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ABSTRACT

Apatite fission track analyses (AFTA) of four sedimentary rock outcrop areas in the
Arctic National Wildlife Refuge (ANWR) of Alaska indicate that uplift events responsible
for the formation of the Northeastern Brooks Range decrease in age to the north. AFTA
data from a Permian to Albian section at Bathtub Ridge indicate the section was uplifted > 2
km and eroded, cooling rapidly through ~125°-60°C at ~62 Ma. AFTA data from the
Albian Arctic Creek exposures indicate that the section was uplifted, eroded, and rapidly
cooled at ~37 Ma. Analyses of Lower Cretaceous to Paleocene rocks from the banks of the
Canning River record two uplift-and-erosion events at ~45 Ma and < 32 Ma. AFTA data
from Upper Cretaceous to Eocene sedimentary rocks from the ANWR coastal plain indicate
that these rocks have not been subjected to temperatures greater than 60°C since their

depositon.
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INTRODUCTION

The coastal plain of the Arctic National Wildlife Refuge (ANWR) in the northeastern
Brooks Range (NEBR), Alaska has received a great deal of atention from the earth science
community. The deep sedimentary basin beneath the ANWR coastal plain is believed by
many to contain major hydrocarbon accumulations (Mast er al., 1980). Hydrocarbons have
been found in most North Slope stratigraphic units (Bird, 1987; Bird and Molenaar, 1987,
Sedivy et al., 1987). Analysis of basin development from detailed studies of Prudhoe Bay
wells suggests that most of these hydrocarbon accumulations formed between 40 and 100
Ma (Bird, 1987). However, the geological relationships are complicated by deformation
caused by the Brooks Range fold and thrust belt which extends northward across the
coastal plain of ANWR. Determining the timing of deformadon events within the fold and
thrust belt could constrain the timing of formaton of possible hydrocarbon traps.

The opening of the Canadian Basin during the Late Jurassic resulted in the inttiation of
the Late Jurassic to Tertiary Brookian orogeny (Mull, 1982). The structure of the NEBR
records this orogenic event and is dominated by a series of generally east-trending
anticlinoria cored by pre-Mississippian rocks (Leiggi, 1987; Wallace and Hanks, 1988a,b,
and in review). The geometries of the anticlinoria are controlled by a north-vergent duplex
consisting of fault-bounded slivers, or "horses”, bounded at the base by a floor thrust in
the pre-Mississippian rocks. The NEBR differs from the remainder of the Brooks Range
in that deformation in the NEBR exiends farther north but involves less displacement and
shortening (Wallace and Hanks, 1988b).

Sedimentary rocks exposed in the NEBR provide a record of the timing of structural
events within ANWR as well as a means of deciphering the thermal history of the rocks
since Late Jurassic to Tertiary orogenic events. During uplift, material was shed from the

northward-verging deformed rocks of the Brooks Range to form Cretaceous and Tertiary
14
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deposits in the Colville Trough (Mull, 1985). Many details of the thermal and burial
history of the post Jurassic sedimentary basin are poorly understood and timing of post
Cretaceous structural events are poorly constrained.

Detrital apatites in sandstones from the study area preserve a record of their host rocks'
thermal history which fission track analysis can reveal. Fission tracks are produced by
spontaneous fission of the 238U nucleus and are used for radiometric dating. However, the
special interest of fission track geochronometers is that they are highly sensitive to
temperature (Fleischer er al., 1975). Fission track ages can be considered as cooling ages
with the ternperature depending on the mineral studied (Fleischer et al., 1975; Mailhe ez al.,
1986). Two minerals, apatite and zircon, have been used extensively to delineate the
thermal histories of rocks (Gleadow and Duddy, 1984; Miller and Lakatos, 1983; Naeser,
1979b). Using this approach, it is possible to detect and date large vertical movements and
to constrain rates of cooling, uplift and erosion in orogenic areas.

This thesis presents the results of an apatite fission track analysis (AFTA) study of
Permian through Tertiary sedimentary rocks from four areas in ANWR. In this study, I
have atterpted to determine the timing of uplift and erosion events along major detachment
horizons in the NEBR as well as to determine the thermal histories of the sedimentary rocks
presently exposed in the four study areas. These uplift and erosion events resulted in the
development of the east-trending anticlinoria in the NEBR. AFTA data from 42 samples
(primarily sandstones), indicate that the uplift and erosion events responsible for the
formation of these major anticlinoria decrease in age to the north. Since the Albian, major
uplift and denudation events from south to north occurred at ~62 Ma, ~45 Ma, ~37 Ma, and
<32 Ma. Farther north, rocks studied on the ANWR coastal plain near the northern coast

of Alaska are unannealed and do not show any effects of the advancing fold and thrust belt.



PURPOSE AND SCOPE

This thesis reports AFTA data derived from forty-two samples from four areas: Bathtub
Ridge, Arctic Creek, the ANWR coastal plain (along Carter Creek, the Jago River, and the
Niguanak River) (Fig. [), and along the Canning River west of the Sadlerochit Mountains.
The objective of this study is to determine the timing of uplift and erosion events along
major detachment horizons in the NEBR as well as the thermal history of selected Permian
through Eocene sedimentary rocks from ANWR using AFTA data. The study was
conceived to answer the following questions concerning the thermal history of Permian
through Tertiary rocks exposed in ANWR:

1. What are the time-temperature paths for representative rocks from each
area studied?
2. What do these tme-temperature paths tell us about the structural
development of the NEBR?
A. How much uvplift and erosion has taken place?
B. When did uplift and erosion occur?
C. What does the timing of uplift and erosion events events tell us about the
thrust imbrication history of the NEBR?

The AFTA method involves determination of an apparent fission track age and a
distibution of track lengths (an indication of the sample’s thermal history). A discussion
of this method is given in the section titled "Apatite Fission Track Analysis: Background,
Procedures, and Methodology.” A more detailed treatment is given in Appendix A.
Fission track analysis of apatites is particularly useful because partial annealing of fission
tracks occurs over a temperature range (60°-125°C) which coincides with that of oil

generation (Gleadow er al., 1983). By measuring and comparing fission track ages and
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lengths in detrital apatites from sedimentary rocks, it is possible to construct an implied
thermal history for the samples.

Selection of the sample localities was based on several factors including available
exposures and logistics. Continuous exposures of Cretaceous and Tertiary units are limited
to a few areas such as Bathrub Ridge. Field work for this study was conducted from June
to September, 1987 as part of a joint field program by the ADGGS and the University of
Alaska Depariment of Geology and Geophysics. The purpose of this continuing

interagency field program is to better understand the structure, stratigraphy, and thermal

history of strata in the NEBR.
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Figure 1. Regional map showing the four areas sampled. These inélh_dc (1) Bathtub
Ridge, (2) Arctic Creek area, (3) ANWR Coastal Plain, and (4) the Canning River area.



REGIONAL GEOLOGY

NORTH SLOPE OF ALASKA: STRATIGRAPHY

The ANWR coastal plain and North Slope of Alaska represent a combined passive
continental margin and foreland basin bounded to the north by the Arctic Ocean and to the
south by the Brooks Range, a Late Jurassic to Tertary fold and thrust belt (Mull, 1982).
The stratigraphy of the Brooks Range and the North Slope can be divided into three major
unconformity-bounded stratigraphic sequences (Fig. 2) (Lerand, 1973; Mull, 1982; Bird
and Molenaar, 1987). The Proterozoic to Middle Devonian Franklinian sequence,
consisting of marine and nonmarine miogeoclinal and eugeoclinal sedimentary rocks
(Grantz and May, 1983), documents a complex and poorly understood history culminating
in a late Devonian orogenic event. The Mississippian to Lower Cretaceous Ellesmerian
sequence was deposited on a south-facing (present coordinates) passive margin with both
platformal and basinal soatigraphic components. The Lower Cretaceous and younger
Brookian sequence consists of south-derived clastic deposits derived from erosion of the
Brooks Range orogen. The strarigraphy of these sequences has been discussed in detail by
many authors (e.g. Brosge and Tailleur, 1970; Detterman er al., 1975; Palmer et al., 1979;

Grantz and May, 1983; Hubbard et al., 1987).

NORTH SLOPE OF ALASKA: STRUCTURAL HISTORY
The North Slope has experienced a complicated structural history. Prior to the Late
Devonian, the tectonic setting is highly speculagve because of the fragmentary sratgraphic
evidence (Bird, 1987, Hubbard et al.,, 1987). During Late Devonian and Early
Mississippian time, the Ellesmerian orogeny deformed the Franklinian rocks. Two belts of
two-mica granitic intrusives, one 2long the core of the central Brooks Range and the other
in the Romanazof Mountains, have Late Devonian (390-360 Ma) U-Pb zircon ages and are

a result of this Devonian event (Sable, 1977; Dillon ez al., 1987). Subsequent erosion of
18
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Figure 2. Generalized Ellesmerian and Brookian stratigraphy for northeastern Alaska
(from Vandergon, 1987).
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the uplifted rocks created a major unconformity on which the Mississippian to Lower
Cretaceous platform limestones and terrigenous clastc rocks of the Ellesmerian sequence
were deposited. These deposits, derived from northern sources, record several
transgressions and regressions in nonmarine and shallow marine environments along an
east-west-trending shoreline (Hubbard et al., 1987, Bird, 1987).

Rifting during the Jurassic and Early Cretaceous formed the proto-Canada Basin and
caused renewed basement uplift along the east-west trending Barrow Arch (Hubbard ez al.,
1987). The Barrow Arch is a long-lived buried basement high located approximately along
the present northern shoreline of Alaska.

During Neocomian time, uplift of the rifted margin to the north resulted in a regional
erosional unconformity. In the south, continental subduction and mountain building
created the ancestral Brooks Range (Bird, 1987). The relationship between the rifting and
the Brooks Range orogeny is unknown. This orogeny shifted the sediment source from
north to south and later formed many of the structural features preserved in the area. The
influx of synorogenic clastic sediment prograding northeastward into the Colville trough
(the foredeep of the Brooks Range: Mull, 1985) is the first sedimentologic evidence of the

Brooks Range orogen (Grantz and May, 1983).

STRUCTURE OF THE NORTHEASTERN BROOKS RANGE
Major tectonic elements of the NEBR are dominated by the Brooks Range fold-thrust
belt which formed in the mid-to-Late Cretaceous (Leiggi, 1987). Rocks of the Brooks
Range may be divided into several belts which end sub-parallel to the strike of the range.
The core of the range is characterized by highly deformed atlochthonous rocks representing
estimated crustal shoriening of up to 400 km (Rattey, 1987). In comparison,
parautochthonous rocks in the NEBR are relatively undeformed and represent significantly

less shortening and displacement than in the core of the range (Mull, 1982; Oldow er a/,
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1987). Most of the deformation in the core of the range ceased by earliest Tertiary time,
but deformation continued episodically to the present tirme in the NEBR, resulting in
northward progression of the deformation front and consequent uplift and exposure of the
NEBR.

The mechanism for the development of the NEBR (Fig. 3), characterized by low-angle
northward-directed thrust faulting (Bird, 1987) and crustal shortening, has been interpreted
as a series of duplex structures (Leiggi, 1987). The key elements of a duplex system are a
roof thrust, a basal detachment thrust, and a series of imbricate horses between these
thrusts (e.g. Boyer and Elliot, 1982). Leiggi (1987) has described duplexing and the
development of the Brooks Range in detail.

STUDY LOCATIONS

Four major areas within ANWR were selected for the purpose of separating out detrital
apatites from sedimentary rocks from measured stratigraphic sections along Bathtub Ridge,
Arctic Creek, and the Canning River (Fig. 1) for AFTA. Locations on Carter Creek, the
Jago River, and the Niguanik River on the ANWR coastal plain were also selected for
AFTA work..
Bathtub Ridge

Bathtub Ridge, located near the center of the NEBR, consists of a 2600 meter section
of Permian through Lower Cretaceous marine sedimentary rocks (Fig. 4). These consist
of marine carbonates and sandstones (Permian to Triassic) in the lower half of the section.
Black shale with local siltstone beds (Jurassic to Lower Cretaceous), manganiferous shale,
interbedded shale and siltstone turbidites (Albian) and sandstone turbidites (Albian?)
comprise the upper half of the section.

The Bathtub Ridge section is divided into two parts based on the relative amount of

deformation in each part The lower section is bounded at the top by the Triassic Ivishak
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Figure 3. Regional schematic cross sections. Diagrammatic representation for the
development of the Brooks Range and the Colville Trough during the Brookian orogeny.
A, Early Brookian; B, Mid-Brookian, C, Late Brookian. Sediment thicknesses are
diagrammatic. The 'S’ symbol denotes a hydrocarbon source rock and the 'R’ denotes a
hydrocarbon reservoir rock (from Hubbard er al., 1987).
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Figure 4. Stratigraphic section of the Bathtub Ridge area. Permian Echooka Formation
not shown at base of vishak Formation (Detterman et al., 1975).

Formation. The upper section comprises rocks of the Triassic Shublik Formation through
the Albian Bathtub Graywacke. Rocks in the lower section are complexly Afoldcd and
faulted due to compression along east-trending fold axes. Rocks in the upper section are
folded into a broad open syncline. In post-Albian time the upper section was thrust over
the lower section along a detachment surface at the base of the Shublik Formation. The
upper section is reladvely undeformed with some slight folding in the Shublik Formation
whereas the lower section accommodated most of the shortening, producing tight isoclinal
folds in the Ivishak Formation (Decker and O’'Sullivan, unpublished data).

ic Creek Regi

The Arctic Creek area, located approximately 85 km to the northwest of Bathtub Ridge,
consists of deformed Albian turbidites and shales occurring in poorly exposed low-relief

hills. The exposed sedimentary rocks (Fig. 5) include, in ascending order, Jurassic and
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Figure 5. Composite stratigraphic section of the Arctic Creek area (Decker e¢ al., 1987).

Lower Cretaceous black shale, Lower Cretaceous manganiferous shale, interbedded black
shale and siltstone turbidites, and sandstone turbidites of Albian age (Decker et al., 1988).
These sedimentary rocks are thought to be distal equivalents of the upper half of the
Bathtub Ridge section. Decker er al., (1988) have proposed that the Arctic Creek and
Bathtub Ridge sections were once part of a continuous depositional basin, with the Arctic
Creek section having since been thrust northward into its present position.
Canning Ri Regi

The Canning River section, located at the western end of Ignek Valley and the
Sadlerochit Mountains, consists of poorly exposed, deformed Jurassic and Cretaceous
marine deposits as well as Tertiary marine and non-marine deposits. The section includes
the Kingak Shale (Jurassic to Neocomian), Kemik Sandstone (Hauterivian), Pebble Shale
(Hauterivian-Barremian), Hue Shale (Aptian? to Santonian), turbidites of the Canning
Formaton (Campanian to Paleocene), and the Sagavanirktok Formation (Paleocene to

Pliocene) (Fig. 6). Since the Paleocene (~50-65 Ma), the northward advancing fold and
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Figure 6. Stratigraphic section of the Arctic Coastal Plain and Ignek Valley (Detterman et
al., 1975).

thrust belt caused uplift of the Shublik and Sadlerochit Mountain ranges and deformation
within the section.
ANWR Coastal Plain

Three ANWR coastal plain sections, located approximately 45 km to the north and 65
km to the northeast of Arctc Creek (Fig. 1), consist of the same sedimentary rocks and
depositional environments exposed along the Canning River (Fig. 6). The stratigraphic
sequence is complicated due to south-dipping imbricate faults (Bruns et al., 1987). The
timing of this deformation due to the northward advancement of the NEBR fold and thrust

belt is post- Eocene (Bruns ez al., 1987).



APATITE FISSION TRACK ANALYSIS: BACKGROUND,
R METH
FISSION TRACKS AND FISSION TRACK TECHNIQUES

Apatite fission track analysis (AFTA) is a tool for thermal history studies and a
relatively new application of fission track geochronology (Gleadow er al., 1983). This
section summarizes the AFTA technique and briefly reviews some applications of the
technique. A more detailed presentation of the apatite fission track analysis technique is
contained in Appendix A.

Fission track dating determines an gpparent age using accumulated radiation damage
caused by spontaneous nuclear fission of 238U, During fission, two fast-moving, highly-
charged fission fragments are shot through the crystal lattice producing regions (tracks 10-
20 um long) of crystal damage (Fleischer and Price, 1963; Fleischer et al., 1975, Naeser,
1979a). These tracks are made visible by etching with a chemical solvent and can be
observed with a conventional petrographic microscope.

The track density due to spontaneous fission of 238U is determined by counting a
statistically significant number of tracks in a given area. The observed track density is
related to the length of time during which tracks have accumulated and to the 238U
concentration of the sample. By knowing the 238U concentration of the mineral, the 238U
fission decay rate, and the number of fossil fission tracks which have accumulated, an age
can be calculated.

The 238U concentration is measured by counting fission tracks produced by induced
fission of 235U which takes place by bombarding the sample with thermal neutrons in a
nuclear reactor. The 238U concentration of the specimen is a function of the atomic ratio of
235U/238U in natural materials (7.252 X 10-3), the observed density of induced fission
tracks, the thermal neutron flux and the duration of the irradiation. The neutron flux is

26
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determined using several flux monitors. By spacing these around samples being irradiated,
the number of neutrons that pass through the samples can be determined.

Methods to measure the 235U induced tracks are described by Hurford and Green
(1982) and Gleadow (1981). The method used in this study registers the induced fission
tracks in an external detector, such as a muscovite plate, held against the same surface in
which the spontaneous tracks are counted. After neutron irradiation, the external detector is

etched and the tracks caused by induced fission of 235U in the specimen are counted.

FISSION TRACK LENGTHS

The stability of fission tracks is a function of temperature, time, and composition of the
host phase (e.g. Naeser and Faul, 1969; Gleadow et al., 1983; Green et al, 1985a). Other
factors such as pressure, shock, deformation, and presence of fluids have been shown to
have very little to no effect compared with that of temperature (e.g. Naeser, 19794,
Gleadow er al., 1983). In apatite, fission tracks that form with lengths of approximately 16
um are stable for long periods of time at room temperature. The tracks shorten at elevated
temperatures as the fission damage is repaired or annealed. This shortening acts to reduce
or even reset the apparent age of a mineral. Shortening of tracks lengths is therefore very
useful for thermal history studies, making certain minerals natural geochronothermometers.
Studies of apatite fission track annealing have shown that annealing takes place
progressively over a range of temperatures (Green er al., 1985a; Gleadow er al., 1986a).
This range is dependent on the apatite composition, in particular the Cl content. In apaute,
the presence of chlorine has been shown to stabilize fission tracks to slightly higher
terpperatures (e.g. Green et al., 1985a; Gleadow er al., 1986a). Apatite grains which are
most susceptible to annealing (F-rich) will give reduced ages (reflecting lower blocking

temperatures) compared to grains which are more resistant 10 annealing (Cl-rich). The
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effect of composition on apatite fission track annealing is treated in more detail in Appendix
A,

The kinetics of fission track annealing in apatite have been extensively studied (Naeser
and Faul, 1969; Green er al., 1985a; Green et al., 1986; Laslett et al., 1987). Using
results of Laslett er al., (1987) (Fig. 7), one can predict the rate of track annealing in apatite
as a function of temperature. For example at 100°C, it would take ~100 m.y. (fanning
model) to 1 m.y. (parallel model) to decrease 16 pum tracks 10 8 um. In contrast at 50°C,
respective times of 100 b.y. to 1 b.y. are required to achieve the same length reduction.
With further work Laslett et al., (1987) reported that a slightly fanning model gives the
closest approximation to explain the kinetics of annealing.
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Figure 7. Comparison of parallel and fanning models to predict apatite annealing. On
these Arrhenius plots, lines represent contours of predicted equal length reduction (I/1y). In
a parallel plot a single activation energy is represented throughout annealing. The fanning
array has been interpreted in terms of activation energies increasing with degree of
annealing. Differences between the two models are magnified by extrapolation. Plots are
extrapolated from laboratory to geological time scales (from Laslett er al., 1987).

The apatite fission track age is lowered during heating due to reduction of the

proportion of etchable tracks by annealing. When they are formed, fission tracks in apatite
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have a fairly constant mean length of about 16.3 £ 0.9 um (Gleadow er al., 1983).
Following thetr formation, fission tracks in apatite shorten progressively during thermal
annealing. However, new tracks continuously form at approximately the initial length of
16.3 £ 0.9 pm. The distribution of track lengths in a crystal therefore reflects the
integrated thermal record of its host rock. The shorter tracks have experienced higher
temperatures (>60°C for millions of years) whereas long tracks (13-16 um) have not
experienced temperatures greater than ~20-40°C for significant lengths of time (>1-S m.y.)

(Green, 1986).

THERMAL HISTORIES FROM APATITE FISSION TRACK ANALYSIS

The AFTA method was recently developed by researchers at the University of
Melbourne (Gleadow and Duddy, 1981; Gleadow and Duddy, 1984; Gleadow et al., 1983;
Gleadow et al., 1986b; and Green er al., 1985b). This thermal history technique is based
on the shortening of fission tracks as a function of temperature and time. Unlike other
paleotemperature and maturation indicators (e.g. vitrinite reflectance and conodont
alteration) which give only a single cumulative result to represent the entire thermal history,
the fission track method can give information on paleotemperatures and thetr variation
through time (Gleadow et al., 1983).

With increasing temperature and time, fission wracks in apatite begin to anneal. Three
temperature zones are distinguished for fission tracks in apatite (for times of the order of |-
10 m. y.): (a) the annealing zone (>125°C) where fission tracks are totally annealed; (b)
the partial stability zone (60-125°C) where partial annealing occurs; and (¢) the zone of
very slow annealing (<60°C) where very slight, slow annealing occurs. Several possible
patterns of track lengths in apatites arising from distinct therma) histories are shown in
Figure 8 (after Gleadow et al., 1983). This figure shows a number of hypothetical

temperature vs. ime plots and the resulting track-length distributions. Examples A-C show
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simple burial histories giving unimodal apatite length patterns with varying degrees of
broadening due to varying periods of time with increasing temperatures in the partial
stability zone. Examples D-F show the bimodal length distribution resulting from a past
thermal event, the skewed distribation typical of slow cooling through the partial stability

zone, and the entirely shortened unimodal distribution produced by a recent temperature

increase.
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Figure 8. Idealized time-temperature paths with the resultant apatite track length
distributions. See text for explanation (modified Gleadow et al., 1983). The 60°C value
for the upper boundary of the partial annealing zone is based on the work of Wagner ez al.,

1977.

Bimodal distributions consist of two major length components: those that were
annealed during a heating event and those that have formed since cooling to lower
temperatures. By statistically separating the two components and estimating the
contribution of the later group to the age of the mineral, the timing of the thermal event can

be estimated. Skewed distributions are essentially the summation of the three length
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distributions shown in the simple burial examples A-C. The shortened distribution
resulting from a recent temperature increase is produced when all previously formed tracks
are shortened together.

Green et al. (1985a, 1986) show that annealing occurrs even at ambient surface
temperatures and that as soon as a fission track is formed, it is in an “annealing
environment," The annealing rate at different temperatures varies with time; at surface
temperatures it is very slow and at temperatures above the zone of partial stability (>125°C)
it is essentially instantaneous, Therefore, the concept of a discrete apatite partial stability
zone, although not strictly valid because of the linear Arrhenius relationship, is a useful
concept and refers to a zone of "accelerated annealing” above the base of the partial stability
zone (Green et al., 1985a).

In rapidly cooled rocks (such as volcanics or those from rapidly uplifted terrains which
have not been heated appreciably subsequent to their original cooling to <20°C) the fission
track length distributions are characteristically narrow (s.d. from 0.8 to 1.3 um) with mean
track lengths between ~14.0 and 15.7 pm (Fig. 9) (Gleadow ez al., 1986b). Therefore the
majority of tracks in these samples have been subject only to low temperatures (less than
~50°C) (Gleadow er al., 1986b). Therefore one would expect apatites that experienced
rapid cooling or uplift and erosion to low temperatures (< 50°C) from high temperatures
above the partial stability zone (2125°C) to have these volcanic-type length distributions
(Gleadow et al., 1986b). Siower rates of uplift and erosion would result in broadening of

the length distributions and increasing the s.d. of the length histograms (see Appendix A).

TECTONIC STUDIES
Apatite fission track ages and track lengths can be used to study the thermal and uplift
and erosion history of mountain ranges. For a simple cooling history, the fission track age

represents the time that the sample cools below its effective closure temperature. In apatite
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Figure 9. Typical length distribution of confined tracks in rapidly cooled samples

(volcanics and related apatites). The distribution is characterized by mean track length

vzlalucg Sbgé;vcen ~14.1 and 15.7 um and small standard deviations <1.3 (from Gleadow et
al., 1 .

this is equivalent to the time at which half the number of tracks become stable, and varies
with the cooling rate (Wagner et al., 1977). Therefore fission tracks in apatites from a
thick sequence of rocks may record different times when parts of the sequence cooled
through the effective apatite closure ternperature. By estimating paleogeothermal gradient,
the rate of uplift and denudation can be constrained for the sequence (e.g. Dodge and
Naeser, 1968; Zeitler, 1985).

Fission track ages in apatite have been previously applied in many studies to constrain
the cooling histories and uplift rates in the Himalayas (Zeitler et al., 1982; Zeitler, 1985),
the Alps (Wagner er al., 1977), the western United States (Naeser, 1979b; Naeser et al.,
1983), the northern Appalachians (Miller and Lakatos, 1983), western British Columbia
(Harrison et al., 1979), and Antarctica (Gleadow and Fitzgerald, 1984; Gleadow and
Fitzgerald, 1987). Three different approaches, all of which assume constant geothermal

gradients with time have been udlized:
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(1) The gradient of apante fission track age plofted against sample elevation is taken to
be the apparent uplift rate over the period given by the apatite ages (Fig. 10), (e.g. Wagner
et al.,.1977; Gleadow and Fitzgerald. 1984).

(2) Extrapolation of an apatite fission track age from the sample elevation 10 its
estimated depth of zero age gives an integrated uplift rate. This method requires assumed
values for geothermal gradient and blocking temperature (e.g. Wagner et al., 1977; Miller
and Lakatos, 1983).
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Figure 10, Apatite fission track ages plotted against sample elevation for different
regions in the Alps. Paleo-uplift rates for the various regions were calculated from the
slope of the various profiles. These profiles were all extrapolated to a zero age at depth
calculated using an assumed geothermal gradient of 30°C/km and a closure temperature of
120°C (from Wagner er al., 1977).

(3) Dating different minerals with different blocking temperatures in different isotopic
systerns (e.g. Harrison er al., 1979; Zeitler er al., 1982) gives a cooling rate during the

intervening temperature interval (Fig. {1). Anuplift rate can be determined from this by
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Figure 11. Cooling history of 2 sample from the Quottoon pluton, British Columbia
Individual K-Ar, Rb-Sr, and fission track mineral dates are piotted against closure
temperatures for each minerai and dating method used (from Harrison et al., 1979),

dividing the cooling rate by the geothermal gradient. Alternatively, if ages of different
minerals are available for different elevations in a given section, the uplift rate and the

geothermal gradient can be esimated.

APATITE FISSION TRACK METHODS

This section briefly describes the 42 analyzed samples and summarizes the methods
used to prepare these samples prior to counting and measuring fission wack lengths. A
more detailed discussion is contained in Appendix B.
S le D . LS ling Detail

The 42 analyzed samples are from clastic sedimentary rocks. The rocks, ranging in
grain-size from siltstone to coarse-pebble conglomerate, are predominantly sandstones.
These sandstones are lithic-rich with the majority of the framework grains being quartz and
rock fragments. The lithics are predominantly sedimentary fragments and include cher,
silistone, mudstone, and shale. Metasedimentary and volcanic lithic fragments are present

in some sandstones. The remaining componeats are feldspars, matrix, cements, and heavy
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minerals. The predominant cement in most samples is calcite but some samples from
Bathtub Ridge contain silica cement.

Eighteen siltstone to conglomerate samples are from Bathtub Ridge at the southern part
of the NEBR. There 2600 m of Permian to Lower Cretaceous marine sedimentary rocks
are exposed in a weakly deformed section. These samples are from various elevations
(measured with an altimeter) along three main traverses designed to cover the largest
possible vertical and stratigraphic intervals. Seven sandstone samples are from the Arctic
Creek exposures focated 85 km to the northwest. The Arctic Creek section consists of
Upper Jurassic to Lower Cretaceous marine deposits. The seven samples were randomly
collected from the Albian turbidites present at the top of the section due to poor outcrop
control. Eight samples on the ANWR coastal plain are from Upper Cretaceous to Eocene
sedimentary rocks. Very poor outcrop limited sampling to 5 locations with formations of
different ages. WNine samples are from a continuous section of lower Cretaceous 10
Paleocene, marine to non-marine sedimentary rocks along the Canning River. Though the
extent of the outcrop was relatgvely poor, all possible locations were sampled to cover the
widest possible stratgraphic interval.

S le P . { P .

Apatites were separated from the outcrop samples by conventional heavy liquid and
magnetic techniques. The mineral separates were mounted in epoxy resin on glass slides,
ground and polished to expose internal surfaces of the grains, then etched to reveal the
fossil racks. Fission track ages were measured by the external detector method (EDM)
described by Green (1986) using a special low-uranium muscovite (<5 ppb) to record
induced tracks. The apatite mounts were etched in S mol HNOj for 20 seconds at 20°C to

reveal the fossil tracks. The mica detectors were etched for 20 minutes in 40% HF at 20°C.
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Neutron irradiations were carried out in a well thermalized flux in the Australian Atomic
Energy Commission HIFAR reactor in Sydney. Thermal neutron fluences were monitored
by counting tracks recorded in muscovite detectors attached to pieces of the NBS standard
glass SRM612 (50 ppm U). Up to 15 grain/mica pairs were included in each irradiation
cannister along with two glass/mica dosimeters, one at each end, to monitor any flux
gradients present along the cannister. For a more detailed description of the sample
preparation, see Appendix B.

Fission Track A Calculati

Fission track densities were measured in the laboratories of the Department of Geology
at Melboumne University, Melbourne, Australia. Ages were calculated using the standard
fission track equation (Hurford and Green, 1982). Errors were calculated using the
technique outlined by Green (1981). All errors are quoted as 2 sigma. A zeta calibragon
factor (Hurford and Green, 1982; Green, 1985) of 352.7 (see Table A1) was determined
empirically by direct comparison with apatite age standards with independently known
ages. The zeta calibration allows the reported fission track ages to be independent of
uncertainties in the 238U fission decay constant.

Fission tracks in each mount were counted in transmitted light using a dry 80x objective
at a total magnification of 1250x. Approximately 20 grains were counted from each
sample, depending on the number of suitable grains available, the available counting area
per grain, and the spontaneous and induced track densities. The combined age for all
grains counted was calculated for each sample from the pooled track counts.

Track Leneth Measurements
Only confined spontaneous track lengths were measured. Confined tracks are those
that do not intersect the polished surface but have been etched due to contact with other

tracks or fractures which intersect the exposed surface (see Fig. A7). Only fully etched and
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horizontal confined tracks were measured in graing aligned parallel to the crystallographic
c-axis. These give the closest representation of the true length distribution of confined
tracks (Laslett er al., 1984). A track is considered horizontal if it displays a uniform bright
image under reflected light, or if it remains in sharp focus along its entire length when
viewed with transmitted light. Such acks were located by scanning systematically across
the apatite mount using a 40x dry objective. Measurements were made with an 80x dry
objective at a total magnification of 1250x. The lengths of suitable tracks were measured
on a Hipad™ digitizing tablet calibrated using a stage micrometer. As many tracks as
possible (up to 100) were measured from each sample. In most cases less than 100 tracks

were recorded due to a scarcity of apatite grains, low U concentrations, and/or young ages

for the samples.



RESULTS

Fission track age analytical results for 41 of the 42 samples are given in Table 1. One
sample was undateable due to poor contact between the mica detector and the grain mount.
The correlation coefficient for spontaneous and induced track pairs is included as a guide to
the dispersion of single-grain ages, although its limitations for this purpose have been
noted by Gleadow and Brooks (1979). Track length measurements were made on all 42
samples (Table 2). Sample locations, age data, and track length histograms are given in
Appendix C. Fluorine and Chlorine contents of apatites from twelve samples from the four
study areas are presented in Table 3.
Bathtub Ridge
The eighteen samples from Bathtub Ridge give apatite fission track ages which range from
491 10to 74 £ 15 Ma (26 errors). The mean value for all 18 concordant ages is 61.8 Ma
(Fig. 12). The samples collected along the stratigraphic section can be divided into two
distinct groups based on measured track lengths: samples from the Permian to Upper
Triassic section underlying the Shublik Formation (lower group), and those from the
Upper Triassic to Albian section including and overlying the Shublik Formation (upper
group) (Fig. 13). The twelve samples from the upper group possess mean track lengths
ranging from 13.4 to 15.5 pm with s.d. between 0.6 and 2.6 pm (Table 2). Eleven of the
twelve samples have mean lengths greater than 14 um. The mean track length of these
twelve samples is 14.7 pm with a s.d. of 1.3 um. The typical shape of the track length
distribution (see Appendix C for track length distributions) derived from these samples is

an undisturbed volcanic-type dismibution (defined by Gleadow et al., 1986b) and discussed

38
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Table 1 Analm'cal Data For Fission Track Age Determinations*

Sample Number  Standard Fossil Induced Correlation Age Uranium
number of track track track coefficlent (Mat+  content
grains density density density 29 {ppm)

(x108cm-2) (x108cm-2) (x108cm-2)

"Bathtub Ridge

POS106A 20 1.450 0.464 1.843 0.961 64.0+13.6 17
(5755) (113) (449)

POS104B 20 1.450 0.265 1.059 0.928 636+ 162 10
(5755) {78) (312)

POS1038 20 1.450 0.402 1.381 0.935 74.0+15.2 13
(5755) (124) (426)

POS102A 20 1.450 0.424 1.691 0.955 63.8 £ 14.0 15
(5755) (105) (419)

POS97A 20 1.381 0.338 1.182 0948 693+ 152 11
(5480) (109) (381) :

POS86A 20 1.376 0.420 1.815 0.954 559184 17
(5461) (228) (985)

JD78A 8 1.349 0.438 1.774 0.966 58.2+19.8 17
(5354) (43) (175)

POS9BA 20 1.381 0.250 0.940 0.929 644%154 9
(5480) (89) (335)

POSS0A 20 1.381 0.440 1.710 0.859 623+ 150 16
(5480) (89) (346)

POS88A 7 1.376 0.659 2.970 0.999 536 +148 29
(5461) (85) (293)

POS111A 20 1.381 0.446 1.796 0.729 6021156 17
(5480) (75) (302)

POS76A 20 1.381 0.587 2.900 0.917 49.1 :10.4 28
(5480) (110) (543)

POSI17A 16 1.450 0.375 1.318 0.742 724+270 12
(5755) (37) (130)

JDB7A 7 1.349 0.144 0.580 0.746 61.0133.2 8
(5354) (17) (66)

POS115A 12 1.450 0.299 1.238 0.919 615+29.2 11
(5755) (22) (91)

POS9SA 20 1.381 0.265 1.058 0.693 60.6+20.2 10
(5480) (45) (180)

POSSBA 17 1.378 0.120 0.481 0.713 60.4+27.0 5
(5461) (25) (100)

POS113A 9 1.450 0.432 1.876 0.865 586%19.0 17

(5758) (47) (204)
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Table 1 (continued). Analytical Data For Fission Track Age Determinations

Sample  Number  Standard Fossil Induced Correlation Age Uranium
number of track track track coeafficient (Mat  content
grains density density density 20 (ppm)

(x106cm-2) (x108¢m-2) (x106¢cm-2)

Arctic Creek

POS55A 20 1.450 0.226 1.574 0.823 36.6+13.2 14
(5755) (35) (244)
POSBa 1/2 20 1.381 0.118 0.775 0.839 369:+136 7
(5480) (34) (224)
JD15A 20 1.376 0.144 0.899 0.976 387+116 9
(5461) (52) (325)
JD17A 20 1.376 0.173 1.181 0.982 354+8.4 11
(5461) (82) (560)
JD26A 20 1.376 0.125 0.995 0.918 305+72 10
(5461) (80) (636)
JD27A 20 1.349 0.078 0.492 0933 379+132 5
(5354) (38) (238)
JD38B 11 1.349 0.238 1.420 0.998 397+ 148 14
(5354) (34) (203)
(5354) (94) (244)
Canning River
(A)
POS228 21 1.376 0.421 1.517 0.953 669+ 132 15
(5461) (132) (476)
(8)
POS24B 23 1.378 0.461 2.371 0.871 45.8+24.0*23
(5461) (235) (1208)
POS16A 20 1.3786 0.168 1.007 0.927 403+104 10
- (5461) (71) (428)
POS148B 20 1.376 0.138 0.708 0.894 473t132 7
(5481) (82) (317
POS35A 25 1.381 0.266 1.379 0.928 468+t9.4 13
. (5480) (122) (632)
(©)
POS10A 20 1.376 0.217 1.481 0.863 354+74 14
(5461) {105) (717)
POS08A 20 1.376 0.133 1.066 0.918 302+76 10
(5461) (71) (569)
JD038 16 1.450 0.412 2.619 0.924 320 11.8 #24
(5755) (112) (712)
POSO7A 15 1.450 0.238 2.011 0.864 302:118 18

(5755) (29) (245)
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Table 1 (continued). Analytical Data For Figsion Track Age Determinations

Sample  Number  Standard Fossil Induced  Correlation Age Uranium
number of track track track coefficient (Maz content
grains density density density 2q) (ppm)

(x108cm-2) (x108cm-2) (x106cm-2)

ANWR Coastal Plain

POS74A 20 1.450 0.132 0.462 0.925 727+30.2 4
(5755) (30) (105)

POS74B 20 1.381 0.151 0.514 0.590 713+236 5
(5480) (48) (163)

POS75A . - . - . - -

POS87A 20 1.381 0.438 1.347 0.908 787+ 14.0 13
(5480) (171) (526) _

POS6BA 20 1.381 0.263 0.709 0.938 B898+24.4 7
(5480) (75) (202)

POS69A 20 1.376 0.341 0.781 0.831 1049+ 232 8
(5461) (119) (273)

POSB4A 10 1.381 0.331 1.378 0.907 58.3+234 13
(5480) (31) (129)

JD49A 20 1.349 0.179 0.465 0.267 91.0+222 5

“Number of tracks counted are shown in parenthesis. Standard and induced track densities are
measured on mica external detector surfaces. Fossit track densities are measured on internal
minerai surfaces. Ages are calculated using Zeta = 352.7 for dosimeter glass SRM612. # Mean

age, used where pooled data fail 2 test at 5%. Results for each area except Arctic Creek are

glven in stratigraphic order starting from top to bottom. No stratigraphic control is avallable faor
Arctic Creek samples.



Table 2. Fission track length data*
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Sample Age Track Length Standard Number
Number (% 20) (£ 10) Deviation of
(Ma) (um) {um) tracks
Bathtub Ridge
POS106A 64.0 £ 13.8 14,52 + 0.39 2.58 44
POS104B 63.6 £ 16.2 15.07 £ 0.17 1.38 69
P0OS1038 740 £ 15.2 14.96 + 0.09 0.91 102
POS102A 83.8 + 14.0 15.21 £ 0.12 0.97 67
POSS7A 69.3 + 15.2 15.12 + 0.11 1.10 100
POS86A 559+ 8.4 15.05 £ 0.09 0.82 81
JD78A 58.2+ 19.8 15.51 £ 0.20 0.64 10
POS96A 644 £ 154 1494 + 0.13 1.05 87
POS90A 62.3 £ 15.0 14.06 £ 0.16 1.47 84
POSB8A 53.6 + 14.8 13.39 £ 0.24 ©1.00 18
POS111A 60.2 + 158 14.29 + 0.17 1.71 104
POS76A 491104 1404 £ 0.24 2.10 80
POS117A 72.4 £ 27.0 12.87 £ 0.35 1.89 29
JDB7A 61.0 £ 33.2 13.92 + 0.33 0.88 7
POS115A 61.5+29.2 12,96 £ 0.34 1.70 25
POS98A 60.4 £ 27.0 10.98 + 1.66 4.40 7
POS99A 60.6 + 20.2 14.06 £ 0.32 1.45 21
POS113A 58.6 £ 19.0 14,26 + 0.39 1.64 18
Arctic Creek
POS55A 36.6 + 13.2 14.06 £ 0.46 2.10 21
POS63 1/2 36.9 + 13.8 14.00 £ 0.19 1.71 87
JD15A 387118 14.03 £ 0.16 1.29 61
JD17A 354+ 84 14.02 £ 0.19 1.55 69
JD26A 305 72 14.20 + 0.20 1.73 76
JD27A 379 +13.2 1424 + 0.18 1.55 75
JD38B 39.7+ 148 14.48 + 0.15 1.31 74



Table 2. Fission track length data (continued)

43

Sample Age Track Length Standard Number
Number (£ 20 (£ 10 Deviation of
(Ma) (km) {um) tracks
Canning River
(A)
POS22B 66.9 + 13.2 14.47 £ 0.21 1.41 45
(8)
POS24B 458 + 24.0 1417 + 0.32 1.11 12
POS16A 403+ 104 14,05 + 0.23 1.18 28
POS148B 473 + 13.2 13.45 + 0.21 1.32 41
POS35A 468+ 94 12.73 £ 0.20 1.50 57
©
POS10A 354+ 74 12.66 + 0.28 1.75 40
POS08A 302 7.6 12.29 + 0.25 1.81 52
JD03B 320+ 118 12.58 + 0.25 1.37 31
POS0Q7A 302+ 118 11.59 £ 0.25 0.72 8
ANWR Coastal Plain
POS74A 72.7 £30.2 14.96 + 0.18 0.98 31
POS74B 7131236 14.66 £ 0.27 1.55 32
POS75A - 14.63 + 0.21 1.24 35
POSB7A 78.7 £ 14.0 14.60 £ 0.12 1.22 107
POS68A 898 +t24.4 13.85 + 0.29 2.04 50
POS63A 1049 £ 116 13.90 £ 0.17 1.69 100
POS64A 583 + 234 14.30 £ 0.36 1.07 9
JD4SA 91.0 £ 22.2 1477 £ 0.21 2.09 101

*Rasults for each area except Arctic Creek are given in stratigraphic order starting from top to
bottom. No stratigraphic control is availabte for Arctic Creek samples.
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Figure 12. Plot of fission track age vs. elevation for samples collected from Bathtub
Ridge. Mean age for 18 samples is ~62 Ma. +2 sigma error bars are shown.
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on page 30. The six samples from the lower group have mean track lengths ranging from
11.0 to 14.3 pm and s.d. between 0.9 and 4.4 um. The mean track length of these six
samples is 13.2 um with a s.d. of 2.0 pm (Table 2). The shape of these length
distributions is typical of a "mixed" distribution, characteristic of a partial thermal overprint
(see Appendix A, p. 101).
\rctic Creek Regi

The seven samples from the Albian turbidites located at the upper part of the Arctic
Creek section possess apatite fission track ages ranging from 31 7 to 40 + 15 Ma. The
mean of the apparent ages for all seven samples is 36.5 Ma (Table {, Fig. 14). Mean track
lengths are all long (between 14 and 15 um) with s.d. between 1.0 and 2.0 um (Table 2,
Fig. 15). The track length distribution for each of the seven samples is typical of a
volcanic-type distribution but with a slight variation. In all but one case there is a distinct
tail of short tracks (lengths < 10 pm) in each distribution. This tail of short tracks contains

less than 4% of the total number of tracks.
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Figure 14. Plot of fission track age vs. elevation for samples collected from the Arctic
Creek exposures. Mean age for 7 samples is 36.5 Ma. 32 sigma error bars shown.
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ARCTIC CREEK REGION
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Figure 15. Apatite fission track data from representative samples collected from the
Arctic Creek exposures. Each plot shows track length vs. frequency, mean track length,
age (£1 sigma) and number of tracks measured. Sample localities cannot be shown on
stratigraphic column due to poor outcrop control.

Canning Ri Regi

The nine samples from the Lower Cretaceous to Paleocene Canning River section
possess apatite fission track ages from 67 £ 13 Ma at the top of the section to 30 + 12 Ma at
the base (Table 1, Fig. 16). These data can be divided into three units (Fig. 17): (A) the
single sample at the top of the section with an age of ~67 Ma, (B) the 4 samples in the
upper part of the section with concordant ages between 40 + 10 and 47 + 13 Ma (mean age
~45 Ma), and (C) the 4 samples near the base of the section with concordant ages between
30 £ 12 and 35 £ 7 Ma (mean age ~32 Ma). Mean track lengths decrease from 14.5 pm for
sample A, to 13.6 um for group B, to 12.3 um for group C. The track length distribution
for sarple A is a volcanic-type with long mean lengths (>14 um). Track length

distributions for group B are volcanic-type at the top but become mixed (Gleadow eral.,
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1986b) at the base of the group. The track length distributions for group C are typical of
mixed and bimodal distribudons (see Appendix A, p. 101).
ANWR Coastal Plain

The eight samples from the ANWR coastal plain with stratigraphic ages ranging from
Albian to Eocene give apatite fission rack ages from 58 + 23 to 105 + 23 Ma (Table 1).
Mean track lengths range from 13.7 to 15.0 pm with s.d. from 1.0 to 2.1 pm (Table 2,
Fig. 18). All eight samples have a volcanic-type track length distribution defined by a

sharp peak centered around ~14.5 um, but four of the samples have a small tail of short

racks (< 4% of total tracks).
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Figure 18. Apatite fission track data from representative samples collected from the
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C itional Variation In Apati
Although differences in apatite composition were not a major focus of this study,
average F and Cl contents of apatites from 12 apatites from the study area have been
included. Table 3 shows the ranges in the ratio Cl /(F + Cl). Apatites with C1 /(F + Cl)
>0.01 are considered Cl-rich, and fission tracks will be stable at higher temperatures than
those in F-rich apatites (Duddy, 1988 personal communication). This difference could
possibly explain the spread of apatite fission track ages for each area (for example the
spread in ages of 49-74 Ma for Bathtub Ridge). However, the sparse data available show
no correlation between apparent age and Cl content (Table 3). These differences in apatite
compositon, which alter the temperature range for the partial stability zone, are not
sufficient to explain the rapid cooling (125°—~60°C) required by the fission track data.

Table 3. Chlorine and Fluorine Contents in Selected Apatite Grains

Sample Fluonne Chlonne Cl Age (Ma £

Number (wt. %) (wt. %) Cl+F 2a)

Bathtub Ridge

POS104B 2.35 0.01 0.002 63.6 £ 16.2
2.31 0.01 0.002

JD78A 2.45 0.05 0.020* 582+ 19.8
3.10 0.02 0.007

POS96A 2.90 0.13 0.042* 644+ 154
2.81 0.07 0.025%

POS90A 2.66 <0.01 0.000 62.3+15.0

Arctic Creek

JD27A 2.60 <0.01 0.000 37.9+ 13.2
1.24 0.01 0.007

Canning River

POSOSA 2.48 0.19 0.072* 30276

POSO7A 2.49 0.01 0.002 302+ 11.8

ANWR Coastal Plain

POS75A 2.843 <0.01 0.000 -

Results for each area are snown in stratigraphic order. *Chlorapatites (apatite with
Cl/F+Cl )> 0.01). Age not available for POS75A due to poor contact between the grain
mount and the mica detector.
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INTERPRETATIONS

After results from all 42 samples were obtained, thermal history interpretations were
made by comparing the track length distribution of each Alaskan sample to published track
length histograms from apatite samples with known thermal histories (e.g. Gleadow ez al.,
1986b; Green er al., 1985b). Preliminary interpretations were then reviewed by members
of the Melbourne University Fission Track Research Group.

As an independent test of the thermal history interpretations obtained by the above
method, 3-4 representative sample histograms from each area were compared to model
histograms generated by a thermal modeling program developed by A.J.W. Gleadow and
P. F. Green (see "Thermal Modeling” in Appendix A). This program utilizes apatite
annealing results from the Durango apatite (Green et al., 1986) modeled using format
statistical methods by Laslett et al. (1987). These results and all previous mathematical
descriptions of fission track annealing in apadte were studied by Laslett et al. (1987), prior
to presenting a preferred model for the prediction of the annealing processes in apatite (see
Appendix A-, p- 97). This model was incorporated by A.J.W. Gleadow and P.F. Green
into their program which generates mode] track iength distributions from postulated time-
temperature histories. Using this program, model histograms were generated for 3-4
representative samples from each study area. The model histograms were compared with
the histograms of actual data to provide a test of the postulated thermal histories.

The track length distribution reflects the nature of the thermal history experienced by
that apatite (Green, 1986). The continuous production of tracks through time results in
distributions of track lengths in which the shorter tracks (<10-12 um) have experienced
higher temperatures than the longest tracks (13-16 pm). In rapidly cooled rocks, such as
volcanic rocks or rapidly uplifted basement blocks which have not been heated above

~50°C since cooling, the track length distribution is characteristically narrow (s.d. between
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~0.8 and 1.3 um) with nearly all tracks falling between 13 and 16 pm and mean wack
lengths between 14 and 15 ym. Only for apatite samples with such a track length
distribution does the fission wack age represent a distinct geologic event in terms of a rapid
cooling from above ~125°C (Green er al., 1985b).

I . { Bathtub Ridge Resul

Apatite ages of the Bathtub Ridge rocks (49-74 Ma) are much younger than the
stratigraphic ages for the same samples (100-280 Ma). This indicates that, subsequent to
deposition, the rocks were heated to temperatures greater than 60°C (approximate lower
temperature limit of the apatite parnal stability zone), causing annealing of existing tracks.
This annealing substantially decreased the density of fission tracks and resulted in a
decreased age for the sample. The track length distributions for the upper group of the
Bathtub Ridge samples are typical volcanic-type distributions. A rapid cooling history for
the upper section is therefore indicated. The mixed-type distributions (Gleadow er al.,
1986b) for the lower group indicate a more complicated history (Fig. 13).

By combining the fission track age and wack length data it is possible to determine a
thermal history for the samples in the two parts of the section. The ages from both parts of
the section are concordant (Fig. 12). Therefore, at ~62 Ma, the section cooled to below
temperatures at which fission tracks become stable.

The track-length data for the upper section indicate that very rapid cooling occurred for
these rocks after total annealing of previous tracks and resetting of the fission track age.
The narrow track length distributions and high mean track lengths indicate that these rocks
must have cooled from 1emperatures greater than 125°C to approximatety 50°C in 3-5 m.y.
Figure 19 shows the track length distribution for sample 87POS96A and a best fit model of
its thermal history generated by the thermal modelling program. The model results coincide
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Figure 19. Proposed thermal history for the upper part of the Bathtub Ridge section.
This figure shows track leagth dismibution data for the Bathtub Greywacke, sample
87POS96A (unsappled), and its proposed thermal history (suppled) derived using Laslett
et al's (1987) preferred model. In this "best fit" example, rapid cooling occurs from
>125°C 1o ~50°C between 65 and 60 Ma followed by protracted cooling to present surface
temnperatures. The positioning of a kink in the curve, after the rapid cooling, has no
significance per se. In the computer-derived model "Time" represents the actual age of the
deposit and "Age" is the apparent fission track age given the time-temperature path since
deposition. The dashed line in the sample histogram represeats the mean length. The
thermal history prior to the cooling event 1s unknown.
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well with the data if cooling occurred over a 5 m.y. period between 65 and 60 Ma. Slower
cooling over the same temperature range or rapid cooling to temperatures greater than 50°C
would produce some shorter tracks which are not common in the samples. Rapid cooling to
temperatures less than 50°C would result in fewer tracks in the 13-14 ym range than seen in
these samples. These results indicate cooling rates of approximately 15° to 25°C per m.y.
for the temperature interval 125° to 50°C (75°C change over 3 to 5 m.y.).

Track length data for the lower group indicate that rapid cooling, though occurring
during the same time period based on the age data, must have terminated at higher
temperatures in order to allow the preservation of many short tracks. This can be explained
by leaving the lower group of samples at temperatures greater than 60°C after rapid cooling
at ~62 Ma. Figure 20 shows the rack length distribution for sample 87POSS9A and a
mode] of its thermal history. The model shows a time-temperature path with rapid cooling
to ~75°C occurring between 60 and 65 Ma. This is followed by slower cooling to present
surface temperatures. Leaving the samples at even higher temperatures would result in
more short tracks than are actually seen.

In summary, for Bathtub Ridge, all eighteen samples analyzed from both parts of the
section have concordant apatite ages averaging ~62 Ma. Since deposition, all apatite fission
track ages have been totally reset, requiring heating to temperatures above 125°C. At ~62
Ma, the upper group cooled quickly to ~50°C and has since undergone slow cooling based
on the observed high mean rack lengths (>14 pm). The lower group appears to have been
subjected to a slightly more protracted cooling history, experiencing slightly higher
temperatures (~75°C) for a prolonged period upon conclusion of the rapid cooling event at

~62 Ma.
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Figure 20. Proposed thermal history for the lower part of Bathtub Ridge. The figure
shows track length distribution data for Echooka Fm. sample §7POS99A (unstippled) and
its proposed thermal history (stippled) derived for the sample using Laslett er al's (1987)
preferred model. In this “best fit" example, rapid cooling from >125°C to ~75°C occurs
between 65 and 60 Ma followed by protracted cooling 10 present surface temperatures. The
positioning of a kink in the curve, after the rapid cooling, has no significance per se. In the
computer derived model "Time" represents the actual age of the deposit and "Age" is the
apparent fission rack age given the time-temperature path since deposition. The dashed
line in the sample histogram represents the mean length. The thermal history prior to the
cooling event 1s unknown.
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Interoretation of Arctic Creek Results

Apatite ages from the Arctic Creek samples (31-40 Ma) are much younger than their
stratigraphic ages (~100 Ma). The younger apatite ages indicate that the samples were
heated to temperatures greater than 60°C subsequent to their deposition, resuiting in track
annealing and a decrease in fission wrack age. The track length distributions are all
indicative of rapid cooling (volcanic-type distributions) but include a small component of
short tracks, indicating an extended yet short period of cooling through the track annealing
zone.

The combination of age and track length data indicate that at ~37 Ma, these samples
underwent rapid cooling from temperatures above 125°C to temperatures below 60°C.
Prior to ~37 Ma, the samples experienced temperatures greater than 125°C resulting in total
annealing of tracks and a zero fission track age. Rapid cooling at ~37 Ma resulted in the
preservation of fission tracks, thus recording the cooling event. The shape of the track-
length distribution shows that the samples did not spend more than 10 m.y. in the 60° to
125°C temperature zone or the distribution would have a larger component of shorter tracks
(see Appendix A, p. 100). Figure 21 shows the track length distribution for sample
87JD26A and a model of its thermal history showing rapid cooling from 35 10 40 Ma. To
allow for the presence of the tail of shon tracks, samples are postulated to have cooled to
~125°C prior to rapid cooling to temperatures less than 60°C. At this temperature near the
lower temperature portion of the fission track annealing zone, recently-formed tracks would
not be fully annealed prior to rapid cooling and would therefore be preserved. Another
possible way to explain the short tracks would require the samples to cool from
temperatures above 125°C to temperatures about 60°C and then remain at those

temperatures for ~10-20 m.y. This would allow some shortening of tracks to occur but
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Figure 21. Proposed thermal history for the Albian turbidites of the Arctic Creek section.
The figure shows track length distribution data for sample 87JD26A (unstippied) and its
proposed thermal history (stippled) derived for the sample using Laslett ez al's (1987)
preferred model. In this "best fit" example, rapid cooling from ~125°C to ~30°C occurs
between 40 and 35 Ma foilowed by protracted cooling to present surface temperatures. The
positioning of a kink in the curve, after the rapid cooling, has no significance per se. In the
computer-generated model “Time" represents the actual age of the deposit and "Age” is the
apparent fission track age given the time-temperature path since deposition. The dashed
line in the sample histogram represents the mean length., The thermal history prior to the
cooling event is unknown.
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would result in a much broader distribution if the samples remained at those temperatures
very much longer.

In summary, all seven samples from the Albian turbidites possess concordant apatite
fission track ages averaging ~37 Ma. All apatite fission track ages have been totally reset
since deposition, requiring heating to temperatures above 125°C. At ~37 Ma, the entire
section cooled quickly through ~60°C and has since undergone slow cooling based on high
mean track lengths (>14 pm).

I . { Canning Ri Resul

The samples from the Canning River section can be divided into three units by fission
track ages and stratigraphic position. For the sample at the top of the section, the single
apatite fission track age (~67 Ma) is older than the stratigraphic age of the host
Sagavanirktok Formation. (Paleocene to Pliocene). Its volcanic-type track length
distribution indicates that minimal track annealing has occurred since the formation of the
tracks. Therefore, the age and lengths apparently reflect the thermal history of the source
terrane.

Apatite fission mack ages of samples from groups B and C (mean values of ~45 and ~32
Ma) are much younger than their stratigraphic ages. The track length distributions range
from volcanic-type at the top of group B in the Canning Formation. to mixed (Gleadow e:
al., 1986b) and bimodal at the base of the stratigraphically lowest group C (see Table 1,
Figure 16, and Appendix C). Moving downsection from the top of group B, mean track
lengths decrease from 14 pm to ~11.6 pm at the base of group C. Therefore, following a
rapid cooling recorded by the samples in group B at ~45 Ma, group C samples from lower
in the section experienced slightly higher temperatures, resulting in more annealing of
tracks and shorter mean track lengths. The group C samples record a second event as a

maximum age of cooling of ~32 Ma.
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The thermal history of these three groups are illustrated in Figure 22. With increasing
temperature above ~60°C, fission tracks in apatite shorten and decrease the apparent age
(see Appendix A). This continues until temperatures of ~125°C are reached at which point
fission tracks are rapidly annealed and samples reach a zero age. To fit the existing data for
the Canning River samples, rapid cooling is inferred to have occurred at ~45 Ma bringing
group B samples from temperatures greater than 125°C to those close to the lower
temperature limit of the partial stability zone (~60°-70°C). The samples remained at these
temperatures long enough for the mean wack lengths to shorten to between 14.1-12.7 um.

Group C samples, ~1000 m downsection, would have been brought from temperatures
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Figure 22. Fission track interpretation of Canning River section. Shows the relative
positions within the track annealing zone prior to the second cooling event recorded by the
samples in Group C. The section is broken down into three groups based on their ages:
(A) ~67 Ma; (B) ~45 Ma; (C) ~32 Ma (42 sigma). Sag. = Sagavanirktok Fm., Kem. =
Kemick Fm. See text for explanation. Shape of curve is based on variation in fission track
ages seen with down-hole temperatures within the track annealing zone from wells in the
Otway Basin (Gleadow and Duddy, 1981; also see Fig. A4).
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greater than 125°C to ~90°-100°C (assumning a geothermal gradient of 30°C/km). If it were
possible to sample farther downsection from the samples giving ages of ~32 Ma (mean of
group C), one would expect to encounter rocks which continued to experience temperatures
greater than 125°C after the ~45 Ma cooling event. The age of these rocks could record the
second cooling event which resulted in the uplift and exposure of the samples from group
C. Therefore, the age of the group C samples (~32 Ma) represents a maximum age for the
second cooling event. Thermal modeling of a sample from the top of group B and a sample
from group C show that this interpretation is possible. In Figures 23 and 24, temperature-
time plots and resultant track length distributions are shown for the two samples. Identical
cooling paths are followed but these paths are separated by 30°C (1000 m of section).

In summary, data from the sample at the top of the Canning River section reflects the
thermal history of its source terrane. Apatite ages from the lower two groups reflect
cooling events through ~60°C with the first cooling event occurring at ~45 Ma. The mean
age of the lowest group (32 Ma) represents a maximum age for the second cooling event.
Interoretation of ANWR Coastal Plain Resulfs

Ages from the individual samples collected on the ANWR coastal plain (58-105 Ma) are
at least as old as their depositional ages (~50-100 Ma). Therefore, subsequent to
deposition, the formations have not been subjected to the temperatures necessary to cause
resetting of the fission track ages as seen in the three previous examples. The track length
distributions are typical volcanic-type distributions but 4 of the samples contain a small
percentage of short tracks (2-5%).

The age and track length data indicate that these apatites record events which reset the
apatite fission track ages and shortened their lengths prior to inclusion in their present

deposits. To produce the observed track length distributions, rapid cooling conditions
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Figure 23. Proposed thermal history for the upper part of the Canning River section.
This shows track length distribution data for sample 87POS14B (unstippled) and its
proposed thermal history (stippled) derived for the sample using Laslett et af's (1987)
preferred model. In this example, after deposition ~80 Ma, the sample was cooled to
~65°C between 50 and 45 Ma and remained at that temperature until a second cooling event
(<32 Ma) brought it out of the track annealing zone. The dashed line tn the sample
histogram represents the mean length.
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Figure 24. Proposed thermal history for the lower part of the Canning River section,
This shows track length distribution data for sample 87POS10A (unstippled) and its
proposed thermal history (stippled) derived for the sample using Laslett et al's (1987)
preferred model. In this example, after deposition ~80 Ma, the sample was cooled t0
~90°C between 50 and 45 Ma and remained at that temperature untl a second cooling event
(<32 Ma) brought it out of the rack annealing zone. In the computer-generated model,
"Time" represents the actual age of the deposit and "Age" is the apparent fission track age
given the tme-temperature path since deposidon. The dashed line in the sample histogram
represents the mean length.
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were necessary, and must have occurred prior to deposition in the sampled units. These
rocks have not experienced temperatures greater than 60°C since deposition.

One sample, 87JD49A, was collected from a bentonite bed within the Hue Shale (Albian
to Cenomanian). An age of ~91 Ma and a mean track length of 14.8 pm (Fig. 25) were
determined for this particular sample. The fission track age appears to date the volcanic
event and the length distmbution reflects the thermal history of the sample since the event.
There are two possibilities to explain the presence of the observed small percentage of short
tracks. First, this sample could have experienced temperatures near 60°C for some length
of time since deposition but did not experience temnperatures which would reset the apatite
fission track age. Alternatively, the sample could have been contaminated by grains with
short tracks during reworking or inclusion of xenoliths.

In summary, all apatite ages (58-105 Ma) are at least as old as depositional ages (50-100
Ma). These ages and track lengths reflect the thermal histories of the samples‘ source

terranes. Track lengths and ages indicate minimal track annealing since deposition.
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Figure 25. Proposed thermal history for the Hue Shale on the Arctic Coastal Plain. This
figure shows track length distribution data for sample 87JD49A (unstippled) and its
proposed thermal history (stippled) derived for the sample using Laslett er al's (1987)
preferred model. In this "best fit" example, after deposition ~93 Ma, the sample has not
seen temperatures greater than ~60°C, but has experienced temperatures >50°C in order to
accumulate some shorter tracks. In the computer-generated model "Time" represents the
actual age of the deposit and “Age" is the apparent fission track age given the time-
temperature path since deposition. The dashed line in the sample histogram represents the
mean length.



GEOLOGIC INTERPRETATION OF FISSION TRACK DATA

OVERVIEW

Apatite fission track data record cooling events, decreasing in stepwise increments,
from ~62 Ma to ~32 Ma northward from Bathtub Ridge to the Canning River. [ interpret
these events to define times at which the northward-advancing front of the fold and thrust
belt was affecting different areas in ANWR. Farther north on the ANWR coastal plain, the
rocks studied have not been subjected to temperatures greater than ~60°C for any recordable
length of time (by fission track methods) since deposition. Hence the apparent apatite
fission track ages for these rocks have not been reset since their deposidon.

The Bathtub Ridge, Arctic Creek, and Canning River sections show evidence for rapid
cooling from temperatures greater than 125°C to less than 60°C during a period of less than
3-5 m.y. The following brief discussion of heat flow considerations provides a
background to a discussion of alternative mechanisms for the rapid cooling.

HEAT FLOW CONSTRAINTS

There are four mechanisms for the transfer of heat: conduction, forced convection, free
convection, and radiation. Conductive heat transfer through a medium occurs via a
diffusive process wherein molecules transmit their kinetic energy to other molecules by
collision. Heat is conducted through a medium in which there is spatial variation in
temperature. Convective heat transport occurs by the motion of a medium due to a
temperature gradient; it can be free where flow patterns are determined by the bouyancy of
a heated material or forced where flow patterns are determined by external forces (Bird ez
al., 1960). Electromagnetic radiation also transports heat, for example the radiant energy
emitted by the sun, but this is mainly re-radiated back into space and only a small fracton
penetrates below a few hundred meters. Therefore radiation need not be considered for the

purposes of this discussion.
64
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Cooling of rocks occurs both by conduction and by forced and/or free convection of
circulating fluids, mostly groundwater. Thermally conducted heat flow through rock per
unit area is the product of the geothermal gradient and the thermal conductivity. In a
homogeneous material the thermal conductivity (k) is the sum of conductivities caused by
latdce vibrations (Clark, 1966). The equation for one dimensional heat flow through a
homogeneous material is given by Fourier's [aw of heat conduction:

Q = -k(dT/dZ)

where: Q = the geothermal flux (~10- calories cm-2 s-1)
k = the thermal conductivity (~10-6 calories cm-! -1 °C)
(dT/dZ) = the geothermal gradient (°C cm-1) (constants from Wyllie, 1971)

Thermal conductivity varies widely with the composition of rocks (Clark, 1966).
Compared with most rocks sandstones have a relatively low thermal conducdvity, making
them excellent insulators (Lee, 1979). Values of k for rocks include: ~5.0 (x10-6 calories
cm-! s-1 °C) for sandstones, ~8.0 for granites, ~10.0 for dolomites, and ~5.0 for shale
(Clark, 1966). These variations cause a variability of geothermal gradient for a given
geotectonic regime, whereas values of heat flow are less scattered (Tissot and Welte,
1984). Some average values of heat flow in continental and oceanic regions according o
geotectonic conditions are (in 1070 calories cm*! s°1 °C): Precambrian shields = 0.92; areas
stable since Precambrian = 1.32; areas with Mesozoic or Cenozoic orogenies = 1.92; areas
of Cenozoic volcanism = 2.16; oceanic basins = 1.28; oceanic ridges = 1.82; and oceanic
troughs = 0.99 (Tissot and Welte, 1984).

For basins with a higher heat flow, annealing of fission tracks occurs at relatively
shallower depths than in a basin environment with a lower heat flow. Geothermal
gradients for foreland basins like the Colville Trough range from ~20°-30°C/km (North,
1985). Therefore, prior to orogenic activity in the NEBR, it is assumed the foredeep of the

advancing Brooks Range experienced a geothermal gradient of between 20°-30°C/km.
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With such a gradient, apatite fission tracks would be partially annealed at >2-3 km depths
and fully annealed at >4-6 km depths. The area has since been overprinted by the
Mesozoic and Cenozoic orogenic activity and would therefore be expected to have a
relatively higher heat flow at present.
ALTERNATIVE MECHANISMS FOR RAPID COOLING

Three possible end-member mechanisms to explain how these sectons could have
cooled from >125°C to <60°C in 3-5 m.y. are: 1) a rapid decrease in geothermal gradient,
2) emplacement of magma nearby followed by rapid cooling, and 3) concurrent rapid uplift
and removal of overburden.
Rapid D in Geot) | Gradi

Wells dnilled on the North Slope of Alaska in the present foredeep just west of ANWR,
have shallow geothermal gradients of ~30°C/kan (depths to 4200 to 4700 m and bottom-
hole temperatures of 120° to 132°C) (Magoon et al., 1987; Gauter et al.,, 1987,
Lachenbruch et al., 1982; Lachenbruch et al., 1987)). This gradient is at a maximum to the
north of the present foredeep, due 1o uplifted shallow basement material, and decreases
slightly to the south as the basin deepens approaching the foredeep (Magoon, 1987
personal communication). Assuming a 20°-30°C/km geothermal gradient for the foredeep
as it prograded northward in response to the advancing mountain front, conditions within
the actual foredeep have remained relatively constant through time. Local and transient
changes in geothermal gradient probably have occurred due to thrusting, uplift, erosion,
and/or sedimentation and subsidence.

A rapid decrease in the geothermal gradient would lower isotherm depths, resulting in
the cooling of rocks at a given depth as isotherms re-equilibrated. To fit the fission track
data, the rocks possessing reset apatite fission track ages must have been below the 125°C

isotherm prior to a rapid decrease in thermal gradient, after which most were cooled above
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the 60°C isotherm. Let us consider a sample at 60°C under 2 km of overburden (assumed
gradient = 30°C/km). A geothermal gradient of ~60°C/kum would be required for this
sample to be at 125°C under the same 2 km of material. Therefore, if the sample had
remained at the same depth and the cooling was related entirely to a decrease in the
geothermal gradient, a 50% reduction in gradient would be required. To accommodate the
fission track resuits, the 50% reduction must have occurred over a period of less than 5
m.y. Based on recent limited studies of changes of geothermal gradients in boreholes on
the North Slope, there is no evidence to support the idea that such a great change in thermal
gradient occurred in the NEBR region since the Albian (Magoon, 1987, personal
communication; Lachenbruch and Marshall, 1986), so this hypothesis is considered 10 be
highly unlikely.
Emplacement of Magma And Subsequent Cooling

Plutonic activity is another hypothetical possibility that could explain the resetting of
fission track ages and cooling of the apatite sarmples. If an igneous intrusion occurred near
the sampled rocks (within several km depending on the size and composition of the
intrusion, and conductvity of the host rocks), the elevated temperatures could possibly
reset the apatite fission track ages. Studying temperature gradients away from contacts
with granitic plutons of specified diameters and an initial emplacement temperature of
800°C into country rocks at 100 °C, Tumer (1981) computed maximum temperature versus
distance from the contacts. Results suggest that rocks 4 km from the contact of a 2 km
diameter granitic pluton would experience maximum temperatures of ~150°C. For a 10 km
diameter granitic pluton, the maximum temperature 4 km from the contact would be
~375°C.

This situation would require distinct plutonic events to occur in the appropriate regions

at approximately 62 Ma, 45 Ma, 37 Ma, and 32 Ma. Although Tailleur (1987) proposed
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that Cretaceous plutonism has occurred in the Brooks Range, isotopic dating and contact
relations led Dillon et al. (1987) to conclude that the main granitic plutonic events in the
Brooks Range were Devonian and older, and that there is no convincing evidence to
indicate post-Devonian plutonism. Dillon er al. (1987) also demonstrated that the only
plutonic rocks in the NEBR, the Okpilak Batholith and two satellite stocks, are of Devonian
age. They suggest that K-Ar biodte ages of ~60-130 Ma from these plutonic rocks were
reset in a secondary heating event related to overthrusting. There is no evidence for
plutonism younger than 60 Ma in the region.

If emoplacement of magma near the sampled areas were to occur, apatite fission track
ages could be reset. However, cooling of emplaced magma in convecting magma
chambers generally is not rapid (~1-5°C/Ma) (Spera, 1980). Hence apatites in rocks near a
cooling magma body probably would not cool rapidly enough to explain the volcanic-type
track length distributions characteristic of most of the Alaskan samples.

Rapid Uplif { D {ati

The most feasible hypothesis to explain the observed fission track data is rapid uplift of
the sections, with contemporaneous removal of overburden (denudation), producing a
cooling from >125° to <60°C in 3-5 m.y. Apatite will begin recording fission tracks upon
cooling through its critical track-retention isotherm (Gleadow er al., 1986a). In fission
track studies of mountain belts this critical isotherm (~125°C) is commonly assumed to be a
static datum at constant depth (Zeitler, 1985). Thus the apatite ages reflect the age of uplift
through that isotherm, resulting in a characteristic pattern of ages increasing with elevation.

Here, "uplift" is defined as the total upward movement of the rock body through some
fixed datum point. Denudation is defined as the destruction of the landscape by the
processes of weathering, mass-wastage, transportation and erosion. Erosion is the

wearing away of the land by the natural agents of waves, tidal currents, rivers, glaciers,
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ice-sheets, wind and related surficial processes (Buckle, 1978). Uplift and denudation are
separate processes which are completely interrelated in terms of cause and effect.
Generally in the Earth System uplift is essential in order for denududation to occur. When
uplift exceeds base level denudation begins, and will continue until base level is again
achieved.

Additional topographic elevation of a land surface resulting from uplift will be equal to
the amount of uplift minus the amount of denudation. However, the ascent of a rock body
through a static isotherm cannot be distinguished on the basis of fission track ages alone
from the downward movement of isotherms. Downward movement of isotherms
following an uplift event is likely to occur during the resultant denudation, primarily by
erosion since the surface temperature is held constant. Hence, an uplift rate, as determined
from the gradient of an apatite age-sample elevation profile is really a denudation rate in this
simple case.

Parrish (1982, 1983) called the apatite age-sample elevation gradient the “apparent
uplift rate" which he defined as "the rate at which the critcal isotherm (~100°C) moved
downward with respect to the rock column”. Kelley and Duncan (1986) re-defined this
gradient as the “apparent denudation rate” because it had been pointed out by Morgan and
Ashwal (1984) that denudation has more of an effect than uplift on the position of
isotherms in the rock column.

According to Parrish (1982, 1983) this "apparent uplift rate” (apparent denudation rate)
will equal the true uplift rate when the following conditions are met:

(1) Critcal isotherms must have been horizontal and uninfluenced by surface topography
or variable thermal conducdvity.
(2) Critical isotherms must remain at a constant depth with respect to the surface regardless

of uplift rate.



70

(3) Uplift must be equal to “erosion” (denudation).
Unless these conditions are met, it is inappropriate to interpret apatite ages directly as uplift
ages and to define an uplift rate.

To explain the fission rack results of this study in terms of rapid uplift and denudadon,
the following conditons must be met: (1) For the apatite fission track ages from the
Bathtub Ridge, Arctic Creek, and Canning River sections to have been totally reset since
deposition, the rocks must have been subjected to temperatures >125°C in order to allow
the fission tracks to anneal. The sampled rocks from the ANWR coastal plain must not
have experienced temperatures >60°C since deposition. (2) Assuming & geothermal
gradient of ~20°-30°C/km, the required ~125°C temperatures would be reached at >4-6 km
depths.

If these conditions are met, the following conclusions can be made which explain the
fission track results in terms of uplift and denudation: (1) The fission track results require
that uplift and denudation at Bathtub Ridge and Arctic Creek occurred over periods of time
<5 m.y., cooling the samples to temperatures <60°C. (2) Two uplift and denpudation events
are recorded in the Canning River section. The first brought the upper part of the section
up to temperatures between ~60-70°C and the fower part of the section to ~90°C.

In order to account for rapid cooling during uplift and erosion, denudation rate must
have approached or equalled uplift rate. A review of several uplift-related thermal history
studies using fission track, K-Ar, Rb-Sr, and Ar 40-39 results indicates that all of these
studies assume that the denudation rate is equal to the uplift rate (Mailhe et al., 1986;
Morgan and Ashwal, 1984; Parrish, 1982; Parrish, 1983; Zeitler, 198S; Zeitler ez al., 1982,
Royden and Hodges, 1984). This assumption is required, if the apatite data are to be
interpreted as a direct indicator of uplift, by the fact that rocks are relatively good

insulators, as discussed previously.



71

Constraint (1) is satisfied by independent thermal history data. Magoon er al. (1987),
report vitminite reflectance (Ry) values and thermal alteration index (TAI) values for all four
areas. Bathtub Ridge and Arctc Creek values indicate exposure to temperatures >220°C
(Ro =1.7-1.8%, TAI = 3.3-3.6). Values from rocks along the Canning River show
exposure to temperatures > 130°C (Rq = 1.3%) for the Canning Formation and 80°C (Rq =
0.6%) for the Sagavanirktok Formation (see Fig. 6). Samples from the ANWR coastal
plain are thermally immature indicating exposure to temperatures not >60°C (R, = 0.4%).
Anders er al. (1987) report vitrinite values of 1.5-1.8% for the Pebble Shale and 1.0-1.2%
for the Canning Formation from samples collected in Ignek Valley near the Canning River.
They also give vitrinite values of 0.5% for the Hue Shale and the Canning Formation from
the ANWR coastal plain. These virrinite reflectance and TAI values indicate that the
temperatures necessary to reset apatite fission track ages were easily reached.

Since it is assumed that the fission track ages were reset due to burial to high
temperatures (>125°C) prior to uplift and denudation, constraint (2) requires that with a
geothermal gradient of ~20°-30°C/km (for a foreland basin) there was once >4-6 km of
section on top of the presently exposed Albian deposits. A geothermal gradient of between
~20°-30°C/km is used in this study purely as an average value and the estimate of 4-6 km of
section removed is probably 2 minimum. Geothermal gradients in sedimentary basins from
a wide variety of tectonic settings generally range from 15-50°C/km with an average value
of ~30°C/km (North, 1985). Present and ancient geothermal gradients can be
approximately the same in sedimentary basins where no tectonic or magmatic activity has
been known since deposition of the rocks (Tissot and Welte, 1984). The similarity of past
and present geothermal gradients is not acceptable in basins where the last orogeny and/or

magmatc intrusion is contemporaneous with, or younger than, deposition. In these
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basing, the geothermal gradient may be high (>50°C/km) and variable (Tissot and Welte,
1984).

Any direct stratigraphic evidence that a section >4-6 km once existed on top of the
presently exposed deposits has since been removed by denudation, but there is other
evidence of its former existence. Bird (1987) reports evidence for over 8,000 m of Upper
Cretaceous deposits in the same foredeep farther to the west in NPRA, where the
deformation front has not progressed northward since latest Cretaceous earliest Tertiary
time. Bird and Bader (1987), working with well data, report that over 7,500 m of
Brookian sediments were deposited in the foredeep just northwest of ANWR. To the east,
in the MacKenzie Delta region, they report over 9,400 m of Tertiary section alone.

[f 4-6 km of section was removed from the top of the Bathtub Ridge and Arctic Creek
sections, the eroded material must have been deposited elsewhere. Deposition in the
Colville Trough has been prograding east along the strike of the mountain front during the
formation of the Brooks Range (Bird, 1987). Material shed northward from the NEBR
during Late Cretaceous and Terdary fime would probably be deposited in the foredeep to
the northeast of the source. The thickness of Tertiary deposits to the northeast (>9,400 m)
and to the northwest (>7,500 m) of the NEBR support the idea that 4 km of material could
have been shed from the Bathtub Ridge and Arctic Creek regions.

If conditions 1-2 are accepted, fission track results require minimum uplift and
denudation rates of between ~2 km (geothermal gradient = 30°C/km) and ~3 km
(geothermal gradient = 20°C/km) in 3-5 m.y., over the temperature range ~125-60°C,
These correspond to minimum uplift and denudation rates of between ~0.4-0.7 mm yr!
(30°C/km) and ~0.6-1.0 mm yr-t (20°C/km). Uplift and denudation of the upper part of the
Bathtub Ridge and Arctic Creek sections occurred over a 3-5 m.y. period, over a

temperature range of 125°C to ~50°C. These values give a rate for uplift and denudation of
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between ~0.5-0.8 mm yrt (30°C/km) and ~0.8-1.3 mm yr! (20°C/km). Uplift and
denudation of the Canning River section occurred over a 3-5 m.y. period, over a
temperature range of 125°C to ~60-70°C giving rates of ~0.4-0.6 mm yr! (geothermal
gradient = 30°C/km) and ~0.6-0.9 mm yr! (geothermal gradient = 20°C/km).

These rates are consistent with other reported rates of uplift from other orogenic areas.
In the Himalayas, Zeitler (1985), reported rates for uplift and erosion as high as 0.2 to 0.5
mm yr L. In the European Alps, Clark and Jager (1969) calculated mean uplift and erosion
rates of 0.4 to 1.0 mm yr! and Wagner et al., (1977) reported values from different
tectonic blocks ranging between 0.2 to 1.3 mm yr-l. In the Lepontine Alps, Hurford
(1986) reported mean rates of uplift and erosion of 0.5 mm yr1 with local rates up to 2.2
mm yrl, In New Zealand, rates as high as 2.0 mm yr! have been reported (Harrison and
McDougall, 1980).

The rates of uplift and denudation determined from the ANWR samples are also
consistent with reported rates of denudation for mountain belts. In southeast Alaska,
Corbel (1959) reported denudaton rates of between 0.6-0.8 mm yrI, Bloom (1978)
reported denudation rates between 0.5 and 1.0 mm yr} for Cretaceous alpine erosion in the
Sierra Nevada. Using sedimentological evidence, Menard (1961) reported erosion rates for
the Himalayas ranging from 0.2 mm yr-! at 40 Ma to 1.0 mm yr-l under present
conditions. Dodson and McClelland-Brown (1985), infer erosion rates of 2.0 to 15.0 mm
yr! for the western Himalayas on the basis of paleomagnetic and isotopic data.

The inferred rates for the NEBR are minima because the temperature range over which
fission tracks in apatite can describe a thermal history is limited to approximately <125°C.
Vitrinite values show that some of the samples were buried to depths at which
temperatures were much greater than 125°C, but neither viminite nor fission track data

constrain the maximum depth to which the samples were buried.



74

SUMMARY AND CONCLUSIONS

The northeastern Brooks Range in the Arctic National Wildlife Refuge is part of a
complex, northward-advancing fold and thrust belt. Apatite fission track results from this
study indicate that the uplift and denudation events responsible for building the northeastern
Brooks Range are younger to the north.
Bafhtub Ridge

The fission track results from the Bathtub Ridge section indicate that rapid cooling
during a 3-5 m.y. period occurred at ~62 Ma. This cooling event, believed to be related to
uplift and denndation, brought the section up from temperatures greater than 125°C to
~50°C for the upper part of the section and to ~75°C for the low;vcr part of the section. This
indicates a cooling rate of ~20°C/m.y. and minimum rates of uplift between ~0.5 and 0.8
mm yr ! (geothermal gradient = 30°C/km) and 0.8-1.3 mm yr! (geothermal gradient =
20°C/km). After this event, the section has undergone slower uplift at a rate on the order of
~0.03 mm yr! (~2 km in 60 Ma) to reach present surface conditions.
\retic Creek Regi

The fission track results from the Arctic Creek exposures indicate that rapid cooling
during a 3-5 m.y. period occurred at ~37 Ma. This cooling event, related to uplift and
denudation, brought the section up from temperatures greater than 125°C to ~60°C. This
gives a cooling rate of ~20°C/m.y. during uplift and denudation and a minimum rate of
between 0.5 and 0.8 mm yr! (geothermal gradient = 30°C/km) and 0.8-1.3 mm yr!
(geothermal gradient = 20°C/km). Since this event, the section has undergone slower uplift
on the order of ~0.06 mm yr 1.
Canning Ri Regi

The fission track results from the Canning River exposures indicate two periods of

rapid uplift, the first at ~45 Ma and the second at < 32 Ma. The first uplift event may
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explain the presence of an Eocene unconformity reported by Bruns er al. (1987) and Kelley
and Foland (1987) (Fig. 6). Uplift and denudation in the region at ~45 Ma was followed
by deposition of the Sagavanirktok Formation. Fission tracks in rocks below the
unconformity record the uplift events whereas those from rocks above the unconformity
reflect the history of the sediment source terrane. The ~67 Ma age from the Sagavanirktok
Formation sample may represent a provenance age of material shed northward from the
region uplifted during the event recorded in the Bathtub Ridge section.
ANWR Cogstal Plain

The fission track and vitrinite reflectance results from the ANWR coastal plain
exposures indicate that the rocks have not been subjected to temperatures necessary to reset
apatite ages since deposition. The rocks from these exposures are thermally immature and
thus it is not possible to determine an uplift/denudation history for the area since
deposition. Instead, the apatite ages reflect the thermal histories of the sediment source
terranes. One of the ages (~58 Ma) could possibly represent a provenance age of material
shed northward from the region uplifted during the event recorded in the Bathtub Ridge
section.
0 . { p { Uplift/D jation Hi

It has been proposed (Namson and Wallace, 1986; Wallace and Hanks, 1988a, b, and
in review) that Cenozoic shortening in the NEBR (Fig. 26) has been accommodated by a
duplex thrust system (Fig. 27) consisting of a roof thrust and a floor thrust bounding a
series of hinterland-dipping horses (e.g. Boyer and Elliot, 1983). The floor thrust of this
proposed duplex is at depth in pre-Mississippian rocks, and the roof thrust is near the base
of the Ellesmerian Sequence. The duplex thrust geometry requires that the faults formed

from south to north in a forward-propagating thrust sequence (Boyer and Elliot, 1983).
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TECTONIC MAP OF THE NORTHEASTERN BROOKS RANGE
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Figure 26. Tectonic map of the NEBR, (from Wallace and Hanks, 1988)
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Figure 27. Preliminary cross-section across the NEBR. The apatite fission trgck ages
for the Bathtub Ridge section, the Arctic Creek area, and the Canning River section have
been projected into equivalent structural positions along the line of section. Ages of
displacement over footwall ramps decrease in age northward from a (~62Ma) to f (<32
Ma). See text for explanation. (Data projected onto cross-section described in Namson
and Wallace, 1986)
Shortening in rocks above the duplex was accommodated by a combination of detachment
folding and imbricate thrust faulting (Wallace and Hanks, 1988a, b, and in review).
Fission track results, discussed below in context with Figure 27, have been projected
into the line of the section to the approximately equivalent structural position along strike.
Because data are being projected from a considerable distance off the section, the specific

structures and history on the line of section may differ from the areas sampled.
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Before deformation began in the NEBR (Wallace and Hanks, in review), the Lower
Cretaceous deposits at Bathtub Ridge and the Arcnc Creek area were deposited in a
foredeep to the north of the front of the ancestral Brooks Range (Bird er al., 1987).
Deformation during Paleocene ume (~62 Ma) resulted in the emplacement of a major horse
above ramp (a) in the Franklin Mountains, resolting in the rapid uplift and denudation of
the Bathtub Ridge section. Continued shortening resulted in the migration of the
deformation front northward and formation of subsequent horses. At ~37 Ma (~Eocene-
Oligocene boundary) displacement occurred over ramp (e) resulting in the rapid uplift and
denudation of the Arctic Creek exposures. The Canning River exposures to the west of
the Sadlerochit Mountains underwent two phases of uplift and denudation. The first
occurred during the Eocene (~45 Ma) and the second occurred during the last 32 m.y, both
over ramp (f). The first uplift event may have resulted in a regional unconformity on which
subsequent deposidon of the Sagvanirktok Formadon occurred. The ANWR coastal plain
surface exposures are thermally immacure where studied and do not show any fission ack
annealing effects due 1o uplift associated with the advancing fold and thrust belt. Uplift due
to deformation in the coastal plain has been insufficient to expose rocks which have been

buried deeply enough for fission track annealing to occur.



APPENDIX A

FISSION TRACK ANALYSIS: A SUMMARY OF THE
IECHNIOUE AND INTERPRETATION OF RESULTS
INTRODUCTION

Fission tracks are damage zones formed as charged particles, produced by fission of a
heavy atom (232Th, 235U, and 238U)), pass through a crystal lattice. It is assumed for all
practical purposes that all fission tracks have come from 238U because 232Th and 235U
possess very low fission decay rates compared to 238U (Naeser, 1979a). 238U decays by
both spontaneous fission and alpha particle emission but alpha particles themselves do not
create tracks in natural minerals (Fleischer et al., 1975). |

The density of spontaneous fossil tracks is proportional to the length of time during
which tracks have accumulated and to the 238U concentration of the sample. The
concentration of 238U can be determined by irradiating the sample alongside a standard in a
nuclear reactor, using a monitored thermal neutron flux. Thermal neutrons in the reactor
induce fission in a fraction of 235U present in the sample. A count of the induced tracks
produced from the decay of 235U can be related to the 238U concentration using the
constant 235U/238U ratio in natural materials (7.252 x 10-3). By determining the ratio of
fossil tracks to induced tracks, a geological age can be determined. The ratio of 238U to
fission track density is analogous to the ratio of parent to daughter isotopes in other

radiometric dating systems.

FISSION TRACKS AND FISSION TRACK TECHNIQUES
The F i { 2 Fission Track
A fission track is formed when a nucleus of an element such as wranium undergoes

fission. Fission decay results in two fast-moving highly-charged fission fragments
79
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recoiling from each other in opposite directions due to electrostatic repulsion. The best
explanation for the formation of fission tracks is the “ion explosion spike"” (Fleischer et al.,
1975) (Fig. Al). A "burst” of ionization along the path of the charged particles creates an
electrostatically unstable array of adjacent ions which eject one another from their normal
sites into interstitial positions. As the fission fragment passes, it strips electrons and leaves
a zone of net positive charge in its wake. This causes the remaining positively-charged
ions along the partcles path to repel each other, forming the track or damage zone. Some

have speculated that a phase change occurs in the vicinity of the fission track.

00 O O0OO0O0OO 0O
O 0000 0O

Figure Al. The ion explosion spike mechanism for track formation in a simple
crystalline solid; (a) atomns are ionized by passage of a massive charged parnticle (fission
fragment), (b) causing instability and ejecting ions into the lattice by mutual repulsion (after
Fleischer ez al., 1975).

The resultant track is only a few angstroms wide and ~10-20 pim long (Naeser, 1979a).
It remains stable in all insulating solids, but conducting and semi-conducting solids do not
retain tracks as movement of electrons rapidly neutralizes the ions produced. These wacks

can be observed by transmission electron microscopy but the electron beam anneals them
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quickly. It is also possible to observe them under a petrographic microscope once the
tracks have been revealed by chernical etching.
Track Etching

Fission racks are made visible by chemical etching because the etchant preferentially
attacks the highly disordered (glassy?) material along the track. The geometry of track
etching is determined by the simultaneous action of two etching processes (Gleadow,
1984). These are the rate of etching along the particle track surface at a linear rate (V) and
the rate of etching along an undamaged surface, or bulk etching rate (Vg). Selective
etching of a track depends on VT being greater than Vg, with the shape of the resulting
track being dependent on the difference between these two etching rates. For example,

if VT >>V@, a narrow conical track is produced (Fig. A2). If V is only slightly greater

etching 'solution

. dlched surface
origing! surfaze

(@)

(b}

Time O Time t/2 Time t Time 2t

Figure A2. Track geometwry showing Vgt (bulk surface etching with time) and V-t
(track etching with time). Tracks intersecting the surface at angles less than the cntical
angle g will not be revealed. See text for explanation (from Gleadow, 1984).
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than Vg, a shallow, wide, poorly defined track results. Another factor that controls the
observation of tracks is the angle at which a track intersects the surface. Tracks intersecting
the surface at less than the minimum intersection angle g are not revealed by etching
because the vertical component of VT 1s not as great as Vg (Fleischer and Price, 1963)
(Fig. A2). Therefore, where g is greater than zero, an etching efficiency (1) exists, defined
as the fraction of tracks intersecting a given surface that are actually etched on the surface.
Oanly those tracks intersecting at angles greater than g (defined by sing = V1/Vg) will be
revealed by etching.

The concepts of V1 and VG explain track etching well for isotropic minerals, however
Vg is anisotropic in most minerals (Fleischer er al., 1975). This anisotropy is reduced by
accumulating radiation damage from the alpha decay of uranium and thorium in the host
mineral (Gleadow, 1978). Working with sphene, Gleadow, (1978) found that the mineral
became more isoropic with accumulating radiation damage causing progressive change in
the etching characteristics of fission tracks. The consequences of anisotropic etching
(shape of etched fission tracks with different crystallographic orientations and different Vg
values on different crystallographic planes) and accumulated radiation damage are
discussed in more detail by Gleadow (1981) and Gleadow (1984).

Etchi Conditi

In order to reveal racks clearly it is important to establish proper etching conditions.
Under-etching results in tracks being faint and easy to miss so that track density is
underestimated. Over-etching makes it difficult to distinguish tracks from other etch
features or intersecting macks. Apatites of widely different composition and age seem to be
very consistent in their etching behavior, unlike sphene and zircon; therefore an etching
time of approximately 20 seconds in 5 mol HNO3 at 20°C is sufficient to reveal fission

tracks (Gleadow, 1984). Sphene and zircon have highly variable etching times dependent
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on general radiation damage plus a number of other compositional and crystallographic
features (Gleadow, 1978; Hurford and Green, 1982; Gleadow, 1984).

Fleischer et al. (1975) has summarized the characteristics of fission tracks which make
them easily distinguishable from dislocations and other spurious etch pits. Fission tracks
are randomly orientated linear defects of finite length with a limited thermal stability, and
should have a statistical distribution related to spatial variation of uranium concentration.
Fission Track Dating Method

Different fission track dating methods are described by Hurford and Green (1982) and
Gleadow (1981). These include the population method and the external detector method
(EDM). In the population method, the spontaneous and induced track densities are
measured on two aliquots of the separated mineral grains. In the EDM, spontaneous and
induced tracks are measured in exactly matching areas from the same internal surface of an
individual crystal.

The EDM is now the most commonly used technique for fission track mineraf dating.
There are many advantages of the EDM, including the ability to date and analyze individual
grains and its adaptability to automation. It also requires less counting times, gives more
reproducible results, and requires less complicated handling after irradiation.

The External Detector Method

In this method spontaneous tracks are measured on an internal surface of a mineral
grain. During irradiation induced tracks from 235U are registered on an external surface of
a detector mineral held in contact with the same surface on which the spontaneous tracks
are counted. This detector, usually a sheet of low-uranium muscovite (<5 ppb), is
subsequently etched to reveal the registered tracks. Spontaneous and induced tracks are

counted in exactly matching areas from the same surface plane of an individual crystal so
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that inhomogeneity in uranium concentration between grains and within grains is not a
problem as it is with the population method.

Since dating involves determining ages for individual grains it is important to avoid
selecting grains that are badly etched or contain dislocations. When selecting grains one
should count only grains which have a low Vg, identified by the presence of sharp
polishing scratches. Scratches indicate a very slow bulk etching rate for that exposed
surface and hence a high etching efficiency for tracks (Gleadow, 1978). Other features one
looks for when selecting grains include alignment of etch pits elongated along the c-axis,
and optical characteristics which indicate that the surface is parallel to the c-axis.

Gleadow (1978) and Hurford and Green (1982) discuss the EDM in more detail.
Hurford and Green (1982) also conclude that sphene and zircon, which are known to
accumulate alpha-recoil damage, can only be dated reliably by the EDM. This is because
laboratory annealing used in the population method removes the alpha-recoil damage as
well the spontaneous fission tracks thereby restoring the initial highly anisotropic pattern of
bulk etch rates. An overestimation of age with sphene can result because etching of the
induced tracks in the annealed sphene will be anisoropic and weakly etched tracks may be

overlooked during counting.

THE FISSION TRACK EQUATION, ZETA CALIBRATION,
AND ERROR ANALYSIS

The Fission Track E .

The fission track age equation is a specialized form of the general age equation used in
all other forms of radiometric dating (Gleadow, 1984). In fission track dating however,
the ratio of daughter atoms to parent atoms remaining is a function of the ratio of

spontaneous to induced track densities of the form (Price and Walker, 1963):
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T:—Lln (1+X‘L§_¢U[P ) (1)

A AP

[ =isotopic ratio 235U/238U = 7.252 x 10-3  (Conran and Adler, 1976).

AD = total decay constant for 238U = 1.55125 x 1010 yr-1  (Jaffey ez al., 1971).
Af = spontaneous fission decay constant of 238U, two values, 6.85 or
8.42 x 10-17yr! (Fleischer and Price, 1964; Galliker et al., 1970); see
following page for explanation.
o  =thermal neutron cross section for 235U = 580 x 10‘2“cm2 (Hannah et al., 1969).
¢  =thermal neuwon fluence.
Ps = spontaneous track density.

Pl =induced track densiry.

Two or more standard glass/mica pairs are included in each irradiation package to
monitor neutron fluence and the possible presence of a gradient along the package. The
standard glass (NBS glass SRM612) contains uniform U concentratdon (~50 ppm) that
produces manageable track densities in the mica detectors. The flux is directly related to the

track density in the mica P4 by:
¢ =BPy (2)
where B is a calibration constant for the standard glass (~ 5.736 x 109 Hurford and Green,

1983).

To determine an age using equation (1) requires the measurement of ¢ and P;, the
determination of neutron fluence (¢), and the use of the constants B and Af. The use of this
equation, its systematics, and calibrations have been reviewed by Hurford and Green
(1982).

The value of the spontaneous fission decay constant for 238U (Ag) has been in doubt for
some time. Fleischer and Price (1964) reported a value 6.85 (+ 0.20) x 10-17yr-1 based on

a comparison of fission track dates of tekdtes with K-Ar dates. However, when the effect
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of track fading, causing decreased ages, is taken into consideration, a value of 8.4 x 10~
17yr-1 is obtained (Storzer and Wagner, 1971). A more precise determination is by
Galliker et al., (1970), who reported a value of 8.46 (+ 0.06) x 10-!7yrl. This value for
At was confirmed by Storzer (1970) and Wagner et al., (1975). Both values (6.85 x 10"
17yr-1 and 8.46 x 10-17yr1) have been used for dating by the fission track method (e.g.
Gleadow and Lovering, 1974; Bar er al.,1974).

The value of B is often determined against independent measurements of the fluence
or by reference to fission track dating of an age standard using an assumed value of Ay
Green and Hurford (1984), report that neutron dosimetry using activation foils can be
extremely unreliable. They also report that reproducibility of fluence calibrations between
different laboratories is poor and that this is expected because in many cases determinations
of Af have depended of fluence measurements (Hurford and Green, 1982). They
concluded that any value of A¢calculated using a system of thermal neutron dosimetry is
only valid for that system.

Zeta Calibrati

Fission track dates are subject to systematic errors arising from the uncerainty of A¢
and from difficalties with measurements of the neutron dose (¢). Hurford and Green
(1982) proposed that until independent values of A¢ and ¢ are known, fission rack dating
should be empirically calibrated against independently known ages. Substituting equation

(2) into equation (1) gives:

1 Ps 3 p1
T=—in (1 +=glip [-2
b ( oD (B’% D 2
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The constants in equation (3), except for Ap (which effectively cancels out for young

ages under 100 Ma) can be grouped into a single factor, "zeta" ({) which is calibrated

directly from age standards.
eroTsto - 1

§= (4)

AD (Ps/Pi)sTDPY

Equation (3) becomes:
1 Ps

_ —In 1+A.DC —pd)

T=" 1 ( Pi ()

Ratios of counts obtained over different standard glasses in common use in

laboratories have been given by Hurford and Green (1983) and Green (1985).
p | Zeta Calibrati

I used three apatite standards for zeta calibration before any unknowns were counted.
The three standards were the Fish Canyon Tuff (27.9 + 0.7 Ma), Durango apatite (31.4 +
0.5 Ma), and Mt. Dromedary apadte (98.7 £ 1.1 Ma). These three standards are discussed
by Hurford and Green (1983) and Green (1985). My results are tisted Table Al; the
weighed mean zeta of 352.7 was used when determining unknown apatite ages in this
study.
D . { E

The fundamental assumption of fission track statistics is that track counts, like
radioactive decay, will follow a poisson distribution. The "conventional analysis™ of
errors(e.g. Lindsay e a/., 1975) assumes that no further sources of variation are present in
the measurement of track densities. Green (1981), in his discussion on the use of statistics

in fission track dating, discusses this assumption in detail. For a poisson distribution the
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Table Al. Fission Track Countng of Standards for Personal Zeta Determination
Sample Number Standard track Fossiltrack  inducedtrack Correlation Zeta
number of density density density coefficient

grains [x1050m'2] (x1050m'2) [x106cm‘2)
Durango apatite

8122-3B 20 1.422 1.987 1.456 0.824 324.5
(321) (2353)

8122-3A 15 1.422 1.700 1.503 0.354 391.3
(218) (1927)

8122-3B 15 1.422 2.200 1.630 0.981 328.1
(234) (1734)

Sample Mean Zeta = 348.0
Fish Canyon tuff

72N8-24 20 1.422 2.192 1.863 0.754 333.1
(336) (2856)

72N8-01 20 1.422 1.860 1.775 0.903 3741
(298) (2845)

Sample Mean Zeta = 353.6
Mt. Dromedary apatite

8322-39 20 1,422 10.57 2.651 0.781 350.7
(884) (2216)

8322-42 20 1.422 8.708 2.275 0.771 365.5
(767) (2004)

8322-39 20 1.422 12.64 3.201 0.857 354.1
(775) (1962)

Sample Mean Zeota = 357.8

Qverall Mean Zeta =352.7
Number of tracks counted are given in parenthesis. Standard and induced track densities are
measured on mica detectors, and fossil track densities on internal mineral surfaces.

standard deviation S of a track count is given by the square root of the total number of

S=\/;J (6)

A standard deviation can be assigned to each track density measurement used in

tracks counted N:

calculating a fission track age. These errors are combined to give the standard deviation of

the age ST:

ST=T VA /N + (/N + (1/Ng) (7
where N, Nj, and Ny are the total number of tracks counted for spontaneous, induced, and

standard glass track densities. Other non-poissonian sources of variation are possible



89

(Green, 1981, see below) so the conventional analysis (equation 7) is actually a limiting
best case.

The EDM is designed so that sampling problems should be eliminated because both P
and Pj ideally originate from the same amount of uranium. Therefore, Pg and P; should
give approximately the same ratio within the variation allowed by the poisson distributon.
However, when using the EDM, some experimental factors can make this "ideal case”
unattainable:

[1] Careless counting of track-like features as tracks leads to an overestimate of Pg This
results in determination of an incorrect older age. Experience in the careful identification of
tracks is necessary to overcome this factor.

(2] Poor contact between the grain mount and mica detector results in a lower P; as fewer
induced tracks are recorded in the detector. This leads to a higher P¢/P; ratio and hence an
older age. Bad contact over a large region of the mount can be recognized by the absence
of shallow-dipping tracks and blurred replicas of grain boundaries in the rrxiqa. Apatite
grains adjacent to zircon grains should not be counted as the higher relief of the zircon may
result in poor contact locally and a decrease in P;.

[3) High track densities make determination of true Pg/P; difficult. A high spontaneous
track density makes determination of the correct P, difficult whereas a high induced track
density does the same for P;.

[4] A low P makes location of the grain replica and the correct counting area difficult and
in some cases, next to impossible. This can be overcome by subjecting the sample to
sufficiently large neutron fluences in the reactor.

(5] Incomplete etching of tracks leads to an underestimate of either P; or Ps. Overetching

may also result in an underestimate of either P; or P as it is difficult in this case to
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distinguish between tracks when they overlap. Overetching also results in the loss of short
tracks.

[6] Spontaneous tracks may not be completely revealed. Zircon or sphene grains
containing different spontaneous track densities or compositions will etch at different rates
due to differing degrees of alpha damage. Therefore, at any given etch time, tracks will be
completely revealed only for a limited range of Ps. Below this range, tracks are
incompletely revealed, whereas at high P tracks are lost. Therefore at either low or high
track densities, the measured values may be depressed, leading to low P ¢/P; ratios.

[7] Incorrect idendfication of the crystal or mica "mirror image" may yield totally incorrect
Py/P ratios. This problem can be eliminated by using a meticulous and careful technique.
(8] Spatial variation of the thermal neutron fluence may occur in the nuclear reactor and
cause problems (Burchart, 1981). Standard glasses, included within a package of
irradiated samples, are used to determine Py and check on uniformity of fluence on a scale
of centimeters. If the neutron fluence is not consistent on this scale, this might introduce an
additional variation in P ¢/P;.

(9] Uranium may be vertically heterogeneous in the apatite grain (Burchart, 1981): Pjis
measured in a mica detector exposed to fissions occurring below the sample surface, while
P¢ originates from fissions occurring both above and below the exposed sample surface.
Therefore, in relating P to P;, it is assumed that the amount of uranium above and below
the sample surface is identical over the range of a fission event (~15-20 pm).

All of the above experimental factors are capable of introducing non-poissonian
variations to or errors in the measured values of P; and Pg, and, therefore, to the final age
determination. However, with experience and careful sample preparation, factors (1]
through [7) should be neutralized. Factors [8] and [9] plus contamination may be

impossible to identify. The conventional method (equation 7) allows no check to be made
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on the way in which the data are affected by the above factors (Green, 1981). Thus, the

final esimate of P ¢/P; may be strongly affected by data with a non-poissonian variation.

A 2 test can be used (o test whether vardation is present in excess of that predicted

from poisson statistics and determines whether or not the data represents a single

population (Galbraith, 1981). In geological situations, failure of the %2 test usually

indicates that some external factor is acting on the vadaton of Pg/P;. This is not always the

case. Green (1985) has shown that an age determinadon can fail the (2 test by chance

alone when non-poissonian errors were not present. For those instances when the value of

%2 was not acceptable, Green (1981) determined that the mean of individual grain ratios of
Pg/Pi (£ 10) takes into account non-poissonian variation where present and gives a more

realistic estimate of the precision of the determination of P¢/P;. The value of Py/Pj is then:

(ps/P7)
Ps/Pi = (%)

and its standard deviation 1s:

(8)

V I (pg/p)? - (T (ps/pi))? (9)
n{n-1)

a(pg/pi) =

The same analysis is often applied to results obtained by both the EDM and the
population method. While this is valid for the EDM in most cases, it will be valid for the
population method only in the case where the uranium concentration is the same for all the
grains. Where there is a variation in uranium between grains, which is likely in most

cases, the uncertainty calculated from equation (7) will be an underestimate.
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APATITE FISSION TRACK LENGTHS

The length of fission tracks is an important parameter because tracks decrease in length
(anneal) in response to time and temperature (Wagner and Storzer, 1972) and hence can be
used as geothermometers. During the annealing of fission tracks, the effects of both time
and temperature are important. A higher temperature for a shorter period of time can anneal
tracks the same amount as a lower temperature over a longer time span.

Fission Track A i

Annealing has been discussed in detail by several authors: laboratory annealing by
Naeser and Faul (1969), Storzer and Wagner (1971), and Wagner (1986); natural
annealing by Naeser (1979a), and Gleadow and Duddy (1981); and fission track length
annealing by Green ez al. (19852, 1986).

Laborarory Annealing Studies:: In laboratory annealing studies, a mineral is heated for
varying periods of time at different temperatures. The degree of observed track density
reduction wi_r_h time and temperature is presented on an Arrhenius plot which relates the
logarithm of time to the inverse of temperature. Early studies investigating the annealing
properties of apante found that heating apatite for a period of one hour produced total track
annealing between 250° and 350°C (Naeser and Faul, 1969; Wagner, 1968). An Arrthenius
plot representing the data (Figure A3: from Naeser and Faul, 1969), could then be used to
extrapolate t0 a ime period of 1 m.y. where 100% annealing would occur at ~175°C. The
slope of the lines on the plot increase from that for 100% track retention to that for total
track loss, with the difference in the slope of these two extremes ranging by a factor of 2 or
3 (Green et al., 1985a). This fanning array has been interpreted in terms of activation
energies increasing with degree of annealing (Storzer and Wagner, 1971). However, in
another study, Wagner (1986), found a parallel-type Arrhenius plot describing a single

activation energy when he carmed out an annealing experiment on a single apatite crystal.
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Nawral Annegling Studies: A more direct way to study fission track annealing in

apatite under geologic conditions is to look at the change in apatite age with depth in a driil

hole (Naeser, [981; Gleadow and Duddy, 1981). In three studies (Naeser and Forbes,
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Figure A3. Results of a laboratory study of fading of fission tracks in apatite and
sphene. The lines marked 0% indicate temperature and time periods in which no tracks are
lost. The lines marked 100% indicate temperature and time periods at which all tracks are
lost (from Naeser and Faul, 1969).

1976; Naeser, 1979a; Gleadow and Duddy, 1981), apatite fission track ages relative to
depth in drill holes were reported. Naeser and Forbes (1976) found that apatite fission

track ages decreased from 100 Ma at the surface to 12 Ma at 3000 m (~95°C present
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downhole temperature) in the Eielson Air Force Base, Alaska, deep drill hole. Naeser
(1979a) reported a zero apparent age at 2000 m depth (~135°C present downhole
temperature) from the Los Alamos, New Mexico, geothermal test wells 1 and 2. Gleadow
and Duddy (1981}), studying apatites from drll-holes tocated in the Otway Basin of
southeastern Australia, identified both the top and the base of the track annealing zone. In
this basin, stratigraphic evidence indicates that the sediments reached their maximum depth
of burial at ~30 Ma and have essentially remained at this depth in a uniform temperature
regime since then. Apatite ages start to decrease downhole at ~60°C (Fig. A4), are reduced
by about half at ~95°C, and reach zero at ~125°C. The entire partial stability zone was
therefore revealed. Combining their results with laboratory data from Wagner (1968) and

Naeser and Faul (1969), Gleadow and Duddy (1981) constructed an Arrhenius plot (Fig.
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Figure A4. Variation in apparent apatite fission track age with down-hole temperature in
wells of the Otway Basin, South Australia. Ages here are expressed as a fraction of their

original age (120 Ma) giving a measure of p/p,, the ratio of fission track density after and
before natural annealing (from Gleadow and Duddy, 1981).
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Figure AS5. Arrhenius plot for fission track fading in apatite. Shows results from the
Otway Group drill-hole data, laboratory annealing results of Naeser (1969) and results
from the Eielson, Alaska, and Los Alamos, New Mexico deep drill-holes (Naeser, 1979).
Dashed lines represent the 0 and 100% track loss lines extrapolated from laboratory
annealing data alone (from Gleadow and Duddy, 1981).

A5). This plot shows that the temperature interval over which annealing occurs at
geological time intervals is less than that predicted from laboratory studies. The variation
of mean track length of confined tracks with change in depth and temperature down a drill
hole has also been studied (Gleadow and Duddy, 1981, Gleadow et al., 1983).
Proportional lengths were expressed as a rado of L (present measured length) over L (the

average length of fresh induced tracks in apatite). The results showed the mean lengths to
be reduced relative to the onginal length of 16.4 + 0.8 um even in surface samples and that
some long tracks still existed in samples that were 90% reduced in age. Plotting track

length reduction versus temperature, they were able to locate the apatite partial stability zone
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in the Otway Basin as being between the temperatures of ~60°-70° and 125°C for times in
the order of 10 m.y. They concluded that the unique contribution of apatite fission track
analysis is the ability to define maximum paleotemperatures and variations in temperature
through time. Gleadow and Duddy (1981) also observed that single grain ages varied
considerably for samples in the partial stability zone. They suggested that this indicated
that different apatites can have different annealing properties, presumably controlled by
apatite composition.
The Effect of C - . l

Gleadow and Duddy (1981) proposed that chemical composition of individual apatite
grains must play some part in the considerable spread of single grain ages from apatites
subjected to temperatures within the partial stability zone. Green et al. (1985a) analyzed
apatite grains from a single sample residing within the partial stability zone in an Otway
Basin borehole. This sample displayed wide variation in single grain ages. The age for the
bulk sample was 53 + 2 Ma, but single grain ages ranged from 0 to 120 Ma. The single
grain ages were plotted against the number of Cl atoms per Cajo(PO4)g(F,OH,Cl),
molecule (Fig. A6). Cl-rich grains are observed to be more resistant to annealing than Fl-
rich grains.
Fission Track [ h ling Studi

In a laboratory study of confined induced fission track lengths in a single, previously
annealed, Durango apatite crystal, Green et al., (1985a), determined a single activation
energy (~1.64 ¢V). This implied a near parallelism of lines on the Arrhentus plot for
various degrees of length reduction. Because the annealing characteristics of individual
apatite grains are strongly controiled by Cl content, they suggested that the widely fanning

Arrhenius plots could be the result of the superposition of a series of near-parallei
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Figure A6. Variation of apatte single grain ages with composition. This sample is from
the Otway Basin S. Australia. Composition is expressed as a number of Cl-atoms in the
(F, OH, C1) group of the apatite molecule. This shows Cl-rich grains are more resistant to
annealing than Fl-rich grains (from Green et al., 1985a).

Arrhenius curves. Each curve would correspond to the range of compositions present and
represent slightly different activation energies.

Green et al., (1986) observed that in all annealed samples, the mean confined track
length is always less than that in unannealed control samples. As annealing progresses, the
mean length is reduced and the length distribution broadens, stowly at first, and then more
rapidly below a length reduction (I/L,) of ~0.65. In addition, the anisotropy of annealing
becomes more pronounced in apatite as annealing progresses. Tracks aligned parallel to the
crystallographic c-axis are more resistant than tracks perpendicular to it. As the mean
length decreases, the only tracks preserved are those more closely aligned parallel to the c-
axis. In heavily annealed samples (L/L, < 0.65) sequential etching indicated the presence

of non-etchable (in terms of normal etch omes) gaps along the length of a small proportion
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of tracks. These gaps, which delay the progress of the etchant during that process, are not
common and may be breached with continued etching Green et al., (1986).

A two-stage model for the annealing of fission tracks in apatite emerges. For mean
lengths above ~10.5 um (L/L, 2 0.65) the form of the track length distribution changes
only slightly with the degree of annealing because the anisotropy is not very pronounced.
Below ~10.5 pm, the form of the confined wack length dismibution changes rapidly as
annealing progresses. The dominant process causes a shortening of the etchable portion of
the track from each end, with the rate of shortening increasing with increasing angle to the
c-axis. For a given combination of temperature and time there is a characteristic maximum
etchable length, which depends on the orientation of the rack. As annealing becomes
severe, gaps may appear in the etchable portions which may delay the progress of the
etchant. With continued etching the gaps may be breached, allowing the characteristic
etchable length to be revealed. The observed length distributions thus result from a
combination of the anisotropy of annealing, and to a much lesser degree, the presence of
gaps (Green et al., 1986).

Laslett er al., (1987) used the results of Green et al., (1986) to determine whether the
results were best expliained by a parallel or slightly fanning Arrhenius plot. The best fitting
parallel model accounted for only 96.7% of the variation of transformed length reductions.

A slightly fanning model gave the best match, accounting for 98.0% of the variation.

For a slightly fanning Arrhenius model:

In(t) = A(r) + B(r) T-! (equation 20, Laslett er al, 1987)

where: t=annealing ime
T = absolute temperature
r=
A(r) = an unknown functon of r subject to constraints that whent=0 or T =0,
r=1sothat: A{l)=-c0
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B(r) = a function where B is normally interpreted in terms of E/K where K is
Boltzmanns constant and E is an activation energy

This model is difficult to fit since A(r) and B(r) are unknowns. Therefore, by statistical

means they derived the following preferred model (see atso Fig. 7):

[{ 1227y 72.7}035. 1] /0.35 = -4.87 + 0.000168T [In(t) + 28.12]

(equation 27, Laslett ez al, 1987)
M ine Fission Track I !
There are three ways of measuring fission track lengths:

(1] By measuring the projected lengths of tracks intersecting an exposed internal surface
(Wagner and Storzer, 1972); (2] measuring the true length of tracks in an internal surface
by measuring the vertical as well as the horizontal componént of the track length and
correcting for the dip of the track; or (3] measuring the true length of internal confined
tracks (Fig. A7) which do not intersect the surface. Confined tracks, as defined by Lal er
al. (1969), are tracks etched either via contact with a track which reaches the exposed

surface or via a fracture or crack.

ETCHED SURFACE

SURFACE TRACK n

. FRACTURE wl

Figure A7. Confined fission track lengths as etched through fractures or other macks
(modified from Gleadow er al., 1983).
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To measure the true length of a confined track, one measures tracks present in the grain
in a horizontal plane perpendicular to the line of sight. However, from a practical
standpoint, it i3 possible to measure tracks that are not quite horizontal. Laslett et al.
(1982) considered confined tracks with true dips <15° as horizontal because their
measurement resulted in an underestimate of the actual length by only a few percent. With
reflected light dlumination, horizontal confined tracks exhibit a very bright image and can
be easily located. This only occurs for tracks very close to horizontal. In transmitted light,
a track is considered horizontal only if it remains in sharp focus along its entire length.

Confined tracks should be measured in prsmatic grains (parallel to the c-
crystallographic axis). This is because annealing in apatite is anisotropic causing tracks
perpendicular to the c-axis to shorten faster than racks parallel to the c-axis (Laslett ez al.,
1984). Thus in a grain orientated parallel] to the c-axis the whole range of track lengths will
be present. In a basal section the mean track length will be shorter because the longest
tracks will not be present.

In this study, confined fission track lengths in apatite were measured using the criteria
outlined in Laslett es al. (1982, 1984) and Gleadow er al. (1986a, 1986b). To properly
calibrate track length measurements I measured many track length standards with known
distributions. Only after I displayed an acceptable level of competence determined by P.F.

Green and A.J.W. Gleadow were the Alaskan samples measured for this study.

APATITE FISSION TRACK THERMAL HISTORIES
As previously discussed on page 29, annealing of fission tracks in apatite can be used
to determine the thermal history of a sample. Gleadow and Duddy (1981), in a study of the
annealing properties of apatite from subsurface samples in the Otway basin of southeastern

Australia, defined a temperature range over which fission tracks anneal. In the Otway
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Basin, apatite ages and mean track lengths began to decrease at ~60°C and reached O at
~125°C (Fig. A4). The entire apatite partial stability zone was therefore revealed and
defined as ~60-125°C (based on the data in Fig. A4). Green (1986), presented data in
which some annealing occurs even at ambient surface temperatures.
Track I b Distributi

Heating through the apatite partial stability zone, as track densities and mean track
lengths decrease with increasing temperature, track length distributions have characteristic
distributions reladve to their length of residence time within the pardal stability zone (Fig.
A8). The transition from unaffected ages through partial overprints to total resetting is
reflected in the shape of the track length distribution. For samples that were subjected to

lower temperatures in the partial stability zone, track length distributions show a high mean

BANYULA-)
0 48
oL 100% FLAXMANS - PORT CAMPBELL -4
" » » o a Oopr
A - %_-? ®r arc O e .
R ’ p 3% 93%
y \ - ] od
30 65 ' \\ LL
oL 9% H .

89

\ 20 > "\
" o ('l
10~ 7% \\
0 ~= - L \ i :
n 78’ a '« \\ i 0 89 AN
20 ) i r 71% \
oL 80% 92 R __F-” i
o’: ,JHL A b e \\'?;z i‘ s
’ 0F Ny & 0 ~
C . LL\ *l_‘ 3 ~Qq

3]
ndd

o <)
T
o
~
l at
) T |

NMDER OF TRACKS

- ) | 9
9" S U 7 1| Cr e L7 23
47% S i 108 P

) o 13% (3

. S .-u”LI A

105° ' // o o - , TAACK LENGTH (ml
4% / 6§ 0 18 20 rpas

JI.J—"'*—”.,‘R . TRACK LENG ™ (um)

1 [l
° mjcx Lsznam?mu n D Torigry @ Uooer Cretscecss D Loww Crelacron

Figure A8. Fission track length distributions observed in apatites from the Otway Basin,
South Australia, at various depths (temperatures) in three drill-holes. Estimated formation
temperature and the percentage to which the apparent fission track age has been reduced is
also shown (from Gleadow et al., 1986a).
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length with a low standard deviation. As temperature increases the length distribution
broadens. This results in a decrease in the mean length and an increase in standard
deviaton. Samples from the base of the partial stability zone show very broad and
relatvely flat length distributions with mean lengths ~50% of the unannealed mean length.
The maximum track length seen in the samples (~16 um) doesn't change because new
tracks are continually being formed.

Several possible patterns of track lengths in apatites arising from distinct thermal
histories as described by Gleadow et al., (1983) are shown in Figure A9. This Figure
shows a number of hypothetical temperarure vs. time plots and the resulting track-length
distributions. The examples A-C show simple burial histories giving unimodal apatite

length patterns essentially in equilibrium with different levels in the partial stability zone.
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Figure A9. Idealized time-temperature paths with the resultant apatite track length
distributions. See text for explanation (modified Gleadow er al., 1983). The 60°C value

for the upper boundary of the partial annealing zone is based on the work of Wagner et al.,
1977.
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Examples D-F show a bimodal length distribution resulting from a past heating event, a
skewed distribution typical of slow cooling through the partial stability zone, and an
entirely shortened unimodal dismbution produced by a recent temperature increase.

Bimodal distributions consist of two major length components: those that were
annealed during a heating event and those that have formed since cooling to lower
temperatures. By staustically separating the two components and estimating the
contribution of the later group to the age of the mineral, the timing of the heating event can
be estimated. Skewed distributions are essentially the summation of the three length
distributions shown in simple burial. The shortened distribution resulting from a recent
temperature increase is produced when all previous tracks are shortened together.

Gleadow er al. (1986b) determined apatite fission track length distribution patterns for a
number of geologic environments. They divided confined track length distributions into
five characteristic shapes (Fig. A10):

(1) Induced Track Length Distributions, Induced wrack length distributions from many

apatite sampies have mean track lengths which fall within a narrow range between 15.8 um
and 16.6 um and have s.d. of ~0.9 pm (Fig A10a). It is reasonable to conclude that
induced tracks in all apagte samples will have a distribution typified by a mean of ~16.3 pm
and a s.d. <t um (Gleadow er al. 1986b). Track length distributions of spontaneous tracks
from a wide variety of different apatites can therefore be compared without the need to refer
back to lengths of induced tracks in the same apatite sample (Gleadow er al. 1986b), as had
been previously suggested by Green (1980).

“Undijsturbed Volcanic" Distributions, These distributions are characterized by mean
lengths between 14,0 and 15.7 um and s.d. from 0.8 to 1.3 um (Fig. A10b) although most
range from 0.8 to 1.0 pm. This type of distribution reflects rapid cooling after formation,

and subsequent exposure to temperatures <S0°C (Gleadow et al. 1986b).  An undisturbed
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volcanic-type" length distribution can also be found in rocks of non-volcanic origin, where
this distribution is diagnostic of a rapid cooling, followed by residence at low temperatures
(<50°C).

(3) "Undisturbed Basement" Distributions. This form of distribution (Fig.A10c) is typical

of plutonic rocks and high-grade metamorphic rocks that formed at high temperatures
(>500°C) deep within the earths crust, were uplifted with overburden removed by
denudation and have now cooled to ambient surface temperatures. They are characterized
by a distinct negative skewness, mean track lengths of ~12.5 to 13.5 wm, and standard
deviatons of ~1.3 to 1.7 um.

(4) Bimodal! and, (5) Mixed Distributions. These are characteristic of thermally affected,
but not totally overprinted, samples. A “mixed” distribution reflects a partial thermal
overprint which may become more prominent to form a "bimodal” distribution (Fig. A10d

and A10e).
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Figure A10. Characteristic apatite confined track length distributions for different
thermal histories. See text for explanaton (from Gleadow ez al., 1986b)
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Upon completion of my results, the Alaskan sample track length distributions were
compared to the above length distribution models and to interpretations of various thermal
histories (Green er al., 1985b; Gleadow er al.,1986b; Gleadow er al., 1986a) in order to
work out the thermal histories for the Alaskan sedimentary sequences.

Thermal Modeling

Thermal modeling is an important tool in predicting a thermal history for a sample
based on its apparent fission track age and the shape of its track length distribution. Figure
A1l illustrates three examples with different rates of cooling and their resultant apatite ages
and track length dismbutions as predicted by a thermal modeling program written by P.F.
Green and A.J.W. Gleadow based on Laslett er al.'s. (1987) preferred model. In (A),
rapid uplift resulting in cooling at a uniform rate from 130°C to 40°C over 10 m.y. is
followed by much slower cooling to 0°C. The computer model produces a volcanic-type
distribution for this cooling history. In (B) and (C), decreasing the rates of cooling (130°C
to 40°C over times of 20 m.y. and 40 m.y. respectively) results in decreasing the mean
track length and increasing the standard deviation. These effects result from the sample
spending longer periods of time within the annealing zone (~60°-125°C) where more shornt
tracks accumulate.

Figure A12 shows how sensitive this thermal modeling can be. In (A), the sample was
at 130°C prior to a rapid cooling to 40°C between 50 and 60 Ma. The resultant track length
distribution is a volcanic-rype and contains no short tracks, In (B) and (C), the sample was
at 120°C and 110°C, respectively, prior to rapid cooling and results in the preservation
ofhigher percentages of shortened tracks. A small difference in the temperature prior to
cooling (110-130°C) is easy to distnguish by the shape of the track length distribution.

The sample at 130°C prior to cooling shows no short tracks. The sample at 120°C has a
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very small zail of tracks <12um (~4%) and the sample at 110°C shows a larger tail of tracks

<12um (~8%).
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Figure All. Figure caption on next page.
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Figure A1l. Apatite track length distributions resulting from different assumed thermal
histories. Examples show expected distributions resulting from decreasing cooling rates
(interpreted in terms of increasing rates of uplift). See text for explanation. These
diagrams are produced from a program written by P.F. Green and A J.W. Gleadow based
on Laslett ez al.'s (1987) preferred model of apatite fission track annealing. The thermal
history being modelled is shown on the bottom left diagram in terms of a time-temperature
path. "Time" represents the total time elapsed since fission tracks start forming. The
history of track shortening is shown for 20 hypothetical tracks at different times (in each
top left diagram), expressed as 1/lo (measured length/ length of original track). The length
distributions from each are summed to give the histogram on the right.
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109

i
[W Time = 80 Ma, FTAge = 60.63
8 .
o Final Temperature = 0 °C
6
A 40
4 MEAN = 14,84 um
A
L 5.0, = 1.672um
0 | 1 { ] 1 1 1 1 1 |
0 80 84 48 a2 8 0 Mo
T T SKEW = -2.33
20 P
L o KURT = 11.29
60 ﬁ £1Ziz
L 0 5 10 1§ 20
o Track Length (um)
100
120

(&)

Figure A12. Thermal modeling of different thermal histories prior to identical cooling
histories. Examples show expected distributions resulting from rapid cooling from
different initial temperatures. See text for explanation. These diagrams are produced from
a program written by P.F. Green and A.J.W. Gleadow based on Laslett er gl.'s (1987)
preferred model of apatite fission track annealing. The thermal history being modelled is
shown on the bottom left diagram in terms of a ime-temperature path. The history of track
shortening is shown for 20 hypothetical tracks at different times, (in each top left diagram),
expressed as l/1o (measured length/ length of original track). The length distributions from
each are suromed to give the final distribution histogram on the right of each diagram.
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\ pplicati

An age and a track length distribution from a single sample can yield a relatively minor
amount of information compared to a sequence of samples selected to reveal variatons
within a sedimentary section. The sequence may be taken from drill holes (e.g. Gleadow
and Duddy, 1981), or taken from long vertical profiles in mountain ranges (e.g. Gleadow
and Fitzgerald, 1987).

Apatite fission track analysis has been used to constrain the thermal histories of many
different geologic settings. These include dating the emplacement of igneous bodies (e.g.
Gleadow and Ollier, 1987), evolution of sedimentary basins (e.g. Gleadow and Duddy,
1984), evolution of continental margins (e.g. Moore er al., 1986), uplift and erosion of
mountain ranges (e.g. Fitzgerald et al., 1986), and "regional thermo-tectonic evolution”
(Green, 1986). By using the observed fission track parameters and apatite thermal history
models discussed above, it is possible to constrain the thermal history of a terrane. This

approach has been applied to the Alaskan sedimentary rock units in this study.



APPENDIX B

A ITE KI
SAMPLE PREPARATION
INTRODUCTION

Sample preparation techniques described below are those in routine use by the Fission
Track Research Group of the University of Melbourne Geology Department, recently
described by Fitzgerald (1987). They have evolved over a 17 year period and have been
improved by many people during that period. The techniques described below are those
developed by A.J.W. Gleadow.

SAMPLE TREATMENT

Rock samples used in this study varied from about 3 to 6 kg. Sample numbers contain
the year collected (87), my initials (POS) or those of John Decker (JD), and then number of
the field location. Multiple samples from the same location were designated by A, B, or C.
Sample numbers ranged from 87POS1A through 87POS117A and 87JD3B through
87JD87A. Weathering rinds were trimmed and the initial rock crushing was performed in
the Geochronology Laboratory of the Geophysical Institute, University of Alaska,
Fairbanks. The samples were then shipped to Melbourne for the remainder of the sample
preparation. At every stage of the preparation, from crushing through mineral separation,
pre-irradiation and then post-irradiation handling, measures were taken to insure cleanliness
of equipment to prevent any possible contamination. A reference hand specimen was
retained and a thin section was prepared for each sample.

ROCK CRUSHING AND MINERAL SEPARATION
Rock crushing and mineral separation procedures are summarized in Table B1 followed

by a discussion of the subsequent steps.
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Table B1. Rock Crushing and Mineral Separation Summary

(D

(2)

3)
(4)

®)

(6)

(7)

8)

©)

Crush to size range 200-75 pum.

(a) Large jaw crusher

(b) Bico Braun disk mill
Wash thoroughly in water to remove fines (dust), or if the sample is too large,
use a Wilfley Table to wash sample and concentrate heavy minerals.
Oven dry at low temperatures (< 60° C).
First magnetic separation.

(a) Frantz-full scale (1.9A), vertical paper funnel, removes ferromagnesian

minerals '

(b) Frantz-0.4A, vertical feed, removes biotite
First TBE. Nonmagnetic fraction from (4b) into TBE, remove quartz,
feldspar etc. as float.
Second magnetic separation-sink from (5). Frantz at forward slope of 25°
and side slope of 10°.

(a) Franz-0.5A, removes biotite and epidote as magnetic fraction

(b) Frantz-0.8A, removes sphene and monazite as magnetc fraction

(c) Frantz-1.1A, removes sphene composites as magnetic fraction

- (d) Frantz-full scale, magnetic cleanup

Second TBE. Nonmagnetic fraction from (6d) into TBE, removes
remaining quartz, feldspar, etc. as float.
DIM. Sink from (7) into DIM, sink is zircon fraction, float is apatite
fraction.
Clean up apatite and zircon fraction.

(a) Apatite, Frantz-full scale, 2° to 5° side slope

(b) Zircon, Frantz-full scale, 0° side slope

TBE = Tetrabromoethane (sym) (specific gravity = 2.96-2.97)
DIM = Di-iodo methane (specific gravity = 3.32)
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MINERAL MOUNTING, GRINDING, POLISHING,
AND ETCHING TECHNIQUES

The following methods outline the procedure for mounting and preparing apatite for
fission track analysis. The purpose of the mounting medium is to support the grains while
they are ground, polished, etched, and eventually counted. Grinding exposes an internal
surface, polishing removes the grinding scratches plus any surface imperfections, and
etching reveals the tracks so they can be seen with a petrographic microscope. At all stages
of preparation the sample numbers were labeled on the mounts. -
Summarv of Materjals and Methods

Mounting medium:  epoxy on a glasg slide. Araldite MY753 resin and HY956 hardener, S:1 by
volume or weight.

Grinding: 400 and 600 grit SiC waterproof abrasive paper on a wet rotating lap (400
pm).
Polishing: 0.3 wm corundum polishing powder in a H2O slurry on a nylon cloth lap

rotating at 400 rpm (1:5 rado, AlpO3:H0).

Etchant: SM HNO3 for ~20 (15-30) seconds at 20-22°C,

Mounting

Apatite grains were mounted in Araldite on a hot-plate at 120°C. Approximately 10 mg
of 100-200 pum size grains are enough to adequately cover a | cm x 1.5 cm area so that the
grains are not touching, yet not excessively isolated. Mounting with excessive grain
density makes locating the grain image on the mica replica difficult. Once in the warm
epoxy, the slurry was stirred with a needle to ensure that apatite grains sank to the bottom
of the araldite. The slide was then left on the hot-plate for 5 minutes to cure the Araldite.
Heating to 120°C for this very short period of time has been shown not to affect track

lengths (Gleadow, 1984).
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Grindi | Polishi
During this stage the slide was held in a specially made recessed brass holder. Excess
epoxy was removed using the 400 grit paper. Internal surfaces of the grains were exposed
using the 600 grit paper. In the grinding stage the slide is held stationary in one
orientation. Mounts were polished for at least two periods of 45 seconds each.
Etching
Mounts were etched by placing two slides back to back, holding them together using
tweezers and submerging them for 20 seconds in a beaker of 5M nitric acid. To stop the
etching, they were submerged in a beaker of tap water and then rinsed with tap water. At
this stage the mounts were trimmed down to a 1 x 1.5 cm size by snapping off the excess
slide glass after scoring with a diamond pencil and ruler. Final trimming was accomplished
using a rotating diamond-impregnated metal grinding wheel.

PRE-IRRADITATION SAMPLE HANDLING FOR THE
EXTERNAL DETECTOR METHOD

Mount - Mica Pai | W .

The mounts were all rimmed to 1 x 1.5 cm at this stage. Pre-packaged rectangles (~50
um thick x 1.3 cm x 0.85 ¢cm) of low-uranium muscovite (<5 ppb) were used for the
external detector. The sample number was scribed on the back of the mica prior 0
wrapping. The mount-mica pair was then placed in an envelope of heat shrink
polythene/polyester laminate plastic using tweezers and then sealed using a heat sealer. The
envelope comners were trimmed off to allow air to escape when the heat-shrinking takes
place. Heat shrinking was done between two pre-heated glass slides on the hot plate at
~100°C. Considerable care was necessary at this stage to ensure the mica was aligned
correctly over the mount, not overlapping the edges of the glass, and that good contact was

achieved between the mount and the mica. Pinpricks were used to mark the comers of the
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mount-mica pair for use during the coarse alignment procedure on the Autoscan™ stage.
Standard glass-mica pairs (for determining Py, the standard track density) were wrapped in
the same way.
The Irradiation Pacl

Up to 15 mount-mica pairs, all labeled and in known order, were placed in a stack with
a standard glass-mica pair at either end for monitoring the neutron fluence. The stacks
were wrapped tightly in Al-foil, the top labeled and placed in a high-purity aluminum
irradiation tube. It is important to know the order of the samples within the tube so that if a
fluence gradient is measured by the standard glasses at either end of the package then
individual standard track densities can be assigned to individual mount-mica pairs.
N Irradiati | Fl Monitori

Neutron urradiations were carried out in the X-7 position of the Australian Atomic
Energy Commission HIFAR Research Reactor, Canberra, which has a well thermalized
flux of ~3 x 1012 ncm-!sec-!. No flux gradients were detected from any of the 4 packages
when using between 12-15 mount-mica pairs and 2 standard glasses (package thickness ~5
cm). Thermal neutron fluences were monitored by recording the standard track density in
the mica external detectors placed over standard glass discs of the National Bureau of
Standards (NBS) reference glass SRM612 (~50 ppm U). The standard neutron dose
requested for the apatite packages was 1 x 1016 neutrons cm-2. The apatites from the
ANWR region were of such low uranium concentration (5-30 ppm U) that future

irradiations should be given higher neutron fluences.

POST-TRRADIATION SAMPLE HANDLING
After irradiation, the mount-mica pairs were removed from the irradiation tube and
unwrapped when a safe leve! of radiation was achieved. Micas were etched in 40% HF for

20 minutes, thoroughly washed overnight in tap water, and then allowed to stand for at
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least 12 hours. This allowed evaporation of any residual HF and therefore prevented any
possible damage to microscope objectives. The mount-mica pairs were mounted on 1 x 3
inch glass slides using epoxy (Figure B1). Care was necessary at this stage to ensure the
pairs were aligned in a mirror-image configuration and that the mica was not glued face
down. The micas that were put over the standard glasses were mounted together on a

separate slide.

apatite mount
mica external detector

- sample number

/ \ pin-prick

irradiation number roferance cross

PT 628-2
R22501
Apatite

Figure B1l. Mount/mica pair as mounted on a glass slide ready for counting and
measuring track lengths. Pin pricks are used during coarse alignment and the scribed cross
is used as the reference point for automated alignment (from Fitzgerald, 1987).

MICROSCOPE EQUIPMENT AND COUNTING PROCEDURES
Fission Track A
A Zeiss Universal microscope system, equipped with dry, epiplan objectives mounted
on a revolving nose turret, was used for all fission track counting. Objectives used were
corrected for use without cover slips. The 80x objective used for counting had a numerical
aperture of 0.95 and the condenser had a numerical aperture of 1.4. The tube factor was
variable using an Optivar magnification chamber, either 1.25x,1.6x, or 2.0x being

available. A Zeiss KPL wideangle binocular eyepiece with a magnification of 12.5x was
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used. A 10 x 10 grid located in one of the eyepieces was used for counting tracks over a
known area.

Fission tracks were counted at a total magnification of 1250x (80 x 1.25 x 12.5 =
objective magnification x tube factor x eyepiece magnification). The size and area of the
grid in the eyepiece was calibrated using a diffracton grating (stage micrometer), one line
on the diffraction grating being equal to 1.5678 um.

Standard track densities (Pq) were obtained by scanning across the mica external
detector and counting the number of tracks in a given area at a given number of locations.
Tracks lying on the lines defining the top and right side of each square in the grid were
counted as being within that square. The exact position of a track was defined by the
position of the track head (the intersection of each track and the exposed surface of the
grain). The requested dose of 1 x 1016 neutrons cm2 for NBS glass SRM612 usually
gave a standard track density (pd) of ~1.35-1.45 x 106 tracks per cm2.

A microcomputer-controlled Autoscan™ 3 axis motorized stage system (Gleadow et
al., 1982; Smith and Leigh-Jones, 1985) mounted on the Zeiss Universal microscope was
used for counting fission tracks. This stage system permits the automatic locaton of
matching points on the mineral mount and its mirror image on the mica detector. The co-
ordinates of all counting sites are recorded relative to the position of a small cross scribed
on the slide (Fig.B1). The mount and the mica were first roughly aligned using the pin
pricks and then fine-tuned using distinctive grains and their images. Alignment usually
took about 10 minutes and had a precision of 5-10 um.

The mount was usually scanned using the 16x objective under reflected light to look for
grains with good polishing scratches (indicating proper etching conditions on the crystal
face). Once a good grain was found it was examined under transmitted light to determine

whether 1t was suitable for counting (dislocation free, and not zoned). The area counted on
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each grain varied according to the suitable area available (area on individual grains ranged
from 4 to 70 grids with each grid ~8.548 x 10-7 cm2). This area had to lie within a one-
track-length distance of the grain margin. Usually 20 suitable grains were located (or as
many grains as possible up to 20) before counting tracks in the apatite (Ng) and in their
muscovite replica (Nj). A mechanical hand counter was used to record the number of
tracks.
Confined Fission Track L l

A drawing tube was attached to the Zeiss Universal microscope and the images of
confined fission tracks were measured on a Hipad™ digitizing tablet. This tablet had been
previously calibrated using a stage micrometer marked at 10 and 2 um intervals. A light
emitting diode was attached to the cross hairs of the the digitizing tablet's cursor so it could
be more clearly seen. Only horizontal, confined fission tracks with clearly defined ends
were measured. Confined tracks were located by scanning the mount using a 40x objective
under reflected light. Horizontal confined tracks usually appear as highly birefringent,
cigar-shaped tubes. Track lengths were measured using an 80x dry objective. 100 track
lengths (or as many as possible up to 100) were measured in each sample. Locating this
many on most of the samples took 2-3 hours but some particularly young or low-U

samples took up to 4 hours.



APPENDIX C

INDIVIDUAL SAMPLE DATA
SAMPLE LOCATIONS

Table C1. Sample Locations.

Sample Lattude Longitude Quadrangle
Number (North) (West) (1:250,000)
Bathtub Ridge

POS76A 69.14 142.77 Demarcation Pt.
POSS86A 69.14 142.77 Demarcation Pt.
POS88A 69.12 142.75 Demarcation Pt.
POS90A 69.12 142.75 Demarcaton Pt.
POS96A 69.12 142.75 Demarcation Pt.
POS97A 69.12 142.75 Demarcation Pt.
POS98A 69.13 142.53 Demarcation Pt.
POSSSA 69.13 142.53 Demarcation Pt.
POS102A 69.13 142.53 - Demarcation Pt.
POS103B 69.13 142.53 Demarcation Pt.
POS104B 69.13 142.53 Demarcation Pt.
POS106A 69.13 142.53 Demarcation Pt.
POS111A 69.13 142.53 Demarcation Pt.
POS113A 69.14 142.80 Demarcation Pt.
POS115A 69.14 142 .80 Demarcation Pt.
POS117A 65.14 142.80 Demarcation Pt
JD78A _ 69.13 142.53 Demarcation Pt.
JD87A 69.13 142.53 Demarcation Pt.
Arctic Creek Area

POSSSA 69.49 144.61 Mt. Michelson
POS63 1/2 69.50 144.46 Mt. Michelson
JD15A 69.49 144.55 Mt Michelson
JD17A 65.49 144.54 Mt Michelson
JD26A 69.50 144 54 Mt. Michelson
ID27A 69.50 144.55 Mt. Michelson
JD38B 69.49 144.49 Mt. Michelson
Carning River Area

POS07A 69.53 146.31 Mt. Michelson
POSOSA 69.55 146.29 Mt. Michelson
POS10A 69.58 146.30 Mt. Michelson
POS14A 69.60 146.32 Mt Michelson
POSI16A 69.63 146.28 Mt Michelson
POS22B 69.73 146.24 Mt. Michelson
POS24B 69.66 146.24 Mt. Michelson
POS35A 69.56 146.26 Mt. Michelson
JDO3B 69.53 146.31 Mzt. Michelson
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Table C1 (continued). Sample Locations.

‘Sample Latitude Longitude Quadrangle
Number (North) (West) (1:250,000)
ANWR Coastal Plain

POS&4A 69.92 143,38 Demarcation Pt.
POS67A 69.94 142.94 Demarcation Pr.
POS68A 69.90 142.95 Demarcation Pt.
POS69A 69.90 142.95 Demarcation Pt.
JD49A 69.90 143.04 Demarcation Pt
POS74A 65.95 144.67 Mt. Michelson
POS74B 69.95 144.67 Mt Michelson

POS75A 69.95 144.67 Mt. Michelson
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Arctic Creek Region
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ANWR Coastal Plain
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Table C2 (continued). Distribution of Individual Track Lcngths
TSamplc Track Length Fta.ngc (Lm)
Number <5 5-6 67 7-8 8-99-10 10-11 11-12 12-13 13-14 14-15 13-16 16-17 >17
ANWR Coastal Plain

POS74A 0 0 0 0 0 O 0 0 1 2 13 8 7 0
POS74B 0 0 0 1 0 O 0 0 0 5 15 8 3 0
POS75A 0 0 O 0 0 O 1 0 2 5 11 12 4 0
POS67TA 0 0 O 0 O O 1 1 7 21 45 18 10 4
POS6BA (¢ 1 0 1 1 0O 2 1 5 9 17 13 0 ¢
POS6SA 0 0 1 1 O O 2 4 16 28 19 19 10 O
POSG4A 0 0 0 0 0 O 0 0 2 1 4 1 1 0
JD49A 0O 0 0 0 0 2 3 4 9 9 3 1 0 0
Results for each area except Arctic Creek are given in stratigraphic order from top to

bottom. No stratigraphic control is available on Arctic Creek samples.



AGE DATA
(Arranged in Stratigraphic Order Where Known)

Explanation of Terms
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Each analysis shows a listing of the individual grain ages, the resulting age and

POS 07A
Irradiation:

NS

NI

Area Units

Ratio

RHO S

RHOI
Age(MYR)
Vaniance of SQR

CHI Squared

NS/NI

Mean Rato
Pooled Age
Mean Age

pertinent information used in determining the age.

-Sample number

-Laboratory number for samples irradiated
in the same package

-Number of spontaneous tracks counted

-Number of induced tracks counted

-Number of area units counted in grain

-Ratio of (NS/NI) for each grain

-Density of spontaneous tracks (per cm2)

-Density of induced tracks (per cm2)

-Individual grain ages (Ma)

-Statistical comparison of values of NS or N1
for all grains

-Statistical test for determining multiple
grain populations:
Pass = grains represent a single population
Fail = grains represent multiple populations

-Pooled ratio of (NS/NT). Uses total number of
spontaneous and induced tracks counted for
whole sample. Value used in age calculation
if sample is part of a single population

-Average ratio of (NS/NTI) for grains

-Age (Ma) calculated using NS/NI(single popula

ton)

-Age (Ma) calculated Using “Mean Ratio” (multiple

populations)



Bathtub Ridge
POS
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19 S

IRRADIATION: PTY38-084
ANALYSTIS BY POS S/14/88

.........................................................................................

AREA
CRYSTAL NS N) ®ITS RATIY RHO S fiH0 1 AGE (MYR)
l é K] 18 8.594 3. 31E¢85 {.71£484 49.3 ¢+- 228
2 3 4 15 $.333 £,99E485 9.94€483 94,7 ¢- 54.9
K| £2 42 12 8.266 9.93€485 3.48E¢94 72,7 +- 23,8
) K| 14 12 8.188 2.48E489" 1.326484 47.8 +- 38,1
] 12 8 12 8.197 9,93E483 5.95E+84 S8.1 ¢~ (5.8
é 3 21 y 9.238 9.32E¢85 2,32e484 48,6 1- 30.2
7 14 49 9 6.284 §.95€464 S.41£494 72,7 +- 22.8
8 28 75 8 8.247 2.48E+84 9.31E+84 87,8 = 7.4
9 [} 2 9 0.890 9.08€400 2.21E+89 8.0 v- 8.9
19 13 41 ] 8,346 1,66Ev84 4,52E486 92.9 ¢~ 28.9
i1 4 20 15 9,200 3.97E¢45 1.99E+84 58.9 +- 22.8
12 } S 4 8,288 [,44E483 0.28E+¢43 50.9 «- 53.8
13 ) 4 8 8.069 §.98€+09 4,97€409 6,8 ¢- 4.8
14 4 t4 12 8.284 3.31E+89 1. {6E404 12.7 +- 412
15 2 4 18 8.222 1.18E403 4,97E+83 56.4 +- 44,2
14 8 4 28 8.008 8.88EV69 1,99E485% g.0 - 4.8
17 ? s 12 9.333 {.84E+95 4,97€489 84,7 +- 491
18 3 29 20 8.258 2.48£403 9.93E485 43.6 +- 31.8
19 (] 2 9 9.988 §.80E488 3.21E485 B.0 - 8.8
28 3 8 9 9.375 3.3LE+8S 3836485 99.2 ¢- 44,4
(13 149 4.63BE+99 1,843E¢84

AREA OF BASIC INIT = 1.8948E-84 (M2
UARIANCE OF SORUIZY = 1.84
VARIGMCE OF SORIt ) = 4.,32447 CORRELATION COEFFICIENMT = @a.,°«4l|
CHI SAUARED = T.12183 WITKH (? OEGREES OF FREEDOM PASS
N3/NT = B,252 +- 2,024 MEAN RATIN = 4,211 +- 0.027
AGE CALCULATED USING & ZETA OF 35Z.7 FOR SPM&LZ GLASS

RRO O = (.45E+04% ND = S735

PONLED AGE = 54.0 +- 4.8 MYR

MEAIM &4GE = 53,7 +- 7.9 MYR
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FOS _1a4ae

IRRADIATION: PTY30-68
ANALYSIS BY POS 5/15/88

e e e e e oy e o o

ammam A e -. . ——————— -

AREA

CRYSTAL NS Ni (ITS RAT10 RHO S RKO | AGE (MYR)
1 1 12 12 9.963 9.43E484 1138486 21,3 +- 229
2 3 {3 k[ ] 8.231 (P KIST k) 4.91E485 38.7 +- 37.4
3 ] 15 ig 4.488 3.78E485 9.45E¢485 191.5 v- 47.9
4 ] 12 15 8.569 4,54€485" 9 .87E493 126,84 +- 3.3
S 4 12 23 9.588 2,72€483 5.44E+85 126,46 +- 43,3
8 2 18 §2 9.260 ). 89E4DS 9.45€+83 5.9 ¢~ 39.5
? i g 12 8.125 §.45E¢084 7.56E4895 3.9 - 338
8 4 3 8 3.6896 0.28€488 4, 256485 8.9 - 0.9
9 8 9 28 9.838 8.08E+80 3.10€+85 8.8 +- 8.8
19 4 ? P 8.574 2,27E+85 3,97€485 144,35 ¢= 98,4
i1 K 9 28 8,333 1.78E483 3.§BE40S 84,7 +- Sa.3
12 2 9 13 8.222 1,51€+485 4.,80E¢83 38.4 ¢= 4.2
13 i 8 18 B.125 6.3BE+BA 3.94E+489 3.9 +- N8
¢4 2 4 [\ 6.333 2.27€485 §.88€+05 Bd.7 +- 49.1
5] i 18 §é 8.108 7.89E484 7.89E485 29.5 +- 24.8
14 8 8 15 8.988 8.80E484 4.95E+85 8.9 ¢~ 3.8
17 i1 34 29 8.304 8.24E405 2.84E+94 77,7 +- 2.4
18 14 35 13 8.235 1.04E+84 4.14E+94 64.8 +- 9.4
19 18 42 18 8.242 9.45€485 3.91E+84 8.6 v- 12
28 8 8 i3 8.998 8.98E400 4.85E4RS 8.8 4+ 9.4

28 312 2.448€485 |.659£+84

AREA OF BASIC WHIT = 8.819€-87 (H?

VARIAMCE OF SQR(NMS) = {.4128

VARIANCE OF SQR(NI)> = 2.5404¢% CORRELATION COEFFICIENT = 08.928
CHI SQUARED = (7.5343 WITH 1% DEGREES OF FREEDOM PASS

NS/NI = 0,259 +- 1,832 MEAN RATIO = 8.226 +- ©.039

AGE CALCULATED USING ~ ZETA (F 352.7 FOR 3RM&12Z GLASS
RHO D = {.,43E+9¢ Ho = S§733

POOLED ~GE = 43,8 ¢+- 3.1 MYR

MEAN AGE = 57,4 +- 10,1 MYR
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POS 1aezB

IRRADIATION: PT9306-03
ANALYSIS BY P0OS 5-9/88

................................................................................................................

AREA

CRYSTAL NS NI INITS RATIO RHO S RRO | AGE(HYR)

| é 28 t3 8.214 4.48E493 2186496 34,6 4- 4.5
2 9 43 12 8.269 8.27E+85 4,196486 33,3 ¢- 9.5
3 5 14 13 8.313 3.98E+85 1.23E¢84 79.4 += 48.2
{ 2 8 12 8.258 {.9SE+85- 7.86€485 43.8 +- 8.3
3 b 14 29 8.357 2,92€+85 8.(0E+85 96.7 +- 47,2
é [ 35 38 8.40¢8 5.46€485 1.36E484 41,5 ¢- 32,4
7 é 28 14 8.214 4,39E+83 2.85E+9¢ 4.6 ¢~ 24,3
8 b] i8 9 8,509 6.98€+8S §, 0B84 128.4 += ¢§.3
§ { 4 9 8.147 1,38€483 7.88E¢83 42.5 +- Q5.
'9 R 13 19 ¢.231 2,346483 1.91€484 38.7 +- 37,4
I 7 26 KIS 8,249 2.27E+83 8.45€+83 68.5 +- 29.2
i2 {3 41 18 8.317 1326484 4.88t+86 88.6 ¢~ 25.4
i3 5 16 1 8.313 3.25€+85 1.94E484 79.4 4- 49.7
14 b ] 9 8.278 §.36E+85 2.34E484 29,4 +- 35.7
15 28 49 19 8.299 1.54E484 3.30E+86 23.7 +- 187
{4 2 8 15 9.250 b.56E+05 4.24E+09 43.6 «» 3.3
17 3 12 42 8.250 8.34€+84 3.34E+485 83,8 +- dt.|
i8 8 18 9 8,444 1,84€+84 2.34E484 112,72 v~ 47.9
19 3 13 30 9.385 1.95E485 3.878+83 97.6 ¢+~ 514
28 8 4 2 9.698 8.08E+91 {.93€+835 8.9 ¢- 3.9

§24 424 4,818€+85 (.38)E+484

AREA OF BASIC INIT = 8.54BE-97 O#2

VARIANCE OF SOR.M3) = 981729

VARIANCE OF SORCKNIY =  2.48611 CORRELATION COEFFICIENT = 8,735
CHI SQUARED = 7.84685 WITH 1% DEGREES UOF FREEDOM PASS

NS/NI = 9.271 +- 0.903@ MEAN RATIO = 8.283 +- 6,024
AGE CALCULATED USINIG A ZETA OF 352.7 FOR SRMAL 2 GLASE

RHO O0 = 1 .,4%E+Q¢s NO = 375%5
POOLED RGE = 74.8 +- 7.6 MYR

MER) RGE =  7(.3 +- 4.2 MYR
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POS 192/

IRRADIATION: PT?30-65
ANALYSIS BY POS S5/15/88

om0 Ak R = o 8 o A e A A b e e PR e

AREA
CRYSTAL NS M1 TS KATI0 RHO § RHO | AGECHIR)
| 8 5 7 3.69b 3.89E+08 8,10E485 8.9 +- 0.8
2 (2 47 6 8,255 2.276484 3.88E+08  65.8 +- 1.8
3 4 3 18 1333, d.54E485 T4BE495 332,24~ 253.7
4 8 54 25 3.143 3.436485 25464908 384 4- 10,8
5 7 31 M 8.226 1.976485 17265486 57.5 4= 74,8
§ 1 4 0 3.250 (89E+85 7566085 43,4 4= 73
7 7 84 $ 8.198 2.148484 1.08E487  58.3 - 13,4
8 5 % 21 8,192 2, 786445 1.406466 9.8 = 239
9 z 4 8 8.588 2.B3E485 S.676985  124.6 ¢~ 189.4
9 3 4 i6 9.759 (. 89E+85 2926085 189.0 - 144.3
i1 2 2 i8 1.889 2.27E485 227685 256.8 +- 250.5
(2 2 3 1 8.467 9 458484 [.426485  148.3 +- 153.8
13 f 3 4 §.303 1 .B9E+8S S.676485 847 4= 97.8
14 2 8 3% 8,244 4.618465 270E406 2.0 +- 5.6
i3 | 3 24 9,333 4.72E484 426485 847 4= 908
18 ! 3 § 8.848 B.98E+ 80 5476485 3.0 ¢ 9.0
17 2 2 4 (.686 3.78E385 3.76E405  25.8 +- 250.8
18 5 8 12 8.625 4.726485 7.56E05 (52,9 ¢ 0.4
19 g 2 9 9.333 5.Q4E+85 [SIEV8S 847 - 48,9
! 8 3l 8 8.258 §.84E+85 [.95€488 45,7 +- 24,0
195 RILE 4.237€483 L49(ERS
AREA OF BASIC WNIT = 8.819€-97 O
VARIANCE OF SORCMS) = (,45495
UVARIANCE OF SQR(NIY = 7.1954s CORRELATION COEFFICIENT = @.955
CHI SQUARED = 23.2%99% WITH 9P DEGREES OF FREEOOM PASS
NS/NT = 0.251 +- 6,027 MEAM RATIO = @.432 +- 4.088

FOR SRIM$12 GLaAd
S7%

T
[F})

ABE CALCULATED UZING ~ ZETA OF 352
FHO O = | .45E+Ba NI

FPOOLED ~GE = 53.3 +-— 7.8 MYR

MEHIN AGE = 10%.5 +=-  28.3 MYR



133

POS 27&

IRRADIATION: PT931-873
ANALYSIS BY POS 5/9/88

----------------------------------------------

AREA
CRYSTAL NS ul WITS RATIO RKO § RHO | AGECHYR)
i 8 3 18 8,333 7.34E+85 2496488 89.7 - 29.5
2 3 18 24 9.167 1, 44€485 8.77E+85 48,5 - 25.2
3 2 6 12 9,333 95E485 5,85E+85 89,7 ¢~ ¢5.5
4 7 2 12 8,259 6.826485. 2436084 2.8 v 8.7
5 3 6 2% 8.568 |, 75E+85 1516485 128.6 +- 85.3
6 (4 54 12 8.250 1 34E486 3. 446488 8.8 +- 18.1
7 5 2 12 9.192 4.876485 2,53E+86 46,7 4= 22.9
] 2 3 12 §.480 | 95€+85 4.87E495 96.7 +- 88.9
9 2 $ 1 8.333 { . 46E+BS 4.39E485 80.7 4~ 65.9
(8 4 17 39 8,353 2. 34E445 §.43E085 834 1= 4.5
11 3 4 30 9,540 1,17€485 2.34E495 128,46 +- 85.3
12 9 a2 3 9.244 3,51E483 | .44E484 2.8 +- 19,1
1 2 S 2 8,488 { . 47E+85 2,92E495 96.7 +- 89.9
14 E i n 8,364 {.56E+85 429685 88.0 ¢~ 51.4
15 3 8 12 8,375 2,92E485 7.88E485 99.7 +- 414
16 14 47 2 9.298 8.19€+485 2.75€484 721 4 2.8
17 i 4 (4 8.167 7.34E494 4.39E+85 48.5 - 43,7
18 7 14 2 9,438 4,89E405 9.36E405 (5.7 4~ 7.9
19 t2 39 18 9,308 7,08€485 2.536484 74.5 +- .0
20 8 4 15 8.690 B.94E 80 3126485 8.8 ¢ 34
189 R 3.382E443 1.182E+84
AREA OF BASIC UNIT = 8.548E-87 (M2
UARIANCE OF SQR(N3) = 9450842
VARIANCE OF SQR(NIY = 2.1821 CORRELATION COEFFICIENT = 9.943
SHI SQUARED = 7.0S%4% WITH 1|9 OEGREES OF FREEDOM FASS
NS/NI = 9.286 +~ 9.931 MEAN PATIO = 9,309 +- 6,827

AGE CALCULRTED UZING & 2ZETA QF 352.7 FOR SRMSl2 GLA3SS
RMO O = 1 .221E+@a& ND 5484

fl

FOQLED AGE = 42,3 +¢- 7.6 MYR

MEAIN KGE = 74.9 +- &.7 MYR
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POS S5

IRRADIATION: PT9146-089
ANALYSIS BY POS S/7/88

................................................................................

AREA
CRYSTAL NS NI INITS RATIO RKO § RHO | AGE(HYR)
[ 0 47 2 9,164 3,41€485 2.96€484 9.7 4= 12,9
2 7 42 3 8.167 2.32E485 396486 9.2 +- 14,5
3 16 72 22 8,222 4976485 2, 236484 53.7 - 14,
4 5 (4 1) 8.313 2,48E445 7,95E+95 75.4 4= 8.4
5 4 58 24 9,289 5, 796465 2876486 61,4 +- 128.4
6 2% 97 2 9,268 8.87€485 3,91E486 4.7 o= 143
? 1 33 5 £.933 4.37E485 (,31E406 88.4 += 26.9
8 2 8 2 #.250 9.03E444 3.61E485 0.4 1= 40,7
9 9 | M 8,299 3,726485 1,26E¢86 781 +- 24.5
) (8 168 3 8,147 4976405 2,98€404 8.3 +- 19.3
1 8 7 25 B.214 3,19E485 1.47E486 52.3 += 28.4
12 2 (8 3 3.280 4.626084 3316485 8.3 +- 0.5
13 3 4 12 8,589 9.31€404 [,84E405 120,27 +- 85,8
14 4 2% 25 8.154 § S9ERS 1.83E¢84 7.2 ¢- 8.8
15 it 4 34 8.256 3,03E+495 £, 19€496 8.8 - 20.9
14 24 88 73] $.273 8.836405 3. 48496 §5.9 - 15.2
17 22 124 25 8.214 1.676486 3,41€406 50.8 4= 11.8
(9 25 11 ) 8.2 1.24€484 5.5(€486 54,4 0= 12.8
19 2. 5 2 8,489 8,20E+94 2,87E485 94.3 +- 86.6
28 3 y 18 8,233 1.66E495 4976085 30,4 ¢- 5).8
20 985 4. 201€485 {,815€+86
AREA OF BASIC WNIT = {.B86BE-86 ONt
UARIANCE OF SGRIMS) = {.78548
UARIANCE OF SOR(NI) = 2.50176 CORRELATICN COEFFICIENT = 9.554
CRI SGQUARED = %.52725 WITH 19 OEGREES OF FREEDOM PASS
NS/NI = 8.231 +- 4.017 MEAN RATIQ = 6.281 +~ 8.817%

AGE CALCULATED USING » ZETA OF 352.7 FOR SRM&1Z GLASS
RHO L = 1,374E+04 NO = 54481

FOOLED AGE = 55.9 +-~ 4.2 MYR

MEAN AGE = £3.1 +- 4.7 MYR
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JR2 28

IRRADIATION: PT?17-85
ANALYS1S BY P0OS 5/17/88

__________________________ -—

AREA

CRYSTAL NS NI RITS RATI0 RKO § RRO 1 AGE(HYR)

( 5 18 9 §.278 3,526445 1.99EME 65,7 - 33.2

2 18 4 9 §.27 (195486 5086486 513 ¢- 18.8

3 8 3 2% §.222 3.18E485 [3EM6  52.7 ¢ 18,6

4 3 9 2 8,333 i 9485 4476485 78.8 = 52,5

5 7 1 7 8.194 9.97E+95 5395406 43.7 +- (8.0

é 2 7 8 8.286 3.31E485 1 14E88 87,6 += 4.2

7 8 (8 19 §.333 5. 94E+05 {,796484  78.8 +- 37.2

9 2 3 12 8,667 1.46E485 2406085 (56.7 4= 1424
43 175 4,358€+85 [.774E+49¢

AREA OF BASIC (NIT = 1.084BE-84 O

UARIGNCE OF SQRCMS) =  .432437

UARIANCE OF SERC(NIY = 3.346207 CORRELATION COEFFICIENT = 9,945

CHI SQUARED = 2.7637 WITH 7 DEGREES OF FREEDOM PASS

NS/NI = @.248 +- .42 MEAN RATIO = @0.315 +- 8.854

AGE CALCULATED USING & ZETA QF 352.7 FOR SRtlé12 GLASS
RHO D = {.34FE+a4é ND = 33354

POOLED AGE = 58.2 +~ 7.9 MYR

MEAN AGE = 74.5 +- 12.8 MYR
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POS S5

IRRADIATION: PT?3{-088
ANALYSIS BY POS 3/9/88

€ 1 e e e e e e e B e D D D B Y W Y A e e ek e e W e

AREA

ERYSTAL NS n NITS RATI0 RHO RHO AGECHYR)
1 | 7 ] §.143 4,97E¢04 3486485 34,7 4- 30
2 2 ) 5 0.447 3976405 S.96E465  169.3 ¢~ 136.4
3 4 i 15 8.344 2.45€485 7206495 BB.8 ¢- 51,4
4 ! 4 16 8.258 9.93E+84 IITES 40,6 4= 417
5 3 4 18 9.993 8.80E ¢4 3.976485 0.8 - 9.8
6 5 2 s 2,228 3.31E485 1396086 S22 4= 2.7
7 7 § 48 8,250 4.97€484 1.99E485 684 4= A7,y
3 7 2 14 3,333 4,35E485 1.38E404 887 +- 35.2
9 T 1 2 §.344 5. 20485 {51686 83,2 - 251
(6 3 (s 8 3.198 1. 64€495 8.8936485 45,5 4= 22,6
1t z 5 15 5,280 6.426484 1ME95 48,5 - 532
12 18 14 19 8,625 3,945 1.59E006  158.4 4= 604
13 3 il 38 8,273 9.93E454 3646085 681 - 436
14 17 8 2 §.198 3.04E005 4076486 48,8 0= 127
15 f 4 (5 0.250 6.62E484 2456495 48,4 ¢- 877
14 3 2 18 8.800 8.40€408 (.99€+45 $.04- 8.8
Y 2 9 5 $.222 1.326485 S.96E485  53.9 4= 4.
18 1§ é2 3 9.258 7956445 148E444 4254~ 175
19 I ? 8 0.143 1. 24E495 B.49E485 347 +- 7.1
2 2 $ 48 9,333 4.976184 [A9E485 98,7 +- 5.9

39 335 24976425 9,3996+85
AREA OF BASIC INIT = 1,0868E-04 (i
UARIANCE COF SQR(NS) = | ,33814
UARIANCE OF SQRINTI = 4,15772 CORRELATION COEFFICIENT = 9.92%
CHI SGUARED = 1{.{033 WITH 19 DEGREES OF FREEDGM PASS
NS/NI = @.286 +- 9.832 MEAN RATIO = 8.2¢4 +- 5,034

AGE CALCULATED USINIG & ZETA QF 352.7 FOR SRM&L1Z GLASS
RHO O = {.38lE«B4 MO = S486

POOLED w~i5€E = 54,4 «- 7.7 MYR

MET «GE = £3.7 +-— E.?2 M(R
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PSS 98&

IRRADIATION: PTP31-12
ANALYSIS BY P0OS S/9/88

----------------------------------------------------------------------

AREA
LRYSTAL N8 N1 INITS RAT10 RHO S RRD 1 AGECHYR)
i 14 i 9 8.43 1. 74E484 3976406 185.7 o= 339
2 4 (2 q §.133 9.93€445 2986486 38,7 4- 46,4
3 2 (! 9 3.102 2.21£495 1216486 44,0 4= 3.9
4 2 7 19 9.286 (996405 4956485 49.2 ¢= 55.9
5 5 2 8 8,227 4. 21E485 270406 55,4 v- 20,
s 2 8 8 8,23 2 48E40S 7456495 887 +- 5.9
7 10 44 8 8,217 1.24E484 S.71E486 52,7 4~ 18,4
8 4 25 12 8,168 3.31€405 2876406 389 0= 2.9
9 6 2 12 8.207 4.97E+485 2406486 58.2 4= 225
10 3 K 8 9,231 3.726445 1.43E186 6.8 +- 35.9
I 3 4 19 8,214 2.98E+485 LI9EBE 52,8 ¢ 3N
12 2 5 19 9.488 1.99E485 497685 96,7 4= 8.9
13 3 19 (2 8,398 2.49E485 9.28E403 72,7 4- 40.8
14 3 I 16 8,223 | . 84E405 §.83EAS 44,1 4= 438
(5 8 2 9 427 8.83€+85 3206006 66.8 4= 26,7
16 1 8 8 8,125 5,526 484 GAEN5 3.4 4. 3.2
7 5 9 9 8,243 5.526405 2006486 63.8 4= 3.0
(0 ¢ 21 H 8.286 3.976405 [I9EBS 9.2 - 3240
19 4 17 9 §.235 4,41£+05 1L80E486 7.1 4= 307
2 2 3 8 8.222 3.31E485 |LA9EABS 539 +- 421
89 4 4,398E405 . 718E484
AREA OF BASIC INIT = 1.08406-86 OM2
UARIANCE OF SQR(NS) = .452024
VARIANCE OF SQR(NI) = {.48146 CORRELATION COEFFICIENT = 8.859

CHI SQUARED = S$.74%3% WITH 17 DEGREES OF FREEDGHM PASS
NS/NI = 0,257 +- 0.831 MEAH RATIO = 0,240 +- 8.017
AGE CALCULATED =[G A ZETA OF 352.7 FOR 3SRM&L2 GLASS
RHO O = 1 ,381E+84 WO = 5480
FOOLED AGE = &Z2.3 ¢~ 7.5 MYR

MERAIN «3E = 43,1 +- 4,2 MYR



POS S8Sa

IRRADIATION: PT?{&é-10
ANALYSIS BY ROS 5/9/88

138

- — D i Y P P D A e e R A e P e R A

AREA

CRYSTAL NS Nl WITS RATID RHD S RRO 1 AGE(HYR)
i 4 197 38 8.223 1.46E4B6 §,52E484 54.8 +- 9.8
2 8 4 é 9.288 8.90E498 6.42E485 8.8 ¢~ 8.8
3 2 3 8 8.480 2.4BE+85 4.21€489 96.3 +- 88.4
L] 1 ] 8 6.125 [.24E+63 9.93€465 8.3 ¢- 3214
5 ) 3 8 9.298 §.24E493 &.2(E485 48.3 +- 53.9
4 4 17 18 8.235 3.97€495 [,67€464 54.8 +- 31.4
7 19 37 28 8,228 4,41E485 2.92E484 59,4 ¢- 14.9

[N 293 4, 508E+8Y 2.976t+84
AREA OF BASIC UNIT = ].9046E-84 (Mt
VARIANCE OF SQR(IHSY = 4,7994
VARTANCE OF SQR(MIHY = 19,8514 CORRELATION COEFFICIENMT = 3,799
CHI SQUARED = (,72892 WITH & CEGREES OF FREEDOM PASS
NS/NI = @:222 t- 1,930 MEAN RATIO = 8.292 +- 08.044

AGE CALCULATED USING ~ ZETA QF 352,7 FDR SRM&12 GLASS
RHQO D = 1.374E+86 MDD = 5461

POOLED AGE = 33.6 +- 7.4 MYR

MEAN AGE = 48.8 +- (1.1 MYR



POS 1 1 1y

IRRADIATION: PT931-87
ANALYSIS BY P0OS S/14/88

139

e et Ay 0 R A A0 P O e 4 D W 0 e

AREA
CRYSTAL NS NI INITS RATIC RKO § RHO AGEIMYR)
1 6 g 18 8,333 5. 94E+485 1.29E486 88,7 +- 6.8
2 2 8 3 9.25 2,48E+65 9.93E+05 50,6 +- 427
3 6 5 8 9.408 3.31€+485 8,20E485 96.7 += 46.7
4 4 12 8 8,333 4.97E445 149EWBE 88,7 +- d4.6
5 3 7 4 8.429 7,45€465 |LMEBS 1935 +- 714
é 8 kT 9 8.235 8.83E485 3.75E446 §7.4 4= 22.4
7 3 (4 9 9.189 3.31E485 (776486 45.5 +- 28,4
g 3 7 9 8,411 3.3LE485 1.96E+86 2.8 4= 18,4
9 7 J s 8.22 1, 16E464 5.13E+84 54,8 +- 22.9
16 6 12 12 8.508 4.97€+485 9.93E48  128.6 - 48.3
i 4 (4 6 8.286 4. 426495 2,326446 49.2 ¢ 39.2
12 5 24 15 §.208 3.31E485 596484 59,5 +- 24.8
12 2 18 4 8.208 4,97€485 2,48E+484 49,5 +~ 37,4
14 3 (2 4 8.258 7.45€485 2.98E486 0.6 +- 39.)
(5 1 6 6 8.187 {,66E+85 9.936405 49,5 +- 3.7
(4 3 8 6 $.375 4,976095 1.32E486 9.7 - 614
1 3 13 9 8,23 3.31€485 {43494 56.8 +- 35.8
19 3 H 9 3,209 3.31€485 [.44E+86 48.5 ¢- 3.7
19 1. 5 8 8.208 | .46E+85 §,20E 495 48,5 - 53.2
2 2 (3 9 8.133 2.21E485 1.86E486 ¢+ 32,4 +- .4
5 32 44416485 | 796E+04
AREA OF BASIC UNIT = ,00486-84 (N2
VARIANCE OF SQR(MS) = 241357

VARIANCE OF SGR(NI) = ,?95079%

CHI SQUARED = £.8%9345 WITK (%

NS/NT = 8.248 +~ 08.032 MERAIN RATIO

AGE CALCULATED USIMG & ZETA OF 352,
RHO D = |.381E+Bé MD
POOLED aGE = s@.2 +-

MEAN AGE = 43,7 +-

CORRELATION COEFFICIENT =

OEGREES QF FREEDOM

7.

L}

F

d

n,2483

AR ESRMSL12 GLASS

548

MYR

506 1M11rR

+— 0.023

PRGS

9

729
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BOS 7oy

IRRADIATION: PT?31-11
ANALYSIS BY POS 5/9/88

AREA

CRYSTAL NS N{ UNITS RATIO RHQ S A0 1 AGE(MYR)

| | | {2 .23 8.28E¢04 3.31E+08 8.6 += 4.7
2 é 54 24 0.187 2,48€443 2.3284048 26,0 - 18,2
k) 4 14 8 1.25 4,97E493 {.99E+84 80,4 += 33.9
4 yl] 124 8 3,143 2 ABEAS4- 1 HE7 N, - 97
S é ¥ é 4.373 9.93E443 2.43E444 99.7 += 4.4
é { 4 18 8.258 7.93E¢84 397443 60.b += 477
? 3 é 4 0.3 7. 456403 1, 49E404 (2.4 ¢+~ 83,3
8 4 17 é $.233 4.626403 2.81E406 §7.4 ¢+- 32
9 é n 8 0.222 7.45E448 3.3%6+84 93,9 += 4.3
1¢ 4 23 2 .14 3,31E46% 1. 90484 42.2 += 2.9
i1 é 24 7 2.29 8.51£+83 3.41E+86 .4 ¢- 22,7
12 | é 8 0.147 1,24E449 7. 45483 0.3+ 42
13 3 9 ¢ .31 7456403 2,23E+04 B0.7 ¢- 53,8
14 4 13 18 0.308 2.21640% 7178408 74.8 - 42,4
13 2 ] 9 1.2 2.46£483 9.93E+43 0.8 ¢« 42,9
14 5 18 3 9.279 1.64E404 $.94E484 82.3 v- U.)
17 17 59 y 8.288 {.88E494 4. 51€408 9.9 - 19.2
18 13 98 19 0.132 B.S1E+4S §,29€404 33.2 «= 9.8
9 2 19 8 0.133 2.40E488 {.84ED6 32.4 +- 24.4
2 2 4 8 [ PRk 2.4BE419 7.43E449 08,7 4= 35,9

A 43 DOMENS 2906008

AREA OF BASIC WNIT = [ ,0848E-84 M2

VARIANCE OF SQR(NS) = 9349
VARIANCE OF SQR(NI) = 4,39949 CORRELATION COEFFICIENT = 0.917

CH! SQUARED = (2.8813 WITH 1% DEGREES OF FREEDUM PASS
NS/NI = 8.283 +- 4.821 MEAN RATIO = 0.250 +- 09.821
AGE CALCULATED USING A ZETA OF 352.7 FOR SRMé&12 GLASS
RHO D = |.381E+04 ND = 35489
POOLED AGE = 49,1 +- 5.2 MYR

MEAN AGE = 4@.7 +- S.1 MYR
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POS 1174

IRRADIATION: PT930-82
ANALYSIS BY POS Sr/17/88

--------------------------------------------------------------------------------------------

AREA
CRYSTAL NS N WHITS RATIO RHG RHG 1 AGEHYR)
1 3 0 9 4,300 3,31€485 (L0E466  76.3 4= 50.2
2 2 7 4 9.286 4.976+85 [,74E486 707 ¢ 50.2
3 1 5 6 8,264 1. 66E485 8.20E405  58.9 +- 55.8
4 3 6 4 8.580 7.45E+45 49486 (26,6 = 89.5
g ) 7 9 9,206 2,21£485 7685 72,7 - 58.2
¢ é 2% 6 4.201 9.936+45 40ERE 587 4= 26.4
7 i 4 4 8,258 2.40E ¢85 9.93E485  63.6 +- 71
8 1 3 5 8.333 £ 99E+95 3946485 4.7 ¢~ 97.8
y ) 5 4 3.2 2,40E485 1206486 5.9 +- §5.8
19 I 5 4 9.289 2.48€495 [ 246496 50.9 ¢- 55.8
i1 5 i9 8 8.568 9.20E485 1666088 124.6 +- 69.3
12 | 2 9 £.344 1. 18E+8S 2.2LE+4S 124.4 +- 153.1
13 4 (1 1 8,344 £.32E+86 3.64EH06 92,3 - 519
14 B 1 y 9.680 9.80+08 .21E44 9.9 4~ 0.8
15 4 18 8 8,40 4,97E485 (246486 181.5 += 40.)
14 2 8 8 9,258 2,48£485 9926485 434 4= 9.3
37 138 3.758E485 (,J18E+84
AREA OF BASIC WNIT = |.0B48E-84 QM2
UARIANCE OF SQR(NS) = .377437
UARIANCE OF SQR(NI) = .730373 CORRELATION COEFFICIENT = @.742
CHI SQUARED = $.1%387 WITH 1S OGEGREES OF FREEDOM PA3S
NS/N1 = 8,285 +- 0,953 MEAN RATIOC = 0.30@ +- 8,033

AGE CALCULATED USINIG A ZETA OF 352.7 FOR SRMA1Z GLASS
RHO D = 1.45E+94 NO = 5755

POOLED AGE = 72.4 ¢- 13.5 MYR

MEAN wGE = 74,2 +- 8.5 MYR
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dJD 87a

IRRADIATION: PT917-66
ANALYSIS 8Y POS S/17/88

----------------------------------------------------------------------------------------------------------------

AREA

CRYSTAL NS NI INITS RATIO RHO § RHD [ AGE(MrR)
! 1 4 12 9.258 9.206+84 33605 59.2 +- 4.2
2 2 7 2 8,28 9,93194 1ABERS 67,4 +- 54.2
3 3 8 2 B.599 b.196+05 238685 (17,9 +- 830
4 ! 5 14 9.289 4. 21E484 3IBENRS 474 a- 519
5 2 7 12 8.266 1466485 5.29E405 67,6 4~ 54.2
$ 5 17 16 8,294 3, 19E+85 1866486 49.4 4= 5.4
7 3 2 (4 9,158 1.96E 485 L4606 35,6 4= 229

a7 48 1. 443E+85 3., 8036465
AREA OF BASIC WNIT = (.8948E-34 ON2
UARIANCE OF SOR(MS) = 194014
UARIANCE OF SQRNI) = .923343 CORRELATION COEFFICIENT = 8,744
CHI SQUARED = 1.849%4 WITH & DEGREES OF FREEDCM PASS
NS/N{ = ¢.258 +- $.079 MEAN RATIO = 9.231 +- 3,842

AGE CALCULATED USING A 2ETA OF 3252.7 FOR SRMs12 GLASS
RHO O = | .34%E+0¢ ND = 5354

POOLED AGE = 41.8 +- (6.4 MYR

MEAN AGE = 6846.5 +- 9.9 MYR
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POS 115&

IRRADTIATION: PT938-11
ANALYSIS BY POS 5/14/88

AREA

CRYSTAL NS Nl WITS RATIO0 RHD S RHO § AGE (MYR)

1 1 5 8 9.289 1,24 ¢85 S.2EBS 5.9 +- 55.8

2 3 9 4 §.333 7,45E485 220686 847 4- 5645

3 3 8 4 $.375 4,97E485 (326986 95.2 4- 4.9

4 s 2 3 8.588 3.31£045 426005 126.6 4- 155.1

5 9 3 4 8.008 §.89E409 7.45E485 8.9 +- 8.8

§ 2 3 " 8968 8006964 9936485 8.8 - .0

7 b 2 § 8.989 8.86E480 3.31£485 8.8 o~ 8.3

8 5 (7 é §.294 8.28E485 2,006086  74.8 4= 10,0

9 4 i9 9 §.214 4.41E485 2008406 53.4 4= 9.5

I8 2 9 § §.222 131645 [A9E4B6 566 4= 442

( # 3 8 $.980 B.98E408 3,726485 8.8 +- 8.0

12 3 18 9 8.308 3.31E485 1LI8Es86 76,3 4- 56.2
22 RN 2,993E495 12386484

AREA OF BASIC (NIT = 1.9848E-86 OR2

VARIANCE OF SOR(NS) = 7497484

UARIANCE OF SQR(NID = .991811 CORRELATION COEFFICIENT = 8.919

CHI SQUARED = 4.2922 WITH (1 OEGREES OF FREEDOM PASS

NS/NI = 0,242 +- 8.657 MEAN RATIO = 8.203 +~ 9.04%

AGE CALCULATED USING & 2ETA OF 352.,7 FOR SRMéL12 BLASS
RMO O = 1 .45E+064 ND = 5785

POOLED AGE = &41.5 ¢~ (4.4 MYR

MEAN AGE = 5t.7 +- 12.5 MYR



POS 2a

IRRADIATION: PT$31-13
ANALYSIS BY P0OS 5715/88

144

-

(8]

AREA

CRYSTAL NS Nl WITS RAT!D RRG § RKO 1 AGE (MYR)
1 3 21 3 1.238 {.17E484 4.95E484 52.7 +- 28.7
2 2 28 28 8.l68 1.17€+85 L.[7E¢86 24.3 +- 18,8
3 | 4 2 8.258 3.85E¢93 2.34E484 48.6 4+~ 42.7
4 8 3 2 ¢.808 8.80E+98 [.75E+44 8.0+~ 3.8
3 8 3 4 0.089 B.,90E+69 8.77E+85 8.3 +- 0.9
4 9 18 15 8.568 7.926485 I.d9E+84 128.8 +- 49.2
? 1 9 9 g.111 1.39€4895 1.178484 27.8 +- 28.5
8 9 3 4 6.898 9.60E+80 9,75E+83 8.8 ¢- 3.9
) 2 3 18 8.467 1,30E+83 1.93€485 19,3 +- 148.4
18 3 8 ié .373 2.19E485 3.85E+83 7.7 4= 614
1) 1 2 b 9.580 2,34E485 4,48E489 120,4 4~ 147.7
12 l 9 4 §.258 1,93E+85 7,88E405 88.4 +- 47,7
13 { ) 4 8.147 §.95€485 1.17E+06 48,5 +- 43,7
14 3 4 18 8.758 3.51€+83 4,4BE+8S 1BB.) ¢+~ 1374
13 4 20 23 8.300 2.81E+43 9.34€+85 72.7 +- 33.0
i1 2 19 9 8.298 2.68E483 [.38E¢84 48,5 4- 37.4
1? 2 5 14 0.480 {.44E+85 3.44E489 94,7 +- 84.9
18 ] 4 8 8.908 8.808E+88 7.80E+83 8.0 +- 9.8
{9 4 12 9 8.333 3.28E485 [.58E+86  B8.7 +- 44,6
28 2 19 18 8.183 2.34E+85 2.22E¢84 25,64~ 19.8

45 188 2,843E1489 ].858E+44
AREA OF 8ASIC LNIT = 8.354BE-87 (M1
VARIAMCE OF SOR(NS) = .46?45132
VARIANCE OF SQR(NI)Y = 1.18707 CORRELATION COEFFICIENT = 6.¢%
CH] SQUARED = 15,8456 WITH 19 OEGREES OF FREEDOM PASS

NS/NI = 0.250 +- 0.942

AGE CALCULATED usING w ZETA OF 352.7

NO

RHO O = 1,381E+04
PONLED HGE = &88.6 +-
MEAI AGE = &3.46 +-

[a.t

FOR

5424

MYR

11.9 MYR

MEAN RATIO = Q.242 +- 6,047

ERMS1 2 GLRGS



145

POS 28

IRRADIATION: PTR14~-11
ANALYSIS BY P0OS 5/15/88

mrenes—E—"—————- —_———— -

AREA
CRYSTAL NS Nl WNITS RATID RHO S RHO 1 AGECHYR)
l 8 3 2 3.898 3.89E+08 (44485 8.8 +- 8.8
2 8 8 14 80889 9.89E ¢3¢ 5.856+85 .0 v .8
3 2 5 15 9.48% ] .54E+85 1906485 96,3 +- 88,4
4 3 3 9 8.288 4.94E486 3,906465 8.0 - 8.8
5 l 3 9 $.333 §,38E+85 1906485 80.4 +- 92,8
¢ 3 14 8 9,198 3,50£485 1.876486 45,3 4- 2.5
7 { 2 2% 8,508 3.85E404 (76985 120.2 +- 1472
8 g 3 12 8.968 0.88E 488 2.926445 8.8 - 0.
9 ¢ 5 2 8.468 3, 346483 806685 94,3 +- 46,5
1! 8 ) 9 9.898 8,80E439 1. 30E+8Y B8 4- 0.8
1 2 5 12 8,486 { . 95E485 4876485 94,3 ¢~ B0
12 5 8 24 4,508 2.44E483 4876485 120.2 +- 43.8
13 2 4 9 9.508 2.406485 5208485 128.2 +- 194.1
14 B 8 g 8,808 3.80E+98 1846406 BB - 0.8
s 2 6 14 §.333 1. 44E485 4996485 06.4 +- 45,6
18 a 3 8 8.333 { 44E+85 4.39E485 80,4 +- 92.8
7 8 g 2 8.898 8.,00£490 2.926485 .0 +- 0.0
25 198 {,204E+85 4.814E485
AREA OF BASIC UNIT = 8,5406-87 Ot
VARIANCE OF SOR(NS)Y = .727841%
VARIANCE OF SQR(NI) = .479781 CORRELATION COEFFICIENT = 8.713
CH1 SQUARED = 12.4343 WITH 1& DEGREES OF FREEDOM PASS
NS/NI = 8.250 +- 9.056 MEAN RATIO = 8.227 +- 6.851

AGE CALCULRTED USING A ZETA OF 3S52.7 FOR SRM&12 GLASS
RHO D = | ,374E+B& ND = 54461

POOLED AGE = 40.4 +- 13.3 MYR

MEAN AGE = $5.3 +«- (2.4 MYR
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POgS 11 S

IRRADIATION: PT?36-13
ANALYSIS BY P08 5/146/88

AREA

CRYSTAL NS N] NITS RATIO RHE § RHO | AGE(HYR)
1 4 8 24 6.508 1,46E483 3.31E485 124.6 4= 77.5
2 4 44 {2 8,138 4.97€483 3.81E484 33.3 4= 149
3 7 37 4 8.189 {.[8E486 4.138484 9.2 - 19.9
) 4 i3 i2 8.222 J.3E+RY 1.498484 98,4 4= 31
3 ] 16 4 8.250 4.42E+93 2.43E+84 43.6 +~ 35.4
é 4 4 é 8,444 8.62E485 1.49£+84 112.7 += 477
7 13 33 21 8.243 4.15E485 2.51€+04 82.4 +- 19.3
8 3 7 y 9.429 3.31E+45 7.736409 188,7 +- 73.8
9 2 i 12 8.269 1.64E405 8.28E+83 56,9 +~ 39.5

4 284 4.322£485 1.876£488
AREA OF BASIC WNIT = (,0848E-88 M2
VARIANCE OF 30R(NS, = .d4p4dve8
VARIANCE 0F 5QRMMI) = 3,2808727 CORRELATION COEFFICIENT = 9.885
CHI SRUARED = S5.85tve WITH 8 OEGREES OF FREEDOM PARSS
NS/MI = a.236 +- 6,637 MEMN RATIO = §.29@ +~ 1.844

AGE CALCULATED USING A Z2ETA OF 352.7 FOR SRM&LZ GLASS
RRO O = |.435E+83 MO = S7GES

POOLED RAGE = 53.6 +- 9.5 Hr&

MEAID wOE = ?3.7 +=- L1.2 MYR
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Bathtub Ridge
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Arctic Creek Region
T 2S5

IRRADIATION: PT?146-15
ANALYS1S BY POS 4/28/88

e e o R B W A e e o o e A g Y —_—

AREA
CRYSTAL NS Hl WITS RATIO RHO § RHO 1 AGE(YR)
: | 1) 3% 8,198 2,76E4B4 26605 24,2 = 25.4
2 8 % 7 8.843 8.51E+84 1.J8EeBS (5.4 ¢ 6.4
3 8 1 7 8.698 9.98E+60 3.68E+84 8.6 +- 8.0
4 4 T 2 8.468 [.996485 © 4976485 94.3 +- 57.4
5 1 3 49 8.333 2.93E+84 4.00E¢84 80,4 +- 92,8
¢ { 5 4 9.208 2.48E494 |.246085  48.3 +- 33.0
7 9 4 i3 B.i96 i .99E+85 {62686 47.3 4~ (7.2
8 0 5 5 3.008 9.00E+98 9.93E404 1.9 - 3.8
9 18 13y 3% 8.699 2.76E485 LIENS W8 - 0.8
19 l 2 15 8.569 8626084 1.326085 1202 +- 147.2
1 1 71 7} 8.894 7.95E+85 8.49E06 227 4- 5.9
2 (8 24 ) 8.149 8.946485 6.EWS 368 4. 9.
13 8 3 25 8.242 3.18E465 .38 58,4 4= 201
14 2 9 38 8.222 4626484 2986485 53,7 4- 42,8
I5 1 8 28 8.125 3.55€484 2.84E605  30.3 - 30
4 8 | 2) 9.988 9.98€488 4206404 8.0 1- 8.8
17 f 7 28 8.143 3.55€484 2486495 34,6 4= 378
8 8 1 27 8.068 8.08E+88 3.6BE 484 8.8 +- 8.2
19 8 ! 3 3.848 8.88E+88 9.31E484 9.0 - 8.0
28 ( 3 14 8.333 4. 29E484 1866485 86.4 +- 92,8

30 63 { 2516485 9,548E485
ATEA OF BASIC WNIT = 1.9BSBE-B6 (M2
UARIANCE OF SQR(M3) = [ ,82476
VARIANCE OF SQR(NIY = 14.31t4 CORRELATION COEFFICIENT = .9(3
CHI SQUARED = 13.947 WITKH (9 DEGREES OF FREEDOM PASS
NS/NI = 8.12& +- 0.0(5 MEAN RATIO = B.140 +- 0.03%
AGE CALCULATED USING A 2ETA OF 352.7 FOP SRM4LZ GLASS

RHO O = | ,374E+@4 ND = S451
POOLED »GE = 38.5 +- 3.4 MYR

MERIN ~GE = 38.7 +- 7.8 MYR



JD 1 7¢x

IRRADIATION: PT%14-14

ANALYSIS BY POS 4/27/88

CRYSTAL NS N}
i 8 I
2 9 98
3 2 18
q 8 4
3 2 L]
4 2 17
7 ] 3
8 8 3
9 i §
18 3 12
1 39 263
12 ] 7
i3 8 3
14 ] t
1§ B 2
14 ] )
17 ) 4
19 3 é
19 i2 44
28 3 4

92 348

AREA OF BASIC (INIT = [.B96BE-84 (M2

UARIANCE QF SQRNS)
VARIANCE OF SUAR(NT)

L

CHI SQUARED = 77,7585}

NS/NI = 8.148 +- v.017

2.37482

12,4486

WITH

L?

RATID RHO § RHO I

8.984 4.08E+48 3.44€483
g.169 4.47E+89 4.47E494
8.208 §.44E+84 4. 738405
8.608 8,88E4400 . 2.48E+93
B.143 7.92E+04 6.99E+99
8.1(8 1.32E+483 §. 136484
8.12¢9 [,d2E+83 I 19E+86
0.608 8.80E+88 §.31E 84
B.t11 4,]14E+84 3.72E485
0.258 8. 21E+04 2,48£+483
8.548 1.29€484 8.71E+04
B.043 3.32E484 3.88E¢83
8.988 §.08E480 1. 494085
8,088 d.80E+48 2.4)E¢R4
8.988 0,98E+89 3.31£485
9.9048 9.88E+08 2 40E+83
8.250 4.21E484 2.,49E+85
o.(98 [ (9E+83 §,34E483
8.2l 4.97E+85 [.98E+86
2.188 8.28E¢84 4.41E+83

{,729€4895 i.181€+84

151

_________________________________________________________________________________________

____________________________

ABE(MYRD)
6.8 +- 8.8
24.2 - 8.3
48,3 +- 37.3
3.9 +- 4.9
4.6 - 260
28,5 - 2§.3
3.2 +- 14,4
9.3 ¢~ 9.9
26,9 +- 284
9.4 +- 193
35.9 4 4.2
.64~ 3.9
.8 - 8.8
9.8 ¢- 8.0
8.8 +- 6.8
g.a «- 8.8
8.4 ¢- 47.5
43,3 ¢«- 28.%3
§3.8 +- 29,4
45.3 - 18.9
= @,%82

CORRELATION COEFFICIEMT

ODEGREES QF FREECOM

MEAN RATIOD

AGE CALCULKTED SINHG & ZETA OF
{1, 375E+84

RRO O =

POOLED ~CGE =

MEMIN ~5E

2

7.

352,
ND

35.4 ¢~

-

-

-

7

]

A

= 4,111

+—- p.a21

FOR SPMAL2 CLASS

5461
.2 MYR

MYR

PA

83
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POS S22 1 -2

IRRADIATION: PT?31-946
ANALYSIS BY PDS 4/27/86

AREA

CRYSTAL N$ Nt WNITS RATIO0 RHO § RHO | AGE(HYR)

t 2 18 7 8.269 2,84E485 | 42E¢04 48.5 +- 37.¢
2 ] d 16 é.088 8.88E+88 2,48E+85 8.8« 3.8
3 3 23 18 8.138 1.46E+83 {.27E486 3.7 4= 9.5
q 3 38 18 8.132 4,97€465 3.77E+84 32.8 +- 5.2
S 8 3 4 9.899 8.08E+09 1. 246484 8.0 +- 8.9
6 3 14 28 8.204 i .49E+835 4.95E485 52.8 +- 1341
7 ] 2 4 8.089 8.88E+98 4.97£483 8.6 +- 6.9
8 3 9 28 $.333 1.84E485 3.49E+85 88,7 - 51.8
§ 3 12 39 8.258 9.93k484 3,97E483 48,4 +- 9.1
13 4 11 ] 8.488 8.88€+80 §.376486 8.9 +- 1.8
3| 1 $ 12 8.1¢1 B.28E+64 7.43E485 27.8 +- 20.3
12 l 7 TS 9.143 §.21E484 4,35€483 .7+ 3.
13 2 12 28 8.147 7.89E+84 4.26E+85 8.5 +- 38.9
14 8 3 3 8.98e 9.98€+68 8.28E485 8.9 4- 0.8
13 8 3 4 9.690 8.06E+08 4,97€485 8.8 ¢- 8.8
té 3 18 14 8.187 1.86E485 1, 12E484 40,3 +- 25.2
i7 2 12 28 .17 9.93E404 5.94E483 48,5 +- 309
19 2 12 8 B.147 2.40E+83 1.47E484 8.5 ¢+~ 38.9
19 { 3 (5 9,208 8.62€+84 3.31E485 48.5 +- 53.2
2 3 13 13 8.231 1,99€485 8.41€+83 56.8 ¢+~ 15.8

34 224 L.177E+85 2.752E483

AREA OF BASIC INIT = }.8848E-84 OM2

VARIANCE OF SQR(H2) = ,597203

VARIANCE OF SQRNMIY = (,21648 CORRELATION COEFFICIEMT = ©8.839
CH1 SQUARED = 7.88213 WITH 19 DEGREES OF FREEDOM PASS

NS/NI = 2,132 +- 0.028 MEAN RATIO = 9.131 +- 8.922

AGE CALCULATED UISIHIG ~ ZETA OF  352.7 FOR 5SRM&L2 GLASE
#HO O = {.331E+@s WD = 5489

POOLED wi3E = 34,9 +- 4.8 MYR

HMEAN AGE = 31,7 +- 5.5 MYR
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Jo 27

IRRADIATION: PT?{7-61
ANALYSIS BY POS 4/28/88

e Y A B S e A W

AREA
CRYSTAL NS NI INITS RATIO RRO § RKO AGE(HYR)
| 9 I 14 8,989 8,88E 488 7.89E484 B.8 - 6.9
2 2 5 36 3,488 5.526¢04 ([, 38E¢85 74,5 ¢ 9.8
3 | § 2 §.167 3.19E+84 1 .84E+8S 39.5 - 427
4 7 69 % 8.194 93485 996496 W - Yo
5 0 3 25 8,848 8.90E+89 1, 196485 9.8 +- 3.6
é ) ! 2 9,898 8.69E+98 8.206+94 8.8~ 4.0
) 4 2 8 8.148 2,21E485 1 49E+06 35.1 4 18,8
8 8 2 3 8.900 §.98E+88 6. 426484 8.8 - 8.0
9 8 1 25 9.898 9.89E+8¢ 7.95€464 9.0 +- 9.8
18 0 | 35 9,008 9,49 +0 2.84E484 8.8 - 9.8
I 8 2 21 8,988 8.9¥E+08 9,44E+04 8.8 - 8.9
12 9 5 2z 9.088 8.98E 408 ( (B4E+85 9.0 - 8.9
13 ! 3 14 §.333 6.21E484 1, B4E5 78.8 +- 91.9
(4 2 4 3% 8.333 5.52E484 485485 78.8 = 44,4
15 2 12 24 9.147 8.20E444 4,976485 9.5 ¢- 30,2
4 15 74 3 8.197 4,97E485 2,526486 16,8 4= 13.2
17 2 4 12 9.568 1.44€085 3.31E+85 1179 «- 1051
19 8 1 2 8.086 8.08E+08 (.49€+85 8.6 - 2.9
19 [ 8 2 8.125 4,57E484 3,97E485 29.7 4= 3.5
20 l 2 (2 8,500 8.266+64 [,66E48S (17,9 +- |44.4
B 08 7.847E404 4, 9156485
AREA OF BASIC WNIT = |[,8848E-86 (M2
UARIANMCE OF SGRIN3Z) = 1.13045
VARIANCE OF SQR.NI,» = 4,92713 CORFELATION COEFFICIENT = 0.933
CHI SOUARED = (0.4343 WITH (9 COEGREES OF FREEDOM PASS
NS/NI = @.166 +- 9,323 MEAIN RATIO = 9:149 +- 8,039

AGE CALCUILATED VUSINMG A ZETa4 OF 352.7 FOR SRMA1 2 GL~A3S
RHO O = 1 .347E+94& ND = S254

POQLED &i3E = 37,9 +- 4.6 MYR

MEFIN ~«3E = 35.3 ¢~ ?.32 MYR
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S 398

IRRADIATION: PT917-83
ANALYSIS BY PDOS 4/28/88

AREA

CRYSTAL NS I WNITS RATIO RHO § RHO 1 AGE (IR

| l 6 T: 8.147 5,526484 3IEDS 39.504- 47

2 1 3 12 8.3 8.286+84 2486465 78,8 4~ 9.8

3 (8 é f6 B.164 6, 21E485 19686 3B - 13D

4 8 3 18 3.808 §.00E4B8  1.44E¢85 B8 - 3.0

5 | ’ 12 8.143 8,28E484 579685 30.9 - 16,2

é 1 2 9 8.580 i.1BE48S L2E6S 2.9 - 1444

7 2 12 6 8.147 3,31£485 1996486 39.5 - 38.2

8 g 2 9 0.960 9.06E+88 2.24€465 8.8 9- 8.8

9 4 2 1) 8,288 3.97E+445 [.99€086  47.4 4= 26.8

19 13 82 24 9.159 5.38E485 19686 3.8 4- 112

1t I 5 8 8.269 §,24E+45 628085 474 - 519
4 22 2.378E483 ,420E484

AREA OF BASIC UNIT = 1.8848E-8¢ (2

UARIANCE OF SOR(NS) = 1.3044

UARIENCE OF SQR(NI)Y = 4&.874%5 CORRELATION COEFFICIEMT = a.y9¢

CHI SQUARED = 2.27845 WITH i@ ODEGREES OF FREEDOM PASS

NSANI = @.187 +- 8.031 MEAM RATIO = @.185 +- §.642

AGE CARLCULATED WSING A ZET& OF  352.7 FOBR SHM8t2Z GLASS
#HO D = 1.34%E+8¢é HD = S334

POOLED AGE = 29,7 +- 7.4 MYR

MEARM ASE = 43.8 +- 18.8 MYR
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T 1 S&

IRRADIATION: PT?146-13
ANALYSIS BY POS 4/27/88

AREA
CRYSTAL NS NI TG RATI0 RHD 5 RKD 1 AGEEMYR)
| ) 19 12 8,190 8.28E+94 B.20EHIS 24,2 +- 25.4
yi 9 i {8 9.998 9.89E+98 2.73€485 9.8 ¢«- 4.8
3 ! 3 i8 9.333 9,93E044 2986485 88.4 v~ 92,8
4 2 19 12 9.200 [.66E¢BS ©  0.286485  48.3 +- 3.5
5 3 y7) 3 §.136 9,93E484 7206485 33,8 +- 28,3
s g 4 2 3.888 8.086409 2.98E+85 b8 - 0.8
7 1 9 8 8,141 1, 44E¢05 (AJERS 26,9 4 8.4
8 g 3 (8 9.089 9.80E¢30 2.986465 8.8 - 8.9
9 5 2 ) 8.217 2.48E+05 I.14E404  52.5 4~ 25.9
12 g 3 b 8.009 9.886+88 . 24E445 8.0 - 8.2
1 3 8 21 4,375 1426485 1786405 98,4 4~ 4.2
12 3 19 8 9.158 1.44E495 (45Ee86 38,2 ¢~ 207
13 8 2 9 §.408 §.60E 88 2.486485 8.6 4- 8.8
4 19 118 28 8,123 4, 4E495 1.986486 41,8 0~ 104
{5 3 8 35 8.188 3, 96E+64 1406485 45,3 1- 26,5
14 2 7 1) 9.286 {99E485 695405 49.8 v- 552
17 3 13 14 8.23) 2.136409 9.20E485  $5.9 4~ 35,7
18 3 2 2 8.158 .426499 9.46E685 363 4- 2.5
19 3. 25 (5 §.128 {,996+85 1.64E286 29,1 4= 17,8
) g 2 12 8.608 8.80E98 {,48€+85 B - 6.0
52 35 1.439£+65 3.992E+05
AREA OF BASIC UNIT = 1.B948E-B4 (M2
UARIANCE OF SOR(NSY = 1.151@7
VARIANCE OF SOR(NIY = 4,835323 CORRELATIOM COEFFICIENT = 0.97s
CHI SQUARED = %.826d4 WITH 1% DEGREES OF FREEDOM PASS
NS/NI = B.148 +- 0.824 MEAN PATIO = 8.139 +- 2.824

AGE CALCULATED USING A ZETA OF  352.7 FOR SRME12 GLASS
PHO O 1 \374E+04& ND = 5déli

i

FOULED wi3E =  28.7 +- 5.8 MYR

MEA AGE = 33.0 +- 6.3 MYR
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POS SSae

IRRADIATION: PT?38-08%
ANALYSIS BY POS 4/27/88

AREA
CRYSTAL NS NI (NITS RATIO KKO § RHO | AGE(HYR)
¢ I 12 5 3,083 4,426 484 7,95€¢85 2.3 0- 220
2 2 19 (9 §.268 . 1BE+85 5.56465  50.9 - 9.5
3 8 26 6 §.284 9,93£485 3488488 72,7 4= B
4 9 ) 15 8,899 5.94E485 8.03E484 5.2 ¢- A8
5 8 3 s 8.989 §.88E409 4.97E485 0.9 +- 6.9
§ 8 4 6 3.099 9.98E+00 4.82E405 2.0 - 0.8
? 8 q 4 9,808 3.98E+89 4. 826495 9.8 4= 0.8
B ! 3 4 8,333 2,48E+85 7 45E405 84,7 +- 97.8
9 1 8 4 §.125 2.486485 1L99EB6  31.9 +- 3.8
18 0 I 2 8.088 B,80E+08 4,97E+85 0.8 - 8.0
7 i 13 12 9.877 8,206 484 ,9BE+46 19.6 +- 20.4
12 3 5 $ 9,489 4,97E485 8.20E485  351.6 += 119.7
13 B 6 4 8.969 8,80E¢88 f.49E+84 0.6 - 9.8
14 8 4 3 3.980 B.80€+08 (326486 8.6 ¢- 8.0
15 g § 5 §.187 99485 1.19E486 42.5 - 45.9
16 8 1 2 9.808 B.98E+89 4,97E485 8.9 4= 0.8
17 4 12 4 8,303 9,93¢+85 2988484  84.7 ¢~ 48.9
18 8 8 4 3.689 8.80E+88 1326494 B.8 +- 8.9
19 3 1 9 8.231 1,726485 1.61E486 58.7 - 7.4
2 [ 12 2 9.883 4.976484 5,96€+85 2.3 4= 2,
Kl 244 2.257E+485 1,5724E+86
AREA OF BASIC WNIT = (.0848E-84 O%2
VARIANCE OF Sa@R(NS) = .921265
VARIANCE OF SQR(NIY = 2.41491% CORRELATION COEFFICIENT = 9.823
CHI SQUARED = (7.7482 WITH 19 CEGREES OF FREEDCM PASE
NS/NI = 9.143 +- 0.326 MEAN RATIC = 8.131 +- 9.834
AGE CALCULATED UZIMNG — JETA OF 352.7 FOR 3RM&LZ GLASS
RHO O = 1.,45E+@4 MND = 5755
POOLED ~GE = 34.4 +~ 5.6 MYR

MEAIN mGE = 32,4 +- 7.1 IMYR
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Single-Grain Age Distributions: Arctic Creek Region
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Canning River Region
Pos 228

IRRADIATION: PTY16-84
ANALYSIS BY P0OS 4/21/88

e e A R R A — e — U . YN A —————————— AW e
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AREA

CRYSTAL NS N) WNITS RATHD RHD § RHO [ AGE (MY
; 3 4 2 8.214 .536+95 7026405 50,8 -
2 3 s by 3.880 9.89E+89 2.606+85 9.8 4-
3 2 2 ¥ 989 { 95E+85 [,956485  238.2 +-
d (5 o 2 9,258 BGEWRS . 3EWQE 9.4 -
5 27 182 19 8,252 1.66E406 §.59E186 48,5 4=
é 2 3 22 §.847 1.06€+95 1.486405  159.8 ¢-
’ 6 2 2 .22 334485 L5068 53,7 ¢-
8 y 3 24 8.257 4, 396495 716088 42,1 4=
9 1 1 16 .88 176485 ({7605 239,2 +-
19 1 2 is 8.588 7.88E 484 1.56E485  120.2 ¢~
I 3 2 ? $.1586 5,8 (E+85 3346606 36.0 ¢~
12 8 8 PE] 3,908 3.00+08 1.486485 3.9 ¢-
(3 8 | 16 8,888 9.98E408 7.3(E484 9.9 +-
14 6 12 19 3,568 3.49E495 7.396085  120.2 +-
(s 4 § é 8,596 7.80€485 1.S6EB8 (28,2 ¢
(6 7 2 0] 8.259 3.41E+85 1326486 62,6 1~
17 ) 4 {2 i.089 3.98E+83 1.90E485  238.2 ¢~
18 2 ” 4 8,286 { B4E V06 %006 49.9 +-
19 (5 29 2 8,57 1.466486 2L,036086 1243 +-
% S 28 ! 8,179 2.926405 1646488 43,2 4-
2 8 3 18 3.088 8.69€+89 956445 8.9 +-

132 476 4, 2886405 15126483

AREA OF BASIC LNIT = 3,546€-47 O

VARIANCE OF 8QR(MZ) = 2,257&4

VARIBNCE OF SGR.MI» =  $.5°%553 CORREL~TION COEFFICIEMT = .
CHI SGUARED = 22,:73% WITH 20 CEGREES GF FREECOIA PaS5
NS/NU = @.277 +- 4,327 MEAN RATIO = B.38% +- 4.071

AGE CALCULATED WaDIGC ~ ZETA OF  352.7 FOR SRMS12 GLASS
RHO D = (| 374E+DS HD = S5S4¢l

FPOANLED ~BE = 64,9 +- a6 MR

PERT ~5E = 69,0 ¢- 7.0 MYR
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POS Z2a4B8

IRRADIATION: PT914-67
ANALYSIS BY PQOS 4,22/88

AREA
CRYSTAL N§ N1 4TS RATIO0 RHD § RHO 1 AGE (MYR)
| 15 188 25 8.158 7.82E485 4,48E406 36.3 +- 18.}
2 q 29 28 8.138 2.34E+95 [, 78E¢84 31.4 4- 17.8
3 19 194 54 9.193 4,12€485 2.25E484 44,2 4= 1.8
q 8 % 12 9.698 2.p0E+68 2.836484 8.8 +- 8.9
5 47 14 4 0,485 (376486 3.39E+84 97.6 +- 18,9
§ 12 24 3 8,158 §.68E485 4,238464 8.2 4- 11.9
7 i i 14 1888 7.21E¢B4 7.31E484 248,2 +- 334.Y
8 2 3 16 8.467 1.44E485 2.19E+85 (59.8 ¢ 145.9
9 2 31 39 9.845 7.88€444 {26494 15.4 += 11.4
18 ] 14 49 8.899 $.80E+90 4,89€485 8.9 ¢- 9.8
1 8 [ 2 8.900 4.98E480 4.878484 8.8 4- 6.8
{2 [ 7 18 8.143 2.926044 2.B5E¢85 3.4 4- 37,2
12 2 2 12 9.077 1.95E485 2.53E484 18.6 +- 3.7
14 2 12 8 8.147 2.926485 1756484 48.3 ¢- 8.3
15 2 62 19 8,932 2.34E485 7.25E486 7.8 4= 5.4
14 14 129 48 8.112 4896495 344488 2.4+ 1.4
{7 74 294 2% 9.373 3.42E484 9, 18E484 89.8 +- 2.1
18 g é 17 9.608 9.80E+80 4,13€495 0.8 +- 8.8
19 1 53 42 8.208 3066485 1.4BE204 59,2 +~ 16,4
20 8 58 8 8.808 8.80E+88 2,42€+06 8.8 +- 0.8
2 5 28 15 9,259 3.99E485 1.56E+64 . 48,4 +- 18.2
9] 19 95 2 9.208 1. 11E¢84 5.54E484 48,3 4- 12,2
23 1 38 48 §.828 2.926464 [.85€486 6.7 4 4.4
235 1288 4,413€485 2.371€484
AREA OF BASIC NIT = 8,548E-87 (2
UVARIANCE OF BQR(MNS)» = 5,13174
UVARIANCE OF SORMI) = {3.8933 CORPELATION CQEFFICIENT = 4.3714
CH! SQUARED = ?1.3%45 (JITH 22 CEGREES 0OF FREEDOM FALL
NS/NI = 8,195 +- 9.0814 MEAN RATIO = 8.i39 +- 08.658

AGE CALCULATED U3IMG ~ CETA OF  252.7 FOR SFEMé1 2z BGLASS
FRO O = |, 378E+us ND =  S4d4at

POQLELD AGE = 47,4 +- 3.4 YR

MEmAN ~GE = 45,8 +- 12,8 MYR
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FPOS 1 S5¢

IRRADIATION: PT?146-05
ANALYSIS BY P0OS 4/22/88

AREA
ERYSTAL, NS NI UNITS RATIO RRO S RHO | AGECHYR)
_ ! 148 44 B.142 4,39E405 LIEWE W2+~ 8.6
2 8 2 3% 8,969 9.80E498 4.58E484 8.8 - 8.9
3 2 2 2 8.895 176485 P.23E486 200 4= 174
4 4 ¥ 2 9.34¢ 736445 4I7EBT 97,6 4~ 512
5 i 3 12 8,333 9,75E+84 2.92E85  85.4 +- 92.8
4 8 H 12 9.688 9.99E498 9,75E494 8.8+ 4.8
7 | _ 4 1,898 2.92£485 2926485 238,2 +- 3389
8 2 2 24 (888 9,75404 9.75E+84  238.2 4= 238.2
9 H 129 24 8,989 4.87E+85 5856086 20,2 +- 4.4
16 _ § 15 8,147 7.80E+84 4.68E¢05 48,3 +- 3.5
i | 18 1) 3.168 3.94E494 7.966485 24,2 +- 25.4
12 2 5 15 8.498 1,56E+85 3.90EBS 963 4- 08.4
13 2 5 2% 1.498 [ E7EHS 292645 963 +- 88.4
T 2 2 8 8,167 2.92E485 1.75E486 4.3 +- 30.8
15 | _ 6 1.998 7.31E484 7016404 238.2 +- 326.9
4 ! _ 3 9,648 8.08E+ 29 3.996404 B8 4- 8.8
{7 3 13 2 8,231 {, 756485 7.60E085  55.9 ¢~ 35.7
1 7 2 42 9.289 956485 8966485 87.6 - 8.9
19 § 3 14 3,280 7.316484 3.66E485 48,3 +- 3.
i 7 3 4 9.28¢ 1. 346405 §.83EH5 498 e- 20,7
o 42 1.478E485 . 387E+86
AREA OF BASIC INIT = 8,548E-47 (M2
UARIANCE OF 3GRC(NS) = {.34374
VARIANCE OF SQR(N1) = %,59981 CORRELATION CQEFFICIENT = 6,927

CHI SQUARED = 21.98%992 WITH 9 OEGREES OF FREEDOM PAaSS
NS/NI = @,147 +- 0.921 MEAN RATIO = 8.309 +- 8,872
AGE CALCULATED UZIMG & ZETA OF 352.7 FOR SAMAE12 OLAGS
RHO D = {.37&8E+0@4 NMD = 346l
FOOLED mRGE = dB.3 +~ 2.2 MYR

MEAM AGE = 74,46 +~ [7.4 MYR
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PDS 1 4R

IRRADIATION: PTP146-64
ANALYSIS BY POS 4/24/88

----------------------------------------

- -

AREA
CRYSTAL NS NI INITS RATIO RHO § RHO 1 AGE (KYR)
! 9 3 25 0.988 0.86£+00 1,40£495 9.0+~ 9.9
2 2 4 28 9.549 8366484 167605 120.2 - )84,
3 2 8 B 8,269 2.92€445 | .6E+484 48.3 ¢~ 37.5
4 3 13 4 8.2l B.77E¢Bd . 3.BBE4RS 55.8 ¢= 5.7
5 1 2 24 8.088 9.09E+09 9.75€+84 9.8 +- 9.0
8 18 28 2 8,357 5.85£+85 I.64E+ 84 86.4 v 3.7
7 3 I 2 8.273 f.75E485 4.4IE+BS §5.8 +- 42.9
] ? 39 24 9.231 4,39E495 [.9BE+84 55.8 ¢ 20.4
9 1 q 12 9.250 9.75E¢84 3.98£485 8.4 4- 61.5
18 3 9 35 9.323 1.08£+85 3.B1E445 80,4 4= 53.4
I S 3 29 §.147 | ,95E+485 1.33E+86 35.8 += (7.9
12 8 5 2 9.098 9.08E+00 292685 9.8 +- 0.9
13 6 29 2% 9.287 2.76E485 [ J6E+86 58.9 +- 22,4
t4 9 9 ) 9,080 8.08E+08 3.5(E+85 8.9 +- .9
15 2 14 3 8.143 7.89E404 5,44E485 34.4 +- 268
16 1l 81 40 8.188 3.226485 1.78E404 3.6 4= 14.3
17 2 25 49 8,898 5.05E+84 7.31E485 19.4 += 14,2
18 2 8 28 §,258 8.34E+84 3.34€485 6.4 4= 47,7
(9 9. 4 % 9.648 8.88E+88 . 54E485 9.8 ¢- 9.9
% { 5 14 8.260 8.36E+84 4.18E485 48,3 9~ §3.8
£2_ 317 1. 284E+85 1.8776+85
AREA OF BASIC INIT = B.548€-87 02
VARIANCE OF SQR(N3)Y = {,1358%
VARIANCE OF SOR(NIY = 3.10425 CORRELATION COEFFICIENT = 8.394
CH1 SQUARED = 12,0345 WITK 1? OEGREES OF FREEDGH FASS
NS/NI = 8,196 +- 9,827 MEAN RATIO = 0.179 +- 6,831

AGE CALCULATED USIMG A Z2ETA OF 352Z.7 FOR SRMA1Z GLASS
RHO O = | .374E+04& IND = S4461

POOLED ~GE = 47.3 +- &.4 MYR

MEAN AGE = 43.3 +- 7.4 MYR
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POS 1 6&

IRRADIATION: PT?14-83
ANALYSIS BY POS 4/24/88

AREA
CRYSTAL NS N WS RATIO RHD S RHO | AGETHYR)
i i 9 30 8,111 3.316+484 2,90E443 2.9 +- 28.4
2 ] %9 72 8.471 9.44E484 1376484 7.0 4= 6.7
3 3 6 (6 8,506 1868185 2,726085  128.2 +- 858
4 16 57 42 8,281 3.78E485 1.5E488 2.8 4= 19.2
5 8 17 27 8,080 8.00€+09 4,256485 6.8 +- 3.8
4 3 14 14 4.188 {.85E405 9936445 453 0- 2.5
? 3 8 18 8,167 (66485 993405  40.3 +- 25.1
8 8 35 14 8.222 7.09E485 3. 19E486 53,7 +- 16.8
9 i 47 2 8.149 3.31€+485 2.22E¢84 .8 +- (4.4
18 3 2% 34 8.115 9.20E+04 7.17€485 2.9 4= 1.9
I ;) 49 2 §.143 8.286+85 S.9E486 . 4.6 4= 8.3
12 3 3% 12 8.883 2.48E485 2.98E+86 20.2 += 12,
) 8 3 9 8.969 8.80E+08 3.31E+85 8.8 - 8.8
14 8 22 15 'RIT 9.98€+40 {.44€484 8.8 ¢ 8.9
15 8 3 2 8,888 3.80E+80 1.49E485 8.8 +- 0.9
14 13 62 N 2,210 4.38E+0S 2056486 58.7 4- 15.3
17 2 3 14 8.154 1.24E485 0.876+85 3.2+~ 28.3
T 8 1 10 8,808 8.89E+88 9.93E+04 9.0 - 8.8
19 12 93 8 8.129 8626485 5436486 3.2 - 9.6
2 2 4 3 3.508 5,40E+04 LHEDS (28,2 ¢- 184.)
185 217 2. 188E+85 { 431E+R4
AREA OF BASIC INIT = 1.8848E-B4 (M2
UARIAGNCE OF SQR(N3) = 2.82342
UARIANCE OF SQR(NIY = 9, ,22544 CORRELATION COEFFICIENT = 6.863
CHI SQUARED = 25.3818 WITH 1? OEGREES OF FREEDOM FASS
NS/NI = 0,148 +- 9.0815 MEAN RATIO = 6.15t +- 0.@32

AGE CALCULATED USTHG A CETA OF  352.7 fFOR SRMS1 2 GL&SS
RHO © = 1 .374E+R4 NO = 5451t

POOLED ~GE = 25,4 +- 3.7 MYR

MEAIW AGE = 36.5 +- 7.7 MYR
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POS 89 8ex

IRRADIATIGON: PT916-62
ANALYSIS BY POS 4/26/88

AREA
CRYSTAL NS Hl WNITS kav10 RHO § RRO ! AGE(MITR)
1 ] 15 12 B.i33 1.66E485 1,24E+46 32,5 +- 2.3
2 [ 2 P 8.942 3.55E+84 B.51£485 (4.1 ¢- (9.3
3 7 77 48 9.897 1.74E485 1.79E484 2.5 - 92
4 4 36 18 2.1t 2.21€+85 [.99€+84 26,9 4- 14,2
5 z 2 3 8.895 §.21E+84 6,526485 230 = 17,1
é l 8 2 3,125 4.97E+84 3,978485 38,3 +- 2t
7 { 7 49 8.143 2.4BE+84 [ 74E+85 39.6 - 379
8 8 55 14 8,145 4,77E485 2.41£404 35.2 +- 133
9 3 39 2 8.977 § . 49E485 1.94E¢04 18,6 +- 11.2
19 3 12 35 3.258 9.51E484 1446485 60.4 v~ 39.8
1 3 27 34 8.101 8.28E+84 7.45E+839 28.9 += 16.4
12 12 95 k] 8.179 4,82E+9% 2.78E484 3.3 4~ 1.4
13 2 2 2 8.983 8.286+94 9,93E495 20,2 4= 14,9
14 8 | 2 4.98¢ 2.98E+00 4, L4E484 8.0 +- 8.8
15 9 49 25 9,108 3.58E+B3 1.91E+84 45,3 +- 14,9
t4 8 5 18 9.0880 8.98E+88 4. 97E485 0.8 4+- 4.9
17 i 24 48 €.439 2,4BE+04 4.45€485 .34~ 9.9
18 8 ? 28 0.868 9.80E180 3.48E¢95 8.0 - 0.9
19 4 2 29 9.198 1.326485 6.95E+485 46,1 +- 5.
2 3 24 25 8.115 1.19€489 [.83E406 . 22.9 +- (7.9
20 549 (,331£485 |.344E404
AREA OF 8ASIC WY = |,BO4BE-84 (M2
VARIANCE OF SOARIMS) = {.@8162
VARIANCE OF SOR(NIY = 4.73973 CORRELATION COEFFICIENT = u.9i8
CH! SQUARED = 11.1711 WITH 1% CEGREES OF FREEDOM PAS5S
NS/NI = 8.125 +- G.D1s MEAIY RATIO = 9.10& +— B.01S

A&GE CALCULATED UZItIs A~ ZETA OF 352.7 FOR SRMSI2 SLRSES

RHO » = |.374E+945 NOU = 54461
POQOLED ~GE = 38.2 +-— 3.8 MrR
MEAIN ~GE = 23,7 +- 3.7 MYR



JO O a BB

IRRADIATION: PT?36-64
ANALY3IS BY POS 4/21.,88

~—

...................................................
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______ aeve

AREA
CRYSTAL NS Nt TS RATIO RHO § RHO | AGECHIR)
1 a3 174 4 8.247 1.24E406 5.096006 629 ¢ 187
2 5 3 ) 3.968 2.89E+85 JATEAE 5.4 - T
3 13 i 50 8.27§ 3.84E409 (12486 68.9 +- 2.5
4 2 ) 9 3.180 2.406405 2686486 25,5+~ 189
5 8 30 8 §.008 B.UBE+88 4,39€+486 8.8 +- 9.8
6 3 2 % 8.143 1.25E+05 BI76405 364 0 2.5
7 i 19 9 §.053 1.30€405 2476486 13.4 4 138
8 2 i 18 8.849 § 39599 2466006 12,50 3B
9 ( 16 2 8,043 4.07684 7806085 16,8 0= 148
0 2 9 2 §.222 | 95E ¢85 Q776485 56.6 +- 44.2
I 3 i4 8 $.069 8.09E+ 08 2,246 506 8.8 ¢ 0.9
12 { (9 15 8,953 7.88E464 406486 13,4 = (3.3
13 3 14 18 8,188 3.51E+45 1.87E486  47.8 4- 38.i
14 18 ¥ 19 8.256 1178406 450488 85,20 1340
s 7 55 2 8,127 3.41E445 2686486 32,5 ¢- 13,4
4 t; 164 5 8479 8.89€+85 498ED6 450 4= 1.4
12 712 4,120£+85 2,419E+486
AREA OF BASIC ONIT = B.54BE-87 Ot
UARIANCE OF SQR(MS) = 2.85383
VARIANCE OF SGR(NI> = 7.5811% CORRELATION COEFFICIEMY = 8.924
CHI SQUARED = 31.6494 WITH (5 DEGREES OF FREEDOM FALL

NS/NI 8.157 +~- 98.318

AGE CALCULATED USING A ZETA OF
RHO O = | .45E+84
POCOLEDC »GE = 4d@.i

MEAN AGE = 32.9 +-

MEAN R&TI1Q

35

+

B.124 +- 0.923

F3R 3SRM&L2 GLASS
5755

2.7
ND =

4.1 MYR

5.9 MYR
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POS a7&

IRRADIATION: PT936-12
ANALYSIS BY POS 4/26/38

AREA

CRYSTAL NS NI INITS RATIO0 RHO § RHO 1 AGENYR)
) | 7 é g.143 1,66E485 1.14E484 36,4 +- 38,9
2 ! 9 18 8.111 9,93E+404 8.94E409 28,3 ¢- 29.9
3 { ] (2 8.125 8.28E+04 6.62E485 3.9 ¢- 1.8
4 2 k| 12 9.447 [.48E483 ~  2.4BE4RS (48,3 +- 153.4
3 2 14 ] 8.143 3.97E485 2,78E+8¢6 3.4 4~ 2.5
é é 45 8 .133 7.45E483 §.59E+94 34,8 += 4.8
7 8 18 3 0.388 8.80E+80 3.31€484 8.8 «- 8.8
8 4 23 4 8.140 8.62E483 4.14€6484 49.8 +~ 22.0
9 3 27 9 8.01¢ 3.31E485 2,90E+04 20.3 +- 17.3
i 4 e 12 8.147 3. 31E495 [.99E496 12,3 ¢~ 22.9
1 l I 8 B.891 1.24E403 £,37€484 23.2 - 24,2
i2 2 29 16 0.198 1.24E485 1,24E¢84 25.5 +- 18.%
13 8 8 4 0.969 9.80E498 2.48E+04 8.8 +- 9.8
14 2 27 4 8.824 4.97£+93 §,79E404 18.9 ¢- 13,9
t3 ] 3 ¢ 8.008 9.88E+89 8.28E485 8.8 +- 8.9

el 43 2.391E4835 2,811E+86
AREA OF BASIC tNIT = 1.8848E-88 (142
VARIANCE OF SOR(MS) = ,5541%]
VARIANCE QF SQR(NI> = {,8676S CORRELATICN CQEFFICIENT = @.8484
CHI SQUARELD = 8.7s5987 WITH 14 DEGREES OF FREEDOIM PASS
NS/NI = @.118 +~ 0,022 MEAN RATIO = 8.1535 «- 0.,04!

AGE CALCULATED USIHIG » ZETA OF 352,77 FOR SRM&L12 GLASA
RHO D = (.4%5E+@s MDD = G735

POOLED ~i3E = 308.2 ¢+~ .9 MYR

MERI{ RGE = 34.4 ¢~ 10@.4 MYR
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Grain Age Distributions: Canning River Region
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ANWR Coastal Plain
POS 74

IRRADIATION: PT938-01
ANALYSIS BY POS 4,/2%/88

AREA

CRYSTAL NS nl WITS RATLD RHO § RHO ] AGECHTR)

l t 2 3 9.568 I.46E485 3316485 126.6 - 155.1
2 0 { s 9.800 8.88E460 1.46E+85 'KRCIR
3 2 2 2 (898 i.46E485 1.46E485  256.B +- 256.8
4 8 3 (2 9.868 9.98E¢d0 2,48E493 8.0 4= 8.8
5 1 ! 4 j.898 2,486495 2.4BE485 2988 ¢- 354.4
¢ 8 3 (8 9.698 8.80E+69 2.98E485 8.0 0 8.3
7 2 7 12 8.286 L.44E485 5796485 7.7 += 58,2
8 l 2 6 8.588 §,52E404 {.18E485  124,6 ¢- (55.1
9 2 ¢ 6 9.333 3.3E485 9936085 84,7 4- 9.1
10 i 2 8 4.508 .24€+85 2.48E485 (26,6 +- 155.1
I 8 2 f2 880 9.08E+46 1. 68E+05 8.0 +- 9.4
2 2 ! é 8.588 3. 3HES 8626485 124.6 +- 1896
13 8 3 2 8484 §.98€+06 1. 49E+85 B.b 4= 8.8
14 ] ? i8 §.142 9,934 956485 34 e- D
IS 3 16 (8 9.108 2.99E+85 1.59E086  42.84- 30.1
16 8 3 1) 3.888 8,806+ 2.986+485 8.8 4- 8.0
¥ 2 6 3 $.333 5.52E+84 [.44EV0S  84.7 4~ 49,1
18 g I § 9.960 9.49£¢08 {.44E485 8.9 4- 8.8
19 2. 4 18 8.508 1.99€+85 3976005 126.6 ¢- 199.6
2 {8 1 (2 4.2 8.28E¢85 2485088 B4 - 3.9

20 185 13186495 4.815E485

AREA OF BASIC NIT = 1,8868E-94 O

UARIANCE OF 3Z0R(N3) = 58957

UARIANCE OF SQR(NI) = {,1742 CORRELATION COEFFICIENT = @.%25
CH! SQUARED = 9.8723% UWITH 1% DEGREES OF FREEDCM PAS3

NS/NI = B.286 +~ 0.0S% MEAM RATIO = @.306 +- 0.878

AGE CALCULATED LSING A ZETA OF 352.7 FOR 3RM&L12 GLKES
RHO © = {.45E+0s HMD = S735

POOLED ~GE = 72.7 +- 1S, MYR

MEAN AGE = 77,7 +- (7.3 MYR



POoOs ~7aBg

IRRADIATION: PT?31-85
ANALYSIS BY POS 4/29/88

169

AREA
CRYSTAL NS NI WNITS RATID RHO § RHO 1 AGEGIR)
i 1 3 is §.333 §.626484 (996485 88.7 +- 93.2
2 1 4 30 8,258 3.316484 [.326085 48,6 4= 477
3 8 2 2 9,998 §.88E+8 948434 3.8 +- 4.8
4 | 2 1 3.588 6.2E@4 © L2MENMS (20,6 4- 147,
5 8 I 18 §.089 9.80E+99 5,52E494 9.0 - 8.0
¢ 3 il 9 8.273 3.31€485 1L21E486 64,1 4- 42,8
7 2 8 15 3.333 1326485 3.976485 00,7 - 65.9
8 3 7 (5 8111 § .99E+05 {79606 27,80~ 14.4
§ 6 3 ¢ §.182 9.93E45 5.6E86 A4 +- 19.6
19 3 é 9 8,598 3.3(E+95 4.62E485  120.6 4- 85.)
1 i 3 8 3,233 {.246485 3.726485 88,7 - 93.2
12 7 19 8 §.709 9.69£+445 (246408 148.3 +- 82.9
3 8 5 38 8,408 9.80E+08 . 44E+85 8.8 4= 8.8
i 4 4 n i.889 2.486439 2486485 239.1 ¢ 1698
13 5 14 6 8,313 8.28E+45 2456486 75,7 4= 39.8
(4 2 5 18 3.4 6.626+84 1.66E85 96,7 i- 889
17 é 7 12 8.857 4.97E+485 8.79€485 208.4 +- (14,3
18 B 2 15 4.960 ¢.88E480 1,326445 B84~ 8.4
19 { 8 2 8.125 4.146484 1AEES 30,4 - 2.2
28 2 8 12 8.258 1.46E485 4.62E485 68,6 - 409
48 (63 1,514€+65 5. 199E495

AREA OF BASIC INIT = 1.004BE-84 OM2
UARIANCE OF SQR(NS) = .717(92
VARIANCE OF SGRC(NIY = {.53777 CORRELATION COEFFICIENT = a.5°8
CHI SQUARED = 19.3723 WITH 19 DEGREES OF FREEDOM PHGS
NS/NI = @.294 +«- 3,948 MEAN RATIO = 6.323 +- 08.8473
AGE CALCUL&TED USING & CETA OF 352.7 FOR 3SRM&LZ GLASS

RMO U = 1.381E+86 MND = 5489

POOLED WGE = 71.3 +~ 11.8 MYR

MEAN &“GE = 78.2 #- 15,2 MYR
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POS S 7

IRRADIATION: PT?31-84
ANALYSIS BY POS 4/38/88

AREA

CRYSTAL NS Nl WITS RATID RHO § RHO [ AGE(NYR)
! 8 2 {2 8.008 6.88E488 1.44E+85 8.8 ¢~ 6.8
2 i 3 12 8.333 8.20E484 2,48€4835 88.7 +- 93,2
3 14 37 14 §.378 9,93E405 2.63E¢B6 95,9 +- 28,7
4 4 28 l.698 L.95E+85 1.99€+¢83 239.1 4= 149.9
3 4 29 38 0.208 § 32E+85 4.62E485 48.5 +- 28.¢
[ iq ]l 12 8.275 i.16E+84 4.226484 64,5 ¢- 290.14
7 [ ? 18 8.143 3.52E464 3.B4E+85 34,7 ¢= 3.1
8 9 15 4 8.489 1.498+84 2.48E+84 (44,3 ¢- 8.9
9 (5 41 24 8,246 8, 23E+85 2.32E484 59.4 += 17,2
18 8 3 20 0.481 8.80E404 [.49€+835 8.8+~ 9.9
11 3 13 18 8.385 2.70E+83 7.17€483 93.8 ¢ 48.9
12 (4 1 14 9.242 9.93E+45 3.79€404 43,6 - 12,9
i3 8 { 38 0.989 8. 80E+ 09 3. ME484 8.8 +- 8.8
14 1z 49 1S 8.347 1.(3E+86 3.24E+84 83.9 - 23.¢6
IS 11 3 33 8,353 3. 126485 §.00€+05 85.9 +- 38.1
18 1 é 14 8.147 7.89E404 4,26E483 48.5 v~ 437
17 l 4 12 8.230 8.20€484 J.31ERS 48,8 +- 472
18 4 18 14 8.400 3.72E+83 4.21E485 144.5 ¢- 74,4
19 27 194 24 9.235 1.12E404 4.396484 61,7 +- 133
28 25 42 4 9.395 6.21€485 1.04E484 $43.4 4= 6.2

174 324 4.377E483 1.347€484
AREA OF BASIC WINIT = 1.0848E-84 (M2
VARIANCE OF SQR(NS)Y = 2,74442
VARIANCE OF SQR(NI) = 7,17754 CORRELATION COEFFICIENT = 2.903
CHI SQUARED = (?.7ot5S WITH 1% OEGREES OF FREECOM FPASS
NS/NI = 4.325 +- 8,027 MEAN RATIO = @,320 +- 9.054

AGE CALCULATED USING A 2ETA OF 352.7 FOR SkRM&L2 GLASSE
RHO O 1.38{E+648 NO = 54898

il

PDOLED ~GE = 73,7 +~ 7.8 MYR

MEAN AGE = 77.3 +- 13.1 MYR
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POSE S8«

IRRADIATION: PT®31-02
ANALYSIS BY P0OS 4/30/88

AREA
CRYSTAL HS Nl s RATIO RHO § RHO | AGE(MTR)
f 5 (4 1§ 8.357 3.18E485 B.69E4BS 844 4- d5.6
2 § " 1?2 8.250 8. 2BE+84 JAIERS 60,6 4= 607
3 8 ! 8 9.909 9.00E+98 | . 24E+85 8.9 +- 8.9
4 8 ! 18 9,898 B.BOE208 . 1.64E465 3.0 4- 8.9
3 9 i 8 3,818 1. 12E486 LATEBE (98,2 +- 88,2
¢ 2 5 18 3.480 1.18€485 2766485 94,7 - 89,9
7 2 3 12 8,467 1 64E+85 2,48E485  160.9 +- 194.4
8 1 3 12 8,333 8,286484 2,48£485 88.7 +- 93.2
§ { 3 i) 9.303 4,97E484 |,49E¢85  88.7 4= 93.2
1 2 5 8 9,488 1.186+85 2.74E485 96.7 +- 88.9
i 8 il 14 8,323 7.89€485 2. 286486 78.1 4= 28.4
12 9 2 12 8,908 8.90€+89 ] .46E405 8.0 ¢= 9.9
13 ( 3 4 8.332 4,25E484 (.BEABS 88,7 +- 93.2
14 2 4 (2 0.143 [, 48E+95 (16484 4.0 4= 2.2
15 2 6 21 8,33 9, 448494 2.04E485 88.7 +- 45.9
16 2 1 6 3.480 }.99E486 4.976484 96.7 ¢= 33.8
47 7 13 4 8.438 L. 16E+86 2456488 185.7 +- 47.9
8 4 (g 19 9,498 3.97E485 9,93E485 94,0 4~ 57.2
19 q. 2 16 8.800 8.80E+89 1.24E485 9.8 = 8.8
20 (4 3 28 4,289 4,97E+85 §.28E 496 94.8 +- 29.4
s 282 2.4326485 ). 98E+8S
AREA OF BASIC WHIT = 1.0868E-86 OM2
UARIANCE OF SRR(NB) = | .3457%
UARIANCE OF SQR(MI>» = 2.25543 CORRELATION COEFFICIENT = 6.938
CHI SQUARED = 8.72728 WITH (9 OEGREES DF FREEDOM PASS
NS/NI = 0.371 +- 9.858 MEAN RPATIO = @.314 +- 9.048

AGE CALCULATED U3ItIG ~ ZETA OF 252.7 FOR 3RM&éi2 GLASS
RHO O = .281E+04 ND = 5488
FOOLED wGE = 8%7.3 +«- 12.2 MYR

oS

MEAN ~GE = 74.5 +«- 1.4 MYR
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POS &P

IRRADIATION: PT?14-08
ANALYSIS BY PQOS 4/30,/88

D i D o g e g R N O e B A W B e e

AREA
CRYSTAL NS Ml NITS RATIO RHO § RKO | AGEGYR)
| 2 8 (t 8.250 §.B{E+85 7206485 404 v- 427
2 5 16 12 8.313 4. 14€485 L3686 75,4 4- 3.6
3 13 27 9 8.481 1.,43E+94 2.98E+84 115.8 «~ 39.1
4 4 3 16 8.568 248605 4 9ENS 1202 +- 73.6
5 4 3 2 (,333 {47485 1.IBESBS 35,7 +- 241.)
$ ? 2 2 8.250 2.96E485 1LI8ERE 484 - 155
? i 2 21 8568 4,730404 9.46E404  120.2 +- 1971
8 (5 2 (5 B.452 9.936405 [,526486 156,34~ 51.9
9 3 9 3% 4.333 8,286484 2485985 88,4 ¢- 53.8
10 4 4 12 1,908 3.21E485 1.IIES  238.2 ¢- 168.4
T 4 12 (s 8.333 2,48E+85 7.456485 88,4 o~ d6.4
2 18 19 2 $.889 6.626+85 745645 212,24 729
13 f4 3 it 8.424 {.I9E+84 1206406 192.0 +- 32,6
4 14 ) 9 8.533 26404 1IER6 1280 = 390
5 g s 16 9.998 8.00E+08 3,72+95 8.8 - 6.8
6 4 12 2% 8,333 [ 99€+85 5946005 384 4= 6.4
17 $ 25 (5 8.248 3.726485 j.S5E¢86  58.8 +- 24,4
T: g 1 8 3.800 8.60E+94 1, 24E405 3.8 - 0.9
19 8 4 2 0.808 9.00E+98 1996405 8.8 0= 9.9
2 I d 2 3.250 3.97E404 1SIENS 6B e- 428
e an. 3.004E+85 7,814E485
AREA OF BASIC WNIT = [,086BE-B6 O2
UARIANCE OF SQR(N3) = {.487482
UARTANCE OF SQR(NI) = 2,22549 CORRELATION COEFFICIENT = 8,331
CH! SQUARED = 20.5285 WITH 17 ODEGREE5S OF FREEDOM PASS
NS/NI = 8.434 +- 0,048 MEAN RATIO = 0,431 +- 8.075

AGE CALCULATED USTNG R ZETH OF 352.7 FOR SRM&12 GLASS
RHO O = [.374E+8¢0 ND = 35461

POOLED AGE = 184.% +~ 1.4 MYR

MERIN ~»GFE = 193.7 +- 8.2 MYR
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POS &S<94

IRRADIATION: PT?31-01¢
ANALYS1S BY P0OS a4/3@/88

AREA

CRYSTAL NS NI \NITS RAT10 RHO § RHD 1 AGECHYR)

i 5 2 8 0.114 6,24E485 5, 346486 28.3 - (3.4

2 4 9 (5 8.444 2.45E493 S.94E495 (80,3 +- 4.5

3 1 2 5 8,588 4.626484 1326485 120,64 +- 132,7

4 17 58 (8 8.293 698404 5,24E484 79.8 - 19.4

5 i 2 8 9.580 1,24485 2.486485  128.4 +- 147.7

4 2 5 2 9,408 9,93€485 2486488 98,7 4= 8.9

7 B 3 15 9.989 8.80£+09 996465 8.9 ¢~ 8.9

8 | 3 3 8,259 [,99E+45 7,95E+95 8.4 4= 817

9 8 | 6 8.898 8.98E489 1 66E+85 8.8 4- 6.

18 8 2 9 8.808 9.98E+98 2. 24E445 8.6 4- 8.9
31 129 3.311E485 1, 3766484

AREA OF BASIC WNIT = [.B848E-86 (M2

VARIANCE 0OF SORIMZ) = 1.43154

VARIANCE 0OF SOR(NI) = 5.38167 CORRELATION COEFFICIEMT = 8.5907

CR1 SQUARED = 5.4370& WITH % ODEGREES OF FREEDOM PASS

NS/NI = 0.248 +- 5.048 MEAN RATIO = 9.258 +- 2,846

ABGE CALCULATED USIMNG A ZETA OF 332.7 FOR SRMéLZ GLASBS
RHQO D = 1.381E+046 ND = 5489

POOLED &GE = 58.3 +- 11,7 MYR

MEAN AGE = 486.7 +- 146.0 MYR



174

J2 P

IRRADIATION: PT?17-04
ANALYS1S BY POS 4/28/88

...........................................................................................

AREA
CRYSTAL NS NI WITS RATIO RKD § AHO 1 AGECMYR)
1 5 ’ 15 8.714 3.21€485 4,046485  147,7 +- 98.2
2 4 7 a8 8.235 9.93E444 4206485 55.7 +- 318
3 ¢ 17 3% 8,353 | 66E+85 4,69E405 83,4 1= 39.4
4 19 9 2 FA 4.976485 GAZENS 259,04 119.9
5 § 2 24 8,508 2, 486485 8976405 12,9 +- 58.9
é 3 6 2 8,508 I.86€485 2030485 117.9 - 833
7 12 18 2 0.467 4.97E405 7.456405 156,72 +- 584
9 2 8 18 8.333 {,18E+85 301685 78.8 ¢- 44,9
9 4 % 2 8,498 1.47¢+85 3.40E4B5  94.5 +- 55,9
19 2 T 2 3.182 8.28E¢04 4556095 431 0= 33,
1 4 28 4 8.200 9.93E484 4976085 47.4 4= 2.8
2 3 4 12 8.759 2.486+85 1316405 176.8 4= 1349
13 5 (1 2 8.455 £, 77E485 J.9BEHS  187.2 4= S7.8
14 3 12 4 3,250 7456484 2986405 59,2 4- 39.2
(5 3 i8 28 8.187 I,B4465 4.096005  39.54- 24,7
1 3 4 18 3.214 1. 84E+85 703485 50.8 0= 323
7 7 (4 24 8.580 2.98E495 S.79E485 (17,9 ¢- 54,6
8 4 I 15 8,364 2.45E485 720605 35.9 +- 59,2
19 4 3 3% 8.368 1.18E485 3.996465 728 +- 1.6
2 4 {4 4 8,286 1. 84€+85 96405 - 47.6 - 383
94 4 7926495 4.652E495
AREA OF BASIC INIT = 1.8040E-04 OfF2
VARIANCE OF SQR(NS) = .274854
VARIANCE OF SQR(NL) = ,45185 CORRELATION COEFFICIENT = 6,247
CHI SQUARED = 17.8573 WITH (? OEGREES OF FREEDOM PASS
NS/NI = 9.385 +- .047 MEAIN RATIN = 8.424 +- 8,053

AGE CALCULATED MSING A ZETA OF 252.7 FOR SRM&L2 GLAES
RHO O = |1.349E+64 ND = 5354

POOLED AGE = 21.8 +- (1.} MYR

MEAId AGE = 100.2 +=- 12.4 MrR
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ANWR Coastal Plain

Single-Grain Age Distributions:
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