
[The Journal of Geology, 2002, volume 110, p. 687–696] � 2002 by The University of Chicago. All rights reserved. 0022-1376/2002/11006-0004$15.00

687

Geochemical Climofunctions from North American Soils and
Application to Paleosols across the Eocene-Oligocene

Boundary in Oregon

Nathan D. Sheldon, Gregory J. Retallack, and Satoshi Tanaka1

Department of Geological Sciences, University of Oregon, Eugene, Oregon 97403, U.S.A.
(e-mail: nsheldon@darkwing.uoregon.edu)

A B S T R A C T

The degree of chemical weathering in soils increases with mean annual precipitation (P; mm) and mean annual
temperature (T; �C). We have quantified these relationships using a database of major-element chemical analyses of
126 North American soils. The most robust relationship found was between P and the chemical index of alteration
without potash (CIA-K): with . Another strong relationship was found between P and0.0197(CIA-K) 2P p 221.12e R p 0.72
the molecular ratio of bases/alumina (B): with . A Mollisol-specific relationship2P p �259.34 ln (B) � 759.05 R p 0.66
was found relating P to the molar ratio of calcium to aluminum (C) as follows: withP p �130.93 ln (C) � 467.4

. Relationships between weathering ratios and T are less robust, but a potentially useful one was found2R p 0.59
between T and the molecular ratio of potash and soda to alumina (S) where with 2T p �18.516(S) � 17.298 R p

. Our data also showed that most Alfisols can be distinguished from Ultisols by a molecular weathering ratio of0.37
bases/alumina of !0.5 or by a chemical index of alteration without potassium !80. Application of these data to a
sequence of Eocene and Oligocene paleosols from central Oregon yielded refined paleoprecipitation and paleotem-
perature estimates consistent with those from other pedogenic and paleobotanical transfer functions for paleoclimate.

Introduction

The degree of chemical weathering in soils by hy-
drolysis increases with available precipitation and
temperature. Both water and warmth serve to ac-
celerate the depletion of alkali and alkaline earth
elements (Ca, Mg, Na, K) at the expense of re-
fractory elements such as aluminum (Al). Here we
quantify these relationships using geochemical
analyses previously published in a national survey
of North American soils (table 1; available free of
charge upon request from the Journal of Geology’s
Data Repository; Marbut 1935). These data are not
a promising source of climofunctions, as defined
by Jenny (1941), because the soils vary enormously
in time for formation and parent material. They
also vary greatly in local vegetation, the effects of
which are difficult to disentangle from vegetation
and climate at a continent-wide scale (table 2;
available free of charge upon request from the
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Journal of Geology’s Data Repository). Despite
this, useful climofunctions have emerged from
these data, presumably because of constraints on
other soil-forming factors. Most of the soils were
rejuvenated by late Quaternary glacial loess or till
and are friable, nonrocky soils of plains and ex-
tensive terraces of agricultural promise. Further-
more, all the geochemical analyses were done
using the same standards and in the same labo-
ratories. Soon after C. F. Marbut’s death and re-
placement as head of the Soil Survey Division by
C. E. Kellogg in 1935, analyses of the cation
exchange capacity became more popular than bulk
geochemical analysis in soil survey and soil clas-
sification (Arnold 1994). For example, the bound-
ary between Alfisols and Ultisols, which both
have subsurface clay skins and clay accumulation,
is defined in part by a base saturation of 35% or
more for Alfisols and less for Ultisols (Soil Survey
Staff 1998). Because this feature of soils also is
related to degree of weathering and climatic var-
iables such as precipitation and temperature, we
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have identified bulk geochemical criteria for this
important taxonomic division.

Much of the motivation for this study comes
from the search for climofunctions and taxonomic
criteria suitable for use in the paleoenvironmental
interpretation of paleosols (Retallack 1994, 1997,
2001b). Base saturation and cation exchange ca-
pacity of soils are not preserved in paleosols and
are substantially altered soon after burial (Retallack
1991), but the bulk chemical composition of pa-
leosols appears to be robust in the face of diagenetic
(Mora et al. 1998) and even metamorphic alteration
(Barrientos and Selverstone 1987). In the second
part of this study, we test the identified climo-
functions using chemical data from paleosols (Re-
tallack et al. 2000). Although the climofunctions
found lack precision, we judge them worthwhile to
the extent that they demonstrate significant paleo-
climatic trends that are supported by other proxy
paleoclimatic evidence from paleosols (Retallack
1994; Retallack et al. 2000) and fossil plants (Man-
chester 1994; Meyer and Manchester 1997).

Material and Methods

All the chemical analyses of soils used were pub-
lished by Marbut (1935). He published data ob-
tained from different portions of the soils (colloid
vs. whole soil). We used the portion of the data
obtained from whole soil analyses after the soil had
been oven dried at 110�C. Because of burial com-
paction (e.g., Sheldon and Retallack 2001) and dia-
genesis, it is difficult to impossible to separate only
the colloidal fraction of a paleosol. We reformulated
the data as molecular weathering ratios by dividing
each weight percent by the molecular weight of the
oxide in question, giving us relative abundance on
an atomic stoichiometric basis rather than on the
basis of weights (Retallack 1997, 2001b). Climatic
data were drawn from stations within 20 miles of
each of the soil sites (Hare and Thomas 1974; Ruff-
ner 1980). For each site, we also determined the
current soil series and profile name as well as its
identification in Keys to Soil Taxonomy (Soil Sur-
vey Staff 1998) of the United States Soil Conser-
vation Service by consulting a wide array of pub-
lished soil surveys (tables 1, 2). Table 1 consists of
soil classifications and climatic data. Table 2 lists
vegetative cover, topography, parent material, and
estimated formation time for each of the soils. We
scanned and plotted this large database using com-
puter spreadsheets to identify any significant re-
lationships between chemical and climatic data in
a much more comprehensive manner than in our

previous attempts to analyze these same data
(Tegge 1986; Ready and Retallack 1995).

Constraints on Climofunctions for North
American Soils

The accuracy of climofunctions depends on a well-
constrained climosequence, defined by Jenny (1941)
as a set of soils varying in climate but showing little
variation in other soil-forming variables such as veg-
etation, soil animals, topographic relief, parent ma-
terial, and time for formation. A well-constrained
climofunction would have to be confined to a lim-
ited area in order to avoid changes in vegetation that
accompany climatic variation, but such geographic
restriction also limits its usefulness for application
to paleosols. An example is Jenny’s (1941) classic
climofunction of mean annual precipitation and
depth to calcic horizon in grassland soils on post-
glacial loess of the North American central Great
Plains. A comparably accurate climofunction be-
tween precipitation and depth to calcic horizon can
be obtained if the choice of soils is relaxed to those
with nodular carbonate (not wispy or tabular) on fri-
able, loamy to gravelly, sedimentary parent mate-
rials of varied chemical composition in climates
ranging from the Tropics to the Poles (Retallack
1994). However, the relationship rapidly falls apart
when expanded to soils with tabular carbonate on
hillslopes prone to erosion and on hard bedrock par-
ent materials (Royer 1999; Retallack 2000). This is
regrettable because a relationship between depth to
calcic horizon and precipitation for hillslope and
bedrock soils would be useful, and failure of the re-
lationship for steeply sloping soils limits its univer-
sal application.

From this perspective, Marbut’s (1935) selection
of soils used here is not a well-constrained cli-
mosequence. It ranges over many soil-forming var-
iables (table 2), so that any statistically significant
relationship emerging should be of widespread ap-
plicability. The database is best constrained for
topographic relief and parent material texture be-
cause emphasis on widespread and agriculturally
important soils focused attention on well-drained,
loamy soils without abundant gravel or shallow
bedrock, on rolling plains and extensive terraces.
Parent materials vary considerably from volcanic
ash to basaltic-andesitic gravel and deeply weath-
ered granite, but this variation is not as wide as
it could have been because of the widespread in-
fluence of calcareous postglacial loess in most
parts of the continent. Vegetation of the soils in-
cludes desert scrub, sagebrush grasslands, cool
temperate grasslands, broadleaf woodlands, and
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Figure 1. Relationship between mean annual precipi-
tation and CIA-K in a national survey of North American
soils (Marbut 1935).

conifer forests. Time for formation also varies
from land surfaces only a few thousand years old
on desert playas and coastal sand plains to surfaces
millions of years old on bedrock terraces. Al-
though the variation in time for formation, parent
material, and vegetation gives our climofunctions
potentially widespread application, we do not ex-
pect them to perform beyond the parameters of
the climosequence. Australia, for example, lacks
active volcanoes and has large flat areas of geo-
chemically mature soils and rocks quite different
from North America (Ollier and Pain 1996).

We tried different horizons, depth functions, and
parent-corrected formulations of the data as well as
a variety of molecular weathering ratios and found
the best climofunctions emerged from the chemical
composition of the subsurface (Bt or Bw) horizon.
Molecular weathering ratios for surface horizons, ra-
tios between horizons, and between key variables as
a function of depth did not perform as well in our
systematic search for statistically significant rela-
tionships. In addition to new relationships, we re-
assessed previous formulations including the chem-
ical index of alteration (Nesbitt and Young 1982;
Maynard 1992) and the molecular ratio of bases to
alumina (Retallack 1997, 2001b).

Climofunctions

Nesbitt and Young (1982) proposed the chemical
index of alteration (CIA) as a measurement of the
degree of rock weathering. It is calculated by tak-
ing the molar ratio of Al2O3 to Al O � CaO �2 3

(alumina, lime, soda, and potash) andNa O � K O2 2

multiplying it by 100. Alkalies are found predom-
inantly in feldspars and micas, so the CIA is a mea-
surement of the breakdown of those types of min-
erals. A stoichiometric albite has a CIA value of
50, and a stoichiometric anorthite has a CIA value
of 33. Maynard (1992) suggested calculating the
CIA without potash (CIA-K) to control for the ef-
fects of potassium metasomatism in paleosols. For
application to paleosols, we have chosen to use
CIA-K values in place of CIA values. In both May-
nard’s (1992) original data and in the Marbut (1935)
data, there is an extremely strong correlation
( ) between CIA and CIA-K values. May-2R p 0.97
nard (1992) also suggested an index of the weath-
ering of Mg-bearing minerals calculated by multi-
plying the molar ratio of Al2O3 to byAl O � MgO2 3

100.
Retallack (1997, 2001b) has suggested that the

molecular ratio of toMgO � CaO � Na O � K O2 2

Al2O3 calculated from oxides is an effective mea-
surement of the degree of weathering because bases

are the primary cations lost during weathering. One
potential disadvantage of this approach is that Mg
is generally hosted in different minerals than Ca,
Na, and K (Maynard 1992). However, it is a more
comprehensive measurement of base loss during
weathering.

Among our various trials, the most robust rela-
tionship found was between mean annual precip-
itation (P; mm) and the chemical index of alteration
without K (CIA-K):

0.0197(CIA-K)P p 221e , (1)

which has reasonable accuracy ( ). Alter-2R p 0.72
natively, it can be related linearly by

P p 14.265(CIA-K) � 37.632 (2)

with slightly higher accuracy ( ). The re-2R p 0.73
sults obtained by these two fits are broadly similar
(fig. 1), but the exponential fit is favored for theo-
retical reasons because it comes closer to capturing
the asymptote at (i.e., kaolinite). ThisCIA-K p 100
relationship reflects higher precipitation leading to
more intense chemical weathering, which prefer-
entially removes the alkali and alkaline earth ele-
ments while leaving refractory elements such as
aluminum in place. Low CIA-K values occur in
soils with low P due to the accumulation of Ca and
Mg in Bk horizons or the accumulation of Ca and
Na in evaporite minerals. These base cations are
not readily removed when there is little chemical
weathering. The equation relating CIA-K to pre-
cipitation is useful over a precipitation range of
200–1600 mm/yr using the exponential fit (eq. [1]).
A CIA-K value of 100 yields a precipitation esti-
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Figure 2. Relationship between mean annual precipi-
tation and the molecular ratio of CaO � MgO � Na O �2

to Al2O3 in a national survey of North American soilsK O2

(Marbut 1935).

Figure 3. Relationship between mean annual precipi-
tation and the molecular ratio of CaO to Al2O3 of Mol-
lisols in a national survey of North American soils (Mar-
but 1935).

mate of 1585 mm and represents a soil that was
composed largely of kaolinite and refractory min-
erals such as Fe and Al sesquioxides as in an Oxisol
or lateritic soil. This relationship is not usefully
applied to soils with near-surface carbonate or evap-
orite minerals like those found in desert soils, nor
is it useful for soils that are thick and composed
only of highly weathered minerals such as kaolin-
ite, gibbsite, and boehmite (as in a laterite). This
relationship also does not apply to swamps, bogs,
and other waterlogged ground, eolian dunes, ground
freshly disturbed by human activities, or hillslope
and montane soils.

While the Mg-index of Maynard (1992) shows a
comparable correlation with P, we favor the mo-
lecular ratio of bases to alumina because low- or
high-Mg soils (e.g., basalt-parent soils) give unlikely
or impossible paleoprecipitation estimates. The
molar ratio of bases to alumina (B) is also related
to P with comparable accuracy ( ) to CIA-2R p 0.66
K as follows:

P p �259.34 ln (B) � 759.05. (3)

This relationship is also useful for 200–1600 mm/
yr P (fig. 2). While it could theoretically predict
higher precipitation values, the analytical uncer-
tainties in analyses of such low amounts of weath-
erable bases make it unsuitable for precipitation in
excess of 1600 mm/yr. As for CIA-K (eqq. [1], [2]),
this relationship is not useful for desert soils, wa-
terlogged soils, disturbed soils, or soils forming on
significant topographic relief.

Mollisols are grassland soils that are unknown
in the geologic record before the Cenozoic (Retal-
lack 2001a). Plotting of Mollisol data alone yielded

a potentially useful relationship between the molar
ratio of lime to alumina (C) and P:

P p �130.93 ln (C) � 467.4, (4)

where (fig. 3). In wetter Mollisols, Ca can2R p 0.59
be readily weathered. In drier settings, Ca is less
readily leached and accumulates in Bk horizons giv-
ing higher CaO to Al2O3 ratios.

Attempts to relate molecular weathering ratios
to mean annual temperature (T; �C) yield less robust
relationships ( ). One potentially useful re-2R ! 0.5
lationship (fig. 4) was found between T and molec-
ular ratio of Na2O and K2O to Al2O3 (S):

T p �18.516(S) � 17.298, (5)

again with reasonable accuracy ( ). In spite2R p 0.37
of the low value, this relationship, like those for2R
precipitation, is significant at the 99.9% level
( , ). The useful T range for thist p 8.5154 F p 72.58
relationship is approximately 2�–20�C. At higher
temperatures, most Na and K are leached nearly
completely. Many desert soils show up-profile aug-
mentation of both Na (in evaporite minerals) and
K (K-bearing minerals are less readily weathered
than Ca- or Mg-bearing minerals) and have low T’s
because of extreme seasonality (Retallack 2001b).
A logarithmic fit to the data is comparably accurate
and better predicts high temperatures but fails to
predict lower temperatures and would only be use-
ful for 8�–22�C. This relationship should not be
used for frigid soils with frost heave structures, pat-
terned ground, and other features of polar soils
(Washburn 1980; Bockheim 1997), nor for deeply
weathered thick kaolinitic soils of tropical regions
(Ollier and Pain 1996). As for the other climofunc-
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Figure 4. Relationship between mean annual temper-
ature and molecular weathering ratio of toK O � Na O2 2

Al2O3 in a national survey of North American soils (Mar-
but 1935).

tions above, this one also should not be used for
swampy, eolian, disturbed, or hillslope soils.

Geochemical Criteria for North American
Soil Classification

While readily identifiable and diagnostic features
are often preserved in paleosols, distinguishing
among some modern soil orders can be difficult.
For this reason, we looked for molecular weather-
ing ratios that are able to distinguish among soil
orders. Table 3 compares Alfisols, Ultisols, and
Mollisols. While identification of a Mollisol re-
quires a mollic epipedon, table 3 demonstrates that
they are also chemically distinct from the two for-
est soil orders. This comparison also shows that
while one of the primary differences between mod-
ern Alfisols and Ultisols is landscape stability (i.e.,
formation time between disturbances), mean an-
nual temperature and mean annual precipitation
conditions are also significantly different. In North
America both precipitation and temperature de-
crease in the order . Fur-Ultisol 1 Alfisol 1 Mollisol
ther, there is no overlap in CIA-K values of Alfisols
and Ultisols within 1 SD of their respective means
and only a slight overlap between base to alumina
ratio means, plus (or minus) 1 SD. This suggests
that both CIA-K and bases/alumina molecular ra-
tios are useful in distinguishing Alfisols from Ul-
tisols. Our data show that most Ultisols, unlike
Alfisols, typically have a molecular weathering ra-
tio of bases/alumina of !0.5. This corresponds to a
molar ratio of alumina/bases of 12, often much
greater for Ultisols and Oxisols (Retallack 1997).
The most prominent exceptions are Alfisols on
limestone in Tennessee (tables 1, 2; #18) and granite
in Oregon (#126) and an Ultisol on glauconitic ma-
rine sand in coastal Maryland (#12). In each case,
induration or unusually mafic parent materials ex-
plain the anomaly because these can limit both veg-
etation and weathering (Retallack 2001b).

Both CIA-K of 180 and the molecular ratio of
bases/alumina of 0.5 can be considered proxies for
the official criterion of 35% base saturation used
in soil taxonomy to divide Alfisols with higher base
saturation from Ultisols with lower values (Soil
Survey Staff 1998). The relationship between base
saturation and rainfall was examined for soils of
the North American Great Plains by Jenny (1941),
who found that it increased from a minimum in
soils at 300 mm mean annual precipitation to a
maximum in soils at 660 mm and then declined
toward higher rainfalls. Scott (1962) produced a
comparable curve for tropical Kenya, where be-
cause of much higher evapotranspiration, cation

exchange capacity of soils peaked at a mean annual
precipitation of 1170 mm. Comparable relation-
ships over a shorter range of precipitation have also
been found in Natal (Donkin and Fey 1993) and
New Zealand (McIntosh et al. 1983). In both North
America and Kenya, cation exchange capacity is
limited in aridland soils because of their lack of
clay that provides most sites of ionic exchange in
soils. Cation exchange is also limited in soils of
very humid climates because their clays have a low
content of alkali and alkaline earth cations as a
result of long and profound weathering (Folkoff
1987). Our curve of base depletion with rainfall (fig.
2) is a proxy for the downward slope of this curve
at high rainfalls but not the upward slope at low
rainfalls. Using our preferred climofunction (fig. 1),
we reach the critical CIA-K of 80 at a rainfall of
1069 mm. The isohyet boundary between Alfisols
and Ultisols in the southeastern United States is
close to 1200 mm, where Alfisols persist on mafic
parent materials alongside Ultisols on felsic parent
materials (Markewich et al. 1990). In tropical
Kenya, with much higher evapotranspiration, base
saturation of !35% is mainly found in soils of
regions receiving 11700 mm mean annual precip-
itation (Scott 1962), and this isohyet effectively
outlines the low-fertility forest soils (Acrisols, Ni-
tosols, and Ferralsols of Sombroek et al. 1982).

Several other proxies of base saturation useful for
paleosol classification have been suggested by Net-
tleton et al. (1998, 2000), who found a relationship
between weatherable minerals (W as percent of silt
and sand) and base saturation (C as percent of total
cations) of

W p 0.284C � 7.1 (6)
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Table 3. Comparison of Mean Annual Precipitation (MAP), Mean Annual Temperature (MAT), Chemical Index of
Alteration without Potassium (CIA-K), and the Molecular Ratio of Bases/Alumina (B/Al) for Alfisols, Mollisols, and
Ultisols of North America

Soil type MAP j MAT j CIA-K j B/Al j

Alfisol (n p 27) 991 � 196 11.1 � 3.6 69.1 � 8.1 .61 � .19
Mollisol (n p 30) 582 � 181 9.4 � 3.6 51.4 � 16.1 1.38 � .9
Ultisol (n p 51) 1239 � 138 16.2 � 2.5 87.4 � 8.9 .24 � .23

with low accuracy ( , ). The pro-2R p 0.27 n p 258
portion of weatherable minerals needed for an Al-
fisol using this relationship is at least 15% in very
fine sand or coarse silt fractions.

Dust and Rejuvenation

Perhaps the biggest surprise of this study is that
robust relationships could emerge from such varied
parent materials and times for formation. These are
such strong controls on soil formation that one
would expect uncorrelated scatter plots of geo-
chemical compositions and soil forming variables.
A variety of processes are rejuvenating and ho-
mogenizing North American soils. Volcanic ash
and eolian dust are the primary agents of renewal
in North American soil formation (Brimhall et al.
1988; McFadden et al. 1991), especially the volu-
minous Mount St. Helens and Mazama ashes of the
American West (Busacca et al. 1992) and the Wis-
consinan loess and till of the Midwest and north-
eastern United States (Ruhe 1984; Šibrava et al.
1986). Bedrock soils near glacial ice margins are
commonly scraped clean by glacial advances and,
even where never glaciated, may have been deeply
fractured and renewed by frost cracking (Ciolkosz
et al. 1990). Many paleokarst terranes on Paleozoic
limestones have been renewed by slope wash from
surrounding sandstone and siltstone as well as from
dustings of postglacial loess (Ruhe and Olson 1980).
Even in humid, warm bedrock terraces of the south-
eastern United States remote from glacier termini
and loess, downward weathering into fresh rock
provides an upper limit to soil age of about 3 mil-
lion years (Markewich et al. 1989). Soil formation
includes much alteration of minerals in place, but
soils are homogenized continent-wide by influxes
of eolian dust and volcanic ash, by frost cracking
and glacial scouring, and by continued downward
weathering.

Another surprise is that the best relationships
emerged from subsurface (Bw or Bt) horizon com-
position rather than surface (A) or deep (C) horizons
or profile depth function parameters. This also can
be seen as a validation of eolian models of soil
building (Brimhall et al. 1988; McFadden et al.

1991), in which B horizon material tends to be of
a geological age (some yr), older than ma-3 510 –10
terial still accumulating at the surface and younger
than materials deeper in the profile that in some
cases remains from geologically much earlier pe-
riods of weathering. The B horizon can be consid-
ered to have a mean residence time that averages
out short-term surficial disruptions and additions
as well as deeper residual accumulation.

Less surprising is the emergence of taxonomi-
cally relevant geochemical criteria from our data
because the Alfisol-Ultisol division was first de-
signed to apply to North American soils (Arnold
1994). Nevertheless, temporal and lithological de-
pendence of United States soil orders is notable in
our data (tables 1, 2). In general, Ultisols are found
on old landscapes and felsic, noncalcareous parent
materials like those of the southeastern United
States (Markewich et al. 1989, 1990), but Alfisols
occur on young landscapes and mafic, calcareous
parent materials like those of the midwestern
United States (Ruhe 1984; Holliday 1990). There
are exceptions that reflect individual soil histories.
Unlike climofunctions in which competing factors
are minimized, soil taxonomic criteria reflect the
current condition of the soil as a compromise of
interacting factors.

Application of Transfer Functions to Eocene and
Oligocene Paleosols of Oregon

Central Oregon has thick sequences of nonmarine
volcaniclastic sedimentary rocks, which include
many hundreds of paleosols ranging in geological
age back to the Paleocene. These rocks have long
been famous for their terrestrial fossils, which have
been important for understanding the evolution of
plants and mammals through the past 45 million
years, particularly the well-known evolution of
horses (Retallack et al. 1996). The plant fossils pro-
vide much information on paleoclimate, by virtue
of their botanical affinities and foliar physiognomy
(Leopold et al. 1992; Manchester 1994; Meyer and
Manchester 1997). Using such well-known climo-
functions as depth to calcic horizon as a guide to
paleoprecipitation (Retallack 1994), we can add in-
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Figure 5. Estimated paleoprecipitation and paleotemperature from a sequence of Eocene and Oligocene paleosols
in central Oregon (data from Retallack et al. 2000). Error bars are from calculated standard error and represent �182
mm and �4.4�C

formation from paleosols to this paleontological
record (Retallack et al. 2000). These paleosols pro-
vide a good test of the climofunctions identified
here (figs. 1, 2) because paleoclimatic variation pre-
dicted by these climofunctions can be compared
with other paleoclimatic proxies from fossil soils
and plants.

There are now measured sections and chemical
data available for paleosols in the Clarno Formation
of middle to late Eocene age (45–39 Ma) in the
Clarno area and in the lower John Day Formation
of the Painted Hills of late Eocene to Oligocene age
(37–28 Ma) in central Oregon (Retallack et al. 2000).
These formations represent volcanic back-arc low-
land deposits of lakes, streams, and mudflows, in-
cluding many paleosols. Geological dating in these
sequences is supported by numerous high-precision

39Ar/40Ar single-crystal laser-fusion radiometric
dates (Retallack et al. 1996; Bestland et al. 1997,
1999) and from biostratigraphy of mammal fossils
(Uintan-Arikareean of fig. 5; Prothero 1998).

The climofunctions presented here (figs. 1, 2, 4)
can be applied to Bt horizons of these paleosols
(fig. 5) and show a significant climatic break at the
Eocene-Oligocene boundary (33.7 Ma), when con-
ditions became both cooler and drier than before.
Climate was evidently wet and warm (11000 mm
and 112�C) with some cooler and drier spells during
the Eocene. During the Oligocene, however, rain-
fall fluctuated between about 600 and 800 mm, and
mean annual temperatures between 5�–12�C (fig. 5).

Paleoprecipitation estimates for central Oregon
paleosols from chemical data presented here (fig. 5)
are strikingly confirmed by paleoprecipitation es-
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Figure 6. Comparison of paleoprecipitation estimates
from multiple proxies from Late Oligocene paleosols of
central Oregon (data from Retallack et al. 2000). Our new
paleoprecipitation estimates fall within 1 SD (�141 mm)
of paleoprecipitation estimates from depth to the Bk ho-
rizon in contemporaneous paleosols.

timates from depth to calcic horizon in the same
paleosols (fig. 6). This is a very close correspon-
dence between several very different paleoclimatic
proxies derived from paleosols.

Also confirmed are paleoclimatic indications
from fossil plants. Warm, humid conditions for
middle Eocene floras of this region are indicated by
high specific diversity, abundant vines, tropical
taxa such as palms (Sabalites) and Magnolia, and
large, entire-margined leaves with drip tips. Man-
chester (1994) proposed a mean annual temperature
of 20�–25�C and a humid rainfall regime during the
middle Eocene for central Oregon. Leopold et al.
(1992) suggested late Eocene “woody savanna” con-
ditions, implying 900–1500 mm mean annual pre-
cipitation for much of the intermontane West, with
substantial drying in the early Oligocene. Cool
temperate humid conditions are apparent from
early Oligocene floras of the region because of their
lower diversity, deciduous taxa such as oaks (Quer-
cus) and elms (Ulmus), and smaller leaves with den-
tate margins. Meyer and Manchester (1997) propose
a mean annual temperature of 3�–11�C for the early
Oligocene (32 Ma). These and other estimates
(Wolfe 1995) are all quite close to those from the
transfer functions outlined here and give confi-
dence in their utility for paleoclimatic reconstruc-
tion from paleosols.

Conclusions

Our analysis of chemical data on 126 representative
North American soils from the last national survey
of soil bulk chemical composition (Marbut 1935)
has shown at least four robust climofunctions be-
tween the chemical index of alteration without K
and mean annual precipitation (fig. 1), the molec-
ular ratio of base/alumina in the B horizon and
mean annual precipitation (fig. 2), between the mo-
lecular ratio of lime to alumina in Mollisols and
mean annual precipitation (fig. 3), and between the
soda and potash to alumina ratio and mean annual
temperature (fig. 4). Many other relationships were
explored and found to be of little statistical signif-
icance. The fact that any reasonable climofunction
relationship should emerge from soils of such dis-
parate vegetation, parent materials, topographic
setting, and time for formation is surprising but
also encouraging. The relationships that we have
uncovered are robust enough to be applied to many
paleosols but are not unlimited in their applicabil-

ity to soils of swamps, deserts, or deeply weathered
tropical regions.

An implication of the muted effect of differences
in soil age and parent material in compromising
our climofunctions is that volcanic ash and eolian
dust plays a role in homogenizing the chemical
composition of soil Bt horizons in North America
(McFadden et al. 1991). Although the equations we
have derived are not as precise as we would like,
they are adequate for some applications, such as
the paleoclimatic interpretation of paleosols. We
found that estimates of paleoprecipitation and pa-
leotemperature from chemical data using the equa-
tions presented here gave results consistent with
other paleopedological (Retallack et al. 2000) and
paleobotanical (Manchester 1994; Meyer and Man-
chester 1997) evidence from fossiliferous paleosols
ranging in age from 45–28 million years old in cen-
tral Oregon.
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