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Smith et al. (2003, hereafter referred to as
Smith et al.) present seven new isotopic ages
from the Green River Formation in the greater
Green River Basin. These data provide wel-
come new information in the ongoing effort
to develop a coherent and reliable geochron-
ological framework for this large and strati-
graphically complex basin. Several of their
main conclusions are based on a revised age
estimate for the Wasatchian-Bridgerian North
American Land Mammal Age boundary. For
instance, Smith et al. use the revised age es-
timate for the Wasatchian-Bridgerian bound-
ary to argue that the onset of maximum tem-
peratures during the early Eocene climate
optimum (EECO) could not have caused the
faunal turnover that marks the boundary.
Since no vertebrate fossils are known from the
stratigraphic sections presented in Smith et al.,
these important conclusions rest entirely on
their reinterpretation of a magnetostratigraphic
correlation presented in Clyde et al. (2001,
hereafter referred to as Clyde et al.). Unfor-
tunately, the authors overlook several impor-
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tant stratigraphic observations in their efforts
to reinterpret this record.

Smith et al. argue that the uppermost nor-
mal polarity zone from Clyde et al. (zone F1)
correlates to Chron C21n instead of Chron
C22n. We rejected this interpretation because
that normal polarity zone lies within Bridger
‘‘A’’ lithologies and is associated with a well-
characterized Bridgerian Br1b (5 early
Blacksforkian) mammalian fauna (Fig. 4 in
Clyde et al.), both of which are known to be
older than Chron C21n (see below). This
Bridgerian Br1b fauna contains many biostra-
tigraphically diagnostic taxa such as Anapto-
morphus westi, Notharctus robinsoni, Smilo-
dectes mcgrewei, and Palaeosyops fontinalis
(Gunnell and Bartels, 2001).

Murphey et al. (1999) report an isotopic age
of 47.96 6 0.13 Ma for the Church Butte Tuff,
which lies within Bridger ‘‘B’’ lithologies
(i.e., above the Bridger ‘‘A’’ beds of polarity
zone F1) and is closely associated with a
Bridgerian Br2 fauna (i.e., above the Brid-
gerian Br1b fauna of polarity zone F1). Smith
et al. deem this age determination to be reli-
able but recalculate it to 48.65 6 0.30 Ma
using the standard ages of Renne et al. (1998).
They also recalculate the beginning of Chron
C21n to be 48.1 Ma as opposed to 47.9 Ma
as originally reported in Cande and Kent
(1995). Basic stratigraphic principles thus in-
dicate that polarity zone F1 must be consid-
erably older than ca. 48.6 Ma according to the
recalculated Murphey et al. (1999) age, yet the

Smith et al. interpretation would have it youn-
ger than ca. 48 Ma (Fig. 1). The youngest nor-
mal Chron in the Geomagnetic Polarity Time
Scale (GPTS) that is older than ca. 48.6 Ma
is Chron C22n, which is the one to which
Clyde et al. correlated polarity zone F1 in
their original study.

The Green River Basin is characterized by
a particularly complex array of lateral facies
changes that make it difficult to apply stan-
dard lithostratigraphic correlation across the
basin. For instance, the new isotopic ages
come from locations near the center of the ba-
sin where the lacustrine Green River Forma-
tion is dominant and there is little or no de-
velopment of the fluvial Wasatch Formation.
The magnetostratigraphic and biostratigraphic
data of Clyde et al. (1997, 2001) come from
marginal basin localities where the Wasatch
Formation is prominent and precise strati-
graphic relationships between it and members
of the Green River Formation have been es-
tablished, but no isotopic age framework ex-
ists. Smith et al. correlate between these dis-
tant locations using a presumed model of
lateral facies associations that is rather impre-
cise for the purposes of creating a robust
chronostratigraphic framework.

Unfortunately, the present array of strati-
graphic and radioisotopic information from
the greater Green River Basin remains incon-
sistent, making it impossible at present to con-
struct a reliable basinwide chronostratigraphic
framework for the Green River Basin. Part of
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Figure 1. (A) Original Clyde et al. (2001) correlation of the magnetostratigraphic record from South Pass, Wyoming, to the Geomagnetic
Polarity Time Scale (GPTS; Cande and Kent, 1995, recalibrated by Smith et al., 2003). The two checks mark consistencies between the
local South Pass record and the GPTS. First, there is good agreement between the Chron C23N polarity pattern and the polarity pattern
at the base of the South Pass section. Second, the 40Ar/39Ar age determination of 48.65 6 0.3 Ma from Bridger B rocks (Murphey et
al., 1999; recalculated by Smith et al., 2003) that correlates to ;150 m above the South Pass section agrees with the expected age from
the GPTS under this correlation. (B) The Smith et al. (2003) revised correlation. The question mark indicates the lack of agreement
between the local polarity pattern and the GPTS. The ‘‘X’’ marks the discrepancy between the Bridger B age determination and their
proposed correlation.

the problem may be due to stratigraphic and
analytical uncertainty associated with the cal-
ibration points for the early Eocene part of the
current GPTS (Berggren et al., 1995; Berg-
gren and Aubry, 1998). In any case, resolution
of these inconsistencies will require yet more
work, particularly in areas where basin-margin
and basin-center deposits can be precisely lith-
ostratigraphically correlated and biostrati-
graphic and magnetostratigraphic data can be
combined directly with isotopic age
determinations.
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In their comment, Clyde et al. point out an
important discrepancy between our 40Ar/39Ar-
based age model (Smith et al., 2003), paleo-
magnetic stratigraphy (Clyde et al., 1997;
2001), and an 40Ar/39Ar age from Murphey et
al. (1999). Specifically, Clyde et al. conclude
that the F1 chron within the Bridger Forma-
tion at the top of their South Pass section
(Clyde et al., 2001) correlates to C22n instead
of C21n, implying that the entire Green River
Formation is contained between C23r and
C22r. Their interpretation is based largely on
the age for the Church Butte tuff given by
Murphey et al. (1999). However, we suspect
that this age is too old and may reflect detrital
or xenocrystic contamination. Adopting the
Murphey et al. (1999) age for the Church
Butte tuff as valid requires one or more of the
following:

1. Rejection of well-documented basinwide
correlations.

2. Abandonment of seven fully document-
ed, stratigraphically consistent age determi-
nations by Smith et al. (2003).

3. Acceptance of unreasonably high depo-
sitional rates for the Laney Member and
Bridger Formations between the Analcite and
Church Butte tuffs.

Herein, we present an amended version of
our age model that rejects the age of Murphey
et al. (1999) for the Church Butte tuff, thereby
eliminating the contradiction noted by Clyde
et al. (Fig. 1).

1. We acknowledge that lateral facies
changes are pronounced in the Greater Green
River Basin but observe that certain units,
most notably the Tipton and Laney members,
can be confidently correlated basinwide (Brad-
ley, 1964; Roehler, 1992b; Clyde et al., 2001;
Pietras et al., 2003). Contrary to Clyde et al.’s

†E-mail: msmith@geology.wisc.edu.

concern that the ‘‘particularly complex array
of lateral facies changes. . . make it difficult to
apply standard lithostratigraphic correlation
across the basin,’’ considerable lithostrati-
graphic and biostratigraphic continuity exists
regarding the basinwide correlation of these
units, which both record major expansions of
Lake Gosiute (e.g., Bradley, 1964; Roehler,
1992b). In fact, Clyde et al. (1997, 2001) cor-
relate the base of the Laney Member of the
Green River Formation between two sections
(Opal and South Pass) that are separated by
more than 140 km, and in both indicate it
to be stratigraphically coincident with the
Gardnerbuttean-Blacksforkian (Br1a-Br1b)
boundary and just above a characteristic nor-
mal magnetic chron. Clyde et al. also argue
that the ages of several biostratigraphic
boundaries in Smith et al. (2003) rest entirely
upon reinterpretation of the basin margin mag-
netostratigraphy and biostratigraphy of Clyde
et al. (1997, 2001). However, our ages for the
Lostcabinian-Gardnerbuttean (Wa7-Br0) and
Gardnerbuttean-Blacksforkian (Br1a-Br1b)
boundaries integrate several biostratigraphic
studies from multiple localities throughout the
basin (Wood et al., 1941; McGrew and Roeh-
ler, 1960; Morris, 1954; Bradley, 1964; Gazin,
1965; West and Dawson, 1973; Krishtalka et
al., 1987; Honey, 1988; Holroyd and Smith,
2000) in addition to the more recent contri-
butions from the Opal (Roehler, 1989; Zonne-
veld, 2000; Clyde et al., 1997) and South Pass
(Clyde et al., 2001; Gunnell and Bartels,
2001) sections. Despite recent complications
with Gardnerbuttean index taxa (Smith and
Holroyd, 2003), biostratigraphers have consis-
tently placed the Wasatchian-Bridgerian
(Lostcabinian-Gardnerbuttean) boundary in
the lower part of the Cathedral Bluffs Tongue
of the Wasatch Formation and equivalent Wil-
kins Peak Member. Likewise, in their Opal
section in the SW corner of the Greater Green
River Basin, Clyde et al. (1997) and Zonne-
veld et al. (2000) located the Wasatchian-
Bridgerian boundary in the lower part of the

Wilkins Peak Member, above laminated mud-
stones of the Tipton Member (Roehler, 1989).

The apparent conflict between our age de-
terminations and the magnetostratigraphy of
Clyde et al. (1997, 2001) stems from a radio-
isotopic age determination for the Church
Butte tuff, published in an abstract by Mur-
phey et al. (1999), that places Br2 (Bridger
‘‘B’’) strata in the southeastern Bridger Basin
at 48.65 6 0.32 Ma (unless otherwise noted,
ages are each represented with 2s intercali-
bration uncertainty relative to 28.34 Ma for
sanidine from the Taylor Creek Rhyolite
[TCs]; c.f. Renne et al., 1998). Clyde et al.
reason that because this age is older than the
age for the base of C21n (recalibrated to 47.86
Ma; c.f. Smith et al., 2003), the normal mag-
netic interval F1 found at the top of their
South Pass section that contains Br1b (Bridger
‘‘A’’) fauna correlates to C22n. Our previous
age model (Smith et al., 2003) erroneously
showed the F1 interval at South Pass to be
biostratigraphically within Br3 (Bridger ‘‘C’’)
based solely on the age determinations of
Murphey et al. (1999). The set of ages deter-
mined by Smith et al. (2003) and Murphey et
al. (1999), taken together, cannot be recon-
ciled with the stratigraphy of Clyde et al.
(2001).

2. Inheritance of xenocrysts or detrital
grains can introduce significant error into the
radioisotopic ages of tuff beds when large
samples are dated. We propose that an inher-
ited contaminant best explains the apparent
contradiction. Owing to the grossly different
radiogenic argon contents, a single Precam-
brian detrital grain or partially outgassed xen-
ocryst of feldspar or biotite incorporated into
a population of 1000 crystals erupted 47 Ma
could easily elevate the apparent age of the
bulk sample by 1%–2% over its depositional
age. Our 2003 study recognized this and took
pains to exclude analyses potentially biased by
detrital or xenocrystic contamination. Analy-
ses of small (1–10 grain) aliquots of sanidine
and biotite from Green River Formation tuff
beds reveal subtle xenocrystic or detrital con-
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Figure 1. Revised age model for the Green River Formation and associated strata in the Greater Green River Basin showing correlation
of radioisotopic ages, biostratigraphy, and magnetostratigraphy to the Eocene geomagnetic polarity timescale (GPTS). GPTS modified
from Cande and Kent (1992, 1995) to reflect the standard ages of Renne et al. (1998) (c.f. Smith et al., 2003). Position of North American
land mammal ages (NALMA), zones, subages, and ‘‘Bridger’’ beds from Wood et al. (1941), Morris (1954), McGrew and Roehler (1960),
Gazin (1965), Krishtalka et al. (1987), Honey (1988), Clyde et al. (1994, 1997, 2001), Zonneveld at al. (2000), Holroyd and Smith (2000),
and Gunnell and Bartels (2003). Facies associations from Carroll and Bohacs (1999).

tamination that can only be detected and ex-
cluded if sufficiently small aliquots (,10
grains) are used (Smith et al., 2003). Nearly
half the biotite analyses from the Main tuff
fall outside the 95% confidence limits about
the mean age of 50.01 6 0.21 Ma and were
excluded from its calculation. Inclusion of
these outliers shifts the age 1% to 50.56 Ma.
In contrast, sanidine from the Main tuff was
free of outliers, giving an age of 49.96 6 0.16
Ma that independently confirms the validity of
excluding the biotite outliers.

To further illustrate the sample size prob-
lem, we re-dated sanidine from an upper Will-
wood Formation ash bed from the Bighorn
Basin (bed B; Rohrer, 1964; Wing et al.,
1991), located at the base of chron 24n.1 and

coincident with the Lystitean-Lostcabinian
(Wa6-Wa7) North American land mammal age
(NALMA) substage boundary. Sanidine from
this ash was 40Ar/39Ar dated at 53.09 6 0.34
Ma by incrementally heating a 100 mg sample
(Wing et al., 1991). Smith et al. (2003) uti-
lized this age to recalibrate the Eocene
GeoMagnetic Polarity Timescale (GPTS) to
the standard ages of Renne et al. (1998) and
constrain the Wa6-Wa7 boundary, which is
found in the upper part of the Luman Tongue
of the Green River Formation (McGrew and
Roehler, 1960; Gazin, 1965; Holroyd and
Smith, 2000). However, we suspected the
Wing et al. (1991) age to be too old because
of the large sample size used.

We conducted sixteen laser-fusion and four

5-step laser incremental heating analyses of
one to three crystal aliquots of large, optically
clear ;10 microgram sanidine crystals that
give a weighted mean age of 52.59 6 0.12
Ma for the Willwood ash bed (2s analytical
uncertainties; 6 0.19 m.y. with intercalibra-
tion uncertainties; Fig. 2). Thus, Wing et al.’s
(1991) age determination likely overestimates
the age of the Willwood ash by ;0.5 m.y. due
to the inclusion of xenocrystic or detrital
grains in their ;10,000 grain aliquot (Fig. 2).
Use of this new age to recalibrate the GPTS
gives chron boundary ages that are more sim-
ilar to those of Cande and Kent (1995) than
recent recalibrations by Wing et al. (2000) and
Smith et al. (2003).

Although not fully reported in their ab-
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Figure 2. Incremental heating and single-crystal laser-fusion 40Ar/39Ar experiments on
sanidine from the upper Willwood Formation ash. Shading indicates 2s envelope of an-
alytical uncertainty. Ages shown between plots reflect intercalibration uncertainties rela-
tive to the standard ages of Renne et al. (1998). Note the shift to a younger, more precise
age from the original determination by Wing et al. (1991).

stract, Murphey et al. (1999) used large (10
mg, ;1000 grain) aliquots of biotite, horn-
blende, and plagioclase (P.C. Murphey, 2003,
personal commun.) to date the Church Buttes
tuff. It is for this reason we postulate that the
age (Murphey et al., 1999) may integrate a
small amount of xenocrystic or detrital con-
tamination and should be disregarded.

3. A stratigraphic comparison of the radio-
isotopic ages from the Laney Member and
Bridger Formation reinforces the conclusion
that the age of the Church Butte tuff may be
overestimated. West of the Rock Springs Up-
lift, the Analcite and Church Butte tuffs are
separated by .400 m of continuous strata
(Roehler, 1992a), yet the ages of these tuffs
determined by Smith et al. (2003) and Mur-
phey et al. (1999) are indistinguishable at the
95% confidence level (Fig. 1). Taking the
nominal ages at face value, this implies un-
realistic sedimentation rates of .1 mm/year
for the Laney Member and Bridger Formation,
nearly ten times that calculated for the Laney
Member based on our stratigraphically consis-
tent age model. When the Church Butte tuff
age is excluded from the age model, all con-
flict between our ages, biostratigraphy, and
magnetostratigraphy disappears. Accordingly,
we shifted the age of the Br1b-Br2 boundary
younger by ;1 m.y. in our revised age model
(Fig. 1).

The commenting authors correlate the two
normal polarity intervals located just below

the Laney Member (C1 to E1 at Opal; B2
to D2 at South Pass) to C23n, which contains
a reversed polarity subchron. However, the
most robust radioisotopic data from the basin
preclude this possibility and indicate instead
that these intervals correlate to C22n. In our
paper we argued, based on 40Ar/39Ar ages, that
neither correlation proposed by Clyde et al.
(1997) for their Greater Green River Basin
sections was correct, because the lacustrine
strata of the Tipton and Wilkins Peak Mem-
bers in their Opal section did not record mag-
netic chron 23n (Fig. 1). We emphasized that
the weak natural remanent magnetism and er-
ratic demagnetization behavior of these strata
encountered by Clyde et al. (1997) had earlier
plagued Sheriff and Shive (1982).

The alluvial and lacustrine sediments con-
tained within Laramide basins represent one
of the world’s foremost archives of Eocene
climate, evolution, and paleogeography. In the
Greater Green River Basin, as elsewhere, the
construction of an internally consistent and ac-
curate age model is crucial and should not rely
on individual published ages. An accurate
integrated age model must account for litho-
stratigraphic correlations, magnetostratigra-
phy, and well-documented geochronology—
including uncertainties—from multiple ashes.
Like the commenting authors, we strongly
support future efforts to obtain higher resolu-
tion stratigraphic correlations and age deter-
minations throughout the basin. Specifically,

we suggest that re-dating small aliquots of
sanidine from Bridger Formation ashes as well
as performing magnetostratigraphy on Bridger
Formation strata on the east side of the Brid-
ger Basin hold the most promise for resolving
outstanding problems. We also encourage fu-
ture investigations to more fully address the
nature of paleomagnetic remanence acquisi-
tion and secondary overprinting in these
facies.
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