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Kinetics of the Fe**-Mg, Order-Disorder Reaction in

Anthophyllites: Quantitative Cooling Rates

Abstract. The kinetics of the Fe**-Mg, order-disorder phenomenon in a highly ordered
natural anthophyllite have been determined over the temperature range from 400° to
720° C at a pressure of 2 kilobars. At temperatures of 600° C and above, equilibrium is at-
tained by disordering as well as ordering reactions. The intracrystalline exchange is de-
fined by a standard Gibbs free energy of 4247 + 54 calories per formula unit. Rate studies
at 550° and 500° C show that equilibrium is attained by ordering but not by disordering
within the same time scale and that the exchange reaction is characterized by an activa-
tion energy of ~55 kilocalories per formula unit. An equilibration temperature for the
natural anthophyllite of 270° C is determined from the termination of the ordering pro-
cess owing to excessively slow reaction kinetics after ~107 years. From the rate constants
of the exchange process, for different crystallization temperatures, the apparent equili-
bration temperature of 270°C defines a maximum linear cooling rate for the rock of

1 X 10°C per year.

The kinetics of the order-disorder phe-
nomenon in silicates potentially offers a
unique tool for the quantitative determi-
nation of the equilibrium cooling history
of natural crystals. It is well known from
site population measurements by means
of x-ray structure refinements and *’Fe
Massbauer studies that the intracrystalline
equilibria in natural chain silicates often
correspond to temperatures at which the
ordering of cations between crystallo-
graphically distinct sites is terminated dur-
ing cooling of the rock system. It is infer-
red, however, that the temperature below
which further ordering does not occur (the
cutoff temperature), even on a geological
time scale, is the rather high value of ap-
proximately 480°C (/-3). To explain these
results, Mueller (4) postulated a mecha-
nism consisting of two consecutive steps
involving a high-temperature process with
an activation energy of ~20 kcal/mole
and a low-temperature process, below the
cutoff temperature, characterized by a sig-
nificantly higher activation energy. In
these terms, the cutoff temperature or ther-
mal barrier is explained in terms of a dras-
tic reduction of the rate constants at tem-
peratures below ~480°C. Furthermore,
values for the rate constant at temper-
atures slightly above the thermal barrier
appear to be close to zero, at least within
the experimental errors (5), and this situ-
ation precludes calculation of the cooling
history of natural crystals. We report here
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new insight into the nature of this low-tem-
perature thermal barrier which has been
obtained from studies of the kinetics of the
order-disorder reaction in an ortho-
rhombic amphibole, anthophyllite [Rab-
bitt sample 30 (6)].

Topologically, the amphibole crystal
structure consists of octahedral MOy strips
sandwiched between double chains of silica
tetrahedra parallel to the crystallographic
¢ direction. There are four nonequivalent
octahedral sites, designated M3, M2,
M3+, and M4* (the superscripts refer
to the site multiplicity per unit cell). The
average electron microprobe analysis of
Rabbitt sample 30 gave the structural
formula NagsCageuMegswFe?, ;SiyuAly -
0,,(OH),, suggesting an edenite-like
substitution, with Na substituting in the
normally vacant A sites and AI’* replacing
Si in the tetrahedrally coordinated sites
(7). Trivalent iron was not detected in the
natural sample by the Mdossbauer tech-
nique, and the inferred charge imbalance
may reflect loss of Na during the electron
microprobe analysis. This sample was cho-
sen because the three-dimensional x-ray
structure refinement (8) showed that it has
no exsolution features and also that it is
highly ordered, the atomic fraction XFe
[equal to Fe?*/(Fe?* + Mg)] being high in
the M4 positions (X*qs = 0.651); low in
the M1, M2, and M3 sites (weighted aver-
age in the five positions, XFeym moms =
0.034); and not substantially partitioned

between the latter five positions. The
sample is from within an ultramafic body
in Montana and occurs together with acti-
nolite, serpentine, enstatite, clinohumite,
spinel, annabergite, and magnetite (6).

The kinetic experiments were carried
out in the temperature range from 400°
to 720°C and a pressure of 2 kbar in stan-
dard cold-seal pressure vessels and at oxy-
gen fugacities defined by the fayalite-mag-
netite-quartz buffer. The equilibrium data
were independent of the presence or ab-
sence of a hydrous vapor phase during the
heating process. The upper temperature of
the experiments is of course limited be-
cause anthophyllite is unstable above
~750°C and 2 kbar, decomposing to or-
thopyroxene plus quartz (9). ’

We used the ’Fe Mssbauer technique
to monitor the Fe2"-Mg exchange between
sites because of the rapidity of the tech-
nique and because the precision of the Fe?*
site occupancies is of the order of
+0.005. Experimental details are similar
to those of Hafner and Ghose (/0). kt
should be noted, however, that the *"Fe ab-
sorption spectrum at 77°K consists of two
well-resolved quadrupole split doublets, an
inner doublet corresponding to Fe?" in the
M4 position and an unresolved outer dou-
blet due to Fe?' in the M1, M2, and M3
sites. The ratios of the areas of the respec-
tive absorption doublets are taken as pro-
portional to the ratio of Fe?* between the
two M4 sites and the total of five M1 +
M2 + M3 sites per unit cell, and these ra-
tios are converted to Fe?' site occupancy
numbers (Table 1) (3). The Mg occupancy
numbers are determined by difference, on
the assumption that the M sites are fully
occupied by Fe?* and Mg (11).

The order-disorder relationship studied
is the Fe?*-Mg exchange between M4 and
the other M sites, represented by the equi-
librium

Mgmimams + Fe2tyy =
Fe2t v mams + Mems (1)

The results presented in this report can
be fitted by the rate equation for a second-
order competing rate process (/2), assum-
ing a Fe?*-Mg binary solid solition (/1),

X4 Cy S ok naXa (1= X ) -
= Co 5 Pankan 4( 123) =

Gy % B123.4K123.4 (X123) (1 - X)) (D)

where X, and X, are the Fe?" site occu-
pancy values; k,_ ,, and k,,; , are the re-
spective rate constants for disordering and
ordering, ¢,.,,; and ¢,,,_, are the activity
coefficients and relate to the ideality of
mixing on the respective sites, and C,, is the
total concentration of all sites per unit vol-
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ume of the crystal. Equation 2 can be re-
duced to a logarithmic decay for one-site
occupancy with time (/3) by substitution
of the equilibrium constant, K°,,_,, and
the bulk X Fe value, namely,

Koy = XaU-Xpy) _ kg 1
Xin(l-Xy) ks P

where p is the ordering parameter, and

(3a)

X2 =_z XFe—%X,, (3b)

and assuming ideal mixing on the sites,
namely, ¢ i34 = ¢ 4423 = 1. The resultant
equation takes the form:

dx,

dt

= k4123 (cX42 + bX4 +a) 4)
where
a =Ky X

b= Koy XFo-XFe 4 i—K°123-4 +—§-

and
2
c=2(1-K°
7 ( 123-4)

From Eq. 4 and using isothermal values of
X, at known times, one can determine
the isothermal rate constants.

At temperatures of 600°C and above, an
equilibrium distribution (/4) is attained
within a few days in both wet and dry runs
as demonstrated by the disordering rate
studies and a reversal experiment at 600°C

Table 1. Equilibrium values of the ordering pa-
rameter, p, and the standard Gibbs free energy
exchange, AG°g.

Sample " AGP ot
(°C kbar ' day™") , (cal/mole)
720/2/4 0.1205(5) 4175
670/2/9 0.1050 (1) 4223
600/2/15 0.0855(2) 4266
720/2/1 4+ 550/2/241 00721 (3) 4300

*Values of p are calculated from Eq. 3a. The site occu-
pancy values are calculated from XFéq, = 7/2 XxFe
[1=(A4 +A)/(4 +A.+ B + By)] and XFem, MMy =
7/5 XFe[(A, + A) /(A + A, + B, + B))], where XF¢
is the atomic fraction Fe?+/(Fe?* + Mg) in anthophyl-
liteand (4, + A4,) and (B, + B,) are, respectively, the
sum of the areas of the outer absorption doublet due to
the average Fe?* insites M1, M2, and M3 and the inner
absorption doublet due to Fe*+ in site M4 (2, 3, 10, 14).
Numbers in parentheses refer to the number of replicate
absorption determinations. fCalculated from the
relationshipAG® ;x= -RT Inp, where R is the gas con-
stant and T is the absolute temperature. 1 The in-
trinsic equilibrium state for the disordering experiment
550/2/26 is characterized by p = 0.0553.

in which the starting material for the or-
dering experiment was initially disordered
at 720°C for | day. The equilibrium con-
stants found at 600°, 670°, and 720°C
(Table 1) define a constant value of the
standard Gibbs free energy, AG°q, of
4247 + 54 cal/formula unit. One can con-
clude from these results that an ideal ex-
change between the sites was attained. On
the assumption that this relationship holds
at lower temperatures, the Fe?"-Mg distri-
bution in the natural anthophyllite
(XFepy = 0.533) corresponds to a temper-

ature of ~270°C. This temperature is sub-

stantially lower than the cutoff temper-
ature (~480°C) inferred for natural ortho-
pyroxenes (/) and cummingtonite-gruner-
ite solid solutions (2, 3, /0). A quantitative
interpretation of this low temperature of
equilibrium for the natural sample can be
deduced from detailed rate studies at 550°
and 500°C, starting from natural and pre-
viously disordered crystals (720°C for 1
day).

For example, the rate studies at 550°C
confirm the second-order rate equation
(14), and the equilibrium Fe?*-Mg distri-
bution obtained after ordering for 24 days
(p = 0.072, Table 1) gives a AG°« value in
close agreement with the values obtained
at higher temperatures (Table 1). Signifi-
cantly, however, equilibrium is not reached
by disordering the natural material at
550°C for 26 days (Table 1). The rate con-
stants, k,_,,,, determined at 550° and
500°C are given in Table 2. The dis-
ordering rate constants calculated from the
ordering experiments are larger than those
calculated from the disordering experi-
ments. This difference might be explained
as resulting from some degree of nonideal
mixing in the cation sites, namely,
$; # ¢ = 1 in Eq. 2. Nevertheless, the
activation energies for the rate process cal-
culated from the disordering and ordering
data, 55 and 62 kcal/mole, respectively,
are not significantly different.
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Fig. 1 (upper left). Time-temperature-percentage transformation plot
for anthophyllite crystallized at 720°C (X, = 0.4053). Also plotted is the
model cooling of a rock taken as 7 (in degrees centigrade) = 720 - 2.5
x 1075, The equilibration temperature of the natural sample is 270°C
(XFey44 = 0.533). Numbers in parentheses refer to the percentage of or-
dering, from X, = 0.4053 (0 percent) to 0.5327 (100 percent, natural
sample) and are defined by

XFe - XFeM4 s

X cM4,nat7 X eM4,s
The horizontal portion of each percentage transformation curve refers
to the time in excess of that required to achieve equilibrium at a given
temperature. Fig. 2 (upper right). Time-temperature-percentage
transformation plot for anthophyllite crystallized at 300°C (X, =
0.52425). See also the legend to Fig. 1. Fig. 3 (left). Plot of the ap-
parent equilibration temperature T, as a function of the crystallization
temperature T for three distinct linear cooling rates of the rock. The
straight line corresponds to a model where T, = T
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These kinetic results portray a distinct
pattern of the order-disorder relationship
in anthophyllite as compared with other
chain silicates: The temperature depen-
dence of the rate constants is much greater
(the activation energy for disordering in
orthopyroxenes is ~20 kcal/formula unit),
and, although both rate constants must de-
crease with decreasing temperature, the
rate constant for disordering must de-
crease more than that for ordering. The
temperature dependence of the rate con-
stants therefore explains the data at 550°C,
which show that equilibrium is not at-
tained by disordering within the time scale
for equilibrium ordering. Likewise it fol-
lows that a disordering experiment at
400°C for 907 hours does not show any
change in the Fe?*-Mg distribution. In
fact, a change in Xfepms of 0.001 at this
temperature would require a run duration
of some 4 years. From these kinetic resulits,
there is no evidence for a high-temperature
thermal barrier as previously anticipated,
and the degree of ordering in the natural
anthophyllite can be quantitatively inter-
preted in terms of the measured rate con-
stants. Of course, at very low temperatures
the ordering process will be terminated ow-
ing to slow reaction kinetics after ~107
years.

From the rate constants the Xteyy val-
ues that are attained after a given time in-
terval at a given temperature can be calcu-
lated, provided that the X%epy of the
starting material is known. Figure 1 shows
such a time-temperature-percentage trans-
formation diagram plotted on a logarith-
mic time scale and also includes a model
cooling history of a rock in terms of tem-
perature and time. From a variety of pos-
sible cooling paths for this rock a linear
cooling rate of 2.5 x 1073°C year™ is
shown, estimated from the closing temper-
atures of muscovite and biotite and their
apparent Rb-Sr age difference (for ex-
ample, see 15). From this diagram it might
be concluded that the anthophyllite orders
completely down to some 260°C and at-
tains an XFey, value of 0.537 after ~107
years. The inferred cooling history for an-
thophyllite refers of course to a rapid
quench from the crystallization temper-
ature (taken as close to the upper stability
limit for anthophyllite, ~720°C in Fig. 1)
to the temperature under consideration. In
this model the cooling path of the rock is
significantly longer than the equilibrium

ordering path for anthophyllite, as can be’

seen in Fig. | from the minimum times for
equilibrium at successively lower temper-
atures.

However, the minimum ordering tem-
perature will be different from that de-
duced from Fig. 1 for different crystalliza-
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Table 2. Disordering rate constants, k4.3,
where K°\,,., = k,,,,/ks-123, determined for the
natural anthophyllite at 500° and 550°C and cal-
culated activation energies for disordering, £,p.

ka-12: car’-’) 3
Experiments . X(y——— 1;“‘0]
550°C soo-c  (keal)
Ordering 378432 33112 616
Disordering 5.0458 0.57816 54.8

tion temperatures. For example, if com-
plete intracrystalline equilibrium is as-
sumed at 300°C and the rock is then cooled
with the same linear temperature-time gra-
dient as above (Fig. 2), the lowest XTepy
value that might be attained is between
~0.531 and 0.532 at 268°C, indicating an
apparent equilibration temperature T, of
277°C. Thus, in the temperature range of
interest a nearly equilibrated crystal orders
more slowly than an unequilibrated phase,
and the limiting X'°\, values derived
from these two specific rock-cooling mod-
els represent maximum or minimum ap-
parent equilibration temperatures, re-
spectively. Of course, in a model where the
sample is held at the crystallization tem-
perature and then quenched to room tem-
perature, the crystallization temperatures
would themselves be the apparent equili-
bration temperatures.

From models similar to those inferred
in Figs. 1 and 2 but with different initial
X¥ey, values corresponding to different
crystallization temperatures T, it can be
shown that the rate constants of the ex-
change process together with the XTeyy
of the natural crystal impose limits on the
rate of cooling of the rock. In Fig. 3 the ap-
parent minimum equilibration temper-
atures have been evaluated for three differ-
ent temperature-time gradients and are
plotted as a function of the crystallization
temperature. For a given cooling rate, all
values of T between T,, = T, and the ap-
parent equilibration temperature in the
natural sample would be permissible. The

observed T, of 270°C in the Rabbitt an-
thophyllite thus indicates a maximum lin-
ear cooling rate of ~1 x 107 °C year™! for
all values of T within the anticipated sta-
bility field for this particular composition.
This value might be subject to an error of
about one order of magnitude, however,
because it depends on the uncertainty of
the T, value and thus on the invariancy of
the AG°,, with temperature.

In conclusion, the kinetic results pre-
sented here imply that the measured T,
values in natural anthophyllites directly
reflect the cooling rate of rock sys-
tem. Furthermore, it can be inferred that
the time-temperature-percentage transfor-
mation plots of coexisting chain silicates
will ultimately define the specific rock-
cooling path during the later stages of the
cooling history.
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Forest Fire: Effects on Phosphorus Movement to Lakes

Abstract. After a wildfire in the virgin forest of a lake-watershed region in northeastern
Minnesota, the phosphorus concentration in the runoff was elevated for 2 years and de-
creased in the third year. However, there was no increase in the phosphorus concentra-
tions of a lake and its input stream. This indicates that, under similar circumstances, con-
trolled burning will not damage streams or lakes by elevating phosphorus levels.

Does fire in a forested watershed release
sufficient nutrients to stimulate eu-
trophication of streams and lakes? This
question needs to be answered because new
forest management policies are being in-
troduced which would allow wildfires to

burn in wilderness areas and would use fire
as a tool to maintain natural species com-
positions (/). These policies indicate recog-
nition that many existing forests are pro-
ducts of wildfires (2). The popular message
of “Smokey Bear,” that fire destroys for-
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