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Abstract—Aluminum is treated as a mobile, reactive component in newly designed stability diagrams
for the Si0-ALO;-K,0~-H,O system. The diagrams show that the stability field of kaolinite is strongly
dependent on pH at or below 6-7 but at 67 or greater the stability field is independent of pH, and also
that in present sea water, K—mica is a stable phase with respect to kaolin minerals. Natural waters from
present-day, kaolin-forming localities in Mexico and Kentucky are consistent with theoretical interpre-

tations from these stability diagrams.

INTRODUCTION

STABILITY diagrams for aluminum silicates applica-
ble to conditions of weathering and diagenesis have
been periodically modified so as to become more
realistic and useful. Feth et al. (1964) pioneered
with diagrams in terms of activities of Na*/H" or
K*/H" and activity of H,SiO,, and modifications of
the diagrams have been subsequently introduced
(Garrels and Christ, 1965; Hess, 1966; Curtis and
Spears, 1971). All of these diagrams treated Al as an
inert component although in nature Al is known to
be mobile. Kittrick (1970), however, recognized Al
to be active in the system, pH-1/3pAl* vs pH,SiO,,
although the determination of concentration or ac-
tivities of A’ becomes difficult in systems near
neutral pH. More recently Hem et al. (1973) used
log activities of AI** or AI(OH),™ plus H,SiO, versus
pH to characterize halloysite which had been
synthesized at room temperature.

This paper reports newer stability diagrams for
kaolinite, halloysite, and K-mica with respect to
activities of Al, in which Al has been differentiated
into AI’*, A(OHY”, AI(OH),", and AI(OH),", plus
H.SiO; (or other species, such as H;Si0O,”, H,Si0.”",
H,Si0,*, Si0,*, depending on pH), plotted against
H™ (pH). Al is thereby treated as an active compo-
nent in which its varied status is realistically recog-
nized.

SPECIES OF Al IONS AS ACTIVE
COMPONENTS
Consider the systems in which kaolinite, AGS =
902-9 kcal/mole (Robie and Waldbaum, 1968), is in
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equilibrium with its dissociation products, notably
the various species of hydrated Al as follows:

ALS;,O(OH), + 6H" =2AI" +2H.SiO.+H;0. (1)

Alele5(0H)4 + 4}‘1+ + Hzo = ZIAI(OH)Z+ + 2H4Si04.
%))

ALSiO(OH),+2H" +3H,0 = 2A1(OH," + 2H.,SiO..
3

ALSi,Os(OH), + 7H,O = 2AI(OH),” +2H.,Si0, +2H".
@

Equilibrium constants (K) for these reactions can
be obtained from the Nernst equation: AGS=
— 1-364 log K, by the known values of standard free
energies of formation (AG?%) (Reesman and Keller,
1965; Reesman et al., 1969; Huang and Keller,
1972). The following relations are then obtained for
the above four reactions, respectively:

log [AI"]+log [H.SiO.] = 3-46— 3pH (5)
log [AI(OH)**] +1og [H,SiO.) =~ 1-54—2pH  (6)
log [Al(OH), 1+ log [H.SiO.] =~ 5-59—pH 9
log [AI(OH), ] +log [H.SiO,] = — 18:97+pH. (8)

Figure 1 is a plot representing equations (5, 6,

7 and 8), and shows a stability field of kaolinite
(above line K) delineated in terms of log activities
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Fig. 1. Stability diagram of kaolinity and halloysite in

terms of log [All +log [H.SiO.] plotted against pH at 25°C

and 1 atm. The composition of present sea water is shown

in a rectangle. K is a stability boundary between kaolinite

and solution, whereas H is a stability boundary between
halloysite and kaolinite.

of Al, as different Al species, plus log activity of
H.SiO., against pH. Figure 1 also shows a stability
field of halloysite (AG$=—898-4kcal/mole,
(Robie and Waldbaum, 1968)), above line H. The
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composition of present sea water is shown in a
rectangle. It is noteworthy that halloysite is a met-
astable phase with respect to kaolinite if the system
is in present sea water.

Two points, especially, should be noted, in apply-
ing the stability relations of clay minerals in Fig. 1,
and related Figs. 3, 4, and 5, to natural geologic sys-
tems:

(1) Since naturally occurring clay minerals have a
wide range of stabilities depending on particle size,
degree of crystallization etc. (Hem et al., 1973),
standard free energies of formation for the minerals
(AG9) derived will be varied, and subsequently the
stability boundary of the minerals involved will be
modified accordingly, depending on which values
of AGY are used. In this paper AG§ was chosen
for those most stable clay minerals, and the diag-
rams should provide a fundamental base. Subse-
quent modifications of the diagrams may be made
to suit for individual need.

(2) As shown in a distribution diagram of species
from orthosilicic acid in Fig. 2, H;SiO, is present at
pH =56 (0-01 per cent H;SiO, and 99-99 per cent
H.Si0.) and has a maximum value at pH=10-7.
Therefore, before applying the diagrams to natural
systems where pH is higher than 5-6, activity of
H.SiO. should be corrected for the effect of dissoci-
ation from total activity of Si as calculated from
analytical data.
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Fig. 2. Distribution diagram of species from orthosilicic acid.
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For a system in which K-mica KALSi0,(OH),,
AG$=-1330-1kcal/mole, (Barany, 1964) is
equilibrated with its dissociation product, the
equilibrium equations can be written as for kaoli-
nite as follows:

KALS;00(0OH),+ 10H" =K* +3AI" +3H.Si0,  (9)
KALSi:0,¢(OH), +7H" +3H,0
=K"+3AI(OH)" +3HSi0,  (10)
KALS#O,,(OH), +4H" +6H,0
=K"+3AIOH)," +3H,Si0, (11)
KALSi;0:(OH), + 12H,0
=K'+3AI(0OH), +3H.Si0,+2H". (12)

After equilibrium constants (K) are calculated as
in the case of kaolinite, the following relations are
obtained for the above four reactions, respectively:

log {AF*]+log [H,SiO.]

=5-08~1/3log [K*']-10/3pH (13)

log [AI(OH)*] +log [H.SiO.]
=0-08—1/31og[K']-7/3pH (14

log [AI(OH), ] +1og [H,SiO.]
=-397-131og [K']-4/3pH (15)

log [AI(OH), 1+ log [H,Si0O,]
=—17-34—-13log [K*]+2/3pH. (16)

By knowing an activity of K™ in the system,
log [Al] plus log [H.SiO,] can be plotted against pH.
Figure 3 is a plot representing equations (13, 14, 15
and 16), and shows a stability field of K-mica with
respect to an activity of K* for sea water (marine
environment) taken as 107" (Berner, 1971)
bounded by line M, and for average river water
(non-marine) with activity of K*, 10°** as line N.
Activities of K*, AI(OH),”, and H,SiO, for sea
water were calculated from the data of Livingstone
(1963), following the procedure outlined in an ear-
lier paper (Huang and Keller, 1972). It is obvious
from Fig. 3 that in present sea water (rectangle),
K-mica is a stable phase.

In Fig. 4 are shown the stability relations of kaoli-
nite, halloysite, and K-mica with respect to ac-
tivities of different Al species, H,SiO,, and H, in
marine and non-marine environments (Huang,
1973). Again, halloysite is stable below line M in
marine water, and below N in river water. Kaolinite
is stable below line M,K"=107?" (marine water)
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Fig. 3. Stability diagram, using the same variables as in

Fig. 1, of K-mica with respect to sea water (M) and aver-

age river water (N). The composition of present sea water
is also shown in a rectangle.
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Fig. 4. Stability diagram of kaolinite, halloysite, and K-

mica in terms of log [All+log [H.SiO.] plotted against pH

at 25°C and 1atm in sea water (M) and average river

water (N). the composition of present sea water is shown

in a rectangle. Activities of K™ are 107**" and 10 for
sea water and average river water, respectively.
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and K-mica stable above it. Kaolinite and K-mica
are stable, respectively below and above line
NK®=10"*" (river water).

In either marine or river water, the stability
field of kaolinite is strongly dependent on pH at or
below 6-7 (also the isoelectric point of Al in an
aqueous system), but at 6:7 or greater, the stability
field is totally independent of pH. In present sea
water, K-mica is a stable phase with respect to
kaolinite or halloysite.

GEOLOGIC EXAMPLES

A geochemical development or device is mean-
ingful to a geologist when it accords with geological
field examples. It is not easy as might appear at
first thought to apply, unequivocally, stability
diagrams of clay minerals to natural systems. Only
uncommonly are systems known where clay miner-
als are observably being formed now and the as-
sociated solutions are truly the reactants producing
the particular variety of clay mineral present. Even
in large deposits of clay minerals, the waters ex-
tracted from them do not necessarily represent the
composition of waters operative at the time of their
formation. Furthermore, waters emerging from
rocks undergoing ‘‘kaolinization” (in general), for
example, can not be specifically tied to kaolinite, or
to halloysite, or to possibly an intermediary film of
“K-mica’ generated between the feldspar and ka-
olin, unless detailed observations are made and ap-
propriate restrictions imposed.

We cite two occurrences in which altering solu-
tions are currently producing endellite in the pro-
cess of formation: one from Michoacan, Mexico,
and the other from Kentucky. We will illustrate
with 8 other spring-water samples taken from Hem
et al. (1973), quoting Feth et al. (1964), although the
specific clay minerals with which these solutions
are in equilibrium are not identified.

At Ojo Caliente de Laguna Larga, Michoacan,
Mexico, a large hot spring, 45°C, rises through mul-
tiple orifices within country rock of rhyolitic com-
position. Masses of clean, relatively pure endellite
are in the process of formation from the rock by
this water, (Keller et al., 1971). Thus, this natural
system and stability diagram No. 4, Fig. 5, presuma-
bly are compatible. The composition of the water is
located at L on the diagram.

Near Stanford, Kentucky, in a road cut through
middle Paleozoic rocks, white, relatively pure en-
dellite is being formed as connected nodular masses
in a reddish-brown ancient residuum from weath-
ered Silurian Brassfield limestone (Keller et al.,
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Fig. 5. Stability diagram of kaolinite, halloysite, and K-

mica. L represents the composition of water from a hot

spring in Mexico; S represents a vadose solution in Ken-
tucky.

1966). The reacting solutions are acidic, seeping
downward from oxidizing iron sulphide in the over-
lying Devonian New Albany shale. This natural
system appears indubitably to be active in argilla-
tion, and is compatible with the stability diagram.
Water leached from the sticky, wet endellite yields
a composition plotted at S on Fig. 4. The halloysite
field and boundary of the diagram are clearly con-
sistent with these two natural occurrences.

Hem et al. No. 1 (Feth et al., No. 1218), water
from an ephemeral spring, is plotted on Fig. 6, as
1’ in a solid circle. Itis in a K-mica field. The solid
circles are referable to the solid boundary lines,
which are located on the graph by calculation with
log [K*1=4-5. The analyses of K* are taken from
the paper by Feth et al. (1964). Spring-water num-
bers marked X are referable to the dashed lines lo-
cated with respect to log [K']=5-0. Nos. 6, 9, 10,
14, are from “quartz monzonite’ springs; they lie
within the kaolinite field. No. 26 is from a “-
granodiorite” spring; it lies in the kaolinite field.
Nos. 34 and 36 are from “granitic rock springs’’;
No. 34 lies in the K~mica field, barely above the
kaolinite-mica boundary, whereas No. 36 falls in
the halloysite field.
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Fig. 6. Ground-water compositions related to clay-
mineral stabilities. H: Halloysite stability field. K : Kaoli-
nite stability field. M : K-mica stability field. Solid line and
circle, where log [K*] =5-0. Dashed line and X, where
log [K*]=4-5. No. 1, Ephemeral spring. Nos. 6, 9, 10, 14,
Quartz monzonite springs. No. 26, Granodiorite springs.
Nos. 34, 36, Granitic rock sprins. Spring-water data from
Hem et al. (1973).

Because the compositions of all of these waters
lie within potential or probable equilibrium-clay
areas, the stability diagrams appear to be well ap-
plicable to geologic systems. Only if the unique
clay mineral being developed in the weathering
crystalline rock is known can exact equilibrium cor-
relation be established.
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Résumé-- L’aluminium est traité comme un composant mobile et réactif, dans le cadre de diagrammes
de stabilité nouveaux concernant le systeme Si0,-Al,0.-K,0-H,0. Les diagrammes montrent que
I’halloysite et le mica —K ne peuvent pas coexister & 1’équilibre, que le domaine de stabilité de la
kaolinite dépend fortement du pH en dessous de 6, 7 mais qu’il n’en dépend plus au dessus de cette
valeur, et que, en présence d’eau de mer, le mica K est une phase stable par rapport aux minéraux du
type kaolin. Les eaux naturelles actuelles et les sites ol se forme le kaolin au Mexique et dans le
Kentucky présentent des conditions en accord avec les interprétations théoriques tirées de ces dia-

grammes de stabilité.

Kurzreferat—Aluminium wird in neu entworfenen Stabilititsdiagrammen fiir das SiO,-ALO:-K,O-
H,O-System als beweglicher, reaktionsfihiger Bestandteil behandelt. Die Diagramme zeigen, daf§ Hal-
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loysit und K-Glimmer im Gleichgewicht nicht koexistieren kénnen, daB das Stabilititsfeld von Ka-
olinit eine starke pH~Abhéngigkeit bei Werten von 6,7 oder darunter aufweist, daB8 das Stabilititsfeld
bei pH-Werten iiber 6,7 dagegen pH-unabhiingig ist, und schlieBlich, daB im heutigen Seewasser
K-Glimmer im Verhiltnis zu Kaolinmineralen eine stabile Phase darstellt. Natiirliche Wisser von
Gegenden in Mexico und Kentucky, in denen heute Kaolinbildung erfolgt, stimmen mit den theoreti-
schen Auswertungen dieser Stabilititsdiagramme iiberein.

Pesrome — Bo BHOBb COCTABIICHHBIX JHAarpaMMax YCTOMYHHUBOCTH cucTeMsl Si0,-Al,03;-K,0-H,0,
AFOMMHHN pACCMATPUBAETCA KaK MOGUIIBbHBIM peaKIHOHHOCTIOCOGHBIH KoMITOHEHT. ITo nuarpamMmam
BMIHO, YTO rautyasuT # K-croga He MOTYT COCYIUECTBOBATE B PABHOBECHBIX COOTHOLIECHHSAX H, YTO
MoNI€ YCTONYMBOCTH KAOJIMHUATA IPEMMYILECTBEHHO 3aBUCHT OT pH paBHOMy WM HHXe 6,7, HO IpH
6,7 WK BRIIIIE TIOJIE YCTOMYMBOCTH He 3aBUCHT OT pH, Takke BHIHO, 4T0 B MOpckoif Boae K-cmona
ABJIAETCA YCTOMYMBOM (a30ff 1O OTHOIUEHHIO K KAOJHHOBLIM MHUHepasiaM. [IpuUpommble BOILI
Mexkcuku 1 KeHTYkKkH 00pasyrolliie B HACTOSIIEE BPEMs KAOJIMH HE HPOTHBOPEYAT TEOPETHUYECKUM
HMHTEPNPETALMsIM 3THX JHArpaMM yCTORYHBOCTH.
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