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ABSTRACT

One of major problems in agriculture is phosphorus deficiency in tropical acid sails.
This constrains crop growth and soil productivity. Rock phosphate is a material commonly
used as an alternative phosphorus fertilizer for these soils. An incubation of soils with
phosphate rocks is a technique used to assess feasibility and suitability of rock phosphate
for agronomic use. This study has 3 objectives 1) suitability assessment of soils to be
applied with rock phosphates as phosphorus fertilizer, 2) assessment on dissolution of
phosphate rocks providing available phosphorus to the soils and 3) incubation of soils with
phosphate rocks to assess long-term effectiveness of phosphate rock to release available
phosphorus to the soils. Methods of study included detailed analysis of soil properties by
standard methods, analysis of phosphate rock properties and phosphate rock dissolution
and soil incubation with phosphate rocks containing different phosphate mineralogy along
with the use of mono-calcium phosphate (MCP). The study employed 18 acid soils, three
Thai phosphate rocks and North Carolina phosphate rocks as reference and with MCP.

Results of the study revealed that all soils are strongly acidic with pH 3.5 to 5.8 having

high exchangeable acidity. They have low available phosphorus (<2 mg P kg-1 extracted
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by Bray Il method). Low exchangeable calcium (?3 cmol kg-1). They have two levels of
phosphorus sorption maximum. The first level is high ranging from 217 to 385 ?g g -1 and
the second is low ranging from 4 to 164 ?g g-1 depending on their contents of clay and
oxides of iron and aluminum. All soils have kaolinite as the dominant mineral in their clay
fraction. Other minerals found in some soils influencing P sorption were illite, hematite,
goethite and gibbsite. Most tsoils are suitable for direct application of phosphate rocks.

The three Thai phosphate rocks have different phosphate minerals. Ratchaburi PR
(Rat-PR) contains hydroxyapatite. Kanchanaburi PR (Kan-PR) contains hydroxyapatite and
crandallite and Roi-Et PR (Roi-PR) contains variscite and crandallite while the reference
NCR-PR contains francolite. The types of phosphate minerals were verified by X-rays
diffraction and scanning electron microscope techniques. The results showed that
francolite in NCR-PR is close to the ideal apatite with an a-value of 9.336 ?, hydroxyapatite
in Rat-PR and Kan-PR is close to ideal hydroxyapatite with the a-values of 9.428 and 9.406
?, respectively. The dissolution kinetics of phosphate rocks (PRs) in 2% formic acid (2%
FA), 2% citric acid (2% CA), neutral ammonium citrate (NAC) and deionized (DI) water in
descending order are NCR-PR > Rat-PR > Kan-PR > Roi-PR and Roi-PR is very poorly
soluble and unsuitable for direct application in agriculture.

Results on incubation of soil/PR mixtures clearly showed that all PRs and MCP treatments
give the highest amounts of available P (?PBC) at 14 days of incubation. The highest ?PBC
is from NCR-PR followed by Rat-PR, Kan-PR and Roi-PR. The main factor affecting the
increases of available P is the type of phosphate mineral in PR. Other factors that affected
PR dissolution and available of released P include the capacity of soils to adsorb P and the
amount of available P originally in the soils. In addition, NCR-PR and Rat-PR increased the
available P level at the end of 112 days soil incubation, therefore they are suitable for

long-term application in agriculture.

Key words : upland acid soils , phosphorus sorption , phosphate rocks , hydroxyapatite ,

crandallite , variscite , bicarbonate extractable phosphorus
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ABSTRACT

One of major problems in agriculture is phosphorus deficiency in tropical acid soils.
This constrains crop growth and soil productivity. Rock phosphate is a material commonly
used as an alternative phosphorus fertilizer for these soils. An incubation of soils with
phosphate rocks is a technique used to assess feasibility and suitability of rock phosphate for
agronomic use. This study has 3 objectives 1) suitability assessment of soils to be applied
with rock phosphates as phosphorus fertilizer, 2) assessment on dissolution of phosphate
rocks providing available phosphorus to the soils and 3) incubation of soils with phosphate
rocks to assess long-term effectiveness of phosphate rock to release available phosphorus to
the soils. Methods of study included detailed analysis of soil properties by standard
methods, analysis of phosphate rock properties and phosphate rock dissolution and soil
incubation with phosphate rocks containing different phosphate mineralogy along with the
use of mono-calcium phosphate (MCP). The study employed 18 acid soils, three Thai

phosphate rocks and North Carolina phosphate rocks as reference and with MCP.

Results of the study revealed that all soils are strongly acidic with pH 3.5 to 5.8
having high exchangeable acidity. They have low available phosphorus (<2 mg P I<g'1
extracted by Bray Il method). Low exchangeable calcium (<3 cmol kgfl). They have two
levels of phosphorus sorption maximum. The first level is high ranging from 217 to 385 pg g_l
and the second is low ranging from 4 to 164 ug g_1 depending on their contents of clay and

oxides of iron and aluminum. All soils have kaolinite as the dominant mineral in their clay



fraction. Other minerals found in some soils influencing P sorption were illite, hematite,

goethite and gibbsite. Most tsoils are suitable for direct application of phosphate rocks.

The three Thai phosphate rocks have different phosphate minerals. Ratchaburi PR
(Rat-PR) contains hydroxyapatite. Kanchanaburi PR (Kan-PR) contains hydroxyapatite and
crandallite and Roi-Et PR (Roi-PR) contains variscite and crandallite while the reference NCR-
PR contains francolite. The types of phosphate minerals were verified by X-rays diffraction
and scanning electron microscope techniques. The results showed that francolite in NCR-PR
is close to the ideal apatite with an a-value of 9.336 A, hydroxyapatite in Rat-PR and Kan-PR
is close to ideal hydroxyapatite with the a-values of 9.428 and 9.406 A, respectively. The
dissolution kinetics of phosphate rocks (PRs) in 2% formic acid (2% FA), 2% citric acid (2%
CA), neutral ammonium citrate (NAC) and deionized (DI) water in descending order are NCR-
PR > Rat-PR > Kan-PR > Roi-PR and Roi-PR is very poorly soluble and unsuitable for direct

application in agriculture.

Results on incubation of soil/PR mixtures clearly showed that all PRs and MCP
treatments give the highest amounts of available P (APgo) at 14 days of incubation. The
highest APgc is from NCR-PR followed by Rat-PR, Kan-PR and Roi-PR. The main factor affecting
the increases of available P is the type of phosphate mineral in PR. Other factors that
affected PR dissolution and available of released P include the capacity of soils to adsorb P
and the amount of available P originally in the soils. In addition, NCR-PR and Rat-PR
increased the available P level at the end of 112 days soil incubation, therefore they are

suitable for long-term application in agriculture.

Keywords: upland acid soils, phosphorus sorption, phosphate rocks, hydroxyapatite,
crandallite, variscite, bicarbonate extractable phosphorus



AU

Uszmdlnefifuiinireunaiiluiunse Tnsanzdafivead wazoendvoad deiliuiisuiu
UseinaSeway 44 %aﬂﬁuﬁﬂszmﬂ (Moncharoen et al., 1987; Kheoruenromne and Kesawapitak,
1989) Audessusuiidniifamnisuareanea Sudutediatenisasyiulnvesiiy Falam
fndrufistuainsnisiinuiineanefadussduszneuatsin wagnsedaeaealvioglusuitlidy
Usglowl lnedndnavesusinledlud senluduazlansonledveaninuazesglitil (Smeck, 1985)
anudladefunalnremeanedalufiu Susslomd szasselidiladenalnlunisifuinuas
Janudesleanladagi Sedinsutsdiuszrinaeaesafiogluanmiduresudsinfudaiu uasi
agluanmduvesnadluaisazaefu (Sui and Thomson, 2000; Li et al,, 2007) AxgluNsaady
yloalo¥avesiu \Judnuasiiiulselovisonsussifiuanugauanysaivesiu dnvaznsgadu
WoaneTavesiu lasudvinaanaudivessiues wavnisuanUdeevleanasa azﬁua@jﬁ’umwmﬂumi
anduneanada (P sorption capacity, PSC) anunmvasleanedalufy wazauuIntaevaing
dushveswearieda (degree of P saturation, DPS) (Li et al, 2007) Fsrudnlaienfunalnnsgn
Fu uazanUasevloaesa [Wuusslevinonisianisieveaness

Tnevhluaunsaduiuiifiiies 6.5 viosmndt waglilldfuuies (add sulfate soils) Ingiiu
nandufuiiiimssvazangs wasdiiuas (BSRAM, 1985; Eswaran, 1987) ftufininsvandluundou
mntfusidluiiguuasiinou ffufiinnndirdosay 50 vesiufiwaiouimun dndugjfunsninou
Juauludurudariveaduaveandvead (Soil Survey Staff, 2010) Tuwmeideny Tusanidedls Ay
nsnfinouiiiudafiveaduareandvend aseunquiluiiosnstioniosay 38 vesiiufivianaa (FAO-
UNESCO, 1979; IBSRAM, 1985) Tutseimelneiisafivoadduituiinirevnsdessunadesay 44 vas
Nudiravan waeandveadegiduusinalinitewinetn 18y, 2534; Moncharoen et al., 1987) fiu
wianihifunsn (pH 5.5 videsiin) dadudufudidiauinisgs uasianugauauysaiii

Safwoadinasdunsaunninesndyead wasiiusfumiedlngduelodlud [Hududid
ﬁmmgLLaﬂLﬂﬁaulmmlaaauﬂiz?m%wa (effective CEC; ECEC) aanineandwead wariluszaiuuusas
(Sumner and Noble, 2003) §afiweadursviin o1aiuSmnavosiumiari uilunins usdy
wilenludafivead uusAumioidfanssui waglunguoyniavuiadumies fusinledludduus
1an (Buol et al., 2003)

pondwead uAuTlAna NN susaaefeEsguuse uitnagliidunsadadn osand
SnSnavesuszyainesnludveavdnuazesgidu (uiudifuanloseuiduuan fd1aug
wanidsuuanlessuuszaniuad wasinoanesaiduuselovin faudfinisnienma (Sumner
and Noble, 2003) Msnsaneanesalusandond Iausuusnntudanigoad

Aunsalaemlusinnugeuanysalin Tasnsiadgivlavesiiv azgnirdnlaesasiuvestlads
#19 9 1wy v anudufiveesergiitinasussniila uaznisviauraiden wuniidou veavosa
uazluAuAT (Bell and Edwards, 1991) Insnisunameaniosa 1udediasuogimiemasuai
gauanysoiveshumand wardaudndufiasfeddtonoaesalunisudndia undsonleanasarid
nsnanneniuAeuteuntudagiume iueans (rock phosphates) Fuiatuesmusssuui ned
Pudelidnuarnsinddunid uazldtunsnunsdurisle



fiuoams (phosphate rock) Wuunawesmeanedaniusssund Afldnvazunnsseniy
gann Bgvinnsfinwnmslduneamnduuvawvesdenoaneda usnnseaunuin Ussansnmaes
Fueawlnlunslioneanesa aufudedunidludnuazdng 9 agldnaiiuandraiueenly lag
%uagiﬁ’u%auﬂ’ﬁmmﬁuWame wavandAvesAudilifiuneain (Bolland et al, 2001; Hillman,
2006; Gholizodeh et al., 2009) Ay

'
a 1 =

Furloawln Juingivedmilsiildlunslisigeeanssa wazisagnnitlevleaniesad
nanludin1se dsansafiazianlddumadendmsumsuaniialufunsals ssfusznouidanad]
yasiunoaln uansedusenlunuuraataslasasns wilaemhlvasiiunasunoannuszuadoy
8y 65 ﬁm%’uﬁuﬂ@aLW@ﬁﬂﬁ@dwzaﬂmiﬂ%’lﬁI@amiﬂué’ﬂwmzlﬁu{jaﬁ QwAnall P,0Os avaalases
av 5 TuwenTufoudmsaiidunans (Hammond and Leon, 1983) Tnsfiuneamslusziuf azdaad
P,Os aeatipysoas 24 1 Fe,0Os Uaan11508ay 3 Lardonsndiusening CaO AU P,0s 58139
331 uay 3.6:1 (Holmes et al, 1982) Ustanaudeway 80 vesiuneamnfindnldlulan Téunain
undsiiungnouiiinainnzia Yesas 17 1n9niiudail uagnaannsyisvesiudadl dniiden

NALNBUANAN UAZNITANAZNOUVDILAAT9AT (FAO, 2004)

Bnsussduiuneammiionisliinensestuniswdads |Juignisatmdaadl  (chemical
extraction) Ingiialuidunisldnsadunsdinuldludu ansiildadaiionisinainisasaisls
(solubility) Wamnsiifianssu (reactivity) vesfiuraamnfivzauseldlnenseiuiu Aoweulude
Fwsafidunans (neutral ammonium citrate: NAC), 2% nsa@vi3n (2% citric acid: CA) uay 2%
Asanasiin (2% formic acid: FA) (Chien and Hammond, 1978; Hammond and Day, 1992,
Gholizadeh et al., 2009) %ﬂlﬁﬁ@auauu’mwmﬁwLmﬂé’i’ﬂﬂmwmmﬁuWQameamﬂ%’mqmﬂm
msazangldues P,0s dslunsaselull (Diamond, 1979)

nsazaels (solubility) (2% P,Os)

ANYNINVDIRUADNIT LTINS

NAC 2% CA 2% FA
GN >54 >94 > 13.0
Junang 32-45 6.7-8.4 7.0 - 10.8
i <27 <6.0 <58

1anaNNTUTEULAEATANAREaITATLAR N1SUSELEIUDRLYI0NTInRAUNAFAEASANS
avangvasfiunlaan (kinetics of PR dissolution) mumvuaiian dagvilvladeyanisazangves
Auneain Niluszevdunazsyezend (Truong and Fayard, 1995; FAO, 2004)

nsAnwIMsgedulaznisUanUdesieanesa iielvidirlafsnnuglunisgaduroaniadaves
fuduinaust (criterion) Muvszlemisensuszidiunnugauanysaivedu UTunadinearesaiign
andy axduegiuauduturemeaniesa luasiifiennudusigs evududuvemoaretafioasoy
Tuszduiigedng nsgeaduneaniesavizereans iunisindeuiensamnlosouainaisazas lny
p9AUTENBUYRIALY  (Barrow, 1990) igdnsvesneanesalufiu %uagiﬁ’ué’umﬁ%m (interaction)
sEmrhansEUILNTNNTITNLAETNed nsrUILNTTARTY sduudslumuriavesiu n1sldiinu



uazfivfiugn  (Holford et al, 1985) asdUsznevvesiuiiinaensyuIuNgndu/Uanddes
Woanesare slauarUunaesiunies ey duvseing wra@eursusiun waseanlyivaamin
warorgiliu (Brennan et al, 1994; Borling et al., 2001; Burt et al., 2002) Asunuiineanesa
selansendalessu videmsrsmeaesalageenludveandnuazozqithiifmihoymafumniend
anudfgRensgadurleanesaluiu uariinalviauiluusslenivesieanssaanas

v
S U av

Tun1sAnwinuil dnidelasieeiudn @mnsald simple Langmuir equation TunisAtuau
ynyiwesvideduunaiuiiluassviivesaug uazmiugulswesnsgadunsaneavesiuls (Sui
and Thompson, 2000; Wiriyakitnateekul et al., 2005; Li et al., 2007) @un15/InanIAe
Q = bkC/A1+kC)

de Qe WQaWE}%“aﬁ@wFUImaau (mg ke )
C o mnudduvesoarlealuasazarsauga (equilibrium solution) (mg L)
B Ao Aviunensaadugean (predicted sorption maximum)
K fio AnsiflAgdestundsanuvonisgadu

ANuauisalunisUanldeesneanafangngadu asdiuediuainuuindesvesneanaSadusa
(degree of P saturation, DSP) (Sharpley, 1995) Laz@11150AUILAINENNTT

DSP = (extractable P/P sorption capacity) x 100

Tneialuiion nsUanvaesdunszuiunsdeunduveanisgadu wazesuienisanlass
vioavesafigngadudarsazanes uiduiiuszdndin nmsgadureanealasesdusynovvosiu bl
anusnazUanUdesndugansasantiavanld nsizaziu isotherm vaansgaduuaznisuanudes
Woanedaarlinsetu Fanideludesd avduadeanudiloludessinant dwsuiunsaiineu
yasUsunelng uazvdnvediureamaiiiluwadinulussmdlneglidaouiy WeussTomilunis
Jamsllemeaviadasionisugnitviiney

510910 Tuuszmalne SuvdsiinufiunoamaiiAnainnsazauyadanimalounas
(Sheldon, 1984) Inedulneidulensendezwilng wenniasilunsnanvesesnilng Tswwesnlesd
(robertsite) lon3auaaioy unsniawoainn  (FOC,  1983) Mlusrgitunoan nuludmin
Souidndny

Tuanmgnenainuasitanulindesgnislitants wayfaquivugsiuiidusssumfunia
ylsifaulafiasldfueanaludnuasfuleneanodanniu uasiimsfnwmisiutinngu lay
wafilgarnnisfn dafieuuandnatuinn uasidesandssmalveffuiidunsnduiuiinieeng
fionaflanuvngaudensldiureamniulevoansFanusssued Jsilanuaulaieznuily
shieiitu ieatesdaruifmnzanlunslifiuroansn funisugniisluiufirunsaineu

TunsidyaziAunoaWnNLUasrg 9 waill 1AdaULariINITNAARIAUAUTTNAIUY

a

aeldanmgiienniausguwaseu Tuusnumeilmeiany ueeniduddvasuseindlne Fulufunsa
neuludusiu dafigeaduazeandvead lnelingUszasAnwolull



1. nagaunsaranglavasiunaas wazllSeuigunITarangssasauLaLseeLeN) il
MuuaFne N mvasRunaamnlunsivlnensstufunsaNaau

2. Mruaanern1IRadu uazUanUdeeneanaalufiuuy uariuasvesiunsafinauind
Nufinrevns Wuiuludududafiveaduareenivond

3. ieUszilun1sUandaseleanedavesaunsaninauunevila NUSulsalagnisuunlgiu
WoaaJugisianny

ASn1sAnE
Asane luEuIY

1. Andenvinfunsafinoulutiinuweilmeians usenidedld uaznaaeuaugnieayes
vianuluniaau neduiudafivead uazeandeond vanua 15 U3 uasidonifuduimuedld
luns@inwn 9 YaRu Ae YaRuUBIUBY (Nong Bon; Nb) 4AAUS1IAN (Ao Luk; Ak) YARUAREIYIN
(Klong Chak; Kc) gnfumaeafis (Klong Teng; Klt) gaRuund (Natawi; Nat) gn@uyjanin (Thung
Wa; Tg) yaduniglis (Huai Pong Hp) yadulannasy (Khok Kloi; Koi) hagynfiunassunngeys
(Khlong Nokkra Thung; Knk)

2. \iufegeRuLdazyaRy 2 seiurudn fe Auuu (Ap) uarAuan AeAudnsisusigiy
voatuiuvuaslufesyauaudn 100 wuduas Weorhunldlunismeaass saunmuadudiu 18
A088 9 ay Uszanad 10 Alansu

3. UMY NAUNOALNAIINUIARIAIT o) VosUsZINALNE 3 WAEY NNUNINADUIARITIVYS
nyauys wazsesidn weldlunismaass lnglddegisiuneann North  Carolina Ludaaens
Wiguiigy

n15AszluiesUfunnig

1. BrngvaudaninienImkasailveanum1uiou1nsgiu (National Soil Survey Center,
1996)

2. nszndnuanidusvesiulagisnisiagiuuddiend (Brindley and Brown, 1980
Whittig and Allardice, 1986)

3. Aweinisgadu uazUanUdesneanesaludu (Barrow, 1979; Sui and Thomson,
2000; Li et al., 2007)

4. asigndiegaiuneamaniuail kazn1sIneveiuduslalazAunInvoIiy
Woawp WuUSuu P,0s waza1sesAusznaudu 9 (Olsen and Sommers, 1982; Truong and
Fayard, 1995; Karathanasis and Hajek, 1996)

5. YMNSNAABIUNAUNURUN DA NAN AT IZNAUURALAD bATILATIZNAIDYIAURDINITULAL
5¥8Ea08 9 Nulugean 3 ey (Barrow, 1979; Sui and Thomson, 2000)

6. AnTenvayanisataldlusinsy Statistica



NaNISANEI
anwaznaluvssfunsataziunaawaniin1sAnyd

fhegnsfuivhnisinuianan 18 1819 90 9 yadu Mdudafivead waveandvead
Tuwsmneilmziany usenidedlivessemelne uazegluwafifiuiinunusiodgenin 1500 fadiuns
YARUMUBIVOUANIINTANANAININNAUUETDAR YARLEIEN ARDITIN kazAaBIALARINTRgFY
Auliaflinanfiuyuuasiuduniy gaauumd ieainfanandaainfiunsie uazyaRuvmii e
T lannasy uazAassunnIzyainndanandsainiunnsis Inedduninisinuiiegemauans
Tunnil 1 fudwlngdfewsi (pH < 5.5) Sveanesamiluusslon wazafuoudundse TUsunm
Aunieaififidonefundosay 6 v 77 fudanlvgliugnensms waelivsuinadegluanings
NEYINNTTTUYG

dmiuiuneamslulsemalneflfiduseslunmeasafvainuvasvyd Ao widndh
Jandnswy3 (23°32'N, 99°38'E) unaanigauys fe witee Janianigyauys (14°3'N, 99°15'F)
Tun1aneTunnveUsenAlng waztAuINLrassodn Ao U1ula1v1d J9rinseardn (16°5'N,

103°32'E)  lunAngueenidesnile (nwil 1) fegrwvesiuroamnanumassig o Aldlunis
NaaesdinsipaaLazASasazue PO, uans1eiu Ingdunedilnain North Carolina (NCR-PR) &
UFuuues  P,Os 571 (total  P,Os) qqﬁqm dmsuiuneannanunasIvys (Rat-PR) Laguvias
N1YaUYs (Kan-PR) BUsunaves P05 ulndlAsaiu Inediuneanainunassesidn (Roi-PR) i
USUauv89 P,Os s’;w‘hﬁ'qm wasfiussinvvasusweamnduanslunnsei 1

AN519N 1 anwaeTluvesieg i unaan

WasvoIAUN DAL i P,0Os (%) YUAVDILINDALNS
3’ WIANIn 20-34 Apatite
neyauys’ wtloy 20-30 Crandallite
Soendn” Jruavu 18-27 Variscite

North Carolina” - 46 Francolite

1/ Japakasetre (1980)

2/ ufidumulmlvesnsnsasgaamnssy
3/ Sheldon (1984)

4/ Hughes and Gilkes (1994)
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A 1 Locations of soil and phosphate rock sampling sites.
(Nb=Nong Bon; Ak=Ao luk; Kc=Khlong Chak; Klt=Khlong Teng; Nat=Nathawi;
Tg=thung Wa; Hp=Huai Pong; Koi=Khok Kloi; Knk=Khlong Nokkra Thung)



AUUANIINIBATNVBINU

a ad a daao i% & 1 & = a | = a a ] a aa
AULLUDAUNUNAYNINIAILALTUNTIUDIAULNUYD (AN15199 2) IﬂﬂﬂﬁNqNWULWUHQIUWUWLﬂW

NNUrTRARiNdy 360-380 niusieilanu (Yniuruetuew) uaviuiinaniuyulasAuiuaiull
USunaurundledluiids 200-600 nsusanlansy @iunuiiinanniunsie dndevesnuinien 390-450
nsusanlansy wasfuinanAuknsisdusunafumienluidy 20-430 nsusailansy Tednwy

nnswannszatevassyniafuliaateunin o1alurauainnisinnsiu

A5199 2 AUURANIINIENINVDIAU

Soil series Annual rainfall” Particle size (g kg—1) Texture  FC
(mm) Sand Silt  Clay %
Basalt
Nong Bon-top (Nb-top) 2,000-3,400 300 340 360 CL 34
Nong Bon-sub (Nb-sub) 270 350 380 CL 35
Limestone/shale
Ao Luk-top (Ak-top) >1,500 210 260 530 C 32
Ao Luk-sub (Ak-sub) 170 230 600 C 31
Khlong Chak-top (Kc-top) 2,000-6,000 530 190 280 SCL 21
Khlong Chak-sub (Kc-sub) 390 180 430 C 23
Khlong Teng-top (Klt-top) >2,000 420 370 210 L 22
Khlong Teng-sub (Klt-sub) 540 260 200 SCL 21
Sandstone
Nathawi-top (Nat-top) 1,800-3,000 310 320 370 CL 25
Nathawi-sub (Nat-sub) 270 280 450 C 23
Granite
Thung Wa-top (Tg-top) 1,800-3,000 760 190 50 LS 16
Thung Wa-sub (Tg-sub) 660 210 130 SL 16
Huai Pong-top (Hp-top) 1,300-1,800 680 160 160 SL 12
Huai Pong-sub (Hp-sub) 510 160 330 SCL 17
Khok Kloi-sub (Koi-sub) 390 180 430 C 22
Khlong Nokkra Thung-top (Knk-top) > 2,000 880 90 30 S 7
Khlong Nokkra Thung-sub (Knk-sub) 850 130 20 LS 7

Remark: C=clay, CL=clay loam, SCL=sandy clay loam, L=loam, LS=loamy sand,
SL= sandy loam, S=sand; FC=soil water retention at field capacity
Source: Sirichuaychoo et al. (2004)
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Usnamsnouils waznselufufiinainusseanifidusaus 340-350 nusodlansy way
270-300 n3umpAlansy Aua1Ry ﬁuﬁLﬁmmﬂﬁugu LasAuRumUIiUSInamMsouts Lasnse Kaus
180-370 n3usenlansy waz 170-540 nfusedlansy aiuaisu druduiliinainfiunsiedusunm
neutanasnaelufidy 280-320 nfusedlandy way 270-310 nfuseAlandy Auasy dmsudui
AnndananA1aaniivwnsiedivsinvemeuduaznsgluiide 90-220 nfudenlansy uaz
390-880 ASuUMBALANTH MINAIAU

mmuamwamaqmamumammm%ﬂaamsa (phosphorus sorption) lazUsununeanasa
flafiald  (extractable phosphorus) #5181 WoaWodanmuauazreanedaiadals (Ineis
resin-bicarbonate  extraction) U84NgUEUNIAYUINAUMTET FLUINNIIVBINGUOUNIATUIANTIY
uwuagnelufuiiiuiinaveslearesaimuanii q fu Taglivauadninsiiduiiveansyagsly
nauouMAvIRRuWinIduvanandvEnavesasueudurd uarUinaeuvaneenludlufy
(Scalenghe et al., 2007)

(%
[ Y

dmsuUSinaeuduaua (field capacity; FC) YosRulNFuN IR IASosaY 21 0935 Tu

mumwmmmmﬂu Y0an LLﬁu‘IﬁuU‘H/ﬂUWUW?u e GNLLG]i’EJEIaz 79925 mmumuwmmmma@
ANANVDIAUNTULATAULATIR

ANUANWANVDIAUY

=

WY (pH) VoAU

a

Aunomuadunsaiideves pH luth (1:1) Raud 5.8 8¢ 3.5 waz pH Tu 1 Tuan$ Tnunaden
Aaalss (1M KCU Tufidoann 4.5 8 3.1 (M3 3) pH vesiululnunadeunaslsimnitlui wans
MauflszuuiimunsilaeUszau fudnilvelll pH vesfuvy uazAuadlndlAssiufoidunsngunss
(pH <3.5) ensndn (pH <5.1) ile¥aluih Saduiuiivmnsausonsldfureaa (PR) nswaxi
anudunsavesiuiisvduasunisazaisvesiiurloaa (Oi et al, 1994; Bolland et al., 2001;
Chien, 2003) Bolan Wwag Hedley (1990) wui1 pH maaﬁu:ﬁ%w%wamﬂﬂ?‘iqmiamiazmmmﬁu
Woawln Tneiile pH aA8931n 6.5 3 3.9 N1TazatsvasRuNeam North Carolina (NCR-PR) e
91n3ovay 29.3 04 83.5

anudunsafiuaniUdeuld (Exchangeable acidity; EA)

o

' a a Y o a & | = a | a ) -1

Arrnudunsafiuaniuasuls (EA) dRdedan 2 f 25 wuiluasenlansy (cmol  kg)

(m131991 3) Auififumilenluesdusznevedged EA g9 JeaznuldinAunuesusu (Nb) 81980 (AK)
a *1 d" 1 a 1 ¥ v 1

ARBITIN (Ko) wazAanais (KUt) A1 EA 17-25 cmol kg Fegandnmuandn (Tg) miglds (Hp) lan

navy (Koi) wazAasIunnszyd (Knk) Faildn EA 2-15 cmol kg
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AN 3 AUUANILALYDIAU

Soil pH (1:1) PBHV PBCV o A’ cec? ecec Exchangeable cations
series H,O KCl moks  gke' Ca Mg Na K AY
< cmol kg'1 >

Nbtop 42 34 9 5 13 23 13 24 1.0 0.1 0.04 012 190
Nb-sub 43 35 3 4 5 17 9 19 1.5 0.1 007 004 16

Ak-top 41 35 3 4 19 25 15 26 0.3 03 003 02r 21
Ak-sub 43 37 1 3 10 21 12 21 0.1 003 003 004 13

Kc-top 43 35 10 5 17 20 100 21 0.6 02 006 008 54
Kc-sub 44 35 3 4 9 18 9 18 002 004 006 004 120

Kittop 50 4.1 4 5 22 17 17 23 30 23 003 026 14
Klitsub 50 34 1 3 2 16 16 25 24 67 019 005 08

Nattop 47 36 8 4 19 22 17 23 0.1 03 002 008 120
Natsub 4.1 34 2 3 8 17 13 18 0.3 02 003 007 160

Tg-top 54 43 4 4 7 8 4 9 0.6 02 003 013 04
Tg-sub 41 36 1 3 2 8 6 9 0.7 02 004 005 23

Hptop 48 42 17 7 12 9 6 11 1.0 06 005 021 05
Hpo-sub 35 3.1 3 3 3 12 7 13 0.6 0.5 003 013 26

Ko-top 42 37 6 3 14 13 7 14 0.7 03 005 006 13
Koi-sub 4.0 34 1 3 6 15 8 15 0.3 0.04 003 002 120

Knktop 55 41 2 3 3 5 3 5 0.1 005 003 004 08
Knk-sub 58 45 1 3 1 2 2 2 002 003 002 002 08

o Pgy = available P extracted by Bray Il solution, Py = available P extracted by sodium

bicarbonate solution

R

OC = organic carbon content

EA = exchangeable acidity extracted by buffer BaCl,-TEA solution at pH 8.2

CEC = cation exchange capacity

ECEC = effective-CEC calculated from sum of basic- (Ca2+, Mg2+, Na+, and K') and acidic-
. 3+ +

cations (AU, H')

EA = exchangeable-Al extracted by 1M KCl

R R

Q
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anuguaniUdeunanlosau (Cation exchange capacity; CEC) wazaaquanilasuunn
looouUszdnsua (Effective cation exchange capacity; ECEC)

1 a { o = U U g.l’ 1 ’1 d a o 1
A1 CEC U99aunyinn1sAnyilin1nuuana1siuasians 2-17 cmol kg (M1919% 3) fdBvodan

CEC woadngnspuiiviinisnuil fenlndiAsstuiifdaenuientu CEC voshumniou (tropical
soils) fleglufide 3-20 cmol ke (Sanchez, 1976) lngfudnilvafiviinisnuiiawes CEC Aaudns
i (<10 cmol kg') warfluaaidey (Ca™) fiuanideulsd (0.02-3.0 cmol kg wun@idey (Mg™)
waniUaeuld (00367 cmol ke Twidien  (Na) fiwanideuld (0.02:0.19 cmol ke ') waw
Tnunaden (K) Awanudsuld (0.02-0.27 cmol kg ') ssianniiamun dnfuesgiithuaniuaould
(Ex. AD Seuanssfusnndaus 0.5 83 19 cmol kg Ingluunsfuduiumuesueu Hiuuw) fuuvi
(Fuuu) wasRudtsgefiedian 19, 12 uay 16 cmol kg nudd Taevilusisdativead uaveendvend
95l CEC vosRuwmiloas wazinmingt 16 cmol ke wasdivafivaniudsuldiduuaaifon wuniidey

waglnunaBeusdae (Von Uexkull and Bosshart, 1989)

ATIATIveIrLLanilAsuLAnlosauUsEaNSHa (ECEC) vesfumaniidaii Janqedves
flunaisieaulag Wada et al. (1990) 1nuine1 ECEC Midvasdaiiweadiulssinalng dnau1aina
Uszgauansialaelinnuduiusiudnyusdusiasiilonu

AN5UBUBUN3Y (Organic carbon; OC)

1%
Aa v o 1

a s a e a d o = = U 1 a o -1
USH1aIANSUBUBUNTY (OC) asRuNvinnIsAnudidaasus 1 D9 22 nsumedlandu (g kg )

a

Tnglufnuud OC Tufide 3-22 g kg waggandluiua1 Fal OC Tufide 1-100 g kg (1157371 3)
WoaneSafianald Tng s Bray Il (Pg,) nazluansuaium (Bicarbonate extractants; Pgc)

Aufivhnsfnefivsinaveanesaridulsslovis Tneatnainaisazais Bray Il 'le 1 &a 17
fiadnsusienlansu (me ke ) uazld 3-7 me ke neldansavaneluadueiun (sl 3) Taevhlufu
fifieveanesanatnlalngds Bray Il #1191 20 me ke wazlaedSladenlupisusiun (Marx et al,
1999) $n31 10 me kg dadndufuiivaneanesa é’m%’uﬁwﬂaaWa%’aﬁaﬁmﬁqqqm (17 mg ke )

lunuuvesyafuiiells Linandnswanisidle

HANTIATIZVAINSgAduNanasagean (Smax) 31nANuduiusvasAImUludugaVing
vowloanesa (O  uwazweavlaafigngady (5  wesduvnulaiivihnisdne (1mdl 2) Gemudngl
ANUFNTUSAUENN LageT Smax ﬁﬂ’J’lﬂJLLUiUi’JUQﬂg]’j\‘ILLﬁi 4§ 385 lulasnsusiendy (ug ¢ ) waed
FasTifAtesiundsnulunsiag (binding energy; b) Aaud 2 &9 26 fadansrelulasniuves
WoavleSa (mL pg P) (1151971 4)

ANMUFUNUSVBIFUURVDIAUY (A15199 5)

A1 pHi,o HAVENRUENNTINUNTIY kae pHyq warlnNuduRusBauiuAumier Aug
Arwduauy arandunsafiadald sauderinisgedunieanadagean (Smax) wazA1ANLILNIY
mMswasuuUaseanasa (current phosphorus buffer capacity (PBCc) lnafian r Tuids 0.50 A
0.85 fiszduanudotiudesay 95 (P < 0.05)
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Al 2 Plots of C/S versus C for all soils. Phosphorus sorption maximum (Smax) of soils
studied; where C = final P conc. (ug mL"), S = sorbed P (ug g_l), Smax = 1/ slope (ug g—l),
and constant (b) relating the binding energy = slope/ y-intercept (L mg P,
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A1519% 4 The amounts of phosphorus sorption and extractable Fe, Al, and Mn.

i

3y

&

4

&

5/

5/

Soil  Horizon  Smax PBCc Feq Aly Mng Fe, Al Mn,
-1 -1 -1 P -1 »
vgg mLugP mbLg < gkg >
Nb top 286 6 126 72 77 026 52 24 024
sub 385 26 117 78 80 014 28 19 0.09
Ak top 227 9 128 83 74 074 95 22  0.69
sub 370 14 114 116 89 066 84 27 053
Kc top 217 8 89 23 33 014 31 25 015
sub 227 11 89 32 41 014 34 27 0.14
Klt top 48 4 22 36 34 060 57 14 0.63
sub 71 12 30 31 32 026 26 12 029
Nat top 250 114 75 24 024 31 34 031
sub 323 163 91 23 010 05 08 003
Tg top 10 8 6 22 023 004 09 03 0.06
sub 35 10 17 39 045 001 03 01 0.00
Hp top 10 10 5 1.9 031 032 07 05 041
sub aa 8 18 16 039 024 02 02 0.06
Koi top 70 2 34 19 13 023 21 08 026
sub 164 75 28 22 016 19 16 0.13
Knk top 3 03 01 003 001 0.04 001
sub 02 01 000 001 0.03 0.00

R R R K

©

Smax = P sorption maximum

b = constant indicating the binding energy of P to soil
PBCc = current P buffer capacity

Feq, Mng, Aly = dithionite extratable Fe, Al, and Mn

Fe,, Al,, Mn, = oxalate extractable Fe, Al, and Mn

15
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Amnudunsafiadnlivesiu Srnuduiushudauingsiu Smax, PBCc nyewlls Aumies

al

FC, CEC, Ex. Al, OC man wazerglituiiainlalag dithionite (Fey uaz Al,) lnedian r lufidy 910
0.48 §9 0.89 fiszAuanuLTetudeuay 95 (P <0.05) A1 CEC Sanuduwusludsuiniu Smax, PBCC,
n91euils Aumien FC, OC, Fey, Al,, Mg, Feo, Al, Mn, uaz EA Tneen r §ifidoain 0.47 89 0.83 9
sedumudesiu fouay 95 (P <0.05)

d15uAn OC danudunusluldauiniunsiewty, Py, Psc. CEC, Mny, Fe,, Al,, Ma, Way EA

[
aAa v o 1

Tagen r IRdesas 0.5 09 0.73 NszauaNuTatusesas 95 (P <0.05)

FMSUAN By WaE Pgc AAudusiusiu OC lmedlen r 0.50 Lag 0.54 Aseauauidatuseas
az 95 (P <0.05) MUAIRU Weii1 OC Aauduiusiuantfdu o vesaumensnlanainundiemy

Amsgadurloaniosagean  (Smax) fanuduiusgeiuainugdnununisivasunlas
Weale¥adlofinsifiuneanedadiluszuu (current phosphorus buffer capacity; PBCC), nsneuils
AuLtlen FC, CEC, Extr. A, Fey, Aly, Fe,, Al, thag EA Taaan r SRdoRaud 0.52 89 0.95 Aiszdua
FosfuSevay 95 (P <0.05) Fudunasindninaves Usunauazsinvesiunien fevwesiu
ﬁuw%i’mq ey aaﬂiﬁjﬁ%ﬁmgmmzasgﬁﬁm (Brenman et al,, 1994; Reddy et al., 1980; Sample
et al,, 1980) lnaA1 Smax SUENﬁud’m‘ﬁ:ﬁﬁumﬁmmmdﬁuuuqmdwm Smax YesAuULTEiusuQ
YpeRumnilelasnin

dusua1aedl b fiuansdandssunisianeanasavesiu Aruirmainaunisuaiies
(Langmuir equation) #rluiide 2 fis 26 Taddnsselulasniuves P uavdAlufuasgandnluauuy
vosaumani wildfinuduiusivandiou q vedu

A1 PBCc dauduniusednaasiu Smax nseuds fiuwmiles FC, CEC, Extr. AL, Fey, Aly, Fe,,
AL waz EA Teedlan r Tufide 0.53 9 0.95 fiszsupnuiietudosas 95 (P <0.05) uazA1 PBCC il
ANUFUNUSTIUAUUSHIUVBINTIY, pHiyo kAE pHic tnedian r luidy 0.53 s 0.87 fiszauam
esfudosay 95 (P <0.05) Fsmnuduiudsnaniianwariiieatufiunayes Babare et al. (1997)

Anvannaiale (extractable iron) Feusenaumenaneenlanilundn (crystalline iron
oxides; Fey) afinlag dithionite citrate bicarbonate (DCB) wazindneanledieglugledugiu vied
=< 1 6 (Y] . (% P 1 < [ PP [
wanlalauysel (Fe,) afnlag ammonium  oxalate Aslups19d 4 uansindumanlugundndndu

1 1 < o [ -:94/ = [ v & a [y a

dulng wazwmdnanalalugull dauduiusidauindudsnnuees  Smax,  PBCc, el
Auwillen FC, CEC, Aly, Mngy, Fe,, Al,, Mn, waz EA lnadan r lufidge 0.47 89 0.97 Ais¥auay
WeaduSesag 95 (P <0.05) wazdAnuduiusidauiuusunueewse tnedian r = 0.74 lussauaing
WosluAeiu 115U Fe, dANuduiuslun®isuindu Fey warvauUmou 9 voshuninmudunusiu
Fey wagianuduniusideuiniu OC aae aedan r ludide 0.5 fa 0.87 Tuseaumnuaelusouay 95
(P <0.05) gl UAUNUSLUUNNKLY (inverse relationship) AUuUTuamse Taedial r = 0.71 9
SLAUANURBNU S088% 95 (P <0.05) (1157971 5)

Y

ﬁﬂazgﬁumﬁaﬁﬂiﬁ (extratable aluminum) fiafmlag DCB (AL fidnegluiide 0.1-8.9 N3y
2 ﬁ 1 [
\

seonlaniu uaziannlay ammonium oxalate (Al,) dfegluiidy 0.03-3.4 niusieflansu (m137197

5) Usunauvasmavaluunanalanalusy Al wag Al danuduiusidaulniuusunaued Smax,

Y Y
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PBCc, nsneutls, fuwdlen, FC, CEC, Fey, Fe, uaz EA Tnaflan r lufids 0.52-0.97 fiszsumnuidesiu
Souaz 95 (P <0.05)

Awusnnilafianalé (extractable manganese) Waitaralng DCB (Mny) wazlag ammonium
oxalate (Mn,) fiinlndifesriufe Mny aglufide 0.00-0.74 nSuseflansy wag Mn, agluiidy 0.00-
0.69 nSusaRlansy (M5197 5) m'wLmeﬁaﬁaﬁmlé’ﬁ’mqgﬂ Ao Mng e Mn, SaNudunusideuln
FuUSunamesiiumilen CEC, OC, Fey, Aly, Fe,, Al way EA Tnedlen r lufide 0.47-0.96 (m157197i 4)
Tusedumuidesiudesay 95 (P <0.05) uiuusnidananldiaosarliinnuduiusiu Smax w3o
PBCc

ANWAULLYILIINYIVDIAY

HALATIE TS INefnanslilunisned 6-8 Flvdiutaiauiiuslufudinainudunsnd

iaaa °

ANUAINUADNITAANES (resistant minerals) LaztduLINIAINTTUAN

lunquannipvuedumiervesdunuusialodludiduwsvdnlufudiulnglnenululsunn
fausvrs¥ouay 20-60 sulsgeninfesas 60 uly (M9t 6) udluvrsiueranudaladlugasfesas
20-40 agths uonINTULITINUIEIUTINAs T Fienandnldinaledlusdaduusfiunien
fiRansausi (low activity clay; LAQ) ifuusfimunuivnssudlveflusynimuusfuvilenvosiumant]

A15197 6 Mineralogy of the clay fraction of soils.

Soil Horizon Kao It Hem Goe Gib Qtz HIV Fel
Nb top 3 1 tr 1 tr tr tr tr
sub 3 tr 1 tr tr tr tr
Ak top 4 tr tr tr - - - -
sub il tr tr tr - - - -
Kc top a4 tr tr tr tr tr tr tr
sub 4 tr tr tr tr tr tr tr
Klt top 2 2 tr tr 1 1 tr tr
sub 2 2 tr tr 1 1 tr tr
Nat top 4 tr tr tr tr tr tr tr
sub 4 tr tr tr tr tr tr tr
Tg top 3 2 tr - - tr - tr
sub 3 2 tr - - tr - tr
Hp top 4 tr - - - tr - tr
sub 4 tr - - - tr - tr
Koi top 4 tr tr tr - tr tr tr
sub il tr tr tr - tr tr tr
Knk top a4 tr - - - 1 - tr
sub al tr - - - 1 - tr

4=>60%; 3=40-60%; 2=20-40%; 1=5-20%; tr=<5%; Kao=Kaolinite; Ill=Illite; Hem=Hematite; Goe=Goethite;
Gib=Gibbsite; Qtz=Quartz; HIV=Hydroxyl Al interlayered vermiculiet; Fel=Feldspar.
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dsunguauniavwianseuta wasvse wiaendisduusiinruauianssudiulng wie
Aounmuatuiu Tnganizlunquayniavuansie (15199 7-8) wsdu q Anuduusfinamusenis
AangmunUvieiy

AT19dl 7 Mineralogy of the silt fraction of soils.

Soil  Horizon Qtz Kao Fel Hem Goe Gib I HV  Ana Talc Mag

Nb top 3 1 tr tr 1 tr - - tr tr tr
sub 3 1 tr tr 1 tr - - tr - tr
Ak top 3 1 tr tr 1 - - - - - -
sub 3 1 tr tr 1 - - - - - -
Kc top 4 tr tr tr - - - - tr - tr
sub al tr tr tr - - - - tr - tr
Klt top a4 tr tr - - - tr tr tr - -
sub al tr tr tr tr - tr tr tr - -
Nat top 3 1 1 - - tr tr - - - tr
sub 3 1 1 - - tr tr - - - tr
Tg top a4 - tr - - - tr - - tr -
sub a4 - tr - - - tr - - - -
Hp top a4 tr tr - - - - - tr - -
sub a4 tr tr - - - - - tr - -
Koi top il tr tr - - - - - tr - -
sub 4 tr tr tr tr - - - tr - -
Knk top 4 - tr - - - - - tr - -
sub 4 - tr - - - - - tr - -

4=>60%; 3=40-60%; 2=20-40%; 1=5-20%; tr=< 5%; Qtz=Quartz; Kao=Kaolinite; Fel=Feldspar;
Hem=Hematite; Goe=Goethite; Gib Gibbsite; Ill=Illite; HIV=Hydroxyl Al interlayered vermiculite;
Ana=Anatase; Mag=Magnetite/maghemite.

fisrganumeiunsinerunninefuanddiiuin wsiumieddinalunguoyniavuiafu
wilen uazusdu  fnulungueynirvuiadunien axlivinadenisgadurleanaa (P sorption)
a1 lnelanizusinelngd unlnd Audled winuwaverglituesnlededngu (amorphous Fe and Al
oxides) (Lin and Cox, 1989; Singh and Gilkes, 1991; Fontes and Weed, 1996; Owusu-Bennoah
et al,, 1997) ndayausingiinull afuirfuifumilen weglungueynavuamaoutlsing s
fiauodn witumiendusngeglunguoynavuansieutll Wunauandvswaveandnoonlys
FerliAnnsdudududefuiiaioslurunanmeutls (Schaefer,  2001) uananiilungueyain
YUIANSIY UITAmuReNIsaaNE lWumend sxuuma e1agnindeulneduvisTnquazuiedugiu
W ushumileozgiluddinafifinanduagadls (Fuller et al, 1996; Penn et al., 2001) Faazyinli
naueyNIATLIANTIBaNITagaduNeanasaanasazatefuld waziinasdenisiniu  (retention)
weavla¥ald (Arai and Livi, 2013)
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A51991 8 Mineralogy of the sand fraction of soils.

Soil Horizon Qtz Fel Hem Goe Gib Ana
Nb top 4 tr - tr tr -
sub il - - tr tr -
Ak top a4 tr tr tr -
sub il tr tr tr - -
Kc top a4 tr - - - -
sub il tr - - - -
Klt top a4 tr - - - -
sub al tr - - - tr
Nat top a4 tr - - tr -
sub al tr - - tr -
Tg top a4 tr - - - -
sub al tr - - - -
Hp top 4 tr - - - -
sub 4 - - - - tr
Koi top 4 - - - - -
sub 4 tr tr - - tr
Knk top 4 - - - - -
sub a4 - - - - -

4=>60%; 3=40-60%; 2=20-40%; 1=5-20%;
Q=Quartz; F=Feldspar; H=Hematite; Go=Goethite; Gi=Gibbsite; A=Anatase.

NaaFUAATITIINENYULVDIAY

HAN1TIATIETANURAG 9 uaranwaLiTIINeIasRunsavail uanslidudaauinu
7 ' ; ' i v o ; 1
voiupdunsaiififivewsn wazllanmnsniuanildeuldas dvleavesanduusslevis (<20 mg ke

-1 { { Yo -1 s a 4

of Pgy, Wag <10 mg kg of Pgc) Humalauiilaniuasulam (<3 cmol kg ) dasueudundd (0C) Tu
a = o a ¢ a a a ° -1 a ) Y]
AuuuUILnanedian wazdansueusunidluiua1w (<10 ¢ kg') uazildrgaduneanasaggn
(Smax) uananeiiu TuegiuTunaesiumiles uareenledveandnuazeygiiu Aullusialedlusly
USunaugs uaziluusinulungueyniafumiles usdunidnsnasenisgaduneanesade dalad
gunlnd inelnd wagAvules snwueNnwmuainuINRuradEinuminsausenisitRunoame

duURvaIRUNaa e

Huneamnldlunismeasssenausmeiuneanaiinululsswmalne 3 viia 3151943
NEYAUY3 wazseeidn uazdifiuneainain North Carolina @n3goi3ni (NCR-PR) 1udiiee1981384

(reference)
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1. North Carolina Phosphate Rock (NCR-PR)

nslasIUUssdend  (XRD-pattern) U89 NCR-PR (001 3a) Wansuen  (peaks) U89
avmlnaduusvan waslvonvewsmendetsie sanvasesniivdlnaldssuniuteya carbonate-
hydroxyapatite

29AUSENBUNENT8Y NCR-PR  21ANaILAS1¥% SEM-EDS WU P,Os Sp8ay 36  way CaO
Souay 61 (Nl 4) FadelndiAuarurves hydroxyapatite (Cay(POLS(OH),) ail P,Os Souay 42
way CaO Sawax 56 Amfiuansatusraininnisunufineamalaenisueiun wasiian unitcell #s9
iU carbonate apatite %39 francolite (Elliott et al, 2002)

2. Ratchaburi Phosphate Rock (Rat-PR), Kanchanaburi Phosphate Rock (Kan-PR) &g
Roi-Et Phosphate Rock (Roi-PR)

NN UUSIEDND dnSuiunaas 19 3 ¥Rl wandlun1nd 3b, ¢ way d AUAIRY
%9  Rat-PRuar Kan-PR Usznaumsasnilnawaziaalediduwsndn wasidnuwuzmilouny
hydroxyapatite (lvanova et al., 2001; Markovic et al., 2004)

NaAT1zailng EDS veasinusezmilndly Rat-PR uas Kan-PR (1wl 5 uay 6) wuin
AILTNTUYeINaanesaLaswaatduuluayniade q lndwdesiunsasnilndlugaunaf (ideal
apatite) aunALAveLAaled uoaudalaulunw BSE/EDS dw$u Kan-PR uazwuiriiunaled
Lwnmmwa&gﬁmw’?ﬁu 9 wenaNeENIng Kan-PR & crandallite  (CaAls(PO,),(OH)s.H,0) 8ty
USunugs uaresdUsenouniaaiives crandallite dlndiAssnndu  crandallite Tugaumfiiuandly
ALY (ternary graph) Tun1nd 6 Rat-PR 1 diadochite (Fe(POLXSOL)OH).5H,0) 1u
osAUsENeUREiY warilusdu 9 Midussduszneueyiindlu Rat-PR wag Kan-PR

lu Roi-PR  09AUsENRUMANABLIAIBAY tedl variscite Waz crandallite 1ulsses fudl
unalwsdnauegiy variscite, crandallite Tu Roi-PR fmnsiduduveunaidousenlasian uaziiana
WUsUTIU (270 7-17%) 11nn31 crandallite T Kan-PR (270 16-19%) crandallite Ty Roi-PR &
wuiSeuoonled (BaO) eg¥ewar 2-6 FsmslATeAdugn (spot analyses) 189 Roi-PR (Al 7)
wanaAukan1alun crandallite Tugaum@ (Blount, 1974; Gilkes and Palmer, 1983) 81alAin
Pnnsunuiiveaidesloseulasuwuiseuloseuiifivuislvngnin  Blanchard, 1972)  &adinalii
crandallite fiafiosiiiniu wavavangldosas (DI, 2001) variscite (AIPO,.2H,0) 11 Roi-PR i P,0s
Spuay 5 uaz ALO, Soua 41 (Ml 7) wazdl unit cell IndiFssiuiiseulag Kniep et al. (1977)
uaz Onac et al. (2008) (3197l 9) namiFsnuussdionduos Ro-PR uanshilunaledegdely
Ysnananioy
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E o A (a) NCR-PR
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A A Q A
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i e i W%
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A (b) Rat-PR

JMMWLM@MMM

C+Mn,Fe-P

A+Mn,Fe-P

A+lnFe-P

E H
} A (¢} Kan-PR (5% Halite-Internal STD)
c
. cD cD Ll A D
E cD A Al c
cD
_\y\ L | A E cp i
E \"5\«,\ L B f‘ A B A A B
o . A Ac H W
= W‘J\J\* M
E Q Q Q Q Q Q
E ¥ Q@ aQ (d) Roi-PR
i v
cD o
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v Vi Q Q
— 10 CD
k co| Vv col| S 5 2= Py e o
E v vy gl v v Q
v v

i p.m‘ v Y] v Wil J Cc U
: Nl \;h

S e e

BENEE
2 Theta (degree)
AW 3 XRD of powdered phosphate rock samples.

(A=apatite; Q=quartz; D=diadochite; B=birnessite; C=calcite; L=lithiophorite;
CD=crandallite; H=halite; V=variscite; Mn, Fe-P=Mn, Fe phosphate mineral)
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(b)
NCR-PR
sio,

.0

- 100
JEOL 20KV x50 39mm

0.0

L0
0.0 0.2 04 0.b 0.8 1.0
Ca0

P05

EDS Analyses for points: © = apatite
grains (e.g.point1); ® = quartz grains
(e.g. point 2); ® = calculated hydroxyl
apatite fromthe chemical formula

Al 4 BSE and element maps for NCR-PR (a) and a ternary graph for major elements based
on point analyses (b).
(b)

Rat-PR
Others

EDS Analyses for points: (b): A = apatite (e.g. point 1; bright and light gray); O = diadochite

with minor apatite (e.g. point 2); <> = birnessite with minor apatite (e.g. point 3); O = quartz

(e.g. point 4); and ® = calculated apatite from chemical formula. (c): O = apatite includedin a

Fe mineral (e.g. point 5), and O = and apatite included in Mn and Fe minerals (e.g. point 6).

AN 5 BSE and element maps for Rat-PR (a) and ternary graphs for major elements (b and

¢) indicating that microcrystalline apatite is often included within various minerals.
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10 ¥ 0.0
0o 0.2 0 0.6 0.8 1.0

P,0; Ca0

EDS Analyses for points: © = apatite (e.g.
point 1); <> = crandallite plus other minerals
(e.g. point2); A = calcite plus other minerals
(e.g. point 3); O = birnessite and lithiophorite
(e.g. point 4); ® = calculated apatite; and

# = calculated crandallite (calculating from
chemical formula).

AW 6 BSE and element maps for Kan-PR (a) and a ternary graph for major elements

obtained by point analyses (b).

(c)

EDS Analyses for points: (c):
A = crandallite plus others (e.g.
point 1); O = variscite (e.g. point
2); A = calculated crandallite;

W = calculated variscite. (d):

O = guartz (e.g. point 3).

0z [ [T [T} 10 oz 04 o6 0B

[
Ca0O+Ba0 Al,0,

an
P;0s

A 7 BSE and element maps for Roi-PR in (a) and (b) and ternary graphs for major

elements corresponding to the point analyses in (c) and (d).
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A1519% 9 The unit-cell dimensions of apatite, crandallite, and variscite in phosphate rock

samples and literature values.

Mineral type Reference a (A) c®

Variscite 1 9.823 8.562

2 9.822 8.561

3 9.898 8.589

q 9.826+0.009 8.573+0.010
Crandallite 5a 7.017 16.252

5b 7.013 16.196

6 7.005 16.192

7 7.003 16.166

8 7.007 16.216

9 7.014+0.005 16.182+0.007

10 7.025+0.005 16.191+0.009
Natural apatite 11 9.322 t0 9. 409 6.876 to 6.901
Francolite-apatite 12 9.341 6.924
Carbonate-apatite 13 9.322 t0 9.376 6.877 to 6.900

14 9.336+0.007 6.889+0.008
Hydroxyapatite 15 9.418 6.881

16 9.437 6.888

17 9.424 6.885

18 9.428+0.002 6.882+0.002

19 9.406+0.008 6.888+0.008

"Onac et al. (2004), 2Kniep et al. (1977), *Salvador and Fayos (1972); “Roi-PR (this study); *“Blanchard
(1972), “Utah-crandallite, bFLorida—crandalU‘te; *Blount (1974); "Radoslovich (1969); *Gilkes and Palmer
(1983); ’kan-PR (this study); "Roi-PR (this study), “McClellan and Lehr (1969); “Elliott et al (2002);
“McClellan and Gremillion (1980, “NCR-PR (this study); PElliott (1994), “Ivanova et al. (2001); “Markovic
et al. (2004); "*Rat-PR (this studly); “Kan-PR (this studly).
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AUUANBANVIRUNDFNA

nadiAsIzesiUsznauvosiiuteamnilldlunisAnuionun asulflumsed 10 Fawudn
NCR-PR finloamla3ageansedamnie Rat-PR uay Roi-PR Inevleamesalu Kan-PR fa1sitga Adile
MnMsiATgiiaundesasiuiiinziidusvesiiuleamnuaiinui NCR-PR Bsl P uas
Ca guiflosannusozmlnd uazdl Si sdadussAusznouesusnIend Rat-PR, Kan-PR Wag Roi-PR 3l
A1 P #nd NCR-PR widlsinsosluuinaiigenin iwu Fe, AL Mn uaz Si uaxilqasis (trace
elements) #i9 Zn, Cu, Ba, Pb, Cd, Cr, Si uaz As g4nd1 NCR-PR $18 59093 ) widiivanss i
Wuesrusenaululaseas1aved crandallite (Blanchard, 1972; Gnandi and Tobschall, 1999) Roi-
PR i1 Ba gegn 10991nnsuMuAl Ca 1ne Ba Tu crandallite

Hurloawavedlng 3 vlia TUua09E19UsENOUTRIEUYU Cd, Cr, Pb Uag As %ﬂ%{uasuiﬁ’u
Usztanvasusvoains (Viisimaa et al,, 1991; Kpomblekou and Tabatabae, 1994; Sabiha et al,,
2009) @m5U Rat-PR wag Kan-PR 1 Zn lutanags danuaenndesiussnuyes Truong and
Zapata (2002) inuindhegnsfiuneainainswys uazimvsys lutszmelve ©f Zn uaz Mn ga way
afﬁ]%Lﬁmmﬂﬁuguﬁﬁmmmmdwﬁ lé’%uﬁw%waaﬂﬂﬁuguU1qmﬁmﬁﬁ sphalerite (Shawe, 1984) Tu
Ushadlndifes

A15197 10 The total element composition of phosphate rock samples.

PR P K Ca Mg Al Fe Si Ti S Na Mn

« gkg' >
NCR 204 15 251 28 2 4 21 12 8.4 7.0 0.02
Rat 104 03 382 04 a4 aq 16 0.4 0.5 09 8
Kan 97 29 199 30 69 12 20 24 0.6 0.5 11
Roi 103 06 18 02 60 17 246 1.1 0.1 0.8 0.2
PR Zn Cu Ba Pb cd Cr Sr As Mo

< mg kg’l >

NCR 280 26 - - 33 114 - 13 14
Rat 2160 267 284 14 11 7 175 6 2
Kan 3515 653 463 40 24 29 1330 25 17
Roi 57 30 4509 18 0.2 28 1989 3 1
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nnsazansvasRunaawnlugsana

nsazaevesleanesa vesiegiurlaamnluansainuinsgIunne 4 2% FA, 2% CA,
NAC, AAC uaz DI) uandlumnsnedi 11 Sanuunnaneiu ﬁuagﬁuﬁﬂwmz@mﬁ' 5ITUBIALATNAIVDY
asafin NCR-PR azaneligeianluasainynegisuenainlu AAC dau Rat-PR Kan-PR Way Roi-PR
fiauanunsalunisazatsaeudnei dnsuluansadn NAC veanedafiazarslu NCR-PR, Rat-PR
wa Kan-PR Tunsafnadedt 1 was 2 dArAeudnensd uonain Roi-PR fivleanedafiazanslunisaiin
afedl 2 [iinTuandesay 0.7 Wudewas 1.3 esnndvswaveunalsditaunsaanauassaly
AsavaevaIasn1bng (Chien and Hammond, 1978; Chien, 1993; Smalberger et al., 2006) ﬁrzﬂﬁ
arundiuiuaalediidosnilndunsnegazaraenanualunisatnasiun uazosmilndazazanely
nsafanSasaly (Sikora, 2002) uazuaaledly Rat-PR way Kan-PR lalldanmuanuisalunisazane
YDIPIDY

Weavesalu Roi-PR avansiludiulve/luarsain AAC (pH 9.35) uaneanedalu NCR-PR,
Rat-PR way Kan-PR avangléifudutos Roi-PR wanssluandiureamady o lewind variscite
fazanelaheninluanmiiifusng (pH 9.0) 1uesAUsznaU (Roncal-Herrero and Oelkers, 2011)
nansafahuansliiutaauI FunawaiiosniindiusadUseney (NCR-PR, Rat-PR way Kan-
PR) wariilifioznlndiluesdusznou (Roi-PR) finginssulunsazansunnsiteiuogiaun

AN5197 11 The percentage of calcium carbonate equivalence (%CCE) and the percentage

solubility of P in phosphate rock samples in standard AOAC extractants.

PR cce’ % of total P
% Fa? cA” NAG: NAG,  AACT D
NCR 62 93 53 26 21 14 0.13
Rat 73 40 19 14 15 0.6 0.09
Kan 50 18 15 0.6 0.6 0.5 0.07
Roi 13 5 0.6 0.7 13 32 0.04
Mean - 39 21 7.1 6.0 8.7 0.08

YCCE=calcium carbonate equivalent with endpoint at pH 5 (Sikora, 2002)
Z/FA=2% formic acid (Chien, 1993)
yCA:Z% citric acid; NACg; and NACE2=1St and 2nOI extraction with neutral ammonium citrate;

AAC=Petermann alkaline ammonium citrate; and Di=deionized water (AOAC, 1975).
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FaUNAANENINITAZANYTTELE1 VIR UNBENR

(Long Term Dissolution Kinetics of Phosphate Rocks)

FAUNAFFNSNTAZA8TLELENMVDIRAUNDZNAREAIATUNINT 8 NkanIAINUFUNUSUDIAN
log vy % swgilazatedu log oA YiuIdadiu  (proportions) veswedanesaviaviue
LAALBENTIVNA wazevalituviavaaianale uegiusssunfvesansain Janeanesa uaziaaigyy

nafnlavesansainudazyiinvzegludiume 2% FA > 2% CA > NAC
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m‘wﬁ 8 The kinetics of dissolution of NCR-, Rat-, Kan-, and Roi-PR in chemical extractants

(A=2% FA, B=2% CA, C=NAC, D=AAQ) plotted as log % of total-P Al and Ca dissolved
versus log time.
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dwsuevaiitufiadnlilu AAC gendilu NAC msazanevleane3anin Roi-PR Tu AAC as
AEEASeTUNNTALaIBIIN Rat-PR Uag Kan-PR s variscite azazanglddluanimiliusiedad
I#ndnauuds Roi-PR - Snginssunsazansvesleanesaiiunndsluanfiuneamady 9 lunis
NAaed LesnANLLANEIes warnslifiesmilndiluesdusznau dmiuauadendstuves
nsazateeanesaly NCR-PR, Rat-PR uae Kan-PR uansfemiundnendsvasusineriifiosnilng
Faoanleda uazueaiBsuinuniinzanslufiuleamiangundsilunsanosinndsan 620 und o
ananuaduAaty CA > NAC > AAC

dvsuanuainaueveinisazatsvesiureaa (Nl 9) fiumnsetulunugiaaives
nsane Wesandnuurnauvesusluiiunoains (Rajan et al., 1994; FAO, 2004) agiiulain il
flovvesansanaifiuiu exgiituarazarsain crandallite uay variscite wimsazaneazdndunalsd
nsiiutuegaihianevesasdmves Yovas Al iwun de Sovas P Hanumienanfiuty
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m‘wﬁ 9 The kinetics of dissolution of NCR-, Rat-, Kan-, and Roi-PR in chemical extractants
(A=2% FA, B=2% CA, C=NAC, D=AAQ) plotted as % of total Al/total P dissolved

versus log time illustrating the noncongruent dissolution of these phosphate rocks.
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N13aEa18ee19t1 9 vodusHoan uazumaludludiegrafiuneaanndiogns Buduldain
nswinsiEeauLSdienduesdinndnsannisasansseezenn unalasimnly Rat-PR wag Kan-PR
avaneluasataidunsn (2% FA waz 2% CA) wazazangldtesninluansatniifunasuazdu
f19 (NAC uae AAC) peak voswaalaslunsvideauudsdiondues RoiPR dourfuifunes variscite
vilnldauisavenladmauii waalefazatenuaniold dusunisazatevesesnnlindludiunedin
auqlu2% FAunndtlu 2% CA wavevnindavanelddesluanmdunansuasduse dmsu
crandallite wag variscite azangldtiosnsluanmitlunsauazeng Wiuldain anuusnsneiitesunn
Y995 1MAELULEIEENT YosduTinanEeaInnIsazany uarvesUSIARLANAeUNITNAADINNS
avany

NansNAaBIlnAdetaasiuNaves Hughes and Gilkes (1986) uay Syers et al. (1986) fil¢
iaueintladevdniifinadenisazansvesiiuneainie Ussiavuesusleaia Hoare (1980), Stumm
and Morgan (1996) Wag Francisco et al (2008) lflauain crandallite uay variscite HUFATeN L6
fuansazane@ings uaziu duilvlivnzauiezldlunisugniiav Rocal-Herero  and  Oelkers
(2011) l¥sreeuianuausalunisagaieves variscite Wiinduiifiiey 9.0 uag  Stumm  and
Morgan (1996) lsiauslianuannsalunisazaneuea variscite azsaanommgil 250C Moy 3<6
nsmaaedlundiinuinnisazanees Roi-PR (variscite) Tu AAC gendiluansadadu

HAAINAITNAFRUANNAINTTA NN TaEa1evasiuneanenaazuladl NCRPR  fAd1
wanganfiganagldlumisnnainuns Rat-PR wag Kan-PR finnssnganustiesndn NCR-PR wag Roi-
PR lalngansiomslivnaniainens uenainil Smuiilufiuweamnlnedsigfiiulsslovidefivie
usannila danzd uazneauns uwilisnienaaziduiivldfensm wazansmy (arsenic) Geo199zluiiv
Tomnlluusunags

AsnagaulnegnIsuNAUNUAUWadNR

fuoails 4 vliafe NCR-PR, Rat-PR, Kan-PR uag Roi-PR saufumloauiaiiazanslaluthie
mono-calcium phosphate (MCP) waalsfidhfufushetsiu wasvaludnuazidussuudnsoudSu
fio Juil 0 fla Yuil 3, 7, 14, 28, 56 uavTuil 112 1ngdu (toluene) i liliTRanssuvesgdunidly
fhegns dmdnAuduusnie 250 niudensynns dmsuUSamesiiureaauiseaniu 2 sedufe
Snsmgauiniu 80 fladnsu uazdningegade 321 fadnfudediu 250 n¥u wiewiunisldiiu
vloauingnsn 100 Alansy waz 400 Alansusiels 1Hos91n NCR-PR fivloamla3adiaralsizgenin Rat-PR
(i Gusunuvesiunoamnlng) 1.7 wih (2% CA) §as¥ild NCR-PR Fasnindnsiildfuloan
g Tnegld NCR-PR Fasnindnsiildiueamnlng lngld NCR-PR 46 fiadndu Tudasidnan waz
184 n3udwiusnsgstuiognsiu 250 n3u dmiusnsrwes MCP Mldlumsuudude §nsen 5.7
fadn3u uavdningeds 11.4 NadnFusefu 250 niu

TuTuusnaesnsuniumasanlanauiuiuneann waz mono-calcium phosphate W&a 1Y
Aufinan 20 n3u i lvdmseimaadl Gudl 0) Medraduiimdelunismaassiinisusluann
AuTuaL aeatitian 112 Yu Snsifiusheds 7 ads e waziinnsnsideuautuiy
wazUsuloglusziuanutiuauy meldanmmeiniauuudu (humid) o 2-3 $u
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nsnaaeInsULALd 3 91 (replications) audRveswiuiiinfe pH 1:5 duih way 1.5 fAuw:
0.01M CaCl, (Conyers and Davey, 1988) EC YasAufivy delta bicarbonate extractable P (APgc)
(Kanabo and Gilkes, 1988; Babare et al., 1997) A15ILASILRNNERR Y Statsoft : STATISTICA 6
version 6.31.100.1190 uazl¥ Duncan’s multiple range test TunsiUSeuiguAIULANANYDS YA
Fe81 (Munpawnisazuila)

NATDINITUNAUAYU NCR-PR (francolite), Rat-PR (hydroxyapatite), Kan-PR (hydroxyapatite
included with crandallite), Roi-PR (variscite included with crandallite) wag MCP (water soluble
P) 91n 0-112 Ju ﬁiau%’m%’ué’f@uﬁuagjﬁ'u&aﬁmmau yiauardnsle Aeanesauasuly APy lu
ynavEasiunTInaes Liosnfiuneamn way MCP Aldiadnsnsi (L) waedngs fintuagis
feLlesnn 0-14 Su udrree 9 anasudsseiuasiionn 14-112 Ju nsmluaninisiUaeuwdadunis
NAaBIVLAY (N MF 10-18) waznisiiuaudulselevivemeanasauandlasaipnuduvesdy
AduTUS (knear regoession  line) (157199 12) Fsmnudugs uansioaloaiinnaniy
UsziasuﬂLﬁm%uqq MSNTUIRY APy AUyl lnerduUsyans (F2) veans i APy fuwan

uaiildarnnisufudauuandsiuldunnuadliiiui A Wutulundiunieyananes
unseedidgeanuszanatuil 14 anuduusslovivesioane¥asn NCR-PR seusituil 0 fs 14
LﬁuﬁumwunmﬁLﬁm%ﬂunﬂﬁw%’umﬁmam Toedian r 909 APy duwusiuanlufide 0.42-0.97
arandudsslovivaaoane¥anin Rat-PR saudtuil 0 Feiuil 14 adeafeuiures NCR-PR lufu
fiumiigsfefunussuau (Nb) 81780 (Ak) AABIYIN (KO) AaBaLits (KU uazu v (Nat) (e r° &
fdfodaus 0.27 f9 1.00) warsnin NCR-PR 1u§u17’iﬁquq Léﬁuaumﬁ"'sm (Tg) mawlUs (Hp) waz
Tannase (Koi) kaglagionzeesbenansunnszns (Knk) (A ¢ fifide 0.02 4 0.99)

A1 APgc ¥4 Kan-PR 4011984 Roi-PR Uazues MCP usifiini1wes NCR-PR way Rat-PR
W99 INANULANA1IYDUIHOENA Roi-PR HA1 APge ANgn tH839nU3 variscite Wag crandallite &
AUANNNTOIUNITALAIBAT WNS1ERTUUB1ANAaIAIN UATenanTionsnanan APy ApYLAUDILS
Woaws Weoaneasain MCP avgnesaegesansilufudilg uenainludupaounnszns (Knk) §9
2 a = a N |a a ~ o
Juiunsie iWewindudunsaliunars  (pH  5.5-5.8)  TuTunafuniled anuglunisgadu
Woawasa anmnIniiuaniUdeuld amsueudunid senludvennan uarvezglitus laevialy APy
agilAnasdmiu NCR-PR wag Rat-PR Wieldludnings unnndndieleludniei

uaqmﬂmiumum 112 9 APy suaqwmu wanaabUann APy TiUNRY 14 Su wavAndy
Tnaaginina AP 71 14 Su A1 APy 71 112 u YBINFAU UagNNITUNTaYANIINAaeINaLY
dusunensalanudulselowiszoreivesiunedns uag monocalcium phosphate  (MCP)
IHHANITNARDINUTALIUI APse 71 112 iumaqaunﬂ%ﬁmﬁﬁuiﬂﬂ%’ NCR-PR W@ Rat-PR gniAn
Psc maaauﬁL‘%'méfuimaLammﬁa‘lﬂuﬁmﬂgq wanNNTIY Rat-PR  UNFAUARDIUNNTEYS Fadumu
V58 A1 APsc 71 112 Ju 99 Kan-PR g9n11v84 Roi-PR  lag MCP RS IR DL 9T INHAT DS
NCR-PR LAzw09 Rat-PR Lwiwagiy maajﬂﬁ%’mauﬁﬁa Usednonnseere1ives NCR-PR gagn
599893170 Rat-PR Wag Kan-PR, Roi-PR wag MCP lsimsnyausensldfufumand ilesan Roi-PR
yhuizeldfuaznaAnmsnimeanadagsain MCP
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AMWd 10 Plots of APgc versus time for Nb-soil incubated with NCR-PR (A), Rat- PR (B), Kan-PR

(O), Roi-PR (D), and MCP (E) for 0 to 14 days and 14 to 112 days.
(T = top-soil; S = sub-soil)
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AMWF 11 Plots of APgc versus time for Ak-soil incubated with NCR-PR (A), Rat-PR (B), Kan-PR

(), Roi-PR (D), and MCP (E) at 0 to 14 days and 14 to 112 days.
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mwﬁ 15 Plots of APgc versus time for Tg-soil incubated with NCR-PR (A), Rat-PR (B), Kan-PR
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Plots of APgc versus time for Knk-soil incubated with NCR-PR (A), Rat-PR (B), Kan-PR

(O), Roi-PR (D), and MCP (E) at 0 to 14 days and 14 to 112 days.
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Abstract

Ratchaburi phosphate rock (Rat-PR), Kanchanaburi-PR (Kan-PR), and Roi-Et-PR (Roi-PR) from Thailand,
and North Carolina-PR (NCR-PR), were evaluated in the laboratory for agronomic use. NCR-PR consisted
mostly of apatite (unit-cell a-value 9.336 A, c-value 6.889 A). Rat-PR contained apatite (a-value 9.428 A and
c-value 6.882 A) and calcite as the main minerals. Kan-PR consisted mostly of apatite (a-value 9.406 A and
c-value 6.888 A), crandallite, and calcite. Roi-RP consisted mostly of quartz and variscite. Dissolution
kinetics of PRs in 2% formic acid (2% FA), 2% citric acid (2% CA), neutral ammonium citrate (NAC),
alkaline ammonium citrate (AAC), and deionized (DI)-water were determined. The dissolution rate of
phosphate from PRs in 2%FA, 2%CA, NAC, and DI-water was NCR-PR > Rat-PR > Kan-PR > Roi-PR.
As Roi-PR is very poorly soluble, it is clearly unsuitable for direct application to soil.

Key words: phosphate rock, apatite, crandallite, variscite.

INTRODUCTION

Phosphate rock (PR) fertilizer can improve soil phos-
phorus (P) status, although the P is generally less avail-
able to plants than water-soluble phosphate fertilizers. It
is most effective on acid soils especially in tropical and
subtropical regions, and its efficiency may approach that
of water-soluble phosphate. Moreover, PR may be used
in organic farming where chemical fertilizers are prohib-
ited and impure PRs that are not suitable for manufac-
turing chemical fertilizer may be used (Nelson and
Mikkelsen 2008; Chien et al. 2009).

The agronomic effectiveness of PR depends on the prop-
erties of both PR and soil, and also on the crop species
(FAO 2004; Chien et al. 2009; Chien et al. 2011). The
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mineral composition and particle size of PR affects its
dissolution (Hughes and Gilkes 1986; Syers et al. 1986).
PRs vary widely in mineralogical, chemical and physical
characteristics. McClellan and Gremillion (1980) proposed
that there are three important groups of PRs: calcium-
phosphorus (Ca-P) minerals (apatite), calcium-iron-
aluminum-phosphorus (Ca-Fe-Al-P) minerals (crandallite
and millisite) and iron-aluminum-phosphorus (Fe-Al-P)
minerals (variscite, wavellite, and strengite). The Ca-P
minerals (apatite) may be highly reactive and suitable for
direct use on acid soils. However, Ca-Fe-Al-P minerals
(crandallite) are not reactive and are a poor source of P
for upland crops, but may be effective for flooded soils
(Gilkes and Palmer 1979; Smalberger et al. 2006;
Francisco et al. 2008). There are many types of phosphate
minerals in PR in Thailand, such as apatite and crandallite
in Ratchaburi- and Kanchanaburi-PR derived from guano
occurring in limestone (Japakasetr 1982; Boonampol and
Cholitkul 1995), and variscite in Roi-Et-PR derived from
cementing matrix within sandstone (Sheldon 1984). They
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are used in local agriculture on a range of crops including
rice (Oryza sativa L.), cassava (Manibot esculenta Crantz.),
maize (Zea mays L.), and soybean (Glycine max L.), and
perennial crops, especially for rubber (Hevea brasiliensis
Muell. Arg.) and oil palm (Elaeis guineensis Jacq.)
(Boonampol and Cholitkul 1995; Chien and Menon
1995).

Little is known of the qualities of Thai PRs, so the
objective of this study was to evaluate them for agro-
nomic use. Three Thai PRs, representative of
Ratchaburi- (Rat-PR) and Kanchanaburi-PR (Kan-PR)
(bat guano), and Roi-Et-PR (Roi-PR) (phosphatic
sandstone), are used in this study. They were evaluated
for their chemical composition, dissolution kinetics
and mineralogical composition. A reference North
Carolina Phosphate Rock (NCR-PR) was included in
the research.

MATERIALS AND METHODS
Phosphate rock (PR) samples

Roi-PR occurs as a cementing matrix within sandstone at
Ban Lao Kham, Roi-Et province (16°5'N, 103°32'E), in
the northeast of Thailand. Rat- and Kan-PR occur as
pockets and cavity fillings in caves in limestone hills
(bat guano). Rat-PR was from Khao Phak Ma,
Ratchaburi province (23°32'N, 99°38’E), and Kan-PR
was from Khao Noi, Kanchanaburi province (14°3'N,
99°15'E), in the west of Thailand. General information
on the PRs is shown in Table 1.

Chemical and mineralogical analysis

All PR samples were ground through 100 mesh (149
pm) and extracted in deionized water (DI), 2% citric
acid (CA), neutral ammonium citrate (NAC) at pH 7.0
(370 g of citric acid in 1.5 L H,O and nearly neutra-
lizes by 345 mL ammonium hydroxide (NH4OH); 28—
29% ammonia (NHj3), adjust to pH 7.0 with
NH4OH), and Petermann alkaline ammonium citrate
(AAC) pH 9.35 (865 g citric acid in 2 L H,O to which
3 L of 5M NH,4OH was added), according to standard

Table 1 The origin and composition of the phosphate rock samples
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Association of Official Agricultural Chemists methods
(AOAC 1975). The PR sample:solution ratio was
1:100 and suspensions were shaken at room tempera-
ture for DI-water and 2%CA, and at 65°C for NAC
and AAC. For NAC extraction, a sequential second
extraction was used to determine available P after
removing the free carbonate interference in the first
extraction (Smalberger et al. 2006; Chien et al.
2011). For 2% formic acid (FA), the PR samples
were extracted at a solid:solution ratio 1:100 and
shaken at room temperature (Chien 1993). To study
the kinetics of long-term dissolution of PR over time,
PR samples were extracted in 2%FA, 2%CA, NAC,
and AAC for 20, 40, 60, 100, 140, 200, 260, 380, 500
and 620 min according to the procedure of Truong
and Fayard (1995). This procedure removes all dis-
solved P and Ca from digests, so that there is no
precipitation on PR surfaces which prevents PR disso-
lution. The calcium carbonate equivalence (CCE) of
PR samples was determined by AOAC method
955.01 modified to an endpoint at pH 5 as suggested
by Sikora (2002). One gram of PR sample was
digested in 50 mL of 0.5 N hydrochloric acid (HCI),
cooled, and back-titrated with 0.25 N sodium hydro-
xide (NaOH) to pH 5.

Total major element composition of PR samples was
determined using a Philips PW1480 X-ray fluorescence
spectrometer (XRF). Minor elements were determined by
inductively coupled plasma-optical emission spectrometry
(ICP-OES) (Perkin Elmer Optima 5300DV) of aqua regia
digests. The mineralogical composition of PR was deter-
mined by powder X-ray diffraction (XRD) (Brindley and
Brown 1980; Srodon 2006) using a Philips PW3719 dif-
fractometer (CuKa, 50 kV, 20 mA). The whole rock sam-
ples were ground into very fine powder (< 10 pm) and
scanned from 3 to 70° 20 at a step size of 0.01° 20. PDF
files (ICDD, 2010) were matched to XRD-patterns of PR
samples to identify minerals. The unit-cell values of miner-
als were calculated using the XPowder program Ver.
2010.01.20PRO (Matin-Ramos 2004; Diaz-Hernindez
et al. 2011). A scanning electron microscope coupled with
electron dispersive X-ray spectrometry (SEM-EDS) was
used to examine polished thin section of PR samples to

Location Resource Name Geology P,Os5 (%) Major minerals
North Carolina' - Marine phosphorite 29-31 Apatite, quartz
Ratchaburi® Khao Phak Ma Pockets and cavity fillings in caves in 20-34 Apatite, calcite, quartz
a limestone hill (bat guano)
Kanchanaburi® Khao Noi Pockets and cavity fillings in caves in 20-30 Crandallite, apatite, calcite
a limestone hill (bat guano)
Roi-Et? Ban Lao Kham Cementing matrix within sandstone 18-27 Variscite, crandallite, quartz

Sources: 'Rooney and Kerr (1967); *Japakasetr (1982); *Sheldon (1984). P,Os, phosphorus pentoxide.
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determine the chemical composition of minerals in PRs.
The JEOL6400 SEM with ISIS6400 EDS system was used
to provide backscattered electron images (BSE) and ele-
ment maps. Spot analyses of each material type were
obtained to assist with the identification of minerals (van
Straaten 2002).

RESULTS AND DISCUSSION

Mineralogical analysis

The XRD-pattern of NCR-PR (Fig. 1a) exhibits many
peaks for apatite which is the main mineral and for the
accessory mineral quartz. The apatite peaks match clo-
sely data for carbonate-hydroxyapatite (PDF 01-073-
7334). The elemental composition of NCR-PR derived
by SEM-EDS is of 36% phosphorus pentoxide (P,Os)
and 61% calcium oxide (CaO) (Fig. 2). Ideal

hydroxyapatite as Ca;o(PO4)g(OH), contains 42%
P,Os and 56% CaO values, which are close to the
observed values but would not be expected to coincide
as the apatite also exhibits carbonate substitution for
phosphate. The unit-cell a-value of apatite in NCR-PR
is 9.336 + 0.007 A and the c-value is 6.889 = 0.008,
which are compatible with the published values of car-
bonate apatite or francolite (McClellan and Gremillion
1980; Elliott et al. 2002) shown in Table 2.
XRD-patterns for Rat-, Kan-, and Roi-PR are shown in
Fig. 1b, ¢, and d, respectively. Rat- and Kan-PR contain
apatite and calcite as the main minerals. Apatites in Rat-
and Kan-PR have a-values of 9.428 + 0.002 A and 9.406 =
0.008 A, and c-values of 6.882 = 0.002 A and 6.888 =
0.008 A. They are likely to be hydroxyapatite, which has a-
and c-values of 9.418 to 9.437 A and 6.881 to 6.888 A
(Elliott 1994; Ivanova et al. 2001; Markovic et al. 2004;
Table 2). The a-value for Kan-PR is slightly less than

PPN TP MNP [Pl OO PR DR [l (P et

C+Mn,Fe-P

A+MnFe-P

(a) NCR-PR

(b) Rat-PR

30 40
2 Theta (degree)

Figure 1 X-ray diffraction of powdered phosphate rock samples (Key to phosphate rock (PR) samples: NCR-PR = North Carolina
PR, Rat-PR = Ratchaburi PR, Kan-PR = Kanchaburi PR, Roi-PR = Roi-Et PR; Key to minerals: A, apatite; Q, quartz; D, diadochite;
B, birnessite; C, calcite; L, lithiophorite; CD, crandallite; H, halite; V, variscite; Mn, Fe-P, manganese, iron-phosphate mineral).
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(b)
NCR-PR
Sio,

.0

[ T
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EDS Analyses for points: © = apatite

grains (e.g.point 1); ® = quartz grains
(e.g. point 2); ® = calculated hydroxyl
apatite from the chemical formula

Figure 2 Backscattered electron images (BSE) and element maps for North Carolina phosphate rock (NCR-PR) (a) and a ternary
graph for major elements based on point analyses (b) (EDS, electron dispersive X-ray spectrometry. Key to chemical symbols: Ca,
calcium; P, phosphorus; Si, silicon; Al, aluminum. Key to chemical formulae: P,Os, phosphorus pentoxide; CaO, calcium oxide;

Si0,, silicon dioxide).

Table 2 The unit-cell dimensions of apatite, crandallite, and
variscite in phosphate rock samples and literature values

Reference a (A) c (A)
Variscite 1 9.823 8.562
2 9.822 8.561
3 9.898 8.589
4 9.826 + 0.009 8.573 = 0.010
Crandallite Sa 7.017 16.252
5b 7.013 16.196
6 7.005 16.192
7 7.003 16.166
8 7.007 16.216
9 7.014 = 0.005 16.182 = 0.007
10 7.025 £ 0.005 16.191 = 0.009
Natural apatite 11 9.322 t0 9. 409  6.876 to 6.901
Francolite- 12 9.341 6.924
apatite
Carbonate- 13 9.322 t0 9.376  6.877 to 6.900
apatite
14 9.336 + 0.007  6.889 = 0.008
Hydroxyapatite 15 9.418 6.881
16 9.437 6.888
17 9.424 6.885
18 9.428 = 0.002 6.882 = 0.002
19 9.406 = 0.008 6.888 + 0.008

1 Onac et al. (2004); 2 Kniep et al. (1977); 3 Salvador and Fayos (1972);
4 Roi-PR (this study); Sa,b Blanchard (1972), a Utah-crandallite, b Florida-
crandallite; 6 Blount (1974); 7 Radoslovich (1969); 8 Gilkes and Palmer
(1983); 9 Kan-PR (this study); 10 Roi-PR (this study); 11 McClellan and
Lehr (1969); 12 Elliott et al. (2002); 13 McClellan and Gremillion (1980);
14 NCR-PR (this study); 15 Elliott (1994); 16 Ivanova et al. (2001);
17 Markovic et al. (2004); 18 Rat-PR (this study); 19 Kan-PR (this study).

published values, possibly due to other isomorphous sub-
stitutions in the apatite structure. Fluorine (F) is a common
element in apatite in sedimentary phosphate rock.
NCR-PR, a marine sediment, contained a percentage of F
about 3.05 to 3.76 (Rooney and Kerr 1967; McClellan and
Lehr 1969), whereas three Thai PRs contained little or no F
due to their different origin (cave guano) (Boonampol and
Cholitkul 1995). Fluorine influences both unit cell dimen-
sions the physical and chemical properties of apatite. The
substitution of fluoride ion (F) for hydroxide ion (OH")
contracts the a-value with no change to the c-value.
Crystallinity and stability are increased by F substitution
(Sivakumar and Manjubala 2001). Apatites with a-values
between 9.370 and 9.420 A belong to a series between
fluor- and hydroxy-apatite (McClellan and Gremillion
1980; van-Straaten 2002) and the a-value of Kan-PR is
comparable with this range.

In BSE-images analyses in Fig. 3 and 4 for Rat-PR
and Kan-PR, the P and Ca concentrations in many
particles are close to the composition of ideal apatite.
The results for Rat- and Kan-PR are shown in ternary
graphs in Fig. 3 and 4. Discrete calcite is also seen in
the BSE-image for Kan-PR. EDS analyses of areas in
Rat-PR indicate that calcite is dispersed through parti-
cles containing other minerals. Calcite commonly
occurs in carbonate-cemented phosphorites and is
abundant in sedimentary phosphate rocks (McClellan
and Gremillion 1980). In addition to apatite, Kan-PR
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(b)
Rat-PR
Others

EDS Analyses for points: (b): A = apatite (e.g. point 1; brightand light gray); © = diadochite
with minor apatite (e.g. point 2); < = birnessite with minor apatite (e.g. point 3); O = quartz
(e.g. point4); and @ = calculated apatite from chemical formula. (c): © = apatite included in a
Fe mineral (e.g. point 5), and O = and apatite included in Mn and Fe minerals (e.g. point 6).

Figure 3 Backscattered electron images (BSE) and element map for Ratchaburi phosphate rock (RAT-PR) (a) and ternary graphs for
major elements (b and c) indicating that microcrystalline apatite is often included within various minerals (EDS, electron dispersive
X-ray spectrometry. Key to chemical symbols: Ca, calcium; P, phosphorus; Fe, iron; Mn, manganese; Si, silicon; Al, aluminum; K,
potassium. Key to chemical formulae: P,Os, phosphorus pentoxide; CaO, calcium oxide).

contains abundant crandallite (CaAl3(PO4)>(OH)
5s*H>0). The chemical composition of this crandallite
is close to ideal crandallite as shown in the ternary
graph (Fig. 4). Crandallite in Kan-PR has an a-value of
7.014 = 0.005 A and a c-value of 16.182 = 0.007
A. These values are comparable with published
a-values of 7.003 to 7.017 A and c-values of 16.166
to 16.252 A (Radoslovich 1969; Blanchard 1972;
Blount 1974; Gilkes and Palmer 1983). Rat-PR also
includes diadochite [Fe;(PO4)(SO4)(OH)-5H,0], an
unnamed phosphate mineral rich in Fe and manganese
(Mn), and birnessite [(Ca,Na)0.5Mn,04-1.5H,0].
Kan-PR contains birnessite and lithiophorite [(ALLi)
MnO3(OH),].

In Roi-PR, the main mineral is quartz with variscite and
crandallite as secondary minerals, and a little calcite mixed
with variscite. Crandallite in Roi-PR, however, contains a
lower and more varied concentration of CaO (from 7 to
17%) than crandallite in Kan-PR (from 16 to 19%).
Crandallite in Roi-PR also includes from 2 to 6% barium
oxide (BaO). Therefore, the spot analyses for crandallite in
Roi-PR shown in the ternary graph (Fig. 5) are shifted from
the ideal crandallite composition. Crandallite in Roi-PR
has an a-value of 7.025 = 0.005 A and a c-value of
16.191 = 0.009 A. This a-value is slightly higher than the
published a-values for crandallite (7.003 to 7.017 A)
shown in Table 2 (Radoslovich 1969; Blanchard 1972;
Blount 1974; Gilkes and Palmer 1983), which may be a
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Kan-PR
Others

1.0
CaO
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EDS Analyses for points: © = apatite (e.g.
point 1); & = crandallite plus other minerals
(e.g. point2); A = calcite plus other minerals
(e.g. point 3); O = birnessite and lithiophorite
(e.g. point4); @ = calculated apatite; and

@ = calculated crandallite (calculating from
chemical formula).

Si

Figure 4 Backscattered electron images (BSE) and element maps for Kanchaburi phosphate rock (KAN-PR) (a) and a ternary graph
for major elements of the point analyses (b) (EDS, electron dispersive X-ray spectrometry. Key to chemical symbols: Ca, calcium; P,
phosphorus; Al, aluminum; Mn, manganese; K, potassium; Fe, iron, Si, silicon. Key to chemical formulae: P,Os, phosphorus

pentoxide; CaO, calcium oxide).

consequence of the substitution of the larger barium (Ba)
ion for the smaller Ca ion as reported by Blanchard (1972)
and Norrish (1968). Ba substituting for Ca will increase the
stability of crandallite, reducing its solubility (Dill 2001).
Variscite (AIPO42H,0) in Roi-PR contains 58% P,Os
and 41% aluminum oxide (Al,O3) (Fig. 5). The unit-cell
a- and c-value of variscite are 9.826 = 0.009 A and 8.573 =
0.010 A which are comparable with a- and c-values pub-
lished by Salvador and Fayos (1972), Kniep et al. (1977),
and Onac et al. (2004) (Table 2). The XRD pattern of Roi-
PR also shows the presence of a little calcite.

Chemical analysis

Elemental analyses are shown in Table 3. NCR-PR con-
tains the highest total-P (204 gkg™') and the other PRs
(Rat-, Kan- and Roi-PR) contain much lower and similar
concentrations of total-P (104, 97, and 103 g kg,
respectively). Rat-PR has the highest total Ca (382 g
kg™") with values descending for NCR-PR (251 g kg™")
> Kan-PR (199 g kg™') > Roi-PR (18 g kg™'). Roi-PR has
the highest total silicon (Si) (246 g kg™'), which is largely
present as quartz (the main mineral in Roi-PR), and the

other PRs (NCR-, Rat-, and Kan-PR) contain similar
smaller amounts of Si (21, 16, and 20 g kg™, respec-
tively). The chemical analyses are consistent with the
mineralogical composition of the PRs with only NCR-
PR having high contents of P and Ca (major elements) as
it consists of apatite with a lesser content of Si as quartz.
Rat-, Kan-, and Roi-PR have smaller amounts of P than
NCR-PR. They have larger amounts of minor elements
(Fe, Al, Mn, and Si) and trace elements [zinc (Zn), cop-
per (Cu), Ba, lead (Pb), cadmium (Cd), chromium (Cr),
strontium (Sr), and arsenic (As)] than does NCR-PR and
several of these elements are commonly accommodated
within the crandallite structure (Blanchard 1972; Gnandi
and Tobschall 1999). Kan-PR (contains crandallite) and
Roi-PR (contains variscite and crandallite) have higher
amounts of Fe (12 and 17 g kg™") and Al (69 and 60 g
kg™'), and Rat- and Kan-PR have moderate amounts of
Mn (8 and 11 g kg™") as birnessite. Roi-PR contains the
highest amount of Ba (4509 mg kg™') which is due to
substitution of Ba for Ca in crandallite.

The three Thai PRs contain considerable amounts of
some minor elements, e.g., Cd, Cr, Pb, and As depending
on the type of phosphate mineral (Viisimaa et al. 1991;
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EDS Analyses for points: (c):

A = crandallite plus others (e.g.
point 1); O = variscite (e.g. point
2); A = calculated crandallite;

W = calculated variscite. (d):

O = quartz (e.g. point 3).

00
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Figure 5 Backscattered electron images and element maps for Roi-Et phosphate rock (Roi-PR) in (a) and (b) and ternary graphs for
major elements of the point analyses in (c) and (d) (EDS, electron dispersive X-ray spectrometry. Key to chemical symbols: P,
phosphorus; Al, aluminum; Ca, calcium; Fe, iron; Si, silicon; Na, sodium. Key to chemical formulae: P,Os, phosphorus pentoxide;
CaO, calcium oxide; BaO, barium oxide; Al,O3, aluminum oxide; SiO»,, silicon dioxide).

Kpomblekou and Tabatabai 1994; Sabiha et al. 2009). this study, As (3-25 mg kg™'), Cd (0.2-33 mg kg™'), Cr
Published ranges of minor elements in PRs of various (7-114 mg kg™"), Pb (14-40 mg kg™'), and Sr (175-1989
origins and mineral types include As 3-24 mg kg™', Cd mg kg™') are in present in similar ranges to the published
0.1-92 mg kg™!, Cr 1-637 mg kg™!, Pb 1-89 mg kg!, ranges. However, Rat- and Kan-PR contain high amounts
and Sr 0-4100 mg kg™ (van Kauwenberg 1997; Kharikov of Zn (2160 and 3515 mg kg™"), which is consistent with
and Smetana 2000; Sattouf 2007; Javied et al. 2009). In the data of Truong and Zapata (2002) who found that PR

Table 3 The total elemental composition of phosphate rock (PR) samples

P K Ca Mg Al Fe Si Ti S Na Mn Zn Cu Ba Pb Cd Cr St As Mo

PR g kg™ mg kg™!

NCR 204 1.5 251 28 2 4 21 12 84 7 0.02 280 26 - - 33 114 - 13 14
Rat 104 03 382 04 4 4 16 04 0.5 09 8 2160 267 284 14 11 7 175 6 2
Kan 97 2.9 199 3 69 12 20 24 06 05 11 3515 653 463 40 24 29 1330 25 17
Roi 103 0.6 18 02 60 17 246 1.1 0.1 0.8 02 57 30 4509 18 0.2 28 1989 3 1

Key to PR samples: NCR-PR, North Carolina PR; Rat-PR, Ratchaburi PR; Kan-PR, Kanchaburi PR; Roi-PR, Roi-Et PR. Key to elements: P, phosphorus; K,
potassium; Ca, calcium; Mg, magnesium; Al, aluminum; Fe, iron; Si, silicon; Ti, titanium; S, sulfur; Na, sodium; Mn, manganese; Zn, zinc; Cu, copper; Ba,
barium; Pb, lead; Cd, cadmium; Cr, chromium; Sr, strontium; As, arsenic; Mo, molybdenum.
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samples from Ratchaburi and Petchaburi in Thailand
were rich in Zn and Mn. The high amount of Zn in
Rat- and Kan-PR may due to the limestone containing
these phosphates being mineralized with some Thai lime-
stones e.g., Ratchaburi and Kanchaburi containing spha-
lerite [(Zn, Fe)S; Shawe 1984].

The solubility of P in PR samples in various stan-
dard AOAC extractants (2%FA, 2%CA, NAC, AAC,
and DI) is shown in Table 4. The solubility of PRs
differs depending on mineralogy and the nature and
strength of the extractants. In some instances, the
strength of the extractants was 2%FA > 2%CA >
AAC > NAC > DI (Mackay et al. 1984; FAO 2004;
Gholizadeh ef al. 2009). NCR-PR has the highest
solubility in all extractants except for AAC, and Rat-
, Kan-, and Roi-PR have relatively low solubilities. For
NAC extractant, the soluble P in NCR-, Rat-, and
Kan-PR in first and second extractions is relatively
constant except for Roi-PR where the P dissolved in
a second extraction increased from 0.7% to 1.3%.
This represents the influence of calcite that suppresses
the solubility of apatite (Chien and Hammond 1978;
Chien 1993; Smalberger et al. 2006). Sikora (2002)
proposed that gangue calcite was completely dissolved
in the first extraction and the apatite would dissolve in
subsequent extractions. The calcite in Rat- and Kan-
PR, however, did not suppress the solubility of these
phosphate rocks.

Roi-PR has most P soluble in AAC extractant (pH
9.35) with little P being soluble for NCR-PR, Rat-PR,
and Kan-PR. Roi-PR differs from other PRs, because it
includes variscite which is more soluble under basic
conditions (pH 9.0) (Roncal-Herrero and Oelkers
2011). The extraction results clearly show that apa-
tite-containing PRs (NCR-, Rat-, and Kan-PR) and the
non-apatite PR (Roi-PR) have quite different dissolu-
tion behaviors.

The long-term dissolution kinetics of PRs are shown
in Fig. 6. The data are expressed on a log of % of

Thai phosphate rocks for agronomic use 529

total element dissolved versus log time basis. The pro-
portions of total-P, total-Ca, and total-Al extracted
depend on the nature of the extractants, which for P
and Ca is 2%FA > 2%CA > NAC. For Al the dissolu-
tion in AAC is higher than in NAC. The dissolution of
P, from Roi-PR, in AAC was similar to that from Rat-
and Kan-PR, because variscite is relatively soluble in
alkaline solution (Rocal-Herrero and Oelkers 2011).
Roi-PR shows a quite different dissolution behavior
to the other three PRs due to the different and apa-
tite-free mineralogy of this type of PR. NCR-PR, Rat-
PR, and Kan-PR showed similar dissolution behaviors
for P and Ca reflecting their similar apatitic mineralo-
gies. Much of the total P and Ca in these PRs had
dissolved in formic acid after 620 min with progres-
sively less dissolution in CA > NAC > AAC.

The congruency of PR dissolution (plotted as % of
total-Al/% total-P dissolved versus log time) shown in
Fig. 7 varies with extraction time due to the mixed
mineralogies of the PRs (Rajan et al. 1996; FAO 2004).
Therefore, plots for NCR-, Rat-, and Kan-PR (apatite)
clearly differ from Roi-PR (non-apatite). Clearly as
extractant pH increases, relatively more Al is dissolved
from crandallite and variscite, but dissolution is slow
resulting in a steady increase with time in % total-Al/%
total-P.

The gradual dissolution of phosphate minerals and
calcite in all PR samples is confirmed by XRD-patterns
of residues after long-term dissolution (Fig. 8). All
calcite in Rat- and Kan-PR had dissolved in acidic
extractants (2%FA and 2%CA) and much less had
dissolved in neutral and basic extractants (NAC and
AAC). Calcite reflections in the Roi-PR XRD pattern
overlap with variscite reflections so that it is uncertain
that all calcite had dissolved. Dissolution of apatite in
NCR-, Rat-, and Kan-PR was greater in 2%FA than in
2%CA and apatite was much less soluble under neu-
tral and basic conditions. Crandallite and variscite
were poorly soluble under both acidic and basic

Table 4 The percentage calcium carbonate equivalence (%CCE) and the percentage solubility of phosphorus (P) in phosphate rock
(PR) samples in standard Association of Official Agricultural Chemists (AOAC) extractants

% of total P

PR CCE'% FA? CA3 NACg,? NACg,? AAC? DI®
NCR 62 93 53 26 21 1.4 0.13
Rat 73 40 19 1.4 1.5 0.6 0.09
Kan 50 18 15 0.6 0.6 0.5 0.07
Roi 13 5 0.6 0.7 1.3 32 0.04
Mean - 39 21 7.1 6.0 8.7 0.08

'CCE = calcium carbonate equivalent with endpoint at pH 5 (Sikora 2002); *FA = 2% formic acid (Chien 1993); *CA = 2% citric acid, NACg; and NACg, = 1°
and 2" extraction with neutral ammonium citrate, AAC = Petermann alkaline ammonium citrate, and DI = deionized water (AOAC 1975). Key to PR samples:
NCR-PR, North Carolina PR; Rat-PR, Ratchaburi PR; Kan-PR, Kanchaburi PR; Roi-PR, Roi-Et PR.
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Figure 6 The kinetics of dissolution of North Carolina (NCR), Ratchaburi (Rat), Kanchaburi (Kan) and Roi-Et (Roi) phosphate rock
in chemical extractants plotted as log % of total-phosphorus (P), aluminum (Al) and calcium (Ca) dissolved versus log time. (A) 2%
formic acid, (B) 2% citric acid, (C) neutral ammonium citrate, (D) alkaline ammonium citrate.

conditions as indicated by XRD patterns of residues
being little different from those of the original materi-
als. These results are consistent with observations of
Hughes and Gilkes (1986) and Syers et al. (1986) who
proposed that the main factor affecting solubility of
PRs is the type of phosphate mineral. Hoare (1980),
Stumm and Morgan (1996), and Francisco et al.
(2008) proposed that crandallite and variscite have
low reactivity in citrate reagents and soils and that
they are unsuitable for agronomic use. Rocal-Herrero
and Oelkers (2011) reported that the solubility of
variscite increased at pH 9.0 and Stumm and
Morgan (1996) proposed that the lowest solubility of

variscite at 25°C occurred for 3 < pH < 6. The present
study found that dissolution of Roi-PR (variscite) in
AAC was higher than in the other extractants.

CONCLUSION

NCR-PR contains apatite which has 36% P,0s and
61% CaO, which is close to values of ideal hydroxya-
patite. It has an a-value of 9.336 A and a c-value of
6.889 A which correspond to francolite. Rat- and Kan-
PR include apatite and calcite as the main minerals.
Apatites in Rat- and Kan-PR have a-values of 9.428 A
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Figure 7 The kinetics of dissolution of North Carolina (NCR), Ratchaburi (Rat), Kanchaburi (Kan) and Roi-Et (Roi) phosphate rock
in chemical extractants plotted as % of total aluminum (Al)/total phosphorus (P) dissolved versus log time illustrating the
noncongruent dissolution of these phosphate rocks. (A) 2% formic acid, (B) 2% citric acid, (C) neutral ammonium citrate, (D)

alkaline ammonium citrate.

and 9.406 A, and c-values of 6.882 A and 6.888 A,
respectively. Their P and Ca concentrations are close
to ideal hydroxyapatite. In addition to apatite, Kan-PR
contains abundant crandallite which has a chemical
composition close to ideal crandallite, and an a-value
of 7.014 A and a c-value of 16.182 A, corresponding
to ideal crandallite. Roi-PR includes quartz as the
main mineral, with variscite and crandallite as second-
ary minerals, and a little calcite mixed with the var-
iscite. Crandallite in Roi-PR has a lower and more
varied content of CaO (from 7 to 17%) than does
crandallite from Kan-PR (from 16 to 19%), and
includes BaO at concentrations ranging from 2 to
6%. Roi-PR crandallite has an a-value of 7.025 A
and a c-value of 16.191 A; the a-value is slightly
higher than published a-values of crandallite. This
increase of the a-value may occur from the substitution
of the larger Ba for the smaller Ca. Variscite in Roi-PR
has average concentrations of P,Os and Al,O3 of 58%
and 41% which correspond to ideal variscite. It has a-

and c-values of 9.826 A and 8.573 A, respectively. It
also contains a little calcite mixed with variscite.

NCR-PR has the highest solubility in all of the extrac-
tants (2%FA, 2%CA, and NAC) apart from AAC. Rat-,
Kan-, and Roi-PR are less soluble. Roi-PR is most solu-
ble in AAC extractant (pH 9.35) with little P being
soluble in AAC for NCR-PR, Rat-PR, and Kan-PR.
The kinetics of long-term dissolution curves show that
the P in NCR-PR with francolite as the main mineral is
more soluble than for Rat-PR, Kan-PR, and Roi-PR,
which contains P in hydroxyapatite, and variously cran-
dallite and variscite. NCR-PR has a much higher reactiv-
ity than Rat-, Kan-, and Roi-PR and is therefore more
suitable for agronomic use. Rat- and Kan-PR are less
suitable and Roi-PR is unsuitable for agronomic use.
Some consideration should be given to the elevated con-
centration of minor elements in the Thai PRs. Some
elements will provide essential micronutrients to plants
(Mn, Zn, Cu) but others are potentially toxic (Pb, Cd,
As) if the PRs are applied at very high rates.
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Figure 8 X-ray diffraction patterns of residues of phosphate rock (PR) samples after long term dissolution in Association of Official

Agricultural Chemists (AOAC) extractants (2% formic acid (FA

), 2% citric acid (CA), neutral ammonium citrate (NAC), and

alkaline ammonium citrate (AAC)); (a) North Carolina PR (NCR-PR), (b) Ratchaburi PR (Rat-PR), (c) Kanchaburi PR (Kan-PR), (d)
Roi-Et PR (Roi-PR) (The first pattern is for the PR before dissolution and followed by residues after dissolution in 2%FA, 2% CA,
NAC, and AAC, respectively. Key to minerals: A, apatite; Q, quartz; D, diadochite; B, birnessite; C, calcite; L, lithiophorite; CD,

crandallite; H, halite; V, variscite).
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TECHNICAL ARTICLE

Influence of Soil Properties on Amounts of
Bicarbonate-Extractable P in Soils Incubated With Three Thai
Phosphate Rocks of Contrasting Mineralogies

Chanida Charanworapan, 123 gnchalee Suddhiprakarn, L3 b Kheoruenromne,’ Wanpen Wirlyakitnateekul,z
and Robert J. Gilkes”

Abstract: Top- and sub-soil (0-15; 15-100 cm) samples were collected
from nine acid soil series of Ultisols and Oxisols from high rainfall areas,
Southeast Coastal region of Thailand. Most of them had low soil pH in wa-
ter (pH < 5.0), and had high exchangeable acidity. Their available phospho-
rus (<20 mg Pgryn kg "), CEC (<17 cmol kg') and exchangeable Ca
(3.0 cmol kg™) were low. Their phosphorus sorption maximum (Siay)
varied greatly depending on the type of soil parent material. The soils
were incubated from 0 to 112 days with three Thai phosphate rocks
(PR), which differed in the type of phosphate mineral present. Finely
ground Ratchaburi-PR (Rat-PR) (hydroxyapatite), Kanchanaburi-PR
(Kan-PR) (hydroxyapatite and crandallite), and Roi-Et-PR (Roi-PR)
(variscite and crandallite) were mixed through the soils. A reference
North Carolina-PR (NCR-PR) (francolite) and monocalcium phosphate
(MCP) were included in the incubation. Dissolution of phosphate in the
PR in 2% formic acid, 2% citric acid, and neutral ammonium citrate was
NCR-PR > Rat-PR > Kan-PR > Roi-PR. Increases in bicarbonate-
extractable P (APpc) in soil incubated with PR and MCP were highest at
14 days. Stepwise regression indicated that there was no single soil prop-
erty that adequately predicted the increases in extractable P (APgc) because
of addition of PR and MCP. Soil properties that were most closely and pos-
itively related to APgc were the ability of soils to provide hydrogen ions for
PR dissolution and the initial amount of available P in the soils.

Key Words: Soil incubation, phosphate rock, bicarbonate-extractable P,
P sorption maximum

(Soil Sci 2014;179: 340-347)

F orty percent of the tropical area and 44% of Thailand are occu-
pied by acid soils. For Ultisols and Oxisols, phosphorus defi-
ciency is the main constraint to plant growth. Phosphate rock (PR)
is a mineral fertilizer that has been used extensively for perennial
crops in Asia, especially for rubber and oil palm in Malaysia and
Thailand (Chien and Menon, 1995). Phosphate rock may supply
adequate P for long-term crops (Rajan et al., 1994) and may be
more efficient than soluble fertilizers like monocalcium phosphate
(MCP) in terms of plant recovery of phosphate (Yeates and Clarke,
1993). Thus, PR may be suitable for highly weathered soils in the
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humid tropics where conditions favor its dissolution (Sale and
Mokwunye, 1993).

The agronomic effectiveness of PR depends on the proper-
ties of both PR and soil and also on the crop species (FAO,
2004; Chien et al., 2009). Both mineral composition and particle
size of PR affect the extent and rate of dissolution (Szilas et al.,
2008). Chien and Black (1976) proposed that the apatite in PR
varies greatly in solubility. Hughes and Gilkes (1986) and
Syers et al. (1986) proposed that the main factor affecting the
solubility of PR is the type of phosphate mineral, with francolite
(Ca carbonate—substituted apatite) in North Carolina PR (NCR-PR)
providing a high-reactivity PR. McClellan and Gremillion (1980)
categorized the phosphorus minerals found in PR into three groups:
apatite (Ca-P minerals); crandallite and millisite (Ca-Fe-Al-P min-
erals); and variscite, wavellite, and strengite (Fe-Al-P minerals).
These minerals differ greatly in their solubility in soils and reagents.
Hoare (1980), Stumm and Morgan (1996), and Francisco et al.
(2008) proposed that crandallite and variscite have a low reactivity
in soils and consequently they are unsuitable for agronomic use.

The soil properties that generally are conducive to PR disso-
lution include the ability of soil to provide sufficient hydrogen
ions (measured as soil pH, soil pH-buffering capacity, and titrat-
able acidity) (Hughes and Gilkes, 1986; Babare et al., 1997), the
capacity of the soil to adsorb phosphate (Chien et al., 1980;
Babare et al., 1997), and soil moisture content (Bolland, 1994).
For determining the extent of PR dissolution in soil, Kanabo and
Gilkes (1988) and Hinsinger and Gilkes (1997) suggested that
measurement of increases in exchangeable Ca (delta Ca) of soil
incubated with PR is a direct method, whereas measurement of
the bicarbonate-extractable P (Pgc) of soil incubated with PR is
only an approximate indicator of PR dissolution because of reten-
tion of some phosphate by the soil. Unfortunately, the delta Ca
method cannot be used where PR contain several phosphate min-
erals or minerals that do not contain calcium.

There is no adequate information about the efficiency of Thai
PR as fertilizers in Thai acid soils. Therefore, the objective of this
study was to evaluate the suitability of several acid soils for direct
use of three Thai PR that differ in the type and solubility of their
phosphate minerals. The three Thai PR are bat guano from caves
at Ratchaburi (Rat-PR) and Kanchanaburi (Kan-PR) and phos-
phatic sandstone from Roi-Et (Roi-PR). The reference NCR-PR
and MCP were included in the research.

MATERIALS AND METHODS

Soils and Soil Properties

Eighteen acid soil samples from Ultisols and Oxisols
consisting of topsoil (0—15 cm) and subsoil (15-100 cm) were col-
lected from high-rainfall areas (>1,500 mm) in the Southeast
Coast Region of Thailand. They included one soil formed on ba-
salt (Nb), three soils formed on shale/limestone (Ak, Kc, and KIt),
one soil formed on sandstone (Nat), and four soils formed on
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TABLE 2. The Mineral Components, Total P, and Percentage Solubility of P in Extractants for PR Samples

Solubility Expressed as % Total P

PR Mineral Components 5 % Total P¥ FAZ CcA¥ NACY, NACY, AACY
NCRY Francolite, quartz 20.4 93 52 26 21 14
Rat? Hydroxyapatite, calcite, quartz 10.4 40 29 14 1.5 0.6
Kan® Hydroxyapatite, crandallite, calcite 9.7 18 15 0.6 0.6 0.5
Roi¥ Quartz, variscite, crandallite 10.3 5 0.6 0.7 13 32

UNCR = North Carolina-PR; ZRat = Ratchaburi-PR; ¥Kan = Kanchanaburi-PR; #Roi = Roi-Et-PR; 2 The mineralogical analysis of PR by XRD; YTotal
P determined by XRF spectrometry; 7FA = 2% formic acid (Chien, 1993); 8'CA = 2% citric acid; NACg; and NACg, = first and second extraction with
neutral ammonium citrate; AAC = Petermann alkaline ammonium citrate (AOAC, 1975).

granite (Tg, Hp, Koi, and Knk); details are shown in Table 1. The
soils were low in available P and had low pH values. Most of them
were planted to para-rubber, and PR is used as a phosphorus fertil-
izer. Soils were air-dried and crushed to pass through a 2-mm sieve
before measuring soil properties.

The soil properties measured were particle size distribution
by the pipette method (Gee and Bauder, 1986), soil water-
holding capacity measured at 33 kPa pressure (Klute, 1986), and
soil pH in 1:1 soil/DI water and 1:1 soil/l M KCl (Natural Re-
sources Conservation Service, 1996). The available P was ex-
tracted with Bray II solution (Pgp) and bicarbonate solution
(Psc) (Bray and Kurtz, 1945; Olsen et al., 1954); cation exchange
capacity (CEC) was measured by 1 M NH4OAC extraction at pH
7.0 (Chapman, 1965), with atomic absorption spectrophotometry
being used for determining exchangeable bases (Ca®*, Mg®", and
Na') and flame emission for K. Exchangeable Al (Ex.Al) was
measured by 1 M KCl extraction (Bertsch and Bloom, 1996); effec-
tive CEC was calculated from the sum of basic ions (Ca2+, Mg2+,
Na*, and K*) and acidic ions (AI** and H") (Rayment and Higginson,
1992a; Nobel et al., 2000). Exchangeable acidity (EA) was measured
by extraction with barium chloride—triethanolamine buffer solution at
pH 8.2 (Thomas, 1982); organic carbon (OC) by the Walkley-Black
titration method (Walkley and Black, 1934); crystalline Fe, Al, and
Mn by extraction in dithionite-citrate-bicarbonate solution (Feg, Alg,
and Mngy) (Mehra and Jackson, 1960); and amorphous forms of Fe,
Al, and Mn by extraction with 0.2 M ammonium oxalate solution
at pH 3.0 (Fe,, Al,, and Mn,) (McKeague and Day, 1966).

To determine phosphate retention characteristics of the soils,
a 1-g soil subsample was equilibrated in 20 mL of 0.01 M CaCl,
containing various P concentrations and a few drops of toluene
(Graetz and Nair, 2000). The suspension was shaken for 24 h at
25°C + 1°C. After shaking, the suspensions were left to settle
for about 30 min, and then the supernatants were passed through
a filter paper (Whatman No. 5). The filtrant was analyzed for dis-
solved P (the equilibrium solution P concentration (C)) from
which the adsorbed P (S) was calculated. The linear Langmuir
sorption isotherm of C/S against S was plotted, and phosphorus
sorption maximum (Sy,x) (mg P kg soil) and binding energy
of P to soil (b, L mg P) were calculated (Nair et al., 1998). The
S was then plotted against log C and fitted to the relationship
“S =a+ mlog;y C”; the slope (m) from this equation provided
avalue of current phosphate-buffering capacity (PBCc), which in-
dicates the ability of soil to sorb freshly added P at the current soil
P status (Babare et al., 1997; Sale et al., 1997).

Phosphate Fertilizer Properties

Three Thai PR (Table 2), Rat-, Kan-, and Roi-PR, were used
in this study, together with a reference NCR-PR. Rat-PR and Kan-
PR were from Khao Phak Ma, Ratchaburi province (23°32'N, 99°
38’E), and Khao Noi, Kanchanaburi province (14°3'N, 99°15’'E)
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in the west of Thailand. Roi-PR was from Ban Lao Kham, Roi-
Et province (16°5'N, 103°32'E) in the northeast of Thailand. All
PR samples were ground to 100 mesh (<149 pm) to achieve desir-
able dissolution rates, and such a size would involve relatively
small grinding costs (FAO, 2004). All PR were extracted by 2%
citric acid (2% CA), neutral ammonium citrate (NAC), and
Petermann alkaline ammonium citrate (AAC) according to stan-
dard AOAC methods (AOAC, 1975). The PR sample-to-solution
ratio was 1:100, and suspensions were shaken at room temperature
for 2% CA and at 65°C for NAC and AAC. For 2% formic acid
(2% FA) extraction, the PR sample-to-solution ratio was 1:100,
and the suspension was shaken at room temperature (Chien,
1993). Mineralogical analysis of PR was by powder X-ray diffrac-
tion (XRD) (Brindley and Brown, 1980) using a Philips PW3719
instrument (CuKa, 50 kV, 20 mA). For XRD, the whole rock sam-
ples were ground into very fine powder (<10 um) and scanned
from 3 to 70 degrees 26 at a step size of 0.01 degrees 2 6. To inter-
pret the XRD patterns of minerals in PR, PDF Files (ICDD, 2010)
were used as a reference base.

Soil Incubation

The NCR-PR, Rat-PR, Kan-PR, Roi-PR, and the water-
soluble phosphate (MCP) were thoroughly mixed with 250 g of
each soil and incubated in a closed system for 0, 3, 7, 14, 28,
56, and 112 days. A few drops of toluene were added for
inhibiting microorganism activity. The rates of Thai PR (Rat-PR,
Kan-PR, and Roi-PR) are 80 (low rate, L) and 321 (high rate,
H) mg (250 g)'1 soil. The P,q4eq for each Thai PR in 250 g soil
was 8.3 and 33.4 mg P for LRat and HRat, 7.8 and 31.2 mg P
for LKan and HKan, and 8.2 and 33.0 mg P for LRoi and HRoi.
As NCR-PR had 1.7 times more extractable P (in 2% CA) than
Rat-PR, NCR-PR in 250-g soil rates were 46 (LNCR) and 184
(HNCR) mg. The P,g4eq corresponded to 9.4 and 37.5 mg P in
250 g of soil. Monocalcium phosphate was applied at rates of
5.7 (LMCP) and 11.4 mg MCP (250 g)"' soil (HMCP), which is
1.4 and 2.8 mg P (250 g)"' soil (recommended rates for soluble
P fertilizer for para-rubber of the Department of Agriculture
(DOA, 2005). At Day 0 (directly after thoroughly mixing soil with
PR and MCP), 20 g of air-dried soil/fertilizer mixture was re-
moved for chemical analysis. Soils were then incubated at field
soil water-holding capacity for 112 days, and soil/fertilizer mix-
tures were sampled after 3, 7, 14, 28, 56, and 112 days.

Each soil/fertilizer combination was incubated in triplicate,
and the means of the replicate data have been used to interpret
the effects of additions of PR and MCP on soil chemical proper-
ties. The soil properties analyzed were pH of 1:5 soil:DI water
(pHuz0) and of 1:5 s0il:0.01 M CaCl, (pHcacz) (Conyers and
Davey, 1988), the EC of the DI water extract, and bicarbonate-
extractable P (Olsen et al., 1954; Rayment and Higginson,
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1992b). The increase in bicarbonate-soluble P (APg() is a suitable clay, silt, Fe,, and Al, concentrations and the percentage of PR
indicator for determining the effect on available P of dissolution dissolved. This study found that the soils with high values of Sy«
of PR during the incubation (Kanabo and Gilkes, 1988; Babare also had high values of Fey, Aly, Fe,, and Al,, except for the Nat-
et al., 1997). Data were statistically analyzed using Statsoft: soil, which had high values of Sy, but had low values of Feq and
STATISTICAG version 6.31.100.1190. medium values of Aly, Fe,, and Al,,

RESULTS AND DISCUSSION PR Properties

. . Mineralogical analyses shown in Table 2 indicate that the PR
Soil Properties contain diverse phosphate minerals. North Carolina-PR contains

All soil samples were acidic, with low values of pHy»o francolite, an apatite group mineral, with 20.4% total P (Table
(3.5 = pHyyo = 5.8) (Table 1). They contained low amounts 2); Rat-PR and Kan-PR contain hydroxyapatite and have 10.4%
of available P (<20 mg kg™ of Pgy) and low exchangeable Ca and 9.7% total P, respectively. Kan-PR also contains crandallite.
(£3 cmol kg ). These soil properties indicate that the soils should Roi-PR contains variscite and crandallite, with 10.3% total P. All
promote PR dissolution because they can provide substantial H" PR contain quartz and/or calcite. The solubility of P in PR samples
for PR dissolution, and the soils have a high capacity to dissolve in various standard AOAC extractants (2% FA, 2% CA, NAC, and
PR because of the low concentrations of Ca and P in the soil solu- AAC) (Table 2) shows that the solubility of PR differed depending
tion. These soil properties were identified as important chemical on the mineralogy and the nature of the extractants. Several re-
properties for promoting PR dissolution in studies by Khawawneh searchers have proposed the following solubility sequence for
and Doll (1978), Mackay and Syers (1986), Di et al. (1994), and PR in extractants viz 2% FA > 2% CA > AAC > NAC (Mackay
Bolland et al. (2001). Furthermore, Bolland et al. (2001) observed et al., 1984; FAO, 2004), but this does not apply to all phosphate
that the P sorption capacity of soil is significantly correlated with minerals. North Carolina-PR had the highest solubility in all
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FIG. 1. Changes in bicarbonate-extractable P (APgc) for Nb soil incubated for O to 14 days and 14 to 112 days. Plots are for soil incubated with
NCR-PR, Rat-PR, Kan-PR, Roi-PR, and MCP for low and high rates of application.
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TABLE 3. Increased Pgc as a Percentage of Applied P (% ' Pgc/Padded) for 14 Days of Incubation of Soils With NCR-PR, Rat-PR, Kan-PR,

Roi-PR, and MCP at Two Rates of Application (L, H)

% APBC/ Padded

Soil Horizon LNCR HNCR LRat HRat LKan HKan LRoi HRoi LMCP HMCP
Nb Topsoil 22 17 13 10 7 4 8 2 42 34
Subsoil 22 11 8 6 7 5 6 1 27 10
Ak Topsoil 11 7 5 3 4 2 2 1 3 3
Subsoil 8 6 6 3 4 2 1 1 0 0
Kc Topsoil 25 21 11 7 3 3 4 1 15 17
Subsoil 23 22 15 9 5 4 3 1 0 0
Kit Topsoil 22 15 8 3 6 2 3 1 32 0
Subsoil 16 11 7 2 4 2 3 0 0 0
Nat Topsoil 28 21 14 9 5 3 5 1 25 25
Subsoil 17 17 9 11 4 4 3 1 19 13
Tg Topsoil 22 9 5 1 3 1 3 1 29 0
Subsoil 27 20 11 1 2 1 0 1 7 0
Hp Topsoil 49 31 17 4 7 3 5 3 17 0
Subsoil 35 44 16 6 6 4 2 1 3 0
Koi Topsoil 30 22 15 4 6 2 1 1 16 0
Subsoil 16 22 11 11 4 4 3 1 3 7
Knk Topsoil 23 7 3 1 4 1 2 1 43 11
Subsoil 23 6 3 1 4 1 3 0 54 29

% of APp/P,qdeq calculated from the APg increase between P (14d) and P (0d) and divided by P,44eq as PR and MCP treatments for low (L) and

high (H) rates.

extractants, except for AAC, and Rat-PR, Kan-PR, and Roi-PR
had relatively low solubilities, with the exception of Roi-PR show-
ing extensive dissolution in AAC. Sikora (2002) proposed that
gangue calcite was completely dissolved in the first extraction in
NAC, and apatite would dissolve more extensively in a subsequent
extraction. The calcite in Rat-PR and Kan-PR did not suppress the
solubility of these PR in the first extraction in NAC. Roi-PR had
most P soluble in AAC extractant (pH 9.35), with little P being sol-
uble for NCR-PR, Rat-PR, and Kan-PR. Roi-PR differs from the
other PR in that it contains variscite, which is most soluble under
basic conditions (pH 9.0) (Roncal-Herrero and Oelkers, 2011).
The extraction results clearly show that apatite-containing PR
(NCR-PR, Rat-PR, and Kan-PR) and the nonapatite PR (Roi-PR)
have quite different dissolution behaviors in these extractants.

Properties of Soils Incubated With PR and MCP

Delta-Pgc (APpc) versus time plots show that soils incubated
with PR and MCP at both high and low rates of application of fer-
tilizers for both topsoil (T) and subsoil (S) show similar trends
from 0 to 112 days (Fig. 1). Incubation data with fitted straight
lines for Nb-soil are representative (Fig. 1). The value of APgc
(Pgc at Day 14 — Py at Day 0) for all treatments continuously in-
creases from 0 to about 14 days and then gradually decreases from
14 to 112 days. Maximum values of APy for all soil-PR mixtures
generally occur at about 14 days, so the influence of soil properties
on APgc has been examined for 14 days' data.

For most PR treatments, linear plots of APgc versus time up
to 14 days have high 7* values ranging from 0.41 to 1.00. Excep-
tions are HRat-PR for Knk-subsoil (+* = 0.02) and LRoi-PR for
Tg-subsoil (+* = 0.002). For NCR-PR treatments, the slopes for
all soils are mostly higher for the high rate of application (ranging
from 0.24 to 1.7) than for the low rate of application (slopes rang-
ing from 0.07 to 0.55). The slopes for Ak-soil are markedly lower
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than for the other soils. This soil has the highest contents of clay,
Feq and Fe,, and high values of S, Alg, and Al,, which indicates
a very high capacity for P fixation (Brady and Weil, 2007). The
slope values for the high rate of Rat-PR application for soils devel-
oped on basalt, shale/limestone, and sandstone (ranging from 0.20
to 0.92) are higher than for the low rate (ranging from 0.06 to
0.31). For more sandy soils developed on granite, the slope values
for high and low rates are quite similar. However, the slope values
for soils with higher pHyppo (pHm20 2 5.0; viz topsoil of Tg, Knk-
soil, and Klt-soil) are low. For Kan-PR (hydroxyapatite with
crandallite), the slope values for the high application rate for all
soils (ranging from 0.05 to 0.42) are mostly higher than for the
low rate (ranging from 0.05 to 0.16). Soils with higher values of
PHmo0, Feq and Fe,, have lower slope values for the Rat-PR treat-
ments. For the Roi-PR treatments (variscite with crandallite), the
slope values for high (ranging from 0.001 to 0.24) and low rates
(ranging from —0.004 to 0.17) are similar and lower than for the
other PR treatments. For MCP treatments, the slope values for high
(ranging from —0.08 to 0.25) and low rates (ranging from —0.06 to
0.21) for each soil are similar. In some instances, a curve gives a
better description of the data than a linear relationship, but the linear
relationship has been retained for consistency and comparability.
The slope values for PR treatments clearly show that NCR-
PR has the highest effectiveness for all soils, although it was ap-
plied at lower rates than for the other PR (46 and 184 mg PR
(250 g)! soil for LNCR and HNCR). Almost equal amounts of
P were added for the other PR (9.4 and 37.5 mg P,g4eq (250 g)'1
soil for LNCR and HNCR). Fertilizer effectiveness based on slope
values follows the sequence Rat-PR > Kan-PR > Roi-PR.
Monocalcium phosphate was applied at much lower rates than
PR, so slope values are not directly comparable to slopes for PR.
The increases in Pgc for 14 days of soil incubation with PR and
MCP as a percentage of added P (% of APg(/P,gdeq) are shown
in Table 3. Generally, the percent increases in Pgc for PR were
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TABLE 4. Stepwise Regression Equations Predicting Log APgc for Log-Transformed Data for Soil Incubated With PR and MCP for 14

Days

Log APgc Stepwise Regression Equation P P
LNCR -0.16 + 0.33 log %sand + 0.94 log Pgy - 0.50 log %OC 0.82 <0.05*
HNCR -4.19 - 0.02 log pHypo + 1.75 log %esand + 1.92 log %clay - 0.36 log Ex.Na 0.89 <0.001%***
LRat -2.11 + 0.46 log Pgc - 0.25 log pHkc + 1.05 log %sand + 1.03 log %clay 0.89 <0.001***
HRat 7.14 - 0.68 log (pHcaci2)14a - 0-36 log pHy 0.83 <0.001***
LKan -0.77 + 1.31 log Mnq - 1.00 log Fe, + 0.45 log Pgc + 0.89 log %silt - 0.71 log CEC 0.82 <0.001***
HKan -1.49 + 1.25 log %clay + 0.59 log %sand - 1.20 log Fe, + 1.15 log Al, 0.83 <0.001%**
LRoi -3.41 - 0.34 log (pHi120) 144 + 1.13 log pHippo + 1.02 1og Spax + 0.39 log (EC) 44 - 0.51 log %OC + 0.45 log Py 0.72 <0.05*
HRoi -1.80 + 1.54 log Py — 0.90 log EC + 0.34 log Ex.Ca - 0.27 log Ex.Na 0.91 <0.001%***
LMCP -7.50 + 0.61 log pHppo + 0.74 log Spax - 0.72 log %clay + 0.39 log Pgc + 0.34 log (pHcac) 144 0.84 <0.001***
HMCP 4.32-0.43 log b - 0.98 log (pHp20)144 - 0.52 log EC - 1.1 log %clay + 4.18 log Syax - 3.4 log PBCc 0.91 <0.001***

*P <0.05; ¥*P < 0.01; ***P < 0.001.

NCR-PR > Rat-PR > Kan-PR > Roi-PR. Values of percent in-
crease in P for the higher application rates of PR were generally
lower than for the lower application rate presumably because of
the proportion of PR dissolved, decreasing with application rate
as has been reported by several authors (Hughes and Gilkes,
1986; Kanabo and Gilkes, 1988; Hinsinger and Gilkes, 1997).

Thus, application of higher rates of PR does not proportion-
ally increase the APgc level. A smaller proportion of PR is dis-
solved at higher rates of PR application, as demonstrated by
Kanabo and Gilkes (1988) and Hinsinger and Gilkes (1997). For
Rat-PR and Kan-PR treatments, the lower percentage solubility
of P at the higher rate of application may also be caused by calcite,
which raised soil pH, and by dissolved Ca from calcite, suppress-
ing the dissolution of apatite (Chien and Hammond, 1978; Chien,
1993). Apart from this type of interaction, it is the type of phos-
phate mineral that is the main factor in determining PR dissolution
and fertilizer effectiveness (Chien and Black, 1976; Hughes and
Gilkes, 1986; Syers et al., 1986; Stumm and Morgan, 1996;
Francisco et al., 2008; Chien et al., 2009).

The influence of soil properties on the availability of P from
PR and MCP was evaluated by calculating the correlation coeffi-
cient () for relationships between soil properties and APgc using
log-transformed data for statistical reasons. For PR and MCP
treatments, soil pH versus APpc relationships are quite different
(r value ranging from -0.47 to -0.85 for PR and 0.57 to 0.75 for
MCP). For apatite PR, soil pH (initial and at 14 days) is predictive
(negative) of APy in the majority of cases. This is because apatite
is more soluble at low pH. For Roi-PR, incubated soil pH is also
predictive (negative) despite Roi-PR being more soluble in alka-
line solution (AAC) (Table 2). For Rat-PR and Kan-PR, original
soil Py is related (positive) to APgc (# value ranging from 0.47
to 0.75). For NCR-PR, LRat-PR, and LKan-PR, original soil Py
is positively related to APgc (r value ranging from 0.50 to 0.62).
There are no systematic relationships between APgc and soil
properties, including properties that are commonly accepted as in-
dicators of P retention capacity viz clay, Sy.x, Organic matter, cal-
cium carbonate, and Fe and Al oxides.

Stepwise multivariate regression equations predicting APgc
for soil incubated for 14 days (the highest values of APgc) were
used to identify combinations of soil properties that influence
APgc for each PR and MCP. Log-transformed data were used
for this analysis. The most highly significant relationships of
APpc and soil properties for 14 days' incubation data are shown
in Table 4. For the three apatite PR, stepwise regression analysis
did not identify a consistent set of variables (soil properties) that
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best predict APgc for either low or high rates of application. In
some instances, %sand (positive) and pH (negative) are included
in both regression equations, but the other predictive variables
are diverse. Similarly for LRoi and HRoi PR, there is not a consis-
tent set of predictive variables (soil properties). For MCP, the two
pH parameters (pHyoo and (pHcacr2)144) are positively related to
APgc for the low rate of application, but only pHy,o-14d is re-
lated (negatively) to APy for the high rate of application. Clearly,
there is no single soil property or combination of soil properties
that adequately predicts the changes in available P (APg() after
application of various rates of PR and MCP to these soils. This re-
sult is compatible to results of the studies of Hughes and Gilkes
(1986), Wright et al. (1992), and Bolland et al. (2001) with large
and diverse sets of soils. The highest values of APgc caused by
P from PR occurred during the first 2 weeks after application.
Subsequently, dissolution rate decreased and increasing P reten-
tion resulted in a steady decline in APgc.

CONCLUSIONS

The soils used in this research are suitable for the use of PR
because they have low soil pH in water (pH < 5.0) and a high EA,
which provides sufficient hydrogen ions for PR dissolution. Use
of relatively inexpensive PR might be desirable if much P from
MCP is rapidly and strongly adsorbed. The solubility of PR de-
pends to a large extent on the type of phosphate mineral. For
acidic and neutral extractants viz 2%FA, 2%CA, and NAC, the sol-
ubility of PR was ranked NCR-PR (contains francolite) > Rat-PR
(contains hydroxyapatite) > Kan-PR (contains hydroxyapatite and
crandallite), whereas the solubility of Roi-PR (contains variscite
and crandallite) was greatest in the AAC extractant (pH 9.35).

The likely agronomic effectiveness of PR and MCP treat-
ments was estimated by the increase in bicarbonate-extractable P
(APgc), which was highest after about 14 days of soil incubation.
We surmise that P fixation continued to occur from 14 to 112
days, but little additional dissolution of PR occurred, so the AP
values decreased. The increased P after 14 days of soil-fertilizer
incubation clearly showed that NCR-PR was much more reactive
and more suitable for agronomic use than Rat-PR, Kan-PR, and
Roi-PR. Monocalcium phosphate rapidly dissolved in soil solu-
tion, and presumably much P was immediately fixed by Fe and
Al oxides; 14 days after incubation, only a slight increase in
Ppc remained.

The relationships of soil properties to APgc at 14 days of soil
incubation were diverse depending on types and rates of P
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fertilizer and the various influences of soil properties on APpc.
The stepwise regression equations are correspondingly diverse
and indicate that there is no single soil property or simple combi-
nation of properties that will adequately predict the agronomic ef-
fectiveness of all PR and MCP fertilizers.
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