Single-Crystal “°Ar/*’Ar Dating of the Eocene-
Oligocene Transition in North America
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Explanations for the causes of climatic changes and associated faunal and floral
extinctions at the close of the Eocene Epoch have long been controversial because of, in
part, uncertainties in correlation and dating of global events. New single-crystal laser
fusion (SCLF) “Ar/®Ar dates on tephra from key magnetostratigraphic and fossil-
bearing sections necessitate significant revision in North American late Paleogene
chronology. The Chadronian-Orellan North American Land Mammal “Age™ bound-
ary, as a result, is shifted from 32.4 to 34.0 Ma (million years ago), the Orellan-
Whitneyan boundary is shifted from 30.8 to 32.0 Ma, and the Whitneyan-Arikareean
boundary is now approximately 29.0 Ma. The new dates shift the correlation of Chron
C12R from the Chadronian to within the Orellan-Whitneyan interval, the Chadronian
becomes late Eocene in age, and the North American Oligocene is restricted to the
Orellan, Whitneyan, and early Arikareean. The Eocene-Oligocene boundary, and its
associated climate change and extinction events, as a result, correlates with the
Chadronian-Orellan boundary, not the Duchesnean-Chadronian boundary.

HE TRANSITION FROM THE EOCENE
I to the Oligocene was a period of
profound change in Earth’s climate
and biota. The earth changed from the
warm, equable, mostly subwopical world
that persisted from the Mesozoic to the
beginning of the glaciated world we have
today (1, 2). As a consequence, there were
major changes in the world’s biota, includ-
ing the most significant extunctions since the
demuse of the dinosaurs (2, 3). These Eo-
cene-Oligocene extinctions, which are re-
corded worldwide, have been postulated to
have extraterrestrial causes (4) and to be part
of a suggested 26-million-vear extinction
cycle (3). However, the lack of high resolu-
tion dates on extinctions from geographical-
ly distanr areas has prevented precise global
correlation and as a result an accurate age
estimate of the Eocene-Oligocene transition
(5-7). An understanding of the timing and
correlation of the various extinctions is cru-
cial 1o determine their pattern and cause.
The correlation of the North American
terrestrial record to standard European
- stages (ages) has been particularly difficult.
Traditionally, the Chadronian NALMA
(North American Land Mammal Age), has
been considered to be carly Oligocene, the
Orellan ro be middle Oligocene, and the
Whitneyan to be late Oligocene (8, 9).
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Because there was little faunal exchange
with other parts of the world during this
time, these correlations were based primarily
on stage of evolution, and since the mid-
1960s, **K-*°Ar dates (10). The “K-*Ar
dates suggested that the Chadronian ranged
from at least 36 Ma to approximately 32
Ma. Berggren er al. (6) incorporated these
dates and the magnetostratigraphy devel-

oped on the North American terrestriai sec-
tions (11, 12) into a proposed Cenozoic time
scale that placed the Eocene-Oligocene
boundary at approximately 36.5 Ma. The
“K-%Ar dates from North America were
made in the early years of radioisotopic
dating, however, and were published with-
out error cstimates (10). Younger age esti-
mates for the Eocene-Oligocene boundary
have since been proposed, based on detailed
geochronology developed at Massignano
(Ancona, Italy) (13). Interpolation of *K-
“Ar “Ar/PAr. and Rb-Sr dates below and
above the Eocene-Oligocene boundary at
Gubbio and Massignano, Italy, indicated an
age of 33.7 = 0.5 Ma (14, 15).

Recent advances in mass spectroscopy and
the development of laser-fusion “Ar/Ar
dating techniques (16) have resulted in the
ability to date individual volcanic crystals.
Multiple analyses and the abilitv o date
single crystals allow the identification of
muluple age components due to detrital
contamination and thus permit improved
precision and accuracy (17). To refine the
calibration of the North American chronol-
ogy, we redated a number of ashes previous-
ly dated by “K-*’Ar methods and also dated
previously undated Oligocene ashes (Table
1 and Fig. 1). All of our *°Ar/*?Ar dates are
based on laser fusions of single crystals of
volcanic minerals.

Lone Tree ashes B, F, G, I, and ], from
the Flagstaff Rim section, in Natrona Coun-
ty, Wyoming (9), are associated with verte-
brate fossils of middle Chadronian age. Ear-
ly Chadronian fossils occur below Ash B,
but no datable volcanic rocks were found in

Table 1. ““K-**Ar and SCLF “*Ar/*®Ar dares. The *°K-**Ar dates by Evernden er af. (10) cxcept RRA by
Obradovich et al. (21) and summary of single-crystal laser fusion ““Ar/?Ar dates, L#, Berkeley
Geochronology Laboratory number; age, mean age of multiple dates; cv, coefficient of varianion; Anor,
anorthoclase; Plag, plagioclase. Data on file at the Berkeley Geochronology Center; available upon

request,

'WKA "GA_r 40 Ar;!‘) Ar
Unit Age Lg Minel . Age SD o  SEM
(Ma) Dated (Ma)  (Ma) (%)  (Ma)
Nebraska

RRA 287=07 1745  Biotite 9 2859 096 334 032
NPAZ 2566 Biotite 5 3005 019 064 009
UWA 1584  Biotite 11 3058 061 19 018
LWA 1582 Biotite 10 3185 002 007 00l
1583 Anor 4 3181 005 016 003

1621  Plag 2 3167 022 069 016

Wyoming

PWL 1746 Biotite 5 3391 013 039 006
LT 324 1152 Biotite 8 3448 023 067 008
1155 Anor 12 3472 013 036 004

LTI 1148 Biotite 8 3538 029 083 010
LTS 335 1147  Biotite 9 3557 017 046 006
1157  Anor 7 3572 007 020 003

LTE 346 1156  Biotite 11 3572 038 106 01l
36.6 1153 Anor 5 3581 009 024 004

LTB 34.2 1146  Biotite 12 3592 034 09 010
36.1 1151  Anor 4 3597 045 124 022
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the lower part of the Flagstaff Rim section.
These ashes were dated previously with con-
ventonal “K-*Ar dating methods (10).
From four SCLF anorthoclase analyses, the
lowest dated ash (ash B) yielded a2 mean of
35.97 = 0.22 Ma; 12 SCLF biotite analyses
resulted in a mean of 35.92 = 0.10 Ma. The
“Ar/**Ar dates for the uppermost dated ash,
the last Chadronian ash J (**K-*°Ar darted at
32.6 Ma, corrected for new constants), are
34.72 = 0.04 Ma based on 12 anorthoclase
dates and 34.48 = 0.08 Ma from 8 biotite
dates. These dates, and those from ashes F,
G, and I (Table 1), indicate that the middle
part of the Flagstaff Rim section was depos-
ited in only 1.2 million years, not 2 to 3
million years as previously thought.

The Glory Hole ash, or the Persistent
White layer (PWL), also known as the Pur-
plish White layer (9, 12, 18), marks the
boundary between the Chadron Formation
and overlying Orella Member of the Brule
Formation. The PWL is commonly associat-
ed with the Chadronian-Orellan transition,
although the last appearance of titanotheres
(a group used to define the end of the
Chadronian) occurs 8 m above the PWL in
castern Wyoming (9, 12). Five SCLF
“ArPAr dates on biotite extracted from
this ash yield a mean of 33.91 = 0.06 Ma
(Table 1 and Fig. 1).

The Whimeyan NALMA is based on
fauna from the Whimev Member of the
Brule Formaton and its correlatives (9).
Two widespread marker ashes occur in the
Whitmey Member, the Lower and Upper
Whimey ashes (LWA and UWA) (9, 12,
18). These ashes, especiallv the LWA, have
been traced in the subsurface and from
surface exposures throughout parts of Wyo-
ming, Nebraska, and South Dakota (19).
The LWA vyielded concordant mean SCLF
“Ar/*®Ar dates on anorthoclase (four dates),
biotite (ten dates), and plagioclase (two
dates) of 31.85 = 0.01, 31.81 = 0.03, and
31.67 = 0.16 Ma, respecuvely (Table 1 and
Fig. 1). The UWA vyielded a mean SCLF
“Ar/®Ar datc of 30.58 + 0.18 Ma based on
11 biotite dates. As Whitnevan faunas first
occur about 18 m below the LWA, the
Orellan-Whitmevan boundary must be
slightly older than 31.85 Ma.

Approximately 150 m of brownish silt-
stone that occur above the Whitney Member
but below rocks attributed to the Gering
Formation (base of the Arikaree Group)
have been informally described as the brown
silistone member of the Brule Formation
(19, 20). The brown siltstone represents the
uppermost phase of White River deposi-
ton, which in most places is unconformably
overlain by coarser-grained fluvial deposits
of the Gering Formation. An ashy zone in
the brown siltstone, termed the Nonpareil
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ash, is widespread in Nebraska and may be a
correlative of the Rockyford Ash at the base
of the Sharps Formation in South Dakota.
Five SCLF “Ar/*Ar dates on biotite sepa-
rated from the Nonpareil ash collected from
the Roundtop section (18-20) of northwest-
ern  Nebraska vielded a mean of
30.05 = 0.09 (SEM). These ashes lie just
below faunas that typically mark the begin-
ning of the Arikareean NALMA (20) yet
above faunas typical of the Whitneyan
NALMA. The Whitmevan-Arikareean
boundary is slightly younger than 29.0 Ma,
unless the intermediate faunas from the
brown siltstone member of the Brule For-
mation are included within the Arikareean
NALMA, which would extend the age of
the Arikareean to approximately 30.0 Ma.
The tenth sample is from the lower white
ash (RRA) exposed in the basal part of the
Gering Foundation at Roundhouse Rock,
Morrill County, Nebraska, where it under-
lies rypical early Arikarecan faunas. Nine

Earlier 4°K-%%Ar calibration
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SCLF “°Ar/Ar dates on biotite separated
from this ash yicided a mean of
28.59 = 0.32 Ma, consisient with an earlier
“K-%Ar date on biotite of 28.7 = 0.7 Ma
from the same unit (21).

These new dates force a reinterpretation
of Prothero’s (11, 12) correlation of the
magnetic stratigraphy of White River sec-
tions with the magnetic polarity time scale.
The reversed interval between ashes B and |
at Flagstaff Rim was previously interpreted
as Chron C12R, because it appeared to span
2 to 3 million years based on the “K-“Ar
dates (10), and in most versions of the
magnetic polarity timescale, the estimated
length of C12R was 2.4 million years (6,
22). In that C12R was the only reversed
event of such great length in the entire
Paleogene, Prothero used it to tie the mag-
netostratigraphy of the terrestrial sections to
the magnetic polarity time scale. Berggren et
al. (6) followed Prothero’s identification of
CI2R and used the **K-“Ar dates at Flag-

Revised “Ar/%Ar callbration
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Fig. 1. Berggren er al. (6) time scale based on Flagstaff Rim **K-*°Ar dates (Table 1) and revised
correlation based on new SCLF *°Ar/*?Ar dates (Table 1). Changes in the dates shorten the duration of
the Flagstaff Rim magnetic reversal (left and center) and force a revised correlation with Chron C13R,
not the long Chron C12R as previously reported. The Dilts Ranch section produces a similar pattern,
with middle Chadronian faunas at the base, and early Orellan faunas at the top. New SCLF “ Ar*?Ar
dates of 33.91 = 0.06 Ma on the PWL and 30.58 = 0.18 Ma on the UWA indicate that the best
candidate for C12R is the long reversal in the late Orellan and early Whitmevan. The revised duration
and correlation of Paleogene NALMA (from bottom to top: Duchesnean. Chadronian, Orellan,
Whitevan, Arikareean) are shown on the right. Abbreviations: LTB, LTF, LTG, LTI, LT], Flagstaff
Rim ashes; PWL, Persistent White layer; LWA, Lower Whitney Ash; UWA, Upper Whitney Ash;
NPAZ, Nonpareil ash zone; RRA, Roundhouse Rock Ash.
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staff Rim {10) as calibration points in their
version of the timescale. These dates heavily
influenced their estimate of 36.5 Ma for the
Eocene-Oligocene boundary.

The new *°Ar/Ar Flagstaff Rim dates
show that this reversed interval acrually
spans only 34.7 to 35.9 Ma, an interval
much shorter than that estimated for Chron
C12R. Because the same pattern is apparent
in the Dilts Ranch section, we reinterpret
this reversed interval as Chron C13R (Fig.
1). This interpretation is corroborated by
the new dates from the overlying Brule
Formation. Dozens of magnetostratigraphic
sections through Orellan and Whitneyan
rocks of the Brule Formation from localities
all over the High Plains (11, 12) have pro-
duced a consistent magnetic pattern. There
is an early Orellan normal polarity interval, a
long reversed interval spanning the late
Orellan and early Whitnevan, and a short
mid-Whitnevan normal interval, and a latest
Whitmevan—early Arikareean normal interval
(Fig. 1). The date of 33.91 = 0.06 Ma on
the PWL (just below the early Orellan nor-
mal event) and 30.58 = 0.18 Ma on the
UWA (in the midst of the late Whimeyan
normal event) brackets the long Orellan-
Whitnevan reversed interval and suggests
that it spans about 2.5 million vears. Clearly,
this must be the characteristically long
Chron C12R event. These revisions suggest
that the Chadronian-Orellan boundary is
about 34.0 Ma, not 32.4 Ma, and that the
Orellan-Whitnevan boundary is 32.0 Ma,
not 30.8 Ma. As shown in Fig. 1, this makes
the duration of the Chadronian much
shorter, and the Orellan and Whitneyan
longer and older.

These correlations, if correct, have many
implicatons not only for the North Ameri-
can land mammal chronology, but also for
the magnetic polarity ime scale. The dates
from LTB of Flagstaff Rim provide age
calibration for the middle of Chron C15N,
LTF for the base of Chron C13R. The PWL
provides an age for the top of Chron C13R
and the UWA for Chron C12N. The other
reported dates lie in the middle of polarity
intervals but show consistency with this
overall pattern. It is clear from these correla-
tions that the late Eocene-Oligocene part of
the polarity time scale must be shifted con-
siderably younger than in earlier estimates.
The correlation shown in Fig. 1 places the
Eocene-Oligocene boundary (upper third of
Chron C13R) around 34.0 Ma. This age is
in good agreement with recent dates from
Gubbio and Massignano in the Italian Ap-
ennines (13-15) that push the Eocene-Oli-
gocene boundary much vounger than 36.5
Ma. It is also in good agreement with a
number of dates from North America in-
cluding dates from late Eocene microtektites
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(23), volcanic ignimbrites from New Mexico
and Colorado (24), the Castle Hayne Lime-
stone from the Gulf Coast of North Caroli-
na (25), and recent SCLF “°Ar/*°Ar dates of
34.3 £ 0.07 Ma (SEM) on sanidine and
34.3 = 0.05 Ma (SEM) on biotite from a
bentonite in the upper Eocene Jackson
Group of the Gulf Coast in Mississippi (26).
All of these are high-temperature dates on
ashes, bentonites, or microtektites; none are
based on glauconites, which have given un-
reliable ages in the past (6, 7, 27).

If the Eocene-Oligocene boundary is
shifted to about 34.0 Ma, then it corre-
sponds to the Chadronian-Orellan faunal
transition, which is also locared in upper
Chron C13R and lies just above the PWL
date of 33.9 = 0.06 Ma. This correlation
implies that the Chadronian-Orellan faunal
transition corresponds closely in time to the
terminal Eocene event, not the mid-Oligo-
cene event, as traditionally thoughr (2, 28).
As recendy demonstrated by many workers
(2), the terminal Eocenc event is represented
by relatively minor extinctions in the marine
record, as are the Chadronian-Orellan ex-
tnctions (2, 9, 28). The largest marine ex-
tinctions took place during the Barronian-
Priabonian (middle-late Eocene) transition
at about 40 Ma. This age would correlate on
land with the major faunal turnover record-
ed from the late Uintan to Chadronian, a
period represented by the Duchesnean
NALMA (2). The occurrence of other ex-
tinction events during the 10-million-year
interval from 40 to 30 Ma, contradicts the
notion of a single extinction peak predicted
from periodicity models (3). The occurrence
of microtektites in the mid-Priabonian (4)
appears to be the only association of an
extraterrestrial event and an exunction
event, and this is one of the least significant
of the late Eocene extinctions (2). The rec-
ognition of a series of extinction events at
the close of the Eocene appear to be more
consistent with models in which global cli-
mate change is invoked (2). The actual
causes of the deterioration of the climare at
the close of the Eocene remain controversial.

REFERENCES AND NOTES

). P. Kennete, J. Geophys. Res. 82, 3843 (1977); J.

A. Wolfe, Am. Sd. 66, 694 (1978); C. Pomerol and

I. Premoli-Silva, Eds., Terminal Eocene Everus {Else-

vier, Amsterdam, 1986).

2. D. R. Prothero, in Mass Extinctions, Processes and
Evidence, S. K. Donovan. Ed. (Columbia Univ.
Press, New York, 1989), p. 217.

3. D.M. Raupand ]. ]. 1, Jr., Proc. Natl. Acad.
Sci. 81, BO1 (1984); Science 231, 833 (1986).

4. W_Alvarez. F. Asaro, H. V. Michel, L. W. Alvarez,
Science 216, 886 (1982); F. Asaro, L. W, Alvarez,
W, Alvarez, H. V. Michel, Geol. Soc. Am. Spec. Pap.
190, 517 (1982); R. Ganapathv, Science 216, 885
(1982); P. Hut e al., Nature 329, 118 (1987).

5. G. §. Odin, Ed., Numerical Dating in Stratigraphy

{(Wilev, New York, 1982).

1.

11

12.

14.

15.

16.

17. The

18. C

19.

20.
21.
22

23.
24,
25.

29.
30.

© mN e

>

,D. V. Kent. ]. J. Flynn, Mem. Geol.

London 10, 141 (1985).
Aubry e1 al., Paleoceanography 3, 707 (1988).
Wood II ef al., Geol. Soc. Am. Bull. 52, 1

CIEpPE
fm—.,g

1)

. J. Emry, P. R. Bjork, L. S. Russell in Cenozou
mis Geochronology and Biostratigraphy, M. O.
oodburne, Ed. (Univ. of California Press, Berke-
, 1987), pp. 118-152.

Evemnden, D. E. Savage, G. H. Curus, G. T.
, Am. ]. Sci. 262, 145 (1964).

D. R. Prothero, C. Denham, H. G. Farmer, Geology
10, 560 (1982); Palaeogeogr. Palacoclimatol. Palaeoe-
. 42, 151 (1983).

. R. Prothero, J. Geol. 93, 555 (1985); Dakoterra
2, 265 (1985).

TEE”

S}

. 1. Premoli-Silva, R. Coccioni, A. Montanan, Eds.,

Int. Subcomm. Paleogeogr. Strangr. Spec. Publ 4, 1
{1988).
A Montanari e al., in ibid., pp. 195~208.
GSOdm,PG:.uscDCRn.HKrtmrm
ibid., pp. 239-245.
G. H. Saemce 157, 1555 (1967); J
Geophys. Res. 78, 3216 (1973); D. York & al,,
Gcaphy: Res. Len. 8, 1136 (1981).

mincrals were imradiated at the Los Alamos
Reactor fol methods similar to those de-
scribed by G. B. Dalrymple ef al. [U.S. Geol. Surv.
Prof. Paper 1176, 1 (1981)]. All samples were
analyzed with the use of the BGC (Berkeley Geo-
chronology Center) laser fusion “Ar”®Ar svstem.
Analytical procedures are similar to those described
by D. York et al. (Geophys. Res. Lewt. 8, 1136
(1981)], G. B. Dalrymple and W. A, Dufficld [ ibid.
15, 463 (1988)], and R. E. Drake er ol [Eos 69,
1502 (1988)). Error quoted in this study are 1 SD
and 1 SEM. The value of ] was determuned from
multiple analyses of monitor minerals MMhb-1
(520.4 Ma) and Fish Canvon sanidine (27.84 Ma).
Air discrimination was determined by aliquots of air
delivered by an online arr pi system. The
®CaCa (0.000729) and the *Ca¥'Ca
(0.000275) and the “K/*K (0.0024) corrections
were made from multiple analyses of a laboratory
CaF; and KAIFeSi. The use of SEMs follows that of
Dalrymple and Dufficld.
B. Schulz and T. M. Stout, Bull. Univ. Nebr.
State Mus. 4, 17 (1955); Univ. Nebr. Spec. Publ. 2, 1
(1961).
J. B. Swinchart, V. L. Souders, H. M. Degraw, R.
F. Diffendal, Jr., in Cenozoic Paleogeography of the
West Central United States, R. M. Flores and S.
Kaplan, Eds. [special publication of the Rocky
Mountain Section, Society of Economic Paleontolo-
giss and Mi iss (Silers Prinung, Denver,
CO., 1985)], pp. 209-229.
R. H. Tedford, J. B. Swinchart, R. M. Hune, Jr., M
R. Voorhies, Dakoterra 2, 335 (1985).
]. D. Obradovich, G. A. Izett, C. W, Naeser, Geol.
Soc. Am. Abs. Prog. 5. 499 (1973).
J. L. LaBrecque, D. V. Kent. §. C. Cande, Geology
5, 330 (1977); G. Ness; S. Levi. G. Couch, Rev.
Geophys, Space Phys. 18, 753 (1980).
B. P. Glass, C. M. Hall, D. York. Chem. Geol. 59,
181 (1986).
W. C. McIntosh, Geol. Soc. Am. Abs. Prog. 20, A65,
(1988).
W. B. Harris and P. D. Fullagar, Geol. Soc. Am. Bull.
101, 573 (1989).

. C. C. Swisher IIL. unpublished data.
27.
28.

J. D. Obradovich, Paleoceanography 3, 757 (1988).

D. R. Prothero, Sdence 229, 550 (1985); Paleobiol.
11, 389 (1985).

]. R. Tavlor, An Introduction to Error Analysis (Uni-
versity Science Books, Mill Valley, CA, 1982).

We thank M, F. Skinner and R. J. Emrv for
developing a swatigraphy of the White River depos-
its of western Nebraska, South Dakota, and Wvo-
ming; G. H. Curus for his encouragement and
discussions on this en:t. and A. Deino for his
endless help on **Ar/* Ar compurer sofrware. C.C.S.
was funded by NSF grant EAR89-16431; D.R.P.
was funded by NSF grant EAR87-0822]. Funding
formzdmcs:.ndcollmofmeNmputdAsh
was bv 1. Swinchart and the Nebraska
Conservation and Survey Division.

2 February 1990; accepred 6 June 1990

SCIENCE, VOL. 249



