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Geologic Studies in Alaska 
by the U.S. Geological Survey, 1989 
By James H. Dover and John P. Galloway, Editors 

INTRODUCTION 

This collection of papers continues the annual series of U.S. Geological Survey 
(USGS) reports on geologic investigations in Alaska. From 1975 through 1988, the series 
was published as USGS circulars. The &st of these appeared under the title 'The United 
States Geological Survey in Alaska: Accomplishments during 1975"; the last, entitled 
"Geologic studies in Alaska by the U.S. Geological Survey during 1987," reflects a title 
change made in 1986. The change to a bulletin format began in 1988, and this volume 
continues that format. One change in this volume is the separation of Geologic Notes from 
more extensive Articles. 

The eight Articles and six Geologic Notes in this bulletin represent research activi- 
ties canied out in Alaska by the USGS over the past few years. The topics addressed range 
from mineral resource studies (including mineral fuels), stratigraphy, fabric and other 
structural studies, mafic-ultramafic complexes, paleotectonics, the application of new fossil 
and isotopic age data to regional geologic problems, geomorphic aspects of placer gold, 
and the compilation of a radiocarbon age file. Geographic areas represented are shown on 
figure 1 and span the entire State, from the North Slope, Brooks Range, interior Alaska, 
south-central Alaska, southeastern Alaska to southwestem Alaska; and one report covers 
the whole State. 

Two bibliographies following the Geologic Notes list (1) reports about Alaska in 
USGS publications released in 1989 and (2) reports about Alaska by USGS authors in 
publications outside the USGS in 1989. A bibliography and index of papers in past USGS 
circulars that are devoted to geologic research and accomplishments in Alaska (1975 to 
1986) is published as USGS Open-File Report 87-420. 

Manuscript approved for publication, June 11,  1990. 
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ARTICLES 

Kinematics of Late Fau Its Along Turnagain Arm, 
Mesozoic Accretionary Complex, South-Central Alaska 

By Dwight C. Bradley and Timothy M. Kusky 

Abstract 

Mesozoic and Cenozoic rocks of the accretionary wedge 
of south-central Alaska are cut by abundant late brittle faults. 
Along Turnagain Arm near Anchorage, four sets of late faults 
are present: a conjugate pair of east-northeast-striking dextral 
and northwest-striking sinistral strike-sli p faults, north-north- 
east-striking thrusts, and less abundant west-northwest-strik- 
ing normal faults. All four fault sets are characterized by cal- 
cite-chlorite fibrous slickenside surfaces and appear to be a p  
proximately coeval. Strongly curved slickenlines on some faults 
of each set reveal that displacement directions changed over 
time and that bulk regional deformation related to brittle fault- 
ing was strongly noncoaxial. The thrust and strike-slip faults 
together resulted in subhorizontal shortening perpendicular to 
strike, consistent with an accretionary wedge setting. Motion 
on the normal faults resulted in strike-parallel extension of 
uncertain tectonic significance. 

INTRODUCTION 

The consensus that subduction zones are sites of 
mainly contractional deformation finds support in numer- 
ous studies of accretionary wedges, where thrust faults and 
associated folds dominate the map-scale structure (for ex- 
ample. Moore and Karig, 1980). Although the roles of strike- 
slip and extension have been less widely appreciated, these 
deformation regimes are also important in some convergent 
plate boundary zones. Extension dominates the tectonics of 
outer trench slopes of deep-sea trenches, where bending of 
the downgoing slab generates down-to-trench normal faults 
with displacements up to about 1 km (Jones and others, 
1978). Platt (1986) showed that extension is not restricted 
to the downgoing plate; accretionary wedges also may 
undergo significant normal faulting in order to maintain a 
stable wedge geometry. Some oblique subduction zones are 
characterized by major arc-parallel wrench faults that ac- 
commodate the strike-slip component of relative plate motion 
(Fitch, 1972; Dewey, 1980). 

The strike-slip faults emphasized in this paper cut the 
ovemding plate and strike at a high angle to the convergent 
plate boundary. Such faults facilitate bulk shortening within 
at least one modem accretionary wedge, the inner slope of 

the Aleutian Trench (fig. 1; Lewis and others, 1988). Byrne 
(1984) identified comparable faults cutting his Paleocene 
Ghost Rocks Formation in a much older part of the same 
accretionary wedge on Kodiak Island, south-central Alaska 
(fig. 1, loc. 1). Here we describe a system of conjugate 
strike-slip faults and related thrusts in Mesozoic rocks of 
this accretionary wedge, near Anchorage, about 500 km 
along strike from Kodiak Island. Structural analysis sug- 
gests that all but a few of these brittle faults ate the product 
of northwest-southeast convergence. However, enigmatic, 
curved fibrous slickenlines (striations) reveal that slip di- 
rections changed markedly during aseismic creep, suggest- 
ing that fault-related bulk strain was strongly noncoaxial 
and more complex than was previously recognized for faults 
in comparable settings in the Aleutian Trench and Kodiak 
Island. 

The study area along Turnagain Arm (fig. 2) includes 
the type locality of the McHugh Complex as defined by 
Clark (1972). The northwestern part of the McHugh 
Complex's outcrop belt is a melange composed of frag- 
ments and disrupted beds of tuff, pillow basalt, and chert, 
in a deformed matrix of argillite. The southeastern part of 
the outcrop belt is mainly composed of siliciclastic rocks, 
including boulder and cobble conglomerate, graywacke, and 
argillite; bedding is laterally discontinuous in the rare places 
where it can be observed. Throughout the McHugh Com- 
plex, modemte to intense stratal disruption has resulted in 
tectonic juxtaposition of varied rock types, at all scales. 
The predominant mode of early deformation was layer- 
parallel fragmentation (Cowan, 1985; Brandon, 1989); 
breakup of relatively competent beds (such as chert and 
tuff) was accompanied by concomitant flowage of argillite 
matrix into gaps. The resulting fragment foliation is the 
most conspicuous fabric element in the McHugh Complex 
in the study area; it strikes north-northeast and in most 
places dips steeply northwest. The foliation is commonly 
displaced across narrow (up to a few centimeters wide), 
early ductile shear zones. Clark (1972) reported prehnite- 
pumpe11yite metamorphic facies assemblages in the McHugh 
Complex in the study area. The fragment foliation, ductile 
shear zones, and contorted prehnite veinlets are cut by 
abundant brittle faults, described below. 

Kinematics of late Faults Along Turnagain Arm, Mesozoic Accretionary Complex, South-Central Alaska 3 



The Upper Cretaceous Valdez Group (fig. 2) consists 
of turbidites composed of graywacke, siltstone, black argil- 
lite, and minor pebble to cobble conglomerate. Graded beds 
in the Valdez Group exhibit a refracted slaty cleavage that 
is strong in argillite and weak in graywacke; the bedding- 
to-cleavage angle increases with grain size within graded 
beds, thereby providing a younging indicator. Brittle faults 
like those in the McHugh Complex cut bedding and cleav- 
age in the Valdez Group. 

BRITTLE FAULTS 

We studied minor faults along a 43-km transect across 
the strike of the accretionary complex in Turnagain Arm 
during eight days of fieldwork. The faults are abundant in 
highway and railroad cuts, and in weathered coastal expo- 
sures on both sides of Turnagain Arm. The faults juxtapose 

0 100 KILOMETERS - 

Figure 1. Locality map of south-central Alaska. Triangles, vol- 
canoes of the Aleutian arc. Shaded area, Mesozoic-Cenozoic 
accretionary complex. Numbered rectangles, areas where 
abundant late brittle faults have been documented in the Mes 
ozoic-Cenozoic accretionary complex. For location of map 
see figure 2 (inset). 

rock types assigned to a single map unit (McHugh Com- 
plex or Valdez Group); they account for some of the dis- 
continuity of rock types that has frustrated attempts at 
detailed mapping along Turnagain Arm (Clark, 1972, p. 
D8-D9). Prominent fibrous (calcite and chlorite) slicken- 
side surfaces mark the faults; fiber-steps clearly reveal shear 
sense (fig. 3). Owing to lack of markers, the magnitude of 
displacement is rarely evident, but we locally observed off- 
sets of a few tens of centimeters to a few meters. In all 
outcrops we studied, the faults are spaced at a few meters to 
tens of meters. The reasonable assumption that the faults 
are abundant throughout the area of figure 2 suggests that 
they were responsible for significant regional deformation. 

We measured the attitude of 79 brittle faults and as- 
sociated slickenline orientations and stepping directions at 
the locations shown in figure 2. Fifty of the faults cut the 
McHugh Complex; 29 cut the Val&z Group. We catego- 
rized the faults as contractional or extensional for slicken- 
line rakes greater than 4S0, or dextral or sinistral for rakes 
less than 45'. (The designations "contractional" and "exten- 
sional" here apply to faults in their present attitudes, with- 
out regard for any postfaulting rotations that might have 
changed the original hanging wall to the apparent footwall; 
see Bradley, 1989). Where appropriate, we assigned faults 
with two superimposed sets of slickenlines or a single set of 
curved slickenlines to two groups. Mean directions of 
lineations or poles as quoted below are visual estimates 
from scatter equal-are. plots (fig. 4) superimposed on contour 
diagrams (not illustrated). The stereoplots reveal four main 
sets of faults on the basis of attitude and slip direction, 
which are summarized in figure 5. 

Sets of dextral and sinistral strike-slip faults (fig. 4E- 
G) form what we interpret to be a conjugate pair. The dex- 
tral faults (30 examples) strike east-northeast (mean 070") 
and dip steeply south (mean 70"); the sinistral faults (20 
examples), strike southeast (mean 132') and dip steeply 
southwest (mean 82'). Strike-slip faults of both sets are 
ubiquitous throughout the study area, in both the McHugh 
Complex and Valdez Group. A few of the faults that were 
classed on the basis of rake (less than 45') as strike-slip 
faults have unusually gentle dips (fig. 64. 

We measured 25 contractional faults in the study area. 
Following Butler (1982), we use the term "thrust" for all 
contractional faults, regardless of dip angle. Most of the 
thrusts, termed synthetic thrusts below, saike south-south- 
west (mean 209'). and dip northwest (mean 64")(fig. 4A, B); 
a few antithetic thrusts strike north-northeast and dip south- 
east. The mean attitude of synthetic thrusts is subparallel to 
fragment foliation in the McHugh Complex and bedding in 
the Valdez Group. The mean hanging-wall movement di- 
rection of synthetic thrusts is 102' updip. Although a few 
thrusts are present throughout the study area, they are abun- 
dant only directly east of the two map-scale faults: (1) at 
the Potter Marsh weigh station (fig. 2, loc. I), cutting 
melange of the McHugh Complex immediately east of the 
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Knik fault (a segment of the Border Ranges fault), and (2) Where this occurred on nonvertical faults, the component 
near Indian (fig. 2, loc. 2), cutting metasedimentary rocks of dip-slip motion must have changed sense as the plunge 
of the Valdez Grouu in the strongly deformed footwall of 
the Eagle River fault. The concentration of minor thrusts in 
these two areas supports previous interpretations that both 
major faults underwent thrust displacement, at least during 
relatively late stages in their histories. 

The study area also includes a few normal faults; we 
found 11 examples. Despite some scatter (fig. 4C), most of 
the faults strike east-southeast (mean 117") and dip south- 
west (mean 5g0). The mean hanging-wall movement direc- 
tion is about 228". 

Many of the brittle faults along Turnagain Arm have 
slickenlines that are curved by as much as 55" within the 
fault plane (figs. 3,7). Stepping directions provided a basis 
for determining the beginning and end of a given crystal 
fiber; hence we were able to class each fault as clockwise 
(10 examples) or counterclockwise (20 examples) on the 
basis of the sense of slickenline curvature when the fault 
plane was viewed from above (fig. 7C, D). 

The curved slickenlines are intriguing but difficult to 
interpret. The most significant conclusion we can draw is 
that bulk deformation related to brittle faulting was strongly 
noncoaxial. All faults with curved slickenlines strike be- 
tween 050" and 230" (strike directions assigned according 
to the right-hand rule; see fig. 7A, B) , whereas only two- 
thuds of faults with straight slickenlines have strikes in the 
same range; the significance of this finding is unclear. Also 
inexplicable is the observation that counterclockwise slick- 
enlines appear to converge toward a southwest-plunging 
zone (fig. 7 ~ ) ,  whereas c~m~wise  slickenlines appear to di- Figure 3. Slickensided high-angle fault surface with curved 

fibrous slickenlines. Missing block (where photographer was 
verge a sOuthwest-di~~ing girdle (fig- 7D)- On standing) moved down with respect to block. 
Strike-Slip faults, slickenline CUrVatllre Was Sufficient to Youngest part of a given slickenline is immediately adiacent . . 
change the plunge direction of the instantaneous slip vector. to step whkre it end;. Coin is 17 mm across. 

Figure 2. Generalized geologic map of Turnagain Arm. Dots, locations where minor faults were studied; 
numbers 1 and 2 refer to localities mentioned in text. Mzm, Mesozoic McHugh Complex; Kv, Cretaceous 
Valdez Group. Faults dotted where concealed; sawteeth on upper plate of Eagle River thrust fault. 
Modified from Magoon and others (1 976). 
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Synthetic 
thrust 

N faults 

Dextral 
faults 

Figure 5. Lower hemisphere, equal-angle projection sumrna- 
rizing attitudes of major fault sets and slip directions (dots). 
Minor normal-fault set is not as well defined as other sets. 
Arrows show relative movement on sinistral and dextral faults. 
U, upthrown side; D, downthrown side. 

direction of the slickenlines changed. Thus, judging from 
present attitudes, several faults in Turnagain Arm appear to 
have evolved from transpressional to transtensional structures 
(or vice versa) during fault motion. 

Possible origins of curved slickenlines include (1) ro- 
tation of a fault block about an axis normal to the fault 
plane (rotational-translational fault motion of Mandal and 
Chakraborty, 1989) and (2) incremental change in transla- 
tion direction (curvilinear-translational fault motion of 
Mandal and Chakraborty, 1989); note the exact analogy to 
curved fibers in dilatant veins as described by Durney and 
Ramsay (1973). The first mechanism is unlikely for the 
Turnagain slickenlines, because the radius of slickenline 
curvature on a given fault is constant, rather than increasing 
with distance from a rotation axis (fig. 8). It is fortunate 
that the first mechanism (fig. 8A) did not operate, for if it 
had, any paleomagnetic or paleocurrent data from Turnagain 
Arm probably would be spurious. We instead atmbute the 
curvature to the second mechanism (fig. 8B). 

Similar styles suggest that the four main fault sets- 
thrust, dextral, sinistral, and normal faults-are approxi- 
mately coeval; any differences in age are probably minor. 

( Figure 4. Lower hemisphere, equal-area projections for fault 
plane and slickenlines from localities shown in figure 2. A, 
Poles to thrust-fault planes. 8, Thrust-fault slickenlines. C, Poles 
to normal-fault planes. Dl Normal-fault slickenlines. El Poles to 
dextral-fault planes. F, Dextral-fault slicken lines. G, Poles to 
sinistral-fault planes. HI Sinistral slickenlines. Curved 
slickenlines in 8, Dl F, and H represented by both initial and 
final attitudes. 

All four fault sets include examples with straight and curved 
fibrous slickenlines that consist of calcite and chlorite (based 
on hand-sample identification). In only one place were we 
able to observe a crosscutting relation (a sinistral fault cut- 
ting an older thrust); many additional observations of this 
type would be necessary to establish a meaninghl sequence 
of events. Together, the faults may represent an orthorhombic 
fault set (Reches, 1983; Krantz, 1989), to the extent that 
orthorhombic fault theory can be applied to noncoaxial de- 
formations. 

TECTONIC SIGNIFICANCE 

Late brittle faults like those along Turnagain Arm 
appear to be widespread in the arc-trench gap of south- 
central Alaska. The pattern of faulting is especially similar 
to that described in the Paleocene Ghost Rocks Formation 
on southern K d i  Island (fig. 1, loc. 1). where Byme 
(1984, p. 27) reported the following sequence of late faults: 
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Figure 6. A, Plot of fault dip versus rake of slickenlines. Faults 
classed as strike slip on the basis of rake include several with 
anomalously gentle dips. Curved slickenlines are represented 
by both initial and final attitudes. 8, Plot of initial rake versus 
change in rake on faults with curved slickenlines. Straight 
slickenlines would plot on horizontal dashed line. Counter- 
clockwise curvatures (plotted as positive) predominate. Curved 
slickenlines occur on faults of all initial rakes. 
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(1) a conjugate pair of east-striking dextral and north-strik- 
ing sinistral strike-slip faults; (2) a conjugate pair of north- 
west-dipping synthetic and minor southeast-dipping antithetic 
thrusts; and (3) a conjugate pair of east-striking normal 
faults. Each fault set on southern Kodiak Island appears to 
have its counterpart along Turnagain Arm; orientations dif- 
fer slightly but the overall configurations are qualitatively 
alike. 

On Afognak Island and northern Kodiak Island (fig. 
1, loc. 2), Sample and Moore (1987) identified a compa- 
rable assemblage of late faults cutting the Upper Creta- 
ceous Kodiak Formation (the along-strike correlative of the 

Valdez Group): (1) northeast-saiking dextral strike-slip faults 
(conjugate sinistral faults were not reported); (2) northwest- 
dipping thrusts; and (3) normal faults with highly variable 
strikes. The relative age of these three fault sets is un- 
known, but like the Turnagain Arm faults, they postdate 
penetrative deformation. 

Recent mapping in the Kachemak Bay region (fig. 1, 
loc. 3) also has revealed abundant brittle faults (D.C. Brad- 
ley and S.M. Karl, unpub. 1989 field notes): (1) northwest- 
striking thrusts; (2) sinistral strike-slip faults with highly 
variable strikes; and (3) abundant normal faults with highly 
variable strikes. Dextral strike-slip faults are rare. Whereas 

Figure 7. Lower hemisphere, equal-area projections. A, Poles 230" and 050". C, Slickenlines with counterclockwise cutva- 
to fault planes and associated curved slickenlines. Squares, ture. Arrows show change in attitude through time. Some 
slickenlines with clockwise curvature when viewed from slickenline trajectories leave edge of net (dashed arrows) and 
above; dots, slickenlines with counterclockwise curvature reappear on opposite side. Only representative trajectories 
when viewed from above. Note absence of faults that strike are shown where data are cluttered. D, Slickenlines with 
between 230" and 050". B, Poles to faults with straight clockwise curvature, which are less abundant than counter- 
slickenlines. Note abundance of faults that strike between clockwise lines. 

8 Geologic Studies in Alaska by the U.S. Geological Survey, 1989 



more &ta are needed to clarify the pattern and kinematics 
of late faulting, the available data at least support the con- 
tention that late brittle faults are widespread, if not omni- 
present, along a 500-km segment of the accretionary wedge. 

In all four areas in figwe 1 where late brittle faults 
have been studied, the attitudes of thrusts indicate subhori- 
zontal northwest-southeast shortening. In addition, in Turn- 
again Arm and southern Kodiak Island, conjugate strike-slip 
faults indicate shortening in the same direction. Figure 9 
shows how both thrust and conjugate strike-slip faults might 
have facilitated shortening within the southern Alaska ac- 
cretionary wedge during Cretaceous and (or) Cenozoic time. 
Figure 9 also serves as a schematic depiction of the active 
tectonics of the Aleutian inner trench slope (compare with 
fig. 13 in Lewis and others, 1988). 

One possibly significant difference between Turnagain 
Arm and southern Kodiak Island is that the intersection 
between conjugate strike-slip faults along Turnagain Arm 

Fault surface 

plunges about 70' SE.; the corresponding maximum short- 
ening direction plunges about 20" NW. (both estimates from 
fig. 5). In contrast, on southern Kodiak Island, the conju- 
gate fault intersection is vertical, and the corresponding 
maximum shortening direction is horizontal. Byrne (1986) 
cited the latter fact as one line of evidence against rotation 
of the subduction complex toward the arc during subse- 
quent growth of the accretionary wedge; he concluded 
instead that the wedge had been uplifted vertically to its 
present position above sea level, without rotation. If the 
conjugate strike-slip faults along Turnagain Arm share a 
common origin with those on southern Kociiak, their present 
attitude would indicate rotation during uplift of the wedge. 
Independent evidence that might provide a test for this sug- 
gestion has not yet been sought. 

It is not clear how the normal faults, which strike 
almost perpendicular to the thrusts, might fit into the tec- 
tonic setting shown in figure 9. One possibility is that the 
normal faults are akin those which Platt (1986) atmbuted to 
extensional collapse of an accretionary wedge that has been 
oversteepened beyond its critical taper. However, a signifi- 
cant difference is that normal faults in Platt's (1986) model 
strike parallel to rather than perpendicular to the plate 
boundary; accordingly, a three-dimensional modification to 
Platt's (1986) model, involving nonplane strain, would be 
required to explain the Turnagain Arm normal faults. Another 
possibility is that the normal faults record Paleogene sub- 
duction of the Kula-Farallon spreading center. In the latter 
case, the normal faults might be expected to relate to igneous 
rocks attributed to the same event. Additional fieldwork 
along Turnagain Arm and in Kachemak Bay will address 
these and many other questions raised by the present study. 

I-About 100 K i lom~t~ rs+ l  

. . .  

0 10 CENTIMETERS - Figure 9. Schematic block diagram of frontal part of an accre- 
tionary wedge (stipple) above a subducting oceanic plate (gray), 

Figure 8. Two mechanisms capable of producing curved showing how conjugate strike-slip faults and thrusts (small 
slickenlines. A, Rotation about an axis normal to fault plane. arrows) like those along Turnagain Arm might have accom 
Slip direction (arrows), sense of displacement, and amount of modated shortening driven by plate convergence (large arrow 
curvature of slickenlines all vary systematically with position gives direction). By analogy with Aleutian accretionary wedge 
on fault surface with respect to rotation axis. B, Change in (Lev~is and others, 1988), thrust faults are active at and near 
translation direction, without rotation. All slickenlines have toe of wedge, and strike-slip faults are active closer to arc. 
similar trajectories. Second mechanism is indicated for faults Magmatic arc is about 100 km to left. Normal faults are not 
with curved slickenlines along Turnagain Arm. shown but would strike about perpendicular to thrust faults. 

Kinematics of Late Faults Along Turnagain Arm, Mesozoic Accretionary Complex, South-Central Alaska 9 



REFERENCES 

Bradley. D.C.. 1989, Description and analysis of early faults based 
on geometry of fault-bed intersections: Journal of Structural 
Geology, v. 11, p. 1011-1019. 

Brandon, M.T., 1989. Deformational styles in a sequence of olis- 
tostromal melanges. Pacific Rim Complex, westem Vancou- 
ver Island, Canada: Geological Society of America Bulletin. 
v. 101,p. 1520-1542. 

Butler, R.W.H., 1982. The terminology of structures in thrust belts: 
Journal of Structural Geology, v. 4, p. 239-245. 

Byrne, T., 1984, Early deformation in melange teranes of the 
Ghost Rocks Formation, Kodiak Islands. Alaska: Geological 
Society of America Bulletin Special Paper 198. p. 21 -5 1. 
1986, Eocene underplating along the Kodiak shelf, Alaska: 

Implications and regional correlations: Tectonics, v. 5, p. 403- 
421. 

Clark. S.H.B., 1972, The McHugh Complex of south-central 
Alaska: U.S. Geological Survey Bulletin 1372-D, p. Dl-D11. 

Cowan, D.S.. 1985. Structural styles in Mesozoic and Cenozoic 
melanges in the western Cordillera of North America: Geo- 
logical Society of America Bulletin. v. 96, p. 451462. 

Dewey. J.F.. 1980. Episodicity, sequence, and style at convergent 
plate boundaries: Geological Association of Canada Special 
Paper 20, p. 553-573. 

Durney, D.W., and Ramsay, J.G., 1973, Incremental strains meas- 
ured by syntectonic crystal growths, in K.A. De Jong and R. 
Scholten, eds.. Gravity and tectonics: New York. Wiley, p. 
67-96. 

Fitch. T.J.. 1972. Plate convergence. transcurrent faults, and inter- 
nal deformation adjacent to southeast Asia and the western 
Pacific: Journal of Geophysical Research. v. 77. p. 4432- 
4460. 

Jones, G.M.. Hilde. T.W.C., Shaman, G.F., and Agnew. D.C., 
1978. Fault patterns in outer mnch walls and their tectonic 

significance: Journal of the Physics of the Earth, Geodynam- 
ics of the Western Pacific, v. 26, no. 2 (supplement). p. 85- 
101. 

Krantz, R.W.. 1989. Orthorhombic fault patterns: The odd axis 
model and slip vector orientations: Tectonics. v. 8. p. 483- 
4%. 

Lewis, S.D., Ladd, J.W., and B m ,  T.R., 1988, Structural devel- 
opment of an accretionary prism by thrust and strike-slip 
faulting: Shumagin region, Aleutian Trench: Geological So- 
ciety of America Bulletin. v. 100, p. 767-782. 

Magoon, L.B., W.L. Adkison, and R.M. Egbert, 1976, Map show- 
ing geology, wildcat wells, Tertiary plant fossil localities, K- 
Ar age dates, and petroleum operations, Cook Inlet area, 
Alaska: U.S. Geological Survey Miscellaneous Investigations 
Series Map 1-1019, scale 1:250,000. 

Mandal, N., and Chakraborty, C., 1989, Fault motion and curved 
slickenlines: A theoretical analysis: Journal of Structural Ge- 
ology. V. 11. p. 497-501. 

Moore. G.A.. and Karig. D.E., 1980, Structural geology of Nias 
Island, Indonesia: Implications for subduction zone tectonics: 
American Journal of Science, v. 280, p. 193-223. 

Platt. J.P., 1986. Dynamics of orogenic wedges and the uplift of 
high-pressure metamorphic rocks: Geological Society of 
America Bulletin, v. 97, p. 1037-1053. 

Reches, Z., 1983. Faulting of rocks in three-dimensional strain 
fields, II. Theoretical analysis: Tectonophysics, v. 95, p. 133- 
156. 

Sample, J.C., and Moore, J.C., 1987, Structural style and kinemat- 
ics of an underplated slate belt. Kodiak and adjacent islands, 
Alaska: Geological Society of America Bulletin, v. 99, p. 7- 
20. 

Reviewers: Steve Nelson and Alison Till 

10 Geologic Studies in Alaska by the U.S. Geological Survey, 1989 



Fossil Pollen from Nonmarine Sedimentary Rocks of the 
Eastern Yu kon-Tanana Region, ~as t -~ent ra - l  Alaska 

By Helen L. Foster and Yaeko lgarashi 

Abstract TANACROSS QUADRANGLE 

New data from fossil pollen and spores confirm the 
occurrence of both Late Cretaceous and Tertiary nonmarine Nonmarine sedimentary rocks crop out in several small 
sedimentary rocks in the eastern Yukon-Tanana region. In the areas in the northern, central, and southern Parts of the 
Tanacross quadrangle sedimentary rocks of both Late Creta- Tanacross quadrangle (figs. 1 and 2). Generally the rocks 
ceous and Tertiary age are present, whereas in the Eagle are gray or tan, but in the southernmost area some of the 
quadrangle south of the Tintina fault zone only Tertiary sedi- rocks are orange or red brown, or have a purple cast. 
mentary rocks have been recognized. Such genera as 
Aquilapollenites and Tawodiapollenites are characteristic in the 
Late Cretaceous rocks but are not found in the Tertiary rocks. west ~ ~ , . k  A , . ~ ~  

Part of the nonmarine sedimentary rocks probably were 
deposited in small depressions that resulted from local fault- 
ing, some of which may have been related to volcanic activ- 
ity. Other deposits appear to be near thrust and strike-slip 
faults. Both the Late Cretaceous and Tertiary sedimentary rocks 
were deformed in Tertiary time, but it is not known whether 
the deformation was the result of regional or local events. 

Nonmarine, poorly indurated to well-indurated sedi- 
mentary rocks, including conglomerate, sandstone, shale, 
coal, and tuffaceous rocks, crop out in widely scattered 
areas in the eastern Yukon-Tanana region of east-central 
Alaska (fig. 1). Exposures are generally poor, occur in 
densely vegetated areas, and are rarely more than a few 
square meters in size. The folded and faulted sedimentary 
rocks lie unconformably on metamorphic rocks and in places 
appear to be interlayered with Cretaceous and (or) Tertiary 
volcanic rocks. Samples for pollen analyses were obtained 
during reconnaissance geologic mapping of the eastern 
Yukon-Tanana region from 1961 to 1970, and in limited 
resampling in 1984, 1985, and 1987. Many samples were 
barren, and some were not useful because of poor pollen 
preservation or possible Holocene contamination. The pur- 
pose of this paper is to present new data on fossil pollen 
from the nonmarine sedimentary rocks of the Eagle and 
Tanacross quadrangles, integrate the new data with previ- 
ously published data, and discuss some implications of these 
data for the late Mesozoic and Cenozoic geologic history of 
east-central Alaska. 

The northernmost area of nonmarine sedimentary rocks 
is a narrow strip composed of conglomerate, sandstone, 
minor shale and coal, and tuffaceous sandstone near the 
southern margin of the Taylor Mountain granitic intrusion 
near the West Fork of the Dennison Fork of the South Fork 
of the Fortymile River. The sedimentary rocks unconforrna- 
bly overlie amphibolite-facies metamorphic rocks, and at 
several localities a basal conglomerate that contains pebbles, 
cobbles, and boulders of the underlying metamorphic rocks 
is exposed. These poorly and sporadically exposed sedi- 
mentary rocks extend in an east-west direction for about 43 
km and have a maximum estimated width of about 3 krn. 
Two samples (fig. 2B and tables 1 and 3, no. 3) were obtained 
in 1961 from a borrow pit that was used when the Taylor 
Highway was constructed. This pit is now completely oblit- 
erated and the rocks are no longer exposed. The palynomorph 
flora of the two samples, identified by Robert H. Tschudy 
(U.S. Geological Survey, written commun., July 31, 1962), 
was almost identical. Tschudy reported that "many of the 
spores, including Tasmanites? and Leiozonotriletes 
naumovae? indicate an Upper Devonian assemblage, but 
that this assemblage is mixed with one of a more modem 
aspect, characterized by tricolpate, monosulcate, coniferous, 
and Aquilapollenites pollen. On the basis of the latter as- 
semblage, an age of Late Cretaceous is suggested for these 
sedimentary rocks, but because of the poor preservation of 
the organic material, an even younger age cannot be ruled 
out" (Foster, 1%7). 

A new borrow pit, opened nearby in the 1970's, ex- 
posed 2 to 3 m of the sedimentary rock section. The exposed 
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Figure 1. Geologic sketch map showing areas of Cretaceous and (or) Tertiary nonrnarine sedimentary rocks 
adjacent Cretaceous and (or) Tertiary volcanic rocks. Samples and localities shown are described in tables 1 

and 
-3. 
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rocks are deformed into overturned folds and cut by small 
thrust faults (Foster and Cushing, 1985). A sample col- 
lected from this pit in 1983 (fig. 2B and table 1 and 3, no. 
5) "yielded a badly degraded assemblage of nonmarine 
palynomorphs among which only those forms having the 
most distinctive outline shapes could be recognized. The 
assemblage includes species of Aquilapollenites and Cran- 
wellia indicating an age of late Campanian to Maastrich- 
tian. The species of Aquilapollenites compare with those 
described by R.H. Tschudy from the Colville Group in 
eastern Alaska. These results are in agreement with those 
previously reported by R.H. Tschudy" @.J. Nichols and 
F.H. Wingate, unpublished Report on Referred Fossils, U.S. 
Geological Survey, April 1988). 

Fossil pollen in five samples (table 1, nos. 4A through 
E) Erom the same pit discussed above but collected a few 
meters northeast of sample no. 5 was identified by Igarashi. 
Although pollen was abundant in several of these samples, 
Aquilapollenites and other Cretaceous indicators were not 
found. In fact, the entire flora differs from that of the 1961 
and 1983 collections (table 1, no. 3 and no. 5). The pres- 
ence of the exotic genera Ulmus, which became extinct in 
Alaska during the late Miocene (Wolfe and Hopkins, 1967), 
suggests an age older than late Miocene; and the abundance 
of Picea suggests a possible early or middle Miocene age. 
Because there appears to be no mixing of characteristic 

EXPLANATION 

1-1 Tertiary and (or) Cretaceous 
nonmarine sedimentary 

0 
rocks-Circle indicates 
small exposure 

1~~ * ,, , , Tertiary and (or) Cretaceous 
\ _ s  lava and tuff-Mostly silicic 

and intermediate composi- 
tion 

(+ +, + + '1 Tertiary(?) basalt 

Contact-Approximately 
located 

Faults-Dotted where con- 
cealed 

. . High-angle normal strike- 
slip 

A r .. Thrust-Sawteeth on up- 
per plate 

,*.. Thrust-Unknown dip 

25. Fossil locality 

Cretaceous and Tertiary elements in the samples from this 
pit, two distinct ages of deposits are inferred to be present. 

Samples of a light-brown siltstone were collected in a 
borrow pit on the east side of the Taylor Highway about a 
kilometer north of the pit just discussed (fig. 28 and table 1, 
no, 9). The siltstone contains plant impressions and poorly 
preserved pollen consisting of abundant Picea with Betula, 
Ulmus, Alnus, and monolete type fern spores, but no pollen 
and spores of Cretaceous types. According to the deterrni- 
nations of Igarashi, the assemblage appears to be Tertiary 
and contains some of the same elements as found in one of 
the collections obtained to the south (fig. 28 and table 1, no. 
4). 

Fossil pollen (fig. 2B and table 1, no. 7) from out- 
crops along a small stream 2 km east of the borrow pits just 
discussed was identified by Igarashi. Although the pollen is 

C 
0 1 2 KILOMETERS - 

* Potassium-argon age locality Figure 2. Sample-locaity maps for three areas shown in 
figure 1.  A, Chicken area. 6, West Fork area. C, Bluff Creek 

Figure 1. Continued. area. Samples and localities are described in tables 1-3. 
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poorly preserved, the presence of Aquilapollenites, Taxodi- 
apollenites, and Lycopodiumsporites suggests that these 
rocks are probably Cretaceous. Samples collected still far- 
ther east along strike did not contain fossil pollen. 

Mount Fairplay Area 

Poor exposures of moderately dipping sandstone, silt- 
stone, and tuffaceous rocks, in places probably interlayered 
with lava and tuff (most fairly silicic), are on both the north 
and south sides of Mount Fairplay in the central part of the 
Tanacross quadrangle. No fossil pollen was obtained from 
samples collected on the north side, but a Cretaceous age 
for these sedimentary rocks is suggested by a K-AT age of 
93.6f2 Ma pacon and others, 1985) determined on a nearby 
tuff (sanidine; location on fig. 1). Only one sample (tables 1 
and 3, no. 2) from the south side of Mount Fairplay yielded 
identifiable fossils and contained unusually large numbers 
of well-preserved plant tissues and palynomorphs. Igarashi 
considers this flora to be of Tertiary age, probably younger 
than Miocene. 

As in the West Fork area, both Cretaceous and Terti- 
ary sedimentary rocks are in the Mount Fairplay area, but 
exposure is so limited and preservation of fossil pollen so 
poor that the relative extent and ages of most of these rocks 
are not determinable. 

Southern Area 

Fossil pollen was obtained from only one locality on 
the north side of the Tanana River in the southernmost area 
of sedimentary rocks in the Tanacross quadrangle. Material 
collected by Arthur Fernald (U.S. Geological Survey) in 
1962 and identified by Estella Leopold (fig. 1 and tables 1 
and 3, no. 1) included Aquilapollenites and Taxodia-cea- 
epollenites (Tawodiapollenites), suggesting that these rocks 
are also Cretaceous (Foster, 1970). 

EAGLE QUADRANGLE 

In the Eagle quadrangle samples were collected from 
several exposures of sedimentary rocks in the Chicken area, 
the Napoleon Creek area, the Baby Creek area, the Ruby 
Creek area, the Bluff Creek area, and at one locality along 
the Charley River. No pollen was found in the samples 
from the Napoleon Creek and Ruby Creek areas. 

In the Chicken area two assemblages of sedimentary 
rocks contain fossil pollen and plant fragments. The more 
extensive assemblage consists of tan and gray sandstone, 
tuffaceous sandstone, and minor tuffaceous shale cut by 
basalt dikes and stringers. It is very poorly exposed. Gold 
dredge tailings believed to be derived from this assemblage 

include coal that contains abundant amber. Coal in vertical 
seams was mined and used locally in the Chicken area (Mer- 
tie, 1937). Leaves of Metasequoia glyptostroboides Hu and 
Cheng and Alnus evidens (Hollick) Wolfe were preserved in 
sandstone dredged from the lower part of Chicken Creek. 
Alnus evidens may indicate a late Oligocene or early Mio- 
cene age (J.A. Wolfe in Foster, 1969). Poorly preserved 
palynomorphs from two localities in the Chicken area (fig. 
24 and table 2, nos. 15 and 16) near the dredge tailings are 
believed to indicate an early Tertiary age (Foster, 1969). 
Samples collected in 1984 and examined by Igarashi (fig. 
24 and table 2, nos. 10 and 11) contain pollen that is consis- 
tent with Wolfe's suggestion of an early Miocene age. 

The second assemblage of sedimentary rocks in the 
Chicken area consists of hard, dense, very fine grained gray 
and black siliceous rocks with conchoidal fracture, which 
are probably tuffs. Cobbles and boulders of these rocks are 
common in Chicken, Lost Chicken, and Stonehouse Creeks. 
Although searches have been made, these rocks have never 
been found in place. Some of the rock contains so much 
fragmentary plant material that it has been termed "fossil- 
ized tundra" by local people. Based on pollen and other 
plant fragments these rocks are believed to be younger than 
the sandstone, coal, and tuffaceous sandstone described 
above from the Chicken area, and they may be late Tertiary 
or early Pleistocene (Foster, 1969). 

The Baby Creek locality was not recollected. Fossil 
pollen from the previously obtained samples (fig. 1 and 
table 2, nos. 20 and 21) indicate a probable late Tertiary 
age for these rocks (Foster, 1969). 

Several samples (figs. 1 and 2C and table 2 and 3, nos. 
22, 23, and 24) collected south of the Tintina fault zone 
along the Taylor Highway near Bluff Creek contain fossil 
pollen of Tertiary age. Also, pollen from a sample collected 
from an outcrop of conglomerate and sandstone along the 
Charley River (fig. 1 and table 2, no. 25) appears to be 
Tertiary. 

DISCUSSION 

Most of the nonmarine sedimentary rocks of the 
Tanacross and Eagle quadrangles were deposited uncon- 
formably on metamorphic rocks. However, in the Mount 
Fairplay area some of the sedimentary rocks appear to be 
interlayered with volcanic rocks, mostly tuff of silicic and 
intermediate composition. In the southern area of the Tana- 
cross quadrangle sedimentary rocks are in contact with 
basalt. 

Most exposures appear to represent local deposits of 
a restricted age. However, in the West Fork area both Late 
Cretaceous and Tertiary deposits are exposed in folds only 
a few meters apart. Rocks of the two ages appear to be in 
fault contact, although a sedimentary contact that has been 
folded and faulted cannot completely be ruled out. 
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The elongate pattern of distribution of the West Fork 
sedimentary rocks suggests accumulation in a zone of fault- 
ing, probably thrust faulting; a thrust fault is believed to be 
partly covered by these deposits (fig. 1). In other parts of 
the Tanacross quadrangle and in the Ruby Creek area, some 
of the sedimentary rocks may have accumulated in small 
depressions that resulted from volcanic activity and associ- 
ated faulting. The Chicken area, Napoleon Creek, and Baby 
Creek deposits cannot be directly related to mapped faults, 
although many small normal faults and thrust faults are 
present in these areas. The distribution of deposits in the 
Chicken area suggests deposition in a small local depres- 
sion that could have resulted ftom faulting (possibly related 
to volcanism). The Bluff Creek deposits appear to be related 
to the Tintina fault zone, a major northwest-trending zone 
of right-lateral strike-slip movement (fig. 1). The Bluff Creek 
deposits may be a small part of more extensive deposits of 
several ages, ranging from Cretaceous through Tertiary, that 
are found in and near the Tintina fault zone in both Alaska 
and Canada (Foster, 1976; Foster and others, 1987). 

Although all of the nonmarine sedimentary rocks dis- 
cussed have been deformed, the time, extent, and number 
of deformational events are not known. The rocks may have 
been involved in a regional event in late Tertiary time, or 
deformation may have resulted from several local events, 
such as high-angle faulting in the volcanic areas, thrust 
faulting in the West Fork area, and strike-slip movement 
along the Tintina fault zone. For instance, on the basis of 
fossil pollen the deformed beds in the Baby Creek area are 
considered late Tertiary in age, which suggests that at least 
some of the deformation in that area occurred in late Ter- 
tiary or early Quaternary time. However, Tertiary may be 
the most probable time of this deformation because 
Quaternary deposits nearby are uplifted but not folded. Thus, 
data on fossil pollen provide limited constraints in some 
areas on the time of deformation. 

CONCLUSIONS 

Data from fossil pollen indicate that local deposition 
of nonmarine sediments occurred in the eastern Yukon- 
Tanana region from the Late Cretaceous through much of 
the Tertiary. The nonmarine sedimentary rocks of the Tana- 
cross quadrangle include rocks of both Late Cretaceous and 
Tertiary age whereas in the Eagle quadrangle south of the 
Tintina fault zone only Tertiary sedimentary rocks are 

known. All of the Cretaceous and Tertiary sedimentary rocks 
described are deformed, and in the West Fork area over- 
turned folds and small thrust faults occur in both the Creta- 
ceous and Tertiary sedimentary rocks, indicating that 
deformation was probably in the late Tertiary (post-Mio- 
cene). Deformation in the Baby Creek area (Eagle quad- 
rangle) is believed to have occurred in the late Tertiary. 
Thus deformation probably occurred in late Tertiary time 
throughout much of the eastern Yukon-Tanana region, but 
it is not known whether deformation was of regional extent 
or from only local events. Some of the deformational events 
along the Tintina fault zone undoubtedly had regional ex- 
tent, but there is no indication that rocks south of the Bluff 
Creek area were involved. 
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Table 1. Fossil pollen and spores from Cretaceous and Tertiary sedimentary rocks of the Tanacross quadrangle 

[Numbered localities are shown on figures 1 and 2. "x" indicates presence of pollen and (or) spores. Where available the amount of pollen and (or) 
spores is given in percent of the total sample] 

Pollen and spores 1 2 3 4 A 4 8 4 C 4 D 4 E  5 6 7  8 9 

Sequoiapollenites x 
Aquilapollenites x x x x 
Pinqollenites x 
Taxodiapollenites x x x 
Baculatisporites x 
Cicatricosisporites x 
Cranwellia x 
Echinaf iopork x 
Leiozonorritetes nawmvae ? x 
Lycopodiwnsporites x x 
Osmundacidites x 
Miscellaneous spores 
Tamzanites ? x 
Znaperturopollenites x 
Picea 80.7 x 13.3 x x 11.6 85.5 x 
A bies 0.5 0.7 x 
Conifer pollen V 2L x 
Conifer pollen V 2S x 
Lark (?) type 0.7 4.2 
Pinus 0.9 2.1 x 
Alnus 5.5 x 3.5 7.4 
Bet& 8.8 x 37.8 x x 26.3 
Acer 0.7 x 
Ericales 0.5 
Populm 1.1 
Quercus 63 x 1.1 
Tilia 0.7 
Ulmus 1.4 
Corylus 0.7 x 
Araliaceae 0.7 
Carduoideae x 
Artemkia 2.1 
Lilium 1.4 
Umbelliferae 2.1 1.1 
Epilobium x 1.1 
Cyperaceae 2.1 
Gramineae 0.9 4.9 x 1.1 
Indeterminable x 0.7 
Tricolpate pollen 0.5 x 
Tricolporate pollen 0.5 x 2.1 1.1 
Triporate pollen 
Monosulcate pollen x 
Ly copodium 1.4 x 1.1 
Lycopodiwn selago 
Osmunda 0.9 2.1 
Monolete spores and monolete type x 17.5 36.8 x x 
Equisetum 1.1 
Ceratopterk(?) 9.2 
Trilete spores, trilete type 1.1 2.3 x 
Fern spores (TO) x 
Fern spores (TY) x 
Sphagnum 0.5 
Total number of grains 21 7 143 95 87 
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Table 2. Fossil pollen and spores from Tertiary sedimentary rocks of the Eagle quadrangle 

[Numbered localities are shown on figures 1 and 2. "x" indicates presence of pollen and (or) spores. Where available the amount of pollen and (or) spores 
is given in percent of the total sample] 

Pollen and spores 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

Alnus evidens (Hollick) Wolf (leaves) x 
Metasequoia glyptostroboides (leaves) x 
Picea 73.0 67.2 x x x x X X X X X  

Picea or Abies x 
Picea cf. engelmanii 
Picea c f. m a r i a  
Abies 
Cedrus-lie , unisaccate 
cf. Cedrus 
Juniperus type 
Juniper or ? Sequoia 
Lark(?) type 
Pinus 
cf. Pseudotsuga 
Sciadopitys type 
Taxodiaceae 
Tsuga 
Alnus 
Betula 

X X X X 

X X X X X X  

Acer 
Costanea type 
Carya and Carya(?) 
Ericales 
Juglans-Pterocarya 

cf. Artemisia 
Cruciferae 
Onagraceae, Epilobium type 
Rhododendron type 
Ranunculaceae 
Rosaceae type 
Umbelliferae 
Cyperaceae 
Gramineae 
Tricolporate pollen 
Lycopodiwn 
Lycopodiwn cf. m t i w n  
Lycopodiwn selago 
Osmunda 
Osmundaceae 
Polypodiaciae 
Monolete spores and monolete type 
Monolete sp.. spiny 
Ceratopteris( ?) 17.9 
Pteridium type 
Selaginella cf. densa 
Trilete spores, Trilete type 0.7 x x 
Monocots, undet. x x 
Sphagnum X 

Total number of grains 216 274 20 
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Table 3. Sample localities with fossil pollen (localities shown on figures 1 and 2 and fossil pollen identified in tables 1 and 2) 

Locality Field Year of USGS 
(figs- 1 number Latitude Longitude Quadrangle Collector collection Paleobotany Lithology and location 
and 2)  location 

- - -  

Pollen 
identified Year of 

by study Age 

1 61F437 63'2T 143'3.8' Tanacmss Arthur Femald 1961 D3510 Tuffaceous shale and sandstone, bladc and Estella B. 1965 Late Cretaceous 
B-5 purple. Exposed along the ~anana  River 12 Leopold 

km northwest of Tok. 
2 8781405 63'28.6' 142O26.4' Tanacmss Yaeko Igarashi 1987 Sandstone, tuffaceous, and pebble Yaeko 1988 Probably 

B-3 and conglomerate. Old borrow pit on west side Igarashi Tertiary, 
Helen Foster of Taylor Highway 22 km north of Tetlin younger than 

Junction. Miocene 

3 T-218% b 63'51.2' 142'13.1' Tanacmss Helen Foster 1961 D1804-1 Shale and silutone, light-gray and tan, Roben H. 1962 Probably Late 
D-3 and interlayered with sandstone. From exposure Tschudy Cretaceous 

D1804-2 in old borrow pit on east side of Taylor 
Highway 4.4 km south of West Fork 
bridae.(Borrow vit no lon~er exists.) - .  - 

4 84AFr238,A. 63'51.3' 142'13.2' Tanacross Helen Foster 1984 Mudstone, silutone, sandstone, and tuff fmm Yaeko 1983 Probablv earlv 
D-3 and 

Yaeko Igarashi 
folded and bst-faulted sequence exposed Igarashi 
in borrow pit on east side of Taylor 
Highway 4.3 km south of West Fork bridge. 
A. Siltstone, tan. 
B. Siltstone, reddish brown; interlayered 
with tuff and light gray clay. 
C. Shale, dark-gray, carbonaceous; 
contains abundant fragmental plant 
material. 
D. Siltstone, weathers orange-brown. 
E. Siltstone, dark-gray, carbonaceous. 

. . 
Miocene 

5 83AFr4177 63'51.3' 142'13.2' Tanacross Helen 1983 D6848 Shale and silutone from folded beds of DJ. 1988 Late Campmian 
D-3 Foster interlayered sandstone, shale, silutone, and Nichols to ~ a a i r i c h -  

tuff. Plant fragments and impressions and tian 
common in some layers. Exposure in F.H. 
borrow pit on east side of Taylor Highway Wingate 
4.3 km south of West Fork 
bridge. Exposures have been destroyed by 
road-building operations. 

6 878141 1 63'51.3' 142'13.2 Tanacmss Yaeko 1987 Coal from lenses of hard, black coal in a Yaeko 1988 Not 
D 3  Igarashi tuffaceous layer in tan, fine-grained, well- Igarashi determinable 

indurated sandstone. Sandstone has 
abundant dendrites on surface. Black 
carbonaceous material abundant, but 
palynomorphs are very poor and the 
assemblage of fossils is very limited. Many 
zones of gouge occur along slipplanes 
which follow gently dipping bedding. 
Exposure at north end of same borrow pit as 
localities 4 and 5. 



Table 3.Continued 

Locali Year of USGS 
(figs. ? Fie'd Latitude Longitude Quadrangle Coilector rolCctim Paleobotany 
and 2)  location 

Lithology and location 
Pollen 

identified by Y ~ ~ y f  Age 

7 85AFr211 A, 63'51.6' 142'12.1' Tanacross Helen Foster 1985 Shale, dark-gray, interlayered with sandstone Yaeko 1988 Probably Late 
B.C D-3 beds up to 80 crn thick, pebble Igarashi Cretaceous 

conglomerate, and lignitic beds. Abundant 
fragmental plant material. Crops out along 
bank of small stream 1.6 km east of mile 47 
on the Taylor Highway and about 1.6 km 
east of locality 4. 

8 84AFr239A 63'51.7' 142'13.8' Tanacross Helm Foster 1984 Siltstone and sandstone, gray, fine-grained and Yaeko 1985 Tertiary. 
D-3 carbonaceous. From old borrow pit on east Igarashi pr0babl~ 

side of Taylor Highway 3.1 km south of younger than 
West Fork bridge. earlvMiocene 

9 62FR219a 63O51.7' 142'13.8' Tanacross Helen Foster 1962 Shale and siltstone from old borrow pit on east Yaeko 1988 Possibly late 
D-3 side of Tavlor Hiehwav 3.1 lun south of Inarashi T e r t i a ~  - - 4  

2- West ~ o ~ b r i d ~ e y ~ i f k r e n t  layers of rock 

V) 
but same borrow pit as locality 8. 

m ; 10 84AFr245 64'3.5' 142'1.6' Eagle Helen Foster 1984 Sandstone, gray, mostly fine grained; some is Yaeko 1985 Probably early 
A-3 tuffaceous; cut by basaltic dikes and Igarashi Miocene 

z stringers. Road cut along west side of the 
1 Taylor Highway 2 km southwest of 

F Mosquito Fork bridge. 
8 11 84AFr265 6402.9 142'3' Eagle HelenFoster 1964 Sandstone, light tan and gray, f w  to medium Yaeko 1985 Probably early 
2. A-3 grained, friable and some tuffaceow; minor Igarashi Miocene 
9 interlayered shale; some layers with 

abundant old trail cut about 2.5 km 
E' southwest of Mosquito Fork bridge. 
% 12 Eag A-2-123- 63'4.6 141'58.8' Eagle Helm Foster 1964 Sandstone, white, medium-grained with Estella B. 1970 Not 
4 
C 

64 A-2 carbonaceous fragments. Along unnamed Leopold determinable 
r drainage 1.25 km northeast of Mosquito 
a Fork bridge. 
3 
I 13 Eag A-2-124- 64'4.8' 141'57.8' Eagle Helm Foster 1964 D4438 Tuff, light-gray with green streaks.Appears to Estella B. Miocene or, 

6 A-2 underlie basalt. Occurs in a ditch 1.7 km Leopold Pliocene 
northeast of Mosquito Fork bridge. 

if probably 
middle to late 

5. Miocene 
.a 

l4 59-X-64 
64'3.8' 141'56.2' Eagle Helen Foster 1964 1003 1 Fermginous sandstone from top of gold dredge Jack A. 1965 Probably late 

A-2 tailings on west side of Chicken Creek 0.8 Wolfe Oligocene or 
fi km above the mouth of Chicken Creek. (fossil early 3 leaves) Miocene 
r 

15 557-63 64'5.3' 142'1.9' Eagle Helen Foster 1963 D3346 Coal and carbonaceous shale from poor Robert H. 1964 Early Tertiary 

B A-3 exposure along old wagon trail on west Tschudy 
side of Ingle Creek 3.2 km northwest of 
Mosquito Fork bridge. 

d 
rO 

16 571-63 64'4.5' 141'55.4 Eagle Helm Foster 1963 D3347 Shale from pit in terrace gravel 1.8 km north of Robert H. 1964 Early Tertiary 
A-2 mouth of Chicken Creek on east side of Tschudy 

Chicken Creek. 



Table 3.Continued 

Year of USCS 
Latitude Longitude Quadrangle Collector collection Paleobotany 

and 2) location 
Lithology and location 

Pollen 
identified Yzd;f Age 

by 

17 C-68 64'4.9' 141'55.2 Eagle A-2 Helen Foster 1%8 Coal with abundant amber and black, Yaeko 1988 Not 
carbonaceous plant tissue from gold dredge Igarashi determinable; 
tailings 2.5 km north of mouth of Lost possibly late 
Chicken Creek on east side of Chicken Tertiary 
creek. 

18 55APW11 64'5.2' 141'55.5' Eagle A-2 Troy P6w6 1955 Dl161 Chett (probably siliceous tuff) cobbles Estella B. 1964 Late Cenozoic 
containing fossil plant material from upper Leopold 
Chicken Creek. 

19 Thin sections - - Eagle A-2 - Chert (siliceous tuff?) cobbles, black, from Estella B. 1964 Probably 
5837A, Lost Chicken Creek. Pollen seen in 9 thin Leopold Pliocene or 
6001, sections. 

and 5834 
early 
Quatemry 

20 713-65 64'8.1' 141'9.94' Eagle A-1 Helen Foster 1965 D4009 Matrix from conglomerate exposed in cliffs on Estella B. 1967 Probably late 
east side of Baby Creek. Follen well Leopold Cenozoic 
preserved, but scant (about 20 grains 
found). 

21 715-65 64O7.9' 141'9.98' Eagle A-1 Helen Foster 1965 D4010 Sandstone, gray, arkosic, interbedded in Estella B. 1967 Late Tertiary 
conglomerate at water level on west side of Leopold 
Baby Creek. 

22 8782202 64'43.7' 141°15.4' Eagle C-1 Yaeko Igarashi 1987 Sandy layer in weathered conglomerate Yaeko 1988 Probably late 
and exposed in old borrow pit on east side of Igarashi Tertiary 

Helen Foster Taylor Highway about 3 km south of Bluff 
creek. 

23 8782203 64'45.2' 14 1'13.6' Eagle D-1 Yaeko Igarashi 1987 Sandstone, coarse, interlayered in Yaeko 1988 Possibly late 
and conglomerate. Contains leaf impressions. Igarashi Tertiary 

Helen Foster From old borrow pit on east side of Taylor 
Highway on north side of Bluff Creek. 

24 8782204 64'46.1' 141°14' Eagle Dl Yaeko Igarashi 1987 Sandstone, fme-grained. Pollen is poorly Yaeko 1988 Probably late 
and prese~ed. From east side of Taylor Igarashi Tertiary 

Helen Foster Highway about 1.03 Ian north of Bluff 
creek. 

25 86AFr12 64'49.8' 143O26.2 Eagle D-5 Helen Foster 1986 Sandstone, light-gray, interlayered with Yaeko 1988 Probably late 
conglomerate which is composed mostly of Igarashi Tertiary 
granitic cobbles and boulders. A few 5- to 
84x1-thick reddish-brown stained 
fermginous layers. An isolated outcrop with 
beds dipping eastward about 23'. On east 
side of Charley River 5.5 km southeast of 
Copper Creek. 



Significance of Triassic Marble from Nakwasina Sound, 
Southeastern Alaska 

By Susan M. Karl, David A. Brew, and Bruce R. Wardlaw 

Abstract terpreted by Decker and Johnson (1981) to be a west- 

A Late Triassic (Karnian) conodont from marble at Nak- 
wasina Sound, 25 km north of Sitka on Baranof Island, south- 
eastern Alaska, provides the first age for in-place carbonate 
rocks of the Wrangellia or Chugach terranes on Baranof and 
western Chichagof Islands. Stratigraphic and structural evi- 
dence suggests that the marble is a fragment of Wrangellia 
that was tectonically incorporated into the Kelp Bay Group, 
which is part of an accretionary complex within the Chugach 
terrane on Baranof Island. Of the alternative models permit- 
ted by available data, field relations and vectors of oceanic 
plate motions best support the interpretation that the south- 
east Alaska segment of the Border Ranges fault formed ini- 
tially by convergence between the Chugach terrane and 
Wrangellia, and later underwent right-lateral reactivation or 
was cut by other right-slip faults. 

The Border Ranges fault marks a major tectonic 
boundary that extends for approximately 1,700 km from 
south-central to southeastern Alaska (fig. 1) (MacKevett 
and Plafker, 1974; Plaflrer and others, 1976; Decker and 
Johnson, 1981; Decker and Plafker, 1982). The fault, which 
was initiated in the Middle to Late Jurassic, separates the 
composite Alexander/Peninsular/Wrangellia terrane of 
Monger and Berg (1987) from an outboard accretionary 
complex represented by the Chugach krrane of Berg and 
others (1978). This tectonic boundary has a long and com- 
plicated subsequent history of transpression and is locally 
the site of reactivated contractional, extensional, and trans- 
lational faulting at least through the Paleogene (Littie and 
Naeser, 1989). Some segments of the fault in south-central 
Alaska indicate strike-slip motion followed by low-angle 
thrusting (Pavlis and Crouse, 1989), whereas high-angle 
reverse faulting followed by normal and (or) strike-slip 
movement is interpreted on other segments (Litde and 
Naeser, 1989). Interpretation of the character and relative 
movement history of the Border Ranges fault in southeast- 
em Alaska has been hindered by limited exposure and the 
uncertainty of various geologic constraints, On western 
Chichagof Island (fig. I), the Border Ranges fault was in- 

directed thrust fault that was later rotated more than 90 
degrees to a steeply west-dipping attitude. At two localities 
on northern Baranof Island, the Border Ranges fault was 
observed to have a shallow dip (Plafker and others, 1976), 
although it is vertical at Peril Strait and has a linear trace 
for much of its mapped extent. These observations permit 
the interpretation that the Border Ranges fault varies con- 
siderably in orientation, character, and movement history 
from place to place, and raise alternative possibilities such 
as interactions between the Border Ranges fault and younger 
strike-slip faults. 

Recognition of the Border Ranges fault on Chichagof 
Island depends on stratigraphic assignment of the Whitestripe 
Marble and Goon Dip Greenstone to the Wrangellia terrane 
(Plafker and others, 1976; Jones and others, 1977). In the 
absence of fossils, this assignment has been based on litho- 
logic similarities with type-Wrangellian rocks in south- 
central Alaska. In this report we present the first fossil 
evidence for the age of large marble blocks in the Kelp Bay 
Group, which is separated by a structure interpreted to be 
the Border Ranges fault from the rocks assigned to Wran- 
gellia on Chichagof Island. We discuss the implications of 
the fossil data for the question of correlations of the marble 
with the Whitestripe Marble or Wrangellian limestones and 
the implications for the identification of and local movement 
history on the Border Ranges fault. 

GEOLOGIC SETTING 

In southeastern Alaska, the rocks east, or inboard, of 
the Border Ranges fault (fig. 1) are interpreted to be the 
original "upper plate," representing the North American plate 
edge in the Middle to Late Jurassic (Plafker and others, 
1976). On Chichagof Island these rocks consist of the 
Whitestripe Marble, the Goon Dip Greenstone, and various 
metamorphic rocks with uncertain Paleozoic or Mesozoic 
protoliths that are basement to the marble and greenstone 
(fig. 1). The rocks west, or outboard, of the Border Ranges 
fault are interpreted to represent the "lower plate," which 
was accreted to the North American margin in the Late 

Significance of Triassic Marble from Nakwasina Sound, Southeastern Alaska 21 



Thrust fault-Sawteeth on upper plate 

I 0 50 KILOMETERS I 

22 Geologic Studies in Alaska by the U.S. Geological Survey, 1989 



Mesozoic. On Chichagof and Baranof Islands, these rocks 
compose an accretionary complex consisting of an inner 
(eastern) melange unit, the Kelp Bay Group, and an outer 
(western) flysch unit, the Sitka Graywacke (fig. 1). Because 
the Border Ranges fault is mostly vertical in orientation in 
southeastern Alaska, the terms "inboard" and 'outboard" 
are preferred for rocks on either side of this former plate 
boundary. 

INBOARD ROCKS 

On western Chichagof Island, the rocks inboard 
(east) of the Border Ranges fault, where it is interpreted to 
be a thrust fault (Plafker and others, 1976; Decker and 
Johnson, 1981), include the Goon Dip Greenstone and the 
Whitestripe Marble (fig. 1). These two units have been 
lithologically correlated with the Nikolai Greenstone and 
the Chitistone Limestone, respectively (Plafker and others, 
1976), and have been assigned to the Wrangellia terrane 
(Jones and others, 1977). 

The Whitestripe Marble forms a long, narrow, very 
prominent white stripe across western Chichagof Island. It 
is as much as 500 m wide, averages 100 m wide, and ex- 
tends intermittently for more than 50 km along strike (fig. 
1). The marble is massive to thick-bedded with bedding- 
parallel stylolitic partings and retains no sedimentary 
structures. It has yielded no megafossils or microfossils but is 
considered to be Triassic based on a coral of possible Triassic 
age in a boulder found in the Goon Dip River by Reed and 
Coats (1941). However, the boulder may have come from 
unnamed carbonate units or blocks in the Kelp Bay Group. 
The Whitestripe Marble is bounded by the Border Ranges 
fault on the west; its eastern contact with the Goon Dip 
Greenstone is conformable, sharp, and locally faulted. 

The Whitestripe Marble is intruded by mafic sills and 
dikes and by strongly altered and cataclasized diorite that is 
grayish green and medium grained. The diorite has a color 
index of 15 to 25 and contains homblende and biotite that 
is extensively altered to chlorite and epidote/clinozoisite. 
Owing to its extreme alteration, the diorite has not been 
dated, but it was assigned a Cretaceous age by Loney and 
others (1975) based on its similarity to other Cretaceous 
diorites nearby. However, some of the plutons interpreted 
by Loney and others (1975) as Cretaceous have been shown 
to be Jurassic in age (Karl and others, 1988). Petrologically 
similar diorite associated with massive marble similar to 
the Whitestripe Marble in Russell Fiord (several hundreds 
of kilometers to the north) yielded a 160f3 Ma K-Ar age 

(Hudson and others, 1977). The strongly altered and cata- 
clasized diorite on Chichagof Island was assigned a Creta- 
ceous(?) age by Johnson and Karl (1985), but we currently 
interpret the diorite as Jurassic(?) based on its similarity in 
composition and context to the diorites in Russell Fiord and 
to dated Jurassic plutons (Karl and others, 1988) on Baranof 
and Chichagof Islands. 

The Goon Dip Greenstone is mostly massive, dark 
grayish to olive green, locally amygdaloidal, and locally 
augite porphyritic. The greenstone consists of flows, sills, 
and flow breccias that are 1 to 5 m thick. Minor lenses of 
marble indicate that some flows were subaqueous; pipe 
vesicles and red, oxidized flow tops indicate that other flows 
were subaerial. Relict labradorite and augite laths are al- 
tered to epidote, actinolite, chlorite, albite, prehnite, calcite, 
pyrite, and sphene. Amygdules are filled with quartz, epidote, 
calcite, and prehnite. There are no fossil or radiometric ages 
from this unit. It is assigned a Triassic age based on its 
spatial association with the Whitestripe Marble (fig. 1) 
(Loney and others, 1975; Johnson and Karl, 1985). 

The Chitistone Limestone conformably overlies the 
Nikolai Greenstone at the Wrangellia type area. Assuming 
that the correlation of Jones and others (1977) is valid and 
that the Whitestripe Marble analogously overlies the Goon 
Dip Greenstone stratigraphically, then the present contact 
relations (fig. 1, cross section) require that the sequence 
must have been overturned, possibly in a fault-propagation 
fold along the Border Ranges fault, before the thrust fault 
was rotated to its present steeply west-dipping attitude. As no 
large folds have been identified in the marble and green- 
stone, a different interpretation for the orientation of the 
Border Ranges fault on Chichagof Island may be warranted. 
The thrust fault beneath the Wrangellian rocks may not be 
exposed, and the mapped fault may be either a slightly west- 
dipping strike-slip fault or a young, east-directed reverse 
fault that truncates the hypothetical unexposed thrust fault 

On Baranof Island, the rocks on the inboard (north) 
side of the Border Ranges fault include minor amounts of 
marble, greenstone, and amphibolite gneiss intruded by a 
large Jurassic tonalite body yielding K-Ar ages of 152k4 Ma 
for biotite and 1 5 1 s  Ma for hornblende (Loney and others, 
1967). This tonalite is gray, medium grained, hypidiomor- 
phic to seriate in texture, and well foliated. It has a color 
index of 20, with biotite dominating homblende, is locally 
altered to chlorite and epidote/clinozoisite, and locally has 
a cataclastic texture (Loney and others, 1975; Johnson and 
Karl, 1985). Diorite is a rare phase in this pluton, but the 
possibility that the strongly altered and cataclasized diorite 
described above is related to this pluton cannot be ruled out. 

(~igure 1. Generalized geologic map of western Chichagof 
OUTBOARD ROCKS 

and Baranof Islands, modified from Loney and others (1 975) 
and Johnson and Karl (1985). BRF, Border Ranges fault; NSF On Chichagof Island, the rocks outboard (west) of the 
Neva Strait,,Slocum Arm fault; PSF, Peril Strait fault. Border Ranges fault consist of a tectonic collage of kilo- 
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meter-scale blocks with no matrix, a mblange of meter- to 
kilometer-scale blocks within a matrix, and a thick sequence 
of graywacke turbidites, which together compose an accre- 
tionary complex. The blocks in the collage and the melange 
consist of greenstone, greenschist, blueschist, marble, chert, 
graywacke, and pelitic phyllite. The matrix of the mblange 
is composed of argillite, tuff, and graywacke. The collage is 
informally named the Freeburn assemblage (Johnson and 
Karl, 1985), and the melange is the Khaz Formation of 

Loney and others (1975); both are parts of the Kelp Bay 
Group of Johnson and Karl (1985). Large blocks of marble 
in both the collage and the melange have been lithologically 
correlated with the Whitestripe Marble, and the associated 
blocks of greenstone with the Goon Dip Greenstone (Loney 
and others, 1975). The large blocks of marble and greenstone 
were interpreted by Plafker and others (1976) to be klippen 
of the Wrangellian rocks. None of the Jurassic(?) strongly 
altered and cataclasized diorite has been identified as blocks 

5 KILOMETERS 
O- 

Figure 2. Geologic map of Nakwasina Sound area showing fossil location (F). BRF, Border Ranges fault. See figure 1 for 
explanation. Qu, Quaternary undifferentiated. 
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in the Freeburn assemblage or the Khaz Formation on 
Chichagof Island, although it forms large blocks in the 
correlative melange facies of the Yakutat Group to the north 
in Russell Fiord, as well as forming large blocks in melange 
in undivided rocks of the Kelp Bay to the south in Nakwasina 
Sound on northern Baranof Island. 

Strongly cataclasized and altered (hornblende) diorite 
in the vicinity of Nakwasina Sound (fig. 2) contains inclu- 
sions of marble and greenstone ranging in scale from 1 to 
100 m. This diorite occurs only as tectonic blocks in 
melange. Marble, greenstone, and volcaniclastic metasedi- 
mentary rocks also occur as separate blocks in the melange. 
All of these blocks are found in a melange matrix of argil- 
lite and tuffaceous argillite in the Kelp Bay Group on north- 
ern Baranof Island. The formation of this melange is 
considered to extend at least from the Jurassic (Brew and 
others, 1988) to the mid-Cretaceous. A mid-cretaceous ac- 
cretionary age is bracketed by the youngest (Early Creta- 
ceous) fossil ages (Johnson and Karl, 1985) and by K-Ar 
isotopic ages of 91 to 106 Ma for metamorphosed rocks 
(Decker and others, 1980). 

ACE AND DESCRIPTION OF THE FOSSIL 
LOCALITY AT NAKAWASINA SOUND 

Marble occurs as large inclusions within altered dio- 
rite along the shores of Nakwasina Sound (fig. 2). The marble 
at location F (fig. 2) is well-foliated and cut by dikes of 
ma6c rock. It contains millimeter-scale light-gray and me- 
dium-gray laminations, layers of volcanic breccia mixed 
with calcareous breccia, and layers of monomictic carbon- 
ate breccia with clasts less than 8 cm in diameter. Adjacent 
to the marble (contact unexposed) and also included in the 
diorite is greenstone with relict pillow structures. A poorly 
preserved conodont fragment, identified as Neogondolella 
or possibly primitive Epigondolella of N. polygnathiformis 
plexus, indicates a Late Triassic Karnian age for a 30-m 
inclusion of this marble within a diorite body on the south- 
east shore of Nakwasina Sound (fig. 2, location F). The 
conodont has a color alteration index (CAI) of 6.5, which is 
attributed to the intrusion by the pluton. 

The marble and diorite in Nakwasina Sound have been 
mapped as part of the Kelp Bay Group, which is part of the 
accretionary complex outboard of the Border Ranges fault. 
The association of this marble with the greenstone and with 
the cataclastic altered diorite is similar to the lithologic as- 
sociations of the Whitestripe Marble, and on this basis the 
marble is inferred to be correlative with the Whitestripe 
Marble, which is mapped inboard of the Border Ranges 
fault (fig. 1). This correlation suggests that the Whitestripe 
Marble may also be Late Triassic in age. The chain of 
evidence is tenuous, but important, because there are no 
other ages for the marbles in this particular geologic context 
on western Chichagof and northern Baranof Islands. 

DISCUSSION 

The Triassic age of the marble in Nakwasina Sound 
and its association with greenstone and diorite suggest that 
these tectonic blocks in the Kelp Bay Group melange are 
derived from the inboard side of the Border Ranges fault 
and represent Wrangellian rocks. The rocks are intensely 
cataclasized, and geologic mapping indicates that they are 
not klippen because all the contacts with the melange are 
vertical and that they are translated as blocks along the 
younger right-lateral Neva Strait/Slocum Arm fault system 
of Loney and others (1975). Faulted contacts between the 
marble/greenstone/diorite blocks and the melange could be 
(1) primary fault contacts of blocks of the inboard plate 
tectonically kneaded into the accretionary complex (fig. 3A), 
(2) secondary faults cutting through the accretionary com- 
plex (fig. 3B), or (3) segments of the Border Ranges fault 
that have been translated into the accretionary complex by 
post-mid-Cretaceous strike-slip faults (fig. 3C). 

The history of displacement on segments of the Bor- 
der Ranges fault in southeastern Alaska can be inferred 
from geologic relations and relative plate motions between 
the Pacific, Kula, Farallon, and North American plates as 
interpreted by Wallace and Engebretson (1984). The Juras- 
sic to Cretaceous age of the Kelp Bay Group (Brew and 
others, 1988) suggests that the convergent phase of the fault 
history began in the Jurassic. The mid-cretaceous isotopic 
ages for metamorphic minerals in the Kelp Bay Group 
(Decker and others, 1980) may indicate the culmination of 
this convergent phase. The Neva StraitDlocum Arm fault 
of Loney and others (1975) is a major young right-lateral 
system on Baranof and Chichagof Islands (fig. 1) that offsets 
the contact between the flysch (Sitka Graywacke) and the 
melange (Kelp Bay Group) facies of the accretionary 
complex, and possibly segments of the Border Ranges fault 
as well. Right-lateral faults of uncertain age along Lisianski 
Inlet (such as the Peril Strait fault) (fig. 1) also offset the 
Border Ranges fault. At Lake Elfendahl on Chichagof Island 
(fig. l), the Border Ranges fault has been intruded by an 
undeformed middle Tertiary granodiorite pluton, which 
provides a minimum age for displacement at that locality. 

Vectors of Kula and Farallon plate motions as they 
interacted with the North American plate at the latitude of 
southeastern Alaska, as determined by Wallace and Enge- 
bretson (1984), are shown in figure 4. Prior to 85 Ma, the 
Farallon plate was obliquely underthrusting all of western 
North America. At about 92 Ma it was converging with 
southeastern Alaska in fairly dominant compression at a 
rate of about 100 k4m.y. (dashed arrow, fig. 4). A conver- 
gent and possibly thrusted contact would be expected 
between the continental margin and an accretionary com- 
plex, and the mid-Cretaceous metamorphic ages for the Kelp 
Bay Group (Decker and others, 1980) support this interpre- 
tation. After 85 Ma, the Kula plate was interacting more 
obliquely with southeastern Alaska than the Farallon plate 
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had done. The rate of transpression of the Kula plate reached 
a peak of about 200 km/m.y. between 56 and 46 Ma. After 
the subduction of the Kula ridge beneath southern Alaska 
(Byme, 1979), at about 45 Ma, there was a pronounced 
shift to right-lateral transform motion between the Kula plate 
and southeastern Alaska at a rate of a little over 10 km/m.y. 
The right-lateral faulting on western Chichagof and Bara- 
nof Islands that reactivated and (or) redistributed the Border 
Ranges fault was probably initiated during this middle Ter- 
tiary reorientation of plate motions. 

EXPLANATION 

Melange 

Marble 

a Greenstone 

Diorite 

- Contact - Fault 

@ Block moving away 

a Block moving toward 

BRF Border Ranges fault 

Figure 3. Hypothetical cross sections 
through fossil locality (F, fig. 2) on 
Baranof Island. A, Fault-bounded blocks. 
B, Truncated Border Ranges fault. C, 
Border Ranges fault rotated to vertical 
and repeated by young right-lateral fault. 

SUMMARY AND CONCLUSION 

A distinctive lithologic association of massive to thick- 
bedded marble, mafic flows, and cataclasized diorite forms 
the originally upper inboard plate to the Border Ranges 
fault on Chichagof and Baranof Islands. Although this suite 
of rocks is undated, it is lithologically correlated with Tri- 
assic greenstones and limestones of the Wrangellia terrane 
(Jones and others, 1977). Blocks of similar marble, green- 
stone, and cataclastic diorite are found in the melange form- 
ing the originally lower outboard pIate to the Border Ranges 
fault on Chichagof and Baranof Islands. These blocks have 
been variously interpreted as klippen or as tectonic inclu- 
sions derived from the inboard plate (Loney and others, 
1975; Plafker and others, 1976; Johnson and Karl, 1985). A 
single Late Triassic conodont from a marble and greenstone 
inclusion in a large diorite block in the melange of the 
outboard plate provides the first in-place age information 
for any marbles on western Chichagof and Baranof Islands. 
This marble block is correlated with the undated Whitestripe 
Marble of Chichagof Island. Although the marble dated is a 
block in the accretionary complex of the outboard plate, its 
geologic context is interpreted to represent derivation from 
the Wrangellian rocks of the inboard plate. 

Post-Cretaceous right-slip faults of the northwest- 
trending Neva Snait/Slocum Arm fault system cut and off- 
set rocks within the Kelp Bay Group melange, its western 
contact with the Sitka Graywacke, and its eastern contact 
with the composite WrangelliaJAlexander terrane, which is 
represented by the Border Ranges fault. Thus, Wrangellian 
blocks may not have been incorporated into the Kelp Bay 
Group during subduction or accretion but may instead have 
been tectonically incorporated by post-accretion strike-slip 
faulting. 
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Geochemistry and Paleotectonic Implications of 
Metabasaltic Rocks in the Valdez Group, Southern Alaska 

By John S. Lull and George Plafker 

Abstract 

A belt of metabasaltic rocks approximately 600 km long 
and up to 4 km in structural thickness is discontinuously 
exposed along the southern margin of the accretionary assern- 
blage that composes the Upper Cretaceous Valdez Group. 
The metabasalt is structurally overlain to the north succes- 
sively by mixed metabasaltic tuff and flysch up to 3 km in 
thickness and a sequence of andesitic volcaniclastic flysch up 
to 15 km in thickness. 

The metabasaltic rocks are mostly of greenschist grade, 
locally amphibolite grade, and occur as pillow flows, brec- 
cias, dikes, and extensive thin tuffaceous units interbedded 
with flysch. They are impoverished in high-field-strength 
elements, depleted in light rare-earth elements relative to heavy 
rare-earth elements, and compatible with an island-arc tholei- 
ite origin. Rare andesitic metatuff of the Valdez Group i s  calc- 
alkalic and probably derived from the Andean-type arc from 
which the Valdez sediments were eroded; it is not considered 
to be genetically related to the metabasalt. 

We interpret the metabasalt of the Valdez Group to be 
the remnant of a primitive intraoceanic island arc, which 
formed within the Kula plate during Campanian to early 
Maastrichtian time and subsequently migrated toward an 
Andean-type continental margin. Basaltic flows and tuff from 
the intraoceanic arc were mixed with deep-sea fan deposits 
of continent-derived andesitic sediments and tuff as the island 
arc approached the continent. Arc-continent collision in lat- 
est Cretaceous to early Paleocene time resulted in successive 
offscraping and accretion to the continental margin of the 
flysch, mixed flysch and basaltic tuff, and basalt that make up 
the Valdez Group. 

INTRODUCTION 

Metabasaltic rocks and metadiabase occur within the 
Valdez Group of southern Alaska. The Valdez Group is a 
fault-bounded deep-sea accretionary assemblage, up to 20 
km in thickness (all thicknesses quoted are structural thick- 
nesses), of Upper Cretaceous flysch and minor oceanic ba- 
salt which makes up the main bulk of the Chugach terrane 
(Plafker and others, 1989). It is bounded on the north by the 
Border Ranges fault and on the south by the Contact fault 
(fig. 1). The basaltic rocks occur as metatuff interbedded 

with metasedimentary rocks, pillow flows and breccia, and 
diabasic intrusions. They are mostly restricted to the south- 
ern part of the Valdez Group and form a sequence up to 3- 
4 km in thickness along the southern margin of the Chugach 
terrane (Winkler and Plafker, 1981; fig. 1). Interbedded ba- 
saltic metatuff and flysch are present just north of the more 
massive metabasalt and form a zone up to 3 km thick. 
Layers of metatuff are sparsely distributed within the flysch 
north of this zone but are rare to absent in the northernmost 
part of the Valdez Group. 

The basaltic rocks of the Valdez Group have been 
metamorphosed to greenschist facies and locally to amphib- 
olite facies. They have been multiply deformed by under- 
thrusting and accretion along the southern margin of Alaska 
(Nokleberg and others, 1989). This report presents petro- 
graphic and geochemical data on five samples of metabasaltic 
rocks collected from the Chugach Mountains for the Trans- 
Alaska Crustal Transect and four samples previously col- 
lected from the Yakutat area. 

The metabasalts are fine grained with well-developed 
schistosity and microfolds. They are composed of (in ap- 
proximate order of abundance) fibrous actinolite, chlorite, 
albite, and epidote + quartz, white mica, iron oxide, and 
pyrite. The metadiabase is slightly foliated, fine to medium 
grained, and consists of actinolite, albite, chlorite, and epi- 
dote. Amphibolite (fig. 1, no. 7) is fine grained and slightly 
foliated. It contains hornblende and plagioclase, with minor 
sphene and iron oxide. The meta-andesite (fig. 1, no. 9) is 
very fine grained and schistose and exhibits relict volcani- 
clastic texture indicating a tuff or volcanogenic siltstone 
protolith. It is primarily composed of chlorite, albite, and 
epidote. 

GEOCHEMISTRY 

Chemical analyses are shown in table 1 for three 
samples of metabasalt (fig. 1, nos. 2,3,5) and two of meta- 
diabase (nos. l ,  4) from the type area of the Valdez Group 
near Valdez and for three samples of metabasalt (nos. 6,7, 
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8) and one meta-andesite (no. 9) from the Yakutat area. For 
the metabasalt and metadiabase, SiO, ranges from 48.5 to 
53.7 percent (all figures given in volatile-free weight 
percent), K,O from 0.04 to 0.4 percent, and TiO, from 0.4 to 
1.2 percent. The meta-andesite has 61.5 percent SiO,, 0.76 
percent %0, and 0.74 percent TiO,. The six samples with 
less than 52 percent SiO, are olivine normative, and the 
other three samples (including the andesite) are quartz nor- 
mative. These rocks also contain from 1 to nearly 4 percent 
H,O, and the meta-andesite contains 4 percent CO,. The 
metabasaltic rocks show a tholeiitic trend on an AFM 
diagram (not shown), and the meta-andesite plots as calc- 
alkalic. On a discrimination plot using TiO,, MnO, and P,O,, 
elements considered to be relatively immobile during meta- 
morphism (Mullen, 1983), the metabasalts plot mainly in 
the island-arc tholeiite (IAT) field with slight overlap into 
the calc-alkalic basalt (CAB) field (fig. 2). On this diagram, 
and on discrimination plots that follow, the metabasalt of 
the Valdez Group differs significantly from the midocean 
ridge metabasalts of the McHugh CompIex and schist of 

Liberty Creek, which form the northernmost part of the 
Chugach terrane. 

These rocks are best characterized using relatively 
immobile trace elements such as the high-field-strength ele- 
ments (HFSE: Ti, Zr, Hf, Nb, Ta) and the rare-earth ele- 
ments (REE), due to possible mobilization of major oxides 
during metamorphism and alteration. The metabasalts and 
metadiabase of the Valdez Group are all impoverished in 
HFSE. Chondrite-normalized REE abundances (fig. 3) are 
low, with depletion of light rare-earth elements (LREE) 
relative to heavy rare-earth elements (HREE) (La 1-7x 
chondrites, Lu 9-20x chondrites, (La/Sm)n = 0.3-0.7). 

Metabasalts from the type area and Yakutat area have 
very similar REE patterns. The two metadiabase samples 
(plotted separately on fig. 3) show the same REE pattern as 
the metabasalts but have slightly lower REE abundances. 
The meta-andesite is enriched in LREE relative to HREE. 

On a spidergram plot (fig. 4) metabasaltic samples 
from the type area show a Nb-Ta trough, characteristic of 
island-arc rocks; the Yakutat basalts are not plotted because 

Figure 1. Index map showing regional extent of metabasaltic rocks of the Valdez Group (lined areas). Type area for the 
Valdez Group is northern Prince William Sound and Valdez area. Major terranes also shown. Numbered localities (dots) 
on map correspond to localities discussed in text and described in table 1. Samples from localities 1 and 4 are 
metadiabase; sample from locality 9 is meta-andesite. All others are rnetabasalt. Faults and thrust faults dashed where 
approximate; sawteeth on upper plate; arrows show direction of relative movement. 
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Table 1. Major oxide (normalized 100% volatile-free) and minor element composition of metabasaltic rocks of the Valdez 
Group from southern Alaska 

[Analyses by U.S. Geological Survey. Major oxides (XRF) by A.J. Bartel, K. Stewart, J. Taggart, and R.V. Mendes (Lakewood, Colo.). Volatiles by L. 
Espos, P. Klock, and S. MacPherson (Menlo Park, Calif.). Cu, Ni, Sc (optical spectroscopy) by P.H. Briggs (Lakewood, Colo.) and J. Consul, R. Lemer. 
and R. Mays (Menlo Park, Calif.). Sr, Zr. Y, Ba (EDXRF) by T. Frost, J.R. Lindsay, and D. Vivit (Menlo Park, Calif.). Rare earth elements and 
remaining trace elements (INAA) by J. Budahn, R. Knight, and D.M. McKown (Lakewood, Colo.). For Yakutat area samples: XRF by V.G. Mossoti and 
G. Kawakita (Menlo Park. Calif.). Volatiles by P.J. Lamothe, V. McDaniei (Men10 Park, Calif.). INAA by L.J. Schwan. (Reston, Va.). For description of 
methods see Baedecker 1987)J 

Tvw area Yakutat area 
Map no. 1 2 3 4 5 6 7 8 9 

- -- 

Sample No. 85APrl64C 85ARh121 84APr48D 85ARh119 85APrl06 80APr40A 78APrl2A 78APr5 78APr7 

Lithology Metadiabase Metabasalt Metabasalt Metadiabase Metabasalt Metabasalt Metabasalt Metabasalt Meta-andesite 
- -- - - - - - - - - 

MAJOR OXIDE COMPOSITION (dry wt 46) 

aq 
A1203 
F??% 
FeO 
MgO 
cao 
NrlLO 
K20 
Ti@ 
P205 
MnO 

90+ 
%a 
c"2 

MINOR ELEMENT COMPOSITION (ppm) 
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MnO 
x 1 0  

Figure 2. MnO-Ti0,-P 0, ternary diagram (rocks with 45 to 54 percent SiO,) for 
metabasaltic rocks of the Valdez Group. Fields from Mullen (1 983). IAT, island-arc 
tholeiite; MORB, midocean ridge basalt; CAB, calc-alkalic basalt. OIT, ocean-island 
tholeiite; OIA, ocean-island alkali basalt. Squares, average values for six samples of 
metabasalt from Triassic to Cretaceous McHugh Complex ( K M )  and three samples from 
Jurassic schist of Liberty Creek Ulc). S e  figure 1 for sample localities. 

both Nb and Ta are below detection limits. However, the 
trough is somewhat broader than for typical arc rocks and 
includes La. La/Ta ratios (20-23) are low compared to most 
arc basalts (Wood and others, 1979), but the ratios may not 
be meaningful at such low absolute abundances. 

On discrimination diagrams using Ti, Zr, and Y (figs. 
5 and 6A), the metabasalts from the type area plot in and 
near the field for IAT, and the samples from the Yakutat 
area plot mostly in the overlap field between IAT and 
midocean ridge basalt (MORB). Two samples (fig. 1, nos. 1 
and 3) with detectable Th plot as primitive arc tholeiites on 
a Th-Hf-Ta diagram (fig. 6B).  The meta-andesite plots well 
into the calc-alkalic field on all four diagrams. 

There is some difficulty in distinguishing IAT from 
MORB, especially for metamorphic rocks, and we recog- 
nize that discriminant plots are only approximate indicators 
of paleotectonic regime because they are based on a limited 
set of analyses of fresh, unmetamorphosed basalts. The 
diagrams do indicate that the Valdez metabasaltic rocks are 
significantly depleted in high-field-strength cations, par- 
ticularly Ti, Zr, and Ta, relative to MORB. The metabasalts 
could be transitional between IAT and MORB, but with a 
strong IAT signature. In general, metabasalts of the Valdez 
Group are compositionally similar to basaltic lavas of the 
Pleistocene to Holocene Tonga-Kermadec arc, which are 

Yakutat area meta-andesite (No. 9) '01 \l 

La Ce Nd Sm Eu Gd Tb Yb Lu 

RARE-EARTH ELEMENTS 

Figure 3. Chondrite-normalized rare-earth element plot for 
metabasaltic rocks of the Valdez Group. Chondrite values 
xl.31, from Anders and Ebihara (1 982). See figure 1 for sample 
localities. 
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thought to have been derived through partial melting 
of depleted lhermlite in the mantle wedge (Ewart and 
Hawkesworth, 1987). In contrast, metabasalts of the 
McHugh Complex and the schist of Liberty Creek, which 
were accreted inboard of the Valdez Group and make up 
the northernmost part of the Chugach terrane (Plafker 
and others, 1989), have slightly higher REE abundances 
than those of the Valdez Group and plot mostly within 
MORB fields on various discrimination diagrams (figs. 2,5, 
and 6). 

The andesitic sample is calc-alkalic, clearly arc- 
derived, and probably unrelated to the metabasalts. We 
interpret it as an ash-fall deposit or an epiclastic tuff derived 
from the Andean-type arc that is believed to have supplied 
the volcaniclastic sediments that compose most of the Valdez 
Group (Plaflcer and others, 1989). 

TECTONIC INTERPR€TATION 

In order to reconstruct the paleotectonic setting for 
metabasaltic rocks of the Valdez Group the following facts 
must be considered: 

1. Based on the geochemistry, the metabasalt is com- 
patible with a primitive island-arc origin, and the analyzed 
samples are compositionally similar. 

2. Pillow flows, breccia, and dibase form a belt more 
than 600 km long and up to 4 km in structural thickness 
along the southern (outer) margin of the accretionary prism 
that makes up the Chugach terrane. 

3. Just north of this belt is a zone up to 3 km in struc- 
tural thickness in which metabasaltic tuffs and flows of the 
same composition as the more massive metabasalts are in- 
terbedded with the flysch sequence. 

ELEMENT 

Figure 4. Chondrite-normalized, trace-element abundance plot (spider diagram) for metabasaltic 
rocks of the Valdez Group. Normalized using values from Thompson and others (1 984). See 
figure 1 for sample localities. 
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4. The tuffaceous metabasalts occur as extensive beds 
from a few centimeters to 100 m thick that are intimately 
interbedded with the flysch. 

5. Geochemistry of flysch of the Valdez Group (Plafker 
and others, 1989) and sedimentological studies (Zuffa and 
others, 1980) indicate that the flysch source was a dissected 
Andean-type arc. 

The three most likely paleotectonic environments for 
the basaltic rocks of the Valdez Group are (1) midocean 
ridge, (2) near-trench volcanism, and (3) primitive in- 
traoceanic island arc. For reasons discussed below, we feel 
that an island-arc origin best fits the data. 

If the rnetabasalt is assumed to be oceanic crust gen- 
erated at a spreading ridge, it is difficult to explain the IAT 
geochemical signature, why such a laterally continuous layer 
of basaltic rocks was accreted rather than subducted, and 
the presence within the flysch of extensive thin tuffaceous 
beds that are geochernically identical to the metabasalt. Near- 
trench volcanism in southern Alaska as a result of ridge- 

Within plate 
Jlc avg 

Midocean ridge 
basalts 

Island-arc tholeiites 
100 1000 

ZIRCONIUM, IN PARTS PER MILLION 

1  1 " ' 1 1 ' 1 ' 1 ' " 1  
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Figure 5. Discrimination diagrams for metabasaltic rocks of 
the Valdez Group. Squares, average values for six samples of 
metabasalt from Triassic to Cretaceous McHugh Complex 
( K h )  and three samples from Jurassic schist of Liberty Creek 
(Jlc). A, Zirconium/yittrium versus zirconium. Fields from 
Pearce and Norry (1979). B, Titanium versus zirconium. Fields 
from Pearce and Cann (1 973). See figure 1 for sample localities. 

trench interaction has been postulated for the Paleocene 
(Marshak and Karig, 1977; Lonsdale, 1988), and lavas 
erupted in this setting have been shown to exhibit chemical 
characteristics differing from MORB (Moore and others, 
1983). However, the position of the Kula-Farallon ridge or 
other ridges relative to the Chugach krrane during the Late 
Cretaceous is unknown. If ridge-trench interaction and sedi- 
ment contamination of a MORB magma did take place, 
greater compositional diversity and more siliceous lavas 
would be expected than are observed for Valdez Group 
volcanic rocks. Furthermore, it is unlikely that ridge-trench 
interaction could account for the large regional extent and 
linearity of the basaltic sequence. 

Our preferred interpretation is that the metabasaltic 
rocks of the Valdez Group are the remnants of a primitive 
intraoceanic island arc that was accreted along the seaward 
margin of the dominantly clastic sequence that makes up 
most of the Valdez Group. The island arc is inferred to 
have developed during Campanian to early Maastrichtian 
time within the Kula plate subparallel to a coeval north- 
west-trending andesitic arc along the continental margin. 
Our model for the evolution of the Valdez Group is shown 
diagrammatically in plan view (fig. 7) and in cross section 
(fig. 8) for three time intervals in the Late Cretaceous and 
early Tertiary. 

From the Campanian through the early Maastrichtian, 
sediment deposited on the ocean floor by both arcs was 
physically separated with probable offscraping and accre- 
tion of flysch and rare andesitic tuff on the inner wall of the 
continental margin arc. After the island arc migrated close 
enough to the continent, continent-derived deep-sea fans of 
dominantly volcaniclastic flysch began to mix first with 
island-arc-derived basaltic tuff and later with the island-arc 
basalt (figs. 7A, 8A). The present distribution of deep-sea 
fans in the northeastern Pacific Ocean indicates that such 
fans can extend offshore 1,000 km or more. 

By the end of the Cretaceous or earliest Paleocene, 
continuous subduction of the Kula plate resulted in succes- 
sive accretion of the flysch, mixed flysch and basaltic tuff, 
and island-arc basalt that compose the Valdez Group (figs. 
7B,8B). 

The occurrence of a narrow flysch zone seaward of 
the metabasalt (fig. 8C) suggests that as the island arc ap- 
proached the continental margin, the deep-sea fans locally 
were thick enough to flow across low areas in the island arc 
and onto the ocean floor seaward of the island arc. We 
speculate that it was the thickness of the island-arc sequence 
that prevented it from being completely subducted with the 
Kula plate oceanic crust upon collision with the continental 
margin. 

During the Paleogene, the Gulf of Alaska margin was 
affected by counterclockwise rotation of the western limb 
of the Alaska orocline, about 400 km of dextral offset on 
the Denali fault, and continuing rapid underthrusting of the 
Kula plate beneath the continental margin with accretion of 
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Figure 6. Ternary discrimination diagrams for metabasaltic rocks of the Valdez 
Group. Squares, average values for six samples of metabasalt from Triassic to 
Cretaceous McHugh Complex ( K m )  and three samples from Jurassic schist of Lib- 
erty Creek (Ilc). A, Titanium-zirconiumyittrium. Fields from Pearce and Cann (1 973). 
B, Thorium-hafnium-Tantalum. Fields from Wood (1 980). See figure 1 for sample 
localities. 
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the Orca Group against and beneath the Valdez Group (fig. 
7 0 .  These processes were accompanied by steepening and 
local refolding of structures in the accretionary prism and 
by metamorphism and anatectic plutonism that have resulted 
in the present distribution and structure of the metabasaltic 
rocks in the Valdez Group (fig. 8 0 .  

A major unresolved question is: Why does the meta- 
basalt unit terminate abruptly near the Valdez area in east- 
ern Prince William Sound? One possibility, indicated 
schematically in figure 7A, is that the island arc did not 
extend any farther west because it was bounded by an arc- 
trench transform in this region. An alternative is that the 
island arc did extend farther west, but the western part of 
the arc was entirely subducted. Geophysical studies of the 
deep crust now underway in the Prince William Sound region 
as part of the Trans-Alaska Crustal Transect Program may 
eventually provide data on which a choice between these 
alternatives can be made. 
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Oligocene Age of Strata on Unga Island, 
Shumagin Islands, Southwestern Alaska 

By Louie Marincovich, Jr. and Virgil 0. Wiggins 

Abstract 

Marine mollusks, dinocysts, and pollen of early Oligo- 
cene age are present in the Stepovak Formation on Unga 
Island, Shumagin Islands, southwestern Alaska. On the basis 
of pollen and marine dinocysts, these Stepovak strata, in the 
coastal West Head stratigraphic section of northeastern Unga 
Island, correlate with the lowermost part of the type section 
of the Unga Conglomerate Member of the Bear Lake Formation 
at Zachary Bay. The early Oligocene age of the lowermost 
part of the Unga Conglomerate Member at Zachary Bay is 
supported by a potassium-argon age of 31.3f0.3 Ma from 
biotite in a tuff bed. Stratigraphically higher beds in the Unga 
type section contain late Oligocene palynomorphs and 
megafloral remains. The marine and nonmarine Stepovak and 
Unga biotas correlate with faunas and floras of adjacent North 
Pacific and Arctic Ocean regions. 

INTRODUCTION 

Marine strata of Oligocene age crop out extensively 
on the Alaska Peninsula of southwestern Alaska (fig. 1) and 
have mostly been assigned to the Stepovak Formation of 
Burk (1965). Age assignment of these Oligocene marine 
strata is based principally on mollusks (Burk, 1965; Lyle 
and others, 1979). In many instances, precise dating of Oli- 
gocene faunas has not been possible, owing to poor knowl- 
edge of molluscan faunas in adjacent North Pacific regions. 
In recent years, published and unpublished studies have 
greatly expanded knowledge of the age and stratigraphic 
relations of molluscan and microfossil faunas and floras in 
southern Alaska and adjacent regions. Stepovak biotas con- 
taining age-diagnostic species that co-occur in adjacent Noah 
Pacific regions may now be more precisely dated. Studies of 
Oligocene marine dinoflagellates and nonmarine palyno- 
morphs have helped to refine the ages of Stepovak strata 
and correlative stratigraphic units on Unga Island. 

UNCA ISLAND OLIGOCENE STRATA 

The best preserved Stepovak molluscan faunule on 
Unga Island is in the West Head stratigraphic section of 
Burk (1965) (fig. 1). Palynomorphs and marine dinoflagel- 

lates also are abundantly present. This diverse and abun- 
dant biota is the basis for the age inferences presented here. 
The most abundant mollusk in the West Head fauna is Ostrea 
gackhensis L. Krishtofovich, which occurs as a biostrome. 
Other abundant mollusks include the bivalves Cyclocardia 
ezoensis (Takeda) and Papyridea harrimani @all), as well 
as the gastropods Neverita washingtonensis (Weaver) and 
Polinices lincolnensis (Weaver). The type locality of 0. 
gackhensis in the Gakhinsk Formation of western Kamchatka 
contains mollusks correlative with early Oligocene faunas 
in the Gakkha and Amana Formations of western Kamchatka 
and the Poronai Formation of central Hokkaido (Gladenkov 
and others, 1988; A.I. Kafanov, written commun., 1989). 
Cyclocardia ezoensis has been reported in numerous Oligo- 
cene formations in Sakhalin and Hokkaido (Takeda, 1953), 
including the Charo and Nuibetsu Formations of eastern 
Hokkaido and the Poronai Formation of central Hokkaido 
(Honda, 1986), that have been dated as early Oligocene 
using planktonic foraminifers (Kaiho, 1984). Papyridea 
harrimani also occurs in the lower Oligocene Nuibetsu 
Formation of eastern Hokkaido, as well as in lower 
Oligocene strata of the Machigar Formation of Sakhalin 
and the Mallen and Ionai Formations of the Koryak Uplands, 
USSR (Devyatilova and Volobueva, 1981). The two gastro- 
pods have overlapping chronostratigraphic ranges in early 
Oligocene faunas of Oregon and Washington (Marincovich, 
1977). Based on relatively small collections, the Stepovak 
Formation mollusks from the West Head stratigraphic section 
were thought to be of "probably late middle Oligocene" age 
by MacNeil (in Burk, 1965). Much larger and more diverse 
collections made in recent years clearly indicate an early 
Oligocene age (following the two-fold division of the Oli- 
gocene in Palmer, 1983) based on correlations with faunas 
of both the northwestern and northeastern Pacific regions. 

Oligocene fossils on Unga Island are present not only 
in the Stepovak Formation but also in the type section of 
the Unga Conglomerate Member of the Bear Lake Forma- 
tion. The type section of the Unga is the Zachary Bay strati- 
graphic section of Burk (1965). which is on the west side of 
Zachary Bay on Unga Island (fig. 1). Burk (1965) noted 
that this section is 244+ meters ("800+ feet'? thick, and 
Lyle and others (1979) (who referred to it as the White 
Bluff stratigraphic section) cited a thickness of up to 289 
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meters (948 feet) not including an "interval of unknown 
extent" consisting of inaccessible vertical cliffs. The Zachary 
Bay type section of the Unga was assigned a Miocene age 
by Dall(1896,1904), due to his mistaken belief that Miocene 
marine mollusks had been found in this section. Assignment 
of a Miocene or possible Miocene age to these outcrops 
was repeated by later workers (Burk, 1965; Lyle and others, 
1979) even though there were doubts about Dall's (1896, 
1904) report of Miocene marine mollusks at this locality. 
All other outcrops of the Bear Lake Formation that contain 
marine mollusks, including those that have been assigned 
to the Unga Conglomerate. Member (Burk, 1965), are of 
middle or late Miocene age (Matincovich and Kase, 1986; 
Marincovich, 1988; Marincovich and Powell, 1989). 

The Zachary Bay strata assigned to the Unga Con- 
glomerate Member by Burk (1965) were first studied by 
W.H. Dall between 1865 and 1899 @all, 1896,1904). Based 
on the presence of sparse plait megafossils in the lower 
part of the Zachary Bay section, Dall(1896, p. 842) assigned 
most of these strata to the Kenai Group of Cook Inlet (fig. 

1) that he thought to be of Oligocene age. The only marine 
mollusks reported by Dall (1896, 1904) from the Zachary 
Bay section supposedly came from a 0.3-meter ("one-foot- 
thick") sandstone bed that he stated to be in about the middle 
of the uppermost 61 meters (200 feet) of the Zachary Bay 
section. Dall (1896, 1904) referred to this thin sandstone 
bed as the "Crepidula bed," due to the abundance of a gas- 
tropod he identilied as Crepidula praerupta Conrad. Dall and 
Harris (1892) had previously noted the presence of a 
Crepidula bed on the coasts of northeastern Unga Island 
and northern Popof Island, in strata now assigned to the 
Stepovak Formation (Buk, 1965). Dall(1896, p. 842,846) 
listed 19 marine molluscan taxa from Unga Island, but did 
not cite exact localities, and assigned them to his Astoria 
Group based on their similarity to fossils from the Miocene 
Astoria Formation of Oregon and Washington. The mollusks 
listed by Dall (1896) are mostly well-known species that 
occur in Miocene and younger deposits of the Alaska 
Peninsula (Marincovich, 1983; Marincovich and Powell, 
1989), including Mytilus middendot# (Grewingk), Musculur 
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Figure 1. Index map showing location of Unga Island and nearby place names. 
Dots indicate fossil sample localities. 
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niger (Gray), Serripes groenlandicus (Bruguiere), and Mya 
truncata Linnaeus. However, Dall(1896) did not explicitly 
state that the 19 molluscan taxa came from Zachary Bay. 
He clearly considered the strata on northeastern Unga Island 
and northern Popof Island, now assigned to the Stepovak 
Formation (Burk, 1965) and considered to be of Oligocene 
age (Marincovich and Powell, 1989), to belong to his Astoria 
Group and to be of Miocene age (Dall, 1896). Dall (1 896) 
stated that the Crepidula bed that supposedly occurred at 
Zachary Bay also occurred on the coasts of northeastern 
Unga and northern Popof Islands. F.S. MacNeil (in Burk, 
1965) reexamined Dall's Unga Conglomerate specimens that 
supposedly all came fiom Unga Island and concluded that 
Dall(1896,1904) unknowingly examined mixed Oligocene 
(Unga Island Stepovak Formation) and Miocene (mainland 
Bear Lake Formation) mollusk collections when he dealt 
with Unga Island strata. 

Crepidula is extremely common in Stepovak outcrops 
on the coasts of northeastern Unga Island and northern Popof 
Island (the West Head and East Head stratigraphic sections, 
respectively, of Burk [1965]). However, no worker but Dall 
(1896, 1904) has cited Crepidula or any other marine 
megafossil in the Zachary Bay type section of the Unga 
Conglomerate. Atwood (191 1) examined the Unga beds on 
the west side of Zachary Bay, but found no marine fossils. 
Burk (1965) evidently made a careful search for the Crepid- 
ula bed or other Miocene marine deposit along the margin 
of Zachary Bay, but found none. One of us (Marincovich) 
examined the Zachary Bay section in 1982, specifically to 
locate Dall's Crepidula bed, but found no marine fossils. 

It is now clear that marine mollusks or other megafos- 
sils are not present in the type section of the Unga Con- 
glomerate at Zachary Bay. The Miocene fossils reported 
from there by Dall(1896, 1904) are molluscan species well- 
known from the Bear Lake Formation and Tachilni Forma- 
tion of the Alaska Peninsula mainland (Marincovich, 1983; 
Marincovich and Powell, 1989), but unknown in the 
Shumagin Islands. Mollusks from these mainland Miocene 
formations, plus Oligocene mollusks from the Stepovak 
outcrops at West Head and (or) East Head, were somehow 
mixed together by Dall and erroneously attributed to a non- 
existent Crepidula bed at Zachary Bay. 

Evidence for the age of the type section of the Unga 
Conglomerate Member of the Bear Lake Formation at 
Zachary Bay consists of pollen and dinocysts, megafloral 
remains, and a potassium-argon age of 31.3M.3 Ma (Wig- 
gins and others, 1988). The radiometric age was measured 
from biotite in a 2.0-m-thick tuff bed at the base of this 
section. This tuff bed is the stratigraphically lowest part of 
the basal sandstone described in the Zachary Bay section 
by Lyle and others (1979). The lowermost exposed 9.1 m 
of the Zachary Bay section contain early Oligocene pollen 
and Eocene to early Oligocene dinocysts in the mudstone 
immediately above the tuff at the section base, and early 
Oligocene pollen and the first occurrence of late Oligocene 

pollen in one sample near the top of the interval. The upper 
part of this 9.1-m-thick interval contains the last occurrence 
of Aquilapollenites sp. and the first occurrence of an 
undescribed late Oligocene species of Compositae pollen. 
Above this 9.1-m-thick interval, the microfloras change 
drastically and represent a geologically instantaneous shift 
from subtropical-warm temperate to temperate-cool tem- 
perate microfloras. In essence, high-diversity, predominantly 
deciduous taxa were replaced by a low-diversity, conifer- 
fern flora. This conifer-fern microflora persists throughout 
the overlying remainder of the Unga type section. The late 
Oligocene Compositae pollen occurs sporadically throughout 
this entire section, including the first occurrence of 
Saronipollis and an undescribed species of freshwater 
dinocyst. Plant megafossils thought to be of late Oligo- 
cene? to middle Miocene age were reported by J.A. Wolfe 
(in Burk, 1965) at two localities in the Zachary Bay section, 
one very close to the base and the other 88 m above the 
base of the section. The presence of late Oligocene palyno- 
morphs in the upper part of the Zachary Bay section essen- 
tially agrees with this megafloral age. 

The high-diversity early Oligocene pollen assemblage 
contains many exotic taxa characteristic of this time inter- 
val, both locally and regionally throughout Alaska and 
western Canada. Some of the exotic pollen represents relict 
taxa or mophotypes from Late Cretaceous and Eocene mi- 
crofloras. Such taxa are definitely not reworked, and the 
morphotypes similar to Late Cretaceous taxa are indige- 
nous Tertiary species. At Zachary Bay the Late Cretaceous 
relicts include Aquilapollenites sp., "Integricorpus" sp., and 
Cranwellia sp., which are all very small and striately 
ornamented taxa. The Eocene relicts include taxa such as 
Pistillipollenites mcgregorii Rouse, Intratriporopollenites sp. 
A. of Rouse (1977), and Corsinipollenites sp. This exotic 
pollen suite also includes the last occurrences of Momipites 
coryloides Wodehouse, Ctenosporites wolfei Elsik and 
Jansonius, and "Proteacidites" globosiporus Samoilovitch, 
and the only known occurrence of a pollen morphotype 
probably related to Cactaceae. 

Pollen and marine dinocysts were recovered from an 
intact specimen of the oyster Ostrea gackhensis from the 
West Head stratigraphic section of the Stepovak Formation. 
The external and internal matrix were processed separately 
and there was little difference between the two assemblages, 
except for a higher dinocyst count from the internal matrix. 
The internal matrix contained the following pollen taxa: 
Aquilapollenites sp., Cranwellia sp., Momipites coryloides 
Wodehouse, Corsinopollenites sp., and Intratriporopollenites 
sp. A. of Rouse (1977). An additional species is Proteacidites 
cf. P.  thalmannii Anderson, which is probably conspecific 
with the Proteacidites sp. noted by Newman (1981) from 
Eocene and Oligocene floras of western Washington. The 
marine dinocyst assemblage from the oyster sample con- 
tains abundant specimens of a very limited number of 
species. Spinidinium spp. and Phthanoperidinium comatum 

Oligocene Age of Strata on Unga Island, Shumagin Islands, Southwestern Alaska 41 



(Morge~oth) Eisenack and KnellstrOm completely domi- 
nate the assemblage, and the latter taxon has a known 
worldwide range of middle Eocene to early late Oligocene. 
Minor dinocyst elements include Paralecaniella indentata 
(Deflandre and Cookson) Cookson and Eisenack, Are- 
osphaeridium diktyoplokus (Klumpp) Eaton, 
Areosphaeridium sp., and Adnatosphueridium sp. 

Palynological assemblages comparable to those at 
Zachary Bay and West Head are present at the following 
localities: on the mainland of the Alaska Peninsula, on Sit- 
kinak Island (south of Kodiak Island), in Cook Inlet, at 
Nenana in central Alaska, in the North Aleutian Basin of 
the Bering Sea, in the subsurface Mackenzie Delta of 
northwestern Canada, in the Quesnel area of British Co- 
lumbia, and in western Washington. An early Oligocene to 
late Oligocene floristic change identical to that on Unga 
Island occurs on the Alaska Peninsula at McGinty Point on 
the west side of Beaver Bay and in the Gulf Sandy River 
Federal #1 well along the Bering Sea coast at a depth of 
approximately 3,350 to 3,660 m. Both changes occur at or 
near the contact of the Stepovak Formation and the Bear 
Lake Formation. On Sitkinak Island the late Oligocene 
Compositae pollen occurs throughout the nonmarine Sitki- 
nak Formation along with an associated cool-temperate 
microflora. In Cook Inlet the exotic elements of the early 
Oligocene microflora occur throughout the subsurface part 
of the West Foreland Formation, including the subsurface 
formational type section. At Nenana the same exotic early 
Oligocene microflora occurs in the lower part of the Healy 
Creek Formation, although it is identified as of probable 
late Oligocene age by Wahrhaftig and others (1969) and 
Leopold (1979). Elements of both earIy and late Oligocene 
microflora are present in the ARC0 North Aleutian COST 
#1 well in the Bering Sea. In the Mackenzie Delta of north- 
western Canada, early Oligocene exotic elements are present 
in the Richards Formation (Staplin, 1976; Noms, 1982). In 
the Quesnel area of British Columbia, the exotic early Oli- 
gocene floral elements from Alaska are almost all repre- 
sented in the microflora of the Australian Creek Formation 
(Piel, 1971; Rouse, 1977; Rouse and Matthews, 1979). This 
formation has been assigned to the lower Oligocene verte- 
brate Chadronian Stage based on titanothere teeth (Rouse 
and Matthews, 1979). Some of the Unga Island exotic pollen 
taxa are also present in Eocene and Oligocene floras of 
western Washington (Newman, 1981). Of particular inter- 
est is the restricted early Oligocene occurrence of 
Gothanipollis. The only other occurrence of this genus in 
Alaska is in the subsurface part of the West Foreland 
Formation in the southern part of Cook Inlet. 

CONCLUSIONS 

1. The type section of the Unga Conglomerate Member 
of the Bear Lake Formation contains only Oligocene 

palynomorphs, marine dinoflagellates, and plant megafossils. 
2. The "Crepidula bed," said by Dall(1896, 1904) to 

be an interval with Miocene marine mollusks in the Unga 
type section, does not exist. No Miocene marine or nonmar- 
ine fossils are known from this sequence. 

3. The Stepovak Formation at the West Head strati- 
graphic section on Unga Island contains early Oligocene 
mollusks, marine dinoflagellates, and palynomorphs. The 
same early Oligocene palynomorph taxa also occur in the 
lowest exposed strata of the type section of the Unga Con- 
glomerate Member at Zachary Bay. 
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Mafic and Ultramafic Rocks of the Dishna River Area, 
North-Central Iditarod Quadrangle, 
West-Central Alaska 

By Marti L. Miller 

Abstract 

Mafic and ultramafic rocks of the Dishna River area 
occur as fault-bounded slivers in a 43 km by 7 km, northeast- 
trending belt in the north-central part of the lditarod 
quadrangle. Ultramafic slivers consist of serpentinized 
harzburgite, minor dunite, and rare pyroxenite. Dominantly 
mafic slivers consist primarily of gabbronorite, pyroxene + 
hornblende gabbro, and hornblende gabbro and diabase, but 
also include pyroxenite, wehrlite, and minor dikes and pods 
of tonalite. Some of the mafic rocks were overprinted by low- 
pressure, greenschist-facies metamorphism. Based on lithol- 
ogy, fabric, metamorphic grade, and correlation with similar 
rocks outside the study area, the ultramafic and mafic slivers 
are probably ophiolitic in origin. If so, the ultramafic slivers 
represent residual mantle material, and the mafic slivers 
represent the overlying cumulate magmatic suite. 

The age of the mafic-ultramafic rocks of the Dishna 
River area i s  uncertain. Whereas they resemble previously 
described Jurassic mafic-ultramafic complexes, a single K-Ar 
analysis on hornblende from Dishna River gabbro yields a 
Late Permian to Late Triassic age. However, this age may be 
anomalously old due to excess argon retention. 

INTRODUCTION 

Jurassic mafic-ultramafic complexes are widely dis- 
tributed across northern and west-central Alaska and are 
generally thought to represent the lower part of an ophiolite 
sequence (for example, Patton and others, 1977; Roeder 
and Mull, 1978; Loney and Himmelberg, 1984,1989). The 
complexes occur in close spatial relation to tectonic slices 
of oceanic crustal rocks consisting primarily of basalt, dia- 
base, gabbro, and chert of Devonian to Jurassic age (Patton 
and others, 1977, 1989a, 1989b; Patton and Box, 1989). 
The mafic-ultramafic complexes and oceanic crustal rocks 
structurally overlie Proterozoic and Paleozoic metamor- 
phosed continental crust and were emplaced during the lat- 
est Jurassic and Early Cretaceous (Patton and others, 1977, 
1989a). Although most workers agree that these rocks are 
allochthonous with respect to the metamorphosed continen- 
tal crust, they do not agree on the mode of emplacement. In 

the most widely accepted scenario, the mafic-ultramafic 
complexes and associated oceanic rocks form, respectively, 
upper and lower thrust panels of a large allochthonous sheet 
that was rooted in the Yukon-Koyukuk basin (Patton and 
others, 1977, 1989a; Patton and Box, 1989). Alternatively, 
Coney (1984) suggested that the allochthonous sheet was 
rooted in a more southerly ocean basin and thrust northward. 
Gemuts and others (1983) suggested that the ophiolitic rocks 
formed along intracontinental rifts and were emplaced over 
metamorphic borderlands during a later compressional event 

In this report I describe the occurrence of mafic- 
ultramafic rocks in the Dishna River area, in the north- 
central part of the Iditarod quadrangle (fig. 1). These rocks 
represent the farthest southwest extent of the Tozitna-In- 
noko belt of ophiolitic rocks described by Patton and others 
(1989a). Localities of samples described in the tables and 
text are shown in figure 2. 

GEOLOGIC SRTlNG 

Topography in the northern part of the Iditarod quad- 
rangle is dominated by low, rounded hills that have an av- 
erage relief of 150 m. A thick cover of colluviurn and 
vegetation largely conceals the bedrock; outcrops are ex- 
tremely rare, and contact and structural relations are some- 
times ambiguous. 

Mafic and ultramafic rocks in the Dishna River area 
occur as fault-bounded slivers, or blocks, exposed in a 
northeast-trending belt about 43 km long and up to 7 km 
wide (fig. 1). The mafic and ultramafic rocks generally oc- 
cur as isolated blocks. Where observed, the contacts are 
high-angle shear zones (up to 30 m wide) that may origi- 
nally have been low-angle faults prior to more recent defor- 
mation. The ultramafic rocks were first reported by Miller 
and Angeloni (1985). Subsequent mapping has shown the 
associated mafic igneous rocks to be equally extensive. 

The fault-bounded blocks of mafic and ulnamafic rock 
lie within a larger belt of fault-bounded slivers of metamor- 
phosed continental crustal rocks and oceanic and volcanic- 
arc rocks; older rocks are onlapped by a basin-fill sequence 
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E X P L A N A T I O N  

ternary al luvium 

Quaternary surficial deposits 

Early Tert iary and Late Cretaceous 
volcanic rocks 

(TK91 Early Tertiary and Late Cretaceous 
granitic rocks 

Cretaceous sedimentary rocks--Kuskokwim Group 

Jurassic (?)  Mount  Hurst mafic-ultramafic rocks 

Dishna River mafic-ultramafic rocks-- 
Divided in to:  [m Mafic suite 

Ultramafic suite 

XMc Triassic t o  Mississippian chert and 
volcanic rocks--1nnoko terrane 

[Pzeml Paleozoic and Proterozoic (?)  metamorphic 
and carbonate rocks--Ruby terrane - Contact 

Figure 1. Geologic sketch map showing distribution of Dishna River and Mount Hurst mafic-ultramafic rocks. 
Geology in Ophir quadrangle summarized from Chapman and others (1 985). 
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(fig. 1). In the Iditarod quadrangle, the metamorphosed 
continental crustal rocks consist of foliated greenschist-facies 
metaigneous and metasedimentary rocks of presumed Pa- 
leozoic age (Patton and others, 1989b), which correlate with 

0 5 KILOMETERS u 

EXPLANATION 

Quaternary alluvium - 
[ Quaternary surficial deposits 

Cretaceous sedimentary rocks-- 
Kuskokwim Group 

Dishna River mafic-ultramafic rocks-- = Divided into: 
. . . . . Mafic suite 
1 Ultramafic suite 

@ Triassic to  Mississippian chert and 
volcanic rocks--1nnoko terrane 

JPzPml Paleozoic and Proterozoic (?) 
metamorphic and carbonate rocks -- 
Rubv terrane 

Low greenschist-facies metamorphism - Contact 
,-& Fault-Dashed where inferred; queried 

where uncertain 
2k Strike and dip of beds 
8 k  Strike and dip of foliation 

1 Sample locality 

Figure 2. Geology of study area showing Dishna River 
mafic-ultramafic rocks, sample localities, and area of 
greenschist-facies metamorphic overprint. 

the Ruby terrane as outlined by Jones and others (1987). 
The oceanic and volcanic-arc rocks consist of radiolatian 
chert, basalt to basaltic andesite, and metasiltstone of 
presumed Mississippian to Triassic (and Jurassic?) age, 
based on correlation outside of the study area (Chapman 
and others, 1985; Patton and others, 1989b). These weakly 
metamorphosed rocks (maximum grade, prehnite- 
pumpellyite facie) correlate with the Innoko terrane of Jones 
and others (1987). Older rocks are depositionally overlain 
by mid- and Upper Cretaceous sandstone of the Kuskokwim 
Group and Upper Cretaceous to lower Tertiary subaerial 
volcanic rocks. 

DESCRIPTION OF MAFIC-ULTRAMAFIC ROCKS 

Two mappable suites of Dishna River mafic and ul- 
trarnafic rocks are recognized: (1) serpentinized ultramafic 
rocks not associated with other rock types and (2) mafic 
rocks that are locally associated with minor ultramafic and 
leucocratic rocks (figs. 1 and 2). The contact between the 
two suites is not exposed. 

Ultramafic suite 

The ultramafic suite is composed primarily of 
hanburgite, lesser Iherzolite, wehrlite, and dunite, and mi- 
nor orthopyroxenite. Chromian spinel, a common accessory 
mineral, occurs as disseminated grains that are intergranu- 
lar to the primary silicates. Although all of the ultramafic 
rocks are now composed of at least 40 percent, and up to 95 
percent, serpentine minerals, relict mineralogy is nearly al- 
ways visible. Fine-grained magnetite, a by-product of ser- 
pentinization, outlines former olivine crystals in serpentinized 
harzburgite and dunite. Major- and trace-element analyses 
of two harzburgite samples from the ultramafic suite are 
given in table 1. Although serpentinized, these rocks retain 
the chemical signam of the original rock (for example, 
low SiO, and $0 values; high MgO and Ni values). 
Elements of potential economic interest (Co, Cr, Pd, and Pt, 
table 2) are in the normal range for ultrarnafic rocks (for 
example, Levinson, 1980). 

The ultramafic rocks show other alteration effects. On 
the barren ridge top on the east side of the Dishna River 
(fig. l), rubble of gray-blue (serpentinized) hanburgite is 
punctuated by several bright-orange-weathered podlike ex- 
posures (6 to 15 m in diameter) of quartz + talc + magnesite 
+ chromian spinel rock, apparently derived from dunite. 
The talc + magnesite assemblage is attributed to low-grade 
metamorphism of serpentine in the presence of %O and CO, 
(see for example, Winkler, 1976). Alteration by hydrother- 
mal fluids channeled along local fracture systems has re- 
sulted in similar replacement of ultramafic rocks at Mount 
Hurst (Roberts, 1984), 38 km to the northeast (fig. 1). 
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Table 1. Major-oxide analyses (in weight percent) and traceelement data (in parts per million) for 
selected samples of the Dishna River rnafic-ultramafic rocks 

[Major oxides analyzed by Alaska Division of Geological and Geophysical Surveys. Fairbanks. Alaska using X-ray fluores- 
cence. LOI. loss on ignition. Trace elements analyzed by R.G. McGimsey, U.S. Geological Survey, Anchorage. Alaska 
using Kevex. Locality numbers refer to figure 2. ND, not detected; -, not analyzed] 

Ultramafic suite Mafic suite 

Locality 5 6 3 8 1 1 
Sample No. 84AM285A 84AM284A 84AM280A 85AM87A 84AAi609B 84AAi609C 

Rock type Harzburgite Harzburgite Gabbronorite Hornblende Clinopyroxenite Wehrlite 
gabbro 

Percent 
serpentine 78.2 74.0 0 0 6.2 34.9 

SiO, 

4 0 3  

Fe,O,to tal 

MgO 
CaO 
N820 
$0 
TiO, 

p205 
MnO 
(LOU 
Total 

Trace elements (ppm) 
Nb <lo 
Rb <10 
Sr 7 
Zr 11 
Y 5 
Ba ND 
Ce 2 
La 2 
Cu 4 
Ni 1,942 
Zn 40 

The ultramafic rocks have a tectonite fabric indicated 
by recrystallization and foliation. Olivine crystals in dunite 
display equant grain shapes and interlocking texture indicative 
of subsolidus recrystallization (Loney and others, 1971). In 
other dunite samples, foliation is defined by planar alignment 
of secondary, fine-grained magnetite. Postemplacement brittle 
fractures, containing veins of chalcedonic quartz, cut hydro- 
thermally altered serpentine + magnesite + magnetite rock. 

Mafic suite 

The mafic suite consists mainly of gabbroic rocks but 
also contains pyroxenite, wehrlite, and minor dikes and pods 

of tonalite. Gabbro, diabase, and tonalite commonly have a 
massive, hypidiomorphic igneous texture; cumulate phase 
layering is locally developed in both gabbro and associated 
ultramafic rocks. 

Three types of gabbroic rocks are represented in the 
mafic suite: (1) two-pyroxene gabbronorite, (2) clinopyrox- 
ene + hornblende gabbro, and (3) hornblende gabbro and 
diabase. The gabbronorite has crude layering of light and 
dark minerals and contains augitic clinopyroxene, hyper- 
sthene, plagioclase, minor opaques, and minor hornblende 
(after pyroxene). The plagioclase is unmned and calcic 
(An,,, by Carlsbad-albite twin method). The clinopyrox- 
ene + hornblende gabbro lacks layering and has hypidi- 
omorphic-granular to subophitic textures. CIinopyroxene 
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Table 2. Trace-element analyses of economic interest for se- 
lected samples of the Dishna River mafic-ultramafic rocks 

[Co and Cr by optical emission spectroscopy (in parts per 
million). Pd and Pt by ICP-Mass spectrometry (in parts per 
billion). Locality numbers refer to figure 21 

Locality Sample Rock type Co Cr Pd Pt 
- 

ULTRAMAFIC SUlTE 
4 84AM276A Serpentinite 100 1,000 2.9 4.6 

5 84AM285A Serpentinized 
harzburgite 100 2,000 3.0 7.8 

5 84AM285B Serpentinite 100 3,000 c0.8 2.8 

6 84AM284A Serpentinized 
harzburgite 100 1,500 7.6 1 1  

6 84AM284B Pyroxenite 100 2,000 10 9.4 

7 85AM85B Serpentinized 
wehrlite 100 2.000 5.7 6.8 

MAFIC SUITE 
9 86AMcllA Gabhnorite 70 200 7.5 6.4 

10 86AM37A Hornblende 
gabbro 70 150 15 9.6 

crystallized before the hornblende, and both are partly al- 
tered to actinolite + chlorite. Plagioclase is unzoned and 
calcic (about An,,, by Carlsbad-albite twin method). The 
hornblende gabbro has a variety of textures, including 
hypidiomorphic-granular, subophitic-microgabbroic, diaba- 
sic, and porphyritic. Hornblende is extensively altered to 
actinolite + chlorite, and secondary minerals (epidote + 
sphene) also occur in the groundmass. Plagioclase compo- 
sition generally ranges from An,, to An, in the less altered 
varieties but is more albitic in some samples. 

Ultramafic rocks consisting of pyroxenite and layered 
wehrlite and olivine gabbronorite were found at one local- 
ity in association with rocks of the mafic suite (locality 1, 
fig. 2). The pyroxenite is clinopyroxene-rich, contains ser- 
pentinized orthopyroxene, and varies in olivine content from 
0 to about 10 percent. The layered wehrlite-olivine 
gabbronorite rocks show light- and dark-colored bands 
(plagioclase-rich and plagioclase-poor, respectively) that 
range from 1 to 5 cm in thickness; the bands cannot be 
traced more than a meter due to poor exposure. Olivine 
shows cumulate texture in thin section, and the banding is 
interpreted to have formed by cumulate processes. 

Minor tonalite is found within the mafic suite but is 
rare and occurs only locally in rubble crop mixed with gab- 
bro. At one locality (the farthest southwest exposure of the 
mafic suite in fig. 1) tonalite occurs as dikes 1-6 cm wide 
and small pods (c0.5 rn in maximum dimension) in pyrox- 

ene-hornblende gabbro; this suggests that tonalite at other 
locations is probably h r n  dikes as well. 

Chemical analyses of four representative samples from 
the matic suite (two gabbroic and two ultramatic) are given 
in table 1. Both of the gabbroic rocks have very low q0 
content. The high Al20, content of the hornblende gabbro 
(19.34 weight percent) suggests an origin possibly involv- 
ing plagioclase accumulation. Analyses of Co, Cr, Pd, and 
Pt in two additional gabbroic samples from the mafic suite 
(table 2) have values in the normal range for mAc rocks 
(for example, Levinson, 1980). 

The hornblende gabbro and diabase are partially al- 
tered to actinolite + chlorite + epidote + albitic plagioclase 
+ sphene + quartz, indicative of greenschist-facies meta- 
morphism. Metamorphic crystallization was pseudomorphic 
and preserves original igneous textures. The lack of 
penetrative fabric suggests low-pressure hydrothermal rather 
than dynamothermal metamorphism. This metamorphic 
overprint is found in the northeastern part of the mafic suite 
(crosshatched pattern in fig. 2). Prehnite veins (1 mm to 1 
cm wide) also occur locally. A higher temperam (low 
amphibolite facies) metamorphic assemblage of hornblende 
+ actinolite + albitic plagioclase + biotite + epidote is 
developed in hcirnblende gabbro at several localities; this 
metamorphism was accompanied by static recrystallization 
of mafic minerals that masks the original igneous fabric. 
This higher grade recrystallization may represent contact 
metamorphism associated with later dike emplacement. 

AGE RELATIONS 

K-Ar age determinations were made on two gabbroic 
samples from the Dishna River area (table 3). Hornblende 
that replaces clinopyroxene in gabbro yielded a Late Per- 
mian to Late Triassic age of 225k25 Ma (sample 85AM91A). 
This age is older than the Middle to Late Jurassic K-Ar 
ages (172 to 155 Ma) obtained from mafic-ultramafic 
complexes in the Tozima-Innoko ophiolitic belt (Patton and 
others, 1977, 1989a). Since the $0 value is low, hornblende 
may have inherited excess argon from pyroxene, thus 
resulting in an anomalously old age. If the age is correct, 
then the mafic and ultramafic rocks of the Dishna River 
area are older than other mafic-ultmmafic rocks known from 
this belt. Hornblende from recrystallized hornblknde gabbro 
yielded a mid-Cretaceous age of 92f3 Ma (sample 
85AM87C). This age may represent partial thermal resetting 
of the K-Ar isotopic system by Late Cretaceous plutonism 
that is pervasive in this area (Miller and Bundtzen, 1987). 

DISCUSSION 

The lithology, chemistry, textures, fabric, and meta- 
morphic grade of the mafic and ultramafic rocks of the 
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Table 3. K-Ar ages and analytical data for gabbroic rocks from the mafic suite of the Dishna River mafic-ultramafic 
rocks 

[Analyses by Alaska Cooperative Geochronology Laboratory. Fairbanks. Constants: h. + As. = 0.581 x 10'0yr'. Xp = 4.%2 x 10'4.r'. aICiK, = 1 .I67 
x 104mol/mol. hbld, hornblende] 

40 40 
Locality Mineral So Ar rad Ar rad 4 0 ~ r  rad 1401< Age 
number 

(wW.) (lo-" mollg) (%I ( loJ) (Ma) 

2 85AM91A hbld 0.025 0.8385 22.33 13.7209 222k23 
0.8633 23.17 14.1262 2 2 8 3 5  

x = 225k25 

8 85AM87 hbld 0.237 3.2214 54.64 5.4938 9 2 s  

Dishna River area are consistent with those that character- 
ize ophiolite assemblages worldwide (for example, Cole- 
man, 1977). Further, they are very similar to other more 
well exposed malic-ultramafic complexes for which an 
ophiolitic origin is well established (Patton and others, 1977, 
1989a). If the mafic and ultramafic rocks of the Dishna 
River area are ophiolitic, then the ultramafic suite represents 
residual mantle material, and the mafic suite represents the 
cumulate gabbroic sequence that commonly overlies the 
mantle suite in most well-exposed ophiolites (Moores, 1982). 
Ophiolites form in spreading ridge environments where they 
are subjected to the effects of high heat flow and hot 
circulating sea water concomitant with oceanic crust 
formation (Coleman, 1977). Rocks altered in this 
environment develop a greenschist-facies mineral assem- 
blage without a penetrative fabric (Ernst, 1976), identical to 
the metamorphic effects found in the mafic suite of the 
Dishna River area. 

Mafic and ultramafic rocks of the Dishna River area 
are on trend with the mafic-ultramafic complex at Mount 
Hurst, which lies about 38 krn to the northeast (see fig. 1). 
The better exposed mafic-ultramafic rocks of the Mount 
Hurst area have been interpreted as part of a dismembered 
ophiolite (Loney and Himmelberg, 1984; Roberts, 1984). 
Rocks from both areas have similar rock compositions, 
mineral textures, and alteration assemblages and are adja- 
cent to radiolarian chert, basalt to basaltic andesite, and 
metasiltstone of the Innoko terrane, suggesting that they 
share a common orogenic history. 

In the Dishna River area, contact relations between 
the mafic-ultramalic rocks and adjacent rock types are not 
always clear. Where observed, the contacts are high-angle 
shear zones up to 30 m wide. At Mount Hurst, the mafic- 
uluamafic complex was interpreted by Chapman and others 
(1985) to be a klippe thrust over Triassic to Mississippian 
chert and volcanic rocks of the Innoko terrane, which in 
turn were thrust over Paleozoic and Proterozoic(?) meta- 
morphic rocks of the Ruby terrane. If the same thrust 

relations inferred at Mount Hurst are true for the fault sliv- 
ers exposed in the Dishna River area, then their original 
low-angle character has been obscured by subsequent high- 
angle faulting along a zone that can be traced from the 
Ophir-Iditarod quadrangle boundary, southwest for 76 km 
(off of figure 1). This fault zone is on trend with the 
Susulatna lineament (Pauon, 1978), which juxtaposes mid- 
Cretaceous sedimentary rocks against older rocks and may 
have had a significant Cretaceous lateral displacement (John 
Decker, written commun., 1988). Postdepositional 
deformation of the mid- and Upper Cretaceous Kuskokwim 
Group and underlying basement rocks has produced a 
series of northeast-trending synclines and anticlines (Miller 
and Bundtzen, 1987). This post-Cretaceous folding may 
have contributed to the complicated pattern (fig. 1) of fault 
slivers in the Dishna River area. Hence, Kuskokwim Group 
rocks found between slivers of basement rocks might be 
remnants in the cores of synclines or grabens in normal 
faults. 

The mafic and ultramafic rocks in both the Dishna 
River and Mount Hurst areas are part of a larger belt of 
mafic-ultrarnafic complexes exposed along the Ruby gem- 
ticline and called the Tozitna-Innoko ophiolite belt by Patton 
and others (1989a); the Dishna River mafic-ultramafic rocks 
represent the farthest southwest extent of this belt. No age 
data are available for the Mount Hurst mafic-ultramafic 
rocks, but other complexes of this belt yield Middle to Late 
Jurassic K-Ar ages (Pauon and others, 1977, 1989a). The 
Late Permian to Late Triassic K-Ar age reported here from 
gabbroic rocks in the Dishna River area could suggest that 
these mafic-uluamafic rocks are older than others of this 
belt, or the K-Ar age determination may be anomalously 
old due to excess argon retention. 

Acknowledgments.-L.M. Angeloni, T.K. Bundtzen, 
and R.G. McGimsey participated in mapping the mafic- 
ultramafic complex. E.A. Bailey provided X-ray identifica- 
tion of vein minerals. This paper has benefitted from 
discussions with S.W. Nelson and T.K. Bundtzen. 

Mafic and Ultramafic Rocks of the Dishna River Area, North-Central lditarod Quadrangle, West-Central Alaska 49 



REFERENCES CITED 

Chapman, R.M., Patton, W.W., Jr., and Moll, E.J., 1985, Recon- 
naissance geologic map of the Ophir quadrangle, Alaska: U.S. 
Geological S w e y  Open-File Report 85-203, 17 p., scale 
1 :250,000. 

Coleman, R.G., 1977, Ophiolites: New York, Springer-Verlag, 229 
P. 

Coney, P.J., 1984, Shuctural and tectonic aspects of accretion in 
Alaska, in Howell, D.G.. Jones. D.L.. Cox. Allan, and Nur, 
Amos, eds., Proceedings of the Circum-Pacific terrane con- 
ference: Stanford University Publications in the Geological 
Sciences, v. 18, p. 68-70. 

h t .  W.G.. 1976, Petrologic phase equilibria: San F m c h ,  W.H. 
Freeman and Co.. 333 p. 

Gemuts, I., Puchner, C.C., and Steffel, C.I., 1983, Regional geol- 
ogy and tectonic history of Western Alaska, in Proceedings of 
the 1982 Symposium on Western Alaska Gwlogy and Re- 
source Potential. Journal of the Alaska Geological Society, v. 
3, p. 67-85. 

Jones, D.L., Silberling, N.J.. Coney. P.J., and Plafker, George, 
1987, Lithotectonic terrane map of Alaska (west of the 141st 
meridian): U.S. Geological Survey Miscellaneous Field Stud- 
ies Map MF-1874-A. scale 1:2,500.000. 

Levinson. A.A., 1980, Introduction to exploration geochemistry 
(2d ed.): Willrnette. Ill., Applied Publishing. 924 p. 

Loney, R.A., and Himmelberg. G.R.. 1984. Preliminary report on 
ophiolites in the Yuki River and Mount Hurst areas, west- 
central Alaska, in Coonrad. W.L.. and Elliott, R.L.. eds., The 
United States Geological S w e y  in Alaska-Accomplishments 
during 1981: U.S. Geological Survey Circular 868, p. 27-30. 
- 1989, The Kanuti ophiolite. Alaska: Journal of Geophysical 

Research, v. 94, no. B11, p. 15.869-15.900. 
Loney, R.A.. Himrnelberg. G.R., and Coleman, R.G.. 1971. Struc- 

ture and petrology of the alpine-type peridotite at Burro 
Mountain, California. U.S.A.: Journal of Petrology. v. 12, no. 
2, p. 245-309. 

Miller. M.L.. and Angeloni, LM., 1985, Ophiolitic rocks of Idi- 
tarod quadrangle, west-central Alaska [abs.]: American As- 
sociation of Petroleum Geologists Bulletin, v. 69, no. 4, p. 
669-670. 

Miller. M.L.. and Bundtzen, T.K.. 1987. Gwlogy and mineral 
resources of the Iditarod quadrangle. west-central Alaska 
[abs.], in Sachs, J.S.. ed.. USGS Research on Mineral Re- 
sources - 1987: U.S. Geological Survey Circular 995, p. 46- 
47. 

Mowes, E.M., 1982, Origin and emplacement of ophiolites: Re- 
views of Geophysics and Space Physics, v. 20, no. 4, p. 735- 
760. 

Patton, W.W., Jr., 1978, Juxtaposed continental and oceanic-is- 
land arc terranes in the Medfra quadrangle, west-central 
Alaska, in Johnson, K.M., ed., The United States Geological 
Survey in Alaska-Accomplishments during 1977: U.S. 
Gwlogical S w e y  Circular 772-B, p. B38-39. 

Patton, W.W., Jr., and Box, S.E., 1989, Tectonic setting of the 
Yukon-Koyukuk basin and its borderlands, western Alaska: 
Journal of Geophysical Research, v. 94, no. B11, p. 15,807- 
15,820. 

Patton, W.W., Jr., Box, S.E., and Grybeck, Donald, 1989a, Ophio- 
lites and other maiic-ultramafic complexes in Alaska: U.S. 
Geological Survey Open-File Report 89-648, 27 p., scale 
1:5,000.000. 

Patton, W.W.. Jr.. Box, S.E., Moll-Stalcup, E.J., and Miller, T.P., 
198%. Geology of westcentral Alaska: U.S. Geological Sur- 
vey Open-File Report 89-554,41 p. 

Patton. W.W., Jr.. Tailleur, I.L.. Brosg4 W.P., and Lanphere, M.A., 
1977, Preliminary report on the ophiolites of northern and 
western Alaska, in Coleman. R.G.. and Irwin. W.P.. eds., North 
American ophiolites: Oregon Department of Geology and 
Mineral Industries Bulletin 95, p. 51-57. 

Roberts, W.S., 1984, Economic potential for chromium, platinum, 
and palladium in the Mount Hurst ultramafics, west-central 
area, Alaska: U.S. Bureau of Mines Open-File report 84-22, 
52 p. 

Roeder, Dietrich, and Mull, C.G., 1978, Tectonics of Brooks Range 
ophiolites (Alaska): American Association of Petroleum Ge- 
ologists Bulletin, v. 62, no. 9, p. 1696-1702. 

Winkler. H.G.F., 1976. Petmgenesis of metamorphic rocks: New 
York, Springer-Verlag, 334 p. 

Reviewers: J.Y. Bradshaw and William W. Patton, Jr. 

50 Geologic Studies in Alaska by the U.S. Geological Survey, 1989 



Shear Sense in Mylonites, and Implications for Transport 
of the Rampart Assemblage (Tozitna Terrane), 
Tanana Quadrangle, East-Central Alaska 

By Ronny T. Miyaoka and James H. Dover 

Abstract The origin of the Rampart assemblage is uncertain 

Analysis of shear sense in a mylonitic detachment zone 
beneath the Rampart assemblage of east-central Alaska indi- 
cates two distinct episodes of shear. For the segment of the 
detachment along the northwest boundary of the Rampart 
assemblage in the eastern Ray Mountains, the first was an 
episode of mid-Cretaceous or older contractional top-north- 
west up-dip movement, represented mainly by S-C fabric, 
asymmetric augen, and asymmetric pressure shadows. The 
second was an episode of mid-cretaceous or younger exten- 
sion having top-southeast normal-slip in the opposite, or dawn- 
dip, direction, indicated by rotated plagioclase porphyroblasts 
and kink bands. For the segment of the detachment along the 
south side of the Rampart assemblage, in the area between 
the Yukon and Tozitna Rivers, two equivalent episodes of 
shear are indicated by a combination of rnesoscopic and 
microfabric data; however, for each episode here, the direc- 
tion and sense of shear are opposite to those in the eastern 
Ray Mountains. These variations in shear sense and transport 
direction are difficult to reconcile with tectonic models 
involving long-distance, unidirectional transport of the Ram 
part assemblage. Instead, the data support the alternative 
concept that the Rampart assemblage originated locally in a 
rift basin that subsequently underwent (1) contraction involv- 
ing transport of the Rampart comparatively short distances in 
opposite directions over its opposing margins, and (2) later 
extension, or subsidence relative to rising borderlands, when 
the basin-margin detachments were reactivated as zones of 
normal slip. 

(fig. 1). some workers have interpreted present exposures 
of the Rampart as remnants of regionally extensive obducted 
sheets of oceanic rocks. Patton and others (1977) proposed 
southeastward transport across the Ruby geanticline from a 
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EXPLANATION 
INTRODUCTION ...... ...... ...... ...... ...... ...... ...... ...... Kanuti ophiolite (Angayucham terrane) ...... ...... Statement of the Problem 

................ ................ ................ ................ ................ ................ Rampart assemblage of Dover and ................ The Rampart assemblage of Dover and Miyaoka Miyaoka ( 1985a) (Tozitna terrane) 
(1985a) in east-central Alaska is part of the Tozima terrane 
of Jones and others (1987), and comprises predominantly 
mafic igneous rocks and subordinate intercalations of bedded Rocks of Ruby geanticline 

chert, kgillite, graywacke, and carbonate rocks. This 
Figure 1. Location map showing regional distribution of major with rocks of rock sequences in east-central Alaska; modified from Dover 

h e  Ruby geanticline, which are mainly quartz-rich and (1 990). Q, Quaternary surficial deposits; TZF, Tozitna fault; 
pelitic metasedimentary rocks. KTF, Kaltag fault; faults dotted where concealed. 
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root zone in the Koyukuk basin represented by the Kanuti 
ophiolite (fig. 1). Conversely, Coney (1983) and Coney and 
Jones (1985) proposed generally northward movement of 
the Rampart assemblage from an original location south of 
the Alaska Range. Both models require hundreds of 
kilometers of semicoherent, unidirectional transport of one 
or more relatively thin obducted sheets across continental 
crust. Alternatively, Gemuts and others (1983) interpreted 
the Rampart as a parautochthonous assemblage originally 
deposited in an intracontinental rift basin located near the 
site of present exposures. In this model, structural telescop- 
ing during compressional collapse of the basin requires only 
modest distances of transport of the Rampart onto the rift 
margins. 

The best and most extensive exposures of the contact 
between the Rampart assemblage and its substrate are in 
the eastern Ray Mountains (Chapman and others, 1982; 
Dover and Miyaoka, 1985a.b) and along a displaced segment 
of the contact in the area between the Yukon and Tozitna 
Rivers (fig. 1). Mylonitic rocks are common subjacent to 
the contact. This report expands on an earlier, preliminary 
study of mylonites in the eastern Ray Mountains (Miyaoka 
and Dover, 1985). It presents new microfabric data, describes 
variations in direction and sense of shear in mylonitic rocks 
at several places subjacent to the basal Rampart contact, 
and applies these data to the question of the origin of the 
Rampart assemblage. 

GEOLOGIC FRAMEWORK 

Recent mapping and geologic relations along the basal 
contact of the Rampart assemblage (fig. 2) are summarized 
by Dover (1990). The Rampart assemblage consists mainly 
of sills and dikes having gabbroic to dioritic composition 
and diabasic texture; basalt and pillow basalt are present as 
subordinate flow rocks. Geochemical data on the mafic rocks 
are sparse and nondiagnostic as to petrologic affinity and 
geotectonic setting. The rest of the Rampart assemblage 
consists of incipiently recrystallized sedimentary rocks of 
the Rampart Group (Brosgt and others, 1969), including 
bedded chert of Mississippian to Triassic(?) age, argillite, 
and graywacke, and lesser amounts of chert-pebble 
conglomerate, volcaniclastic rocks, and Permian limestone. 

Rocks of the Ruby geanticline are predominantly those 
includcd in the metamorphic suite of the Ray Mountains of 
Dovcr and Miyaoka (1985a,b). The main constituents are 
low- to medium-grade gritty quartzite, pelitic to quartzitic 
schist, quartzo-feldspathic gneiss, and marble, all thought 
to be of Late Proterozoic(?) to middle Paleozoic age; De- 
vonian and Mississippian orthogneiss; and metabasite of 
unknown age. Also present in the Ruby geanticline are 
contincntally dcrivcd granitic rocks of the Ray Mountains 
pluton, which has yielded mid-Crctaccous K-Ar, Rb-Sr, and 
U-Pb isotopic ages (Patton and othcrs, 1987). Thc pluton 

broadly domes metamorphic foliation and contacts; it 
produced static garnet, andalusite, biotite, muscovite, and 
albitic plagioclase porphyroblasts in an aureole that over- 
prints preexisting synkinematic mineral assemblages; and it 
locally cuts the structurally overlying Kanuti ophiolite in 
the western Ray Mountains (Patton, 1984). 

A distinctive unit of interlayered bimodal quartz- 
wacke, quartz siltite, phyllite or phyllonite, and latest De- 
vonian limestone and dolomite separates the Rampart 
assemblage and the metamorphic suite of the Ray Moun- 
tains in most places (fig. 2). This unit, referred to here as the 
Devonian metaclastic sequence, has some lithologic simi- 
larities with both the Rampart Group and the metamorphic 
suite of the Ray Mountains, and it generally has a low 
metamorphic grade that is intermediate between the two. It 
is characterized by incompletely recrystallized semischist- 
ose and mylonitic fabrics, but metamorphic grade and extent 
of recrystallization appear to increase gradually with 
structural depth and merge with those of the metamorphic 
suite of the Ray Mountains. The Devonian metaclastic 
sequence may correlate with rocks assigned to the Slate 
Creek thrust panel in the northern part of the Ruby geanticline 
(Patton and Box, 1989; Moore and Murphy, 1989). 

The basal detachment zone of the Rampart assem- 
blage (hereafter referred to as the Rampart detachment zone) 
is a wide zone of shearing characterized by semibrittle to 
ductile thrust zones, as well as ductile mylonites and blasto- 
mylonites. The shear zone extends from within the lower 
part of the Rampart assemblage through the Devonian 
metaclastic sequence and into the metamorphic suite of the 
Ray Mountains. Sedimentary and basaltic flow rocks of the 
Rampart assemblage are typically sheared and recrystallized 
near the basal detachment; intensely sheared basalts locally 
contain incipient glaucophane. In contrast, diabasic rocks 
of the Rampart at the basal detachment show little or no 
evidence of internal shearing or recrystallization. Either the 
diabase was particularly resistent to these effects, or it 
represents relatively late intrusions that did not fully 
participate in deformation and metamorphism related to 
detachment. Mylonitic rocks are most extensively developed 
in the Devonian metaclastic sequence, but they are also in 
restricted zones of intense shear within the metamorphic 
suite of the Ray Mountains, where they cut earlier schistose 
fabrics. Most mylonites underwent some metamorphic 
recrystallization. Some appear to grade with depth into 
blastomylonitic schists, whereas others define shear zones 
that seem to merge with semibrittle thrust faults. These 
variations, along with petrographic variations in crystalliza- 
tion-deformation relations, suggest that the Rampart 
detachment zone spanned the transition from brittle to duc- 
tile deformation in both time and space. 

The basal Rampart detachment in the eastern Ray 
Mountains has been displaced about 50 km relative to its 
position in the area between the Yukon and Tozitna Rivers 
by right slip on the Tozitna fault (fig. 2). 
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Q Surficial deposits (Quaternary) 

EXPLANATION 

Tsv Sedimentary and volcanic rocks (Tertiary) 

KJs Sedimentary rocks (Cretaceous and Jurassic) 

RZrm Metamorphic suite of the Ray Mountains 
(Mesozoic to Late Proterozoic)-Quartz- 
muscovite-biotite schist, quartzitic 
gneiss, greenschist, diabase, and 
marble a Granitic rocks (mid-Cretaceous) - Contact 

Rampart assemblage of Dover and Miyaoka - High-angle normal or oblique-slip fault 

(198%) (Jurassic to Mississippian)- 
Mafic igneous and associated sedimen- - Thrust fault-Dotted where concealed. 
tary rocks Sawteeth on upper plate 

Kanuti ophiolite (Jurassic to Mississip- 
pian)-Ultramafic rocks, chert, and ba- 
salt 

Devonian metaclastic sequence (Late De- 
vonian and older?)-Bimodal quartz 
wacke, siltstone, shale, limestone, and 
dolomite 

Pzc Chert, marble, and schist (early Paleozoic) 

- Basal detachment zone of Rampart 
assemblage of Dover and 
Miyaoka (1985a)-Dotted where 
concealed 

Strike-slip fault zone-Dotted 
where concealed. Ar rows  
show relative movement 

'* Sample locality 
A x 3  Subarea discussed in text 

Figure 2. Simplified geologic map of Tanana quadrangle showing sample locations and subareas discussed in text. Geology 
generalized from Dover (1 990), Chapman and others (1 982), and Dover and Miyaoka (1 985a). 
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METHODS Interpretive criteria and guidelines 

Mesoscopic folds and faults provide some useful in- 
formation on vergence and sense of fault displacement in 
the Rampart detachment zone (see Dover and Miyaoka, 
1985b), but mesoscopic features are sparse in places. 
Mylonitic rocks are more abundant and provide microfabric 
shear-sense data that supplement mesoscopic observations. 

Sample collection and preparation 

Only oriented samples that exhibit prominent mineral 
streaking or an intersection lineation, in addition to perva- 
sive mylonitic foliation, were collected for analysis of shear 
sense. Most samples are from one of four geographically 
limited subareas, labeled A-D on figure 2 and table 1; two 
samples (20 and 21) are from other localities. Samples were 
collected mainly from quartz-rich rocks, such as quartz- 
wacke, quartz-mica schist, and quartzitic siltite. Shear 
indicators are best and most consistently developed in coarse- 
grained, heterogeneous quartz-wacke of the Devonian 
metaclastic sequence. Samples of metabasite, greenschist, 
quartz-bearing amphibolite, garnet schist, and marble were 
also collected, however, these lithologies, along with diabase 
and other lithologies from the Rampart assemblage, generally 
do not contain welldeveloped shear indicators. 

For most samples, oversized thin sections were cut 
perpendicular to mylonitic fabric and parallel to lineation; 
thin sections of standard size were made from three smaller 
samples (2, 9, and 11). The unique relation of each thin 
section to geographic coordinates was determined from its 
oriented sample. 

Petrographic Procedure 

Ninteen of the 41 samples collected for analysis were 
rejected after a preliminary scan of thin sections because 
they did not exhibit useable microfabric shear indicators. 
Four samples (5, 6, 8, and 9) from the previous study of 
Miyaoka and Dover (1985) were reexamined and 
incorporated into this report (tables 1,2). Petrographic study 
of thin sections from these 26 samples included a determi- 
nation of mineral parageneses and crystallization- 
deformation history. For each thin section, 25 to 611 
nonoverlapping fields of view were examined using a 
mechanical stage and magnification of either 25x or 63x, 
depending on grain size (table 2). Within each field, the 
sense of shear was interpreted for each shear indicator but 
was counted only once for each type of indicator. For 
example, three rotated garnet porphyroblasts and two 
asymmetrical S-C observations observed within one field of 
view, all indicating dextral (clockwise) shear, would count 
as only one dextrally rotated garnet reading and one dextral 
S-C reading. 

For the ductile or semiductile deformation considered 
here, mineral streaking and intersection lineation represent 
the approximate direction of tectonic transport or shear, and 
thin sections cut parallel to these lineations give the most 
reliable sense of shear in the transport direction. Mineral 
streaks are generally thought to form by the smearing out of 
minerals such as quartz or feldspar in the direction of shear- 
ing (Berth6 and others, 1979; Simpson and Schmid, 1983). 
Intersection lineations typically represent the intersection of 
compositional layering and axial plane foliation, and gener- 
ally parallel the axes of tight to isoclinal mesoscopic folds. 
Although initially formed at high angles to directed stress, 
fold axes and intersection lineations are thought to be ro- 
tated under ductile conditions into the direction of tectonic 
transport and shear (Berth6 and Brun, 1980; Bell, 1978; 
Williams, 1978). Of the two types of lineation, mineral 
streaks are considered the more reliable because their orien- 
tation relative to shearing is constant. 

Interpretation of sense of shear is based on five mi- 
crofabric criteria or shear indicators, described and illus- 
trated in figures 3 and 4: S-C fabric, asymmetric augen 
(S-type porphyroclast system of Passchier and Simpson, 
1986), asymmetric pressure shadows, rotated garnet or pla- 
gioclase porphyroblasts, and monoclinic kink folds. The 
interpretive basis for each of these indicators is referenced 
in figure 3. 

Most samples show some inconsistency in the sense 
of shear indicated by a particular type of shear indicator, as 
well as between two or more different types of indicators 
(table 2). In this study, the shear-sense data for any particu- 
lar shear indicator were considered acceptible if 70 percent 
or more of the observations were in agreement. The shear 
indicators in most of our samples exhibit 75 percent or 
more consistency. Five samples (22-26) were eliminated 
from further consideration because their consistency did not 
meet the 70 percent limit (table 2). 

DATA 

Mineralogical and deformational characteristics 

Three deformational and metamorphic phases are 
represented in the metamorphic suite of the Ray Mountains 
@over and Miyaoka, 1985b). First-phase isoclinal folds (F,), 
axial plane foliation (S,), and associated synkinematic min- 
erals (M,) are overprinted by second-generation features (F,, 
S,, $). S, becomes cataclastic or blastomylonitic along 
differentially sheared contacts within the metamorphic 
suite of the Ray Mountains and within the Devonian meta- 
clastic sequence subjacent to the Rampart assemblage. M,, 
minerals in aureoles around mid-Cretaceous granitic plutons 
are late-kinematic to postkinematic with respect to S,. In the 
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Table 1. Field number, location, rock type, and dominant mineralogy of samples. 

[Subareas shown on figure 2. Minerals listed in order of decreasing abundance. A, andalusite; B, biotite; C, calcite; Cd, chloritoid; Ch, 
chlorite; E, epidote; G, garnet; H, hornblende; M, muscovite; P, plagioclase; Px, pyroxene; Q, quartz; S, sericite; T, tremolite-adnolite] 

Sample Subarea Field Latitude Longitude Rock type Mineralogy 
number number 

basal Rampart detachment zone, all of these elements may 
be present, but microfabrics appear to be dominated 
by second- and third-generation features, including a 
previously unrecognized S, mylonitic foliation that post- 
dates %. 

S-C tectonites consist of a penetrative (flattening?) 
foliation (S) and a shear foliation (C) that cuts or merges 
with S at a low angle. In most of our samples, S- and C- 
foliation both consist mainly of synkinematic elongate quartz 
and aligned muscovite (fig. 4A, F), although C tends to have 
more muscovite than S. Synkinematic biotite and chlorite 
are also present in some samples, but are less abundant; 
some biotite is mimetic. A few samples (2, 18, and 21) 
have S-foliation consisting almost entirely of dynamically 
recrystallized elongate quartz grains (fig. 4C, F). Chlorite and 
actinolite are common constituents in the foliation of mafic 
tectonites. In the metamorphic suite of the Ray Mountains, 
S-foliation typically represents S, defined by synkinematic 
M, minerals, and C-foliation is S,, defined by a second, 

Q-M schist 
Q-M-B schist 
Q-M-B schist 
Q-phy llonite 
Q-phy llonite 
Q-phyllonite 
Q-M-B schist 
Q-amphibolite 
Q-wacke 
Q-M schist 
Q-wacke 
Greenschis t 
Greenschist 
Q-M semischiit 
Q-wacke 
Siltite 
Q-arenite 
Siltite 
Q-M schist 
Garnet schist 
Siltite 
Diabase 
Siltite 
Q-M semischist 
Q-M schist 
Q-schist 

synkinematic generation (M,) of the same minerals, en- 
hanced locally by mimetic M, recrystallization. In the De- 
vonian metaclastic sequence, C-foliation is either S, or S,, 
depending on its relation to rotated M, porphyroblasts, and 
S foliation is S, and (or) S,. 

In our samples, sigmoidal or lens-shaped asymmetric 
augen consist mainly of quartz and muscovite intergrowths, 
or more rarely, intermediate plagioclase (fig. 4F3. Sparse 
asymmetric pressure shadows contain directionless aggre- 
gates of fine-grained quartz, biotite, muscovite, and chlorite 
adjacent to megacrysts of quartz, albite, and rarely, pyrox- 
ene (fig. 4E). 

Plagioclase, andalusite, garnet, biotite, and muscovite 
porphyroblasts (%) are common in both the metamorphic 
suite of the Ray Mountains and the Devonian metaclastic 
sequence near mid-Cretaceous granitic plutons. Rotated al- 
bitic plagioclase porphyroblasts occur in seven samples of 
the Devonian metaclastic sequence (table 2). The plagio- 
clase encloses foliation that is inferred from its mylonitic 
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Table 2. Rock fabric data, shear sense indicators, and sense of shear determined for each sample. 

[Subareas shown on figure 2; explanation of rock units on figure 2 Lineations: I, intersection lineation; S, mineral streaking lineation. Shear-sense criteria: D, dextral (clockwise); S, sinistral 
(counterclockwise); SC, S C fabric; AA, asymmetric augen; RP, rotated porphryoblasu; APS, asymmetric pressure shadows; Kinks, monoclinic kink folds; dashes, not present Shear indicators described 
in text] 

Fields of 
Sub- Sample Map 

view 
area number unit Examined 

Magnifi- 
cation 

Strike 

and dip of 
foliation 

Plunge and 
bearing of 

lineation 

Type of 
lineation 

Pzznn 
Pzzm 
Pzzm 

Dms 

Dms 

Dms 

Dms 

Dms 

Dms 

Dms 

Dms 

Dms 

Dms 

Dms 

Dms 

Drns 

Dms 

Dms 
Pzznn 
PzZrm 

Pzc 
JMra 

Dms 

Dms 
Pzzm 
PzZrm 

Occurrence of shear sense criteria 

AA RP APS Kinks - - - 
S D S D  S D  S D  

3 0  - -- -- -- -- 
-- -- -- -- -- -- -- -- 
-- -- -- -- -- -- -- -- 
0  4 -- -- -- -- -- -- 
-- - 24 0  -- -- 41 0  
2  4  -- -- -- -- -- -- 
2  19 -- -- -- -- -- -- 
-- -- 19 0  -- -- 12 3 
-- -- -- - -- -- -- -- 
-- - 2 0 -  -- -- 
-- -- -- -- 1  0  -- -- 
5  3  0  2 3 0  -- -- 
-- - - - -- -- -- -- 
1 12 -- -- -- -- -- -- 
-- -- 16 19 1  1 -- -- 
0  2  -- -- 0  1  -- -- 
0  1  0 5 - - -  -- -- 
0 5  - 0 2 - - - -  
1 1  0  38 1  1 -- -- 
4 9 -- -- -- -- -- -- 
0 2  - - -  -- -- 1  0  
-- - -- -- -- -- -- -- 
0 1  - -  - -- - - 
-- - -- -- -- -- -- -- 
1 0  0  4  0  5  -- -- 
-- - -- - -- -- 1 0  
2 3  - -  2 2 - - -  
1 2  -- -- -- -- -- - 
0  1 -- -- -- -- -- -- 
3 2 -- - -- -- -- -- 
1 2  -- -- -- -- -- -- 

Sense of 

shear 

TopN5SW 

TopS4OE 

TopS60E 

TopNSOW 
TopS5OE 

TopS5OE 

TopN40W 

TopS40E 

TopN4OW 
TopS4OE 

TopN67W 

TopN65W 

TopNlOW 
TopS lOE 

-- 
Tops  1 OEi 
TopNSE 

TopN5E 

TopN5E 

TopSSOW 
TopN40W 

TopN7OW 

TopN30W 

TopS45E 

TopSSW 

TopS 1 OW 

Inconsistent 

Inconsistent 

Inconsistent 

Inconsistent 

Inconsistent 





deformation associated with it make it a feature that should the mylonites under it, based on (1) the concentrated distri- 
be clearly expressed in the ductile microfabrics of the sub- bution of mylonitic rocks subjacent to the Rampart contact, 
jacent rocks. We infer a cause-and-effect relation between (2) the increase in intensity and degree of attenuation of 
movement of the Rampart assemblage and the formation of mylonitic shearing toward the Rampart contact (Dover and 
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Miyaoka, 1985b; Moore and Murphy, 1989), and (3) the 
apparently gradational increases in degree of metamorphic 
recrystallization, metamorphic grade, and ductile deforma- 
tion with structural depth within the inferred detachment 
zone. However, some blastomylonites are localized along 
lithologic contacts within the metamorphic suite of the Ray 
Mountains that may have been sheared during an earlier 
phase of its internal deformation. 

Eastern Ray Mountains segment of  the Rampart detachment 
zone 

When restored to their pre-Tozima fault positions, 
subareas A and D represent contiguous parts of the gener- 
ally southeast-dipping basal Rampart detachment zone in 
the eastern Ray Mountains (fig. 5). The predominant asym- 
metry of S-C microfabric in 7 of the 11 samples in both 
subareas strongly indicates top-to-the-northwest (top-NW) 
up-dip movement for mylonitic rocks along this 60-km 
stretch of the detachment; this sense of shear supports 
mesoscopic S-C evidence for top-NW shear reported in 
subarea A by Dover and Miyaoka (1985b) and in subarea D 
by Smith and Puchner (1985). The abundance and consis- 
tency of S-C indicators in samples 4,8,9,  and 18 (table 2) 
are particularly striking. Asymmetric augen in sample 6 
also indicate a top-NW sense of shear. Six of the seven 
samples indicating top-NW shear are of mylonitic rocks 
from the Devonian metaclastic sequence. Conversely, four 
samples in subareas A and D have S-C fabrics indicating 
top-SE down-dip movement; samples 5 and 19 (table 2) 
have the most abundant and best developed examples. The 
reason for the difference in S-C shear sense in these samples 
compared with that in the other samples is uncertain, but 
we note that three of the four samples indicating top-SE 
shear, including samples 5 and 19, are from blastomylonitic 

Figure 4. Photomicrographs showing shear-sense indica- 
tors. See figure 2 for sample locations. A, S-C fabric having 
dextral shear; S, flattening(?) foliation; C, shear foliation. Note 
asymmetric shape of quartz aggregate (Q), also indicating 
dextral shear. Sample 1 1, crossed nicols. B, Albitic plagio- 
clase porphyroblast containing internal foliation (S,) oblique to 
subhorizontal external foliation, indicating dextral shear. 
Sample 14, plane light. C, Dynamically recrystallized quartz 
grains (Sq) having long axes oblique to shear foliation (C), 
indicating dextral shear. Sample 11, plane light. 0, Mono- 
clinic kink folds defining kink bands (kb), indicating sinistral 
shear. Sample 4, plane light. E, Albitic plagioclase 
porphyroblast (P) exhibiting three shear-sense criteria, all indi- 
cating dextral shear: asymmetric shape of porphyroblast, 
asymmetric pressure shadow (APS), and rotation of 
porphyroblast shown by discordance of internal foliation (S,) 
and subhorizontal external foliation. Sample 14, plane light. 
F, Asymmetric quartz augen (Q), S-C fabric (SIC), and dynami- 
cally recrystallized quartz grains (Sq), all indicating dextral 
shear. Sample 11, plane light. 

rocks of the metamorphic suite of the Ray Mountains. In- 
terpretation of these rocks may be complicated by an earlier 
generation of mylonitic fabric corresponding to S, of Dover 
and Miyaoka (1985b) or by reversals of asymmetry on the 
limbs of unrecognized internal folds. Also, these rocks are 
generally farther from the basal contact of the Rampart as- 
semblage than the Devonian metaclastic sequence. For these 
reasons, we consider S-C fabric data from samples of the 
Devonian metaclastic sequence to be the more reliable indi- 
cator of Rampart movement, and we interpret that move- 
ment to have been up-dip reverse-slip and top-NW along 
this part of the detachment. 

In two samples from the Devonian metaclastic se- 
quence in subarea A (samples 4 and 6, table 2), rotated M, 
plagioclase porphyroblasts (RP) and kinks (K) indicate top- 
SE down-dip shear, opposite in direction from that indi- 
cated by S-C fabric in the same samples. The porphyroblasts 
occur in the contact aureole of the mid-cretaceous Ray 
Mountains pluton. The top-SE down-dip movement that 
produced the rotated porphyroblasts is therefore attributed 
to a mid-Cretaceous or younger episode of normal-slip (S,). 
This episode postdated the mid-cretaceous or older reverse- 
slip event (S,) represented by top-NW S-C fabric, which is 
locally incorporated as internal foliation within the 
porphyroblasts. Reactivation of the earlier mylonitic foliation 
during porphyroblast rotation might account for some in- 
consistency in the S-C shear data, but it generally was not 
of sufficient intensity to destroy the original S-C asymmetry. 
The change from reverse-slip to normal-slip movement 
evident in subarea A represents a change from contractional 
to extensional deformation. The normal-slip event may have 
been induced by regional extension, or alternatively, by 
thermal softening and uplift associated with emplacement 
of the Ray Mountains pluton in mid-cretaceous time. 

Yukon-Tozitna segment of the Rampart detachment zone 

The northwest-dipping segment of the Rampart de- 
tachment zone in the area between the Yukon and Tozitna 
Rivers has a contractional tectonic style illustrated by the 
map distribution of prominent carbonate marker beds within 
the Devonian metaclastic sequence (fig. 6). Marker beds 
define major upright to southeast-overturned folds and north- 
to northwest-dipping ductile to semibrittle imbricate thrust 
faults. Regional dip, structural vergence, and local older- 
on-younger thrust displacements indicate top-SE tectonic 
transport for this segment of the Rampart detachment zone. 

All eight samples from subareas B and C are from the 
Devonian metaclastic sequence, which in this area is of 
locally higher metamorphic grade and is more completely 
recrystallized than in subareas A and D. The trend of linea- 
tions (slip lines) varies within subarea C and between 
subareas B and C. We have no compelling explanation for 
this variation in trend, but dextral drag related to right-slip 
movement on the Tozitna fault may be involved. 
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both flanks, as would occur along the inwarddipping flanks 
of a basin that was initially compressed and later underwent 
subsidence or extension. 

CONCLUSIONS 

1. Mylonitic rocks in the Devonian metaclastic se- 
quence subjacent to the base of the Rampart assemblage of 
east-central Alaska represent a broad detachment zone that 
reflects movement of the Rampart relative to its substrate. 
Blastomylonites in the metamorphic suite of the Ray Moun- 
tains appear to have more complex internal fabrics that are 
regarded as less reliable indicators of movement of the 
Rampart assemblage. 

2. The most consistent and reliable of the microfabric 
data from the detachment zone indicate two episodes of 
ductile to semiductile movement, a compressive one of mid- 
Cretaceous or older age represented mainly by S-C and 
related fabric elements, and an episode of mid-cretaceous 
or younger normal-slip represented mainly by rotated por- 
phyroblasts generated by mid-Cretaceous granitic plutons. 

3. Variations in sense of shear indicated by our data 
are difficult to reconcile with models of major unidirec- 
tional mnsport of the Rampart assemblage. When integrated 
with mesoscopic and map evidence, the microfabric data 
seem most compatible with the concept that the Rampart 
assemblage originated in a rift basin that underwent mid- 
Cretaceous or older contraction, when the Rampart was thrust 
relatively short distances in opposite directions over its op- 
posing margins, and mid-Cretaceous or younger extension, 
when the basin margin detachments were reactivated as 
zones of normal slip. 
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Petroleum Source Potential and Thermal Maturity of the 
Tertiary Usibelli Group of Suntrana, Central Alaska 

By Richard G. Stanley, Hugh McLean, and Mark 1. Pawlewicz 

Abstract 

Results from Rock-Eval pyrolysis and vitrinite reflec- 
tance show that nonmarine mudstones and coals in outcrops of 
the Usibelli Group at Suntrana are potential sources of oil 
and gas and are thermally immature to marginally mature 
with respect to the oil window. Calculations based on bore- 
hole temperatures and gravity data suggest that the most deeply 
buried parts of the Usibelli Group in the middle Tanana basin 
may have reached temperatures high enough to generate 
petroleum. 

INTRODUCTION 

The Tertiary Usibelli Group (Wahrhaftig, 1987) is a 
sequence of coal-bearing nonmarine sedimentary rocks that 
crops out widely in the Nenana coal field of the northern 
foothills of the Alaska Range (fig. 1). The Usibelli Group is 
also present in the subsurface of the middle Tanana basin, 
where it has been penetrated by two exploratory wells (both 
dry holes), the Union Nenana No. 1 and the ARC0 Totek 
Hills No. 1 (fig. 1). Coals and mudstones of the Usibelli 
Group have long been suspected as possible source rocks 
of petroleum, but published geochemical information is 
available only for two of the five formations in the Usibelli 
Group (Stanley, 1987, 1988). The purpose of this paper is 
to present the results and implications of a detailed 
study, using Rock-Eva1 pyrolysis and vitrinite reflectance, 
of the petroleum source potential of all five formations of 
the Usibelli Group in its type section at Suntrana (fig. 1). 
This new information, combined with available borehole 
and gravity data, raises the possibility that hydrocarbons 
have been generated in the deepest parts of the middle 
Tanana basin. 

STRATIGRAPHIC AND SEDIMENTOLOGIC 
S m I N G  

The Usibelli Group at Suntrana is about 585 m thick 
and consists of about 64 percent conglomerate and sand- 
stone, 23 percent mudstone, and 13 percent coal. The group 
is divided into five formations; in ascending stratigraphic 

order these are the Healy Creek, Sanctuary, Suntrana, Lig- 
nite Creek, and Grubstake Formations (table 1). Fossil plant 
leaves and pollen indicate that the Usibelli Group at Sun- 
trana is entirely of Miocene age, although elsewhere in the 
Nenana coal field it is as old as Eocene (Wahrhaftig and 
others, 1969; Csejtey and others, 1986). The Usibelli Group 
rests nonconformably on Precambrian or Paleozoic meta- 
morphic rocks of the Birch Creek Schist of former usage 
(Wahrhaftig, 1968, 1970), which are interpreted to be part 
of the Yukon-Tanana terrane (Silberling and Jones, 1984). 
The Usibelli Group is unconformably overlain by the Mio- 
cene and Pliocene Nenana Gravel, which represents a series 
of coalescing alluvial fans that developed on the north side 
of the Alaska Range as it rose during late Miocene and 
Pliocene time (Wahrhaftig, 1987). 

The Healy Creek, Suntrana, and Lignite Creek For- 
mations consist mainly of repeated fining-upward sequences 
of conglomerate, sandstone, mudstone, and coal that were 
deposited by a variety of fluvial systems ranging from 
braided and low-sinuosity bedload streams to high-sinuos- 
ity (meandering), mixed bedload and suspended-load streams 
(Buffler and Triplehorn, 1976; Stanley and others, 1989). 
During much of Eocene, Oligocene, and Miocene time, these 
streams flowed south across the site of the Alaska Range 
(which then did not exist) toward the Gulf of Alaska 
(Wahrhaftig, 1987). 

Of importance to this study are the depositional envi- 
ronments of the coals and mudstones (table 2). Petrologic 
studies by Merritt (1985) indicate that most of the coals 
formed from woody tree-vegetation peats that accumulated 
in poorly drained forest-moor swamps. Some of the coals in 
the Lignite Creek Formation may have formed under slightly 
drier conditions than those in the rest of the Usibelli Group 
(Memtt, 1985). 

Mudstones of fluvial origin in the Healy Creek, Sun- 
trana, and Lignite Creek Formations are divided among three 
environmental categories in table 2. A single mudstone 
sample was collected from a clast in a conglomerate bed near 
the base of the Suntrana Formation. Ten mudstone samples 
were collected from lenticular, channel-form beds with sharp 
lower contacts and are interpreted as abandoned channel 
deposits (Stanley and others, 1989). The remaining mudstone 
samples are lumped into the general category of overbank 
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deposits and probably represent quiet-water deposition of 
muddy sediment in ponds, swales, marshes, and swamps on 
flood plain areas away from major active channels. 

The Sanctuary and Grubstake Formations consist 
mainly of mudstone and fine sandstone that accumulated in 
large, shallow lakes (Wahrhaftig and others, 1969; 
Wahrhaftig, 1987). Mudstones of lacustrine origin in the 
Sanctuary and Grubstake Formations (table 2) are laterally 
persistent, finely laminated to bioturbated, commonly sider- 
itic, and occur interbedded with thin, normally graded beds 
of fine sandstone that we interpret as turbidity current de- 
posits. In addition, mudstones in the Grubstake Formation 
contain abundant tests of Melosira granulata, a freshwater 
diatom (Hideyo Haga, Micropaleo Consultants, Inc., written 
commun., 1985). 

METHODS 

Eighty-six rock samples (36 coals and 50 mudstones) 
were collected from a measured stratigraphic section in out- 
crops of the Usibelli Group in its type section at Suntrana. 
The section was measured with a Jacob's staff. Generally, 

one sample was collected from each bed of coal and each 
unbroken interval of mudstone. The rock samples were taken 
from about 10 cm to 50 cm back from the outcrop faces in 
order to obtain the freshest available material and trans- 
ported to the laboratory in sealed plastic bags to prevent 
contamination. All 86 samples were analyzed using Rock- 
Eval pyrolysis, and 49 of these were examined for vimnite 
reflectance, in the laboratories of the U.S. Geological Sur- 
vey, Branch of Petroleum Geology, in Denver, Colorado. 
The results are shown in table 2 and summarized in table 3. 

Rock-Eval pyrolysis is a widely used method of rap- 
idly evaluating the quality and thermal maturity of prospec- 
tive petroleum source rocks (Tissot and Welte, 1984; Peters, 
1986). The procedure mimics the natural hydrocarbon- 
generation processes which occur at much slower rates 
within the earth when sediments containing kerogen (sedi- 
mentary organic matter) are buried progressively deeper and 
subjected to higher temperatures (Waples, 1985). Pulverized 
samples of rock are gradually heated from 300 'C to 550 "C 
at 25 "C per minute in an oxygen-free atmosphere, causing 
the release of water, carbon dioxide, and hydrocarbons from 
the rock. Several parameters are measured automatically by 
the Rock-Eval apparatus (table 2). The quantity S1 is the 
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Figure 1. Index map showing location of type section for the Usibelli Group at Suntrana, exploratory oil wells, 
Nenana coal field [from Merritt and Hawley, 1986), and middle Tanana basin (from Miller and others, 1959). 
Bouguer gravity low ranges from -35 to -55 mGal and corresponds to deepest part of middle Tanana basin 
(Barnes, 1961 1. 
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Table 1. Generalized stratigraphy at Suntrana 

Unit 
Thickness Major rock types Depositional 

Age (meters) (Approx. relative percent) setting 

Nenana Gravel Miocene and Pliocene 1,040 Sandstone and conglomerate (100) Alluvial fan 

Usibelli Group 

Grubstake Formation Upper Miocene 27 Mudstone (8O),sandstone (20) Lacustrine 

Lignite Creek Formation Upper and middle 179 Coal (4), mudstone (26), sandstone Fluvial 
Miocene and conglomerate (70) 

Suntrana Formation Middle Miocene 210 Coal (16). mudstone (1 1). sandstone Fluvial 
and conglomerate (73) 

Sanctuary Formation Middle Miocene 33 Mudstone (85).sandstone (15) Lacustrine 

Healy Creek Formation Middle and lower 136 Coal (25). mudstone (12). sandstone Fluvial 
Miocene and conglomerate (63) 

Birch Creek Schist ' Precambrian or Unknown Quartz-mica schist (100) 
Paleozoic 

(Metamorphic) 

'of former usage. 

amount of hydrocarbons (HC), measured in milligrams HC 
per gram of rock, that is released upon initial heating to 300 
'C; this quantity includes the gas and oil already present in 
the rock. The quantity S2 (also measured in milligrams HC 
per gram of rock) is the amount of hydrocarbons generated 
by pyrolytic degradation of the remaining organic matter in 
the rock and is an indicator of the potential of the rock to 
generate additional oil and gas. Tmax is the temperature- 
generally about 400 'C to 500 'C-at which S2 is at a 
maximum and is regarded as a rough indicator of thermal 
maturity. S3 is the amount of carbon dioxide (in milligrams 
of CO, per gram of rock) generated during pyrolysis and is 
thought to be related to the amount of oxygen in the pyro- 
lyzed organic matter. Additional Rock-Eval parameters in- 
clude the total organic carbon (TOC) in weight percent; the 
hydrogen index (HI), defined as the product lOO(S2ROC); 
and the oxygen index, defined as the product lOO(S3ROC). 

Vitrinite reflectance (Ro) is a common method of de- 
termining thermal maturity and is obtained by measuring 
the percentage of light reflected by vitrinite, a type of kero- 
gen formed from woody terrestrial plant material (Tissot 
and Welte, 1984; Waples, 1985). 

QUANTITY O F  ORGANIC MATTER 

The quantity of organic matter in the samples is indi- 
cated by the TOC (total organic carbon, in weight percent) 
and the quantities S1 and S2. All of the coal samples and 
all but seven of the mudstone samples have TOC greater 

than or equal to 0.5 percent (table I), which generally is 
regarded as the lower limit for potential source rocks of 
petroleum (Tissot and Welte, 1984). 

Not surprisingly, the values of TOC, S1, and S2 are 
generally higher for coals than for mudstones (table 3). The 
TOC of the coals ranges from 2.32 to 66.04 percent, show- 
ing that all have very good hydrocarbon generative potential 
according to the classification of Peters (table 4). The TOC 
of the mudstones ranges from about 0.05 to 26.45 percent; 
about half of the mudstones have TOC greater than 1 per- 
cent, indicating good to very good generative potential (table 
4). TOC in both coals and mudstones can be significantly 
reduced by outcrop weathering (Leythaeuser, 1973; Clayton 
and Swetland, 1978; Stanley, 1987); therefore, the TOC 
results from the outcrops at Suntrana (table 2) should be 
regarded as minimum values. 

Values of Sl are higher than 0.5 for 28 of the 36 coal 
samples, indicating fair to very good generative potential. 
However, all but 4 of the 50 mudstone samples exhibit S1 
less then 0.5, indicating poor generative potential. Values 
of S2 greater than 2.5 and indicating fair to very good 
generative potential are shown by all but two of the coals 
and about half of the mudstones. The reasons for the gener- 
ally low values of S1 and S2 may be related to (1) surface 
weathering of the sampled outcrops, (2) initially poor gen- 
erative potential due to a large proportion of woody (hu- 
mic) and oxidized (inertinitic) kerogens, and (3) interference 
by mineral matrix, including adsorption on clay minerals of 
the hydrocarbons produced during pyrolysis (Peters, 1986; 
Stanley, 1987). 
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Table 2. Rock-Eva1 and vitrinite reflectance (Ro) data from the Usibelli Group at Suntrana 

[Rock-Eva1 parameters are discussed in the text. mdst = mudstone] 

Sample 
number 

- ----- - ---- 

Meters Rock S1 S2 S3 Depositional Mean Formation above 
type mvironmeot weight (,,,,tp&) ( ; g l i  ( 1  (mgC02I s2/53 H I  o RO 

base1 (mg) g rock) (percent)2 

Grubstake 
Grubstake 
Grubstake 
Grubstake 
Grubstake 
Grubstake 
Grubstake 
Grubstake 
Grubstake 
Grubstake 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 
Lignite Creek 

mdst 
mdst 
mdst 
mdst 
mdst 
mdst 
mdst 
mdst 
mdst 
mdst 
coal 
coal 
coal 
mdst 
mdst 
coal 

mdst 
coal 
mdst 
coal 
mdst 

coal 
mdst 
coal 
mdst 

coal 
mdst 

coal 
mdst 
mdst 

coal 
mdst 

Lake 198.0 0.77 0.02 
Lake 179.9 .86 .01 
Lake 180.6 .84 .01 
Lake 135.2 .67 0 
Lake 58.1 .62 .03 
Lake 82.4 .67 0 
Lake 155.0 .56 0 
Lake 93.4 .47 .01 
Lake 100.8 .SO .02 
Lake 128.4 .74 0 
Coal swamp 11.7 21.63 4.78 
Coal swamp 5.9 25.72 9.66 
Coal swamp 23.2 8.23 .47 
Overbank 84.0 .77 .04 
Overbank 60.7 4.38 .31 
Coal swamp 10.4 35.02 3.75 
Overbank 154.3 .84 .04 
Coal swamp 6.6 20.24 2.27 
Uncertain 163.9 .25 0 
Coal swamp 5.4 26.16 3.88 
Uncertain 23.4 3.55 .55 
Coal swamp 11.9 28.42 3.02 
Overbank 135.0 .45 .01 
Coalswamp 26.1 15.33 .49 
Overbank 121.4 .94 .01 
Coal swamp 7.4 29.20 1.62 
Overbank 8.5 9.27 .58 
Coal swamp 11.8 28.51 1.77 
Aban. channel 91.1 4.95 .32 
Overbank 30.3 3.96 .92 
Coal swamp 4.4 45.47 1.59 
Overbank 143.0 .38 .02 



Table 2. Continued 

Sample 
number Formation 

Lignite Creek 
Lignite Creek 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Suntrana 
Sanctuary 
Sanctuary 
Sanctuary 
Sanctuary 
Sanctuary 
Sanctuary 
Sanctuary 

Meters 
above 
base' - 

405.2 
404.8 
377.2 
375.5 
374.9 
374.4 
356.1 
355.1 
353.1 
352.5 
348.8 
297.7 
296.9 
295.4 
294.6 
252.1 
246.9 
245.2 
214.3 
212.3 
206.2 
193.8 
193.6 
170.4 
169.4 
168.5 
164.8 
160.3 
156.8 
149.9 
149.4 
143.4 
139.8 

Rock 
Vpe 

Depositional 
environment 

coal 
mdst 
coal 
mdst 
coal 
mdst 
coal 
mdst 
coal 
mdst 
coal 
coal 
mdst 
coal 
mdst 
coal 
mdst 
mdst 
coal 
mdst 
coal 
coal 
coal 
coal 
coal 
mdst 
mdst 
mdst 
mdst 
mdst 
mdst 
mdst 
mdst 

coal swamp 
Aban. channel 
Coal swamp 
Overbank 
Coal swamp 
Aban. channel 
Coal swamp 
Overbank 
Coal swamp 
Overbank 
Coal swamp 
Coal swamp 
Overbank 
Coal swamp 
Overbank 
Coal swamp 
Aban. channel 
Aban. channel 
Coal swamp 
Aban. channel 
Coal swamp 
Coal swamp 
Coal swamp 
Clast in cgl. 
Clast in cgl. 
Clast in cgl. 
Lake 
Lake 
Lake 
Lake 
Lake 
Lake 
Lake 

Sample 
weight 

(mg) 

3.6 
188.4 

5.9 
123.0 

5.3 
158.4 

4.6 
148.5 

2.7 
141 

2.7 
4.9 

179.5 
3.8 

160.4 
4.4 

195.4 
186.0 

3.7 
141.7 

4.7 
9.3 
4.1 
4.1 

27.5 
8.5 

106.5 
113.7 
115.1 
163.0 
185.0 
132.3 
144.8 

TOC S1 

(wt. pa.) (mg H a  
g rock) 

52 
(rng H U  
g rock) 

56.66 
2.12 

127.45 
.49 

61.88 
.3 1 

52.6 
.69 

52.96 
2.83 

57.03 
69.38 

.44 
38.94 
4.23 

123.63 
.06 
.06 

24.05 
.01 

93.61 
85.16 
56.09 
56.09 
12.07 
34.11 

.83 

.74 

.91 

.26 

.26 

.47 

.33 

53 
(mg CO 2 1 

g rock) 

42.22 
1.74 

45.42 
1.78 

43.77 
.79 

40.86 
1.21 

49.62 
1.78 

49.62 
41.63 

3.69 
41.57 

2.49 
50.00 

.08 

.19 
43.78 

.14 
56.17 
35.26 
44.87 
31.70 
1 1.92 
19.76 
2.62 
2.25 
2.64 
1.93 
2.31 
3.86 
3.97 

Trnax 
('C) 

419 
425 
407 
423 
385 
416 
412 
418 
411 
420 
405 
409 
421 
418 
420 
406 

43 1 

418 
413 
415 
427 
428 
427 
439 
433 
433 
425 
421 
428 
425 

Mean 
Ro 

(percent)2 

.23 

.30 

.32 

.33 

.29 

.18 

.24 

.24 

.34 

.49 

.36 

.33 

.32 

.33 

.31 

.34 

.36 



Table 2. Continued 

Meten Rock Oepositional Sample TOC S1 52 53 Mean Emme Formation above lype mvirmmmt weight (w. (mg HU lmg HU (mg CO~I S2b1 HI 
base' (m@ g rock) g rock) g rock) 

Sanctuary 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 
Healy Creek 

mdst 
coal 
mdst 
coal 

mdst 
mdst 
mdst 
wal 
coal 
wal 
coal 
mdst 
coal 
mdst 
coal 
coal 
coal 
mdst 
mdst 
mdst 
mdst 

Lake 
Coal swamp 
Uncertain 
Coal swamp 

Overbank 
Uncertain 
Uncertain 
Coal swamp 
Coal swamp 
Coal swamp 
Coal swamp 
Uncertain 
Coal swamp 
Uncertain 
Coal swamp 
Coal swamp 
Coal swamp 
Aban. channel 
Aban. channel 
Aban. channel 
Aban. channel 

' Above basc of M y  Cmk Fwuntim. 

Vduca in pPnrahwcs ace fmm b d  unc; see kxt fox diacua8MI. 



Table 3. Summary and analysis of Rock-Eval and vitrinite reflectance data from the Suntrana section 

Number of S1 S2 S3 Mean 
Subset Rock-Eva'/ (rng HC/ (rng HU (rng HC/ S2/S3 HI 0 Ro 

vitrinite h. pa.) g rock) g rock) g rock) (percent) 
sarn~les 

All samples 
min 
rnax 
mean 

All coal samples 
min 
rnax 
mean 

All mudstone samples 
min 
rnax 
mean 

Coals 
Lignite Creek Fm. 

min 
rnax 
mean 

Suntrana Fm. 
min 
rnax 
mean 

Healy Creek Fm. 
min 
rnax 
mean 

Mudstones 
Overbank 

rnin 
rnax 
mean 

Abandoned channel 
min 
rnax 
mean 

Lake 
min 
max 
mean 

Grubstake Fm. 
min 
rnax 
mean 

Lignite Creek Fm. 
min 
rnax 
mean 

Sunaana Fm. 
min 
rnax 
mean 

Sanctuary Fm. 
min 
rnax 
mean 

Healy Creek Fm. 
rnin 
rnax 
mean 

0.18 
.49 
.3 1 

.18 

.49 

.30 

.28 

.36 
3 2  

.23 

.30 

.26 

.18 

.49 
3 1 

.34 

.39 

.36 

.34 

.34 
3 4  

.28 

.36 

.32 

.29 

.36 

.32 

.29 

.32 

.30 

No data 

No data 

.3 1 

.36 

.33 

.28 

.36 

.32 
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Table 4. Geochemical parameters describing source rock Table 5. Geochemical parameters describing type of hydro- 
generative potential (from Peters, 1 986) carbon generated (from Peters, 1 986) 

TOC S1 52 
[weight %) (mg H u g  rock) (me, HUE rock) 

Poor 0-0.5 0-0.5 0-2.5 
Fair 0.5-1.0 0.5-1.0 2.5-5.0 
Good 1 .O-2.0 1.0-2.0 5.0-10.0 
Very good 2 . a  2 . a  10.0+ 

Coals in the Lignite Creek Formation show generally 
lower TOC than coals in the Healy Creek and Suntrana 
Formations (table 3) and also exhibit higher ash contents 
(Merritt, 1985). Perhaps the organic matter that accumu- 
lated in the Lignite Creek coal swamps was diluted by ter- 
rigenous sediment; this explanation is consistent with the 
interpretation that suspended sediment loads generally were 
higher during deposition of the Lignite Creek than during 
deposition of the Healy Creek and Suntrana Formations 
(Stanley and others, 1989). 

The quantity of organic matter in the mudstone 
samples appears to be correlative with depositional envi- 
ronment. Mudstones that were deposited in overbank and 
abandoned channel environments have higher mean values 
of TOC, S1, and S2 than mudstones that accumulated in 
lakes (table 3). The reasons for this may include one or 
more of the following. (1) Rates of organic productivity 
may have been higher in overbank and abandoned channel 
environments, perhaps because they were shallower and 
better illuminated or more nutrient-rich and therefore more 
fertile. (2) Rates of consumption of organic matter by bot- 
tom-dwelling invertebrates may have been higher in the 
lakes; this interpretation is supported by our field observa- 
tion that burrows are abundant in lacustrine mudstones in 
both the Sanctuary and Grubstake Formations but rare in 
overbank and abandoned channel mudstones. (3) Preserva- 
tion of organic matter during diagenesis and weathering 
may have played a role; perhaps the woody vegetation in 
the overbank and abandoned channeI deposits was more 
resistant to postdepositional oxidation than the diatomaceous 
organic matter in some of the lake deposits. 

TYPES OF ORGANIC MATTER 

Plots of hydrogen index (HI) against oxygen index 
(01) on a modified van Krevelen diagram (fig. 2) show that 
there is a wide range of kerogen compositions in both coals 
and mudstones in the Usibelli Group. Most kerogens in our 
samples are intermediate between types I1 and 111, but many 
are types I11 and IV. Type I1 kerogens are generally consid- 
ered to be oil-prone, while type I11 kerogens are gas-prone 
(Tissot and Welte, 1984; Peters, 1986). The source poten- 
tial of type IV kerogens, however, is controversial. Smyth 

Type Hydrogen Index (HI)' S S 3  

Gas 0-150 0-3 
Gas and oil 150-300 3-5 
Oil 300+ 5+ 

Assumes a level of thermal maturation equivalent to vitrinite reflectance 
(Ro) of 0.6 percent. but can be used for rocks with Ro as low as 0.25 
percent (K.E. Peters, Chevron Oil Field Research Co., oral commun., 1987). 

(1983) argued that type IV kerogens are sources of both oil 
and gas, but Peters (1986) believed that type IV kerogens 
have little or no source potential. 

Coals and mudstones in the Usibelli Group show con- 
siderable overlap in kerogen types (fig. 2). Nevertheless, 
the mean values of HI and S2/S3 are higher for coals than 
for mudstones and higher for coals in the Lignite Creek 
Formation than for coals in the Healy Creek and Suntrana 
Formations (table 3). In general, higher values of HI and 
S2/S3 indicate greater potential as source rocks of oil (table 
5). However, the conclusion that coals in the Usibelli Group 

OXYGEN INDEX 

Figure 2. Modified van Krevelen diagram (Peters, 1986) show- 
ing idealized kerogen types (solid lines) and results for coal 
(dots) and mudstone (circles) of the Usibelli Group at Suntrana 
(table 2). In twenty additional samples not shown in this dia- 
gram, oxygen index values exceed 200 and hydrogen index 
values are less than or equal to 60. Type I and type II kero- 
gens are oil-prone while type Ill kerogens are gas-prone. In- 
terpretation of type IV kerogens is controversial; they are vari- 
ously regarded as oil-prone, gas-prone, or inert (Smyth, 1983; 
Peters, 1986). 
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are oil-prone should be viewed with caution because the 
Rock-Eval technique tends to overestimate the oil-generative 
potential of coals due to poorly understood analytical prob- 
lems (Peters, 1986). 

The petroleum source potential of coals has long been 
controversial. Recent geochemical and geological investi- 
gations, however, indicate that many coals can be sources 
of gas and that certain coals can be sources of oil (Tissot 
and Welte, 1984; Waples, 1985). Accumulations of gas de- 
rived from coal are commercially produced in Europe, the 
Soviet Union, Alabama, Colorado, and New Mexico; crude 
oils thought to be derived from coal occur in Germany, 
France, the United Kingdom, Indonesia, Australia, and 
Venezuela (Meissner, 1984; Rightmire, 1984; Tissot and 
Welte, 1984; Waples, 1985). Given this worldwide experi- 
ence and the Rock-Eval pyrolysis results noted above, the 
petroleum source potential of coals in the Usibelli Group 
should be investigated further by more detailed analysis of 
kerogen types and geochemistry. 

Mudstones of the Usibelli Group that were deposited 
in overbank and abandoned channel environments exhibit 
higher mean values of HI and S2/S3 than mudstones that 
accumulated in lakes (table 3). This may simply reflect dif- 
ferences in the types of vegetation and resulting organic 
matter that accumulated in the original depositional envi- 
ronments. Alternatively, the HI and S21S3 in the lake mud- 
stones at Suntrana may have been reduced by oxidation 
during diagenesis or weathering or by interference from the 
mineral matrix during pyrolysis (Peters, 1986). 

Two coal samples and 21 mudstone samples have 
oxygen index (01) values greater than 150 (table 2); such 
values are unusually high (Katz, 1983). Elevated values of 
0 1  can be caused by oxidation of organic matter in 
the samples during outcrop weathering (Peters, 1986; 
Stanley, 1987) or by generation of carbon dioxide during 
pyrolysis by thermal degradation of carbonate minerals such 
as calcite, dolomite, and siderite (Katz, 1983; Peters, 1986). 
Either or both of these problems may have affected our 
data, because the samples were collected from surface 

The values of vitrinite reflectance and Tmax show 
considerable scatter but generally are greater downsection 
(figs. 4,5,6). These results are most easily explained by the 
generally accepted notion that burial temperatures and ther- 
mal maturity increase with burial depth. Furthermore, our 
results are consistent with a relatively simple burial history 
in which the Usibelli Group at Suntrana was buried beneath 
about 1 km of the Nenana Gravel (table 1) and subsequently 
exposed at the surface by a combination of uplift and erosion. 

Anomalously high values of vitrinite reflectance, up 
to 2.72 percent, are shown by five samples (numbers 12-16) 
from the Healy Creek Formation (table 2). These five 
samples were collected from an interval that has recently 
burned, as shown by the presence in outcrop of red clinker 
and baked mudstone. Because the high vitrinite reflectances 
of these five samples were most likely caused by the high 
temperatures of recent coal fires rather than by tempera- 
tures achieved during burial diagenesis, they were not in- 
cluded in the data plotted in table 3 and figures 4 and 6. 

IMPLICATIONS FOR PETROLEUM 
OCCURRENCE IN THE MIDDLE TANANA BASIN 

Our Rock-Eval pyrolysis and vitrinite reflectance re- 
sults show that coals and mudstones of the Usibelli Group 
at Suntrana are potential source rocks of oil and gas but are 
thermally immature to marginally mature with respect to 

exposures susceptible toweathering and because the samples 
were not treated with acid to remove carbonate before 
pyrolysis. 

THERMAL MATURITY 

The thermal maturity of organic matter in our samples 
is indicated by the vimnite reflectance (Ro) and the Tmax 
of Rock-Eva1 pyrolysis. Nearly all of the samples exhibit 
vitrinite reflectance less than 0.4 percent and Tmax less 
than 440 'C; comparison of these values with the thermal 
maturity range chart (fig. 3) indicates that the coals are 
lignite and subbituminous and that most of the samples are 
immature to marginally mature with respect to the oil- Figure 3. Organic geochemical parameters and levels of ther- 
generative zone (oil window). ma1 maturation, compiled from several sources (Stanley, 1987). 
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Vitrinite 
reflectance 
(percent) 

Coal rank 

Peat 

Rock-Eval Tmax 
(degrees Celsius) 

Lignite and 
subbituminous 

Bituminous 

Semianthracite 
and anthracite 

Meta-anthracite 

Immature  

430-445 + 0.5-0.7 - 
Oil-generat ive zone 

(oil window) 
- 465-475 -t 1.2-1.4 - 

Wet-gas generative zone 

495-500 4 1.9-2.0 - 
Post-mature 

(dry-gas generative zone) 
I 4.0 

Low-grade metamorphic 
(barren) 

I 



0 
0.1 0.2 0.3 0.4 0.5 

MEAN VlTRlNlTE REFLECTANCE, 
IN PERCENT 

Figure 4. Mean vitrinite reflectance versus stratigraphic posi- 
tion for mudstones and coals of the Usibelli Group at Suntrana. 

Tmax, IN DEGREES CELSIUS 

Figure 5. Mean Tmax ("C) versus stratigraphic position for 
mudstones and coals of the Usibelli Group at Suntrana. See 
text for explanation of Tmax. 

the oil window. In the subsurface middle Tanana basin (fig. 
l), the Usibelli Group includes coals and mudstones that 
are lithologically similar to those at Suntrana, according to 
mudlogs and other information from exploratory wells 
(Grether and Morgan, 1988; Kirschner, 1988). If these sub- 
surface strata are also similar to the Suntrana rocks in amount 
and type of organic matter and have been buried deeply 
enough to achieve levels of thermal maturity corresponding 
to the oil window, then they may have generated oil and gas. 

Thermal maturity data from wells in the middle Tan- 
ana basin have not been published. However, a rough esti- 
mate of the depth to the top of the oil window in the basin 
can be made from information on geothermal gradients and 
the general relationship between vitrinite reflectance and 
burial temperature. Reliable data on geothermal gradients 
are not available for central Alaska, so we made estimates 
using bottom-hole temperatures from the Union Nenana No. 
1 and ARCO Totek Hills No. 1 wells (fig. 1). For both 
wells we assumed a mean annual surface temperature of 0 
'C (T.S. Collett, U.S. Geological Survey, oral commun., 
1989). The Union well recorded a bottom-hole temperature 
of 31 'C at a drilled depth of 930 m for an uncorrected 
geothermal gradient of 0.033 *C/m. The ARCO well re- 
corded a temperature of 68 'C at 1,079 m for an uncorrected 
gradient of 0.063 'Cfm. For comparison, our calculated 
geothermal gradients are about the same to slightly higher 
than those in Cook Inlet and on the North Slope of Alaska 
(American Association of Petroleum Geologists, Geothermal 
Survey of North America Subcommittee, 1976). It is possible 
that our estimates of geothermal gradient are lower than the 
true gradient, because drilling disrupts the temperature pro- 
file in a well by pumping cool drilling fluids down the 

A 
0 100 200 300 400 500 600 

MEAN Tmax, IN DEGREES CELSIUS 

Grubstake Fm. 

Lignite Creek Fm. 

Suntrana Fm. 

Sanctuary Fm. 

Healy Creek Fm. 

0.0 0.1 0.2 0.3 0.4 0.5 
B 

MEAN VlTRlNlTE REFLECTANCE, IN PERCENT 

Figure 6. Bar graph of mudstones and coals in all five forma- 
tions of the Usibelli Group at Suntrana. A, Mean Tmax ("C). See 
text for explanation of Tmax. 6, Mean vitrinite reflectance. 
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borehole, resulting in cooling of the rocks at depth and 
measured bottom-hole temperatures that are too low Parker 
and Pawlewicz, 1986). 

Experience shows that the top of the oil window oc- 
curs at an average vitrinite reflectance (Ro) level of 0.6 
percent, which corresponds to a burial temperature of about 
88 'C (Barker and Pawlewicz, 1986). Using this temperature 
and the geothermal gradients calculated above, the estimated 
top of the oil window in the middle Tanana basin is about 
1,400 m to 2,700 m below the ground surface. The top of 
the oil window may actually be shallower than this, if our 
assumed bottom-hole temperatures and geothermal gradients 
are too low as noted above. 

Gravity data suggest that the base of the Usibelli Group 
in the deepest part of the middle Tanana basin is 3,000 m to 
3,350 m beneath the surface (Barnes, 1961; Hite and 
Nakayama, 1980; Kirschner, 1988). If the gravity data have 
been correctly interpreted, then the base of the Usibelli Group 
is below the estimated top of the oil window, suggesting 
that mudstones and coals in at least the lower part of the 
Usibelli Group have been buried deep enough to generate 
oil and gas. 

This hypothesis can be tested by drilling in the deep- 
est part of the middle Tanana basin, which probably coin- 
cides with a gravity low northwest of Nenana (fig. 1). Both 
the Union Nenana No. 1 and the ARC0 Totek Hills No. 1 
were drilled away from this gravity low, in areas where the 
Usibelli Group is thin (Grether and Morgan, 1988; Kirsch- 
ner, 1988). Mudlogs show that both wells were dry holes 
that bottomed in schist, with gas shows associated with coal 
beds but no reported signs of oil. The reason for the lack of 
oil is unknown but may reflect an absence of appropriate 
source rocks, failure of the source rocks to reach thermal 
maturity, or the presence of barriers to migration that pre- 
vented oil generated in the deepest parts of the basin from 
reaching the boreholes. 

SUMMARY 

Results from Rock-Eval pyrolysis and vitrinite reflec- 
tance indicate that coals and mudstones in the type section 
of the Usibelli Group at Suntrana are potential source rocks 
of oil and gas and are thermally immature to marginally 
mature with respect to the oil window. In the samples we 
studied, coals are more organic-rich and possibly more oil- 
prone than mudstones; furthermore, mudstones from fluvial 
overbank and abandoned channel deposits are more organic- 
rich and possibly more oil-prone than mudstones that accu- 
mulated in lakes. 

Lithologically similar coals and mudstones were en- 
countered by two wells drilled in the nearby middle Tanana 
basin. Both wells were drilled in areas where the Usibelli 
Group is relatively thin and shallowly buried, and both re- 
ported shows of gas but no oil. However, calculations based 

on gravity and uncorrected borehole temperatures suggest 
that a well drilled in the deepest part of the basin northwest 
of Nenana will find mudstones and coals buried below the 
top of the oil window, where they may have generated oil 
and gas. 
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GEOLOGIC NOTES 

K-Ar and 40Ar/39Ar Ages of Tuff Beds at Ocean Point on 
the Colville River, Alaska 

By James E. Conrad, Edwin H. McKee, and Brent D. Turrin 

INTRODUCTION 

The age of dinosaur-bone-bearing beds of the Prince 
Creek Formation along the Colville River has been in de- 
bate for the past decade. Early paleontological studies sug- 
gest that at least part of the section near Ocean Point and 
near the site of the dinosaur bones be assigned a Paleocene 
to early Eocene (Thanetian to Ypresian) age on the basis of 
mollusks and ostracodes (Marincovich and others, 1985). 
This age seemed to confirm a fission-track age on zircon of 
50.9k7.7 Ma reported by Carter and others (1977). Other 
studies of benthic foraminifers, vertebrates, and ostracodes 
suggest that the marine strata are late Campanian to early 
Maastrichtian (McDougall, 1987; Brouwers and others, 
1987). The need to resolve this conflict by accurately dating 
these strata is of greater than normal interest to the geologic 
community because a Paleocene age for dinosaurs would 
cast doubt on the bolide impact theory for the extinction of 

dinosaurs (and many other taxa) at the end of the Creta- 
ceous Period (Alvarez and others, 1980). 

A number of tuff beds in the bluffs on the south side 
of the Colville River about 7 krn west of Ocean Point (fig.1) 
contain glass shards suitable for dating by the K-Ar and the 
@Ar/J9Ar methods. Four samples of glass were dated by K- 
Ar and eight were dated by the @ArP9Ar incremental heat- 
ing technique. 

GEOLOGIC SElTlNG 

The Prince Creek Formation 7 km west of Ocean 
Point consists of a series of thin- to medium-bedded sand- 
stones and siltstones with interbeds of tuff and coal. Strati- 
graphically higher parts of the section that are several 
kilometers to the east consist entirely of mudstone and silt- 
stone. The lower part of the section, which contains tuff 

Figure 1. Index map showing location of samples dated by K-Ar and 40ArPAr methods. See tables 1 and 2 for detailed informa- 
tion. Numbers 1-25 correspond to sections measured by Phillips (this volume). 

K-Ar and 'OArP9Ar Ages of Tuff Beds at Ocean Point on the Colville River, Alaska 77 



Table 1. Results of conventional K-Ar analyses of the Colville River tuff beds 

Experiment K 2 0  (wf. ' O A ~  rad molelg 40Ar rad Agefl a 
Sample No. Material percent) 

number (x 1 0-lo ) (Ma) 

M86LPA9 87I589 Glass 5.74 5.811 88.8 69.532.1 

86ACr019 87I535 Glass 3.87 3.732 77.0 65.832.0 

M86LPA19 871452 Glass 5.46 5.647 76.7 70.432.1 

Constants: hE+xE = 0.581 x 10-lOyr-l, Xp = 4.962~ 10-lo yil. -tal = 1.167~ 10' moVmol 

beds, also contains abundant dinosaur bones in organic-rich 
beds. Measured sections from along the Colville River 
showing the tuff beds sampled for this report and relations 
to the dinosaur-bone-bearing horizons are shown in Phillips 
(this volume, figs. 2 and 3). The tuff beds form resistant 
white to buff markers 1 cm to 2 m thick that pinch out 
along strike over distances of hundreds of meters. As many 
as 10 tuff beds occur in the 20- to 30-m-thick section 7 km 
west of Ocean Point. The tuff-bearing strata represent flood- 
plain deposits (Phillips, 1988), whereas overlying siltstones 
and mudstones were deposited in a marine environment. 
The extent of the flood-plain deposits, including tuff beds 
and dinosaur-bone-bearing beds, is unknown; overlying 
marine strata crop out about 2 km to the east. 

Glass shards from some of the tuff beds are remark- 
ably fresh and well preserved. The unabraded character of the 
delicate shards indicates that they are airfall deposits that 
have not been transported by water for any distance. Micro- 
scopic examination in normal and polarized light and in re- 
fractive oils reveals no trace of devitrification or alteration of 
the glass. The potassium 60) content of the glass is between 
3.5 and 5.7 weight percent, indicating a rhyotitic composition. 

METHODS 

Conventional K-Ar analyses were performed using 
standard isotope-dilution techniques similar to those de- 
scribed by Dalrymple and Lanphere (1969). A 60"-sector, 
15.2-cm-radius, Nier-type mass spectrometer was used for 
argon analysis. Potassium analyses were performed by a 
lithium metaborate flux fusion-flame photometry technique, 
using lithium as an internal standard (Ingamells, 1970). 

Samples used in the "ArP9Ar age spectrum experi- 
ments were heated by two different techniques-induction 
coil (Dalrymple and Lanphere, 1969) and continuous laser 
(Dalrymple, 1989). 

RESULTS 

Conventional K-Ar ages on the Colville River tuff 
beds range from 65.8G.0 to 70.4G.1 Ma (table 1). The 

four samples listed in table 1 are in probable stratigraphic 
order (see Phillips, this volume). Faults and covered inter- 
vals in the section prohibit a direct correlation between some 
of the dated tuff units. Within the limits of analytical uncer- 
tainty, the ages are indistinguishable from one another. The 
age of sample 86ACr019 is concordant with the other ages, 
but "Ar/J9Ar data (described later) suggest that this sample 
may have undergone some argon loss. The K-Ar data indi- 
cate that the age of these beds ranges from about 70-71 Ma 
to about 66-68 Ma. 

The *ArPgAr analyses were performed to evaluate the 
degree of argon loss by diffusion or alteration of the glass, 
which would lead to anomalously young conventional K- 
Ar ages. The assumption used for interpreting incremental 
heatings of glass is that the low-temperature steps (about 
300 to 500 "C) release loosely held argon from the outside 
edges of the glass shards and from alteration products, most 
likely clays. Higher temperature steps (about 550 "C and 
higher) release argon (by volume diffusion) from inner por- 
tions of the shards that have been less affected by alteration 
and diffusion over geologic time. Alteration and diffusion 
of argon will be most pronounced along the edges of the 
shards; low-temperature steps will reveal these effects of 
argon loss by yielding anomalously young apparent ages. 

All samples were analyzed by the incremental or age 
spectrum "ArPAr technique (table 2), using induction- 
heating or laser-heating methods. Analysis of age spectra 
and isochron plots using the criteria of Lanphere and 
Dalrymple (1978) readily distinguishes between samples that 
have undergone some degree of argon redistribution and 
those that are essentially undisturbed and therefore give 
reliable cooling ages. The "ArPgAr age spectra for three of 
the glass samples (M86LPA 19, 84ACr 180Y, M86LPA9) 
have concordant, welldefined plateaus and show only minor 
evidence of argon loss caused by alteration or diffusion. 
Samples M86LPA14 and 86ACr019 gave disturbed age 
spectra and appear to have some degree of argon redistribu- 
tion, but only one of these (86ACr019) shows evidence of 
significant argon loss. 

The argon release patterns show minor argon loss in 
all samples, which is reflected by slightly younger ages in 
the low-temperature steps of the incremental-heating ex- 
periments. The total radiogenic "Ar loss in all samples is 
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Table 2. Results of 40ArPAr analyses of the Colviile River tuff beds 

[Bold entries indicate data used in calculation of plateau ages. In the third column, temperatures (OC) reported for samples heated by induction 
coil, lettered steps for samples heated by continuous laser] 

T w p  PC) 4oArf 3 9 ~ ~  37~ r /  3?4r 3 6 ~ r /  3%r percent3'Ar @Ar rad Apparent Sample No. Exp. No. 
or step released age (Ma) 

-- -- 

M86LPA9 L121-2 A 22.28 0.08604 0.0605 1 
B 16.41 0.003099 0.008048 
C 14.73 0.01691 0.003862 
D 14.26 0.01690 0.001943 
E 14.18 0.01330 0.001050 
F 14.07 0.01413 0.0004771 
G 14.14 0.01139 0.0004163 
H 14.08 0.01649 0.0008217 

J=0.00281 
Reactor corrections: 36Ar/37Ar (Ca)=0.0003; '9Ar/ 37~(~a)=0.0003; 39Ar(~)=~.0086 

87A076 350 222.2694 0.05515 0.7520 0.17 0.03 0.6f26.7 
400 27.77 0.01 11 0.07389 1.97 21.4 50.Ok1.8 
475 11.27 0.01715 0.01 176 13.36 69.1 65.5M.4 
600 8.803 0.01659 0.002101 62.55 92.9 68.7M.2 
750 9.160 0.01430 0.003466 19.41 88.8 683M.3 
865 17.38 0.003415 0.03180 2.46 45.9 67.e1.3 
FUSE 338.2 0.1253 1.153 0.08 -0.7 -20.9f 78.8 

J=0.004745 
Reactor corrections: 3 6 ~ 3 7 A r  (Ca)=0.000234: 39~r/  37Ar(~a)=0.000654; %r/ "Ar(K)=0.0057 

- - 

86ACr019 88A003 450 16.67 0.1756 0.003098 9.35 45.0 63.0k1.8 
550 9.126 0.1562 0.004647 42.38 84.7 65.M0.5 
625 8.788 0.1621 0.004158 29.18 85.8 63.4H.7 
700 10.01 0.1809 0.008652 11.89 74.3 62.6f 1.4 
800 13.49 0.2357 0.01977 5.67 56.6 6422.8 
FUSE 41.95 1.256 0.1 153 1.52 18.9 66.7i2.8 

J=0.004745 
Reactor corrections: -Ar (Ca)=0.000278; 3 9 ~ r /  %r(~a)=0.0007; 39~(~)=0.0332 

M86LPA14 88A004 450 17.30 0.1889 0.03943 4.59 32.5 47.4rt2.9 
525 13.01 0.1510 0.01474 23.36 66.3 72.1H.8 
600 10.07 0.1439 0.004354 32.74 87.0 73.2H.6 
700 9.355 0.1463 0.002891 26.64 90.6 70.933.7 
775 9.517 0.1630 0.004225 9.73 86.7 69.0k1.4 
FUSE 64.77 0.3460 0.1842 2.94 16.0 86.M.1 

J=0.004725 
36 Reactor corrections: Ar/ ''k (Ca)=0.000278; "AI/ %r(~a)=0.0007; *A/ 39Ar(~)=0.0332 

84ACrl80Y 87A075 350 35.37 0.05557 0.1041 0.58 13.0 39.Oi8.9 
450 16.69 0.05418 0.03560 6.26 36.9 52.M0.9 
525 10.31 0.04298 0.007529 34.06 78.4 68.0M.3 
600 8.773 0.03772 0.001751 24.5 1 94.1 69.3M.3 
700 8.497 0.04671 0.008265 25.86 97.1 69.3M.3 
850 13.02 0.2258 0.01610 738 63.6 69.5M.8 
FUSE 14.75 1.956 0.02166 1.34 57.5 71.3f3.90 

J=0.004745 
Reactor corrections: % ~ r /  %r (Ca)=0.000234; 3 h /  3L(~a)=0.000654; %/ 3kr(~)=0.0057 
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Table 2. Results of 40ArpAr analyses of the Colville River tuff beds-continued 

[Bold entries indicate data used in calculation of plateau ages. In the third column, temperatures (DC) repolted for samples heated by induction 
coil, lettered steps for samples heated by continuous laser] 

Sample No. Exp. No. Temp (OC) 40Ar/ 3 9 ~ ~  "Ar/ 3?4r 3 6 ~ r /  ",r ~ e r c e n t ~ ~ ~ r  40Ar rad Apparent 
or step released age (Ma) 

86LPA19 L115-1 TFU 15.29 0.02571 0.005813 100 88.7 67.5f 1.5 

L115-3 A 17.34 0.007356 0.01290 2.80 78.0 67.3f4.2 
B 15.01 0.02244 0.003973 28.68 92.1 68.839.6 
C 14.77 0.02248 0.001475 47.44 97.0 71.2M.8 
D 14.65 0.01742 0.0007919 15.67 98.4 71.6kO.7 
E 14.92 0.01306 0.001839 2.76 96.3 71.4-3 
F 15.03 0.01364 0.002773 2.64 94.5 70.6fi.4 

J=0.0028 1 
36 Reactor corrections: ~ r /  3kr (Ca)=0.0003; 39Ar/ 3kr(~a)=0.0003; %r/ 3h(~)=0.0086 

Decay constants: he+Xe = 0.581 x 10*1° yil, hp = 4.962 x 10 'lo yil , = 1.167 x 10 molhnol 

Table 3. Summary of K-Ar and 40ArPAr ages of the Colville River tuff beds 

Experiment Sample no. K-Ar 40~r/ 3?4r 4 0 ~ r / 3 9 ~ r  '%r/ '%r 
no. age (Ma) plateau age (Ma) isochron age (Ma) total-gas age (Ma) 

No plateau 

No plateau 

*Recombined age. 

less than about 2 percent, estimated by comparison of pla- 
teau and total-gas ages (table 3). The minor loss ob- 
served in the low-temperature heating steps is attributed to 
loss of due to surface alteration and (or) diffusion near 
shard boundaries. Nonetheless, 40ArP9Ar plateau ages are 
indistinguishable from conventional K-Ar ages within the 
limits of analytical uncertainty. Of the two samples giving 
apparently disturbed 40ArP9Ar age spectra, one (M86LPA14) 

gave a reasonable K-Ar age of 68.552.0 Ma on the basis of 
the other radiometric ages, suggesting that some argon re- 
distribution occurred without significant argon loss. The 
slightly old total-gas age of 71.1H.5 Ma obtained on this 
sample by aArP9Ar may be an artifact of the irradiation 
process (recoil of 39Ar). Sample 86ACr019 appears to have 
suffered significant aAr loss due to alteration or diffusion 
on the basis of the incremental heating data. The K-Ar age 
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of 65.89.0 Ma for this sample is therefore considered a 
minimum age. 

The "best" or preferred age for each of the tuff beds 
is shown in figure 2. For samples M86LPA9 and 
M86LPA19, preferred ages are 68.8kO.4 and 70.4M.8 Ma 
respectively, and are calculated from weighted means of 
"ArP9Ar isochron ages, *Ar/J9Ar total fusion ages, and K- 
Ar ages for each tuff. The preferred age for sample 
84ACr180Y is the "Arf9Ar isochmn age of 69.3M.4 Ma. 
The best age estimate for sample M86LPA14 is the K-Ar 
age of 68.5k2.0 Ma, because of possible irradiation-induced 
disturbance in the "ArP9Ar analysis. The K-Ar age of 
65.8f2.0 Ma for sample 86ACr019 is considered a mini- 
mum age because of significant argon redistribution and 
loss apparent in the "ArP9Ar analysis. Although there ap- 
pears to be a slight decrease in age upward through the 
section, none of the tuffs are demonstrably different in age 
at a 95-percent confidence level. Since the ages are concor- 
dant, a best age estimate of 69.1M.3 Ma for the dinosaur- 
bone-bearing beds was calculated using the weighted mean 
of all the analyses. Assuming that offsets across the faults 
and covered intervals are small, the location of the Creta- 
ceous-Tertiary boundary, considered to be at about 66 Ma, 
appears to be at least 100 m above the youngest dated tephra 
bed (M86LPA9), provided depositional and environmend 
conditions remained constant. This new dating, by estab- 
lishing a Late Cretaceous age for the dinosaur-bone-bearing 
beds, is therefore compatible with the impact theory for the 
extinction of the dinosaurs. Unfortunately, no tuff beds have 
been identified near the probable location of the Cretaceous- 

Tertiary boundary to allow for K-Ar or "ArP9Ar dating. 
About 40-60 m above the youngest tephra bed, the section 
passes into a marine depositional environment (Phillips, 
1988). Thus, any tuff beds deposited at this time would 
likely be reworked and altered by diagenetic interaction 
with sea water. 
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Development of an Alaskan Radiocarbon Data Base as a 
Subset of the International Radiocarbon Data Base (I RDB) 

By John P. Galloway and Renee Kra 

INTRODUCTION 

The purpose of this paper is to give a brief review of 
the historical availability of radiocarbon age determinations 
for Alaska and introduce the Alaska radiocarbon data base 
as part of the larger International Radiocarbon Data Base 
(IRDB). Since 1951 more than 2,900 radiocarbon ages have 
been reported in the literature for geological and archaeo- 
logical samples from Alaska. Thirty-five U.S. laboratories 
(Federal, State, commercial, and academic institutions) and 
14 foreign laboratories have reported radiocarbon ages on 
Alaskan samples in Radiocarbon or other scientific journals 
(table 1). Within the last 15 years (1975 to 1990), the num- 
ber of radiocarbon ages obtained from Alaska has doubled. 
As of 1984, there were more than 375 geological and ar- 
chaeological papers that contain one or more radiocarbon 
age for Alaska, excluding the 80 lists of ages published in 
Radiocarbon and 14 in Science (Galloway, 1984). This 
growth reflects not only an increase in geological and ar- 
chaeological field investigations in Alaska, but also greater 
confidence among researchers in the radiocarbon dating 
technique. There has also been a shift toward research that 
requires more precise dating of geological and archaeologi- 
cal sites (Gal, 1982; Nelson and others, 1988). 

With an increasing interest both at the national and 
international levels in geological and biological processes in 
arctic environments and the reconstruction of paleoenviron- 
ments, the development of a digital data base for radiocar- 
bon data for Alaska greatly facilitates the availability and 
dissemination of radiocarbon data for this part of the Arctic. 
Although developed independently, the Alaska data base is 
now an integral subset of the larger International Radiocar- 
bon Data Base (IRDB). The implementaion of the IRDB 
and regional data bases is timely and will provide multiple 
resources for interpretative and dynamic research (Kra. 1986). 

tory age lists. Galloway (1984) indexed the citations in Ra- 
diocarbon that referred to ages from Alaska. 

Publication of radiocarbon age determination lists was 
not limited to Radiocarbon, although the first volume in- 
cluded radiocarbon ages from Alaska (Heusser, 1959). 
Rainey and Ralph (1959) published a list of archaeological 
ages determined at the University of Pennsylvania. The 
purpose of the radiometric age list was to present a tenta- 
tive framework for Arctic dating. Thus, by the early 1960's, 
archaeologists were using the radiocarbon dating technique 
to establish a tentative cultural chronology for the Arctic. 

It was not until the mid-1960's that geologists started 
using radiocarbon ages in the discussion of regional chro- 
nologies. Karlstrom (1964) was the first to develop a re- 
gional glacial chronology using radiocarbon ages. Karlstrom 
integrated the partly dated morainal sequences with the more 
detailed and continuous depositional record of the radiocar- 
bon-dated coastal-bog stratigraphy. He based his study, 
which included more than 25 radiocarbon ages, on the 
internal consistency of the ages and their stratigraphic posi- 
tions (Karlstrom, 1964, p. 58-59). 

Since the middle 1970's and early 1980's, several 
papers have included published radiocarbon ages for spe- 
cific geographic regions. PCwC (1975) p~blished a detailed 
discussion of 15 long-recognized stratigraphic units of Qua- 
ternary age in unglaciated central Alaska. More than 150 
radiocarbon ages were discussed and arranged by geologi- 
cal formation and locality. Gal (1982) published an annotated 
and indexed roster of archaeological radiocarbon ages from 
Alaska north of 68O latitude. Hamilton published several 
U.S. Geological Survey Open-File Reports that list radio- 
carbon ages and Quaternary stratigraphic sections for 
1:250,000 quadrangles in the central Brooks Range, (fig. 1, 
northern region) the latest being the Survey Pass quadrangle 
(Hamilton and Brubaker, 1983). Williams and Galloway 
(1986) published a summary of stratigraphic sections and 
61 radiocarbon age determinations from the Copper River 

HISTORICAL AVAILABILITY O F  RADIOCARBON Basin (fig. region) 
DATA I N  ALASKA 

Between 1951 and 1959,14 radiocarbon age lists were DEVELOPMENT O F  THE ALASKA DATA BASE 
published in Science. In 1959, Radiocarbon (originally, 
American Journal of Science Radiocarbon Supplement) was The Radiocarbon Dating Laboratory of the Institute 
introduced as a primary archive for all radiocarbon labora- of Marine Science, University of Alaska, compiled the first 
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Table 1. Laboratories that have reported radiocarbon age determinations on Alaskan samples 

[*, inactive laboratory] 

Number Laboratory of age 
abbreviation determinations 

Laboratory 

Domestic 

A 
AA 
AU 
Beta 
BGS 
C* 
DIC 
Gx 
I 
ISGS 
L 
W* 
M* 
ML 
o w u *  
P* 
PIC* 
PIT 
QL 
RL* 
Sh* 
SI* 
SM* 
SMU 
TAM 
Tx 
UCLA 
UCR 
UGa 
USGS 
UW* 
W 
WIS 
wsu 
Y* 

University of Arizona, Tucson 
NSF-Arizona Accelerator Facility, Tucson 
University of Alaska, Fairbanks 
Beta Analytic. Inc., Miami, Florida 
Brock University, St. Catharines. Ontario. Canada 
University of Chicago, Chicago 
Dicarb Radioisotope Company, Gainesville, Florida 
Geochron Laboratories. Cambridge, Massachusetts 
Teledyne Isotopes, Westwood, New Jersey 
Illinois State Geological Survey. Urbana 
Lamont-Doherty Geological Observatory. Columbia University, Palisades. New York 
University of California, San Diego, La Jolla 
University of Michigan, Ann Arbor 
Rosensteil School of Marine and Atmospheric Sciences, University of Miami, Florida 
Ohio Wesleyan University, Delaware. Ohio 
University of Pennsylvania, Philadelphia 
Packard, Downers Grove, Illinois 
University of Pittsburgh. Pennsylvania 
Quaternary Isotope Laboratory, University of Washington, Seattle 
Radiocarbon. Ltd., Lampasas. Texas 
Shell. Houston, Texas 
Srnithsonian Institution, Rockville. Maryland 
Mobil Oil Corporation, Dallas, Texas 
Southern Methodist University, Dallas. Texas 
Texas A & M University. College Station 
University of Texas, Austin 
University of California, Los Angeles 
University of California, Riverside 
University of Georgia, Athens 
U.S. Geological Survey, Menlo Park. California 
University of Washington, Seattle 
U.S. Geological Survey. Reston. Virginia 
University of Wisconsin, Madison 
Washington State University, Pullman 
Yale University, New Haven, Connecticut 
Total domestic 

Foreign 

B 
Birm 
GaK 
Gi f 
GrN 
GSC 
Hv 
TVIC* 
K 
N 
S 
St 
T 
TK 

Total 

Bern, Switzerland 
Birmingham, England 
Gakushuin University. Tokyo 
Gif-Sur-Yvette, France 
Groningen, The Netherlands 
Gwlogical Survey of Canada. Ottawa 
Hannover. West Germany 
Caracas, Venezuela 
Copenhagen, Denmark 
Nishina Memorial, Tokyo, Japan 
University of Saskatchewan, Saskatoon, Canada 
Stockholm. Sweden 
Trondheim, Norway 
University of Tokyo, Japan 
Total foreign 
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comprehensive data base of radiocarbon ages for Alaska 
and adjacent portions of the Yukon Temtory and British 
Columbia (Wilson and Young, 1976). Although the devel- 
opment of the data base was a major contribution, the re- 
porting of radiocarbon ages was limited to citations in 
Radiocarbon and selected USGS Professional Papers. To 
address this limitation, a literature search of both geological 
and archaeological publications was undertaken which re- 
sulted in the publication of a bibliography of Alaskan radio- 
carbon ages (Galloway, 1984). Galloway (1987a, b) then 
used his bibliography and a modified form of Wilson and 
Young's age list to produce a radiocarbon data base for the 
State of Alaska. 

ALASKA DATA BASE FILE FORMAT 

For the Alaska data base the record for each age con- 
sists of a minimum of eight fields: (1) radiocarbon age de- 
termination, in year? B.P., (2) the standard deviation, or 
one-sigma error, (3) the laboratory code number, (4) latitude, 
(5) longitude, (6) 1:250,000 quadrangle abbreviation, (7) 

geographic region abbreviation, and (8) author citation index. 
Table 2 is an example of the Alaska data base file format. 

Most age lists appearing in Radiocarbon contain geo- 
graphic coordinates in the sample descriptions. Articles in 
journals and other reports, however, often report only a 
general geographic location. If a geographic location is in- 
cluded in the Dictionary of Alaska Place Names (Orth, 1967), 
the geographic coordinates listed are incorporated into the 
Alaska data base (Galloway, 1987a). Geographic region (fig. 
1) and 1:250,000 quadrangle abbreviations are those used 
by the U.S. Geological Survey, Branch of Alaskan Geology, 
and are listed in Galloway (1984,1987a). 

It is not uncommon for researchers to disagree on the 
interpretation of an age or series of ages. Thus, unpublished 
ages and ages lacking a laboratory and reference number 
are excluded from the Alaskan radiocarbon data base (Gal- 
loway, 1987a). The author citation index field contains at 
least one published reference and may include nine additional 
citations. Future goals for increasing the completeness of 
the file include a thorough search of all doctoral and masters' 
theses related to the Quaternary geology and archaeology 
of Alaska. 

Northern - \ 
584(271) I 

GI - I 
Offshore 

l o  (24) East-central 

0 200 
I J KILOMETERS 

Southeastern 

Figure 1. Map of Alaska showing number of Holocene and Pleistocene radiocarbon age determinations by geographic region 
(number of Pleistocene ages in parentheses). 
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Table 2. Alaska data base file format Table 3. International Radiocarbon Data Base (IRDB) file 

[Quadrangle and region abbreviations are those used by the U.S. Geological 
Survey, Branch of Alaskan Geology] 

Field Data Comments 

17730 
14 

Age C determination (yrs B.P.) 
Standard 
deviation 320 Onesigma error 

Laboratory 1-4777 Laboratory code and number 
Latitude 67:05n Degrees and minutes north 
Longitude 158: low Degrees and minutes east or 

west 
Quadrangle ar 1:250,000 quadrangle (in 

this case, Ambler River) 
Region nor Geographic region (in this 

case, Northern) 
Reference 1 Schweger, 1982 Published reference 
Reference 2 Hamilton, 1982 Published reference 
Reference 3 Hamilton, 1986 Published reference 

The Alaska data base is available as ASCII character 
files on IBM-compatible 360 K diskettes (Galloway, 1987b). 
The Alaska data base contains 2,905 radiocarbon age deter- 
minations (2,113 Holocene and 792 Pleistocene). Figure 1 
shows the number of Holocene and Pleistocene radiocarbon 
age determinations by geographic region. Additional infor- 
mation regarding the Alaska data base can be obtained by 
writing Galloway. 

INTERNATIONAL RADIOCARBON DATA BASE 
(IRDB) 

As stated by Austin Long (1989), editor of 
Radiocarbon, "this journal will respond to the changing 
manner of accessing IT dates by co-evolving with the digi- 
tal data bases containing 'T dates and site information. As 
centralized digital data bases take over an increasing share 
of the responsibility of providing this service to the scientific 
community, Radiocarbon will decrease its commitment to 
publication of date lists." "Decrease" is indeed the ovemding 
trend in the publication and dissemination of radiocarbon 
data for a variety of reasons (Kra, 1988a). The IRDB was 
implemented to manage the abundant data that have resulted 
from technological advances in the field and to provide a 
research tool for investigators in many disciplines. 

The Alaska radiocarbon data base is a subset of the 
larger International Radiocarbon Data Base. Other data bases 
are maintained by the Geological Survey of Canada (Roger 
McNeely, personal commun., 1989); for California (Bres- 
chini and others, 1990); Oxford, United Kingdom (R.E.M. 
Hedges, personal commun., 1989); Harwell, United King- 
dom (Walker and others, 1990) and Groningen, The Neth- 

format 

[I, index (search capabilities); I-K, index to keyword; VL, variable 
length] 

Field Characters Type 

1. Laboratory code (for example, A) 10 I 
2. Laboratory number (for example, 4755) 10 -- 
3. Sample name (or ID number) -- VL 
4. 14c determination (yrs B.P.) 10 I 

5. 13c value 10 -- 

6. Sample material 
7. Country 
8. Latitude 
9. Longitude 

10. Site name (also state, provinces) 
11. Submitter (last name, initial, date) 
12. Discipliie (archaeology, geology) 
13. Association (period, context) 
14. References 
15. Comments (includes calibration data) 

I-K 
I-K 
I 
I 
I-K 
I 
I-K 
I-K 
VL 
VL - 

erlands (Engelsman and others, in press), to name but a 
few of the regional data bases that are interrelated with the 
IRDB . 

In addition to the Alaska data base, Galloway has 
also compiled an unpublished file of 190 published ages 
from the USSR, a data set that will become an integral 
element in the emerging cooperative projects between the 
U.S . and USSR. 

IRDB FILE FORMAT 

The data entry format of the IRDB consists of 15 
fields in ASCII character files (table 3). The criteria for 
these fields evolved from the cooperative efforts of the Ra- 
diocarbon Data Base Commission over a period of several 
years (Kra, 1986, 1988a, b, 1989, in press; Walker and Kra, 
1988). The present structure is considered a workable mini- 
mum, or catalogue-type directory, which has been set up to 
integrate regional data bases. 

The first two fields of the file format (table 3) contain 
the sample number, divided into letters and numerals. Fields 
8 and 9, latitude and longitude, have also been divided into 
two separate units. There are three variable length (VL) 
fields: (3) sample name, (14) references, and (15) com- 
ments, which constitute the relational part of the data base. 
The data base is brief, but adaptable and versatile, and can 
be used for interpretational information. Where only essen- 
tial data are supplied, as in the case of the Alaska data base, 
the investigator is directed to primary sources. 
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ACCESS TO THE DATA BASES 

Retrieval of data from either the Alaska data base or 
IRDB may be sorted according to individual needs. For 
example, an investigator who is interested in Pleistocene 
fossils from west-central Alaska (WCE) can request a print- 
out or a file on a diskette listing fist, WCE site locations, 
and second, ages older than 10,000 yrs B.P. 

Information regarding access to the Alaska Data Base 
and the IRDB can be obtained by contacting: 

John P. Galloway 
Branch of Alaskan Geology 
U.S. Geological Survey Mail Stop 904 
345 Middlefield Road 
Menlo Park, Calif. 94025 
4 15-329-5688 

Renee Kra 
Intemational Radiocarbon Data Base 
Department of Geosciences 
The University of Arizona 
4717 E. Ft. Lowell Road 
Tucson, Arizona 85712 
602-88 1-0857 
Bitnet: C 14@ARIZRVAX 
Fax: 602-881-0554 
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The Nature and Significance of Post-Thermal-Peak Shear 
Zones West of the Great Tonalite S i l l  Near Juneau, 
Southeastern Alaska 

By Robert J. Hooper, David A. Brew, Glen R. Himmelberg, Harold H. Stowell, Robert L. Bauer, 
and Arthur 6 .  Ford 

INTRODUCTION 

The Coast Mountains of the northern Cordillera are 
underlain by a linear belt of plutonic and metamorphic rocks, 
the Coast plutonic-metamorphic complex (CPMC) as de- 
fined by Brew and Ford (1984), that extends over 1,700 km 
along the Pacific coast of Alaska and Canada, from the 
Yukon Territory to southern British Columbia. The belt has 
been divided into three segments in southeastern Alaska 
and adjacent British Columbia: a western metamorphic belt; 
a central belt of dominantly granitic rocks, variously called 
the Coast plutonic complex, central gneiss complex, or cen- 
tral granitic belt; and an eastern metamorphic belt (fig. 1). 

The western metamorphic belt of the CPMC is an 
extremely long (2900 km) and narrow (7-25 km) belt of 
dynamothermally metamorphosed rocks. In the time period 
120 to 50 Ma, multiple episodes of deformation and re- 
gional and contact metamorphism affected the belt, resulting 
in a complex overprinting of mineral assemblages and 
tectonite fabrics (Brew and others, 1989). 

The metamorphic grade and amount of deformation 
within the western metamorphic belt increases from south- 
west to northeast, culminating adjacent to the "great tonal- 
ite sill" of the CPMC. Isograds of a Barrovian metamorphic 
sequence (the M5 metamorphic belt of Brew and others, 
1989) parallel the trend of the great tonalite sill to the west 
of the sill near Juneau. Mineral isograds in pelitic rocks 
were first identified by Forbes (1959) and have subsequently 
been confirmed and refined over a 150-km segment of the 
western metamorphic belt in the northern Coast Mountains 
(Ford and Brew, 1973, 1977; Brew and Ford, 1977; Stowell, 
1986, 1989). Bauer and others (1988) described the relative 
timing of porphyroblast growth, foliation development, and 
early high-temperature ductile shearing in the rocks near 
Juneau and noted, but did not discuss in detail, local late- 
stage shear zones that postdate the emplacement of the sill. 
These late-stage shear zones developed during one of the 
latest and most poorly documented and understood defor- 
mational events recognized in the western metamorphic belt. 

This preliminary note describes the available data about 
these important features. 

The late-stage shear zones near Juneau developed 
within a complexly deformed sequence of metasedimentary 
and metavolcanic rocks. The most common rock types in 
the sequence are greenstone, slate, impure quartzite, impure 
limestone, amphibolite, amphibole mica schist, and mica 
schist. The late-stage shear zones contrast with the sur- 
rounding foliated metamorphic rocks in three ways: they 
are finer grained, they contain lower grade mineral assem- 
blages, and they are marked by abundant microscopic shear- 
sense indicators. Their distribution is currently poorly 
understood, they are clearly recognizable in thin section, 
but they have not yet been mapped as laterally continuous 
zones in the field. The distribution of thin sections that lack 
the late-stage microscopic features demonstrates that the 
zones are discrete and are probably concentrated in meter- 
to several-meter-thick packages within the higher grade 
metamorphic rocks. The shear zones apparently parallel the 
dominant local northwest-striking and moderately to steeply 
northeast-dipping foliation and compositional layering. 

The heterogeneous nature of the country rocks exerts 
considerable control over shear-zone location. The shear 
zones are preferentially located in mica-rich or pelitic rocks; 
they are less common in greenstones and carbonate-rich 
rocks and seldom found in quartz-rich or psammitic rocks. 
We therefore interpret our available data to indicate that 
shear-zone location within the metamorphic rock sequence 
is controlled in part by lithology and that shear-zone orien- 
tation is controlled in part by preexisting structure. More 
intensive study of shear-zone orientation and location and 
more extensive sampling are needed to fully explore the 
controls of shear-zone distribution and development. 

We collected 19 oriented samples in two traverses, 
about 7 km apart, across an 8-km width of the western 
metamorphic belt. Metamorphic mineral assemblages rep- 
resented indicate that the samples range from the biotite to 
the sillimanite zones. At least two oriented thin sections 
were cut from each oriented sample. Of the 19 samples, 5 
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Area of map 

Figure 1. Sketch map of Juneau area, southeastern 
Alaska, showing regional distribution of metarnor- 
phic facies in western metamorphic belt and their 
relation to plutonic units of Coast plutonic-metamor- 
phic complex as defined by Brew and Ford (1984). 
Dashed-line pattern shows approximate foliation 
trends in orthogneiss plutons of great tonalite sill. 
Crosses denote weakly foliated post-tectonic grano- 
diorite pluton. Geologic contacts dashed where a p  

proximately located; dotted where concealed. Inset 
topographic map (5004 contours) shows first occur- 
rences in northeastward transects on Heintzlernan and 
Blackerby Ridges of biotite (B), garnet (G), staurolite 
(ST), kyanite (K), and sillimanite (SI), and occurrences 
of chloritoid. Solid rectangular boxes enclose loca- 
tions of five samples studied. After Himrnelberg and 
others (1 984b). 

The Nature and Significance of Post-Thermal-Peak Shear Zones West of the Great Tonalite Sill Near Juneau, Southeastern Alaska 89 



are described in detail below; several others contained sirni- 
lar, but not as well developed, features. The five samples 
described here are all from a 4.8-km-wide part of the 8-km- 
wide sampled area; their locations are shown in figure 1. 
Other samples within this 4.8-krn-wide area do not contain 
the late-stage shear zones. The distribution of samples un- 
affected by late-stage shearing suggests that the late-stage 
shear zones may not be as common within about 2.5 krn of 
the southwest margin of the great tonalite sill as they are 
farther west in our two traverses. Although the numbers of 
traverses, of samples within the traverses, and of samples 
studied in detail at this time are not large, we believe they 
are representative of the western metamorphic belt in this 
general area. 

MICROSCOPIC CHARACrERlSTlCS OF THE 
SHEAR-ZONE ROCKS 

Metamorphic textures in these rocks were recently 
described by Himmelberg and others (1984a, b) and Bauer 
and others (1988). Chlorite and muscovite in low-grade pe- 
litic rocks generally occur as small laths parallel to and 
defining the schistosity. Biotite in the garnet zone, the stau- 
rolite zone, and part of the kyanite zone occurs both as 
porphyroblasts and as small plates that parallel the schistos- 
ity. These porphyroblasts commonly contain an internal 
schistosity, defined by strings of quartz inclusions and 
opaque dust, that is at a high angle to the external schistos- 
ity. In the upper kyanite zone and higher grade zones, biotite 
occurs only as small plates that, together with muscovite 
(where present), define the schistosity. Garnets range in size 
from small idioblastic grains to large porphyroblasts. Some 
garnet porphyroblasts contain well-preserved rotated internal 
foliation; others contain nonrotated internal foliation. Stau- 
rolite and kyanite porphyroblasts commonly contain helicitic 
inclusion trails. Sillimanite occurs primarily as fibrolite par- 
allel to schistosity, although small prismatic grains are also 
present. Sillimanite locally replaces kyanite and is com- 
monly found in biotite. Quartz and plagioclase form po- 
lygonal granoblastic aggregates. 

In addition to the above information, we note that 
many quartz-rich samples have distinctive granoblastic tex- 
tures with abundant grain boundary triple points (fig. 2A). 
Foliations within these samples are generally weak in thin 
section, defined by aligned individual crystals and crystal 
aggregates of biotite. Individual crystals within elongate 
grain aggregates of biotite are locally oriented with cleav- 
age at a high angle to foliation (fig. 24). 

The late-stage shear zones in all rock types in the 
metamorphic sequence are identifiable as zones of consid- 
erable grain-size reduction that have a closer spaced and 
more uniform foliation than in the surrounding rocks (for 
example, compare fig. 2A, B). Lineation &fined by elongate 
biotite clots and by aligned staurolite and kyanite crystals is 

common. Schistosity and lineations that developed during 
earlier orogenesis have been completely transposed into the 
new foliation in the shear zones. The only recognizable 
fabrics that predate this late shearing are the inclusion trails 
of quartz and opaque minerals sometimes preserved in garnet 
and biotite porphyroclasts (fig. 2 0 .  

Porphyroclasts of biotite, garnet, and calcite-quartz 
are clearly definable in rocks of appropriate composition 
(fig. 2B, C, D. E, F). The porphyroclasts are isolated in a 
fine-grained foliated matrix that locally contains quartz rib- 
bons aligned parallel with the foliation (fig. 2B, F, G). Weak 
shear-band foliation is locally developed in fine-grained 
mica-rich rocks in regions of homogeneous foliation (fig. 
2E). Aluminum silicate minerals do not occur in the shear 
zones, even where they are abundant in adjacent parent 
rocks. 

Foliation in quartzofeldspathic rocks is defined by a 
strong dimensional preferred orientation of biotite, white 
mica, chlorite, and quartz ribbons (fig. 2B, G, H). Quartz 
ribbons in regions of homogeneous foliation display a strong 
dimensional preferred orientation parallel to the mylonitic 
foliation (fig. 2G). Matrix phyllosilicates display strong lat- 
tice preferred orientations with c-axes aligned normal to the 
mylonitic foliation. Locally, chlorite crystals are oriented 
with their cleavage traces at a high angle to the dominant 
foliation. Perturbed zones occur in the shear-zone foliation 
where ribbons and matrix flow around porphymclasts (fig. 
2C, D, E). 

Quartz ribbons are polycrystalline aggregates com- 
posed predominantly of equant grains with high-angle, pla- 
nar grain boundaries that define a granoblastic polygonal 
texture (fig. 2G). Grain boundary triple-points are common. 
Individual grains display weak nonuniform extinction and 
minor subgrain developmenr they are for the most part free 
of unrecovered strain (fig. 2G). Pronounced quartz lattice 
preferred orientations within ribbons (as determined using a 
gypsum plate) and preferred quartz subgrain fabric orienta- 
tions have not been observed. 

Some garnet porphyroclasts have a sievelike appear- 
ance (fig. 2C , E). Quartz inclusion trails are present in some 
garnets but they rarely bear a systematic relationship to the 
shear-zone foliation (fig. 2C. E). Curved inclusion trails of- 
ten have a sense of vorticity that is opposite to that in the 
matrix (fig. 2C) indicating that the trails record a pre-shear- 
zone deformation. 

Biotite porphyroclasts occur as augen- or fish-shaped 
crystal fragments or crystal aggregates (fig. 2B, D) in shear 
zones with in biotite-bearing parent rocks. They are com- 
monly asymmetric with tails of biotite, white-mica, and 
chlorite that extend into, and are parallel with, the dominant 
foliation in the rock (fig. 2B, D). The porphyroclasts are 
commonly poikiloblastic, containing abundant quartz blebs 
and vermicules (fig. 20). Some porphyroclasts are partially 
replaced by chlorite (fig. 20) that may or may not be paral- 
lel with the foliation in the matrix. 

90 Geologic Studies in Alaska by the U.S. Geological Survey, 1989 



Foliation in shear zones within amphibolites is de- 
fined by a strong dimensional preferred orientation of phyl- 
losilicates, calcite-quartz ribbons, and aggregates of both 
epidote and fine-grained opaque minerals (fig. 2F). 

SHEAR-SENSE INDICATORS 

The late-stage shear zones strike west of north (32O0- 
350°) and dip moderately to steeply to the northeast (60"- 
75O); mineral lineations within the shear zones plunge 
moderately to the northeast. The zones are invariably de- 
veloped parallel to compositional layering in the surround- 
ing rocks. Offset layering cannot, therefore, be used to 
determine the sense and magnitude of displacement across 
the shear zones; the sense of displacement can only be de- 
duced using microstructures. Identifiable microstructural 
criteria potentially useful in determining shear-sense in the 
late-stage shear zones include asymmetrical porphyroclast 
systems (as described by Simpson and Schmid, 1983, and 
Passchier and Simpson, 1986) and shear-band foliations (as 
described by White and others, 1980) or extensional crenu- 
lation cleavages (as described by Platt and Vissers, 1980, 
and Dennis and Secor, 1987). As is typical in deformed 
metamorphic rocks, only a small percentage of tailed and 
nontailed porphyroclast systems yield an unequivocal sense 
of shear due to local clast interference and perturbations of 
the flow field in the matrix. 

Biotite fish commonly display an asymmetric habit, 
with tails that stretch out into and merge with the shear- 
zone foliation. The tails step-up in the shear direction; for 
example, the sense of shear of the porphyroclast in figure 
20 is top-to-the-left. Calcite-quartz porphyroclasts in sheared 
amphibolitic rocks also have asymmetrical tails of recrystal- 
lized material that step-up in the shear direction; the sense 
of shear of porphyroclasts in figure 2F is top-to-the-left. 
Distinctive asymmetrical perturbed zones occur in the ma- 
trix immediately adjacent to some garnet and calcite-quartz 
porphyroclasts. The foliation in perturbed zones is inclined 
in the shear direction; the sense of shear from the garnet 
porphyroclasts in figure 2C and 2E is thus top-to-the-left. 
Microscopic-scale shear-bands are developed in fine grained 
rocks with high matrix phyllosilicate content. The shear- 
bands have a normal fault geometry and step down in the 
shear direction. The shear-bands at the bottom of figure 2E 
cut down to the right, hence the sense of shear is top-to-the- 
left; this is in accordance with the sense of shear deter- 
mined from the matrix perturbations around the garnet 
porphyroclast. 

Microstructural criteria within the late-stage shear 
zones, irrespective of type, produce a consistent sense of 
shear both within (fig. 2E) and between samples. Thin sec- 
tions were cut parallel with the mineral lineation. All sec- 
tions display clockwise shear sense when viewed in the 
plane of the foliation down the plunge of the normal to the 
lineation, here, to the southeast. Mineral lineations within 

the shear zones plunge moderately to the north-northeast on 
northwest-striking (320'-350') foliation that dips moder- 
ately to the east-northeast (60'-75'). The shear zones are, 
therefore, zones of contractional oblique-slip. The dip-slip 
motion component is northeast-side-up or northeast over 
southwest; the strike-slip motion component is right-lateral. 

The Barrovian sequence mineral assemblages in the 
protolithic rocks developed in response to the initial intru- 
sion/emplacement of the great tonalite sill during the M5 
metamorphic event (Brew and others, 1989). The grano- 
blastic textures evident in many protolith samples are simi- 
lar to those that develop as a result of thermally driven 
static annealing; these textures overprint earlier high-tem- 
perature fabrics. This relationship was recognized by Brew 
and others (1989), and both the contrasting textural and 
mineral assemblage data are discussed by Himmelberg and 
others (1990). The granoblastic textures and lower tempera- 
ture and pressure mineral assemblages are now referred to 
by those workers as the M5' metamorphic event. The details 
of the timing of mineral growth and fabric development in 
relation to pluton emplacement and thermal events are not 
easy to resolve, however, and their relations need further 
careful evaluation. The late-stage shear zones described here 
modify the Barrovian mineral assemblages and contain lower 
temperature mineral assemblages than their parent rocks. 
The stable assemblages in the shear zones (chlorite-white 
mica; calcite-epidote) indicate that the zones developed un- 
der hydrous conditions at lower greenschist facies pressures 
and temperatures. The shear zones must, therefore, have 
developed after the thermal peak of the M5 event of Brew 
and others (1989), but probably still within the same thermal 
event. We presently consider them likely to be part of the 
M5' event. 

DISCUSSION 

The currently available microscopic shear-sense data 
suggest dominant east-side-up motion with a right-lateral 
component across the late-stage shear zones. This move- 
ment is compatible with displacement sense determined for 
low-temperature shear zones west of the Coast Range 
megalineament about 25  km southeast of Juneau (Hooper 
and Stowell, 1989) and in the Holkham Bay area about 90 
km southeast (Stowell and Hooper, 1990). Late shear zones 
in the Holkham Bay area are all zones of oblique slip with a 
right-lateral motion component. More importantly, the shear- 
zone lineations there plunge in both a northerly and a south- 
erly direction (Stowell, 1986), indicating both east-side-up 
and east-side-down displacement. It is possible, therefore, 
that though individual shear zones may have had simple 
oblique-slip histories, the late-stage shear-zone system along 
the west side of the CPMC as a whole did not develop 
during a simple oblique-slip event. The difference between 
the east-side-up and east-side-down displacement vectors 
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Figure 2. Photomicrographs of late-stage shear zone and re- 
lated samples from western metamorphic-belt of the Coast 
plutonic-metamorphic complex near Juneau, Alaska. All views 
[are looking] north-northwest. A, Inferred protolith of sample 
51 AP2 (see H). Porphyroblasts of garnet (G) and kyanite (K) 
occur in a dominantly quartz matrix that has a distinctly 
granoblastic texture. Weak subhorizontal foliation is defined 
by aligned individual crystals and crystal aggregates of biotite. 
Individual crystals within elongate aggregates of biotite (B) 
are oriented at a high angle to subhorizontal layering. Sample 
50AP2; plane-polarized light. B, Shear-zone foliation defined 
by strong dimensional preferred orientation of white mica 
and biotite. Quartz ribbons parallel with foliation display 
granoblastic texture. Shear sense determined from asymmetri- 

0 1 MILLIMETER 
L 

cal biotite fish is anticlockwise or top-to-left. Sample 41 BP2; 
plane-polarized light. C, Poikilitic garnet porphyroclast with 
asymmetrical tails of quartz and white mica that extend into 
shear-zone foliation. Dominant foliation is  defined by strong 
dimensional preferred orientation of white mica, biotite, quartz 
ribbons, and minor chlorite. Quartz inclusion trails within 
garnet indicate clockwise sense of vorticity. Shear sense de- 
termined from symmetrical qwrtz tails in shadow of garnet 
porphyroclast and asymmetry of matrix perturbation around 
the porphyroclast is anticlockwise or top-t~left. Sample 42AP1; 
cross-polarized light. D, Poikilitic biotite fish with rim of white 
mica and chlorite. Center of fish is replaced by chlorite. 
Dominant subhorizontal foliation is defined by aligned white 
mica and biotite. Shear sense is anticlockwise or top-to-left. 
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Sample 42AP1; plane-polarized light. El Asymmetrical skeletal 
garnet porphyroclast in matrix composed of fine-grained quartz, 
white mica, and biotite. A shear-band foliation with normal 
fault geometry is visible in lower half of picture. Foliation 
steps down to the left-sense of shear is therefore anticlockwise 
or top-to-left. This i s  consistent with top-to-left shear sense 
determined from asymmetrical step-up of foliation around 
garnet porphyroclast. Sample 52AP1; plane-polarized light. F, 
Porphyroclasts of calcite, quartz, and epidote in a fine-grained 
matrix of epidote, biotite, quartz, minor calcite, and opaque 
minerals. Foliation in matrix is defined by aligned biotite, 
epidote aggregates, opaque blebs, and calcite-quartz ribbons. 
Porphyroclast asymmetry indicates anticlockwise shear sense 
or top-to-left. Sample 48AP1; plane-polarized light. G, Homo- 

0 1 MILLIMETER - 
geneous shear-zone foliation in region away from influence 
of porphyroclasts. Foliation is defined by a strong dimen- 
sional preferred orientation of white mica, biotite, and quartz 
ribbons. Ribbons are composed predominantly of equant grains 
with high-angle, planar grain boundaries. Grain boundary 
triple-points are common. Individual grains display weak 
nonuniform extinction and with minor subgrain development; 
they are for the most part free of unrecovered strain. Sample 
42AP1; cross-polarized light. HI Late-stage shear zone in same 
material as sample 50AP2 (see A). Note considerable grain size 
reduction and closer spaced foliation (as compared with 
protolith) defined by preferred orientation of white mica and 
biotite. Garnet porphyroclast (G) has partial shell of chlorite. 
Sample 51 AP2; plane-polarized light. 
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rocks have greenschist-facies mineral assemblages. They 
are exposed structurally below, and west of, quartz-mica 
schist of the schist belt (fig. 1). 

The granite sampled is light gray, medium to fine 
grained, with pink potassium feldspar and white centime- 
ter-sized albite porphyroblasts and is locally well foliated to 
gneissic. It is an alkali-feldspar granite by the classification 
of Streckeisen (1976) and contains 7 percent mafic minerals, 
which consist of biotite partly being replaced by chlorite. 
Accessory minerals include sphene and zircon. Secondary 
minerals include chlorite, sericite, magnetite, and calcite. 
Quartz grains are locally granulated parallel to the foliation, 
indicating high strain. Major- and trace-element chemistry 
of the dated sample is presented in table 1. 

The sample is texturally and mineralogically similar 
to alkali-feldspar granites that are a minor phase of the 
Proterozoic intrusive rocks in the vicinity of Mount An- 
gayukaqsraq (Karl and others, 1989a), 75 km to the north- 

east of the Kallarichuk Hills, on the north side of the schist 
belt (fig. 1). However, although some trace-element abun- 
dances are similar, the chemistry shows some differences 
between the granites, such as CaO percent, I(lO/N%O, FeOI 
MgO, and RbISr, which suggest that the rocks from Mount 
Angayukaqsraq are more highly hactionated (table 1). 

CEOCHRONOLOGY 

The dated sample, 85SK175B, contains zircons that are 
blocky, with length-to-width ratios of 1 to 4, subhedral to 
euhedral, and medium to dark brown. All grains have pitted 
faces, and most have only one pyramidal termination. Five 
zircon fractions, based on size and magnetic susceptibility, 
were analyzed for U-F% isotopes. The least discordant frac- 
tions are the ones that were abraded (prior to dissolution), 
and they also have the highest common lead. Uranium con- 

Arctic Ocean 

70' * 

EXPLANATION 

Angayucham terrane 

Phyllite belt 

Schist belt 

Central metamorphic belt 

Baird Group-Carbonate rocks 
Endicott Group, Lisburne Group, and 

Etivluk Group, undivided-Xlastic and 
carbonate rocks 

- Contact - Thrust fault-Sawteeth on upper plate 

Location of Proterozoic granitic bodies 

Figure 1. Map of northern Alaska showing location of intrusive rocks at Kallarichuk 
Hills, Mt. Angayukaqsraq, Ernie Lake, and Sixtymile River within central metamorphic 
belt of Brooks Range. 
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Table 1. Major- and trace-element chemistry for a Proterozoic rocks that were previously thought to be Paleozoic in age 
granite sample from the Kallarichuk Hills and average of four ( ~ ~ ~ ~ ~ b  and others, 1967; ~ ~ l l  and others, 1987) and (2) 
Proterozoic granite samples (Karl and others, 1989a) from 
Mount Angayukaqsraq, western Brooks Range the age and composition of this rock are similar to those of 

the granite at Mount Angayukaqsraq (Karl and others, 
[Samples analyzed by the U.S. Geological Survey. Menlo Park, Calif. LOI, 
volatiles lost in the analytical process] 1989a), suggesting that the two sequences may be correla- 

tive. The important implication is that there may be consid- 

Map locality---------- (1) Kallarichuk (2) Mount Angayukaqsraq 
Hills 

Sample numbers------- 85SK1758 Average 
(78MD119,84SK214A, 
85SK163A, 85SK165C) 

~ ~ c k  type ----------- Alkali-feldspar Alkali-feldspar granite 
granite 

SiO , 

Fez03 

Feo 
MgO 
CaO 
Na,O 

K2O 

MnO 

Total 

(LON 

Nb 
Rb 
Sr 
Zr 
Y 

centrations range from about 168 to 296 ppm (table 2). The 
isotopic data are discordant, with intercept ages of 705k35 
and 63k140 Ma (fig. 3). The scatter in the data may be due 
to the large component of common lead, ranging from 2 to 
15 ppm, in the zircons (table 2), combined with lead loss 
during more than one heating event. The upper intercept 
provides a crystallization age; the lower intercept is permis- 
sible for the mid-Cretaceous metamorphic event which af- 
fected the rocks of the Brookian sequence, but it does not 
preclude earlier or later events. 

erably more k a m b r &  rocks in the southern ~iooks Range 
than are presently recognized. 

The composition and chemistry of the granites from 
the Kallarichuk Hills and Mount Angayukaqsraq, and the 
U-Pb systematics of their zircons, differ from those of zircons 
of the Ernie Lake and Sixtymile River orthogneissic granitic 
bodies of older Proterozoic age (800-1000 Ma) in the cen- 
tral Brooks Range (fig. 1). The zircons from those 
orthogneisses show evidence of inheritance of an older 
crustal component (Dillon and others, 1980,1987) not ob- 
served in zircons from the western Brooks Range (Karl and 
others, 1989a). However, Sm-Nd isotopic signatures of the 
granites from Mount Angayukaqsraq yield depleted-mantle 
crust formation ages of 1.3 to 1.5 Ga (Nelson and others, 
1989), indicating the presence of an inherited crustal com- 
ponent in the western Brooks Range granites as well. 
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Table 2. U-Pb isotopic data from zircon from granite in the Killarichuk Hills, western Brooks Range (sample 85SK175B) 
- 

~raction' Wt Concentration Pb composition Ratios (percent error) Ages ( ~ a ) ~  

'Abbreviations: D, diamagnetic; A, abraded; NM, nonmagnetic; M, magnetic. 
2Blank and fractionation corrected. Blank lead composition is 1:18.7:15.6:37.2. 
'20 errors. 
'Common lead correction uses appropriate values from Stacey and Kramers (1975). 

Constants: psX = 9.8485 E-lO/yr, n8)L= 1.55125 E-lOiyr, p8UP'U = 137.88 (Steiger and Jager, 1977) 

INTERCEPTS FIT 
705 2 35 and 63 f 140 Ma 

(MSWD-9.3) 

Figure 3. Concordia plot of zircon analyses (open circles) from granite of Kallarichuk Hills (sample 85SK1758). 
Sample data are presented in table 2. MSWD, mean student weighted deviate. 
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Summary of Late Cretaceous Environments near 
Ocean Point, North Slope, Alaska 

By R. Lawrence Phillips 

INTRODUCTION 

Nearly flat lying strata exposed in low bluffs along the 
big bend of the lower Colville River, near Ocean Point, 
Alaska, contain North America's northernmost dinosaur re- 
mains, record a range of environments including nonmarine, 
bay, and marine, and are near or may even span the Creta- 
ceous-Tertiary boundary. Identification of depositional fea- 
tures allows reconstruction of paleoenvironments in these 
high-latitude northern regions where deltaic progradation 
into the Arctic Ocean dominated the sedimentological history. 
This report summarizes the stratigraphic setting and deposi- 
tional environments that existed during the latest Cretaceous 
and possibly earliest Tertiary in these northern latitudes. 

The study area is located on the Arctic Coastal Plain 
physiographic province along the lower Colville River, ap- 
proximately 45 km south of the Beaufort Sea at about 70' 
north latitude (fig. 1). 

The field investigations, conducted in August 1986, 
consisted of measuring, describing, and collecting samples 
from 25 stratigraphic sections along a 10-km stretch of the 
Colville River. The stratigraphically lowest section begins 
about 5 m below the lowest dinosaur remains; the highest 
section is about 70 m above the highest dinosaur remains 

the northeast. The beds studied are part of a 178-m-thick 
stratigraphic section, of which approximately 150 m is ex- 
posed (Phillips, 1988). 

In the study area along the western and northern sides 
of the Colville River, 30-m-high bluffs contain excellent 
and laterally extensive exposures. The strata, in ascending 
order, represent nonmarine, marginal marine, and marine 
depositional environments and are all part of the Colville 
Group (fig. 2). The nonmarine beds are assigned to the 
Kogosukruk Tongue of the Prince Creek Formation (Brosge 
and Whittington, 1966). The bay sediments and the marine 
beds constitute part of the Sentinel Hill Member of the 
Schrader Bluff Formation (MacBeth and Schmidt, 1973; 
Marincovich and others, 1985; McDougall, 1987). 

The nonmarine strata are Late Cretaceous in age, but 
the overlying marine beds may be either Late Cretaceous or 
early Tertiary in age based on various fossil types found 

Study 

hiange 

found to date. The lithology, sedimentary structures, paleo- 
current trends, fossils, and texture are identilied within each 
depositional sequence. 

SETTING 

In the lower Colville River region an angular uncon- /" 
formity separates the Upper cretaceous (and lower 
Tertiary) sands and silts of the Prince Creek and Schrader * B /  

Bluff Formations from the overlying Pliocene and Pleisto- 
cene sands and gravels of the Gubik The strata Figure 1. Index map showing location of study area along 
underlying the Gubik Formation dip gently at 3O or less to Colville River in northern Alaska. 
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within them. The age of the nonmarine strata, based on Campanian (Davies, 1987), or Campanian-Maastrichtian 
vertebrate remains, has been called Late Cretaceous (Nelms, 1989), and based on vertebrates and ostracodes 
(Clemens and Allison, 1985), Maastrichtian or possibly Late Campanian to Early Maastrichtian (Brouwers and oth- 

ers, 1987). K-Ar dating of tephra beds bracketing the dino- 
saur-bone-bearing strata yielded ages between 68 and 71 
Ma (Maastrichtian) (McKee and others, 1989; Conrad and 
others, this volume). The age of the overlying marine beds 
is in question; on the basis of mollusks and ostracodes the 
strata have been assigned a Paleocene to early Eocene 
(Thanetian to Ypresian) age by Marincovich and others 
(1985). On the basis of benthic foraminifers, the age of the 
marine strata is considered Campanian (MacBeth and 
Schmidt, 1973) or early Maastrichtian (McDougall, 1987). 
On the basis of palynomorphs, the beds are Maasmchtian 
(Frederiksen and others, 1985, 1986, Frederiksen and 
Schindler, 1987) or Maastrichtian to Danian (Nelson, 1981). 

The exposed sediments consist of well-bedded, un- 
lithified sand, silt, clay, tephra, and organic-rich silt (fig. 3). 
Silt and clay dominate the flood-plain deposits, whereas, 
sand dominates the major fluvial, bay, and marine strata. 

Nonmarine strata, which make up the lower part of the 
section, contain major and minor fluvial distributaries, exten- 
sive overbank strata, and tephra beds. The nonmarine sedi- 
ments interfinger toward the top of the stratigraphic interval 
with interdistributary-bay deposits. A shallow-marine trans- 
gressive deposit overlies the nonmarine and bay sediments. 

NONMARINE DEPOSITS 

Major Distributary Deposits 

Three sand-filled channels and one mud-filled chan- 
EXPLANATION nel form the major fluvial distributaries identified in the 

nonmarine section (fig. 3). These strata represent major riv- 
ers crossing a flood plain. A thin, discontinuous lag deposit 

Marine deposits consisting of mud ripup clasts, carbonized wood fragments, 
comminuted plant debris, and rare vertebrate fossils set in a ....... ....... ....... Interdistributary bay mamx of sand forms the basal stratum in the river-channel ....... ....... ....... ....... deposits deposits. Strata overlying the lag deposits exhibit large- and 
small-scale trough and tabular crossbedding developed in 

Nonmarine deposits fine to medium sand. The upper beds of the channel depos- 
its, which contain abundant root structures, are composed 

.............................. ............................. ........................... .::::::::: :::: :::::::::::. Major distributary ...................... .................... ................ .............. ........ deposits 

of sandy mud and are gradational with overlying flood- 
plain strata. 

The fluvial channels represent a meandering river 

v Vertebrate fossil system, one that meandered e&tward across the coast& plain 
occurrence transporting the coarsest sediment fraction (medium sand); 

the rivers were at least 10 m deep and 500 to 600 m wide 
Contact (width determined from method of Leeder, 1973), approxi- 

% Fault--Queried where mately the same dimensions as the present-day Colville 
?- uncertain River in this area. The sediment was transported as sus- 

Figure 2. Stratigraphic section and major lithologic features of 
pended load with the sand fraction in lower-flow-regime 

the Prince Creek and Schrader Bluff Formations along Colville bedfoms; fluctuating produced different bedform - 
River near Ocean Point, North Slope, Alaska. types. 
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Minor-Distributary Deposits 

Minor-dismbutary-stream deposits consist of tabular 
channel-fill strata having a sharp erosional base and a lower 
coarse member of gently inclined sandy mud beds grading 
upward to a fine member of silt and clay. These deposits 
range in thickness from 2.7 to 5.5 m, averaging 3.4 m. The 
basal lag deposit consists of fine comminuted plant mate- 
rial, carbonized wood, fresh water invertebrate fossils, mud 
rip-up clasts, and vertebrate skeletal remains set in a matrix 
of muddy sand. Small-scale crossbeds interbedded with 
parallel laminations in fine sand to silt form the basal struc- 
tures overlying the lag deposits. Sets of epsilon crossbeds 
dipping at angles of as much as 7O, composed of sets of 
small-scale crossbeds, grade updip into structureless silt and 
clay or organic-rich black mud. Vertical, carbonized root 
traces of ferns and horsetails are common throughout the 
stream deposits. 

The fining-upward beds, as indicated by the abun- 
dant epsilon cross-strata, represent fluvial point-bar and 
accretionary-bank deposits. These grade upward into verti- 
cal-accretionary deposits of the flood plain. Shallow (2 to 5 
m deep) streams are indicated by the thickness of the epsilon 
strata. The channel width varied from 25 to 70 m. Current 
velocities were low, as indicated by the small-scale cross- 
beds formed by lower-flow-regime current ripples. The de- 
posits containing epsilon crossbeds are interpreted as 
deposits of streams meandering on a low-gradient coastal 
plain. 

Overbank Deposits 

Overbank flood-plain deposits, which are interbedded 
with the river and stream-channel strata, are the most abun- 
dant deposits of the nonmarine sediments. The overbank 
deposits contain fine sediment (silt and clay) forming later- 
ally continuous fining-upward tabular beds ranging from 17 
to 330 cm in thickness. Interbedded fining-upward beds, 
rare coarsening-upward beds, laminated silt and sand, struc- 
tureless silt and clay, organic-rich silt, and tephra make up 
the deposits (fig. 3). 

Small-scale crossbeds, planar- and undulatory-lami- 
nated sand and silt, thin organic laminations, abundant root 
structures (ferns and horsetails), load casts, and flame struc- 
tures composed of organic debris are the typical sedimen- 
tary structures in the flood-plain deposits. 

Black to dark-brown organic-rich beds, which are lat- 
erally continuous and up to 89 cm thick, are found at the 
top of 69 percent of the fining-upward beds. The strata 
contain jarosite, pyrite, variable concentrations of commi- 
nuted plant debris (including conifer needles), and verte- 
brate remains. 

Crevasse splays and overbank sheetfloods are the most 
abundant depositional environments recognized in the 

overbank deposits. The organic-rich strata interbedded 
with the overbank deposits may have multiple origins, but 
many are interpreted or inferred to represent immature 
paleosols. 

Interbedded with the organic-rich strata and flood- 
plain deposits are 16 tephra beds. The tephra deposits, which 
range up to 60 cm in thickness, are laterally continuous, 
pinch out, or are interbedded with the organic-rich paleosols. 
Small-scale crossbeds, horizontal laminations, and abundant 
root structures are common in the tephra deposits. 

The tephra deposits are interpreted as resulting from 
air-fall of ash onto the flood plain, where, in some beds, 
the ash may have been reworked either by wind or water. 

Vertebrate Occurrences 

Associated with some organic-rich sediments and flu- 
vial deposits are abundant hadrosaurian remains (Clemens 
and Allison, 1985; Davies, 1987; Brouwers and others, 1987; 
and Nelms, 1989), which record histories of multiple depo- 
sition and transport. Four organic-rich vertebrate-bearing 
flood-plain deposits and five channel-lag occurrences were 
identified (fig. 3). The vertebrate remains are found in 
abundance within the four thickest organic-rich beds. The 
bones are disarticulated and vertically size-graded, with the 
largest bones usually at the base of the bed. The vertebrate 
remains are inferred to have initially accumulated on the 
flood plain but were later transported, probably short dis- 
tances, by currents during overbank flooding, swept along 
with organic debris and deposited in local depressions 
(ponds or marshes). Scattered bones are also found within 
the basal lag deposits in both the major and minor distribu- 
tary fluvial deposits. 

INTERDISTRIBUTARY BAY DEPOSITS 

The bay deposits are recognized in two stratigraphic 
sequences separated by rooted nonmarine mud beds. Where 
the basal contact of the upper-bay deposit is exposed, these 
strata rest on organic-rich coastal-plain beds. The bay strata 
grade upward into prograding coastal-plain beds (fig. 3). 
Very fine sandy silt to silty sand forms the bay sediment. 
Sedimentary structures consist of sets of trough and tabular 
small- and large-scale crossbeds, flaser beds, parallel lami- 
nations, hummocky crossbeds (in upper part of upper bay 
sequence), deformed beds, abundant bioturbation, and 
abundant root structures (some truncated). Fossils, found 
only within the hummocky cross-strata, consist of mussels, 
ostracodes, and foraminifers. 

The assemblages of sedimentary structures define 
specific depositional environments within the bay deposits. 
Depositional environments identified include intertidal sand 
flats (tidal range >20 cm based on truncated roots), small 
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Figure 3. Measured sections of the Prince Creek and Schrader Bluff Formations along Colville River near Ocean Point, North 
Slope, Alaska. A, Location of measured sections. Contour in meters. 4 Measured sections, depositional features, and environ- 
mental interpretation of part of the Prince Creek and Schrader Bluff Formations. 
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channel deposits, and storm deposits. The maximum water 
depth during deposition of the upper bay deposit would be 
less than 7 m. The shallow bays were open to the ocean, 
allowing storm waves direct access to the bay. Filling of 
the bay by coastal progradation resulted in deposition of 
nonmarine strata over the bay-fill strata. 

MARINE DEPOSITS 

Marine strata overlying the nonmarine beds represent 
a transgressive, shallow, storm-dominated depositional se- 
quence (fig. 3). The sediment texture ranges from sand to 
silty sand in storm-generated beds to sandy silt in nonstorm 
intervals. Sedimentary structures consist of interbedded pla- 
nar to gently dipping laminations, sets of climbing small- 
scale crossbeds, trough crossbeds, hummocky 
cross-stratification, and abundant bioturbation. Shell lag de- 
posits and pelecypods in growth position are common. 
Megafossils reported from the marine beds include pectens 
and other pelecypods, gastropods, brachiopods, echinoids, 
and a cephalopod; microfossils include both ostracodes and 
foraminifers (MacBeth and Schmidt, 1973; Marincovich and 
others, 1985; McDougall, 1987). 

The depositional environment of this marine sequence 
is interpreted to be a shallow storm-dominated shelf envi- 
ronment. As storm-generated hummocky cross 
stratification is believed to be preserved between fair-weather 
wavebase and storm wavebase, water depths were probably 
between a few meters to several tens of meters (Dott and 
Bourgeois, 1982). 

SUMMARY OF ENVIRONMENTS 

Most of the 178 m of strata studied at the Ocean 
Point area was deposited on a low-gradient, low-relief coastal 
lowland that toward the top of the section was periodically 
inundated with marginal-marine and marine waters. The 
coastal plain was extensively vegetated by wetland plants 
(ferns and horsetails). Major rivers and streams meandered 
across the flood plain carrying a suspended sediment load. 
Overbank sheet-flow, the result of river flooding, was the 
primary mechanism of sediment aggradation along the 
coastal plain. The coastal-plain environment graded into a 
marginal-marine shallow bay environment. Shallow chan- 
nels, extensively vegetated tidal flats, and storm-wave re- 
working of the bay sediments are the dominant features of 
the bay deposits. The transgressive shallow-marine sedi- 
ments record repetitive storm events within a shelf environ- 
ment. The overall paleogeographic setting during deposition 
of these strata was probably very similar to that of the 
present-day North Slope coastal plain shoreline and shelf. 
Regional relations suggest that the coastline at this time had 
a northwest-southeast trend. 
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Gold Placers, Geomorphology, and Paleo-Drainage of 
Eureka Creek and Tofty Areas, Alaska 

By Warren Yeend 

Gold-bearing gravels are present on benches as high 
as 80 m above Eureka and Pioneer Creeks in central Alaska 
(figs. 1 and 2). The occurrence of as many as four levels of 
gold-bearing, gravel-covered benches differs from many 
placers in central Alaska, which yield gold primarily from 
gravel in the present stream flood plain. Based on a visit 
during the summer of 1989, gold-bearing bench gravel, the 
asymmetric creek valleys, and recent placer mining are de- 
scribed, and reconstruction of the earlier drainage pattern 
that produced the present gravel distribution is proposed. 

Eureka Creek is near the geographic center of Alaska 
approximately 130 km north-northeast from Fairbanks 
(fig. 1). 

Gold was discovered in the Eureka Creek area in 1898 
by a group of prospectors called the "Boston Boys." A 
stampede from the nearby, previously discovered Rampart 
area resulted in the development of Eureka Creek as a vi- 
able mining community. A hotel was built by Frank Manley 
at a nearby hot springs, and the town of Manley Hot Springs 
became the supply point for the Eureka Creek placer mines 
(Mertie, 1934). Mining has been canied on more or less 
continuously since the discovery, and in 1989, eight differ- 
ent mining operations were active at various locations in 
the Eureka Creek area. 

Eureka Creek is approximately 20 km in length; only 
the upper one-third of its course includes bench gravels. 

Figure 1. Index map showing location of study area, Eureka Creek placers, and postulated ancestral drainage. Arrow, direction 
of flow; lined area, mined placer. 

Gold Placers, Ceomrphology, and Paleo-Drainage of Eureka Creek and Tofty Areas, Alaska 107 



Pioneer Creek, a prominent tributary, is parallel to the up- 
per part of Eureka Creek. Both Eureka and Pioneer Creeks 
have asymmetric cross sections (figs. 3 and 4) characterized 
by steep southeast sides with no tributaries or preserved 
gold-bearing bench gravels and gentle northwest slopes with 
numerous tributaries. Mertie (1934) stated that the upper 
portions of both Eureka Creek and Pioneer Creek occupy 
strike valleys and are therefore structurally controlled. He 
thought that the asymmetry of the valleys was due to differ- 
ential erosion as a result of differing resistance of rock 
types and increased solar exposure with "soil flow" on 
southeast-facing slopes. Other drainages in the area have 
similar asymmetry even where rock type is uniform, thus 
solar exposure would seem to be the controlling factor. 
Bedrock dips steeply to the northwest, thus the gentle 
southeast-facing slopes aren't "dip slopes." Hopkins and 
Taber (1961) believed that both structural control and the 
different insolation received by different slope exposures 
could be ruled out as a cause of valley asymmetry here. 
They attributed the asymmetry to "persistent southward and 
westward lateral migration of streams during a prolonged 
period of slow downcutting." They claimed that the cause 
of the lateral southward and westward migration by the 
streams was unknown. 

Bedrock in the area is dominated by Jurassic to Cre- 
taceous quartzite, argillite, and conglomerate (Chapman and 
others, 1982). Rare granitic boulders are present, most likely 
derived from the pluton in the vicinity of Elephant Moun- 
tain. 

The most prominent and extensively mined gravel- 
covered surface is about 80 m above creek level (fig. 3). It 
is well developed on the northwest side of Pioneer Creek 
(What Cheer Bar) and on the west (Shirley Bar) and east 
(McCaskey Bar) sides of Eureka Creek near the mouth of 
Pioneer Creek (fig. 2). The tributaries of Pioneer and Eu- 
reka Creeks have dissected this old surface, and it remains 

only on the high interfluves between these tributaries. At 
least three other less well developed terraces are present at 
successively lower levels. All the surfaces have been modi- 
fied by colluvial action, and much of the unconsolidated 
covering material present is a mixture of colluvium and 
alluvium. 

The bench gravels are composed of locally derived 
oblate pebbles and cobbles of Mesozoic sedimentary and 
rare granitic rocks. A few boulders are as much as 0.5 m 
across; boulders up to 2 m in diameter are rare. The gravel 
is generally 2 to 4 m thick but is thinner on parts of the high 
terrace where soil and colluvium contain a few rounded 
clasts less than 1 m in thickness. Miners describe the pres- 
ence of "gold in the dirt" in these thin upper deposits. 

Gold is rarely coarser than 5 mm, but nuggets up to 
26 oz have been recovered. Values are commonly $2 to $10 
per cubic yard ($350/oz), although richer pockets are found. 
The highest values are near the back of the benches (away 
from the creek) where the gravel is thickest. The local min- 
ers report that the higher the bench the coarser the gold. 
The coarser gold almost always has attached quartz. Gold 
content in the gravels is generally greatest at and near the 
gravel-bedrock contact. The upper 0.5 m of eroded and 
fractured bedrock also is generally scraped off and mined 
to recover the trapped gold. The benches are easier to mine 
than the stream flood plain, according to the local miners, 
because the active creek does not have to be diverted. Gold 
recovered from the Eureka Creek area ranges in fineness 
from 780 to 800 as reported by Mertie (1934) and by local 
miners in the area in 1989. There are no known lode gold 
sources in the area. Mertie (1934) thought the gold was 
probably derived from "quartz stringers," which occur in 
the local bedrock. 

The present stream flow in the area is generally east 
and south into the Tanana River via Baker Creek. During 
the Pleistocene, ancestral Pioneer and Eureka Creeks flowed 
southwest and, most likely, joined the ancestral Tanana River 
farther west than does the drainage today. Alluvial gravels 
in the vicinity of Tofty (fig. I), many of which are buried 
by 10 to 50 m of silt, probably were deposited by this 
earlier drainage system. 

A connection between the buried gravels at Tofty 
and the bench gravels in the Eureka Creek area is suggested 
by several lines of evidence: (1) Imbrication of gravel 
pebbles in the vicinity of Tofty indicate a water flow direc- 
tion to the southwest and would be a logical continuation of 
the ancestral drainages coming from the Eureka-Pioneer 
Creeks area. The 80-m-high remnants of gold-bearing bench 
gravel in the Pioneer-Eureka Creeks area (shown on fig. 1 
as mined placer) were deposited by a southwest-flowing 
river, based on the linear gravel occurrence and the underly- 
ing bedrock slope. (2) Bedrock elevations at the base of the 
bench gravels in the Eureka Creek area (260 m) as com- - 

Figure 2. Eureka Creek-Pioneer Creek area showing terrace pared to those at Tofty (180 m)l if part of the same drain- 
deposits (patterned). age, indicate a 2 to 4 m/km gradient, depending on how 
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Figure 3. Diagrammatic cross section showing asymmetrical valleys of Pioneer and 
Eureka Creeks and gold-bearing terrace gravels. 

1 circuitous the ancestral drainage was between these areas. 
This is less than that of creeks in the vicinity of Tofty 
today, but it is reasonable for this older and larger drainage 
which would have had a lower gradient due to its heading 
much farther east than do local drainages today. (3) Gravels 
in both the Eureka and Tofty areas are gold-bearing. Gold 
at Tofty varies from 807 to 839 fineness (Mertie, 1934), 
somewhat higher than at Eureka Creek. This would be ex- 
pected in a more downstream location as silver is progres- 
sively leached from the gold particles during longer trans- 

I port. (4) Rock types and heavy minerals at Tofty and Eu- 

reka Creek are similar except for the presence of consider- 
able tin minerals at Tofty. It is speculated that a lode tin 
source near the Tofty area either has been eroded or is 
concealed by surficial deposits (Wayland, 1961). 

Subsequent to its development, this inferred ances- 
tral drainage was largely buried by windblown silt derived 
from the nearby Yukon and Tanana River flood plains. Much 
of this old drainage valley remains buried in the Tofty area 
where hydraulic methods must be used to melt and strip the 
overlying frozen silt and muck from the gold-bearing gravel. 
The low-gradient, poorly drained, silt- and vegetation-cov- 
ered Baker Creek flats between Tofty and Eureka Creek 
may conceal this old drainage (fig. I), which could contain 
gold-bearing gravel. 
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