
Chapter C 

Age of Tephra Beds at the Ocean Point 
Dinosaur Locality, North Slope, Alaska, 
Based on K-Ar and 40Ar/39Ar Analyses 

By JAMES E. CONRAD, EDWlN H. McKEE, and 
BRENT D. TURRIN 

A multidisciplinary approach to research studies of sedimentary 
rocks and their constituents and the evolution of sedimentary 
basins, both ancient and modern 

U.S. GEOLOGICAL SURVEY BULLETIN 1990 

EVOLUTION OF SEDIMENTARY BASINS-NORTH SLOPE BASIN 



U.S. DEPARTMENT OF THE INTERIOR 

MANUEL LUJAN, JR., Secretary 

U.S. GEOLOGICAL SURVEY 

Dallas L. Peck, Director 

Any use of trade, product, or firm names 
i n  this publication i s  for descriptive purposes only 
and does not  imply endorsement by  the U.S. Government 

U N I T E D  STATES G O V E R N M E N T  P R I N T I N G  OFFICE, W A S H I N G T O N  : 1992 

For sale by 
Book and Open-File Report Sales 
U.S. Geological Survey 
Federal Center, Box 25425 
Denver, CO 80225 

Library of Congress Cataloging-in-Publication Data 

Conrad, lames E. 
Age of tephra beds at the Ocean Point dinosaur locality, North Slope, Alaska, 

based on KAr and * ~ r / ~ ' ~ r  analyseslby James E. Conrad, Edwin H. McKee, and 
Brent D. Turrin. 

p. cm. --(Evolution of sedimentary basins-North Slope basin; ch. C) 
(U.S. Geological Survey bulletin; 1990-C) 

Includes bibliographical references. 
Supt. of Docs. no.: 1 19.3: 1990-C 
1. Volcanic ash, tuff, etc.--Alaska--Ocean Point Region. 2. Geology, Strati- 

graphic-Cretaceous. 3. Geology--Alaska--Ocean Point Region. 4. Potassium- 
argon dating. 5. Prince Creek Formation (Alaska) I. McKee, Edwin H. II. Turrin, 
Brent D. Ill. Title. IV. Series. V. Series: U.S. Geological Survey bulletin : 1990C. 
QE75.89 no. 1990-C 
[QE4611 
557.3 s--dc20 
[552'.23] 91-4319 

CIP 



CONTENTS 

Abstract C1 
Introduction C 1 
Geologic setting C1 
Methods C2 
Results C4 

Conventional K-Ar analyses C4 
aAr/39Ar analyses C4 

Sample M86LPA19 C5 
Sample 84ACr18OY C7 
Sample M86LPA14 C7 
Sample 86ACr019 C10 
Sample M86LPA9 C 10 

Discussion C11 
References cited C 12 

FIGURES 

1. Map showing locations of dated tephra beds of Prince Creek Formation, 
northern Alaska C2 

2. Composite schematic stratigraphic section of Prince Creek Formation C3 
3. Scanning electron micrographs of untreated glass shards from Colville River 

tephra beds C3 
4. Diagrams showing results ofaArP9Ar analyses C8 
5. Graph showing best age estimates for Colville River tephra beds C11 

TABLES 

1. Results of conventional K-Ar analyses of Colville River tephra beds C4 
2. Results of aAr/39Ar analyses of Colville River tephra beds C6 
3. Summary of K-Ar and *ArP9Ar ages of Colville River tephra beds C10 

Contents Ill 



Cover. Looking upsection (north) along Colville River, Alaska, at 30-m-high bluffs of Cretaceous nonmarine 
siltstone and sandstone of Prince Creek Formation, unconformably overlain by Pliocene and Quaternary 
Gubik Formation. Low bench in foreground marks a dinosaur-bone-bearing bed. Drawing by J.F. Vigil, from 
photograph by E.M. Brouwers. 



Age of Tephra Beds at the Ocean Point 
Dinosaur Locality, North Slope, Alaska, 
Based on K-Ar and 40Ar/39Ar Analyses 

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

Abstract 

Tephra layers exposed above and below dinosaur-bone- 
bearing beds of the Prince Creek Formation, North Slope, 
Alaska, provide an opportunity to date these beds by radio- 
metric methods. Although the tephra layers contain few or 
no potassium-bearing minerals, they are composed of appar- 
ently unaltered glass shards that appear to be suitable for 
K-Ar dating. mAr/39Ar incremental-heating analyses were 
conducted in order to evaluate the accuracy of the K-Ar 
ages, and these analyses indicate that most of the tephra lay- 
ers have undergone only minor argon loss. Most of the K-Ar 
and *Ar/'gAr ages are analytically indistinguishable and indi- 
cate that the bone-bearing beds are between 68 and 71 Ma. 
The dinosaur-bone-bearing beds of the Prince Creek Forma- 
tion therefore appear to be of latest Cretaceous age (the 
Cretaceous-Tertiary boundary is currently considered to be 
about 66 Ma). 

INTRODUCTION 

The age of dinosaur-bone-bearing beds of the Prince 
Creek Formation exposed along the Colville River near 
Ocean Point, Alaska (fig. l), has aroused much interest in 
the geologic community because of its bearing on the hy- 
pothesis that the Cretaceous-Tertiary extinction was caused 
by an asteroid impact (Alvarez and others, 1980). Paleon- 
tological studies based on marine faunas have suggested 
that at least part of the section exposed along the Colville 
River is Paleocene in age (Marincovich and others, 1985), 
and a fission-track age on zircon of 50.e7.7 Ma from a 
tephra bed near the dinosaur-bone-bearing beds (Carter 
and others, 1977) seemed to confirm this age designation. 
If the Paleocene age is valid it would extend the age range 
of dinosaurs in Alaska into the Cenozoic and would cast 
doubt on the impact hypothesis as an explanation for the 
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extinction of the dinosaurs. Other studies suggest that at 
least the part of the Prince Creek Formation that contains 
the dinosaur bones is Late Cretaceous in age (McDougall, 
1987; Brouwers and others, 1987). 

Abundant tephra beds exposed along the Colville 
River bluffs about 7 km west of Ocean Point (fig. 1) con- 
tain material suitable for dating by K-Ar techniques and 
provide an excellent means for establishing the age of 
these sedimentary rocks. This paper presents the results of 
conventional K-Ar and 40~r/39Ar analyses of glass shards 
from the tephra beds and evaluates the suitability of these 
relatively old rhyolitic glasses for 4 0 ~ r / 3 9 ~ r  and K-Ar dat- 
ing techniques. 

GEOLOGIC S€lTING 

The Prince Creek Formation consists of a series of 
poorly consolidated sandstones, siltstones, and shales that 
dip gently to the northeast (Gryc and others, 1951; Detter- 
man and others, 1975). The ~olville River has cut into this 
formation, creating a bluff that stands some 20-30 m high 
and extends many kilometers upriver from Ocean Point. 

At least 10 tephra beds are exposed in the section 
northwest of Ocean Point, and volcanic glass is a major 
component in the sedimentary rocks in much of the re- 
mainder of the section (fig. 2). Almost all the tephra beds 
are associated with dark beds that are rich in organic mat- 
ter and probably represent flood-plain deposits (Phillips, 
1988). Most of the dinosaur bones are found in these 
organic-rich horizons, although scattered bones occur in 
some sandstone beds. 

The tephra beds stand out as resistant, buff-colored 
strata ranging from about 1 cm to 2 m in thickness. They 
interfinger with the organic-rich beds, pinching out over 
distances of hundreds of meters. The tephra is composed 
almost entirely of rhyolitic glass shards, although clays, 
quartz, and feldspar are minor constituents, and altered bi- 
otite grains occur in some of the tephra beds. The glass 
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shards appear well preserved with sharp and ragged edges; 
whole bubbles remain (fig. 3). Microscopic examination 
revealed no traces of devimfication or alteration of the 
glass shards, suggesting that the glass is suitable for radio- 
metric dating. The completely unabraided character of the 
fragile shards indicates they are airfall deposits that have 
not been transported by water for any distance. Clay min- 
erals are generally a minor component of most of the teph- 
ra beds, although some beds are completely altered to 
clay. The differences in alteration are probably attributable 
to differences in initial composition of the glass and differ- 
ences in local ground-water effects. 

Because there are few or no potassium-bearing miner- 
al phases in the tephra beds, glass shards were used for 
K-Ar and " O A ~ I ~ ~ A ~  dating of the beds. Although relatively 
young tephra deposits are routinely dated by the K-Ar 
method, the reliability of glass older than about 15 million 
years for dating by this technique is questionable because 
glass tends to readily devitrify. This devitrification results 
in the redistribution or loss of radiogenic argon, which in 
turn leads to anomalous ages (Fleck and others, 1977). 
Glass shards from the Colville River tephra beds appear 
fresh and well preserved. In order to evaluate the accuracy 
of the ages, multiple K-Ar, 40~r/39Ar total-fusion, and in- 
cremental, or age-spectrum, * ~ r / ~ ~ ~ r  analyses were per- 
formed and the resulting ages compared. The 
age-spectrum analyses in particular provide a means to 
evaluate the possibility of alteration or diffusion that 
would lead to anomalous ages. 

METHODS 

Prior to analysis, the tephra samples were disaggre- 
gated and sieved to 100 to 140 mesh (149 to 105 mi- 
crometers). After ultrasonic cleaning to remove dust and 
clays adhering to the shards, a combination of magnetic 
and heavy-liquid separation techniques was used to pro- 
duce a pure glass separate. In order to minimize contarni- 
nation and insure homogeneity, a variable-density 
heavy-liquid column was used to separate the glass shards 
into a relatively narrow specific-gravity range. This tech- 
nique also helps to eliminate grains with a greater- 
than-average area of altered surfaces. For example, it was 
found that bubble-wall shards, with a higher surface-to- 
volume ratio than the bubble-corner shards, tended to be 
slightly less dense, presumably owing to a greater percent- 
age of surface alteration. 

The glass separates were etched in 5-percent hydro- 
fluoric acid for approximately 45 seconds to remove surface 
alteration and reduce atmospheric-argon contamination. 
Conventional K-Ar analyses on shards not treated with 
acid gave ages as much as 10 percent younger than ages 
from the acid-treated samples. Furthermore, the nontreated 
samples had four times the atmospheric-argon contarnina- 
tion displayed by the treated samples; this contamination 
is significant in determination of the precision (k factor) of 
the age. 

- 
1 KILOMETER 

Figure 1. Locations of dated tephra beds of Prince Creek Formation, northern Alaska. Sample numbers correspond to tephra sam- 
ples dated by K-Ar and (or) 4 0 ~ r / 3 9 ~ r  techniques, discussed in text. Numbers 1-25 mark locations of measured sections (Phillips, 
1988). 
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Conventional K-Ar analyses were performed using Samples used in the 4 0 ~ r / 3 9 ~ r  experiments were heat- 
standard isotope-dilution techniques similar to those de- ed by two different techniques-induction coil (Dalrymple 
scribed by Dalrymple and Lanphere (1969). A 60"-sector, and Lanphere, 1969) and continuous laser (York and oth- 
15.2-cm-radius, Nier-type mass spectrometer was used for ers, 1981). Samples heated by induction coil-the more 
argon analysis. Potassium analyses were performed by a conventional technique-were irradiated in the U.S. Geo- 
lithium metaborate flux fusion-flame photometry technique, logical Survey TRIGA' nuclear reactor (Denver, Colo.) for 
using lithium as an internal standard (Ingamells, 1970). a period of 20 hours at a power of 1 megawatt. Irradiation 
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Figure 2. Composite schematic stratigraphic 
section of Prince Creek Formation exposed 
along Colville River 7 km west of Ocean Figure 3. Scanning electron micrographs of untreated glass 
Point, northern Alaska. Total stratigraphic sec- shards from Colville River tephra beds. A, Sample M86LPA9 
tion is 178 m. Horizons from which samples shows little surface alteration and produced an undisturbed 
were collected and radiometrically dated are 4 0 ~ r / 3 9 ~ r  age spectrum. B, Sample M86LPA14 has significantly 
labeled with sample numbers (see fig. 1 for lo- more surface alteration and showed evidence of recoil in 
cations). Modified from Phillips (1 988). 4 0 ~ r / 3 9 ~ r  analysis. See figure 1 for sample locations. 
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error (Lanphere and Dalrymple, 1978); values less than of-fit index suggest that the experimental errors were 
1.0 indicate that the scatter of points on the line is less overestimated. The goodness-of-fit index nonetheless 
than can be expected due to analytical error. In these ex- provides strong evidence that the tephra gives an undis- 
periments, values significantly less than 1.0 for the goodness- turbed and geologically meaningful plateau age. 

Table 2. Results of 4 0 ~ r / 3 9 ~ r  analyses of Colville River tephra beds 
[Samples listed in probable stratigraphic order, with sample from lowermost tephra bed at end of table. Bold italic entries indicate data used in 
calculation of plateau and isochron ages. In third column, temperatures (OC) are reported for samples heated by induction coil, lettered steps for 
samples heated by continuous laser; TFU means total fusion. J, parameter used in age calculations; rad, radiogenic. Decay constants: &+XE = 
0.581 x 10-lo y i l ,  Xp= 4.962 x 10-lo yr-l, 40K/?$Mal = 1.167 r moUmol] 

Sample Experiment Temp ( O C )  3Yk released 40Ar rad Apparent 
number number or step 40~r /39k  37~r/39Ar 36~r /39k  (percent) (percent) age (Ma) 

M86LPA9 L121-2 A 22.28 0.08604 0.06051 1.28 
B 16.41 -003099 .008048 3.90 
C 14.73 .01691 -003862 16.24 
D 14.26 .01690 .001943 2732 
E 14.18 .01330 .OOZOSO 20.67 
F 14.07 .01413 .OW771 10.11 
G 14.14 -01 139 .0004Z 63 5.80 
H 14.08 .01649 .OM8217 14.68 

Jd.00281 
Reactor corrections: (36~r/37Ar)Ca=0.0003; (39~r/37Ar)Ca=0.0003; (40~r/39Ar)K=0.0086 

M86LPA9 87A076 350 222.3 0.05515 0.7520 0.17 0.03 0.6f 26.7 
400 27.77 .0111 .07389 1.97 21.4 50.e1.8 
475 11.27 .01715 .01176 13.36 69.1 65.5ffl.4 
600 8.803 -01659 -0021 01 6255 92.9 68.7f0.2 
750 9.1 60 .01430 .003466 19.41 88.8 68.3f0.3 
865 17.38 .003415 .03180 2.46 45.9 67.0ff .3 
FUSE 338.2 .I253 1.153 .08 -.7 -20.9f78.8 

J4.004745 
Reactor corrections: (36~37~r)Ca=0.000234; (39~r/37k~a=0.000654; (40~r/39Ar)~=o.~~57 

86ACI019 88A003 450 16.67 0.1756 0.003098 9.35 45.0 63.M1.8 
550 9.126 .I562 .004647 42.38 84.7 65.M.5 
625 8.788 .I621 .004158 29.18 85.8 63.4ffl.7 
700 10.01 .I809 .008652 11.89 74.3 62.6rt1.4 
800 13.49 .2357 .01977 5.67 56.6 64.232.8 
FUSE 41.95 1.256 .I153 1.52 18.9 66.7f2.8 

J=0.004745 
Reactor corrections: ( 3 6 A r / 3 7 A r ~ a = 0 . ~ 8 ;  (~~AI/"A~)c~=o.ooo~; (40&/39k)K=~.~332 

M86LPA14 88A004 450 17.30 0.1889 0.03943 4.59 32.5 47.432.9 
525 13.01 .I510 .01474 23.3 6 66.3 72.139.8 
600 10.07 .I439 .004354 32.74 87.0 73.M.6 
700 9.355 .I463 .002891 26.64 90.6 70.9f0.7 
775 9.517 .I630 .004225 9.73 86.7 69.M1.4 
FUSE 64.77 .3460 .I842 2.94 16.0 86.M5.1 

J=0.004725 
Reactor corrections: (36~r/37~)Ca=0.000278; (39~r/37k~a=0.0007; (40~r/39~)K=0.~332 

84ACr180Y 87A075 350 35.37 0.05557 0.1041 0.58 13.0 39.Oi8.9 
450 16.69 .05418 .03560 6.26 36.9 52.0f0.9 
525 10.31 .04298 .007529 34.06 78.4 68.M.3 
600 8.773 .03772 .001751 2451 94.1 69.3a.3 
700 8.497 .04671 .OM265 25.86 97.1 69330.3 
850 13.02 2258 .01610 7.38 63.6 695f0.8 
FUSE 14.75 1.956 .02166 134 575 713i3.9 

J=0.004745 
Reactor corrections: (36~r/37Ar)Ca=0.000234; (39~r/37~r~a=0.000654; ( 4 0 ~ r / 3 9 ~ ) ~ = ~ . 0 0 5 7  
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Table 1. Results of conventional K-Ar analyses of Colville River tephra beds 
[Samples listed in probable stratigraphic order, with sample from lowermost t ra bed at bottom of table. rad, radiogenic; a, standard 
&.tion. Constants: hE+XE = 0.581 x lo1O yil, ?y = 4.962 x 10-10 yr-l%wotal = 1.167 x mol/mol] 

Sample Experiment Material K20 
number number (weight 

percent) 
M86LPA9 871589 Glass 5.74 
86ACrO19 871535 Glass 3.87 
M86LPA14 871590 Glass 3.83 
M86LPA19 871452 Glass 5.46 

flux was monitored by use of the SB-3 biotite standard, 
which has an age of 162.9 Ma. Heating steps were one- 
half-hour intervals with higher temperatures (greater than 
about 750 "C) monitored by optical pyrometer. Tempera- 
tures of lower temperature steps are approximate, based on 
extrapolation from higher temperature steps along known 
curves of RF (radio-frequency) generator power plotted 
against temperature. Isotopic analyses were made at the 
U.S. Geological Survey in Menlo Park, Calif,, using a 
multiple-collector mass spectrometer (Stacey and others, 
1981). Sample handling techniques and corrections for 
calcium- and potassium-derived isotopes used in the Men- 
lo Park laboratory are as described by Dalrymple and 
Lanphere (197 1, 1974). 

Samples used for the laser-heating analyses were irra- 
diated in the TRIGA reactor at the University of Califor- 
nia, Berkeley. Irradiation flux was monitored by use of 
standards MMhb-1 hornblende, with an age of 520.4 Ma, 
GHC 305 biotite, with an age of 103.76 Ma, and P-207 
muscovite, with an age of 82.1 Ma. The following 
potassium and calcium corrections for the UC Berkeley 
TRIGA reactor were determined using optical grade 
Cab and a laboratory potassium glass: 4 0 ~ / 3 9 ~ = 0 . 0 0 8 6 ;  
39~rc,/37~rC,=0.0003; and 36~rc,/37~r,F0.0003. 

The laser-heated 40~r/39Ar extractions and isotopic 
analyses were conducted at the Geochronology Center at 
the Institute of Human Origins (Berkeley, Calif.) using a 
laser-fusion microextraction system and an online, ultra- 
sensitive mass spectrometer. Argon backgrounds for this 
system are approximately the following: 40~r4 .~~10~12  
cm3 (STP); 39Ar=1.~~10-13 cm3 (ST);  3 7 k = 7 . 6 ~ 1 ~ 1 4  cm3 
(STP); and 3 6 ~ ~ 3 . 9 ~ 1 0 - ' 4  cm3 (STP). Detection limit for 
this mass spectrometer is on the order of 1.0~10-l4 cm3 
(STP). Use of laser-light energy for fusion greatly reduces 
the background argon because there is less nonfocused 
heating and subsequent outgassing of the ultrahigh vacu- 
um system. This system is designed to analyze samples as 
small as single grains (less than 0.1 mg), but its chief ad- 
vantage for this study is that as many as four individual 
fusions and analyses per hour are possible. For the 
age-spectrum experiments, less than about 0.25 mg (ap- 
proximately 30 to 40 shards) was used. The temperature 

4 0 ~ r  rad 40Ar rad A g d l a  
(mole& (percent) (Ma) 

of the heating steps for the laser-heating experiments was 
not determined, progressive heating of the sample was 
achieved by gradually increasing laser output at each heat- 
ing step to produce roughly equivalent gas fractions as de- 
termined by trial and error. Laser output started at 0.5 
watts for the initial heating steps and was increased at 
0.25- to 0.5-watt increments until fusion occurred. The du- 
ration of each heating step was approximately 20 seconds. 

The decay constants used in the age calculations are 
those recommended by Steiger and Jager (1977). Reported 
errors are an estimate of the standard deviation of ana- 
lytical precision and were calculated using standard 
propagation-of-error methods (Taylor, 1982). 

RESULTS 

Conventional K-Ar Analyses 

Conventional K-Ar ages on the Colville River tephra 
beds range from 65.8k2.0 to 70.4k2.1 Ma (table 1). The 
four samples listed in table 1 (see also fig. 1) are in proba- 
ble stratigraphic order. (Sample 84ACr180Y is absent 
from table 1 because it was not dated by the K-Ar meth- 
od.) Faults and covered intervals in the section prohibit a 
direct correlation between some of the dated tephra units, 
but in general correlation is good, and the section becomes 
younger to the northeast judging from the dip of the beds. 
Within the limits of analytical uncertainty, the ages are in- 
distinguishable from one another, so these data are consis- 
tent with a general northeasterly younging of the section 
across faults and covered intervals. The age of sample 
86ACr019 is concordant with the other ages, but 4 0 ~ r / 3 9 ~ r  
data (described later) suggest that this sample may have 
undergone some argon loss. The K-Ar data indicate that 
the age of these beds ranges from about 70-71 Ma to 
about 66-68 Ma. 

40Ar/39Ar Analyses 

40~r/39Ar analyses were performed to explore the 
possibility that some or all of the conventional K-Ar ages 
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Figure 4. 4 0 ~ r / 3 9 ~ r  analyses (see table 2). In upper left corner of first 
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chron diagrams. Straight lines are isochrons. Open circles indicate 
data used to fit strai ht lines; crosses indicate data not used in fit. 
( 4 ~ r / 3 6 ~ r ) i  i s  initial 'Ar13kr value; SUMSI(N-2) is goodness-of-fit 
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Table 3. Summary of K-Ar and 4 0 ~ r / 3 9 ~ r  ages of Colville River tephra beds 
[Samples listed in probable stratigraphic order, with sample from lowermost tephra bed at bottom of table. ---, not determined] 

Sample Experiment K- Ar 40Ar/39Ar 40~r/39Ar 40~r/39Ar total- 
number number ane (Ma) plateau age (Ma) isochron age (Ma) fusion age (Ma) 

M86LPA9----- L121-2 --- 68.85-0.5 69.0k0.8 68.Ok0.7* 

No plateau 
--- 

No plateau 
--- 

871452 70.4k2.1 --- --- --- 
*Recombined age. 

all the alteration products. The conventional K-Ar analysis 
of this sample gave an age of 68.5k2.0 Ma, analytically 
indistinguishable from the age of the underlying tephra 
bed (see table 2). Thus, alteration of this tephra bed, which 
appears to have caused some argon redistribution, appar- 
ently did not result in appreciable loss of radiogenic *Ar. 

Sample 86ACr019 

Sample 86ACr019 was taken from a tephra bed several 
meters stratigraphically above two major dinosaur-bone- 
bearing beds and about 3 m below a third bone bed. This 
tephra bed is inferred to be the second youngest in this 
study, although a covered interval separates this part of the 
section from the three tephra beds described in the previ- 
ous paragraphs, and a fault of unknown displacement sep- 
arates it from the younger beds to the east (figs. 1, 2). 
@ ~ r / ~ ~ A r  age-spectrum analysis of this sample reflects 
some degree of argon loss and (or) redistribution. Al- 
though a plateau appears to be present at about 64 Ma 
(table 2), the overall shape of the plateau is similar to that 
of sample M86LPA14, which is interpreted to indicate a 
disturbed age (fig. 4A). The initial 450-OC step gives a 
slightly young age, and it is followed by a series of steadi- 
ly decreasing ages for the$ middle-temperature steps. The 
final two steps give slightly higher ages, similar to the fi- 
nal step for M86LPA14. Moreover, the apparent plateau 
age of about 64 Ma is slightly young on the basis of the 
ages of the other samples. The 40Ar/36~r versus 39Ar/36Ar 
isochron diagram (fig. 4B) and 3 6 ~ r / 4 0 ~ r  versus 39Ar/40Ar 
correlation diagram (fig. 4C) bear out the conclusion that 
this sample is slightly disturbed. Ages calculated from the 
isochron and correlation diagrams are concordant with the 
age calculated from the apparent plateau, and initial 
40~r/36Ar ratios are close to 295.5, but the goodness-of-fit 

index, SUMS/(N-2), is about 3.5, indicative of geologic 
error. The pattern of steadily decreasing ages of the pla- 
teau steps is a characteristic of recoil of 39Ar after irradia- 
tion. The young apparent ages, however, are not typical of 
recoil but instead suggest loss of radiogenic 40Ar. Possibly, 
devitrification and recrystallization of very fine grained al- 
teration products that were susceptible to 3 9 ~ r  recoil in the 
reactor also led to significant loss of radiogenic 4 0 ~ r  over 
geologic time. This age spectrum is in contrast to that of 
M86LPA14, which apparently was affected by recoil ef- 
fects but does not show evidence of argon loss. 

Sample M86LPA9 

Sample M86LPA9 is from the youngest tephra bed 
exposed near Ocean Point. * ~ r / ~ ~ A r  age-spectrum analy- 
sis was performed by both induction-heating techniques 
(experiment 87A076) and laser-heating techniques (experi- 
ment L121-2), giving plateau ages of 6830.4  and 
68.8k0.5 Ma, respectively (table 3). Both spectra show 
very well defined plateaus and similar release patterns 
(fig. 4A). Only minor loss of radiogenic argon is apparent 
in the low-temperature release steps. Comparison of the 
plateau ages with recombined total-fusion ages (table 3) 
indicates total radiogenic argon loss is less than 1.5 per- 
cent for both types of analysis. The @ ~ r / ~ A r  versus 
39Ar/36Ar isochron diagrams and 3 6 ~ r / @ ~ r  versus 
3 9 ~ r / 4 0 ~ r  correlation diagrams for both these analyses also 
indicate that the plateau ages represent undisturbed ages 
(figs. 4B, 4C). Ages derived from the isochron and correla- 
tion diagrams are concordant with the plateau ages, initial 
* ~ r / ~ ~ A r  ratios are not significantly different from 295.5 
at a 95-percent confidence level, and the goodness-of-fit 
indexes (SUMS/(N-2)) are less than 1. 

C10 Evolution of Sedimentary BasinsNorth Slope Basin 



DISCUSSION 

The results indicate that rhyolitic glass at least as old 
as Late Cretaceous can give geologically reasonable K-Ar 
and 4 0 ~ r / 3 9 ~ r  radiometric ages. Analysis of age spectra 
and isochron and correlation diagrams using the criteria of 
Lanphere and Dalryrnple (1978) readily distinguishes be- 
tween samples that have undergone some degree of argon 
redistribution and those that are essentially undisturbed 
and therefore give reliable cooling ages. The 40Ar/39~r age 
spectra for three of the glass samples (M86LPA19, 
84ACr180YY M86LPA9) have concordant, well-defined 
plateaus and show only minor evidence of argon loss 
caused by alteration or diffusion. Samples M86LPA14 and 
86ACr019 gave disturbed age spectra and appear to have 
some degree of argon redistribution, but only one of these 
(86ACr019) shows evidence of significant argon loss. 
4 0 ~ r / 3 9 ~ r  ages derived from isochron diagrams-termed 
isochron ages-are in general preferred ages because the 
method by which they are determined minimizes the ef- 
fects of alteration, and thus argon loss, and takes best ac- 
count of analytical errors. The plateau and isochron ages 
also have greater precision than conventional K-Ar ages, 
in part because they are an average of several individual 
age determinations. 

Although all of the samples show evidence of minor 
argon loss, three of the five glass samples we dated yielded 

ages that represent m e  cooling ages on the basis of nor- 
mal criteria for analysis of 40Ar/39Ar age spectra. The mi- 
nor ( ~ 2 . 5  percent) 4 0 ~ r  loss observed in the 
low-temperature heating steps can be attributed to loss of 

due to surface alteration and (or) diffusion near shard 
boundaries. Nonetheless, the 4 0 ~ r / 3 9 ~ r  ages are indistin- 
guishable from the conventional K-Ar ages within the lim- 
its of analytical uncertainty. Of the two samples giving 
apparently disturbed 4 0 ~ r / 3 9 ~ r  age spectra, one 
(M86LPA14) gave a K-Ar age (68.5k2.0 Ma) that is rea- 
sonable on the basis of the other radiometric dates, sug- 
gesting that some argon redistribution occurred without 
significant argon loss. The slightly old recombined total- 
fusion age of 71.1k0.5 Ma obtained on this sample by 
40 ~ r / ~ ~ A r  analysis may be an artifact of the irradiation 
process (recoil of 39~r) .  Sample 86ACr019 appears to 
have suffered significant 4 0 ~ r  loss due to alteration or dif- 
fusion on the basis of the incremental heating data. The 
K-Ar age of 65.8f2.0 Ma for this sample is therefore con- 
sidered a minimum age. 

The "best" or preferred age for each of the tephra 
beds is shown in figure 5. For samples M86LPA9 and 
M86LPA19, preferred ages are 68.8kO.4 and 70.4k0.8 Ma, 
respectively, and are calculated from weighted means of 
40 ~ r / ~ ~ ~ r  isochn ages, 4 0 ~ r / 3 9 ~ r  total-fusion ages, and 
K-Ar ages for each tephra bed. The preferred age for sam- 
ple 84ACr 1 80Y is the 40Ar?9Ar isochmn age of 69.3k0.4 Ma. 

SAMPLE NUMBERS 

Figure 5. Best age estimates for Colville River tephra beds (dots) and associated 1 -sigma errors 
(bars). Shaded area shows best estimate of age of bone-bearing beds on basis of all analyses. See 
text for discussion. 
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The best age estimate for sample M86LPA14 is the K-Ar 
age of 68.5k2.0 Ma, because of possible irradiation- 
induced disturbance in the 40~r/39Ar analysis. The K-Ar 
age of 65.8S.0 Ma for sample 86ACr019 is considered a 
minimum age because of significant argon redistribution 
and loss apparent in the 4 0 ~ r / 3 9 ~ r  analysis. Although there 
appears to be a slight decrease in age upward through the 
section, none of the tephra beds are demonstrably different 
in age at a 95-percent confidence level. Since the ages are 
concordant, a best age estimate of 69.1f0.3 Ma for the 
dinosaur-bonebearing beds was calculated using the 
weighted mean of all the analyses. Assuming that offsets 
across the faults and covered intervals are small, the loca- 
tion of the Cretaceous-Tertiary boundary, considered to be 
about 66 Ma (Palmer, 1983), appears to be at least 100 rn 
above the youngest dated tephra bed (M86LPA9), provid- 
ed depositional and environmental conditions remained 
constant. This new dating, by establishing a Late Cretaceous 
age for the dinosaur-bone-bearing beds, is compatible with 
the impact theory for the extinction of the dinosaurs. Un- 
fortunately, no tephra beds have been identified near the 
probable location of the Cretaceous-Tertiary boundary to 
allow for K-Ar or @ ~ r / ~ ~ A r  dating. About 40-60 m above 
the youngest tephra bed, the section passes into a marine 
depositional environment (Phillips, 1988). Thus, any teph- 
ra beds deposited at this time would likely be reworked 
and altered by diagenetic interaction with sea water. 
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