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Solubility and Availability of Sorbed Sulfate in Hawaiian Soils 

S. M. HASAN, R. L. Fox, AND C. C. BOYD2 

ABSTRACT 

Tile capacity of volcanic ash soils to adsorb sulfate is related 
to rainfall, a major factor in weathering. Highly weathered and 
leached soils developed from ash may contain 7,000 pg/g of 
sulfate S in tile subsoil, This sulfate has very low water solu. 
bility. Some less weathered ash soils are almost devoid of sul. 
fates. Desorption of sulfate decreases the solubility of adsorbed 
sulfate remaining. Sulfate sorption-desorption isotherms -lotted 
against log concentration of sulfate in equilibrium solutions give 
approximately straight lines up to 16 to :30 pants S in solution.
Indications are that "first phase" adsorption naxima were 
attained by highly wseathered soil at about 16 ppn S in solu-
tion. For less weathered soils, "first phase" adsorption maxima 
were attained at about :33 ppin S ini solution. 'ot studies on 
soils which sorb nuclih %ulfate indicate that the soil solution 
should contain about 5 p)U|n SO4-S for adequate nutrition of 
kikuyu grass. This corresponds to 60 to 80% of first phase 
adsorption maxinma of the ash derived soils. Soils which have 
low capacity to adsorl) sulfate need higher concentrations of 
sulfate ill solution to co mptenisate for low adsorption capacity, 
A soil which field experiments had shown to be very S deficient 
was only 10% sulfate saturated, 

Additional Key Words for indexihg: sulfate adsorption, vol. 
caie ash derived soils, anion exchange, kikuyu grass. 

_ -----

AWAII is an excellent natural laboratory for studies in 
soil-plant relations. Great natural diversity is indicated 

by the complexity of the classification systen for soi, 
There are 10 orders, 27 great groups, and 167 series. While 
this diversity has cautsed sonic frustration, it should permit 
the development of concepts and practices which extend 
beyond the narrow confines of tile islands. 

The pa'-nt materials for most Hawaiian soils are basaltic 
igneous malerials: lavas, cinders, and ash. Tinie is an im-
portant factor in existing soil patterns. Sonic volcanoes are 
still active while others are ancient. Moisture is the over-
riding factor in soil formation. Rainfall varies greatly over 
short distances, for example, a range of 180 to 7.500 num 
along a transect of 70 kill. 

Hunid tropical conditions promote rapid alteration of 
ash and cinders. There is a heavy loss of silicon and bases 
and an accunmlalion of Fe and Al oxides. The resulting 
soils have little pernmanntl negative charge and, if not too 
heavily limed, they will lI|a\e considerable pH-dependent 
positive charge. Under ihese conditions cations leach 
readily (21) but some oxyanions sulh as sulfate and phos- 
phate are strongly retained (14, 15). 

The native S status of Hawaii soils is influenced by 
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amounts of S in rain water. This depends on tie ants1 

of rainfall received and S concentration. Both of these, in 
turn, are related to distance, direction, and elevation front 
the sea. On the island of Kauai, Fox et al. 115) recorded 
5 ppm S in rain\kater 0.5 kl from the sea, but only 0. 
ppn 8 ki inland. 

Sorbed sulfate is abundant in many highk s\ eatheico 
soils, especially in acid subsoils, and is an imp, (Jint source 
of sulfur for plants (2, 3, 4, 12, 15, 16. 17. 2(0, 2 4 

alhough Blarru\s (4) has concludedslf.ai adsor bed sit) fate 
is lower in availahility than solble silfate. ChIa, Ihtr , . rd. 
and Fang in Oregon (7, 8. 9, 10, 11 ) and obet I I. . 0) 
investigated nanv aspects of sultte soiption and dc ,olp.
ion, pointing oult that S1.lfate retained b' soils is in kitetic 

equiihfinibri ith slfate ill SoItll n and that skillaf.2 ic­
tained is dependent on ptA anld (1i tile COnCettt tiaton and 
nature of as,.ociated ions. th il' rheCIt alltI in tC eq Lli­
libriun soltion. Soil,, %Iiihcstsig letained ,ulfate %%ere 
selected for special attention in the )rego nt uies I,. li ese 

were leached soils- -soils ss htMl are pridttst of intentse 
%%cathering associated Nsith the teilrperate. hil-iainfll 
climate of Western Oregon. 

Sulfur deficiencies hal hec t itLpot ted It toi s.,eril loca­
tions in the humid tropics (5. 1.4. 15. 22, 23 ) aid there 
have been a few sLudies on soil stilor there n(, 22). bilt 

nuch more needs to he done hCfore aCeLillate preLict1,1os 
can be made on the niagnlitude of the srl finr prthletn in the 
tropics or the probable reuicHtltilts altld eflectik.,nes, of 
sullfur fertilizers. 

The stllftr statut of ,.ils deiked froti, %olcotic ,Nil atd 
cinders, soils %%hichare %eryimportant in the taclljtt Basin 
area, have been studied both in and out or :lIe Itoj.CS (6. 
9, 14. 15, 18, 19, 23). Very strong sulfate relen ton occurs 
oil sonic soils blt rapid leaching atd tlefiCiCi-cies ire 
reported, also. Most sulfate retention (soptionl h5 soils 
is associated with hydrated ail timininm and iron o\ dts 117). 
Although work in New Zealand has indicated ht sonic 
soils which contain allophane ma retain itv sulfate 
against leaching, older soils containing allophanc telin sul­
fate stronly t 18) 1 hits. stul ate sortion i henomena 
should be especially iinipornall ill the highly s. eathered, 
fine-textured soils of thle iOpiCS. McChanisiIS of itllfatC 
retention have been discuised In Itarward antid Reiseiatier 
(17), while Fields (13) consideli.d anion retentiot in 
general. 

Sulfate sorption and desorption reactions should be most 
relevant to plant nutrition at low solution concentrations. 
It is this riange which scen s to have heetn neglected most. 

Although plants tiilize sorbed stilfitie, tile concentration 
of sulfate in solution (the intnvh'Iv of S nutritiotn) in tCla­
tion to anotint of stlfate sNibed (talcit.\' for notit io 

has not been adeqtatelly studied. li this repoil %,c (ii
document the lagnitude of sorbed sulfate in sonic Il:v
Latosols. (ii) examine the relationship between sotbet! stul­
at 
ate and equilibrium solution concentration Of sulfate and 
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Table I-Sonic properties of hlawaiian soils derived from volcanic ash, arranged according to rainfall andcompared with three soils developed from basaltSe _11 
KaReserve 


Pt Stname Sub groups nsll rKo 
Sorbedi sol-

KSO4 dph S 
 sorbed 
 sorbed 
mm 	 S blly 

_fro- AshKawaihse 	 -alsSoila pg/g ppmTypio Vitrandept 200Waimes 	 6.5 6.40Typilc Eutrandept 	 6. 97500 	 0.57nallipoe 	 6.4 180Ty"pic Dystrandept 6.25 6.60 	 600 30 S'p1,100 	 0.35 640 60 0.9Maila 	 nydric D'ystrandept 2,300 
5.6 5. 5d 5.91 0.33 

380 30 40 4,7Ookala 	 5.5 520 600 
Ahb, 	

inydrie [aytrsndept 2, 200 5. 1 
5.20 5.00 0. 60 1, 200 

110 130 2. 7T'pic ilydrandep: 4,75 5.20 900 2304,,00 	 0. 45 1, 990 350 0. 75. 9 5.20 6.14 	 2,000 I5 720Soils 	 3.30. 94 2,200
from 	 2,000 160 
 1,100
Molokai 	 Basalt 1.Tropeptle Iaplulto,, 600Wulawa Tropeptc Eontrh 1,1o0 
6. 8 6.62 6.75 0. 13ox 	 360.eple
Kaps r tGbbsthtul 5.7 5.30 6. 13 	 60 20 302, 500 4. 4 0.77 270 	 3.1 

4.40 4.90 	 390 200.50 	 40600 	 1.20. 1 salt solutions 	 1,100 160at oil 	 250 0.61:10 solution ratios, pit on supernatant solutions.t Phbospbate Adsorbed at 0, 2ppo: P1In the equilibrated solution.It ulfate-sulfur removtd from 	 Conditions wereiolullon 	 25C, 6 days,I 	 by boll at 5 ppm S in the equilibrated solution. 0. 0LII CaI,,Total sulfate-S (Initial Inblhb stilfste removed from solution). 
Consltionswere 25C, 24 hours,

solution after 
, 

Conditions 	 0. OI11CaCI3 .St In 	 as above.-huklhg a 1:1)suspension of soilin water for 4 hours.
(iii) presenlt soni preliminary data on the relationships 	 1between adjusted sulfate concentrationsand plant response. 	 in soil solutions 

Table 2-Total S in some Hawaii Latosols in relation to rainfall.Soils were developed from volcanic ash, Island of hlawaii.Data of Iough and Gile (19)the weightcd Mean for S in the 0 to 100 cn profile 
are recalculated to give 

MATERIALS AND METIIODS WaimesSeriesname Sub groupSoil Saiuple.s 	 Tropeptic Eutrorthox--	 aTot
Soil profile saiples were obtained 	 500of in an area aIulus 	 880 
S 

,olcanic ash parent 	 MKawikmaterial on 	 itydrrlDsirandeptthe Island of Hawaii. This is 	
Ifypic itrandept I 200the youngest 	 lielo 4, 400 960and ltrgest island of the Hawaiian 0 	 Typic itydrandept 4.800 5,50ain. Rainfall 	 3.760Kaltlki
varies 	 Tyc nydrand,ptgreatly oser short distances. 	 6,900 5,490sldy received from locations sampled for200 to more 	than 6,000 mm mean this 

precipitation. 	 annual muateIfighly hydrated volcanic 	 total S in soils. Phosphate extractionash soils dehydrate ir-	 of sultate was withreversibly, thus is very important 	 CatH,PO.,)., as described by Fox etit to prevent excess 	 at. (16). Tile methodIn this case, 	 drying. determining dpH is that for 
bagged 

large sattples of the field-moist soil, were double- brated 
of Chao et al.(II). Soils were equili­in pol)cthllene. Several of the soils 	

with 0.IN KCI and 0.IN K,S0 4 andare thixotropic so 	 pH of the clearthat screening thec 	 supernatant solutionssoils was impractical. 	 was determined.Soil properties 	 The differencevary referred 	 in pH.greatly 	 to as ilpH, is believedwith the ittotints of rainfall, as can 	 to represent the extent OH- isdata presenled in 	 be sen from theITLble 1.Vaties for dpl-I 	 replaced by SO-..were generally highcompared wilh da a reptited for somne 	 Greeiltottma. Mctlods.-Sulfateash soils of Costa 	 adsorption isotlierms(6) or Oregon , II ; ind 	 Rica constructed by equilibrating werephospl1tlc and sulfate sorption were 	 soils with water containing vary­coirresponding 	 ing amnoullntsy liIt. 	 of sulfate. From these curves, anot:ntsLoboratfor * 	 required of sulfate 
structt 

v llio,I%--Suilfalc sorption isotherms were con-
to adjst, Ihe soil solution :o 2,5, 10, 20, and 50 ppmI fromit att collected itsfolloss: Samples 

sulfate S were determined and these anlountls were equilibraled %kith 30 ltl 	
(3g) of soil soils. Kiktnou grass (l','tti. e 

added to several 
soltions swhich 	 lntt tlstintum) waswith %%ere 0.01Af two 	 grown forrespect it)(a( l.,;and c:tlttincd variable anounts of Na.,-

cuttings in I-gallon pols. Phosphorus added was alsoSO,. Fquilihratlnt 	 hased on adsorptioni s .tccotlplishcedat 	 isotherms.25C for 24 hour, 	 Other nutrients werewhich 	 constants. Tile S added aswas mnet' time 	 results reportedthaniwt,Icqtired for obtaining constant 	 are means for two phosphatelevels in the adequate%ulfiein solution. Final 	 or near adequate range.sideraltly sohltion conccritrttiotnsless than [fil olulilitv of S %werecon­of gpstill in 0.01 I CaC[. RESULTSSulfate in 	 AND DISCUSSIONsoltuihnit nw , deteroitedsorbed was 	 cotisideted ( ItIbidinl tricto be that MhicI ally. Su lfatewas not recovered.Allowance ttilalftr dii 	 Soils developed fromwas iottn y %',atlrcontafined 	 highly weathered volcanicinitially 	 ash inin the 	 Hawaii frequently contain lrge amounts of S, even though
moist soil. All dtalllsulfate S remaining Otlcnttlrationin sItitiotic wereet tquilibriu plottedattained. 	 had beenas these soils may be subject

Labile S was (15). In fact, 
to almost continuous leaching


t tii d lb uttitlibating soil with 
itis the most highly leached soils
labeled with S in sulfate contain the greatest amounts 

which
:I-
 0.01.11 ( i(12 ,is described above. Labeled Examples of the 
of organic and sulfate S.sulfate in the 	 very large amountedI	 whichCitltilibri t ,olthtitsll, 	 of total Sscintillation 	 cotnting, %isdt erm ined candt to tl sutlftie in solution by liquid a m le swas deter-nined tLurbidithi ieti lIV. 	 acctlnlliae in soils developed from volcanicSulfate was 	 in Tables ash are givendesorbed ib) qluilibtating stil 	 I and 2, and the profile distributionwith O.)IA CaCl, 	 of S in vari­in various soil:soltion 	 otsly weathered and leachedorioslit, by lepeuled extractions 	 soils is presented for the chiefsoil 	 of the experimentals;irme santple with .0t,)I (aC ,. 'ontintlued sulfate desorp-	

soils of this study in Table 3.lion eventually 	 Sulfur accu!tulationrestlfted in very low c'ncntrations of sulfate 	 and distribution in soil profiles
solution. in 	 isFor sulfite determinations in this range of concentra, 	 p rofilslion (< I ppnt), soils were equilibraled wilh 2WS. The ralio of 
related to riinfail in three ways. (i) the capacity of soilssulfate to net coints was 	 to stabilize orgiric 

diltion, net cotnis 
established, and then upon further matter, which contains S, is a function%%ere ised toiassess 

of reactive products of weathering which,sulfale in sohltion. Sit. 	 itl turn, is relatedto rainfall;fate sorbed or desorbed was 	
(ii) the capacity of soils to sorb sulfate is(labile sulfaic) arrive added algebraicallyto at 	 to native sutlfatesorled sulfate values for plotlingthe linear fori of the L.angtnuir eqlalion. 	

related to weathering products: andThe method 	 (iii) rainfall is a majorIlardsley and Lancaster (2) for "reserve" 	
of source of sulfate. A comparison, in Table 3,S was used to esti-	 of the Waimea(low rainfall) and Akaka 	 (high rainfall) profiles demon­
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Table 3-Sulfate sulfur removed by four successive extractions

with Ca(112PO 4 )2 (16) tram soils which are developed from


volcanic asl. Soils are arranged ace arding to increasing

rainfall. Values are as ppln S in dry soil 


Depth Inerm-ment,cmSoil series a-i5 15-30 0-6) 60-9) 90-120 
Kawalhae6 7 .3170 230 . ""60
Waimea 13 1­ilianlpoe 25 18 16 17 7 
Maille 150 1,260 2,170 2,4W.)Ooksla 1.070 780 960 i, 170 1,140Akaka 1,600 2,480 7.210 7. 340 7.320 

strates that for the Wainea soil sulfate decreased with 
depth, while large amounts of sulfate reside in the Akaka 
subsoil. This latter pattern is not unusual for Latosols and 
other highly weathered soils which contain hydrated alumi-
nurn and iron oxides. What is unusual is the magnitude of 
the valucs-over 7,000 ppm S. 

Much of the sulfur of the highly weathered ash soils is 
sulfate, which can I' displaced with phosphate but is notreadily displaced .ith water. (Fox et all., 15). As many as 
four repeated extractions with phosphate are required to 
remove most of the sulfate (Table 4). This suggests that 
a wider soil /phosphate-extracting-soltion ratio is needed 
to assess sorbed sulfate by a single extraction of these soils. 
If this sulfate had appreciable water solubility, it would 
have been leached fron the profile long ago, since annual 
rainfall in excess of 300 inches (7.500 amm) is not un-
known in some agricultural areas. In addition, for soils 
with greatly different capacities to sorb sulfate, sorbed sul-
fate (that which can be extracted with phosphate or will 
equilibrate with a SI' , spike) will not correlate well witl 
sulfate concentration in the soil solution, 

Sulfate sorption-dcsorption isotherms constructed for 
two Latosols are presented in Fig. I and 2. Such plots are 
useful for predicting both the capacity for, and intensity of, 

4,20 S~~AKAKA SOIL"' 

+* 24 hours equilibration'M+50 

NaS04 + 0.01 M CaCI 2 
250 C 

- Surface 

+ 5 0 ­

_50-

Table 4-Sulfate sulfur extracted fron forested Akaka soil bfour extractions with Ca(!I121'OI )-. Valtes oil oii dry

soil basis. Sonic field moist sa)iiilles coiitalineld
 

only 20% dry matter
 

0t-s ,)r'td, .g ,g
E:niract on nc. 

Depth i 2 1 4 
Totl 

lxtrscted
 

0-6 16 11 4t, 216-12 28 317 214 Y, 1.204 
12-18 1.5o) , 095 4') 24, 1.29118-24 1,930 1_304 574 1 4, I-"
24-0O 2, 283 1, 64b 774 104 5,(H)930-3636-42 2, h05 2, f1 ) 991,860 1. 47 72- 1,5 5,9f,5 '. 4 29(1
42-48 1,946 o:.60 8(k) 23 4,'40 

Table 5-Estimates of the labilc solfalte pool I) tlhci )Ithedl 
M,thod of e-mat.n 

Itaddl otcwqp Extrapolstlof th. n It, .. d ph,-ph ,.. 
soil dllutlto),. lsthcr. IM. 

HanipoeWaim, 6 9,f 

Akaka 940 . ,,
Wahawa ---­ ,
 
plat nutrition. No knoo ledge is rCtlqiied of the initial
 
labile sulfate pool, although the ize of the labile pool cer­
lainly influences the posilion of the cuIrses on the graph.
In fact. an arithmetic plotI01 thCe d.)ta can be cL'rapolated
 
to zer) colceritration to estimate the labile milare pool.
 

ahl)le 5 gkes estilnate,s tl ile sollale pool h\ thic icillhods
 
for three Haosaii soils. 

The highl 3 leached and oi lahcred ,.Ak.i ,oil i,, desel­
pcd fionl ash. ht has 1 hi)h piotential bar Crt3llllg L.,lpCil\ 

for stullate. as is indicated bh tilre slep slopes of lc io­
thcrrlr; tile AllO1htill Of O' 2111,11' st11,C hICIl the sub­SO'bedt % 
soil coritaill \ s Stilliirell to Itoallttn illole thall ; pl)nl
sulfiate ill o,MI1n1til)r al trosiID( , S siol hl'id heel 
v,ithdra\i. Ilhe Wahiasa soil cannto I))atic'h Ile Akak . i 
capacit\ or icser e slpply of sulflte, bi)1 it is inlerctlm to 

note that ill /ero sulfate sorption bol sflrtacc soIs s et it 
equilibrium soilh 3 p11 SO,-S il sotlution. 

hoWahiawa 

24 hours equilibration 
t Na S04+ CaC 

O% .- a SURFACE ­
0 o . . . ..-0SubsoilS U B S O IL L+ 10 0 S- , 

Co SC 

I1, * j * I I I I I A1.0 100 0, .0 50 00S04-S IN THE SUPERNATANT SOLUTION (ppm) S04 -S IN THE SUPERNATANT SOLUTION (ppm)
Fig. 1--Relationship between sulfate sorbed or desorbed and Fig. 2-llelationship betvteen %ulfate sorhed or desrlIed 11ldequilibrium solution concentrations for an Akaka surface and equilibrium solution tcOiluentailtion for a Wlila iurfaceho-risubsoil, soil and subsoil. 
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When initial labile S is included in plots of sulfate 
adsorption, curves like those presented in Fig. 3 are ob-
tained. These curves are useful for predicting the intensity 
of S nutrition in relation to sorbed sulfate in soils, 

Adsorption of sutlfate fits tile linear form of the Lang-
muir equation over a limited range of concentration, and 
adsorption maxima can be calcuIlated (Fig. 4). The utility 
of these maxima has been questiotned (9). Perhaps "first 
phate adsorption 1i1xina'" ssould be a more appropriate 
terni to use. If adsorption maxina are to be useful, care 
should he taken to avoid increasing solution concentrations 
until further adsorlption mechanisms arc activated (3). 
Chao el al. (9) found that calculatcd adsorption maxima 
were not particulhrly helpful in that the valtes obtained did 
not predict ,ny possstble maxiniuni of sulfate adsorption 
that \soiild be consistent %%ith other data they obtained, 
Ne\cithcls,. the calcultcd valies for adsorption maxima 
given in I iv. 4 fell into a reasonable pattern: they predict 
that lite adsorptioi inaxinma for the most \Ncathered and 
acd soils %%ill be reached when the equilibriuml concentra-
fion is about I0 ppm t Fig 3--vertical bars). These values 
agree with I value reported by Chao c al. (9), for depar-
orc Irom linearits hy a latosol and are not \ery' different 
from three other salwes reported ( I0-I1 pipm) by them. 

Vor the Ics,, highly tscathcrcd soils, adsorption maxima 
ire atained s ith 30 to 35 ppii il solution. This may indi-
cale ;i tendency for anionic repulsion by the more nega-
tivelv charged urfaccs of the less \cathered soils. 

1hC first phase aLsorption maxina may give useful in­
fortiation cven if the basic iechanismis involved are not 
clear. These %alues could be useful for predicting the 
aliount Of sorbed sulfltae required to give a desired level 
of sultate in solution, If. for examiple. the volcanic ash soils 
of Hawaii are to have 5 ppm sulfate S in solution, the first 

A(220) 
0 OOKAIA 

1200-
I MAILE 

"0 H A N I O E 

0A AWAIMEA 

a, KAWAIHAE 

100. 

"1 ,.... 

S400 
.---

0 

0 I00 

SO4-S IN THE SUPERNATANT SOLUTION (ppm) 
Fig. 3-Sulfate sorption isotherms for a series of six soils devel. 

iied frol volcatic ash, Island (if ilawaii. The soils are listed
ill order of decreasing rainfall. The vertical bars near the end 
of each curve represent ie calctulated first phase adsorption
Ilaxima. 
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phase sulfate adsorption capacity should be 60 to 80% 
saturated. It must be pointed out, however, that adsorbed 
phosphate can greatly modify the sulfate solulion-sorbed 
phase equilibria (3, 7. 20). An example of this for a 
Hawaii soil is presented in Fig. 5. In high rainfall condi­
tions sulfate mobilized by lime and phosphate applications 
does leach into the subsoil. 

From what has been said above, adequate S nutrition of 
plants should be attained if sorbed sulfate is adjusted to 
give an appropriate level of sulfate in the soil solution. This 
hypothesis was tested on seven ash soils with good results. 
Selected data are presented in Fig. 6. 

For soils with large capacity to sorb sulfate, represented 
in Fig. 6 by the Akaka soil, 5 ppm S in the adjusted equi­
librium solution was near optinmum for kikUtyu grass. For 
soils with intermediate capacity to adsorb sulfate (Moaula 
and Hanipoe) 5 to 20 ppm was adequate; but, for soils 
which had litt!e capacity to adsorb sulfate (Naalehu and 
Kawaihae) yields increased even beyond 20 ppm. High 
concentrations of sulfate in solution v'crc required for ade­
quate sulfate supplying capacity in these soils sith little 
adsorbed sulfate in reserve. 

A requirement of 5 pP!U S in solution probably is a little 
high since it was obtained from a pot study, although field 
data from Nebraska suggest that a soil containing 4 ppm 
sulfate-S and irrigated with water containing 3 ppm SO4 -S 
was borderline deficient for corn (Daigger, L. A., and R. 
L. Fox. Yields and N/S ratios of sweet corn in relation to 

o- (80) 

0.2 KAWAIAE 

(K140) 

.02 -0.1 - A HANIPO x 

.024 0 1 224 

aOAL 1 24 
MAILE (530) 

020O 

% 

.014 OOKALA (80) 

/
/ 

// 

AKAKA (1500).00 

e 

10 I I 
0 5 go 


C (ppm)
 

Fig. 4-Linear plots of the Langmulr isotherms giving the cal. 
culated adsorption maxima in parentheses. Equilibrium time 
was 24 hours at 25C in O.OIM CaCI2. 
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01 	 NO P 

.200 	 AKAKA SOIL 

mr 	 1000 
a0" 0 ,000 P 

0 

100-3 

2000 P 
1--
I /-0 	

O' 

z* 

10101 
S04 -S IN SOLUTION (ppm)


Fig. 5-Relationship between sulfate sorbed 
and 	sulfate in the
equilibrium solution for an Akaka surface soil which has been
treated with various amou.its of phosphate. VaIles for phos-
phate added are ugl)/g soil. The phosphate was added 6 daysprior to the addition of sulfate after which both were equili.rated together with the soil for 24 hours. 

fertilization and soil and water composition. Manuscript
prepared for Agronomy Journal Note). 

Fertilizer trials have heen conducted in the lield on three 
of the soils used in the pot studies. The Hanipoe was ver.% 
sulfur deficient. On this soil S increased the yield of kikuill 
87% above the no-sulfur control (15). The data in Table 
5 and Figs. 3 and 4 explain why. This soil has medium 
capacity to adsorb sulfate (first stage adsorption maxi-n =)22 ,gn i a14. mumn 220 1g~ hut native adsorbed stlfate %as only 
abo u 20 ig g. This corresponds to 10% sulfate satura-
tion which is far less than is required to maintain S in 
solt ion at uin acceptable level. 
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