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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 I 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 

deposition. 
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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 attention from the earth science 

community. The deep sedimentary basin beneath the ANWR coastal plain is believed by 

many to contain major hydrocarbon accumulations (Mast et 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 deformation events within the fold and 

thrust belt could constrain the timing of formation of possible hydrocarbon traps. 

The opening of the Canadian Basin during the Late Jurassic resulted in the initiation 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 extends 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 
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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 2% nucleus and are used for radiometric dating. However, the 

special interest of fission track geochronometers is that they are highly sensitive to 

temperature (Fleischer et al., 1975). Fission track ages can be considered as cooling ages 

with the temperature depending on the mineral studied (Fleischer et al., 1975; Mailhe et 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 attempted 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. 



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. I), 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 

m a  studied? 

2. What do these time-temperature paths tell us about the structural 

development of the NEBR? 

A. How much uplift 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 

distribution 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 (6O0-125°C) which coincides with that of oil 

generation (Gleadow et al., 1983). By measuring and comparing fission track ages and 



lengths in detrital apatites from sedrmentary 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 Bathtub 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 Department 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. 

r 

ARCTIC OCEAN 

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



NORTH SLOPE OF ALASKA: STRATIGRAPHY 

The ANWR coastal plain and Nonh 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 Tertiary fold and thrust belt (Mull, 1982). 

The stratigraphy of the Brooks Range and the North Slope can be divided into three major 

unconforrnity-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 rniogeoclinal 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 stratigraphic components. The Lower Cretaceous and younger 

Brookian sequence consists of south-derived clastic deposits derived from erosion of the 

Brooks Range orogen. The stratigraphy of these sequences has been discussed in detail by 

many authors (e.g. Brosge and Tailleur, 1970; Detterman et 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 speculative because of the fragmentary stratigraphic 

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 along 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 et al., 1987). Subsequent erosion of 
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Figure 2. Generalized Ellesmerian and Brookian stratigraphy for northeastern Alaska 
(from Vandergon, 1987). 



the uplifted rocks created a major unconformity on which the Mississippian to Lower 

Cretaceous platform limestones and terrigenous clastic 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 et al., 

1987). The Barrow Arch is a long-lived buried basement high located approximately along 

the present northern shoreline of Alaska. 

During Neocornian 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 rnid-to-Late Cretaceous (Leiggi, 1987). Rocks of the Brooks 

Range may be divided into several belts which trend sub-parallel to the strike of the range. 

The core of the range is characterized by highly deformed allochthonous rocks representing 

estimated crustal shortening 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 et al, 



1987). Most of the deformation in the core of the range ceased by earliest Tertiary time, 

but deformation continued episodically to the present time in the NEBR, resuiting 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 demtal 

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, 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 et al., 1987). 



Figure 4. Stratigraphic section of the Bathtub Ridge area. Permian Echooka Formation 
not shown at base of Ivishak 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 folded 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 relatively undefonned 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 OtSullivan, unpublished data). 

The Arctic Creek area, located approximately 85 krn 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 



COMPOSITE STRATIGRAPHIC SECTION OF 
ARCTIC CREEK AREA 

Figure 5. Composite stratigraphic section of the Arctic Creek area (Decker et 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 et 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. 

C a n u p  River R e g i ~ n  

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 

Formation (Carnpanian 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 l'hill 

Three ANWR coastal plain sections, located approximately 45 km to the north and 65 

km to the northeast of Arctic Creek (Fig. I),  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 et al., 1987). 



KGROUND, 
PROCEDURES. AND METHODOLOGY 

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 et 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 apparent 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 pm 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 2 3 8 ~  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 2% 

concentration of the sample. By knowing the 2 3 8 ~  concentration of the mineral, the 23811 

fission decay rate, and the number of fossil fission tracks which have accumulated, an age 

can be calculated 

The 2 3 8 ~  concentration is measured by counting fission tracks produced by induced 

fission of 2 3 5 ~  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 

2 3 5 ~ f L 3 8 ~  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 

2 6 



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 2% induced tracks are described by Hurford and Green 

(1982) and Gleadow (198 1). 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 2 3 * ~  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, 1979a; 

Gleadow et al., 1983). In apatite, fission tracks that form with lengths of approximately 16 

pm 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 et al., 1985a; Gleadow et al., 1986a). 

This range is dependent on the apatite composition, in particular the C1 content. In apatite, 

the presence of chlorine has been shown to stabilize fission tracks to slightly higher 

temperatures (e.g. Green et al., 1985a; Gleadow et 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 to annealing (Cl-rich). The 



effect of composition on apatite fission track annealing is treated in more &tail in Appendix 

A. 

The kinetics of fission track annealing in apatite have been extensively studied (Naeser 

and Faul, 1969; Green et al., 1985a; Green et al., 1986; Laslett et al., 1987). Using 

results of Laslett et al., (1987) (Fig. 7), one can predict the rate of track annealing in apatite 

as a function of temperature. For example at 10O0C, it would take -100 m.y. (fanning 

model) to 1 m.y. (parallel model) to decrease 16 pm tracks to 8 p.m. 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. 

TEMPERATURE ( OC) TEMPERATURE ( OC) 

Figure 7. Comparison of parallel and fanning models to predict apatite annealing. On 
these Arrhenius plots, lines represent contours of predicted equal length reduction (15 ) .  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 et 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 



have a fairly constant mean length of about 16.3 + 0.9 pm (Gleadow et al., 1983). 

Following their 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 pm) have not 

experienced temperatures greater than -20-40°C for significant lengths of time (>I-5 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 et 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 infomation on paleotemperatures and their variation 

through time (Gleadow er al., 1983). 

With increasing temperature and time, fission tracks in apatite begin to anneal. Three 

temperature zones are distinguished for fission tracks in apatite (for times of the order of 1 - 

10 m. y.): (a) the annealing zone (>125OC) where fission tracks are totally annealed; (b) 

the partial stability zone (60-125OC) where partial annealing occurs; and (c) 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 thermal histories are shown in 

Figure 8 (after Gleadow er al., 1983). This figure shows a number of hypothetical 

temperature vs. time plots and the resulting track-length distributions. Examples A-C show 



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 distribution typical of slow cooling through the partial stability 

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

increase. 

n o  OC T l A C I I  

>l 2s0c 

TlME 4 

TlME 4 

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 et 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 



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 (>125OC) 

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 pm) with mean 

track lengths between -14.0 and 15.7 pm (Fig. 9) (Gleadow et al., 1986b). Therefore the 

majority of tracks in these samples have been subject only to low temperatures (less than 

-50°C) (Gleadow et 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 (2125OC) to have these volcanic-type length distributions 

(Gleadow et al., 1986b). Slower 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 
values between - 14.1 and 15.7 pm and small standard deviations 4 . 3  (from Gleadow et 
al., 1986b). 

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 temperature. 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 et 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 utilized: 



(1) The gradient of apatite fission track age plotted against sample elevation is taken to 

be the apparent uplift rare over the period given by the apatite ages (Fig. lo), (e.g. Wagner 

et a1.,1977; Gleadow and Fitzgerald, 1984). 

(2) Extrapolation of an apatite fission track age from the sample elevation to 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 er al., 1977; Miller 

and Lakatos, 1983). 
m 
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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 n zero age at depth 
calculated using an assumed geothermal gradient of 30°C/krn and a closure temperature of 
120°C (from Wagner er al., 1977). 

(3) Dating Uferent minerals with different blocking temperatures in different isotopic 

systems (e.g. Harrison er al., 1979; Zeirler er al., 1982) gives a cooling rate during the 

intervening temperatun interval (Fig. 11). An uplift rate can be determined from this by 



Figure 11. Cooling history of a sample from the Quottoon pluton, British Columbia. 
Individual K-Ar, Rb-Sr, and fission track mineral dates are plotted against closure 
temperams for each mineral and dating method used (from Hamson 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 estimated 

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 track lengths. A 

more detailed discussion is contained in Appendix B. 

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 chert, 

siltstone, muds tone, and shale. Metasedimentary and volcanic lithic fragments are present 

in some sandstones. The remaining components are feldspars, mamx, cements, and heavy 



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 Pennian 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 located 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. Nine samples are from a continuous section of lower Cretaceous to 

Paleocene, marine to non-marine sedimentary rocks along the Canning River. Though the 

extent of the outcrop was relatively poor, all possible locations were sampled to cover the 

widest possible stratigraphic interval. 

le P r e w o n  and Processing 

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 tracks. 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 5 mol HNO3 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. 



Neutron irradiations were carried out in a well therrnalized flux in the Australian Atomic 

Energy Commission HlFAR reactor in Sydney. Thennal 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 graidrnica 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 densities were measured in the laboratories of the Department of Geology 

at Melbourne 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 rf: 2 sigma. A zeta calibration 

factor (Hurford and Green, 1982; Green, 1985) of 352.7 (see Table Al) 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 &cay 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. 

c 
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 



horizontal confined tracks were measured in grains aligned parallel to the crystallographic 

c-axis. These give the closest representation of the true length distribution of confined 

tracks (Laslett et 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 tracks 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 HipadTM 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. 



FISSION TRACK RESULTS AND INTERPRETATIONS 

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. 

The eighteen samples from Bathtub Ridge give apatite fission track ages which range from 

49 + 10 to 74 & 15 Ma ( 2 0  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 p.m. The mean track length of these 

twelve samples is 14.7 prn with a s.d. of 1.3 pm. The typical shape of the track length 

distribution (see Appendix C for track length distributions.) derived from these sampies is 

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



Table 1 Analytical Data For Fission Track Age Determinations* 
Sample Number Standard Fossil Induced Correlation Aae Uranium 
number of 

grains 

Bathtub Ridge 
POS106A 20 

track 
density 

(XI 06crn-2) 

track track coefficient 
density density 

( x i  06cm-2) (x 1 06cm-2) 

(~i_+ content 
2a) (PPW 



Table 1 (continued). Analytical Data For Fission Track Age Determinations 
Sam~le  Number Standard Fossil l nduced Correlation Aae Uranium 
number of track track track coefficient (~i k content 

grains density density density 2a) (PPm) 
(XI 06cm-2) (XI 06crn-2) (x 1 06cm-2) 

Arctic Creek 

Canning River 
(A) 

POS22B 21 



Table 1 (continued). Analytical Data For Fission Track Age Determinations 
Sample Number Standard Fossil Induced Correlation Age Uranium 
number o f track track track coefficient (Ma + content 

grains density density density 20) (PPm) 
(XI 06cm-2) (XI 06cm-2) (X 1 06cm-2) 

AN WR Coastal Plain 
POS74A 20 1.450 0.132 0.462 0.925 72.7 k 30.2 4 

(5755) 
20 

(30) (1 05) 
POS74B 1.381 0.151 0.514 0.590 71.3 + 23.6 5 

(5480) (48) (1 63) 
POS75A 

POS67A 20 1.381 0.438 1.347 0.908 78.7 k 14.0 13 
(5480) (1 71 (526) 

POS68A 20 1.381 0.263 0.709 0.938 89.8 f 24.4 7 
(5480) 

POS69A 20 1.376 
(75) (202) 

0.341 0.781 0.831 104.9 f 23.2 8 
(5461 ) 

POS64A 10 1.381 1.378 0.907 58.3 + 23.4 13 
(1 19) 
0.331 

(273) 

(5480) (31) 
JD49A 20 1.349 0.179 0.465 0.267 91.0 f 22.2 5 

(129) 

'Number of tracks counted are shown in parenthesis. Standard and induced track densities are 
measured on mica external detector surfaces. Fossil track densities are measured on internal 
mineral surfaces. Ages are calculated using Zeta = 352.7 for dosimeter glass SRM612. # Mean 
age, used where pooled data fail x2 test at 5%. Results for each area except Arctic Creek are 
given in stratigraphic order starting from top to bottom. No stratigraphic control is available for 
Arctic Creek samples. 



Table 2. Fission track length data* 
Sample Age Track Length Standard Number 
Number (f 20) (+ 10) Deviation o f 

(Ma) (w) (w) tracks 
Bathtub Ridge 

Arctic Creek 
POS55A 36.6 + 13.2 14.06 f 0.46 2.10 2 1 

POS63 112 36.9 k 13.6 14.00 + 0.19 1.71 8 1 

JD15A 38.7 f 11.6 14.03 + 0.16 1.29 6 1 

JD17A 35.4 f 8.4 14.02 f 0.19 1.55 69 

JD26A 30.5 f 7.2 14.20 + 0.20 1.73 7 6 

JD27A 37.9 + 13.2 14.24 + 0.18 1.55 7 5 

JD38B 39.7 f 14.8 14.48 + 0.15 1.31 74 



Table 2. Fission track length data (continued) 
Sample Age Track Length Standard Number 
Number (+ 20) (f la) Deviation o f 

(Ma) W) (Dm) tracks 

Canning River 

JD03B 32.0 k 11.8 12.58 f 0.25 1.37 3 1 

POS07A 30.2 +_ 11.8 1 1.59 f 0.25 0.72 8 

A N  WR Coastal Plain 

JD49A 91 .O + 22.2 14.77 k 0.21 2.09 101 
*Results for each area except Arctic Creek are given in stratigraphic order starting from top to 
bottom. No stratigraphic control is available 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. A2 sigma error bars are shown. 
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Figure 13. Apatite fission track data from representative samples collected from Bathtub 
Ridge. Each plot shows t r ~ c k  length vs. frequency, mean track length, age (f 1 sigma) and 
number of tracks measured. Dots represent sample positions. 



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 pm. The mean track length of these six 

samples is 13.2 pm 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). 

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 f 7 to 40 f 15 Ma. The 

mean of the apparent ages for all seven samples is 36.5 Ma (Table 1, Fig. 14). Mean track 

lengths are all long (between 14 and 15 pm) with s.d. between 1.0 and 2.0 pm (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 c 10 pm) in each distribution. This tail of short tracks contains 

less than 4% of the total number of tracks. 

0 10 20 30 40 50 60 

Fission Track Age (Ma) 

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. 5 sigma error bars shown. 
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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 (f 1 sigma) and number of tracks measured. Sample localities cannot be shown on 
stratigraphic column due to poor outcrop control. 

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 f 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 pm for group B, to 12.3 pm for group C. The track length distribution 

for sample A is a volcanic-type with long mean lengths (>I4 pm). Track length 

distributions for group B are volcanic-type at the top but become mixed (Gleadow et al., 
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Figure 16. Apatite fission track data from representative samples collected from the 
Canning River section. Each plot shows track length vs. frequency, mean track length, age 
(k1 sigma) and number of tracks measured. Dots represent relative sample positions. 

+ Apatite F.T. Age (Ma) 2 Sigma Errors 

Figure 17. Plot of relative changes in ages and mean track lengths throughout the 
Canning River section. The section is broken down into three groups based on their ages: 
(A) -67 Ma; (B) -45 Ma; (C) -32 Ma (i2 sigma). Sag. = Sagavanirktok Fm., Kem. = 
Kernick Fm. See text for explanation. 



1986b) at the base of the group. The track length dismbutions for group C are typical of 

mixed and bimodal distributions (see Appendix A, p. 101). 

I Plain 

The eight samples from the ANWR coastal plain with stratigraphic ages ranging from 

Albian to Eocene give apatite fission track ages from 58 f 23 to 105 f 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 pm, but four of the samples have a small tail of shon 

tracks (< 4% of total tracks). 

OASTAL PLAIN 

Figure 18. Apatite fission track data from representative samples collected from the 
Arctic Coastal Plain. Each plot shows track length vs. frequency, mean track length, age 
(f 1 sigma) and number of tracks measured. Age not calculated for POS 75A due to poor 
contact between grains and the mica detector during irradiation. Dots represent relative 
sample positions. 



. . Varlat~on In A ~ a t  

Although differences in apatite composition were not a major focus of this study, 

average F and C1 contents of apatites from 12 apatites from the study area have been 

included. Table 3 shows the ranges in the ratio C1 /(F + Cl). Apatites with C1 /(F + Cl) 

>0.01 are considered C1-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 e.ach 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 C1 content (Table 3). These differences in apatite 

composition, 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 Fluorine Chlorine a Age (Ma + 
Number (wt. %) (wt. %) Cl+F 20) 
Bathtub Ridge 
POS 104B 2.35 0.0 1 0.002 63.6 f 16.2 

Arctic Creek 
JD27A 2.60 <O.O 1 0.000 37.9 f 13.2 

1.24 0.0 1 0.007 

Canning River 
POS08A 2.48 0.19 0.072* 30.2 rt 7.6 
POS07A 2.49 0.0 1 0.002 30.2 f 1 1.8 

ANWR Coastal Plain 
POS75A 2.843 <O.O 1 0.000 - 
Results for each area are shown in stratigraphic order. *Chlorapatites (apatite with 
CV(F+Cl )> 0.01). Age not available for POS75A due to poor contact between the grain 
mount and the mica detector. 



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 et al., 

1986b; Green et 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 formal 

statistical methods by Laslett et al. (1987). These results and all previous mathematical 

descriptions of fission track annealing in apatite 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 model track length 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  pm) 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 



-0.8 and 1.3 pm) with nearly all tracks falling between 13 and 16 pm and mean track 

lengths between 14 and 15 pm. Only for apatite samples with such a track length 

distribution does the fission track age represent a distinct geologic event in terms of a rapid 

cooling from above - 125OC (Green et al., 1985 b). 

on of Batbtub R l d ~ m  

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 partial 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 et al., 

1986b) for the lower group indicate a more complicated history (Fig. 13). 

By combining the fission track age and track 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 temperatures greater than 125OC to approximately 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 length distribution data for the Bathtub Greywacke, sample 
87POS96A (unstippled), and its proposed thermal history (stippled) derived using Laslett 
et al's (1987) preferred model. In this "best fit" example, rapid cooling occurs from 
>125"C to -50°C between 65 and 60 Ma followed 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-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 represents the mean length. The 
thermal history prior to the cooling event is unknown. 



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 pm range than seen in 

these samples. These results indicate cooling rates of approximately 15" to 25OC 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 track length distribution for sample 87POS99A and a 

model 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 track lengths (>I4 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 87POS99A (unstippled) and 
its proposed thermal history (stippled) derived for the sample using Laslett et al's (1987) 
preferred model. In this "best fit" example, rapid cooling from >125*C to -7S°C occurs 
between 65 and 60 Ma followed 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 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 represents the mean length. The thermal history prior to the 
cooling event is unknown. 



on of A r c t ~ c  Creek R e s m  

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, resulting in track 

annealing and a decrease in fission track 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 125OC to temperatures below 60°C. 

Prior to -37 Ma, the samples experienced temperatures greater than 125OC 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 

125OC 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 to 40 Ma. To 

allow for the presence of the tail of short tracks, samples are postulated to have cooled to 

-125OC 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 125OC 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 87JJ326A (unstippled) and its 
proposed thermal history (stippled) derived for the sample using Laslett et al's (1987) 
preferred model. In this "best fit" example, rapid cooling from - 125OC to -50°C occurs 
between 40 and 35 Ma followed 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. 



would result in a much broader dismbution 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 125OC. At -37 Ma, the entire 

section cooled quickly through -60°C and has since undergone slow cooling based on high 

mean track lengths (>I4 pm). 

R~ver  R e s m  

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 

dismbution 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 track 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 er 

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 pn to -1 1.6 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. 



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 track lengths to shorten to between 14.1-12.7 p.m. 

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 (+2 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). 



greater than 125OC to -90'-100°C (assuming 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 temperanires 

greater than 125OC 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 lawest group (32 Ma) represents a maximum age for the second cooling event. 

tion of ANWR C o w l  PI- 

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 pan 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 al's (1987) 
preferred model. In this example, after deposition -80 Ma, the sample was cooled to 
-65OC between 50 and 45 Ma and remained at that temperatun until a second cooling event 
( ~ 3 2  Ma) brought it out of the track annealing zone. The dashed line in 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 87POSlOA (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 to 
-90°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. 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. 



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 distribution 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 temperatures 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 et al's (1987) 
preferred model. In this "best fir 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. 



GEOIlOGIC 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. I 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 deposition. 

The Bathtub Ridge, Arctic Creek, and Canning River sections show evidence for rapid 

cooling from temperatures greater than 125OC 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 et 

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 fraction 

penetrates below a few hundred meters. Therefore radiation need not be considered for the 

purposes of this discussion. 
6 4 



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 

lattice vibrations (Clark, 1966). The equation for one dimensional heat flow through a 

homogeneous material is given by Fourier's law of heat conduction: 

where: Q = the geothermal flux (-10-6 calories cm-2 s-1) 
k = the thermal conductivity (-10-6 calories cm-1 s-1 OC) 
(dT/dZ) = the geothermal gradient (OC cm-1) (constants from Wyllie, 197 1) 

Thermal conductivity varies widely with the composition of rocks (Clark, 1966). 

Compared with most rocks sandstones have a relatively low thermal conductivity, making 

them excellent insulators (Lee, 1979). Values of k for rocks include: -5.0 (x10-6 calories 

cm-I s-I OC) 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 to 

geotectonic conditions are (in 10-6 calories cm-l s-l OC): 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 be tween 20'-30°C/km. 



With such a gradient, apatite fission tracks would be partially annealed at >2-3 krn 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 sections could have 

cooled from >125"C to ~ 6 0 ° 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. 

Wells drilled on the North Slope of Alaska in the present foredeep just west of ANWR, 

have shallow geothermal gradients of -30°C/km (depths to 4200 to 4700 m and bottom- 

hole temperatures of 120" to 132°C) (Magoon et al., 1987; Gautier 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 to 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, 

andlor 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 



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/km 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 results, 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 to be 

highly unlikely. 

Plutonic activity is another hypothetical possibility that could explain the resetting of 

fission track ages and cooling of the apatite samples. If an igneous intrusion occurred near 

the sampled rocks (within several km depending on the size and composition of the 

intrusion, and conductivity of the host rocks), the elevated temperatures could possibly 

reset the apatite fission track ages. Studying temperature gradients away from contacts 

with granitic piutons of specified diameters and an initial emplacement temperature of 

800°C into country rocks at 100 OC, Turner (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 

-37S0C. 

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 



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 et 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 biotite 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 emplacement 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 -5OCIMa) (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. 

U ~ i i f t  and De- 

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 >12j0 to ~ 6 0 ° C  in 3-5 m.y. Apatite will begin recording fission tracks upon 

cooling through its critical track-retention isotherm (Gleadow et al., 1986a). In fission 

track studies of mountain belts this critical isotherm (-125OC) 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, 



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 critical 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 Pamsh (1982, 1983) this "apparent uplift rate" (apparent denudation rate) 

will equal the true uplift rate when the following conditions are met: 

(1) Critical isotherms must have been horizontal and uninfluenced by surface topography 

or variable thermal conductivity. 

(2) Critical isotherms must remain at a constant depth with respect to the surface regardless 

of uplift rate. 



(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 track results of this study in terms of rapid uplift and denudation, 

the following conditions 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 .>125OC 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 a 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 my., cooling the samples to temperatures <60°C. (2) Two uplift and denudation 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 lower 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 thennal 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, 1985; Zeitler et 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. 



Constraint (1) is satisfied by independent thermal history data. Magoon et al. (1987), 

report vitrinite reflectance (Ro) values and thermal alteration index (TAI) values for all four 

areas. Bathtub Ridge and Arctic 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 (Ro = 1.3%) for the Canning Formation and 80°C (R, = 

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 et 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 vitrinite 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 -2O0-30°C/km (for a foreland basin) there was once >4-6 krn of 

section on top of the presently exposed Albian deposits. A geothermal gradient of between 

-2O0-30°Ckm is used in this study purely as an average value and the estimate of 4-6 krn of 

section removed is probably a minimum. Geothermal gradients in sedimentary basins from 

a wide variety of tectonic settings generally range from 15-50°C/lan 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 andlor 

magmatic intrusion is contemporaneous with, or younger than, deposition. In these 



basins, 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. 

If 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 Tertiary time 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 rnrn yrl 

(30°C/lan) and -0.6- 1.0 rnm yrl (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 



between -0.5-0.8 mm y r l  (30°C/km) and -0.8- 1.3 mm y r l  (20°C/km). Uplift and 

denudation of the Canning River section occurred over a 3-5 m.y. period, over a 

temperature range of 125OC to -60-70°C giving rates of -0.4-0.6 mm yrl (geothermal 

gradient = 3 0 ° C h )  and -0.6-0.9 mm y r l  (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 yrl. In the European Alps, Clark and Jager (1969) calculated mean uplift and erosion 

rates of 0.4 to 1.0 mm y r l  and Wagner et al., (1977) reported values from different 

tectonic blocks ranging between 0.2 to 1.3 rnm yr-1. In the Lepontine Alps, Hurford 

(1986) reported mean rates of uplift and erosion of 0.5 mm yrl with local rates up to 2.2 

mm yr l .  In New Zealand, rates as high as 2.0 mm yrl 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 denudation rates of between 0.6-0.8 mm y r l .  Bloom (1978) 

reported denudation rates between 0.5 and 1.0 mm yrl for Cretaceous alpine erosion in the 

Sierra Nevada. Using sedirnentological evidence, Menard (1961) reported erosion rates for 

the Himalayas ranging from 0.2 mm ~ r - 1  at 40 Ma to 1.0 mm yr-1 under present 

conditions. Dodson and McClelland-Brown (1985), infer erosion rates of 2.0 to 15.0 mm 

yrl for the western Himalayas on the basis of paleornagnetic 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 c125OC. 

Vitrinite values show that some of the samples were buried to depths at which 

temperatures were much greater than 125OC, but neither vitrinite nor fission track data 

constrain the maximum depth to which the samples were buried. 



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. 

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 denudation, brought the section up from temperatures greater than 125OC to 

-50°C for the upper part of the section and to -75OC for the lower 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 y r  1 (geothermal gradient = 30°C/km) and 0.8- 1.3 mm yr 1 (geothermal gradient = 

20°C/km). After this event, the section has undergone slower uplift at a rate on the order of 

-0.03 mm yrl(-2 krn in 60 Ma) to reach present surface conditions. 

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 12S°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 rnrn ~ r - 1  (geothermal gradient = 30°C/km) and 0.8-1.3 mm y r l  

(geothermal gradient = 20°C/km). Since this event, the section has undergone slower uplift 

on the order of -0.06 rnrn yrl. 

River R a  

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

rapid uplift, the first at -45 Ma and the second at S 32 Ma. The fust uplift event may 



explain the presence of an Eocene unconformity reported by Bruns et 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. 

R C o m l  P m  

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 thennal histories of the sediment source 

temnes. 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. 

Overview of Pro~osed U n v  

It has been proposed (Narnson 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). 



TECTONIC MAP OF THE NORTHEASTERN BROOKS RANGE 

Structural untt 4: 
nus Shale. Canc.?j F 3 : ~ a l  on ..:; Plr?, Fcrmalton 
and SP~avanorrls< i c l n r l  :1 .::lr CI::2:saur lo Terl.ayl 

Ortrchmml unrl 4: 
Pebb~e mam ur , '  ' ~ o h e r  i r e  .:?:.s. 

lpneb unll o l  Kern k E rnzs'o-e i.: * r '  C r'a:eous, 
Also 1ncl.Ges Arc;:: Creel  'A; cr - :,'n 3 '  : ;,!a 

BllhOllln ana )I:-:asul ic r -a  ?r r BI.-.;D fi ; e  
ibolh Lower C:e'r-eo~si  

D.18CRnmnt unlr L 
K a v u  snrtc ~MISSISSIPDI.~~ 

S~NCIURI unrl ?A: 
Unal lkrenl~alea o'+M~sa~ss~oP:an rocus 1ir3te~ozotc to 
Oe'mnlm8 IEIZIUSIIO 01  Ka lan tu r~*  00.cl8:e. Nanoau Limestone. 

a ~ d  Oas~.ar ta:na.~:nl. ana Ker~r tua  Cor.: oneraw 
IY~ss:ss,oa,ant 

- D,frcnmmt unit 2 
ha,** Snace IV6a ss#oolmt 

KataaIu~uk 00.~87 :t .!#0 han?o< ~ i8=rs tc -e  ~PrJ!eroz?!c l o  
Divonoazt anc . i .  ..r:dn C:n;,:-lrs:e ,!c:ss".s;oa.anr 

Dblrehmrnt unl l  2 3 s l ~ ~ r ; =  5 5 . 5 3  m a p t  

Orontak tatnclhn 3rv;n.ar. an; r \a*!r:A Cmglorne.aie 
~ M ~ s a ~ u ~ o o ~ a n l  

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 track 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 ( ~ 3 2  
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. 



Before deformation began in the NEBR (Wallace and Hanks, in review), the Lower 

Cretaceous deposits at Bathtub Ridge and the Arctic Creek area were deposited in a 

foredeep to the north of the front of the ancestral Brooks Range (Bird et al., 1987). 

Deformation during Paleocene time (-62 Ma) resulted in the emplacement of a major horse 

above ramp (a) in the Franklin Mountains, resulting 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 (0. The fmt uplift event may have resulted in a regional unconformity on which 

subsequent deposition of the Sagvanirktok Formation occurred. The ANWR coastal plain 

surface exposures are thermally immature where studied and do not show any fission track 

annealing effects due to 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 ANAIJYSIS: A SUMMARY OF THF, 
TECHNIOI JE &ND I N T E R P ' S U E T S  

INTRODUCTION 

Fission tracks are damage zones formed as charged particles, produced by fission of a 

heavy atom (232~h,  2 3 5 ~ ,  and 238~) ,  pass through a crystal lattice. It is assumed for all 

practical purposes that all fission tracks have come from 2 3 8 ~  because 2 3 2 ~ h  and 2 3 5 ~  

possess very low fission decay rates compared to 2% (Naeser, 1979a). 2 3 8 ~  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 2 3 8 ~  concentration of the sample. The 

concentration of 2 3 8 ~  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 23% present in the sample. A count of the induced tracks 

produced from the decay of 2 3 5 ~  can be related to the 2 3 8 ~  concentration using the 

constant 2 3 5 ~ / 2 3 ~ ~  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 2 3 8 ~  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 

F o r m o n  of a FI- Traa . . 

A fission track is formed when a nucleus of an element such as uranium undergoes 

fission. Fission decay results in two fast-moving highly-charged fission fragments 
7 9 



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 particles 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 

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

The resultant track is only a few angstroms wide and -10-20 pm 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 tracks 

can be observed by transmission electron microscopy but the electron beam anneals them 



quickly. It is also possible to observe them under a petrographic microscope once the 

tracks have been revealed by chemical etching. 

Track E t c u  

Fission tracks 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 (VT) 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 >>VG, a narrow conical track is produced (Fig. A2). If VT is only slightly greater 
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Figure A2. Track geometry showing V G ~  (bulk surface etching with time) and V T ~  
(track etching with time). Tracks intersecting the surface at angles less than the critical 
angle pr will not be revealed. See text for explanation (from Gleadow, 1984). 



than VG, a shallow, wide, poorly defined track results. Another factor that controls the 

observation of mcks is the angle at which a track intersects the surface. Tracks intersecting 

the surface at less than the minimum intersection angle 0 are not revealed by etching 

because the vertical component of VT is not as great as VG (Fleischer and Price, 1963) 

(Fig. A2). Therefore, where a is greater than zero, an etching efficiency (R) exists, defined 

as the fraction of tracks intersecting a given surface that are actually etched on the surface. 

Only those tracks intersecting at angles greater than 9, (defined- by sing = VT/VG) will be 

revealed by etching. 

The concepts of VT and VG explain track etching well for isotropic minerals, however 

VG is anisotropic in most minerals (Fleischer et 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 isotropic 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). 

In order to reveal tracks 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 tracks. 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 



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. 

Ion Track D a t u ~ ~  Metho& 

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 mineral 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. 

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 (c5 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 



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 anisotropic and weakly etched tracks may be 

overlooked during counting. 

THE FISSION TRACK EQUATION, ZETA CALIBRATION, 
AND ERROR ANALYSIS 

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): 



I = isotopic ratio 2 3 5 ~ 1 2 3 8 ~  = 7.252 x 10-3 (Conran and Adler, 1976). 

h~ = total decay constant for 2% = 1.55125 x 1010 yrl (Jaffey et al., 1971). 

hf = spontaneous fission decay constant of 2 3 8 ~ ;  two values, 6.85 or 

8.42 x 10-l7yrl (Fleischer and Price, 1964; Galliker et al., 1970); see 

following page for explanation. 
o = thermal neutron cross section for 23% = 580 x 10-2~crn~ (Hannah et al., 1969). 

= thermal neutron fluence. 

Ps = spontaneous track density. 

Pi = induced track density. 

Two or more standard glasslmica 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 concentration (-50 ppm) that 

produces manageable track densities in the mica detectors. The flux is directly related to the 

track density in the mica Pd by: 

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 P, and Pi, the 

determination of neutron fluence (Q), and the use of the constants B and hf. 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 (hf) 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 tektites with K-Ar dates. However, when the effect 



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 10-17yrl. This value for 

hf was confirmed by Storzer (1970) and Wagner et al., (1975). Both values (6.85 x 10- 

17yr-1 and 8.46 x 10-17yrl) have been used for dating by the fission track method (e.g. 

Gleadow and Lovering, 1974; Bar et 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 hf. 

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 hf have depended of fluence measurements (Hurford and Green, 1982). They 

concluded that any value of hf calculated using a system of thermal neutron dosimetry is 

only valid for that system. 

Teta Gilumbn 
Fission track dates are subject to systematic errors arising from the uncertainty of hf 

and from difficulties with measurements of the neutron dose (4). Hurford and Green 

(1982) proposed that until independent values of hf and 4 are known, fission track dating 

should be empirically calibrated against independently known ages. Substituting equation 

(2) into equation (1) gives: 



The constants in equation (3), except for hD (which effectively cancels out for young 

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

directly from age standards. 

Equation (3) becomes: 

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

laboratories have been given by Hurford and Green (1983) and Green (1985). 

Personal Zeta calibration 

I used three apatite standards for zeta calibration before any unknowns were counted. 

The three standards were the Fish Canyon Tuff (27.9 4 0.7 Ma), Durango apatite (31.4 + 
0.5 Ma), and Mt. Dromedary apatite (98.7 +_ 1.1 Ma). These three standards are discussed 

by Hurford and Green (1983) and Green (1985). My results are listed Table Al;  the 

weighed mean zeta of 352.7 was used when determining unknown apatite ages in this 

study. 

D e t ~ ~ ~ ~ o n  of Errw 
. . 

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 et 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, dscusses this assumption in detail. For a poisson distribution the 



Table Al.  Fission Track Counting of Standards for Personal Zeta Determination 
Sample Number Standard track Fossil track Induced track Correlation Zeta 
number o f density density density coefficient 

grains (XI 06cm-2) (XI 05cm-2) (XI 06crn-~) 
Durango apatite 
8122-38 2 0 1.422 1.987 1.456 0.824 324.5 

(321) (2353) 
81 22-3A 15 1.422 1.700 1.503 0.354 391.3 

(21 8) (1 927) 
8122-38 15 1.422 2.200 1.630 0.981 328.1 

(234) (1 734) 
Sample Mean Zeta = 348.0 

Fish Canyon tuff 
72N8-24 2 0 1.422 2.192 1.863 0.754 333.1 

(336) (2856) 
72N8-0 1 2 0 1.422 1.860 1.775 0.903 374.1 

(298) (2845) 
Sample Mean Zeta = 353.6 

Mt. Dromedary apatite 
8322-39 2 0 1.422 10.57 2.651 0.781 350.7 

(884) (221 6) 
8322-42 2 0 1.422 8.706 2.275 0.771 365.5 

(767) (2004) 
8322-39 2 0 1.422 12.64 3.201 0.857 354.1 

(775) (1 962) 
Sample Mean Zeta = 357.8 
Pverall Mean Zeta - - 352.2 

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 

tracks counted N: 

S = 

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

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

the age ST: 

ST = T d(1 I Ns) + (1 I Ni) + (1 I Nd) (7 )  

where Ns, Ni, and Nd are the total number of tracks counted for spontaneous, induced, and 

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



(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 Pi ideally originate from the same amount of uranium. Therefore, P, and Pi should 

give approximately the same ratio within the variation allowed by the poisson disaibution. 

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 P,. 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 Pi  as fewer 

induced tracks are recorded in the detector. This leads to a higher PdPi 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 mica. 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 Pi. 

[3] High track densities make determination of true PJPi difficult. A high spontaneous 

track density makes determination of the correct P, difficult whereas a high induced track 

density does the same for Pi. 

[4] A low Pi 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. 

[S] Incomplete etching of tracks leads to an underestimate of either Pi or P,. Overetching 

may also result in an underestimate of either Pi or P, as it is difficult in this case to 



distinguish between tracks when they overlap. Overetching also results in the loss of shon 

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 P,. 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 PJPi ratios. 

[7] Incorrect identification of the crystal or mica "mirror image" may yield totally incorrect 

PJP ratios. This problem can be eliminated by using a meticulous and careful technique. 

[8] Spatial variation of the thermal neutron fluence may occw in the nuclear reactor and 

cause problems (Burchart, 1981). Standard glasses, included within a package of 

irradiated samples, are used to determine Pd 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 PJPi. 

[9] Uranium may be vertically heterogeneous in the apatite grain (Burchart, 1981): Pi is 

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 Pi, 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 Pi and P,, and, therefore, to the final age 

determination. However, with experience and careful sample preparation, factors [ I ]  

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 



on the way in which the data are affected by the above factors (Green, 198 1). Thus, the 

final estimate of PdPi may be strongly affected by data with a non-poissonian variation. 

A ~2 test can be used to test whether variation 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 variation of PcJPi. This is not always the 

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

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

x2 was not acceptable, Green (1981) determined that the mean of individual grain ratios of 

Ps/Pi (f lo)  takes into account non-poissonian variation where present and gives a more 

realistic estimate of the precision of the determination of PJ'i. The value of P$Pi is then: 

and its standard deviation is: 

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 underes tirnate. 



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 Stoner, 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. 

on Track Annealing 

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 et al. (1985a, 1986). 

{tab0 raton, Anne- ' .: In laboratory annealing studies, a mineral is heated for 

varying periods of time at different temperatures. The degree of observed track density 

reduction with 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 apatite 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 Arrhenius 

plot representing the data (Figure A3: from Naeser and Faul, 1969), could then be used to 

extrapolate to a time period of 1 m.y. where 100% annealing would occur at - 175OC. The 

slope of the lines on the plot increase from that for 100% track retention to that for totai 

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 (Stoner and Wagner, 1971). However, in 

another study, Wagner (1986), found a parallel-type Arrhenius plot describing a single 

activation energy when he carried out an annealing experiment on a single apatite crystal. 



Natural Annealing 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 drill 

hole (Naeser, 1981; Gleadow and Duddy, 1981). In three studies (Naeser and Forbes, 

Temperature in " C  
m0 150 100 M 

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 (-95OC present 



downhole temperature) in the Eielson Air Force Base, Alaska, deep drill hole. Naeser 

(1979a) reported a zero apparent age at 2000 m depth (-135OC present downhole 

temperature) from the Los Alarnos, New Mexico, geothermal test wells 1 and 2. Gleadow 

and Duddy (1981), studying apatites from drill-holes located 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 -95OC, and reach zero at -125OC. 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. 

L 
0 C l  0 4  C 6  0 8  1 0  

T R A C K  D E N S l l V  R E D U C T I O N  ( p / p , )  

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 pipo, the ratio of fission track density after and 
before natural annealing (from Gleadow and Duddy, 1981). 



Figure AS. 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 Eie'lson, 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, 198 1). 

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 ratio of L (present measured length) over Lo (the 

average length of fresh induced tracks in apatite). The results showed the mean lengths to 

be reduced relative to the original length of 16.4 f 0.8 km 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 



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 Co-on on m e  Annealing . . 

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 f 2 Ma, but single grain ages ranged from 0 to 120 Ma. The single 

grain ages were plotted against the number of C1 atoms per Calo(P04)6(F7OH,C1)2 

molecule (Fig. A6). C1-rich grains are observed to be more resistant to annealing than F1- 

rich grains. 

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 eV). This implied a near parallelism of lines on the Arrhenius plot for 

various degrees of length reduction. Because the annealing characteristics of individual 

apatite grains are strongly controlled by C1 content, they suggested that the widely fanning 

Arrhenius plots could be the result of the superposition of a series of near-parallel 
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Figure A6. Variation of apatite single grain ages with composition. This sample is from 
the Otway Basin S. Australia. Composition is expressed as a number of C1-atoms in the 
(F, OH, C1) group of the apatite molecule. This shows C1-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, slowly at first, and then more 

rapidly below a length reduction (L/LO) 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 (W0 c 0.65) sequential etching indicated the presence 

of non-etchable (in terms of normal etch times) gaps along the length of a small proportion 



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 pm (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 ym, the form of the confined track length distribution 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 track. 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 et al., (1987) used the results of Green et al., (1986) to determine whether the 

results were best explained 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: 

(equation 20, Laslett et al, 1987) 

where: t = annealing time 
T = absolute temperature 
r=L& 
A(r) = an unknown function of r subject to constraints that when t = 0 or T = 0, 

r = 1 SO that: A(1) = -- 



B(r) = a function where B is normally interpreted in terms of E/K where K is 
Boltzrnanns 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 also Fig. 7): 

[ {  (1.r2.7) 12.7}0.35 - 11 /0.35 = -4.87 + O.000168T [ln(t) + 28.121 

(equation 27, Laslett et al, 1987) 
. . lsslon Track 1,- 

There are three ways of measuring fission track lengths: 

[I] 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 component 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 La1 et 

al. (1969), are tracks etched either via contact with a track which reaches the exposed 

surface or via a fracture or crack. 

Figure A7. Confined fission track lengths as etched through fractures or other tracks 
(modified from Gleadow et al., 1983). 



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 is possible to measure tracks that are not quite horizontal. Laslett et al. 

(1982) considered confined tracks with true dips <IS0 as horizontal because their 

measurement resulted in an underestimate of the actual length by only a few percent. With 

reflected light illumination, 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 prismatic 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 tracks parallel to the c-axis (Laslett er 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 er 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 



Basin, apatite ages and mean track lengths began to decrease at -60°C and reached 0 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 L w h  D~str~butrou  . .  . 

Heating through the apatite partial stability zone, as track densities and mean track 

lengths decrease with increasing temperature, track length distributions have characteristic 

distributions relative to their length of residence time within the partial 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 

TRACK LENGTH (ynl 
0 5 10 1 5  20 I D I S ,  

PORT CAMPeELL-4 

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 er al., 1986a). 



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 

deviation. Samples from the base of the partial stability zone show very broad and 

relatively flat length distributions with mean lengths -50% of the unannealed mean length. 

The maximum track length seen in the samples (-16 pm) 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 temperature 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 pamal stability mne. 

Figure A9. 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 et al.. 
1977. 



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 unitnodal 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 statistically 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 dismbution resulting from a recent 

temperature increase is produced when all previous tracks are shortened together. 

Gleadow et al. (1986b) determined apatite fission track length distribution patterns for a 

number of geologic environments. They divided confined mck  length distributions into 

five characteristic shapes (Fig. A10): 

ll) Induced Track Leneth Distributions. Induced track length distributions from many 

apatite samples have mean track lengths which fall within a nanow range between 15.8 pm 

and 16.6 pm and have s.d. of -0.9 pm (Fig AlOa). It is reasonable to conclude that 

induced tracks in all apatite samples will have a distribution typified by a mean of -16.3 prn 

and a s.d. <l pm (Gleadow et 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 et al. 1986b), as had 

been previously suggested by Green (1980). 

/2) "Undisturbed Volcanic" Distributions, These distributions are characterized by mean 

lengths between 14.0 and 15.7 pm and s.d. from 0.8 to 1.3 pm pig.  AlOb) although most 

range from 0.8 to 1.0 pm. This type of distribution reflects rapid cooling after formation, 

and subsequent exposure to temperatures c50°C (Gleadow et al. 1986b). An undisturbed 



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). 

13) "Undisturbed Basement" Distributions. This form of distribution (Fig.AlOc) 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 pm, and standard 

deviations of -1.3 to 1.7 p.m. 

/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. AlOd 

and A 1 Oe). 

UNOlS TURBED UNDlS  TURBED BIMODAL 

V O L C A N I C  BASEMENT 

TRACK LENGTH (microns) 

M I X E D  

Figure A10. Characteristic apatite confined track length distributions for different 
thermal histories. See text for explanation (from Gleadow et al., 1986b) 



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 et al., 1985b; Gleadow et a1.,1986b; Gleadow et al., 1986a) in order to 

work out the thermal histories for the Alaskan sedimentary sequences. 

M o d e m  

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 

A 1 1 illustrates three examples with different rates of cooling and their resultant apatite ages 

and track length distributions as predicted by a thermal modeling program written by P.F. 

Green and A.J.W. Gleadow based on Laslett et 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 O°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°- 125OC) where more short 

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-type and contains no short tracks. In (B) and (C), the sample was 

at 120°C and 1 10°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 (1 10-130°C) is easy to distinguish 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 



very small tail of tracks < 1 2 p  (-4%) and the sample at 1 10°C shows a larger tail of tracks 

<12pm (-8%). 
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Figure A l l .  Figure caption on next page. 
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Figure A l l .  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 et 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 l/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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Figure A12. Figure caption next page. 
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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 et 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. The history of track 
shortening is shown for 20 hypothetical tracks at different times, (in each top left diagram), 
expressed as Vlo (measured length/ length of original track). The length distributions from 
each are summed to give the final distribution histogram on the right of each diagram. 



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 variations 

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 et al., 1986), uplift and erosion of 

mountain ranges (e.g. Fitzgerald et al., 1986), and "regional thenno-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 

APATITE FISSION TRACK ANALYSIS 

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 Fitzgeraid (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 87POS 1A through 87POS 117A 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 B 1 followed 

by a discussion of the subsequent steps. 



Table B 1. Rock Crushing and Mineral Separation Summary 

(1) Crush to size range 200-75 pm. 

(a) Large jaw crusher 

(b) Bico Braun disk mill 

(2) 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. 

(3) Oven dry at low temperatures (< 60' C). 
(4) First magnetic separation. 

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

(b) Frantz-O.4A, vertical feed, removes biotite 

(5) First TBE. Nonmagnetic fraction from (4b) into TBE, remove quartz, 

feldspar etc. as float. 

(6) Second magnetic separation-sink from (5). Frantz at forward slope of 25" 

and side slope of 10". 

(a) Frantz-O.5A, removes biotite and epidote as magnetic fraction 

(b) Frantz-0.8A, removes sphene and monazite as magnetic fraction 
(c) Frantz- 1.1 A, removes sphene composites as magnetic fraction 

(d) Frantz-full scale, magnetic cleanup 

(7) Second TBE. Nonmagnetic fraction from ( 6 4  into TBE, removes 

remaining quartz, feldspar, etc. as float. 

(8) DIM. Sink from (7) into DIM, sink is zircon fraction, float is apatite 

fraction. 

(9) 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) 



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. 

Mounting medium: epoxy on a glass slide. Araldite MY753 resin and HY956 hardener, 5: 1 by 
volume or weight. 

Grinding: 400 and 600 grit SIC waterproof abrasive paper on a wet rotating lap (400 
rpm). 

Polishing: 0.3 pm corundum polishing powder in a Hz0 slurry on a nylon cloth lap 
rotating at 400 rpm (15 ratio, Al203:H20). 

Etchant: 5M H N Q  for -20 (1  5-30) seconds at 20-2Z°C. 

Mounting 

Apatite g m s  were mounted in Araldite on a hot-plate at 120°C. Approximately 10 rng 

of 100-200 pm size grains are enough to adequately cover a 1 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). 



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 

The mounts were all trimmed to 1 x 1.5 cm at this stage. Prepackaged rectangles (-50 

pm 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 to 

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 corners were trimmed off to allow air to escape when the heat-shrinking takes 

place. Heat shrinking was done between two preheated glass slides on the hot plate at 

-100OC. 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 corners of the 



mount-mica pair for use during the coarse alignment procedure on the ~ u t o s c a n ~  stage. 

Standard glass-mica pairs (for determining Pd, the standard track density) were wrapped in 

the same way. 

The Irra-n Package . . 
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. 
. . on and Flugnce Monltorlng 

Neutron irradiations 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-l. 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-IRRADIATION SAMPLE HANDLING 

After irradiation, the mount-mica pairs were removed from the irradiation tube and 

unwrapped when a safe level 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 



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 Bl) .  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 

I 
r i c a  external detector 

sample number 

'irradiation number \ , 8 

reference cross 

Figure B1. 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 

Track 

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 . 0 ~  being 

available. A Zeiss KPL wideangle binocular eyepiece with a magnification of 1 2 . 5 ~  was 



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 diffraction grating (stage micrometer), one line 

on the diffraction grating being equal to 1.5678 p.m. 

Standard track densities (Pd) 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 cm-2 for NBS glass SRM612 usually 

gave a standard track density (pd) of -1.35-1.45 x 106 tracks per cm-2. 

A micr~omputer-controlled AutoscanTM 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 location 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.Bl). The mount and the mica were fust 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 p.m. 

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 it was suitable for counting (dislocation free, and not zoned). The area counted on 



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 (Ns) and in their 

muscovite replica (Ni). A mechanical hand counter was used to record the number of 

tracks. 

Track 1,- 

A drawing tube was attached to the Zeiss Universal microscope and the images of 

conf5ned fission tracks were measured on a HipadTM digitizing tablet. This tablet had been 

previously calibrated using a stage micrometer marked at 10 and 2 pm 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 

SAMPLE LOCATIONS 

Table C1. Sarn~le Locations. 
Sample Latitude Longitude Quadrangle 
Number (North) (West) (1 :250,000) 
Bathtub Ridne 
POS76A 
POS86A 
POS88A 
POS90A 
POS96A 
POS97A 
POS98A 
POS99A 
POS102A 
POS 103B 
POS 104B 
POS 106A 
POS111A 
POS 113A 
POS 1 15A 
POS 117A 
JD78A 
JD87A 

Arctic Creek Area 
POS55A 69.49 
POS63 112 69.50 
JD15A 69.49 
JD17A 69.49 
JD26A 69.50 
JD27A 69.50 
JD38B 69.49 

Canning River Area 
POS07A 
POS08A 
POS 10A 
POS 14A 
POS 16A 
POS22B 
POS24B 
POS35A 
JD03B 

Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 
Demarcation Pt. 

144.61 Mt. Michelson 
144.46 Mt. Michelson 
144.55 Mt. Michelson 
144.54 Mt. Michelson 
144.54 Mt. Michelson 
144.55 Mt. Michelson 
144.49 Mt. Michelson 

Mt. Michelson 
Mt. Michelson 
Mt. Michelson 
Mt. Michelson 
Mt. Michelson 
Mt. Michelson 
Mt. Michelson 
Mt. Michelson 
Mt. Michelson 



Table C1 (continued). Sample Locations. 
Sample Latitude Longitude Quadrangle 
Number (North) (West) (1 :250,000) 
ANWR Coastal Plain 
POS64A 69.92 143.38 Demarcation Pt. 
POS67A 69.94 142.94 Demarcation Pt. 
POS68A 69.90 142.95 Demarcation Pt. 
POS69A 69.90 142.95 Demarcation Pt. 
JD49A 69.90 143.04 Demarcation Pt. 
POS74A 69.95 144.67 Mt. Michelson 
POS74B 69.95 144.67 Mt, Michelson 
POS75A 69.95 144.67 Mt. Michelson 
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Table C2. Distribution of Individual Track Lengths 
Sample Track Length Range Urn) 
~ u & b e r  <5 5-6 6-7 7-8 8-9 9-10 10-11 l'i-12 1211313:14 14-15 15-16 16-17 >I7 
Bathtub Ridne 
POS 106A 
POS 104B 
POS 103B 
POS 102A 
POS97A 
POS86A 
JD78A 
POS96A 
POS90A 
POS88A 
POS111A 
POS76A 
POS 1 17A 
JD87A 
POS 115A 
POS99A 
POS98A 
POS 113A 

Arctic Creek 
POS55A 0 0 1 0 0 0 0 1 2 6 4 5  2 0 
POS631/20 1 0 1 0 0 1 4 6 20 31 11 5 1 
JD15A 0 0 0 0 0 0  0 6 7 15 16 15 2 0 
JD17A 0 0 0 1 0 1  1 1 8 18 25 8 6 0 
JD26A 0 0 1 1 0 1  0 1 6 20 20 20 6 0 
JD27A 0 0 0 0 1 2  0 3 3 1 5 2 8 2 0  3 0  
JD38B 0 0 0 0 1 0  0 1 5 13 27 19 8 0 
Canning River 

(B) 
POS24B 
POS 16A 
POS 14B 
POS35A 
(C) ms 10A 

POS08A 
JD03B 
POS07A 



Table C2 (continued). Distribution of Individual Track Lengths 
Sample Track Length Range (pm) 
Number 5-6 6-7 7-8 8-9 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 >17 
ANWR Coastal Plain 

JD49A 0 0 0 0 0 2  3 4 9 9 3 1 0 0 
Results for each area exceDt Arctic Creek are given in stratigra~hic order from  to^ to 
bottom. No stratigraphic cobtrol is available on &tic Creek s&&s. 



d A G l u a A  
(Arranged in Stratigraphic Order Where Known) 

Ex~lanation of Terms 
Each analysis shows a listing of the individual grain ages, the resulting age and 

pertinent information used in determining the age. 
POS 07A -Sam~le number 

NS 
NI 
Area Units 
Ratio 
RHO S 
RHO I 
Age(MYR) 
Variance of SQR 

CHI Squared 

Mean Ratio 
Pooled Age 
Mean Age 

-~abGrator~ 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 NI 

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/NI). 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 (NSINI) for grains 
-Age (Ma) calculated using NS/NI(single population) 
-Age (Ma) calculated Using "Mean Ratio" (multiple 

populations) 



Bathtub Ridge 
P O S  1 8 6 &  

IRRADIATION:  PT938-86 
ANALYSIS BY POS 5/16/88 

CRYSTAL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
I 8  
19 
20 

AREA 
IA4ITS 

18 
15 
12 
12 
12 
? 
9 
8 
9 
9 
15 
6 
8 
12 
18 
20 
12 
2 0 
9 
9 

RHO S 

3,31E+85 
1.99Et05 
9,93E+05 
2.48Et05. 
9,93E+05 
5.52Et05 
1.55E+06 
2.48Et06 
0.08E+00 
1.6bE+'06 
3,97E+05 
1.66E405 
8.80Et00 
3.31E105 
1 .18E+85 
0.00Et00 
1.66E405 
2,48E*85 
0,80E+88 
3.31Et85 

113 - 449 - 
AREA OF B A S I C  VI lT = 1.0068E-06 MI 

C H I  SQUARED = 7. 1 :3 18:3 IJITH 1 '? ClEGREES OF FHEEDOPI PAS:? 

AGE CALl'I-ILATED ILISIP.IG A ZETA S)F 3 5 2 . 7  FOR SPPlblZ GLASS 
R H O  CJ = 1 . 4 5 E + 0 6  t\lD = 5755 

POOLED AGE = 54 ,O + -  6.5 MYR 

F1EAI.I AGE = 53 .7  + -  7 . 0  MYF! 



P O S  1 8 4 6  

IRRADIATION: PT930-08 
W A L Y S I  S BY POS 5/  1 5 / 8 8  

CRY SlAL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16  
17 
18 
19 
20 

AREA 
U4ITS 

12 
30 
18 
15 
25 
I 2  
12 
8 
20 
20 
28 
15 
18 
18 
16 
15 
28 
15 
18 
15 

RATIO 

0.083 
8,231 
8.408 
0.500 
8.500 
0,200 
0.125 
B ,088 
0.000 
0.571 
0,333 
8.222 
0,125 
0,333 
0.108 
0 ,008 
0.386 
8.255 
8.242 
0.000 

RHO S 

9,45E+04 
I .13E+05 
3,78E+05 
4.54Et05 
2,72E405 
I .89E405 
9,45E+84 
8.88E460 
0.80E+08 
2.27Et85 
1.70E405 
1.51Et85 
6.30E+04 
2.27E405 
7,89E+04 
0.00E+00 
6.24E405 
I .06E+06 
9,45Et05 
8.00E408 

78 - 312 - 
AREA OF B A S I C  W I T  = 8.819E-07 Ctln 

UAR1ANC:E O F  S Q R i F 4 S j  = 1 ,4128 
VARIANCE . . OF S Q R ( N 1 . j  = 2 .54046 C O R R E L k T I 0 1 . I  I=OEFFICIEl.IT = 9 . 9 2 3  

CHI S Q U A R E D  = 17.5353 WITH 13 DEGREES OF FREEDOM PASS 

NS/NI = 0 . 2 5 8  + -  B . 0 3 2  MEAN R A T I O  = 0 . 2 2 6  + -  0 . 8 3 9  

AGE CALCULATED USI1;IG A ZETA O F  ,352.7 F O R  SRt,lejlZ GLASS 
R H O  D = 1 .45E+@d tJD = 5755 

POOLED AGE = 6 3 . a + - :3 . 1 Pi?" 

I IEklJ AGE = 57 .5  + -  1 0 . 1  MYR 



I RRADXATX ON: PT930-03 
M L Y S  I S BY POS 5/9/88 

--------------------------------------------------------------------------------- 
AREA 

CRYSTAL tJS N I WITS PAT I 0 RHO S RHO 1 

124 - 4 2 4  - 
AREA OF MSlC WlT = 8.548E-87 a42 

CHI SQUARED = 7.0665 I J I T H  13 DEGREES O F  FREEDOI.1 PASS 

NS/NI = 0 .271  + -  0.830 PIEAN R A T I O  = 0 . 2 5 3  + -  8 . 0 2 4  

AGE CALCULATED \_IS I I IG A ZETA .?(IF 352.7  F O R  SF:P16 1 2 GLI-~SS, 
R H O  C j  = 1 . 4 5 E c Q 6  IJG = 5755 

POOLED GGE = 7 4 . 0  t -  7 . 6 Pl'f'R 



IRRkliIkTIOI.(: PT930-65 
ANALYSIS BY POS 5/15/88 

A R b  
CRYSTAL NS I4 1 Wills MT10 RHO S RHO I AGEiKl R )  

AREA OF MSIC UdIT = 8.819E-87 Mr 

0ARIAt.ICE OF 5 Q R l  l l ' i !  = 1 ,45495 
VARIAFJCE O F  SCIR [ , I ~ I J  = 7.17556 CORRELkT  1Oi.J C(3EFF 113 1 El47 = 8 ,955 

- .  

CHI SQUARED = 23.;549 I J I T H  I? CbEGREES OF FFEEDOPl FA 5, '5 



1RRCIDIATIOI.I: PT931-03 
ANALYSIS BY POS 5/'9/'88 

AREA 
CRYSTAL NS 141 U i I T S  RATIO RHO S RHO I AGE(MYR) 

AREA OF EASIC W I T  = 8.548E-07 CH2 

VARIANCE OF SQRif .15) = .'7.15042 
VARIANCE OF S Q R ( t . I I )  = 3.1821 - - -  CORRELATI Old COEFFI C I  EW" = 4 ,948 

CHI  SQUARED = 1 . 8 5 5 3 7  I J ITH 13 DEGREES OF FREEDOPI PASS 

NS/NI = 0.2E6 + -  (1.631 I,lEAI.I RAT I 0  = 0 - 3 0  P + - 8 . 8 27 

AGE CALCLlLiiTED U'ZaI14G A ZETA I:IF 352.  7 FUR SRP161 Z GLASS 
RHO [J = 1 . 381E+@,5 I.J[) = 5486 

I lEAIJ AGE = 7 4 . 9  + -  6.7 MYR 



IRRADIATION: PT916-89 
A M L Y  S I S BY POS 5 / 7 / 8 8  

---------------------------------------------------------------------------------------------------------------- 
AREA 

CRYSTAL NS N I WIT5 RATIO RHO S RHO I AGEIKY R)  

228 - 985 - 
AREA OF BASIC W I T  = 1.8868E-86 CHP 

'SARIANCE OF SQRrNS, = 1 . 7 a 5 3 8  
OciR Ilil\lCE OF SQR<I.I I J = 3.50 1 7 6  CORHELATI CI.1 COEFF I C I Et.Jl = @ . 7 5 4  

CHI SQUARED = 3.527?.:, W I T H  1P DEGREES OF FREEI)OI.I P&:35 

NS/NI = 8 .231  + -  8 . 8 1 7  IIECitJ R A T I O  = 0 .261 + -  8 . 0 1 3  

AGE CALCLILATEE I-tSIr.lr; A ZETA OF 3 5 2 . 7  F O R  ~~1.1612 GLASS 
RHO CI = 1 . 3 7 6 E + 0 6  ND = 5461 



IRRADIATICIN: PT917-05 
ANALY SI S BY POS 5/  1 7/88 

-----------------------------------------------------------------------------..---------------------------------- 
AREA 

CRYSTAL NS N I  UlITS RAT I 0 RHO S RHO I AGE!HY A )  

AREA OF MSIC UJlT = 1.0068E-06 W2 

IJARIANCE OF SQRI:I4S) = ,432437 
VARIArJCE OF SQRCPJI j  = 3.36287 CORRELATION COEFFi C I  EIJT = Ei ,366 

CHI SQUARED = 2 . 7 0 8 7  WITH 7 DEGREES OF FREEDOM PASS; 

N S i N I  = 0 . 2 4 6  + -  0 . 8 4 2  MEAN RATIO  = 8.315 + -  0.054 

AGE CALCULATED U 5 I N G  A ZETA OF 352.7 F O R  SRM612  GLASS 
RHO D = 1.349Et86 ND = 5354 

POOLED AGE = 5 8 . 2  + -  3.7 Fl'r'R 

MEAN AGE = 74.5 +-  12.8  M'Y'F! 



IRRADIATION: PT931-d8 
W4ALYSIS BY POS 5 / 9 / 8 8  

AREA 
CRYSTAL NS ti1 U4ITS PATIO RHO S RHO I AGE(HYR) 

a9 - 335 - 
AREA OF BUSlC LNIT = 1,0868E-06 U.lz 

VARIAI ICE OF 'IfQP!t IS) = 1 . 3JB1 6 
VARIANCE OF S Q R ~ N I I  = 4.15772 CORRELhT 11314 COEFF I C I EPJT = 0 . 3 2 +  

CHI SQUARED = 1 1 . i O 3 3  I.h)ITH I Y DEGREES rJF FREEDOM 

AGE CAL.CULriTED ILI5 I F I G  ZETA OF 352. 7 FOR C.FP16 1 2 GLASS 
RHO Cl = 1 . 3 8 1 E + 0 6  1 1 0  = 5480 



IRRADIATION: PT931-12 
ANALYSIS BY POS 5/9/88 

CRY SlAL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
14 
17 
18 
19 
20 

AREA 
U4ITS 

9 
4 
9 
10 
8 
8 
8 
12 
12 
8 
18 
10 
12 
16 
9 
18 
9 
15 
9 
6 

RHO S 

1.74Et06 
9.93Et05 
2,21Et05 
1.99E485 
6.21Et05 
2,48E+85 
1.24Et86 
3.31Et85 
4.97Et85 
3.72E+85 
2,98E+05 
1,99E+05 
2,48E+05 
I ,8dE+05 
8,83E+B5 
5.52Et04 
5.52Et05 
3.97E405 
4,41E+05 
3.31E405 

8Q - 346 - 4,3?8E+85 1,718Et06 

AREA OF B A S I C  WIT = 1.8068E-06 C H P  

VARIANCE OF SQRrNS)  = ,452024 
VARIANCE OF SQR(N1 )  = 1.48146 CORRELATION COEFFI  C I  EI.11- = 0 . 8 5 9  

CHI SQUARED = ' a. ' ; 47'35 WITH 13 DEGREES OF FREEDOM PASS 

NS/NI = 8 . 2 5 7  + -  0 . 8 3 1  r1EAP.J R A T I O  = 0 . 2 5 0  + -  8 . 0 1 7  

AGE CALlLI-lLATED I_I '5IIIG A ZETh OF 352.7  FOR SPl.1612 GLASS 
RHO C + =  1 . 3 3 1 E + 8 i  E.JD = 5480 

POOLED G I ~ E  = 62. 3 t -  7 . 5 I I Y  R 



POS e8A 

IRRADIATION: PT916-10 
ANALYSIS BY POS 5 / 9 / 8 8  

---------------------------------------------------------------------------------------------------------------- 
AREA 

CRYSTAL NS t i  I WITS R A T I O  RHO S RHO I AGE(KYR) 

AREA OF @ASIC MI1 = 1.8068E-06 U l z  

CHI SQUARED = 1 .72532 WITH 6 DEGREES O F  FREEDOM PASS 

AGE CALCULATECJ UCbII.JG +i ZETA OF 3 5 2 . 7  FOR SRlq612 I;L&SS 
RHO D = 1.376E+636 bID = 5461 

MEAN AGE = 48.8 + -  1 1 . 1  M'YR 



I RRADICITI 014: PT931-67 
ANALYSIS BY POS 5/16/88 

AREA 
CRYSTAL NS N I 1.T4 l T S RAT l C RHO S RHO I AGEiMr R )  

AREA OF MSIC WIT = I .fl068E-06 C H Z  

'JAR1 ANCE OF SOR, rdS) = - 2 6  1 357 
VARIANCE O F  SGIRCI-41, = .?95075 CORRELATI 01.4 COEFFI C I  EI4T = @ . 7 Z 9  

CHI  SQUARED = 8.69865 WITH 19 DEGREES OF FREEDI~M PAC,' c .-' 

NS/'NI = 0 . 2 4 5  + -  e.032 1IEUI.I RATIO = 13.263 + -  8 . 8 2 3  

AGE CALCI~LHTED USIbJG H ZETA I)F 352 .7  FOR SF?P1612 GLASS 
RHO D = 1.381E+86 ND = 5488  



IRRADIATICN: PT931-11 
ANALYSIS BY POS 5/9/88 

CRYSTAL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
21  

ARW 
M l T S  

12 
24 
8 
8 
6 
18 
4 
6 
8 
12 
7 
8 
4 
10 
0 
3 
9 
1s 
0 
8 

RHO S 

8.28E404 
2.48E405 
4.97E495 
2.48E406. 
9.93E405 
9.93E464 
7,451485 
6.621405 
7.45E485 
3.31E405 
0.SlEt95 
1.24E405 
7,45E+85 
2,211485 
2.4BEOS 
1,66E+06 
l.fl0hOb 
8.611+05 
2.48E405 
2.48E405 

RHO l 

3.31E405 
2.32E406 
1.99P06 
1,51E+97 
2.65E406 
3.97E415 
1 a49€+06 
2,01E+06 
3,3S€+t6 
1.9OE4.6 
3.41E406 
7.45€+05 
2.23E406 
7.17E405 
9.93E405 
5.961486 
d.SlE+lb 
6,29E+06 
1.86E+06 
7,45E485 

VARIANCE OF SQRCNS) = .9369  
VARIANCE OF SQRCNI) = 6.39069 CORRELATION COEFFICIENT = 8.917 

CHI SQUARED = 12.881 3 WITH 1 7  DEGREES OF FREEDOM PASS 

NS/NI 8 . 2 0 3  + -  0 .821 MEAN RATIO = 0.258 +- 0 .021 

AGE CALCULATED USING A ZETA OF 352.7 FOR SRM612 GLASS 
RHO O = 1.381E+06 NO = 5486  

POOLED AGE = 49.1 +-  5.2 MYR 

MEANAGE= 6 8 . 7 + -  5.1 MYR 



P O S  1 1 7 6 %  

IRRADIATION: PT930-02 
ANALYSIS BY POS 5/17/88 

-----------------------------------------------------------------.---------------------------------------------- 
AREA 

CRYSTAL NS N I LbilTS RAT I 0 RHO S RHO 1 BGE!HIR) 

AREA OF BASlC UiIT = 1.0068E-06 CH2 

VARIANCE OF SQR(NS) = . 377437  
VARIANCE O F  SQR(NI!  = .730:373 CORRELAT1Ot.J COEFFICIENT = 6 . 7 4 2  

CHI S Q U k H E D  = 6.1330 7 WITH 15 DEGEEES OF FREEDOM PASS 

AGE CALCULATED U S I r l G  A ;ETA ISF 352.7 FOR SRM612 GLASS 
RHO D = 1 .45E+86  ND = 5755 

POOLED AGE = 72 .4  + -  13.5 Pl'iR 



IRRADIATION: PT917-66 
ANALYSIS BY POS 5/17/88 

RATIO 

0 .258  
8 , 2 8 6  
8 .500  
6 .200  
0 .286  
0 .294  
8.158 

RHO I 

3.31Et05  
3 .48Ei05  
2 .38Et05  
3.1BEt05 
5.79E405 
I .06E+06 
1.24E+86 

AREA OF MSIC UlIT = 1,0068E-36 CH2 

VARIANCE OF SQR(I.lS;l = .I94816 
LIARIAr.JCE OF SQR(I\ l I  j = . 9 2 3 3 4 3  CORRELAT I ON COEFF I CI ENT = 4.744'  

CHI SQUkRED = 1 . a 4 3 9 4  M I T H  6 DEGREES O F  FREEDOM PASS 

NS/NI = 8.258 + -  8 . a 7 0  PIEAN RATIO = 0.281 + -  8 . 8 4 2  

AGE CALCULATED U S I N G  A ZETA O F  352.7 FOR SRM612 GLASS 
RHO D = 1 . 3 4 9 E + 8 6  ND = 5354 

POOLELI AGE = 61 .0  + -  16.5 tl 'r 'R 

MEAN AGE = 6 6 . 5  + -  9 .9  ML'R 



pos  1 I S &  

IRRADIATION: PT936-11 
ANALYSIS BY POS 5/16/88 

CRYSTAL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
I 8  
11 
12 

AREA 
W I T S  

8 
4 
6 
3 
4 
4 
6 
6 
9 
6 
8 
9 

RHO S 

1 .24Et05  
7 , 4 5 E t 8 5  
4.97E405 
3.31E105 
0.00E400 
8 , 0 8 E t 0 0  
0.00E400 
8.28E405 
4.41E+05 
3.31E105 
8 ,00E+00 
3 .31Et05  

RHO I 

6 .21Et85  
2 .23Et06  
1 ,32E+06 
6 .62Et05  
7,45E+05 
9 , 9 3 E t 8 5  
3,31E+05 
2,81E406 
2,10E+06 
1.49E406 
3 ,72E+05 
1,10E406 

VARIANCE OF SQR(NS> = .74?766 
VARIANCE OF S Q R O \ I I  > = .391911 CORRELATI ON COEFF I C I ENT = 0 .9 1 9 

C H I  SQUARED = 4 . 2 9 2 2  WITH 1 1 DEGPEES OF FREEDOM PASS 

I\(S/NI = 0.242 + -  0 . 0 5 7  PIEAPJ RAT IO  = 0 . 2 0 3  + -  0 . 8 4 9  

AGE CALCULATED U S I b I G  A ZETA OF 352.7 FOR SRI.1612 GLASS 
RHO D = 1 .45E+86  ND = 5755 

POOLED AGE = 6 1 . 5  + -  14.6 PIYR 

MEAN AGE = 5 1 . 7  + -  12 .5  M'I'R 



IRRADIATION: PT931-13 
M L Y S I  S BY POS 5/ 151.88 

CRYSTAL 

1 
2 
3 
4  
5  
6  
7  
8 
9 
10 
11 
12 
13 
14 
15 
14 
17 
18 
19 
20 

RAT 10 

8.238 
8.180 
0.258 
4,800 
8,800 
8.580 
0.111 
8,880 
0.667 
0 375 
8,500 
8.250 
8.167 
8.750 
8,300 
0.280 
0.400 
0.080 
0.333 
0,185 

45 - I88 - 
AREA OF WSIC  U4lT = 8.548E-07 CN2 

VARIANCE OF SQR(r4Sj = ,67451.3  
VARIANCE OF SWR(bI1) = 1 .18707 CORRELATION COEFFICIENT = 6.60: 

CHI SQUARED = 15.6456 WITH 19 OEGREES O F  FREEDOM PASS 

NS/NI = 0 . 2 5 0  + -  0 . 6 4 2  MEAN RATIO = 9 .262 + -  8 . 0 4 ?  

AGE CALCULATED I? 'SIt  IG A ZETA OF 3 5 2 , 7  FOR SHr.1612 GLASS 
RHU D = 1 . 3 8 1 E + 6 6  ND = 5488 



IRRADIATION:  PT916-11  
ANALYS I S BY POS 5 /  1 5/88 

-------------------------------------------------------------------------------------*-------------------------- 

AREA 
CRYSTAL N S  ti I N I T S  RATIO RHO S RHO I AGE(WR) 

AREA OF B A S I C  NIT = 8,548E-07 CH2 

VARIANCE OF SORiNS) = .727461 
VARIANCE OF SQR(NI1 = ,673781 CORHELAT I ON COEFF I CI ENT = a .  7 1 3 

CHI SQUARED = 12.4843 WITH 16 DEGREES OF FREEDOM PASS 

NS/NI = 6 . 2 5 8  +-  a.456 MEAN RATIO = 9.223 + -  8 . 0 5 1  

AGE CALCULATED U S I I . I G  G ZETA CIF 352 .7  FOR SRM612 GLASS 
RHO 13 = 1.37dE+86 ND = 5461 

POOLEC, AGE = 6 0 . 4  + -  13.5 M'rR 

FlEAbI AGE = "" J - 1 . 3  + -  12.4 F.~"I'R 



IRRADIATIOI\I:  PT936-13 
M L Y S I  S BY POS 5 ' 1  &/'@a 

---------------------------------------------------------------------------------------------------------------- 
A R h  

CRYSTAL NS N I Uil TS MTIO RHO S RHO I A G E W R )  

AREA OF MSIC UJIT = 1,8868E-86 CM2 

C H I  SQUARED = 5 .95186 I J I T H  8 GEGREES O F  FREEC~OII PASS 

Fds/'bII = # . 2 2 0  + -  O.#C;7 P l E ~ l d  R G T I O  = B . Z Y 0  + -  8 . 0 4 4  

AGE CALCULiiTED U 3 I l . I G  G ZETA O F  352.7 F O R  SRI-161% GLASS 
RHU 0 = 1 .45E+!j6 N[) = e'ee - I r  JJ 



Single-Grain Age Distributions: Bathtub Ridge 

A G E  I M T R l  
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Arctic Creek Region 
JD Zt iR  

IRRADIATION: PT916-15 
ANALYSIS BY POS 4/28/88 

---------------------------------------------------------------------------------------------------------------- 
ARECI 

CRYSTAL NS t i  I UdITS R A T I O  RHO S RHO I AGE(KYR) 

VARIANCE O F  S Q R ( N S )  = 1 .S2676 
VARIANCE O F  S Q R i N I )  = 1 4 . 3 1 1 4  CORRELAT I r J I \ I  COEFFICIENT = B , 9 1 8  

CHI SQUARED = 13.367 IJ ITH 13 DEGREES O F  FPEEDrJt.1 PASS 

AGE CALCULATED i l S I r . l G  A ZETA O F  3 5 2 . 7  FOP SRI.laLm1Z GLASS 
RHO [I = 1 . 37SE+86  I = 5481 

POOLED &I>E = . : o  . 5 t - 3 . 6  Plr 'R 



IRRADIATION: PT916-14 
ANALYSIS BY POS 4/27/88 

---------------------------------------------------------------------------------------------------------------- 
AREA 

CRYSTAL NS N I  U4ITS RAT 10 RHO S RHO I AGEiMYR) 

AREA OF MSIC W I T  = 1,0868E-96 C t l 2  

C H I  SQUARED = 3 .75851 WITH 13 DEGREES OF FREEDOM PAS:? 

NS/NI = 0 . 1 4 6  + -  8 . 0 1 7  r1EAt.I RATIO = 8 . 1 1 1  + -  0 . 8 2 1  

AGE CALCULHTED 1151 t l C j  A ZETA OF 3 5 2 .  7 FOR 5.FPla1 2 GLA':'' -8 -# 

FHCI C) = 1 . 3 7 0 ~ + ~ 1 3  r.lC~ = 5461 



IRRADIATION:  PT931-86 
W L Y S I S  BY POS 4/27/88 

CRYSTAL 

1  
2  
3  
4  
5 
d 
7 
8 
9 
10 
11 
12 
1 3  
I 4  
15  
16 
1 7  
18 
1 9  
20 

AREA 
UNITS 

7 
16 
18 
10 
4 
20 
4 
28 
30 
8 
12 
16 
28 
6 
6  
16 
20 
8  
15 
15 

RATIO 

0 .200  
a , e e ~  
0 .130  
0 , 1 3 2  
0 , 0 0 0  
6 , 2 1 4  
0 , 0 0 0  
0 . 3 3 3  
0 .250  
0 .800  
0 . 1 1  1  
8 , 1 4 3  
0 , 1 6 7  
0 .000  
0 .000  
0 . 1 6 7  
0 . 1 6 7  
0 .167  
0 . 2 0 0  
d,231 

VARIANCE OF !~QRI : I /S> = . 5 ? 7 2 @ : j  
{'ARIAtdCE OF SQR(I.II j = 1 ,21648 CORRELciT I OIJ COEFF I C I  EbIT = 0 . 839 

CHI SQUARED = 7 .Bd213  U I T H  17 DEGREES OF FREEDOM PASS 

AGE CALCULATED I _ l , j I l  lG ;, ZETA OF 352.7 FOR SEF.1612 GLASS 
RHO b = 1 . 3 8 1 E + 6 6  l,lO = 5450 



I R R A D I A T I O N :  PT917-61 
M L Y S I S  BY POS 4/28/88 

---------------------------------------------------------------------------------------------------------------- 
AREA 

CRYSTAL NS N1 WITS RATIO RHO 5 RHO I AGE(HIR) 

................................................................................................................ 
38 - 238 - 7,847E404 - 4.915Et05 

AREA OF MSIC UilT = 1,8068E-06 C H 2  

ISARIANCE OF SORWIS) = 1 . 1 3 a d 5  
'JARIAIdCE O F  SCIRI.I.II 1) = 4 . 9 2 7 1  3 CORFELATI 01.1 cOEFFI 11.1 EI.41' = 8 . 9 3 3  

C H I  SQUt4F:ED = I O . .534;3 Ib.1 I TH 1 3 DEGREE; OF FF?EEC1TJP1 PASS 

N S / N I  = o . l j 0  + -  0 . 0 2 8  IIEAIJ PATIO = 0 . 1 4 9  + -  0.035' 

AGE C6LCI_IL;tTEtl U 5  I PIG 6 ZETG OF 352 .7  FOR SF:P16 1 2  C.Lri'18 S 
F?HO D = 1 . 3 4 3 E + @ c  N D  = 5354 



IRRADIATIOIJ :  PT917-03 
ANALYSIS BY POS 4/28/88 

---------------------------------------------------------------------------------------------------------------- 
AREA 

CRYSTAL 1.1s I4 1 UiITS RATIO RHO S RHO I AGE(M1R) 

AREA OF WSIC NIT = I .086aE-06 CH2 

VARIANCE O F  SQR!I.ISb = 1 ,3046 
(JARIArdCE OF SQR!r.II j = 0.87695 C O R H E L A T I  014 C O E F F I  C I  EP1T = 8 .9P6 

CHI SQUARED = 2 . 2 7 8 8 5  I d I T H  I @  DEGREES OF FREEGOPI PASS 

NS/'I\II = 8 .167 + -  0.031 P1EAr-I R A T I O  = 0 . 1 8 5  + -  0 . 0 4 2  

AGE CkLCZULkTED 1-1SII>lG A ZETA IIF 3 5 2 . 7  FOR SRI1612 GLASS 
RHO D = 1 . 3 4 S E + 8 5  /.ID = 5354 



IRRADIATION: PT916-13 
ANALYSIS BY POS 4/27/88 

AREA 
CRY SlAL t4S ti1 UiITS R A T I O  RHO S RHO I AGEimR) 

AREA OF BASIC WIT = 1 .B068E-86 D l 2  

VARIAPICE OF Si4R~t4SJ j  = 1 . 1 5 1 8 7  
VARIANCE OF SQR(I.JI> = 4.05333 CORRELATI Ot.1 COEFFI CI EbIT = 8 .9?,5 

NS/NI = 0 . 1 6 8  + -  0 . 0 2 4  PIEAN RATIO = 8.137 + -  d.826 

AGE c'ALCULliTED 115. I f  lG A ZETA ISF 352. 7 FOR S F : p l j 1  2 13L&Sm=J 
RtJO [ J  = 1 .375Et06 N D  = 5 4 8 1  

F'OCILED 613E = .33.7 + -  5.8 pI",'R 

I..lEAI~l A G E  = 3 3 .  0 + -  6 . 3  I.I'('R 



IRRADJkT10145: PT938-09 
ANALL'SI S BY POS 4/27/88 

AREA 
CRYSTAL NS t i  I U4ITS RATIO RHO 5 RHO I AGE!HYR! 

AREA OF BASIC WIT = 1.0068E-06 CHI 

'JARIAF.lCE OF SQRCNS! = .321265 
VARIANCE OF SQR(NIi = 3 .41491  CORRELATION COEFFI C I  EbJT = 0 . 8 2 3  

CHI SQUARED = 17.7432 bJITH I n ?  DEGREES OF FREEDUP1 PASS 

NS/I\II =: 0.143 + -  0 , 0 2 6  MEAN RATIO = 9 . 1 3 1  + -  8.036 

POOLED 6l3E = 36.6 + -  6.6 M'YR 



Single-Grain Age Distributions: Arctic Creek Region 

Albian turbidites 
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Canning River Region 
P O S  22B 

IRRADIATION: PT916-06 
M L Y S I  S BY POS 4/21/88 

---------------------------------------------------------------------------------------------------------------- 
AREA 

CRYSTAL N S  14 I NITS RATIO  RHO S RHO I  AGE(HYR) 

132 - 476  - 
ARW OF MSIC MlT = ,3.548€-97 CH2 

AGE Cr;LCULriTED IJ': 1 1  IG h ZETA OF 3 5 2 . 7  FOP C.Rt l51 2 G L w 5 5  
RHO D = 1 . 3 7 6 E t 0 6  1 )  = 5 J s : s l  



IRRADIATION: PT916-67 
W L Y S I  S BY POS 4/'22/85 

---------------------------------------------------------------------------------------------------------------- 
AREA 

CRY STCIL NS N1 @{ ITS  R A T I O  RHO S RHO I AGE!Mr'R) 

AREA OF MSlC U41T = 8.548E-07 Ul2 

VARIANCE OF s13FicrdS1 = s . 1 3 1 7 ~  
VARIANCE OF S Q R ( I . J I )  = 13.88i33 CORFELATI OI.1 COEFFI C : I  EPI'T' = rj .87 I 

CHI SQUARED = 31 .3585 Id I T H  22 CaEGREES OF FREEDOF.1 FA1 L 

NS/NI  = 8 .195  + -  0 . 0 1 4  MEAN RATIO = 8 . i 8 ?  + -  @.@SO 





IRRADIAT ION:  PT916-64 
N L Y S I  S BY POS 4/'26/.88 

AREA 
CRYSTAL NS N I  WITS RATIO RHO S RHO I AGE(KYR) 

AREA O F  BASIC WIT = 8.548E-07 Cn2 

VARIANCE OF SQRrNS) = 1.13583 
VARIANCE O F  SOR(NI> = 3.16425 CORRELATION COEFFI C I  EE4T = 0 . 8 9 4  

CHI  SQUARED = 12.0365 IIJITH 19 CJEGREES OF FREEDOPI PASS 

AGE CALCULATED U S I F I G  n ZETA OF 352.7 FOR SRM612 GLASS 
RHO O = 1 .376E+86 1JD = 5461 

POOLED riGE = 4 7 . 3  + -  6 . 6  PI ' iR 

t-1EAl.I AGE = 43.3 + -  7 . 4  I"l'(R 
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IRRADIATION: PT916-a3 
ANALYSIS BY POS 4/26/88 

AREA 
CRYSTAL NS t i  I UI4ITS R A T I O  RHO S RHO I AGEiHiR) 

AREA OF MSIC 1MIT = I .0868E-86 U l z  

VARIANCE OF SBR(NS, = 2 .62342 
L;ARIAI\ICE O F  SQR(E.41') = 3 . 2 2 5 6 b  CORRELATION COEFFI C I  EF.JT = 4 . 8 6 3  

CHI SQUARED = 25  .:3818 I J ITH 1 DEGREES OF FFtEEDOPI PASS 

NS/NI 1 0.145  + -  e . 0 1 5  MEAI,,J RAT IO  = 6 . 1 5 1  + -  0 . 8 3 2  

AGE 1;CiLCULATEP U5I l  lG c; ZET6 IIIF 3 5 2 .  7 FOR S H P l a 5 1  Z GLkS'J 
RHO CQ = 1 . 3 7 6 E + B C n  I ~ C J  = 5481 

POOLED AGE = 3 5 . 4  + -  3 . 7  MYP 

tIEklJ AGE = 3 6 .  + -  7 .3  t I f R  



I R R A D I A T I O l \ ( :  PT916-02 
ANALYSIS BY POS 4/'2d/88 

AREH 
CRYSTAL NS ti1 UdITS MT10 RHO S RHO 1 AGEiKiR) 

AREA OF BASIC WIT  = 1.0068E-86 CW 

VARIAPJCE OF SQR(t.IS) = 1 . 8 8 1 8 2  
VARIANCE OF S Q R ( I . I I ;  = 4.73973 C0RRELATIOI.J C.OEFFlCIEI.IT = li1.318 

CHI  SQUARED = 1  1 . 1 7 1 1 I..J I TH 1 3 C!EGREES OF FPEECoOPl PASS 

AGE C$,LClJLATE[) IJ'. I I ~ l G  +., ZETA OF 352. 7 FOR !3F.Pla51 2 '3LA5'3 
R F O  [I = 1 .376E+Bi FJG = 5461 



IRRADIATION: PT936-64 
M L Y 3  I S BY POS 4/'2 1 / '88 

CRYSTAL 

I 
2 
3 
4 
5 
d 
7 
a 
9 
10 
11 
12 
13 
14 
15 
16 

RATIO 

0,247 
a ,060 
0,271 
0.100 
0,000 
0.143 
0,053 
0.049 
0.063 
8.222 
0 ,000 
8,053 
0,188 
0.256 
0.127 
0.179 

RHO I 

S,U9E+06 
3.47EtBb 
1.12Et06 
2,dBE+06 
4,39E+86 
8.77Et05 
2,47E*06 
2.66Eta6 
7,88E+05 
8.77Et05 
2.34Et06 
1. J8E*06 
1,87E+06 
4,56E+06 
2,68E+96 
4,96E+06 

112 - 712 - 
AREA OF B A S I C  UNIT = 8.548E-07 C?lz 

VARIANCE ilF SQRiF.IS) = 2.85386 
VARIANCE OF SQRCNI ) = 7.581 1 3  COREELAT I Obi COEFF I C I ENl' = 0 , 9 2 5  

C H I  SQUARED = Sl  ,0494 WITH 15 DEGREES OF FREEDOM F A 1  L 

AGE CALCULATED IISIF~JG A ZETA OF 3 5 2 . 7  F O R  SRP1612 GLASS 
RHO G = 1 .45E+@i FJD = 5755  

POOLEG r;GE = 4 8 . 1  + -  4 . 1  PIYR 

1.IEAt.I AGE = 32.8 + -  5.9 M"r'!% 



P O S  876% 

IRRADIAT ION:  PT936-12 
ANALYSIS BY POS 4/26/38 

---------------------------------------------------------------------------------------------------------------- 
AREA 

CRYSlAL NS N1 LNIIS RAT10 RHO S RHO I AGEiHYR) 

AREA OF M S I C  UiIT = 1.0068E-86 lXl* 

VARIANCE OF S n R i t \ I S j  = .5561'11 
VARIANCE OF SQR(P4I) = 1.86785 CORRELAT I C1I.d COEFF I C I  EbIT = 51 ,304 

CHI  SQUARED = 8.3-3997 WITH 1 4  GEGREES OF FREEDOkl PASS 

NS/NI = 0 . 1 1 3  + -  0 . 0 2 3  F1Ept.I RATIO = 8 .135 + -  51.841 

AGE CALCl-lLkTElj US1 I IG H ZETA OF 3 5 2 .  7 FOR SRb161 2 GLASS 
RHO D = 1 . 4 5 E t 8 3  f.10 = "== J f  JJ 

POOLEG kGE = 3 8 . 2  + -  5.9 MYR 



Single-Grain Age Distributions: Canning River Region 
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ANWR Coastal Plain 
POS 74e 

IRRADIATION: PT930-01 
M L Y S I  S BY POS 4/29/88 

CRYSTAL 
AREA 
U4ITS RHO S RHO I 

3.31E+05 
1,66E+05 
1.66Et05 
2 ,  48Et05 
2,4BEt05 
2.98Et05 
5,79E+05 
1,10E+05 
9.93Et05 
2.48E405 
1.66E+83 
6,62E+05 
1,49E+05 
6.95E405 
1.59Et06 
2,98E+05 
1.66Et05 
1,66E405 
3.97E+05 
2.48Et86 

AREA OF BrSSIC W I T  = 1,0068E-06 MI 

CHI SQUARED = 9 . 8 9 2 3 3  MITH 13 DEGREES ILIF FREEDOPI PhsS 

NS/NI = 8 . 2 5 8  + -  8.05P MEAt..l RATIO = 8.306 +- 0.67@ 

AGE L'HLCULATED I_ISII.IG A ZETA lllF 3 5 2 . 7  FOR 5R1.1612 GLAc ,. S 
FINO CJ = 1.45Et06 t1D = 5755 

MEkN AGE = 7 7 . 7  + -  17.8 MYR 



IRRADIATION: PT931-85 
ANALYSIS BY POS 4/29/88 

--__-----__----------------------------------------------------------------------------------------------------- 
ARE4 

CRYSTAL NS N I N I T S  RATIO RHO S RHO I A G E W R )  

AREA OF M S I C  WIT = 1 ,8868E-86  CMZ 

(JARIANCE OF SQRINS) = ,717192  
VARIANCE O F  SWRCNI) = 1 .51777  CORRELAT 1014 COEFF I C I EI4T = 6 . 5,?6 
CHI SQUARED = 13 .3723  WITH 1 9  DEGREES OF FREEDUP1 PASS 

NS/NI = 8 . 2 9 4  + -  d.848 MEAN R k T I O  = 6.323 + -  0.863 

AGE CALCUL-TED U IFdG A ZETA OF 352.7  F O R  SF'P161 P IGLAS'3 
RHO G = 1 . 3 8 1 € + @ 6  IJD = 5438 

FOOLED &GE = 71 . 3  + -  1 1 .E? FIY" 



IRRADIATION: PT931-84 
ANALYSIS BY POS 4/38/88 

AREA 
CRY SIAL NS I4 l Ui I T S  MTlO RHO S RHO I AGE!M'fR) 

AREA OF BASIC UJIT = 1.0068E-06 012 

VARIANCE O F  SQRCNS) = 2.76442 
VARIANCE O F  SQR(N1:) = 7.17754 CORRELf iT I  OPJ COEFFI CI ENT = 8 .90:3 

CHI  SQUARED = 13.7+;15 b-IITH 19 DEGREES O F  FREECIOP~ PASS 

NS/'NI = 8 . 3 2 5  + -  B . O 2 ?  HEAN R A T I O  = 8 . 3 2 8  + -  0.054 

AGE CALCULATED USIfkiG A ZETA OF 352.7  FOR S F M e l Z  GLASS 
RHO D = 1 . 3 8 1 E + 8 &  ND = 5488 

tlEkEJ A l l €  = 77.3  + -  13.1 MYR 



I R R A D I A T I O N :  PT931-02 
ANALYSI S BY POS 4/38/88 

AREA 
CRYSTAL 14s 14 I UdITS RATIO RHO 5 RHO I A G E W R )  

O A R I A N C E  OF SQRCbISj  = 1 ,38573 
V A R I A N C E  OF SL!RI;I.II i = 2.25543 CORRELAT I ON COEFF I C I EPdT = 8 .938 

CHI SQUARED = 3 . '1272:3 bJITH 17 DEGREES OF FREE[I~JI,I PASS 

NS/NI = 0 .371 + -  0.050 MEAN RkTIO = 8.316 + -  6 . 0 4 8  

AGE C:ALCIJLGTEG I jLSIP. IG A ZETA OF 3 5 2 . 7  FOR 5RMdl2 GLASS 
R H O  G = 1.331E+06 ND = 5480 



I R R A D I A T I O N :  PT916-88 
A N A L Y S I S  BY POS 4/'38/'88 

CRY SlAL 
AREA 
UdITS RHO S RHO I 

7.22Et85 
1.32Et06 
2.98Et04 
J,97E*85 
l,l0E+05 
1,16E+06 
9,46E+84 
1.52Et86 
2.48Et05 
3,31E+05 
7.45Et85 
7.45Et05 
3,28E+86 
3.31Et06 
3,72E+05 
5.96E+05 
1.55Et06 
1,24E+85 
1.99E+05 
1.59Et05 

AREA OF MSlC WIT = 1,0068E-06 CMt 

'JARIANCE OF :3QR1:F45j = 1 .68762 
V A R I A N C E  OF S Q R ( N 1 )  = 2.22549 CORRELATI ON COEFFI CI EI...IT = 9 ,831 

CHI SQUARED = 20.5285 blITH 1 9  DEGREES OF FREEDOPI PA s 0s 

NS/NI = 0.436 + -  0.048 MEAtJ RATIO = 0.431 + -  9.075 

AGE CALCULATED U S I r l G  A ZETA OF 352 .7  FOR 5 H M 4 1 2  GLASS 
RHO CJ = 1 . 375E+86  ND = 5461 

PClOLEO AGE = I 0 4 .3  + -  I 1 .6 MYR 



P O S  6 4 A  

I R R A D I A T I O N :  PT931-01 
ANALYSIS BY POS 4/38/88 

AREA 
CRYSTAL NS N1 UJITS RAT I0 RHO S RHO I AGE(HYR) 

AREA OF BASIC WIT = 1 .tJ060E-06 CHI 

IJARIAbICE OF SC!R!:P4'3) = 1 .63156 
V A R I A N C E  OF SQR<t . l I )  = 5.38167 CORRELkT I O N  C:rJEFF I C I EbIT = 8 .PO 7 

CHI SQUARED = 6.65706 1,JITt-i 9 DEGREES OF FREEUOI.1 PASS; 

NS/NI = 0 . 2 4 8  + -  8.041 MEAN P A T I O  = 8 . 2 5 0  + -  8 .866 

AGE CIALCULATEU USIP.IG h ZETA OF ,352.7 FOR SRM612 GLAS;!S 
RHO Cl = 1.381€+06 ND = 5480 

POOLED AGE = 58.3 + -  1 1 .7 M'l R 

MEAN AGE = 60 .7  + -  1 6 . 0  t4YR 



IRRADIATION: PT917-84 
ANALYSIS BY PQS 4/28/88 

----_----------------------------------------------------------------------------------------------------------- 
AREA 

CRYSTAL 14s N 1 WITS RATIO RHO S RHO I AGEiKfR) 

AREA OF BASIC WIT = I ,0068E-86 W2 

VARIANCE OF SQRib IS )  = ,276654 
VARIANCE OF SQR(N1) = .45195 CORF?ELkTI 0I.J COEFFICIENT = 0 . 2 6 7  

CHI  SQUARED = 17.3573 WITH 1 7  DEGREES OF FREEDOM PASS 

AGE CALCULATED I_l'SIt.IG A ZETA OF 152.7 FOR SRM612 GLrir'" ZS a 
RHO @ = 1.34PE+86 I... JD = 5354 

I,lEAIJ A G E  = 1 0 0 . 2  + -  12 .6  I-lf'F! 



Single-Grain Age Distribu 
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