldwork
The first fieldwohdBdWasAuaganbd ¢tod efmbem 2021
t weet season in Nigeria while t h'%eMarecchbhtdo f7 e
April R2ZBRX2 asfsersmsnefnor bot h wet ardatirrdawelsleiarsg

to Nigéinied dvimocaokmp | et ed and apELjdohedvésieeudrpd

coll ectedicecdmweg ktirsd ed bel ow,;
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- Wel | i nventories (wel/l type, wel | dept h,
coordinates)

- Physicochemi catot dnbssssosbrveerdesnd(efdifsondatt i vi ty
(ECd ssodxwegen (DOJopatpeHh,t i al tot @RKPE IEihpi,ty a
temper.atur e

- Water sd@ppmisystnyr.ene bottl es

4. 2.3.1 Equipment Calibration

All the portabl wadalnidihred tde ¢ qfua Iplmewitng t he gu
manual at the Kano State water treatment p |
tested using raw wa(tFkirg varnedC dsl.tizajnr daat ri do ns owl aust i coor
presearceseodrch assistant to ensure the corre
the handhel d equi pment was <calibrated each

mul ti ple measurements in theualiiely datansure
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J

b e e

Figureequi.ppméntbrati on at Kano State water tre
data coll ection.

4. 2.3.2 Field Measurement

Groundwaterwdpompene ! 1 ar 5 minutes to flush

contaminants from the pipe surfaces. Water s
transferred into a plastic beaker for physi
cl ean gl ocakedsn gb enfecarseurte ment s at each | ocati on
as total di ssolved solids (TDS)and Iweltteri cal

measured using a di gidti sls od/amdausotx evai stabD ©nde tuesri,r
meter. The depths of the wells were measur ec

each sampling | ocation were recorded using G
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4. 2. 3.3 Saomupnidiwiagt e r

A plastic bucket was rinsed with groundwat
Af t er,wa& dmL syringe was used to draw water f
througlkmaadetddbt e cel |l ul ose syri ngpeolfyielttheyrl eann
tubes. The tubes were sealed with electrica

| eakage acnrdecspsosambheaeti on of the sampled wat e

4. 2.3.4 Sample Preservation, Storage and Tr a

Preservation of the samples began at t-he poi

mi xi ng. Samples intended for cation anal ysi
HNO acid. Al sampl es were swo4/Ae@ iant a dcarp
with ice packs and then transferred to a ref
wrap, packed in cool boxes with ice packs, a

EngineerintgnlLabosatlygrdgef, SIFrasgtghoce 4. 4)
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OMMERCIAL VALUE

Figure¥r apped groundwater sambippsde h@ vddolanko
Environment al Endinneerismg yLaborSatranyhcl yde, C
4. 2.3.5 Quality Assurance/ Quality Control

The fieldworlkhcwas dtcogduot sed andard met hods t «
results was not compromised. The foll owing Kk

| evel of quality control and ensure quality

T The fieldwor bywsanaompadlapt begdures ( SOP) .
1T Equi pment was calibrated dail ynabbydtoaohee st a
of sample collections. The pH/ Conducti vi

foll owing the guidelines provided in the
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T Protective gloves were worn and changed
and equi pment waat r saengndg Wi dt adha tpiracgne e n t cr

contaminati on.

1T Samples were stored in cooler boxes with
to the | aboratory.
T The accuracy of t he chemical anal ysis we

equati on.
T All field data were thoroughly checked be

T Mul tiple measur ements were taken to ens

measur ements.

T A t-werson field team wabBecokiedgtof fakbeliia

4. 2ZaborAnalrysi s

The selection of chemical parameters for | ab
analytical feacombstiiaiyntasnd S$ewvwamal apotenti al
initially considered for analysis; however,

in preliminary screenings. Therefore, these

ensar é€ocus on quantifiable and relevant dat
were also not included in this study due tc
speciali zed analytical techniquestremebhrgas (I
MSwhilktadas a | ower detecktmadwmctliivielty cOanpmlred R
Emi ssion Spe-OE6ED swhapcyh (WwaGP beyond the avail e
bi ol cagniad ylsrees not conducted due to financi al
potenti al sample contamination before shiprg

University of Strathclyde Gl asgow, Uni ted Ki
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Mg, K, As, Cd, Fe, Pb, MCgaGrd, NOn, weuw,et ®d,o sN
st udy ensure thequalliltytn elnewdnthiddata whi ch &

the study and available research budget.

4. 2.4.1 Cations Anal ysi s

The concentrations of va2@ ogurso wmd watnesr asnadmpg Ire
during both wet and dry seasons, w-O@péei aahl y
Emi ssion SpeO@OESoscCGpR 62CHFP, ThéCmapFe®he&r 7Hc
(Figb)yeThHe ¢ &fTiEasnnasl yaznedd i ncl uded Na, Ca, Mg ,
Zn, CanNiThe filtered, acidified, and preseryv
coll ected f rdumg vvaelilosu sa ththenbdb ae h al & kaenrad ywss esd
A 15 mL portion of each sampl e wascattriaonnssf er
analysis. Samples with concentrations above
recorded dkbeovadiingly.solutions prepared thro

are presented bel ow:

1. A 2% HNO solution was preparpdai nitnicalaildrya

curve.
2.A°5 ppm Yttrium (Y] ) solution was prepare
3.Calibration blank samples were wused for C
effects.

4 Water quality control samples were prepar

monitor instrument performance
5.Samples with concentrations exceeding the

Il i near cali bration curve.
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4. 2.4.2 Anions Analysis
The anions analyzeanMQA hitd uderdc &€t r &t i &MOs ,o0f t
groundwater sampl es, coll ected during both t

l on ChromatClgaphbayse.,.(I1&)7)
Sampl e Preparation and Standard Solutions

The filtered and refrigerated groundwater s a
sample tubes (12 mL( piodyrse yaenbe es Mavi t @ h nd)i s
concentrations exceeding the highest calibra
fit within the |Iinear calibrationqcmrivewadl t
used for cleanbreg andt abnepsepandi hg stock st

standard solutions obu®.4adanallyté&s wedelpPpr epar
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Figurleabdor5at ory anal yPsTieEss of maj or i ons and
| C Anal ysi s

The equi gfroantt hasreaa apdyesdil sf MMret r osep A Supp 5 G
separator (analytical) column (Metrosep A Su
Metrohm CO Suppressor ( MCS) , an el ectrica
controlled Digital Signall Beateaanidng,ampbke e

autosampl er (858 Professiaemalhnn&lmplee i Pr alk i
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Metrohm 850 Professional | C system was empl o
chloride, nitrate, and sul fate) i nc otlhuemnwat e
chemically suppreb@ed |l Gntde cEmnvii g uwen neetnt a | En
University of Strathclyde. The equi pment was
run, with electrical conductivity and anion
anal ysis wasg ctomaluktCedysteamlwi trhda mgeanofacgreq
conductivity. A 10 mL portion of each sampl e
the I C system for analysis. The analytes wer
1 mM sodium bicar boncatreb osmmd e3.a2 mM fd odvi umt e
concentrations of the ions present in the w

software (Version 3.3) by calculating the pe

4. 2.4.3 Bicarbonate Al kalinity

The alkalinity of the water samples was det e
digital titrator (Model: 16900, HACH I nterneé

(Figure 4.6).
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rlen 4si6t u measur eme HACKTf dabkahIlI niti yrasbdnic

Fi gu
HACH I nternational)

Various materials used ar e;

1. Digital titrator

2. Stir bar

3. Deionized water

4. Buffers (4.01 and 7.00)

5.0. N&aul faricda t ri dge

6.1. 6suINf acricda t r i dge

7. Phenolphthalein indicator powder pillow

8.Br omocgr ee®tl hyl red indicator powder pillo

9. 150 miglassbeaker
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10.100 migraduatedylinder

The sulfuric acid cartridge was placed in the HACH digital titrator, and the delivery tube was
carefully connected. The titrant was then forced out of the delivery tip to expel any trapped air
bubbles within the tube. Before starting the titration, paaéteaks at the connection between

the tip and cartridge were checked, and the tube was rinsed with deionized water. The

equipment counter was then reset to zero.

Sample preparation

The preparation of the samples began by grouping them based on their total dissolved solids
(TDS) levels to guide the selection of the appropriate titrant molarity. Two groups were created:
Group 1 and Group 2. Samples with TDS values below 40 mg/L waereginGroupl, while

Group 2 contained samples with TDS values greater than 40 mg/L. Group 1 samples were

titrated with 0.16 M H SO , woup2samples.6 M H SC

Procedure

The steps followed during the titratiarereas follows.

1. A volume (V) in mL of the water sample was added to a 150 mL glass beaker

2. A phenolphthalein indicator powder pillow was added to the beaker containing the
water sample.

3. Starting with the titrator reading at zero, the titrant was gently added to the sample until
the solution turnedolourlessand the reading was recorded as "A," representing-the P
alkalinity.

4. One pillow of bromocresol greanethyl red indicator was added to the solution.
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5. The titrant was then added to the sample at the phenolphthalein endpoint until a slight
colourchange from green to pink was observed, and this reading was recorded as "B,"

representingotal alkalinity.

The concentration adkalinity was calculated usintpe followingempiricalrelations:

- The Phenolphthalein Alkalinity was calculated as

CaCQ alkalinity (mg/l) = Multiplier x Total digit used.

- ThBr omoocgr e-e®tl hyd kragd ni ty was calcul ated a

CaGOotal alkalinity (mg/1l) = Multiplier I

Let th@al®RaCOnity (mg/ 1) = X

CaGOot al alkalinity (mg/l) =Y

anki carbonate alkalinity = Z

Therefore.

Hydroxi de ailYaandnittoyt a=Il 2aX kal i nity = X +Y+Z.

Z = Total( d+¥Xanl FnBitgyar bonate al kalinity.

4 5ArcGIlI' S Analysis

The spatial distribution of various water qu
appl yiimgeddset avacghting (I DW) met hod. The gen
classified using the man(ChhpT ka6t si TTinkeals)oon @&
geol ogi cal maps of the basin were derived b

digital soill map and the geological map of W
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4 .6.e0c heMoidcealll i ng

Vari ous genodle éthé ml@gh i ques wer e empl oyed i n
combination of box plots, Pi per diagrams, Cc

model |l chgoral kal ipnHe pilnodtisc e sP,o (uarbda p)xte rdBioax)g rpd nost

were primarily used to analyze the distribut
Organi zation guidelines for drinking water
facilitated thheffifdeani figcatuinadmnwaobér types ar
evolution. Gi bbs plots, scatter plots, Pourt
used to model the geochemical mechani sms g

speciati omAdoliBwevahi ousheogr (€ChragpWwetr&r, KLy i) e ms

4 72O andH| s o taompaelsy si s
The stabl® adfdtodpedhe groundwatet hesampltesnwaeri

Atomi c Ene(lghAEAR)D ¢ opy ilNabeonrnaathoarnylliomigsticy !l t ur e

irrigat Wanher abdviedt ommentat ory in Blantyre, M
samples from both wet and dry seasons | abe
|l ocations) , were shipped to the | aboratory
4AC, for isotopes dmal jisioz.opehevametrhesdampl i ng

Banda (20 1v#dlr.e, adopted for the grounde&rwhteer s:

BasTlhe isotopic interpretation wad w#,n-dict ed

excessOD,vsand geospati al analysis of the sta
analysis involved comparing thebalegardsi eqi d
meteoric water | ines. The GI| oballf Me@e+ rl @, Wa

as estafllra@Beandyt he Regi onal Met eori c Water
rainfall datasets from three | ocal and four

(ChaptefThe&8)i sotopic results were then compat
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within the Sahel region of West Africa. This
of i sotopic signatures, including groundwat e

andapeour dédhe ibmsin and t.he wider Sahel regio
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5 Hydrogeoandmi Wa trer Quality | ndex
Sustainabil i tYpwbien Bhkemadd da hel Regi on

5. Plref ace

This @heaepteenrt s t he first rle€Le agrrecohu nadhwaap teer safn
col |l ect BKeb nfardddimgbue b a stihne dwead inmahadld al tya eals se s s
the gener al hydrrnigetoiche mbofaagr ebhed waiti @rabi | it
pur p.osTehsi s chapstedwstc at eggobasciad | fyofuosrdb s equaht t
chapters Uy eegkimdoagtziloncghoefmigsrtoruyn d wa t Gur rienn ttlhye,
thetemcodemgrehensive research on the evaluat:.
hydrogeochemical anal ysi sGl-Bvaag eed apmara drydirien

regi onadveronttreextedfthisechapter specifically a

This chapter was written t o Whadrftahle rgeesneca rad
hydrochemical <character i sstuiictsa boifl gy ufmarsvedt rair:
This was &cbstlVedtbmgg gropmnewdt eag ¢$ amplees ir
Yobe basin and anal ysi ngOEISC&no rf ocra tmaojnosr ainadn ¢
ademdyi ng a met hodol ogy that integwadtees qluyadrn a
i ndeerxd geospatoal dantli gy drhoeg egaat heanad raafct er i s
groundwatees alism nachi soimegrebiesr cbhSQaps SaBe i d
and4d)F@rt heirtmooemparess groundwatwart hgd@) i ty ¢
2018 guiodaleitree mine the suitability ¢SOt he gr
ado established the I ink between, ggerooluongdywad re

facies and grouondwat ehegedt.itgy badexn (SO

Thichkapter 4 e®vaeweeér publi shed adr tissM@&PWi §{f bunn

watdefrfefctcl i mate change and antehrrecspoougrecneisc 0a C |
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editing (A.S., R.M.K., V.P., L.C.B., and | .M
(R. M. K. and V.P.), project administration (A
5.Astract

The assessment of hydr ochemical characteris
environment al sustainability i n developin
hydrogeochemical anal ysi s, geospati al analy
hydroade mi cal p hgeucaelsisteys oafn dgr o u n dYnoabtee rb aisni nt.h eT
pH, total di ssolved solids (TDS), and el ectr
a handhel d portable electrical conductivity
Ca, Mg, Kanh wer e anal yzed using inductivel

spectros-OBgy. (TK® maj or anions (chloride, f
analyzed via ion chromatography (1 C). Tot al
usg na HACH digital alkalinity kit by the tit
S 0me physicochemical properties of t he gro

permissible | imits as recommended bykitrhgeg Wor
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water. Gi bbs di Bwgartaems iinntdeircaacttei omdceclock weat!l
domi nant mechanisms influencing groundwater
MgHC® wat er type, constituting 59% of t he

groundwater guality index (GWQI) depicted 6

excellent and good water types for drinking
t heerianctt i on bet ween geology, hydr ocunalmii tcy |
par ameters. The results are essenti al t o i

protection of groundwater resources.

Keywords

Gr oundwastuesrt ai nability; geospati al anal ys

groundwater evolution; sustainable devel opme

5. 13htroducti on

Safe and sustainabl e freshwatosomromi €s aerved 0 pan
t he -bweeilnlg of humanity. Freshwater is vital f
hydropower | gepébamkog, afGamiexweati an . , 20z
Karuppannan, 2018; NamaraThe mbhigoWwaOoadDcedSppla

in most developing economi e(sGarsi ywu oatn dawla.t ,er 2

Kawo & Karuppannan, 2018, Li et al ., 2010, L
al ., 2018; Tr ablHe i-ae&nZ otua-Eaarsit® 0e@r tom of Ni ¢
heavily on groundWwaaees, flox9 9v;arGoonuis euts easl . |, 2
Wa | i et .Qdn s e q2uoe2nlt)! vy, it is crucial to ascer
terms of both quantity and quality for sust
Sustainabl e Devel opment Goal 6 (SDG6) . Ho we
polel wtr oundwat 8raliomguMi geriad ., 2022; Ocheri et
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Various human activities such as excessive u
pur poses, dumping of solid wastes in rivers
l atrines pollute gr-Yaunad wadaitin ain.Thbha0 X®d)nadgga

of the groundwad alr( MAedtgeordmiene sali.t,s 20.21; Omon ¢

Groundwater hydr ogeochedneipctahl uanndaelrysstiasn dpirnogv iodf

characteristics and t He&zawemwualelt cqdal,i t2y0 13f;, d\

Omonona et al ., 2019; Waglhheetc haelmi,st201 %;f Xira
influenced by geol ogi cal characteristics, ¢ttt
formatiiwas errooakeraction, dissolution rates

water that r ecahtaerrg etsik dtithesshl Jaalo.u,n d 0 1 8 ; Kal i n
Kal i n, 1995; Li et.Watlterr QOdl0it WMairs nasseddé&d
hydrogeochemical and statistical anal ysi s, ¢
(Ahmed et al ., .ZIhle9;stMariisnii,ca00m)al ysi s en
assessment elucidates the relationships betw
guality index (WQIl) uses water quality para
ant hr opogieensi comcdv e/ri a(lAh meat eert qgaudal,i t2y019 ; Eg
Mgbenu & Egbueri, 2019; Solangi et al ., 2020
et al ., M2O0L9)yesearchers employed the WQI i n
flexibility, adaptability, and simplicity i
(Adi malla & Taloor, 2020; Al adejana et al .,

2018; Ol asoj i et al ., 2019 ;. Qrahsee MWQleti salal,sc
communi cate water quality analysis results i
presentation to stakeholders, thAl ggdemjeamad @tu

2020; Ol asoji et al. , 2019; Qas e mi et al ., 2
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A geographical information system (GIS) prov
resource changes in space and ti me, such as
poll ution risks, and vul ner abs(lMghye nma p& iExggb uae
2019; Panneerselvam et al ., GR&®20;ar &r anb edlesl iy
devel oping groundwater guality maps, whi ch
variogKawese®& Karuppannan, 2018; So.l alnhgey ear ea
cosetftficient and transform | arge hydr ochemi

(Panneerselvam et alR0]l920e2200;p aTtriaable Itseic h& iZgouueas

di stance weight (1 DW), Kriging, Spil ai n, an
are used to interpret the diAdti mab dtai c&n Tafl ow
Al adejana et al ., 2020; Panneerselvam.et al
The | DW method is commonly empl oye(dAdaismaltl aus
et al ., 2018; Adimalla & Taloor, 2020; Kawo
Panneerselvam et al., 2020; Trabelsi & Zouar

Management of the water qu@Erutgwusenheabded 20
et al .and20sk8)critical for en(VAlradeneanal etqgual
However, access to sufficient guantities of
i mited, particafradl parbhsaofddeaxdd wpe mértg a&lo.u,r

Sebei et. Alsseszmked)t of the quality of avail:

management and wutilization. The quality of
including subsurface hydrogeochemical proce
natur al and anthropogenic activities, cl i ma

(Adi malla & Taloor, 2020; MasMorde @t e, . murRi0@

wast e, i ndustri al wastewater, and (dMdmevatdi ¢ W
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et

al ., 2019 ; .Glaang ylua eei mdl.c at(202B8Hat WHO est

human di seases resulted from poor water qual

Pr e
ass
Ay e
al
gro
bas

pro

Yob
pas

et

vious studies-Yobehibrasi he dKdmadugu ocus or
essments of the groundwater, t(hBairgra rsd m&
ni, 2012; Hami du et al ., 2021; Jagaba et

: 2020; UsmanT®& dRategu, tRO2O3 maivreg beteund ine

undwater quality assessment t hat i-nt egr a
ed techniques. This study specifically a
vide i nfholrematto ot avkad uaml der s, g 0 vrea knemres t [
olved in the sustainable management of ¢
el regi on.

Materials and Met hods

1 Study Area Setting

Komvaodbuegubasin is situated in the sout hwe
i n. |t covers a significant portion of t
hin the Sahel 51l¢gi olrh eo fb afsfirni ccao v(eHisg uarne ap
, 090 wkmh an elevation of 294 to 1750 m a
e and -Gamadgsgbems are the primary rivers
s through the Hadejia Mdguwmrgu i wd tol Adaekyed edfhar

al ., 2019; Goes, 2002; Waziri & Ogugbuaj a
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Fi gbi@&roundwater sampling | ocation, geol ogy
concentrat i eYm bien bkassmand u g u
The basinathiad andeanii d cli mate characteri zed
variability. The wet season in the basin col

and October, with the highest raidmfyalsleasoaurs
from OctobAhméed ApralThe MBOdAdBbgnnual rainfall
a maxi mum of 1360 mm in Jos and 900 mm at K;:
around Hadejia and Nguru, respectively. The
evapotranspioBatmmdry dhanea ied 2l . , 2018b.; Wazi
The basin has higher evaporation rates at th

The annual maxi mum temperatures are recordec
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UC with a temperature of around 12 UC record
KomadYglie basin presently houses more than

KomadYaglue basin provide the inhabitanbmicesi
activities such as fish producti(©Adeyyarit oegtal
2019)The basin is dominated by demppe gegeshai

(Adeyeri .et al ., 2020)

54 . Regi onal Geol ogy and Hydrogeol ogy

The KonvYaodouegubasin is a rift basin resulting
zigzag fault pattern and the abganbevbdbio et he
1986 )Several factors influence the @xc¢cuBsitneamce
' ines of weaknessAffroiraneerd darfoMjceQuiradr lyevieRtm Rl a s i r

i's under | atcm mMpy elxageome&kmrst and sedi menthd)y qual

The main geologi cal structures in the basin
predominantisionntdaweserntt hegaesntd. The faults are |
and result i n grabens, hor sh-asn g laen df aoutlhtesr arree

within the underl-lyasign slkeaeld anesnég ofn ttthe mawe me |
faulAtvdbovbo etHalweyell986he fYoolbdes biams itnh ec oKropnmai d
and folded sedi ments with | ow fold frequenc
frequency of folds decreases towards the nq
ampl i tudes iincreeasout heast direction. The str.
KomadYagle basin wAgsbopvies@d@kdjbe (2e0tQ @dbla.j e ,

20119pez (20t, Ga)Bmag a (2O18) . ,

The quaternary Chad formation is the- most
Pl ei stocene deposit with thick clays of fluv
claystone, mi nor sand, and sofmerirnfgi@equeaeant op
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depo(sBursa et al ., 20168t aMc.CuT R K2eBrEH QIR lo;r mWa liio
characterized by congl omerate, siltstone, gr
Fika Shale and Gombe Sandstone. This deposi
pyroxene, rutil epusmaluirmeé i t b mdaiydadneegtoekaen de th oe
1986 ; Bura eBuraai.mo 28 1Mb;duOlgdae@i Buma 284addst on
above the Gongila formation. 1t is derived f

of a sequence of rdédBusancecst ahte ,aal @ T3] ABONIgd |

formation is characterized by thegr ppesance
shales and silty sandstone, which were depo.
f ormat i ondacrokntsgirsbthsaeoki shale. It hMdasadbtrinclhai a

in aQeapeg,. (T2h0el lypper part of the formation i

and -gfrianiene d (sBaunrdas teatheal ., 2018)

The -PPlleiost ocene Chad formation and the young

primary gbheamidwatemits in the basin. Groundw
by the upper, mi ddl e, and | oweer saegpuairfaetresd obfy
clay | ayers. The | ower and intermediate aqui

i s mostly unconfined or g&8mutriaallty aconf 20dad ;i
1999, 2002; Lopez e.t Aacdc oAkRUONKGE, £ 6V asstsaod Yoi, e | 2¢02L(
2.5 to 30 L/s is common in the upper aqui fer

from 24 to 32 L/s anNdklug itewe3d3=etlL/ad, ,r €0@ect il

The Konvaodbueguval | ey serves as the main source
Chad quaternary aquifer, mostly through perc¢
recharge and pollution hazar d piortreing da tail o rh afvee

practices wWiBdeeithaPb&2bpbakéenCoZhetabhluyi aDlajyu

beneath the Yobe fl oodplain undergoes recha

76



seepage from the river channel, infiltratior
act alone or in combifh@oesnh 1999 ecepLEacCsBdr ¢ he
& Al kaliest{ma®9e)y ai6rO0ecnhna/rygeecarofar®und t he Malil
northeastern Nigeriia.9 Mo ¢evwer ,wasenehmadrisgree tceefd |

(2002)the Nomadbgsi n.

5.8 Groundwater Sampling and Field Measur eme

A total of 120 groundwater samml evel|lWwer e ndo lblo
within th&doKemBdegun from August to October
|l ocation is shown in Figure 1. Thehger cutmchwat

procedAPrHA, . 2GLA2undwater was pumped out of t

standing water i n the Dborehole before samp!
polyethylene bottles. Sampleemsatet at@aticehsuWwe
filtedi &nddawi th 0.4 mL of 3)c.onRemairmitregd snanmp

—h
~—+

ered amsiacgetat@. £ 1 1 ul ose syringe filter

exposure angaskededooheisgseto maintaiml eas tem

were shipped to the Depart ment of Civil a
University of Strathclyde, Gl asgow for furtdHl
tot al di ssolved solids were mealsucemrdduant isvittu

(Model 99720 pH/ Conductivity meter). The wat
the geographic coordinates of each sampling

Positioning System (GPS) .

5. 4Laboratory Analysi s

Groundwater samples were analyzed hfeolAlmewi ma@r
Public Heal {APAAsoROEA®RN) &In of 15 mL whsgrour

collected in a 15 mL centrifuge tube from 1
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inductively coupled pl asma-O&® st i dalAPe i2909Di; o nl
Fisher Scientific) for*@&ialMgs)Ks lodn tdcher amag toa
(Metrohm 850 Professional | C) was used to an
F, 80 N)O in the groundwater samples. The tot
titration with the HACH digital titrator (M

USA) .

545Accuracy of Chemical Analysis

The i onic balancEqgeatbpnwé8Eémphowedunacyghed

the chemical analysi s:

"O6FO = pTT 5.1
where | BE denotes the ionic balance error;
concentrations in milliequivalents per Iliter

is N10. The I BE of the analyzedadgiBobddowat er

5.4 Geospatial Analysis

ArcGl S 10.8 was used to develop the spatial
parameters and the groundwater quality inded>

devel op the spatial distri butci®InS.malphsi si nmetthhec

used because it follows a deter-mbnl dt par mmd e
(Adi malla & Venkatayogi, 2018; Kawo & Karupp
5.4 Groundwater Quality I ndex

The groundwater qguality index (GWQI) i's a
suitability of groundwater for human consump
gual ity characteristics into a (fAdmgnlaé¢ | aneex
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2018; Al adejana et al ., 2021; iKawsced Kar epp

water qguality over ti me. The approach has
empl oyed in assessing the suitability of gro
(Adi mdal laa ., 2018; Adimalla & Taloor, 2020; A
2018)

Groundwater quality index computation involywv
groundwater qguality par ameter, relative wei

computation for each par amedex, aadedg cqounap di v ayt

index as foll ows:

A Assigning a weight for each groundwater gl
various water quality parameters based on t

(Adimalla &. THioboateg2020¢d fluorides were gi v

the vital role they played in groundwater qu
i mpacAtlsasdej ana et al.,. 288di uMaiaphkdeipoetasal um
|l east weight because they are | ess shlgni fi c

shows the weights assigned to each groundwat

A Computation of r eR at ibveed owe iwglst :uskEgu atoi ocna l

weight (Wi):

where Wi is the relative weie@lpth;r awme tdeemot € s
the total number of quality parameters; and
A WwWater quality rating scale: The rating sca

the determined concentration of each par amet
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(Si) recommended by WWHIOd B®OHIBInh| Organedabio

for all the parameter s3vwadbetomputed using Eq
NQ— pmm 5.3

wheregdemotes the quality rating; ci denotes t

parameter in mg/L; and Si is the WHO gui del i

A Sunbdex and groundwater guadiinde xi fdeéex ) cdmy
parameter and overal/l groundwater quality i

(54) &HY: (

YO@Q N Q 54

"Owb OB YOQ 51
wher e Sl i dienndoetxe soft htehnesuibt h water quality part
of the ith parameter; n iIis the total number

groundwater quality index.edTllhen @roourdBwdtigry w
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Tablbe Groundwater qguality par ameters wei ghi
computati on.

Par ame Uni t sWHO( WHO, Wei gw)t Rel at i v éni)
pH / 6.1&. 5 4 0.095
TDS mg/ L 1000 5 0.119
TH mg/ L £e¢ 500 3 0.071
Na + mg/ L 200 2 0.048
K* mg/ L 12 2 0.048
ca* mg/ L 75 3 0.071
Mg+ mg/ L 50 3 0.071
(o} mg/ L 300 4 0.095
HC® mg/ L 250 3 0.071
S@' mg/ L 250 3 0.071
N Q' mg/ L 50 5 0.119
F mg/ L 5 5 0.119
LQTC wQ p

Tab32&r oundwater quality index.

Range of Class ofNumber of% of Sc¢
<50 Excell en 76 63
50100 Good Wa 32 27
106200 Poor Wa 12 10
20800 Very Poo / /
>300 Unsuita / /
Tot al 120 100
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5.8ydr oc hAemail cyasli s

The water types, hydrochemical facies, and g
of groundwat erYobne tbhaes iKno nwaedrueg e dPe rptleirfniead Ws ial
Chadha plot, and the Gi bbdewelagpadisus iTrhhg tPh e
Wor k Bench (GWB) software 17.0. The Gibbs di
using Origin Pro 2022. These diagra@mdi mavkeab
& Tal oor, 2020; Yaoi pthrederestt aald. ,t h20 20)r i ous
controlling groundwater chemistry. The Gibb

calcul ated Wwé)lngnHygUati ons (

Gibbs rati® | = —— 5.6
Gibbs 1l = 5.7
|l onic concentrations in meq/ L.

55Resul ts and Discussion

Groundwater quality determines its usability
with their descriptive B83.atThei cesalrttes pofs:
groundwater gquality parwheRernguyiweke lei ntoehsnp@T e d
an®3) to determine the suitability of the gr
the study region was overlaid on the geospeé
parameters to relate the interactircamebetrwee

( Fi gbri54 3 .
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Tab33&t ati stical summary of the physicochemi:
KYB compared WIWIOt, hgWH®9!| i nes.

. . o WHO( WHO,

Param Uni tMaxi nMi ni nMea HDL MP L PAMPL
p H / 8.2. 5.5 7.2 6.i%.5 8.5 /
EC OS/c 274¢ 15 462 1000 / 5
TDS mg/ L 1757 10 296 1000 150 2.5
TH mg/ L § 704 0.8 138 100 500 2
N a mg/ L 285 2 36 200 250 2.5
K mg/ L 96 0.1 10 12 / 6
Ca mg/ L 220 0.2 39 75 200 2
Mg mg/ L 58 0.1 9. ¢ 50 150 2.5
HC® mg/ L 379 1.5 120 250 500 10. 8
Cl mg/ L 372 0.7 48 300 600 2.5
SQ mg/ L 133 0.1 15 250 500 /
NQ mg/ L 314 ND 4 2 50 50 30
F mg/ L 2. 3 N D 0. & 1.5 1.5 2

Not e: HDL: hi ghest desperarhilesilblima tl;i nMPtL;: Rrah

above maxi mum permissible | imit.

I I ‘ N l I l N

(a A (b) N

Z - 7 |, z e ‘-

T T T T T T
$00°E 10°0'0"E 12°0°0"E $00E 00'0"E 1290°0"E

Figb2&patial distribution of growothwabasi qual
pH; (b) TDS.

556 .Hlydrogen | on Concentration (pH)
pH i s an i mportant g r(ocAudnidmealtlear &g uTaal liotoyr , p a2r0a2

al ., .20h@b)pH of the groundwat®2a)rawgéetd fHnomv
val ue of 7.2 (Babfl et 2g . aMdbloyzedB8sampl es f al
recommended safe WH@it .200885 yws ildfe &t thbey anal

groundwater samples fell bel ow 6.5 indicati
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change 1 n bi oc(hfedmintaalll ar e€a c\ e nokiastbAumroeghowg 01 &)
eastern part of the basin that is dominated
the | owest pH val ues; meanwhil e, the westerrt

has pH values above the mpaesemateeocof Thbalkcicba

al kaline ions from feldspar weat(hWhriitneg, etwhal
2005)However, the |l ow pH values in the sedi
extensive use of synthetic fertilizers (ur

introduced specific compounds that wredern o o

groundwater systems.

5.2 Tot al Di ssolved Solids (TDS)

The groundwater-Yolme thhaes i iKnomaldauwuvariation in
di ssol ved sol b2lls) ( TDIfs ) T FS gaufr et he groundwat
1757 mg/ L, vwilouhe @29 @®memg/ L (Table 2). TDSs ar
i norganic salts (cAAdimejldra & nfsEhieromgat@®@ O0Opr es
Davis and DevWise suts,ed( t66c)l assify the groundw
TDS val u%e4s) .( TAabboluet 85 % of the groundwater sar
10 and 5% of the groundwater samples are per
respecti vde)l.y HiTalh| DS val ues above the mean

Precambrian basement part of the study areec

weat hering of carbonates, saltsbutaendt cc uhifgaht el
of TDS in thisexceclgdarmoge iinrctl aurdaectiioomn bet ween i
ions on the mineral surfaces, as wel | as gr

Subsurfacieoc&nd nwatrearct iiom tthenes e diDfe rvtad uye sq u
ot her hand, were | ower than the mean concenif

the downstream fringes of the basin. This <co
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Tab34&r oundwat er cl| as s i(fDiacva tsi, 0o m nlda. sDeedVi eers t T, D ¢

% of
TDS (mgcCl ass of Groundwater

Sampl e
<500 Desirabl e for dri nki 85
5000000 Permissible for drin 10
10030000 Useful for irrigatio 5
>3000 Unffiotr drinking and i /

5.8 Tot al Hardness of Water (TH)

|l ngestion of water with a high concentratiol
renal failure and the |ikelihood of the form
carbonat e, calcium phosdadhmbakel aa&dTaladbai um2 @:
The TH of groundwXbbe bast hev&Eomadufugm 0. 8
with a mean value( 0db2)8 8 Amp/uwif ABsh e€CagcCrOloundwat
in the study area were bel ow the 5B3g%awywenr per
& McCart hcyl,as(sliof6i7e)d groundwater based on t he
mg/ L of( TGah8. The table shows that about 43%
study area are soft water, whereas 13% of th
category. The spatial distributi5@ma.offheHT fiimu

reveal s that TH concentrations above the me.

basement part, while the seasimenitar gomiuradtee
concentrations below the mean value. Thi s m
dol omite minerals in the Precambrian basemen

5.8 Cal ci uva g(nGas)Mgam d

Calcium (Ca) and magnesium (Mg) concentratic
range from 0.2 to 220 mg/L with a mean value
a mean value of 9. 952ng./ LAbawts p2.c®hi ofel yhd Tgb.

were above the Wor(l WHGe ad&xhi8 nurng apnei rznaitsi soinb | e
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me

ma

t h

Ka

150 md2)1. (Tabkceum is derived from cation

i sso(lAdiimanl | a & ThRHe®roef orR®20¢a variations i n

due to carbonate rock dissolution and i on
rts of tB8bpasiicg@Wrepgurrntes t he ispatheal stvady a
rthermore, the | ower value of Mg concentr a
sin may be because -béatihegamiseacal!l ®fi maghe

gion. The result alemom offvEéal tsb@hdMige edvh & otm

fluence of 1 on exchange mechani sms and di ¢
s{8moi se eThiasl .i,s 2e0vliddent i n the Precambri
ea.

.5 Sodi)umn@dN#&®othassi um (K

dium concentration in the groundwater of t
an value o0f5236 MRl { RPalmlee gr oundwater sam
XIi mum permissible Iimit, while 7% of the g
e mean concéh).raAi anghlf T&ANlal econcentration
acceptable taste and make WARKHA, u2a@lL2;t akawe
ruppannan, 2018; TMaa pshpeat ieal adi.s t r2i0l2wWt)i on
presented in Figure 4d. The concentratior
om 0.1 to 96 mg/L with @2)meaAppv@®&Muembor!l y
oundwater samples havweéeHOK oa@@ddanurma tpieanms sal
mi t 5)TabPet assium is the most i mportant el

natu¢Adi maltlea & Tal oor, F258B20 s hAoPAsA , t h2e0 12

i stribution of K i n KYB, wi t h t he sedi me
aracterized by I ow K concentrations and
ecambrian basement portion. dfhi i ceomudlds biel
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Precambrian basement such as feldspar which
weat hering. Rel atively |l ow concentrations of
formation parts of the basin, wh areecaasmbtr h @ n w
basement, has a hi(ghie§d8 dc)o,n caenodF rl §Bvib pOha Dl e Naat

exchange process of Na with cations on the s

t he iwatckr i nteraction i rhet Hbeasgrno wmmd/watee rd usey st
concentration. Mor eover, hi gh concentrations
rim of the basin due to intensive agricult.

sedi mentary quaternary portion of the study

5.% Bicarbsgpnate (HCO

The concentrati of) oifn btihcea rgoroonuant dew a(tHEOQO s amp | e :
1.5 mg/L to 379 mg/ L, witiR2)a nBe acna rvbaolnuaet eo fi nl
i s known to have (ddadaét se&hd&@al obref2BlE€O€s V.
WHO, (Q@Oild@¢l i nseomcenHC€C@ti on in drinki%g wate
of the groundwater have a bicarbonate concen
(Tab2)e. The spatial di stribution of bicarbon
HC® n the Precambrian basement part, whi |l e

sedi mentary quaternary Chad f b4anati Ohme rcigs om

and weathering of calcite aenndt rdaotlioom toef nbiincearr

in the groundwater in the Precambrian basem:
section of the study area show el evated | eve
activities, whi cohnteennhtasn coef tbhiec anrabtounraatle ci ons
(uddin et al ., 2023)
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5.%hl oridesu(lglgpeand
The concentration of 4 hlaoartthe @Q€loundwdtsul b

from 0.7 to 372 mg/ L, with a mean concentrat
a mean value of 155t/ LExcespevcveioblygr{mabl e
a salty taste and signifies contamination f
(Adi mall a & T@HIloori,d o02dc é&nobrfathengronnalwat i
exceeded the WHO guidelingyg . fdHowdvyenki mgs w

oundwater saompH eesnt haveonCl above 50 mg/ L.

(o]
—

concentrations may be attributed to pollutio
dumpsites and septic tanks, (aArPiHAg | 2wW&dt; e Vaan
al .,. 20rR®)spati al di stribution of chloride ¢
area is preshdmbtedowm CENgunrnei on was observec
guaternary Chad formation part of the study
from agricultural practices and domestic wa
domi nated bgnhighi €hs come t éeiamfiinigt rpatl il wurt amfl
groundwater system. The epttatiodiishribetdgroan
study area i sb4dchoWkHHCei n( Fdilgluplei ne valsue for
drinking water is 250 mg/L. All the groundwa

i mit YWH®&DbI! €20aSlwl)f ates in the groundwater of

of the basin are from the natur al process o0f
artificial fertilizer applications, i ndustr
sul fate concentration in the Precambrian bas

gypsum and -boetarerngs unifnaetreal s I f Vahghgnouf0®a) ¢
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5.8 Nitg atrd (o @ ) e

Groundwatcemt &N nation is an i mpontAammawhae &
Tal oor , 2020; Al adejana et al . . NO2T,at ¥aiimt
groundwater arises from synthetic fertilizer
septic tanks, landfill s(Egadkwadesteihalnian@a®

concentrat i oYm bien bkasmand wgaw i es from ND to 314
mg/ L GZabl dhe maxi mum pecomceantbd &t ilamiitn odr il
50 mgWHO, .20Gr80gundwater with nitrate concent
permissible | imits have been | inkKAditmal adm i&r
Tal oor , 2020; AWbt of20tl18¢ groundwater sampl es
guidelines for nitrate (Table 2). The spatia
54d. It is worth noting that high nitrate col
and the sedimentary quaternary formation of
from various anthropogeni c proiltlruitfiiomat ii can tphre
the sedimentary parts of t'hé het gdyuadevat eTh
varies from ND to 2.3 mg/ L, 52i)t.h Asboonoefa n2 hvea |
groundwater s<aompglead rlndavena exceeding the maxi
2WHO, ()2,01w8h)i ch renders them unsbdeabhewsot hi
spati al di stribution of fluoride in groundwe
groundwat er with predominantly | ow fluori de
concentrations were observedei nbatshen.PrTehcea ndbr
of f l-buecarriidreg mi ner als and geot her mal activit
in the Precambrian basement pget safidpatihae aebta s
al ., ,@i2wad 99t ,Mhl ago2621pMd,i r(i2 0eltif darle. ,s u(gy®eIisa)

t hat hi gh fluoride concentrations i n north
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overexploitation of basement and quaternary
fluoride concentrations coylHarlidad ht etdeant gl
et al ., Theoejore, there is a need for furt

groundwater fluoride in the study area.

5.3 GeocMeecnhiacodils @Gr oundwat er
Gi bbGi bbsshda@e&@@®)t hat groundwater chemistry i

processes: roinmatweat mareirmg/trioocmk evaporation,
A Gi bb(sGipblbostt e ®&d103 the interaction between
(Adi malla & Venkatayogi, 2018; EyanlkwHhue eet
presents the Gibbsfopkotbhasi nfhend&d&obmatdugg gro
mai nly controll edivwat arocikn tweraa cdhiteiram.g/ The kGi b
and anions of the groundwater hvaan eav erraogme Oo.
and 0. 2, respectivel vy, and suggddvial agpe® &1t e a
2017; Vaiphei Oerlty a8%, o202B¢ groundwater samp
evaporation, amd dgicMe mattlees, s smime evaporatio
KYB where the geology is sedimentary quater

groundwat er.
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Fi gu%@i b5h.s pl ots showing the dominant geochei
ratio and (riwshtT)hDS c(ammg/oln)s. r@D:i oevaporati on
weat hering dominance. PD: precipitation domi

5.8@r oundwater Types and Hydrogeochemical Ev
5.830.1 Piper Pl ot

The Piper trili56earf odi atghrea mK o(nraidguugruer Yobe bas
classify groundwater into various hydrochemi
i n groundwa(tledi ncahlelna settr yal . |, 2018; Walghgur al

56 shows the cations of the groundwater are
the anions are mainly plotted in the bicar
groundwater sampl e-Bghveowa telrotttygd .i M htehe rdar
the groundwater -MghE@e> Cdt >h-HNC®>a s@lapS GGl .C aT h

shewhat the hydrochemical types wrescihl tme dh efr ad
and the weathering of ssystame omi nehal Br evc & i
parts of the basi nCl Tahreld pWatseern ctey pds amd ye wb eN ac
agricultural activities taking place in both

study area. It i s-HC®eaohghygebdelheved esbate Na
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fluoride in groundwater systems, particul ar/l

(APHA, 2012; Vaiphei et al., 2020; Wagh et a

1.Ca?'- HCO", Sedimentary Chad Formation
2.Na*-CI"
3.Mixed Ca®*- Na* - HCO"

4.Mixed Ca?*- Mg?*- CI”

Jurassic Igneous Younger Granite
Sedimentary Creteceous
Precambrian Basement
Sedimentary Tertiary

¢prdqaonm

5.Ca**-CI-
6.Na"- HCO, A. Calcium
B. Magnesium
C. Sodium
Q D. No Dominance
E. Sulfate

F. Chloride
G. Bicarbonate

Fi gb6Ri per diagram showing various water typ

5.830.2 Chadha Diagram

The Chadha diagr amsteses @ganpd lbgmidsttroy of grour
groundwater typ¥esbeéenbasenKomaeduGoadha-pl ot s
MgHCe& -MgSQ@CI ,-CNa aHdowbha er types in HBhPEp. stud
The Chadha diagram is a composite represent
extended DUMWaghdeagahhme QlHOdAMg pl ot best desc
temporary hardne(@By amknwvaa rne . eotF iSglarge v2®A &) t ha
al kaline earths exceeded the al kali met al s
groundwater samples of KYB. The Chadha ©pl ot
bel ong iIMgHC®watCaar type with temporary hardnes
basement parts of tihkCetiddy adrvdaCC aHwavteerre rt, y p\
were also present in the groundwater of KYB

weat hering of calcinetaeadPdetambrtieami has amen
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nfluence of evaporation and anthropogenic
formation section of the study area. This r
ilinear &6prgram (Figure
+ - 100 + 2+ 2+ =
Na'- HCO; _ Ca”™ - Mg~ - HCO;
Chad Formation Quaternar L
'J z\:'a:sfcblgn;gls$ou:1ger C)il-ranite 80 1 ” ‘ : ‘ ’
T @ edimentry Tetary % ."‘ *, O o 0%
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p o 0% o o 0
S o e 0 0
£ . . 3 SRR AN
M 2 & * & p
+ * L 4 L R S
= = I * & & " ¢ $ ¢ — T T %1
5 -100 -80 -60 04Q -QOQ D® 20 © *50 83‘ 400
£ ¢ o 2204 ¢ ¢
& L 4
o0 ©
= - '
+ . -400]
A . **
S * 504
Field 4 -80 - Field 2
Na'-CI ; O -M -r
-100 -
(HCO3+ COY)~(CI'+ SO¥)% meq/L
Fi gbtGhaad pl ot showing gr oundWwatber bewadlnut i on

5.81 Groundwater Quality I ndex

The spati al di stribution of t he groundwater
presented8iané&i garees from 9 to 17056)with a
Groundwater in the study area can be catego
excellent water (GWQI 1 060)),, pgoooord weaafteetr) ((GWNI
very poor wat30r0),.GVNd =umf0iot f ¢ rAdd mian kian g (T@G\
2020; Vai phdiheetmaglor,i tz0d0) the groundwater i
about 63%, with good and poor water <c¢cl|l asses
52, FbQP)urelt was observed that the poor grou
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Tabl €eomnitb

Sample Number: GWQI Water Type Sample Numbers GWQI Water Type

L43 34 Excellent L105 18 Excellent
L44 64 Good L106 40 Excellent
L45 49 Excellent L107 30 Excellent
L46 32 Excellent L108 33 Excellent
L47 58 Good L109 28 Excellent
L48 71 Good L110 52 Good
L49 23 Excellent L111 25 Excellent
L50 32 Excellent L112 19 Excellent
L51 39 Excellent L113 18 Excellent
L52 27 Excellent L114 24 Excellent
L53 40 Excellent L115 58 Good
L54 54 Good L116 16 Excellent
L55 110 Poor L117 12 Excellent
L56 35 Excellent L118 11 Excellent
L57 33 Excellent L119 35 Excellent
L58 72 Good L120 94 Good
L59 24 Excellent Maximum 170 /
L60 36 Excellent Minimum 9 /
L6l 33 Excellent Mean 48 /
L62 84 Good
70
1 63
60 -
50 4
%40—
g
:E 30 27
20 H
10 4 10
0 T T T
Excellent Water Good Water Poor Water
Groundwater Type
Fi gb9@r oundwater qguality index

(Yewel pasl assi
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5. @oncl usi on

This study presents the hydrogeochemical cl
resources for drinkingolpear pases, i Salhdle Keogn
analyzed 120 groundwater samples to addadt er mi
over al l gual ity of gr oumsdwhaydrrocihne nK B | u sfiancg

groundwater quality index. The foll owing are

A  The order of the abundance of the major c:
Ca >> Nk > Mg ssand€l RGO 8® F, respect i Ve loyf. Mo r
groundwater samples havandNat otCal, MagWHEgs sCl wi
01®Baxi mum per mikosweMMer ,| isnomes. | ocati sns s hc
concentrations, | argely in the Precambrian

sedi mentary formation parts of the study are

A The chemistry of the major ions in the gr o

(92%) influencetwabtye rweianttheerraicntgi/orno.c k

A ®gHC® s the most prevalent hydKYBR hactiocuant ifre
for more than half (59 %) of the groundwat e
groundwater type oMgHtC®e K4d uclyOdre gapSn@Cils Ca

The -HC®gr oundwater type may promote fluoride
fluoride enrichment in groundwater i n some f
the sedCheedhtfacrymati on of the study arietah The

the Chadha diagram results.

A Based on GWQI , the groundwater in the st uc

qguality (27 %) with only 10% exhibiting poor
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region of the study basin has the most sign

cl asses.

5. Plost face

Th s chapt erssbdds aaddrffuwhatl | ed RQ2 gener al
characteristics of groundwater i rbyKoYR samidng t
a paper-remi awpddjeowrhmplt.er f iContd uacdtd raet seseesde Sg
det ertnmienesui tability of gr obuyn davamga o uf nogdrw ad reirr
gual ity parameters with world haeal tilhTBoer gani
suit adi Igirtowfnodwadtipeurn pwoadsgn v e s biygatoenggpari ng vari
gual ity paWamed eHea lwti { WBIrOg a RiI0Z BRIl oy wat er gu
The case st uaiyCoandddurcees saedc aS@ study on groundyv
classify groundwater pot abi+Yloibtey db.asTi me wgrso wnad
into 5 classes from excellent watheh).Tdhlleasses
spatial distributi on owadgervoeul nodpweadt eurs ignuga |gietoys f
whi ch mohwwas!l igtryoumfd wa toerre hwea rsipersead of fTiheée sba:
enabl ed devel otppi agegy ewdwecdi yest ai erabilre tmae
studyThirsgachapter afiWiot adtdheesaed &0 Piper t
Chadha plot, identify wvarious grounihwveat er
predomi nant water atndpessuswseed. HhH)fe 0T HE ON A
groundwaptredotmy meat ePrecmenbparmins bafsement compl
guat er namay whriacarhot e f | wmompieddadssscolndtriidmut i n.

enrichment in groundwater

The next cbapt aslkkomabdYglue basi n amsexgpd v es tand
i ntegrated approach of cbbemomkttmiodiederrthigfsyi s

di s cfuascstcoornst r ol | i ng telve | gte@ @ dn e nodfaesatl eve || as t
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hydrogeol sgiamal d&roiwgdeae odh evracroiadsutsi t uent s pr o«
groundwater oMhiwheé | stelmedpd @vehbopgmenponécepdual
mo de lhyfdoorcdhee mi c al processes governing -the gr
Yobe .basin
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6 Geoc hEBwualcwtli on and Cavretcrhalnliismgs Gr o u
Chemistry I iYoKBmadogu Sahel Regi on:
Approach of Geochemical Modéling and (

61Pr ef ace

Il n the pr evcihoaupst esrd aOp)a vee i che mtyidfr icehdaegaacg selr i z a't
and water quality anfadry sa sdtedtdagi éngadkaet i an gc ahsyed rso
as s es, swaetnetr gual and grabpaitsoal a sacnearltyasiins t he
hydrogeoahdmpgseundw&bimagYgue BhAssnwas achiev
firahtysainng ifomrs hgarag wumdwat @ maelnspalmopyliensg a met hodc
combhgdsochédmraaltenrd zaatieorn qual ity indices a
groundwater for drinkihygy pompaseBsg waar i awe s

parameters with WHO, akRdd8higoghdeghnhned. t he | i

hydrochemical characteristics, groawnemwat ae
enti r.eplbiadkech basic information required for s
resources in the basin.

Thi s c¢haptaers R&2H Wh atowr ol e can chemometric al
model |l ing play in assesnmseichg ng esancsh e mmifcl aule necvi onl
chemistry as well as origin/source oYolxéhemic
basiAh?2me.t hodelocahe moddatpwamoecenlpl oy edg & wc h enmiecsa li
evolution and mechani s nesh ecnoi(nS8QToy il S nwga st haep plric
KomadYglie basin case studygevhehemiweali drmend h &n
hydrochemical processegr awmdwatl dri.ngTheh er ecshieln
weat her-watgé rotcikdrerias t he dominant mechani sm
chemiTshter yr esearch questi onSW&ELo nalusd addraseses

determine the sopacamerk egeraotu nodwathermiuwsailng ¢ he

102



appr oMwclhtéi.sdraitatse i cveoll VReregd ysie ar 1 enl aPtrii onrc i gorad |

Component Anand sHiser(&@rCAi cal ClusterdAnal ygi

the sources of <chemical e.l eTmeing sc hpa petseernt a li snc
i mpact of seasgrnaundvwaatiearbiHy dryo cohne mi c al pr oc
( SBOAl ongsnivieest i ng geochemical evolution and

of groundwat@roumdweateerbasampl es of wetto and ¢
ascertain the effect @@eocsheeansiosntarly voafrA talbe | igt
conceptual model for geochemical evolution a

i Komad-Yghbe basvienl s .de

Thi sptecera was written-ragi eawemu bpl a pséudaidiorh pbEl s e

Hydr al (Reygi o rba l Studi es

Paper Reference

Shuai bu, Abdul rahman, Robert M. Kal i n, Ver nc
2025 . A Gebovcohleurtiicoal and Mechani sms Controllin
TransboundariyokKkem®&8as g n, Lake Chad Regi on

Chemometric Analysis and Geochemical Model in

57(Novembe09802ddi 1020. 1016/j.ejrh.2024.1020

Aut hors Contribution

Conceptualizati onme(tA.oS3.ol agep f RAMSK) XY A. S. , L.
I . M. L.), val i dati on (A. S., R. M. K. , and V. P.

resources (A.S. )wrdiadtoanigagu rnatli odnr a(f A. P.rpepar at i

review and editing (A.S., R.M.K., V.P., L. C.
supervision (R.M.K. and V.P.), project admin
A.S.) .
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6.2 Abstract

Study: rdpeostudy i s conduct eidvoibre tBhaes itnr,arnakae
region, a critical groundwater resource shar

Republic.

Study: foocesresearch investigates geochemi ca
constituents in groundwater through an inte
model i ng, mol ar rati os, bivariate plots, and
240) were collected during wet and dry seasao

of geogenic and anthropogenic processes on g

New hydrologi dak fnsdghgs revealed that Cl
ant hhropogenic pollution. The Principal Compo
associated with geogenic and anthropogenic

weat herragchikiad Cluster Anal ysi s hi ghligh

evaporative influences. Gr oun duwlEtOe r aill tNae |
types and is significantly undtee,satthiowadle ds ava
variations show saturation in some sampl es.
at mospheric pCO in nearly al/l sampl es sugge

Gi bbs plots, mol ar r awiitols,chalnar dalvida li&&iAe ipn d
l' 1) confirms influence of mi ner al weat heri n
system. Few | ocations show evaporation durir

insights for sustodi mgawluer dwarn aagreimemmonwr @ae $ di m

Keywords

GroundwaterMulguiavartiyat e statistical anal ys

Hydrogeochemical characteristics, Anthropoge
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| ntroducti on

hemi cal modeling and chemometric analys
ndwater suwdetmainmafiolri tpyat albhlee fr eshwat er
dwi de due to population growt h, i ntensi
ndwater from both geoddwntehndt ant hr opo©:¢
l ., 2020; Mohammed et al ., 2022; Samtio
. ZhangGrdumdwat €r02@r)ovi des dr i-tnkkiirndy ofat
wor | do(sl sppoap u | aetti oanl . 20s2 0g rSehsewnlgt ,e t g rad u.
exploited globally, exposing It to sig
ad&t umal ai et al ., 2022; Ha et al ., 2022
g et al ., 202XN;s eaunegn telty ,alg.r,ound2mMa)t er q u

ral and anthJaolpbgeati calpr,ocz2&Gx2;s Mohammed

; Subba Rao &nc€hadidhmgryacl0n9d9) such as I
exploitation of wel | s, accident al oi |l

ewat er, sewage, and i(nAtwear ssihv eetusad .qgf 290y2r
2024; H. .Khbogaletpradces O 3)hat influe

u dveatreorc kr eactiredsctioamdapreni pitation ar

rial s, and groundwatefEremahlaaigeetandl|l dj sZ
2019; Sikakwe & Eyong, 2022; Wal. et al
ndwater i s esiaenti GEbumabai deandl semR019
mmed etAqauli.f,erx0 2i2p Keo maadsuigru ( KYB) are at

degradation due to overexploitation, <cli
anthropogenic activities such as urbani z
iscriminate discharge of solidGwnaistets aln

; Jagaba et al.Gro202dWwatwWal ovetr ealpl pi 2a@Zgi
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domestic and irrigation water supply makes 1
degradation. The primary occupation of the
fed and irrigation farming, coemenbstimg N$ i
(Adeyeri & Arnault, 2020; Ahmed s altuci daD18
groundwater in the basin meets the necessary

have recently been iYodnredulca seidn itno Kewrmaldwatue ¢

(Abubakar et al ., 2018; Bura et al ., 2018; C
2017; l brahim et al., 2021; Jagaba etlmal ., 2
contrast, geochemical modeling and chemometrtr

remain chall engi ntgh oarnodu ghhal dyi m ontv leyset th alsaét eend

Geochemical model | i ng and chemometric anal
worl dwide to determine geochemical evolutio
c hemi(sBtarnyda et al ., 2024; Ding et al ., 20214
Mohamed et al., 2022; Sikakwe et al., 2020;
al ., 2021; ZCehregnoentet ali .c, a2@2¥)si s i nvolves i
gual ity variables in a | arge hydrochemical d
met hod, whi ch invol ves evaluati on of eact
i ndi vi dualhliyc/ads ifmegt bhgordasp al . |, 2020; Rezaei et

202Dhe most effective way to examine hydroge

into geospati al clusters with siniliar ecthaala.
2020)t facilitates understanding(Abhdebakzgikne
al., 2020; Asomaning et al., 2023; Gautam et

et al .Gr aphaz)al met hods for assessing hydroct
mul tivariate (sGautissmietalalanal G623 3, Si kakwe e

201PLA is wuseful in reduction of | arge dat a
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interrelationship between different hydroche
understand sourceg¢Jaehdnextent . of.2pPH@®A uil¥a buns eef
in identifying groups with simi(BRlrumalaaiacedte.!
2019; Kumar et al ..Grd0@h8waZrRrougetbcalemi s2034)

by geogeni c processes and ant hhropogeni c ac

l' ithology, travel time of groundwater, geol 0
agrochemi camakppl geathembsc¢al charactekiagatio
et al .HowzW20) the chemical reactions betwee

and characteristics of water t hat recharge
characteri st i(cGheonf egr oaulnd wa2t0e2r0 ; El umal ai et
Kal i n, 1996; SiThgegmhektdreae,l .t heOil@)eracti on b
components of aquifer defines the general g

i nf or mat iwant eorn irnotcekr 8a taidan grnoadss 2022; Kal

The transbounYoabrey bKaosmand,ugluocated in the Lake
by intensive rainfed and irrigated agricult
activities. The main source of wowmas$equeastplpy,y
significant exploitation results in a wide r
degradation of groundwat er guality/ quantity
groundwat er guality in-Yobesbmanshbeuerdeadrays Ka
research using integrated geochemical modell
Previous studies in the basin focused on | oc
overl ooking broadeceshsyedsr ogerddbckhami oabk pground
sources. Therefor e, this study has uniquely
bivariate plots, mol ar rati os, and chemomet

anthropogeni cumnchwatuemcelseminsgrgpcat ea basionf e
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into the i mpact of mi ner al weat heri ng, i on

agricultural activities on groundwater qual.
i's critical for sustainabl e groundwatwat e man
evolution and distribution of geochemi cal p

KYB was established. The findings from this
deciimaloeams devel oping newscalsenglybbei nmanagegi

strategies in trisobbobhasianyaikKed mbldegwi der Lak

6.4 The study area

6.4.1 Study Area Settings

The st udyt raarnesab oiusn dtahvey b & o lma &huagsu na osfubgr eat er
basi nrelRi)g The basin cover’s adpprodpmagrabpnit
of the basin varies from 294 m in Yobe to 17
Yobe river systems flow throu@Ad&ygbeirevenl a
Gana et .&ahe, Ha28&B)a Nguru wetlands and 1its

di fferent economic activities such as agri c.t

over 20 million pepptieyerisi @i ngl in ZKWNBObaAhm
has national and international val ue due to
and wetl ands, whi ch boost s l ocal , nati onal
transboundary integrated water eass awmr cteh emalna

Chad n(dA&giegreri .etThad .c| i2n@a2t0e) 1 niatrhied ,b acshianr aicst e
by frequent drought s, significanftAdegiemf alelt

2019; Godbhe bB9DN has an average annual tem

January and 40 UC in the months of March and
40 % per year. A mean annual precipitateion of
of 400 mm were recorded in Nguru and Hadej i é
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annual evapotranspiration r at e Aodfe y2e0r3i nent/ yael a
Shuai bu eThealbagsi2®2i39 characterized by arabl
is dominated by a variety of shrubgq,Adkgrsge (¢

et al., 2019)

6.245eneral geology and hydrogeol ogy

Geol ogically, the basin mainly consists of P
guat efronranmayt iJaum sysesunmbg er guréhh Y esTli&Ei Brecambri a
compl ex comprises dGAfyrsit@adnd i orogercykst lodt hPaavne
overlain by(8obhongeer reffkateqnm@foRt®i) ggmdii & s,

schi st §Af aindaf®aqgr ani tes that are mostly igne
by shall ow weathemped mbals @lhiehymi afer dalowcompos
Precambrian basement complex are plagiocl ase
i's oveRdlaatnodyaat ernary sedi-aeanturf@dpggsiatssicn
youngercgmpeayseestes, bi otite granites, gabbr
ri ngedytructures aroundKuNduwuwgand DRiitrsiewa iS.hiThae
composition of the younger granites are pyr
pl agiocl ase. The stratigraphical sbeagsueenmecnet 0 |
compl erai spzbewer Cretaceous, Middle Cretace
Cretaceous, and CMaduamwmdhil dermlnal 2006, O
sedi mentary quaternary consists of a fine 1tc¢c
Aeolian deposits. The valley consists of ¢cl:
basin pattern formed a compiltelxk samdwrtfacel al)
(Descloitres et al .., PWd3Chdde fCorzmetti oanl .h a s2
sedi mented from the Late Miocene to the pres

and cl ay( Sehlueamebrnut set al ., 2022; SWwaldi dubeskamnid
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alluvialbcdepssihtes S@damepanary of the basin &
deposits as parall &li lnnimkigtels saxtleptdhngofsdbett

influence the r i WHearussay, s tMang aar oaJuarhdu nK a fainnrd Auy «

The primary source of groundwater in the bas
PliPbei saobgielhlkeaceous sequence of Chad For mat
and recent Quat erélac)yh es ebdaismenn thsas( Rihgr ee di st
the -easté@&rn parts: upper aqui feGonimiTddl®d @6 )a g

upper anadgqumafckelsaccessi bl e for exploitation.

-

iver floodplains al dNgurHadwe¢t laamRRd vy epr @awnidd eHs
shall ow depth (MhubughetThae . uyypeRddrd 8ynconfi ned
consists of quaternary deposits, i ncluding
sedi ments of varied sizes. The aquifer compr
bel ow t he watodarhetrahulna,t sandcatned vy t he upper B
confined (tBourcao nefti naeld ,, TB@18B8hi Ghkness2006) he uj

from 15 to 100 m with depth to water table o

rainfal]l runoff and has a t¥dagMmdssbuichy ea
2006)The middle aquifer is composed of sand
and diatomites, as well as sand fractions of
and feoxides. The average transmid sdayviwher ef:
the | ower aquifer has a trandmiaysi vity value
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Fiugel( &8t udy area map showing sampling | ocati
model . The pink triangles r(elp)r eGemdr glriosuend wg
map showing groundwater flow direction and
cr ossesct tAd\p oA Kixmdeéeudgusin showing different
recharge and discharge zones and the groundw

The KomadugluYobe River exhibits a seasonal flow pattern mainly between the months of
June and Decembébescloitres et al., 2013} Groundwater availability is dominant in the
southern parts while the northeastern parts have some surface water resources. Groundwater

flow is directed from southern parts of the basin to the northeastern parts towards the Lake
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Chad (Figire 6.1b). The flow of groundwater in basement complex aquifer system is highly
localized. Recharge likely occurs in the Southern part around Chalawa gorge darthevhile
dischargeand evaporative returmccuraround Kano towards Ringim. Moreover, recharge in
the Northeastern parts is predominant around the Haddgiaru wetlands through
KomaduguYobe valley and Lake Chad region. Groundwater recharge is focusedlands

and KomadugiYobe valley and through seepage from river channels and Hgatidn of
floodwater and runoff along the Yobe floodplé@arter & Alkali, 1996; Le Coz et al., 2011;

Maduabuchi et al., 2006)

6. Materials and met hods

6. B5rbundwater sampling and | aboratory anal ys
Il n this study, 240 groundwater sampl es were
borehol eslugndvehdamsd over two sampling campaig
(wet season) and March and April 2 0f202r (adr y
mi ni mum of 5 minutes before sampling at eac

free from contamination by borehole pipes an
bottle was rinsed twice witBGrguondwaweart esamplo
then filtereth Bbhbebagk aebDl d4bose syringe fil!f
bottles: one bottle was acidified with 0.4 n
bottle, reserved dfotr wma wind iafniad d/.si Gr,0o wacdwat e |
watertight I|ids and kept below 4 UC in iceb
Environment al Engineering Laboratory,soUni ver
each samplwed ewenar ked using a handheld porta
and pl otutréeda .onPrFiigr t o water samples coll ect
(EC) wer e imeasuraed eiach sampihieng Idacgattiadn ew
conductivity meter (Model 99720 pH/ Conductiwv
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standard solutions before meadsirtememsi. ngoda aH
digital alkalinity titrator (Model 16900, HA
cations (NandK,FeGa,weWM@e analysed with induc
emi ssion spé@QES,omeGAR 6200P, Ther mo Fisher Sci

anions §((CINOWas SHchieved using ion chromatog

Professional I C) .
6.2 Quality control and assurance
The quality of the fieldwork followed stan

groundwater isiampl measundemant swercealei ri etl edd elyga
the start of field measurement using standar
of action and standard operating procedures
transpemrtesteirovra,t i on, and in | aboratory analy
contamination #&APHAec 2BDaR@metd yygy s accuracy a
were confirmed by running standards and bl &
hydrochemical data were ensured by assessin
acceptable threshol dpeifcdintladge% owi tvnetsiagmd fd

below N 5 %.

6.8 Multivariate statistical analysis (Chemc

Various hydrogeochemical studies conducted

including correlation (&umiax ae&nhalaysi s ,20RBA,

Samtio et al., 2023; Singh et al., 2017; Sub
et al ., The2g&) met hodol ogi es are employed to
identifying pollution sources and t(oReezfafeeict i

et al.The2®2z@posoaebbati on analysi s, PCA, and H(
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using Origin Pro 2023b to determine the int

poll ution source distribMobenbadsi gr oundwater

6.8.1 Pearsonds correlation analysis

Pearsonds correlation analysis was employed

ascertain the{(UlilaheePebbhtspnB@hBpson anal ysi

to identify anthropogenic activigresndwdt em
chemistry. Maj or i ons, such as nitrate, sul
aquifers through municipal waste, the applic

and organic an(dwalnioregtanailc. ,wa2sOtled9s; Yang et al

6.38.2 Principal component analysis (PCA)

PCA was wused to elucidate the relationship
par amekKemar et al ., 20 118t; wasu applale.d, i2n0 2t3h)
potenti al sources of poll uti on, and statist
Varimax rotation met hd&Kuwmiatrh eKaiaser, R®rli@al iYz
The PCA was carried out on 13 groundwaKer qu
Cidt Mg'CIHCOB80 NO,F and Fe. The basic steps f«
standardi zation of data and eWalaict eb.nalbf, r
Principal components (PCs) with eigen value
vari alml eeshe respective components with high
significance regardless of sign. Ps. 5@rne ce¢

moder aitle. 7(500.)50and (skurnoanrg e(t>0al7.5) 2018)

6.38.3 Hierarchical c¢clustering analysis (HCA)

This study adopted HCA to classify the groun

(Li ma et. aMorn e ®2wWelr9,) the studpdempiCayedi ne W
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approach (mini mal variance) to find the bes:
interpretation. Di stance between sampl es wer
61)). Dendrograms are widely used to show hi
t he associ at ed( Sluibrbkaa gRea od i & t @m &Téhdeh aad oy h e s2i0viedn) €
correlation between the hydrochemical par ame

constructing a dendrogr am.

Q B »w o 61
where dxy represents squared Euclideaan dis
di mensiangl ispacsed to def i(nKeuneaarc heti nadi.v,i d2u0all

6. 3 Geocnhoedneilclailng

Groundwater chemistry is mainly influenced b
mi ner al jwatnedr reoqtuélluinbarliauim et al , .2 0S2a2 ;urkau mea
index (SlI) elucidates the equei2l)i)br iThre lye toweada
saturation indices for KYB were determined
17.0. SI value of zero shows that mineral s:

positive value isoaft uSlatsiadsioffinesiwvacvwear and neg

signi fisest uuraderon of minerals in water.
YO ¢ 62

IAP represents the ion activity product in the solution, whike tepresents the solubility

product or equilibrium constant of the reaction

6. % Cinll&krad i ne indices (CAIl)
The chloroal kaline i ndices (Eqgs. (6. 3) and

occurring within aquifers of t hestsuttubdeyb eatrteear.
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under stand gener al groundwater c h eimiad terry ,
intera€heonnst al ., 2020; El umal ai et al .,

Si kakwe & Eyong, 2022)

0000 —— 63
8 & "000 64
Where all ions are measured in meq/ L.

6 . Besults and discussion

6.8 Hydrochemical <characteristics

The hydrochemical characteristics of the groundwater in KYB are presented ir6Tlaldlbe
concentration of hydrochemical parameters in wet and dry seasons groundwater samples
displayed a wide variation. pH values varied from 5.52 to 8.24 with a mean of 7.2 in wet season
and those of dry seaswariedfrom 4.81 to 8.30 with a mean of 6.4 indicating acidic to weak
alkaline water in respective seasons. EC ranges from 15 tqu&7d,with an average of 462

pS/icm and54 to 3560uS/cm, with a mean dd38uS/an in wet and dry season respectively.

A significant number of samples in batkasonsiave EC values < 15Q05/cm while some
samples have EC value between 1500 to 3®@mand a few of dry season samples have

EC > 3000uS/cm Thereforethe groundwater in this region is largely fresh to brackish water

in both seasons. The total hardness (TH) values of wet season samples varied from 0.8 to 704
mg/L as CaC@) with a mearof 138 mg/L as CaC&Most of the groundwater samples in both
season@ppeared to be soft. However, few sampleggefrom hard to very hard waters in
respective seasons. The major ions dominance occurs in an order of Ca > Na > K > Mg > Fe
and HCQ > Cl > NGs> SOy > F for cation and anion and Ca > Na > Mg > K > Fe and NO

HCO:> Cl > SQ > F for cation and anion in wet and dry seasons respectively. This variation
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in concentration is likely due to various anthropogenic and geogenic processes taking place
within the study area. The hydrogeochemical analysis suggests that the wet season groundwater
is mainly characterized by Ca, He@nd Na, Cl ions and those of dry season wersinantly
characterized by Ca, HG@nd Na, NQions. This resonates with the findingsvidang et al.,
(2024)that the main cation and anions in the groundwater of Hutuo River alpluighl fan

in China were Ca and HGOSimilarly, Samtio et al., (2023yentified Ca, Na, HC®and Cl

as the main cation and ions in the groundwater of chachralistrict in Pakistan. The
dominance of these ions in the groundwater of the study area could pos$ibtysthe
influence of rockwater interaction and dissolution processes of plagioclase, amphibole,
pyroxene, orthoclase and biotite rock minerals as well as contamination from irrigation return
flows, synthetidertilizers, potassium compost, domestic and industrial discharges, leachates
and nitrification from i latrines(Shuaibu et al., 2024; Subba Rao et al., 2022; Yu et al., 2024)

It is worth notingthatthe high nitrate concentrations shown in Tahleduring the wet and

dry seasons were measured in open dug wells and boreholes, where significant pollution is
attributed to agricultural activities and leachate from unimproved pit latrines, particularly in
the downstream areas of the basin. This coratkewith the findings ofGoni et al., (2023n

parts of the Hadejidama'ardkomaduguYobe Basin, where a high nitrate concentration of

approximately 1003 mg/L was measured in a dug well affected by agricultural pollution.
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TabbkEDescrisptait v shtyidcrsoctfe mi c al par ameters of
groundwater.

ParameWet Seas Dry Sea

Range Mean Std | Range Mean Std I
pH 5.182 214 7.2 0.6 4 .i81 30 6. 41 0.5
EC 162, 74¢ 462 470 583,560 538 590
TH 0.i804 138 125 511, 280 139 180
N a 2i285 36 45 1103847 33 40
K 0.146 10 20 0.iT73 9 20
Ca 0227 39 35 1.i3%99 40 55
Mg 0.®8 9.9 10 0.@9 9. 2 10
Cl 0.1iF72 48 70 1.i645 58 90
HC® 1i%79 120 85 0i220 6 4 45
SQ 0.in33 15 20 0.i2A226 16 30
NQ ND314 42 55 0.19427 65 140
F ND2. 3 0.3 0.5 0.i%5. 4 0.7 0.5
Fe ND19 0.98 3.0 ND12 0.66 2.0

Note: Al units are in mg/L except and HKG nmen

OS/.cmPeaSt:andard Deviation.

6. Chemometric analysis

6.®. 1 Pearsonb6s correlation analysis

Correlation analysis provides an wunderstand
assessing their comnunallg horeitgiand .an d2/0dEn7 s oNarl g
62a and b presented the result of Pearsonoés
wet and dry seasons. Eré= sa.r&®¥y,l OyNa(idy,roedsalt)e, d
Mg(r?=0. 73 )%= OI. 8@ )sr’=amd 789 and is moderately
(r=0.61) in wet seasm=s G.ampPy,eGNT Mph,ed @HE] . THCI
= 0.74) r’~a0dseaqy . 67(%= RO60) correlates wit
groundwater s&mhplB2s uftERd| &b)SSM There was a we
bet weenKEE aOn.dd 1)s(r?=amd 3NQ in wet asedE¥n gr ot
0. 47HCeEOIPd 0.29) ingrbendwpteeas@mp.l esH (dTads el
correlKteiowiO®d h ,3(r&i. ND), both of which show

118



bet ween other variablegys. i Rl weti cdeaslhowyg Tabd d
wi thssddC80@and weak correlation with all ot her
shows no correlation witHsiaghi fciacamttiayees wnt
parameters inpHWegiNKQsdandnFexcHpti ke the wet s
correlated with all/l water 3quRl i awyd phe amehec
ant hropogenceand NO di splayed strong positive
suggesting they were derived from both hum
application of chemical fer(tBddtlzier set sa&lwa,ge?2
et al ., 2024; Khan et .alAgai 8023 t Mamen de s p6E
positive correlation with AIlI'JF amadi Bé) esonnr a
wet season where the asdsamd aFé owmhiich vehgygwwemd
This could be attributed to the intensive us
in Kano I rrigation Project (KIP), Hadej i a Ve
along -Ngdepytsparf (8krubdialu netT hailns wiiddi@2dhe fi nd
oBi jSaiyngh & Cr atstwatl | f e r(t2i012i12 er NS @ wWAnslsi tumphtai so n
adversely contributes to nitrate pollution
correlation bFtweedhd MgwatrdO€BD¢n dragndeason)
t hat magnesium in the groundwater is derived
weat hering of silicate minerals such as bio
Li kewiQasaed Ca di splayed a moderate and strong

season, signifying a itpeg oibmbdrey ddesasssdmu.ti on of

6. &.2 Principal component analysis (PCA)

Principal Component AnalgsosndWwR&LAdr waar cablde
EC, TH, Na, K,s3 C&0ONKgF,, &GInd HHEGO i n wet and dr

the Koimwadwegbasin. This analysis aimed to und
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and identify sources of hydrochemical consti
principal components (PCs) with eigenvalues
shown 62 Tha&lslee components expol andwadadppbrdbohe maobt
variance for the wet and dry seasons, respe
respective seasowmrs@arandepictidd uistm rBtgng th

vari &dlbtaeadl y, the firgstgnidmmgamdntc o x leil @mitti oL na

the subsequent components in both seasons, i
var i atni otnhse wet season, the first principal
variance in the groundwater dataset, with va
andsdSiGspl aying substanti al positive | oadings
influenced by geogenic processes, including
amphi bol e, and ort hweatl ers ei, ntaesr awcetlilo nss rAddk t

contributions from domestic discharges and

groundwater chemistry. I n t hiasdisnegass oinn, Padl1l,
Fe, which shows a weak correlation with oth
(PC2), explaining 11.3% of the wvariance, i s

significant poantdiNOTHIiosndpantgtsEaisretércenpol | ut
from agricultur al runoff asSAhdvealosmebt kel ywase
nitrification processes associated with the
in -fadnfar mi ng. Further more, the widespread

tanks in recharge heaahat an(itheegnd oetita damla.t,e a2t0 2 -

al ., 2024; Nyambar &. Mdhant Wi sdapat hanpalROZ2aé
wet season, %expl daihrei var i .adhce, has significa
|l i kely reflecting the influence of miner al !
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Il n the dry season, PC1l explains 55. 74 %anfl th
NQshowing strongTlpiosi¢omwmepone®mtd,i nlgiske i n the
by miner al we aw ahteerri nign taenrda crta cokn s as wel |l a
agriculture anMdBidamght &kc Csasweeés, 2021; Dasa

& Mohan Vi swanaAthamark2@ab#fegs, except F and Fe

The second component (PC2) in the dry season
significant | cadiamgs Foni pHj c#dCiOng a car bona
regul ate groundwater p H. This buffering act
compared to the wet season, with |l ess contr.i

dry swhisom,expl ains 8.2 % of tdhelgv arni &naean,d a

l oading on Fe. This component reflects the
di ssolution processes, particul ar l(yphfaroaam Fkeito
al ., 2023; Liu et .al., 2023; Zhao et al ., 20
Tabl €opdnent matrix of groundwater quality
and % cumul ative total wvariance.
Par ameters Wet Season Dry Season
PC1l PC2 PC3 PC1 PC2 PC3
p H 0.2 1i0. E70. 1 0O.: 0.7 0.:
EC 0.8 0.1 0.0 0. 0. 2170.(
TH 0.9 0.0 0.1 0. ¢ 0. > 70. (
N a 0.8 0.0 0.0 0. ¢ 0. ¢ 170.:
K 0.4 0.50.0 0. 10. . 0.
Ca 0.9 0.0 0.1 0. ¢ O 0. (
Mg 0.8 0.0 0.1 0.¢ 0.2 170.(
Cl 0.8 0.11i0.C 0.¢ 0. (C17i0.(
HC® 0.71i0. 23 0. 3 0.: 0. 70.:
SQ 0.8 0.0 0.1 0.¢ 0. 2 170.(
NQ 0.3 0.7 0.0 0. ¢i70. (i0. O
F 0.410.40. 4 0. : 0.« 1710."
Fe 0. C10. 21710. 8 0. . 0. O0.¢
Ei genvalue 6.8 1.4 1.0 7. 1.« 1.«
Totvalri ance (%) 52. 11. 7.8 55. 11. 8 .
Cumul ative toteb52. 63. 71 55 67. 75,
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6.&®.3 Hierarchical c¢clustering analysis (HCA)
Rimode @&moddeQ HCA were performed to 13 physic
interrelationshinp bet ween water gual ity pal
composition using Warddés met hhmddé oHCWepr adudc
t herecl uster groupsr6@ar almadt b63s)d.a bTbhees SFMFrisgt c | u

a strong association betweenSCEELnd TH, f dNra, weta

samples. This suggests antmhmxepmo pegmice sisnpudt gge
aquifer systems. Moreover, the dry season sa
Na, Ca, Mg,anGi hNCGBOBe first cluster, suggest.
mi nerals and atDhropogeni @alinp 202 3 ; Kar makar

202H0owever, cluster 2 in the rgsm@meadtiKye igmd:

infl uence o f ant hropogenic i nput from synt
nitrification processes in the aquifer and a
(Bi-$iaygh & Craswdl li,s 2wo2rlt)h noti ng that cl us

variables such as pH angl FeFeanidnwedr ys esaessaosno mar
slight variation in groundwater chemistry wh

geochemi cdalKaprnackeasrs eest al ., 2023; Liu et al .,

Li IRemode HO®W,deQ HCA performed on groundwater
cluster groupsutitBcbanlkd s@da)3.ahlshee( BFMgr st cl ust
(48)gr oundcwanpdres f or wet%)s efacrondraynds é6a&s b 5s 8
The value of the EC in gX/icsm cwiutsht e8¢ avm rafrecdsl 7f
54 toeSi1zm6bwith ag8dam ofn 3224 respective seaso
l ess mineralized iwattehre whoincche nd & @d u thdentl eorf y a |
par anmneBlewunsal ai et al ., 2022; SpelClmant et Zalca

57 (W7 .dbndwh8o0f40he respective wet and dry s
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range of dS8& m awi2h4d @ meSa/nc nv aalnude €80F ctrhod B3 5 0 a
mean val ues/ ofm. 6BBI s signifies moder ately m
ant hhropogenic inputs. Furthermore, cluster

seasons, wihionlwet7 s@s& m admrdy 5 e(ads.oon. Grou
sampling points have an EGS/eaml wethamgiamg viat ¢
eS/ cm and 18&6 cmo widt3lR0 meaneSyalimue sof hlIl24¥i5ng
mi neralbreadki ssimfwateemrced by geogenipygr 6peagio
weat hering and dissswrlcugasr,apdndtsiadkEhpmat avsnes
2022; Tziri.tiwicgea aprde dPmdt2<ipat i al di stributi
cluster groups related to geology and el ectr
that the Precambrian basement parts of the

mi nerali zeds uwpgegtss Wedtshering and dissol ut
(pl agiocl ase, bpyorto)xteenre drplsi b ®lge oamand However,

predominat egu steepiamansy aorfy t he study area.
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The Piper (1944)diagram for hydrochemical classification is presented inrf€i§.5a and b.

Groundwater samples of wet season were plotted mainly in A, C, and D zones adfldtiwer

triangle. This suggests the samples are characterized by $ogencalciunintype, and no

dominant water type for cations. Moreover, the lower right tfeasgows that groundwater

samples of wet season were mainly plotted in G and F zones, signifying bicarbonate and

chloride dominance. It is very clear that no samples are scattered inrBzand<, suggesting

that Mg?* and SQ@” are not among the major ions in wet season groundwater samples.

Groundwater samples of wet season were projected onto zones 1, 2, and 4 of the central

diamond shaped plot (Figre 6.5a). This suggests that wet season groundwater samples are

mainly Cai HCOs, Nai Cl, and mixed water types.

In the same vein, the dry season

groundwater samples were plotted in D and C zones of idsvetriangle, and a few plotted

in zone A, indicating Naand C&" as the predominant tians in dry season groundwater

samples (Figre 65b). Furthermore, significant percentage of groundwater samples for dry

season were plotted in G and F zones of lowght triangle (Figire 65b) indicating the
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presence of HCE& and Cl anions(Hu et al., 2024; Yang et al., 2024; Zhang et al., 2024)

is obvious that dry season samples exhibited a wide range of hydrochemical compositions, and
the vast majority of the samples were scattered in 1, 3, and 2 zones of central dsraped

plot (Figure 65b). This indicates that dry season groundwater samples were predominantly Ca
T Nai HCOgs, Nai Cl, and mixed water types. In overall, groundwater of the study area in the
respective seasons is greatly influenced by weathering of calcium and sodium feldspar minerals
as well as anthropogenic contaminatiof surface water by irrigation return flows, drainage
wastes andndustrial discharges. Moreover, the dominance of -GdCOz water indicates
dissolution of carbonates driven by soil 8@bu et al., 2024; Dasari et al., 2024; Elumalai et

al., 2022; Liu et al., 2023; Subba Rao et al., 2022)

) 1.Ca - HCO. § ’% A. Calcium
( A1ca- HCO, I; \C;::c;u;:um (b) 2Na-Cl 3 B .\'[m%ncsium
2Na-Cl pog.- 3Mixed Ca-Na-HCO, 2 il:)d;;lo':lnillance
3.Mixed Ca - Na - HCO, D. No Dominance 4.Mixed Ca - Mg - Cl .;'c ‘ F Sulfate
4.Mixed Ca -Mg - Cl E. Sulfate 5.Ca-Cl g F. Chloride
5.Ca-Cl F. Chloride 6.Na - HCO, % G. Bicarbonate

6.Na - HCO, G. Bicarbonate

gurkRi per5 diagram fon KprmaudNMagwet Gax s am
) dr.y season
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6.8 Geochemical Model |l i ng

Geochemical mo cell iuntg omfs aiguen@u sGeochemi st ds

17.0 was empl oypiadatimonasakriateractions wusin

dat aset s. These modeling techmisgessi m@veni b
weat hefrisigli cate and car(bBonaadtaeg nmeitn earlal,s 2d0i2s2s;
2022; Ganyaglo et al., 2024; .Liu et al ., 201
6.6.1 Saturation indices

Il n this study, Geochemi st ds Wor kBench GWB s
saturation indices of various minerals in

Komad¥Yglhe basin (Table &.S8i))gpiéftcevmasbgbsef vicle
shows undersaturation with respect to dol omi
41 (34.2 %) and 4 (3.3 %), 27 (22.5 %) and 1

near saturation wjtbalreistpee,c tiamn dwefdloldaonmd tt ¢r vy

respectively. Figure 6.6 presents the relati
el ectrical conductivities (EC). Few sampl es
respect eanddobhbmite. It i s noteworthy that d
high magnesium ions in the groundwater sampl
of feldspar minerals. Therefore, theladkaedryre

Cal ci t emanyi nbeer atlhe mai AfasdufHcC® tohie hgrgdhurChwat e
which results from congruent wedgtEHarmardagiard
202 2; Ganyagl oMetea@aver,, 20d&rdhonate minerals
minerals in the studyyaoaadeiamppl dgil ec Ima e :
saturation could be due to a common ion effe
di ssolution of fluoride bearing minerals suc

as a reswhterotiincrecé&nder high al kaline condi
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sourcenofhée aquifeftAbofet hael stud9Q2lhpmBuneétri
al ., p(oxd18) hat fluoride concentration in aqt
mi nefkEad&) | . Fl uoride concentrradsfwlmtm mMigrsoudud

of fluorit@e7)mi.ner al (Eq. (

CaGOCOHO HOZ Ca%+2HEO 65
KMg( Ay F+ 2 OH KMOgAL®G) ( QHRF 66
CaF 2HGYD Cal3®O + Q@ F 67

Fiug 6861 ané2sShsipati al di stribution of satur
samprleelsat ed to geology and electrical Tcoeenduc
figures revealed that saturation indices ab
Precambrian basement parts of the study area
seasons dorcadceliami,t and fluorite dominated in
This could be due to the,ppgsereaeaeceobnpl agpbc
in this region. sthowseesatiuewat samphegs baleispe
and fluorite in the sedimentary quaternary |

study area in the respective seasons.

6. 6.2 pPraegstsivarles of cprbon dioxide (pCO

Geochemical processes of groundwater and re
mi nerals are greatly influenced) bwhipcahr ta catls j
source ¢f faocri dmi(nHr al wdabbel Bhg &r gludairparst2ic
pressur@$ owfetC@nd dry season grdutfad'Wwam@mr sal
with a mea'h &ftam vdh dofT 0O m wi t h an a'Ve¥tam,e val
respectivel y. It was observed that about 96.

dry seasopasbohvaeyv eatpnda pivbicb pEOmbolThi $0i ndi ¢
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presencenot h€Ogroundwater system due to bio
vegetation roots and decomposition oJfi ssoil
observedresaspepH of wetasandgdobpyndwaterurgampl e

SM3). This corresphdams tot tdale. fiCh2a00h)s; oEl un

et al ., (2015) and Rajgmadchar i@to6 a2 EOb g2dli( @wde2r tef
observed in groundwater samples of wet and ¢
resi tdtemeéwatoecrk i nteraction in aqui fpprmrodcycd em

CQ. AccorLdiungett cal negéR2i0Lé&) cor roalnalt ipdHdn sh egtnw &
di ssolution of fel dspar fahfeonlgl ogwi cmun drweaatcetri ofr

possible in the @a&)u)ifer formations (Eq. (
NaAbSdO1et2 HO + X ON@Q+ MPSiOs+ H2 GizO 4 68

This reaction resulted in the consumption of,G@d increase in concentration of Nend
HCGQOs' leading to pHincrease and partial pressure of Zf@crease. It is established that the
decay of organic and rootsspirationreleases<CO, which is the main source of HGQOn

groundwater (Eqs6(9) and 6.10))

CQ+ 8 YABQ 69
H.,CQY HH HELO 610
Tab83®escrspativeti cs of mineral saturation in
Mi nera Wet Season Dry Season

Mi n Max Mea St Mi n Max Meal St

Calcit 6.6 1.1 1i0.81. 2 i6.7 0.6 i2. 1
Dol omi i112. 3.01711.2 2.5 T13. 1.4 i3. 8
6 1. 3 4

1. 3
2.6
Fl uori 16.8 0.0 i2. 2.7 0.0 11. 0.5

130



10 10
8 - 8+
6 6
4 4
o % o
= 24 o o D 0% °
3 QRO o s 329 o0
315_5_;_0_3___‘____ E ol 8;_03_5 ________ ==
S P o 9
~ L] 2 = ~24 N 2 °
§-4 REPEESS ®o . o
7] o\ e
-6 - ° %
2
-8 29
e 9
-101P
@  Wet Season Samples e 9 @ Wet Season Samples
-12 @ Dry Season Samples -12 @ Dry Season Samples
- Equilibrium Line 30 - Equilibrium Line
-14 T T T -14 T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000
n)
10
8
[
4
2
2o
T
S
=
— =4
»n
_6 s
-8
-10
@ Wet Season Samples
-12 @ Dry Season Samples
- Equilibrium Line
=14+ T T T
0 1000 2000 3000 4000
EC (uS/em)
Fiug 66 Saturation indices of some sel ecd
gr oun cdwanpd re a ndlf y weeasons.
6.® Hydrogeochemical Processes
Gi bbs pl ot s, mol ar ratios, and bivariate
hydrogeochemical processes that influence

6 ..

® .

1

Gi

bbs

pl ot s

Gibbs plotgGibbs, 1970yvas used in this study to identify the major geochemical mechanisms

influencing the groundwater chemistry of the study areau(Eig7a and b). The figures show

pl c

gr

that majority of groundwater samples of wet and dry seasons were plotted in the region
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characterized by rock weathering/roakater interaction dominan¢€hen et al., 2024; Hu et

al., 2024) A few samples with high TDS concentration during dry season were observed to
trend towards evaporation dominance zone. Therefore, rock weathering is likely the
predominant geochemical process controlling the chemistry of groundwater in the study area,

except in a few areas associated with evaporation dominance during dry season.
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6.6®. 2 Evaporation
Evaporation process has potentiialnst opriesemne:
groundwatiari dnasems due to cICiwmat&@Cchpaomge wi

empl oyed ttohedeitnefflnueemneacpeor ati on processes on

t he st udiybeaa)e.a AcFdamdionvg kti 0 &

has si ficant influence *@hvst heC crhlearti swirlyl
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samples during dry season follow evaporation
be among the factors influencing t/@l agriocowndw
shows significant corre'fCdt abinos newritclamentdr g
wemodserved, which is an indicative of the ir
in groundwater chemistry in respective seaso
the respective s esaesmtnisomd.e vl hité&ids ulyeam gls elk b an
for"fMam clay minerals into watdrElumald aby ein

2022; Hu et al ., 2024)

6.6.3 Carbonate Dissolution

Carbonate minerals dissolutiongsiiongBIlrwmaldaviat e
al ., 2022; Rajesh et al., 2012; RajMoolhaarn reatt
of CakMges as a reliable edidssaltwiri dmrprcades
the grosynsgwamer Di ssol ution ofr @till@omoft el wi but
ratio > 1 indiccadtcast edi sasnadl utthieonproofcess of si
with €at Mg®apeh et al ., 2012;t Rasj nmoohtaenw oertt ha
8lnNd7and % 30.f33t heseaspradsn dvwvat err ahtaivoe u>C a2 MgF i
68c) . This implies that the groundwater s al
processes. Stohsea mpbesi owes eofobserveofaddcRust «
on t her &tai/dMgscal e, suggesting the di %0l uti ot
Moreover, the sampl es exhifdeawhelde sspwmdri @l c |ldo sd
with the 1Cad/iMg itmpd ioecsolir hegbemagnesi um car bo

which is expressed by6ltlhe :fol |l owing equation

CaM@Qr+ 20H + XCC#H# My 4 HCO 611

133



6 ..

Hi

&

me

ra

.4 Silicate Weathering

gh Na in groundwater could be r &laamtkedvstka s
l an AcwortNa/ qli190adi o remai ns constant i
chanism in the absence of miner al precipit
tio = 1 if present, hocwecentridafiGIin 1 a&at igo ox
esitloweatbering and catiwm8axphaesgmst EFIChNdOEEL
t and dry sei¥sbersbiasi KomAdsiggmiaftiicoants iorbcsre
en electrical conductivitiyn (E€) vadaeni gr @
mples. |t was% odnsde WAivle. 6 @ bape diBiL. 38 wet and
hi bited Na/ Cli on Ic.onTcheing rhait gdo iNgfi om@inces p o i e @
athering and/or cautric®ha) exEbhmrnhigengpoB€ecplaAi-
osM gni ficant number o f samples above evap
wever, few dry season sampdrssitveref obser s
athering with ion exchange is I|likely the

oundwat er du(rAbnugetb ocatlh. ,s e2a0s204n;s Yang et al .,

cordRongen, (X989%)dium is I|ikely fropom sil
oundwater would shaase bheapbedamené&rmMEzOani on
attributed to the reaction bet wedeins ftehleds p
evailing anionic species foubld .i Bigracu rad wee
ot s i ndicate that silicate weathering i S

oundwater chemistry in the basin,Fiungae her

68d & e). Geochemical evolution of groundwa

rbonate dissolution, cati ¢dAdexmahadmagé&, Tahdo
nda et al., 2020; El umal ai et al., 2020, 2

al., 2012; Rajmohan et al ., 2017; Raj moha
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et al ., 2017;ThYea nigmfpeae taalp.o,r i2®24)i ssol uti on ap
basi n. Howevem, fliednc atsi ovnissicddrei nign t he dry se
indicative of prevalence of silicate source
halite and gypsum. The | atter are commonly

per meabi latte ,f li madiema, and thRarmpdaesetncal of 3

et

al. The& 0®Rrdgcess of silicate weathering can

reacti®eln2) )Eq. (

2 Na A0S i ZHR+ 9OH Y -SAIDs( OWH 2 Na448i40 2 HCO 612
6.®.5 lon exchange reactions
|l on exchange and different weathering proce:

( FurgeB ag .. The figure shows an increase in Na

sampl es of bot h hsee aesaacnhsa.m gTeh eppreokcdepsasie it dsrath ih € m

t had ntgrroolusn cwaetmérst ry in the respective wet ar

i on

usi

c hl

v al

Con

pos

c hl

n

exchange. 1l on exchange processes in aqui
g chloroal klalamd 10AlIdBiEGessd )()CAI Positive v
roal kal i né hacncdu rcreesn cien dofc atrever se i on ex
es indicate c(aAbu netexalh.a,ngzx024;acBEliwmal ai
eri, H2gho ClI over Na and K results in po:
rse ion exchange reactions. Conversely,
es, i ndicating (c@an yag | eox centaNhagen. ,p rh2e@ 2v3s! el
roal kal i ne ianddic@es aarree peoxscihtanvgee,d Mg t h Nz
ersel vy, when <c¢chloroal kal snggtehitds ctlserheav
anger o@anbgin groumrdwhktiean swiitor6eBldas ts hroavsk s
tive correilatamd I®GAItBexdn7 tCAd sampl es h a

roal kaline index val ue¥% hdaud innegg atthiev ewevta |s
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the dry seaso%.amhwkawe ,pd3i.t3i3ve values duri
suggesting that cation exchange reaction is

to reverse ion exchange process. Cation exch

(E®13] 6lmd )C(

2 N'a# CaxX€a 2NaX 613
Cad%+ 2 NaX*'+= QaNda 614
Where X is the cation exchange sites.
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