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Abstract

Apatite samples from Durango, Mexico, and Otter Lake, Canada, have been
irradiated in different orientations with 185 MeV Xe, 284 MeV Au, and 2.2 GeV Au
ions in order to simulate spontaneous fission track formation as a function of
annealing temperature, etching time, apatite chemistry, and the orientation of the
track relative to the apatite structure. We have characterized the unetched tracks
using small angle x-ray scattering and atomic force microscopy and the etched
tracks using optical microscopy. Apatite is commonly used in fission track dating,
and the data presented here have implications for the use the dating parameter Dpar,
used to assess kinetic annealing rates in apatite. Dyar is based on the diameter of an
“etch figure,” or an etched fission track at its intersection with the (10-10) face,
measured parallel to the c-axis. The Dpar values are proportional to the annealing
rate. Larger Dpar values indicate slower annealing kinetics. Dpar measurements of
natural apatite have been used to calibrate track-length reduction rates, against
which observed track lengths can be evaluated to extract information regarding the
thermal history of apatite, such as residence time below 100 °C, as well as the
cooling rate.

We observed that etch figures show systematic reductions in diameter
with increasing annealing temperature for isochronal heating experiments. This
decrease is accompanied by increased variation in diameter, with standard
deviations as high as 40% of the mean. This reduction in mean diameter and
increase in variability occurs gradually as a function of increasing temperature in
the 320-360 °C range, with an accelerated rate in the range 360-400 °C.
Extrapolated to geological time and temperature scales, this variation explains the
variability reported in the literature for Dpar measurements on natural apatite,
because fission tracks in natural apatite are of different ages and have experienced
different amounts of annealing. The decrease in etch figure diameter, however, is
proportional to track length decrease during annealing. While the relation between
track length and etch figure diameter presented here is simplified, it suggests that
the nature of the relation between etch figure diameter and track length is
straightforward and that more accurate models of track annealing could be
developed. Such models could then be used to correct anomalously low Dpar values
measured in natural apatite by comparison with track length. Also incorporated
into this model is the formation of local zones of complete annealing along the track
length. These zones have been described as crystalline“gaps” by Green et al. (1986).
Since gap formation can occur at random points along the track length, increased
variability in track lengths is expected, explaining the increased variation in etch
figure diameters at higher annealing temperatures.

The relative sizes of etch figures between Otter Lake and Durango apatite
have been compared by calculation of percent differences (difference in diameter /.00 of
both diameters) for different orientations. A two-fold greater percent difference was
observed between (10-11) etch figures than between (10-10) etch figures measured
for Dpar determination. Since kinetic proxy measurements compare relative lengths
of etch figures among different apatite grains, the comparison of etch figures on the



(10-11) growth face in addition to the (10-10) growth face may significantly
increase the resolution of kinetic proxies used in fission track dating.

Latent (i.e., unetched) tracks were observed using atomic force microscopy
(AFM) and small angle X-ray scattering (SAXS). “Hillocks” resulting from irradiation
are reported on the surface of unetched apatite. Hillocks have diameters in the
range 15-30 nm and heights in the range 3-7 nm, and size dimensions show a
systematic dependence on apatite composition and orientation. This dependence is
confirmed by SAXS measurements. In addition, etch figure sizes show a similar
trend as latent tracks, suggesting that damage production and etching are controlled
by similar crystallographic parameters.

Lastly, development of microscopic streaks was observed on surfaces of
apatite heated to temperatures above the track-annealing threshold and
subsequently etched. These features are approximately 2-20 pm in length, and their
origin is unknown.

Keywords: apatite, fission track dating, fission track annealing, etch figure, latent
tracks



1. Introduction

Apatite - Cas(P04)3(F,Cl,0H) - is a common accessory mineral found in a
wide variety of geologic environments. Apatite is anisotropic, with hexagonal
structure, P63/m, containing open channels parallel to the c-axis (Fig. 1) (Hughes et
al,, 1990, 1989; Sudarsanan and Young, 1978). The F, Cl and OH occupy this channel.
Natural apatite contains uranium in concentrations as high as 200 ppm (Donelick et
al,, 2005), thus exposing apatite to alpha decay and spontaneous fission events. 238U
(the dominant U isotope) undergoes spontaneous fission at a rate of ~10-16
decays/year, and for every fission event there are approximately 106 alpha decays
(Fleischer et al., 1975; Steiger and Jager, 1977; Wagner and Van den haute, 1992).
While alpha decay results in an alpha particle and recoil nucleus from the 238U
nucleus, fission results in a splitting of the 238U nucleus into two nuclear fragments
propelled in opposite directions (Fig. 2). Typical fission fragment masses tend to be
bimodal, with the larger and smaller fragments having atomic masses of
approximately 135 and 95 amu and energies of approximately 100 and 70 MeV,
respectively, for a total energy of ~170 MeV (Fig. 2) (Fleischer, 2004; Moller et al,,
2011; Wagner and Van den haute, 1992). This high energy is deposited along the
trajectory of the fission fragments, resulting in a cylindrical zone of highly damaged
material, fission tracks (FTs), that are approximately 16-20 pum long, with diameters
of ~10 nm (Afra et al,, 2011; Gleadow et al.,, 1986; Li et al. 2011; Villa et al., 2000).
Once formed, FTs may rapidly recover and begin to anneal due to thermally
activated processes (Donelick et al., 1990). Annealing rates depend on temperature,
and it is generally accepted that above approximately 100-150 °C, FTs are not
preserved over geological timescales (Gleadow and Duddy, 1981; Naeser, 1981;
Naeser and Forbes, 1976). Over laboratory timescales, however, FTs can be
preserved to much higher temperatures of ~400 °C (Afra et al,, 2011; Barbarand et
al., 2003b; Carlson et al., 1999; Crowley et al., 1991; Green et al., 1986).



Figure 1: The atomic structure of apatite, shown in perspective view (left) and plan view (right). The
a;- and a-axes are labeled. The c-axis is normal to the page, such that the c-axis is parallel to the
hexagonal channels containing the halogen site.
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Figure 2: Left: Fission of a 238U nucleus, ejecting daughter products with energies of approximately
100 and 70 MeV, respectively. Figure adapted from Griffith and Rossenfeld (2011). Right: Typical
masses of fission products, with average yield percent from electromagnetic-induced fission of 234U,
showing bimodal fission product mass distribution. Spontaneous fission of 238U shows analogous
behavior, with marginally higher fission product masses. Proton numbers were calculated by
assuming Z/N for fission products is the same as for 23¢U. Figure from Schmidt et al. (2000), adapted
by Moller et al. (2001).

The persistence of FTs in apatite below 100-150 °C is the basis FT-dating, an
important low-temperature thermochronology technique (Gallagher et al., 1998;
Dumitru, 2000; Fleischer et al., 1975; Gleadow et al., 2002; Naeser, 1967; Naeser and
McCullough, 1989; Van den haute and de Corte, 1998; Wagner, 1969, 1968; Wagner
and Van den haute, 1992). In FT-dating, the number density of FTs in natural



apatite is analyzed in order to determine the regional low-temperature thermal
history of Earth’s near-surface crust. The present uranium content is compared to
FT density in order to constrain the timing of the most recent annealing event, based
on the fission track yield and half-life of uranium, given above. In order to see and
count FTs, thermochronologists etch the apatite specimens in nitric acid (Fig. 3).
Etching increases track diameters from the nm range to the pm range, where they
can be observed by an optical microscope. This enlargement occurs because the
etchant preferentially attacks the damaged, amorphous material in the track,
removing it at a much faster rate than the surrounding undamaged, crystalline
matrix. Once amorphous material is removed, etchant diffuses into the track and
continues to remove crystalline material from within. Since most natural tracks are
completely confined within the crystalline material, etching relies on diffusion of
etchant to the track through defects, cleavage planes, or other tracks (Lal et al,
1969). Once etched, FTs can be counted, and the mineral’s age below the annealing
or “closure” temperature of 100-150 °C - can be determined.
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Figure 3: Natural FTs as viewed under optical microscopy after etching in nitric acid. Figure height
is approximately 150 pm. Figure from Donelick et al. (2005).

In addition to track density, track length distribution is used to infer more
detailed information about the cooling rate (Bhandari et al., 1971; Crowley, 1985;
Donelick and Miller, 1991; Gleadow et al., 1986, 1983; Ketcham, 2003; Laslett et al.,
1982; Wagner and Storzer, 1972). Laboratory and bore-hole studies have
demonstrated that FT annealing is characterized by track shortening (Gleadow and
Duddy, 1981; Naeser, 1981; Naeser and Forbes, 1976). These studies have shown
that the track annealing rate is strongly temperature dependent, showing a non-
linear length decrease with annealing temperature, as shown by Figure 4. For FT-
dating, models have been developed to quantify track shortening over geological
timescales as a function of time and temperature (Gleadow and Duddy, 1981;
Ketcham et al,, 1999; Vrolijk et al.,, 1992). A wide distribution of track lengths is
taken to indicate a slow, gradual cooling rate, exposing tracks to relatively high
temperatures for relatively long time intervals, such that appreciable track-
shortening occurs. In this case, track lengths are inversely proportional to track age.
On the other hand, a narrow distribution of long FTs represents a rapid cooling rate,
followed by a long residence time at cooler temperatures, such that significant



thermal annealing does not occur. In this case, older tracks are not significantly
shorter than younger tracks. Alternatively, a low track density indicates a rapid
cooling rate followed by a short residence time at cool temperatures, such that
tracks did not have ample time to accumulate.

In order to quantify track lengths accurately, thermochronologists have
developed standard etching procedures intended to etch tracks fully, without “over-
etching,” i.e. removing an appreciable amount of crystalline material from the ends
of the track (Carlson et al, 1999; Donelick et al., 2005; Ketcham et al., 1999;
Ravenhurst et. al, 2003; Sobel and Seward, 2010). In so doing, only tracks that have
been etched by etchant diffusion through another track are considered (Carlson et
al, 1999, Donelick et al., 2005, 1990; Jonckheere and Wagner, 2000). This is
because tracks intersecting defects may have larger-than-normal lengths, since
fission products travelling through a defect have greater range than fission products
that travel only through crystalline material; tracks intersecting cleavage planes, on
the other hand, have lower-than-expected annealing rates (Barbarand et al., 2003a).
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Figure 4: Track shortening shown as a function of annealing time and temperature. The vertical axis,
labeled “1/lp,” represents measured track length divided by unannealed track length. The figure
shows an accelerated length reduction with increasing temperature. Figure from Green et al. (1986).

However, it has been demonstrated that FTs in apatite show different
annealing rates - and therefore different track shortening rates - depending mostly
on variations in chemistry (Burtner et al., 1994; Carlson et al., 1999; Crowley et al,,
1991; Gleadow and Duddy, 1981; Green et al., 1986, 1985; O’Sullivan and Parrish,
1995), but also on crystallographic orientation of the FT (Donelick, 1991; Donelick
et al., 1999; Donelick and Miller, 1991; Ketcham, 2003; Vrolijk et al., 1992), the
extent of alpha decay damage (Hendriks and Redfield, 2005), and possibly the
confining pressure (Lang et al, 2008; Wendt et al., 2002). The most important
control over annealing kinetics is Cl-content, and it is generally accepted that higher
Cl-content correlates with slower annealing rates (Barbarand et al., 2003b; Carlson
et al., 1999; Crowley et al., 1991; Green et al., 1985). However, chemical analysis of
Cl-content on individual grains is not commonly done in most FT-dating studies.
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Instead, an alternate proxy for annealing kinetics has been developed. This proxy,
called “Dpar,” is defined as the diameter of an etched FT where it intersects the
apatite surface along a polished (10-10) plane (the prismatic growth face),
measured parallel to the c-axis (Fig. 5) (Burtner et al., 1994; Donelick, 1993; Stockli
et al.,, 2001). The morphology of the etched fission track at the surface of a specimen,
as viewed under optical microscopy, is called an “etch figure.” Since etch figures
elongate parallel to the c-axis during etching, the orientation of Dpar measurements
is easily identified. Dpar values correlate inversely with annealing rates, i.e. larger
track diameters correlate with slower annealing kinetics (Barbarand et al., 2003b;
Burtner et al., 1994; Carlson et al., 1999; Donelick, 1993; Sobel and Seward, 2010).
In addition, Dpar has been shown to vary proportionately with Cl-content (Donelick,
1993; Donelick et al, 2005). Dpar measurement is easily integrated into the FT-
dating procedure. Because apatite grains are prepared for track-length analysis by
polishing the (10-10) plane followed by etching, Dyar measurements can be made
simultaneously with track length measurements (Donelick, 1993).

C-axis Figure 5: A schematic of etch figure morphology as seen

> on the apatite (10-10) plane. Etch figure elongation is in

f the direction of the crystallographic c-axis. Average etch

figure diameter, Dpa, on the (10-10) plane is used as

kinetic proxy in the FT-dating method. Figure adapted
from Sobel and Seward (2010).

etched track

Much understanding of annealing behavior has been gained by studying the
morphology of etched FTs, but progress is still limited, as etching destroys the latent
track morphology, such that fundamental characteristics of FTs cannot be observed
(Crowley et al., 1991). However, recent studies using small angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM) have brought new insights into
the atomic-scale structure of FTs and their annealing characteristics. SAXS is a non-
destructive technique that allows size determination of nm-size objects in solids,
based on scattering of X-rays due to electron density fluctuations (~1% sensitivity)
over nm-length scales. Due to their large aspect ratios, latent tracks are very good
scattering centers and thus can be examined under SAXS. Previous SAXS studies on
artificial ion tracks (ITs) produced at an ion accelerator have shown that tracks
consist of a combination of extended and point defects, and that latent, unannealed
ion tracks in apatite have diameters of approximately 10 nm, with diameter
decreasing during (Fig. 6) (Afra et al, 2011; Durrani and Bull, 1987). This decrease
parallels track length decrease during annealing as observed using etched tracks, as
discussed above (Fig. 4). Studying ITs with TEM, Li et al. (2012) showed that track
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shortening is actually due to this diameter decrease. Since tracks have a conical
morphology, diameter decrease along the track length results in track shortening
(Fig. 7). Carlson (1990) had previously suggested this behavior in natural FTs and
developed models for track shortening based on conical track morphology (Fig. 8).

5.09 Figure 6: SAXS data showing systematic
decrease in track diameter with increasing
annealing temperature, for constant
annealing times (30 min.). Figure adapted

4.5+ from Afraetal. (2011).
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Before annealing After annealing
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Figure 7: In situ TEM images of annealing behavior of ITs in apatite, showing preferential annealing
at the inner tip of the track, relative to the top of the track near the mineral surface, due to lower
initial diameter and faster diameter reduction at the track tip. The latent track lengths were
approximately 8-9 um. The boxes marked (A) show tracks in the near surface region; the boxes
marked (B) show the middle of the track at depths of 4.5 um; the boxes marked (C) show the inner
tip of the track, at depths of 7.2 um. No diameter reduction was seen in the near-surface after heating
at 330 °C for 1 h and additional heating at 380 °C for 1 h. In contrast, significant diameter reduction
was accompanied by crystalline gap formation at depths of 4.5 pm when exposed to the same heating
conditions. However, almost complete annealing was observed at 7.2 um depth after heating at

330 °C for only 16 min. Figure from Li et al. (2012).
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Figure 8: Bottom: FT morphology
proposed by Carlson (1990),
showing gradual diameter taper
with distance from the center of the
track. Top: A  simplified
morphology used by Carlson
(1990) in mathematical models to
simulate track shortening with
annealing time. Figure from
Carlson (1990).
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Green et al. (1986) suggested that tracks may segment because of the
formation of gaps filled with crystalline material during the later stages of annealing,
due to complete recrystallization at random points along the track length (Fig. 9).
This suggestion was based on the observation of partially annealed tracks that
appeared to be fully etched after 20 s, but then suddenly increased in length after 30
s (Fig. 10). This delayed renewal of etching was attributed to the presence of a
crystalline gap that had developed during annealing. Only after the gap had been
breached by the etchant could the remaining track length be etched. Carlson (1990)
suggested that latent tracks show only slight taper within the central 11.5 pm of
track length (Fig. 8). Thus, after track shortening to 11.5 um, local oscillations in
latent track diameter may cause the formation of crystalline gaps at any point along
the track length. The experimental results of Green et al. (1986) agree with this
model, except suggesting that gap formation begins when tracks reach lengths of 8
pum, not 11.5 pm. Crystalline gap formation was verified at the atomic scale by Li et
al. (2012), as shown in Figure 7, Box B2. These observations confirm that gap
formation occurs just prior to the onset of complete annealing.

continuous Figure 9: A schematic showing the
track damage isolated development of crystalline gaps during

damage domains annealing, leading to the segmentation of
l amorphous material as hypothesized by Green

etal. (1986). The track to the left is unannealed;

the track in the center is partially annealed, with

several crystalline gaps isolating amorphous

' zones; the track to the right shows nearly

complete annealing, such that only small

R amorphous domains remain. Figure from Lang
(2001).

annealing temperature

s
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Figure 10: Sequential photomicrographs taken of the same
confined FT (shown by arrow) in a Durango apatite specimen
annealed at 352 °C for 1 h and etched with 5 M nitric acid.
Image (a) was taken after 20 s of etching and shows etching
on the right side of the track. Image (b) was taken after 30 s
of etching and shows sudden commencement of etching on
the left side of the track, indicating that a crystalline gap had
delayed etching on the left side. Image (c) was taken after 50
s of etching, showing full etching on both sides of the track.
The bar in the lower right corner of image (c) is 10 pm in
length. Figure from Green et al. (1986).

/'\\\ )‘

In this study, both unetched and etched track diameters have been
investigated for two apatite samples of different composition, as a function of
annealing temperature, etching time, and crystallographic orientation. Hitherto, no
systematic study has been performed on the effects of annealing on etch figure
diameter. Rather, it has been assumed that etch figure diameter does not vary as a
function of annealing. This assumption is the basis for the Dpar parameter, since any
proxy for annealing rates must not vary with the extent of annealing. FTs were
simulated by ion irradiation using Xe accelerated to 185 MeV and Au accelerated to
284 MeV and 2.2 GeV. Although natural fission fragments have lower energies, Villa
et al. (1999) showed that it is not the total energy deposition that is important for
determination of track diameter, but rather the energy loss rate, 9€/4x, of the
projectile as it decelerates in a material. Figure 11 shows the energy loss rates in
fluorapatite for ions and energies used in this study, as compared to fission product
energies. As can be seen, energy loss rates are similar, suggesting that ITs used in
this study are good simulations of FTs. Track lengths are also comparable. While
etched natural FTs are approximately 16 pm in length, calculations using the
software program “Stopping and Range of Ions in Matter” (SRIM) indicate
approximate ion ranges of 14.8 and 18.5 pm for 185 MeV Xe and 284 MeV Au,
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respectively (Ziegler et al,, 2010). By using artificial ITs instead of natural FTs, track
orientation and the density of tracks in the apatite can be controlled exactly. This
important improvement in experimental technique provides the basis for our
systematic investigation of etch figure diameters.
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Eigure 11: A summary of the energy loss rates (d%/dx) for 185 MeV Xe, 100 MeV Xe, 2.2 GeV Au, and
284 MeV Au projectiles as a function of depth in fluoroapatite, as determined by SRIM code (Ziegler
et al,, 2010). Arrows indicate the energy ranges of ions used in this study. For the same ion type,
lower energy ions can be plotted on the same curve as higher energy ions because ion velocity and
energy loss depend only on the current energy of the ion. Thus a 2.2 GeV Au ion that has been
reduced to 284 MeV has the same velocity and energy loss rate as an Au ion that started with 284
MeV energy. The left shows the complete energy loss of 185 MeV Xe ions, which were used for
optical microscopy (OM) and AFM. The right shows two energy regimes. The higher was used for
SAXS and indicates that projectiles passed completely through the material with a near constant
energy loss rate, resulting in tracks with uniform diameter. The lower was used for OM and indicates
that ions stopped within the material. 100 MeV Xe is marked on the graph to the left representing
typical energy loss rates of fission daughter products. Note however, that track formation is
accomplished by two daughter products, so the energy loss profile shown in the figure only
represents half of a FT.

This study used three analytical techniques: optical microscopy, SAXS, and
atomic force microscopy (AFM). Etch figures were measured as a function of
annealing temperature and etching time using optical microscopy. Latent tracks
were characterized by SAXS and AFM. While SAXS detects latent track diameters
averaged over the entire track length, AFM detects individual surface features on
the nm-scale. Thus AFM was used to analyze the surface morphology of irradiated
surfaces. Previous studies have reported the formation of hillocks on the surface of
irradiated materials, due to expansion of material upon irradiation, according to the
thermal-spike model (Fleischer et al., 1967; Lang et al,, 2002; Miiller et al., 2002;
Zhang et al., 2009). However, hillock formation has never been reported in apatite.
By investigating both etched and unetched tracks, the relation between latent and
etched track morphology could be investigated.

16



2. Experimental Methods

Two natural apatite samples were used in this study: Durango, from Durango,
Mexico, and Otter Lake, from Quebec, Canada. Both varieties are reported in the
literature as near end-member fluorapatite, with Durango having a Cl-content of
approximately 0.12 anions per formula unit, and Otter Lake having negligible
amounts of Cl (Barbarand et al., 2003b; Carlson et al., 1999; Ravenhurst et al., 2003;
Young et al,, 1969). Samples of both Durango and Otter Lake apatite were cut and
polished along four crystallographic orientations: the (10-10) prismatic growth face,
the (10-11) pyramidal growth face, the (0001) basal plane, and the (2-1-10) face,
which is perpendicular to the (10-10) face and parallel to the c-axis (Fig. 12).

‘ a2 axisI

c-axis

[ (o-11)
. (10-10)
. (0001)

. projection of (0001) plane
onto (10-10) plane as
seen from viewing angle

(2-1-10) plane is perpendicular
to the page and parallel to
the c-axis

Figure 12: Schematic of an apatite crystal, showing the hexagonal symmetry and highlighting the
crystallographic orientations used in this study. (10-10) is the prismatic plane, (0001) is the basal
plane, (10-11) is the pyramidal plane, and (2-1-10) is the vertical plane projected out of the page.
The (10-10) and (0001) faces intersect in projection to the viewing angle, and the intersection has
been colored purple.

Sample chemistry was determined using a CAMECA SX-100 Electron
Microprobe Analyzer, controlled by CAMECA PeakSight software using the X-Phi
matrix correction program (Merlet, 1994) at the University of Michigan Electron
Microbeam Analysis Laboratory. Both (10-10) and (0001) oriented samples of
unannealed Durango and Otter Lake apatite were analyzed. Samples were mounted

17



in epoxy resin and polished to approximately 1 mm thickness using diamond and
aluminum lapping paper. A carbon coat of approximately 200-A thickness was
applied to the sample surfaces by thermal evaporation, as determined by the
method of Kerrick et al. (1973). Samples were mounted flat so the electron beam
bombardment was normal to the polished surface. Standards included synthetic
end-member chlorapatite for Ca and P, natural fluortopaz for F, synthetic Ba-Cl
apatite for Cl, natural celestite for S, and natural almandine garnet for Si. Standard
compositions are shown in Table 1. Beam size was 10 pm, with column conditions
of 15 keV and 10 nA. The low beam current and voltage, as well as the large beam
spot size, were set to specifications reported in the literature used to minimize
diffusion of F and Cl under the electron beam (Henderson, 2011; Stormer et al.,
1993). Data collection times were: 10 s for Ca, 20 s for P, Si, and S, and 30 s for Cl
and F. O concentration was determined by oxide calculation.

18



Table 1: Minerals used as elemental standards for electron microprobe analysis, with chemical composition in elemental weight percent.

Element Mineral Standard Standard Composition (wt%)
F Fluortopaz Al: 29.3206% Si: 15.2601% 0:34.774% F:20.6454%
Ca, P Chlorapatite Ca:38.4812% P:17.8429% 0:36.8681% Cl: 6.8078%
Cl Ba-Cl apatite P:9.23% 0:19.06% Cl:3.52% Ba: 68.18%
Si Almandine Ca:1.24% Al: 1191% Si:17.95% 0:41.94% Na:0.09% Mg:5.03% Ti:0.03% Cr:0.03% Mn:1.69% Fe:20.61%
S Celestite Sr:47.7026% S:17.4543%

0:34.8431%
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Samples were prepared for irradiation by polishing to thicknesses of
approximately 100-200 um for optical microscopy and AFM and approximately 40 *
10 pm for SAXS. Samples were polished to a roughness of approximately 10 nm,
using diamond and aluminum lapping paper. Since the Durango and Otter Lake
samples are natural specimens, each was annealed at 450°C for 24 hours to remove
all accumulated natural radiation damage. Samples were irradiated normal to the
polished surface with 185 MeV Xe, 284 MeV Au, or 2.2 GeV Au ions at GSI
Helmholtzzentrum fiir Schwerionenforschung, in Darmstadt, Germany. Irradiation
fluences were adjusted to appropriate levels for each analysis technique: 5 x 104, 1 x
1010, and 5 x 1019 ions/cm? for optical microscopy, AFM, and SAXS, respectively.
Higher fluences were used for SAXS because SAXS data is statistical, representing
the average size of millions of tracks (Durrani and Bull, 1987).

For optical microscopy, 185 MeV Xe- and 284 MeV Au-irradiated specimens
were annealed for 30 minutes at a constant temperature between 320-420 °C in a
Thermo Scientific FB1315M furnace, while other specimens were left unannealed.
Furnace temperatures were verified by two independent thermocouples, and
temperatures agreed within * 5 °C. For annealing, specimens from each apatite
composition (Durango and Otter Lake) and each orientation were annealed
simultaneously in the same oven. After annealing, all samples annealed at the same
temperature were etched together on the same glass holder by oscillating the holder
back and forth smoothly in a beaker of 0.55 M nitric acid at room temperature
(21 °C). The nitric acid etching solution was prepared by dilution of laboratory-
standard 16 M nitric acid. After etching, samples were immediately rinsed in
running deionized water. The 0.55 M etchant was used rather than stronger
etchants often used in FT-dating in order to allow longer etching times and thereby
eliminate the significance of timing errors between samples on different slides.

After etching, samples were viewed under reflected light using a Nikon
Optiphot optical microscope with 1000x magnification, using a 100x dry objective
lens and 10x ocular lenses, with a GIF filter to increase contrast. Etch figure
diameters were measured along the largest cross section, as is standard practice in
making Dpar measurements. Average etch figure diameters and standard deviations
were determined in general from 50 etch pits; however, for a limited number of
samples, fewer etch pits were used. Etch figure diameters and morphology were
then compared as a function of apatite composition, crystallographic orientation,
annealing temperature, and the duration of etching. In total, approximately 3000
measurements were made.

SAXS was performed on unannealed, unetched, 2.2 GeV Au-irradiated
specimens at the SAXS/WAXS beamline at the Australian Synchrotron. The higher
energies for SAXS measurements were used in order to induce tracks that
penetrated completely through the polished samples. This ensured an almost
constant energy loss (4€/4x) over the entire sample thickness, resulting in uniform
track diameters through the specimen. Experimental details are identical to those
used in Afra et al. (2011) and can be found therein. In addition to irradiated
specimens, unirradiated specimens were analyzed as well, and resulting patterns
were used as the basis for background subtraction. SAXS measurements were
repeated several times, and we verified that track diameters were constant as a
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function of time during the synchrotron analysis; thus the use of synchrotron source
X-rays can be considered to be nondestructive.

AFM was performed in contact mode in air on unannealed, 185 MeV Au-
irradiated specimens, using a Veeco Enviroscope controlled by Nanoscope Version
5.30r3.sr3 software. Aluminum-coated, silicon Vista probes were used, with 0.1
N/m spring constant and nominal tip radius of < 10 nm. Scan size was 1 um, and
scan rate was 2 Hz.
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3. Results
3.1 Electron Microprobe Analysis: apatite compositions

Results from electron microprobe analysis (EPMA) are shown in Table 2.
Measurements showed higher F- and Cl-content during analysis normal to the
(0001) orientation than for the (10-10) orientation, in agreement with the
observations of Stormer et al. (1993). As explained in Stormer et al. (1993), this
diffusion is likely due to the channeled structure of apatite in the c-axis direction
(Fig. 1). In the Otter Lake specimens, F- and Cl-content were 6-7% higher for the
(0001) orientation than for the (10-10) orientation, while Durango specimens
showed 10% higher F-content for the (0001) orientation, but only 0.4% higher Cl-
content. Thus, only the data from the (10-10) orientation should be considered
quantitatively accurate, but the relative trend for both orientations shows that Otter
Lake apatite is more F-rich than Durango, and Durango is more Cl-rich, although
both apatite have low Cl/F ratios. The Cl-content for Otter Lake was negligibly small,
as detected concentrations were below detection limits. The Cl-content of Durango
- approximately 0.77 formula units - is lower than the 0.12 formula units reported
in the literature by Carlson et al. (1999). This is likely because natural specimens
inherently show chemical variations.

The F-content in Otter Lake apatite was greater than one formula unit,
indicating an anomalous result. However, similar results were reported by
Ravenhurst et al. (2003), without explanation. The total weight percentages (wt%)
were lower for Otter Lake apatite than Durango apatite, indicating a possible source
of error for Otter Lake measurements due to incomplete detection of elemental
concentrations. Ravenhurst et al. (2003) reported CO; levels of 0.82 wt% in Otter
Lake apatite. Assuming this CO2 concentration in the specimen used here, wt%
sums are nearly 99%. Since OH-content could not be determined in EPMA analysis,
literature values of 0.08 wt% OH were assumed (Ravenhurst et al., 2003). With
these assumed OH and CO; concentrations, average formula units were calculated
and are displayed in the bottom row of Table 2. In addition to the differing F- and
Cl-content mentioned above, the Otter Lake specimen showed an appreciable Si-
content (0.473 wt%), while the Durango specimen did not.
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Table 2: EPMA data determined for Otter Lake and Durango apatite. Since (0001) orientations produce inaccurate results (Stormer et al., 1993), only
the (10-10) data should be taken as representative of the apatite used in this study. Final calculations of average formula units for each element using
the (10-10) data, with assumed CO; and OH concentrations from Ravenhurst et al. (2003), are shown in red.

Weight%
Sample/Point F Cl P Ca Si S 0 Total
D (10-10) 1 3.5793 0.5251 17.6100 38.3215 0.1113 0.1952 38.3613 98.7035
D (10-10) 2 3.5176 0.5344 17.7722 38.6607 0.1103 0.1837 38.6937 99.4727
D (10-10) 3 3.6165 0.4948 17.7653 38.4056 0.1095 0.1930 38.5912 99.1759
D (10-10) 4 3.5460 0.5442 17.6597 38.2319 0.1123 0.1738 38.3696 98.6376
D (10-10) 5 3.5457 0.5023 17.9287 38.1906 0.1099 0.1890 38.7129 99.1791
- __00000_00@0@]
OL (10-10) 1 4.5790 0.0353 16.7749 38.3286 0.4736 0.1898 37.6931 98.0741
OL (10-10) 2 4.3449 0.0419 16.7347 38.4805 0.4595 0.2057 37.7017 97.9689
OL (10-10) 3 4.3412 0.0320 16.6952 38.0855 0.4422 0.1863 37.4539 97.2363
OL (10-10) 4 4.4691 0.0347 16.7592 38.2658 0.4782 0.2193 37.6825 97.9087
OL (10-10) 5 4.3742 0.0236 16.6330 38.6612 0.4524 0.1906 37.6192 97.9541
OL (10-10) 6 4.3875 0.0220 16.8788 38.5421 0.4630 0.2267 37.9374 98.4575
OL (10-10) 7 4.3525 0.0223 16.7527 38.5544 0.4730 0.2274 37.7914 98.1736
OL (10-10) 8 4.3516 0.0421 16.7819 38.3112 0.4915 0.2034 37.7291 97.9108
OL (10-10)9 4.3482 0.0293 16.7861 38.0202 0.4940 0.2638 37.6815 97.6231
OL (10-10) 10 4.3469 0.0318 16.5567 38.4268 0.5026 0.2251 37.5188 97.6087
D (0001) 1 3.9250 0.5239 17.8515 38.9003 0.1187 0.1630 38.8805 100.3629
D (0001) 2 3.9861 0.5280 17.8467 38.7256 0.1100 0.1439 38.7755 100.1158
D (0001) 3 3.9110 0.5222 17.9775 38.0698 0.1087 0.1883 38.7255 99.5028
D (0001) 4 3.8770 0.5234 18.1044 38.4148 0.1021 0.2034 39.0348 100.2600
D (0001) 5 3.9134 0.5143 17.8543 38.3015 0.1031 0.1596 38.6238 99.4699
OL (0001) 1 4.5783 0.0248 16.7615 38.5929 0.4727 0.1738 37.7644 98.3684
OL (0001) 2 5.2979 0.0333 16.5008 38.3301 0.4812 0.1895 37.3482 98.1812
OL (0001) 3 4.5821 0.0442 16.5037 38.3106 0.4815 0.2169 37.3716 97.5105
OL (0001) 4 4.4752 0.0316 16.5934 38.3159 0.4624 0.1825 37.4337 97.4947
OL (0001) 5 4.5013 0.0334 16.8044 38.2241 0.4900 0.1730 37.6914 97.9176

24



25

Sample Average Weight%
O F cl P Ca Si s 0 Total
D (10-10) 3.5610 0.5202 17.7472 38.3621 0.1107 0.1869 38.5457 99.0338
OL (10-10) 4.3895 0.0315 16.7353 38.3676 0.4730 0.2138 37.6809 97.8916
D (0001) 3.9225 0.5224 17.9269 38.4824 0.1085 0.1716 38.8080 99.9423
OL (0001 4.6870 0.0335 16.6328 38.3547 0.4776 0.1871 37.5219 97.8945
Average Weight% including CO; and OH*
*COzand OH content from Ravenhurst et al. (2003)
F Cl P Ca Si S 0 C H Total
D (10-10) 3.5610 0.5202 17.7472 38.3621 0.1107 0.1869 38.5007 0.0082 0.0047 99.0017
OL (10-10) 4.3895 0.0315 16.7353 38.3676 0.4730 0.2138 38.3523 0.2238 0.0047 98.7916
D (0001) 3.9225 0.5224 17.9269 38.4824 0.1085 0.1716 38.9051 0.0082 0.0047 100.0523
OL (0001 4.6870 0.0335 16.6328 38.3547 0.4776 0.1871 38.1933 0.2238 0.0047 98.7945
Average Formula Units
F Cl P Ca Si S 0 C H
D (10-10) 0.9792 0.0766 2.9934 5.0006 0.0206 0.0305 12.5711 0.0036 0.0246
OL (10-10) 1.2069 0.0046 2.8223 5.0006 0.0880 0.0348 12.5210 0.0973 0.0246
D (0001) 1.0750 0.0767 3.0134 4.9992 0.0201 0.0279 12.6599 0.0035 0.0246
OL (0001 1.2888 0.0049 2.8053 4.9995 0.0888 0.0305 12.4703 0.0973 0.0246



3.2 Optical Microscopy: etched tracks

Photomicrographs of typical irradiated specimens after etching are shown in
plan view in Figure 13. Etch figures are consistent in size and morphology, with the
expected hexagonal morphology and elongation in the direction of the c-axis for the
c-axis-parallel (10-10) and (2-1-10) orientations. The etch figure aspect ratios along
the (10-10) plane are lower than is commonly observed with tracks etched with 5.5
M acid, as is common for FT-dating (Fig. 14). This is due to the lower concentration
of the etchant (0.55 M), as reported in Ravenhurst et al. (2003). Since the c-axis
does not lie in the (10-11) plane, (10-11) etch figures are not elongated in the
direction of the c-axis, but rather in the direction of the c-axis projection onto the
(10-11) plane. The (0001) etch figures are expected to be perfectly hexagonal, i.e.
showing no elongation, since they are perpendicular to the c-axis. However, Otter
Lake (0001) etch figures show an asymmetric elongation, having only one mirror
plane. Grivet et al. (1993) report similar etch figures in Durango apatite cut along
the (10-10) plane, without explanation (Fig. 15). This asymmetry has not been
reported by other authors, suggesting that the crystal alignment used in Grivet et al.
(1993) may have been in error, and that misalignment may produce asymmetric
etch figures. However, Grivet et al. (1993) used 1% (~0.16 M) HNO3 etchant, which
is nearly 3.5 times weaker than the 0.55 M etchant used in this study. Thus, as with
etch figures with low aspect ratios, asymmetric etch figures may be associated with
low etchant concentrations.
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OL (10-10)

OL (10-10) OL (2-1-10) OL (10-11) OL (0001)

Figure 13: Above: Typical photomicrographs of specimens after etching for 90 s. Etch figures are
parallel with uniform size and morphology. Below: Photomicrographs showing the relative sizes and
morphology of etch figures from each sample after 90 s of etching.

cany

5M HNO, 1.6M HNO,

Figure 14: Left: Durango (10-10) etch figures after etching for 20 s in 5.5 M nitric acid, showing
much higher aspect ratios than Durango (10-10) etch figures shown in Figure 13. Right: A schematic
of (10-10) etch figures observed on apatite as a function of etchant concentration, showing decreased
aspect ratio with decreased etchant concentration. Units are arbitrary since etch figure morphology
is not observed to change as a function of etching time for a single etchant concentration. Image to
the right from Ravenhurst et al. (2003).
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Figure 15: TEM images of Durango (10-10) etch figures reported
in Grivet et al. (1993), showing asymmetric etch figures. The
images were produced using a platinum shadowed carbon replica
method. Scale: 0.5 cm = 1 um. Figure from Grivet et al. (1993).

Etch figure diameters were determined by measuring etch figures on
photomicrographs along the maximum diameter from left to right, as oriented in the
bottom two rows in Figure 13. Otter Lake (0001) etch figures were not measured
along the longest dimension because the endpoints along the top corner of these
etch figures often could not be resolved by optical microscopy, due to the shallow
gradient of the etch pit. Rather, Otter Lake (0001) etch figures were measured along
the largest diameter perpendicular to the overall largest diameter.

As a function of etching time, etch figure diameters were observed to
increase linearly, in agreement with many other etch-track studies (e.g., Ravenhurst
et al,, 2003; Sobel and Seward, 2010), at rates of approximately 0.01-0.03 xm/,
Figure 16 shows the increase in etch figure diameter as a function of etching time
for the Otter Lake (0001) orientation. Because unetched tracks are only
approximately 10 nm wide (Li et al., 2011), the line of best fit was set to intercept
the origin. There is no point at 30 s because etch figures were too small to be
measured. In addition to the linear increase in etch figure diameter, etch figure
morphology was not observed to change as a function of etching time, showing
identical aspect ratios for all etch steps.

Etch Figure Diameters - Otter Lake (0001) Figure 16: Etch figure diameter

5.0 increase as a function of etching

a5 time, showing a linear relation.
€ 40 1 Linear relations were observed for
5 351 all samples. Error bars are for two-
£ 30 sigma.
8 25 1
£ 20 1
.20
o 1.5 1
E 1.0 1

0.5 1

0.0

0 30 60 90 120 150 180
Etching Time (s)
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As a function of orientation, etch figure diameters are largest for the (0001)
orientation and smallest for the (10-11) orientation. The Durango (10-10) and (2-1-
10) etch figures show nearly identical morphology, although the (10-10) etch
figures are both slightly longer and wider. Otter Lake (10-10) and (2-1-10)
orientations show greater differences in morphology, with the former being shorter
and wider. As noted above, (0001) morphology is considerably different between
Durango and Otter Lake samples.

Comparing etch figure diameters as a function of apatite composition, Otter
Lake etch figures have greater diameters than Durango etch figures for all but the
(0001) orientation. However, since Otter Lake and Durango (0001) samples show
considerably different morphology, and since diameter measurement orientation
for Otter Lake (0001) tracks was not along the longest diameter, the (0001) etch
figure diameters cannot be compared quantitatively. Differences in average etch
figure diameters between Durango and Otter Lake apatite for the (10-10), (2-1-10),
and (10-11) orientations are summarized in Table 3. For each orientation,
difference was calculated as a percentage by the following formula:

9 Difference = (OL etch figure diameter - D etch figure diameter)/AVerage of both diameters *100
As can be seen from Table 3, (10-11) etch figures show the greatest diameter

difference, followed by the (2-1-10) orientation, with the (10-10) orientation
showing the least difference.

Table 3: Percent differences in average etch figure diameter
Orientation % Difference observed between Durango and Otter Lake apatite, as a
function of orientation and temperature.

(10-10) 29
(2-1-10) 37
(10-11) 56

Table 4 and Figure 17 show mean etch figure diameters with errors after 90
s etching time for samples irradiated with 284 MeV Au, as a function of composition,
orientation, and annealing temperature. Some samples were lost during the
experiment and are marked “N/A” in Table 4. These data points are omitted from
Figure 17.
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Table 4: Etch figure diameters, standard deviations, and standard error (error of the mean) for Au-

irradiated specimens, reported as a function of temperature, a

atite composition, and orientation.

Annealing Standard Standard
Sample Temperature Diameter Deviation Error
Q) (um) (um) (um)
Durango (10-10) unannealed 1.75 0.11 0.02
320 1.73 0.14 0.02
340 1.74 0.12 0.02
360 1.67 0.28 0.04
380 no tracks*
400 no tracks*
420 no tracks
Otter Lake (10-10) unannealed 2.29 0.17 0.02
320 N/A
340 2.28 0.23 0.03
360 2.30 0.31 0.04
380 no tracks*
400 no tracks
420 no tracks
Durango (2-1-10) unannealed N/A
320 1.64 0.16 0.02
340 N/A
360 N/A
380 1.31 0.29 0.04
400 no tracks*
420 no tracks

Otter Lake (2-1-10) unannealed 2.43 0.15 0.02
320 2.40 0.18 0.03
340°* 1.97 0.05 0.01
360 1.93 0.34 0.05
380 no tracks
400 no tracks
420 no tracks

Durango (10-11) unannealed 1.15 0.08 0.01
320 1.10 0.08 0.01
340 1.19 0.12 0.02
360 1.17 0.13 0.02
380 no tracks
400 no tracks
420 no tracks
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Otter Lake (10-11) unannealed 2.13 0.13 0.02
320 2.10 0.16 0.02
340 1.94 0.35 0.05
360 1.98 0.30 0.04
380 no tracks
400 no tracks
420 no tracks
Durango (0001) unannealed 3.14 0.32 0.05
320 N/A
340 N/A
360 N/A
380 2.79 0.41 0.06
400 2.45 0.98 0.14
420 no tracks
Otter Lake (0001) unannealed 2.24 0.23 0.03
320 2.25 0.23 0.03
340 2.14 0.24 0.03
360 1.88 0.40 0.06
380 2.21+ 0.38 0.09
400 no tracks
420 no tracks

*anomalous streaks observed
*based on only 4 measurements
+based on only 17 measurements
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Durango (10-10) Durango (10-11)

320 340 unannealed| 320 340 360

\
J

Etch Figure Diameter (um)
Etch Figure Diameter (um)

Annealing Temperature (°C) Annealing Temperature (°C)

Otter Lake (10-10) Otter Lake (10-11)

320 320 340 360

Etch Figure Diameter (um)
Etch Figure Diameter (um)

Annealing Temperature (*C) Annealing Temperature (*C)

Durango (2-1-10) Durango (0001)

unannealed 340 360 340 360 380

Etch Figure Diameter (um)
Etch Figure Diameter (um)

Annealing Temperature (°C) Annealing Temperature (°C)

Otter Lake (2-1-10) Otter Lake (0001)

unannealed 320 340 360 unannealed 340 360

Etch Figure Diameter (um)
Etch Figure Diameter (um)

Annealing Temperature (°C) Annealing Temperature (°C)

Figure 17: Average etch figure diameters after 90 s etching for different apatite samples and
orientations, before and after annealing at different temperatures. Error bars are for two-sigma. A *
indicates a potentially erroneous measurement based on a limited sample size - see discussion in
text and footnote to Table 4.

As a function of increasing temperature, a general trend of decreasing etch
figure diameter was observed. The rate of etch figure reduction with increased
temperature was not uniform across all samples. Rather, some samples showed a
strong decrease, while others showed little to no decrease. In general, however,
etch figure decrease accelerated with temperature, showing very gradual decreases
for low temperatures, and then sudden decreases above a certain temperature
threshold, followed by erasure of tracks usually at the next-higher temperature,
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indicating track annealing. As used here, track annealing implies that tracks are no
longer etchable. Although atomic-scale techniques such as TEM and SAXS may still
be able to detect the presence of segmented amorphous material, as discussed in the
Introduction, for the purposes of this discussion, specimens which lack etch figures
are considered to be annealed.

The Otter Lake (10-10) and Durango (10-11) samples showed no decrease in
etch figure diameter with temperature, followed by sudden erasure of tracks,
indicating annealing. While this observation is certainly accurate for the Otter Lake
(10-10) samples, the lack of measureable variation for the Durango (10-11) may
also be attributed to the small sizes of these etch figures. Since the average etch
figure diameter of Durango (10-11) - 1.1-1.2 pm - is only slightly greater than
resolution of an optical microscope (~0.7 um, the highest wavelengths on the visible
light spectrum), variation in etch figure diameter is very difficult to detect.

On the other hand, the largest etch figures - along the (0001) orientation -
showed clear decrease in average diameter with temperature. The 380 °C and
400 °C Durango (0001) specimens showed 13% and 28% lower average etch figure
diameters than the unannealed Durango (0001) specimen. The 360 °C Otter Lake
(0001) specimen showed a 19% lower average etch figure diameter than the
unannealed Otter Lake (0001) specimen. The subsequent increase in diameter at
380 °C is anomalous, but only 17 etch figures were observed on this specimen,
suggesting the sample size may not be statistically significant. In addition, these
tracks showed very obscure morphology (Fig. 18), and the specimen surface showed
a dimpled texture, implying partial recrystallization of surface features such as
polishing scratches during annealing. This recrystallization may have caused
surface features, track regions, and polishing scratches to become blurred, such that
the resulting etch figures are more representative of surface topology than track
morphology. Due to this interaction, smaller etch figures may have been obscured,
rendering an anomalously high average etch figure diameter. Thus, the average etch
figure diameter observed on Otter Lake (0001) at 380 °C may be anomalous. The
corresponding data point is therefore suspect and is marked with an asterisk in
Figure 17.

33



Figure 18: Otter Lake (0001) specimen
annealed at 380 °C, showing diffuse etch
figure morphology, and dimpled sample
surface indicating partial recrystallization
of polishing scratches during annealing.

Displayed in Table 5 are the results from samples irradiated with 185 MeV
Xe. For this set of samples, the actual track density was higher than anticipated due
to beam calibration problems. This resulted in multiply-overlapping etch figures,
such that individual etch figures in general could not be identified (Fig. 19, on left).
However, the Otter Lake (10-10) specimen was on the edge of the irradiation
sample holder and received lower ion fluences on their outer edges, resulting in
low-enough track density that individual etch figures could be measured for two
specimens, those annealed at 340 and 380 °C (Fig. 19). Both specimens showed
diameters comparable to Otter Lake (10-10) specimens irradiated with Au ions.
Note however, that no tracks were observed at 380 °C for samples irradiated with
Au, suggesting that the Xe tracks were preserved to higher temperatures than the
Au tracks. Although diameters could not be measured, annealing temperatures
could be determined for Xe-irradiated specimens simply by observing whether or
not tracks were present. While annealing temperatures were the same as Au tracks
for the Durango (10-10) and (2-1-10) apatite, the Otter Lake (10-10), Durango (10-
11), Otter Lake (0001), and Durango (2-1-10) apatite showed annealing
temperatures 20 °C higher for Xe tracks than for Au tracks. On the other hand, one
Xe-irradiated specimen - Durango (0001) - showed annealing at 20 °C lower than
the Au-irradiated Durango (0001) samples.

A second observation of etching behavior as a function of annealing was a
larger distribution of etch figure diameters with increasing temperature, as
expressed by greater standard deviations as shown in Tables 4 and 5, and Figures
17. Representative photomicrographs of specimens showing large diameter
distributions are shown in Figure 20. For all specimens, standard deviation
increased at least two-fold between unannealed specimens and the highest
temperature specimens on which etch figures were observed. In two cases -
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Durango (0001) irradiated with Au and Otter Lake (10-10) irradiated with Xe - this
difference was three-fold. Like the accelerated decrease in etch figure diameter,
standard deviation showed accelerated increase at temperatures approaching the
annealing threshold. The only sample that did not show a sudden increase in
standard deviation near the annealing threshold was Durango (10-11). However, as
remarked above, the small size of these etch figures indicates that differences in
diameter are difficult to measure, and the variability in measured diameters is more
likely the result of measurement errors than true diameter differences.

Figure 19: Otter Lake (10-10) specimen annealed at 340 °C,
after 60 s of etching, showing very high irradiation fluence to
the left, with decreasing track density to the right, such that
etch figure diameters could be measured.
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Figure 20: Representative photomicrographs of samples showing enhanced variation in etch figure
diameter at high temperatures. Upper Left: Au-irradiated Durango (0001) annealed at 400 °C; this
specimen showed the greatest standard deviation in etch figure diameter of all specimens observed
in this study. Right: Xe-irradiated Otter Lake (10-10) annealed at 380 °C; this sample showed the
second greatest etch figure standard deviation observed in this study. Lower left: Au-irradiated
Durango (2-1-10) annealed at 380 °C, showing etch figure diameter variability. Scale bar shown in
the upper left applies to all images.
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Table 5: Etch figure diameters, standard deviations, and standard error (error of the mean) for Xe-
irradiated specimens, reported as a function of temperature, apatite composition, and orientation.

Annealing Standard Standard
Sample Temperature Tracks Diameter Deviation Error

(°Q) Observed? (nm) (nm) (nm)

Durango (10-10) unannealed yes CNBD
320 yes CNBD
340 N/A
360 yes CNBD
380 no
400 no*
420 no*

Otter Lake (10-10) unannealed yes CNBD

320 N/A
340 yes 2.25 0.16 0.02
360 N/A
380 yes 2.29 0.58 0.08
400 no*
420 no*

Durango (2-1-10) unannealed N/A
320 yes CNBD
340 yes CNBD
360 yes CNBD
380 yes CNBD
400 no
420 no

Durango (10-11) unannealed yes CNBD
320 yes CNBD
340 yes CNBD
360 yes CNBD
380 yes CNBD
400 no
420 no

Durango (0001) unannealed yes CNBD
320 yes CNBD
340 yes CNBD
360 yes CNBD
380 yes CNBD
400 no*
420 no
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Otter Lake (0001) unannealed yes CNBD
320 yes CNBD
340 yes CNBD
360 N/A
380 yes CNBD
400 no
420 no

*anomalous streaks observed
CNBD = could not be determined, due to overlapping tracks
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As noted in Tables 4 and 5, anomalous streaks were observed on some
Durango (10-10), Durango (2-1-10), Durango (0001), and Otter Lake (2-1-10)
specimens annealed in the temperature range 380-420 °C. These streaks, shown in
Figure 21, are parallel and resemble etch figures, except they are oval-shaped with
no evident hexagonal symmetry, and have a very wide distribution in lengths (~2-
20 pm). As can be seen, the streak morphology, sizes, and size distributions are
somewhat different between samples. Durango (0001) and Otter Lake (10-10)
streaks generally have a more oval-shaped morphology with wider length
distribution, while Durango (2-1-10) and (10-10) have a more rod-shaped
morphology with a narrower size distribution. For only one specimen - Otter Lake
(10-10) - were streaks observed on specimens irradiated with both Au and Xe ions.
For these specimens, no difference in streak morphology was observed, suggesting
that streak morphology is not function of irradiation ion or fluence. No streaks were
observed on samples annealed below 380 °C. In addition, no streaks were observed
on samples that showed etch figures, suggesting that streak formation occurs above
annealing temperatures. Note that the (0001) face is perpendicular to the c-axis, so
these streaks do not reflect c-axis elongation. In most cases, polishing scratches are
extremely diffuse, sometimes completely absent due to extensive annealing.
However, the Otter Lake (10-10) streaks appear to nucleate on a prominent
polishing scratch. Also noticeable is an increased surface roughness of some
samples showing streaks relative to samples annealed at lower temperatures
(compare Figs. 13, 18, 19, 20, 21).
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Figure 21: Representative photomicrographs of specimens that showed anomalous streaks after
annealing in the range 380-420 °C and etching. Each sample shown here was annealed at 400 °C.
Top row: Au-irradiated Durango (10-10) (left) and Durango (2-1-10) (right), showing streaks with
rod-like morphology and uniform length. Bottom row: Xe-irradiated Durango (0001) (left) and Otter
Lake (10-10) (right), showing longer streaks with oval-like morphology and wider size distribution.

3.3 SAXS and AFM: latent (unetched) tracks
Small Angle X-ray Scattering

A CCD image of a SAXS pattern collected from a Durango (10-10) specimen is
shown to the left in Figure 22. The image of X-rays scattered by the cylindrical
nanometer-sized latent tracks can be clearly seen. To the right, Figure 22 shows the
oscillating scattering intensity plotted as a function of the scattering vector, g. Solid
lines show the calculated intensity oscillations, assuming a hard cylinder track
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model. The calculated and measured oscillation patterns are in close agreement,
confirming the geometry of the latent FTs. Mean track diameters and standard
deviations as determined by SAXS measurements are summarized in Table 6 and
are displayed graphically in Figure 23. The range of radii for different apatite
compositions and orientations was 4.78-4.94 nm, indicating a very similar track size
for all samples. However, given the exceptional accuracy of the SAXS measurements
(one-sigma ~0.01-0.02 nm), subtle changes in track diameters are statistically
significant. The track size depends systematically on the orientation of the track to
the c-axis (Fig. 23). Diameters for (0001) tracks are 4.92 and 4.85 nm for Otter Lake
and Durango, respectively, while diameters of (10-10) tracks are 4.81 nm for both
compositions. In addition, track diameter varies as a function of chemistry, with
tracks from the Otter Lake apatite having larger diameters than those from the
Durango apatite, except for tracks in the (10-10) orientation, which showed
identical mean track diameters for both Otter Lake and Durango specimens (Fig. 23).
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Figure 22: Left: An experimental SAXS diffraction image collected for the Otter Lake (10-10)
specimen irradiated with 2.2 GeV Au ions. Right: X-ray scattering intensities as a function of
scattering vector, q, which are well described by the calculated intensities using the hard cylinder
track model (solid curves).
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Latent Track Radii
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Figure 23: Latent track radii of 2.2 GeV Au-irradiated samples, as determined by the fitted track
models to the SAXS data, shown in Figure 22. The tracks in the Otter Lake apatite generally have
larger radii than those in the Durango apatite, and the (0001) orientations have larger radii than
other orientations. Error bars are for one-sigma.

Table 6: Summary of latent track diameters as a function of apatite composition and orientation, as
recorded by SAXS for 2.2 GeV Au-irradiated samples. These data are plotted in Figure 23.

Standard

Sample Radius Deviation
(nm) (nm)
Durango (0001) 4.85 0.02
Durango (10-11) 4.82 0.01
Durango (10-10) 4.81 0.02
Otter Lake (0001) 4.92 0.02
Otter Lake (2-1-10) 4.89 0.02
Otter Lake (10-10) 4.81 0.01

Atomic Force Microscopy

AFM analysis revealed the presence of hillocks on the irradiated surfaces of 5
of 8 samples, and representative images are shown in Figure 24. The mean hillock
heights and diameters with standard deviations are also given in Figure 24, as well
as Table 7. The hillock densities are generally consistent with the radiation fluence,
confirming that the features are in fact irradiation-induced hillocks. The data
presented here represent hillocks measured with two AFM probes. This is because
tips degraded with use and had to be changed regularly, such that all samples could
not be analyzed with the same probe. While measured hillock diameters are
significantly different between samples measured with probes 1 2, specimens
analyzed with the same probe show relatively similar diameters to one another.
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This suggests that quantitative comparison cannot be made between samples
analyzed with different probes. This is logical since tip radius is likely to vary from
probe to probe. Both specimens analyzed with probe 2 are c-axis parallel, and of
them the Otter Lake hillocks have greater diameters. Of the three specimens
analyzed with probe 1, Otter Lake hillocks are also wider. In addition, diameter
decreases with increasing angle of the track to the c-axis. Hillock heights, on the
other hand, show no systematic dependence on the tip used for analysis, and they
do not show any apparent composition or orientation dependences.

Hillock Diameters

Durango Durango | Otter Lake | Durango | Otter Lake
(10-10) (10-11) (0001) (2-1-10) (10-10)

Height (nm)

Orientation

Hillock Heights

-
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Durango Durango | Otter Lake | Durango | Otter Lake
(10-10) (10-11) (0001) (2-1-10) (10-10)

§ |
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Figure 24: Left: AFM images showing hillock formation on apatite surfaces irradiated with 185 MeV
Xe. In each pair, the upper left image shows height variation, and the lower right image shows tip
deflection. Image area is 1 um2. Right: Hillock diameters (top) and heights (bottom) from each
sample on which hillocks were observed. For both graphs, the three data points to the left were
collected with the same probe, and the two data points to the right were collected with a different
probe. Error bars are for one-sigma.

Table 7: Hillock diameters and heights for 185 MeV Xe-irradiated samples, reported as a function of
orientation, and displayed graphically in Figure 24.

Sample Probe | Average Diameter St. Dev. Avgerage Height St. Dev.
(nm) (nm) (nm) (nm)
Durango (10-10) 1 15.20 3.41 6.16 1.06
Durango (10-11) 1 18.86 3.03 4.06 1.00
Otter Lake (0001) 1 21.20 5.45 7.00 1.12
Durango (2-1-10) 2 30.80 6.16 4.25 0.89
Otter Lake (10-10) 2 31.61 4.97 4.97 2.76
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4. Discussion
4.1 Etched tracks

The general relation between annealing temperature and track orientation
observed in this study is consistent with observations of other studies. For both
apatite compositions, (0001) etch figures were observed at higher temperatures
than other orientations (Table 4, Figure 17). This observation is consistent with
several studies that report slower annealing rates with decreased angle between the
track and the c-axis (Donelick, 1991, Donelick et al, 1999; Donelick and Miller,
1991; Ketcham, 2003; Vrolijk et al.,, 1992). This is due to preferential diffusion of
defects that constitute the amorphous track in the c-axis direction during annealing,
resulting in preservation of tracks that run parallel to the c-axis, while tracks
running perpendicular to the c-axis become segmented, as shown in Figure 25
(Chadderton, 1988, Gleadow et al., 2002, Green and Durrani, 1977; Li et al,, 2011,
Mrowec, 1980). The preferred c-axis-parallel diffusion is due to the channeled
structure of apatite along the c-axis (Fig. 1) (Hughes et al., 1990). Similar behavior
was reported by Stormer et al. (1993) for F and Cl diffusion, explaining the
anomalous EPMA results for apatite specimens bombarded normal to the (0001)
plane. Afraetal. (2011) and Green et al. (1986) report complete annealing at 400 °C
for 30-minute and 20-minute annealing runs, respectively. Thus the significant
decrease in diameter and extreme (> a factor of three) increase in standard
deviation for the Durango (0001) samples observed at 400 °C - the only samples in
this study observed at 400 °C - reflect near-annealing of tracks.

[0001]

'

Figure 25: TEM images showing enhanced segmentation of non-c-axis-parallel tracks relative to c-
axis parallel tracks, due to diffusion of track material (defects) in the c-axis direction during
annealing. Tracks are shown (a) before annealing, (b) after 1, (c) 17 and (d) 60 minutes of annealing
at 700°C. Figure from Lietal. (2011).
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Green et al. (1986) presented data on Durango apatite annealed for 20-
minutes at temperatures in the range 95-400 °C. After annealing, etched tracks
showed 50% shortening - from 16 pm to 8 um - at approximately 370 °C: whereas,
complete track length reduction - from 8 um to 0 pm - was observed at 370-400 °C
(Fig. 4). Green et al. (1986) described this behavior as “accelerated length reduction”
over temperatures 370-400 °C and suggested that crystalline gaps, as described in
the Introduction, may have become large enough that they are not removed during
etching, resulting in sudden, distinct truncation of etchable track lengths.

The reduction in etch figure diameter observed in this study - with
accelerated reduction in the range 360-400 °C - shows a similar trend as track
lengths reported in Green et al. (1986). These similar observations suggest that
track length reduction and etch figure reduction are linked. Since samples used in
this study were prepared for viewing from the surface, observation of track lengths
was not readily possible. An attempt was made to re-polish samples from the side,
but due to the thinness of the samples and the brittle nature of apatite, this was not
possible. However, the higher-than expected irradiation fluence for the Xe-
irradiated samples provided large enough features that, despite the surface
roughness, some tracks could be viewed in cross-section. Unannealed Durango (10-
11) apatite Xe tracks after 30 s and 90 s of etching are shown in transmitted light in
Figure 26. Tracks after 30 s of etching appear to be approximately 12 pym long. The
darker contrast in the image taken after 90 s of etching is likely due to the greater
track diameters relative to the 30 s image, such that the projected track images blur
together. Nevertheless, the ends of a few tracks can be seen, and it is clear that the
tracks after 90 s of etching are shorter than the same tracks after 30 s of etching by
approximately 1-2 pm. Furthermore, SRIM calculations predict 14.8-um latent track
lengths for the Xe irradiations in this study (Ziegler et al.,, 2010). Given the 12 pum
length observed after 20 s of etching, it is possible that track shortening began even
before 30 s. Track shortening during etching seems contradictory, since tracks are
enlarged during etching. Indeed, track length does increase as amorphous material
is removed during etching. However, once all amorphous material is removed,
because etchant concentration is greater at the surface of the mineral specimen than
at the inner tip of the IT, etch rates at the surface are faster than at the inner tip of
the track. This concentration gradient is due to diffusion limitations within the
track. As Villa et al. (1997) notes,

“The concentration of the acid solution decreases within the track, and its partial
renewal is ensured by the parent solution. A diffusive phenomenon can express a
renewal at the opening that is faster than the renewal at the bottom of the track, as
well as an increase in renewal over time.”

Thus it is likely that amorphous material was removed from the track after only the
first few seconds of etching, after which track lengths began to decrease.

46



Figure 26: Unannealed Durango (10-11)
tracks after etching for 30 s (top) and 90 s
(bottom), showing decrease in track length
as a function of etching time, due to
diffusion-limited etch rates at the end of the
track relative to etch rates at the surface.

The effect of track shortening on etch figure diameter can be understood
using simple geometry. Since tracks etch from the surface inward, the crystalline
material surrounding the track nearer to the surface experiences more etching than
the material deeper into the apatite, resulting in a conical geometry. This effect is
enhanced by the diffusion-limited etchant concentration gradient discussed above.
Shorter tracks have higher conic angles (e.g. Fleischer 2004, 1981). Since all tracks
shorten with increased etching time, tracks with higher conic angles have greater
susceptibility to etch figure diameter reduction due to the greater taper of the track
(Fleischer and Hart, 1972). Since, as reported by Green et al. (1986), annealed
tracks have shorter lengths and therefore higher conic angles, annealed tracks may
show greater etch figure diameter decrease during etching. This phenomenon is
illustrated in Figure 27. Assuming conic angle remains constant throughout etching,
decrease in etch figure diameter relative to a hypothetical, infinitely-long track can
be calculated. Assuming the hypothetical track would have an etch figure diameter
of 2 um, and assuming 1.5 pm of track shortening occurs during etching, etch figure
diameter reduction can be calculated by the following equation:

etch figure diameter reduction (um) = 1.5*2*tan(conic angle), where

conic angle (°) = 2*tan (1 ¥ /track length)-
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Shown in Table 8 are the results of these calculations. Etch figure diameter
reduction is plotted graphically in Figure 28.

lower track length =
lower etch figure diameter

l original surface
track Iength reduction
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Figure 27: Schematic diagram showing the relative reduction in etch figure diameter as a function of
track height - and the directly related parameter conic angle - due to track shortening via surface
etching after amorphous material is removed from the track. Figure adapted from Fleischer (1981).

Table 8: Etch figure diameter reduction relative to an infinitely long track with conic angle 0,
resulting from 1.5 pum track shortening due to surface etching, assuming a constant conic angle and a
2 pm etch figure diameter for the infinitely long track. These data are plotted in Figure 28.

initial track etch figure diameter reduction relative to

length conic angle (°) infinitely-long track with conic angle 0
(wm) (uwm)

16 7.15 0.19

15 7.63 0.20

14 8.17 0.21

13 8.80 0.23

12 9.53 0.25

11 10.39 0.27

10 11.42 0.30

9 12.68 0.33

8 14.25 0.38

7 16.26 0.43

6 18.92 0.50

5 22.62 0.60

4 28.07 0.75

3 36.87 1.00

2 53.13 1.50

1 90.00 3.00
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Figure 28: The relation between initial track length and etch figure diameter reduction, relative to an
infinitely long track, due to track length reduction from surface etching after all amorphous material
within the track is removed. The data points correlate with values shown in Table 8. See Table 8
caption and text for calculation details.

Table 8 and Figure 28 show that as track length decreases, conic angle
increases very slowly at first, resulting in only marginal differences in etch figure
diameter decrease. However, as track length decreases further, etch figure diameter
reduction accelerates. The observation by Green et al. (1986) of 50% shortening
from 16 um to 8 um for 20-minute annealing times at 370 °C, according to Table 8
would result in an etch figure diameter reduction of

0.38-0.19 = 0.19 pm.

Since the etch figure diameter of a 16 um-long track would be 1.81 pum (2.00 um -
0.19 um), this represents only a 10% decrease in etch figure diameter. Etch figure
diameter reduction begins to accelerate when track lengths are reduced to ~6 pm.
For example, according to this model, a 5-pm long track would show an etch figure
reduction of

0.60-0.19 = 0.41 pm,

relative to an unannealed (16-pum long) track. This is a two-fold greater reduction
than would result from an 8-um long track. A 3-um long track, on the other hand,
would show yet another two-fold greater etch figure diameter reduction (0.81 pm).
Since accelerated etch figure reduction is associated with tracks of 6 um or less, the
suggestion of Green et al. (1986) that accelerated length reduction begins when
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tracks reach 8 um length explains why the acceleration in etch figure diameter
decrease observed in this study was more somewhat more sudden, occurring within
a 20 °C temperature window in some cases, than the length reduction of Green et al.
(1986). Specifically, since track length and etch figures reach 0 at approximately the
same time (complete annealing), the temperature window for accelerated etch
figure reduction is narrower than that of accelerated length reduction.

Given the suggestion by Green et al. that crystalline gap formation begins to
occur after track lengths are reduced to ~8 um, accelerated etch figure reduction
coincides with gap formation. Also, given the suggestion by Green et al. (1986) that
gaps may be unetchable, resulting in random shortening of track lengths, the
increased variation in etch figure diameter is expectable, since Table 8 and Figure
28 show that etch figure reduction varies widely with small variations in track
length in the range 0-6 pm.

A similar relation between etch figure diameter and degree of annealing was
observed by Storzer and Wagner (1969) in laboratory-annealed Australian tektite.
In that study, track lengths were not measured but rather track densities, with
decreased density representing increased annealing extent. Figure 29 summarizes
the observations of Storzer and Wagner (1969). The behavior is analogous to that
observed for apatite in this study. Also shown is a window of accelerated etch figure
diameter decrease associated with track densities below a threshold density
decrease of approximately 60%. Since 6 pm apatite fission tracks represent 63%
track shortening, the model presented in Table 8 and Figure 28 is consistent with
the observations of Storzer and Wagner (1969). Since apatite and tektite are very
different materials, this correlation suggests that the geometric principles used to
derive Table 8 may apply reasonably well to tracks in a variety materials. The
decrease in etch figure diameter observed by Wagner and Storzer (1969) is
generally more gradual than the diameter decrease reported in this study. This is
likely because Wagner and Storzer (1969) used isothermal annealing experiments,
while this study used isochronal annealing experiments. Given the greater
sensitivity of annealing rates to temperature than time, etch figure diameter
decrease would be expected to be more sudden in this study than in Wagner and
Storzer (1969).
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Figure 29: The relation between
etch figure diameter and track
density observed in a laboratory
annealing experiment on
Australian tektite by Storzer and
Wagner (1969). The vertical axis
is the diameter reduction
normalized to unannealed track
diameters, and the horizontal axis
is the track density reduction
normalized to unannealed track
densities. Shown is a gradual
length reduction with annealing,
followed by an accelerated length
reduction for greater annealing
times.
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Despite the success of Table 8 and Figure 28 in explaining the acceleration in
etch figure diameter reduction, the calculated reductions between 16 pm tracks and
8 um tracks is in general greater than the differences observed in this study. This is
because the model represented in Figure 28 is an oversimplification, not taking into
account the diffusion-related changes of the conic angle as a function of etching time.
That is, regions closer the surface are likely to experience faster etching rates than
regions nearer the track tip, and so conic angle should increase with etching time,
resulting in less etch figure diameter reduction than are reported in Table 8, more
similar to the experimental observations in this study.

A complementary explanation for the relatively lower etch figure diameters
observed for shorter, more annealed tracks can be understood in terms of simple
crystallographic constraints. Due to the conical morphology of etched tracks, track
widening at the surface must be accommodated by track widening at all points
below the surface, down to the track tip, at which the track diameter is 0. Since for
shorter tracks, this point of zero width is closer to the surface, shorter tracks have
greater constraints on widening, and therefore may have lower etch figure
diameters even before the onset of track shortening. Stated another way, due to the
conical morphology of tracks, as etch pits widen after amorphous material is
removed, they experience etching not only in the radial direction, but also in the
vertical (track-length) direction. Due to their greater tapers, for any given amount
of radial widening, shorter tracks must experience greater amounts of vertical
etching. Therefore, track diameters should increase more slowly upon etching for
shorter tracks than for longer tracks. This model would result in complementary
behavior to the geometric model discussed above (Table 8). However, while the
model discussed above applies only after amorphous material is removed and
tracks begin to shorten, the latter model applies throughout the entire etching
process.
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Despite their assumptions and inherent flaws, the models presented here
illustrate the general nature of the relation between etch figure diameters and
etched track lengths. More detailed models should be developed, and these should
take into account etchant concentration gradients and etchant diffusion, while
allowing for conic angle increase throughout etching. In addition, such models
should be applied to different crystallographic orientations and different apatite
compositions. If such models can be developed, these likely will explain more
accurately the diameter variations observed in this study as a function of apatite
composition, orientation, and annealing temperature.

An alternate explanation for track diameter reduction and variability may be
the formation of large crystalline gaps at the very near surface. If, as assumed
earlier, 1.5 pm of surface material removal occurs during etching, a gap that forms
within the upper 1.5 pm of the surface will be breached during etching. After the
gap is breached, the amorphous material beneath begins to be etched. If the gap is
sufficiently large, etching of the material below will be significantly delayed,
resulting in reduced etch track diameters. Since etch track diameter increases
linearly with time, etch figure diameter will decrease linearly with the depth of the
gap. However, one potential problem with this explanation is the observation by Li
et al. (2012) that IT annealing is negligible in the near-surface region of the track
(see Fig. 7 and caption). However, it is obvious that at some point during the
annealing process, track diameters near the surface must decrease and gaps must
form. Therefore this explanation may apply to the specimens observed at the very
latest stages of annealing. This may help to explain the extreme increase in
standard deviation of etch figure diameters observed for the Durango (0001)
sample annealed at 400 °C, because, as remarked above, this sample was likely very
close to the annealing threshold.

4.2 Latent track relation to etched track morphology

The latent track diameters measured by SAXS are consistent with other
studies using both TEM and SAXS. The SAXS study of Afra et al. (2011) shows
identical track diameters. TEM studies, on the other hand, show similar mean
diameters but greater variation, in the range ~5-13 nm (Li et al.,, 2011; Paul and
Fitzgerald, 1992). Despite the greater variation in diameters, however, TEM studies
report the same orientation dependence as was observed in this study, with tracks
having lower angles to the c-axis showing higher diameters. This orientation
dependence could not be compared with other SAXS results because previous SAXS
studies have not considered orientation.

The observation of hillocks in apatite by AFM has not been reported
previously. The lack of hillocks on 3 of the 8 samples is inexplicable at this point.
For the 5 samples that showed hillocks, observation of hillocks was never
immediate upon the commencement of scanning, instead requiring adjustment of
scan parameters such as deflection setpoint and integral gain, moving the tip to
different areas of the specimen, or changing the probe. Thus it is likely that hillocks
indeed exist on all 8 samples, but during AFM scanning, in only 5 cases was the
combination of tip quality, scanning parameters, and specimen area adequate to

52



result in hillock observation. Lang et al. (2002) reported hillock formation from ITs
induced by the same ions and energies as used in this study (185 MeV Xe) on the
basal planar surface of phlogopite. The average hillock diameters and heights
reported therein were 12.5 nm and 0.8 nm, respectively. These dimensions are
significantly smaller than those of apatite in this study (15-30 nm and 3-7 nm).
Comparing the AFM results to the SAXS measurements, hillock diameters were 1.5-3
times larger than latent track diameters determined by SAXS. Zhang et al. (2009)
imaged both track diameters within the host mineral as well as hillock diameters at
the surface of Gd2Zr207 pyrochlore irradiated with 12-MeV Ceo clusters and reported
no significant difference in track and hillock diameters. Thus the difference in latent
track and hillock diameters in this study may be due to error in the AFM
measurement. However, hillock diameters showed the same orientation
dependence as latent tracks measured with SAXS and TEM, discussed above. In
addition, AFM showed the same composition dependence as SAXS results. This
suggests that, despite the possible exaggeration of absolute track dimensions using
AFM, relative dimensions are accurate.

The relative diameters of latent tracks as a function of orientation and
composition not only agree between AFM and SAXS measurements, but the trends
are visible in etched tracks as well (Figs. 13, 17). This suggests that a relation may
exist between etch figure diameters and latent track sizes. For example,
characteristics that control damage production, such as directional bond strength,
may also control etch rates. However, the agreement between latent track and etch
figure diameters is not perfect. Both SAXS and AFM show that latent track radii and
hillock dimensions decrease monotonically with increasing angle between the track
and the c-axis, in agreement with the known monotonic trend of decreased
annealing rates with track angle to the c-axis, discussed above (Donelick, 1991,
Donelick et al., 1999; Donelick and Miller, 1991; Ketcham, 2003; Vrolijk et al., 1992).
However, etch figure diameters show a reverse trend, with (10-11) etch figures
(which are 45° to the c-axis) having lower diameters than both c-axis-parallel and c-
axis-perpendicular etch figures. This non-monotonic trend as a function of track
angle to the c-axis suggests etch rates may have more complex controls than
damage production and annealing behavior.

The lack of correlation between hillock heights and diameters is inexplicable.
Given the similarity in latent track and hillock diameters as determined by SAXS and
AFM, respectively, there is no apparent reason that hillock heights should show
significant scatter. Thus hillock height determination using AFM may simply be
unreliable.

4.3 Relevance to fission track dating

This study shows that the variation in Dpar measurements observed in
natural specimens (Donelick, 1993; Donelick et al, 2005) may be due to the
different amounts of annealing experienced by natural FTs, since each has a
different age. At first glance, the geometric model used in this study to explain this
variability seems not to apply to FT-dating, since the model explained etch figure
reduction as a function of track shortening due to over-etching, while FT-dating
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laboratories take careful precautions to avoid over-etching. However, track lengths
are measured from confined FTs, not FTs that intersect the surface. In fact, FTs that
intersect the surface are used as conduits for etchant to reach the confined tracks.
Due to the diffusion-related etchant concentration gradient reported by Villa et al.
(1997) and discussed above, the effective etchant concentration within the confined
track is certainly lower than the concentration in the track intersecting the mineral
surface. Therefore, when confined tracks are fully etched, surface-intersecting
tracks (i.e. those used for Dpar measurement) are certainly over-etched, resulting in
track shortening. Thus the geometric model in Table 8 and Figure 28 applies.

While this potential variability in Dpar measurements cannot be avoided with
natural specimens, the relation between etch figure diameters and etch figure
lengths suggests that there are some appropriate safeguards to consider.
Specifically, by comparing etch figure diameter with etched track length,
anomalously low Dpar values may be avoided simply by not using those values
derived from tracks with lengths below a certain threshold, such as 6 ym. If an
accurate model of the relation between track length and etch figure diameter can be
developed, based on diffusion and accounting for the increase in conic angle with
etching time, it is possible to correct anomalously low Dpar values by extrapolation
back to longer track lengths. Because in many cases only a few Dpar values are
observed on natural specimens (Donelick, 1993), such a correction may significantly
improve the accuracy and precision of the Dyar kinetic proxy.

One important criticism of the use of Dpar as a kinetic parameter has become
evident from this work: Dpar fails to predict the relative kinetics between Otter Lake
and Durango apatite. Larger etch figure diameters were observed for Otter Lake
relative to Durango apatite, yet Durango tracks were observed at slightly higher
temperatures than Otter Lake tracks. This was evidenced by the presence of etch
figures on the Durango (0001) and (2-1-10) orientations at one temperature higher
than the Otter Lake (0001) and (2-1-10) orientations. This is the opposite trend to
that expected when using Dpar as a kinetic proxy, which correlates lower etch figure
diameters with faster annealing kinetics. This same contradiction is evident in the
results of Ravenhurst et al. (2003) as well. The failure of Dyar as a kinetic parameter
in some situations has been recognized by the FT-dating community (Donelick,
1993; Donelick et al., 2005). Donelick et al. (2005) attribute the failure to variations
in apatite chemistry, most notably high OH-content. @ OH-content was not
determined directly in this study, but the high F-content of both Durango and Otter
Lake apatite indicate that OH-content is low for both. However, the high Si- and
CO2-contents in Otter Lake relative to Durango apatite, as well as the anomalously
high F-content of Otter Lake apatite, suggest that etching rates may have subsidiary
chemical controls other than Cl-content. Because the Cl-content is low in both the
Durango and Otter Lake apatite relative to the range of apatite compositions in
nature (Carlson et al., 1999), it is possible that these subsidiary chemical controls
may have had greater relative effect than is commonly appreciated in natural
apatite, reducing the efficacy of the Dyar parameter.

Another observation from this study that has great relevance to the FT-
dating community is the two-fold greater discrimination between Durango and
Otter Lake apatite based on (10-11) etch figures relative to (10-10) etch figures.
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This implies that the resolution of kinetic proxies can be greatly increased by using
(10-11) etch figures in addition to the (10-10) etch figures currently used for Dpar
measurement. Use of etch figures on the (10-11) growth face would increase the
etch figure sample size as well.

4.4 Anomalous Streaks

The observation of anomalous streaks (Fig. 21) in various samples annealed
at temperatures of 380 °C and higher is as of yet inexplicable. Etch figures and
streaks were never observed on the same specimen, indicating that the streaks are
associated with temperatures above the annealing threshold. Specimens showing
streaks were washed with acetone to ensure that the streaks did not simply result
from surface contamination. However, streaks were still present after washing.
Specimens showing streaks were examined in cross section to look for evidence of
tracks, but no tracks were observed. Because these samples were annealed at
450 °C for 24 hours prior to irradiation, it is unlikely that streaks were due to
structural or surface changes induced by high annealing temperatures. The
observation of streak nucleation on a large polishing scratch for the OL (10-10)
sample suggests that they may be related to surface defects. On the other hand,
observation of rough surface texture on some streaked samples suggests that they
may be associated with surface recrystallization during annealing.
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5. Conclusions

Ion track etch figures in apatite decrease in size as a function of increasing
temperature, showing an accelerated decrease in diameter as the temperature
approaches the annealing threshold. Associated with this decrease in etch figure
diameter is an increase in etch figure diameter variability, with one standard
deviation being as large as 40% of the mean etch figure diameter. Extrapolation of
these results to geological time and temperature scales explains the variation in Dpar
measurements reported in the FT-dating literature. The relation between track
length reduction and annealing temperature is supported by a simple geometric
model and suggests that anomalously low Dp.r measurements may be corrected by
comparison of etch figure diameters and track lengths. However, for accurate
correction, more detailed models of etch figure reduction with annealing time and
temperature must be developed.

The observed factor of two increase in the difference etch figures on the (10-
11) growth face as compared with (10-10) etch figures currently used for kinetic
proxy measurements suggests that the use of (10-11) etch figure measurement in
the FT dating method could improve the resolution of kinetic proxies, in addition to
increasing etch figure sample size, improving the accuracy of kinetic proxies.

The relation between latent track morphology, annealing behavior, and etch
rates suggests that damage production, etching behavior, and annealing processes
are controlled by the structure of the material, although etching behavior may show
additional controls, as evidenced by the non-monotonic relation between etch pit
diameter and angle relative to the c-axis. The agreement between the AFM and
SAXS results regarding track and hillock diameters provides confidence in the value
of these techniques, suggesting they may be used in addition to TEM studies to
investigate latent tracks.

Finally, the observation of anomalous streaks on the surfaces of samples
annealed at 400-420 °C is presently inexplicable. Possible explanations include the
possibility of a high-temperature surface reaction during annealing or interactions
of etchant with surface defects, such as polishing scratches.
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8. Appendix: Anomalous etching behaviors revealed by etch pit morphology

As mentioned in Section 4.2, it appears that track etching may have more
complex controls than damage production and annealing kinetics. In fact, simple
observation of etch pit morphology indicates track etching behavior is inherently
complex and even contradictory. For example, why should Otter Lake etch figures
be larger than Durango etch figures for all orientations except one? Why should
Otter Lake etch figures be asymmetrical, given that this behavior violates basic
principles of crystal symmetry?

While these questions are made obvious by simple examination of Figure 13,
other contradictions displayed by etch tracks require more explanation. For
example, since Durango (0001) etch figures are wider than etch figures of other
orientations (Fig. 13), it would seem logical to conclude that, in general, track etch
rates in apatite are highest in the directions perpendicular to the c-axis. However,
Durango etch figures on the c-axis parallel orientations - (10-10) and (2-1-10) -
show elongation parallel to the c-axis, suggesting that etch rates are faster in the c-
axis direction than perpendicular to it. This orientation dependence is related to the
atomic structure in the direction parallel to the track length. In the case of (0001)
tracks, tracks are oriented down the hexagonal channels. These channels may allow
more efficient etching of (0001) tracks, resulting in higher c-axis-perpendicular etch
rates measured for (0001) tracks than for (10-10) or (2-1-10) tracks.

While the different etch rates between c-axis parallel and c-axis
perpendicular tracks can be explained by the hexagonal channels, there is also a
discrepancy between c-axis perpendicular tracks themselves. Otter Lake (2-1-10)
etch figures have larger diameters than Otter Lake (2-1-10) etch figures, even
though both are from tracks running parallel to the c-axis, and in both cases
diameters are measured in the same direction - parallel to the c-axis. Thus track
etch rates are dependent not only upon the orientation of the track with respect to
the c-axis, but also upon the track orientation with respect to the a-axes (Figs. 1, 12).
As discussed in the Results, etch figure width is clearly higher for Otter Lake (10-10)
than for Otter Lake (2-1-10) (Fig. 13). This is understandable when compared with
(0001) etch figures, which show greater width in the (10-10) direction than in the
(2-1-10) direction (see Figure A1). While it may be logical to expect that greater
width results in greater length due to enhanced etchant diffusion into the track, this
is not the case. Thus the greater etch figure diameters for the Otter Lake (2-1-10)
samples relative to Otter Lake (10-10) samples is inexplicable. Further complicating
this analysis is the reversal of relative sizes between Otter Lake (10-10) and (2-1-
10) etch figures upon annealing, due to the greater observed etch figure diameter
reduction of the latter as a function of increasing temperature. Thus annealing may
show a dependence on track orientation relative to the a-axis as well.

A final anomalous etching behavior discussed in the Results section is that
weaker etchant concentrations show more isotropic etching than stronger etchants,
resulting in lower etch figure aspect ratios for lower etchant concentrations (Fig.
14). Although reported in Ravenhurst et al. (2003), there is no explanation therein.
It is obvious that stronger etchants remove amorphous material more quickly, and
thus varying etching in the track-parallel direction likely plays a role in determining
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etch rates in the track-perpendicular dimension. This phenomenon may be related
to the diffusion limitations of etching discussed by Villa et al. (1997).

Figure A1: A typical apatite (0001) etch figure, showing
greater width in along the (10-10) orientation than along
the (2-1-10) orientation.
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