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feldspar surfaces. The amorphous layer remains thin, 
having a thickness <10 nm, even after reacting for 
hundreds of thousands to millions of years. The in-
terface between the thin amorphous layer and com-
pletely unaltered feldspar is very sharp. This is simi-
lar to the observations of Hellmann et al. (2002) of 
experimentally altered albite, and suggest that diffu-
sional processes within the feldspar is not an impor-
tant factor in the dissolution kinetics. The amor-
phous layer, although ubiquitous, cannot be a 
diffusion barrier unless diffusion coefficients in the 
leach layer is unreasonably low. 

Our HRTEM and FEG SEM observations also 
revealed the ubiquitous presence of clay coatings on 
feldspars within the Navajo sandstone. Feldspar sur-
faces are first covered with a small amount of patchy 
kaolinite in euhedral, oriented hexagonal plates. 
Outside of the kaolinite lies a continuous layer of 
oriented smectite 1-5 µm in thickness. These phase 
relationships are indicative of in situ alteration. In 
HRTEM observations, the thin amorphous layer is 
always present between crystalline feldspar and clay, 
and there is no structural inheritance between the 
feldspars and the amorphous surface layer or the sur-
rounding clay minerals. An identical smectite layer 
occurs on quartz and Fe-Ti oxides, although kaolin-
ite is not observed. We suspect that clay layers are 
widespread in undisturbed weathering environments, 
but that many studies remove the clay coatings be-
fore analysis. However, the clay rinds are also 
unlikely to be a significant diffusion barrier. Calcu-
lations indicate that the clay rind can only be a diffu-
sion barrier using unrealistically low values for the 
effective porosity and tortuosity. 

2.4 The effect of solution chemistry on feldspar 
dissolution 

Probably the most currently favored explanation for 
slow feldspar dissolution in natural systems is an 
approach to equilibrium with respect to feldspars, 
whereas laboratory experiments are almost exclu-
sively conducted far from equilibrium. A transition 
state based expression: 
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where kj is the rate constant, is often used to ap-
proximate the effect of approach to equilibrium on 
dissolution rates. However, to reduce the dissolution 
rate by the observed factor of 105, the affinity (A) 
must be <0.025 J/mol, which is extremely close to 
equilibrium. This means that very little additional 
feldspar can dissolve before equilibrium with feld-
spar would be exceeded. 

However, the observed geochemical evolution of 
groundwater at Black Mesa indicates that feldspar 
dissolution continues at a slow but nearly constant 
rate along the flow paths over thousands of years 

(Fig. 2). Thus, equilibrium must never be completely 
attained, since this would halt all further dissolution. 
Thus, affinity is most likely responsible for the slow 
feldspar dissolution rates, but can not completely 
explain the chemical evolution of the Black Mesa 
system. 

Examination of other feldspar-containing regional 
aquifers, e.g., the Middendorf aquifer in the S. Caro-
lina (Murphy & Schramke 1998), Lower San Pedro 
basin in SE Arizona (Robertson 1992), the Central 
Oklahoma aquifer (Parkhurst et al. 1995), and Santa 
Fe group in New Mexico (Zhu unpublished data), all 
show very slow feldspar dissolution, but still pro-
nounced geochemical evolution over many kilome-
ters. This requires continued, slow feldspar dissolu-
tion. Thus, it appears that slow feldspar dissolution 
rates in aquifers generally involve more than a sim-
ple approach to feldspar equilibrium. 

2.5 The role of clay precipitation in the overall 
reaction kinetics 

We conclude that the most important mechanism 
controlling the slow dissolution rates feldspars in 
aquifers is the slow precipitation kinetics of kaolinite 
and smectite. The precipitation of clays would re-
move solutes from solution, undersaturate the solu-
tion with respect to feldspars, and make additional 
feldspar dissolution possible. In our studies of the 
subsurface systems, in situ clay formation as a result 
of feldspar dissolution is ubiquitous. For reactions in 
series, the slowest reaction controls the overall rate. 
Thus, the overall rate of the feldspar dissolution 
along the flow path may be controlled by the pre-
cipitation rates of kaolinite and smectite if this is the 
slow step in the overall reaction. 

3 REACTION PATH MODELING 

This mechanism was demonstrated by reaction-path 
modelling. If feldspar initially dissolves at the labo-
ratory rate and clay precipitates instantaneously or at 
the same rate as feldspar dissolution, feldspar disso-
lution rates decrease rapidly as A drops and the 
closed system approaches equilibrium. However, 
when clay precipitation rate constants are 102 to 104 
slower than the feldspar dissolution rate constant, 
feldspar dissolution rate decreases rapidly due to the 
A effect, but reaches a steady state where groundwa-
ter is near equilibrium with feldspar. Therefore, slow 
clay precipitation effectively reduces K-feldspar dis-
solution rates by orders of magnitude, in a fashion 
consistent with laboratory rates, transition state the-
ory and field observations, but with clay precipita-
tion as the slow culprit. We believe that other factors 
may contribute to the slower feldspar dissolution 
rates in natural systems, such as surface chemistry 
and inhibitors, especially in soils. However, it is 



unlikely these factors can explain a five orders of 
magnitude difference. 

The control of feldspar dissolution by the precipi-
tation kinetics of the secondary minerals reconciles 
many of the apparent discrepancies between labora-
tory experimental rates and field measurements, and 
explains field observations that previously appeared 
inconsistent. It explains why smectite coatings occur 
on all sediment grains, not only on feldspars; a sur-
face or diffusion controlled mechanism would result 
in higher concentrations of SiO2(aq) and Al3+

(aq) only 
in solutions near the feldspar surfaces. It also ex-
plains why kaolinite is preserved and co-exists with 
smectite in natural systems over hundreds of thou-
sands to millions years. 

4 IMPLICATIONS OF A LINKED FELDSPAR 
DISSOLUTION-CLAY PRECIPITATION 
MECHANISM 

A similar mechanism of clay precipitation control-
ling the overall feldspar weathering rates may also 
potentially operate in unsaturated soil systems. Iso-
lated pores in soils may act as closed systems for 
weeks, months, or even years, and during these ex-
tended periods, the precipitation of clays may con-
trol the overall reaction rates within the pores. 

A scheme in which clay precipitation kinetics 
controls the overall feldspar dissolution rate presents 
several dilemmas for the traditional application of 
kinetic theories to weathering systems. If the ob-
served feldspar dissolution rate is not dependent on 
the surface area of the feldspar, then the typical ap-
proach of normalizing feldspar reaction rates to feld-
spar surface areas may be misleading. Feldspar sur-
face chemistry, while critical to elucidating the 
atomic mechanisms of feldspar dissolution, may 
play a subsidiary role in quantitative models to 
simulate many large scale geological and environ-
mental processes. It becomes more important to un-
derstand secondary mineral precipitation kinetics, 
which has been a difficult experimental and theoreti-
cal problem up to this time. Our hypothesis shifts the 
paradigm from the century-old debate about feldspar 
dissolution rates and mechanisms to the formation 
mechanisms of secondary phases, and opens up new 
possibilities for laboratory and field experiments to 
unravel the rates of overall feldspar weathering reac-
tions. 
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