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6. FISSION-TRACK DATING OF APATITE FROM DEEP BOREHOLE ATK-1

AT ATIKOKAN, ONTARIO

Charles W. Naeser and Kevin D. Crowley1

ABSTRACT

Fission-track, ages and lengths have been determined on apatite separated
fiom core recovered from the ATK-1 deep borehole at Atikokan, Ontario. The
apatite ages decrease down the borehole, from 515 ± 72 Ma at the top to
376 + 46 Ma at a depth of 993 m. The mean confined track length for fossil
fission tracks in the apatite is 12.4 /<m. Within the limits of the
measurement the track lengths are the same for all the samples. The
results of this study indicate that the rocks found currently at the
surface have never been heated above ~100°C since Upper Cambrian time.

1. INTRODUCTION

In this paper we report fission-track, ages from the ATK-1 deep borehole at
Atikokan, Ontario, and we use these data to constrain the thermal and tec-
tonic history of this portion of the Canadian Shield.

A fission track is a cylindrical zone of intense damage formed when a fis-
sion fragment passes through a solid. In natural minerals and glasses,
most fission tracks are produced by the spontaneous fission of U. When
an atom of 2 3 8U fissions, the nucleus splits into two lighter nuclei, one
averaging about 90 amu and the other about 136 amu, with the liberation of
about 170 MeV of energy. The two highly charged nuclei recoil in opposite
directions, and as they travel through the host material, they strip elec-
tions from atoms along their paths. This produces positively charged ions
that are mutually repulsed, forming linear damage zones, or latent tracks
(Fleischer et al., 1975). The latent track is tens of angstroms in dia-
meter and about 10 to 20 /im in length.

A latent track can only be observed with a transmission electron micro-
scope; however, a suitable chemical etchant can enlarge the damage zone
such that it can be observed with an optical microscope at intermediate
magnifications (x200 to 500). Common etchants used to develop tracks
include nitric acid (apatite), hydrofluoric acid (mica and glass), concen-
trated basic solutions (sphene), and alkali fluxes (zircon) (Fleischer et
al., 1975; Gleadow et al., 1976).

Because 2 3 8U fissions spontaneously at a constant rate (in a statistical
sense), the accumulation of fission tracks in a mineral or glass is an
indication of its age. A fission-track age of a mineral or glass can be
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calculated from the concentration of 23flU and surface density of spontane-
ous fission tracks that it contains. The relative abundance of 23 U and
J15U is constant in nature, and thus the easiest and most accurate way to
determine the amount of 23 U present in the sample is to create a new set
of fission tracks by irradiating the sample with a known dose of thermal
neutrons in a nuclear reactor, which induces fission of 2 3 5U. The reader
is referred to Naeser and Naeser (1984) for a more detailed discussion of
the theory and procedures of the method.

The fading of fission-tracks at elevated temperature, and the consequent
resetting of fission-track ages was observed shortly after the discovery of
fission-tracks in the late 1950s (Fleisher et al., 1965). This track fad-
ing, or track annealing, is caused by the diffusion of displaced atoms into
I lie damage zone. The annealing systematics of fission tracks in minerals
such as apatite have been established by many laboratory studies and from
deep boreholes where present-day temperatures are known and the geological
histories can be reasonably well established (Naeser, 1979, 1981). For
example, tracks in apatite anneal completely at temperature of about 105°C
in ~10a a or at 150cC in ~105 a. The annealing of fission tracks at these
temperatures has profound implications for the interpretation of fission-
track ages. Perhaps the most significant of these is that a fission-track
age records the timing of mild thermal events associated with geological
phenomena sucli as magmatism, hydrothermal circulation, and crustal uplift
and erosion. In general, an apatite fission-track age records the time
when the crystal cooled below 125°C + 20°C. Figures 1 and 2 illustrate how
apatite ages will vary with temperature (depth) and can be used to record
uplift and cooling. Fission tracks in apatite and other minerals do not
disappear at a specific temperature. There is a zone through which the
apparent age decreases with increasing temperature. For apatite, this zone
is about 30°C to 40°C wide. This is called the partial annealing zone. At
lower temperatures no significant annealing takes place and the calculated
age represents an earlier event in the history of the rock. At higher
temperatures, fission tracks are totally annealed and the mineral will
yield a zero apparent age. If the rocks are cooled due to uplift and
erosion or by some other process, the minerals in the rock, in this case
apatite, will begin to accumulate fission tracks. The age of the cooling
event can be determined from the point on the curve where there is a change
in slope of age versus depth (temperature). Figure la illustrates how
apatite ages vary with increasing depth (temperature) at the time of
maximum burial. If the section shown in Figure la is uplifted and cooled,
an age profile similar to Figure lb will be produced. The inflection point
at "a" represents the timing of the initation of a period of uplift and
cooling.

Annealing not only reduces the apparent age measured in the laboratory but
also the lengths of the fossil fission tracks. In fact, by measuring the
lengths of the fission-tracks present in the apatite, additional informa-
tion about thermal history can be obtained (Gleadow et al., 1983). For
example, length measurements provide information on cooling rate and can be
used to identify thermal events that partially reset fission-track ages.
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FIGURE 1: (a)

(b)

The Change of the Apatite Fission-Track Age with Increasing
Depth (Temperature) at the Time of Maximum Burial (Heating)
The Age Profile of Apatite as a Function of Depth after a
Period of Cooling, Usually Related to Uplift and Erosion.
Inflection point "a" dates the beginning of uplift
(cooling).

In summary, the fission-track, ages and track-length distributions in apa-
tite are a very sensitive indicator of mild (greater than ~80°C) thermal
events (heating followed by cooling). A young apatite fission-track age
(<100 Ma) indicates a relatively recent cooling. For example, Zeitler et
al. (1982) used fission-track dating to demonstrate cooling of the crust by
significant Quaternary uplift of the Nanga Parbat massif of northern
Pakistan (youngest apatite F-T age 0.4 Ma) and Naeser et al. (1983) demon-
strated that significant Pliocene cooling caused by crustal uplift of the
Farmington Canyon Complex of the Uasatach Mountains, Utah (youngest apatite
F-T age 5.0 Ma).

()]d apatite ages (MOO Ma), on the other hand, indicate areas of persistent
low temperatures, that is, areas of crustal stability. Apatite fission-
track data from two areas in the midcontinent of North America (Crowley
el. al., 1985, 1986) have demonstrated the stability of several parts of the
craton. Crowley et al. (1985) reported apatite ages ranging from
441 + 41 Ma to 572 + 51 Ma from Precambrian rocks exposed at the surface of
the Canadian Shield in southeastern Manitoba and southwestern Ontario.
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FIGURE 2: Fission-Track Lengths and Ages for Apatite Separated from the
Core Recovered from the Atikokan Deep Borehole

These ages decrease to the northeast from I he present edge of exposed
Paleozoic cover, suggesting rotation of the crust along a hinge line near
the present edge of the Paleozoic cover after a period of uplift and cool-
ing during the early Paleozoic. Crowley et al. (1986) reported apatite F-T
ages from drill core recovered from a basement hole in northwestern Iowa.
The ages from this hole decreased with depth from 934 ± 86 Ma, at the top
of the Precambrian (391.7 to 392.3 m below the present-day surface), to
641 ± 90 Ma at the bottom of the hole (1065.9 to 1066.5 m below the
present-day surface). The 934 Ma age is the oldest apatite fission-track
age reported from the North American craton, indicating exceptional
stability of the crust in this part of the midcontinent.
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EXPERIMENTAL

Fission-track ages and lengths have been determined on apatite concentrates
separated from five samples of core recovered from the ATK-1 borehole at
Atikokan, Ontario. The samples are from depths between 3.9 and 993.1 m
below the present-day surface. Fission-track ages were determined with the
external detector method (Naeser, 1976, 1979). Apatite separates from the
core were mounted in epoxy, polished, then etched in 7% HNO3 at 23CC for
4U s. The epoxy mounts were covered with a muscovite detector and irradi-
ated along with neutron dose monitors (U-doped glasses SRM 963 also covered
with muscovite detectors) in the U.S. Geological Survey reactor at Denver,
Colorado. The neutron dose was determined using the track density in the
muscovite detectors and the Cu calibration for SRM 963 (Carpenter and
Reimer, 1974). Repeated analyses of apatite from the Fish Canyon tuff
(Naeser et al., 1981) have been used to monitor the techniques and calibra-
tions used for fission-track dating. Apatite and zircon from the Fish
Canyon tuff are used as an age reference material. Additional aliquots of
apatite were mounted in epoxy, polished and etched in 7% HNO3 for 40 s at
20°C for length measurements. Fully etched, horizontal, confined fission
tracks were measured at 1875x multiplication using a digitizing pad and
camera tube mounted on the microscope.

RESULTS AND DISCUSSION

The fission-track age data are shown in Table 1. The sample intervals and
confined fission-track length data are shown in Table 2. The apparent
apatite ages decrease down the borehole, from 515 ± 72 Ma at the top to
376 ± 46 Ma at the bottom (Figure 2). The mean track lengths of all
samples are identical within error. Moreover, the sample mean lengths of
approximately 12.4 and standard deviations of approximately 1.7 fim are
significantly different from those for full-length tracks, which are
approximately 16.5 and 0.8 /jm, respectively. That the mean lengths of
spontaneous tracks in the samples are shorter than full-length tracks indi-
cates the fission-track ages are partially reset. Additionally, the larger
standard deviation of the sample distributions with respect to full length
tracks indicates that the resetting event was long-lived relative to the
measured fission-track ages. The minimum age of the thermal event that
partially reset the ages must be less than the youngest age, 376 ± 46 Ma,
which is Devonian. It is likely that this resetting was caused by two
processes: ambient annealing and slow uplift and erosion, for the reasons
discussed below.

Several authors have recognized the importance of ambient annealing of
fission tracks in apatite (e.g., Green, 1980; Bhandari et al., 1971).
Perhaps the best evidence for this process is preserved in young volcanic
rocks (ages of the order of 106 to 107 years) that were emplaced and cooled
rapidly to ambient temperatures at the earth's surface. Track-length dis-
tributions having means of 16.5 /im are never observed in these rocks; typi-
cally, mean track lengths in these rocks are reduced by up to \5% with
respect to full-length tracks.
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TABLE 1

APATITE FISSION-TRACK DATA FROM THE ATIKO1<AN BOREHOLE

Number ps Fossil pi Induced Dose Number
Grains x 106 Tracks x 106 Tracks x 1015 Tracks ± 95%

Sample Mineral Counted T/cm2 Counted T/cm2 Counted n/cm2 Counted Ma (C.I.)

EDL-21
EDL-20
EDL-15
EDL-O8
EDL-19

Apati te
Apati te
Apati te
Apati te
Apati te

DEPTH

6
6
6
6
6

IN

3.54
3.16
4.21
2.97
4.26

BOREHOLE,

1066
1432
993
757
1066

1.75
1.59
2.31
1.74
2.94

TABLE 2

FISSION-TRACK

263
361
273
221
368

AGE

4.42
4.44
4.71
4.75
4.46

3187
3187
3512
3512
3187

AND TRACK LENGTH

515
506
493
469
376

72
61
68
72
46

Sample Number Depth
(m)

Fission-Track
Age (Ma ± 95% C.I.)

Length
(pm ± 95% C.I.)
(standard error)

EDL-21
EDL-20
EDL-15
EDL-08
EDL-19

4
36

514
815
993

515
506
493
469
376

±
±
+

±
±

72
61
68
72
46

12.7
12.4
12.2
12.4
12.4

± 0.3
+ 0.3
± 0.3
± 0.4
± 0 .3

Although some track shortening in the Atikokan samples can be attributed to
ambient annealing, there is also evidence for higher-than-ambient tempera-
tures in the past. Older fission-track ages from the North American midcon-
tinent are associated with longer mean track lengths. Fission-track ages
trom Iowa reported by Crowley et al. (1986), which, as mentioned previously,
range from 934 ± 86 Ma to 641 + '10 Ma, luive mean track lengths ranging from
13.1 fim for the older age to 12.1 pm for the younger age. Thus the shor-
tened mean lengths that characterize the younger ages reported here cannot
be attributed solely to the effects of ambient temperatures, given that
older ages with longer mean length have been shown to exist.

The shape of the track-length distributions shown in Figure 2 are slightly
skewed toward short lengths. Crowley (1985) used annealing models to show
that such distributions result from slow cooling through the zone of partial
track stability. Gleadow et al. (1983) and Moore et al. (1986) observed
similar distributions on the craton of Australia, which they also inter-
preted in terms of slow cooling. We infer that the track shortening not
accounted for by ambient annealing was caused by gradual cooling of samples,
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probably by slow uplift and erosion of the crust. Perhaps the best evidence
for this process is the presence of a major present-day unconformity at the
surface of the borehole site.

Given the present-day geothermal gradient in the borehole of ll.l°C/km
(Kamineni, personal communication, 1983), and assuming a closure temperature
of 125°C, the apparent apatite ages yield a maximum rate of uplift and ero-
sion of 0.02 mm/a. However, because these ages are partially reset,, it is
likely that the actual rate of uplift and erosion was significantly lower.

The fission-track data from these samples indicate that this area of north-
western Ontario has been exceedingly stable since the Lower Paleozoic. The
rocks currently exposed at the surface in this region have not been heated
above ~100°C for at least the last 500 Ma.

4. CONCLUSIONS

Apatite fission-track ages from the Atikokan drill core range from 515 ± 72
to 376 ± 46 Ma. Track-length distributions of these samples suggest that
these ages are partially reset. We conclude that resetting was caused part-
ly by ambient track annealing, and partly by annealing at elevated tempera-
tures due to post-Devonian burial followed by cooling resulting from slow
uplift and erosion of the crust. Maximum rates of uplift and erosion are
calculated to be 0.02 mm/a.
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