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reflectance spectra for field-scale 
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Abstract: Knowledge of field-scale soil variability is essential for sustainable soil 
management. Traditional techniques, based on soil analysis, are costly and time-
consuming. An alternative method would be the use of visible-infrared reflectance 
spectroscopy coupled with multivariate analysis, specifically principal component 
analysis (PCA) and geostatistics.  
In this study, after brief reviews regarding reflectance spectroscopy, PCA, and 
geostatistics, we presented a methodological approach for digital soil mapping in a 
study area of Southern Italy. Reflectance spectra of 240 surface soil samples 
collected at geo-referenced sites, were decomposed by PCA. The first three 
components (PC1, PC2, PC3) explained most (98%) of the total variance of the 
initial data set, therefore, they were considered for the assessment of soil spatial 
variability by variography and kriging (geostatistics). The resulting PC1, PC2 and 
PC3 kriging maps were interpreted in the light of the information contents on 
reflectance spectra and compared with the results of a previous, conventional soil 
survey. The presented strategy seems to be efficient and reliable for mapping soil 
spatial variability.  

Keywords: Soil reflectance; Principal component analysis (PCA); Geostatistics; 
Digital Soil Mapping. 
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1. IQWURGXcWLRQ 

SRilV aUe UaUel\ hRPRgeQeRXV aW diffeUeQW VSaWial VcaleV (OdlaUe eW al., 2005). VaUia-
WiRQV iQ Whe VRil SURSeUWieV, Zhich aUe SaUWicXlaUl\ eYideQW RYeU a laUge Vcale, Pa\ 
RccXU PaUkedl\ alVR ZiWhiQ a feZ hecWaUeV Rf faUPlaQd (field Vcale), dXe WR VPall 
chaQgeV iQ WRSRgUaSh\ aQd WhickQeVV Rf SaUeQW PaWeUial la\eUV RU Whe effecWV Rf SaVW 
hXPaQ PaQagePeQW (BUad\ aQd Weil, 2002). DeVSiWe WhiV, VRilV aUe WUadiWiRQall\ 
WUeaWed aV hRPRgeQeRXV, ZiWh SRVVible adYeUVe effecWV RQ cURS \ield, PaQagePeQW 
cRVWV, aQd Whe eQYiURQPeQW. HRZeYeU, WheVe effecWV caQ be cRQWaiQed, if QRW cRP-
SleWel\ aYRided, b\ adaSWiQg VRil PaQagePeQW WR Whe ViWe¶V VSecific cRQdiWiRQV, aV 
aVVeVVed WhURXgh Whe cRUUecW kQRZledge Rf Whe ZiWhiQ-field YaUiabiliW\. ThiV iV Whe 
SXUSRVe Rf Whe VeW Rf agUicXlWXUal WechQiTXeV, beWWeU kQRZQ aV "SUeciViRQ agUicXlWXUe". 
A Za\ WR iQYeVWigaWe ZiWhiQ-field VRil YaUiabiliW\ cRXld be Whe SURdXcWiRQ Rf deWailed 
PaSV, baVed RQ PaQ\ WUadiWiRQal chePical aQd Sh\Vical aQal\VeV. HRZeYeU, WheVe 
aQal\VeV aUe e[SeQViYe aQd WiPe-cRQVXPiQg. TheUefRUe, WhiV aSSURach iV XQVXiWable 
ZheQ VRilV Qeed WR be aQal\Ved, aV iQ SUeciViRQ faUPiQg. HeQce, Whe Qeed WR iQYeVWi-
gaWe alWeUQaWiYe WechQiTXeV. ReceQWl\, SaUWicXlaU iQWeUeVW haV beeQ VhRZQ WRZaUdV Ue-
flecWaQce VSecWURVcRS\ iQ Whe YiVible aQd QeaU-iQfUaUed YiVible dRPaiQ (YiV-NIR VSec-
WURVcRS\) (LeRQe eW al., 2012). ViV-NIR UeflecWaQce VSecWURVcRS\ iV a UaSid, cRVW-
effecWiYe, QRQ-iQYaViYe, aQd QRQ-deVWUXcWiYe WechQiTXe WhaW UeTXiUeV RQl\ PiQiPal 
VaPSle SUeSaUaWiRQ aQd dReV QRW UeTXiUe Whe XVe Rf ha]aUdRXV chePicalV (ViVcaUUa 
RRVVel eW al., 2006). ViV-NIR UeflecWaQce VSecWURVcRS\ iV defiQed aV Whe UaWiR beWZeeQ 
UadiaWiRQ UeflecWed fURP Whe VXUface Rf a PaWeUial (Whe VRil, iQ RXU caVe) aQd Whe Uadi-
aWiRQ iQcideQW RQ iW, aW diffeUeQW ZaYeleQgWhV, beWZeeQ 350 aQd 2500 QP (DUXU\, 
1993). 

IQ Whe abRYe-PeQWiRQed VSecWUal UegiRQ, each VRil cRQVWiWXeQW haV VSecific abVRUS-
WiRQ SURSeUWieV, dXe WR eQeUg\ WUaQViWiRQV, eiWheU elecWURQic (iQ Whe YiVible) RU YibUa-
WiRQal (iQ Whe QeaU-iQfUaUed; LeRQe, 2000a). TheUefRUe, VRilV ZiWh diffeUeQW chePical, 
Sh\Vical aQd PiQeUalRgical SURSeUWieV VhRZ YaUiRXV VSecWUal feaWXUeV. The laWWeU caQ 
be cRQYeQieQWl\ aQal\Ved WR acTXiUe eiWheU TXaliWaWiYe RU TXaQWiWaWiYe iQfRUPaWiRQ RQ 
WheVe SURSeUWieV (LeRQe eW al., 2012), RU WR aQal\Ve aQd PaS Whe VSaWial diVWUibXWiRQ 
Rf Whe VRil PaQWle (digiWal VRil PaSSiQg) (OdlaUe eW al., 2005; ViVcaUUa RRVVel aQd 
BehUeQV, 2010), iQ cRPbiQaWiRQ ZiWh PXlWiYaUiaWe aQd geRVWaWiVWical daWa aQal\ViV. 
AlWhRXgh SURPiViQg, Whe XVe Rf YiV-NIR VSecWURVcRS\, cRPbiQed ZiWh PXlWiYaUiaWe 
aQd geRVWaWiVWical aQal\ViV, haV beeQ liWWle XVed, alVR dXe WR Whe lack Rf kQRZledge 
abRXW Whe baVic cRQceSWV Rf YiV-NIR VSecWURVcRS\, PXlWiYaUiaWe VWaWiVWical aQd geR-
VWaWiVWical PeWhRdV. The SUeVeQW ZRUk aiPV WR SURYide a PeWhRdRlRgical cRQWUibXWiRQ 
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WR digiWal VRil PaSSiQg baVed RQ VRil VSecWUal UeflecWaQce PeaVXUePeQWV, PXlWiYaUiaWe 
VWaWiVWical PeWhRdV, aQd geRVWaWiVWicV. 

2. SRPH baVLc cRQcHSWV 

2.1 Soil VpecWUal UeflecWance 

SRil iV a VePi-iQfiQiWe PediXP UelaWiYe WR elecWURPagQeWic UadiaWiRQ. IQ RWheU ZRUdV, 
elecWURPagQeWic UadiaWiRQ iQcideQW RQ Whe VRil iV eiWheU abVRUbed ZiWhiQ iW RU iV Ue-
flecWed fURP iWV VXUface. The laWWeU caQ be PeaVXUed aQd WheQ UelaWed WR VRil SURSeUWieV 
(IURQV eW al., 1989). The fUacWiRQ Rf iQcideQW flX[ WhaW iV UeflecWed iV UefeUUed WR aV 
VSecWUal UeflecWaQce iV; iW iV XVXall\ PeaVXUed iQ Whe VSecWUal dRPaiQV Rf YiVible (YiV, 
350-780 QP) aQd QeaU iQfUaUed (NIR, 780-2500 QP). FRU WhiV, Whe VSecWUal UeflecWaQce 
iQ Whe 350-2500 QP dRPaiQ iV cRPPRQl\ UefeUUed WR aV YiV-NIR UeflecWaQce. HRZ-
eYeU, VRPeWiPeV, Whe VSecWUal dRPaiQ beWZeeQ 700 aQd 2500 QP iV fXUWheU diYided 
iQWR QeaU iQfUaUed (NIR, 780-1100 QP) aQd VhRUW-ZaYe iQfUaUed (1100-2500 QP). 

The YiV±NIR VSecWUal UeflecWaQce Rf a VRil iV affecWed b\ VeYeUal chePical aQd 
Sh\Vical SURSeUWieV, UefeUUed WR aV ³chURPRShRUeV´. A giYeQ VRil VaPSle cRQViVWV Rf 
a YaUieW\ Rf chURPRShRUeV, Zhich YaU\ ZiWh eQYiURQPeQWal cRQdiWiRQV. IQ PaQ\ 
caVeV, Whe VSecWUal VigQalV UelaWed WR a giYeQ chURPRShRUe RYeUlaS ZiWh WhRVe Rf RWheU 
chURPRShRUeV aQd WheUeb\ hiQdeU Whe aVVeVVPeQW Rf Whe effecW Rf a giYeQ chURPR-
ShRUe (BeQ-DRU eW al., 1999).  

WaWeU, RUgaQic PaWWeU, aQd PiQeUalV aUe Whe PaiQ chePical chURPRShRUeV Rf a 
VRil. TheiU iQflXeQce RQ VRil UeflecWaQce iV UelaWed WR YibUaWiRQal PRWiRQV aQd elecWURQ 
WUaQViWiRQV. The YibUaWiRQal PRWiRQV cRQViVW Rf RVcillaWiRQV iQ Whe UelaWiYe SRViWiRQV Rf 
bRQded aWRPic cRUeV. The RVcillaWiRQV eiWheU VWUeWch PRlecXlaU bRQd leQgWhV RU beQd 
iQWeUbRQd aQgleV. EQeUg\ leYel WUaQViWiRQV iQYRlYiQg QXcleaU YibUaWiRQV W\Sicall\ Ue-
VXlW iQ Whe abVRUSWiRQ RU ePiVViRQ Rf UadiaWiRQ ZiWhiQ Whe iQfUaUed SRUWiRQ Rf Whe VSec-
WUXP (IURQV eW al., 1989). The elecWURQic WUaQViWiRQV iQYRlYe chaQgeV iQ Whe eQeUg\ 
leYelV Rf Whe elecWURQV iQ VRil aWRPV aQd PRlecXleV. ElecWURQic SURceVVeV SURdXce 
abVRUSWiRQ baQdV Ueadil\ diVWiQgXiVhable fURP WheVe SURdXced b\ YibUaWiRQal SUR-
ceVVeV baVed RQ WheiU aSSeaUaQce, aQd fURP WheiU geQeUal lRcaWiRQ iQ Whe VSecWUXP. 
TheVe baQdV RccXU PRVWl\ iQ Whe XlWUaYiRleW, aQd e[WeQd ZiWh diPiQiVhiQg fUeTXeQc\ 
iQWR Whe YiVible, bXW UaUel\ aSSeaU iQ Whe iQfUaUed. The XVXal liPiW iV aQ iURQ baQd QeaU 
1000 QP (IURQV eW al., 1989; HXQW aQd SaliVbXU\, 1970). OQ Whe RWheU haQd, YeU\ VhaUS 
baQdV iQ Whe QeaU-iQfUaUed UegiRQ aUe alVR RbVeUYed. The fUeTXeQc\ Rf RccXUUeQce aQd 
iQWeQViW\ Rf WheVe baQdV decUeaVeV WRZaUdV Whe YiVible UaQge (HXQW aQd SaliVbXU\, 
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1970). BelRZ Ze bUiefl\ illXVWUaWe Whe effecWV Rf Whe PaiQ chePical chURPRShRUeV RQ 
VRil UeflecWaQce. 

2.1.1 :DWHU 
ReflecWaQce VSecWUa Rf PRiVW VRilV VhRZ SURPiQeQW abVRUSWiRQ baQdV ceQWUed aW 1400 
aQd 1900 QP. TheVe baQdV, alRQg ZiWh ZeakeU baQdV aW 970, 1200 QP, aQd 1777 QP, 
aUe aWWUibXWable WR RYeUWRQeV aQd cRPbiQaWiRQV Rf fXQdaPeQWal YibUaWiRQal fUeTXeQ-
cieV Rf ZaWeU PRlecXleV iQ Whe VRil. IQ addiWiRQ WR abVRUSWiRQ baQdV, iQcUeaViQg PRiV-
WXUe cRQWeQW geQeUall\ decUeaVeV VRil UeflecWaQce acURVV Whe eQWiUe UeflecWaQce VSec-
WUXP (IURQV eW al., 1989). 

2.1.2 OUJDQLF PDWWHU 
OUgaQic PaWWeU haV VSecWUal acWiYiW\ WhURXghRXW Whe eQWiUe VNIR-SWIR UegiRQ, eVSe-
ciall\ iQ Whe YiVible UegiRQ. IQ geQeUal, Whe VSecWUal UeflecWaQce decUeaVeV iQ Whe eQWiUe 
ZaYeleQgWh UaQge beWZeeQ 400±2500 QP aV Whe RUgaQic PaWWeU cRQWeQW iQcUeaVeV 
(HRffeU aQd JRhaQQVeQ, 1969). BaXPgaUdQeU eW al. (1970, 1985) RbVeUYed WhaW RU-
gaQic PaWWeU Sla\V aQ iPSRUWaQW URle RQ VRil UeflecWaQce ZheQ iWV cRQWeQW e[ceedV 2% 
aQd WhaW Whe UeflecWaQce VSecWUa Rf VRilV Uich iQ RUgaQic PaWWeU RfWeQ haYe a cRQcaYe 
VhaSe beWZeeQ 500 aQd 1300 QP, cRPSaUed ZiWh Whe cRQYe[ VhaSe Rf Whe VSecWUa Rf 
VRilV ZiWh lRZ RUgaQic PaWWeU cRQWeQWV. DXe WR Whe VWURQg iQflXeQce Rf RUgaQic PaWWeU 
iQ Whe YiVible UegiRQ, a VRil becRPeV daUkeU ZiWh iQcUeaViQg RUgaQic PaWWeU. HRZeYeU, 
PaQ\ RWheU VRil SURSeUWieV, VXch aV We[WXUe, VWUXcWXUe, PRiVWXUe, aQd PiQeUalRg\, caQ 
iQflXeQce WhiV (HXPPel eW al., 2001), iPSl\iQg WhaW daUkQeVV ZRXld RQl\ be a XVefXl 
diVcUiPiQaWRU ZiWhiQ a liPiWed geRlRgical YaUiaWiRQ.  

AbVRUSWiRQV baQd b\ RUgaQic iQ Whe YiV±NIR aUe RfWeQ Zeak aQd QRW Ueadil\ aS-
SaUeQW WR Whe Qaked e\e (SWeQbeUg eW al., 2010). TheVe baQdV UeVXlW fURP Whe VWUeWchiQg 
aQd beQdiQg Rf NH, CH, aQd CO gURXSV (BeQ-DRU eW al., 1999; BRkRb]a, 1998; 
GRddX aQd DelkeU, 1960). 

BaQdV aURXQd 1100, 1600, 1700 WR 1800, 2000, aQd 2200 WR 2400 QP haYe beeQ 
ideQWified aV beiQg SaUWicXlaUl\ iPSRUWaQW fRU VRil RUgaQic caUbRQ (BeQ-DRU aQd 
BaQiQ, 1995; Dalal aQd HeQU\, 1986; KUiVhQaQ eW al., 1980; HeQdeUVRQ eW al., 1992; 
MRUUa eW al., 1991; Malle\ eW al., 2000; SWeQbeUg eW al., 2010). ClaUk eW al. (1990) 
aVVigQed baQdV QeaU 2300, 1700, aQd 1100 QP WR cRPbiQaWiRQ baQdV aQd fiUVW aQd 
VecRQd RYeUWRQeV, UeVSecWiYel\, Rf Whe C±H VWUeWch fXQdaPeQWalV QeaU 3400 QP. 

2.1.3 MLQHUDOV 
Cla\ PiQeUalV, iURQ-R[ideV, aQd caUbRQaWeV aUe Whe PRVW iPSRUWaQW PiQeUalV affecWiQg 
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VSecWUal UeflecWaQce. 
KaRliQiWe, VPecWiWe, aQd illiWe aUe Whe PRVW abXQdaQW cla\ PiQeUalV iQ VRilV, SaUWic-

XlaUl\ WhRVe fURP Whe MediWeUUaQeaQ UegiRQ (TRUUeQW, 1995). KaRliQiWe haV chaUacWeU-
iVWic abVRUSWiRQ dRXbleWV QeaU 2200 aQd 1400 QP. The abVRUSWiRQV ZaYeleQgWhV QeaU 
1400 QP (1393 aQd 1415 QP) aUe dXe WR RYeUWRQeV Rf Whe O±H VWUeWch YibUaWiRQ QeaU 
2778 QP, Zhile WhRVe QeaU 2200 QP (2165 aQd 2207 QP) aUe aWWUibXWed WR Al±OH 
beQd aQd O±H VWUeWch cRPbiQaWiRQV. 

SPecWiWe haV VhaUS chaUacWeUiVWicV abVRUSWiRQV baQdV QeaU 1400, 1900, aQd 2200 
QP. The baQd QeaU 1400 QP iV SaUWl\ dXe WR Whe RYeUWRQe Rf VWUXcWXUal O±H VWUeWchiQg 
iQ Whe RcWahedUal la\eU Rf WhiV cla\ PiQeUal. ThiV baQd, alRQg ZiWh WhaW QeaU 1900 QP, 
iV alVR aWWUibXWed WR YibUaWiRQal PRWiRQV iQ Whe ZaWeU PRlecXleV bRXQd iQ Whe iQWeUla\eU 
laWWiceV, iQ Whe fRUP Rf ZaWeU adVRUbed RQ SaUWicle VXUfaceV aQd h\dUaWed caWiRQV 
(BiVhRS eW al., 1994). SXch ZaWeU iV QRW SUeVeQW iQ kaRliQ. TheUefRUe, Whe SUeVeQce Rf 
a Zeak abVRUSWiRQ baQd QeaU 1900 QP Pa\ be XVed aV a diagQRVWic feaWXUe fRU kaR-
liQiWic dU\ VRilV. IlliWe alVR VhRZV abVRUSWiRQ baQdV QeaU 1400, 1900, aQd 2200, Zhich, 
hRZeYeU, aUe PXch ZeakeU WhaQ WhRVe Rf VPecWiWe aV Zell aV QeaU 2340 aQd 2445 QP 
(PRVW aQd NRble, 1993). The laWWeU cRXld be XVed WR diVWiQgXiVh beWZeeQ illiWic aQd 
VPecWiWic VRilV (PRVW aQd NRble, 1993). HRZeYeU, Whe\ aUe Zeak, aQd eVSeciall\ Whe 
RQe QeaU 2445 QP Pa\ be cRQfXVed ZiWh abVRUSWiRQV dXe WR RUgaQic PaWWeU. The 
VSecWUal UeVSRQVe Rf VRilV iV VWURQgl\ affecWed b\ Whe SUeVeQce aQd abXQdaQce Rf iURQ 
R[\h\dUR[ideV (LeRQe, 2000a, 2000b, 2011). 

GReWhiWe (𝛼±FeOOH) aQd haePaWiWe (𝛼±Fe2O3) aUe, b\ faU, Whe PRVW cRPPRQ Fe-
R[ide PiQeUal iQ VRilV (TRUUeQW eW al., 2007; ZhaR eW al., 2017). BRWh WheVe PiQeUalV 
VhRZ bURad aQd VPRRWh abVRUSWiRQ feaWXUeV iQ Whe YiVible-QeaU iQfUaUed UegiRQ, dXe 
WR elecWURQic WUaQViWiRQ. The VSecWUa Rf gReWhiWe e[hibiW abVRUSWiRQ baQdV iQ Whe QeaU-
iQfUaUed, QeaU 920 QP aQd fRXU abVRUSWiRQ baQdV iQ Whe YiVible, QeaU 420, 480, 600 
QP (LeRQe, 2011). A baQd QeaU 1700 QP caQ alVR be RbVeUYed (ZheQg eW al., 2016). 
The VSecWUa Rf haePaWiWe aUe chaUacWeUiVed b\ WhUee PaiQ abVRUSWiRQ baQdV QeaU 520, 
650 aQd 880 QP (ViVcaUUa RRVVel aQd BehUeQV, 2010; ViVcaUUa RRVVell eW al., 2010; 
LeRQe, 2011). The abVRUSWiRQV iQ Whe YiVible UegiRQ caXVe Whe YiYid cRlRXUV Rf Fe 
R[ideV, fRU e[aPSle, \ellRZ gReWhiWe aQd Ued haePaWiWe (SWeQbeUg eW al., 2010). 

CaUbRQaWeV haYe VeYeUal abVRUSWiRQ baQdV iQ Whe VhRUW-ZaYe iQfUaUed, dXe WR RYeU-
WRQeV aQd cRPbiQaWiRQ baQdV CO3 fXQdaPeQWal (ClaUk eW al., 1990). The VWURQgeVW 
baQd RccXUV QeaU 2335 QP, bXW VRPe ZeakeU abVRUSWiRQV RccXU QeaU 2160, 1990 aQd 
1870 QP. IQ addiWiRQ WR chePical chURPRShRUeV, aV diVcXVVed abRYe, Whe UeflecWaQce 
Rf lighW fURP Whe VRil VXUface iV deSeQdeQW RQ VeYeUal Sh\Vical chURPRShRUeV. APRQg 
WheVe, VRil We[WXUe, WhaW iV Whe Vi]e diVWUibXWiRQ Rf Whe VRil PiQeUal SaUWicleV, Sla\V a 
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VigQificaQW URle. AV UeSRUWed iQ IURQV eW al. (1989), Whe UeflecWaQce geQeUall\ iQcUeaVeV, 
aQd cRQWUaVWV Rf abVRUSWiRQ feaWXUeV decUeaVe aV SaUWicle Vi]e decUeaVeV. ThiV behaY-
iRXU iV chaUacWeUiVWic Rf WUaQVSaUeQW PaWeUialV, aQd PRVW VilicaWe PiQeUalV behaYe 
WUaQVSaUeQWl\ iQ Whe VhRUW-ZaYe UegiRQ. IQ cRQWUaVW, Whe UeflecWaQce Rf RSaTXe PaWeUi-
alV decUeaVeV aV SaUWicle Vi]e decUeaVeV. 

IQ cRPPRQ e[SeUieQce, cla\e\ VRilV RfWeQ aSSeaU daUkeU WhaQ VaQd\ VRilV eYeQ 
WhRXgh SUiPaU\ cla\ SaUWicleV aUe PXch VPalleU WhaQ VaQd\ gUaiQV. The diffeUeQce 
Pa\ be e[SlaiQed iQ SaUW b\ Whe diffeUeQW PiQeUalRgieV Rf cla\ aQd SaUWicleV bXW Pa\ 
alVR be dXe WR Whe WeQdeQc\ Rf cla\ SaUWicleV WR aggUegaWe. 

2.2 PUincipal ComponenW Anal\ViV 

FRU UeaVRQV Rf cRPSleWeQeVV, Ze iQclXde a bUief aQd PRdeUQ WUeaWPeQW Rf SUiQciSal 
cRPSRQeQW aQal\ViV (PCA). IQ ZhaW fRllRZV Whe PaiQ UefeUeQce iV HaVWie eW al. 
(2009), Zhile UefeUeQceV PRUe VSecificall\ RUieQWed WR Whe W\Se Rf SURbleP Ze aUe 
dealiQg ZiWh aUe OdlaUe eW al. (2005) aQd ViVcaUUa RRVVel aQd CheQ (2011). 

SXSSRVe WhaW Whe QRUPali]ed VSecWUa haYe beeQ aUUaQged iQWR a UecWaQgXlaU PaWUi[ 
𝑋 ∈ ℝே×௣, iQ Zhich 𝑁 UeSUeVeQWV Whe QXPbeU Rf VaPSled VSaWial lRcaWiRQV, Zhile 𝑝 
iV Whe QXPbeU Rf ZaYeleQgWhV aW Zhich Whe VSecWUa haYe beeQ VaPSled. The daWa Pa-
WUi[ iV ZUiWWeQ iQ e[WeQded fRUP aV: 

 𝑋 = ቌ
𝑥ଵ

்

⋮
𝑥ே

்
ቍ, (1) 

Zhich caQ be iQWeUSUeWed aV a cRllecWiRQ Rf 𝑁 SRiQWV ePbedded iQWR a 𝑝-diPeQViRQal 
EXclideaQ VSace (𝑝 ≤ 𝑁). We ZaQW WR UeSUeVeQW WheVe daWa SRiQWV WhURXgh Whe fRllRZ-
iQg UedXced UaQk (UaQk 𝑞 ≤ 𝑝) affiQe PRdel: 

 𝑓(𝜆ሻ = 𝜇 + 𝑉௤𝜆, (2) 

ZheUe 𝜇 ∈ ℝ௣, 𝑉௤ ∈ ℝ௣×௤ aQd 𝜆 ∈ ℝ௤ iV a T-diPeQViRQal SaUaPeWeU. IQ WhiV UeSUe-
VeQWaWiRQ, cRlXPQV Rf 𝑉௤ aUe aVVXPed WR be RUWhRQRUPal; iQ RWheU ZRUdV, Whe\ aUe aQ 



LeRQe A.P., FUagQiWR F. ± GHRVWDWLVWLFDO DQDO\VLV RI VRLO UHIOHFWDQFH VSHFWUD 101

 

RUWhRQRUPal baViV Rf span(𝑉௤ሻ. ThiV affiQe aSSUR[iPaWiRQ PXVW be RSWiPal ZiWh Ue-
VSecW WR Whe EXclideaQ QRUPali]aWiRQ, PiQiPi]iQg Whe UecRQVWUXcWiRQ eUURU: 

 min
ఓ,ሼఒ೔ሽ,௏೜

෍ฮ𝑥௜ − 𝜇 − 𝑉௤𝜆௜ฮଶ
ே

௜ୀଵ

. (3) 

IW caQ be eaVil\ SURYed WhaW a SaUWial VRlXWiRQ Rf Whe abRYe RSWiPi]aWiRQ SURbleP 
iV giYeQ b\ Whe fRllRZiQg e[SUeVViRQ (HaVWie eW al., 2009): 

 
𝜇̂ = 𝑥̅, 

𝜆መ௜ = 𝑉௤
்(𝑥௜ − 𝑥ሻ, 

(4) 

ZheUe 𝑥̅ ∈ ℝ௣ iV Whe S-diPeQViRQal YecWRU Rf cRlXPQ PeaQV Rf Whe daWa PaWUi[ 𝑋. 
ThiV VRlXWiRQ iV SaUWial iQ Whe VeQVe iW deSeQdV RQ Whe RUWhRgRQal PaWUi[ 𝑉௤; iW caQ be 
SURYed WhaW aQ e[SliciW e[SUeVViRQ fRU 𝑉௤ caQ be RbWaiQed e[SlRiWiQg Whe fRllRZiQg 
SiQgXlaU ValXe DecRPSRViWiRQ (SVD): 

 𝑋 = 𝑈𝐷𝑉். (5) 

IQ WhiV decRPSRViWiRQ Ze aVVXPe WhaW 𝑋 haV beeQ SUeliPiQaUil\ ceQWUed ZiWh Ue-
VSecW WR cRlXPQ PeaQV,  𝑈 ∈ ℝே×௣ aQd 𝑉 ∈ ℝ௣×௣ aUe PaWUiceV ZiWh RUWhRQRUPal 
cRlXPQV ൫𝑈்𝑈 = 𝐼௣ = 𝑉்𝑉൯, ZiWh 𝐼௣ ∈ ℝ௣×௣ Whe ideQWiW\ PaWUi[) aQd 𝐷 ∈ ℝ௣×௣ iV 
a diagRQal PaWUi[ Rf QRQ-QegaWiYe eQWUieV. The cRlXPQV Rf 9 aUe called Whe UighW ViQ-
gXlaU YecWRUV Rf ; aQd aUe Whe eigeQYecWRUV Rf Whe PaWUi[ 𝑋்𝑋 ∈ ℝ௣×௣ aVVRciaWed 
ZiWh iWV QRQ-]eUR eigeQYalXeV. The cRlXPQV Rf 8 aUe called Whe lefW ViQgXlaU YecWRUV 
Rf ; aQd aUe Whe eigeQYecWRUV Rf Whe PaWUi[ 𝑋𝑋் ∈ 𝑋ே×ே WhaW cRUUeVSRQd WR iWV QRQ-
]eUR eigeQYalXeV. The diagRQal elePeQWV Rf PaWUi[ 𝐷 aUe called Whe ViQgXlaU YalXeV 
Rf 𝑋 aQd aUe Whe QRQ-QegaWiYe VTXaUe URRWV Rf Whe (cRPPRQ) QRQ-]eUR eigeQYalXeV Rf 
bRWh PaWUi[ 𝑋்𝑋 aQd PaWUi[ 𝑋𝑋். We aVVXPe WhaW Whe diagRQal elePeQWV Rf D, aUe 
iQ decUeaViQg RUdeU aQd WhiV XQiTXel\ defiQeV Whe RUdeU Rf Whe cRlXPQV Rf 8 aQd A 
(e[ceSW fRU Whe caVe Rf eTXal ViQgXlaU YalXeV). PUiQciSal cRPSRQeQWV aUe Whe cRlXPQV 
Rf Whe fRllRZiQg PaWUi[: 

 ℤ = 𝑋𝑉 = 𝑈𝐷. (6) 

CRlXPQV Rf Whe ℤ PaWUi[ aUe alVR kQRZQ aV ³VcRUeV´, aV Whe\ UeSUeVeQW Whe cRRU-
diQaWeV Rf RUigiQal VSecWUa Ue-e[SUeVVed iQ a QeZ cRRUdiQaWe V\VWeP RbWaiQed WhURXgh 
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a URWaWiRQ Rf Whe EXclideaQ VSace. GiYeQ Whe UaQk 𝑞 ≤ 𝑝, Whe VRlXWiRQ 𝑉௤ iV giYeQ b\ 
Whe fiUVW 𝑞 cRlXPQV Rf 𝑉, aQd Whe cRlXPQV Rf 𝑋𝑉௤ aUe deQRWed aV PC1, PC2, aQd VR 
RQ. OUWhRgRQaliW\ Rf SUiQciSal cRPSRQeQWV iV aQ iPPediaWe cRQVeTXeQce Rf RUWhRg-
RQaliW\ Rf UighW ViQgXlaU YecWRUV (GRl\aQdiQa aQd KRURbe\QikRY, 2014).  

LeW 𝑆ℤ deQRWe Whe VaPSle YaUiaQce-cRYaUiaQce PaWUi[ Rf ℤ. The WUace Rf ℤ cRiQ-
cideV ZiWh Whe VXP Y Rf Whe YaUiaQceV Rf Whe RUigiQal YaUiableV: 

 𝓈 = ෍ 𝑠௜

௣

௜ୀଵ

= 𝑡𝑟𝑎𝑐𝑒(𝑆ℤሻ, (7) 

iQ Zhich 𝑠௜ deQRWeV Whe VaPSle YaUiaQce Rf Whe L-Wh SUiQciSal cRPSRQeQWV. IW iV alVR 
Zell kQRZQ WhaW 𝑠ଵ ≥ 𝑠ଶ ≥ ⋯ ≥ 𝑠௣; baVed RQ WhiV SURSeUW\, if Ze defiQe Whe cXPX-
laWiYe YaUiaQce aV: 

 𝓈௤ = ෍ 𝑠௜

௤

௜ୀଵ

, (8) 

Whe fRllRZiQg SeUceQWage PeaVXUeV Whe TXRWa Rf YaUiaQce Rf RUigiQal YaUiableV e[-
SlaiQed b\ Whe fiUVW 𝑞 ≤ 𝑝 SUiQciSal cRPSRQeQWV: 

 
𝓈௤

𝓈
× 100%. (9) 

TheUe aUe VeYeUal heXUiVWicV WR VelecW a SURSeU QXPbeU 𝑞௢௣௧ Rf SUiQciSal cRPSR-
QeQWV WR UeWaiQ. The PRVW cRPPRQ cRQViVWV iQ WakiQg Whe fiUVW 𝑞௢௣௧ UighW ViQgXlaU Yec-
WRUV WR caSWXUe aW leaVW a fi[ed TXRWa I Rf Whe WRWal YaUiaQce (e.g.: I = 0.95 RU I = 0.98). 
OWheU PRUe fRUPal PeWhRdV dR iQdeed e[iVW, eYeQ WhRXgh Whe\ aUe QRW XVed heUe; Whe 
iQWeUeVWed UeadeU iV VeQW back WR Whe liWeUaWXUe RQ Whe VXbjecW (CadiPa aQd JRlliffe, 
2001; JRlliffe aQd CadiPa, 2016; OUeVWeV CeUdeiUa eW al., 2020). 

A Sh\Vical iQWeUSUeWaWiRQ Rf SUiQciSal cRPSRQeQWV caQ be baVed RQ UighW ViQgXlaU 
YecWRUV (RU ViPSl\ eigeQYecWRUV) cRQWaiQed iQ Whe PaWUi[ 𝑉, ZhRVe elePeQWV aUe alVR 
UefeUUed WR aV µlRadiQgV¶. The L-Wh SUiQciSal cRPSRQeQW iV a liQeaU cRPbiQaWiRQ Rf 
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RUigiQal YaUiableV, ZiWh ZeighWV WakeQ eTXal WR Whe lRadiQgV Rf Whe cRUUeVSRQdiQg ei-
geQYecWRU: 

 𝑋𝑣௜ = ൫𝑥෤ଵ, 𝑥෤ଶ, ⋯ , 𝑥෤௣൯ ൮

𝑣௜ଵ
𝑣௜ଶ

⋮
𝑣௜௣

൲ = 𝑣௜ଵ𝑥෤ଵ + 𝑣௜ଶ𝑥෤ଵ + ⋯ + 𝑣௜௣𝑥෤ଵ, (10) 

ZheUe Whe daWa PaWUi[ 𝑋 haV beeQ ZUiWWeQ iQ WeUPV Rf iWV S cRlXPQV (YaUiableV). 
B\ aQal\ViQg Whe SURfile Rf Whe lRadiQgV aVVRciaWed ZiWh each SUiQciSal cRPSRQeQW 

iW iV RfWeQ SRVVible WR UecRQVWUXcW WheiU PeaQiQg, ViQce lRadiQgV UeSUeVeQWV Whe ZeighW 
aVVXPed b\ a VSecific ZaYeleQgWh iQ cRQWUibXWiQg WR Whe deWeUPiQaWiRQ Rf Whe cRUUe-
VSRQdiQg SUiQciSal cRPSRQeQW. HRZeYeU, VRPeWiPeV iW Pa\ QRW be eaV\ WR e[WUacW a 
cleaU iQWeUSUeWaWiRQ fURP lRadiQgV, aQd if addiWiRQal YaUiableV PeaVXUiQg VRil cRPSR-
ViWiRQ aUe aYailable iW iV SUefeUable WR aVVeVV Whe aVVRciaWiRQ beWZeeQ Whe VcRUeV Rf 
SUiQciSal cRPSRQeQWV aQd VRil YaUiableV. ThiV iV Whe aSSURach fRllRZed, fRU e[aPSle, 
b\ OdlaUe eW al. (2005), bXW Vee alVR ViVcaUUa RRVVel aQd BehUeQV (2010). SSaUVe 
SUiQciSal cRPSRQeQWV (ZRX eW al., 2006) iV aQRWheU iQWeUeVWiQg SRVVibiliW\ WR iPSURYe 
iQWeUSUeWabiliW\, UedXciQg Whe QXPbeU Rf e[SliciWl\ XVed YaUiableV b\ aUWificiall\ VeW-
WiQg WR ]eUR Whe lRadiQgV haYiQg abVRlXWe YalXeV VPalleU WhaQ a SUedeWeUPiQed WRleU-
aQce. 

2.3 GeoVWaWiVWicV 

The RbjecWiYe Rf WhiV VecWiRQ iV WR iQWURdXce a PRdel WhaW deVcUibeV Whe VSaWial YaUia-
WiRQ Rf each SUiQciSal cRPSRQeQW 𝑍௝, 𝑗 = 1,2, … , 𝑞௢௣௧, WhaW ViPXlWaQeRXVl\ allRZV WR 
SUedicW ZiWh PiQiPXP PeaQ VTXaUe SUedicWiRQ eUURU iWV YalXe aW VSaWial lRcaWiRQV WhaW 
haYe QRW VaPSled. FRU WhiV SXUSRVe, each SUiQciSal cRPSRQeQW iV cRQVideUed aV a 
UegiRQali]ed YaUiable: 

 𝑍௝ ≡ ൛𝑍௝(𝑠௜ሻ ;  𝑖 = 1,2, … 𝑁,   𝑠 ∈ 𝐷 ⊂ ℝଶൟ, 𝑗 = 1,2, … , 𝑞௢௣௧. (11) 

ZheUe 𝐷 iV Whe VWXd\ aUea. IQ WhiV Za\, RbVeUYed SUiQciSal cRPSRQeQWV aUe cRQVideUed 
aV a Ueali]aWiRQ Rf Whe UaQdRP fXQcWiRQ: 

 ሼ𝑍௝(𝑠ሻ: 𝑠 ∈ 𝐷 ⊂ ℝଶሽ. (12) 

The PRdel XVed heUe WR deVcUibe Whe VSaWial YaUiaWiRQ iV Whe liQeaU PRdel Rf 
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UegiRQali]aWiRQ (WackeUQagel, 2013): 

 𝑍௝(𝑠ሻ = 𝜇௝(𝑠ሻ + 𝑊௝(𝑠ሻ + 𝜀௝(𝑠ሻ, (13) 

ZheUe 𝜇௝(⋅ሻ = E(𝑍௝(⋅ሻሻ iV a deWeUPiQiVWic fXQcWiRQ Rf VSaWial cRRUdiQaWeV aQd UeSUe-
VeQWV Whe laUge Vcale e[SecWed YaUiaWiRQ, ZheUeaV cRPSRQeQW 𝜀௝(⋅ሻ UeSUeVeQWV Whe iU-
UedXcible eUURU, PRdelled aV a VSaWial WhiWe NRiVe ZiWh QXll e[SecWed YalXe aQd XQ-
cRUUelaWed ZiWh 𝑊௝(⋅ሻ. The fXQcWiRQ 𝑊௝(⋅ሻ iV aQ iQWUiQVicall\ VWaWiRQaU\ UaQdRP fXQc-
WiRQ, ZhRVe iQcUePeQWV aUe VecRQd-RUdeU VWaWiRQaU\, fRU Zhich iW iV SRVVible WR defiQe 
a VePi-YaUiRgUaP: 

 
𝛾௝(ℎሻ =

1
2
Varൣ𝑊௝(𝑠 + ℎሻ − 𝑊௝(𝑠ሻ൧ =

=
1
2
E ቂ൫𝑊௝(𝑠 + ℎሻ − 𝑊௝(𝑠ሻ൯ଶቃ .

 (14) 

The VePi-YaUiRgUaP 𝛾௝(ℎሻ chaQgeV aV Whe leQgWh aQd diUecWiRQ Rf YecWRU K chaQge, 
bXW iW dReV QRW deSeQd RQ iWV SRiQW Rf aSSlicaWiRQ. If 𝛾௝(ℎሻ deSeQdV RQ K RQl\ WhURXgh 
iWV leQgWh ||ℎ|| (EXclideaQ QRUP), Whe UaQdRP fXQcWiRQ 𝑊௝(⋅ሻ iV Vaid WR be iVRWURSic. 
PURSeUWieV Rf WheRUeWical YaUiRgUaPV 2𝛾௝(⋅ሻ aUe Zell kQRZQ, SaUWicXlaUl\ WhRVe fRU 
ZhRP a fXQcWiRQ Rf a VSaWial iQcUePeQW K iV a Yalid WheRUeWical YaUiRgUaP (GaeWaQ 
aQd GX\RQ, 2010). We Zill alVR alZa\V aVVXPe WhaW Whe WheRUeWical VePi-YaUiRgUaP 
iV cRQWiQXRXV aW ]eUR iQ Whe iVRWURSic caVe. ThiV aVVXPSWiRQ iV eTXiYaleQW WR aVVXPe 
WhaW Whe UaQdRP fXQcWiRQ 𝑊௝(⋅ሻ iV L2-cRQWiQXRXV (RU PeaQ-VTXaUe cRQWiQXRXV). WiWh-
RXW iQViVWiQg RQ PaWhePaWical deWailV, L2-cRQWiQXiW\ allRZV WR WUeaW 𝑊௝(⋅ሻ aV a UaQdRP 
fXQcWiRQ PRdelliQg Whe lRcal YaUiaWiRQ RQ VPall Vcale Rf VRil SURSeUWieV, aQd gXaUaQ-
WeeV Whe e[iVWeQce Rf Whe VSaWial cRUUelaWiRQ fXQcWiRQ aV a cRQYeQieQW WRRl WR chaUac-
WeUi]e Whe VRil PicURVWUXcWXUe (CUeVVie, 2015). 

The RSWiPal liQeaU SUedicWRU 𝑍(⋅ሻ haV kQRZQ e[SUeVViRQ, eiWheU ZheQ 𝜇(⋅ሻ =
E൫𝑍(⋅ሻ൯ = 𝑏଴ RU ZheQ iW haV a QRQ-VWaWiRQaU\ VWUXcWXUe, VXch aV 𝜇(⋅ሻ = 𝑏଴ + 𝑏ଵ𝑠௫ +
𝑏ଶ𝑠௬, ZheUe 𝑠 = (𝑠௫, 𝑠௬ሻ aUe VSaWial cRRUdiQaWeV. The ePSiUical cRXQWeUSaUWV Rf Whe 
RSWiPal liQeaU SUedicWRU, XQdeU each RQe Rf WheVe WZR VceQaUiRV, cRUUeVSRQd WR RUdi-
QaU\ kUigiQg aQd XQiYeUVal kUigiQg, UeVSecWiYel\. The kUigiQg eTXaWiRQV fRU eVWiPaWiQg 
Whe RSWiPal liQeaU SUedicWRU SUeVXSSRVe WhaW Whe fXQcWiRQal fRUP Rf Whe VePi-YaUiR-
gUaP iV kQRZQ, e[ceSW fRU a fiQiWe QXPbeU Rf SaUaPeWeUV. The WheRUeWical VePi-YaUi-
RgUaP haV WheUefRUe WR be UeSlaced b\ a cRQViVWeQW eVWiPaWe, aQd WhiV facW caXVeV VeY-
eUal PaWhePaWical difficXlWieV, becaXVe Ze dR QRW haYe WheRUeWical gXaUaQWeeV WhaW Whe 
ePSiUical SUedicWRU UePaiQV RSWiPal iQ Whe VeQVe Rf PeaQ VTXaUe SUedicWiRQ eUURU 
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(BiYaQd eW al., 2013). A VecRQd difficXlW\ iV WhaW kUigiQg haV QRW e[celleQW SUedicWiYe 
SeUfRUPaQceV ZheQ Whe likelihRRd Rf Whe daWa iV QRW GaXVViaQ. IQ WhiV caVe iW iV RfWeQ 
cRQYeQieQW WR WUaQVfRUP Whe XQdeUl\iQg UaQdRP SURceVV, WakiQg fRU e[aPSle Whe lRg-
aUiWhP Rf RbVeUYed YalXeV (aV SUiQciSal cRPSRQeQWV caQ aVVXPe QegaWiYe YalXeV, aQ 
RffVeW PighW eYeQWXall\ be added WR eQVXUe WhaW all VcRUeV becRPe VWUicWl\ SRViWiYe; 
VaURXchakiV eW al., 2012). 

3. MaWHULaOV aQG PHWKRGV 

3.1 SiWe deVcUipWion and Vampling 

The VWXd\ cRYeUed Whe eQWiUe aUea (60 ha) Rf a faUP lRcaWed iQ Whe QRUWh-ZeVWeUQ SaUW 
Rf Whe CaPSaQia UegiRQ (Fig. 1), ZiWhiQ Whe PXQiciSaliW\ Rf CaSXa (SURYiQce Rf Ca-
VeUWa). ThiV aUea fallV ZiWhiQ aQ abaQdRQed PeaQdeU Rf Whe lRZeU cRXUVe Rf Whe F. 
VRlWXUQR (AXcelli eW al., 2014). The SURdXcWiRQ V\VWeP iV PaiQl\ RUieQWed WRZaUdV 
fUXiW aQd ceUeal gURZiQg. The PaiQ VRil W\SeV aUe HaSlic aQd FlXYic CaPbiVRlV aQd 
HaSlic LXYiVRV (GUilli ZW al. 2014; FAO-WRBSR, 2014). 

FLJXUH 1. LRcaliVaWiRQ Rf Whe VWXd\ aUea (41�06¶09´ N, 14�11¶20´ E). 
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WiWhiQ Whe faUP, VXUface VRil VaPSleV ZeUe cRllecWed, aW a deSWh Rf 20-30 cP, aW 
240 geR-UefeUeQced ViWeV (Fig. 2), PRUe RU leVV UegXlaUl\ VSaced, falliQg aSSUR[i-
PaWel\ iQ Whe ceQWUe Rf a 50 × 50 P gUid. AfWeU cRllecWiRQ, Whe VRil VaPSleV ZeUe 
WUaQVSRUWed WR Whe labRUaWRU\, aiU-dUied, VieYed (2 PP), aQd fiQel\ gURXQd befRUe be-
iQg VXbjecWed WR UeflecWaQce PeaVXUePeQWV. 

 
 

FLJXUH 2. SaPSliQg gUid Rf Whe iQYeVWigaWed field. 

 

3.2 VIS-NIR VpecWUoVcop\ 

The diffXVe YiV±NIR VSecWUal UeflecWaQce ZaV PeaVXUed iQ Whe labRUaWRU\, RQ a UeVid-
Xal fUacWiRQ Rf VRil VaPSleV, XQdeU cRQWURlled lighW cRQdiWiRQV, XViQg Whe SURcedXUe 
deVcUibed iQ LeRQe eW al. (2019). NRiV\ SRUWiRQV Rf Whe PeaVXUed UeflecWaQce VSecWUa, 
beWZeeQ 350 aQd 399 QP aQd beWZeeQ 2451 aQd 2500 QP, ZeUe UePRYed, leaYiQg 
VSecWUa iQ Whe UaQge Rf 400-2450 QP fRU Whe aQal\ViV. The UeVXlWiQg UeflecWaQce VSec-
WUa ZeUe QRUPali]ed, XViQg Whe cRQWiQXXP UePRYal aSSURach (ClaUk aQd RRXVh, 
1984), Vee Fig. 3. TR WhiV eQd, a cRQYe[ hXll ZaV fiWWed RYeU Whe RUigiQal VSecWUal 
cXUYe, aQd Whe abVRUSWiRQ VSecWUXP ZaV WheQ calcXlaWed cRQVideUiQg Whe UaWiR beWZeeQ 
Whe RUigiQal UeflecWaQce VSecWUXP aQd Whe eQYelRSiQg cXUYe (de JRQg, 1992; YaQ deU 
MeeU, 1999). 
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FLJXUH 3. SaPSle VRil YiV±NIR VSecWUXP diVSla\ed aV SeUceQW UeflecWaQce, cRQYe[-hXll aQd 
cRQWiQXXP UePRYed UeflecWaQce. The SlRW VhRZV UegiRQV Rf Whe VSecWUXP WhaW hRld iPSRUWaQW 
iQfRUPaWiRQ RQ VRil cRQVWiWXeQWV. 

 

3.3 DaWa pUe-pUoceVVing 

The YiV-NIR VSecWUa hRld UedXQdaQW iQfRUPaWiRQ dXe WR Whe high degUee Rf cRUUelaWiRQ 
beWZeeQ QeighbRXUiQg ZaYeleQgWhV. FRU WhiV UeaVRQ, PCA ZaV SeUfRUPed RQ Whe QRU-
Pali]ed VSecWUa, fURP Zhich WheiU PeaQV (ceQWUed daWa) ZeUe VXbWUacWed (ViVcaUUa 
RRVVel aQd CheQ, 2011). The iQiWial daWa ZeUe QRW VWaQdaUdi]ed WR Whe XQiW Rf YaUiaQce 
ViQce all ZaYeleQgWhV ZeUe UefeUUed WR Whe VaPe XQiW, aQd Whe diffeUeQceV iQ WheiU 
YaUiabiliW\ ZeUe UeleYaQW iQ WhePVelYeV. 

The UeVXlWV Rf PCA cRQdeQVe Whe iQfRUPaWiRQ cRQWaiQed iQ Whe VSecWUa. The lRad-
iQgV deVcUibe hRZ PXch each YaUiable cRQWUibXWeV WR a SaUWicXlaU SUiQciSal cRPSR-
QeQW. The PCA UedXceV Whe diPeQViRQaliW\ Rf Whe daWa, iQ WhiV caVe, Whe UeflecWaQce, 
iQ a feZ cRPSRQeQWV, Zhich deVcUibe PRVW Rf Whe RUigiQal YaUiaQce. The fiUVW cRPSR-
QeQW e[SlaiQV PRVW Rf Whe YaUiaQce, Zhile Whe VXbVeTXeQW cRPSRQeQWV e[SlaiQ a 
VPalleU, SURgUeVViYel\ decUeaViQg SRUWiRQ. 
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3.4 SpaWial daWa anal\ViV 

The VSaWial SaWWeUQV Rf Whe fiUVW WhUee SUiQciSal cRPSRQeQWV ZeUe aQal\Ved XViQg ge-
RVWaWiVWical aQal\ViV. FRU each SUiQciSal cRPSRQeQW, a VePi-YaUiRgUaP 𝛾௝(ℎሻ ZaV eV-
WiPaWed Zhich SURYideV a PeaQV Rf TXaQWif\iQg Whe VSaWial YaUiaWiRQ Rf a YaUiable b\ 
PeaVXUiQg Whe degUee Rf cRUUelaWiRQ beWZeeQ VaPSliQg SRiQWV VeSaUaWed b\ a giYeQ 
diVWaQce (WebVWeU aQd OliYeU, 2007). The W\Sical SaUaPeWeUV RQ Zhich a WheRUeWical 
VePi-YaUiRgUaP PRdel deSeQdV aUe QXggeW, UaQge, aQd Vill (Fig. 4). 

FLJXUH 4. E[aPSleV Rf VePi-YaUiRgUaPV: I LiQeaU; II SSheUical; III e[SRQeQWial; IV GaXVViaQ. 
The PRdel SaUaPeWeUV QXggeW (CR), Vill (CR+C) aQd UaQge (a) aUe VhRZQ. 

 
 

The QXggeW cRUUeVSRQdV WR Whe SRViWiYe iQWeUceSW ZiWh Whe \-a[iV. IW iV iQWeUSUeWable 
aV Whe effecW Rf PeaVXUePeQW eUURUV, alVR dXe WR Whe fiQiWe Vcale aW Zhich Whe SheQRP-
eQRQ iV RbVeUYed. TheUefRUe, iW iQcUeaVeV aV Whe iQaccXUac\ Rf Whe PeaVXUePeQWV iQ-
cUeaVeV, i.e., ZheQ Whe VaPSliQg iQWeUYal iV WRR Zide. The UaQge iV Whe PiQiPXP VeS-
aUaWiRQ diVWaQce aW Zhich RbVeUYaWiRQV QR lRQgeU e[hibiW aQ\ VSaWial cRUUelaWiRQ. The 
Vill iV Whe SRiQW ZheUe Whe WheRUeWical VePi-YaUiRgUaP PRdel UeacheV a liPiW YalXe 
(SRVVibl\ aV\PSWRWicall\) aQd PeaVXUeV Whe WRWal YaUiabiliW\ Rf Whe SheQRPeQRQ. The 
eVWiPaWiRQ Rf Whe SaUaPeWeUV Rf Whe WheRUeWical PRdel Rf VePi-YaUiRgUaP iV caUUied 
RXW b\ SlaciQg Whe PRdel iQ TXeVWiRQ Qe[W WR aQ ePSiUical VePi-YaUiRgUaP calcXlaWed 
RQ daWa (CUeVVie, 2015). The eVWiPaWed WheRUeWical VePi-YaUiRgUaP iV XVed WR SURdXce 
a digiWal PaS iQ Zhich Whe SheQRPeQRQ XQdeU VWXd\ (iQ WhiV caVe, Whe fiUVW WhUee PaiQ 
cRPSRQeQWV aQal\Ved VeSaUaWel\) iV VSaWiall\ iQWeUSRlaWed eYeQ RXWVide Whe VaPSliQg 
ViWeV, WhURXgh Whe RSWiPal liQeaU SUedicWRU kQRZQ aV kUigiQg. 

All Whe aQal\VeV SUeVeQWed Qe[W SaUagUaSh ZeUe caUUied RXW XViQg Whe R 3.6.3 VRfW-
ZaUe (R CRUe TeaP, 2020). 
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4. RHVXOWV aQG GLVcXVVLRQV 

AbRXW 98% Rf Whe YaUiaQce Rf Whe RUigiQal VSecWUal daWa VeW iV e[SlaiQed b\ Whe fiUVW 
WhUee SUiQciSal cRPSRQeQWV (Fig. 5). IQ SaUWicXlaU, PC1 aQd PC2 aUe caSable WR de-
VcUibe 96.94% Rf Whe RYeUall YaUiaQce, Zhile SaVViQg WR Whe fiUVW WhUee cRPSRQeQWV 
WRgeWheU, Whe RYeUall YaUiaQce iQcUeaVeV WR 98.34% (agaiQVW a PRdeVW iQcUeaVe WR 
99.27% RbWaiQed XViQg fRXU cRPSRQeQWV). FRU WhiV UeaVRQ, RQl\ Whe VcRUeV Rf Whe fiUVW 
WhUee SUiQciSal cRPSRQeQWV ZeUe XVed aV iQSXW fRU VXbVeTXeQW aQal\VeV.  

FLJXUH 5. VaUiaQceV Rf Whe fiUVW 10 SUiQciSal cRPSRQeQWV (a), aQd SeUceQWage Rf Whe cXPXla-
WiYe YaUiaQce deVcUibed b\ Whe fiUVW 10 SUiQciSal cRPSRQeQWV. HRUi]RQWal baUV iQdicaWe Whe 
QXPbeU Rf cRPSRQeQWV Zhich UeSURdXce aW leaVW 95% RU 99% Rf Whe RUigiQal YaUiabiliW\ Rf Whe 
QRUPali]ed YiV±NIR VSecWUa (b). 

 

 
 

The fUeTXeQc\ diVWUibXWiRQ Rf Whe VcRUeV Rf Whe fiUVW WhUee SUiQciSal cRPSRQeQWV iV 
VhRZQ iQ Fig. 6; fURP WhiV figXUe, iW iV eYideQW WhaW Whe VcRUeV Rf PC2 SUeVeQW a PRd-
eUaWe degUee Rf QegaWiYe VkeZQeVV aQd kXUWRViV. ThiV UePiQdV XV Rf Whe SURbable Qeed 
fRU a SUeliPiQaU\ lRgaUiWhPic WUaQVfRUPaWiRQ. IW iV alVR eYideQW Whe SUeVeQce Rf VRPe 
SUeVXPable aQRPalRXV YalXeV (SaUWicXlaUl\ iQ PC2) lRcaWed iQ Whe lefW Wail Rf Whe diV-
WUibXWiRQ. 
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FLJXUH 6. FUeTXeQc\ diVWUibXWiRQ Rf VcRUeV Rf Whe SUiQciSal cRPSRQeQWV PC1, PC2 aQd PC3. 
The ePSiUical cRefficieQW Rf aV\PPeWU\ (SkeZ) aQd WhaW Rf kXUWRViV (KXUW) iV alVR UeSRUWed 
abRYe each gUaSh. 

 
 
FigXUe 7 VhRZV Whe eigeQYecWRUV Rf Whe fiUVW WhUee SUiQciSal cRPSRQeQWV. The ei-

geQYecWRU Rf Whe fiUVW SUiQciSal cRPSRQeQW VhRZed a VWeeS iQcUeaVe WRZaUd Whe blXe 
aQd XlWUaYiRleW ZaYeleQgWhV, PaiQl\ dXe WR a VWURQg iURQ±R[\geQ chaUge WUaQVfeU 
baQd, aVVRciaWed ZiWh Whe SUeVeQce Rf iURQ±R[ideV, WhaW e[WeQd iQWR Whe XlWUaYiRleW 
(HXQW, 1980). The higheU YalXeV Rf lRadiQgV iQ Whe YiVible UaQge Rf Whe fiUVW SUiQciSal 
cRPSRQeQW PighW be SaUWl\ dXe WR VRil RUgaQic caUbRQ (McCaXle\ eW al., 1993; ShRQk 
eW al., 1991). The eigeQYecWRU Rf Whe VecRQd SUiQciSal cRPSRQeQW ZaV dRPiQaWed b\ 
SRViWiYe lRadiQgV QeaU 1400 aQd 1900 QP, Zhich PighW be dXe WR 1:1 la\eU cla\ PiQ-
eUalV (PaiQl\, VPecWiWe), VSecificall\ WR VWUXcWXUal O±H VWUeWchiQg PRde iQ iWV RcWa-
hedUal la\eU (1400 QP) aQd cRPbiQaWiRQ YibUaWiRQV Rf ZaWeU bRXQd iQ Whe iQWeUla\eU 
laWWiceV aV h\dUaWed caWiRQV aQd ZaWeU adVRUbed RQ SaUWicle VXUfaceV (1400 aQd 1900 
QP) (BiVhRS eW al., 1994; ClaUk eW al., 1990).  

FiQall\, Whe eigeQYecWRU Rf Whe WhiUd SUiQciSal cRPSRQeQW had QegaWiYe lRadiQgV 
QeaU 1400 aQd 1900 QP (PaiQl\ dXe WR VPecWiWe, aV SUeYiRXVl\ diVcXVVed) aQd QeaU 
2200 QP, dXe WR Al-OH beQd iQ Whe laWWice Rf 1:2 la\eU cla\ PiQeUalV (PaiQl\ kaRliQ-
iWeV) (ClaUk eW al., 1990). Table 1 VhRZV Whe PRdel SaUaPeWeUV Rf Whe VePi-YaUiRgUaPV 
XVed fRU Whe VSaWiali]aWiRQ Rf Whe fiUVW WhUee SUiQciSal cRPSRQeQWV. 
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FLJXUH 7. EigeQYecWRUV (lRadiQgV) Rf Whe fiUVW WhUee SUiQciSal cRPSRQeQWV (PC1, PC2, PC3). 

 
 
The eVWiPaWed SaUaPeWeUV (XViQg Whe geQeUali]ed leaVW VTXaUeV PeWhRd; CUeVVie, 

2015) Rf Whe WheRUeWical VePi-YaUiRgUaP PRdelV chRVeQ fRU Whe WhUee cRPSRQeQWV 
ZeUe UeSRUWed iQ Table 1: Whe ePSiUical VePi-YaUiRgUaP ZaV eVWiPaWed XS WR 80% Rf 
Whe Pa[iPXP WheRUeWicall\ SRVVible diVWaQce ZiWhiQ Whe PaS beiQg VWXdied. The 
chRice Rf WheRUeWical VePi-YaUiRgUaP PRdelV, haV beeQ laUgel\ jXVWified RQ Whe baViV 
Rf aQ aVVeVVPeQW Rf Whe gRRdQeVV Rf adaSWaWiRQ Pade µb\ e\e¶, eYeQ WhRXgh PRUe 
VRShiVWicaWed aSSURacheV aUe iQdeed SRVVible. TR PaS Whe iQfRUPaWiRQ cRQWeQW Rf Whe 
PaiQ cRPSRQeQWV, Ze SeUfRUPed Whe VSaWial SUedicWiRQ b\ PeaQV Rf RUdiQaU\ kUigiQg 
RQ a UegXlaU diVcUeWe gUid cRQWaiQiQg abRXW 2.23 [ 106 SRiQWV. 

TabOH 1. VaUiRgUaP PRdel SaUaPeWeUV Rf Whe fiUVW WhUee SUiQciSal cRPSRQeQWV. The GaXVViaQ 
PRdel UeacheV iWV Vill aV\PSWRWicall\. 

VaUiable MRdel NXggeW Sill RaQge C/(C+CR) 
PC1 SSheUical 2510 3022 710 0.17 
PC2 GaXVViaQ 1400 2390 590 0.41 
PC3 GaXVViaQ 42 105 600 0.60 

 
Fig. 8 VhRZV Whe VSecWUal PaSV UeVXlWiQg fURP Whe VSaWiali]aWiRQ Rf Whe VcRUeV Rf 

Whe fiUVW WhUee SUiQciSal cRPSRQeQWV. We haYe UeSRUWed Whe RSWiPal liQeaU fRUecaVW 
calcXlaWed RQ Whe gUid (RQ Whe lefW), aV Zell aV Whe cRUUeVSRQdiQg YaUiaQce Rf Whe SUe-
dicWiRQ eUURU (RQ Whe UighW). The TXaliW\ Rf Whe fRUecaVWV iV VRPeZhaW VWable acURVV Whe 
PaS, aQd, aV e[SecWed, RQl\ a PRdeVW decliQe WRZaUdV Whe edge Rf Whe aUea XQdeU 
VWXd\ iV highlighWed. 
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FLJXUH 8. OQ Whe lefW: kUigiQg PaSV Rf Whe fiUVW WhUee SUiQciSal cRPSRQeQWV (XViQg YaUiRgUaP 
PRdelV aV UeSRUWed iQ Table 1). OQ Whe UighW: PaSV Rf Whe UelaWiYe kUigiQg SUedicWiRQ YaUiaQce. 
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The fiUVW SUiQciSal cRPSRQeQW, aV SUeYiRXVl\ diVcXVVed, PaiQl\ UeSUeVeQWV Whe 
cRQWeQW Rf iURQ R[ideV (Fig. 7). TheUefRUe, Ze caQ affiUP WhaW Whe VRilV Rf Whe VRXWh-
eUQPRVW aUea Rf Whe iQYeVWigaWed cRPSaQ\ VXUface (higheU PC1 VcRUeV), PRUShRlRgi-
call\ higheU, haYe higheU cRQWeQWV Rf R[ideV WhaQ iURQ. ThiV h\SRWheViV iV cRQViVWeQW 
ZiWh Whe geRchePical d\QaPicV Rf VRil Fe, VWURQgl\ iQflXeQced b\ Whe UedR[ cRQdi-
WiRQV Rf Whe PediXP. IQ R[idi]iQg cRQdiWiRQV, PRUe fUeTXeQW iQ Whe PRUShRlRgicall\ 
higheU aUeaV Rf Whe VWXd\ aUea, Fe WeQdV WR becRPe iQVRlXble, fRUPiQg R[\h\dUR[ideV. 
UQdeU UedXciQg cRQdiWiRQV, deWeUPiQed b\ cRQdiWiRQV Rf SURlRQged ZaWeU VWagQaWiRQ, 
PRUe fUeTXeQW iQ Whe PRUShRlRgicall\ PRUe deSUeVVed aUeaV Rf Whe VWXd\ aUea, Whe 
iURQ cRPSRXQdV diVVRlYe Ueadil\, fUeeiQg Fe2+. 

The VecRQd SUiQciSal cRPSRQeQW UeSUeVeQWV abRYe all Whe cla\ PiQeUal cRQWeQWV 
Rf Whe VPecWiWe gURXS. TheUefRUe, Whe QRUWheUQPRVW aUeaV (higheU YalXeV Rf Whe VcRUeV) 
Rf Whe VWXd\ aUea aUe likel\ WR be WhRVe ZiWh Whe higheVW cla\ PiQeUal cRQWeQWV. The 
WhiUd SUiQciSal cRPSRQeQW, aV alUead\ PeQWiRQed, iV iQVWead iQYeUVel\ UelaWed WR Whe 
cla\ PiQeUal cRQWeQWV, bRWh Rf Whe VPecWiWe gURXS aQd Whe kaRliQiWe gURXS. ThiV UeVXlW 
fXUWheU cRQfiUPV Whe iQcUeaViQg WUeQd Rf WheVe PiQeUalV aQd, SURbabl\, Rf Whe fiQeU 
SaUWicle Vi]e fUacWiRQV SURceediQg fURP VRXWh WR QRUWh Rf Whe cRPSaQ\ VXUface. The 
VSecWUal SaWWeUQV Rf Whe PaSV UelaWiQg WR Whe fiUVW WhUee SUiQciSal cRPSRQeQWV (Fig. 8) 
aUe cRQViVWeQW ZiWh Whe YaUiabiliW\ Rf Whe VRilV aQd WheiU SURSeUWieV, aV SUeYiRXVl\ RXW-
liQe iQ a WUadiWiRQal VRil VWXd\ (GUilli eW al., 2014). 

5. CRQcOXVLRQV 

ViV-NIR VSecWURVcRS\, cRXSled ZiWh PXlWiYaUiaWe VWaWiVWicV aQd geRVWaWiVWicV, iV a XVe-
fXl WRRl fRU PaSSiQg Whe VSaWial YaUiabiliW\ Rf VRilV (digiWal VRil PaSSiQg). The Ueflec-
WaQce VSecWUa iQ Whe ViV-NIR dRPaiQ cRQWaiQ UeleYaQW iQfRUPaWiRQ RQ Whe chePical, 
Sh\Vical aQd PiQeUalRgical SURSeUWieV Rf VRilV. MXlWiYaUiaWe VWaWiVWical aQal\ViV, SaU-
WicXlaUl\ SUiQciSal cRPSRQeQW aQal\ViV, iV aQ iPSRUWaQW WRRl WR cRQdeQVe Whe highl\ 
iQWeUUelaWed UeflecWaQce YalXeV iQWR a feZ V\QWheWic YaUiableV (SUiQciSal cRPSRQeQWV), 
XQcRUUelaWed WR each RWheU. The geRVWaWiVWical aQal\ViV allRZV VSaWiali]iQg Whe SUiQci-
Sal cRPSRQeQWV aQd SURdXceV VSecWUal PaSV, Zhich caQ be iQWeUSUeWed iQ Whe lighW Rf 
Whe kQRZQ UelaWiRQVhiSV beWZeeQ UeflecWaQce aQd VRil SURSeUWieV. 

IQ WhiV VWXd\, Whe VSecWUal PaSV Rf Whe fiUVW WhUee SUiQciSal cRPSRQeQWV haYe beeQ 
Ueali]ed aQd iQWeUSUeWed. FXWXUe VWXdieV Zill be QeceVVaU\ WR cRPbiQe Whe iQfRUPaWiRQ 
cRQWaiQed iQ Whe SUiQciSal cRPSRQeQW PaSV, SRVVibl\ iQ cRPbiQaWiRQV ZiWh RWheU 
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digiWal PaSV (e.g. PRUShRPeWUic PaSV) XViQg claVVificaWiRQ aQd/RU daWa-fXViRQ PeWh-
RdV, WR SURdXce diVcUeWi]ed PaSV Rf VRil YaUiabiliW\, PRVW XVefXl fRU SUacWical XVeV. 
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