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Abstract.  It is axiomatic that application of closure theory – the foundation of isotope-based 9 

thermochronology – requires an empirical diffusion model.  Thus it is surprising that the 10 

majority of thermochronological studies have not met this requirement.  The advent of the multi-11 

diffusion domain (MDD) model transcended this limitation yielding both diffusion and age 12 

information via routine 40Ar/39Ar step-heating of K-feldspar.  Observed correlations between age 13 

and Arrhenius spectra show that Ar diffusion occurs by the same mechanisms in nature as in the 14 

laboratory.  Under certain conditions, these data permit the recovery of a unique, cooling history.  15 

The community reaction included some unproductive lines of argument but some stimulated 16 

refinements of the MDD model that benefited the development of thermochronology.  The MDD 17 

model was recently applied to muscovite upon recognition that the same diffusion mechanism 18 

operates in vacuum step-heating as in nature.  The advent of 40K-40Ca closure profile dating 19 

opens up a new thermochronological approach.  Initial results confirm that muscovite intragrain 20 

defects can restrict effective diffusion lengthscales in white micas from 10-100s of microns.  Our 21 

hope for the future of the MDD model is that it be subject to aggressive and skeptical testing by 22 

the community in which quantification is valued over assertion. 23 

Introduction 24 

As early as ca. 1964, geochronologists recognized that most mineral dates did not reflect rock 25 

forming ages but rather corresponded to a ‘blocking’ temperature at which the daughter product 26 

became stabilized (e.g., Jäger and Niggli, 1964). At about the same time, the 40Ar/39Ar variant of 27 
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K-Ar geochronology was being developed for dating meteorites  (Merrihue, 1965; Merrihue and 28 

Turner et al., 1966); this approach would later come to have tremendous application in revealing 29 

terrestrial thermal histories.  The advent of closure theory (Dodson, 1973) was slow to be 30 

appreciated but, by the late 1970s, sufficient confidence in this interpretation led to a new kind of 31 

diagram in which K-Ar, Rb-Sr and fission track ages were plotted against assumed closure 32 

temperatures (Tc) to infer first order rock thermal histories (e.g., Mattinson, 1978; Harrison, 33 

1977).  These early studies led to efforts to link such T-t histories to physical models involving 34 

magmatism, denudation and uplift (e.g., Harrison and Clarke, 1979) and exploration of the 35 

benefits of the 40Ar/39Ar step-heating method (e.g., Berger et al., 1979).  The limitations of this 36 

approach soon began to become apparent, particularly the inherent insensitivity of the bulk Tc 37 

approach and paucity of reliable kinetic data which prevented accurate closure temperatures with 38 

robust uncertainties from being defined.   Thus the scene was set for a transcendental approach 39 

that would simultaneously exploit the full thermochronological signal available within 40 

intracrystalline isotopic variations and provide sample-specific kinetic parameters.   41 

In 1987, Zeitler noted that the seemingly anomalous behaviour in both 40Ar/39Ar age spectra 42 

and the associated 39Ar Arrhenius plots obtained as a by-product of dating K-feldspars could be 43 

qualitatively explained by the presence of a range of effective grain sizes.  Later, Lovera et al. 44 

(1989) presented a complete inversion theory under the assumption that K-feldspar comprise a 45 

distribution of diffusion domain sizes, enabling not only the quantitative calculation of the 46 

diffusion parameters but also the recovery of continuous temperature-time (T-t) histories 47 

ushering in an era of high resolution thermal history analysis.  48 

K-feldspar is ideal in this role as it is widespread, potassium-rich, and, apart from alkali 49 

interdiffusion, stable during laboratory heating up to temperatures near its pre-melting point 50 
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(~1100°C).  As noted, the two distinct sources of information from an 40Ar/39Ar step-heating 51 

experiment are the age spectrum and the Arrhenius plot.  The age spectrum is calculated from the 52 

flux of radiogenic argon (40Ar*) relative to the reactor produced argon (39ArK) that is released 53 

during discrete laboratory heating steps.  The Arrhenius plot is derived by plotting diffusion 54 

coefficients (calculated from inversion of the 39Ar release function assuming a single diffusion 55 

length scale) against the inverse absolute temperature of laboratory heating.   56 

 Before we continue, we note that although the concept of simultaneously degassing diffusion 57 

domains of differing size is relatively simple, there are several non-intuitive consequences for 58 

interpreting Arrhenius diagrams from step-heating data worth pointing out.  Thus we offer a 59 

simple symbolic model showing the basic elements of multi-diffusion domain (MDD) behaviour.  60 

Figure 1 is a cartoon of the degassing of a sample with two widely separated diffusion domain 61 

sizes.  Cross sections through the initially filled spheres (Fig. 1a) are shown as uniformly black 62 

but tend towards light gray as the diffusing gas is lost from the solid at the surface.  As gas is 63 

lost, the smaller domains rapidly become exhausted (Fig. 1b) and are eventually completely 64 

degassed (Fig. 1c) while the single large domain still retains a substantial portion of its reservoir 65 

in regions most remote from the surface.  Eventually, even the large domain is completely 66 

degassed (Fig. 1d). 67 

Note that while both diffusion domain sizes contribute during the initial stages of degassing 68 

(Fig. 1b), the smaller domains dominate that mixture and thus the apparent D/r2 (where D is 69 

diffusion coefficient and r is the domain radius) calculated from a solution of the diffusion 70 

equation (which explicitly assumes a single value of r; Crank, 1975) plots on an Arrhenius 71 

diagram as a single effective domain of size ro, between the two domain sizes but closer to the 72 

smaller domain size (a in Fig. 1e).  As the small domains become degassed, the apparent D/r2 73 
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drops onto the Arrhenius relationship for the larger domain and now accurate reflects the kinetic 74 

properties of the larger domain size (b in Fig. 1e).  An unusual aspect of simultaneous degassing 75 

a mixture of diffusion domain sizes by step-heating is that the form of the calculated Arrhenius 76 

plot is not an intrinsic property of the system but rather changes substantially depending on 77 

laboratory heating schedule (see Fig. 1 in Lovera et al., 1991).  For example, the inflection in the 78 

gray curve in Figure 1e could be shifted up or down parallel to the slope of the domains by 79 

respectively shortening and lengthening the duration of laboratory heating steps, as well as 80 

causing substantial changes to the form of that curve.  A good illustration of this is shown in 81 

Figure 1 of Lovera et al. (1991). 82 

Now consider the case of a sample comprising three spherical diffusion domains of equal 83 

volume fraction that differ in radii in the proportions 1:0.1:0.01 (Fig. 2).   The model Arrhenius 84 

plot (Fig. 2a) is calculated from 39Ar loss in the laboratory over hours to days whereas the 85 

40Ar/39Ar age spectrum (right y-axis in 2b) reflects 40Ar ingrowth during linear cooling from 80 86 

to 20 Ma.  Because the shape of the Arrhenius plot varies with laboratory heating schedule for 87 

samples containing a distribution of diffusion domain sizes, an alternate form of data display 88 

termed the log (r/ro) plot is often used (Richter et al. 1991; Fig. 1b, left y-axis).  Log(r/ro) spectra 89 

are constructed by plotting the deviation of the measured diffusivities (D/r2) from a reference 90 

diffusion law (D/ro
2 = Do/ro

2 e-E/RT; i.e., the linear array defined in the earliest phase of 91 

degassing) at a given temperature T as a function of cumulative %39Ar released (Fig. 1c).  92 

Because the intrinsic diffusivity D from the reference diffusion law is arbitrarily assigned to the 93 

sample, the log(r/ro) value is given simply by the expression 0.5(log D/ro
2-log D/r2). 94 

In general, basement K-feldspars yield 40Ar/39Ar age spectra, Arrhenius, and log(r/ro) plots 95 

that are inconsistent with the presence of a single diffusion dimension.  For example, rather than 96 
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yielding a linear array, K-feldspar Arrhenius plots show complex departures from an initial 97 

straight line segment (i.e., D/ro
2).  Although this behavior was initially thought to reflect 98 

laboratory artifacts (Harrison and McDougall, 1982), it almost certainly reflects, at least in part, 99 

the presence of discrete Ar retentivities within K-feldspar.  While this could potentially be due to 100 

sites of differing energetics or even nested diffusion domains, we interpreted this behavior to 101 

reflect the presence of varying sized domains (Lovera et al., 1989). 102 

As an example of actual sample behavior, consider perthitic K-feldspar N-13 (Harrison et al. 103 

2000). The age (left axis) and log (r/ro) spectra (right axis) for this sample are shown in Fig. 3a.  104 

Note that the two spectra are highly correlated (see Lovera et al., 2002), particularly over the 105 

interval of gas release between the disappearance of low-temperature Cl-correlated excess 40Ar 106 

(40ArXS) and the onset of melting above 1100°C.  As will be discussed further, this is 107 

characteristic of about 70% of basement K-feldspars.  Figure 3b shows the Arrhenius plot of N-108 

13 K-feldspar with reference Arrhenius law (in grey) defined by initial gas release and Fig. 3c is 109 

the recovered thermal history.  Note that this method provides continuous thermal history 110 

segments rather than a single temperature-time (T-t) datum. 111 

Merits of the MDD Model 112 

The original MDD model (Lovera et al., 1989) provided an internally consistent explanation 113 

for observed laboratory Ar release from K-feldspar but it wasn’t until more complicated 114 

laboratory heating schedules (forward and backward cycling experiments) were initiated (Lovera 115 

et al., 1992) that the irreversible nature of the various Ar retentivities became clear.  The MDD 116 

model was found to faithfully mimic the gas released at temperatures below the onset of melting 117 

(~1100°C), although the presence of small variations in activation energy cannot be ruled out 118 

(Harrison et al., 1991).  Note that other competing models, such as the Multi-path model (Lee, 119 
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1995) discussed later, requires extra annealing assumptions to explain the K-feldspar result from 120 

cycling experiments. 121 

A turning point came when Lovera et al. (2002) defined a cross-correlation coefficient 122 

(Cfg)  that quantified the observed relationship between the age spectrum and the laboratory 123 

diffusion properties (imaged by the  log(r/r
o) plot).  The cross-correlation between continuous 124 

functions is extensively used in many areas of science and engineering to measure similarity; it is 125 

defined by the integration of the product of such functions over the domain of interest.  When it 126 

is normalized by the square root of the multiplication of both integrations of the square of each 127 

function, its maximum value of one is reached only when both functions are proportional over 128 

the domain of interest (see Section 3 in Lovera et al., 2002, for definition of the age and log(r/ro) 129 

functions and the interval of integration).  Using this approach, they found high degrees of 130 

correlation (e.g., Cfg = 0.99 in Fig. 3a) in most basement K-feldspars (those >70% of samples 131 

unaffected by low temperature recrystallization or high temperature ArXS).  The MDD model 132 

correctly predicts that, under slow monotonic cooling, the shape of an age spectrum which 133 

typically represents the accumulation of 40Ar over millions of years) should contain within it the 134 

form of the convolved degassing of 39Ar from multiple domains in the laboratory (data generated 135 

over the course of only a matter of hours).      136 

The MDD model also provides two clear indicators that annealing does not significantly 137 

affect K-feldspar Ar that is released below the onset of melting.  The first is that log(r/ro) plots 138 

are quite independent of the heating schedule used (cycling vs. monotonic experiments).  Despite 139 

uncertainties in the domain distribution between samples, quite similar log(r/ro) plots were 140 

obtained from the same K-feldspar applying quite different heating schedules, although as 141 

expected, the same reproducibility is obtained for the age spectra (Lovera et al., 1991).    Another 142 
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indicator of the low incidence that annealing effects have on the laboratory K-feldspar Ar release 143 

was obtained during a double-irradiation experiment carried out on the MH-10 K-feldspar 144 

(Lovera, et al., 1993).  After degassing an aliquot of MH-10 K-feldspar using heating steps 145 

between 450-850°C to exhaust the smallest domains in the sample, it was sent back to the reactor 146 

to replenish Ar in those domains.  Applying the same heating schedule on the re-irradiated 147 

sample reproduced the previous 39Ar degassing demonstrating that the kink observed at 148 

temperatures above 700C was not due to annealing effects on the sample but to the exhaustion 149 

of the argon gas in the less retentive sites.  Lastly, the relative (~1000:1) and absolute sizes of the 150 

discrete Ar retentivities inferred from basement K-feldspars (ca. 100 to 0.1 m) are in broad 151 

agreement with the range of observed microstructural features from regions of unaltered ‘tweed’ 152 

feldspar (ca. 100s of m) to perthite lamellae approaching the 39Ar recoil limit (ca. 0.1 m) (Fitz 153 

Gerald and Harrison, 1993).   154 

With the advantage of nearly 10 years of experience with the MDD model, Lovera et al. 155 

(1997) evaluated a large database (n = 115) of 40Ar/39Ar analyses of K-feldspars and found 156 

remarkably systematic behavior in terms of the kinetic data obtained from measured 39Ar loss.  157 

Variations in apparent activation energy from a canonical value of 46 kcal/mol could be 158 

attributed to sample-specific limitations (e.g., non-uniform K distributions, insufficient mass of 159 

the smaller domain sizes to resolve ro).  Nonetheless, they showed that a misestimate in E is 160 

broadly compensated by an increase in the apparent frequency term thus buffering against 161 

substantially misestimated thermal histories.  This paper appears to have been influential in the 162 

thermochronological community – possibly because of the emphasis on the behavior of real 163 

samples over mathematical theory – as an increasing number of studies from other groups began 164 

to corroborate the self-consistency of the MDD method in determining coherent, internally 165 
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consistent cooling histories, from both multiple coexisting K-feldspars and results obtained from 166 

other well developed thermochronometric methods (i.e., apatite fission track, (U+Th)/He zircon 167 

and apatite, 40Ar/39Ar biotite and muscovite, etc.; Warnock & Zeitler, 1998; Axen et al., 2000; 168 

Spell et al., 2000; Kirby et al., 2002; Reiners and Farley, 1999; Reiners et al., 2004, Shirvell et 169 

al., 2009).  Important advances in the understanding of the tectonics of the Himalaya and 170 

Peninsula Ranges, Baja California were possible through the application of the MDD model to 171 

an increasingly large database of K-feldspar analyses (Quidelleur et al., 1997; Harrison et al., 172 

1995; Harrison et al., 2000; Grove et al, 2003). 173 

Several notable advancements of the MDD model have been made over the two decades 174 

since its introduction.  The development of a Cl-correction method to remove ArXS effect at the 175 

beginning of the age spectrum of contaminated samples (Harrison et al., 1994) permitted use of a 176 

significant fraction of K-feldspars for thermochronology that were affected by low-temperature 177 

ArXS.  Incidentally, the isothermal heating steps systematically performed at low-temperature 178 

(<700°C) to carry out the Cl correction (Harrison, et al., 1994) was key to probe the robustness 179 

of the linear array that determine the activation energy and to understanding the meaning of 180 

anomalously low apparent Ar retentivities (Lovera et al., 1997).  181 

Development of automatic routines to invert the 40Ar/39Ar data, determine the sample 182 

diffusion parameters, domain distribution and cooling history, incorporating at the same time the 183 

propagation of the uncertainties of the diffusion parameters into the uncertainty on the final 184 

determination of the cooling history helped optimize the signal to noise ratio and provided a 185 

relatively user-friendly interface to the model (Lovera, 1992, Lovera et al., 1997).  The 186 

development of a method to measure the correlation between an age spectrum and log(r/ro) plot 187 

(Lovera et al., 2002) permitted quantitative evaluation of the correlation between both spectra to 188 
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help to identify any departures from the model hypothesis (i.e., low-temperature re-189 

crystallization or high-temperature ArXS) that rule out ~30% of samples under consideration 190 

using the MDD model (Lovera et al., 2002). 191 

Criticisms of the MDD Model 192 

Despite the internally consistent predictions of the MDD model and acceptance in some 193 

quarters (e.g., Lister and Baldwin, 1996; McLaren and Dunlap, 1996; Mock et al., 1999; Sanders 194 

et al., 2006; Wang  et al., 2004; Metcalf et al., 2009; Scott et al., 2009), numerous criticisms of 195 

the approach were posited during the 1990s.  These critiques came in three broad themes: 1) 196 

Feldspar mineralogy precludes MDD behavior; 2) Observed 39Ar release from K-feldspar is 197 

inconsistent with the MDD model; and 3) The MDD model formulation is fundamentally 198 

incorrect. 199 

The most protracted criticism of extracting thermal history information via 40Ar/39Ar step-200 

heating measurements came from Ian Parsons and his co-workers based on age relationships 201 

among alkali feldspars in the 1166 Ma Klokken syenite, south Greenland (e.g., Parsons et al., 202 

1988, 1999).  The prevailing view in 1988 was that the apparently low retentivity of 40Ar* in 203 

basement K-feldspars was due to microscale perthitic development causing a reduction in the 204 

effective diffusion dimension to the scale of the spacing of exsolution lamellae (e.g., Foland, 205 

1974).  Thus it appeared paradoxical that Parsons et al. (1988) could document pristine ‘braid’ 206 

micro- and cryptoperthites from the shallowly emplaced Klokken intrusion that yielded 40Ar/39Ar 207 

ages broadly similar to the emplacement age, implying little or no loss of 40Ar*, whereas ‘patch’ 208 

perthites exsolved at up to the mm-scale gave much younger ages (Parsons et al., 1988; Burgess 209 

et al., 1992).  Parsons et al. (1988) surmised that the turbid regions of patch perthite had lost 210 

40Ar* via micropores that formed during dissolution-reprecipitation reactions whereas the braid 211 



 10

perthites had behaved as unitary diffusion domains despite their fine-scale microtexture.  212 

Although the timing of crystallization of these two phases had not been independently 213 

established, Parsons et al. (1988) concluded that laboratory degassing of Ar does not occur in an 214 

analogous fashion to nature, precluding the use of slowly-cooled K-feldspars for 215 

thermochronologic investigations (e.g., Harrison and McDougall, 1982).   216 

In a series of papers over the intervening two decades, Parsons and co-workers (e.g., Burgess 217 

et al., 1992; Waldron et al., 1994; Walker et al., 1995; Parsons et al., 1999, 2010) developed their 218 

case for the inappropriateness of applying laboratory degassing data to infer K-feldspar thermal 219 

histories.   They did not propose tests of the MDD model but instead arrived at conclusions that 220 

were of an absolute and assertive nature.  For example, Parson et al. (1999) wrote: “Our analysis 221 

leads us to conclude that it is impossible to obtain quantitative information on cooling history 222 

from the 40Ar/39Ar spectra of microtexturally complex K-feldspars…It is our view that 40Ar/39Ar 223 

thermochronology, as applied to alkali feldspars…using the MDD method, is fundamentally 224 

flawed…We conclude that MDD thermochronology is a mirage produced by real 225 

microtexture…The apparent age spectra and Arrhenius plots do not contain extractable 226 

information on geological cooling history”.    227 

Despite numerous microscopic studies characterizing Klokken feldspars (e.g., see summary 228 

in Parsons and Lee, 2009), an additional occurrence – a near pure adularia that precipitated at 229 

very low (<200ºC) temperature – was only recently recognized (Parsons et al., 2009, 2010; 230 

Heizler et al., 2010).  This low formation temperature, coupled with the relatively youthful 231 

40Ar/39Ar ages, led Heizler et al. (2010) to conclude that some alkali feldspars in the Klokken 232 

intrusion had experienced recrystallization as late as Paleozoic time.   233 
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Harrison et al. (2010) investigated the K-Ca isotopic systematics of Klokken syenite K-234 

feldspars and found apparent isochrons that were explained by mixing of age components 235 

ranging from crystallization to Late Proterozoic.  This supported Heizler et al.’s (2010) view that 236 

the syenite had been affected by aqueous-fluid-mediated, dissolution-reprecipitation event(s) 237 

under largely closed system conditions at <200ºC, perhaps as recently as ca. 400 Ma.  Prior 238 

inferences by Parsons and co-workers that the relatively young, turbid alkali feldspars had 239 

‘leaked’ 40Ar* are in fact incorrect.  Rather, partial recrystalization of these coarsely exsolved 240 

perthites to an assemblage including adularia occurred episodically many 100’s of millions of 241 

years after syenite crystallization.  Inferring Ar retentivity in alkali feldspars without first 242 

determining and taking account the age of the crystal microtextures proved to be an unfortunate 243 

misdirection to understanding the potential of K-feldspar for 40Ar/39Ar thermochronology. 244 

A more generic criticism of Parsons et al. (1999) was the extent to which underlying 245 

assumptions of the MDD could apply to K-feldspars, particularly during vacuum laboratory 246 

heating.  It is implicit in the above discussion that two fundamental assumptions must be 247 

satisfied to permit estimation of crustal thermal histories from K-feldspar 40Ar/39Ar step-heating 248 

data.  These are: (1) that both 40Ar*  and 39Ar loss from K-feldspar are governed by volume 249 

diffusion; and (2) laboratory Ar release adequately mimics the natural diffusion boundaries and 250 

mechanisms.  Failure of either of these assumptions precludes recovery of useful thermal history 251 

data.  Our view is that the high degrees of correlation between the age and log(r/ro) spectra in 252 

most of the basement K-feldspars (Lovera et al., 2002) requires that 40Ar loss proceeds by 253 

volume diffusion and that laboratory Ar release must be controlled by the natural diffusion 254 

mechanisms and boundaries.  By comparison, other commonly made assumptions critiqued by 255 

Parsons et al. (1999) are second order issues (i.e., uniform 39ArK distribution, prescribed 256 
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diffusion geometry (slab, cylinder, sphere), zero 40Ar* boundary conditions, etc.) that can be 257 

dealt with by appropriately modifying the model (Lovera et al., 2002).   258 

Lee (1995) presented an alternate kinetic model for the diffusion of Ar that followed the non-259 

equilibrium multi-path diffusion of Ainfantis (1979).  This model incorporates the combined 260 

influence of both volume and Short-Circuit (SC) diffusion (Hart, 1957).  Although the Lee 261 

(1995) model was able to explain the laboratory diffusion results for some K-feldspar data 262 

generated from simple, monotonic laboratory heating schedules, it failed to predict the Ar 263 

diffusion behavior seen in cycled heating experiments (Lovera et al., 1993).  Furthermore, the 264 

mechanism for mass transfer between SC and lattice (i.e., volume diffusion) reservoirs has never 265 

been physically explained. 266 

Arnaud and Kelley (1997) tested the ability of both methods (MDD and Multi-path) to 267 

explain experimental results obtained from a gem-quality orthoclase from Madagascar that was 268 

subject to different heating schedules.  Although the authors concluded that both models 269 

reproduce the data to varying degrees, the multi-path model with transfer between the SC and 270 

lattice was able to reproduce the cycling temperature results only when either the transfer was 271 

negligible (in effect reducing the model to the MDD model) or when the transfer paths were 272 

completely annealed after reaching a threshold temperature.  Furthermore, the double-irradiation 273 

experiments of Lovera et al. (1993) showed that even in inhomogeneous samples (e.g., MH-10 274 

orthoclase), annealing effects were not observed even after the sample has been subjected to a 275 

heating schedule including multiple isothermal steps of 850°C (~2 hrs), sufficient to reduce the 276 

diffusivity of the control aliquot by an order of magnitude.  277 

A final, and fatal, shortcoming of the Multi-path diffusion model (Lee, 1995) as applied to K-278 

feldspars is the fact that the postulated mass transfer mechanism between the SC and lattice sites 279 
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predicts no correlation between 40Ar/39Ar age (reflecting <350C release in nature) and log(r/ro) 280 

plots (generated from 450-1100C release in the lab) .  By contrast, most basement analyzed K-281 

feldspars (>70%, Lovera et al. 2002) show highly correlated age and log(r/ro) spectra indicating 282 

negligible mass interchange between hypothesized SC and lattice sites.  At this limit, the Multi-283 

path model is effectively transformed into the simpler volume diffusion MDD model.  As a 284 

generalization, we conclude that the non-Fickian effects emphasized by the Multi-path model 285 

appear to be essentially absent in most basement K-feldspars.  This is a non-trivial conclusion as 286 

any significant mass transfer between SC and lattice sites would effectively prevent the 287 

reconstruction of geological thermal histories using thermochronological methods. 288 

Several studies emphasized the effect of deformation on the preservation of thermal history 289 

information in K-feldspars.  For example, Reddy et al. (1999) inferred the presence of a series of 290 

undefined Ar reservoirs within K-feldspar connected via fast-diffusion pathways that they found 291 

difficult to reconcile with the MDD model.  Reddy et al. (2001) further examined K-feldspars 292 

that were deformed close to the closure temperature interval and concluded that “…MDD 293 

modeling of 40Ar/39Ar data from deformed K-feldspars is fundamentally flawed and is unlikely 294 

to reproduce the actual thermal history of the sample”.   We agree that accurate thermal history 295 

information is unlikely to be obtained from samples that obviously violate the conservation of 296 

diffusion mechanism and boundary assumptions.  Indeed, we note that the presence of such 297 

intragrain deformation microstructures imposed post-40Ar-closure would almost certainly be 298 

detectable through poor correlation between their age and Arrhenius spectra (Lovera et al., 2002). 299 

A report by Villa (1994) based on experiments performed using a granitoid K-feldspar (i.e., 300 

ga1) claimed to show Multi-path behavior.  The conclusions of Villa (1994) were refuted by 301 

Lovera et al. (1996) who revealed both deep flaws in Villa’s interpretation of the ga1 data and a 302 
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significant lack of consistency and reproducibility between data presented in Villa (1994) and 303 

that reported in a previous step-heating 39Ar experiment of ga1 (Villa, 1990).  304 

Concerns about the effect of nuclear recoil, during the production of 40Ar and 39Ar from the 305 

spontaneous or neutron induced decay of K were raised by Onstott et al. (1995) and Villa (1997).  306 

However, the scale of 39Ar recoil inferred by Villa (1997) of 0.08 m (virtually identical to that 307 

determined earlier by Turner and Cadogan (1974) is consistent with the characteristic scale of the 308 

smallest resolvable diffusion domains in K-feldspars (~0.1 m;  Lovera et al., 1993; McDougall 309 

and Harrison, 1999).  Although there is no evidence that 39Ar recoil loss significantly effects the 310 

MDD thermochronology, we note that the smallest domains usually comprise only a few percent 311 

(1-3%) of the sample volume and that Ar released from this zone is the most susceptible to 312 

excess of argon contamination, thus usually given rise to the less reliable temperature constrains. 313 

Foland (1994) undertook bulk loss and step-heating results of gem-quality Benson Mines 314 

orthoclase and invoked a variety of mechanisms (e.g., synheating grain fracturing, defect 315 

trapping of argon, annealing at high temperatures) to reconcile seeming differences between  316 

results of long-term, isothermal Ar loss experiments and step-heating of irradiated specimens.  317 

However, Lovera et al. (1997) showed that Benson Mines orthoclase 39Ar bulk loss  and 318 

40Ar/39Ar step heating data (Foland, 1974, 1994, Foland and Xu 1990) are consistent with a 319 

modest distribution of diffusion domains sizes.  Despite its gem-like nature, Benson Mines 320 

orthoclase appears to contain a mosaic of internal diffusion boundaries  (possibly due to a fractal 321 

distribution of surface irregularities) that endow this sample with minor multi-diffusion domain 322 

properties.  At the least, MDD theory provides a more consistent and simpler explanation of the 323 

data than that proposed by Foland (1994). 324 
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Ten years have elapsed since the demonstration that highly correlated age and Arrhenius 325 

spectra can separate those samples appropriate for MDD modeling from those that are not 326 

(Lovera et al., 2002), and nearly two since the premise of Klokken feldspar stability (Parsons et 327 

al., 1988, 1999) was proven wrong (Harrison et al., 2010).  How far has the community come in 328 

moving beyond invalid criticisms of the MDD model (e.g., Parsons et al)?  By some measures, 329 

perhaps not very.  For example, Flude et al. (2012) conclude an otherwise interesting paper with 330 

the statement: “Another criticism of the MDD model is that the microtextures of importance to 331 

the model may actually form below the closure T for argon diffusion (Parsons et al. 1999)”.   332 

Present and Future of the MDD Model 333 

K-Ar Muscovite MDD Thermochronology  334 

The hydrothermal diffusion study of Ar in muscovite of Harrison et al. (2009) yielded a 335 

linear Arrhenius array indicative of 40Ar* transport by volume diffusion (E = 64 kcal/mol, log Do 336 

= 2.3 cm2/sec).  Surprisingly, 40Ar/39Ar degassing of the treated material showed the distinctive 337 

form of samples that had been outgassed via diffusion despite the potential for decomposition of 338 

the hydrous phase in vacuum.  Furthermore, they found that the age and log(r/ro) spectra for the 339 

hydrothermally treated muscovite samples showed a remarkable degree of correlation indicating 340 

that muscovite can retain the Ar diffusion boundaries and mechanisms that define their natural 341 

retentivity during vacuum step heating.  Even more surprising, Harrison et al. (2009) found that 342 

Arrhenius parameters essentially identical to that found in the hydrothermal study could be 343 

reproduced from the in vacuo data alone.   344 

Heizler and Harrison (2009) undertook sizing experiments which showed that the highest 345 

retentivity in muscovite is sized controlled (r  125 m) and, from log(r/ro) plots, that the 346 

smallest observable diffusion size was order ~1 m.  It thus appears that, like K-feldspars, Ar 347 
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release from muscovite can proceed in vacuo by diffusion and that 40Ar loss in Nature may also 348 

be defined by same boundaries and mechanisms as in the laboratory. 349 

As an illustration of this approach, we undertook MDD modeling on 40Ar/39Ar results for a 350 

fine-grained (r  100 m) muscovite separate from phylite sample AR08 in the footwall of the 351 

Main Cetral Thrust, Nepali Himalaya, that cooled through Ar closure during the late Tertiary 352 

(Haviv et al., 2012).  The age spectrum (Fig. 6a) rises from ~12 to 20 Ma over ~75% of the gas 353 

release with the initial and last portions of the spectrum contaminated with extraneous 40Ar. The 354 

relatively small volume fraction of the smaller diffusion domains precludes independent 355 

determination of E from the Arrhenius plot (Fig. 6b), but using the value determined for 356 

hydrothermal and in vacuo studies (E = 64 kcal/mol Harrison et al., 2009) yields a thermal 357 

history (Fig. 6c) consistent with a large regional dataset (Haviv et al,. 2012).  A test of the 358 

efficacy of using the 64 kcal/mol activation energy is whether the log(r/ro) plot shows correlated 359 

inflections.  Visual inspection of the two spectra (Fig. 6a) shows a clear relationship which is 360 

quantitatively confirmed by a correlation coefficient (Cfg) of 0.93 over 83% of the spectra 361 

(Lovera et al., 2002). 362 

Collectively, these observations have tremendous potential for significantly diversifying high 363 

resolution 40Ar/39Ar thermochronology as muscovite is highly retentive of Ar and widespread in 364 

the continental crust. 365 

K-Ca Muscovite MDD Thermochronology 366 

The decay of 40K to 40Ar forms the basis of the K-Ar dating method, but only one out of 367 

every ten parent atoms decays to 40Ar (McDougall and Harrison, 1999).  The other 90% decay to 368 

40Ca giving, in principle, the 40K-40Ca decay system considerable potential for dating 369 

Precambrian samples with high K/Ca (e.g., Marshall and DePaolo, 1982; Shih et al., 1994), such 370 
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as seen previously for Klokken adularia.  This method, however, has been limited as an ion-371 

microprobe-based geochronometer because of the very high mass resolving power of ~25,000 372 

required for full separation.  Harrison et al. (2010) instead developed a method using doubly-373 

charged Ca and Ar species which has the effect of virtually completely suppressing 40K++ from 374 

the mass spectrum leaving 40Ca++ uninterfered.  Detection of 39K++ then permits 40Ca/40K (i.e., 375 

the daughter/parent ratio) to be calculated from the known 39K/40K. 376 

Using age standard muscovite U68, for which a 2550 Ma age has been determined by isotope 377 

dilution (Fletcher et al. 1997), we have explored the potential of this approach to 378 

thermochronometry.  Reconnaissance traverses were made across two grains of muscovite  from 379 

sample 82-315, an Archean muscovite schist from the Pilbara greenstone belt of Western 380 

Australia, using a ca. 20 m primary O- spot.  Its 2.95 Ga 40Ar/39Ar age (Wijbrans and 381 

McDougall, 1987) makes it among the oldest known micas (see also Zegers et al., 1999).  One, 382 

generally crack-free, grain shows coherent K-Ca age variations over 100s of m lengthscales 383 

ranging from 3300 to 2800 Ma (Fig. 4a).  This pattern can be interpreted to result from either 384 

slow cooling through that age interval or episodic loss at some time subsequent to ~2.8 Ga, 385 

although there is little evidence from conventional 40Ar/39Ar age dating for such a late thermal 386 

disturbance (Zegers et al., 1999).   387 

A second grain shows billion-year age gradients at lengthscales of m’s to 10’s of m’s (Fig. 388 

4b).  In some cases, these abrupt age gradients do not appear to correlate with visible cracks.  389 

Within this complex pattern, age gradients consistent – but not necessarily diagnostic – of Ca 390 

isotopic closure can be identified.  For example, the region in the lower left of Fig. 4b appears to 391 

show a symmetric profile of ages ranging from 3.1 to 2.0 Ga (Fig. 5).  Note that we do not expect 392 

such gradients to be uniformly expressed within a single grain.  Rather, each sub-domain within 393 
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the crystal yields a potentially unique profile that reflects the natural diffusion boundaries.  Our 394 

only expectation is that each closure profile should define a segment of the unique thermal 395 

history shared by all locations in that crystal.  Thus, despite the very different approach from 396 

MDD analysis of 40Ar/39Ar step-heating data, this method can be characterized as a multi-397 

diffusion-domain behavior. 398 

We extracted thermal history information from the closure profile in Fig. 5 using: 399 

)(4 + )/(1n  = 2
2

0
c

xSrD
T

E 
     (1)

 400 

where  = 1.78,  = 2
cT /E·dT/dt, and 4S2(x) describes the concentration distribution for 401 

different geometric solutions (Dodson, 1986).  Summations of 4S2(x) as a function of position for 402 

various diffusion geometries are given in Dodson (1986). 403 

By forward modeling to equation (1), we recovered the continuous T-t history shown in Fig. 404 

5 which indicates a monatonic cooling from ca. 310 to 300C between 3 and 2 Ga (inset in Fig. 405 

5).  This history implies that even younger ages in the grain reflect closure at <300C.  While 406 

this apparent cooling history illustrates the potential of the method, two significant limitations 407 

remain.  The first is that we do not yet have a robust diffusion law for Ca in muscovite.  For the 408 

present, we have assumed the same activation energy for Ca in muscovite as that determined for 409 

Ar (i.e., 64 kcal/mol; Harrison et al., 2009) and coupled with a single determination of DCa at 410 

600ºC of ~10-14 cm2/s from which a Do of ~200 cm2/s can be inferred (Harrison, 2010).  Note 411 

that assuming a lower value of E results in even lower closure temperature estimates.  Secondly, 412 

the lateral resolution of this age profile is insufficient to uniquely interpret it as a closure – as 413 

opposed to episodic loss – profile.  However, as instrumental methods improve permitting even 414 

smaller ion microprobe spot sizes, we anticipate achieving m-scale spatial resolution for 415 

Precambrian samples.  416 
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Note that the low concentrations (<50 ppm) of Ca in most white micas effectively precludes 417 

exchange of 40Ca* with common 40Ca occurring via self-diffusion. Thus the low 418 

(<300C)apparent Tc of 40Ca* in much of the 82-315 white mica relative to, say 40Ar, might seem 419 

surprising.  This likely reflects both the small r and mobility of Ca among interlayer sites due to 420 

its  relatively small ionic radius (~1.1 Å). The intergranular region of the host rock provides an 421 

essentially infinite sink for 40Ca*. 422 

With the advent of increasingly sensitive noble gas mass spectrometers and finely focused 423 

laser heating/ablation sources, in situ 40Ar/39Ar studies of muscovites revealed widespread age 424 

gradients due to a variety of mechanisms including diffusive closure, deformation and re-425 

crystallization (e.g., Reddy et al., 1996; Hames and Cheney, 1997; Hames and Hodges, 1997; 426 

Kramar et al., 2001; Markley et al., 2002; Mulch et al., 2005; Wells et al., 2008).  In general, 427 

these studies suggest that slowly cooled white micas can behave as coherent diffusion domains at 428 

lengthscales of ca. 1000 m, although composition effects have been observed (Smith et al. 429 

2005).  However, one clear implication of the K-Ca profiles for 40Ar/39Ar dating is that grain size 430 

does not define the diffusion domain size in these grains.  In situ K-Ca profiling offers a rapid 431 

and direct method to reveal Ca diffusion boundaries and lengthscales in muscovite.  To the 432 

extent that an extended subgrain defect acting as an exchange boundary for Ca is also likely to be 433 

permeable to Ar, K-Ca age characterization of a large population of white micas should enhance 434 

our understanding of the specific and effective diffusion lengthscales for diffusion white micas. 435 

Extraterrestrial materials 436 

Although the earliest application of both the 40Ar/39Ar method and the diffusion theory of age 437 

spectra was to meteorite (Merrihue and Turner, 1966; Turner, 1968) and lunar samples, in many 438 

respects, interpretation of extraterrestrial samples has lagged behind studies of terrestrial 439 
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materials.  After an initial flurry of analyses in the 1970s following return of the Apollo samples 440 

(see review in McDougall and Harrison, 1999), the field remained relatively quiet until the 1990s 441 

when interest in the Late Heavy Bombardment (LHB) was rekindled (Dalrymple & Ryder, 1990, 442 

1991, 1993, 1996; Ryder et al., 1996; Culler et al., 2000; Norman et al., 2006, 2010).  The LHB 443 

is the period from ~3.85 to 3.95 Ga during which an intense flux of asteroidal and cometary 444 

bodies is hypothesized to have impacted bodies in the inner solar system – the clearest example 445 

being the large lunar basins (Tera et al., 1974).  While this hypothesis remains controversial 446 

(e.g., Baldwin, 1974; Hartmann, 1975; Hartmann et al., 2000; Warren, 2004), a developing 447 

theory termed the “Nice model” (Gomes et al., 2005; Morbidelli et al., 2005) provides an 448 

explanation.  They propose that a fundamental shift in orbital resonance among the Jovian 449 

planets at ca. 3.8 Ga destabilized the disk of planetesimals in the outer solar system, resulting in 450 

the scattering of these objects inwards.  Thus establishing the age and/or existence of the LHB is 451 

a matter of heightened importance to planetary scientists.   452 

With the exception of a few recent contributions (e.g., Cassata et al., 2010; Shuster et al., 453 

2010), interpretation of 40Ar/39Ar data from fine-grained, polyphase extraterrestrial samples has 454 

not been informed by developments of the MDD model.  In particular, use of apparent linear 455 

arrays in Arrhenius plots derived from 39Ar release in step-heating experiments and unphysical 456 

definitions of ‘plateau’ ages (see reviews in Bogard, 1995, 2011) may be hindering a clear test of 457 

hypotheses, such as the LHB.  With the advent of a new generation of rare gas mass 458 

spectrometers with increased sensitivity, a renewed focus of 40Ar/39Ar dating of rare 459 

extraterrestrial materials coupled with the interpretive advances of the past 25 years could 460 

resolve the bombardment history of the inner solar system – a question designated by the U.S. 461 
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National Academy of Sciences as the number one priority goal for future lunar research 462 

(National Research Council, 2007). 463 

Summary 464 

K-feldspar provides an extraordinary opportunity to obtain continuous, high-resolution 465 

thermal histories by application of the multi-diffusion domain model to 40Ar/39Ar step-heating 466 

data.  This approach yields two distinct sources of kinetic information (the age and Arrhenius 467 

spectra) from which quantitative measures of discrete Ar retentivity can be obtained.  Provided a 468 

high correlation is observed between these two spectra, unique thermal history data can be 469 

obtained, regardless of choice of diffusion model. 470 

The MDD model was greeted with intense skepticism from several fronts, including 471 

hypothesized mineralogical limitations, alternate models of Ar diffusion transport in silicates, 472 

and a claim of irreproducibility.   It is fair to say that none of these arguments proved sustainable 473 

and that over 20 years of experience of producing internally consistent thermal histories that are 474 

corroborated by other well-developed thermochronometric methods has resulted in broad 475 

acceptance. 476 

The application of the MDD model was recently expanded to include muscovite with 477 

recognition that both age and vacuum step-heating derived Arrhenius spectra reflect Ar release 478 

via the same diffusion mechanism.  The advent of 40K-40Ca closure profiling confirms that 479 

natural muscovites can contain intragrain defects that restrict effective diffusion lengthscales in 480 

white micas from 10s to a few100s of microns.  The best possible future of the MDD model is 481 

that it be subject to aggressive and skeptical testing by the community in which quantification is 482 

valued over assertion. 483 
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Figure Captions 772 

Figure 1.  Symbolic representation of the degassing of a two phase multi-diffusion domain 773 
sample.  Cross sections through the initially filled spheres are uniformly black and progressively 774 
tend towards light gray as the diffusing gas is lost from the solid at the sphere boundaries.  The 775 
two domains differ in radius by a factor of 10 and are assumed to contain equal volumes.  (a) 776 
Initial uniform distribution of diffusant (i.e., 39Ar) in both size domains. (b) Gas loss is limited to 777 
the periphery of the single large domain while the smaller domain size has been substantially 778 
degassed. (c) The smaller domains are now completely degassed and no longer contribute to a 779 
mixture. (d) Both large and small domains are completely degassed. 780 

Figure 2.  Synthetic example (a) Arrhenius plot calculated from 39Ar loss during laboratory step-781 
heating (b)   40Ar/39Ar age spectrum (right y-axis) resulting from a 5°C/Ma linear cooling since 782 
100 Ma. In this example, the sample is comprised of three spherical diffusion domains that differ 783 
in radii in the proportions 1:0.1:0.01 with equal volume fractions. The log(r/ro) plot (left y-axis) 784 
shows the Arrhenius data on a spectrum-type plot as the deviation of each D/r2 value from the 785 
linear array produced during initial degassing. 786 

Figure 3.  Typical K-feldspar age and Arrhenius properties. (a) Age spectrum (rigth axis) and 787 
log (r/ro) spectrum (left axis) for N-13 K-feldspar (Harrison et al. 2000).  Note correlated 788 
behavior, particular over the interval of gas release between the disappearance of low-789 
temperature Cl-correlated 40ArE and the onset of melting above 1100°C. Cfg refers to correlation 790 
coefficient calculated by Lovera et al. (2002).  (b) Arrhenius plot showing measured diffusivities, 791 
reference Arrhenius law (ro) defined by initial gas release (see text), and sample calculation of 792 
log (r/ro) value at 1000°C (see text).   793 

Figure 4. (A) K-Ca age map (in Ma) of muscovite 82-315 grain, Pilbara region, WA. Age 794 
variations are documented from 3300 to 2800 Ma with age discontinuities generally related to 795 
thoroughgoing cracks. (B) Another grain of muscovite 82-31, this one showing much greater age 796 
variation with gradients of billions of years over 10s of ms. The region indicate by the red box 797 
is assumed to be due to slow cooling from ca. 3200 to 2000 Ma and the apparent closure profile 798 
is modeled in Fig. 5 to obtain the thermal history shown in the inset of Fig. 5. 799 

Figure 5. Age profile taken from the red box in Fig. 4B. The two nearly coincident model 800 
thermal histories shown in the inset (light and dark gray) differ by only 3C yet correspond to the 801 
age profiles bounding the observed data (light and dark gray parabolas) which differ by up to 200 802 
Ma underscoring the high sensitivity of this approach.  By comparison, the K-Ar age of this 803 
sample is 2.95 Ga (Wijbrans and McDougall, 1987). 804 

Figure 6.  40Ar/39Ar results for Himalayan muscovite AR08: (a) age and log(r/ro) spectra, (b) 805 
Arrhenius plot and (c) thermal history derived from inversion of data in (a) and (b). The 806 
correlated inflections between the age and log(r/ro) spectra is evidence that the conservation of 807 
diffusion mechanism and boundary assumption is met despite the metastable nature of muscovite 808 
during vacuum heating. 809 
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