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PREFACE 

U.S. Geological Survey geologists, together with colleagues from many other institutions, have undertaken tectonic 
and thermal studies in sedimentary basins of Alaska for the past two decades. In early 1990, the U.S. Geological Survey 
began a project to compile and assemble thermal-maturity data collected during these studies. Areas of limited sample 
coverage were enhanced by gathering data from the literature, by additional sampling and analysis, and by soliciting 
samples from individuals and industry groups working in Alaska. The resulting database of nearly 10,000 vitrinite-reflec- 
tance and conodont-color-alteration index determinations (Johnsson and others, 1992) was used to compile a thermal- 
maturity map of Alaska (pl. 1) and an interpretive summary of thermal-maturity patterns across the state (Johnsson and 
others, 1993). 

It was clear, however, that additional information could be extracted from these data-thermogeochronologic, fluid 
inclusion, and isotopic techniques can supplement thermal maturity data. By combining such additional information with 
thermal-maturity data, we are better able to constrain tectonic and petroleum generation scenarios. Accordingly, we ap- 
proached scientists conducting various thermal and uplift studies in Alaska and solicited contributions to a volume in 
which these techniques are explored. The goal was to provide a fairly detailed examination of several key types of sedi- 
mentary basins in Alaska-a classic foreland basin (Colville basinl~oith Slope), a forearclbackarc basin complex (Alaska 
Peninsula), and a tectonically dismembered basin (Kandik basin), such as is common throughout the tectonic collage of 
Alaska. This volume is the result of that effort. 

The first paper in this volume, by Johnsson and Howell, is an overview of thermal-maturity patterns across the state. 
The remainder of the volume consists of a series of papers exploring the Alaska Peninsula, Colville basin, and Kandik 
basin in more detail. The first such paper, by Molenaar, explores the thermal-maturity patterns revealed from the as- 
sembled data on the Alaska Peninsula. The Alaska Peninsula is made up of the landward portions of backarc and forearc 
basins, as well as the Aleutian Arc itself. The thermal-maturity patterns reveal moderate uplift of basin sediments, not- 
withstanding that these sediments are deposited in currently active sedimentary basins. Younger rocks exposed on the 
southwestern portion of the peninsula are at higher thermal maturity than older rocks to the northeast, perhaps reflecting 
a higher geothermal gradient to the southwest. 

The next two papers explore thermal and uplift relations within the Colville basin. The first, by Deming and others, 
explores modern heat-flow data from the basin by examining present geothermal gradients in light of thermal conductivity 
measurements from drill core and well cuttings. Both heat-flow and geothermal gradients increase systematically from 
south to north. At the same time, east-west variations in both parameters correlate with topographic basement highs, 
suggesting basement-controlled ground-water convection. These patterns of ground-water movement may have been 
important in determining the thermal regime within the Colville basin, and may have played a role in hydrocarbon migra- 
tion as well. The second paper, by O'Sullivan, makes use of apatite fission-track data to constrain the uplift history of the 
Colville basin. Maximum burial temperatures in the southern part of the basin appear to have been reached in the Late 
Cretaceous to early Paleocene and were followed by periods of uplift in the Paleocene and late Oligocene. The later uplift 
event appears to be manifested in the northern part of the basin as a cooling event, but there is no evidence for erosion of 
the sedimentary section at that time. 

The Kandik region of east-central Alaska represents a complex collisional basin fragment. The thermal, uplift, and 
fluid-migration history of the region is explored in the following two papers. The paper by Underwood and others presents 
a detailed examination of the thermal maturity of this tectonically complex region by using vitrinite-reflectance and illite- 
crystallinity data. These data constrain a model for tectonic burial beneath a thrust nappe and demonstrate the allochthoneity 
of distinct tectonostratigraphic terranes in east-central Alaska. The final paper, by Shelton and others, uses fluid-inclusion 
and isotopic data to further demonstrate the allochthoneity and distinct histories of these tectonostratigraphic terranes. 
Further, these data constrain the source of diagenetic fluids in the region and, by providing timing constraints on pressure 
estimates, provide evidence that burial, uplift, and erosion all occurred in a short time interval of approximately 15 million 
years. 

These six papers present only a cursory overview of the potential of thermal-maturity studies in Alaska. Neverthe- 
less, they do demonstrate the wealth of information that can be gleaned by applying a variety of techniques to specific 
problems. Further, they cover most of the important categories of sedimentary basins in Alaska and hopefully will provide 
departure points for future work in Alaska and elsewhere. 
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ABSTRACT 

The complex tectonic collage of Alaska is reflected in 
the conjunction of rocks of widely varying thermal maturity. 
Indicators of the level of thermal maturity of rocks exposed 
at the surface, such as vitrinite reflectance and conodont color 
alteration index, can help constrain the tectonic evolution of 
such complex regions and, when combined with petrographic, 
modern heat flow, thermogeochronologic, and isotopic data, 
allow for the detailed evaluation of a region's burial and up- 
lift history. We have collected and assembled nearly 10,000 
vitrinite-reflectance and conodont-color-alteration index val- 
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ues from the literature, previous U.S. Geological Survey in- 
vestigations, and our own studies in Alaska. This database 
allows for the first synthesis of thermal maturity on a broadly 
regional scale. 

Post-accretionary sedimentary basins in Alaska show 
wide variability in terms of thermal maturity. The Tertiary 
interior basins, as well as some of the forearc and backarc 
basins associated with the Aleutian Arc, are presently at their 
greatest depth of burial, with immature rocks exposed at the 
surface. Other basins, such as some backarc basins on the 
Alaska Peninsula, show higher thermal maturities, indicat- 
ing modest uplift, perhaps in conjunction with higher geo- 
thermal gradients related to the arc itself. Cretaceous "flysch" 
basins, such as the Yukon-Koyukuk basin, are at much higher 
thermal maturity, reflecting great amounts of uplift perhaps 
associated with compressional regimes generated through 
terrane accretion. Many sedimentary basins in Alaska, such 
as the Yukon-Koyukuk and Colville basins, show higher ther- 
mal maturity at basin margins, perhaps reflecting greater up- 
lift of the margins in response to isostatic unloading, owing 
to erosion of the hinterland adjacent to the basin or to com- 
pressional stresses adjacent to basin margins. 

INTRODUCTION 

Thermal maturity, a measure of the level of diagenetic 
alteration of organic matter in sedimentary rocks, provides a 
means of ascertaining the relative and, ideally, the absolute 
maximum temperatures to which sedimentary rocks have been 
exposed. Although various indicators of the level of thermal 
maturation (vitrinite reflectance, thermal-alteration index, 
conodont color alteration index, Rock-Eva1 pyrolysis) respond 
somewhat differently to time and temperature (Hood and oth- 
ers, 1975; HCroux and others, 1979), all appear to record the 
maximum temperature to which rocks have been exposed and 
are not susceptible to retrograde effects. In the absence of 
igneous heat sources, diagenetic temperatures are primarily a 
reflection of burial heating. The thermal maturity of rocks at 
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the surface can thus be used to infer relative exhumation (and, 
by inference, uplift) subsequent to maximum burial. Ther- 
mal-maturity data have been used for many years to evaluate 
past burial depths and subsequent amounts of uplift and ex- 
humation on a local or basinwide scale, but only recently have 
geologists begun broadly regional studies of thermal matu- 
rity. Thermal-maturity data are ideally suited to constrain prob- 
lems of differential uplift on a regional scale and may allow 
for the evaluation of broad structural patterns not readily ap- 
parent by other means. 

The complex tectonic makeup of Alaska, which is char- 
acterized by a collage of allochthonous terranes (Coney and 
others, 1980; Jones and others, 1987; Plafker, 1990), makes 
it an ideal locality to apply thermal-maturity data to help con- 
strain basin evolution and regional tectonism. Sedimentary 
rocks in Alaska are found in a wide variety of tectonic set- 
tings, ranging from foreland, backarc, forearc, and post-oro- 
genic basins to a variety of allochthonous or highly deformed 
sedimentary accumulations, such as accretionary-prism com- 
plexes, complex collisionally deformed basins, and tectoni- 
cally displaced basin fragments. Because regional strati- 
graphic correlation among sedimentary units often is difficult 
or impossible, thermal-maturity data provide a useful means 
of evaluating basin structure and deformation. 

THERMAL-MATURITY INDICATORS 

Given the diversity of materials and techniques em- 
ployed in assessing thermal maturity, establishing correlations 
between various thermal-maturity indicators can be difficult 
(Hood and others, 1975; Hkroux and others, 1979). For this 
reason, we have restricted our assessment of the thermal ma- 
turity of sedimentary rocks in Alaska to vitrinite-reflectance 
and conodont-color-alteration-index data, which are by far 
the most common thermal-maturity data available from 
Alaska. Conodont color alteration index and vitrinite reflec- 
tance have been empirically correlated through both field 
(Epstein and others, 1977) and laboratory studies (Rejebian 
and others, 1987. See table 1). 

VITRINITE REFLECTANCE 

Vitrinite, one of several types of organic matter com- 
monly found disseminated in clastic sedimentary rocks, rep- 
resents the remains of woody plant material and can be found 
in post-Silurian organic-rich rocks of terrestrial provenance. 
During burial diagenesis, loss of volatile components and 
graphitization of carbon results in an increase in the optical 
reflectivity of vitrinite. Reflectivity increases regularly pro- 
portional to temperature, is not influenced by pressure or 
chemical reactions with most diagenetic fluids, and is not 
susceptible to retrograde alteration (Bostick, 1979). Accord- 
ingly, it has become the most widely used measure of ther- 

Table 1. Correlation of thermal-maturity indicators. 

Maximum 
Temperature 

("CI1 

Map 
Units 

Vitrinite 
Reflectance 

(R,, percent) 

(Undermature) I 

Conodont 
Color 

Alteration 
Index 

wl (Mature M~ I) 

- 

'~ernperature ("C)=104(ln Ro)+ 148 (Barker, 1988). 

ma1 maturity in sedimentary rocks. Recent kinetic models 
(Burnham and Sweeney, 1989; Sweeney and Burnham, 1990) 
and field studies where the duration of heating is well con- 
strained (Barker, 1983; 1991) suggest that, for heating peri- 
ods greater than -104 years, maximum temperature and not 
the duration of heating largely determines the level of reflec- 
tance. Accordingly, vitrinite reflectance may be used with 
caution to establish absolute maximum paleotemperatures. 
Many workers have proposed equations relating temperature 
(T) and vitrinite reflectance (Ro) (Bostick, 1979; Price, 1983; 
Barker and Pawlewicz, 1986; Barker, 1988). We prefer the 
correlation of Barker (1988): 

as it most closely matches the results predicted by kinetic 
models (Burnham and Sweeney, 1989; Sweeney and 
Burnham, 1990; Suzuki and others, 1993). 
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CONODONT COLOR ALTERATION INDEX 

Conodonts are tooth-like microfossils of an extinct 
group of primitive chordates, commonly 0.1 to 1 mm in size, 
that occur in marine rocks of Cambrian through Triassic age 
(Epstein and others, 1977). They are common in carbonate 
and poorly indurated clastic rocks, but their abundance gen- 
erally varies inversely with sedimentation rate. Conodonts 
grew throughout the life of the animal by periodic addition of 
apatite layers separated by layers of organic matter. During 
burial diagenesis, the organic matter sealed between trans- 
parent apatite lamellae undergoes carbonization, producing 
visible color changes from pale yellow through amber, light 
brown, dark brown, and black in the range of 50" to 300°C 
(Epstein and others, 1977). Above 300°C, conodonts change 
from black through gray, opaque white, and finally to crystal 
clear as a result of carbon loss, release of water of crystalliza- 
tion, and recrystallization. All of these color changes have 
been observed in natural samples and reproduced and cali- 
brated by pyrolysis experiments in the laboratory (Epstein 
and others, 1977; Rejebian and others, 1987). The conodont 
color alteration index (CAI) is the quantification of these color 
changes through the use of established standards. 

THE DATA 

Since 1976, the U.S. Geological Survey has been com- 
piling a database of thermal-maturity data collected during 
various geologic investigations in Alaska. We combined 
vitrinite-reflectance data from that database, from the litera- 
t ~ r e , ~  and from unpublished industry reports provided to the 
Alaska Division of Geological and Geophysical Surveys with 
CAI data collected and compiled by Anita G. Harris (U.S. 
Geological Survey) to produce a database of thermal-matu- 
rity data from sedimentary rocks in Alaska. The spatial dis- 
tribution of these data was improved through our own field 
efforts and through samples obtained from industry, academic, 
and government colleagues. 

Our database (Johnsson and others, 1992) consists of 
3,716 vitrinite-reflectance determinations from 2,123 outcrop 
localities and 1,474 CAI determinations from 1,306 outcrop 
localities (Fig. 1). In addition to the outcrop data, we have 
assembled 4,482 vitrinite-reflectance determinations from 2 17 
wells (Fig. 1). The bulk of these wells are in the Colville and 

3(Rao, 1980; Brosge and others, 1981; Magoon and Claypool, 1981; 
Fisher, 1982; Harris and others, 1983; Rao and Smith, 1983; Bruns and oth- 
ers, 1985; Memtt, 1985a, b; Belowich, 1986; Cameron and others, 1986; 
Menitt, 1986a. b; Menitt and McGee, 1986; Smith and Rao, 1986; Gautier 
and others, 1987; Harris and others, 1987; Magoon and others, 1987; Stanley, 
1987; Bayliss and Magoon, 1988; Claypool and Magoon, 1988; Magoon 
andBird, 1988; Magoonand Claypool, 1988; Stanley, 1988; Robinson, 1989; 
Underwood and others, 1989; Laughland and others, 1990; Menin, 1990; 
Reifenstuhl, 1990; Stanley and others, 1990; Howell, Bird, and others, 1992; 
Howell, Johnsson, and others, 1992). 

Cook Inlet basins, where the vast majority of drilling activity 
in Alaska has taken place. 

We combined our organic thermal-maturity data with 
petrologic data as portrayed on the metamorphic facies map 
ofAlaska by Dusel-Bacon (1991). In general, a good correla- 
tion exists at lower metamorphic grades between organic and 
petrologic indicators. Thus, the thermal maturity map (pl. 1) 
and metamorphic facies map (Dusel-Bacon, 1991) of Alaska 
together portray maximum paleotemperatures, ranging from 
surface to igneous conditions, of rocks exposed at the surface 
in Alaska. 

METHODS 

Because our vitrinite-reflectance data have been as- 
sembled from diverse sources, analytical methods and stan- 
dards vary. As shown by Claypool and Magoon (1985), rela- 
tive variability of vitrinite-reflectance measurements between 
laboratories is about f 15 percent. Nevertheless, the general 
consistency of our results indicates that the underlying ther- 
mal-maturity "signal" rises above the background "noise" 
introduced by nonstandardized techniques, at least when the 
data are considered at a regional scale. 

Of the total data set, vitrinite-reflectance determinations 
from 661 samples were performed by Mark J. Pawlewicz (U.S. 
Geological Survey). For these determinations, samples were 
ground to less than 48 mesh, and the dispersed organic mat- 
ter was concentrated as described by Barker (1982). Concen- 
trates were mounted on glass slides following methods of 
Baskin (1979) and polished using methods of Pawlewicz 
(1987). Vitrinite-reflectance was measured under vertical il- 
lumination on a Zeiss Universal microscope fitted with an 
MPM-01 microphotometric system. Reflectance was mea- 
sured for up to 50 vitrinite particles per sample. Subsequent 
data analysis was based on the mean of these values, once 
possible contamination or multiple populations had been ac- 
counted for. Further discussion of vitrinite reflectance proce- 
dures is given in Johnsson and others (1992). 

All CAI determinations were performed by Anita G. 
Harris (U.S. Geological Survey). Preparation techniques fol- 
lowed those of Harris and Sweet (1989). Conodonts from 
carbonate rocks were released by acid dissolution (6-7 per- 
cent acetic acid solution for limestones and metalimestones, 
4-5 percent formic acid solution for dolostones and 
metadolostones). Conodonts were released from chert using 
a 4-5 percent hydrofluoric acid solution and the methods of 
Orchard (1987). Conodonts were concentrated from the in- 
soluble residue using heavy liquid and magnetic separation 
techniques (Dow, 1965; Stone, 1987) and were hand picked 
for final analysis. CAI values were determined following the 
procedures given in Epstein and others (1977) and Rejebian 
and others (1987). A set of CAI standards was used for in- 
dexing--each CAI value is represented by 10 to 30 naturally 
and experimentally altered, morphologically diverse speci- 
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mens. Details of analytical procedures are outlined in Johnsson 
and others (1992). 

REGIONAL THERMAL-MATURITY 
PATTERNS 

Thermal-maturity data from outcrop localities and from 
wells (extrapolated to the surface) were used to produce a 
map showing the thermal maturity of rocks exposed at the 
surface (pl. 1). We defined six thermal maturity map units 
(table I), identified on the basis of hydrocarbon maturation 
regimes (Poole and Claypool, 1984)-undermature (Ro$0.6, 
CAI=l), mature I (0.6<Ro11.3, 1<CAI<2), mature I1 
(1 .3cRo52.0, 2<CAI53), overmature (2.0<R053.5,3<CAI14), 
supermature (3.5<R015.0, 4<CAI14.5), and igneous-meta- 
morphic (Ro>5.0, CAb4.5). The last unit includes plutonic, 
volcanic, and metamorphic rocks identified largely on the 
basis of previously published maps (Beikman, 1980; Dusel- 
Bacon, 1991) but in some cases refined by the thermal matu- 
rity data. The supermature unit was further constrained, in 
part, by the laumontite-prehnite-pumpellyite facies of Dusel- 
Bacon (1991). Preliminary interpretations of the thermal- 

maturity patterns revealed by this map, particularly in the 
Colville, Cook Inlet, and Kandik basins (pl. I), are discussed 
by Johnsson and others (1993). 

The Tertiary basins of interior Alaska (for example, 
Copper River, Yukon Flats, Susitna, Holitna, Minchumina, 
Bethel, and Nenana basins) are marked by very low thermal 
maturity at the surface; samples from near the tops of the few 
wells penetrating these basins are generally undermature. This 
observation is consistent with the interpretation that these 
basins are at their maximum burial depth and have experi- 
enced little or no uplift, a conclusion generally supported on 
the basis of stratigraphy as well (Kirschner, 1994). Because 
most of these basins contain less than 2 km of sediments 
(Kirschner, 1988; Kirschner, 1994), thermal maturity at depth 
is unlikely to be appreciably greater. 

Forearc and backarc basins flanking the Aleutian Arc 
also are of fairly low thermal maturity at the surface. Ther- 
mal-maturity values extrapolated to the sea floor from data 
from offshore wells in the Tertiary Aleutian forearc (Shelikof- 
Shumagin-Sanak basin) and backarc basins (Bristol Bay-St. 
George basin) indicate undermature to mature conditions at 
the surface, suggesting that the basins are at or near maxi- 
mum burial depth. Unlike the interior basins, however, sedi- 
ments in these basins reach thicknesses of 5 km or more 

. Vitrinite-reflectance 
surface locality 

. Conodont color-altera 
index surface locality 

. Vitrinite-reflectance 
well locality 

Figure 1. Index map of Alaska showing locations of sample stations. Most localities are represented by multiple samples. Offshore "surface" 
localities are from dredge hauls. 
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(Kirschner, 1988; Kirschner, 1994), and thermal maturity 
at depth is appreciably greater (up to overmature), as evi- 
denced by well data (see Johnsson and others, 1992). The 
Cook Inlet basin, part of the Aleutian forearc, exposes 
undermature rocks at the surface, but numerous wells pen- 
etrate mature I and mature I1 rocks at depths of as much as 
7 krn. The situation is somewhat more complicated on the 
Alaska Peninsula, which is part of the Aleutian Arc itself. 
Regions of somewhat higher thermal maturity (mostly ma- 
ture 11) occur in forearc and backarc sediments of Tertiary 
age in the southern part of the Alaska Peninsula, whereas Ju- 
rassic and Cretaceous sediments of the northern part of the 
peninsula are generally less mature (mostly mature I), except 
in the vicinity of large plutons or active volcanism (Molenaar, 
this volume; pl. 1). 

The Colville basin, on the North Slope, is the best ex- 
ample of a foreland basin in Alaska. The North Slope shows 
a southward increase in the thermal maturity of rocks exposed 
at the surface (pl. 1). This southward increase in thermal 
maturity, which corresponds to proximity to the Brooks Range 
orogen, indicates progressively greater uplift and exhuma- 
tion of foreland basin sediments toward the orogen (Howell, 
Bird, and others, 1992). 

Many sedimentary rocks in Alaska are found not in well- 
defined sedimentary basins but rather in broadly deformed or 
dismembered basin fragments. The Jurassic and Cretaceous 
"flysch" of western Alaska (Yukon-Koyukuk basin, 
Kuskokwim flysch belt) is an example of a deformed series 
of sedimentary basins whose tectonic settings are poorly con- 
strained. A varied thermal-maturity pattern indicates a com- 
plex pattern of uplift and deformation that is not readily ap- 
parent from traditional mapping of stratigraphic and structural 
relations. The Yukon-Koyukuk basin shows a nearly concen- 
tric thermal-maturity pattern (pl. 1). This geometry suggests 
a pattern of greater uplift at basin margins. Other complex 
compressional basins, such as the Kandik "basin"-actually 
a fold and thrust belt contiguous with the Canadian Cordil- 
lera-in east-central Alaska, show thermal-maturity patterns 
that reflect large amounts of uplift, as well as anomalous 
emplacement of younger thermally mature rocks over older 
thermally immature rocks. Such relations are evidence of 
episodes of complex vertical movement or convective heat 
transfer by complex fluid-circulation patterns. Although the 
details of such movements are yet to be determined in many 
such basin fragments, ongoing work in the Kandik basin has 
used thermal maturity to constrain a complicated tectonic his- 
tory (Underwood and others, 1989,1992, this volume; Howell, 
Johnsson, and others, 1992; Johnsson and others, 1993; 
Shelton and others, this volume). 

DISCUSSION 

This study is the first comprehensive treatment of ther- 
mal-maturity patterns across Alaska. One previous study 

(Daggett, 1987) did, however, explore vitrinite reflectance 
patterns in rocks of Cretaceous age over a vast region of south- 
west Alaska. Daggett (1987) identified three thermal prov- 
inces: (1) a southern zone (Alaska Peninsula, Cook Inlet ba- 
sin) with low thermal maturity (Ro=0.3 to 1.0 percent), (2) a 
central zone (Kuskokwim Group and lithologically similar 
rocks) of higher thermal maturity (Ro=0.4 to 2.0 percent), and 
(3) a northern zone (Yukon-Koyukuk basin) with the highest 
thermal maturity (Ro=0.4 to 2.2 percent). He interpreted these 
provinces to represent three parts of a typical convergent 
margin-a forearc region (Alaska Peninsula, Cook Inlet ba- 
sin), a magmatic arc (Kuskokwim flysch belt), and the "trail- 
ing edge of the arc" (Yukon-Koyukuk basin). Our data cor- 
roborate the patterns observed by Daggett (1987), but owing 
to the complex tectonic character of that portion of the state, 
we are hesitant to attribute the pattern to a simple, single con- 
vergent-margin setting. Although we agree that the Alaska 
Peninsula and Cook Inlet basins represent forearc basins, the 
Kuskokwim flysch belt lies well inland (northwestward) of 
the Cretaceous magmatic arc and more likely reflects conti- 
nental-margin sediments that were deeply buried before be- 
ing uplifted during terrane accretion in southwestern Alaska 
(Box, 1985; 1992; Box and Elder, 1992). Furthermore, the 
thermal-maturity patterns, when examined in detail, are more 
complicated than suggested by Daggett (1987). For example, 
the Yukon-Koyukuk basin exhibits a concentric pattern of 
thermal maturity values (pl. 1). The northeast-southwest axis 
of this pattern (pl. 1) is consistent with southeast-northwest 
compression, perhaps reflecting convergence of the North 
America and Eurasian Plates, as suggested by Patton and 
Tailleur (1977). 

This pattern of higher surface thermal maturity at basin 
margins recurs throughout Alaska (for example, Colville, 
Yukon-Koyukuk, and Cook Inlet basins), despite the fact that 
in some of these basins there is good stratigraphic evidence 
to suggest that burial depths were greatest at basin centers. 
Perhaps differential uplift, concentrated at basin margins, 
commonly occurs either as a result of isostatic rebound as 
collisional orogens adjacent to margins are removed by ero- 
sion or through uplift and erosion as basins are compressed 
subsequent to their creation. 

An independent means of ascertaining uplift, comple- 
menting the thermal-maturity data, are geochronologic data. 
Such data reflect the age at which the mineral under investi- 
gation started behaving as a closed system with respect to the 
radiogenic isotopes under consideration, generally as a result 
of cooling. O'Sullivan (this volume) provides apatite fission 
track data for the Colville basin and northern Brooks Range 
that indicate multiple phases of uplift in the region. His data 
indicate a more complicated uplift pattern for the Colville 
basin than is recorded in the vitrinite-reflectance data. The 
simple uplift model discussed above apparently is compli- 
cated by episodic regional uplift. 

Deming and others (1992; this volume) showed that 
modern heat-flow and geothermal gradients in the Colville 
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basin generally decrease from north to south and proposed a 
deep-ground-water circulation model, with recharge in the 
Brooks Range and discharge north of the Arctic coastline, to 
account for the pattern. The distribution of modern heat 
anomalies mirrors subsurface thermal-maturity patterns 
(Johnsson and others, 1993), suggesting that the patterns may 
be genetically linked. If so, thermal-maturity data can be used 
in conjunction with modern heat-flow data to constrain deep 
basin circulation patterns in the past. Complex thermal-ma- 
turity relations in the Kandik basin may similarly be related 
to ancient hydrothermal circulation (Shelton and others, this 
volume). 

CONCLUSIONS 

Thermal-maturity patterns in Alaska reflect the com- 
plex tectonic history of the region. Tectonostratigraphic ter- 
ranes of diverse origin and history are juxtaposed, creating a 
pattern of sharply contrasting thermal maturities across the 
state. Sedimentary basins found on these terranes commonly 
exhibit higher surface thermal maturity at basin margins than 
at basin centers. This pattern suggests greater uplift at basin 
margins, possibly reflecting isostatic readjustments or com- 
pression resulting from terrane accretion. Thermal-maturity 
patterns may be used in conjunction with modern heat-flow 
data, information on fluid composition and circulation, and 
thermogeochronologic methods to constrain tectonic and ther- 
mal evolution of structurally complex regions, such as Alaska. 
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ABSTRACT 

Mesozoic and Tertiary sedimentary rocks on the Alaska 
Peninsula, which exceed 10 km in thickness, were deposited 
initially in a volcanic arc and forearc basin setting and, later in 
Tertiary time, in a volcanic arc and backarc setting adjacent to a 
convergent continental margin. Much of the section represented 
by these rocks is exposed on the limbs of large amplitude folds. 
At the surface, the thermal maturity of these rocks, as deter- 
mined mostly from vitrinite-reflectance data, generally ranges 
from undermature to marginally or low-range mature with re- 
spect to hydrocarbon generation. In areas adjacent to numerous 
granitic intrusive bodies, however, the sedimentary rocks are 
overmature. Slightly higher thermal maturities in Upper Creta- 
ceous and Eocene rocks in the southwestern part of the Alaska 
Peninsula, in contrast to Jurassic rocks in the northeastern part, 
indicate that the paleogeothermal gradient was probably slightly 
higher in the southwest. 

Small differences in thermal maturities across thick 
sections of exposed Mesozoic sedimentary rocks indicate that 
the paleogeothermal gradient was very low at the time of 

11 maximum burial (probably between latest Cretaceous and late 

11 Eocene time). In contrast, the present-day geothermal gradi- 

13 ent, as indicated by bottom-hole temperatures in wells, is 

15 above normal, averaging about 36.5"Ckm (2"FIlOO ft). 

18 
18 
19 INTRODUCTION 

'Editors' note.-K Molenaar died suddenly during the preparation of 
this volume. He had completed and revised the manuscript for this paper, 
but some editing and the final drafting of figures remained. We performed 
this last bit of cleanup, taking care to preserve both K's meaning and his own 
style of expression. We believe that we have been successful in this task, but 
if any errors have crept in, we most wholeheartedly apologize. May this, K's 
last publication, stand as a memorial to his dedication to Alaskan geology. 

The Alaska Peninsula, an 800-km-long southwestern 
extension of the mainland of Alaska, is a convergent conti- 
nental margin and part of the circumpacific volcanic arc that 
rims the Pacific Ocean. Late Cenozoic volcanoes and associ- 
ated flows are present along the entire length of the penin- 
sula, the continuation of which forms the Aleutian Islands. A 
cumulative thickness of about 15,000 m of Mesozoic and 
Tertiary dominantly clastic sedimentary rocks, which formed 
in forearc, volcanic-arc, and backarc settings, compose much 
of the bedrock on the peninsula. These rocks were mildly to 
moderately folded in late Tertiary time. 

The Alaska Peninsula is about 160 km wide on the 
northeast and tapers to about 30 km wide on the southwest 
(fig. 1). Topographically, the northwestern side of the penin- 
sula is generally flat alluvium-covered lowlands bordering 
Bristol Bay and the Bering Sea. In contrast, the southeastern 
side of the peninsula is mountainous to hilly bedrock com- 
posed of Mesozoic and Tertiary sedimentary rocks and late 
Cenozoic volcanic and intrusive rocks, all of which form rocky 
headlands bordering the Pacific Ocean. 

Active oil seeps and large anticlinal structures on and 
adjacent to the Alaska Peninsula have been of interest to oil 
explorers for many years. Not counting a few shallow wells 
drilled near oil seeps, 18 exploratory wells ranging in depth 
from 1,534 m (5,034 ft) (drill hole 1, fig. 1) to 4,577 m (15,015 
ft) (drill hole 9, fig. 1) have been drilled. Much geological 
and some geochemical data have been acquired from both 
surface geological work and the drilling of the wells. Avail- 



Figure 1. Map of Alaska Peninsula showing igneous intrusive and extrusive rocks, thermal maturity of sedimentary rocks at the surface, and drill holes. Mapped igneous rocks 
modified from Riehle and others (1987), Detterman and others (1981, 1987). Wilson and others (1991), and Beikman (1980). Ro, vitrinite reflectance in percent. 
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able thermal-maturity data from wells and outcrops 
indicate that, at the surface, most of the sedimentary 
rocks range from immature to low-range mature in 
terms of hydrocarbon generation. However, the rocks 
are overmature in some areas, a condition which is due 
to the proximity of igneous intrusions. The purpose of 
this report is to show and discuss thermal-maturation 
patterns on the Alaska Peninsula, to show the avail- 
able subsurface thermal-maturity data from wells, and 
.to compare present-day geothermal gradients with in- 
ferred paleogeothermal gradients at the time that rocks 
now at the surface were subjected to maximum heat- 
ing, that is, maximum depth of burial. 

Vitrinite reflectance was the primary data type 
used in evaluating the thermal-maturation patterns on 
the Alaska Peninsula. Vitrinite-reflectance values from 
about 410 outcrop samples were available from the 
peninsula. Shell Oil Company provided about 330 data 
points and Chevron provided about 40; their contribu- 
tions are greatly appreciated. In addition, much of the 
vitrinite-reflectance data for the Chignik Formation 
(Upper Cretaceous) in the Chignik Bay and Herendeen 
Peninsula areas are from coal characterization studies 
of Merritt and McGee (1986). Outcrop vitrinite-reflec- 
tance data points or groups of data points used in the 
present study are shown on figure 1, as thermal-matu- 
rity control points. Some of these control points repre- 
sent many samples, especially in the Chignik Bay and 
Herendeen Peninsula areas. 

Vitrinite-reflectance data also are available for 10 
wells on the Alaska Peninsula, as well as one offshore 
well. Data for eight of these wells were acquired from 
available reports at the Alaska Geological and Geo- 
physical Survey Geological Materials Center. These 
data are the result of various companies or individuals 
determining vitrinite-reflectance values from well cut- 
tings provided by the Geological Materials Center. 

All the outcrop vitrinite-reflectance data and the 
vitrinite-reflectance data for the eight wells referred 
to above are listed by Johnsson and others (1992) in a 
database for all of Alaska. 

The present-day geothermal gradient was calculated 
from bottom-hole temperatures from wells drilled on the 
Alaska Peninsula. The calculated adjusted bottom-hole 
temperatures (the final temperatures at equilibrium) are 
only approximate because the circulation time of the drill- 
ing fluid and the times elapsed between fluid circulation 
and the measurement of bottom-hole temperatures are 
poorly known. A bottom-hole temperature correction chart 
for various depths adopted by the Geothermal Gradients 
Committee of the American Association of Petroleum 
Geologists was used in calculating the present geother- 
mal gradients. Despite the possible inaccuracies in the 
calculations, the results are considered good enough to 
determine an approximate geothermal gradient. 

GEOLOGIC SETTING 

The Alaska Peninsula, an allochthonous terrane, is part 
of a convergent continental margin that was accreted to main- 
land Alaska approximately 100 to 55 Ma (Hillhouse, 1987). 
The southwest end of the peninsula is continuous with the 
present late Cenozoic Aleutian Island Arc. Sedimentary rocks 
exposed on the peninsula range in age from mid-Permian (ex- 
posed only on a small island near Puale Bay, fig. 1) to late 
Tertiary (fig. 2). Most of the Mesozoic sediments were de- 
posited in a volcanic arc or forearc basin setting directly south- 
east (present-day orientation) of the uplifted arc. However, 
Wang and others (1988) interpreted a backarc setting during 
the Upper Triassic. The Tertiary sediments were deposited in 
a volcanic-arc and backarc setting in which Tertiary rocks 
underlie the Bristol Bay Lowlands southwest of Becharof 
Lake (fig. 1) and extend under Bristol Bay to the west. Figure 
2 shows the stratigraphic column for the Alaska Peninsula 
and includes thickness ranges and comments on the general 
lithologies and depositional environments. 

The northeastern part of the Alaska Peninsula is divided 
into two geologic entities by the Bruin Bay Fault, which ex- 
tends from the west side of lower Cook Inlet directly north- 
east of the map area of figure 1 to Becharof Lake on the south- 
west. The northwest side of the fault consists of Early and 
Middle Jurassic granitic rocks of the Alaska-Aleutian Range 
batholith, associated metamorphic rocks, and Tertiary volca- 
nic rocks (Riehle and others, 1989). The southeast side of the 
Bruin Bay Fault consists mostly of Mesozoic clastic sedi- 
mentary rocks that were derived from the Jurassic volcanic 
rocks and the batholithic roots of the uplifted volcanic arc to 
the northwest of the Bruin Bay Fault. Although the present- 
day Bruin Bay Fault is a post-Jurassic feature, it coincided 
with or paralleled a similar fault that was active during Juras- 
sic time. 

The Bruin Bay Fault is covered by alluvium southwest 
of Becharof Lake. Gravity data suggest that this fault extends 
under the Bristol Bay Lowlands to the Port Heiden area (fig. 1) 
(Barnes, 1977). Drill holes indicate that a thick section of 
Tertiary rock underlies the lowlands southwest of Becharof 
Lake. Therefore, the Tertiary movement of this fault or a par- 
alleling fault in this area is opposite (down to the northwest) 
of the movement north of Becharof Lake. 

The cumulative thickness of Mesozoic rocks, which 
constitute most of the bedrock in the northeastern part of the 
Alaska Peninsula, is at least 9,000 m (unpublished data), but 
the average thickness at most localities is much less, owing 
to lateral thickness variations, truncation under Mesozoic and 
Tertiary unconformities, and late Tertiary and Quaternary ero- 
sion (fig. 2). Upper Triassic and Lower Jurassic rocks are 
exposed only on the northeast side of Puale Bay (fig. 1) and 
were deposited along an active volcanic arc. The Jurassic arc 
volcanism peaked in the Early Jurassic and was followed by 
uplift of the volcanic arc, which was the source for Middle 
and Upper Jurassic rocks. The granitic roots of the volcanic 
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arc provided the arkosic debris that characterized Late Juras- Tertiary rocks, which constitute an increasing percent- 
sic sedimentation. Lower Cretaceous rocks are relatively thin, age of outcrops toward the southwestern part of the Alaska 
consisting of shallow marine sandstone and mudstone.After Peninsula, have a maximum thickness of about 5,400 m 
a long hiatus, Late Cretaceous deposition resumed and is rep- (Detterman and others, in press). EarIy Tertiary (ToIstoi For- 
resented by fluvial to deltaic lithic sandstone overlain by a mation) rocks, consisting dominantly of nonmarine sandstone, 
thick section of deep-marine mudstone and lesser amounts of mudstone, conglomerate, and minor coal, unconformably 
turbiditic sandstone. overlie a broadly warped surface of Mesozoic rocks. The 

Figure 2. Stratigraphic column for Alaska Peninsula (modified from Detterman and others, in press). Ss., sandstone; Cgl., conglomerate; 
Slts., silts; Sh., shale; Ls., l imestone.  See figure 1 for local i t ies  men t ioned  in comments. 

0 - 300 Volcaniciastic Cgl, and Ss. Present only on Pacific side of Alaska Pensinsula on and 
adjacent to Unga Island. 
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Meshik volcanic arc (Wilson and others, 1985) was active dur- 
ing late Eocene and Oligocene time and was followed after a 
brief hiatus by the present volcanic arc, which became active 
during the Miocene (Detterman and others, in press). Most post- 
Eocene sedimentary rocks were derived from detritus of these 
volcanic deposits. Late Tertiary deformation resulted in the for- 
mation of large gently to moderately folded structures that gen- 
erally parallel the peninsula. The structural relief from anticli- 
nal axis to synclinal axis is as much as 6,000 m (Burk, 1965). 

Numerous late Miocene and Pliocene igneous intrusions 
(composed of quartz diorite and other granitic rocks), a few of 
which are of small batholith size, as well as late Cenozoic vol- 
canoes associated with the presentday volcanic-arc system, exist 
along the length of the Alaska Peninsula (fig. I). These intru- 
sions locally increased the thermal maturity of adjacent sedi- 
mentary rocks. 

THERMAL-MATURATION PATTERNS 

Most of the outcrop vitrinite-reflectance data are in the 
southwestern part of the Alaska Peninsula between Pavlof 
Bay on the southwest and the Painter Creek well on the north- 
east (drill hole 4, fig. 1). There are no outcrop vitrinite-re- 
flectance data between the Painter Creek well and Hallo Bay 
(fig. I), about 40 km south of the Kamishak Peninsula at the 
northeast end of the Peninsula. However, vitrinite-reflectance 
data from the Wide Bay and Bear Creek wells (drill holes 2 
and 3, respectively, fig. I), as well as Rock-Eva1 pyrolysis 
data from outcrop samples from the Puale Bay area, help in 
evaluating the area between the Painter Creek well and Hallo 
Bay. In addition to the outcrop data, vitrinite-reflectance data 
from 10 onshore wells and one offshore well are plotted on 
depth plots in figures 3 to 5. In both outcrop and well data, 
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the mean vitrinite-reflectance values are used. In general, 
rocks unaffected by igneous intrusions are undermature in 
the northeastern part of the Alaska Peninsula and marginally 
or low-range mature in the southwestern part of the penin- 
sula. This is despite the fact that most of the rocks are younger 
in the southwestern part. Either the geothermal gradient was 
greater to the southwest or these rocks were buried deeper by 
a thicker overlying section of Tertiary rocks that was subse- 
quently eroded. 

In constructing the thermal-maturity map of the Alaska 
Peninsula (fig. I), four maturation ranges are used. These 
ranges are similar to those used in the more general thermal- 
maturity map of Alaska (pl. 1). These are (1) undermature, 
Roc0.6, (2) mature 1 (low-range mature), R0=0.6 to 1.3, (3) 
mature 2 (high-range mature), Ro=1.3 to 2.0, and (4) 
overmature, Ro>2.0 (in plate 1, the overmature range is sepa- 
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rated into two categories-overmature, Ro=2.0 to 3.6, and 
supermature, R0>3 .6.). 

All outcropping sedimentary rocks of the Alaska Pen- 
insula not in the immediate vicinity of intrusive rocks are 
undermature or low-range mature. Because of the small map 
scale, the generalized maturity patterns shown on figure 1 do 
not include the higher maturity halos that are probably present 
around the smaller intrusive bodies. Inferred or measured 
high-maturity halos are shown around the larger intrusions. 
Except for the Kamishak Peninsula area (to be discussed), 
there are no data to substantiate the halo effect because areas 
where the effect may be expected were avoided in the sam- 
pling programs. The halo effect is usually noticed in the field 
by greater induration or hardness of the shales and, in some 
cases, the alteration to hornfels (Detterman and others, 1983). 
Unusually high maturity values in a few areas may be due to 
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McLean (1977). 
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underlying intrusive rocks not exposed at the surface. The 
thermal maturities of areas on the Alaska Peninsula are dis- 
cussed from northeast to southwest as follows. 

Upper Jurassic and Lower Cretaceous rocks in the north- 
western and western parts of the Kamishak Peninsula are in 
the undermature range. However, Eocene rocks on the north- 
east and east side and Upper Cretaceous rocks on the south 
side of the peninsula are overmature (fig. 1).  The high ther- 
mal maturation is due to the large intrusive body shown in 
figure 1. This intrusion is in a highly glaciated area, which 
culminates in Mt. Douglas (a 2,134-m-high volcano). Because 
of the volcanic and glacier cover (not shown in figure l), the 
areal extent of the intrusion is probably much greater than 
shown. The Kamishak Peninsula is the only area where 
vitrinite-reflectance data are available to document the halo 
effect around intrusive bodies. 

Vitrinite-reflectance data are not available in the area 
between Hal10 Bay and the Puale Bay-Becharof Lake area 
(fig. 1). Except for some Cretaceous and Tertiary rocks ex- 
posed along the northern part of the coastline and Middle 
Jurassic rocks along the southern part of the coastline, the 
Upper Jurassic Naknek Formation and late Tertiary and Qua- 
ternary volcanic rocks constitute most of the bedrock in this 
area. Because similar-age sedimentary rocks to the northeast 
and southwest of this area are undermature, the sedimentary 
rocks within the area are also inferred to be undermature, 
except where near an intrusive body. 

Outcrop vitrinite-reflectance data are not available in 
the Puale Bay-Wide Bay area. However, data available from 
two deep drill holes, one on the Bear Creek anticline (drill 
hole 2, fig. 1) and one on the Wide Bay anticline (drill hole 3, 
fig. l), indicate that Middle Jurassic rocks at shallow depths 
in this area are undermature (fig. 3). In addition, Rock-Eva1 
pyrolysis data indicate that Upper Triassic rocks exposed in 
the Puale Bay area are undermature to barely mature (Magoon 
and Anders, 1992; Wang and others, 1988). Inasmuch as these 
are the oldest rocks in the area, it is likely that surface rocks 
in the entire greater Puale Bay area are undermature. Directly 
south of Wide Bay, however, there is a large late Tertiary gra- 
nitic intrusive body that is surrounded by a zone of hornfels 
or overmature sedimentary rocks (Detterman and others, 
1983). In the subsurface, the thermal-maturity values increase 
rapidly with depth in the Wide Bay drill hole, where Lower 
Jurassic and Upper Triassic rocks are in the high to overmature 
range. These high values are undoubtedly due to a nearby 
intrusion at depth because these same rocks at a slightly greater 
depth in the Bear Creek well are at the low range of thermal 
maturity (fig. 3). Similarly, farther southwest in the Koniag 
well (drill hole 5, fig. l), the thermal-maturity values also 

Depth Mean R, (percent) 
(ft) (m) 0.2 0.6 1 2 

4 Figure 5. Vitrinite reflectance (thermal maturity) versus depth 
plots for three wells on or adjacent to the Bristol Bay Lowlands on 
the Alaska Peninsula. Vitrinite-reflectance data for A from McLean 
(1977); B from Alaska Geological Material Center, Eagle River, 
Alaska, and C from Flett (1988). 
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increase rapidly with depth, a condition which is also prob- 
ably due to an intrusive body at depth near the well. 

Large oil seeps occur near the crest of the Ugashik an- 
ticline (near drilI hole 1, fig. I) and on the Bear Creek anti- 
cline (near drill hole 2, fig. 1). These seeps attest to the fact 
that mature source rocks are present at depth, probably Up- 
per Triassic and (or) possibly Middle Jurassic rocks. The oil 
probably migrated to the surface via faults or fractures. 

A few vitrinite-reflectance control points around the 
Painter Creek well (drill hole 4, fig. I )  and the area east of 
Port Heiden indicate that the line separating undermature rocks 
to the north from low-range mature rocks to the south trends 
southwest from the south end of Wide Bay (fig. 1). Even 
though surface rocks are younger on the southwestern part of 
the Alaska Peninsula than on the northeastern part, the nu- 
merous vitrinite-reflectance data indicate that generally the 
thermal-maturation level is higher in the southwestern part 
of the peninsula. Near intrusive rocks, of course, the thermal- 
maturation values are in the high-range mature and overmature 
ranges and a few areas, mostly in younger Tertiary rocks, are 
in the undermature range (many of the latter areas are too 
small to show on figure 1). The high-range mature rocks 
shown a few kilometers inland from Chignik Bay are Middle 
Jurassic rocks (Shelikof Formation) exposed along the crest 
of the Chignik anticline (fig. 1, Chignik anticline not marked). 
Because at least 4,000 m of strata was removed by erosion 
from the crest of the anticline, the high thermal maturation is 
attributed to heating related to burial rather than to the pres- 
ence of a nearby intrusive body. 

The Bristol Bay Lowlands are alluvium-covered, but 
well data indicate that the lowlands are underlain by a fairly 
thick section of middle and late Tertiary rocks (figs. 4, 5). 
Available vitrinite-reflectance data from five of the wells in 
the lowlands show the shallow rocks to be undermature and 
that marginally mature rocks (Ro=0.6) should occur at about 
3,000 m depth (figs. 4 and 5). At the Amoco Cathedral River 
well (drill hole 12, fig. I), which spudded into low-range 
mature rocks of the Upper Jurassic Naknek Formation on the 
north side of the Alaska Peninsula northwest of Pavlof Bay, a 
vitrinite-reflectance value of Ro=l .47 at about 3,350 m was 
reported by Peters (1986, p. 325). The thermal-maturation 
plot of the Arco North Aleutian Shelf COST well (drill hole 
13, fig. 1) is shown in figure 5 for conlparison with the ther- 
mal-maturation data from the wells nearby on the Bristol Bay 
Lowlands. Marginal thermal-maturation (Ro=0.6) occurs at 
about 3,500 m depth in the COST well, which is slightly 
deeper than in the onshore Tertiary test wells. 

PALE0 AND PRESENT-DAY 
GEOTHERMAL GRADIENTS 

Rocks exposed at the surface on the Alaska Peninsula 
are generally in the immature or low range of thermal matu- 
rity (excluding those near intrusions). When considering the 

depth of burial that many of these rocks were subjected to, it 
seems that the paleogeothermal gradient at that time was very 
low. For example, the Triassic rocks exposed at Puale Bay, 
which are immature to barely mature, were buried by at least 
4,000 m of Jurassic rocks plus an unknown amount of now- 
eroded section of Cretaceous and probable early Tertiary 
rocks. In addition, rocks exposed on the flanks of the Chignik 
anticline, representing 4,000 m of Upper Jurassic strata plus 
at least 1,000 m of Cretaceous strata, show a thermal-matu- 
ration range of only about Ro=0.6 to Ro=1.6. Both of these 
examples indicate that the paleogeothermal gradient was very 
low at the time of maximum burial (and presumed maximum 
burial temperature), which was probably between latest Cre- 
taceous and late Eocene time. 

It can be argued that the thick sections discussed above 
were not as thick on top of the Chignik anticline or above the 
oldest strata in the Puale Bay region. Depositional thinning 
over existing structures could have been significant inasmuch 
as the thick sections referred to in both examples are on the 
northwestern flanks of structures, which is the direction of 
depositional thickening. Even with these possibilities, how- 
ever, the case for a low paleogeothermal gradient is good. 

In contrast to the low paleogeothermal gradient indi- 
cated above, the present-day geothermal gradient in the vol- 
canic arc or outcrop part of the Alaska Peninsula as deter- 
mined from bottom-hole temperatures in wells is above the 
norm for sedimentary basins (about 27.3"Ckm or 1.5"F/100 
ft), ranging from 33.7" to 41.9"CIkm (1.85" to 2.3"F/100 ft) 
and averaging about 36.5"CIkm (2"FIlOO ft). One well (drill 
hole 14, fig. I), which had a gradient of at least 60.l0C/km 
(3.3"FIlOO ft), was not used in the averaging because it un- 
doubtedly was drilled in an abnormally hot area. 

The present-day geothermal gradient as indicated by 
wells drilled in the backarc Bristol Bay Lowlands ranges from 
29.2" to 38.3"CIkm (1.6" to 2.loFI100 ft) and averages about 
34.6"CIkm (1.9"F/100 ft), which is only slightly lower than 
that of the volcanic arc part of the Alaska Peninsula. Another 
comparison of paleo- and present-day geothermal gradients 
can be made from well data in the Bristol Bay Lowlands, 
where Tertiary rocks are at or near their maximum burial 
depths. There, the depth to marginally mature rocks (Ro=0.6) 
is about 3,000 m (fig. 4). In contrast, Triassic rocks at Puale 
Bay, which have been buried to depths greater than 4,000 m, 
are only barely mature, indicating that the Mesozoic 
paleogeothermal gradient must have been much lower than 
the present-day geothermal gradient in the Bristol Bay Low- 
lands. 

SUMMARY 

The sedimentary rocks of the Alaska Peninsula consist 
of 6,000 to 9,000 m of Mesozoic volcanic arc and forearc 
basin rocks plus about 5,400 m of Tertiary volcanic arc and 
backarc basin rocks. As much as 6,000 m of these rocks are 
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exposed on  the flanks of some of the large late Tertiary folds. 
Vitrinite-reflectance data from outcrops and wells indicate 
that, except for the thermal effect of nearby intrusive rocks, 
most of  the surface rocks in the northeastern part of the Alaska 
Peninsula are undermature and that most of the surface rocks 
in the southwestern part of  the peninsula are in the low range 
of  maturity. Because the surface rocks in the southwestern 
part are generally younger than those in the northeastern part, 
it seems that either (1) the southwestern part was buried deeper 
by now-eroded younger Tertiary rocks or, (2) more likely, 
there was a higher paleogeothermal gradient in the southwest- 
ern area. 

Because of the relatively small differences in thermal 
maturities from the top to the bottom of  thick sections of ex- 
p o s e d  M e s o z o i c  r o c k s  on  t h e  Alaska  Peninsu la ,  t h e  
paleogeothermal gradient was very low at the time of maxi- 
mum burial (probably between latest Cretaceous and Eocene 
time). In  contrast, the present-day geothermal gradient as in- 
dicated by bottom-hole temperature data from wells is above 
normal, averaging about 36.5"CIkm (2"FIlOO ft). 
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In conjunction with the U.S. Geological Survey's ex- 
ploration program in the National Petroleum Reserve in 
Alaska (NPRA) several high-resolution temperature logs were 
made in each of 21 drillholes between 1977 and 1984. These 
time-series of shallow (average 600 m depth) temperature 
profiles were extrapolated to infinite time to yield equilib- 
rium temperature profiles (39.1 "C). Thermal gradients were 
found to be inversely correlated with elevation and varied 
from 2 2 " C h  in the foothills of the Brooks Range to as high 
as 53"CIkrn on the coastal plain to the north. Shallow tem- 
perature data were supplemented with 24 equilibrium tem- 
peratures (k3 to 5°C) estimated from bottom-hole tempera- 
tures (BHT's) series measured near the bottom of petroleum 
exploration wells at depths ranging from -1 to 6 km. A total 
of 601 thermal conductivity measurements were made on drill 
cuttings and cores. Like the thermal gradients, near-surface 
heat flow (f20 percent) was found to be inversely correlated 
with elevation and ranged from a low of 27 (mW/m2) in the 
foothills of the Brooks Range in the south to a high of 90 
mW/m2 near the north coast of Alaska. Subsurface tempera- 
tures and thermal gradients estimated from corrected BHT's 
were similarly much higher on the Arctic coastal plain than 
in the Brooks Range foothills province to the south. Signifi- 
cant east-west variation in heat flow and subsurface tempera- 
ture was also observed; higher heat flow and temperature 
coincided with higher basement topography. The observed 
thermal pattern was consistent with forced convection by a 
topographically driven ground-water-flow system; alternative 
explanations were largely unsatisfactory. Average ground- 
water velocity (Darcy) in the postulated flow system was es- 
timated to be on the order of 0.1 rnlyr; the effective basin- 
scale permeability parallel to bedding was estimated to be on 
the order of lO-I4 m2. Organic-maturation data collected in 
other studies indicated that systematic variations in thermal 
state may have persisted for tens of millions of years. The 

school of ~ e o l o g ~  and Geophysics, University of Oklahoma, Noman. ground-water-flow system thought to be responsible for present 
OK 73019-0628. 

2U.S. Geological Survey, 2255 North Gemini Dr., Flagstaff, AZ 86001. 
heat-flow variations conceivably has existed for the same pe- 

3U.S. Geological Survey, 345 Middlefield Road, Mail Stop 923, Menlo riod time, possibly providing the driving mechanism for pe- 
Park, CA 94025. troleum migration and accumulation at Prudhoe Bay. 
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INTRODUCTION 

The thermal history of a sedimentary basin is of inter- 
est for several reasons. Nearly all chemical reactions involved 
in the diagenesis of sedimentary rocks are temperature de- 
pendent. For example, the generation of oil and gas from or- 
ganic matter has an exponential dependence on temperature 
(Tissot and others, 1987), and diagenetic processes involving 
the solution, deposition, replacement, recrystallization, and 
cementation of common minerals in sedimentary rocks all 
depend on temperature. The thermal state of the lithosphere 
also determines its flexure and thereby affects the morphol- 
ogy and structural evolution of all sedimentary basins. Thus, 
an understanding of the thermal history of a sedimentary ba- 
sin is essential to obtaining an understanding of the chemical 
and physical evolution of rocks within a basin, as well as the 
development of basin structure and form through time 
(Deming, 1994a). 

The thermal history of a sedimentary basin is described 
by the chronology of thermal parameters such as tempera- 
ture, geothermal gradient, or heat flow. Geothermal gradient 
and heat flow are related through the process of heat conduc- 
tion as described by Fourier's law, 

where q is conductive heat flow, 3L is thermal conductivity, 
and y is the thermal gradient. Fourier's law holds true even in 
the presence of nonconductive heat transport (for example, 
fluid movement), if q is understood to be conductive heat 
flow and not the total energy transport due to all physical 
processes. On a point-wise basis, Fourier's law also holds 
true for rapidly changing thermal fields; steady-state condi- 
tions are not required. 

From equation (1) it follows that the quantity usually 
determined from field measurements of subsurface tempera- 
ture (the geothermal gradient) depends on both heat flow and 
thermal conductivity. However, the thermal conductivity of 
common sedimentary lithologies may easily vary by a factor 
of three; appreciable lateral and vertical variations in thermal 
gradients may simply reflect changes in sedimentary facies 
that are unrelated to heat-transport processes within a basin. 
In contrast, heat flow must be vertically and laterally con- 
tinuous throughout a sedimentary basin, unless there are ap- 
preciable changes in heat sources or sinks or transient distur- 
bances due to factors such as rapid sedimentation or erosion. 
It follows that lateral and vertical variations in heat flow may 
reveal the presence of factors such as variations in the con- 
centration of radioactive heat-generating elements in the crust 
or processes such as heat transport by fluid movement. 

Subsidence on the North Slope of Alaska has long since 
ceased, and the region has undergone a considerable amount 
of erosion and uplift since the time of maximum sediment 
accumulation. The composite structure of the North Slope 
consists of an older sequence of Paleozoic and Mesozoic rocks 

(Ellesmerian sequence) laid down in a passive-margin set- 
ting (-350 to 115 Ma) that is overlain by younger foreland 
basin deposits deposited during the Brookian orogeny (-120 
to 50 Ma). Maximum sediment thickness and burial occurred 
at -75 Ma; erosion has dominated since that time, with the 
total amount of removed section increasing southward from 
the Arctic coastline toward the Brooks Range. Bird (1993) 
estimated the total section removed by erosion in the foot- 
hills of the Brooks Range near the Awuna well to be approxi- 
mately 3 km, decreasing to 300 m at the Inigok well on the 
Arctic coastal plain, with near zero erosion at Prudhoe Bay. 
Thus, most rocks in the foothills province of the North Slope 
were probably exposed to maximum temperatures at -75 Ma, 
and the maturity level of organic material found in these rocks 
is probably indicative of thermal conditions prevailing at that 
time. Consideration of the burial history of the North Slope 
thus suggests that there are two convenient points in time 
from which data may be obtained to constrain the thermal 
history of the basin. The first of these points in time is the 
time of maximum burial and the second is the present day, 
which is the only time at which temperature in the basin can 
be measured directly rather than inferred from paleothermal 
indicators. 

In this paper we present temperature and thermal-con- 
ductivity data from the North Slope and combine these data 
in order to estimate present-day heat flow at 2 1 sites through- 
out the region. Estimation of the present thermal state in the 
North Slope forms a basis for extending the analysis of the 
thermal state into the past; any thermal history that is ulti- 
mately derived must be consistent not only with 
paleotemperatures inferred from geothermometers, such as 
vitrinite reflectance or fluid inclusions, but also the present- 
day thermal state. 

GEOLOGIC SETTING 

In this section we briefly review aspects of North Slope 
geology relevant to our thermal analyses. Summaries of the 
regional geology and physiography of the Alaskan North 
Slope were given by Bird (l987,1988,1991a, b, 1992,1993) 
and in volumes edited by Tailleur and Weimer (1987) and 
Gryc (1988). Bird (1987, p. 121) cited a comprehensive list 
of references. The following discussion is after Bird (1987, 
1991b). 

The North Slope of Alaska lies between the Brooks 
Range to the south and Arctic Ocean coastline to the north 
(fig. 1). Rocks on the North Slope can be divided into two 
main sequences, the (lower) Ellesmerian sequence and (up- 
per) Brookian sequence (fig. 2). From Mississippian to Early 
Cretaceous time, Ellesmerian sediments were derived from a 
northern (in present-day coordinates) source area and depos- 
ited in a passive margin setting. Rifting during Jurassic and 
earliest Cretaceous time created an oceanic basin to the north 
and basement uplift which formed the Barrow Arch (fig. 3). 
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Orogenesis beginning in the Late Jurassic led to deposition 
of the younger Brookian sequence as a thick wedge of clastic 
sediments shed from the ancestral Brooks Range in the south 
and deposited in the adjacent Colville basin to the north. 

In basins with active fluid-flow systems, the topography 
of the sediment-basement contact can influence directions of 
fluid movement and concomitant heat transport (Garven and 
Freeze, 1984). Even though the structural grain of the North 
Slope trends east-west, significant variation of basement topog- 
raphy exists along strike (fig. 4). A thick section of Ellesmerian 
rocks occupies the Ikpikpuk-Umiat basin, essentially forming a 
basin within a basin. The Meade Arch to the west and Fish Creek 
Platform to the east (fig. 4) of this basin are structural highs that 
developed during deposition of the Ellesmerian sequence (Bird, 
1987). 

Because mean annual sea water temperam in the Arctic 
Ocean are about 10°C higher than mean annual air temperalum 
near the coast, a transgressive event can, like a rapid climate change, 
have substantial effects on the thermal regime of boreholes 
(Lachenbruch, 1957). A series of marine transgressions have inun- 
dated the Alaskan north coast during the last 3.5 m.y. (Carter and 
others, 1986). Estimates of maximum landward elevations reached 
by the advancing shoreline during these transgressions range h m  
7 to 60 m above present sea level. Geomorphic analyses of the Alas- 
kan north coast east of Point Barrow (fig. 1) indicate that today the 
Arctic Ocean is again rapidly transgressing onto the land there at 
rates greater than 1 m/yr (Hopkins and Hartz, 1978). 

TEMPERATURE DATA 

SHALLOW TEMPERATURE DATA 

As part of the 1974 to 1982 U.S. Geological Survey 
exploration program in the National Petroleum Reserve in 
Alaska (NPRA), 28 deep (1 to 6 km) wells were drilled. A 
description of the NPRA exploration program along with more 
detailed information on the drilling of individual wells may 
be found in the volume edited by Gryc (1988). Following the 
cessation of drilling, the upper cased parts of 21 of these wells 
were filled with diesel fuel to prevent freezing and to allow 
subsequent reentry for temperature logging. Repeated tem- 
perature measurements were made in these wells from 1977 
to 1984. Details of the measurement procedures and instru- 
mentation were given by Lachenbruch and others (1987, 
1988). Equilibrium temperatures were estimated by extrapo- 
lating the thermal recovery of these boreholes to infinite time 
using a line source model (Bullard, 1947; Lachenbruch and 
Brewer, 1959). We estimate that the accuracy of these equi- 
librium temperature profiles (fig. 5) is +0.l0C. The geother- 
mal gradients shown in figure 5 can be extrapolated to the 
surface to estimate the long-term mean annual surface tem- 
perature. Estimated surface temperatures (S.5"C) range from 
about -12°C on the Alaskan north coast to -6°C at well LBN 
(fig. l), the southernmost well in the foothills of the Brooks 

Figure 1. Location map of North Slope of Alaska showing well locations (modified from Bird, 1987). Cross sections A-A' and B-B' are 
shown in figures 3 and 4, respectively. Dotted lines indicate boundaries of physiographic provinces (Brooks Range, foothills, and coastal 
plain). Well names are given in table 3. 
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Range (Lachenbruch and others, 1987, 1988). Significant 
curvature of the temperature profile in the upper 100 m of 
several of the drillholes is present, although not apparent on 
the scale shown in fig. 5. This curvature is believed to repre- 
sent a climatic warming of 2 to 4°C over the last century 
(Lachenbruch and Marshall, 1986). Average thermal gradi- 
ents (fig. 5) range from 22"Clkm in well LBN to 53°C/km in 
well NKP. Segregation of thermal profiles (fig. 5) illus- 

trates the contrast between lower gradients in the foot- 
hills and higher gradients on the coastal plain. 
Lachenbruch and others (1987, 1988) showed thermal 
profiles from an additional five wells located in the foot- 
hills of the Brooks Range which were not used in this study 
owing to a lack of thermal-conductivity data. These pro- 
files also exhibit much lower thermal gradients than their 
counterparts on the coastal plain. 

CII;ETACEOUS 

Sadlerochit Group 

MISSISSIPPIAN Endicott Group 

MISSISSIPPIAN Basement complex 

Figure 2. Stratigraphic column for North Slope of Alaska (after Bird, 1987). SW, southwest; NE, northeast. 
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DEEP TEMPERATURE DATA 

In addition to continuous, high-precision tempera- 
ture logs measured in the upper sections of NPRA drill 
holes, we also used bottom-hole temperatures (BHT's) 
measured near the bottom of these same holes during geo- 
physical logging (table 1). These temperature data were 
collected and corrected by Blanchard and Tailleur (1982). 
Correction was done by means of a line source model, 
identical to that used to estimate the shallow equilibrium 
temperature profiles. This procedure is commonly known 
as a Horner plot when applied to BHT data. Uncertainties 
and pitfalls involved in working with BHT's were dis- 
cussed by Blanchard and Tailleur (1982); more general- 
ized and comprehensive discussions are given by Luheshi 
(1983), Shen and Beck (1986), and Deming (1989). 

Because detailed records of drilling operations 
were kept for USGS exploration wells, the duration of 
circulation at the bottom of these wells is known. This 
information is required to estimate equilibrium tem- 
peratures but is frequently not available. In other stud- 
ies (Chapman and others, 1984; Deming and Chapman, 

1988), this difficulty was circumvented by assuming a 
standard bottom-hole circulation time of.about 5 hours 
for all wells. Unfortunately, perhaps because of exten- 
sive coring operations, many of the circulation peri- 
ods for NPRA wells were quite lengthy, with some 
periods in the hundreds of hours. Because the line 
source model is unreliable until a well has been shut 
in for a period of time at least as long as the original 
circulation period (Lachenbruch and Brewer, 1959; 
Shen and Beck, 1986), we used only data from wells 
that had two or more BHT's satisfying this condition. 
We estimate that the average uncertainty of these equi- 
librium temperatures was about +3"C, although large 
errors may have been possible in individual cases. To 
obtain additional control over deep temperature in the 
foothills of the Brooks Range, the temperature data of 
Blanchard and Tailleur (1982) were supplemented by 
BHT's from well EKU, located just to the east of the 
NPRA (fig. 1). Two BHT's of 67 and 69"C, measured 
at shut in times of 6 and 9 hours, respectively, were 
used to estimate an equilibrium temperature of 75 
(+5)"C by assuming a circulation time of 5 hours. 

BROOKS 
RANGE 

+ 4- FOOTHILLS COASTAL PLAIN 

Figure 3. North-south cross section A-A' shown on figure 1 (after Bird, 1991 b). Borehole locations are projected onto cross section; thus, 
actual depth to formation tops in individual wells may differ from position of formation boundaries shown on cross section. Lithologic units 
are those shown on figure 2; well names are given in table 3. 
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THERMAL CONDUCTIVITY DATA 

LABORATORY MEASUREMENTS 

Measurements were made on drill chips and cores ob- 
tained from NPRA wells shown in figure 1. Of the 601 total 
measurements, 434 were made on drill chips using the cell 
method of Sass and others (1971), 100 were made on core 
samples using needle probes (Sass, Kennelly, and others, 
1984), and 67 were made on core samples using a divided- 
bar apparatus (Sass, Stone, and Munroe, 1984). All measure- 
ments were made at 25°C. Measurements on drill chips yield 
estimates of the solid matrix component of a porous rock. To 
allow meaningful comparisons, divided-bar and needle-probe 
measurements on water-saturated core samples were con- 
verted to matrix conductivities using a geometric-mean model. 
Measurements are summarized in table 2. 

Average anisotropies (a) (table 2) were estimated from 
54 paired needle-probe measurements as: 

where 3L is the thennal conductivity parallel to bedding, and 
hz is theynferred conductivity perpendicular to bedding. The 

inferred conductivity perpendicular to bedding (Az) was cal- 
culated according to Grubbe and others (1983): 

where hxy is measured by inserting a needle probe so that the 
long axis of the probe is perpendicular to bedding, and hVz is 
measured by inserting a needle probe into the side of a core 
with the long axis parallel to bedding. 

IN SITU ESTIMATES 

METHOD A 

In 16 instances we had both equilibrium-temperature 
logs and thermal-conductivity measurements (almost entirely 
on drill chips) made over the same depth intervals from the 
same wells. In these cases we estimated in situ thermal con- 
ductivity in the following manner. Laboratory measurements 
were corrected for anisotropy, and in situ conductivity was 
calculated for each sample interval (typically about 10 m) 
using a geometric-mean model (see more recent work by 
Deming, 1994b). Anisotropy corrections were done by as- 

Figure 4. East-west cross section B-B' shown on figure 1 (after Molenaar and others, 1986). Lithologic units are those shown on figure 2; 
well names are given in table 3. 
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suming that one-third of the matrix grains in cell holders were 
oriented in a direction perpendicular to original bedding (AZ) 
and that two-thirds were oriented in directions parallel to the 
original bedding (Xw). The vertical matrix conductivity was 
then estimated using a geometric-mean model; for example 

where ha is the matrix conductivity of the entire aggregate in 
the cell holder, and a is the average formation anisotropy (table 
2). Anisotropy values determined from needle-probe measure- 
ments were found to be inversely correlated with conductiv- 
ity; thus, no anisotropy corrections were applied to samples 
with matrix conductivities greater than 3.0 (W1m.K). No tem- 
perature corrections were applied to the inferred matrix con- 
ductivities (table 2). 

Rock pores in the upper few hundred meters of NPRA 
wells may be saturated with either water or ice, depending on 
the temperature and freezing point of the pore fluid. In cer- 
tain instances, it is possible to determine the location of the 
icelwater interface from a series of temperature logs made at 

different times (Lachenbruch and others, 1982). This is pos- 
sible because of a lag in the return to thermal equilibrium 
associated with the latent heat of water. For most of the NPRA 
boreholes in this study, however, the icelwater interface could 
not be defined precisely. Therefore, we applied the following 
conservative assumptions in all cases: (1) All intervals with 
equilibrium temperatures colder than -5°C were assumed to 
be saturated with ice, and (2) intervals with equilibrium tem- 
peratures greater than 0°C were assumed to be water satu- 
rated. Intervals with equilibrium temperatures in the range -5 
to O'C were omitted from heat-flow calculations. We used a 
value of 2.28 WlmK for the thermal conductivity of ice 
(Kappelmeyer and Haenel, 1974, p. 222) and calculated the 
thermal conductivity of water (about 0.6 WlmK) as a func- 
tion of temperature (Touloukian and others, 1970). We used 
an average porosity of 20 percent for the upper part (c1 km 
depth) of all NPRA boreholes; this average value was esti- 
mated from available density and neutron logs. Our estimate 
of an average porosity is poorly constrained, but considering 
other uncertainties (see below), further refinement of this 
simple assumption is probably not warranted. 

Temperature (OC) 

Figure 5. Equilibrium-temperature profiles (after Lachenbruch and others, 1988). Numbers in parentheses indicate offsets of temperature 
profiles from origin in degrees Celsius. Well locations are shown on figure 1; well names are given in table 3. 



28 THERMAL EVOLUTION OF SEDIMENTARY BASINS IN ALASKA 

Table 1. Bottom-hole temperature data. 
[See table 3 and figure 1 for well names and locations. Leaders (- - -), not determined] 

Well B H T ~  Depth Interval Thermal 
designation 'C (m) depth gradient 

(m) ('Clkm) 

AT1 84 2,469 652-2,469 39.3 

CH A 79 2,384 0-2,383 38.2 

DRP 54 1,805 --- --- 
77 2,300 639-2,300 38.0 

EKU 752 3,157 0-3,157 26.3 

ES 1 89 2,359 581-2,359 45.3 

ES2 84 2,274 0-2,274 42.2 

ETK 141 3,234 725-3,234 48.3 

FCK 96 2,749 0-2,749 39.3 

IKP 142 4,316 61@4,316 36.3 

IN1 74 2,518 0-2,518 33.4 

JWD 85 2,341 --- .-- 

102 2,838 --- .-- 

108 2,856 483-2,856 43.1 

KAG 127 3,822 541-3,822 36.1 

KOL 62 1,775 226- 1,775 41.3 

LBN 57 2,43 1 525-2,43 1 27.3 

NIN 106 2,569 --- .-- 

124 3,085 615-3,085 45.5 

NKP I02 2,240 661-2,240 51.2 

PEA 110 3,115 583-3,115 40.1 

SME 145 3,031 542-3,031 52.1 

WAL 4 1 1,326 0-1,326 40.0 

WTF 96 2,749 0-2,749 39.3 

Estimated bottom-hole equilibrium temperature from Blanchard and Tailleur 
(1982); EKU excepted. 

'~stimated using assumed circulation time of 5 hours 

METHOD B 

For 5 of the 2 1 NPRA wells listed in table 2 (ES 1, KOL, 
KUY, NIN, and TUL), we had shallow and continuous esti- 
mates of equilibrium temperature (fig. 5) but no thermal con- 
ductivity data. In these cases, we estimated in situ thermal 
conductivity from averages for geologic units (table 2), while 
correcting for estimated porosity as in method (A) above. 

RESULTS 

Taken as a whole, the North Slope sequence tends to be 
shale rich, and therefore the average thermal conductivity is 

fairly low and anisotropic. Brookian sequence units (Colville 
Group, Nanushuk Group, and Torok Formation), which make 
up the upper part of the North Slope sequence, tend to have 
low thermal conductivities. A typical in situ thermal-conduc- 
tivity value for the Torok Formation (which constitutes a large 
part of the North Slope sequence) is 1.7 W1m.K. Ellesmerian 
sequence rocks have somewhat higher thermal conductivi- 
ties, but the average matrix conductivities given in table 2 
are lowered by both temperature effects and porosity. The 
average matrix conductivity (25°C) of the Lisburne Group is 
3.7 WImK, but a typical in situ estimate is about 2.9 WImK, 
which is 22 percent lower. The average matrix conductivity 
(25°C) of the Sag River Sandstone is relatively high (4.1 WI 
mK), but this unit is too thin (fig. 4) to appreciably affect the 
net themial resistance of the basin. 

ERROR ANALYSIS 

Sources of error are varied, both for the measurement 
of thermal-conductivity values in the laboratory and the esti- 
mation of in situ thermal-conductivity values (see discussions 
in Deming and Chapman, 1988; Blackwell and Steele, 1989; 
Sass and others, 1992). The inherent accuracy of measuring 
devices (divided bar or needle probe) is usually about +5 to 
10 percent. Removal of rocks from in situ conditions may 
change their thermal conductivities, although laboratory 
samples are usually saturated with water prior to measure- 
ment. In the case of measurements on drill chips, sample bias 
can be a potentially serious problem, and data reduction re- 
lies on an interpretive model (such as a geometric-mean 
model) to account for the contribution of pore fluid and as- 
sumptions regarding porosity and anisotropy of the intact rock. 
These factors may introduce errors o f f  10 to 15 percent. Fol- 
lowing the determination of laboratory thermal-conductivity 
values, corrections may subsequently be required for the es- 
timation of in situ temperature and porosity. Thus, estimation 
of in situ values from laboratory measurements is likely to 
introduce additional uncertainties. However, these factors are 
mitigated by redundancy in the data that averages and thus 
reduces random errors. As a general rule of thumb, a practi- 
cal upper limit to the best accuracy that can be obtained for 
divided-bar or needle-probe measurements on core samples 
is about +lo percent; in exceptional circumstances, this may 
be +5 percent. For drill chips, the best accuracy that can be 
achieved is about k10 to 15 percent (Deming, Nunn, Jones, 
and Chapman, 1990). 

In this study, we have many drill chip samples for the 
upper parts of 15 of 21 NPRA wells, but our estimates of in 
situ thermal conductivity (method A) are largely dependent 
on our assumptions regarding in situ porosity (20 percent) 
and anisotropy (1.2). The maximum error that these assump- 
tions are likely to introduce is probably about f20  percent. 
For example, if we consider a matrix conductivity of 2.0 WI 



HEAT FLOW AND SUBSURFACE TEMPERATURE, NORTH SLOPE OF ALASKA 

Table 2. Thermal conductivity data. 
[See figure 2 for unit descriptions. Leaders (- - -), not determined] 

Geologic Measurement NL Matrix Standard Standard N6 Anisotropy (a) 
unit type' conductivity3 deviation4 error5 "xynz 

(Wlm-K) (Wlm-K) (Wlm-K) 

Colville Gp. C 113 2.31 1.04 0.10 .-- (1.217 

Nanushuk Gp.  C 245 1.71 1 .OO --- ... --- 
N 10 2.22 0.65 --- --- -.- 

D 8 2.84 0.75 -.. --. --- 
Average 263 1.75 0.99 0.06 4 1.2 

Torok Frn. C 76 1.67 0.13 --- --- -.. 

N 30 1.82 0.47 -.. --- --- 
D 24 2.33 0.83 --- ... --- 

Average 130 1.80 0.54 0.05 17 1.6 

Pebble Shale N 21 1.69 0.70 -.- --. --- 
Unit 

D 2 1.15 0.03 -.. --- ..- 

Average 23 1.62 0.70 0.15 12 1.6 

Kuparuk Fm. N 1 2.50 --- --- 1 1.3 

EClngak Sh .  N 11 2.10 1.14 --- --- --- 
D 5 2.35 1.32 -.- --- --- 

Average 16 2.17 1.17 0.29 4 1.5 

Sag River Ss. N 2 4.47 0.01 --- ... --- 
D 3 3.93 0.64 --- ..- -.. 

Average 5 4.13 0.52 0.23 1 1.1 

Shublik Fm. N 4 2.49 0.29 --- ... --- 
D 3 2.79 0.16 --- -.. --- 

Average 7 2.61 0.27 0.10 2 1.3 

Sadlerochit Gp. N 12 2.43 0.80 -.- --- ... 

D 6 5.15 0.49 -.. ... --- 
Average 18 2.95 1.44 0.34 6 1.6 

h s b u r n e  Gp.  N 3 2.73 0.72 -.. ... --- 
D 11 4.11 1.63 -.. .-- --- 

Average 14 3.71 1.65 0.44 2 1.3 

Endicott Gp. N 1 2.87 --- -.. ..- --- 
D 2 6.43 0.48 -.. ... --- 

Average 3 4.55 2.09 1.21 1 1.1 

Argillite N 5 2.67 0.74 --- --- --. 

(basement rocks) D 3 2.84 0.76 -.. .-- ---  
Average 8 2.73 0.70 0.25 4 1.2 

8 2.73 0.70 0.25 4 1.2 

IC,  chipsldivided bar; N, corelneedle probe; D, coreldivided bar. 
 u umber of thermal conductivity measurements. 
3~armonic  mean perpendicular to bedding, 25'C, equal sample weighting. 
4~tandard Deviation from the arithmetic mean. 
'standard Error of the arithmetic mean. 
6 ~ u m b e r  of paired needle-probe measurements used to estimate anisotropy. 
7~s sumed  value used in heat-flow calculations. 

mK, then the estimated conductivity does not vary by more estimate that the average error of in situ thermal-conductiv- 
than 220 percent, if a porosity between 10 percent and 30 ity estimates made by method (A) is about f 2 0  percent. 
percent and an anisotropy factor (a)  between 1.0 and 1.4 are In the case of method (B), which relies on thennal-con- 
used. Conversely, consideration of the many other factors ductivity averages for geologic units, the accuracy of our in 
listed above suggests that it is prudent to consider that the situ estimates is limited mainly by poor sampling. Without 
probable error is no smaller than f20  percent. Therefore, we representative samples from several boreholes, it is not pos- 
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sible to know how thermal conductivity within geologic units 
varies laterally, and thus we lack a definitive basis for esti- 
mating uncertainties. Conversely, if we had a representative 
data base, uncertainties due to undersampling would not ex- 
ist. Additional uncertainties introduced by assumptions re- 
garding porosity are not a large concern, but sample bias is. 
Most of the cores available for thermal-conductivity mea- 
surements were cut from potential petroleum-reservoir units 
and thus are likely to be more biased towards sandy intervals 
with higher thermal conductivities than would shale-rich units. 
Consideration of these factors suggests that estimates of in 
situ thermal conductivities based on averages for geologic 
units (method (B)) are probably accurate to within about k30 
percent. This is approximately the degree to which thermal 
conductivity varies within homogeneous lithologies collected 
from diverse sample sites (Roy and others, 1981). 

HEAT FLOW 

METHODOLOGY 

For each of the 21 wells in which an equilibrium tem- 
perature profile was obtained (fig. 5), a corresponding heat- 
flow estimate was made. For 16 of these 21 wells, we had 
thermal-conductivity data (mostly from drill chips) from the 
same well. In these 16 wells heat flow was estimated by the 
interval method. Equilibrium temperature gradients (fig. 5) 
were multiplied by in situ thermal conductivities estimated 
by method (A); interval length was determined by the length 
of thermal conductivity sample intervals (typically about 10 
m). From the interval heat flows a mean heat flow and stan- 
dard error of the mean were derived. For the 5 wells with 
equilibrium-temperature logs but no thermal-conductivity 
data, we calculated heat flow by multiplying the average ther- 
mal gradient by an average in situ thermal-conductivity de- 
rived using method (B). Heat-flow estimates are summarized 
in table 3. 

RESULTS 

Heat-flow values and contours are shown in figure 6. 
Contour lines were calculated by a commercial contouring 
package (Dynamic Graphics Inc., 1988) and are based on 
averages derived from an inverse distance weighting proce- 
dure smoothed by cubic splines. The contour lines thus rep- 
resent simple interpolations and extrapolations of the heat- 
flow estimates and have no special physical significance. 

Estimated heat flow varies from a low of 27f6 mWlm2 
at well LBN in the foothills of the Brooks Range (fig. 1) to a 
high of 90f19 mW/m2 at well AT1 on the Arctic coast. Heat- 
flow estimates made in earlier USGS studies at Cape Thomp- 
son (59+9 mW/m2) and Prudhoe Bay (54f 8 mW/m2) are also 

shown in figure 6A(Lachenbruch and others, 1966, 1982). 
Mean heat flow for all 21 wells (Prudhoe Bay and Cape Th- 
ompson excepted) is 60 mW/m2. The mean heat-flow values 
for Prudhoe Bay, Cape Thompson, and the NPRA are typical 
of those found in post-Precambrian cratonic settings (Pol- 
lack and Chapman, 1977; Vitorello and Pollack, 1980; Pol- 
lack and others, 1993). 

The heat-flow estimates (fig. 6) show a striking pattern 
of low heat flow in the foothills of the Brooks Range that 
increases to the north. Thus, the variation in thermal gradi- 
ents noted by Lachenbruch and others (1987, 1988) cannot 
be ascribed to simple variations in thermal conductivity in 
the upper few hundred meters of boreholes. The observed 
variation in heat flow across the North Slope represents a 
true, fundamental change in the thermal state of the region. 
In addition to the heat-flow increase that occurs from south 
to north over about 300 km, there is a secondary trend with a 
shorter wavelength of about 50 km in a direction perpendicu- 
lar to the main trend. Heat flow in the Ikpikpuk-Umiat basin 
(fig. 4) is much lower than heat flow over the basement highs 
(Meade Arch and Fish Creek Platform) to the east and west. 
Thus both trends in heat flow (north-south and east-west) are 
inversely correlated with depth to basement. 

ERROR ANALYSIS 

In consideration of the low error (+0.l0C) estimated 
for equilibrium-temperature logs (fig. 5), the likely error in 
thermal gradients is negligible in comparison to the likely 
error in estimated in situ thermal conductivities. For 15 of 
the heat-flow estimates derived from thennal conductivities 
calculated by method (A) (drill chips corrected for porosity 
and anisotropy), we estimate that the heat-flow error 

where o, is the estimated error introduced by uncertainty in 
thermal conductivity (f 20 percent) and 4 is the standard er- 
ror of the mean interval heat flow (table 3). The above ex- 
pression is the propagation of variance for uncorrelated ran- 
dom variables (Ross, 1988, p. 276). In most cases, the standard 
error of the mean (os) is significantly less than 20 percent, 
and typical uncertainties (oq) are about f 2 1 to f 22 percent. 

For the 5 heat-flow estimates derived from thermal con- 
ductivities estimated by method (B) (formation averages), we 
estimate that the uncertainty is about f 3 0  percent. This fol- 
lows from an expectation that the likely error in thermal con- 
ductivity is much greater than the likely error in temperature 
gradients. Heat-flow values and estimated accuracies are sum- 
marized in table 3. Error estimates listed in table 3 are con- 
servative estimates of accuracy; in many instances actual er- 
rors may be smaller. 

In some cases, there are apparent inconsistencies in the 
interval heat flows. For example, in the case of well JWD 
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Table 3. Heat-flow estimates and well locations. 
[See figure 1 for well locations. Leaders (- - -), not determined] 

Well Well name Latitude Longitude Interval Pore Thermal Thermal N~ Heat Row3 and 
designation ( O N )  ("w depth content gradient conductlvityl estimated 

(m) ('Ckm) (Wlm-K) accuracy 

AT1 Atigaru 70.56 151.72 155-247 ice 24.45 3.30 3 
384-622 water 51.13 1.72 7 9 0 f  19 

AWU Awuna 69.15 158.02 739-748 water 22.61 1.67 1 38 +I1 

DRP Drew Point 70.88 153.90 116-198 ice 31.81 2.48 4 
299-628 water 39.02 1.49 14 61 +12 

ESI E. Simpson # l  70.92 154.62 100-581 --- 34.23 (1 .49 )~  --- 51 f 15 

ETK E. Teshekpuk 70.57 152.94 274-701 water 42.62 1.40 16 62 f 13 

FCK W.FishCreek 70.33 152.06 100-149 ice 43.22 2.58 3 
268-693 water 37.09 1.70 20 69 214 

IKP Ikpikpuk 70.46 154.33 116-143 ice 33.82 1.76 2 
348-599 water 28.19 1.07 9 38 f 10 

JWD J. W. Dalton 70.92 153.14 113-269 ice 22.30 2.57 8 
406-470 water 47.03 2.54 3 80 f19  

K AG Kugma 70.59 158.66 107-143 ice 41.78 2.02 2 
280-536 water 33.01 1.63 13 60 +13 

KOL Koluktak 69.75 154.61 100-226 --- 30.60 (1 .85 )~  .-- 57 f17  

KUY Kuyanak 70.93 156.06 100-857 --- 38.94 (1 .65 )~  --. 64 +19 

LBN Lisburne 68.48 155.69 275-522 water 21.27 1.38 2 1 27 *6 

NIN N. Inigok 70.26 152.77 100-615 --- 37.68 (1 .77)~ .-- 67 +20 

NKP N.  Kalikpik 70.51 152.37 264-639 water 46.55 1.47 15 69 +14 

PEA Peard Bay 70.72 159.00 129-138 ice 32.28 1.91 1 
302-568 water 30.89 1.43 15 47 f 10 

SBE Seabee 69.38 152.18 302-384 water 18.15 2.62 5 49+11 

SME S. Meade 70.61 156.89 188-535 water 44.01 1.89 24 87 +18 

SOH S. Harrison Bay 70.42 151.73 146-238 ice 32.53 2.68 8 83 f17  

TLK Tunalik 70.21 161.07 276-523 water 37.33 0.75 12 34 +8 

TUL Tulageak 71.19 155.73 100-732 --- 41.95 (1 .66)~ --. 69 f21 

WDS W. Dease 71.16 155.63 95-169 ice 40.70 1.91 4 
287-734 water 43.86 1.35 28 61 f 12 

Estimated in situ harmonic mean. 
 umber of thermal conductivity measurements. 
3 ~ e a n  interval heat flow. 
4~alculated from formation averages, table 1. 

(fig. I), the average thermal gradient in the lower, water-satu- tually the same (table 3). At the present time, we have insuf- 
rated region of the borehole (47"CIkm) is more than twice ficient data to determine if these inconsistencies lie within 
the thermal gradient in the permafrost (22"Ckm), yet the es- the scatter of the thermal-conductivity estimates or are indi- 
timated in situ thermal conductivity for both intervals is vir- cations of unrecognized physical processes. 
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SUBSURFACE TEMPERATURE 

Subsurface temperature was estimated from BHT data 
and ground-surface temperature (Lachenbruch and others, 
1987,1988) using an average-gradient model and the method 
of variable bias. This method is described by Deming, Hanor, 
and Nunn (1990) but simply involves determining average 
geothermal gradients from weighted least-squares regressions 
on BHT data. Subsurface-temperature estimates were made 
along two cross sections (see fig. 1 for location)-north-south 
cross section A-A' (fig. 7B) and east-west cross section B-B' 
(fig. 8B). 

A large change in thermal gradients and temperature 
occurs from south to north across the North Slope (fig. 7B). 
At a depth of 3 km, the maximum temperature difference is 
64°C. This is an order of magnitude larger than the estimated 
amount of noise (f3"C) in the BHT data. Although derived 
from independent data sets, both estimated temperature (fig. 
7B) and heat flow (fig. 7A) indicate that the North Slope is 
relatively cold in the south, with much warmer conditions 
existing in the north. There is also a noticeable tendency for 
isotherms to be pulled up in the vicinity of basement highs, 
as would be expected if ground water were being forced up 
by the structure of the basin. This pulling up of isotherms is 
particularly apparent in figure 8B, which shows that tempera- 
ture over the Meade Arch and Fish Creek Platform is about 
40°C higher than temperature at the same depth in the 

Ikpikpuk-Umiat basin. Heat flow (fig. 8A) shows a similar 
pattern. These observations are consistent with the thermal 
pattern predicted from modeling studies of topographically 
driven ground-water flow in sedimentary basins (Domenico 
and Palciauskas, 1973; Smith and Chapman, 1983; Woodbury 
and Smith, 1985; Deming and Nunn, 1991; Deming, 1993). 

INTERPRETATION OF THERMAL DATA 

CONDUCTIVE HYPOTHESES 

Variations in the concentration of radioactive heat-pro- 
ducing elements can lead to significant differences in crustal 
heat flow, but this is not a likely explanation for the heat- 
flow pattern shown in figure 6. Assuming an average differ- 
ence in heat production of 2 C1W/m3 between the southern 
and northern ends of the North Slope, a layer of radioactively 
enriched crustal rocks 30 km thick is necessary to explain the 
observed 60 mW/m2 variation in heat flow from the foothills 
of the Brooks Range to the Arctic coastal plain (figure 6A). 

High heat flow on the Alaskan north coast cannot be a 
thermal remnant of Late Jurassic to Early Cretaceous rifting 
(about 140 Ma). Over this time span the thermal anomaly 
related to lithospheric thinning should have decayed to some 

Figure 6. Heat flow (mW/mz) estimated from equjhbrium-temperature logs and thermal-conductivity measurements. Estimated error in 
most cases is about f20 percent. 
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small fraction of its initial magnitude (McKenzie, 1978). Simi- 
larly, low heat flow over the Colville trough to the south can- 
not be due to sedimentation, as most sediment was deposited 
more than 50 m.y. ago (Bird, 1991b). If h km of sediment 
were deposited instantaneously t m.y. ago, the present heat- 
flow anomaly (Aqlq ) can be determined by 

where erfis the error function, h is 7 km, the thermal diffusivity 
(a) is 32 km2/m.y., and t is 50 m.y., yielding a heat-flow 
anomaly of -0.10. Because the present-day heat flow increases 
by as much as 300 percent from the foothills of the Brooks 

Range to the Arctic coastal plain, sedimentation alone cannot 
explain the observed pattern. 

The higher temperatures inferred over basement arches 
are not related to the refraction of heat into more conductive 
rocks of the basement (for example, fig. 8B) because the angles 
involved are much too small (note vertical exaggeration of 
fig. 8B) for appreciable heat refraction (Lachenbruch and 
Marshall, 1966) and because thermal conductivity measure- 
ments (table 2) show that the argillite that composes the bulk 
of the upper part of the basement is no more conductive than 
overlying Ellesmerian sequence rocks. 

The overall trend in the North Slope of low heat flow 
in the south and higher heat flow in the north (fig. 6) could be 

ETK DRP 

IKP 

Figure 7. Estimates of heat flow (mW/mz) (A )  and subsurface temperature in degrees Celsius (B) along north-south cross section A-A' (figs. 1 
and 3). B also shows borehole locations and corrected bottom-hole temperatures (BHT's) projected onto cross section. 
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due to a deep-seated change in heat flow at the base of the 
crust, resulting from some unknown mechanism. However, 
the rapid east-west variation in heat flow (figs. 6,8A) is prob- 
ably incompatible with such a source. 

Hypotheses involving thermal perturbations related to 
the migration of lakes on the coastal plain have been consid- 
ered and dismissed by Lachenbruch and others (1987,1988). 
Several of the wells such as JWD and AT1 are located on- 
shore within a few hundred meters of the sea coast (fig. I), 
but the shoreline transgression is so rapid in these areas 
(Hopkins and Hartz, 1978) that effects on our borehole tem- 
perature profiles are negligible, owing to the relatively slow 

speed with which heat diffuses through rock by conduction 
(Lachenbruch, 1957; Lachenbruch and others, 1987, 1988). 
Some of the coastal sites might have been inundated during 
higher sea level stands associated with interglacial periods, 
and it is conceivable that subsequent regressions of the sea 
cooled the emerging land surface and thus temporarily in- 
creased the near-surface heat flow. However, the last trans- 
gression probably occurred 30,000 to 100,000 years ago 
(Carter and others, 1986), and the magnitude of any pertur- 
bations to the near-surface heat flow is small compared to the 
magnitude of the observed spatial variations in heat flow. For 
example, assuming an instantaneous regression with 10°C 

H.F. Contour Map 

NKP 
KAG 

L 

IKP 

Figure 
and 4). 

,8. Estimates of heat flow (mW/mz) (A) and subsurface temperature in degrees Celsius (B) along east-west cross section B-B' (figs. 1 
B also shows borehole locations and corrected bottom-hole temperatures (BHT's) projected onto cross section. 
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cooling of the ground surface 30,000 years before the present, 
the maximum possible perturbation to the thermal gradient 
in the top 1,000 m of our boreholes is about 6"CIkm. The 
likely perturbation is probably much smaller, considering that 
the ground surface has been alternately cooled and warmed 
by at least two transgressions and regressions of the sea over 
the last 130,000 years (Carter and others, 1986). 

GROUND-WATER FLOW 

Average heat flow on the North Slope (60 mW/mz) is 
approximately equal to the apparent background heat flow 
(50 to 60 mW/m2), as determined on the periphery of the re- 
gion at areas such as Prudhoe Bay and Cape Thompson 
(Lachenbruch and others, 1966,1982). When this coincidence 
is considered in conjunction with the distribution of low heat 
flow in areas of high elevation and high heat flow in areas of 
low elevation, it is strongly suggestive of forced convection 
by gravity-driven ground-water flow (see, for example, mod- 
eling studies such as that by Smith and Chapman, 1983). 

Any hydrologic interpretation, however, must take into 
account the presence of relatively thick (average 300 m), 
largely continuous permafrost on the North Slope, which 
would tend to obstruct both inflow and outflow of a hypo- 
thetical circulation system. Thawed areas that bridge the per- 
mafrost (taliks) or open fractures must be postulated to ac- 
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commodate an active flow system. In all physiographic prov- 
inces, taliks may exist underneath large bodies of water, in- 
cluding large, deep lakes and major rivers. Numerous lakes 
with depths in the range of 6 to 21 m are found on the coastal 
plain, including Lake Teshekpuk (fig. I), which covers an 
area of 815 km2 (Sloan, 1987). Borehole and probe data, along 
with seismic studies, indicate that offshore the north coast of 
Alaska the distribution of ice-bonded permafrost underneath 
the sea is patchy and irregular (Sellman and Hopkins, 1984). 
Thus, ground-water discharge may occur underneath large, 
deep lakes on the coastal plain or underneath the sea. The 
bulk of the ground water recharge probably takes place in the 
Brooks Range, where rugged topography and locally thick 
snow cover in winter months provide insulation from cold 
air temperatures, retarding and limiting subsurface freezing. 
The same snow cover provides abundant meltwater in spring 
and summer months, with recharge facilitated by permeable, 
coarse-grained glacial outwash sediments in mountain val- 
leys or by fractured and cavernous carbonate rocks (Hopkins 
and others, 1955; Williams and Everdingen, 1973; Sloan, 
1987). The presence of more than 50 springs throughout the 
Brooks Range apparently constitutes conclusive evidence of 
ground-water infiltration and active subterranean ground- 
water flow. Most of these springs are found in the Brooks 
Range and its foothills to the east of the NPRA and typically 
issue from (1) fault zones where the limestone of the Lisburne 
Group comes into contact with other rocks or (2) solution- 

COASTAL PLAIN 

- 
KILOMETERS 

Figure 9. Conceptual model of regional ground-water flow for the North Slope of Alaska. 



36 THERMAL EVOLUTION OF SEDIMENTARY BASINS IN ALASKA 

enlarged fractures in the Lisburne Group (Williams and 
Everdingen, 1973; Sloan, 1987). Fractured carbonates appar- 
ently are important aquifers for ground-water recharge, trans- 
mission, and discharge (Sloan, 1987, p. 246). 

A conceptual model (fig. 9) illustrates how moving 
ground water could redistribute heat throughout the North 
Slope. Cold water enters at high elevations in the Brooks 
Range and is diverted to the north laterally through a struc- 
turally disturbed region in the direction of decreasing hydrau- 
lic head. As water percolates downward through the south 
half of the basin, its temperature increases as it absorbs heat 
that would otherwise warm the sediments, thereby decreas- 
ing the thermal gradient. Ground water preferentially follows 
the path of least resistance (highest permeability), and the 
locus of ground-water migration probably is one or more 
potential aquifers in Ellesmerian sequence rocks, which sub- 
sequently channel and focus flow through the north half of 
the North Slope. Potential aquifers include the Sadlerochit 
Group (sandstone), Lisburne Group (limestone and dolomite), 
and Endicott Group (sandstone). The upward flow of heated 
water along these aquifers leads to elevated temperatures and 
heat flow across the north half of the North Slope. Eventual 
discharge occurs underneath large, deep lakes on the coastal 
plain or, more likely, underneath the sea. 

Additional insight into hypothetical ground-water flow 
paths can be obtained from inspection of superimposed heat- 
flow and structure-contour maps of the basement rocks (fig. 
IOA), as well as maps of the Lisburne (fig. 10B) and the 
Sadlerochit Groups (fig. 10C). Shallow heat-flow contours 
generally mimic basement contours (fig. 10A); lower heat flow 
correlates with increased depth to basement. However, heat 
flow is not controlled by basin structure alone, as might be 
expected for ground-water flow through a basin of homoge- 
neous permeability. Wells TUL, WDS, and KUY on the Bar- 
row Arch (fig. 6) occupy the structurally most elevated part 
of the North Slope but have modest heat flows in the range of 
61 to 69 mW/m2. Wells along the coast to the east (notably 
JWD and ATI, fig. 6) have higher heat flows (80 and 90 mW/ 
m2), although depth to basement is twice as great as in the 
Barrow area. This is consistent with the idea of ground-water 
flow being concentrated in Lisburne Group limestone, be- 
cause this group is absent in the Barrow area (fig. 10B). 
Lisburne Group limestone is also the source of springs in the 
Brooks Range to the east of the NPRA (Williams and 
Everdingen, 1973; Sloan, 1987). Ground-water flow through 
the Lisburne Group alone, however, is insufficient to explain 
the high heat flow at well SME (87 mW/mz, fig. 6) because 
the Lisburne is absent at well SME. There must also be a 

Figure 10. Heat flow (mWlm2) (heavy solid lines, dashed where 
inferred) and structure-contour maps (light dashed lines) showing 
depth in feet (1 ft=0.3048 m) to top of basement rocks (A), Lisburne 
Group (B), and Sadlerochit Group (C). Structure contours are after 
Bird (1988). 
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significant component of flow through Sadlerochit Group 
sandstone (fig. 10C). This unit is present at well SME but is 
(like the Lisburne Group) absent at the Barrow area wells 
(TUL, WDS, KUY, fig. 10). 

Incidental evidence that supports the hypothesis of ba- 
sin-scale ground-water flow on the North Slope has been re- 
ported by Kharaka and Carothers (1988), Woodward (1987), 
and Sloan (1987). Kharaka and Carothers (1988) found that 
formation water from seven wells on the coastal plain was 
relatively low in dissolved solids (19,000 to 24,000 mg/L) 
and concluded from an analysis of oxygen isotope ratios that 
it was meteoric in origin. Similarly, Woodward (1987) con- 
cluded from analysis of spontaneous potential logs that con- 
nate water in the sandstone of the Ivishak Formation of the 
Sadlerochit Group had been displaced by meteoric water. 
Sloan (1987, p. 243) reports artesian flow in wells drilled 
through the permafrost in the foothills of the Brooks Range. 

MATHEMATICAL MODELS 

We developed some simple mathematical models to 
quantify out ground-water flow hypothesis. These models 
allowed us to estimate the average permeability of the rocks 
on the North Slope and average ground-water velocity in the 
hypothetical flow system. The models also enabled us to test 
whether the proposed ground-water flow system could ex- 
plain the observed heat flow data in the presence of the con- 
tinuous and impermeable ice-rich layer of permafrost that is 
present throughout the foothills and coastal plain provinces 
of the North Slope. 

CHANNEL MODEL 

Perhaps the simplest model is a V-shaped channel (fig. 
l l ) ,  where flow is confined by permafrost on the top and 
relatively impermeable basement rocks on the bottom. Over 
the left half of the model (descending channel) the heat flow 
that is lost to the downward flow of ground water is 

where Aq is the average heat flow deficit over the horizontal 
length of the descending channel (l,),  v is the Darcy velocity 
or specific discharge, p is fluid density, C is fluid specific 
heat, T, and T2 are fluid temperatures at ends of the pipe, and 
b is height of the channel. If we take the hingeline of the flow 
system to be near the north-south midpoint of the basin where 
the surface heat flow is approximately equal to the apparent 
background heat flow (see fig. 7A), then 1,=170,000 m. If we 
further take Aq=0.02 W/m2, p=1,000 kg/m3, C=4,200 (J/kgK), 
T,=O0C, T2=18O0C (see fig. 7B), and b=2,000 m, then v=0.07 
d y r .  

The effective basin-scale permeability can be estimated 
by applying Darcy's law. Let s be a distance coordinate along 
the channel model (fig. 11). The average head gradient (ah/ 
as) in the channel can then be approximated by the total drop 
in head (Ah=] ,500 m) across the basin divided by the width 
of the basin (&=340,000 m). By Darcy's law the permeabil- 
ity kis then given by 

Figure 11. V-shaped channel model of hypothetical ground-water flow system showing energy balance. 
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where v is the Darcy velocity of water moving through the 
channel, p is dynamic viscosity, p is fluid density, and g is 
the acceleration due to gravity. If we take v=0.07 m/yr, 
p = 5 ~ 1 0 - ~  kg1m.s (water at 50°C), p=1,000 kg/m3, and g=9.8 
m/s2, then k=3x10-l4 m2. 

These estimates of the average Darcy velocity and ba- 
sin-scale permeability are dependent on an assumption re- 
garding the thickness (b) of the flow system model. For ex- 
ample, if we take the thickness of the channel model (b) to be 
100 m (instead of 2000 m), our estimates of both the Darcy 
velocity and permeability increase by a factor of 20. By them- 
selves, the thermal data are insufficient to enable us to dis- 
cern the degree to which ground-water flow through the ba- 
sin may be concentrated in high-permeability aquifers. 

NUMERICAL MODEL 

A somewhat more complex hydrogeologic model of 
the North Slope was developed by discretizing a north-south 
geologic cross section (fig. 3) into nine different areas in which 
permeability and thermal conductivity were specified as con- 
stants (fig. 12). Areas 1 through 7 were based on stratigraphic 
divisions; the equivalent geologic units are listed in table 4. 
Area 8 was equivalent to the structurally disturbed region 
south of the foothills province that extends into the Brooks 
Range. The northern edge of area 8 demarcates the limit of 
information obtained from seismic data regarding the bound- 

aries and locations of geologic units. Lacking detailed knowl- 
edge of the complex geologic structure in the Brooks Range 
and its foothills, we could do no better than treat it as homo- 
geneous. Area 9 represented basement rocks. These nine ar- 
eas were further subdivided into 5,459 finite difference nodes, 
and a numerical method was used to obtain quasi steady-state 
solutions of equations describing heat and mass transport. 
Fluid flow in the model occurred in response to both head 
and density gradients and was affected by temperature to the 
extent that temperature influences fluid density and viscos- 
ity. The presence of permafrost throughout the foothills prov- 
ince and the Arctic coastal plain was simulated by an imper- 
meable boundary condition over areas of the model 
corresponding to these physiographic provinces (stippled area, 
fig. 12). Although temperatures in the Brooks Range are suf- 
ficiently cold to maintain permafrost, ground water evidently 
infiltrates through taliks that exist as a consequence of the 
rugged topography. Offshore of the Arctic coastal plain, the 
distribution of permafrost is likely to be patchy and irregular, 
as discussed earlier. More detailed descriptions of the numeri- 
cal model, including the governing equations, solution tech- 
nique, and boundary conditions are given by Deming (1993) 
and Deming and Nunn (1991). 

Permeability data used in the model were collected from 
2,498 published core measurements. Information on the meth- 
odology and assumptions used in these measurements and 
interpretations is of variable extent, quality, and availability. 
Measurements on cores collected during the 1944 to 1953 

Figure 12. Numerical model of heat transfer and ground water flow on the North Slope of 
Alaska. Note vertical exaggeration (about 17:l) and division into nine geologic units with 
homogeneous thermal and hydrologic properties. 



HEAT FLOW AND SUBSURFACE TEMPERATURE, NORTH SLOPE OF ALASKA 39 

Table 4. Permeabilities and thermal conductivities used in numerical 
model (fig. 12). 

Model 
unit 

Geologic 
unit 

Colville Gp. 
Nanushuk Gp. 
Torok Fm. 
Pebble shale unit, 

Kuparuk Fm., and 
Kingak Sh. 

Sag Rlver Ss. 
Shuhlik Fm. 
Sadlerochit Gp. 
Lshurne Gp. 
Endicott Gp. 

Basement rocks 

Thermal 
conduct~vity 

(Wlm-K) 

2.2 
1.4 
1.7 
2.0 

2.5 

3.0 
3.2 
2.5 
2.5 

Permeability (10.'' m2) 

NPRA exploration program are reported in USGS professional 
paper 305 (U.S. Geological Survey, 1956). Measurements on 
cores collected during the 1974 to 1982 exploration program 

are listed in individual geologic summary reports prepared 
by Husky Oil corporation for the USGS. Horizontal 
permeabilities used in the model were taken as arithmetic 
averages of measurements made parallel to bedding; vertical 
permeabilities used in the model were derived from harmonic 
averages of measurements perpendicular to bedding. An ex- 
amination of permeability data collected from North Slope 
formations reveals that many permeability measurements 
made on cores perpendicular to bedding were reported as zero, 
evidently reflecting that the lower limit of measurement sen- 
sitivity was 10-l6 m2. In these instances we used a value of 
10-l6 mZ to derive average permeability values to be used in 
the model. Thus, the average vertical permeabilities used in 
the model may be somewhat high, but permeability in the 
basin itself could be considerably higher than core measure- 
ments would indicate, owing to the possible presence of frac- 
tures (for example, see Bredehoeft and others' (1983) study 
of the Pierre Shale in South Dakota). Permeability and ther- 
mal-conductivity values used in the numerical model are sum- 
marized in table 4. 

Figure 13. Near-surface heat flow (mW/m2) (A) and Darcy velocity (rnlyr) (B) for a numerical model simulation of heat and fluid transport 
through the North Slope. In A heat flow predicted by model simulation is shown as a solid line and heat-flow estimates made in field studies 
are shown as discrete points with error bars. Background heat flow (dotted line) is 50 mW/m2. 
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Near-surface heat flow predicted by the numerical 
model matches the general trend of heat flow estimated from 
borehole studies (fig. 13). Heat flow in the foothills of the 
Brooks Range is severely depressed, while heat flow in the 
coastal plain is considerably elevated above the background 
level. In consideration of the idealized nature of the numeri- 
cal model and the scatter introduced into the heat-flow data 
by the artificial process of projecting them onto a two-di- 
mensional cross section, the match between the model pre- 
diction and observed data is probably about as good as may 
be expected. Deming (1993) conducted a similar series of 
model simulations in which the permeability of the entire 
model was specified as homogeneous and anisotropic. The 
results of these simulations were that acceptable matches to 
the heat-flow data could be obtained if the specified model 
permeability parallel to bedding (kx) was in the range 
2 . 5 ~ 1 0 - ' ~ ~ 2 . 5 ~ 1 0 - ' ~  m2, and permeability perpendicular to 
bedding ( k )  was in the range 1 .0~10- '~1k~I  5 . 0 ~ 1 0 - ' ~  m2. The 
range of acceptable permeabilities inferred from these model 
simulations encompassed the available permeability data, as 
the arithmetic average of all 2,03 1 permeability measurements 
on cores made parallel to bedding was 6.1~10-l4 m2. 

Model simulations showed that the presence of an im- 
permeable top boundary in sections of the model that corre- 
sponded to the presence of permafrost was evidently not an 
impediment to the existence of a basinwide underground flow 
system. In fact, Deming (1993) showed that better matches 
to the heat-flow data could be obtained when the permafrost 
layer is in place than when it is absent. 

DISCUSSION 

There is no question that ground-water flow through 
the North Slope exists; it is the magnitude and velocity of 
subsurface flow that is difficult to discern. If the water table 
in the Brooks Range and Arctic coastal plain is near the ground 
surface, a hydraulic-head gradient exists between these two 
points, owing to differences in elevation. According to Darcy's 
law, the velocity of volumetric flow through a porous me- 
dium is directly proportional to the permeability and head 
gradient (Deming, 1994~). Thus, because the average head 
gradient is fixed by elevation, the rate at which underground 
flow occurs is essentially determined by the permeability of 
rocks in the basin. The results of both of our mathematical 
models indicate that the permeability required for the exist- 
ence of a subsurface flow system of suficient magnitude to 
significantly perturb the thermal regime on the North Slope 
is consistent with the results of permeability measurements 
on core samples. 

Contrary to the intuition of many geologists, it is pos- 
sible for ground-water flow to have significant effects on the 
thermal regime of a sedimentary basin even if rocksin a ba- 
sin are relatively impermeable and ground-water velocities 
relatively low. Lachenbruch and Sass (1977) showed that the 

degree to which ground-water flow depresses (or increases) 
the geothermal gradient and conductive heat flow has an ex- 
ponential dependence upon the depth of circulation. Under 
steady-state conditions 

where qtop is the conductive heat flow at the top of a layer of 
thickness &, q,,, is the conductive heat flow at the bottom of 
the layer, and 

where 3L is the thermal conductivity of a porous medium, p 
and C &e the density and heat capacity of a fluid moving 
with Darcy velocity v, and v is negative for downward flow. 
Thus, the magnitude of a thermal anomaly that is due to sub- 
surface fluid circulation increases exponentially as the depth 
of circulation increases linearly. Assuming typical values of 
h=2.5 W/mK, p=1,000 kg/m3, and C=4,200 JIkgK, the near- 
surface conductive heat-flow (and geothermal gradient) is 
reduced to 59 percent of the basal value for downward perco- 
lation through 1,000 m of a porous medium at a Darcy veloc- 
ity of 1 cm/yr. However, if the extent of fluid movement 
reaches a depth of 5 km, then conductive heat flow at the 
surface is reduced to 7 percent of the basal value for the same 
Darcy velocity of 1 cdyr .  As a consequence of the exponen- 
tial dependence on depth, the background thermal regime in 
the Earth's crust can be appreciably perturbed by fluid mov- 
ing at relatively low velocities to lo2 d y r ) .  Significant 
disturbances are possible even in sedimentary basins, such as 
the Colville basin on the North Slope, which have thick se- 
quences of relatively impermeable shaly rocks; the presence 
of factors such as high-permeability aquifers, extensive frac- 
ture networks, and conspicuous signs of underground water 
flow (for example, artesian wells) is not a prerequisite. 

Our simple conceptual and mathematical models are 
appropriate for deriving first-order estimates of ground-wa- 
ter velocities and regional-scale permeabilities. However, we 
believe there are three-dimensional aspects to the postulated 
ground-water flow system. The extended lobe of low heat 
flow centered around well IKP (fig. 6) suggests that flow is 
channeled preferentially through this part of the North Slope. 
Significant basement depressions are found in the vicinity of 
well IKP and about 100 km to the southeast of IKP (see fig. 
10A). Isopach maps (Bird, 1988) show thick sections of 
Endicott Group sandstone and Lisburne Group limestone fill- 
ing these depressions. These potential aquifers are likely to 
constitute a preferred high-permeability channel for fluid flow, 
and flow may converge laterally into this channel from the 
east and west, while maintaining the general direction of south 
to north ground-water migration. Ground-water flow then 
apparently diverges in a "T" before reaching the Alaskan north 
coast, passing over the Meade Arch to the west and Fish Creek 
platform to the east. This is indicated by both the shallow and 
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deep heat-flow maps (fig. 6) and estimated temperature (fig. 
8B). 

Although we interpret the lobe of low heat flow cen- 
tered around well IKP (fig. 6A) to be a consequence of three- 
dimensional focusing related to subsurface structure, the es- 
timated value (38k10 mW/m2) at well IKP appears to be 
anomalously low when compared to estimates made at wells 
to the south. For example, heat flow at well KOL is 57f 17 
mW/m2, although well KOL is 80 km to the south of well 
IKP and well IKP is structurally higher in relation to the base- 
ment (fig. 10A) by about 4,000 ft (1,219 m). It may be that 
flow diverges in the vicinity of well KOL but converges near 
well IKP, or perhaps, the apparent discrepancy can simply be 
attributed to overlapping error bars. We do not consider it 
likely that our shallow heat-flow estimate at well IKP is spu- 
rious because the deep temperature there is also relatively 
low (fig. 8B). 

Studies of organic maturation (Magoon and Bird, 1987, 
1988) indicated paleothermal states were qualitatively con- 
sistent with present-day temperatures on the North Slope. The 
vertical separation between vitrinite reflectance (Ro) values 
of 0.6 and 2.0 percent increases from about 1.5 krn in the 
north of the basin, to 4.5 km in the south of the basin (Bird, 
1991a, b). Because erosion has dominated over sedimenta- 
tion for the last 75 m.y. in the NPRA section of the North 
Slope (Bird, 1987), it is likely that the present state of or- 
ganic maturation was "frozen in" at the time of maximum 
burial, tens of millions of years ago. Thus, the type of dra- 
matic variation in thermal state we see today on the North 
Slope was apparently also present at the time of maximum 
burial, which was probably about 75 m.y. ago (Bird, 1993). If 
this variation is due to a ground-water flow system driven by 
topography on the Brooks Range, then it is conceivable that 
the ground-water flow system has persisted since uplift be- 
gan about 100 m.y. ago. In accordance with the hydraulic 
theory of petroleum migration (Hubbert, 1953; Toth, 1988), 
this same ground-water flow system may be the mechanism 
by which petroleum was flushed out of the basin and accu- 
mulated at Prudhoe Bay, the structural high point for 
Ellesmerian sequence rocks and the terminus of the ancient 
petroleum migration system 65 m.y. ago (Bird, 1987). 

CONCLUSIONS 

1. Both heat flow and subsurface temperature on the 
North Slope vary systematically from relatively low values 
in the foothills of the Brooks Range to much higher values on 
the coastal plain to the north. 

2. Variations in the thermal state of the North Slope can 
be explained by the existence of a topographically driven 
ground-water-flow system that transports heat by advection 
from areas of high elevation in the Brooks Range and its foot- 
hills to areas of low elevation on the Arctic coastal plain; all 

of the alternative explanations known to us are unsatisfac- 
tory. 

3. Idealized mathematical models of basin-scale ground- 
water flow through the North Slope over distances of more 
than 300 km show that basin-scale ground-water flow can 
result in perturbations to the background thermal state that 
are consistent with the spatial variation observed in heat-flow 
data. Regional ground-water flow may occur even if the en- 
tire Brooks Range foothills and Arctic coastal plains prov- 
inces are overlain by a relatively thick (-300 m), continuous 
layer of ice-rich, impermeable permafrost. The hypothetical 
ground-water flow system can be maintained by recharge in 
the Brooks Range, with discharge occurring offshore, where 
the distribution of ice-rich permafrost may be patchy and ir- 
regular. 

4. The average Darcy velocity of ground-water flow 
through the North Slope is estimated to be of the order of 0.1 
rntyr; the effective basin-scale permeability is estimated to 
be of the order of IO-I4 m2. 

5. Organic-maturation data collected in other studies 
indicate that systematic variations in the thermal state of the 
North Slope may have persisted for tens of millions of years. 
The ground-water flow system that is likely responsible for 
these variations may have persisted for the same period of 
time, possibly providing the mechanism by which petroleum 
migrated to Prudhoe Bay. 
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ABSTRACT 

Apatite-fission-track data have been generated for 72 
outcrop and subsurface samples to evaluate the thermal and 
tectonic history of the Colville basin in northern Alaska. Data 
from the outcrop localities and two wells, located in the south- 
ern half of the foreland basin, suggest that the rocks were 
exposed to maximum paleotemperatures in the Late Creta- 
ceous to early Paleocene as a result of burial by Late Jurassic 
and Cretaceous sedimentary rocks. Cooling from these el- 
evated paleotemperatures was affected by two episodes of 
deformation resulting in uplift and erosion during the Pale- 
ocene at -6W4 Ma and during the late Oligocene at -25f 3 
Ma. Data from a well located on the northern flank of the 
basin suggest that - 15 to 20°C of cooling also occurred dur- 
ing the Miocene at some time between -20 and 10 Ma. Little 
or no evidence, however, exists for removal of any strati- 
graphic section from the well section at that time. Cooling of 
the strata in this well, therefore, could reflect a significant 
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decrease in the mean annual surface temperature during the 
Miocene. 

INTRODUCTION 

The Colville basin, is a late Mesozoic and Cenozoic 
basin that spans the entire width of northern Alaska (fig. 1). 
During the initial stage of the Brookian orogeny in the Late 
Jurassic through Early Cretaceous, uplift and erosion of the 
Brooks Range resulted in many kilometers of material being 
shed from the northward-verging deformed rocks to be rap- 
idly deposited into the adjoining foreland basin (for example, 
Mull, 1982; Mayfield, Tailleur, and Ellersiech, 1988; Bird 
and Molenaar, 1992; Moore and others, 1992). Prior to the 
Cenozoic, uplift and erosion within the Brooks Range and 
foreland basin ceased for a short period of time (Murphy and 
O'Sullivan, 1992; Murphy and others, 1994; O'Sullivan, 
1993), possibly marking the end of the Brookian orogeny 
(O'Sullivan, 1993; 0' Sullivan and Murphy, unpublished data). 
Subsequently, the geologic relations across much of the 
foreland basin have been complicated by at least two epi- 
sodes of Cenozoic deformation due to renewed advancement 
of the Brooks Range fold and thrust belt at -6m4 Ma and 
-25k3 Ma. I suggest that uplift and erosion of the central 
foreland basin during the Paleocene is likely related to 
Laramide orogenesis within the Brooks Range (Hubbard and 
others, 1987) and that late Oligocene uplift and erosion within 
the foreland basin has been previously unrecognized. Along 
the northern flank of the foreland basin the geologic relations 

Figure 1. Index map showing general locations of major 
physiographic provinces across northern Alaska. Tectonic 
elements of northern Alaskan Cordillera include Colville basin 
and Brooks Range fold and thrust belt . Region discussed in 
present study (outlined by the box) is shown in greater detail in 
figure 2. Heavy lines indicate faults; paired arrows show relative 
movement. 

are relatively uncomplicated because the region has not ex- 
perienced extensive postdepositional deformation. 

Besides deformation, the Colville basin also was af- 
fected by a severe climatic change at some time during the 
middle to late Cenozoic (Clark, 1982, 1990). Mean annual 
surface temperatures decreased during the Miocene, from tem- 
perate conditions in the Late Cretaceous to Eocene (-5OC; 
Spicer, 1987) to present-day arctic conditions (<-5°C; 
Lachenbruch and others, 1988). This cooling complicates 
calculations that estimate the amount of Tertiary uplift and 
erosion (O'Sullivan, unpublished data). 

Fission tracks from detrital apatites within sedimentary 
sequences record the low temperature (less than - 120°C) ther- 
mal history of the host rock (Gleadow and others, 1983,1986; 
Gleadow and Duddy, 1984; Green, Duddy, Gleadow, and 
Lovering, 1989; Green, Duddy, Laslett, and others, 1989). It 
has been shown that for times on the order of millions of 
years, fission-track ages and the length of confined fission 
tracks are reduced by temperatures between -60' and 120°C 
(Gleadow and others, 1983; Green and others, 1986). The 
reduction of confined fission-track lengths leads to a reduc- 
tion of the apparent fission-track age. In addition, the distri- 
bution of the confined track lengths in an apatite directly re- 
flects the thermal history of a sample (Gleadow and others, 
1986; Green, Duddy, Gleadow, and Lovering, 1989; Green, 
Duddy, Laslett, and others, 1989). By combining both age 
and confined fission-length measurements, apatite-fission- 
track data provide not only estimates of maximum tempera- 
tures and the time of cooling from maximum temperatures 
(Gleadow and others, 1983; Green, Duddy, Gleadow, and 
Lovering, 1989) but also allow determination of the thermal 
history (time-temperature path) experienced by the host rock 
(for example, Zeitler, 1985; Omar and others, 1989; Green, 
1989; Green, Duddy, Laslett, and others, 1989). 

This paper presents analytical results and interpreta- 
tions of an apatite-fission-track study of 72 samples from 
Mississippian through Tertiary sedimentary strata from the 
central part of the North Slope foreland basin of Alaska (fig. 
2). The purpose here is to present and interpret new apatite- 
fission-track data to constrain and model the thennotectonic 
history of the central part of the foreland basin. Companion 
studies of the thermotectonic history of the northeastern part 
of the foreland basin in the Arctic National Wildlife Refuge 
(ANWR) and the Mackenzie Delta can be found in O'Sullivan, 
Green and others (1993), O'Sullivan and others (1992) and 
McMillen and O'Sullivan (1992). 

GEOLOGIC SETTING 

Northern Alaska contains two principal geographic fea- 
tures, the Brooks Range fold and thrust belt and the North 
Slope (fig. 1). The Brooks Range consists of rugged, linear 
mountain ranges, ridges, and hills that rise to over 3,000 m in 
the east but decrease progressively in maximum altitude and 
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relief toward the west (Mull, 1982; Mayfield, Tailleur, and 
Ellersiech, 1988; Moore and others, 1992). The Brooks Range 
generally trends east-west throughout the North Slope but 
bends east-northeast in eastern Alaska and then curves to the 
southeast in northwestern Canada. The lack of any obvious 
older surfaces (peneplains) throughout the Brooks Range sug- 
gests that the range is quite young. 

The North Slope, including the Colville foreland ba- 
sin, extends northward from the drainage divide at the crest 

.of the Brooks Range to the Arctic Ocean coastline (Bird and 
Molenaar, 1992). The southern part of the Colville basin con- 
sists of the foothills of the Brooks Range, which are a series 
of east-west trending rolling hills and ridges. North of the 
foothills, the northern part of the Colville basin is character- 
ized by marshland with little or no relief. The northern bound- 
ary of the basin approximately coincides with the northern 
Alaska coastline where it meets the Beaufort Sea. The Bar- 
row Arch separates the Colville basin to the south from the 
Canada Basin to the north. 

STRATIGRAPHY 

The sedimentary rock record of the North Slope of 
Alaska has been previously described in great detail by many 
authors (for example, Brosge and Tailleur, 1970; Lerand, 
1973; Detterman and others, 1975; Palmer and others, 1979; 

Grantz and May, 1983; Smith, 1987; Hubbard and others, 
1987; Bird and Molenaar, 1987, 1992). This paper follows 
the major sequences (depositional packages bounded by ma- 
jor unconformities) used by Hubbard and others (1987). Fis- 
sion-track samples were only collected from three sequences: 
(1) the Ellesmerian sequence, (2) the Beaufortian sequence, 
and (3) the Brookian sequence. A generalized stratigraphic 
column showing the names and stratigraphic ages of the units 
sampled is shown in figure 3. 

TECTONIC HISTORY OF THE 
BROOKIAN OROGENY 

The Late Jurassic to early Tertiary(?) Brookian orog- 
eny is inferred to represent southward subduction of the Arc- 
tic Alaska passive margin beneath the intra-oceanic Koyukuk 
Arc, resulting in the Middle Jurassic collision of "Pacific 
realm" exotic terranes with Arctic Alaska (Richter and Jones, 
1973; Roeder and Mull, 1978; Box, 1985; Box and Patton, 
1987). Rifting of the Arctic Alaska Plate to the north of the 
North Slope during the Late Jurassic and Early Cretaceous 
formed the proto-Canada Basin. During the Neocomian, fur- 
ther uplift and erosion of the rifted margin resulted in the 
formation of the regional Lower Cretaceous unconfonnity 
on which Brookian sequence rocks were subsequently de- 
posited (Mull, 1982; Smith, 1987; Hubbard and others, 1987). 

Figure 2. Regional map of northern central Alaska showing locations of outcrops and wells sampled for this study. See figure 19 for section A-A' 



48 THERMAL EVOLUTION OF SEDIMENTARY BASINS IN ALASKA 

In response to (1) uplift of the core of the Brooks Range, (2) 
tectonic loading by the stacked allochthons, and (3) the re- 
sulting flysch deposition, rapid subsidence of the asymmet- 
ric Colville basin occurred (Mull, 1982, 1985; Smith, 1987). 

PREVIOUS IDEAS ON BROOKIAN DEFORMATION 

The Brookian orogeny has been previously divided into 
two major episodes-an early episode during the Late Juras- 
sic to Early Cretaceous and a late episode during the Late 
Cretaceous and early Tertiary(?) (Moore and others, 1992, 
and references therein). The early Brookian orogenic phase 
was characterized by the emplacement of relatively far-trav- 
eled thrust sheets and uplift of the core of the Brooks Range 
during the Late Jurassic to Neocomian (Roeder and Mull, 
1978; Box, 1985; Mayfield, Tailleur, and Ellersiech, 1988). 
Continued northward compression and collapse of the south- 
facing continental margin led to emplacement of regionally 
extensive stacked allochthons in the western and central 

Brooks Range representing estimated crustal shortening of 
between 400 and 600 km (Rattey, 1987; Mayfield, Tailleur, 
and Ellersiech, 1988). The late Brookian orogenic phase was 
characterized by gentle long-wavelength folding of Lower 
Cretaceous and younger strata and emplacement of thrust 
faults displaying relatively smaller amounts of shortening than 
occurred in the early Brookian orogenic phase (Moore and 
others, 1992, and references therein). The younger structures 
overprint features developed during the early Brookian phase, 
characterize rocks of the northern foothills, and extend north- 
ward under the North Slope (Moore and others, 1992). 

Timing of the early orogenic phase is based on K-Ar 
radiometric dates (dates range between -170 to -55 Ma with 
a peak at -110 Ma) of metamorphic rocks and reset K-Ar 
ages of Devonian granitic plutons (Turner and others, 1979; 
Dillon and others, 1980, 1987) together with age constraints 
on major regional folding and faulting of the allochthons 
(Mull, 1982, 1985). Several kilometers of uplift and erosion 
resulted from a combination of contraction, extension, and 
isostatic rebound, which was probably a consequence in large 

Figure 3. Generalized stratigraphy of the Colville basin (modified after Detterman and others, 
1975; Mull, 1982; Mull and Adams, 1989; Hubbard and others, 1987). Shaded areas represent 
unconformities. Quat., Quaternary; Plio., Pliocene; Mio., Miocene; Olig., Oligocene; Eoc., Eocene; 
Paleo. Paleocene; Neo., Neocomian; Penn., Pennsylvania; and Miss., Mississippian. 
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part of crustal thickening during early deformation (Mull, 
1982; Gottschalk and Oldow, 1989). 

NEW IDEAS ON TIMING OF 
BROOKIAN DEFORMATION 

Before the recent application of fission-track studies in 
the area, it was impossible to directly constrain the timing of 
post-Albian deformation because of the lack of crosscutting 
relationships. 0'Sullivan and others (1991b) and Murphy and 
others (1994) suggest that the central Brooks Range experi- 
enced an episode of rapid cooling related to kilometer-scale 
uplift and erosion during the Albian at - 100k3 Ma (all errors 
from fission-track data reported at f 2 a )  after which no large- 
scale cooling events are recorded for -40 m.y. Then starting 
in the Paleocene, a sequence of rapid uplift and erosion epi- 
sodes are recorded. Timing of a Paleocene-age orogenic phase 
(-60f4 Ma), which affected the entire Brooks Range, is based 
on fission-track data and interpretations completed by Murphy 
and O'Sullivan (1992, and unpub. data), Murphy and others 
(1994), O'Sullivan (1988,1991,1993), O'Sullivan and Decker 
(1989), O'Sullivan and others (1990), and O'Sullivan, Green 
and others (1993). During the Eocene and early Oligocene, 
at -43+3 Ma and -34+_3 Ma, respectively, the northeastern 
Brooks Range experienced rapid cooling related to episodes 
of uplift and erosion (McMillen and O'Sullivan, 1992; 
O'Sullivan, 1993; O'Sullivan, Green and others, 1993). Fur- 
thermore, the results of O'Sullivan and others (1991a, 1992, 
in press) indicated that uplift and erosion of the Brooks Range 
occurred as recently as the late Oligocene (-25+3 Ma) in the 
Mt. Doonerak anticlinorium and the northeastern Brooks 
Range. 

Based on the available fission-track data, it is be- 
lieved by some (for example, O'Sullivan, 1993; Murphy 
and O'Sullivan, unpub. data) that rapid uplift and erosion 
within the Brooks Range during the Albian possibly 
marked the end of the Brookian orogeny. If this is true 
then subsequent Paleocene deformation due to renewed 
advancement of the Brooks Range fold and thrust belt is 
possibly related to Laramide orogenesis as proposed by 
Hubbard and others (1987). At this time, it is not clear 
whether the late Oligocene deformation in the core of the 
Brooks Range is related to continued Laramide deforma- 
tion or to a new orogenic episode. Following the recon- 
structions of plate movements during the Tertiary by 
Engebretson and others (1985), however, it is probable 
that deformation in the Brooks Range has continued 
throughout the Tertiary in response to continued subduc- 
tion of the Pacific Plate beneath Alaska. Therefore, 
Laramide deformation has possibly continued in northern 
Alaska long after the Pacific and North American plate 
boundary along the western coast of North America 
changed from compressive to strike-slip during the Eocene 
marking the end of Laramide deformation. 

EXPERIMENTAL PROCEDURES 

FISSION-TRACK ANALYSIS 

Fission-track analyses were carried out in the laborato- 
ries of the Department of Geology at La Trobe University, 
Melbourne, Australia. A description of the methodology used 
for sample preparation and fission-track counting has been 
described in detail by Naeser (1979) and Gleadow (1984). 
Lengths of confined fission tracks (La1 and others, 1969) were 
measured using the procedure outlined by Green (1986). Ages 
were calculated using the standard fission-track age equation 
using the zeta calibration method (Hurford and Green, 1982, 
1983), and uncertainties were calculated using the techniques 
outlined by Green (1981). A spread in individual-grain ages 
within a sample can result either from inheritance of detrital 
grains from mixed source areas or from differential anneal- 
ing in grains of different F-Cl composition by heating within 
a narrow range of temperatures (Green, Duddy, Laslett, and 
others, 1989). In samples with a significant spread in single- 
grain ages, the "conventional analysis" (as defined by Green, 
1981) based purely on Poissonian variation is not valid. In 
cases when the conventional analysis is not valid, which can 
be detected by using the chi-squared (x2)  statistic (Galbraith, 
198 I), the mean age provides a more useful measure of age 
(Green, 1981). The chi-squared statistic tests the probability 
that all grains counted belong to a single population of ages. 
A probability of less than 5 percent is taken as evidence of a 
significant spread of single-grain ages. 

Gleadow and others (1986) and Green, Duddy, 
Gleadow, and Lovering (1989) and Green, Duddy, Laslett, 
and others (1989) have explained in detail the principles of 
interpreting confined fission-track length distributions in apa- 
tite. When fission tracks form in apatite, they have a fairly 
constant mean length of -16 pm (Gleadow and others, 1983, 
1986). Following their formation, fission tracks in apatite pro- 
gressively shorten (anneal) at a rate that depends primarily 
on temperature (Fleischer and others, 1975; Gleadow and 
others, 1986; Green, Duddy, Laslett, and others, 1989). There- 
fore, increased annealing results in shorter tracks, reduced 
trackdensity, and a reduction in the fission-track age (Gleadow 
and others, 1986; Green, Duddy, Gleadow, and Lovering, 
1989; Green, Duddy, Laslett, and others, 1989). Total anneal- 
ing results in the reduction of the fission-track age to zero. 
Because new tracks continuously form throughout geologic 
time, the distribution of track lengths in an apatite grain re- 
flects the integrated thermal history of the grains' host rock 
(Green, Duddy, Laslett, and others, 1989). 

In this study, apatite-fission-track data have been inter- 
preted using the understanding of apatite-fission-track sys- 
tem response described by Green, Duddy, Laslett, and others 
(1989). This understanding is based on an empirical kinetic 
description of laboratory annealing data in Durango apatite 
(Green and others, 1986; Laslett and others, 1987), employ- 
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ing the principle of "equivalent time" described by Duddy 
and others (1988). In detail, the rate of annealing depends on 
the chemical composition, with fission tracks in chlorine-rich 
apatites being slightly more resistant to annealing than fis- 
sion tracks in fluorine-rich apatites (Green and others, 1985, 
1986; Sieber, 1986). Thermal-histoy interpretations are based 
on a quantitative treatment of annealing achieved by forward 
computer modeling (Green, Duddy, Laslett, and others, 1989) 
of fission-track shortening and age evolution through likely 
thermal histories for an average apatite composition 
(CI/(Cl+F)=-0. I), while making appropriate adjustments for 
the actual C1 composition likely in each sample. This model 
by Laslett and others (1987) for annealing of fission tracks in 
apatite gives predictions that are consistent with geologic 
constraints on annealing behavior, as explained by Green, 
Duddy, Laslett, and others (1989). Compilation of the com- 
position of apatites from a variety of sedimentary rocks has 
shown that the Durango apatite composition is close to the 
maximum C1 content in most samples. Predictions based on 
this composition should slightly overestimate the actual 
amount of annealing, although in thermal histories resulting 
from continuous cooling, as in this study, compositional ef- 
fects play a relatively minor role (Green, Duddy, Laslett, and 
others, 1989). 

The uncertainty in predicted track-length values is ap- 
proximately 0.25 to 0.5 pm, which is considered equivalent 
to an uncertainty in the absolute paleotemperature estimates 
of about +lO°C (Green, Duddy, Laslett, and others, 1989). 
Errors stemming from variations in apatite composition are 
generally less than this amount (Green, Duddy, Laslett, and 
others, 1989). Grains tested from the Colville 
basin (n=145) have apatite compositions that are predomi- 
nantly fluorine-rich (-0.0 to 0.02 weight percent C1) with -15 
percent of grains ranging between 0.05 and 0.08 weight per- 
cent Cl (O'Sullivan, unpub. data). In the following discus- 
sion on data results and interpretation, the corrected geother- 
mal gradient obtained from measured formation temperatures 
recorded in each well completion report are presented. Esti- 
mates of subsurface equilibrium temperatures are prone to 
error, but errors of +lO°C would not radically alter the con- 
clusions of this study. 

INTEGRATION OF FISSION-TRACK AND 
VITRINITE-REFLECTANCE DATA 

Though such data provide no constraints on timing of 
maximum paleotemperatures, independent vitrinite reflec- 
tance (Ro) values may be used as an indicator of maximum 
paleotemperature (Lopatin, 197 1; Waples, 1980; Burnham and 
Sweeney, 1989). Using the model proposed by Burnham and 
Sweeney (1989, equation No. 2), a sample which has been 
exposed to a maximum temperature of 110°C for - 10 m.y. 
(adequate to totally anneal fission tracks in most apatite) would 
have an Ro value of -0.7 percent. Therefore, as an approxi- 

mation, an Ro value of 20.7 percent could be used to indicate 
whether or not a sample has been exposed tp elevated tem- 
peratures (>llO°C) for the length of time necessary to reset 
the apatite-fission-track age. 

After maximum paleoternperatures estimates from fis- 
sion-track and vitrinite-reflectance data are determined for 
samples from a vertical sequence, plotting these values rela- 
tive to depth provides a maximum paleotemperature profile 
from which a paleogeothennal gradient at the time of maxi- 
mum paleotemperatures can be estimated (Bray and others, 
1992). In a vertical section that has been hotter in the past, 
the paleogeothermal gradient can be compared to the present- 
day geothermal gradient, thus allowing for the interpretation 
of the cause of the high paleotemperatures and the cause of 
the subsequent cooling to the present temperatures. The 
amount of removed section can be estimated by dividing the 
degree of cooling (calculated by estimating the maximum 
paleotemperature value at the surface and subtracting the mean 
annual surface temperature at the time the section began to 
cool from maximum paleotemperatures) by the geothermal 
gradient. 

If the surface temperature at the time the section began 
to cool from maximum temperatures is not known (and thus 
the present surface temperature is used to calculate the total 
degree of cooling) the amount of section removed since maxi- 
mum paleoternperatures were reached will be too high by a 
value referred to as the "apparent" uplift and erosion 
(O'Sullivan, 1993). Apparent uplift and erosion is defined as 
the amount of section which would have had to have been 
removed by uplift and erosion to explain the total amount of 
cooling, although in reality the cooling was in response to a 
decrease in the mean annual surface temperature. If the mean 
annual surface temperature at the time cooling began is known, 
the apparent uplift and erosion can be calculated by subtract- 
ing the present mean annual surface temperature from the 
previous mean annual surface temperature and dividing by 
the geothermal gradient. 

RESULTS AND INTERPRETATIONS 

Sample details including depth, formation name, strati- 
graphic age, and apatite yield are summarized in appendix A. 
All samples, each weighing between -1 to 2 kg, were from 
Lower Mississippian to Tertiary sand-dominated intervals. 
Apatite-fission-track analytical results are given in appendix 
B. Basic counting data, individual crystal ages, etc. are avail- 
able in O'Sullivan (1993). 

ATIGUN SYNCLINE 

Apatite ages plotted against elevation and stratigraphic 
age show that throughout the section, all fission-track ages 
(-45 to 75 Ma) are much less than the stratigraphic ages 
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(>I05 Ma; fig. 4). This indicates that a great deal of age re- 
duction has occurred since deposition, an observation which 
suggests that the samples have been exposed to elevated 
paleotemperatures after deposition. Inspection of the single- 
grain age data from samples with a significant spread in indi- 
vidual-grain ages (denoted by an asterisk (*) in fig. 4) shows 
that most individual-grain ages are significantly less than the 
stratigraphic age, but all samples possess a small number of 
grains with ages similar to or significantly older than the strati- 

. graphic age. These age patterns suggest severe partial anneal- 
ing at maximum paleotemperatures of -110°C and that el- 
evated pa1,eotemperatures never totally reset the 
apatite-fission-track age in this sample after deposition. Esti- 
mated maximum paleotemperatures between -1 10 and 125°C 
are suggested by an Ro value of -0.71 percent from the For- 
tress Mountain Formation exposed at Atigun Syncline 
(Reifenstuhl, 1990). Ro values of as much as -1.2 percent 
from the same rocks (D. Howell, oral commun., 1993) sug- 
gest that maximum paleotemperatures could have reached 
-160°C; however, this temperature is incompatible with the 
fission-track data, so it is suggested that the high vitrinite- 
reflectance values might have been taken from reworked 
vitrinite. 

Inspection of the single-grain age data from the remain- 
ing samples shows that all individual apatite-fission-track ages 
are much younger than their stratigraphic ages. This suggests 
that all grains dated were reset after deposition and subse- 
quently cooled from paleotemperatures 21 10°C. The corrected 
ages for these samples of -65 Ma closely approximate the 
time at which these samples started to cool to temperatures 
below - 1 10°C. Onset of cooling during the earliest Paleocene 
is also consistent with the reduced grain ages present in the 
partially annealed samples. 

Applying the track annealing model of Laslett and oth- 
ers (1987) to the fission-track data from the Atigun Syncline 
suggests a protracted, two-stage cooling history (fig. 4). The 
first episode occurred at some time between -65 and 55 Ma 
and cooled the Atigun Syncline over -5 m.y. from maximum 
paleotemperatures between -105" and 110°C to between -50" 
and 60°C. The second episode occurred at some time be- 
tween -30 and 15 Ma and cooled the area -30°C from 
paleotemperatures between -50" and 60°C over -5 m.y. A 
two-stage model for cooling is suggested by the presence of 
the definite peak of confined fission-track lengths of 
-14 pm in each sample. If cooling was continual from the 
onset (from -65 Ma to present) then the distribution would 
be more skewed towards shorter tracks, as the sample would 
have spent more time at higher temperatures. 

MARMOT SYNCLINE 

Apatite-fission-track ages plotted against elevation and 
stratigraphic age show that throughout the section, all fis- 
sion-track ages (-40 to 70 Ma) are much less than the strati- 

graphic ages (>90 Ma; fig. 5). Inspection of the single-grain 
age data from the samples which did not contain a signifi- 
cant spread in individual-grain ages shows the individual fis- 
sion-track ages are much younger than their stratigraphic ages 
indicating a great deal of reduction of fission-track ages has 
occurred following deposition. Because all grains from 
each mount represented a single population, all apa- 
tite grains dated were reset after deposition and subse- 
quently cooled from paleotemperatures >1 10°C. Esti- 
mated maximum paleotemperatures between -1 15" and 
130°C are also suggested by a Ro value of -0.72 per- 
cent from the Nanushuk Group exposed at Marmot 
Syncline (Reifenstuhl, 1990). 

Inspection of the single-grain age data from the 
Marmot Syncline sample with a significant spread in 
individual-grain ages (sample 98; fig. 5) shows that 
many grain ages (-40 to 70 Ma) are significantly less 
than the stratigraphic age, but that there are some grains 
with fission-track ages similar to or significantly older 
than the stratigraphic age (fig. 5C). As was the case 
with the data from Atigun Syncline, this age pattern 
suggests  severe part ia l  anneal ing a t  maximum 
paleotemperatures between -105' to 110°C and that 
these paleotemperatures never totally reset the apatite- 
fission-track age in this sample after deposition. The 
unreset grains in sample 98 are more chlorine rich 
(>0.05 percent) and have retained fission tracks at 
higher temperatures that annealed all tracks in the more 
fluorine rich grains (O'Sullivan, unpub. data). 

Applying the track annealing model of Laslett and 
others (1987) suggests that good matches to the mea- 
sured data are obtained with a two-stage cooling his- 
tory similar to that which has been proposed for the 
Atigun Syncline. The first cooling episode occurred at 
some time between -60 and 50 Ma and cooled the 
Marmot Syncl ine area from maximum 
paleotemperatures of -120°C to between -50" and 
60°C over -5 m.y. The second episode occurred at some 
time between -30 and 15 Ma and cooled the area -30" 
to 40°C from paleotemperatures between -50' and 
60°C over -5 m.y. Data from sample 98 suggests that 
when the sample experienced maximum 
paleotemperatures not all fission tracks were totally 
annealed. 

"ICE CUT" AND SAGWON BLUFFS 

Apatite-fission-track ages plotted against eleva- 
tion and stratigraphic age show that the apatite-fission- 
track age of the "Ice cut" sample (sample 22, -44 Ma) 
is much less than its stratigraphic age (>90 Ma), 
whereas fission-track ages from the Sagwon Bluffs 
(-70 to 75 Ma) are all older than or within f 2 s  error of 
their stratigraphic ages (-35 to 65 Ma; fig. 6). 
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'ICE CUT' the road was built. Individual-grain ages from sample 22 are 
consistent with a single-age population. Because the mea- 

The "Ice cut" refers to a large road cut along the Dalton sured fission-track age is much younger than the stratigraphic 
Highway named for massive permafrost ice uncovered when age, this suggests that all grains dated were reset after depo- 
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sition and subsequently cooled from paleotemperatures of 
> 110°C. Estimated maximum paleotemperatures between 
-120" and 135°C are suggested by a Ro value of -0.75 per- 
cent from rocks exposed in the "Ice cut" (Johnsson and oth- 
ers, 1992). Therefore, it is clear that sample 22 has been sub- 
jected to paleotemperatures sufficient to produce total 
fission-track annealing following deposition and that the fis- 
sion-track age is a cooling age. 

Applying the track annealing model of Laslett and oth- 
ers (1987) to the fission-track data for sample 22 suggests 
that cooling from temperatures above -60" to 110°C over 
-10 m.y. occurred at some time between -60 and 50 Ma. 
Furthermore, the data is best modeled if the sample experi- 
enced a second discrete episode of cooling at some time be- 
tween -30 and 15 Ma which cooled the area -40" to 50°C 
from paleotemperatures between -50" and 60°C over -5 m.y. 

SAGWON BLUFFS 

Inspection of the single-grain age data from the Sagwon 
Bluffs shows that all samples have a significant spread in 
individual-grain ages, which is inconsistent with a single-age 
population, and that a number of individual grains give well 
defined fission-track ages which are indistinguishable from 
the stratigraphic age (fig. 6). This coincidence in ages could 
suggest (1) the presence of grains that had not accumulated 
any fission tracks at the time of deposition, either from con- 
temporaneous volcanism or a rapidly uplifted source terrane, 
and that subsequently have not been annealed, (2) these grains 
were totally reset soon after deposition, owing to exposure to 
elevated temperatures, or (3) these grain-ages were originally 

1 Figure 4. Composite figure showing (A) sample location map 
(numbers in boxes are sample numbers, map modified after Mull 
and Adams, 1989), (B) relation between fission-track age, 
stratigraphic age, and elevation (error bars are +20), (C) 
representative fission-track data, and (D) generalized best-fit time- 
temperature history for Atigun Syncline data set. Prefix of sample 
numbers (89POS or 88POS) has been left off this and subsequent 
figures. Representative fission-track data includes histograms of 
fission-track length distributions and radial plots showing single grain 
ages. Information shown with each fission-track length distribution 
includes fission-track age (f lo), mean confined-track length (f lo), 
standard deviation, and number of confined tracks measured. Radial 
plots (Galbraith, 1988) show apatite fission-track age estimates for 
grains from an individual sample. Each estimate has unit standard 
error on the y-axis, its actual precision is indicated on the x-axis, 
and its age is indicated by extrapolating a line from the origin through 
the plotted point. Dashed line shows the mean age of the sample in 
millions of years. An asterisk (*) denotes a sample that contains 
multiple-grain-age populations. Track length distributions are 
normalized to 100 tracks (listed as "Number" on the track-length 
distributions). On the radial plots the horizontal distance away from 
the y-axis is the relative precision of the individual grain analysis, 
the vertical axis shows the age and f 20 error for each single grain 

older than the stratigraphic ages and have been partially reset 
after deposition. The presence of long mean track lengths (>I4 
pm) and fission-track ages that are older than their strati- 
graphic ages suggests these samples were not subjected to 
temperatures necessary to cause accelerated annealing fol- 
lowing deposition. Estimated maximum paleotemperatures 
between -70" and 80°C are suggested by a Ro value of -0.46 
percent from the Sagavanirktok Formation exposed at Sagwon 
Bluffs (Reifenstuhl, 1990). The long confined fission tracks 
and the low maximum paleotemperature estimate indicates 
that there was either contemporaneous volcanism or a rap- 
idly uplifted source terrane acting as a source area at the time 
of deposition. Considering that the grains are rounded to an- 
gular, the most likely source was a rapidly uplifted source 
terrane. 

Also within the samples from the Sagwon Bluffs are 
many individual-grain ages (-15 to 30 Ma; fig. 6) that are 
significantly less than the stratigraphic age, suggesting either 
that some grains were totally annealed after deposition and 
record a period of cooling at that time or that these individual 
grains have been partially annealed after deposition. Micro- 
probe analyses indicate the young grains are predominantly 
fluorine rich (-0.0 to 0.01 percent chlorine) whereas the older 
grains are more chlorine rich (>0.04 percent; O'Sullivan, 
unpub. data). 

Because samples from the Sagwon Bluffs have not been 
totally annealed following deposition, individual-grain-age 
and track-length data provide thermal history information of 
the provenance terrane. Modeling the fission-track data sug- 
gests that rapid cooling of the provenance terrane occurred at 
some time between -65 and 50 Ma. It is not possible to ob- 
tain a direct estimate of the time at which the Sagwon Bluffs 
samples began to cool from maximum paleotemperatures af- 
ter deposition and exposure to maximum temperatures be- 
tween -70" and 80°C. However. cooline from maximum " 
paleotemperatures at some time between -30 and 15 Ma is 
proposed to account for the presence of -20-Ma grains in the 
samples. 

COBBLESTONE CREEK 

Apatite-fission-track ages plotted relative to stratigra- 
phy and stratigraphic age show that at the top of the struc- 
tural sequence in the Picnic Creek allochthon the fission-track 
ages between -80 to 120 Ma are slightly less than or consis- 
tent with the stratigraphic age (fig. 7), whereas lower in the 
section in the Endicott Mountains allochthon, the fission-track 
ages decrease to between -40 to 55 Ma. Inspection of the 
single-grain age data from the three samples from the Picnic 
Creek allochthon show a significant spread in individual-grain 
ages. Most individual-grain ages are significantly less than 
the stratigraphic age, but each sample contains a small num- 
ber of grains with fission-track ages similar to or significantly - - - 

when projected to the radial age scale on the right. older than the stratigraphic age. These age patterns suggest 
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severe partial annealing at elevated paleotemperatures and allochthon near the Cobblestone Creek area (Johnsson and 
that maximum paleotemperatures never exceeded -110°C others, 1992). 
after deposition. Estimated maximum paleotemperatures be- Inspection of the single-grain age data from each of the 
tween -90" and 110°C are also suggested by Ro values be- remaining four samples from Cobblestone Creek shows indi- 
tween -0.60 and 0.70 percent from rocks of the Picnic Creek vidual fission-track ages are all consistent with a single-age 
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population. Because the measured fission-track age for each 
sample is much younger than the stratigraphic age, all grains 
dated were reset after deposition and subsequently cooled from 
paleotemperatures of >11O0C. Therefore, these samples have 
been subjected to paleotemperatures sufficient to produce total 
fission-track annealing following deposition, and the fission- 
track ages are cooling ages. 

Applying the track annealing model of Laslett and oth- 
ers (1987) to the fission-track data from the Endicott Moun- 
tains allochthon suggests a protracted, two-stage cooling his- 
tory in these samples similar to that which has been proposed 
for the Mannot Syncline (fig. 7). The first episode occurred 
at some time between -60 and 50 Ma (late Paleocene to early 
Eocene), and cooled the allochthonous rocks over -5 m.y. 
from paleotemperatures >llO°C to between -70" and 80°C. 
Onset of cooling during the late Paleocene or early Eocene is 
also consistent with the lowest grain ages present in the par- 
tially annealed samples. The second cooling episode occurred 
at some time between -25 and 15 Ma and cooled the Cobble- 
stone Creek area -30" to 40°C from paleotemperatures be- 
tween -70" and 80°C to between -20" and 30°C over -5 m.y. 
The timing of the second cooling episode is supported by 
the presence of a strong peak of single-grain ages between 
-25 and 15 Ma that is evident in samples 126 and 129 
(fig. 7). Modeling of the fission-track data from the over- 
lying samples suggests that the Picnic Creek allochthon 
experienced the same two-stage cooling history as the 
Endicott Mountains allochthon except maximum 
paleotemperatures prior to cooling were between -90" to 
1 10°C (fig. 7). If, as I have proposed, the Endicott Moun- 
tains and Picnic Creek allochthons experienced the same 
two-stage cooling history, then this suggests that these 
allochthons were juxtaposed prior to cooling from maxi- 
mum paleotemperatures. 

NORTHERN FOOTHILLS AND COLVILLE RIVER 

Fission-track data from this area fall into two groups 
(lower and upper groups) on the basis of stratigraphy and 
apatite-fission-track age. The lower group, with fission-track 
ages between -53 and -68 Ma, includes samples from the 
Albian to Cenomanian Torok Formation and Nanushuk Group 
(fig. 8). The upper group, with fission-track ages between 
-79 and -140 Ma, includes samples from the post- 
Cenomanian Colville Group and Sagavanirktok Formation. 

UPPER GROUP 

Measured fission-track ages from the upper group are 
older than or are consistent within error with their stratigraphic 
age. In samples from this group (n=12) a number of indi- 
vidual grains have ages that are indistinguishable from the 
stratigraphic age (fig. 8). Contemporaneous volcanism is most 

likely the source of these grains because most of the samples 
that contain them are from the Colville Group, which con- 
tains many tuffaceous and bentonitic layers. Upper group 
rocks also contain some precise individual-grain ages between 
-50 and 70 Ma, ages which are less than the stratigraphic 
age, suggesting some grains record a period of cooling at that 
time. The young grains are fluorine rich (-0.0 to 0.01 per- 
cent) whereas older grains have a higher percentage of chlo- 
rine (O'Sullivan, unpub. data). The age pattern for these 
samples suggests partial annealing at maximum 
paleotemperatures of <llO°C following deposition. Estimated 
maximum paleotemperatures between -70" and 90°C are also 
suggested by Ro values between -0.3 1 and 0.49 percent from 
the Colville Group and Sagavanirktok Formation near the 
surface in numerous wells near the Colville River (Bayliss 
and Magoon, 1988). 

Because none of the samples have been totally annealed 
following deposition, it is not possible to obtain a direct esti- 
mate of the time at which the samples began to cool from 
maximum paleotemperatures. However, the form of the fis- 
sion-track length distributions suggests that cooling from 
maximum paleotemperatures was rapid because only long 
tracks were preserved and each distribution has a small stan- 
dard deviation. Applying the track annealing model of Laslett 
and others (1987) to the fission-track data from the upper 
group, and accounting for the presence of young grains in the 
samples and the regional vitrinite-reflectance data, suggests 
that rapid cooling from maximum paleotemperatures to <40°C 
occurred over -3 to 5 m.y. at some time between -70 and 50 
Ma. The youngest precise individual-grain ages present in 
the upper group rocks are -60 Ma; this suggests that the cool- 
ing episode occurred sometime during the Paleocene. 

LOWER GROUP 

Inspection of the single-grain age data from the 
lower group samples (n=8) shows that the fission-track 
ages are much younger than their stratigraphic ages indi- 
cating age reduction following deposition. Because all 
grains from each mount represent a single population, this 
suggests that all grains dated were reset after deposition 
and subsequently cooled from paleotemperatures > I  10°C. 
Ro values of -0.70 to 0.75 percent from Nanushuk Group 
rocks exposed in the northern foothills (Johnsson and oth- 
ers,  1992) suggest exposure to maximum 
paleotemperatures of -1 10' to 130°C, and the weighted 
mean age for these samples of -56_+4 Ma (+20) indicates 
the time at which these samples cooled from maximum 
paleotemperatures. Onset of cooling during the Paleocene 
is consistent with the young individual-grain ages present 
in the upper group samples. Many lower group rocks also 
contain some precise individual-grain ages <-30 Ma sug- 
gesting some grains could be recording a period of cool- 
ing at that time. This is most evident in sample 5 in which 
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3 out of 25 individual grains dated have ages of -20 to 25 Ma to -50°C occurred during the Paleocene at -56k4 Ma. Fur- 
(fig. 8). thermore, the data are best explained if the sample experi- 

Modeling of the fission-track data from the lower group enced a second discrete episode of cooling over -5 m.y. dur- 
suggests that rapid cooling from paleotemperatures of >110° ing the Oligocene to Miocene (between -30 and 15 Ma) from 

(A\ Sam~le Location M ~ D  
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Flgure 8. Composite figure showing (A) sample location map (numbers in (amr bars m a ) ,  (0 qmentative fission-track& and (D) generaked 
boxes are sample numbers, map modified after Mull and Adams, 1989), best-fit time-temperature history for northern foothills and Colville River 
(B) relation between fission-track age, stratigraphy, and stratigraphic age data set. Repmtative fission-track data explained in caption of figure 4. 
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paleotemperatures in the range of -40" to 50°C to -10" to Applying the track annealing model of Laslett and 
20°C (fig. 8). others (1987) to the fission-track data from the shallow- 

est two samples suggests that the reduced individual fis- 
sion-track grain ages resulted from annealing at tempera- 

HUSKY SEABEE TEST WELL NO. 1 tures between -80" and 110°C prior to rapid cooling. The 
best match for the available data suggests cooling on the 

Apatite-fission-track ages range between 
102.3k17.6 Ma, at an estimated present-day temperature of 
- 19°C at 9 15 m depth, to 6.7f4.4 Ma, at an estimated present- 
day temperature of -102°C at 3,665 m depth. Estimates of 
present-day temperature are determined using a geothermal 
gradient of -30.0°C/km calculated using a corrected bottom 
hole temperature (BHT) of -1 34°C at 4,759 m depth reported 
by Magoon and others (1988) and a mean surface tempera- 
ture of - -8.9"C reported by Lachenbruch and others (1988). 
Apatite-fission-track parameters plotted against sample depth 
and present temperature for samples from the Seabee No. 1 
well are shown in figure 9. 

INTERPRETATION OF FISSION-TRACK AND 
VITRIMTE-REFLECTANCE DATA 

Apatite-fission-track and vitrinite-reflectance data sug- 
gest that samples from the Seabee No. I well have experi- 
enced elevated paleotemperatures after deposition. As illus- 
trated in figure 9, the mean or pooled fission-track ages 
(between -7 and 50 Ma) for the deepest six samples are all 
significantly less than the stratigraphic ages (between -90 
and 208 Ma), and the majority of individual-grain ages from 
throughout the well are significantly less than the stratigraphic 
age. Additionally, the measured mean fission-track lengths 
are much shorter than would be expected if they had formed 
at the prevailing temperatures. In principle, lower than ex- 
pected mean fission-track lengths could reflect inheritance 
of shorter fission tracks from source terrane rocks, or alter- 
natively, the samples may have been subjected to higher 
postdeposition paleotemperatures sufficient to produce the 
observed reduction in mean fission-track length. Because the 
fission-track ages from the deepest samples are less than the 
respective stratigraphic ages, the discrepancy cannot be ex- 
plained in terms of inherited short tracks from source ter- 
ranes and must therefore be due to the effects of enhanced 
fission-track annealing at elevated paleotemperatures after 
deposition. Finally, vitrinite-reflectance data from Magoon 
and others (1988) of between -0.43 percent, at 215 m depth, 
to -2.65 percent, at 4,759 m depth, confirm that all samples 
experienced elevated paleotemperatures following deposi- 
tion and that the deepest five samples were exposed to 
paleotemperatures >llO°C. These vitrinite-reflectance data 
suggest that the stratigraphic section experienced maxi- 
mum paleotemperatures of between -70°C, at 215 m 
depth, to -220°C, at 4,759 m depth, values which are much 
higher than present-day estimates of -2°C and 134"C, re- 
spectively. 

order of -30" to 40°C occurred over -5 to 10 m.y. be- 
tween -65 and 55 Ma. Furthermore, the presence in sample 
12 of many individual grains with ages between -15 and 
25 Ma suggests an episode of cooling occurred sometime 
during or since -25 to 15 Ma. 

Data from the deepest five samples collected from 
the well suggest that they experienced paleotemperatures 
>llO°C after deposition and were subsequently cooled to 
present temperatures (appendix A). Modeling the fission- 
track data from sample 11 suggests the sample initially 
cooled -30" to 40°C over -5 to 10 m.y. from maximum 
paleotemperatures to between -80" and 90°C at some time 
between -65 and 55 Ma. At this time samples deeper in 
the section remained at temperatures >llO°C. A second 
cooling episode occurred at some time between -25 and 
15 Ma, when the entire stratigraphic section cooled -20" 
to 30°C to paleotemperatures <llO°C. Cooling between 
-65 and 55 Ma and between -25 and 15 Ma is compatible 
with evidence of cooling determined from outcrop samples 
along the northern foothills and the Colville River regions 
discussed previously. 

CALCULATION OF MAXIMUM PALEOGEOTHERMAL 
GRADIENT AND AMOUNT OF UPLIFT AND EROSION 

As explained earlier, the slope of the fitted linear rela- 
tionship between maximum paleotemperature and present 
depth provides a direct estimate of the maximum 
paleogeothermal gradient (maximum paleotemperature pro- 
file) prior to cooling. Figure 10 shows that the best-fit esti- 
mate (least squares regression) of the maximum 
paleogeothermal gradient (derived using the maximum 
paleotemperature profile) is equivalent to the estimated 
present-day geothermal gradient of -30°C/km. This suggests 
that basin heat flow has not changed since maximum 
paleotemperatures were reached, however, a great deal of 
section must have been removed as a result of uplift and ero- 
sion because the maximum geothermal gradient is offset to- 
wards higher temperatures as a result of previous exposure to 
elevated temperatures. 

Because any change in the geothermal gradient since 
the time of maximum paleotemperatures has been negligible, 
the amount of removed section can be estimated by dividing 
the amount of cooling by the geothermal gradient. For the 
Seabee No. 1 well, the estimated maximum paleotemperature 
at the surface is -65' to 70°C, the mean annual surface tem- 
perature (subareal) in the Maastrichtian just prior to the time 
of cooling was -5OC (Spicer, 1987), and the present mean 
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annual surface temperature is - -9°C (Lachenbruch and oth- 
ers, 1988). Using a geothermal gradient of -30°C/km, the 
Seabee No. 1 well has experienced -2.1 km of uplift and ero- 
sion and -0.5 km of apparent uplift and erosion resulting from 
a decrease in mean annual surface temperature to cool the 
section to present temperature conditions. 

BURIAL HISTORY 

Figure 11 shows the proposed burial history for the 
Seabee No. 1 well, as constrained by the regional stratigra- 
phy, apatite-fission-track, and vitrinite-reflectance data. The 
Seabee No. 1 well section experienced maximum 
paleotemperatures during the early Paleocene at which time 
sedimentary rocks of the Colville Group, Nanushuk Group, 
and the upper part of the Torok Formation remained at 
paleotemperatures I 1  10°C, while the lower part of the Torok 
Formation and deeper rock units were exposed to 
paleotemperatures >1 10°C. In the Paleocene to early Eocene 
at some time between -65 and 55 Ma, the entire section ex- 
perienced cooling of -30" to 40°C in -5 m.y. due to -1 to 

1.3 km of uplift and erosion. This cooling caused the lower 
part of the Torok Formation and upper part of the Fortress 
Mountain Formation to cool below paleotemperatures of 
- 1 10°C. Finally, during the late Oligocene to middle Miocene, 
between -25 and 15 Ma, the stratigraphic section experienced 
cooling of -20" to 30°C over -10 m.y. (-0.5 km of uplift and 
erosion and -0.5 km of apparent uplift and erosion resulting 
from a decrease in mean annual surface temperature). This 
cooling episode brought the base of the Torok Formation to 
paleotemperatures of -60°C and the base of the sampled sec- 
tion to paleotemperatures between -60" to 110°C. Minor cool- 
ing since this cooling episode has brought the rocks to present- 
day temperature conditions. 

HUSKY INIGOK TEST WELL NO. 1 

Apatite-fission-track ages range from 97.6k19.0 Ma, 
at an estimated present temperature of - 17°C (802 m depth), 
to 11.729.0 Ma, at an estimated present-day temperature of 
-121°C (3,811 m depth), and 0 Ma at an estimated present- 
day temperature of -193°C (5,905 m depth). These estimates 
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Figure 9. Composite figure showing fission-track parameters shown as solid line in central panel. Enorbmare%. SymboIs: Kn, 
plotted against sample depth and present-day temperature for Cretaceous Nanushuk Group; Kt, Cretaceous Torok Formation; Kfm, 
samples from Husky Seabee No. 1 well and representative fission- Cretaceous Fortress Mountain Formation; Jk, Jurassic Kingak Shale. 
track data for this well. Variation of stratigraphic age with depth is Representative fission-track data explained in caption of figure 4. 
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of present-day temperature are determined using a geother- 
mal gradient of -34S°C/km calculated using a BHT of 
-201°C at 6,129 m depth, reported by Magoon and others 
(1988), and a mean surface temperature of - -10.5"C, as re- 
ported by Lachenbruch and others (1988). The occurrence 
within the well of fission tracks in apatite grains at present- 
day temperatures >1 10°C, however, is unusual and suggests 
that either (1) the preserved section in the well has experi- 
enced recent rapid burial to higher temperatures, (2) there 
was aproblem with contamination, (3) that these apatite grains 
have an abnormally high C1 content, (4) the geothermal gra- 
dient has increased recently (<-I Ma), or (5) the present-day 
temperature estimates are incorrect. The first three factors 
could be eliminated owing to lack of evidence for recent rapid 
burial (Magoon and others, 1988), abnormally C1 values 
(O'Sullivan, unpub. data), or contamination. Therefore, in this 
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Figure 10. Estimated maximum paleotemperature profile in the 
Husky Seabee No. 1 well, derived from available fission-track and 
vitrinite-reflectance values, plotted against sample depth. Also shown 
is maximum temperature profile expected if total amount of uplift 
and erosion was due to a change in mean annual surface temperature. 
Original vitrinite-reflectance values from Magoon and others (1988). 
Values used to calculate present-day gradient are given in appendix 
A. Symbols: FT, fission track; BHT, bottom-hole temperature. See 
text for details. 

case it is most likely that the present-day temperature esti- 
mates are incorrect or that the geothermal gradient has in- 
creased very recently and has not yet affected the fission- 
track parameters. 

On the basis that all fission tracks should be annealed 
at present temperatures 2110°C, a geothermal gradient of 
-28"C/km, rather than the value of -35"CIkm determined 
from the BHT, has been used in modeling the fission-track 
data (see appendix A). Down-hole temperature estimates in 
the remaining discussion are based on the lower geothermal 
gradient. The apatite-fission-track parameters plotted against 
sample depth and present-day temperature for samples from 
the Inigok No. 1 well (based on the lower geothermal gradi- 
ent) are shown in figure 12. 

INTERPRETATION OF FISSION-TRACK AND 
VITRINITE-REFLECTANCE DATA 

Apatite-fission-track and vitrinite-reflectance data sug- 
gest that samples from the Inigok No. 1 well have experi- 
enced elevated paleotemperatures after deposition. Evidence 
for this includes (1) many pooled fission-track ages and the 

prior to ~aleocene cooling 

7 I w ,  1 
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Figure 11. Proposed depositional history for Husky Seabee No. 1 
well based on fission-track, vitrinite-reflectance, and stratigraphic 
parameters. Results suggest that maximum paleotemperatures were 
reached in the early Paleocene prior to two episodes of rapid cooling 
in the Tertiary. Symbols: BHT, bottom-hole temperature; T.D., total 
depth to bottom of well. See text for details. 



62 THERMAL EVOLUTION OF SEDIMENTARY BASINS IN ALASKA 

majority of individual-grain ages are significantly less than 
stratigraphic ages (fig. 12), (2) the measured mean fission- 
track lengths are much shorter than would be expected if they 
had formed at the present-day temperatures, and (3) vitrinite- 
reflectance data from the Inigok No. 1 well (Bayliss and 
Magoon, 1988; Magoon and others, 1988) indicate that the 
well experienced maximum paleotemperatures much higher 
than present-day temperature estimates. 

Data frbm the shallowest three samples (125,126, and 127) 
are characteristic of samples which have not experienced 
paleotemperatum >1 10°C after deposition; all individual-gmin ages 
that are sigmficantly less than stratigraphic ages can be explained 
by annealing at tern- between -75" and WC.  Applying the 
track annealing model of Laslett and others (1987) to the fission- 
track data from samples 125 and 126 suggests that maximum 
paleotemperatum between -75" and 90°C were reached during 
the early Paleocene, prior to cooling at some time between -60 and 
45 Ma The best model to fit the available data suggests cooling on 
the order of -30" to 40°C occurred in -5 m.y. at some time in the 
Paleocene to early Eocene between -65 and 55 Ma 

Data from the six deepest samples from the well are 
characteristic of samples that have experienced maximum 
paleotemperatures >1 10°C after deposition and have subse- 
quently cooled. Modeling of the data from samples 122, 123, 
and 124 suggest they experienced a two-phase cooling his- 
tory. They initially cooled -30" to 40°C from maximum 
paleotemperatures to -80" to 90°C during the Paleocene to 
early Eocene at some time between -65 and 55 Ma. Further- 
more, the data are best explained by cooling on the order of 
-1 5" to 20°C during a second episode in the middle Oligocene 
to middle Miocene at some time between -30 and 15 Ma. 

CALCULATION OF MAXIMUM PALEOGEOTHERMAL 
GRADIENT AND AMOUNT OF UPLIFT AND EROSION 

As shown in figure 13, the slope of maximum 
paleotemperatures (maximum paleogeothermal gradient) is 
nonlinear. Explaining this nonlinearity is beyond the scope 
of the present study, however, the best-fit estimate (least 
squares regression) of the maximum paleogeothermal gradi- 
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LATE MESOZOIC AND CENOZOIC THERMOTECTONIC EVOLUTION OF THE COLVILLE BASIN, ALASKA 63 

ent for the upper half of the well suggests that the maximum 
paleogeothermal gradient (based on the vitrinite-reflectance 
data) is equivalent to the estimated present-day geothermal 
gradient of - 2 8 " C h  (based on the fission-track data). This 
indicates that basin heat flow has not changed, at least not in 
the upper half of the preserved section in the well, since maxi- 
mum paleotemperatures were reached and the maximum 
paleotemperature profile is offset slightly towards higher tem- 
peratures as a result of previous exposure to elevated tem- 
peratures. Because of the similarity between the geothermal 
gradients calculated separately using the vitrinite-reflectance 
and fission-track data, I propose that the strata were exposed 
to a gradient of -28"C/km at the time both the vitrinite-re- 
flectance and fission-track parameters were set. Any higher 
estimated geothermal gradient for the Inigok No. 1 well, such 
as the value of - 3 8 " C h  proposed by Deming (written com- 
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Figure 13. Estimated maximum paleotemperature profile in Husky 
Inigok No. 1 well, derived from available fission-track and vitrinite- 
reflectance values, plotted against sample depth. Also shown is 
maximum temperature profile expected if total amount of uplift and 
erosion was due to a change in mean annual surface temperature. 
Original vitrinite-reflectance values fmm Magoon and others (1988). 
Values used to calculate present-day gradient are given in appendix 
A. Symbols: FT, fission track; BHT, bottom-hole temperature. See 
text for details. 

mun., 1993), must be the result of a recent increase in the 
geothermal gradient that has not yet effectecl either the fis- 
sion-track or vitrinite-reflectance data. Therefore, for the 
Inigok No. 1 well, the estimated maximum paleotemperature 
at the surface is -50°C, the mean annual surface temperature 
in the Maastrichtian just prior to the time of cooling was -5°C 
(Spicer, 1987), and the present-day mean annual surface tem- 
perature is - -1 1°C (Lachenbruch and others, 1988). Assum- 
ing a geothermal gradient of -28"C/km, the well has experi- 
enced - 1.7 km of uplift and erosion and -0.6 km of apparent 
uplift and erosion resulting from a decrease in mean annual 
surface temperature to cool the section to present tempera- 
ture conditions (fig. 13). 

BURIAL HISTORY 

Figure 14 shows the proposed burial history for the 
Inigok No. 1 well as constrained by the regional-stratigra- 
phy, apatite-fission-track, and vitrinite-reflectance data. Rocks 
in the subsurface experienced maximum paleotemperatures 
during the early Paleocene at which time sedimentary rocks 
of the Colville Group, Nanushuk Group, and the upper part 
of the Torok Formation remained at paleotemperatures 
<llO°C, while the lower part of the Torok Formation and 
deeper rock units were exposed to paleotemperatures >1 10°C. 
Between -65 and 55 Ma, the entire section experienced cool- 
ing of -30" to 40°C over -5 m.y. due to -1 to 1.3 krn of uplift 
and erosion. Finally, during the middle Oligocene to early 
Miocene (between -25 and 15 Ma) the section experienced 
cooling of -15" to 20°C over -5 to 10 m.y. (-0.6 km of ap- 
parent uplift and erosion resulting from a decrease in mean 
annual surface temperature). It is also possible that the well 
section experienced some true uplift and erosion during this 
later cooling episode, however, the amount of any such uplift 
and erosion is difficult to constrain with the present data set. 
Minor cooling since then has brought the rocks to present 
conditions. 

EXXON ALASKA STATE C-1 WELL 

Apatite-fission-track parameters plotted against sample 
depth and present-day temperature for samples from the 
Alaska State C-1 well are shown in figure 15. Apatite-fis- 
sion-track ages decrease from 81 .M24.1 Ma, at an estimated 
present-day temperature of -7°C at -671 m depth, to 
11.2k10.4 Ma, at an estimated present temperature of -99°C 
at -4,146 m depth. 

INTERPRETATION OF FISSION-TRACK AND VITRINITE- 
REFLECTANCE DATA 

The apatite-fission-track and vitrinite-reflectance data 
from the Alaska State C-1 well suggest that rocks in the sub- 
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surface are presently experiencing temperatures close too 
maximum values. Even though the fission-track ages for the 
two deepest samples are significantly less than the strati- 
graphic age, they show a degree of annealing possible at the 
present-day temperatures of these samples (between -95" and 
100°C). Individual-grain ages throughout the section are sig- 
nificantly greater than the stratigraphic age, a fact which 
suggests that little annealing has occurred since deposition; 
an exception is the presence of a cluster of -20-Ma grains in 
each of the two samples from the Canning Formation (samples 
16 and 17). Finally, vitrinite-reflectance data from the Alaska 
State C-1 well range between -0.24 percent at 1,267 m (4,155 
ft) depth to -0.53 percent at 4,085 m (13,400 ft) depth. These 
data indicate maximum paleotemperatures experienced by the 
well of between -lg°C, at 1,267 m depth to -95"C, at 4,085 
m depth, are equivalent to present-day estimates of -22" and 
-95'C, respectively. 

From the apatite-fission-track data alone it is not pos- 
sible to determine the postdepositional time-temperature his- 
tory of these rocks with any precision. Because none of the 
apatite-fission-track ages of the samples have been totally 
reset, it is unclear whether the shortened fission tracks in each 
sample were affected prior to or after deposition. The strong 
resemblance of individual-grain ages and fission-track length 

Figure 14. Proposed depositional history for Husky Inigok No. 
1 well based on fission-track, vitrinite-reflectance, and 
stratigraphic parameters. Results suggest that maximum 
paleotemperatures were reached in the early Paleocene prior to 
two episodes of rapid cooling in the Tertiary. Symbols: BHT, 
bottom-hole temperature; T.D., total depth to bottom of well. 
See text for details. 

distributions between the most shallow two samples which 
are at very different present-day temperatures (-7" and -63"C, 
respectively), suggests that the discrepancy between observed 
values of mean fission-track length to present-day tempera- 
tures should be explained in terms of previously shortened 
inherited fission tracks. 

Applying the track annealing model of Laslett and oth- 
ers (1987) to the fission-track data from samples 16 and 17 
suggests that they have not experienced paleotemperatures 
much higher than present-day temperature values. To explain 
the presence of many individual grains with ages of -20 Ma 
(fig. 15), these samples must have previously experienced an 
episode of cooling from elevated paleotemperatures followed 
by heating (by continued burial?) to the present-day tempera- 
tures. Modeling the distributions of fission-track lengths in 
the remaining samples support suggestions that the section 
experienced an episode of cooling on the order of -15' to 
20°C during the late Tertiary. 

CALCULATION OF MAXIMUM PALEOGEOTHERMAL 
GRADIENT AND AMOUNT OF UPLIFT AND EROSION 

As shown in figure 16, the best-fit estimate (least 
squares regression) of the maximum paleogeothermal gradi- 
ent, derived using the maximum paleotemperature profile, 
suggests that the maximum paleogeothermal gradient is 
equivalent to the present-day geothermal gradient of -27"CJ 
km. The overlapping plots suggest that samples in the Alaska 
State C-1 well are presently at maximum temperatures. How- 
ever, in the case of this well, some amount of apparent uplift 
and erosion must have occurred in response to the decrease 
in the mean annual surface temperature from -5" to --1 l°C 
during the early Teniary. By plotting the expected maximum 
temperature profile present in the early Tertiary, I determined 
a value of -0.6 km for the apparent uplift and erosion result- 
ing from a decrease in mean annual surface temperature. 

BURIAL HISTORY 

Figure 17 shows the proposed burial history for the 
Exxon Alaska State C-1 well. During the Late Cretaceous 
and early Tertiary, the well sequence was quickly buried ow- 
ing to continuous deposition of the Canning Formation and 
Sagavanirktok Formation, with little or no uplift and erosion. 
Interpretation of the available apatite-fission-track data sug- 
gests that as a result of burial the Alaska State C-1 well sec- 
tion experienced close to maximum paleotemperatures dur- 
ing the late Oligocene followed by cooling on the order of 
- 15" to 20°C in the early to middle Miocene (-20 to 10 Ma). 
I propose that this episode of cooling was due entirely to the 
regional decrease in mean annual surface temperature in the 
Miocene (from -5' to - -1 1°C), a decrease which resulted in 
-0.6 km of apparent uplift and erosion resulting from a de- 
crease in mean annual surface temperature (based on a geo- 
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thermal gradient of -27"Cflan). Subsequent burial during the 
Miocene and Pliocene has brought the Alaska State C- l well 
section to present-day maximum temperatures. 

CAUSE OF ELEVATED 
PALEOTEMPERATURES 

The apatite-fission-track and vitrinite-reflectance data 
suggest that the Colville basin has experienced elevated 
paleotemperatures in the past prior to episodic cooling during 
the Tertiary. Explanations for the elevated paleotemperatures 
include (1) heating from elevated heat flow, perhaps due to re- 
gional plutonic activity or heating from circulating fluids along 
porous sedimentary layers, or (2) increased temperatures due to 
increased depth of burial and (or) thrust loading. 

HIGH TEMPERATURES DUE TO 
ELEVATED HEAT FLOW 

Relative to present geothermal gradients, there is little 
evidence for elevated heat flow on a regional scale throughout 

northern Alaska prior to Tertiary cooling. Data from the wells 
discussed in this paper suggest that the paleogeothermal gradi- 
ents, which range between -27" to 33"C/km, have remained 
relatively constant since the wells experienced maximum 
paleotemperatures in the Late Cretaceous and early Tertiary. 
Data from the Inigok No. 1 well, however, suggest that the well 
experienced a nonlinear maximum geothermal gradient some- 
time prior to Tertiary uplift and erosion. The cause of this non- 
linear maximum geothermal gradient is unknown but seems to 
be localized. 

Regional plutonic activity across the Colville basin is 
not known to have occurred during the Late Cretaceous or 
Tertiary. Only at -10,700 ft (-3,262 m) depth in the East 
Teshekpuk No. 1 well was granitic basement penetrated. 
However, Bird and others (1978) report WAr radiometric ages 
for the granite of -332k10 Ma (K-feldspar) and 243f7 Ma 
(biotite), ages which indicate that it was emplaced long be- 
fore the Tertiary cooling episodes recorded by the regional 
apatite-fission-track data. In addition, cooling of the Colville 
basin from maximum paleotemperatures seems to have been 
rapid (between -10" and 17"C/m.y., as indicated by the apa- 
tite-fission-track data) and episodic, whereas any elevation 
of heat flow associated with intrusion would diminish at a 

Depth (km) Temperature ("C) 

Fission-Track Age (Ma) Mean Length (pm) 

NO CONFINED 
TRACK LENGTHS 

Figure 15. Composite figure showing fission-track central panel. Error bars are +20. Sample 14 did not contain 
parameters plotted against sample depth and present-day any confined fission-tracks. Symbols: Ts, Tertiary 
temperature for samples from Exxon Alaska State C-1 well Sagavanirktok Formation; Kc, Cretaceous Canning 
and representative fission-track data for this well. Variation Formation. Representative fission-track data explained in 
of stratigraphic age with depth is shown as solid line in caption of figure 4. 
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slower rate of <5.0°C/m.y. (Lee, 1979; Spera, 1980; Turner, 
1981). 

It is well known that ground water flow can transfer 
heat and modify subsurface temperatures (for example, Smith 
and Chapman, 1983), but until recently there has been no 
published analysis of the advective heat-transfer capacity of 
the present-day ground-water-flow system in the Colville 
basin. Using heat-flow measurements from the western North 
Slope region; Deming and others (1992, this volume) pro- 
posed that the region is presently dominantly influenced by 
forced convection generated by a topographically driven 
ground-water-flow system and that alternative explanations 
are unsatisfactory. Furthermore, they felt, on the basis of re- 
ported patterns in vitrinite-reflectance data (Bird, 1991a,b), 
that it is conceivable that the topographically driven ground- 
water-flow system existed at the same time that the vitrinite- 
reflectance values were "frozen in" and has persisted since 
uplift began (Deming and others, 1992). Therefore, it is pos- 
sible that heating from circulating fluids could be at least par- 
tially responsible for the elevated paleotemperatures experi- 
enced across the Colville basin prior to the recorded cooling 
events. However, heating from circulating fluids does not 
explain the episodic cooling events recorded by the fission- 
track data, and therefore, some other mechanism must be re- 
sponsible. 

Amount of "apparent 
uplift/erosion" due to 

change in mean annual 
surface temperature Paleosurface 0 FT value 

=-0.6 km temperature WVitrinite reflectance 
In I / =-5°C value 

-20 0 20 40 60 80 100 120 

Maximum Temperature ("C) 

Temperature control from surface temperature and BHT 
0 Temperature control from 0°C at base permafrost 

Figure 16. Estimated maximum paleotemperatures in the Exxon 
Alaska State C-1 well, derived from fission track and vitrinite 
reflectance plotted against sample depth. Present-day geothermal 
gradient is also shown for comparison with maximum 
paleogeothermal gradient. Present-day thermal gradient and 
maximum paleogeothermal gradient are equivalent; this suggests 
that this well is presently at maximum paleotemperatures. 
Paleogeothermal gradients were determined using a mean annual 
surface temperature of -5°C for the North Slope of Alaska in the 
Late Cretaceous (Spicer, 1987). Symbols: FT, fission track; BHT, 
bottom-hole temperature. See text for details. 

HIGH TEMPERATURES DUE TO BURIAL 

The obvious mechanism for the heating and rapid cool- 
ing indicated by the available fission-track data from through- 
out the Colville basin is subsidence and increased burial in re- 
sponse to sedimentation followed by uplift and erosion. If burial 
was responsible for the elevated paleotemperatures, many kilo- 
meters of overburden must have been removed from the present- 
day Brooks Range foothills during the Tertiary. Direct strati- 
graphic evidence that kilometer-scale overburden once existed 
is lacking. However, Bird (1987) reported evidence that 
Brookian deposits are more than 8 km thick along the foothills 
in the National Petroleum Reserve ofAlaska (NPRA). Bird and 
Bader (1987) reported Brookian sequence sediments that are 
more than 7.6 km thick are present in the foredeep west of 
ANWR. Within ANWR, Bird and Magoon (1987; pl. 3) re- 
ported -6,700 m of Brookian sediments north of the Sabbath 
Creek area at the Hulahula Low on the basis of seismic inter- 
pretation by Bruns and others (1987). To the east, in the 
Mackenzie Delta region, Bird and Bader (1987) reported that 
Tertiary sediments are more than 9.4 km thick and are prima- 
rily Eocene to Miocene in age. 

The existence of thick preserved sections of young Bmokian 
sequence sedimentary rocks indicate that it is quite possible that 
uplifted regions across the Colville basin were once overlain by a 
thick stratigraphic section. This section was probably removed by 
uplift and erosion during the Tertiary, the timing of which is indi- 
cated by the apatite-fission-track data. In the absence of any other 
viable explanation and because the estimates of removed section 
seem plausible, I favor an interpretation of the &ta in terms of heat- 
ing due to burial and cooling due to uplift and erosion. 

TIME (Ma) @ Fission-track sample 

Figure 17. Proposed depositional history for Exxon Alaska State 
C-l well based on fission-track, vitrinite-reflectance, and 
stratigraphic parameters. Solid lines represent true burial history, 
whereas dashed lines follow the thermal history in relation to 
prevailing down-hole temperatures. See text for details. 
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TIMING OF UPLIFT AND EROSION 

When fission-track results from the Colville basin are 
plotted with respect to location, obvious trends are seen (fig. 
18). At some time during the Paleocene to early Eocene (-65 
to 50 Ma) compressional deformation resulted in uplift and 
erosion across most of the Colville basin. It is likely that up- 
lift and erosion at this time is related since it occurred through- 
out the region south of the present-day coastline. On the ba- 
sis of well constrained fission-track data from throughout the 
Brooks Range (Blythe and others, in press; Murphy and oth- 
ers, 1994; 0' Sullivan, 1988; 0' Sullivan and Decker, 1989; 
O'Sullivan and others, 199 1 b, 1992, in press; O'Sullivan, 
Green and others, 1993), I propose that the event responsible 
for regional uplift and erosion occurred at -6W4 Ma. 

Apatite-fission-track data from the Colville basin also 
suggest that an episode of cooling related to uplift and ero- 
sion occurred at some time during the middle Oligocene to 
middle Miocene (between -30 and 15 Ma). Once again, con- 
sidering the consistency of the results, it is likely that uplift 

and erosion in all areas of the foreland basin is related. Dur- 
ing the late Oligocene much of the core of the Brooks Range 
and the southern Colville basin experienced another episode 
of uplift and erosion. Data from the core of the Brooks Range 
including the Mt. Doonerak antiform (0'  Sullivan and others, 
1991a. in press; Murphy and O'Sullivan, 1992; Blythe and 
others, in press), the Okpilak batholith, and the Sadlerochit 
Mountains (O'Sullivan, 1993; O'Sullivan and others, 1992, 
in press) suggest that this episode occurred during the late 
Oligocene at -25f 3 Ma. 

Along the northern edge of the Colville basin near the 
northern coast of Alaska there is no evidence from the pre- 
served stratigraphy that any section was removed during the 
late Oligocene due to uplift and erosion or lowering of sea 
level. To explain the data from the Alaska State C-1 well that 
suggest that -10" to 15OC of cooling occurred at some 
time between -25 and 15 Ma, I propose that the data 
records an episode of cooling related to the large 
change in climate from temperate to arctic conditions, 
which occurred before the end of the Miocene (Clark, 1990). 

Cobblestone Ck. 

Alaska St. C-1 

Figure 18. Plot showing timing of rapid cooling events for areaslwells discussed in this study. Resulting trends are discussed 
in the text. 
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In summary, only two major episodes of Cretaceous 
and Tertiary(?) deformation have been previously recognized 
for the central Brooks Range and Colville basin (for example, 
Mull, 1982; Moore and others, 1992, and references therein) 
(1) an early episode during the Late Jurassic to Early Creta- 
ceous, followed by (2) a second episode during the Late Cre- 
taceous and Tertiary(?). On the basis of fission-track data 
from the Colville basin, the second episode occurred at -6W4 
Ma. Furthermore, the fission-track data suggest that a third 
major deformation episode occurred at -25B Ma. I propose, 
therefore, that there were actually three, not two, major epi- 
sodes of deformation that have affected the North Slope and 
its foreland basin during the Cretaceous and Tertiary. Defor- 
mation and resulting uplift and erosion did occur on the North 
Slope during the Eocene to early Oligocene, but deforma- 
tion seems to have been restricted to the northeastern parts 
of the foreland basin (O'Sullivan, 1993; O'Sullivan and oth- 
ers, 1992; O'Sullivan, Green and others, 1993). 

There is little doubt that the initial Late Jurassic to Early 
Cretaceous orogenic episode was the most dominant event 
affecting the development of the Brooks Range and the 
Colville basin. Late Jurassic to Early Cretaceous compres- 
sion resulted in hundreds of kilometers of structural short- 
ening, many kilometers of uplift and erosion within the moun- 
tain belt, and deposition of sediments many kilometers thick 
in the foreland basin. There is also little doubt that Tertiary 
deformation is responsible for much of the present topogra- 
phy in the northeastern Brooks Range (O'Sullivan and oth- 
ers, in press). I propose that much of the present-day topog- 
raphy in the central and western Brooks Range and across 
the Colville basin is probably the result of tectonically-driven 
Tertiary uplift and erosion during the Paleocene and the late 
Oligocene. 

This model is different than the tectonic model 
for development of the Brooks Range and Colville basin pro- 
posed by Howell and others (1992), who suggested that Ter- 
tiary uplift and erosion occurred in response to 
postconvergence crustal rebound. Their interpretation is 
based on the position of the 0.6 and 2.0 percent vitrinite- 
reflectance isograds, which if projected southward across the 
North Slope foreland basin and into the core of the Brooks 
Range (for example, Bird and Molenaar, 1992, their Fig. 1 3 ,  
suggest that the core of the Brooks Range has experienced 
much more uplift and erosion than the adjoining foreland 
basin. Fission-track data from two areas in particular, how- 
ever, suggest that compression was responsible for episodes 
of Paleocene and late Oligocene uplift and erosion. First, as 
seen in figure 8, the ages of samples from rocks exposed in 
the cores of the anticlines south of Umiat have all been reset 
and record the rapid cooling episode during the Paleocene, 
whereas samples from rocks exposed in the synclines give 
depositional ages. This relation suggests that rapid cooling 
was related to a compressional event that folded and faulted 
the area. Next, data from samples collected within the core 
of the Brooks Range (O'Sullivan and others, 1991a,b, in 

Table 1. Timing and amount of Tertiary uplift and erosion. 
[Leaders (-), indicate no value determined] 

Area Max. 60+4 2 5 f 3  "Apparent" Total 
o r  well Temp. Ma Ma Uplift (km)4 

('T) (krn)' (km)2 (km)3 
Atieun Svncline 110 2.1 1.1 0 .4  3 . 6  
~ a k o t  syncline 120 2 .2  1 .3  0 .4  3.7 
Cobblestone Creek 110 2.2 1.3 0 .4  3 .6  
Northern Foothills 125 2.2 1 .0  0 .4  4 .1  
Colville River 75  1.7 --- 0.6  2.2 
Husky Seabee No. 1 7 0  1.0-1.3 0 .5  0 .5  2 . 1  
Husky Inigok No. 1 4 5  1.0-1.3 --- 0.6  1.7 
Saewon Bluffs 7 5  --- 2.0  0 .4  2 .4  
~ g o n  Alaska State C-1 5 ... --. 0.6  --- 
1 Timing of Paleocene and late Oligocene unlift and erosion at -60k4 Ma based on - -- "~ -~ ~ ~ 

regional correlation of values of uplift and erosion across the Colville basin, 
including (O'Sullivan, 1988; O'Sullivan and Decker, 1989; O'Sullivan and others, 
1992, 1993). 
Timing of late Oligocene uplift and erosion at -25+3 Ma based on regional 
correlation of values of uplift and erosion across the Colville basin, including Mt. 
Doonerak antiform (O'Sullivan and others, 1991, in press), and from the Okpilak 
batholith, Sadlerochit Mountains, and Ignck Valley areas (O'Sullivan and others, 
1993). 

3 Value of "apparent" uplift and erosion in response to change in mean annual surface 
temperature at some time between -20 and 10 Ma. 
Estimated values of tolal uplift and erosion (1) are calculated using the estimated 
maximum paleolemperature (determined from fission-uack or vitrinite-reflectance 
data) and the paleogeothermal gradient and (2) do not include estimated "apparent" 
uplift and erosion. 

press; O'Sullivan, Murphy and others, 1993; Murphy and 
O'Sullivan, 1992; Blythe and others, in press) have apatite- 
fission-track ages that record rapid cooling during the late 
Oligocene. These rocks are presently located structurally 
above (as interpreted by Oldow and others, 1987; Moore and 
others, 1992) and topographically higher than rocks located 
within the Brooks Range that record cooling during the Albian 
and above rocks located along the northern foothills of the 
Brooks Range that record cooling during the Paleocene. This 
relation, which cannot be explained by simple crustal re- 
bound, suggests that a major compression event occurred 
during the late Oligocene. 

Therefore, as suggested by Howell and others (1992), 
the core of the Brooks Range has experienced much more 
uplift than have the foothills to the north. The reason, how- 
ever, that the core of the Brooks Range has been uplifted 
much more cannot entirely be the result of crustal isostasy 
(postconvergent orogenic phase of Howell and others, 1992) 
but is probably the result of proposed Paleocene and late 
Oligocene deformation. However, this does not mean that 
the core of the Brooks Range has not experienced some com- 
ponent of crustal rebound during the Tertiary. 

AMOUNTS OF UPLIFT AND EROSION 

Table 1 lists estimates of uplift and erosion experienced 
throughout the central Colville basin during each cooling 
episode during the Tertiary. The total amount of uplift and 
erosion required to allow the areas/wells listed in table 1 to 
cool from maximum paleotemperatures, not including ap- 
parent uplift and erosion resulting from a decrease in mean 
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( ~ m r  cretaceous) (Triassic to Mississippian) / 

Colville Group (Upper Cretaceous) Fortress Mountain Formation (Albian) Argillite and phyllite (lower Paleozoic) 
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Figure 19. Schematic illustrations of tectonic history interpretations for a cross-section along the Sagavanirktok River region using fission-track 
data from areaslwells discussed in this study. Details discussed within the text. Present-day cross section modified after Mull and Adarns (1989). 
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annual surface temperature, ranges between -3 and 4 km 
within the northern foothills of the Brooks Range and be- 
tween -0 and 2.5 km northward across the North Slope 
coastal plain. These values are consistent with the amount of 
uplift and erosion within the northern foothills of the Brooks 
Range of between -3 and 5 km proposed by Howell and 
others (1992). The amount of apparent uplift and erosion 
resulting from a decrease in mean annual surface tempera- 
ture experienced by each of the areas/wells listed in Table 1, 
estimated on the basis of the geothermal @ent and the decrease 
in mean annual surface temperature, ranges between -0.3 and 
0.6 km. 

REGIONAL SYNTHESIS 

I propose that the north-south variation in apatite-fis- 
sion-track ages across the Colville basin can be interpreted in 
terms of progressive uplift and erosion during the Tertiary 
within the advancing deformation front. To show the present- 
day lateral variation in time of uplift and erosion, fission- 
track results have been projected into a regional cross-sec- 
tion along the Sagavanirktok River (fig. 19). Two uplift and 
erosion events have occurred during the Tertiary at -6M4 Ma 
and at -25f 3 Ma. Compression during the Paleocene resulted 
in the formation of a series of imbricate thrust faults from a 
basal detachment surface in the Torok Formation. At this time, 
allochthonous rocks presently exposed along Cobblestone 
Creek and autochthonous and parautochthonous rocks ex- 
posed in Atigun Syncline, Marmot Syncline, and along the 
Sagavanirktok and Colville rivers as far north as the "Ice cut" 
and Seabee No. 1 well were rapidly cooled, owing to at least 
-2 km of uplift and erosion, from elevated paleotemperatures 
2105" to -50°C. Subsequently, during the late Oligocene to 
Miocene, the Colville basin experienced -0.5 to 2.0 km of 
uplift and erosion, as well as between -0.3 and 0.6 krn of 
apparent uplift and erosion resulting from a decrease in mean 
annual surface temperature. 

As seen from figure 19 and table 1, areas along the 
northern foothills of the Brooks Range have experienced 
higher amounts of relative uplift and erosion than those to 
the north, as Howell and others (1992) have proposed. The 
fission-track data presented here, however, suggest that isos- 
tatic rebound was not the dominating mechanism for the up- 
lift and erosion. In fact the regional data suggest that two 
episodes of rapid uplift and erosion within the Brooks Range 
during the Tertiary have also affected the thermotectonic his- 
tory of the Colville basin, with areas along the southern part 
of the foreland basin closer to the mountain front experienc- 
ing relatively more cooling in response to uplift and erosion 
than those areas further to the north. Along the northern coast 
of Alaska, where no uplift and erosion has occurred, the 
change in surface temperature from -5" to - -10°C from the 
early to middle Miocene to the present resulted in -15°C of 

cooling throughout the preserved section even though the area 
experienced continuous deposition during that time period. 
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APPENDIX A. INDIVIDUAL SAMPLE INFORMATION 

Sample details and apatite yields for outcrop samples. 

Sample Long. Lat. Elevation Unit Stratigraphic Chronostratigraphic Apatite 
number mlft subdivision1 age2 (Ma) yield3 
Atigun Syncline: 
89POS102A 68'28.6' 

89POS 103A 68O28.8' 

89POS 104A 68'28.9' 

89POS105A 68O29.1' 

89POS 106A 68'29.3' 

89POS107A 68O29.1' 

89POS108A 68'36.6' 

89POS 109A 68O37.4' 

89POSl lOA 68O38.1' 

89POSl l l A  68O37.7' 

89POS118A 68O29.8' 

Fortress Lower Albian 
Mountain Fm. 

Fortress Lower Albian 
Mountain Fm. 

Fortress Lower Albian 
Mountain I:m. 

Fortress Lower Albian 
Mountain Fm. 

Fortress Lower Albian 
Mountain Fm. 

Fortress Lower Albian 
Mountain Fm. 

Fortress Lower Albian 
Mountain Fm. 

Fortress Lower Albian 
Mountain Fm. 

Fortress Lower Albian 
Mountain Fm. 

Fortress Lower Albian 
Mountain Fm. 

Fortress Lower Albian 
Mountain Fm. 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Good 

Good 

Excellent 

Excellent 

Marmot Syncline: 
88POS30B 68'43.3' 149O03.8' 71312,340 Nanushuk Gp. Albian to -90-1 12 Excellent 

Cenomanian 
Nanushuk Gp. Albian to 

Cenomanian 
Nanushuk Gp. Albian to 

Cenomanian 
Nanushuk Gp. Albian to 

Cenomanian 
Nanushuk Gp. Albian to 

Cenomanian 
Fortress Lower Albian 

Mountain Fm. 
Fortress Lower Albian 

Mountain Fm. 
Kongakut Fm. Lower Albian 
or Torok Fm. 
Fortress Mtn. Lower Albian 
Mountain Fm. 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Fair 

Excellent 

Colville River: 
88POS35A 6Y023.3' 152"01.3' 761250 Colville Gp. Cenomanian to -65-97 Excellent 

Maastriehtian 
88POS36A 69O23.1' 151°58.6' 841275 Colville Gp. Cenomanian to -65-97 Very Good 

Maastrichtian 
88POS37A 6Y024.3' 151°52.1' 761250 Colville Gp. Cenomanian to -65-97 Very Good 

Maastrichtian 
88POS41A 69O29.9' 151°29.4' 611200 Colville Gp. Cenomanian to -65-97 Fair 

Maastrichtian 
88POS44A 69O56.1' 151°35.8' 15150 Colville Gp. Cenomanian to -65-97 Excellent 

Maastrichtian 
88POS48A 69O25.7' 151°36.3' 841275 Colville Gp. Cenomanian to -65-97 Excellent 

Maastrichtian 
88POS55.4 69O58.1' 151°44.8' 301100 Sagavanirktok Upper Cret. to -2-70 Excellent 

Fm. Pliocene 
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Sample details and apatite yields for outcrop samples (continued). 

Sample 1,ong. Lat. Elevation Unit Stratigraphic Chronostratigraphic Apatite 
number mlft subdivision1 age2 (Ma) yield3 
"Ice cut": 
88POS22A 69O02.4' 148O52.5' 39611.300 Nanushuk Gp. Albian to -90- 1 12 Excellent 

Cenomanian 
Sagwon Bluffs: 
88POS24A 69O18.8' 148O40.9' 225/740 Sagavanirktok Fm. Paleocene -35-65 Excellent 

Sagwon Mbr. and Eocene 
88POS25A 69O23.2' 148O42.1' 2201720 Sagavanirktok Fm. Paleocene -35-65 Excellent 

Sagwon Mbr. and Eocene 
88POS26A 69O26.2' 148"31.0' 1831600 Sagavanirktok Fm. Paleocene -35-65 Excellent 

Sagwon Mbr. and Eocene 
Cobblestone Creek: 
89POS119A 6R023.7' 150°19.0' 99413.260 Karen Creek ss. lipper Triassic -205-220 Very Good 

Northern I~oothills: 
88POS51A 69O09.3' 

985/3,230 Okpikruak Fm. Valanginian to 
Barremian 

100613,300 Okpikruak I:m. Valanginian to 
Barremian 

97713.210 Okpikruak Fm. Valanginian to 
Barremian 

76212,500 Sandstone at Barremian 
Cobblestone Ck. to Aptian 

79312,600 Sandstone at Barremian 
Cobblestone Ck. to Aptian 

67412,110 Sandstone at Barremian 
Cobblestone Ck. to Aptian 

Colville Gp. Cenomanian to 
Maastrichdan 

Colville Gp. Cenomanian lo 
Maastrichtian 

<:olville Gp. Cenomanian to 
Maastrichtian 

Colvillc Gp. Ccnomanian to 
Maasuichtian 

Nanushuk Gp. Albian to 
Cenomanian 

Nanushuk Gp. Albian to 
Cenomanian 

Torok 1:m. Upper Albian to 
lower Cenomanian 

Nanushuk Gp. Albian to 
Cenomanian 

Nanushuk Gp. Albian to 
Cenomanian 

Nanushuk Gp. Albian lo 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Vcry Good 

Poor 

Good 

Excellent 
Cenomanian 

89KIlA-B 68'45.8' 151°51.0' 38411,260 NanushukGo. Albianto -90- 1 12 Excellent 
Cenomanian 

89KIL5-B 68O49.8' 15Io05.7' 67712.220 Nanushuk Gp. Albian to -90-1 12 Excellenl 
Cenomanian 

89KIL6-C 68O42.4' 150°22.5' 62512.050 Nanushuk Gp. Albian to -90- 1 12 Excellent 

Stratigraphic subdivisions based on Mull (1982) and Detterman and others (1975). 
Stratigraphic ages based on Harland and others (1990). 
Yield based on quantity of apatite suitable for age determination. Excellent, >20 grains; Very Good. -20 grains; 
Good, 15-20 grains; Fair, 10-15 grains; Poor, 5-10 grains; Very Poor, <5 grains. 
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Sample details and apatite yields for well samples. 
[Samples listed by increasing depth. BHT, bottom-hole temperature; TD, total depth] 

Sample Sample Depth Present-day Unit Stratigraphic Chronotratigraphic Apatite 
number type mlft temp.l ("c) subdivision2 age3 (Ma) yield4 
Exxon Alasa State C-lf70°08.2' 146O13.6'): 
89POS19A cunings 67112,200 7 Sagavanirktok Upper Cretaceous -2-70 Fair 

Fm. to Pliocene 
89POS17A cuttings 2,77419,100 63 CanningFm. Carnpanian -35-83 Excellent 

to Eocene 
89POS16A cuttings 3,491111,450 82 Canning Fm. Campanian -35-83 Excellent 

to Eocene 
89POS15A cuttings 3,963113,000 94 Thomson sand5 Hauterivian -132-135 Excellent 

89POS14A cuttings 4,146113,600 99 Thomson sand5 Hauterivian -132-135 Fair 

Husky Seabee Test No. 1 (69'26.1' 152'05.5'): 
89POS13A core 91513,000 19 

89POS12A core 1,64515,397 41 

89POSllA core 1,99516,545 51 

89POS10A core 3,069110,065 84 

89POS09A core 3,316110,875 91 

89POS08A core 3,665112,020 102 

89POS07A core 4,030113,220 113 

Torok Fm. 

Torok Fm. 

Torok Fm 

Fortress 
Mountain Fm. 

Fortress 
Mountain Fm. 

Fortress 
Mountain Fm. 
Kingak Shale 

Albian to -90-1 12 Excellent 
Cenomanian 

Albian to -90-1 12 Excellent 
Cenomanian 

Albian to -90-1 12 Excellent 
Cenomanian 

Lower Albian -105-1 12 Excellent 

Lower Albian -105-1 12 Excellent 

Lower Albian -105-1 12 Excellent 

Jurassic -146-208 Excellent 

Husky Inigok Test No. 1 (70'00.3' 153'05.9'): 
88POS127A core 80212632 17112 NanushukGp. Albianto -90-112 Excellent 

Cenomanian 
88POS126A core 93813,078 22115 Nanushuk Gp. Albian to -90-1 12 Excellent 

Cenomanian 
88POS125A con: 1,52615,006 42132 Torok Fm. Alhian to -90-1 12 Excellent 

Cenomanian 
88POS124A core 2,51118,237 76159 Torok Fm. Albian to -90- 112 Excellent 

Cenomanian 
88POS123A core 2,69818,849 83/64 Torok Fm. Albian to -90-1 12 Excellent 

Cenomanian 
88POS 122A core 2,87719,435 89169 Kingak Shale Jurassic -144-208 Excellent 

88POS120A core 3,811112,501 121195 Ivishak Fm. Lower Triassic -235-245 Good 

88POS119A core 3,883112,735 123197 Ivishak Fm. Lower Triassic -235-245 Excellent 

88POS117A core 5,905119,369 1931152 Kekiktuk Cgl. Lower -349-362 Poor 
Mississippian 

Present temperatures are based on: 
Exxon Alaska State C-1: present-day gradient of -26.6"Ckm calculated using a BHT of -104"C, TD=4,330 m, 

and mean surface temperature of --ll.O°C. 
Husky Seabee Test No. 1: present-day gradient of -30.2"Ckm calculated using a BHT of -134°C TD=4,759 m, 

and mean surface temperature of --8.9'C. 
Husky Inigok Test No. 1: present-day gradient of -34.5"Ckm calculated using a BHT of -201 "C, TD=6,129 m, 

and mean surface temperature of --10.5"C. 
Second values of present temperatures for Inigok No. 1 calculated using a geothermal gradient of -27.6'C for the 

upper part of the well based on the fission track parameters. 
Corrected bottom-hole temperatutes and total depths for the Seabee No. 1 and Inigok No. 1 wells from Magoon 

and others (1988). 
Long-term mean surface temperatures from Lachenbach and others (1988). 

Stratigraphic subdivisions based on Mull (1982) and Detterman and others (1975). 
Stratigraphic ages based on Harland and others (1990). 
Yield based on quantity of apatite suitable for age determination. Excellent, >20 grains; Very Good, -20 grains; 
Good, 15-20 grains; Fair, 10-15 grains; Poor, 5-10 grains; Very Poor, <5 grains. 

5 Informal unit of local usage (Bird, 1988). 
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APPENDIX B. ANALYTICAL RESULTS 

Apatite-fission-track analytical results for outcrop samples. 
[Data listed by increasing depth. Parenthesis show number of uacks counted. Pct, percent. Standard and induced track densities mea- 
sured on mica external detectors (g=0.5), and fossil track densities on internal mineral surfaces. (*) Mean age, used where pooled data 
fail X2 test at 5 percent. Errors quoted at f lo. Ages for samples calculated using 6=352.7 for dosimeter glass SRM612 (Hurford and 
Green, 1983)l 

Sample Number Standard Fossil Induced Chi Fission- Uranium Mean Standard 
number of track track track square track (ppm) track deviation - - 

grains density density density age length (pm) 
(x106cm2) (xldcm-2) (x106cm-2) (PC~) m a )  ( ~ m )  

-- 

Atigun syncline: 
89POS102A 21 

89POS103A 20 

89POS104A 22 

89POS105A 21 

89POS106A 20 

89POS107A 20 

89POS108A 20 

89POS109A 15 

89POSllOA 17 

(2,030) (263) (1,505) 51.0 _+ 6.1' 
89POS118A 20 1.290 5.272 2.062 

(61) 
0.0 57.9 f 3.2 20.9 14.23 f 0.32 2.09 

(2,030) (506) (1.979) 57.0 f 5.3* (44) 
Marmot Syncline: 
88POS30B 20 2.323 0.296 2.461 45.5 4 9 . 1 f 5 . 2  13.9 14.30f0.17 1.33 

(5,105) (102) (848) (61) 
88POS31A 20 2.323 0.161 1.121 82.7 58.5 f 8.3 19.1 14.17 * 0.15 1.52 

88POS33A 

88POS34A 

89POS96A 

89POS97A 

89POS98A 

89POS99A 

"Ice cut": 
88POS22.4 

Colville River (upper group): 
88POS37A 20 2.720 

(5,975) 
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Apatite-fission-track analytical results for outcrop samples (continued). 

Sample Number Standard Fossil Induced Chi Fission- Uranium Mean Standard 
number of track track track square track (ppm) track deviation 

grains density density density probability age length (pm) 
(x106cm-2) (x105cni2) (x 106cm2) ( ~ c t )  m a )  ( pm) 

Saawon Bluffs: 

(5,341) 
88POS26A 25 2.440 

(5,341) 
Cobblestone Creek: 
89POS119A 20 1.290 

(2.030) 
89POS121A 20 1.290 

(2,030) 
89POS127A 20 1.290 

(2,030) 
89POS129A 20 1.290 

(2,030) 
Northern Foothills (lower group): 
88POS56A 20 2.760 

(6.058) 
88POS57A 20 2.427 

(5,333) 
88POS58A 20 2.427 

(5,333) 
89KIL1-C 6 1.314 

(5,630) 

(2,791) 
Northern Foothills (upper group): 
88POS51A 20 2.427 

(5,333) 
88POS52B 20 2.760 

(6,058) 
88POS53B 20 2.760 

(6,058) 
88POS53C 20 2.427 

(5,333) 
88POS35A 20 2.720 
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Apatite-fission-track analytical results for well samples. 
[Data listed by increasing depth. Parenthesis show number of tracks counted. Pct, percent. Standard and induced track densities mea- 
sured on mica external detectors (gd.5). and fossil track densities on internal mineral surfaces. (*)Mean age, used where pooled data 
fail ~2 test at 5 percent. Errors quoted at f lo. Ages for samples calculated using <=352.7 for dosimeter glass SRM612 (Hurford and 
Green, 1983)l 

Sample Number Standard Fossil lnduced Chi Fission- Uranium Mean Standard 
number of track track track s q u y  track (ppm) track deviation 

grains density density density probability age length (pm) 
(x106cm-2) (x105cm-~) ( x l ~ ~ c m - ~ )  (pct.) (Ma) ( p )  

Exxon Alaska State C-1: 
89POS19A 12 1.218 8.478 1.963 2.4 92.1 f 8.3 21.1 12.14f 0.47 2.63 

(2,741) (190) (440) 81.0 f 24.1t (31) 
89POS17A 20 1.218 5.993 1.843 0.0 69.5 f 5.6 19.8 12.27 f 0.64 2.93 

(2,741) (226) (695) 100.3 f 20.4* (21) 
89POS16A 25 1.218 2.657 98.79 0.0 57.5 i 5.7 10.6 9.93 f 0.28 1.81 

(2,756) (144) (580) 
89POS14A 14 1.225 46.69 89.64 87.4 11.2 i 5.2 

(2,756) (5) (96) 
Husky Seabee Test No. 1: 
89POS13A 25 1.225 0.113 2.336 1.1 103.2 f 5.3 

(2.756) (722) (1.499) 102.3 f 8.8* 

89POS07A 25 

Husky Inigok Test No. 
88POS127A 20 

88POS126A 20 

88POS125A 20 

88POS124A 20 

88POS123A 20 

88POS122A 20 

88POS120A 16 
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The Kandik region of east-central Alaska contains a 
diverse array of tectonostratigraphic domains. Genetic links 
among these domains are ambiguous if based on standard 
lithologic and biostratigraphic correlation. On the other hand, 
thermal-maturity data and pressure-temperature-time (P-T-t) 
reconstructions show that the geologic histories of these do- 
mains have been significantly different; some of the domains 
are almost certainly allochthonous. 

The Tatonduk belt, located in the southeastern part of 
the study area, represents a Proterozoic through Triassic con- 
tinental-margin succession of North American affinity; these 
strata experienced a relatively small amount of thrust-related 
dislocation and crustal shortening during the Cretaceous. 
Measurements of mean random vitrinite reflectance (R,) show 
that most parts of the Tatonduk belt were never heated above 
150°C. Farther to the northwest, across the Glenn Creek Fault 
Zone, the geology consists mostly of Jurassic and Lower Cre- 
taceous deep-marine deposits of the Kandik River terrane. 
These strata display well-developed slaty cleavage, abundant 
quartz-carbonate veins, and the effects of lower greenschist- 
facies metamorphism. Paleotemperatures, based on Rm val- 
ues, were as high as 3 15"C, and geothermal gradients at the 
time of peak heating were approximately 35 to 60°C/km. The 
western edge of the study area (Eureka suture zone) contains 
three suspect terranes-Woodchopper Canyon, Slaven Dome, 
and Tacoma Bluff terranes. These strata show the same ef- 
fects of thermal overprinting as do rocks of the Kandik River 
terrane. 

Peak heating within the Kandik River terrane evidently 
occurred during middle to late Albian time (-105 Ma). The 
thermal overprint probably was caused by hydrothermal and 
(or) magmatic activity in a backarc-basin environment and 
was followed in rapid succession by displacement of terranes 
toward the southeast, emplacement of warm hanging-wall 
rocks along the Glenn Creek Fault Zone (a northeast-verg- 
ing, younger-over-older thrust), rapid uplift, denudation, and 
Cenomanian to Campanian cooling through the 100°C iso- 
therm. During roughly the same interval of early Late Creta- 
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ceous time, the first nonmarine deposits of geologic unit TKs 
were shed from the Kandik orogenic highlands, and 
postorogenic alluvial-fluvial sediments continued to accumu- 
late into latest Eocene or Oligocene time. Coal rank within 
most of unit TKs is consistent with paleotemperatures of less 
than 75"C, so the basal unconformity of unit TKs corresponds 
to a major break in thermal history. 

Two anomalous regions near the Glenn Creek Fault add 
to the complexity of reconstructing the regional 
thermotectonic history. The Step Mountains, located to the 
northwest of the Tatonduk-Kandik River terrane boundary, 
contain Devonian(?) to Permian strata in the core of an 
antiformal structure. The terrane designation for these rocks 
is problematic. Levels of thermal maturity are lower than 
average for the Kandik River terrane but higher than average 
for the Tatonduk belt. Our favored interpretation calls for 
exposure of footwall strata (Tatonduk belt) in a window ex- 
humed through a folded Glenn Creek Thrust Fault. The sec- 
ond anomaly is located to the southeast of the Glenn Creek 
Fault, where a restricted zone of elevated thermal maturity 
occurs within the Devonian Nation River Formation; this 
anomaly probably was caused by conductive heat transfer 
from the hanging wall into the Tatonduk footwall, with maxi- 
mum temperatures reaching approximately 250°C. Preserva- 
tion of this thrust aureole demonstrates that the Kandik River 
terrane had not cooled completely prior to the initiation of 
the Albian thrusting event. Unless there had been pronounced 
horizontal gradients in heat flow at the time of this event, the 
contrasts in geothermal regimes across the Glenn Creek Fault 
Zone seem to require several hundred kilometers of rapid tec- 
tonic displacement toward the east. The thermal overprint may 
have occurred in a backarc environment associated with the 
Kobuk-Koyukuk subbasin of the Yukon-Koyukuk region of 
central Alaska. 

INTRODUCTION 

The Kandik region of east-central Alaska (fig. 1) con- 
tains a wide variety of geologic units that are either 
parautochthonous or allochthonous with respect to the North 
American continent (Brabb and Churkin, 1969; Foster, 1976; 
Payne and Allison, 1981; Howell and Wiley, 1987; Dover 
and Miyaoka, 1988). This part of Alaska has been described 
and interpreted within the conceptual framework of "suspect 
terranes" (Churkin and others, 1982; Coney and Jones, 1985; 
Howell and Wiley, 1987; Laughland and others, 1990; Howell 
and others, 1992). In general, those authors would argue that 
genetic links among coeval rock units must be proven rather 
than assumed; this is especially true if the units in question 
are separated by known faults. Fault contacts are common- 
place in orogenic belts, and the distance of fault displace- 
ment usually remains uncertain; hence the designation "sus- 
pect." Several types of terranes have been defined, including 
stratigraphic, disrupted, metamorphic, and composite (Jones 

and others, 1983; Coney, 1989). Other geologists, in contrast, 
regard the Kandik region as a relatively straightforward con- 
tinental-margin succession of North American affinity that 
simply has been shortened by thrust faulting (Dover, 1990a). 
Following this philosophy, coeval units composed of similar 
lithologies are assumed to be correlative (that is, the same 
formation) unless proven otherwise. However, when attempt- 
ing to establish genetic links, or lack thereof, among rock 
units within orogenic belts, one must consider the total geo- 
logic history, including deformational and thermal events, not 
simply the original stratigraphic context. 

As a matter of fact, a full spectrum exists in the clarity 
of geologic linkage among neighboring tectonostratigraphic 
domains. At one end of the spectrum are examples, such as 
the Wrangellia terrane, that lack any lithostratigraphic simi- 
larities with their neighbors (Jones and others, 1977). Semantic 
arguments arise, however, when allochthonous relations are 
not so clear (Dover, 1990b). The problem with applying hy- 
potheses to these ambiguous situations is that some impor- 
tant types of geologic events may be unaccounted for, be- 
cause they leave a cryptic signal that escapes detection during 
normal field mapping. As demonstrated elsewhere (Kohn and 
others, 1992; Wintsch and others, 1992), convincing evidence 
can be generated to support or refute allochthonous relations 
among suspect terranes through studies of pressure-tempera- 
ture-time (P-T-t) pathways. Pronounced contrasts in P-T-t 
paths for adjacent rock units, irrespective of superficial simi- 
larities in lithology or stratal age, can occur only when there 
are fundamental differences in geologic history prior to jux- 
taposition of domains via fault dislocation. 

A variety of terms have been used to name 
tectonostratigraphic domains of the Kandik region (for ex- 
ample, block, belt, terrane); this is largely because of uncer- 
tainties regarding relative and absolute distances of tectonic 
transport. During the course of our field and laboratory in- 
vestigations, we recognized the following fundamental units: 
two regional-scale fault-bounded domains (herein referred to 
as the Tatonduk belt and the Kandik River terrane), three 
smaller suspect terranes (Woodchopper Canyon, Slaven 
Dome, and Takoma Bluff terranes), one anomalous structure 
of disputed affinity (Step Mountains anticline), and one 
synorogenic to postorogenic cover sequence (unit TKs of 
Brabb and Churkin, 1969). The definition of these domains 
is valid for descriptive purposes without any connotations 
regarding absolute distances of tectonic transport. At the same 
time, we believe that these "terrane" designations become 
justified whenever data show the rocks to be allochthonous 
in any geologic respect (including thermal) relative to the 
rifted edge of North America. 

The most significant structural boundary in the study 
area is the Glenn Creek Fault Zone, which separates the 
Kandik River terrane from the Tatonduk belt (fig. 1). This 
younger-over-older fault was referred to as the Kandik De- 
tachment Fault by Dover and Miyaoka (1988), and it is part 
of a complicated system of southeast-verging thrusts (Dover, 
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1990a; Howell and others, 1992). We believe that this fault is rocks sampled within Canada (mostly the Kathul Graywacke), 
crucial because i t  separates domains with contrasting however, indicates that the distinctions in thermal maturity 
thermotectonic histories and contrasting products of fluid- between the two domains are reduced considerably toward 
rock interactions. We have not been able to trace the terrane the east (Underwood and others, 1989). Along the southern 
boundary with certainty into Canada (see Norris, 1984, for limit of the study area, the Kandik River terrane and the 
regional-scale map). Analysis of a sparse suite of Mesozoic Tatonduk belt are separated from the Yukon-Tanana compos- 

Tatonduk belt 

Kand~k River terrane 

Slaven Dome terrane 

Takoma Bluff terrane 

[IIIIIIIIIIIl Woodchopper Canyon terrane 

F] .......... Step Mountains (terrane designation uncertain) 

Figure 1. Geologic index map of east-central Alaska Takoma Bluff terranes of Eureka suture zone (Churkin and 
showing Kandik River terrane and Tatonduk belt ,  others, 1982). Rocks southwest of Tintina Fault Zone are 
Tectonostratigraphic designation for rocks at Step assigned to Yukon-Tanana composite terrane (Coney and 
Mountains is disputed. Hachured line southeast of Glenn Jones, 1985). Modified from Brabb and Churkin (1969) 
Creek Fault represents detected limit of a footwall thermal and Foster (1976). For relevant fossil control and 
aureole. Also shown are unit TKs of Brabb and Churkin alternative interpretations of structural geology, see Dover 
(1969) and Woodchopper Canyon, Slaven Dome, and and Miyaoka (1988), Miyaoka (1990), and Dover (1992). 
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ite terrane (as defined by Coney and Jones, 1985) by the 
Tintina Fault, which is a major right-lateral strike slip fault 
(fig. 1). To the north and west of the study area, the Tertiary 
and older rock units are largely covered by loess deposits of 
the Yukon Flats (Brabb and Churkin, 1969). 

The Tatonduk belt (fig. 2) consists of a Middle Prot- 
erozoic to Lower Cambrian basement complex (Tindir Group) 
of basalt, carbonate rocks, diamictite, and shale (Young, 1982; 
Allison, 1988). These strata are overlain by a nearly com- 
plete Paleozoic succession of sedimentary rocks that record 
the rifting and progressive subsidence of the North American 
continental margin (Payne and Allison, 1981; Churkin and 
others, 1982; Howell and Wiley, 1987; Howell and others, 
1992). For the purposes of our study, the most important unit 

EXPLANATION 

Sandstone and 
conglomerate 

Sandstone 

Thin interbeds of 
sandstone and shale 

Shale 

Chert: siliceous shale 

Limestone 

Dolomite 

Sandstone and shale 
redbeds 

Argillite 

Basalt 

within this passive-margin to foreland-basin succession is the 
Nation River Formation (Upper Devonian); this formation is 
composed of turbidites and related deposits that contain abun- 
dant terrigenous organic matter, which allows for accurate 
measurements of thermal maturity. The youngest strata within 
the Tatonduk belt are assigned to the lower part of the Glenn 
Shale, which ranges in age from Middle Triassic to Late Tri- 
assic (Dover and Miyaoka, 1988). 

The Kandik River terrane (fig. 3) is composed mostly 
of deep-marine deposits of Mesozoic age (Churkin and oth- 
ers, 1982). The principal rock units within the Kandik River 
terrane consist of the upper part of the Glenn Shale (Jurassic 
and Lower Cretaceous) and the Lower Cretaceous Kandik 
Group (Keenan Quartzite, Biederman Argillite, and Kathul 

Glenn Shale (lower part) 

Tahkandit Limestone 

Calico Bluff Formation 

Ford Lake Shale 

Nation River Formation 

McCann Hill Chert 
Road River Formation 
Hillard Limestone 
Adams Argillite 

Funnel Creek 
Limestone 

- 
Bituminous limestone 4 

[-------------- .......-..-.. 1 Sandstone. shale redbeds I I 

- - - - - - - - - - - - -  
Sandstone and shale 

Basalt 

Thin-bedded dolomite 

Limestone and shale 

Sandstone 

Dolomite 

Figure 2. Schematic stratigraphic section for Tatonduk belt (Tatonduk terrane of Churkin and others, 1982) 
(modified from Howell and others, 1992). 
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Graywacke). Fossils show that the Biederman Argillite is at TKs may be as old as Albian (Howell and Wiley, 1987). If 
least as young as late Neocornian (Miyaoka, 1990); lithologic these stratigraphic inferences are correct, then the hiatus be- 
correlations with fossiliferous strata outside of the study area tween deposition of the Kathul Graywacke and unit TKs could 
suggest that the age of the Kathul Graywacke probably ex- not be more than about 10 m.y. 
tends into the early Albian (Brabb, 1969; Howell and Wiley, The principal goal of our research in the Kandik region 
1987; Underwood and others, 1989). The lithologic nature has been to establish its tectonic and sedimentary history 
and tectonostratigraphic affinity of the original depositional 
basement to the Kandik River terrane both remain uncertain. 
Howell and others (1992) speculated that the basement rocks Tertiafiary 
could correlate with Paleozoic units that are exposed along rabb and Churkin (1 969) 

the western edge of the study area and (or) in the Step Moun- 
tains (fig. I), but the structural base of most parts of the Kandik 

Kathul Graywacke River terrane is ambiguous. 

Pre-Mesozoic strata occur in two general localities out- 
side of the Tatonduk belt: (1) in the core of the Step Moun- 
tains antiform, and (2) within the Eureka suture zone of Cretaceous 

Biederman Argillite 

Churkin and others (1982). Three Paleozoic formations have 
been mapped in the Step Mountains: (1) conglomerate and 
fossiliferous limestone lenses of the Permian Step Conglom- 
erate (Brabb, 1969), (2) undated siliceous mudrocks corre- Keenan Quartzite 
lated by Brabb (1969) with the Ford Lake Shale (Upper De- 
vonian and Mississippian), and (3) poorly dated chert-pebble 
conglomerates assigned to the Devonian Nation River For- 
mation by Brabb and Churkin (1967, 1969) and Miyaoka Jurassic Glenn Shale (upper part) 
(1990). Within the Eureka suture zone, the pre-Mesozoic units 
consist of: (1) the Devonian Woodchopper Volcanics (these 
rocks were called the Woodchopper Canyon terrane by 
Churkin and others, 1982), composed mostly of oceanic pil- permian 
low basalt, (2) poorly dated interbeds of argillite and chert, Step Conglomerate 

sandstone and conglomerate, and limestone and dolomite Devon, 
Quartz sandstone 
chert-pebble conglomerate 

(mostly units Pza and Pzl of Brabb and Churkin, 1969), which Nation River Formation 
were called the Slaven Dome terrane by Churkin and others 
(1982), and (3) the Permian Step Conglomerate plus Protero- Undivided siliciclastic, 
zoic(?) deposits of undivided sedimentary rocks, dolomite, volcanic, and 
and volcanic rocks (the Takoma Bluff terrane of Churkin and carbonate rocks 
others, 1982). The map of Dover and Miyaoka (1988) shows 
widespread occurrences of Devonian conglomerates (Nation 
River Formation rather than the Step Conglomerate) within 
the Takoma Bluff terrane, but fossil control for most of these 
chert-pebble conglomerates is lacking. Collectively, these 
rocks have been included in the porcupine terrane of Jones 
and others (1987), which extends well to the north of our 
study area. 

The youngest rocks within the Kandik study area be- 
long to unit TKs of Brabb and Churkin (1969). These strata 
are Late Cretaceous and early Tertiary (Eocene and Oligocene) 
in age (Dover and Miyaoka, 1988; Miyaoka, 1990). Unit TKs 
unconformably overlies rocks of the Tatonduk belt, the Kandik 
River terrane, and the southern edge of the Eureka suture zone. 
Its lithologies consist of poorly indurated interbeds and lenses 
of conglomerate, sandstone, and mudrock, plus local coal 
seams and fossilized plant fragments. Most of the plant fos- 
sils and palynomorphs from unit TKs do not allow precise 
definition of age, but lithologic correlations with strata out- 
side of the study area indicate that the basal deposits of unit 

Paleozoic Units Pza and Pzl of 
Brabb and Churkin (1969) 

Figure 3. Schematic stratigraphic section for Kandik River terrane 
and rocks of Eureka suture zone (Takoma Bluff, Woodchopper 
Canyon, and Slaven Dome terranes) following assignments of 
Churkin and others (1982). We assign Precambrian (Proterozoic) 
rocks and Step Conglomerate to Takoma Bluff terrane, Woodchopper 
Volcanics to Woodchopper Canyon terrane, and units Pza and Pzl of 
Brabb and Churkin (1969) to Slaven Dome terrane (modified from 
Howell and others, 1992). See figure 2 for definition of graphic 
patterns used to designate lithologies. 
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(Howell and others, 1992). Studies at the University of Mis- 
souri have focused on the thermal evolution of all pertinent 
rock units and structural domains. Past accomplishments 
within this framework included reconnaissance-level mea- 
surements of vitrinite reflectance and illite "crystallinity" 
(Underwood and others, 1989; Laughland and others, 1990), 
statistical correlation between indicators of thermal maturity 
(Underwood and others, 1992), and preliminary interpreta- 
tions of fluid-rock interactions based on isotope analyses of 
calcite veins (Shelton and others, 1992). Collectively, those 
studies (see also Shelton and others, this volume) showed 
that nearly all of the rocks within the Kandik River terrane 
attained significantly higher ranks of thermal maturity than 
those of the Tatonduk belt. In addition, waters that were re- 
sponsible for vein precipitation in the Kandik River terrane 
differed chemically from those of the Tatonduk belt. In this 
paper, we provide a detailed assessment of spatial changes in 
thermal maturity and relate those variations to specific struc- 
tural features and tectonic events. When taken as a whole, 
the existing data set provides convincing evidence in support 
of the idea that strata to the northwest of the Glenn Creek 
Fault Zone are allochthonous with respect to the rifted Prot- 
erozoic edge of North America. 

BASIC PRINCIPLES 

ILLITE CRYSTALLINITY 

Many techniques are available to help document peak 
burial temperatures and pressures (for example, Kisch, 1983; 
Liou and others, 1987; Frey, 1987). One widely used method 
for characterizing specific levels of diagenesis and incipient 
metamorphism is measurement of the illite-crystallinity in- 
dex (CI) by X-ray diffraction (XRD). This procedure (which 
is based on the width of the 10 A illite peak at half height) is 
rapid, simple, inexpensive, and applicable over a fairly wide 
variety of geologic conditions. Under ideal circumstances, 
CI data can document relatively subtle differences among 
individual samples. Unfortunately, the reliability of CI data 
in regions of low thermal maturity is suspect because the di- 
agenetic signal can be contaminated by occurrences of well- 
crystallized detrital white mica. Moreover, results are affected 
by a host of external and internal variables, including maxi- 
mum temperature, heating time, protolith geochemistry, the 
composition and migration history of pore fluid, and rock 
deformation (Frey, 1987; Kisch, 1987). 

Robinson and others (1990) completed studies of error 
and precision and concluded that geologic interpretations of 
C1 gradients and anomalies should be based on differences in 
the 10 ibpeak width of at least 0. 1A028. Pinpointing the zonal 
boundaries between diagenesis and incipient greenschist-fa- 
cies or blueschist-facies metamorphism (anchizone to epizone 
transition) has been problematic because of operational in- 

consistencies in sample preparation, analytical equipment, and 
analytical technique (see Kisch, 1987, 1990; Kisch and Frey, 
1987; Robinson and others, 1990 for comprehensive discus- 
sions of these problems). Blenkinsop (1988) advocated the 
following values of CI for the two principal boundaries of 
thermal alteration: diagenesislanchizone boundary=0.42A028 
and anchizonelepizone boundary=0.25A028. For the specific 
lithologies of the Kandik study area, interested readers should 
refer to Underwood and others (1992) for a complete discus- 
sion of factors that affected the correlation between organic 
and inorganic metamorphism. 

VITRINITE REFLECTANCE AND 
PALEOTEMPERATURE 

General applications of the vitrinite-reflectance tech- 
nique have been described by Dow (1977) and Bostick (1979). 
Unlike illite crystallinity, mean random vitrinite reflectance 
(R,) increases primarily in response to higher burial tempera- 
tures, thereby serving as a more direct indicator of maximum 
heating (Barker, 1989,1991). Time-dependent models of or- 
ganic metamorphism (for example, Hood and others, 1975; 
Bostick and others, 1978; Waples, 1980; Middleton, 1982; 
Ritter, 1984; Wood, 1988; Hunt and others, 1991) are useful 
for conventional studies of petroleum potential within first- 
cycle sedimentary basins. However, serious problems are 
encountered in the application of these models if one's goal 
is to calculate maximum paleotemperatures with any degree 
of accuracy, particularly within uplifted orogenic sequences 
where the tectonic and thermal histories can be very compli- 
cated and constrained by imprecise or inaccurate data. In ad- 
dition to the guesswork involved in the selection of appropri- 
ate values of activation energy for a given rock unit (Antia, 
1986; Wood, 1988), large uncertainties usually exist in the 
inferred reaction rates for time-temperature integrals (Issler, 
1984; Ritter, 1984), not to mention uncertainties in choices 
of effective heating time. The kinetic models are particularly 
troublesome at high ranks of thermal maturity because of in- 
sufficient calibration; problems also arise if heating condi- 
tions lead to organic reactions that are not first order. Con- 
versely, many empirical and theoretical studies over the past 
decade have demonstrated that vitrinite reflectance is affected 
most by maximum temperature and almost imperceptibly by 
the duration of heating, at least under typical geologic situa- 
tions where time is measured in millions of years (Wright, 
1980; Gretener and Curtis, 1982; Suggate, 1982; Barker, 1983, 
1989,1991; Price, 1983; Barker and Pawlewicz, 1986). These 
workers, in other words, have argued that the time required 
for stabilization of kerogen maturation at a given burial tem- 
perature is usually on the order of 1 my. or less. 

Several statistical correlations now exist between Rm 
and absolute paleotemperature, with the temperature scales 
having been established through direct borehole measure- 
ments (Barker, 1983, 1988; Price, 1983; Barker and 
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Pawlewicz, 1986). The Barker (1988) regression yields the 
lowest temperature estimates for a given value of Rm, as com- 
pared with other time-independent solutions. Recent models 
based on chemical kinetics (Burnham and Sweeney, 1989; 
Sweeney and Burnham, 1990) match the curve of Barker 
(1988) quite closely, provided the inferred heating time is 
limited to 1 m.y. or less. Furthermore, Barker and Goldstein 
(1990) arrived at a close match between homogenization tem- 
peratures of fluid inclusions (which are not affected by heat- 
ing duration) and estimates of paleotemperature derived from 
the Barker and Pawlewicz (1986) regression analysis. The 
Barker (1988) equation is based on the same set of data as 
shown by Barker and Pawlewicz (1986), but the statistical 
model is more defensible. In addition, paleotemperatures cal- 
culated using the Barker (1988) equation are internally con- 
sistent with the results of our measurements of fluid-inclu- 
sion homogenization temperatures (Shelton and others, this 
volume). Thus, for the purposes of providing a straightfor- 
ward estimate of peak burial temperature, we prefer the equa- 
tion of Barker (1988). The relevant equation is: 

Because of the propagation of total error resulting from 
errors in individual measurements of both borehole tempera- 
ture and vitrinite reflectance, it is difficult to establish a sta- 
tistically rigorous error bar for paleotemperature estimates 
using this particular equation. Visual estimates of scatter about 
the regression curve suggest a spread of roughly f 30°C for a 
given value of R,". 

To provide a means of fair comparison, and in acknowl- 
edgment of the possible influence of kinetic factors for strata 
with vastly different thermal histories, we have also calcu- 
lated paleotemperatures using one iteration of the EASY%Ro 
model (Sweeney and Burnham, 1990). Although many com- 
binations of input parameters might be viewed as reasonable, 
we have fixed the duration of heating at the following values: 
(1) 5 m.y. for the Kandik River, Woodchopper Canyon, and 
Slaven Dome terranes, (2) 200 m.y. for the Tatonduk belt 
(mostly the Devonian Nation River Formation), and (3) 50 
m.y. for unit TKs. These crude estimates of effective heating 
time are based on: (1) the evidence discussed herein for rapid 
heating, uplift, and cooling of the Lower Cretaceous Kandik 
Group during Albian time, (2) the elapsed time associated 
with semiconformable deposition from the Nation River For- 
mation (Upper Devonian) to the upper part (Jurassic and 
Lower Cretaceous) of the Glenn Shale, and (3) the average 
time elapsed since accumulation of the synorogenic to 
postorogenic cover sequence (Cenomanian(?) to Oligocene). 

ESTIMATES OF DEPTH AND PRESSURE 

It is particularly difficult in orogenic belts to establish 
the precise depth of burial for a given parcel of rock at the 

time of peak heating. This is because structural position dur- 
ing peak heating rarely corresponds to the relative or abso- 
lute stratigraphic level inherited from primary depositional 
events. One method for estimating pressure maxima is through 
X-ray diffraction (XRD) measurements and calculation of the 
dimension of the b, unit cell within the crystal lattice of po- 
tassic white mica and illite (Sassi and Scolari, 1974; Padan 
and others, 1982; Guidotti and Sassi, 1976, 1986). If the tem- 
perature and bulk-rock composition are reasonably uniform, 
then b, values should increase as a function of increasing pres- 
sure in response to larger Fe and Mg cations that substitute 
into the octahedral site (that is, the mica becomes more 
phengitic in the muscovite-celadonite solid-solution series). 
At the lowest grades of metamorphism, however, b, data typi- 
cally display the effects of mixing among chemically diverse 
populations of detrital and authigenic illitelmica (Frey, 1987). 
Moreover, for a given rock parcel, temporal constraints on 
maximum burial pressure do not necessarily correlate with 
peak heating time. Nevertheless, reasonable limits usually can 
be placed on paleogeothermal gradients by dividing maxi- 
mum paleotemperatures by depths derived from the pressure 
maxima (for example, Underwood, 1989; Underwood and 
others, 1993). 

Fluid pressures at the time of vein precipitation can be 
calculated in two ways (Shelton and others, this volume). First, 
one can compare temperatures derived from oxygen-isotope 
fractionations between quartz and calcite with homogeniza- 
tion temperatures (T,, ) for fluid inclusions in the same veins. 
Temperature differences thus calculated represent the "pres- 
sure correction" to the Th values (Potter, 1977). For veins with 
methane-bearing fluid inclusions, fluid pressure at the time 
of entrapment can be determined if one measures the meth- 
ane densities and the Th values of contemporaneous water- 
rich inclusions. Maximum and minimum burial depths then 
can be calculated for a given fluid pressure by assuming purely 
lithostatic or hydrostatic pressure regimes, respectively. Natu- 
rally, the fluid pressure during vein precipitation will be less 
than the rock pressure at the time of peak burial if the veins 
form during a decompression phase in the P-T-t pathway. 

METHODS 

SAMPLING 

Specimens of coal, fossilized wood fragments, shale, 
and their low-grade metamorphic equivalents were collected 
from fresh outcrop exposures throughout the study area, as 
well as from well cuttings associated with a single borehole 
(Doyon No. 1). Virtually all of the Devonian and younger 
mudrock-bearing formations within the Kandik region were 
sampled (table l), and the resulting data are quite consistent 
considering the diversity of lithologies analyzed. All forma- 
tional assignments used herein conform to the maps of Brabb 
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and Churkin (1969) and Foster (1976), which were used as Table 1. Levels of organic metamorphism and estimates of 
geologic templates for sampling in the field. Additional de- paleotemperature for tectonostratigraphic domains of Kandik region, 
- - - - 
tails regarding structural interpretations and fossil localities east-centra1A1aska. 

[Rm, mean random vieinite reflectance; No. gr., number of vitrinite particles counted 
have been ~rovided by Dover and Miy aoka ( 1988), Miy aoka swimen; std. dev., standard deviation about mean vitrinite reflectance; EASYBR~, 
(1990), and Dover (1992). model of Sweeney and Bumham (1990); NA, not applicable; - - -, not calculated] 

VITRINITE REFLECTANCE 

Most of our vitrinite-reflectance data come from dis- 
persed organic particles that were concentrated from mud- 
stones, shales, and argillites via acid maceration and density 
segregation. However, fossil wood fragments and coal seams 
also were collected and analyzed whenever possible; large 
pieces of organic matter are particularly common in unit TKs. 
The standard U.S. Geological Survey techniques for sample 
preparation and optical measurements of vitrinite reflectance 
have been described at length elsewhere (Baskin, 1979; 
Barker, 1982; Pawlewicz, 1987). Comparisons of 
interlaboratory reproducibility show that results from higher- 
rank samples diverge much more than those from low-rank 
samples (Dembicki, 1984). Consequently, to improve con- 
sistency, several samples from the preliminary Kandik study 
(Underwood and others, 1989) have been reanalyzed (table 
1). For the purpose of assessing and comparing 
paleotemperature, we calculated mean vitrinite-reflectance 
values ( R )  following measurements (in oil) of at least 20 
individual randomly oriented particles per specimen (table 
1). Barker and Pawlewicz (1993) showed that only 20 to 30 
particles are required to generate a mean vitrinite-reflectance 
value that is within 5 percent of the "true" value (based on 
100 measurements). Data from lean samples (<<20 particles) 
can be reliable for paleotemperature analysis provided the 
standard deviation is less than 0.1 percent reflectance. Many 
samples from the Kandik region (particularly from chert-and- 
shale units) contain insufficient amounts of tenigenous or- 
ganic matter and (or) have high standard deviations in mean 
vitrinite-reflectance values, such that statistics remain sus- 
pect. For localities of critical geologic interest, we display 
the data from lean samples (10 to 20 measurements per 
sample) on maps but urge caution in their interpretation. 
Samples with fewer than 10 measured vitrinite particles have 
been classified as barren and are not considered in the geo- 
logic interpretations. 

X-RAY DIFFRACTION 

Techniques used to determine illite crystallinity indices have 
been described in detail by Underwood and others (1992). In addi- 
tion to this parameter, we also measured the b,, lattice dimension of 
illitdrnica for 45 representative samples by scanning random-pow- 
der mounts (saturated with ethylene glycol) over an angular range 
of 59' to 6390 at a rate of 1°20/min. Digital output from the Scintag 
PAD V X-ray dill?action system was processed through a back- 

Sample Geologic R,, No. Std. Paleotemperature 
number formation percent gr. dev. 

Barker EASY 
(1988) %Ra 

Kandik Group (effective heating time=5 my.) 

MJ90-k18b Biederman 2.17 25 0.09 230 - - -  
MJ90-k21b Kathul 2.20 41 0.17 230 - - -  
MJ90-k23a Biederman 3.45 53 0 2 0  275 ---  

MJ90-k38a Biederman 2.91 51 0.13 260 ---  
MJ90-k39a Biederman 4.51 45 0.16 305 - - -  
MJ90-k40a Biederman 4.74 51 0.27 310 - - -  
MJ90-k54 Biederman 3.42 45 0.28 275 - - -  
MJ90-k79c Biederman 4.42 25 0.27 305 - - -  
MJ90-k79g Biederman 4.35 25 0.22 300 - - -  
MJ90-k8Oc Biederman 3.02 27 0.21 265 - - -  
MJ90-kR 1 b Biederman 2.72 23 0.28 250 - - -  - - -  

~ ~ 9 0 - k s 2 b  Biederman 5.02 35 0.30 315 ---  
Biederman 4.71 29 0.31 310 - - -  
Biederman 4.76 21 0.17 310 - - -  
Biederman 4.98 35 0.31 315 - - -  
Biederman 4.21 41 0.33 300 - - -  
Biederman 4.40 25 0.30 300 - - -  
Biederman 4.69 39 0.24 310 ---  
Biederman 5.10 21 0.28 315 - - -  
Biederman 4.92 35 0.27 315 - - -  
Biederman 5.04 41 0.38 315 - - -  
Biederman 4.77 35 0.14 310 ---  
Biederman 4.66 41 0.20 310 ---  
Keenan 1.59 31 0.20 200 ---  
Biederman 4.34 25 0.33 300 --- 
Biederman 3.16 35 0.12 270 ---  
Biederman 4.16 49 0.57 295 - - -  
Kathul 2.45 15 0.10 240 ---  
Kathul 2.79 35 0.12 255 ---  
Biederman 3.45 39 0.13 275 --- 

2 786-27- la Biederman 2.96 45 0.16 260 --- 
2 786-27-4a Biederman 4.19 35 0.25 300 --- 
2 85jcr- 13 Kathul 1.87 NA NA 215 --- 

Maximum 5.10 NA NA 315 >290 
Minimum 1.59 NA NA 195 180 
Mean 3.97 NA NA 285 260 

Glenn Shale (upper part) (effective heating time=5 m.y.) 

DH91 -k4a 4.27 45 0.23 300 
DH91-k5a 4.35 41 0.25 300 
DH91-klOa 3.87 51 0.18 290 
DH91-k10b 3.82 51 0.16 285 
DH9 1 -k 19a 3.67 41 0.20 285 
DH9I-k19b 3.55 35 0.15 280 
UM9I-kla 3.77 21 0.16 285 
UM91-klb 3.82 21 0.21 285 

Maximum 4.80 NA NA 310 
Minimum 1.66 NA NA 200 
Mean 3.67 NA NA 285 
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Table 1. Continued. Table 1. Continued. 

Sample Geologic R,,, No. Std. Paleotelnperature 
number forlnatioli percent gr. dev. &timate ("a 

Barker EASY 
(1988) %Ro 

Salnple Geologic R,,, No. Std. Paleote~nperature 
nunibcr fortnation percent gr. dev. G&x&J?Q 

Barker EASY 
(1988) %Ro 

Eureka suture zone (effective heating time=5 my.) Unit TKs (effective heating time=50 my.) 

MJ90-k50 Pza 
MJ90-k94a Pza 
MJ90-k98b Pza 
MJ90-k99 Pza 
UM90-k16 Step 2.72 21 0.19 250 - - -  
DH91-k22b Woodchopper 4.09 36 0.14 295 - - -  

Mean 3.41 NA NA 285 245 

Step Mountains (effective heating time=5 my.) 

MJ90-k4 Ford Lake 2.52 21 0.19 245 - - -  
MJ90-k5 Nation River 2.50 21 0.60 245 ---  
MJ90-k6 Nation River 3.70 25 0.25 285 - - -  
MJ9O-k11 Ford Lake 3.88 31 0.18 290 ---  

Mean 3.15 NA NA 265 235 

Tatonduk belt (effective heating time=200 my.) 

Nation River 
Road River (coal) 
Nation River 
Nation River 
Nation River 
Nation River 
Nation River (coal) 
Nation River 
Nation River 
Nation River 
Nation River 
Nation River 
Nation River 
Nation River (coal) 
Nation River 
Nation River 
Nation River 
McCann Hill 
Road River 
Nation River 
Road River 

Maximum 
Minimum 
Mean 

Footwall aureole (effective heating time=2 my.) 

MJ90-k74 Nation River 1.19 25 0.08 165 
TB90-k49c Nation River 2.44 5 1 0.15 240 
TB90-k50b Nation River 2.82 25 0.13 255 -. . 
TB90-k5 la Nation River 2.75 45 0.13 255 
TB90-k52a Nation River 2.64 39 0.13 250 
TB90-k53c Nation River 2.45 25 0.15 240 
2 786-29- 1 Nation River 2.04 48 0.29 220 
DH91 -k13a Nation River 3.01 41 0.19 265 
DH91-k13b Nation River 2.96 51 0.12 260 
2 786-7-3 Glenn (lower part) 2.83 50 0.40 255 

Mean 2.51 NA NA 245 

ground correction and a deconvolution program designed to fit the 
resulting peaks to model peak geometries (based on a Split Pearson 
W (Gaussian-Lorentzian hybrid) profile shape). Dimensions of the 
bo unit cell were calculated from the corrected d-spacing of the 
dioctahedral (060) peak. The quartz (21 1) reflection (d-spac- 
ing=1.54 18 A) served as an internal standard to eliminate the effats 
of instrument drift and changes in alignment of the sample holder. 

3 UM90-k12 TKs (coal) 0.40 50 0.01 
1 UM90-k 12 TKs (coal) 0.39 50 0.04 
7 UM90-k22a TKs (coal) 0.55 50 0.05 
1 UM90-k22b TKs (coal) 0.47 50 0.04 
7 MJ90-k58a TKs (coal) 0.82 50 0.07 
1 MJ90-k66b TKs (coal) 0.48 50 0.03 
7 MJ90-k66c TKs (coal) 0.55 50 0.05 
7 MJ90-k95a TKs (coal) 0.48 50 0.05 
DH9I -kla TKs (coal) 0.30 15 0.01 

TKs (coal) 
TKs (coal) 
TKs (coal) 
TKs (coal) 
TKs (coal) 
TKs (coal) 
TKs (coal) 
TKs (coal) 
TKs (coal) 
TKs (coal) 
TKs (coal) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 
TKs (mudstone) 

Maximum 
Minimum 
Mean 

I Sample analyzed by Matt Laughland. University of Missouri (Underwood and 
others, 1989). 

2 Salnplc from Underwood and others (1989) reanalyzed by Mark Pawlewicz, 
U.S. Geological Survey. 

1 Sample analyzed by Tom Brocculen, University of Missouri. 

Prior assessments of instrument error yielded a standard deviation 
for duplicate runs equal to 0.002 A (Underwood and others, 1992). 
Chemical differences among single crystals in a low-grade meta- 
morphic m k  can be sigtuticant, so most interpretations of b, data 
are based on cumulative-fiquency diagrams or histogram plots 
(Naef and Stern, 1982). The biggest problem with applying this 
method to samples at low thermal maturity is the potential for gen- 
eration of a broad composite peak caused by interference or overlap 
among multiple populations of authigenic illite and detrital white 
mica. In essence, the values for unrnetamorphosed rocks should be 
regarded as modes or averages for the illite/micacomposite, and the 
results should be used only to iden* broad categories of metamor- 
phic conditions in the detrital source area. As defined by Guidotti 
and Sassi (1986), the empirical boundaries for metamorphic facies 
at temperatures above about 300°C are (1) b04.000 A = I O W - ~ -  
sure facies series, (2) 9.000 A<b08.040 A=intermediate-pressure 
facies series, and (3) b0>9.040 A=high-pressure facies series. 
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RESULTS AND BASIC INTERPRETATIONS 

TATONDUK BELT 

Results from pre-Devonian rock units within the 
Tatonduk belt are restricted to CI data (Underwood and oth- 
ers, 1992). These specimens are too old to contain appropri- 
ate organic constituents (woody tissue), and so we have no 
means of establishing comparable ranks of organic metamor- 
phism or assessing the reliability of CI values as indicators of 
in situ burial conditions. The CI data define an extremely er- 
ratic and wide range of apparent burial conditions, extending 
from the upper limit of the anchizone (0.25A020) into the 
zone of early diagenesis (0.80A020). It appears likely that 
many pre-Devonian rocks contain mixed assemblages of de- 
trital muscovite and authigenic illite (Underwood and others, 
1992). 

The Nation River Formation is an important Devonian 
unit of inferred submarine fan deposits (sandstone turbidites, 
conglomerate, and shale). Vitrinite is fairly abundant in these 
mudrocks, a fact which supports the idea of a continental prov- 
enance for the sediment. The Nation River Formation is un- 
derlain by the McCann Hill Chert and the Road River For- 
mation, but most samples from those formations are lean in 
terrigenous organic matter. With one exception, CI values from 
the Nation River Formation fall within the confines of the 
diagenetic zone (Underwood and others, 1992). Similarly, 
ranks of organic metamorphism are generally below 1.0 per- 
cent R,n (table 1; fig. 4). Excluding a major fault-related 
anomaly (discussed below), the average Rm value for Devo- 
nian strata within the Tatonduk belt is 0.83 percent, which 
corresponds to a paleotemperature estimate of approximately 
130°C. One anomalous sample from the southeast corner of 
the study area (MJ90-K59) yielded a value of 1.6 percent Rm 
(fig. 5). The reason for this unusually high value remains a 
mystery. Another higher-rank sample (MJ90-K62) was col- 
lected from the Ford Lake Shale at Calico Bluff (fig. 5), but 
this siliceous pelite does not contain enough vitrinite to yield 
statistically reliable results. 

When converted to paleotemperature estimates, Rm data 
for Devonian rocks display a fairly orderly spatial pattern that 
can be interpreted within the framework of major structures 
mapped within the Tatonduk belt (fig. 6). For example, coal 
rank increases near the axis of the Michigan Creek anticline, 
drops off to the lowest values recorded along the south flank 
of the fold, and then increases again as one moves into the 
Eagle quadrangle south of 65"N latitude (fig. 6). Unfortu- 
nately, we do not have enough data from units other than the 
Nation River Formation to tell whether or not stratigraphic 
gradients have been retained across all of the major struc- 
tures. 

Consistent exceptions to the low rank of organic mat- 
ter within the Nation River Formation occur only within a 
relatively narrow zone (exposed mostly along the Nation 

River) immediately to the southeast of the Glenn Creek Fault, 
where Rm values are between 2.0 percent and 3.0 percent (fig. 
5). This important anomaly may extend as far to the south- 
east as the confluence of the Nation and Yukon Rivers, where 
sample MJ90-K74 produced a value of 1.2 percent (fig. 5). 
One sample of the Glenn Shale (786-7-3), which was col- 
lected from within the Glenn Creek Fault Zone near its inter- 
section with the Yukon River, was analyzed previously by 
Underwood and others (1989). On the basis of mapping by 
Dover and Miyaoka (1988), we now believe that this locality 
is within the lower part of the Glenn Shale (that is, near the 
uppermost part of the footwall). The tectonic significance of 
this paleotemperature anomaly is discussed in a following 
section on thermal modeling. 
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Figure 4. Histograms of mean random vitrinite-reflectance data (Rm, in 
percent) from the Kandik study area and corresponding values of 
paleotemperature ("C), based on regression equation of Barker (1988). 
See table 1 for complete listing of data. Data for Eureka suture zone 
combines results from Woodchopper Canyon terrane, Slaven Dome 
terrane, and Takoma Bluff terrane. TKs, geologic unit TKs of Brabb 
and Churkin (1969). 



THERMOTECTONIC EVOLUTION OF SUSPECT TERRANES IN THE KANDIK REGION OF ALASKA 9 1 

KANDIK RIVER TERRANE 

Within the Kandik River terrane, virtually all of the 
samples analyzed display high ranks of organic metamorphism 
(fig. 4). The upper part (Jurassic and Lower Cretaceous) of 
the Glenn Shale ranges from 1.7 to 4.8 percent Rm, with a 
mean value of 3.6 percent (table 1). The Kandik Group 
(Biederman Argillite and Kathul Gray wacke) ranges from 1.6 
to 5.1 percent R~ (fig. 7), with a mean value of 3.8 percent. 
Overall, these Rm values correspond to paleotemperatures of 
approximately 195°C to 315°C (fig. 4), with a terrane-wide 
average of 285°C. 

The upper part of the Glenn Shale displays excellent 
slaty cleavage and (or) pencil structure, which formed be- 
cause of the intersection of cleavage and fissility. Similarly, 
all of the pelitic interbeds that we sampled from the Biederman 
Argillite are cleaved, and sandstone interbeds typically con- 
tain extension fractures filled with quartz and calcite veins. 
The ubiquitous development of cleavage is consistent with 
the fact that most of the Kandik River CI data fall within the 
boundaries of the anchizone; a few data points are within the 
uppermost zone of diagenesis (Underwood and others, 1992). 
One specimen of semischist (MJ90-K17a) falls within the 
zone of epimetamorphism. 

Although the general level of thermal maturity within 
the Kandik River terrane is much higher than that of the 
Tatonduk belt, there are two zones with somewhat lower 
paleotemperatures. One zone of relatively low thermal matu- 
rity (sites UM90-K17 to UM90-K21) is associated with an 
east-west trending fold that has the upper part of the Glenn 
Shale and the Keenan Quartzite as its core; this structure (the 
Edwards Creek syncline) is located west of the Mardow Creek 
Fault (fig. 1) (as mapped by Brabb and Churkin, 1969) and 
west of the Andrew Creek Thrust Fault (fig. 7) (as mapped 
by Dover and Miyaoka, 1988). Mean vitrinite-reflectance 
values within this syncline range from 1.7 percent to 3.4 per- 
cent. To the north and west, the Edwards Creek syncline is 
truncated by the Threemile Creek Thrust Fault, which places 
rocks of the Tacoma Bluff terrane over the Kandik River ter- 
rane. A single sample collected from the Step Conglomerate 
near the Threemile Creek Fault is lean in vitrinite but yielded 
a mean value of 2.7 percent Rm (fig. 7). 

The largest fold within the Kandik River terrane is the 
northeast-trending Kathul Mountain synclinorium, which has 
the youngest rocks in the terrane, the Kathul Graywacke (fig. 
7), as its core. Mapping by Dover and Miyaoka (1988) showed 
that the axis and flanks of the fold are breached by several 
thrust and normal faults. Most of the Rm values from within 
this complicated structure (1.7 to 3.0 percent) are lower than 
the terrane-wide average (3.7 percent). Site MJ90-K56, lo- 
cated on the Kandik River near the axis of the fold, evidently 
exposes underlying strata of the Biederman Argillite; these 
pelites yield a somewhat higher Rm value of 3.9 percent based 
on one lean specimen. Biederman Argillite samples to the 
immediate west of the fold axis, however, range from 2.8 to 

3.0 percent R,,. We conclude, therefore, that the core of the 
synclinorium corresponds to the highest structural position 
within the Kandik River terrane, a conclusion which would 
explain the occurrence of lower paleotemperatures (fig. 6). 
The highest structural position at the time of peak heating, 
however, did not necessarily correspond to the youngest strati- 
graphic horizons within the Kandik Group. 

There is no convincing evidence to show that primary 
stratigraphic gradients in thermal maturity have been pre- 
served anywhere within the Kandik River terrane. For ex- 
ample, there appear to be no meaningful differences between 
the upper part of the Glenn Shale (near the stratigraphic base 
of the Kandik River terrane) and the Biederman Argillite (near 
the top of the Kandik River terrane). According to Brabb and 
Churkin (-1969), this stratigraphic interval from the upper part 
of the Glenn Shale to the top of the Biederman Argillite 
reaches a cumulative thickness of approximately 1,500 to 
2,000 m. Moreover, one shale sample from the basal part of 
the Keenan Quartzite (UM90-K10, south of the Step Moun- 
tains) produced the lowest Rm value for the Kandik River ter- 
rane. Thus, there are no consistent correlations between depo- 
sitional age and thermal maturity within the Kandik River 
terrane. 

As a second argument against retention of stratigraphic 
gradients in thermal maturity, it should be noted that the low- 
est paleotemperature values (195" to 215°C) would require 
approximately 4 km of post-Early Cretaceous overburden, 
even with an assumed surface temperature of 20°C and an 
average geothermal gradient of 45"Ckm (justification of these 
assumptions is given below). Although the overlying depos- 
its of unit TKs could be sufficient to account for some of this 
overburden by normal sedimentation, there is ample evidence 
from apatite-fission-track analyses (see following discussion) 
to support the idea of rapid uplift and erosion of Kandik River 
strata during deposition of unit TKs. Moreover, there is a very 
large gap in thermal maturity across the angular unconformity 
at the base of unit TKs, which means that peak heating of the 
Kandik Group and upper part of the Glenn Shale must have 
occurred prior to development of the unconformity. There- 
fore, the paleothermal structure now exposed at the surface 
probably was produced through internal thrust imbrication 
and folding within the Kandik River terrane. 

DOYON NO. 1 WELL 

Measurements of vitrinite reflectance have been com- 
pleted on well cuttings from 30 horizons within the Doyon 
No. 1 borehole, which was spudded in the upper part of the 
Glenn Shale in the north-central part of the Kandik River ter- 
rane (fig. 7). The lowest Rm value near the top of the well is 
4.0 percent (fig. 8), and the highest value (5.0 percent) corre- 
sponds to a depth of approximately 2,408 m (7,900 ft). 
Paleotemperatures range from approximately 290" to 315°C 
(fig. 8). Because of the inversion of formations (Glenn Shale 
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Rgure 5. Map of Tatonduk belt and unit TKs of Brabb and Churkin measured particles per specimen=lO to 20). See table 1 for additional 
(1 %9) showing sample localities and values of mean landom vitrinite statistical information Area without drafting pattern along Yukon River 
reflectance (Rm, in percent). Multiple Rm values correspond to localities amesponds to floodplain lackingoutmps of bedrock. Rocks southwest 
from which multiple samples were collected and analyzed A "(c)" oflintinaFault Zone are assigned toYukon-Tanana composite terrane 
next to sample number indicates specimen of coal or fossilized wood (Coney and Jones, 1985). Simplified geologic base is modified from 
fragment. Numbers in italic correspond to specimens for whicho~ganic Brabb and Churkin (1969) and Foster (1976). See figure 1 for 
matter is insufficient to yield statistically reliable results (number of explanation of map symbols. 
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over the Biederman Argillite) at approximately 335 and 2,470 
m, major thrust faults evidently break the succession near 
those horizons. In addition, the borehole penetrated several 
additional intraformational faults with smaller amounts of 
vertical offset. 

Mean vitrinite-reflectance values from the upper 900 
to 1,000 m define a fairly consistent positive gradient, al- 
though the paleotemperature difference over this interval is 
no more than about 20°C (fig. 8). Below 1,000 m, there is a 
pronounced change in slope in the Rm gradient, with nearly 
isothermal conditions maintained to a depth of 2,400 m. Mean 
vitrinite-reflectance values increase slightly just above the 
inferred thrust fault at 2,470 m; below the fault, there is a 

second isothermal segment (fig. 8). The well was cased be- 
ginning at a depth of 729 m, so some (or all) of the irregular 
thermal-maturity gradient could be due to contamination of 
well cuttings caused by cavings from above the casing. On 
the other hand, discontinuous thermal-maturity profiles can 
be caused by a variety of legitimate geological processes, such 
as the formation of unconformities (Dow, 1977; Katz and oth- 
ers, 1988). "Kinky" Rm gradients, moreover, are common 
within regions exposed to unusual forms of heating, such as 
geothermal fields, sedimentary successions overlain by vol- 
canic flows, and basins subjected to overpressured fluid con- 
ditions (Summer and Verosub, 1987, 1992; Law and others, 
1989). 

1 4 3 ~ 3 0 '  143' 142~30 '  142O 141°30' 141' 

Figure 6. Contour map of palmtemperature estimates for Kandik study are broken along contacts of unit TKs to emphasizeconbast in palmthemal 
area Conversions from mean landom vitrinite reflectance t o d e w  Celsius structure across that unconfonnity. Rocks southwest of antina Fault Zone 
follow regression equation of Barker (1988). Regions with insufficient data are assigned to Yukon-Tanana composite terrane (Coney and Jones, 1985). 
to constrain orientation of contour lines are shown without *g patterns. See figure 1 for identification and distribution of majortectonostratigraphic 
TKs, geologic unit TKs of Bmbb and Churkin (1969). Drafting patterns units within Kandik study area. 



Figure 7. Simplified map of Kandik River and related suspect terranes of Eureka suture correspond to specimens for which organic matter is insufficient to yield statistically reliable 
zone, plus unit TKs of Brabb and Churkin (1969), with sample localities and values of results (number of measured particles per specimen=lO to 20). A "(c)" next to sample 
mean random vitrinite reflectance (R,, in percent). Geologic base modified from Brabb number indicates coal or wood-fragment specimen. See table 1 for additional statistical 
and Churkin (1969) and Dover and Miyaoka (1988). Multiple Rm values correspond to information. Banks of Yukon River floodplain are highlighted with stippled pattern. Note 
localities from which multiple samples were collected and analyzed. Numbers in italic position of Doyon No. 1 well in north-center of figure. 
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Data from the Doyon No. 1 well are more difficult to 
interpret than most borehole profiles because several kilo- 
meters of structural overburden obviously were eroded be- 
tween the time of peak regional metamorphism and the 
present. In addition, the possible effects of downhole cavings 
cannot be isolated. In spite of these problems, the thermal- 
maturity profile is consistent with paleoconditions of rapid 
heating, high geothermal gradients, and high fluid pressures. 
The presence of quartz veins with methane-bearing fluid in- 
clusions elsewhere in the Kandik River terrane (Shelton and 
others, this volume) demonstrates that peak heating was ac- 
companied by migration of both water and hydrocarbons along 
local fractures. Law and others (1989) have demonstrated that 
boundaries between linear segments in kinky Rm profiles cor- 
respond to the approximate original boundaries between dif- 
ferent fluid compositions (for example, water versus gas and 
water) and transient fluid-pressure regimes. It is well estab- 
lished, moreover, that overpressured conditions facilitate fault 
dislocation in thrust belts (Rubey and Hubbert, 1959), and 
large fluid volumes may be released after a slip event through 
zones of focused discharge (Sibson and others, 1975; Fyfe 
and Kerrich, 1985). Therefore, we speculate that the vertical 
thermal-maturity gradient retained within the Kandik River 
terrane may have been influenced by both thrust offsets and 
related pulses of fluid advection. 

GLENN CREEK FAULT ANOMALY 

When comparisons are made between the Kandik River 
terrane and most parts of the Tatonduk belt, there is a very 
large contrast in the level of thermal maturity (fig. 4). The 
average paleotemperature for the Kandik River terrane is 
285"C, whereas background paleotemperatures in the 
Tatonduk belt average only 130°C. Obviously, this pattern is 
unusual in that most strata having high-rank thermal maturities 
to the northwest of the Glenn Creek Fault are Jurassic or Early 
Cretaceous in age, whereas low-rank rocks to the southeast 
are Proterozoic or Paleozoic. The paleothermal contrast is 
less dramatic, however, close to the terrane boundary. As de- 
scribed previously, there is an anomalous zone of higher ther- 
mal maturity within the footwall of the Glenn Creek Fault, as 
defined mostly by data from the Nation River Formation. The 
anomaly dissipates to background levels of less than 1.0 per- 
cent Rm within about 15 krn of the fault trace (fig. 5). Esti- 
mates of paleotemperature for the footwall anomaly range 
from 165°C to 265"C, with values increasing toward the fault 
(fig. 6). 

If one assumes a geothermal gradient of 30°C/km at 
the time of peak thermal maturation within the Tatonduk belt 
(relatively common for normal continental crust), together 
with an average surface temperature of 20°C, then roughly 5 
to 8 km of depositional overburden would be required to pro- 
duce the range of burial temperatures cited above. These over- 
burden values, however, are greater than the sum total of 

maximum formational thicknesses as measured from the base 
of the Nation River Formation through the Kathul Graywacke 
(Brabb and Churkin, 1969). Additional overburden could be 
assigned to unit TKs, but there is a major angular unconforrnity 
separating this cover sequence from strata of the Tatonduk 
belt, and in most places the gap in thermal maturity across 
the unconformity is appreciable (fig. 5). In addition, spatial 
patterns of thermal maturity within the Glenn Creek Fault 
Zone anomaly are strongly discordant to those of the cover 
sequence, an observation which further demonstrates that the 
thermal anomaly formed before the unconformity at the base 
of unit TKs was produced. 

The quandary of insufficient stratigraphic overburden 
within the Tatonduk belt is compounded by the lack of evi- 
dence for deposition of a thick Mesozoic section anywhere 

Mean vitrinite reflectance (percent) 
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Figure 8. Vertical profile of mean random vitrinite reflectance 
(Rm, in percent) and corresponding paleotemperature estimates 
("C) for the Doyon No. 1 borehole, following regression equation 
of Barker (1988). See figure 7 for location of borehole. 
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southeast of the Glenn Creek Fault. Hypothetically, a time- 
stratigraphic equivalent of the entire Kandik Group may have 
been deposited, and then removed completely by erosion, but 
this scenario seems contrived. Naturally, one might be able 
to bring the overburden and depth constraints into harmony 
by increasing the geothermal gradient to a higher value (for 
example, 45°C/km). By doing so, the average background 
paleotemperature for the Nation River Formation (130°C) 
could then be generated by overburden corresponding to the 
stratigraphic thickness from the middle part of the Nation 
River Formation through the lower part (Middle and Upper 
Triassic) of the Glenn Shale (approximately 2500 m). This 
adjustment in thermal conditions does not, however, help 
explain the restricted spatial distribution of the higher Rm val- 
ues. Finally, one might argue that the fault-zone anomaly was 
caused by advection of warm fluids, as discussed within the 
context of several comparable orogenic belts (for example, 
Bethke and Marshak, 1990; Deming and others, 1990; 
Deming, 1992; Ge and Garvin, 1992). However, we found 
no field evidence for focused fluid flow within the footwall 
(for example, zones of brecciation or unusually intense vein- 
ing), and our analyses of existing veins showed that fluids 
moving through the Kandik River terrane differed chemically 
and thermally from those of the Tatonduk belt (Shelton and 
others, this volume). Consequently, we conclude that tectonic 
dislocation and conductive heat transfer across the fault were 
responsible for the footwall anomaly. 

STEP MOUNTAINS 

The Step Mountains region (fig. I) is enigmatic in almost all 
respects, and the m e  designation for these rocks remains in dis- 
pute (Howell and others, 1992). Except for the Eureka suture zone 
farther to the west (Churkin and others, 1982), the Step Mountains 
contain the only pre-Mesozoic strata northwest of the Glenn Creek 
Fault Zone. The identification of badly altered (reworked?) Devo- 
nian spores has reinforced the inference of Brabb and Churkin (1969) 
that chert-pebble conglomerates in the core of the Step Mountains 
belong to the Nation River Formation (Miyaoka, 1990). Plant sterns 
fi-om siliceous shales on the flanks of the Step Mountains antiform 
are not age diagnostic, but these shales have been comlated with 
the Ford Lake Shale (Upper Devonian to Upper Mississippian) on 
the basis of lithologic similarities and stratigraphic position. Lenses 
of fossiliferous limestone within the Step Conglomerate (type sec- 
tion) are the only well-dated rocks; these bioclastic carbonate rocks 
are unequivocally Early Permian in age andcoeval with theTahkandit 
Limestone, which crops out to the south of the Glenn Creek Fault 
within the Tatonduk belt (Brabb, 1%9; Brabb and Grant, 1971). 

Several structural interpretations have been proposed for the 
Step Mountains region. The most straightforward scenario involves 
a faulted anticline with little or no horizontal displacement of the 
Paleozoic core relative to the Mesozoic rocks of the Glenn Shale 
and the Kandik Group (Brabb and Churkin, 1969; Dover and 
Miyaoka, 1988; Dover, 1992).Alternatively, the Paleozoic core may 

repment a window into the Tatonduk belt, with footwall strata ex- 
posed by erosion through a folded Glenn Creek Thrust Fault 
(Laughland and others, 1990). Finally, Howell and others (1992) 
speculated that the Devonian(?) to Permian strata at Step Moun- 
tains could be a displaced part of a Paleozoic basement complex 
above which the upper part of the Glenn Shaleand the Kandik Group 
originally accumulated; analogous strata of Paleozoic age crop out 
to the west within the Eureka suhm zone (that is, the Takoma BluE 
and (or) Slaven Dome terranes of Churkin and others, 1982). Ac- 
cording to this interpretation, the Step Mountains could be autoch- 
thonous with respect to the Kandik River terrane, but dochthonous 
with respect to the Tatonduk belt. 

Unfortunately, only two reliable samples of both the Ford 
Lake Shale and the Nation River Formation were obtained from the 
struchml core of the Step Mountains; these specimens produced Rm 
values of 2.5 to 3.9 percent (table 1 ; fig. 9). Several additional samples 
of siliceous shale (lean in vihinite) yielded values of 2.0 to 2.8 per- 
cent Rm (fig. 9). O v d ,  the spatial pattern in organic metamor- 
phism is very erratic and much more complicated than one might 
expect with a simple anticline. Specifically, the core of the fold is 
not consistently higher in thermal maturity than the flanks. More- 
over, the level of t h d  maturity within the Paleozoic core is lower 
than average for the smunding Kandik River temane, yet higher 
than the level displayed throughout most of the Tatonduk belt to the 
south. In general, CI data from uncleaved samples of the Ford Lake 
Shale at Step Mountains fall within the anchizone, a fact which is in 
accordance with values from the Biederman Argdlite and upper 
part of the Glenn Shale (Underwood and others, 1992). 

In summary, the existing thermal-maturity data, by them- 
selves, are insufficient to resolve the conflicting structural hypoth- 
eses for the Step Mountains. Higher Rm and lower CI values could 
be the results of nappe transport tiom the west, anticlinal exposure 
of autochthonous Paleozoic basement to the Kandik River terrane, 
or structural burial of the Tatonduk belt beneath the Glenn Creek 
fault prior to the formation of a fenster. On the other hand, isotopic 
and fluid-inclusion anomalies displayed by veins obtained h m  the 
Step Mountains have led Shelton and others (this volume) to con- 
clude that the locality was affected by a unique set of fluid-rock 
intemtions @gh-salinity fluid and high 6180). We suggest, there 
fore, that the hydrothermal anomaly was associated with h-ansient 
and localized fluid migration during the final stages of thrust ern- 
placement, either along the main terrane boundary (Glenn Creek 
Fault) or along the base of a smaller nappe within the Kandik River 
terrane. 

SLAVEN DOME, WOODCHOPPER CANYON, AND 
TACOMA BLUFF TERRANES 

Three rock units deserve specific mention, even though 
data from them are relatively sparse. Unit Pza of Brabb and 
Churkin (1969) occurs within the western part of the study 
area (that is, within the Slaven Dome terrane of Churkin and 
others, 1982). The original stratigraphic position of these 
poorly dated argillites remains uncertain, as all contacts with 
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adjacent formations have been mapped as faults (Brabb and 
Churkin, 1969; Dover and Miyaoka, 1988). Values of mean 
vitrinite reflectance for these rocks range from 3.2 to 4.3 per- 
cent (fig. 7), and paleotemperature estimates are 270" to 300°C 
(fig. 4). Illite-crystallinity values for unit Pza are uniformly 
low (0.40 and 0.22A020), indicating anchizone to epizone 
conditions of incipient metamorphism (Underwood and oth- 
ers, 1992). The growth of well-crystalline mica is consistent 
with the phyllitic appearance of hand specimens, and this 
observation supports the hypothesis that assigns unit Pza to 
the depositional basement of the Kandik River terrane (Howell 
and others, 1992). One shale sample from the Woodchopper 

Canyon terrane yielded an Rm value of 4.1 percent (295°C). 
Finally, one marginally lean sample (Rm=2.7 percent) was 
obtained from the Step Conglomerate (Tacoma Bluff terrane) 
near the western edge of the Edwards Creek syncline (fig. 7). 
Overall, thermal-maturity data from the Eureka suture zone 
are similar to those of the Kandik River terrane (fig. 4). 

In addition to similarities in paleotemperature, isotope 
data from calcite veins in the Woodchopper Canyon terrane 
closely match results from the Kandik River terrane. This 
analytical result indicates that the two domains probably had 
been juxtaposed prior to the peak heating and fluid migration 
events that were responsible for vein precipitation (Shelton 

Figure 9. Simplified geologic map of Step Mountains region, showing sample localities and values of mean random vitrinite reflectance (Rm, 
in percent). Geologic base modified from Dover and Miyaoka (1988). Numbers in italic correspond to specimens for which organic matter 
is insufficient to yield statistically reliable results (number of measured particles per specimen=lO to 20). Multiple Rm values correspond to 
localities from which multiple samples were collected and analyzed. TKs, geologic unit TKs of Brabb and Churkin (1969). 
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and others, 1992). A limited amount of additional data from 
the Slaven Dome terrane indicates likewise (Shelton and oth- 
ers, this volume). We note here that most of the faults that 
mark terrane boundaries within the Eureka suture zone are 
oriented east-west at an oblique angle to the structural grain 
of the Kandik thrust belt. Accordingly, it seems likely that 
the Woodchopper Canyon, Kandik River, Tacoma Bluff, and 
Slaven Dome terranes were amalgamated prior to the regional 
peak heating event, then transported together from the west. 

UNIT TKs 

Poorly indurated and mildly deformed alluvial and flu- 
vial deposits of unit TKs crop out within two major zones: (1) 
adjacent to the northwest-striking Tintina Fault (fig. 7) and (2) 
within a smaller east-dipping homocline that we refer to as the 
Waterfall Creek section (fig. 5). The Tintina Fault section of 
unit TKs contains several northeast-trending megascopic folds. 
Both outcrop belts of unit TKs cover segments of the Glenn 
Creek terrane boundary (fig. 1). Most of the plant fossils and 
palynomorphs fail to provide precise ages, but deposition of 
unit TKs apparently began during the Late Cretaceous and ex- 
tended into latest Eocene or Oligocene time (Dover and 
Miyaoka, 1988; Miyaoka, 1990). Unit TKs is important for two 
reasons: (1) the synorogenic to postorogenic deposits 
unconformably overlie terranes on both sides of the Glenn Creek 
Fault and (2) thermal maturity data can be used to place con- 
straints on the amount of post-Albian overburden, as well as 
post-Albian geothermal conditions throughout the region. 

Mean vitrinite-reflectance data from coal specimens, iso- 
lated wood fragments, and dispersed organic matter from mud- 
stones of unit TKs are consistently low (fig. 4). Mean vitrinite- 
reflectance values range from 0.22 percent (surface temperature 
and very little erosion) to 1.76 percent; the mean value for unit 
TKs is 0.50 percent (75°C). We suspect that the single anoma- 
lously high value at site DH91-K17 (fig. 7) is due to sampling 
of an isolated fragment of inert organic matter (charcoal) rather 
than true coal. It is well known in coal petrology that inertinites 
produce significantly higher reflectance values than vitrinites, 
particularly at low coal ranks (Stach and others, 1982). Except 
for this spurious datum, spatial patterns within the main out- 
crop belt of unit TKs are fairly orderly. A gentle warping of 
paleoisothermal surfaces (fig. 6) coincides with the occurrences 
of northeast-trending synclines and anticlines within unit TKs 
(Brabb and Churkin, 1969; Dover and Miyaoka, 1988). Values 
of CI, on the other hand, are extremely erratic and inconsistent, 
ranging from 0.26A020 (anchizone-epizone boundary) to 
0.68A020 (Underwood and others, 1992). Clearly, most of the 
illite and relatively coarse crystals of K-mica incorporated into 
these mudstones are detrital in origin, rather than a product of 
diagenetic alteration of the host rocks. 

Brabb and Churkin (1969) estimated the thickness of unit 
TKs to be at least 3,000 ft (-915 m). We suspect that this esti- 
mate is much too low, on the basis of the documented range of 

reliable paleotemperatures (surface temperature to 1 30°C). Us- 
ing our measured bedding attitudes, together with those of Brabb 
and Churkin (1969) and Dover (1992), we calculated a mini- 
mum stratigraphic thickness of 4,200 m for the east-dipping 
homocline transected by Waterfall Creek (fig. 5). Samples col- 
lected from a fold limb along Washington Creek (fig. 7) pro- 
vide enough information to calculate the paleogeothermal gra- 
dient. Paleotemperatures along this limb change from surface 
values (0.24 percent Rm) to 55°C (0.41 percent Rm) over a strati- 
graphic thickness of approximately 3,000 m. If the average 
middle Tertiary surface temperature is set at 10°C, then these 
data translate to a temperature-depth gradient of only -15OCt 
km. With this relatively low gradient, the average 
paleotemperature of 75°C would correspond to an average burial 
depth of 4,300 m, which is consistent with the calculated thick- 
ness of the Waterfall Creek section. 

DISCUSSION AND MODELING 

EARLY CRETACEOUS BURIAL DEPTHS AND 
GEOTHERMAL GRADIENTS 

Because of the intensity of internal deformation within 
the Kandik River terrane, we have no direct means of arriv- 
ing at reliable estimates of paleodepth at the time of peak 
heating. Estimates of maximum pressure, however, can be 
derived from illitelmica-b, data. Figure 10 shows that most 
illitelmica-b, values range from 9.000 to 9.020 A; the mean 
value for 45 specimens is 9.012 A, and there are no meaning- 
ful differences among the various tectonostratigraphic do- 
mains. According to Guidotti and Sassi (1986), this range of 
values is associated with the lower part of the intermediate- 
pressure facies series for low-grade metapelites. Similar re- 
sults have been obtained from comparable mountain belts, 
such as the Appalachians of northern New Hampshire (Sassi 
and Scolari, 1974) and the Swiss Alps (Padan and others, 
1982). Thus, there is no evidence to suggest abnormally high 
burial pressures or low geothermal gradients at the time of 
peak heating. 

As discussed previously, there are several problems 
associated with precise application of b, geobarometry, par- 
ticularly within regions of incipient metamorphism. Of the 
formations analyzed, vitrinite-reflectance data show that only 
the Kandik River and Slaven Dome terranes (and perhaps 
Step Mountains) reached burial temperatures high enough to 
have resulted in mica crystallization. For the other strata (es- 
pecially unit TKs) the phyllosilicates in question are clearly 
detrital in origin and thus provide no information concerning 
in situ burial conditions. One anomalous sample (UM90-K24) 
plots within the confines of the high-pressure facies series; 
this sample is intriguing because it was obtained from the 
upper part of the Glenn Shale in the immediate vicinity of the 
Glenn Creek Fault (fig. 7). However, we do not believe the 
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single datum is sufficient to establish a cause and effect link 
between fault dislocation and illitelmica crystallization. 

The empirical compilation of Guidotti and Sassi (1986) 
indicates that for a temperature maximum of 315"C, b, val- 
ues of approximately 9.010 A should be produced at pres- 
sures of approximately 2.25 kbar. Assuming lithostatic con- 
ditions and an average bulk density of 2.65 g/cm3, this 
maximum pressure would be reached at a depth of roughly 
8.5 km. We set the mean annual surface temperature at the 
time of peak heating at 20°C, which is higher than the as- 
sumed middle Tertiary value of 10°C used in the preceding 
discussion of unit TKs; this choice is based on paleomag- 
netic evidence for absolute motion of North America toward 
the northwest during the Jurassic and Cretaceous and associ- 
ated changes in climate (see, for example, Engebretson and 
others, 1985). Accordingly, the late Early Cretaceous geo- 
thermal gradient (maximum temperature divided by maxi- 
mum depth) equates to approximately 3 5 " C h .  This gradi- 
ent is best viewed as the lowest linear average to account for 
the highest formation temperatures because, even if the re- 
gional conductive heat flow had been constant (that is, no 
lateral flux, advection, or convection of hydrothermal flu- 
ids), normal changes in bulk thermal conductivity with depth 
(due to compaction, loss of pore water, and chemical diagen- 
esis) will produce nonlinear profiles that increase in slope 
with depth. 

A second method of estimating pressure at the time of 
quartz-carbonate vein precipitation has been outlined by 
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Figure 10. Histogram of illitelmica-b,-lattice spacing (A) for 
representative samples from Kandik study area. Mean value is 9.0122 
A, and most data correspond to lower part of intermediate-pressure 
facies series, as defined by Guidotti and Sassi (1986). At a 
temperature of -300°C, this range of phengite substitution in 
muscovite-celadonite solid-solution series should occur at a pressure 
of -2.25 kbar. Data for Slaven Dome terrane are from geologic unit 
Pza of Brabb and Churkin (1969). TKs, geologic unit TKs of Brabb 
and Churkin (1969). 

Shelton and others (this volume). Differences between tem- 
peratures from oxygen isotope fractionations and fluid-inclu- 
sion homogenization temperatures (that is, the "pressure cor- 
rection" to T,, values) indicate that fluid pressures were 
between 500 and 800 bars at the time of vein precipitation. 
Assuming a hydrostatic pressure regime, these data are con- 
sistent with burial depths of approximately 5 to 8 km and 
linear geothermal gradients of approximately 35 to 60°C/km. 
Pressure estimates for methane-bearing fluid inclusions, which 
were trapped locally along healed fractures in a few of the 
Kandik River quartz veins, range from 800 to 1,500 bars 
(Shelton and others, this volume). It is conceivable that the 
Kandik River terrane experienced a significant increase in 
hydrostatic pressure because of structural thickening prior to 
methane entrapment (8 to 15 km, assuming pure hydrostatic 
conditions). However, a depth increase of nearly twofold 
seems excessive, and there is no evidence from illitelmica b, 
data to support the idea of a concomitant increase in lithostatic 
pressure (up to the required 2,100 to 3,900 bars at 8 to 15 
km). We favor, instead, a scenario in which excess pore-fluid 
pressures developed locally during deformation of the Kandik 
River terrane. If fluid pressures approached lithostatic val- 
ues, for example, then the depth range during methane en- 
trapment would rise to between 3.1 and 5.8 km, and the lin- 
ear geothermal gradient would increase to a value between 
50" and 9 5 " C h .  Naturally, a combination of structural thick- 
ening and development of fluid pressures somewhere between 
the hydrostatic and lithostatic limits would result in values 
closer to the range cited above (35" to 60°Ckm). 

HEATING, COOLING, AND UPLIFT HISTORY 

The evidence for rapid uplift and erosion of the Kandik 
River terrane (and related units within the Eureka suture zone) 
is largely indirect. Imprecise fossil control and lithologic cor- 
relations collectively indicate that the basal sediments of unit 
TKs may have been deposited near the Albian-Cenomanian 
time boundary. If these inferences are correct, then the elapsed 
time between deposition of the Kathul Graywacke (Albian?) 
and deposition above the angular unconformity at the base of 
unit TKs could not be more than about 10 million years. This 
hiatus obviously was long enough, however, to accommo- 
date several major events within the Kandik River terrane- 
folding and cleavage formation, fluid migration and vein pre- 
cipitation, internal thrust imbrication, peak heating and organic 
metamorphism, southeast-directed transport and eventual 
suturing to the Tatonduk belt along the Glenn Creek Fault, 
and a substantial decay in the regional heat flux (fig. 11). 

To establish the absolute timing of cooling within the 
Kandik River terrane, fission-track analyses were completed 
on detrital apatites from the uppermost part of the Biederman 
Argillite and the Kathul Graywacke; specimens were collected 
from a single well-exposed section, where the Kathul Moun- 
tain syncline intersects the Yukon River (site MJ90-K8 1, fig. 
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7). The amount of relief associated with this section is not 
sufficient to yield consistent changes in cooling ages as a func- 
tion of present-day elevation. Of the four analyses completed, 
three provide statistically reliable pooled ages of 96.3H.4, 
85.7f7.9, and 80.1f6.3 Ma. Chi-squared probabilities that 
these pooled ages represent data from single, normally dis- 
tributed, populations are P(x2)=21 to 80 percent (table 2). The 
fourth sample yielded an unreliable pooled age of 57.6f7.6 
Ma (chi-squared probability of P(x2)=0.5 percent) and a mean 
age of 83.1k29.5 Ma (table 2). All of these dates are younger 
than the apparent age of deposition of the Kathul Graywacke 
(-120 to 110 Ma), and so the fission-track ages must repre- 

sent an episode of cooling that occurred after partial to total 
thermal resetting of the detrital apatite grains. 

Annealing of inherited fission-tracks can be affected 
by a variety of factors, such as crystal chemistry, heating rate, 
and heating duration (Green and others, 1985). For a heating 
duration on the order of lo6 years the temperature required 
for annealing to begin is approximately 70" to 80°C, and to- 
tal annealing occurs at approximately 125°C (Green and oth- 
ers, 1989; Naeser and others, 1989). The partial annealing 
zone (PAZ) corresponds to temperatures between these two 
limits. Vitrinite-reflectance data show that paleotemperatures 
for the Kathul Mountain section reached approximately 250°C 

THERMOTECTONIC HISTORY OF THE KANDIK 

be l t  

Tatonduk belt 

REGION 

140-1 10 Ma 
(Early Cretaceous) 

Deposition of Kandik Group 
deep-marine turbidites 

(early Albian) 
Peak heating event under high geothermal 
gradients; oiganic metamorphism; folding, 
cleavaoe. and dehvdration: veins form at 
51%-806-bars (neaihydrostatic pressure). 

100-95 Ma 
(Albian to Cenomanian) 

Uplift and cooling begins; initiation of terrane 
amalgamation via Glenn Creek fault; structural 
thickening by imbrication; methane-bearing. 
inclusions occur at 800-1,500 bars (lithostatrc 
pressure); development of footwall aureole 
by conduction across fault (dashed arrows). 

95-75 Ma 
(Cenomanian to Campanian) 

Continued uplift, cooling, and erosion; 
syntectonic deposition of basal sediments 
of unit TKs of Brabb and Churkin (1969). 

75-30 Ma 
(Maastrichtian to Oligocene) 

Progradation of unit TKs of Brabb and 
Churkin (1969); fluviaValluvial deposition; 
minor late-stage deformation 

Figure 11. Schematic cartoons to illustrate thennotectonic history of Kandik region, east-central 
Alaska. See text for discussion. TKs, geologic unit TKs of Brabb and Churkin (1969). 
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Table 2. Apatite fission-track data, Kandik region of east-central Alaska. 
[ps, average spontaneous track density (trackslcentimeter-squared); Ns, total number of spontaneous tracks; pi, average induced track density (tracks/centimeter-squared); Ni, 
total number of induced tracks; U, average uranium content @arts per million); No. grains, number of apatite grains analyzed per sample; r, correlation coefficient; x2, chi- 
squared statistic, d.f., degrees of freedom for chi-squared statistic; P, chi-squared probability; pooled agekenor; mean agekenor; No. tracks, number of track-length measure- 
ments per sample; Std. dev., standard deviation of track-length values; ages calculated using a zeta of 352.7k.3 for SRM612 glass; p ~ = l  .340~106tr/cm2; N~)=3015] 

Sample Ps Ns PI N,  U No r ~ 2 ,  d.f P ( ~ 2 )  Pooled age 1.2 Mean age 1.2 No Mean track length Std. dev. 
number (IOStrIcm2) (IOstrlcm2) (ppm) grams (percent) (Ma + l o )  (Ma + l o )  tracks (pm 2 l o )  (km) 

MJ90-KIOI 2.020 74 8.245 302 8.1 21 0 7 3 3  39 815 .20  0 5 57.6L 7.6 183.1 L 2 9  5 6 1395L0.63  154  

MJ90-KIO2 2.394 173 6.559 474 6 4 23 0941 16 238.22 80.4 285.7 k 7  9 78 .6k 1 1  6 36 14.09 k0 .39  2.34 

MJ90-K103 4.031 234 10.182 686 1 1  6 20 0965 23.725. 19 20.7 280.1 k 6 3  84.0L 1 1  6 103 14 12k0.28 1.56 

MJ90-K104 2 7 3 4  156 6.660 380 6 5  20 0949 14.018. 19 78.3 296.3L 9 4  99.0L 159  102 1 4 M L 0 . 1 4  1 4 0  

I Sample fails chi-squared probability test for normal disiribution: mean grain age is used 
2 Sample passes chi-squared probability test for normal distribut~on; pooled grain age is used 

(fig. 6), well in excess of the PAZ, and except for a few anoma- 
lous apatite grains, statistical distributions of single crystal 
ages confirm that total annealing did take place. When rocks 
such as these are heated well above the total annealing tem- 
perature and subsequently cooled, the fission-track age can 
be interpreted as a cooling age, representing the time the 
sample cooled through a closure temperature. The closure 
temperature for fission tracks in apatite is about 100°C. Thus, 
the pooled ages of 80 to 96 Ma can be regarded as the ap- 
proximate times of cooling through the 100°C isotherm. 

Measurements of fission-track length also provide im- 
portant information about thermal history (Gleadow and oth- 
ers, 1983; Green and others, 1989). Track-length measure- 
ments for the sandstones of the Biederman Argillite and Kathul 
Graywacke resulted in relatively large means of 13.95 to 
14.12 pm, and the corresponding standard deviations range 
from 1.40 to 2.34 (table 2). These track lengths are close to 
the maximum values of 15 pn for unannealed primary tracks 
(Green and others, 1989). Track-length distributions of this 
type are produced only when rocks cool rapidly through the 
PAZ (Gleadow, Duddy, Green, and Hegarty, 1986; Gleadow, 
Duddy, Green, and Lovering, 1986; Dumitru, 1989; 
O'Sullivan and others, 1993). Slower cooling rates, with resi- 
dence times in the PAZ of more than 3 to 5 m.y., will produce 
a component of shorter tracks (formed early in the cooling 
history and partially annealed), and standard deviations about 
the mean track length will be larger. Our data show that par- 
tial annealing of the new fission tracks did not occur within 
the Kandik Group. Instead, the effects of Albian thermal re- 
setting decayed rapidly during Cenomanian to Campanian 
time, and the Lower Cretaceous sandstones were not sub- 
jected to any subsequent heating events above about 70°C. 

If the apatite fission-track ages are accurate indicators 
of cooling through the 100°C isotherm, then peak heating 
must have occurred almost immediately after deposition of 
the uppermost part of the Kandik Group. The narrow time 
window between deposition (-120 to 110 Ma) and peak heat- 
ing of the upper parts of the Kandik Group is not compatible 
with the types of heating rates responsible for burial diagen- 
esis within mature rifted margins and subsiding basins such 

as the Gulf Coast of the United States. At those rates, which 
are on the order of 5"C/106 yr. (Sweeney and Burnham, 1990), 
it would have taken approximately 60 m.y. for the Kandik 
Group to have reached maximum levels of thermal maturity. 
In comparison, heating rates within active geothermal fields 
are on the order of 1"C/103 yr. Additional analytical tech- 
niques are required to establish the absolute timing of peak 
heating with greater precision (for example, 40Ar/39Ar dating 
of cleavage-forming mica). In the absence of such data, our 
best estimate for the culmination of the thermal overprint is 
at approximately 110 to 105 Ma, which corresponds to an 
early to middle Albian event. Accordingly, an average heat- 
ing rate of at least 35" to 40°C/m.y. would be required to 
achieve maximum burial temperatures of 300" to 315°C. 

It seems clear that the Kandik River terrane not only 
was deformed and thermally overprinted at a rapid rate dur- 
ing the early to middle Albian, it also cooled fairly quickly 
beginning in middle to late Albian time (fig. 11). If we use 
the oldest apatite fission-track age (-96 Ma) as an indication 
of the first rocks to cool from a peak temperature of 250°C 
through the 100°C isotherm, then the age constraints trans- 
late to an average cooling rate of lS°C/m.y. This rate is con- 
sistent with our interpretations of fission-track-length distri- 
butions. The slowest cooling rate permitted by the data would 
be approximately S°C/m.y. [(250°C- 100°C) i (1 10 Ma- 
80 Ma)]. The asymmetry of heating and cooling P-T-t path- 
ways (faster heating, slower cooling) is consistent with re- 
constructions of thermal history in other orogenic belts (for 
example, Thompson and England, 1984; Wintsch and others, 
1992). Although regional cooling can occur solely because 
of a temporal decay in heat flow (for example, following an 
igneous intrusion or hydrothermal flux), it seems likely in 
this case that cooling progressed through the Campanian (84 
to 74 Ma) and was accompanied by uplift and erosion of the 
Kandik River and related terranes (fig. 11). We base this in- 
terpretation on two observations: (1) the basal nonmarine 
deposits of unit TKs also began to accumulate during Late 
Cretaceous time and (2) the TKs alluvium appears to have 
been eroded, at least in part, from thrust nappes within the 
KandikRiver and related terranes (Howell and others, 1992). 
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MODELING OF THE GLENN CREEK 
FOOTWALL ANOMALY 

Laughland and others (1990) suggested that higher Rm 
values near the Glenn Creek Fault were caused by heat con- 
duction as a hot hanging wall (Kandik River terrane) was 
uplifted and thrust over the cooler footwall (Tatonduk belt). 
The southeastward termination of the paleothermal anomaly 
is related either to wedging out of the hanging wall (Laughland 
and others, 1990) or to a transition from a thrust ramp or as- 
sociated fault-bend fold in the hanging wall to a flat in the 
hanging wall. As discussed by many workers (for example, 
Oxburgh and Turcotte, 1974; Brewer, 1981; Angevine and 
Turcotte, 1983; Furlong and Edman, 1984; Davy and Gillet, 
1986; Shi and Wang, 1987; Karabinos and Ketcham, 1988), 
several parameters control the amount of heat transferred 
across a thrust fault. These factors include the thickness of 
the overthrust slab, geothermal gradient, thermal conductivi- 
ties, prethrust temperature regimes within both thrust plates, 
displacement rate, and heating time. Although unique numeri- 
cal solutions are not possible because of the large number of 
variables, Laughland and others (1990) tested several itera- 
tions of the Furlong and Edman (1984) nondimensional mod- 
eling technique and concluded that the Glenn Creek anomaly 
could have been generated by the following conditions: hang- 
ing wall=3 km in thickness, geothermal gradient=40°C/km, 
and heating time=2 m.y. (rapid uplift and cooling). Laughland 
and others (1990) likewise arrived at the limiting conditions 
to prevent resetting of Rm values that had been inherited from 
prethrust depositional events. Our greatly expanded data set 
now allows refinement of some of the geometric and thermal 
conditions and revision of this simple model. 

Maximum paleotemperatures from the upper part of the 
Glenn Shale near the base of the Kandik River hanging wall 
range from290° to 310°C (fig. 6). Regardless of the exact 
paleodepth and temperature prior to terrane amalgamation, 
Rm values in the footwall near the present trace of the Glenn 
Creek Fault were reset during thrusting. We set the geother- 
mal gradient within the Kandik River hanging wall at a value 
of 45"C/km, a median value consistant with fluid inclusion 
data. To account for a temperature of 290°C at the base of the 
hanging wall (T, ), at the time of thrusting, the thrust sheet 
near the present trace of the fault would have to reach a thick- 
ness (H) of 6 km (assuming a surface temperature of -20°C). 
We also assume a rather brief thrust-heating event of 2 m.y. 
duration on the basis of apatite-fission-track evidence for Late 
Cretaceous uplift and cooling. Given these hypothetical con- 
ditions, the nondimensional value of heating time (2) can be 
determined using the following equation: 

where  thermal diffusivity (assumed value=32 m2/yr), 
t =duration of applied temperature maximum (2x 1 O6 yr), and 
H =thickness of overthrust slab (6,000 m). Inputting the val- 

ues from above yields a nondimensional time of -1.8 
(fig. 12). 

D* represents the nondimensional depth below the thrust 
surface scaled by the thickness of the thrust sheet, such that a 
D * value of +1 would be located one thrust-sheet thickness be- 
low the fault (fig. 12). Accordingly, at a depth (X) of 2 km be- 
low a 6-km-thick Kandik River overthrust (H), the D* value 
would be equal to 0.33. T* is the nondimensional temperature 
at a given depth scaled to the value of T, . Figure 12 shows a 
modified version of the Furlong and Edman (1984) plot of T* 
versus D* for various values of z. We can use this diagram in 
reverse to help identify the conditions during faulting that would 
be required to produce the average temperature of 245°C within 
the footwall aureole. The T* value for this condition is equal to 
0.84, and the 245°C predicted temperature would occur at a 
depth of 2 km below the Glenn Creek Fault, 2 m.y. after thrust 
emplacement (z=1.8). We view this combination of geometric 
and thermal values as the ideal numerical solution, but the same 
temperature could be generated using several other reasonable 
combinations of z and D* (table 3). For example, a z value of 1 
(heating time=l. 1 m.y.) would push the corresponding subthrust 
depth down to 2,520 m (D*=0.42), and a t value of 5 (heating 
time=5.6 m.y.) would require a subthrust depth of only 600 m 
(D*=O. 1). Table 3 shows several additional iterations for which 
geothermal gradients were changed to values of 30°C/km and 
60°C/km. Higher temperature gradients in the hanging wall 
necessitate extremely rapid unroofing, whereas lower gradients 
result in durations of heating and wedge thicknesses that ap- 
pear to be excessive. 

Laughland and others (1990) showed how several rea- 
sonable reductions in hanging-wall thickness toward the south- 
east, combined with changes in depth below the thrust surface, 
could lead to a limiting condition in which the value of T* be- 
comes too small to reset Rm values in the footwall. Given the 
revised data outlined above (H=6,000 m; t=2 m.y.; 4 5 " C h  
geothermal gradient), this exercise can be repeated. Four itera- 
tions are shown in table 4. Included in this table are calculations 
of the horizontal distance (to the southeast) relative to the refer- 
ence position of the present Glenn Creek Fault trace. We as- 
sume an average fault dip of 10" to allow for several flats and 
ramps, and with this angle, a 6-km-thick hanging wall would 
terminate 34 km to the southeast of the existing fault trace. For 
all iterations, at depths greater than the limiting value of X, tem- 
peratures would be high enough to reset Rm. From these ex- 
amples, it follows that overthrust wedges with thicknesses of 
4,000 m or more would increase ranks of organic metarnor- 
phism at all depths below the fault (that is, X<O). Conversely, 
for a wedge thickness of 3,000 m, values would not be reset 
until a subthrust depth of 540 m, and for a 2,000-m-thick thrust 
sheet, the limiting depth is 1,140 m. The case in which H=3,000 
m provides the best match with the empirical data base because 
the predicted lateral termination of the footwall aureole corre- 
sponds most closely to the actual horizontal distance between 
the present Glenn Creek Fault trace and the eastern boundary of 
higher thermal maturity along the Nation River (fig. 6). 
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Oxburgh and Turcotte (1974) first used the Peclet num- 
ber to illustrate how faulting can alter geotherms in thrust 
belts. The expected change is from a steady-state linear tem- 
perature profile to a sawtooth geometry, followed by thermal 
relaxation (fig. 12). The Peclet number (Pe) is a dimension- 
less ratio between the rate of heat advection during thrusting 
and the rate of heat conduction. The physical transfer of hot- 
ter rocks over colder rocks is considered to be one form of 
heat advection. By definition: 

where V=horizontal velocity of thrust emplacement (dyr) ,  
H=thickness of overriding thrust sheet (m), and  thermal 

T* (nondimensional temperature) 
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Figure 12. Graph of nondwimensional temperature (T*) and 
nondimensional depth (D*) for various values of nondimensional 
time (z), as applied to thermal modeling of Glenn Creek Fault 
(modified from Furlong and Edman, 1984). Heavy dashed line 
represents thermal condition immediately after thrust emplacement 
(z=O). A T* value of 0.84 corresponds to a basal hanging-wall 
temperature of 295°C and an average footwall temperature of 245°C. 
Solid dot represents our preferred combination of parameters to 
generate a thrust fault aureole, with a hanging-wall thickness equal 
to 6 km and the average footwall temperature occumng 2 km below 
the Glenn Creek Fault (D*=0.33) approximately 2 m.y. after thrust 
emplacement. The D* values of 0.10 (subthrust-depth=600 m) and 
0.42 (subthrust-depth=2,520 m) correspond to the same hanging- 
wall conditions and heating times of approximately 5.6 m.y. and 
1.1 m.y., respectively. See tables 3 and 4 for results of calculations 
using additional sets of hypothetical values for geometric and thermal 
parameters. 

diffusivity (m2/yr). Peclet numbers will be greater than 1 if 
heat is physically elevated by fault motion (advected) faster 
than it can be conducted out of the hanging wall; this condi- 
tion will lead to perturbations of thermal structure within the 
footwall. If we assume, as above, a K value of 32 m2/yr, a 
thrust-sheet thickness of 6,000 m, and a rate of thrust move- 
ment of 0.03 mlyr, then the Peclet number is equal to ap- 
proximately 5.6. The rate of emplacement would have to be 
slowed to 0.005 d y r  to reduce Pe to 1. Alternatively, a hy- 
pothetical thrust sheet could be thinned to approximately 
1,000 m with the rate maintained at 0.03 d y r ;  however, this 
would require substantial amounts of preslip erosion (and 
cooling) to bring high rank strata (Rm>3.0 percent) close to 
the fault surface, and there is no geological evidence to sup- 
port such-a scenario. 

The Peclet number, as defined above, is one dimen- 
sional. Because thrust transport is actually two dimensional 
within a given cross section, Karabinos (1988) and Endignoux 
and Wolf (1990) have modified the calculation by introduc- 
ing the dip angle of the fault (9) into the equation; this allows 
determination of the vertical component of emplacement ve- 
locity. Two time constants then can be calculated: the time 
constant for thermal diffusion (tdiff)=HLt~, and the time con- 
stant for advection (tadV)=H+(Vsin9). The two-dimensional 
Peclet number is equal to the ratio of (tdiff)+(t,Y). If we as- 
sume an average dip angle of 10" for 9 and maintain the origi- 
nal boundary conditions from above, the Peclet number is 
equal to - 1 .O. The value of Pe would be expected to increase 
substantially where the fault plane steepens, such as in the 
vicinity of a ramp anticline in th~hanging wall. For example, 
recalculation using a dip angle of 30" leads to a solution of 
Pe=2.8. Given reasonable parameter values, the rate of heat 
transfer into the Tatonduk belt should have been faster than 
the rate of advective transfer out of the hanging wall. Nu- 
merical modeling, therefore, supports the hypothesis of a con- 
ductive thrust aureole. 

It is interesting to note that values of illite crystallinity 
within the footwall aureole (0.57 to 0.46A029) do not deviate 
much with respect to the Nation River average of 0.52A020 
(Underwood and others, 1992). Thus, the temperature increase 
evidently was insufficient (in magnitude and (or) duration) 
to change CI beyond the levels inherited from detrital source 
rocks and (or) earlier stages of burial diagenesis. At a tem- 
perature of 250°C, the expected equilibrium CI value is 
-0.47A029, on the basis of the data compilations of 
Underwood and others (1993). As documented by Barker 
(1989), vitrinite reflectance appears to stabilize within 
10,000 yr in zones of high heat flow (geothermal systems). 
On the other hand, it is well established that illite-smectite 
reactions and associated changes in CI values tend to lag be- 
hind increases in Rm during rapid heating events (geothermal 
or igneous) because of comparatively sluggish inorganic re- 
action rates (Pevear and others, 1980; Duba and Williams- 
Jones, 1983; Smart and Clayton, 1985; Barker and others, 
1986; Kisch, 1987). The Nation River CI data, therefore, pro- 
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Table 3. Geometric and thermal conditions required to generate 
temperature of 245°C beneath the Glenn Creek Fault (assumed 
surface temperature=20°C). 
[H, thickness of overthrust sheet; X, depth below fault surface; P, nondimension tem- 
perature (T+Tb, where T=temperature at depth=Xand Tb=temperature at base of hanging 
wall); 1, heating time (my.); 7, nondimensional time (~t+Hl,  where isthermal 
diffusivity); D*, nondimensional depth (X+H)] 

~ ( m )  x ( m )  D * r* T r (m.~.)  

Geothermal gradient=45"C/km 

Geothermal gradient=3O0Clkm 

9,000 3,000 0.33 0.84 1.8 4.5 

9,000 900 0.10 0.84 5.0 12.6 

9,000 3,780 0.42 0.84 1 .O 2.5 

Geothermal gradient=6O0C/km 

vide indirect support of the thrust-aureole rapid-heating hy- 
pothesis, as opposed to a scenario in which the thermal-ma- 
turity anomaly might be attributed to passive long-term burial 
beneath an abnormally thick section of Jurassic and Creta- 
ceous overburden. 

It would be helpful to be able to calculate the time re- 
quired for authigenic illite to equilibrate within a given tem- 
perature and fluid-composition regime and then use this time 
as the minimum limit for the duration of heating in the 
Tatonduk footwall. Unfortunately, although kinetic models 
have been proposed for the transformation of smectite to il- 
lite (for example, Eberl and Hower, 1976; Bethke and Altaner, 
1986; Pytte and Reynolds, 1989), we know of no such quan- 
titative assessment of kinetic parameters for illite crystallin- 
ity. The possible effects of erosion on heating duration, how- 
ever, can be calculated using another version of the Peclet 
number (Endignoux and Wolf, 1990), in which the velocity 
and thickness parameters are specified in terms of erosion: 

In this case, Pe>l means that the overburden is removed 
and heat lost by advection before appreciable conduction into 
the lower plate can occur. Above the Glenn Creek footwall 
aureole, a thermal balance could have been attained (Pe=l) 
by removing half the hanging-wall thickness (3,000 m) at a 

Table 4. Geometric and thermal conditions required for elimination 
of footwall aureole beneath the Glenn Creek Fault (assumed heating 
time=2 m.y.). 
IH, thickness of overthrust sheet; X, depth below fault surface; L, horizontal distance 
from present fault trace; P, nondimension temperature (T +TI,, where T=temperature 
at depth=X and Tbstemperature at base of hanging wall); T, nondimensional time (~r+H2, 
where =thermal diffusivity and t=heating time in m.y.); D*, nondimensional depth 
(X+rnI 

5,000 1 < 0 6 245 0.59 2.5 -0.15 

4,000 1 < 0 I I 200 0.72 4 0.00 

3,000 < 540 17 155 0.94 7 0.18 

2,000 < 1,140 23 110 1.32 16 0.57 

I Erroneous solution (in other words, entire footwall will be reset). 

rate of approximately 1 crnlyr, or the entire hanging wall at a 
rate of 5 mmlyr. Although denudation rates of this extreme 
magnitude have been calculated for other orogenic belts (for 
example, Burbank and Beck, 1991), rapid erosion must be- 
gin immediately after Rm values stabilize to prevent any addi- 
tional heat transfer into the footwall for illite/mica crystal 
growth. As discussed previously, data from apatite fission 
tracks demonstrate that cooling of the Kandik River terrane 
occurred over a much longer span of Cenomanian to 
Campanian time (96 to 80 Ma). In conclusion, even though 
extremely rapid denudation appears to be unwarranted, the 
heating event evidently did not last long enough for CI to 
equilibrate with the elevated temperatures generated by con- 
duction of heat into the footwall aureole of the Glenn Creek 
Fault. 

SUMMARY AND CONCLUSIONS 

The preliminary data set of Underwood and others 
(1989) provided a hint that rocks to the southeast of the Glenn 
Creek Fault Zone (Tatonduk belt) had experienced fundamen- 
tal differences in thermotectonic history with respect to the 
Kandik River terrane to the northwest. Our greatly expanded 
data set confirms most of the provisional observations and 
interpretations of Underwood and others (1989). Among other 
things, we now know that the Woodchopper Canyon, Slaven 
Dome, and Tacoma Bluff terranes reached paleotemperatures 
comparable to those of the Kandik River terrane. We sug- 
gest, therefore, that all of these suspect terranes were exposed 
to the same thermal overprint during middle Albian time. In 
addition, thermal maturity across the Glenn Creek Fault defi- 
nitely is inverted with respect to stratigraphic age. Cleaved 
and veined Jurassic and Early Cretaceous strata of the upper 
part of the Glenn Shale and the Kandik Group were heated to 
temperatures as high as 315OC, whereas most of the unal- 
tered Devonian rocks of the Nation River Formation (and 
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McCann Hill Chert) reached temperatures of about 110°C to 
150°C. 

A major exception to the overall spatial pattern de- 
scribed above is associated with rocks immediately south- 
east of the surface trace of the Tatonduk-Kandik River ter- 
rane boundary, where paleotemperatures increased to maxima 
of around 250°C. Thrusting of a warm Kandik River hanging 
wall over the Tatonduk belt produced a footwall aureole of 
reset Rm values, and the heat transfer probably was accom- 
plished by simple conduction. Illite crystallinity values were 
not reset within the aureole, and this was probably because 
the duration of heating was relatively brief. New data are 
consistent with the following choices for input parameters in 
an overthrust-conduction model: (1) average geothermal gra- 
dient in hanging ~ a l l = 4 5 ~ C h ,  (2) hanging-wall thickness 
above aureole=6 km, (3) heating duration=;? m.y., and (4) 
subthrust depth to the 250°C isotherm=2 km. Spatial termi- 
nation of the aureole roughly 15 km beyond the present fault 
trace was probably caused by wedging out of the hanging 
wall along a ramp anticline. Kandik River strata may have 
been transported by thrusting much farther to the southeast, 
but the hanging wall became too thin there to promote suffi- 
cient conductive heat transfer for ranks of organic metamor- 
phism to change. Modeling shows that thinning the hanging- 
wall wedge from 6 km above the present fault trace to 3 km 
above the termination point of the aureole (average dip of 
- 10") would be sufficient to eliminate the thermal overprint 
at the observed termination point of the aureole. 

Borehole Rm profiles from the Doyon No. 1 well dis- 
play several kinks and isothermal segments. Although the 
effects of contamination due to downhole cavings must be 
considered in any interpretation of these data, the profiles are 
consistent with the idea that peak heating within the Kandik 
River terrane was accompanied by internal thrust imbrica- 
tion and local development of excess pore-fluid pressures. 
The ultimate source of heat remains unknown, but we do not 
believe that advecting fluids, by themselves, were dominant 
in the overall regional heat budget. Rather, the fluids respon- 
sible for vein precipitation were largely the products of dehy- 
dration reactions that were triggered by peak conductive heat- 
ing (relatively low water to rock ratios). Isotope and 
fluid-inclusion analyses of quartz and calcite veins support 
the contention that the Kandik River, Slaven Dome, and 
Woodchopper Canyon terranes shared a common episode of 
fluid migration and similar fluid-rock reactions (Shelton and 
others, 1992, this volume). Fluids from these suspect terranes, 
however, were never in communication with rocks of the 
Tatonduk belt. In a hydrologic sense, the Kandik River and 
related terranes are allochthonous with respect to the rifted 
edge of North America. 

Our conclusion that fluids provided an insignificant 
regional-scale heat source is supported by analytical and nu- 
merical solutions used to evaluate the role of volatiles in the 
thermal history of metamorphic terranes and subduction zones 
(for example, Peacock, 1987, 1989; Brady, 1988; Hoisch, 

1991). Those studies demonstrate that advective heat trans- 
port from a single-pass event involving pervasive flow of flu- 
ids (in other words, movement along grain boundaries and 
closely spaced fractures) should result in relatively minor ther- 
mal effects. Multiple-pass flow is a possibility, but this sce- 
nario requires huge volumes of fluid. Local rock tempera- 
tures can increase significantly if volatiles are focused into 
widely spaced conduits. However, we did not uncover any 
data or field observations from the study area to support the 
idea of focused fluid flow. Such supporting evidence might 
include zones of intense veining, local concentrations of hy- 
drothermal minerals, or narrow bands of abnormally high Rm 
values, particularly along or adjacent to major faults. Thus, 
the Kandik River and related terranes probably were altered 
within a regional-scale regime of high conductive heat flow. 

Pronounced horizontal gradients in heat flow are un- 
usual in sedimentary basins, except along active plate bound- 
aries affected by magmatism or hydrothermal venting. In 
lithified sedimentary rock, geothermal gradients of 45' to 
60°C/km correspond to heat flow values of 90  to 
120 mW/m2. Heat flow regimes of this type occur within and 
immediately adjacent to active volcanic arcs (Yamano and 
Uyeda, 1988). Heat-flow gradients within an arc-trench gap 
may change from an average of 50 mW/m2 near the trench 
axis to 150 mW/m2 in the vicinity of the volcanic front, but 
even these extreme changes in thermal regime occur over dis- 
tances of 75 to 100 km. There is little geologic evidence to 
suggest that oceanic subduction and (or) arc magmatism oc- 
curred in east-central Alaska during the Cretaceous. Never- 
theless, we view this distance (-100 km) as the minimum 
separation between the Kandik River terrane and the Tatonduk 
belt at the time of peak heating. 

Another likely tectonic environment to consider as a 
site for peak heating of the Kandik River terrane would be a 
backarc basin. Patterns of heat flow in backarc basins can be 
quite erratic; they will be influenced by the history of backarc 
rifting, as well as the existence of convective mantle flow 
induced by the subducting slab on the opposite side of the arc 
(Watanabe and others, 1977; Sclater and others, 1980; Yarnano 
and Uyeda, 1988). Heat-flow values of approximately 
100 mW/m2 are common within these plate-tectonic settings. 

Laughland and others (1990) speculated that the ab- 
normally high heat flow required to produce elevated 
paleotemperatures within the Kandik River and related ter- 
ranes may have been linked to Early Cretaceous and early 
Late Cretaceous volcanic activity in the Yukon-Koyukuk area 
(Patton and Box, 1989; Box and Patton, 1989). This accreted 
volcanic arc probably formed in association with an east-dip- 
ping subduction zone. Sedimentary successions on the inferred 
backarc side of the magmatic arc (Kobuk-Koyukuk subbasin) 
include a volcanogenic facies of Valanginian to Albian age 
plus alluvial fan, deltaic, continental shelf, and turbidite fa- 
c i e ~  of Albian to Cenomanian age (Nilsen, 1989). The Kobuk- 
Koyukuk outcrops are located approximately 300 km west- 
northwest of the Kandik study area, but they could represent 
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some of the arc-proximal equivalents to the upper part of the 
Glenn Shale and the Kandik Group. 

Additional work obviously is required to establish bet- 
ter biostratigraphic, petrofacies, and thermal-maturity links 
between the Kandik River terrane and the Kobuk-Koyukuk 
subbasin. One complicating factor is that the two regions are 
separated today by metamorphosed Proterozoic and Paleo- 
zoic continental rocks of the Ruby terrane (Coney and Jones, 
1985), dismembered ophiolitic and sedimentary rocks of 
Mississippian to Jurassic age (named the Tozitna terrane by 
Churkin and others, 1982), and thick Quaternary loess de- 
posits of the Yukon Flats. The Tozitna terrane, however, could 
represent fragments of the oceanic crust that formed base- 
ment within the Yukon-Koyukuk backarc basin. In addition, 
the hypothesis of backarc basin deposition is consistent with 
petrographic analyses of sandstones from the upper part of 
the Biederman Argillite and the Kathul Graywacke, analyses 
which show that the turbidite basin experienced a sudden in- 
flux of detritus eroded from a volcanic-arc provenance 
(Howell and others, 1992). 

Regardless of the exact paleogeographic position and 
plate-tectonic setting of the Kandik Group at that time of peak 
heating, it is clear that these Jurassic and Cretaceous rocks 
were far enough to the west of the rifted edge of North America 
that the Tatonduk belt remained unaffected by the abnormally 
high geothermal gradients. Deposition of the Kandik Group 
within a backarc basin, flanked to the east by the mature rifted 
edge of North America, would help explain the pronounced 
east to west gradient in heat flow that is indicated by thermal- 
maturity data. As outlined by Howell and Wiley (1987), sea- 
floor spreading to the north in the Canada Basin, right-lateral 
slip along the Tintina Fault, and counter-clockwise rotation 
of northern Alaska during Albian time probably contributed 
to the long-distance displacement of the Kandik River ter- 
rane following peak heating. We suggest that this rotational 
event was responsible for splitting the Yukon-Koyukuk 
backarc basin apart, crustal shortening and internal thrust 
imbrication, and eventual emplacement of several "suspect" 
terranes onto the parautochthonous formations of the Tatonduk 
belt. 
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ABSTRACT 

The Kandik River terrane and Tatonduk belt of east- 
central Alaska are juxtaposed along the Glenn Creek Fault 
Zone. Oxygen-isotope compositions of vein-filling quartz and 
calcite, interpreted within temperature constraints provided 
by fluid inclusion homogenization temperatures (T,), indi- 
cate that parent fluids in the Kandik River terrane were en- 
riched in 1 8 0  relative to fluids that moved through the 
Tatonduk belt. The Kandik River terrane fluid reservoir equili- 
brated during the late Early Cretaceous with a large volume 
of metasedimentq and minor volcanic rocks at elevated tem- 
peratures (Th=2950C) and low water-to-rock ratios. Typical 
Tatonduk belt veins, in contrast, precipitated at much lower 
temperatures (Th=1200 to 140°C) from less evolved meteoric 
waters; these fluids most likely attained their isotopic com- 
positions at various times under conditions of moderate to 
high water-to-rock ratios and modest amounts of interaction 
with intrabasinal carbonate, siliciclastic, and volcanic rocks. 
The exchange of fluids across the Glenn Creek Fault Zone 
appears to have been very limited, and fluid inclusions and 
stable isotopes provide strong supporting evidence for em- 
placement of a hot Kandik River terrane hanging wall over a 
cooler Tatonduk belt footwall soon after peak heating of the 
Kandik River terrane. Thus, the Kandik River terrane experi- 
enced a distinct fluid/thermal history with respect to the Pa- 
leozoic edge of western North America. 

Quartz veins hosted in Proterozoic rocks of the Tatonduk 
belt (Tindir Group) preserve a high-temperature event 
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(T,=225" to 340°C) that predates the terrane amalgamation 
history. Calculated 6180w*r values for fluids precipitating these 
veins (16.1 to 17.5 per mil) are similar to values for fluids 
that precipitated veins in the Kandik River terrane. However, 
fluid inclusions in Tatonduk belt veins are significantly less 
saline (approximately seawater salinity) than those in the 
Kandik River terrane (2 to 3 times seawater salinity), indicat- 
ing that although high temperature veins in each domain 
formed from isotopically similar fluids, the fluids were not 
the same in other respects. 

Following vein formation, methane-rich fluids were 
trapped along healed fractures in quartz veins in the Kandik 
River terrane. These fluid inclusions indicate pressures of ap- 
proximately 800 to 1,500 bars at the time of methane entrap- 
ment; the corresponding depths were approximately 3 to 6 km 
or 8 to 15 km, respectively, assuming purely lithostatic or 
hydrostatic pressure regimes. 

Pressure estimates for methane-bearing fluid inclusions 
(800 to 1,500 bars) are higher than those calculated for quartz 
vein emplacement (500 to 800 bars), and this may indicate 
that (1) the Kandik River terrane was buried more deeply 
(through thrust imbrication) following vein emplacement and 
prior to methane entrapment and (or) that (2) the pressure 
conditions shifted from a more hydrostatic toward a more 
lithostatic regime as a result of fracture sealing by quartz- 
calcite vein deposition. 

If, prior to methane entrapment, the Kandik River ter- 
rane had been deeper than during vein formation, then there 
must have been significant later rapid uplift and unroofing 
prior to the accumulation of overlying thermally immature 
sedimentary rocks (unit TKs). Apatite-fission-track data from 
the uppermost stratigraphic unit of the Kandik River terrane 
(Kathul Graywacke) indicate that the cooling of the Kandik 
River terrane through a temperature of about 100" to 125°C 
occurred at -96 Ma (Albian age). The oldest fossils in the 
overlying unit TKs are Late Cretaceous, and the Kathul 
Graywacke has been correlated with Albian strata. This indi- 
cates that hydrothermal veining at temperatures up to 300°C, 
significant burial and introduction of methane, and subsequent 
uplift and unroofing all occurred within a narrow time win- 
dow of approximately 15 m.y. 

INTRODUCTION 

The Kandik region of east-central Alaska (fig. 1) has 
been the site of multidisciplinary studies of the effects of thrust 
faulting on thermal structure. As outlined by Underwood and 
others (1992), the study area contains two major 
tectonostratigraphic units, herein referred to as the Kandik 
River terrane (dominated by Mesozoic deep-marine strata) 
and the Tatonduk belt (mostly Proterozoic to Permian in age) 
(fig. 2) (see also Churkin and others, 1982; Howell and Wiley, 
1987; Dover, 1990; Dover and Miyaoka, 1988; Miyaoka, 
1990; Howell and others, 1992). Pelitic rocks of the Kandik 

River terrane (Glenn Shale and Biederman Argillite) typically 
have well-developed pressure-solution cleavage and (or) pen- 
cil structure and relatively high ranks of organic metamor- 
phism. Conversely, the Tatonduk belt is mildly deformed and 
much lower in thermal maturity (Laughland and others, 1990). 
Basement rocks within this belt belong to the Tindir Group 
(Proterozoic to lower Cambrian) and the Tatonduk stratigra- 
phy represents a rifted continental margin that experienced 
thermal subsidence during the Paleozoic (Payne and Allison, 
1981; Howell and Wiley, 1987; Dover, 1990). The western 
portion of the study area contains diverse sequences of rocks 
that Churkin and others (1982) assigned to the Woodchopper 
Canyon, Slaven Dome, and Takoma Bluff terranes (fig. 1). 
Rock units within these smaller terranes include (1) the Na- 
tion River Formation (Devonian), (2) the Step Conglomerate 
(Permian), (3) sequences of Paleozoic argillite, chert, lime- 
stone, and dolomite (units Pza and Pzl of Brabb and Churkin, 
1969), (4) the Woodchopper Volcanics (Devonian), and (5) 
argillite, dolomite, and volcanic rocks of Proterozoic(?) age 
(fig. 2). 

Fault contacts separate the Kandik River terrane from 
the Woodchopper Canyon, Slaven Dome, and Takoma Bluff 
terranes. Churkin and others (1982) referred to this compli- 
cated region as the Eureka suture zone. Some of the Paleo- 
zoic strata within the suture zone may have formed the depo- 
sitional basement of the Kandik River terrane (Howell and 
others, 1992). The Glenn Creek Fault Zone marks the struc- 
tural boundary between the Kandik River terrane and the 
Tatonduk belt (fig. 1). Past field investigations have resulted 
in conflicting interpretations of the geometry and sense of 
slip on the Glenn Creek Fault (Brabb and Churkin, 1969; 
Howell and Wiley, 1987; Dover and Miyaoka, 1988; 
Laughland and others, 1990). Measurements of kinematic 
indicators, however, provide evidence that the fault is a south- 
east-verging thrust, with younger rocks of the Kandik River 
terrane thrust over the older Tatonduk belt rocks (Howell and 
others, 1992). This orogenic event evidently occurred during 
Albian time. Stratigraphic and structural relations between 
the Mesozoic siliciclastic rocks of the Kandik River terrane 
and Devonian to Permian strata that crop out in the Step 
Mountains region are uncertain (fig. 1). The Step Mountains 
region has been interpreted as a simple anticline (Dover, 
1990), a displaced slice of the Takoma Bluff terrane (Howell 
and others, 1992), and a window through a folded Glenn Creek 
Fault that exposes footwall strata of the Tatonduk belt 
(Laughland and others, 1990). 

Vitrinite-reflectance and illite-crystallinity data 
(Underwood and others, 1992, this volume) uphold interpre- 
tations derived from an earlier reconnaissance-level investi- 
gation of thermal maturity (Laughland and others, 1990). 
These data are important because they provide independent 
confirmation of the widespread occurrence of low-grade 
metamorphic rocks in the hanging wall of the Glenn Creek 
Fault. The footwall sequences, in contrast, are much lower in 
thermal maturity (fig. 3); for example, the average value of 
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mean random vitrinite reflectance (percent Rm) is 3.8 percent (fig. 3) of about 285°C (Kandik River terrane) and 165°C 
for the Kandik River terrane, whereas a comparable average (Tatonduk belt). Likewise, illite-crystallinity-index values for 
percent Rm value for the Tatonduk belt is only 1.2 percent the Kandik River terrane typically fall within the boundaries 
(Underwood and others, 1992). Using the correlation between of the zone of anchimetamorphism (transition into lowermost 
percent Rm andpaleotemperature established by Barker (1988), greenschist facies). In contrast, the Tatonduk belt displays 
these data correspond to average temperature estimates extremescatter and inconsistency in illite crystallinity owing 

Tatonduk belt 

E : I  Kandik Rlver terrane 

Slaven Dome terrane 

Takoma Bluff terrane 

Woodchopper Canyon terrane 

.......... Step Mountains (terrane designation uncertain) 

Figure 1. Geologic index map of east-central Alaska showing Kandik Eureka suture zone (Chnrkin and others, 1982). Rocks southwest of 
River terrane and Tatonduk belt. Tectonostratigraphic designation Tintina Fault Zone are assigned to Yukon-Tanana composite terrane 
for rmks at Step Mountains is disputed. Hachured line southeast of (Coney and Jones, 1985). Modified from Brabb and Churkin (1969) 
Glenn Creek Fault represents detected limit of a footwall thermal and Foster (1976). For relevant fossil control and alternative 
aureole. Also shown are unit TKs of Brabb and Churkin (1969) and interpretations of structuralgeology, see Dover and Miyaoka (1988), 
Woodchopper Canyon, Slaven Dome, andTakoma Bluff terranes of Miyaoka (1990), and Dover (1992). 
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to the effects of mixing among authigenic clay minerals and 
detrital populations of illite and muscovite inherited from a 
variety of source rocks (Underwood and others, 1992, this 
volume). 

A complete understanding of the regional thermal his- 
tory and its relation to the history of rock deformation cannot 
be achieved without considering the role of fluid migration. 
Perhaps the best evidence for the fluid-migration history 
comes from mineral phases that were precipitated as vein fill- 
ings. Veins containing calcite, quartz, and quartz-calcite 
intergrowths are ubiquitous in the cleaved and complexly 
folded sequences of the Kandik River terrane. Although we 
made a concerted effort to sample (fig. 4) and measure both 
common and unusual vein orientations, most of the veins are 

aligned at high angles to bedding and (or) cleavage, locally 
filling conjugate sets of fractures (Shelton and others, 1992). 
On the other hand, quartz-calcite veins in the Tatonduk belt 
occur sporadically, and there is little sense of systematic ori- 
entation. 

Shelton and others (1992) presented initial results and 
tentative interpretations of isotopic analyses of calcite veins. 
Those data are suggestive of independent fluid systems for 
the Tatonduk belt with respect to the Kandik River and Wood- 
chopper Canyon terranes. Based on Shelton and others' (1992) 
study, it appears as though rock units to the west of the Glenn 
Creek Fault Zone (fig. 1) are allochthonous with respect to 
the Paleozoic edge of western North America. In earlier, pre- 
liminary studies, Shelton and others (1992) referred to the 
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tectonostratigraphic domains as belts to avoid the connota- 
tion of exotic origins or long-distance dislocation. However, 
given the new data contained herein, there is a clear diver- 
gence in the thermotectonic history of these domains such 
that use of the term Kandik River "terrane" now seems justi- 
fied. 

The purpose of this paper is to document the isotopic 
signatures of quartz-calcite veins and microthermometric data 
for fluid inclusions in the various terranes of the Kandik thrust 
belt of east-central Alaska. From these data, we estimate tem- 
peratures of vein precipitation, fluid compositions and salini- 
ties, isotopic character of parent fluids (from which the veins 
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Figure 2. Continued. 

precipitated), degree of fluid-rock interaction, and ultimately, 
the sources of fluids that moved through the various terranes. 

FLUID-INCLUSION STUDIES 

We examined fluid inclusions in 16 samples of quartz 
(1 1 from the Kandik River terrane, 4 from the Tatonduk belt, 
and 1 from the Step Mountains anticline area) to document 
the ranges of fluid compositions and temperatures respon- 
sible for precipitating veins. Temperatures of homogeniza- 
tion (T,) and last ice melting (T,) have standard errors of +-1 .O 
and M.2"C, respectively (table 1; fig. 5). Salinity data for 
simple, water-rich fluid inclusions are based on freezing-point 
depression in the system H,O-NaCl (Potter and others, 1978). 
Salinities of C0,-bearing fluid inclusions are based on clath- 
rate melting temperatures (Diamond, 1992). 

Vein materials from the various terranes studied are far 
from ideal for fluid-inclusion studies, especially those from 
the Kandik River terrane. Calcite is generally sheared and 
deformed and displays fibrous habits. Fluid inclusions in these 
calcites are ubiquitously stretched, frequently opened, and 
yield unreliable, nonreproducible Th values. Quartz veins in 
the Kandik River terrane contain dominantly secondary fluid 
inclusions trapped along healed fractures. Unequivocal pri- 
mary fluid inclusions (see Roedder, 1984, for criteria) are 
rare, but they yield reproducible, narrow ranges of Th values 
that are interpreted to reflect real temperatures and that are 
not artifacts of post-entrapment changes in inclusion volume 
or shape. These primary inclusions are typically small 
(c5 pn), and it is difficult to observe clearly the last ice-melt- 
ing temperature (T,) for salinity determination. Consequently, 
we were able to measure significantly more Th values (273 
measurements) than Tm values (75 measurements). 

The samples examined contain two types of fluid in- 
clusions. Predominant two-phase water-rich inclusions oc- 
cur as primary, pseudosecondary, and secondary inclusions 
(using the criteria of Roedder, 1984) in all samples. They 
contain a liquid and a small vapor bubble making up 5 to 15 
percent of the total volume of each inclusion at 25OC. These 
inclusions contain no daughter minerals and readily homog- 
enize to the liquid phase upon heating. Traces of gas hydrates 
(indicative of the presence of CO,) were observed in only 
one sample (locality MU90-K8d in the Step Mountains anti- 
cline area, fig. 4) during freezing (Diamond, 1992). 

Rarer one-phase fluid inclusions occur as 
pseudosecondary and secondary inclusions (together with 
iwo-phase water-rich inclusions) along healed fractures in 
three samples from the Kandik River terrane (localities MJ90- 
K18, MJ90-K80, UM90-K25, one located along the Glenn 
Creek Fault and the other two upsection in the core of the 
Kathul Mountain synclinorium, fig. 4). These one-phase in- 
clusions generate a second phase upon cooling below - 135"C, 
and their phase behavior on heating indicates that they are 
methane-rich fluid inclusions. 
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INCLUSIONS IN THE KANDIK RIVER TERRANE 

Primary two-phase fluid inclusions in quartz veins from 
the Kandik River terrane have T, values which range from 234" 
to 310°C. Their Tm values range from -3.0" to 4 5 ° C  corre- 
sponding to salinities of 4.9 to 7.1 equivalent weight percent 
NaCl (fig. 5). 

Pseudosecondary and secondary one-phase fluid inclu- 
sions generate a second phase on cooling below -135°C and 
exhibit phase behavior indicative of methane-rich fluids. They 
have T, values (to the liquid) of -94" to -82°C. Calculated den- 

sities for these inclusions (assuming pure methane) range from 
0.198 to 0.280 g/cm3 (using the data ancl techniques of 
Swanenberg, 1979; Jacobs and Kemck, 1981). Coexisting two- 
phase water-rich fluid inclusions have Th values of 290" to 297°C 
and Tm values of -3.5" to 45°C.  

INCLUSIONS IN THE TATONDUK BELT 

Primary two-phase fluid inclusions in quartz veins hosted 
in Paleozoic rocks from the Tatonduk belt have Th values that 

Figure 3. Contour map of paleotemperature estimates for Kandik TKs to emphasize contrast in paleothermal structure across that 
study area. Conversions from mean random vitrinite reflectance unconformity. Rocks southwest of Tintina Fault Zone are assigned 
to degrees Celsius follow regression equation of Barker (1988). to Yukon-Tanana composite terrane (Coney and Jones, 1985). See 
Regions with insufficient data to constrain orientation of contour figure 1 for identification and distribution of major 
lines are shown without patterns. TKs, geologic unit TKs of Brabb tectonostratigraphic units within Kandik study area. From 
and Churkin (1969). Patterns are broken along contacts of unit Underwood and others (this volume). 
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range from 12 1 " to 14 1 OC. Their Tm values range from - 1.2" to 
-2. 1°C, corresponding to salinities of 2.0 to 3.4 equivalent weight 
percent NaCl (fig. 5). 

Primary two-phase fluid inclusions in two samples from 
quartz veins hosted in Tindir Group rocks from the Tatonduk 
belt have T, values that range from 225" to 340°C. The T, 
data from individual samples have distinct ranges (225" to 
242°C and 316" to 340°C) which may indicate distinct ther- 
mal events. Their Tm values, however, are similar and range 
from -1.5" to -2.g°C, corresponding to salinities of 2.5 to 4.5 
equivalent weight percent NaCl (fig. 5). The restriction of 
these higher T, values to Proterozoic basalts and diamictites 
indicates that these rocks likely preserve an earlier higher tem- 
perature history that occurred prior to rifting and subsidence 
of the Tatonduk continental margin. 

INCLUSIONS IN THE STEP MOUNTAINS AREA 

The only quartz vein samples in the Kandik region that 
contain discernible CO, in their fluid inclusions (noted by 
clathrate formation during freezing experiments) are from the 
Step Mountains anticline (locality UM90K8d, fig. 4), where 
terrane designation is in dispute. This area could represent 
(1) a window into the Tatonduk belt (below the Glenn Creek 
Fault), (2) a thrust sliver of the Tacoma Bluff terrane (from 
the west), or (3) a simple anticline (fig. 1). 

Primary and pseudosecondary fluid inclusions in the 
Step Mountains sample have T, values of 178" to 220°C 
(mean=212"C), values which are in general agreement with 
vitrinite-reflectance estimates of temperature for this area 
(225' to 250°C, fig. 3; Underwood and others, 1992, this 

Figure 4. Sample localities for quartz-calcite veins in Tatonduk belt and Kandik River and Woodchopper Canyon terranes, east-central 
Alaska. TKs and Pza, geologic units of Brabb and Churkin (1969). Paired arrows along faults show relative motion; barbs along faults 
show downthrown side. 
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Table 1. Microthermometric data for primary and pseudosecondary fluid inclusions in quartz from Kandik region, east-central 
Alaska. 
[Th, homogenization temperature; Tm, last ice-melt temperature; equiv. wt pet, equivalent weight percent] 

Sample No. Number of Inclusions Inclusion type Th PC) Tm (OC) Equiv. wt pct NaCl Comments 

Kandik River terrane 

MJ90-K18g 3 water-rich 2% to 299 -4.0 to -4.2 6.4 to 6.7 small inclusions 
19 methane -82 to -83 

MJ90-K23c 24 water-rich 234 to 247 -3.0 to -3.5 4.9 to 5.6 
MJ90-K80a 10 water-rich 290 to 297 -3.0 to -4.5 4.9 to 7.1 

31 methane -87 to -94 
MJ90-K9 1d 17 water-rich 295 to 310 -3.9 to -4.2 6.3 to 6.7 small inclusions 
UM90-K25f 55 methane -86 to -88 

Tatonduk belt 

TB90-K56d 22 water-rich 126 to 141 -1.4 to -2.1 2.3 to 3.4 Paleozoic 
TB90-K56d- 1 7 water-rich 121 to 131 -1.2 to -1.4 2.0 to 2.3 Paleozoic 
MJ90-K76d 22 water-rich 316 to 340 -1.5 to -2.8 2.5 to 4.5 Protemzoic 
M.790-K77b 23 water-rich 225 to 242 -2.1 to -2.5 3.4 to 4.0 Proterozoic 

Step Mountains area 

UM90-K8d 11 water-rich 178 to 220 clathrate 14.1 to 14.4 C02-bearing 

volume). These inclusions have first-melting temperatures of 
approximately -56°C and clathrate-melting temperatures of 
1.2' to 1.5OC. Assuming that the fluid compositions can be 
modeled by the system C0,-H,O-NaCl, the clathrate melt- 
ing temperatures correspond to salinities of 14.1 to 14.4 
equivalent weight percent NaCl (using the data and methods 
of Diamond, 1992). This salinity range is much higher than 
in any other fluid observed in the Kandik region. Thus, the 
fluid inclusions in the Step Mountains area are unlike those 
in any other rocks in the Kandik region and do not allow us to 
make a definitive terrane designation for these host rocks. 

Figure 5. Distributions of last ice-melt (T,,,) and homogenization 
temperatures (T,) for primary two-phase water-rich fluid inclusions 
in quartz veins from Kandik River terrane and Tatonduk belt (open 
squares, veins hosted in Paleozoic rocks; black squares, veins hosted 
in Tindir Group rocks), east-central Alaska. 

-8 

PRESSURE CONSIDERATIONS 

0 H TATONDUK BELT 
0 KANDIK RIVER TERRANE 

Th values for fluid inclusions in quartz veins represent 
minimum estimates of the temperature of vein emplacement. 
Because of the effect of pressure on volumetric properties of 
the inclusion fluids, the actual temperature of fluid entrap- 
ment is higher (the so-called "pressure correction" to T, val- 
ues). Vein formation in the Kandik River terrane likely oc- 
curred concomitant with organic-matter maturation, as 
indicated by the apparent synchroneity of quartz-calcite vein- 
ing with cleavage development. The similarity of Th values 
(which represent minimum temperature estimates) to tem- 
peratures estimated from vitrinite reflectance (which reflect 
maximum temperature estimates) (fig. 3; Underwood and 
others, 1992, this volume) indicates that the pressure correc- 
tion to the Th values is not great and that the pressures at the 
time of vein formation were likely <1 kbar. In some speci- 
mens, fluid inclusion T, values and temperatures estimated 
from oxygen-isotope fractionations between quartz and cal- 
cite actually exceed temperatures estimated from vitrinite 
reflectance. This discrepancy indicates that the heat flux as- 
sociated solely with fluid migration probably was not great 
enough to reset vitrinite-reflectance values. That is, quartz 
veining was the result of metamorphism, not the cause, and 
there was limited conduction of heat away from vein margins 
into wall rocks. 

Temperatures estimated from oxygen-isotope fraction- 
ations between quartz and calcite in veins from the Kandik 
River terrane (see section "Quartz-Calcite Oxygen-Isotope 
Thermometry") are typically 40" to 70°C higher than T,, val- 
ues for fluid inclusions in quartz from the same veins. If these 
temperature differences represent the pressure correction to 
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the T,, values, they would correspond to fluid pressures of 
approximately 500 to 800 bars at the time of vein emplace- 
ment (Potter, 1977). Assuming purely lithostatic or hydro- 
static pressure regimes, these fluid pressures correspond to 
depths of approximately 2 to 3 km or 5 to 8 km, respectively. 
Using either estimate of depth, it is evident that there were 
unusually high thermal gradients at shallow depths within 
the Kandik River terrane at the time of vein formation. 

Following quartz vein formation, pseudosecondary and 
secondary methane-rich fluid inclusions were trapped along 
healed fractures in quartz veins in the Kandik River terrane. 
These methane-rich fluid inclusions have densities (assum- 
ing pure methane) of 0.198 to 0.280 g/cm3 and coexist in the 
same healed fractures with contemporaneous water-rich in- 
clusions with T,, values of 290" to 297°C. Calculations utiliz- 
ing the methane densities and a temperature of 300°C (using 
the computer program MacFLINCOR of P.E. Brown, Uni- 
versity of Wisconsin) indicate fluid pressures between ap- 
proximately 800 and 1,500 bars at the time of methane en- 
trapment. These fluid pressures correspond to depths of 
approximately 3 to 6 km and 8 to 15 km, again assuming 
purely lithostatic or hydrostatic pressure regimes, respectively. 

Pressure estimates for methane-bearing fluid inclusions 
(800 to 1,500 bars) are higher than those calculated for quartz 
vein emplacement (500 to 800 bars). One explanation is that 
the Kandik River terrane was buried more deeply after vein 
emplacement and prior to methane entrapment; this must have 
been accomplished tectonically through thrust imbrication, 
as there is no evidence in the stratigraphic record to account 
for significant Late Cretaceous burial prior to the develop- 
ment of the base of unit TKs. Alternatively, the fluid-pres- 
sure conditions may have shifted from a more open hydro- 
static regime toward an overpressured lithostatic condition 
as a result of fracture sealing by quartz-calcite vein deposi- 
tion. The two cases are not mutually exclusive. 

If the Kandik River terrane had been buried more deeply 
following vein emplacement (and prior to methane entrap- 
ment), there must have been significant later unroofing and 
rapid uplift prior to deposition of the unconformable cover 
sequences represented by the thermally immature unit TKs 
(fig. 2). Fission-track data for apatite from the Kathul 
Graywacke, uppermost stratigraphic unit in the Kandik River 
terrane (fig. 2), constrain the cooling of some rocks in the 
Kandik River terrane through a temperature of about 100°C 
and indicate an Albian age (pooled age of approximately 96 
Ma; Underwood and others, this volume). The oldest fossils 
in the overlying unit TKs are Late Cretaceous, so the basal 
deposits of unit TKs seem to match the timing of uplift in the 
Kandik River terrane. The unfossiliferous Kathul Graywacke 
is probably early Albian in age, on the basis of stratigraphic 
correlations outlined by Howell and Wiley (1987). This indi- 
cates that hydrothermal veining at temperatures up to 300°C, 
significant burial and introduction of methane, and subsequent 
uplift and unroofing all occurred during the Albian within a 
time window of 15 m.y. or less. 

STABLE-ISOTOPE STUDIES 

Previous studies have shown the utility of stable iso- 
topes in elucidating the origin and history of hydrothermal 
fluids and fluid-rock interactions in many different types of 
tectonically disturbed terranes (Magaritz and Taylor, 1976; 
Dietrich and others, 1983; Wickham and Taylor, 1987; Rye 
and Bradbury, 1988; Burkhard and Kerrich, 1988; Bebout 
and Barton, 1989; Nesbitt and Muehlenbachs, 1989; Shelton 
and others, 1992). In this study we measured the oxygen- and 
carbon-isotope compositions of vein-filling quartz and cal- 
cite and associated wall rocks. We used techniques of min- 
eral extraction and analysis that followed those of McCrea 
(1950) and Clayton and Mayeda (1963) (utilizing chlorine 
trifluoride), and the data are reported in conventional 6 nota- 
tion as per mil deviations relative to file Pee Dee Belemnite 
(PDB) standard for carbon and Vienna standard mean ocean 
water (SMOW) for oxygen. The standard error for each analy- 
sis is approximately 39.1 per mil, using the University of 
Missouri's automated Finnigan MAT Delta E mass spectrom- 
eter (tables 2 and 3). 

We extracted specimens of calcite and quartz from veins 
plus representative whole-rock samples from a wide variety 
of lithologies and stratigraphic positions (table 1; figs. 2, 4, 
and 6). Most of the Kandik River specimens (34 calcite, 33 
quartz, and 2 whole rock samples) are from sandstone beds 
in the Biederman Argillite (Cretaceous). In addition, we ana- 
lyzed samples from the Glenn Shale (7 calcite, 9 quartz, and 
2 whole rock samples), and the Keenan Quartzite (4 quartz 
samples). Within the Woodchopper Canyon terrane, we se- 
lected one calcite sample from a shale interval and four cal- 
cite veins cutting through the Devonian basaltic rocks. 

We collected a total of 23 samples from the following 
units within the Tatonduk belt: (1) shale, diamictite, and ba- 
salt of the Tindir Group (Proterozoic to earliest Cambrian, 8 
calcite, 4 quartz, and 1 whole rock sample), (2) Adams Argil- 
lite (Cambrian, 1 calcite and 3 quartz samples), (3) argillite 
of the Road River Formation (Ordovician to Devonian, 1 cal- 
cite sample), (4) turbidite sequences of the Nation River For- 
mation (Devonian, 2 calcite and 1 quartz sample), (5 )  lime- 
stone and shale interbeds of the Calico Bluff Formation 
(Mississippian and Pennsylvanian, 1 calcite sample), and (6) 
the Tahkandit Limestone (Permian, 1 calcite sample). We col- 
lected two quartz samples from unit Pza of the Slaven Dome 
terrane (Brabb and Churkin, 1969) and two quartz samples 
from the Step Mountains area. All lithostratigraphic assign- 
ments (tables 1 through 3) are according to the maps of Brabb 
and Churkin (1969) and Foster (1976). 

CARBON- AND OXYGEN-ISOTOPE 
COMPOSITIONS OF CALCITE 

Shelton and others (1992) presented initial results and 
tentative interpretations of 38 isotopic analyses of calcite veins 
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Table 2. Stable isotopic data for calcite in veins in Kandik region of east-central Alaska. 
[PDB, Pee Dee Belemnite standard; SMOW, Standard Mean Ocean Water standard; lms, limestone; ss, sandstone] 

Sample No. Geologic Unit Lithology 813C% 81% Comments 
(PDB) (SMOW) 

Tatonduk belt 

MJ90-K33c Adams argillite 2.9 6.2 
MJ90-K64c Calico Bluff Imslshale -0.2 20.2 
MJ90-K59f Nation River sslshale -3.2 18.1 
MJ90-K59g Nation River sslshale -2.6 18.6 
MJ90-K32c Road River shale -1.8 6.5 
MJ90-K73b Tahkandit limestone 1.8 16.2 
MJ90-K29b Tindir shale 0.6 18.9 
MJ90-K76c Tindir diamictite -2.7 26.4 
MJ90-K76d Tindir diamictite - 1.7 26.2 
MJ90-K77a Tindir basalt - 0.7 22.0 intimate with quartz 
MJ90-K77a Tindir basalt 0.8 26.2 
MJ90-K77c Tindir 
UJ90-K77d Tindir 
UM90-K34b T id i r  

basalt -2.1 15.4 
basalt -2.3 12.9 
Imslshale 7.6 21.3 

Kandik River and Woodchopper Canyon terranes 

DH91 -K24d Biederman sslargillite 
MJ90-K37c Biederman sslargillite 
MJ90-K37c Biederman sslargillite 
MJ90-K37c Biederman sslargillite 
MJ90-K80b Biederman sslamillite 

Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Biederman 
Glenn 
Glenn 
Glenn 
Glenn 
Glenn 
Glenn 
Glenn 
Woodchopper 
Woodchopper 
Woodchopper 
Woodchopper 
Woodchopper 

ss/ar&ite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargihte 
sslargillite 
ss/argillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
sslargillite 
shale 
shale 
shale 
shale 
shale 
shale 
shale 
basalt 
shale 
basalt 
basalt 
basalt 

from the Kandik River and Woodchopper Canyon terranes 
and the Tatonduk belt. A summary of their earlier work, in- 
corporating 22 additional analyses from the present study, 
follows. 

vein margin 

vein center 

intimate with qua* 

intimate with quartz 

white calcite 
clear calcite 

intimate with quartz 

intimate with quartz 

intimate with quartz 

ve@ m a r e  
vem m a r p  
vein center 

intimate with quartz 

If all of the samples from the study area are considered 
collectively, the 6180 values of calcite veins range from 4.4 
to 28.4 per mil and 613C values range from -10.3 to +7.6 per 
mil. A comparison of isotopic data from the Tatonduk belt 
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Table 3. Oxygen isotopic data for quartz in veins and whole rocks in Kandik and the Kandik River and Woodchopper Canyon 
region of east-central Alaska. terranes indicates several noteworthy features 
[SMOW, Standard Mean Ocean Warer standard; ss sandstone; Pza, geologic unit of Brabb and Churkin (1969)l (fig. 7): (1) Although the three data sets show 

some overlap of 6I3C values, most veins from the 
Sample No. Geologic Unit Lithology 8180% Comments 

(SMOW) Tatonduk belt are enriched in 13C (average= 
-0.2 per mil) relative to those of the Kandik River 

Tatonduk belt and Woodchopper Canyon terranes (average= 
-3.5 per mil). (2) With one exception, calcite veins 

TB90-K56d Adams argillite 19.3 veF margin 
TB90-K56d Adams argillite 20.7 vein center of the Kandik River and Woodchopper Canyon 
TB90-K56d Adams argillite 15.6 terranes show no consistent deviation in isotopic 
MJ90-K16s Nation River sslshale 21.7 
MJ90-K76c Tindir diamictite 22.7 values as a function of the host-rock lithology or 
MJ90-K76c Tindir diamictite 26.0 whole-rock value age; in other words, values from veins in basaltic 
MJ90-K76d Tindir diamictite 22.5 
MJ90-K77a T id i r  basalt 25.3 rocks of the Woodchopper Volcanics (Devonian) 
MJ90-K77a Tindir basalt 25.3 intimate with calcite are virtually identical to those from the Biederman 

Argillite (Cretaceous) and the Glenn Shale (Tri- 
Kandik River and Slaven Dome terranes assic to Cretaceous). The one exception (sample 

MJ90-K18e Bideman sslargillite 23.5 
DH91-K22c, fig. 4) comes from a thin shale in- 

MJ90-K18f Biederman sslargillite 24.5 terval of the Woodchopper Volcanics (fig. 2); this 
MJ90-K18g Biederman sslargillite 22.5 
MJ90-K23d Biedeman sslargillite 19.9 vein margin specimen yielded the lowest 6180 value (4.4 per 
MJ90-K23d Biederman sslargillite 19.4 opposite vein margin mil) and a 6I3C value (-0.2 per mil). And (3) cal- 
MJ90-K23d Biederman slargillite 17.5 vein center 
MJ90-K23d Biederman sslargillite 21.2 cite from veins in argillites and basalts of the 
MJ90-K37c Biederman ssjargillite 22.4 Tatonduk belt display consistently lower 6180 
MJ90-K79a Biederman sslargillite 22.5 
MJ90-K79d Biederman sslargilhte 22.0 vein margin values than veins in Tatonduk belt limestone, 
MJ90-K79d Biederman sshrgillite 20.3 opposite vein margin sandstone, and (or) interbedded shale units. Cal- 
MJ90-K79d Biederman ss/argillite 22.8 intermediate in vein 
MJ90-K79d Biederman sslargillite 21.8 intermediate in vein cite veins from the Kandik River and Woodchop- 
MJ90-K79d Biederman sslargillite 17.1 vein center per Canyon terranes generally display a much 
MJ90-K80a Biederman sslargillite 21.0 
MJ90-K80b Biederman sslargillite 19.6 tighter isotopic clustering than vein-filling cal- 
MJ90-K82f Biederman sslargillite 19.3 cite in the Tatonduk belt. If we assume geologi- 
MJ90-K83f Biedeman ss/argdhte 18.0 vein margin 
MJ90-K83f Biderman sslarmte 16.7 in vein cally reasonable temperature conditions at the 
MJ90-K83f Biedetman sslarflte 20.3 opposite vein margin time of vein emplacement (estimated from fluid- 
MJ90-K84d Biederman sslargillite 18.1 intimate with calcite 
MJ90-K85d Biederman sslargillite 20.5 inclusion Th data, vitrinite-reflectance values, and 
Ml90-K85d Biederman sslargillite 21.3 intimate with calcite quartz-calcite oxygen-isotope thermometry), the 
MJ90-K87c Biederman sslargillite 20.9 
MJ90-K87c Biederman sslargillite 16.9 whole-rock value data indicate that the pore waters that deposited 
MJ90-K88e Biederman sslargillite 19.6 calcites in the two geologic domains were isoto- 
MJ90-K88e Biederman sslargillite 21.8 intimate with calcite 
MJ90-K88g Biederman sslargillite 19.6 pically distinct. 
MJ90-K90f Biederman sslareillite 20.9 intimate with calcite 
MJ90-K90g Biederman sslar&ite 22.1 
MJ90-K9Oh Biederman sslargilhte 21.2 
MJ90-K90h Biederman sslarflte 19.3 
MJ90-K9 1 d Biederman sslargillite 21.4 

OXYGEN ISOTOPE COMPOSITIONS OF 
MJ9O-K9 1 d Biederman sslareillite 22.3 intimate with calcite CALCITE-DEPOSITING WATERS 
UM90-K13a Biederman ss/ar&lite 19.0 whole-rock value 
MJ90-K17b Glenn shale 19.4 
MJ90-K17d Glenn shale 18.0 vein marein On the basis of measurements of vitrinite 
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Step Mountains area 

UM90-K8d Ford Lake shale 26.6 vein margin 
UM90-K8d Ford Lake shale 25.8 opposite vein margin 

reflectance (Underwood and others, 1992, this 
volume) and fluid inclusion Th values in quartz 
veins, it is certain that both the range and aver- 
age of paleotemperatures were quite different in 
the Kandik River terrane and the Tatonduk belt 
(fig. 3). Most of the calcite veins from the Kandik 
River terrane (36 of 46 samples) have 6180 val- 
ues within the narrow range of 17 to 20 per mil 
(fig. 7; table 2). These values are uniformly en- 
riched in 1 8 0  (by 0.1 to 9.5 per mil) compared to 
whole-rock oxygen-isotope values for the enclos- 
ing host rocks (tables 2 and 3). For comparison, 
Magaritz and Taylor (1976) showed that carbon- 
ate veins in a wide variety of rocks from the 
Franciscan Complex in coastal California have 
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Figure 6. Stable-isotope values for veins in Tatonduk belt C, 6180 values for quartz veins. TKs and Pza, geologic 
and Kandik River, Woodchopper Canyon, and Slaven units of Brabb and Churkin (1969). Paired arrows along 
Dome terranes of Churkin and others (1982). A, 6I3C faults show relative motion; barbs along faults show 
values for calcite veins; B, 6180 values for calcite veins; downthrown side. 
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6180 values that concentrate between 14 and 16 per mil, and 
these data also demonstrate an enrichment in 1 8 0  with re- 
spect to the whole-rock values of the host lithologies. 

Ideally, we would like to have utilized T, values for 
fluid inclusions in calcite as guides to paleotemperatures of 
fluids in the Kandik region. However, nearly all fluid inclu- 
sions in these calcites are stretched, frequently opened, and 
yield unreliable, nonreproducible T, values. If we assume, 
instead, that the Kandik River terrane calcite veins were pre- 
cipitated at temperatures approximately equal to the average 
host-rock maxima, then it is possible to calculate 6180 values 
for the parent waters responsible for the vein fillings (O'Neil 
and others, 1969; Friedman and O'Neil, 1977; O'Neil, 1986). 

The average host-rock paleotemperature (fig. 3; based 
on vitrinite reflectance) for the entire Kandik River terrane is 
approximately 285°C (Underwood and others, 1992, this vol- 
ume). If the paleotemperature calculation is restricted to the 
cleaved rocks within the Biedennan Argillite (from which 
most veins were collected), then the average value rises to 
almost 300°C (in fair agreement with fluid-inclusion T,, val- 
ues measured in our present study). A comparable average 
value for the Tatonduk belt is only 165°C; however, this value 

may be inappropriate for the purposes of calculating values 
of 6180w,er because it includes a disproportionate concentra- 
tion of data points from an aureole of elevated thermal matu- 
rity located to the southeast of the surface trace of the Glenn 
Creek Fault (figs. 1 and 3). We believe that this anomaly was 
caused by syntectonic conductive heat transfer from hanging 
wall to footwall (see Laughland and others, 1990; Underwood 
and others, this volume). If the footwall anomaly is elimi- 
nated from the calculation, then the Tatonduk belt mean drops 
to roughly 1 30°C. We believe that a value of 150°C is a rea- 
sonable compromise that takes into account the possibility of 
slightly elevated paleotemperatures near the thrust and is in 
agreement with fluid-inclusion T, values measured in the 
present study. 

KANDIK RIVER AND WOODCHOPPER CANYON 
TERRANE WATERS 

Calculated 6180w,,r values (using an approximate tem- 
perature of 300°C) for the Woodchopper Canyon and Kandik 
River terrane calcite veins (excluding sample DH91-K22c ) 
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Figure 6. Continued. 
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range from 8.2 to 22.7 per mil, with a mean of 12.5 per 
mil (fig. 8). A 6180wa,r value near 12 per mil is consistent 
with a metamorphic parent fluid (Sheppard, 1986); in other 
words, the fluids must have equilibrated isotopically with 
a large volume of metamorphic or sedimentary rocks at 
elevated temperatures and low water-to-rock ratios (Val- 
ley, 1986). Similar calculations of 6180waer values in the 
Catalina Schist of California yielded average values of 
about 13 per mil for both greenschist facies and blueschist- 
facies units (Bebout and Barton, 1989). We suggest that 
dehydration reactions within pelitic and basaltic rocks dur- 
ing lowermost greenschist-facies metamorphism (for ex- 
ample, see Valley, 1986) provided the source for fluids 
moving through the Kandik River and Woodchopper Can- 
yon terranes. 

TATONDUK BELT WATERS 

The extreme scatter of 6180 values in Tatonduk belt 
calcite veins (fig. 7) indicates that the fluids' oxygen-iso- 
tope compositions likely were affected by several types 
of rocks, including marine carbonate rocks, which typi- 
cally yield relatively high 6180 values (25f2 per mil, Keith 
and Weber, 1964). Using a temperature of 150°C, calcu- 
lated 6180wa,,r values for calcite veins of the Tatonduk belt 
are -6.5 to +13.7 per mil, with an average of 5.5 per mil 
(fig. 8). These estimates are significantly depleted in I8O 
relative to the 6180water values estimated for the Kandik 
River and Woodchopper Canyon terranes to the west (fig. 
8). Assuming a constant temperature of calcite vein for- 
mation, the Tatonduk belt results are consistent with pre- 
cipitation dominantly from less evolved meteoric waters 
whose isotopic compositions were attained through inter- 
action with carbonate, siliciclastic, and basaltic rocks un- 
der moderate to high water-to-rock ratio conditions 
(Sheppard, 1986). Because similar 6180water values are as- 
sociated with host formations containing interbeds of lime- 
stone and shale, chert and shale, and sandstone and shale, 
we suggest that an open system of vein-forming fluids 
probably crossed many of the formational boundaries 
within the Tatonduk belt stratigraphy. 

The lowest 6180 values for calcite veins come from 
mudrock and chert-shale units (Adams Argillite and Road 
River Formation), where low formation permeabilities evi- 
dently inhibited significant isotopic exchange between 
fluids and the host rock. Thus, the L80-depleted signature 
of the source meteoric-water reservoir was dominantly 
preserved in these strata. Also, at temperatures below 
150°C, exchange reactions are controlled by kinetics 
(O'Neil, 1986); isotopic equilibration with the silicic host 
rocks under these circumstances is unlikely. 

The highest 6180 values for calcite veins (26.2 to 
26.4 per mil) are from basement rocks of the Tindir Group. 
The origin of these veins is problematic, as they may 

record an earlier fluid history, representing hydrothermal 
veining prior to deposition of Paleozoic sediments of the 
Tatonduk belt. Such an interpretation is supported by ab- 
normally high T, values for fluid inclusions in associated 
quartz. 

The single vein sample from shale of the Woodchop- 
per Canyon terrane probably precipitated during a later 
stage, lower temperature emplacement event. This sample 
has a 613C value of -0.2 per mil, which is very close to the 
average value for the Tatonduk belt. In addition, if a lower 
paleotemperature of 150°C is used to calculate the 6180water 
value for this specimen, it yields a 613C value of 
-8.3 per mil, which also indicates a relatively unexchanged 
meteoric water. This vein probably precipitated late in the 
paragenetic history. 

CARBON ISOTOPES 

The 613C values for calcite veins in the Kandik River 
and Woodchopper Canyon terranes (average=-3.5 per mil) 
are compatible with a fluid source that incorporated oxi- 
dized carbon from a mixed source (marine limestone with 
minor input from degradation of organic carbon). The 
enrichment of I3C in calcite veins from the Tatonduk belt 
(average 6I3C =-0.2 per mil) may be due to lower tem- 
peratures of calcite-vein formation (Emrich and others, 
1970). 

If we again assume average calcite depositional tem- 
peratures of 150" and 300°C for the Tatonduk belt and the 
composite Kandik River and Woodchopper Canyon ter- 
ranes, respectively, then it is possible to calculate the 6I3C 
values of dissolved CO, in equilibrium with calcite 
(Friedman and O'Neil, 1977). Calculated average 6I3C 
values of dissolved CO, are -1.4 per mil for the Kandik 
River and Woodchopper Canyon terranes and - 1.7 per mil 
for the Tatonduk belt. These values indicate that calcite- 
depositing fluids in each terrane contained dissolved CO, 
of similar isotopic composition. 

The highest 613C value (7.6 per mil) comes from a 
calcite vein extracted from a shale unit of the Tindir Group. 
Although this carbon isotope signature could have been 
affected by the presence of I3C-enriched interbedded car- 
bonate rocks, another possible cause is the presence of 
methane. Methane concentrates I2C relative to oxidized 
carbon species and thus causes the coexisting CO, in a 
mixed-carbon fluid to become enriched in I3C; precipita- 
tion of calcite from the dissolved CO, component in this 
type of fluid would cause an increase in 6I3C values. In 
contrast, oxidation of methane will result in carbonates 
depleted in I3C (for example, see Hudson, 1977; Ritger 
and others, 1987). Despite the presence of methane-rich 
fluid inclusions in some quartz veins in the Kandik River 
terrane, there is no evidence to indicate that any calcite in 
veins of the Kandik study area was precipitated directly 
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from a 13C-depleted fluid reservoir containing abundant QUARTZ-CALCITE OXYGEN-ISOTOPE 
hydrocarbons or their oxidized equivalents. THERMOMETRY 

OXYGEN-ISOTOPE COMPOSITIONS OF QUARTZ 

If all of the samples from the study area are considered 
collectively, the 6180 values of quartz veins range from 15.6 
to 26.6 per mil. A comparison of the isotopic data from the 
Tatonduk belt, the Kandik River terrane, and the Slaven Dome 
terrane indicates several noteworthy features (table 3): 
(1) Even though the three data sets show significant overlap 
of 6180 values, quartz veins from the Tatonduk belt generally 
have higher 6180 values (range, 15.6 to 25.3 per mil; mean, 
21.7 per mil) relative to those of the Kandik River terrane 
(range, 15.9 to 24.5 per mil; mean, 20.7 per mil) and the Slaven 
Dome terrane (range, 18.2 to 20.7 per mil; mean, 
19.5 per mil). (2) Like calcite, quartz in veins from the Kandik 
River terrane shows no consistent deviation in isotopic val- 
ues as a function of the host-rock lithology or age. (3) Quartz 
veins in basement rocks of the Tatonduk belt (Tindir 
Group) display consistently higher 6180 values (21.7 to 
25.3 per mil) than quartz veins hosted in the overlying 
Paleozoic strata (15.6 to 20.8 per mil). (4) The highest 
6180 values for quartz veins in the Kandik region (25.8 
and 26.6 per mil) are from a sample locality (sample 
UM90-K8d) within the Step Mountain area (fig. I ) ,  where 
terrane designation is in dispute and fluid inclusions are 
abnormally saline. And (5) The lowest 6180 values for quartz 
veins within the Kandik River terrane and the Tatonduk belt 
occur proximal to the Glenn Creek Fault (fig. 6C). We be- 
lieve this to be coincidental, as fluid inclusions in these veins 
indicate that they were formed from chemically and thermally 
distinct fluids prior to thrusting. 

Textures of many veins in the Kandik region indicate 
that quartz and calcite were not coprecipitated, but were de- 
posited sequentially, with calcite forming later than quartz. 
Nevertheless, seven quartz-calcite veins (6 from the Kandik 
River terrane, 1 from the Tatonduk belt) have intimate 
intergrowths of quartz and calcite, which may be indicative 
of coprecipitation. These veins were analyzed in detail for 
their use as quartz-calcite oxygen-isotope thermometers. 

A'80q-s,ile values from the Kandik River terrane range 
from 3.7 to 2.3 per mil and correspond to apparent equilib- 
rium depositional temperatures of 270" to 37S0f 30°C 
(Friedman and O'Neil, 1977). These temperatures are 40' to 
70°C higher than T, values for fluid inclusions in quartz from 
the same veins. If these temperature differences represent the 
pressure correction to the T,, values, they would correspond 
to pressures of approximately 500 to 800 bars at the time of 
vein emplacement (Potter, 1977). 

The '0" AL80quanzcalcite value for the Tatonduk belt is 
3.3 per mil and corresponds to an apparent equilibrium depo- 
sitional temperature of 290°C, a temperature which is con- 
sistent with this vein's occurrence in host rocks of the Tindir 
Group in which high-temperature fluid inclusions are found 
(T,=225" to 340°C). 

OXYGEN ISOTOPE COMPOSITIONS OF 
QUARTZ-DEPOSITING WATERS 

If we assume reasonable temperature conditions at the 
time of vein emplacement, it is possible to calculate 6180 val- 
ues for the parent waters responsible for the quartz vein fill- 

KANDIK RIVER AND 
WOODCHOPPER CANYON 
TERRANES (=300°C) 

D TATONDUK BELT 
0 KANDIK RIVER TERRANE 

WOODCHOPPER CANYON TERRANE 

Figure 7. 6I3C values (relative to the Pee Dee Belemnite (PDB) Figure 8. Calculated 6180wa,r values (relative to Standard Mean 
standard) and 6180 values (relative to Standard Mean Ocean Water Ocean Water (SMOW)) for calcite veins in Tatonduk belt and 
(SMOW)) for vein-filling calcite extracted from rocks of Tatonduk belt, composite Kandik River and Woodchopper Canyon terranes of east- 
Kandik River terrane, and Woodchopper Canyon terrane, east-central central Alaska. Calculations follow technique outlined by O'Neil 
Alaska. See table 1 for values and identification of host lithologies. and others (1969) and Friedman and O'Neil(1977). 
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ings (Clayton and others, 1972). By doing so, we can demon- 
strate whether or not the pore waters that deposited quartz 
veins in the Kandik River terrane were distinct isotopically 
from those in Paleozoic rocks of the Tatonduk belt. 

KANDIK RIVER AND SLAVEN DOME TERRANE WATERS 

If we assume that quartz veins in the Kandik River ter- 
rane were precipitated at fluid temperatures approximately 
equal to the average terrane maximum for the host rocks (de- 
termined by vitrinite reflectance to be approximately 300°C; 
Underwood and others, 1992, this volume), then calculated 
6 1 8 0 w a t e r  values range from 8.5 to 17.1 per mil, with a mean of 
13.3 per mil (fig. 9). If Th values for fluid inclusions and quartz- 
calcite oxygen isotope fractionation estimates of fluid tem- 
perature are used instead, then calculated 6I8Owater values range 
from 13.2 to 16.6 per mil, with a mean of 14.8 per mil (fig. 9). 
These calculated 6180quamdepositing water values are very similar 
to 6180calcite-depositing water values from the Kandik River terrane 
(range, 8.2 to 16.7 per mil; mean, 12.5 per mil; fig. 8), indi- 
cating that both calcite and quartz veins in the Kandik River 
terrane formed from fluids of similar temperatures and isoto- 
pic compositions. 

If we assume that the quartz veins in unit Pza were pre- 
cipitated at temperatures approximately equal to their aver- 
age terrane maximum (determined by vitrinite reflectance to 
be approximately 300°C, fig. 3; Underwood and others, 1992, 
this volume), calculated 6180water values are 10.8 to 
13.3 per mil, similar to those calculated for the Kandik River 
terrane. 

A 6180wa1er value of approximately 13 per mil is consis- 
tent with a metamorphic parent fluid (Sheppard, 1986); in 
other words, the fluids must have equilibrated isotopically 
with a large volume of metamorphic and (or) sedimentary 
rocks at elevated temperatures and low water-to-rock ratios 
(Valley, 1986). We suggest that dehydration reactions, mostly 
within pelitic and perhaps local basaltic rocks during lower- 
most greenschist-facies metamorphism, provided the source 
for both quartz- and calcite-depositing fluids moving through 
the Kandik River terrane. 

TATONDUK BELT WATERS 

Because of the disparity of fluid-inclusion Th values 
between various quartz veins hosted in Paleozoic (120" to 
140°C) and Tindir Group (225" to 340°C) rocks in the 
Tatonduk belt, their calculated 6180wa,,r values will be treated 
separately. If T, values for fluid inclusions are used as esti- 

6180calcite-depositing waten values from the Tatonduk belt (range, 
-6.5 to +13.7 per mil; mean, +5.5 per mil; fig. 8), indicating 
that both calcite and quartz veins formed from fluids of com- 
parable temperatures and roughly similar isotopic composi- 
tions. These Tatonduk belt 6180water values, furthermore, are 
consistent with precipitation from variously evolved mete- 
oric waters, whose isotopic compositions were attained 
through interaction with carbonate, siliciclastic, and basaltic 
rocks under moderate to high water-to-rock ratio conditions 
(see Sheppard, 1986, for comparison). 

Calculated 6180quanzdepmiting water values for quartz veins 
in basement rocks of the Tindir Group (range, 12.0 to 17.5 - 
per mil; mean, 15.8 per mil; fig. 9) are unlike those for quartz 
veins hosted in Paleozoic rocks in the Tatonduk belt (-1.4 to 
+5.7 per mil; fig. 9). Fluid inclusions in quartz veins hosted 
in Tindir Group rocks preserve higher temperatures (Th=225" 
to 340°C; fig. 5) compared to fluid inclusions in quartz veins 
hosted in Paleozoic rocks (T,=120° to 140°C, fig. 5). The 
differences in fluid temperatures and isotopic compositions 
indicate a fundamental difference in the sources and migra- 
tional histories for fluids depositing quartz veins in the Tindir 
Group and Paleozoic rocks of the Tatonduk belt. We believe 
that quartz veins hosted in the Tindir Group preserve a higher 
temperature emplacement event that preceded burial beneath 
the Paleozoic succession. The 6'80qamdewiting water values for 
these quartz veins hosted in basement rocks (12.0 to 
17.5 per mil) are not due to sea floor hydrothermal convec- 
tion (basalt-seawater interaction), and similar fluids are present 
in quartz veins hosted in shale, diamictite, and basalt. These 
6180quanz-depositing water values are more likely the result of Prot- 
erozoic to early Cambrian low-temperature metamorphism 
of continental basement. 

The 6180quanz-dewiting water values for quartz veins hosted 
in Tindir Group rocks are similar to some of the 
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of 2.6 Per mil (fig. 9). These calculated 6180quamdepmit,g outlined by Clayton and others (1972) and Friedman and O'Neil 
values fall within the lower portion of the range for (1977). Asterisk (*), veins hosted in Tindir Group rocks. 
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6180qumdeposi,g water values for fluids that precipitated veins in 
the Kandik River terrane. However, fluid inclusions in the 
Tindir Group veins are significantly less saline (approximately 
seawater salinity) as compared to those in the Kandik River 
terrane (2 to 3 times seawater salinity). Thus, although high- 
temperature veins in each domain formed from isotopically 
similar fluids, the fluids were not the same. 

STEP MOUNTAINS AREA WATERS 

The 6180qUanzdeposi,ing water values for Paleozoic rocks in 
the Step Mountains area (locality UM90-K8d, figs. 1 and 4) 
are 14.4 and 15.2 per mil. These values are similar to the 
values calculated for both the quartz veins of the Kandik River 
terrane and the quartz veins hosted in rocks of the Tindir 
Group. The similarity of 6180qumdepositing water values and the 
unique high-salinity nature of their fluid inclusions do not 
allow us to resolve the enigmatic thermotectonic history of 
the Step Mountains area. 

TECTONIC EVOLUTION 

Fluid-inclusion microthermometry and isotopic com- 
positions of calcite- and quartz-depositing fluids in the Kandik 
River terrane and the Tatonduk belt provide important con- 
straints on models of regional tectonic evolution (fig. 10) 
(for example, see Dover, 1990; Laughland and others, 1990; 
Howell and others, 1992). Tatonduk belt calcite veins pro- 
duce a wide scatter in both 6I3C and 6180 values, whereas the 
Kandik River terrane data cluster more tightly, with average 
values of about 6180=+18 per mil and 6I3C=-4 per mil. There 
is little overlap between the two data sets, particularly if one 
calculates the 6180 values of the parent waters from which 
the calcite veins precipitated (fig. 8). Thus, calcite veins in 
the Tatonduk belt did not share a common emplacement his- 
tory with veins of the Kandik River terrane; these two ter- 
ranes, moreover, never shared common fluid reservoirs or 
common pathways of fluid migration. 

Oxygen-isotope compositions of vein-filling quartz, 
together with fluid-inclusion Th values, indicate that parent 
fluids in the Kandik River terrane (6180wa,er=13.2 to 
16.6 per mil) were enriched in 1 8 0  relative to fluids that moved 
through Paleozoic strata of the Tatonduk belt (6180wate1=-1.4 
to +3.8 per mil). Quartz veins hosted in Proterozoic rocks of 
the Tatonduk belt (Tindir Group) preserve a higher tempera- 
ture event (T,,=225" to 340°C) that predates the terrane amal- 
gamation history. These veins were not the result of sea floor 
hydrothermal convection, and similar fluids are present in 
quartz veins hosted in shale, diamictite, and basalt. They are 
more likely the result of Proterozoic to early Cambrian low- 
temperature metamorphism of continental basement. Calcu- 
lated 6180wa,,r values for fluids precipitating the quartz veins 
hosted in Tindir Group rocks (16.1 to 17.5 per mil) are simi- 

lar to those that precipitated veins in the Kandik River ter- 
rane. However, fluid inclusions in quartz veins hosted in Tindir 
Group rocks are significantly less saline (approximately sea- 
water salinity) than those in the Kandik River terrane (2 to 3 
times seawater salinity). Although high-temperature veins in 
each domain formed from isotopically similar fluids, the flu- 
ids clearly were not the same. 

The fluid reservoir for the Kandik River terrane equili- 
brated with a large volume of metasedimentary and volcanic 
rocks at elevated temperatures (Th2295"C) and low water-to- 
rock ratios. Fluids within this geologic domain probably were 
derived during early Albian orogenesis from dehydration re- 
actions of mostly pelitic rocks and local basalt under condi- 
tions of lowermost greenschist-facies metamorphism 
(fig. 10B). Geothermal gradients probably were between 35" 
and 60°C/km during peak heating, but the exact source of 
this heat flux remains unknown (Underwood and others, this 
volume). 

Typical veins within Paleozoic rocks of the Tatonduk 
belt, in contrast, precipitated at much lower temperatures 
(T,=120° to 140°C) from less evolved, meteoric waters, which 
most likely attained their isotopic compositions under condi- 
tions of moderate to high water-to-rock ratios and modest 
amounts of interaction with intrabasinal carbonate, 
siliciclastic, and volcanic rocks. The exchange of fluids across 
the Glenn Creek Fault Zone (fig. 1) appears to have been 
very limited. Fluid inclusions and stable isotopes, moreover, 
provide supporting evidence for emplacement of a hot Kandik 
River terrane hanging wall over a cooler Tatonduk belt foot- 
wall during the late Albian to Cenomanian (fig. 10C). 

Calcite veins of the Kandik River terrane that are hosted 
in basaltic rocks of the Woodchopper Volcanics (Devonian) 
are virtually identical to those in the Biederman Argillite 
(Early Cretaceous). Quartz veins in unit Pza (Paleozoic) of 
the Slaven Dome terrane and in quartz veins in the Kandik 
River terrane were precipitated from isotopically similar flu- 
ids. This evidence strongly supports the idea that these 
tectonostratigraphic units were linked structurally during the 
Early Cretaceous prior to the peak-heating and fluid-migra- 
tion events (fig. 10A). Most of the calcite and quartz veins in 
the Biederman Argillite are aligned at high angles to pres- 
sure-solution cleavage; precipitation occurred mostly within 
extension fractures in the sandstone interbeds, rather than 
within the pelitic rocks. Because of this, we believe that vein 
emplacement was broadly synchropous with the formation 
of cleavage during the early Albian (fig. 10B). If fluid migra- 
tion had occurred long after low-temperature metamorphism, 
then we would expect to see evidence of fracture propaga- 
tion through both sandstone beds and cleaved pelites. We see 
no evidence for preferential concentration of veins along path- 
ways of enhanced permeability, such as fault zones. The den- 
sity of veining is not high enough to indicate huge volumes 
of migrating fluids as a heat source to drive metamorphism, 
unless multipass circulation was maintained for an extended 
period of time. Fluid movement and vein precipitation, there- 
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fore, were probably byproducts of regional metamorphism, 
not the cause. 

The absolute age of vein precipitation in the Kandik 
River terrane, and its relative timing with respect to veins of 
the Tatonduk belt, remain debatable (fig. 10). Peak heating 
of the Kandik Group evidently occurred during the Albian. 
The youngest fossils within the Biederman Argillite of our 
study area are late Neocomian (Miyaoka, 1990). The Kathul 
Graywacke does not contain age-diagnostic fossils, but ten- 
tative stratigraphic correlations with rocks to the east of our 
study area indicate an early Albian age (Brabb and Churkin, 
1969; Howell and Wiley, 1987; Underwood and others, 1989). 
Metamorphism, cleavage formation, and veining definitely 

occurred before the Late Cretaceous and Tertiary deposition 
of unit TKs, which overlies the Kandik River terrane and 
Tatonduk belt along an angular unconformity and which was 
affected by only mild deformation and diagenesis. 

In Paleozoic strata of the Tatonduk belt, fluid flow and 
local vein formation definitely occurred at lower tempera- 
tures than in the Kandik River terrane, with various degrees 
of isotopic exchange between fluids and host rocks. Veins of 
the Tatonduk belt could have precipitated long before the two 
terranes were juxtaposed along the Glenn Creek Fault Zone; 
alternatively, some or all of the veins may have formed late 
in the diagenetic history of Paleozoic strata, after the hanging 
wall of the thrust system had cooled. We favor the former 

THERMOTECTONIC HISTORY OF THE KANDIK REGION 

A 140-1 10 Ma 

(Early Cretaceous) 

Deposition of Kandik Group 
deep-marine turbidites 

Kandik River terran R'j 

11 0-1 00 Ma 
(early Albian) 

Peak heating event under high geothermal 
gradients; organic metamorphism; folding, 
cleavage, and dehydration; veins form at  
500-800 bars (near hydrostatic pressure). 

100-95 Ma 
(Albian to Cenomanian) 

Uplift and cooling begins; initiation of terrane 
amalgamation via Glenn Creek fault; structural 
thickening by imbrication; methane-bearing 
inclusions occur at 800-1,500 bars (lithostatic 
pressure); development of footwall aureole 
by conduction across fault (dashed arrows). 

95-75 Ma 
(Cenomanian to Campanian) 

Continued uplift, cooling, and erosion; 
syntectonic deposition of basal sediments 
of unit TKs of Brabb and Churkin (1969). 

75-30 Ma 
(Maastrichtian to Oligocene) 

Progradation of unit TKs of Brabb and 
Churkin (1969); fluvial/alluvial deposition; 
minor late-stage deformation 

Figure 10. Schematic cartoons to illustrate thermotectonic history of Kandik region, east-central 
Alaska. See text for discussion. TKs, geologic unit TKs of Brabb and Churkin (1969). 
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interpretation (fig. 1 0 0 ,  for the following three reasons: 
(1) Except for the narrow thermal anomaly beneath the Glenn 
Creek Fault (figs. 1, 3, and 1 0 0 ,  vitrinite reflectance within 
the Tatonduk belt was not reset to higher values during the 
Cretaceous orogenic event (Laughland and others, 1990; 
Underwood and others, 1992, this volume). All of the vein- 
ing was not necessarily synchronous with peak heating, but 
because we find only local evidence for a syntectonic ther- 
mal overprint, burial temperatures within most of the Tatonduk 
belt probably reached peak values owing to passive first-cycle 
depositional overburden. Veins from one anomalous site in 
the Nation River Formation (locality MJ90-K59, fig. 4) may 
represent an exception. (2) There is no evidence to suggest 
that hot fluids escaped the Kandik River terrane and penetrated 
downdip into the Tatonduk belt. In fact, during field traverses, 
we did not recognize obvious increases in the spatial density 
of veining near the fault zone in either the hanging wall or 
the footwall. More importantly, there are no isotopic or fluid- 
inclusion T, anomalies associated with veins in rocks on ei- 
ther side of the Glenn Creek Fault, and there is no detectable 
gradient in isotopic or fluid-inclusion T, values with distance 
from the fault. One or more of these occurrences might be 
expected on a widespread basis if the fault had served as a 
major pathway of syntectonic fluid movement. Instead, iso- 
topic compositions and fluid-inclusion T, values change 
abruptly across the fault zone. However, one local exception 
that could represent a fluid anomaly in the upper part of the 
footwall, now exposed as a fenster, is associated with the Step 
Mountains area. Fluids in this anomalous area could have 
been associated directly with thrust movement and terrane 
amalgamation, but this is largely conjecture based on only 
one datum. (3) If widespread fluid migration had occurred 
after thrusting, then one might expect extensive cross-cutting 
of multiple-phase Kandik River vein sets owing to updip pen- 
etration of a later stage, lower temperature "plumbing" sys- 
tem from the underlying Tatonduk strata. There is no evi- 
dence to support this idea on a regional scale. Instead, we 
note that veins in basalt of the Tindir Group just to the south- 
east of the Glenn Creek Fault are isotopically distinct with 
respect to veins in the structurally overlying Glenn Shale and 
Biederman Argillite. We found only one unusual vein sample 
(DH91-K22c; 6180=4.4 per mil) from shale of the Woodchop- 
per Canyon terrane that probably did precipitate very late in 
the thermal history of the region, during the migration of 
meteoric fluids through the section. 

Following vein formation, methane-rich fluids were 
trapped along healed fractures in quartz veins in the Kandik 
River terrane (fig. 10C). These fluid inclusions indicate fluid 
pressures of between approximately 800 and 1,500 bars at 
the time of methane entrapment, corresponding to depths of 
approximately 3 to 6 krn and 8 to 15 km, respectively, assum- 
ing purely lithostatic or hydrostatic pressure regimes for the 
fluid phase. Pressure estimates for methane-bearing fluid in- 
clusions (800 to 1,500 bars) are higher than those calculated 
for quartz vein emplacement (500 to 800 bars) and may indi- 

cate: (1) the Kandik River terrane was buried more deeply 
(tectonically through thrust imbrication) following vein em- 
placement and prior to methane entrapment; and (or) (2) the 
pressure conditions shifted from a more open hydrostatic sys- 
tem toward a more lithostatic (overpressured) regime as a 
result of fracture sealing by quartz-calcite vein deposition 
(fig. 1 0 0 .  

The Early Cretaceous Kandik Group probably under- 
went unroofing and rapid uplift just prior to and during the 
accumulation of basal deposits of unit TKs (fig. 10D). Apa- 
tite-fission-track data for the Kathul Graywacke fix the time 
of cooling of the Kandik River terrane through a temperature 
of about 100°C to be of Albian age (maximum pooled age=96 
Ma; Underwood and others, this volume). Uplift and cooling 
continued into the Campanian (minimum pooled age=80 Ma). 
The oldest fossils in overlying unit TKs are Late Cretaceous 
in age (Dover and Miyaoka, 1988; Miyaoka, 1990), and flu- 
viaYalluvial deposition continued into Eocene and Oligocene 
time (fig. 10E). Coal lenses and dispersed organic matter 
within unit TKs are consistent with low paleotemperatures, 
generally below 100°C (fig. 3). We suggest that the basal 
deposits of unit TKs were derived from erosion of the oro- 
genic highlands during latest Albian to Cenomanian time (fig. 
10D). Thus, the Kandik River terrane experienced hydrother- 
mal vein emplacement at temperatures up to 300°C, signifi- 
cant burial and introduction of methane, and subsequent up- 
lift and unroofing all within a narrow time window of 
approximately 110 to 95 Ma (fig. 10). 

CONCLUSIONS 

Fluid-inclusion and stable-isotope data from quartz and 
calcite veins amplify previous interpretations of the regional 
thermal structure of the Kandik region of east-central Alaska, 
particularly with regard to the emplacement of a hot Kandik 
River allochthon over cooler footwall sequences of the Tatonduk 
belt. Fluid reservoirs in these two domains were not connected 
during the principal phases of vein precipitation, and most of 
the Kandik River veins were formed in Albian time before the 
tectonostratigraphic domains were juxtaposed along the Glenn 
Creek Fault Zone. Similarities in isotopic data support the idea 
that the Woodchopper Canyon, Slaven Dome, and Kandik River 
terranes were amalgamated prior to vein precipitation. The heat 
source and location of Albian metamorphism remain uncertain. 
The Tatonduk belt strata may have moved only slightly with 
respect to the rifted edge of Precambrian North America. Con- 
versely, all terranes to the west of these strata are clearly allochthonous 
in terms of thermal and hydrogeologic evolution. Pronounced spa- 
tial contrasts in paleogeothermal gradients and fluid reservoirs re- 
quire that significant distances of tectonic transport toward the south- 
east followed culmination of the Albian heating event. These results 
demonstrate the utility of combining fluid inclusions and stable 
isotope geochemistry in deciphering the gecdynamic histories of 
neighboring suspect terranes. 
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