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Solution Activities of Almainum and Silicon in Highly Weathered Soils that contain Gibbsite and

. Kaalinite

R. M. WEAVER AND P. R, Broom?

ABSTRACT

Solution activities of aluminum  (AY) and  monosilicic acid
(SItOH),) in dilute acid suspensions of six Brazilian Oxisols were
measured over o period of 145 duys, The steady state activity function
of pll =YipAl ranged from 186 (o 2,09, while that of pSiOH), ranged
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gibbsite, the observed solnte activity functions of ph=YapAl and
pSHOH), deviated consiflerahly from those expecied for a thermody-
namic equilibriom between pibhsite and Kaolinite, It was found that
the solution nctivities of Al and SiO), in these soils appuared (o
result from the dissolution of o surface aluminosilicate component (R
of variable compositivn-{[ANOIL1} ], [S10,], 1, rather than gibbsite
and Kaolinite.

Additional Index Words: soil mineral dissolution, localized eqnilib-
rinm.

NI OF TRE PROBLEMS limiting crop production on

highly weathered soils ol the humid tropies iy toxic
levels of soluble Al that result from dissolution of soil min-
erls under acidie conditions. Commonly, the minerals ap-
parently undergaing dissolution in highly weathered soils
are gibbsite and kaolinite. Low temperature studies on the
dissolution ot well-characterized samples ol gibbsite (Kit-
trick. 1V600) and Kaoline (Kittick, 12000) under carelully
controlled conditions have provided reliable solute acuv iy
products that should dllow a4 prediction of the soil solution
activity values of AI** and SiOH), at a given pH when
these minerals are present. However, the applicability of the
latter (o sorls that contin gibbsite and kaolinite has not been
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extensively tested or demonstrated. Henee, the puipose
this investigation was to examine the solution gctivitios 2
Al and SI(OH), thar oceur in aciditied suspensions of
some highly weathered soily that contain gibbsite and Kao
linite.

MATERIALS AND METHODS

Samples of sitiee hotzons (0-20 ey of siy sails, currentls
clussified as Typic Haplustox, from the Cemral Phneaa of Brazl
were ised in this imvestigiion. Previous deremminations (\Veas er,
1975) have shown that gibbsite and Kaolinite constitute i1 major
portion ot the chy fractions (<2 gm) ol these soils (Table 1
Other constituents i the clay fractions consisted ol iron osides,
038 NaQH-eatactable amorphous matenals  (Hashimoto ind
Jachson, 19601, taces of mica. Al-chlonte. and Ti0O, minerls.
One interesting feature noted for the clay fractions (Table 1) was
the presence ol surfice reactive component, selectively extrcted
by 0.5 CaCly of pH LS (Tweneboah etal 1967 ) that had a co
position that dittered substantially from the bulk of the clay 1
ton. The Steontent ol this surfiee reactive component appeaidd o
Tave onginated Trom acfimaed dissolution of gtz the predon
nant mineral i the sand fractions, as there was an eseellent reb
tonship (15 = 0.06) hetween the reactive Si0, content ol the ol
trawctions amd the amoum ol sand-sized quanz, This appatent
dissolution of quartz, howeser, dind not cecur o the extent suh
i ibbsite was estheated o kaolinite as there was o el
tonship (7 = 0020 between the quantz content o the Kachm
iefeihbaite 4 Kaolinte ratios ol the clay Tractions.

Fhe soluteactiviny studies on the soils were carried out uisdes
conditions designed oz (0 minimize the influence of exchanecabic
AL minally presents (i) maintain g Gy constant onic stiengil
andd (i) produce o stesdysstate pEEvidue of =< S sothat the Al ol
tion species would be fimted 1o the hexaguo species, Al O
atnd s st hvdrodvses prodoct ACELO) GO )0 Accondiney,
duphcate 100y samples of the soils were placed it 25001 poiy
propylene centifinge bottles and wishied thiee times with 1 3\
CaCly by centriuganon and decantation, tollowed by five washes
with 0.0 1N CaCl The simples were then suspended in 200 md ot
OO CaCly that was also LODSN with respect o HCL Ses il
diops of woluene were added t cach betle to bibit nucmival
growth, amdpthe bottles were placed i o constnt temprani
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Table 1—Gibbsite, Kaolinite, and reactive fraction (0.58M CaCly, pll
1.5) content of the clay fractions (<2 pm) of Brazilian Oaisols.

Kaolinite/ Reaclive

Soil no. Ciay Gibbsite Kaollnite Kaolinite + Gibh Si Al SiJAISH

% — mmole/100 g ——
2 9 27 36 0.67 0.70 565 0.11
5 16 9 40 ) 0.82 252 6.67 v.27
B 29 58 5 0.08 1.50 9.31 0.14
11 68 24 39 0.62 050 653 007
14 56 50 5 0.09 0.50 10.1 0.05
17 31 27 34 0.56 158 873 0.15

room (25°C = 1). The bottles were shaken by hind daily. Periodi-
cally aliquots of the suspensions were taken and afier centrilu-
gation, the pH of the supematants was determined with a Leeds

and Northrup pH meter; aluminum by the Aluminon method of

McLean (1965); Sit(OH), by the procedure of Wever et al. (1968):
and iron by the Onthophenanthroline method (Sackson, 1969). Ac-
tivity coefficients of Al werd caleulated by using the extended

Debye-Hiickel equation (Butler, 1964, p. 423). The activities ol

Al were caleulined from the analytical coneentrations of’ Al by the
method of Hem and Roberson (1967). The activity coefficient of
Si(OH), was assumed to be unity,

RESULTS AND DISCUSSION

The solute activity values (Table 2) were characterized by
initial rapid increase in pH (decreasing H* activity), while
ARt and Si(OH), activities increased which is to be ex-
pected for dissolution of an aluminosilicate phase fzom un-
dersaturated conditions. The amounts of Fe released (< |
pg Fe/ml) were insignificant in comparison to Al and there-
fore, measurements of Fe were discontinued after the firse
two samplings. The vanation among the soils in regard 1o
aluminum activities was slight compared to those of pi and
Si(OH),. Theze was little relationship between pH and Al
activity as regression analysis gave pAl = 0.0164pH +
3.52 (r* = 0.08). Obviously, pH alone would not be a good
indication of the expected Al activities of these soiis.

Interpretation of the possible solid phase control on solute
activities was initially made by plotting the observed values
in i phase stability diagram (Fig. 1) that describes the stabil-
ity of well-crystallized gibbsite and kaolinite in terms ol the

Table 2—pH, pAl, and pSi(OH), of soil suspensions of Brazilian Ox.

isuls.
Time (days)
Soil no, 14 60 106 145
HHRE pH 5
2 3.05 3.56 3.70 3.70
5 2.50 290 3.00 3.05
] 2,75 341 3.60 3.60
11 2.90 344 3.58 3.00
11 3.10 3.68 1,42 385
17 2,60 3.25 340 315
Al
2 3.50 3.55 1.56 353
5 1K1 1.59 3.50 .51
L] 3.51 345 343 143
11 347 3.42 an 341
(£ 347 EEL JAR 3409
17 3.54 346 345 3.1
_p.‘fl l_tllll.

2 4.19 1.0 400 $96G
5 4.14 3.80 KN E] 369
B 1.22 1.03 1.00 3.06
11 4.36 4.21 1.18 517
14 4.39 1.27 4.25 (.22
17 4.31 1.07 1.01 L94
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Fig. 1—Steady state solutz nctivity functions of pSi(OH), and pH-% pAl
of soil suspensions in relationship to those of well-crystallized gibb-
site and Kaolinite at 25°C and 1 at.

solute activity functions, pH-'pAl and pSi{OH),. The
diagram in Fig. 1 was constructed from the dissolution
equations:

Al(OH); + 3H' = AI’* 4 3H.O [1]
(Gibbsite)
pH = 1/3pAl = —1/3pK (2]

Al,Si.0,(OH); + 6H* = 2AP* 4+ 2Si(OH), + H,0 [3]
(Kaolinite)

PH = 1/3pAl = = 1/6pK g + 1/3pSOH), |

)

Values for pKg(=8.0) and pK,..,, (=6.53) were deter-
mincd using standard  thermodynamic relationships and
AG®, values given in Table 3. Essentially, the diagrani
shows that gibbsite will be stable relative to Kaolinite at
pH=YpAl = 2.67 or greaterand pSitO1D, = 4.8 or less. If
both Kaolinite and gibbsite are present. the solue activity
values should cluster around a given point at pH--'apAl ==
2.67 and pSi(OH), = 4.8. Included i the diagrim is the
stability linc corresponding to the dissolution and precipita-
tion of quantz (pSi(OH), = 3.74, Siever. 1962). The posi-
tion of the line indicates that quanz presence should canse
Si(OHh, activities greater than that ot gibbsite-kaolinite
cquilibrium and suggests that gibbsite would be unstable

Tuble 3—Standurd free encrgy of formation? (AG ) values vsed in de-
selopment of the stability diagram,

Species Ay Source

Kealuries/mule

Al ny -116.0 Robie & Waldbaum, 14GH
Gibbsite? AL, -275.2 Kittrick, 14itia

Kaolinite ~H)h Kittrick, 166Gh

Si (01, =410 Rattraek, 1

11,0 =h.7 Crarre s & Chinst, 1Y

1 257C, Latm

1 The AGY values for gibitsite and kaolipite, oripinally teported on the basis of
.1"-; ALY 2 <1150 Keatones/mole, have bren recaleulated using the more re
cenl value of =116.0 Kealories mole,
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relative to Kaolinite in the presence of quartz. However, as
discussed by Kittick (1969), the Rinetics of quiriz dissolu-
tion and precipitation are extiemely slow at earth-surfice
temperidures and pressures and thus guartz may have neg-
ligible influcnce on gibbsite-kaolinite equilibrinm.

The steady state solute activity functions® (Table 2),
when plotied in the stability diagram. showed a consider-
able variation from that expected for gibbsite-haofinite ¢qui-
librium. Generally speaking, the pH—=YpAl values were
less (undersaturated) than that expected for gibbsite and the
PSICOH), valies are greater than thai associated with gibb-
site Tormation and/or stability. Furthermore, the relative
amounts of gibbsite and Kaolinite present in the clay fric-
tions have only a very general relationship to the displace-
ment of the solute activity functions towards cither the gibb-
site or kaolinite stability regions. The steady-state: solute
activities of Si(OH), with the exception of soil no. 3 were
all less than that of quarz. Although previous results

(Weaver, 1975) have suggested that some dissolution of

quanz has oceurred in these soils during their development
as reflected in the relationship between the sand-size quanz
and the reactive S0, content of the clay fractions, it is un-
likely that the dissolution of quanz is of sufficient rate to
make any significant contribution to the steady state activi-
ties of SHOH) . In support of this, unpublished resulis obs-
tained in this laboratory on some Brazilian Oxisols similar
1o the present ones have shown that the presence or absence
ol quantz (suspensions of soils va. suspensions ol quintz-
free, separited clay fractions) hid no influcnce on SitO1)
solute activities over a I-year period of time. Studies cur-
icitly iin Piugicas, howaesved, shiow ihat the presciice uf sand-
Sze quantz can influence soletion activities of soil suspen-
stons through an abrasion effect i the soil suspensions ire
continously sgitiated. i

The apparent failure of the solution activities to agree
with what is expected from the erystalline clay minerals
present iy more the rule than the exception especially in
regard o the activities of Al (Twner and Singh, 1971;
Bache, 1974). Such discrepincics hive usually been attrib-
uted 1o incomplete deseription of the Al species in solution
and - Failure 1o reach equilibrium: (Richburg and Adams,
19717 Misra et al., 1974). In the present case, uncertainty
about the nature of the Al species in solution should hardly
be a complicating ractor. The steady state pH values were
Al <<d and the hxaaquo species AICH,0) shoald pre-
dominate and the small amapunt of the first hydroly sis prod-
ucl-Al,0) (OH)* can be readily caleulated. The gues-
tion in regard o equilibnium is more ditficult o answer.
Helegeson (1971) has presented an eatensive theoretical
treatment on the mass transter reactions involved in alumi-
nosilicite tansformation, but actual data on the rates of pre-
cipitation and dissolution of gibbsite and kaolimte are Lick-
g However, judging from the vesults ol Kutnek (1967)
cquilibration o @ibbsite and Kiaolimte under acidie condi
tions for several months appears to result m a near equilib-
i state,

Although reasonable uncertainty can enist about whether
of not the steady-state values (Table 2) actually wepresent

Hhe solute activaty funcirons st 1S davs were eihen o represent steady
state vadnes that e presunably near oratan cam oo state as thore was
ke ditterence berween the 1060 day values .nl\I.Ih-l\l' R B R R AN

10}
Bl log Kp= =18.7X + 8.2
log Kl: "“‘-.-\ r':0,98
6| ‘\'x.
L
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Fig. 2—Relationship of lop K, values to the molar fraction of 8i0.(x)
in the surfuce component.

cquilibrium conditions, there is yet another factor that could
have a significant influence on the observed solute iictivi-
ties. This would be the nature of the solid phase surfice
with which the solute activities are presumably in equilibri-
um. Surprisingly, this factor has received scant atiention
from soil scientists, but it hits been pointed out by Helege-
son (1968) that geochemical transtormations such s kaolin-
ite == gibbsite most likely oceur through i series of partial
equilibrivm states, each reversible to the next, but all irre-
versibly related 1o the initial or final state of the system.
These successive partial equilibiium srtes may result in a
condition of localized equilibrivm tor the system, i.¢., a sit-
uation in which weathering processes produce a surfice
coating or *reaction rim™* on a crystalline mineral, of a dil-
ferent composition from that ol the bulk mincral phase.
Consequently, the solute activities are in equilibrium with
the surlace piase tather dian the buik imineiai, Accordingdy.
cven though at has been demonstrited that mixtures of gibb-
site and kaohnite, under carerully controlled laboratory con-
ditions, can attain the expected equilibrium state (Kittrick.
1967), it would seem not unlikely that soils which contain
gibbsite and kaolinite could give solute activities of At
and SHOH), that reflect an intermediate state or localized
cquilibrivm rather than that of gibbsite = kaolinite. Along
this Iine of reasoning, it has been shown (Paces, 1973) that
solute activities of Al** and SHOH) ; in the eround waters of
the Sierra Nevada were controlled by the solubility ol an
amorphous wluminosilicate: of variable composition, To
apply the Tatter interpretation to the Brazilian soils, i disso-
lution equation for an aluminosilicate intermediate phase
(R) of vanahle composition was written as:

UAKOH) o n[SI0 ], b+ (3= 30H® = (1 = 1) Al
+ ASI(OH), + (3 = SX)H. O (5]

where x represents thé molar fraction of silica in the inter-
mediate matenal. The equilibrivm: condition tor the latter
reaction can be written as;

og K = (1 = ) log (AI*) 4 xlog (Si(OH),)
= (3 = 3 log (). (6]

Iowas assumed it the acid-extractable weactive fracion
CTable Dy cauld be used o approximiite the value oty tor
cich sotl. Values of log Ay were than caleuiated by subst-
ttion of the values ol v and the steady-state solute activities
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(rable 2) into Eq. (6] A plot ol fog A as o function of
(Figs 20 vave oe Ky = I8 70 = 8.2 (2 = 0.98) and indeed.,
i does appear that the activities of AL and SicOH) in the
suspensions of these Brazilian soils can be described by the
dissolution ot an aluminosilicete of variable composition.
The relationship in Fig. 2 shows that at x = 0 or when the
composition of the surface compone it would correspond to
AOL, log Ky = Tog (A1) 3 Jog (H1H) = 8.2, This
value is remarkably close 1o what would be expected for
these soils. Jeis greater (more soluble) than that of well-
crystallized gibhsite (lag A7 =3 loo 11 RO Kinck,
19000). but much lower (less soluble) than that ol ot

phous AKOH) (9.7, Sillen, 1964). On the other hand,
= 1.0 ora composition of S104, the relatonship m Fig, 2
gives L A 101 This vadue s moch Jess (lowes solu

bility) than that of amorphous SiOlos SOH), == 2.7,
Krauskopt, 1956) and for that matier any reported vadue fog
S10, minerals. However, the observed suiriaee componsi-
tions (Fable 1) were predominantly aluminous, and ap
parently the relationship in Fig. 2-cannot be extended to
hy potheiieal SI0, composition which would be an unlikely
oceun e in these hi;:“!_\ weathered soils, 1 does Toliow
though, from Eq (6] and Fig. 2, that with increasing
amounts ol S10, in the sueface component, at Jeast within
the range v = 0.05 o 0.25, the solution acnvity of Al
becomes less than it expected Prom the stoichiometrie and
thermodynamic dissolution of an ANOH), nineral. Ap-
parentiy, e smadlimount of S10, when associated wion the
predominantly aluminous surface compaonent, can markediy
reduce the solubility of the alominous phase s been
noted (Hemet. ale, 1973) that the solubiting of HHCTOTY 8-
taliine gibbsite is redoced when in the presence of SitO1) .
Her (1973) showed that the adsorpion of spad! amounts ot
AT onto amorphous silica surtaces markedly reduced the
solubitity o the silica phase. Tt does not seeny unlibely tha
i an analogous manner tmat the precyntation of SO,
ontee ANOH I surfaeess whieh has apparently oconrred i
iy the developanent of these Brazilom sonds. would reduce
the solubility ot the AROH),. Sich a phienomicnon s ould
20 far i espliming the often noted vaation m (A1)
(O on activity products among sotls with apparently
stmilar mineralogical composttions.

While dissolution of an alaninosihicate surlice compo-
nent appears o deseribe the observed solution activities ol
AL and SHOH), of these biehly weathered Brazilin soils,
it should be pomted out that tis may be at feast m pant a
consequence of hinclic fctors. That s, gibbsite and biolin
ne iy themody namically be the ulimately stable clay-
stzed constituents e these sotls. However, beciuse ol the
greater accessibility wooweathennye solutions and o mope
rapid sate ol weaction the solution activities of A and
SUOH  will appear 1o be controlled by surlice component -
e than the olimately more stable. bot Linctically less
active mmerads . hovestisations are currently bemge capred
out on these Brazdin soils i ondon o clucidate the ietios
OoF SO ) and AT gelease over Lone periods of tine
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