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JIUOTRACT 

The dissolution rates of hornblende and tremolite were 

studied in constant pH batch experiments over the pH range 

4-6, in order to understand the role of hornblende as an 

acid neutralizer in watersheds with low alkalinity. 

Hornblende and tremolite exhibit linear dissolution 

kinetics within one or two days after the onset of 

weathering. During the first 80-100 hours of weathering, 

base cations are released preferentially to silica in both 

minerals. During this period a leached surface layer 

similar in structure to the original material, but slightly 

altered in composition is believed to be formed. 

The release rates of Si, Ca, Na, and Mg from hornblende 

exhibit a weak fractional dependence on pH: d[Mg]/dt = 

ki[H+]0-13, d[Ca]/dt = k1[H+]0-065, d[Na]/dt = k1[H+]0-17, 

and d[Si]/dt = kitH*]0-045. 

As a result of weak dependence of dissolution rates on 

pH, it is believed that, for large and transient influxes of 

acidified water, hornblende is not an important pH buffer. 

Dissolution rates of hornblende, however, are rapid compared 

to most other granitic minerals and hornblende could be an 

important source of acid neutralizing capacity for a 

watershed. 
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CHAPTER 1 

INTRODUCTION 

Water is an integral part of the geologic cycle (see 

figure 1) . It falls as rain, converting crystalline and 

sedimentary rocks to clay and sand by means of physical and 

chemical weathering. But as the water changes the rocks, 

they in turn, alter the composition of the water, adding 

solutes and colloidal material. In order to understand the 

processes which control the composition of natural waters, 

one must study the weathering of rocks. 

Amphiboles constitute an important part of the rock-

forming minerals present at the earth's surface. Along with 

pyroxenes, olivine and biotite, they are among the principal 

sources of magnesium and iron in natural waters (Berner and 

Schott, 1981). Because hydrogen ions (H+) are consumed 

during mineral weathering, and amphiboles weather rapidly, 

they can be an important source of alkalinity. In the 

absence of soils and vegetation, chemical weathering is 

practically the only process through which acid can be 

neutralized (Galloway et al., 1983). The chemical weathering 

of amphiboles may be an important source of acid 

neutralizing capacity in alpine watersheds in the western 

United States. Other than the fact that they break down 

relatively rapidly, however, little is known about rates 
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and products of amphiboles during weathering. The 

determination of weathering rate and its pH dependence is 

the key to understanding the role of hornblende in the 

acidification of soils and waters in alpine watersheds. 

As a rock former, hornblende is important and 

widespread. In igneous rock, hornblende is most common in 

plutonic species, particularly diorites, syenites and 

pegmatites associated with them. In metamorphic rocks it is 

most common in those of medium grade, being an essential 

component of amphibolites and some schists and gneisses. It 

is a prominent constituent of many detrital sediments. 

Though less common than hornblende, tremolite is widespread 

in metamorphosed limestones, and low to medium grade schists 

(Kerr, 1977). 

Although hornblende is the most common of the 

amphiboles (Bates and Jackson, 1980) , its weathering 

behavior is among the least understood. Field studies have 

reported a wide range of reaction products for the 

weathering of the mineral: gibbsite, aluminous 

montmorillonite, chlorite, smectite-like material, 

hydrochlorite (Loughman, 1969), an actinolite-like material 

(Wilson and Farmer, 1970), and ferric oxy-hydroxides 

(Woodward and Siever, 1979). In addition, Berner and Schott 

(1982), and Anand and Gilkes (1984) reported that hornblende 

dissolves congruently producing no solid reaction products. 
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The purpose of this study is to develop a better 

understanding of the chemical and physical behavior of two 

amphiboles, hornblende and tremolite, during the early 

stages of weathering. The specific objectives of the 

research are: 

(1) Determine experimentally the overall dissolution 

rate of hornblende at pH values of 4, 5 , and 6, and the 

rates at which Mg2+, Ca2+, Na+, Fe2+, and Si4+ are released 

into solution. 

(2) Interpret dissolution in terms of: hydrolysis 

reactions at the mineral surface, stoichiometry of cation 

release relative to original composition, and factors 

affecting dissolution rate (i.e. pH, pE, precipitation, 

adsorption, surface area). 

(3) Estimate the contribution of hornblende to the pH 

buffering in a hypothetical alpine watershed. 
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CHAPTER 2 

BACKGROUND 

2.1 Mineralogy 

Silicate minerals are very abundant, approximately one 

third of all mineral species. The crust is composed of 95 

percent silicate minerals. Of these minerals, 60 percent 

are feldspars, 12 percent quartz, and the other 28 percent 

are mainly clays, pyroxenes, and amphiboles (Mason and 

Berry, 1968) 

Amphiboles fall into the subclass Inosililicate. 

Inosilicates are characterized by Si04 tetrahedra joined to 

produce chains of infinite extent. The chains are elongate 

in the c direction of the crystal, and bonded to each other 

by other metallic elements (see figure 2.1). Inosilicates 

fall into two groups: 1) the pyroxene group, comprised of 

single chains in which the Si:0 ratio is 1:3, and 2) the 

amphibole group, which is comprised of double chains cross 

linked at alternate tetrahedra, and having an Si:0 ratio of 

4:11. 

The amphibole group consists of many species, which can 

be broken into five series based on chemical composition 

(see table 2.1). Within each series extensive replacement 

of similar sized ions can take place, leading to very mixed 

chemical composition In this way, the amphiboles and 

pyroxenes are very much alike. The amphiboles, however, are 
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b) 

Figure 2.1 Amphibole crystal structure; a) the coordination 
of the octahedral cations of Ml, M2, M3 and M4 
and b) the double chain arrangement of 
tetrahedra in the amphiboles. 
(Mason and Berry, 1969) 



distinguished by OH groups in their structure and more 

easily separated chains, leading to a splintery prismatic 

120° cleavage (Mason and Berry, 1969). 

Table 2.1 The amphibole series 

Amphibole group 
Composition 

(W.X.YksZsÔ OH), Crystal Class 

Anthophyllite (MfeFe^igO^OH), Orthorombic 

Cummingtonite (Fe.Mg^igO^OH); Monoclinic 

Tremolite-Actinolite Ca2(Mg,Fe)5Si8022(0H)2 Monoclinic 

Hornblende NaCa2(Mg,Fe,Al)s(SiAl)8022(OH)2 Monoclinic 

Alkalai-Amphiboles Na2(Mg,FeAl)sSi8022(0H)2 Monoclinic 

The double chain construction of the amphibole group 

provides five octahedral binding sites for every eight 

tetrahedral sites, as well as two sites at which cations can 

help cross link the chains, a site between the chains 

similar to the interlayer sites seen in clays, and a site 

for an extra anion within the double chains (Stucki et al., 

1985). 

The hornblende series occurs as a product of varying 

degrees of replacement within the tremolite-actinolite 

series: Na for Ca, Al for Fe(III), Mg for Fe(II), Si in part 
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for Al. As a result, the composition of hornblende may 

vary extensively. Figure 2.2 shows a composition diagram in 

which most analyses for common hornblende will fall (Mason 

and Berry, 1969) . 

2.2 Dissolution processes 

In the dissolution process there are three types of 

possible rate limiting steps: 1) reactions at the mineral 

surface, 2) diffusion of ions through an inhibiting layer of 

reaction products, and 3) transport of dissolved products to 

or away from the mineral solution interface. According to 

Drever (1982), although the mineral dissolution rate may be 

controlled by a combination of the three, generally the 

first or second step will be rate limiting. 

Berner (1978) outlined several methods of 

differentiating between diffusion and reaction controlled 

systems: 

1) A dissolution rate controlled by diffusion in the 

aqueous phase would be increased by stirring, while a 

reaction controlled rate would be unaffected. 

2) Activation energy (Ê ) for diffusion processes is low, 

around five kcal/mol. should be higher for reaction 

controlled dissolution. 

3) In a diffusion controlled process a mineral grain will 

become rounded due to even dissolution on all surfaces. 
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NaCa?(Mg, Fe) 5AlSi,03I (OH), NaCa,(Mg, Fe) 4AlAl3Si40:J (OH), 

Na A1 

hornblende 

Si 

Ca, (Mg, Fe) Si,0:j(0H): Ca (Mg, Fe) 4AlAlSi,0;3 (OH), 

tremolite- Mg„ A1 
actinolite Si4- *A1 

Figure 2.2 Composition diagram for the hornblende series 
showing its derivation from the tremolite-
actinolite series by atomic substitution. Host 
analyses of common hornblende fall within the 
shaded area. (Mason and Berry, 1969) 
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In a reaction controlled process dissolution will occur at 

selected sites, creating etch pits around dislocation sites, 

and no rounding. 

4) Fractional pH dependence of the dissolution rate is 

also an indication of a reaction controlled process. 

5) The dissolution rate for a reaction controlled process 

will be linear, while the rate for diffusion control is 

parabolic. 

In previous dissolution studies, Luce et al. (1972), 

Siever and Woodford (1979), Eggleton and Boland (1981), and 

Wollast (1967), obtained non-linear plots of concentration 

versus time. Because of this, dissolution was believed to 

be diffusion controlled. It was thought that a leached 

layer formed on the mineral surface which, as it grew, 

became a barrier to diffusion, slowing the dissolution rate, 

and producing non-linear dissolution versus time curves. In 

later studies, however, when the search for this leached 

layer was undertaken with tools more advanced for surface 

chemical analysis, such as the scanning electron microscope 

(SEM), and x-ray photoelectron spectroscopy (XPS), there was 

no evidence of this leached layer forming, at least not to 

the extent necessary to provide a barrier to diffusion 

(Berner and Schott, 1982; Anand and Gilkes, 1984). 

In these detailed surface analyses, the presence of 

submicron sized particles coating the surface of the 
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minerals was discovered. These particles were formed as a 

result of sample preparation. Petrovich (1981), and 

Grandstaff (1980) found that if these particles were removed 

(i.e., by cleaning with strong acid for a short time) linear 

kinetics could be obtained from the beginning of the 

reaction. 

According to Berner (1978), except for those occurring 

at very low pH values (i.e. below pH 3), most mineral 

dissolution rates are surface reaction controlled. The 

dissolution rate of a mineral is given by Lasaga (1984): 

dcj = A r-[ 
dt V 

r̂  = dissolution rate of species i in mineral 
[moles m~2 s~l] 

A = total surface area of mineral [m2] 
V = volume of solution in contact with mineral [1] 
ĉ  = concentration of species i over time, due 

only to mineral [moles 1~1] 

The rate constant, r̂ , is an intensive quantity, and may be 

dependent on pH, temp, ĉ , and other species in solution. 

If the dissolution is congruent, this equation becomes: 

dcj = A 
dt V 

: =̂ -iotal dissolution rate of the mineral 
[moles m~2 s~l] 

i = stoichiometric content of species i in mineral 
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Although total surface area is used in the equation, 

other factors, such as dislocation density or the presence 

of disturbed layers may also influence the dissolution 

kinetics (Petrovich, 1981). Berner et al. (1980) noted 

that pyroxenes and amphiboles weather by means of the 

formation and growth of parallel lens-shaped etch pits, 

which occur at dislocation outcrops. This is similar to 

features found in some feldspars. Using the criteria 

proposed by Berner (1978), for differentiating between 

diffusion and surface reaction controlled dissolution, the 

presence of these etch pits provides further support for the 

theory of surface reaction control over bulk diffusion. 

Unfortunately, it also indicated that total surface area (A) 

is not necessarily a good estimate of the area in which the 

reaction takes place. Holdren and Speyer (1985), however, 

found that given sufficiently coarse material, reaction 

rates were proportional to grain size. This suggests that 

as grain size is reduced more crystal defect sites are 

exposed until the point at which grain dimensions approach 

the spacing of crystal defects. After this point, 

additional crushing will not expose more defects at the same 

rate at which surface area is produced. For minerals with 

very high density of crystal defects, such as hornblende 

(Berner et al., 1982), a linear relation between reaction 
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rate and surface area should hold for very small grain-sized 

samples. 

For steady-state mineral dissolution governed by a 

single rate limiting step, the overall dissolution process 

can be considered as a sequence of three types of reactions 

(Murphy and Helgeson, 1987): 1) adsorption, 2) exchange of 

H+ ions for cations, and 3) detachment. The rate of surface 

reaction may be the rate limiting step for any of these 

three types of reactions, but ;s probably most limiting for 

detachment reactions since adsorption reactions are 

generally rapid. The hydrolysis process can be used as an 

example of how each of these three types of reactions may 

affect mineral weathering. In the hydrolysis process H+ 

ions are adsorbed onto the mineral surface replacing 

exchangeable cations, and leading to the formation of 

activated complexes. Due to the disrupting influence of 

these reactions on the structure of the crystal lattice, the 

mineral framework in the area around the reaction alters, 

and will eventually become detached (see figure 2.3). The 

detachment exposes new exchange sites, and the whole process 

will begin again. According to Murphy and Helgeson (1987), 

the dependence of the decomposition of the activated 

complexes on pH indicates that H+, H30+, OH", and/or H20, 

are the species primarily responsible for the formation of 

the activated complexes. The rate constant for this process 
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corresponds to the surface detachment of the activated 

complexes. 

The weathering rate of amphiboles relative to other 

minerals have been studied qualitatively for many years. As 

early as 1938, Goldich proposed his weathering sequence for 

the common rock forming minerals (see figure 2.4). 

Thesequence is based on extensive field studies with 

granites, diabases, and amphibolites. The order proposed 

corresponds exactly to Bowens (1928) reaction series for the 

order of crystallation from a magma. In Goldich sequence, 

the left hand side corresponds to increasing linkage of Si04 

tetrahedra in the mineral structure. The right side 

corresponds to increasing substitution of A1 for Si. 

According to Goldich sequence, hornblende dissolution rates 

should be slightly slower than pyroxenes, and slightly 

faster than micas. 

Anand and Gilkes (1984), Wilson and Farmer (1970), 

Berner and Schott (1982) looked at the weathering of 

hornblende under laboratory conditions. Anand and Gilkes 

(1984), and Wilson and Farmer (1970) examined the weathering 

of hornblende by looking at samples from soil material at 

different stages of alteration. Both groups noted that 

weathering was accompanied by a color change from dark green 

in fresh hornblende, to pale green in weathered hornblende. 

This color change was attributed to loss of iron in both 
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Figure 2.4 Goldich stability series (Loughnan, 1969) 
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cases. Goodman and Wilson (1975) using Mossbauer 

spectroscopy, found that ferrous iron is lost preferentially 

from M(3) sites, where it is coordinated to hydroxyl groups. 

However, the proportion of ferric iron on the mineral 

surface does not increase during weathering, indicating the 

difficulty with which iron is oxidized within the amphibole 

structure. 

Both Anand and Gilkes (1984) and Berner and Schott 

(1982) found hornblende to dissolve congruently. 

Dissolution proceeded by the formation and coalescence of 

lens shaped etch pits. Anand and Gilkes (1984) believed 

that the hornblende grains were not replaced by halloysite 

(a clay mineral having the chemical composition of 

kaolinite, but distinct structure), as they had found to be 

the case with feldspars in the same study, because of low A1 

content. The mechanism of dissolution was determined to be 

hydrogen ion attack, along with oxidation of Fe2+ in the 

outermost atomic layers. 

It is commonly believed (Loughnan, 1969) that in the 

absence of oxygen, mafic minerals will dissolve at rates 

similar to magnesium silicates. For this reason, and to 

reduce complications arising from redox reactions with iron, 

dissolution kinetics studies on amphiboles are usually run 

with tremolite, the iron-free structural analog of 

hornblende. Mast and Drever (1987) using a fluidized bed 
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flow-through reactor, and Schott et al. (1981) using 

buffered batch experiments, found tremolite dissolution to 

be congruent, and rate independent of pH over the ranges of 

two to five and one to six respectively. These experiments 

were run over a period of 25-40 days. Since hornblende and 

tremolite are structural analogues, weathering rates for 

hornblende would be expected to be similar to those of 

tremolite. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

Twenty-six constant-pH batch experiments were run 

using the minerals hornblende and tremolite for the pH range 

4-6. These experiments ranged in length from 70 to 170 

hours, during which time H+ consumption and base-cation 

release rates were monitored. 

3.1 Source and Composition of Minerals 

The minerals used in these experiments were obtained 

from Ward's Natural Science Company. The hornblende, taken 

from the Farraday formation, of Ontario, Canada, is an 

amphibolite, with a largely hornblende matrix, and scattered 

garnet phenocrysts. 

The rocks were crushed with a ceramic jaw rock crusher. 

The particles were then sorted by hand to remove any garnet 

or other foreign material. The sorted sample was then 

ground to a powder in a steel oscillating puck shatterbox. 

To prevent contamination during the grinding process, pure 

quartz sand was ground first, in order to fill any scratches 

and remove any impurities that may have been present from 

earlier use. As a result, any contamination in the sample 

should be in the form of Si02, which dissolves very slowly, 

and should not effect the dissolution process. 
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Due to their crystal structure, amphiboles tend to 

break into needlelike pieces elongated along the c-axis. 

This tends to produce irregularlly ground particles, so that 

the process may have to be repeated several times before the 

whole sample is evenly ground. 

The ground sample was then sieved with a 600-micron 

sieve, to remove any of the very coarse particles that may 

have been left after the grinding process. 

3.2 Experimental Design 

The experiments were designed to simulate dissolution 

of a hornblende derived soil under varying conditions. 

This was accomplished by controlling the pH, temperature, 

redox atmosphere and ionic strength. 

Dissolution products were measured in constant-pH, 

constant-temperature suspensions of 2.5 grams of hornblende 

or tremolite in 250 ml of 0.1 M KN03. Duration of an 

experimental run was from three to six days. This was 

sufficient time to establish linear dissolution rates in 

both minerals, for the pH range considered. Usually, 20-30 

hours were required to go from initial non-linear to linear 

dissolution. 

A nitrogen (N2), or air atmosphere was maintained by 

bubbling either through the suspension. Carbon dioxide 

(C02) was from the gas by bubbling it through a 2 M NaOH 

solution before it enterd the reactor. The 0.1 M KNO3 
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solution was purged with C02-free N2 for eight to ten hours 

before mineral was added. Experiments were run with and 

without oxygen, to test the effect of the oxidation of iron 

on the dissolution rate of hornblende. 

Dissolution rates were measured at high ionic strength, 

(I = 0.1 M), to insure that ionic strength remained constant 

throughout the experiment. Berner and Schott (1981), 

working with tremolite, found that in the range of 0.01 to 

0.3 M, ionic strength had negligible effects on dissolution 

rates. 

3.3 Apparatus 

The mineral suspensions, maintained by magnetic 

stirrer, were contained in a 300-ml jacketed reaction 

beaker. An N2 or air mixture was bubbled through the 

beaker. The reaction beaker was covered and fitted with a 

combination silver-silver chloride Radiometer pH electrode. 

This was connected to a Fisher MP 925 pH meter. A Gilmont 

2.5 ml digital micro syringe (the autoburrette), driven by a 

stepper motor, was used to add acid to the system. Both pH 

meter and autoburrette were connected to a Pinecom computer 

which monitored the pH and controlled the autoburrette. The 

computer system gave a printout of pH conditions, time 

elapsed, and quantity of acid added at specified time 

intervals. See Figure 3.1 for a schematic of the 

experimental apparatus. 
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3.4 Chemical and Analytical Techniques 

3.4.1 Electron Microprobe 

Elemental analysis of original rock material was done 

by electron microprobe on an Applied Research Laboratories 

SEMQ (scanning electron microprobe quantimeter) . The 

analysis was run at two points on the mineral surface. The 

results of both analyses were so similar that analysis at 

more locations was deemed unnecessary. Results of 

microprobe analysis appear in table 3.1. 

3.4.2 B.E.T. Analysis 

Total surface area of the ground sample, was measured 

by the single point B.E.T. method. This is a simplified 

alternative to the multipoint B.E.T. method. It is based on 

the fact that the intercept of a B.E.T. plot is generally 

small when compared to the slope and can be ignored. This 

simplification is acceptable as long as the surface areas 

being measured are not very small. Five measurements on two 

samples were taken on a Quantasorb sorption system. The 

surface area of the ground hornblende varied from 0.400 to 

0.427 m2 g"1. The mean value of 0.409 m2 g-1 is used in 

all subsequent calculations. 
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Table 3.1 Composition of hornblende ore 

Component Weight 
fnercent) 

Stoichiometry 

Na20 5.19 1.13 
k2o 1.70 0.315 
CaO 7.26 1.46 
Al2°3 1.25 0.213 
sio2 56.58 18.22 
Mgo 20.23 4.38 
MnO 0.36 0.044 
FeO 6.16 0.748 
Tio2 0.24 0.026 

^•Silica content is > 8.0. This is outside the range of 
the general formula for hornblende. This may indicate 
the presence of a silica-rich phase within the original 
material. 
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3.4.3 X-ray Diffraction 

This technique was used to confirm the classification 

of the minerals used, and identify the difference between 

the original material, and that material which underwent 

leaching during dissolution. 

A G.E. X-ray diffractometer, using monochromatic Cu K 

alpha radiation and provided with a nickel filter, was used 

to make x-ray patterns for original and weathered material. 

The copper target was operated at 50KV, using a scan rate of 

2° min-1, and a count rate of 2000 s'1. Copper was run with 

the samples as an internal standard. The peak heights and 

locations were compared to published data (JCPDS, 1985) to 

identify all crystalline phases present. 

3.4.4 AA/AE Analysis 

Concentrations of cations (Ca,Mg,Na,Fe), were measured 

on a AA/AE spectrophotometer, Perkins-Elmer model IL951. 

On this particular instrument, five absorption/emission 

measurements are taken and averaged. Calibration of the 

instrument was done using six points. The lowest measurable 

concentration was 0.1 ppm. 

3.4.5 Silica and Aluminum analysis 

Si(>2 and Al(III) concentrations were measured 

spectrophotometrically on a Beckman DU-40 spectrophotometer. 

Silica was reacted with a molybdate solution to form a 
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blue color using a modified version of the procedure of 

Strickland and Parsons (1972). Aluminum was determined by 

color formation upon complexation with aluminon reagent 

(Page, 1982). Plots of absorbance versus concentration were 

found to be linear for both techniques. 
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CHAPTER 4 

RESULTS 

4.1 Dissolution of Hornblende 

Twenty-six constant pH, constant temperature 

experiments were carried out to measure the dissolution rate 

of hornblende. Experimental conditions are listed in table 

1 of appendix I. Experimental results are also listed in 

appendix I. Rate equations were developed for overall acid 

consumption, and release of Ca, Mg, Na, and Fe for pH 4, 5 

and 6. A sample calculation is given in appendix II. 

These data were used to determine the pH dependence of 

hornblende dissolution. 

4.1.1 Dissolution Rates 

Figures 4.1, 4.2, and 4.3 show acid consumption rates 

for 0.01 g l"1 suspensions of hornblende at 25° C and one 

atmosphere pressure for pH's 4, 5, and 6. 

Linear dissolution rates were established in 20-30 

hours in all the experiments. The initial non-linear rate 

(shown in Figure 4.1) is an experimental artifact, 

attributable to the rapid dissolution of extremely fine 

particles which adhered to grain surfaces during grinding. 

In previous studies (Berner and Sjoberg, 1980; Berner and 



4.0 -i 

i 
ul 
9 3.0 J 

OT 2 5 

2.0 -
-o 0) 
E 
3 1.5 H w  ̂
c o 
o 
, 1 . 0 - 1  

'o 
< 

0.5 -• 

Runt 

HB4-A 

HB4-B • 

HB4-D A 

0-0 - i i i i h i i i | i i i i i i i i i | i i i 1 i i i i i | i i 1 i i i i i i | i i i i i i i i l| 
0 20 40 60 80 100 

Time (hours) 

Figure 4.1 Best fit line for H+ consumption rates for 
hornblende at pH 4 



Runt 

HB5-B 0 

HE5-C ̂  

HB5-D 

HB5-F • 

i i i i i i i iii i i ii i i ii i |i i i i i i i i i| i ii i i i i i i | • • • • i • • 
I 20 40 60 BO 

Time (hours) 
100 

Figure 4.2 Best fit line for H+ consximption rates for 
hornblende at pH 5 



Runt 

HB6-A 

HB6-B 
HB5-C 
HB5-D 

a 
a 

1 1 1 1  m  11 m  11 1 1  
60 80 

l i i i i i i i i | i i i i i i l i l | l i 
20 40 

Time (hours) 

Figure 4.3 Best fit line for H+ consumption rates 
for hornblende at pH 6 



40 

Schott, 1982; Mast and Drever, 1987; etc.)/ these particles 

were removed by etching the mineral grains with strong acid 

for a short period of time. Berner and Schott (1982) found 

that a few hours of etching of pyroxene and amphibole 

minerals with strong acids produced weathering features 

similar to those produced by slow weathering by soil acids 

on a geologic time scale. In this study, to avoid any 

change in initial surface area, no initial etching was done. 

All rate equations were calculated with data from the linear 

portion of the curve. 

Mean rates of acid consumption (r, mol cm-2 s-1) were 

calculated and student t tests were used to determine a 95 

percent confidence interval was constructed around the mean 

dissolution rate at each pH (see table 4.1). Although the 

confidence interval at pH 5 spreads out to touch the edges 

of expected values at pH 4 and 6, the mean of the 

dissolution rates increases with decreasing pH. 

Table 4.1 Mean rates of acid consumption at pH's 4-6, and 
95% confidence interval over which they occur 

pH Acid consumption rate 95 percent1 log r 
(mol cm~2 s""1) confidence interval 

4 6.35 x 10~14 +/" 1-53 X 10~14 -13.20 

5 3.91 x 10"14 +/" 8.09 X 10~15 -13.41 

6 2.70 x 10~14 +/" 3.85 X 10"15 -13.57 

Calculated using student t test 
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Dissolution rates exhibited considerable variability. 

There are several possible explanations for this 

variability. First, as discussed previously, the surface 

reactions, which are the main control of mineral dissolution 

rates, take place primarily in etch pits located at 

dislocation outcrops rather than occurring evenly across 

the mineral surface. Since the density and quantity of 

these sites varies from grain to grain, the number of 

available activated sites will vary. This variation could 

account for some the differences in dissolution rates. 

Second, the variability in the y-intercept between runs at 

the same pH values, may be due to differences in initial 

quantity of super fine particles or slight variations in 

initial pH. A large part of the separation between points 

at identical time values is a function of this intercept 

variation rather than variation in the slope (e.g., the data 

for pH 6 and pH 4). 

Dissolution rates for hornblende exhibit fractional pH 

dependence. For at least two runs at each pH value, samples 

were taken and analyzed for major cations (the data are 

presented in figures 4.4, 4.5, and 4.6). The numerical data 

for these analyses are presented in appendix I. Calculated 

release rates for calcium, magnesium, sodium, iron and 

silica are listed in table 4.2. Sample calculations for 

determining these values can be found in appendix II. 
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Table 4.2 Rate of release of cations into solution, for 
hornblende at pH's 4-6 

Release Rate (mol cm-2 s-1) 
pH 4 pH 5 pH 6 

ca 3. 02 X 10-15 2. 57 X 10-15 2 « to
 

X 10-15 

Na 8. 13 X 10-15 5. 62 X 

in H
 1 O
 

r H 3 .80 X 10"15 

Mg 1. 58 X 10-14 1. 12 X 10-14 8 .71 X 10-15 

Si 2. 75 X 10-14 2. 51 X 10"14 2 .23 X 10"14 

The rate laws are approximated by : 

r = kx[H+]a 

where r is the release rate in (mol cm-2 s-1), a is the 

slope of the line log r versus pH, and k^ is an empirical 

constant. As discussed in Chapter 2, k^ depends on the 

dissolution mechanism, charge-potential relation at the 

surface, and specific surface area of the solid (Bales, 

1984). Resulting rate laws are presented in Table 4.3. All 

log r versus pH curves showed a good linear fit (see Figure 

4.7) . 
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Table 4.3 The pH dependence of H+ consumption and base 
cation release 

cation release rate 
(mol cm-2 s-1) 

Mg r1 = kiCH4"]0-13 

Ca r2 = k1[H+]0-065 

Na r3 = kx [H+] °* -1®5 

Si r4 = k1[H+]°*045 

H+ r = kitH"1"]0-185 

Although aluminum is generally believed to remain 

within the mineral framework during dissolution, aluminum 

analysis was performed for one run of hornblende at pH 5. 

Results of this analysis appear in table 4.4. 

Table 4.4 Aluminum analysis for hornblende at pH 5 

Time Al(III) 
(hr) (M) 

43.75 1.09 X 10"5 

64.0 1.00 X 10"5 

114.0 1.23 X 10"5 
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4.1.2 Dissolution stoichiometrv 

Changes in reaction stoichiometry over time can be used 

to determine if the mineral is dissolving congruently. The 

term congruent, as used in this paper, means that the entire 

solid dissolves. Incongruent means that the mineral 

partially dissolves, leaving behind a solid phase with 

different composition from the original material. 

The changes in reaction stoichiometry are illustrated 

by representing the data as the relative release ratio (RRR) 

of base cations to silica. RRR can be defined as (Mast and 

Drever,1987): 

log(RRR)x = log(X/Si)aq / (X/Si)solid 

Where x is a base cation. 

Positive values of log RRR indicate preferential release of 

cation X relative to silica. Negative values of log RRR 

show preferential release of silica relative to cations, and 

values of zero indicate congruent dissolution with respect 

to that cation. 

Figures 4.8, 4.9, and 4.10 show relative release ratios 

of base cations to Si as a function of time for hornblende 

at pH's 4, 5 and 6. All pH values show cations being 

released into solution preferentially relative to silica. 

These enhanced cation release ratios are particularly 
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pronounced for Ca and Na. This is consistent with the 

theory that binding site energies will affect cation 

mobilities. Within amphiboles, Na and particularly Ca tend 

to be located in less strongly bound sites. Dowty (1980) 

emphasized the fact that within a mineral structure, ions 

with less negative site energies tend to be more mobile. 

Variation from stoichiometric dissolution appears to 

decrease with time, approaching congruent dissolution. 

Magnesium and iron approach stoichiometric dissolution more 

rapidly than calcium and sodium. 

Weathering of hornblende is accompanied by a change in 

color from dark green to a very pale green-grey. This same 

color change was noted in field studies by Wilson and Farmer 

(1970), and Anand and Gilkes (1984). Both groups attributed 

the change to the leaching of iron from the mineral surface. 

This leached material is of a much smaller size fraction 

than the original particles. For this reason, it could be 

at least partially separated from the unweathered material 

by differential settling. 

Photographs of both weathered and fresh particles were 

taken with a scanning electron microscope (see figures 4.11 

- 4.13). Figure 4.11 reveals the presence of the extremely 

fine particles on the fresh mineral. These particles are 

much less noticeable in figure 4.12, which shows mineral 

material after 100 hours of weathering at pH 4. 
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Figure 4.11 SEM photos of fresh hornblende surfaces 



Figure 4.12 SEM photos of the unaltered fraction of the 
mineral material after 100 hours at pH 4 
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Figure 4 . 13 SEM photos of leached hornblende mineral after 
100 hours at pH 4 

55 
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The weathered particles in figure 4.12 show no indication 

of rounding on the edges as would be expected were 

dissolution diffusion controlled. There is also no evidence 

of a thick tenacious altered layer coating the entire 

surface of the mineral, (although the magnification scale 

may be too coarse to observe it) . As already noted, the 

leached material could be readily separated from the 

unweathered hornblende by differential settling. Figure 

4.13 shows the grey-green leached material after 100 hours 

at pH 4. The leached material has many very fine particles 

adhering to the surface of larger grains. These particles 

may have been detached from the surface of the original 

mineral grains by a mechanism similar to the one depicted in 

figure 2.3. Although some weathered surfaces reveal surface 

etching (see Figure 4.13), it is not observed to occur to 

the same degree as did in the system of Berner and Schott 

(1982) . It can be surmised from this that the length of 

time over which these experiments were run, a few days, is 

insufficient to produce pronounced etch pitting in mineral 

grains that have not been acid treated. In the absence of 

the etch pits, total surface area should be an acceptable 

estimate for reactable surface. 

X-ray diffraction patterns were taken for both leached 

and fresh material (see figure 4.14). Table 4.4 shows the 

differences in the angles at which peaks occurred for fresh 
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Figure 4.14 Sample of x-ray diffraction traces fron a) fresh, and 
b) weathered hornblende 
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Table 4.5 X-ray diffraction results from fresh and 
weathered hornblende 

Fresh Hornblende Weathering Product 
rank 20 rank 20 

1 28.3 1 28.3 
2 10.4 2 33.0 
3 27.02 3 10.4 
4 26.4 4 27.05 
5 32.6 5 26.2 
6 32.9 6 30.2 
7 34.5 7 38.45 

47.7 64.45 
74.0 35.3 

8 98.0 8 
9 31.6 9 34.47 

31.8 31.65 
10 39.6 41.6 
11 35.25 55.4 

36.85 74.0 
12 38.05 10 47.77 
13 18.05 11 44.8 
14 19.5 12 39.4 

30.05 13 19.75 
15 57.6 14 44.05 

44.65 15 37.45 
60.0 
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and weathered hornblende. The diffraction pattern for the 

weathered material indicated little structural difference 

from the fresh mineral. 

4.1.3 Effects of 02 

The complications arising from Fe2+ oxidation and re-

precipitation have been largely avoided in this study by 

maintaining a nitrogen atmosphere during dissolution. All 

rate equations were calculated from data gathered under 

these anoxic conditions. 

In order to investigate the effect of O2, two pH 6 

experiments were run with an air atmosphere. The anoxic 

dissolution rates for that pH 6 were the most reproducible. 

Acid consumption and cation release rates in the oxygenated 

experiments can be seen in figures 4.15 and 4.16. Acid 

consumption rate was found to be slightly slower than the 

mean rate at the same pH in the reducing atmosphere, but 

within the 95 percent confidence interval. It is 

significant to note, however, that aqueous phase iron 

concentrations were below the datection limit for flame 

atomic adsorption, which was not the case in the anoxic 

system. The color change in the leached material that 

results from the loss of Fe2+ still occurs, indicating that 

Fe2+ is not retained in the solid. Thus Fe24" is apparently 

dissolving, oxidizing to Fe3+, and precipitating as Fe(0H)3. 
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Solubility calculations using Fe3+ concentrations from the 

oxygen-free experiments, and solubility constants from Stumm 

and Morgan (1981), indicate that the system should be 

supersaturated with respect to Fe(OH)3 in the oxygen 

environment. 

The question remains as to whether this Fe(OH)3 

precipitate will form a barrier to dissolution. Schott and 

Berner (1983) using x-ray photo-electron spectroscopy (XPS), 

noted the presence of a very thin layer of Fe(OH)3, no 

thicker than 10 A on the surface of weathered pyroxene 

minerals. They also noted, however, that it was easily 

removed by soneration, and unlikely to represent an 

effective inhibitor to dissolution. To test the possibility 

of Fe(OH)3 inhibiting the dissolution of hornblende, one of 

the air runs was allowed to continue for 170 hours. If the 

dissolution slowed considerably over time, the formation of 

an iron hydroxide layer on the mineral surface could be 

responsible for slowing the dissolution rate. This was not 

observed. 

4.2 Dissolution of Tremolite 

Experiments similar to those run for hornblende were 

run for tremolite. Figure 4.17 shows the results of H+ 

consumption versus time for one run each at pH's 4, 5 and 6. 

Since dissolution kinetics data are available in the 

literature for tremolite, the tremolite experiments were 
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run to compare to the results of previous investigators. 

Experimental data indicated H+ consumption rates to be the 

same at pH 5 and 6, and to increase slightly at pH 4. 

Unfortunately, based on statistical analysis of scatter 

among H+ consumption rates for hornblende, one run is 

insufficient to verify any real difference between the rate 

at pH 5 and 6, and that at pH 4. The observed rates are 

higher than previous investigators (reasons for this are 

discussed later). Cation release rates are shown in figure 

4.18. 
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CHAPTER 5 

DISCUSSION 

5.1 Dissolution Stoichiometrv 

Both Schott et. al. (1981), working with tremolite and 

pyroxenes, and Mast and Drever (1987), working with 

tremolite, found an initial period of excess Ca and Mg 

release to be followed by an extended period of congruent 

dissolution. Both groups found that for tremolite, 

stoichiometric release of Mg was reached after about 150 

hours, and Ca after several times that amount. The 

disparity between the two elements was attributed to 

differences in binding site energies, Ca tending to inhabit 

more weakly bound sites. It is probable therefore, that the 

lengths of time over which the experiments in this work were 

run, while sufficient to establish linear kinetics, are 

insufficient to achieve stoichiometric dissolution. 

Selective release of base cations relative to silica from 

the hornblende surface leads to the formation of surface 

layers of altered composition. These layers may be of two 

types: 1) a precipitate of a new material (i.e. a clay, on 

the surface) or 2) a leached layer resulting from 

substitution of H+ for cations in a modified silicate 

framework (Schott et al, 1981). Solubility calculations, 

using Kso values from Stumm and Morgan (1986), indicate that 

solution concentrations of Al3+ are below saturation with 
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respect to amorphous Al(OH)3. This indicates that 

incongruent dissolution is not due to the formation of an 

aluminum hydroxide precipitate. X-ray diffraction results 

from the partially dissolved hornblende support this 

conclusion (see table 4.4). 

The solubility of Al3+ is such that at the pH of most 

natural systems it is controlled by amorphous A1(0H)3 

formation. Measurements of Al(III) in solution for 

hornblende at pH 4 indicated that the Al3+ concentration did 

not increase beyond 1.22 x 10~5 M (see table 4.4), below 

solubility. The Al3+ may be retained within the silicate 

framework of the leached surface layer, or since dissolution 

occurs unevenly over the mineral surface at sites of excess 

energy, the Al3+ may be adsorbing back on to the surface at 

inactive areas. 

X-ray diffraction results indicate little structural 

change between the fresh and weathered mineral. Reduction 

of peak heights in the weathered sample may be due to loss 

of cations on the mineral surface, or the masking of some 

crystal angles due to preferential allignment of the smaller 

weathered particles. This is consistent with the idea that 

the non-stoichiometric dissolution leads to the formation of 

a leached layer rather than precipitation of a new material. 

Figure 4.14 shows the x-ray diffraction pattern of the fresh 

and weathered hornblende. The fresh hornblende pattern 
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matches closely to that of ferro-hornblende, 

(Na,K)Ca2(Fe,Mg)5(Al,Si)g022(OH)2/ file number 29-1258 from 

JCPDS (1987). 

If dissolution occurs primarily at the mineral surface, 

the rate of release of base cations should decrease as the 

fraction of the mineral surface that contains them 

decreases, and consequently, the rate of Si release should 

increase as a greater area of Si skeleton is exposed. This 

should occur until a surface of constant composition is 

attained. At that time, the stoichiometry of cation release 

should reflect the stoichiometry of the original mineral. 

As seen from figures 4.8 - 4.10, although this condition was 

approached, it was not obtained in the length of time in 

which these experiments were run. If an undersaturated 

system can be maintained, several more days or weeks may be 

needed before fully congruent dissolution is achieved. 

5.2 Dissolution Rate-limiting Step 

Three possible rate-limiting steps in the dissolution 

process have been discussed: 1) chemical reactions at the 

mineral surface, 2) diffusion of ions through an inhibiting 

layer of reaction products, and 3) transport of ions away 

from the mineral surface. 

If dissolution is diffusion controlled, rounding of 

grains is expected to occur. SEM photographs, (see figures 

4.12 and 4.13), show no evidence of grain rounding. The 
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photographs also show no evidence of a thick, adhesive 

surface layer of reaction products forming a barrier to 

diffusion, as was predicted in previous studies. Mole 

balance calculations indicate that a maximum of 0.16 percent 

of the original material or 400 unit cells of hornblende 

went into solution during dissolution in this study. This 

value is large enough that if alteration products were being 

precipitated from it, they should be of sufficient quantity 

to be visible with the SEM. Weathering, however, does appear 

to occur preferentially at certain locations on the mineral 

surface. As noted by Berner (1978) this preferential 

weathering is characteristic of surface reaction controlled 

dissolution. Schott et al (1981) state that a fractional 

dependence of dissolution rate on pH, as exhibited by 

hornblende, is also an indicator of surface reaction 

control. 

Lack of rounding on the mineral surface, dissolution 

attack at selected sites, lack of an adhesive layer of 

reaction product, and non-linear pH dependence of 

dissolution rates indicate that the rate of dissolution of 

hornblende, for pH 4-6, is controlled by surface chemical 

reactions rather than diffusion of ions through a protective 

surface layer. 
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5.3 Effects of Oo 

Due to low oxygen fugacities in magmas, Fe2+ is the 

dominant form found in primary silicates. Since reduced 

iron is unstable in an oxygenated environment, weathering 

iron silicates will contribute electrons as well as cations 

to solution due to oxidation of Fe2+. 

Siever and Woodford (1979) found dissolution of mafic 

minerals to be more rapid when air was excluded. In oxygen 

atmospheres, they found that an iron hydroxide (Fe(OH)3) 

coats the mineral surface. They believed that the formation 

of this precipitate inhibited dissolution by forming a 

barrier to diffusion, and scavenging dissolved silica and 

cations from solution. 

When the possibility of a Fe(OH)3 layer forming and 

inhibiting dissolution was tested in this study, no 

significant slowing of hornblende dissolution under was 

observed. Although lack of iron in solution indicated the 

formation of iron hydroxides, extended runs indicated that 

these were either; 1) not adhesive, or 2) of insufficient 

thickness to effectively inhibit dissolution. 

5.4 Comparison to Other Minerals 

Cation release rates calculated for hornblende and 

tremolite compare favorably with those determined for other 
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minerals. Table 5.1 is a ranking of minerals in order of 

increasing release rates of silica at pH=5 and 25°C. 

According to Goldich's mineral stability index, 

hornblende stability should be greater than anorthite and 

the pyroxenes, and less than biotite and sodium 

plagioclaise. As calculated, hornblende stability is 

greater than anorthite and slightly less than, though in the 

same order of magnitude as the pyroxenes (enstatite, and 

diopside). A comparison of hornblende and tremolite 

indicates that the rate of silica release during dissolution 

is similar for both of these amphiboles. 

A comparison between Si(IV) release rates for 

tremolite in this study and two previous studies (see table 

5.2) indicates that Si(IV) release rates for tremolite, 

calculated in this study, were much faster that previously 

calculated. The reasons for this are unclear, but can 

probably be attributed to differences in experimental 

procedure. Mast and Drever (1987) conducted their 

experiments in buffer solutions. They required 100 to 200 

hours before reaching linear dissolution, rather than 20 to 

40, as found in this study. Schott et al. (1981), while 

using a similar experimental procedure to that used in this 

work, also pre-treated their sample with strong acid, 

removing ultrafine particles and altering the surface 
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Table 5.1 Silica release rate at pH 5 and 25° C 

Rate (r) 
Mineral (mol s-1) References 

Quartz 

Muscovite 

4 .  

2 .  

1 : 

5 6  

K 10"14  

x 10 -13  

Rimstadt and Barnes 
(1980) 
Lin and Clemency 
(1981) 

Forsterite 1. 20 X 10 -12  Grandstaff (1980) 

K-feldspar 1. 67 X 10 -12  Busenberg and 
Clemency (1976) 

Albite 1. 19 X 10 -11  Holdren and Berner 
(1979) 

Enstatite 1. 0 X 10-10  Schott et al. (1981) 

Diopside 1. 40 X 10-10 ii ii 

Hornblende 2. 51 X 10-10 This study 

Tremolite 2. 81 X 10-10 This study 

Anorthite 5. 60 X 10"9  Fleer (1982) 

Table 5.2 Silica release rates for tremolite at pH 4 

Rate (r) Temp. References 
(mol m-2 s_1) 

2.0 x 10-12 

3.98 x 10-12 

3.93 x 10-10 

22 °C 

20 °C 

25 °C 

Mast and Drever (1987) 

Schott et.al. (1981) 

This Study 
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characteristics of the mineral. This type of acid treatment 

produces mineral surfaces similar to those found in nature 

after years of weathering. The values for tremolite 

dissolution determined in this work were calculated with 

data from the weathering of fresh mineral. Dissolution 

values calculated for tremolite in this work are consistent 

with those calculated for hornblende. It is likely 

therefore, that the dissolution rates of weathered 

hornblende, like those for tremolite, may differ by as much 

as two orders of magntitude. 

Table 5.3 shows a comparison of pH dependence for 

hornblende and tremolite to some other minerals. The pH 

dependence of dissolution rate of amphibole minerals is not 

as great as the pH dependence of pyroxenes. 

An interesting topic for future study in this area 

would be to investigate why hornblende exhibits pH 

dependence and tremolite does not, and also to determine 

what there is about the amphibole minerals which makes their 

dissolution much less pH dependent than the structurally and 

compositionally very similar pyroxenes. In addition to 

this, a long term dissolution study should be run using both 

fresh and weathered amphibole minerals, so that the 

variations in dissolution rate with degree of weathering 

could be determined. 
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Table 5.3 The pH dependence of mineral dissolution rates 

k pH range Reference 

K-feldspar [H+]1•0 pH < 7 Helgeson et al.(1983) 

Nepheline [H+]-°.2 pH > 7 Lasaga (1984) 

Diopside [H+]0•7 2<pH<6 Schott et al.(1981) 

Enstatite [H+]°.8 2<pH<6 ii ii 

Forsterite [H+]1,0 3<pH<5 Grandstaff (1980) 

Quartz [H+]°.° pH = 7 Rimstidt and Barnes 
(1980) 

Anorthite [H+]0•54 2<pH<5.6 Fleer (1982) 

Chrysotile [H+]°-24 
(Mg only) 

7<pH<10 Bales (1984) 

Tremolite [H+]°-° 
[ H ] 0 • 0 

2<pH<6 
5<pH<6 

Mast and Drever (1987 
This study 

Hornblende [H+]0•13 4<pH<6 This study 
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CHAPTER 6 

CONCLUSIONS 

The weathering of hornblende is a source of alkalinity, 

and, therefore, acid neutralizing capacity in natural 

waters. In alpine regions where soils are thin or absent, 

and vegetation is scarce, chemical weathering may be the 

major process through which acid is neutralized. Of major 

concern in alpine regions is the sudden influx of a large 

quantity of acidified water, such as occurs during the 

initial period of spring snow melt or a thunderstorm of low 

pH rain. 

Natural waters may become acidic due to the deposition 

of acidic particles or precipitation. Silicate minerals can 

contribute alkalinity, and thus acid neutralizing capacity, 

by contributing base cations and OH" ions during the 

weathering process. In the absence of carbonate alkalinity, 

(e.g., in areas where bedrock is primarily gneissic and 

weathers very slowly), alkalinity created by the weathering 

of minerals becomes increasingly important. 

H+ consumption rate data for a mineral, such as 

determined in this study for hornblende, can give insight 

into the acid neutralizing capacity of a mineral. To 

illustrate this, the acid neutralizing capacity of 

hornblende in a small watershed will be calculated. To do 

this, mean rates of H+ consumption for the three pH values 
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(from table 4.1) will be used: 

pH 4 d[H+]/dt = 6.35 x 10"10 +/" 1*53 X 10"14 mol m~2 s"1 

pH 5 d[H+]/dt = 3.91 x 10~10 +/" 8.09 x 10~15 mol m~2 s"1 

pH 6 d[H+]/dt = 2.70 x 10"10 +/- 3.85 x 10"15 mol m~2 s-1 

For purposes of this illustration, consider a small 

alpine watershed with a bedrock composition of granite and 

granite gneiss (40% plagioclaise, 20% amphiboles, 20% 

quartz, 10% biotite, 10% k-feldspar) is used. This rock 

suite is similar to that of the South Cascade basin, a small 

alpine drainage basin in the northern Cascade mountains 

(Drever and Hurcomb, 1986) . In this watershed is a small 

lake, 1 1cm2 in area. This lake contains 500 million liters 

at pH 7 and is assumed to be well mixed. If hornblende 

constitutes 10 percent of the lake bed surface area, then .1 

km2 of hornblende will be available for chemical weathering. 

Assuming this surface area, hornblende minerals could 

neutralize, at pH 4, 5.5 moles H+/day, and at pH 6, 2.3 

moles H+/day. 

pH = 4 6.35 x 10"10 moles H+/m2 s x 1.0 x 105 m2 = 

6.34 x 10~4 moles H+/s = 5.5 moles H+/day 

pH = 6 2.7 x 10-10 xnoles H+/m2 s x 1.0 x 105 m2 = 

4.05 x 10-4 moles H+/s = 2.3 moles H+/day 

If a thunderstorm replaces 15 percent of the lake 

volume, assuming the lake is perfectly mixed,and excluding 

the contributions of other minerals, hornblende alone could 
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neutralize the lake, at pH 6 in 3.3 days. However, even 

though its acid consumption rate at pH 4 is twice as fast as 

at pH 6, for the same quantity of water at pH 4, the same 

amount of hornblende would require 136 days to neutralize 

the acid. 

It would appear therefore, that hornblende can provide 

significant acid neurtalizing capacity for the addition of 

waters at pH 6. The lack of sensitivity of the rate of 

hornblende dissolution to pH, however, indicates that 

hornblende will not provide acid neutralizing capacity in 

short time scales for severe events (such as thunderstorms 

or snowmelt). 
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APPENDIX A 

EXPERIMENTAL DATA 

Tables I.1-1.19 give data from the dissolution 

experiments carried out in 0.1 M KNO3 electrolyte which were 

illustrated in Chapter 4. 

Table 1.1 Parameters for hornblende and tremolite constant 
pH dissolution experiments 

Duration 
Run No. pH hours Comments 

Aborted 6 8 autoburrette problems 
Aborted 6 19.5 power outage, computer 

problems 
Aborted 6 70 autoburrette, N2 problems 
Aborted 6 82.5 problems with CO2 stripper 
Aborted 6 82.5 autoburrette problems 
Aborted 6 70 N2 problems 
HB6-A 6 80 
HB6-B1 6 90 computer problem / repaired 
HB6-C1 6 95 N2 prob., possible C02 

buffering 
HB5-A1 •1 5 98.5 N2 problems 
HB5-B1 5 90 
HB5-C 5 65 autoburrette problems 
HB5-D 5 85 — 

HB5-E 5 100 N2 prob., possible C02 
buffering 

HB4-A 4 140 N2 prob.,restarted, good after 
65 hours 

HB4-B1 4 100 
HB5-F1 5 90 _ _ _  
HB4-C1 4 100 - —  

HB6-D1 6 95 
TREM51 5 90 Tremolite 
TREM61 6 100 Tremolite 
TREM41 4 100 Tremolite 
HB5-A1 5 140 analyzed for Aluminum 
HB-OX1 6 95 air atmosphere 
HB-OX1 6 170 air atmosphere 

•••analyzed for base cations 



able 1.2 Hornblende, pH 8 

Run: HB6-A pH=6 

hours acid Vol. 
elapsed added (ml (ml) Ca-Cb 

1 0 • 575 250.575 0.000229 
-•̂ 1 01 0 .  68 25U.68 0.000271 
. 03 o .  74 250.74 0.000295 

5 .  06 0 . 815 250.815 0.000324 
10. 14 o .  91 250.91 0.000362 
15. 21 0 .  97 250.97 0.000386 
20. 28 1 . 025 251.025 0.000408 
25. 35 1 . 035 251.085 0.000432 
29. 91 1 . 135 251.135 0.000451 
34. 99 1 .  19 251.19 0.000473 
40. 06 1 .24 251.24 0.000493 
45. 13 1 .  29 251.29 0.000513 
50 !. 2 1 .  34 251.34 0.000533 

55. 27 1 . 385 251.385 0.000550 
60. 34 1 .43 251.43 0.000568 

64 .  9 1 .47 251.47 0.000584 
69. 97 1 . 515 251.515 0.000602 
75. 05 1 .  5fc> 251.56 0.000620 
80. 12 1.6 251.6 0.000635 



Table 1.3 Hornblende, pH C 

Run: HB6-B pH=6 

hours acid Vol. 
elapsed added (ml (ml) Ca-Cb 

1 0. 675 250. 675 0.000269 
2. 02 0 '.83 250 '.83 0.000330 

03 0. 905 250. 905 0.000360 
5. 06 0. 995 250. 995 0.000396 

10. 14 1. 115 251. 115 0.000444 
15.2 1 .  19 251 .  19 0.000473 

20. 28 1 .  25 251 .  25 0.000497 
24. 84 1. 295 241. 295 0.000536 
29. 91 1. 355 241. 355 0.000561 

OCT 
• — /  tJ 1 .41 241 .41 0.000584 

40. 06 1. 465 231. 465 0.000632 
45. 14 1 .  52 231 0.000656 

50 1 .57 221 .57 0.000708 
55 1 .  62 221 .  62 0.000730 

£0. 14 1 .67 211 .67 0.000788 
65 I. 2 1 .71 211 .71 0.000807 

70. 28 1 .76 201 .76 0.000872 
75. 35 1 .81 201 .81 0.000896 
79. 92 1. 855 201. 855 0.000918 
84. 48 1. 905 201. 905 0.000943 
89. 55 1 .  94 201 .  94 0.000960 



Table I.3a Hornblende, pR 6 

HB6-B 

Hours Ca 
elapsed Volume ppm moles mol/m2 

23 251. 275 7.29 0. 000045 0. 000044 
40 241 .45 7.72 0. 000046 0. 000046 
50 231 .57 7.9 0. 000045 0. 000045 
60 221 .67 8.09 0. 000044 0. 000044 
70 211 .76 8.03 0. 000042 0. 000042 

Hours Na 
elapsed ppm moles mol/m2 

23 1.9 0.000079 0.000077 
40 2.35 0.000081 0.000080 
50 2.57 0.000079 0.000078 
60 2.86 0.000077 0.000077 
70 3.31 0.000073 0.000073 

Mg 
ppm moles mol/m2 

2.89 0.000029 0.000029 
3.73 0.000037 0.000029 
4.04 0.000038 0.000036 
4.54 0.000041 0.000038 
4.B4 0.000042 0.000041 

si 
ppm moles mol/m2 

4.057 0.000036 0.000035 
5.46 0.000046 0.000046 
7.02 0.000057 0.000057 

7.83 0.000059 0.000058 



Table 1.4 Hornblende, pH 6 

Run: HBS-C pH = 6 

Hours acid Vol. 
elapsed added (ml (ml) Ca-Cb 

1 0. S£ 250.££ 0.000263 
o • 03 0 .  8£5 250.865 0.000344 
c 
•->, 0£ 0 .945 250.945 0.000376 

10. 13 1 .  025 251.025 0.000408 
15 i. 2 1 .  055 251.055 0.000420 

20. 28 1. 1 251. 1 0.000438 
24. 84 1 .  125 251.125 0.000447 
29. 92 1 .  155 251.155 0.000459 
34. 98 1 .  175 251.175 0.000467 
40. 05 1.2 241.2 0.000497 
45. 13 1.27 241.27 0.000526 

50 |. 2 1 .  325 241.325 0.000549 
55. 28 1.37 241.37 0.000567 
59. 85 1 .  405 241.405 0.000582 

S3 .  4 1.44 241.44 0.000596 
£4. 92 1 .455 241.455 0.000602 
£9. 98 1.5 241.5 • 0.000621 
75. 05 1 .  545 241.545 0.000639 
SO. 14 1 .  595 241.595 0.000660 
85. 21 1. £4 241.64 0.000678 
90. 28 1 .685 241.685 ' 0.000697 



able 1.5 Hornblende, pH 6 

Run:HB6-D 

Hours ml acid 
elapsed added 

pH=6 

Vol. 
(ml) Ca-Cb 

1 0 .  52 250.52 0 .000207 
5. 05 o 825 250.825 0 .000328 

10. 13 1 .  12 251.12 o .000446 
15 i. 'id 1 . 185 246.185 0 .000481 

20. 23 1 .24 246. k'4 0 .000503 
25. 35 1. 3 241. 3 0 .000538 
29. 92 1 .37 241.37 0 .000567 

35 1 .42 236.42 o .000600 
40. 03 1 a 475 236.475 0 .000623 
45. 16 1 . 53 236.53 o .000646 
50. •-.n 1 « 595 236.595 0 .000674 
55. O 1 1 .  64 231.64 0 .000707 
GO. 39 1.7 231.7 0 .000733 
64. 96 1 .  76 231.76 0 .000759 
70. 03 1.7 231.7 o .000733 

75 i. 1 1 .  76 226.76 0 .000776 
80. 18 1 .82 226.82 0 .000802 
85. 26 1 .88 226.88 0 .000823 
90. '-I uj wJ 1 .  94 226.94 0 .000854 

94 a 9 1 .  98 226.93 0 .000872 
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Table I .  5a Hornblende, pH >3 

Run HB6-D pH «= 6 

hours 
elapsed 

10.5 
22.5 

34 
53.25 
70.5 
96.6 

Vol. 
ml. 

250.98 
246.12 
241.24 
236.48 
231.7 

226.98 

Ca 
ppm molt mol/m2 

5.49 0.000034 0.000033 
5.92 0.000036 0.000035 
6.15 0.000037 0.000036 
6.4 0.000037 0.000038 
6.8 0.000039 0.000039 

7.45 0.000042 0.000042 

hg 
ppm moles 

1.21 0.000012 
1.86 0.000018 

07 0.000020 
0.000028 
0.000036 

2 
2.98 
3.81 
4.73 0.000044 

0.000012 
0.000018 
0.000020 
0.000029 
0.000036 
0.000044 

hours Fe Si 
elapsed ppm moles ppm moles mol/m2 

10.5 0.191 0. 000000 2.64 0. 000023 0.000023 
22.5 0.092 0. 000000 4.06 0. 000035 0.000034 

34 0.05 0. 000000 5.43 0. 000046 0.000045 
53.25 0.043 0. 000000 7.9 0. 000066 0.000067 
70.5 0.07 0. 000000 9.06 0. 000074 0.000075 
96.6 0.152 0. 000000 11.67 0. 000094 0.00009S 

hours Na 
elapsed ppm moles mol/m2 

10.5 1.54 0.000016 0.000016 
22.5 2.04 0.000021 0.000021 

34 2.29 0.000024 0.000023 
53.25 2.76 0.000028 O.000028 
70.5 3.34 0.000033 0.000033 
96.6 4.09 0.000040 0.000040 
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Table 1.7 Hornblende, pH 5 

Run: HB5-B pH=5 

Hours ml acid Vol. 
elapsed added (ml) Ca-Cb 

0.492 0.64 250 . 64 I). 000255 
1 0.79 240 .79 0.000328 

O m 02 1.02 241 . 02 3.000423 
5. 05 1.11 241 . 11 I>. 000460 

1 0 .  13 1. 235 241. 235 3.000511 
15 . 2 1 TO 1  •  J J  241 • J "~J 0.000551 

20. 28 1. 415 231. 415 0 .000611 
25. 35 1.495 231. 485 0.000641 
30. 42 1.54 231 .54 :>. 000665 
34. 99 1.59 231 . 59 0.000686 
40. 06 1.645 231. 645 0.000710 
45. 14 1. 695 , 695 0.000764 
50. 21 1.745 221. 745 3.000786 
55. 29 1.9 1.8 0.000811 
60. 36 1.96 2'Z 1  . 96 0.000838 
64. 92 1. 905 221. 905 0.000859 
63. 99 1.945 221. 945 0.000876 
75. 06 1. 995 211. 995 0.000941 
90. 14 2.05 212 . 05 0.000966 
35. 21 2. 105 212. 105 0.000992 
90. 28 2.19 202 . 19 0.001093 



Table 1.7a Hornblende, pH 5 

HB5-B 

Hours 
elapsed 

1 
20 
45 
70 
90 

Vol. 

250.79 
241.425 
231.705 
221.855 
212.19 

Ca 
ppm moles mol/m2 

4.47 0.000027 0.000027 
5.99 0.000036 0.000035 
6.82 0.000039 0.000039 

7 0.000038 0.000038 
7.41 0.000039 0.000038 

Mg 
ppm moles mol/m2 

1.78 0.00001B O.000017 
3.04 0.000030 0.000029 
4.09 0.000038 0.000038 
4.92 0.000044 0.000044 
5.56 0.000048 0.000048 

Hours 
elapsed 

1 
20 
45 
70 
90 

Na 
ppm moles mol/m2 

0.99 0.000010 0.000010 
1.76 0.000018 0.000018 

3 0.000030 0.000030 
2.95 0.000028 0.000028 
3.75 0.000034 0.000034 

Si 
ppm moles mol/m2 

4.51 0.000038 0.000038 
8.21 0.000067 0.000067 

10.23 0.000080 0.000080 
12.22 0.000092 0.000091 



Table 1.8 Hornblende, pH 5 

Run: HB5 

Hours 
elapsed 

1 
3 • U3 
5. 06 

10.135 
15.21 
20.29 
25. 36 
30.44 

35 
40.08 
45. 16 
50.23 
55.31 
60.38 
64. 95 

: pH=s 

ml Acid Vol 
added (ml) Ca-Cb 

0  . 74 250.74 0 .  000295 
1 251 0 .  000398 

1  . 13 251.13 0 .  000449 
1 . 325 jlm u J  1  •  U  jL~ <mJ 0 .  000527 
1  . 46 251.46 0 .  000580 

1 a  575 251.575 0 .  000626 
1 a  68 251.68 0 .  000667 

1 • 785 251.785 0 .  000708 
1 .87 251.87 0 .  000742 
1 .97 251.97 0 .  000781 
• 065 252.065 0 .  000819 
2  . 18 252.18 0 .  000864 

•-< ''"I 
m -l 252. 3 0 .  000911 

2 .43 252.43 0 .  000962 
555 252.555 0 .  001011 



Table 1.9 Hornblende, 5 

Run:HB5-D pH=5 

Hours 
elapsed 

ml Acid 
added 

Vol 
(ml) Ca-Cb 

1 0 • 725 250. 725 0.000289 
T* U « 03 0 » 945 250. 945 0.000376 
5. 06 1 . 04 251 . 04 0.000414 

10. 14 1 . 17 251 . 17 0.000465 
15. 21 1 . 255 251. li!55 0.000499 
20. 29 1 • uu 251 T-l • 0.000529 
25. 64 1 . 395 251. 395 0.000554 
30. 44 1 . 455 251. 455 0.000578 

35 1 .51 251 .51 0.000600 
40. OS 1 . 57 251 .57 0.000624 
45. 15 1 . 625 251. 625 0.000645 
50. •-iO 1 . 69 251 . 69 0.000671 

55 1 > 3 1 .75 251 .75 0.000695 
60. 38 1 . 815 251. 315 0.000720 
64. 94 1 .87 251 .87 0.000742 
70. 02 1 . 95 251 . 95 0.000773 



Table I.10 Hornblende, pH 5 

Run:HB5-E 

Hours 
elapsed 

1 
3. 03 
5. 06 

10. 14 
15.21 
20.29 
25.64 
30.44 

35 
40.08 
45. 15 

55. 3 
60.38 
65. 4 

70.48 
75.04 
80. 11 
85. 18 
90.25 

pH=5 

ml acid Vol 
added tml) Ca-Cb 

0 .685 Z50»S85 0.000273 
0 . 955 250.955 0.000380 

1.08 251.08 0.000430 
1.24 251.24 0.000493 

1 . 365 251.365 0.000543 
1.47 251.47 0.000584 

1 .575 251.575 0.000626 
1.66 251.66 0.000659 
1.74 251.74 0.000691 
1.81 251.81 0.000718 
1.38 251.88 0.000746 

1 .945 251.945 0.000771 
1 . 995 251.995 0.000791 

2.05 252.05 0.000813 
2 . 105 252.105 0.000834 
2. 16 252.16 0.000856 
. 205 252.205 0.000874 
. 255 • ilJ J 0.000893 

T* jU • vJ er ^ i. • \_j 0.000911 
JL. m UJ JL. m wfvJ 0.000931 
-i OQ 
XL * s-t Z? 

HQ 0.000946 



Table I.11 Hornblende, pH 5 

HB5-F 

Hours ml acid 
elapsed added 

Vol. 
Cml> Ca-Cb 

1 0.72 250.72 0. 000287 
5. 02 1.09 246.09 0. 000442 

10. 06 1 . 295 246.295 0. 000525 
15. 09 1.46 246.46 0. 000592 
20. 12 1.58 246.58 0. 000640 
25. 15 1.7 241. 7 0. 000703 
30. 18 1.82 236.82 0. 000768 
35. 21 1 . 945 236.945 0. 000820 
40. 24 • 035 237.035 0. 000858 
45. 27 2. 15 237.15 0. 000906 
50. 29 2.24 232.24 0. 000964 
55. '•Vi 2.32 •~i 0. 000998 
GO. 35 2.41 227.32 0. 001060 
64. 37 2! .495 227.41 0. 001097 
69. 89 2. 58 227.495 0. 001134 
74. 94 . 655 '4^2. 655 0. 001192 
80. 01 '2. .735 222.735 0. 001227 
85. 08 2 .835 222.835 0. 001272 
90. 16 2.92 217.92 0. 001339 



Table I.11a Hornblende, pH 5 

92 

HB5-F 

Hours Ca Mg 
elapsed Vol. ppm moles aiol/m2 ppm moles mol/m21 

5 251. 09 5.38 0.000033 0.000033 1.58 0. 000016 0.000016 
20.5 246. 58 6.21 0.000038 0.000038 2.76 0. 000028 0.000028 
29.6 241. 81 6.29 0.000037 0.000038 3.45 0. 000034 0.000034 

50 237. 24 7.61 0.000045 0.000045 4.71 0. 000045 0.000046 
59.55 232. 41 7.86 0.000045 0.000045 5.5 0. 000052 0.000053 

70 227. 58 7.98 0.000045 0.000045 6.13 0. 000057 0.000057 
90 222. 92 8.19 0.000045 0.000045 7.18 0. 000065 0.000066 

Hours » Fe Si 
elapsed ppm moles mol/m2 ppm moles mol/m2 

5 1.104 0.000004 0.000004 
20.5 1.458 0.000006 0.000006 5.5 0. 000048 0.000048 
29.6 1.641 0.000007 0.000007 6.87 0. 000059 0.000059 

50 1.996 0.000008 0.000008 9.97 0. 000084 0.000084 
59.55 2.133 0.000008 0.000008 11.42 0. 000094 0.000095 

70 2.272 0.000009 0.000009 13.01 0. 000105 0.000106 
90 2.461 0.000009 0.000009 16.05 0. 000127 0.000128 

Hours Na 

elspssd ppm moles mol/jit2 

5 1.58 0.000017 0.000017 
20.5 3.39 0.000038 0.000036 
29.6 2.62 0.000027 0.000027 

50 4.96 0.000051 0.000051 
59.55 9.56 0.000096 0.000097 

70 7.19 0.000071 0.000071 
90 5.84 0.000056 0.000057 



Table 1.12 Hornblende, pH 4 

Run:HEM-A 

Hours 
elapsed 

1 
o vJ 

5. 02 
10. OS 
15. 1 

20.  14 
25. 13 

30.2125 
35.27 
40. 31 
45.35 
50.39 
54.93 
59.97 
65.01 
70. 06 
75. 11 
80. 14 
85. 17 
90. 21 
95.24 
100.28 
105.32 
109.85 
114.88 
119.92 
124.95 
129.99 
135.02 
140.07 

pH=4 

ml acid vol. 
added (ml) Ca-Cb 

0. 94 250.94 0. 000374 
1. 155 251.155 0. 000459 

1.27 251.27 0. 000505 
1. 475 251.475 0. 000586 
1 . 251.655 0. 000657 
1.79 251.79 0. 000710 

1.925 251.925 0. 000764 
2. 08 252.08 0. 000825 
•~t -"I '"I 252.23 0. 000884 
•"> OQ .•L. • uy 252.38 0. 000943 
2. 52 252.52 0. 000997 

2.645 252.645 0. 001046 
2.775 252.775 0. 001097 
2.915 252.915 0. 001152 
3.055 253.055 0. 001207 

•-.'n •-J . -.cr "3 i. -J wD * X- '<J 0. 001275 
r> oa . JU J 

•-.cro OQ 0. 001238 
r> •-;icrn nqcr 

• VJ!7J 0. 001339 
-y cr w . %-l 0. 001380 

3. 605 253.605 0. 001421 
3 • 68 253.68 0. 001450 
3.76 253.76 0. 001481 
3. 86 253.86 0. 001520 
3. 96 253.96 0. 001559 

4.045 254.045 0. 001532 
4. 12 254.12 0. 001621 

4.215 254.215 0 .  001658 
4.315 254.315 0. 001696 
4. 405 254.405 0. 001731 
4.485 254.485 0. 001762 



Table 1.13 Hornblende, pH 4 

Run:HB4-B pH=4 

Hours ml acid Vol. 
elapsed added (ml) 

0. 99 0.88 250.88 0 
5. 03 1. 17 246.17 0 

10. 11 1.415 241.415 0 
15. 18 1.595 241.595 0 
20. 29 1. 74 236.74 0 

25 i. 4 1.83 ^.'36.83 0 
30. 03 1.985 236.985 0 
35. 14 2. 11 237.11 0 
40. 28 2. k'55 232.255 0 
45. 39 X. m UU 

r ~ ) T * n  
*-^J.£. . -~1--J o 

50 2. 42 232.42 0 
55. 11 2.58 227.58 0 
60. 18 2.705 227.705 0 
65. 29 2. 84 227.84 0 

70 .4 2. 955 222.955 0 
74. 94 3 • 035 ~ Anc 

X- '—J m vU>J 0 
79. 99 3. 17 223.17 0 
85. 03 3. 28 223-28 0 
90. 07 3. 395 219.395 0 
95. 12 3.435 218.435 0 
99. 66 3.54 213.54 0 

Ca-Cb 

000350 
000475 
000586 
000660 
000734 
000772 
000837 
000889 
000970 
001002 
001041 
001133 
001187 
001246 
001325 
001360 
001420 
001469 
001554 
001572 
001619 
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Table I.13a Hornblende, pK 4 

HB4-B 

Hours Ca tig 
lapsed Vol. ppm moles mol/m2 ppm moles mol/m2 

5 250.88 5.79 0. 000036 0.000035 2.26 0. 000023 0.000022 
10 246.17 5.74 0. 000035 0.000035 2.76 0. 000027 0.000027 
20 241.595 5.86 0. 000035 0.000035 3.19 0. 000031 0.000031 
40 237.11 7 0. 000041 0.000041 4.7 0. 000045 0.000046 
55 232.42 7.45 0. 000043 0.000043 5.52 0. 000052 0.000053 
70 227.42 7.78 0. 000044 0.000044 7.02 0. 000065 0.000066 
90 223.395 8.53 0. 000047 0.000047 7.73 0. 000071 0.000071 

Hours Fe Si 
elapsed ppm moles mol/m2 ppm moles mol/m2 

5 1.543 0. 000006 0.000006 2.52 0. 000022 0.000022 
10 2.01 0. 000008 0.000008 4.04 0. 000035 0.000035 
20 2.018 0. 000008 0.000008 7.52 0. 000064 0.000065 
40 2.69B 0. 000011 0.000011 12.88 0. 000108 0.000109 
55 2.948 0. 000012 0.000012 15.54 0. 000128 0.000129 
70 3.292 0. 000013 0.000013 18.02 0. 000145 0.000147 
90 3.298 0. 000013 0.000013 18.33 0. 000145 0.000147 

Hours Na 
elapsed ppm moles mol/m2 

5 1.94 0.000021 0.000020 
10 3.79 0.000040 0.000040 
20 3.8 0.000039 0.000040 
40 3.88 0.000039 0.000040 
5S 4.88 0.000049 0.000049 
70 4.39 0.000043 0.000043 
90 * 7.65 0.000074 0.000074 



Table 1.14 Hornblende pH 4 

Run:HB4-D 

Hours 
elapsed 

1 
5.05 
10. 11 
15. IS 

20.248 
25. 32 
30.33 
34. 94 

40 
45. OS 
50. 13 

CT CT •—i b5. 2 
GO. 26 
65.32 
70.39 
74.95 
BO. 02 
85.09 
90. 15 
95. 22 

pH=4 

ml acid Vol. 
added (ml) Ca-Cb 

0  835 250.835 0 .  000332 
1  • 165 251.165 0 .  000463 
1  « 355 251.355 0 .  000539 
1  • 525 251.525 0 .  000606 
1  • 645 251.645 0 .  000653 
1  a  765 246.765 0 .  000715 
1  855 246.855 0 .  000751 
1  m 945 246.945 0 .  000787 
2 035 242.035 0 .  000840 
2 115 242.115 0 .  000873 

•f. . 19 242.19 0. 000904 
. 25 •-.•07 

0 .  000948 
•  u w  /  m w  0 .  000981 
.41 237.41 0 .  001015 

'2 485 232.485 0 .  001068 
.54 232.54 0 .  001092 

Z 605 23:2.6o5 0 .  001119 
. 69 232.69 0 .  001156 

2 . 775 232.775 0 .  001192 
.84 232.84 0 .  001219 
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Table 1.15 Tremolite pH 6 

Run: TremS 

Hours 
elapsed 

ml acid 
added 

Vol. 
(ml) Ca-Cb 

0 .  49 0 '•v-. 
• Ute 250. *_( JL. 0.000127 

1 0 . 39 250. 39 0.000155 
5. 06 0 . 63 250. 63 0.000251 

1 0 .  13 0 .81 245. 81 0.000329 
15. 21 0 . 94 245. 94 0.000382 
20. 28 1 . 09 246. 09 0.000442 
25. 36 1 • 241. 22 0.000505 
29. 93 1 . 35 241. 35 0.000559 

35 1 . 47 241. 47 0.000608 
40. 08 1 .57 241. 57 0.000649 
45. 15 1 . 65 241. 65 0.000682 
50. 29 1 .74 236« 74 0.000734 

55 i. 3 1 .84 236. 84 0.000776 
6 0 .  38 1 . 94 236. 94 0.000818 
64. 95 2 . 02 ->T7 

02 0.000852 
70. 02 . 11 / . 11 0.000889 



able I.15a Tremolite pH 6 

Trem6 pH • 6 

hours Vol. 
elapsed ml. 

10 250.B5 
25.15 246.22 
50.22 241.735 

, 70.5 237.11 
79.5 232.43 

95 227.66 

Ca 
ppm moles mol/m2 

2.B 0.000017 
3.29 0.000020 
3.92 0.000023 
4.41 0.000026 
6.67 0.000038 
7.06 0.000040 

0.000021 
0.000025 
0.00002B 
0o 000032 
0.000047 
0.000049 

kg 
ppm moll 

2.49 0.000025 
3.07 0.000031 

4 0.000039 
4.74 0.000046 
5.03 0.000048 
5.47 0.000051 

mol/m2 

0.000031 
0.000038 
0.00004B 
0.000057 
0.00006 

0.000063 

hours Vol. ' 
elapsed ml. 

10 250.85 
25.15 246.22 
50.22 241.735 
70.5 237.11 
79.5 232.43 

95 227.66 

Si 
ppm moles mol/m2 

6.01 0.000053 
7.98 0.000069 

10.46 0.000090 
11.21 0.000094 
13.84 0.000114 
14.56 0.000118 

0.000066 
0.000086 
0.000112 
0.000117 
0.000142 
0.000147 



Table 1.16 Tremolite pH 5 

Run: trem5 pH 

Hours 
elapsed 

ml acid 
added 

vol. 
(ml) Ca-Cb 

1 0 .51 250. 51 0.000203 
5. 06 0 .84 250. 84 0.000334 

10. 14 1 . 03 251. 03 0.000410 
15. v ' 1 .21 251. 21 0.000481 
20 . 3 1 .37 251. 37 0.000545 

25. 38 1 .51 246. 51 0.000612 
29. 96 1.6 246 >. 6 0.000648 
40. 11 1 .84 246. 84 0.000745 
45. 19 1 .88 241. 88 0.000777 
50. 27 1 . 95 241. 95 0.000805 
55. 35 2 . 02 ~f 

x-O / • 02 0.000852 
60. 43 . 09 a 09 0.000900 

65 2 . 15  ̂•"« 15 0.000926 
70. 06 2 .21 *"• 21 0.000951 
75. 16 .27 •-I O •"> 27 0.000977 
80. 24 2 .34 227. 34 0.001029 
85. 31 .41 227. 41 0.001059 
37. 85 •C. .44 '2z7. 44 0.001072 



Table I.16a Tremolite pH 5 

Rum Trem5 pH 

Hours 
elapsed 

21.75 
30.58 
45.5 

55 
76.25 

88 

Vol. 

251.37 
246.745 
241.835 
237.015 
232.27 

227.445 

Ca 
ppm moles mol/m2 

4.1 0.000025 0.000031 
4.2 0.000025 0.000032 

4.71 0.000028 0.000036 
5 0.000029 0.000037 

5.7 0.000033 0.000041 
6.06 0.000034 0.000043 

Mg 
ppm moles mopl/m2 

3.7 0.000037 0.000047 
4.34 0.000043 0.000054 
4.9 0.000047 0.000060 

6 0.000057 0.000072 
6.75 0.000063 0.000080 

Hours Si 
elapsed Vol. ppm moles mol/m2 

21.75 251.37 5.81 0.000052 0.000064 
30.58 246.745 7.92 0.000069 0.000088 
45.5 241.835 10.28 0.000088 0.000112 

55 237.015 11.01 0.000092 0.000117 
76.25 232.27 13.62 0.000112 0.000142 

88 227.445 14.44 0.000116 0.000148 



Table 1.17 Tremolite j.<H 4 

Run: trem4 pH = 4 

Hours 
elapsed 

ml acid 
added 

Vol. 
(ml) Ca-Cb 

-1. 0. 58 250.58 0.000231 
5. 05 0.68 250.68 0.000271 
10. 11 1.06 251.06 0.000422 
15. 18 1.3 246.3 0.000527 
20. 24 1.48 246.48 0.000600 
OS Jim \-J • 31 1.64 246.64 0.000664 
29. 86 1.8 246. 8 0.000729 
34. 92 1.94 246.94 0.000785 
39. 99 2. 06 242.06 0.000851 
45. 05 2. 17 242.17 0.000896 
50. 11 2. 29 242.29 0.000945 
55. 17 2.4 242. 4 0.000990 
60. 24 2.5 •-iT7 cr 

/ m U 0.001052 
65 3 2.6 Z37. 6 0.001094 
70. 37 2.67 237.67 0.001123 
74. 93 2. 78 237.78 0.001169 

80 2.87 237.87 0.001206 
35. 06 2.98 237.98 0.001252 
90. 12 3 • 08 233.08 0.001321 
95. 12 3. 18 233.18 0.001363 
95. 18 3.28 233.23 0.001406 
99. 74 ncr •-i t-» nc 0.001435 



Table I.17a Tremolite pE 4 

Trem4 pH * 4 

Hours 
elapsed 

15 
38.75 
59.25 
85.5 

107 

Vol. 
ml. 

251.13 
246.47 
241.87 
242.01 
242.63 

Ca 
ppm moles mol/m2 

3.56 0.000022 0.000027 
4.09 0.000025 0.000031 
6.47 0.000039 0.000048 
7.97 0.000048 0.000059 
8.65 0.000052 0.000065 

Mg 
ppm moles mol/m2 

2.55 0.000026 0.000061 
4.92 0.000049 0.000061 
5.98 0.000059 0.000073 
7.69 0.000076 0.000094 
8.65 0.000086 0.000107 

Hours Vol. Si 
elapsed ml. ppm moles mol/m2 

15 251.13 7.2 0.000064 0.000080 
38.75 246.47 11.42 0.000100 0.000124 
59.25 241.87 14.18 0.000122 0.000152 
85.5 242.01 17.33 0.000149 0.000185 

107 242.63 19.88 0.000171 0.000212 
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Table 1.18 Hornblende. pH 6, air atmosphere 

Run:HBOX 

hours acid Vol. 
lapsed added ml (m 1) Ca-Cb 

1 0.56 250.56 0 .000223 
5 . U3 0.89 250.89 0 .000354 

10. 08 1.04 251.04 0 .000414 
15. 14 1. 17 251.17 0 .000465 
20. 19 1.26 246.26 0 .000511 
25.24 1.38 246.38 0 .000560 
30. 29 1.47 246.47 0 .000596 
35.34 1.56 246.56 0 .000632 
40. 39 1.64 246.64 0 .000664 
45.44 1.72 241.72 0 .000711 
49.98 1.79 241.79 0 .000740 
55. 03 1.85 241.85 0 .000764 
£0. 08 1.9 241.9 0 .000785 
65. 13 1.94 241.94 0 .000801 
70. 18 •-I 242 0 .000826 
7cr ->0 / %-J • 2.05 242.05 0 .000846 
SO. 28 2.09 242,09 0 .000863 
85. 33 2. 14 242.14 0 .000883 
90. 38 2.19 237.19 0 .000923 
94. 92 2. 24 237.24 0 .000944 
99. 97 2.29 237.29 0 .000965 

49.97 1.66 250 0 .000664 
60. 06 1.77 250 0 .000708 
70. 16 1.86 250 0 .000744 
80.25 1. 96 250 o .000784 
90.35 2.06 250 0 .000824 
99.94 2.16 250 0 .000864 

110.13 2.26 250 o .000904 
120.12 2. 35 250 0.00094 
130.22 2. 45 250 0.00098 
140.31 2.54 250 o .001016 
150.46 2.63 250 0 .001052 

160 2.72 250 0 .001088 



Table I.13a Hornblende, pH 6, air atmosphere 

Run HB-OX pH « 6 

hours 
elapsed 

18.13 
41.85 
89.75 

100 
110.12 

Vol. 
ml. 

251.37 
246.75 

242 
237.13 
232.27 

Ca 
ppm moles mol/ffl2 

5.9 0.000037 0.000036 
6.84 0.000042 0.000042 
7.94 0.000047 0.000048 
8.17 0.000048 0.000048 
8.48 0.000049 0.000049 

Mg 
ppm molt mol/m2 

2.42 0.000025 0.000024 
3.94 0.000039 0.000040 
5.87 0.000058 0.000058 
6.79 0.000066 0.000066 
7.29 0.000069 0.000070 

tiours 
elapsed 

18.13 
41.85 
89.75 

100 
110.12 

Na 
ppm moles mol/m2 

1.7 0.000018 0.000018 
2.74 0.000029 0.000029 
4.07 0.000042 0.000043 
4.64 0.000047 0.000048 
5.38 0.000054 0.000054 

Si 
ppm moles mol/m2 

4.19 0.000037 0.000037 
9.6 0.000084 0.000085 

13.88 0.000119 0.000120 
16 0.000135 0.000136 

16.77 0.000138 0.000139 



APPENDIX B 

SAMPLE CALCULATIONS 

Table II.1 Example calculations 

Hours Vol .k Ca 
molesd moles/m2e elapsed3 (ml) ppmc molesd moles/m2e 

5 250.88 5.79 0.000023 0.000022 
10 246.17 5.74 0.000027 0.000027 
20 241.60 5.86 0.000031 0.000031 
40 237.11 7.00 0.000045 0.000046 
55 232.42 7.45 0.000052 0.000053 
70 227.42 7.78 0.000065 0.000066 
90 223.40 8.53 0.000071 0.000071 

aData from computer printout off of pH stat device 

b(previous volume - volume of sample removed) 

cFrom atomic adsorption analysis 

d[c x (g/1000 mg) x (a.w.-1) x b] 

a.w. = atomic weight of cation (e.g. Ca) 

e[d x (SA0 - SA)""1] 

SA0 = initial available mineral surface area 

SA = SA° - (surface area removed with sample) 
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