AGENCY FOR INTERNATIONAL DEVELOBMENT FOR AID USE ONLY
WABHING TON, D. C. 20823

BIBLIOGRAPHIC INPUT SHEET

A, FPRIMAAR ¢

1. SURJECT Agriculture
.1 ASS]e
FICATION |t 8t crmoany

Soils

2, TITLE AND SUBTITLE
Solubility and availability of sorbed sulfate in Hawaiian soils

3. AUTHORIS!)
Hasan, S.M.; Fox, R.L.; Boyd, C.C.

4, DOCUMENT DATE S. NUMBER OF PAGES 6. ARC NUMBER

1970 5 p. ARC

7. REFERENCE ORGANIZATION NAME AND ADDRESS
University of Hawaii, Department of Agronomy and Soil Science, College of
Tropical Agriculture, Honolulu, Hawaii 98622

8., SUPPLEMENTARY NOTES (Sponsoring Organlzation, Publishers, Avallability)
(In Soil Science Society of America Proceedings, v. 34, no. 5, p. 897-901)
(In Hawaii Agricultural Experiment Station Journal, Series No. 1165)

9. ABSTRACT

The capacity of volcanic ash soils to adsorb sulfate is related to rainfall, a major
factor in weathering, Highly weathered and leached s0ils developed from ash may
contain 7,000 ug/g of sulfate S in the subsoil. This sulfate has very low water
solubility. Some less weathered ash soils are almost devoid of sulfates. Desorption
of sulfate decreases the solubility of adsorbed sulfate remaining. Sulfate sorption-
desorption isotherme plotted against log concentration of sulfate in equilibrium
solutions give apﬁroximately straight lines up to 16 to 30 p.p.m. S in solution,
Indications are that "first phase" adsorption maxima were attained at about 33 p.p.m,
S in solution. Pot studies on soils which sorb much sulfate indicate that the soil
solution should contain about 5 p.p.m. S04-S for adequate nutrition of kikuyu grass,
This corresponds to 60 to 80% of first phase adsorption maxima of the ash derived
soils, Soils which have Tow capacity to adsorb sulfate need higher concentrations

of sulfate in solution to compensate for low adsorption capacity. A soil which field
experiments had shown to be very S deficient was only 10% sulfate saturated.

10, CONTROL NUMBER 11, PRICE OF DOCUMENTY
PN-AAC~-355

12, DESCRIPTORS 13, PROJECT NUMBER
Exchange reactions Sorption
Hawaii Sulfatea 14, CONTRACT NUMBER
Rainfall Volcanic ash =
Solubility 18, TYPE OF DOCUMENT

AlD 890e1 {4-74)



Reprinted from the Soil Science Society of America Proceedings
Volume 34, Number 5. November—December 1970

677 South Segoe Road, Madison, Wisconsin 53711

USA

Solubility and Availability of Sorbed Sulfate in Hawaiian Soils’

S. M. Hasan, R. L. Fox, anp C. C. Boyp*

ABSTRACT

The capacity of volcanic ash soils to adsorh sulfate is related
to rainfall, & major factor in weathering, Highly weathered and
leached soils developed from ash may contain 7,000 ug/g of
sulfate S in the subsoil, This sulfate has very low water solu-
bility. Some less weathered ash soils are almost devoid of sul-
fates. Desorplion 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 ppms § in solution.
Indications are that “first phase” adsorption maxima were
attained by highly weathered soil at about 16 ppm S in solu-
tion. For less weathered soils, “first phuse” adsorption maxima
were attained at about 33 ppm S in solution. Pot studies on
soils which sorb much sulfate mdicate that the soil solution
should contain about 5 ppm $0,-S for adequate nutrition of
kikuyu grass. This corresponds to 60 to 80% of first phase
adsorption maxima of the ash derived soils. Soils which have
low capacity to adsorh sulfate need higher concentrations of
sulfate in solution to compensate for low adsorption capacity.
A soil which field experiments had shown to be very § deficient
was only 10% sulfate saturated.

Additional Key Words for Indexing: sulfate adsorption, vol-
canic ash derived soils, anion exchange, kikuyu grass.

AWAll is an excellent natural laboratory for studies in
H soil-plant relations. Great natural diversity is indicated
by the complexity of the classification system for soi;
There are 10 orders, 27 great groups, and 167 series, While
this diversity has caused some frustration, it should permit
the development of concepts and practices which extend
beyond the narrow confines of the islands.

The parent materials for most Hawaiian soils are basaltic
igneous materials: lavas, cinders, and ash, Time is an im-
portant factor in existing soil patterns. Some 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 mm
along a transect of 70 kn,

Humid tropical conditions promote rapid alteration of
ash and cinders. There is a heavy loss of silicon and bases
and an accumulation of Fe and Al oxides. The resulting
soils have little permanent negative charge and, if not too
heavily limed, they will have considerable pH-dependent
positive charge. Under these conditions cations leach
readily (21) but some oxvanions such as sulfate and phos-
phate arc 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 the amounts
of rainfall received and S concentration. Both of these,
turn, are related to distance, direction, and elevation from
the sea. On the island of Kauai, Fox et al. (15) recorded
5 ppm S in rainwater 0.5 km from the sea. but only 0.8
ppm 8 km inland.

Sorbed sulfate is abundant in many highhv weathered
soils, especially in acid subsoils, and is an important souree
of sulfur for plants (2, 3, 4, 12, 15, 16, 17, 20. 24)
although Barrow (4) has concluded thut adsorbed sulfate
is lower in availability than soluble sulfate. Chao. Harw ard,
and Fang in Oregon (7, 8.9, 10, 11) and others (1. 4, )
investigated many aspects of sultate sorption and desorp-
tion, pointing out that sulfate retained by soils is in hinetic
equilibrivin with sulfate in solution and that sultare re-
tained is dependent on pH o and on the concentration and
nature of associated ions, both adsorbed and in the cqui-
librium solution. Soils which stronghy retained sulfate were
selected for special attention in the Oregon studies. These
were leached soils- -soils which are products of intense
weathering associated with the tereperate,  high-rainfall
climate of Western Oregon.

Sulfur deficiencies have been reported from several locy-
tions in the humid tropics (5. 14, 15, 22, 23y and there
have been a few studies on soul sultur there (6. 227, but
much more needs to be done before accurate predictions
can be made on the magnitude of the suifur problem in the
tropics or the probable requitements and effectiveness of
sulfur fertilizers,

The sulfur status of <ails derived from voleanic ash and
cinders, soils which are very important in the Pacitw Basin
area, have been studied both in and out of the tropues (6,
9. 14, 15, 18,19, 23). Very strong sulfate retention oceurs
on some soils but rapid leaching and deficiencies  are
reported, alse. Most sulfate retention (sorptiont by soils
is associated with hydrated aluminum and iron ox.des (17},
Although work in New Zealand has indicated hat some
soils which contain allophane may retain fite- sulfate
against leaching, older soils containing allophanc retain sul-
fate strongly (18). Thus. sulfate sorption  phenomena
should be especially important in the highly weathered,
fine-textured soils of the trapics. Mechanisms of <ulfate
retention have been discussed by Harward and Reisenater
(17), while Ficlds (13) anion retention in
general.

Sulfate sorption and desorption reactions should be most
relevant to plant nutrition at low solution concentrations.
It is this range which scems to have been neglected most,

Although plants utilize sorbed sulfate, the concentration
of sulfate in solution (the buenviry of S nutrition) in rela-
tion to amount of sulfate sorbed (capacity for nutrition)
has not been adequately studied. In this report we (i)
document the magnitude of sorbed sulfate in some Haw iy
Latosols, (ii) examine the relationship between sorhed sul-
fate and cquilibrium solution concentration of sulfate and

consider.ad
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Table 1—Some properties of Hawajian soils derived from volcanic ash, arranged according to rainfall and
compared with three soils developed from basalt
H* 8iy
Series L Reserve Pt 8t Sorbed) solu-
name Sub groups Rainfal] H0 Kct K;S0; gph 8 sorbed sorbed 8 bility
mm #g/8 ppm
Salls from Ash
Kawaihae Typle Vitrandept 200 6.5 640 6.9 0, 57 180 600 30 60 0,9
Waimea Typle Eutrandept 500 6.4 625 6,60 0,35 640 380 30 40 4.7
Hanlpoe Typic Dystrandept 1,100 5.6 5 %4 591 0,33 520 600 110 130 27
Maile Nydric Dystrandept 2,300 55 520 5, 80 0, 60 1, 200 900 20 350 0,7
Ookaln Hydric Dystrandept 2, 200 5.1 4.75 5,20 0,45 1,990 2,000 150 720 3.3
Akaksa Typtc Hydrandept 4, 500 59 5. 20 6. 14 0. 94 2, 200 2, 160 1,100 L1
Solls from Basalt
Molokaj Tropeptic Haplustox 600 6.8 6,62 6,75 0,13 360 60 20 30 3.1
Withfewa Tropeptic Entrorthox 1, 00 5.7 5.30 6,13 0,77 70 3% 20 40 1,2
Kapap Typle Gibbsthumoex 2, 500 4.4 4. 40 4. % 0. 50 600 1,100 160 250 0,6

* 0. LN salt solutions at 1110 soll solution ratins, pH on supernatant solutfons,

t Phosphate adsorbed at ¢, 2 ppm P In the equilibrated solutfon, Conditions weres 25C, 6 days, 0, 0LV CaCl, .

1 Sulfate-aulfur removed from aoluilon by soll at 5 ppm S in the equllibrated aolutton,

§ Total aulfate-S (inftfal Iabile ~ + sulfate removed from solution), Conditfons as &bove,

* 8! {n solution after =haking & 1:10 suspension of so!] {n water for 4 hours,

(i) present some preliminary dat

between adjusted sulfate concentr

and plant response.

MATERIALS AND METHODS

Soil Samples——Soil profile samples were obtained in an

of “oleanic ash parent material on the Island of Hawaii,
the youngest and largest island of the Haw:
varies greatly over short dist
study received from 200 1o n
precipitation. Highly hydrate
reversibly, thos it iy very important 1o prevent excess d
In this case, large samples of the fie
bagged in polyethylene. Seve
that screening these soils was impractical. Soil propertic
greatly with the amounts of rainfall, as can be
data presented in Table |, Vidues for dpH were
compared with Jduta reported for some ash soils
(6) or Oregon (11; and phosphate

correspondingly high.

Laboratory Method, -Sulfate

structe i from data collected
were equilibrated with 30

with respect 1o Cal’ly and

and sulfate

Th

a on the relationships
ations in soil solutions

area

is is

viian ctain, Rainfall
ances. Locations sampled for this
wre than 6,000 mm mean annual
d volcanic ash soils dehydraie ir-
rving.
Id-moist soils were double-
ral of the soils are thixotropic so
S vary
seen from the
generally high
of Costa Rica
sorption were

sorption isotherms were con-

atined variable

as follows: Samples (3g) of soil
ml solutions which were 0.01M
amounts of Na,-

80,. Equilibraton wys accomplished at 25C for 24 hours,
which was more time than Wus Tequired for obtaining constant

sulfate in sohntion. Finu solution concentr,

siderably lesy than (he solubility of g
Sulfate in solution was determined turbidimetrically. Sulfate

sorbed was considered 1o be that which w
Allowance was made for dilution by w
in the moist soil. Al dury on

sulfate S remaining in solution

attained.

Labile S was estimated b
labeled with %8 in 0.0147 ¢
sulfate in the equilibrated solutions was (e
scintillation counting, and total sulf

mined turbidimetrically.
Sulfate was desorbed by ¢

solution. For sulfate determi
tion (< I ppm). soils were

ations of S were con-
ypsum o in 0.01Mf CaCls.

a4s not recovered.
aler contained initially
coneentration were plotted as

alter equilibrium  had  been

v oequilibrating soil with sulfate
aCly as described above. Labeled
termined by liquid
ate in solution was deter-

quilibrating soil with 0.01A7 CaCl,
in various soil:volution ritios, or by tepeuted ¢
same soil sample with 0.0131 ¢
tion eventually resulted in ve

xtractions of the
aCly. Continued sulfate desorp-
ry low concentrations of sulfate in
nations in this range of concentry-
cquilibrated with 338, The ratio of

sulfate 1o net counts was established, and then upun further
dilution, net counts were used to assess sulfate in solution, Sul-

fate sorbed or desorbed was added al
(labile sulfaic) 1o arrive at sorbed
the linear form of the Langmuir
Bardsley and Lancaster (2) for *

gebraically to native sulfate
sulfate values for plotting
cquation. The method of
reserve” § was used to estj-

sitlons were 25C, 24 hours, 0, LA CaCl, ,

Table 2——Total § in some Hawaii Latosols in relation to rainfall,
Soils were developed from volcanic ash, Island of Hawaij.
Data of Hough and Gile (19) are recaleulated to give
the weightcd Mean for § in the 0 to 100 ¢m profile

Rainfall, Total §,
Serles name Sub group mm ug/g
Waimea Tropeptic Eutrorthox 500 880
Moalua Hydric Dystrandept 1.200 960
Kalwik{ Typle Hydrandept 4, 400 5,570
Hito Typlc Hydrandept 4, 800 3,760
Katwltki Tynle Hydrandept 6, 900 5, 490

mate total S in soils, Phosphate extraction of sultute was with
Ca(H,yPO,), as described by Fox et al. (16). The method for
determining dpH is that of Chao et al. (11). Soils were equili-
brated with 0.IN KC1 and 01N K150, and pH of the clear
supernatant solutions was determined. The difference in pH,
referred to as dpH, is belicved to represemt the extent OH- is
replaced by S04,

Greenhouse Methods—Sulfate adsorption isotherms were
constructed by equilibrating soils with waler containing vary-
ing amounts of sulfate. From these curves, amornts of sulfate
required to adjust the soi soluticn t0 2,5, 10, 20, and 50 ppm
sulfate S were determined and these amounts added 1o several
soils. Kikuyu grass (Pennisetum clandestinum) was grown for
two cuttings in 1-gallon pots. Phosphorus added was also
based on adsorption isotherms, Other nutrients were added as
constants. The S results reported are means for two phosphate
levels in the adequate or near adequate range.

RESULTS AND DISCUSSION

Soils developed from highly weathered volcanic ash in
Hawaii frequently contain large amounts of S, even though
these soils may be subject 1o almost continuous leaching
(15). In fact, it is the most highly leached soils which
contain the greatest amounts of organic and sulfate S,
Examples of the very large amount of tota] § which can
accumulate in sojls developed from volcanic ash are given
in Tables | and 2, and the profile distribution of § in varj-
ously weathered and leached sojls is presented for the chief
experimental soils of this study in Table 3.

Sulfur accunculation and distribution in soil profiles is
related to rainfa’l in three ways. (i) the capacity of soils
to stabilize organic matter, which contains S, is a function
of reactive products of weathering which, in turn, is related
to rainfall; (i) the capacity of soils 1o sorb sulfate is
related to weathering products; and (iii) rainfall is a major
source of sulfate, A comparison, in Table 3, 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(H2POy)2 (10) trom soils which are developed from
volcanic ash, Soils are arranged ace arding to increasing
rainfall, Values are as ppm S in dry soil

Depth increment, cm

Sofl serles 0-15 15-30 30-60 60-90 90-120
Kawafhae 60 170 230 .- .-

Walmea 13 1 4 4 5
Hanlpoe 25 18 16 17 7
Malle 150 1, 260 2,170 2,450 .-

Ookala 1,070 780 960 1,170 1, 140
Akaka 1, 600 2, 480 7,210 7,340 7,320

strates that for the Wuimea 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-
num and iron oxides. What is unusual is the magnitude of
the values—over 7,000 ppm S.

Much of the sulfur of the highly weathered ash soils is
sulfate, which can b displaced with phosphate but is not
readily displaced .ith water. (Fox et al,, 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-solution ratio is needed
to assess sorbed sulfate by  single extraction of these soils.
If this sulfate had appreciable water solubility, it would
have been leached from the profile long ago, since annual
rainfall in excess of 300 inches (7.500 mm) 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 $% spike) will not correlate well with.
sulfate concentration in the soil solution.

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

'ZOOL
- AKAKA SOIL
csn +s0 29 hours equilibration
~
pd No,S0,+ 0.01 M CaCl,
s ool 25° ¢
8 *—s Surface
@
§ o——o  Subsoil

+ 80~
&
& o
fa)
&
=
g ot
?

L. 11l 1 Lottt a1l

) 10.0
S04-S IN THE SUPERNATANT SOLUTION (ppm)
Fig. 1—Relationship between sulfate sorbed or desorbed and

equilibrium solution concentrations for an Akaka surface and
subsoil,

Table 4—Sulfate sulfur extracted from forested Akuka soil by
four extractions with Ca(H.PO, ). Values on oven dry
soil basis. Some field moist samples contained
only 20% dry matter

S0,-8 extracted, .8’

Extraction no,

Total
Depth 1 2 i 4 extracted
0-6 165 i1 0 40 216
6-12 628 317 214 A 1, 209
12-18 1, 500 1, 095 13 Y1l 1,291
18- 24 1,930 1,304 574 kL] 4,173
24-50 2,283 1, 648 74 4 5, 009
30-36 2,605 2,000 99¢ 1*5 5, 943
36-42 i, 860 L, 447 I 256 4,290
42-48 1, 946 1.760 800 213 4,40

Table 5—Estimates of the labile sulfate pool by three methods

Method of estimation

fopestid

Extrapolation
Radlotsotape of the phusphare
Soll dilution 1aotherm extraction
Waimes [ 11 ]
Hanfpoe i7 29 P
Akaka 944 950 1, 600
Wahiawa 110 115

plant nutrition. No knowledge is required of the initial
labile suifate pool, although the size of the labile pool cer-
tainly influences the position of the curves on the graph.
In fact, an arithmetic plot of these data can be extrapolated
to zero concentrition to estimate the fabile sallute poul.
Table 5 gives estimates of the sultate pool by three methods
for three Hawaii soils,

The highly Teached and weathered Ahaha soil is devel-
oped from ash. 1t has a high potential butfering capacin
for sulfate, as s indicated by the steep slopes of the -
thermiz the amount of orrginal sorbed sultate which the sub-
sarl contains was sufficient o maintan more than 3 ppm
sulfate in solunon untl almost 100 .0 S g sail had been
withdrawn. The Wahiawa soil cannot mateh the Ahaka
capacity or reserve supply of sulfate. but it 1 mteresting o
note that at zero sulfate sorption both surface sotls were af
equilibrium with 3 ppm SO -S in solution.

B Wahiawa
("]
o l 24 hours equilibrotion
)
5 ‘“L No, SO+ CaCl,
2
[a] ————8 SURFACE
s
g 00k O-~oem © SUBSOIL
&
8 +80 ,
”
a e
:;nj ~"0
[ pye.:
*
W .ol
: 80
W
§_l°c lllllll 1 1 lllllll i 1
08 1.0 30 10.0

SO,-S IN THE SUPERNATANT SOLUTION (ppm)

Fig. 2—Relationship between sulfate sorbed or desorbed and
equilibrium solution concentrations for a Wahiawa surface
s0il 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 te sorbed sulfate in soils.

Adsorption of sulfate fits the lincar form of the Lang-
muir equation over o limited range of concentration, and
adsorption maxima can be calculated (Fig. 4). The utility
of these maxima has been questioned (9). Perhaps “first
phase adsorption maxima™ would be a more appropriate
term to use. I adsorption maxima are to be uscful, care
should he taken to avoid increasing solution concentrations
until further adsorption mechanisms are activated (3).
Chao ct al. (9) found that calculated adsorption maxima
were not particularly helpful in that the values obtained did
not predict any posstble maximum of sulfate adsorption
that would be consistent with other data they obtained.
Nevertheless, the calculated values for adsorption maxima
given in Fig. 4 fell into a reasonable pattern: they predict
that the adsorption maxima for the most weathered and
ac.d woils will be reached when the equilibrium concentra-
tion is about 16 ppm (Fig. 3-—vertical bars). These values
agree with a value reported by Chao et al. (9), for depar-
ture from linearity by a latosol and are not very different
from three other valaes reported (10-11 ppm) by them.

For the less highly weathered soils, adsorption maxima
are attained with 30 to 35 ppm in solution. This may indi-
cate o tendency for anionic repulsion by the more nega-
tivelv charged surfaces of the less weathered soils.

The first phase adsorption maxima may give useful in-
formation even if the busic mechanisms involved are not
clear. These values could be useful for predicting the
amount of sorbed sulfate required to give a desired level
of sulfate in solution. 1f, for example. the volcanic ash soils
of Hawaii are to have § ppm sulfate S in solution, the first

* AKAKA

1200H © OOKALA

I MAILE

HANIPOE

WAIME A

®  KAWAIHAE d

SORBED SULFATE {pgS/g soil)

50,-S IN THE SUPERNATANT SOLUTION {ppm)

Fig. 3—Sulfate sorption isotherms for a series of six soils devel
oped from voleanic ash, Island of Hawaii. The soils are listed
in order of decreasing rainfall, The vertical bars near the end
of each curve represent he calevlated first phase adsorption
maxima,

phase sulfate adsorption capacity should be 60 to 80%
saturated. It must be pointed out, however, that adsorbed
phosphate can greatly modify the sulfate solution-sorbed
phase cquilibria (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,
Sclected 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 optimum for kikuyu grass. For
soils with intermediate capacity to adsorb sulfate (Moaula
and Hanipoe) 5 to 20 ppm was adequate; but, for soils
which had little capacity to adsorb sulfate (Naalehu and
Kawaihae) yields increased even beyond 20 ppm. High
concentrations of sulfate in solution were required for ade-
quate sulfate supplying capacity in these soils with little
adsorbed sulfate in reserve.

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

03 v WAIMEA
{80)
°-’&“ _a KAWAIHAE
prad 1140)
’f
) ¥ ANIPO X
oz8—of- .- H g
'x/»// (220)
- Kua/l 1 [} 1 |
024 CF 8 Y 24 //
/ MAILE (530)
020—
E
x /’
~ X
O e OOKALA (880)
A
mzL— / /
II
/ AKAKA (1800)

008|— X
/ [
/X
Q04— /

i I J
8 10 8

C (ppm)
Fig. 4—Linear plots of the Langmuir isotherms giving the cal-

culated adsorption maxima in parentheses. Equilibrium time
was 24 hours at 25C in 0.01M CaCl.,
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Fig. 5—Relationship between sulfate sorbed and sulfate in the
cquilibrium solution for an Akaka surface soil which has been
treated with various amouvts of phosphate, Values for phos-
phate added are ugP/g soil. The phosphate was added 6 days

rior to the addition of sulfate after which hoth were cquili-
Ernlcd together with the soil for 24 hours,

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

Fertilizer trials have been conducted in the field on three
of the soils used in the pot studies. The Hanipoe was very
sulfur deficient. On this soil S increased the yield of kikuyu
87% above the no-sulfur control (15). The data in Takle
5 and Figs. 3 and 4 explain why. This soil has medium
capacity to adsorb sulfate (first stage adsorption maxi-
mum = 220 ,g/g) but native adsorbed sulfate was only
about 20 ug g. This corresponds to 10 sulfate satura-
tion which is far less than is required to maintain S in
solution at an acceptable level.
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