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Abstract

Fission track analysis has seen a major expansion in application to general geological problems reflecting its
advances in understanding the temperature dependence of track annealing and track length distributions. However,
considerable uncertainties still persist, in particular concerning the stability of fission tracks subjected to the
interaction of environmental physical parameters (e.g. pressure, temperature, stress) and in extrapolation of
laboratory data to geological time scales. In this work, we studied the fading behavior of spontaneous fission tracks in
basic apatite [hexagonal Cas(PO4)3(OH, F, Cl)] when exposed simultaneously to laboratory pressures, temperatures
and stress over varying time spans. The experiments showed that track fading is a complex recovery mechanism,
which is extremely sensitive to the coupling of these three parameters. In particular, a strong decrease in the fission
track fading rate was observed as a function of increasing pressure. And a nearly temperature-independent dramatic
increase in fission track recovery was observed as a function of stress. Consequently, (1) the stability field of fission
tracks in apatite increases towards temperatures higher than 110°C depending on the absolute pressure; (2) closure
ages in apatite are underestimated (> 100% for an ideal geothermobarometric gradient); (3) related exhumation and
erosion rates are overestimated above the closure temperature and underestimated below the closure temperature; and
(4) since the widely applied statistical description of thermally induced fading kinetics does not account for the
influences of either pressure or stress and is based on fission track annealing data produced at ambient pressure, the
accuracy in extrapolating fission track data to geological time scales and in their application to dynamical systems
must be cast into doubt. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The constant and known rates of radioactive
nuclear decay mean that the age of a mineral
can be determined from ratios of the concentra-
tions of parent to daughter elements. In track
dating there is direct optical counting of chemi-
cally etched fission fragment tracks. Prior to etch-
ing latent tracks are generally complex linear
trails of radiation damage which may be intermit-
tent, lying on fragment trajectories, and consisting
of point and extended defects, and/or new phases
(e.g. amorphous material) in which a fragment’s
dissipated kinetic energy is stored [1-4].

Concerns about dating methods in general
come from such factors as the possible gain or
loss of the daughter element at some point in
the history of the mineral (e.g. stability of the
daughter product with respect to the geological
environment). Other important factors include
chemical composition and stoichiometry, crystal
structure, and detailed technical mineral specifica-
tions [5-7,8-10]. By far the most important exper-
imentally verified influential factor for the case of
fission tracks from 23U, however, has been tem-
perature, and this especially for minerals used
most commonly in geological applications. The
general concept of a closure temperature — a spe-
cific temperature below which a daughter product
(or track length) becomes ‘frozen’ in a crystal —
was adopted for many radiometric systems [11].
Yet despite the recognition of temperature as a
crucial parameter other potentially influential im-
portant physical parameters (e.g. pressure and
stress) were taken to be negligible. The fact that
the basic theory of atomic diffusion requires there
to be an exponential decrease in the intrinsic dif-
fusion coefficient with increasing pressure [8,12]
was ignored.

In materials science, experiments on self diffu-
sion in metals were conducted before the begin-
ning of the 1970s, confirming basic theoretical
concepts for lead [13,14] and zinc [15]. Unclear
results for other metals (e.g. silver and uranium
[16]) were attributed to their polycrystalline char-

acter. Diffusion in the alkali and noble metals [17]
seemed to be independent of pressure. In the late
1960s and the 1970s, the annealing of fission
tracks in minerals and glass (e.g. zircon and tectite
[18,19]) at that time poorly understood as a com-
plicated diffusion-enhanced process, was qualita-
tively investigated under pressure and stress. The
results again indicated that temperature was the
main driving force for fission track annealing.
This early work was followed, e.g., by the descrip-
tion of a minor pressure dependence of argon
diffusion in phlogopite [20], and more recently a
non-linear pressure dependency of the diffusion of
argon was discovered in rhyolitic glasses/melts
[21]. Moreover, diffusional mechanisms under
pressure were constrained in order to define the
closure temperature of geothermometers based on
Fe-Mg exchanges in olivine [22]. However, no
systematic investigation of the influence of pres-
sure and stress on diffusional mechanisms and
recovery-rates in minerals relevant to geological
dating systems has yet been reported.

This clear absence of reliable data on the pres-
sure and stress dependencies of basic recovery
processes governing those dating systems which
involve crystalline annealing, or which are based
on gaseous daughter products, prompted us to
establish an experimental program for the quanti-
tative study of the annealing systematics of fission
tracks in minerals. We describe here results ob-
tained for fission track annealing in apatite —
one of the most commonly used minerals in geo-
chronology — under pressure, temperature and
stress.

Spontaneous fission tracks are nearly exclu-
sively formed by the natural decay of 2*®U present
in crystalline or amorphous structures. When the
tracks form, they are oriented randomly in space.
Age determinations are based on a two-dimen-
sional sampling of tracks intersecting an internal
surface of the material, (e.g. by determining the
density of fission tracks per cm? compared to the
absolute amount of 228U in the crystal). The prob-
ability of a shortened track intersecting a ran-
domly selected surface is lower than the probabil-
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ity of a long track intersecting the same surface.
Thus, since the fission track age is determined by
counting the number of tracks intersecting a sur-
face, an older age is expected for a sample with
longer tracks [5]. Based on this straightforward
relationship of track density with track length,
many experimental determinations of track stabil-
ity were carried out over the past 20 years. A
major purpose of studies of the evolution of track
lengths as a function primarily of temperature
and, secondarily, of time, was of course the devel-
opment of realistic models leading to reliable ex-
trapolation of the laboratory-derived length evo-
lution data to geological time spans [23-26].

Here we measured the lengths and the density
of etched spontaneous fission tracks in several
apatite specimens, of different provenance and
of different chemical composition. The samples
were subjected (1) to various pressures P at con-
stant temperature 7 and (2) to various tempera-
tures and evolving compressional stress ¢ at con-
stant pressure. In any of the P-T experiments,
only one parameter was systematically changed
in order to isolate the effect of each variable.
Morphologically, no differences were observed be-
tween naturally annealed fission tracks and those
fission tracks annealed under P, T and o (Figs. 1
and 7), so that fission track analyses were per-
formed using standard procedures.

We preferred, for two reasons, to investigate
the annealing behavior of spontaneous tracks in-
stead of using induced tracks as usually measured
for most experimental 7 annealing studies
[5,9,10,25,26]. The calculation for an exhumation
path plus the calculation of exhumation and ero-
sions rates are based on the analyses of sponta-
neous tracks in natural samples. This in turn
might well introduce errors due to differences in
the nature of the activated defects in induced and
spontaneous tracks and their corresponding mo-
bilities and lifetimes. Additionally, it is very prob-
able that the self-annealing of freshly induced
tracks is more active before final trapping of the
defects than it is the case for ancient spontaneous
tracks. Experiments on induced tracks might
therefore not reflect the ‘true’ annealing behavior
of spontaneous tracks. We are currently perform-
ing a series of P-T experiments on induced tracks

in order to quantify the basic differences in their
annealing behavior compared to the annealing of
spontaneous tracks.

2. Experimental materials: description and
preparation

Four types of apatite single crystals (length
~30 mm, diameter =15 mm) of different com-
position were used for the experiments: a dark
blue apatite from Siberia (Sludjanka), a light
blue apatite from Canada, a dark green apatite
from Madagascar and a light yellow—green apatite
from Mexico (Durango). The relative fluorine/
chlorine composition of the samples varied as fol-
lows: Siberia — 1:0.29, Canada — 1:0.08, Mexico —
1:0.27, Madagascar — 1:0.12. The mean initial FT
length in all four types of apatite and the initial
fission track densities for the apatites from Siberia
and Canada are shown in Tables 1 and 2, respec-
tively. The measurements were performed on sec-
tions parallel to the c-axis of the crystals.

The samples were cut and/or drilled parallel to
their crystallographic c-axis and sealed into an
annealed metal jacket (Au, Cu) before being
placed into either the annealing or the deforma-
tion apparatus. Each apparatus operated with a
different confining medium so that chemical inter-
action with the sample during the experiments
had to be eliminated by removing 200 um of the
outer surface of the crystals after the experiment
and before the fission track analysis. The pressur-
ized samples were 5-10 mm in length and 4 mm in
diameter. The deformed samples were 20 mm in
length and 10 mm in diameter.

3. Experimental arrangement

Nearly 50 successful experiments were per-
formed in studying the following P-T couplings:
(1) 0.1 MPa, 250°C; (2) 0.1 MPa, 500°C; (3) 100
MPa, 250°C; (4) 200 MPa, 250°C; (5) 300 MPa,
250°C; (6) 600 MPa, 500°C; (7) 800 MPa, 500°C;
and (8) 2000 MPa, 500°C. The experimental run
times were fixed individually between 17 and 2200
h (Table 1). Depending on the experimental con-
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ditions, different apparatuses (furnaces, externally
heated pressure vessels, internally heated pres-
sures vessels, solid-medium apparatus, Heard
rig) were used in the Laboratoire de Tectonophy-
sique in Montpellier, in the Laboratoire de Géo-
logie of the Ecole Normale Supérieure in Paris,
and in the Rock Deformation Laboratory, De-
partment of Earth Sciences, University of Man-
chester. In all experiments, pressure and temper-
ature were allowed to rise simultaneously to the
desired P-T conditions, avoiding pre-test anneal-
ing.

1. Simple heating experiments at ambient pres-
sure were performed in a furnace. The crystal
slices were contained in a platinum crucible
and were exposed to the atmosphere during
the experiment. The cumulative uncertainty
on the temperature measured with a Pt/
13%Rhd thermocouple was * 5°C. The heating
rate was equal to 5°C/min. Cooling to ambient
temperature at the end of each run was
achieved in 5 min. For each sample, only two
ambient pressure runs were performed (168 h,
504 h) allowing a reasonable comparison of the
observed fading behavior and the theoretically
fading behavior predicted by the statistical ap-
proach of Laslett et al. [5].

2. Experiments at 100 and 300 MPa water pres-
sure were performed in horizontal externally
heated cold seal pressure vessels. The crystal
slices were sealed in 2 cm long, 3 mm diameter
gold capsules together with 2 ml distilled
water. The confining pressure was controlled
with a Bourdon gauge within *0.3 MPa.
The pressure was increased to half of the de-
sired final pressure before heating. The temper-
atures were measured with a chromel-alumel
thermocouple located at the hot end of the
vessel and controlled within a precision of
+5°C. The heating rate was equal to about
20°C/min and the temperature overshoot
above the desired temperature was less than
10°C in less than 10 min. At the end of each
run, quenching of the capsules from 500°C to
ambient temperature was achieved in 10 min
before decompression.

3. The high pressure runs at 600 and 800 MPa

were performed in an internally heated pres-
sure vessel. The confining pressures were built
up with argon gas and electronically controlled
within £1 MPa. The cumulative uncertainty
on temperature measured with Pt/13%Rhd
thermocouples located at both ends of the
pressure chamber was measured and controlled
within *3°C of precision. The T-gradient in
the pressure chamber was measured electroni-
cally and was less than 1°C. The experimental
heating rate was equivalent to 20°C/min. Cool-
ing to ambient temperature at the end of the
experiments was achieved in 1 min before de-
compression.

4. The ultra-high pressure runs at 2000 MPa were
performed in a solid-medium apparatus in
which the confining pressure was achieved by
flowing salt. The experimental heating rate was
equivalent to 15°C. The cumulative uncertain-
ties in temperature measured with Pt/13%Rhd
were electronically controlled within *2°C.
Cooling to ambient temperature was achieved
under pressure in about 90 min.

5. Triaxial compressional deformation experi-
ments were conducted with a Heard rig at a
confining pressure of 280 MPa corresponding
to the maximum applicable pressure for this
apparatus, temperatures were of 20 and
250°C. Electronically controlled loading rates
were 107> mm/s and 1077 mm/s, respectively.
Pressure was controlled in the range of *15
MPa and temperatures with a Pt/13%Rhd ther-
mocouple were electronically controlled within
1 5°C of precision. Cooling to ambient temper-
ature was achieved at zero load under step-
wise pressure release in about 120 min.

4. Sample preparation after treatment

The samples were sometimes broken after the
experiments due to decompression, but did not
change color. Both initial and final apatites (e.g.
run products) were embedded in epoxy resin and
ground on 1000 mesh SiC papers to expose inter-
nal crystal surfaces. These were then polished on a
Struers Rotopol-22 apparatus equipped with a
Rotoforce-4 sample holder, using 3 and 1/4 um
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diamond pastes. Approximately 200 um of mate-
rial were removed from the crystal surface in or-
der to avoid blurring of the experimental results
by interactions between the confining media (air,
water, argon, oil) and the crystal. All samples
were etched in a bath of HNO;:H,O=5 mol/
1000 ml, magnetically stirred, at room tempera-
ture for 20 s, then rinsed in distilled water to
arrest the etching. They were then washed first
in water, and afterwards with alcohol [5,6,24].
Fission track analyses were exclusively performed
on confined spontaneous tracks of the track in
track type (TINT) in crystal planes parallel to
the crystallographic c-axis of the minerals.

After etching, the lengths and orientation of
horizontally confined tracks of the TINT (in aver-
age 117 points/sample) and fission track densities
per cm? (average number of counted tracks per
sample: 5000) were measured with an optical
microscope (ZEISS Axioplan 2) at a true magni-
fication of 1250. For performing length measure-
ments, the microscope was equipped with a draw-
ing tube that projected a point-like light source
mounted on the cursor of a Calcomp Drawing-
board digitizer (CalComp, CSP), positioned next
to the microscope, onto the microscope image.
Regular control measurements were performed
using a true magnification of 2500. The error be-
tween the two types of measurements was, on the
average lower than 0.02 um. The coordinates of
the track extremities, indicated with the cursor,
were sent on-line to a MacIntosh computer, and
read in the Trevorscan FT-stage program, which

Table 1
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Fig. 1. Natural, T-annealed and P—T-annealed fission tracks.
Optical photomicrographs taken in transmitted light of fis-
sion tracks in a Siberian apatite. (a) The original spontane-
ous fission tracks, (b) spontaneous fission tracks in the same
crystal after annealing for 168 h at 100 MPa and 250°C and
(c) spontaneous fission tracks in the same crystal after an-
nealing for 168 h at 300 MPa and 250°C. The photomicro-
graphs (b) and (c) were taken using an oil immersion objec-
tive lens.

calculated and stored the confined track lengths
and orientations. The direction of the c-axis of the
apatite crystals was entered as the reference ori-
entations.

All measurements were performed by the same
analyst (A.S.W.) and regular control measure-
ments were performed by measuring track lengths
and densities twice on the same sample. Length

Quantitative measure of annealing: change in length of horizontally confined fission tracks under P and ¢ at 7=250°C compared

to the initial lengths

Sample Number of  Initial mean  Mean length ~ Mean length at 100 MPa  Mean length  Mean length

measured length at 0.1 MPa at 200 MPa  at 300 MPa

lengths

(um) (um) (um) (um) (um)
168 h 504h 168 h 504 h 2200 h 17 h 168 h 504 h 2200 h

Madagascar >110 13.24 1221 11.39  12.85 12.71 11.27 13.21 13.17 13.02 11.76
Canada >110 13.64 11.60 950 12.68 12.43 11.05 13.60 1331 13.01 11.62
Siberia >110 13.68 11.51 925 12.51 1226 1095 13.32 1291 12,67 11.22
Mexico 50 14.21 11.40 930 1248 12.15 10.75 13.69 13.09 12.74 11.40

Measurements of confined mean track lengths in the initial samples and the P-T-annealed samples at a constant temperature of

250°C.
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measurement and density uncertainties were be-
low 1% for all run-products from the samples
from Canada, Siberia and Madagascar due to
the statistically sufficient number (> 100 for
length, 5000 counts per sample) of measured
tracks. The uncertainties for the sample from
Mexico were only lower than 5% due to the rela-
tively small number of tracks in the sample.

In cases where insufficient horizontally confined
fission tracks were found, the samples were irra-
diated with fragments from a Californium source
allowing deeper etching. The Californium irradi-
ation was performed by R. Donelick, Donelick
Analytical, Inc., using a >>Cf source (U.S. Geo-
logical Survey). During irradiation, the samples
were centered under an Isotope Products Labora-
tories 50 uCi °>Cf source (FF-252-4) at a distance
of 8.2 cm below the active surface. Then, the ir-
radiation apparatus including the >>Cf source
and the specimens were placed under a near vac-
uum (<666 Pa) for a total period of 68 h 5 min.
Following irradiation, etching and measurements
were performed as described above.

Confined track lengths were measured in all
run-products to allow a quantitative comparison
of the fading behavior for the four apatite com-
positions. Track density measurements, only al-
lowing a qualitative comparison of the fading be-
havior due to inhomogeneous distribution of 2*U
throughout the crystals, were restricted to some
runs-products from only two specimens.

5. Experimental results

Fig. 1 shows two optical photomicrographs of

Fission track length as a function of P & t
for experiments performed at 250°C
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Fig. 2. Mean length evolution of P-T-annealed fission tracks.
Length evolution of >*#¥U fission tracks at different confining
pressures. Fluorine/chlorine sample composition: D — 1:0.27;
S - 1:0.29; C — 1:0.08; M — 1:0.12. Pressure and tempera-
ture values were corrected for measurement uncertainties.
Length uncertainties are greatest for D-sample due to the
limited number of horizontally confined U fission tracks.
D - Durango apatite (Mexico); S — Siberia-apatite; C —
Canada apatite; M — Madagascar apatite. (Calculated) equiv-
alent times used for theoretical curves: D — 5 h; S,C — 17 h;
M - 35 h.

pressure-annealed fission tracks compared to the
unannealed sample. Morphologically, no differen-
ces could be observed between the naturally an-
nealed sample, the 7-, the P-7-, and the P-T-o-
annealed samples, so that in all cases, fission track
analyses were performed using the standard pro-
cedure already described.

Table 2
Qualitative measure of annealing: change in density of fission tracks under P and ¢ at 7=250°C compared to the initial densities
Sample Number of Initial p pat 0.1 MPa p at 100 MPa p at 300 MPa
counts
(FT/em?)  (FT/cm?) (FT/cm?) (FT/cm?)
168 h 168 h 504 h 168 h 504 h
Canada 5000 2571198 1866957 2108382 2031246 2344933 2275000
Siberia 5000 2726208 1790455 2126442 1990132 2397241 2326742

Measurements of densities in the apatites from Siberia and Canada before and after P-T annealing at 250°C. The maximum var-
iation in the distribution of ***U was determined to be lower than 20%.
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Fig. 3. (a,b) Polar plots and frequency distribution of fission track lengths. The orientation to the crystallographic c-axis of the
samples and the length distribution of horizontally confined spontaneous tracks are shown for some apatite run-products. All
samples were annealed at a temperature of 250°C, various pressures (as indicated) and time spans of 168-2200 h (as indicated).

5.1. P annealing experiments at 250°C

The pressure experiments permitted definition
of the changes in the confined mean track length
as a function of confining pressure and crystal
composition at a constant temperature of 250°C.
These results are summarized in Fig. 2. The initial
track length (as measured) in all four apatite
specimens appears on the y-axis at time zero.
The lengths after P-T annealing are then dis-
played as a function of the experimental run
time. The absolute measurements of length are
given in Table 1.

The fading rate as observed from the length
measurements decreased considerably with in-
creasing pressure. After an experimental run
time of 2200 h, fission tracks are in average

2 um longer (average length: 11 um) at 100 MPa
pressure and in average 2.5 um longer (average
length 11.5 pm) at 300 MPa compared to the
theoretically predicted length (calculated using
equation 14 in [5]) of approximately 9.0 um at
0.1 MPa.

However, despite the average increase of the
FT stability with increasing confining pressure,
fission tracks fading seems to follow a specific
annealing rate for any individual crystal. This
might be due to differences in composition (e.g.
impurities). It can be observed in Fig. 2, that the
chlorine-poor sample from Canada has a slower
annealing rate than the chlorine-richer sample
from Siberia, despite both specimens displaying
a similar initial mean track length. It can be
also observed that shorter initial tracks (sample
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from Madagascar) have a slower annealing rate
than longer tracks in an apatite of similar chem-
ical composition (sample from Mexico).

Some examples of the length distributions for
horizontally confined spontaneous tracks are pre-
sented in polar plots and their frequency distribu-
tions are given in histograms in Figs. 3a,b. The
initial length distributions were basically unimod-
al though with a very small component of short
tracks (<9 um) for the apatite from Siberia. The
apatite from Canada showed a more complex
track distribution with a unimodal core-distribu-
tion containing most of the tracks and a distinct
population of tracks with short lengths (<9 pum).
The standard deviation of the frequency length
distribution was for both initial samples in aver-
age 1.80 and the standard error was 0.14. During
P-T annealing the mean track length decreased in
all run products. Tracks oriented parallel to the c-
axis of the crystal shortened slightly faster, so that
the maximum number of tracks was sampled at
45-90° to the c-axis of the specimens. This effect
was slightly stronger for the apatite from Siberia.
The more complex track distribution in the sam-
ple from Canada was reduced to a more narrow
unimodal distribution after a run time of 2200 h
at a confining pressure of 300 MPa (Figs. 3a,b).
This basically signifies that longer tracks oriented

Fission tracks

Californium tracks

Fission track densities as a function of P &t

100 for experiments performed at 250°C
Canada, 300 MPa
NN T e e
801 N
= Nl T
& ) - S "7 - - - -Siberia, 100 MPa
— o =a
£ : Canada, 0.1 MPa
= ¥ N *
@ | =
o
Siberia, 0.1 yp,
60 - u
variation of FT density in the same sample:~ 20 %
measurements per sample: ~ 5000
40 t f } } t
Q0 100 400 500

00 300
time (h)

Fig. 4. Changes in fission track density. Experimental results
on changes in the fission track density after annealing at dif-
ferent pressures (P) (0.1, 100, 300 MPa) and constant tem-
perature (7, 250°C) for two different time spans (168 h, 504
h). Initial fission track densities (100%) appear on the y-axis
at time zero.

parallel to the c-axis of the sample shortened fast-
er than the tracks of medium length, and that
already short tracks shortened below their optical
limit of detection. This observation — anisotropic
annealing as a function of the initial length during

//C

30°

60°

FT length (um)

Fig. 5. Annealing results at ultra-high P and high 7. Fission tracks were annealed for 168 h at a 2000 MPa confining pressure
and at 500°C. The fission track distribution reveals (as anticipated) a maximum number of fission tracks at a greater angle to the
c-axis of the sample. The optical photomicrograph was taken using an oil immersion objective lens.
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Fig. 6. Triaxial deformation experiment. Evolution of compressional stress during experimental run-time. The loading rate during

elastic/brittle deformation was 107> mm s~! and, during semi-plastic deformation 10~7 mm s~ !.

P-T-depending recovery — confirmed earlier ob-
servations made during 7-depending annealing
experiments [10].

Changes in the FT density are shown for two
apatite compositions (Canada, Siberia) as a func-
tion of pressure, temperature and time in Fig. 4.
They are represented in simple cartesian coordi-
nates as a function of time. The initial percentage
track densities for both crystals appear on the y-
axis at time zero. The track densities after anneal-
ing are then shown as being dependent on the
annealing time and the applied pressure, absolute
values being given in Table 2. Inhomogeneities in
the 233U distribution were determined to be lower
than 20% in the two apatites by measuring FT
density variations throughout the total polished
surface of each run-product. For both apatite

Table 3

1

crystals, the increase of pressure at constant tem-
perature led to a better preservation of the fission
tracks compared to annealing at ambient pres-
sure, and thus confirmed qualitatively the obser-
vation made on the evolution of confined fission
track lengths.

5.2. P annealing experiments at 500°C

Experiments performed at 500°C were only suc-
cessful at 2000 MPa, in which, after a duration of
168 h, fission tracks with a mean length minimum
of 6.3 um were still remaining (Fig. 5). Note that
due to the limited number of detected tracks, not
all measured tracks were horizontally confined,
which in turn biased the absolute mean length
values. At lower pressures for the same temper-

Quantitative measure of annealing: change in length of horizontally confined fission tracks under P and ¢ at 7'=500°C compared

to the initial lengths

Sample Initial mean ~ Number of measured Mean length at 0.1 Mean length at 600 and 800 Mean length at 2000

length lengths MPa MPa MPa

(m) (m)

5h 168 h 168 h

Madagascar 13.24 0 no tracks no tracks no experiment
Canada 13.64 14 no tracks no tracks 6.3
Siberia 13.68 0 no tracks no tracks no experiment
Mexico 14.21 0 no tracks no tracks no experiment

Measurements of confined mean track lengths in the initial samples and the P-T-annealed samples at a constant temperature of

500°C.
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Fig. 7. Crystallographically controlled annealing of fission tracks. Plot of length evolution of 233U fission tracks relative to the
crystallographic c-axis of apatite (Madagascar sample) in compressional deformation regimes. The mean track length changed
during run 1 to 12.28 pum and during run 2 to 12.03 um. 6y > 03 = 03 (o-stress). Small cylinder: sample after 1 week of compres-

sional deformation at 250°C. Optical photomicrograph taken i

ature, fission tracks had annealed in all experi-
ments below the etchable, and thus optically de-
tectable length. In fact, they anneal below detect-
ability in only 5 h at ambient pressure (0.1 MPa)
and 500°C (Table 3).

These high temperature experiments, then, con-
firmed again that increasing pressure decreases the
annealing kinetics of fission tracks in apatite, and
that the fading rate is sensitive to the P-T cou-

pling.

5.3. o annealing experiments at 280 MPa and
250°C

The deformation experiments allowed us to in-
vestigate the annealing behavior of spontaneous
fission tracks under elastic/brittle and semi-plastic
conditions. The first sample was elastically de-
formed at a confining pressure of 280 MPa, a
temperature of 20°C and a loading rate of 107>
mm/s until it broke. The total duration of the
experiment was 16 min and the maximum com-
pressional stress reached 730 MPa for a total axial
deformation of 20.80%. Semi-plastic deformation
was conducted on the second sample at a confin-
ing pressure of 280 MPa, a temperature of 250°C

n transmitted light using an oil immersion objective.

and a loading rate of 107 mm/s until nearly con-
stant flow stress develop before shearing at 45° to
the maximum stress direction occurred. Here, the
total run time was 8400 min and the maximum
compressional stress reached 421 MPa for a total
axial deformation of 11.90% (Fig. 6).

Despite the absence of optically detectable,
morphological differences (Figs. 1 and 7) between
T-annealed, P-T-annealed and P-T-oc-annealed
fission tracks (no broken tracks, hardly any tracks
with unetchable gaps) were not observed, the
changes in the mean track length during both de-
formation experiments were dramatic compared
to the 7- and P-T-annealing experiments. The
mean track length decreased during elastic/brittle
deformation from 13.24 to 12.28 um in only 16
min total run time and during semi-plastic defor-
mation from 13.24 to 12.03 um in 140 h (Table 4).
During the corresponding P-T experiment, the
mean fission track length remained at 12.70 um
after an experimental run time of 168 h (Fig. 7).
Thus, both differential elastic/brittle stress and
differential semi-plastic stress appeared to en-
hance fission track annealing nearly independent
of the applied temperature. Additionally, the
semi-plastic deformation (performed at 7) in-



A.S. Wendt et al. | Earth and Planetary Science Letters 201 (2002) 593-607 603

duced crystallographically preferred annealing
preserving tracks oriented in the main in the an-
gular interval between 40 and 90° to the crystallo-
graphic c-axis of the specimen (Fig. 7) which is in
good agreement with the anisotropic annealing
behavior observed during the earlier 7 experi-
ments [10] and the P-T experiments from this
work.

Summarizing, we can say that the experimental
results presented here, indicate (1) that the anneal-
ing rate of spontaneous fission tracks in apatite
decreases with confining pressure for experimental
time duration, (2) that differential stresses dramat-
ically increase the annealing rate and induce an
annealing anisotropy when coupled with temper-
ature and (3) that each type of apatite has an
individual activation volume (depending on chem-
ical composition and/or initial mean track length)
and that there is no one typical annealing behav-
ior.

6. Discussion

Pressure experiments similar to those described
here were earlier conducted on crystals of zircon
[27]. In these experiments, pressure-dependent an-
nealing was not observed and the resulting recov-
ery behavior was similar to annealing at atmo-
spheric pressure [28]. This observation on zircon,
together with our results for apatites of different
compositions, seems to establish experimentally
that fission track recovery kinetics are dependent
upon the specific material properties of each type
of mineral (heated, pressured or stressed), which
correlates well with the other observations on the
complicated pressure dependence of diffusion in
metals and other minerals [13-17,27,28].

The removal of latent fission fragment tracks in

Table 4
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Fig. 8. Modelling fission track annealing. The statistical
model describing fission track annealing of Laslett et al. [5]
applied to the pressure runs for Canadian apatite. Compari-
sons are made between the measured and theoretically pre-
dicted values at ambient pressure. The curves were derived
on the basis of equation 14 of Laslett et al. [5] calculated by
least square regression with a constant slope (B=0.245, de-
rived from the theoretical curve). Changes with pressure of
the kinetics of annealing due to variations of the activation
energy (RXC=E+PXV) where E (1 bar) is the activation
energy, P is the experimental pressure and V' is the activation
volume.

crystals is of course the inverse phenomenon in
physics of primary registration. It has been cus-
tomary to consider track formation in terms of
conversion of the energy deposited into lattice
heat. This essential thermal spike [29], in which
only macroscopic target properties and track
widths are concerned, no system cooling is al-
lowed for, and no rapid ‘in situ’ recovery process-
es are permitted [30], often fails dismally. We cite
the example of a complete absence of fission
tracks in graphite and silicon, which amorphize

Quantitative measure of annealing: change in length of horizontally confined fission tracks under P and o at T=250°C

Sample Initial mean length ~ Number of measured lengths Mean length at 280 MPa
(um) (um)
loading rate=10"° mm s~'  loading rate=10"7 mm s~!
Madagascar  13.24 >110 12.28 12.03

Change in mean lengths of *confined tracks under compressional triaxial deformation.
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Fig. 9. Geological consequences. Comparison between T and P-T annealing of 233U fission tracks and a qualitative estimate of
the error introduced to closure temperature/age, exhumation and erosion rates. The classical closure temperature (c7) for fission
track annealing (below which the annealing becomes equivalent to zero) in apatite is around 100°C (e.g. [6]). The cT is attributed
to the fission track age of the apatite — that is a constant, calculated from the ratio between parent and daughter product (age of
reaching the ¢7'=closure age). Consequently, a higher c¢7" (due to the effect of pressure) corresponds to a greater depth at a given
constant fission track age. This leads to an overestimation of the exhumation and erosion rates below, and an underestimation of
exhumation and erosion rates above the pressure dependent c¢7 (compared distances between depth X—Y and Y—O0 in the classi-

cal model and X—Y, and Y—O0 in the new model).

readily and where tracks should therefore form.
In each case the answer lies with defects specific to
the target — the three-dimensional divacancy in
diamond cubic silicon and the two-dimension di-
vacancy in hexagonal graphite [31]. Rapid crea-
tion and very swift motion means that these spe-
cific defects catalyze total epitaxial crystal
recovery from the random (amorphous), or only
partially crystalline transient track virtually imme-
diately it is formed (107!% s). This ‘projectile-as-
sisted prompt anneal’ is an entirely new approach
to track registration based on the behavior of
identified and crystal characteristic ‘point’ defects,
and is the short-term equivalent of ‘defect acti-
vated delayed anneal’ [32] which we studied
here. As a complying example of only partial epi-
taxial recovery we cite the case of intermittent
track structure in fluorite (CaF;), which is due
to fluorine crowdion interstitial (¥}, centers) on
the anion sublattice [3,31,32].

Apatite, like muscovite mica, is a ‘well-behaved’
geochronological mineral in terms of both fission

track registration and annealing and recovery,
and in what is almost certainly local epitaxial re-
covery [33]. Whilst we have not yet identified the
‘point’ defects responsible for track registration
and recovery in apatite it is clear from the results
that we have described, that pressure will have a
confining effect — reducing the defect jump fre-
quency responsible for diffusion (an increase in
the height of the activation barrier) — and retard-
ing recovery [34]. Similar defect motion must be
preferentially expected down stress and/or pres-
sure gradients.

The different annealing rates that we observe
for different apatites are perfectly in accord with
either different characteristic responsible defects,
or an intrinsic association with a variety, and var-
iable concentration of ‘impurity’ defects. Impurity
atoms, single or in clusters are, in chemical ki-
netics, unsaturable traps for mobile defects [35].

In light of these considerations, the results pre-
sented suggest that temperature can no longer be
considered as the only important parameter influ-
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encing track recovery. Annealing needs to be con-
sidered for what it is: a complex interplay of dif-
fusional mechanisms, material properties (e.g. the
specific defect characteristics) and the full range of
physical parameters in the (natural) environment.
This complexity needs to be included in any math-
ematical model aimed at describing track recov-
ery. The widely applied statistical model describ-
ing track annealing in apatite [5] cannot re-
produce the pressure- and stress-derived length
evolution (Fig. 8), and is therefore only valid for
describing apatite-recovery kinetics in those geo-
logical contexts where both factors play a minor
role.

In the more general case, in which both pres-
sure and temperature are part of the natural en-
vironment, the fission track annealing models
available in the literature must be rearranged to
account for the experimentally shown P and T
dependency of the diffusion coefficient with

D = Dy exp [(—Q—PV)/KT] (1)

where D, is the diffusion coefficient at ambient
temperature and pressure, Q the activation energy
at 0.1 MPa, V' the activation volume, k the Boltz-
mann’s constant.

Then, for example, the constant B in the paral-
lel Arrhenius model of Laslett et al., ([5] equation
14)

In [1—(L/Ly)] =In (t)—BT" (2)

with L is the initial track length, L the final track
length, and ¢ is the time, can be rearranged so that

B=—(Q+PV)/k (3)

However, if the results of the above laboratory
experiments are extrapolated to relevant ‘geolog-
ical’ time durations, we may anticipate that the
commonly accepted closure temperature for FT
annealing (e.g. the temperature at which the rate
of annealing tends to zero; about 100°C at 0.1
MPa) as well as the ‘partial annealing zone’ (60—
110°C at 0.1 MPa, [5]) will be higher in most
natural conditions for which P>0.1 MPa
(P~100 MPa at ~ 100°C) and prolong the recov-

ery time by more than 100% for annealing during
exhumation along an equilibrated geothermo-
barometric gradient.

The implications of these results for the appli-
cation of geological dating methods as well as for
related geodynamics interpretations are both sig-
nificant and intimidating. For the apatite fission
track method alone, the results mean that since
tracks are more stable under hydrostatic pressure,
and since tracks in nature will be mostly exposed
to P and T, the closure ages (temperature-age
relationship) during exhumation will be strongly
underestimated. Related exhumation paths will
likely need complete revision whilst attributed ex-
humation/erosion rates may be totally overesti-
mated below and underestimated above the P-clo-
sure temperature (Fig. 9). Major errors are to be
expected for exhumation rates of pressure-domi-
nated metamorphic regimes. Since tracks fade
faster when subjected to differential stress, then,
in this context, closure ages represent rather a
(local) stress field than a P-T point.

It follows that future use of the apatite fission
track method in its current state, seems to be jus-
tified only in those geological environments where
temperature is the excess parameter compared to
pressure and stress (e.g. contact metamorphism,
rise of plutons, regions of high geothermal gra-
dient). For all other applications, a new mathe-
matical model — constrained by experimental data
— is urgently needed. One which allows us to pre-
dict fission track annealing in a range of apatite
(and other crystalline) compositions for various
P-T(—0) conditions.

7. Conclusion

In this work, we have demonstrated that the
annealing of fission tracks in apatite is extremely
pressure and stress sensitive. In their present form
applications of current annealing models to geo-
logical problems are limited and introduce signifi-
cant errors in the derivation of closure ages, ex-
humation paths, and of exhumation and erosion
rates. This in turn underlines the need for a deep-
er understanding of the basic physics of diffusion
kinetics in geological applications generally, in-
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cluding other geological dating systems (e.g. U-
Th/He, [36]), deformation mechanisms (e.g. diffu-
sion governed dislocation climb, superplasticity)
and large-scale problems in the challenge of
understanding thermal diffusivity in the upper
mantle.

It has not escaped our notice that latent fission
tracks created in apatite and other minerals under
strong hydrostatic pressure may well also be both
broadened and foreshortened in length at birth
due to suppression of defect motion and mineral
recovery. Similarly the well-known random com-
puter simulations of fragment ranges, etc., are of
little value if ambient pressure is present since
persistent diffusion and real defect recovery pro-
cesses are not accounted for.
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