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Abstract 

Oxygen isotope results for tooth enamel-phosphate (6p) from late Eocene-early Oligocene fossil horses are presented 
to determine if paleobiologic and paleoclimatologic information is recorded in fossil tooth enamel chemistry. Teeth 
from jaws of Mesohippus and Miohippus from the White River Formation (or Group) in the western Great Plains are 
well preserved and have excellent geochronologic control. Although there is clear evidence for post-depositional 
alteration of the enamel, a hydroxylapatite mineralogy is preserved and isotopic exchange of oxygen does not appear 
to be significant. There are distinctive patterns of 6p variation among individual teeth from the same jaw. These 
patterns reflect season of birth and timing of enamel mineralization. Most of the horses were born in the spring, and 
mineralization of the enamel is complete after 1-1.5 years. These results show that paleoclimate reconstruction from 
enamel 6p must account for tooth position and timing of mineralization. The observation that there are different 
intrajaw patterns of 6p variation among Mesohippus and Miohippus may provide a basis to reconstruct changes in 
climate seasonality in ancient environments. 
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1. Introduction 

The ~180 of  tooth enamel-phosphate f rom fossil 
mammals  (6p) has promise as a quantitative conti- 
nental paleoclimate proxy (Longinelli, 1974). 
Although there have been several at tempts at 
climate reconstruction using 61so of mammal ian  
biogenic phosphate  (D'Angela,  1991; Ayliffe et al., 
1992; D'Angela  and Longinelli, 1993; Bryant et al., 
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1994; Sfinchez Chill6n et al., 1994), most  of  these 
studies have found considerable unexplained varia- 
tion. Tooth enamel is the preferred biogenic phos- 
phate phase for paleoclimate reconstruction 
because it is considered the most  resistant to 
diagenesis (Lee Thorp  and Van der Merwe, 1991; 
Ayliffe et al., 1992, 1994; Bryant, 1995). 
Characteristic patterns of  variation in ~p among 
different teeth within the same jaw of  modern and 
Miocene horses are interpreted to result f rom 
season of  birth and timing of enamel mineraliza- 
tion (Bryant et al., 1996). These effects lead to 
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very large differences in 8p among the individual 
teeth in a jaw. Similar patterns in 8e occur in tooth 
enamel from bison and sheep (Fricke and O'Neil, 
1996). The patterns and processes leading to 
intrajaw 8p variation must be understood before 
continental paleoclimate reconstruction is viable. 
These patterns also provide new insight into the 
paleobiology of ancient horses. The purposes of 
this paper are to (1) demonstrate characteristic 
patterns of ~p variation found in teeth of late 
Eocene-early Oligocene fossil horse jaws from the 
White River Group in the western Great Plains of 
the U.S., and (2) discuss the significance of these 
patterns for paleobiological and paleoclimatologi- 
cal applications. 

Patterns of 6p variation in teeth from jaws of 
Miocene and modern horse (equid) teeth provide 
evidence of the season of birth and overall season- 
ality of the birth cycle in ancient horse faunas 
(Bryant et al., 1996). Based on these results, 
Miocene horses were, in broad terms, relatively 
similar to modern horses in terms of the timing of 
enamel mineralization, seasonal birth cycles, and 
season of birth. From a paleobiological viewpoint, 
however, horses from the late Eocene and early 
Oligocene (Mesohippus and Miohippus) were very 
different from Miocene and modern horses. 
Mesohippus and Miohippus were much smaller, 
their teeth were brachydont, and they lived in 
much more wooded biomes and had very different 
diets than Miocene and typical modern wild pop- 
ulations of equids (MacFadden, 1986; Retallack, 
1983,1992; Janis, 1990). Thus it is reasonable to 
expect that the intrajaw ~p patterns may also be 
very different. 

Quantitative climate reconstruction may be pos- 
sible once the intrajaw 6p patterns are understood. 
The late Eocene-early Oligocene is an important 
period in Earth's climate history. Following the 
Eocene thermal maximum, a long period of cooling 
in the middle and late Eocene culminated with the 
"Terminal Eocene Event" (TEE; Wolfe, 1978), 
now known to be early Oligocene. The TEE is the 
most abrupt climate shift in the Paleogene and 
represents the final transition from the warmer 
climates of the Eocene to the cooler climates 
of the Oligocene, reflected globally in marine 
and continental climate archives (e.g., Wolfe, 

1978, 1992; Miller, 1992; Zachos et al., 1993). The 
TEE was first defined by Wolfe (1978) on the basis 
of fossil leaf assemblages from the western U.S., 
and is interpreted to be a 7-8°C cooling in mean 
annual temperature (Wolfe, 1992, 1994). Climate 
deterioration in the late Eocene early Oligocene 
associated with the TEE is reflected in the White 
River Group in paleosol morphology (Retallack, 
1983,1992), other detailed aspects of sedimentol- 
ogy (Clark et al., 1967), and fossil land snail, 
amphibian, and reptile faunas (Evanoff et al., 
1992; Hutchison, 1992), all of which record pro- 
gressively more arid environments during the late 
Eocene and early Oligocene. There are several 
minor pulses of mammal turnover (Janis, 
1989, 1993; Prothero, 1989, 1994). 

The timing of the TEE in marine records is well 
known. The TEE occurs within Chron Cl3n in 
the marine record (Miller, 1992), between 33.1 
and 33.5 Ma. The timing of the TEE in terrestrial 
records is not as well constrained, but occurred at 
about 33 Ma (Wolfe, 1994) and is presumably 
contemporaneous with the marine record. The 
TEE followed just after the Eocene Oligocene 
boundary at 33.7 Ma (Cande and Kent, 1992). 
The White River Group is one of the best exposed 
and most fossiliferous continental Eocene 
Oligocene sections. A detailed litho- and paleo- 
magnetic stratigraphy and 4°Ar/39Ar dates for 
several ashes (Swisher and Prothero, 1990; 
Prothero and Swisher, 1992) provide outstanding 
geochronologic control. Fossil mammals are abun- 
dant, well-preserved, and often collected with 
detailed stratigraphic information. Fossil equids 
are common elements in White River faunas 
(Prothero and Shubin, 1989). 

Analyses of fossil enamel ~p from the White 
River Group might provide records of continental 
paleoclimate change during this important time 
interval. Fossils from the White River Group meet 
the following important prerequisites for climate 
reconstruction: (1) the fossils are well-preserved, 
(2) fossils are common, (3)there is outstanding 
geochronologic control, (4) other climate-sensitive 
records are available, such as paleosols and fossil 
faunas, and (5) there are large climate shifts pre- 
served in many archives worldwide at this time, 
including in the White River Group. Fossil mam- 
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mals are more common and more widely distrib- 
uted in space and time than fossil leaf floras that 
are sufficiently diverse and well preserved for leaf 
physiognomy studies (Wolfe, 1993). 

Fossil horses are particularly well suited for 
analysis for the following reasons: (1) horses are 
very common in the fossil record and widely 
distributed in time and space (MacFadden, 1992). 
They have a .-~58 million year history and are 
found for at least part of that history on every 
continent except Australia and Antarctica. Horses 
are often the most common element in late 
Paleogene and Neogene fossil mammal faunas. (2) 
Equid phylogeny is relatively well known, provid- 
ing a phylogenetic framework. (3) There are a 
number of studies of  paleodiet, body size, and 
other evolutionary and paleobiological aspects for 
fossil equids. Horses show evolutionary responses 
to paleoecologic and paleoclimatologic change. 
Indeed, horses are the classic example used for 
nearly every evolutionary theory. (4) Horses are 
generally large in size relative to other fossil taxa 
and they can be identified easily, which greatly 
simplifies sample selection and preparation. 
Furthermore, large mammals have many advan- 
tages for climate reconstruction over smaller taxa 
due to physiological effects on 6~80 fractionation 
in body water (Bryant and Froelich, 1995). (5) 
Horses often provide strong biostratigraphic con- 
trol, and thus good evidence of  geologic age. (6) 
Living zebras and horses are widely available and 
provide modern analogs. Thus the fossil horses 
from White River Group provide an excellent 
opportunity for quantitative paleoclimate 
reconstruction. 

Continental climate reconstruction from 6p of 
mammalian biogenic phosphate relies on a three- 
step hypothesis (Fig. 1). The 6~80 of the animal's 
oxygen inputs (water, metabolic oxygen derived 
from oxidation of organic compounds in food, 
and atmospheric 02) are all directly or indirectly 
related to climate via fractionation in the 
hydrologic cycle and surflcial processes. In turn 
the ~180 of  body water reflects the balance of 
these oxygen inputs, which is controlled by body 
mass-dependent fluxes of oxygen through the body 
(Bryant and Froelich, 1996). Mammalian 6p 
precipitates in equilibrium with body water (Luz 
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Fig. 1. Schematic outline of climate reconstruction from the 
6180 of mammalian biogenic phosphate. Climatic processes and 
the hydrologic cycle control the 8180 of local precipitation, 
which in turn is fractionated by surficial processes and controls 
the 6180 of ingested water and metabolic oxygen. The 6180 of 
body water is determined by vital (biological) fractionation 
relative to oxygen inputs (water, metabolic oxygen, and atmo- 
spheric 02). Mammalian biogenic phosphate precipitates in iso- 
topic equilibrium with body water at 37°C. If the vital effects 
are known, the 6180 of mammalian biogenic phosphate can be 
used to estimate the 6180 of ingested water, which reflects 
climate. 

et al., 1984). Because mammalian body temper- 
ature is constant near 37°C, ~p is not influenced 
by environmental temperature and reflects only 
the 8~80 of  oxygen inputs and mass balance in the 
body. Hence with basic knowledge of body size 
and ecophysiological habits of an extinct species 
(e.g., large herbivore), a quantitative, isotopic 
record of  continental climate might be recon- 
structed from 6p. 
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2. Tooth mineralization and eruption in equids 

The sequence and timing of  cheek tooth min- 
eralization and eruption in modern equids are well 
known and similar in domestic horses and zebras 
(Erz, 1964; Levine, 1982; Penzhorn, 1982). The 
deciduous premolars are erupted at birth (Fig. 2). 
The first permanent tooth to erupt through the 
bone (although not necessarily to enter wear) is 
the M1 at 7-12 months. The M2 erupts at about 
16-24 months, and P2 and P3 erupt at 2.5-3.5 
years. The last teeth to erupt are P4 and finally 
M3 between 3-5 years. The lower cheek teeth 
erupt slightly later (1-2 months) than the equiva- 
lent uppers. 

A 

B 

P e r m a n e n t  Dentition P3 P2 P) 

M1 ~ Anterior 

M3 "~ \ Lingual 

a l P 4  Deciduous Dentition 

M3 

P4 

P2-3 

M2 

M1 

dP2-4 ~ - -  
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-0.5 0 
(Birth) 
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i:!iiiil 
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!iiiiiii!ili!!iii~i 

r a m .  

I I I I 
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. . . . .  Eruption ] 
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Fig. 2. A,B. Dental  nomenclature and tooth enamel mineraliza- 
tion timing and sequence in zebras and domestic horses. A. 
Dental  nomenclature,  based on upper cheek teeth (after Hillson, 
1986). Upper  teeth are designated with upper case letters, P for 
premolar  and M for molar,  followed by a number  for relative 
position in the jaw ( 1 is the most  anterior). B. Mineralization 
and eruption timing and sequence (Erz, 1964; Levine, 1982; 
Penzhorn,  1982; Hillson, 1986). The range in timing indicated 
for mineralization and eruption reflect observed ranges in 
modern  taxa, not  the amoun t  of  time required for the minerali- 
zation and eruption sequence once the process is initiated for a 
tooth. Lower cheek teeth mineralize and erupt weeks to months  
after the equivalent upper cheek teeth. Mineralization of  P2-P4 
and M3 occurs after weaning, so 61sO of enamel is free of  the 
effects of  nursing on the 6180 of  body water. 

The timing of enamel mineralization is critical 
for tooth chemistry. Mineralization begins several 
months to over a year before eruption. Weaning 
of zebra, feral horses, and domestic horses occurs 
at 9 15 months of age. Foals rarely drink water 
before weaning (Crowell-Davis et al., 1985; Berger, 
1986; Becker and Ginsberg, 1990). The deciduous 
premolars mineralize before birth, and the M 1 and 
M2 mineralize wholly or partially before weaning. 
The chemistry of these teeth reflects the influence 
of the mare's body water through prenatal develop- 
ment and nursing. The remaining permanent teeth 
form sufficiently late that their chemical signature 
is free from effects of nursing. 

The sequence of tooth eruption in Eocene - 
Oligocene fossil horses is the same as for modern 
horses and zebras. The age at which teeth erupted 
in the fossil taxa, however, is unknown. In Miocene 
horses it appears that the age at which eruption 
of individual teeth occurred was probably about 
the same or slightly earlier than in modern horses 
and zebras (Van Valen, 1964; Hulbert, 1984). 
Eocene-Oligocene horses were considerably 
smaller (40-50kg)  than Miocene or modern 
species (MacFadden, 1986). Longevity in mam- 
mals is related to body size (Blueweiss et al., 1978), 
hence the Eocene Oligocene horses also likely had 
relatively shorter lifespans than Miocene and 
modern equids. Furthermore, the Eocene 
Oligocene horses had more brachydont teeth. The 
timing of  tooth mineralization was, therefore, 
probably accelerated relative to modern and 
Miocene horses. Differences in the timing of tooth 
mineralization and season of birth are expected to 
affect the patterns in 6p observed among teeth 
from the same jaw, as will be shown below. 

3. Materials and methods 

3.1. Samples and stratigraphy 

Samples are isolated teeth and individual teeth 
from jaws, all upper teeth except one lower ml.  
All of  the teeth preserved in each jaw were ana- 
lyzed, and the number of teeth measured from a 
jaw ranges from one to six. Jaws of  Miohippus and 
Mesohippus from the White River Group in South 
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Dakota and Wyoming (Table 1 and Fig. 3) were 
selected from the Frick Collection of fossil mam- 
mals at the American Museum of Natural History. 
Each jaw has detailed stratigraphic information, 
often within the nearest ~ 0.3 m of widely mapped 
(although mostly informal) lithostratigraphic units 
within the White River Group (Fig. 3). White 
River lithostratigraphy has been debated for over 
a century, but was mostly clarified by Morris 
Skinner and other workers from the Frick 
Laboratory starting in the 1930's (Emry et al., 
1987). Several intercalated ashes were dated by 
K-Ar methods (Evernden et al., 1964) and a 
paleomagnetic stratigraphy was established by 
Prothero et al. (1983) and Prothero (1985a, b). 
Reanalysis of these ashes and paleomagnetic strati- 
graphies as well as several additional ashes and 
paleomagnetic sections with more precise 
4°Ar/39Ar and paleomagnetic methods by Swisher 
and Prothero (1990), Prothero and Swisher 
(1992), and Evanoff et al. (1992) provides an 
integrated regional geochronology of the White 
River Group. This revised framework provides 
outstanding geochronologic control and is used to 
assign ages to the fossil teeth (Fig. 4). Ages for 
samples are assigned by interpolating between 
4°Ar/39Ar and magnetic reversal boundaries. 

The two oldest horse jaws are from the White 
River Formation in the North Fork of Lone Tree 
Gulch section at Flagstaff Rim, Natrona County, 
Wyoming (Fig. 3; Emry, 1973,1992). Geochron- 
ology is constrained by paleomagnetic strati- 
graphy and 4°Ar/39Ar dates for several ashes 
(Fig. 4). One jaw was collected 20 m below Ash 
D (F:AM 129117) and the other was collected 27 
m above Ash D (F:AM 129116). Ash D was not 
dated by Swisher and Prothero (1990). The speci- 
mens are bracketed by 4°Ar/39Ar dates of 36.0 Ma 
for the underlying Ash B, and 35.8 Ma for the 
overlying Ash F. This level is within a long reversed 
interval correlated with Chron C15r by Prothero 
and Swisher (1992), but a correlation with Chron 
C16n.lr in the Cande and Kent (1992) timescale 
provides a better agreement between the polarity 
record and 4°Ar/39Ar dates. 

The second suite of samples is from the White 
River Formation in Niobrara County, Wyoming 
(Fig. 3). Prothero (1985a, b) and Evanoff et al. 

(1992) published paleomagnetic stratigraphies of 
the Chadron and Brule members from several sec- 
tions in the area, and chrons C12r through the top 
of C16n are represented. The Persistent White 
Layer (PWL; also known as the Persistent White 
Ash, Purplish White Layer, Glory Hole Ash, and 
Tuff 5 of various authors) is a widely distributed 
ash dated by 4°Ar/39Ar at 33.9 Ma (Swisher and 
Prothero, 1990). The PWL marks the boundary of 
the Chadron and Brule members in the area and is 
within Chron C13r. Two jaws from the Chadron 
Member and four from the Brule Member of the 
White River Formation were analyzed. The strati- 
graphic position of each sample relative to the 
PWL is known and the fossils can be placed in the 
paleomagnetic sections analyzed by Prothero 
(1985a, b) and by Evanoff et al. (1992). 

The third suite of samples is from the Big 
Badlands of South Dakota (Fig. 3). In the Big 
Badlands the White River is elevated to group 
status and the Chadron and Brule are raised to 
formation rank. An informal lithostratigraphic 
framework used by Morris Skinner and the Frick 
Laboratory is shown in Fig. 4. These informal 
(Lower and Upper Nodular Zones, Middle and 
Upper Oreodon Beds, and Leptauchenia Nodule 
Zone) and the formal subdivisions (Scenic and 
Poleside members) of the Brule Formation formed 
the lithostratigraphic framework for the paleo- 
magnetic stratigraphy developed by Prothero et al. 
(1983), Prothero (1985a, b), and Prothero and 
Swisher (1992). The stratigraphic positions of fos- 
sils are also recorded within this framework. The 
Rockyford Ash (also known as the Nonpareil Ash 
Zone), dated at 30.1 Ma by 4°Ar/39Ar (Swisher 
and Prothero, 1990), caps the White River Group 
in the Big Badlands. 

3.2. Analytical methods 

Enamel from the labial margin (where the 
enamel is thickest) was cut from the tooth, the 
dentine drilled away, and enamel powdered and 
homogenized, gp was determined by an ion- 
exchange, silver phosphate fluorination method 
(Crowson et al., 1991) and results are reported in 
standard delta notation relative to SMOW (Craig, 
1961). Calcium was determined by flame atomic 
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Fig. 3. White River sample localities. The Big Badlands and 
Niobrara County localities are composites of several different 
sections located near each other and intercorrelated. 

absorption spectroscopy, phosphorus by phospho- 
molybdate colorimetry, and fluorine by specific- 
ion electrode potentiometry. Complete analytical 
details are presented in Bryant (1995). Analytical 
precision and accuracy were monitored with two 
phosphorite rock standards from the National 
Institute of Technology, SRM-120c and SRM-694 
(Table 2). Mineralogy was determined by X-ray 
diffraction and Fourier-transform infrared 
spectroscopy. 

4. Results 

Results are presented in Table 1. The Ca/P and 
F/P of Eocene Oligocene fossil enamel is very 
different from that of modern horse enamel. The 
Ca/P in modern equid enamel ranges from 1.55 to 
1.64, lower than the stoichiometric ratio of 1.67 
(Bryant, 1995). The Ca/P ratio in Eocene- 
Oligocene enamel ranges from 1.62 to 1.76. 
Similarly, the F/P ratio of fossil enamel ranges 
from 0.05 to 0.14, at least an order of magnitude 
higher than in modern enamel. These ranges are 
similar to those reported elsewhere for fossil 
enamel (Parker et al., 1974; Bryant, 1995). 

There are three distinctive patterns in the 3p of 
individual teeth within a jaw (Fig. 5). Two of these 
are similar to patterns found in Miocene fossil 
equids (Bryant et al., 1996), termed Pattern 1 and 
Pattern 2. In Pattern 1 the fie pattern among the 
individual teeth, plotted in sequence of eruption, 

has a concave-up shape and 6p of M1 and M3 is 
generally higher than that of other teeth in the jaw 
(Fig. 5). In Pattern 2 the 5p pattern has a concave- 
down shape and 6p of M1 and M3 is generally 
lower than that of other teeth in the jaw. There is 
a third pattern in the Eocene-Oligocene equid 
jaws, but this pattern is different from that termed 
Pattern 3 in the Miocene horses (Bryant et al., 
1996). We therefore term this Pattern 4, to 
differentiate it from Pattern 3 found in Miocene 
horses. In Pattern 4 the 5p of M1 is higher than 
that of the other teeth (as in Pattern 1), but results 
for the rest of the teeth have a concave-down 
pattern similar to Pattern 2 (Fig. 5). When plotted 
together, the results for individual jaws are diver- 
gent in the 6p of the M1 and M3 (Fig. 6), which 
are the first and last permanent teeth to mineralize, 
respectively. The ~p of M2 through P4 is compara- 
ble among the individual jaws. 

5. Discussion 

5.1. Patterns in 6p along the toothrow 

The intrajaw 5p patterns are interpreted to reflect 
the timing of enamel mineralization and the season 
of birth, similar to results and interpretations for 
modern and Miocene horses (Bryant et al., 1996) 
and modern sheep and a ~500-year old bison 
(Fricke and O'Neil, 1996). However, because 
Mesohippus and Miohippus had much smaller body 
size and more brachydont dentition than the 
modern and Miocene horses, the timing of min- 
eralization may have been relatively accelerated. 
The ~p patterns in the jaws of Mesohippus and 
Miohippus, therefore, are expected to be different 
from patterns observed in Miocene and modern 
jaws of horses born in the same season. 

Bryant et al. (1996) modify the body water 
model from Bryant and Froelich (1995) to include 
growth, nursing, and season of birth for a foal to 
determine how these factors control the ~p patterns 
observed in modern and Miocene horse jaws. The 
6180 of body water follows a seasonal cycle similar 
to the annual cycle observed in 61sO of precipita- 
tion (Rozanski et al., 1993). Because the enamel 
mineralization sequence is known, individual teeth 
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Fig. 4. Geochronology of the late Eocene-early Oligocene White River localities. The geomagnetic polarity timescale is after Cande 
and Kent (1992). The intercorrelation of sections, correlation to the geomagnetic polarity timescale, North American land mammal 
ages (NALMA), and 4°Ar/39Ar dates are from Swisher and Prothero (1990), Prothero and Swisher (1992), and Evanoff et al. (1992). 
Lithostratigraphic subdivisions below member status for the Brule Formation in the Big Badlands follows an informal zonation used 
by M.F. Skinner, as published by Prothero and Swisher (1992), with the following abbreviations: L N .  = lower nodule zone; U.N, = 
upper nodule zone; M . O . =  middle Oreodon beds; U.O. = upper Oreodon beds; Lept. Nods. = Leptauchenia nodule zone. The 
stratigraphic rank and subdivisions of the White River Formation or Group varies between localities (see text). The Terminal Eocene 
Event ( T E E )  occurs in marine records during Chron Cl3n in the early Oligocene and is thought to be contemporaneous in terrestrial 
environments. 

f rom a j a w  can be super imposed ,  in minera l i za t ion  
sequence,  on the seasonal  6180 cycle. The exact  
age at  which  minera l i za t ion  occurs  is no t  k n o w n  
a pr ior i ;  the t iming (bu t  no t  sequence) o f  minera l i -  
za t ion  o f  each too th  can  therefore  be ad jus ted  
a long  the seasonal  6180 cycle so tha t  the resul t ing 
pa t t e rn  in 6p fits the pa t t e rns  observed  in the fossil 
jaws.  Season o f  b i r th  and  t iming o f  t o o t h  minera l i -  
za t ion  can then be in te rpre ted  f rom the observed  
pa t t e rns  and  6p fit with a mode led  seasonal  cycle. 

A seasonal  cycle in 5taO of  body  wate r  is 
mode led  with  a h a r m o n i c  m o t i o n  equa t ion  and 
takes  the fo rm of  a cosine wave (Fig .  7; Bryant  
et al., 1996), an a p p r o x i m a t i o n  of  the seasonal  
va r i a t ion  observed  in m o d e r n  prec ip i ta t ion  
( R o z a n s k i  et al., 1993). Pa t t e rn  1 (Fig .  7a) can be 
der ived for  a foal  bo rn  in the spr ing with minera l i -  
za t ion  o f  the teeth accompl i shed  in a b o u t  one 
year.  This  is the same b i r th  season in te rpre ted  for 
Pa t t e rn  1 in the Miocene  horses  (Bryan t  et al., 
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Table 2 
Comparison of  analytical results from this study with certified values for two phosphorite rock standards from the National Institute 
of  Standards and Technology (NIST).  Uncertainties are + 2¢r. Abbreviations: n.c. = not certified; n.d. = not determined 

Measurement SRM 120c SRM 120c SRM 694 SRM 694 
(certified) (this study) (certified) (this study) 

Ca (weight %) 34.32+0.10 34.10+0.58 (n= 14) 31.2+0.3 30.55+0.58 (n=7)  
P (weight %) 14.55_+0.03 14.49_+0.20 (n= 10) 13.2_+0.1 13.23_+0.28 (n=7)  
F (weight %) 3.82 +0.02 3.86-t-0.12 (n=  10) 3.2+0.1 3.18 4-0.14 (n=  10) 
6180 (%oSMOW) 21.33+0.10 a 21.36_+0.36 (n= 13) n.c. n.d. 

~61sO is not certified by NIST. This result is quoted by Crowson et al. (1991) (n = 15). Barrick and Showers (1994) quote a precision 
of  +0.14%o (28). 
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Fig. 5. Patterns of  variation in 6180 of  tooth enamel from late Eocene-early Oligocene horses. Tooth position follows the mineraliza- 
tion sequence (Fig. 2). Pattern 1 has a concave up shape, and 8180 of  the M1 and M3 is generally higher than that of  the other 
teeth, as also observed in modern and Miocene equids (Bryant et al., 1996). Pattern 1 likely represents a spring season birth. Pattern 
2 has a concave down shape opposite to that o f  Pattern 1, and likely represents a fall season birth. A third pattern is termed Pattern 
4, to differentiate it from Pattern 3 observed in Miocene horses (Bryant et al., 1996). Pattern 4 has elements of  both Pattern 1 and 
2:6180 of  M1 is generally higher than the other teeth, but 6180 of  the other the cheek teeth has a concave down pattern similar to 
Pattern 2. Pattern 4 likely reflects a spring season birth with ontogenetically-delayed mineralization. 
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Fig. 6. Comparison of  results and 6180 patterns found in White 
River equid jaws. Teeth are shown in the order of  mineraliza- 
tion, not the order in the jaw. The 6180 of  the M1 and M3 is 
very divergent in all three patterns, but 6180 of  the M2 and 
premolars is very similar among the jaws. 

1996). However, Pattern 1 in the Eocene- 
Oligocene horses is more concave (~p of  M1 and 
M3 is higher than that of the other cheek teeth) 
than in the modern and Miocene horses; thus 
mineralization must have began earlier and was 
completed quicker than in the modern horses, 
probably within one year. In the Miocene and 
modern horses with Pattern 1 (spring birth), on 
the other hand, 6p of  M1 is high and 6p of  M3 is 
either similar to that of  the other cheek teeth or 
only slightly higher. The individual cheek teeth 
mineralize over 6-12 months, and mineralization 
of  all of  the permanent teeth occurs over a period 
of 2.5-3 years (Bryant et al., 1996). The resulting 
6p pattern is relatively flat for the intermediate 
teeth in the eruption sequence (M2 and P2-3) ,  
slightly different from the patterns in Mesohippus 
and Miohippus. 
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Fig. 7. A,B. Interpretation of  intrajaw patterns in enamel 
~80 .  See Fig. 5 for examples of the enamel 5~80 patterns. 
6180 of  environmental water undergoes a seasonal cycle that is 
reflected by the 8a80 of body water of horses (Bryant et al., 
1996). The timing of  tooth mineralization (dark horizontal 
bars) is superimposed on a typical seasonal cycle (modeled as 
a cosine wave) to understand how the different patterns in 
enamel 6~80 may be derived. The 6~80 of  enamel represents an 
integrated average of  the 6asO (offset for equilibrium precipita- 
tion at 37°C) of  body water during the mineralization interval. 
A (solid line), Pattern 1 is interpreted to represent a spring 
season birth with full mineralization of all of the teeth within 
one year. Pattern 2 is the exact opposite of Pattern 1, indicating 
a fall season birth (enamel mineralization is shifted by 6 
months). B (dashed line), Pattern 4 is interpreted to represent 
spring season birth, but mineralization is delayed and occurs 
over a 1.5 year period. 

Pattern 2 in the Eocene-Oligocene horses, as in 
Pattern 2 in the Miocene and modern horses, 
represents fall-season birth. The 6p pattern is the 
opposite of Pattern 1 (Fig. 7b). Modern zebras 
and feral horses have distinctive breeding peaks 
and approximately 75% of  the foals are born in 
the spring, although foaling can occur at any time 
during the year (Smuts, 1976; Berger, 1986). Of 
the six Eocene-Oligocene horse jaws from which 
several teeth were measured, results for two have 
Pattern 2. Although a sample size of  six jaws is 
not sufficiently large to test for statistical signifi- 

cance, one possible interpretation is that the fossil 
equids did not have a highly seasonal birth cycle. 
If, in contrast, birth was highly seasonal in a 
population, then birth would probably be timed 
to coincide with the spring season, and Pattern 2 
would not be commonly represented. Pattern 1 or 
a variant (like Pattern 4; see below) would be most 
expected. A similar result (relatively nonseasonal 
birth cycle) was found in Miocene horses (Bryant 
et al., 1996). These ancient horses apparently 
probably did not have highly seasonal birth cycles, 
possibly indicative of paleoclimates with less sea- 
sonal variability. 

Pattern 4 in the Eocene Oligocene horses does 
not have an analog in Miocene or modern horses. 
The most reasonable interpretation of Pattern 4 is 
a spring birth, as in Pattern 1, indicated by the 
relatively high ~p of M1 (Fig. 5). However, to 
generate the pattern observed in 6p of M2 M3, 
enamel mineralization must have occurred slightly 
slower, or was ontogenetically delayed, relative to 
Pattern 1. The additional time over which minerali- 
zation occurred is not long. Only about 6 addi- 
tional months ( 1.5 years total mineralization time) 
are necessary, which is within the natural range of 
variation observed in timing of  mineralization and 
eruption in modern horses and other large mam- 
mals (Hillson, 1986). Thus it appears there was 
diversity in both the season of birth and the time 
period over which mineralization occurs. Five of 
the six jaws analyzed and shown in Fig. 5 are 
Mesohippus, so it is not possible to determine if 
there are correlations between the season of birth 
or timing of  mineralization and the systematics of 
the late Eocene early Oligocene fossil horses or 
within a time series. 

5.2. Diagenesis 

One advantage of using 3p for paleobiologic and 
paleoclimatic reconstruction is the resistance of 
the phosphate-oxygen to isotopic exchange in the 
sedimentary environment. Pervasive diagenesis and 
recrystallization of enamel results in a transition 
from biogenic hydroxylapatite to carbonate fluor- 
apatite (Bryant, 1995). This transition is accompa- 
nied by a sharp increase in the F/P ratio and a 
smaller increase in the Ca/P ratio of the enamel. 
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There are no heavily altered samples among the 
Eocene-Oligocene teeth (Fig. 8). All of the teeth 
retain a hydroxylapatite mineralogy, although 
there are five samples with higher F/P ratios than 
the other teeth. This indicates diagenesis has 
affected these samples to some degree. However, 
the resulting diagenetic trend does not result in a 
strong offset in 6p relative to the unaltered teeth. 
The Eocene-Oligocene teeth appear to be trans- 
forming towards the same 6p and F/P field defined 
by heavily recrystallized Miocene fossil teeth. The 
primary 8p signal, however, does not appear to be 
compromised. In addition to the conversion to 
carbonate fluorapatite with associated increases in 
F/P and Ca/P, pervasive diagenesis is expected to 
homogenize the trend in 6p along the toothrow 
due to recrystallization of  all of  the teeth at lower 
temperatures in equilibrium with water with lower 
61sO (Bryant, 1995). This is not observed in the 
Eocene-Oligocene teeth. The two jaws whose teeth 
have the highest F/P ratio (F:AM 116387 and 
F:AM 129119) preserve very clear 6p patterns 
(Fig. 5). 

5.3. Implications for  reconstruction o f  continental 
climate 

As outlined above, the Terminal Eocene Event 

is one of  the most abrupt climate shifts in the 
Cenozoic and there is clear evidence for climatic 
and ecologic change in the White River Group. 
8p of  fossil equid teeth may provide a record of 
this shift. However, simply plotting a time series 
of  8p results without considering tooth position or 
intrajaw 6p pattern would be very misleading. 
Rather, each tooth position from each intrajaw 
pattern must be considered individually. Simply 
stated, the different teeth, in the different patterns, 
mineralize at different times (seasons) of the year, 
and hence the 6v of individual teeth will record 
different seasonal influences. If  the intrajaw 8p 
patterns are ignored or unknown, variation within 
the jaw due to seasonal and ontogenetic influences 
will obscure any evidence of paleoclimatic change. 

The season represented by individual teeth in 
each intrajaw pattern can be interpreted from the 
observed patterns with seasonal variation in 5180 
of precipitation (Fig. 7). The M1 represents the 
summer season in patterns 1 and 4, and the winter 
season in Pattern 2 (Table 3). The seasonal differ- 
ences between teeth from jaws with Pattern 1 are 
direct opposites to those with Pattern 2. Teeth 
from jaws with Pattern 4 have different mineraliza- 
tion times out of  phase with the other jaws. 
Recognition of  these seasonal differences compli- 
cates climate reconstruction if only individual teeth 
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Fig. 8. Diagenetic trends in late Eocene-early Oligocene equid enamel. Ca/P and F/P are sensitive to recrystallization of hydroxylapa- 
tite to carbonate fluorapatite, accompanied by reprecipitation in equilibrium with sedimentary conditions very different from in vivo 
conditions. The stippled regions are the ranges observed in heavily recrystallized Miocene equid enamel from Nebraska (Bryant, 
1995), which seem to also represent the diagenetically-altered end member towards which the late Eocene early Oligocene tooth 
enamel is transforming. There are shifts towards the recrystallized region, but the preservation of a hydroxylapatite mineralogy by 
the enamel, low F/P ratios relative to the heavily recrystallized samples, and presence of characteristic patterns in 8x80 along the 
toothrow indicate that a primary 8180 signal is preserved. 



86 J.D. Bryant et al./Palaeogeography, Palaeoclimatology, Palaeoecology 126 (1996) 75 89 

Table 3 
Relative seasons at which different teeth mineralize for each 
intrajaw ~ip pattern found in late Eocene early Oligocene 
Mesohippus and Miohippus jaws from the White River Group. 
Seasonal assignments are based on intrajaw patterns of enamel 
mineralization (Fig. 7), and are only intended in a general sense 

Intrajaw 5p pattern 

during weaning. The teeth that form in the interme- 
diate stages of the sequence (P2 and P3) may 
possibly record some nursing effects. Perhaps the 
best approach to this problem, therefore, is to use 
the permanent teeth that mineralize last (P4 and 
M3) for climate reconstruction. 

Tooth position 1 2 4 

M 1 Summer Winter Summer 
M2 Fall Spring Late Fall 
P2 Late Fall Late Spring Spring 
P3 Winter Summer Late Spring 
P4 Spring Fall Summer 
M3 Summer Winter Fall 

or a few jaws are available. However, these 
different patterns may allow changes in seasonal 
temperatures (i.e., warmer summers and cooler 
winters) to be reconstructed. Furthermore, if there 
are two or more different intrajaw patterns in 6p, 
then climate reconstructions from jaws with 
different patterns can be compared to determine if 
they are consistent. Thus unlike many climate 
proxies that rely on a single time series, the possi- 
bility exists to reconstruct seasonal climate changes 
and have two or more proxies of the same cli- 
mate record. 

A final factor to consider is the possible influence 
of nursing and weaning during the mineralization 
period. In modern equids, only the M1 and M2 
mineralize before or during the weaning period, 
and hence only their 6p should be influenced by 
nursing. Nursing affects ~p because the 51sO of  
water and metabolic oxygen derived from mare's 
milk is offset from the 6lsO of  ingested water and 
plant matter from grazing or browsing sources. 
There is no clear evidence in tooth enamel ~p for 
age of  weaning in Mesohippus and Miohippus. Age 
at weaning, in general, also increases with increas- 
ing body size, but ecology strongly influences the 
precise timing and there is considerable variation 
in the age of  weaning among modern equids 
(Becker and Ginsberg, 1990). Thus although the 
teeth mineralized much earlier in Mesohippus and 
Miohippus, the animals were probably also weaned 
earlier. The permanent teeth that mineralize earli- 
est (M1 and M2) most likely formed before or 

6. Conclusions 

Because of the different intrajaw 6p patterns and 
small number of  fossil jaws analyzed in this study, 
a paleoclimate reconstruction from the White 
River equid 6p results would be very premature. 
It is clear, however, that 6p of  fossil enamel may 
provide new insight into the biology of extinct 
species and may also provide a very sensitive 
record of ancient climate in future studies. In 
addition to the late Eocene-early Oligocene equids, 
patterns of variation in enamel 6p are now also 
known for modern horses, sheep, and bison, and 
Miocene horses (Bryant et al., 1996; Fricke and 
O'Neil, 1996). The 6p of tooth enamel from late 
Eocene early Oligocene horse teeth (Miohippus 
and Mesohippus) from the White River Group in 
the western Great  Plains preserves evidence of the 
season of  birth and the ontogeny of tooth enamel 
mineralization. Birth was apparently concentrated 
in the spring season, but does not appear to have 
been highly seasonal because results for two of the 
six jaws measured have patterns indicative of 
fall-or winter-season birth. Enamel mineralization 
of all six cheek teeth in the fossil equid jaws must 
have been complete after 1-1.5 years. Although 
there is evidence of  post-depositional alteration in 
the Ca/P and F/P ratios of  the enamel, the enamel 
is composed of hydroxylapatite, is chemically dis- 
tinct from the diagenetic signal observed in 
Miocene tooth enamel, and 8p of individual teeth 
within the same jaw show distinctive, biological 
variation patterns. Pervasive recrystallization and 
reprecipitation under different oxygen isotopic 
equilibrium conditions, therefore, do not appear 
to be significant problems in these teeth. 

~Sp of  fossil mammalian tooth enamel has great 
promise in continental paleoclimate reconstruc- 
tion. However, it is clear from this analysis that 
6p paleoclimatology using horse teeth will not be 
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s t ra igh t fo rward .  Ana lys i s  o f  a single t ime series o f  
teeth,  w i thou t  cons ider ing  the t o o t h  pos i t i on  or  
season o f  minera l i za t ion ,  c lear ly  is no t  a g o o d  
app roach .  Ra the r ,  a t ime series o f  jaws ,  wi th  
different  in t r a j aw 6p pa t te rns ,  is the best  a p p r o a c h  
to the p rob lem.  Ana lyz ing  teeth f rom a series o f  
j aws  has  the advan tages  tha t  (1)  changes  in sea- 
sonal  c l imate  regimes can  be recons t ruc ted ,  and  
(2)  more  than  one p roxy  will r ecord  the same 
season and  interval  o f  t ime. The  d i s advan tage  o f  
this a p p r o a c h  is the large n u m b e r  o f  samples  
required.  Curren t ly ,  the only  pa leoc l ima te  p r o x y  
tha t  p rov ides  such de ta i led  i n fo rma t ion  is leaf  
p h y s i o g n o m y  (Wolfe ,  1993). Fossil  m a m m a l s  are  
much  m o r e  widely  d i s t r ibu ted  in t ime and  space 
than  fossil  f loras sufficiently well p reserved  for  leaf  
phys i ognomy ,  and  thus have the po ten t i a l  to 
great ly  increase our  knowledge  o f  con t inen ta l  cli- 
mate  change.  Unrecogn ized  b io logica l  f rac t ion-  
a t ion  effects still r emain  to be discovered.  Such 
effects cou ld  p rov ide  new pa leob io log ica l  in fo rma-  
t ion for  anc ient  species. 
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