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Abstract. A two-stage fuzzy inference system (FIS) is applied to prospectivity modellthgxqioratiortarget delineation

for REE deposits associated with carbonali@line complexes ithe western part of the state of Rajasthan in India. The
design of the FIS and selection of the input predictor aneguided by a generatd conceptual odel of carbonatitalkaline
complexegelated REE mineral systems. In the first stage, three FISs are constructed to map the fertility and favourable

geodynamic settings, favourable lithospheric architecturiéuid transportationand favourable shallocrustal (neasurface)

emplacemenarchitecture, respectively, for REE deposits in the study area. In the second stage, the outputs of the above FIS
are integrated to map the prospectivity of REE deposits in the study area. Stochastic and systdaiitiaaderthe output
prospectivity maps are estimated to facilitate decision making regarding the selection of exploration targets. Thestudy led
the identification of prospective targets in the KamtBarnuDandeli and Mundwara regions, where projgecdle detailed

ground exploration is recommended. L-oanfidence targets were identified in thesth-of theSiwana ring complexegion

north and northast of SarntDandeli, south of Barmer, and south of Mundav&retailedgeological mapping argeochemical

samplingandogether withhigh-resolution magnetic and radiometric surveys are recommended in these areas to increase the
level of confidence in therpspectivity of these targets before undertaking prejeate ground exploration. The prospectivity
analysis workflow presented in this paper can be appli¢idetdelineation of exploration targets in geodynamically similar
regions globallysuch as Afaprovince (East Africa), Parafieiendeka (South America and Africa), Siberian (Russia), East
European CratoKola (Eastern Europe), Central lapetus (North America, Greenland and the Baltic region), and the Pan

superior province (North America).

Keywords
Prospectivity Modelling, Uncertainty Modelling, Rare Earth Elements (REE), CarbeAtkaéne Complex, Fuzzy Inference

System, Western Rajasthan
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1 Introduction

The termRare Earth Elements (REES) includgInternational Union of Pure and Applied ChemisttyPAC): yttrium (Y),
scandium (Sc), and the lanthanides (lanthanum, La; cerium, Ce; praseodymium, Pr; neodymium, Nd; promethium, Pm:;
samarium, Sm; europium, Eu; gadolinium, Gd; terbium, Tb; dysprosium, Dy; holmium, Ho; erbium, Er; thulium, Tm;
ytterbium,Yb; and lutetium, Lu). Because of thaicreasinguse inenvironmenffriendly high-technology industriefREEs

are widely considereastheresources of the futufe.g., Goodenough et al., 2018; Wall, 202pst countries have classified
REEsas6 cr i ti cal mi ner al sirstategicinmpertaradndth@prdjeeted gap betwean théituredemand

and supplyGoodenough et al., 2018pnzalezAlvarezGonzalezAlvarezet al., 2021 and references therein).

In spite of significant efirts into developing technology for recovering and recycling REEs from discarded devices
(Binnemans et al., 2013), geological resources are likely to remain the primary sources of REEs in the foreseeable futur
(Goodenough et al., 2018). Several clasdificaschemes for REE deposits have been proposed by different workers based
on geological associations and settinigs example, Chakhmouradian and Wall (2Q1Bjireth et al. (2014)Nall (2014)
Goodenough et al. (201,6)erplanck and Hitzman (2016%imandl and Paradis (201&}tc. In general, REE deposits can be
broadly classified into those formed by higgmperature (magmatic and hydrothermal) processes and those formed by low
temperature (mechanical and residual concentration) procesges/Nall,2021). Although the majority ofhe-glebalndian
production of REEs comes from lemperature deposits such as regdiitisted and heawyineral placers (IBM yearbook
2018, 2019), the bulk of geological resources are in-tégiperature magmatic deposits, particularly those associated with
carbonatitege.g., Bayan Obo, Inner Mongolia, China; Mount Weld, Western Australia; Maoniuping, South China; Mountain
Pass, USA etpGonzalezAlvarezGonzéalezAlvarezet al., 2021 and references thefgin

India ranks 6th in terms of production of REEs and 5th ingesfiresources (USGS, 202A). | of Indiads pro
from monazitebearing beach sands along the eastern and western coasts (IBM yearbook 2018, 2019). Since India has 29 ol
of the total 527 globally reported carbonatite occurrences (Woolley amsgéjard, 2008a), there is significant latent potential

for carbonatiterelated REE deposits in the country. Currently, theses no studystudiesavailable, at least in the public

domain, on systematic delineation of prospective REE exploration tangetia.

Mineral prospectivity modelling is a widely used predictive tool for identifying exploration target. éreasineral
explorationl mpl emented in a GI'S environment, it involves the
exploration criteria for the targeted deposit type. Typically, conceptual mineral systems models are used to identityrexplora
criteria (Porwal and Kreuzer, 2010; Porwal and Carranza, 2015). The integration is done through either lindlarear non
mahematical functions (Bonha@arter, 1994; Porwal, 2006; Porwal and Carranza, 2015). Depending on how the model
parameters are estimated, that is, whether based on training data comprising attributes of known deposits or on expe

knowledge, these modeleeaclassified as dat@driven or knowledgelriven.
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approaches use expert knowledge for estimating model parankeiezslogic basedapproachesrethe mostwidely used

knowledgedriven approacksto prospectivitymodelling These approaches have evolved from the Prospector (Duda et al.,

1978, 1979, 1980 which was the earliest knowledgased expert system that utilised fuepgrators ira Bayesian network
(Porwal et &, 2015).

Prospectivity-modellingiShe outputs of both dat@driven and knowledgdriven prospectivity modelresubject tdwo types

of uncertainties Fhese-uncertainties—are-classiiedwn-main-categoriefPorwal et al. 20032003 Lisitsin et al., 201}
namely, systemic(or epistemic)and stochastic (or aleatory) Systemic uncertaintiesisearise from the incomplete

understanding of the geological process involved in the formation of the mineral deposit, leading to impew&etient
modek. Stochastic uncertaintiessearise from the limitations ofthe primary andderivative processedatasetsised.—of
including the methedslgorithms used to interpret—useful—information—froderive them These can—be—a—result—of
iraceuratancertainties areesuls of inaccuracyor imprecisionsefin measurementsnapping—or and observationsdata
interpolations and inconsistent data coverages-(Porwal et al. 20032003 McCuaig et al. 2009 Lisitsin et al., 2014)

However mostpublished prospectivity modelling studies do not specifically deal with uncertainties in model outputs.

There are very few published studies on REE prospectivity modelling. Ekmann 2@b2)kgdublisheda study of REEs in
coal deposits in the United States. In one of the firstliai&d prospectivity modelling studies for REEs, Aitken et al. (2014)
used a fuzzyogic-based model to delineate prospective targets for pegmatiteonatite and veinhostedREES in the
Gascoyne Region of Western Australia. This study was part of a largercomltnodity prospectivity study of the Gascoyne
Province. Sadeghi (2017) carried out a regiatale GlSbased prospectivity analysis for REEs in the Bergslagen dlisfric
Sweden, targeting ireapatite and skarrassociated deposits using the weights of evidence and weigdddy models.

Bertrand et al. (2017) used database querying to analyse the prospectivity for REfpsoasiols in known mineral deposits

3



95 in Euope. In a recent study, Morgenstern et al. (2018) analysed the potential of REEs in New Zealand usirgjaayenulti

Fuzzy inference system (FIS).

This contribution describes the first systematic and comprehensive prospectivity modelling exercise alewifyaig

exploration targets for REE associated with carbonratkaline complexes in Western Rajasthan, Irffig. 1) Althoughit

is a welkestablished carbonatite provirtbatis widely considered prospective for REE depositsnly a singleREEdeposit
100 has been identified in the province so farthis-study—wi/e employfuzzy inference system (FIS), which is a knowledge

driven artificial intelligence technique, identify anddelineate prospective targéts REE-depesHREES (except Pm and Sc

Pm is an unstable element and Sc is not an element sourced from carbaliaiites complexadn the study ared he inputs

to the FIS were identified based on a generalised mineral systems model for-@i&dlim@itecomplexeselated REES, which
was further used to guide the design of the FIS. To support decision making regarding the delineateddargateand

105 systemieuncertaintiesn the output model were also estimat&te prospectivityanalysis workflow presented in this paper
can be applied to other geodynamicallyantleplumerelated intracontinental extensional settinsimjilar regions globally
for targetingregiondeor-follow-upexplorationargeting e.g. in East Africg Southand NorthAmerica Russia, Eastern Europe,
Greenlandand theBaltic region.

2 Geological setting of the study area

110 The study are&!isis locatedin the state of Rajasthan in northwest India (Fig. 1). This area was chosen because it is a known
major carbonatite province of India, and wiellegrated public domain datasets are available. Geologically, the study area
contains igneous and sedimentasynfiations ranging in age from the Neoproterozoic to Holocene. Neoproterozoic Erinpura
and Jalore granites, along with a few outcrops of the MesoproterozoicIdphrigroup occur in the southeastern part of the
study area (Fig. 1). The eastern part of shedy area comprises extrusive and intrusive igneous rocks belonging to the

|115 Neoproterozoic Malani Igneous Suite that is mostlyied-underovered bya thick horizon of Holocene wirblown sand.
Sedimentary sequences belonging to the Late NeoproterozmwdviSupergroup Jurassic Jaisalmer, Cretaceous Sarnu
Fatehgarh, Tertiary Barmer (Palaeocene) and Akli (Eocene), Quaternary Uttarlai Formations (Pleistosghe to
Reeentolocend (Roy and Jakhar, 2002; Ramakrishnan and Vaidyanadhan, 2008; SinghGdt&lgc&ur in the central and

western parts around Barmer and Jaisalmer towns (Fig. 1).
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Figure 1. Geological map of the study area with known carbonatitelkaline complexes.

Carbonatitealkaline complexes of the Cretaceous agaupt the MerMundwara area in the eastern part of the study area

and the Sarnbandali area in the central partthe study are@Fig. 1; TabletAl). The MerMundwara carbonatitalkaline

complex intrudes the Neoproterozoic Erinpura Granite and displays a characteristic ring structure, wherein thmafkaline

125

rock suites form two ring structures and a dome (Pande et al., 2017). Carbonatite®otainiy the form of linear dykes

Mer-Mundwara The SarntDandeli complex covers a relatively large area on the eastern shoulder of the Barmer basin. The
carbonatites occur mainly as scattered plugs and dykesn-extensivihat are covered bQuatenary sang:evey, intruding

the Neoproterozoic Malani igneous suite and the Cretaceous Sarnu formation (Vijayan et al.

, 2016; Sheth etlal.h2017).

SarnuDandeli complexalso includes more minor occurrences of carbonatites in the -DantgeraMahabarand Kamthai

130

areas. The Kamthai plug is considered to be highly prospective for REEs (Bhushan and Kumar, 2013).

The study area is dissected by the Barmer rift, which continues southwards through the state of Gujarat into the Cambay basi

The Barmer rift is a failed, roughly norfouth trending, extensional intracratonic rift (Fig. 1) that was active during Late

5



Cretaceous to Eocene (Dolson et al., 2015). A Hasging extensional regime in northwest India predating the Deccan
volcanism existed in northwest India, peaked with the Seychelles rifting at the Cret&adeagene boundary and the
135 emplacement of the maphase of Deccan volcanics at ca. 65 Ma (Devey and Stephens, 1992; Allegre et al., 1999; Chenet et
al., 2007; Collier et al., 2008; Ganergd et al., 2011; Bladon et al., 2015a, b). Hpeasetived Cretaceous carbonatiliealine
complexes of the studyrea represent a young carbonatite magmatism episode (~68 Ma) that is coeval with the initial
magmatism of the Deccan Large Igneous Province (LIP) and is related to th€dydltzelles breakup and northward drifting
of India over the reunion mantle pluniggvey and Stephens, 1992; Basu et al., 1993; Simonetti et al., 1995; Allegre et al.,
140 1999; Ray and Pande, 1999; Ray and Ramesh, 1999; Ray et al., 2000; Chenet et al., 2007; Collier et al., 2008; Sheth et ¢
2017; Chandra et al., 2018).
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3 Datasets andnethodanethodology pipeline

145 The public domain geoscience datasets used in the study, which include geological, geophysical, topographic and satellit
data, were mainly sourced from the Bhukosh portal of the Geological Survey of Indiasl)
(https://bhukosh.gsi.gov.in/Bhukosh/MapVievaspx). Table2l summarises the sources, scales and other details about the

individual datasets.
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Table 21: A list of primary data available for the study area.

Primary data

Resolution'Scale

Source

Geological map 1:50,000 GSl, accessdin October 2019
Structural map 1:50,000 GSl, accessdin October 2019
MagneticTotal magnetic intensitfTMI ) 75 m GSil,accessdin October 2019
Ground Gravity 1:1,000,000 Reddi and Ramakrishn4988 accesedin October 2019
World Gravity Map2012 (WGM2012) i
; 0°2 6 Bonvalotet al, 2012 accessdin November 2019
Bouguer gravity
) ) AmanteandEakins 2009;Bonvalotet al, 2012 accessdin
ETOPO11 Arc-Minute Global Relief Model 0°106
November 2019
Shuttle Radar Topography Missi¢BRTM) )
°0630 Geosoft seeker; accessed in October 2019
topography
Structural lineament map 1:250,000 GSl, accessdin October 2019
Known carbonatite occurrences Literature review; Table 1
Known prospects B GSI andAtomic Minerals DirectoratéAMD), 2020
Fhe-methodslogy-few-ehartisshewn-in-Figdie
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155 Figure 2: Flow chart depicting the methodology. Rectangular boxes contain generated objects, and oval boxes contain processes
used for creating the objects. Shaded boxes indicate the objects and processes created and implemented in a GIS, respectively

314 Mineral systems model for carbonatitealkaline complexrelated REE deposits

In this study, we used the generalised conceptual modeartionatitealkalinecomplexrelated REE mineral systems
160 developed by Aranha et al. (in review) based on the framework proposed by McCuaig and Hronsky (20&3)illbigtrates
the main featuresf the model. The main components of the mineral systems are compiled iRZabkbriefly summarised

in the following paragraphs.

10
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Fertile source region: Metasomatised pockets of the subcontinental lithospheric mantle (SCLM) are considered to be the

fertile source regions for carbonatigkaline complexes (Jones et al., 2013) as well as REE deposits associated with these

complexes as the processes of metasomatism also causes enrichment of REE and other incompatible elements (Zheng, 20

2019). The metsomatism of the SCLM involveme ofthe following processes: (1) lithospheric subduction into the SCLM
(#1 in Fig. 3 and Tabl2; Duke 2009; Duke et al. 2014; Goodenough et al., 2016); (2) aratdxised mixing of subducting
crustal units with the SCLN¥2 in Fig. 3 and Tabl2; Jones et al., 2013 and references therein{8) metasomatism induced
by ascending mantle plumes (#3 in Fig. 3 and Tap&monetti et al., 1995, 1998; Bell and Tilton, 2002; Bell and Simonetti,
2010; Ernst and Bell, 2010).

Geodynamic setting: Carbonatitealkaline complexes and related REE deposits generally occur in extensional intra
continental rifts and large igneous provinces (LIPS) (#4, 5, 6 in Fig. 3 and3ahéolley and Kjarsgaard 2008a; Woolley

and Bailey, 2012;Pirajng 2015; Simandl and Paradis, 2018). Extensional tectonic settings and associated LIPs are
manifestations of mantle plumes (Simonetti et al., 1995, 1998; Bell and Tilton, 2002; Bell and Simonetti, 2010; Ernist and Bel
2010), which also induce metasatism of the SCLM, fertile source regions of, and favourable geodynamic settings for, REE

deposits related to carbonatitkaline complex are interlinked.

Architecture: Carbonatitealkaline complexes and related REE mineral systems derive fluidglim®CLM through large
scale permeable networks of trditBospheric structures. Most carbonatitéaline complexes are found spatially associated
with crustalscale faults, rifts and shear zones at regional scales (Ernst and Bell, 2010; Woolley ey\d?BaR; Pirajno,
2015; Simand| and Paradis, 2018; Spandler et al., 2020). Therefore, lithespdlerstructures form favourable plumbing
structures for carbonatiakalinecomplexrelated REE deposits (#7 in Fig. 3 and Tak#te Upper crustal faultsshallow
discontinuity structures and joints serve as pathways for focussing fluids tseuntzare levels and also form structural traps
(#8 in Fig. 3 and Tabla2; Ernst and Bell, 2010; Skirrow et al., 2013; Jaireth et al., 2014).

The crystallisation otarbonatites and alkaline complexes along with reactions with the ceookyo form Ca and Mg
silicates is accompanied by the removal of,Cdissolved P and F (Skirrow et al., 2013; Jaireth et al., 2014). The above

reactions may causenrichmerREES todeposit in silicate minerals along the countpgk interface Anenburgand

Mavrogenes 20L8\nenburcet al., 2020). Brichmeniof incompatible elements such as REEs, U, Th, Nb, Ba, Sr, Zr, Mn, Fe,

Ti in the fluids occur due to liquid immiscibility, espalty in liquids rich inalkaliswhich promote REE solubilit¢#10, 13,

14, 15, 16, 17, 18, 19 in Fig. 3 and Tabfke Cordeiro et al., 2010; Skirrow et at., 2013; Jaireth et al., 2014; Pirajno, 2015;
Mitchell, 2015; Chakhmouradian et al., 2015; Stoppal.e2016; Poletti et al., 2016; Giovannini et al., 2017; SimandI| and
Paradis, 2018; Spandler et a020 Anenburg et al., 2020. Carbonatitealkaline complexes are often enriched in

ferromagnesian minerals that cause wellined magnetic and gravity anomalies (#9 in Fig. 3 and Babfdunn and Dentith,
1997; Thomas et al., 2016). Fenitisation often enriches country rockanmad Kla (#12 in Fig3-and-Table 3:-Le Bas;2008;
Elliottetal-201883 and Tabl®; Le Bas, 2008; Elliott et al., 2018 alkali-rich intrusions, LREES are retained in the primary

carbonatite while HREEs tend to concentrate in Fenites, particuldfgnkes; whereas in siliegch or alkalipoor intrusions,

11



HREEs remain in the carbonatit®nenburget al., 2020). Size and HREE/LREE concentration of the fenites hainagoe
proxies

Rare-earth-elemeREE mineralisation in the carbonatites can be aftirm of primary REEbearing minerals (e.g., Mountain
Pass, Mariano, 1989; Castor, 2008; Verplanck and Van Gosen, 2011; Van Gosen et al., 2017)-erdaypitation-from

200 secondanhydrothermakbctivity, including irsitu replacemengr from late magmac fluid phasesxpelleadvolvedfrom the
carbonatite magmas (Verplanck and Van Gosen, 2011; Skirrow et at., 2013; Jaireth et al., 2014; Van Gosen et al., 2017,
Primary REEbearing cumulates include perovskite, pyrochlore, apatite and calcite, whitdadgéeREEbearing minerals
includebastnasiteparasitparisite and synchysitenhat form from the redistribution of solubdeimaryphases such ascylite,
burbankite and carbocerna(#24 in Table32; Verplanck and Van Gosef011; Skirrow et al., 2013; Van Gosen et al., 2017

205 Andersen et al2017;Anenburget al., 2020Kozlov et al., 202))
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alkaline-complexrelated REE mineral system (adapted from Aranha et al., under

Figure 3: Idealised genetic model of aarbonatite-

review) crossreferenced to processes listed in Tabi& through the numbers in blue. (A)Depicts the fertility and geodynamic setting

210 along with the plumbingtransport architecture on a regional scale. B, C and D focus on the emplacement architecture at the camp

to-prospect scale. (B)Shows the idealised geometry of the intrusion and the relation of carbonatites and associated alkaline rocks
and fenitisation (C) Presentsthe nea-surface structural architecture and the spatial distribution of associated(D) Displays the

14



idealised geometry of a carbonatitealkaline intrusion and the relationship between the magma chamber, ring dykes, cone sheets,
and radial dykes.

|215 Table 32: Conceptual REE mineral systems model (adapted from Aranha et al., under review). The index numbers correlate to the
numbers in blue in Fig. 3.

Setting/process # Targeting criteria Spatial proxies

Fertility

1 Subduction of crust Subduction zones throughot
geological history
Mantle metasomatism and low degree partial Decompressional melting of mantle and .
meltin 2 o - Rift zones
9 crust due to rifting (crustal thinning)

3 l;)/:ﬁitﬁzomatlsm driven by a rising mantle Trace of mantle plume

Geodynamic setting and triggers

Trace of mantle plume
4 Trace of mantle plumes based on plate through time

tectonics through indicative magmatism

Continental rifts (Rising Mantle plume) 5 LIP
6 Major global tectonic eventssuper Plate reconstruction models
continental breakups rifting
Architecture-plumbinglransport
iarati isti Rift structure

M'gr:at'on of magma along existing or new 7  Crustal scal@iscontinuities .
architecture Deep crust penetrating fault:
ArchitectureEmplacement
Magma emplacement under structural traps 8 Nearsurface network of faults Shallow intersecting faults

. Anomaloushigh signatures in geophysica Anomaloushigh signatures

| Carbonatlte_ magma emplacgment | 9 data in magnetic and gravity data
Concentration of minerals with a strong magneti ; - i )
response and contrasting density from the coun High rssponse n rda(_?_lﬁmetru
rocks _ ) ) o 10 High radioactivity due to U and Th Qaps lue;c:l Uha'_”

‘ Concentration of incompatible radioactive 0 enrichment nomalousnigh signatures
elements of U and Thin geochemical
Hosted by or strongly associated with Ca or Mg data —

| carbonate rocks (Carbonatites) 11 High concentrations of Ca and Mg Anomaloushigh signatures

in geochemical data.
Enrichment of K and Na in the High response in radiometric
Sodic and potassic fenitisation 12 surrounding rockssize and HREE/LREE maps due to K.
of the fenites halo HREE/LREE map
13 Enrichment of REEs
14  P20s,
15 F,Cland CG
Emplacement of incompatible elements in prima Anomaloushigh signatures
. L 16 Nb : ;
carbonatite or secondary carbonatitic veins in geochemical data.
17 Ba, Sr, Zr
18 Mn
19 Ti
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Abundance of Ba, Sr, P, Cu, Co, La, Ce,
Pr, Nd, Sm, Dy, Fe, Nb, Ta, Uand Y
against the background value in the leav
and twigs of the plan@nd in the Humus.

Biogeochemical indicators: Absorption of REEs
and related elements by plants growing overa 20
potential deposit

Plant/Humus anomaly maps

. . . REE
Selective absorption of specific wavelengths of t - . . . .

. } Characteristic absorption features in Concentrationoncentration
Electromagnetic spectruf@oescheet al., 2015; 21 remotely sensedpectraimages maps derived from remotel
Neaveet al., 2016Zimmermann et al., 2016 y 9 P y

sensedpectraimages

Carbonatites are commonly spatially associated
with alkalinesilicatesilicates (85%; Woolley and
Kjarsgaard, 2008a, b) and in some cases with
ultramafic and felsic silicate igneous rocks

Mapped intrusions in
geological maps

22 Known alkaline intrusions

Concentric zoning of carbonate rocks along witk Circular features in
magnetic minerals (magnetitéyunn and Dentith, 23 Circular outline topographic and geophysica
1997;Thomas et al., 2016) data
Variation in mineralogy in REfbearing minerals T . . Individual rock and
; ; . - Variation in rock units of the alkaline rock . . o
and associated alkaline suite of rocks are indica . T - mineralogical units in
h 24  suite and/ok/ariatienvariationof REE : - .
of emplacement depth as well as erosional level . detailed lithological and
- R . minerals : . .
and, therefore, mineralisation potential mineralogical profiles
3:25 Targeting criteria and predictor maps
The above conceptual model foarbonatitealkaliner e |l at ed REE mi ner al systems was t

220 which is a compilation of processes whose responses can be mapped directly or indirectihe publicly available datasets

for the study area listed in Tablé. The targeting model was used to identify registalle mappable targeting criteria for

REE deposits in the study aréables4A,B-and-Table3).

The mappable targeting criteria foER deposits in the study area were represented in the form of GIS layers or predictor
maps for inputting into the FIS. The details of the primary data, the algorithms and GIS tools and techniques use@to generat

225 input predictor maps are providediigblesdA;-B-and-CTable3. Since there is aneto-two-orders of difference in the spatial

resolution of the input datasd€tanging from ~100 m for airborne magnetic data to ~10 km for ground gravity data), we chose

atradeoff grid cell size of 3 km for gemating the input predictor mapfhe same grid cell size was used for prospectivity

analysis.This grid cellsizecorresponded to thsze of typical carbonatitalkalinecomplex occurrences in tis¢udyarea

230
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3.36 FIS-based prospectivity modelling

The predictor maps were integrated using fH8. 4) to generate REE prospectivity maps of the study areathEmeetical
expositieriheoryof the FISbased modelling approach and implementation for mineral prospeativitglling is provided by

235 Porwal et al. (2015) and Chudasama et al. (2C8)erabpensourcesoftware packages and libraries for implementing FIS
are available in the public domain (elSDeT, Castellano et al., 201FjsPro R packanzpy®@®n | i br ary ¢

e X _p e Howaver, n the present studwe used the commercial softwdrezzy Logic Toolboyof MathWork@ to implement

the model.The concepts and theory of fuzzy logis well as the procedures for designing mmolementingFIS using the

Fuzzy Logic Toolbox are explained in detail in the documentation that can be freely accessed at
240 https://matiworks.com/help/fuzzy/fuzzinferenceprocess.html
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Rationale

Procedures used to generate the predictor
map

Spatial proxy (predictor
maps)

SNO

Shallow, surficial. higher-order, local faults and joints aid in focussing the

extracted from the vertical derivative of (1) RTP fluids to near-surface levels and can also serve as structural traps. Such

magnetic data, (2) WGM2012 and (3) ground

gravity data, after edge-enhancements. These
maps were integrated using the fuzzy 'AND’

Euclidean distance was calculated to lineaments
operator.

Shallow Lineaments
(Euclidean distance to surficial

features manifest as linear trends on geophysical data (Porwal, 2006).
Vertical derivative of magnetic data reveal responses from near-surface

lineaments derived from (1)
magnetic data (2) WGM2012 and

10

sources (Goneng, 2014); thus, these lineaments are considered to be near-

surface.

(3) ground gravity data)

Intersections of shallow

Points of intersections were extracted of

lineaments
(Euclidean distance to

Intersections of near-surface lineaments can serve as structural traps.

of (1) RTP magnetic data, (2) WGM2012 and (3)

lineaments derived from the vertical derivative
ground gravity data.

11

intersections of surficial

lineaments)

Carbonatites are often enriched in magnetic minerals such as magnetite

that exhibit high magnetic susceptibility. Analytical signals are usetul for
localising anolamies over their sources at lower magnetic latitudes

(Rajagopalan. 2003: Keating and Sailhac. 2004).

Analytical signals of magnetic data were
* These maps were used as proxies for several different components, as explained under the rationale column.

High magnetic anomalies

calculated to exaggerate anomalous signatures

(Magnetic anomaly map)

_The modelling was implemented in the following steps.

1. Fuzzification of numeric predictor maps In the first step, all
numeric predictor maps (e.g., the predictor map showing distance to
structural lineaments) were converted into fuzzy predictor maps (e.g.,
proximity to structural lineaments) using membership functions such as
linear, piecewise linaar (trapezoidal) or Gaussian (Tab!g. However,

the output fuzzy membership values of a predictor map are dependent

on theparameteishapeof themembershifunction usedwhich in turn

is dependent on the mathematiparametershat define the function

(e.g., mean and standard deviation for Gaussian functions and slope and
intercept for linear functions).

Because thererereare no training data (that is, known deposits) for
optimising the fuzzy membership functions, we quantified uncertainty
arising fromusing subo pt i ma | function paramet
uncertaintyo0 2003R@Eg Wisitsin eedl., 2@1lK). The
Monte-Carlo-simulationbased algorithm described by Lisitsin et al.
(2014) and Chudasama et al. (2017) was used to estimate model
uncertaintiestasteadn this approach nisteadof using point values for
each—function—parametbe parametes of the fuzzy membership
functions, we used a—beta—distribution—ef-PERT distributions
conforming to the possible variati®of these poinvaluesand-then
sootosonosof Mento Codle cmalnbopns focotimante the onciion

parameter—at—10%,-50% and-90% probability leveThe beta
distribution—was—used-becauseist a bounded distribution that is

generallyrecommendauidely ussdwhenthere areno training datare

., and the only informatiomvailable and-+elies—only—as the expert
knowledge about the optimistic, most likely and pessimistic values
(Johnson et al., 1995Fhree-fuzzy-mapdhe parameters of the beta
functions (opimistic, most likely and pessimistic valuesyere

generatedssigned based on a geological evaluation of the decay of the

influence of a targeting criteria with distance (TaBje A series of

Monte Carlo simulations were then carried out to estimatediueswof

the parametsrat 10%, 580 and 90% probability levels, which were,
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280

respectively used to generate three fuzzy maps at 1%, anid 90% probability levels for each predictor map
through-this-step

However, the present work has rmpiantified other systemic uncertainties arising from the choice of the

membership function, FIS structure, and choice of distribution

(A)

Plume head/Barmer rift Fertility
FIS |—{ Prospectivity

Deccan LIP Map

| G S

Lineaments from THD of 20 km upward continued (B)
RTP magnetics
Lineaments from THD of 10 km upward continued
RTP magnetics
Lineaments from THD of 5 km upward continued RTP
magnetics
Lineaments from THD of 2 km upward continued RTP Cumulative lineaments from
magnetics magnetics

Pathways

Barmer rift 3
Architecture

round gravity
gncs FIS H

Lineaments from remote sensing Prospectivity
data Map

Cumulative lineaments from
gravity data

Lineaments from THD of 10 km upward continued
ground gravity

[

[

[

[

|

[ .
[ Lineaments from THD of 5 km upward continued
[

[

|

|

[

Lineaments from THD of 20 km upward continued | [

ground gravity
Lineaments from THD of 2 km upward continued
ground gravity AND
Lineaments from THD of 20 km upward continued
WGM2012
Lineaments from THD of 10 km upward continued
WGM2012 )
Lineaments from THD of 5 km upward continued
WGM2012
Lineaments from THD of 2 km upward continued
WGM2012
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2

Circular features from THD of 5 km upward continued | (C)
RTP magnetics

Circular features from THD of 2 km upward continued
RTP magnetics

Circular features from THD of RTP magnetics

Circular features from THD of 5 km upward continued

WGM2012 AND
Circular features from THD of 2 km upward continued
WGM2012 3
Intrusions
Circular features from THD of WGM2012
IP
Circular features from SRTM [ Beceank
i Lineaments from remote sensin
Circularfeatures from ETOPO1 [ g Emplacement
icial li i Cumulative circular features FIS H Architectire
Surficial lineaments from magnetics Prospectivity
: oy Map
Surficial lineaments from ground gravity Cumulative Surficial faults
o Cumulative Intersections of
Surficial lineaments from WGM2012 e
surficial faults
H x
Intersections of surficial lineaments from magnetics [ Magnetic anomaly map

gravity

[ Intersections of surficial lineaments from ground
[ Intersections of surficial lineaments from WGM2012

(D)

Fertility
Prospectivity
Map

Petiwars Mineral
Architecture s
Prospectivity Prospectivity

Map Map

Emplacement
Architecture

Prospectivity
Map

Figure4: The multistage FIS for REE prospectivity mapping in the study area. (A) FIS for generating fuzzy prospectivity
285 maps for fertile sources and favourable geodynamics setfBigsIS for generating fuzzy prospectivity maps for favourable
lithospheic archiecture for transportation of REEhriched carbonatitealkaline magma(C) FIS for generating fuzzy

rospectivity maps for favourable shallow crustal (reaface) architecture for emplacement aafrbonatitealkaline

complexes. (D) Second stage FIS combitie above three prospectivity maps obtained from the first stage and generates the
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outputs.
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