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ABSTRACT remarkably well with other indicators of envi-  (Sloan, 1994; Greenwood and Wing, 1995).
ronmental and climatic change from the basin, High-resolution data (e.g., at an ~0.1 m.y. inter-

Reconstruction of the pre-Pleistocene cli- such as mammalian turnover events and mean val) on continental climatic variations are ex-
mate of continental interiors has been ham- annual temperatures estimated from leaf ceedingly rare for the Paleocene-Eocene transi-

pered by a lack of climatic proxies and limited physiognomy. tion. Such data would be useful for evaluating
temporal resolution. We developed a new ap- atmospheric general circulation models and the
proach based on the oxygen isotope composi-INTRODUCTION stability of land climates during warm episodes
tion (3'80) of hematite, which occurs as a in Earth history. They are essential to resolution

coating on fossil vertebrates, and used this  Isotopic records from marine microfossils shovof the impact of local versus global climate
method to study climatic change across the a long-term warming of bottom waters and midehange on biotic turnover.
Paleocene-Eocene boundary in the Bighorn dle- to high-latitude surface waters, spanning ca. The marine climate record can be recon-
basin, Wyoming. 58 to 52 Ma (Zachos et al., 1994). A brief (~15@tructed using a wide range of methods. However,
Hematite coatings form in soils or shallow k.y.) pulse of marine warming was superimposednalysis of paleoclimatic change in the highly
sediments, and therefore may be used to mon- on the long-term trend in latest Paleocene time, caariable continental realm has proven more diffi-
itor near-surface conditions. Hematite3'80 55 Ma (Kennett and Stott, 1991; Corfield andult. The chief methods applicable to periods prior
values are measured by combining selective Norris, 1996). Paleocene-Eocene warming also ab the Pleistocene are analyses based on pollen,
leaching, laser fluorination, and mass-balance fected continental regions (Robert and Chamlelgaf shapes, faunal or floral distributions, and the
calculation. These values, in conjunction with  1991). Evidence from paleontological proxiessotope chemistry of authigenic minerals and fos-
30 values for co-occurring carbonates, are suggests frost-free climates to 50°N in the interigsils. Studies of minerad®0 values have been
used to assess the plausibility of published of North America (Wing et al., 1991; Markwick, used to assess the conditions of mineral forma-
hematite-water oxygen isotope fractionation 1994). Physiognomic analysis of floras fromtion. Thed'€0 of a mineral is determined by the
relations. Though uncertainty remains as to Wyoming indicates an increase in mean annugmperature at which it forms and #€0 of the
the appropriate fractionation, all are relatively  temperature (MAT) from ~10 °C in late Paleocengvater from which it precipitates: the latter may be
insensitive to temperature variations. Thus, time (Tiffanian) to ~20 °C in early Eocene timesensitive to ambient temperature in continental
differences in hematited'80 values most likely ~ (late Wasatchian) (Wing et al., 1991). Moderatsettings (Dansgaard, 1964). Knowledge of an-
reflect shifts in surface-waterd'80 values. seasonality in precipitation and temperature hasent meteoric wate¥'0 values would also aid
Analysis of hematites spanning the Paleo- been inferred from paleosols and fossil florasnderstanding of vapor transport into continental
cene-Eocene transition reveals a roughly 4%. (Bown and Kraus, 1981a; Wing and Greenwoodnteriors in the past.
decrease in thed'®0 of surface water in very 1993). The key biotic events that mark the Paleo- Calcium carbonate and clay minerals have
early Eocene time. This episode probably re- cene-Eocene transition on land, in particular theeen the main minerals used for isotopic study of
flects a cooling event (perhaps as great as 6 °C)first appearances of mammalian orders ansbils (Cerling and Quade, 1993; Koch et al., 1995;
that started 0.7 m.y. after the terminal Paleo- species, are tightly correlated with the pulse of eAmundson et al., 1996; Liu et al., 1996; Savin and
cened!3C excursion, which corresponds to a treme warming in the marine record (Koch et alksieh, 1998). The hydrogen and oxygen isotope
pulse of extreme marine warming. Following 1995). Faunal turnover could reflect in situ evolueompositions of iron oxides have been used to re-
the cooling, which lasted ~0.6 m.y., tempera- tion, due to forcing by climatic change, or a globatonstruct climate on land (Yapp, 1987, 1993).
tures rebounded to values close to those for late expansion of taxa that had evolved slowly in lowMost previous studies of ti&80 of iron oxides
Paleocene time. The cooling episode coincidedatitude regions following climatic amelioration concern either relatively recent time intervals or
- (Krause and Maas, 1990). individual ancient sites that lack sufficient strati-
*Present address: Department of Chemistry, Unfortunately, the history and dynamics ofgraphic control to observe paleoclimatic varia-
Mail Code 0356, University of California, San Diego{ equable climates in continental interiors remaitions in a temporal sequence. In this paper we ex-
z?ggiﬂ?:ggéﬁg&"sg_JUOCHS%_ng‘lIJ'_forn'a 92093-0356; poorly understood. General circulation models cimine the oxygen isotope composition of
tE-mail: pkoch@rupture.ucsc.edu. Eocene climate do not easily reproduce the warhematite ¢-Fe,0;) from Paleocene-Eocene
8E-mail: rumble@gl.ciw.edu. winters inferred from paleontological proxiespaleosols in the Bighorn basin, Wyoming, from a
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>3 m.y. interval (56-52.8 Ma) across the Pale@nd Kraus, 1993; Kraus and Bown, 1993). SoiBighorn basin and 1750-1790 m in the Clarks
cene-Eocene boundary. These data are useddvelopment was interrupted by periodic floodFork basir; though its position in the Clarks Fork
document fluctuations in tH&#80 of surface wa- ing and crevasse-splay events. basin has been hampered by sampling problems
ter across the Paleocene-Eocene boundary andOur samples are from two composite strati(Badgley, 1989). Biohorizon A is marked by the
their paleoclimatic implications. graphic sections: the southern-central Bighordisappearance of seven species and the appearance
basin section and the Clarks Fork basin sectiaf eight species. The third faunal event, corre-
MATERIALS AND GEOLOGIC SETTING (Clarks Fork basin) in the northern Bighorn basisponding to a combination of Schankler’s biohori-
(Fig. 1). Faunal zonation of the southern-centralons B and C (~380-530 m in the southern-central
The Bighorn basin, located in northwesterrBighorn basin follows Schankler (1980), as modiBighorn basin and ~2200 m in the Clarks Fork
Wyoming, is a structural and topographic basified by Bown et al. (1994); zonation of thebasin), was marked by the disappearance of 16
that is surrounded by several mountain rangé&slarks Fork basin follows Gingerich (1991).species and the appearance of 25 species (Bown
uplifted during the middle and later stages of thajor episodes of biotic turnover across thand Kraus, 1993). In the southern-central Bighorn
Laramide orogeny (Fig. 1). Fossil vertebrates arfdlaleocene-Eocene boundary are similar in tHesin, biohorizon A separates Schankler’s lower
plants from the Fort Union and Willwood Forma-southern-centrdBighorn basin and Clarks Fork and uppeHaplomylus-Ectociorange zones, and
tions of the Bighorn basin provide the richest anasin (Bown and Kraus, 1993; Bown et al., 199%iohorizon B separates the upptaplomylus-
most completely sampled continental record dBadgley, 1989). The first episode of turnover ocEctocionrange zone from tHgunophorusdnterval
the Paleocene-Eocene transition. Paleosatsirred at the boundary between the Clarkforkiamone (Fig. 2). In the Clarks Fork basin, biohorizon
formed on hundreds of different horizons in th@nd the Wasatchian land mammal ages (stage Waseparates Wa 2 from Wa 3, and biohorizon B
thick stack of flood-plain and channel deposit of Gingerich, 1991), corresponding to 0 m in theeparates Wa 4 from Wa 5 (Gingerich, 1991).
that accumulated in the basin from late Paleoceseuthern-central Bighorn basin and 1520 m in the
to early Eocene time. It has been estimated th@tarks Fork basin (Fig. 2). The event was mark
individual paleosols formed in thousands to tengy the disappearance of 14 mammalian speci . - o !
; . stratigraphic position is measured relative to the base of
of thousands of years, on the ba&_s of the numbend the appearance of >16 species. The_ S€CGhe Willwood Formation, while in the Clarks Fork
of paleosols, the time span of sediment accumturnover corresponds to Schankler's biohorizon Apasin, the stratigraphic position is relative to the base of
lation, and a paleosol maturation index (Bownvhich occurs at ~200 m in the southern-centrihe Paleocene Fort Union Formation.

1In the southern and central Bighorn basin, the
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Figure 2. North American Land Mammal “age” (LMA), mammalian zones, and turnover events (Shankler, 1980; Badgley, 1989; Gingerich,
1991), geomagnetic polarity zones (Butler et al., 1981; Tauxe et al., 1994) (as interpreted in Wing et al., 1999), and radiomegec(#/ing et al.,
1991) for the Clarks Fork basin and southern-central Bighorn basin composite sectior®.l.Z. refers to the Bunophorusinterval zone. The age
model is described in detail in Wing et al. (1999). The model uses ages for the magnetic polarity transitions from Cande andt K&995), a ra-
diometric date for a tuff in the southern-central Bighorn basin, and a calibration point determined in the McCulloughs Peak seéch (described
in Clyde et al., 1994), assuming that the sedimentation rate within C24n.3 can be extrapolated for 70 m to calculate the agth@®base oB.l.Z.
The age for the carbon isotope excursion/Wa 0 (54.95 Ma) is determined in the Clarks Fork basin by interpolation assuming liredimentation
between theB.l.Z and the top of C25n. Wa—Wasatchian; Cf—Clarkforkian; Ti—Tiffanian.

These stratigraphic sections have been tied Each sample has been located in one of the comal history of the Bighorn basin (Omar et al.,
the magnetic polarity time scale, providing arposite sections for the southern-central Bighorh994) suggest that these paleosol deposits have
excellent correlation of local biotic events tobasin and the Clarks Fork basin (Bown et alnot undergone burial temperatures greater than
global paleoclimatic events (Butler et al., 19811994; Gingerich et al., 1980) (Fig. 2). 70 °C. Given these observations, we conclude
Bown et al., 1994, Clyde et al., 1994; Tauxe et al., Understanding the timing of hematite formathat hematite coatings formed near the Earth’s
1994). Our age model is based on4ta/3%Ar  tion and its diagenetic history is critical to evalusurface and therefore they provide a monitor of
date of an ash layer, an estimated age for the cating the usefulness of hema€O values for surface-wated'0 values for paleoclimatic re-
bon isotope shift from the marine record, angaleoclimatic research. Hematite coatings argearch (Bao et al., 1998).
ages for magneto-chron boundaries (Wing et afound only on vertebrate fossils, not in the soll
1999) (Fig. 2). matrix or on nodules or invertebrate fossils in paMETHODS

Highly concentrated purple-red hematite ideosols. The occurrence of hematite coatings is
commonly found coating fossil vertebrates. Welosely associated with hydromorphic paleosols We use a mass-balance approach to calculate
obtained hematite samples spanning from latnd is limited to particular horizons within thesehe oxygen isotopic composition of hematite,
Clarkforkian to middle Wasatchian time frompaleosols (class A gray mudstones) (Bown anahich is intimately intergrown with silicate
specimens collected by expeditions from Johri§raus, 1981a, 1981b; Bown et al., 1994). Petraninerals. We leached samples drilled from
Hopkins University and the U.S. Geological Surgraphic observations, together with carbon ankdematite-rich coatings to remove highly solu-
vey (currently housed at the Smithsonian Institusxygen isotopic data from different generationsle phases (which reduces potential sources of
tion), and from collections at the Museum of Paef calcite, reveal that both hematite and micriterror), determined the oxygen mole fraction of
leontology, University of Michigan, Ann Arbor, precipitated in a pedogenic environment. Clapematite and silicates (X.ii«@"d Xicated IN
and the Peabody Museum of Yale University(smectite) mineralogy and data on the geothethe remaining hematite-silicate mixture by in-

Geological Society of America Bulletin, September 1999 1407



BAO ET AL.

ductively coupled plasma-optical emissior TABLE 1. OXYGEN MOLE FRACTIONS (OMF) OF THE OXIDE COMPONENTS
spectrometry (ICP-OES), measured 3% of - N Na?H'TREATED HEMATITE COATINGS 5
; o ; Sample OinFe,O Oin ALO. Oin OH Oin SiO. OMF as X error (+
the hematite-silicate mlx_tu_r@](aomixture) and wmoh ° (umeh ° (umol (mol) > hematite
the S|I|caFe relildue remaining after Q|ssqlut|0| Ciarks Fork Basin
of hematite §'°O;;....d DY laser fluorination,  sci71 153.65 5.07 2.25 18.75 0.855 0.000
then calculated thé80 of pure hematite ~ SC92 85.25 10.28 457 129.30 0.372 0.007
5180 b bal sSc127 152.25 6.44 2.86 20.95 0.834 0.005
(6"°Opemaiid bY mass balance. SC90 139.84 7.38 3.28 39.97 0.734 0.012
SC90(D) 142.35 8.73 3.88 39.82 0.731 0.000
; SC138 130.41 8.82 3.92 57.14 0.651 0.002
Chemical Pretreatment SC40 161.46 6.24 2.78 23.34 0.833 0.005
sc4 136.99 7.55 3.35 47.88 0.700 0.015
Hematite occurring in a polymineralic mixture SC123 142.26 6.71 2.98 35.56 0.759 0.009
o : sci18 145.41 7.37 3.27 37.78 0.750 0.000
was collected by drilling under a microscope Sy, 153.80 7.35 3.27 34.71 0.772 0.008
Fine particles were used for analysis in ordert sc313 134.75 10.40 4.62 52.84 0.665 0.003
avoid sample heterogeneity. X-ray diffractior SC34 135.46 10.41 4.63 49.82 0.676 0.009
YRD) patt f | d includi SC232 599.26 27.99 12.44 146.19 0.763 0.000
( ) patterns or sampie pow| (?I’S, INCIUAING  5oythern/central Bighorn Basin
those collected after each chemical treatmer YPM115 482.43 20.65 9.18 98.87 0.789 0.005
were examined. Samples were pretreated wi xmgz ?igég ﬁ?g 1‘11-;“7’ gg-;i 8-2§§ 8-8%
1M HCI for 36 hr and then 2%-3% NaOC| ypwm200 165.01 8.72 3.88 37.94 0.766 0.005
overnight at room temperature to remove calcitt YPM350( ) 125.79 7.36 3.27 59.50 0.642 0.006
: : . YPM350(D 142.88 7.43 3.30 43.94 0.723 0.007
apatite, and organic contaminants. The samp ;37 149.32 754 3.35 33.87 0.769 0.004
was then treated once or twice with hot (~95 °C  p1301 158.36 7.42 3.30 21.44 0.831 0.020
5M NaOH solution. XRD and ICP analyses Biigg 1‘2‘%8 ;ég 2'411; gg-gg 8-(7332 8-8;2
demonstrate that smectite and amorphous min¢ 1399 123.64 784 348 65.09 0.618 0.026
als are completely removed and that quartz ar D1531 106.50 9.73 4.32 86.95 0.513 0.004
; ; &+ D1467 130.36 11.70 5.20 51.02 0.657 0.008
0. (
more re_5|stant clays @ 9 ,_muscovne an_d chlorit YPM1 229.97 17.07 7.59 108.83 0.633 0.026
are partially removed in this step. A fraction of the  vppm33 723.48 29.16 12.96 133.66 0.805 0.005

sample was treated with 6M HCl at 80 °C to diS  ~=Calculated from oxygen mole fraction (X) as Al oxide, assuming a H/AI molar ratio of 2/3 based on the clay
solve hematite, leaving a residue of quartz ar  compositions of silicate residues (chlorite, muscovite, and sparse ilite).

highly resistant clay minerals. XRD patterns d TDifference in OMF of hematite between duplicates divided by two.

not show significant differences in mineral com:

positions between silicates in the hematite-silicar.

mixture after NaOH treatment and silicates in thikaser Fluorination ture, and thus should be thoroughly homoge-
final residue. ICP analyses indicate slightly pref- nized, and even a 1%. differencedhfO between
erential dissolution of Al-bearing minerals during Oxygen isotope analysis of sample powderduplicates will not affect the calculated value for
the 6M HCl treatment. Fortunately, the differencevas conducted by laser fluorination at the Ged'®0, ... due to the small amount of silicates
is small (e.g., Si/Al ratio in mixture and in silicatephysical Laboratory, Carnegie Institution, Washin the sample. During the course of this project (2
residue were 6.8 and 7.8 for sample SC138, 3iggton, D.C. (Rumble and Hoering, 1994). Powyr), the actual output power of the Claser was
and 5.4 for sample SC40). Thus, the contributioders (1-2 mg) were loaded into a nickel holdezonsistent (~5 W). Reference samples were ana-
of silicates lost at this stage to error in the findlor room-temperature, overnight, Brpretreat- lyzed daily in each sample set. A magnetite refer-
5180 value for the calculated hematite end menment prior to isotopic analysis. Oxygen was gerence sample (68-44C-2) gave a consistent value

ber is minimal. erated by fluorination with a C{@aser in a Brg  of 4.1%. + 0.1%. (n = 21), and a quartz reference
atmosphere. Laser heating started at low power@BS-28) had a value of 8.0%o + 0.15%o (n = 8).
ICP Analysis avoid sputtering of powder. Ultimately the sam- Oxygen isotope ratios (R) are expressed as

ple was repeatedly scanned at full power to e®*0 values relative to V-SMOW (standard mean
The elemental composition of the sample aftesure complete reaction. Evolvedwizas collected ocean water):
5M NaOH treatment is determined by ICP-OE$h an evacuated vessel containing a molecular
(Perkin EImer 6000, Department of Geosciencesjeve at —196 °C, then immediately analyzed &~ 0
Princeton University). Fe concentration is deter©, on a Finnigan MAT 252. The oxygen yields 8180(%o0) = %Rsamplg/ R/ .smowl —1H>< 100Q
mined by an acid-digestion method, and Si and Alere generally 95%-102% of the calculatec 1)
concentrations are determined by the LiE®  yield. The small oxygen deficit probably reflectswhere R=18 @16 O.
sion method. ICP analyses of six selected samplewisture adsorbed during weighing (which is re-
suggest that after chemical pretreatment with HQioved by prefluorination), and perhaps sample
NaOClI, and NaOH, the concentrations of other ekjection during laser heating. Duplicate analységass-Balance Calculation
ements such as Ca, Mn, Mg, Ti, K, and P are exvere conducted for each hematite-silicate mix-
tremely low. Therefore, these elements are natre, and thé'80 difference between duplicates The 880 of hematite is calculated using the
measured in most of our samples. Each ICP-OBfas generally <0.2%o (29 pairs). The mean valu®llowing mass-balance relationship:

analysis was performed in duplicate. Precision isas used for calculation &0, . .. Duplicate

<+1% in weight for Fe and £2%—3% in weight forisotope analysis was not performed on silicate 3o . =§180 x X _

. . . . . mixture hematite’ hematite
Si and Al. Concentration differences between duesidues because the ~2 mg sample used in analy- +5180  xX.. @)
plicates are within 2% in weight (Table 1). sis came from ~20 mg of hematite-silicate mix- siicates ™ “silicates
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This approach is similar to that used by Bird eture of quartz and minor components of musthe occurrence of this large negative shift in
al. (1992) to determine tR&80 of modern lat- covite and chlorite, which should be minimally6180hemaﬁtein very early Eocene time in both parts
eritic iron oxides. Error for each estimate offfected by room temperature Brifeatment. of the basin, despite differences in sedimentation
6180hemameis chiefly due to error associated withFurthermore, due to the relatively low oxygerrate, soil development, and tectonic influences,
ICP analysis (i.e., the difference between the dumole fraction of silicate residue in NaOH-leachedtrongly suggests that this was an event of at least
plicate analyses of each sample). The mean ersamples (mean value = 0.285,20.106, n = 29), a regional scale.
value generated by ICP analysis is £0.4%o. (28arly silicate loss would have minimal effect on
pairs). In addition, the average precision assodhe calculated value &Bohemame DISCUSSION
ated with isotopic analysis by laser fluorination To test the reliability of the method, we ana-

(i.e., the difference between the duplicate isdyzed whole process duplicates (i.e., two sampldsvaluation of Different Hematite-Water

tope analyses of the same sample) is +0.1%. (2®m the same fossil that were collected an#fractionation Relations

pairs). Thus, a conservative estimate for the totpfocessed separately) on two samples: YPM350

error associated with'80, ., .. values deter- from 290 m in the southern-central Bighorn basin The ultimate goal of this study is to reconstruct

mined by the mass-balance method ranges froamd SC90 from 1455 m in the Clarks Fork basirthe isotopic composition of surface water as a

0.5%o0 t0 1%o. The consistency @0, ,.....for samples col- proxy for changes in local temperature and hy-
lected from the same stratigraphic level at differdrology. Before attempting to c:onvé?‘f*ohematite

Additional Sources of Error ent localities was examined by analyzing samalues into estimated surface-wal&O values,
ples from two levels: D1300 and D1301 fromhowever, we must evaluate outstanding questions

Several research groups have noted that t8&8 m in the southern-central Bighorn basin, andoncerning oxygen isotope fractionatdve-
3180 values from some silicates obtained by, COSC4 and SC123 from 1570 m in the Clarks Fortween iron oxides and water. There are currently
laser fluorination are systematically lower (1%o0-basin, which are separated by lateral distancesdifferent fractionation relations for the hematite-
1.5%o0) than the values obtained using the cor0.2 and ~13.8 km, respectively. T8€O differ-  water system in the literature, which were ob-
ventional method of Clayton and Mayeda (1963nces are 0.1%. and 0.5%. for the two whol&ined from different approaches.

(Fouillac and Girard, 1996; Kirschner and Sharmrocess duplicates, and 0.8%0 and 1.2%. for sam- Estimates ofo from Synthesis Experiments.
1997). The reason for the shift has yet to be detes from the same stratigraphic levels. These etontrolled synthesis experiments at low pH and
termined, but solutions to the problem have beeawrs are within the overall analytical error rangdow rates of ferric oxide crystallization produced

proposed (Kirschner and Sharp, 1997; SpicuzZar our samples. the following oxygen isotope fractionation rela-
et al., 1998). In our experiments, th¥0 of tion for iron (Il1) oxide-water system at near sur-
NBS-28 is consistently 1.6%o lower than the acRESULTS face temperatures (Yapp, 1990):

cepted value of 9.6%o, probably due to the low

output power used (~5 W). However, 0 We analyzed 29 hematite samples from 25 dif- 1000l = 1.63x 108/ T2-12.3.  (3)

value of the reference magnetite is the same &ent stratigraphic levels in both parts of the

that obtained by the conventional method. Abasin. Sample stratigraphic levels, estimated Equation 3 indicates thatéo, . should
long as the negative shift&®0 value for the sil- ages, oxygen mole fractions, and isotope resulte ~6%.—9%. more positive than formation water
icate residue is the same as the shift for silicatese shown in Table 2. TRé80 of hematite for under surface conditions, with a temperature de-
in the hematite-silicate mixture, the calculatedboth regions are combined and plotted versus ggendence ~—0.14%o. per °C. This is roughly 60%

value of3'80, ,.....Will not be affected by the timated age (Fig. 3). that of the calcite-water system, which has a frac-
silicate problem. The oldest hematite sample is from 1090 m itionation relation

To examine the effect of hematite on the fluorithe Clarks Fork basin. This sample has the highest
nation of silicates, we analyzed five artificially 5180 value of any sample analyzed. Latest Paleo- 1000Iro = 2.78x 10°/ T2 2.89 4

mixed samples of NBS-28 and pure synthesizezkne hematites from the Clarks Fork basin have

hematite with a knowd'80 value. Analysis of the stabled'®0 values of ~—12%.. In the Clarks Forkand a temperature dependence ~ —0.24%o per °C
five samples with different proportions of NBS-28basin, 3180, ., ied€creases gradually by ~1%.under surface conditions (Friedman and O'Neil,
and hematite yielded &80 value of 7.5%. from the Clarkforkian-Wasatchian boundary cal977).

+ 1.6%o for NBS-28, overlapping tig80 value 55.0-54.4 Ma (Fig. 3). The one inconsistency be- According to equation 3, and the —11.4%o to
for pure NBS-28 in our experiments. The largéween data sets from the Clarks Fork basin and th&7.3%. range observed for Bighorn basin
standard deviation results from the strong sensitigouthern-central Bighorn basin occurs in this irhematite, we estimate that formation-water
ity of the test to weighing errors and to the ejectioterval. Even though samples from both regions @80 values ranged from —23.5%o to —17.5%o (at
of quartz from mixtures during laser heating. Wehe basin exhibit similar values from 54.6 to 54.25 °C) to —25.5%. to —19.5%. (at 10 °C). No re-
conclude that the presence of hematite does ridh, at 54.9 Ma the sample YPM115 (30 m in theent soil-surface-water systems with such neg-
conspicuously alter the negative shidfO value  southern-central Bighorn basin) has a value 3%tived0 values support abundant warm-climate
for coexisting silicates resulting from laser fluori-lower than coeval samples from the Clarks Forglants and animals, as in Paleocene-Eocene de-
nation. Consequently, trﬂégohematitecalculated basin (e.g., SC4 and SC123 from 1570 m). At prgposits from Wyoming. There are Eocene fluid-
from thed'®0 of hematite-silicate mixture and thesent, there is no satisfactory explanation for thisiclusion data that suggest meteoric watéo
silicate residue should not be affected by the ongdifference. Hematites from both regions exhibit a

ing problem with laser fluorination of silicates.dramatic drop of 3% to 4%. 0 value in very ————

Another potential source of error is prefluori-early Eocene time, from 54.5 to 54.3 Ma (Fig. 3) 5 T/f/sttseorgiglfrigi_nalizclz/milﬁtfa;:dlg(;?qlcimB:a'rAe ziw();{:;éally
_natlon, which might pg_rtlally reqct with some sil-Low values persisted for —70.9 m.y., from 54.3 Cetermined constants. The fractionation factor
icates. However, the silicate residue obtained aftéB.4 Ma, followed by a quick rebound by 2%o tog = R inera/Ryater Where R is the ratio dfO to 60
hot NaOH and HCI treatment is primarily a mix-3%o in less than 0.2 m.y., from 53.4 to 53.2 Main the molecule.
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TABLE 2. SAMPLE METER LEVELS, ESTIMATED AGES, ELEMENTAL COMPOSITIONS, MEASURED &'%0 VALUES OF
MIXTURES AND SILICATE RESIDUES, AND CALCULATED &'80 VALUES OF HEMATITE (WITH ASSOCIATED ERROR)
FROM THE BIGHORN BASIN, WYOMING

Sample Estimated age ~ Stratigraphic level X pematte X siicates 000 mixtre 000 giicates 900 hemate  TOtal €r101
(Ma) (m) (%) (%) (%0) (£%0)
Clarks Fork basin
SC171 55.86 1090 0.855 0.145 -7.6 14.9 -11.4 0.2
SC92 55.61 1210 0.372 0.628 4.9 15.0 -12.3 0.5
SC127 55.30 1355 0.834 0.166 -8.3 10.7 -12.0 0.4
SC90* 55.09 1455 0.734 0.266 -5.4 134 =121 0.4
SC90(D)* 55.09 1455 0.731 0.269 -5.2 13.7 -121 0.2
SC138 55.00 1500 0.651 0.349 3.7 14.1 -13.3 0.2
SC40 54.92 1535 0.833 0.167 -7.8 15.6 -12.4 0.2
sc4t 54.85 1570 0.700 0.300 -4.9 14.2 -13.1 0.6
SC123t 54.85 1570 0.759 0.241 -5.7 13.6 -11.9 0.3
SC18 54.74 1620 0.750 0.250 -6.0 15.8 -13.2 0.2
SC12 54.53 1720 0.772 0.228 —6.5 16.1 -13.1 0.3
SC313 54.41 1780 0.665 0.335 -3.9 14.5 -13.2 0.2
SC34 54.26 1850 0.676 0.324 -6.2 14.6 -16.1 0.4
SC232 54.16 1895 0.763 0.238 -8.0 13.9 -14.8 0.2
Southern/central Bighorn basin
YPM115 54.83 30 0.789 0.211 -9.4 14.2 -15.7 0.2
YPM119 54.54 100 0.822 0.178 -8.7 14.0 -13.6 0.2
YPM104 54.37 140 0.668 0.332 -3.9 151 -13.3 0.7
YPM290 54.08 210 0.766 0.235 -9.1 15.8 -16.7 0.2
YPM3508 53.75 290 0.642 0.358 -4.8 15.0 -15.8 0.3
YPM350(D)3 53.75 290 0.723 0.277 -7.8 14.4 -16.2 0.3
D1374 53.56 336 0.769 0.231 -8.8 16.0 -16.3 0.2
D1301* 53.41 378 0.831 0.169 -10.5 13.8 -155 0.7
D1300* 53.41 378 0.756 0.244 -8.7 14.8 -16.3 1.0
D1454 53.33 409 0.628 0.372 -3.2 16.6 -14.9 1.8
D1398 53.26 438 0.618 0.382 -2.8 14.9 -13.7 1.2
D1531 53.15 485 0.513 0.487 -0.2 15.6 -15.2 0.2
D1467 53.01 546 0.657 0.343 -4.0 16.5 -14.6 0.4
YPM1 52.95 571 0.633 0.367 -3.3 13.8 -13.2 0.5
YPM33 52.88 601 0.805 0.196 -8.6 14.0 -14.1 0.2

* SWhole process duplicates.
T #Replicates from the same stratigraphic levels at different localities.

values of —19.1%0 +1.4%. () (Seal and Rye, less plausible. Evaporation or warm-season0 °C (the maximum estimate allowed based on
1993). These data are not as negative as thagewth might cause the formation water of miclay mineral evidence [Bao et al., 1998]),
inferred from hematite for Wyoming, despitecrite to have a highe¥'80 value than that for hematite data require formation-wadfO val-
the fact that these Idaho inclusions likelyhematite from the same hydrologic system. Entes 6%.—9%. lower than those of co-occurring
formed at much higher altitudes than those afchments of ~10%o., which are required to explaispar (Fig. 4A). Hematite and sparry calcite forma-
Bighorn basin (Wing and Wolfe, 1993), enhancthe difference in formation-wat&t0 value be- tion conditions overlap at temperatures below 30
ing their®0 depletion. tween hematite and micrite in the surface tempetC, but this temperature range is low for basinal
It is difficult to reconcile the extremely low me- ature range, have only been observed in extremddyines, assuming either modern or Eocene geo-
teoric 3180 values calculated for Bighorn basinarid environments (Liu et al., 1996). Fossil evithermal gradients (Omar et al., 1994). If we as-
hematite using equation 3 with®O values for dence and hydromorphic features in paleoso&ime that sparry calcite and hematite formed
coexisting micrite, bivalve aragonite, and sparrpreclude the possibility of desert conditions irfrom basinal brines at these low temperatures, we
calcite. Micritic calcite is a pedogenic mineraMyoming across the Paleocene-Eocene boundasgill must explain why pedogenic micrite, which
that is intergrown with hematite, suggesting nea©xygen isotope analysis of pristine, aragoniti@lso forms in this temperature range, precipitated
synchronous formation in surface deposits (Bafsesh-water bivalves from the Bighorn basirfrom much moré®0-enriched formation waters.
et al., 1998). Micrite had'®0 values ranging (ranging ind*0 value from 17.8%. to 22.2%.),  Overall, it is extremely difficult to reconcile
from 20%o0 to 23%. (V-SMOW), which imply which grow in a biologically limited range of tem-the 8180 data for our multiple mineral system
equilibrium 3180 values for formation waters peratures, indicates that surface waters rangedviith Yapp’s (1990) low pH iron (Ill) oxide-
ranging from —8%so to —5%o (at 25 °C), to —12%. to380 value between —14%. and —8%. (Koch et alwater fractionation relation (equation 3). These
—9%o (at 10 °C) using equation 4. The only tem1995), consistent with surface-wabfO values discrepancies suggest that this fractionation rela-
perature—formation-watétO combinations that estimated from pedogenic micrite, but not fromion may not be applicable to the Bighorn basin
jointly explain hematite and micrit#80 values hematite using equation 3. hematite samples. Our recent synthesis experi-
occur at unreasonably low values, below —20 °C Alternatively, we could assume that hematitenents obtained a slightly different fractionation
and —20%. (Fig. 4A). If micrite has been affectedecrystallizes postdepositionally, in equilibriumrelation with lower temperature dependence than
by diagenetic recrystallization or contaminatiorwith the deep basinal fluids from which late-that of Yapp (1990) (Bao and Koch, 1999). Al-
by spar, which tends to decre@880 values in forming sparry calcite precipitated. These spartfiough the possibility of disequilibrium fraction-
the Bighorn basin case (Koch et al., 1995), theave 8180 values ranging from 12%. to 14%o ation in a natural hematite-water system cannot
field of overlap for near-synchronous formation(Koch et al., 1995). If we assume formation tembe ruled out definitely (C. Yapp, 1996, personal
of hematite and unaltered micrite would be eveperatures for deep basinal precipitates of 50 mommun.), fractionation relations obtained from
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Figure 3. Oxygen isotope values for hematite plotted against estimated ages for Paleocene-Eocene (P-E) transition in the Bidiasin and
comparison of different paleoclimatic proxies during the P-E transition in the Bighorn basin, Wyoming. Leaf-margin analysis datre from Wing
et al. (1999). Bivalve aragonit&!®0 values are for the Clarks Fork basin (CFB) (data from Koch et al., 1995). Data on ti80 of soil carbonates
are from both the CFB (solid line) and the central-southern Bighorn basin (SCB) (dotted line) and are plotted as a three paiabning average.
The plot of paleosol maturity and incidence of hydromorphy against ages are adapted from Bown and Kraus (1993). The two shaateds are
time ranges of biohorizon A and biohorizon B-C, respectively. P-E boundary is indicated &}°C excursion (Wa 0). Error bars represent b for
all data. MAT—mean annual temperature.

synthesis experiments are subject to the same-6%. to —9%. more negative than those of Estimates ofa from Coexisting Minerals.
problem. formation water under surface conditions, with &arly work on the oxygen isotope composition of
Estimates ofa from Semitheoretical Calcu- temperature dependence ~-0.07%. per °@pn oxides reached a tentative conclusion that the
lation. Using a modified increment method,roughly 30% that of calcite-water system. Ac-oxygen isotope fractionation might be minimal at
Zheng (1991) obtained the following hematitecording to Figure 4B, hematite and micrite couldarth surface temperatures (Dole and Slobod,
water oxygen isotope fractionation relation foboth have formed between 15 and 70 °C frorh940). Clayton and Epstein (1961) inferred a

temperatures ranging from 0 to 1000 °C: water ranging id'80 value from —8%o to 0%.. hematite-water fractionation relation:
These conditions are more plausible for both
1000Iro = 2.69% 107/ T2-12.82 ©) minerals than those derived using equation 3. 1000l = 0.413x 10f/T2-2.56, (6)
x 103/T + 3.78. However, estimates of tié80 of formation wa-
ter are generally higher than those suggested ipm hydrothermal systems with coexisting min-
Equation 5 vyields hematit&'®0 values fresh-water bivalve aragonite. erals such as quartz, calcite, and hematite. Equa-
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tion 6 yields hematit&80 values ~2%o to 3%o

more positive than those of formation water un
der surface conditions, with a temperature depe
dence only —0.04%. per °C, roughly 15% that o
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calcite-water system. Using equatio®®0 val- - ? . o
ues for formation water ranging from —13.5%. tc R -2 R
—19.5%0 are estimated froBt0, ., e ThIS S 6. i
range slightly overlaps the lower range of wate IS . it L
8180 values estimated from bivalve aragonite ¢ O§ -104 ot /// "
surface temperatures (Fig. 4B). The overla @ _14: : // =1
among hematite, soil carbonate, and bivalv o] i ; // 1990)
Hema!

tite (Yapp:

aragonite is much improved, however, if typica —18+
evaporative and/or seasonal effects (+2%o t _22:
+4%0180 enrichment) are considered for soil cal J

cite formation relative to formation of hematite 26

and bivalve aragonite. —30_-.-.-.-.-.-.-.-.-.-.-.-........
_In summary, isotopic data from coexisting cal ~20-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

cite phases, together with petrographic informe 10 P

tion, suggest that the experimentally determine: 1B

low pH hematite-water fractionation relation 6_

(equation 3; Yapp, 1990) cannot explain our re 2

sults from natural hematites. Although the frac —

tionation relation estimated by semitheoretice 3\8/ -21 Hem

calculation (equation 5; Zheng, 1991) provide: 5 -6 : Al i

i ini & -0

plausible results, the match to constraining gec < g C““e L

chemistry remains poor. Clayton and Epstein’ 03—10 A e -

(1961) fractionation relation yields estimates fo ® 4. H \\\\\\\\\\\\\\\\\\\\\\\\\\\\\:

the 880 of formation water that most closely ey 1 \\\\\\ 61) L

—18

match constraining geochemistry, as does tf
fractionation relation derived from the two date
points from Yapp's (1987) high pH synthesis ex
periments (method 1). This relation need to b
examined further in the laboratory and field.
Both equations 5 and 6 show a much lowe
temperature dependence of oxygen isotope fra

ematite (Clayton and Epstein,1961) L

—30 T T T T T T T T T T T T T T T
—20-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
tionation in the hematite-water system than is ot

t(°C)
served in the calcite-water system under surfac _
conditions, making hematite an excellent indica  Figure 4. Combinations of temperature and formation-wate3!80 values that can jointly ex-
tor of changes in th&"0 of surface water. plain the observedd'O data for micrite, sparry calcite, and hematite in the Bighorn basin. The
rectangle on the left is the area representing possible formation conditions for bivalve aragonite
(data from Koch et al., 1995). (A) Hematite trend calculated using the fractionation relation of
Yapp (1990). (B) Hematite trend calculated using the fractionation relations of Zheng (1991) and
Clayton and Epstein (1961).

Factors Influencing the Surface-
Water—Hematite Relationship

Recent studies have examined #€0 of
modern soil carbonates and their relationship t
that of local mean annual precipitation (Cerlingoric water, owing to differences in formation convalue of paleoclimatic parameters, it is not as crit-
and Quade, 1993; Liu et al., 1996). T#€0 of  ditions and pathways. For example, goethiteisal when reconstructing relative changes in these
soil water in equilibrium with soil carbonate carfrom lateritic regolith may b¥0 enriched due to parameters through time, as long as hematite
be from 2%. to 10%. higher than that of localevaporation (Bird et al., 1992). Petrographic andoatings from different stratigraphic levels equi-
mean annual precipitation, depending on the clpedogenic observations suggest that Bighotibrated with the same type of surface water. For
mate (Cerling and Quade, 1993; Liu et al., 1996asin hematite coatings likely record €0  our paleoclimatic interpretations, we will assume
Hsieh et al., 1998). This phenomenon resultgalue for soil or shallow ground water, perhapghat all hematite coatings formed under similar
from evaporativé®O enrichment of soil water integrated over a time interval as great or slightlgeochemical conditions in which the relation be-
and/or preferential formation of soil carbonate igreater than that of pedogenesis (Bao et atween thed'®0 of formation water and th&0
the summer. 1998). However, in the absence of an investigaf mean meteoric water was constant.

There are a few studies of th80 values of tion of similar ferric oxide coatings in modern
modern soil iron oxides and local meteoric watesoils, the exact relation between 8€0 of me- Early Eocene Cooling?
(Bird et al., 1992; Girard et al., 1997; Yapp teoric water and that of hematite formation water
1997). Different types of pedogenic iron oxidesemains undetermined. Although this informa- In temperate and polar regions, the m&&0
may show different relationships to local metetion is important for estimates of the absolutef meteoric water exhibits a strong, positive cor-
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relation with mean annual temperature (MAT)nountains caused®20 decrease in surface wa-8%0/MAT relationship in this region. These data
(Dansgaard, 1964; Rozanski et al., 1993). This ter, then uplift can only explain the decrease iprovide the first evidence that the model-simulated
a spatial relationship, however. A reliable temvalues at biohorizon A. The risedO values at results of the tempord!®0/MAT relationship,
poral 3180/MAT relationship has to be used inbiohorizons B-C would imply a decrease in théased on LGM/present-day temperature change
order to estimate the MAT change through timéeight of adjacent mountains. However, paleosaind global water isotope geochemistry, may be ap-
in one particular location. A study of global wa-maturity shows a sharp decrease at this level, syglicable under a very different climatic regime in
ter isotope geochemistry during the last glaciajesting further increase in mountain uplift rate. lthe distant past.
maximum (LGM) using a general circulationseems unlikely, therefore, that tectonic events Comparison to Carbonate 3'80 Values.
model suggests that the spalilO/MAT rela-  alone can explain the early Eocene rise and fall iragonite from fresh-water unionid bivalves, soil
tionships for the present-day and LGM climatefematite3'80 values in the Bighorn basin. carbonates, and biogenic phosphates provide in-
are very similar. The study also suggests that theln addition, shifts in the source of moisturedependent monitors of changes in surface-water
temporald®0/MAT relationship is on average from the Gulf of Mexico to the North Pacific 3'80 values (Koch et al., 1995; Fricke et al.,
similar to the present-day spatial relationshipnay contribute to changes in tH€O of precip- 1998). The averag&O of bivalve aragonite
over wide areas (Jouzel et al., 1994), althoughitation in continental North America without from the Clarks Fork basin is essentially invari-
calculation including tropical cooling and seapositive correlation with changes in MAT ant from late Clarkforkian time to biohorizon A,
waterd!®0 increase during the LGM may re-(Amundson et al., 1996). Given our lack ofexcept for a clear excursion to higher values
duce the slope of the tempoBPO/MAT rela- knowledge of the strength of the prevailing westirom the Wa 0 horizons at the Clarkforkian-
tionship (Boyle, 1997). If the negative shift inerlies and the northward extension of monsoonsiasatchian boundary (Fig. 3). TR0 values
the 5180 value of surface water in the Bighornflow in Paleocene-Eocene time in North Amerof soil carbonates from Wa 0 beds are >1%o
basin in early Eocene time was due entirely tiwa, as well as modeling results that suggest quitéggher than the background of late Clark-
regional or global cooling, the relative decreasdifferent patterns of atmospheric circulatiorforkian—early Wasatchian soil carbonates. The
in MAT can be very roughly estimated using thérom today (Sloan, 1994), the most conservativélgohemamefails to show the positive anomaly at
modern spatiad'80/MAT relationship, which approach is to assume that a general relationsiiyga 0 seen in soil carbonates and bivalves solely
has a slope of ~0.6%0.—0.7%o/°C for middle- tasimilar to the current glob@'8O/MAT curve because we lack hematite coatings from this brief
high-latitude continental sites data (Rozanskdominates in this mid-latitude, mid-continentalinterval. Few bivalves have been recovered from
et al., 1993). Therefore, the ~4%. drop in theegion. Although change in vapor source canndhe stratigraphic interval with 10880, ;s
8180 value of surface water, reconstructed fronbe ruled out, we believe that regional cooling iBlowever, those that occur in the interval do not
618Ohematite implies a drop in MAT ranging from the most likely explanation for the early Eocenéave values lower than typical late Clarkforkian
~5.5t0 6.5 °C. The estimated MAT decrease idrop in surface-wated*€O values. or early Wasatchian bivalves. Several levels
much larger if the relationship from Boyle Comparison to Floral Data.lt has long been within this interval in the southern-central
(1997) (slope = 0.37%0/°C) or Beyerle et alrecognized that the Paleocene-Eocene transiti@ighorn basin have soil carbonates wa§O
(1998) (slope = 0.49%0/°C) is used. was a time of global warming. Thus, the coolingalues ~0.8%o. lower than typical background val-
However, the presence of high mountains ben very early Eocene time implied by the drop irues, whereas data from the Clarks Fork basin do
tween the source of moisture and the basin m@}SOhematitewas unexpected. An initial indication not decrease at all (Fig. 3). If the ~4%o. drop in
lead to greatet®O depletion of water without of early Eocene cooling from studies of fossib'®0, .i(@nd presumably surface-wadéfO)
large changes in local MAT, both through inpuplant diversity and leaf shape was attributed toia associated with an ~6 °C drop in MAT (as sug-
of meltwater runoff and through the arrival of vapaucity of plant fossils from this interval, rathergested by leaf-margin analysis), thendH© of
por masses that are extren’&y depleted due to than to actual cooling (Wing et al., 1991). How-calcite should drop by ~2.5%o (~—4%. due to the
the loss of moisture during passage over mouever, recent analysis of expanded plant collectiosift in waterd!80 and ~+1.5%. due to the tem-
tain ranges. Major structural events in theupports a cooling episode in the Bighorn basiperature dependence of calcite-water fractiona-
Bighorn basin during early Cenozoic time in-during earliest Eocene time (Wing et al., 1999}ion [equation 4]). Thus, the magnitude of the de-
clude the uplift of the northern Bighorn, Pryor,The timing and magnitude of the change in MATcrease of carbonaté®0 in early Eocene time
and Beartooth Mountains from Late Cretaceouderived from3'®0, .. ....are generally similar to does not match that suggested by hematite data
through Eocene time, the uplift of the southertthose from leaf-margin analysis (Fig. 3). Neverfor the MAT change. Although carbonate data
Bighorn Mountains and Owl Creek Mountains irtheless, these independent proxies for MAT exsuggest a warmer MAT at the Paleocene-Eocene
late Paleocene time, and the thrusting of theggbit several differences. For example, leaf-marboundary and a cooler MAT in very early Eocene
mountains to the south in middle early Eocengin analysis indicates a slight increase in MATime, which is consistent with the hematite data,
time (Bown, 1980). In this generally active tec{~ 2 °C) ca. 54.7 Ma, whereas #€0, ,.....SUg- the carbonaté'O data are more variable and
tonic background, no dramatic events have begests a decrease in MAT. In addition, leaf-margipoorly correlated with the temporal variation of
closely associated in time with biohorizons A an@nalysis suggests that the highest MAT occurrdtematite3!80. This failure may relate (1) to dia-
B-C. Second-order changes in the rate of basga. 52.8 Ma, when tk@gohemamesuggests MATs genetically induced heterogeneity in the soil car-
subsidence that are probably related to mountdiess than those of late Paleocene time. We notenate record and (2) to changes in the evapora-
uplift are inferred from the changes in paleosdhowever, that we lack hematite data from most dive water loss from soils, which can strongly
maturity at these levels (Fig. 3). A decrease in p#he interval that is yielding high leaf-margin MAT influence soil carbona#®0 values.
leosol maturity, as seen at biohorizons A and Bestimates. Climate and Faunal Turnover. The large
C, might signal a relative increase in mountain The ~4%. drop in surface-wat®0O occurs at negative shift in thé80 of surface water in the
uplift rate, which would increase the sedimena time when leaf-margin analysis indicates a 6 °8ighorn basin began ~0.7 m.y. after B%C ex-
load to the basin and decrease the time for saitop in MAT. Coupling these independent proxiessursion and short-term warming that mark the
formation between sedimentation events on thee obtain a tempora@80/MAT slope of ~0.67 beginning of the Wasatchian at Wa 0 (Fig. 3). Itis

flood plain. However, if an abrupt rise of adjacent./°C, very close to that of the present-day spatiafiteresting that the interval with 1080, ., e
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