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LN 2 ag .gua<ill aclin (na jlafi w\l
JICI Laga LAY Jagi alyaaill ada gl
ga=ill - dlwjlaag  audgall  alslpallg
wle hLaall aiglgVl iihei guill dalaiwall

gal=all @ lilall alilsalll ga @ ¢l tnlcg
aallea o 3y M ail Ml .a<laall ¢na a)alill
aalniaVl Laiaé G\b aliaaill ga agasll
ayinill & il jyghi ¢y Jaiyg dlalsll
glang Jdaxlaiwlg gal=all gc abiill
alalell (ngéll jajeig @il aalaiw\l
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d1nglgall Lailgyi jiwi JUA gag glasjllig &naidall & 1aiig aipll
dclin @cyl anuil)iwl dlwluw Ay 1oiig I3cg Jrani ajalill galeall gla (Jgbll anllag
ding2wll dyell a Slaall gSar (=il JISDMIg (Al nidMl g agiill @ lac g aal [f us
L nidMl @i 6ill da 1aa Lalal aiai UT dslaall yra dalaiwall draiillg (naglgisill
dgw g gucMll @_ai aais Liallcjpig wa A (GUh il g ag Aingewll aygell

w6l 167 wall (na @jaLill gal<all wLwsiwl G_Lnalu_u 2030 a1g) g Laily)
gaill dljoaas 4Lill gal=all Jlaiwlg




Gpismill godis flitiuall s
J;*o.l.l.ismllhgj.dlg cu:l.ua]l C|_j|_jg

ouaiill Iya lmasnig laillig duaill dcgaaall uslgs guals ga adle giuei gall Ayl usgs ,,
Jnlicg dtirea AlLSpag jgan ga ygsilg
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(gl WM Il )il (1 $g<) h gay diw jlyla
GljLall «nd] prag alhina g ag (atmosphere)
Lille (ngall sl @ liiy .u$gsil a_hiaall
] @ alall g wsllg gagyiiill aljLe go
990501 apwst gnilig ggyUl Jia wysi aljLe
U9-llg

(Geology) Luaglgall @lc alhna piy
dsalell awlall aul g\l @lsy LA wgp=all
«Lpaglgua» alhna guily .3l oilgs 2 paal
@iay «galil @ le» (rie)g a il a2lil g o
AUl ggSig ISy @mar Linglguall @ e
Jggnell pa wle laixa b ¢uill dlaallig
Loyl Liaglgaall @le yujay naglgnll Lajacg
clgallg cLall Jia i\l arwlwll Gligsall
auuldlg

&Ly }hd @niia) jrai) @an @wd (ua gyl
alhpallg jladl JSii . ioglis 6400 anligs
duldl Jiai & el 13a ga lfusizja
@uall gg<iy.aislwa ga diall (na gilli gai
L ylall e jall ad) eljal @il ga xinll
anjlall aaihll trag (Crust) apusll ga
CLai ayall aslaw pglyii Layle glei il
J9-5iig «lpiaghs 8 cnligay Alhpmall 2 clgd
oLa @uylyll ¢ua Lal .ajlll jgan ga Likw
Apiaghs 70 ] 30 gy aglyii Gy ol dSlaw
. (Mantle) aluiigll aaih (il Gy sl 3 9
aslaw Jar 67 .auldl Gaidypan dd1h (nag

d1aglgnll adlwall diim dgca U\J:Ijh.?_ujl
(6 allba & ylis) asjliwall Jaisgeeull
€9 Nga 4_am \l i) hig & =il alaal Lhall aAa

Liaglgiall  ¢d  alghiall AGLathnall
alalhnolly délsiall galpall 8yislg «a=illg
dab dlia gi Gl @yiiaeillg a1oglgall
WJ—oniiall pi9l alalhnall eda 2 Agil
U-Sa) abyhy cg ngall i alis ¢na dcg
Liaglgnll JLaa ¢na (pndiall’yic toylall
lnita Long G enhg .aaaal gl gua<illg
wa arwlwll & talell alalhnall ged®a <l
gluwil S 6}2) 0gl2a ga Lasg JLaal i
anilnyg ailon) jiailg dolita clafwb
dbalhnall gla @4éihll g adilg .ailjaag:
g-a=illg Liaglgiall @ le (nd lmaasiwi gnill
Al il dwjaa (Lo Lailayjei (ua @lisi 1a
15T guald ale giv=i all Al asgs pis]
@2l &gy 9o dwaidll & cgadall o Sigs
] gpall & gea @il agijall (né gnilig
Jgan g0 usgdll @lliyg .aaas pisg yua dll
¢hgini .dcgiio Jnlicg dtiaea GlLiS)ag
ga aalg @i wile drwadll dcgalall
Jjaé 290 Jall (nleg «uslgs aiilaig (guadll
3900 ¢nigag «us4gs gg-ta 1,3 ga wylay Lag
aslll ga «gajll» (Earth) alhna Giwl.ciza
G S i aauaall ayilallilg @ yjlailt
4,5 (nllgn J18 cnwadudl @lhill jliét wl A ic
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a=0 lals @unldl ah w a] gl g bl go
ah w G)ivg 4y aniall gal=allg aljLll
Ligsa (§gaullg aaienll Ghliall ¢ua gl

ailspdl jganll clly
dulyll JSai il jganll ¢lg il @leiy Lasag
@A) glg il @il elliaa Layle yiygei gnill
Igneous) aiagall aylill jganll ga :Jgll ggill
wlnill ga Jsaii ¢uillg Jintrusive rocks
«Cilall Jio gl g bl (né pmnll grayaill
Igneous extrusive) ainh wll ayjlill jg-anll gi
w ] pranll (G aai ga Jsauii (nillg (rocks
289 (gShullg @Gga il JUs go il ah w

anollg uaill Jia galea wilc ¢nginj

le a iVl Linglgall @lc alhina guisy 7

(J-a Lp_j\J| dligsa glax yaid) gag qu\JI
Gpa wuill ¢lanllg Laigsig Laus)i ¢in

clall ga Lailigsag (naglgiall Lajacg Laylc
dulllg clgallg

0g-siig 4 iaglis 2900 cnligay aluiigll & éih
423 2200 Laijln aq)a jglaii dilda jgan ga
Ja6ig (Core) wgall alungll a61h 211y .d 1gia
g Wgall ggsiy . piaglis 3400 (nligay aiSlaw
oyl Ul wgp2all qraylall cjall gl
a Loy alilw dala gc §jlic gag (Outer core)
Lal .a_gia @2)3 5000 wl] Laijlpy aaja Jni
Inner) ¢nlalall w il Wgy 2all ¢lalall jall
d9)y Jnidn jgan gc §jlic g aa (core
3g=i Laillng @ 1gia 423 6000 ] Laijlp
wll gg<iy .al gag=ii wadl andlell hoall ()

.JSillg Al ga glalall
@2 Layle (nadiai guill & pajll 8y sl jaii
(i @S jaia cljal gua gasii ¢un dayhdiwl
djala aalh ailan Gljlall ad a y i .GljLAll
dgan u] naga Laa qaslnillg GVl aule
@laniwl dsle JIl dxd gulié @iy .JjJil
by (Al (Richter Scale) jpiny gulida
2gliig JUHHI Ladlhy ¢nill d élhll & 1as
JJU (] @alnVil 9 g 1 g dalc aiaid
oSl Jria duyldl ande aopsUE QIS pall L igi
Hanll gaaiy Layic ¢Sl Gaai.(Volcanoes)
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Jlealll @ niy will ga jloll ga<all
cawllg Gphllg Jusawill Julallg Gpdlg

JHlag <Lyasllg ghall a1n Jnga gag
anallg yulaillg uaall Jia cliluwll aclinl

Jstillg gillig

Al Lane 2 a (Metals) &tiaeall j nliell
Gl @ giaeall ALiSpall ad & g aaii Laaic
((Mineral ores «d 1ixea Glald» alhna Laylc
aaloiw\l abld aleadill ada CLlS lilg
«aiaea qwlgy» o4 W)= Laila 4 yalnidVl
@\ wl g<as will (nag ((Mineral deposits
LjLai

g~agpall galhnall g c ga =2l Jelwiy 2 &
wploll pie gasallg (Metallic) injlall ga<all
Jilwg «ia glhaidy gailll - (Nonmetallic)
(Janiiall paol A haill ada 2 1Agil @Ml
Jl=allly jraiy opill ga=all ga pjlall ga<all
i wllg Gyhllg Jusiill ld g avg (§pullg
g-Say Las oo JSdy cbyasiig hall Jngig
wulaillg uaalls eliluwll dclin (ia aalyyiwl
ga=all arwilly Lai . J$ 1illg gsilullg @ nallg
Gljdall gc aaliva o ilns ala «pjlall j i¢
liyw 99519 (Gl gi gl=allly g iaiy ¥ ¢
alisdii g Sy Vg «lyasllg §jlpall Jungi ¢ng
gal=all (e alialll ya e .Galisall @aphll
Janllg jijlgsllg Gla wgoll tna ayjlall pac
.onpall
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anguyll jganll gad «nilill ggill Lal .gulaillg
i @i JSanii gnillg J(Sedimentary rocks)
£l (a qiliaust quwyill gl gnpanll GLiall
oyl paall Jia «ilasiiallg clpaullg jlal
jganll ga Clill ggill .JLnlnllg ¢y 1allg
Jswii ¢nillg (Metamorphic rocks) @ lgaiall
adlle gl Alayal @aall jganll iy =i aalii
Joia @)\l alsyall gc aibli yaab h eng

NETFES
dayea nylall wal Jgnollg @laialll jiiyaa
Aol g encdll ((Rocks jganldl @ uisyi
Giaea G4LiSya go jganll ggsii dhlwy
alail Gaph gc Gigsi ((Mineral compounds
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g |U)|.riul||d_0 LIG_OJJS“JLJJWLOJ_SLI 7
ah_wug.lJ_a.n.LoJIJ_“n.nJlaJ_uLomugju
Jg-Luii gl JLall tnheylaa M chy Al
dliay Lilgllg Visuil aalig galeall aia
dlpagaallg (nall aclin (na @iiwig

alalhnall a2 wd] (Gl giagl cliss
Js linija Layyei @aélg aeildl é 1ijasill
allg (Mining) «guagills alhna Tayil Laia
dlpiwl Laud @iy (il & tlasll (] pduy
gl gbl g @nalnial Alas) agiagall Glalall
3gg le gyagill aylac a aigi.galll ah w
:Laa guiry) g1idyph) @ iig @lAll

200 a b @iy :(Open Pit) (nah wll gya<ill 1
JLacl 3 1aiig @ Lisill ala2all @ladiwl dpas
ada haiwl @iy @lall Jhaiwl j1aaoi
abw go Liyd @lall gg<i Loaic aayyhll
SV

:(Underground Mine) cnah wll i g aaeill .2

dsylial d:lc Jilo Jsuiy @Lailll b aus @iy
adgjcg lall jslna

(Quarry) « pana» gl «g la0» d.alsl auwilly Lai
aia @iy wall gdgall iile Glhi (Laa
Cuilpall Jia Jusuillg @il jlast Jis Qlaiwl
@i wig .gaull ghai wl g dlgal gl qalayllg
«gulpiall» Jia daihall alalhnall g s
Jal QA wl 2 dlga ] &Ll «JISjadl«g
GleldniMll JLacl ¢na @i wall

aaysll JLasll gc toylall Jelwis Layg
a1018g «nireall Laalinig  (Gemstone)
Lail & aysi Lol biyei g<a) Laigsi
Janiall panll a3 Lasic galeall ga QIS i
gakeall iy Lageaisdrch u gajlil ahow ¢
Glhi .a Lian Lilglig VIS il 3 alig jg liii g
«daysil aidor gl «aaysil jlaslls Layle
Lallang lawilaig Laigl cLang Laijail Laag
@31 ig & &fla & My & aysil jLaslll g iaii
Ujg yulad @iy .enlallg dliagaall aclingna
ol Jalsy pallg dal sl & aysil jLasll
@lall
(a gl ((Amber glajasii éala gi AsMall ga
CLul Lail ¢ a @@l an_lc .a) agas @Glgwll
Jladl gea jaai gigan aiily gna Jo Liaza
alajig .ol WM Aia @ nybiall piginll
(il a§lg inl alj Lals aidgull glayasil a.aié
ol war <L au] aalnll .alydnllg ailgdll
&uan ésla yuy (Coal) (jaall @aall gl angi
g0 ggsii dsla ga (1 Ayl g bl go d3gAla
JLiail @i oy ¢ua pgac Jnl alg ggusl]
aili i jladlil auisll Gleéiiwallg Glilsll
il gnllal @ dle hg 2Ag &)l alaja
g-a (Coral) glajall j1i=i gaill yu i tnlcg
ajana gl go @edl nle @aysih apd jLasll
dulnia Lilgy g J4 AUl gbl go Lipn gud
.y GLiilsl
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Jganll ad & JS i . Slaall @lwa ¢a %70
wile pwnilg @67 Al guiyill pay a2 ja
g-leig .grtiwll g uMa wy a wnle jg nell pa
awy La clh<ll jgang gyl ¢jall ¢a cljal
ailspll@aall Jg-63 (nag » (Lava) Glpalley
g0 Ul ah w wile caasi gl ayiljlll
] @aall aia jlaci agei . (Ggauillg gasill
L=l Wi Galyig «&Giw ggila 30 (] 5 gu La
-0 75 ¢uligs Jiaig eVl pagdlaga sl ggsi
ga il tnaglgnll @uwéllg .aslaall dalwa
(Coastal Plains) «aulalwll Jga wll«s Wy <1 La
09y .inyell 2 uallg pasll paull tile alhall
=l ggall o aiag opdldl Laia cnyg=ll cjall
angwy Jgao go Lijé padll payllg Loy i
il bl Jawll Lol .diilapa uleiig
auin 1§ aulall go xiaus wnyell 3 lall
Jus 1z2j2 JLal enheig L glanll & 1ha
d nlall alhrwllay 2 agig «@ia

G dojlall ygia JLaall Iaa JLiy gf gl
(-0 33 ¢ @g a0 hrwiig o ungi (] Wi &y
Linglgnall Jlaa (ia é@alall alalhnall
(iaMclll howgll (ua asiliddl  gasillg
Lille (nillg grnniiall pi2l @ talell g Jljallg
2.0g .anlg J$du Layileal AWMy (rhei \
gy dlalhnall ad a @ladiwl gla «&LIA
talell pu<ill d ala dlrwg jricig

g—a pusiiaa oIl thyLall aliiil e
clawlll gle @uagillg .ga
h 1ijig «OMMLr 2 6ig dupc Juc G
cuaiisall clawh gi lmaliis] gSlal lai
dnlyg @yl Wislh gngiai g U1 il
l=all ga el auge clawl wile dagaéll
aal) aslall «aimalleg jijlgsll «gpall» Jio
alpauo-aaysll jlaolllg (gulaill jalna
«3pojlleg galgll «x opjll» Jio & e wysi
gyl «ag alul«g jlgsjill «jgptoll«g Jll

aigaylall sl «gulallllg
W 1inil d=ild 4 1aglg1n Glalhna a 2gig
ayell @Slaall ¢id ayaglgnll @lwall

JSiu dlalhnall aia @31 wi ig g wll
(g @lelll Jilugg dalell 2 aljall (ué jySia : E"

«enyell ¢jall» alhng Glsthoall eda @al P
JLadl JowMw (] pdy ¢padl (Arabian Shield) '

a<laall &yl ddladul 3gaall oo éaiaall -—r
oVl ol @ asliall @ ugiall agaall aia
Fioglis 700 gai (ryall g)all iy cunal g1y
Jla_dll (o adénlg @ <laall g (ia
200 tnllga ug-inll tnag () iaglis 100 ¢nliga o,
#30 g ai ahall Jw\wll ada J_iai .} iaghs

L&) gl ¢gall guisg .aSlaall Galwa ga

wag (Cover Rocks) <L <l jg an) Wy <21 La

i dillg hwgll e jall (nhsi dug w) jg-an

wuliga Jiaig anyell 3 Al (nis d<laall go
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Lal g ya=ill glhal ¢y 8all 3g asll ggliny |
* il g liajlll ap1nllg daeall o aigsliar |

daslpiwlg Laedlgo 3 yaaig (gsl=all gc
Ly clilg aliwa <y lmlsiwl glang
guaimall g aeill gggul 4 jgll eilitnllsa
g-H2glgnll wile poyaall g Allb

auagsult gyl aslaoll algyige dysallsic |
OJ_D\J| dlgiwll (na aa i (il @ tiazall &
dﬁ..w:l ta.I\J_Q_l_wlg [@al@siwy daicgi Gljaa

i ul wayV La gla Jialgyasi 1
GJJgSLmJlUIcLﬂs,”mJ_:I\JLl gl Gy dull Laig)i ':"::_‘
Al .|_.LDg.Ig_|_)JI q__r;rbg :UOJ\_” @g-lc tna
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wnag gyl @g-ag gl i il Jgo
Liiiig ynlallg ¢nalall gujaijladl Glacl
atinall @ @Sl Jlacl Liasaig «J16i wall
- arwlwgnall Alpsillg é allell Glgwllig
dawlja g—a M Alyaaill ad a (S danlgalg
a_nglguall alp il cnhliisl @ n8ig J-1aig
GliblisVl doal 2o Lalai Gol Lay
dcgara @Glhi gl apphi dang go ansiiig
atihgll Glpallg alelosil alagV aljalio
dSlaall (na JLaall lia (ia Laaling gl
gai gl g0 3y Vg . Jdiwallg J Bl (o
(njlgi dilsa (na guaglgnll ga dpall gnga
e A shill g.a t@aiiall @aliall @ aal
dqayeall J6ig «ateainall asjliwall» clpi]
agiall yylaillg dralell Glygll jic @gas<ll
aile gyai (il @ uilall aliblaill aiing
Lajiég awawyll GleLsll giala
ey aiey dSlaall (na goa<ill Jéiwa gl
dlinglginllg guaglgiall dlawllg Jlayl
dngahll 2alpll ¢ra hipailll (] guslhiall
anjall gl @jal alsig 2030 @slaall @yl
(L G ycgi @ 16§ Guoail gll ag i &yl
Q-wall (nd gunita g11aglgia <Lale JLii
aliisig  uiliaisgiallg  ondbjagall
Usaiilg @ aalaiwl ¢isail a1 e jlomiwl
4)lalg ga=ill clhé paghi aalpg dljalia
Jaal Jdy Liilgjig LiilbLis

cenylaiwMl g isall» w6l oy il ¢nipan
Q)i (il lelosll od @ dasaal aliclial
g0 Glgiw pic qaallha (ua cLihll Jia
a-aill dlyja anlf Jg-ngll dwjlaallg a3l
ayylaiwVl dauipallg (nalell

dtaal gc ¢anii Liay La aaall ¢ag
gly 3531 gl gasill glhal g uaglgll
wLa IS iNIg (ialell ¢iadl (na jlaii wl
aLiaai aalgy gaeillg Liaglgnall @glc
wlea g Al Alelhall gygé La 13] &y s
walell ¢l (na jlaiiwl @l JLiall Juw
gl jMgs aljlula 4 ¢nliga adhai Gls b 5 sl
aiaail Lo g1y Laga alylll ga 7 3 ¢ngluy La
g jlila 60 nligs dpiMlan Gl b guad
gla Juldallig Laslyl ga 7 45 (ngluy Lay
CLbail gya=ill glha (ia AlS b guad s
JAUga jLila h 84

wgiwa ule galeall wLakiul Jlaa gnag
Glagleall j<iai sl als il gla allsll
Aailaliisy Jgngll Jru dajpeall §<iai Las
Layd ‘@ waliall &aé wle aiéii gl Jol ga
a lilaall alagleall (ny2nll QIS il ¢n_éif
3all Laiygai g-c g iiaig Lailps Jg-be (g
&hd) (nllilhg Lalglai @yc ll pagy opll
J_éig Glagleall dalyiwl (ile Gayhll
Laaslig dajeall

Glanill pisi aslgi gunaeill @lle ¢na g
g3=2a 50 ga 4isT gc dayi s g blaallg
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ey ll <l anwna

cnilthasll enle Giy dlga
JUT yinyiai Jgi Jgguua - ilyill igm
apapill adhially alill dlm

ol (nix 8y (nad dnndiall Alwlallg Glabiisyl ga ajall au] liag qullall gull <an aljy
ayjlan ljgis adapll Lailiis aluh gia ¢ngai Gon @aéll gua ajlillg awlall jgnell jlpwh dlasa
gail J26il éaya

Licyi |
dyanillg Laglguall



.'-un; Jd\JJ U_Q Lan\l_":T |||| Q_l L 1
Al Latle g 1hl guill éjgaia )

Jlaang Julwll (G aéhia (na Olis] @i
7 g<c 2x1j1 La wnllall g_IJJIJ ajgy GJJU

dTnoil apthall Jg_D_SL” CLoN L_n_L'”-LO ok

wa jgisll @i .laia épus cljai J_nbg Glpnll
Aol wanle agmisall Gaadll alpnll glaad

qanall ép1en aligjlall wlanilig 2.81gall ar
aLall jLilg @yania Alili jging glarwl jLilg:

oleill oy s g0 eljol Lilais ditgall
oligjallg arwlsll jlaslilhga J4i<llg 4 aiall
aloihll el aalalil ¢payaall enlayll paalig
djlaig ganiall (nahllg dtithil Alaslyill ¢ga
32l ga Cls (il Laipa)ly alpndl i =)
wa WLisI @i La jpai Jel .gaolll ¢y aall
W61l ol gl wdl JiVs ga alalll
e jgisll @i dyn aidellaliall jalna ga
enill @ alizall @ ypaall Glgalil ga d.cgara
)89 ol yap1 @8l glwill Lasin
@l pnell wull Lifaa agpall Glgall
(ualiall y19i Gan gl plidiwdl g <ay .Cuaall
Lilsy JUS ga lag endbll g yll clpang pus

u_n Ung_DJ| uJ.LII d_DJ wn_aa 4 y=ll

D g Mla yiai G uyell apajall
, | aupell aSlaall ugis wning
. ngngo Jga agaa gan clpanll ga s:UJ|

| dljLaVlg @ iraill q_JJg_a.oa_llg .ULo_c G.Ibl_u.lj

uth"a_LanJIngJ_szJ —
o ayrgaulbamjRll 6 Lg_hhng’}
a<laall aaLxun."J;e Tas apus aaLum  Jii

o ST alia a9 G_IJg_SLLP_J-Lﬂ_IJJSZ“
Lp_?Lnj Ml J1ld Wl Taaig I o

J;-:IQJ NN g galll Lanjl gyl Alia
Hw OJ_Ih.QJ|QJ_LQJ|u_LQ_CLn_IJ|LDLQJ.||
/ﬁn_/ﬁgffljijl Glpia Al gg <iaé Ju aniall
clpan ond pic 2l cnaglgiall gojll Ladje
wlc ayagewll @ yyell @slaally gnllall gl
Jlgal» dayaall alpaull gleis ga dcgaao
Laia aalia JISubig @lasi als «aélea ayila
JlaniVl axad aljeia ulhag nlllag anpila
Lanilnsg gl & eyl GMial wws ¢llag
¢ayldll @laall @aia @lé .G iaglguall
oo nilijiagi aua ggpdiay (lpw) &S g
Jadb g0 a yliia J-ac @ulga guad gg-né
CLilS ¢nillg 2006 j1aagi ja i uing gujla
(8 1330 gullall g gl elpan go cljal gna
@b Jlab & 8hiag Julwll Gy & 8hia
A= 3iliig dyag=awll & py=ll dslaally 8)gji
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Jibwll (G pdb dala dpay g 24lgé aigi djgn

Jwai gSay LAl anpiindl gigsll Glagéa
Jlgar ljiu @ <inall @ gpanall algalll ag ag
gl clpan (na aaadll alpagl wlan wlcg

LAl
Al gg-5i gl aapall go gLy LI g Say
JLaily d o S 1ylw qlall gyl elan

bl Gpib @ala apag ga lalani angi djgn

aalall alpll
aLill g algallg wlanlllg by aniall dlilig
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2.Internet of Things (IoT): IoT devices deployed in
the field collect real-time data on environmental
conditions, equipment performance, and worker
safety. This data can be analyzed to improve op-
erational efficiency and reduce risks.

3. Big Data Analytics: The large volumes of data
generated during surveys and exploration are
processed using big data analytics tools to iden-
tify patterns, trends, and anomalies that may in-
dicate mineral presence.

4. Artificial Intelligence (Al) and Machine Learn-
ing: Al and ML algorithms predict geological
structures, analyze exploration data, and opti-
mize drilling processes, leading to more success-
ful exploration.

5. Virtual and Augmented Reality: VR and AR
technologies visualize geological formations in
3D, allowing geologists and miners to explore
the data more immersively.

6. Robotics: Robots are utilized in the field and
laboratories to transport, prepare, and analyze
samples with high accuracy and speed while
linking to software for electronic data process-
ing.

By leveraging these Industry 4.0 technologies,
the geological survey and mineral exploration
industry can improve efficiency, reduce time and
costs, minimize environmental impacts, and en-
hance operations safety, which aligns with the
Kingdom's Vision 2030.




drones in geophysical survey and exploration op-
erations has witnessed important developments
in recent years for difficult-to-reach areas such as
mountainous areas, volcanoes, and forests and
for vast areas to explore mineral resources and
other natural resources. This technology and its
data and information outputs may be linked to
artificial intelligence and other advanced tech-
nologies. Automated drilling and Al can reduce
manual interaction without modifying the effec-
tiveness of drilling control platforms. Industry 4.0
can analyze samples in laboratories and scientif-
ic labs with high precision, speed, and efficiency
through high-resolution optical scanners and ra-
diation. The field of laboratories has seen signif-

icant advancements through modern industrial
technology in sorting, transporting, classifying,
and processing samples using robots. The cre-
ativity and innovation in geological surveying
and mineral exploration are evident through
empowering these machines with deep learning,
data analysis, and decision-making capabilities.
Here is a summary of the role of Industry 4.0
technologies in geological survey and mineral
exploration:

1. Remote Sensing: Advanced remote sensing
techniques, such as satellite imagery, LiDAR, and
drones, gather high-resolution data over large
areas, helping identify potential mineral depos-
its.




145 Today, we live in the Fourth Industrial Rev-
olution era, which has introduced many ad-
vanced modern technological advancements
in geological surveying and mineral explora-
tion. Industry 4.0 technologies are develop-
ing the field of geological survey and mineral
exploration. These technologies enable more
efficient and accurate data collection, analy-
sis, and decision-making processes.

What is Industry 4.0 technology?

The term “Fourth Industrial Revolution” (Industry
4.0) emerged due to the continuous technologi-
cal changes, first introduced in November 2011.
Industry 4.0 comprises numerous technological
advancements that combine advanced manufac-
turing systems and digital technologies, as well
as cyber-physical systems (CPS) and the Internet
of Things (loT), which are considered the founda-
tion of the Fourth Industrial Revolution, preced-
ed by three previous industrial revolutions the
Third, Second, and First Industrial Revolutions.
The Third Industrial Revolution, the Digital Rev-
olution, began in the late 20th century, around
the 1960s. This period saw the development and
widespread use of digital technologies, comput-
ers, the Internet, and automation. The Second In-
dustrial Revolution occurred in the late 19th and
early 20th centuries, from around 1870 to 1914.
This period was characterized by rapid industri-
alization and mass production, the widespread
use of steel, electricity, and petroleum, and the
development of the internal combustion engine.
The First Industrial Revolution occurred in 1760,

which saw the mechanization of agriculture
and textile manufacturing, the development of
iron-making techniques, and the increased use
of steam power.

What are the uses of Industry 4.0 technologies
in geological surveys and mineral exploration?
Industry 4.0 includes systems, technologies, and
sensors that accelerate the discovery of targeted
sites in real-time, saving time and effort and re-
ducing risks compared to traditional methods.
Industry 4.0 is characterized by the rapid anal-
ysis and processing of big data through deep
learning algorithms of artificial intelligence (Al),
with precision and efficiency in monitoring and
estimating mineral resources, building extensive
modeling, and predicting mineral locations. It
involves creating digital replicas of geological
phenomena and mineral sites for simulation us-
ing rich data and composite digital images rich in
geological information and sensory inputs such
as graphics, 3D surveying processes, and more.
This modern technology is distinguished by its
rapid estimation of mineral resources and ana-
lytical techniques through integrated artificial
intelligence with big data and its ability to reuse
mining surplus (mining waste) by analyzing the
surplus data from mining operations. Modern
technologies such as remote sensing techniques
have emerged to ensure compliance with envi-
ronmental safety standards, monitor mineral ex-
ploration activities, and discover minerals. These
smart modern technologies are utilized to main-
tain the efficiency of machines and equipment
used in mineral exploration. Moreover, using
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IV. Conclusions

The sequence of chemical reactions in the stud-
ied porcelain compositions followed similar re-
action steps up to 1000 °C, beyond which feld-
spar forms a eutectic melt and starts reacting.
After magnetic separation, the porcelain compo-
sition containing pegmatite exhibits a maximum
densification rate at 1195 °C compared to 1171
°C of pegmatite-containing composition before
magnetic separation. The treated pegmatite led
to higher bulk density (2.43 g/cm3), a lower per-
centage of water absorption (0.07%), and the

highest flexural strength (53.14 MPa) at 1200 °C
compared to untreated pegmatite.

The whiteness of the porcelain ceramic bodies
produced by the treated pegmatite is of bet-
ter values than those obtained using untreated
pegmatite, in which Fe203 and TiO2 impurities
are present. The present study provides positive
indications for using Southern Saudi pegmatite
after treatment in ceramic industries.
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er) due to the presence of lower amounts of Fe203 ing feldspar before magnetic separation contain-
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Porcelain composition containing feldspar after
magnetic separation (C2) can be densified at the
temperature of 1,195 °C, which is 24 °C higher than
the temperature required for the porcelain with
the feldspar before magnetic separation (C1). After
the dilatometric study, the densified samples were
tested for bulk density and water absorption per-
centage to verify their degrees of vitrification. The
results are given in Table 6. The variation in physi-
co-mechanical properties and color of the samples
fired in an electric furnace at different temperatures
is graphically represented in Figure 7a-e. It can be
seen from Figure 7a that there is no significant dif-
ference in shrinkage value between the two com-
positions, C1 and C2. However, as shown in Figure

7b, bulk density increased with temperature and
reached a maximum value of 1200 °C in both cas-
es. The C2 body achieved higher bulk densities at
all temperatures. As expected, the ratio of water
absorption percentage decreased with increasing
heating temperature (Fig. 7c) due to the elimination
of pores through liquid phase sintering. The figure
also indicates that C2 achieved a water absorption
percentage of 0.16 percent at 1,180 °C compared
to 0.59 percent at 1,200 °C for water absorption of
C1.This result also supports the observations made
from dilatometric studies (Table 6). Figure 7d shows
the flexural strength of the samples fired in the
1,160-1,200 °C range.

Table 6. Peak densification temperature (PDT), bulk density (BD), and percent of water absorption
(WA%) of the samples densified in the dilatometer

Body code PDT [°C] BD [g/cm?] WA%
C1 1171 2.39 0.45
C2 1195 241 0.27

The flexural strength was found to increase with
increasing firing temperature and reached maxi-
mum values of around 51 MPa for C1 and 53 MPa
for C2 compositions. Other authors also observed
increased flexural strength and bulk density for
triaxial ceramic compositions[24]. Theoretically,
maximum flexural strength developsin a porcelain
body when apparent porosity decreases to zero. A
similar trend is observed in the present study also.
The resulting vitrified ceramic samples obtained in
the present investigation were subjected to color
measurement using the opponent-color coordi-

nate system developed by Hunter[25]. In this sys-
tem, the third coordinate describes the lightness
of color and is usually denoted by L. The results
are graphically represented in Figure 7e. It may be
observed that the L-value decreases as the body
approaches vitrification at higher temperatures.
This is probably due to the increased intensity of
colour-forming oxides Fe203 and TiO2 present in
the raw materials at higher temperatures. It may
also be noted that the composition containing
pegmatite after magnetic separation containing
composition (C2) showed a higher L-value (whit-
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perature further increases, porosity is eliminated
by the viscous flow of glassy phases, which finally
results in densification. The differential shrinkage
plot indicates the densification rate achieved at a
specific temperature (Fig. 6). Furthermore, in both
compositions, a remarkable increase in densifica-

tion rate is observed above 1,100 °C. A compari-
son between the two compositions shows that C2
(feldspar after magnetic separation.) undergoes
maximum densification at 1,195 °C compared to a
lower temperature (1,171 °C) for C1 (feldspar before
magnetic separation).

Table 4. Mineral compositions (wt.%) of studied pegmatite samples

Sample No.  Microcline Albite Quartz
1 56.05 17.96 23.28
2 55.52 18.63 23.29
3 57.62 17.7 22.83
Table 5. Chemical analysis of the mineral constituents of the studied pegmatite samples
Oxides Microcline Quartz Albite Magnetite
SiO2 64.78 99.93 68.72 24.71
TiO2 0.00 0.00 0.01 0.00
ALOs 18.38 0.00 19.42 8.39
Cr20s 0.00 0.00 0.02 0.00
FeO 0.01 0.01 0.01 57.81
MnO 0.00 0.00 0.00 0.02
MgO 0.00 0.00 0.00 0.01
CaO 0.01 0.00 0.14 0.14
Na:0 2.86 0.01 11.71 6.31
K20 12.86 0.03 0.06 0.05
Total 98.90 100.01 100.11 97.43
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Figure 4. DTA-TGA curve of the investigated samples.

Scanning electron microscope (SEM) indicates that
the pegmatite samples include some impurities,
such as magnetite and mica crystals. In addition,
the sizes of impurities range from 60 microns to one
millimeter. For example, magnetite falls in the range
from 60 to 100 um (Fig. 3, plate A and B), while mica
crystals reach about Tmm (Fig. 3, plate C)

Electron microprobe (EMP) shows that the South-
ern Saudi pegmatite is composed of potash feld-
spar (microcline) as a major mineral phase ranging
from 55.05 to 57.62 wt.%. Quartz was a secondary
mineral with 22.83 to 23.29 wt.%, while albite had
17.70 to 18.63 wt.% (Table 4). This method also
gives details of the chemical composition of each
constituent mineral (Table 5).

The raw materials used to prepare the porcelain ce-
ramic bodies play a vital role in the ultimate quali-
ty of the product. All the raw materials used in the
study were chemically analyzed, and the results
are given in Table 1. The chemical composition of

C1 and C2 bodies is shown in Table 2. It may be ob-
served from Table 2 that the C2 body contains com-
paratively lower amounts of Fe203 and TiO2 due to
the upgrading process of the Southern Saudi peg-
matite used, and this is advantageous for white-
based vitrified porcelain as their presence in extra
amounts leads to coloration in the fired body[19].
Johnson and Pask[20] also observed that impurities
such as Fe203 and TiO2 affect mullite formation ki-
netics and morphology.

DTA-TGA curves for both C1 and C2 are presented
in Fig. 4. The DTA-TGA curve indicates endothermic
peaks at 113 °C due to the removal of physically ad-
sorbed water followed by de-hydroxylation of ka-
olin (clay) initiated at almost similar temperatures
(536 °C) for both C1 and C2, and by this process ka-
olin transforms to metakaolin[21-23]. The nature of
the peak further indicates that dehydroxylation is
an endothermic process. These measurements are
vital in optimizing fast-fired ceramic bodies’ pro-
files.

The plot of linear dilatation with temperature (Fig.
5) indicates the densification behavior of compact
green samples of C1 and C2 compositions with
temperature. This test is conducted at a constant
heating rate (10 °C/min) up to 1,200 °C. The initial
increase in length is observed due to the material’s
thermal expansion. Then, distinct curve changes
are seen at around 530 °C when kaolin transforms
to metakaolin by the dehydroxylation process. Af-
ter removing lattice water, the clay matrix starts
shrinking, converting into a spinel-like structure at
around 980 °C. The results of DTA-TGA also support
these observations discussed earlier. As the tem-

Issue 27 - August 2024 |



Figure 2. Photomicrographs of the investigated samples from Southern Saudi Pegmatite. A: The microcline shows cross-
hatched, euhedral crystals of quartz and albite, C.N. X25. B: The intergrowth microcline with albite and prismatic crystals of
quartz, C.N. X25.

Tmm.

Figure 3. SEM Backscattered images for feldspar
impurities (A and B) Magnetite crystals contact
with K-feldspar grains (C) Mica crystal
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was maintained for all the runs.

Crystals precipitating during crystallization were
identified using an X-ray diffraction analysis of the
powdered samples. The X-ray diffraction patterns
were obtained using a Shimadzu XRD-600, Japan,
adopting Ni-filtered CuKa radiation.

The microstructures of the samples were examined
using a Hitachi S-3600N scanning electron micro-
scope (SEM) operated under high vacuum condi-
tions. The mineralogical constitutions were studied
using a Carl Zeiss polarizing microscope.

The electron microprobe (EMP) analytical proce-
dure (developed at the Department of Geology,
University of Leicester, UK) was used to identify dif-
ferent minerals using wavelength dispersion on an
electron microprobe operating at 15 kV and 30 nA
with a beam diameter of 10 um. Approximately 200
points were analyzed to identify different minerals
such as quartz, mica, and the feldspar end mem-
bers.

The brightness and color values were determined
using a Hunter Lab. Spectro-colourimeter. Values
were compared to the standard white reference
body.

Il. Results and discussion

X-ray diffraction analysis of Southern Saudi pegma-
tite after treatment (gravity and magnetic separa-
tion) showed that the selected samples composed
of K-feldspar (microcline, ASTM card No.12-703)
as the major phase in all specimens (Fig. 1, pat-
terns A-D) with a little amount of quartz (ASTM
card No.11-252) and albite (ASTM card No. 20-554).
These results indicate that the pegmatite after this
kind of treatment can be considered a good source

of potash feldspar.

The visual and optical microscopic examination of
selected samples indicated that the Southern Sau-
di pegmatite is essentially composed of K-feldspars
(microcline) with low amounts of quartz and albite
(Fig. 2). Microcline is characterized by a combina-
tion of albite and pericline twinning, while albite
shows a polysynthetic twinning. Most microclines
are microperthitic and retain the morphology of
the monoclinic feldspar from which they have
obtained. Microcline is characterized by a cross-
hatched texture. This is clear in Fig. 2 A and B and
confirmed literature results[18].

d
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Figure 1. X-ray diffraction analyses of the investigated
samples from Southern Saudi pegmatite.
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Table 1. Chemical analyses of the raw materials used

Oxides [wt. %]

Raw materials used

Pegmatite before MS Pegmatite after MS Clay Quartz

SiO2 71.80 72.32 45.41 98.66
ALOs 14.59 14.99 34.39 0.39
Fe20s 1.00 0.05 1.13 0.07
TiO: 0.11 0.04 0.89 0.01
CaO 0.06 0.05 1.07 0.10
MgO 0.10 0.08 0.76 0.02
K20 10.00 9.10 0.42 0.12
Na:0 2.0 3.18 0.87 0.09
L.O.L 0.58 0.20 14.67 0.37

ARDHONA

Table 2. The chemical composition of the porcelain bodies studied

. 0 Body code

Oxides [wt.%] Cl 1)
SiO2 62.83 62.86
ALLO3 28.64 28.65
Fe20s3 0.92 0.51
TiO 0.73 0.39
CaO 1.07 1.03
MgO 0.60 0.60
K20 3.78 3.42
Na:0 1.10 2.58

Table 3. Batch composition of the porcelain bodies studied

Raw materials

Composition [wt.%] of

Body code
Cl1 C2
Clay (kaolin) 60 60
Pegmatite before MS 30 Nil
Pegmatite after MS Nil 30
Quartz 10 10




at around 1,200 °C and appears as a long needle
crystal (>1 mm)[17].

This study aims to evaluate and improve a Southern
Saudi pegmatite as a source of feldspar for the ce-
ramic industry to meet the increasing demands for
other rocks as potential reserves for feldspars.

II. Experimental

2.1 Magnetic separation

Magnetic separation (MS) is carried out after gravity
separation to separate the undesired materials with
magnetic properties. In the magnetic separation
method, only two size fractions are used, namely
0.6-0.4 mm and 0.4-0.1 mm. The size fraction of
1.2-0.6 mm is disregarded because the presence
of the iron oxide and mica are compacted with the
light minerals; hence, the machine cannot separate
them. Jones high-intensity paramagnetic separator
1300 x 80 A/ M was used in this work.

Flotation experiments were conducted with -200
and -100 mm test samples in a self-aerated labo-
ratory flotation cell. Conditioning time was kept
constant at 5 min for rougher circuits and 3 min for
cleaning circuits. Potassium oleate (100 g/t) was
added in four steps at a natural pH of 7.6. Pine oil
was used as frothier in the first stage and subse-
quent stages.

2.2 Porcelain ceramic compositions and batch
preparation

In the present study, two ceramic compositions
were selected and designated as C1 (containing
Southern Saudi pegmatite before magnetic separa-
tion) and C2 (containing Southern Saudi pegmatite
after magnetic separation), keeping the content of
other raw materials constant. Table 1 lists the com-

positions of the natural raw materials used. The de-
tails of ceramic compositions in oxide percentages
and percentages of raw materials are given in Ta-
bles 2 and 3.

One kilogram of each raw material was weighed to
be used in preparation for the batch compositions
of the studied porcelain bodies (Table 3). Each batch
was wet-grounded in a pot mill for 18-20 h until the
residue on a 200 mesh BS sieve was reduced to less
than 1.5 wt.%. The produced specimens were dried,
then powdered, and classified into rectangular
samples of 66 mm x 15 mm x 4 mm and cylindrical
samples 25 mm long using a hydraulically operated
compacting press. A specific pressure of 450-500
kg/cm2 was applied, similar to the conditions in
industry. In addition, the pressed samples were ov-
en-dried until the moisture content was reduced
to less than 0.5 percent. The dried cylindrical sam-
ples were thermally heated in a high-temperature
dilatometer furnace at a rate of 10 °C/min to study
their densification behavior.

Rectangular samples were heated in the tempera-
ture range of 1,160-1,200 °C in an electric furnace
at the rate of 18 °C/min for a period of 45 min at
the peak temperature. The heated samples were
tested for bulk density (BD), linear shrinkage, water
absorption (WA%), and flexural strength (Instron
5500R).

2.3 Sample characterization

Differential thermal analysis and thermo gravimet-
ric analysis (DTA-TGA) were carried out on Netzsch
STA-490 using 60 mg of powdered samples of grain
size 0.2-0.6 mm heated alongside Al203 powder
as a reference material. A heating rate of 10 °C/min
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from 30-50 wt.%; by providing alumina and alkali,
it also acts as a flux in fine ceramics[3]. In addition,
feldspar also has various significant uses, such as
for ceramic shields. The NASA space program has
used a ceramic thermal shield to protect spacecraft
during re-entry into the atmosphere[3]. In pottery,
a high amount of potash feldspar increases their
strength. Potash feldspar is also involved in ceram-
ic materials, increasing gas turbines’ efficiency. A
particular application that consumes a significant
amount of feldspar is the porcelain industry, which
uses 60-80 percent.

Fluxes are raw materials with high amounts of alka-
line oxides, mainly K20 and Na20, whereby, in re-
action with silica and alumina, they promote liquid
phase formation that facilitates densification. The
liquid phase surrounds the solid particles and, by
surface tension, enables the rearrangement of par-
ticles and decreases the porosity[4-7].
Traditionally, porcelain is defined as glazed or un-
glazed vitreous ceramic whiteware. It is also used
for technical purposes, such as electrical, chemical,
mechanical, structural, and thermal wares when
they are vitreous.

Triaxial porcelain is primarily composed of clay,
feldspar, and a filler material (usually quartz or alu-
mina). However, alumina can be substituted for
quartz to increase the mechanical strength of the
fired ware, and sometimes nepheline syenite can
also be substituted for feldspar. For thermal treat-
ment, the triaxial porcelain system forms a mixture
of glass and crystalline phases, depending on the
chemistry of the raw materials and the processing
type. The K20-Al203-Si02 and Na20-Al203-Si02

ternary phase diagrams provide helpful informa-
tion about the compositions of various types of
industrial porcelains[8,9]. Many authors have stud-
ied the phase transformation and microstructure of
traditional triaxial porcelain (kaolinite-quartz-feld-
spar) bodies in detail[10-13].

Generally, these types of porcelain are heteroge-
neous with crystalline phases (mainly quartz and
mullite) and close spherical pores (in case of the
presence of a little porosity) dispersed in a glassy
matrix. The chemical reactions involved in a por-
celain body at various stages of thermal treatment
have been discussed thoroughly[14-16]. Kaolinitic
clay (Al203-2Si02-2H20) is the major raw material
of a porcelain system (clay-quartz-feldspar), which
undergoes dehydroxylation at around 550 °C and
forms metakaolin (Al203-2Si02). This is an endo-
thermic process, as detected in differential thermal
analysis. Then, when the temperature ranges be-
tween 950 and 1,000 °C, metakaolin decomposes
into non-equilibrium spinel-type phases with the
release of amorphous silica. At this temperature
range, feldspar reacts with silica and forms a eu-
tectic. The exact eutectic temperature depends on
the type of feldspar (potash or soda). Beyond 1,000
°C, densification starts with a viscous flow sintering
process followed by transforming spinel phases to
mullite (3A1203-25i02). The spinel is transformed
into primary mullite and silica at temperatures
above 1,100 °C. Due to this reaction series, pri-
mary mullite is commonly observed in porcelain
microstructure as an aggregate of small crystals
(<0.5 mm) in the clay relicts. Secondary mullite is
formed by the reaction of clay relicts with feldspar
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Abstract

Pegmatite rocks are the primary source of feldspar
for the ceramics industry. Using pegmatite in the
ceramic industry causes some problems due to the
presence of mica and iron oxides. These materials
reduce the final product’s tile strength, hardness,
and density, leading to low-quality ceramic prod-
ucts. The separation treatment of Southern Saudi
pegmatite was carried out in two phases to improve
the ceramic quality of the feldspar obtained from
this pegmatite. The first phase consists of gravita-
tional separation to remove the heavy impurities,
and in the second phase, magnetic separation was
carried out to further minimize iron content. Porce-
lain ceramic batches were prepared by wet-mixing,
drying, pressing (semi-dry press), and fired at 1,000
to 1,350 °C temperatures. The porcelain ceramic
bodies were prepared, examined by DTA, X-ray dif-
fraction, and SEM, and tested for bulk density, linear
shrinkage, water absorption, and flexural strength.
These results indicated that, after treatment (using
gravity and magnetic separation), the pegmatite
rocks can be considered a good source of potash
feldspar. The present study provides a positive in-
dication for using Southern Saudi pegmatite after
treatment in ceramic industries.

Keywords: Traditional ceramics, Synthesis and
processing, Porcelain, Pegmatite

I. Introduction

Alkali feldspars are one of the basic raw materials
used in the ceramic and porcelain industries. Feld-
spars are alumina silicates containing K, Na, and
a small amount of Ca. They occur in rocks such as
granite, syenite, and pegmatite. High-grade feld-

spar products are extracted from pegmatite de-
posits. In recent years, feldspar consumption has
increased significantly with the developing and
changing technology. As pegmatite occurs in very
limited quantities and in a very restricted geolog-
ic environment and does not meet the increasing
demands, there is a need to look for other rocks as
potential reserves for feldspars. Most of these rocks
contain low-quality feldspar and undesirable im-
purities for ceramic and glass industries. Pegmatite
consists of an important proportion of feldspar and
quartz. Other minerals associated with these miner-
als are biotite muscovite and iron oxides. Generally,
these minerals have specific magnetic properties
and high density. Therefore, it is possible to remove
them.

Feldspars are commercially used in the glass and
ceramics industries because of their chemical com-
position, particularly their alkali content. The con-
sumption of feldspars within these two industries is
estimated at 85-90 percent of the market[1]. Feld-
sparisalso used in fillers and abrasive industries but
not as much as in the ceramic and glass industries.
The greatest consumption of feldspar raw materials
is in ceramic products. Ceramic products comprise
sanitary ware, ceramic tiles, dinnerware, ceramic
glazes, and electrical porcelain. In ceramic indus-
tries, feldspar is an essential component of the raw
material batch for ceramic bodies. The typical feld-
spar content in the floor and wall tiles is from 10-55
wt.%, from 15-30 wt.% in whiteware, chemical por-
celain, and hotel china, 25-35 wt.% in sanitary ware,
and 30-50 wt.% in electrical porcelain[2]. Feldspar
is also used in ceramic glazing in amounts ranging
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post-maar basanite lava flow

Proterozoic basement

pre-maar scoria cone

Figure 2. Panoramic Views of Al Wahbah Maar: (a) Looking toward the NW, a half-section of a pre-maar scoria cone reveals the
proximal facies of a scoria cone and a dolerite intrusion. (b) Looking back toward the SE from the top of the half-sectioned pre-
maar scoria cone, the retreated tuff ring succession and surrounding post-maar basanite lava flows are visible. (c) During the wet
season, Al Wahbah Maar transforms into an oasis, providing a refreshing view of the hyper-arid climatic region.
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logical feature that enhances our understanding
of complex phreatomagmatic monogenetic vol-
canism (Fig. 2). The site’s well-preserved complex
geological features make Al Wahbah an excellent
geotope and a potential center for geoeducation
programs aimed at understanding maar volcanism
and its environmental changes.

The Saudi Geological Survey is now entering the

geoheritage and geoconservation research field,
building a national inventory of the Kingdom's ex-
ceptional geological heritage. The inclusion of Al
Wahbah Maar in the prestigious IUGS Geological
Heritage Site List is a strong testament to the work
on geoheritage research conducted by the SGS in
recent years. The SGS has now emerged as a global-
ly recognized leader in this field from the Kingdom.

post-maar pahoehoe
lava flow

pre-maar scoria cones

Figure 1. Maps of Harrat
Kishb Volcanic Field and
Al Wahbah Maar Vicinity:
(@) Harrat Kishb volcanic
field. (b-d) Al Wahbah maar
vicinity. The satellite im-
age distinctly displays the
steep escarpment formed
by the subsidence of the
maar crater and the forced
diversion of post-Al Wah-
bah basanite lava flowing
east of the tuff ring sur-

ahat (10 Ma - preseqt‘u

Kishb (2 - 0.02 Ma)
)

Al Wahbah crater 3¢

rounding the maar (b). (c)
A topographic map gener-
ated from DEM based on
SRTM illustrates the ‘hole-
in-the-ground’ structure of
Al Wahbah Maar. (d) The
slope angle map, gener-
ated from SRTM data and
overlaid by the satellite
image, reveals the steep in-
ner crater wall and the flat
crater floor, which are char-
acteristic of young maar
craters.
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endorsed by UNESCO, the list’s significance is
rooted in the UNESCO Global Geopark program
being primarily a geotourism-focused initiative.
In this program, geological sites form a network
of interconnected locations, creating an oper-
ational park for geotourism. While this concept
has evolved, it has become clear to global ex-
perts that UNESCO Global Geoparks and geolog-
ically important sites are not evaluated or valued
similarly, and the two categories do not overlap.
Consequently, the IUGS Geological Heritage Site
list has emerged as independent, globally recog-
nized, certified, and highly respected. The sites
on this list document Earth’s remarkable geodi-
versity and provide a substantial scientific basis
for considering whether these sites could form
the core of future parks.

The UNESCO Global Geoparks, UNESCO World
Heritage Sites, and the First/Second 100 IUGS
Geological Heritage Site lists serve as the three
pillars of abiotic nature. These are considered
from conservation, tourism, and education per-
spectives. In 2025, the IUGS plans to initiate the
nomination and evaluation cycle for the Third
100 IUGS Geological Heritage Sites. Led by the
Saudi Geological Survey, Saudi Arabia will begin
to pre-select 3-5 new sites that are scientifically
justified for a potential successful bid in this cy-
cle. The First/Second/Third 100 IUGS Geological
Heritage Sites will list the Earth’s most import-
ant and purest geology (and geomorphology)
locations. A global effort is required to preserve
them. These lists are the most science-based list-
ings. In contrast, the UNESCO Global Geoparks

are more operational assets where geology and
geomorphology form the basis of a system-lev-
el conservation and primarily tourism venture.
On the other hand, the UNESCO World Heritage
listings are a collection of cultural, biotic, and
abiotic territories (usually large, not single sites)
considered the “most, best, or only.”

The Al Wahbah Maar is defined as ‘The Al Wah-
bah is the world’s largest, young dry maar vol-
cano, half-sectioning an older scoria cone of
Harrat Kishb, Saudi Arabia.”

The Al Wahbah Crater, one of the largest and
deepest Quaternary maar craters in the Arabian
Peninsula (Fig. 1), is an NW-SE elongated forma-
tion approximately 2.3 km wide and 250 m deep.
It is surrounded by an irregular, near-perpendic-
ular crater wall that cuts into the Proterozoic dio-
rite basement and is flanked by two Quaternary
basanite lava flows. Recognized as the world’s
largest and deepest dry maar crater, Al Wahbah
was formed through an explosive interaction
between magma and water. The crater is sur-
rounded by a tephra ring, predominantly com-
posed of base surge deposits accumulated over
a pre-maar scoria cone and multiple underlying
lava flow units (Fig. 2). This tephra ring served as
a barrier against younger lava flows from near-
by vents, diverting them along the margin of the
tephra ring. This diversion resulted in unique pa-
hoehoe lava flow surface textures that recorded
inflation and deflation processes along the mar-
gin of the post-maar lava flow. Al Wahbah is not
only a dramatic landform but also a unique geo
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On 27 August 2024, the International Union of
Geological Sciences ((IUGS - https://www.iugs.
org/) officially released a list of 100 global geo-
logical heritage sites. This list, known as the IUGS
Second 100 Geological Heritage Site list ((https://
iugs-geoheritage.org/the-second-100-iugs-geo-
logical-heritage-sites/), was the result of a rigor-
ous international evaluation process that took
place for nearly a year. Among the newly recog-
nized sites is one from Saudi Arabia, adding to
the country’s representation among the world’s
most prestigious geological locations. The Pleis-
tocene Al Wahbah dry maar crater in Saudi Ara-
bia has been acknowledged for its top-tier geo-
conservation status. Following the successful
inclusion of the Jabal Qidr scoria cone from Harat
Khaybar in 2021 ((https://iugs-geoheritage.org/
the-second-100-iugs-geological-heritage-sites/),
the Al Wahbah Maar crater is the second site
from Saudi Arabia to be featured on the IUGS list.
To understand the weight, reputation, and re-
sponsibility that comes with this decision, we
need to look at the conservation initiatives of the
global community first. The IUGS and UNESCO
(https://www.unesco.org/en) are two different
organizations. UNESCO traditionally looked after
cultural sites through its World Heritage listings
(https://whc.unesco.org/en/list/), which, in the
last two decades, accepted more and more loca-
tions with their natural (mainly geological) basis,
such as the Grand Canyon in the USA. Still, most
of those sites were geoculturally promoted. Due
to the increasing number of nominations for sites
based on geological heritage in the last decade,
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UNESCO agreed to create a new listing called UN-
ESCO Global Geoparks (https://www.unesco.org/
en/iggp/geoparks/about). This was a significant
step and triggered a boom in finding locations
that can be UNESCO Global Geoparks based on
their globally significant geological heritage
and their link to the community they are within.
Nearly every year in the past decade, several doz-
en applications arrived at UNESCO for listing new
UNESCO Global Geoparks that they couldn’t cope
with the pressure to evaluate (no expertise). This
triggered UNESCO to contact IUGS, the largest
learned global society of geological sciences, to
help.The IUGS then opened commissions like the
Commission on Geological Heritage within the
Sub-commission on Geological Sites. From 2024,
SGS Expert Prof. Karoly Nemeth has been elected
to chair the IUGS Sub-committee of Geological
Sites from 2024 until 2028. At the same time, UN-
ESCO, to facilitate the evaluation of the UNESCO
Global Geopark application, offered some small
seed funds through its IGCP Projects to elevate
geological heritage study and protection to the
highest possible level. Currently, there are two
UNESCO IGCP projects; one was the original seed
project to initiate the First 100 IUGS Geological
Heritage Listings about five years ago. The suc-
cess of this project has led the IUGS to organize a
second selection process. This new process aims
to identify an additional 100 geological sites of
global significance. Among these, the Al Wahbah
Maar crater has been recognized this year.

The creation of this list was well received by
UNESCO, leading to continued funding. Now







fectively broadcast the tangible benefits of mining projects, such as environmental stewardship and
community development. Their efforts are crucial in shaping public perception and showcasing the
proactive steps taken by mining companies to ensure a positive impact on society.

Reflecting on Mark Cutifani’s declaration, it is clear that the mining industry has a unique capacity to
foster significant environmental and social improvements. As we continue to embrace and promote
responsible mining, we contribute to a legacy that aligns with the most optimistic visions for our
industry. It is essential for all stakeholders in the mining sector to adopt these responsible practices,
driving collective progress and ensuring that mining truly becomes an industry with the most positive
footprint on the face of the planet.
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€ | work in‘an industry that has the most pos-
itive environmental footprint on the planet,
but we have not done a good job of telling
our story.”- Mark Cutifani, Chairman of Vale.

This assertion by a leading figure in the industry
sets the stage for a discussion on responsible
mining—a concept that extends beyond min-
imizing environmental impacts to significantly
enhancing local communities and reshaping
public perception. The mining industry contrib-
utes vitally to the global economy, aiding other
industries in reducing their environmental foot-
print—from utilizing minerals in agriculture to
using metals that enable urban development to
expand vertically, thereby minimizing land use.

Sustainability and Standards in Mining

Responsible mining integrates sustainability
principles, ethical business practices, and deep
community engagement, driven not only by
mandatory regulatory frameworks but also by a
commitment to voluntary international mining
standards. These standards, established by orga-
nizations like the International Council on Min-
ing and Metals (ICMM), Initiative for Responsible
Mining Assurance (IRMA), World Gold Council,
and others, serve as benchmarks for environ-
mental management, social responsibility, and
corporate governance. They were developed in
response to global demands for more ethical
resource extraction and aim to push compa-
nies beyond compliance, fostering trust among
stakeholders and enhancing corporate reputa-

tions. This proactive approach demonstrates the
mining industry’s commitment to continuous
improvement and responsible growth.

Community Benefits and Local Engagement
At the heart of responsible mining are the di-
rect benefits to local communities: job creation,
constant communication, and consultation with
stakeholders to enhance their local economies
and living standards. For instance, adherence
to voluntary standards has led Barrick Gold in
the Dominican Republic to not only generate
employment but also to invest in long-term
community infrastructure, notably enhancing
educational and healthcare facilities. Similarly,
Newmont’s commitment to closure protocols of
diverse voluntary standards in Guatemala with
the Marlin Mine, exemplifies how responsible
closure practices ensure sustainable benefits for
local communities, even post-mining.
A pivotal aspect of ensuring that the positive
outcomes of mining projects are widely recog-
nized, is the strategic role of ambassadors both
within and outside the mining companies. These
ambassadors, ranging from dedicated employ-
ees to influential external stakeholders, are in-
tegral in actively promoting responsible mining
practices. They serve not just as advocates, but
as vital communicators who relay the successes
and sustainable initiatives of their companies
to a broader audience. Through their stories,
monials, and direct engagement with the
community and media, these ambassadors ef-
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broadly cogenetic and coeval. The previously
loosely defined term ‘complex’ has been redefined,
and ranks ‘subgroup’ and ‘subsuite’ are included.
The criteria for classifying a geological unit as a
‘formation’have been relaxed. This change accounts
for the frequently fragmented nature of arc
volcano-sedimentary units. Also, it accommodates
the minor yet significant components of intrusive
rocks commonly encountered within formations
and their members. A major innovation is to define
a new class of “highly deformed rocks” within which
structural lithodemes are defined that are collected
within higher ranked “shear zone” and “shear zone
system” or, for rocks exclusively deformed by

brittle deformation, “fault/fault zone” and “fault
system” (Table 1, Figure 2). While the ASLLC serves
as the formal code for classifying and codifying
the Precambrian rocks of Saudi Arabia, it is widely
applicable and more flexible, comprehensive, and
practical for 1:50,000 scale geological mapping than
the existing codes. We hope it will gain international
acceptance and application.

During the geological survey, the Arabian Shield
Stratigraphic Commission will continue to provide
expert scientific advice and maintain standards in
the formal stratigraphic subdivision of the Arabian
Shield.

ABC Shear Zone

Gneiss_

g —
i
—

-
-

Figure 2: Field photograph across a shear zone illustrating how the new ASLLC subdivision is applied to sheared rocks.
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Figure 1: A schematic diagram illustrating the application of the ASLLC to a typical Arabian Shield terrane.

The ASLLC builds from existing international
lithostratigraphic/lithodemic codes, most notably
recently published North American (NASC, 2021)
and British (Gillespie and Leslie, 2021) codes.
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However, it also addresses several shortcomings in
the existing codes. The main edits to the existing
codes relate to the redefinition of rock classes and
require components of the same unit to be both



Table 1. Categories and hierarchy of ranks used in the ASLLC.

SCHEME

RANK6 RANKS5

RANK 4 RANK 3 RANK 2 RANK 1

single class accumulated bed

rocks (sedimentary or
volcanic) and their low-
grade metamorphic flow
equivalents

member | formation | subgroup

LITHOSTRATIGRAPHIC :
mixed accumulated

volcanic/volcanoclastic
rocks that cannot be
separated at the scale of
mapping

group supergroup

volcanic complex

at the scale of mapping

sin ,
: ok gr'ade metamorphic
metamorphic/ suite
N A lithodeme | subsuite
single class intrusive rocks supersuite
LITHODEMIC mixed intrusive rocks that Intrusivesuite
cannot be separated at the intrusive complex
scale of mapping
shear zone
tructural shearzone system
. s
highly deformed rocks .
gnly lithodeme fault/fault fault
zone system
mixed multiple class units
MIXED that cannot be separated complex

arrangement across the Arabian Shield. This
approach  facilitates clear communication
among geoscientists working in the area when
executed accurately. The ordered stratigraphy and
accompanying maps, geologic data, information,
and models allow geologists to understand the

distribution of rock units and their geological
histories, providing the critical context required
for understanding mineralization systems and
effective and efficient mineral exploration.
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The lithostratigraphy and the lithostratigraphic
units serve as the foundation for geological
mapping. Lithostratigraphy is a sub-discipline of
stratigraphy that involves identifying, classifying,
and categorizing rock units based on their
distinctive characteristics and position within the
geological column.Geologists use lithostratigraphy
to map the distribution and correlations among
various rock types or units within a specific area. It
contributes to lithostratigraphic correlation, which
relies on critical beds, composition, and location
sequences. The lithodemic units are comparable
termsforrockunitsthatare notlayered orformedon
the Earthss surface. Lithostratigraphy contributes
to resource exploration since comprehending the
distribution and continuity of rock units is crucial
for discovering mineral deposits, fossil fuels, and
groundwater sources. Geological maps based on
lithostratigraphy are necessary for civil engineering
projects such as building foundations, tunnels, and
dams. The information on rock types, strength, and
weathering characteristics assists in evaluating the
suitability of the ground for construction purposes.
The lithostratigraphic code is a guide developed
by geological surveys. It is a formulation of
current views on lithostratigraphic principles and
procedures, aiming to promote standardized
classification and formal nomenclature of
rock materials. This code provides guidelines,
regulations, and recommendation rules for
defining, formalizing, and nominating rock units.
It is the foundation for formalizing the language,
denoting rock units and their spatial and temporal
relations. While there is no single universally
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accepted lithostratigraphic code, various codes are
in use, including the North American Stratigraphic
Code (NASC) and the International Stratigraphic
Guide (ISG, 1SSC, 1994); the British Geological Survey
Rock Unit Classification System (BRUCS). Individual
countries also have their lithostratigraphic guides.
These codes are essential for mapping rock units,
understanding geologic history, correlating rock
units across broad regions, interpreting regional
geology, and identifying economic resources.

A new lithostratigraphic and lithodemic code,
known as the ASLLC, has been developed by the
Arabian Shield Stratigraphic Commission (ASSC).
This code serves to guide the subdivision and
ordering of geological units during the decade-
long Geological Mapping of the Arabian Shield
(GMAS) program. The lithostratigraphic and
lithodemic code provides the rules for formally
subdividing geological sequences based on their
distinctive and unifying lithological characteristics
and relative stratigraphic position. Boundaries
between lithostratigraphic and lithodemic
units are placed at the position of lithic change.
Stratified volcanic and sedimentary rocks that have
accumulated on the Earthss surface and have not
been transposed by intense deformation or high-
grade metamorphism are subdivided using the
6-rank lithostratigraphic scheme (Table 1). Non-
stratiform intrusive igneous rocks and high-grade
metamorphic rocks are subdivided using the
lithodemic scheme (Table 1).

The purpose of developing organized hierarchical
stratigraphic  subdivisions (e.g., Figure 1) s
to describe rock units> spatial and temporal






Storage,
other than
core

Figure 3. The ground floor of the new NCL building will host drill core warehouse space for 1000 km of the core. The “Production
line” of the drill core scanning will consist of a cleaning and sorting room from where it is moved to the logging room and finally
into the scanning room. A continuous roller table removes the need to lift the heavy drill core boxes back and forth. Instead,
they can be rolled on the table from one room to the next.

supporting the smaller companies by removing the
need for investment in their warehouse and log-
ging facilities.

The flagship of the NCL development is the con-
struction of a new logging and scanning facility in
the SGS compound. The conceptual design of the
new building (Figure 3) has just been finalized, and
the work is progressing into a more detailed design
and formulation of the tender request to be used
for selecting the company for the actual construc-

tion work. The construction is expected to com-
mence in 2025 and be completed in 2026.

SGS is evaluating the possibility of acquiring a hy-
perspectral scanner that would utilize the long-
wave infrared range. This would significantly di-
versify the list of minerals that can be identified.
Including feldspars, quartz, phosphates, garnet,
and olivine would expand the number of mineral-
ization types for which valuable data could be ex-
tracted.
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Figure 2. The drill core box is placed on the table for scanning, moving in X and Y directions. The size and technical specifications
of the drill core box are entered into the controlling software. Based on these parameters, the scanner automatically does the
scanning. As part of the quality control standards, each box is scanned before use.

ly operated by the Deputy Ministry of Industry and
Mineral Resources (DMMR), will be renovated to
provide additional storage capacity. Additionally,
SGS is looking into possibly constructing additional
warehouses with logging spaces in the areas with

the highest exploration activities. These distributed
warehouses would host modern drill core logging
areas and potentially be used for hyperspectral
scanning. These distributed warehouses would
provide their services to exploration companies,
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The hyperspectral data can effectively be used both
in ore exploration and operating mines. In explora-
tion stages, the mineralogical information can be
useful in, for example, identifying “near misses” by
revealing alteration halos surrounding the ore, even
when the ore itself is not intersected. In addition to
identifying just different minerals, the hyperspec-
tral data can identify changes in the composition
of mineral series. A detailed understanding of the
mineralogical properties also helps understand
the geological structures controlling the ore-form-
ing processes, thus making the follow-up work on
promising targets easier.

In operating mines, the datais relevantin near-mine

exploration and 3D modeling. Detailed mineralog-
ical information also allows the characterization
of metallurgical properties of different ore lodes,
which can be used to optimize the enrichment pro-
cess in real time, resulting in better efficiency.

Plans for the National Core Library

In the future, NCL aims to increase its staff’s exper-
tise further and become a service hub capable of
providing hyperspectral expert support to inter-
nal and external stakeholders in their projects. The
commencement of receiving cores from stakehold-
ers outside SGS will cause a significant increase
in the number of core samples to be archived. To
meet this need, the warehouses in Asfan, previous-

Muscovite

Figure 1. Hyperspectral data for carbonate is characterized by multiple absorption features from 1400 to 2500 nanometer wave-
lengths. The exact location of the absorption features can be used to identify the carbonate species in question.

Geology and Mining



The hyperspectral scanners installed at SGS have
spectrometers capable of observing the spectrum’s
visible and short-wave infrared parts (350-2500
nm). Minerals with absorption features observable
in this range include, for example, muscovite, bio-
tite, chlorite, various clay minerals, and carbonate
minerals. The range is suitable for observing hydro-
thermal alteration products associated with miner-
alization processes.

After acquiring the data (Fig. 2), it is processed
using The Spectral Geologist (TSG) software. The
high-resolution drill core box photos are stitched
from the original 10 cm long slices during the pro-
cessing. Hyperspectral data is compared to refer-
ence data, and the algorithm calculates a combi-
nation consisting of 1, 2, or 3 individual minerals
and their relative proportion that produces the
best possible match with the observed spectral
features. Due to the large number of possible
minerals and their variable proportions, the cal-
culation is complex and often results in multiple

solutions that produce similar absorption features.
The results can be improved by understanding
the geological context of the samples and using
geological and geochemical data. Based on these
attributes, minerals, and mineral groups can be ex-
cluded from calculations.

Significance, of hyperspectral data in geological
studies

Traditionally, geologists initially identified the rock
types occurring in drill cores through visual obser-
vations. Later refinements of the original loggings
were made variably based on thin section studies
and geochemical data. The whole system has been
time-consuming, subjective, and depends on the
experience of the logging geologist. Especially mi-
nor variations in mineralogy have been challeng-
ing to detect consistently. Hyperspectral scanning
can overcome this challenge as the minerals are
identified reliably with the quick, nondestructive
method.
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Background

The ongoing modernization of the National Core
Library (NCL), an integral part of the Saudi Geo-
logical Survey (SGS), is a significant stride towards
the realization of the Saudi Vision 2030 national
program. This initiative, a fundamental element of
the National Geoscience Information Program, is
not just about archiving drill cores and other geo-
logical sample materials. It's about preserving the
Kingdom'’s geological heritage and paving the way
for future exploration. The NCL, currently housing
materials from various SGS projects, will also ac-
commodate future drilling samples from expired
private-sector exploration licenses, further expand-
ing its reach and impact.

As part of the NCL initiative, the facilities have been
renovated to allow on-site viewing of the physical
sample collection. However, a significant portion
of the initiative’s resources have been and will be
dedicated to the digitalization process of the drill

core collection. This digitalization data, comprising
of hyperspectral scanning of the core and high-res-
olution photographs of the drill core boxes, will
be readily accessible to stakeholders through the
online portal of the National Geological Database.
Over 44 kilometers of the core have been scanned,
and the work continues daily, ensuring a compre-
hensive and up-to-date digital archive.

Hyperspectral scanning, short introduction

Hyperspectral scanning of the drill core utilizes both
the infrared and visible parts of the electromagnet-
ic spectrum. The wavelength range observed by
the human eye is 400-700 nanometers, and the in-
frared range extends to 1,000,000 nanometers (=1
mm). In practice, the range used in core scanning is
500-12,000 nanometers. This method allows us to
identify minerals on the drill core surface based on
their absorption features (Fig. 1), which are specific
for each mineral.
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nickel, gold, and cobalt at a reduced cost. Few
countries are currently implementing this ap-
proach.

- Additionally, these resources can provide contin-
uous electrical power and heating/cooling to sup-
port mining operations at a lower cost, operating
24/7.

In addition, interest has increased in using geo-
thermal energy applications in water desalination,
as this type of renewable energy resource utilizes
low-temperature (65 to 90°C) geothermal fluids for
desalination purposes. Several international pilot
projects have been undertaken to desalinate sea-
water using low-temperature geothermal systems.
Geothermal desalination can play an essential role
in securing water resources globally.

Also, exploring this resource in the Kingdom by
SGS has opened new horizons for gas exploration,
such as natural hydrogen, helium, and noble gas,
especially in high radiogenic heat production ar-
eas, such as granitic exposure areas.

However, despite this potential, the development
of geothermal resources in the Kingdom faces sev-
eral challenges in achieving its ambitions:

1- Technological and Geological Challenges: The
exploration and development of geothermal re-
sources requires a comprehensive understanding
of geological conditions and advanced drilling
technologies. Saudi Arabia may face challenges
adapting local technologies to exploit geothermal
reservoirs.

2- Water Scarcity: Geothermal power plants typ-
ically require water for their operations, such as
for cooling. Given Saudi Arabiass arid climate and

limited freshwater resources, finding sustainable
water sources for geothermal projects could be a
significant challenge.

3- Investment and Infrastructure: Developing geo-
thermal energy infrastructure requires substantial
investment in drilling, power plant construction,
and grid integration. Saudi Arabia must attract in-
vestment and develop the necessary infrastructure
for geothermal energy development.

4- Regulatory Framework: Establishing a clear reg-
ulatory framework for geothermal exploration and
development is crucial for attracting investment
and ensuring the sustainability of projects. Saudi
Arabia may need to develop appropriate policies
and regulations tailored to geothermal energy.

5- Public Awareness and Acceptance: Public aware-
ness and acceptance of geothermal energy as a
viable and sustainable alternative to traditional
energy sources may also present a challenge. Ed-
ucating and engaging the public in the benefits
of geothermal energy will be necessary for its suc-
cessful adoption.

Despite facing numerous challenges, Saudi Arabia
has expressed interest in diversifying its energy
mix and reducing its reliance on fossil fuels. The
country is keen on overcoming these challenges
and tapping into its future geothermal potential.
Therefore, we must conduct comprehensive re-
search to explore and thoroughly evaluate the
potential geothermal resources in the Kingdom of
Saudi Arabia before progressing to the power gen-
eration and production stage. Saudi Arabia aims to
become a prominent player in renewable energy
and prioritize environmental sustainability.
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Granite intrusions with unusually high HP (Heat
Production) values are referred to as high heat pro-
duction (HHP) granites. The term “high heat pro-
duction” (HHP) is commonly used to describe rocks

with heat production (HP) values that surpass four
MWm-3. However, no universally accepted HP val-
ues are designated explicitly as high heat.

The mining sector is widely recognized as one of

Figure 3. Arabian Shield Hot Granite in weatern Saudi Arabia.

the most energy-intensive industries, and it is pro-
jected that the energy demand in this sector will
rise by 36% in the Kingdom by 2035.

Considering the Kingdomvs Vision 2030 ambition
to establish the mining sector as a critical compo-
nent of the national industry, the expansion of min-
ing projects in the future will necessitate a greater
need for sustainable energy sources. This will aid
in achieving the sectons goal of transitioning to a
zero-emission phase. Therefore, it is imperative to
promptly establish renewable energy sources to

sustain mining endeavors, particularly given that
the most favorable regions for investing in geother-
mal energy are near mining zones.

Presently, there has been a surge in interest in utiliz-
ing geothermal energy to bolster the sustainability
of the mining business. This can be achieved by of-
fering the following benefits:

- Geological resources can be utilized to generate
renewable energy sustainably, which helps the
mining sector achieve zero emissions.

- Enables the extraction of minerals like lithium,
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Previous studies and literature reviews have
identified several regions in Saudi Arabia with
significant potential for geothermal power de-
velopment. These areas include the recent volca-
nic zones in the western section of the Arabian

Shield Area, such as Harrat Khaybar, Harrat Al
Shaqah, and Harrat Rahat (Fig. 2). Additional-
ly, hot springs are prevalent in the west of the
coastal plain, particularly in the Jazan and Al Lith
districts (Fig. 3).

Figure 2. An overhead perspective of Jabal Abyad among the volcanic flows of Harrat Khaybar. This site is considered a highly
prospective location for geothermal resource exploitation (Source: SGS National Archive of Geological Photos).
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The Kingdom of Saudi Arabia possesses signif-
icant geological characteristics that suggest
the presence of geothermal resources with the
potential for power generation. These charac-
teristics include a region of elevated heat flow,
primarily found in mountainous areas and areas
with volcanic activity in the Shield Area. The King-
dom has had substantial volcanic activity in the

Unconsolidated sediments.

Coastal plain sediments

Basaltic volcanic flows 3
areas (Harrat). '
Hot springs along the
Red Sea Rifting zone.
Anomalous

hot granite

intrusions.

Red Sea rift basins

¥ T W W v

past 25 million years, namely during the Neogene
to Holocene periods. Several volcanoes near Al
Madinah are younger than one million years, with
the most recent dating back to 720 years ago. The
Red Sea rifting zone stretches westward from
Saudi Arabia in the northwest direction and is
regarded as a significant geothermal asset in the
western part of Saudi Arabia (Fig. 1).

PF @ s @ o @ w % st &2 & S 85 86 ST S8 S e e

SIMPLIFIED GEOLOGIC MAP
*7\ OF THE ARABIAN PENINSULA

100 200 300km

Figure 1. lllustrates the potential geothermal resources in Saudi Arabia (areas of possibly medium to high enthalpy).
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Photograph of the Massive Coarse-Grained Syenite.

in the northern and central areas of the Arabian
Shield. These six gold occurrences, particularly
the Dib Umm Kharit North and South, are consid-
ered to be top priorities, given the sizes of their
mineralized areas and the presence of different
structures. The average gold grade of the 37
samples from these areas is 2.36 ppm gold, with
a maximum at 15 ppm. One-hundred ninety-four
samples were collected from the main ancient
dump and from the outcrops, divided into 149
and 45 samples, respectively.

Four selected mineral occurrences of copper
and molybdenum in the Afif terrane were also
included in this study. These mineral occurrenc-

es are the Jibal Humurrah, the Wadi Qimran, the
Hadabat Al Uwayja, and the Himam Ash Shahad.
Forty-five chip samples were collected from
these four areas. Most of the samples display dis-
seminated molybdenites within the quartz vein
that cut the granitic rocks. All of these occurrenc-
es need further exploration works to determine
their viability as resources.

Seven mineral occurrences were also discovered
during the general survey in the Afif terrane. Five
of these occurrences were classified as quartz
vein type, one as granite type, and another as sy-
enite. SGS-OF-2023-1
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The main objective of this project was to
identify and discover promising metallic
and non-metallic mineral occurrences for
detailed future exploration programs to
delineate and recommend for mineral re-
source development. This report presents
the results of this mineral exploration and
geologic mapping that were done in se-
lected areas in the Afif terrane.

The Afif terrane is located about 700 km
northeast of Jeddah City. This terrane
trends 165° NW-SE over an area of (144
km x 70 km). It covers a total area of (157.4
km2) and represents 27.9 percent of the
Arabian Shield. The Afif terrane is one of
the largest terranes in the Arabian Shield.
It hosts more than 900 metallic and
non-metallic mineral localities that were
documented in the Mineral Occurrences
Documentation System (MODS).

Six gold occurrences were visited and
evaluated, which are considered as aurif-
erous gold-bearing quartz veins, namely:
the Dib Umm Kharit North and South,
the Al Himar-North, the Shaib Al Hufayy-
irah (Al Himar), the Shaib Mibhil Al Janu-
bi (Jabal Al Usaybiyat West), the Shaib As
Saqqar-W (Jabal Dhiby South), and the Al
Baayith mineral occurrences. Four cop-
per-molybdenum mineral occurrences
were also visited: the Jibal Humurrah, the
Wadi Qimran, the Hadabat Al Uwayja, and
the Himam Ash Shahad.

The gold-bearing quartz veins were found
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REGIONAL EXPLORATION OF SELECTED
MINERAL OCCURRENCES IN THE AFIF

TERRANE IN THE ARABIAN SHIELD, KINGDOM OF
SAUDI ARABIA

Abdullah M. Al Jehani, Majed S. Jamal,
Alim Siddiqi, Islam Dourgam,

and Hassan Madhi

Saudi Geological Survey

Garnet-mica schist: Our understanding of the geology of the Arabian Shield has evolved over
time, due to an expanding body of data about the region and the development of new ideas
and concepts in geoscience.
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N-S trending folds. A third tectonic event, the D3,
formed the NW-trending sinistral faults of the
Najd system that cut the D1 and the D2 struc-
tures.

The mineralogical and petrological studies of the
Bir Umq area revealed that the ophiolite host
rocks of the metallic minerals are made up of
serpentinite, listwaenite, metabasalt, and chert,
interbedded with andesite, dacitic to rhyodac-
itic rocks, and volcaniclastic or reworked lithic
tuffs. The entire sequence was cut by numerous
quartz veins. The mineralogical and geochemical
analyses disclosed the common presence of the
metallic elements Cu and Zn. Au is very limited
in occurrence in the study area. However, the
following metallic elements occur in higher con-

centrations: Ni, Cr, Ba, Rb, Sr, Mo, and V. The area
also contains significant concentrations of rare
earth and radioactive elements, such as Ga, Li,
Nb, Zr, Th, and Ta. The heavy metals and radioac-
tive elements were found to be associated with
the ophiolitic rocks that were affected by the D1,
D2, and D3 structures. The precious metallic min-
erals, such as gold, were found to be associated
with the later formed cross-cutting quartz veins,
where they were found to have high concentra-
tions but with limited occurrences. Thus, the Bi'r
Umgq study area may be more suited to the ex-
ploration of base metal minerals rather than for
gold unless geophysical studies and drilling are
conducted to intensify the exploration for pre-
cious metal deposits further. SGS-TR-2018-2
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The Bi'r Umq area, southeast of Al Madinah Al
Munawarrah, is a significant region where rem-
nants of the oceanic crust are exposed and juxta-
posed with the rocks of the continental crust of
the Arabian Shield. This area, which is part of the
ophiolite-decorated suture zone, plays a crucial
role in separating the Hijaz from the Jiddah ter-
ranes within the Central Arabian Shield, making
it an ideal location for our study.

This report focuses on the occurrences of eco-
nomic mineral deposits, their host rocks, and
their tectonic settings in the Bir Umq area. To

gather data, we conducted mineralogical, petro-
logical, and geochemical analyses on 94 samples
collected from this area. Additionally, we utilized
ASTER and SPOT data from the study area, em-
ploying various techniques of image processing
and enhancement to ensure the accuracy of our
findings.

The ophiolite complex in the Bi'r Umq area was
found to be a part of the D1 nappe structures
that formed the overturned fault-related folds,
which trend ENE-WSW. These D1 structures were
affected by the D2 structures, which formed the

040°50'00"E 040°55'00"E

&

24°00'00"

23°55'00""

23°50'00"
040°50'00"E

1

Scale

101 2 3 45 67 89

041°00'00"E

041°00'00"E

ULTRAMAFIC ROCKS

-
- Metabasalt 3- Serpentinite SB i Adidicirocks
2- Basalt

041°05'00"E 041°10'00"E

041°05'00"E 041°10'00"E

ULTRAMAFIC ROCKS FELSIC ROCKS

Serpentinite
4 with
Listwaenite

ASTER false-color composite image (RGB bands 841), merged with band 2 of SPOT 5.

Issue 27 - August 2024 |



Metallogenesis of the Bi’'r Umq
Ophiolite,Southeast Al Madinah Al
Munawarrah, Western Saudi Arabia

Remote Sensing, Mineralogical, Petrological and
Geochemical Studies

Saleh S. Matar, Alim A. Siddiqui,
and Abdullah O. Bamousa -
Saudi Geological Survey
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2023

Annual Report

Eng. Suliman bin Khaled Al-Mazroua
Program’s CEO

The Saudi mining sector is on the cusp of a transformative journey.
With abundant resources and a commitment to attracting
investment and fostering innovation, we are embarking on a
path to unlock tremendous economic potential. This industry
will not only create jobs and diversify our revenue streams, but

it will also position us as a key contributor of critical minerals
for a sustainable future.
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Annual Report

2030 Aspirations

Maximizing the contribution
to GDP to reach
thousand
jobs
to be generated by the mining sector
billion SAR

Improving the beneficiary experience by increasing satisfaction
with the provided services and reducing the detection licenses
issuance period to

60.
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Developing regulations and
legislations and improving
capabilities to enhance the mining
sector’s competitiveness.
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g

Increasing exploration expenditure
to global levels by attracting
private sector investments, along
with dedicated support from the

proposed exploration fund as part

of the sector’s initiatives.

/

Creating job opportunities and
fostering national tale

Enhancing the beneficiary experience
| and satisfaction by upgrading services,

)/ providing relevant data in a highly

I reliable digital format, facilitating its

|
|

access, and reducing the time required
to issue detection licenses.

N
el

Providin~g ‘ .:|uired geological
data via the Arabian Shield geological
survey as part of the Regional
Geological Surve

Maximizing the added value of mineral
ores by establishing value-added
mining chains in collaboration with
the private sector, which would offer
excellent investment possibilities.
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Editorial Letter

Dear Readers,

We are thrilled to present the second issue of Ardhona, our annual scientific journal
dedicated to geology and mining. The success of our inaugural issue has been heart-
warming. Positive feedback has poured in from the geological community, inspiring
us to continue our mission of fostering knowledge exchange and exploration.

In our debut issue, we embarked on a journey to explore the intricacies of the Earth.
The response was overwhelming. We extend our heartfelt gratitude to our contributors,
reviewers, and readers. Your engagement reaffirms our commitment to quality research
dissemination.

Building upon this momentum, our second issue is even more engaging. We've
collaborated with respected organizations, creating a platform for interdisciplinary
dialogue. From mineralogy to environmental impact assessments, our pages resonate
with diverse voices.

Ardhona isn't just a journal; it's a catalyst for change. We recognize the crucial role
mining plays in our economy. As we explore topics like sustainable resource extraction
and technological advancements, we invite local and international investors to
explore opportunities within Saudi Arabia’s mineral-rich landscape.

This issue shines a spotlight on trailblazing women in mining. Their resilience, expertise,
and passion drive progress. In recent years, Saudi Arabia has made significant strides
in empowering women in traditionally male-dominated fields, including mining. The
establishment of “Women in Mining” in Saudi Arabia in 2024 will pave the way for more
women to participate actively in this industry. As the President of “Women and Mining,”
Saudi Arabia, we are committed to exploring women’s role in the country’s mining
industry. We firmly believe that their active participation is essential for sustainable
sector growth. Our focus includes economic contributions, environmental stewardship,
and fostering an inclusive environment through mentorship and networking
opportunities. Empowering women isn't just a goal; it’s our responsibility.

Our commitment to excellence extends beyond content. As we navigate the intricate
layers of geology, let this journal be a testament to our shared pursuit of knowledge.
Thank you for being part of our journey. Together, we'll unearth new horizons.

Best regards, J

e

Issue 27 - August 2024 |



Rana A.Zumai,
Editor-in-Chief, Ardhona Journal

President Women in Mining Saudi Arabia
Senior Director of Corporate Communications & Knowledge
At Saudi Geological Survey
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