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Abstract-Extension
of the single diffusion domain/activation
energy closure model of Dodson to apply
to minerals with a discrete distribution of domain sizes appears to reconcile “0Ar/39Ar age spectra of alkali
feldspars with their associated Arrhenius plots. However, small remaining discrepancies,
particularly
apparent in log (r/ro) plots, suggest that some, and perhaps most, alkali feldspars contain diffusion domains
with activation energies that may vary by as much as 8 kcal/mol. An important consequence
of even
relatively small variations in activation energy between domains is that the shape of an age spectrum can
change dramatically
by varying the laboratory heating schedule. We find that Arrhenius and log (r/rO)
plots have the potential to reveal even small differences in activation energy (-2 kcal/mol) between
domains, at least in cases where the domains are well separated in size. Variations in activation energy
of -5 kcal/mol can result in differences in calculated closure temperature
of up to 30°C from that
obtained assuming equal activation energies for all domains. Overestimates of apparent activation energy
and other inconsistencies
resulting from reversed heating experiments may reflect annealing of subgrain
features which define the smallest diffusion domain size. Use of the diffusion compensation
relationship
may provide a way to assess the relative distribution
of diffusion domain sizes in a sample containing
domains with multiple activation energies.
lNTRODUCTION

parameters (domain size, p, and volume fraction, 4) can be
adequately obtained through fits to both the age spectrum
(formed over millions of years) and the Arrhenius results
(obtained in the laboratory over a matter of hours) assuming
that the activation energies of all domain sizes are equal, or
nearly so. Analyses by LOVERA et al. (199 1) of small (-400
pm) individual crystals indicate that the domains are an intrinsic property of potassium feldspars that are not separable
at the micron scale. Because the form of Arrhenius plots
varies with laboratory heating schedule for samples with a
domain size distribution,
an alternative plot was proposed
(RICHTER et al., 1989, 1991; LOVERA et al., 1991) in which
the log of the deviation from the diffusion law for the earliest
released argon (ro) is plotted against cumulative % 39Ar released. The log (r/ro) plot yields domain size data independent
of laboratory heating schedule, provided all domains share
the same activation energy. Equations for deriving diffusion
coefficients (D/r2), p, $, and log (r/ro) are given in LOVERA
etal. (1989, 199l)andR1~~~~~etal.
(1991).

Background
MANY, AND PERHAPS MOST, 4oAr/39Ar age spectra for slowly
cooled alkali feldspars are significantly different from model
age spectra calculated assuming a single diffusion-domain
size. In addition, Arrhenius plots calculated from the measured loss of 3yAr during the step-heating experiment
show
departures from linearity that are inconsistent with diffusion
from domains of equal size. LOVERA et al. (1989) extended
the single diffusion-domain
closure model of DODSON ( 1973)
to apply to minerals with a discrete distribution
of domain
sizes. The discrete diffusion-domain
distribution model offers
an internally consistent explanation
for the commonly observed features of alkali feldspar age spectra and their associated Arrhenius plots. Because these domains contain a range
of closure temperatures,
LOVERA et al. (1989) found that a
single K-feldspar sample may reveal a broad segment of a
cooling history, rather than the single datum usually expected.
The excellent agreement among cooling history segments for
coexisting samples with differing activation energies gives
confidence that extrapolations
of the kinetic results downtemperature
are meaningful
as nonlinear behavior in any
one sample would displace that segment off the shared cooling
history (HARRISON, 1990). Subsequently,
LOVERA et al.
(199 1) tested and confirmed the general predictions of the
domain distribution theory by performing non-conventional
40Ar/3yAr extraction experiments
involving isothermal heating, short and long duration heating (50 set to 3 days), and
cycled heating/cooling
experiments.
These studies showed that the diffusion domain distribution

Scientific Rationale
Although this new approach has been successful in reconciling problematic features of alkali feldspar age spectra and
their associated Arrhenius plots, it seems appropriate to revisit
the assumption that all domains share a common activation
energy for two reasons:
1) The most surprising aspect of our recent work (LOVERA
et al., 1989, 1991; LOVERA, 1989; RICHTER et al., 1989, 1991;
RYERSON and HARRISON, 1990) is the suggestion that virtually all low temperature
potassium feldspars contain subgrain diffusion domains and that their distribution is discrete
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rather than continuous. Clearly, a deeper appreciation of this
phenomenon
would follow from the determination
of the
features that control the loss of argon from feldspars. When
examined by optical, X-ray, and transmission
electron microscopy (TEM) methods, an assortment of features in low
temperature feldspars are observed, such as grain boundaries,
albite and pericline
twins, tweed structure,
dislocation
subgrains and tangles, stepped twins, orthoclase enclaves in
microcline, exsolution lamellae of varying widths, anti-phase
boundaries, coherent and noncoherent
perthite boundaries,
micro-pores, healed cracks, and cleavage, that could be possible candidates for argon permeable boundaries (EGGELTON
and BUSECK, 1980; MACLAREN, 1978; FITZ GERALD and
MACLAREN, 1982; ZEITLER and FITZGERALD, 1986; SMITH
and MCLAREN, 1983; YUND, 1983a,b,c; YUND et al., 1981;
HARRISON and MCDOUGALL, 1981; PARSONS et al., 1988).
However, no one of these features recommends
itself to us
above others as capable of regulating the widespread occurrence of a discrete distribution
of diffusion domain sizes.
Further complicating this assessment are possible changes to
the microstructure
that occur during heating (e.g., SMITH et
al., 1987). The extent to which we mistakenly ascribe domain
size qualities to other effects (e.g., multiple activation energies,
point defects, etc.) will influence our assessment of the responsible process(es) and their length scale. To identify which,
if any, of the above features control argon diffusion first requires a clear understanding
of the relative contributions
of
frequency factor and apparent size to the observed variations.
2) If all domains shared a common activation energy and
our only goal was to reconstruct geological thermal histories,
then the above discussion is moot as knowledge of the diffusion geometry (LOVERA et al., 199 1) and domain size distribution is not required for this purpose. For example, a
possible approach to inverting this problem eliminates direct
assessment of the size distribution.
Indeed, providing that
the diffusion behavior in the laboratory is the same as that
operating in nature, thermal history results are relatively insensitive to the formulation of the diffusion model. However,
if we are incorrect in our assumption that the various domains
are characterized
by the same activation energy, significant
errors in calculated cooling histories could result.
MULTI-DOMAIN SAMPLES WITH VARYING
ACTIVATION ENERGY
Overview
In the course of testing the hypothesis that alkali feldspars
contain discrete diffusion domains,
several 4QAr/39Ar age
spectrum experiments were performed to assess the behavior
of Arrhenius plots derived from step-heating data under unusual temperature-time
conditions
(for example, stepping
from high to low temperature).
The resulting age spectra
contained unexpected
features that led us to first consider
qualitatively
what effect varying activation energy among
domains could have on age spectra produced by different
heating schedules, and later to explicitly model this behavior.
The Arrhenius parameters which arise from translation of
step-heating
data through a diffusion model are activation
energy (E) and a parameter (Do/r2) that includes both the
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frequency factor term, Do, and a measure of the effective
domain size, r. In samples that contain more than one domain
size, r maps out information
on all domains present. It is
axiomatic that if all domains in a given sample contain the
same activation energy, the Arrhenius relationships
for all
domains are parallel and do not cross one another. However,
if there are even relatively small differences in activation energy between domains, unusual behavior can result. Even
for conventional
laboratory heating schedules (i.e., monotonically increasing heating steps), complex age spectra can
result from such mixtures. Moreover, for unconventional
schedules, the shape of the age spectrum becomes a function
of the laboratory heating.
Two Domains
Numerical simulations are useful to illustrate effects which
may result from samples having diffusion domains with different activation energies. Consider a synthetic sample containing two spherical domains (note that assumptions
regarding diffusion geometry have little influence on the overall
results; LOVERA et al., 199 1) of equal age and volume fraction
with contrasting activation energies and Do/p2 as shown in
Fig. 1a. By examining the behavior that results from simulated
heating of the sample above and below the point of intersection of these two lines on the Arrhenius diagram (hereinafter
called the intersection point), we can illustrate one possible
effect on the age spectrum. If this model sample is heated at
900°C for eight hours, irradiated, and then step-heated in
the laboratory using a schedule similar to that shown for ArMa-4b(a) (Fig. lOc), it yields an age spectrum (curve 1 in Fig.
1b) that is typical of our expectation of episodic loss (TURNER,
1968). However, the same hypothetical
sample heated at
500°C for 20 years, although experiencing exactly the same
heating intensity (and argon loss) for the 45 kcal/mol domain
as the 900°C experiment
(i.e., Dt/p* = 0.0124, where the
diffusion coefficient, D = Do exp (-EJRT), t is heating duration, p is the diffusion domain size, R is the gas constant,
and T is absolute temperature),
has lost considerably more
argon from the 35 kcal/mol domain than in the higher temperature experiment. Moreover, using the identical laboratory
heating schedule as that which was used to simulate degassing
of the first sample, the resulting age spectrum (curve 2 in Fig.
1b) is remarkably different. This convex-upwards
spectrum
results from the more highly outgassed lower activation energy
domain dominating the late gas release.
In fact, 40Ar/39Ar age spectra of this kind have previously
been observed for mixtures of white micas. WIJBRANS and
MCDOUGALL (1986) reported such an example from white
micas separated from metamorphic
rocks on the island of
Naxos in the Greek Cyclades. Two metamorphic
events are
recognized in the rocks of Naxos; the first metamorphism
(Ml) occurred at relatively high pressure and low temperature,
and the second was related to the formation of an elongate
metamorphic
dome (M2). Far from the dome, phengite associated with the MI metamorphism
is widespread. In the
core of the dome, only muscovite which grew during M2 is
found. At intermediate distances, samples were only partially
recrystallized during M2 and contain both phengite and mus-
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FIG. 1.(a) Arrhenius plot oftwo diffusion domains with contrasting activation energies that intersect at about 800°C.
Above this temperature, the domain with the 45 kcal/mol activation energy diffuses argon most rapidly, but below
this temperature, the opposite is true. Synthetic heating experiments are performed on equal volume mixtures of these
two domains at (I) 900°C for 8.5 hours and (2) 500°C for 20 years. (b) Theoretical age spectra of equal mixtures of
the two diffusion domains shown in (a) following heating at 900°C for 8.5 hours (curve 1) and 500°C for 20 years
(curve 2) using a step heating schedule similar to that shown for Ar-Ma-4b(a) in Fig. 10~. Heating the sample above
the intersection point yields an age spectrum (curve 1) similar to that expected for episodic loss, while heating below
the intersection results in a convex-upwards spectrum (curve 2).

covite. The pure muscovite yielded a flat age spectrum with
an age of - 12 Ma (Fig. 2a), interpreted by WIJBRANS and
MCDOUGALL (1986) as the time of argon closure following
Mz. Pure phengite has a monotonically rising age spectrum
with ages as old as 43 Ma (Fig. Za), considered to reflect
original closure from the high pressure MI metamorphism.
White mica from the intermediate zone revealed convexupward age spectra (Fig. 2b). The key to explaining this behavior was the observation that muscovite tended to degas
preferentially both early and late in the heating relative to
the phengite (Fig. 2c), and thus the young ages associated
with the muscovite dominated both those portions of gas
release. An artificial mixture of the two pure mineral separates
in the same proportions to that observed in the intermediate
zone revealed a similar spectrum (Fig. 2b) to the natural mixture. The question remains why one phase would degas preferentially relative to the other only at low and high temperatures? One explanation is that muscovite has a lower activation energy for argon loss relative to phengite, and the
experiment was begun below their intersection point. The
early enhanced gas loss from muscovite is due to the higher
intrinsic transport rate from this lower activation energy domain at low temperatures and the later dominance of muscovite in argon release reflects the relatively small temperature
window for degassing of phengite which results from its higher
activation energy. Although we are not aware of diffusion or
dehydration data for phengite to compliment the muscovite
data (e.g., ROBBINS, 1972; ZIMMERMAN, 1972), the contrasting retentivities for these phases in nature appear consistent
with differing activation energies.

Three Domains
Now consider the behavior of a slowly cooled model sample
which contains three discrete domains of equal volume fractions with activation energies of 39.2, 49.2, and 59.2 kcal/
mol. Although in many real samples the intersection point
appears to occur at (meaningless) negative temperatures, for
convenience we have set this value to 560% The three very
different laboratory heating schedules chosen to release the
argon below, at, and above the intersection point (Fig. 3a:
circles, squares, and triangles, respectively) yield remarkably
different Arrhenius piots (same symbols in Fig. 3b) for the
same sample. For a heating schedule in which most of the
gas is evolved close to the mutual intersection point (squares,
Fig. 3b), step-heating data yield an averaged apparent activation energy of -50 kcal/mol and virtually no hint of the
existence of the three domains. Comparing the Arrhenius
plots of Fig. 3b with those lines corresponding to the single
domains used to build the sample distribution, we note that
the way each grain contributes to the argon release is complex
and strongly dependent on the heating schedule, giving rise
in some cases to artificial activation energies.
In our previous studies (RICHTER et al., 1989, I99 1; LOVER4 et al., 199 1) we found that samples with a single activation
energy and a distribution of domains yield log (r/r01 plots
which are independent of the heating schedule. This is a consequence of the equal activation energy assumption, and this
relationship is no longer maintained when the sample contains domains with different activation energies and, implicitly, different values of I&. Figure 3c shows the different log
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FIG. 2, (a) ~Ar/39Ar
age spectra of pure phengite (81-580) and muscovite (81-556) from metamo~hic rocks of
Naxos, Greece. (b) The age spectrum of a naturally mixed white mica (8 l-556) separate from Naxos confining both
phengite and muscovite is similar in most respects with an age spectrum from an artificial 75:25 mixture ofthe phengite
and muscovite shown in (a). (c) Plot of cumulative argon loss with temperature for the pure phengite and muscovite
analyses shown in (a). Note the enhanced degassing of muscovite at high temperature. All data are from WIJBRANS
and MCLXPJGALL(I 986).

(r/r*) plots obtained from the three heating schedules shown
in Fig. 3a. No indication of the existence of the three domains
on the log (r/r*) plot is observed when the gas is released close
to the intersection point. In contrast, the log (r/r*) plots associated with the degassing entirely below or above the intersection point (circles and triangles in Figs. 3b and c, respectively) contain substantial variations. Note that the calculation of log (r/r,,) results from comparison of data with
the line defined from the initial heating steps (i.e., ro). Any
artifact, such as mixing between domains, which modifies
this activation energy (as shown in Fig. 3b) will have considerable impact on the resulting shape of the log (r/To) plot.
However, as we will show later, log (r/To) plots are still useful
to assess the domain distribution and to identify the existence
of differences in activation energy.
As previously mentioned, different heating schedules also
affect the form of the age spectrum of a sample with different
activation energies. We have calculated model age spectra,

shown in Fig. 4, using the heating schedules given in Fig. 3a
and a cooling history similar to that determined for the Chain
of Ponds pluton (HEIZLER et al., 1988; LOVERA et al., 1989).
The heating schedule used in the numerical analysis, shown
by the circles in Fig. 3a, is most similar to a conventional
laboratory schedule in which most of the degassing occurs
below the intersection point and yields an age spectrum (Fig.
4, circles) similar in most respects to analysis of natural samples in which the age spectrum is characterized by apparent
ages which, in general, progressively rise (LOVERAet al., 1989).
The heating schedule confined above the intersection (triangles, Fig. 3a) yields a convex age spectrum (Fig. 4, triangles)
similar in most respects to the earlier examples of convex age
spectra resulting from episodic loss (Figs. 1b and 2b). Ages
rise from 300 Ma early in gas release cresting at about 350
Ma in the middle, and then fall to ages of about 320 Ma. In
the case of argon release close to the intersection point, the
sample yields an averaged age spectrum (Fig. 4, squares) with
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most ages falling between 330 and 350 Ma. However, we
again point out that the intersection point for natural alkali
feldspars is typically at much higher (or even negative) temperatures than that used for these calculations (i.e., 560”(Z),
and the difference in activation energies of 20 kcal/mol is
probably extreme.
The K-feldspar samples from the Chain of Ponds pluton
studied by LOVERA et al. (1989) were subsequently
rerun
several times using various heating schedules including repeated monotonic
heating steps and thermal cycling (LOVERA, 1989; LOVERA et al., 1991). Figure 5 shows the Arrhenius
results for one such analysis of MH- 10 K-feldspar, MH- lO.cf,
which is believed to contain three diffusion domain sizes.
The principal characteristic
of this heating schedule (shown
in Fig. 10d and tabulated in LOVERA et al., 199 1) is that after
revealing the linear portions corresponding
to the bulk of the
argon in a given domain, the transition to the next domain
size occurs by repeated steps at constant temperature.
In this
way, the apparent diffusivity can be seen to initially drop
rapidly, but then slow as the next dominant domain is encountered (corresponding
to the plateau on a log (r/rO) plot).
For example, steps run subsequent to those which define the
46.1 kcal/mol activation energy of r. were maintained
at
1000°C for about 10 min each. The log (r/ro) for this analysis,
shown in Fig. 6a, is relatively well behaved until about 70%
“Ar release at which point temperatures
exceeding the onset
of incongruent
melting of K-feldspar under dry conditions
(1150 f 20°C: SCHAIRER and BOWEN, 1955) were achieved.
Because the sample is no longer stable, data obtained above
this temperature
have no meaning on such a plot.
The fits to the MH-lO.cf Arrhenius and log (r/ro) plots
calculated by LOVERA et al. (199 l), obtained assuming the
sample contains a single activation energy (Fig. 6a, dashed
line; Fig. 6b, calculated (triangles) vs. actual (squares)), appear
satisfactory, except for the few points in the .4rrhenius plot
where the temperature is cycled to lower values (for example,
at 35 and 70% 39Ar release in Fig. 6a). These points correspond
to a second-order
feature observed in the log (Y/Y~)plots of
all samples we have cycled to lower temperature
following
the isothermal transition. Although they contain less than
3% of the total argon in the sample, the increased leverage
these data have on the slope of the line from the low tem-

FIG. 3. (a) Heating schedules for three numerical experiments which
demonstrate
the effects of laboratory
heating below (circles), near
(squares), and above (triangles) the mutual intersection point ofthree
diffusion domains with differing activation energies. Note the heating
steps involve cycling temperature
and long durations. (b) Synthetic
Arrhenius plots which result from equal proportions of three diffusion
domains (represented by the three lines) and the heating schedules
shown in (a). The various heating schedules produce extremely variable representations
of the domain distribution.
(c) Plot of log (Y/TO)
for the three heating experiments shown in (a) and (b). Heating near
the intersection point results in apparent homogenization
of the three
domains and a volume weighted average activation energy. As a result,
the log (Y/I~)(shown as squares) is flat throughout degassing. Although
heating above (triangles) and below (circles) the intersection
point
results in some structure on this plot, estimates of apparent domain
sizes will be incorrect unless the variation of activation energies is
known.
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FIG. 4. Age spectra for the three synthetic experiments represented
in Fig. 3 (a and b). The experiment in which heating was entirely
restricted below the intersection point (circles) yields a spectrum similar in most respects to that observed using a conventional heating
schedule (e.g., MH-lO.cf, Fig. 9b). However, heating near the intersection (squares) results in a spectrum which tends towards a plateau.
Heating above the intersection (triangles) produces a convex shaped
spectrum similar in some respects to those shown in Figs. 1b and 2b.

perature cycling make them sensitive monitors of changes in
activation energy. A considerably better fit to all the data is
obtained
using domains
with slightly varying activation
2
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FIG. 6. (a) Plot of log (r/rO) for the Arrhenius data of MH-lO.cf
together with a model fit obtained assuming equal activation energies
in all domains. Note that data obtained above 70% 39Arrelease (thick
lines) correspond to heating temperatures above the incongruent
melting point of K-feldspar and thus contain no information regarding
the natural domains. The theoretical fit assuming three diffusion domain sizes (dashed line) is generally good with the exception of deviations at 35% and 70% 39Arrelease. (b) Calculated Arrhenius plot
assuming a uniform (triangles) activation energy among diffusion
domains. The agreement with the empirical results (squares) is adequate but deviations are apparent in the steps cycled to low temperature.
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FIG. 5. Arrhenius plot for MH-IO K-feldspar obtained using a
combination of thermal cycling and repeated steps at constant temperature (MH-lO.cf). These results reveal the presence of different
activation energies between the smallest (46 kcal/mol) and intermediate (54 kcal/mol) size domains. There is a suggestion of a higher
activation energy for the largest domain, but the data is insufficient
for a clear assessment. Solid squares are steps run above the incongruent melting temperature of K-feldspar.

energies (Fig. 7a, dotted line; Fig. 7b, triangles). The synthetic
data were calculated using activation energies of 46, 54, and
54 kcal/mol for the smallest, intermediate, and largest domain
sizes, respectively. Comparison of the two log (r/ra) plots (Fig.
7a, solid and dotted lines) reveals that the anomalous peak
seen in the empirical data at 35% 39Ar released is reproduced
in the synthetic pattern. This generally good correspondence
gives us confidence in believing that, at least in cases where
the domains are well separated in size, this analysis can reveal
even small (-2 kcallmol) relative differences in activation
energies among coexisting domains.
The distribution of domains calculated for this sample using these different activation energies can be used to estimate
a new segment of cooling history by fits to the age spectrum
and Arrhenius plot, much in the way done by LOVERA et al.
(1989). Thus, we can compare this segment with our previous
estimate obtained from assuming equivalent activation energies for all domains. Figure 8 shows both fits to the age spectrum (Fig. 8a) along with the different segments of calculated
cooling history (Fig. 8b). We find that even relatively small
differences in activation energy (-5 kcal/mol) produce differences of -30°C
in the estimated cooling history, perhaps
accounting
for the small dispersion
observed among the
cooling history segments estimated from all experiments on
samples from the Chain of Ponds pluton (LOVERA, 1989).
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domains. (b) Calculated Arrhenius plot assuming variable (triangles)
activation energies (as shown in Fig. 5) among diffusion domains.
The empirical data (squares) agree much better with the results calculated using multiple activation
energies compared
with the assumption of a constant value (i.e., Fig. 6b).

For this reason, it is important to design the laboratory heating
schedule to optimize resolution of the activation energies and
distribution
parameters of all domains.
In summary, argon extracted from samples containing diffusion domains of differing activation energies degassed entirely within one of three regimes (below, near, and above
the intersection
point on the Arrhenius plot) may yield age
spectra and Arrhenius plots which differ markedly in their
content of information related to age and domain distribution
parameters. In general, laboratory heating schedules can be
designed to circumvent this potential problem and reveal the
activation energies of the various domains (see Appendix).
RELATIONSHIP

OF THEORY

TO NATURAL

SAMPLES

Reversed Heating Experiments
We performed an experiment “in reverse” on sample ArMa4b by beginning the sample heating at high temperature
(1000°C) for a short duration (50 set) followed by progressively lower temperatures (see Appendix for analytical details).
The resulting age spectrum (Fig. 9a) differed substantially
from that produced using a conventional
heating schedule
(i.e., monotonically
increasing temperature
steps) in that the
early released gas gave older ages and the later released gas

gave younger ages. Despite the significant change in character
of the age spectrum, the integrated 40Ar/39Ar age was unchanged (Ar-Ma-4b(a)
conventional
= 221.5 Ma; Ar-Ma4b(b) reversed = 222.0 Ma). The generality of this effect on
age spectra was confirmed when other alkali feldspars, such
as MH- 10 (Fig. 9b), were subsequently run in the same fashion and revealed similar results. Arrhenius parameters and
heating schedules for both samples are shown in Figs. 10a
through d. Although these age spectra share similarities with
the results of our modelling (Figs. 3 and 4) recall that we
selected an intersection point of 560°C for the three domains.
As mentioned earlier, in many real samples such as Ar-Ma4b and MH- 10 (Fig. 9), this intersection appears to occur at
very high or even negative temperatures.
Although the modelling remains useful for making general predictions about
the effects of varying activation energy, we must appeal to
an additional effect to explain why the age spectra run in
reverse fashion (i.e., from initially high to low temperature)
share features in common with our model calculations.
In Fig. 10, we have compared the Arrhenius plot for MHlO.cf K-feldspar, run in the forward cycling fashion, to the
result for the reversed heating schedule (MH- lO.cb). The fact
that only the first step of the reversed heating schedule falls
on the line defined for r. in the conventional
experiment is
understood to be a consequence of the large amount of 39Ar
released (-22%) during this high temperature step. However,
comparison
of both age spectra (Fig. 9b) present intriguing
differences. Both samples yield essentially identical integrated
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FIG. 9. (a) Age spectrum of Ar-Ma-4b(a) K-feldspar from the study
of HARRISON
et al. (1989) obtained using progressively increasing
temperature steps. Also shown is the age spectrum (Ar-Ma-4b(b))
obtained using a heating schedule which monotonically dropped from
an initially high temperature (1000°C). In the age spectrum obtained
using the unconventional temperature history, the tendency is for
early ages to be older, and later ages to be younger, compared to the
original age spectrum. The integrated ~~Ar/39Arages of both samples
are 222 Ma. The high degree of outgassing in the first step is due to
the initially high temperature, even though it was only maintained
For about a minute. (b) Age spectra of MH-lO.cf K-feldspar obtained
using a conventional heating schedule (monotonically increasing
temperature steps beginning at 400°C) and MH-lO.cb using an unconventional (temperature cycling beginning at IOOO’C) heating
schedule (see LOVERA
et al., I99 1 for tabulated results). As with (a),
the age gradient observed in the original analysis (MH-lO.cf integrated
40Ar/39Arage = 348.6 Ma) is obscured in the reversed run (MHlO.cb) with most steps approaching the integrated 40Ar/39Arage of
345.2 Ma.
= 348.6 Ma; MH-lO.cb = 345.2
Ma), which, together with the observed Arrhenius plots,
strongly suggests similar domain distributions. However, the
reverse experiment shows older ages early, and younger ages
late, in gas release. We can successfully model (squares, Fig.
11) details of the observed Arrhenius plot (squares, Fig. lob)
for the reversed heating schedule using the domain parameters
(Do/p2, E, and (p) shown in Fig. 11 (lines 1 through 4). When
we applied the heating schedule used to degas MH-lO.cf to
this synthetic domain distribution, the result (Fig. 1I, asterisks) appears very similar to the actual MH- 1O.cf results (Fig.
IObf. Note that even when we have used domains with different activation energies, the conventional heating schedule
still produces a linear array at low tem~rature with an apparent activation energy of about 54 kcal/mol. This is a similar observation to that made earlier with reference to Fig.
3b and reflects the degassing occurring near the intersection
point. Despite the apparent success of modelling details of
the Arrhenius plots for the reversed and conventional heating
schedules using domains with different activation energies,
this success was not translated to the modelling of the corresponding age spectra. Figure 12 shows the age spectra for
both heating schedules using the cooling history for the Chain
40Ar/39Ar ages (OH-lO.cf

of Ponds pluton determined by LCWERA (1989). Since the
domain distribution used in Fig. 11 was chosen to resemble
peculiar features observed in the Arrhenius plots and age
spectrum of MH- lO.cb, it is not surprising that the age spectrum of the reversed heating schedule (Fig. 12, solid line)
shows the details of the actual sample (MH-lO.cb). However,
the synthetic age spectrum obtained from the conventional
heating schedule (Fig. 12, dashed line) also shows some of
these features (e.g., younger ages late in gas release) which
were not observed in the actual age spectrum obtained from
MH-lO.cf (Fig. 9b). The large difference in shape observed
between the synthetic age s~ctrum (Fig. 12, dashed line) and
the age spectrum of MH-lO.cf (Fig. 9b) suggests that our
relatively simple model of multiple activation energy (Figs.
3 and 4) does not completely describe the behavior of the
real samples heated in the reversed fashion.
Apparently the unorthodox heating experiment has induced a behavior that has overriden the activation and spatial
controls extant during monotonic heating. We speculate that
this behavior is the result of a phase change occurring in this
alkali-feldspar between -750 and 900°C (depending on
timescale) which mimics the effect of a much lower intersection temperature.
Direct TEM imaging of this sample indicates that the only
microstructuml features not present in this sample following
heating in the range of 750 to 950°C are albite exsolution
lamellae, generally separated by a characteristic spacing of
-0.1 pm (FIX! GERALD and HARRISON,in prep.). Results
of experiments in which splits of MH-10 K-feldspar are
crushed until the largest diffusion domains are no longer observed (LOVEKAet al., in prep.) suggest that the scale of the
largest domain is approximately 50 pm.
A hypothesis consistent with these various lines of evidence
is that the smallest domain size in MH-10 alkali feldspar is
defined by subgrain defects. During conventional monotonic
heating, these features remain intact until the smallest domains are virtually degassed, but disappear by about 750 to
900°C (depending on heating duration). When heating begins
at high temperatures (>850”C), the degassing from the
smallest domains is accompanied by the rapid disappearance
of the diffusion boundaries that define these features causing
disproportionately lower gas loss in each subsequent step.
Anomalously old ages are observed early in the age spectra
of samples heated in reverse fashion (Fig. 9a and b) because
at high temperatures the higher activation energy (and larger)
domains with the oldest ages have a diminished contrast in
retentivity compared to the smaller, and younger domains,
and become a significant fraction of the released argon. This
effect is coupled with the “capture” of young argon ages into
what become highly retentive domains after the features that
originally defined the smallest domains are annealed. This
results in the younger ages observed in the later portions of
gas release.
Multiple Activation Energies
Our suggestion that different size domains of an alkali
feldspar have different activation energies for argon diffusion
(and that this variation is domain size dependent) appears
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to have little precedent in theory or experiment. Our initial
response was to look for an alternate mechanism or experimental artifact that could lead to the false appearance of
multiple-E’s. These efforts are reviewed below.
One possible explanation is that the contrast in activation
energy reflects a change in diffusion mechanism between an
intrinsic and extrinsic regime (e.g., BUENING and BUSECK,
1973). However, the cycling to low temperature during release
of what is dominantly the intermediate domain (Fig. 5) produces significant overlap in temperature to that used for r.
ruling out an effect of this kind.
It has been observed (HORN et al., 1975; NORGETT and
LIDIARD, 1968) that very high neutron doses result in increased retentivity of argon in solids (i.e., lowered D/r’),

probabiy due to an increased density of defect related traps.
However, we are unable to incorporate this observation into
a convincing explanation of our results. Firstly, at the very
much lower neutron doses typical of our experiments, we
have not observed a dependence of D/r2 on J (see also FOLAND and XV, 1990). Secondly, models based on the trapping
of inert gas atoms into irradiation produced defects predict
high activation energies at low temperature and low activation
energies at high temperature (NORGETT and LIDIARD, 1968),
the opposite of what we have observed. Lastly, if all inert gas
atoms are trapped into defects created during irradiation, we
should not see the correlations that exist between Arrhenius
plots and age spectra (e.g., LOVERA et al., 1989).
We recognize analytical

and interpretive

pitfalls that could
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2

during the laboratory heating, is it possible that the activation
energy observed for r. is artificially lowered (with respect to
the larger and apparently higher activation energy domains)
by progressive annealing and that the activation energy given
by the intermediate domain is the sole value? We tend to
reject this possibility for two reasons. The first is that any
proposed annealing effect (e.g., alkali interdiffision) will likely
have a higher activation energy that Ar diffusion (e.g., YUND,
1983~) which would result in a rapid transition from a metastable to an unstable state, rather than result in a gradual
drop in r’. The second is that, as already mentioned, the r.
activation energy for MH-lO.cf (Fig. 5) was produced using
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FIG. 1I. Arrhenius plots for a synthetic sample having a distribution
of diffusion domains with different activation energies. Solid lines
show the corresponding Arrhenius relationship for each domain used
in the distribution. The distribution itself was built to resemble peculiar features observed in the Arrhenius plot and age spectrum of
sample MH-lO.cb (Fig. 9b), in which a reversed heating schedule
beginning at 1000°C resulted in degassing of 22% of the 39Arin the
first step (corresponding to perhaps >90% of the gas contained in
the least retentive domain). The Arrhenius plot for the synthetic
sample obtained using the same reversed heating schedule used for
MH-lO.cb are shown as squares and correspond well to the actual
results (see Fig. lob). A forward heating schedule equivalent to that
used for MH-lO.cf was also applied to this synthetic sample and the
Arrhenius results, shown as asterisks, reveal a similar pattern to the
empirical data (Fig. lob). Note that this Arrhenius plot does not
allow a clear distinction between distributions with equal activation
energies and those that contain different activation energies. Although
these kind of heating schedules are apparently not sufficient to resolve
small differences in activation energies, resolution can be obtained
from their respective age spectra.

lead to the appearance of multiple activation energies in
samples that contain no such contrast. In the case where the
smallest domain is volumetrically low, a shallow apparent
activation energy can result from monotonic heating due to
the influence of the larger domains (e.g., HEIZLER and HARRISON, 199 1). A consequence of referencing this incorrect
activation energy for r. to the larger domains is that a larger
contrast in activation energy (or the appearance of a contrast
in a sample that contains none) will result. This effect can
be identified by cycling temperature while degassing ro. If r.
is robust, then a single line will be defined. If not, then a zigzag pattern on the Arrhenius plot will result. Likewise, an
intermediate domain that is mapped out on an Arrhenius
plot solely by dropping temperature can yield an apparently
steeper slope to that actually present. This is due to the steadily
increasing influence of the larger domain(s) in drawing down
the value of D/r2. Although temperature cycling will also
identify this effect, so will simple examination of the results
on a log (r/ro) plot. We are confident that the results for MH1O.cf presented in this paper are unaffected by these artifacts.
If the smallest domains are defined by defects which anneal
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FIG. 12. Age spectra obtained from the synthetic sample of Fig.

I 1 using both forward and reversed heating schedules (i.e., MH-lO.cf
and MH-lO.cb). The reversed schedule (heavy line) yields a first step
containing 22% of the cumulative % 39Ar release with an older age
than those obtained in the subsequent few steps; a pattern similar to
that observed in the empirical result for MH-lO.cb (Fig. 9b). In addition, a decrease in age is observed over the last 15% of gas release,
a feature previously noted for samples MH- I O.cb and Ar-Ma-4b(b)
(Fig. 9). This decrease is a consequence of the crossing of the lines
that correspond to the most retentive domains in the distribution
(see Fig. 11).These two features (older ages early and younger ages
later) are independent and due to the crossing lines of the most and
least retentive domains. This is more clearly illustrated in the age
spectrum of the same synthetic sample using the forward heating
schedule (dashed line). Even when the first part of the age spectrum
proceeds in the conventional way, the last part ofthe spectrum shows
the same decrease in ages observed for the spectrum heated in the
reversed manner (see Fig. 9b). No indication of a decrease in age in
the latter part of gas release was observed in the real sample when
we applied the forward heating schedule (Fig. 9b), and thus no indication of intersecting lines appear in this spectrum. Although we
appear to be able to model unusual features such as those appearing
in MH- IO.cb (Fig. 9b) using different activation energies for the various domains, it is unlikely that we have revealed the correct interpretation as no evidence for these parameters were observed in the
forward experiment, and a balance between older ages obtained in
the first step and the younger ages in the last portion of gas release
appears to be maintained in the integrated *Ar/39Ar ages of all the
samples. These two features cannot be completely explained by a
distribution with different activation energies as both effects appear
to be independent. Annealing of sub-grain defects which define the
smallest domain size may be responsible for this effect (see text).
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FIG. 13. Compensation plot for diffusing species in feldspars from
the compilation of HART (198 1) (solid line) together with recent results
of GILETTI (1990).The dashed line reflects constraints on the position
and slope of the compensation law for Ar in feldspar from the observation of how extraneous argon is accommodated in feldspars as
a function of temperature and the maximum value of the ordinate
permitted by the physical size of our analyzed aggregates.
temperature cycling. Any irreversible change in the diffusion
dimension for the smallest domain would clearly plot below
the r. line when the temperature
was dropped. In the case of
MH- 1O.cf, the opposite was observed as the step cycled to
lower temperature
actually plots slightly above the r. line,
albeit containing very little gas.
By demonstrating
a link between total ionic porosity and
diffusivity in silicates, FORTIER and GILETTI (1989) proposed
a systematic model from which the magnitude of activation
energy for diffusion can be predicted. Although largely empirical, the success of their model in providing an internally
consistent framework for oxygen and argon diffusion measurements suggests that the approach has merit. However,
because the unit cell volumes (and thus ionic porosities) of
high sanidine and maximum microcline are essentially identical, their model predicts no contrast in activation energy
between even these endmember
structural states.
Despite the lack of precedent for multiple activation energies of a diffusing species within a single phase, our results
appear to indicate the existence of just such a system. At the
very least, we are currently unable to identify another explanation that satisfactorially
explains the behavior of the Arrhenius (and log r/ro) plots and the age spectra produced by
reversed heating.
Domain Size and the Compensation

Relationship

It may appear that we have introduced one too many degrees of freedom (i.e., multiple E) to still permit assessment
of the true relative domain sizes, as deviations from r. can
now result from both differing diffusion domain size and frequency factor. However, a possible approach to separating
these two effects is to invoke the compensation
relationship.
Molecular diffusion in virtually all solids and melts appears
to obey the Meyer-Neldel rule, a compensation
between activation energy and logarithm of the pre-exponential
factor
for Arrhenius-type
functions (MEYER and NELDEL, 1937).
Diffusion compensation
relationships
have been observed
between different elements in a common host (melt or solid)
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and also result by varying pressure and water content
(WINCHELL, 1969; WATSON, 1979a,b; HART, 1981). A consequence of diffusion compensation
is that at one temperature, given by the slope of the line (the crossover point), all
species diffuse at the same rate. Thermodynamic
justifications
for compensation
have been proposed based on possible correlations between reaction enthalpy and entropy (e.g., CRINE,
1984). However, there is also great concern that the relationship could be simply an artifact arising from the limited experimental
approaches available to reveal E and Do (e.g.,
NORWISZ et al., 1989a,b).
The relatively abundant diffusion literature for feldspars
allowed HART (198 1) to propose a compensation
law of the
form E = 50.7 (kcal/mol) + 3.4 log Do (cm*/sec), which corresponds to a crossover temperature
of -450°C
(Fig. 13,
solid line). Arguments based on the siting of extraneous argon
in geological samples place this value at about 400°C (e.g.,
FOSTER et al., 1990) generally confirming the results of HART
(198 1). If this is the case, we have the basis to separate the
relative contribution
of varying frequency factor from true
size variations within the Do/r2 parameter.
If a domain is
observed to have a higher activation energy than that observed
for ro, the resulting AE then translates, via a shift up the
compensation
line, to a different value of the intrinsic frequency factor from that inferred for r. [slope = 0.3 log Do
(cm2/sec)/E (kcal/mol)]. Note that since r. maps out all domains present in a sample, this estimate of E for the smallest
domain may be influenced to higher values by the more retentive domains. However, because of the relatively small
variations in activation energy observed thus far and the general dominance of the smallest domain size in definition of
ro, we believe that little error results from this assumption.
Use of the compensation
law of HART (198 1) together with
our experimental
data results in overestimates
of the largest
domain size, in some cases exceeding the dimension of the
analyzed grains. Satisfactory agreement is obtained if the slope
is retained, but the compensation
curve is shifted on the ordinate by only 2 kcal/mol (Fig. 13). The dashed line shown
in Fig. 13 reflects constraints on the position and slope of
the compensation
law for Ar in feldspar arising from the
observation
of how extraneous argon is accommodated
in
feldspars as a function
of temperature
(HARRISON and
MCDOUGALL, 1981; ZEITLER, 1987; FOSTER et al., 1990)
and the maximum value of the ordinate permitted by the
largest domain size of our analyzed aggregates. There is certainly sufficient latitude in these data to permit our minor
modifications.
A simple method to account for the effect of varying frequency factor in our calculation of relative domain sizes is
to use the difference in temperature
between the crossover
point and that used to assess the largest domain (1100°C in
the case of MH-lO.cf). If the domain assessment could be
made entirely at -450°C
(the temperature
at which all species in feldspar apparently diffuse at the same rate), then the
only effect that would displace data from r. would be true
differences in domain size. However, to complete the experiment in a reasonable period of time requires that we go to
much higher temperatures.
Thus, we must apply an appropriate correction to account for the change in D/r2 due to
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the activation energy contrast. For example, using 46 and 54
kcal/mol for the smallest and largest domain sizes, respectively, the relative change in D/r’ between 450 and 1100°C
is a factor of 14. Multiplying this by the total contrast in
domain size calculated for MH-10 of 32 (Table 3, LOVERA
et al., 1989) yields a corrected size difference between the
smallest and largest domains of about 450. If the -50 pm
scale inferred from crushing experiments
for the largest domain size in MH-10 is characteristic (LOVERA et al., in prep.),
then our prediction is that the smallest domain size is of the
order 0.1 km.
SUMMARY

AND CONCLUSIONS

The prevailing view that there is a relatively simple relationship between intracrystalline
argon distribution and age
spectrum (i.e., TURNER, 1968; ALBAR&DE, 1978; McDouGALL and HARRISON, 1988) is challenged by our finding that
the form of an age spectrum will be dependent on the laboratory heating schedule if the sample contains domains of
varying activation energy. However, no matter how unusual
the heating schedule and resulting age spectrum are, the recovery of thermal history information remains possible if the
sample does not experience changes to its domain structure
during heating. The results presented here provide guidance
in designing more effective 40Ar/39Ar experiments and suggest
several lines of future investigation.
Our current efforts are
directed at testing the defect annealing hypothesis through
correlating changes in diffusion characteristics
and sample
microstructure
as a function of temperature
(FITZ GERALD
and HARRISON, in prep.; LOVERA et al., in prep.).
The principal conclusions of this study are

1) Potassium

2)

3)

4)

5)

6)

feldspars appear to contain diffusion domains
with activation energies that vary by as much as -8 kcal/
mol between adjacent domain sizes.
A consequence
of even relatively small differences in domain activation energies is the potential for unusual behavior in the age spectrum, the most extreme being that
the shape of the age spectrum changes with varying laboratory heating schedules.
Arrhenius and log (r/ro) plots have the potential to reveal
small differences in activation energy (-2 kcal/mol) between domains, at least in cases where the domains are
well separated in size.
Variations in activation energy of -5 kcal/mol can result
in differences in calculated closure temperatures
of up to
30°C from that obtained assuming equal activation energies for all domains.
Anomalous age spectra that result from reversed heating
experiments
may reflect annealing of subgrain features
which define the smallest diffusion domain size.
The diffusion compensation
relationship provides a basis
for assessing the relative diffusion domain size distribution
for samples containing multiple activation energies.
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APPENDIX:

ANALYTICAL METHODS

40Ar/39Arisotopic measurements of alkali feldspar aggregates were
obtained using automated Nuclide 4.5-60-RSS and VG 1200s mass
spectrometers following the analytical procedures of HARRISONand
FITZ GERALD(1986).Samples were heated in a Ta crucible within
a double-vacuum furnace (e.g., STAUDACHER
et al., 1978). A recent
modification is to immerse in water the seals which separate the
double-sided stainless-steel flange, to which the Ta crucible is electronbeam-brazed (HARRISONand FITZ GERALD, 1986) from the rest of
the vacuum line. This arrangement allows extremely low blanks to
be realized (e.g., 7 X lo-” mol 40Ar at 1000°C). Accuracy of temperature measurement and control is estimated to be better than
+5”C for most conditions. Samples were irradiated in evacuated
quartz vials along with Fe-mica biotite (307.3 Ma) flux monitors in
the H-5 position of the Ford Reactor, University of Michigan. Uncertainties for ages are shown at the one sigma level and do not
include the error in the J factor, estimated to be 0.5%. All ages have
been calculated with the decay constants and isotope abundances
recommended by STEICERand JAGER( 1977). Tabulated results of
the argon isotopic analyses corrected for neutron produced interferences are available by request from the first author.
The multi-domain/multi-activation
energy hypothesis places new
demands on the 40Ar/39Aranalyst. Previously, the principle challenge
in 40Ar/39Ardating was to obtain uniform resolution across the age
spectrum. For example, the rapid and variable onset of thermal deterioration in amphiboles calls for considerable caution in step heating.
Although this consideration has generally been unnecessary for alkali
feldspars, we are now faced with two somewhat competing goals. The
laboratory heating schedule which best brings out the Arrhenius and
domain distribution parameters from alkali feldspars (i.e., cycled
heating) invariably yields an age spectrum with non-uniform resolution, and vice versa. The following discussion suggests compromises
which can lead to the clearest thermal history information being obtained from the sample.
Our initial response to this dilemma was to split the sample and
run two heating experiments-one
to optimize the Arrhenius plot
and one to yield an asthetically pleasing age spectrum. However, the
assumption implicit in this solution, that domain and activation parameters are uniform from split to split (or even grain to grain),
appears to be flawed. Our experience suggests that the only thing
common to all grains of a basement feldspar sample is their thermal
history. This requires that both the age and Arrhenius information
be obtained on the same split.
The most fundamental requirement of the laboratory heating
schedule is that extraction of the bulk of the gas occur below the
temperature at which alkali feldspar reacts to form leucite plus melt.
Our experience suggests that if temperature is maintained at - 1100°C
no deterioration of the largest domain will occur. Under these conditions, even Al/Si ordering is unlikely to occur (see SMITH, 1974).
The onset of melting appears to vary from sample to sample with
some maintaining volume diffusion rates at temperatures as high as
1170°C. However, even at these temperatures most alkali feldspars
require many days to degas 100% of their argon. Although the instrumental performance requirements for these long heating durations
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(e.g.. 39Ar blank, vacuum durability) are easily met by a modern
argon extraction system (see MCDOUGALL and HARRISON, 1988),
four to five day heatings are probably not a practical option for routine
analysis. A goal of obtaining >85% of the argon is generally achievable
with one overnight heating at 1140°C. In general, this will allow
sufficient resolution on the log (r/rO)plot to reveal details of the largest
domain present without consuming excessive amounts of laboratory
time. Although this time requirement still exceeds the previous convention, the clarity of the thermal history information more than
outweighs the apparent loss in productivity.
Compared with conventional monotonic heating, temperature cycling vastly improves the resolution of both the domain distribution
parameters (LOVERA et al., I99 1) and activation energy variations.
Our prefered approach is to plot diffusion coefficients (this requires
only a rough estimate of/and potassium content of the sample) on

an Arrhenius plot during monotonically increasing sample heatings
of 10 to I5 min (beginning at -450°C) to assess when the smallest
domain is being exhausted (i.e., the shift off ro). At this point, a constant temperature (typically 900°C) is maintained, allowing the descent to the next dominant domain size to be observed. Once established on the next dominant domain, the temperature is then dropped
to -7OO”C, either in stages or directly. Because the argon concentration gradient near the surface of the domains is now relatively
shallow, heating at 700°C must be maintained for longer periods of
time to yield measurable gas quantities. It is often convenient to heat
the sample overnight to acquire sufficient signal. The temperature is
then raised and the whole process begins over again for the next
largest domain. As we document in this paper, resolution of the activation energy of the largest domain is often difficult as relatively
little down-temperature leverage of the slope is possible.

