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ABSTRACT. Stable oxygen and carbon isotopes of pedogenic carbon-
ate provide a detailed record of paleoclimatic changes from late Pliocene
through early Pleistocene in the Rio Grande rift of south-central New
Mexico. A total of 30 calcic paleosols were sampled at three strati-
graphic sections of the fluvial lithofacies of the Camp Rice Formation,
and one calcic paleosol was sampled from fluvial sediment inset against
the Camp Rice Formation. Paleosols commonly consist of an argillic B
horizon (Bt) overlying a calcic (Bk) or petrocalcic (Km) horizon. The
majority of paleosols consist of stage II morphology calcic horizons,
although one stage V horizon and five stage III horizons were also
sampled. Reversal magnetostratigraphy at all four sample sites bracket
the age of the paleosol-bearing strata between 3.4 and 0.7 Ma and allow
estimates of the absolute age of individual paleosols.

Three paleoclimatic stages are indicated by the carbon and oxygen
isotopic data from south-central New Mexico. The initial stage, from
3.1 to 2.5 Ma, was characterized by the overall lowest values of 3'*0 and
9'3C and by an increase in values with decreasing age, suggesting high
effective moisture and abundant winter precipitation, which decreased
through time, and/or relatively low temperature, which increased
through time. The second stage (2.5-1.4 Ma) displays an increase in
9'%0 with decreasing age but no significant change in 3'*C with time,
suggesting that the effective moisture was nearly constant, but that
temperature and/or summer preci}}:itation may have increased throu§h
time. The final stage (1.4-0.7 Ma) shows an overall increase in both 8'°0
and 8'2C with decreasing age corresponding to less effective moisture,
higher temperature, and/or §reater summer precipitation through
time. Plio-Pleistocene paleoclimatic changes in south-central New
Mexico correlate well with paleoclimatic data elsewhere in the south-
western United States and adjacent Great Plains and may have been
influenced by the onset of Northern Hemisphere continental glacia-
tion, rise of the Sierra Nevada and Transverse Ranges, and/or broad
regional uplift of the western United States.

INTRODUCTION

Recent speculations concerning future climatic changes have led to
renewed interest in the interpretation of late Tertiary and Quaternary
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paleoclimate. The ability to predict accurately future climate depends not
only on an understanding of modern climate but knowledge of climate in
the recent geological past as well. Calcic paleosols in the late Pliocene to
early Pleistocene Camp Rice Formation of south-central New Mexico
provide a detailed record of terrestrial paleoclimatic change over the
period from 3.1 to 0.7 Ma. The paleosols are present in numerous
outcrops of the formation and are subequally distributed within the
stratigraphic sections. High-resolution reversal magnetostratigraphy is
available for the same stratigraphic sections that contain the paleosols
(Mack, Salyards, and James, 1993).

Although the presence of calcic paleosols is itself an indicator of
relatively dry paleoclimate, small-scale fluctuations in temperature and/or
precipitation can be determined by the stable oxygen and carbon isotopic
composition of pedogenic carbonate. In his study of modern calcic soils,
Cerling (1984) demonstrated that 'O of pedogenic carbonate is related
to the oxygen isotopic composition of the ambient meteoric water from
which the carbonate precipitated, which in turn is affected by mean
annual temperature, seasonality of precipitation, and isotopic enrich-
ment during evaporation. Cerling (1984) and Quade, Cerling, and
Bowman (1989) further showed that the carbon isotopic composition of
pedogenic carbonate is related to the relative abundance of C4, Cs, and
CAM plants growing on the soil. C, grasses and CAM plants provide
relatively heavy carbon isotopes to the soil environment, both through
oxidation of plant material and respiration, and are adapted to high
water stress and high temperature. Also important is the relative abun-
dance of vegetative ground cover. Sparse vegetation allows movement
into the soil of atmospheric COy, which has a higher 4'*C value than C,
grasses and CAM plants. These relationships have been applied as a
paleoclimatic indicator to rocks ranging in age from Permian to Quater-
nary (Cerling, Hay, and O’Neil, 1977; Cerling and Hay, 1986; Suchecki,
Hubert, and Birney De Wet, 1988; Gregory and others, 1989; Naylor and
others, 1989; Cerling and Quade, 1990; Mack and others, 1991; Wang
and others, 1993; Smith and others, 1993). The isotopic data presented
in this study provide a more complete record of pre-middle Pleistocene
paleoclimate in southern New Mexico than has been accomplished by
other paleoclimatic techniques.

STRATIGRAPHIC SETTING

The Camp Rice Formation was deposited during the most recent
phase of extension in the southern Rio Grande rift (Seager and others,
1984; Mack and Seager, 1990). The Camp Rice Formation ranges in
thickness from 20 to 130 m and is subdivided into piedmont and
axial-fluvial lithofacies (fig. 1; Mack and Seager, 1990). The axial-fluvial
lithofacies sampled in this study was deposited by the south-flowing
Ancestral Rio Grande, which ultimately emptied into lakes in west Texas
and Chihuahua, Mexico (Kottlowski, 1953; Reeves, 1965, 1969; Strain,
1966; Hawley and others, 1969). Fluvial channel deposits are composed *
of pebbly medium sand/sandstone, whereas floodplain strata consist of
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map of the Rio Grande rift in south-central New Mexico, showing
sites within the Camp Rice Formation and the sample site at Grama,

which is inset against the Camp Rice Formation. HS = Hatch Siphon; RA = Rincon Arroyo;
LA = Lucero Arroyo; G = Grama.

mudstone and silt to fine sand (Mack and Seager, 1990). Deposition of
the Camp Rice ended when the Ancestral Rio Grande began to entrench
the basins, as a result of capture by the lower Rio Grande, tectonism,

and/or climate

change (Hawley and Kottlowski, 1969; Hawley, 1981).
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The constructional top of the formation known as the lower La Mesa
surface above fluvial strata is considered to be an approximate time line
(Mack, Salyards, and James, 1993).

The age of the Camp Rice Formation and coeval Palomas Formation
north of the study area has been bracketed between late Pliocene and
early Pleistocene by a combination of (1) radiometric dates of basalt flows
that underlie, overlie, and are interbedded with the formations (Bach-
man and Mehnert, 1978; Seager and others, 1984), (2) tephrochronology
of fallout ash beds within and inset against the formations (Reynolds and
Larsen, 1972; Izett and others, 1981; Kortemeier, 1982; Lozinsky and
Hawley, 1986a,b), (3) a Blancan and Irvingtonian vertebrate fauna
(Strain, 1966; Hawley and others, 1969; Tedford, 1981; Lucas and
Oakes, 1986; Repenning and May, 1986; Vanderhill, 1986), and (4)
reversal magnetostratigraphy (Vanderhill, 1986; Mack, Salyards, and
James, 1993).

The stratigraphic sections sampled in this study are dated and
correlated using reversal magnetostratigraphy of Mack, Salyards, and
James (1993). All three Camp Rice sections (Rincon Arroyo, Hatch
Siphon, Lucero Arroyo) have the constructional top (La Mesa geomor-
phic surface), whereas the base of the Camp Rice Formation is exposed
only at Hatch Siphon and Lucero Arroyo (figs. 2, 3, 4). Hatch Siphon
contains a nearly complete Gauss section with both the Kaena and
Mammoth subchrons represented. The section at Rincon Arroyo also has
a thick Gauss section, but only one subchron is represented, which is
interpreted, because of its position low in the profile, to represent the
Mammoth. The Gauss section at Lucero Arroyo is much thinner than at
the other two sections and is interpreted to represent the interval
between the Kaena subchron and the Gauss-Matuyama boundary. Alter-
natively, the section at Lucero Arroyo could represent a condensed
section of the entire Gauss with both subchrons missing. However,
relatively rapid sediment accumulation rate, suggested by the presence of
fluvial channel deposits and relatively immature stage 11 calcic paleosols,
suggests that the Lucero Arroyo Gauss section is not condensed, and the
close paleomagnetic sampling makes it unlikely that a reversed interval
was missed (Mack, Salyards, and James, 1993).

The most complete Matuyama section is at Rincon Arroyo, which
displays all four normal subchrons (fig. 2). Magnetostratigraphy of the
Rincon Arroyo section is strengthened by the presence of a pumice-clast
conglomerate derived from either the Cerro Toledo eruptions (1.23-1.47
Ma; Izett and others, 1981) or from the early Bandelier Tuff eruption
(1.5 Ma; Spell, Harrison, and Wolfl, 1990) in the Jemez volcanic field of
northern New Mexico. Regardless of which event it represents, the
pumice-clast conglomerate occupies a position between the Olduvai and
Jaramillo subchrons. ‘

The Matuyama intervals at Hatch Siphon and Lucero Arroyo are
condensed compared to Rincon Arroyo. The paucity of channel deposits-
at Hatch Siphon, their absence at Lucero Arroyo, and the presence of
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Fig. 2. Stratigraphic section of the Camp Rice Formation at Rincon Arroyo. CR
numbers refer to sample sites of pedogenic carbonate. Polarity reversal stratigraphy is
based on Mack, Salyards, and James (1993).

mature stage III and V calcic paleosols at both sections support the
interpretation that deposition during Matuyama time at Hatch Siphon
and Lucero Arroyo was intermittent and was separated by long periods of
nondeposition and pedogenesis (Mack and James, 1992; Mack, Salyards,
and James, 1993). No attempt has been made to correlate the normal
subchron near the top of the Lucero Arroyo section.
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Fig. 3. Stratigraphic section of the Camp Rice Formation at Hatch Siphon. See figure 2
for description of symbols.

A paleosol at Grama was also sampled as part of this study. Strata at
Grama occupy an inset surface and thus post-date Camp Rice deposition
(Mack, Salyards, and James, 1993). The Grama section straddles the
Matuyama-Brunhes boundary, an interpretation supported by the pres-
ence within the section of the Bishop ash (fig. 4; Seager and Hawley,
1973; Kortemeier, 1982). Because.of its proximity to the Rincon Arroyo
section, the Grama data point is included with the Rincon Arroyo data
set. .
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Fig. 4. Stratigraphic section of the Camp Rice Formation at Lucero Arroyo and a
section of sediment inset against the Camp Rice Formation at Grama. See figure 2 for
description of symbols.

DESCRIPTION OF PALEOSOLS

Calcic paleosols in the Camp Rice Formation are described by Mack
and James (1992) and will be summarized here. The best developed
paleosol profiles consist of an argillic B or structural B horizon overlying
calcic or petrocalcic horizons. A horizons are very rare, because of
truncation of the upper part of the paleosol profiles.

Argillic B horizons (Bt) are present in both mudstone and silt-sand
parent sediment and range in thickness from 8 to 100 cm, with the lowest
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values underlying truncation surfaces. Common features of argillic B
horizons are blocky or prismatic peds, root traces, some of which are
calcareous, and slickensides. In a few cases the argillic B horizon is
mottled brown and green, indicating gley conditions. Diagnostic of
argillic B horizons is the presence of clay coats (argillans) around detrital
grains and peds or lining skew planes and vughs. The morphology of the
argillans and down-profile increase in the percentage of argillans suggest
that they represent translocated clay (Mack and James, 1992). Structural
B horizons (Bw) are similar in thickness and morphology to argillic B
horizons but lack argillans.

Gradationally underlying argillic and structural B horizons are calcic
(Bk) and petrocalcic (Km) horizons. Calcic B horizons range in thickness
from 20 to 140 cm and are present in both mudstone and silt-sand parent
sediment. The diagnostic features of calcic B horizons are 2 to 15 cm
diameter nodules and tubules of microcrystalline low-Mg calcite. Many
tubules are elongate perpendicular to bedding and taper downward,
suggesting an origin as rhizoliths (Klappa, 1980). Nodules and tubules
are randomly scattered throughout the horizon and are separated by
parent sediment, a morphology corresponding to stage I1 of Gile, Peter-
son, and Grossman (1966), Bachman and Machette (1977), and Machette
(1985). The parent sediment commonly displays blocky peds, slicken-
sides, and argillans. Locally, the calcic B horizon is the only horizon
present, as a result of truncation of the upper part of the profile.

Also underlying argillic B horizons are thick (50-250 c¢m), strongly
indurated horizons which contain over 90 percent microcrystalline low-Mg
calcite. These horizons qualify as both petrocalcic and Km horizons (Gile,
Peterson, and Grossman, 1965). All but one of the Km horizons corre-
spond to stage I1I morphology of Gile, Peterson, and Grossman (1966),
Bachman and Machette (1977), and Machette (1985). The exception,
corresponding to sample CR 12 at Lucero Arroyo, has a 5-cm-thick
laminar and pisolithic cap above the massive carbonate and represents
stage V of Bachman and Machette (1977) and Machette (1985). Soils with
Km horizons also developed on the constructional top of the Camp Rice
Formation (La Mesa surface) but were not sampled as part of this study.

METHODS

Sampling.—Calcic paleosols were sampled at three stratigraphic sec-
tions of the Camp Rice Formation (Hatch Siphon, Rincon Arroyo, Lucero
Arroyo) and one section inset beneath the top of the Camp Rice Forma-
tion (Grama; fig. 1). All the sections consist of axial-fluvial lithofacies. The
samples are restricted to calcic nodules rather than rhizoliths, in order to
reduce possible local effects of root respiration or decomposition on
carbon isotopic composition of the pedogenic carbonate. Samples of
pedogenic carbonate were taken in the lower part of calcic and petrocal-
cic horizons in order to reduce the influence of down-profile changes in
isotopic composition demonstrated in modern soils by Quade, Cerling,
and Bowman (1989). It is not always possible, however, to determine the*
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exact position of the sample within the paleosol profile because of
truncation of the paleosol prior to burial.

In order to evaluate the role of diagenesis, all the samples in this
study were examined in thin section. Diagenetic modification is consid-
ered negligible because of: (1) lack of evidence of recrystallization of
pedogenic micrite, (2) paucity of spar cement and spar-filled veins, (3)
burial depths did not exceed the thickness of overlying Camp Rice strata
(<100 m), and (4) lack of evidence of geothermal activity at the sample
sites.

The assignment of a specific age to a paleosol in table 1 and figures 5
and 6 is based on the position of the paleosol with respect to chron and
subchron boundaries bracketing the paleosol. The age of each paleosol
was calculated by: (1) determining the stratigraphic distance of the
paleosol above or below one of the chron/subchron brackets, (2) dividing

TABLE 1

Interpolated age and isotopic composition of pedogenic carbonate of the Camp
Rice Formation. All paleosols are stage I morphology unless otherwise stated

Scction/Sample  Age (Ma)  9"%¥Oppg 3" Cppp Comments
Rincon Arroyo

CR 78 2.96 —-10.6 -4.8

CR 79 2.85 —-10.8 —-4.6

CR 80 2.66 -10.1 -3.7

CR 81 2.62 —10.0 —4.1

CR 56 2.13 -85 -4.1

CR 93 2.02 —-8.3 -2.6 av. 3, depth; stage III

CR 38, 57 1.88 —-8.8 —-4.2 av. 3, depth, core/rim

CR 113 1.53 —-8.3 —-4.0 av. 2, core/rim

CR 114 1.39 —-8.8 —-3.6

CR 115 1.22 -7.7 —-3.2 av. 2, core/rim

CR 59 0.89 —8.3 -2.7

CR 60 0.85 —6.6 -3.9

CR 63 0.84 -7.2 -3.7
Grama

CR 110 0.73 —-6.9 -2.0 av. 2, duplicatc
Hatch Siphon

CR 30 3.10 —-8.2 -55

CR 31 3.04 - —-9.5 —4.6

CR 32 3.03 -9.2 -53

CR 33 3.02 -9.0 —4.8

CR 35 2.70 -8.8 —2.4

CR 36 2.66 -8.1 -3.0

CR 37 2.56 —8.6 -33

CR 109 2.52 —-8.7 —2.5

CR 38 2.48 -7.7 -3.7

CR 39 1.85 =7.1 -3.5 stage III

CR 40 1.54 —-6.8 —4.1 av. 4, depth, along strike; stage III
Lucero Arroyo

CR 8 2.84 -8.9 —-3.5 av. 2, duplicate

CR 9,3 2.65 -9 —-3.3 av.2, along strike

CR 10 2.56 ~9.2 —4.0 av. 2, duplicate

CR 20 2.32 —6.0 -39 stage III

CR 12 2.00 -6.5 —4.1 av. 4, depth; stage V

CR 23 1.48 -6.0 —4.7 av. 3, depth; stage III
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Fig. 5. Bivariate plot of age versus 91%0ppg of pedogenic carbonate of the Camp Rice
Formation. Grama data point is plotted with the Rincon Arroyo data points. Roman
numerals refer to paleoclimatic stages discussed in text.

the stratigraphic distance from the selected boundary by the sediment
accumulation rate of the strata between the chron/subchron brackets,
and (3) adding or subtracting the resultant time value to the age of the
chron/subchron from which the stratigraphic difference was deter-
mined. In the case of the Hatch Siphon section, the age of the base of the
section was considered to correspond to the Gauss-Gilbert boundary.
The age of the constructional top of the Camp Rice Formation was
considered to be the Matuyama-Brunhes boundary. Age values for the
chron/subchron boundaries are taken from Mankinen and Dalrymple
(1979).

Isotopic analysis—Stable isotope measurements were carried out by
converting fine-grained micritic calcite to CO, liberated by reacting bulk
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