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Abstract. Viewing K-feldspars as containing a discrete 
distribution of diffusion domain sizes reconciles otherwise 
disconsonant features common in their 4~ age 
spectra and Arrhenius plots but raises a fundamental 
question. What are the features in K-feldspar that endow 
it with this behavior? We report here the results of two 
different kinds of experiments that help isolate the nature 
of the responsible diffusion properties. To assess the ther- 
mal stability of the diffusion domains during laboratory 
treatment, MH-10 K-feldspar was step-heated to 850 ~ 
removed from the furnace and split. One split was re- 
irradiated and the other returned to the furnace and 
completely degassed. Following re-irradiation, the origin- 
al heating schedule was used to degas the second aliquot. 
Apart from the first 5% of gas released, the diffusion 
properties show little change relative to the original result 
but, it appears, the physical character of a portion of the 
smallest domain has been altered. Results of duplicate 
step-heating experiments of samples treated at 750~ 
950 ~ and 1100 ~ prior to irradiation are consistent with 
the conclusions of the double irradiation experiment. In a 
second series of experiments, sized aggregates of MH-10 
K-feldspar were analyzed by the 4~ step-heating 
method. The resultant log(r/ro) plots reveal that the largest 
domain is annihilated when the particle size is reduced to 
about 50 gm. From this result we infer that the largest 
diffusion domain size is between 60 and about 130 gm in 
diameter. This estimate, together with knowledge of the 
relative domain size distribution obtained from modeling 
the log(r/ro) plot, sets the size of the smallest domain to be 
less than about 1 lain. Microstructural examination of 
MH-10 K-feldspar identifies sub-grain features that cor- 
respond in size to our independent estimates for the 
largest and smallest diffusion domains. These results 
strongly support the view that low-temperature K-feld- 
spars contain a distribution of diffusion length scales that 
are well approximated as discrete domain sizes and that 
laboratory heating below the onset of melting does not 
significantly affect the ability to obtain thermal recon- 
structions from the 4~ systematics. 

Correspondence to: T.M. Harrison 

Introduction 

It has long been known that the spatial distribution of a 
daughter isotope within a solid preserves a record of the 
thermal history experienced during cooling (Dodson 
1973). Provided that the temperature-dependent transport 
rate of the daughter product is known, this record can in 
theory be inverted to yield a continuous temperature 
history of a rock sample. Alkali feldspars were long 
regarded as insufficiently retentive of argon to be useful 
for geochronology (e.g., Faure 1977). 4~ age spec- 
trum analyses suggested otherwise (e.g., Berger and York 
1981; Harrison and McDougall 1982) but nonetheless 
yielded complex Arrhenius plots. It was subsequently 
suggested that the apparently anomalous characteristics 
of K-feldspar 4~ age spectra and their related 
Arrhenius plots reflect the presence of multiple argon 
retentivities (Gillespie et al. 1982; Zeitler 1987; Lovera et 
al. 1989). Lovera et al. (1989) modeled this behavior using 
a discrete distribution of non-interacting domains of vary- 
ing length scale and found excellent agreement between 
theory and experiment. 

Arrhenius plots derived from the thermal degassing of 
such samples are a combination of those characterizing 
the individual diffusion domains. The form of the Arrhen- 
ius plot and the age spectrum are a function of the 
diffusion parameters (activation energy, E, and frequency 
factor, Do), the characteristics of each discrete domain 
(domain size, p, and volume fraction, dp), and the thermal 
history. Using these parameters, the thermal history is 
retrieved by repeated forward modeling of the age spec- 
trum. Subsequent studies have confirmed many predic- 
tions of this model (Lovera et al. 1991; Harrison et al. 
1991) giving us confidence to apply multi-domain theory 
to complex geological thermal histories (Richter et al. 
1991; Harrison et al. 1992; Leloup et al. 1993). These 
studies suggest that calculated thermal histories are 
relatively insensitive to most model assumptions, includ- 
ing the number of domains and the diffusion geometry. 
Despite this insensitivity, improvements to the model would 
certainly follow from a more complete understanding of the 
phenomena that impart the domain-like behavior. 
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Table 1. Summary of experimental details 

Experiment Sample name Description Weight Size (diameter) 

MH-10 Bulk sample 102.90 mg ~ 425 lam 
Double irradiation MH-10.j Single irradiation 49.60 mg ~ 425 gm 

MH-10.j' Double irradiation 47.30 mg ~ 425 gm 

MH-10.q Original 10.57 mg ~ 425 gm 
MH-10.r (not treated) 10.46 mg ~ 425 gm 
MH-10.m heated to 12.12 mg ~ 425 gm 

Isothermal MH-10.p 750 ~ 12.07 mg ~ 425 gm 
heating MH-10.k heated to 14.76 mg ~ 425 gm 

MH-10.o 950 ~ 10.46 mg ~ 425 gm 
MH-10.1 heated to 10.95 mg ~ 425 gm 
MH-10.n 1100 ~ 11.28 mg ~ 425 gm 

MH-10.bm 30-60 mesh 87.14 mg ~ 425 ~tm 
Size MH-10.t 100 120 mesh 8.16 mg ~ 138 gm 
reduction MH-10.s 230-325 mesh 10.80 mg ~ 54 gm 

MH-10.g 325400 mesh 0.50 mg ~ 42 gm 

In the c o m p a n i o n  paper ,  F i tz  G e r a l d  and  H a r r i s o n  
(1993) r e p o r t  a l ight  m i c r o s c o p e  and  T E M  s tudy  of  b o t h  
u n t r e a t e d  and  hea t - t r e a t ed  samples  of  a K-fe ldspar ,  M H -  
10, tha t  has  been  used ex tens ive ly  in the course  of  deve lop -  
ing the m u l t i - d o m a i n  t heo ry  (Love ra  et al. 1989, 1991; 
H a r r i s o n  et al. 1991). In  this s tudy,  we r epo r t  the resul ts  of  
e x p e r i m e n t s  us ing M H - 1 0  K - M d s p a r  (Table  l) which,  in 
c o n j u n c t i o n  wi th  inferences  of  the  re la t ive  size of  d o m a i n s  
f rom ear l ie r  studies,  p lace  l imits  on  the  a b s o l u t e  size of  
diffusion d o m a i n s  in M H - 1 0 .  Di f fus ion  e x p e r i m e n t s  on  
a l iquan t s  of  M H - 1 0  tha t  were  hea ted  p r io r  to i r r a d i a t i o n  
p r o v i d e  insights  in to  the  s tabi l i ty  of  features  tha t  c o n t r o l  
a r g o n  loss. C o u p l e d  wi th  T E M  o b s e r v a t i o n s  of  s imi la r ly  
t r ea ted  specimens ,  these resul ts  a id  the task of  i so la t ing  
which  fea tures  b e h a v e  as diffusion b o u n d a r i e s  for a r g o n  in 
M H - 1 0  and,  pe rhaps ,  o t h e r  l o w - t e m p e r a t u r e  K-fe ldspars .  

Expel:imental 

The companion paper gives a detailed petrographic and structural 
description of MH-10 K-feldspar (Fitz Gerald and Harrison 1993). 
This sample is from the Chain of Ponds pluton, an undeformed, 370 
Ma granodiorite in northwestern Maine. The rock contains ~ 12% 
alkali feldspar that, in general, occupies the interstices of quartz and 
plagioclase grains. With the exception of what are apparently healed 
cracks making up ~ 5 vol.%, the K-feldspar is remarkably pristine. 

Analytical Methods 

Samples were step-heated in a Ta crucible within a double-vacuum 
furnace of the kind described in McDougall and Harrison (1988), 
capable of maintaining sample temperature to _+ 1 ~ Accuracy of 
the thermocoupte is estimated to be _+ 5~ The temperature 
measured with an auxiliary thermocouple placed in the sample 
location reads • 10~ of the temperature given by the furnace- 
controlling thermocouple, and usually better at low temperatures. 
The duration of a heating step is taken to be the period between the 
furnace-controlling thermocouple reaching a preselected temper- 
ature and the time at which the furnace is turned off. Typically, 
about ~ 2 minutes elapses before the thermocouple reaches the 
desired temperature. Although there is an additional lag for the 
sample to reach thermal equilibrium (it is temperature dependent, 
typically ~ 30 s), this bias is essentially compensated for by the 

argon diffusion that occurred during the warm-up phase. For 
heating durations greater than 5 rain, no significant uncertainty in 
our calculations arises from either this source or inaccuracy in 
temperature measurement. For the size reduction and isothermal 
heating experiments, 4~ isotopic measurements were per- 
formed using a VG 1200S automated mass spectrometer and ex- 
traction system described in Harrison et al. (1991). The double- 
irradiation experiments were undertaken in a similar extraction 
system on-line with a Nuclide 4.5-60-RSS mass spectrometer (Harri- 
son and Fitz Gerald 1986). Details of peak height measurements and 
calculation of associated uncertainties are given in McDougall and 
Harrison (1988). At the editors request, the tabulated ~~ 
results are not presented here. Copies of the analytical results, 
correction factors and diffusion coefficients are held in 
randon.ess.ucla.edu (128.97.31.46) in directory pub/tables/contr 93 
and can be obtained directly from the anonymous account via tip. 
Double-irradiation experiments. About 100 mg of irradiated MH-10 
was step-heated from 450 ~ to 850 ~ according to the schedule 
shown in Fig. 2 and then removed from the furnace and split into 
two parts.~ Half (MH-10.j) was returned to the furnace and heated, 
first repeating the previously used schedule (Fig. 2), and then 
continuing in a step-wise fashion until fusion. The other half (MH- 
10.j') was re-irradiated and returned to the furnace for step-heating 
by the identical schedule used for the sister split (Fig. 2). Note that 
following the first irradiation, the flux monitors were also split so 
that half could be re-irradiated thereby allowing a measure of the 
total J. All experimental apparatus (i.e., crucible, liner, thermo- 
couple, mass spectrometer) were identical for both analyses. 
Isothermal heating. Three hundred milligram aliquots of the MH-10 
mineral separate were treated at 750, 950, and 1100 ~ ( _+ 10 ~ for 
71 min in a Ta crucible within a double-vacuum furnace maintained 
at ~ 10 ~ torr, and were subsequently irradiated. Samples were 
brought to temperature within two minutes and cooling was, for our 
purpose, instantaneous. This is the identical apparatus (i.e., crucible 
plus liner) used by Fitz Gerald and Harrison (1993) to heat splits of 
MH-10 in the related TEM study. 
Size reduction. A 30-60 mesh split (150 to 600 lam, i.e., ~ 425 lam) of 
MH-10 was crushed and passed through 100 120, 23(i~325 and 
325-400 mesh screens with openings of 125 to 150, 45 to 63, and 38 
to 45 Ixm, respectively, yielding sized aggregates ( ~  138, 54, and 
42 gm, respectively) which were subsequently irradiated. 

The sample aggregates were wrapped in Sn foil and sealed in a 
6 mm 1D evacuated quartz glass vial together with flux monitors 
(FC-3 and Fe-mica) and irradiated for varying times in the H-5 and 
L-67 positions of the Ford Reactor, University of Michigan. Follow- 
ing irradiation, several individual crystals of the monitors were fused 
using a 5 W Ar-ion laser and analyzed for their argon isotopic 
composition. The pooled 4~ results for each position were 



used to calculate the J factor assuming monitor ages of 27.8 and 
307.3 Ma for FC-3 and Fe-mica, respectively. Vacuum-fused K2SO4 
and optical grade CaF2 were included in the irradiation tubes to 
monitor correction factors. All diffusion coefficients were calculated 
assuming a plane slab geometry. 

Results 

Although our model is certain to be improved or extended 
as we learn more about argon transport in K-feldspars, 
thermal history calculations appear to be remarkably 
insensitive to the details of parameter selection, and 
even, to some degree, the basic formulation of the model 
(Richter et al. 1991; Harrison et al. 1992; Lovera et al. 
1991). The most pivotal assumption of the model is that 
meaningful diffusion and domain size information can be 
obtained from vacuum step-heating of irradiated feld- 
spars. Should this assumption not endure, the merit of our 
approach would be greatly diminished. It is, thus, very 
important for us to establish whether changes occur dur- 
ing heating that could affect recovery of accurate thermal 
history information. 

There are several possible phase changes that can 
occur during heating that could alter or erase the natural 
diffusion behavior of an alkali feldspar. The most signifi- 
cant instability occurs when the temperature of incon- 
gruent melting is reached. Although this temperature was 
determined to be ~ 1150~ by Schairer and Bowen 
(1955), recent experiments suggest a much lower temper- 
ature. Montana et al. (1991) performed long-term heating 
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experiments on sanidine and as a result proposed a mel- 
ting temperature of 1053 ~ + 5 ~ However, even after a 
month or more at 1055 to 1060 ~ they observed only a 
few percent melting. Clearly there is a profound kinetic 
barrier to achieving equilibrium melting under dry condi- 
tions that may permit the preservation of volume diffusion 
behavior in K-feldspars to temperatures exceeding that of 
melting. Our own experience (also see Fitz Gerald and 
Harrison 1993) is that heating durations of several days at 
l l00~ do not appear to induce melting or alter the 
diffusion behavior of the larger K-feldspar domains 
(Harrison et al. 1991). There are also less profound, but 
potentially significant, modifications to the feldspar struc- 
ture which may also affect the diffusion behavior of argon. 
Homogenization of macro-perthite and disordering 
changes (e.g., Yund 1983; Hokanson and Yund 1986) 
appear not to occur under our experimental conditions. 
Results of X-ray powder diffraction analyses of MH-10 K- 
feldspar, heat-treated in an identical fashion to that de- 
scribed in the experimental section for isothermal heating, 
show no changes to the cell volume ( + 0.1%) orthoclase 
content ( + 2%), or Si/A1 ordering ( _+ 2%) compared to 
untreated material (W. Dollase personal communication). 
However, reversible displacements and nano-scale homo- 
genization can occur (e.g., Smith et al. 1987; Fitz Gerald 
and Harrison 1993) that might possibly affect the domain 
structure. The experiments described next were designed 
to isolate the effects of grain size reduction and heating on 
the transport behavior of argon in K-feldspar. 
Double-irradiation experiment. We performed an uncon- 
ventional experiment (Fig. 1) in which the step-heating 

i r rad ia te  

MH- IO  

wf = 102.9 mg 

Step heat 

450 to 850~ 

MH- IO. I  

wt i = 47.5 mg 

Step heat 

450 to 1550~ 

Remove f rom 

fu rnace and split 

ident ical  schedules 

r e - i r r a d i a t e  

MH-10.i' 

wt r = 49.6 mg 

j Step heat 

450 to 1550~ 

+ 

39ARE Armeasur~d 3gArj, = rmeasured -- 

Fig. 1. Flow chart showing the various steps used in the double-irradiation experiment 
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was interrupted at 850 ~ and the sample split in half. One 
split was returned to the furnace and heated according to 
the original schedule with continued step-heating to fu- 
sion. The second split was re-irradiated and then step- 
heated with an identical schedule. The purpose of this 
experiment is to compare the diffusion behavior of 
pre-heated MH-10 with the untreated sample. By using 
splits of the same material, uncertainties related to sam- 
ple heterogeneity should be minimized. The results 
that we term the "single irradiation experiment" (MH- 
10.j) consist of both the 39Ar released during the initial 
step heating of the entire sample (i.e., 102.9 mg) as well as 
the argon released (normalized to the original mass) fol- 
lowing splitting (MH-10.j, 47.3 mg). The "double irradia- 
tion" experiment is somewhat more involved. To calculate 
a diffusion coefficient associated solely with argon pro- 
duced during the second irradiation, this gas must be 
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Fig. 2. Arrhenius plots for both the single (MH-10.j) and double 
(MH-10.j') irradiation experiments (see Fig. 1). Data shown as 
squares were calculated following the first irradiation from the gas 
collected from both (1) the whole sample prior to splitting (corres- 
ponding with the heating schedule shown as a solid line in the inset), 
and (2) the gas released by MH-10.j following splitting (dashed line in 
inset). Because the first four heating steps (450, 550, 550 and 600 ~ 
after .splitting contained no measurable gas, these points were 
plotted only notionally for MH-10.j (dashed squares). The low 
temperatures steps obtained from the whole sample yield an E of 
49.2 kcal/mol (dashed line). Gas extracted from MH-10.j' (double- 
irradiated split) was separated from the effect of the gas remaining 
from the first irradiation to calculate the MH-10.j' Arrhenius plot 
(shown as triangles). In effect, the second irradiation resets the sgAr 
distribution making only the heating schedule applied after splitting 
relevant to the calculation of the new Arrhenius plot. It is shown by 
the dashed time axis in the inset. Note that the first 6 points of MH- 
10.j' plot just below the corresponding MH-10.j data and yield a 
different activation energy (E = 54 kcal/mol). This result suggests 
that the smaller domains have been altered in some way 
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Fig. 3. Log (r/ro) plots for samples MH-10.j and MH-10.j' calcu- 
lated using the dashed line in Fig. 2 as a reference. The overall 
agreement between both results indicates that heat treatment up to 
850 ~ does not significantly affect the larger diffusion domains. The 
difference between the two plots over the first 4% of agAr released 
(inset) indicates that this volume fraction has been affected by the 
heat treatment. The difference in E between both sets of data (Fig. 2) 
produces the valley observed in the MH-10.j' log (r/ro) plot 

isolated from that remaining in the sample from the first. 
However, assessment of the quantity of argon left over 
from the original irradiation is relatively simple as identi- 
cal heating schedules were used. Thus, a step-by-step 
subtraction from MH-10.j' of the absolute amount of S9Ar 
from the equivalent step of MH-10.j was made at each 
heating step (see flow chart in Fig. 1). Using this ap- 
proach, correction for the different J factors from the two 
irradiations is unnecessary. Due to the extremely small 
amounts of gas released from MH-10.j upon temperature 
cycling down to 450 ~ no correction was necessary for 
the first four steps of MH-10.j' and only a trivial correc- 
tion was applied until temperatures of > 800~ are 
reached. The Arrhenius and log (r/ro) plots for the double- 
irradiation experiment (MH-10.j and MH-10.j') are shown 
in Figs. 2 and 3, respectively. Although these results are 
generally in excellent agreement, differences are observed 
over the first 5% of 39At released. Note that the first six 
points of the Arrhenius plot of MH-10.j' (Fig. 2) plot 
below the line defined by MH-10.j and yield an apparent 
E of ~54kcal/mol.  This effect results in the log(r/re) 
valley observed in the few % of 39Ar released from MH- 
10.j' (Fig. 3) and is also noticed in the isothermal heating 
experiments described next. 
Isothermal heating. Two ~ 10 mg irradiated splits each of 
untreated, and 750, 950 and 1100~ heat-treated MH-10 
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K-feldspar were degassed under identical conditions using 
the heating schedules shown in Fig. 2. Because the specific 
question we wish to address with these analyses is the 
thermal stability of the smallest domains, we chose to 
step-heat the samples from 400 to 950-1000~ before 
fusing them in one step. Arrhenius results for the two 
untreated splits, MH-10.q and MH-10.r, are shown in 
Fig. 4a. These results clearly demonstrate our ability to 
reproduce the apparent E (48.3 4- 0.5 kcal/mol) and log 
(Oo/r  2) (4.6 4- 0.l/s) of the untreated material. This line is 
taken as the reference for comparison with the heat- 
treated samples. 

Although the Arrhenius results for the two 750~ 
splits (MH-10.m and MH-10.p) agree extremely well, they 
plot below the results for the MH-10 splits that were not 
heated prior to step-heating (Fig. 4b). As with the "double 
irradiation experiment", E also appears to have increased 
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Fig. 4. a Arrhenius plots for the untreated (or original) splits MH- 
10.q and MH-10.r. The agreement between the two samples illustra- 
tes the degree to which we can reproduce the diffusion behavior of 
the untreated MH-10 K-feldspar. The solid line is obtained from a 
heavily weighted least squares regression of both data sets and is 
taken as the reference line in subsequent comparisons of the heat- 
treated aliquots, b Arrhenius plots for samples MH-10.m and MH- 
10.p heated at 750 ~ for 71 min. Note that the data plot below the 
reference line defined by the original samples and indicate a higher E 
of 54 kcal/mol (dashed line). Only the 400 and 450 ~ steps contain- 
ing less than 0.1% of the total 39Ar plot above the 54 kcal/mol line. e 
same as b for the 950~ (MH-10.k, MH-10.o) and ll00~ (MH- 
10.1 MH-10.n) heat-treated samples. Again, only the initial points 
which contain less than 0.1% of the total 39Ar deviate from the 
54 kcal/mol line. This deviation appears to become progressively 
more pronounced with increasing temperature of pre-treatment 
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Fig. 5. a Log (r/ro) plots from original and 750~ heat-treated 
samples, b Same for the 950 and 1100 ~ heat-treated samples. The 
data are calculated using the dashed line of Fig. 4 as reference. 
A similar effect to that found in the double-irradiation sample is 
shown here as the heat-treated material yields a valley which plots 
well above the line defined by the original material 

from 48 to 54 kcal/mol. Comparison of the log (r/ro) plots 
obtained from the original and 750 ~ sample (Fig. 5a) 
using the same reference line shows that not only does the 
750 ~ log (r/ro) results plot above the original data in the 
first few % of gas released, but they also show the valley 
observed in MH-10.j'. 

Samples treated at 950~ (MH-10.k and MH-10.o) 
and l l00~  (MH-10.1 and MH-10.n) reveal the same 
effect (Figs. 4c and 5b). Relative to a 54 kcal/mol extra- 
polation (given by the 550 to 800 ~ data for MH-10.m 
and MH-10.p) the data below 550~ plot high for the 
heat-treated samples. The deviation above the 54 kcal/ 
mol line becomes progressively more pronounced with 
increasing temperature of pre-treatment. However, the 
amount of 39At deviating from the 54 kcal/mol line is very 
small ( < 0.1%). 
S i z e  r e d u c t i o n .  Arrhenius plots for the aggregates sized to 
~425 lam, ~ 138 ~tm, ~54  lam and ~42  lam show mar- 

ked differences with the smallest size fraction yielding 
diffusion coefficients almost two orders of magnitude 
higher than the coarsest sample (Fig. 6). The correspond- 
ing log (r/ro) plots of these samples, calculated using the 
same reference line (MH-10.bm) to facilitate the com- 
parison, are shown in Fig. 7. We chose sample MH-10.bm 
as our reference as care was taken to completely degas this 
sample prior to substantial melting. The similar results for 
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line (solid line) is obtained from the least-squares regression of the 
first four points of the MH-10.bm sample 
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Fig. 7. Log (r/ro) plots for the sized samples MH-10.bm, MH-10.t, 
MH-10.s and MH-10.g calculated using the reference line defined by 
the low temperature data of MH-10.bm (Fig. 6). The similar results 
from the samples MH-10.bm and MH-10.t suggest that no change in 
the domain size distribution has resulted from reduction in size from 
425 to 138 gin. The 54 and 42 p-m splits plot well below these results, 
and although the 54 gm split was fused to early to allow assessment 
of the condition of the largest domain, the smallest split clearly 
reveals that this domain is no longer present. From this we infer the 
size of the largest domain to be between 63-125 ~tm 

MH-10.t and MH-10.bm suggest to us that no change in 
the domain distribution has resulted from reduction in 
size from 425 to 138 lam. Indeed, if anything, the 138 gm 
split has the appearance at high degrees of gas loss (Fig. 7) 
of being more retentive than the coarser sample. We 
believe that this is more apparent than real as the 425 gm 
sample was heated to > 1100 ~ by 50% 39Ar released. It 
is possible that, despite our efforts to degas the sample 
prior to substantial melting, incipient melting may have 
occurred during the 1150~ steps. In contrast to the 
coarsest samples, the 54 and 42 gm samples plot well 
below these results. Although the 54 gm split was fused 
too early to allow assessment of the condition of the 
largest domain, the smallest split (MH-10.g) clearly re- 
veals that the largest domain has been annihilated. 

Discussion 

Double-irradiation experiments 

By interrupting the age spectrum experiment after the 
smallest domain has degassed (i.e., step-heating to 850 ~ 
yielding 26% of 39At released) and re-irradiating, we are 
able to evaluate which, if any, domains have been altered 
or which have remained unaffected by heating. 

The Arrhenius plots (Fig. 2) of MH-10.j and MH-10.j' 
(the single and double irradiation samples) reveal a differ- 
ence in activation energy for the initial low temperature 
steps. Clearly, the feature(s) that the models describe as the 
smallest domain(s) have changed or have been removed 
from the sample. With this knowledge, we propose two 
hypotheses (herein referred to as H1 and H2) to describe 
the behavior of MH-10.j. H1 assumes the existence of 
multiple E values with the smallest domains having an E 
of 49.2 _+ 0.5 kcal/mol, as calculated from the low temper- 
ature steps of MH-10.j, and all the larger domains having 
an E of 54 kcal/mol. H2 assumes that the measured E 
value of MH-10.j is only apparent due to the simultaneous 
degassing of a mixture of small domains, all of which have 
an E of 54 kcal/mol that coincides with the measured 
value in the double irradiation sample MH-10.j' (i.e., 
E = 54.0 _+ 0.5 kcal/mol). The hypothesis relevant to the 
MH-10.j experiment represented by models la and 2a 
have the domain distributions given in Table 2. The 
distributions for models la and 2a share the four largest 
domains (E = 54kcal/mol) and differ only in their 
smallest domains. Thus, the major difference in the para- 
meters between these two distributions is that model la 
uses a single small domain which contains 4% of the total 
39Ar and an E of 49.2 kcal/mol, while model 2a splits this 
4% into three domains all with an E of 54 kcal/mol. 



Table 2. Domain distribution for single and double irradiated sam- 
ples. Cj and C~, refer to the volume fractions used to model samples 
MH-10.j and MH-10.j' respectively 

No. E log (D0/p 2) Cj C j, 
kcal/mol s - 1 

H 1-model la 
1 49.2 7.40 0.04 0.02 
2 54.0 6.79 0.13 0.15 
3 54.0 4.94 0.30 0.30 
4 54.0 3.44 0.30 0.30 
5 54.0 2.37 0.23 0.23 

H2-model 2a 
1 54.0 10.5 0.0025 0.0 
2 54.0 8.5 0.0205 0.0 
3 54.0 7.9 0.0170 0.04 
4 54.0 6.79 0.13 0.13 
5 54.0 4.94 0.30 0.30 
6 54.0 3.44 0.30 0.30 
7 54.0 2.37 0.23 0.23 
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Fig. 8. Arrhenius plot of sample. MH-10.j compared to the theoret- 
ical Arrhenius plots calculated from models la and 2a using the 
domain distribution listed in Table 2 (C j). Solid lines represent the 
four largest domains and are shared by both distributions (models 
la and 2a). Small dashed line shows the diffusion properties of the 
smallest domain of model la while the three dashed lines display the 
position of the three smallest domains of model 2a. By changing this 
smallest domain distribution we can reproduce the data of the 
double-irradiation sample MH-10.j' (Fig. 10) 

Figure 8 compares the Arrhenius plot calculated from 
both models with that obtained from the experimental 
data of MH-10.j. As no measurable gas was evolved from 
the first four steps (450, 500, 550 and 600 ~ following the 
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Fig. 9. Log (r/ro) plots for sample MH-10.j compared to the log 
(r/to) plots obtained from models la and 2a. Both distributions quite 
satisfactorily reproduce the MH-10.j data. Both models show only a 
slight disagreement in the first 10% of the 39Ar released (see inset) 

splitting of sample MH-10.j, diffusion coefficients cannot 
be calculated. The log(D/r 2) values for these steps are 
shown schematically by extrapolation of the high temper- 
ature Arrhenius parameters in Fig. 2. The subsequent four 
steps contain relatively small gas quantities and are thus 
subject to large uncertainty. Nonetheless, after back- 
ground subtraction (a correction of up to 2/3 of the total 
measured signal), the Arrhenius data plot coherently with 
the subsequent heating steps ( > 800 ~ and agree well 
with model predictions. As shown in Fig. 9 the experi- 
mental and model log (r/ro) plots are in good agreement 
over the remainder of the spectrum,. Both hypotheses (H1 
and H2) requires a change in the domain distribution as a 
result of the heat treatment to obtain a good model fit to 
the MH-10.j' data. The question remains whether simul- 
taneous degassing of small diffusion domains gives rise to 
a low apparent E or if the sample truly contains multiple 
E. In the first case, annealing of minute features during 
heat treatment would remove the non-robust domains 
and result in well-separated discrete domains revealing 
the true E. The second case requires an actual change in 
the diffusion parameters (E and Do) of the smallest do- 
main. Both cases are exemplified by the changes to models 
la and 2a described next. 
1. Changing the domain distribution of model la (ie., Cj 
into C j,, Table 2) by partitioning 50% of the gas from 
smallest domain (E = 49.2 kcal/mol) to the next most 
retentive domain having a E of 54 kcal/mol produces the 
Arrhenius and log (r/ro) plots shown in Figs. 10 and 11. 
Although the fit to the experimental data is not perfect, it 
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Fig. 10. Arrhenius plot of sample MH-10.j' compared to the theor- 
etical Arrhenius plots calculated from models la and 2a using the 
domain distribution listed in Table 2, (C j). According to hypotheses 
HI and H2, the domain distributions of models la and 2a that 
reproduce the MH-10.j data were obtained by changing the volume 
fractions C; into C;, in Table 2. Thus, in model la, 50% of the volume 
fraction of the smallest domain (E = 49.2 kcal/mol) was converted to 
the next largest domain (E = 54 kcal/mol). In model 2a, the three 
smallest domains containing 4% of the total 39Ar merge into the 
largest one of these three. Both hypotheses (models la and 2a) 
represent equally good candidates to interpret the data from the 
double irradiation experiment 

gives a reasonable approximation and requires the fewest 
assumptions. 
2. The domain size distribution of model 2a (Table 2), 
merges all three of the smallest domains (C5) into the 
largest of these three domains (C;,). The resulting Arrhen- 
ius and log (r/ro) plots are in good agreement with the 
experimental data (Figs. 10 and 11). 

TEM observations described in the companion paper 
(Fitz Gerald and Harrison 1993) show that fine scale 
albite lamellae (separated by ~0.1 gin) are annealed by 
750 ~ Provided that the lamellar boundaries act as a fast 
diffusion path which results in the reduction of the domain 
size, then the merging of the three smallest domains could 
represent a change in the domain scale due to the an- 
nealing of the lamellae. However, the existence of multiple 
Es in K-feldspars is suggested from other studies (e.g., 
Leloup et al. 1993). In the present case, the small contrast 
in degree of fit makes it difficult to choose between these 
two models. In addition, we are currently investigating a 
possible alternate explanation involving the effect of non- 
uniform K distributions (such as that expected from 
perthite exsolution) on the Arrhenius plot. Preliminary 
calculations show that departures from a uniform distri- 
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(r/ro) plots obtained from models la and 2a. Although the inset 
shows that model 2a appears to better fit the MH-10.j' data, the 
difference between both models is probably at the noise level of the 
experiments 

bution can produce both large and small differences in the 
Arrhenius plots. A depletion of argon at the surface 
produces large disagreement with observations (activa- 
tion energies greater than 95 kcal/mol!) effectively ruling 
out such distributions. However, sinusoidal distributions 
of the type cos 2 (n~x)(with 1 < x >  1 and n a natural 
number) produce small differences which may correlate 
with the changes in diffusion properties observed in the 
smallest domains following sample heating. A possible 
explanation is that the lamellae create a non-uniform 
distribution of 39Ar that leads to an artifact in the calcu- 
lated results. Following hour-long-heating at 750 ~ the 
diffusion coefficients have dropped by a factor of three 
with respect to the original measurements (Fig. 4b). It is 
conceivable that this drop is only apparent and is due to 
homogenization of the potassium distribution during 
heating. 

Isothermal heating experiments 

Following the line of reasoning developed from our ana- 
lysis of the double irradiation experiment (hypotheses H1 
and H2), we apply similar models (models l b and 2b, 
Table 3) to those described already to fit the experimental 
data obtained from the isothermally heated samples. Be- 
cause only a portion of the 39Ar released (~25%)  is 
resolved from the experiment, we used a small number of 
domains to fit the original and heated data (see Table 3 
and Figs. 12 and 13). A least squares regression of the low 
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Table 3. Domain distributions for original and 750 ~ isothermal 
reheating experiments. C~. and C75o refer to the volume fractions 
used to model original and 750 ~ samples, respectively 

No. E log (Do/P 2) C~ C75 o 
kcal/mol s - 1 

Hl-model lb 
1 48.3 6.90 0.04 0.01 
2 54.0 6.95 0.08 0.1l 
3 54.0 6.30 0.05 0.05 
4 54.0 3.80 0.83 0.83 

H2-model 2b 
1 54.0 12.2 0.0007 0.00 
2 54.0 8.35 0.0313 0.00 
3 54.0 7.15 0.008 0.04 
4 54.0 6.95 0.08 0.08 
5 54.0 6.30 0.05 0.05 
6 54.0 3.80 0.83 0.83 
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Fig. 12. a Arrhenius plot of the original samples MH-10.q and 
MH-10.r compared to the theoretical Arrhenius plots calculated 
from models lb and 2b using the domain distribution listed in 
Table 3 (C~,), b Same for samples MH-10.m and MH-10.p using the 
C75o domain distribution of Table 3. Either a single-E or multi-E 
model can be used to equally well reproduce the measured data 

temperature steps of the original data gives an E of 48.3 
_+ 0.5 kcal/mol which was used as the E value of the 

smallest domain in model lb (Table 3). Quoted uncertain- 
ties of the activation energy and log (Do/r 2) refer only to 
one standard deviation of a heavily weighted, least 
squares linear regression and do not include experimental 
errors. The theoretical Arrhenius plots for both models 
produce an acceptable fit to the experimental results 
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Fig. 13. a Log (r/ro) plots from samples MH-I0.q and MH-10.r 
compared to the log (r/ro) plots obtained from models lb and 2b. b) 
Same for samples MH-10.m and MH-10.p (750~ heat-treated 
samples) 

(Fig. 12). During this experiment, the heating steps at 
several temperatures were duplicated with the intent to 
measure the reproducibility of the diffusion parameters 
and determine if the E and log(Do/r 2) values are real or 
only apparent. These isothermal duplicates provide an 
additional criterion to differentiate between H1 and H2 
since any separation between points obtained at the same 
temperature suggest an apparent E defined by the simul- 
taneous degassing of some small domains, potentially 
with a different E to that determined by regression of all 
the low temperature data. In Fig. 12 we note that, al- 
though the experimental data apparently show a separa- 
tion between isothermal points, it is within experimental 
uncertainties. Once again we can reproduce the data 
obtained from the 750 ~ isothermal experiment by redu- 
cing the volume fraction of the smallest domain in model 
Ib (i.e., changing Cv into C75o, Table 3), but now 75% of 
this domain needs to be converted to the next most 
retentive domain of 54 kcal/mol. In model 2, the same 
hypothesis of merging the three smallest domains into the 
next most retentive of them produces a satisfactory ap- 
proximation of the experimental data (Figs. 12 and 13). As 
before, the differences between these models are within the 
uncertainties of the experimental results and do not allow 
a clear choice between H1 and H2. The same arguments 
hold for the 950 and 1100 ~ samples. 

In all three samples that were pre-heated prior to 
irradiation, the initial steps in the Arrhenius plots deviate 
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from the 54 kcal/mol line in a progressive fashion with the 
highest temperature (ll00~ yielding the greatest dis- 
cordance (Fig. 4). It appears that either decomposition 
during heating or anisotropic expansion/contraction dur- 
ing thermal cycling has introduced a very small domain 
into the sample. Fitz Gerald and Harrison (1993) did not 
conclusively identify any feature during their TEM imag- 
ing of MH-10 that corresponds to this new domain. This 
is not surprising in that the magnitude of this effect is 
extremely small. The total amount of 39Ar deviating from 
the 54kcal/mol line is in all cases < 0.1% and more 
typically < 0.05% and thus does not represent a signifi- 
cant change to the feldspar structure. 
Sized samples. The sized samples reveal a marked de- 
crease in apparent argon retentivity between the 425 and 
138 versus the 54 and 42 gm samples. This can be well 
illustrated by comparing the amount of gas loss at a given 
temperature. For example, the 425, 138, 54 and 42 ~tm 
samples degassed 29, 46, 65 and 82% 39Ar, respectively, 
by about 1000 ~ Although a useful first order estimate, 
this comparison is not rigorous as the laboratory heating 
schedules varied significantly. By assuming an activation 
energy of 46.5 kcal/mot (i.e., Mh-10.bm) for argon diffu- 
sion, we have calculated the amount of 39Ar each sample 
would lose if held at 1000 ~ for 71 min (i.e., the duration 
of our isothermal heating experiments). To do this we 
scaled the diffusion coefficient using Eq. (2) of Harrison 
and McDougall (1980). Under these assumptions, the two 
coarsest splits (425 and 138 ~m) would reach this com- 
bined temperature-time condition when 46% of their 39Ar 
was degassed, whereas the two finest splits (54 and 42 gm) 
would both have lost about 62% of their 39Ar. Clearly size 
reduction below about 100 ~tm has markedly affected the 
argon retentivity of MH-10. 

Although the precise nature of the diffusion domains is 
not yet completely resolved, our analysis of K-feldspar 
Arrhenius and log(r/ro) plots permits some insight into 
what the relative length scale of domains would be if the 
argon retentivity is dominantly domain-size controlled. 
For example, assuming equal activation energies among 
domains as in H2, we need at least seven diffusion do- 
mains to fit the double irradiation experimental data 
(model 2a). The relative sizes between domains can be 
calculated from Table 2. Normalizing the largest domain 
to unity, all domain sizes of the model 2a in Table 2 scale 
as: 1, 1/3, 1/20, 1/167, 1/590, 10 -3, 10 -4, although differ- 
ences in assumed diffusion geometry will change these 
estimates to some extent (Lovera et al. 1991). In model la 
(H1), accounting for the effect of multiple activation en- 
ergy, the relative size of the smallest domain is close to 
that found for domain 3 in model 2a ( ~ 1/500) (Harrison 
et al. 1991). Having observed the same range of domain 
sizes within ~ 425 gm diameter single crystals of MH-10 
as that found in aggregates (Lovera et al. 1991), we can 
reasonably infer that the largest domain is no bigger than 
hundreds of microns and thus the third domain is at most 
on the order of a few microns. The smallest domains 
defined in model 2a (Table 2, domains 1 and 2), may not 
be truly related to spatially separated diffusion domains. 
Although we describe this unretentive quality of the 
sample as a mixture of exceedingly small domains, it is at 
least as likely that this results from artifacts in the calcu- 

lations (e.g., discrepancies from assumed ideal geometries 
or small interactions between domains) or a rapid non- 
volume diffusion path (e.g., grain boundary diffusion). 

Our new results further constrain the actual size of the 
domains. The size-fraction of MH-10 with a diameter of 
~42 ~tm (MH-10.g) yields the log (r/r.) plot shown in 

Fig. 7 together with the log (r/ro) plot for the ~ 425 gm 
material (MH-10.bm). The clearest effects of sizing have 
been to annihilate the largest domain and increase the 
volume fraction of the smallest domain. It may appear 
that the crushing of the sample has introduced an even 
smaller domain (i.e., the data plotting at - 0.8), but note 
that this is virtually the same position of the smallest 
domain size predicted from the original experiment on the 
coarser grained sample. Clearly we have dramatically 
increased the volume fraction of the smallest domain, but 
have we done this by concentrating the small domain in 
the finest sieve fractions or by creating more of the small 
domain by size reduction of the large domain? Although 
there is likely a contribution from each, the decrease in the 
K-Ar age of the 42 gm sample by 10 Ma compared with 
the 425 p.m sample suggests the former explanation may 
be a significant effect. By isolating the largest domain size 
to between about 42 and 138 gm implies that the smallest 
domain is order 0.1 gm. 

These data are consistent with the results of similar 
experiments performed on MG-1, a K-feldspar sample 
from an eastern Mojave granodiorite (Foster 1989; Foster 
et al. 1990). Accounting for small differences in heating 
schedule, fractions of MG-1 sized to between 60 and 90 gm 
degassed similar amounts of argon at essentially the same 
temperature as splits sized to between 180 and 250 ~tm. 
For example, by 1120~ the coarser samples lost about 
46% of their 39Ar. Although almost ten times smaller with 
respect to r 2, the three 60-90 gm samples had lost only 
between 52 and 59% of their total 39Ar. This suggests to 
us that the characteristic length scale of argon diffusion in 
the largest domain in these samples has not been signifi- 
cantly affected by reduction of the average particle size 
from about 200 to 75 gm. Thus it appears that the size of 
the largest domain in this sample is no greater than about 
100 ~m. 

Remarks and conclusions 

The experimental results presented in this study reveal 
characteristics of MH-10 K-feldspar that have funda- 
mental implications for application of diffusion domain 
theory to thermal history reconstructions. We have invest- 
igated several aspects of this model including basic under- 
lying assumptions of its formulation and the preservation 
of domains during laboratory heating. 

The essential criterion of any successful diffusion study 
is that the phase remain stable during heating. Our iso- 
thermal and double irradiation experiments show that, 
with a small exception, the diffusion domains are very 
robust during laboratory heating. However, the first steps 
contain an argon component (containing about 4% of the 
total gas) originating in low retentivity sites that appear to 
coalesce during heating to even 750 ~ The result is to 
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Fig. 14. Comparison of age spectrum (solid line) obtained using the 
domain distribution of model la  and assuming a constant cooling 
rate of 5 ~ (inset, solid line) to the age spectrum (dashed line) 
calculated from the distribution of model 2a and the cooling history 
shown by the dashed line in the inset (note that the dashed line is 
coincident with the solid line between 80 and 42 Ma). The good 
agreement between both age spectra indicates that the use of single- 
E versus multi-E model to interpret the 4~ data introduces 
only a small difference ( ~ 15 ~ over a short time interval in the 
estimate of the cooling history 

make the heat-treated sample appear slightly more reten- 
tive of argon compared with original material. Our 
modeling shows that both multi- and single-E distribu- 
tions can adequately reproduce the experimental results. 
However, this lack of uniqueness does not seriously inter- 
fere with thermal history interpretations as calculation of 
thermal histories are not highly sensitive to this choice. 
For example, cooling histories derived from samples using 
either model 1 or 2 (multi- and single-E) distributions 
differ only by 10 ~ over a small portion of the cooling 
interval. Viewed another way, the perturbation from a 
linear cooling history arising from interpreting an age 
spectrum using either choice of domain structure is within 
the overall uncertainty of the method. A model calcu- 
lation illustrates this in Fig. 14. The age spectrum ob- 
tained using the domain distribution of model la (Table 2, 
C j) and assuming a constant cooling rate of 5 ~ can 
be reproduced using the parameters of model 2a (Table 2, 
C j,) by incorporating the small change to the thermal 
history shown in the inseL 

Recognition of a threshold size below which fractions 
of MH-10 become progressively less retentive of argon 
supports our assumption that the diffusion domains are 
characterized by discrete sizes. Our analysis of a 

138 lain split of MH-10 yields essentially identical kin- 
etic behavior to a much larger split and indicates that the 

largest domain has not been disturbed by this size reduc- 
tion. This sets an upper limit to the largest diffusion 
dimension equal to the smallest sieve opening of 125 gm. 
By the same reasoning, the greatly reduced argon retentiv- 
ity of the ~ 54 and ~42 gm splits sets an approximate 
lower bound of 63 gm. This result is consistent with both 
our interpretation of the results of Foster et al. (1990) and 
the length scale of the largest feature observed in the 
microstructure of MH-10 of about 50 to 100 lam (Fitz 
Gerald and Harrison 1993). Although model-dependent, 
we can infer from our analysis of the relative domain sizes 
present in MH-10 that the smallest domain is not larger 
than several tenths of a micron and is at least partially 
disturbed by heating to 750 ~ This could correspond to 
the spacing between albite lamellae observed in the TEM 
images of MH-10 (Fitz Gerald and Harrison 1993). These 
features have a characteristic dimension of about 0.1 gm 
and disappear when heated to 750 ~ However, the effect 
on the diffusion behavior is seen only in the first 5% of gas 
release whereas the fine-scale albite exsolution lamellae 
occurs in about 20% of the K-feldspar. Another possible 
candidate is the fine-scale "modified feldspar" in turbid 
zones that makes up about 5 vol.% of MH-10 (Fitz 
Gerald and Harrison 1993). Although this amount does 
correspond to the fraction of 39Ar disturbed by laboratory 
heating, no apparent changes to these features were ob- 
served to result from heating. 

It is useful to contrast our conclusions with the recent 
studies of Burgess et al. (1992) and Turner and Wang 
(1992). Turner and Wang (1992) found that between 1 and 
5% of the potassium in K-feldspar-bearing samples of 
chert and stromatolite reside in sites that are accessible by 
crushing and as a consequence urged caution in interpret- 
ing K-feldspar age spectra. Burgess et al. (1992), using a 
combination of laser heating and in vacuo crushing meth- 
ods, concluded that as much or more than 2% of the 
potassium in certain hypersolvus alkali feldspars from the 
Klokken intrusion may be contained in fluid inclusions. 
Thermal breakdown of these features appears to cause 
release of the dissolved argon upon heating to 600~ 
Could MH-10 contain a similar potassium distribution to 
that described by Burgess et al. (1992) and yield the highly 
linear and reproducible Arrhenius relationships shown in 
Fig. 4a? An in vacuo crushing experiment using MH-10 
reveals that only a n exceedingly small fraction ( < 0.1%) 
of the 39Ar resides in sites that are accessible to crushing 
(Harrison et al. 1993) making any effect on the age 
spectrum and Arrhenius plots a trivial one. This effect has 
no bearing on age spectrum interpretation as the first 
several percent of argon release are routinely ignored due 
to excess argon. Though more sensitive, the effect of a 
non-volume distribution of < 0.1% of the potassium on 
the Arrhenius plot is still small as this fraction of 39Ar is 
usually released in the first one or two steps. Interestingly, 
it is often these initial steps that yield diffusion coefficients 
higher than those predicted by extrapolation of the robust 
r o line (Lovera et al. 1991; Harrison et al. 1992). 

The Burgess et al. (1992) observation does explain why 
an earlier study of the same materials found apparently 
scattered Arrhenius plots at temperatures below 1000 ~ 
leading the authors (Parsons et al. 1988) to conclude that 
volume diffusion was not the rate controlling process. 
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From the results emerging from investigations of the 
Klokken alkali feldspars we conclude that the materials 
they have extensively studied are atypical of the sub- 
solidus alkali feldspars that have been the principal focus 
of our diffusion domain studies (Lovera et al. 1989, 1991; 
Richter et al. 1991; Harrison et al. 1991, 1992, Leloup et al. 
1992 submitted). Clearly thermochronometric results 
from materials of the type used by Burgess et al. (1992) and 
Turner and Wang (1992) should be viewed with some 
caution and we emphasize that every K-feldspar age 
spectrum must be individually evaluated to assess non- 
ideal behaviors such as extraneous argon (e.g., Heizler and 
Harrison 1988). However, the presence of excess argon is 
by no means an impediment to performing the multi- 
domain analysis since evaluation of the relationship be- 
tween inflections in the age spectrum and log (r/ro) plots 
allows a self-consistency test of the assumptions used in 
calculating the model age spectrum (see Fig. 8 of 
Harrison et al. 1992). For  the reasons described immedi- 
ately above and below, we conclude that effects related to 
non-volume phenomena do not materially affect recovery 
of thermal history information from MH-10 and similar 
K-feldspar. 

Whether MH-10 is highly representative of most base- 
ment alkali feldspars will only become clear with time. 
However, investigations of this sample show that the 
domain-type behavior is present in a material that con- 
tains very few extended defects and has a relatively simple 
microstructure (Fitz Gerald and Harrison 1993). Have 
changes to the feldspar structure occurred during laborat- 
ory heating and geological cooling that compromise our 
ability to derive geological thermal histories? Direct imag- 
ing (Fitz Gerald and Harrison 1993) and powder XRD 
analyses (W. Dollase personal communication) show that 
MH-10 maintains its cell dimensions, orthoclase content, 
Si/A1 ordering, and microstructure (with the small ex- 
ception of nano-scale albite lamellae homogenization dis- 
cussed already) during laboratory heating to l l00~ 
With respect to the geological environment, we have 
previously argued that: (1) the correlation between inflec- 
tions on the MH-10 age spectrum and Arrhenius plot 
(Lovera et al. 1991) strongly suggests that the diffusion 
boundaries present in both nature and the laboratory 
must be the same, and (2) the complimentary thermal 
histories calculated from adjacent samples with very dif- 
ferent kinetic parameters implies that the argon diffusion 
mechanism investigated in the laboratory is similar to the 
natural behavior (Lovera et al. 1989). These earlier conclu- 
sions are supported by our finding that, short of melting 
the sample, laboratory heating does not significantly alter 
the diffusion behavior of the sample or affect our ability to 
obtain meaningful thermal reconstructions from geo- 
logical samples. 

The results described in this study confirm a funda- 
mental underpinning of the multi-diffusion-domain 
model; that low-temperature K-feldspars can contain a 
distribution of diffusion length scales that is well approx- 
imated as discrete domain sizes. Although the agreement 
between our experimental results and the microstructural 
examination presented in the companion paper (Fitz 
Gerald and Harrison 1993) is promising, many details 
(e.g., nature of the intermediate domains, basis of multiple 

activation energies) require further study. However, we 
emphasize that our current understanding supports the 
view that, provided that diffusion in the laboratory repro- 
duces the same mechanisms and is influenced by the same 
factors as in nature (see earlier), thermal histories calcu- 
lated from this model are insensitive to assumptions 
regarding diffusion geometry, number of domains, charac- 
terization of the smallest domain, and even details of the 
formulation of the model. 
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