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Abstract

Understanding the rates of weathering of soil minerals and the factors that may
either enhance or inhibit these ratesis a crucial part of understanding many processes
from the watershed to the global scale. One potentially important factor in mineral
weathering that is not yet well understood is the effect of elevated CO, concentrations on
weathering rates. Here, the direct and indirect effects of elevated soil CO, are examined
in field and laboratory-based studies, and the incorporation of the relationship between
CO, and mineral weathering in soil chemistry modelsis critically evaluated.

At Mammoth Mountain, California, volcanic ash soil is exposed to naturally
occurring high levels of CO, from a magmatic source. Comparative analyses of chemical
and mineralogical characteristics of exposed and control soils suggest that decade-long
exposure to elevated CO, concentrations has altered soil dissolution rates. Indirect
effects of elevated soil CO; at this site, including vegetation mortality and a decreasein
pH, have significant potential to alter weathering rates. Laboratory dissolution studies on
whole soils under varying conditions of pH, Pcoy, and concentrations of oxalate (chosen
as aproxy for low-molecular-weight organic acids associated with vegetation in soils)
were designed to assess both the direct and indirect effects of CO,. The results of these
experiments provide confirming evidence that CO, does not directly influence soil
dissolution rates under acidic conditions. However, soil dissolution rates are sensitive to
indirect effects of elevated CO,, including changes in pH and organic acid concentration.
Theinclusion of adirect CO, dependence in awidely used soil chemistry model,

PROFILE, may be perpetuating confusion on thisissue. Erroneous conclusionsin future
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model applications could result if this relationship is not removed from the PROFILE
model.

A significant and striking decrease in the specific surface area of the soil material
was observed during al soil dissolution experiments. These observations call into
guestion the informal convention of normalizing reported dissolution rates to the initial
surface area. For effective comparison of weathering rates and identification of the
factors influencing them, changes in surface area must be accounted for in reporting

dissolution rates.



Vii
Contents

Acknowledgements
Abstract

List of Figures

List of Tables

1 Introduction
1.1 Motivation
1.2 Research Objectives and Scope
1.4 References

2 Background
2.1 Geochemical Interactions Involved in Soil Mineral Weathering
2.1.1 Introduction to Mineral Weathering
2.1.2 The Surface Chemistry of Mineral Weathering
2.1.3 Factors Affecting Mineral Weathering Rates
2.1.3.1 Rate Dependence on pH
2.1.3.2 The Role of LMW Organic Acids
2.1.3.3 Additive Effects
2.1.3.4 Mineral Weathering and CO,
2.2 Quantifying Soil Mineral Weathering Rates
2.2.1 Introduction to Different Approaches
2.2.2 Field versus Laboratory Derived Rates
2.2.3 Computational Modeling of Weathering Rates
2.2.4 Need for Dissolution Experiments with Whole Soils
2.3 The Field Site
2.3.1 Mammoth Mountain, California
2.3.2 Horseshoe Lake Tree-Kill Area
2.3.3 Volcanic Ash Soils
2.3.4 Previous Research at the Site
2.4 References

2-1
2-1
2-2
2-4
2-5
2-5
2-6
2-7
2-10
2-10
2-11
2-13
2-13
2-14
2-14
2-15
2-17
2-18
2-19

3 Comparative Characterization of Volcanic Ash Soils Exposed to Decade-long
Elevated Carbon Dioxide Concentrations at Mammoth Mountain, California

3.1 Introduction
3.2 Background
3.2.1 TheField Site
3.2.2 Soil Mineral Westhering
3.3 Methods
3.3.1 Sampling
3.3.2 Chemical Analyses
3.3.3 Mineralogical Analyses

3-1
3-4
34
3-5
3-8
3-8
3-9
3-11



viii

3.4 Results and Discussion
3.4.1 pH Measurements
3.4.2 Percent Soil Moisture
3.4.3 Particle Size Distribution
3.4.4 Specific Surface Area
3.4.5 Mineralogical Analysis
3.4.6 Elemental Anaysis
3.4.7 Selective Extractions
3.4.7.1 Dithionite-citrate Extraction
3.4.7.2 Acid oxalate Extraction
3.4.7.3 Pyrophosphate Extraction
3.4.7.4 Interpretation and Critique of Results of
Selective Extractions
3.4.8 Organic Analysis
3.4.8.1 Tota Organic Carbon
3.4.8.2 Low-molecular-weight Organic Acids
3.4.8.3 Extractable Total Organic Carbon and LMW
Organic Acids
3.4.9 Temperature Effect
3.5 Conclusions
3.6 References

3-12
3-12
3-13
3-13
3-15
3-16
3-17
3-18
3-18
3-18
3-19

3-21
3-22
3-22
3-23

3-24
3-25
3-25
3-27

4 Laboratory Determination of Dissolution Rates of Mammoth M ountain Soils

4.1 Introduction

4.2 Materials and Methods
4.2.1 The Volcanic Ash Soils of Mammoth Mountain
4.2.2 Experimental Procedure

4.3 Results and Discussion
4.3.1 Characterization of Soils Prior to Dissolution Experiments
4.3.2 Determination of Weathering Rates
4.3.3 Comparison of Wesathering Rates
4.3.4 “Non-stoichiometric” Elemental Release
4.3.5 Individual Contributorsto Overall Dissolution Rates
4.3.6 Evidence Against Formation of Secondary Phases
4.3.7 A Decrease in Specific Surface Area Observed

4.4 Conclusions

4.5 References

4-1
4-3
4-3
4-4
4-8
4-8
4-10
4-15
4-17
4-19
4-20
4-24
4-29
4-30

5 Factors Affecting the Dissolution Kinetics of Volcanic Ash Soils: Dependencies

on pH, CO, and Oxalate
5.1 Introduction
5.2 Materials and Methods
5.2.1 pH-stat Batch Experiments

5-1
5-4
5-5



iX

5.2.2 Flow-through Experiments
5.2.3 Oxalate Adsorption Methods
5.3 Results and Discussion
5.3.1 Decrease in Specific Surface Area
5.3.2 pH Dependence
5.3.3 Lack of Dependence on CO,
5.3.4.1 Dependence on Oxalate
5.3.4.2 Surface Concentration of Oxalate
5.3.5 Comparison of Ratesin Batch and Flow-through Reactors
5.3.6 Implications for Weathering of Mammoth Mountain Soils
5.4 Conclusions
5.5 References

5-6
S5-7
59
5-9
5-10
5-15
5-15
5-19
5-22
5-27
5-29
5-31

6 A Critique of the Effect of CO, on Mineral Weathering Incorporated into the

PROFILE Soil Chemistry M odel
6.1 Introduction
6.2 Chemical Weathering Within Soil Models
6.3 Genera Description of the PROFILE Model
6.4 Effect of CO, on Mineral Weathering
6.5 Applications of the PROFILE Model
6.6 lllustration of the CO, Dependence
6.7 Conclusions
6.8 References

7 Conclusions
7.1 Summary
7.2 Environmental Implications
7.3 Suggestions for Future Research
7.4 References

Appendix A Detailsof Mineralogical Analysis
A.1 X-ray Diffraction
A1.1 Methods
A.1.2 Results
A.2 Petrographic Microscope
A.3 Transmission Electron Microscope (TEM)
A.4 References

Appendix B Additional Experimental Data

6-1
6-3
6-4
6-11
6-17
6-19
6-21
6-23



List of Figures

2.1

Schematic map of the areas of tree-kill on Mammoth Mountain, California

2.2 Aeria photograph of Mammoth Mountain and Horseshoe Lake

31
3.2
3.3
34
35

Map showing location of study area, Mammoth Mountain, California
pH measurements

Percent soil moisture

Surface area measurements

Dithionite-citrate selective extraction

3.6 Acid-ammonium oxalate and Na-pyrophosphate selective extraction

3.7
4.1
4.2
4.3
4.4
4.5
4.6
4.7
5.1
5.2
5.3
54
5.5
5.6
6.1
6.2

Total and extractable organic carbon

Characteristics of the soil size fraction used in the dissolution experiments
Photograph of obsidian sample

Data from the dissolution of soil from control site 1

Dissolution data from high-CO, site 3 and obsidian sample

Comparison of dissolution rates of high-CO, and control sites

Rates of Si release before and after re-suspension at pH 2.78

Comparison of final specific surface areas in experiments of varying length
Schematic representation of rate dependencies on pH, CO, and organic acids
Dissolution rate data at pH 2.78, 3.5 and 4.0

Log of dissolution rates plotted against pH

Soil dissolution rates from flow-through reactors at pH 4

Comparison of dissolution rates with and without 1 mM oxalate

No apparent change in dissolution rates after re-suspension at pH 4
Schematic representation of the PROFILE model

[llustration of dependence of weathering output in PROFILE on Pco;

A.1l Characteristic XRD diffractogram

A.2 Image of soil thin section viewed through petrographic microscope
A.3 TEM selected area electron diffraction pattern

2-15
2-16
3-2
3-12
3-14
3-15
3-19
3-20
3-22
4-9
4-10
4-12
4-13
4-16
4-22
4-27
5-4
5-11
5-13
5-17
5-18
5-24
6-5
6-19
A-2
A-4
A-5



Xi

B.1 Comparison of Al measurements using different filters

B.2 Release of Al before and after re-suspension at pH 2.78

B-1



Xii
List of Tables

3.1 Major elemental chemistry of bulk soil

3.2 Concentrations of LMW organic acids extracted from soils

4.1 Elemental composition (in wt %) of the inorganic fraction

4.2 Molar ratios of major elementsin solids and in solution

4.3 Weathering rates of mineralsidentified in Mammoth Mountain soils

4.4 Effect of decreasesin specific surface area on normalized dissolution rates
5.1 Decreasein surface area and extent of initial dissolution

5.2 Selection of dissolution rate fractional order hydrogen ion dependences
5.3 Lack of effect of CO, on dissolution rates

5.4 Determination of surface oxalate concentration

5.5 Comparison of soil dissolution rates of this study and other reported studies
6.1 Mineras and associated rate coefficients included in PROFILE

6.2 PROFILE model activation energies

6.3 Default input data for the PROFILE model

3-17
3-23
4-8

4-17
4-21
4-25
5-9

514
5-16
5-20
5-23
6-10
6-12
6-20



1-1

Chapter 1
INTRODUCTION

The soil is one of the most complex chemical systems known with unnumbered reactions
occurring at any moment between mineral surfaces and the aqueous phase. Few soil
chemical reactions go to completion and only through a quantitative under standing of the
kinetics of competing reactions can we begin to predict the fate of any chemical species.
(W. R. Gardner, President of Soil Science Society of America)

1.1 Motivation

Mineral weathering occurs when minerals that were formed deep within the
Earth’s crust at high temperatures and pressures are exposed to the atmosphere and react
with water and its solutes. Understanding rates of soil mineral weathering and factors
that may either enhance or inhibit soil weathering is acrucial part of understanding many
watershed-scal e processes as well as global-scale processes. On the watershed scale,
rates of cation release from mineral dissolution affect nutrient availability in soils (Rogers
et a., 1998), buffering capacity against acidification (Schnoor, 1990), and the chemistry
of the soil, ground and surface waters within awatershed. On the global scale, mineral
weathering regulates cation fluxes to the world's rivers and oceans (Gaillardet et al.,
1999; Lasaga et al., 1994) and is the primary sink for atmospheric CO, over geologic
time (Berner, 1995). Improving the understanding of factors affecting mineral
weathering rates, therefore, will provide information useful for regiona scale soil

management and expand our ability to model global biogeochemical cycles.
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One potentially important factor in mineral weathering that is not yet well
understood is how elevated CO, concentrations affect weathering rates. The only effect
of CO; currently incorporated into global models of weathering ratesis the indirect effect
of lowering pH (Berner, 1992), however several soil chemistry models assume a direct
affect of CO, on weathering rates (Marshall et al., 1988; Sverdrup and Warfvinge, 1993;
Volk, 1987). Laboratory experiments designed to assess adirect (i.e., independent of pH)
effect of CO, on weathering rates have been somewhat contradictory; some researchers
claim to have observed enhanced dissolution rates in the presence of elevated CO,
(Lagache, 1965) while others report no effect (Brady and Carroll, 1994; Grandstaff,
1977) or an effect only under basic conditions where the carbonate ion is dominant (Berg,
1997; Berg and Banwart, 2000; Bruno et al., 1992; Osthols and Malmstrom, 1995).

The concentrations of CO,, one of the main greenhouse gases responsible for
regulating global climate, isincreasing dramatically in the atmosphere primarily from the
burning of fossil fuels. One of the strategies proposed for reduction of atmospheric CO,
isto capture CO; gas generated by anthropogenic activities and inject it into underground
geological repositories to be stored for thousands of years (Bachu, 2000; Gunter et al.,
1997; Holloway, 1997). One potential risk associated with underground CO, storageis
the possibility of leakage; CO, gas could escape from the repository, diffuse upward
through the soil and return to the atmosphere. A naturally occurring underground CO,
reservoir beneath Mammoth Mountain, California, began leaking after a swarm of
earthquakes in 1989 created conduits for gas escape (Farrar et a., 1995; Gerlach et al.,

1998; Hill, 1996; McGee and Gerlach, 1998; Rahn et al., 1996; Rogie et al., 2001). The
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steady flux of CO, degassing from the relatively shallow magma reservoir (estimated to
be within ~20 km of the surface) has resulted in elevated soil CO, concentrations that
have killed the vegetation in several distinct areas (Sorey et al., 1996). Thisunique site
provides a natural analog for examining potential effects of CO, leaks from engineered
underground carbon storage reservoirs.

Thisfield site also provides a unigue opportunity to combine field observations
and laboratory studies to examine how elevated CO, and associated vegetation mortality
affect the rates of weathering of volcanic ash soils. By examining the factors affecting
weathering of these soils, information on the validity of the presumed direct effect of CO,
included in some models may be gained. Dissolution studies with whole soils also
provide a useful complement to studies with pure minerals. Although weathering
kinetics of pure minerals have been studied extensively in laboratory experiments,
extrapolation of these results to field conditions has proven difficult. A need for
dissolution studies with whole soils, rather than pure mineras, therefore, has been

recognized (Schnoor, 1990).

1.2 Research Objectives and Scope

The primary objective of this project isto understand how the kinetics of soil
mineral weathering are affected, both directly and indirectly, by elevated CO,
concentrations. Information on the direct enhancement of dissolution by CO, (or lack
thereof) is needed to eval uate the presumed direct relationship between CO, and

weathering in soil weathering models. Indirect effects of elevated CO, on mineral
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weathering are associated with decreasing pH and changes in vegetation (which could
influence the profile of low-molecular-weight (LMW) organic acids in the soil solution).
Based on evidence from experimental work using isolated minerals, these effects have
the potential to change soil weathering rates significantly. Therefore, a combination of
field-based observations and analysis, laboratory soil dissolution experiments, and model
analysis was undertaken to examine and evaluate the direct and indirect effects of CO, on
mineral weathering. The unique site at Mammoth Mountain, where volcanic ash soils
have been exposed to extremely elevated soil CO, concentrations for the last 12 years,
provides a natural laboratory to examine these effects. Asacomplement to the field-
based work, laboratory studies were conducted to compare dissolution rates of soilsfrom
different sites and to examine independently the effects of the different factors
influencing weathering rates (i.e., CO,, pH, and changesin LMW organic acid
concentrations).

Chapter 2 presents background on the geochemistry of mineral weathering, the
direct and indirect effects of CO,, methods of ng soil mineral weathering rates and
details of the field site. Chapter 3 discusses the results of a comparative characterization
of the soils exposed to the anomal ous CO, conditions at Mammoth Mountain with
unexposed soils. Chemical and mineralogical differences between the soils are
identified. Chapter 4 presents experiments designed to examine if the weathering
histories of the exposed and unexposed soils would be reflected in the rates of their
dissolution in the laboratory. Chapter 5 discusses experiments ng the independent

effects of pH, CO,, and oxalate (a proxy for other organic acids) on the overall
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dissolution rates of these soils. Chapter 6 critiques the inclusion of a direct effect of CO,
on mineral weathering rates in awidely used soil chemistry model, PROFILE. Finally, in
Chapter 7 the major results of this research are summarized and areas for future research

areidentified.
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Chapter 2

BACKGROUND

2.1 Geochemical InteractionsInvolved in Soil Mineral Weathering

2.1.1 Introduction to Mineral Weathering

The dissolution of mineralsin rocks and soils by water and its solutesis a process
generaly referred to as chemical weathering. This process begins when primary minerals
formed at high temperatures and pressures within the earth’ s interior are exposed to
circulating waters at or near the earth’s surface. Assoil minerals dissolve, protons are
consumed and cations are released. The resulting dissolved species may be taken up by
plants as nutrients, translocated through the soil to groundwater or rivers, or, under
favorable conditions, re-precipitated as secondary minerals. This processisillustrated in
the following reaction for the weathering of the primary mineral K-feldspar to the

secondary mineral kaolinite accompanied by some complete dissolution.

K,0- AlLO, 650, +(2+6nH" +(5-3n)H,0 =

2K* +(4+n)H,S0, + 2nAI* + (1-n)Al,0;-250,-2H,0,, (1)

Chemical weathering is one of the primary processes of soil formation, thus the kinetics
of chemical weathering has implications for soil development, acid neutralization and

global biogeochemical cycling.
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2.1.2 The Surface Chemistry of Mineral Weathering
The kinetics of chemical weathering must be understood by considering the

chemistry taking place at the scale of the mineral surface. Four sequentia steps are
involved in chemical weathering: (1) transport of reactive species (e.g., H", OH", ligands,
etc.) from the bulk solution to the mineral surface, (2) interaction of these reactive species
with the surface metal centers (which destabilizes the bonds between the surface metal
centers and crystal lattice), (3) detachment of the metal ion from the surface, and (4)
transport of the reaction products (i.e., the metal ions) from the surface to the bulk
solution (Stumm, 1987). Chemical weathering may occur under two different regimes.
transport-controlled dissolution and surface-controlled dissolution. In transport-
controlled dissolution, the rate-limiting supply of reactants or removal of products
generates a concentration gradient between the surface and bulk solution (Stumm, 1992).
In surface-controlled dissolution, the rate-determining step is the detachment of the
surface complex at the solid-liquid interface (Schnoor, 1990). Disagreement on which of
these two regimes best represents mineral dissolution in the environment prevailed for
many years, until detailed examination of surface morphology (by scanning electron
microscopy) and surface composition (by X-ray photoelectron spectroscopy) of
weathered feldspar grains provided evidence of etch-pits (Berner and Holdren, 1979).
Images of rough, highly etched mineral surfaces demonstrated that surface reactions were
controlling, because mineral grains would be rounded if dissolution were controlled by

diffusion. Currently, chemical weathering of most minerals in the environment is
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considered to be surface controlled, although transport control may prevail under certain
conditions and time scales (Schnoor, 1990).

Transition state theory states that the rate of a chemical reaction is controlled by
the decomposition of an activated complex (Lowry and Richardson, 1987). Thistheory
applies generally to all chemical reactions, and can be applied to the reactions between
solids and solutes involved in chemical weathering. One challenge to applying this
theory to mineral weathering is that the concentration of the activated complex at the
mineral surface generally cannot be determined (Oelkers, 2001). The precursor to the
activated complex, however, is assumed to be a more readily quantifiable surface species

with the same chemical composition but lower energy.

mineral + aqueous species = precursor surface complex = 2

activated complex = products

Therefore, according to transition state theory, the dissolution rate of amineral, Ryiss, IS
proportional to the concentration of the surface species (or complex) involved in the rate
determining reaction step, which is usually taken to be the detachment of the metal center

from the lattice (Oelkers, 2001).

R, o [surfacecomplex] ©)
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Thisrelationship only holdsif the solution is undersaturated (i.e., the system isfar

net

from equilibrium) so that the net rate of dissolution, Ry, isequal to R, .
2.1.3 FactorsAffecting Mineral Weathering Rates

Rates of chemical weathering in soils are determined by the composition and
characteristics of soil minerals, as well as the chemical composition of infiltrating
solution and the hydrologic and temperature regime of the local environment (Sparks,
1989). Theroots of plants may also play aphysical role by exposing new surfacesto
weathering (Berner, 1997). Thereactivity of different mineralsis highly variable
(Chadwick and Chorover, 2001) and dependent on crystallinity (Eggleton, 1986) and
surface area (Morel and Hering, 1993; Sposito, 1984), so soils with different mineral
compositions may have distinctly different rates of mineral weathering. Solution
composition can influence (net) dissolution rates (Devidal et al., 1997; Kraemer and
Hering, 1997; Murakami et al., 1998; Oelkers and Gislason, 2001; Oelkers and Schott,
1998) by determining the solution saturation state and hence the thermodynamic driving
force for (net) dissolution. Laboratory studies have confirmed that temperature
accelerates dissolution (Brady and Carroll, 1994; Gwiazda and Broecker, 1994; White
and Blum, 1995), and field studies show that rainfall enhances soil weathering rates

(Brady et al., 1999; Hinkley, 1975).
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2.1.3.1 Rate Dependenceon pH

Laboratory studies on specific, isolated minerals have shown that dissolution rates
areinfluenced by pH (Amrhein and Suarez, 1992; Blum and Lasaga, 1988; Brady and
Walther, 1989; Casey and Westrich, 1991; Malmstrom and Banwart, 1997). Dissolution
rates are generally pH-independent in the near-neutral pH range and increase both in the
acid range with decreasing pH and in the alkaline range with increasing pH (Blum and
Lasaga, 1988; Blum and Stillings, 1995). This pH dependence is attributed to the
protonation or deprotonation of surface hydroxyl groups, which enhances dissolution by
facilitating polarization, weakening and breaking of the metal-oxygen bonds of the
crystal lattice. Many studies have quantified the hydrogen ion dependence of dissolution,
rate o. [H']", by calculating and reporting the fractional order n (Etringer, 1989;
Grandstaff, 1977; Mamstrom and Banwart, 1997; Pokrovsky and Schott, 2000; Wollast,
1967). Values of nfor most feldspars are around 0.5, but reported values range from 0.19

for diopside (Chen and Brantley, 1998) to 0.98 for anorthite (Sverdrup, 1990).

2.1.3.2 The Role of L ow-M olecular-Weight (LMW) Organic Acids

Among the various forms of organic carbon found in soils, low-molecular-weight
(LMW) organic acids are of particular interest for mineral weathering, because they are
ubiquitous in nature and can form stable complexes with polyvalent cations that
accelerate mineral weathering (Drever and Stillings, 1997). The effects of organic acids
on mineral dissolution have been studied extensively and it iswell established that some

LMW organic acids accelerate aluminosilicate mineral dissolution (Drever and Stillings,
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1997; Drever and Vance, 1994; Fox and Comerford, 1990; Gwiazda and Broecker, 1994).
Low-molecular-weight organic acids in soils are excreted from plant roots, leached from
litter and other organic material, and produced by bacteria and fungi, which are often
associated with the rhizosphere, the root zone. Variations in the nature and quantity of
soil organic matter exist among different ecosystems but also within asingle site, due to
the heterogeneity of soils, spatial variation in vegetation, roots and insect and earthworm
activity (Tate, 1987). Most experimental studies have focused on dissolution involving
moderately strong ligands like oxalate and suggest that high concentrations of organic
acids can increase silicate dissolution rates by afactor of 2 to 3 (Welch and Uliman,

1993).

2.1.3.3 Additive Effects

The rates of proton-promoted dissolution (Ry) and ligand-promoted dissolution
(ZR_, where L includes both organic and inorganic ligands) are generally taken to
contribute additively to the overall dissolution rate Ryss though some synergistic effects

have been observed (Kraemer et a., 1998). Then

Ris= Ry + ZR. (4)

This expression holds for systems sufficiently undersaturated that the back reaction (i.e.,

precipitation) can be neglected. As saturation is approached, the observed (net)

dissol ution rate decreases such that
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Ris = Raiss— Ropn ©)

with Ri% =0 at equilibrium (Kraemer and Hering, 1997). Thus, ligands can increase

observed dissolution rates by direct interaction with the surface metal centers (i.e.,
contributing to R,) or indirectly by lowering the pH (i.e., contributing to Ry) or by
stabilizing the dissolved metal in solution (i.e., decreasing Rypm) (Drever and Stillings,

1997).

2.1.3.4 Mineral Weathering and CO,

Mineral weathering is a primary sink for atmospheric CO, over geologic time,
because chemica weathering of mineralsis associated the conversion of atmospheric
CO, to HCOg,, as represented in the following simple weathering reaction of the primary

minera enstatite:

CaS0,,, +2CO, +3H,0 = H,S0, + 2HCO; +Ca® (6)

The bicarbonate released into solution is then transferred to rivers and eventually to the
ocean where, in the presence of dissolved Ca®* and Mg**, half of the carbon is removed

from the oceans as Ca-M g carbonate minerals (Berner, 1997).
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2HCO; +Ca* =CaCO,, +CO, +H,0 (7)

The rate of minera dissolution reactions, therefore, determines the importance of mineral
weathering as a sink for atmospheric CO,.

Although the reaction (eg. 6) reflects the consumption of CO, in mineral
weathering, the reaction stoichiometry cannot be taken to represent the mechanism by
which CO, effects mineral weathering. The overall reaction does not indicate whether or
not CO; interacts directly with the mineral surface to affect the dissolution rate; this
guestion is acurrent area of debate.

CO; isincluded explicitly in the above reaction to represent the fact that
interactions between water and CO, (and other weak acids) are responsible for the
dissociation of water to form H*, which is the constituent that actually promotes the
dissolution reaction. By substituting the products of the reaction of CO, and water from

reaction 8 below, reaction 6 can be re-written (reaction 9) without CO;:

H,0+CO, =H" + HCO; ®)

CaSO, +2H* +H,0=H,90, +Ca* 9

Elevated soil CO, concentrations and high concentrations of LMW organic acids

occur in the rhizosphere as the result of root and microbial respiration from root
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respiration and root and microbial metabolism, and in areas of decaying organic matter.
This carbon transferred to the soil by roots is derived from atmospheric CO, taken up by
plants during photosynthesis. Both CO, and organic acids may reduce soil pH and thus
increase proton-enhanced dissolution. As discussed above, adirect interaction between
organic acids and minerals has also been well documented. However, some controversy
exists regarding whether or not CO; interacts directly with the mineral surface to promote
dissolution.

Weathering rates measured at high temperature (100-200°C) and high Peo, (2-20
bar) have been shown to be proportional to Pé’oi (Lagache, 1965). This apparent

fractional dependence on P, has been attributed either to adsorption of CO, (Sverdrup,

1990) or as simply a pH effect (apparently theinitial pH of the experiments with CO, was
lower) (Brady, 1991; Helgeson et al., 1984). Despite the uncertainty, this relationship has
been assumed to hold for CO, values typical of soil environmentsin several geochemical
models (Marshall et al., 1988; Sverdrup and Warfvinge, 1993; Volk, 1987). Severd
studies attempting to verify this relationship have shown that, at low pH, weathering is
not directly affected by CO, concentration (Brady and Carroll, 1994; Grandstaff, 1977;
Wogelius and Walther, 1991), whereas both decreases (Wogelius and Walther, 1991) and
increases (Berg and Banwart, 2000; Osthols and Malmstrom, 1995) in dissolution rates
have been observed with increased CO, at alkaline pH, in addition to observations of no

effect (Knauss et al., 1993; Mamstrom et a., 1996).



2-10

2.2 Quantifying Soil Mineral Weathering Rates

2.2.1 Introduction to Different Approaches

Quantifying mineral weathering ratesin soilsis relevant to the understanding of
watershed-scal e processes as well as global-scale processes. On the watershed scale,
rates of cation release from mineral dissolution affect nutrient availability in soils (Rogers
et a., 1998), buffering capacity against acidification (Schnoor, 1990), and the chemistry
of the soil, ground and surface waters within awatershed. On the global scale, mineral
weathering regul ates cation fluxes to the world's rivers and oceans (Gaillardet et al.,

1999; Lasaga et al., 1994) and is the primary sink for atmospheric CO, over geologic
time (Berner, 1995). Much work, therefore, has been done attempting to quantify the
rates of mineral weathering occurring in soils; this work can be divided into three
categories: 1) field-based approaches, 2) laboratory dissolution studies, and 3)
computational modeling (Kolkaet a., 1996).

Field-based studies designed to quantify mineral weathering rates usually involve
either a mass bal ance approach using soil solute fluxes on the scale of an entire watershed
(Gaillardet et al., 1999; Hinkley, 1975; White and Blum, 1995) or amineral or elemental
depletion approach relative to a conservative tracer (April et a., 1986; Langan et al.,
1996). Laboratory dissolution experiments measure the rel ease of elements from a
specific isolated mineral or whole soil under controlled conditions. Several different
reactor types have been used to determine weathering rates in the laboratory, including
batch (Asolekar et al., 1991; Bennett et al., 1988; Brady and Carroll, 1994; Huertas et al.,

1999; White and Claassen, 1980) and flow-through (Kalinowski et al., 1998; Pokrovsky
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and Schott, 2000; van Grinsven et a., 1992) reactors. Among the flow-through systems,
vessels containing solids well mixed in solution (Kraemer et al., 1998), a thin-film of
solid material (Mamstrom and Banwart, 1997), and columns of solid material through
which the solution must percolate have al been used (Dahlgren et al., 1989). Benefits of
laboratory studies include the ease of manipulation of specific parametersincluding pH,
ionic strength, temperature, and concentration and types of organic material. The
obvious limitations of |aboratory studies relate to the fact that the full complexity of a

natural system can never be incorporated into alaboratory experiment.

2.2.2 Field versusLaboratory Derived Rates

Weathering rates determined in laboratory experiments with pure minerals are
often several orders of magnitude higher than rates estimated from field studies (April et
al., 1986; Drever and Clow, 1995; Kolkaet a., 1996; Schnoor, 1990; van Grinsven et dl.,
1992; Velbel, 1990; Velbel, 1989). Weathering rates calculated at the watershed scale
are normalized to unit area of catchment (and expressed in units of kmoles hectare™
year™) while rates derived from laboratory studies are normalized to surface area of the
mineral (and reported as mole m? h%). To compare weathering rates cal culated from
field and laboratory based approaches, therefore, the surface area of minerals exposed to
weathering in the field must be estimated.

It has been proposed that overestimations of the surface area of soil in contact
with percolating water result in underestimations of field wesathering rates (Schnoor,

1990; Swoboda-Colberg and Drever, 1993). Heterogeneity within a sample also provides
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uncertainty in soil surface area measurements. Soils are composed of a mixture of
different mineral phases with different surface areas (i.e., clays and oxides have much
higher surface areas than other minerals), so variability existsin how well the total
measured surface represents the actual mineral surface undergoing weathering (Drever
and Clow, 1995; Hodson and Langan, 1999). The two common methods of determining
soil surface area, the B.E.T. method using N, adsorption and the geometric
approximation method, often give different values (Blum and Stillings, 1995), providing
another complication. These uncertainties associated with surface area represent one of
several possible explanations for the general discrepancy between field and laboratory
dissolution rates.

In addition to issues related to surface area, other proposed causes of the
discrepancy between field and laboratory derived dissolution rates have been discussed in
theliterature. The aging of mineral surfaces and the formation of protective secondary
layers may retard weathering rates in the field; already-westhered soil minerasin the
field may be less reactive than unreacted pure minerals used in laboratory dissolution
experiments (Velbel, 1995). The accumulation of solutesin the field may inhibit
dissolution as solute concentrations approach saturation with respect to various possible
solid phases (Burch et al., 1993; Chou and Wollast, 1985; Lasaga et al., 1994; Oelkers et
al., 1994). It has also been recognized that lower field weathering rates may also reflect
the influence of hydrologic conditions and a shift from surface-controlled dissolution
(under laboratory conditions) to transport-controlled dissolution (Kolka et al., 1996;

Schnoor, 1990).
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2.2.3 Computational M odeling of Weathering Rates

Among efforts to understand the various factors contributing to the discrepancies
between field and laboratory weathering rates, computational modeling of weathering
processes has been devel oped in recent years to integrate the many interacting processes
within inherently complex soil systems. Computational modeling offers away to
assimilate the data derived from laboratory experiments and, in so doing, attempts to
incorporate the inherent complexity of the natural soil system included in field-based
calculations. Although all soil chemistry models incorporate chemical weathering
processes in some simplified way, the PROFILE model is unique in that it includes a
detailed, geochemical weathering sub-model, in which weathering rates are calculated as
afunction of soil mineralogy, solute composition, and other input parameters (Sverdrup
and Warfvinge, 1993). The kinetic information incorporated into the model is derived
from an extensive review of laboratory dissolution experiments. For 15 sitesin
Scandinavia, Central Europe, and North America, calculated weathering rates agreed

with the field-derived rates to within £ 20% (Sverdrup and Warfvinge, 1993).

2.2.4 Need for Dissolution Experimentswith Whole Soils

An additional approach to bridging the gap between laboratory and field based
weathering rates involves conducting laboratory dissolution experiments on whole soils
rather than pure minerals. Actual soils are composed of mixtures of crystalline minerals,
organic matter, and non-crystalline phases, which interact and react simultaneously

(Schnoor, 1990). Extrapolation from specific minerals to whole soilsis complicated by
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the different responses of various minera phases to the factors affecting weathering rates.
Laboratory weathering experiments conducted on actual soils rather than pure minerals
can provide kinetic information that incorporates a soil’s complex composition.
Although this complexity complicates the interpretation of experimental results, such
experiments may help to resolve the discrepancy between predicted field and laboratory
weathering rates and are valuable in understanding behavior of a particular soil of
interest. Although afew reported studies have examined dissolution rates of whole soils
(Asolekar, 1991; Asolekar et al., 1991; Etringer, 1989; van der Salm et al., 2000), these
studies are relatively few compared to the plethora of dissolution studies on pure
minerals. To my knowledge, such studies have not been performed with volcanic ash

soils.

2.3 TheFideld Site
2.3.1 Mammoth Mountain, California

Mammoth Mountain is alarge dormant volcano located on the southwestern rim
of the Long Valley Caldera at the southern end of the Mono-Inyo volcanic chainin the
eastern SierraNevadarange in California (map shown in Fig. 3.1a). Elevated
concentrations of soil CO, are derived from the venting of magmatic CO, from a
reservoir estimated to be about 20 km below the surface. This CO, exposure has caused
the death of coniferous treesin several distinct areas (Fig. 2.1) on Mammoth Mountain,
California (Farrar et al., 1995; Hill, 1996; M cGee and Gerlach, 1998; Rahn et al., 1996;

Rogieet a., 2001). The initiation of CO, degassing has been attributed to a swarm of
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small earthquakesin 1989 (Gerlach et al., 1998; Hill et al., 1990); tree mortality in this
areawas first observed in 1990 (Farrar et a., 1995). High concentrations of soil CO, can
cause tree mortality either by preventing the tree roots from absorbing O, needed for

respiration or by interfering with nutrient uptake (Sorey et al., 1996).
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Figure 2.1 - Schematic map (courtesy of U.S.G.S.) showing the eight distinct areas of
tree-kill caused by high soil CO, concentrations on the flanks of Mammoth Mountain,
California. Soil samples used in this study were collected from the large tree-kill area
north of Horseshoe Lake.
2.3.2 Horseshoe Lake Tree-Kill Area

Among the eight different locations on the flanks of the mountain where seepage
of CO, through the soil has killed trees, the largest and most accessible area borders

Horseshoe Lake on the southeast side of the mountain (Fig. 2.1 and 2.2). Extensive U.S.

Geological Survey monitoring of the fluxes of soil gasisongoing at thissite. Surveys of
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soil gasin the upper 70 cm of the soil have documented CO, concentrations ranging from
20-90% within the tree-kill areas (Fig. 3b). The concentrations of CO, in the adjacent
healthy forest areas are at background levels of < 1% (Farrar et al., 1995; McGee and
Gerlach, 1998; Rogie et al., 2001). Soil CO, concentrations vary seasonally with
accumulation in the winter underneath the snow-pack and a sudden decrease during

spring snow-melt (McGee and Gerlach, 1998).

e

Figure 2.2 - Aeria photograph of Mammoth Mountain and Horseshoe Lake (Courtesy of
U.S.G.S.). The Horseshoe Lake high-CO, areais the treeless area just above Horseshoe
Lake.

The §"3C values of the CO, in soil gases outside the Horseshoe L ake tree-kill area

are within the ranges expected in atypical forest soil (-19 to -25%). At these unaffected

sites, the CO, present has been produced by respiration and is steadily lost to the
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atmosphere by diffusion (Farrar et al., 1995). The §*3C values in the gas within the tree-
kill areas show distinct magmatic characteristics (-3 to -5 %), and are similar to the values
of magmatic gas collected at the Mammoth Mountain fumarole (Farrar et al., 1995).

The Horseshoe Lake high-CO,, tree-kill area occupies ~145,000 m? on 15-60%
slopes at elevations of 2700 - 2800 m (McGee and Gerlach, 1998). The vegetation in the
areais dominated by lodgepol e pine (Biondi and Fessenden, 1999). Winter snow-pack
commonly exceeds 3 m but the soils remain unfrozen due to the insulating effect of the
snow-pack (McGee and Gerlach, 1998), and water infiltrates readily into the soil (Seney

and Gallegos, 1995).

2.3.3 Volcanic Ash Soils

Although the geological parent material of Mammoth Mountain consists largely
of granitic rock, the upper meters of the soil are derived from volcanic ash from the Inyo
eruption, 650-550 years ago (Miller, 1985; Sieh, 2000). Volcanic ash soilsare
distinguished by a high percentage of non-crystalline volcanic glass and unique clay-size
mineral assemblages often dominated by non-crystalline components (Dahlgren et al.,
1993). Metastable solid phases with short-range-order, including allophane, imogolite,
and ferrihydrite are often formed as weathering products of volcanic glasses because of
their rapid weathering rates (Dahlgren et al., 1993). The volcanic ash soils found at
Mammoth Mountain, therefore, have a particularly low resistance to chemical weathering
compared to other soils due to the predominance of volcanic glass and other non-

crystalline phases (Dahlgren et a., 1993). Decadal exposure of volcanic tephrato natural
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weathering conditions has been found to produce distinct differencesin the solid phases
present in the weathered (as compared with the parent) material (Dahlgren et al., 1997).
Thus, the decade-long exposure of the young volcanic soil at Mammoth Mountain to
elevated soil CO, concentrations may have caused observable differencesin soil

characteristics and soil mineral wesathering rates.

2.3.4 Previous Research at the Site

Recent research on the Mammoth Mountain high-CO, areas has focused primarily
on monitoring and characterizing the CO, fluxes and their relationship to seismic activity
inthe region (Farrar et al., 1999; Farrar et al., 1995; Gerlach et al., 1998; Hill, 1996;
McGee and Gerlach, 1998; Rahn et al., 1996; Rogie et al., 2001; Sorey et al., 1998; Sorey
et a., 1996). One study assessed the response of vegetation to the CO, degassing
(Biondi and Fessenden, 1999) and another discussed possible effects of changing soil
acidity on mobilization of aluminum (McGee and Gerlach, 1998). To date, however, the
soil mineralogy and soil chemistry of this unique site have not been characterized nor

have laboratory dissol ution studies been conducted using these soils.
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Figure 3.1 - (a8) Map showing location of study area, Mammoth Mountain, California,
and itsrelation to the Long Valley Caldera (courtesy of U.S.G.S)). (b) Map of
Horseshoe Lake high-CO,, tree-kill area and surroundings with contours representing
percent CO, in soil gas (courtesy of Dave Parker, U.C. Riverside). Sampling sites within
and outside the anomalous area are marked with a star. The exact locations of sampling
locations are high-CO, Site 1 N 37°36'46.3 W 119°01’ 16.7, Control Site 1 N 37°36' 46.5
W 119°01’ 23.6, high-CO, Site 2 N 37°36'47.6 W 119°01’ 13.2, Control Site2 N
37°36'46.4 W 119°01’ 05.2, high-CO, Site 3 N 37°36'49.8 W 119°01’ 12.0, Control Site 3
N 37°36'46.1 W 119°01’ 04.6.
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Thetree-kill areas provide anatural |aboratory to examine the response of soil
mineral weathering to elevated CO, concentrations in conjunction with possible changes
in organic acid composition resulting from vegetation mortality. Increased soil CO,
concentrations cause a decrease in the pH of the soil solution and thus may (indirectly)
increase weathering rates. Whether or not CO, itself has a direct effect on mineral
weathering is not well understood. Some low molecular weight (LMW) organic acids
produced in soils have been shown to accelerate mineral weathering (Drever and
Stillings, 1997; Drever and Vance, 1994; Fox and Comerford, 1990; Gwiazda and
Broecker, 1994).

The volcanic ash soils found at Mammoth Mountain have a particularly low
resistance to chemical weathering compared to other soils due to the predominance of
volcanic glass and other non-crystalline phases (Dahlgren et a., 1993). Decadal
exposure of volcanic tephrato natural weathering conditions was found to produce
distinct differences in the solid phases present in the weathered (as compared with the
parent) material (Dahlgren et a., 1997). Thus, it may be anticipated that the decade-long
exposure of the young volcanic soils at Mammoth Mountain to elevated soil CO2
concentration may result in differences in soil characteristics.

Recent research on the Mammoth Mountain high-CO, areas has focused primarily
on monitoring and characterizing the CO, fluxes and their relationship to seismic activity
inthe region (Farrar et al., 1999; Farrar et al., 1995; Gerlach et al., 1998; Hill, 1996;
McGee and Gerlach, 1998; Rahn et al., 1996; Rogie et al., 2001; Sorey et al., 1998; Sorey

et a., 1996). One study assessed the response of vegetation to the CO, degassing



34
(Biondi and Fessenden, 1999) and another discussed possible effects of changing soil
acidity on mobilization of aluminum (McGee and Gerlach, 1998). To date, however, the
soil mineralogy and soil chemistry of this unique site have not been characterized. This
paper presents a comparison of the soil chemistry and mineralogy and LMW organic acid

composition in soils from a high-CO, and an adjacent control area.

3.2 Background
3.2.1 TheField Site

The soils analyzed for this study were sampled within and outside the Horseshoe
Lake tree-kill, high-CO, area on Mammoth Mountain, located a ong the southwestern
edge of the Long Valley Caldera (Fig. 3.1a). The Horseshoe Lake tree-kill area occupies
~145,000 m? on 15-60% slopes at elevations of 2700-2800 m (McGee and Gerlach,
1998). The vegetation in the areais dominated by lodgepole pine (Biondi and Fessenden,
1999). Winter snow-pack commonly exceeds 3 m but the soils remain unfrozen due to
the insulating effect of the snow-pack (McGee and Gerlach, 1998), and water infiltrates
readily into the soil (Seney and Gallegos, 1995). Mean annual soil temperatureis~5 °C
and annual precipitation is~90 cm per year (80-90 % falls as snow) (McGee and Gerlach,
1998).

Although the geological parent material consists largely of granitic rock, the
upper meters of the soil are derived from volcanic ash from the Inyo eruption, 650-550
years ago (Miller, 1985; Sieh, 2000). Volcanic ash soils are distinguished by ahigh

percentage of non-crystalline volcanic glass and unique clay-size mineral assemblages



3-5
often dominated by non-crystalline components (Dahlgren et al., 1993). Metastable solid
phases with short-range-order, including allophane, imogolite, and ferrihydrite are often
formed as weathering products of volcanic glasses because of their rapid weathering rates
(Dahlgren et al., 1993). Because of the comparatively rapid time-scal e for weathering of
volcanic ash soils (Dahlgren et a., 1993), the Mammoth Mountain soils may respond
rapidly to changes in weathering conditions. Seasonal variationsin the weathering rates
at Mammoth Mountain are expected in response to precipitation and hydrologic flow
patterns with minimal weathering in the dry summer months, accelerating weathering in
thelate fall and winter as the soils become moist, and maximum weathering in the late

spring during snow-melt (McGee and Gerlach, 1998).

3.2.2 Soil Mineral Weathering

Rates of chemical weathering in soils are determined in part by the composition
and characteristics of soil minerals. Mineral reactivity is highly variable (Chadwick and
Chorover, 2001) and dependent on crystallinity (Eggleton, 1986) and surface area (Morel
and Hering, 1993; Sposito, 1984). The chemical composition of infiltrating solution and
the hydrologic and temperature regime of the local environment also play alargerolein
determining the chemical weathering ratesin a given soil (Sparks, 1989).

Mineral dissolution necessarily involves four general steps. (1) transport of
reactive species (e.g., H', OH™, ligands, etc.) from the bulk solution to the mineral
surface, (2) interaction of these reactive species with the surface metal centers (which

destabilizes the bonds between the surface metal centers and crystal lattice), (3)
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detachment of the metal ion from the surface, and (4) transport of the reaction products
(i.e., the metal ions) from the surface to the bulk solution. In transport-controlled
dissolution, the rate-limiting supply of reactants or removal of products generates a
concentration gradient between the surface and bulk solution (Stumm, 1992). In surface-
controlled dissolution, the detachment step is usually considered to be rate limiting. The
rates of proton-promoted dissolution (Ry) and ligand-promoted dissolution (XR., where
L includes both organic and inorganic ligands) are generally taken to contribute
additively to the overall dissolution rate Ry though some synergistic effects have been
observed (Kraemer et al., 1998). Then

Ris= Ru+ ZRL
This expression holds for systems sufficiently undersaturated that the back reaction (i.e.,

precipitation with rate Rypn) can be neglected. As saturation is approached, the observed

(net) dissolution rate, R, decreases such that

diss

net _
Rdiss - Rdiss_Rpptn

with Ri% =0 at equilibrium (Kraemer and Hering, 1997). Thus, ligands can increase
observed dissolution rates by direct interaction with the surface metal centers (i.e.,
contributing to R,) or indirectly by lowering the pH (i.e., contributing to Ry) or by
stabilizing the dissolved metal in solution (i.e., decreasing Rypm) (Drever and Stillings,
1997).

Increased concentrations of CO, could influence observed dissolution rates

indirectly by decreasing pH. A direct role for CO, in mineral weathering has been
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proposed but is still controversial. Weathering rates measured at high temperature (100-

200°C) and high P, (2-20 bar) have been shown to be proportional to Pg; (Lagache,
1965). This apparent fractional dependence on P, has been attributed either to

adsorption of CO, (Sverdrup, 1990) or as simply a pH effect (apparently the initial pH of
the experiments with CO, was lower) (Brady, 1991; Helgeson et al., 1984). Despite this
uncertainty, this relationship has been assumed to hold for CO, values typical of soil
environments in several geochemical models (Marshall et al., 1988; Sverdrup and
Warfvinge, 1993; Volk, 1987). Severa studies attempting to verify this relationship have
shown that, at low pH, weathering is not directly affected by CO, concentration (Brady
and Carroll, 1994; Grandstaff, 1977; Wogelius and Walther, 1991), whereas both
decreases (Wogelius and Walther, 1991) and increases (Berg and Banwart, 2000; Osthols
and Mamstrom, 1995) in dissolution rates have been observed with increased CO, at
alkaline pH, in addition to observations of no effect (Knauss et al., 1993; Mamstrom et
al., 1996).

Weathering rates determined in the laboratory for many minerals (Langmuir,
1997) and for some whole soils (Asolekar et al., 1991) are often much higher than field
weathering rates estimated from watershed-scal e element budgets (April et al., 1986;
Velbel, 1989). One source of uncertainty in this comparison isthe mineral surface area
exposed to weathering in the field. However, lower field weathering rates may also
reflect the influence of hydrologic conditions and a shift from surface-controlled
dissolution (under laboratory conditions) to transport-controlled dissolution (Kolka et al.,

1996; Schnoor, 1990).
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3.3 Methods
3.3.1 Sampling

Samples were collected in September 1999 and June 2000 from atotal of six sites
(Fig. 3.1b), three within and three outside the Mammoth Mountain Horseshoe Lake high-
CO; area (unless otherwise noted, the results presented here are from the samples
collected in September 1999). The sites were carefully selected based on extensive
U.S.G.S. monitoring data of the soil CO, concentrations (Rogie, 2001), (Rogieet al.,
2001). The siteswithin the high-CO, area were selected in regions of vegetation
mortality where measured soil CO, concentrations are > 20% throughout the year and the
control sampling sitesin regions of healthy vegetation with background levels (< 1%) of
soil CO,. Each of the three control sites was chosen to correspond to one of the three
high-CO, sites (based on elevation, slope and aspect) in an attempt to minimize
differences other than the vegetation and CO, concentration. The high-CO, site 1 and
control site 1 are 200 m apart at an elevation of 2780 m and are on a slope of 50% facing
east. The high-CO, site 2 and control site 2 are 300 m apart at an elevation of 2710 m
and a slope of 20% facing southeast. The high-CO, site 3 and control site 3 are 300 m
apart at an elevation of 2700 m and are on relatively flat terrain.

Asis characteristic of volcanic ash soils (Shoji et al., 1993), these soils have a
distinct organic litter layer (0-5 cm), a dark-colored organic A-horizon (5-45 cm) - where,
in most of the soil pits, two distinct organic rich horizons (5-15 cm and 15-45 cm) could
be distinguished - and a yellowish-brown B-horizon with minimal visible organic

material (45-60 cm). Samples were taken from each of these horizons and homogenized
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before analysis. With the exception of pH and soil moisture measurements, the results
presented here are from analysis of B-horizon soils sampled from a depth ranging from
45-60 cm. Although more intense weathering would be expected in the surface horizons,
this comparative study focused on the subsurface B-horizon in an attempt to minimize
variability associated with the vegetation mortality in the surface horizons. Samples were
stored in polypropylene bags and refrigerated until they were analyzed. Within 48 hours
of sampling, upon return to the lab, pH and soil moisture were measured on the fresh soil
samples; the remainder of the samples were dried and sieved through a2 mm sieve and

subsequently used in al other analyses.

3.3.2 Chemical Analyses

Soil pH was measured in agqueous suspensions (at a 1:2 (w/w) soil-to-water ratio)
following a 20 minute equilibration. Soil moisture percentage was determined
gravimetrically by measuring the difference in weight of the field-moist fresh sample and
the same sample dried in an oven at 60°C for 48 hours. Particle-size distribution was
determined by the pipette method (Gee and Bauder, 1986). BET-N,, surface areas of
whole soils (< 2-mm) and the clay size fraction (<2-um) were measured using a Gemini
2360 Surface Area Analyzer (Micromeritics Instrument Corp., Norcross, GA). Elemental
analysis was performed by Chemex Laboratories on whole soil samples (< 2-mm) and on
sand, silt and clay size fractionated samples using x-ray fluorescence (XRF)
spectrometry. Percent weight of major elements as oxides was determined based on

comparison with a certified standard reference material (SY -4, Canadian Certified
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Reference Materials Project) and organic carbon was estimated based on weight loss on
ignition at 1010 °C. Three selective dissolution analyses were performed on both the
high-CO, and control soils. In the dithionite-citrate dissolution procedure, 0.5 g of soil
sample was mixed with 25 ml of 0.68 M sodium citrate, 0.4 g of dithionite powder
(N&S,0,) was added and the suspension was shaken overnight in an end-over-end shaker
(Carter, 1993). For dissolution with acid-ammonium-oxalate, 0.25 g of soil sample was
mixed vigorously with 0.2 M ammonium oxal ate adjusted to pH 3 in the dark for 2 hours
(McKeague and Day, 1966). For the pyrophosphate dissolution, 0.3 g of soil sample was
mixed with 30 ml of 0.1 M sodium-pyrophosphate and shaken overnight in an end-over
shaker (Carter, 1993). After each of these extraction procedures, the solutions were
centrifuged and the supernatant was filtered with a cellulose acetate 0.2 um filter and
analyzed for Al, Si, Fe, Caand K by inductively coupled plasma mass spectroscopy
(ICP-MS).

Low-molecular-weight (LMW) organic acids and total organic carbon (TOC)
were measured in agueous extracts from soils collected in June 2000. Soil samples were
extracted with water in a 1:2 (w/w) ratio shaken on an end-over shaker overnight. The
suspension was then centrifuged at 4400 rpm for 10 minutes, the supernatant was filtered
through a 0.45 um filter and this aqueous extract was frozen until anayzed. LMW
organic acids were analyzed by ion chromatography using a Dionex lonPac AS11 4 mm
analytical column (and corresponding guard column) with detection by conductivity.
Each run lasted 25 minutes using an eluent of NaOH with a concentration gradient of

0.50 mM to 38 mM. Concentrations of LMW organic acids were determined based on
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comparison with standards. TOC in the soil extracts was determined by high temperature
catal ytic oxidation using a Shimadzu TOC-5000A Total Organic Carbon Analyzer. The
percentage of TOC accounted for by the measured concentrations of LMW organic acids
was cal cul ated.

Replicate analyses with different sub-samples of soil were performed for all
methods to assess the reproducibility of each method and the level of heterogeneity

within each homogenized soil sample.

3.3.3 Mineralogical Analyses

Thin sections of the bulk (< 2 mm) size fraction soil were prepared and examined
under a petrographic microscope. A minimum of 400 points of a grid on each slide were
counted. Powder X-ray diffraction (XRD) analysis was performed on whole soil
samples and clay-size fraction samples using a Scintag Pad V X-ray Powder
Diffractometer using Cu K-o radiation generated with a 40 kV accelerating potential and
35 mA tube current. Samples were step scanned for 2 s at arate of 0.01 /min at a 0.01°
20 step. Diffractograms were obtained for samples treated following standard methods,
including Mg and K saturation, glycolation, and heating to 550°C (Whittig and Allardice,
1986). A Philips EM430 TEM at an accelerating voltage of 300kV was used to examine
samples of the < 2 um fraction for the presence of allophane, imogolite or ferrihydrite.

Magnetite was separated from the bulk sample by using a magnet.
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3.4 Resultsand Discussion
3.4.1 pH measurements

The measured pH was approximately 5.0 in the high-CO, soil and approximately
5.6 in the control soil (Fig. 3.2). The pH was lower in the surface horizons than at depth,
probably due to the higher concentration of soluble organic acids closer to the surface
(Zabowski and Sletten, 1991). Since the ambient soil CO, concentrations are not
maintained during sample collection and analysis, it is reasonable that the pH measured
in the high-CO; soil is higher than the pH of 3.9 - 4.15 predicted for soil solution
calculated based on CO, concentration data (McGee and Gerlach, 1998). The measured
pH is similar to that of water (pH 5.3) from awell in the high-CO, area and lower than

that of water (pH 7.0) from a near-by well outside the high-CO, area (Farrar et al., 1999).
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Figure 3.2 - pH measurements, average and standard deviation of samples within the
high-CO, soil (solid circles) and in the control soil (open circles) collected in September,
1999.



3-13
Average soil pH in the Hubbard Brook Experimental Forest decreased to 4.3 from
an original pH of 5.1 after treeswere felled and left in place (Nodvin et al., 1988). This
decrease in pH following a disturbance in vegetation has been attributed to accelerated
mineralization of organic matter (Nodvin et al., 1988). It ispossible, therefore, that the
observed decrease in pH isdue in part to the vegetation mortality in addition to the

increased acidity from the high-CO..

3.4.2 Percent soil moisture

Although no distinct difference was observed in the moisture content of the high-
CO; and control soilsin the samples collected in early June during the snowmelt (Fig.
3.34), the high-CO, soil was moister than the control soil in the samples collected in
September, at the end of the summer (Fig. 3.3b). Thisdifference in soil moisture content
of the September samples probably reflects the absence of evapotranspiration by live

trees throughout the dry summer months in the high-CO, soil.

3.4.3 Particlesizedistribution

The Mammoth Mountain B-horizon soils have alow clay content of less than 2%
by weight, while the sand and silt-size particles make up 75-80% and 18-26% of the soil,
respectively. Comparison with the results of a simultaneous analysis of a standard soil
with a known particle size distribution indicates that the range of values for sand and silt
reflect variations among the different sampling sites rather than error in the method.

Rates of chemical weathering in volcanic ash soils are often estimated from the quantity
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Figure 3.3 - Percent soil moisture, average and standard deviation of samples within the
high-CO, soil (solid circles) and the control soil (open circles) collected in (a) June 2000,
and (b) September, 1999. % soil moisture = 100* ((fresh weight — dry weight) / dry
weight)

of clay formed (Dahlgren et a., 1993). However, since the clay content of soils from

both the high-CO, and control soilsis comparable to the error of the method (£ 1%) (Gee

and Bauder, 1986), no comparison can be made between the sites.
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3.4.4 Specific surfacearea
Specific surface areas measured in both whole soil samples (Fig. 3.4a) and clay-

sizefractions (Fig. 3.4b) are greater in the high-CO, soil than in the control soil.

Surface area (m?/g)
o = N w IS (6)] (e)] ~

Site 1 Site 2 Site 3

Surface area (m2/g)

Site 1 Site 2

Figure 3.4 — Specific surface area measurements in B-horizon soils collected in
September, 1999. Average and standard deviation of replicate measurements a) whole
soil samples, b) clay size fraction. Aninsufficient quantity of the clay fraction from Site
3 precluded analysis. Black = high-CO, soil Grey = control soil
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Replicate measurements on soil samples from each site were consistent (as shown by the
error barsin Fig. 3.4). Thusthe differences among the high-CO, and control sites can be
attributed to heterogeneity of the soil. Soil surface areas as measured by the BET-N,
technique generally increase with soil age because the wesathering process alters the
mineral surface and breaks down soil particles (White, 1995). Thus, the higher surface
area of the soil from the high-CO, sites suggest that they have experienced more intense

weathering than the soil from the control sites with lower surface area.

3.4.5 Mineralogical analysis

Bulk mineralogy of the soil was evaluated by XRD and visual examination using
a petrographic microscope. The soils are predominantly composed of volcanic glass (50-
60%). Plagioclase and K- feldspars, quartz, hornblende, magnetite (~2%), and
cristobolite occur as accessory minerals. Halloysite, kaolinite, and vermiculite were
identified by XRD in the clay size fraction. Ferrihydrite was identified by TEM analysis
of the clay size fraction but neither allophane or imogolite was detected. Low intensities
and poor signal-to-noise ratios were observed in the X-ray diffractograms of these
samples consistent with the high percentage of non-crystalline material in these soils
(details of mineralogical analysis are discussed in Appendix A). Thus, athough distinct
clay minerals were identified, any quantitative differences between the clay mineral ogy
of the high-CO, and control soils that may have resulted from 10 years of different

weathering conditions were too subtle to be observed.
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3.4.6 Elemental analysis

Analysis of the mgjor elemental composition of the soilsis shownin Table 3.1.
Compared to the control samples, the high-CO, soil isdightly enriched in Si and
depleted in Al. This pattern suggests that Al may have been preferentially weathered
from the high-CO, soils either because the high-CO, soils were subject to more intense
weathering or because less organic matter is available to bind Al in the high-CO, soil (see
Section 4.8). The other major elements do not show any consistent differences between

the high-CO, and control soils. Variability in the other major elementsindicates a high

Table3.1
Major elemental chemistry of the inorganic fraction of the bulk (< 2 mm) soil (in wt %)
All other elements are less than 1%
SO, Al,O4 K,O Na,O Fe,0, CaO

HighCO, 1 72.7 14.3 4.4 3.5 2.8 12
2 734 13.8 4.8 34 2.3 10
3 73.7 133 5.0 3.6 1.7 0.9
Control 1 72.4 145 4.5 3.5 2.3 10
2 70.6 151 4.2 3.7 2.7 14
3 69.2 16.8 3.9 3.9 3.0 1.7
Precision” +0.3 + 04 + 0.05 +0.2 +0.3 +0.03

® Based on replicate analyses

degree of spatial heterogeneity in the bulk mineralogy. Aswas found in another decade-
long study of weathering of volcanic material (Dahlgren et al., 1997), total elemental
analysis may not be a sufficiently sensitive technique to identify distinct differencesin

weathering in short-term studies.
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3.4.7 Selective extractions

Three selective dissolution anal yses were performed using dithionite-citrate,
ammonium oxalate, and sodium pyrophosphate as extractants. The results shown in
Figure 3.5 and 3.6 indicate differences in soil mineralogy between the high-CO, and

control sites.

3.4.7.1 Dithionite-citrate extraction

In the dithionite-citrate extractions, the quantities of extractable Al and Si (DC-AI
and DC-S)) are consistently lower in the high-CO, soil compared to the control soil (Fig.
3.5a,b). No consistent pattern was observed for iron extracted by dithionite-citrate (DC-
Fe) (Fig. 3.5¢). The dithionite-citrate extraction is generally assumed to dissolve
crystalline oxide phases, non-crystalline phases and organically complexed Al and Fe
(Mehra and Jackson, 1960). Approximately 1.5-8.5% of Al, 0.6-1.3% of Si, and 14-46%

of Fe was leached from these soilsin this extraction.

3.4.7.2 Acid oxalate extraction

The results of the acid ammonium oxal ate dissolution show trends similar to the
dithionite-citrate resultsfor Al (AO-Al), S (AO-Si) and Fe (AO-Fe). More AO-Al and
AO-Si are extracted from the control soil than from the high-CO, soil from each site
while AO-Fe varies considerably (Fig. 3.6a-c). The oxalate extraction dissolved <1.5%
of Si, up to 7% of Al, and a highly variable 2-26% of Fe. Acid anmonium oxalate

extraction of soils has been shown to dissolve non-crystalline materials selectively
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Figure 3.5 - Dithionite-citrate selective extraction results from B-horizon soil collected in
September, 1999. Extractable (a) Al (DC-Al), (b) Si (DC-Si), (c) Fe (DC-Fe). Error bars
represent range of duplicate samples. Black = high-CO, soil Grey = control soil

(Fey and Roux, 1977), although it may also partialy dissolve magnetite (Baril and Bitton,

1969) and some layer silicates (Carter, 1993).

3.4.7.3 Pyrophosphate extraction
The results of the Na-pyrophosphate dissolution show considerable variability in

the quantities of Fe (P,Os-Fe) and Al (P.Os-Al) extracted (Fig. 3.6d, €). Unlike the other
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Figure 3.6 — Acid-ammonium-oxalate and Na-pyrophosphate sel ective extraction results
from B-horizon soil collected in September, 1999. Acid-ammonium-oxal ate extractable
(@ Al (AO-AI), (b) Si (AO-Si), and (c) Fe (AO-Fe), and sodium-pyrophosphate
extractable (d) Al (P.Os-Al) and (e) Fe (P,Os-Fe). Error bars represent standard
deviation of at least 3 replicate samples. Black = High-CO, soil Grey = control soil
dissolution methods, no clear trend is apparent in the comparison of the high-CO, and
control soils. Na-pyrophosphate, which extracts organically-bound Fe and Al, dissolved

<1.5% of total Al and only up to 7% of total Fe suggesting that organically-complexed

metals are not a major soil component.



