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25°C and 1 atm dissolution experiments of sepiolite and kerolite
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Abstract—Fine-grained sepiolite (Mg,Si;0, s(OH)« 3H,0) and kerolite (Mg;Sis0,6(OH), - H,O) samples from lacustrine-
playa sediments at Amboseli, Kenya, were used in dissolution experiments with five different solutions at 25°C for
time periods approaching 10 years. The hydrolysis reactions

sepiolite + 4H* = 2Mg?* + 3SiO(aq) + 5.5H,0
kerolite + 6H* = 3Mg?* + 4SiO,(aq) + SH,O

have estimated log K values of 15.76 + 0.18 and 25.79 + 0.24, respectively (error estimate 1 s.d.). The estimate for
kerolite hydrolysis is a minimum value due to the possibility of kerolite beginning to transform to a more stable phase
during the experiments. The corresponding values of the AG%, and AGY,, are —4,624,340 and —5,736,700 J mol ',
respectively, relative to the data sources in the text. These values replace preliminary results reported earlier after
approximately one year of dissolution time in the experiments. The sepiolite log K is in good agreement with the value
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of 15.86 predicted by CHRIST et al. (Amer. J. Sci., 1973) from measurements at higher temperatures.

Under earth-surface conditions, kerolite is metastable with respect to sepiolite in solutions at equilibrium or super-
saturated with respect to quartz. However, the solubility difference is minor, suggesting that reaction kinetics exert a
major control in determining which mineral forms in the sedimentary environment.

INTRODUCTION

AUTHIGENIC MAGNESIUM SILICATES are predicted from ther-
modynamic stabilities but are uncommon in near-surface
environments. Sepiolite (Mg,Si;0; s(OH) - 3H,0) is a minor
exception, because it is occasionally found in deep sea sedi-
ments (HATHAWAY and SACHS, 19635), in playa and lacustrine
sediments (BRADLEY, 1930; PARRY and REEVES, 1968;
PAPKE, 1972; STOESSELL and HAY, 1978; KHOURY et al.,
1982), and in soils (VANDEN HEUVEL, 1966). The reported
occurrences of sepiolite decrease with an increase in age of
the associated sediments (GRIM, 1968, p. 554).

Kerolite (Mg3Si,0,0(OH), - nH,0, with n ~ 1 for H,O"
water) is an uncommon mineral, formerly thought to be a
mixture of stevensite and serpentine but is actually a hydrated
and disordered talc-like mineral (BRINDLEY et al., 1977).
Authigenic Kerolite has been reported in lacustrine-playa
sediments at Amboseli, Kenya (STOESSELL and HAY, 1978;
HAY and STOESSELL, 1984), at Amargosa Desert, Nevada
(KHOURY et al., 1982; EBERL ef al., 1982), and at Stewart
Springs, California (JONES, 1986). Nickel-rich kerolites are
occasionally associated with nickel deposits in laterites, e.g.,
at Goles Mountain, Yugoslavia (MAKSIMOVIC, 1966). In a
fine-grained mixture of clays, the approximate 10 A basal
spacing of kerolite is easily confused with illite in an X-ray
diffraction pattern. For this reason kerolite may often be
overlooked in sediments.

The present study was made to evaluate the thermody-
namic stabilities of sepiolite and kerolite at 25°C and | atm,
and to provide estimates of thermodynamic parameters
needed to evaluate the stability fields of the two minerals
during diagenesis. The previous experimental results for se-
piolite disagree by 16.7 kJ mol™' in the standard state free
energy of formation at 25°C (WOLLAST ¢t al., 1968; CHRIST
et al., 1973). A literature search failed to locate any previous
experimental studies on kerolite.
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Dissolution reactions were run in different solutions at
25°C and 1 atm for time periods approaching ten years. Sim-
ilar activity quotients for the final solution measurements in
different solutions suggest equilibrium conditions were
reached or closely approached. For the normal range of
SiO,(aq) concentrations in natural waters, kerolite was found
to be metastable with respect to sepiolite. However, the dif-
ference in solubility is small. The results for sepiolite from
this study are in good agreement with those predicted by
CHRIST et al. (1973) from dissolution measurements at higher
temperatures. The metastability of kerolite relative to sepiolite
has been previously suggested (among others) by JONES (1986)
on the basis of field studies.

Standard state thermodynamic parameters at 25°C and |
bar for sepiolite were computed from data in this study or
estimated using algorithms including a structural analogue
involving talc, brucite, “zeolitic” water, and Mg-hydrated
water. These parameters are consistent with two of the three
experimental measurements of CHRIST et al. (1973) at higher
temperatures. Their measurement at 70°C appears inconsis-
tent with our 25°C measurement and their own measure-
ments at 51° and 90°C.

PREVIOUS EXPERIMENTAL WORK

The precipitation of poorly-crystalline sepiolite at room temper-
ature has been reported in several studies (SIFFERT, 1962; WOLLAST
et al., 1968; COUTURE, 1977). WOLLAST et al. (1968) precipitated a
magnesium silicate from sea water containing aqueous SiO; additions
of 26 to 140 ppm. The identification of sepiolite was based on a
partial wet chemical analysis, an infrared absorption spectrum, and
electron micrographs of the precipitate. Their X-ray powder diffrac-
tion pattern lacked the diagnostic 12 A peak. They reported an average
log activity product of 18.78 for the hydrolysis of sepiolite in reac-
tion (1).

Mg,Si;0,5(OH) - 3H,0 + 4H* = 2Mg?*
+ 3SiOx(aq) + 5.5H,0 (1)
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CHRIST et al. (1973) reported solution equilibration data with a
well-crystallized natural sepiolite at 51°, 70°, and 90°C. Their estimate
of the log equilibrium constant at 25°C for reaction (1) was 15.86,
as recalculated from their reported value of —40.1 for the log activity
product of (akg+ aiysio, 26u-). They also demonstrated a greater sol-
ubility at 51°C for a poorly-crystallized sepiolite than a well-crystal-
lized sepiolite and suggested this effect was a partial explanation for
the larger solubility reported by WOLLAST e al. (1968). The increased
solubility with decreasing crystallinity was less significant at higher
temperatures.

No previous experimental work on kerolite stabilities have been
found in the literature. Log activity product values in this study will
be for the kerolite hydrolysis reaction given below.

Mg;Si,01(0H), - H,O + 6H* = 3Mg?* + 48iO,(aq) + SH,O  (2)

PROCEDURES AND EXPERIMENTAL RESULTS

Description of samples and experimental and analytical methods

The samples of sepiolite and kerolite used in the experiments were
collected at Amboseli, Kenya (STOESSELL, 1977). These minerals
formed in a lacustrine-playa environment and are massive and ex-

tremely fine-grained. The sepiolite is a white, porous, chalky material,
and the kerolite is a waxy, gray clay having conchoidal fracture. Sec-
ondary electron photomicrographs, Figs. 1a and 1b, show the char-
acteristic fibrous nature of the sepiolite surface and the crinkly and
flaky or “smectitic looking” kerolite surface.

X-ray diffraction patterns, optical examination, and scanning
electron microscopy were used to check for impurities. None were
found for the sepiolite; however, upon glycolation, the kerolite had
a minor expandable smectite component, presumably saponite,
showing on the X-ray diffraction pattern of oriented samples. The
presence of this impurity will affect the results of the kerolite disso-
lution experiments if the solutions equilibrated with the impurity.
In this study, a consistent set of measured kerolite hydrolysis products
from the different experiments (described below) was used as an in-
dication that the solution compositions were controlled by dissolution
of kerolite.

Tables 1 and 2 contain diagnostic data of the samples together
with the available appropriate data from the literature for comparison.
Wet chemical analyses are reported in Table 1, and the X-ray powder
diffraction d spacings along with the refined lattice constants for se-
piolite are listed in Table 2. The minerals are nearly pure hydrated
magnesium silicates. Although, not shown here, the infrared absorp-
tion spectra of the samples were reported by STOESSELL (1977, p.

FIG. 1. Secondary electron photomicrographs of unreacted sepiolite and kerolite grains, (1a) and (1b), respectively,
and typical photomicrographs of reacted kerolite grains, (1c) and (1d), respectively, from material in Exps. 9 and 7.
Scale is 1.6 cm per um. Photomicrographs of reacted sepiolite grains (not shown) were identical to unreacted sepiolite
grains.
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Table 1. Chemical anslyses of sepiolite and kerolite samples.*

wt. X 1 2%% 3 4 Skw 6 7
siO2 55.65 53.70 54.83 60.49 54.51 58.73 58.33
TiO2 0.12 n.r. 0.03 0.03 n.r.
A1203 1.15 0.28 0.49 0.53 0.09
Fezo3 0.64 0.45 0.10 0.11 0.53
FeO 0.02 n.r. n.r.
MnO 0.004 n.r. 0.000 0.000 a.t.
NiQ 0.000 n.r. 0.000 0.000 0.27
MgOo 24.89 23.31 24.51 30.44 28.01 30.18 32.02
Cal 0.03 0.55 0.52 0.56 0.14
Nazo 0.67 0.03 0.85 0.92 0.00
K20 0.61 0.35 0.26 0.28 0.04
P2°5 0.02 n.r. 0.03 0.03 n.r.
H20: 19.46 9.83 10.74 9.07 7.97 8.58 8.50
Hzo 9.76 8.18 bkl 7.18 fafiaed fadodled
Total 100.00 99.86 99.92 100.00 99.95 99.95 99.92
molar

Mg/Si 0.67 0.65 0.67 0.75 0.77 0.77 0.82

1. Sepiolite, based on ideal formula, u325i307.5(on).3u20. 2.
Sepiolite, Amboseli, Kenya. 3. Sepiolite, Yavapai County, Arizona
(Kaufman, 1943). 4. Kerolite, based on ideal formula,
"535iA°10(°“)z‘“z° (with Hzo' = 0). 5: Kerolite (gray) Amboseli,
Kenya. 6. Recalculation of 5 with H20 = 0. 7. Kerolite, Madion
County, North Carolina (Brindley et al., 1977, sample #481.90).
* The analyses of the Amboseli samples were made by Stoessell
(1977) using a modified procedure of Shapiro and Brannock (1962).
Standard deviations from dublicate analyses of 3 kerolites and 3
2 + 0.01, Alzo3 + 0.04, Fezo
(total Fe) + 0.02, Mg0 + 0.05, Cad + 0.02, Na,0 + 0.02, K,0
0.03.

** Samples used in experiments in this study.

sepiolites were SiO2 + 0.09, Tio

#%% Analysis computed with “20- = 0.
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55). The dehydration trends are shown in Fig. 2 for the samples.
Both sepiolite and kerolite have appreciable HO~ water. In this study,
this water is included for sepiolite but not for kerolite in computing
its standard state thermodynamic properties, following the conven-
tions used with zeolites and smectites, respectively.

The water in the gray kerolite (MgsSi,O,(OH), - nH,O) can be
estimated from analysis #6 in Table 1. Neglecting HyO~ water and
assuming 11 oxygen atoms to balance all cations except hydrogen,
results in a value of 0.92 for n. BRINDLEY et al. (1977) reported n
ranges between 0.8 and 1.2 for kerolites, neglecting H,O™ water. The
ideal value of one was used in this study in computing the standard
state free energy of formation of kerolite from the average experi-

mentally-measured hydrolysis constant. The values of the hydrolysis
constant were not significantly affected by the value of n, because
the activity of water approached unity in the dilute solutions used in
the experiments.

Prior to the beginning of the experiments, the samples were broken
into small pieces, ground in a mortar, sieved, washed overnight in
distilled and deionized water and then dried. The grain size used in
the sepiolite experiments was between 63 and 124 microns and in
the kerolite experiments, between 41 and 63 microns.

Ten dissolution experiments, each involving 1 gram of sample
reacting with 400 ml of solution, were run at 25°C and 1 atm in 500
ml polyethylene bottles. Sepiolite was the reactant mineral in Exps.

Table 2. X-ray powder data for sepiolite and kerolite.

sepiolite

kerolitew

Brindley Amboseli sample*¥ Brindley Amboseli sample
(1959) et al. (1977)
hkl d (cale.) d I hkl d d 1
A A A A

110 12.07 12.11 (100) 001 9.8 to 10.1 10.3 (100)
130 7.48 7.66 (5) 4.56 (75)
200 6.750 6.73 (s5) 003 3.2 3.18 (50)
040 6.742 2.57 (5%)
060 4.495 4.495 (15) 1.526 (55)
131 4.301 4.332 (15)
260 3.741 3.754 (15)
080 3.370 3.339 (20)
112,371 2.560 2.563 (20)

1.529 (5)

* Calculated d spacings are not presented because the unit cell
and space group of kerolite are not known.

*%* Lattice constants computed from a least squares refinement for
the Amboseli sepiolite are a = 13.53 + 0.07, b = 26.89 + 0.06,
and ¢ = 5.33 + 0.03 A. -
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FiG. 2. Dehydration curves of sepiolite and kerolite samples used
in this study. Dehydration was determined using successive 24 hour
heating periods in an oven at 110°, 150°, 200°, and at 100° intervals
to 1000°C.

1 through 5 and kerolite, in Exps. 6 through 10. Experiments 1 through
5 were run for almost 10 years and Exps. 6 through 10 for nearly 9.5
years. The initial solution compositions were:

Exps. 1 and 6—distilled-deionized water,
Exps. 2 and 7—0.0012 molal HCI,

Exps. 3 and 8—0.0024 molal HCI,

Exps. 4 and 9—0.0010 molal Na,COs5, and
Exps. 5 and 10—0.0100 molal Na,CO;.

Reagent grade HCI solutions and Na,CO; salt were used to make
the initial solutions. Duplicates of each experiment were begun to
allow for the sampling procedure described below.

The first 13 months of Exps. 1-5 and 6 months of Exps. 6-10
correspond to the initial stage of the experiments. The reaction bottles
were left open to the atmosphere to equilibrate with CO, and shaken
once a day. Distilled water was added to compensate that lost by
evaporation. For the remainder of the reaction time the bottles were
kept closed, allowing for slower exchange of gases with the atmosphere.
In addition, the periodic shaking was reduced to once or twice a
month. During the final two years of reaction, the bottles were stored
in a constant-temperature GCA/Precision refrigerator through which
air circulated at 25° + 1 °C. At all other times, the bottles were stored
in rooms in which the temperature fluctuated +2° from 25°C.

The bottles were sampled at regular time intervals during the initial
stage described above and then at the end of the experiments. A
sample set corresponds to five samples taken at the same time from
either the five sepiolite experiments or kerolite experiments. During
the initial stage (described above), eleven sample sets and 8 sample
sets, respectively, were taken from the sepiolite and kerolite experi-
ments. The sampling procedure for sample sets 1-10 for Exps. 1-5
and sample sets 1-7 for Exps. 6-10 began with shaking each bottle
and waiting for half an hour while the sediment settled. Approximately
35 ml of “clear” solution were then withdrawn. Five ml of this solution
were used in an alkalinity titration to a pH of 4.5 and the remainder
filtered through a Whatman #42 filter. Each reaction bottle was then
reshaken and the pH read directly in the bottle using a combination
Beckman #39030 pH electrode with a Corning Model 10 pH meter.
The pH meter and electrode were calibrated with pH buffer solutions
0f 7.00 and 10.00 between each reading. Solutions from the duplicate
bottles were then added to replace fluids taken in sampling, During
the first month of an experiment the solution taken from each du-
plicate bottle was replaced with the original starting solution, after-
wards the solution was replaced with distilled-deionized water.

The sampling procedure for sample set 11 in Exps. -5 and sample
set 8 in Exps. 610 was similar to that described above except that
distilled-deionized water was added to replace the fluid removed dur-
ing sampling. The procedure for the final sample sets, #12 of Exps.

1-5 and #9 of Exps. 6-10, included measuring the pH directly in the
bottle prior to withdrawing the fluid and measuring the alkalinity on
the filtered samples. In addition, sample 9 from Exp. 10 was filtered
through a 0.45 micron filter to remove a suspension of very fine
material.

The filtered fluids were used to analyze for SiO, and the major
cations. Non-polymerized SiO, concentrations were determined with
the molybdate blue method (MULLIN and RILEY, 1955) and total
Ca, Mg, Na, and K concentrations were measured by atomic ab-
sorption spectroscopy. For all but the final samples, 1000 ppm lan-
thanum were added to suppress silica interference for Ca and Mg
and to reduce ionization of Na and K. For the final samples, 1000
ppm Sr were used to suppress silica interference and 1000 ppm K
and 1000 ppm Na were added to reduce ionization of Na and K,
respectively.

The solid materials in the experiments were examined by X-ray
diffraction at the conclusion of the experiments. The patterns were
identical to those made at the beginning of the experiments, implying
that if new phases precipitated, they were below the detection limit.
Examination of the surface of the reacted solids by scanning electron
microscopy did not show any new phases. The surface of the reacted
sepiolite grains had the same fibrous texture as the unreacted grain
shown in Fig. la. The surface of the reacted kerolite grains still ap-
peared crinkly or “smectitic looking” as in Fig. 1b. However, the
edges of the plates making up the crinkly surface were typically raised
and often looked frayed (Figs. lc, d), implying kerolite may have
been beginning to dissolve and transform by back-precipitation to a
more stable phase such as sepiolite.

Experimental results

The log activity product (Q) for reactions (1) and (2) are

a 2+
log Qp = 2 log (aM")Z + 3 108 asioyaq + 5.5 l0g a0 (3)
H+
and
aM82+

log le,— =3 log + 4 log dsiOyaq) +5 log au,o (4)

(aw+)
where g represents activity. The activities of the solid phases
were unity and those of water approached unity in the ex-
periments.

The entire set of analytical data for the experiments are to
be found in the Appendix. The final sample sets, #12 from
Exps. 1-5 and #9 from Exps. 6-10 represent approximately
ten years of reaction and were used to estimate conditions
of equilibrium for the mineral hydrolysis reactions. As dis-
cussed previously, the earlier sample sets were taken during
the first 13 and 6 months, respectively, of the sepiolite and
kerolite experiments. Their reaction time periods are not sig-
nificant relative to those of the final sample sets and were
not used to estimate equilibrium conditions.

The values of the computed log O, and log Qi are listed
for the entire set of samples taken in all the experiments and
are included in the Appendix. The “Q” values were calculated
using REACT, an unpublished computer program written
by Stoessell. Activities were obtained by distributing the
measured total concentrations among the known aqueous
species assuming thermodynamic equilibrium. In this distri-
bution, the extended Debye-Hiickle equation (HELGESON et
al., 1981, Eqn. 298) was used to calculate aqueous activity
coefficients of charged species. The activity coefficient of
neutral species was assigned to that of dissolved CO,
(HELGESON, 1969), and the method of LIETZKE and
STOUGHTON (1975) was used to predict the activity coefficient
of water. The equilibrium constants of the aqueous dissocia-
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tion reactions and the CO, (gas) hydrolysis reaction at 25°C
and their sources are listed in Table 3.

REACT utilizes a nonlinear mass balance equation for
each aqueous thermodynamic component in which the ap-
propriate aqueous complexes are included through the dis-
sociation reactions. The set of equations are solved simul-
taneously for the concentration of each thermodynamic
component using a Newton-Raphson procedure to linearize
the equations and iterate to reach convergence (as described
by REED, 1982). At each iteration, the resulting matrix is
solved by maximum pivot strategy applied to a Gauss-Jordan
elimination.

Inorganic carbon was determined by varying the inorganic
carbon input into REACT until the predicted alkalinity
matched the measured alkalinity. Because Cl concentrations
were not measured, they were either computed within the
iteration sequence of REACT using electrical neutrality or,
in Exps. 4-5 and 9-10, the concentration was assumed to
have originated from KCI leakage of the combination pH-
reference electrode.

Errors in the equilibrium constants of the dissociation re-
actions will produce the largest error in the computed log Q
values in samples from Exps. 5 and 10. These experiments
had the highest pH values and highest inorganic carbon con-
centrations. In the final samples of these experiments, the
MgCOJ and H;SiO; complexes accounted for approximately
30% of the total Mg and SiO, concentrations.

The aqueous molal Mg:SiO; ratio versus log reaction time
in seconds is plotted for the sepiolite experiments on Fig. 3
and for the kerolite experiments on Fig. 4. This ratio should
be 0.67 for the congruent dissolution of sepiolite and 0.75
for that of kerolite. Initially, for both sepiolite and kerolite
experiments, the Mg concentrations in the hydrolysis reac-
tions begun in acidic solutions were too high and in basic
solutions, too low. This was a result of H" exchange with

Table 3. 25°C and 1 atm log K values for aqueous dissociation
reactions and CO2 gas hydrolysis.

Reaction log K source
1) R+ o8 = 1,0 13.99 (a)
2) nel® = w* s c1” 6.10 (b)
3) meoy = u* « cof” -10.33 (c)
4) m,c0y = 2m* . co§' -16.68 ()
5) €0, gas + H,0 = 21"+ cog' -18.15 (c)
6) uzsioz' + 28 - 8i0, aq ¢ 2H,0 21.32 (d)
7 HJSiOZ + 01 - sio% ag + 28,0 9.69 (e)
8) ca(om)* + Y = ca®t + w0 12.60 £)
9) c.nco; - calt v ut . cog' -11.43 (e)
10) cacoj = calt o co;' -3.22 ()
11) MgCom® « ¥ = ug?* + w0 11.79 (8)
12) HgHCO; - ug2* 4wt cog' -11.41 (n)
13) ngooy = Mg®* + co?” -2.98 (i)
14) xc1* = k¥ + c1” 1.61 (i)
15) Naow® + B' = Na* + m 0 14.70 (x)
16) Nacl® = Ra® + c1” 0.93 (a)
17) Nacoy = Na® 4 co” -0.96 )
18) NaHCO, = Na® + H' + cog' -10.07 (£)

(a) Helgeson et al. (1974, 1981); (b) Robinson (1936); (c)
Plummer and Busenberg (1982); (d) Cobble (1964); (e) Fleming
and Crerar (1982); (f) Parkhurst et al. (1980); (g) McGee and
Hostetler (1973); (h) Siebert and Hostetler (1977a); (i)
Siebert and Hostetler (1977b); (j) Helgeson (1969); (k) Reed
(personal communication, 1986, in data base of MINSOLV from
Wolery, personal communication, 1978, in DEQPAKS data set).
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FIG. 3. Aqueous molal ratios of Mg:SiO; as a function of reaction
time during sepiolite hydrolysis in Exp. 1, O; Exp. 2, 00; Exp. 3, A;
Exp. 4, +; and Exp. 5, X.

Mg?* in acidic solutions, and perhaps reflects the formation
of brucite surface layers in basic solutions.

The aqueous molal Mg:SiO; ratios in the kerolite experi-
ments were close to 0.75 after several months of reaction. At
the end of the experiments, only the dissolution reaction be-
gun in the most basic solution (Exp. 10) appeared to be in-
congruent. The aqueous molal Mg:SiO; ratios in the sepiolite
experiments took longer to approach that expected for con-
gruent dissolution. At the end of the experiments, both of
the dissolution reactions begun in basic solutions remained
incongruent. For comparison purposes, sepiolite dissolution
in the experiments of CHRIST et al. (1973) approached con-
gruency at 51°C but was incongruent at 70° and 90°C.

For sample sets 1-11 of Exps. 1-5 and sample sets 1-8 of
Exps. 6-10, the log O and log Ok values (see Appendix),
respectively, showed significant variation for samples repre-
senting equal amounts of reaction time. Presumably these
differences reflect insufficient reaction time (on the order of
a year) to reach equilibrium. However, the final log Q values,
listed in the Appendix tables (marked with ) and representing
nearly 10 years of reaction time, show only minor variation.
The average log Qs and log Qi values were 15.76 (+0.18

0.8 o8 gga R
C§V 00 & :QE <]
EU') - + X 4
+ x
~
o .
= 04 + % Ratio in 1
€ Kerolite
x x
0.0 : L -
S 7 9
Log Sec

FIG. 4. Aqueous molal ratios of Mg:SiO, as a function of reaction
time during kerolite hydrolysis in Exp. 6, O; Exp. 7, O0; Exp. 8, 4;
Exp. 9, +; and Exp. 10, X.
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s.d.) for sample set 12 of Exps. 1-5, and 25.79 (+0.24 s.d.)
for sample set 9 of Exps. 6-10, respectively. These average
values are taken to be the best estimates of the log K values
for reactions (1) and (2).

A plot of the final data points from the five sepiolite ex-
periments (sample set 12) and the five kerolite experiments
(sample set 9) are plotted as log (amg+/(au+)?) versus log
Asio,aq ON Fig. 5,2 25°C and 1 bar phase diagram. The size
of the rectangles indicate the estimated errors in the activities.
The sepiolite and kerolite saturation lines are based on the
average log Q values given above as estimates of log K for
reactions (1) and (2). No correction was necessary for the
decrease in pressure from the experimental conditions of 1
atmosphere to 1 bar. Other saturation lines are based on the
thermodynamic data base of HELGESON et al. (1978) for
minerals; HELGESON et al. (1974) for water; and HELGESON
et al. (1981) for aqueous species.

The five data points of sample set 12 of the sepiolite ex-
periments have a total spread in log Q values of only 0.42
log units. In addition, the estimated log K value of 15.76
agrees within experimental accuracy with the value of 15.86
predicted by CHRIST et al. (1973) from higher temperature
dissolution of sepiolite.

The five data points of sample set 9 of the kerolite exper-
iments are less consistent in log Q values than those for the
sepiolite experiments. The range in log Q values was 0.62
units in which 4 of the 5 values fall within 0.26 log units.
The estimated log K value of 25.79 should be considered a
minimum value. Scanning electron microscopy results (see
Figs. Ic,d) imply the reacted kerolite may have begun to
transform to a more stable phase such as sepiolite. The overall
consistency of the five data points in log Q. is good evidence
that dissolution of kerolite is controlling the solution com-
position. The effect of precipitating minor amounts of another
phase will be to lower the measured log Q.. values below
the log K., value.
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FIG. 5. Final samples from Exps. 1-10 plotted in activity space at
25°C and 1 bar. Note the data from Exps. 6-10 (open rectangles)
plot above the data from Exps. 1-5 (shaded rectangles), indicating
kerolite is less stable then sepiolite at 25°C. Saturation lines for se-
piolite and kerolite are based on 1og Ky, = 15.76 and log Ky = 25.79.
Other saturation lines are based on standard state data of HELGESON
et al. (1978). Serpentine is based on data for the mineral chrysotile.

25°C and 1 bar molar free energies of formation of
sepiolite and kerolite and the change in log K,
between 0 and 100°C

The estimated log K values of reactions (1) and (2) can be
used to compute AG%, 1, p, and AGY., 1. ., the standard state
molar free energies of formation for sepiolite and kerolite at
the reference temperature (7;) of 25°C and the reference
pressure (P;) of 1 bar.

From reactions (1) and (2)

AG_(I')nin,T,,Pr = 2.303RT lOg Kmin,T,.P, + Z v,—AG_?,Thp,;

—4,624,340 ] mol™! for sepiolite;
—5,736,700 J mol™! for kerolite

ey
i

where “min” is either sepiolite or kerolite, IS a reaction
constituent other than the mineral, v; is the corresponding
reaction coefficient, and R and T are the ideal gas constant
and temperature in degrees Kelvin, respectively. The standard
state molal free energies of formation of water and the
aqueous species in the above calculations were taken from
HELGESON et al. (1974, Table 29; 1981, Table 18).
Additional molar standard state thermodynamic param-
eters for sepiolite are needed to compute log K., as a function
of temperature and pressure and to check the 25°C log K,
for consistency with the higher temperature measurements
of CHRIST et al. (1973). These are the third law entropy,
8% 7.5., the volume, V2,1 5, and the heat capacity power
function coefficients, g, bsep, and csp. The latter are used
in Eqn. (5) to compute the heat capacity, C2

sep,Pro as
Copp, = Gsep + bop T — Cop T2 (5)

Vapr.p. is 142,75 cm® mole™, as calculated from lattice

constants given by BRAUNER and PREISINGER (1956, as re-
ported by GRIM, 1968). A structural analogue for sepiolite
was used to estimate the heat capacity power coeflicients and
the third law entropy.

The basic structural units of sepiolite have the formula
Mg;Si;2030(OH), with 12 associated water molecules. A pro-
jection on the ab plane shows these units to be arranged en
echelon with the water molecules in channels (GRIM, 1968,
Fig. 4-24). Four of the water molecules are bound to Mg
ions and the remainder are “zeolitic”” water. Each unit is
compositionally equivalent to 3 talc formulas (Mge-
Si1,030(OH)) minus one brucite formula (Mg(OH),) plus 8
“zeolitic” water molecules and four Mg-hydrated water mol-
ecules.

From the structural analogue,

S0 S0 G0
A sep. 77, Py == V(38 tale.T;,P; — S brucite, Ty, P,

+ 8Sh0 wo.top, T 4800 wya.rp);  (6)

and
Agep =~ 1/“(3atalc — Qprucite T 8aH20 ze0. T 4aHZO hyd.); (7)

bscp =~ l/“(3btalc - bbrucite + 8szO zeo. + 4szO hyd.); (8)

Ceep =~ 1/4(3C!BIC — Corucite T 8CH20 ze0. T 4CH20 hyd.) (9)

where Mg-hydrated water was approximated by brucite minus
periclase (Mg(OH), — MgO). The parameters used in Eqns.



Dissolution of sepiolite and kerolite 371

(6)-(9) were taken from the standard state data compilation
of HELGESON er al. (1978, Tables 2 and 8). The estimated
standard state molar parameters for sepiolite are listed in
Table 4.

The apparent standard state free energies of formation for
sepiolite, aqueous ions and water have been used to compute
log Ksp values for reaction (1) at different PT points. The
molar third law entropy, molar volume, and the appropriate
heat capacity function were used with standard thermody-
namic algorithms to move the apparent standard state free
energy of formation of sepiolite and the aqueous ions in re-
action (1) with temperature. The data in Table 4 were used
for sepiolite together with Eqn. (5) for the molar heat capacity.
The data in HELGESON et al. (1981) were used with their
Eqn. (270) for the aqueous species. The apparent standard
state free energy of formation of water was taken from tables
(H. C. HELGESON, pers. commun., 1977), as computed from
equations and data in HELGESON et al. (1974).

Predicted log K, values are listed in Table 4 at 5°C in-
tervals between 0° and 100°C at 1 bar and at several PT
points of diagenetic interest. The measured log K values from
this study and from CHRIST et a/. (1973) are plotted on Fig.
6. The predicted curve on Fig. 6 (from Table 4) is consistent
with the 51° and 90°C results of CHRIST et al. (1973) but
appears inconsistent with their 70°C result as well as the
25°C value from WOLLAST er al. (1968) of 18.78.

DISCUSSION

The study indicates that reaction times on the order of
years may be necessary to equilibrate Mg silicates at earth-
surface conditions. This is not surprising considering the
common absence of such minerals in depositional environ-
ments. Aluminum-containing clays are the common authi-
genic products of the weathering of silicates. These clays pre-
vent the build-up of aqueous Al in solution and consequently
act as a sink for silica, and to a lesser extent, for magnesium.
Only in areas devoid of unstable Al minerals, will Mg silicates
precipitate. These include opal-rich deep sea sediments and
carbonate sediments. The former combines a Mg-rich fluid
(seawater) with an environment containing an unstable silica

Table 4. Thermodynamic reference data for sepiolite at 25°C and
1 bar and log ‘lep for reaction (1) at eselected PT pointe.

a6 Ve EM a b x l()3 c x 10-5
sep sep sep sep sep sep
3 e’ g 3 3, 3k
mol mol *K mol *K mol mol (°*K) mol
~4,624,340., 142.75 335. 389. 134, S54.
bars *‘c log K bars *c log K
sep sep
1 0 17.28 1 60 13.83
1 5 16.98 1 65 13.59
1 10 16.67 1 70 13.35
1 15 16.36 1 15 13.12
1 20 16.06 1 80 12.90
1 25 15.76 1 85 12.68
1 30 15.46 1 90 12.47
1 35 15.17 1 95 12.27
1 40 14.89 1 100 12.08
1 45 14.61 2 125 11.19
1 S50 14.34 5 150 10.45
1 55 14.08 9 175 9.80
16 200 9.23
150 60 13.96 500 150 10.88
300 100 12.34 1000 150 11.23
500 100 12.50 500 175 10.24
1000 100 12.85 1000 175 10.61
500 125 11.62 500 200 9.70
1000 125 11.97 1000 200 10.08
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FIG. 6. Predicted log K., curve between 0° and 100°C and at 1
bar. The experimental data points shown are: 15.76 + 0.18 at 25°C
(this study) and 14.14 + 0.30 at 51°, 13.70 + 0.30 at 70° and 12.44
+ 0.20 at 90°C (CHRIST et al., 1973, recalculated for reaction 1).

source (opal). The latter requires a silica-rich fluid which can
leach Mg from dolomite or high-Mg calcite.

As shown on Fig. 5, talc will be the stable magnesium
silicate at 25°C and 1 bar in contact with natural waters
having aqueous SiO, concentrations commonly found in
natural waters. Serpentine could be stable at very low silica
concentrations. Yet these minerals have been rarely reported
as forming under earth-surface conditions. Instead, the pre-
cipitation rates favor the formation of metastable sepiolite
and kerolite in Al-poor environments. The actual difference
in solubility between sepiolite and kerolite is small enough
that precipitation kinetics probably determine which of these
minerals precipitate.

The metastability of kerolite relative to sepiolite, deter-
mined in this study, was suggested by JONES (1986). Jones
suggests that with increasing pH and aqueous Mg content,
and decreasing aqueous SiO, content, kerolite will precipitate
rather than sepiolite, and that kerolite/stevensite interstrati-
fication will occur as aqueous Na content increases. Both
sepiolite and kerolite occur as authigenic phases at Amboseli,
Kenya, in contact with present-day fluid compositions near
amorphous silica saturation and having pH values of around
8 (STOESSELL and HAY, 1978). Kerolite has been reported
as a precipitate at Stewart Springs, California, from waters
having a pH in excess of 12 (JONES, 1986) but with SiOs(aq)
concentrations below (25°C and 1 bar) quartz saturation.
The reported occurrence of kerolite interstratified with stev-
ensite (EBERL et al., 1982) implies kerolite formation is fa-
vored during the formation of Al-poor smectites.

The transformation kinetics of dissolution and reprecipi-
tation to talc and serpentine are so slow that sepiolite can be
preserved in sediments not exposed to higher temperatures.
The apparent beginning of kerolite transformation to a more
stable phase, as noted in this study, implies it may not be
preserved at low temperatures in older sediments. With in-
crease in temperature (due to burial, hydrothermal activity,
or metamorphism) authigenic talc and serpentine are com-
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mon minerals, forming as direct precipitates or as alteration
products of minerals such as sepiolite and kerolite.

The disagreement of the 25°C measured log K, from this
study and that of WOLLAST e al. (1968) is probably due to
the lack of equilibrium between their precipitate and seawater.
The precipitate had not yet crystallized enough to produce
the diagnostic 12 A peak on an X-ray powder diffraction
pattern. They do not report the time intervals over which the
solution compositions were monitored in the presence of the
precipitate. However, COUTURE (1977) reported the solubility
of a sepiolite precipitate was continuing to decrease after 1.3
years. With increasing years of reaction time, the solubility
of the precipitate of WOLLAST et al. (1968) should approach
that predicted from this study.

On Fig. 6, the 70°C measurement of log K., by CHRIST
et al. (1973) appears to be inconsistent with the predicted
curve from this study. The predicted value on Fig. 6, 13.35,
is 0.35 log units less positive than their reported experimental
(recalculated for reaction 1) value of 13.7 + 0.3. The 70°C
measurement also appears inconsistent with their 51° and
90°C measurements. A sinuous curve would be required to
fit those three data points over a temperature interval of 40°,
suggesting that the 70°C experimental value may be in error.
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APPENDIX I

Stoessell (1988) aqueous data from sepiolite hydrolysis experiments at 25°C.

eq. x 104

Exp.- Time pH total molalities x 10 log fCO L 2+ log Q
sample : 2+ 2+ + + L. 2 =B sep
SiQ Mg Ca Na K alkalinity cale. m .
2 8i0
log(sec) 2
+0.02 *21 +21 +31 +52 +52 +0.5

1-1 4.32 9.00 0.64 1.70 0.05 0.50 n.m. 1.6 -5.10 2.66 15.54
1-2 4.92 8.90 0.89 1.61 0.06 0.62 n.m. 2.4 -4.79 1.81 15.57
1-3 5.712 6.70 1.27 1.14 0.07 0.71 n.m. 3.0 -4.46 0.90 15.01
1-4 6.120 8.19 1.78 0.56 0.09 0.69 n.m. 2.9 -3.94 0.31 12.89
1-5 6.401 8.08 2.47 0.86 0.12 0.65 n.m. 3.8 -3.71 0.35 13.24
1-6 6.694 7.95 3.16 1.50 0.19 0.69 n.m, 5.1 ~3.45 0.47 13.52
1-7 6.984 7.78 5.45 2.92 0.16 0.69 n.m. 7.3 -3.12 0.54 14.11
1-8 7.2949 7.97 5.91 3.46 0.22 0.68 1.84 8.7 -3.24 0.59 15.10
1-9 7.4590 7.72 7.01 4.41 0.20 0.63 2.76 10.3 -2.92 0.63 14.52
1-10 7.5257 7.80 7.15 4.43 0.23 0.60 2.98 10.6 -2.99 0.62 14.87
1-11  7.5910 7.81 7.23 4.51 0.20 0.57 3.14 10.5 -3.00 0.62 14.93
1-12% 8.49843 8.06 7.17 4.59 0.17 0.49 3.27 9.6 ~-3.29 0.64 15.93
2-1 4.32 3.55 1.25 4.05 0.32 0.73 a.m. 0.0 n.c. 3.24 -4.46
2-2 4.92 4.50 3.71 5.82 0.33 0.73 n.m. 0.0 n.c. 1.57 1.07
2-3 5.712 6.68 7.73 5.36 0.30 0.70 n.m. 1.1 -2.86 0.69 10.68
2-4 6.120 7.29 8.21 5.51 0.26 0.67 n.m. 2.1 -3.18 0.67 13.21
2-5 6.401 7.44 8.72 5.94 0.27 0.67 n.m. 2.3 -3.29 0.68 13.95
2-6 6.694 7.53 9.35 6.17 0.29 0.73 o.m. 2.4 -3.36 0.66 14.43
2-7 6.984 7.49 10.90 7.38 0.24 0.72 n.m, 4.0 -3.10 0.68 14.61
2-8 7.2949 7.66 11.02 7.66 0.29 0.69 2.26 4.4 -3.24 0.70 15.32
2-9 7.4590 7.45 11.47 8.49 0.27 0.63 2.87 5.7 -2.92 0.74 14.62
2-10 7.5257 7.53 11.30 8.23 0.27 0.57 3.14 6.1 -2.96 0.73 14.89
2-11 7.59%10 7.51 11.15 7.64 0.26 0.59 3.09 6.1 ~2.94 0.69 14.73
2-12% B8.49843 7.79 11.15 8.38 0.09 0.48 2.35 5.6 -3.27 0.75 15.93
3-1 4.30 2.95 1.03 4.80 0.33 0.78 n.m, 0.0 n.c. 4.66 -7.00
3-2 4.92 3.25 3.75 8.57 0.41 0.78 n.m, 0.0 n.c. 2.28 -3.63
3-3 5.712 5.75 12.71 10.77 0.35 0.76 n.m, 0.2 -2.66 0.85 8.16
3-4 6.120 6.93 13.94 11.25 0.30 0.74 n.m. 1.1 -3.11 0.81 13.03
3-5 6.401 7.20 15.17 11.62 0.32 0.72 n.m. 1.6 -3.22 0.77 14,24
3-6 6.694 7.23 15.37 11.31 0.32 0.69 n.m, 1.8 -3.20 0.74 14.36
3-7 6.984 7.23 17.68 13.18 0.26 0.71 n.m. 2.8 -3.01 0.75 14.66
3-8 7.2949 7.43 17.64 13.24 0.32 0.69 1.98 3.4 ~3.13 0.75 15.45
3-9 7.4590 7.23 16.95 14.09 0.29 0.66 3.70 3.5 -2.91 0.83 14.64
3-10 7.5257 7.31 17.05 13.65 0.30 0.64 4.19 3.8 -2.95 0.80 14.94
3-11 7.5910 7.28 15.97 12.46 0.28 0.63 4.05 3.9 -2.91 0.78 14.67
3-12% 8.49843 7.57 15.15 11.55 0.09 0.59 3.73 3.3 -3.28 0.76 15.70
4-1 4.36 10.35 0.58 0.96 0.04 18.3 n.m. 21.2 -5.86 1.66 17.80
4-2 4.92 10.05 0.79 2.76 0.06 18.3 n.m. 21.0 -5.36 3.49 18.71
4-3 5.718 9.60 1.02 0.28 0.06 18.3 n.m. 21.0 -4.67 0.27 16.16
4-4 6.122 8.78 1.41 0.26 0.06 18.0 n.m. 21.2 ~3.69 0.18 14.01
4-5 6.403 8.60 1.81 0.53 0.11 18.0 n.m, 22.2 -3.48 0.29 14.29
4-6 6.694 8.54 2.23 0.73 0.15 18.9 n,m. 22.2 -3.42 0.33 14.60
4-7 6.984 8.31 3.32 1.51 0.13 20.8 n.m. 24.6 -3.14 0.45 14.88
4-8 7.2949 B8.42 3.70 1.62 0.18 21.4 1.43 25.0 -3.25 0.44 15.49
4-9 7.4590 8.15 4.24 2.17 0.18 21.2 3.09 26.5 -2.95 0.51 14.87
4-10 7.5257 8.19 4.39 2.11 0.18 20.8 3.47 26.0 -2.99 0.48 15.05
4-11 7.59i0 8.19 4.50 2.30 0.20 19.1 3.46 25.2 -3.01 0.51 15.16
4-12% 8.49843 8.37 4.32 2.06 0.08 17.6 3.15 22.2 -3.25 0.48 15.72
5-1 4.27 10.96 1.55 0.27 0.25 194. n.m. 198.0 -6.18 0.17 17.31
5-2 4.91 10.81 1.81 0.36 0.25 194. n.m. 193.4 -5.89 0.20 17.72
5-3 5.717 10.58 2.00 0.20 0.23 194. n.m. 194.6 -5.44 0.10 17.19
5-4 6.122 10.30 2.29 0.14 0.20 191. n.m. 196.9 -4.92 0.06 16.79
5-5 6.402 9.96 2.31 0.16 0.17 188. n,m, 198.7 -4.33 0.07 16.49
5-6 6.694 9.66 1.60 0.21 0.19 195. n.m, 198.3 -3.87 0.13 15.76
5-7 6.984 9.16 1.91 0.48 0.13 202, n.m. 203.0 -3.120 0.25 15.54
5-8 7.2949 9.20 2.06 0.50 0.22 211. 2.02 208.3 -3.24 0.24 15.78
5-9 7.4590 9.00 2.23 6.58 0.14 211. 2.74 208.0 -3.00 0.26 15.44
5-10 7.5257 9.02 2.16 0.58 0.16 201. 3.44 200.5 ~3.04 0.27 15.48
$-11 7.5910 9.05 2.28 0.59 0.17 191. 3.04 187.6 -3.10 0.26 15.68
5-12*% 8.47843 9.20 1.80 0.40 0.09 158, 2.26 167.9 =3.32 0.22 15.51

n.m. not measured;
* Samples used to estimate log K
sample set 12 reflect replncement'

n.c.,

not calculated because alkalinity was zero.
. Note that decreases in Na concentrations and alkalinity
of fluid taken in sample set 11 with distilled~deionized water.
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APPENDIX II

Stoessell (1988) aqueous data from kerolite hydrolysis experiments at 25°C.

Exp.- Time pH total molalities x th eq. x 10A log f m, 2+ log Q
sample 2+ 2+ + + C02 Mg ker
P sio Mg Ca Na K alkalinity calc. m, .
2 $i0
log(eec) 2
+0.02 +23 *22 +32 +52 5% +0.5
6-1 4.76 9.30 0.33 0.37 0.09 0.25 0.05 1.8 -5.38 1.12 23.86
6-2 5.828 9.15 0.88 0.71 0.28 0.31 0.09 4.3 -4.81 0.81 25.61
6-3 6.106 8.95 1.18 0.97 0.43 0.40 0.49 3.8 -4.64 0.82 25.49
6-4 6.393 8.29 1.91 1,32 0.68 0.40 0.92 6.1 -3.72 0.69 22.97
6-5 6.689 8.06 3.44 2.39 0.90 0.26 1.38 9.1 -3.31 0.69 23.38
6-6# 7.0151 7.80 5.56 4.04 1.10 0.28 1.50 11.7 -2.94 0.73 23.32
6-7 7.1799 7.84 6.08 4.27 1.09 0.29 1.57 11.7 -2.98 0.70 23.78
6-8 7.3133 7.89 6.34 4.49 1.08 0.28 1.88 12.8 -3.00 0.71 24.21
6-9% 8.47227 8.16 6.58 4.70 1.11 0.34 1.98 12.1 -3.30 0.71 25.92
7-1 4.76 6.85 3.12 4.63 1.19 0.25 0.07 1.6 -2.86 1.48 16.83
7-2 5.826 7.73 6.44 4.79 1.24 0.38 0.24 1.8 -3.69 0.74 23.38
7-3 6.109 7.76 6.91 4.85 1.28 0.38 1.19 1.8 -3.72 0.70 23.69
7-4 6.393 7.53 7.22 5.57 1.38 0.39 1.61 3.2 -3.24 0.77 22.56
7-5 6.689 7.62 8.03 6.35 1.26 0.28 1.79 4.7 -3.16 0.79 23.44
7-6# 7.0151 7.51 9.74 7.51 1.29 0.31 1.97 6.7 -2.90 0.77 23.32
7-7 7.1799 7.55 10.05 7.58 1.28 0.31 2.05 6.7 -2.94 0.75 23.62
7-8 7.3133 7.64 10.16 7.47 1.19 0.28 2.30 6.6 ~-3.04 0.74 24.16
7-9* 8.47227 7.90 10.57 7.84 0.58 0.34 2.21 7.0 -3.28 0.74 25.84
8-1 4.76 3.40 2.87 7.57 1.45 0.25 0.15 0.0 n.c. 2.64 -3.45
8-2 5.828 7.25 12.95 10.46 1.43 0.30 0.15 0.9 -3.51 0.81 22.66
8-3 6.109 7.36 13.01 10.57 1.52 0.33 1.06 1.5 ~3.41 0.81 23.33
8-4 6.393 7.26 13.51 11.23 1.52 0.31 1.65 1.7 -3.25 0.83 22.87
8-5 6.689 7.38 14.40 11.96 1.45 0.23 1.79 2.3 -3.25 0.83 23.77
8-6# 7.0151 7.29 15.60 13.10 1.41 0.28 2.02 4.0 -2.91 0.84 23.47
8-7 7.1799 7.32 16.01 12.88 1.44 0.22 2.14 4.6 -2.88 0.80 23.68
8-8 7.3133 7.40 15.54 12.27 1.28 0.28 2.56 4.3 -2.99 0.79 24.05
8-9*% 8,47227 7.66 14.65 11.14 0.54 0.26 2.22 4.1 -3.28 0.76 25.40
9-1 4.77 10.40 0.37 0.20 0.07 19.3 0.08 20.1 -5.96 0.54 26.51
9-2 5.829 9.74 0.72 0.38 0.11 19.2 0.13 21.4 -4.85 0.53 26.66
9-3 6.106 9.40 0.97 0.36 0.21 19.1 0.41 22.1 -4 .38 0.37 25.78
9-4 6.393 8.72 1.56 0.73 0.36 19.0 0.74 23.4 -3.59 0.47 24.13
9-5 6.689 8.42 2.65 1.57 0.55 20.3 0.96 25.5 ~3.24 0.59 24.34
9-6# 7.0151 8.19 3.97 2.61 0.78 20.7 1.16 28.6 -2.95 0.66 24.35
9-7 7.1799 8.20 4.14 2.82 0.85 20.4 1.24 28.8 -2.96 0.68 24.58
9-8 7.3133 8.29 4.37 2.82 0.85 19.9 1.25 28.1 -3.07 0.65 25.20
9-9% 8.47227 8.48 3.39 2.56 0.81 17.6 1.36 23.8 -3.33 0.76 25.76
10-1 4.78 10.95 1.66 0.19 0.64 196. 0.18 195.9 -6.16 0.11 28.28
10-2 5.829 10.56 1.19 0.30 0.37 198, 0.22 197.6 -5.40 0.25 27.73
10-3 6.106 10.33 1.13 0.31 0.36 197. 0.59 198.6 -4.97 0.27 27.26
10-4 6.394 9.86 1.28 0.51 0.34 201. 0.65 199.3 -4.17 0.40 27.04
10-5 6.689 9.28 1.20 0.85 0.20 207. 0.76 205.7 -3.34 0.71 25.66
10-6# 7.0151 9.00 2.06 1.42 0.24 211. 0.78 205.7 -3.01 0.69 26.07
10-7 7.1799 9.03 2.30 1.34 0.26 208, 1.00 206.2 -3.04 0.58 26.32
10-8 7.3133 9.09 2.13 1.27 0.26 206. 0.99 200.5 -3.12 0.60 26.41
10-9* 8.47227 9.24 1.59 0.81 0.13 177. 1.28 184.9 =3.33 0.51 26,02

n.m. not measured; n.c., not calculated because alkalinity was zero.

# Successive sample sets in Exps. 6-10 and Exps. 1-5 were taken on the same date beginning with
sample set 6 in Exps. 6-10 and sample set 9 in Exps. 1-5.

* Samples used to estimate log K . Note that decreases in Na concentrations and alkalinity in
sample set 9 reflect replacement ®Tof fluid taken in sample set 8 with distilled-deionized water.
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