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THE UNITED STATES GEOLOGICAL SURVEY IN ALASKA: 
ACCOMPLISHMENTS DURING 1983 

Susan Bartsch-Winkler and Katherine M. Reed, Editors 

ABSTRACT 
This circular contains short reports about 

many of the geologic studies carried out in Alaska 
by the U.S. Geological Survey and cooperating 
agencies during 1983. The topics cover a wide 
range in scientific and economic interest. 

INTRODUCTION 
The U.S. Geological Survey investigates 

various geological aspects of the onshore and 
offshore areas of Alaska. These studies range in 
scope from topical investigations to statewide and 
reconnaissance regioml assessments and include a 
variety of topics. This circular contains short 
reports derived from some of these studies carried 
out by the U.S. Geological Survey and cooperating 
agencies or organizations during 1983. An author 
index of included reports and a topical cross- 
reference are appended at the back of the volume. 
These will assist the reader in locating work by 
specific authors or about a particular topic. A 
complete listing of U.S. Geological Survey published 
reports about Alaska produced in 1983 can be found 
in Publications of the Geological Survey, 1983. 
Single copies of this listing are distributed free by 
application to the Branch of Distribution, U.S. 
Geological Survey, 604 South Pickett Street, 
Alexandria, VA 22034. 

The reports are presented in the order of 
their occurrence: first, those investigations that 
discuss statewide or large regional areas; second, 
those that were undertaken in each of the six 
regional subdivisions of Alaska from north to south; 
and third, those that investigate the offshore areas. 
The subdivisions are shown in figure 1. Index maps 
showing the individual study areas are included near 
the beginning of each section. 

STATEWIDE ALASKA 

EXID WCE THAT GOLD CRYSTALS 
CAN NUCLEATE ON BACTERIAL SPORES 

by John R. Wattemn, James M. Nishi, 
and Theodore Botinelly 

Experiments conducted in the Geological 
Survey's Denver laboratories in 1983 revealed that 
gold crystals can nucleate on common micron-sized 
bacterial spores that have come into contact with 
aqueous gold. Initially, gold precipitates uniformly 
on the nearly spherical surfaces of the spores, but 
as layers of crystalline gold progressively envelop a 
spore, the spore-centered crystal may assume the 
shape of a pentagonally faced dodecahedron. The 
amount of gold deposited on Bacillus cereus spores 
from solutions of aqueous gold c h l o r m ~ u ~ l ~ - )  
increased with time of exposure and in proportion to 
the concentration of gold in the aqueous solutions. 
The laboratory-grown gold crystals appear to be 
indistinguishable from dodecahedra1 gold crystals 
found in nature (fig. 2). 

Germination of 2. cereus spores was shown 
to be inhibited by solutions of mercury, copper, 
chromium, and iron salts (Krishna Murty and 
Balvorson, 1957) through binding of these metal 
cations to the spore surface. Our interest in the 
possibility that gold crystals might nucleate on g. 
cereus spores began when we learned during routine 
tests that ionic gold likewise inhibits the 
germination of these spores. 

Spores of a laboratory isolate of B. cereus 
(K-2) were grown on Plate Count agar at 30' C for 
a t  least one week and stored in distilled water at 
5" C. Individual batches of spores were washed as 
needed by repeated centrifuging from deionized 





Figure 2.--SEM photograph of part of a tiny gold 
nugget found near Sacramento, California, and 
donated by William L. Miller of Sacramento. The 
nugget consists of intergrown dodecahedra. 

water. Fisher atomic ~bsorption gold reference 
standard, which contains 1,000 micrograms of gold 
per ml as the chloride (AuC14-) in distilled water 
(pH 2-65), was used at full strength or diluted with 
deionized water. X-ray diffraction patterns were 
obtained using a Eandblfi x-ray diffraction 
camera. Chemical analyses (table 1) were carried 
out by means of inductively coupled plasma 
emission spectrometry (ICP). A scanning electron 
microscope @EM) equipped with an energy- 
dispersive x-ray fluorescence (EDX) detector was 
used to photograph spores and make chemical 
identification of microscopic crystals. 

In one ex eriment, duplicate quantities of 8 approximately 10 spores were suspended in 1,000 
micrograms/ml gold solution for 14 hours, washed 
free of soluble gold by repeated centrifuging from 
deionized water, and dried in a laminar flow hood. 
X-ray diffraction analysis (fig. 3) confirmed that 
microcrystalline gold was present in the spore 
precipitate; however, SEM examination of the 
precipitate revealed nothing but recognizable 
bacterial spores. No crystalline material was 
present. Randomly picked spores examined in EDX 
spot analysis showed similar, strong gold spectra. A 
thin, uniform film of metallic gold had been 
deposited on all spores so examined. 

To learn if  the deposition of gold on spores 
was proportional to the concentration of ueous 

b g  gold, aliquots containing approximately 10 spores 
were added to a series of solutions of gold ranging 
from 25 to 1,000 micrograrns/ml, allowed to react 
for 14 hours, washed free of soluble gold as above, 
and resuspended in deionized water. ICP analysis of 
each suspension (table 1) confirmed that deposition 
of gold on spore surfaces was proportional to the 
concentration of gold in solution. 

Finally, approximately 0.25 g of washed 
spores was added to 20 ml of 1,000 micrograms/ml 
gold solution, and this sample, along with a control 
sample containing no spores, were gently agitated 
for 36 hours on a wrist-action shaker. While the 
control sample contained no precipitate, a fine 
precipitate was observed in the culture tube to 
which spores had been added. After rinsing and 
drying, this precipitate was mounted on an SEM stub 
with a conducting resin. Many crystalline objects 
ranging in size from 1 micron to approximately 
15 microns in diameter were observed and were 
confirmed by EDX spot analysis to consist of gold. 
Two such crystals clearly appear to have grown on 
bacterial spores (fig. 4). Adjacent spores exhibiting 
irregular surface accumulations of gold, as shown by 
EDX spot analysis, are indicated by arrows (figs. 
4A, B). Other apparently naked spores are also 
present (fig. 4A). 

On the basis of preliminary chemical data, 
Watterson and others (1983) hypothesized that gold 
was chemically replacing barium, calcium, and 
strontium in spore material perhaps as deep as the 
cortex. Recent studies, however, do not support 
that hypothesis (table 11, and we now conclude that 
gold interacts primarily with the spore coat. 

Table 1.--1CP analysis of selected elements in a 
deionized water suspension containing approxi- 
mately lo7 B. cereus spores per milliliter. Spore 
aliquots were previously exposed for 14 hours to 
gold solutions (AuClq7 of the indicated concen- 
trations 

Gold Analysis of spore 
in test suspension (ppm) 
solution 

(Micrograms Au Ba Ca Sr 

per mu 

0 0.07 0.006 2.0 0.007 

25 3.89 -006 2.0 .DO6 

50 6.81 .004 2.0 .007 

100 7.90 .002 2.0 .006 

200 7.69 ,002 2.0 .006 

300 8.00 .001 2.0 .006 

400 8.86 -002 1.0 -005 

500 8.42 -001 1.0 .005 

600 8.93 -002 2.0 .006 

700 9.82 .001 2.0 .005 

800 12.43 .002 2.0 .007 

900 14.05 -002 2.0 .006 

1000 13.84 .001 2.0 .006 



GOLD FROM CRIPPLE CREEK, CQLORAD 

Figurn 3.--X-ray diffraction patterns of (top) . cereus spores after overnight exposure to 1,000 
micrograms/rnl aqueous gold chloride (AuC14-) solution and (bottom) a gold standard from Cripple 
Creek, Colorado. 

The 2. cereus spore coat consists of water- microscopic stains: Canadian Journal of Mi- 
insoluble, sulfur-rich, keratin-like proteins rich in crobiology, v. 24, p. 89-104. 
cystine and half-cystine crosslinkages (Aaronson and Greenstein, J. P., and Winitz, M., 1961, Chemistry 
Pandy, 1977). We have calculated from the data of of the amino acids, v. I, (p. 643-645): New 
A onson and Fitz-James (1976) that as many as 5 x Y York, John Wiley and Sons, 760 p. 
10 such linking groups are present and may be Krishna Murty, G. G., and Halvorson, H. O., 1957, 
chemically accessible in the outer 100 angstroms of Effects of enzyme inhibitors on the germina- 
each B. cereus spore. These sulfur linkages presum- tion of and growth from Bacillus cereus var. 
ably can act as local electron donors and active terminalis spores: Journal of Bacteriology, 
binding sites for transition metal cations v. 73, p. 230-234. 
 reen en stein and Winitz, 1961) and may account for Watterson, J. R., Antweiler, J. C., and Campbell, 
the reversible metal cation binding demonstrated by W. L., 1983, Bug nuggets: International Sym- 
Krishna Murt y and Halvorson (1 957). Bevepidge posium on Environmental Biogeochemistry, 
(1978) demonstrated the formation of tiny gold 6th, Santa Fe, NM, October 10-14, 1983, 
crystals within purified B. subtilis cell wall prepara- Program and Abstracts , p. 24. 
tions after a few minutes exposure to 5 mM 
(millimolar) AuC14-. Reviewers: J. C. Antweiler and J. B. Cathrall 

This report and one presented earlier 
(Watterson and others, 1983) are apparently the 
first to note the ability of bacterial spores to nu- TRACE ELEM BNTS OF PLACER GOLD 
cleate gold crystals. The resemblance between do- 
decahedral gold crystals grown on common B. by Warren Yeend 
cereus spores under laboratory conditions (fig. a) 
and dodecahedra1 gold crystals found in nature Samples of placer gold from selected locali- 
(fig. 2) raises the possibility, but does not necessar- ties in Alaska were analyzed for their trace- 
ily indicate, that a similar process occurs in nature. element content with the hope that individual 

element concentrations would be distinctive enough 
REFERENCES CITED to differentiate the samples from various mining 

districts-in other words, to "fingerprinttt the gold. 
Aaronson, A. I., and Fitz-James, P., 1976, Structure Table 2 shows trace elements present in 20 samples 

and morphogenesis of the bacterial spore collected in Alaska and, for comparative purposes, 3 
coat: Bacteriological Reviews, v. 40, p. 360- placer samples from the Tertiary gold-bearing gra- 
402. vel of the Sierra Nevada in California. Values of all 

Aaronson, A. I., and Pandy, N. K., 1977, elements are reported in parts per million (except 
Comparative structural and functional as- silva, which is reported in percent). Analyses of 
pects of spore coats, p. 54-61 in Chambliss, the samples were made by ElwIn Mosier (U.S. Geo- 
G., and Vary, J. C. (eds.),-Spores VII: logitel Survey, Denver, Colo.), using the method 
Washington D. C., American Society for described in Mosier (1975). All samples analyzd 
Microbiology, 354 p. are from present-day stream beds, except two from 

Beveridge, T. J., 1978, The response of cell walls of weathered Tertiary(?) conglomerate in the Mount 
Bacillus subtilis to metals and to electron Hayes Quadrangle. -- 

4 



Figure 4.--SEM photographs of resuItant gold-coated B. cereus spores after 36-hour exposure to 1,000 rnicrogramjml 
aqueous gold chloride (AuCl -1. Squares (A and B) outline areas photographed in I3 and C, respectively. Arrows (A and B) 
point to other spores with AX-identified surface gold aeeurnulations. D-Highly charged )-micron gold particle that has 
already assumed dodecahedra1 form. 



Table 2.--Trace e l m n t s  of placer gold.  A l l  e l a n e n t s  a r e  recorded i n  p a r t s  per m i l l i o n ,  

Sample no. and l o c a l i t y  Fe Mg T i  Mn Ag As B Ba Be Bi  

CALIFORNIA 

T e r t i a r y  g r a v e l s ,  S i e r r a  Nevada 

ALASKA 

Mount Hayes Q u a d r a n g l e  ( C h i s t o c h i n a  d i s t r i c t )  

YD-29-79, Q u a r t z  Creek  5400 900 270 90 6 35 54 
YD-67-79, Broxson Gulch 1400 140 47 28 9 94 14 9 1 
YD-43-79, ~ e r t i a r y ( ? )  c g l .  18500 305 430 121 7 19 25 
YD-62-79, ~ e r t i a r y ( ? )  c g l .  2500 170 125 17 17 

C i r c l e  Q u a d r a n g l e  ( C i r c l e  d i s t r i c t )  

B i r c h  Creek  
Deadwood Creek 
Gold Dust  Creek  
Independence  Creek 
N.Fork H a r r i s o n  Cr. 
Crooked Creek 
P t a r m i g a n  Creek  
C r i p p l e  Creek 
Eag le  Creek  
v o l c a n o  Creek 

C h a r l e y  R i v e r  Q u a d r a n g l e  ( C i r c l e  d i s t r i c t )  

YD-59-80, Coal Creek  3200 55 58 20 12 3 11 4 

Hea ly  Quadrang le  ( V a l d e z  Creek d i s t r i c t )  

YD-59-80, Va ldez  Creek  1600 220 330 22 8 16 

o p h i r  Quadrang le  ( Innoko d i s t r i c t )  

YD-67-80, S p r u c e  Creek 3125 42 55 8 8 25 8 
YD-68-80, S p r u c e  Creek  4750 50 41 18 1 3  23 5 30 .5 
YD-69-80, A n v i l  Creek  828 78 66 6 10 3 24 
YD-76-80, C o l o r a d o  Creek  987 88 59 14 14 167 3 110 2 7 

Examination of the  da ta  presented in table 2 
provides the  following conclusions: 

(1) Gold samples from the Mount Hayes 
Quadrangle a r e  characterized by high Cu, medium 
Ag content (10 percent), and nil Sb; the sample from 
the  Tertiary(?) conglomerate (sample no. Y D-43-79) 
from the Mount Hayes Quadrangle is characterized 
by very high Pe, Si, and Hg, and moderately high 
Mn, Ti, Mg, V, and Zr values. The high values may 
be the  result of oxide and other coatings deposited 
on the  gold grains during the considerabIe t ime the  

p a i r s  were subjected to  ground-water alteration 
and weathering. 

(2) Gold from the  Circle Quadrangle is char- 
acterized by moderately high Ag content (average 
16.1 percent) and the  presence of Sb in a l l  sam- 
ples. This contrasts markedly with almost all t he  
other samples analyzed. 

(3) Gold from the Ophir Quadrangle is char- 
acterized by moderately high Ba and Cr content (in 
3 of the 4 samples). The sample from Colorado 
Creek has high Pb, Sb, and Hg content. 



except Ag, which is recorded in percent. (Gold dis t r ic ts  are f rcm Cobb, 1973 ) 

CALIFORNIA 

ALASKA 

All these results are preliminary, and a 
substantial number of additional samples needs to be 
analyzed before more conclusive statements can be 
made. No explanation is given for the "anomalous" 
element concentrations, although further study of 
more placer and lode gold samples may provide 
some definitive explanation. 
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NORTHERN ALASKA 
(Figure 5 shaus study areas described.) 

Figure 5r-Areas in northern Alaska discussed in this 
circular. Outlines define the areas described by the 
indicated authors. 

BURIED FELSIC PLUTONS 
M UPPER DEVONIAN REDBEDS, 
CENTRAL BROOKS RANGE 

by Donald J. Crybeck, John B. Cathran, 
James R. ILeComptR, and Jahn W. Cady 

Several lines of evidence indicate that a 
buried felsic pluton occurs near the head of the 
Alatna River in the Survey Pass Quadrangle. The 
site of the suspected pluton is about 67" 501N., 
155" 20' W. (fig. 6). Its size is not known with 
certainty, but it is probably at least several kilo- 
meters in diameter and perhaps tens of kilometers 
deep, based on mineral deposit, geochemical, and 
remote-sensing evidence. 

The suspected pluton occurs beneath a thick 
sequence of feldspathic wacke, with subordinate 
interbedded siliceous siltstone and dark-gray to 
black phyllite mapped as the upper member of the 
Hunt Fork Shale (Nelson and Grybeck, 1980). This 
sequence is particularly well-developed in the 
northern part of the Survey Pass Quadrangle. Its 
total thickness is obscured by folding and thrust 
faulting, but it is many hundreds, if not thousands, 
of meters thick. According to Nilsen's recent syn- 
thesis (19811, this upper sandstone member of the 
Bunt Fork Shale is the shallow-marine precursor of 
a thick Upper Devonian fluvial delta sequence rep- 
resented by the Kanayut Conglomerate. Litho- 
logically, the upper sandstone member more closely 
resembles typical Kanayut Conglomerate (sandstone 
facies in the Survey Pass Quadrangle) than the dark- 
gray phyllite typical of most of the Hunt Fork 

Shale. The upper sandstone member is confidently 
dated as Late Devonian (Famennian?) based on fos- 
sils identified and dated by Dutro and others from 
numerous localities (Nelson and Grybeck, 1980). 

Initial interest in the area was triggered by 
several sulfide-bearing samples collected there by 
T. D. Hamilton (u.S. Geological Survey) in 1962. 
Subsequent searches in 1977 and 1978 located 
several small, apparently epigenetic, quartz veins 
and breccia zones that contain various combinations 
of sphalerite, galena, pyrite, and chalcopyrite 
(Grybeck and Nelson, 1981). Stream-sediment and 
heavy-mineral concentrate sampling revealed that 
the area is marked by a suite of elements char- 
acteristic of felsic plutonic rocks. The heavy-min- 
era1 samples, in particular, are markedly anomalous 
in various combinations of Pb, Zn, Ag, Sn, W, La, 
and Th (Cathrall and others, 1981). 

Analysis of Landsat imagery reveals a well- 
developed pattern of arcuate features about 28 km 
in diameter centered on the area of the geochemi- 
cal anomalies (Le Compte, 1981). These features 
are analogous to similar ones developed on the 
granite batholiths exposed in the Arrigetch Peaks 
and Mount Igikpak areas about 75 km to the south- 
east. The aeromagnetic data (Cady and Hackett, 
1982) is permissive of a buried felsic pluton similar 
to the plutons to the south, but the magnetic signa- 
ture of those plutons is indistinguishable from the 
signature of the Upper Devonian clastic rocks adja- 
cent to the buried pluton. 

A possible, similar, buried pluton may occur 
near Plateau Mountain in the Survey Pass Quad- 
rangle (fig. 6). The evidence is somewhat less strik- 
ing than, but similar to, that for the buried pluton 
at the head of the Alatna River; this evidence con- 
sists of the strong geochemical anomalies in a suite 
of felsic-plutonic elements and a circular pattern of 
arcuate features on Landsat imagery. The rocks 
near Plateau Mountain are a complex of thrust- 
faulted Upper Devonian and Mississippian black and 
gray phyllite, metaconglornerate, and limestone. 
For an area even farther to the east in the PhiLip 
Smith Mountains Quadrangle, Marsh and Cathrall 
(2981) have presented geochemical evidence that in- 
dicates buried felsic plutons, and Dillon (1982) has 
suggested that buried felsic plutons and related 
mineral deposits may be present throughout the 
central Brooks Range. 

The ages of buried plutons in the Survey Pass 
Quadrangle are uncertain. The most likely equiva- 
lents are the Late Devonian and Early Mississippian 
granite batholiths exposed to the south in the 
Arrigetch Peaks and around Mount Iglkpak (Dillon 
and others, 1980; Nelson and Grybeck, 2980). Cre- 
taceous plutons are widely known south of the 
Brooks Range. Several plutons in the Brooks Range 
were previously thought to be Cretaceous on the ba- 
sis of K-Ar radiometric ages; however, the time of 
emplacement of all the plutons in the Brooks Range 
and in northern Alaska is now recognized to be mid- 



Figure 6;-Location of suspected buried felsic plutons in Survey Pass Quadrangle, Brooks 
Range. Stippled pattern is Devonian granite to granitic gneiss. Hachured pattern is upper 
Devonian redbed sequence, Kanayut Conglomerate, and upper sandstone member of the Hunt 
Fork Shale. Curved lines represent arcuate features identified on Landsat images. 

dle Paleozoic or before (Dillon and others, 1980). 
The contact zones have not been observed; 

therefore, the intrusive relationship of the proposed 
buried plutons to the Upper Devonian clastic rocks 
is uncertain. However, the occurrence of epigene- 
tic sulfide-quartz veins and the associated geo- 
chemical anomalies at the head of the Alatna River 
suggest an intrusive contact, even though contact 
metamorphic effects are absent at the surface. The 
mineral deposits and geochemical anomalies could 
represent metals remobilized from a hypothetical 
buried granite of any age from Precambrian to 
Tertiary. The least complicated explanation is that 
the proposed buried felsic plutons range in age from 
Late Devonian to Early Mississippian and intrude 
Upper Devonian clastic rocks. 

The presence of these buried plutons has sev- 
eral implications. They provide attractive possibili- 
ties for mineral deposits, especially because their 
roof zones are preserved at depth and the associat- 
ed mineralization processes were at least sufficient 
to produce geochemical aureoles that contain 
several elements of economic interest. The plutons 
also suggest the possibility that more complex pro- 
cesses took place in Late Devonian time in the 
Brooks Range than have been previously recogniz- 
ed. As noted, Late Devonian and Early Mississip- 
pian granitic plutons and a Late Devonian delta or 
clastic wedge are well documented, but they occur 
in geologically distinct terranes separated by known 
or suspected faults or unconforrnities. An intrusive 
relationship of the suspected buried plutons in the 



Survey Pass Quadrangle raises the  possibility that ,  NEW REFERENCE SECnON OF THE 
soon a f t e r  i t s  deposition, t he  Late Devonian delta o f  NOATAK SANDSONE, NIMlUTUK RIVER, 
the central  Brooks Range was intruded by large fel- MISHBGUR MOUNTAIN QUADRANGLE, 
sic plutons. C WTRAL BROOKS RANGE 

by Tor A. Nilsen, William P. Elm@, 
and J. Thomas Dutro, Jr. 
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A 296-m-thick section was measured during 
the  summer of 1983 in the  type area  of the  Noatak 
Sandstone (section 1, figs. 7, 8). The type area  of 
the Noatak Sandstone was designated by Dutro 
(1952; 1953a, b), following earlier work by Smith 
(1913, p. 70) and Smith and Mertie (1930, p. 1651, t o  

Figure I.-- Geologic map showing location of mea- 
sured sections of the  Noatak Sandstone: l, new re- 
ference section described in this report; 2, type see- 
tion of Dutro (1952); 3, reference section of Dutro 
(1952). Abbreviations: Db, Baird Group, limestone 
(Devonian); Dhf, Hunt Fork Shale (Devonian); MDn, 
Noatak Sandstone (Devonian and Mississippian); Mu, 
Utukok Formation (~ississippian);  Mk, Kayak Shale 
(Mississippian); PMk, Kuna Formation (Mississippian 
and Pennsylvanian); KM, sedimentary and volcanic 
rocks (Mississippian through Cretaceous); Qu, surfi- 
cia1 deposits (Quaternary). Barbed lines a r e  thrust 
faults, dotted where concealed. Geology modified 
from Ellersieck and others (19821, Mayfield and 
others (19821, and Dutro (1952). 



Figure 8.--New reference section of Noatak Sand- 
stone measured in 1983 (shown as section 1, fig. 7). 
Intervals of the section that are blank are 
completely covered, and those that are dotted are 
partially covered. 

be north and west of the confluence of the 
Nimiuktuk and Noatak Rivers, Misheguk Mountain 
Quadrangle, eastern De Long Mountains, western 
Brooks Range. Dutro (1952) measured two incom- 
plete sections of Noatak Sandstone at the type area 

(fig. 7); he designated the first (section 2, fig. 7) as 
the type section,and the second (section 3, fig. 7) is 
generally considered to be a reference section. 
Dutro correlated the Noatak Sandstone with the 
Kanayut Conglomerate of the central Brooks 
Range. However, detailed measurement of our sec- 
tion (section 1, fig. 7) and comparison of it with 
numerous measured sections of Kanayut Conglomer- 
ate to the east and west of the Nimiuktuk River 
area indicate that Dutro's reference section of the 
Noatak Sandstone includes fluvial deposits more 
characteristic of the Kanayut Conglomerate, as 
later defined by Bowsher and Dutro (1957) and rede- 
fined by Nilsen and Moore (1984). 

Dutro's two measured sections of Noatak 
Sandstone do not completely describe it because 
(1) the basal contact with the underlying Upper 
Devonian Bunt Fork Shale is not present in either 
section, (2) the upper contact of the type section is 
faulted, and (3) the complete thickness of the 
Noatak Sandstone cannot be determined. Our new 
section, here designated a reference section, does 
not contain the basal contact either, but is thicker 
than both of Dutro's sections and has a clearly de- 
fined and gradational upper contact with the Missis- 
sippian Utukok Formation. Because of its strati- 
graphic sequence, mostly fluvial character, and 
similarity to related stratigraphic sequences in the 
eastern, central, and western Brooks Range (Nilsen 
and Moore, 1982a), we suggest that the fluvial rocks 
in the new reference section could be regarded as 
the fine-grained distal facies of the Kanayut 
Conglomerate. 

The Noatak Sandstone in the central Brooks 
Range is a laterally discontinuous marine sandstone 
that is 0-560 m thick (Nilsen and Moore, 1982b). It 
conformably overlies the marine Hunt Fork Shale 
and conformably underlies the nonmarine Ear Peak 
Member of the Kanayut Conglomerate (Nilsen and 
Moore, 1984). The Noatak contains middle 
Famennian (late Late Devonian) marine megafossils, 
including brachiopods, gastropods, pelecypods, and 
echinoderms, as well as trace fossils, such as 
Skolithos, that are indicative of shelf, intertidal, 
lagoonal, and marginal-marine depositional environ- 
ments (Nilsen and others, 1980). 

The Noatak Sandstone in the central Brooks I 

Range consists of medium-bedded, fine- to medium- 
grained, quartzose sandstone that locally contains 
pebble conglomerate and thin shale intervals. The 
Noatak typically forms massive outcrops with alter- 
nating thicker beds of trough-cross-stratified sand- 
stone and thinner beds of planar-stratified sand- 
stone. In some areas, thickening- and coarsening- 
upward bundles of sandstone as thick as 15 m are 
present. These bundles may result from offshore 
progradation of stream-mouth bars or other shelf- 
to-shoreline sand accumulations. The sandstone 
characteristically contains calcite cement, causing 
it to be somewhat less resistant than the overlying 
silica-cemented orthoquartzitic sandstone of the 



Kanayut Conglomerate. The calcareous cement 
yields numerous concretionary areas which, upon 
weathering, leave the rock with irregular surfaces 
marked by limonitic residues. Highly variable 
paleocurrent orientations characterize the Noatak 
Sandstone (Nilsen and others, 1980), probably as a 
result of variable directions of storm, tidal, wind, 
and wave-generated shelf currents. 

The Kanayut Conglomerate, in contrast, is a 
nonmarine sequence that conformably and grada- 
tionally overlies the Noatak Sandstone. It is later- 
ally continuous and as thick as 3,000 m; it was depo- 
sited as a large fluvial-dominated delta system that 
prograded southwestward in the Late Devonian over 
the marine rocks of the Noatak Sandstone and Hunt 
Fork Shale. It contains plant fossils indicative of a 
Late Devonian and Early Mississippian age. The 
lower part of the Ear Peak Member of the Kanayut 
Conglomerate is stratigraphically organized into re- 
petitive 5- to-20-m-thick, fining-upward cycles that 
consist, in ascending order, of massive conglomer- 
ate resting with an erosive contact on shale, crudely 
parallel-stratified conglomeratic sandstone, trough- 
cross-stratified sandstone, ripple-marked and lamin- 
ated very fine grained sandstone and siltstone, and 
shale with local paleosols and in-place plant f a -  
sils. These fining-upward cycles represent the de- 
positional record of stream channels that migrated 
across their associated flood plains. The conglom- 
erate and sandstone of the Kanayut Conglomerate is 
characteristically orthoquartzitic and typically 
lacks calcareous cement. Paleocurrent directions in 
the fluvial deposits have fairly consistent orienta- 
tions toward the southwest. Thus, the Kanayut is 
more resistant than the underlying Noatak, contains 
a different superposition of bedding types, and has a 
more uniform southwesterly orientation of paleo- 
currents. 

The new reference section measured west of 
the Nirniuktuk River (section 1, fig. 7) contains 
strata with almost all of the characteristics of the 
Kanayut Conglomerate. Except for the lower 76 m, 
which contain a few calcareous beds, a marine 
megafossil about 75 rn above the base, irregular cy- 
clicity, and some paleocurrent variability (char- 
acteristics more typical of the Noatak Sandstone), 
most of the section consists of orthoquartzitic sand- 
stone and interbedded shale. The calcareous beds 
and fossiliferous bed probably indicate the interval 
of gradual interfingering of the underlying marine 
Noatak Sandstone with the overlying nonmarine 
Kanayut Conglomerate, as shown by Moore and 
Nilsen (1982a) for other parts of the central and 
western Brooks Range. The new reference section 
above the basal 76 m is organized into clearly de- 
veloped fining- and thinning-upward cycles that re- 
semble the fluvial cycles of the Kanayut Conglom- 
erate. About 34 cycles, with an average thickness 
of about 6.5 m, were measured and estimated in ex- 
posed and covered intervals above the basal 76 m. 
Only plant fragments were found in this part of the 

section. Paleocurrent directions, measured chiefly 
from the plunges of trough axes, are consistently 
toward the southwest. 

It seems clear that Dutro's reference section 
of the Noatak Sandstone, which can be correlated 
with our new reference section, consists mostly of 
nonmarine strata. It is also possible that Dutrots 
type section of the Noatak Sandstone may contain 
characteristic facies and interfingering beds of the 
Kana ut Conglomerate. As mapped by Dutro 
(19527, the type area of the Noatak Sandstone in- 
cludes an indeterminate thickness of fossiliferous 
marine sandstone between the fluvial facies at the 
top of the reference section and the Hunt Fork 
Shale below. Dominantly fluvial strata that are 
facies equivaIents of the Kanayut Conglomerate ap- 
pear to almost always overlie marine units of the 
Noatak Sandstone, even in the westernmost Brooks 
Range (~ayfield and others, 1978; Nilsen and 
Moore, 1982b). A new reference section for the 
Noatak Sandstone is needed that can identify the 
fluvial and marine parts of the rock unit, define the 
base and top, and permit it to be distinguished re- 
gionally from the Kanayut Conglomerate. Such a 
section, as yet unmeasured, is available near the Eli 
River about 100 krn southwest of the type section 
(lat. 67" 40' N., long. 161'44' w.); here, about 150 m 
of nonmarine sandstone overlies about 150 m of 
marine sandstone. 
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WEST-CENTRAL ALASKA 

(Figure 9 shows study areas described.) 

NEW RADIOMEl'RIC EVIDENCE FOR THE 
AGE AND THERMAL HISI'ORY 

OF THE METAMORPHIC ROCKS OF THE 
RUBY AND NIXON PORK TERRANES, 

WESTXENTRAL ALASKA 

by John T. DiUon, William W. Patton, Jr, 
Samuel B. Mukasa, George R. Tilt n, P Joel mum, and Elizabeth J. Moll 

Metamorphic rocks in central Alaska have 
been assigned to several tectonostratigraphic ter- 
ranes by Jones and others (19811, but the protolith 

Current addresses: DBlon and Blum: Alaska 
Division of Geological and Geophysical Surveys, 
Fairbanks, AK 99701; Patton and MoU, U.S. 

Figure 9.--Areas in west-central Alaska discussed in 
this circular. Outlines define the areas described by 
the indicated authors. 

ages and histories of these rocks are poorly known. 
Sufficient radiometric data do not presently exist to 
adequately define these terranes. In this report, 
new U-Pb and K-Ar evidence is presented that char- 
acterizes and delimits the assemblages of metamor- 
phic rocks in two of these terranes, the Ruby and 
Nixon Fork. 

The Ruby terrane consists of greenschist- 
and amphibolite-facies metasedimentary and felsic 
metaplutonic rocks. These metamorphic rocks com- 
pose the so-called "Ruby geanticline1I that borders 
the southeastern edge of the Yukon-Koyukuk basin 
from the Brooks Range in the north to at least the 
Kaiyuh Mountains in the south. The southeastern 
limit of the Ruby terrane along most of the length 
of the "Ruby geanticline" is poorly defined because 
of lack of exposures and definitive geologic map 
data. However, in the region between the Yukon 
and upper Kuskokwim Rivers (fig. lo), the meta- 
morphic rocks have been traced southeastward from 
the margin of the Yukon-Koyukuk basin to the 
Susulatna fault, where they appear to be juxtaposed 
with the Nixon Fork terrane (Patton and Moll, 
1982). 

Scattered fossil collections from carbonate 
rocks intercalated with pelitlc schist of the Ruby 
terrane (Mertie and Harrington, 1924; BrosgC and 
others, 1973; Chapman and others, 1982; Patton, 

Geological Survey, Menlo Park, CA 94025; Mukasa 
and Tilton, Dept. of Geol. Sciences, Univ. of Calif., 
Santa Barbara, CA 93016. 



EXPLANATION 

Surficial deposits (Quaternary) 

MI Volcanic rocks (Tertiary and Cretaceous) 

Terrigenous sedimentary rocks -- Yukon-Koyukuk 
and Kuskokwim basins (Cretaceousl 

1-1 Granitic rocks (Cretaceous) 

Sample localities, number refers to list 
in tables 3 and 4 

/ Contact 

/ High angle fault 

/ Thrust fault 

F1 Basalt, chert, gabbro, and ultramafic rocks -- Angayucharn, 
Innoko, and Tozitna terranes (Triassic to Mississippian) 

Carbonate rocks and terrigenous sedimentary rocks -- 
Nixon Fork terrane (Mesozoic and Paleozoic) 

Metasedimentary and rnetaplutonic rocks -- Ruby terra". 
(Paleozoic) 

. Metasedimentary and rnetavolcanic rocks -- Nixon Fork terrane 
(Precambrian) 

Figure 10.--Sketch map of the geology of the Yukon-upper Kuskokwim Rivers region. 
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Mle 3. --K-Ar isotopic analyses by Alaska Division of Geological and Geophysical Surveys, 
University of Alaska, Fairbanks Co-operative Geochronology Laboratory. Site numbers 
correspond to those shown on figure 10. 

S i te  Sanple Rock type Mineral &e Ar radio- mad- 
no. nurber genic1 rangle 

Ar to ta l  

Ruby terrane -- Quartz monzonite and associated hornfelses of hlelozitna pluton 

82IX1437b Biot i te  granite Biot i te  107.4+3.2 0.957 Melozitna 

82D1481a Bioti te  quartz Biot i te  108.1f3.2 0.613 Melozi tna 
mnzon i t e 

82LL.1493 Biot i te  quartz Biot i te  111.5f3.3 0.736 Melozi tna 
monzoni te 

82IX1491B Fbrnfelsic b io t i t e  @hibole 104.3k3.1 0.567 Melozitna 
arnphibolite 

82Dn490a Hornfelsic b io t i t e  Arphibole 306.4k3.2 0.663 Melozitna 
amphiboli t e  

82m490a Hnrnfelsic b io t i t e  Biot i te  109.9k3.3 0.664 Melozitna 
amphibol i t e  

Ruby terrane -- PreSretaeeous 

82D-1424 Orani t i c  Biot i te  110.2f3.3 0.611 Melozi tna 
orthogneiss 

82lA-1424 Granitic M i t e  119.6k3.6 0.330 Melozi tna 
orthogneiss mi a 

81h76 Granitic Biot i te  112.6f3.4 0.847 hklozitna 
or t hogne i ss  0.847 

Nixon Fork terrane (North) -- Metmrph ic  

Ell387 B -quartz K-feld- Wh i te 697.0f20 0.964 Ruby 
sper porphyry mi ca 

unpub. data, 1984) show that most of the metasedi- 
mentary rocks have Paleozoic protolith ages. The 
pmsibility that some protoliths may be as old as 
Precambrian cannot be ruled out, however. 

'Ibe Ruby terrane is structurally overlain by 
allochthonous sheets of Mississippian to Jurassic 
oceanic crustal rocks that appear to have been ern- 
placed in Late Jurassic or Early Cretaceous time. 
The oceanic rocks have locally been assigned to the 
Innoko, Tozitna, and Angayucham terranes (Patton, 
1978; Jones and others, 1981). K-Ar metamorphic 
muscovite ages of 135 m.y. obtained from the Ruby 
terrane (Patton and others, 1984) are thought to 
represent a major regional metamorphic event re- 
lated to overthrusting of these oceanic rocks. Both 
the metamorphic rocks and the oceanic rocks are 

intruded by granitic plutons that yield ages of about 
110 m.y. (Patton and others, 1978; Patton and 
others, 1984). 

Six new K-Ar ages from mineral separates 
from quartz monzonite and associated hornfels of 
the Melozitna pluton in the Ruby terrane (table 3, 
nos. 1-5) confirm the 110-m.y. cooling ages obtained 
previously from the Melozitna pluton. Nearby 
amphibolite-facies orthogneiss (table 3, nos. 6-7) 
yielded three K-Ar ages of 110 to 120 m.y. U-Pb 
data from two samples of orthogneiss (table 4, nos. 
7 and 9) are insufficient to determine the protolith 
age and subsequent thermal history of the rocks, but 
the data do indicate that: (1) the parent magma of 
the aplitic orthogneiss contained a Paleozoic or 
Precambrian component, as evidenced by the 680- 



N l e  4.--U-Pb isotopic ages f r m  analyses using a mixed 235~-205~b spike and 
methods described in Krogh (1973) and Dillon and others (1979). Site nwhers 
correspond to those shown on firure 10. 

Site Sample Rock type 

no.* nLsrber 

Zircon 

description 
-. - - - - - - 

Ruby terrane 

7 81D-176 Aplitic Clear, less than 147.8 183.8 679.0 Melozitna 
orthogneiss 170 mesh 

9 81h77 Fine-grained gran- Clear, less than 120.5 129.1 292.0 Melozitna 
itic orthogneiss 230 mesh 

Nixon Fork terrane (South) 

10 81h78 Slightly foliated 
quartz porphyry 

81h78 Slightly foliated 
quartz porphyry 

81h78 Slightly foliated 
quartz porphyry 

11 81h81 Slightly foliated 
brecciated felsic 
volcanic 

81D-181 Slightly foliated 
brecciated felsic 
vo 1 can i c 

81D-181 Slightly foliated 
brecciated felsic 
volcanic 

12 81D185 Metamorphosed 
beta quartz- 

Kspar porphyry 
81l385 Metamorphosed 

beta quartz- 
Kspar porphyry 

81h85 Metamorphosed 
beta quartz- 
Kspar porphyry 

81IX185 Metamorphosed 
beta quartz- 

Kspar porphyry 
13 81D-186 112etmrphosed 

beta quartz- 
Kspar porphyry 

81h86 Metamorphosed 
beta quartz- 
Kspar porphyry 

81h86 Metmrphosed 
beta quartz- 

Kspar porphyry 

Translucent-beige, 388.3 447.7 765.6 Medfra 
nonlragnet i c 

Translucent-beige, 263.0 314.3 714.6 Medfra 
mderately rmgnetic 
Trans1ucent-beige, 212.8 256.1 673.0 Medfra 

magnetic 
Translucent-pink, 765.9 783.8 835.0 Medfra 

100-230 mesh, 
non-rmgnetic 

Translucent-pink, 731.3 758.7 840.5 Medfra 
100-230 mesh, 
magnet i c 

Translucent-pink, 668.4 708.9 839.3 Medfra 
100-230 mesh, MI1 

Nixon Fork terrane (North) 

Reddish-brown, 756.8 813.2 970.6 Ruby 
translucent, 
M25-27 

Redd i sh-brown , 933.4 1006.5 1169.1 Ruby 
translucent, 

nonmgne t i c 
Reddish-brown, 831.2 917.5 1131.2 Ruby 
translucent, md- 
erately mgnetic 
Redd ish-brown, 692.5 790.3 1077.0 Ihrby 
translucent, 
magnetic 

Redd i sh-brown , 937.6 999.3 1137.1 Ruby 
translucent, 
non m g n e  t i c 

Reddish-brown, 857.6 932.6 1114.1 Ruby 
translucent, m d -  
erately magnetic 
Redd i sh-brown , 789.4 859.2 1043.6 Ruby 
translucent, 
rmgnet ic 

m.y. 2 0 7 ~ b / 2 0 6 ~ b  age, and (2) zircon from both of the adjacent Melozitna pluton. No evidence for 
orthogneiss samples lost lead during Cretaceous inherited zircon was found in these samples. 
time. Episodic lead loss probably occurred during The Nixon Fork terrane, situated southeast 
the proposed Late Jurassic or Early Cretaceous of the Ruby terrane between the Susulatna fault and 
metamorphic event and (or) later, during intrusion the upper Kuskokwim River, is shown as units @m 



and MzPzc in figure 10. It consists of metasedi- 
mentary and felsic metavolcanic and metaplutonic 
rocks overlain by unmetamorphosed Ordovician 
through Devonian shelf carbonates and Permian to 
middle Cretaceous terrigenous sedimentary rocks 
(Patton and others, 1980). Late Cretaceous and 
early Tertiary volcanism and plutonisrn were wide- 
spread throughout the terrane (Moll and others, 
1981). 

Six K-Ar cooling ages from the Nixon Fork 
metamorphic rocks, previously reported by 
Silberman and others (19791, range from 296 to 921 
may. We have obtained an additional K-Ar age of 
697 m.y. from this metamorphic assemblage (table 
3, no. 8). Discordant U-Pb ages of metavolcanic 
rocks (table 4) define two chords (fig. 11). Six 
zircon fractions from the two more southerly areas 
(fig. 10) yield a chord with a correlation coefficient 
of 0.99998. The data indicate that these zircons, 
which come from slightly foliated quartz porphyry 
flows, crystallized a t  850i30 m.y. (upper intercept) 
and lost lead a t  73+10 m.y. (lower intercept), pro- 
bably due to the Late Cretaceous and early Tertiary 
magmatic event. Seven zircon fractions from the 
more northerly of the two sample areas yield a 

chord with a correlation coefficient of 0.99989. 
Zircon recovered from a quartz-K-feldspar meta- 
porphyry is interpreted to have been emplaced at 
1,265+50 m.y. (upper intercept) and metamorphosed 
to greenschist facies at 390f40 m.y. (lower inter- 
cept). The early to mid-Paleozoic regional meta- 
morphism of the northern samples apparently did 
not affect the southern samples. Therefore, we 
suspect that the Nixon Fork terrane itself may be 
an amalgamation of several Precambrian terranes. 

Our radiometric data and the previously re- 
ported isotopic and paleontologic data indicate the 
following differences between the Ruby and Nixon 
Fork terranes: 

0 

0 2 8  

0 26 -- 

0 24 -- 

0 2 2 - -  

0 0 20-- 18 -- 

CO 
0 9 0 16 -- 

A a 

(1) The Ruby terrane was regionally meta- 
morphosed in Late Jurassic or Early Cretaceous 
time, whereas, in the Nixon Fork terrane, regional 
metamorphism was confined to pre-mid-Paleozoic 
time. 

(2) Most of the metamorphic rocks in the 
Ruby terrane appear to have a Paleozoic protolith 
age, whereas most of the metamorphic rocks in the 
Nixon Fork terrane have a Precambrian protolith 
age* 

207*Pb/235U 

Figure 11.--Concordia diagram for zircon samples from the Ruby geanticline and Nixon Fork 
terrane. 
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SEACUFF EXPOSURES OF 
M mAMORPHOSED CARBONATE AND SCHIW, 

NORTAERN S W A R D  PENINSULA 

by M e  A. Dumoulin and Alison B. Till 

Extensive seacliff exposures of marble, 
metadolostone, and schist occur on the north shore I 
of Seward Peninsula in the Kotzebue A-1 and A-2 
Quadrangles (fig. 12). Some of the exposed units 
have no analogs when compared to rocks mapped to 
the south in the Bendeleben and Solomon Quad- 
rangles. Others are similar to units exposed to the 
south, but they differ in metamorphic grade and 
minor, though significant, compositional character- 
istics. Carbonate rocks predominate from Ninemile 
Point westward; schists of varying composition 
occur with carbonate rocks to the east. The car- 
bonatedominated section is separated in the vicin- 
ity of Ninemile Point from the schist-dominated 
section by a major fault zone, thought to be the 
northern extension of the Kugruk fault zone of 
Sainsbury (1 974). 

The schistose rocks include those of interme- 
diate to mafic composition, carbonaceous pelitic 
schist, and marble (fig. 12). The marble is 
intimately folded in with the intermediate to mafic 
schists; pelitic schist forms homogeneous outcrops. 
The intermediate to mafic schist is composed pre- 
dominantly of actinolite, albite, epidote, and 
garnet. Variation in amount of each mineral type 
imparts a layered fabric, with layers a few 
centimeters to a meter in thickness. Massive 
medium-grained metabasite pods and lenses contain 
barroisite, actinolite, plagioclase, epidote, and 



{~oliated micaceous marble; some graphitic intervals 

and metadolostone with 
intercalated chert, and 

83ADn74: Cream-colored to light pinkish-gray meta- 
dolostone; relict megafossils, locally brecciated and 
mottled (bioturbated?) 

m ~ a p e  Deceit 

{ Foliated, micaceous marble, locally chlOritic 

I 83ADn75: Thinly laminated light to dark gray meta- 
dolostone: local intraclasts 

t Relatively pure, medium to coarse grained, white to 
Ught gray marble 

Fine grained actinolite-epidote-plagioclaseLquartz+- 
white mica+white mlca+chlorite schists; amount of 
plagioclase 7s variable; lesser gray marble; sheared 
barmisite-garnet-actinolite(?) rnetabasite; diamond is 
serpentinite body 
Chlorite, chloritoid- and garnet-bearing ~ e l i t i c  schist; 
locally graphitic, sheared, rotten, iron stained; carbo- 
naceous quartz schist with subordinate mica, s~llfidas; 
iron- and sulfur-stained 
83AGe145: Actinolite-epidote-plagioclasetquartz+- 
white mica schist folded with antigorite-talc=dolomi"k 
schist, tremolite-dolomite schist, tremolite schist, ser- 

t, locally graphitic, rusty; 
onaceous quartz schist locally 

Figure 12.--Distribution of carbonate rocks and schist, Kotzebue A-1 and A-2 Quadrangles. 

garnet and are conformable to the layering. The 
mineral assemblage indicates that these rocks are 
greenschist to amphibolite facies in grade. At  
Willow Bay, small amounts of serpentinite, 
ophicarbonate, and tremolite schist are folded into 
the unit. Metamorphic assemblages (antigorite- 
talc-dolomite; tremolite4olomite; tremolite schist) 
represent a metamorphosed reaction zone between 
the carbonate and ultramafic rocks. Several 
exposures of serpentinite 3-10 rn in width occur in 
fault contact with the schist. We have not 
determined whether these are part of the original 
sequence or if they were incorporated during a 

subsequent metamorphic or structural event. 
Structures observed a t  both thin section and 

outcrop scale indicate that the ultrarnafic, mafic, 
and intermediate schist and marble east of the 
Kugruk fault zone have been locally isoclinally fold- 
ed and original layering has been transposed. Iso- 
clinal folds are commonly intrafolial. Lithologic 
layering may be either locally parallel or at an 
angle to the predominant schistosity. The green- 
schist- to amphibolite-facies metamorphism 
accompanied this deformation. 

The carbonate rocks exposed on the sea cliffs 
west of the Kugruk fault zone consist of several dis- 



Figure 13.--Flat-lying, well-layered marble, with alternating fine and coarse crystalline layers 
(carbonate turbidites?). 

Figure 14.-Carbonate breccia (debris flow?); clasts and matrix consist mostly of marble. 

2 0 



tinct lithologies (fig. 12; table 5). One kilometer- 
long section at locality 83ADn44 contains mostly 
flat-lying marble characterized by rhythmic 
alternation of coarser and finer crystalline layers; 
layer thickness ranges from 2 to 50 cm, but 
typically is 5-20 cm (fig. 13). In the western part of B E  

the section, an interval of carbonate breccia is 15- 
20 m thick, is dominantly matrix supported, and 
contains both rounded gnd angular clasts up to 5 rn 
in diameter (fig. 14). Zones as much as 1 m thick 
that are rich in carbonate intraclasts occur 
throughout the section. In the eastern part of the 
section, subordinate intercalated gray and green O 5  

phyllite and black chert occur. In thin section, the 
chert and phyllite show sparse to abundant silica 
spheres and ovoids 0.1-0.2 m m  in diameter that 
suggest recrystallized radiolarians and(or) sponge 
spicules. 

The layering at locality 83ADn44 is 
apparently bedding, but the metamorphic grade 
(table 51, indications of flattening, and spatial 1 5p K M  
association with strongly foliated and folded schist 4'0 M l 

make this interpretation uncertain. The carbonate 
rocks are everywhere recrystallized and locally Greenschi s t - f a c i e s  Sedimentary rocks 

dolomitized; thin section study indicates incipient sch is ts  o f  nor theastern of the York Mountains 
Seward Peninsula 

dedolomitization in some areas. Stylolites and 
solution collapse features also occur; breccia 
containing dolomite clasts in a sparry calcite matrix Metamorphosed carbonate 

truncates several beds at one locality. rocks o f  no r the rn  
Seward Peninsula 

The rocks at 83ADn44 mav be carbonate tur- 
bidites, and the breccia intervals suggest debris 
flows in form and internal structure. Complete 
Bouma sequences were not observed, but graded 
textures are common. In thin section, relict pebbly 
textures can be seen through the mask of 
recrystallization. 

Carbonate rocks on this part of the Kotzebue 
I coast were assigned a Mississippian(?) age by 

Hudson (1977). Sainsbury (1974) mentioned, but did 
not describe, fossils of probable Mississippian age 
near Deering. Kindle (1911) suggested a Late 
Silurian age for corals and lamellibranchs from 
Cape Deceit. We obtained conodont faunas from 
three localities near Deering (fig. 12, table 5); the 
most diagnostic age, from 83ADn44, is middle 
Middle Silurian. Most of the conodont collections 
from central Seward Peninsula are Early and 
earliest Middle Ordovician and late Early and 
Middle Devonian in age. A Late Silurian conodont 
fauna has been collected in the Bendeleben A-1 
Quadrangle, and dolostone cobbles from several 
outcrops of Cretaceous(?) (Sainsbury, 1974) 
carbonate conglomerate in southeastern Seward 
Peninsula have yielded Silurian ages. The conodonts 
and sedimentary structures in these rocks indicate 
deposition in warm, shallow water. The fauna at 
83ADn44, in contrast, suggests deposition at depths 
of mid-shelf or deeper. Thus, the combination of 
age and depositional environment distinguish the 
rocks at this locality from all other carbonate rocks 
of central Seward Peninsula. [All age and 

Figure 15.--Regional relationships of rock units 
observed in Kotzebue A-1 and A-2 Quadrangles and 
similar rocks in central and western Seward 
Peninsula. 

environmental interpretations of conodonts are 
from A. G. Harris (written commun., 198411. 

Two small gabbroic plugs with relict ophitic 
textures that are partially recrystallized to green- 
schist-facies assemblages (actinolite, epidote, and 
garnet) intrude the carbonate rocks. Temperatures 
estimated from color alteration indices (CAI) of 
conodonts are consistent with this metamorphic 
grade. 

Incorporation of rocks both east and west of 
Kugruk fault zone into the geologic history of the 
Seward Peninsula, as it has been deduced from rocks 
to the south, is problematical (fig. 15). Surficial de- 
posits mantle bedrock south of the seacliff expo- 
sures. Carbonate rocks and related igneous plugs 
west of the Kugruk fault zone show relict primary 
structures more clearly than do similar units typical 
of central Seward Peninsula. Metamorphic grade of 
the mafic plugs suggests that there is a meta- 
morphic boundary between the rocks exposed on the 
coast and the glaucophane-bearing rocks 14-20 km 
inland. The structural nature and orientation of the 
boundary are unclear. Similar gabbroic plugs have 
been reported south of Teller on the western penin- 
sula (B. W. Evans, Dept. of Geological, Sciences, 



WIe 5.--Conodont-based age determinations from the Kotzebue Coast (CAI, color alteration 
i nde x) 

Sarnp l e Lithology Age CAI, 
n M e r  Terrp. ("C) 

83AD144 Well layered, light- to dark-gray m r -  
ble and metadolostone, locally graded; 
smne associated intervals of carbonate 
breccia 

83AI3-174 Cream-colored to light pinkish-grey 
metadolostone; locally mottled (bio- 
turbated?) with re l i c t ,  poorly pre- 
served megafossils; in part, strongly 
brecciated 

83AIX175 Thinly laminated, light- to dark-gray 
metadolostone with sparse intraclasts; 
local brecciation and mt t l i ng  

Middle Wenlock 5.5-7.5 
(middle Middle 350-450" 

Silurian) 

Ordovician 7, 
through about 400 " 
Devonian 

Silurian through 5.5-6, 
Middle Devonian 350-400" 

Univ. of Wash., oral commun., 1982). Unmeta- 
morphosed deep-water carbonate rocks are known 
from the York Mountains, but existing age data sug- 
gest that these rocks are older than the meta- 
morphosed carbonates west of the Kugruk fault 
zone (Sainsbury, 1969). 

Schists east of the Kugruk fault zone to- 
gether with greenschist- to amphibolite-facies 
schists 50 km due south on Monument and Kiwalik 
Mountains can be assigned to units mapped in cen- 
tral Seward Peninsula on the basis of their composi- 
tion and lithologic relationships. In central Seward 
Peninsula, however, the schists have recrystallized 
to blueschist facies and contain glaucophane, gar- 
net, and epidote; ultramafic lithologies are lack- 
ing. The greenschist- to amphibolite-facies rocks 
may have had the same high-pressure history but 
recrystallized finally at higher temperatures than 
the glaucophane-bearing rocks. The higher tem- 
perature assemblage may be due to the block of 
schist in northeastern Seward Peninsula having (1) 
equilibrated in a zone of higher geothermal gradient 
or (2) been at depth longer than the blueschist- 
facies rocks of central Seward Peninsula. 

REFERENCES CITED 

Hudson, Travis, 1977 (1978), Geolcgic map of 
Seward Peninsula, Alaska: U. S. Geological 
Survey Open-File Report 77-796A, 1 sheet, 
scale 1:1,000,000. 

Kindle, E. M., 1911, The faunal succession in the 
Port Clarence Limestone, Alaska: American 
Journal of Science, ser. 4, v. 32, p. 335-349. 

Sainsbury, C. L., 1969, Geology and ore deposits of 
the central York Mountains, western Seward 
Peninsula, Alaska: U.S. Geological Survey 
Bulletin 1287, 101 p. 

Sainsbury, C. L., 1974, Geologic map of the 
Bendeleben Quadrangle, Seward Peninsula, 
Alaska: The Mapmakers, Anchorage, Alaska, 
31 p. 

Reviewers: J. H. Dover and J. M. Schmidt 

WINDY CREEK AND CRATER CREEK FAULTS, 
SEWARD PENINSULA 

by Darren 3. Rau fman 1 
I 

The Windy Creek and Crater Creek faults in 
the southern Seward Peninsula (fig. 16) show surface I 
features indicative of recent motion. These faults 
were recognized during reconnaissance geologic , 
mapping by Sainsbury and others (1972) and by 
Miller and others (1971, 19721, but no detailed de- 
lineation of fault traces or description of surface ~ 
features was documented. A study of these faults 
was conducted during 1982 and 1983 as part of the 
mineral resource assessment of the Solomon and 
Bendeleben Quadrangles. The study was carried out 
in order to better understand the Quaternary tee- 
tonic history of these faults and to document their 
associated geomorphic features. 

Modern seismicity and Holocene faulting in- 
dicate that the southern Seward Peninsula is the 
site of ongoing tectonic activity. In a 2-yr period 
from 1977 to 1978, Biswas and others (1980) record- 
ed approximately 300 earthquakes in the range of 
Richter magnitude 1.0 to 4.5 that occurred on the 
Seward Peninsula and adjacent continental shelf. 
One cluster of earthquake epicenters is aligned 
along the Darby Mountains and traverses the site of 
a magnitude 6.5 earthquake that occurred in 1950. 
Another cluster is associated with the Bendeleben 



Figure 16.--Location of major mountain ranges and faults (solid bold lines) of the southern 
Seward Peninsula, including the Windy Creek (fig. 17) and Crater Creek (fig. 18) faults. Contour 
interval approximately 1,000 f t  (300 m). 

and northern Kigluaik range-front faults. These are 
the principle active faults of the Seward Peninsula; 
they display surface features indicative of Holocene 
displacement (Hudson and Plafker, 1978). The 
Windy Creek and Crater Creek faults are in close 
proximity to the Bendeleben and northern Kigluaik 
range-front faults, respectively (fig. 16). 

The Windy Creek fault of the northern Darby 
Mountains (fig. 17) trends northwest for approxi- 
mately 13 km, forming a sharp contact between low- 
grade metamorphic rocks and the plutonic rocks of 
the Windy Creek.stock. To the west and adjacent to 
the central, most prominent, segment of the fault, 
bedrock is composed of partly hornfelsed, 
blueschist-facies, chlorite-bearing, pelitic schist 
with a dominant north-dipping foliation. East of 
this part of the fault, the Windy Creek stock is 
composed chiefly of hornblende monzogranite 
(Joseph Briskey, U.S. Geological Survey, written 
commun., 1983) of middle Cretaceous age (Miller 
and others, 1972). Extending southward 4 km from 
Windy Creek to an unnamed drainage, the fault is 
marked by a steeply sloping (25"-35") vegetated 
scarp that is consistently down-dropped to the 

west. The scarp is 2-7 m high and exposes frost- 
rived bedrock and solifluction deposits. Slumping is 
common along the fault trace, forming hummocky 
topography on the down-thrown side; water seeps 
occur at the toes of the slumps. The northern and 
southern segments of the Windy Creek fault 
traverse benches and saddles in a mixed bedrock 
assemblage of metamorphic carbonate and 
metasedimentary rocks. Extremities of the fault 
trace are concealed beneath thick deposits of 
Quaternary colluvium. 

The Crater Creek fault (fig. 18) trends east- 
northeast for approximately 31 km, forming an 
abrupt boundary between the high-grade meta- 
morphic rocks of the rugged Kigluaik Mountains to 
the north and the low-grade metamorphic rocks of 
the low, rounded, colluvium-covered hills to the 
south. To the north, bedrock is composed primarily 
of staurolite and higher grade metasedimentary 
rocks; to the south, bedrock includes a mixed 
assemblage of blueschist-facies, chlorite-bearing, 
pelitic schists and carbonate rocks. Metamorphic 
foliation varies, but is generally parallel to the 
strike of the fault on the north and is at a high 



angle to it on the south. The fault is down-dropped 
to the south, and several stream offsets suggest a 
left-lateral strike-slip component ranging from 200 
to 400 m. Splays are abundant, occurring primarily 
in graphite-bearing schists. The fault trace is 
marked by prominent surface features. The eastern 
segment, from Crater Creek to the east fork of 
Homestake Creek, forms a steep (20"-30") vegetat- 
ed scarp as much as 4 m high on which active gully- 
ing is taking place. Cracks in tundra surfaces, 
springs, and exposed fault breccia are common fea- 
tures. The exceptionally large alluvial fans at the 
mouths of Big Creek and both forks of Homestake 
Creek may be related to uplift along this segment 
of the fault. These fans are built out onto a valley 
last occupied by ice during the Salmon Lake 
glaciation, which Hopkins and others (1983) show to 
be of early Wisconsin age. West of Big Creek, the 
fault offsets solifluction-reworked lateral moraines 
occurring high on the east side of the the Crater 
Creek glacial trough. The moraines are assigned to 
the Salmon Lake glaciation and provide a maximum 
age for the onset of the most recent fault 
movement. At Tumit Creek, dip-slip movement 
offsets the wall and ridge of a regraded middle(?) 
Pleistocene glacial cirque. West of Tumit Creek, 
the fault trace is marked by notches and benches in 
bedrock; at its western extremity, it breaks into 
fault splinters marked by less prominent traces and 
is buried beneath colluvium. 

Figure 17.-Location of Windy Creek fault; solid 
bold line where fault trace is well defined; 
dashed where inferred. Delineation of Windy 
Creek stock after Miller and others (1971). 
Contour interval is 500 ft. 

The Windy Creek and Crater Creek faults are 
major faults of the southern Seward Peninsula. 
Despite the presence of features indicative of re- 
cent movement, nowhere can the absolute age of 
the most recent displacement be determined. The 
proximity of these faults to other active faults and 
sites of modern seismicity suggest that they are 
probably part of the major active Quaternary fault 
system of the southern Seward Peninsula. 
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MEl'AMORPHIC ROCKS W THE 
WIBTERN IDlTAROD QUADRANGLE, 

WBT€ENTRAL ALASKA 

by Marti L Miner and Thomas K. Bundteen 

During a reconnaissance visit to the Iditarod 
Quadrangle in August 1983, metamorphic rocks that 
crop out near VABM Idono (fig. 19) were examined. 
These rocks were first described by Gemuts and 
others (1983) as the Idono sequence, consisting of 
augen gneiss and amphibolite. Gemuts and others 
(1983) included the Idono sequence with Precam- 



Figure 18.--Location of Crater Creek fault; solid bold line where fault trace is well defined; 
dashed where inferred. The late Pleistocene alluvial fans of Big and Homestake Creeks are 
shaded. Contour interval is 500 ft. 

brim and Paleozoic metamorphic rocks of the Ruby 
geanticline (Patton and others, 1977). The three 
clmest exposures of possibly correlative rocks are: 

I 
I 

(1) the Kanektok metamorphic complex (Hoare and 
Coonrad, 19791, (2) the metamorphic rocks of the 

1 Ruby-Medfra area, and (3) the metamorphic rocks 
of the Kaiyuh Hills (fig. 19). This study suggests 
that the metamorphic rocks of the Idono sequence 
are most closely related to those of the Kaiyuh 
Hills. 

We did not examine or map the full extent of 
the metamorphic rocks during our brief reconnais- 
sance work; coverage will be extended in 1984. This 
progress report presents data on a few samples col- 
lected near VABM Idono, where outcrops consist of 
well-foliated arnphibolite and subordinate pelitic 
schist with minor quartzite rubble. Based on petro- 
graphic study of six samples, the rocks present in 
outcrop are: (1) sphene-epidote-ealcic oligoclase- 
quartz-hornblende amphibolite; (2) apatite-plagio- 
clase-biotite-muscovite-quartz schist, and (3) sodic 
oligoclase porphyroblastic biotite-muscovite-quartz 
schist. (Feldspar compositions were determined 
optically using the A-normal technique.) The pre- 
sence of hornblende and calcic oligoclase in the 
amphibolite indicates lowest amphibolite facies of 
regional metamorphism close to the greenschist 
facies boundary (Winkler, 1976). K-Ar ages 
obtained from rocks a t  VABM Idono are shown in 
table 6. They range from 126 to 134 m.y. 

The Kanektok metamorphic complex (refer- 
red to as the Kilbuck tectonostratigraphic terrane 
by Turner and others, 1983) crops out about 275 km 
southwest of the Idono sequence (fig. 19). It 
consists of quartz diorite, granodiorite gneiss, 
orthoclase gneiss, garnetiferous arnphibolite, 
marble, and quartz-mica schist of upper greenschist 
to lower amphibolite facies (Boare and Coonrad, 
1979). U-Th-Pb analyses by Turner and others 
(1983) indicate that the granite orthogneiss 

protolith from the Kanektok metamorphic complex 
originally crystallized 2.05 b.y. ago and the 
sedimentary, volcanic, and igneous protoliths 
underwent high-grade metamorphism 1.77 b.y. ago. 
Fifty K-Ar age determinations on biotite and 
hornblende range from 125 m.y. to 2.5 b.y. (Hoare 
and Coonrad, 1979). These K-Ar mineral ages have 
been partially to totally reset by a late Mesozoic 
thermal event (Turner and others, 1983). 

A variety of greenschist rocks including phyl- 
lite, pelitic schist, calcareous schist, marble, meta- 
volcanic rocks, and foliated plutonic rocks crops out 
over a large area in the Ruby and Medfra Quad- 
rangles, approximately 175 km northeast of the 
Idono sequence (fig. 19; Silberman and others, 1979; 
Chapman and others, 1982). Stratigraphic evidence 
indicates that these metamorphic rocks are a t  least 
pre-Permian and probably pre-Ordovician in age 
(Patton and Dutro, 1979). K-Ar ages on hornblende 
and mica from the Ruby and Medfra Quadrangle 
samples range from 274 to 921 m.y. (Silberman and 
others, 1979; Moll and others, 1981); the K-Ar ages 
are considered minimum ages. Although the age of 
the protolith is uncertain, two of the mineral ages 
support the pre-Ordovician age suggested by strati- 
graphy. On the basis of isochron analyses, Moll and 
others (1981) suggested that resetting may have 
occurred in the middle Permian. The Late Creta- 
ceous and early Tertiary igneous activity of the 
area has apparently not significantly affected the 
K-Ar ages of these metamorphic rocks, but it did 
cause Pb loss in zircon (Dillon and others, this 
volume, p. 13-18). 

Metamorphic rocks of the Raiyuh Hills crop 
out approximately 120 km north of the Idono se- 
quence, making them the closest of the possibly 
correlative rocks. They consist mainly of pelitic 
schist, quartzite, and lesser carbonate and metavol- 
canic rocks of greenschist- to amphibolite-facies 
and, locally, blueschist-facies metamorphism 



Figure 19.-location of Paleozoic and Precambrian metamorphic rocks of west-central and 
southwestern Alaska. From Gemuts and others (1983; fig. 2, p. 70). 
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Table 6.--Potassium-argon age determinations from rocks near VABM Idono 
r, radiogenic; X, standard deviation;X, mean; t, total; 

A + r e '  = 0.581 x 10-lo yr-l;  h = 4.962 x 10-lOyr-l; 4 0 ~ / K t  = 1 .I67 x mol / r r~ l .  

Analyses by J. D. Blurn, Alaska Division of Geological and Geophysical Surveys 
--mi vers i ty  of Alaska Cooperative Geochronology Laboratory, Fairbanks, Alaska. 

-- 

4 0 ~ r ,  40Ar, - 4 0 ~ r ,  

F i e l d  no. Rock Mineral K20 Sarrple mles /g  4% 4 0 ~ r  Age f 1 
(Lab n o . )  type dated ( ~ t  ~t (g) (xlO1l) (x10-3) (rn.y.1 

83Bt349-1 Biotite B i o t i t e  9 .460 0 .0709 186,7 7 .97 0.823 132.2.i 4.0 
(84127) muscovite - 9.447 

schist x= 9.454 

8 3 m 4 9 - 1  Biotite White mica 10.078 0.0737 202.6  8 .09 0 .769 134 .2  2 4 . 0  
(84128) rmscovi te 10.124 

schist - 10.118 
x=10.107 

I 

83BT349-2 Ihphibo- Hornblende 0.660 1.0256 12 .4  7 .57 0 .881 125.8  f 3 . 8  
(84118) l i t e  

+ 
0 .660  

x= 660 

(Gemuts and others, 1983). Mineral separates of Hoare, J. M., and Coonrad, W. L., 1979, The 
these rocks yield K-Ar ages of about 135 m.y. (W.W. Kanektok metamorphic complex, a rootless 
Patton, Jr., oral commun., 1984). This indicates belt of Precambrian rocks in southwestern 
that if the Kaiyuh Hills and Ruby-Medfra meta- Alaska, Johnson, K. M., and Williams, J. R., 
morphic suites are related, the Kaiyuh Hills suite eds., The United States Geological Survey in 
has undergone a Mesozoic metamorphic event that Alaska-AecornpUshments during 1978: U.S. 
did not affect the Ruby-Medfra rocks. Geological Survey Circular 804-B, p. B72-B74. 

The Idono sequence may be related to all the Moll, E. J., Silberman, M. L., and Patton, W. W., Jr., 
Precambrian and Paleozoic metamorphic rocks 1981, Chemistry, mineralogy, and K-Ar ages 
shown in figure 19. However, the similarity of K-Ar of igneous and metamorphic rocks of the 
ages suggests that rocks of the Idono sequence are Medfra Quadrangle, Alaska: U.S. Geological 
most closely related to those of the Kaiyuh Hills. Survey Open File Report 80-811C, 19 p., 2 
Further investigations during 1984 may refine this sheets. 
relation. Patton, W. W., Jr., and Dutro, J. T., Jr., 1979, Age 

of the metamorphic complex in the northern 
Kuskokwim Mountains, west-central Alaska, i~ 
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EAST-CENTRAL ALASKA 

(Figure 20 shtms study areas described.) 

STUDIS OF GOLD W THE 
CHANDALAR AND KOYUKUK DISPBICTS, 
WISEMAN AND BETTLES QUADRANGLES-- 

A PROGRESS REPORT 

by John C. Antweiler, Richard B. Tripp, 
John B. Cathrall, and Elwin L Mosier 

More than 95 percent of gold production in 
permafrost regions in Alaska has come from 
placers. Lode sources of gold for these placer de- 
posits are mostly undiscovered. Our studies have 
attempted to identify the source of placer gold by 
examination of the geoIogic setting of each deposit, 
a mineralogical analysis of the heavy-mineral con- 
centrate, and compositional, analyses of gold obtain- 
ed from the placers and the few known lodes. Lab- 
oratory and field investigations included an exam- 
ination of the occurrence and geochemistry of gold 
in minerals, rocks, soil, water, and humus, as well as 
the role of vegetation, bacteria and microfungi in 
solution, transport, and deposition of gold. 

Nearly all gold production in the Chandalar 
and Koyukuk districts has come from Quaternary 
placer deposits that occur in a belt about 160 km in 
length (fig. 20). Devonian and Mississippian meta- 
sedimentary rocks comprise bedrock at most locali- 
ties (BrosgC and Reiser, 1964, 1971; Dillon, 19821, 
but conglomerate of Jurassic age occurs a t  
Tramway Bar in the Wisernan Quadrangle (BrosgC 
and Reiser, 1971). The metasedimentary rocks are 
compwed of conglomerate, sandstone, siltstone, 
shale, and recrystallized limestone that are inter- 
bedded with and intruded by coeval mafic and felsic 
volcanic and plutonic rocks (Dillon, 1982). Three or 
more episodes of metamorphism and multiple epi- 
sodes of faulting (including some thrust faulting) 
complicate the geology (Dillon, 1982). Known gold- 
bearing veins postdate the latest Cretaceous 
metamorphism (Dillon, 1982). 

Figure 20;-Areas in east-central Alaska discussed 
in this circular. Outlines define the areas described 
by the indicated authors. 

Field studies of gold deposits were focused 
on gold mines and prospects in the Chandalar and 
Koyukuk districts. Gold samples and associated 
heavy-mineral concentrates from active placer 
mines were donated by miners in the Chandalar, 
Wiseman, and Bettles Quadrangles. Samples of 
rock, soil, humus, and groundwater were also 
collected near several mines. 

Typical concentrate minerals include quartz, 
amphibole, pyroxene, magnetite, epidote, hematite, 
zircon, and sphene. Minerals of economic interest 
(in addition to gold) in the concentrates include 
arsenopyrite, pyrite, chalcopyrite, galena, cinnabar, 
stibnite, scheelite, barite, and rutile. Minute blebs 
of gold are commonly attached to arsenopyrite and 
occur in  stibnite. Pyrite, although common near 
several placer mines, is usually barren of gold and 
evidently is not indicative of gold mineralization. 
Some nuggets (i.e., gold grains heavier than 70 mg) 
contain inclusions of quartz, stibnite, arsenopyrite, 
galena, and pyrite. Scheelite, though present in 
more than half the mineral concentrates, does not 
seem to be present as inclusions in gold grains or at- 
tached to them. Cinnabar occurs in several placers 
in the Koyukuk district but not in concentrates from 
the Chandalar district, with the exception of the 
Eight-Mile Creek placer (Joesting, 1943, p. 18). 

Lode sources have not been found for the 
majority of placer deposits in the Koyukuk or 
Chandalar districts. Heavy minerals associated 
with known lode gold occurrences in the districts 
are rich in sulfides. Stibnite-goldquartz veins 
occur at several localities near Wiseman in the 



Koyukuk district and arsenopyrite, galena, and 
scheelite accompany lode gold in the Chandalar 
district. 

Nearly 500 emission spectrographic analyses 
using a special technique described by Mosier (1975) 
were made of gold from about 50 mines and pros- 
pects in the Chandalar and Koyukuk districts. Gold 
of unusually high fineness (up to 980 fine) occurs in 
the Koyukuk district, but its signature (proportions 
of gold, silver, and copper, and content of trace ele- 
ments) does not fit the signature of gold of high 
fineness from deposits elsewhere (Antweiler and 
Campbell, 1982). Compositional analyses of various 
size fractions of gold have been made on samples 
from some of the placers. The larger size fraction 
(+35 mesh) from many deposits contains smaller am- 
ounts of silver, copper, and trace elements than did 
the smaller size fraction (-35 mesh). In the larger 
size fractions, higher purity gold may have resulted 
from precipitation of dissolved gold on the exterior 
of gold grains. On the other hand, in other similar 
deposits elsewhere, small-particle gold was of high- 
er purity, suggesting that silver and trace elements 
were removed during transport from the lode to a 
placer deposit. 

Groundwater collected upstream from some 
placer deposits contained small quantities of gold. 
Typically, the content of gold ranged from less than 
1 to 20 parts per trillion (ppt). Water percolating 
through a sulfide-rich zone in the Mikado lode in the 
Chandalar district contained 26 ppt gold. 

Schist, igneous rock, 'bull quartz,I1 quartz 
veins, humus, and soil below tundra roots and over 
permanently frozen ground near gold mines also 
contained small amounts of gold. Additional data 
must be acquired to determine whether small am- 
ounts of gold in country rock, soil, and surroundings 
can be the source of gold in placer deposits or if 
lodes with nugget-sized masses of gold are requir- 
ed. Studies in progress show that certain natural 
processes can dissolve gold, whereas others precipi- 
tate gold from solution. Humic and fulvic acids 
abound between tundra roots and permanently fro- 
zen ground, particularly in swampy areas. The pH 
of swamp waters in the Chandalar and Koyukuk dis- 
tricts in the summer ranged from 4.0 to 5.9. Labor- 
atory experiments show that both humic and fulvic 
acid are capable of dissolving several hundred parts 
per billion (ppb) gold; for example, a fulvic acid 
solution of pH 4.0 can dissolve 100 ppb (wt/vol) gold 
(W. L. Campbell, U.S. Geological Survey, written 
cornmun., June 15, 1984). In other laboratory experi- 
ments, bacterial spores served as nuclei for the 
growth of crystalline gold polyhedra similar to small 
crystalline gold nuggets found in some placer de- 
posits (Watterson and others, 1983). It is well docu- 
mented that some bacteria and microfungi can dis- 
sblve gold. In a few hours, a microfungus (Penicil- 
lium sp.) penetrated gold foil on Czapec-Dox solu- - 
tion agar (Watterson and others, this volume, p.1-4). 
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NEW CONCEPTS OF THE MESOZOIC PLYSCB 
BELT IN EAST-CENTRAL ALASKA 

by Robert M. Chapman, James H. TrexZer, Jr., 
Michael Churkin, Jr, and Plorence R. Weber 

A thick Mesozoic flysch unit forms a broad 
belt between Victoria Mountain in the Circle Quad- 
rangle and the Tanana and Yukon Rivers junction in 
the Tanana Quadrangle (fig. 21). A reevaluation of 
earlier concepts of this unit is suggested by field 
studies in 1979 and later, and some of the regionally 
significant problems and alternate interpretations 
are summarized herein. The fault-bounded terrane 
concept, maximum age, possible regional correla- 
tions, and origin of the flysch unit, as well as the 
age and affinity of the adjacent vitreous quartzite 
unit(fig. 211, are not conclusively established. The 
rocks beneath the flysch belt and the nature of their 
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Figure 21;-Map showing the Mesozoic flysch belt, vitreous quarzite unit, and adjacent terranes 
in part of east-central Alaska. 

contact with the flysch are unknown. Various ori- 
gins of the flysch sequence may be interpreted, in- 
cluding: deposition in place, possibly overlying a 
now-concealed splay of the Tintina fault system; 
depmition in a closing basin in front of terranes 
converging from the south; or an allochthonous ter- 
rane emplaced along major strike-slip faults. Only 
recently the flysch belt has been described as a 
lithotectonic terrane-the Manley terrane by Jones 
and others (1984b), and as a terrane tentatively cor- 
related with the lithologically similar Kandik River 
terrane about about 300 km to the east (Churkin and 
others, 1982). 

The flysch unit of Chapman and others (1971, 
1982) and Foster and others (1983) includes essen- 
tially unmetamorphosed graywacke, siltstone-argil- 
lite, shale, conglomerate, and quartzite. Slate and 
phyllite occur locally, and thermally altered flysch 
surrounds the Late Cretaceous and early Tertiary 

granitic intrusives (fig. 21). Due to discontinuous 
eqmure and complex folding and faulting, the stra- 
tigraphic sequence and total. thickness are not well 
known, but a 3-4 km thickness is inferred. Early 
Cretaceous and probable Late Jurassic ages of the 
flysch are based on poorly preserved shelly fossils 
found near the west edge of the Livengood Quad- 
rangle. The flysch unit contacts have been mapped 
within narrow limits, but their exact nature is 
uncertain because they are typically concealed by 
surficial cover; only the southern contacts were in- 
terpreted as faults. 

The northern contact of the flysch unit In the 
Livengood and Tanana Quadrangles has been inter- 
preted (Chapman and others, 1971, 1982) as deposi- 
tional, based on extensive polymictic conglomerates 
in the apparent basal flysch sequence and on lack of 
evidence for a major fault near the contact. How- 
ever, mapping in the Circle Quadrangle shows a 



fault at the northern contact of the flysch unit 
( ~ o s t e r  and others, 1983). Immediately to the west 
in the Livengood Quadrangle, this contact lies be- 
tween intensely sheared flysch and Livengood ter- 
rane Paleozoic sedimentary and mafic rocks and 
may also be reinterpreted as a fault. In the north 
contact zone, at long 150" W., a sequence of Trias- 
sic radiolarian chert and clastic rocks of the flysch 
unit in apparently conformable structural associa- 
tion was found in 1981-82 (Jones and others, 
1984a). It is not clear whether this is a true deposi- 
tional sequence or a concealed fault relation. 

The southern contact of the flysch belt in the 
Livengood Quadrangle has been mapped as a con- 
cealed fault. South of this inferred fault, a distinc- 
tive light-gray vitreous quartzite crops out, which is 
tens of meters thick and has no discernable sedi- 
mentary structures or fossils. It is interpreted to be 
of Ordovician age (Chapman and others, 1971). This 
quartzite forms a narrow, discontinuous outcrop 
belt that extends from Victoria Mountain through 
the eastern half of the Livengood Quadrangle (fig. 
211, becomes less prominent farther west, and is ab- 
sent in the Tanana and Kantishna River Quad- 
rangles. 

An alternate interpretation of an Early 
Cretaceous age for the vitreous quartzite is sug- 
gested here. Supporting evidence includes an ap- 
parent structural and stratigraphic accordance of 
the quartzite with the flysch unit, and its lithologic 
and stratigraphic analogy to the basal Keenan 
Quartzite of the Lower Cretaceous Kandik Group in 
the Charley River area to the east (Churkin and 
others, 1982). Other possible equivalents of the 
Keenan Quartzite are unknown in the flysch belt se- 
quence, which otherwise resembles the Kandik se- 
quence. Dissimilarities include; (1) the absence of 
fossils in the vitreous quartzite, whereas the 
Keenan Quartzite contains Buchia of Valanginian 
age; (2) the presence of gabbroic intrusives in the 
vitreous quartzite but not in the Keenan Quartzite; 
and (3) the absence of a vitreous quartzite a t  the 
apparent base of the flysch on the north side of the 
belt. The vitreous quartzite and "Keno Bill 
Quartzite" (Tempelman-Kluit, 1970) of Yukon Ter- 
ritory, Canada, have suggestive affinities. They are 
lithologically similar, both are intruded by gabbroic 
rocks, and the Reno Hill and two overlying clastic 
units, all lacking definitive fossils, are interpreted 
by Tempelman-Kluit (1970) as of Early Cretaceous 
age and homotaxial equivalents of the Keenan 
Quartzite and Kandik Group. On the other hand, 
Blusson (1978) suggests that the Keno Hill  as- 
semblage may be upper Paleozoic and equivalent to 
part of the Alaskan Rampart Group, assuming about 
500 km offset along the Tintina fault. The vitreous 
quartzite and adjacent rocks do not fit this analogy. 

Ordovician Fossil Creek Volcanics and Silur- 
ian and Devonian Tolovana Limestone of the White 
Mountains terrane bound the vitreous quartzite on 
the south along an interpreted high-angle reverse 

fault (~hurk in  and others, 1982). The vitreous 
quartzite does not reappear on the south side of this 
synform terrane where the Beaver terrane of 
Churkin and others (1982) is in poorly exposed and 
probable fault contact. The quartzite, argillite, 
phyllite, slate, chert, and limestone of the Beaver 
terrane in part are dated by Oldhamia as Cambrian 
and (or) late Precambrian and Cecile, 
1981). Conceivably, the vitreous quartzite could be 
part of the Beaver terrane sequence and would 
underlie the White Mountains terrane. Problems 
with this hypothesis include the absence of a true 
vitreous quartzite in the Beaver terrane and the 
uncertainty about the lower contact of the White 
Mountains terrane (since the base of the Fossil 
Creek Volcanics is not exposed). In addition, 
vitreous quartzite is absent in the northeastern 
corner of the Livengod Q~.ladr~ngle (fig. 211, where 
the Beaver terranc e n c l ~ e s  n block of the White 
Mountains terrane. 
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MAJOR ROCK PACKAGES OF THE action between multiple deformation and polymeta- 
RAY MOUNTAINS, morphic recrystallization. Low PIT amphibolite- 

TANANA AND BETTLB QUADRANGLES facies assemblages (M ) formed during main-phase 
isoclnal folding (P 1; dl minerals occur as rellcs in 

by James H. Dover and flonny T. Miyaoka rocks later subjected to a cataclastic (PI), low- 
grade retrogressive event (M ). Typical Ma green- 
schist-facie mineral assembhes represent mod- The Ray Mountains segment '' the Ruby ge- erate to high P/T conditions and include glauco- anticline, along the southeast margin of the ylkon- at one locality. Post-kinematic minerals of Koyukuk basin, consists of three diverse and corn- the hornblende-hornfels facies in a plex rock P ~ ~ ~ % ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ Y  referred to here as narrow aureole around the Ray Mountains plutonm the metamorphic suite of the Ray Mountains, the The protolith of most of the schist was siliceous Kanuti assemb'qe, and the Rampart argillite and argillaceous feldspathic to calcareous 

'')* The suite the Ray MOun- quartz-rich sediment, possibly with primary alterna- 
tains mntaim deformed and P ~ ~ Y ~ ~ ~ ~ ~ ~ ~ -  tions of quartzofeldspathic and layers. 
phosed, metasedirnentary and meta-igneous rocks 
that display prominent blastomylonitic fabrics pro- Metamorphosed mafic igneous rocks (unit 4) 
duced by ductile deformation during metamorph- OCCUr in the metamorphic suite of the Ray Moun- 
ism. The polymetamorphic rocks are structurally t a i ~  as large, mappable bodies ranging from meta- 
bounded on the northwest by the Kanuti assemblage #Pbbro and metadiabase to amphibolite and garnet- 
and on the southeast by the Rampart assemblage. amphibolite, and as thin interlayers of amphibolitic 
The middle cretaceous Ray Mountains batholith was schist in the pelitic schist unit. Local variations in 
intruded mainly into the metamorphic suite but the intensity of shearing produced gradations in 
locally cuts the adjacent Kanuti and Rampart al- fabric and degree of recrystallization, ranging from 
lochthonous assemblages. weakly sheared and incompletely recrystallized 

~i~~ informal units ape recognized in the Cores of large bodies to strongly foliated and re- 
metamor@ic suite of the Ray Mountains (fig. 22). crystallized margins. Mineral assemblages indicate 
The structurally lowest two (units 1 and 2) may be metamorphic conditions near the greenschist- 
parautochthonous; the other three (units 3-5) corn- acies 
prise a structurally complex allochthon that extends A few intabeds of relatively pure quartzite 
across the range. and marble occur in unit 3, but beds thick enough to 

~ ~ ~ ~ ~ ~ ~ f ~ l d ~ ~ ~ t h i ~  paragneiss (unit 1) is map separately (unit 5) are most closely associated 
coarsely granoblastic and contains 70-85 percent with the thick metabasite sheets of the southern 
quartz, 10-20 percent intermediate plagioclase, and Ray Mountains. 
2-10 percent mica. Most samples also contain a few Two tectonically juxtaposed units form the 
percent of untwinned R-feldspar, and many have up Kanuti assemblage (W- W- Patton, Jr-3 written 
to 5 percent garnet and(or) cordierite. The proto- commw., 1983). basal chert-basalt unit con- 
lith was a slightly argillaceous, feldspathic, quartz- tains discontinuous and largely umheared blocks and 
rich sediment of continental derivation but un- lenses of incipiently recrystallized basalt, diabase, 
certain age and probably represents basement. gabbro, and serpentinized ultramafic rocks, in a 

A distinctive augen orthogneiss unit (unit 2) cataclastic matrix of low-grade (greenschist facies) 
contains augen of igneous plagioclase, granulated rnetasedirnentary rocks, that include Triassic bed- 
quartz and plagioclase, or poikilitic, simply twinned ded chert, WIillite, slate, Mississippian limestone, 
K-feldspar, in a cataclastic matrix of quartz, feld- and volcanoclastic rocks (W. W. Patton, Jr., written 
spar, and synkinematic micas. Rocks with similar COmmun., 1983). The structurally overriding unit 
composition and texture found elsewhere around the contains cryptically deformed, extensively SerPen- 
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Figure 22.--Simplified geologic map of the Ray Mountains, Tanana and Bettles Quadrangles. 
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Figure 23.--Simplified structure map of the Ray Mountains, Tanana and Bettles Quadrangles. 
Major fold axes are shown; areas represented on stereograms are patterned. Explanation for 
this figure is on page 35. 

tinized, layered gabbro, peridotite, harzburgite, and Also tentatively included here in the 
dunite, with garnet-amphibolite (derived from eclo- Rampart assemblage are low-grade cataclastic 
gite?) at the base. K-Ar hornblende ages from rocks that structurally underlie the Rampart Group 
amphibolite are 138, 149, and 161 m.y. (W. W. in the southeastern Ray Mountains. Mylonitic 
Patton, Jr., written commun., 1983). Primary ig- quartz-wacke with bimodal quartz grain-size distri- 
neous and sedimentary textures and mineralogy are bution is the dominant and most distinctive litho- 
typically preserved in the Kanuti assemblage. logy. Associated rocks are contorted phyllite, platy 

The term Rampart assemblage as used here arenaceoud?) limestone, poorly sorted limonite- 
includes the Rampart Group of Mertie (1937),  as spotted quartzite with limy cement, and pebbly 
well as associated mafic intrusive rocks. The mudstone with clasts as large as 2 cm in diameter 
Rampart Group contains basalt, pillow basalt, phyl- of limestone, quartz, quartzite, chert, argillite, and 
lite, argillite, slate, arkosic semischist, volcani- feldspathic quartz-arenite. Igneous and metamor- 
clastic rocks, conglomerate, Permian limestone, and phic clasts are conspicuously absent. As in the 
radiolarian chert of Mississippian-Triassic ages Ranuti assemblage, mylonites of the Rampart as- 
(Jones and others, 1984). Intrusive rocks included in semblage underwent only incipient M2 and locally 
the Rampart assemblage are mainly diabase and M3 metamorphism through which primary sedimen- 
gabbro with subordinate diorite and minor serpen- tary textures and mineralogy are still clearly recog- 
tinized ultrarnafic rocks. A K-Ar hornblende age of nizable. No local evidence was found for the proto- 
205 f 6 m.y. is reported by Brosgk and others (1969) lithic age of the mylonitic rocks, but similar rocks 
for gabbro near Rampart. that structurally(?) underlie mafic intrusive-bearing 
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rocks correlative with the Rampart Group else- 
where east of the Ruby geanticline are Devonian 
(Dss and related units of BrosgC and others, 1973). 
In the Ray Mountains, the Rampart assemblage 
appears to differ significantly from the Kanuti as- 
semblage in lithologic and petrologic detail and 
relative proportions of rock types, and especially in 
its close association with the Devonian(?) quartz- 
wacke-bearing sequence. 
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MEl?AMOBPHIC ROCKS OF THE 
RAY MOUNTAINS- 

PRELIMINARY Sl'RUCTURAL ANALYSIS AND 
REGIONAL TECTONIC IMPLICATIONS 

by James & Dover and Ronny T. Miyaoka 

The three major rock packages of the Ray 
Mountains-the metamorphic suite of the Ray 
Mountains, and the structurally bounding Kanuti and 
Rampart assemblages-are briefly described in the 
preceding article (Dover and Miyaoka, this 
volume). We report here on preliminary results of 
structural and metamorphic studies in the Ray 
Mountains and some regional tectonic implications. 

Most map contacts within the metamorphic 
suite of the Ray Mountains, and some contacts 
bounding it, are shallow-dipping, structurally discor- 
dant blastomylonite zones in which ductile shear 
proceeded under low-grade metamorphic conditions 
(fig. 23, p. 34, 35). Several major folds have axes 
oriented generally east-west, oblique to the 
contacts of bounding allochthons, and axes on the 
south side of the range verge north (fig. 23). 

Although data are incomplete, preliminary 
analysis suggests that the mesoscopic fabric of the 
metamorphic terrane involves at least three defor- 
mational phases and three metamorphic episodes. 
The earliest folds (F1) are isoclines to which the 
main schistosity (S1) s axial planar. Fl axes com- 
monly parallel major fold axes. In thin section, F1 
isoclines are associated with synkinematic amphibo- 
lite-facie minerals (MI). Snowball structure occurs 
locally in garnet and intermediate plagioclase. The 
age of first%eneration deformation and metamor- 
phism is unknown. F isoclines are overprinted by 
second generation folks (I?.$ of variable style and 
that have axial plane cleavage (S 1 at a low to mod- 
erate angles with S1 (fig. 24). $Init P folds are 
small chevron folds or crenulations, but in places 
these grade into folds with tight or even isoclinal 
styles. Tight P2 folds increase in abundance toward 
cataclastic zones between major rock units and se- 

quences, where the cataclastic foliation is the 
dominant fabric element and appears to coincide 
with S2. Second-generation structures throughout 
the Ray Mountains are invariably associated with 
greemchist-facies mineral assemblages (MZ). In 
rocks not strongly affected by the cataclastic 
event, Mz produced relatively minor retrogression 
of MI minerals. In more strongly cataclasized 
rocks, many of "phyllitic" aspect, M1 minerals are 
locally preserved as granulated or pseudomorphic 
relics cut by cataclastic S? foliation with synkine- 
matic M2 greenschist mineral assemblages; at one 
locality, glaucophane occurs with chloritoid in a 
glaucophanitic greenschist-facies assemblage. Such 
rocks are retrogressive phyllonites. We tentatively 
regard all the graphitic chlorite-muscovite-quartz 
schist of the Ray Mountains as blastomylonite pro- 
duced or affected by the M2 cataclastic event, and 
some of these rocks are demonstrably phyllonitic. 
The age of cataclasis appears to be bracketed be- 
tween the probable Jurassic age of mafic igneous 
rocks in the Kanuti and Rampart assemblages and 
the middle Cretaceous age of the Ray Mountains 
batholith. In parts of the Ray Mountains not strong- 
ly affected by the cataclastic event, broad warps 
(F3) bend earlier structures in individual outcrops; 
F and F3 are coaxial in places. In strongly cata- 
etasized zones, Fa folds are small crenulations that 
fold synkinematic M minerals and have only inci- 
piently recrystauizd axial plane cleavage that 
cuts the cataclastic S2 foliation. Post-kinematic 
hornblende-hornfels facles assemblages (Mg) occur 
in a contact metamorphic aureole around the m~ddle 
Cretaceous Ray Mountains pluton. 

Fabric data from mylonitic, bimodal quartz- 
wacke at the base of the Rampart assemblage in the 
southeastern Ray Mountains (fig. 23) are fairly 
sparse but geometrically simple and consistent (fig. 
25A). The data reflect broadly folded but generally 
southeast-dipping mylonitic foliation and related 
linear structures compatible with northwest- 

Note transposition of 8 1 axial 
Variable plane foliation as 8 2  
m e " O ' c o ' ~ _ ~ ~ a r i n p  scale increa~es 

\ / . I 

Figure 24.-Sketches of superimposed mesoscopic 
structures. Quartz segregation layers in white; 
mica-rich layers in black. Arrows show sense of 
rotation of asymmetric folds. 
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Figure 25.--Stereograms of structural data, 
southeastern Ray Mountains. A, quartz-wacke; B, 
phyllonite. Contours represent percent of points 
per one percent area. 

southeast movement of the Rampart allochthon. 
Similar fabric elements and orientations are 
displayed by the thick phyllonite unit separating the 
Rampart assemblage from the rest of the 
metamorphic terrane, except that F1 folds not 
present in the quartz-wacke are represented in the 
phyllonite data (fig. 25B). The similarity in data 
suggests that movement of the Rampart allochthon 
induced the cataclastic S2 fabric of the phyllonite. 
Two lines of evidence suggest that the Rampart 
allochthon may have moved up-dip from southeast 
to northwest toward the Ruby geanticline: (1) five 
of six asymmetrical folds measured in these two 
rock sequences have b-axes that verge 

northwestward (fig. 251, and (2) a major east-west 
fold axis in the metamorphic terrane appears to be 
deflected under the phyllonite in a manner 
suggesting northwest overriding (locality F, fig. 
23). If this direction of movement is confirmed by 
mylonite fabric studies now in progress, models 
relating the Kanuti and Rampart assemblages to the 
same regional overthrust sheet will need to be 
modified. 

Contact relations between the Kanuti asse m- 
blage and the metamorphic suite of the Ray Moun- 
tains are poorly exposed and unclear. Although 
phyllonite produced by M cataclasis underlies most 
segments of the Kanuti aiochthon, cataclasis varies 
in intensity along the contact, and phyllonite may 
be absent In places. In fact, the strongest MZ cata- 
clasis marks contacts between units within the 
metamorphic suite. Moreover, the statistical trend 
of isoclinal folds in phyllonitic rocks is N. 60' W., 
oblique to the N. 60" E. trace of the Kanuti contact 
(fig. 26). Few fabric data are available for the 
Kanuti assemblage itself, but at one locality in the 
chert-basalt unit, bedded chert displays three 
phases of folding somewhat similar in style and 
orientation to those of the adjacent metamorphic 
suite (fig. 26). Three interpretations are being con- 
sidered for isoclinal folds in and under the Kanuti 
assemblage. They could be: (I) F1 structures whose 
degree of preservation in the zone of M2 cataclasis 
is anomalous. If so, their presence in the Kanuti 
chert-basalt belt suggests that the Ranuti assem- 
blage participated in F1 folding prior to its em- 
placement on the metmorphic suite of the Ray 
Mountains. (2) P2 structures related to cataclasis 
that are indistinguishable in style and trend from F1 
folds. h this case, the isoclines are either 
N. 60" W.-trending a-lineations that record direction 
of movement of the Ranuti assemblage or b- 
lineations that resulted from more complex 
interaction of the Kanuti with the metamorphic 
suite of the Ray Mountains, such as oblique 
convergence or multistage movement. (3) F3 
structures that postdate M cataclasis and were 
overprinted on both the phy$onite and the chert- 
basalt unit after their tectonic juxtaposition. 

We expect more detailed analysis of avail- 
able data to help clarify structural relations a t  the 
contact of the Kanuti assemblage and the metamor- 
phic suite of the Ray Mountains. In any case, 
simple thrusting of the Kanuti assemblage south- 
eastward out of the Yukon-Koyukuk basin is not 
clearly expressed in the fabric of the chert-basalt 
unit nor in phyllonite of the underlying metamorphic 
rocks of the Ray Mountains. 

In the Ray Mountains, where isoclinally fold- 
ed, medium- to high-grade rocks of the metamor- 
phic suite were overprinted by a low-grade cata- 
elastic event, the resulting gradation from coarsely 
granoblastic to phyllonitic rocks represents the de- 
structive and retrogressive breakdown of a coarser 
grained and higher grade protolith rather than pro- 
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Contours on 92 poles to foliation 

Pole to foliation in Kanuti 
chert -basalt belt 
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0 1 . 0 %  1.9-3 .9% 4 . 9 - 1 1 . 6 %  
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Figure 26;-Contoured stereograms of structural 
data from schist, metabasite, and marble, north- 
western part of Ray Mountains metamorphic suite. 
Data from the Kanuti chert-basalt unit and major 
folds are superimposed. Contours represent percent 
of points per one percent area. 

gradation from phyllite to schist. In contrast, the 
Kanuti and Rampart allochthons contain true phyl- 
lites and mvlonite formed during tectonic emplace- 
ment. Thus, thrusts bounding the major sequences 
of the Ray Mountains appear to be zones of low- 
grade metamorphic convergence where retrogres- 
sive phyllonite and prograde phyllite are juxta- 
posed. Production of retrogressive phyllonite from 
metamorphic protoliths may have occurred else- 
where in the Yukon-Koyukuk borderlands. 

Dover, J. H., and Miyoka, R. T., 1985, Major rock 
packages of the Ray Mountain?, Tanana and 
Bettles Quadrangles: this volume 

Reviewers: D. J. Grybeck and S. W. Nelson 

TERTIARY(?) FOLDING W THE 
TANACROSS QUADRANGLE 

by Helen I,. Foerter and Grant W. Gushing 

Overturned folds (figs. 27, 28, 29) are well 
exposed in a borrow pit along the Taylor Highway in 
the Tanacross I33 Quadrangle (T. 24 N., R. 16 F;., 
see. 13). These folds occur i n  rocks of Late Creta- 
ceous or Early Tertiary(?) age that were deposited 
in a small, isolated, nonmarine basin in the broad 
Paleozoic and Precambrian(?) terrane of the eastern 
Yukon-Tanana Upland of east-central Alaska. The 
probable age of this folding provides new insight in- 
to the little known late Mesozoic and Cenozoic tec- 
tonic history of this part of Alaska. The distribu- 
tion of these rocks, as known from reconnaissance 
mapping, is shown on the geologic map of the 
Tanacross Quadrangle (Foster, 1970). The rocks 
have been described previously (Foster, 1967, p. B5- 
B6) from a borrow pit 0.9 km north of the locality 
of the folds and 3.3 km south of the bridge over the 
West Fork of the Dennison Fork of the South Fork 
of the Fortymile River where it crosses the Taylor 
Highway, as well as from several small outcrops 
along tributaries of the West Fork east of the West 
Fork bridge. The area where these sedimentary 
rocks occur is heavily vegetated and topographically 
subdued, so outcrops are limited and confined large- 
ly to streams. 

The folds occur in a section of tan, greenish- 
gray, and reddishdrown tuffaceous sandstone and 
siltstone and siliceous and tuffaceous shale. They 
are overturned toward the southwest and have am- 
plitudes and wavelengths ranging from approxi- 
mately 0.5 to 3 rn. Fold axis orientations trend N. 
32"-66" W, and plunge 10"-26" NW. A fracture 
cleavage, rarely axial-planar, is present in most of 
the fine-grained lithologies. In one outcrop (fig. 
29), a thrust fault with a strike of N. 75" W. and a 
dip of 21" NE. truncates beds. Direction of 
thrusting appears to be toward the southwest, as is 
the vergence of the major folds in the outcrop. At 
the locality 3.3 km south of the West Fork bridge, 
the rocks dip about 15-20 northward, but complete 
folds are not exposed and the size and style of folds 
is not evident. 

The folded rocks are part of a nonrnarine de- 
posit that is estimated to be 70 m or more thick, al- 
though the thickest measurable sequence is 20 m. 
The base of the formation (seen in a single expo- 
sure) consists of weathered conglomerate with a 
few sandstone interbeds. The conglomerate, lying 
uncon formablv on well-foliated me tarnor~hic rock. 



Figure 27.--Overturned fold in Cre- 
taceous(?) nonmarine sedimentary rocks 
in t he  northern Tanacross Quadrangle. 
Direction of overturning is to the 
southwest. 

Figure 28.--Fold in Cretaceous(?) non- 
marine sedimentary rocks, mostly fine- 
to very f ine grained tuffaceous argillites 
and sandstone, exposed a few meters  
northeast of fold shown in figure 27. 
View t o  the  northwest. 

Figure 29.--A small  thrust faul t  in  folded 
Cretaceous(?) nonrnarine sedimentary 
rocks. The head of t he  hammer is above, 
and the  bottom of the handle is below, 
t he  thrust plane. The rocks a r e  mostly 
f inegra ined  tuffaceous argillites and 
sandstones. 



unconformably on well-foliated metamorphic rock, 
is composed primarily of clasts of well-rounded 
white translucent quartz, some quartzitic schist, 
and some greenish-gray volcanic clasts in an arko- 
sic, slightly rnicaceous, matrix. Size of clasts 
ranges from about 0.15 cm to 5 cm. The basal con- 
glomerate is overlain by a succession, from the 
bottom to top of the section, of (1) tan and gray ar- 
kosic, quartzitic, and tuffaceous sandstone beds; (2) 
shale, tuffaceous shale, tuff, and siltstone; and (3) 
conglomeratic tuff, conglomeratic sandstone, and 
conglomerate. Some of the shales are very car- 
bonaceous, containing plant remains and intercalat- 
ed thin lignite beds. Some sandstone and tuffaceous 
sandstone beds also have carbonaceous fragments 
and plant impressions. Gray, red, tan, and banded 
gray and red fine-grained siliceous chert-like rock is 
found as float in one part of the borrow pit 3.3 km 
south of the West Fork bridge. Coarse conglom- 
erate, with boulders 0.5 m in diameter, composes an 
exposure about 27 km east of the West Fork 
bridge. At the locality of the folds, the exposed 
rocks are mostly tuffaceous sandstone and siltstone 
and siliceous and tuffaceous shale. 

A poorly preserved palynomorph flora was 
collected from nearby rocks prior to excavation of 
colluvium overlying the folds; the sample contains 
spores from a Late Devonian assemblage mixed with 
an assemblage of a more modern aspect, character- 
ized by tricolpate, monosulcate, coniferous, and 
Aquilapollenites pollen (Foster, 1967). On the basis 
of the younger assemblage, a Late Cretaceous age 
was suggested for these sedimentary rocks, but be- 
cause of the poor preservation of the organic 
material, a younger age could not be ruled out 
(Foster, 1967, p. B6). Additional pollen has been 
wllected from the locality of the folds; these 
studies are not yet complete. 

Evidence at the borrow pit demonstrates that 
a period of late folding postdates both the regional 
metamorphism and all or most igneous intrusive 
activity in the northern Tanacross Quadrangle. The 
folding is younger than Late Cretaceous in age, and 
it could be as young as middle or late Tertiary. In 
the Chicken area, 22 km to the northeast, vertically 
dipping sedimentary rocks of Tertiary age have been 
reported ( ~ e r t i e ,  1937, p. 262-263). Moderately to 
steeply dipping sedimentary rocks of probable mid- 
dle to late Tertiary age also occur along Napoleon 
and Baby Creeks, in the southern Eagle Quadrangle 
(Foster, 1976). 

Open folding, which postdates formation and 
folding of foliation, has previously been reported in 
the Yukon-Tanana Upland (Cushing and others, 
1982; Cushing and Foster, 1982, 19841, but because 

the open folding was seen only in metamorphic 
rocks, few constraints could be placed on the time 
of its occurrence. Lack of metamorphism of the 
sedimentary rocks in the Tanacross Quadrangle, and 
the likely Late Cretaceous age of the rocks as indi- 
cated by the pollen, places a constraint on the earli- 

est time that the sedimentary rocks were folded. 
However, because nearby rocks as young as late 
Tertiary in age may also be folded, it is feasible 
that the latest deformation in this part of the 
Yukon-Tanana Upland took place in Tertiary time. 
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STATISITCAL DISCRIMINATION BETWEEN 
POTENnAL TIN- AND URANIUM-BEARING 

AREAS IN EAST-CENTRAL ALASKA 
ON THE BASIS OF STREAM-SEDIMENT 

TRACEELEMENT GEOCHEMISTRY 

by Gal M. Jones, W. David Menzie, 
and Helen L Foster 

Both tin veinlgreisen and peraluminous 
granite-hosted uranium deposits with mineralization 
occurring as disseminations in plutons or in nearby 
veins are associated with peraluminlous composite 
granitic plutons. In the Circle Quadrangle, both tin 
and uranium occurrences are known; tin occurs in 



the Lime Peak area (Menzie and others, 1983), and 
radioactive springs with anomalous amounts of ura- 
nium occur in the Mount Prindle area (Barker and 
Clautice, 1977). 

Discriminant analyses were performed on the 
values obtained for trace -element geochemistry 
from stream-sediment samples from the Lime Peak 
and Mount Prindle areas to determine if some ele- 
ments analyzed for in the standard 30-element 
emission spectrographic method of analysis could 
successfully discriminate between areas of tin 
veinlgreisen or peraluminous granite-hosted ura- 
nium occurrences. The trace-element concentra- 
tions in more than 30 stream-sediment samples 
from each area were determined by the six-step D- 
C arc semiquantitative emission spectrographic 
method (Grimes and Marranzino, 1968); zinc was de- 
termined by atomic absorption methods. The SPSS 
stepwise discriminant analysis computer program 
(Klecka, 1975) was used to analyze data for concen- 
trations of B, Ba, Be, Co, Cr, Cu, La, Nb, Li, Pb, Sc, 
Sn, Sr, Th, V, Y, Zn, and Zr. 

Discriminant analysis assumes that samples 
are randomly chosen with known probability from 
multivariate normal distributions having equal co- 
variance matrices. Logarithms of the original 
values were used in an attempt to normalize their 
distributions (Rose and others, 1979, p. 32). 
Covariance matrices for the Lime Peak and Mount 
Prindle areas were significantly different from one 
another at 99-percent confidence level when tested 
by Box's M (Klecka, 1975). However, discriminant 
analysis is a robust method of data analysis; that is, 
while violations of assumptions may modify prob- 
ability statements and discriminant coefficients to 
some extent, they rarely change conclusions when 
the probabilities of correct classification are high. 

The elements V, Y, and Zn are indicators of 
the tin-bearing Lime Peak area, whereas Nb and Sc 
are indicators of the Uranium-bearing Mount Prindle 
area. Table 7 shows standardized and unstandard- 
ized discriminant function coefficients and the dis- 
criminant scores of group means. The discriminant 

score of a particular sample is found by: (1) taking 
the product of the unstandardized discriminant co- 
efficient and the logarithm of the value for each 
element in the discriminant function; (2) summing 
these products; and (3) adding a constant. Thus, the 
equation for calculating the discriminant score is 

where the d is the unstandardized discriminant co- 
efficient, X is the logarithm of the value, and C is a 
constant. Samples with positive discriminant scores 
are from the Lime Peak area, and those with nega- 
tive scores are from the Mount Prindle area. Group 
means of the standardized discriminant function are 
2.01838 for the Lime Peak area samples, and 
-1.7462 for the Mount Prindle area samples. 
Absolute values of the standardized discriminant 
coefficients indicate the relative effectiveness of 
an element as a discriminator; thus, V is the most 
important, and Nb the least important, discrimina- 
tor. Table 8 shows the percentage of samples 
correctly classified, where group 1 samples are 
from the Lime Peak area and group 2 samples are 
from the Mount Prindle area. Stream-sediment 
samples from the Table Mountain, Circle mining 
district, and Chena Hot Springs areas (fig. 30) were 
classified by using the discriminant equation (table 
7) to calculate discriminant scores. Results show 
that some samples from each of these areas have 
values similar to both the Mount Prindle and Lime 
Peak plutonic areas. 

Figures 31, 32, and 33 show the generalized 
geology of the Table Mountain, Circle mining 
district, and Chena Hot Springs areas with the group 
classification of the drainage basins indicated. In 
the Table Mountain area (fig. 311, samples from 
both the northeast and southwest clusters of felsic 
dikes were classified as belonging to both groups. 
Only one sample in the southwest area scored above 
the group 1 mean. Three samples from the 
northeast dike cluster and one sample from the 
southwest dike cluster showed discriminant function 

Table 7 .-Coefficients of discriminant functions Table 8.-Results of classlfication of samples from 
the Lime Peak and Mount Prindle areas. Most 
(98.55%) of the  cases were correctly classified 

Element Unstandardized Standard 
discriminant discriminant 
function function Actual W e r  Predicted group 

coefficients coefficients group of cases d e r s h i p  

Group 1 Group 2 
-0.47349 
-0.59945 

(constant) 



Figure 30.--Location and approximate boundaries of areas included in study. 

scores more negative than the group 2 mean. group 2, or uranium favorable. All samples but one 
Discriminant scores of stream-sediment samples scored less negative than the group 2 mean. 
from the northern part of the pluton in the Circle Application of discriminant function analysis 
mining district (fig. 32) are similar to the Lime to samples from areas with known tin ( ~ i m e  Peak) 
Peak samples. Basins in the western part of the and uranium ( ~ o u n t  Prindle) occurrences indicates 
area drain metamorphic rocks that overlie the that such areas may be discrirninated based on their 
granite; samples from these basins, characterized concentrations of V, Zn, Y, Sc and Nb in stream- 
by discriminant scores below the group 2 mean, sediment samples. Application of the discriminant 
were classified as belonging to group 2, indicating a function to samples from the three areas intruded 
strong similarity to the Mount Prindle wea. by plutons similar in composition to those in the 
Drainage basins near the eastern and western Lime Peak and Mount Prindle indicate that all areas 
margins of the pluton near Chena Hot Springs (fig. contain samples similar to samples from the tin- 
331, with two samples scoring above the group 1 bearing Lime Peak and uranium-bearing Mount 
mean, are classified as belonging to group 1. Prindle areas. In the western part of the Circle 
Samples from the central part of the pluton are mining district, most samples were classified as be- 
classified as group 2. longing to group 2, indicating that this district may 

Discriminant analysis requires that samples have uranium potential. Alternatively, the results 
be classified as part of a known group. In the Pre- show that there may simply be barren areas in this 
sent study, samples from the Table Mountain, Circle district, and the resulting analyses were forced into 
mining district, and Chena Hot Springs areas were group 2 by the fact that the discriminant function 
classified as being similar to either Lime Peak (a was constructed with data from only two groups. 
tin-bearing area) or to Mount Prindle (a uranium- 
bearing area). No provision was made for barren 
areas. In order to test how samples from barren REFERENCES CITED 
areas would be classified, discriminant scores were 
calculated for 16 stream-sediment samples from an Barker, J. C., and Clautice, K. H., 1977, Anomalous 
area about 16 km northeast of the Lime Peak and uranium concentrations in artesian springs and 
Mount Prindle areas. There, the basins drain barren stream sediments in the Mount Prindle area, 
metamorphic rocks, and no plutonic rocks crop Alaska: U. S. Bureau of Mines Open-file 
out. All samples were classified as belonging to Report 130-77, 18 p. 
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EXPLANATION r(y Alluvium and colluvium 
(Quaternary) Drainage basin discriminant scores 

Contact Group 1 (Sn-favorable) 
Loess (Quaternary) . . Gr;ana;ker;;ry and 

< 2.01838 

Fault, 
dotted where concealed . 2.018, 

FTKf Hypabyssal feltic dikes Group 2 (U-favorable) 
(Tertiary and Cretaceous) --- 

Boundary 
p z ~ q  auartzite and quartzitic schist of Table Mountain area 

> -1.7462 

0 (Paleozoic and Precambrian) < -1.7462 [I Mafic schist (Paleozoic and Precambrian) 

Fi$ure 31.--Generalized geology of the Table Mountain area and classification of some of the 
drainage basins based on their discriminant scores (after Menzie and others, 1983). 
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DISI'RIBUTION AND CHARACTRR OF THE 
PERIDOTITE-LAY W E D  GABBRO COMPLEX 

OF THE SOUTHEASTERN 
YUKON-KOYIJKUK OPHIO U T E  BELT 

by Robert A. Ianey and Glen R. Hirnrnelbergl 

The Yukon-Royukuk ophiolite bel t  is discon- 
tinuously exposed for  more than 900 km along t h e  
north and southeast  margins of t h e  Y ukon-Koyukuk 
basin (fig. 34). The par t  of t h e  ophiolite studied 
forms  a nearly continuous outcrop 100 km long and 
1-10 km wide on t h e  southeast  margin of the  basin 
(fig. 35). Although in this  a r e a  in places t h e  be l t  is 
offset  and interrupted by crossfaulting and folding, 
i t  contains t h e  bes t  and most continuous outcrops of 
t h e  peridotite-layered gabbro complex in the  

U.S. Geolcgical Survey and University of Missouri, 
Colombia, MO 65211 

Figure 34.--Index map showing location of t h e  southeastern Yukon-Koyukuk ophiolite belt and o f  
the  map segments  (A, B, C) shown in  figure 35. Inset map shows location of a r e a  (rectangle) and 
margins of Yukon-Koyukuk basin (heavy dashed line). 
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Figure 35.--Generalized geologic maps of the southeastern Yukon-Koyukuk 
ophiolite belt: see figure 34 for locations of segments A, B, and C. 
Geologic mapping shown in areas not part of the peridotite-gabbro complex 

lPKILoMETERS is compiled from Patton and Miller (1970, 19731, and unpublished 
compilations (1983) by W. W, Patton, Jr., C. Carlson, J. H. Dover, R.A. 
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Yukon-Koyukuk ophiolite belt. According to Patton 
and Miller (1973), the ophiolite belt is thrust to the 
southeast over metamorphic units (schist and 
quartzite) of early Paleozoic age. (See also Patton 
and others, 1977). Our present work supports this 
concept. 

In detail, the ophiolite belt is composed of 
two units that strike generally northeast and are 
bounded on the southeast by faults that dip general- 
ly northwest (fig. 35). One unit is structurally lower, 
of Mississippian to Triassic age, and crops out gen- 
erally to the southeast. It is composed predom- 
inantly of pillow basalt, diabase, ultramafie rock, 
and radiolarian chert (that is, the basalt-chert unit) 
that is in fault contact on the southeast with older 
metamorphic units. The other unit is structurally 
higher, of Jurassic(?) age, and crops out generally to 
the northwest; it is composed of the peridotite-lay- 
ered gabbro complex (Patton and others, 1977) that 
is in fault contact with the basalt-chert unit. 

The contact between the peridotite-layered 
gabbro complex and the basalt-chert unit has a var- 
iable attitude, but generally dips northwestward be- 
neath the complex. Field relations strongly indicate 
that the contact is a thrust fault. In some places, 
the dip of the contact seems steep, but in several 
well-exposed localities, measured dips range from 
15" to 26' NW. (fig. 35). The contact cuts different 
parts of the peridotite-layered gabbro complex, and 
is commonly marked by a thin, discontinuou~ layer 
of garnet amphibolite. The garnet amphibolite was 
probably derived from mafic igneous rock situated 
beneath the previously hot thrust sheet located a t  a 
deeper level in the crust. 

The peridotite-layered gabbro complex can 
be subdivided into a cumulus plutonic suite and a 
tectonite mantle suite that have consistent spatial 
relations throughout this segment of the Yukon- 
Koyukuk ophiolite belt. That is, the plutonic suite 
lies consistently along the northwest contact of the 
mantle suite (fig. 35) and is composed of inter- 
layered cumulus wehrlite, olivine clinopy roxenite, 
and gabbro, which are generally not exposed 
sufficiently to define mappable subunits. The 
mantle suite consists of two mappable subunits: (1) 
a dunite subunit, composed of dunite and minor 
pyroxenite, and (2) a harzburgite subunit, composed 
of harzburgite and minor dunite. The two subunits 
intertongue and either unit may dominate locally, 
with harzburgite being slightly more abundant 
overall. In the outcrop belt of the mantle suite, 
neither the harzburgite nor dunite subunits occupies 
a consistent position in the belt, and either subunit 
may be in contact with the cumulus plutonic suite 
at any given locality (fig. 35). 

In conclusion, the evidence for the thrust 
nature of the contact between the peridotite- 

layered gabbro complex and the basalt-chert unit 
may be summarized as follows: 

(1) Where observed, the contact is a shear 
zone. 

(2) The peridotite-layered gabbro complex 
is structurally (and generally topographically) high- 
er, with the basalt-chert unit dipping beneath it. 

(3) The high-temperature contact zone 
does not extend into the basalt-chert unit. 

(4) Cross-cutting of the structural grain of 
the peridotite-layered gabbro complex by the con- 
tact results in juxtaposition of both cumulus 
plutonic and tectonite mantle suites with the 
basalt-chert unit. 

In contrast, the contact between the cumulus 
plutonic suite and the tectonite mantle suite is pro- 
bably a normal cumulus igneous contact. Within the 
peridotite-layered gabbro thrust sheet, the persis- 
tence of the plutonic suite along the northwest con- 
tact of the mantle suite and the lack of parallelism 
of this contact with the thrust faults suggests that 
the contact is not a thrust fault. The cumulus 
layering in the plutonic suite generally strikes 
parallel to the contact, whereas the foliation atti- 
tudes in the mantle suite are commonly discordant 
to it. This relation suggests cumulus igneous sedi- 
mentation on a previously deformed terrane. 

Such structural complexities as folding of the 
peridotite-layered gabbro complex thrust sheet 
could account for the northwestward reentrant of 
the thrust near the Kanuti Kilolitna River near the 
southwestern end of map strip B and the repetition 
of the thrust in the Caribou Mountain area at the 
northeastern end of map strip C (figs. 34, 35). 
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SOUTHWESTERN ALASKA deposited into a trench fronting a Mesozoic magma- 
tic arc. The section shown is not complete, as 

( ~ i ~ ~ ~ ~  36 sm study areas deser ibe,.) neither upper nor lower contact was located. How- 
ever, Quaternary volcanic rocks overlie the section 
a short distance above the top of the measured in- 
terval, and the Herendeen Limestone (Early Creta- 
ceous) underlies the Kaguyak Formation, cropping 
out on two small islets about 0.8 km southeast of 
Kaguyak Village. Approximately 100-150 m of 
additional section is present at the type locality. 

The lower 450 m are composed of a marine 
basin sequence of massive dark siltstone and clay- 
stone with a f e w  thin sand layers. This part of the 
section is mainly distal turbidites facies D of 
Walker and Mutti (1973). This part contains the 
ammonites Diplomoceras notabile Whiteaves, 
_Didymoceras aff. D. hornbeyense (Whiteaves), 
Gaudryceras tenuiliGtum Yabe, Neo h lloceras 

- ramasurn (Meek), Pach discus Pach discus 
7--- 

-+%7 
hazzardi Jones, and 5 Pachydacus) kamishakensis 
Jones, and the pelecypods Inoceramus balticus var. 
I. kunimiensis Nagao and Matsumoto, and - 
subundatus Meek. These fossils indicate that the 
rocks of the Kaguyak Formation can be assigned to 
the Pachydiscus kamishakensis zone of latest 
Campanian to early Maestrichtian age (Jones, 1963). 

The marine basin sequence is overlain by 
about 170 m of interbedded, medium-bedded to 
massive, dark siltstone and sandstone with flute 
casts, drag marks, flame structures, dish structures, 
and, locally, convoluted beds. This is interpreted as 
a lower fan sequence of mainly C2 subfacies 
(Walker and Mutti, 1973). Flute casts, many as long 

1 as 1 m, are particularly well developed in this 
interval; they indicate currents flowing S.-S. 30' W. 

The upper 260 rn of section is a prograding 
middle to upper fan sequence; it has massive, lenti- 

Figure 36.--Areas in southwestern Alaska discussed 
in this circular. Outlines define the areas described 
by the indicated authors. 

KAGUYAK FORMATION- 
AN UPPER CRmACEOUS FLYSCH DEPOSIT 

by Robert L. Detterman and John W. MiUer 

The Kaguyak Formation was established by 
Keller and Reiser (1959) for a sequence of Late 
Cretaceous (Campanian and ~aestrichtian) rocks 
expmed along the shore of Shelikof Strait near the 
abandoned village of Kaguyak, Katmai National 
Park (fig. 37). We revisited this sequence in 1983 as 
part of ongoing investigations in the Mount Katmai 
area and determined that it is part of a flysch se- 
quence. We measured the rocks exposed in the 
cliffs between Big River and Swikshak River and the 
section a t  Kaguyak Point near the abandoned village 
of Kaguyak and collected fossils. 

The measured section, 900 m thick (fig. 381, 
is a prograding submarine fan whose sediments were 

Figure 37.-Location of measured section and 
dktribu tion of geologic units. Qs, surficial deposits 
(Quaternary); Qv, volcanic rocks (Quaternary); Ts, 
sedimentary rocks; Tv, volcanic rocks (Tertiary); 
Kk, Kagyuak Formation (Upper Cretaceous); Kh, 
Herendeen Limestone (Lower Cretaceous); Jn, 
Naknek Formation (Jurassic). 
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Kaguyak Formation. 

cular, fining upward, graded coarse- to finegrained 
sandstone channels wlth thin interbeds of overbank 
siltstone. Rip-up clasts are common in the sand- 
stone, and some units may represent debris flows. 
These beds are mainly facies B (walker and Mutti, 
1973). 

The Kaguyak Formation is part of an exten- 
sive Upper Cretaceous flysch sequence in southern 
Alaska that includes the Kodiak, Shumagin, and 
Hoodoo Formations, as well as the Matanuska Por- 
mation and part of the Valdez Group. A significant 
part of all of these formations was deposited in a 
trench environment during Campanian and 
Maestrichtian time, suggesting a well-defined Meso- 
zoic trench inboard of the present Aleutian 
trench. Rocks in all these stratigraphic units are 

similar in that they are composed of dark siltstone, 
shale, and graded sandstone beds and contain turbi- 
dite features. Their dissimilarities can be attribu- 
ted to the distance of each from the source prove- 
nance at time of deposition. Lithologies of the 
Kaguyak, Hoodoo, and Matanuska Formations indi- 
cate that they were closest to the source area; 
post-depositional subduction of outboard units has 
undoubtedly decreased these distances. Nonmarine 
and nearshore shallow marine rocks coeval with the 
flysch deposits are present on the Alaska Peninsula 
in the Chignik Formation (Mancini and others, 1978) 
and in the Cook Inlet area (Magoon and others, 
1980). 

Fossils are not abundant in any of these rocks 
but are more common in the Kaguyak and Hoodoo 
Formations. Inoceramus kusiroensis Nagao and 
Matsumoto (Early Maestrichtian) is found in the 
Kaguyak Formation (Keller and Beiser, 1959, p. 277, 
and this report); it is also present in the Hoodoo 
(Detterman and others, 1981), Shumagin (Moore, 
1973, p. 597), and Rodiak Formations (Jones and 
Clark, 1973). Additionally, Inoceramus subundatus 
Meek, I, schmidti Michael, and Diplomoceras 
notabile Whiteaves are found in the Hoodoo 
-man and others, 1981)~ Kaguyak (this report), 
and Matanuska Formations ( ~ r a n t z  and Jones, 1960, 
p. B349). These fossil associations in similar 
lithologies strongly suggest a common depositional. 
environment for the formations in southern Alaska 
during Campanian and Maestrichtian time. 
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Cook Inlet area, this species occurs with the Late 
Jurassic ammonite Cardioceras in the lower part of 
the Snug Harbor Siltstone Member of the Naknek 
Formation (Detterman and Hartsock, 1966, p. 51- 
53). Cardioceras is found worldwide in Upper Juras- 
sic rocks; it ranges in age from Early Oxfordian to 
the early part of the Late Oxfordian. The associa- 
tion of Cardioceras with Buchia concentrica is use- 
ful in establishing a base for zonation of all Buchia 
and for use in stratigraphic and structural geologic 
studies in Upper Jurassic and Lower Cretaceous 
rocks of this region (fig. 39, table 9). 

On the Alaska Peninsula, Buchia concentrica 
is generally found in dark siltstone and shale direct- 
ly overlying a thick nonmarine sandstone and con- 
glomerate sequence. The fossils occur in sandy 
horizons or thin limestone layers and occur verti- 
cally through a few tens of meters to as many as 
300 m of section. 

~~ - 

I THE BUCHIA ZONES IN UPPER JURASSIC Buchia rugosa occurs with concentrica 
ROCKS ON THE ALASKA PENINSULA through several tens of meters of primarily fine- 

grained clastic rocks that contain-slightly more 
by John W. Mil ler  and Robert L Detterman sandstone and limestone than is typical of the B. 

Fossil pslecypods of the genus Buchia are 
abundant in Upper Jurassic and Lower Cretaceous 
strata in Alaska and are reliable index fossils for 
these ages. Based on many collections from recent- 
ly measured sections on the Alaska Peninsula, a 
range zonation of index species for beds of Late 
Jurassic age (Oxfordian through Tithonian) has been 
developed (fig. 39). Lower Cretaceous Buchia- 
bearing strata have not been studied in comparable 
detail. 

Buchia was an attached epifaunal bivalve 
that lived in great numbers in western North 
America and eastern Asia. It seems to have prefer- 
red a shallow water, high-energy environment with 
a hard, sandy substrate, although some species lived 
in somewhat quieter, finer grained sedimentary en- 
vironments. The Buchia shell is generally inequilat- 
era1 and gently to highly convex and has a promi- 

1 nent beak on the large, left valve (table 9). 
Concentric ribs or radial striae (or both) cover the 
surface. The morphological variations in a single 
Buchia population have produced many species 
names. Imlay (1959) recognized that many of these 
nominal species could be amalgamated and also 
suggested a provisional stratigraphic succession for 
Buchia. Buchia zones have been studied in detail in -- 
northwestern California by Jones, Bailey, and Imlay 
(1969) and have been found to be useful in studies of 
Upper Jurassic and Lower Cretaceous rocks of 
California and Oregon. 

Jeletsky (19651, in his study of extensive fos- 
sil collections from Upper Jurassic and Lower Cre- 
taceous rocks of western Canada, found that Buchia 
was a useful zonal index fossil and proposed several 
provisional zones for rocks in that region. Figure 39.-Late Jurassic Buchia zones and 

The earliest known Buchia in Alaska, Buchia stratigraphic distribution of species on the Alaska 
concentrica (Sowerby), is o m o r d i a n  age. In the Peni~ula .  
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Table 9.--Species of the pelecypod Buchia of Late Jurassic age on the Alaska Peninsula 

Wlch i a spec i es &e Distinctive character is t ics  

Buchia piochil (Gabb) Middle to h l l ,  moderately 
la te  Tithonian convex l e f t  valve 

with long, incurved beak. 
Low, i r regular ly 
spaced r ibs .  No s t r i ae .  

Buchia blandfordiana (Stolczka) Middle Large, thick, 
Ti t hon i an inequivalved. 

IMaderately convex l e f t  
valve, widely 
spaced r ibs .  

Buchia mosquens is  (von Buch) Late Kimner id- 
gian to ear ly Mediun, inequivalved. 
Ti thonian Strongly convex, l e f t  

valve with incurved 
beak and low irregular ly 
spaced r ibs .  Scattered 
s t r i a e  when evident. 

Buchia rugosa (Fischer ) Kimneridgian Mediun, inequivalved. 
W e r a t e l y  convex l e f t  
valve. Very f ine,  dense 
s t r i ae .  

Buchia concentrica (Sowerby) h t e  Cbrfordian Medim to  large, nearly 
to early equivalved. m r e s s e d .  
~ imner  idgian sharp, regular r ibs .  

Fine, dense s t r i ae .  

concentrica zone. Sandstone becomes increasingly 
more abundant upward as Buchia rnosquensis re- 
places g. concentrica. The younger species is as- 
sociated with B. ru osa through as much as 300 m of 
predominantly th*ne?rained sandstone and ex- 
tends beyond the uppermost occurrence of B. rugosa 
through 200-400 m of sandstone containing thin 
pebble beds indicative of a shallow water, nearshore 
environment. 

In a measured section on Indecision Creek in 
the Karluk Quadrangle, Buchia mosquensis was 
found in association with possible B. blanfordiana 
through about 20 m of interbedded thin sandstone 
and siltstone. Typically, these two species are not 
found together, and this occurrence may indicate a 
minor erosional or non-depmitional hiatus in most 
sections. Sandstone beds at this horizon commonly 
show low-angle planar cross-stratification typical of 
a shoreface environment. At this horizon, the con- 
tact between the Naknek and the Staniukovich For- 
mation has been established. 

B. blanfordiana, alone characterizing the 
next younger zone, has been collected through as 
much as 240 m of predominantly sandstone section 
in the Ugashik Quadrangle. Elsewhere, due to pre- 
Late Cretaceous erosion, it may be found in a thin- 
ner section or may be missing. 

B. piochii is found through a few tens of 
metersof sandstone in the Port Moller area. It is 

missing elsewhere on the Alaska Peninsula because 
of either pre-Late Cretaceous erosion or non- 
deposition. 

Collections of the Early Cretaceous Buchia 
uncitoides, B. okensis (Berriasian), an- 
crassicollis soIda (Valanginian) have been made in 
the Port Moller area. These have been illustrated, 
and a preliminary zonation has been suggested 
(Miller and Jones, 1981), but we have not investi- 
gated these rocks in enough detail to define faunal 
zones. 
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JURASSIC RADIOLARIA 
PROM TBE LIME HILLS QUADRANGLE 

by Katherine M. @fed, Charles D. Bloye, 
Wyatt G. Gilbert , and Diana N. Solle 

Fossil collections made during 1983 in the 
central part of the Lime Hills Quadrangle (fig. 4D) 
have yielded Jurassic radiolar ians. The samples 
were collected during a cooperative reconnaissance 
study by the Alaska Division of Geological and 
Geophysical Surveys and the U.S. Geological Survey. 

Radiolarians were recovered from two of 
four samples taken from about 40 m of cutbank on 
the north side of the Swift River about 1.5 km 
southeast of benchmark Hat (see. 12 ,  T. 16 N., R. 33 
w.) (fig. 40). The radiolarian fauna consists of 
Ba oturn sp. aff.  g. modestum Pessagno and Whalen 
1 2 Canutus sp. aff. C. izeensis Pessagno and * 

Whalen, Canoptum annulaturn Pessagno and Poisson 
(19811, and Droltus hecatensis Pessagno and Whalen, 
as well as Archaeodictyomitra sp. and Hsuum sp. 
This assemblage is of Early Jurassic (Pliensbachian) 
age. 

The radiolarians occur in grey and greenish 
brown, laminated siliceous siltstone in beds 
averaging 3 cm thick separated by thin shaley 
partings. Fine~rained, obscurely planar-laminated 
sandstone and minor limy concretions are also 
present. The outcrop is similar in appearance to 
graptolitic Ordovician and Silurian siliceous 
sediments in the McGrath Quadrangle (Bundtzen and 
others, 1982; Bundtzen and Gilbert, 1983) and in the 
Lyman Hills in the northwest part of the Lime Hills 
Quadrangle (Gilbert, 1981). 

The radiolarian-bearing siliceous siltstone 
possibly underlies volcanic conglomerate; the 
contact has not been mapped. Benchmark Hat is 
composed of volcanic conglomerate that contains 
abundant subangular mafic volcanic clasts 6-10 cm 
in diameter in a matrix of coarse-grained volcanic 
sandstone. The age of the conglomerate and the 

source of the volcanic clasts are not known. 
The radiolarians are the first indication that 

marine Jurassic sedimentary rocks occur in this part 
of the upper Kuskokwim region. Late Triassic 
radiolarians are reported from the Cheeneetnuk 
River area (~ i lbe r t ,  19811, but the nearest known 
Jurassic sedimentary and volcanic rocks crop out 
along the Tatina River in the McGrath Quadrangle, 
about 120 km to the northeast ( ~ e e d  and Nelson, 
1980). There, Jurassic rocks are thought to overlie 
carbonate rocks of the Dillinger-Mystic succession 
of Gilbert and Bundtzen (1984) with an angular 
unconformity (Reed and others, 1979). The belt of 
Paleozoic carbonate rocks that contains this 
succession and shallow-water Paleozoic carbonate 
rocks of the Holitna Group crops out about 5 krn 
northwest of benchmark Hat, and, as in the 
McGrath Quadrangle, Mesozoic rocks may lie 
unconformably on Paleozoic rocks. 
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EXPLANATION 
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Figure 41.-Generalized geologic map showing ex ten t  of  t h e  s t ruc tura l  discontinuity on 
t h e  southern Alaska Peninsula. 
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Figure 42.--Structurally disrupted zone northeast of the point on the east side of Humpback 
Ray; view to the west-northwest. White beds are approximately 3 m thick. Beds in the 
cove on the left side of the photograph strike and dip at almost 90" to the beds in the 
foreground. Both lie within the disrupted zone. 

PRJILIMINARY DBCRIPIION OF A Peninsula and the Chugach terrane (Moore and 
MmCENB ZONE OF STRUCTURAL CDMPLEXl'l'Y, others, 1983). Stratigraphic units involved include 

PORT MOLLER AND WEPOVAK BAY the Oligocene Stepovak Formation of Burk (1965) 
QUADRANGLES and undifferentiated Tertiary volcanic rocks of 

possible Oligocene or Miocene age. 
by m r i c  B. Wikmn, James E. Case, Burk (1965, p. 128-130) described a small 

and Robert L. Detterman part of this complex zone and discussed paleontolo- 
gical data supporting involvement of Oligocene and 

A zone of structural disruption and complex- possibly Miocene rocks on the peninsula north of 
ity along the Pacific coast margin of the Alaska Swedania Point. According to Burk (1965, p. 128), 
Peninsula (fig. 41) may be related to the Alaska the zone terminates against the Devils batholith 
Peninsula and the Chugach terrane boundary. The (mid-Tertiary Kuiukta Bay batholith), a late Mio- 
best exposure of this zone is located on the east cene granodiorite to quartz diorite pluton. An age 
shore of Humpback Bay (figs. 42, 43; also Burk, of approximately 10 m.y. (Wilson and others, 1982) 
1965, pl. 8, fig. 4); other exposures are located on for that pluton provides a minimum age for the 
the east side of Ivanof Bay, the north and south structural deformation. The clear involvement of 
sides of Lefthand Bay, and in  other coastal Oligocene rocks provides a maximum age of 
localities in the area. In some places, such as on deformation. 
the Kupreanof Peninsula, it is not recognized. This Mapping during 1983 indicates that, outboard 
zone may extend discontinuously for 110-160 km or southeast of the zone, Oljgocene and younger 
along the coast; the width of the zone varies from Tertiary rocks of the Inner Shumagin Islands dip 
0.5 to 1 km. Our current data and tentative gently (southeast and northwest) and are locally 
interpretations are described here, pending folded and faulted 'only slightly. To the southeast in 
completion of additional field research, laboratory, the outer Shumagin Islands, Mesozoic rocks of the 
and office studies. Chugach terrane are tightly folded along northeast- 

The zone is characterized by beds that dip as trending axes (Moore, 1974). Pervasive faulting of 
much as 80" both NW and SE, closely spaced high- the Chugach terrane rocks was described by Moore 
angle faults, and tight, small-scale folds in Tertiary (1974). He noted that faults can be traced only 
sedimentary and volcanic rocks. The zone parallels along topographic lineaments or at contacts with 
the regional structure of the Alaska Peninsula and the earliest Tertiary Shurnagin batholith. Deforma- 
lies near the projected boundary between the Alaska tion of Chugach terrane rocks is due partly to fold- 

5 5 



Figurn 43.--Structurally disrupted zone in an area to the north of that shown in figure 42; view 
to the west. Beds are typically 2-4 rn (6-13 ft) in thickness. 

ing during deposition and subsidence and partly to 
e~nplacernent of the early Tertiary Shutnagin batho- 
lith (Burk, 1965), and it is spatially unrelated to the 
Miocene deformation discussed in this article. 

Inboard or northwest of the zone, Mesozoic 
and Tertiary rocks are deformed into broad north- 
east-trending folds cut by high-angle normal and re- 
verse faults that also trend northeast (Burk, 1965; 
Detterman and others, 1981). Few bedding dips ex- 
ceed 45 degrees; typically they are much less. 

The proximity of the Miocene complex zone 
to the projected trace of the boundary between the 
Chugach terrane and the Alaska Peninsula suggests 
a relation between the two. Moore and others 
(1983) discuss constraints that require arnalgarna- 
tion of the Chugach terrane and the  Alaska Penin- 
sula by Eocene time. Given these constraints, the 
Oligocene Stepovak Formation and younger rocks 
may overlie the contact between the two areas, and 
the zone may represent late structural or isostatic 
readjustments over the buried boundary. This inter- 
pretation would place the terrane boundary some- 
what northwest, or inboard, of where it is  projected 
by Moore and others (1983). 
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The tectonic evolution of the Alaska Penin- 
sula makes it a likely area for the discovery of sig- 
nificant mineral deposits. However, because of pro- 
blems associated with remoteness and poor weather, 
little detailed mineral exploration work has been 
carried on there. This study focuses on using Land- 
sat multispectral scanner data for the Port Moiler, 
Stepovak Bay, and Sirneonof Island Quadrangles to 
detect surface alteration, probably limonitic (iron 
oxide staining) and(or) argillic (secondary clay 
minerals) in character, that could be indicative of 
mineral deposits. The techniques used here are use- 
ful for mapping deposits that have exposed surface 
alteration of at least an hectare, the approximate 
spatial resolution of the Landsat data. Virtually 
cloud-free Landsat coverage was used, but to be de- 
tected, the alteration area must also be unobscured 
by vegetation. Not all mineral deposits will be as- 
sociated with surface alteration, and not all areas 
of surface alteration will have valuable mineral 
deposits. 

Using known areas of alteration as guides, 
the Landsat data were digitally processed with con- 
trast stretching, ratio calculations, classification 
techniques, principal component transformations, 
and color transformations. The best delineation of 
known altered areas was obtained with a red-green- 
blue color combination (assigning red, green, and 
blue filters to three grey level images) of the first 
three principal component (eigenvector) images, and 
with a color transformation image generated using 
the ratio of band 6 to band 5, band 6, and the ratio 
of band 5 to band 4 as hue, intensity, and saturation, 
respectively. 

Differences in exposed rock and soil types 
are often subtle in the wavelength regions of the 
Landsat multispectral scanner. Therefore, contrast 
stretches of each Landsat band, ratio, and principal 
component image were developed to enhance those 
differences. The choice of a contrast stretch will 
depend on the statistics of the data, which are 
heavily influenced by the presence of vegetation 
and water bodies on all Alaska Peninsula Landsat 
scenes. Before statistics were calculated, an exist- 
ing digital classification of Landsat land cover types 
was used to mask out vegetation and water. The 
statistics on the exposed rocks and soils were then 
used in an interactive mode with a display screen to 
select a contrast stretch that best defined the areas 
of known surface alteration. To maximize the con- 
trast within the exposed rocks and soil, a different 
non-linear contrast stretch was applied to each grey 
level image. The technique of masking out vegeta- 
tion and water was again applied before generating 
the statistics used to create the principal 
component images. 

The use of ratio images (brightness values of 
one band divided by those of another) is another 
method of enhancing differences in exposed rock 
and soil types. On a spectral reflectance graph (for 
this discussion, a plot of the logarithm of the re- 

flectance versus wavelength), various materials may 
be distinguished at a given wavelength by differing 
values of the reflectance and slope of the curve. 
The data from each Landsat band represent the dif- 
ferent reflectance values in particular wavelength 
regions, complicated by variations in illumination 
caused by topographic relief. Given two wave- 
lengths (for example, two Landsat bands), the 
average slope of the spectral reflectance curve be- 
tween these wavelengths is proportional to the loga- 
rithm of the ratio of the two corresponding reflec- 
tance values. Thus, the ratio images represent the 
differing values for the slopes of the curves. The 
ratio calculations also tend to reduce the effect of 
variations in illumination. Consequently, the ratio 
images were important in separating rock and soil 
types that are characterized by similar reflectance 
values but whose spectral reflectance curves have 
djff erent slopes. 

The principal components of the Landsat 
data are calculated from a coordinate system defin- 
ed by the four Landsat bands. The first principal 
component contains the largest possible variance of 
the data. Each succeeding principal component has 
the largest possible variance while remaining ortho- 
gonal to the previously deter mined principal compo- 
nents. The third and fourth principal components, 
while containing little of the variance of the Land- 
sat data, still provide information useful for detect- 
ing surface alteration. Including a contrast stretch 
of the third or fourth principal component image in 
a color composite image helped to distinguish 
altered areas from surrounding areas. 

The color transf or mation image, using hue, 
intensity, and saturation, gives a better rendition of 
topographic relief than a red-green-blue color com- 
bination of the same three grey level images. 
Hence, this technique may be preferable to an in- 
terpreter. Each of the three grey Ievel images pro- 
vides some definition of the known altered areas. 
The ratio of band 6 to band 5, used as hue, readily 
separates exposed rock and soil from vegetated ter- 
rain. Landsat band 6, used as intensity, shows the 
topographic relief as shading. The ratio of band 5 
to band 4, used as saturation, gives the known alter- 
ed areas purer colors than those of surrounding 
areas. 

Both the color transformation image and the 
color combination of the first three principal com- 
ponents provide fair definition of the known altered 
areas. These two images give similar results when 
the characteristics of known altered areas are used 
as a basis for mapping alteration in unknown areas. 
The accuracy of the interpretations from the two 
images will be investigated in the field during 1984. 

The techniques and principles discussed here 
have potential application to other areas and to 
other multispectral sensing systems, such as the 
Landsat thematic mapper. Different grey level 
imqes  and color combinations from those used here 
may be preferable in other areas, depending on the 



type of alteration being mapped and the spectral distribution and type of vegetative cover, and the 
hands available. The choice of images will also sun angle (average amount of illumination). 
depend to some extent on the amount of relief, the 

Reviewers: David Carneggie and K. M. Walker 

Figure 44.--Mount Veniaminof and surrounding area, including nearby villages. In clear weather, 
residents of Perryville can see the erupting cone. 
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ERUPTION IN AN ICEFILLED CALDGRA, 
MOUNT VENIAMZNOF, ALASKA PENINSULA 

by M. Elizabeth Yaunt, Thomas P. Miller, 
Richald P. Emanuel, and b d e r i c  H. W i h n  

The more prominent of the two visible intra- 
caldera cones of Mount Veniaminof went into erup- 
tion in early June 1983 and continued until early 
April 1984. Veniaminof is a 2,507-m-high composite 
cone having an 8 x ll-km summit caldera which 
formed 3,300-3,700 yr B.P. (Miller and Smith, 
1977). The active 1.6x1.2-km cone protrudes 200 m 
through the glacial ice filling the caldera; it lies in 
a 60-m-long belt of cinder cones that is transverse 
to the trend of the Aleutian arc (fig. 44). 

Reports of eruptions in 1838, 1852, 1874, 
1892 and 1930 are limited to brief statements that 
the volcano was "smokingu (Coats, 1950). Details on 
more recent eruptions are also vague. An eruption 
from May 23 to late June, 1939 produced ash plumes 
about 6,100 m high and Iffiren 450 m above the 
crater (Coats, unpub. data). Volcanic activity of 
unspecified nature occurred in 1944 (Coats, 1950). 
In May 1956, a pilot reported an ash plume to an 
elevation of about 6,100 m; the report implied con- 
tinuous eruption activity during the preceeding two 
months (Anchorage Times, May 19,1956). 

In this recent eruption, Perryville residents 
first saw puffs of ash on June 2, 1983. Early mani- 
festations of the Strombolian eruption included a 
90-m-wide sector graben and a circular depression 
(400 m in diameter and approximately 30 m deep) in 
the glacial-ice surface directly south of the active 
cone. By June 9, the 300-m-deep crater of the cone 
had filled to overflowing with juvenile bombs, 
blocks, and rising magma, resulting in a lava flow 
from a low point on the southwest side. The lava 
flow and subglacial heating caused rapid melting of 
the glacial ice on the south side of the active 
cone. By July 13, a vertical-walled, bilobate pit 
measuring approximately 1,300 m in the east-west 

I 
direction, 400-800 m in the north-south direction, 
and 60-100 m deep had formed in the ice. The pit 

I contained a lake of unknown depth and a southward- 
I building lava delta. A subglacial tunnel in the ice- 

wall at the east end of the lake indicated drainage 
eastward along the caldera floor. Another tunnel, 
less clearly observed, may have drained from the 
northwest end of the lake toward a breach of the 
caldera wall at Cone Glacier. 

Ash emission was almost continuous during 
June and July 1983; occasional plumes were estim; 
ted to have been as high as 7,800 m. During this 
time, ash blanketed the intracaldera glacier and 
steam plumes occurred nearly continuously. The 
eruption appeared to wane from rnid-August to 
early October, though this may be partly a function 
of paucity of reports and observations. 

Renewed activity was reported in early 
October. By this time the ice-pit lake had diminish- 

ed to a small pond located between the wall of the 
ice pit and a new lava flow lobe. The October 1983- 
March 1984 eruptive phase was characterized by, 
less ash emission and more lava flow activity than 
the June-August 1983 phase. A succession of flows 
from the southwest side of the cone resulted in a 
continual increase in volume and height of new lava 
in the ice pit, and the pit enlarged slightly in plan, 
losing its bilobate shape. Each flow lobe cooled 
rapidly due to the 1,800-m elevation and winter 
winds; snow was observed on lobes approximately a 
month old. Perryville residents observed incandes- 
cent lava fountaining up to an estimated 100 rn 
above the cone on January 23, February 6 and 13, 
and March 2 and 3, 1984. Fountaining was intermit- 
tent, lasting one-half to one hour and was followed 
by quiescent periods of at least 45 minutes. Incan- 
descent glow was last observed March 16, 1984. 
From mid-March to late April, activity was limited 
to continual emission of small steam plurnes and 

Table 10.--Analytical results of samples from Mount 
Veniaminof volcano 

Chemical a n a l y s e s  ( o r i g i n a l )  
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CaO 

3 
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1983 intracaldera intracaldera 
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micrali  te-laden glass;  ref act ive 
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rare ash bursts lasting up to two hours. An 
observation flight on April 11 revealed that all lava- 
flow lobes in the pit were dusted with snow. 

An ash sample was collected July 25, 1984, 
from vegetation 18 km southeast of the erupting 
cone. Table 10 compares the whole-rock rnajor-ele- 
ment composition of this tephra sample with analy- 
ses of intracaldera cone samples collected in 1973- 
1974. All samples are basaltic andesite; all are 
classified as tholeiitic based on the criteria of 
Miyashiro (19741, as are four Veniaminof samples 
described in Kay and others (1982). The eruption of 
basaltic andesite within the caldera implies that a 
large, high-level chamber containing silicic magma 
is not present beneath Veniaminof. 

Villages subject to potential hazards from 
the eruption are Ivanof, Perryville, and Chignik 
Lake, 33 km, 35 km, and 40 km, respectively, from 
the volcanic vent. Ivanof and Chignik Lake are 
separated from the Veniaminof caldera by moun- 
tains; therefore, barring an extremely violent erup- 
tion, the main hazard to them is from disruptive, 
but not life-threatening, ash fall. However, a 
slightly higher hazard potential exists for 
Perryville. The north wall of Veniaminof's caldera 
is 300 m high above the icefield, whereas to the 
south intracaldera ice drapes over the wall, merging 
with the icefield which covers most of the south 
flank (fig. 44). The position of the south rim is 
inferred from the ice-surface gradient and ice 
fracture pattern. Branches of the Kametolook 
River east and west of Perryville originate on 
Veniaminof's glacial-covered south flank. Sudden. 
southward-dirgcted mass movements, such as lahars 
or jSkulhlaup floods of sufficiently large volume, 
could overtop or surround the crescent of low hills 
north of Perryville. Both the relatively quiet 
effusive nature of this eruption and the lack of 
evidence for a high-level silicic magma chamber 
diminish the likelihood of catastrophic pyroclastic 
flows and lahars, but accumulation of the glacial 
meltwater lake and its subsequent subglacial 
drainage present the threat of a jakulhlaup that 
could flow toward Perryville. 

An estimated 0.07 km3 of ice was melted 
from early June to mid-August 1983. Water escap- 
ed into the atmosphere mainly by evaporation from 
the lava-warmed lake and steam emission from the 
cone. Water also drained along the caldera floor 
through subglacial tunnels, some percolating into 
porous volcanic strata. Whether sudden or not, 
egress of ponded subglacial water from the caldera 
is controlled by breaches in the rim. The rim is 
breached on the west where Cone Glacier has cut a 
notch about 400 m in width. An eastward-facing 
glacial breach south of Slim Glacier is inferred from 
ice fracture patterns. Thus the two most likely 
channels for drainage from the caldera appear to be 
westward into the Cone Glacier drainage and south- 
eastward into an unnamed river which empties into 
Mitrofania Bay at Long Beach, well east of 

Perryville. Further study of the intracaldera gla- 
cier will test the inference of an eastward breach. 
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NEWLY DISCOYBRED 
HOmC ENE VOLCANIC VBNTS, 

PORT MOLLER AND SPEPOVAK BAY 
QUADRANGLES 

by M. ELizabeth Yaunt, Frederic H. Wih3n, 
and John W. Miller 

Reconnaissance mapping in 1982-83 suggests 
previously unreported Holocene voIcanic activity in 
the area 14-24 km southwest of Kupreanof Volcano 
(fig. 45). One young volcanic vent has been 
observed along the divide bet ween Stepovak Bay and 
Bear Lake, and the locations of two others are 
inferred from the position of morphologically young 
lava flows mapped in valleys draining into Clark 
Bay, Grub Gulch, and Ramsey Bay. Other morpho- 
logically young flows extending northwest from the 
divide are evident on aerial photographs. 

A discrete volcanic cone 180 m high with a 
small summit crater is located a t  lat 55054t47tt N., 
long 160e02'09" W. on the divide between Grub 
Gulch and Bear Lake (1, fig. 45). A flow with well- 
preserved lava levees and flow ridges extends from 
the cone northwest toward Bear Lake. Two other 
small lava flows, with well-preserved ropy flow 
ridges suggesting a late Holocene age, extend east- 
northeast of the cone (fig. 46). Both the western- 
most stream valley draining into Ramsey Bay and 
the eastern stream valley draining into Grub Gulch 
contain more voluminous, but less well preserved, 
slightly older flows that originate from near this 
cone. 



A volcanic v e n t ,  
newly d ~ s c o v e r e d  

@ a r e a  o f  furnarol ic 
a c t i v i t y ,  p r e v i o u s l y  

Qua t e r n a r y  v o l c a n i c  

Figure 45.--Location of newly discovered volcanic vents relative to Mount Kupreanof. 
Mapped distribution of Quaternary volcanic rocks is shown in stippled pattern (north of 
lat 5 6 O  N. from Detterman and others, 1981). Dot-dash line is Bering Sea-Pacific Ocean 
divide. 

A conical ice cap located at the center of a 
group of Quaternary flows and volcaniclastic 
material. probably covers a volcanic vent (2, fig. 45; 
lat 55°52110" N., long 160"05130f1 w.). Relatively un- 
eroded andesite(?) flows greater than 150 m thick, 
which drape into the present valley east and south 
of the cone, are the youngest flows from this vent 
area. Slightly older andesite flows and interbedded 
rubble, probably from the same vent area, crop out 
as isolated caps on ridges south and west of vent 2. 
At lower elevations, heavily vegetated flows, seem- 
ing to originate from the same area, almost reach 
tidewater at Clark Bay. 

Other young flows in the headwaters of val- 
leys draining into Ramsey Bay originate near the 
ridge crest between vent L and Mount Kupreanof, 

suggesting the presence of a third Holocene vent (3, 
fig. 45) at approximately lat 55'56' N., long 160 
00' W. I 

All six samples of fresh volcanic rock from 
the vicinity of these vents that were examined 
petrographically are considered to be andesite, 
based on their phenocryst mineralogy. All samples 
are porphyritic, containing phenocrysts of plagio- 
clase, clinopyroxene, and magnetite. Plagioclase is 
the most abundant phenocryst phase in five of the 
six samples, with plagioclase phenocrysts ranging 
from 5 to 25 percent by volume. In the sixth 
sample, clinopyroxene grains up to 5 mm in length 
total 7-10 percent. Three samples contain ortho- 
pyroxene-one in minor amounts, one mostly in 
glornerophyric clots with plagioclase, and one as a 



Figure 46.--Flow ridges on lava flows (foreground) 
from vent 1 (arrow), on the divide between Grub 
Gulch and Bear Lake. 

varietal phenocryst phase. None of the samples ex- 
amined contains either olivine or hornblende 
phenocrysts. 

The active fumaroles at the head of Big 
River (fig. 45) are nearly at the center of the 
Kupreanof volcanic edifice. Coats (1950) classified 
Mount Kupreanof as extinct; however, recent map- 
ping indicates it has had Holocene activity (T. P. 
Miller, U.S. Geological Survey, oral commun., April 
16, 1984). The vents discussed here, southwest of 
Mount Kupreanof, have been the loci of Pleistocene 
and Holocene volcanic eruptions, as has Kup- 
reanof. Flows from these vents probably interfinger 
with Kupreanof flows in the northwest corner of the 
Stepovak &6 Quadrangle. Eakins (1970) reported 
fumarolic activity at the head of a drainage into 
Ramsey Bay (fig. 45). Further mapping may locate 
other volcanic vents between Mount Kupreanof and 
those discussed here. 
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SOUTHERN ALASKA 

(Figure 47 shows study areas described. ) 

AGE OF Wi"i'USKJN AND METAMORPHISM 
OF A GRANODIORITE 

IN THE LAKE GEORGE TERRANB, 
NORTHEASTERN MOUNT HAY= 

QUADRANGLE 

by John N. Alemikoff and Warren J. Nokleberg 

The Lake George terrane (Nokleberg and 
others, 19831, in the northeastern part of the Mount 
Hayes Quadrangle, consists predominantly of poly- 

0 100 200 Kilometers 

Figure 47.-Areas in southern Alaska discussed in I 

this circular. Outlines define the areas described by 
the indicated authors. 
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Table 11.--Uranium-lead isotopic data for zircon from mets-granodiorite in 
the Lake George terrane, Mount Hayes Quadrangle 
(Sample 81A~K105B) Sample location: 63°51f29f1N., 144°09f33ff~. 

Age constants: A ~ ~ ~ u  = 0.98485 x A ~ ~ ~ u  = 0.155125 x 1 0 - ~ / ~ ,  and 238U/235U = 137.88 
Analysts: Lynn B. Fisher (chemistry and John N. Aleinikoff (mass spectrometry) 

Concentration Age (my.) 

Size Atomic percent* - '07 ~b 2 0 6 ~ b  2 0 7 ~ b  

U Pb 2 0 4 ~ b  2 0 6 ~ b  207pb 208pb 23gU 23Su 206pb fraction 

*Blank corrected 

deformed, coarse-grained, pelitic, muscovite- relatively unaltered, with only minor sericitization 
quartz-biotite-garnet schist, relatively younger of the plagioclase, so that an Rb-Sr internal iso- 
medium- to coarse%rained schistose granodiorite chron could be determined. Zircons from this 
and diorite, and coarse-grained augen schist and sample are euhedral, contain a few clear and opaque 
gneiss derived from quartz monzonite. Protoliths inclusions, and have length-to-width ratios ranging 
for the pelitic schist range from siltstone to shale. from 2:1 to 3:l .  The zircons are undoubtedly ig- 
Abundant relict igneous textures and structures neous in origin and, as such, should provide evidence 
occur in the metamorphosed plutonic rocks. Field for the age of intrusion of the granodiorite. 
and petrologic relations indicate that the metamor- Seven size fractions of zircon were analyzed 
phosed plutonic rocks probably intruded at moderate for U and Pb isotopes (table 11). Uranium concen- 
to deep levels. The pelitic schist and metamorphos- trations in these zircons are typical of zircons From 
ed plutonic rocks are cataclastically deformed and granitic rocks, ranging from 548 to 740 ppm. 
regionally metamorphosed under middle or upper 207 
amphibolite-facies conditionr into mylonitic schist ~ b / ~ ~ ~ ~ b  ages increase with increasing grain 
and gneiss. schistosity and paranel foliation dip Size, from 359 to 467 m.Y. On a concordia 
gently north and south in the p e ~ t i c  schist and diagram (fig. 481, the four coarse fractions form a 
metamorphosed plutonic rocks. Small-scale iso- trend with an apparent lower intercept age of about I 

clinal fold axes parallel the schistosity and foliation 310 m'y* Of these four points, the Oldest 
or the compositional layering in the pelitic schist 2 0 7 ~ b / 2 0 6 ~ b  age (467 m.y.) is in the (+150)Abr 
and disrupt an earlier schistosity and foliation, fraction; these zircons were abraded, so that only 
which apparently occurred prior to the isoclinal rounded cores were analyzed. These zircons were 
folding; these structural relations indicate that two separated from the population label4 ( + ~ ~ O ) N M D ,  
major structural and possibly regional-grade meta- which was analyzed separately and has a 
morphic events have affected the pelitic schist. 
Replacement and retrogression of the upper amphi- 2 0 7 ~ b / 2 0 6 ~ b  age of 437 m.y. Thus, the cores of the 
bolite-facies assemblage to lower greenschist facies coarse zircons contain inherited radiogenic lead 
also occurs locally. from an older source, probably derived either during 

Sample g1ANK105B is a coarsegrained, anatexis or assimilation as the granodiorite was in- 
schistose granodiorite, composed of poikiloblastic truded. As such, old inherited zircon may have act- 
hornblende, plqioclase, quartz, ~ - f ~ l d ~ ~ ~ ~  and ed as rIucleation Sites for younger zircon growth in 
minor biotite, with accessory zircon, apatite, the granodiorite magma. The next finer fraction, 
sphene, and opaque minerals. The sample is (-150+200), with a 2 0 7 ~ b / 2 0 6 ~ b  age of 384 m.y., 



contains somewhat less inheritance. The three 
finest fractions, (-3251, (-325+400), and (-400), all 

have 2 0 7 ~ b / 2 0 6 ~ b  ages of about 360 m.y. Based on 
the trend of decreasing inheritance with decreasing 
grain size, we suggest that the age of intrusion of 
the granodiorite is about 360 rn.y. A best-fit line, 
calculated through the data from the three fine- 
grained fractions, has concordi~ intercept ages of 
367+35 and 312136 m.y. The calculated 2-sigma un- 
certainties of the intercepts are large due to slight 

differences (3 m. .) in the 2 0 7 ~ b / 2 0 6 ~ b  ages and 
the small range &98-314 rn.y.1 in the Pb/U ages. 

We feel confident that the 2 0 7 ~ b / 2 0 6 ~ b  ages record 
the age of intrusion a t  about 360 m.y. The nearly 
identical ages of these fractions suggest that dis- 
cordancy in the U-Pb systematics was caused main- 
ly by modern lead loss. However, well-known 
Cretaceous thermal events, occurring from about 
115 m.y. to at least 65 m.y. (Dadisman, 19801, may 
have been responsible for some of the scatter and 
discordance in the data. Prior to post-Devonian 
lead loss, the seven data points probably were align- 
ed along an inheritance chord, with the finer frac- 
tions (containing no inheritance) being concordant 
at the lower intercept of about 360 m.y. and the 
coarser fractions occurring along the chord leading 
to the age of inheritance. Subsequent lead loss de- 
stroyed this linearity. Based on these data, there- 
fore, no estimate of the age of inheritance can be 
made, except that it must be Ordovician or older. 
Analyses of zircons from metaigneous rocks 
throughout the Yukon-Tanana terrane indicate an 
Early Proterozoic (2.0-2.3 b.y.1 source for most of 
the inheritance in the region (~leinikoff, 1984). 

Because the zircon U-Pb data do not suggest 
the age of metamorphism of the ~ranodiorite, an 
internal Rb-Sr isochron from the same sample was 
determined. Rb-Sr data for sam~les  of biotite. K- 
feldspar, p?agioclase and a whole-rock split (table 
12) are cohnear on an isochron diagram (fig. 49) and 
have an age of 102f2 m.y. Rocks from the Lake 
George terrane are poly-deformed; they were meta- 
morphosed to middle and upper amphibolite facies 

Table 12.--Rubidium and st ntiurn analytica results 
Sample no. 81ANK105BY A "Rb = 1.42 x IO-!llY 
Analysts: Kiyoto Futa (chemistry) and Karin Barovich 

(mass spectrometry) 

8 7 ~ b  8TSr 
Sample Rb Sr - - 

(ppm) (ppm) 8eSr 

Whole-rock 91.9 188.0 1.418 0.72111 
Plagioclase 13.5 230.6 0.1696 .71936 
K-f eldspar 267.0 341.4 2.296 .72210 
Biotite 544.5 19.4 82.28 .83859 

and then weakly retrogressed to greenschist 
facies. Resetting of the Rb-Sr mineral ages is ac- 
complis hed at greenschis t facies tempera t ures 
(appmximately 300-350" C) or higher, suggesting 
that the internal equilibration a t  102 m.y. may be 
correlative with retrogressive metamorphism 
occurring in the Early Cretaceous. According to 
Aleinikoff and Cynthia Dusel-Bacon (U.S. Geologi- 
cal Survey, written commun., 19841, Rb-Sr mineral 
ages in augen gneiss about 40 km to the north were 
reset at 115 my., and quartz monzonite from the 
Macomb terrane immediately to the south of the 
Lake George terrane has an internal isochron aze of 
110 m.y. Based on the U-Pb and Rb-Sr data in  and 
surrounding the Lake George terrane, our conclu- 
sions are: (1) plutonism in the Lake George terrane 
occurred at about 360 m.y., about 20 may. earlier 
than batholi tic intrusions of protoliths of augen 
gneisses to the north and about 0-25 m.y. later than 
igneous activity in terranes to the south (but north 
of the Denali fault) in the Mount Hayes Quadrangle 
(Aleinikoff, 1984); (2) two periods of metamorphism 
affected rocks in the Lake George terrane-the first 
(amphibolite facies) event occurred between 360 
and about 115 m.y. and the second, a greenschist- 
facies retrograde event, occurred at about 102f2 
m.y.; (3) because several distinct terranes in the 
Mount Hayes Quadrangle record a thermal resetting 
of the Rb-Sr systematics in the Early Cretaceous, 
these terranes probably were assembled prior to or 
during the retrograde metamorphism at 100-115 
m.y. A possible cause for this resetting is the 
"docking" of Wrangellia [as proposed by Silberman 
and others (1981) at 112fll  m.y.1 against the ter- 
ranes north of the Denali fault, which caused wide- 
spread penetrative deformation linked with north- 
ward overthrusting. 
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of Wrangellia, in Albert, N. R. D., and Strait in southeastern Alaska via the Holitna, 
Hudson, Travis Teds.), The United States Farewell, Hines Creek, McKinley, Shakwak, and 
Geological Survey in Alaska - Accomplish- Lynn Canal faults. Ilorizontal displacements as 
ments during 1979: U.S. Geological Survey large as 500 km have been postulated (Forbes and 
Circular 823-B, p. B61-B63. others, 1973; Wahrhaftig and others, 1975). The 

Talkeetna thrust fault is a recently recognized 
Reviewers: 2. E. Peterman and N. J. Silberling feature (Csejtey and others, 1978, 19821, which 

either abuts the Denali fault (Nokleberg and others, 
STRONG MAGNETIC AND GRAVITY CONTRASTS 1982) or divides into two splays -the Broxson Gulch 
ACROSS THE TALKEETNA, TOTSCHUNDA, AND and the Eureka Creek thrusts (Nokleberg and others, 

EUREKA CREEK FAULTS VERSUS 1982). An early, unreversed, seismic refraction pro- 
THE LESSER GEOPHYSICAL EXPRESSION OF file suggested a discontinuity at the Eureka Creek 
THE DENALI FAULT AND lTS STRANDS: fault. The published geophysical data and their re- 

A (33OLOGlCAL E'WZZLE FOR TACT P K G R A M  lation to the fault systems will be tested by modern 
seismic refraction methods in a profile planned as 

by David F. Bernes and =la Csejtey, Jr. part of the Trans-Alaska Crustal Transect (TACT) 
project during the summer 1984. 

Published aeromagnetic and gravity maps A recent aeromagnetic map of central 
show strong contrasts across the Talkeetna thrust Alaska (fig. 50A) (Godson and others, 1982) shows 
fault system (Csejtey and others, 1982), which is the the traces of the Denali, Talkeetna, Broxson ~ u l c h ,  
northern boundary of the Talkeetna superterrane and Eureka Creek faults, as well as the names of 
(combining Wrangellia and Peninsular terranes). terranes they divide. The contrast in magnetic pat- 
These maps fail to show significant aeromagnetic tern between the Talkeetna superterrane and the 
contrasts across parts of the Denali fault system, adjacent Yukon-Tanana terrane and Jurassic and 
which has strong topographic expression that has Cretaceous flysch is striking. The northern part of 
been recognized for almost 80 years (Mendenhall, the Talkeetna superterrane is characterized by 
1905) and is locally an important geologic boundary small, irregularly shaped, high-amplitude (1,000- 
(St. Amand, 1957). The Denali fault system is con- 5,000 gamma) anomalies, caused mostly by near- 
sidered a major arcuate geologic discontinuity that surface bodies of the Triassic Nikolai Greenstone 
may extend nearly 2,000 km from Goodnews on the and underlying tabular ultramafic bodies (Campbell, 
Bering Sea through the Alaska Range to Chatham 1984). Flysch and schist units to the north are less 
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Figure 50.--Maps showing geophysical contours, superimposed faults of the nenali and related 
systems, and recognized terranes. Except where noted, faults are located on the basis of geo- 
logic mapping. DF, Denali fault; HC, Hines Creek strand of Denali fault; MK, McKinley strand 
of Denali fault; TS, Totschunda fault; TK, Talkeetna thrust; EC, Eureka Creek thrust (with 
dashed extension based more on gravity than on magnetic and geologic data); BG, Broxson Gulch 
fault; W, Wrangellia terrane; S, Slana River subterrane; T, Tangle subterrane; P, Peninsular ter- 
rane; Y, Yukon-Tanana terrane; P, Jurassic and Cretaceous flysch. (A): Part of the aeromagne- 
tic map of Alaska (after Godson, 1982); dotted lines are survey boundaries. (B): Part of the 
Bouguer gravity map of Alaska (after Barnes, 1977). 

magnetic and have relatively flat and expressionless 
fields. West of the Talkeetna thrust fault, neither 
the McKinley nor the Mines Creek splay have ob- 
vious magnetic expression. According to Csejtey 
and others (19831, neither of these faults appears to 
be a terrane-boundary fault, but this interpretation 
is controversial. The eastern end of the Denali 
fault also has lesser magnetic expression where a 

flysch unit crops out on its southern side, and the 
more obvious magnetic boundary seems to follow 
the Totschunda strand of the Denali fault. The 
Eureka Creek thrust fault (Nokleberg and others, 
1982), which intersects the Talkeetna thrust and is 
subparallel to the Denali fault, follows the same ap- 
proximate trend. This fault coincides with a dis- 
tinct gradient on detailed magnetic maps (D. L. 



Campbell, U.S. Geological Survey, written 
commun., April 19841, separating either thicker 
and(or) more magnetic rocks on the south-southwest 
from thinner and(or) less magnetic rock on the 
north-northwest . Geologic mapping (Nokleberg and 
others, 1982) suggests that the Eureka Creek fault 
separates the Slana River and Tangle subterranes of 
W rangellia. 

Figure 50B shows a Bouguer gravity map with 
superimposed fault and terrane data. The dashed 
contouri are approximately located using geologic 
and topographic data (as in the -130 mGal low near 
the center of the map) and should be used with cau- 
tion. The Talkeetna thrust fault is aligned along 
groups of parallel contours, indicating that a dis- 
tinct gravity gradient is associated with it. In con- 
trast, the Denali fault crosses many gravity con- 
tours at large angles or borders the edge of parallel 
contour groups, suggesting gradients on either side 
of the fault but not coincident with it. Detailed 
gravity profiles have now been made across the 
Denali fault system at several places, and none 
shows a distinct gravity gradient. However, along 
the trace of the fault, large changes in Bouguer 
anomaly value and a total gravity relief exceeding 
70 mgals are observed. The lack of a distinct grav- 
ity gradient across the fault coupled with the large 
variation in gravity along it seems inconsistent with 
postulated Imge strike-slip displacement on a steep- 
ly dipping transform fault, though the data may be 
otherwise explained. Several detailed profiles 
across the fault show narrow gravity lows thought 
to represent fractured rocks or Cenozoic sediments 
filling erosional or structural depressions (Barnes 
and Morin, 1975). The largest of these gravity lows 
is west of the area of figure 50, where it represents 
a narrow structural depression in the Holitna basin 
(~arnes ,  1977). Such expression is more consistent 
with vertical or complex reversal, of motion leading 

I to fracturing of the adjacent rocks. The Totschunda 

I fault is marked by a gravity gradient best shown on 
l a terrain-corrected version of the data in the 
I Nabesna Quadrangle (Barnes and Morin, 197 5). 
I Similarly, the Eureka Creek fault is shown by a dis- 

tinct gradient marking two gravity highs, represent- 
ing a thickening of the dense volcanic and underly- 
ing ultramafic rocks in the Tangle subterrane of 
Wrangellia (Campbell, 1984). 

A final piece of data comes from the un- 
reversed seismic refraction survey made by the the 
Carnegie Institute in 1955 and later interpreted by 
Hales and Asada (1966). Seismic arrivals from shots 
fired in College Fiord were recorded along the 
Richardson Highway, which crosses the Eureka 
Creek thrust and Denali fault east of the junction 
with the Talkeetna, Hines Creek, and McKinley 
faults. Hales and Asada considered the Richardson 
Highway arrivals clear and distinct, but they were 
puzzled by a 1-sec delay in arrival of the 6.8 km/sec 
Pn wave between recording stations at distances of 
223 and 262 krn from the shot point, an interval 

which crosses the trace of the Eureka Creek 
thrust. No similar delay was recorded at the cross- 
ing of the Denali fault, and similar velocities were 
indicated by at least three stations both north and 
south of the 223-262 km interval. Geophysical data 
and the geologic maps of the Eureka Creek thrust 
obtained more recently may offer a possible ex- 
planation. Csejtey and others (1982) suggest that 
the Talkeetna thrust emplaces high-velocity volcan- 
ic rocks over lower velocity flysch sequences; the 
Eureka Creek thrust may be a similar feature. The 
1-sec delay could be accounted for if the velocity of 
the sedimentary rocks is 1 km/sec lower than that 
of the overlying volcanic rocks and the energy 
traveled through as much as 5 km of either unit. 
Also, if one phase of the first arrival was missed on 
the northern records, the sediments below the 
Eureka Creek thrust may offer an explanation for 
the increased attenuation. Reversed seismic re- 
fraction measurements planned for TACT will test 
these explanations and account for the comparative 
lack of geophysical signature of the Denali fault in 
contrast to the Talkeetna and Totschunda f~u l t s .  
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MAONPIlC PROFILE ACROSS DENALI FAULT, 
MOUNT HAYES QUADRANGLE, 

EAS'ERN ALASKA RANGE 

by David L. CampbeIll and Warren J. Nokleberg 

The Denali fault, a major structural feature 
of southern Alaska and adjacent Canada, has been 
interpreted as a strike-slip fault with right-lateral 
displacement of 400 km since Cretaceous time 
(Forbes and others, 1974; W. J. Nokleberg, D. L. 
Jones, and N. J. Silberling, written commun., 
1984). In the eastern Mount Hayes Quadrangle, the 
Denali fault coincides with a boundarv on the aero- 

Jones, and N. J. Silberling, written commun., 1984). 
The Jarvis Creek Glacier terrane (W. J. 

Nokleberg, D. L. Jones, and N. J. Silberling, written 
commun., 1984) consists of fine-grained, poly- 
deformed schist that can be subdivided into two 
major components: (1) a metasedimentary rock 
component and (2) a metavolcanic rock component 
that contains moderate amounts and various types 
of metasediments. Both members are cataclasti- 
cally deformed and regionally metamorphosed under 
greenschist-facies conditions into mylonitic schist 
and local phyllonite. 

The Wrangellia terrane (Jones and others, 
1981) is composed predominantly of late Paleozoic 
island arc rocks disconformably overlain by massive 
subaerial basalt flows of the Triassic Nikolai Green- 
stone and locally by younger rocks of Mesozoic and 
Tertiary age. Wrangellia is locally intruded by 
small to moderate-sized granitic plutons, some hav- 
ing tentative K-Ar dates corresponding to Late Jur- 
assic to Late Cretaceous ages (Turner and Smith, 
1974). A large pluton of quartz monzonite and 
granodiorite underlies the Rainbow Mountain area, 
though much of this pluton is hidden by surficial de- 
posits and by rocks thrust over it along the 
McCallum Creek fault and related faults (W. J. 
Nokleberg, D. L. Jones, and N. J. Silberling, written 
commun., 1984). This pluton is part of a regional 
batholith, herein termed the Gulkana batholith, 
whose existence we infer from the aeromagnetic 
map. The Gulkana batholith appears from its aero- 
magnetic signature to be trimmed on the north by 
the Denali fault. It extends for approximately 40 
krn along and approximately 12 km to the south of 
the Denali fault (fig. 51). 
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magnetic map (State of Alaska, 1974) that separates Pipre 51.--Outline map of Mount Hayes Quadrangle 
regions with low magnetic fields on the north from showing location of profile A-A' and boundaries of 
those with high magnetic fields on the south. terranes mentioned in the text. Other terranes and 
There, the Denali fault separates the Jarvis Creek subterranes are present but not shown in the 
Glacier and Windy terranes to the north from figure. W, Wrangellia terrane; JCG, Jarvis Creek 
WrangeUia and smaller terranes to the south Glacier terrane; Wy, Windy terrane; DF, Denali 
(Nokleberg and others, 1982; W. J. Nokleberg, D. L. fault; gb, Gulkana batholith. 
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Figure 52.--Magnetic model of profile A-At showing that a polarity low (shaded) should occur if 
the Gulkana batholith (body 4) is truncated vertically by the Denali fault. At this location, the 
Denali fault is covered by a glacier, but its surface location is known to be within the Denali 
fault zone (DFZ). RM, Rainbow Mountain; MCF, IMcCallum Creek fault. 

Figures 52 and 53 show models of possible 
magnetic structures along profile A-A' (fig. 511, 
which trends magnetic north (N. 28" E.) across the 
Gulkana batholith and Denali fault. Observed 
magnetic fields along this profile were taken from 
the aeromagnetic map of the Mount Hayes Quad- 
rangle (State of Alaska, 1974). All bodies are sup- 
posed magnetized in the direction of the Earth's 
present field, of 57,000 nT magnitude, 76" 
inclination, and 28" easterly declination. The ef- 
fective magnetic susceptibility used for each body 
is listed in table 13 and indicated on the figure by 
darker shading for higher susceptibilities. Unskaded 
portions of the section represent non-magnetic 
(very low susceptibility) rocks. Bodies 1 and 2 are 
the same on all figures and are not discussed. The 
bodies shown were assumed to extend perpendicular 
to the plane of the section for varying strike-length 
distances Y1 and Y2 (table 13), and then to be 
vertically cut off (the "2 1/2-dimensional geometryw 
of Shuey and Pasquale, 1973). Y 1  and Y2 were 

chosen to match strike lengths of corresponding 
anornalies on the aeromagnetic map. 

In figure 52, the Gulkana batholith is 
assumed to be approximately equidimensional in 
cross-section and the Denali fault is assumed to be 
vertical. If both of these conditions hold true, 
however, there should be a substantial magnetic 
polarity low just north of the Denali fault, but none 
is observed. Errors in magnetic modelling can be 
caused by using wrong strike lengths, by being too 
near the (assumed) vertically truncated ends of the 
bodies being modelled, by strong remanent magne- 
tism of source bodies, or by survey aircraft not 
being in the assumed position. None of these possi- 
bilities explains the discrepancy. Of particular con- 
cern was the problem of survey aircraft position- 
the profile crosses obliquely from one flight line to 
another, and logs showing true aircraft position 
have been lost. We chose to calculate magnetic 
fields on a datum (dashed line, figs. 52, 53) that 
drapes topography at 0.3048 km, the nominal 
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Figure 53.--Magnetic models (a, b) of profile A-A' showing that a good fit to the observed 
magnetic field can be made if it is assumed that the Gulkana batholith (body 4) extends to a 
great depth, as in model (a), or the Denali fault (DFZ) dips to the north a t  a shallow angle, as in  
model (b). The second alternative seems unlikely from known geology. In (a), bodies 3 and 4 
extend to a depth of 40 km below sea level. 

position of the survey aircraft, except over very 
rugged topography where the flight path was 
assumed to clear only the ridges at that distance. 
Fields were calculated for several other hypotheti- 
cal aircraft paths besides the one shown, In all 
cases, a substantial polarity low was predicted. 

All modelling here assumes that rocks of the 
Jarvis Creek Glacier terrane and the Windy terrane 

are nonmagnetic, a justifiable assumption. Except 
for a few samples from small mineralized deposits 
located far from profile A-A', all rock samples mea- 
sured from these two terranes had susceptibilities 
below the threshold of our field susceptibility meter 
(0.0001 cgs units). Test models indicate that if the 
rocks of the Jarvis Creek Glacier terrane are uni- 
formly magnetized, their susceptibility must be less 



Table 13.--Parameters for interpreted bodies 
(figures 52, 53). Gulkana batholith is inferred to be 
composed of quartz monzonite to granodiorite. Y1, 
Y2; distances bodies are assumed to extend in front 
of and behind the plane of the figure, respectively. 
Final calculations after Campbell (1983). 
Susc  .=Magnetic susceptibility values. 

- - - - - - - - - 
Body Fig. Y1. Y2 Susc .  Rock 

no. no. tkm) (km) (cgsl unit (s) 

1 52,53a, 1 10 0.006 Ul t ramfic  
rocks 

this area (Nokleberg and others, 1982) shows that 
the Denali fault is approximately vertical near the 
surface. The recent intrusion hypothesis also is 
unlikely; Holocene igneous activity is unknown in 
this part of Alaska, and the Denali fault appears 
from geologic and seismic evidence to be active 
(Page, 1971; Lanphere, 1978). Furthermore, the 
Denali fault appears from aeromagnetic data to 
trim the northern edge of this batholith for a 
distance of at least 40 km. We conclude that the 
Gulkana batholith is deeply rooted, with a shape 
more like that in interpretation (a). 
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LEAD ISOTOPES IN SULFIDE DEPOSFPS FROM 
THE JARVIS CREEK GLACIER AND 

WRANGELLIA TERRANIB, MOUNT HAYES 
QUADRANGLE, EASTERN ALASKA RANGE 

by Anne P. hHuray, Stanley E Church, 
and Warren J. Noklebeg 

The Jarvis Creek Glacier terrane, which lies 
north of the Denali fault in the Mount Hayes Quad- 
rangle, is a sequence of metamorphosed sedimen- 
tary, volcaniclastic, and volcanic rocks that are 
Devonian or older in age (Nokleberg and others, 
1983). Metavolcanic rocks are not abundant in the 
section, but, where present, they consist largely of 
meta-andesite and meta-quartz keratophyres. Sev- 
eral massive sulfide deposits are associated with the 
volcanic-rich member of the Jwvis Creek Glacier 
terrane. Massive sulfide deposits occur in or adja- 
cent to metamorphosed quartz keratophyre, ande- 
site, and dacite that is inter layered with chlorite- 
quartz pelitic schist and quartzite, suggesting a sub- 
rnar ine volcanogenic origin for these deposits. 
Galena from the deposits in the Jarvis Creek 
Glacier terrane from the southeastern part of the 
Mount Hayes quadrangle and lead-rich sulfide sam- 
ples from massive sulfide deposits from the north- 
western part of the Mount Hayes Quadrangle are 
very similar and have a limited range of lead- 

isotopic compositions ( 2 0 6 ~ b / 2 0 4 ~ b  = 18.834 - 
18.985; 2 0 7 ~ b / 2 0 4 ~ b  = 15.691 - 15.729; and 

2 0 8 ~ b / 2 0 4 ~ b  = 38.67 - 38.90; A, fig. 54). 
The Wrangellia terrane, south of the Denali 

fault in the Mount Hayes Quadrangle, has been di- 
vided into the Tangle and Slana River subterranes 
(W. J. Nokleberg, D. L. Jones, and N. J. Silberling, 
written commun., 1984). The Slana River subter- 
rane is a late Paleozoic island arc sesuence contain- 
ing numerous small lode deposits, some of which are 
associated with carbonate rocks. These deposits 
probably formed during remobilization of sulfides 
that occurred during accretion and metamorphism 
of the Wrangellia terrane, probably during 
Cretaceous time (R. C. Roback, W. J. Nokleberg, 
I.M. Lange, and Warren Yeend, written commun., 
1984; Silberman and others, 1981). Lead-isotopic 
data from these deposits form a second, discrete 
lead-isotope field ( 2 0 6 ~ b / 2 0 4 ~ b  = 18.720 - 18.986; 

2 0 7 ~ b / 2 0 4 ~ b  = 15.569 - 15.591;208~b/204~b = 38.20 
- 38.41; E, fig. 54). Lead-isotopic data from mas- 
sive sulfide deposits associated with island arc envi- 
ronments commonly have steep slopes indicating 
that the lead in the deposits represents a mixing of 

207p6 
15.7 

204 PB 
15.5 

MORB 

Figure 511.-Lead-isotope diagram showing the field 
of data for massive sulfide deposits Prom (A), the 
Jarvb Creek Glacier terrane; (B), the Slana River 
subterrane; (Dl the Denali mine. Also shown are 
data from an epigenetic replacement deposit of 
probable late Mesozoic age from the WrangeUia 
terrane (P). The growth curves and the MORB 
regression line are included for reference. 

the lead from the mantle, represented by the mid- 
ocean ridge basalt (MORB) regression line (Church 
and Tatsumoto, 1975) and the crust (Doe and 
Zartman, 1979). 

Upper Paleozoic and Lower Triassic sedimen- 
tary and volcanic rocks of the Slana River sub- 
terrane are unconformably overlain by the Nikolai 
Greenstone, a thick sequence of pillow basalts and 
massive subaerial basalts of Triassic age. Lead- 
isotopic data from a massive sulfide deposit showing 
crossbedding and hosted in the Nikolai Greenstone 
at the Denali mine in the Healy Quadrangle, have a 

third distinctive signature ( 2 0 6 ~ b / 2 0 4 ~ b  = 18.886; 

2 0 7 ~ b / 2 0 4 ~ b  = 15.570; 2 0 8 ~ b / 2 0 4 ~ b  = 38.20; D, fig. 
54). These data suggest that lead in the crustal 
reservoir for the massive sulfide deposits associated 
with the Nikolai Greenstone and in the upper Paleo- 
zoic volcanic and sedimentary rocks of the Slana 
River subterrane came from a crustal source having 
a similar history. 

Late Mesozoic and early Tertiary granitic I 

plutons intrude terranes south of the Denali fault. 
One sample from an epigenetic replacement deposit 
associated with late Mesozoic igneous activity and 
hosted in the Tetalna Volcanics (R. C. Roback, W. J. 
Nokleberg, 1. M. Lange, and Warren Yeend, written 
commun., 1984) also has a unique lead-isotope sig- 



nature ( 206pb/204pb = 18.986; 207pb/204pb = lange exposed along the ~ u l f  of Alaska tnnrgin from 
Haydon Peak to Lituya Bay (fig. 55). It underlies 

15.610; 208pb/204pb = 38.38; P, fig. 54) and refleets the eastern part of the Yakutat block, a small tea- 
the same crustal 2 0 7 ~ b / 2 0 4 ~ b  provenance seen in tonostratigraphic terrane bounded on the northeast 
other deposits in the Wrangellia terrane. The more by the Fairweather dextral fault, on the northwest 
radiogenic 206pb/204pb and 208pb/204pb values re- by the Chugach-Saint Elias thrust fault system and 
fleet growth of radiogenic lead in the crustal reser- its offshore extensions, and on the southwest by the 

voir between late Paleozoic and Jurassic time. Transition fault zone (Plafker and others, 1978; 
~ ~ ~ ~ - i ~ ~ ~ ~ ~ ~  data from deposits in two major Plafker, 1983). The Yakutat block is presently mov- 

crustal blocks in the Mount Hayes Quadrangle, one ing northwestward relative to North America along 
to the north and another to the south of the Denali the Fairweather transform fault where it is juxta- 
fault, define distinctive lead-isotope provenances pmed against strata of the 
that may reflect the age of each crustal block. The Chugach 

In thls study, twelve thin sections of the 
lower 2 0 7 ~ b / 2 0 4 ~ b  signatures that characterize the yskutat Group sandstone that cmps out west of 
deposits in the islmd arc rocks of the Slana River Yakutat Bay were analyzed in order to place 
subterrane may be best represented multi-c~cle constraints on their provenance. This information 
sediments of Paleozoic age. In contrast, the much supplements previous petrographic studies of 
higher 2 0 7 ~ b / 2 0 4 ~ b  signatures observed in the sandstone from the part of the Yakutat Group that 
Devonian massive sulfide deposits of the Jarvis is exposed mainly to the east of Yakutat Bay (Zuffa 
Creek Glacier terrane may represent first-cycle and others, 1980; Winkler and Plafker, 1981) and a 
sediments derived largely from a crystalline terrane sedimentologic analysis of flysch in the study area 
of Precambrian age. (Nilsen and others, 1984). 

Modal analyses of sandstone from the 
REFERENCES CITED Yakutat Group west of Yakutat Bay are shown in 

tables 14-16. Framework grains consist of quartz 
Church, S. E., and Tatsumoto, Mitsunobu, 1975, and plagioclase in approximately equal amounts, 

Lead isotope relations in oceanic ridge felsitic and microlitic volcanic fragments averaging 
basalts from the Juan de Fuca-Gorda Ridge 14 percent of rock volume, and K-feldspar 
area, N. E. Pacific Ocean: Contributions to averaging 6 percent of rock volume. Porosity is 
Mineralogy and Petrology, V. 39, p. 253-279. negligible in all samples. 

Doe, B. R., and Zartman, R. E., 1979, The abundance of quartzofeldspathic detritus 
Plumbotectonics, the Phanerozoic;i&Barnes, is indicative of a dominantly plutonic provenance 
B*L., ed.9 of Hydrothermal Orc? (Dickinson, 1970) and, combined with the presence 
*eposits (2d New York, W i l e ~ -  of intermediate volcanic detritus, indicates that the 
Interscience, p. 22-70. most likely source area was a dissected magmatic 

Nokleberg, W. J., Aleinikoff, J. N., and Lange, 1. M-9 arc in which the plutonic roots were partly expos- ~ 1983, Origin and accretion of Andean-tY~e ed. Values for framework-grain compositions plot- 
and island arc terranes of Paleozoic age jux- ted on ternary QFL and lithic diagrams (fig. 56) also 
taposed along the Hines Creek fault, Mount suggest derivation from a plutonic arc-root source 
Hayes Quadrawle, eastern Alaska Range, (Dickinson and Suczek, 1979). Low C / Q  values, high 
Alaska: G e o l ~ l c a l  Society of America V/L values, and a paucity of metamorphic lithic 
Abs.tracts with Programs, v. 15, p. 427. fragments (table 14) preclude derivation of the 

~ilberman, M, L., MacKevett, E. M., Connor, C. L.9 sandstone from predominantly metamorphic or 
and Matthews, 1g81, MebUogenetic recycled orogen sources (Dickinson, 1970; Dickinson 
and tectonic significance of whole-rock and Suczek, 1979). 
potassium-argon ages of the Nikolai Sandstone from the study area is similar pet- 
 ree ens tone, McCarthy Quadrangle, Alaska: rographically to the Yakutat Group sandstone de- 
U.S. Gml%ical Survey Open-File Report scribed by Winkler and Plafker (1981) from the area 
81-355, p. 52-73. southeast of Yakutat Bay (figs. 55; table 161, 

suggesting that the Upper Cretaceous flysch of the 
Reviewers: J. N. Aleinikoff and R. B. Tripp Yakutat Group is compositionally homogeneous. 

However, sandstone of the Yakutat Group differs 
PETROGRAPHY OF SANDSONE FROM from coeval flysch-like sandstone of the Chugach 

THE YAKUTAT GROUP, YALASPINA D I ~ ~ R I C T ,  terrane, where volcanic lithic detritus is generally 
SOUTH W N  ALASKA more abundant (Winkler and Plafker, 1981; Zuffa 

and others, 1980; Nilsen and Zuffa, 1982). Although 
by John S Lull and George Plafker much of the sandstone in the Chugach terrane must 

have been derived from a volcanic arc source, the 
The Yakutat Group consists of highly de- lithic components indicate a tendency for an in- 

formed ~ ~ r ~ ~ s i c ( ? )  and Cretaceous flysch and me- crease in the degree of arc dissection fro1~1 west to 
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Figure 55.--Map showing outcrop localities of the Chugach terrane and the Yakutat Group and 
faults in part of southern Alaska. Outlines show sample locations in t h e  (A) Malaspina and (B) 
Yakutat districts. Numbers correspond to sample numbers on tables 15 end 16, respectively. 
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Figure 56.--Results of petrographic analyses of Malaspina and Yakutat district 
sandstones of the Yakutat Group. Malaspina district samples are plotted and the 
distribution fields are indicated. Yakutat district distribution fields (Winkler and 
Plafker, 1981) are shown. Mean grain compositions of sandstones from each district are 
shown in table 14, and values for all samples are reported in tables 15 and 16. A, Ternary 
diagram with total quartz-feldspar-lithic end members shows that the sandstones are 
predominantly lithofeldspathic and feldspathic. B, Ternary diagram with polycrystalline 
quartz-volcanic lithic-sedimentary lithic end members indicates that the sandstones are 
derived from arc orogen sources. Provenance fields are from Dickinson and Suczek 
(1979). Circle = mean values for Malaspina district; square = mean values for Yakutat 
district. 

Table 14.-Mean grain compositions of Yakutat 
Group sandstones fmm the Malaspina and Yakutat 
districts; n, number of samples; Q, total quartzose 
grains; F, total feldspar; L, total lithic fragments; 
P, plagioclase; C, Qp, polycrystalline quartzose 
grains; Lv, V, volcanic lithic fragments; Ls, 
sedimentary lithic fragments. 

District n Q F L P/F C/Q V/L QD Lv Ls 

Malaspina 12 40 43 17 .84 .11 .75 20 62 18 

east (Zuffa and others, 1980). If the Yakutat Group 
was contiguous with the Chugach terrane during the 
Late Cretaceous, it must have been derived from 
the most deeply dissected part of the volcanic arc. 

Geologic evidence suggests that the Yakutat 
block w ~ s  originally located approximately 550 Icm 
to the southeast and has been displaced northwest- 
ward along the Queen Charlotte-Fairweather trans- 
form fault system during the Neogene (Plafker, 
1983). If so, the closest suitable provenance for the 

Yakutat Group would be the Coast crystalline 
complex of southeastern Alaska and British 
Columbia. 
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Table 15.-Framework grain compositions in t he  Yakutat Group, Malaspina District 

(See table 14 for explanation o f  symbols.) 

Sample Site 
number number Q F L P/F CIU VIL 9~ Lv Ls 

* Point-counted by G. R. Winkler 

Table 16. -Framework grain com~os i t i ons  in the Yakuta t Group, Yakutat  District 
(Sjmbols a s  in table 14; point-counted by G. B. Winkler) 

-* - . . 

Sample Site 
number number Q F L PIF CIQ VIL QP 

68APrlA2 13 33.0 51.1 15.9 .81 .06 .81 11.0 
68APr3 A2 14  29.3 55.3 15.4 .72 .I1 .79 18.3 
68APr18C 15 35.2 55.5 9.3 .80 -89 30.0 
68APr20Rl 1 6  26.4 38.9 34.7 .94 .07 .97 5.1 
68APr24C 17 36.0 52.5 11.5 .95 .04 .92 12.2 
68APr26B 18 27.5 61.1 11.4 .72 .03 .97 7.3 
68APr27A 19 44.8 48.3 5.9 -70 -02 .80 13.6 
68APr30A 20 36.3 58.2 5.5 .92 .03 1.00 14.3 
68APr33A 2 1 32.4 57.8 9.8 .89 .03 .93 10.0 
68APr40Cl 22 39.4 45.9 14.7 .79 .03 .93 6.7 
68APr40C2 23 28.8 52.6 18.6 .84 -08 .88 10.6 
68APr41D 2 4 39.8 50.7 9.5 .82 .07 .82 24.4 
68APr57A3 25 34.4 63.2 2.4 .99 .04 .83 37.5 
68APr64E 2 6 31.7 61.9 6.4 .73 0 .85 0 
68APr75C 2 7 32.8 55.8 11.3 .83 .01 .97 2.5 
68APslA1 28 28.7 32.8 38.5 .98 .12 .50 8.3 
68APslA3 29 29.4 45.0 25.6 .96 .02 .86 2.5 
68APs7A2 3 0 29.6 53.1 17.3 -91 .01 .91 1.8 
68APsSCl 31 29.2 55.8 15.0 -90 .02 .96 3.8 
68AP~9C2  3 2 30.4 49.1 20.6 .89 .04 .96 5.7 
68APsSC3 3 3 42.4 41.5 16.1 .89 .02 .96 5.3 
68APs17A 3 4 31.2 53.1 15.7 .92 .02 .88 3.8 
68APs24G 3 5 35.2 44.4 20.4 .92 .04 .88 6.9 
68APs27D 3 6 41.6 40.0 18.4 .96 .01 .90 1.8 
68APs34B 3 7 33.3 35.8 30.9 .83 -04 .76 3.8 
68APs47A 3 8 25.1 55.4 19.6 .go .01 1.00 1.9 
68APs53B 3 9 40.3 40.9 18.8 -83 -02 -80 4.4 
68APs72C 40 32.5 54.2 13.3 .88 -01 .98 2.2 
68APs81E1 41 44.7 48.7 6.6 .89 0 .85 0 
69APr19C1 42 38.9 49.5 I l . 6  -92 .04 .94 10.5 
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the western Mount Hayes Quadrangle, at least five 
small to moderate-size massive sulfide occurrences 
are either in or adjacent to metavolcanic rocks of 
the Jarvis Creek Glacier terrane that crop out in 
two districts, the Hayes district to the west and the 
McGinnis Glacier district to the east (site nos. 1-5; 
fig. 57, table 17). About ten similar deposits and 
occurrences in similar rocks in the eastern part of 
the quadrangle have been briefly reported on by 
Nauman and others (1980) and Lange and Nokleberg 
(1 984). 

The Hayes district contains the Miyaoka oc- 
currence west of the Hayes Glacier and several 
smaller occurrences east of the glacier (site nos. 1- 
3; fig. 57, table 17). The occurrences generally con- 
sist of massive pyrite and pyrrhotite and minor 
chalcopyrite, sphalerite, and galena that are distri- 
buted in lenses, pods, and stringers. The lenses and 
pods contain stringers and pod-shaped schistose ag- 
gregates of quartz, chlorite, actinolite, epidote, and 
carbonate. Local late-stage carbonate veinlets 
crosscut the sulfide lenses and pods. Host rocks for 
the occurrences are mainly locally graphitic musco- 
vite-chlorite-quartz schist derived from shale, calc- 
schist derived from marl, chlorite-feldspar schist 
derived from volcanic graywacke, siltstone, tuffs or 
flows, sparse greenstone derived from diabase or 
basalt, and sparse marble derived from calcite lime- 
stone or from calcareous precipitates formed on the 
sea floor during submarine voicanism. Original ig- 

VOLC ANOG ENlC MASSIVE SULFIDE neous compositions of the tuffs and flows were 
OCCURRENCES, quartz-rich keratophyre, andesite, dacite, and lesser 

JARWS CREEK GLACIER TERRANE, rhyodacite. Characteristics of the occurrences in 
WESTERN MOUNT HAY= QUADRANGLE, the Hayes district are given in table 17. 

EASTERN ALASKA RANGE Throughout the district, sulfide lenses and 
by Warren J. Nokleberg and Ian M. Lange 

During geologic and mineral resource assess- 
ment studies of the Mount Hayes Quadrangle, sev- 
eral volcanogenic massive sulfide occurrences were 
discovered in the Jarvis Creek Glacier terrane in 
the western Mount Hayes Quadrangle (fig. 57). The 
Jarvis Creek Glacier terrane is north of the Hines 
Creek fault; south of the Rines Creek fault are the 
Hayes Glacier, Aurora Peak, and Giddings terranes 
(fig. 57). In the western part of the quadrangle, the 
Jarvis Creek Glacier terrane consists mainly of an 
intensely deformed and metamorphosed former 
marine sequence of chlorite-feldspar schist derived 
from intermediate volcanic rocks and has lesser 
amounts of interlayered pelitic schist, quartzite, 
and marble (Nokleberg and others, 1983; Lange and 
Nokleberg, 1984). Recent U/Pb zircon isotopic stu- 
dies indicate extrusion of the volcanic protoliths at 
about 370 m.y., or during middle Devonian time 
(Nokleberg and others, 1983). This metavolcanic 
rock-rich part of the Jarvis Creek Glacier terrane 
probably correlates with the Totatlanika Schist 
which crops out to the west in the Healy Quad- 
rangle; this unit also contains abundant former in- 
termediate volcanic rocks (~ahrhaft ig,  1968). In 

pods strike west-northwest and dip moderately 
south, parallelling the schistosity and foliation in 
the enclcsing metavolcanic and metasedimentary 
rocks. Smaller sulfide pods and lenses, up to a few 
centimeters thick, also occur discontinuously in 
quartz-mica schist. Several sulfide layers or lenses 
probably were present originally, but intense defor- 
mation dismembered and contorted them, resulting 
in both thickening and thinning or in elimination of 
the formerly continuous sulfide lkyers. The meta- 
volcanic and metasedimentary rocks also exhibit 
changes in thickness because of intense 
deformation. 

The McGinnis Glacier district occurs in an 
east-facing cirque approximately 16  km southeast 
of the Hayes district (site nos. 4-5; fig. 57, table 
17. One occurrence is towards the west a t  the top 
of a major cirque at 7,700 f t  elevation; the other 
occurrence is about 1 km to the east along the south 
wall of the cirque a t  7,200 f t  elevation. The occur- 
rences generally consist of massive pyrite, pyrrho- 
tite, sphalerite, chalcopyrite, and galena that are 
distributed in tectonic lenses and pods. Gangue 
minerals are schistose aggregates of quartz, chlo- 
rite, epidote, biotite, actinolite, and sparse carbo- 
nate. Host rocks are mainly intensely deformed 
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Flguw 57.-Simplified geologic map of parts of the Mount Hayes C-4 to C-6 Quadrangles, 
eastern Alaska Range. Numbered spots indicate location of volcanogenic massive sulfide 
occurrences in the Hayes and McGinnis Glacier districts. 

chlorite-feldspar schist derived from volcanic gray- 
wacke or quartz keratophyre, andesite, and dacite 
tuff or flows, locally graphitic chloritequartz 
schist derived from quartz-rich shale, calc-schist 
derived from marl, and massive gray marble derived 
from limestone. The western occurrence, inaccess- 
ible by foot, was observed indirectly from a heli- 
copter and in large angular blocks in downslope 
talus, Characte~istics of the two occurrences in the 
McGinnis Glacier district are given in table 17. 

At both occurrences in  the McGinnis Glacier 
district, the sulfide layers strike west-northwest 

and dip moderately southwest, parallelling schisto- 
sity and foliation in the host rocks. In both occur- 
rences, the sequence of  units is: (1) graphite-quartz- 
calcite schist and metavolcanic schist in the hang- 
ing wall; (2) sulfide lenses and pods forming the 
mineralized zone; and (3) chlorite-feldspar schist, 
chlorite-quartz schist, and marble in the footwall. 
Locally, the sulfide lenses and pods at the eastern 
occurrence are locally tectonically thinned or thick- 
ened in several areas and locally pinch out along 

I 

strike to the west in the cirque wall. Sparse occur- 
rences of metamorphosed, but less deformed diorite 



Tgble 17,--Massive sulfide occurrences, Jarvis Creek Glacier terrane, western 
hunt Hayes Quadrangle, eastern Alaska Range 

W p  no. Host rocks M a x i m  metal General description 
Name concentration 

(PP) 

Hayes district 

1. Metavolcanic schist, ik, 5,000; Cu, 4,300; Massive pyrite, pyrrhotite, and 
Miyaoka chlorite-quartz schist, Pb, 170; Sn, 50; minor chalcopyrite, sphalerite, 

and minor marble, Au, -20; Co, 500 and galena in lenses and veins. 

I 
ca lc-sch is t About 20 lenses and pods, as 

much as 2 m thick and several 
meters in length along a 
strike length of about 2,300 m 

Metavolcanic schist, Pb, 7,200; Zn, 6,900; Massive pyrite, galena, 
chlorite-quartz-epidote Ag, 5; As, 5,000; sphalerite, and minor schist, 
schist, calc-schist Sn, 100; Au, .20 chalcopyrite in discontinuous 

lenses and pods. About 5 
lenses and pods as much as 
20cm thick, are exposed for as 
much as 1 rn along strike. 
Sulfide lenses and pods occur in 
three horizons separated 
by a m i n i m  of 7 m of host rock 

3. Metavolcanic schist, Cu, 9,200; Zn, 2,150 Grab sanples with pyrite, 
Unnamed chlorite-quartz-epidote Pb, 600; Ag, 10 pyrrhotite, sphalerite, and 

schist, calc-schist galena. About 5 lenses and pods, 
as much as 20 an thick, exposed 
for as much as I m along 
strike. Lenses and pods occur 
i n  two areas 1,200 m apart 

McGinnis Glacier district 

4. Metavolcanic schist , Zn, 23,000; Pb, 320; Nlassive pyrite, pyrrhotite, 
Western chlorite-quartz schist, (2, 2,600; Sn, 70 sphalerite, chalcopyrite, and 

quartz schist, rmrble galena in massive sulfide pods 
pods and lenses; dimensions 
similar to Eastern occurrence 

5 .  Chlorite-quartz schist, Pb, 2,500; Zn, 2,000; Grab samples of massive pyrite, 
Eastern mrble, calc-schis t ,  Ag, 50; Cu, 2,500; pyrrhotite sphalerite, galena, 

metavolcanic schist Sn, 30 and chalcopyrite in pods and 
lenses. About 7-10 boulder- 
sized tectonic fragments in 
outcrop area of 50 m strike 
length by a few m wide 

and gabbro dikes crosscut the host rocks. 
The metamorphic and deformational histories 

of both the host rocks and massive sulfide occur- 
rences are similar for the Hayes and McGinnis 
Glacier districts. Both are intensely deformed; for- 
mer bedding is almost totally transformed by shear- 
ing and penetrative cataclasis into a foliation defin- 
ed by dismembered lenses or isoclines. An intensely 

developed schistosity occurs parallel to foliation; 
intense cataclasis along the schistosity is indicated 
by fluxion structure and abundant fractured, granu- 
lated, and rolled porphyroclasts or augen of quartz, 
feldspar, and garnet. Abundant isoclinal folds form- 
ed in foliation occur parallel to the schistosity and 
fluxion structure, indicating at least two periods of 
intense deformation. Chlorite formed along the 



schistosity replaces biotite and, locally, sparse 
hornblende, indicating retrograde metamorphism 
from amphibolite facies to lower or middle green- 
schist facies during formation of the schistosity and 
fluxion structure. Micas in the schists are folded 
into small crenulations, indicating a later, weaker 
deformation. 

Field, petrographic, chemical, and isotopic 
data indicate that these massive sulfide occurrences 
formed in Devonian time in a submarine island arc 
environment (Lange and Nokleberg, 1984). The sub- 
marine origin is indicated by interlayering of the 
metavolcanic rocks and sulfide lenses and pods with 
former shale, siltstone, quartzite, and marl. How- 
ever, preliminary lead isotopic studies on sulfides 
samples from these deposits indicate a component 
of first cycle sediments derived largely from a Pre- 
cambrian crystalline terrane (LeHuray and others, 
this volume). 
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on the north edge of Prince William Sound and are 
the largest to have occurred in the Prince William 
Sound region since the magnitude 9.2 (moment mag- 
nitude) earthquake of 1964. Because of their remote 
location from any community, the earthquakes 
caused only slight darnage; however, they produced 
the largest ground acceleration recorded from any 
Alaskan earthquake since strong-motion recording 
began in Alaska after the 1964 shock. The earth- 
quakes were generated by predominantly normal slip 
on a steeply northwest-dipping, northeast-trending 
fault that is surmised to lie in the upper part of the 
subducted Pacific plate. 

Using arrival times of seismic waves record- 
ed by the southern Alaska regional seismograph net- 
work, t h e  earthquake foci were located to an esti- 
mated accuracy of better than 3-5 km (table 18). 
Seismic travel times to the regional stations were 
calibrated using well-located aftershocks recorded 
by portable seismographs deployed in and around the 
epicentral area following both earthquakes. The 
~ u l y  earthquake occurredat a depth of 30 km, about 
45 km west of Valdez and about 145 km east of 
Anchorage, (See fig. 60, Stephens and others, this 
volume.) The September shock originated 10 km 
southwest of the July earthquake, also at a depth of 
30 km (figs. 58, 59). The epicenters lie 
approximately 25 km east of the focus of the great 
1964 earthquake. The July and September 
earthquakes had comparable magnitudes (table 18). 

U.S. Geological Survey geologists made 
aerial reconnaissance flights over the source region 

Table 18;-Source parameters for the 1983 Columbia 
Bay main earthquakes. 

Date July 12 Sept 7 

Origin time 15:10:03.7 19:22:05.0 
(G.M.T.) 

Latitude 61" 02'N 60" 5g1N 

Longitude 147" l l i W  147" 19lW 
-- - 
Depth 30 km 30 km 
- - 

Body-wave 6.1' 6.2' 
magnitude (mb) 
-. 

Reviewers: J. P. Albers and D. P. Cox Surf ace-wave 6.4' 6.2' 
magnitude (Ms) 

THE COLUMBIA BAY EARTHQUAKES OF 1983 
Seismic moment 8 x 1 0 ~ ~  4 x 1 0 ~ ~  

(Md dyne-cm dy ne-c m 1 
by Robert A. Page, Christopher D. Stephens, 

Kent A. Fogleman, and Richard P. Maley 

On July 12 and September 7, 1983, two mag- Values from Monthly Listings, Prelimimry 
nitude 6 earthquakes shook southern coastal Determination of Epicenters, U.S. Geological 
Alaska. The shocks originated near Columbia Bay Survey. - 



following each earthquake (T. P. Miller, oral 
commun., July and September 1983). Few geologic 
or hydrologic effects were seen, in part because of 
the depth of the earthquakes. The July earthquake 
triggered a few small landslides, but none were ob- 
served after the September event. No surface 
faulting was observed for either shock. Both earth- 
quakes caused slight damage in Valdez-primarily 
goods knocked off shelves-and were widely felt 
throughout Prince William Sound, on the Kenai 
Peninsula, and in the Susitna lowlands. No signifi- 
cant structural damage was reported for either 
event. 

The July shock produced the strongest ground 
acceleration vet recorded for an Alaskan earth- 
quake  ale^" and Ellis, 1984). A strong-motion 
seismograph located at the Valdez High School 
recorded a peak horizontal acceleration of 0.32g on 
the N-S component. In comparison, the peak ac- 
celeration recorded about 1 km away at the Valdez 
City Hall was 0.13~. The difference in the ampli- 
tude and character of shaking a t  the two sites is at- 
tributed to differences in the dynamic response of 
the surficial geologic materials at the two sites. 
Records from the September earthquake likewise 
showed stronger shaking at the high school; how- 
ever, at both sites the accelerations from the 
September shock were smaller (less than 0.109). 

I \ Columbia 
Bay 

P r ~ n c e  W ~ l l ~ a m  Sound 
1 I 

0 10 KILOMETERS 

Figure 58.--Epicenters of Columbia Bay main shocks 
(large solid symbols) and well-located aftershocks. 
All aftershocks were recorded by local temporary 
seismographs (solid squares), as well as by more 
distant regional stations. Triangles, shocks from 
July 16-24; octagons, shocks from September 12- 
14. Aftershock magnitudes, determined from the 
duration of signal codas a t  regional stations, range 
from 1.6 to 3.8. Westernmost seismograph operated 
in September only, others in both July and 
September. Letters indicate cross sections in 
figure 59. 

Figure 59.--Cross sections of Columbia Bay main 
shocks and well-located aftershocks. Data and 
symbols as in figure 58. Section AA', view to the 
northeast along strike; BE', view to the northwest 
broadside to aftershock zone. 

Both earthquakes triggered several strong-motion 
recorders in Anchorage, but none registered accel- 
erations as large as 0.10g. The peak motions in 
Anchorage were nearly identical for the two shocks. 

Both earthquakes were followed by numerous 
aftershocks that provided valuable information on 
the subsurface faulting. To obtain accurate after- 
shock locations, especially focal depths, 3 or 4 
three-component seismographs were temporarily 
deployed after each earthquake in and around the 
epicentral region. The portable seismographs were 
deployed within 4 or 5 days of the main shocks. The 
July station sites were reoccupied in September. In 
addition to the portable seismographs, three nearby 
seismograph stations, which had been operated for 
several years as part of the Geological Survey's 
regional network until being deactivated in 1982 for 
lack of funding, were reactivated. 

Aftershocks of the July earthquake define a 
steeply dipping planar fault striking at an azimuth 
of 5S0, dipping 65" to the northwest, and lying in the 
depth range 22-32 km (triangles, figs. 58, 59). The 
hypocenters are probably accurate to 2 or 3 km. 
The length of the aftershock zone for the fourth day 
of the sequence through the twelfth day is 27 km, at 
least 7 km longer than for the first day of.the se- 
quence, as determined from aftershocks recorded 
only by stations of the regional network. Thus, 
aftershock activity following the first day appar- 
ently extended the initial rupture several kilometers 
northeastward. 

The September main shock occurred imme- 
diately southwest of the July aftershock zone (figs. 
58, 59). The ensuing aftershocks were more 
numerous, but more localized, than those in July. 
The September hypocenters define a cluster about 
6-9 km in diameter, lying in the depth range 26-35 
km (octagons, figs. 58, 59). There is no indication 
that the September aftershock zone expanded 
between the first and seventh day of the sequence. 

The smaller aftershock area for the Septem- 
ber shock suggests a smaller rupture, a pattern that 
is consistent with the smaller long-per iod surface- 
wave magnitude and the smaller seismic moment 



reported for that event (table 18). The two after- 
shock zones appear to overlap slightly; however, the 
overlap could be an artifact arising from location 
errors. In any case, the September earthquake did 
not reactivate a substantial fraction of the July 
rupture zone. 

The polarities of P waves recorded a t  region- 
a l  and teleseismic distances indicate predominantly 
normal faulting and practically identical mechan- 
isms for the July and September earthquakes. One 
of the P-wave nodal planes for each shock corre- 
lates closely with the rupture plane defined by the 
aftershocks (figs. 58, 59). In both cases, there is a 
component of left slip. The least compressive prin- 
cipal stress axes are subhorizontal, gently plunging 
to the northwest. Similar predominantly normal 
faulting at depths greater than 20 km was exhibited 
by two nearby magnitude 5 earthquakes that occur- 
red in the Columbia Bay-Valdez Arm vicinity in 
August and September 1973. 

Jacob and Perez (1981) suggested that earth- 
quakes beneath Kodiak Hand and offshore of the 
Kenai Peninsula with depths and focal mechanisms 
similar to those of the Columbia Bay shocks could 
be associated with bending stresses occurring in 
either the upper part of the subducting Pacific plate 
or in the lower part of the overriding North Amer- 
ican plate near its leading edge. The plate inter- 
face beneath the northern Prince William Sound re- 
gion is not clearly expressed in the 12 years of seis- 
micity data available from the regional seismic net- 
work. However, projecting the depth distribution of 
earthquakes beneath upper Cook Inlet and northern 
Kenai Peninsula (Lahr and Stephens, 1983), we infer 
that beneath northern Prince William Sound, the 
plate interface is shallower than 20 or 30 km. Thus, 
we surmise that the Columbia Bay earthquakes lie 
in the upper part of the subducting Pacific plate. 
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KAYAK ISLAND- 
ANALYSIS OF A GEOCHEMICAL ANOMALY 

by William J. Pickthorn, Richard J. Goldfarb, 
Richard M. OtLeary, Stephen J. Sutley, and 

Sarah Weever 

Kayak Island is in the northern Gulf of 
Alaska, near the abandoned town site of Katalla. 
Examination of samples collected during 1980-82 as 
part of geochemical studies in the Chugach National 
Forest identified significant barium and zinc ano- 
malies on Kayak Island; these anomalies continue 
northeast on to the mainland, into and near the Don 
J. Miller Hills (Nelson and others, 1984). Soils were 
sampled during the summer of 2983 to further de- 
termine the nature of the anomalies and extent of 
economic potential, if any. 

Highly anomalous values for barium and zinc 
(up to 9,000 ppm Ba and 300 ppm Zn) and minor as- 
sociated copper, molybdenum, and lead values in 
stream-sediment samples, along with elevated 
values for dissolved sulfate in stream water, suggest 
that Kayak lsland has potential for previously un- 
recognized barite-sphalerite mineralization. Data 
from stream-sediment panned concentrates is even 
more suggestive, with Ba and Zn values ranging to I 
more than 50,000 ppm. Visual examination showed 
that the concentrates contained abundant 
sphalerite, barite (some black), and pyrite (R. B. 
Tripp, U.S. Geological Survey, oral commun., 
1983). Galena and chalcopyrite were also noted in 
several samples. 

Bedrock on Kayak lsland consists principally 
of the Eocene to Miocene Poul Creek and Miocene 
Yakataga Formations (Plafker, 1974; Rau and 
others, 1983). The Poul Creek Formation, which 
includes rocks formerly assigned to the Katalla 
Formation (Rau and others, 19831, is composed of 
sandstone and siltstone, with interbedded mafic 
pyroclastic rocks and flows in the upper part of the 
unit (Plafker, 1974). Abundant pyrite and 
glauconite are also found in the upper part of the 
Poul Creek Formation. The Yakataga Formation is 
made up predominantly of ice-rafted silt and sand, 
which is in part conglomeratic. Several small mafic 
dikes and sills cut the Poul Creek Formation 
(formerly KataUa Formation of Plafker, 19741, but 
are not found in the Yakataga Formation. These 
mafic intrusives closely resemble the flows in the 
upper part of the Poul Creek Formation and are 
interpreted by Plafker (1974) as feeders for the 
extrusive phases. A small dacite plug intrudes both 
the Yakataga and Katalla Formations and forms the 
southern tip of the island. Sedimentary rocks have 
been hornfelsed for several hundred feet adjacent to 
the intrusive (Plafker, 1974). 

Due to extensive vegetative cover, soils were 
sampled to attempt to locate and identify the 
source of the sulfate and sulfide minerals. Using 
Plafkerts (1974) geologic map of Kayak Island as a 



guide, sampling sites were selected over major 
structures (faults and folds) and the different rock 
units. Samples were collected from the C soil hori- 
zon using a 3-in.-diameter soil. auger with exten- 
sions to dig through the tundra. Each sample was 
analyzed by atomic absorption for Zn, Ag, Co, Bi, 
As, and Se, and by semiquantitative spectrographic 
analysis for the standard 32 elements. The samples 
were then leached with oxalic acid and reanalyzed 
for barium and zinc to determine the association of 
these elements with manganese and iron oxides 
(Chao and Theobald, 1976). Zinc is very mobile in 
the weathering environment and will precipitate 
with manganese and iron as oxides. High Zn values 
in the soils and in the oxalic acid leach may repre- 
sent l1falsel1 anomalies, whereas high soil values with 

I low oxalic acid leach values most likely reflect pri- 
I mary minerals in the bedrock. 

The high barium values show a strong corre- 
lation with the glauconitic horizons in the upper 
Poul Creek Formation on Kayak Island. Zinc, which 
is very mobile, shows a fairly random distribution in 
the soil, occuring in varying amounts over both the 
Yakataga and Poul Creek Formations. By using the 
oxalic acid leach data to aid in determining "false" 
anomalies in the soil data, the tTtrue" zinc anomalies 
were shown to be associated with the mafic flows 
and dikes in the upper part of the Poul Creek 
Formation. 

The streams on Kayak Island have very steep 
drainages that tend to concentrate the heavier min- 
erals while carrying away the lighter material, cre- 
ating biased or false anomalies. Although the high 
barium and zinc values in the stream sediments and 
concentrates seem promising, they do not appear to 
indicate potential for economic barite-sphalerite 
mineral deposits on Kayak L~land. 
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SEISMICITY IN SOUTHERN ALASKA, 
OCTOBER I982 - SEPTEMBER 1983 

by Chrixtopher D. Stephens, Rent A. Fogleman, 
Robert A. Pqe, and John C. Lahr 

Several notable earthquakes occurred in or 
near southern Alaska between October 1982 and 
September 1983 (fig. 60; table 19). These include: 
two magnitude" 6 shocks in July and September 
1983 located beneath Columbia Bay along the north- 
ern margin of Prince William Sound, which are the 
largest events to occur in this area since the 1964 
Alaska earthquake; a magnitude 6 shock in June 
1983 located north of Icy Bay, which is the largest 
event in the aftershock zone of the 1979 St. Elias 
earthquake (7.1 M ~ )  since the mainshock; and 
several magnitude 5 shocks, including a 
5.3 m shock in January 1983 north of the Columbia 
Bay s!ocks, a 5.4 mb event in March 1983 on the 
Duke River fault in Yukon Territory north of 
Yakutat Bay, and a 5.0 m shock in August 1983 
southeast of Montague %land. Four other 
magnitude 5 shocks occurred during this time 
period, one in the St. Elias aftershock zone, one in 
the Columbia Bay aftershock zone, and two in the 
Aleutian Benioff zone west and north of Cook Inlet. 

Aside from aftershock activity related to 
some of these larger events, the distribution and 
rate of smaller events throughout the network (fig. 
61) were similar to those observed over the past 
several years (for example, Stephens and others, 
1984). West of Prince William Sound, the distribu- 
tion of seismicity is dominated by activity in the 
northwestward-dipping Aleutian Benioff zone, with 
relatively minor activity occurring in the crust of 
the overriding North American plate. An apparent 
concentration of shallow activity along the volcanic 
arc west of Coak Inlet is at least partially due to 
recent emphasis placed on locating events around 
the volcanoes. East of Prince William Sound, a low- 
er magnitude threshold is used to select events for 
processing because the rate of activity is lower than 
to the west. The distribution of this seismicity is 
less uniform and concentrated at shallower depths 
than in the western part of the network. Principal 
features in the seismicity are: (1) pronounced ac- 
tivity in the St. Elias aftershock zone north and east 

* 
Surface-wave (Ms) and body-wave (mb) 

magnitudes taken from the Preliminary 
Determination of Epicenters (PDE) of the U. S. 
Geological Survey National Earthquake Information 
Service (NEIS). 



Figure 60.-Earthquakes of magnitude 5 mb and larger that occurred in southern Alaska, Oct 1982-Sept 
1983. Larger symbol size corresponds to magnitude 6 and larger. Numbers next to events correspond 
to those listed in table 19. Dashed outline indicates approximate extent of Yakataga gap. CRD, 
Copper River Delta; IB, Icy Bay; KI, Kayak Island; MI, Montague bland; PWS, Prince William Sound; I 

YB, Yakutat Bay. Stars indicate Quaternary volcanoes. 1 
I 

Figure 61.-Seismicity in southern Alaska, Oct 1, 1982-Sept 30, 1983. Epicenters for 4,567 events are 
plotted. Symbol type corresponds to depth as indicated in figure 60. Magnitudes are determined from 
coda-duration. The lowest magnitude level to which data is processed varies within the mapped area 
due to uneven station distribution and to criteria used to select earthquakes for processing (see text). 
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Wle 19. Magnitude 5 Mb and larger earthquakes in southern Alaska, October 1982 - September 1983 

No. Date 
yr/mo/day 

- 
830101 
830330 
830419 
830628 
830712 
830715 
830806 
830809 
830907 
830907 

Time 
UT 

-. --- 
11:18 
18:06 
19:12 
03:25 
15:lO 
07:49 
16:34 
15:58 
19:22 
22:22 

Latitude 
(north) 
--- 
61 9 7 '  
6 194' 
6396' 
60°10' 
61 9 2 '  
60°14' 
60 "24' 
60°10' 
60 59 '  
61 000' 

Eongit ude 
(west) 

146"57' 
140°23' 
14ge42' 
141°15' 
14791' 
140'53' 
152054' 
147006' 
147q9' 
14778' 

Depth 
(km) 

Mag. Region 
(m,) 

5.3 North of Columbia Bay 
5,4 Duke River fault 
5.1 Aleutian Benioff zone 
6.0 St. Elias 
6.1 Columbia Bay 
5.1 St. Elias 
5.4 Aleutian Benioff zone 
5.0 Montague Island 
6.2 Columbia Bay 
5.0 Columbia Bay 

Depth constrained 

of Icy Bay; (2) concentrations of activity beneath 
the Copper River Delta and in the Yakataga gap 
area beneath Waxell Ridge about 75 km northeast of 
Kayak bland; (3) scattered activity across the con- 
tinental shelf, with moderate-sized events tending 
to occur along the edge of the continental shelf; 
(4) diffuse activity along the Fairweather fault sys- 
tem north and east of Yakutat Bay and along the 
Denali fault system; and (5) a few events that oc- 
curred in the northeastward-dipping WrangeU 
Benioff zone south of the WrangeU volcanoes. 

Focal mechanisms for the two Columbia Bay 
shocks determined from regional and teleseismic P- 
wave first motions and from the distribution of 
aftershocks (Page and others, this volume) indicate 
normal faulting on a steeply northwest-dipping 
plane between depths of about 20 and 35 km. The 
fault is inferred to occur in the upper part of the 
subducted Pacific plate. In January 1983, a magni- 
tude 5.3 mb shock occurred about 30 km north of 
the July shock at a depth of about 37 km. The 
mechanism for this event, determined from P-wave 
first motions a t  regional stations and a few teleseis- 
mic stations, also indicates normal faulting with 
northeast-striking nodal planes, although the orien- 
tation of the nodal planes is less certain than for 
the July and September shocks. The January shock 
occurred near the southern end of a northeast- 
trending zone of activity that has persisted since at 
least 1971 when the network was established. The 
Columbia Bay aftershock zone is offset from and 
rotated clockwise with respect to this northerly 
zone (fig. 61), suggesting that the activity in these 
two zones probably occurs on different structures. 

The mb 6.0 shock north of Icy Bay was loca- 
ted near the center of the aftershock zone of the 
St. Elias earthquake a t  a depth of about 15 km. The 
focal mechanism determined from regional P-wave 
first motions is compatible with predominantly low- 
angle thrusting on a northward-dipping plane and is 
consistent with the teleseismic solution published by 

NEIS. The mechanism is similar to the low-angle 
thrusting inferred for the St. Elias mainshock 
(~asegawa and others, 1980) and several larger 
aftershocks (Stephens and others, 1980; Stephens 
and others, 1984). The June 1983 event occurred 
near the southwest edge of a zone characterized by 
a relatively high rate of continuous aftershock ac- 
tivity since the St. Elias mainshock. This event and 
other shocks of magnitude 5 and larger that have 
occurred nearby in the zone generally have not trig- 
gered strong secondary aftershock activity; only 43 
shocks of coda-duration magnitude 1 and larger oc- 
curred within 3 days and 10 krn of the June 1983 
shock. Similarly, a magnitude 5 shock in July 1983 
occurred about 20 km east of the June event in the 
zone of high activity; it was without a strong secon- 
dary aftershock sequence. In contrast, 324 shacks 
of magnitude 1 and larger occurred within 3 days of 
a magnitude 5.0 shock in May 1982 that was located 
about 20 km south of the June 1983 event in the St. 
Elias aftershock zone (Stephens and others, 1984). 

A preliminary focal mechanism determined 
by NEIS from teleseismic data for the March 1983 
event on the Duke River fault indicates predomi- 
nantly thrust faulting on southeast-striking nodal 
planes. The locations of the aftershocks from this 
event are not sufficiently well constrained to deter- 
mine a fault plane, but a southward-dipping fault 
plane would be compatible with,the mapped attitude 
of the fault a t  the surface. 

Between January and September 1983, eight 
shocks of magnitude 5 and larger occurred within 
about 200 km of the 150-km-wide Yakataga seismic 
gap, which extends between the rupture zones of 
the 1964 and 1979 earthquakes approximately from 
the longitudes of Kayak bland to Icy Bay (fig. 60). 
This represents the highest annual rate of events at 
this magnitude level since 1970-71, although no cor- 
responding change in the rate of microearthquake 
activity in the gap was noted for the recent time 
period. Only the two shocks closest to the gap, 



those in the the St. Elias aftershock zone, are 
thought to have occurred on the northerly dipping 
interplate thrust that is inferred to extend beneath 
the region and is expected to rupture in a gap-filling 
event. The other shocks were located more than 
100 km from the perimeter of the gap, and it is un- 
likely that any of these events significantly affect- 
ed the stress conditions in the gap. However, it is 
possible that the increased rate of larger events re- 
flects a change in regional stress conditions that 
could affect the likelihood of a large event occuring 
in the gap. 
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SOUTHEASTERN ALASKA 

(Figure 62 shuws study areas described.) 

RE-INTERPRETATION OF THE AGE OF THE 
KUW-6TOUN BELT VOLCANIC ROCKS, 

KUPREANOF ISLAND, SOUTHEASTERN ALASKA 

by David A. Bww, Susan M Karl, 
and Eugene P. ~ a b e g i  

The Kuiu-Etolin volcanic-plutonic belt (Brew 
and others, 1979) consists of a variety of volcanic 
and plutonic rocks in a belt extending northwest- 
southeast across the Petersburg map area (fig. 62). 
Its geologic features are mapped and described by 
Brew and others (1984). The part of the belt discus- 
sed here corresponds to the south end of the Ter- 
tiary Admiralty trough of Miller and others (1959). 
The purpose of this note is to re-interpret the age 
of the volcanic rocks of the belt. These rocks are 
not formally named. 

'~ushwalker Exploration, Eagle River, AK 99577 

I l$p@ 

Figure 62.--Areas in southeastern Alaska discussed 
in this circular. Outlines define the areas described 
by the indicated authors. 

Buddington and Chapin (1929) provided the 
first thorough description of the volcanic rocks in 
the belt, based on Buddington's obse~vations in the 
southern K upreanof and east-central Ruiu Islands 
area. Buddington recognized that some of the 
rocks, especially those on southeastern Kupreanof 
Island, appeared to be appreciably younger than 
others. Nevertheless, he concluded that they were 
all of Tertiary age, based on the fact that they 
overlie plant-bearing sediments of early Tertiary 
age. Miller and others (1959) used Ruddington and 
Chapin's information in their analysis of the Ter- 
tiary Admiralty trough. Loney (1964) and Lathram 
and others (1965) contributed additional age infor- 
mation on the apparently time-equivalent volcanic 
and sedimentary rocks on Admiralty Island; these 
rocks are named the Admiralty Island Volcanics and 
Kootznahoo Formation (~a thram and others, 1965). 
The Kootznahoo Formation on Admiralty Island is 
now considered to be of Eocene to Miocene age, on 
the basis of plant Fossils in sandstone beds (Wolfe, 
1966; Wolfe, written commun., 1979; 1983). The 
Admiralty Island Volcanics generally overlie the 
Kootznahoo Formation, but intertongue near their 
base. In 1971, three whole-rock samples collected 
by H.C. Berg from basalt flows on Level Island, 
close to southeastern Kupreanof Island, were dated 
by M.A. Lanphere using the K-Ar method. The 
results suggested that the rocks sampled were no 
more than a few hundred thousand years old (M.A. 
Lanphere, U.S. Geological Survey, written commun., 
1972). 
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Figure 63.-Geologic map of southern Kupreanof Island (from Brew and others, 1984) showing 
localities A through D referred to in the text and map units as follows : Qb, Quaternary 
extrusive basaltic rocks and underlying sediments; QTr, Quaternary(?) and Tertiary rhyolite, 
rhyadacite, and related siliceous extrusive and intrusive rocks; QTc, Quaternary(?) and Tertiary 
volcaniclastic deposits; QTa, Quaternary(?) and Tertiary andesite and other intermediate 
extrusive rocks; QTb, Quaternary(?) and Tertiary basalt and other mafic extrusive rocks; and 
Mzu, Mesozoic rocks underlying the volcanic rock units. 

During fieldwork in 1983, Tobey recognized a types. Most flows are less than 1 m thick, but some 
glacial till unit interbedded with volcanic flows in a individual flows are up to 10 m thick; ~ l l  are typi- 
quarry on a small peninsula in Kah Sheets Bay on cally columnar jointed. Well developed pahoehoe 
southeastern Kupreanof Island (A, fig. 63) and in- flows with tumuli are common. The flows are 
formed the other authors. Additional fieldwork did underlain locally by dark gray aa flows and mafic 
not identify any other till occurrences, but it did volcanic breccia in layers up to 0.5 m thick and by 
lead to: (1) recognition of extensive Quaternary locally derived, poorly sorted, well-bedded brown- ~ flows and associated locally underlying sandstones to gray-weathering polymictic, volcanic-clast-rich 

I and conglomerates; (2) inference of a Tertiary and conglomerate, pebbly sandstone, sandstone, and 
I Quaternary(?) age for the remainder of the volcanic minor siltstone, deposited in fluvial or beach envi- 
I rocks on southwestern Kupreanof Island; and (3), re- ronments. The locality in Kah Sheets Bay exposes 

consideration of the plutonic and volcanic history of wen-indurated, matrix-supported polymictic glacial 
the Kuiu-Etolin belt. till in a 1-m-thick and 3-m-long lens underlying 

The youngest unit in the volcanic pile (repre- dense aphanitic basalt. The till Is medium to light 
sented by the symbol Qb, fig. 63), which is interpre- gray and consists of very poorly sorted, rounded to 
ted to be Holocene and(or) Pleistocene, consists of angular, fine to coarse gravel-size clasts of schist, 
several tens of meters of extrusive basaltic rocks graywacke, greenstone, and carbonate "floatinglf in 
and associated underlying sediments that locally a dense, microscopically layered matrix of calcite 
overlie the till in places. The till has been recog- and clay. The K-Ar-dated samples mentioned pre- 
nized at only one locality, and no striated pave- viously are from the dense aphanitic basalt unit. 
ments have been seen. No glacial deposits have The flows of the youngest unit (Qb of fig. 63) 
been recognized overlying these flows. and the underlying sediments of unit Qb are best ex- 

In this unit, fresh, locally polygonally jointed, posed along the south shore of Kupreanof hland 
dark greenish-gray, dense, very fine-grained to from Kah Sheets Bay (A, fig. 63) to Douglas Bay (B, 
aphanitic, magnetite-bearing olivine basalt and fig. 631, just west of Totem Bay, and at Indian Point 
minor pyroxene basalt are the most common rock and on High Castle Island in Duncan Canal. From 
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beyond locality C to north of Point Barrie (D, fig. 
63), we cannot conclusively identify map unit, but 
the complicated intrusive and extrusive volcanic 
pile in this area may include rocks belonging to it. 

Time-stratigraphic and lithostratigraphic re- 
lations are uncertain in the rocks inferred to under- 
lie the youngest volcanic unit. Rhyolites and 
basalts appear to have erupted at as-yet undeter- 
mined times and in no obvious or simple sequence 
after the Paleocene (as indicated by the age of the 
Kootznahoo Formation here where it locally 
underlies the volcanic pile). The four main units in 
this pile are as follows (fig. 63): 

(1) Rhyolite, rhyodacite, and related sili- 
ceous extrusive and intrusive rocks (repre- 
sented by the symbol QTr in fig. 631, which 
may be several hundreds of meters thick, 
consist of aphanitic to finely crystalline, 
generally quartz- and feldspar-porphyritic 
rocks that are locally layered, spherulitic, 
and(or) miarolitic. Heterogeneous strati- 
graphy includes lava flows, obsidian flows, 
lahars, welded and nonwelded ash, tuff, and 
I.apilli, all cut locally by porphyritic rhyolite 
and rhyodacite dikes. Extreme alteration, 
brecciation, and diking identify vents and 
domes. Massive, structureless, isolated 
rhyolite bodies suggest plugs. Columnar- 
jointed flows exposed in cliffs greater than 
100 m high are interpreted as cooling units. 

(2) Andesite and other intermediate extru- 
sive rocks (represented by the symbol QTa 
in fig. 63) consist of at least several tens of 
meters of fresh dark gray or altered green 
to maroon, blocky weathering, pyroxene and 
feldspar porphyritic, massive to vesicular 
and amygdaloidal flows which are 10-50 cm 
thick. 

(3) Basalt and other mafic extrusive rocks 
(QTb) consist of at least several tens of 
meters of dark-gray, rusty weathering, 
platy, blocky, or columnar jointed flows 
from 50 cm to several m thick. The flows 
are commonly vesicular and amygdaloidal; 
amygdule fillings include calcite, epidote, 
chalcedony, chlorite, and zeolites, in order 
of decreasing abundance. Platy flows are 
pyroxene microporphyritic; massive flows 
may contain magnetite, pyroxene, and 
olivlne. 

(4) Volcaniclastic deposits (represented by 
the symbol QTc in fig. 63) consist of an un- 
known thickness of unsorted to sorted pyro- 
elastic deposits, including felsic to mafic 
tuff, lapilli tuff, tuff breccia, felsic to 
mafio lahars, and oligomictic conglom- 
erate. These rocks tend to occur in and 
around outcrops of, and are locally interca- 
lated with, the rhyolite, rhyodacite, and re- 
lated extrusive and intrusive rock unit. 

According to this re-interpretation, at least 
a small part of the volcanic sequence in the Kuiu- 
Etolin volcanicplutonic belt definitely post-dates 
the youngest recognized glacial activity; it is pos- 
sible that a much larger part of the sequence is 
Holocene and(or) Pleistocene. The young flows both 
conceal and probably have less mineral resource po- 
tential than the underlying Tertiary volcanic 
rocks. Further definition of their relation to the 
older volcanic rock units may be important in future 
mineral resource exploration in this part of the 
Ruiu-Etolin belt. 
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BIOGEOCHEMIC AL RESPONSE AT THE 
G R E N S  CREEK MASSIVE SULFIDE DEPOSlT, 

ADMJRALTY ELAND 

by James A. Wman and Jerry M. Motooka 

The use of vegetation as a guide to mineral- ' 

ization assumes that plants assimilate, to varying 
degrees, elements found in mineral deposits. The 



,' sulfide deposits of probable Late Triassic age (H. C. 
Berg, U.S. Geological Survey, oral commun., July, 
1983; Berg and Grybeck, 1980). According to J. S. 
Dreschler (Noranda Exploration, Inc., oral commun., 
July, 1983), the first drill hole penetrated about 27 
m (90 f t )  of massive sulfide ore rich in Zn, Pb, Cu, 
and Ag, with barite as a gangue mineral. Good 
pathfinder elements are As, Cd, Rg, and Sb. De- 
velopment of the deposit is still. in the initial stages. 

Sitka spruce was sampled because (1) it is a 
dominant forest tree in the coastal forest of south- 
eastern Alaska (Harris and Farr, 1974, p. 16-17) and 
is easily recognized above the canopy; (2) it seems 
to have a greater affinity for the deeper mineral 
soil than does western hemlock, the other dominant 
tree (T. A. Hanely, Forestry Sciences Laboratory, 
Juneau, oral commun., July 1983); and (3) it tends to 
occur more frequently on well-drained sites than 
does hemlock ( S .  Torretta, Forestry Sciences ~ a b -  

\MILE oratory, oral commun., ~ u l ~  1983) and, therefore, 
I I I- I 0 I KILOMETER may be more widespread. 

A single branch was clipped from the top of a ~ Contour intervol 1000 teet tree at each of 17 drill-hole sites either at or near 
the ore body. Many of the drill-hole sites corre- 

Figure 64.--Topographic map of the Big Sore deposit sponded to areas where soil anomalies for Cu, Pb, 
area in the Greens Creek watershed. Sitka spruce Zn, and Ag were determined in an earlier survey 
samples were taken at sites indicated along the (Noranda Exploration, Inc., unpub. data). Six sites 
traverse line and at drill-hole locations over the ore were abo sampled along a traverse norrnal to the 
body. Aquatic mosses were collected at numbered strike of the steeply dipping major bedrock units 
sites along Greens Creek. Base from U.S. (fig. 64). Sampling was done from an open heli- 
Geological Survey Juneau (A-21, Alaska, 15-minute copter with the person collecting the samples secur- 
topographic map, 1951. ed in a climbing harness. 

Cones and stems of Sitka spruce were dried, 
analysis of the ash of plant samples may serve to 10- a s h 4  at 500C, leached with nitric acid, and ana- 
cate such deposits. Few studies have been published lyzed separately by inductively coupled plasma- 
on this use of plants in Alaska. One notable excep- atomic emission spectrometry (ICP); needles of the 
tion is a study of a uranium deposit in southeastern plants were discarded. Contrast, for the most part, 
Alaska (Eakins, 1970), which included a study of was low, and the results showed no consistent pat- 
Sitka spruce. tern related to mineralized outcrop or to soil 

A pilot study primarily of Sitka spruce (Picea anomalies. A puzzling negative **anomalyTT occurred 
sitchensis) but also aquatic mosses was conducted in at the gossan. There, the lowest Ba, Al, and Ni con- 
August 1983 at Norandals Big Sore deposit in the centrations were found in the cones, and the lowest 
Greens Creek watershed of Admiralty Island (fig. As, B, Al, Ni, and P concentrations were found in 
641, about 29 km southwest of Juneau. the stems. Stems contained greater amounts of Be, 

The study had two purposes: to determine CO, Cr, Pb, and Y than did the cones; Pb was not 
(1) if biogeochemical techniques may be useful in detected in the cones. Elements showing a greater 
southeastern Alaska, where much of the landscape variation in Concentration, making them more use- 
is heavily vegetated, and (2) if sampling from a heli- ful as diagnostic indicators, were As, Ba, Cd, Mo, 
copter at tree-top level is not only feasible, but also Ni, and Pb (for stem samples). Maximum variation 
useful. Tree-top sampling of cones by such means in these elements is at least an order of magnitude, 
has been used routinely by the Canadian Forest differing markedly from the contrasts of no more 
Service. Geochemical sampling by fixed-wing air- than a factor of two for Cu and Zn. 
craft was described a decade ago (Sainsbury and During the time that the spruce trees were 
others, 19731, but sampling by helicopter for min- being sampled, a ground party conducted a stream- 
era1 exploration has not been reported. It has great sediment and water sampling survey along Greens 
potential in coastal Alaska where the steepness of Creek. Samples of aquatic mosses were collected 
the terrain, inaccessibility of outcrops, and the den- at several sites (fig. 64). 
sity of the forest hampers more conventional Mosses have been reported to act as passive 
ground-level sampling. ion exchangers and have a high surface-to-volume 

The ore body is part of a structurally corn- ratio; they are therefore effective traps for dis- 
plex, discontinuous belt of volcanogenic massive solved metals (Erdrnan and Modreski, 1984). Aqua- 
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tic mosses are also effective sediment traps (Smith, 
1976) and can retain much contaminant material, 
even after careful rinsing. 

Ash yields of some of the aquatic moss sam- 
ples (table 20) indicate high sediment loads, which 
complicate the interpretation of the analyses. 
However, when the results are expressed as concen- 
trations in the dry material, the map pattern of the 
elements can be related to known mineral occur- 
rences. 

Of the analytical results shown in table 20, 
the only detectible As was found in the sample 
taken at the mouth of Big Sore Creek below the ore 
body. Concentrations (dry-weight basis) of Ba, Pb, 
Zn, and Cd are anomalous in this sample when com- 
pared to both the regional background sample and 
the two samples collected in Greens Creek up- 
stream from Big Sore Creek. The only Cu 
"anomaly" (twice background) occurred in sample 
JA166M (fig. 64). This moss sample also yielded 
levels of Ba, Cd, Pb, and Zn comparable to those at 
the Big Sore Creek site. 

In conclusion, results of the helicopter- 
assisted sampling proved inconclusive. Tree-top 
sampling is clearly an efficient method, but, at 
least for Sltka spruce, it may not be a very useful 
one. On the other hand, it seems that aquatic moss- 
es sampled from the watershed not only reflect the 
Big Sore deposit, but may point to another mineral 
occurrence more than a mile to the northwest. 
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W l e  20.--Elgnent concentrations (ppm in dry m t t e r )  of aquatic mosses from the 
Greens Creek watershed, W i r a l t y  Island. Cbncentrations i n  the ash appear in 
parentheses. See figure 64 for sample locations. 

sarrples k h  As Ba Cd 0~ Pb Zn 
(percent 

J A O ~ ~ @  10.3 <1.2(<12) 46(450) 0.1(<1) 39(380) 4.3(42) 37(360) 
JAl61M 14.2 C1.1(<8) 31(220) 1.2(8.5) 45(320) 4.7(33) 130(890) 
JA16 3M 22.2 <1.8(<8) 56(250) 1.3(5.8) 47(210) 6.0(27) 120(520) 
JA16 5M 42.3 10.(24) 280C670) 5.5(13) 59(140) 34(80) 330(770) 
JA16 6M 46.3 < 4 . ( < 8 )  150(330) 5.6(12) 110(232)46(99) 520(1100) 

a ~ p e c i e s  ident if icat ions,  determined by H. T. Shacklette, are as follows: JA045M 
(Onpyliun stellatlan iHedw.1 C. Jens.) ;  JAl6lM (Rrblystegim f luviat  i l e  var. 
notero h 11- < Lesq.] ~ l w . 1 ;  JA163M (same as JA161M); JA165M (same a s  
3-JA166M (Brachytheciun rivulare B.S.G. 1. 

b ~ ~ 0 4 ~  represents a regional background sanple. I t  was collected f ran the 
northwest corner of lbuglas Island near the mu th  of Cove Creek, beyond any known 
source of mineralization. Except for Cu, i t s  carposition i s  widely divergent from I 
that of a sarrple (JA165M) of the same species taken a t  the m u t h  of Big Sore Creek 
( f i g .  64). Effects of species differences have been discounted by Erdman and 
Modreski (1984); comparisons with samples of other species a re  equally valid. 

9 0 



Sainsbury, C. L., Curry, K. J., and Hamilton, 5. C., 
1973, An integrated system of geologic map- 
ping and geochemical sampling by light air- 
craft: U.S. Geologicel Survey Bulletin 1361, 
28 p. 
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CHEMICAL ZONATION OF GARNET 
M PELITiC ROCKS OF THE 

COASl' PLUTONIC-MFTAMORPHIC COMPLEX 
NEAR JUNEAU 

by Glen R. Himmelberg, Arthur R Ford, 
David A. Brew, and Stephen Van Horn 

A large number of studies have dealt with 
the chemical zonation of garnet in metamorphic 
rocks. (See Tracy, 1982, for a review of this 
topic.) Although a general pattern of behavior has 
been established, it has also become obvious that 
there are differences in zoning details that reflect 
differences in the evolution of metamorphic ter- 
ranes (Tracy, 1982; Spear and Selverstone, 1983; 
Spear and others, 1984). This report describes ini- 
tial studies of chemical zonation of garnet in eight 
samples of pelitic schist from the Coast plutonic- 
metamorphic cam plex along Blackerby Ridge near 
Juneau (fig. 62). This metamorphic terrane contains 
mineral assemblages that range from those of the 
prehnite-pumpellyite metagraywacke facies to 
those of the upper amphibolite facies. The first ap- 
pearances of the Barrovian index minerals biotite, 
garnet, staurolite, kyanite, and sillirnanite, which 
were first documented by Forbes (1959) and mapped 
over an extensive area of the Coast plutonic-meta- 
morphic complex by Ford and Brew (1973, 1977) and 
Brew and Ford (1977), recently were shown to mark 
the occurrence of particular model reactions and 
are, thus, true reaction isograds (Himmelberg, Ford, 
and Brew, 1984). 

In general, garnet zoning patterns are of two 
types (Tracy, 1982): (1) growth zoning that develop- 
ed because of a continuous or discontinuous change 
in composition of the material supplied to the grow- 
ing crystal; and (21, diffusion zoning that is imposed 
upon a preexisting crystal through intracrystalline 
diffusion. At Blackerby Ridge, garnet from the gar- 
net zone into the upper kyanite zone is character- 
ized by growth zoning. (See Himmelberg and 
others, 1984, for mineral assemblages and AFM 
topology characteristics of each zone.) The growth 
zoning pattern consists of decreasing XMn 

( ~ n / ( ~ e  + Mg + Mn) and XCa (Ca/(Fe + Mg + ~ a ) ,  

and increasing XMg, from the core of the garnet 

toward the rim. In addition, growth zoning patterns 
in samples of the staurolite to upper kyanite zone 
show a reversal in XMn, and in some cases XCa, a t  

the rim of the garnet. These reversals are generally 
restricted to 0.1 to 0.2 mm inward from the grain 
boundary. 

The smooth zoning curve of M n  (and Ca) de- 
pletion and Mg enrichment for garnet in the garnet 
zone is similar to zoning patterns reported for gar- 
net in other pelitic schists of kyanite and lower 
grades (for example, Hollister, 1966; Guidotti, 1974; 
Tracy and others, 1976; Crawford, 1977; Thompson 
and others, 1977) and is interpreted to indicate gar- 
net growth during a single prograde reaction where 
Mn (and Ca) is strongly fractionated into the garnet 
a t  the beginning of its growth and Mg is enriched in 
the garnet during growth with increasing ternpera- 
ture. Mineral assemblage data suggest that for the 
Blackerby Ridge garnet the reaction was 

Chlorite + Muscovite + Quartz = 
Garnet + Biotite + H20 (I), 

which is a continuous reaction and would result in 
the garnet becoming progressively enriched in Mg 
with increasing temperature (Thompson, 1976). 

The growth zoning pattern in the staurolite 
to upper kyanite zone presumably indicates a more 
complex history. Much of the zoning path is similar 
to that in the garnet zone, suggesting growth during 
reaction (1). The reversal in zoning pattern (Mn 
enrichment) near the rim may be a result of the 
prograde reaction 

Chlorite + Muscovite + Quartz = 
Staurolite + Biotite + Quartz + H20 (21, 

which is the reaction isograd between the garnet 
and staurolite zones (Himmelberg and others, 
1984). This reaction would result In resorption of 
garnet, which could effectively concentrate M n  in 
the garnet rim, since Mn is preferentially fraction- 
ated into the garnet relative to the product phases 
(Thompson, 1976). Garnets with the reversed 
growth zoning pattern commonly show irregular, 
embayed grain boundaries, supporting the 
interpretation of reaction resorption. 

Garnets in the uppermost kyanite zone and 
the sillimanite zone exhibit diffusion zoning. These 
garnets are, for the most part, relatively homoge- 
neous or weakly zoned, with a narrow rim that has a 
slightly increasing XMn and generally decreasing 

XMg. The zoning pattern is similar to diffusion 

zoned garnets in sillimanite grade rocks of other 
metamorphic terranes (Grant and Weiblen, 1971; 
Hollister, 1977; Woodsworth, 1977). The near homo- 
geneous composition of these higher grade garnets 
is attributed to the rate of volume diffusion exceed- 
ing the rate of crystal growth at the temperatures 
of sillimanite-grade metamorphism (Tracy and 
others, 1976; Woodsworth, 1977). As suggested by 
Tracy (19821, the concentration of Mn in the rim of 



some garnets is probably a result of retrograde re- 
sorption of the garnet with fractionation of the Mn 
into the garnet rim and Mg into a retrograde 
product, presumably biotite. 

Using garnet-biotite geothermometry (Ferry 
and Spear, 19781, the change from growth zoning to 
diffusion zoning occurs between about 605' and 
690°C. 
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LACK OF RELATION BETWEEN THE 
TID AL-FLAT ENVIRONMENT 

AND UPSTREAM MINERALIZATION, 
PETERSBURG QUADRANGLE 

b h  H. Fllipek, Theodore BotineIly, 
and Walter H. Fidrln 

Increased metal concentrations were found in 
estuarine waters from tidal flats receiving drainage 
from mineralized areas in the Petersburg Quadran- 
gle (Filipek, 1984). These results generated interest 
in using samples collected from easily accessible 
tidal flats for reconnaissance exploration rather 
than samples collected upstream in rugged and 
heavily vegetated terrain. In 1982 and 1983, there- 
fore, further investigations of the tidal-flat envi- 
ronment were conducted. The results of these later 
investigations indicate that neither sediment nor 
water collected from tidal flats makes an effective 
exploration medium due to the variety of physical 
and chemical processes that occur in this 

Hollister, L. S., 1977, The reaction forming environment. 
cordierite from garnet, the Khtada Lake The drainage sediments in the Petersburg 
metamorphic complex, British Columbia: Quadrangle appear to be diluted on the tidal flats by 
Canadian Mineralogist, v, 15, p. 217-229. fine material transported in from outside sources. 



Near Petersburg, large volumes of glacial flour are 
transported as suspended matter from the Stikine 
River into the neighboring straits. The strong tidal 
currents transport the flour large distances, with 
the result that fine sediment collected from several 
tidal flats on Zarembo, Kuiu, and Kupreanof Islands 
(fig. 65) could not be distinguished from Stikine 
River suspended matter on the basis of mineralogy, 
using X-ray diffraction and optical techniques. 

The Cu concentrations in minus-80 mesh 
sediments of several tidal flats show large varia- 
tions over the flat. For example, the Cu eoncentra- 
tions in sediments of Radake Bay, Kuiu hland (fig. 
66) are low compared to stream sediments above 
tidal influence. In contrast, Meter Bight sediments 
(Zarembo Island) (fig. 67) have higher Cu concentra- 
tions, for the most part, than sediments from 
streams draining into the Bight. 

Dissolved metal concentrations in water 
from the tidal-flat environment have no relation to 
mineralization upstream. Rather, the estuarine Cu 
and Zn concentrations, for the most part, are posi- 
tively correlated with salinity (fig. 68). As 

discussed by Filipek (1984)) this positive correlation 
contrasts with most published results (Sholkovitz, 
1978; Sholkovitz and others, 19781, which show that 
heavy metal concentrations in water decrease a7 
salinity increases, due to Flocculation of iron oxide 
and organic colloids. The increase of Cu and Zn 
with salinity in this study is a local phenomenon. 
Because of the high rainfall and rugged glaciated 
terrain of southeast Alaska, streams are fast 
flowing and thus quite low in metal content. The 
Cu and Zn concentrations in southeast Alaska 
stream waters are lower than the average concen- 
trations in sea water in the southeast Alaska straits 
(Filipek and Ficklin, 19831, and these elements exist 
mainly in true solution, rather than associated with 
colloids. As the stream water and sea water mix on 
the tidal flats, their dissolved metals also mix. 

An additional source of dissolved Cu on the 
tidal flats is the Cu released during diqenetic re- 
mobilization (Filipek and Fieklin, 1983). Based on 
examination of cores from three tidal flats, it ap- 
pears that dissolution of Cu occurs at sediment 
depths of about 1-10 cm, probably due to breakdown 
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Figure 65,--Map of study area, which includes most of the Petersburg Quadrangle and the 
easternmost part of the Port Alexander Quadrangle. Areas enclosed in boxes are shown in 
figures 66 and 67. 



of organic matter. Some of the dissolved Cu 
appears to diffuse into the overlying water column, 
some reprecipitates in the uppermost sediment, and 
some diffuses downward to precipitate as Cu- 
bearing sulfides below about 15 cm. It is likely that 
less than 10 percent of the Cu in the sediment 
actually escapes into the overlying tidal-flat water, 
based on mmparison of Cu concentrations in stream 
and tidal-flat sediments. 

In summary, a variety of physical and chem- 
ical processes occur in the tidal-flat environment of 
the Petersburg Quadrangle, and probably throughout 
southeast Alaska. These processes include transport 
of fine materials from exogenous sources, diagene- 
tic remobilization of some ore metals, and authi- 
genic precipitation of metal sulfides. From a scien- 
tific viewpoint, the tidal-flat environment offers a 
host of research possibilities. However, from a re- 
connaissance exploration viewpoint, the tidal flats 
are too complex to provide a meaningful picture of 
mineralization in the upstream drainage basin. 

K U I U  I S L A N D  

Figm% 67.-Drainage into Meter Bight, Zarembo 
Island. Sample locations of minus-80 mesh stream 
and mudflat sediments are shown by dots; numbers 
indicate total Cu concentration in parts per million. 

S A L I N I T Y  ( P A R T 8  PER THOUSANDS) 

Pigcrre 68.-Dissolved (less than 0.45 microns) metal 
HguFe 66.-Drainage into Kadake Bay, Kuiu Island. concentrations as a function of salinity in water 
Sample locations of minus-80 mesh stream and from St. John Harbor, Zarembo Island. The water 
mudflat sediments are shown by dots; numbers was collected at a single location at  different tidal 
indicate total Cu concentration in parts per million. stages. 
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LEAD ISOTOPES FROM 
VOLC ANOG ENC MASSIVE SULFIDE D E P O m  

JN THE ALEXANDER TERRANE 

by Anne P. LeHuray, Harold S. Stowen, 
and Stanley E Church 

Complexly deformed and metamorphosed 
sedimentary, volcanic, and intrusive rocks ranging 
in age from pre-Ordovician to Cenozoic comprise 
much of western Canada and southeastern Alaska. 
Two volcanogenic massive sulfide deposits from this 
region-the Greens Creek and the Sweetheart Ridge 
deposits-were sampled for Pb-isotopic analysis. In 
general, Pb-isotopic data from volcanogenic mas- 
sive sulfide deposits reflect the interaction of en- 
simatic volcanism with the crust. There may be 
little influence of mantle-derived Pb in the 

I Pb-isotopic data from volcanogenic massive sulfide ~ depmits associated with continental margin volcan- 
ism. Rather, the Pb-isotopic data represent Pb 
from a crustal reservoir (Doe and Zartman, 1979). 
Ore-leads that fall above the regression line for 
mid-ocean ridge basalts (MORB, fig. 69) reflect a 
mixing process between the mantle and the crust. 

The volcanogenic massive sulfide deposit at 
Greens Creek, at the northwest end of Admiralty 
Island, occurs in felsic and intermediate metatuff 
intercalated with carbonaceous phyllite and argil- 
lite. The deposit is a stratabound Zn-Pb-Ag- 
(-Cu-Au)-barite lode that occurs in strata possibly 
as old as Devonian (Berg and others, 1978) or as 
yodng as late Triassic (Berg and Grybeck, 1980). 
The isotopic composition of Pb from a single galena 
sample from this deposit has the following 
composition: 

206pb/204pb = 18,670; 2 0 7 ~ b / 2 0 4 ~ b  = 15.610; 

2 0 8 ~ b / 2 0 4 ~ b  = 38.45. 
'l'he Sweetheart Ridge deposit, situated about 

60 km southeast of Juneau in the Sumdum D-6 
Quadrangle, occurs in metavolcanic schist of 
original probable Permian or Triassic age (Brew and 
others, 1971). The deposit, described by Stowell 
(1981), contains Au-Cu-Zn-Pb mineralization; both 
the stratigraphic and geochemical data support a 
volcanogenic origin. Two samples of galena from 

the deposits were analyzed, giving: 2 0 6 ~ b / 2 0 4 ~ b  = 
18.876; 2 0 7 ~ b / 2 0 4 ~ b  = 15.659; 208~b/204Pb = 38.54; 
the results differed only within analytical error (0.1 
percent/mass unit). Geologic studies indicate that 
the deposit was metamorphosed, probably during 
Cretaceous time (Brew and others, 1977). Galena 
from a quartz vein that crosscuts the enclosing 
strata near the Sweetheart ~ i d g e  deposit has the 
following composition: 2 0 6 ~ b  / 2 0 4 ~ b  = 18.963; 

207pb/204pb = 15.671; 2 0 8 ~ b  / 2 0 4 ~ b  = 38.65. 

MORB 
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Figure $0.--Diagram from LeHuray and others 
(1985) showing the Pb-isotopic data from 
volcanogenic massive sulfides from the Sweetheart 
Ricge (5) and the Greens Creek (G) deposits and 
from a crosscutting quartz vein (K). The Pb- 
isotopic composition of the mantle is represented by 
the MORB regression line (Church and Tatsumoto, 
1975). Field A represents the Pb-isotopic data 
observed from the Jarvis Creek Glacier terrane 
north of the Denali fault in the Mount Hayes 
Quadrangle; B represents the data from the 
Wrangellia terrane south of the Denali fault 
(LeHuray and others, 1985). 



The Pb-isotopic data from these two vol- 
canogenic-massive sulfide deposits, the Sweetheart 
Ridge and Greens Creek deposits, if compared with 
the Pb-isotope growth curve, indicate that the Pb 

formed in a 2 3 8 ~ / 2 0 4 ~ b  environment typical of up- 
per crustal rocks. The 2 0 7 ~ b / 2 0 4 ~ b  ratios are high 
relative to MORB, and the Pb-isotopic data for both 
the Greens Creek and Sweetheart Ridge deposits 
plot to the right of the 200-m.y. isochron (fig. 69). 
Assuming that both deposits are Permian or Triassic 
in age (Berg and Grybeck, 19801, the Pb-isotopic re- 
sults would suggest that the deposits formed by 
mixing with different crustal Pb-isotopic reservoirs 
and perhaps are not a part of the same tectonostra- 
tigraphic terrane (Berg and others, 1978). However, 
if the Greens Creek deposit is as old as Devonian 
(Berg and others, 19781, the Pb-isotopic results may 
be compatible with formation in the same tectono- 
stratigraphic terrane (Brew and Ford, 1984). That 
is, the two deposits may have formed by mixing of 
mantle Pb with sediment-derived Pb from the same 
upper crustal Pb-isotope reservoir. The separetion 
of Pb-isotopic signatures from the two deposits (fig. 
69) is approximately as expected from radiogenic 
growth of Pb over a 100-150-m.y. (Devonian to 
Permian or Triassic) period in an upper crustal 
reservoir of recycled sediment. The difference in 
Pb-isotopic composition of the Sweetheart Ridge 
deposit and the galena from the crosscutting quartz 
vein can be readily explained by radiogenic growth 
from the time of deposition (Permian or Triassic) to 
the time of metamorphism (Cretaceous). 

Finally, a comparison of the Pb-isotopic sig- 
nature of the volcanogenic massive sulfide deposits 
from Greens Creek and Sweetheart Ridge with 
those from the Devonian Jarvis Creek Glacier ter- 
rane (A, fig. 69) and the Permian or Triassic 
Wrangellia terrane (B, fig. 69) from the Mount 
Hayes Quadrangle about 1,000 km to the northwest 
indicates that these two depwits represent upper 
crustal reservoirs having different Pb-isotopic 
signatures. In each case, the ores give a potentially 
unique Pb-isotopic signature for deposits of a 
specific geologic age. Application of Pb-isotopes to 
fingerprint ore deposits may prove useful in 
unraveling the current tectonostratigraphic melange 
in Alaska. 
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SPHALKRITE GEOBAROMJWBY IN THE 
COAST RANGE MEGALINEAMENT ZONE 

NEAR HOLRHAM BAY 

The purpose of this note is to report prelimi- 
nary results of a study of sphalerite geobarometry 
based on samples from the Holkham Bay area and to 
provide a comparison of these results with what is 
known about metamorphic pressures based on meta- 
morphic silicate minerals. 

The Coast Range megalineament zone (CRMJI) 
is a prominent zone of faults and well developed 
foliation paralleling the Coast plutonic complex in 
southeastern Alaska and British Columbia (Brew and 
Ford, 1978; Crawford and HoUister, 1982), which is 
defined here to include all of the steeply dipping, 
folded and faulted metamorphic rocks between 
Stephens Passage and the foliated tonalite of the 
western Coast Plutonic Complex (figs. 70a, b). 

Department of Geological and Geophysical 
Science, Princeton Univ., Princeton, N J  08544 



Figure 70.-(A) Location of the Holkham Bay area in southeastern Alaska. (B) Map of Holkham 
Bay including the western contact of the Coast plutonic complex (CPC), the Coast Range 
megalineament zone (CRM), and the Sweetheart (1) and Surndum (2) prospects. 

These rocks are part of the Taku terrane (Berg and 
others, 1978; Jones and others, 1981), are inferred 
to be of original Permian and Triassic age (Brew and 
others, 19771, and to have been metamorphosed in 
Late Cretaceous or early Tertiary time (Brew, 
1983). Metamorphic grade increases from west to 
east, ranging from chlorite to staurolite and kyanite 
zones in the Holkham Bay area (Stowell, 1981). 

Numerous subvertical faults of unknown displace- 
ment are subparallel to the CRM and to the is- 
grads, possibly modifying the original spatial rela- 
tions between the metamorphic mineral 
assemblages . 

The sphalerite geobarometer has been ex- 
perimentally calibrated and tested on naturally 
occurring pyrite, pyrrhotite, and sphalerite assem- 



blages (Scott and Barnes, 1971; Scott, 1976; 
Hutchison and Scott, 1980). Although the baro- 
meter has been criticized as being more tempera- 
ture dependent at low temperatures than originally 
proposed (P. 8. Barton, U.S. Geological Survey, oral 
commun., 1984) and subject to error due to disequi- 
librium during or after peak metamorphic conditions 
(Brown and others, 19781, metamorphic conditions 
can be constrained by the FeS content of sphalerite 
coexisting with pyrite and pyrrhotite (Hutchison and 
Scott, 1980). Several studies of natural sulfide as- 
semblages have shown that differences in PeS con- 
tent can be present between sphalerite in contact 
with only pyrite, with only pyrrhotite, or with both 
minerals (Brown and others, 1978; Hutchison and 
Scott, 1980). This implies that equilibrium might be 
present only along grain contacts. 

Both the Sumdum copper-zinc prospect 
(MacKevett and Blake, 1964) and Sweetheart Ridge 
gold prospect (fig. 70b; Brew and others, 1977) con- 
tain lenses of massive and disseminated sulfide min- 
erals that are parallel to metamorphic layering and 
bedding and that are interpreted to have been con- 
formable prior .to deformation (Brew and others, 
1977; Stowell, 19811, The Sweetheart Ridge pros- 
pect occurs in staurolite-kyanite zone schist and 
gneiss. These rocks are inferred to have crystalliz- 
ed at 550" C at 4.3 kb based on (1) the apparent 
equilibrium of staurolite with biotite but not with 
chlorite or white mica (Hoschek, 19691, (2) prelimi- 
nary results from biotite-garnet geothermometry, 
and (3) the presence of kyanite and absence of silli- 
manite and andalusite, The Sumdum prospect is in 
similar staurolite schist, which, however, lacks 
kyanite. 
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Pigure 71.-Histogram of FeS content in sphalerite 
from the Sumdum prospect. The mode for analyses 
of grains in contact with pyrite and pyrrhotite 
(stippled pattern) is not significantly different from 
the mode for all analyses. Analyses reported here 
are averages of up to fifty, lo-second, wavelength 
dispersive microprobe aylyses over single grain 
areas of up to several mm where no compositional 
zonation was found. The FeS content chosen to 
represent metamorphic conditions is 14.7 mole 
percent. 

Electron microprobe analyses were taken at 
5-micron or smaller intervals across sphalerite, 
pyrite, and pyrrhotite grains to test for zonation 
and inhomogeneity. Results show that the FeS con- 
tent of sphalerite (1) generally does not vary more 
than one mole percent within grains (all less than 2 
mole percent), (2) commonly remains constant from 
the center of a grain to a pyrrhotite-sphalerite con- 
tact, and (3) in many instances decreases slightly 
from the center of a grain to a pyrite-sphalerite 
contact. 

All the sphalerite grains from the Sumdum 
prospect have similar FeS content-all but 10 of 39 
grains analyzd contain between 13.9 and 14.9 mole 
percent FeS. A histogram of mole percent FeS con- 
tent for the analyzed sphalerite grains shows a 
mode at 14.75 mole percent FeS (fig. 71, all 
analyses). 

The consistent values of FeS content, both 'in 
and among almost all the sphalerite grains from the 
Sumdum prospect, and their granular texture pro- 
bably result from equilibrium attained during meta- 
morphism, because partial re-equilibration should 
have resulted in more prominent compositional gra- 
dients within grains than were observed. A h ,  
greater differences in composition among grains 
would be expected if disequilibrium were important 
(due to differences in the activity of FeS). The 
mode for all analyses was used to calculate a pres- 
sure of 4.920.4 kb from an equation derived by 
Priestly Toulmin (P. B. Barton, oral commun., 1984). 
An estimated metamorphic temperature of 550' C 
was derived from the silicate minerals. 

The PeS cpntent of six sphalerite grains from 
the Sweetheart R i a e  prospect ranges from 13.7 to 
14.6 mole percent FeS, These preliminary results 
indicated that the pressure of sulfide equilibration 
at  Sweetheart Ridge was similar to that at the 
Sumdum prospect , which is about 17 km away and 
nearly on strike with regional structures. 

Pressures calculated from the sphalerite geo- 
barometer of 4.9f0.4 kb, using the analyses from 
the Sumdum prospect, are compatible with pres- 
sures estimated from kyanite-staurolite zone min- 
erals found on Sweetheart Ridge. The values are 
valid if the geobarometer is temperature indepen- 
dent, as originally proposed, or if a temperature of 
550" C is used to calculate the pressure. However, 
if the sulfide minerals equilibrated after the silicate 
minerals and the geobarometer is as temperature 
dependent as is proposed by P. B. Barton, the FeS 
content of the sphalerite grains could indicate a 
late metamorphic pressure as low as 3 kb at 300%. 
Although the geobarometer may well be tempera- 

I 

, 
ture dependent, it seems likely that the higher pres- 
sures and temperatures are correct for the eastern 
part of the CRM when the equilibrium metamorphic 
textures, lack of large inhomogeneities both within 
and among grains, and relatively slow diffusion 
rates for iron in sphalerite (Goble and others, 1979) 
are considered. 
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OFFSHORE ALASKA 

(Figure 72 shms study areas described.) 

Figure 72.--Areas in offshore Alaska discussed in 
thls circular. Outlines define the areas described by 
the indicated authors. 

CHARACTER AND IMPLICATIONS OF NEW 
ICE GOUGE3 IN EASTERN HARRISON BAY, 

BEAUFORT SEA 

by Douglas I. Rearic 

The gouging action of ice keels extending be- 
low the sea-ice canopy on high-latitude continental 
shelves creates a furrow and ridge microtopography 
on the sea floor. This gouging is also responsible for 
the disruption and transport of bottom sediment on 
the shelf and results in the mixing of shelf sediment 
to a depth of as much as 5 m (Beimnitz and Barnes, 
1974). In the Alaskan Beaufort Sea, an essentially 
solid, but mobile, ice canopy exists for about nine 
months of each year, during which time sub-ice 
ocean currents are minimal (Matthews, 1981) and 
sediment transport by hydraulic processes is arrest- 
ed. Therefore, ice gouging may be the dominant 
sediment transport process on the shelf during most 
of the year. 

Two tracklines covering different seafloor 
morphologies in eastern Harrison Bay, 50 km west 
of Prudhoe Bay, were surveyed each summer be- 
tween 1977 and 1982; one covers a relatively 
smooth, non-shoaled bottom, and the other covers 
an area containing three successive 2-3 m high 
shoals which trend east-west and are subparallel to 
the isobaths. Repetitive studies using side-scan 
sonar and fathometer indicate that ice gouging 
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Figure 73.-Estimated volumes of sediment 
disruption in 1-m water depth intervals for two 
shelf morphologies in eastern Harrison Bay, Alaska. 

occurs over 3.5-3.9 percent of the sea floor each 
year and that the sea floor is gouged to an average 
depth of 18 cm. These values represent a slight 
change in the values reported by Reimnitz and 
others (1977) and Barnes and others (1978) of 2 per- 
cent and 20 cm. The differences are attributed to 
an increase in record quality from the previous stu- 
dies, leading to better definition of the smaller 
gouge events. Measurements made over the 5 years 
of the study indicated that 75 percent of the gouges 
formed were less than 20 ern deep. 

One gouge more than 1 m deep was measured 
in each area during the study, both occurring in 
water depths greater than 10 m; gouges this deep 
account for only 0.1 percent of all gouges formed in 
these water depths. When the present results are 
combined with those of the previous studies, the 
data suggest that in water 10-18 m deep, the recur- 
rence interval for gouges more than 1 m deep is 6+ 
years. By extrapolation, an area 250 m wide lying 
between 10 and 16 m water depth would be gouged 
12,500 times in 100 years, and of these gouges, 17 
would be more than 1 m deep. 

Yearly sediment disruption volume in a swath 
250 m wide was used to compare shoaled and non- 
shoaled tracklines. Mean gouge depth, disruption 
width, and estimated gouge length were used to cal- 
culate the mean annual disruption volume for each 
meter of water depth between 5 and 18 m (fig. 73). 
The non-shoaled trackline exhibits a steady increase 
in disruption volume from 6 to 18 m depth. Along 
the shoaled trackline, high sediment volumes are 
disrupted in segments that contain shoals, while low 
disruption volumes are found in segments between 
the shoals. Offshore of the most seaward shoal 

(below 15 m depth), there is an increase in disrup- 
tion volume similar to the increase shown in sedi- 
ments along the non-shoaled trackline. Shoals, 
therefore, control the areas of the shelf that will be 
affected by ice gouging, act as a barrier to the on- 
shore movement of deep ice keels, and reduce sedi- 
ment disruption by protecting the inshore areas 
from intense ice gouging. Natural and man-made 
shoals may offer protection to buried pipelines and 
wellheads in the shallow shelf areas of the Beaufort 
Sea. 
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LATE QUATERNARY GEOLOGY OF THE 
BEAUPORT SEA WNER SHELF 

NEAR PRUDHOE BAY 

by Peggy Smith 

A detailed study of seven sediment cores 
from the innermost shelf east of Prudhoe Bay (fig. 
74) has provided a record of three pre-Holocene 
Quaternary marine transgressions, as well as an 
episode of deltaic sedimentation. Holocene 
sediments are found only in the cores from the two 
boreholes in a protected lagoon. High resolution 
seismic surveys in the area document two prominent 
reflectors resembling erosional surfaces (Stephen 
Wolf, U.S. Geological Survey, oral commun., Oct. 
1983). The core studies confirm the erosional 
nature of the surfaces and provide some indication 
of the ages of the features. Figures 75 and 76 are 
correlation diagrams using data from the boreholes 
and showing unit characteristics and positions of 
prominent seismic reflectors. 

The oldest of the transgressive/regressive 
deposits described in this study, the Leffingwell 



Lagoon unit, ranges in thickness from 5.5 to 18.0 
m. Its base correlates well with a strong, laterally 
persistent, seismic reflector (no. 3). In hole HLA 14 
the unit consists of nearshore deposits, whereas in 
HLA 15 it is alluvial sand. In holes BLA 16-20, the 
unit consists of marine silt and clayey silt overlying 
gravelly beach and nearshore deposits. Microfossil 
assemblages in the lower half of this unit indicate 
mid-neritic water depths (20-40 m) and an influx of 
warmer, more saline Atlantic water; those in the 
upper half of the unit reflect a shallowing trend and 
are similar to modern fauna of the Alaskan Beaufort 
Sea (K. A. McDougall and E. M. Brouwers, U.S. 
Geological Survey, written comrnun., Apri1,1981). 

A second transgressive/regressive cycle is 
represented by the Maguire Islands unit, which 
ranges in thickness from 6 to 15 m. The unit is 
composed of nearshore to deltaic sand and clayey 
silt in HLA 14, and in HLA 15 it consists of alluvial 
clayey to sandy gravel. In HLA 20, the unit consists 
of shallow to mid-shelf silt to clayey silt. In holes 
HLA 16-19, a basal transgressive layer of sandy 
gravel or pebbly, shelly mud unconformably overlies 
silty clay of the Leffingwell Lagoon unit. Above 
this layer, the unit undergoes a progressive change 

from shallow marine silt to deltaic silty sand. 
Microfossil assemblages throughout the unit are 
characterized by small populations, low diversity, 
and species suggestive of frigid to subfrigid, low 
salinity, shallow marine conditions. Samples taken 
from the upper part of the unit for study of micro- 
fossils are either barren or the faunas are very de- 
pauperate; the samples represent a primarily 
nonmarine deltaic environment. 

Reflector no. 4 correlates well with the ero- 
sional unconf ormity bet ween the Lef fingwell 
Lagoon and the Maguire Islands units. The seismic 
records document prodelta and delta foreset se- 
quences corresponding to shallow marine and deltaic 
sediments from cores in the Maguire Islands unit. 
Seismic profiles also show numerous cut-and-fill 
structures in the upper part of the unit, suggesting 
subaerial exposure and minor lateral shifting of dis- 
tributary channels. 

In all cores except HLA 14 and 15, the 
Maguire Islands unit is overlain by another shallow 
marine transgressive sequence, the Cross Island 
unit, which ranges in thickness from 3.5 to 7 m. 
This unit is primarily clayey silt to silty sand, and it 
contains ~nicrofaunal assemblages indicative of cool 

BEAUFORT SEA 

Figure 74.-Map showing locations of boreholes (heavy dots) and high resolution seismic 
reflection tracklines (heavy lines). Depth contours are in meters. 
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mgure 13.--~orrelarion aiagrams, rrom west to easr, or Dorenoles HLA lo-zu, snowing 
generalized sedimentary character, position of prominent reflectors, and unit designations. 
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temperature, low to variable salinity, and shallow 
marine conditions. 

In cores HLA 16-19, the uppermost meter of 
sediment is composed of sandy silt with pebbles, 
shell fragments, and reworked microfassils; these 
sediments represent erosion of the underlying unit. 
The uppermost 5 to 6 m of sediments in holes HLA 
14 and 15 consist of black organic-rich silt and clay- 
ey silt with shallow marine/estuarine faunas; these 
are interpreted as lagoonal deposits. 

Microfaunal assemblages, degree of consoli- 
dation of the sediments, and reference to seismic 
stratigraphy on the shelf provide means of correlat- 
ing the borehole record with marine transgressions 
documented elsewhere in Alaska. Reflector no. 4, 
defining the contact between the Leffingwell 
Lagoon unit and the overlying Maguire Islands unit, 
coincides with a prominent reflector traceable on 
Uniboom records from the mid- to outer shelf. D. 
A. Dinter (U.S. Geological Survey, written 
commun., Oct. 1983) believes this reflector records 
the subaerial exposure of the present mid-shelf 
region during the Illinoian glaciation (oxygen isotope 
stage 6). The Leffingwell Lagoon unit predates the 
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The Maguire lslands unit represents deposi- 
tion during oxygen isotope stage 5. The lower 
marine part of the unit represents Sangamon deposi- 
tion, with shallow subaqueous to subaerial deltaic 
sedimentation beginning as sea level dropped slight- 
ly during the earliest Wisconsin. Deep channels 
were cut into the upper part of the unit, suggesting 
that sea level dropped considerably after its deposi- 
tion; thus the unit must be older than the late Wis- 
consin sea level low-stand. The Mawire Islands unit 
can be traced westward across the inner shelf to- 
ward Reindeer Island, where it is correlated with a 
marine unit assigned to the Sangamon interglacial 
(Hartz and Hopkins, 1981). Recent studies indicate 
that two transgressions are represented in this mar- 
ine unit: one of Sangamon age, and the other corre- 
sponding to the Flaxman Member of the Gubik 
Formation of probable early Wisconsin age. 

The age of the Cross Island unit is more un- 
certain. The overconsolidated nature of the sedi- 
ments suggests that it is pre-Holocene, but whether 
it represents a middle Wisconsin marine transgres- 

sion or a fluctuation of sea level during the Flaxman 
transgression cannot be determined at this time. 
Conversely, the unconsolidated nature of the un- 
named lagoonal deposits in holes HLA 14 and 15 
suggests that they represent Holocene deposition. 
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