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Rates of Hydrothermal Reactions 

Abstract. The rates of reactions of silicates and  aqueous j u i d s  follow zero-order 
kinetics controlled by the reacting surface area with the rate constant given by the 
equation: log k^ -2900iT - 6.85, where T is temperature and  where k has the unit's 
gram-atoms of oxygen per  square centimeter per  second. This expression appears to 
hold for all silicates and  for reactions involving dissolution, j u i d  production, or 
solid-solid transformations in the presence of a j u i d  of moderate td high pH. 

The rate relations of hydrothermal re- 
actions are of considerable interest in 
geologic and materials sciences. A full 
understanding of these processes would 
enable us to predict weathering phenom- 
ena, reactions in geothermal and meta- 
morphic systems, and the aqueous disso- 
lution behavior of, for example, nuclear 
waste-bearing ceramics. In the course of 
reviewing published data (1-19) on reac- 
tion rates, we have discovered a general 
Arrhenius relation between reaction rate 
and temperature that appears to hold 
over temperatures from 25" to 710°C. It 
also holds for a large number of different 
silicate and related mineral species. 

In the most detailed studies of mineral 
reaction rates (1-7), investigators have 
examined low-temperature dissolution 
phenomena of the type associated with 
weathering at the earth's surface. Such 
reactions may be represented as follows: 

apparent nonlinear relations are artifacts 
of sample preparation. Once fine-grained 
material is removed, dissolution follows 
a zero-order rate relation (3-7) con- 
trolled by the reacting surface area: 

The rate of removal of mass from the 
dissolving mineral (dmidt, in moles per 
square centimeter per second) is there- 
fore a constant at fixed temperature, 
pressure, and activities of solution spe- 
cies. The rate constant, kdls, is, however, 
a function of temperature ( I ,  7, 21) and is 
pH-dependent in acidic solutions. Disso- 
lution rates increase with increasing tem- 
perature ( I )  and with decreasing p H .  At 
moderate to high p H  [> 5 for feldspar at 
25°C (4, 20)], however, the dissolution 
rate becomes pH-independent. The rea- 
son for the change in behavior reflects 

mineral + H20 + aqueous solution the nature of the rate-determining step. 
At high activities qf H 3 0 *  the hydrolysis + secondary solids process involves H 7 0 A  in the rate-deter- 

Although many experimenters have mining step, whereas at very low activi- 
found complex dissolution behavior, it ties of this species undissociated solvent 
has recently been shown (4, 20, 21) that ( H 2 0 )  is the agent of hydrolysis (20). The 
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extent of the pH-dependent region varies 
from phase to phase (4, 20, 21), presum- 
ably because of different interfacial prop- 
erties and extents of H 3 0 t  adsorption. 

Most dissolution experiments have 
been performed in the temperature range 
from 0" to 90°C, with a few studies (1, 2, 
7) extending up to 300°C. The higher 
temperature experiments were predomi- 
nantly directed toward establishing equi- 
librium rather than toward estimating 
kinetic properties of reactions. Many of 
these "equilibrium" studies may be used 
to estimate reaction rates, provided cer- 
tain assumptions are made about the 
nature of the rate-controlling process. 

Let us consider a generalized high- 
temperature reaction involving solid and 
fluid phases: 

phase A + phase B = 

phase C + phase D (3) 

Such reactions are generally studied in 
order to establish the temperature and 
pressure conditions of equilibrium be- 
tween phases A, B,  C, and D ,  one of 
which is typically a fluid. One of the 
most precise and successful methods of 
determining equilibrium in such cases 
(8-19, 22) is to  use a fine-grained matrix 
of all but one of the product and reactant 
solids and a single crystal of the remain- 
ing phase. The experimental method re- 
quires only a few percent of fluid so that 
the production of fluid species is mini- 
mized. One then determines the direc- 
tion of reaction by weighing the single 
crystal before and after the experiment 
to determine whether it is in the stable or 
unstable assemblage (Fig. 1). This meth- 
od yields equilibrium at the point of zero 
weight change and, near equilibrium, an 
approximately linear relation between 
weight change and temperature (Fig. 1) 
(23). Linear behavior close to equilibri- 
um is predicted by transition state theory 
(20, 23-25) which, under these circum- 
stances, yields an equation of the form 

where k, is the rate constant for the 
forward reaction at the equilibrium tem- 
perature Teq (in kelvins), AS, is the over- 
all entropy change of the reaction, and R 
is the gas constant. Using Eq.  4 ,  we have 
extracted k, values for a large number of 
single-crystal studies (8-19) performed at 
temperatures from 300' to 710°C (Fig. 2). 
Values of AS, were computed from data 
of Helgeson et al.  (26). Values of AS, for 
reactions in H20-C02 were corrected 
for nonideal fluid behavior. The linear 
approximation breaks down far from 
equilibrium because of the temperature 
dependence of k, (23) (Fig. 1). Neverthe- 



less, the linear portion generally spans a 
wide enough temperature range to per- 
mit estimation of k, within a factor of 2 
(Fig. 2). 

In order to compare the widely differ- 
ing studies, we found it necessary to  
make some assumptions about the rate- 
determining steps that controlled the 
rates of weight change. Because the sur- 
face area of the single crystal is relatively 
small (- 0.5 cm2) relative to  the other 
fine-grained phases and because the 
presence of a fluid provides an abundant 
medium for diffusion, we assumed that 
the rate of surface reaction at activated 
sites on the single crystal is rate-deter- 
mining. This applies for either growth or 

dissolution of the single crystal. Thus, 
given approximate crystal masses, ge- 
ometries, and hence surface areas by the 
various researchers, we cast Eq.  4 to 
yield (dmidt) in terms of moles per 
square centimeter per second. In order 
to compare studies with different miner- 
als, we normalized each rate constant to 
gram-atoms of oxygen per square centi- 
meter per second (Fig. 2), that is, we 
multiplied each molar rate by the number 
of oxygens per mole. Although the grain 
size of the powdered material has some 
effect on the rate (9), we assumed that 
this was of second order since it appears 
to be less than a factor of 3 (9). 

The assumption of surface reaction 
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Fig. 1 .  (a)  Weight changes of single crystals of quartz for the reaction pyrophyllite = andalu- 
site + 3 quartz + H20 (1 1). (b) Weight changes of single crystals of clinozoisite for the reaction 
4 clinozoisite + quartz = grossularite + 5 anorthite + 2 H20 ( I f f ) .  
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Fig. 2.  Arrhenius plot of the reciprocal of absolute temperature (lin versus the logarithm (to the 
base 10) of the rate constant, determined from both dissolution and phase-equilibrium studies. 
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control is vindicated by the consistency 
between k, values derived from different 
studies (Fig. 2). These values show an 
Arrhenius temperature dependence with 
relatively little scatter and no consistent 
difference between different mineral spe- 
cies. This result implies that the k,  of 
surface reaction for a wide range of 
silicates (and for corundum) is similar at 
any fixed temperature. 

A final test of the hypothesis of sur- 
face-reaction control of the hydrother- 
mal reactions is provided by the low- 
temperature dissolution data. If, as sug- 
gested here, surface detachment (or at- 
tachment) is rate-controlling, then from 
transition state theory (20, 23) kdls in Eq.  
2 (corrected to gram-atoms of oxygen) 
and k,  in Eq.  4 should, under the same 
conditions, be equivalent. Figure 2 
shows available dissolution data for con- 
ditions of near-neutral DH where the 
rates are not substantially pH-dependent 
(4, 20, 27). The available dissolution data 
for this particular p H  regime are consist- 
ent with an extrapolation of the high- 
temperature "reaction rate" data, con- 
firming our hypothesis of surface-reac- 
tion control. 

In this set of studies (Fig. 2), the 
experimental temperature of most of the 
scattered and inconsistent data is 2S°C, a 
temperature at which the crystals must 
be fine-grained (< 120 mesh) in order for 
dissolution to proceed at readily measur- 
able rates. Grinding crystals to  this size 
introduces substantially increased sur- 
face defects and very fine particles (4), 
which dissolve more rapidly than the 
bulk equilibrium surface. Etching to re- 
move these high-surface-energy phe- 
nomena (4) probably also results in en- 
hanced dissolution rates because this 
process produces etch pits and a thin 
leached layer (27). Thus, most of the 
25°C data refer to abnormally high expo- 
sures of defects or leached-layer phe- 
nomena, whereas the higher tempera- 
ture, single-crystal experiments and 
most of the high-temperature dissolution 
experiments involve cleaved (unground) 
crystals (7) with minimized concentra- 
tions of surface defects. Despite these 
uncertainties, the data in Fig. 2 exhibit 
remarkable consistency throughout the 
temperature range of interest. 

In contrast to the case at 25OC, fluid 
composition appears to have little effect 
in the high-temperature regime. A num- 
ber of the single-crystal experiments (18) 
(Fig. 2) were performed in H20-C02 
fluids with up  to 0.95 mole fraction of 
C 0 2 .  The rates for these reactions are 
indistinguishable from those in pure 
H 2 0 .  This finding suggests either that 
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the rate-controlling step does not involve 
solvation or  that H 2 0  partitions so 
strongly into the mineral interface that 
its concentration at the interface is not 
greatly affected by 95 percent dilution in 
the bulk of the fluid. In either case, the 
result greatly extends the applicability of 
the observed rate relation. A similar con- 
clusion applies to the effect of total pres- 
sure; we find no systematic effect of total 
pressure on rate constants at pressures 
from 1 to 7000 bar. Thus, it appears that 
temperature dominates over fluid com- 
position and pressure effects in the sin- 
gle-crystal studies. 

The solid line in Fig. 2 describes a rate 
constant given by the equation 

log k -2900lT - 6.85 (5) 

where T is temperature and where k has 
the units gram-atoms of oxygen per 
square centimeter per second. The possi- 
ble applications of this expression to 
geologic phenomena are many, but let us 
consider as an example a prograde meta- 
morphic dehydration reaction with 
AS, = 80 J K-I. At 500°C overstep of 
this reaction boundary by 1°C with 2-mm 
crystals would cause the reaction to go 
to completion in 330 years, given the 
presence of all phases involved. At 
700°C the reaction would go to comple- 
tion in 70 years. These rapid rates sup- 
port the classic observation (28) that 
prograde mineral assemblages remain 
very close to  thermodynamic equilibri- 
um when a fluid phase is present. 

BERNARD J. WOOD 
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Electron Density Distribution in the Organic Superconductor 

(TMTSF)2A~F6 

Abstract. Excellent crystals of (TMTSFI2AsF6 (TMTSF, tetramethyltetraselenaful- 
valene) were employed to obtain x-ray diffraction data for a determination of the 
electron density distribution in this organic superconductor. Electron density was 
observed between molecules in a stack of donors of an organic metal and between 
certain interstack selenium atoms of these donors. 

Certain organic molecules give rise to 
organic metals when converted to  radical 
ions. (1). These organic solids conduct 
electricity preferentially in one direction, 
usually along the long axis of the needle- 
shaped crystals. Most organic molecules 
that form organic metals are planar, are 
of DZh symmetry, and pack most effi- 
ciently in stacks like a deck of cards. The 
stacking direction corresponds to the 
long crystal axis mentioned above. Since 
in most organic metals approximately 50 
percent of the molecules in a stack are 
charged, there is a definite ionic contri- 
bution to the lattice energy. However, 

Fig. 1 .  Electron densities in the plane of a 
TMTSF molecule. Contours are 0.05 e / ~ '  per 
contour line starting at 0.05 e/A3; negative 
contours are shown by broken lines and the 
error is 0.05 e/A3 for all density maps. 

there are still questions regarding cohe- 
sive forces in these salts (2)-for exam- 
ple, how much the metal-band electrons 
contribute to lattice binding energies, 
and whether these electrons contribute 
mostly by screening Coulombic repul- 
sive forces (3). 

The high conductivities observed 
along the stacking direction of organic 
metals are assumed to be due to 
the existence of intrastack bonding. In 
the first organic metal, tetrathiafulvalen- 
ium tetracyanoquinodimethanide (TTF- 
TCNQ), intermolecular intrastack bond- 
ing was inferred from comparisons of 
intermolecular intrastack distances in 
the neutral coomponent molecules ( f o ~  
example, 3.62 A in TTF-TTF and 3.45 A 
in TCNQ-TCNQ) with the same intermo- 
lecular distances in TTF-TCNQ (3.47 A 
in TTF-TTF and 3.17 A in TCNQ- 
TCNQ). It was clearly of interest to 
determine the actual electron density 
distribution in an organic metal. 

Recently, x-ray diffraction alone rath- 
er than combined x-ray and neutron dif- 
fraction has been used for experimental 
electron density studies (4-7). Experi- 
ence has shown that to obtain meaning- 
ful electron density maps the crystals 
must be of excellent quality (6, 7). Such 
crystals were unavailable for the TCNQ- 
based metals (TTF-TCNQ, TSF-TCNQ, 
and so on) o r  TTF-based metals [TTFI,, 
TTF(SeCN),], but were found for a 
family of the tetramethyltetraselenaful- 
valene (TMTSF) donor [(TMTSF)2X, 
where X is an octahedral or tetrahedral 
complex univalent anion]. Wudl (8) re- 
ported that (TMTSF)2AsF6 forms nearly 
perfect crystals and suggested several 
interstack and intrastack selenium-sele- 
nium "bonding" interactions. The valid- 
ity of these suggestions could be tested 
only through experimental electron den- 
sity determinations. 

415 




