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ABSTRACT

Organic acid anions, known to be present in some formation
waters, are thought to enhance silicate mineral solubility by
complexing with Si and al. 1In turn, these organic acid complexes
may play a role in creating secondary porosity in clastic rocks
during diagenesis. A series of experiments was performed to
investigate the reactions that occur between clastic sediment,
with and without calcite, and acetic acid in varying
concentrations at 25°C and 1 bar. The results of these
experiments show that at 25°C and 1 bar and over a time frame of
60 days, acetic acid has no appreciable affect on mineral
hydrolysis at acetic acid concentrations below 1000 mg/L.
However, at mineral concentrations of 1000 mg/L or greater, the
degree of mineral hydrolysis increases significantly as shown by
the high concentrations of Na, K, Mg, Ca, Sr, Ba, and Si detected
in the aqueous solutions.

Despite the observed increase in Si concentration above
1000 mg/L of acid in the calcite free experiments, Si did not
complex to a significant degree. Had Si been complexed by
acetate, one would expect to find higher concentrations of Si in
solution than detected in these experlments. One would also
expect to find Si in appreciable amounts in the experlments
containing calcite, whereas this was not the case in these
experiments. At elevated acetate concentrations, the pH of the
solutions was still acidic. It is proposed that this lower pH
enhanced Si solubility, rather than the organic acid anion
complexing Si as suggested by other investigators. Many workers
promote the idea that Al is also complexed by organic acid
anions. However, that theory is not borne out by these
experiments. Dissolved Al was not present above the limits of
detection (0.01 mg/L) in any run, which contradicts the
traditional interpretation that acetate should complex Al.

The experimental fluids were largely oversaturated with
respect to quartz an apparently buffered by metastable
equilibrium with respect to alblte—K-feldspar and calcite-
dolomite, similar to waters in some natural siliciclastic water
systems. This suggests that organic acid anions, such as
acetate, may have no unique influence over bicarbonate or
chloride on mineral stability or on mineral hydrolysis.
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INTRODUCTION

The role of dissolved organic acids in fluid/mineral
reactions has been studied and debated for over a decade.
Organic acids are reported to be found in oil field brines in
concentrations up to 10,000 mg/L and thus appear to be important
constituents in some sedimentary fluids (Carothers and Kharaka,
1978; Hanor and Workman, 1986; MacGowan and Surdam, 1988). Table
1 lists the commonly reported carboxylic organic acids found in
natural waters. The relative concentrations of individual
species in oilfield brines vary. In most cases, however, acetate
appears to be the dominant species (Surdam et al., 1984). Many
experiments have been performed in order to understand the role
that organic acids play in fluid/mineral reactions. Experiments
have been carried out under elevated pressure and temperature
conditions to evaluate the stability of organic acids under
diagenetic conditions (Manning et al., 1994; Barth et al., 1990;
Reed and Hajash, 1992). Other experiments have been conducted at
25°C and 1 bar to evaluate the role of organic acids during
weathering at the earth’s surface, especially the acids that act
as contaminants (Bennett et al.,1988; Bennett and Siegel, 1987).

Many investigators within the last few years have
concentrated their studies on the dissolution of feldspar in
various organic acids and on the presumed enhanced solubility of
alumino-silicates by organic acids (Manning et al., 1994;
Harrison and Thyne, 1992; Reed and Hajash, 1992; Bennett, 1991;

Barth et al., 1989; and Bennett et al., 1988). Results of these
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experiments have been used to infer the potential effect of
organic acids during diagenesis of sedimentary rocks. Of
particular interest has been the role that organic acids may have
in creating secondary porosity in clastic rocks. It has been
suggested that the presence of organic acids in pore fluids may
account for precipitation of cements located far from the implied
source of mineral dissolution (Crossey, 1991; Surdam et al.,
1984, 1989). Another important observation regarding organic
acid anions has been the apparent increased solubility of some
metals in the presence of some organic acid pore fluids (Tan,
1980; Harrison and Thyne, 1992).

There is debate over the relative importance of organic
acids in silicate diagenesis. It is not clear whether the
observed increase in silica concentration in organic acid
solutions represents complexing by the organic anions, which in
turn enhances silicate solubility, or whether this observed
increase in silica concentration is a result of enhanced reaction
rates (Manning et al., 1994). OQuestions also arise regarding the
credibility of previous experimental analysis. Manning et al.
(1994) criticize the integrity of some experimental studies,
arguing that the systems were not maintained at constant
conditions throughout experimentation. Kharaka et al. (1986),
however, suggest that the true role of organic acids is simply to
buffer the pH and Eh of pore water fluids, which in turn strongly

affects mineral diagenesis.
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There has been very little documentation of the behavior of
cations other than Al and Si during reaction of sediments with
organic acids. In addition, a number of recent studies have
excluded acetic acid, the dominant naturally occurring organic
acid, from their research. The aim of this study was to gain a
better overall understanding of the behavior of minerals in
contact with varying concentrations of acetic acid and to
evaluate the relative importance of this organic acid in
comparison with other fluid systems without organic acid
components. While most studies involving organic acids
concentrate upon the dissolution of a single mineral phase, e.g.,
feldspar, this study involved observing a system containing
multiphase sediments reacting with organic acids in solution.
The results can potentially be applied to surface weathering
studies and may contribute important information regarding the

behavior of ions in acetic acid solutions during diagenesis.
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PROCEDURE

Experimental Set-Up

The experiments were designed to determine the chemical
behavior of acetic acid solutions in contact with siliciclastic
sediments. The concentration of initial acetic acid varied
between setups while the volume of sediment was kept constant.
Calcite was included in some experiments to observe how the fluid
systems changed when a carbonate phase was present.

Twenty-one experimental runs were prepared, each containing
a mixture of siliciclastic sediment, with or without calcite, and
an acetic acid solution. The experiments were housed in capped,
125 mL polyethylene bottles.

The sediments utilized were collected from the bank of the
Mississippi River in Baton Rouge, Louisiana by L. Esch and J.S.
Hanor. These sediments have also been used by L. Esch for his
experimental research on NaCl brines reacting with siliciclastic
sediments (Esch and Hanor, 1993). The basic mineralogy of the
sediments was determined, and the results of the analyses are

summarized in Table 2 (Esch, pers. comm., 1994).

Sample Preparation

The sediments were rinsed with deionized and distilled water
and then dried in an oven at 60°C for 2-3 days. The mass of
sediment was then removed from the oven, broken into smaller

pieces (approximately 2-3 cm in diameter) with a mortar and



Table 2. Sediment Mineralogy determined by X-ray
diffraction

Mineral Phase

Quartz

Kaolinite

Smectite

lllite - weathered detrital muscovites
K-feldspar (m)

Plagioclase (m)

(m) = minor phase
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pestle, and placed back into the oven for another 2-3 days.
These pieces were crushed further with the mortar and pestle
until they ranged in size from powder to several millimeters in
diameter. The amount of sediment which was crushed to powder was
minimized to preserve the crystal structure of the minerals. The
prepared sediment was placed in a desiccator until it was ready
to be transferred to the sample bottles.

Seven different concentrations of acetic acid solution were
prepared. The solutions were made from glacial acetic acid and
distilled, deionized water using volumetric flasks and calibrated
pipets. The acetic acid concentrations of the solutions were 10
mg/L, 30 mg/L, 100 mg/L, 300 mg/L, 1000 mg/L, 3000 mg/L, and
10,000 mg/L. These concentrations cover the reported range of
acetate concentrations in natural waters.

Twenty-one 125 ml polyethylene sample bottles were prepared
by soaking in a 2% soap solution for 24 hours, rinsing with
deionized, distilled water, ‘soaking with 2% HCl solution for 24
hours, and rinsing 3 times with deionized, distilled water. The
bottles were then dried at 60°C overnight to remove all water.

27.00 g of sediment were added to each of the sample
bottles. The samples were divided into three sets of seven
experiments. In addition to the acid, the first set of
experiments contained clastic sediment only. The second set
contained sediment plus 1.00 g of reagent grade CaCO; determined
to be calcite by X-ray diffraction (L. Esch, pers. comm., 1994).

The third set of experiments initially contained sediment, but
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1.00 g of the same reagent grade CaCO; as calcite was added after
30 days of reaction time. Calcite was added to observe whether
the behavior of the cations would be different in solutions with
calcite.

The mass of sediment was chosen to fit conveniently in the
sample bottles. Because the density of the sediment was
approximately 2.7 g/cm’, 100 mL of acetic acid solution of
different concentrations were added to each bottle, providing a
10:1 volumetric ratio of acetic acid solution to sediment. The
concentrations of acetic acid increased logarithmically in seven
steps from 10 mg/L up to 10,000 mg/L.

The amount of calcite added to sample groups 2 and 3 was
determined by calculating the amount of calcite required for
calcite saturation in the acetic acid solutions. 0.005 g of
calcite were required to saturate the 10 mg/L solution; 0.5 g
were required to saturate the 10,000 mg/L solution. Therefore,
1.00 g of calcite was added to all of the samples in groups 2 and
3 to insure complete saturation.

The bottles were then capped and stored at an ambient
temperature of approximately 25°C (room temperature) and 1 bar
pressure. The bottles were gently agitated daily, and all of the
bottles in groups 1 and 2 remained sealed throughout the
experimental run until alkalinity measurements were taken after
60 days. However, the bottles in group 3 were briefly opened to

add calcite after 30 days.
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Analytical Techniques
Alkalinity Titrations

After 60 days of reaction time, the liquid phase of each
experiment was analyzed to determine pPH and major anion and
cation concentrations. Total alkalinity was determined using the
standard method described by Brown et al. (1970). The solution
was titrated with a standard solution of sulfuric acid, but
rather than simply using an indicator to reach the desired pH
endpoint, a titration curve was constructed. Titration continued
until the pH of the solution fell to between 2.2-2.5. Finishing
with a low pH ensured that no CO, would reenter the system; this
was required to ensure the accuracy of the reverse titrations for
acidity to be performed later. Once the titration was completed,
the acidified solution was sealed and was retained for later
acetate alkalinity measurements. The data collected was then
used in a Gran function (Drever, 1988) to identify precise end
points where all alkalinity had been
titrated.

Reverse titrations were conducted to determine the portion
of alkalinity contributed by acetate ion. This was a much more
difficult parameter to calculate because organic anions do not
reach precise pH stability and are not easily detected in
alkalinity titrations. The acetate alkalinity titrations were
performed following the method described by Brown et al. (1970).
The acid solutions were titrated with a standard solution of NaOH

to a pH of 8.3. Again, a titration curve was constructed, and
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the Gran function for reverse titrations was employed to
determine the precise end point for acetate alkalinity (Stumm and
Morgan, 1981). After the volumes of acid used for total
alkalinity and the volumes of base used for acetate alkalinity
were calculated from their corresponding Gran functions, total
alkalinity was calculated using the equation from Brown et al.
(1970):

1000 x mL, = total alkalinity as HCO,"~
mL
s

where mL, is the volume of the experimental solution and mL, is the
volume of acid added to the solution to reach its end point as
determined by the Gran Plot. The calculation for acetate
alkalinity is more complicated because it must take into account

the addition of acid to the solution before reverse titration:

[mL, ¥ acid N] - [mL, x base N] x 60,030 = mg/L organic
acids as acetic acid
where mL, is the volume of base added to the solution to reach its
end point, and N is the normality of the acid and base solutions
(Collins, 1975).

However, some of the values needed adjustment because at low
concentiations of acetic acid, the acetate was difficult to detect.
In the experiments with low initial acetic acid concentrations, the
calculations performed for acetate alkalinity yielded unreasonable
or negative results. In the experiments with an appreciable amount
of initial acetic acid, enough acetate was released into the system

to allow calculation.
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The acetate alkalinity values for the low concentrations in

each set of solutions required adjustment if the experiments were

to be considered in alkalinity analyses. Adjustments to the

acetate alkalinity calculations were based upon the constant
relationship between acetate alkalinity and total alkalinity at

higher concentrations of acetic acid. For the carbonate free

series, Acetate alkalinity Total alkalinity; for the sample 2

I

series, Acetate alkalinity (2/3) Total alkalinity; and for the

sample 3 series, Acetate alkalinity = (1/2) Total alkalinity.

Analyses of Cations using Inductively Coupled Plasma (ICP)

The following cations in solution were analyzed using the
ICP: Na, K, Ca, Mg, Si, Fe, Mn, Pb, Zn, Al, Ba, and Sr. In
preparation for analyzing the cations on the ICP, each
experimental solution underwent a 10x dilution with a 2% HC1
solution. The acid dilution was necessary to preserve the ions
in solution, and it also served to dilute the experiments, which
potentially had large concentrations of cations and acetate, down
to the approximate concentration of the standard solutions for
analysis.

Five standard solutions were made. It was more accurate to
analyze a few (<5) cations in a given ICP run than many (>5).
Therefore, the cations incorporated into the standards were
grouped for convenience of testing. The cations in each standard
were grouped based upon their compatibility with respect to

wavelength and relative concentration in solution. The cation
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choices and their corresponding wavelengths are shown in Table 3.
The first standard was a blank solution composed of 100 mg/L
acetic acid in a 2% HCl acid solution. The blank was created
with acetic acid and HCl to provide a consistent baseline for the
matrix of the experiments. The second standard was composed of
10 mg/L Fe, 100 mg/L Ca, 100 mg/L Mg, 10 mg/L Mn, and 10 mg/L Si
in a matrix composed of a portion of the blank solution. The
third standard was composed of 75 mg/L Ba, 10 mg/L Sr, 10 mg/L
Pb, and 10 mg/L Zn in the same blank matrix. The fourth standard
was composed of 100 mg/L K and 100 mg/L Na in the blank matrix.
K and Na were combined in a separate standard solution because
their wavelengths are detectable at much greater wavelengths than
the others (the visible light spectrum). The fifth standard was
composed of a 1 mg/L Al solution, again with the same matrix as
the others. Al required a separate standard due to its
difficulty in detectability in that it is generally found in only
trace amounts.

The limits of detection for the cations analyzed by the ICP
as reported by the manufacturer are listed in Table 4. Through
previous experience with this ICP unit, however, the true limit
of detection for each of the cations analyzed has been determined
to be approximately 0.01 mg/L (Esch, pers. comm., 1994). The
calculated coefficient of variation from the analytical results,
based upon multiple analyses, were below 5-8 percent. This
information appears to verify the precision of the results.

Error bars were not calculated for these experiments.
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Table 4. ICP Limits of detection as reported by the
VARIAN guide

Element VARIAN guide ICP values
(mg/L)
Al 0.0015
Ba 0.00007
Ca 0.00003
Fe 0.0015
K 0.01
Mg - 0.000"
Mn 0.0003
Na 0.001
Pb - 0.014
Si 0.005
Sr 0.00002

Zn 0.0009
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SOLMINEQS8S8

After all of the analytical data were recorded, the pH,
alkalinity, and cationic information were entered and evaluated
using the SOLMINEQ88 program (Kharaka et al., 1988). This
program uses that information to calculate charge balance,
activities, activity coefficients, activity ratios, and pCo,.
These results were then used to plot fluid compositions on phase

diagrams for the experiments in question.
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RESULTS

Table 5 summarizes the measured solute concentrations in the
solutions at 25°C and 1 bar pressure. The sample 1 series is the
set of solutions that did not contain calcite. The sample 2
series contained calcite throughout the experiment, and in the
sample 3 series calcite was added to the system after 30 days of
reaction time. Table 6 summarizes the calculated activities and
activity ratios from the SOLMINEQ 88 program.

As the experiments reacted, an unexpected phenomena
occurred. In some of the experiments, the reaction bottles and
their contents were yellow or grey colored. Upon closer
observation, some small bubbles were recognized on the sediment
grains. While laboratory analyses were not conducted to explain
the phenomenon, it is known that some respirative bacteria
consume acetate. Two genus of microorganisms known to consume
acetate are Bifidobacterium and Clostridium (Chapelle, 1993).
One or more species of these bacteria may have been growing in
the bottles and may have contributed to the discoloration of the

bottles.

pH

Figure 1 shows pH as a function of acetic acid
concentration. The initial pH values of the acetic acid
solutions prior to their reaction with mineral phases were

approximately 4.00 at the lowest concentration of acetic acid and
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Waters—-August 1994 p.14
decreased systematically down to 2.74 as the concentration of the
acid increases. The final pH values for each set of reacted
samples were significantly higher. Series 3, in which calcite
was added to the system after 30 days, had the largest pH values,
and maintained on average a pH of 8.14. The sample 2 series pH
values were lower than the sample 3 series. However, the pH
values seemed to increase slightly with increasing initial acetic
acid concentration, peak at 300 mg/L acetic acid, then slowly
decline as concentration increased. The carbonate free series
follows a similar pattern as the sample 2 series but with lower
PH values. There is a significant drop in pH at acetic acid
concentrations greater than 300 mg/L acetic acid. It appears
that some mechanism hindered the progress of the reaction in

those experiments.

Alkalinity

Total alkalinity of the samples are below 250 mg/L and are
approximately equal for all 21 samples up to 1000 mg/L acetic
acid (Figure 2). At that concentration, alkalinity values in the
samples that contained calcite in them (series 2 & 3)
logarithmically increase with increasing initial acetic acid
concentration. The alkalinity of the carbonate-free runs
increases moderately with increasing acid concentration.

Calculated acetate alkalinity concentrations (Figure 3)
follow a similar trend as total alkalinity. Figures 1 and 2 show

how total alkalinity and acetate alkalinity vary with increasing
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Waters—Augqust 1994 p.15
acetic acid concentration. It is evident from these graphs that
the presence of calcite greatly increases the alkalinity of the
system, but only at acetic acid concentrations greater than 1000
mg/L does any significant increase occur with increasing acid

concentration.

Na and K

Figures 4 and 5 show variation of Na and K with increasing
initial acetic acid concentration. For both Na and K, the
concentrations in each sample series are moderately low up to
1000 mg/L of initial acetic acid. At 1000 mg/L initial acetic
acid, concentration levels for both Na and K increase
systematically by approximately 20 mg/L with increasing acid
concentration.

Figure 4 illustrates the behavior of Na in solution. Na
values, at every acid concentration in the carbonate free series,
are relatively lower than in series 2 and 3 at comparable initial
acid concentrations. ©Na in the sample 3 series is highest at a
given acetic acid concentration at low acid concentrations. Above
1000 mg/L, however, the sample 2 series has the highest
concentrations of Na. 1In Figure 5, dissolved K values in the
carbonate free series are shown to be lower than the dissolved K
in the other two sets of solutions for low acid concentrations.
However, at 1000 mg/L, K in the carbonate free samples is present
in larger amounts than the other two sample series. Conversely,

K in the sample 2 and sample 3 series is present in higher
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Waters—-August 1994 p.16
concentrations over the sample 1 series at comparable acid
concentrations, but at 1000 mg/L acid and beyond, the
concentration of K detected in the series 2 and 3 samples is
slightly lower than detected in the carbonate free samples at the

same given concentration.

Mg and Ca

Figures 6 and 7 show the vaiiation of Mg and Ca with initial
acetic acid concentration. Mg and Ca have similar trends of low
concentration at low levels of acetic acid for all three sample
series and significant increases in concentrations above 1000
mg/L acetic acid. Mg and Ca concentrations are consistently
lowest in the carbonate free samples and are consistently highest
in the sample 3 series. However, Ca in the sample 2 and sample 3
series at 10,000 mg/L acetic acid is present in amounts well over
1000 mg/L. Figure 6 shows that while Mg begins to increase at
1000 mg/L acetic acid like Ca, the Mg concentrations are always
lower than Ca at a given acetic acid concentration, and its

maximum concentration in solution is less than 200 mg/L.

Sr and Ba

Sr and Ba add more information about the system (Figures 8
and 9). Both the concentrations of Sr and Ba increase
logarithmically with increasing acetic acid concentration. The
concentration of Sr in the carbonate-free series is lower than

the concentration of Sr in both the sample 2 and sample 3 series
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Waters—August 1994 p.17
at all initial acetic acid concentrations. The highest detected
concentration of Sr in the carbonate-free samples was 1.4 mg/L.
The Sr levels in series 2 and 3 approximately are approximately
twice the series 1 values, with the levels in sample series 3
slightly higher than in sample series 2. While Ba follows the
same basic pattern as Sr, with concentration increasing with
increasing acid concentration, the data are less precise. All
three sample series have approximately the same concentration
(0.30 mg/L) for each concentration of acetic acid. At 10,000
mg/L acid, though, series 3 contains the greatest amount of Ba

found in solution, 1.5 mg/L.

Silica

The behavior of dissolved Si is both similar to and
different from the previous cations in the response of Si to the
various concentrations of acetic acid (Figure 10). At the low
values of acetic acid Si maintains low concentrations in
solution, like the other cations. At 1000 mg/L, Si increases
with increasing acid concentration. 1In contrast to the behavior
of Na, K, Mg, and Ca, which are consistently higher in the
carbonate bearing systems, the highest dissolved silica values
are found in the carbonate free series. The increase in
concentration for carbonate-free series is significantly more
than the increase for series 2 and 3. Si in the sample 2 and
sample 3 series increases by only a small amount with increasing

initial acid concentration, then its concentration decreases at
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Waters—August 1994 p.18
10,000 mg/L acid. At every acid concentration, the sample 2
series has the lowest Si values. The Si values for the sample 3
series are higher than series 2, but they are still significantly

lower than the Si concentration in the carbonate free samples.

Fe and Mn

Figures 11 and 12 show the results for the metals Fe and Mn,
respectively. Fe and Mn are especially interesting because the
samples from the highlighted region contained growing bacteria.
The presence of the bacteria caused the bottle, solution, and
possibly the sediment to be discolored yellow. More important,
it appears that the presence of the bacteria correlates with the
elevated concentrations of Fe and Mn within the acetic acid
concentrations of 500 mg/L - 5000 mg/L. The increase of Fe in
the acetic acid range of 500 mg/L - 5000 mg/L was greatest for
the sample series 3 at every acid concentration, but at 1000 mg/L
acid the sample 1 series increased more than series 2. At 3000
mg/L the series 2 maintained an increase in Fe concentration
while series 1 contained no bacteria and Fe was below the
detection limit. At 10,000 mg/L acid Fe is greatest in series 3
at 1.3 mg/L Fe, and at all other acid concentrations, Fe is below
the detection limit.

Mn also showed maximum concentrations within the range where
bacteria lived. The carbonate free series was the least affected
group of samples in the increase of Mn concentration. At 1000

mg/L acid, Mn in the sample 3 series is increased the most, but
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Waters—-August 1994 p.19
at 3000 mg/L acid Mn in series 2 dramatically increases beyond
levels in series 1 and series 3. Like Fe, Mn is not present in
any appreciable amount at low acid concentrations. However, at
10,000 mg/L acid, Mn increases to approximately 20 mg/L for all

three sample series.

Pb and Zn

It is difficult to comment on the role of Pb in the system
(Figure 13). At many acid concentrations Pb is not present in
measurable concentrations while at others it only appears in
trace amounts varying between 0.1 and 0.4 mg/L Pb. Zn was not
detected in the system except in an insignificant amount (0.06

mg/L) at 10,000 mg/L acid in the sample 3 series.

Al was below the detection limit (<0.01 mg/L) for all

samples and could not be analyzed as part of the system.

Activity Plots

An estimate of the approach toward chemical equilibrium of a
fluid with respect to one or more mineral phase can be made by
plotting solute activities on conventional activity-activity
stability diagrams (see Drever, 1988, for an extended discussion
of how these diagrams are constructed).

Figures 14,15, and 16, show the calculated values of

logla(K*/H")], logl[a(Na*/H*)], and log[a(Ca®*/H*) Jversus
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log(H“ﬁD4) for the acetic acid solutions with respect to
predicted values for fluids in equilibrium with common
sedimentary mineral phases at 25°C and 1 bar (Drever, 1988).

All fluids are supersaturated with respect to quartz. The
carbonate-free series plot in compositional fields suggesting
equilibrium with respect to kaolinite and Ca-beidellite. The
carbonate-bearing fluids plot in fields suggesting approximate
equilibrium with respect to muscovite, K-feldspar, Ca-beidellite
+ kaolinite.

A different perspective of possible controls on fluid
compositions is shown in Figures 17 and 18. Figure 17 shows the
stability fields of the solutions with respect to calcite and
dolomite. Equilibrium between calcite and dolomite was
calculated following the same guidelines as for the phase
diagrams (Drever, 1988). Aall of the fluids regardless of
sediment composition lie on the equilibrium line between calcite
and dolomite. Figure 18 shows the stability fields of the
solutions with respect to K-feldspar and albite. All of the
fluids, regardless of sediment composition, lie on the

equilibrium line between K-feldspar and albite.
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Waters—-August 1994 p.21

DISCUSSION

Effect of Variable Acid Concentration

In each series of solutions, the solute concentrations
remained relatively low and nearly constant until the
concentrations of acetic acid exceedéd 1000 mg/L. At acid
concentrations of 1000 mg/L and above, dissolution of minerals
and release of solutes appeared to increase for all ions except
the metals. The metals were unaffected by increasing acid
concentration because they were involved in redox reactions
rather than acid/base reactions. Therefore, at low temperatures
(25°C) and high concentrations of acetic acid it is reasonable to
conclude that solute concentration is enhanced by the presence of
acetic acid.

While Manning et al. (1994) argue that there is no reliable
laboratory evidence for increased mineral solubility in the
presence of organic acids, Surdam et al. (1984) showed that
organic acids present in brines may enhance dissolution of
alumino-silicates by complexing Al. However, those and other
studies were conducted at 100°C and 345 bars, and the results
from those studies cannot be directly compared to the present
study.

Bennett et al. (1988) set up similar experiments to those of
Manning et al. and Surdam et al. but at 25°C and 1 bar. Their
conclusions suggest that organic acids do indeed have an

influence upon mineral solubility and they do play an important
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role in the earth’s surface weathering. The latter conclusions
are consistent with the findings of these experiments; therefore,
the assumption that acetic acid influences solubility is
accepted.

Dissolved aluminum in these experiments was below the
detection limit in all samples. Although it is thought that Al
is typically complexed by organic anions (Surdam et al., 1989),
this is not always true. Surdam et al. (1984) suggest that the
solubility of Al decreases when solutions are at approximately
neutral pH and when calcite is in the system. One or both of
these conditions exist in all of the samples tested. While this
may not be the explanation for the absence of detectable Al in
solution, it does not preclude the possibility of Al complexing

by organic acids under other conditions.

Solubility of Silicate Minerals - Effect of Calcite

These results suggest that acetic acid in large
concentrations promotes the release of cations in solution at
25°C and 1 bar, the role of added calcite in the system can be
evaluated. The samples that contained calcite in the system had
approximately neutral to slightly basic values of PH in each of
the experiments. This appears to be a direct result of having
CO; in the system.

In contrast to the samples containing calcite, pHs of the
carbonate free series were neutral to acidic. At low

concentrations of acid (up to 300 mg/L acetic acid) the pH of the
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solutions was approximately neutral. However, at larger acid
concentrations, the pH of each sample was acidic. The predicted
PH of an acetic acid-acetate buffer is 4.75 (Dickerson et al.,
1984), and the pH values for samples 1-5, 1-6, and 1-4 were 6.01,
4.38, and 3.96, respectively. This observation of PH suppbrts
the theory that organic acid ions provide an internal pH buffer
(Barth et al., 1990).

The presence of calcite in some of the samples greatly
increased the concentrations of several solutes at high levels of
acetic acid. As one might predict, Ca is present in high
concentrations in the calcite bearing series relative to the
carbonate free systems. For the 10,000 mg/L acetic acid level in
sample series 2 and 3, the Ca concentrations were 7.5 times
higher than in the carbonate free series. Similarly, total
alkalinity values were approximately an order of magnitude higher
in the samples with calcite versus the carbonate free samples.

In the samples that had calcite in the system, Mg, Sr, and
acetate alkalinity were also higher than were detected in the
carbonate free series. All of the Mg and Sr ions must have come
from the standard river sediment because the reagent grade
calcite contained no significant amount of Mg or Sr. One theory
to explain this phenomenon is that as the amount of initial acid
increased, the concentration of acetate anions in solution
increased. Therefore, more cations went into solution to
maintain the charge balance in the system. 1In addition, cation

exchange on the clay surfaces may have occurred between Ca and Mg
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in all of the samples. However, more ions were available for
exchange in the samples with added calcite and increased levels
of Mg in solution (Drever, 1988).

Silica shows an inverse trend in concentration with
increasing acetic acid concentration among the samples with
calcite and the samples without calcite. The samples with
calcite show five times less silica in solution than the samples
without calcite. One might expect to see decreased
concentrations of silica in the solutions without calcite, but
instead, the carbonate free experiments show levels of silica in
solution which are much greater than those solutions containing
calcite. This point is of significance with regard to increased
solubility of silicates due to organic acid. Quartz is a
relatively insoluble mineral, and only at high pH values are
total dissolved silica values large (Drever 1988). Similar
increased solubilities of quartz in the presence of organic acid
have been observed by other investigators (Bennett and Siegel,
1987; Bennett, 1988; Williams et al., 1985).

Two accepted models for enhanced dissolution of silicate
minerals by organic acid involve the complexing of free cations,
especially Al (Boyle et al., 1974), or the increase of proton
availability from the organic acids (Tan 1980). These models
depend upon the dissolution of alumino-silicates at low pH and
the diagenetic conditions exclusively and do not explain the
rapid weathering of quartz which is seen in shallow groundwater

environments (Bennett and Siegel, 1987). Bennett et al. (1988)
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explain that silica solubility in oxalic acid concentrations of
approximately 1000 mg/L, under conditions of 25 °C and 1 bar and
neutral pH may be enhanced by the direct interaction of organic
acid anions with frame work Si-0-Si bonds. The organic anion
interacts with the surface of quartz and will consequently donate
a partial charge to the framework silica atoms. The extra charge
increases the density of electrons at the Si-OH bond. At that
site, the bond becomes stronger and thus weakens the framework of
the $Si-0-S8i bond. The Si-OH bonds are more susceptible to
hydrolysis, therefore increasing the rate of dissolution.

The reactions in the present experiments may have followed
the processes described above with regard to silica solubility
because the conditions of this experiment approximately
paralleled the conditions of the experiments described by both
Bennett et al. (1988) and Tan (1980). The conditions of this
experiment were 25°C and 1 bar, however as the concentration of
acid increased the pH of the solution was buffered and unlike the
Bennett et al. model, pH remained relatively low. 1In the samples
with low pH, the solubility of Si increased. While Si-OH bonds
may form in some experiments as a result of added charge at Si-O-
Si bond sites and in turn release more Si into solution, it
cannot be denied that acidic solutions affect the solubility of
silica in systems without calcite.

The remaining cations in solution were not significantly
affected by the addition of calcite into the system, although

they did increase in concentration with increasing acetic acid
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strength. K and Na do not exchange with Ca on cation sites as
readily or as easily as does Mg (Drever, 1988). Therefore, the
added opportunity for cation exchange by the addition of calcite
is not greatly enhanced for the monovalent cations. Ba is not
found in significant amounts in either silicates or carbonates
(Drever, 1988), and appears unaffected by the addition of
calcite.

Fe and Mn were present in trace amounts in all but a few of
the experiments. However in the experiments containing acetic
acid at concentrations between 1000-3000 mg/L, the solutions were
enriched with Fe and Mn. 1In these ranges of acid concentration,
bacteria apparently thrived. It is known that some respirative
bacteria consume acetate (Chapelle, 1993). Two common genus
involved in such processes are Bifidobacterium and Clostridium.
Bifidobacterium consume and produce acetate in fermentation and
may, in fact, produce acetic acid as an end product. During
their fermentation of acetate, Clostridium typically reduce Fe
using special proteins, called ferredoxins, that act as electron
carriers. A byproduct of the fermentation is hydrogen; thus it is
not surprising that some gas was observed in these experiments.
Mn is another metal that can be reduced with Fe (Drever, 1988).
The same conditions that reduce Fe should also reduce Mn. It is
seen that at the same acid concentrations where Fe was reduced,
Mn was reduced also.

Unlike Fe and Mn, Pb does not participate in redox

reactions; therefore the marginal increase at high levels of acid
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concentration must be explained in a different manner. It has
been suggested that trace amounts of Pb in acetic acid solutions
may act as an indicator of feldspar dissolution (Manning et al.,
1991). This idea is not a satisfactory explanation because the
increase in Pb concentration is not systematic with increasing
acid concentration. The values for Pb appear to have no
correspondence with acetic acid concentration, nor do they appear
to be affected by the addition of calcite into the system. It is
thought that the amount of Pb detected in the experiment
solutions is dependent upon the amount of Pb in the particular

feldspars used in experimentation.

Mineral Stability Diagrams
Figures 14, 15, and 16 show that all of the fluids tested

are oversaturated with respect to quartz, and most of the fluids
are clustered at or near the equilibrium boundaries between
kaolinite and K-feldspar or smectite. This observation suggests
that in a relatively short amount of time and under moderate PT
conditions, the waters have approached mineral equilibrium. Upon
closer examination of mineral stability, Figures 17 and 18 show
that the fluids analyzed are in apparent or metastable
equilibrium with both calcite and dolomite. Similarly, the
fluids are also in equilibrium with K-feldspar and albite. These
observations are important in light of the original mineral
composition of the sediment; although K-feldspar was reported as

only a minor mineral phase, and calcite was added to only some of
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the fluid systems, all of the systems eventually approached

equilibrium with K-feldspar and calcite.

Comparison with Natural Waters

It is interesting to compare these experimental fluids to
natural waters. In a report on the composition of shallow
groundwaters from Natchitoches, Louisiana, the ionic activity
ratios that were plotted on mineral activity-activity stability
diagrams fell on the equilibrium lines between kaolinite and K-
feldspar and smectite (Su, 1993). The same stability relations
which were observed in the natural water system were also
observed in the experimental fluid systems of this report. This
fact seems to suggest that the experimental fluids mimic the
behavior that is seen in natural water systems and that these
results can be applied to at least some studies of natural water

systems containing acetate.
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CONCLUSIONS

Many workers have theorized that organic acid anions may
affect the solubility of silicate minerals, particularly
feldspar, at varying temperatures and pressures. Instead of
using pure feldspar, however, the experiments in this study were
conducted using multiphase sediments; therefore hydrolysis
produced by organic acid anions were studied instead of
solubility.

The results of these experiments show that at 25°C and 1 bar
and over a relatively short time frame, acetic acid has no
appreciable affect on mineral hydrolysis at acid concentrations
below 1000 mg/L. However, at acid concentrations of 1000 mg/L or
greater, the degree of mineral hydrolysis increased significantly
as shown by the relatively high concentrations of Na, K, Mg, Ca,
Sr, Ba, and Si detected in the solutions. 1In contrast, Fe, Mn,
and Pb did not exhibit a strong correlation with acetic acid
concentration. Zn and Al were analyzed but were below the
detection limit in all of the fluids.

While many workers promote the idea that Al is complexed by
organic acid anions, this theory is not borne out by these
experiments. The observed absence of Al above the 0.01 mg/L
limit of detection in solution is consistent with data presented
by Surdam et al. (1984), who show that at approximately neutral
pH and in the presence of calcite Al solubility decreases in
organic acids. The solutions of the experiments in this study,

like Surdam et al. (1984), were at nearly neutral pH, and many of
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the solutions contained calcite.

The addition of calcite to some experiments seemed to have
an effect on the ionic concentrations of acetate, Mg, Ca, Sr, and
Si. The addition of calcite to some of the experiments added
more cations to the solutions. To maintain charge balance as
more Ca was released into solution, acetate anions also went into
solution; this explains the increased concentration of acetate in
the calcite-containing experiments. 1In addition, divalent
cations are usually involved in cation exchange on clays;
therefore, as the Ca concentration increased, more opportunity
for exchange existed, and the concentration of Mg and Sr in
solution increased as a result. These ions also contributed to
the charge balance of the solutions.

Silica was influenced, inversely, by the addition of calcite
because in the solutions with calcite, silica concentrations were
lower than the silica concentrations in the experiments without
calcite. The increased concentrations of silica in the carbonate
free experiments are attributed to the presence of high
concentrations of acetic acid. The large acid concentration
caused the concentration of acetate to increase. To maintain
charge balance, the concentration of silica increased in the
carbonate free solutions because additional Ca was not present
due to the addition of calcite. The silica concentration in the
experiments with calcite were low because other cations were in
solution to account for the charge balance.

The experimental fluids behaved similarly to natural waters.
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After 60 days of reaction, the experiments at 25°C and 1 bar
approached equilibrium with kaolinite, K-feldspar, and smectite.
Also, all of the fluids plotted on the equilibrium boundary
between calcite and dolomite. This trend in mineral equilibrium
is typical of many solutions in contact with siliciclastic
sediments. This is an important observation because it indicates
that many solutions in contact with siliciclastic sediments
regardless of organic components approach the same mineral
equilibrium status.

It appears from this study that more investigation is
necessary to determine whether organic components truly make any
significant contributions in mineral solubility/hydrolysis when
encountered in fluids. The results of this study support only
some previous observations regarding organic anions in solution:
(1) acetic acid buffers the pH of the solution, (2) moderate
increases in silica solubility is observed in the presence of
organic acids, and (3) bacteria that feed on organic material
increase trace metal concentrations. Beyond these observations,
it appears that these mineral/fluid reactions proceed in the same
general manner as mineral/fluid reactions involving fluids
without acetic acid. The mineral assemblages remain stable
across the acid concentration range, and the cations, excluding
Si to a minor extent, behave similarly in solutions without

organic material.
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