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Abstract

New paleomagnetic and stable isotopic results from the northeastern margin of the greater Green River Basin (South Pass,

Wyoming) provide a re®ned geochronological context for the Wasatchian/Bridgerian Land Mammal Age boundary and suggest

the existence of large amplitude Milankovich-scale carbon and oxygen isotopic oscillations in this area during the early Eocene.

Analysis of 55 paleomagnetic sites through a 310 m section of Wasatch, Green River, and Bridger Formations indicates several

reversals that can be correlated to the Geomagnetic Polarity Time Scale using radiometric age constraints. This correlation

places the Wasatchian/Bridgerian boundary in Chron C23r at about 52 Ma, approximately two million years older than previous

estimates. This new correlation suggests that the mammalian turnover which characterizes the Wasatchian/Bridgerian boundary

is coincident with the onset of the Cenozoic Global Climate Optimum, the warmest interval of the entire Cenozoic. Intrabasinal

magnetostratigraphic correlation supports earlier claims that community composition and biostratigraphic datums of basin-

margin faunas can differ signi®cantly from coeval basin-center faunas. Oxygen and carbon isotopic composition of paleosol

carbonates show in-phase cyclic variations on the order of 6 and 3.5½, respectively. Based on the preferred magnetostrati-

graphic correlation, the four best-de®ned cycles represent 397 thousand years, indicating potential forcing by variations in

orbital eccentricity. Oxygen isotopic variations may be tracking wet/dry cycles ampli®ed by adjacent changes in levels of

paleolake Gosuite. Carbon isotopic variations may be tracking the vegetative response to these climate variations. Alternative

interpretations involve cyclic changes in pedogenesis, driving correlated variations in isotopic inheritance from parent (Paleo-

zoic) carbonate material and the possibility that C4 plants existed in marginal habitats earlier in geological time than previously

thought. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. General background

The early Eocene was the warmest period in the last

80 million years of Earth history. As such, it has
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become the focus of considerable research devoted to

understanding the physiochemical causes and biologi-

cal effects of globally warm climates (see Aubry et al.,

1998 for review). Recent high-resolution studies of

marine and continental records spanning the

Paleocene/Eocene boundary have documented the

existence of a short-term warming event (initial Eocene

thermal maximum, IETM) that coincides precisely

with a large negative excursion in the carbon isotopic

composition of the mixed ocean±atmosphere±

biosphere system as well as profound biotic turnover

in the form of benthic foraminiferal extinction and

holarctic mammalian dispersal (see Thomas and

Shackleton, 1996 for review). Study of the Paleo-

cene/Eocene boundary illustrates the importance of

developing a globally integrated chronostratigraphic

network that is suf®ciently re®ned to make precise

comparisons between marine and continental records

of climatic and biotic change. The stratigraphic resolu-

tion required to evaluate the coincidence of these

diverse patterns, however, has not been achieved for

many other parts of the early Paleogene despite the

existence of several other important climatic and biotic

events during this interval (Thomas and Zachos, 1999).

For instance, the Cenozoic Global Climate Optimum

(CGCO, Berggren et al., 1998), a term referring to the

long-term temperature maximum for the Cenozoic, is

achieved in the later part of the early Eocene and

broadly coincides with the expansion of crocodiles,

arboreal mammals, broad-leaved evergreen plants,

and tropical foraminifera to high latitudes (McGowran,

1990). Unfortunately, the resolution of marine and

continental records through this interval is low and

correlations between the realms are too imprecise to

rigorously test causal hypotheses linking biotic change

to climatic forcing.
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Fig. 1. (A) Map of the greater Green River Basin in southwestern Wyoming. The study area for results presented in this paper is outlined along

the southern ¯ank of the Wind River Mountains. The study area for Clyde et al. (1997) is shown in the west-central part of the basin. (B)

Different biostratigraphic zonations developed for the Bridgerian Land Mammal Age.



The greater Green River Basin in southwestern

Wyoming preserves a thick heterogeneous sequence

of fossiliferous sedimentary strata spanning the early

to middle Eocene (Fig. 1A). This sedimentary pack-

age provides an excellent opportunity to make close

comparisons between continental and marine records

of climatic and biotic change during this period of

unusually warm global temperatures. A signi®cant

amount of research has been conducted on the sedi-

mentology (Smoot, 1983; Shuster and Steidtmann,

1985; Roehler, 1990; Buchheim, 1994), stratigraphic

architecture (Roehler, 1991a,b, 1992a,b), paleontol-

ogy (Marsh, 1872; Cope, 1873; West, 1970; McGrew,

1971; Grande, 1984; Gunnell and Bartels, 1994;

Gunnell, 1998; Zonneveld et al., 2000), and paleocli-

mates (Fischer and Roberts, 1991; Roehler, 1993;

Norris et al., 1996; Wilf, 2000) of the greater Green

River Basin. Most of these studies have sampled

localities in the interior of the basin and have focused

on creating a precise picture of basin evolution in

order to decipher the geological and paleontological

history of the northern Rocky Mountain region or to

evaluate local economic potential. In this paper we

evaluate the magnetostratigraphy and stable isotope

stratigraphy of a basin-margin section along the

Wind River uplift and focus on creating a detailed

geochronology to make precise correlations between

marine and continental records of climatic and biotic

change. The margins of Laramide basins have

received relatively little attention among stratigra-

phers and paleontologists, yet several studies have

shown these settings to preserve unusual depositional

environments and unique paleontological assem-

blages that can differ signi®cantly from their basin-

center counterparts (Gunnell and Bartels, 2001).

1.2. The Wasatchian/Bridgerian boundary

The Wasatchian/Bridgerian boundary represents

one of the 18 major turnovers in the North American

Cenozoic mammalian record. It is marked by the ®rst

appearance of nine taxa, including several perisso-

dactyls (e.g. Hyrachyus, Palaeosyops) and primates

(e.g. Omomys, Smilodectes), and corresponds to a

period of relatively high North American mammalian

diversity (Krishtalka et al., 1987; Stucky, 1990; Alroy,

1999). Although the early±middle Eocene is often

referred to as a period of increased endemism and

intracontinental diversi®cation, the abrupt ®rst

appearance of several taxa at the Wasatchian/Bridge-

rian boundary had important effects on subsequent

North American mammalian community structure

(Krishtalka et al., 1987; Woodburne and Swisher,

1995). For instance, the endemic anaptomorphine-

dominated tarsiiform primate faunas of the Wasatch-

ian were largely replaced by an in¯ux of omomyine

taxa in the earliest Bridgerian (Gunnell, 1997). In

many ways the late Wasatchian to early Bridgerian

represents an important point in North American

mammalian community evolution. It signi®es the

culmination of closed habitat `greenhouse' faunas

characteristic of much of the early Paleogene in

North America. By the end of the Bridgerian

(,46 Ma), North American mammalian faunas

began to resemble the more open habitat `ice-house'

faunas that characterize the rest of the Cenozoic

(Stucky, 1990).

Despite the importance of these events to the faunal

evolution of North America, the geochronology of the

Wasatchian/Bridgerian boundary remains in doubt,

making it dif®cult to compare these patterns to those

observed elsewhere in the world. A recent magnetos-

tratigraphic study from the western part of the basin

proposed two possible correlations to the Geomag-

netic Polarity Time Scale (GPTS) that differed by

two million years (Clyde et al., 1997). Correlation 1

placed the boundary in Chron C23r at about 52 Ma on

the most recent GPTS. Correlation 2 placed the

boundary in Chron C22r at about 50 Ma on the most

recent GPTS. More magnetostratigraphic and/or

radiometric data were needed to con®dently exclude

one of these two correlations. Here we report new

magnetostratigraphic results from the South Pass

region of the greater Green River Basin that in

conjunction with a newly reported radiometric age

from elsewhere in the basin (Murphey et al., 1999),

help to further constrain the geochronology of the

Wasatchian/Bridgerian boundary.

These alternate correlations have signi®cant impli-

cations for our understanding of how climate change

might condition faunal turnover at the boundary. In

the marine record, the CGCO begins during C23r and

persists through C23n (Zachos et al., 1994, personal

communication), before temperatures begin their long

slide toward `ice-house' conditions. Consequently,

Correlation 1 places the Wasatchian/Bridgerian
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boundary coincident with the onset of the CGCO,

whereas under Correlation 2, the faunal change is

associated with the onset of global cooling after the

CGCO.

In addition to using magnetostratigraphy to provide

a tighter linkage between North American mamma-

lian evolution and the global record of climate change,

we also explore local climate change through isotopic

study of paleosol carbonates. Stable isotope geochem-

istry of minerals precipitated organically and inorga-

nically in continental settings have become an

important resource for reconstructing aspects of

ancient terrestrial ecosystems. The carbon and oxygen

isotope compositions of paleosol carbonates have

been especially useful for reconstructing changes in

climate (Cerling, 1984; Koch et al., 1995), recording

shifts in vegetational cover (Quade and Cerling,

1995), and tracking changes in the global carbon

budget (Koch et al., 1992). We analyzed pedogenic

carbonates from the Wasatch Formation exposed at

South Pass in order to evaluate environmental change

in this upland habitat during the globally warm

climates of the early Eocene.

1.3. Geological and stratigraphic setting

The stratigraphic sections studied here are located

in the South Pass region of Wyoming (42813 0N,

108832 0W, elev. 2200 m) on the northeast margin of

the greater Green River Basin (Fig. 1A). The greater

Green River Basin is a large (.50,000 km2) inter-

montane basin that encompasses several smaller

depositional centers (e.g. Bridger Basin, Washakie

Basin, Great Divide Basin, Sand Wash Basin). It is

bounded by various Laramide and Sevier style struc-

tural elements including the Wind River Mountains to

the northeast, the Uinta Mountains to the south, and

the Wyoming Overthrust Belt to the west. Strati-

graphic architecture within the greater Green River

Basin is largely controlled by ¯exural response to

these extrabasinal loads (Hagen et al., 1985).

Although synorogenic sedimentation began in this

area during the Mesozoic development of the Over-

thrust Belt, rapid subsidence and erosional unroo®ng

associated with bounding Laramide structures

reached their maximum in the early Tertiary (Roehler,

1992c). Some of the thickest and best exposed strata

in the greater Green River Basin are early to middle

Eocene in age. The three generally ¯at-lying forma-

tions that make up the bulk of this interval are, from

bottom to top, the Wasatch Formation, the Green

River Formation, and the Bridger Formation.

The Wasatch Formation in the study area is part of

the Cathedral Bluffs Tongue and is characterized by

red/gray variegated mudstone and sandstone

packages. These facies are interpreted to be ¯uvial

overbank deposits that have undergone signi®cant

amounts of pedogenesis. The Green River Formation

in the study area is part of the Laney Member and is

characterized by ®ne-grained greenish gray shales

interbedded with thin sandstones, algal laminites,

and oolitic limestones. These facies are interpreted

to have been deposited within a shallow lacustrine

setting. Wasatch and Green River lithologies inter-

tongue extensively throughout the Green River

Basin, tracking changes in the size and shape of paleo-

lake Gosuite (Roehler, 1992c, 1993). The Bridger

Formation overlies the Wasatch and Green River

Formations throughout much of the basin. It is char-

acterized by ¯uvial sandstones and mudstones that

include appreciable amounts of volcaniclastic detritus

as well as laterally extensive lacustrine limestones and

marls. Volcanic tuffs are also present in the Bridger

Formation, providing excellent radiometrically

constrained marker horizons (Evanoff et al., 1998).

The composite section studied here encompasses

approximately 120 m of Wasatch Formation, 75 m

of Green River Formation, and 115 m of Bridger

Formation.

Krishtalka et al. (1987) identi®ed three subages

within the Bridgerian land mammal age Ð the Gard-

nerbuttean, the Blacksforkian, and the Twinbuttean.

Since that study, there have been several attempts to

develop a more re®ned biostratigraphic zonation for

the Bridgerian with the most recent system splitting

the Bridgerian into 5 different biostratigraphic zones

(Gunnell and Yarborough, 2000; Fig. 1B). These

informal faunal zones should not be confused with

the ®ve lithostratigraphic members of the Bridger

Formation (Bridger A±E) that were originally identi-

®ed by Matthew (1909) and are still in wide use today.

There are a total of 75 fossil localities (1141

mammal specimens) that can be tied to the South

Pass section studied here. These localities are all char-

acterized by Bridgerian faunas and include the key

Bridgerian index taxa Paleosyops, Hyrachyus, and
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Trogosus. Localities in the lowest 150 m of section

exhibit typical Gardnerbuttean faunas (Zone Br1a of

Gunnell and Yarborough, 2000) whereas localities

above that level exhibit typical Blacksforkian faunas

(Zone Br1b of Gunnell and Yarborough, 2000)

although the exact boundary between these zones is

poorly constrained. Complete faunal lists of the verte-

brate faunas from South Pass can be found elsewhere

(Gunnell and Bartels, 2001). Wasatchian faunas are

found at ®ve localities (130 specimens) in an area

known as `the Pinnacles' which lies some 20 km

south/southwest of the study site and approximately

50 m stratigraphically below the base of the section

described here. Classic Wasatchian taxa like

Lamdotherium and Cantius are known from localities

in `the Pinnacles', indicating that the Wasatchian/

Bridgerian boundary lies within this approximately

50 m covered interval.

2. Methods

2.1. Paleomagnetic analysis

Six separate stratigraphic sections (98PM1±4,

98PM6±7) were measured in the study area and corre-

lated lithostratigraphically to form a composite

section (Table 1). A sixth section (98PM5) near `the

Pinnacles' was measured below this composite

section in Wasatchian aged (Lostcabinian subage)

deposits but the paleomagnetic behavior and carbo-

nate preservation of these facies (10 sites) was very

poor, so that section is not discussed further. At least

three oriented paleomagnetic samples were collected

from 55 sites through the 310 m composite section.

Average spacing between sites was 5.6 m but varied

between 0.4 and 26.5 m depending on the quality of

exposure and distribution of appropriate facies.

Samples were taken from one of three facies: (1) red

B horizons of Wasatch Formation paleosols (37 sites);

(2) algal or oolitic limestones from the Green River

Formation and Bridger Formation (8 sites); and (3)

grayish green calcareous shales (little to no pedogenic

alteration) from the Green River Formation and

Bridger Formation (10 sites). Weathered material

was removed from the surface before extracting

samples. Samples were either drilled as oriented

cores using a water cooled rock coring devise or

removed as oriented hand samples and cut into

approximately 8 cm3 cubes.

Bulk susceptibility of samples was measured on a

kappa bridge before demagnetization. Progressive

step-wise thermal demagnetization was carried out

using a Schonstedt TSD-1 thermal demagnetizer.

Remanence measurements were made on a three-

axis cryogenic magnetometer (2G) in the magneti-

cally shielded paleomagnetic laboratory at the

University of Michigan. Previous studies of these

facies showed that thermal demagnetization proved

to be more effective in isolating remanence compo-

nents than AF demagnetization methods so all

samples were thermally demagnetized (5±10 steps)

up to a maximum temperature of 6808C. Overprint

and remanence components were determined by

visual inspection of vector end-point diagrams. For

samples that exhibited linear decay to the origin,
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Table 1

UTM coordinates for the bottom and top of each section measured at South Pass. All coordinates are differentially corrected (via GPS) except

for the top of section 98PM-7, which was estimated from a map. Coordinates are referenced to the 1927 North American Datum. Sections were

correlated lithostratigraphically although there may be up to 10 m gap between sections 98PM-4 and 98PM-6

Local section Composite section meter levels Bottom Top

Easting Northing Easting Northing

98PM-1 0.00±17.25 702685.327 4676687.868 702688.429 4676762.941

98PM-2 17.25±30.00 703811.613 4677942.623 703841.658 4677959.768

98PM-3 30.00±48.95 703598.990 4678250.634 703574.323 4678279.012

98PM-4 48.95±96.10 703504.223 4678687.786 703502.172 4678825.948

98PM-5 N/A 689622.722 4660241.950 689592.495 4660073.733

98PM-6 96.10±186.50 695070.100 4678052.851 695209.558 4678898.747

98PM-7 186.50±304.00 690756.162 4681911.913 690900.000 4682000.000



characteristic directions were computed using least-

squares analysis (Kirschvink, 1980). Characteristic

directions in nine samples that showed strong cluster-

ing of vector end-points but no linear decay to the

origin were calculated using a mean. Mean directions

and their surrounding statistical distributions were

calculated following the method described by Fisher

(1953). Sites with at least three samples exhibiting

stable demagnetization that passed the Watson

(1956) test for randomness at the a � 0.05 signi®-

cance level were considered as alpha sites, although

all samples that exhibited stable demagnetization

were used to establish the stratigraphic bounds of

polarity zones.

2.2. Stable isotope analysis

Paleosol carbonates were collected from 36

sampling levels within 110 m of Wasatch Formation

(Cathedral Bluffs member). Nodules were collected

from at least 30 cm below the original A horizon

of the paleosol. Flat surfaces were ground on

nodules, then nodules were rinsed and dried. When

available, two nodules were analyzed from each

sampling level, and two isotopic samples were

collected per nodule.

Approximately 100 mg of calcite was collected for

isotopic analysis. Sample powders were collected

from ¯at surfaces by drilling under a binocular micro-

scope. This process helps avoid diagenetic cements,

which can have isotopic values quite distinct from

pedogenic carbonates (Koch et al., 1995). Sample

powders were roasted at 4508C for 1 h, then analyzed

on a Micromass Prism gas source mass spectrometer

using an Isocarb automated carbonate analysis

system. Brie¯y, samples are reacted in vigorously stir-

red 100% H3PO4 at 908C for 5 min, with continual

cryogenic trapping of the CO2 and H2O generated
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Fig. 2. (A±E) Representative vector endpoint diagrams (Zijderveld, 1967) of paleomagnetic samples analyzed from the Wasatch, Bridger, and

Green River Formations. Open (closed) symbols show vector endpoints in the vertical (horizontal) plane. (A) and (B) Wasatch Formation

paleosol samples showing reverse and normal characteristic magnetizations. (C) Wasatch Formation sample that exhibits an overprint

component of magnetization as well as a reversed characteristic component of magnetization. (D) Siltstone sample from the Bridger Formation

showing unblocking by 5908C. (E) Green River Formation sample that exhibits relatively unstable demagnetization behavior. (G) and (F) Equal

area projections where open (closed) symbols lie on the upper (lower) hemisphere of the projection. (G) Wasatch formation sample that exhibits

clustering of magnetic endpoints where a Fisher mean was used to calculate a ChRM direction. (F) Wasatch Formation sample representing an

example of a great circle trajectory used to infer a reversed ChRM.



by carbonate dissolution, then the CO2 is released into

the source of the mass spectrometer for analysis.

Isotopic data are reported using the standard d nota-

tion relative to V-PDB. Standardization was achieved

by analysis of NBS 19 and Carrera Marble (CM), an

internal laboratory standard. Standard errors for 50

analyses of CM determined concurrently with

paleosol carbonates were 0.08½ for d 18O and

0.13½ for d 13C.

3. Paleomagnetic results

Wasatch and Bridger Formation samples were

characterized by relatively strong remanence intensi-

ties (mean Jo� 4.6 mA/m, excluding one outlier site

that had a mean of 483 mA/m) and tended to

exhibit the most stable demagnetization behavior

(Fig. 2A±D). Green River Formation samples exhib-

ited very weak natural remanent magnetizations

(mean Jo� 0.27 mA/m) with relatively poor demag-

netization behavior (Fig. 2E). This corresponds to

previous paleomagnetic results from these formations

(Sheriff and Shive, 1982; Clyde et al., 1997).

Most samples from the South Pass section that

exhibited stable demagnetization were characterized

by one or two remanence components. Those that

exhibited two components usually had a present-day

overprint component that was unblocked by 2008C.

The characteristic component for most samples was

isolated between 200 and 6508C. A few Wasatch

Formation samples located stratigraphically just

below reversal events exhibited antipodal remanence

components that correspond to the expected Eocene

direction for southeastern Wyoming (349/61, Diehl et

al., 1983). This implies that remanent acquisition in

these paleosols occurred over time scales greater than

the duration of the reversal event. Unblocking

temperature for most Wasatch Formation samples

was between 620 and 6808C suggesting ®ne-grained

hematite as the magnetic carrier. Many Bridger

Formation samples had slightly lower unblocking

temperatures and were characterized by strong

magnetic susceptibilities suggesting magnetite was

the remanence carrier. Demagnetization behavior

and unblocking temperatures for Green River Forma-

tion samples suggest a highly dispersed magnetite

carrier.

Of the 167 samples analyzed from the South Pass

composite section, 91 samples exhibited stable

demagnatization behavior and were used to establish

a polarity record. The average maximum angle of

deviation (MAD) for all samples for which lines

were calculated was 8.6. Fig. 3 shows stereonet

projections of the NRM directions before demagneti-

zation, the characteristic components of magnetiza-

tion for the samples that exhibited stable

demagnetization behavior, and the mean directions

for all alpha sites. Only two samples included in the

alpha sites had MADs of greater than 15

(MAD98031A� 23.8, MAD98043A� 16.2). Table 2

shows the paleomagnetic results and corresponding

statistics for the 19 alpha sites that represent the

most reliable sites in the section. Both the sample

directions and site directions pass the reversal test at

the 95% con®dence limit (McFadden and Lowes,

1981).

Fig. 4 shows the distribution of paleomagnetic pole

latitudes for samples and alpha sites from the composite

section studied here. Six different polarity zones are

identi®ed; polarity zone A2 spans 0±17 m, polarity

zone B 1 spans 17±56 m, polarity zone C2 spans

56±80 m, polarity zone D 1 spans 80±95 m, polarity

zone E2 spans 95±235 m, and polarity zone F 1 spans

235±270 m. The polarity of the uppermost 35 m of the

section is ambiguous due to poor sample demagnetiza-

tion behavior. All polarity zones are characterized by at

least one alpha site except zone D 1 , which is charac-

terized by three stable samples from two closely spaced

sites that exhibit congruent characteristic magnetiza-

tions. The middle of zone E2 is poorly constrained

due to the poor paleomagnetic behavior of Green

River Formation samples yet those samples that do exhi-

bit stable demagnetization indicate a reversed polarity

for this interval. Paleomagnetic reversals do not

coincide with lithological transitions or signi®cant

changes in magnetic susceptibility indicating that the

polarity record is independent of rock type and magnetic

mineralogy.

4. Correlation to the GPTS

For many years the Wasatchian/Bridgerian

boundary was poorly constrained to lie within a

broad ®ve million year interval between 53 and
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48 Ma (Butler et al., 1981; Flynn, 1986; Clyde et al.,

1994; Tauxe et al., 1994; McCarroll et al., 1996;

Walsh, 1996). Clyde et al. (1997; see also Zonneveld

et al., 2000) studied the magnetostratigraphy of a

section spanning the boundary in the southwestern

part of the Green River Basin and constrained the

boundary to lie within either Chron C23r (approx.

52 Ma) or C22r (approx. 50 Ma). The correlation

placing it within Chron C23r (Correlation 1) provided

a better match to the details of the marine polarity

reversal record but required signi®cant shifts in sedi-

ment accumulation rates throughout the section. The

alternative correlation with Chron C22r (Correlation

2), which was tentatively preferred at the time, was

burdened by an extra short-term reversal that was not

evident in the marine record but was consistent with

more uniform sediment accumulation rates through

the section. The magnetic polarity record from

South Pass in conjunction with a new high precision
40Ar/39Ar age from elsewhere in the basin allow us to

rule out the second of these two correlations.

The South Pass section studied here stratigraphi-

cally overlaps with the upper part of the section

from the 1997 Bridger Basin study (Clyde et al.,

1997; Zonneveld et al., 2000). Within this overlapping

interval, the ordering of lithostratigraphic, biostrati-

graphic, and magnetostratigraphic events is remark-

ably similar between these two sections (Fig. 5). Both

sections preserve the Wasatchian/Bridgerian bound-

ary within a reversed interval, both sections show a

short reversed interval in the normal zone above the

Wasatchian/Bridgerian boundary, and both sections

preserve the contact between the Cathedral Bluffs

Tongue of the Wasatch Formation and the Laney

member of the Green River Formation within a rela-

tively long reversed polarity zone. These similarities

suggest that the polarity record from South Pass is robust

and, most importantly, that the short reversed zone

within the normal zone after the Wasatchian/Bridgerian
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Fig. 3. Equal area projections of NRM directions, characteristic

directions after demagnetization, and mean directions for alpha

sites. Open (closed) symbols lie on the upper (lower) hemisphere

of the projection. Samples and sites pass the reversal test at a �
0:05 (McFadden and Lowes, 1981). The mean direction for all alpha

sites when reversed sites are inverted is 348/61 �a95 � 4:6�; remark-

ably close to the expected early eocene direction of 349/61 (Diehl

et al., 1983).



boundary (zone C2 in Fig. 4) is real and should corre-

late to a reversal in the marine record. Of the two

potential correlations outlined above, only Correlation

1 shows a perfect match between the local and marine

reversal record.

A recent radiometric age from Bridger `B' strata

provides further evidence to rule out Correlation 2

from the 1997 study. The age of 47.96 ^ 0.13 Ma for

the Church Butte Tuff (Murphey et al., 1999), approxi-

mately 150 m above the top of the South Pass section,

places the Middle Bridger `B' near the Chron C21n/

C21r boundary which is dated at 47.91 Ma (Cande and

Kent, 1995). Under Correlation 2, the Chron C21n/

C21r boundary would be located 65 m below the top

of the South Pass section which is some 215 m below

its predicted placement based on the new radiometric

age. Alternatively, using Correlation 1 and the average

sediment accumulation rate for the entire section

implied by that correlation (107 m/My), an ash with

an age of 47.96 Ma should lie 123 m above the top of

the section Ð quite close to its approximate observed

location of 150 m above, and well within stratigraphic

error. The correlation putting the Wasatchian/Bridge-

rian boundary within Chron C23r is now strongly

favored due to its robust match to the detailed reversal

record of the GPTS and the constraints imposed by new

radiometric age information. The new calibration

for this part of the record makes the Bridgerian

land mammal age, and particularly the Gardner-

buttean subage, signi®cantly longer than previously

assumed (with a corresponding decrease in the

Lostcabinian subage of the Wasatchian) and places

the Wasatchian/Bridgerian boundary in the middle

part of the early Eocene (�Ypresian) rather than

near the early Eocene/middle Eocene (�Ypresian/

Lutetian) boundary (Fig. 6).

5. Stable isotopes

5.1. Background

Stable isotope analyses of soil and paleosol carbo-

nates have been used extensively to track changes in
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Table 2

Paleomagnetic data for alpha sites from South Pass. Meter level is from the composite section. Dec and Inc are the declination and inclination of

the characteristic remanent magnetization. a 95 represents the 95% zone of con®dence. VGP lat is the latitude of the paleomagnetic pole. Zone is

the local polarity zone. Polarity zone D1 is not represented by an alpha site but is represented by three stable samples from two closely spaced

sites that exhibit congruent characteristic magnetizations. R is the length of resultant magnetic vector with two stars (**) representing a

signi®cantly nonrandom distribution at a � 0:01 and one star (*) representing signi®cance at a � 0:05 (Watson 1956). Kappa is the precision

parameter

Alpha site Level (m) Dec Inc a 95 VGP lat Zone R Kappa

SP-99011 14.0 207.3 233.8 11.4 250.5 A2 2.98** 118.7

SP-99013 16.8 143.7 252.1 36.2 269.8 A2 2.84* 12.6

SP-99014 17.3 344.5 60.1 14.0 86.1 B1 2.97** 78.5

SP-99017 22.0 338.0 59.8 25.6 82.0 B1 2.92** 24.3

SP-99018 23.8 352.9 63.0 9.6 82.5 B1 2.99** 165.9

SP-99019 34.1 355.7 65.9 3.0 78.3 B1 3.00** 1708.3

SP-99022 51.6 343.6 68.4 4.1 76.1 B1 3.00** 886.6

SP-99023 54.0 350.9 63.0 5.6 83.1 B1 3.00** 486.1

SP-99024 55.5 350.2 64.3 3.2 81.7 B1 3.00** 465.7

SP-99031 72.2 155.8 253.1 45.8 279.4 C2 2.76* 8.3

SP-99043 97.4 170.0 269.0 10.3 275.4 E2 2.99** 145.5

SP-99044 106.8 167.2 261.2 7.5 285.7 E2 2.99** 271.6

SP-99045 109.5 165.3 266.5 9.5 278.9 E2 2.99** 168.1

SP-99046 113.3 161.2 258.9 10.9 284.7 E2 2.98** 129.9

SP-99056 222.4 167.1 264.0 8.8 282.3 E2 2.99** 198.0

SP-99058 224.5 186.9 264.6 12.1 273.5 E2 2.98** 105.5

SP-99059 227.3 176.7 264.3 3.7 279.5 E2 3.00** 1116.9

SP-99060 244.7 339.1 57.5 10.2 83.2 F1 2.99** 147.0

SP-99061 268.7 336.1 54.4 16.2 80.2 F1 2.97** 59.2



continental climates, biomass, and atmospheric chem-

istry (Cerling, 1984; Cerling et al., 1989; Quade et al.,

1989; Koch et al., 1992, 1995; Mora et al., 1996;

Amundson et al., 1996). The carbonates that form

relatively deep (.30 cm) in soils contain carbon

that is chie¯y supplied from the soil CO2 generated

by plant decomposition and root respiration (Cerling,

1984). Because soil carbonates contain carbon that is

ultimately derived from the plants overlying the soils,

their isotope composition tracks the composition of

this vegetation (Cerling and Quade, 1993). Prior

work has investigated the potential complications

introduced by two sources of carbon not derived

from the overlying biomass, atmospheric CO2 and

detrital carbonate. In moderately to highly productive

soils, 13C-enriched atmospheric CO2 only in¯uences

carbonates formed at the very top of the soil, though,

under conditions of higher atmospheric pCO2, this

effect may penetrate deeper into soils (Quade et al.,

1989; Cerling, 1992). For well developed soils in clas-

tic settings, detritial carbonate is leached away during

pedogenesis and does not affect the isotope composi-

tion of carbonates retrieved from soils (Quade et al.,

1989). Thus when sampled with care, paleosol carbo-

nates may supply information about changes in the

isotopic composition of overlying vegetation.

The d 13C of surface vegetation can vary consider-

ably due to differences in: (1) the photosynthetic path-

way employed by plants (C3, C4 or CAM); (2) factors

that in¯uence photosynthetic rate or the rate of CO2
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Fig. 4. VGP latitude and magnetic susceptibility plotted against lithostratigraphic and biostratigraphic units from the study section at South

Pass. Solid squares represent alpha sites, open squares represent individual samples that exhibited stable demagnetization, and open circles

represent samples that followed a great circle path toward a reverse direction during demagnetization. Six polarity zones are identi®ed in the

section (zones A 2 to F 1 ). Polarity transitions do not correlate with changes in susceptibility or lithology suggesting that they are

independent of changes in magnetic mineralogy.



diffusion into plants, such as water availability, light

levels, or temperature (see review by Ehleringer and

Monson, 1993); and (3) ¯uctuations in the d 13C of

atmospheric CO2 related to shifts in the global carbon

cycle (Marino and McElroy, 1991). Several lines of

evidence further constrain interpretations of carbon

isotope records from Paleogene paleosols. For exam-

ple, paleontological and isotopic evidence suggests

that C4 plants were not abundant (and may not yet

have evolved) prior to the Miocene (Ehleringer and

Monson, 1993; Cerling et al., 1997), and CAM plants

are relatively rare, so Paleogene plant communities

are thought to have been dominated by C3 plants. In

addition, carbon isotope records from fossil marine

plankton preserve a relatively detailed record of

long-term changes in the oceanic carbon isotope

budget that can serve as a global backdrop against

which local continental records can be compared

(Koch et al., 1992; Grocke et al., 1999).

The d 18O of soil carbonate is controlled by the d 18O

of soil water and temperature-dependent fractionation

of oxygen isotopes during mineral formation (Fried-

man and O'Neil, 1977). At depths .1 m in a soil

pro®le, monthly averages for soil and air temperature

are similar, and the d 18O of soil water is relatively

invariant and closest in composition to meteoric

water (Amundson, 1989; Brady, 1990; Hsieh et al.,

1998). The d 18O of modern, deeply formed soil
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Fig. 5. Correlation of the South Pass section studied here and the Bridger Basin section from Clyde et al. (1997) to the GPTS (Cande and Kent,

1995). Notice the short reversed zone in both sections that correlates precisely with Chron C23n.1r. A radiometric age of 47.96 ^ 0.13 Ma that

lies about 150 m above the top of the South Pass section also supports this correlation (Murphey et al., 1999).



carbonate is strongly correlated to that of meteoric

water, but these carbonates are typically 18O-enriched

by 2±10½ relative to calcite in equilibrium with

meteoric water, most likely owing to evaporative

enrichment of soil water (Cerling and Quade, 1993;

Liu et al., 1996).

The d 18O of paleosol carbonates may shift in

response to climate change through the direct effects

of temperature on oxygen isotope fractionation and

the effects of rainfall abundance on evaporative

water loss from soils. Climate also in¯uences the

d 18O of the water supplied to soils as rain and snow

(Dansgaard, 1964). In temperate and boreal regions,

mean annual temperature and mean annual meteoric

water d 18O values show a strong, positive correlation,

with a slope of ,6.0½ per 8C (Rozanski et al., 1993).

Individual mid- to high-latitude sites also exhibit a

seasonal relationship between the d 18O of meteoric
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Fig. 6. Geochronology of the Wasatchian/Bridgerian framework based on the correlation shown in Fig. 5. The Wasatchian/Bridgerian boundary

lies in Chron C23r in the middle of the early Eocene rather than near the early/middle Eocene boundary as previously assumed. This correlation

makes the Bridgerian NALMA (especially the Gardnerbuttean subage) signi®cantly longer than previously thought and shortens the duration of

the Lostcabinian subage of the Wasatchian NALMA. The age of ,55.0 Ma for the base of the Wasatchian is based on Wing et al. (2000).



water and temperature, with lower values in cold

months. These average and seasonal relationships

result from 16O-enrichment during evaporation from

warm oceans, loss of 18O-enriched water via rainout

during vapor transport to cooler regions, and equili-

bration of falling droplets with local water vapor (Gat,

1996). In tropical and subtropical regions, seasonal

variations are smaller, and the average d 18O value is

more strongly related to the amount of precipitation,

with lower values in areas with greater rainfall

(Rozanski et al., 1993). While the controls on paleosol

carbonate d 18O values are complex, it is clear that

large changes in d 18O values indicate major changes

in environmental conditions (e.g. Cerling and Quade,

1993; Koch et al., 1995; Amundson et al., 1996).

5.2. Results

Paleosol carbonates from South Pass show consid-

erable temporal variation in carbon and oxygen

W.C. Clyde et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 167 (2001) 175±199 187

Fig. 7. Carbon and oxygen isotope compositions of paleosol carbonates from the Wasatch Formation at South Pass. (A) Bivariate plot of d 13C

and d 18O of individual nodules showing large degree of variation and a strong positive correlation. (B) Stratigraphic plot of d 13C and d 18O of

paleosol nodules showing high intersite variation but little to no secular trend. (C) Average d 13C and d 18O of paleosol nodules for a sequence of

sites in the lower part of the section where sampling was most continuous. The duration between the lowest and highest levels shown here is

397,000 years based on the correlation presented in this paper. Assuming four cycles are represented, the cycles would have an average duration

of 99,000 years suggesting that they may be modulated by variations in orbital eccentricity.



isotope composition (Fig. 7A and B, Appendix A).

Within-site variability is low. Average intra-nodule

differences are 0.4½ for d 13C and 0.9½ for d 18O,

and average differences between nodules from the

same level are 0.7½ for d 13C and 1.2½ for d 18O.

In contrast, through time, paleosol carbonates show

in-phase cyclic variations of ,6½ for d 18O and

,3.5½ for d 13C (Fig. 7C). The cyclic pattern is espe-

cially well developed in the lowermost 35 m of the

composite section, where the sampling is most

continuous. Additional variations occur throughout

the upper portion of the section, but lower sampling

resolution renders these cycles poorly constrained.

The magnetostratigraphic correlation provides a

chronostratigraphic reference with which to calibrate

these isotopic cycles in absolute time. At the base of

the section, where the cycles are constrained best,

there are four apparent cycles between 2.0 and

34.1 m (Fig. 7C). Using the average sediment accu-

mulation rate calculated for Chron C23n in the section

(80.82 m/My), the four cycles combined are estimated

to represent an interval of 397,000 years. Taking into

account the errors associated with placement of the

upper and lower boundaries of Chron C23n in the

section, it is unlikely that these four cycles represent

less than 385,00 years or more than 417,000 years.

The spacing of the cycles at approximately 100,000

years suggests the possibility that they represent an

environmental or geological response to variations in

orbital eccentricity, an issue discussed in greater

detail below.

6. Paleoclimatic and biotic implications

6.1. The Cenozoic Global Climatic Optimum

Establishing the synchroneity of geological events

in the marine and continental record is a key criterion

for evaluating causal relationships and assessing the

integration of the earth system. The geological time

scale is the standard by which synchrony is most

easily tested and is thus invaluable in our continuing

efforts to document earth system history. Magnetos-

tratigraphic results presented here suggest that the

Wasatchian/Bridgerian boundary correlates to Chron

C23r. The most recent compilation of Cenozoic global

temperatures as recorded by the oxygen isotope

composition of benthic foraminifera indicates that

the warmest interval of the entire Cenozoic (CGCO)

also begins in Chron C23r (Zachos et al., 1994, perso-

nal communication; Fig. 8). This ®nding places the

Wasatchian/Bridgerian boundary in a growing pool of

land mammal age boundaries (e.g. Lancian/Puercan

and Clarkforkian/Wasatchian) that coincide with

global climatic changes and supports the view of a

strong coupling between the earth's biotic and

climatic systems. Although not all global climatic

events coincide with signi®cant mammalian turnover

(Alroy, 1995; Prothero, 1999), it is very clear that

climate can be an important driving force in regulat-

ing intercontinental dispersal (Woodburne and

Swisher, 1995). In the case of the Wasatchian/Bridge-

rian boundary, the mammalian turnover and coinci-

dent global climatic changes are more gradual and

less extreme than the changes that occurred at the

preceding Clarkforkian/Wasatchian boundary (Clyde

and Gingerich, 1998). However, the climate at the

Wasatchian/Bridgerian boundary represents the

culmination of an approximately 8 Ma period of

global warming (Zachos et al., 1994, however see

Wing et al., 2000 also) and this had several signi®cant

effects on continental biotas. There is a general

increase in the diversity of perissodactyls, artio-

dactyls, and rodents and an accompanying decrease

in the diversity of condylarths going from the

Wasatchian into the Bridgerian (Gunnell and Bartels,

1994). Bridgerian primate faunas during this tempera-

ture maximum are quite different from those in the

Wasatchian with only 22% of the genera being shared

between the two land mammal ages (Gunnell, 1997).

Reptilian diversity and geographic ranges were at

their Cenozoic maximum during this period

(Hutchison, 1982; Markwick, 1994) and tropical

closed habitat ecosystems were widespread at mid to

high latitudes (MacGinitie et al., 1974; Wilf, 2000).

By the end of the Bridgerian, global climate had

begun its long deterioration into the ice-house and

North America had seen its last tropical biota of the

Cenozoic (Stucky, 1990).

6.2. Isotope oscillations

The best resolved of the large isotopic cycles in the

South Pass section are approximately 100,000 years in

duration, indicating that these cycles may be paced by
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variations in orbital eccentricity. Our sampling reso-

lution is presently too coarse to allow us to search for

additional cycles nested within these 100,000 year

cycles, which would supply an important test of

their origin by orbital forcing.

There are several potential explanations for the

large oscillations in isotope values. The d 18O

values of paleosol carbonates are tracking some

combination of change in soil temperature and change

in the d 18O of soil water. We consider it unlikely that

the 6½ oscillations in carbonate d 18O could result

solely from change in temperature. Assuming the

d 18O of soil water was constant, the magnitude of

the required temperature change (,258C assuming

the fractionation relationship of Friedman and O'Neil

(1977)) is quite large. In addition, the positive corre-

lation between mean annual temperature and the d 18O

of precipitation (Dansgaard, 1964) will oppose the

negative correlation between temperature and calcite

d 18O produced by effects of temperature on the frac-

tionation factor. As a consequence of these antagonis-

tic effects, it would take an even larger temperature

change to explain a 6½ shift in carbonate d 18O.

Consequently, we must consider alternative

mechanisms that have their primary impact on the

d 18O of soil water.

At least three such mechanisms are possible. (1)

Because precipitation in continental regions exhibits

strong seasonal variations, shifts in the seasonal distri-

bution of precipitation can shift the annually inte-

grated d 18O of soil water. For example, Plummer

(1993) invoked this mechanism to explain shifts in

the composition of the Florida aquifer between glacial

and modern times. (2) Precipitation derived from

different source regions can be isotopically distinct,

due to differences in temperature at the site of vapor

formation or differences in extent of rainout along the

path of vapor transport (Gat 1996). Amundson et al.

(1996) posited that a shift in the d 18O of soil carbo-

nates in Wyoming from glacial to Recent times could

be explained by an increased component of Paci®c

moisture in the Recent, relative to moisture from the

Gulf of Mexico. A similar mechanism could contri-

bute to isotopic oscillations in the Eocene. (3) Finally,

the d 18O oscillations may re¯ect changes in the moist-

ure balance of soils. Given the effects of evaporation

on soil water d 18O values, we would expect low

carbonate d 18O values to represent wetter soils,

whereas higher values would indicate drier soils.

All three of these mechanisms might vary in

intensity with orbital changes in insolation. There is

growing evidence that orbitally driven changes in

insolation have changed the intensity of monsoonal

conditions over Quaternary time scales. Signi®cant

effects on the seasonality of precipitation, soil moist-

ure state, lake level, and vegetation have been
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Fig. 8. Oxygen isotope record of benthic foraminifera from deep sea sites showing: (1) the coincidence of the Clarkforkian/Wasatchian

NALMA boundary to a short-term negative excursion representing an abrupt global warming event (IETM); and (2) the coincidence of the

Wasatchian/Bridgerian NALMA boundary to the beginning of the long-term Cenozoic warming peak known as the Cenozoic Global Climate

Optimum (CGCO). Isotope data are from Zachos et al. (1994) and Zachos (personal communication). Calibration of the Geomagnetic Polarity

Time Scale shown at left is from Cande and Kent (1995).



recorded in sedimentological and pedogenic isotope

records (Webb et al., 1993; Kutzbach et al., 1996;

Wang and Follmer, 1998; Fang et al., 1999). Eocene

wet±dry phases are known from the central Green

River basin, with periodic drying of paleolake Gosuite

(Buchheim, 1994). Orbitally phased changes have

been detected in Eocene lacustrine oil shales from

the basin as well (Fischer and Roberts, 1991; Roehler,

1993). Computer simulations of Eocene climates have

revealed that orbitally driven variations in insolation

can have a major impact on climate in western North

America (Sloan and Morrill, 1998), though the effects

on monsoonal vapor transport have yet to be investi-

gated. Thus while the proximate cause for the large

shifts in paleosol carbonate d 18O values requires

further study, orbitally driven changes in vapor trans-

port and moisture balance of the paleolake basin are

plausible.

The nearly 4½ cycles in the d 13C of paleosol carbo-

nates are harder to explain. The single large d 13C shift at

the IETM has been attributed to a massive release of
13C-depleted methane clathrates from the ocean ¯oor,

which labeled both marine and continental carbon reser-

voirs (Dickens et al., 1997). We might posit that orbi-

tally driven shifts in insolation somehow triggered a

series of methane releases later in the early Eocene. A

possible trigger could be orbitally driven changes in the

temperature of deep bottom waters beyond some critical

threshold that leads to clathrate destabilization. If this

mechanism is correct, then these oscillations should be a

global phenomenon. There is some suggestion from

marine stable isotope records that additional short-

term negative excursions are present during this period

(Thomas and Zachos, 1999). Unfortunately, this section

of the marine record has not been examined at high

enough resolution to ®rmly establish the presence of

such shifts, much less whether or not they occur on

orbital time scales. In addition, it is unclear that the

marine clathrate reservoir could regenerate enough

methane in just 100,000 years to explain the large

d 13C cycles present in South Pass soil carbonates.

Finally, unlike the situation at the IETM, where paleosol

carbonate d 13C values drop to extremely low values

(212 to 215½), an expected response to a large injec-

tion of 13C-depleted methane into earth surface carbon

reservoirs, the cycles in the South Pass paleosol

carbonates do not oscillate to unusually low values

(211 to 29½). Assuming the same isotopic offsets

among sur®cial carbon reservoirs as operate today

(Koch et al., 1995), these low values are wholly

consistent with the values in coeval planktonic forami-

nifera. Rather, it is the d 13C value for the high end of

these cycles (27 to 26½) that is unusual and requires

explanation.

There are at least two local phenomena that might

explain cyclic variations from `typical' to unusually

high d 13C values. First, even if we assume that Eocene

vegetation consisted only of C3 plants, it is well

known that C3 plants exhibit large, consistent differ-

ences in d 13C related to changes in moisture avail-

ability, light level, and other environmental factors

that in¯uence photosynthetic rate (Ehleringer and

Monson, 1993). Ecosystem-level differences in the

d 13C of C3 vegetation between arid regions and wetter

regions are of the magnitude of 3 to 6½, with higher

values under more arid climates (Tieszen, 1994). Thus

extreme, basin-scale wet±dry cycles could explain

positively correlated variations in both carbon and

oxygen isotopes in paleosol carbonates. One dif®culty

with this hypothesis is the unlikelihood of generating

soil carbonates in the extremely wet environments

that would be required to produce the full range of

d 13C values observed here.

An alternate explanation for the d 13C oscillations,

as well as the unusually high d 13C values in some

soils, is that C4 plants were present in the Eocene of

Wyoming. Quade et al. (1994) evaluated the magni-

tudes of the different factors in¯uencing the d 13C of

soil carbonates (variations in plants or soil productiv-

ity, temperature effects on fractionation, etc.), and

argued that soil carbonate d 13C values higher than

,28½ are extremely unlikely in 100% C3 ecosys-

tems. Using the same conservative criterion, it is

possible that C4 plants were migrating into and out

of these basin-margin habitats in-phase with climatic

cycles indicated by the oxygen isotope record. No C4

plant macrofossils have been discovered in deposits

older than late Miocene, and prior isotopic evidence

from soil carbonates and mammal tooth enamel

largely point to the late Miocene for the expansion

of C4 plants into global ecosystems (Cerling et al.,

1997, though see Morgan et al., 1994 for a dissenting

view). If our alternate interpretation of South Pass

carbonate d 13C values is correct, C4 plants were

present much earlier, but limited to water-stressed,
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perhaps hyper-saline environments along the margins

of ancient lakes and playas.

A ®nal interpretation is that the isotopic oscillations

at South Pass record climatically controlled differ-

ences in the extent of pedogenesis. Perhaps during

cool/dry intervals, soil carbonates in weakly devel-

oped paleosols incorporate a greater fraction of

detrital carbonate from the soil parent material,

whereas under warmer/wetter conditions, detrital

carbonate is entirely removed from the soil pro®le

by leaching. Detrital carbonates in this region would

most likely be derived from the Paleozoic marine

carbonates being unroofed along adjacent highlands.

These carbonates tend to have d 13C and d 18O values

much higher than those for typical soil carbonates

forming in temperate/subtropical C3 ecosystems. For

example, the Mississippian aged Madison Limestone

has average d 13C and d 18O values of 13½ and 21½,

respectively (Budai and Lohmann, 1984). Thus,

changes in the degree of incorporation of Paleozoic

detrital carbonate into Eocene paleosol carbonates

could induce synchronous, positively correlated

changes in carbon and oxygen isotopes.

We plan to investigate these alternate hypotheses

through future research. We will collect paleosol

carbonates at greater stratigraphic resolution to search

for sub-cycles that might bolster our interpretation

that the 100,000 year cycles are orbitally forced, and

allow us to identify clearer cycles higher in the strati-

graphic section. In the process, we will conduct more

exhaustive ®eld and laboratory analyses of paleosol

properties to explore whether or not isotopic cycles

are tied to paleosol maturity and development.

Finally, we will test the provocative hypothesis that

C4 plants were present in the Eocene of Wyoming

through isotopic analysis of mammals from the

same paleosols that produce unusually high soil

carbonate d 13C values. If these high values re¯ect

the presence of C4 plants, rather than a pedogenic

process that leads to spuriously high values (such

as the incorporation of more detrital carbonate

under conditions of low soil productivity), then

mammals feeding on these C4 plants should have

unusually high d 13C values in their tooth enamel.

Of course, recovery of plant fossils might also

resolve this issue, but upland sedimentary environ-

ments like those at South Pass rarely preserve good

plant fossils.

6.3. Anachronism

Recent paleontological surveys across the

Wasatchian/Bridgerian boundary from several areas in

the greater Green River Basin have indicated the possi-

bility that faunas preserved in basin-margin settings

may differ signi®cantly from coeval basin-center faunas

(Gunnell and Bartels, 2001). This hypothesis is strongly

supported by the results presented here. The strati-

graphic order of lithological, biostratigraphic and

magnetostratigraphic datums coincides precisely

between the Bridger Basin, which lies in the west-

central greater Green River Basin (Fig. 1A; Clyde

et al., 1997), and the South Pass area studied here.

This suggests that each of these transitions is essentially

isochronous between sections (at least at the time scale

of polarity reversals). First and last appearance events

for certain taxa, however, seem to differ signi®cantly in

these two sections. For instance, the perissodactyl taxa

Hyracotherium and Orohippus, often thought of as a

classic example of an anagenetic ancestor-descendent

pair due to similar morphologies and non-overlapping

stratigraphic ranges in basin-center faunas, are found to

overlap in the basin-margin section at South Pass

(Fig. 9). Several other examples of anachronistic bios-

tratigraphic datums and compositional disparity

between basin-margin and basin-center faunas have

been documented from the greater Green River Basin,

suggesting there may have been considerable ecological

heterogeneity across this broad basin in the Eocene

(Gunnell and Bartels, 2001). Results presented here

argue that these differences are not an artifact of

diachronous lithological boundaries. It is also unlikely

that the differences are due to excessive time-averaging

along the basin-margin since all of the lithological and

magnetostratigraphic datums that are preserved in the

basin-center are also preserved on this margin. In addi-

tion, the taxa in question have been recorded in several

different paleosol horizons in the South Pass section

suggesting that time-averaging could not be the sole

reason for the observed pattern.

One explanation for the observed disparity between

biostratigraphic and compositional characteristics of

basin-margin faunas compared to coeval basin-center

faunas includes the potential existence of refuge

habitats along these marginal settings. It is almost

certain that the Green River Basin in the Eocene had

a much wider variety of habitats than it does today and
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thus it may not be surprising to see variation in the

stratigraphic distribution of certain habitat-speci®c

taxa. It is important to note, however, that even though

several individual taxa seem to exhibit anachronistic

biostratigraphic datums between sections, the bound-

aries between faunal zones (e.g. between the Gardner-

buttean and Blacksforkian subages) are still clearly

identi®able and seem to be essentially synchronous

between sections. This is true because the index taxa

(usually genera) tend to be large, broadly distributed

generalists (e.g. brontotheres) that exhibit local differ-

ences in relative abundance but are characterized by

less taxonomic turnover than their specialist cohorts

(e.g omomyids).

The seeming isochrony of lithological transitions

across the greater Green River basin is surprising

given its size and complexity. Paleolake Gosuite, the

most important sedimentary architect in this basin,

seems to have experienced dramatic changes in lake

level over very short periods of time suggesting it may

have been quite sensitive to extrabasinal phenomena

like climatic change. Although faunal sampling is not

yet resolved enough to assess the biotic impact of

these local, short-term environmental ¯uctuations, it

is clear that mammalian faunas in this region experi-

enced signi®cant reorganization coincident with the

global changes in climate at the CGCO. Continued

sampling of the excellent record of Eocene environ-

mental and biotic change preserved in the greater

Green River Basin should provide the opportunity to

evaluate the local response to the global climatic

changes that occurred around the CGCO.

7. Conclusions

Magnetostratigraphic and isotopic results presented

here for South Pass have several important implica-

tions for constraining faunal and climatic changes in

North America during the early Eocene:

1. New magnetostratigraphic information from South

Pass suggests that the Wasatchian/Bridgerian

boundary correlates to Chron C23r at about

52 Ma on the most recent GPTS.

2. This new correlation indicates that the Wasatchian/

Bridgerian boundary correlates with the onset of

the CGCO (Cenozoic Global Climatic Optimum)

which represents the warmest interval of the entire

Cenozoic.
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Fig. 9. An example of diachronous biostratigraphic datums between the upland South Pass section and the more central Bridger Basin section

from Clyde et al. (1997). The stratigraphic ranges of Hyracotherium and Orohippus overlap at South Pass whereas their ranges do not overlap in

the Bridger Basin section.



3. Carbon and oxygen isotope composition of paleo-

sol carbonates exhibit high amplitude cycles

(,6½ for oxygen and ,3.5½ for oxygen) that

are estimated to be 100,000 years in duration

suggesting a potential link with variations in orbital

eccentricity.

4. Intrabasinal correlations suggest that lithological

and biostratigraphic boundaries are isochronous

across the basin but that particular taxa seem to

exhibit signi®cantly different ®rst or last appear-

ances in basin-margin sections like South Pass

compared to coeval basin-center sections. Basin-

margin areas may act as long-term refugia for

ecologically sensitive taxa.
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Appendix A

Carbon and oxygen isotope compositions of paleosol carbonate nodules from the Wasatch Formtion at South Pass. Isotopic values are

relative to the PDB standard. Ages for each level are estimated using the base of Chron C23n.2n (following the correlation shown in Fig. 5;

Cande and Kent, 1995) and an average sediment accumulation rate for C23n (80.83 m/My).

Sample Section Composite

level (m)

Age

(Ma)

Sample

d 13C

Sample

d 18O

Nodule

average d 13C

Nodule

average d 18O

Level

average d 13C

Level

average d 18O

SP-PM-98001A-1 98-PM-1 0.90 51.94 28.86 29.28 28.94 29.28 28.94 29.28

SP-PM-98001A-2 29.02 29.28

SP-PM-98002A-1 98-PM-1 2.05 51.93 210.35 210.06 210.34 210.27 210.26 211.61

SP-PM-98002A-2 210.33 210.49

SP-PM-98002B-1 210.30 213.07 210.19 212.94

SP-PM-98002B-2 210.08 212.81

SP-PM-98003A-1 98-PM-1 3.00 51.92 27.56 26.88 28.14 27.27 28.18 26.90

SP-PM-98003A-2 28.72 27.66

SP-PM-98003B-1 27.23 25.20 28.22 26.53

SP-PM-98003B-2 29.22 27.87

SP-PM-98004A-1 98-PM-1 3.75 51.91 27.60 24.88 27.68 25.93 27.07 25.15

SP-PM-98004A-2 27.77 26.97

SP-PM-98004B-1 26.49 24.15 26.46 24.38

SP-PM-98004B-3 26.42 24.61

SP-PM-98006A-1 98-PM-1 6.05 51.88 26.36 23.75 26.33 24.91 26.33 24.91

SP-PM-98006A-2 26.75 25.37

SP-PM-98006A-3 25.87 25.63

SP-PM-98007A-1 98-PM-1 7.15 51.86 29.84 210.68 210.49 211.23 28.96 28.90

SP-PM-98007A-2 212.02 210.56

SP-PM-98007A-3 29.60 212.45

SP-PM-98007B-1 27.67 27.30 27.44 26.56

SP-PM-98007B-2 27.20 25.82

SP-PM-98008A-1 98-PM-1 11.35 51.81 210.54 29.66 210.25 29.61 28.35 27.57

SP-PM-98008A-2 29.96 29.56

SP-PM-98008B-1 26.61 26.08 26.44 25.52

SP-PM-98008B-2 26.28 24.97

SP-PM-98009A-1 98-PM-1 12.37 51.80 29.92 211.01 210.01 211.23 29.25 210.96

SP-PM-98009A-2 210.09 211.44



W.C. Clyde et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 167 (2001) 175±199194

(continued)

Sample Section Composite

level (m)

Age

(Ma)

Sample

d 13C

Sample

d 18O

Nodule

average d 13C

Nodule

average d 18O

Level

average d 13C

Level

average d 18O

SP-PM-98009B-1 28.49 210.69 28.49 210.69

SP-PM-98010A-1 98-PM-1 12.87 51.79 211.50 211.89 211.55 211.86 210.26 210.58

SP-PM-98010A-2 211.60 211.83

SP-PM-98010B-1 29.33 210.22 28.97 29.29

SP-PM-98010B-2 28.61 28.37

SP-PM-98011A-1 98-PM-1 14.00 51.78 26.85 25.61 26.60 25.12 27.04 26.62

SP-PM-98011A-3 26.36 24.63

SP-PM-98011B-1 27.48 28.13 27.48 28.13

SP-PM-98012A-1 98-PM-1 15.50 51.76 26.15 24.39 26.13 24.30 26.50 24.27

SP-PM-98012A-2 26.10 24.22

SP-PM-98012B-1 26.59 24.27 26.87 24.24

SP-PM-98012B-2 27.14 24.21

SP-PM-98013A-1 98-PM-1 16.80 51.75 26.17 24.38 26.15 24.36 26.64 24.34

SP-PM-98013A-2 26.14 24.34

SP-PM-98013B-1 27.14 24.39 27.13 24.32

SP-PM-98013B-2 27.12 24.25

SP-PM-98014A-1 98-PM-1 17.25 51.74 26.67 24.33 26.52 24.28 26.54 24.27

SP-PM-98014A-2 26.37 24.22

SP-PM-98014B-1 26.71 24.12 26.56 24.26

SP-PM-98014B-2 26.41 24.40

SP-PM-98015A-1 98-PM-2 28.25 51.60 27.42 26.04 27.58 26.38 27.58 26.38

SP-PM-98015A-2 27.74 26.73

SP-PM-98016A-1 98-PM-3 27.50 51.61 26.10 24.37 26.58 24.86 26.51 24.87

SP-PM-98016A-2 27.06 25.35

SP-PM-98016B-1 26.25 24.38 26.45 24.89

SP-PM-98016B-2 26.65 25.40

SP-PM-98017A-1 98-PM-2 22.00 51.68 29.02 28.78 29.24 29.02 29.26 29.15

SP-PM-98017A-2 29.46 29.26

SP-PM-98017B-2 29.29 29.18 29.29 29.27

SP-PM-98017B-3 29.29 29.37

SP-PM-98018A-1 98-PM-2 23.80 51.66 29.38 210.35 29.61 210.98 29.73 211.28

SP-PM-98018A-2 29.84 211.61

SP-PM-98018B-1 29.74 211.26 29.84 211.57

SP-PM-98018B-2 29.94 211.88

SP-PM-98019A-2 98-PM-3 34.10 51.53 29.30 210.36 29.43 210.22 29.69 210.70

SP-PM-98019A-3 29.56 210.08

SP-PM-98019B-1 29.78 210.61 29.95 211.18

SP-PM-98019B-2 210.40 211.90

SP-PM-98019B-3 29.67 211.03

SP-PM-98020A-1 98-PM-3 41.10 51.44 25.95 24.42 26.32 24.84 26.52 25.44

SP-PM-98020A-3 26.68 25.25

SP-PM-98020B-1 27.71 27.08 26.73 26.04

SP-PM-98020B-2 25.75 25.01

SP-PM-98021A-2 98-PM-3 42.90 51.42 28.31 29.23 28.02 29.06 27.86 29.02

SP-PM-98021A-3 27.73 28.89

SP-PM-98021B-1 27.69 28.97 27.69 28.97
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(continued)

Sample Section Composite

level (m)

Age

(Ma)

Sample

d 13C

Sample

d 18O

Nodule

average d 13C

Nodule

average d 18O

Level

average d 13C

Level

average d 18O

SP-PM-98023A-1 98-PM-4 53.95 51.29 210.02 211.21 29.44 211.50 29.24 210.72

SP-PM-98023A-3 28.86 211.79

SP-PM-98023B-1 29.67 28.84 29.04 29.93

SP-PM-98023B-2 28.41 211.03

SP-PM-98024A-1 98-PM-4 55.45 51.27 25.72 24.46 25.87 24.78 25.85 24.80

SP-PM-98024A-2 26.01 25.10

SP-PM-98024B-1 25.77 24.59 25.84 24.83

SP-PM-98024B-2 25.91 25.08

SP-PM-98025A-1 98-PM-4 56.80 51.25 26.53 25.47 26.75 26.79 26.60 25.91

SP-PM-98025A-2 26.96 28.11

SP-PM-98025B-1 26.35 24.71 26.46 25.03

SP-PM-98025B-2 26.56 25.35

SP-PM-98026A-1 98-PM-4 57.95 51.24 29.35 211.54 29.03 210.94 29.61 211.26

SP-PM-98026A-2 28.70 210.34

SP-PM-98026B-1 210.03 211.47 210.20 211.59

SP-PM-98026B-2 210.37 211.71

SP-PM-98029A-1 98-PM-4 67.00 51.12 28.45 29.45 28.48 29.41 28.57 29.01

SP-PM-98029A-2 28.51 29.37

SP-PM-98029B-1 28.70 28.42 28.65 28.62

SP-PM-98029B-2 28.60 28.81

SP-PM-98030A-1 98-PM-4 70.40 51.08 29.12 29.37 29.39 29.86 29.39 29.93

SP-PM-98030A-2 29.65 210.35

SP-PM-98030B-1 29.26 29.79 29.39 210.00

SP-PM-98030B-2 29.52 210.21

SP-PM-98031A-1 98-PM-4 72.20 51.06 28.69 210.26 28.89 210.68 28.76 210.20

SP-PM-98031A-2 29.09 211.10

SP-PM-98031B-1 28.47 29.09 28.63 29.72

SP-PM-98031B-2 28.79 210.35

SP-PM-98032A-1 98-PM-4 75.10 51.02 28.32 212.30 28.22 213.57 28.29 213.73

SP-PM-98032A-2 28.13 214.84

SP-PM-98032B-1 28.51 214.24 28.37 213.88

SP-PM-98032B-2 28.22 213.52

SP-PM-98033A-1 98-PM-4 85.10 50.90 26.74 24.80 26.83 25.21 26.69 25.11

SP-PM-98033A-2 26.92 25.62

SP-PM-98033B-1 26.38 24.53 26.54 25.00

SP-PM-98033B-2 26.71 25.48

SP-PM-98034A-1 98-PM-4 91.20 50.83 28.01 29.77 28.08 29.98 28.27 210.46

SP-PM-98034A-2 28.15 210.19

SP-PM-98034B-1 28.53 210.56 28.45 210.95

SP-PM-98034B-2 28.38 211.33

SP-PM-98043A-1 98-PM-6 97.35 50.75 26.02 27.26 25.88 29.01 25.74 28.55

SP-PM-98043A-2 25.74 210.77

SP-PM-98043B-1 25.59 27.96 25.61 28.09

SP-PM-98043B-2 25.63 28.21
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