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ABSTRACT "N THOSE PREAS of Southeast Asia where rice (Oryza 

Studies were conducted in the greenhouse and in the field to saliva L) is grown on acid soils, phosphate rocks have 
evaluate several phosphate rocks for flooded rice (Oryza satica often been applied directly as jources of P for rice These 
L ) A close relationship was found to exist between first crop sources are lower in price than acidulated phosphates and 
yield response to applied P and citrate solubility in a series of can represent a meins of reducing fertilizer cost where 
phosphate rocks representing the thLoretical range in this pa transport costs are not too great 
rameter Greenhouse (TVA) and field data (Thailand) showed It has often been assumed that all phosphate rocks are 
quite similar results in this respect composed of fluorap ttilt and are similar in effectiveness 

The same ieneral pattern of ellectineness imong sources per for direct application However it has been shown by a 
sisted through the second crop 'is found for the Iirst crop The number of workers that there are substantial differences 
residual elflctisenss of triple superphosphate (TSP) remained 
higher than that of the phosphate tocks, ho%s tcr, the relation i effcieness amng hae roks f rmiern 
ship bet%%cei initial citrate soluhility of the pho phate rocks and posits 1hese diffirencs have been shown by Armiger andsiondcro porFried Hill andrelative reltisinthefe~ciscics s~s rthe (I), Caro and (1;), and Lehr McClellanin tihe stcond crop %%e ffc tctic ss is rather poor 

A procedure is presented which enables one to make the (7) to bh. relited to their %olubility in amonium citrate or 
choice of P source on the hasis of both 'uronomuc effectivenes citric acid solution and th it thi, solubility in turn is relatt.d 

-and prices of P in TSP %s phosphate rock to the dtgrec of substitution of CO.,- and F for PtJ 
in the ipatte structure In fact Lehr and McClellan have 

Additional Index Words rock phosphates, triple superphos found in an extensie x iminatlion of important world de 
phate, Thailand, acid sulfate soil posits tnat, %sithfew Lxccptions the ,tpItites were not 

fluorap Ititl but hclongt.d to I -,,rics of cirbonate 'ipatites 
'Contribution from Soils md crtili/er Rescarti Ir'tnch I nsmiger K. irson ind Armiger (4) found th it solu 

Nition'l Fertilizer Detlopment Center TLInIssee V illey Au I111 in siquestrit. md crtit. ,solution,, ,s i ttr mei 
thority Muscle Shoils Al 35660 1his rt.s irh %%is%conducted sure of tv iil fiblit, of phoph it. rok th In [ tontt.nt or
jointly by IVA the Iniernitionil Rice Rise rch Intitute the 
Rice Dep'ariment 1 hril'ind Ind %%s upportcd in p irt tindtr Sp.cifi. sLurf iL.L I hLN also found Ili it none of thi. phos
,in All) PtrtiLipiting Agency Service AgreetaInt No RA(QA) philt rocks prodiit.Ld is high )IIl,, is supIrphosphatt. 
5 69 Received 21 Oct 1973 Approved 8 fib 1974 1Lg irdlt,, of r II. iddtd 

Agronomists it r\ A Ninisti of AbriLciltumr. (l hlli dnd)
ind IhIt Intern itionil Rice Rese irth Institut. rcspctitLlv Using I riL% 1 phosph it. it , %trying in tlratL ,olu 
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Table I-Sources of plosphate rotks usLd i1| tilt, 

I)LIWIt I1 scriptInn 

North rarolina Liantic phonphorlto (Sedinuntnry)
Iorda (north) (Stdlmentary) 

klords (central) tII)Iu (4tdimenary)
Idaho Shale ih iphorie (htdimentary)
Tennessee Brown turck (Sodlmcntary 
India (Udatpur) (hllamorphic) 
MlIssourl (Igneous) 

Analytical dats front June 1969 1 rogrma IlLport of Fundamental 
determination of citrate soluble 1P 

t )eletmined by chemical analysis 

bility, Terman, Allen, and Engdstad (8) r.ported a good 
relationship between AOAC avadlabL P Ind response by 
flooded rice in grc.nhouse pots Bengton, Sample, and 
Allen (2) showed the same relationship with slash pine 
seedlings 

The purpose of this paper is to prcsent results of both 
greenhouse and field Ixperiments conducted to evaluate the 
relationship of ctriic solubility of phosphate rocks to 
agronomic effectivens%for flooded rice 

EXPERIMENTS CONDUCTED AND RESULTS 

A series of phosphate rocks was selected to represent a 
wide range of citrate solubility, this was a different sMries 
than used by Terman ct al (8) and Bengtson et al (2) 
For copventence in procurement, most of these phosphate 
rocks were from deposits in the USA However, a phos-
phate rock from India was included in thL greenhou5e 
experiment 

The chemical chara.teristlics of these phosphite rocks 
are presented in Table I The AOAC citratc, solubk. P con 
tent (as percentage of total P) varies in this series from I 
to 26% The absolute citrate solubility (ACS) index as 
defined by Lehr ind McClellan (7) is also provided in 
Table I This index iscalculated as follows 

AOAC citrate solubl. P(%ACS = - _ _ 

Theoretical P (%) of apatite 

The ACS values are useful when comparing phosphate 

rocks of varying apatlite content The CO, substitution in 
the apatite structure is indicated by the CO2 content, which 
varied between 0 2 and 5 0% The percentage of each 
phosphate rock passing through a 100 mesh screen is also 
shown (varying between 76 and 99%) Further informa­
tion on these phosphate rocks is provided by Lehr and 
McClellan 

Greenhou Experiment 

Mountview silt loam limed to pH 5 2 with a 2 I mixture 
of CaCO,-MgCO1 wis placed in 25 .m plastic pots in 
5-kg lots C h The phosphite rock% listed in Table I and 
triple supl.rphosphatc (TSP), both fine md granular, were 
addo.d it rates of 50 100 md 200 Ing of total P per pot 
(10, 20, md 40 ppm) md nixo.d with the soil Thret. 
replicates were prep iro.d ol #ich trt. tent Rice (var 
Nato) was seeded directly Ind the soil brought to field 

cmpao.ity After enlLrgLncL the plants "s.r. thinned to 12 
pot Flood w itt.r st, iIpl)ltcd *mt I \.k ,ifter se.dingper p o %ail 

e1i 41%t liliL% 11r1ll1 I ii1 HId plysicnl lltnl)ses 

41 I I 
l d .01 CWout I I rctI 


1oll I' . Itrate nolublu I iu d I y ot apallf 1 100
 
X C of lutal I I I II vier mesh)
 

13 i 26 I I 8 5 0 9814 2 2114 II 8 7 7&
 
14 3 16 2 1U I 3 5 96
 
14 1 It 5 S 5 I 8 99
 
11 4 14 7 I I $ 78
 
17 5 5 2 i 7 II 7 89
 

Is 2 I 4 I 1 0 2 98
 

Il,,earch Branch IVA the Af(.t pro ture waa used In the 

and mintained continuousI) it a depth of about 4 cm dur 
Ing thL growth period OthLr nutr-cnis, such as N, S, and 
micronutrients, were added in amounts adequate for good 
glowth 

rhc rice wis hnrvestcd during the boot stage of growth, 
dried, weighed, ground, and analyzed for P, using a molyb­
dovanaditc, procedtiit. 

The soil wis dlltscd to dry, then passed through a 
12-rmi screm.n, and itturned to the pots A second crop 

was tlt n grow n untl r thl. same procedure as for the first 
Lrop, ex~ept th it no fr.sh additions of P were made 

Fho rtspon,, Ir I-,itei s were escnti illy identicil for yield 
of dry III ittLr Ind P uptik I'hL first crop yield data are 
plotted in I ig I is I function of rite of P added Much 
differsnet in rtsponw was obtactsd among th. phosphate 
rocks The not Soh.bh, phosphate rock-the North Caro 
lina-approich ld bii did not equal TSP in effectiveness 
for yield The lei',t citrate soluble sources-Missouri and 
India-were quite in, I fectivt. 

Relative igionomic effcctiv.ness (RAE) values were 
calcul ted for thO.t%% rhese values (Table 2) indi­o crops 
cate on a r-lative sLt1e the agronomic effectiveness of the 
various phosphite locks compared with that of TSP For 
the most part, the RAI vilues were similar for both crops 

The relationship betwec RAI ind citrate solubility for 
the phosphate rocks is shown graphically in rig 2 The 
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Table 2-1tclatne effectaenesi of sarious phosphates oer timo I Luang rI%ng I,it il Thai % rict) kno,, n for b ing noncoulsecutitae crops (grCLIIIIOUSC exp~rrinit) " %Lf5itiveto photopLriod A split plot design was used in 

bouree of I n,)I Cro, 2 these experiments %isth 4 ratc of P (I1, 22 44, and 88 
%orth arolna ll 81 

lorid, (nort 
kg of P/hi) applied is m in plot trcatmtlnts and with the1ihrd. (teotrali 4it 437 37 sources of P as subplot trLatments There %sere two checkIdaho 24 plots in4t 
 caLh rLplL ite The extri check plot s is included 

India(tdattpur) o I to permit thL ipplit. ition Il frLsh TSP stind ird for theSlisesori 0ri ( 35 ,neN, it, 
14 
9 succCLding crop thL purpos, of thils is to pLrmit accurate 

Tbi ( h wmesh) 100 W01
 
Altr averaglng thedry nottkr )idsovtr all rates were
thtu valuts cAiculaled measurement of tht. residht i1 LffCctIvcnLss of the phosph ite 
using theformula Kx. cx..ontrol rock I "hI.IP fLrtihZLtIs Sort. broidc t on the mud andITV control, then incorpor itcd in the soil during tIL. Atlist hirrowing


RAE valuLs arL plotted against both the ACS index and time of tr isplinting inmedi itlc, before the Fist harrow­
the citrate soluble P content Bec iuse of variation in con ing 100 kg/ha of N is mnloniurn sulfatI md 13 kg/ha

tent of ipatite iniong the phosphate rocks, thi. ACS mdc.x 
 of K is pot SSium chloride iseie ipplied A total of 40 was more appropriate' than thL. citrate soluble P conttnt kg/ha of N as umnionium sulfite %sas ipplied later in two

The linear regression model accounted for 95% of the topdressings with about 5 cm depth of witer on the plots

variation in ri.lati.e i.ffecticness usmng 
 the ACS index as Three to six 21 di) old ,,e.dlings pt.r hill %%ere planted
compared with 90% for the citrate soluble P content 20 by 20 cm apirt in str light rows H md %siedingwas used 

and insecticides %%ere ipplied for ms.ct control Grain yield
Field Lxperiments was measured by sampling 5 m' of u-ach plot excluding

border rows The (late of he iding in each treatment and theUsing the phosphate rocks from the USA listed in Table yield components at hirv.st ert.also recorded1,field experiments were established in 1969 on wet season The average yields of rough (unhulled) rice for bothrice at tiso locations near Bangkok, Thailand This was a locations are plotted in Fig I for the first crop (1969 wet
cooperatine effort (5) involving the Rice Department of season) The greatest yield response was obtained at Klong
the Ministry of Agriculture, the International Rice Re Luang, however a quite satisfactory yield response was

search Institute TVA USAID, and Kasetsart University obtained to applied Pat Bangkhen as well

Kong Luang Rice Experiment Station The soil was de- Relative agronomic effectiveness values were calculated
veloped from brackish water sediments It possesses a heavy for these data and are presented in Table I The values
cla) texture throughout the profile with a black upper hor- for the first crop are plotted igainst ACS index in Fig 4 
zon This is an acid sulfate soil, belonging to the Ongkarak for both locations Ihe relationship was linear for theseries The pH of the plow layer of the experimental site Bangkhen location and curvilinear for Klong Luang The 
was about 4 6 simple linear regression model accounted for 88% of the

Bangkiten Rice Experin ent S ation The Bangkhen soil variation in the RAE values for Bangkhen a 'square root" 
was derived from alluvial sediments, having a heavy clay 
texture throughout the profile At the experimental site, 'The Klong I uing experiment was continued through eight
the pH of the plow layer was about 5 8 surcessive croppings to evaluite the long term residual effects

A rice variety known as RD-I' was used in both expen of these phosphate rocks The Bingkhen experiment was termi 
ments, this is a cro.;s between 'Leuang Tawng' and 'IR8 nated after the third crop These residual yields will be presented elsewhere 
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Fig 2-Plot of relatie agronomic effectineness against the absolute citrate olubhility index and against the content of utrat. solubleP, % of total (greenhouse experiment) 
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Fig 3-icld of rough rice at Klong Luang and Bangkhen Rice 
Experiment Stations, rhailand, as affccted by rat. and source 
of P applied (crop 1) 

regression model accounted for 97% of the variation in 
RAE values at the Klong Luang location 

These experiments wert. continued during the dry season 
of early 1970 to ascertain the iesidual effectiveness of the 
various sources applied to the first crop No new P was 
applied except for 'he fresh TSP standard mentioned 
above The experiment otherwise was conducted in a man-
ner similar to that followed in the first crop 

The response to both freshly applied and residual P was 
marked at the Klong Luang location and marginal at 

Bangkhen In tact, at the latter location, the respon e was 
so small that little can be said regarding residual effective 
ness The yield data from crop 2 at the Klong Luang 
experiment are plotted in Fig 5 

Relative agronomic effectiveness v fltie (Table 3) were 
calculated for the Klong Luang d-it-i using both the residual 
and freshly applied TSP as standards It is of interest to 
note that the superiority of TSP over the phosph ite rocks 
persisted through the second crop The main difference in 
the residual .ffccts is that with the exception of the Nlis 
SOUri rock the marked rel itionship betwLen citrate soluble 
P content of the phosphate roc.'% and RAE hid largely 

disappeired In Ihi% acidic soil (pH 4 6) P would by thi% 

time ht. ,upplLd by intLrmediatL re iction products in addi 

tion to residues of Ih. intiil ap itite 
Th is"SP appliLd to ihl. Iirst crop dLclined ,lightl) in 

Lft.fftL nL~s rt. itVlvt tO Ih frLS111% I1PphtW [siP Ihi%lire 
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Fig 4-Relati.e agronomic effectiventss (%) of P sources plot 
ted against citrate solubility index for both Thailand field ex 
periments (first crop only) 

sumably resulted from crop uptake and reaction with the 
soil to form less soluble products Such effects may have 

been more important at the lower rates, since the two TSP 
curves converged at the highest rate of application 

These data from Klong Luang indicate that (i) residual 
effects of all rocks except Missouri were substantial, (in) 

the relationship between relative igronomic effectiveness 
of the phosphate rocks and citrate solubility levels was 

largely obscured, and (fi) the general superiority of TSP 
over phosphate rock in terms of effectiveness persisted 
through the second crop 

DISCUSSION 
Greenhouse and field data presented in this paper show 

clearly that there are substantial differences among phos-

Table 3-Relative agronomie effective values for field exper 
tin Land
 

-. Lrop IIonnI Lupng 2t cropakho
'uurce 	 i.rup 21 

North( arolina 78 59 76 
Forida inorth) 83 74 64 
ilorida (central) 78 69 6

40iWho 69 t1 
23Tumise 51 -5

1 0 24 
9, IOUI"S1 (rrol, Ii 1U 

il, (crop ) 11o 
2 Pofr,kulattdltkras,rakln .t %ild I roikh rlt ia, tht Ii and44kg raif 

r th,1 i. and 88 kg nlet t aueulatedIa iu.tO ili. ritip1 1 
1 1 i%'t %r ItlfInrt4 191o.12 44r, ,r, uad 
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lkig 5-The residual cffectrscness of various P sources for crop 
2, as compared with freshly applied TSP Klong Luang Rice 
Experiment Station, Thailand 

phate rocks in terms el agronomic effectiveness for flooded 

rice Further, these differences can be predicted by means 
of citrate solubility or by the ACS index It appears that 

the latter is mort, appropriate where the content of apatite 

varies among phosphate rocks ThL most soluble phosphate 

rocks ipproached but did not actuilly equal TSP in limit 

Ing (maximum) yield in thLSc experniutnts nrgardle,,s of 

rate applied This agrees ssith the results of Ensminger, 

Pearson, and Armibtr (4) One nLLds to consider the defi-

nite possibility of sonme iLld loss in lhoosing a phosphate 

rock over TSP, such yicld losses must be weighed against 

the lowker price of phosphate rock The explanation for 

such losses may involve concentration of soluble P in the 

soil Khasawneh and Copeland (6) suggtst that the growth 

rate of crop plants is a function of Pconcentration that can 

be mintained in the soil solution If 1) concentration is 

limiting or inadequate bec iuse of i lower dissolution rate 

of phosphate rock, the growth rate and ultimate yield 

will be diminished iccordingly 
The RAE values based on icld increases reflect the 

agronomic effectiveness of these various sources relative 

to the TSP standaird, howLver, these should be supple-

mented by an economic analysis before rational choices can 

be made 
The follosing calculations will provide an estimate of 

the relative economic effectiveness (REL) 

YI It PT, 0
REE = - X I I 100 

PSirphaie 

or 

Price of TSP/kg P 

Prlceof PR/kg P 
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Fig 6-1Relationship between relative effeetiveness values 
(RAE) and the price iatios between TSP and phosphate rock 
Such a figure can be used in making a choice between these 
sources 

If REE exceeds 100 in this calculation the phosphate rock 

would be preferable to TSP 
The REE calcul itions were used in preparing an indif 

ference curve (Fig 6) wherein RAE values are plotted 

against Pi,,/Pi , ratios lhe curve itself connects those 

points at which REE Lquals 100 When exactly on the 

curve, it makes no real economic difference what source 

is chosen After choosing a suitable price ratio, ont. can 

then project upward from that ratio, knowing the RAE 

value tor estimating it from such data as shown in Fig 4, 

using citiate soluble 1P .ontcnt) one can then choose the 

source on the basis of both agronomic ind economic con­

siderations ror examplL if the price ratio is 2 5 and the 

RAE value of the phosphate rock is greater than 40, the 

rock phosphate in question would be used However if the 

RAE value was less than 40, TSP would be a better choice 

There are indications that if the P in the more soluble 

phosphate rocks (North Capolina, north Florida central 

Florida) is less than h ilf as ( xpensive as that in TSP these 

rocks would be fe isib[l alternatives to TSP on soils similai 
to those used in Thailand 

This an'lysis does not tike into account the possibility 

of lower yields from use of phosphate rock In addition 

only a portion of the various yieid response curves was 

used in this anilsis ie tip to 22 kg/ha Beyond this 

rate, yield respons%, wis much less pronounced It could 

be argued th it 't less thin maximum yields TSP would 
produce a cert un yield it lower rites of P than %%ouldphos 

rock This %,ouldcspeci illy be true for low rates of 

ipplication For cx upIL it klong I uang 5,500 kg of 

rice per hect ire could h ive been produced ssith either 
I I kg of P) is TSP or 44 kg ol ) is sonic of thL more reac 

tive phosph ite rocks It should be pointed out however 



KI% & YOUNG AR rIICIAL WLAIiHLRING 01GilI 	 OXIDI/I1) BIOTIri Iv 529 

that this is the yield lest.! that would show the widest 
dilference, such is the advant ige of hindsight 

rarmcrs gencrally prefLr granular fertilizers for machine 
or hand application This is a disadvantage for ihc phos 
phate rocks which are normally ipplicd in fincly divided 
form Recently experimental qu intitie% of granular urea 
phosphate rock mixtures have been mad(, by rVA Result%
of trials with these fertilizers will be reported elsewhere 
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