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Abstract

Thermochronologic data are typically interpreted as point- or path-wise constraints on monotonic cooling histories. This is
at least partly because allowing for the possibility of nonmonotonic thermal histories both precludes straightfoward use of
closure temperature (7,) concepts and introduces ambiguities in modeling continuous time-temperature paths from multiple
thermochronometers or closure profile, multi-domain, or fission-track length data. However, the monotonic cooling assump-
tion severely limits the ability to elucidate reheating episodes with potentially important geologic significance. Here I show
that in some cases multiple thermochronometers with contrasting kinetic properties can be used to both diagnose reheating
events and constrain their duration and temperature. Thermochronometric systems with varying activation energies display
“kinetic crossovers,” whereby relative diffusivities are reversed at certain temperatures. For reheating events of certain dura-
tions and temperatures, this results in “inverted” ages, whereby systems with higher nominal 7 s have younger ages than sys-
tems with lower 7.s. However, even if reheating does not cause age inversion, in cases where two systems are partially reset
and constraints on the timing of a reheating event are available, the relative fractional resetting extents can be inverted to
estimate a square-pulse equivalent duration and temperature of the reheating event. Here I outline this approach for diagnos-
ing nonmonotonic thermal histories and for deducing features of reheating events from thermochronometric data, and review
several examples from previously published data that illustrate its use and potential in a range of applications.
© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Thermochronology relies on thermally-activated diffu-
sion or annealing of radioisotopic daughter products. The
abundance, spatial distribution, or sub-grain domain distri-
butions of daughter products, relative to parent nuclides,
(and in the case of fission tracks, their length distributions)
are combined with kinetic models of diffusion or annealing
to determine a range of permissible thermal histories, and in
turn, timing and rates of geologic processes. Although it is
generally acknowledged that this approach does not un-
iquely constrain thermal histories, when data from several
different thermochronometers are combined, or when
multi-domain, diffusion-profile, or track-length data are
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available, they are often consistent with a sufficiently re-
stricted range of thermal histories to be useful.

In many cases, however, obtaining a sufficiently
restricted range of possible thermal histories requires an
assumption that the sample experienced monotonic cool-
ing. Allowing for the possibility of nonmonotonic cooling
adds complexity and ambiguity to interpretations. In part
this is because the concept of closure temperature (7,) only
has significance for monotonic cooling (Dodson, 1973), but
other approaches, such as those deriving continuous -7
histories, are also limited if nonmonotonic histories are per-
mitted. In many cases, especially those lacking independent
t-T constraints, removing the monotonic assumption sig-
nificantly increases the range of potential model thermal
histories. Multi-domain diffusion (MDD) modeling ap-
proaches have been developed that provide useful con-
straints on potential nonmonotonic cooling paths such as
maximum bounds on peak temperatures associated with
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reheating (e.g., Quidelleur et al., 1997; McDougall and
Harrison, 1999; Harrison et al., 2000; Lovera et al., 2002).
But fundamentally, bulk grain ages, diffusion profiles, and
MDD-derived models of single thermochronometric sys-
tems are not capable of distinguishing monotonic from
nonmonotonic  cooling  paths without additional
information.

This is generally recognized in studies of sedimentary ba-
sin thermal histories, where prograde histories can be con-
strained to some degree by information on depositional age
and timing and magnitude of burial heating, which is some-
times followed by exhumation and cooling. But often, and
especially in cases of exhumation of crystalline rocks, only
retrograde portions of such histories are considered, and
interpretations are based on simply connecting ages and
T.s, or model T paths, assuming monotonic cooling. This
approach is clearly useful, sometimes geologically justified,
and arguably most parsimonious in many circumstances.
But it also neglects the possibility that some thermochrono-
logic signatures may reflect more complex histories pro-
duced by geologically important events. The most obvious
example is “partially reset” ages that reflect not only the
most recent cooling path, but also prograde or earlier por-
tions of T histories. As an example, Fig. 1 shows just one
possible nonmonotonic thermal history that is quantita-
tively as consistent with a hypothetical suite of thermochr-
onometric ages as a presumably much simpler monotonic
one.

Techniques for at least diagnosing, and potentially
quantitatively modeling, nonmonotonic -7 histories from
thermochronologic data would be useful for understanding
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Fig. 1. Nominal closure temperature 7, (for d7/ds = 10 °C/Myr)
of several geo- and thermochronometers, plotted against hypo-
thetical ages. Solid line and dashed lines represent thermal histories
that predict this array of ages equally well, from forward modeling
using HeFTy (Ketcham, 2005) and kinetic parameters in Table 1.
The solid line represents an acceptable monotonic cooling path; the
dashed line represents one of many possible histories involving
several large prograde (reheating) events. Even though monotonic
cooling histories may appear to be the simplest explanation for
thermochronometric data, the data themselves are also consistent
with a variety of nonmonotonic histories. The same principle also
holds for multi-domain and spatially-resolved thermochronometric
approaches such as OAr/°Ar and “He/*He, as well as fission-track
length modeling.

reheating episodes associated with a range of processes
including burial, metamorphism, shear heating, or exposure
to hydrothermal fluids. Several recent studies have used dif-
fusion profiles in minerals to constrain durations of meta-
morphism; at least some of these require durations of
peak metamorphic heating much shorter than convention-
ally assumed (Camacho et al., 2005; Ague and Baxter,
2007). An approach that is similar in some respects to the
one presented here has also been developed for diffusion
profiles in magmatic phenocrysts and the analysis of mag-
matic residence times (Morgan and Blake, 2006). Here 1
outline an approach for deducing and modeling nonmono-
tonic thermal histories by using contrasting kinetics of sev-
eral thermochronometric systems. In certain circumstances,
exploiting the differing responses of thermochronometers
with different kinetic properties has the potential to both
diagnose reheating events and constrain their durations
and temperatures. Consideration of nonmonotonic thermal
histories complicates thermochronologic interpretations in
some cases, but may be particularly useful in others. It
may also explain some observations previously interpreted
as anomalous thermochronometric behavior, such as “in-
verted” thermochronometric ages — those in which systems
with lower T.s have older ages than systems with higher
T.s. For example, Fig. 2 shows predicted ages of the same
array of thermochronometric systems as Fig. 1, but for a
thermal history involving two separate reheating episodes.
The apparently inverted ages of four different pairs of ther-
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Fig. 2. Nominal 7s of the same systems shown in Fig. 1, plotted as
a function of ages that result from the thermal history shown by the
solid grey line. Following rapid cooling from high temperatures
(<900 °C) and ending at 55 Ma, this history involves two reheating
episodes from an ambient 7 of 25 °C: (1) to 750 °C at 20 Ma with
symmetric monotonic 1-Myr pro- and retrograde paths; (2) recent
(indistinguishable from zero age) heating to 350 °C for 30 min (e.g.,
from near surface heating by wildfire, shear, volcanism, impact-
related metamorphism, etc.). This thermal history produces
apparent “age inversions” among four different pairs of thermo-
chronometers (dashed lines), whereby systems with higher 7 s have
younger ages than those with lower 7,s. If interpreted in the
context of monotonic cooling, such data would probably be
considered unreliable for analytical or petrologic reasons. Allowing
for nonmonotonic histories, these data require at least two different
reheating events to produce the age inversions observed among the
high- and low-T, samples.
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mochronometers would be difficult to explain without con-
sidering nonmonotonic cooling, as explained below.

2. GENERAL APPROACH

Thermochronometric resetting of noble-gas-based sys-
tems, whether partial or complete, is typically modeled as
thermally activated diffusive loss of daughter products out
of a diffusion domain. Analogous equations treat the
annealing of fission tracks and resetting of fission-track
ages (e.g., Ketcham, 2005). In the treatment that follows
and as is standard practice in most thermochronologic
applications, I ignore diffusion of parent nuclides and, for
noble gas systems, assume a zero concentration of daughter
products at the diffusion domain boundary [for examples
where the latter does not hold, see Baxter (2003) and
Camacho et al. (2005)]. For simplicity, I also assume that
heating events causing resetting are sufficiently brief such
that daughter ingrowth during the event is negligible. This
assumption is not necessarily a general requirement of this
approach, however, and these methods could also be
adapted for situations involving significant daughter
ingrowth during reheating.

A square-pulse heating event at temperature 7 for dura-
tion ¢, yields a unique value of D#/a?, where D is the diffu-
sivity of the daughter product in the diffusion domain with
an effective lengthscale « (in the case of a spherical domain,
a =radius). The diffusivity is assumed to follow an
Arrhenius law of the form

D D,
2z exp[—E,/RT], (1)
where Dy and E, are the experimentally determined fre-
quency factor and activation energy, respectively, and R is
the gas constant. Non-square-pulse heating events can also
be treated in this context by replacing Dt/a* with t, where

o(T, 1) =% /0 Cexp {_If“ T(lt,)} ar. 2)

Equations relating ¢ to fractional loss f have been com-
piled, and approximate solutions have been derived that
make practical use easier (e.g., Fechtig and Kalbitzer,
1966; Crank, 1975; McDougall and Harrison, 1999, and
references therein). For example, for an initially uniform
concentration of daughter products within a spherical diffu-
sion domain, the exact solution for fractional loss is

=1-(6/7%) Z 1/n?) exp(—n*n’t), (3)
T
which can be approximated by
f~6(t/n)'* =31, <085, (4)
and

J~1—(6/7) exp(~1),

Similarly, for domains assumed to have the geometry of
infinite cylinders,

£ >085. (5)

£=1-83 (1) exp(—a0), (6)

1

where «,, are roots of Jy(awx,) = 0, where Jyo(x) is the Bessel
function of the first kind of order zero.
This can be approximated by
fz\/i%\/ffr, f<0.60, (7)
and
fr=1- ) exp(—5.781)
13 ’
Rearranging Egs. (4), (5), (7), and (8) yields 7 as a func-
tion of f:

1 = 0.60. (8)

1 O/n—30)")
sphere, f < 0.85: 7= <ﬁ_( /n 3 /) ) , 9)
sheref>085'r—;lln (l—f)n—2 (10)
p ) — . . 77_[2 6 bl

2
2 4
infinite cylinder, /' < 0.60 : T = (ﬁ V5 f) , (11

infinite cylinder, /> 0.60 : t = —0.173In {93 (1 ff)}

(12)

For square-pulse heating events, t in Egs. (9)—(12) can be
replaced with Dt/a* and rearranged to solve for duration ¢ of
a resetting event as a function of fractional resetting extent f,
temperature 7, and the kinetic parameters of the system:

2
n(f) = L ©m=3n" @
sphere, ' < 0.85:In(¢) = In {77:1/23 D
E, (1
Jr?(f)’ (13)
sphere, > 0.85 : In(r)
a® E, (1
:ln{ ln{ (1—f)}n2D0}+7(f), (14)
infinite cylinder, £ < 0.60:In(r) = In{ | 2= — /2>~ s s
infinite cylinder, /' < 0.60:In(z) = In NG | o
E, (/1
+§<?), (15)

infinite cylinder, /> 0.60 : In(z)

=In { {—0.173 In {%3(1 —f)” g—zo} +% (%) (16)

Egs. (13)—(16) produce a family of constant-f contours in
plots of In (¢) versus inverse 7" of hypothetical square-pulse
equivalent heating/resetting events. Similar equations and
resetting contours can be derived for fission-track systems.
If two different thermochronometric systems i and j are
partially reset by the same heating event, one can define:

T

— =y . 1
o) = Fi (17)

For an arbitrary thermal history,
Dy; a; fo exp [ (lt’)] dr'
DO/“ I exp[ L }dt'.

()

(18)

(i—j =




Nonmonotonic thermal histories and multiple thermochronometers

For a square-pulse thermal event, one can solve the
analogous equation for 7, independently:

-1
D()j a?

In X’;"Duz .
i

The corresponding duration ¢, of the square-pulse equiv-
alent event can then be calculated from

Eaj - Eai
R

T =

(19)

a? E,; 1
_ 4 Ba Z 10 2
t Doiexp{R T:|T, (20)
or
a; E, 1
1= exp |Fe L 21
o, 0l7 1] e

where 7 refers to Egs. (9)—(12) involving the appropriate f
and domain geometry.

The utility of Egs. (19)—(21) comes through the fact that
if two different thermochronometers are partially reset by a
reheating event leading to observed fs for each system
(which can be determined under circumstances described
below), one can solve for 7 and ¢ of a square-pulse approx-
imation of the event. For reheating events with more com-
plex T(¢), Eq. (18) provides the condition that must be
satisfied by 7(¢).

3. RESULTS AND DISCUSSION
3.1. Arrhenius and fractional-resetting relations

Fig. 3 shows a compilation of experimentally determined
estimates of (natural log of) diffusivities [normalized to the
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square of typical diffusion domain (typical grainsize)
lengthscales] of various thermochronometers as a function
of inverse temperature. In this Arrhenius plot (which shows
log contours of Eq. (1)), the slope of this relation for a given
thermochronometric system is proportional to the negative
of its activation energy (E,). Two systems that intersect can
be said to have a kinetic crossover, whereby at higher T the
system with higher E, has a higher diffusivity than the one
with lower E, but at lower temperatures the relative diffu-
sivities are reversed. Varying diffusion domain size also
has the effect of shifting the intercept of an Arrhenius trend
for each system, so the temperature of a kinetic crossover
depends on diffusion domain size, which usually scales with
grain size.

Intersecting diffusivities at geologically relevant temper-
atures leads to an important phenomenon which is more
apparent in a slightly different graphical form. Fig. 4 shows
fractional resetting f contours (in this case for 99% reset-
ting) for square-pulse equivalent heating episodes as a func-
tion of duration [In (#)] and temperature (1/7); i.e., Egs.
(13)—(16), for several thermochronometers. Characterizing
the relative thermal sensitivities of different thermochro-
nometers this way shows that thermochronometers with
higher E, may be reset to greater extents than thermochro-
nometers with low E,, even though higher E, systems typ-
ically have higher T,s. This illustrates that E, is an index
of a thermochronometer’s relative sensitivities to tempera-
ture and time during reheating: high E, leads to greater sen-
sitivity to temperature, and 7, more closely approximates a
blocking temperature. When systems with higher 7, are re-
set to greater extents than systems with lower T, this
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Fig. 3. Arrhenius plot showing experimentally determined estimates of natural log of diffusivity (normalized to square of diffusion domain
size) as a function of inverse 7 for thermochronometric systems shown in Table 1. It should be noted that the kinetics for many of these
systems are poorly known and differ widely among studies. The He-in-quartz system has not actually been used for (U-Th)/He dating, but
serves to illustrate a low-E, system with diffusion kinetics similar to He in basaltic glass and Ar in maskelynite. Systems with strongly
contrasting E_s intersect at a “kinetic crossover,” whereby the higher E, system has higher diffusivity at higher temperature, but the lower E,

system has higher diffusivity at lower temperature.
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Fig. 4. Ninety-nine percent fractional loss contours of systems in Fig. 1, as a function of In (¢) and inverse 7. ZFT and AFT (zircon and
apatite fission-track, respectively) contours correspond to 55% normalized track lengths (nearly complete resetting). ZFT trend uses zero-
damage model kinetics of Rahn et al. (2004) as cited in Table 1. AFT trend uses fanning-curvilinear model of Ketcham et al. (1999). Contour
slopes are proportional to E, of each system. Intersecting contours correspond to kinetic crossovers. For example, a square-pulse equivalent 1-
hour heating event at 400 °C would completely reset the AFT system, but only partially reset the apatite He system, even though apatite He

has a lower T, for any cooling rate.

apparently “inverted” age relationship is diagnostic of non-
monotonic cooling. Further, because each system will have
a family of resetting contours in this type of plot, the com-
bined f5 for systems with different E,s provide a unique
solution for the duration and temperature of reheating
(Egs. (19)—(21), or Eq. (18) for a non-square pulse).

In(r) = ¢ —?[g(r) — o) +@ In (1/7). (23)
1 1
FT length reduction r, can be related to fractional track
density p; (i.e., one minus fractional age resetting or frr),
by inverting the equations in Ketcham (2005):

if p, > 0.612,r = (p, +0.6)/1.6; (24)
3.2. Coupling AFT and noble-gas system resetting to derive 7 0.30642 1 36.82
and ¢ if p, <0.612,7 = 04974 + ¥ ———c P (25)

As shown in Fig. 4, resetting contours of the apatite fis-
sion-track (AFT) system (for f greater than a few %) have
steeper slopes than those of the apatite He system, reflecting
a higher E, of the AFT system. The T, of the AFT system is
also higher, so if a sample only experienced monotonic
cooling, the AFT age will be older than the apatite He
age. However, short duration, high-temperature reheating
events (e.g., 400 °C for 1h), may completely reset AFT
ages, but only partially reset apatite He ages. Fig. 5 com-
pares these systems in greater detail, using the He diffusion
for Durango apatite (Farley, 2000) and the c-axis projected
fanning curvilinear AFT annealing model (for RN apatite)
of Ketcham et al. (1999). This annealing model uses a func-
tion g(r) to relate the ratio of pre-and post-heating track
lengths r, to empirical parameters o (—0.35878), fp
(—2.9633), co (—61.311), ¢; (1.292), ¢, (—100.53), and c;
(—8.7225) derived from experimental data:

A=y =1_ [RLGES e

glr) = ” n(1/7) — c3

Eq. (22) can be rearranged to yield In (¢) as a function of
(natural log of) inverse temperature, analogous to Egs.
(13)—(16):

A minor detail is that, as suggested by Ketcham (per-
sonal communication), a cutoff p; of 0.612 is used here, in-
stead of 0.624 as in Ketcham (2005). The resetting contours
for constant f 7 that result from Eqgs. (22)—(25) are curved
in a plot of In () versus (1/7) (Fig. 5) because the apparent
E, of AFT annealing is not independent of track length
reduction r, and Egs. (22) and (23) go with In (1/7) instead
of (1/7) as in the noble gas systems.

Fig. 5 shows the potential for multiple thermochrono-
metric systems to constrain duration and temperature of
heating events resulting in resetting. Although this figure
focuses on the apatite He and FT systems, the same princi-
ples apply to any two systems with contrasting E,. Heating
events resulting in full resetting of the higher E, system
(AFT) but only partial resetting of the lower E, system
(apatite He) must lie on a 7 contour corresponding to
the f of the lower E, system. If, however, both systems
are partially reset, the intersection of the two fractional loss
contours provides an estimate of the duration and temper-
ature of a square-pulse equivalent heating event, as de-
scribed in Egs. (19)—(21). Although this last statement is
true regardless of which system is more strongly reset, if
the higher E, system is more strongly reset than the lower
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Fig. 5. Fractional resetting plot for He diffusion (solid lines) and fission-track annealing (grey lines) in apatite, using Durango apatite kinetics
(Farley, 2000) with a = 60 um for apatite He, and the curvilinear fanning model (RN composition) of Ketcham et al. (1999), with AFT
f=1— ps (see text) for FT. Bold lines are 1% and 99% fractional loss or annealing contours; others are 10%, 20%, 40%, 60%, and 80%.
Although the AFT system has a higher nominal 7, (Table 1), relatively high-T, short-z heating events can produce complete resetting of the
AFT system with only partial resetting of the AHe system, or greater extents of partial resetting of the AFT system than AHe system.

E, system, the inverted ages of these systems (relative to
expectations based on monotonic cooling) also diagnose
the existence of the reheating event, whose —T characteris-
tics can be determined from the fractional losses. In con-
trast, in the absence of additional information, stronger
partial resetting of the lower E, system is equally consistent
with monotonic cooling.

Combining Egs. (23)—(25) with Eqgs. (13) and (14) (or
(15) and (16) for cylindrical diffusion domains) provides
equations analogous to Egs. (19)—(21). In other words, p;
and f of partially reset FT and noble-gas systems can be
combined to yield # and T of an square-pulse equivalent
heating event responsible for the resetting (Fig. 6). This is
simplified with a series of substitutions grouping terms in
the above equations:

m=c = 2g(r) ~ i, (26)

n=8l = (27)
L ©o/m=3n"

$= va‘s] ! (28)

and

v=—In {%(1—10)}%. (29)

Egs. (26) and (27) combine terms from Eq. (23), and Egs.
(28) and (29) combine terms from Egs. (13) and (14),
respectively. Using these substitutions and combining
Egs. (23) with (28) and (29) and rearranging yields two
equations for inverse 7.

1 1 ’ (1
7 <085 tp = exp [; {ln (sg—o) —I—% <?> — m”7 (30)

ng.SS:%:exp E {ln (vg—z)Jr%(%)—m” (31)

The corresponding duration of a square-pulse equivalent
heating event can then be calculated from Egs. (20) or (23).
Egs. (30) and (31) can be solved iteratively. Using a linear
FT annealing model (e.g., Laslett et al., 1987) allows for ex-
plicit solution of 7T, but this models lead to significantly dif-
ferent results at high-7 and low-¢, and the Ketcham et al.
(1999) model is considered more accurate. Convergence of
Egs. (30) and (31) is not strongly dependent on the initial
T in the first iteration, but it is slow or does not occur for
low extents of fractional resetting f, 7 or (1 — p,) of the
AFT system (e.g., f4rr less than approximately 0.1-0.15),
especially when fractional resetting of the noble-gas system
is also high. The specific combinations of fractional reset-
ting values where this becomes a problem depends on the
specific kinetics of the two systems, but for the Renfrew
and Durango apatite kinetics for AFT and the apatite He
(AHe) systems, respectively, it occurs when f 7 is less than
approximately 0.05, but also when £, 77 is as high as 0.1-0.2
if 4o 1s greater than about 0.75. Fortunately, these combi-
nations of fractional resetting are only caused by events
with relatively long durations and low temperatures (dark
blue colors in Fig. 6), which is outside the domain where
these simple models neglecting syn-reheating daughter in-
growth apply.

The approach outlined here for calculating durations
and temperatures of a reheating event requires inferring
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Fig. 6. Temperature and time of square-pulse heating events responsible for coupled fractional resetting extents of the apatite He (Table 1)

and AFT (Ketcham et al., 1999) systems.

fractional resetting extents f, of the chronometers from their
observed ages ¢, their pre-reheating-event ages ¢,, and timing
of the reheating event ¢,,
t—1t,

t—t

f=1- (32)

This is simplest when heating was either recent (7, = 0),
or when the post-heating temperature was sufficiently low
so that the ages of both systems increased by the same
amount. In cases where post-reheating temperatures are
high enough to cause differential age accumulation in the
systems, additional constraints are required to convert ages
to inferred fractional losses. This approach also assumes
that the duration of the reheating event was short relative
to the pre-reheating-event age of the thermochronometers
t;, so that daughter ingrowth during the event is negligible.
However, although it would add additional complexities
and require additional assumptions, this approach could
be extended to allow for daughter ingrowth and loss during
the reheating event. Estimating the pre-reheating-event age
t;, may also be difficult in some tectonic settings, such as
those where the regional extent of the event prevents dating
a sample unaffected by the event.

Finally, the fractional loss equations for noble gas sys-
tems used here assume an initially uniform concentration
daughter products across the diffusion domain, which for
simplicity is assumed here to be the crystal or grain. This
condition is not met for He-based systems, simply because
of alpha-ejection from the crystal rim (Farley et al., 1996),
but its effect on fractional degassing extents is likely to be
minor, especially for samples with fractional resetting ex-
tents greater than a few percent. More importantly, this
condition will also not be met for samples that have experi-
enced slow-cooling or were previously partially reset. How-
ever, the longer a sample has resided at low temperatures

where daughter retention is nearly complete, following this
earlier history, the less important this assumption becomes,
because daughter product concentrations increase every-
where in the crystal including the rim (except for alpha-ejec-
tion effects) at nearly the same rate.

Uncertainties in the temperatures and durations of
reheating events derived from this approach will depend
primarily on uncertainties in f (and in turn on ¢, ¢;, and
t,), and uncertainties in the kinetic models and parameters
for diffusion and/or annealing models. The iterative calcu-
lation required for coupled solution of the fanning-curvilin-
ear model for fission-track annealing with the noble-gas
diffusion unfortunately makes error propagation non-trivial
for the examples shown here. No quantitative analysis of
the effects of these uncertainties is presented here, but the
effects of these uncertainties on calculated square-pulse
equivalent temperatures and durations are likely to be
large. Beyond this, it should also be mentioned that other
possible explanations for age inversions besides short-dura-
tion reheating events should be considered, including those
involving violation of common thermochronologic assump-
tions (e.g., “excess” radiogenic daughter product, recrystal-
lization, analytical problems, etc.).

3.3. Non-square-pulse heating events

Most natural reheating events are not isothermal square
pulses. A simple forward modeling approach outlined here
can be used to find non-square-pulse heating events consis-
tent with coupled fractional resetting indices. Consider two
systems, apatite (U-Th)/He and maskelynite “°Ar/*Ar
(Table 1, but with a for apatite He = 38 um, after Min
and Reiners (2007)), that experience a 1-hour, 400 °C
square-pulse reheating event. Although the maskelynite
Ar system has a lower 7, than apatite He, because of its
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Table 1
Kinetic parameters of thermochronometers, estimated from experimental data.
System E, In (Dy/d?) a for Dy a for T. (°C)
[kJ/mol] [In(s™")] Do (pm)  (cm’/s) J/ (pm)
Monazite (U-Th)/Pb (Cherniak et al., 2004) 590 n/a n/a 9.40E + 03 75 1018
Zircon (U-Th)/Pb (Cherniak and Watson, 2001) 544 n/a n/a 7.80E + 02 75 974
Rutile (U-Th)/Pb (Cherniak, 2000) 243 n/a n/a L.60E — 06 75 624
titanite (U-Th)/Pb (Cherniak, 1993) 331 n/a n/a 1.10E + 00 250 645
Apatite (U-Th)/Pb (Cherniak et al., 1991) 230 n/a n/a 2.00E — 04 75 473
Garnet Sm-Nd (Ganguly et al., 1998) 258 n/a n/a 4.70E — 05 500 690
Hornblende *°Ar/*’Ar (magnesiohbd) 268 n/a n/a 6.00E — 02 750 569
(Harrison, 1981)
Phlogopite *°Ar/*Ar (Giletti, 1974) 243 n/a n/a 7.50E — 01 750 459
Muscovite “’Ar/*Ar (Robbins, 1972) 180 n/a n/a 4.00E — 04 750 393
Biotite “’Ar/*°Ar (Grove and Harrison, 1996) 197 n/a n/a 750E—02 750 358
Kspar “°Ar/*Ar (low sanidine) 197 n/a n/a 3.70E — 02 750 357
(Wartho et al., 1999)
Kspar OAr/Ar (orthoclase) (Foland, 1994) 183 n/a n/a 9.80E — 03 10 222
Maskelynite “°Ar/*’Ar (Weiss et al., 2002) 76.8 -19 50 3.74E — 06 50 6
Kspar Rb/Sr (Cherniak and Watson, 1992) 284 n/a n/a 5.97E + 00 10 396
Musc Rb/Sr (Jenkin, 1997) 105 n/a 200 9.00E — 12 750 521
Plag Rb/Sr (Jenkin et al., 1995) 247.1 n/a 200 2.50E — 02 750 521
Biot Rb/Sr (Jenkin et al., 1995) 105 n/a 200 2.00E — 09 750 337
Fluorphlogopite 136 n/a n/a 2.70E — 10 750 581
(Hammouda and Cherniak, 2000)
Xenotime (U-Th)/He (Farley, 2007) 200 n/a n/a 2.98E + 03 50 176
Titanite (U-Th)/He (Reiners and Farley, 1999) 188 n/a n/a 5.90E + 01 250 212
Zircon (U-Th)/He (Reiners et al., 2004) 168 n/a n/a 4.60E — 01 75 184
Apatite (U-Th)/He (Farley, 2000) 138 n/a n/a 3I6E+01 60 69
Apatite big 138 n/a n/a 3.16E + 01 100 76
Apatite small 138 n/a n/a 3.16E + 01 30 60
Epidote (U-Th)/He 184 27.0 1500 1.1SE+ 10 1500 86
(Nicolescu and Reiners, 2005)
Monazite (U-Th)/He (Farley, 2007) 196 n/a n/a 148E+02 75 200
Goethite (U-Th)/He (Shuster et al 2005) 163 26 0.5 4.89E + 02 0.5 51
olivine (U-Th)/He (Shuster et al., 2003) 154 3 690 9.56E — 02 250 187
quartz (U-Th)/He (Shuster and Farley 2005) 84.5 11.1 430 1.22E + 02 500 —48
Magnetite (U-Th)/He (Blackburn et al., 2007) 220 15.7 250 4.11E+03 250 247
Basaltic glass (U-Th)/He 83.3 n/a n/a 6.72E — 01 500 —24
(Kurz and Jenkins 1981)
Basaltic glass big (U-Th)/He 83.3 n/a n/a 6.72E — 01 1000 —16
Basaltic glass small (U-Th)/He 83.3 n/a n/a 6.72E — 01 100 -42
AFT (Ketcham et al., 1999, 147 10.5" 115
as cited in R&B, 2006)
ZFT (zero-damage model, 321 27.7" 342
Rahn et al., 2004 as cited in R&B, 2006)
Apatite, “He = 10~! nmol/g (Shuster et al., 2006) 121 9.87 60 6.96E — 01 60 53
Apatite, “He = 1 nmol/g (Shuster et al., 2006) 125 10.6 60 1.43E + 00 60 58
Apatite, *He = 10 nmol/g (Shuster et al., 2006) 133 11.8 60 4.97E + 00 60 69
Apatite, “He = 10> nmol/g (Shuster et al., 2006) 142 12.5 60 1.01E + 01 60 87
Apatite, *“He = 10° nmol/g (Shuster et al., 2006) 148 11.5 60 3.56E + 00 60 109

Notes: “In (Dgla®)” is listed for systems for which Dy and a were not reported separately in the literature. “a for Dy” is the effective radial
dimension used to calculate Dy, if Dy and a were not reported separately. “a for f” is the effective radial dimension used in this study for
calculating 7. and fractional resetting extents f. “T.” is Dodson’s (1973) closure temperature. “R&B, 2006” is Reiners and Brandon (2006).
AFT and ZFT are apatite and zircon fission-track. *“In (Dgla®)” for AFT and ZFT are In (Q/55), as discussed in R&B (2006). Micas assume
cylindrical diffusion domain; all other systems assume spherical.

relatively low E,, short duration reheating produces less We seek non-square-pulse -7 histories that yield similar
resetting than in the apatite He system (8%, compared with /s as the square-pulse event, and comparisons between them
86% for apatite He), resulting in “inverted” ages of these and the square-pulse equivalent history. An infinite variety

two systems. of forms are conceivable, but two easily parameterized ones
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are “triangular” and “impulse”. The triangular history is
defined by a maximum 7,, and a total duration ¢; over
which temperature increases and then decreases linearly
and symmetrically with respect to time. In the impulse his-
tory, T,, is reached instantaneously at the beginning of the
history, and T decreases exponentially as T'=T,, e %,
where 2 = —In (0.01)/t.4, and 1, is the duration over which
T decreases to 1% of T,,.

Fractional resetting resulting from triangular and impulse
thermal histories of varying 7, and timescales were calcu-
lated by discretizing T histories and numerically integrat-
ing Eq. (2), then calculating fs using Egs. (9) and (10).
Residual mismatches R, to fs of both systems, compared with
those predicted by the square-pulse history, were calculated
as square of sum of the squares of the differences of the fs:

R=J( =11 + (12— 120 (33)

where the superscripts refer to thermochronometric systems
1 and 2, f; is extent of resetting predicted by the square-
pulse heating event, and f, is that predicted by either the
triangular or impulse heating events.

Fig. 7 shows residuals on f§ as a function of the time-
scales and temperatures of modeled non-square-pulse ther-
mal histories, and best-fit histories. The maximum
temperatures of these best-fit triangular or impulse heating
events are higher than those of square-pulse heating events
by about 30-60 °C, and the total durations (or characteris-
tic timescales) are longer by about a factor of 5-20. This is
because the non-square-pulse histories spend a relatively
short duration at 7,,, where diffusion is most rapid. This
is compensated in the Di/a® term by both higher 7,, and
longer durations at elevated temperature. This exercise
shows that, if there is reason to prefer a non-square-pulse
history as more realistic than square-pulse, simplified
non-square-pulse thermal histories can be deduced from
combined fractional-resetting relations, and at least in some
cases these provide 7, and characteristic timescales that are
not extremely different from square-pulse histories. In gen-
eral, however, square-pulse equivalent histories will under-
estimate maximum temperatures and durations.

4. EXAMPLES
4.1. Introduction

Fig. 4 shows several kinetic crossovers of thermochrono-
metric systems with potential utility to constrain —T char-
acteristics of reheating events across a range of
characteristic durations and temperatures. Helium in basal-
tic glass and Ar in maskelynite both have relatively low E,,
for example, leading to resetting contours that intersect
those of other systems over a wide range of temperatures
and timescales. Similar to apatite, the zircon FT system
has a relatively high E, that intersects many other systems
at temperatures of ~300-400 °C and timescales of 10'-10°
yr. It should also be noted that, except for FT systems, frac-
tional resetting contours depend on diffusion domain size,
which in most cases is the physical grain size. In at least
some cases, the utility of the approaches outlined here
may be enhanced by analyzing grains of varying size.

residuals on f
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Fig. 7. Comparisons between triangular (filled circles) or impulse
(open circles) heating events to square-pulse equivalent heating
events, based on fractional resetting combinations of the apatite He
and maskelynite Ar systems (Table 1, but with ¢ =38 um for
apatite He), and an assumed square-pulse event of 400 °C for
1 hour. (A) Residuals (Eq. (33)) on fit of heating event for varying
duration 7, of a triangular heating event, or characteristic time 7.,
(exponential decay to 1% of maximum temperature 7,,), of impulse
event. Dashed line is duration of square-pulse event. (B) Residuals
for varying T, of the triangular and impulse events. Dashed line is
T of square-pulse event. (C) 7-¢ histories of the two best-fit non-
square-pulse events compared with the square-pulse event. Using
the approach outlined here, solving for 7 and T of square-pulse
heating events will in general yield underestimated maximum 7s
and durations of possibly more realistic non-square-pulse events.

Here I outline several examples of the importance of
thermochronologic kinetic crossovers in nonmonotonic
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t—T histories. The first interprets data from recent studies of
wildfire effects, inverting single crystal He-FT double dates
for square-pulse equivalent heating histories, and showing
an example of how this could be extended to understanding
t-T histories adjacent to other types of transient heat
sources such as hydrothermal veins or magmatic dikes.
The second reviews an application to meteorite thermal his-
tories, illustrating the potential utility of this approach in
extraterrestrial materials. The third evaulates implications
of a recently proposed radiation-damage He diffusion mod-
el for interpretation of apatite thermochronology in the
case of nonmonotonic thermal histories. The fourth briefly
explores the potential utility of this general approach in
deducing metamorphic histories, using the apparently low
E, of Sr diffusion in micas.

4.2. Wildfire

Mitchell and Reiners (2003) and Reiners et al. (2007)
measured He and FT ages of apatite crystals from samples
of granitoid rock taken at varying depths from a surface ex-
posed to wildfire(s), and from thin (1-3 cm thick) detrital
chips of granitic rock on the forest floor. They documented
partial to complete resetting of both systems consistent with
geologically recent wildfire heating. In the transect samples,
the magnitude of resetting decreases towards the interior of
the rock, with “fresh” unreset apatite He and FT ages of
~20 and ~50 Ma, at distances more than 3 cm from the ex-
posed surface. They also observed extensive partial to com-

plete resetting of apatite He and FT ages in the detrital rock
chips.

Fig. 8 shows data from the Reiners et al. (2007) study
(one additional point inadvertently omitted in the original
reference is included here), showing that many of the apa-
tite crystals have FT ages younger than He ages, as pre-
dicted for short-duration, high-temperature heating
(Fig. 4; Reiners et al., 2007). Using the methods outlined
above, the combined ages of most of these crystals can be
inverted for temperatures and durations of square-pulse
equivalent heating events using equations 20, 30, and 31.
Initial FT and He ages (#;) of 50.3 and 20.1 Ma, respec-
tively, were assumed; ¢, was assumed to be zero. He diffu-
sion parameters were calculated from the Shuster et al.
(2006) model assuming 20 Myr of ingrowth of *He, average
U and Th concentrations of the grains, and ¢ = 60 um, but
using conventional Durango kinetics produces very similar
results.

Inverted square-pulse 7 histories for crystals that are
partially reset for both systems are shown as circles in
Fig. 9. Most of the grains in this example are very strongly
reset for the AFT system, which is primarily an artifact of
the grain selection process used in the Reiners et al.
(2007) study, which mostly targeted strongly AFT-reset
grains to demonstrate kinetic age inversions. A more useful
sampling protocol for this study would select grains exhib-
iting a wide range of resetting extents for both systems.
Most of the crystals require square-pulse equivalent events
with temperatures of ~300-425 °C and durations of several
seconds to a few hundred hours. As reviewed by Mitchell

1 @®0-1cm
507 01-2cm

E @®2-3cm

1 @® 3-6 cm

i @ detrital chips
40 A
30

apatite FT age (Ma)

#

apatite (U-Th)/He age (Ma)

Fig. 8. Apatite FT and He ages of single crystals from a 6-cm transect in exposed bedrock, and detrital chips on the soil surface subjected to
wildfire heating. Most of these are the same data in Reiners et al. (2007), but an additional point erroneously omitted from the earlier work has
been added here (0-1 cm grain with ~17-Ma apatite He age). Six partially masked points are not used in inversion calculations, either because
one or more ages is older than the assumed initial He or FT age of the samples, or yield ¢ and 7T that are unrealistically low and high,

respectively (two points to upper left).
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Fig. 9. Log duration and inverse temperature of square-pulse heating events calculated from inverting fractional resetting extents of wildfire-
affected apatite crystals shown in Fig. 8 (colored circles), fractional resetting contours for the apatite He and AFT systems (grey and black
lines), and four example model trends of square-pulse equivalent temperatures and durations predicted for samples at various depths (2.5-mm
intervals; farthest left is surface), for different surface-heating scenarios (colored squares and trends). Apparent square pulse heating durations
and temperatures for samples farther from the exposed surface imply much longer durations and lower temperatures than surficial heating
events, because they also reflect long durations at ambient conditions, here estimated as 35 Myr at 10 °C. No single fire history, including
those involving multiple events and spallation episodes, produces a trend of square-pulse equivalent heating event effects that explains the full
range of single-grain data observed in this transect. This may be due to variable heating histories on the relatively large (~200 cm?) area of

each analyzed slab.

and Reiners (2003), single wildfire events produce tempera-
tures as high as ~700 °C for up to a few minutes near ex-
posed rock margins, and less than 100-200 °C for tens of
minutes to hours a few centimeters from the margins.

Given the decadal fire recurrence interval in this region
(Mitchell and Reiners, 2003) and the possibility of episodic
spallation, there is no reason to think that any of these sam-
ples record a single wildfire heating event. Furthermore, the
approximate area of the exposed surface of the sample was
roughly 200 cm?, so it is possible that the thermal dose
experienced by any grain varies across the exposed surface
as well as with depth from it. These factors may explain
both the wide range of apparent temperatures and dura-
tions and the fact that some grains yield apparent events
well outside the range of characteristic temperatures and
durations of single wildfire events (Fig. 9).

The predicted effects of wildfire events of varying duration
and temperatures on crystals at various depths beneath the
surface were modeled using a finite difference scheme and a
thermal diffusivity of 0.01 cm?/s. Thermal histories of sam-
ples at varying depths were then converted to fractional reset-
ting extents, and the corresponding 7’s were combined to
derive apparent square-pulse equivalent heating events,
using the procedure outlined above. Especially for samples
more than a few millimeters from the surface, the predicted
7’s must incorporate of the effects of not only the wildfire
heating, but also the preceding long-term residence at ambi-
ent near-surface, low temperature conditions, estimated here
as 35 Myr of isothermal holding at 10 °C (the precise choice

of ambient conditions is not critical to these results). Fig. 9
shows the model apparent durations and temperatures of
square-pulse heating equivalents that would be recorded by
samples at 2.5 mm intervals beneath the exposed surface,
for four different wildfire scenarios (squares). For the three
scenarios without spallation, the shallowest sample (farthest
left in each trend) simply records the temperature and dura-
tion of the model surficial square-pulse heating event. Sam-
ples at progressively greater depths yield lower apparent
temperatures, and durations that first decrease and then in-
crease, following a trend towards the assumed ambient tem-
perature and holding duration. The scenario involving
multiple fires and a single spallation event show that the form
of these predicted trends can be complex, because the shal-
lowest sample will reflect a combination of the temperatures
and durations of events affecting it.

Fig. 9 illustrates several points about interpretation of
apparent square-pulse heating events from related samples.
First, the predicted temperature-duration trends for spatially
related samples subject to reheating event(s) extends from the
conditions at the locus of reheating (or near it, in the spalla-
tion case) to ambient conditions, with intermediate distance
samples yielding apparent temperatures and durations much
lower and longer, respectively, than the surficial reheating
event itself. For example, all scenarios predict that weakly re-
set samples from certain depths (between 1-3 cm depending
on the scenario) will yield apparent square-pulse equivalent
temperatures of ~100-200 °C and durations of hundreds of
hours to years. Second, although some of the dispersion in
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Fig. 10. Model trends of equivalent square pulse heating events for related samples at varying normalized distances from a central heat source
of varying half-thickness (0.1-100 m) with initial 7= 1000 °C, initial wallrock 7= 10 °C, and (uniform) thermal diffusivity = 0.61 mm?/s; no
latent heat (Delaney, 1987). Ambient conditions are 100 Myr at 10 °C. Symbols on model trends represent 0.25 log unit intervals in
normalized distance from heat source. Grey and black solid lines at higher angles to labelled trends are AFT and apatite He fractional
resetting contours, as in Fig. 5. Although this figure shows the square-pulse equivalent trends for spatially related samples resulting from dikes
of varying thickness, the same approach could be used to constrain advective heat fluxes through veins or dikes whose preserved thickness is

not simply related to heat flux.

the wildfire samples in Fig. 9 may arise from analytical errors
or violations of the assumptions outlined above, they are also
consistent with models requiring the accumulation of ther-
mal effects from multiple wildfire and possibly spallation
events affecting this ~200-cm? surface.

The example above illustrates the more general potential
for modeling thermal perturbations caused by other types
of heat sources. The magnitude and duration of heating
of wallrocks by hydrothermal veins and magmatic dikes,
for example, depends on the flux of material and heat
through them, which is not necessarily observable from
field relations. Ephemeral heating during brittle faulting is
also highly variable and difficult to predict from field obser-
vations (e.g., Murakami et al., 2002; d’Alessio et al., 2003).
Fig. 10 shows modeled square-pulse equivalent tempera-
tures and durations for samples at varying distances from
dikes of varying thickness (see caption for model details) in-
truded into wallrock with assumed ambient conditions of
10 °C for 100 Myr. As in the wildfire example, samples at
increasing distances from the heat source yield increasing
durations and decreasing temperatures of square-pulse
equivalent perturbations. Each trend is consistent with a
unique energy content of the heat source. In this example
this is represented by instantaneous dike thickness, but this
could also represent mass flux through a dike or vein.

4.3. Implications of the apatite (U-Th)/He radiation-damage
diffusion model for nonmonotonic thermal histories

A recent major advance in the interpretation of apatite
(U-Th)/He ages is a He diffusion kinetic model that ac-

counts for decreasing diffusivity with increasing He concen-
tration ([He]), as observed in both *He and *He diffusion
experiments (Shuster et al., 2006). The model uses a mul-
tikinetic Arrhenius relation in which [He] is a proxy for
the abundance of radiation-damage related ‘““traps” with
lower He diffusivity than undamaged parts of the crystal.
Changes in E, and Dy/a* as a function of [He] are derived
empirically from the experiments and incorporated into
the mechanistic model. The multikinetic model results in
a progressive increase in the apatite He 7, (for 10 °C /
Myr) with increasing [He], from 53°C at 10~' nmol
“He/g, to 109 °C at 10° nmol *He/g. Most importantly for
this study, this is accompanied by a systematic increase in
E,, from 121 to 148 kJ/mol (Shuster et al., 2006), compared
with the E, of 138 kJ/mol determined for Durango apatite
(Farley, 2000) (Table 1).

The increasing E, of He diffusion with higher [He] shifts
fractional resetting contours in a pseudo-Arrhenius plot to
higher temperatures (Fig. 11). This has an important effect
on the relative resetting contours of the apatite He and
AFT systems. In particular, the 99% resetting contour for
the apatite He system for [He] >10> nmol/g is shifted to
the higher temperature side of the complete resetting con-
tour of the AFT system, for all temperatures and time-
scales. Reheating events with square-pulse equivalent
durations and temperatures in the grey field of Fig. 11 (be-
tween full AFT and apatite He resetting) completely reset
the AFT system but only partially reset the apatite He sys-
tem. Lower temperature reheating events may also partially
reset the AFT system to significantly greater extents than
the apatite He system, which would lead to apatite He ages
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Fig. 11. Fractional resetting plot for He diffusion [solid lines: Durango apatite with ¢ = 60 pm; Farley (2000); dashed lines: radiation-
damaged model of Shuster et al. (2006)] and fission-track annealing (grey lines) in apatite. AFT model uses curvilinear fanning model (RN
composition) of Ketcham et al. (1999). The highest and lowest temperature dashed trends are radiation-damage models for apatites with 10!
and 10° nmol *He/g, respectively; intermediate dashed trends are shown for unit log increments. The grey field corresponds to square-pulse
equivalent reheating episodes resulting in complete AFT resetting and only partial apatite He resetting. For the high-He apatite, this
“inversion” is expected over a wide range of reheating histories, including those at low temperatures and long durations.

older than AFT ages (if the pre-heating AFT age was not
much older than the He age). The difference between this
situation and one assuming conventional He diffusion
(i.e., that of Durango apatite) is that the reheating event
need not require high-7s and short durations, but may in-
volve low-T and long duration events, such as may result
from a wide range of histories involving burial, top-down
volcanic heating, or exposure to hydrothermal fluids. This
may explain several examples of inverted apatite He-FT
ages (Stockli et al., 2000; Emmel et al., 2007) which might
otherwise require heating events too short and high-7 to
be consistent with geologic evidence.

An important caveat in this analysis is that the kinetics of
annealing of radiation damage that, in turn, controls the He
diffusion are not yet known. If this damage is annealed at the
same rate as, or more rapidly than, fission-track annealing,
the phenomenon outlined above would be more complicated
than depicted here. More work is needed to completely
understand the kinetics of He diffusion and their relation-
ships with [He] and radiation damage. Nevertheless, this
analysis shows that nonmonotonic thermal histories may
have nonintuitive effects on relative ages of thermochronom-
eters with different kinetic properties, which cannot be simply
understood by their relative Ts.

4.4. Meteorite thermal histories

Martian meteorite ALH84001 is an orthopyroxenite
with Pb/Pb and Rb/Sr ages of ~4.0Ga (Borg et al.,
1999), an “°Ar/*®Ar age of about 3.9 Ga (Turner et al.,
1997; Bogard and Garrison, 1999), and a cosmogenic expo-
sure age of ~15Ma (Nyquist et al., 2001). The latter is

interpreted as the timing of impact on and ejection from
Mars (Swindle et al., 1995). The thermal history associated
with impact is critical to hypotheses bearing on potential
interplanetary transport of organic compounds and the ori-
gin of delicate paleomagnetic microdomain arrangements
hypothesized to reflect an ancient Martian magnetic field,
surface temperatures, and low-temperature escape and
transport (Weiss et al., 2002; Shuster and Weiss, 2005).

Shuster and Weiss (2005) modeled Ar step-heating re-
lease data to interpret diffusion kinetics of the dominant
K- and Ar-bearing phase, maskelynite. Its activation energy
for Ar diffusion is low relative to most thermochronome-
ters, and, combined with the inferred Do/a® and an assumed
cooling rate of 10 °C /Myr, yields a nominal T, of less than
10 °C. As shown by Shuster and Weiss (2005), the 3.9-Ga
YOAr/*Ar age therefore requires a very low time-averaged
temperature, consistent with low Martian surface tempera-
tures and derivation from a shallow depths in the Martian
crust. If the bulk of this Ar were lost in a single, recent im-
pact event, such as that inferred to have ejected the meteor-
ite from Mars at 15 Ma, the maskelynite Ar system would
have experienced about 5-8% resetting. As shown in
Fig. 12, this constrains the 7—T history associated with the
hypothetical impact event to a family of square-pulse histo-
ries shown by the broad grey band. An additional con-
straint from another partially reset thermochronometer
with a different activation energy is required to further con-
strain this event.

Min and Reiners (2007) measured ages of 60 Ma to
1.8 Ga, and a weighted mean age of 830 Ma, on phos-
phate (merrillite) grains from ALH84001, consistent with
a range of diffusion domain sizes that were partially reset
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Fig. 12. Fractional resetting plot showing 1% and 99% fractional loss contours of the apatite He and maskelynite Ar systems [Table 1, but
here with @ =27 um for apatite He; see Min and Reiners (2007)], as a function of In (#) and inverse 7. Dashed line is the 86% fractional loss
contour for apatite He; thick grey band is 5-8% loss for maskelynite Ar. These represent the extents of resetting for the merrillite He and
maskelynite Ar systems, based on analyses of bulk rock samples and single merrillite grains from Martian meteorite ALH84001 (Weiss et al.,
2002; Shuster and Weiss, 2005; Min and Reiners, 2007), assuming negligible loss of He or Ar since 4.0 Ga and a single, recent reheating event.
The square-pulse equivalent reheating event consistent with these data corresponds to ~400 °C for ~1 h, a reasonable post-impact thermal
history for a precursor meteorite to ALH84001 ejected from Mars at 15 Ma (Min and Reiners, 2007).

more recently than 60 Ma. Again assuming a single, re-
cent impact and He loss event since 4.0 Ga, and assuming
He diffusion kinetics of Durango apatite (Farley, 2000)
[see Min and Reiners (2007) for detailed discussions on
these points] this corresponds to about 8§6% He loss. Gi-
ven the relative closure temperatures of the phosphate He
and maskelynite Ar systems (~65 and ~6°C, respec-
tively), the much older age of the “*Ar/*’Ar system there-
fore requires a significant reheating event in the thermal
history of this meteorite. As shown by Min and Reiners
(2007), the relative average fractional losses can be in-
verted to solve for the square-pulse equivalent thermal
history representing a single recent event since 4.0 Ga.
In this case, it corresponds to ~400°C and a duration
of tens of minutes to less than ~2 h (intersection of frac-
tional resetting contours in Fig. 11). This is consistent
with a post-impact and post-ejection precursor body size
larger than ALH84001 prior to delivery to Earth, in or-
der to maintain relatively high temperatures on the order
of 1h. This analysis makes a number of assumptions,
including that there was a single heating event after
4.0 Ga (the 15-Ma impact-ejection event) that caused all
He and Ar loss from their carrier phases, that this event
can be adequately approximated by a square-pulse equiv-
alent event (subject to the uncertainties outlined in the
previous section on non-square-pulse events), and that
the kinetics of both systems are known accurately. These
may not be true, but the general approach followed here
could be adapated to situations involving more complex
or multiple impact-heating scenarios (e.g., Min and Rein-
ers, 2007).

4.5. Metamorphic thermal histories

The kinetic crossovers in Fig. 4 show several potential
examples of thermochronometer pairs that could poten-
tially be used to deduce nonmonotonic cooling histories
associated with metamorphism. Unlike plutonic rocks,
which at least may have experienced only monotonic cool-
ing, metamorphic rocks at the Earth’s surface must have
experienced at least one prograde-retrograde cycle. In some
cases a metamorphic thermal history may have involved
sufficient time at sufficiently high 7" to completely reset all
thermochronometers, in which case they should record only
the monotonic cooling path. But in some cases thermochro-
nometers may be only partially reset, especially those with
low E, and contain a pre-metamorphic age memory.
Whether or not this occurs depends on, in addition to the
kinetics of the system, how much time the rock spent near
the highest temperatures, not the T, of the system relative to
the maximum metamorphic 7.

The duration of metamorphic events, and in turn,
whether thermochronometers are completely reset by them,
is often ambiguous. Recent work on diffusion profiles in
classic Barrovian metamorphic zones of Scotland show that
the high temperatures associated with development of the
characteristic metamorphic facies came in pulses shorter
than 10° yr (and possibly significantly shorter), even in
overall mountain building cycles lasting ~107 yr (Ague
and Baxter, 2007). These pulses were probably caused by
short-lived magmatic or fluid-advection events. Similarly,
recent work in the Western Gneiss Province of Norway
leads to vastly discrepant estimates of the duration of
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high-7" metamorphic events, from 10*-10° yr to more than
107 yr (Camacho et al., 2005, 2006; Bjornerud and Austr-
heim, 2006; Glodny et al., 2008), with the shorter timescale
events again consistent with advection of heat by fluids
moving through spatially restricted zones. Ague and Baxter
(2007) summarized a variety of other studies deducing very
short durations of peak metamorphic conditions, but point
out that it is not known whether fast metamorphism is com-
mon and simply increasingly appreciated, or rare and iden-
tified in only a few circumstances. The potential for brief
metamorphic events to incompletely reset some thermo-
chronometers leads to the possibility of using the ap-
proaches outlined here to address this debate. Although
several different systems, together with the use of diffusion
profiles and other data, may be capable of addressing this,
only the Rb/Sr system in micas is briefly discussed here, be-
cause micas are common minerals in metamorphic rocks,
they appear to have relatively low E, for this system, and
they have led to vigorous debate surrounding these and
broader issues about diffusion.

RDb/Sr ages of micas in metamorphic rocks are commonly
observed to be “too old” to be consistent the inferred meta-
morphic history of their host rocks. Examples include high-
grade metamorphic rocks in western Norway (e.g., Verschure
etal., 1980; Kithn et al., 2000; Glodny et al., 2008), the central
and eastern Alps (von Blanckenburg et al., 1989; Steck and
Hunziker, 1994), and the Urals (Glodny et al., 2003). The
preservation of pre-metamorphic or too-old Rb/Sr mica ages
has been suggested to reflect (1) previously overestimated dif-
fusivity of Sr in micas (e.g., von Blanckenburg et al., 1989);
(2) complications of the Rb/Sr system arising from varying
modes and kinetics of multiple equilibrating minerals (e.g.,
Ganguly and Ruiz, 1987; Jenkin et al., 1995, 2001; Jenkin,
1997); and (3) a general lack of thermally-activated diffusion
in rocks without free fluids, and failure of thermochronologic
theory (e.g., Villa, 1998; Kiihn et al., 2000; Glodny et al.,
2003, 2008).

The thermochronologic behavior of the Rb/Sr system in
micas is complicated by exchange and diffusion among and
within multiple phases (Ganguly and Ruiz, 1987; Jenkin
et al., 1995, 2001; Jenkin, 1997). In addition, experimental
constraints on diffusion kinetics are few and especially lim-
ited for white mica (Giletti, 1991; Jenkin et al., 1995;
Jenkin, 1997; Hammouda and Cherniak, 2000). Neverthe-
less, available constraints, summarized Figs. 3 and 4 and
Table 1, show that Sr diffusion in micas, which is probably
the rate limiting parameter in Rb/Sr equilibration, has
unusually low E, relative to most other thermochronome-
ters. Fig. 4 shows that in the range of 10°-10° yr and
300-900 °C, these systems have kinetic crossovers with
many higher-E, systems including the Ar/Ar system in bio-
tite, muscovite, and hornblende, and the U/Pb system in
apatite and titanite. Rb/Sr in muscovite and Ar/Ar in horn-
blende, for example, which have nominal 7.s of ~520 and
570 °C, respectively, show a crossover at approximately
600 °C and 107 yr. Given that some studies have proposed
peak metamorphic conditions with temperatures in this
range, but timescales about two to three orders of magni-
tude lower (e.g., Camacho et al., 2005; Ague and Baxter,
2007), this raises the possibility that some ‘“‘too-old” mica

Rb-Sr ages are simply partially reset, whereas other sys-
tems, including those with higher T.s such as hornblende
Ar/Ar, are fully reset and record only the retrograde path.

As noted above, although there are many potential com-
plications to the thermochronologic behavior of the mica
Rb/Sr systems, there are also many examples of too-old
Rb/Sr micas in metamorphic rocks. One example comes
from the western Tauern Window of the Eastern Alps, where
von Blanckenburg et al. (1989) observed ages ranging from
20 to 7 Ma on a range of thermochronometric systems. Ex-
cept for the phengite Rb/Sr ages, all of the other systems,
as well as newer zircon and apatite FT data (Fugenschuh
etal., 1997), were consistent with a single monotonic cooling
history. In particular, the hornblende K/Ar system, which is
thought to have a higher T, than the phengite Rb/Sr system,
had an age of 18 Ma, 2 Myr younger than the phengite Rb/Sr
age. von Blackenburg et al. interpreted this as requiring a sig-
nificantly higher T, for phengite Rb/Sr than previously
thought (e.g., Purdy and Jéger, 1976). Increasing the pheng-
ite 7. by ~50 °C resulted in an acceptable monotonic cooling
path beginning at about 20 Ma. However, another potential
explanation is suggested by the kinetic crossover between the
hornblende Ar and muscovite (as a proxy for white mica in
general) Rb/Sr systems at approximately 600 °C and 107 yr
(Fig. 4).

The thermal history of the western Tauern Window
prior to ~20 Ma is poorly known, but Christensen et al.
(1994) documented growth of garnet phenocrysts at tem-
peratures of ~450-550 °C from 35-30 Ma, and as early as
60 Ma in some units. The fact that white mica Rb/Sr ages
are consistently older than hornblende K/Ar ages in these
rocks is consisent with a significant prograde heating event
between prior to 20 Ma that resulted in complete resetting
of the hornblende K/Ar system, but only partial resetting
of the mica Rb/Sr system. Simple modeling using the kinet-
ics and grain sizes in Table 1 shows that model histories
involving temperatures greater than ~475°C prior to
30 Ma and a ~5-10 Myr duration triangular heat pulse
with a maximum temperature of ~650-675 °C at 20 Ma,
reproduces well the ages in von Blanckenburg et al.
(1989), including apparently “inverted” Rb/Sr mica and
hornblende K/Ar ages. Fully exploring the plausibility of
this scenario and its consistency with the large number of
studies bearing on the P-7-¢ histories of various parts of
the Tauern Window is beyond the scope of this paper.
But this example provides an indication of how apparent
kinetic age inversions and partial resetting extents could
potentially be used for elucidating thermal histories of
metamorphic events. Doing this with confidence, however,
would require significantly better constraints on the kinetics
of higher-temperature thermochronologic systems with
contrasting activation energies (e.g., mica Rb/Sr).

5. SUMMARY AND CONCLUSIONS

Interpretation of thermochronologic data is typically
made in the context of monotonic cooling, which permits
use of the T, concepts and often limits acceptable ¢—T paths
to a sufficiently small range to be geologically useful. Allow-
ing for nonmonotonic thermal histories ususally adds con-
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siderable complexity and ambiguity to thermochronologic
interpretations. But it also permits the potential identifica-
tion of geologically important reheating events such as might
occur during burial, metamorphism, exposure to hydrother-
mal fluids, brittle faulting, magmatism, and other processes.
Contrasting kinetics of daughter product diffusion or anneal-
ing in different thermochronometers provides a potential
way to diagnose and constrain durations and temperatures
of reheating events. Systems with different activation ener-
gies display kinetic crossovers in diffusivity and fractional
losses for reheating events. For some reheating events, sys-
tems with relatively high activation energies may experience
greater fractional loss (resetting) extents than systems with
lower activation energies, which can lead to younger ages
for systems with higher 7.s, a observation that diagnoses a
nonmonotonic cooling history. If both systems were partially
reset by a reheating event, and fractional losses can be esti-
mated from ages of the thermochronometers (which requires
estimates of pre-event ages and post-event ingrowth), these
can be combined with kinetic models of the systems to yield
an estimate of the temperature and duration of the reheating
event. Assuming a square-pulse form of the reheating event
when actual pro- and retrograde paths are more gradual will
generally underestimate the maximum temperature and
duration of the event.

Analysis of single-grain apatite He and FT ages in sam-
ples subjected to recent wildfire heating in surficial bedrock
shows that most samples require heating to ~300-425 °C
for seconds to hours and an inverse correlation between
temperature and duration of reheating, as expected for
thermal cycles on rocks at varying distances from a heated
free surface. Modeling of predicted square-pulse equivalent
temperatures and durations for spatially related samples,
however, shows that these samples likely record multiple
heating events with variable magnitude, possibly combined
with surface spallation from some parts of the exposed sur-
face. Consideration of new radiation-damaged dependent
He diffusion models for the apatite He system also suggest
that nonmonotonic thermal histories, even those involving
relatively low temperatures and long durations, may cause
AFT ages older apatite He ages.

There are several thermochronometers showing kinetic
crossovers for reheating events in ranges applicable to
metamorphic thermal histories. The Rb/Sr system in micas
may have particularly low activation energies, so that for
certain temperatures it would require significantly longer
durations to be completely reset than other systems with
higher nominal T.s, such as hornblende Ar/Ar. This may
explain the common observation of “too-old” Rb/Sr mica
ages in metamorphic rocks, and is consistent with emerging
evidence for short durations of metamorphic heating in
some classic localities.

The approach outlined here is based on contrasts in
kinetic properties, particularly activation energy, of differ-
ent thermochronometric systems. It follows that identifica-
tion and resolution of nonmonotonic thermal histories of
rocks would benefit from observations combining systems
that respond to temperature changes in vastly different
ways. Beyond thermochronometers, these include elemental
diffusion profiles; magnetic properties, which have high

activation energies and are particularly sensitive to temper-
ature (instead of duration) of heating events; thermal mat-
uration indicators in organic compounds; and thermally
stimulated luminescence.
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