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ABSTRACT

A new model for examining fission-track data from natural specimens has been developed on the
basis of new laboratory data describing fission-track annealing in a wide variety of apatites and the
empirical correction for fission-track length anisotropy presented in earlier papers. Using revised
and simplified statistical methods, we examine how well various empirical equations are able to fit
the laboratory data and reproduce expected behavior on geological time scales. Based on the latter
criterion, we find that so-called “fanning Arrhenius” models of mean track length are not the best-
suited for our data. Instead, we find that fittitgxis projected lengths with a model that incorpo-
rates some curvature on an Arrhenius plot produces results that are in better agreement with the
available geological benchmarks. In examining the relative annealing behavior of apatites with dif-
ferent resistance to annealing, we find that the laboratory-time-scale behavior of any two apatites can
be reproduced well by a simple one- or two-parameter equation. This function is used to convert the
reduced fission-track length of one apatite that has undergone a certain time-temperature history into
the length that would be measured in a second, less-resistant apatite that has undergone the same
history. Using this conversion, we create a single model that encompasses the annealing behavior of
all of the apatites we studied. The predictions made by this model match closely those made by fits to
data for individual apatites. We therefore infer that, although the conversion equation is imperfect, it
presents an excellent practical solution to characterizing the range of kinetic variability for annealing
of fission tracks in apatite.

INTRODUCTION ferences in down-hole fading temperature of’@0or more.

One of the primary objectives in conducting apatite annedibese changes in behavior are usually linked to compositional
ing experiments (e.g., Green et al. 1986; Crowley et al. 19¢/priations in apatite, with higher chlorine content leading to
Carlson et al. 1999, this volume) is to derive a model that d#gher closure temperatures (Green et al. 1985, 1989b). How-
scribes the behavior of the apatite fission-track system of4er, We suggest that it is preferable to refer to this phenom-
geological time scales (Laslett et al. 1987; Carlson 19990n as “kinetic” rather than “compositional” variation. There
Crowley et al. 1991; Laslett and Galbraith 1996). Such a mod@f€ three primary reasons for making this distinction. First,
when integrated with a computer program that allows ﬁmnéqnetlc_ directly describes the observat_lons_: differences in
of data collected from natural specimens (Green et al. 1988fnealing rates at laboratory and geological time scales. Com-
Corrigan 1991; Willett 1992, 1997; Crowley 1993a; Ga”aghé){osition can be used to infer kinetics, but the relationship is
1995; Issler 1996), can be a very powerful tool for estimatidtpt Straightforward, and currently there is no published physi-
past thermal histories. In favorable cases, detailed time-tefl model that can be used to link confidently specific compo-
perature paths can be derived using the track-length distrififional changes to kinetic effects. Second, annealing rates may
tion to estimate the shape of the path while the central dif affected by factors in which composition plays a varying
constrains its placement in time. role. For example, increased chlorine content may enhance

However, an inherent weakness in earlier published anng&sistance to annealing in some cases by making intracrystalline
ing models is that they characterize only a single type of aﬁiétfusmn require a higher ac.tlvz.;ltllon energy, whereas |ncre§sed
tite. It has been well documented that different apatites capntents of U and Th may inhibit annealing through continu-
exhibit significantly different annealing behaviors. Green @uS introduction of alpha recoil damage to the lattice. Third,

al. (1989b) showed that apatites in the Otway Basin have difl2nges in apatite behavior can be estimated without recourse
to compositional data, by measuring apatite solubility using

the diameter of the etch figures on the polished surface (Burtner
etal. 1994; Donelick 1993, 1995). As shown below, this method
*E-mail: richk@maestro.geo.utexas.edu provides roughly the same predictive capability as chlorine
tCurrent address: Department of Geology and Geological Bentent, and is much less expensive and troublesome than mi-
gineering, University of Idaho, Moscow, Idaho 83844, U.S.Aroprobe analysis.
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These kinetic variations commonly can be detected throulgigical benchmark consists of measured apatite data for which
the use of statistical tests (Green 1981), and in some casesikietic indicators have been collected as well, and that also has
netic subpopulations can be inferred and separated using atpast thermal history that can be reconstructed independently
tistically based graphical devices such as the radial plaetith some degree of confidence and precision. For apatite, there
However, such methods only provide a measure of relative dife two primary categories of interest: high-temperature and
ferences in behavior within a single group of apatites and bov-temperature. High-temperature benchmarks are useful for
not allow comparison to other samples. Similarly, although thelgriving information about the point at which fission tracks
may be capable of roughly segregating apatites into broad fkiHy anneal, allowing assignment of the proper significance to
netic classes, they provide no information about what the Kission-track ages. Low-temperature benchmarks are important
netic classes are. In the not uncommon case of a sample foainterpreting track-length data correctly, as they constrain
contains apatites with a continuum of kinetic properties, statite amount of annealing to be expected over long time scales
tical tests may indicate failure when in fact there are no inhén-near-surface conditions.
ent problems with the data. Finally, the statistical tests are o )
applied only to fission-track ages, and there is no correspoffadex temperatures in fission-track annealing
ing mechanism to separate fission-track length measurementsThere is ambiguity in the fission-track literature about how
unless every grain in which a track length is measured is ateadefine and interpret the high-temperature annealing behav-
dated. These limitations apply to any approach that does ratof apatite. The traditional concept of closure temperature is
measure kinetic information for each apatite grain in whiabnly applicable to a subset of the cases in which fission-track
track density or track length is measured. data are used. Other circumstances that are somewhat unique

A monokinetic annealing model (one that assumes idertid- the apatite system, such as its low closure temperature and
cal annealing behavior for all apatites) has serious shortcaits-utility in reconstructing detailed temperature histories with-
ings for studying natural samples with multikinetic apatiteut recourse to other systems, require other concepts to de-
populations, as is the case in the majority of sedimentary rocgstibe them. Here we try to clarify the issue by defining three
and has been identified in some igneous rocks as waltlex temperatures to describe annealing behavior, each of
(O’Sullivan and Parrish 1995). First, use of monokinetic modvhich is useful in a different situation. Each is defined in terms
els implicitly assumes that the apatites being studied have tifean idealized thermal history (constant heating/cooling rate
same kinetic behavior as the apatite that the model is basedarrisothermal).
which is seldom the case, especially when a model based orDodson (1973, 1979) defined thiwsure temperaturéT.)
the Durango apatite (e.g., Laslett et al. 1987) is employed. Str-an isotopic system as the temperature of the unknown at
ond, pooling data from two or more kinetic subpopulatiorthe time given by its apparent age. In theory, most geochrono-
obscures the thermal history contained in each one. This pradgic systems have a high-temperature state in which daughter
lem is particularly severe in those parts of the time-tempearoducts (atoms or fission tracks) cannot accumulate owing to
ture path in which some apatites have been totally reset whdi€fusion (or annealing), a low-temperature state in which loss
other, more resistant apatites still retain some older track$.daughter products is negligible, and a transitional state be-
However, if the apatites can be separated correctly into kineticeen the two that is marked by partial loss of daughter prod-
populations that can each be modeled successfully and indets. The closure temperature is somewhere within this
pendently, the situation is transformed. The “single” apatite sysansition zone, at a point in part linked to the cooling rate
tem then becomes a multiple one consisting of severtatough this zone. The application of the concept of closure
independent thermochronometers, each with the ability to caamperature to fission tracks in apatite is not straightforward,
strain the time at which the sample passed through a differémtthree primary reasons. First, there are no geologically rea-
temperature range. The objective of this paper is to take gwnable temperatures at which annealing is negligible (Donelick
initial steps toward developing a multikinetic model for apatitet al. 1990). Second, fission tracks anneal quickly at the rela-
fission-track annealing that will make such interpretations passely low temperatures found in the near-surface (<5 km depth)

sible and practical. environment, where it is likely that many samples have experi-
enced a complicated history that cannot be characterized by a
GEOLOGICAL BENCHMARKS single cooling rate. Third, apatite fission-track dates are regu-

In evaluating and comparing apatite annealing models, itle&gly measured in samples collected from drill holes, where
not enough to judge among them based solely on how wileir present-day temperatures may be within the range of fast
they fit experimental data (e.g., Crowley 1993b). It is also in@nnealing. In this case, the closure temperature becomes not
portant to take into account how well they match observatioasly a function of cooling (or heating) rate, but also the tem-
at the true scale of interest: over geological time. To gauge fherature of sample collection.
usefulness of a model for studying data from unknowns, it must Another temperature that is useful in discussions of fission-
be evaluated against geological benchmarks. Although for marsick analysis is theotal annealing temperaturél,). As de-
geochronometers, comparisons are made between experinigred by Issler (1996)T, is the temperature at which a
tally derived and geologically inferred closure temperatureission-track population, which formed at an arbitrarily low
complexities in the apatite fission-track system necessitatéemperature (—10%C in Issler 1996), fully anneals for a given
closer look at the relevant concepts to summarize anneallmgating rate. Because the annealing equation is bi-directional
model predictions accurately in a useful form. A useful ge@ time, T, is also the temperature at the time of the formation
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of the oldest remaining track during an episode of linear cogkrtainty is an intractable problem in geology, and estimates
ing at the same rate from a high temperature above which aganerally involve many simplifying assumptions. The best-
tite fission tracks are fully annealed to the specified arbitrasyited environments for this purpose are those in which it can
low temperature. For this study we take the arbitrary low tefne asserted confidently that at present the samples are at their
perature to be 20C, as opposed to the value used by Isslenaximum temperature since burial, as this minimizes the num-
(1996), to giveT, the geological interpretation of being theber of assumptions that must be made. Examples of such stud-
highest temperature seen by the oldest remaining fission traekinclude the Otway Basin (Gleadow and Duddy 1981; Green
in an outcrop sample that has undergone constant linear coolietgal. 1989a) and South Texas (Corrigan 1993). On the other
Thus, theT, parameter serves to mark the highest temperatuvand, localities in which there has been significant cooling,
that fission-track data can constrain on a time-temperature paitich as Eielson Air Force Base (Naeser 1981), can be more
To encompass the range of values potentially useful for intproblematic to interpret. The cooling path must be known in
preting geological data, we pres@atandT, values assuming considerable detail, both to constrain the time when the apa-
constant cooling rates of 100, 10, antCIMa for each anneal- tites passed into the temperature range at which fission tracks
ing model discussed. are retained, and to determine the subsequent cooling rate.

A third temperature measure that has been used to characterfhird, in view of the great influence that kinetic variability
ize fission-track annealing is themperature of 100% fission- can have on fission-track annealing, it is crucial to measure
track fading (T¢), the down-hole temperature at whickkinetic indicators for all apatites studied. The only investiga-
fission-track density falls to zero (Naeser 1981; Gleadow atidn for which this was done and for which some data are avail-
Duddy 1981). TraditionallyT: has been interpreted as being thable in the literature is the Otway Basin study (Gleadow and
constant temperature necessary to anneal all fission tracks diteddy 1981; Green et al. 1989a, 1989b). Although Corrigan
a fixed amount of time, which is assigned using independd€a®93) determined the compositions of apatites in some of his
geological evidence, and values from different areas are casamples, he did not take the necessary step of acquiring com-
pared using an Arrhenius diagram of the logarithm of heatipgsitional data on each grain for which he measured an age or
time vs. inversél: (Naeser 1981; Gleadow and Duddy 1981track length. In kinetically heterogeneous samples, an average
Harrison 1985). There is some ambiguity in this usage, howeegpatite composition is not sufficient for a quantitative interpre-
because it neglects the fission tracks that have formed duringtdgon of annealing kinetics.
heating episode, which must have had a much shorter time toFor the present analysis we use for a high-temperature
anneal. For example, according to the Durango apatite modebefichmark published results from the Otway Basin (Gleadow
Laslett et al. (1987), pre-existing fission tracks will be annealesid Duddy 1981; Green et al. 1985, 1989b; Green 1995). Ba-
after 30 m.y. at 108C, but fission tracks formed during thatsin analysis, along with complementary low-temperature data,
period and retained are sufficient to provide an age of 5.3 MahAs been used to infer that the deepest sample from the Flaxmans
temperature of 118C would be required to reduce the modeledell has undergone the time-temperature history shown in Fig-
age to less than 1 Ma, but that temperature would have the saneela (Gleadow and Duddy 1981). Green et al. (1989b) showed
effect given an isothermal annealing interval of 3, 30, or 3@9at end-member F-apatites in that well become fully annealed
m.y. In the present study, we approximétas the temperature at a current down-hole temperature of@2 Apatites found in
required to anneal the reduced mean track length to a valu®bivay Basin wells have a compositional range from end-mem-
0.41, the lowest value observed in any published annealing bes F-apatite to apatites with at least 2.2 wt% CI; these more
periment to date in which more than 10 tracks were measur€ttrich apatites appear to retain tracks until temperatures of
For each annealing model, we rep®ety Tra andTeie the above 124C (Green 1995). Apatites with a chlorine content
temperatures required to achieve this value after 10, 30, and [ik@ Durango apatite (0.4 wt% CI) show full annealing at ap-

m.y. of isothermal heating. proximately 95-100C (Green 1995). For the purposes of in-
] terpreting these results with respect to an annealing model,
High-temperature benchmark we use the approximation that the temperature at which a zero

Most geological studies that seek to constrain the annealege is observed should correspond to the temperatweas
behavior of apatite consist of samples collected from drill holdefined above.
(e.g., Naeser and Forbes 1976; Naeser 1981; Gleadow andt is also important to recognize, however, that not all pub-
Duddy 1981). At progressively greater depths and thus highished data are in agreement with the Otway Basin data. Although
temperatures, fission tracks become more annealed, untilCatrrigan (1993) did not obtain a full suite of compositional data,
some temperature they are erased entirely. There are seviesglection of his single-grain age determinations shows that the
keys to success in such studies, as follows. lowest temperature at which any individual grains were totally

First, down-hole temperatures must be accurate. Becaas@ealed was 12& (Corrigan 1990). Stratigraphic reconstruc-
of the thermal disturbance caused by drilling, commonly a cdiens indicate that this sample (KY18), from the Frio growth
rection must be applied to the measured temperatures. Unfanit trend, has been within 570 m of its current depth (or within
tunately, the data and corrections seldom are reportedalmout 1£C of its current temperature, based on the present-day
fission-track studies that seek to constrain fission-track anneg¢othermal gradient) since approximately 14 Ma (Corrigan
ing (e.g., Gleadow and Duddy 1981; Corrigan 1993). 1990). Even given the disparity in thermal histories between the

Second, it must be possible to construct an independent tir@éway Basin and South Texas, calculations show that these two
temperature path for the samples in question. Doing so withta sets are probably incompatible in their high-temperature
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a the recent time-temperature history to compensate. For example,
the Laslett et al. (1987) Durango apatite model predicts mean
Flaxmans-1 track lengths in a sample that has undergone 20 million years of
constant heating at 0, 10, and ZDto be 15.8, 15.6, and 15.4
pum, respectively, if one assumes an initial mean track length of
16.35um as measured by Green et al. (1986). Mean track length
measurements of natural samples rarely give such high values; a
characteristic “long” track length in a natural F-apatite sample is
typically in the 14.0-14.6m range. According to the Laslett et
al. (1987) model, a mean track length of 14n6[as measured
by Green (1988) for spontaneous tracks from the Durango apa-
tite] would require 20 m.y. of heating at ~4D, and a length of
14.0um implies a temperature of ~8€ for a 20 m.y. isother-
140 ‘ ‘ ‘ : : mal history. As a result, a time-temperature history calculated
120 100 80 60 40 20 0 using the Laslett et al. (1987) model for an outcrop sample
Time (m.y.) yielding a mean length of less than(ifd would require a late
0 cooling event to bridge the gap between the surface tempera-
ture and the considerably higher temperature required by the
— — — . Jurassic model for the observed amount of annealing. If the Laslett et
5 al. (1987) model is in error, then such a cooling event, which
""" Cretaceous might lead to an interpretation of a kilometer or more of un-
Mean roofing, is a modeling artifact with no geological significance.
The best low-temperature benchmark to date is provided by
Vrolijk et al. (1992), in which apatites obtained from drill cores
of sea-floor sediments were studied. Because of the suppos-
edly simple history undergone by sea-floor sediments compared
to rocks from continental surfaces, past temperatures can be
estimated with much greater confidence. Sediments from a drill
core collected in the Ocean Drilling Program Leg 129 in the
o5 | | | | | East Mariana Basin yielded near-end-member F-apatites (Cl =
120 100 80 60 40 20 o 0.13 wt%) with a mean track length of 14.®.1um. Recon-
Time (m.y.) struction of the burial history at that location suggests that the
apatites experienced a fairly narrowly confined range of tem-
FIGURE 1.Time-temperature paths used to calculate comparisopgratures between 1€ and 21°C, as shown in Figure 1b
of apatite fission-track annealing models to geological examgles. (Vrolijk et al. 1992). Predictions made by F-apatite annealing
Flaxmans well, from the Otway Basin (Gleadow and Duddy 1981jodels for the average time-temperature path in Figure 1b will

(b) East Mariana Basin, from the Ocean Drilling Program Leg 139s calculated for comparison to the measured value.
(Vrolijk et al. 1992). Because the time of rifting in the area is not well One significant difficulty in interpreting the Vroliik et al
constrained, two models are provided by Vrolijk et al. (1992). For thj g Y P 9 I ’

: (i992) result is that the initial length of newly formed tracks in
study, the average of the two paths is used. RS . . . -
the apatite in that sample is unknown, as insufficient additional
material was available for an induced length measurement. In
predictions by about 15-2@€. The source of this disparity isthe six near-end-member F-apatites described in Carlson et al.
unknown; the most likely candidates are inaccurate down-h@fe999, this volume), the observed initial mean induced track
temperature determinations and/or estimates of thermal histdeygths range from 15.78 to 16.4&. This variation of more
although the lack of detailed compositional data for the Soutan 0.5um introduces an ambiguity of similar magnitude into
Texas samples admits the slight possibility that different kineistimates of the amount of annealing undergone by the Vrolijk
classes may be involved. et al. (1992) sample, and the amount of shortening predicted
by an annealing model. To account for this when using the
Vrolijk et al. (1992) benchmark value, we report model pre-
Although comparatively neglected in the literature to dateictions as a range of values based on the reduced length cal-
low-temperature benchmarks are also of central importance éaiated from the model multiplied by the maximum and
confident modeling of time-temperature paths from fission-trackinimum initial mean length values listed above.
data. At low levels of annealing, relatively wide swings in tem- Other low-temperature indicators include some apatite stan-
perature cause relatively small changes in fission-track lengtfards, such as Durango apatite with an age of 31.4 Ma (Naeser
Because the temperature at which a sample was collectedrid Fleischer 1975) and a mean track length of 14.806
often the only “known” part of the time-temperature path, intm [as measured by RAD using techniques described in Carlson
terpretation based on an annealing model that inaccurately meal. (1999, this volume)] and apatite from the Fish Canyon
dicts near-surface annealing behavior will be forced to distauff, with an age of 27.8 Ma (Naeser et al. 1981) and a mean
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track length of 15.3% 0.06um (as measured by RAD). Utili- (1996) considerably lowers the index temperatures based on
zation of such results is impaired by the fact that these are tiod F-apatite measurements of Crowley et al. (1991), but in-
end-member F-apatites, with not only considerable Cl contestgases the predicted low-temperature-history length, although
but other compositional variations with potentially significantot to the point of being incompatible if the shortest initial track
kinetic effects as well (Carlson et al. 1999, this volume). Fuength is used.

thermore, there is uncertainty about the temperatures that thesé\ second observation is that extrapolations based on the F-
apatites experienced since deposition, making the modeliragatite studied by Crowley et al. (1991) give higher tempera-
based approach used to examine the Vrolijk et al. (1992) bentires than the Durango apatite data of Green et al. (1986),
mark more problematic. On the other hand, these apatites halteough they appear roughly equivalent when the improved
the advantage that the initial track length is known from exgtatistical treatment of Laslett and Galbraith (1996) is com-
perimental work. Because the observed mean track lengthpafed to the Durango apatite modeling of Crowley et al. (1991).
the Fish Canyon apatite is long compared to virtually all oth8uch a result is not expected, as the Cl content of the Durango
natural examples, we assume here that it has had a low-tapatite suggests that it should be more resistant to annealing.
perature history of a constant 20 since deposition for com- Simultaneous annealing experiments of fluorapatite and
parison to models of the annealing behavior of Fish CanyBurango apatite described by Carlson et al. (1999, this vol-

apatite that will be derived later in this paper. ume) consistently indicate that the Durango apatite is more re-
o ) sistant to annealing on laboratory time scales, and annealing
Predictions of previous models models fit to both of these data sets below also consistently

Table 1 shows calculations of the index temperatures amebdict that Durango apatite should still be somewhat more
low-temperature benchmark lengths for several previously pulesistant to annealing over geological time. The Carlson et al.
lished annealing models. Figure 2 summarizes the predictiqi999, this volume) data for F-apatite seem in overall agree-
of some of these models as compared to our selected bemobnt with the Crowley et al. (1991) data, although there are
marks. The widely used model of Laslett et al. (1987) of ttepparent systematic differences between the new and old data
Durango apatite data of Green et al. (1986) agrees well wahts for Durango apatite (Carlson et al. 1999, this volume). As
the cited Otway Basin data for apatites of similar Cl conterttiscussed in Carlson et al. (1999, this volume), we believe that
However, the mean length range of 14.9 to Jfbfor the the Green et al. (1986) and Crowley et al. (1991) data sets are
low-temperature history appears long, which may lead to sgarobably incompatible, and that the Crowley et al. (1991) data
rious late cooling episodes when time-temperature histories agt is likely to be the more accurate.
fit to data from unknowns, as discussed earlier. This result is Finally, the model of Carlson (1990, 1993) consistently pre-
accentuated when the initial track length of 16421 for the dicts lower index temperatures and greater low-temperature
Durango apatite measured in this study is used, for which fleagths than the corresponding fanning Arrhenius empirical
predicted length after the Vroijk et al. (1992) time-temperatureodels. This is due to the fact that the Carlson (1990) model is
history is 15.3um. The re-analysis of the Green et al. (1986)ery similar to a parallel Arrhenius model, and thus its pre-
data set by Crowley et al. (1991) slightly improves the lowdicted contours of constant annealing have considerably less
temperature benchmark, but appears to shift the high-tempesjpread when extrapolated to geological time scales. Analysis
ture benchmark in the wrong direction. The two empiricalf the new data reported in Carlson et al. (1999, this volume)
models of the F-apatite studied by Crowley et al. (1991) matshpports fanning of the annealing contours at laboratory time
the low-temperature benchmark well, but predici, values scales, and the geological benchmarks imply that this fanning
that are considerably above the 902Q5eported for the Otway probably persists to geological time scales as well. Fanning
Basin; interestingly, the Carlson (1993) model is in much closeannot be replicated in the physical model of Carlson (1990)
agreement with this datum, although its prediction of the mewasithout modification of the simplifying assumptions used to
track length for the low-temperature history is probably toderive it; potential modifications that generate fanning are dis-
long. The improved statistical treatment of Laslett and Galbraithissed below.

TABLE 1. Comparison of predictions of previous annealing models at geological time scales

Apatite Data from Fitted model Te100 Teso Trao Tca Tcio Tcaioo Tazo Tazo  Taioo hntow-7%
Durango Green et al. (1986) Laslett et al. (1987) 96.8 103.9 110.6 97.6 112.4 128.4 113.6 128.2 144.0 14.89-15.49
Crowley et al. (1991) 102.5 109.6 116.2 101.7 116.2 132.1 119.2 133.6 149.1 14.80-15.40
Carlson (1990) 764 83.6 905 843 99.4 1157 93.5 108.4 124.6 15.34-15.97
F-apatite B-5 Crowley et al. (1991) Crowley et al. (1991) 120.7 127.1 133.0 116.1 129.0 143.1 136.3 149.3 163.1 14.40-14.98
Laslett and Galbraith (1996) 101.8 108.5 114.9 102.1 115.8 130.7 118.0 131.8 146.6 14.62-15.21
Carlson (1993) 81.3 88.7 956 84.7 994 1154 98.6 113.8 130.3 14.99-15.60
Sr-F-apatite Crowley et al. (1991) Crowley et al. (1991) 136.5 142.8 148.7 126.9 139.8 153.6 152.0 164.7 178.3 14.26-14.84
Laslett and Galbraith (1996) 133.1 139.5 1455 123.4 136.4 150.5 148.7 161.7 1755 14.30-14.88
Carlson (1993) 94.1 101.5 108.7 96.3 111.3 127.5 111.6 127.1 143.8 15.13-15.74

* Assumed initial mean lengths for calculation of I, .7 are based on measured results from Carlson et al. (1999, this volume) to best reflect that
the low-temperature benchmark was measured by R.A. Donelick, and the range of possible initial mean length values for end-member F-apatite.
In the six F-apatites described in Carlson et al. (1999, this volume), initial mean lengths range from 15.78 to 16.42 um. For models by Laslett and
Galbraith (1996), predictions are first converted to reduced lengths by dividing by 16.33 um, and then multiplied by the above initial values.
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135 vagaries in etching such as inter-laboratory differences in tech-
_ nigue, etching anisotropy, and apatite composition may obscure
Crowley et al. (1991) B-5 F-apatite . . . .
details of the physical annealing process. As discussed above,
125 |- the physical model of Carlson (1990) is not as successful in

fitting the geological benchmarks as the empirical models, prob-
ably owing to the simplifications and assumptions used to de-
rive it. As a result, we use only empirical functions in this paper,
although physical implications are also considered.

Laslett and Galbraith (1996) B-5 F-apatite The empirical annealing models can be reduced to the form:

—
105 | g(lile,a,B) =f(t, T;C) 1)
Laslett et al. (1987) Durango apatite whereg is a function that transforms lengthssing the initial

track lengthl,, which may be either a measured value (e.g.,
o5 |- Laslett et al. 1987; Crowley et al. 1991) or a fitted parameter
>—I—< (Laslett and Galbraith 1996) and up to two fitted parameters
Desired range andp, andf is a function of time and temperatur& with a
- ‘ ‘ ‘ series of fitted paramete@. The semicolon is used here and
14 145 15 155 16 below to separate input data on the left and fitted parameters
Low-temperature benchmark length (um) on the right. Each half of this equation is dealt with separately.

High-temperature benchmark temperature (°C)

FIGURE 2.A comparison of predictions made by previous annealingnnealing models: Forms off(t, T; C)

models to the selected geological benchmarks described in the text, . -
which are represented here by the “desired range.” Models basec!f onThere have been two primary empirical models proposed

mean-length data for B-5 fluorapatite as measured by Crowley et ' describing fission-track annealing: the parallel Arrhenius

(1991) may be able to reproduce the low-temperature benchmark, fBlHde' a”?' the fanning A_"he”"_JS model (l_-aSIGtt et al. 1987).
appear to predict down-hole fading temperatures that are too high Efch defines a set of linear iso-annealing contours on an
the high-temperature one. The Durango apatite model of Laslett etlrhenius plot of log time vs. inverse temperature.

(1987) may provide an acceptable fit to the high-temperature The parallel Arrhenius model consists of a set of parallel
benchmark, once its Cl content is taken into account, but it predigsntour lines of constant reduced length. It has the form
mean lengths that are significantly above the low-temperature | _

benchmark. Time-temperature paths calculated using this relation forf =G+ Gin®) + /T @

surface samples are thus more likely to require artificially higivheret is time in secondg, is temperature in Kelvins, ar,
temperatures followed by a late cooling event to produce the amo@yt andC, are fitted constants. The physical formulation of

of shortening often observed. Carlson (1990) is nearly equivalent to a parallel Arrhenius
model, with the difference that there is an additional factor of
FITTING METHODS: | NDIVIDUAL DATA SETS In(T), leading to a slight curvature in the iso-annealing con-

. ours.
anr-lr:aelirr? aéfefif:;girzzzlt(ag%;\;f d%&p;?(azr;ien?etr?t;?:sedll?g _tl_heeThe fanning Arrhenius model has been the most successful
Anneaiing ot o on exp ' aq Characterizing annealing data on laboratory time scales. The
first is to utilize an empirical but kinetically reasonable equ

. ) Lquation,
tion to fit the data, as was done most successfully by Laslett’e

al. (1987), Crowley et al. (1991), and Laslett and Galbraith f =C, +C1Dln(t)—C2 o
(1996) (see Laslett et al. 1987, for a review of earlier attempts). 1/mM-60
The second is to pose a theoretical physical model of fissiatefines a set of contours fanning from a single point. The fan-
track annealing and use the experimental data to find valugsg point in Arrhenius space (tg) 1/T) is defined byC, and

for the unknown parameters, each of which has a physical me@gp-The original model posed by Laslett et al. (1987) was a
ing (Carlson 1990). This latter approach has the advantage tfatn of this equation with the consta®y, the (1T) coordinate

if correct, it allows for greater confidence in the extrapolatioof the fanning point, equal to zero. Crowley et al. (1991) found
of experimental data collected in the laboratory over the coutbat their data could be characterized better if nonzero values
of days or months to geological time scales of millions of yeafsr C; were allowed. In this papet; is allowed nonzero val-
Furthermore, a physical model provides a much better bases although, in some cases, the best-fitting models converge
for improving models of annealing, whether through gatheririg near-zero values for this parameter. The fractional term forms
additional data, incorporation of fresh knowledge of atomie roughly linear relation with the length transfogmand the
scale processes, or simply the intuition that comes with beipgrpose of the&C, andC,; terms is simply to fit that line. It is
able to visualize a natural system. Offsetting these advantageserally thought that the success of the fanning model indi-
is the possibility that the physical model is wrong in one @ates that the activation energy for track-length reduction some-
more respects, leading to spurious conclusions. It must alschiogv varies as a function of the track length, although this does
recognized that the data being modeled are etched tracks, whigshnecessarily imply a direct causative relationship.

are the product of at least three separate processes: track for€rowley et al. (1991) proposed another model, which they
mation, track annealing, and chemical etching. In particuldermed a “fanning curvilinear” equation because it defines con-

©)
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tours of constant annealing that are slightly curved on a Idggree than was observed directly. Thalue fitted by Laslett

time vs. inverse temperature plot: and Galbraith (1996) for the initial lengths in F-apatite is simi-
lar to the measured values, but the fitted value for Sr-F-apatite
f=C, +c1|:| In®)-C, [ 4) is far above any observation or extrapolation of observed val-
n(1/T)-C QO ues. It should be recognized that the quantity estimated by

Crowley et al. (1991) discarded this form soon after préaslett and Galbraith (1996) is different from that measured
posing it, as it yields a slightly poorer fit when applied to the®y Donelick et al. (1990), and is also virtually unobservable.
data. A similar result is observed in this study, but comparisondrthermore, none of the apatites measured in Donelick et al.
of model predictions to geological benchmarks indicate th&990) are Sr-apatites although, based on results reported here,
this form deserves a closer look. Various physical implicatioffse Tioga apatite is probably more resistant to annealing than
of these models are considered in the discussion at the enthgfCrowley et al. (1991) Sr-apatite. While either ofltheal-

this paper. ues proposed by Laslett and Galbraith (1996) may arguably be
reasonable if taken alone, they seem mutually inconsistent.
The length transform: forms of g(l; lo, o, B) Implicit in the approach of Laslett and Galbraith (1996) is

In the simplest mathematical sense, for these empiridBe assumption that a fanning linear empirical model reflects
models, the purpose of transforming the |ength using an ad@a“ty with sufficient precision that it can be used to extrapo-
tional functiong is to make it p|0t on a linear trend vs. théate a prediction of initial Iength. If that model is insufficient
fractional term of the functiofidiscussed above. In the firstor oversimplified (as may be argued based on results presented
discussions of parallel Arrhenius models (Green et al. 19d%low), then their fitted parameters must vary to a certain ex-
Laslett et al. 1987), it was noted that a plot of the fundtiesn tent to compensate for the errors that must inevitably result. It

the reduced length(=I/l,) resembled a logarithmic curve, sugis reasonable to assume that such variations will corrupt the
gesting the transform: prediction of initial length, especially when it is considered

_ that, when log-seconds are the unit of time, “instantaneous”
g = In(1-). (5) . i
] ] ] time scales are as far removed from laboratory conditions as
In introducing the fanning model, Laslett et al. (1987) alsge geological ones. The fact that their predicted initial lengths
generalized the function using a pair of power transforma-pnear to be inconsistent suggests that such corruption is a se-

tions of the form discussed by Box and Cox (1964): rious concern.
o) ={[(1—r8)/[3]“ _1}/0( (6) In t_his paper we exglusi\_/el_y use theransform shown in
Equation 6. Although simplifying the transform, as was done

wherea andp are fitted constants. This.form was also used by | aslett and Galbraith (1996), is desirable when possible,
Crowley et al. (1991), and we employ it here as well. the simplified forms we experimented with were incapable of
Laslett and Galbraith (1996) suggested a different form: producing good fits for the multi-apatite models presented later

gy = In[l—(l /ID)M] @ in this paper.

wherel, (na in Laslett and Galbraith 1996) is a parameter fyerit functions
be fitted, corresponding to the “true” initial track length before To arrive at the best set of fitted parameters, numerical pro-
annealing within the reactor or at ambient room temperatu@asdures are used to minimize the misfit betwiealg in Equa-
has taken place. Such an effect is suggested by the workiofi 1, using some merit function that has been selected to
Donelick et al. (1990), which showed that up tojindof an- characterize the misfit. For their final models, both Laslett et
nealing may take place at room temperature®@3uring the al. (1987) and Crowley et al. (1991) maximize the log-likeli-
first month after irradiation. Laslett and Galbraith (1996) sudrood function provided by Box and Cox (1964, Eq. 8). The
gested that it is preferable that the same transformation be uBe® and Cox (1964) formulation incorporates the assumption
for all apatites, and derived models based on the two data ¢kt after the transformatiagnhas been applied to variable
of Crowley et al. (1991) for F-apatite and Sr-F-apatite that hatree error variance is constant. As discussed in Appendix A,
a common exponentXbf 1/3. which along with Appendix B is on depositpnstant variance
The Laslett and Galbraith (1996) fitted valuedfare some- is not a valid assumption for fission-track annealing data. Laslett
what unexpected, however. For F-apatite, the fitfedlue was and Galbraith (1996) recognized this fact and derived an im-
16.71um, whereas the value measured by Crowley et al. (1994rpved log-likelihood formulation that was customized for the
was 16.34um, suggesting a 2.2% reduction in mean track lengttescription of fission-track data. However, their formulation is
between the time of track formation and measurement. On thmited to certain functionfandg to which we did not wish to
other hand, the Sr-F apatite had fitted and measured values of
18.96 and 16.33im, respectively, implying a reduction of

14.9%. Over the time interval from 3—-10 minutes after a SZor a copy of Appendix A and B, document item AM-99-020
second irradiation until 1-4 month; later, Donelick et aI: (199Q) ntact the Business Office of ',[he Mineralogical Society oyf
observed track-length reductions of 1.5-2.5% in tWamerica (see inside front cover of recent issue) for price infor-
fluorapatites, Durango apatite, and Tioga apatite. Becausen@tion. Deposit items may also be available on the American
the interval between irradiation and etching, the total lengkhineralogist web site (http://www.minsocam.org or current web
reduction since initial track formation is larger to an unknowaddress).




1242 KETCHAM ET AL.: APATITE FISSION-TRACK KINETICS: EXTRAPOLATION

be restricted. For this study we employZaminimization Two fits were calculated, one using the “traditioniglValue
scheme based on direct propagation of estimated errors. Wkideresponding to a measurement made at least a month after
not as sophisticated as the methods employed by Laslett analdiation (16.74m), and another using the earliest value re-
Galbraith (1996), it provides a simple and easily adaptable sorded, some 6 minutes after irradiation (17.08). The re-
lution that closely reproduces their results, and can be extendeatting models are listed in Table 2. Although only the approach
to the additional models that we examine here. Details of theing the higher values forcan reproduce measurements dur-
methods employed here are found in Appendix A. ing the brief period of fission-track annealing in the days im-
mediately following track formation, the difference between
geologically relevant predictions is minor, as indicated by the
To investigate the differences that can arise from using tké °C difference among the index temperatures.
fitting techniques presented here as opposed to those in Laslett
and Galbraith (1996), best-fit models were calculated for the ~ FITTING RESULTS: INDIVIDUAL DATA SETS
data of Crowley et al. (1991), using a fanning Arrhenius model Previous studies have fit functions exclusively to the mean
described by Equations 3 and 6. The resulting estimated pack length data from each experiment (&,.,The construc-
rameters are shown in Table 2, as are the calculated index téom of a model to project track lengths to a common orientation
peratures and track lengths for the models. In the case of plagallel to the crystallographicaxis (Donelick et al. 1999, this
model for the B-5 fluorapatite, the fitting results provide gearolume), combined with the analysis of the Carlson et al. (1999,
logical time scale predictions that are nearly identical to thodgs volume) data to deriveparallel lengthsl() properly, even
of the Laslett and Galbraith (1996) model shown in Table @n experiments that show segmentation (as was not done by
All index temperatures are within 1°6 of each other, and the Crowley et al. 1991), provides the additional capability of fitting
predictions for index lengths are within <Quih of each other. functions toc-axis projected data. This latter approach has sev-
The differences between the Sr-apatite models are somewdral significant conceptual advantages. First, in highly annealed
larger, probably owing to the different forms of tj(§) func- samples there are probably at least two annealing processes at
tion. The higH, value predicted by Laslett and Galbraith (1996)ork, each of which has a profoundly different effect on track
alters the function in a way that precludes a close match by thegths: tip shortening and segmentation. Ustagis projected
functions used here. However, even in this case the maximlengths effectively removes the effects of segmentation, result-
divergence in the index temperatures is’€4 ing in a model that only has to represent one annealing process,
One other test was conducted to examine whether the iiather than a complex and variable combination of two as is con-
clusion ofl, values from earlier in the annealing cycle could b&ined in the mean length data. Second, mean lengths are af-
a significant factor, using the only complete and self-consifected by the relative frequency of track observations as a function
tent data set in which low-temperature annealing measuremesft®rientation. In most apatites it is very hard to see and thus
were made by the same investigator on the same equipmemgasure tracks at low angles to thexis, as they are very thin
with the same etching conditions. The low-temperature anneadhative to tracks at higher angles; however, for some apatites
ing data for the Tioga apatite presented by Donelick et al. (199@}h large etch figures (e.g., B2, B3, HS; Carlson et al. 1999,
were combined with higher-temperature annealing experimettiss volume) tracks at low angles are much easier to see, and are
from Donelick (1991) and several additional unpublished dataus measured more frequently. Because within a single experi-

Comparison of results from different fitting techniques

TABLE 2a. Fanning Arrhenius annealing models of previously published data sets obtained using x? fitting, and their geological predic-
tions: Index temperatures and lengths

Apatite Data from Tea00 Teso Tea0 Tea Tcao Tca0o Tas Tato Taz00 I ow-1
Durango Green et al. (1986) 100.7 107.9 114.7 98.3 113.0 128.9 117.7 1325 148.4 14.81-15.41
F-apatite B-5 Crowley et al. (1991) 102.6  109.4 115.8 102.0 115.8 130.7 1189 1329 147.8 14.68-15.28
Sr-F-apatite Crowley et al. (1991) 129.5 1359 1419 1215 134.6 148.7 1451  158.2 172.0 14.26-14.84
Tioga Donelick et al. (1991, 133.4 1404 147.0 130.1 144.2 159.4 150.0 164.4 179.7 -

unpub. data)
Tioga (including Donelick et al. (1990, 130.7 137.8 1444 1259 139.8 154.7 1474 1619 177.4 -
23 °C experiments) 1991, unpub. data)

TABLE 2b. Fanning Arrhenius annealing models of previously published data sets obtained using x? fitting, and their geological predic-
tions: Model parameters

Apatite Data from X8 Co C, C, C; o B
Durango Green et al. (1986) 4.05 -18.954 (02317) 0.00082385 (10992) —28.143 (05233) 1.1217e-11 (2.4e-4) -0.27951 —1.7910

F-apatite B-5 Crowley etal. (1991) 2.65 -22.971 (03389) 0.00097339 (14994) —32.208 (07026) 3.1329e-11 (3.1e-4) -0.43852 —6.4290
Sr-F-apatite Crowley etal. (1991) 1.35 -9.9816 (09172) 0.00056272 (04133) —6.1726 (16020) 1.1328e-03 (00590) -0.12969 —33.394

Tioga Donelick et al. 4.44 -16.964 (01329) 0.00063335 (04991) —22.045 (02932) 4.5603e-04 (11016) -0.60051 —-4.4361
(1991, unpub. data)

Tioga Donelick et al. 5.04 -21.454 (01936) 0.00078153 (07332) —30.216 (04256) 1.4365e-04 (16214) -0.81075 -1.8521

(including (1990, 1991,

23°C unpub. data)

experiments)
Note: Numbers in parentheses represent parameter variation within 95% confidence intervals.
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ment tracks at low angles are always longer than tracks at higisses the experimental data in exactly the same manner as
angles, this shift in observational frequency results in a shifttimat from natural specimens. The resulting values also are or-
the mean track length. Projecting all tracks to a common origganized better on the Arrhenius plot. Results from fitting an-
tation removes this bias entirely. A substantial corollary advanealing models to the originklvalues tend to be quite similar
tage is thal, values within a single experiment are not as affected fits based ol ..« when a reasonable fit is achieved.
by Cf-irradiation (Donelick and Miller 1991) as mean lengths Table 3 lists the results of fitting fanning linear and curvilinear
(Carlson et al. 1999, this volume). empirical models to the principal data sets in Carlson et al. (1999,
However, there are also some disadvantages to moaelinghis volume). Because only non-Cf-irradiated measurements should
axis projected lengths. First, it is entirely possible that the equmee used for fitting mean-length data, the near-end-member hy-
tions that have been successful in describing annealing in temnsxyapatite HS was only fitted féy,,.¢ Owing to its very low
of mean lengths are not the best suitedcfaxis projected uranium content and resulting sparsity of fission tracks, only 24 of
lengths. Furthermore;axis projected lengths show somewhaits experiments did not undergo Cf-irradiation.
less organization on an Arrhenius plot relative to mean lengths, Several general trends are apparent in the fits. Comparison
with more values being “out of place,” making fitting an emef the fanning linear fit of RN fluorapatite to the fit of the
pirical equation more problematic. In most cases, this is causaxwley et al. (1991) B-5 F-apatite in Table 2 shows that they
by the relative scarcity of tracks at low angles, making the eme very close in terms of their index temperatures, with all
timatedc-axis intercept of the fitting ellipse more poorly devalues within 4-5°C of each other. This result corroborates
termined when higher-angle tracks are lost to segmentatitime basic agreement between these two data sets. However, the
Finally, it is not possible to measugalirectly in most natural RN fanning linear fit has a significantly longer estimate of the
samples; at best, it can be estimated by measuring track lerigttex length. Hydroxyapatite HS appears somewhat less resis-
and angle using a conversion model such as that presentethiithan fluorapatite. Durango apatite appears significantly more
Donelick et al. (1999, this volume). Our solution is to calculatresistant to annealing than RN apatite on geological time scales,
a “modeled’c-axis projected track length, (.9 by using the and the fit based on our Durango data predicts higher index tem-
model to convert each individual track length in each expeperatures than the one based on the data of Green et al. (1986) in
ment to itsc-axis projected equivalent, and then taking the mediable 2. The end-member chlorapatite B3 is the most resistant
of these projected track lengths. This approach in effect paf-the four. The fits td. . data predict 10-28C higher index

TABLE 3a. Annealing models of individual apatites from Carlson et al. 1999, this volume: Index temperatures and lengths

Apatite Data Model Te100 Tea0 Te10 Tea Teo Te 100 Tax Tato Taz00 T unc. (95%) I jow-1
fitted type

RN I FA. 98.7 105.2 111.4 105.0 118.7 133.4 114.6 128.0 1424 2.8-3.2  15.02-15.63
DR I F.A. 120.7 127.3 1335 124.6 138.5 153.3 136.7 150.1 164.5 2.5-3.0 -

B3 I F.A. 162.1  168.8 175.1 148.6 162.5 1775 178.2 1919 206.4 3.5-4.3 -

RN I F.C. 62.7 717 80.2 715 89.5 108.7 82.3 100.4 1194 3.7-45  14.35-14.93
DR I F.C. 87.3 96.2 104.6 934 111.5 130.7 106.7 1245 1432 3.4-4.4 -

B3 I F.C. 131.0 140.0 148.4 118.8 136.6 155.6 150.4 168.3 187.0 4.6-6.1 -

RN I mod FA. 1156 1223 128.7 123.6 137.9 153.2 131.8 1455 160.2 2.6-3.6  15.06-15.67
DR L mod F.A. 130.4 137.2 143.6 139.4 154.0 169.6 146.7 160.6 1755 2.3-2.8 -

B3 L mod F.A. 166.8 1735 179.9 165.9 180.2 195.4 183.0 196.6 211.2 2.8-3.3 -

HS I mod FA. 108.7 115.0 120.9 115.7 128.9 143.1 124.2 137.0 150.7 2.5-29 -

RN L mod F.C. 82.6 91.6 100.1 91.9 110.5 130.3 102.1 120.2 139.2 3.4-49  14.37-14.95
DR L mod F.C. 96.0 105.3 113.9 106.6 125.7 146.0 115.8 1343 153.7 2.9-39 -

B3 I mod F.C. 134.2 1431 151.5 135.0 153.3 172.6 153.5 171.3 189.9 3.5-4.4 -

HS I mod F.C. 77.2 85.7 93.6 86.4 103.4 121.6 95.9 112.8  130.6 3.4-4.2 —

Notes: F.A. = Fanning Arrhenius model. F.C. = Fanning curvilinear model. T unc. (95%) = 95% bounds of uncertainty in index temperatures based
on Monte Carlo simulations.

TABLE 3b. Annealing models of individual apatites from Carlson et al. 1999, this volume: Model parameters
Model X2 Co C, C, C, a B

Apatite Data

RN In F.A. 3.18 —31.517 (04809) 0.0012879 (01953) —34.001 (07263)  0.0000 (0.0002967) —0.49032 -7.8453
DR In F.A. 3.23 —23.308 (03808) 0.00088138 (14166) —24.752 (06643)  0.00044680 (23714) -0.41011 -8.2670
B3 In F.A. 1.16 —-10.789 (01082) 0.00046806 (04347) —9.3701 (23161) 0.00098792 (08967) —0.16846 —18.246
RN In F.C. 3.31 —1394.1 (13562) 30.717 (29283) —3286.6 (00132) —79.069 (05875) —-0.41718 1.7251
DR In F.C. 3.23 —-106.18 (06145) 2.1965 (12263) —-155.90 (01311) —9.7864 (05925) -0.48078 -6.3626
B3 In F.C. 1.27 —18.926 (03303) 0.42290 (07361) —27.239 (13509) —7.1547 (56283) —0.21650 -14.923
RN L. mod F.A. 4.82 —20.870 (03191) 0.00077447 (13506) —26.133 (06801)  0.00033359 (27898) -0.31430 -3.1361
DR L mod F.A. 3.99 —24.640 (03567) 0.00091263 (13335) —26.282 (05933) 0.00036602 (21873) -0.36289 -9.1840
B3 [ F.A. 1.46 —11.100 (00798) 0.00045168 (02862) —9.6524 (16329) 0.00098362 (05497) -0.17083 -21.024
HS L. mod F.A. 5.41 —-15.061 (01661) 0.00061584 (06814) —13.255 (03104)  0.00089793 (11956) —0.36938 -15.272
RN L mod F.C. 5.11 —61.311 (24309) 1.2920 (05296) —-100.53 (01330) —8.7225 (57857) -0.35878 -2.9633
DR [ F.C. 4.05 —105.48 (04950) 2.2022 (10386) —153.47 (01300) —9.7928 (59499) -0.41712 -7.8961
B3 L. mod F.C. 157 —19.418 (02284) 0.42147 (04704) —26.870 (13355) —7.1406 (56160) —0.21704 -18.736
HS [ F.C. 5.48 —32.672 (07333) 0.68761 (15185) —40.965 (13606) —7.3822 (56096) -0.45446 -11.843

Notes: F.A. = Fanning Arrhenius model.

confidence intervals.

F.C. = Fanning curvilinear model. Numbers in parentheses represent parameter variation within 95%
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temperatures and longer index lengths compared to fits ustmgnchmark length is also well within the bounds of the mod-
mean lengths. eled range, unlike the linear fanning Arrhenius models. This is
As also reported by Crowley et al. (1991), in almost all casi#dsistrated in Figures 3c and 3d, which show that a certain
the fanning curvilinear models fit the experimental data slighthmount of curvature of the contours of constant annealing ap-
less well than the fanning Arrhenius models. In general, the fgrears to be necessary to reconcile the laboratory measurements
ning curvilinear models predict lower index temperatures amdth field observations. Thus, even though the fanning curvi-
shorter low-temperature lengths as compared to the correspditdbar model does not statistically describe the experimental
ing fanning Arrhenius models. This is an expected result of tHata as closely as a fanning Arrhenius model, we judge that it
relative forms of the iso-annealing contours predicted by eaistthe more justifiable one for deriving time-temperature paths
model; the fanning curvilinear model contours have a consistént fluorapatites on geological time scales, at least based on
curvature on an Arrhenius plot that causes them to predict lovtlee very limited evidence available in the literature at this time.
resistance to annealing on all geological time scales. It should
be noted that thk .. models are based on a larger number of OWARD A MULTIKINETIC MODEL : APATITE -APATITE
experiments because they include measurements from Cf-irra- COMPARISON
diated mounts. An important insight into the relative annealing properties
Of the four RN fluorapatite models listed in Table 3, thef different apatites can be obtained by studying the results of
one that is closest to the high-temperature benchmark is éxperiments in which more than one apatite is annealed simul-
fanning curvilinear fit to thé, ,,q data. The low-temperature taneously, ensuring that they have had identical thermal histo-
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FIGURE 3. Fits of empirical models to end-member fluorapatite RI) Fanning linear fit to the mean length data, the form of the model
primarily used in previous studies of fission-track annealibgFanning curvilinear fit to the modelecaxis projected data. The curvature in
the contour lines is not apparent on laboratory time sca)eand () Extrapolations of these two models to geological time scales, along with
how well they intersect the approximate positions of the selected geological benchmarks. “H” marks the area of time-tesppemthet
should coincide with fission-track fading as implied by the down-hole fading temperature data from the Otway Basin. “IHeragk®kimate
time-temperature area implied by the low-temperature annealing results of Vrolijk et al. (1992) from sea-floor sedimemtmureextended
from laboratory to geological time scales correspond to roughly equivalent amounts of annealing for the two differentaggdsrajth data.
The fanning linear modet) consistently predicts a higher resistance to annealing than is indicated from the geological benchmarks, whereas
the curvilinear modeld) intersects them both.
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ries, and probably etching conditions as well (insofar as they ro—r K
were likely to have been etched at the same time). Figure 45 = (mfmfo (8)
1 - rer

shows the relationship between the two apatites studied by
Crowley et al. (1991), as well as similar plots for the four larg-
est data sets reported by Carlson et al. (1999, this volumaherer, andr,, are the reduced lengths of the apatites that are
With perhaps a single exception, the Crowley et al. (1991) ddgas resistant and more resistant to annealing, respectively, and
cluster around a consistent trend, and the data from the presgoBndk are fitted parameters. In particuliayy, is the reduced
study are also very well-behaved. The one outlier in the Crowlgngth of the more resistant apatite at the point where the less
et al. (1991) data set, with experimental conditions of 810 resistant apatite first becomes totally annealed. This relation-
and 1 hour, was also noted by Laslett and Galbraith (1996)sftip appears to be able to characterize any pair of apatites, both
is likely that there may be a problem with this experiment favith respect to mean length ac@xis projected length data.
the B-5 fluorapatite, which has a mean length that is longer A further insight into the possible meaning and utility of
than expected when compared with results for other expdher,, andk parameters can be gained by inspecting the re-
ments at the same time and nearby temperature conditionssults obtained when the full range of apatites in this study are
A simple function can be used to characterize the relatiditted individually to the B2 apatite, which is the most resistant
ship of one apatite to another at laboratory time scales:  (Table 4 and Fig. 5). The closeness of the best-determined val-

a 1
_ 0.9} FIGURE 4. (a) A plot of the mean-length data of Crowley et al. (1991) for fluorapatite
.:“5’ 0.8 | and Sr-fluorapatite. With the exception of one point, the data follow a consistent trend
§ 0.7 | that can be modeled by a simple equation. The varighles the reduced length of the
§ 06 more-resistant Sr-fluorapatite at the time-temperature conditions where the length of the
= o05f less-resistant fluorapatite falls to zer. d) Plots showing that the same relation as in
@ o4l a holds for the main four apatites examined in this study, of which B3 chlorapatite is the
E 0sl most resistantg( f, g) Plots showing that the relation can also be usectéais projected
'2 lengths. Once the form of the function is known, it can be used on the less-exhaustive
02 data sets collected for the other 11 apatites in this study.
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TABLE 4a. Fitted parameters for Equation 8 on paired mean length (/) data

Individually fit
apl ap2 num X2 oo + (95%) K + (95%) num X2
B2 AY 11 2.00 0.7557 +0.0160 / -0.0160 0.2599 +0.0429 / -0.0429 1248 2.57
B2 B3 11 0.72 0.5576 +0.1420/-0.1778 0.5070 +0.2820 / -0.2180 1248 2.57
B2 DR 11 1.52 0.7613 +0.0115 / —0.0115 0.2361 +0.0346 / —0.0346 1248 2.57
B2 FC 11 0.42 0.6763 +0.0588 / -0.0619 0.3277 +0.1003 / -0.0934 1248 2.57
B2 HS 0 — - - - - 1248 2.57
B2 KP 11 2.78 0.6518 +0.1011 / -0.1377 0.3288 +0.1908 / —0.1509 1248 2.57
B2 oL 11 1.47 0.7739 +0.0104 / -0.0104 0.2972 +0.0365 / —0.0365 1248 2.57
B2 PC 11 2.49 0.4341 +0.2191 /-0.3681 0.5548 +0.4452 | -0.2744 1248 2.57
B2 PQ 11 2.44 0.7674 +0.0113 /-0.0113 0.2961 +0.0360 / —0.0360 1248 2.57
B2 RN 11 0.24 0.8303 +0.0133/-0.0133 0.1686 +0.0326 / -0.0326 1248 2.57
B2 SC 11 0.75 0.8287 +0.0170/-0.0170 0.1659 +0.0372 / -0.0372 1248 2.57
B2 Tl 11 0.63 0.2971 +0.2335/ -0.1904 0.8085 +0.1915/ -0.3229 1248 2.57
B2 UN 11 1.12 0.8110 +0.0270 / -0.0270 0.2188 +0.0606 / —0.0606 1248 2.57
B2 WK 11 1.99 0.8186 +0.0211 / -0.0211 0.1870 +0.0460 / —0.0460 1248 2.57
TABLE 4b. Fits parameters for Equation 8 on paired modeled c-axis projected length (/. m..q) data
Individually fit
apl ap2 num X3 o + (95%) K + (95%) num X3
B2 AY 11 3.54 0.8198 +0.0158 / —0.0158 0.1766 +0.0336 / -0.0336 1436 2.82
B2 B3 11 0.86 0.6977 +0.0890 / -0.1270 0.3504 +0.1971 / —-0.1465 1436 2.82
B2 DR 11 2.44 0.8204 +0.0142 / -0.0142 0.1675 +0.0303 / —0.0303 1436 2.82
B2 FC 11 0.41 0.7365 +0.0673 / -0.0673 0.2594 +0.0971 /-0.0928 1436 2.82
B2 HS 11 1.13 0.8822 +0.0086 / —0.0086 0.1267 +0.0247 / -0.0247 1436 2.82
B2 KP 11 3.77 0.7305 +0.0745 / -0.0833 0.2479 +0.1150 / —0.1068 1436 2.82
B2 oL 11 2.42 0.8386 +0.0115/-0.0115 0.1873 +0.0312 / -0.0312 1436 2.82
B2 PC 11 1.68 0.3534 +0.3534 / -0.3534 0.6348 +0.3652 / —0.3652 1436 2.82
B2 PQ 11 3.17 0.8320 +0.0079 / -0.0079 0.1919 +0.0217 / -0.0217 1436 2.82
B2 RN 11 0.37 0.8787 +0.0103 / -0.0103 0.1064 +0.0212 / -0.0212 1436 2.82
B2 scC 11 3.16 0.8425 +0.0111 /-0.0111 0.1748 +0.0315/-0.0315 1436 2.82
B2 Tl 11 0.85 0.2632 +0.3378/-0.1978 0.8142 +0.1858 / —0.4161 1436 2.82
B2 UN 11 2.56 0.8332 +0.0097 / -0.0097 0.1991 +0.0266 / —0.0266 1436 2.82
B2 WK 11 3.97 0.8358 +0.0118 / —0.0118 0.1834 +0.0301 / —0.0301 1436 2.82
1 1
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FIGURE 5. Relation between the paired experiment fitting parametgrsandk for all of the apatites in this study. The values fit to
individual pairs are used here (Table 4, left column), although the values fit to all apatites simultaneously also shawteesinilhe
closeness of the values to the diagonal line suggests the idealizaiior =1.
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was annealed simultaneously. Fitting procedures are discussed
in greater detail in Appendix B. Results are shown on the right-

0, 0, . . . .- .

0’7"‘;()7 5 013j /(92/3)134 02803 5 02229/5/3)0299 hand side of Table 4; the difference from the individually fit
. +0. —0. . +0. —-0. B . . .

0.4436 +0.1332 / —0.1919 0.6855 +0.2476 / —0. 2027  values is caused prlmarlly by the_lnfluence of the much larger
0.7625 +0.0094 / —0.0091 0.2491 +0.0190/-0.0190 numbers of experiments for apatites B3, RN, DR, and HS, al-
0.6227 +0.0842 / -0.0921 0.4072 +0.1478 / -0.1362 ints i ; ;
0.8067 10,0074 / —0.0074 0.2872 100181/ 00181 though the consFralnts imposed .by the simultaneous solution
0.5718 +0.1287 / —0.1632 0.4399 +0.2198 / —0.1845 of the other apatites exert some influence as well.
0.7771 +0.0097 / -0.0097 0.3040 +0.0260 / -0.0260 There are several potentially large advantages in using Equa-
0.0522 +0.3837 / -0.0523 1.0000 +0.0000 / —0.4628 : : . :
0.7635 +0.0106 / —0.0082 0.3276 400324/ 00324 tON 8 to chgracterlze_ the an_neallng_ of kl_netlcally dlfft_erent apa-
0.8000 +0.0068 / —0.0068 0.2537 +0.0166 / —0.0166  tites. First, it makes it possible to fit a single annealing model
0.8046 +0.0103/-0.0103 0.2331 +0.0252/-0.0252  to all types of apatite. A single equation can be used to de-
0.1447 +0.0916 / —0.0564 1.0000 +0.0000 / -0.1259 ibe th t-resistant fit dth edoai
0.7736 +0.0117 / —0.0071 03083  +0.0308/-0.0328 SCID€N€ Most-resistant apaiite, and then measysedpairs
0.7815 +0.0132 / -0.0132 0.2753 +0.0373/-0.0373  can be used to infer the behavior of any less-resistant apatite.

TABLE 4b.—Extended

Simultaneously fit

This unified-model approach also provides an easy means to
interpolate between the behavior of apatites that have been
measured in the laboratory; rather than having to measure all

Tmio + (95%) K + (95%) possible compositions of apatite, it is instead possible to create
8-%% +8-8égi;—8-8égi 8-%;23 +8-8§gg;—8-8§2§ functions that relate,,andk to measurable kinetic param-

. +0. —0. . +0. =0. . . . .
0.8271 +0.0081 / —0.0075 01636 +0.0166 / 00166  ©ters. Another advantage to this approach is that it makesllt
0.7547 +0.0425 / -0.0425 0.2369 +0.0627 /-0.0627  unnecessary to conduct 50 or more experiments on an apatite
0.8559 +0.0041 / -0.0041 0.2206 +0.0088 / -0.0131 . . i -
0.7152 10,0493 / 00493 0 9265 10,0646 / —0.0646 tc_> have a database sufficient to produce a well cc_)nstralned_em
0.8364 +0.0063 / —0.0054 0.1958 +0.0183/-0.0183 Pirical model. Instead, 10-15 well-chosen experiments paired
0.1678 +0.4361/-0.1678 0.8331 +0.1669/-0.5158  with an apatite that has already been studied and incorporated
0.8273 +0.0065 / —0.0065 0.1991 +0.0134/-0.0134 s ; ; :

0.8464 10,0052 / —0.0052 0.1787 40,0105/ —0.0134  into a unified model are all that is required to estimate values
0.8401 +0.0064 / —0.0064 0.1840 +0.0157 /-0.0163  for ry andk.
g-égig +8-ggg‘;;—8-ggg‘; 8-51?‘9532 +8-gigg;—g-gggg It should be noted that there are at least two demonstrable

. +0. —0. . +0. —0. . . . iy e .

0.8369 +0.0058 / —0.0058 01806 100161/ -00161 inexactitudes to Equation 8 when it is used to characterize a

ues to the indicated line suggests the simplification

r .+x=1

mr0
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suite of apatites. First, although it appears to work on any pair
of apatites, there is no exact conversion between results if two
different “most-resistant” apatites are used. For example, in a
set of three apatites, designated A, B, and C in order of de-
creasing resistance to annealing, the result of converting lengths

which offers the interesting possibility that the behavior of argf apatite A to lengths of apatite C by fitting A to B and then B
two apatites can be related by a single parameter. If this equalC must be slightly different than the result of fitting A di-

ity holds true, then Equation 8 can be simplified and reorgegctly to C; it is mathematically impossible for these two paths
nized to read:

l—r =

mr

1-7P

Ir

B

(10)

to arrive at identical answers. Fortunately these differences seem
minor, even when propagated to geological time scales. Sec-
ond, because the equation is posed as a function of the reduced
track lengthr, there is a strong dependence on initial track
length, when in fact there is some doubt about how the initial

where = 1k, which is identical to a single Box-Cox transtrack length should be best defined. It is almost certain that the
form. Attempts to impose this simplification across all apatiteseasured initial track length is shorter than the “actual” initial
simultaneously result in significantly worse fits to the data, ufength, and any such difference cannot be corrected for exactly
fortunately, and we thus kept the variables independent for figchanging the parameters in Equation 10. We describe in Ap-
models reported here. However, insofar as Equation 10 apgs#ndix B an attempt to find a better value for the initial track
ently expresses an overall trend in the data, we reserve its lg$@jth by a method analogous to that used by Laslett and
for our final models that describe apatites in general rather tt@albraith (1996). However, as with their results, the predic-
any specific variety. tions were quite inconsistent, with corrections to the measured
Values forr,o andk can either be fit for a single pair ofjnitial lengths ranging from 5 to 15%. In any event, results dis-
apatites, or a set of,,-k pairs can be fitted for an entire suitecussed above imply that errors resulting from a slightly inac-
of apatites simultaneously based on a single most-resistant apgate initial track length value are probably minor.
tite, improving the internal consistency of the set of values. Although Equation 8 successfully describes the relative
Rather than only comparing each less-resistant apatite to #mounts of annealing for two apatites at laboratory time scales,
most-resistant apatite, a simultaneous solution takes into A¢emains to be seen whether it persists to geological time scales.
count how well each pair of less-resistant apatites matchesAsalysis of the laboratory data shows that there is probably a
against each other when mapped to the most-resistant apagiteall time residual in some cases (Fig. 6). However, linear ex-
This approach also allows all of the paired experiments to Bapolation of these residuals suggests that they may be very
used, and not only those in which the most-resistant apatiieall, perhaps on the order of 0.03 for the difference in pre-



1248 KETCHAM ET AL.: APATITE FISSION-TRACK KINETICS: EXTRAPOLATION

a
0.08
) Crowley B-5 - Sr-ap r
% 0.04 - m FIGURE 6.Plots of time residuals of the reduced lengths between measured data
e . and predictions made using Equationd.Nlean lengths for data from Crowley et
kA ! § al. (1991). b, c, d) Mean lengths for data from Carlson et al. (1999, this volume).
CP 0 —: * (e, f, g) C-axis projected lengths for data from Carlson et al. (1999, this volume).
3 * : The slight structure in the residuals indicates that the conversion is not perfect.
g ¢ However, the departures are modest enough that even extrapolation to geological
2-0.04 0134 time scales probably results in small errors.
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dicted reduced track length over time scales of 1-100 m.y. fmarallel Arrhenius model, all contours for both apatites would
apatites RN and DR. The most practical gauge of the effecthafre the same slope, whereas if a fanning Arrhenius model
using Equation 8 is to compare the geological predictions ofvere correct, all contours for both apatites would fan from the
model using the relation to simultaneously model all apatiteame point. The effect of the transformations of length with
to the predictions of models fitted to individual apatites. Athe functiong and the apatite-apatite fitting Equation 8 would
shown below, this difference appears to be within the noiselwd to ascribe values to these contours.
the extrapolation. In their analysis, Laslett and Galbraith (1996) chose to ef-
If the apatite-apatite relationships observed in the laboractively exclude this possibility by assuming explicitly that it
tory were to hold over geological time scales for two apatitds, preferable that the length-transformation function be con-
it would imply that they shared exactly the same family of costant for all apatites. In doing so they imply that differences in
tours of constant length reduction on the Arrhenius plot, witnnealing behavior among apatites should be explained prima-
the only difference being that the contour lines would reprely by differences in the functiohof time and temperature,
sent different values for the two apatites. For example, inmgth perhaps some influence by the initial length, rather than
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TABLE 5a. Geological time scale predictions from mean length fanning Arrhenius model based on mean lengths cell apatites studied

Apatite Tra00 Teso Teao Tea Teao Tca0o Tas Tato Tat00 Terr I jow-T In,rc
HS 101.4 107.8 113.8 102.8 116.1 130.4 117.0 130.1 144.1 1.3-15 — —
SC 103.8 110.2 116.3 108.7 122.3 136.8 119.5 132.7 146.7 1.3-15 15.19 —
RN 104.8 111.3 117.3 108.4 121.9 136.4 120.6 133.7 147.8 1.3-1.5 15.35 —
WK 110.5 117.0 123.1 112.6 126.2 140.9 126.3 139.6 153.8 14-16 15.07 —
oL 110.9 117.4 123.5 111.3 124.8 139.4 126.7 140.0 154.2 1.4-1.6 1542 —
UN 111.8 118.3 1245 112.0 125.5 140.1 127.7 141.0 155.2 14-16 15.23 —
PQ 114.2 120.8 126.9 113.3 126.9 141.5 130.1 1435 157.8 14-16 1481 —
DR 117.5 124.1 130.3 121.5 135.4 150.3 133.5 146.9 161.3 1.3-1.7 — —
AY 120.1 126.7 132.9 121.9 135.8 150.7 136.1 149.6 164.0 1.3-1.8 —

FC 148.3 155.2 161.7 142.0 156.3 171.7 164.7 178.8 193.7 1.4-2.1 — 15.60
KP 158.0 165.0 1715 149.5 164.0 179.5 174.6 188.8 203.9 1.5-2.2 —

B3 166.4 173.4 180.1 149.5 163.9 179.3 183.1 197.4 212.7 1.4-2.3 — —
TI 189.8 197.0 203.9 164.7 179.4 195.1 206.8 221.5 237.2 1.5-2.3 — —
PC 201.5 208.9 215.8 174.8 189.7 205.7 218.7 233.6 249.4 1.5-2.3 — —
B2 207.9 215.3 222.2 180.3 195.3 211.4 225.1 240.1 256.0 1.5-2.2 — —

TABLE 5b. Geological time scale predictions from mean length fanning Arrhenius model based on mean lengths cell apatites studied

Apatite Tr100 T30 Tr10 Tea Teao Tca00 Tax Tazo Ta100 Terr I Jow-T Infc
HS 66.9 75.7 83.8 71.5 88.5 106.8 86.0 103.5 121.8 1.7-2.1 — —
SC 69.4 78.1 86.3 76.8 94.3 113.0 88.5 106.0 124.4 1.7-2.1 14.39 —
RN 70.4 79.2 87.4 76.6 94.0 112.6 89.6 107.1 125.5 1.7-2.1 14.51 —
WK 76.1 84.9 93.2 80.8 98.3 1171 95.3 113.0 131.5 1.8-2.2 14.27 —
oL 76.5 85.3 93.6 79.6 97.0 115.7 95.7 113.4 132.0 1.7-2.2 14.55 —
UN 77.4 86.3 94.6 80.4 97.8 116.5 96.7 114.4 133.0 1.8-2.2 14.37 —
PQ 79.8 88.7 97.0 81.7 99.1 117.8 99.1 116.9 135.5 1.8-2.3 13.98 —
DR 83.1 92.1 100.4 89.2 107.2 126.4 102.5 120.4 139.1 1.8-2.3 — —
AY 85.7 94.7 103.1 89.8 107.7 126.8 105.1 123.0 141.8 1.8-2.4 — —
FC 113.7 123.0 131.7 109.6 128.1 147.8 133.6 152.1 171.5 1.9-3.1 — 14.96
KP 123.3 132.7 141.5 117.0 135.7 155.6 143.3 162.0 181.6 2.0-3.2 — —
B3 131.6 141.1 149.9 117.3 135.8 155.5 151.7 170.6 190.3 2.0-3.3 — —
TI 154.6 164.4 173.4 132.1 151.1 171.2 175.0 194.4 214.6 2.1-35 — —
PC 166.1 176.0 185.2 141.9 161.2 181.6 186.7 206.2 226.7 2.2-35 — —
B2 172.3 182.2 191.5 147.2 166.7 187.2 192.9 212.6 233.1 2.2-3.5 — —

TABLE 5c. Geological time scale predictions from mean length fanning Arrhenius model based on mean lengths cell apatites studied

Apatite Tr100 Tes0 Tr10 Tea Teao Tca00 Tax Tazo Ta100 Terr I Jow-T Infc
HS 105.9 112.3 118.3 112.7 126.2 140.8 121.6 134.7 148.7 0.9-1.1 — —
RN 114.2 120.6 126.7 123.6 137.5 152.4 130.0 143.2 157.3 0.9-1.1 15.38 —
SC 117.4 123.9 130.0 126.5 140.5 155.4 133.2 146.5 160.7 1.0-1.1 15.19 —
oL 118.6 125.2 131.3 127.0 140.9 155.9 134.5 147.8 162.0 1.0-1.1 15.49 —
WK 119.3 125.9 132.0 128.7 142.7 157.8 135.2 148.5 162.8 1.0-1.1 15.13 —
UN 119.8 126.3 132.5 128.2 142.2 157.2 135.7 149.0 163.3 1.0-1.1 15.31 —
PQ 123.3 129.8 136.0 131.5 145.5 160.6 139.2 152.6 166.9 1.0-1.1 14.92 —
DR 125.7 132.2 138.4 136.5 150.7 166.0 141.6 155.1 169.4 1.0-1.2 — —
AY 126.8 133.4 139.6 136.7 150.9 166.2 142.8 156.3 170.6 1.0-1.2 — —
FC 155.6 162.4 168.8 161.2 175.8 191.5 171.9 185.9 200.7 1.1-1.4 — 15.62
KP 159.1 166.0 172.5 165.4 180.1 195.9 175.5 189.5 204.4 1.1-1.4 —

B3 163.3 170.2 176.7 163.9 178.5 194.1 179.7 193.8 208.7 1.1-1.4 — —
TI 233.3 240.6 2475 216.9 232.2 248.5 250.4 265.3 281.0 1.3-1.5 — —
PC 245.6 253.0 259.9 229.1 244.6 261.0 262.8 277.8 293.6 1.4-1.6 — —
B2 255.4 262.8 269.8 236.2 251.8 268.3 272.6 287.7 303.6 1.4-1.9 — —

TABLE 5d. Geological time scale predictions from mean length fanning Arrhenius model based on mean lengths cell apatites studied

Apatite Tra00 Teao Tr10 Tca Tcao Tc.100 Tas Tat0 Thi00 Terr Injow-T Inec
HS 72.3 81.0 89.2 81.4 98.9 117.5 91.4 108.8 127.0 1.2-1.4 — —
RN 80.6 89.4 97.7 91.8 109.9 129.0 99.8 117.4 135.8 1.2-1.4 14.61 —
SC 83.9 92.7 101.0 94.7 112.8 132.1 103.1 120.7 139.2 1.3-15 14.43 —
oL 85.1 94.0 102.3 95.3 113.4 132.6 104.4 122.0 140.5 1.3-15 14.70 —
WK 85.8 94.7 103.0 96.9 115.1 134.4 105.1 122.7 141.2 1.3-15 14.42 —
UN 86.3 95.2 103.5 96.5 114.6 133.9 105.6 123.2 141.7 1.3-1.6 14.54 —
PQ 89.8 98.7 107.0 99.7 117.9 137.3 109.1 126.8 145.4 1.3-1.6 14.21 —
DR 92.2 101.1 109.4 104.5 123.0 142.6 111.5 129.3 147.9 1.3-1.6 — —
AY 93.3 102.3 110.6 104.8 123.2 142.8 112.7 130.5 149.1 1.3-1.6 — —
FC 122.0 131.2 139.8 129.1 148.0 168.1 141.7 160.0 179.1 1.4-2.0 — 15.05
KP 125.5 134.8 143.4 133.2 152.3 172.4 145.2 163.6 182.8 1.5-2.0 —

B3 129.6 138.9 147.5 131.9 150.8 170.8 149.4 167.8 187.1 1.5-2.1 — —
TI 196.9 206.7 215.8 183.2 202.9 223.7 217.3 236.7 256.9 1.6-2.3 — —
PC 208.3 218.2 227.4 194.7 214.6 235.6 228.8 248.3 268.6 1.6-2.3 — —
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TABLE 5e. Parameters for models based on all apatites studied

Data Model X2 Co C, C, C; a B

In FA. 2.84 —11.053 (00744) 3.8964e-4 (02870) -17.842 (02428) 6.7674e-4 (09207) -0.14840 -8.7627
I F.C. 2.92 —26.039 (04476) 0.53168 (09602) -62.319 (12949) —7.8935 (59139) -0.20196 —7.4224
L mod F.A. 4.53 —9.0722 (04114) 2.9896e-4 (01537) —15.846 (01656) 7.6370e-4 (05923) -0.05771 -13.218
I mod F.C. 4.69 —19.844 (02202) 0.38951 (04539) —51.253 (12954) —7.6423 (58713) -0.12327 —11.988

F.A. = Fanning Arrhenius model. F.C. = Fanning curvilinear model. Numbers in parentheses represent parameter variation within 95% confidence
intervals.

the transform functiow. The results presented here suggesite case with apatite B2 studied here. These intermediate-Cl
that the transform function may play a more significant rolgpatites yielded fission-track ages that were concordant with
than their approach allows, leading us to maintain flexibility inircon fission-track ages. Because of the slow cooling history

that part of the solution. undergone by the Stillwater Complex, these results suggest that
such apatites may indeed have closure temperatures approach-
MULTIKINETIC MODELS ing those of zircon, which are constrained loosely to the range

Table 5 shows the results of fitting all of the data present8§240+ 50 °C (Hurford 1986), although work continues on
in Carlson et al. (1999, this volume) with the same functiofidis matter (Green et al. 1996; Johnson 1996; Foster et al. 1996).
that were used earlier in this paper, utilizing Equation 8 afiklating the model to kinetic indicators
the simultaneously fit,,,-k parameters from Table 4. Com- Ideally, the final component of a multikinetic model would
parison of the results of the individual models for RN, DR, B®g a reliable conversion between measurable parameters, such
and HS presented in Table 3 reveals that in most cases the maschpatite composition or solubility, and thg andk vari-
between the individually fit models and the corresponding sibles that describe relative annealing behavior. As shown above,
multaneous models is excellent. In the models based on megnin particular is an excellent single parameter for character-
track lengths, the maximum difference is B for apatites izing relative resistance to annealing at laboratory time scales,
RN, DR, and B3. The congruence is better for these three apad it seems to provide a reasonable estimate for geological
tites in the models based oaxis projected lengths, in which time scales as well. However, this task is not straightforward.
the maximum difference is <& for RN and B3 (and HS as  Figure 7 shows the relationship betwegp(for c-axis pro-
well) and <7°C for DR. The overall excellent correspondencgcted lengths) and three possible kinetic indicatorsDg.l,
leads us to conclude that although Equation 8 does not con&tiameter of etch figures parallel to the crystallograptagis)
tute a perfect extrapolation to geological time scales, it is easidd OH. The chemical species are plotted so that the axis of
ily good enough to provide an exceptional practical solution symmetry for Cl suggested by the data of Kohn and Foster
the problem of characterizing multiple apatites. (1996), in which the maximum resistance to annealing was

As before, the fanning linear Arrhenius models fit the datzbserved at mid-level rather then end-member composition, is
from laboratory experiments slightly better than the curvilirfolded back upon itself. The primary kinetic variable that has
ear models. However, it also remains the case that the mdoe¢n described in the literature to date is Cl content, an in-
that agrees best with the Otway Basin data is the fanning curease in which supposedly leads to increased resistance to
vilinear model using-axis projected lengths. Of the six neaannealing (Green et al. 1986; Green 1995). Although our re-
end-member F-apatites, half hakg,temperatures that are insults corroborate this general trend, for the apatites studied here,
the 90-95°C range, and the other three closely bracket th@t content is not by itself a robust predictor of kinetic behav-
range. The new model also provides a reasonable match toitineThis can be appreciated best by comparing the five apatites
low-temperature benchmark based on Vrolijk et al. (1992), faith low- to mid-level Cl content: AY, DR, FC, HS, and TI. At
which we now calculate values for each F-apatite with its ovthe low end, apatite HS has 0.10 apfu Cl as opposed to 0.12 for
initial mean length, with the range being 14.21-14um0None apatite DR, but has index temperatures that are some 16-25
of the models provide an exact match to the measured lenigther, and is less resistant to annealing than even the end-mem-
of the Fish Canyon apatite (15.89.06um). Because of these ber F-apatites. Apatite DR, on the other hand, has index tem-
considerations, we advocate this model as the best one for paratures some 5-2& higher than the F-apatites. Apatite AY
culating time-temperature paths using data from unknownshas twice the Cl content of DR, but is virtually identical in

Another interesting feature of all of the models is that some aperms of its resistance to annealing. Apatite FC has roughly
tites (notably B2) have index temperatures in excess of@Q00 equivalent Cl to AY, but is much more resistant to annealing,
While it should be recognized that these highest-temperatwigh predicted index temperatures some 2023@higher. Fi-
predictions of the models are the least constrained becausaally, apatite Tl has less Cl than AY and FC, but a much higher
the relative dearth of data for the most-resistant apatites, thésistance to annealing than either one.
result is in apparent general agreement with the observationsSome of these inconsistencies clearly are caused by the in-
of Kohn and Foster (1996) on apatites from the Stillwater Corilience of other chemical factors. For example, the fact that
plex. These authors reported a continuum of apatite Cl capatite HS is a near-end-member hydroxyapatite could reason-
tents from nil to the Cl-end-member, and found that apatitably be inferred to override the influence of its Cl content. The
with mid-level Cl contents had the highest single-grain agesmpositional differences responsible for the relative behavior
and were thus presumably the most resistant to annealing, ax ithe other apatites are more subtle, however. It is clear that
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cation substitutions also can play a large role in determiniagry different compositions suggests that they may be close to
kinetic behavior; the Mn-fluorapatite PC has no Cl but is amortige limit of apatite resistance to annealing for any composition.
the most resistant to annealing that we studied. Although hityhs likely that there is a point where addition of Cl or various
levels of most cation substitutions are rare, most of the diffexations becomes less effective in increasing resistance to anneal-
ences that may cause the varying behavior of the chlorapatitegs or even starts to shift the kinetics in the opposite direction.
we studied are minor, and the levels are within the rangeRdr this reason, plus the fact that many potentially important
common observations (Carlson et al. 1999, this volume).
Examination of the data presented here reveals that resistance
to annealing cannot be reproduced by a simple linear combina-
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FIGURE 7.Suggested relations betwagp and possible indicators
of kinetic behavior: &) CI; (b) D, (etch figure length parallel to the r
crystallographic axis); and ¢) OH. Cl and OH are plotted in terms of ¢;mod
formula units, and assume an axis of symmetry around the mid-level FIGURE 8. Relation between mean and modeteaxis projected
composition of each one, as suggested by the results of Kohn and Fdetegths &) and reduced lengthb)for the apatites in this study. These
(1995) for Cl-apatites in the Stillwater complex. The only apatitesirves can be used to create a mean-length model that corresponds to
affected by the plotting method are B3 in paend HS in part. The a c-axis projected model, and to predict the amount of mean-length
Cl andD,, curves produce an approximately linear relationship betwebiasing in studies where modeleéxis projected lengths are used.
kinetic parameters and index temperatures between end-membifierent curves are fit to experiments that have and have not been Cf-
fluorapatite and B2 CI-OH apatite. The OH curve is fit to the data aichdiated; Cf-irradiation is an effective tool for obtaining data from
does the best job of fitting all but the most unusual apatites in thighly annealed samples, but can alter length-biasing effects in a non-
study. However, it is uncertain if OH is in fact the best overall kinetgystematic way, leading to the observed scatter. Most of the biasing
indicator. effect can be removed by using modeteakis projected lengths.
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compositional variables are described by only one or two apdedeling projected vs. mean lengths

tites, the multivariate equation fiog, provided by Carlsonetal.  There are several complexities that must be recognized and
(1999, this volume) is not advisable for general use in estimgkdressed carefully if @axis projected-length model is to be
ing the annealing behavior of unknown apatites. used to derive time-temperature information from natural speci-
Although the currently available parameters for inferring kimens. If track orientations are measured, investigators must en-
netic behavior are demonstrably imprecise with respect to gre that the axis of the apatite being measured is in the plane
apatites examined in this study, practical experience tells us tbfghe polished section, and some calibration may be required to
they are nonetheless useful, and can provide important constraagisount for the effects that different etching and measurement
for modeling time-temperature paths in many natural situatiopgocedures could have on the observed track-length anisotropy.
Thus we present in Figure 7 a series of suggested empirical rgatculating estimated time-temperature paths would also require
tions between the resistance-to-annealing paramgand the a scheme that accounts for the relative probability of observing
possible kinetic indicators. In all three cases, opgés known, different track populations in unknowns. A computer model typi-
Equation 9 is used to determikeFor the Cl model, we define acally divides a time-temperature path into a set of discrete seg-
curve between end-member F-apatite and B2 (CI-OH) apatibeents and traces the annealing history of the track length
which is the most resistant to annealing. Because of the scatipulation formed during each segment (Willett 1992, 1997;
of behavior in the low-Cl apatites, and our lack of apatites wibrowley 1993a). Because early formed track populations will
Cl contents between 0.24 and 0.87 apfu, we take as our mzénshortened relative to later-formed populations, they are less
indicator of the change in annealing behavior with respect litely to be observed and measured. This biasing usually is ap-
increasing Cl content the fact that the Stillwater Complex agatoximated as being directly proportional to the mean track
tites studied by Kohn and Foster (1996) showed smoothly d&8gth, although a more detailed model that includes the effects
roughly linearly increasing ages from end-member F-apatite@btrack orientation may provide a more correct answer.
mid-level Cl-apatite. The function given in Figure 7a produces a There are two possible approaches to these issues. One is to
roughly linear trend between fading temperature and increash®f @ conversion from projected lengths to mean lengths to esti-
Cl content. We use the same approach for the model based@te biasing effectg, and another is to use this same conversion
Dy (Fig. 7b), and the function defined approximates a roug transform t.he projected-length model into a mgan-length one.
linear trend between etch pit diameter and fading temperatuf@© conversions based on the data presented in Carlson et al.
For each of these two relations, it should be recognized that th@99 this volume) are shown in Figure 8. For the analyses that
uncertainty in inferred closure temperature increases markel§r® not Cf-imradiated, the data follow a very tight trend that is

as the values of the kinetic indicators increase. Neither of t l(lj described ?ytﬁ stechond-dggree polfynomlal. tht)'r Cf't'r:rag"t
relations are robust, and each fails for different types of apati ed experiments that show evidence of segmentation, the data

Both fail for apatites with unusually large amounts of cation su pllowa more linear trend but b.ecome.mqre diffuse with increas-
ng annealing, presumably owing to biasing effects of the proce-

stitutions (PC and KP), and for near-end-member chlorapatg re that alter the relative probability of measuring fission tracks

(B3); however, all of these varieties are very rare (Carlson etve\}llrlth different sizes and orientations. Until this bias is better un-

1999, this volume). ThBy, relation is prone to error if there is 84erstood and quantified, for Cf-irradiated analyses the linear func-

large _h_ydro_xyl component, Whlc.h e\{|dently can lead to _enhanctf-r- n should be used and an error term introduced into the modeling
solubility without a corresponding increase in annealing reSEr'ogram to account for the uncertainty

tance, such as for apatites HS and OL. On the other Dapis,
apparently more reliable in the sense that all apatites studigdhing methods

with etch figures <qum in diameter have a low resistance t0  The particular etching method used for generating the data
annealing, whereas apatites with low Cl content have the potg{kt form the basis of this model (Carlson et al. 1999, this vol-
tial to encompass the full range of possible kinetic behaviorsume) is currently not in wide use in the fission-track community,
Figure 7c shows that using OH content as the kinetic vaging it is likely that most investigators will not want to change
able yields an intriguing relation that apparently fits all but thregeir methodology. Investigators seeking to use this model to
of the apatites we studied (PC, KP, and B3). However, we haigerpret fission-track data should keep in mind possible ways
no independent evidence that points to hydroxyl as the govetiat different etching technigques can affect data. The routine cali-
ing kinetic parameter, and some evidence that suggests the ¢gation of measuring spontaneous and induced fission-track
trary. It should also be pointed out that the OH-based modiehgths in standard apatites and using these values to normalize
really matches only the relative lack of variation among nimaodel predictions will likely suffice for correction of calcula-
of the apatites we studied and the trend defined by three of tloas involving mean lengths. However, insofar as etching tech-
remaining six. There is a broad correlation in many cases Ipégue influences the anisotropy of etch figures, it may also have
tween increased contents of Cl and OH. This relation can les effect onc-axis projection (e.g., Donelick et al. 1999, this
to apparent trends of resistance to annealing that increase witlume). If investigators employing alternate etching techniques
one variable but are in fact caused by the kinetic effects of thish to usec-axis projected lengths for modeling, additional
other. The OH component is the most difficult to quantify igalibrations may be necessary.
apatite using microprobe analysis, because it must be obtained
by difference through stoichiometric calculations after all other DisScUSSION
chemical species have been measured, which can be problemThe multikinetic annealing model developed in this paper
atic (e.g., Stormer et al. 1993). is primarily a practical construct, geared to aid in the interpre-
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tation of fission-track data by maximizing consistency with both
laboratory data and geological benchmarks. A well-conceived Initial defect
empirical model can also be used to gain insight into the un- = Jistribution
derlying physical processes. Other investigators have tried to
derive physical meaning from aspects of their empirical mod- . Distribution after
els, such as interpreting the fanning point in a fanning Arrhenius \ partial annealing
model as the physical limit of fission-track stability (Crowley, \
et al. 1991; Crowley 1993b), or making the initial track Ieng@ \
a fitted parameter (Laslett and Galbraith 1996). These specHic \
usages may be overly optimistic. For example, the use o§ a
single fanning point from which all contours of equal anne&- \
ing originate was proposed as a mathematical simplificatit%\, !
not a physical postulate (Laslett et al. 1987). The use of a fan- \
ning Arrhenius model to estimate the initial fission-track length \
relies on the assumption that the empirical approximation is )
correct enough both in principle and in particulars to extract a
fairly subtle physical detail. ~
However, the results of the empirical approach may help ~
guide the way to understanding the underlying physical pro- _} N ‘ ‘ ‘ ‘ ‘ Sa
cess in a broader sense. The results of this study are of intere
in that they corroborate the finding that contours of constant
annealing fan on an Arrhenius plot, suggest that these contours
have a certain amount of curvature, and suggest that seemingly
subtle chemical variations can have a large effect on the slopeF/GURE 9. Schematic illustration of the possible kinetic
of these contours at high levels of annealing. We offer here tH@lications of a fission track being composed of defects that have a
outline of a possible explanation for these observations in (if?é‘ge Of. activation energies for ann?a“.ng' The s‘.OI'd curve Is a
T . ypothetical initial distribution of activation energies for defect
context of a defect-elimination mOd_EI (i.e., Gold et al. _198 limination, and the dashed curve is the distribution after an arbitrary
Carlson 1990), although we recognize that other physical §&6thermal annealing episode calculated using Equation 12. The
planations such as surface-energy minimization may apply (e@suiting distribution has three parts: on the left side, all of the low-
Donelick et al. 1999, this volume). The central component gétivation-energy defects have been annealed; in a narrow middle
our idea is that fission tracks are composed of a wide rangepoftion, the annealing rates are similar; and on the right side, annealing
possible defects, each of which may have a different activatigtes are comparatively negligible for the temperature and time scale
energy for annealing. The activation energy for annealing ofgdeled.
single defect is a function of the energy level of a displaced
atom in its interstitial site and the energy barrier that the suespect to etching requires simply falling below some threshold
rounding crystal structure presents to the return of that atondifect density rather than elimination of all defects, the persis-
a normal site. Given that there may be a wide range of impugnce of some high-energy defects need not present a problem.
ties and a near-infinitude of possible arrangements of intersti- The kinetic effects of compositional variations can shift the
tial sites and semi-intact structure, it is easy to envision thatliatribution of activation energies. For example, the small ionic
fairly continuous and smooth distribution of activation eneradius cations P& (or Fé*) and Mr* (or Mr®*) may be more
gies may exist that are required to cause annealing of fissgiable in interstitial sites than €aand thus require a higher
tracks. [Similar conjectures are made by Green et al. (1988&}tivation energy to be displaced. Ordering requirements for
although those authors argued against trying to charactemaixtures in the anion site (e.g., Hughes et al. 1989) may present
fission-track annealing with models having a theoretical physi-different kind of energy barrier to annealing.
cal basis in favor of simpler empirical approaches.] Further- Finally, the curvature that we infer to exist based on com-
more, insofar as a high activation energy implies a large amoparing the laboratory data to geological examples may have
of energy deposition from the fission particle to the crystal strugcad some foreshadowing in the model of Carlson (1990). The
ture, it is possible that the mean and maximum activation enprimary constitutive equation of the model (Carlson 1990, Eq.
gies of the defects comprising a fission track may fall off towag) is:

45 50 55 60 65 70 75 80
Q (kcal/mol)

its ends.
- . , KT()O_ 0-Q O
Such a model may explain the fanning of annealing con- d_N: _CD p (11)
tours by postulating that a fission track may anneal by progres- dt Hn B BRT('[)B

sive elimination of the lower-energy defects initially andvhere dN/dt is the defect elimination rate,is an empirical
higher-energy defects at later stages. The fact that early eate constant, k is Boltzmann'’s constant, h is Planck’s constant,
nealing proceeds via tip shortening may reflect a smaller diis absolute temperatureis time since the beginning of the
ameter for the outer parts of the track (e.g., Carlson 1990)asmealing episode, R is the universal gas constantamal-
lower-energy defects there as hypothesized above, or some c@sponds to an activation energy. The temperature term in the
bination of the two. Because it is probable that annealing withe-exponential constant, which helps define the rate at which
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the activation energy barrier is assailed, causes the contoursigher-temperature estimates more credible, as over geological

constant annealing on an Arrhenius diagram to curve in ttie it is difficult to have absolute confidence that some transi-

final form of the Carlson (1990) model, as opposed to the litory heating event has not occurred. With the sparsity of geo-

ear contours that would arise from the exponential term alomggical data now publicly available it is impossible to make any

In that model, the pre-exponential temperature term is insigefinitive judgments, but these issues highlight the importance

nificant compared to the exponential term, and the degreeoddeveloping a varied database to constrain confidently the be-

curvature in terms of change in contour slope from laboratafigvior of fission tracks at geological time scales with the accu-

to geological time scales is ~2-3%, as opposed to the ~3%ey desired for economic applications.

40% present in the fanning curvilinear model. If we approxi- We note in closing that if the physical model discussed above

mate a range of activation energies by replacing the single vagigound, it would predict that contours of constant annealing

with a summation, the equation becomes: become more linear at higher levels of annealing, as a progres-
sively higher proportion of the remaining defects will be anneal-

dN CKT(t) 0-Q O ing actively. Such a model would show similar low-temperature

~—~=—C Eiwi (t)exp (12) . o - - - .

dt O h ¥ ERT(t)H behavior to our empirical fanning-curvilinear model while rais-

ing the predicted index temperatures.

wherew, is a weighting factor reflecting the proportion of de-
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