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Soil pore-water distributions and the temperature feedback of weathering in soils
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Abstract—A review of the literature suggests that large variations in pore-water chemistry exist within soils.
The heterogeneity indicates that in soil microchemical environments, the chemistry of pore water evolves
independently from one pore to another due to differences in surface area/volume ratios and water residence
time. A plug-flow reactor model was developed to examine which size classes of pores contribute the most
solute to water draining out of the soil profile, and to explore how temperature might affect a soil’s ability to
generate solute. The model is based on the simplification that soil pores can be approximated as a suite of
capillaries of varying diameter. The model simulates each size class of pores as a plug-flow reactor with an
unique water residence time and surface area.

In the model, the pores which drain at the highest water contents have low surface area to water volume
ratios and contribute relatively little to the overall solute flux from a soil. The smallest pores that drain at the
lowest water contents were found to have the highest surface area to volume ratios and contribute the most
solute. The calculations also suggest that activation energy and water viscosity have competing effects on the
temperature dependence of weathering. As the temperature increases, the dissolution rate constant increases
and smaller pores drain; however, water residence time decreases. This decrease in the water residence time
is due to decreasing water viscosity, which can be incorporated into the dissolution rate law for quartz with
an activation energy of approximatetyl5 kJ/mole. Studies that parameterize the temperature dependence of
weathering using the Arrhenius approach can account for this effect by reducing the predicted activation
energy by an appropriate valueCopyright © 2003 Elsevier Ltd

1. INTRODUCTION some of the discrepancy must be due to differences in flow
characteristics between field and laboratory systems (Swoboda-
Coburg and Drever, 1993; Velbel, 1993a). The flux of solute
that leaves the soil profile and becomes a part of the total flux
of solute leaving a watershed (i.e., the chemical erosion rate) is

An understanding of the environmental controls (e.g., sur-
face temperature, rainfall distribution, vegetation and soil tex-
ture) that affect weathering fluxes are crucial if we are to model

these controls in the present-day environment and in the past. &
Recent discussions have focused on the best way to parame-also not known. Clearly a temperature feedback of weathering

terize the effect of temperature on global weathering rates fluxes W'"_ .have tq include apy effect t"emperature might have
(Brady, 1991; Velbel, 1993b: Brady and Carroll, 1994; White on the ab_lllt_y of ralr_l to flush “old wgter out of the we_atherlng
and Blum, 1995; Kump et al., 2000). The debate focuses profile. IF is mterestlng to note that-!nastudy comparing basalt
primarily on the strength of the dependence of global weath- Weathering in Iceland and Hawaii, Bluth and Kump (1994)
ering on temperature (Berner and Berner, 1997; Edmond and found that chemical erosion rates were faster in Iceland, (_jesplte
Huh, 1997), the significance of biologic mediation (e.g., Volk, e fact that Iceland is cooler. Bluth and Kump (1994) inter-
1987, 1989; Drever, 1994; Moulton et al., 2000), as well as the preted this behavior to be due to differences between the
importance of uplift and physical weathering in keeping un- thickness and structure of soils at the two locations. Hawaiian
weathered rock exposed (Edmond et al., 1995). Recent studiesSoils are in general thicker, and percolating soil water has less
suggest that the effect that mean annual air temperature has orccess to fresh rock than in Iceland. Brady (1991), Brady and
weathering fluxes can be modeled with an Arrhenius expres- Carroll (1994) and White and Blum (1995) admit that there
sion and that the activation energy can be compared to labora-€Xist @ number of pedogenic factors that determine weathering
tory activation energies. While this relationship has the advan- rates in soils and that these factors are probably interrelated and
tage of simplicity and has also been demonstrated to be are influenced by mean annual temperature in a complex way.
appropriate for modeling dissolution rates in the laboratory, it The goal of our study is to take a next step in exploring the
assumes that the effect of temperature on weathering is entirelynature of the coupling between temperature and weathering by
chemical and that no physical parameters (e.g., surface areaconsidering some of the effects that temperature has both on
water residence time) are affected by temperature. Severalreaction kinetics and on water mobility in soils.
authors have pointed out that observed field estimates of min-  In this paper we conjecture that some of the water in a soil
eral dissolution rates are slower than laboratory estimates (re- profile has an exceedingly long residence time. The chemistry
viewed in Brantley, 1992; White and Brantley, 1995) and that of water within the soil, therefore, may be considerably differ-
ent than the chemistry of the water draining from the soll
* Author to whom correspondence should be addressed, at School of profile and Ieaying watersheds in riyers anq sFreams. The evi-
Natural Resources and the Environment, Dana Buildiﬁg, 430 East dence for a high degree of chemical variation in moisture

University, University of Michigan, Ann Arbor, Ml 48109-1115, usa  Within the same kind of soil is used to support the hypothesis
(pauljr@umich.edu). that weathering processes are not uniform in a soil, and that soil
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water chemistry varies with the size of the pore. The overall
weathering flux from a soil is therefore controlled by the size
classes of pores that drain. Using the soil physics paradigm of
simulating soil pores as capillary tubes, we have created a
geochemical dissolution model to explore the effect tempera-
ture has on weathering fluxes. The model includes the effect
that temperature has in controlling which size classes of pores
drain. While the model is simplistic, it enables us to estimate
surface areato volume ratios and residence times for individual
water packets moving through the soil, enabling estimation of
weathering fluxes incorporating both reaction kinetics and flow
pathways.

2. FIELD AND THEORETICAL CONSIDERATIONS

2.1. Spatial Variability of Soil Water Chemistry

The evidence supporting a large spatial variation of soil
water chemistry comes from two sources: 1) studies describing
soil pore-water chemistry in which large variations of soil
moisture chemistry were observed within “uniform” soils
(Haines et al., 1982; Starr, 1985; Richter and Jury, 1986;
Ugolini et a., 1988; Campbell et al., 1989; Grieve, 1990;
Swistock et al., 1990; Zabowski and Ugolini, 1990; Denning et
al., 1991; Hendershot and Courchesne, 1991; Arthur and Fa-
hey, 1993; Giedler and Lundstrom, 1993; Quisenberry et al.,
1994; Johnson, 1996); and 2) field studies of through-flow
chemistry that document large variations in chemistry between
different kinds of soil pores (Cozarelli et a., 1987; Parnell,
1993; Swoboda-Coburg and Drever, 1993).

Campbell et al. (1989) analyzed pore-water samples from
woodland soils in Oxfordshire, England and observed that for
solutes like K, S, Si, and P, variance among samples taken
within the same soil exceeded the variance among different
soils. They found that Ca and Si showed the smallest range of
concentrations and interpreted this to be caused by precipitation
of secondary minerals containing these elements. A study by
Kazda and Katszensteiner (1993) showed that ion concentra-
tions in soil water are positively correlated with matric poten-
tia. This observation is consistent with the popular interpreta-
tion that water held more tightly to a soil has been present in the
soil for a longer period of time, and as a consequence has a
higher solute concentration. In a study investigating seasonal
mineral stability in soils, Zabowski and Ugolini (1992) ob-
served that water extracted from soil samples with a centrifuge
was chemically different than water samples obtained from
tension lysimeters. The authors concluded that the centrifuged
samples are releasing water that is more strongly held within
micropores. Such water will have higher concentrations of
dissolved solute because it has spent more time in contact with
grain surfaces. Zabowski and Ugolini (1992) centrifuged some
samples at pressures exceeding 30 kPa. Water left behind in
these samples cannot percolate through a soil because matric
forces far exceed the gravitational forces driving the water out.
Other authors (Swistock et al., 1990; Denning et al., 1991;
Magid and Christensen, 1993; Giedler et al., 1996) have pos-
tulated that tension lysimeters, relative to pan lysimeters, sam-
ple micropore regions preferentially. Hendershot and
Courchesne (1991) observed that cation concentrations in ten-
sion lysimeters were higher than concentrations in pan lysim-

etersat 25 cm soil depth. Solution chemistry from both kinds of
collection devices was similar at 75 cm depth. While the latter
observation is not entirely consistent with the notion that ten-
sion lysimeters preferentially sample water from micropores,
Hendershot and Courchesne (1991) observed that a compacted
soil horizon characterized by low permeability existed at 75 cm
of depth. Such ahorizon encourages ponding, and the similarity
in chemistry between tension and pan lysimeters may in fact be
because the source of water was the same for both devices in
the studied soil.

In addition to this direct evidence for chemical variation in
soils, there is abundant evidence for spatial heterogeneity in
soil characteristics that determine water mobility. De Vries and
Chow (1978) placed an array of tensiometers in a forested
mountain soil and discovered that significant spatial and tem-
poral variations in matric potential occurred during infiltration.
They interpreted this variation to indicate that water is flowing
through macropores at different times during the course of
infiltration. Soil scientists have long noted that hydraulic con-
ductivity islog-normally distributed (Jury et a., 1991) and that
saturated hydraulic conductivity can vary considerably within a
uniform soil (Nielsen et a., 1973; Lauren et a., 1988;
Schoeneberger and Amoozegar, 1990; Jabro et a., 1991a;
Vepraskas et al., 1996). The origin of this variation is undoubt-
edly the variability in size and geometry of poresthat have been
observed in soils (Bouma and Dekker, 1978; Luxmoore, 1980;
Beven and Germann, 1981, 1982; Germann and Beven, 1981,
Wilson et a., 1990). Studies of fluid flow in some of these soils
(Bouma et al., 1977; Ligon et a., 1980; Flury et al., 1994).
Since the extent of dissolution is controlled in part by water
residence time, we would expect that the rate of weathering will
also vary between pores. Field studies (Russell and Ewel, 1985;
Arthur and Fahey, 1993; Gieder et a., 1996; Johnson, 1996)
commonly observe that volumes of water collected by nearby
lysimeters vary, despite the fact that the lysimeters sample the
same depth and collect water over the same period. Arthur and
Fahey (1993) interpret this as evidence of the existence of
preferential flow paths.

All this evidence suggests that microchemical environments
exist within soils in which the chemistry of the individual
waters can evolve independently from one another. The reason
for this spatial variability in chemistry is, among other factors,
the spatial heterogeneity in soil structure which causes water
residence time and susceptibility to evaporation to vary over
short distances. One then needs to consider which of these
microchemical environments are actively draining during the
course of an infiltration and percolation event, and which of
these soil microenvironments are the most important contribu-
tors to weathering fluxes at the scale of interest. Finaly, in
scaling upward from soils to watersheds, the effect of temper-
ature on microenvironment drainage must also be considered.

2.2. Temperature Dependence of Solute Transfer

Temperature will affect a soil’s release of solutes by modi-
fying surface tension, water viscosity, dissolution rate, diffu-
sion rate and equilibrium constants of the minerals present. In
addition, biologic activity will also be affected by temperature.
Surface tension forces at the water, mineral, and gas interfaces
contribute to the forces that hold water in the micropores.
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Consequently, a change in surface tension due to temperature
will change the size classes of micropores that can drain.
Experimental studies of the temperature dependence of water
retention curves (Richards and Weaver, 1944; Gardner, 1955;
Wilkinson and Klute, 1962; Haridasan and Jensen, 1972; Hop-
mans and Dane, 1985, 1986) document a strong dependence of
temperature on a soil’s ability to hold water that is thought to
be due to surface tension and the equilibrium size of gas
bubbles (Peck, 1960; Chahal, 1965). Laboratory studies of
surface tension indicate that surface tension decreases with
increasing temperature; consequently, we might hypothesize
that increases in temperature will allow smaller micropores to
drain.

Water viscosity, a function of temperature, influences hy-
draulic conductivity (Childs, 1964; Haridasan and Jensen,
1972; Freeze and Cherry, 1979). Conseguently, variations in
temperature will cause variations in water residence time of the
micropores, thus affecting the total solute load for the water
when it finally drains out of the soil profile. Since the viscosity
of water decreases with increasing temperature, we would
expect water residence time to decrease with increasing tem-
perature.

At the water-rock interface, temperature influences dissolu-
tion by influencing the rate constant and the equilibrium con-
stant. The activation energy describes the effects of temperature
on the forward rate constant. It isrelated to the potential energy
barrier associated with the reaction of the activated complex of
therate limiting step (Lasaga, 1981; Laidler, 1987). The higher
the activation energy, the stronger the temperature dependence
of the dissolution reaction. Moreover, laboratory studies of
water-rock interaction show that net dissolution reactions slow
down as equilibrium is approached. The temperature depen-
dence of the equilibrium constant will thus affect the weather-
ing flux for some minerals.

2.3. Significance of Matric Potential and Observed Soil
Water Distribution

Matric potential is the potential energy of water in the soil
created by forces that tend to hold water to the soil. These
matric forces include surface tension, adsorptive forces, os-
motic forces and Van der Waals forces (Wilkinson and Klute,
1962). The strength of these forcesis strongly influenced by the
interfacial area of the water-grain contact in the pores. These
forces may aso influence the driving force for the reaction
(Mercury and Tardy, 2001). Since the size (a proxy for the
interfacial surface area) and distribution of pores varies con-
siderably spatially (see Velbel, 1993a, for a review) the
strength of these forces will also vary spatially. A consequence
of this is that water will drain first out of those pores where
matric forces are weakest i.e., the largest macropores, since the
ratio of their surface areato water volume are the lowest. Asthe
soil drains, water is released from smaller pores and thinner
films within large pores. In some pores, water is so tightly held
that the water may never drain. In addition, a water film coats
al mineral surfaces even at great aridity.

One way of visualizing this relationship for a particular soil
is through a water retention curve (Jury et a., 1991). A water
retention curve is a plot of matric potential versus the water
content of the soil. The curve can reveal the amount of water

0.5

0.4

0.3
S
0.2

0.1

IIllIIlIIIllIlIlllJlllll

0.0

T T T T T
July Aug. Sept. Oct. Nov.

3
]

Fig. 1. Fractional water content (6), of a Leck Kill silt loam in
Pennsylvania, United States, over the growing season. The locd in-
creases are due to rainfall events. After Henninger (1972).

held in the soil at or above a certain matric potential. Because
correlation between the size of the pore and the matric potential
can be assumed, a water retention curve also provides infor-
mation on the size of the pore that drains at a particular water
content (Childs and Collis-George, 1950).

Field studies of soil moisture variability (Henninger, 1972;
Rogowski et al., 1974) demonstrate that water content fluctu-
ates with rainfall and season. For many soils in the humid
temperate northeast U.S., for example, water content will only
drop below field capacity (the water content of the soil at which
drainage is imperceptible) during the growing season, when
evapotranspiration is active (Fig. 1). This seasonal minimum
water content, if compared to a water retention curve appro-
priate for the soil, indicates the size classes of poresin the soil
that drain imperceptibly slowly according to the Childs and
Collis-George model. Solutes released by weathering within
these pores will only leave the soil by diffusion into pores that
do drain (Thomas and Phillips, 1979; Swoboda-Coburg and
Drever, 1993).

This observation leads to some pertinent questions: 1) What
percentage of the total surface areain a soil defines pores that
cannot drain? 2) What fraction of the solutes released by the
soil are contributed from weathering within poresthat do drain?
The difference between the total amount of solute flowing out
of a soil and the amount contributed by drainable pores has to
be due to diffusion of solute from the parts of the soil that never
drain. 3) How might temperature affect the size classes of pores
that drain? In what follows, these questions are explored using
a plug-flow-reactor model of weathering in soils, which incor-
porates the capillary model of soil porosity.

3. WEATHERING MODEL

3.1. Structure and Movement of Water in Soils

Early descriptions of the geometry of water in the unsatur-
ated zone (Haines, 1927, 1929; Baver, 1938; Nelson and Baver,
1940) come from observations taken from experiments in
which well rounded, uniform, ideally packed grains were re-
peatedly saturated and dried. Even in simple packing systems,
water exists in a continuum of complex shapes that can change
considerably during wetting and drying. Stallman (1964) re-
views some of this early work and summarizes the changes that
water undergoes during the process of draining from an initially
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Fig. 2. Sketch showing the changes in water geometry that occur
during drainage. Note as the films of water get progressively thinner,
the surface area to volume ratio increases.

saturated state (Fig. 2). As drainage begins, bubblesform in the
center of pore spaces and water drains along thin films adjacent
to grain surfaces. The bubbles increase in size until grain
surfaces are covered by thin films of water. Further dewatering
decreases the thickness of the water films. Water may also be
drawn laterally into smaller pores in response to matric poten-
tial gradients (Horton and Hawkins, 1965). Eventually, water is
restricted to small bridges (menisci) located at points of grain
contact, at which drainage ceases. These observations indicate
that the surface area to volume ratio of water in the pore space
increases during the drainage cycle. Solute transfer models
ought to approximate these changes.

3.2. The Model

The premise for the model is that the flow paths described
above can be represented as bundles of capillary tubes of
various diameters that drain at particular matric potentials (Fig.
3). In the model, we assume that every class of micropore

and macropore in a soil can be approximated as a plug flow
reactor (with specific surface area to volume ratios and water
residence times) operating concurrently. This approach simu-
lates both the increase in surface area to volume ratio that
occurs during drainage and simul ates the observation that water
in smaller pores is more tightly held. Furthermore, the model
allows the use of a frequently measured soil property (the
meatric potential-water content curve) to develop a simplified
porous geometry that is amenable to solute-transfer calcula-
tions. While such amodel is simplistic in that pores are treated
as noninteracting tubes of constant diameter, the model is
useful as a first step in understanding some of the coupling
between flow path and solute chemistry.

This idea for modelling soil originated from Childs and
Collis-George (1950) and was used to derive a relationship
between hydraulic conductivity and soil moisture content. The

ROER

Fig. 3. Conceptual view of soil porosity as through-going cylindrical
pores. weathering will be simulated in this paper by treating each pore
as a plug-flow reactor with a unique surface area and water residence
time.

model was later modified by Marshall (1958), and has been
shown to be useful in predicting unsaturated hydraulic conduc-
tivity in particular soil textures. Using the model, the solute flux
out of the soil profile is the total solute contributed by al the
size classes of poresthat have completely drained per unit time.

As afirst attempt to understand predictions of the model, we
assume that all pores are initially saturated and that pores drain
concurrently, though at variable rates. The flux can be approx-
imated by dividing the total solute contributed by all the pores
that drain by the period of time between rainfall (saturation)
events. Model calculations occur in three steps: 1) calculation
of the size and number of capillaries that simulate the water
retention curve of a particular soil texture; 2) determination of
which of the pores would drain if the initially saturated soil
were allowed to drain to a particular matric potential; and 3)
calculation of the amount of solute generated by each class of
micropore using plug flow reactor theory and the general rate
law of Lasaga (1984).

3.3. Determination of the Size and Number of Capillaries
that Make Up a Sail

The following treatment of the Childs and Collins-George
model follows Jury et a. (1991). A matric potential (H; cm of
water) vs. water content (6) graph (Fig. 4) is divided into equal
fractional water content intervals (A6). The maximum matric
potential (H;) for each water content interval is obtained from
the graph. The radius of the capillary (r;) at which the matric
potential exactly balances the surface tension forces retaining
the water is calculated using a form of the Laplace Eqgn. 1:
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Fig. 4. Matric potential (AH) plotted against fractional water content
(0) for the silt loam example. In the Childs and Collis-George (1950)
model, the curve is subdivided into equal water content intervals and
the maximum matric potential is obtained for each.

_ 20
= pgAHj (1)

where o is the surface tension of water in g/s?, p is the density
of water in g/cm?, and g is the acceleration of gravity in cm/s>.
To parameterize o as afunction of temperature (T) we obtained
surface tension data for pure water in contact with air from
Weast and Melvin (1979) from 0° to 30°C and applied a Taylor
polynomial curve fit. Eqn. 2 was found to adequately charac-
terize the data over the temperature range (R®> = 0.9996):

o =78.617 + 0.112T — 0.00045T? 2

To determine the number of capillaries of radius r; that empty
for achange in water content (A6) we divide A6 by the volume
of the capillary (3),

Y .
ARy G

where n; is the number of capillaries of radiusr; and L is the
thickness of the saturated layer (cm) in the soil. Egns. 1, 2 and
3 are evaluated for every interva j.

3.4. Calculation of the Solute Generated by Each Size
Class of Pore

To estimate the total solute contributed by dissolution of
phases in each class of capillary we evaluate a modification of
the general rate law discussed by Lasaga (1984):

M = KtAth,er,r 4)

Here M is the total number of moles of solute produced; K, is
the rate constant for the reaction in mol/cm?s, a function of
temperature; A, is the surface area of the capillary in cm?, a
function of the radius of the capillary and the roughness coef-
ficient; 7, is the water residence time of the capillary in
seconds, a function of temperature and the radius of the capil-
lary; (), is the affinity term, a dimensionless function modi-
fying the rate law for the chemical saturation state with respect
to the dissolving mineral in the capillary. Conspicuously miss-
ing from Egn. 4 are terms describing the effect of pH on therate
law and the effect of catalysts and inhibitors that may be
present in the capillary. These terms have been shown to be
very important in dissolution studies of minerals (e.g., Chou
and Wollast, 1984; Helgeson et al., 1984; White and Brantley,
1995) but are assumed in this study for the sake of simplicity to
be incorporated into the rate constant. Rate constants are cho-
sen for a pH value of 5. K, is evaluated using the integrated
form of the Ahrrenius equation e.g., (Velbel, 1990):

E.(Tg— T
K = K exp{ %} ®)
Where K, is the reaction rate at the reference temperature
(298°K) in mole/cm?/s, E, is the activation energy in cal/mole,
T, IS the reference temperature in K, T is the temperature of
interest in K, and R is the gas constant in cal/K/mole. The
reactive surface area of the capillary is assumed to be the
geometric surface area of the cylindrical capillary multiplied by
a dimensionless roughness coefficient A (White and Petersen,

1990):
A, = 2mrLA (6)

Because soils have pores that are complex and vary greatly in
size, the geometric surface area of the cylindrical capillary that
approximates the pore will underestimate the reactive surface
area aong the flow path. The purpose of the roughness coef-
ficient is to provide a mathematical way to account for this
missing surface area. A is commonly evaluated for mineral
grains by dividing the surface area determined with BET to the
surface area determined with geometric considerations (White
and Petersen, 1990). For naturally weathered minerals, A can
range from 1.08 to 2600; see Anbeek (1992) for a review. In
this study, calculations will be repeated for a range of A to see
how sensitive the temperature feedback is to uncertainty in
reactive surface area. Water residence time is calculated by
dividing the volume of the entire cylindrical capillary (Eqn. 7)
by the flux at steady state. Because the Childs and Collis-
George (1950) model assumes that flow in capillaries is lami-
nar, Pouseille's law can be used to calculate the flux out of the

capillary:

V= mrll @
rpgAH;
c SulL (8)

Here V is the volume of the capillary in cm®, Q. is the flux in
cm3s, AH,; is the energy (per unit weight) of the water in the
capillary in cm, and &rtf-symbol-117; is the coefficient of
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Table 1. Calculated pore sizes and distribution for Dubb’s silt loam.

AH;

j 0 A6 Hj (cm) (cml) o r; (cm) L (cm) n;

0 0.52

1 05 0.02 40 60 72.0312 0.001322 100 36.4
2 0.48 0.02 55 45 72.0312 0.000961 100 68.8
3 0.46 0.02 65 35 72.0312 0.000814 100 96.1
4 0.44 0.02 70 30 72.0312 0.000756 100 1115
5 0.42 0.02 75 25 72.0312 0.000705 100 128.0
6 04 0.02 80 20 72.0312 0.000661 100 145.6
7 0.38 0.02 920 10 72.0312 0.000588 100 184.3
8 0.36 0.02 100 0 72.0312 0.000528 100 227.6
9 0.34 0.02 120 -20 72.0312 0.000441 100 327.7
10 0.32 0.02 140 -40 72.0312 0.000378 100 446.0
11 0.3 0.02 170 =70 72.0312 0.000311 100 657.7
12 0.28 0.02 220 —120 72.0312 0.000240 100 1101.4
13 0.26 0.02 290 —190 72.0312 0.000182 100 1913.8
14 0.24 0.02 380 —280 72.0312 0.000139 100 3286.0

dynamic viscosity in g/cm/s. AH; can be determined by sub-
tracting the gravitational potential energy of water from the
surface tension energy tending to hold the water in the capil-
lary. For large pores where surface tension is negligible, the
hydraulic gradient (AH; /L) will be 1. For smaller pores, the
hydraulic gradient will be less then one. Dividing Egn. 7 by
Egn. 8 yields the residence time for the capillary (Egn. 9).

_ 8uL? ©
r’pgAH,

Ttr

To parameterize dynamic viscosity as a function of tempera-
ture, we obtained water viscosity data from Weast and Melvin
(1979) and applied a Taylor polynomia curve fit. A second-
order curvefit was found to be adequate to characterize the data
(R? = 0.9994):

v=0.674 + 0.004T + 6.87 X 107°T? (10)

This same set of data could aso be characterized with an
Arrhenius parameterization with an activation energy of ~18
kJmole (Velbel, personal communication). AH,/L is the affin-
ity term that modifies the rate constant as equilibrium is ap-
proached. Thisterm will vary with the mineral dissolved but we
assume the form of Eqgn. 11, modified from Nagy et al. (1991),

o))

where Q is the ion activity product and K, is the equilibrium
constant, a function of temperature. The parameters A and B
are empirically obtained coefficients used to fit the affinity
equation derived from transition state theory (Lasaga, 1981) to
observed dissolution rate versus AG, data; see Burch et al.
(1993) for an example. The values and sources of these con-
stants will be explained below.

To model K, as a function of temperature, we used the
integrated form of the Van't Hoft equation (Stumm and Mor-
gan, 1982),

AHr(Tref - T)
Keg = Kege eXP{ W} (12

where K, is the equilibrium constant at the temperature of

reference (25°C) and AH, is the enthalpy of reaction. Egn. 12
substituted for K, in Egn. 11 gives an expression for €}, that
is a function of temperature and the saturation state of the

capillary:
Q B

AHr(Tref - T)
Keaw &P\ — 7 7

Q. =[1—exp[Aln

(13)

The final equation for mass of solute accumulated in the cap-
illary over some time interval is obtained by substituting Egns.
5, 6, 9 and 13 in Eqgn. 4:

- Ea(T.« — T)\16mL® )
M = K Exp( RTT ) rpghH
B
1 — Exp| Aln Q (14

AH, (T — T)
Keg EXD(#)

3.5. Soil Textures and Conditions Modeled in This Study

Water retention data were obtained for asilt loam (Haridasan
and Jensen, 1972) and asand (Jury et a., 1991). Figure 4 shows
the water retention curve for the silt loam. The curve was
divided into intervals of A# egual to 0.02 and Egns. 1 and 3
were solved for a variety of temperatures to calculate the size
(radius) and number of pores that drained during each incre-
mental drop of water content. The results of these calculations
are presented in Tables 1 and 2 (for silt loam and sand respec-
tively; 298°K).

4. RESULTS

4.1. What Pores Have the Greatest Surface Area and Do
They Drain?

To determine the portion of the water retention curve where
the surface area per unit volume is the largest, we solved Egn.
6 for each A6, interval in the water retention curve. Total
drainable surface area (A, for the soil is calculated by sum-
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Table 2. Calculated pore sizes and distributions for a sand textural class.

j 0 A6 Hj (cm) AHj (cm) o r; (cm) L (cm) n

0 04

1 0.35 0.05 13 0.87 72.0312 0.007707 100 2.68
2 0.3 0.05 27 0.73 72.0312 0.003711 100 11.56
3 0.25 0.05 47 0.53 72.0312 0.002132 100 35.02
4 0.15 0.05 148 —-0.48 72.0312 0.000677 100 347.26
5 0.1 0.05 345 —245 72.0312 0.000290 100 1886.98

ming the surface area for al A6, from saturation to “dryness’
at 298 K:

rate = Dry

> nA,

ratg = Sat.

A = (17)

Note that thisis a conservative estimate of the total surface area
of the sail since it does not include the surface area of pores
smaller than the smallest pores calculated in Table 1. Figures
5A,B show the surface area of the soil that drained when the
poresin that water content interval drained for the silt loam and
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sand respectively. The calculations suggest that poresin the silt
loam that drained when the soil water content dropped from
saturation (0.50) to (0.35) contain only a small fraction of the
total surface area of the soil. A silt loam that has awater content
that stays above 0.35, not uncommon for the period between
late fall and spring in the humid northeast (Henninger, 1972),
will be draining water that has relatively little contact with
minera surface area compared to water retained in the smallest
pores. Below 0.35 the pores that drain have significantly more
surface area per unit volume. Figures 5A,B also show a similar
curve calculated for 0°C. As hypothesized, warmer waters do
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Fig. 5. Surface area and cumulative area exposed in pores that drain in a particular water content interval. The vertical
dashed lines denote the critical water content at which pores cannot drain (i.e., when the gravitational energy of the water
exactly balances surface tension energy holding the water to the pore). All calculations were carried out with a roughness
of 1 and alength of 100 cm. The solid and dashed lines are the calculations for 25 and 0°C respectively.
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drain greater surface area, but the effect is very dight because
of the small dependence of surface tension on temperature
between 0°C and 25°C.

Figures 5C,D present the cumulative fractional surface area
of the soil that drained at a particular water content for the silt
loam and sand respectively. Only when the volumetric water
content has dropped to 0.30 has 50% of the total surface area of
the silt loam drained. Thelast 0.10 drop in soil moisture content
drains the rest of the total drainable surface area. For the sand,
the lowest volumetric water content it can drain to theoretically
(0.2) only exposes 25% of the cumulative fractional area. It is
apparent that for both soil textures to release the water that isin
contact with the bulk of the mineral surface area, the soil hasto
drain to very low (sometimes impossibly low) water contents.

4.2. Water Residence Time

Eqgn. 9 was solved for al A6, with a saturated thickness (L)
of 100 cm to determine the amount of time required for the
pores draining at each A6, to drain completely (Figs. 6A,B).
The graph shows the time required to drain the size class of
pores that drain at a particular water content. The calculation
assumes the pores were fully saturated initially. The curvesin
Figure 6 suggest that water residence time is sensitive to
temperature; with decreasing temperature the water residence
time increases. The magnitude of this effect (Fig. 6B) showing
a near doubling of water residence time in al size classes of
pores as the temperature is decreased from 25 to 0°C. Inspec-
tion of Egn. 9 suggests that T, o L2 Water residence time is
thus very dependent on the length of the pore. Since Egn. 14
was solved with a uniform L for all size classes of pores, it is
possible that some error is introduced in the water residence
time evaluation because L probably varies with the size of the
pore.

4.3. Solute Generation as a Function of Pore Size

Solute calculations were calculated for the dissolution of
quartz and kaolinite in the sand and silt loam textural classes.
Tables 3 and 4 present the kinetic constants used. The total
amount of solute per unit volume generated by pores draining
at a particular water content was calculated to determine at
what water content most of the solute was released (Fig. 7). For
the silt loam and sand textural classes, pores that drained at the
lowest water contents produced the greatest amount of solute
per unit volume. For the sand example (Fig. 7B) pores draining
at a water content of 0.1 generated 800 times more solute per
unit volume than pores draining at field saturation (6 = 0.35).

Increasing temperature increases the solute produced by the
pores. This effect is due primarily to the temperature effect on
the rate constant (activation energy). The magnitude of the
effect is highest with quartz (11 times more solute at 25°C then
at 0°C) and barely noticeable for kaolinite (Figs. 7C,D). It is
important to note that this temperature effect is smaller than
what is predicted by only modifying the rate constant with the
Arrhenius equation and calculating the solute produced. The
reason is that as temperature increases, water residence time
decreases, reducing water mineral contact time. For quartz, 30
times more dissolved silica is generated at 25°C than 0°C (for
pores draining at awater content of 0.35) when the temperature
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Fig. 6. Water residence time for pores that at the particular water
content interval for asilt loam (A) and asand (B). Calculated with Eqn.
9 and alength of 100 cm. Notice the strong dependence on temperature.

effect on water residence timeis not included and only 17 times
when it is included. In comparison, twice as much dissolved
solute is produced at 25°C than at 0°C from kaolinite when the
temperature effect on water residence time is not included, and
only 20% more when it is included. For kaolinite dissolution,

Table 3. Conditions for the dissolution of kaolinite example.

Variable Vaue Reference

K, 10~ moles/cm?/sec Carroll and Walther (1990)
Ea 20.5 kJymole Carroll and Walther (1990)
Tres 298 K Carroll and Walther (1990)
R 8.314 kJdeg/mole Stumm and Morgan (1982)
L 100 cms

A 1,5, 10
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Table 4. Conditions for the dissolution of quartz example.

Variable Value Reference

K, 10~ mole/cm?/sec Rimstidt and Barnes (1980)
E, 91.2 kJymole Knauss and Wolery (1986)
Toes 298 K Rimstidt and Barnes (1980)
R 8.314 kJ/deg/mole Stumm and Morgan (1982)
L 100, 200, 300 cms

A 1,5, 10

consideration of the temperature effect on residence time is
even more important since its dissolution reaction has a lower
activation energy. We can calculate an apparent activation
energy correction that describes the effect that water viscosity
and surface tension have on the temperature dependence of the
model by solving Egn. 5 for activation energy and substituting
K, with an effective K, found by dividing the solute produced
by the model at the temperature of interest with the surface area
and water residence time of the pores at the reference temper-
ature. Solving this for the temperature variation between 25°C
and 0°C yields an activation energy of —15 kJ/mole. Thus, the
apparent activation energy that should be used to account for
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the temperature feedback on weathering is 15 kJ/mole less than
the activation energy of the laboratory rate constant for the O to
25°C interval.

Calculated cumulative solute production for all the pores that
have emptied at a particular water content (Fig. 8) suggests that
the bulk of the solute is released by the draining of the lowest
water contents. For the silt loam example, draining from field
saturation (0.5) to 0.27 releases 50% of the total solute that
could be produced. Subsequent draining from only 0.27 to 0.25
releases the other 50%. The importance of smaller poresis due
to the high surface area and long residence times associated
with them.

5. DISCUSSION

The model calculations presented here suggest that the high-
est surface area to volume ratios and greatest solute production
are associated with pores that drain only at high matric poten-
tials. This aspect of the soil system makes it important to
quantify the mechanisms (diffusion, advection) that are capable
of moving solute to pores that drain at low matric potentials.
Undoubtedly some of the discrepancy between field and labo-
ratory rates of weathering comes from an underappreciation of
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Fig. 7. Solute generated by pores that drain at the particular water content interval for a variety of temperature for the
dissolution of quartz (silt loam and sand textura cases; A, B, respectively) and the dissolution of kaolinite (silt loam and
sand textural classes; C, D, respectively). Calculated with Egn. 14 assuming L = 100 cm, A = 1 and an affinity of 1.
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Fig. 8. Solute production expressed as a percentage of nonaffinity case solute production plotted against roughness for
avariety of L (A). A value of 100% indicates that the model (with affinity) produced the same amount of solute as the same
model without affinity. Notice that affinity becomes important (i.e., reduces solute production efficiency) for A > 50 in the
dissolution of quartz. Silica production by pores that drain at a particular water content for a temperature of 10°C, for A
variety of A; L = 100 (B), L = 200 (C), L = 300 (D). Calculations completed for the dissolution of quartz in the silt loam
texture example. K is the effective rate constant (see text).

the differences between the natural soils system, where packets
of fluid are sometimes trapped in pores by matric forces, and
reactor experiments, where fluid is moving efficiently overall
grain surfaces. These systems are difficult to compare because
it isdifficult to compute a water residence time per unit surface
area for the natural soil system.

The results of the temperature sensitivity analysis suggest
that (holding other factors constant) the response of weathering
to temperature changes will be smaller than is predicted by the
Arrhenius equation with the appropriate laboratory activation
energy. The reason for this is that temperature also influences
the viscosity of water which in turn affects minera-water
contact time. An increase in temperature increases the rate of
dissolution, but it also decreases soil-water residence time.
Thus the extent of reaction is reduced somewhat.

The temperature effect on dynamic viscosity will hold true
for all weathering reactions, and will reduce the temperature
feedback on weathering as long as the pore water is not close
to saturation. If that is the case we should see lower activation
energies in field studies than in laboratory studies if the vis-
cosity effect is not masked by other feedbacks. Recent field
studies of albite weathering in which activation energies were

actually calculated (Velbel, 1993b; White and Blum, 1995) and
laboratory studies (Knauss and Wolery, 1986; Sverdrup, 1990;
Hellman, 1994; Blum and Stillings, 1995; Chen and Brantley,
1997) allow the comparison to be made (Table 5). Table 5
shows some scatter, with silica release from albite dissolution
having an activation energy 6 kJmole lower in thefield than in
the laboratory. For sodium release from albite dissolution,
White and Blum'’s field energy is 6.3 kdJ/mole lower than
Hellman's (1994), while Velbel’s (1993b) field derived activa
tion energy was 7 kJ/mole higher. These discrepancies proba-
bly fall within the error of estimation (note the wide scatter of
activation energies among the laboratory and field studies).
Evaluating activation energies is problematic in the field, be-
cause it isdifficult to find watersheds that are identical in every
way except for temperature. It is interesting to note that studies
by Bluth and Kump (1994) and Summerfield and Hulton (1994)
failed to find a strong temperature dependence on weathering
rates. There are many physical, chemica and biologic pro-
cesses involved in soil weathering that are dependent on tem-
perature which the model does not consider. Furthermore, it has
been shown by White and Brantley (1995) that the activation
energy of some weathering reactions is affected by pH, so the
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Table 5. Activation energies calculated from laboratory and field studies.
Mineral Field (kJmole) Reference Laboratory (kJ/mole) Reference
Albite (Na release) 62.5 White and Blum (1995) 68.8 = 4.5 Hellman (1994)
77 Velbel (1993a) 67.7 Blum and Stillings (1995)
64 Sverdrup (1990)
54 Knauss and Wolery (1986)
Albite (Si release) 59.4 White and Blum (1995) 65.3 + 3.3 Chen and Brantley (1997)

net effect of temperature on weathering probably varies from
place to place.

Our model incorporates all the assumptions of the original
Childs and Collis-George (1950) model. These include the
assumption that the effective resistance of the pore to drainage
is controlled by the surface tension forces acting on the smallest
radius of the pore, and that water does not bypass narrow pores.
Actual soil micropores are probably interconnected. Conse-
quently, the notion that each class of micropore can be modeled
as an isolated plug flow reactor is a simplification. Mixing of
water and flushing of micropores by other micropores is cer-
tainly possible. However many field studies of water displace-
ment in well structured soils (Quisenberry and Phillips, 1976,
1978; Priebe and Blackmer, 1989) show that very little dis-
placement of water occurs, an observation that is attributed to
the movement of water through pores without mixing. Other
field studies show that antecedent moisture conditions can
influence the degree of mixing in the soil (Parnell, 1993). For
wetter antecedent moisture conditions, more mixing occurs.
For drier antecedent moisture conditions, less mixing occurs
and bypass flow is much more prevalent. The model is thus
most applicable for drier conditions or well structured soils
where dual porosity models are more appropriate. The model
also does not treat the diffusion of solute from other micro-
pores. These two limitations of the model (poreisolation and no
diffusion) means that it will underestimate the leaching rate of
the soil.

We assume in the model that surface tension forces are the
dominant force holding water to the soil grains. Thisis accurate
for the pores that are capable of draining by gravity (which
have been shown to be the volumetrically largest contributor of
water; Duguid and Lee, 1977; Shaffer et a., 1979; Watson and
Luxmoore, 1986; Wilson and Luxmoore, 1988; Jabro et al.,
1991b). Eqn. 16 suggests that the amount of solute contributed
by each pore is dependent on L=. The strong dependence on L
makes the assumption that all of the pores have the same pore
length tenuous, because minor variations of pore length will
have a significant impact on solute accumulation. Jury et al.
(1991) indicates that, to estimate unsaturated hydraulic conduc-
tivity correctly for some soil textures with the Childs and
Collins-George model, smaller pores must be allowed to have
longer pore lengths than larger micropores. Thus, assumption
of uniform pore length will cause the model to underestimate
the solute contributed by smaller pores. However, given these
simplifications, our model still presents a tractable first attempt
to conceptualy investigate coupling between both fluid flow
and kinetics in an unsaturated soil.

6. CONCLUSIONS

Field studies of soil water chemistry and soil structure sug-
gest that a variety of weathering microenvironments exist
within soils. These microenvironments are characterized by a
wide range of rates of weathering, due to differences in specific
surface area and water residence time. A simple plug-flow
model has been developed to examine how temperature influ-
ences rates of weathering within these micropores and how
temperature affects which microenvironments drain. The model
suggests that the bulk of the weathering occurs in microenvi-
ronments characterized by smaller pores, where water resi-
dence times are long and specific areas are high. Since some of
these environments cannot drain because of surface tension
forces, diffusion of solute to microenvironmentsthat do drainis
an important mechanism in transferring solute out of a soil.

The feedback of temperature on weathering in asoil (holding
other factors constant) should be weaker than what is predicted
using the Arrhenius equation and a laboratory activation en-
ergy. A primary reason for this is the effect of temperature on
water viscosity which will reduce water residence time as
temperature is increased, and increase water residence time as
temperature decreases. The temperature dependence of surface
tension and water viscosity can be included in the Arrhenius
equation by adjusting the laboratory-derived activation energy.
Further work should incorporate other temperature dependent
mechanisms in the model to see what the overall feedback of
temperature is on weathering, and how this will vary spatially.
We should also identify what portion of the matric potential
water content curve dominates the chemistry of soil percolate
and how this may vary with soil texture and season. Thissimple
model provides a useful first approximation for coupling hy-
drologic and chemical processes in the continuum of pores that
make up the natural soil system. We hope it will stimulate
further research on the mechanisms that move water and solute
from pore to pore and will enable usto identify the critical parts
of the soil fabric that control watershed chemistry.
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