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1. Introduction 33 

IQ VRLOV, VWabOe CU LV fRXQd aV WULYaOeQW (III) aQd he[aYaOeQW (VI) VSecLeV ZLWh ORZ cRQceQWUaWLRQV 34 

(15-100 �g/g) LQ geQeUaO (ShahLd eW aO., 2017). HRZeYeU, hLgh CU OeYeOV (180-60,000 �g/g) caQ be 35 

PeaVXUed LQ VRLOV deYeORSed RYeU PafLc aQd XOWUaPafLc URcNV OLNe VeUSeQWLQLWe RU baVaOW (FaQdeXU eW aO., 36 

2009; PaXOXNaW eW aO., 2015; SXQ eW aO., 2022). AQWhURSRgeQLc acWLYLWLeV, VXch aV PLQLQg, VPeOWLQg, SaSeU 37 

aQd OeaWheU PaQXfacWXULQg, UeVXOW LQ a2.3 Mgā\U-1 Rf chURPLXP fOX[ LQWR VRLOV aQd aUe Whe PaMRU 38 

cRQWULbXWRUV WR VRLO chURPLXP cRQWaPLQaWLRQ (RaXch aQd Pac\Qa, 2009). TheUefRUe, VRLO CU 39 

cRQWaPLQaWLRQ LV becRPLQg a ZLdeVSUead cRQceUQ dXe WR LWV LPSacW RQ Whe hXPaQ fRRd chaLQ (AR eW aO., 40 

2022a; ShahLd eW aO., 2017).  41 

CU LV a UedR[-VeQVLWLYe eOePeQW, aQd PaQgaQeVe R[LdeV aUe LWV PaLQ QaWXUaO R[LdaQW LQ VRLO. The 42 

WUaQVfRUPaWLRQ fURP URcN-deULYed chURPLXP (III) WR PRUe PRbLOe aQd ha]aUdRXV he[aYaOeQW CU (CUO4
2-, 43 

HCUO4
-, CU2O7

2-) haV beeQ dRcXPeQWed LQ QaWXUaO V\VWePV OLNe gURXQdZaWeUV (QLQ aQd WaQg, 2017). 44 

NegaWLYeO\ chaUged CU (VI) caQ be VRUbed RQWR LURQ R[LdeV RU cOa\ PLQeUaOV, UedXcLQg LWV PRbLOLW\ aQd 45 

ULVN (CRYeOR eW aO., 2008; DLPRV eW aO., 2012; JRhQVWRQ aQd ChU\VRchRRX, 2014; YX eW aO., 2020a; ZhaQg 46 

eW aO., 2022). HRZeYeU, CU (VI) LQWeUacWLRQV ZLWh cOa\ PLQeUaOV aUe ZeaN aQd caQ be eaVLO\ dLVUXSWed 47 

WhURXgh LRQ e[chaQge (CRYeOR eW aO., 2008; FUaQN eW aO., 2019; RRVaOeV-LaQdeURV eW aO., 2013). SRLO 48 

RUgaQLc PaWWeU, VXOfLdeV, aQd Fe (II) caQ cRQYeUW CU (VI) WR CU (III), ZhLch caQ WheQ bLQd WR LURQ R[LdeV 49 

RU cR-SUecLSLWaWe. SRLO cRPSRQeQWV OLNe R[LdeV, cOa\ PLQeUaOV, RUgaQLc PaWWeU, cROOecWLYeO\ LQfOXeQce Whe 50 

geRchePLcaO behaYLRU Rf CU LQ VRLO V\VWePV, ZLWh R[LdeV, SaUWLcXOaUO\ Fe aQd MQ R[LdeV, SOa\LQg a 51 
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dRPLQaQW UROe. The bacWeULaO acWLYLW\, e[SeULPeQWed XVLQg VRLO LQcXbaWLRQV haYe VhRZQ WhaW ZeaNO\ 52 

cU\VWaOOLQe RU aPRUShRXV Fe R[LdeV caQ be UedXced, OeadLQg WR Whe UeOeaVe Rf aVVRcLaWed PeWaOV, 53 

LQcOXdLQg CU (QXaQWLQ eW aO., 2002). 54 

TURSLcaO aQd VXbWURSLcaO cOLPaWeV, chaUacWeUL]ed b\ heaY\ UaLQfaOO aQd hLgh WePSeUaWXUeV, UeVXOW 55 

LQ e[WeQVLYe VRLO ZeaWheULQg aQd OeachLQg, caXVLQg Whe fRUPaWLRQ Rf "Ued VRLOV" ZLWh Sh\OORVLOLcaWeV aQd 56 

LURQ, aOXPLQXP, aQd PaQgaQeVe accXPXOaWed aV R[LdeV (BeUgeU aQd FUeL, 2014; He eW aO., 2004). IURQ 57 

aQd MQ R[LdeV cRQWLQXaOO\ dLVVROYe aQd SUecLSLWaWe, fRUPLQg LURQ-PaQgaQeVe QRdXOeV (FMNV), ZhLch 58 

acW aV LPSRUWaQW VcaYeQgeUV Rf VRLO SROOXWaQWV, LQcOXdLQg CU. FMNV ZeUe fRXQd WR LQfOXeQce Whe 59 

R[LdaWLRQ Rf CU (III) WR CU (VI) (HaL eW aO., 2020), aQd fLeOd VWXdLeV LQdLcaWed WhaW Fe aQd MQ R[LdeV 60 

SURPRWed Whe PLgUaWLRQ aQd WUaQVfRUPaWLRQ Rf chURPLXP LQ baVaOW-deULYed VRLOV (AR eW aO., 2022b; SXQ 61 

eW aO., 2022; WLOOe eW aO., 2018; ZhaQg eW aO., 2023). IQ QaWXUaOO\ CU-eQULched VRLOV, VXch aV WhRVe fRXQd 62 

LQ Whe XOWUaPafLc aUeaV LQ BUa]LO aQd NeZ CaOedRQLa, CU SULPaULO\ aVVRcLaWeV ZLWh ZeOO-cU\VWaOOL]ed Fe 63 

R[LdeV RU chURPLWe, LQdLcaWLQg Whe SUedRPLQaQce Rf VWabOe WULYaOeQW chURPLXP. HRZeYeU, QRWabOe 64 

aPRXQWV Rf he[aYaOeQW chURPLXP (SOaQW-aYaLOabOe, XS WR 1,000 Pg/Ng) haYe beeQ deWecWed. ThLV 65 

RccXUUeQce Pa\ be OLQNed WR Whe R[LdaWLRQ Rf CU (III) b\ MQ R[LdeV (BecTXeU eW aO., 2003; FaQdeXU eW 66 

aO., 2009; GaUQLeU eW aO., 2013, 2006), LQfOXeQced b\ Whe XVe Rf feUWLOL]eUV, aV CU (VI) caQ e[chaQge ZLWh 67 

ShRVShaWeV (BecTXeU eW aO., 2003), RU aVVRcLaWed ZLWh PLcURbLaO ZeaWheULQg (QXaQWLQ eW aO., 2002). IQ 68 

fORRdSOaLQ VRLO SURfLOeV, SURORQged fORRdLQg LQcUeaVeV chURPLXP PRbLOLW\, ZhLOe chURPLXP VROXbLOLW\ 69 

LV hLgheU beORZ Whe ZaWeU WabOe, hLghOLghWLQg Whe UROe Rf VRLO h\dURORg\ LQ chURPLXP dLVVROXWLRQ aQd 70 

PLgUaWLRQ (ShaheeQ aQd RLQNOebe, 2014). A gaS UePaLQV beWZeeQ cRQWUROOed Oab e[SeULPeQWV aQd fLeOd 71 

VWXdLeV ZLWh PRUe YaULabOeV LPSacWLQg chURPLXP d\QaPLcV.  72 

NRQ-WUadLWLRQaO LVRWRSe WechQLTXeV haYe ePeUged WR XQdeUVWaQd PeWaOV aQd PeWaOORLd c\cOeV LQ 73 

PRdeUQ RU SaOeReQYLURQPeQWV. IQ Ued VRLOV, VLgQLfLcaQW LVRWRSe fUacWLRQaWLRQ, OLNe WhaW Rf Cd aQd Mg 74 

LVRWRSeV, UeYeaOV fRUPaWLRQ SURceVVeV OLQNed WR FMNV, RULgLQaWLQg fURP VRLO ZaWeU RU gUaQLWe 75 

ZeaWheULQg (GaR eW aO., 2021, 2018). RedR[ acWLYLW\ dLcWaWeV CU PRbLOLW\, hLghOLghWLQg Whe chURPLXP 76 

LVRWRSe V\VWeP aV a YaOXabOe SUR[\ fRU XQdeUVWaQdLQg Ued VRLO fRUPaWLRQ aQd CU faWe. ReceQW fLQdLQgV 77 

ePShaVL]e WhaW UedR[ UeacWLRQV, SaUWLcXOaUO\ Whe UedXcWLRQ Rf he[aYaOeQW chURPLXP WR WULYaOeQW 78 

chURPLXP, aUe SULPaU\ cRQWULbXWRUV WR chURPLXP LVRWRSe YaULabLOLW\ LQ VXUface eQYLURQPeQWV (QLQ aQd 79 
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WaQg, 2017; WaQg eW aO., 2021). SWXdLeV haYe eYaOXaWed Whe effecW Rf VLQgOe RU PXOWLSOe eQYLURQPeQWaO 80 

cRPSRQeQWV RQ chURPLXP UedR[ aQd LVRWRSLc fUacWLRQaWLRQ. BLRWLc RU abLRWLc UedXcWLRQ Rf CU (VI) WR 81 

CU (III) UeVXOWV LQ eQULchPeQW LQ OLghW LVRWRSeV Rf CU (III) (ǻ53CU = į53CUSURdXcW ± į53CUUeacWaQW, YaU\LQg 82 

beWZeeQ -7.6Å aQd -0.4Å), ZheUeaV R[LdaWLRQ Rf CU (III) UeVXOWV LQ a YaULabOe ǻ53CU (fURP -2.5Å WR 83 

+1Å) (QLQ aQd WaQg, 2017). HRZeYeU, Whe XQdeUVWaQdLQg Rf LVRWRSLc fUacWLRQaWLRQ dXULQg CU (III) 84 

R[LdaWLRQ LV haPSeUed b\ OLPLWed e[SeULPeQWaO LQYeVWLgaWLRQV aQd aQ LQcRPSOeWe XQdeUVWaQdLQg Rf Whe 85 

XQdeUO\LQg PechaQLVPV.  86 

CU LVRWRSe UecRUdV LQ cXUUeQW VRLO SURfLOeV aUe OLPLWed cRPSaUed WR e[WeQVLYe UeVeaUch RQ aQcLeQW 87 

SaOeRVROV LQdLcaWLQg aWPRVSheULc R[\geQaWLRQ (BabechXN eW aO., 2019; CROZ\Q eW aO., 2019; MlQd eW 88 

aO., 2022). BeUgeU aQd FUeL (2014) haYe chaUacWeUL]ed CU behaYLRU LQ MaOagaV\ MadagaVcaU¶V OaWeULWe 89 

VRLO, UeYeaOLQg LQcUeaVed CU cRQceQWUaWLRQ LQ Whe XSSeUPRVW SRUWLRQV Rf Whe VRLO SURfLOe, accRPSaQLed 90 

b\ a decUeaVe LQ į53CU YaOXeV, ZhLch LV LQWeUSUeWed b\ a SaUWLaO LPPRbLOL]aWLRQ (e.g., b\ adVRUSWLRQ RU 91 

cR-SUecLSLWaWLRQ Rf Fe R[LdeV) RccXUULQg dXULQg Whe XSZaUd PLgUaWLRQ Rf PRbLOe CU (III) fURP deeSeU 92 

SaUWV Rf Whe ZeaWheULQg SURfLOe. CR-YaULaWLRQ Rf chURPLXP LVRWRSeV ZLWh VLOLcRQ LVRWRSeV aQd LURQ 93 

cRQWeQW, aORQg ZLWh VLgQLfLcaQW chURPLXP eQULchPeQW aQd VLOLcRQ ORVV fRXQd LQ OaWeULWe SURfLOe b\ WLOOe 94 

eW aO. (2018), XQdeUVcRUeV Whe LPSacW Rf Fe R[LdeV RQ chURPLXP PRbLOLW\. IQ OaWeULWe SURfLOeV, dLffeUeQW 95 

į53CU YaOXe dLVWULbXWLRQ LV OLQNed WR SaUeQW URcN VWUaWLfLcaWLRQ aQd gURXQdZaWeU OeYeOV fOXcWXaWLRQV 96 

(PaXOXNaW eW aO., 2015). The PLgUaWLRQ Rf ZeaWheULQg fOXLdV LQ SRURXV Oa\eUed URcNV caQ Oead WR XQeYeQ 97 

chURPLXP ORVV aQd fUacWLRQaWLRQ. AddLWLRQaOO\, chaQgeV LQ gURXQdZaWeU OeYeOV LQWURdXce heWeURgeQeLW\ 98 

LQ Whe CU LVRWRSLc cRPSRVLWLRQ aQd VRLO RUgaQLc PaWWeU Pa\ cRQWULbXWed WR chURPLXP fUacWLRQaWLRQ 99 

WhURXgh LWV abLOLW\ WR UedXce LVRWRSLcaOO\ heaY\ CU (VI) WR CU (III). 100 

OXU VWXd\ LQYeVWLgaWeV chURPLXP dLVWULbXWLRQ LQ VRLO SURfLOeV fURP SRXWh ChLQa, fRcXVLQg RQ 101 

Sadd\ aQd QRQ-Sadd\ VRLOV. TheVe UegLRQV aUe SaUaPRXQW WR ChLQa'V fRRd VecXULW\ VWUaWeg\, eVSecLaOO\ 102 

LQ ULce cXOWLYaWLRQ. HRZeYeU, SeUVLVWeQW fRRd VecXULW\ chaOOeQgeV haYe ePeUged LQ UeceQW \eaUV dXe WR 103 

WR[Lc PeWaO cRQWaPLQaQWV LQ ULce (HXaQg eW aO., 2019; ReQ eW aO., 2022). TheVe chaOOeQgeV VWeP fURP 104 

WZR SULPaU\ VRXUceV: Whe QaWXUaOO\ eOeYaWed geRORgLcaO bacNgURXQd, aV UeSRUWed LQ Whe NaUVW UegLRQ Rf 105 

GXaQg[L (YaQg eW aO., 2021), aQd aQWhURSRgeQLc acWLYLWLeV, QRWabO\ RbVeUYed LQ HXQaQ PURYLQce (WaQg 106 

eW aO., 2016). OXU UeVeaUch aLPV WR XWLOL]e a cRPbLQaWLRQ Rf chePLcaO e[WUacWLRQ aQd chURPLXP VWabOe 107 
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LVRWRSe WechQLTXeV WR XQdeUVWaQd dLffeUeQceV LQ CU SaUWLWLRQLQg beWZeeQ FMNV aQd VXUURXQdLQg VRLOV. 108 

We VeeN WR LdeQWLf\ SRWeQWLaO chURPLXP VRXUceV aQd e[SORUe Ne\ facWRUV LQfOXeQcLQg chURPLXP c\cOLQg 109 

LQ Ued VRLO V\VWePV ZLWh abXQdaQW FMNV, WheUeb\ eQhaQcLQg RXU XQdeUVWaQdLQg Rf chURPLXP behaYLRU. 110 

ThLV VWXd\ SURYLdeV a VcLeQWLfLc baVLV fRU aVVeVVLQg VRLO chURPLXP SROOXWLRQ aQd fRRd VafeW\ LQ Whe 111 

UegLRQ. AddLWLRQaOO\, LW RffeUV LQVLghWV LQWR Whe aSSOLcabLOLW\ Rf chURPLXP LVRWRSe WechQLTXeV LQ QaWXUaO 112 

VRLO V\VWePV.   113 

2. Material and methods 114 

2.1 Study area and sampling 115 

The VWXd\ ZaV caUULed RXW LQ WaQgOLQg TRZQ (109�01ƍ07ƎE, 23�11ƍ01ƎN) aQd LLWaQg TRZQ 116 

(109�05ƍ49ƎE, 23�11ƍ38ƎN), LQ BLQ\aQg CRXQW\, GXaQg[L ZhXaQg AXWRQRPRXV RegLRQ, LQ SRXWh 117 

ChLQa. AbRXW 8 NP VeSaUaWe Whe WZR ORcaWLRQV. The VXbWURSLcaO PRQVRRQ cRQWUROV Whe cOLPaWe heUe, 118 

UeVXOWLQg LQ aQ aQQXaO SUecLSLWaWLRQ Rf a1,491 PP, ZLWh a ZeW VeaVRQ fURP ASULO WR SeSWePbeU, 119 

accRXQWLQg fRU abRXW 78% Rf Whe aQQXaO SUecLSLWaWLRQ, aQd a PeaQ aQQXaO WePSeUaWXUe Rf 21�C. 120 

CaUbRQaWed bedURcN dRPLQaWeV Whe UegLRQ, bXW Ued VRLOV aUe PRVWO\ deYeORSed fURP TXaWeUQaU\ 121 

cROOXYLXP deSRVLWed RYeU caUbRQaWeV (WeL eW aO., 2014). AW each VLWe, WZR VRLO SURfLOeV ZeUe VaPSOed: 122 

a Sadd\ (ULce cXOWXUe) aQd a QRQ-Sadd\ VRLO SURfLOe (YegeWabOe cXOWXUe). The OaQd XVe haV QRW beeQ 123 

PRdLfLed fURP aW OeaVW 40 \eaUV. BaVed RQ VRLO We[WXUe aQd cRORU, VRLO SURfLOeV ZeUe VeSaUaWed aW bRWh 124 

VLWeV LQWR VeYeUaO hRUL]RQV; Vee deWaLOV LQ TabOe S1. CRQWUaU\ WR Whe WhUee RWheU SURfLOeV, Whe LLWaQg Sadd\ 125 

VRLO SURfLOe LV dUaLQed aW a deSWh Rf 40 cP, Whe RXWOeW ZaWeU beLQg e[SRUWed aQd cROOecWed LQ aQ aUWLfLcLaO 126 

cePeQWed UeVeUYRLU, ZheUe UaLQfaOO aQd dUaLQed ZaWeUV aUe VWRUed aQd XVed fRU LUULgaWLRQ. 127 

FRU each hRUL]RQ, aSSUR[LPaWeO\ 50 Ng Rf bXON VRLO VaPSOeV ZeUe cROOecWed, aLU-dULed, aQd 128 

VeSaUaWed LQWR WZR SaUWV LQ Whe OabRUaWRU\: FMNV (> 1 PP) aQd VXUURXQdLQg VRLO (< 1 PP). The 129 

VeSaUaWed FMNV ZeUe ZaVhed geQWO\ ZLWh MLOOL-Q ZaWeU, dULed, aQd WheQ VLeYed LQWR WhUee VL]e cOaVVeV: 130 

1-2 PP, 2-5 PP, aQd > 5 PP. The QRdXOe SURSRUWLRQV Rf each hRUL]RQ ZeUe deWeUPLQed b\ ZeLghLQg 131 

each FMN cOaVV. FLQaOO\, 5-10 g Rf each VXb-VaPSOe (FMNV aQd VXUURXQdLQg VRLO) ZeUe gURXQd LQ aQ 132 

agaWe PRUWaU, SaVVed WhURXgh 0.15 PP VLeYeV, aQd VWRUed LQ VeaOed bagV fRU fXUWheU aQaO\VLV. 133 

AddLWLRQaOO\, WR cRQVWUaLQ QaWXUaO aQd aQWhURSRgeQLc LQSXWV LQ VRLOV, WhUee VaPSOeV Rf baUe caOcaUeRXV 134 
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URcNV, aQd VeYeQ VaPSOeV Rf feUWLOL]eUV XVed b\ ORcaO faUPeUV, aV ZeOO aV WZR VaPSOeV Rf LUULgaWLRQ ZaWeU 135 

aW Whe VaPSOLQg VLWeV Rf bRWh ORcaWLRQV ZeUe cROOecWed (TabOe 2). RRcNV aQd feUWLOL]eUV ZeUe gURXQd, 136 

dLVVROYed. WaWeU VaPSOeV (a12 L) ZeUe fLOWeUed in ViWX WhURXgh 0.22 ȝP SRO\eWheUVXOfRQe PePbUaQeV 137 

(JLQWeQg, ChLQa) aQd acLdLfLed ZLWh dLVWLOOed 16 M HNO3.  138 

2.2 Physico-chemical properties of soils 139 

AOO chePLcaOV XVed LQ WhLV VWXd\ ZeUe aW OeaVW aQaO\WLc gUade fURP MeUcN cRPSaQ\ aQd acLdV ZeUe 140 

dRXbOe-dLVWLOOed fRU eQhaQced SXULW\. SRLO SURSeUWLeV ZeUe deWeUPLQed XVLQg bXON VRLO e[ceSW fRU XRD 141 

aQaO\VLV. SRLO SH ZaV PeaVXUed SRWeQWLRPeWULcaOO\ LQ a VRLO/ZaWeU (1:2.5) PL[WXUe ZLWh a PHS-3C SH 142 

PeWeU (LeLcL, ChLQa) (ThRPaV, 2018). The caWLRQ e[chaQge caSacLW\ (CEC) ZaV deWeUPLQed b\ Whe 143 

aPPRQLXP aceWaWe VaWXUaWLRQ WechQLTXe cRPbLQed ZLWh Whe WLWUaWLRQ PeWhRd (GLOOPaQ eW aO., 1983). WeW 144 

VLeYLQg LQ cRQMXQcWLRQ ZLWh Whe h\dURPeWeU WechQLTXe ZaV XVed WR deWeUPLQe VRLO We[WXUe (Gee aQd 145 

BaXdeU, 2018). SRLO bXON deQVLW\ ZaV eVWLPaWed b\ ZeLghLQg aQd caOcXOaWLQg Whe dU\ ZeLghW Rf VRLO SeU 146 

YROXPe XQLW (GURVVPaQ aQd ReLQVch, 2018). SRLO RUgaQLc PaWWeU (SOM) cRQWeQW ZaV eYaOXaWed XVLQg 147 

aQ RLO baWh-K2CU2O7 WLWUaWLRQ PeWhRd (NeOVRQ aQd SRPPeUV, 2015). The PLQeUaORgLcaO cRPSRVLWLRQ Rf 148 

FMNV aQd VXUURXQdLQg VRLO (< 0.15 PP fUacWLRQ) ZaV PeaVXUed b\ X-Ua\ dLffUacWLRQ (XRD) aQaO\VLV 149 

XVLQg a PANaO\WLcaO dLffUacWRPeWeU ZLWh NL-fLOWeUed CX KĮ UadLaWLRQ (aW 45 NV aQd 40 PA) VcaQQLQg 150 

fURP 5� WR 75� 2ș ZLWh a VcaQ VWeS Rf 0.01� aW RX SOaWfRUP Rf UQLYeUVLWp PaULV CLWp. The PLQeUaOV ZeUe 151 

WheQ LdeQWLfLed XVLQg X'PeUW HLghScRUe POXV VRfWZaUe (PANaO\WLcaO, AOPeOR, The NeWheUOaQdV) aQd 152 

TXaQWLfLed XVLQg Whe MAUD SURgUaP (MaWeULaO AQaO\VLV UVLQg DLffUacWLRQ) baVed PaLQO\ RQ Whe 153 

RLeWYeOd UefLQePeQW PeWhRd (LXWWeURWWL eW aO., 1999). EOePeQW cRQWeQW ZaV PeaVXUed b\ LQdXcWLYeO\ 154 

cRXSOed SOaVPa PaVV VSecWURPeWU\ (ICP-QMS 7900, AgLOeQW) aW PARI AQaO\WLcaO POaWfRUP Rf IPGP-155 

UQLYeUVLWp PaULV CLWp (heUeafWeU UefeUUed WR aV PARI-IPGP) afWeU HCO-HF-HNO3 dLgeVWLRQ. The USGS 156 

geRORgLcaO VWaQdaUdV BHVO-2, BCR-2, aQd NRd-P-1 ZeUe XVed fRU TXaOLW\ cRQWURO Rf VaPSOe dLgeVWLRQ 157 

aQd eOePeQWaO aQaO\VLV. IQ PRVW caVeV, Whe PeaVXUePeQW deYLaWLRQ dReV QRW e[ceed 10% Rf Whe UefeUeQce 158 

YaOXe, aQd Whe VWaQdaUd deYLaWLRQ LV beORZ 5%.  159 

2.3 Fe oxide extraction using the citrate-bicarbonate-dithionite (CBD) method 160 
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Fe R[LdeV ZeUe e[WUacWed WR e[aPLQe WheLU LPSacW RQ CU LVRWRSe VLgQaWXUeV dXe WR Whe affLQLW\ Rf 161 

CU WRZaUdV Fe R[LdeV. A PRdLfLcaWLRQ Rf Whe cLWUaWe-bLcaUbRQaWe-dLWhLRQLWe (CBD) defeUULfLcaWLRQ 162 

PeWhRd fURP HROPgUeQ (1967) ZaV XVed WR TXaQWLf\ CU aVVRcLaWed ZLWh Fe-R[LdeV. OQe hXQdUed Pg 163 

Rf VaPSOe ZaV PL[ed ZLWh 40 PL Rf 0.3 M VRdLXP cLWUaWe, 5 PL Rf 1 M VRdLXP bLcaUbRQaWe, aQd 1 g 164 

Rf VRdLXP dLWhLRQLWe, WheQ heaWed aW 80� fRU 4 h ZLWh PaQXaO VhaNLQg eYeU\ 30 PLQ. AfWeU ceQWULfXgaWLRQ, 165 

Whe VXSeUQaWaQW ZaV UePRYed ZhLOe Whe VROLd UeVLdXe ZaV NeSW. The e[WUacWLRQ ZaV UeSeaWed 3-10 WLPeV 166 

WR eQVXUe WhaW aOO Fe R[LdeV had beeQ UePRYed. FLQaOO\, Whe UeVLdXe ZaV ULQVed VeYeUaO WLPeV ZLWh MLOO-167 

Q ZaWeU aQd dULed aW 40� befRUe beLQg ZeLghed, gURXQded, aQd VWRUed befRUe eOePeQWaO aQd LVRWRSe 168 

aQaO\VeV.  169 

2.4 Cr purification and isotope analysis 170 

The chURPLXP SXULfLcaWLRQ ZaV achLeYed b\ a 2-VWeS cROXPQ chePLVWU\ ZLWh caWLRQ e[chaQge 171 

UeVLQ (AG�50W-X8, 200-400 PeVh, BLR-Rad) XVLQg Whe SURcedXUe PRdLfLed fURP LaUVeQ eW aO. (2016) 172 

LQ a COaVV 1000 cOeaQURRP (PARI-IPGP). SLQce CU LVRWRSe fUacWLRQaWLRQ caQ RccXU dXULQg Whe chePLcaO 173 

VeSaUaWLRQ WhURXgh chURPaWRgUaShLc cROXPQV aQd Whe fLQaO SXULfLcaWLRQ \LeOdV UaUeO\ e[ceed 70-80%, 174 

Ze XVed a dRXbOe VSLNe WechQLTXe fROORZLQg Whe SURWRcRO deWaLOed LQ SRVVL eW aO. (2018).  175 

FLUVW, VaPSOeV cRQWaLQLQg 1 �g CU ZeUe VSLNed ZLWh aQ aSSURSULaWe 50CU-54CU dRXbOe VSLNe VROXWLRQ 176 

YROXPe WR achLeYe a CUVSLNe/CUVaPSOe UaWLR Rf a0.28. The VSLNed VaPSOeV ZeUe heaWed LQ 6 M HCO aW 100� 177 

fRU 24 h WR facLOLWaWe hRPRgeQL]aWLRQ aQd SURPRWe Whe fRUPaWLRQ Rf CU-CO cRPSOe[eV. TheQ, cROd MLOOL-178 

Q ZaWeU (4�) ZaV added WR dLOXWe Whe HCO cRQceQWUaWLRQ WR 1 M. SaPSOe ZaV ORaded LQWR a SUe-cOeaQed 179 

aQd cRQdLWLRQed cROXPQ Rf 1 PL UeVLQ, aQd CU ZaV cROOecWed LPPedLaWeO\. FXUWheU eOXWLRQ Rf CU ZaV 180 

caUULed RXW LQ 5 PL Rf 1 M HCO, aQd bRWh eOXaWeV ZeUe eYaSRUaWed WRgeWheU. The UeVLQ ZaV ZaVhed ZLWh 181 

10 PL Rf 6 M HCO aQd 5 PL Rf MLOO-Q ZaWeU. AfWeU WhaW, Whe CU fUacWLRQV ZeUe e[SRVed WR 0.5 M HNO3 182 

aQd 0.8% H2O2 aW URRP WePSeUaWXUe fRU aW OeaVW 48 h WR facLOLWaWe Whe cRQYeUVLRQ Rf aOO CU VSecLeV WR 183 

CU3+. The UePaLQLQg PaMRU eOePeQWV (e.g., AO) aV ZeOO aV LQWeUfeUeQWV (TL, V, aQd Fe) ZeUe UePRYed b\ 184 

ORadLQg Whe VaPSOe RQWR Whe SUe-cRQdLWLRQed AG�50W-X8 UeVLQ fROORZed b\ eOXWLRQ ZLWh 5 PL Rf 0.5 185 

M HF aQd 22 PL Rf 1 M HCO. FLQaOO\, CU ZaV eOXWed ZLWh 10 PL Rf 2 M HCO, eYaSRUaWed, aQd Whe CU 186 

cRQceQWUaWLRQ ZaV adMXVWed WR a100 �g/L ZLWh 2% HNO3 fRU LVRWRSe PeaVXUePeQW. 187 
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The CU LVRWRSe cRPSRVLWLRQV ZeUe PeaVXUed RQ a NeSWXQe POXV MC-ICP-MS (TheUPRScLeQWLfLc) 188 

eTXLSSed ZLWh a PFA �FORZ QebXOL]eU (100 �L/PLQ), aQ ASe[ HF deVROYaWLRQ LQWURdXcWLRQ V\VWeP 189 

(EOePeQWaO ScLeQWLfLc) aQd eLghW FaUada\ cROOecWRUV WhaW aOORZed fRU VLPXOWaQeRXV cROOecWLRQ Rf 50CU, 190 

52CU, 53CU, 54CU WRgeWheU ZLWh 49TL, 51V aQd 56Fe, WR cRUUecW Whe LVRbaULc LQWeUfeUeQceV Rf 50TL, 50V, aQd 191 

54Fe RQ 50CU aQd 54CU, UeVSecWLYeO\. IQ Whe PedLXP UeVROXWLRQ PRde, a 4-8 V VeQVLWLYLW\ RQ 52CU ZaV 192 

RbWaLQed fRU a 100 �g/L CU VROXWLRQ XVLQg JeW VaPSOe aQd H VNLPPeU cRQeV. The SXULfLcaWLRQ \LeOd Rf 193 

RXU PeWhRd (a80%) LV LQ OLQe ZLWh SUeYLRXV VWXdLeV (ZhX eW aO., 2018, 2019). The SURcedXUaO bOaQNV Rf 194 

0.2-11 Qg (Q = 7), aUe QegOLgLbOe cRPSaUed WR Whe ORaded VaPSOe PaVV (1000 Qg). IVRWRSe UeVXOWV aUe 195 

UeSRUWed aV į53CU aQd QRUPaOL]ed WR Whe ceUWLfLed CU LVRWRSLc VWaQdaUd NIST SRM 979 aV ET. (1): 196 

𝛿 𝐶𝑟ହଷ ሺ‰ሻ ൌ ൬ ሺ 𝐶𝑟/ 𝐶𝑟ሻఱమఱయ
ೞೌ

ሺ 𝐶𝑟/ 𝐶𝑟ሻఱమఱయ
𝑁𝑆 𝑆ೃ𝑀 వళవ

െ 1൰ ൈ  1000                                                                          (1) 197 

ReSURdXcLbLOLW\ aQd accXUac\ Rf LVRWRSe PeaVXUePeQWV ZeUe checNed XVLQg Whe NIST SRM 3112a 198 

aQd USGS BHVO-2 UefeUeQce PaWeULaOV, UeVXOWLQg LQ į53CU Rf -0.09 � 0.03Å (2SD, Q = 9) aQd -0.14 � 199 

0.05Å (2SD, Q = 27), UeVSecWLYeO\, ZhLch agUeed ZLWh UeSRUWed YaOXeV LQ Whe OLWeUaWXUe (LLX eW aO., 2019; 200 

WX eW aO., 2020). 201 

3. Results 202 

3.1 Soil physicochemical properties 203 

The Ne\ Sh\VLcRchePLcaO SURSeUWLeV Rf Whe VRLOV aUe OLVWed LQ TabOe 1. NeXWUaO SH YaOXeV (7.2 � 204 

0.13) aUe fRXQd LQ PRVW VRLO hRUL]RQV e[ceSW fRU Whe QRQ-Sadd\ VRLO SURfLOe LQ WaQgOLQg (SH a4.8) aQd 205 

Whe WRSVRLO hRUL]RQ Rf Whe WZR Sadd\ VRLO SURfLOeV LQ WaQgOLQg (SH 6.2) aQd LLWaQg VLWe (SH 6.5). The 206 

dLffeUeQce LQ VRLO SH Pa\ be aWWULbXWed Whe dLffeUeQW cURSV aQd Whe Uec\cOLQg Rf RUgaQLc PaWeULaO, ZhLch 207 

WeQdV WR acLdLf\ VRLO (BXWWeUO\ eW aO., 2013; WeL eW aO., 2006). The SOM cRQWeQW LV hLgheU LQ Whe VXUface 208 

hRUL]RQ aQd decUeaVeV ZLWh deSWh. OYeUaOO, Sadd\ VRLOV haYe PRUe SOM WhaQ QRQ-Sadd\ VRLOV becaXVe 209 

a VPaOO SRUWLRQ Rf abRYe-gURXQd ULce VWaONV aQd XQdeUgURXQd URRWV UePaLQV LQ Whe fLeOd afWeU ULce haUYeVW, 210 

ZheUe LQWeUPLWWeQW UedXcLQg cRQdLWLRQV SURPRWe WheLU decRPSRVLWLRQ. The VRLO deQVLW\ UaQgeV fURP 0.9 211 

WR 2.3 g/cPñ, ZLWh Whe PLQLPXP aQd Pa[LPXP YaOXeV RbVeUYed LQ Whe LLWaQg Sadd\ VRLO SURfLOe. 212 

AddLWLRQaOO\, WheUe LV a gUadXaO LQcUeaVe LQ VRLO deQVLW\ ZLWh deSWh ZLWhLQ WhLV SURfLOe, fLQaOO\ UeachLQg 213 

aSSUR[LPaWeO\ WZLce Whe YaOXe Rf Whe bRWWRP hRUL]RQ LQ Whe WaQgOLQg Sadd\ VRLO SURfLOe. SRLO CEC aQd 214 
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cOa\ cRQWeQW LQcUeaVe ZLWh deSWh, UaQgLQg fURP 11.8 WR 24.1 cPRO/Ng aQd 16 WR 40%, UeVSecWLYeO\.  215 

3.2 Distribution and mineralogy of FMNs and surrounding soils 216 

IQ aOO VRLO SURfLOeV, e[ceSW ZLWh Rf Whe LLWaQg Sadd\ VRLO SURfLOe, FMNV cRQWeQW LQ each VL]e cOaVV 217 

aQd acURVV each VRLO SURfLOe e[hLbLWV UeOaWLYeO\ ORZ YaULabLOLW\ (TabOe 1). IQ SaUWLcXOaU, bRWh QRQ-Sadd\ 218 

VRLO SURfLOeV haYe a dRPLQaQW FMNV cRQWeQW (61-76% Rf Whe WRWaO) RYeU Whe VXUURXQdLQg VRLO, ZhLOe Whe 219 

Sadd\ VRLO SURfLOe aW WaQgOLQg haV a ORZeU FMNV cRQWeQW (37-51%). OQ Whe RWheU haQd, Whe LLWaQg 220 

Sadd\ VRLO SURfLOe VhRZV a gUadXaOO\ LQcUeaVe LQ Whe WRWaO FMNV cRQWeQW ZLWh deSWh, UaQgLQg fURP a5% 221 

LQ Whe WRS WR 45% LQ Whe bRWWRP hRUL]RQ. ThLV LQcUeaVe affecWV each FMNV VL]e cOaVV. IQ VRLO SURfLOeV, 222 

PRVW FMNV aUe fRXQd LQ Whe 2-5 PP cOaVV (a66%), fROORZed b\ Whe > 5 PP cOaVV (a23%), aQd Whe 1-223 

2 PP cOaVV (a10%).  224 

MLQeUaO cRPSRVLWLRQV Rf FMNV aUe geQeUaOO\ VLPLOaU LQdeSeQdeQWO\ Rf VL]e RU VRLO hRUL]RQ (FLg. 225 

S1, TabOe S2); Ze QRZ dLVcXVV WheVe FMNV aV a ZhROe cRPSaUed ZLWh Whe VXUURXQdLQg VRLOV, aV deSLcWed 226 

LQ FLg. 1. IQ bRWh QRQ-Sadd\ aQd Sadd\ VRLO SURfLOeV Rf WaQgOLQg, Whe PLQeUaORg\ UePaLQV cRQVWaQW 227 

ZLWh deSWh LUUeVSecWLYe Rf fUacWLRQ (VXUURXQdLQg VRLOV aQd FMNV, FLgV. 1a aQd 1c, TabOe S2). 228 

SSecLfLcaOO\, Whe VXUURXQdLQg VRLO aW WaQgOLQg LV SULPaULO\ cRPSRVed Rf ca. 35-40% NaROLQLWe, 30-35% 229 

TXaUW], 10-15% gLbbVLWe, aQd 10-15% gReWhLWe, ZheUeaV Whe FMNV eQcRPSaVV 60-65% gReWhLWe, 15-230 

20% gLbbVLWe, aQd 10-15% NaROLQLWe. HRZeYeU, dLVWLQcWLRQV LQ PLQeUaORgLcaO cRPSRVLWLRQ aUe 231 

QRWLceabOe beWZeeQ QRQ-Sadd\ aQd Sadd\ VRLO SURfLOeV LQ LLWaQg. IQ Whe LLWaQg QRQ-Sadd\ VRLO SURfLOe, 232 

fURP WRS WR bRWWRP, Whe VXUURXQdLQg VRLO LV affecWed b\ a decUeaVe LQ TXaUW] (55 WR 35 %) aQd PLcURcOLQe 233 

(10 % WR WUaceV) aQd a ULVe LQ NaROLQLWe (35 WR 65%) SURSRUWLRQV (FLg. 1b). A VLPLOaU YeUWLcaO eYROXWLRQ 234 

Rf Whe TXaUW]-NaROLQLWe cRXSOe LV aOVR RbVeUYed LQ Whe VXUURXQdLQg VRLO Rf LLWaQg Sadd\ VRLO SURfLOe (FLg. 235 

1d). The 15 % Rf LOOLWe fRXQd LQ Whe XSSeU hRUL]RQV aUe SURgUeVVLYeO\ UeSOaced b\ PLcURcOLQe aW 236 

LQWeUPedLaWe deSWh. The deeSeVW VaPSOe LV aOPRVW e[cOXVLYeO\ cRPSRVed Rf NaROLQLWe aQd TXaUW]. FMNV 237 

LQ bRWh SURfLOeV aUe SULPaULO\ cRQVWLWXWed Rf 60-80 % LURQ R[LdeV (PRVWO\ gReWhLWe) aQd 10% TXaUW] 238 

(FLg.1b aQd 1d). KaROLQLWe UeSUeVeQWV 10-30 % Rf Whe QRdXOeV, e[ceSW LQ Whe ZaWeUORgged hRUL]RQ (BUg, 239 

45-70 cP) LQ Whe LLWaQg Sadd\ VRLO SURfLOe ZheUe LW LV aOPRVW abVeQW. MQ-ULch ShaVeV (e.g., bLUQeVVLWe) 240 

haYe QRW beeQ RbVeUYed LQ eLWheU FMNV RU VXUURXQdLQg VRLO VaPSOeV, SULPaULO\ dXe WR WheLU ORZ 241 
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abXQdaQce RU WR Whe SUeVeQce Rf MQ aV LPSXULWLeV LQ RWheU PLQeUaOV OLNe LURQ R[LdeV (WaQg eW aO., 2023).  242 

3.3 Vertical distribution of elements in soil profiles 243 

The cRQceQWUaWLRQV Rf CU aQd RWheU Ne\ eOePeQWV aUe OLVWed LQ TabOe S3 aQd SORWWed LQ FLg. S2. 244 

HLgh MQ cRQceQWUaWLRQV (XS WR 24 g/Ng) aUe RQO\ fRXQd LQ Whe OaUgeVW FMNV Rf WZR hRUL]RQV Rf Whe 245 

QRQ-Sadd\ LLWaQg SURfLOeV, VhRZLQg WhaW RYeUaOO FMNV VhRXOd be beWWeU defLQed aV LURQ QRdXOeV RQO\. 246 

CRPSaUed WR Whe VXUURXQdLQg VRLOV, FMNV cRQWaLQ hLgheU UedR[-VeQVLWLYe WUace eOePeQWV VXch aV V, CU, 247 

aQd Fe. CRQYeUVeO\, hLgheU cRQceQWUaWLRQV Rf LPPRbLOe eOePeQWV (e.g., TL) RU PaMRU aQd VROXbOe 248 

eOePeQWV (e.g., Mg) aUe UeSRUWed LQ Whe VXUURXQdLQg VRLOV. IQ Whe VXUURXQdLQg VRLOV, CU cRQceQWUaWLRQV 249 

aUe hLgheU LQ WaQgOLQg (223-247 �g/g) WhaQ WhRVe LQ LLWaQg (95-180 �g/g) aQd UeOaWLYeO\ LQdeSeQdeQW 250 

Rf Whe cXOWLYaWLRQ PRde (Sadd\ YV. QRQ-Sadd\). AcURVV aOO VRLO SURfLOeV, CU cRQWeQW LV hLgheU LQ Whe 251 

VPaOOeVW FMNV (822-1,451 �g/g) WhaQ LQ Whe OaUgeVW RQeV (325-693 �g/g).  252 

TR eYaOXaWe Whe SRWeQWLaO accXPXOaWLRQ RU deSOeWLRQ Rf eOePeQWV WhURXghRXW Whe VRLO SURfLOe, Whe 253 

PaVV baOaQce cReffLcLeQW (Ĳ) ZaV aSSOLed (BUaXQ eW aO., 1993) accRUdLQg WR ET. (2): 254 

𝜏𝑋,𝑁𝑏 ൌ ሺ𝐶/𝐶𝑁್ሻೞೌ

ሺ𝐶/𝐶𝑁್ሻೌೝ
െ 1                                                                                                                  (2) 255 

ZheUe 𝐶𝑋 aQd 𝐶𝑁𝑏 aUe Whe cRQceQWUaWLRQV Rf eOePeQW X aQd QLRbLXP LQ VRLO VaPSOeV RU SaUeQW PaWeULaOV, 256 

UeVSecWLYeO\. The cRUUeVSRQdLQg YaOXeV LQ Whe deeS QXaWeUQaU\ Ued eaUWh UeSRUWed b\ YaQg (2006) ZeUe 257 

XVed aV WhRVe LQ Whe SaUeQW PaWeULaOV, VLQce RXU VRLO SURfLOeV ZeUe deYeORSed fURP TXaWeUQaU\ cROOXYLXP. 258 

NLRbLXP ZaV VeOecWed aV aQ LPPRbLOe eOePeQW dXe WR LWV VWabLOLW\ dXULQg adYaQced ZeaWheULQg 259 

SURceVVeV (GXLQRLVeaX eW aO., 2021). AV LQdLcaWed LQ FLg. 2, Whe Ĳ YaOXeV Rf LPPRbLOe eOePeQWV (AO aQd 260 

TL) UePaLQ cRQVWaQW acURVV aOO VRLO SURfLOeV, VXggeVWLQg a VLPLOaU cRQVeUYaWLYe behaYLRU Rf Nb. The 261 

PaMRU aQd VROXbOe eOePeQW (Mg) VhRZV a VOLghW deSOeWLRQ. The UeacWLYe eOePeQW (MQ) behaYLRU LV 262 

cRPSaUabOe WR WhaW Rf Mg LQ Whe WaQgOLQg VRLO SURfLOeV. IQ cRQWUaVW, LQ LLWaQg VRLO SURfLOeV, MQ dLVSOa\V 263 

eLWheU SURQRXQced deSOeWLRQ (LQ Whe Sadd\ VRLO SURfLOe) RU eQULchPeQW (LQ Whe QRQ-Sadd\ VRLO SURfLOe).  264 

The UedR[-acWLYe eOePeQWV (CU, V, Fe) VhRZ VWURQg eQULchPeQW, SaUWLcXOaUO\ LQ Whe QRQ-Sadd\ VRLO 265 

SURfLOeV. SLgQLfLcaQW eQULchPeQW Rf UedR[-acWLYe eOePeQWV LV RbVeUYed PaLQO\ LQ Whe BUg hRUL]RQ (45-266 

70 cP) dRZQZaUdV LQ Whe Sadd\ VRLO SURfLOe Rf LLWaQg, ZhLch cRQWUaVWV ZLWh Whe WUeQd RbVeUYed LQ 267 

WaQgOLQg. 268 
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TR aVVeVV Whe e[WeQW Rf VRLO ZeaWheUed eURVLRQ WhURXghRXW Whe VRLO SURfLOe, Ze aSSOLed Whe VRLO-269 

ZeaWheUed eURVLRQ cReffLcLeQW (ba), XVLQg Whe cRQWeQW Rf Whe fROORZLQg R[LdeV, aV deVcULbed b\ ZhaQg 270 

eW aO. (2004): 271 

𝑏𝑎 ൌ ሺ𝑁𝑎మை+𝑀𝑔ை+మை+𝐶𝑎ைሻ
𝑙మைయ

                                                                                                                 (3) 272 

ThLV cReffLcLeQW LQdLcaWeV Whe degUee Rf OeachLQg Rf VRLO baVe LRQV. AO2O3 LV PRUe VWabOe aQd OeVV 273 

VXVceSWLbOe WR ZaVhLQg aZa\ dXULQg VRLO fRUPaWLRQ WhaQ Na2O, MgO, K2O, aQd CaO. ThXV, Whe gUeaWeU 274 

Whe OeachLQg effecW Rf VRLO ZeaWheULQg, Whe ORZeU Whe ba YaOXe. AV VhRZQ LQ TabOe 1, Whe ba YaOXeV aUe 275 

geQeUaOO\ ORZ (� 0.07), e[ceSW LQ Whe LLWaQg Sadd\ SURfLOe ZheUe ba YaOXeV aUe QRWabO\ hLgheU, SeaNLQg 276 

aW 0.19 aW Whe VXUface bXW gUadXaOO\ decUeaVLQg ZLWh deSWh WR 0.09 aW Whe bRWWRP. ThLV LQdLcaWeV WhaW Whe 277 

LLWaQg Sadd\ SURfLOe e[SeULeQceV ZeaNeU aQd PRUe YaULabOe VRLO-ZeaWheUed OeachLQg cRPSaUed WR Whe 278 

RWheU SURfLOeV. 279 

3.4 Effect of Fe oxides on element partitioning via CBD extraction 280 

FRU cRPSaULVRQ, Whe CBD e[WUacWLRQ ZaV cRQdXcWed RQ Whe WZR VRLO SURfLOeV fURP LLWaQg, WR 281 

deWeUPLQe: 1) Whe PaLQ caUULeU Rf CU bRWh LQ FMNV aQd VXUURXQdLQg VRLOV, 2) Whe UeVSecWLYe CU LVRWRSe 282 

VLgQaWXUeV Rf Whe R[LdeV (FeO heUeafWeU, e[WUacWed fUacWLRQ) aQd VLOLcaWe ShaVeV (ReS heUeafWeU, UeVLdXaO 283 

fUacWLRQ), aQd 3) ZheWheU Whe RbVeUYed į53CU YaOXeV VhaSe LQ Whe LLWaQg Sadd\ VRLO SURfLOe LV aVVRcLaWed 284 

ZLWh Fe R[Lde RU VLOLcaWe ShaVeV. The Sadd\ VRLO SURfLOe haV a heWeURgeQeRXV eOePeQWaO dLVWULbXWLRQ 285 

(TabOe S3 aQd FLg. S2) aQd Whe ORZeVW aQd Whe PRVW YaULabOe FMNV cRQWeQW (TabOe 1) ZLWh deSWh. IQ 286 

cRQWUaVW, Whe QRQ-Sadd\ VRLO SURfLOe LV chaUacWeUL]ed b\ a hRPRgeQeRXV eOePeQWaO dLVWULbXWLRQ aQd a 287 

hLgheU aQd PRUe VWabOe FMNV cRQWeQW ZLWh deSWh. IQ addLWLRQ WR Whe VXUURXQdLQg VRLO fUacWLRQ, Whe 288 

PedLXP-VL]ed FMNV (2-5 PP) ZeUe aOVR LQcOXded VLQce WhLV fUacWLRQ UeSUeVeQWV 58-71% Rf Whe WRWaO 289 

FMNV PaVV LQ WheVe SURfLOeV. The UeVXOWV aUe UeSRUWed LQ FLg. 3 aQd TabOe S4. SSecLfLcaOO\, Whe ReS 290 

fUacWLRQ Rf Whe VXUURXQdLQg VRLO aQd FMNV haV VLPLOaU ORZ CU cRQceQWUaWLRQV (60-130 Pg/Ng, FLg. 3a) 291 

LQ QRQ-Sadd\ aQd Sadd\ VRLOV. The FeO fUacWLRQ Rf Whe FMNV cRQWaLQV Whe hLgheVW CU cRQceQWUaWLRQV 292 

(800-1000 Pg/Ng), ZhLOe CU cRQceQWUaWLRQV LQ Whe FeO fUacWLRQ Rf Whe VXUURXQdLQg VRLO aUe LQWeUPedLaWe 293 

(200-400 Pg/Ng). AddLWLRQaOO\, LQ Whe 2-5 PP FMNV, Whe CBD e[WUacWLRQ UePRYed aOPRVW aOO Fe, MQ, 294 

aQd CU (> 90%), LQdLcaWLQg WhaW CU LV aOPRVW eQWLUeO\ caUULed b\ Fe aQd MQ R[LdeV LQ FMNV. IQ Whe 295 
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VXUURXQdLQg VRLOV, hRZeYeU, Whe e[WUacWLRQ \LeOd Rf CU (50-75%) LV ORZeU WhaQ fRU Fe aQd MQ (80-95%), 296 

dePRQVWUaWLQg WhaW CU LV caUULed b\ R[LdeV aQd VLOLcaWeV (LOOLWe, NaROLQLWe RU PLcURcOLQe, cf. FLg. 1). 297 

FXUWheU, aOWhRXgh Whe Fe e[WUacWLRQ \LeOd LV aOPRVW cRQVWaQW LQ Whe LLWaQg Sadd\ VRLO SURfLOe (80-85%), 298 

Whe CU aQd MQ e[WUacWLRQ \LeOdV aSSeaU WR be aW WheLU Pa[LPXP LQ Whe ZaWeUORgged hRUL]RQ (BUg, 45-299 

70 cP). ThLV Pa\ LPSO\ WhaW Whe ZaWeUORgged cRQdLWLRQV LQ WhLV hRUL]RQ VWURQgO\ LQfOXeQceV Whe 300 

behaYLRU Rf CU aQd MQ. 301 

3.5 Cr isotope signature in soil profiles 302 

ChURPLXP LVRWRSe VLgQaWXUeV Rf FMNV aQd VRLO VaPSOeV aUe UeSRUWed LQ FLg. 4 aQd TabOe S3. 303 

HeaYLeU CU LVRWRSe VLgQaWXUeV aUe RbVeUYed LQ FMNV cRPSaUed ZLWh Whe VXUURXQdLQg VRLOV (FLgV. 4a, 304 

4b, 4d aQd 4e). BeWZeeQ Whe dLffeUeQW FMNV VL]e cOaVVeV, CU LVRWRSe VLgQaWXUe dReV QRW YaU\ PXch, 305 

ZLWh a PeaQ YaOXe Rf 0.78 � 0.17Å (Q = 45), ZhLch LV QRW cRUUeOaWed ZLWh Whe eQULchPeQW Rf CU LQ Whe 306 

VPaOOeVW FMNV (TabOe S3 aQd FLg. S2). RegaUdLQg Whe VXUURXQdLQg VRLOV, G53CU YaOXeV aUe cRQVWaQW aQd 307 

cOXVWeU aURXQd 0.32 � 0.07Å acURVV aOO VRLO SURfLOeV e[ceSW fRU Whe LLWaQg Sadd\ VRLO SURfLOe. CRQYeUVeO\, 308 

Whe VXUURXQdLQg VRLOV Rf LLWaQg Sadd\ VRLO SURfLOe dePRQVWUaWe a cOeaU LQcUeaVe LQ G53CU YaOXeV ZLWh 309 

deSWh, UaQgLQg fURP 0.02 � 0.05Å LQ Whe WRSVRLO WR a Pa[LPXP Rf 0.38 � 0.06Å LQ Whe ZaWeUORgged 310 

hRUL]RQ (BUg hRUL]RQ, 45-70 cP), aQd decUeaVLQg WR 0.19 � 0.03Å LQ Whe bRWWRP hRUL]RQ (FLg. 4e aQd 311 

TabOe S3).   312 

The chURPLXP LVRWRSe VLgQaWXUeV Rf Whe WZR fUacWLRQV LVROaWed b\ CBD e[WUacWLRQ dLffeU 313 

VLgQLfLcaQWO\ (TabOe S4 aQd FLgV. 4c, 4f). BecaXVe Rf Whe hLgh Na cRQceQWUaWLRQ LQ Whe FeO e[WUacW, Whe 314 

aQaO\VLV Rf chURPLXP LVRWRSe VLgQaWXUeV aVVRcLaWed ZLWh LURQ R[LdeV caQQRW be SeUfRUPed dLUecWO\. 315 

TheUefRUe, WR deWeUPLQe Whe į53CUFeO, Ze caOcXOaWed Whe e[WUacWed PaVV Rf LURQ R[LdeV (MaVVFeO) aQd LWV 316 

eOePeQW cRQWeQW (XFeO), aVVXPLQg WhaW Nb LV UeVLVWaQW WR CBD e[WUacWLRQ aQd LV cRQceQWUaWed LQ Whe 317 

UeVLdXe: 318 

𝑁𝑏ோ𝑒𝑆 ൈ ሺ𝑀𝑎𝑠𝑠𝑡𝑜𝑡𝑎𝑙 െ 𝑀𝑎𝑠𝑠ி𝑒ைሻ ൌ 𝑁𝑏𝑡𝑜𝑡𝑎𝑙 ൈ 𝑀𝑎𝑠𝑠𝑡𝑜𝑡𝑎𝑙                                                                (4) 319 

WheQ Whe e[WUacWed UaWLR aQd XFeO ZeUe caOcXOaWed accRUdLQg WR: 320 

𝑀𝑎𝑠𝑠ி𝑒ை 𝑀𝑎𝑠𝑠𝑡𝑜𝑡𝑎𝑙⁄ ൌ 1 െ 𝑁𝑏𝑡𝑜𝑡𝑎𝑙 𝑁𝑏ோ𝑒𝑆⁄                                                                                       (5) 321 

𝑋ி𝑒ை ൌ ሺ𝑋𝑡𝑜𝑡𝑎𝑙 െ 𝑋ோ𝑒𝑆ሻ ൈ 𝑀𝑎𝑠𝑠𝑡𝑜𝑡𝑎𝑙 𝑀𝑎𝑠𝑠ி𝑒ை⁄  𝑋ோ𝑒𝑆                                                                   (6) 322 
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aQd b\ cRPbLQLQg Whe NQRZQ CU cRQceQWUaWLRQ aQd LVRWRSe cRPSRVLWLRQ LQ Whe WRWaO PaWeULaO aQd LQ Whe 323 

ReS fUacWLRQ, Ze deWeUPLQed Whe į53CUFeO accRUdLQg WR ET. (7): 324 

𝛿 𝐶𝑟ହଷ
ி𝑒ை ൌ ൫𝑁𝑏ೃ𝑆ൈ𝐶𝑟ೌൈ𝛿 𝐶𝑟ఱయ

ೌ−𝑁𝑏ೌൈ𝐶𝑟ೃ𝑆ൈ𝛿 𝐶𝑟ఱయ
ೃ𝑆൯

ሺ𝑁𝑏ೃ𝑆ൈ𝐶𝑟ೌ−𝐶𝑟ೃ𝑆ൈ𝑁𝑏ೌሻ                                                              (7) 325 

AV VhRZQ LQ FLg. 4c, LQ Whe QRQ-Sadd\ VRLO SURfLOe Rf LLWaQg, Whe į53CU YaOXeV aUe QRW RQO\ cRQVWaQW 326 

ZLWh deSWh bXW aOVR TXLWe VLPLOaU fRU ReS (PeaQ: 0.23 � 0.06Å), fRU FeO fUacWLRQV (PeaQ: 0.33 � 0.11Å) 327 

Rf Whe VXUURXQdLQg VRLOV aQd fRU ReS fUacWLRQ e[WUacWed fURP Whe FMNV (PeaQ: 0.36 � 0.10Å). HRZeYeU, 328 

Whe FeO fUacWLRQ Rf Whe FMNV haV a hLgheU į53CU VLgQaWXUe (0.76 � 0.10Å), VhRZLQg a OLNeO\ LVRWRSe 329 

fUacWLRQaWLRQ befRUe RU dXULQg CU LQcRUSRUaWLRQ ZLWhLQ Fe R[LdeV. LLWaQg Sadd\ VRLO SURfLOe, hRZeYeU, 330 

SUeVeQWV a TXLWe dLffeUeQW SLcWXUe (FLg. 4f). IQ WhLV SURfLOe, Whe į53CU YaOXeV fRU Whe FeO fUacWLRQ aUe 331 

aOZa\V heaYLeU WhaQ Whe ReS fUacWLRQ LQ Whe FMNV aQd Whe VXUURXQdLQg VRLO, aQd Whe į53CU YaOXeV fRU 332 

Whe ReS fUacWLRQ LQ FMNV aQd VXUURXQdLQg VRLOV aUe VWabOe ZLWh deSWh bXW ZLWh a heaYLeU VLgQaWXUe LQ 333 

Whe fRUPeU (¨53CUReS_FMN-ReS_SRLO Rf 0.53Å). WhLOe Whe gaS beWZeeQ FeO aQd ReS¶ į53CU LV cRQVWaQW 334 

ZLWhLQ Whe FMNV aQd cORVe WR Whe RQe PeaVXUed LQ Whe LLWaQg QRQ-Sadd\ VRLO SURfLOe (¨53CUFeO-ReS Rf 335 

0.35 � 0.18Å), VLgQLfLcaQW YaULaWLRQV aUe QRWLced ZLWhLQ Whe VXUURXQdLQg VRLO. A Pa[LPXP YaOXe Rf 336 

¨53CUFeO-ReS LV beLQg RbVeUYed LQ Whe ZaWeUORgged hRUL]RQ (BUg, 45-70 cP), VXggeVWLQg WhaW CU 337 

UedLVWULbXWLRQ WhURXgh UedR[ SURceVVeV aQd/RU LWV cRSUecLSLWaWLRQ ZLWhLQ Fe R[LdeV RU FMNV Pa\ be Whe 338 

PaLQ dULYeUV Rf Whe RbVeUYed į53CU chaQgeV.  339 

3.6 Water, rock and fertilizer samples 340 

The chURPLXP LVRWRSe cRPSRVLWLRQV aQd Whe eOePeQW cRQWeQWV Rf WheVe VaPSOeV aUe OLVWed LQ TabOe 341 

2. IUULgaWLRQ ZaWeUV fURP WaQgOLQg aQd LLWaQg haYe ORZ chURPLXP cRQWeQWV Rf 0.07 aQd 0.28 �g/L, 342 

UeVSecWLYeO\. CaOcaUeRXV URcNV e[hLbLW hLgh caOcLXP cRQWeQWV Rf XS WR 40% (cRQVLVWeQW ZLWh WheLU 343 

PLQeUaO cRPSRVLWLRQ Rf > 90% dRORPLWe RU caOcLWe) aQd chURPLXP cRQWeQWV Rf 4 Pg/Ng. The N-P-K 344 

cRPSRXQd feUWLOL]eUV W\SLcaOO\ cRQWaLQ 10-20% ShRVShRUXV aQd SRWaVVLXP, ZLWh SRWaVVLXP SULPaULO\ 345 

beLQg LQ Whe fRUP Rf SRWaVVLXP chORULde, e[ceSW fRU F3. The chURPLXP cRQWeQW Rf Whe feUWLOL]eU UaQgeV 346 

fURP 16 WR 26 Pg/Ng. AW Whe VaPe WLPe F3 ZheUe SRWaVVLXP LV SUedRPLQaQWO\ LQ Whe fRUP Rf SRWaVVLXP 347 

VXOfaWe deULYed fURP Whe dLchORULQaWLRQ Rf SRWaVVLXP chORULde, haV a ORZeU chURPLXP cRQWeQW Rf 9 348 

Pg/Ng, OLNeO\ dXe WR chURPLXP ORVV dXULQg dechORULQaWLRQ.  349 
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WaQgOLQg aQd LLWaQg LUULgaWLRQ ZaWeUV haYe YeU\ dLffeUeQW G53CU YaOXeV, 1.47 � 0.06Å aQd 0.16 � 350 

0.02Å, UeVSecWLYeO\ (TabOe 2). The LUULgaWLRQ ZaWeU LQ WaQgOLQg RULgLQaWeV fURP a QaWXUaO VWUeaP, aQd 351 

WheUefRUe LWV G53CU YaOXe aQd CU/Ca UaWLR aUe VLPLOaU WR WhRVe Rf caOcaUeRXV URcNV. IQ cRQWUaVW, Whe 352 

LUULgaWLRQ ZaWeU LQ LLWaQg LV VWRUed LQ aQ aUWLfLcLaO cePeQWed UeVeUYRLU, ZhLch SULPaULO\ VeUYeV WR cROOecW 353 

UaLQZaWeU dXULQg UaLQfaOO eYeQWV aQd fXQcWLRQV aV a dUaLQage SRQd fRU Sadd\ fLeOdV. CRQVeTXeQWO\, LWV 354 

G53CU YaOXe LV VLPLOaU WR Whe VXUURXQdLQg VRLOV LQ Sadd\ fLeOdV. CaOcaUeRXV URcN VaPSOeV haYe geQeUaOO\ 355 

hLgh G53CU YaOXeV (PeaQ 1.01 � 0.58Å, Q = 3), ZhLOe feUWLOL]eU VaPSOeV haYe G53CU YaOXeV UaQgLQg fURP 356 

0.1Å WR 0.5Å, e[ceSW fRU F3 (1.49 � 0.12Å). The hLgh G53CU YaOXe Rf F3 caQ be aWWULbXWed WR Whe 357 

SUefeUeQWLaO ORVV Rf OLghW chURPLXP LVRWRSeV dXULQg LWV dechORULQaWLRQ. 358 

4. Discussion 359 

4.1 Origin of chromium in red soils: a source effect? 360 

SRLO SURfLOeV haYe cRQVLVWeQW chURPLXP LVRWRSLc VLgQaWXUeV fRU FMNV aQd PRVW Rf VXUURXQdLQg 361 

VRLOV, e[ceSW fRU Whe LLWaQg Sadd\ VRLO SURfLOe, ZhLch VhRZV YaULabLOLW\. TR LdeQWLf\ Lf a VRXUce effecW 362 

caQ e[SOaLQ Whe YaULaWLRQV RbVeUYed LQ WheVe Ued VRLOV, Ze Qeed WR aVVeVV LQSXW aQd RXWSXW fOX[eV aQd 363 

cRPSaUe WheP WR Whe aYeUage CU cRQceQWUaWLRQV.  364 

AV a fLUVW VWeS, Whe aYeUage CU cRQceQWUaWLRQ aQd VRLO deQVLW\ Rf VRLO SURfLOeV caQ be XVed WR 365 

caOcXOaWe VRLO CU VWRcNV LQ Whe cXOWLYaWed VRLO hRUL]RQ LQ 0.3 P3 bR[ (FLg. 5) accRUdLQg WR ET. (8): 366 

𝑆𝑜𝑖𝑙 𝐶𝑟 𝑠𝑡𝑜𝑐𝑘 ሺ𝑔ሻ ൌ 𝑆𝑜𝑖𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ሺ𝑔 𝑐𝑚ଷ⁄ ሻ ൈ 𝐶𝑟 ሺ𝑚𝑔 𝑘𝑔⁄ ሻ                                                          (8) 367 

CRPSaULQg CU VWRcN, e[WeUQaO LQSXWV (feUWLOL]eU, UaLQfaOO, aQd LUULgaWLRQ ZaWeU) aQd RXWSXWV (haUYeVWLQg, 368 

dUaLQage), SeU XQLW aUea UeYeaOV VLgQLfLcaQW dLffeUeQceV. AV VhRZQ LQ FLg. 5, WaQgOLQg QRQ-Sadd\ aQd 369 

Sadd\ VRLO SURfLOeV hROd 259 g/0.3 P3 aQd 176 g/0.3 P3 Rf CU, ZhLOe LLWaQg haV 220 g/0.3 P3 aQd 43 370 

g/0.3 P3, UeVSecWLYeO\. BefRUe WR aQaO\Ve CU c\cOe LQ a ZhROe, Ze aVVeVV Whe "acWLYe" CU VWRcN, L.e. 371 

UeacWLYe WR cXUUeQW SedRORgLcaO cRQdLWLRQV b\ eYaOXaWLQg LQ deWaLOV Whe PLQeUaORgLcaO cRPSRVLWLRQ aQd 372 

Whe SULPaU\ CU caUULeUV. IQ Ued VRLOV, VXUURXQdLQg VRLOV PXVW be decRXSOed fURP FMNV VWRU\. IQdeed, a 373 

VLgQLfLcaQW dLffeUeQce haV beeQ PeaVXUed fRU Whe UeVLdXaO G53CU VLgQaWXUe afWeU CBD e[WUacWLRQ LQ Whe 374 

VXUURXQdLQg VRLO (G53CU = -0.02 � 0.10 Å) aQd Whe FMNV (0.51 � 0.09 Å) Rf Whe LLWaQg Sadd\ VRLO 375 

SURfLOe (FLg. 4f), deVSLWe a VLPLOaU PLQeUaORg\ (abXQdaQW NaROLQLWe aQd TXaUW], FLg. 1d) aQd CU 376 
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cRQceQWUaWLRQV (FLg. 3a).  377 

The PRVW SOaXVLbOe e[SOaQaWLRQ LV WhaW WheVe WZR cRPSRQeQWV, VXUURXQdLQg VRLOV aQd FMNV, aUe aW 378 

dLffeUeQW fRUPaWLRQ VWageV, ZLWh FMNV VeUYLQg aV aQcLeQW aUchLYeV WhaW SeUVLVW. ThLV aOLgQV ZLWh fLQdLQgV 379 

LQ Whe OLWeUaWXUe, ZheUe eYLdeQceV OLNe ROd 14C fRUPaWLRQ ageV fRU FMNV (PaL eW aO., 2003) aQd LQVLghWV 380 

fURP 3-D PLcURVWUXcWXUe aQaO\VLV (YX eW aO., 2020b) VXSSRUW WhLV YLeZ. TheUefRUe, FMNV VhRXOd be VeeQ 381 

aV hLVWRULcaO aQd chePLcaOO\ VWabOe aUchLYeV XQaffecWed b\ cXUUeQW SedRORgLcaO cRQdLWLRQV, UaWheU WhaQ 382 

aV UeceQW aQd UeacWLYe PLQeUaO ShaVeV. IQ VXUURXQdLQg VRLOV, CU caQ be aVVRcLaWed ZLWh SULPaU\ PLQeUaOV 383 

OLNe LOOLWe/PLcURcOLQe RU VecRQdaU\ SURdXcWV VXch aV NaROLQLWe aQd gLbbVLWe LQ WaQgOLQg. DeVSLWe QR LURQ 384 

R[LdeV haV beeQ deWecWed b\ XRD aQaO\VLV, aPRUShRXV ShaVeV OLNe feUULh\dULWe caQ cRQVWLWXWe a QRWabOe 385 

SRUWLRQ (10-30 ZW%) baVed RQ Fe cRQceQWUaWLRQV LQ bXON VaPSOeV (3.8-9.4 ZW%, TabOe S3) aQd Whe 386 

effecWLYeQeVV Rf Fe UePRYaO b\ CBD e[WUacWLRQ UeSRUWed fRU LLWaQg SURfLOeV (80-95%, FLg. 3b). The 387 

hLgh SeUceQWage (50-75 ZW%) Rf chURPLXP UePRYed b\ CBD e[WUacWLRQ LQ VXUURXQdLQg VRLOV VXggeVWV 388 

WhaW WheVe aPRUShRXV LURQ R[LdeV aUe a PaMRU caUULeU Rf CU LQ WhLV fUacWLRQ (200-400 �gCU/g, FLg. 3a 389 

aQd TabOe S4). The CU cRQceQWUaWLRQ LQ Whe ReS fUacWLRQ (60-80 �gCU/g) aQd Whe SUeYaOeQce Rf TXaUW] 390 

aQd NaROLQLWe LQdLcaWe Whe OaWWeU aV a VLgQLfLcaQW CU-caUU\LQg ShaVe LQ Ued VRLOV. A VLPSOe PaVV baOaQce 391 

gLYeV a 120-350 �gCU/g NaROLQLWe, OaUgeU WhaQ Whe UCC YaOXe (92 �g/g, RXdQLcN aQd GaR (2014)), bXW 392 

LQ OLQe ZLWh Whe LPPRbLOe behaYLRXU Rf CU dXULQg chePLcaO ZeaWheULQg. ThXV, Lf Whe VXUURXQdLQg VRLO LV 393 

cRQVLdeUed aV Whe CU VRXUce aYaLOabOe fRU chePLcaO ZeaWheULQg (fRUPaWLRQ Rf NaROLQLWe/gLbbVLWe) RU 394 

R[LdaWLYe dLVVROXWLRQ (LURQ R[Lde SUecLSLWaWLRQ), WhLV ³acWLYe´ CU VWRcN aPRXQWV WR 22 aQd 32 g/0.3 P3 395 

LQ Whe LLWaQg QRQ-Sadd\ aQd Sadd\ VRLO SURfLOeV, UeVSecWLYeO\ (FLg. 5). 396 

RegaUdLQg Whe LQSXW, aWPRVSheULc deSRVLWLRQ, LQcOXdLQg UaLQZaWeU aQd dXVW, caQ be a VLgQLfLcaQW 397 

VRXUce Rf VRLO PeWaO cRQWaPLQaWLRQ (FX eW aO., 2021). RaLQZaWeU LQ Whe aUea haV ORZ CU OeYeOV (� 1 SSb) 398 

aQd ZLWh aQ aQQXaO UaLQfaOO Rf a1,491 PP (GaR eW aO., 2021), Whe Pa[LPXP UaLQZaWeU CU fOX[ Rf 1.5 399 

Pg/P2/\U (FUaLQ, FLg. 5). HXPaQ-Pade dXVW deSRVLWLRQ LV QegOLgLbOe dXe WR Whe abVeQce Rf facWRULeV. 400 

NaWXUaO dXVW deSRVLWLRQ, fROORZLQg KRN eW aO. (2021), UaQgeV fURP 1 WR 3 g/P2/\U, gLYLQg a CU fOX[ Rf 401 

0.09 WR 0.28 Pg/P2/\U (FdXVW, FLg. 5), abRXW WeQ WLPeV ORZeU WhaQ UaLQZaWeU LQSXW. 402 

IUULgaWLRQ ZaWeU, aV a CU VRXUce LQ VRLO, dLffeUV beWZeeQ WaQgOLQg aQd LLWaQg. IQ WaQgOLQg, ULYeU-403 

baVed LUULgaWLRQ ZLWh ORZ CU cRQWeQW (0.07 �g/L) \LeOdV a CU fOX[ (FLUZ, FLg. 5) Rf 0.1 Pg/P2/\U. IQ 404 
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LLWaQg, ZaWeU UeVeUYRLUV UeceLYe UaLQZaWeU aQd dUaLQed ZaWeU, UeVXOWLQg LQ a hLgheU CU cRQceQWUaWLRQ 405 

(0.28 �g/L) dXe WR VRLO LQWeUacWLRQV, OeadLQg WR a CU fOX[ Rf 0.2 Pg/P2/\U fRU QRQ-Sadd\ fLeOdV. HRZeYeU, 406 

fRU Whe LLWaQg Sadd\ VRLO SURfLOe, WhLV ZaWeU caQQRW be cRQVLdeUed aQ e[WeUQaO LQSXW aV PRVW Rf Whe CU 407 

RULgLQaWeV fURP dUaLQage ZLWhLQ Whe VRLO. 408 

FeUWLOL]eUV LPSacW VRLO CU OeYeOV. We aQaO\]ed VeYeQ ORcaO feUWLOL]eUV (TabOe 2) XVed fRU ULce aQd 409 

YegeWabOe cXOWLYaWLRQ. OQ aYeUage, 1,500 Ng/ha/\U Rf feUWLOL]eU LV aSSOLed LQ Sadd\ fLeOdV, aQd 1,500-410 

3,000 Ng/ha/\U LQ QRQ-Sadd\ fLeOdV. WLWh feUWLOL]eUV cRQWaLQLQg 20 Pg/Ng CU, eVWLPaWed CU fOX[ LV 3-6 411 

Pg/P2/\U (FfeU, FLg. 5). NRWabO\, ZLdeVSUead feUWLOL]eU XVeV LQ ChLQa begaQ afWeU 1980. OYeU 40 \eaUV, 412 

LW cRQWULbXWeV abRXW 0.12-0.24 gCU/P2, OeVV WhaQ 1.1% Rf Whe VRLO'V "acWLYe" CU VWRcN. FeUWLOL]eUV aUe QRW 413 

Whe SULPaU\ CU VRXUce LQ Whe VRLO. 414 

CU RXWSXWV fURP VRLO SURfLOeV aUe OLPLWed WR cURS XSWaNe aQd UXQRff. CURS XSWaNe cRPSULVeV 415 

YegeWabOeV aQd ULce fRU QRQ-Sadd\ aQd Sadd\ VRLO SURfLOeV. IQ GXaQg[L ZhXaQg AXWRQRPRXV RegLRQ, 416 

YegeWabOe \LeOd aYeUageV 2.2 Ng/P2/\U (MLQLVWU\ Rf AgULcXOWXUe, 2016), ZLWh a CU cRQceQWUaWLRQ Rf 0.3 417 

Pg/Ng, UeVXOWLQg LQ a CU RXWSXW Rf abRXW 0.7 Pg/P2/\U (FYeg, FLg. 5). FRU CU e[SRUW WhURXgh ULce 418 

haUYeVWLQg, PRVW Rf Whe CU UePaLQV LQ ULce URRWV afWeU haUYeVW. WLWh a CU cRQceQWUaWLRQ Rf 0.2 Pg/Ng LQ 419 

ULce gUaLQV (XLaR eW aO., 2018) aQd aQ abRYegURXQd SOaQW bLRPaVV Rf 1.2 Ng/Pð fRU ULce (RR\ eW aO., 420 

2012), Whe eVWLPaWed CU e[SRUW fURP ULce cXOWLYaWLRQ LV aSSUR[LPaWeO\ 0.5 Pg/P2/\U (FULce, FLg. 5). 421 

EVWLPaWLQg CU UXQRff LV chaOOeQgLQg. IQ LLWaQg, dXe WR Whe abVeQce Rf PaMRU ZaWeU bRdLeV, LW LV 422 

OLNeO\ QegOLgLbOe. IQ WaQgOLQg, Whe ULYeU dUaLQLQg Whe fLeOdV VhRZV ORZ CU OeYeOV aQd LVRWRSe feaWXUeV 423 

aOLgQed ZLWh caOcaUeRXV fRUPaWLRQV ZLWhLQ Whe baVLQ, VXggeVWLQg a QegOLgLbOe CU fOX[ RXWVLde Whe fLeOd 424 

aUea. 425 

IQSXW aQd RXWSXW fOX[eV aUe deSLcWed LQ FLg. 5. FeUWLOL]eUV' LPSacW RYeU 40 \eaUV LV QegOLgLbOe aW Whe 426 

VRLO fRUPaWLRQ VcaOe. The QeW CU eQULchPeQW LQ VRLOV UaQgeV fURP 1.0 WR 1.4 Pg/P2/\U baVed RQ ORQg-427 

WeUP LQSXWV aQd RXWSXWV. ThLV UaWe ZRXOd UeTXLUe 15,700 WR 32,000 \eaUV WR bXLOd Whe "UeacWLYe" CU SRRO 428 

LQ VXUURXQdLQg VRLOV, LQcRQVLVWeQW ZLWh LWV UeceQW QaWXUe. HeQce, Whe SULPaU\ CU VRXUce LQ VRLOV LV OLNeO\ 429 

Whe chePLcaO ZeaWheULQg Rf cROOXYLXP SaUeQW PLQeUaOV, LQfOXeQced b\ chaQgeV LQ UedR[ cRQdLWLRQV.   430 

4.2 Land use or hydrological control on elemental distribution in soils 431 
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DLVWLQcW OaQd XVe Pa\ SOa\ RQ VRLO h\dURORg\, ZhLch cRXOd LQfOXeQce CU PRbLOLW\ RU dLVWULbXWLRQ 432 

ZLWhLQ Sadd\ aQd QRQ-Sadd\ VRLOV. MLQeUaORgLcaOO\, aOO VRLO SURfLOeV cRPSULVe FMNV ULch LQ gReWhLWe 433 

(60-85%, FLg. 1) aQd VRPe acceVVRU\ PLQeUaOV (TXaUW], NaROLQLWe, aQd gLbbVLWe). The FMNV aUe PRUe 434 

abXQdaQW LQ QRQ-Sadd\ VRLO SURfLOeV WhaQ LQ Sadd\ RQeV, aQd RQO\ Whe LLWaQg Sadd\ VRLO SURfLOe VhRZV 435 

a YaULabLOLW\ Rf FMNV cRQWeQW ZLWh aQ LQcUeaVe LQ deSWh. The VXUURXQdLQg VRLOV aUe PRVWO\ aQ 436 

aVVePbOage Rf TXaUW] aQd NaROLQLWe, bXW gLbbVLWe aQd LURQ R[LdeV caQ be fRXQd aW WaQgOLQg VLWeV (FLgV. 437 

1 aQd S1). AW LLWaQg, LOOLWe RU PLcURcOLQe aUe fRXQd LQ Whe WRS hRUL]RQV, ZhLOe aPRUShRXV LURQ R[LdeV, 438 

QRW deWecWed b\ XRD aQaO\VLV, caQ Ueach 10-30 % (Vee VecWLRQ 4.1). IQ PRdeUQ VRLOV, LOOLWe LV fUeTXeQWO\ 439 

fRXQd XQdeU PRdeUaWe ZeaWheULQg LQWeQVLW\ cRPSaUed ZLWh gLbbVLWe aQd NaROLQLWe, W\SLcaO Rf LQWeQVe 440 

chePLcaO ZeaWheULQg, VXch aV faced Ued VRLOV (ChXUchPaQ eW aO., 2012). GLbbVLWe W\SLcaOO\ RccXUV LQ 441 

VRLOV ZLWh LQVXffLcLeQW SL VXSSOLeV XQdeU LQWeQVe OeachLQg, ZhLOe NaROLQLWe fRUPV LQ VRLOV ZLWh ZeaN 442 

OeachLQg aQd hLgh SL aYaLOabLOLW\ (BeUgeU aQd FUeL, 2014; ChXUchPaQ eW aO., 2012). OXU daWa VXggeVW 443 

WhaW VRLOV LQ WaQgOLQg aUe facLQg PRUe e[WUePe chePLcaO ZeaWheULQg WhaQ LQ LLWaQg, aV cRQfLUPed b\ 444 

Whe ORZeU ba YaOXeV RbVeUYed LQ WaQgOLQg. TheUefRUe, Whe ORcaWLRQ (WaQgOLQg YV. LLWaQg) UaWheU WhaQ 445 

Whe OaQd XVe (YegeWabOe YV. ULce cXOWXUe) VeePV WR dLcWaWe Whe VRLO h\dURORg\ WhaW ZLOO cRQdLWLRQ Whe 446 

PLQeUaORg\ aQd Whe dLVWULbXWLRQ Rf eOePeQWV WhURXghRXW Whe VRLO SURfLOe. The ORZeU eOeYaWLRQ aW 447 

WaQgOLQg (94 P, TabOe S1) WhaQ aW LLWaQg (101 P) Pa\ UeVXOW LQ a VhaOORZeU gURXQdZaWeU OeYeO, 448 

VXbMecWLQg Whe eQWLUe VRLO SURfLOe WR ORQg-WeUP fOXcWXaWLRQV LQ gURXQdZaWeU aQd cRQVeTXeQWO\ eQhaQcLQg 449 

VRLO OeachLQg LQWeQVLW\. IQ cRQWUaVW, LQ LLWaQg, SURPLQeQW gOe\LQg feaWXUeV aUe RbVeUYed ZLWhLQ Whe BUg 450 

hRUL]RQ (45-70 cP) Rf Whe Sadd\ VRLO SURfLOe, UeVXOWLQg fURP ORcaOL]ed ZaWeUORggLQg. The VRLO deQVLW\ 451 

caQ be a cRQWUROOLQg facWRU heUe VLQce LWV YaOXeV aW Whe bRWWRP Rf Whe LLWaQg Sadd\ VRLO SURfLOe aUe 452 

aSSUR[LPaWeO\ WZLce WhaW Rf WaQgOLQg. CRQVeTXeQWO\, Whe cRPSacWQeVV Rf Whe VRLO aW Whe bRWWRP Rf Whe 453 

LLWaQg Sadd\ VRLO SURfLOe acWV aV a baUULeU, UeVWULcWLQg RU VORZLQg dRZQ Whe dRZQZaUd PRYePeQW Rf 454 

ZaWeU. ThLV UeVWULcWed SeUPeabLOLW\ cRQWUaVWV WR Whe SRURXV aQd SeUPeabOe QaWXUe Rf Whe ORRVe VRLO LQ Whe 455 

bRWWRP hRUL]RQ Rf Whe WaQgOLQg Sadd\ VRLO SURfLOe. AQRWheU cRQWUROOLQg facWRU Pa\ be Whe ZaWeU 456 

dUaLQage aW 40 cP LQ Whe LLWaQg Sadd\ VRLO SURfLOe. AdMaceQW WR WhLV SURfLOe OLeV a cePeQWed ZaWeU 457 

UeVeUYRLU, aQd a dUaLQage SLSe LV cRQQecWed WR Whe LLWaQg VRLO SURfLOe, SRVLWLRQed aSSUR[LPaWeO\ 40 cP 458 

beORZ Whe gURXQd, WR cROOecW dUaLQage fURP LW. AV a UeVXOW, Whe XSSeU 40 cP Rf WhLV SURfLOe, LQcOXdLQg Whe 459 
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AS1, AS2, aQd AB hRUL]RQV, UePaLQ cRQVLVWeQWO\ dU\ dXULQg SeULRdV Rf QRQ-ULce cXOWLYaWLRQ, LQ VWaUN 460 

cRQWUaVW WR Whe hRUL]RQV beORZ, ZhLch e[hLbLW gOe\LQg feaWXUeV. TheUefRUe, h\dURORgLcaO cRQdLWLRQV aUe 461 

a Ne\ dULYeU VhaSLQg Whe Ued VRLO SURfLOeV. B\ QRWLcLQg Whe dLVWLQcW behaYLRXU Rf Whe LLWaQg Sadd\ VRLO 462 

SURfLOe, LW LV aOVR cOeaU WhaW ORcaO chaQge LQ h\dURORgLcaO cRQdLWLRQV LQfOXeQceV Whe VRLO UedR[ cRQdLWLRQV 463 

aQd WhXV SOa\V RQ Whe dLVWULbXWLRQ Rf UedR[-VeQVLWLYe eOePeQWV VXch aV CU. The SULQcLSaO cRPSRQeQW 464 

aQaO\VLV (PCA, FLg. S3) baVed RQ eOePeQW cRQceQWUaWLRQV Rf VRLO SURfLOeV cRQfLUPV WhaW UedR[-VeQVLWLYe 465 

eOePeQWV (Fe, CU, AV, aQd V) behaYe VLPLOaUO\, aV aOUead\ RbVeUYed LQ RWheU VWXdLeV (ALde, 2005; EWWOeU 466 

eW aO., 2017), aQd cRQVLVWeQW ZLWh a UedR[ cRQWURO. BaVed RQ Whe UeacWLYLW\ Rf CU LVRWRSeV WR UedR[ 467 

chaQgeV (e.g., WeL eW aO. (2020), VXch a UedR[ cRQWURO VhRXOd be VeeQ LQ RXU VRLO CU LVRWRSe VLgQaWXUeV.  468 

4.3 Highlighting the effect of redox cycling on Cr mobility using Cr isotopes (Litang soils) 469 

The OLQN beWZeeQ UedR[ cRQdLWLRQV aQd CU LVRWRSe YaULaWLRQV haV beeQ UeSRUWed LQ QXPeURXV 470 

VWXdLeV RQ SaOeRVROV aQd OaWeULWeV (L.e., Ued VRLOV).  A W\SLcaO QegaWLYe į53CU YaOXeV LV dXe WR Whe ORVV Rf 471 

CU WhRXgh R[LdaWLYe ZeaWheULQg (BeUgeU aQd FUeL, 2014; CURZe eW aO., 2013). ThLV LV aWWULbXWed WR Whe 472 

SUefeUeQWLaO R[LdaWLRQ Rf Whe heaY\ LVRWRSeV Rf CU dXULQg Whe cRQYeUVLRQ Rf CU (III)-beaULQg PLQeUaOV WR 473 

PRUe VROXbOe aQd PRbLOe CU (VI), OeadLQg WR UeVLdXaO PaWeULaOV eQULched LQ OLghW LVRWRSeV. MeaQZhLOe, 474 

Whe SRVLWLYeO\ fUacWLRQaWed PRbLOe SRRO Rf CU (VI) Pa\ be WUaQVSRUWed YLa UXQRff WR ZaWeU bRdLeV, aV 475 

VXSSRUWed b\ Whe LVRWRSLcaOO\ heaYLeU į53CU YaOXeV Rf ULYeUV aQd RceaQV (D¶AUc\ eW aO., 2016; SXQ eW aO., 476 

2019). HRZeYeU, SRVLWLYe į53CU YaOXeV aQd CU eQULchPeQW haYe aOVR beeQ RbVeUYed LQ VRPe ZeaWheULQg 477 

SURfLOeV, ZhLch haYe beeQ e[SOaLQed aV Whe Ue-deSRVLWLRQ Rf Whe LVRWRSLcaOO\ heaY\ fUacWLRQ Rf CU (VI) 478 

(BeUgeU aQd FUeL, 2014; CURZe eW aO., 2013).  479 

TaNeQ aV a bXON, RXU Ued VRLO SURfLOeV aOO e[hLbLW PRUe SRVLWLYe į53CU YaOXeV (bXON VaPSOeV aOO 480 

cOXVWeU aURXQd 0.7Å, e[ceSW fRU Whe PLOdO\ SRVLWLYe YaOXeV (a0.3Å) LQ Whe XSSeU SaUW Rf Whe LLWaQg 481 

Sadd\ VRLO SURfLOe, FLg. 4) WhaQ Whe į53CU UeSRUWed fRU VRLOV fURP dLffeUeQW geRbacNgURXQdV (aV 482 

VXPPaUL]ed LQ TabOe S5). RePaUNabO\, aOO FMNV haYe a cRQVWaQW eQULchPeQW LQ CU, Fe, aQd MQ aV ZeOO 483 

aV a VLPLOaU heaY\ į53CU VLgQaWXUe, bXW cOeaU cRUUeOaWLRQV beWZeeQ į53CU YaOXeV aQd Whe LQYeUVe Rf CU RU 484 

Fe cRQceQWUaWLRQ e[LVW (PeaUVRn cRefficienWV U = -0.91 aQd -0.93, UeVSecWLYeO\), aQd aUe PRVWO\ dULYeQ 485 

b\ Whe VRLO VaPSOeV fURP Whe LLWaQg Sadd\ VRLO SURfLOe (FLg. 6). A URbXVW cRUUeOaWLRQ beWZeeQ CU aQd Fe 486 
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eQULchPeQWV haV beeQ LdeQWLfLed LQ RWheU ZeaWheUed VRLO SURfLOeV, ZheUe Fe R[LdeV (e.g. gReWhLWe, 487 

hePaWLWe) VeUYe aV Whe SULPaU\ CU-beaULQg PLQeUaOV, e[eUWLQg cRQWURO RYeU Whe PRbLOLW\ aQd 488 

UedLVWULbXWLRQ Rf chURPLXP (BecTXeU eW aO., 2003; GaUQLeU eW aO., 2013, 2006; SXQ eW aO., 2022). The 489 

ZeaNeU cRUUeOaWLRQ beWZeeQ į53CU YaOXeV aQd Whe LQYeUVe Rf MQ cRQceQWUaWLRQ (PeaUVRn cRefficienWV U 490 

= -0.74, FLg. S4) caQ be aWWULbXWed WR Whe facW WhaW MQ LV OLNeO\ dULYLQg Whe UeOeaVe Rf CU, fURP PLQeUaOV 491 

WhURXgh Whe R[LdaWLRQ, LQdXcLQg a decRXSOLQg Rf CU aQd MQ cRQceQWUaWLRQV. ReYeUVeO\, Fe VeUYeV aV a 492 

Ne\ dULYeU fRU Whe VeTXeVWUaWLRQ Rf CU, effecWLYeO\ LPPRbLOL]LQg Whe UeOeaVed CU ZLWhLQ Fe R[LdeV. ThLV 493 

VWaWePeQW LV YaOLdaWed b\ Whe CBD e[WUacWLRQ SeUfRUPed RQ bRWh VXUURXQdLQg VRLOV aQd FMNV Rf Whe 494 

LLWaQg VRLO SURfLOeV, ZheUe Whe CU cRQceQWUaWLRQ LQ Whe FeO fUacWLRQ LV PXch hLgheU WhaQ WhaW LQ Whe ReS 495 

(FLg. 3a), LQdLcaWLQg WhaW Whe PaMRULW\ Rf CU LV caUULed b\ Fe R[LdeV. IW LV SaUWLcXOaUO\ YaOLd LQ FMNV, 496 

ZheUe aOPRVW aOO CU LV bRXQd RU ZLWhLQ gReWhLWe, ZhLOe LQ Whe VXUURXQdLQg VRLOV, CU LV VLgQLfLcaQWO\ 497 

aVVRcLaWed WR VLOLcaWe PLQeUaOV OLNe NaROLQLWe (FLgV. 1 aQd 3b). The LVRWRSe VLgQaWXUeV Rf Whe WZR CU SRROV 498 

(ReS aQd FeO) LQdLcaWeV a V\VWePaWLc eQULchPeQW LQ heaY\ LVRWRSeV LQ Whe FeO fUacWLRQ fRU bRWh 499 

VXUURXQdLQg VRLOV aQd FMNV (FLgV. 4c aQd 4f). IQ Whe VecWLRQ 4.1, Ze haYe cRQcOXded WhaW CU 500 

VeTXeVWeUed LQ Fe R[LdeV LV PRVWO\ UeVXOWLQg fURP aQcLeQW (LQ FMNV), RU UeceQW (LQ VXUURXQdLQg VRLOV) 501 

SaUeQW PaWeULaO ZeaWheULQg. We WhXV SURSRVe WhaW Whe eQULchPeQW LQ heaY\ LVRWRSeV LQ LURQ R[LdeV LV 502 

dLUecWO\ OLQNed ZLWh a SRRO Rf heaY\ CU (VI) PRbLOL]ed b\ R[LdaWLYe ZeaWheULQg LQ RXU Ued VRLO SURfLOeV, 503 

aQd ZhLch LV OaUgeO\ cRSUecLSLWaWed, aV RWheU UeVeaUcheUV haYe VSecXOaWed (BeUgeU aQd FUeL, 2014; 504 

CURZe eW aO., 2013). HRZeYeU, Whe PagQLWXde Rf Whe CU LVRWRSe fUacWLRQaWLRQ beWZeeQ FeO aQd ReS LV 505 

OeVV YaULabOe fRU FMNV WhURXghRXW Whe SURfLOe (¨53CUFeO-ReS Rf ca. 0.35Å) WhaQ fRU Whe VXUURXQdLQg 506 

VRLOV (¨53CUFeO-ReS UaQgLQg fURP 0.0 WR 0.6Å). BaVed RQ Whe dLVWLQcW hLVWRU\ Rf FMNV aQd VXUURXQdLQg 507 

VRLOV (Vee VecWLRQ 4.1), LW SRLQWV WRZaUdV dLffeUeQW VceQaULRV Rf CU SUecLSLWaWLRQ ZLWhLQ Fe R[Lde ShaVeV. 508 

FLUVWO\, FMNV aUe LQLWLaOO\ fRUPed aV SRUe fLOOLQgV LQ VRLOV (YX eW aO., 2020b), aQd cRQVLVW Rf Fe 509 

fURP Whe VXUURXQdLQg VRLO PaWUL[ aQd Whe Fe R[LdeV QeZO\ fRUPed WhURXgh Whe R[LdaWLRQ aQd 510 

SUecLSLWaWLRQ Rf Fe2+ LQ Whe VRLO VROXWLRQ UeYeaOed b\ Fe LVRWRSeV (FeQg eW aO., 2018; SLSRV eW aO., 2023). 511 

AV a UeVXOW, FMNV Pa\ eQcaSVXOaWe CU fURP Whe VRLO PaWUL[ aQd adVRUb/cR-SUecLSLWaWe CU fURP Whe 512 

VROXWLRQ (PaLQO\ aV CU (VI) VSecLeV OLNe CUO4
2-, HCUO4

-, CU2O7
2-) dXULQg Fe R[Lde fRUPaWLRQ. NXPeURXV 513 

VWXdLeV haYe VhRZQ WhaW VLgQLfLcaQW aPRXQWV Rf CU (VI) caQ be adVRUbed aQd LQcRUSRUaWed LQWR Whe 514 
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VWUXcWXUe dXULQg Whe fRUPaWLRQ aQd WUaQVfRUPaWLRQ Rf Fe R[LdeV, aQd Whe SUeVeQce Rf RUgaQLc PaWWeU aQd 515 

MQ (II) caQ eQhaQce Whe adVRUSWLRQ (LLaQg eW aO., 2021a; YX eW aO., 2020a). AdVRUSWLRQ Rf CU (VI) b\ 516 

gReWhLWe dReV QRW caXVe VLgQLfLcaQW LVRWRSe fUacWLRQaWLRQ accRUdLQg WR EOOLV eW aO. (2004), WhXV CU (VI) 517 

LV TXaQWLWaWLYeO\ VeTXeVWeUed ZLWhRXW LVRWRSLc fUacWLRQaWLRQ LQ Whe FMNV. TheVe fLQdLQgV LQdLcaWe WhaW 518 

Whe LVRWRSLcaOO\ heaY\ CU (VI) fURP Whe VRLO VROXWLRQ LV Whe PRVW OLNeO\ VRXUce Rf Whe Fe R[Lde-aVVRcLaWed 519 

CU LQ WheVe FMNV. ThLV aOVR e[SOaLQV Zh\ FMNV Rf YaU\LQg VL]eV haYe VLPLOaU CU LVRWRSLc 520 

chaUacWeULVWLcV deVSLWe dLffeUeQceV LQ CU cRQWeQW. We fLUVW h\SRWheVL]ed WhaW Whe OaUgeU VXUface aUea Rf 521 

VPaOOeU FMNV PLghW Oead WR aQ LQcUeaVe Rf chURPLXP abVRUSWLRQ cRPSaUed WR OaUgeU QRdXOeV. HRZeYeU, 522 

VcaQQLQg eOecWURQ PLcURVcRS\ SLcWXUeV (XQSXbOLVhed daWa) UeYeaOed aQ abVeQce Rf cLUcXOaU RU ULQg-OLNe 523 

VWUXcWXUeV ZLWhLQ Whe FMNV, aQd Whe e[WeUQaO Oa\eUV dLVSOa\ed QR QRWLceabOe chURPLXP eQULchPeQW. 524 

FMNV SURbabO\ fRUPed LQ RQe VWeS UaWheU WhaQ gUadXaOO\ eYROYLQg fURP VPaOOeU WR OaUgeU VL]eV. ThLV 525 

VXggeVWV WhaW hLgheU chURPLXP cRQceQWUaWLRQV PLghW haYe beeQ fRXQd LQ Whe VRLO VROXWLRQV dXULQg Whe 526 

geQeVLV Rf Whe VPaOOeU FMNV, WheUeb\ facLOLWaWLQg chURPLXP accXPXOaWLRQ. TR YaOLdaWe WhLV h\SRWheVLV, 527 

fXUWheU e[SeULPeQWV VXch aV CBD e[WUacWLRQ fURP FMNV Rf YaU\LQg VL]eV aQd Whe aSSOLcaWLRQ Rf 528 

PeWhRdRORgLeV OLNe C14 aUe eVVeQWLaO. RegaUdLQg Whe FMNV VWabLOLW\ ZLWh WLPe,  CRUQX eW aO. (2009) 529 

VhRZed WhaW Fe R[LdeV LQ FMNV ZeUe QRW dLVVROYed b\ UedR[ VhLfWV. AddLWLRQaOO\, QXaQWLQ eW aO. (2002) 530 

dePRQVWUaWed WhaW ZeOO-cU\VWaOOLQe Fe R[LdeV UeVLVW WR bacWeULaO UedXcWLRQ aQd UedXcLQg cRQdLWLRQV, 531 

ZhLOe aPRUShRXV aQd SRRUO\ cU\VWaOOLQe Fe R[LdeV dR QRW. GLYeQ WhaW CU LQ RXU FMNV LV PRVWO\ caUULed 532 

b\ cU\VWaOOLQe Fe R[LdeV (L.e. gReWhLWe, FLg. S1), Whe FMNV Pa\ be VWabOe agaLQVW VRLO UedR[ RVcLOOaWLRQ 533 

aW OaWeU VWageV, WhXV PLQLPL]LQg Whe ULVN Rf CU UeOeaVe. HRZeYeU, fXUWheU dLVVROXWLRQ e[SeULPeQWV aUe 534 

Qeeded WR cRQfLUP WhLV h\SRWheVLV, aV FMNV fURP dLffeUeQW VRLOV RU UegLRQV dLVSOa\ dLVWLQcW feaWXUeV 535 

aQd Pa\ e[hLbLW YaULaWLRQV LQ WheLU dLVVROXWLRQ behaYLRU. 536 

SecRQdO\, fRU Whe VXUURXQdLQg VRLOV, ZheUe LURQ R[LdeV aUe aPRUShRXV RU ZeaNO\ cU\VWaOOLQe, Whe 537 

¨53CUFeO-ReS LV aOPRVW QXOO LQ Whe QRQ-Sadd\ VRLO SURfLOe ZhLOe LW LV YaULabOe aQd Pa[LPaO LQ Whe 538 

ZaWeUORgged hRUL]RQ (BUg) LQ Whe Sadd\ VRLO SURfLOe. ThLV OLPLWed ¨53CUFeO-ReS cRXOd SRWeQWLaOO\ be 539 

aWWULbXWed WR fUacWLRQaWLRQ caXVed b\ SUefeUeQWLaO XSWaNe Rf CU (VI) b\ VXUface YegeWaWLRQ. ThLV XSWaNe 540 

Pa\ RccXU WhURXgh ShRVShaWe RU VXOfaWe caUULeUV dXe WR Whe VWUXcWXUaO UeVePbOaQceV Whe\ VhaUe ZLWh CU 541 

(VI) (AR eW aO., 2022a), fLQaOO\ OeaYLQg behLQd CU (III) eQULched LQ OLghWeU LVRWRSeV LQ Whe VRLO. HRZeYeU, 542 
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WhLV h\SRWheVLV faLOV WR eOXcLdaWe Whe RbVeUYed YaULaWLRQV LQ į53CU YaOXeV ZLWhLQ QRQ-cXOWLYaWed hRUL]RQV, 543 

ZheUe Whe SeQeWUaWLRQ Rf SOaQW URRWV LV UeVWULcWed. MRUeRYeU, aV dLVcXVVed eaUOLeU, Ze haYe dePRQVWUaWed 544 

WhaW Whe CU RXWSXW fOX[ caXVed b\ SOaQW XSWaNe dReV QRW haYe a VLgQLfLcaQW LPSacW RQ VRLO CU VWRcN aQd, 545 

WhXV, VhRXOd haYe a OLPLWed LQfOXeQce RQ Whe VRLO chURPLXP LVRWRSe VLgQaWXUeV. 546 

AOWeUQaWLYeO\, Whe SUeVeQce Rf PRUe VROXbOe CU (III) VSecLeV, VXch aV RUgaQLc-CU (III) cRPSOe[eV, 547 

LQ Whe VXUURXQdLQg VRLOV PLghW aOVR cRQWULbXWe WR Whe OLPLWed ¨53CUFeO-ReS. PUeYLRXV UeVeaUcheV haYe 548 

dePRQVWUaWed WhaW VRLO acLdLW\ aQd RUgaQLc PaWWeU facLOLWaWe Whe dLVVROXWLRQ Rf CU (III)-beaULQg PLQeUaOV 549 

(LL eW aO., 2022; SXQ eW aO., 2022).  550 

FRU Whe LLWaQg Sadd\ VRLO SURfLOe, Whe OLPLWed ¨53CUFeO-ReS Rf Whe VXUURXQdLQg VRLOV LQ Whe XSSeU 551 

SaUW Pa\ be aWWULbXWed WR Whe XQLTXe dUaLQage chaUacWeULVWLcV Rf WhLV SURfLOe, aV dLVcXVVed LQ Whe VecWLRQ 552 

4.2. ThLV VSecLfLc dUaLQage V\VWeP cRXOd haYe Oed WR Whe UePRYaO Rf a SRUWLRQ Rf LVRWRSLcaOO\ heaY\ CU 553 

(VI) fURP Whe VRLO VROXWLRQ LQ Whe XSSeU SaUW Rf Whe SURfLOe WhURXgh dUaLQage. CRQVeTXeQWO\, Whe VRLO LURQ 554 

R[LdeV LQ WhLV UegLRQ aUe XQabOe WR caSWXUe WhLV SRUWLRQ Rf CU, UeVXOWLQg LQ OLghWeU į53CU YaOXeV aQd ORZeU 555 

CU cRQceQWUaWLRQV (FLg. 3a) cRPSaUed WR Whe BUg hRUL]RQ. FXUWheUPRUe, BRQQeYLOOe eW aO. (2009) aQd 556 

QXaQWLQ eW aO. (2002) eVWabOLVhed WhaW aPRUShRXV aQd ZeaNO\ cU\VWaOOLQe fRUPV Rf LURQ R[LdeV e[hLbLW 557 

gUeaWeU VROXbLOLW\ cRPSaUed WR WheLU cU\VWaOOLQe cRXQWeUSaUWV. SRLO LQcXbaWLRQ e[SeULPeQWV haYe 558 

dePRQVWUaWed WhaW dXULQg aQaeURbLc ShaVeV, Whe UedXcWLRQ Rf Fe (III) R[LdeV QRW RQO\ UeOeaVeV 559 

VWUXcWXUaOO\ bRXQd chURPLXP bXW aOVR LQdXceV Whe bUeaNdRZQ Rf VRLO aggUegaWeV aQd Whe dLVVROXWLRQ Rf 560 

RUgaQLc PaWWeU. ThLV SURceVV LQdLUecWO\ PRbLOL]eV chURPLXP (ZhaQg eW aO., 2023). CRQYeUVeO\, LQ 561 

aeURbLc cRQdLWLRQV, Whe R[LdaWLRQ Rf Fe (II) WR fRUP Fe (III) R[LdeV, fROORZed b\ VXbVeTXeQW 562 

UecU\VWaOOL]aWLRQ, LQLWLaWeV Whe UeaggUegaWLRQ Rf VRLO cROORLdV, OeadLQg WR Whe LQcRUSRUaWLRQ Rf chURPLXP. 563 

TheUefRUe, Whe YaULabLOLW\ Rf į53CU ZLWhLQ Whe FeO fUacWLRQ Rf Whe VXUURXQdLQg VRLOV LQ WhLV SURfLOe Pa\ 564 

aOVR be dLUecWO\ OLQNed ZLWh Whe d\QaPLcV Rf UedR[ cRQdLWLRQV. BaVed RQ WheLU ORZeU cU\VWaOOLQLW\ (aV 565 

eYLdeQced b\ Whe abVeQce Rf LURQ R[Lde PLQeUaOV deWecWed b\ XRD, FLg. 1) WhaQ LQ FMNV (CRUQX eW aO., 566 

2009), Whe Fe R[LdeV ZLWhLQ Whe VXUURXQdLQg VRLOV aUe e[SecWed WR e[hLbLW hLgheU VROXbLOLW\ aQd UeacWLYLW\, 567 

SRWeQWLaOO\ OeadLQg WR YaULaWLRQV LQ į53CU YaOXeV. The hLgheVW į53CU YaOXe aQd CBD-e[WUacWabLOLW\ Rf Fe, 568 

MQ, aQd CU PeaVXUed LQ Whe ZaWeUORgged hRUL]RQ (BUg, 45-70 cP) LPSO\ UeSeWLWLYe c\cOeV Rf LURQ R[Lde 569 

dLVVROXWLRQ, CU R[LdaWLRQ b\ MQ R[LdeV aQd VXbVeTXeQW VeTXeVWUaWLRQ RQ Fe R[LdeV, UeVXOWLQg LQ 570 
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eOeYaWed į53CU YaOXeV. IQdeed, LW haV becRPe cOeaU WhaW CU (III) R[LdaWLRQ LV cRQVWUaLQed b\ LWV LQabLOLW\ 571 

WR dLffXVe aQd be VRUbed RQWR Whe VXUface Rf MQ R[LdeV (LLaQg eW aO., 2021b). The ZaWeUORgged 572 

cRQdLWLRQV LQ WhLV UegLRQ Pa\ facLOLWaWe VXch dLffXVLRQ aQd SURPRWe Whe VRUSWLRQ Rf CU (III) RQWR MQ 573 

R[LdeV. MeaQZhLOe, Whe QeXWUaO SH cRQdLWLRQV SUeYaOeQW LQ WhLV aUea cRQWULbXWe WR a QegaWLYeO\ chaUged 574 

VXUface Rf MQ R[LdeV, eQhaQcLQg Whe adVRUSWLRQ Rf WULYaOeQW CU (e.g., CU3+, [CUOH]2+), WhXV Whe 575 

SRVVLbLOLW\ fRU CU (III) WR be R[LdL]ed. HRZeYeU, LQ FeUUaOVROV deULYed fURP XOWUaPafLc URcNV LQ BUa]LO, 576 

LW haV beeQ VhRZQ WhaW Whe CU (VI) geQeUaWed WhURXgh Whe R[LdaWLRQ Rf MQ R[LdeV Pa\ VXbVeTXeQWO\ 577 

adVRUb RQWR Whe VRLO PaWUL[ (L.e. Fe R[LdeV) aQd be chePLcaOO\ e[WUacWabOe b\ KH2PO4. TheUefRUe, WhLV 578 

SRUWLRQ Rf hLghO\ PRbLOe CU (VI), aVVRcLaWed ZLWh fLQe Fe R[Lde SaUWLcOeV, Pa\ be WUaQVSRUWed YLa SRVW-579 

UaLQfaOO UXQRff, SRWeQWLaOO\ caXVLQg haUPfXO eQYLURQPeQWaO effecWV (GaUQLeU eW aO., 2013). SXch a SURceVV 580 

caQQRW be UXOed RXW LQ RXU VXUURXQdLQg VRLOV gLYLQg Whe LQVWabLOLW\ Rf Fe R[LdeV, cRXSOed ZLWh Whe 581 

UeacWLYLW\ Rf MQ R[LdeV. ThXV, Whe WR[LcLW\ aQd PRbLOLW\ Rf CU (VI) XQdeUVcRUe SRWeQWLaO eQYLURQPeQWaO 582 

WhUeaWV, SaUWLcXOaUO\ cRQceUQLQg gURXQdZaWeU. TheUefRUe, fXUWheU VWXdLeV, LQcOXdLQg KH2PO4 e[WUacWLRQ 583 

Rf CU (VI), dLVVROXWLRQ VWXdLeV Rf FMNV YV. VXUURXQdLQg VRLOV, aQd SaUWLcXOaUO\ WhRVe ePSOR\LQg 584 

V\QchURWURQ XAS (X-Ua\ abVRUSWLRQ VSecWURVcRS\) WR e[aPLQe Whe VSecLaWLRQ Rf CU, MQ, aQd Fe, ZLOO 585 

SURYLde PRUe SUecLVe LQfRUPaWLRQ UegaUdLQg YaOeQce, RU VSecLaWLRQ. ThLV ZLOO gUeaWO\ eQhaQce RXU 586 

XQdeUVWaQdLQg aQd LQWeUSUeWaWLRQ Rf CU LVRWRSe YaULaWLRQV aQd Whe c\cOLQg Rf chURPLXP ZLWhLQ Whe VRLO 587 

SURfLOe. 588 

5. Conclusions 589 

ThLV VWXd\ UeSUeVeQWV Whe fLUVW LQWegUaWLRQ Rf CBD e[WUacWLRQ e[SeULPeQWV aQd chURPLXP LVRWRSe 590 

WechQLTXeV WR LQYeVWLgaWe Whe d\QaPLcV, UedLVWULbXWLRQ, aQd chURPLXP LVRWRSLc fUacWLRQaWLRQ ZLWhLQ 591 

FMNV-ULch Ued VRLO SURfLOeV LQ VRXWhZeVW ChLQa, LQcOXdLQg QRQ-Sadd\ aQd Sadd\ VRLO SURfLOeV. The 592 

chURPLXP LVRWRSe chaUacWeULVWLcV Rf VRLO QRdXOeV, a dLVWLQcWLYe VRLO fUacWLRQ, aUe aOVR SUeVeQWed fRU Whe 593 

fLUVW WLPe. OXU UeVXOWV VhRZ WhaW CU LQ Whe Ued VRLOV LV SULPaULO\ Rf geRgeQLc RULgLQ, deULYLQg fURP Whe 594 

ZeaWheULQg Rf Whe cROOXYLXP SaUeQW PLQeUaOV. The effecW Rf OaQd XVe (QRQ-Sadd\ YV. Sadd\) LV PRdeVW 595 

RQ Whe dLVWULbXWLRQ aQd/RU PRbLOLW\ Rf CU ZLWhLQ Whe Ued VRLOV. FMNV Rf YaU\LQg VL]eV cRQVLVWeQWO\ 596 

e[hLbLW hLgheU CU cRQceQWUaWLRQV cRPSaUed WR Whe VXUURXQdLQg VRLOV, aORQg ZLWh PRUe SRVLWLYe į53CU 597 

YaOXeV aQd aUe cRQVLdeUed aV SedRORgLcaO aUchLYeV QRW UeacWLYe WR cXUUeQW Sh\VLcRchePLcaO cRQdLWLRQV. 598 



 

23 
 

IURQ R[Lde e[WUacWLRQ WechQLTXe VhRZV WhaW bRWh FMNV aQd VXUURXQdLQg VRLOV cRQVLVWeQWO\ e[hLbLW 599 

heaYLeU VLgQaWXUeV LQ Whe R[Lde WhaQ LQ Whe UeVLdXaO fUacWLRQ. IW VXggeVWV Whe VLgQLfLcaQW caSWXUe Rf 600 

LVRWRSLcaOO\ heaY\ CU (VI) fURP VRLO VROXWLRQ b\ Fe R[LdeV. AddLWLRQaO YaULabLOLW\ Rf į53CU RbVeUYed LQ 601 

Whe aPRUShRXV LURQ R[LdeV UeceQWO\ SUecLSLWaWed LQ aQ acWLYe Sadd\ VRLO dePRQVWUaWeV Whe dRPLQaQW 602 

cRQWURO Rf VRLO h\dURORg\ RQ dULYLQg Whe VRLO UedR[ cRQdLWLRQV aQd WhXV CU RWheU UedR[-VeQVLWLYe eOePeQW 603 

d\QaPLcV. CRQWUaU\ WR FMNV, ZhLch aUe VXSSRVed UeOaWLYeO\ VWabOe XQdeU cXUUeQW Sh\VLcRchePLcaO 604 

cRQdLWLRQV, Whe ORQg-WeUP SeUVLVWeQce Rf aPRUShRXV LURQ ShaVeV LQ Ued VRLOV LV PRUe TXeVWLRQabOe. TheVe 605 

fLQdLQgV XQdeUVcRUe Whe SRWeQWLaO Rf chURPLXP LVRWRSeV aV a WRRO fRU WUacLQg chURPLXP d\QaPLcV ZLWhLQ 606 

QaWXUaO VRLO V\VWePV, SaUWLcXOaUO\ WhRVe abXQdaQW LQ UedR[ feaWXUeV. HRZeYeU, Whe\ aOVR LQdLcaWe WhaW 607 

cRQVLdeUabOe YaULaWLRQV LQ chURPLXP LVRWRSe feaWXUeV UeVXOWLQg fURP WheVe UedR[ SURceVVeV PLghW 608 

RbVcXUe LQfRUPaWLRQ UegaUdLQg chURPLXP SROOXWLRQ VRXUceV. NRQeWheOeVV, cRQdXcWLQg fXUWheU 609 

LQYeVWLgaWLRQV, eQcRPSaVVLQg dLVVROXWLRQ e[SeULPeQWV, chURPLXP VSecLaWLRQ LQ VRLO VROXWLRQV, aQaO\VLV 610 

Rf chURPLXP LVRWRSe chaUacWeULVWLcV, aQd acTXLULQg LQ-VLWX daWa RQ chURPLXP aQd LURQ VSecLaWLRQ XVLQg 611 

V\QchURWURQ aQaO\VLV, ZLOO VLgQLfLcaQWO\ eQhaQce RXU XQdeUVWaQdLQg Rf VRLO chURPLXP VWabLOLW\ aQd 612 

d\QaPLcV. AddUeVVLQg Whe abVeQce Rf chURPLXP cRQWeQW aQd LVRWRSe chaUacWeULVWLcV LQ YegeWaWLRQ, 613 

eVSecLaOO\ LQ cURSV OLNe ULce SOaQWV, ePeUgeV aV a cUXcLaO aYeQXe fRU fXWXUe LQYeVWLgaWLRQ. OYeUcRPLQg 614 

WhLV OLPLWaWLRQ ZLOO VLgQLfLcaQWO\ bROVWeU RXU abLOLW\ WR SURYLde a PRUe dLUecW aQd cRPSUeheQVLYe 615 

UeVSRQVe WR UegLRQaO fRRd VecXULW\ cRQceUQV UeOaWed WR chURPLXP. TR achLeYe WhLV, fRUWhcRPLQg VWXdLeV 616 

cRXOd fRcXV RQ e[WeQVLYe VaPSOLQg aQd aQaO\VLV Rf chURPLXP cRQWeQW aQd LVRWRSLc VLgQaWXUeV LQ YaULRXV 617 

SOaQW VSecLeV, SaUWLcXOaUO\ WhRVe SUeYaOeQW LQ UegLRQV ZLWh heLghWeQed chURPLXP e[SRVXUe. AddLWLRQaOO\, 618 

cRQdXcWLQg cRQWUROOed gUeeQhRXVe e[SeULPeQWV RU fLeOd VWXdLeV aLPed aW eOXcLdaWLQg chURPLXP XSWaNe, 619 

WUaQVORcaWLRQ, aQd accXPXOaWLRQ PechaQLVPV ZLWhLQ SOaQW WLVVXeV ZLOO be SLYRWaO. TheVe fXWXUe 620 

eQdeaYRUV hROd Whe SURPLVe Rf VheddLQg OLghW RQ Whe UROe Rf YegeWaWLRQ aV a SRWeQWLaO LQdLcaWRU aQd 621 

UeVeUYRLU Rf chURPLXP cRQWaPLQaWLRQ, WheUeb\ cRQWULbXWLQg VLgQLfLcaQWO\ WR VWUaWegLeV aLPed aW 622 

PLWLgaWLQg eQYLURQPeQWaO aQd agULcXOWXUaO LPSOLcaWLRQV OLQNed WR chURPLXP SROOXWLRQ. 623 
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Table 1 1 

Soil key physicochemical properties. 2 
Profile Horizon pH SOM  Density  CEC  Clay Slit Sand  FMNs distribution ba* 

    > 5 mm 2-5 mm 1-2 mm Total 

g/kg g/cm3 cmol/kg % g/kg bulk 

Wangling Non-paddy A 4.9 30.9  1.5  12.4  37.5 23.2 39.3  177  500  82  759  0.02 

B 4.7 19.8  1.7  17.8  40.0 22.5 37.5  87  613  55  755  0.02 

Wangling Paddy Ap1 6.2 49.7  1.3  15.0  34.0 32.4 33.6  81  262  61  404  0.05 

Ap2 7.3 37.9  1.6  14.9  23.0 39.9 37.1  108  310  45  463  0.05 

AB 7.3 16.9  1.7  11.8  23.0 31.4 45.6  124  334  47  506  0.04 

Br1 7.4 12.0  1.5  21.1  33.0 27.9 39.1  59  264  53  376  0.04 

Br2 7.2 8.4  1.2  20.1  37.0 27.4 35.6  42  231  101  374  0.04 

Litang Non-paddy A 7.0 25.7  1.4  12.0  16.0 33.9 50.1  124  411  75  610  0.07 

AB 7.1 26.5  2.0  15.5  39.0 27.2 33.8  274  421  26  721  0.05 

B 7.4 15.4  1.7  16.5  36.0 27.5 36.5  254  403  25  681  0.06 

Litang Paddy Ap1 6.5 50.3  0.9  15.3  28.0 51.0 21.0  15  36  3  55  0.19 

Ap2 7.3 31.1  1.5  15.9  25.0 51.9 23.1  11  28  5  44  0.19 

AB 7.4 16.6  1.8  20.5  35.0 41.7 23.3  10  33  4  47  0.16 

Brg 7.1 12.7  1.7  23.4  39.0 38.4 22.6  35  107  17  158  0.12 

Br 7.2 6.7  2.3  24.1  39.0 24.4 36.6  124  291  36  451  0.09 

*ba: the soil-weathered eluviation coefficient. FMNs: iron-manganese nodules. 3 

  4 

Table (Editable Yersion) COLcN KeUe WR acceVV/dRZQORad;TabOe (EdLWabOe YeUVLRQ);5_TabOeV_UeVXbPLW_ILQaO.dRc[

https://www2.cloud.editorialmanager.com/hazmat/download.aspx?id=5312462&guid=536af00c-b7fd-40e3-9c9f-597655799a05&scheme=1
https://www2.cloud.editorialmanager.com/hazmat/download.aspx?id=5312462&guid=536af00c-b7fd-40e3-9c9f-597655799a05&scheme=1
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Table 2 5 

Element and Cr isotope compositions of irrigation waters, rocks, and fertilizers. 6 
Element Irrigation water  Rock  Fertilizer 

Wangling Litang  Carbonate1 Carbonate2 Calcite  F0 

(NPK 45%, 

15-15-15) 

F1 

(NPK 51%, 

17-17-17) 

F2 

(NPK 45%, 

15-15-15) 

F3 

(NPK 45%, 

15-15-15) 

F4 

(NPK 45%, 

15-15-15) 

F5 

(NPK 45%, 

15-15-15) 

F6 

(NPK 30%, 

18-5-7) 

į53Cr ± 2SD Å 1.47 ± 0.06 0.16 ± 0.02  1.30 ± 0.07 0.72 ± 0.04 1.01 ± 0.03  0.34 ± 0.01 0.33 ± 0.07 0.36 ± 0.04 1.49 ± 0.12 0.44 ± 0.04 0.11 ± 0.03 0.45 ± 0.04 

P g/kg bdl 0.001  bdl bdl 0.002  66.9 72.4 62.5 75.5 62.6 70.1 18.2 

K  0.004 0.02  0.003 0.01 0.01  127.7 139.0 133.0 118.9 128.0 117.2 55.9 

Ca  0.06 0.06  395.9 395.3 209.5  7.6 8.7 8.8 1.8 9.3 11.4 8.9 

Mn  bdl 0.001  2.7 2.7 16.2  724.1 400.7 574.2 88.1 421.0 162.4 100.6 

Fe  bdl 0.002  46.8 45.2 175.6  7026.5 4149.2 5323.7 796.8 4353.3 2121.4 2238.3 

Cr ȝg/kg (ug/L for 

water samples) 

0.07 0.28  3876.8  3836.2  4037.6   19980.5  22300.5  21552.7  8862.1  23074.1  16408.4  25792.8  

bdl=blow detection limit.  7 
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 1 

FLJ. 1. VDULDWLRQV LQ PLQHUDO FRQWHQW REWDLQHG E\ XRD DQDO\VLV RI WKH VXUURXQGLQJ VRLOV DQG FMNV (EXON RI DOO VL]HV) LQ QRQ-SDGG\ DQG SDGG\ SURILOHV 2 

RI WDQJOLQJ DQG LLWDQJ. S-SRLO: VXUURXQGLQJ VRLO, FMNV: LURQ-PDQJDQHVH QRGXOHV. 3 

 4 

FigXUe COLcN heUe WR acceVV/dRZQORad;FLgXUe;4_FLgV_UeVXbPLW_fLQaO.dRc[

https://www2.cloud.editorialmanager.com/hazmat/download.aspx?id=5312463&guid=f4007102-da7f-4fac-8ea6-0cc12dad06a4&scheme=1
https://www2.cloud.editorialmanager.com/hazmat/download.aspx?id=5312463&guid=f4007102-da7f-4fac-8ea6-0cc12dad06a4&scheme=1
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 5 

FLJ. 2. KH\ HOHPHQW PDVV EDODQFH FRHIILFLHQWV (𝜏,ே) LQ WKH QRQ-SDGG\ DQG SDGG\ VRLO SURILOHV RI 6 

WDQJOLQJ DQG LLWDQJ.  7 

 8 

 9 
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 10 

 11 

FLJ. 3. CBD H[WUDFWLRQ UHVXOWV RI (D) CU FRQFHQWUDWLRQV RI UHVLGXH (RHS) DQG H[WUDFW (FHO). (E) 12 

RHODWLYH GLVWULEXWLRQV RI CU, MQ, DQG FH EHWZHHQ RHS DQG FHO LQ WKH VXUURXQGLQJ VRLOV DQG FMNV 2-13 

5 PP LQ LLWDQJ VRLO SURILOHV. S-SRLO: VXUURXQGLQJ VRLO, FMNV: LURQ-PDQJDQHVH QRGXOHV. 14 

 15 
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 16 
FLJ. 4. CKURPLXP LVRWRSH FRPSRVLWLRQ RI VDPSOHV LQ QRQ-SDGG\ DQG SDGG\ SURILOHV RI WDQJOLQJ, 17 

LLWDQJ EHIRUH DQG DIWHU CBD H[WUDFWLRQ. BXON: WKH EXON VRLO FRQWDLQLQJ FMNV DQG VXUURXQGLQJ VRLO, S-18 

SRLO: VXUURXQGLQJ VRLO, FMNV: LURQ-PDQJDQHVH QRGXOHV, RHS DQG FHO: WKH UHVLGXH DQG H[WUDFW RI CBD 19 

H[WUDFWLRQ, UHVSHFWLYHO\. TKH HUURU EDUV VKRZ WKH 2SD XQFHUWDLQW\ GHULYHG IURP UHSHDW PHDVXUHPHQWV.  20 

 21 

 22 

 23 

 24 
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 25 
FLJ. 5. FOX[HV DQG VWRFNV RI CU LQ WKH VRLO SURILOHV RI FXOWLYDWHG VRLO KRUL]RQ LQ 0.3 P3 ER[ DW 26 

WDQJOLQJ DQG LLWDQJ. FUDLQ: UDLQZDWHU CU IOX[, FGXVW: KXPDQ-GHULYHG GXVW CU IOX[, FIHU: IHUWLOL]HU CU IOX[, 27 

FYHJ: YHJHWDEOH CU IOX[ LQ QRQ-SDGG\ ILHOG, FULFH: ULFH CU IOX[ LQ SDGG\ ILHOG, FLUZ: LUULJDWLRQ ZDWHU CU 28 

IOX[. 29 

 30 

 31 
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 32 
FLJ. 6. į53CU YDOXHV YV 1/[CU] DQG 1/[FH] RI WKH VXUURXQGLQJ VRLOV DQG FMNV RI GLIIHUHQW VL]HV LQ 33 

WDQJOLQJ DQG LLWDQJ. S-SRLO: VXUURXQGLQJ VRLO, FMNV: LURQ-PDQJDQHVH QRGXOHV.  34 



Environmental Implication 

 

The existence of iron-manganese nodules (FMNs) in soil plays a crucial role in addressing soil 

pollution, especially when it comes to heavy metals. Our research demonstrates that FMNs found in 

red soils effectively capture and secure substantial quantities of the more easily movable and harmful 

form of chromium called Cr (VI), which also happens to be heavier in terms of its isotopic properties. 

This mainly happens because of the dominant presence of iron oxide in FMNs. This process 

significantly lowers the risk of chromium contamination in the red soils of the area we studied. 

Nevertheless, it's essential to stress the importance of further investigation into how stable these non-

crystalline forms of iron oxide-bound chromium are in the surrounding soils over a long period. 

EnYiURnmenWal ImSlicaWiRn (ma[imXm limiW:100 ZRUdV)



FMNs

Fe (oxy) hydroxide

High į53Cr
（~0.82Å)

High į53Cr
（~0.78Å)

Soil waterSoil mineral

Fe (II)aq

Cr (VI)

Low į53Cr

High į53Cr

Cr

S-Soil
į53Cr: 0.02-0.38Å

Colluvium parent 
materials

Cr (III)                 Cr (VI)



Highlights 

x Cr isotope data in soil FMNs is reported for the first time. 

x FMNs/Fe o[ides capture isotopicall\ heav\ Cr (VI). 

x Redo[ and not land use drives Fe o[ide formation and FMNs, affecting Cr mobilit\. 

x Cr in red soil profiles mainl\ results from colluvium mineral Zeathering. 
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