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THE AMERICAN SOUTHWEST

ALEXIS LICHT*,**,†, JAY QUADE*, ANDREW KOWLER*,***,
MARIE DE LOS SANTOS*,§, ADAM HUDSON*, ANDREW SCHAUER**,

KATHARINE HUNTINGTON**, PETER COPELAND§, and TIMOTHY LAWTON§§

ABSTRACT. Paleoaltimetric studies have characterized in detail the relationship
between carbonate oxygen isotope ratios (�18Oc) and elevation in orogens with simple,
single-moisture-source hydrological systems, and applied this relationship to ancient
continental carbonates to provide constraints on their past elevation. However, mixing
of different atmospheric moisture sources in low-elevation orogens should affect
�18Oc values, but this effect has not yet been confirmed unequivocally. In the American
Southwest, summer monsoonal moisture, sourced in the Equatorial Pacific and the
Gulf of Mexico, and winter moisture, sourced in the East Pacific, both contribute to
annual rainfall. We present stable isotope results from Quaternary carbonates within
the American Southwest to characterize the regional �18Oc-elevation relationship. We
then provide stable isotope results from local Eocene carbonates to reconstruct late
Laramide paleoelevations.

The Quaternary �18Oc-elevation relationship in the American Southwest is not as
straightforward as in more simple hydrological systems. �18Oc changes with altitude are
non-linear, scattered, and display an apparent isotopic lapse rate inversion above 1200 m
of elevation. We speculate that decreasing surface temperatures at high altitudes limit the
duration of carbonate growth to the summer months, biasing �18Oc values toward higher
values typical of the summer monsoon and leading to lapse rate inversion.

�18Oc-elevation relationships based on modern water isotope data or distillation
models predict paleoelevations that range up to as much as 2 km higher than the
modern elevations of 2000 to 2400 m for our late Eocene sites located at the southern
edge of the Colorado Plateau. By contrast, our �18Oc-elevation relationship for the
American Southwest yields lower paleoelevation estimates. These alternate estimates
nonetheless suggest that significant elevation (at least �1 km) had already been
attained by the Eocene, but are also compatible with < 1 km of uplift by post-Laramide
mechanisms. Our results show the limitations of standard �18Oc-elevation models in
complex hydrological systems and suggest that similar mechanisms may have led to
summer-biased paleoaltimetry estimates for the initial stages of other orogenies —in
the American Southwest and elsewhere.
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introduction
Recent studies using stable isotope paleoaltimetry have shown the efficacy of this

method for estimating the paleoelevation of basins in western North America (for
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example, Mulch and others, 2007; Cassel and others, 2009; Hren and others, 2010; Mix
and others, 2011; Lechler and others, 2013; Snell and others, 2014; Hough and others,
2014; Fan and others, 2014). Stable isotope paleoaltimetry is based on the decrease of
the �18O and �D values of rainfall with increased elevation, in areas dominated by
precipitation from a single moisture source (Poage and Chamberlain, 2001; Rowley
and others, 2001). The relationship of �18O with altitude is calibrated by collecting
rainfall or small, local discharge sources. Regional lapse rates vary between about �1.5
to - 2.9 ‰/km (Poage and Chamberlain, 2001; Blash and Bryson, 2007; Quade and
others, 2011; Schemmel and others, 2013), in agreement with distillation models that
predict isotope lapse rates in response to changing atmospheric relative humidity and
temperature during orographic ascent (Rowley and others, 2001; Rowley, 2007; Rowley
and Garzione, 2007; Mulch, 2016). This effect of altitude is archived in pedogenic
carbonates by �18Oc values (�18O for carbonates, expressed in ‰ relative to the V-PDB
standard). Pedogenic carbonates form as the soil dries after seasonal rainfall, occur-
ring at different times of the year depending on local climates (Gallagher and
Sheldon, 2016). This phenomenon is favored with increased soil temperatures during
the warmer seasons because high soil temperatures increase the concentration of soil
water and decrease calcium solubility through evaporation and plant evaporatranspira-
tion (Breecker and others, 2009; Quade and others, 2013). Soil carbonate growth may
not only be summer-biased, but also occur in extreme warm and dry events such as
droughts that may occur at any time of year (Peters and others, 2013; Hough and
others, 2014). Once these seasonal biases in soil water incorporation have been taken
into account, �18Oc values can be used to estimate past �18O values of rainfall, and
thereby infer paleoelevation (Kent-Corson and others, 2006, 2013; Chamberlain and
others, 2012).

Stable isotope paleoaltimetry studies based on pedogenic carbonates have empha-
sized the importance of the Laramide orogeny (ca. 80–40 Ma) for mountain building
in western North America and proposed near-modern elevation for the Sierra Nevada
and Rocky Mountains in the late Eocene, and up to 2000 m higher than today for the
proto-Basin and Range province, in the central and northern portions of the western
U.S. (fig. 1A; Lechler and others, 2013; Snell and others, 2014; Hough and others,
2014). These results are also corroborated by other stable isotope paleoaltimetry
archives, such as �18O of fossil mammal teeth and gastropods, �D analysis of clays, leaf
waxes, and volcanic glass (Dettman and Lohmann, 2000; Fricke, 2003; Mulch and
others, 2006, 2007; Fan and Dettman, 2009; Cassel and others, 2009; Hren and others,
2010). However, the timing of surface uplift for the Colorado Plateau and adjacent
areas in the southwestern U.S. is still a matter of significant controversy (for example,
Sahagian and others, 2002; Flowers and others, 2008; Huntington and others, 2010;
Cather and others, 2012). Numerous studies have emphasized the importance of the
post-Laramide (40–0 Ma) period for significant Colorado Plateau uplift, attributed to
(1) the demise of the Farallon flat slab, or (2) epeirogenic uplift by convective removal
of lithosphere or heating from below, associated with Basin and Range extension
(Bird, 1979; Thompson and Zoback, 1979; Parsons and McCarthy, 1995; Spencer,
1996; Zandt and others, 2004; Roy and others, 2005; Moucha and others, 2009; van
Wijk and others, 2010; Levander and others, 2011). All of these tectonic models suffer
from inadequate information about the timing of surface uplift. Recent thermochrono-
metric and stable isotope data from the central Colorado Plateau have been used to
argue both in favor of (Karlstrom and others, 2014), and against (Huntington and
others, 2010; Flowers and Farley, 2012) significant post-Miocene uplift. Precise paleo-
elevation estimates from the southern Colorado Plateau, its incised southern margin
—the Mogollon Rim, and adjacent physiographic provinces in southern Arizona and
New Mexico, are virtually non-existent, despite strong evidence that regional
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exhumation was particularly intense during the Laramide orogeny. From 80 to 40 Ma,
the southern margin of the Colorado Plateau and numerous isolated ranges farther
south were deeply eroded (commonly �1500 m) in response to uplift (Flowers and
others, 2008). Moreover, evidence for significant denudation in the Oligocene – early
Miocene, marked by deep regional erosion of �1000 m (fig. 1C), has been alternately
suggested to reflect a major episode of increased mantle buoyancy associated with
concurrent volcanism (Peirce and others, 1979; Cather and others, 2008, 2012) and
drainage reversal along the Mogollon Rim (Flowers and others, 2008). The magnitude
of surface uplift associated with either of these unroofing episodes is virtually un-
known. South of the Mogollon Rim, potential Laramide and post-Laramide elevation
gains have been significantly offset by subsidence and basin formation following

Fig. 1. (A, B): Map of the American Southwest with main structural provinces, Laramide basins (in
yellow) and approximate location of the study sites. MVF: Mission Valley Formation; TC: Lomas Las Tetas de
Cabras Formation; BQ: Baca Formation, Quemado section; BP: Baca Formation, Pie Town section; AF:
American Flag Formation; MR: Mineta Formation, Mineta Ridge section; TW: Mineta Formation, Teran
Wash section; AA: Amole Arkose; PF: Pantano Formation; FC: Fort Crittenden Formation; BH: Bobcat Hill
Formation; VM: Lobo Formation, Vittorio Mountains section; FM: Lobo Formation, Florida Mountains
section. #1 to #15 indicate the approximate location of sampled modern soils; #L indicates the location of
the soils from Liu and others (1996). (C): Late Eocene and Oligocene volcanic fields and areas of significant
denudation in the American Southwest; after Cather and others (2012). (D): Contribution of summer
monsoonal rainfall (defined here as the sum of rainfall during July, August and September) to annual
rainfall, highlighting the monsoonal domain; after Douglas and others (1993).
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mid-Tertiary (Oligocene to mid-Miocene) fault-block extension associated with core
complex uplift, and later Mio-Pliocene Basin-and-Range extension (Dickinson, 1991;
Seager, 2004; Serkan-Arca and others, 2010).

Upper Cretaceous to Paleogene continental strata interpreted to record syn- and
post-Laramide orogenesis are common and occupy local depocenters in the American
Southwest (fig. 1B). These strata are commonly interfingered with and overlain by late
and post-Laramide volcanic and volcaniclastic deposits, providing broad temporal
control on the age of adjacent Laramide uplifts (for example, Seager and Mack, 1986;
Inman, 1987; Lawton and others, 1993; Buck and Mack, 1995; González-León and
Lawton, 1995; Seager, 2004; Copeland and others, 2011; Clinkscales and Lawton,
2015). Importantly, many of these basins contain pedogenic and lacustrine carbonates
that are good targets for isotopic evaluation of paleoelevation.

However, the mixed character of modern rainfall in the American Southwest
poses a major challenge to traditional approaches to paleoelevation reconstruction
that employ simple isotope-elevation lapse rates. Most of the Sierra Nevada and Rocky
Mountains are fed exclusively by East Pacific-sourced winter rainfall, whereas in the
American Southwest, a significant part (often �30%) of annual rainfall is brought
there by summer monsoonal storms sourced from the Gulf of California or the Gulf of
Mexico (Douglas and others, 1993; fig. 1D). Summer monsoonal rainfall commonly
displays higher �18Ow (�18O in water, in ‰ relative to V-SMOW standard) values than
winter, East Pacific-sourced rainfall, showing a difference in rainfall �18Ow values of up
to 9 permil between summer and winter (fig. 2; Wright and others, 2001; O’Brien and
others, 2006; Blash and Bryson, 2007). Accordingly, the isotopic composition of
continental carbonates in the American Southwest is likely to be affected by monsoonal

Fig. 2. Average monthly precipitation (mm), temperature (°C), rainfall �18Ow, and mean summer,
winter and annual rainfall �18Ow for two climatic stations in southern Arizona: University of Arizona station,
Tucson (elevation 754 m) and Flagstaff (elevation 2140 m). Precipitation amount and temperature data
from WRCC (2015); �18O data from Wright (ms, 2001), O’Brien and others (2006), and EIL (2015).
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moisture delivery and might be expected to display a different �18Oc-elevation relation-
ship than in other parts of the western USA where summer rainfall is slight.

As a first step toward understanding the impact of the monsoonal climate on
carbonate isotopic values in southwestern North America, this study documents the
isotopic values of late Quaternary pedogenic carbonates at various altitudes in the
American Southwest in order to calibrate the �18Oc-elevation relationship. We then
apply this relationship to �18Oc values of mid-Cenozoic carbonates to document the
late Laramide paleo-altimetry of the American Southwest.

background and approach

Physiography of the North American Monsoon
The inland domain of the North American monsoon extends over much of the

western U.S., but the region where summer precipitation commonly exceeds 30
percent of the annual total is limited to the American Southwest (fig. 1D). Moist
summer air masses entering the continental interior, sourced in the Gulfs of California
and Mexico, are bound to the west by the peninsular ranges of southern California and
Baja California, as well as the Sierra Nevada of central and northern California. The
latter ranges also limit penetration of air masses from the East Pacific into the
monsoonal domain (Douglas and others, 1993). Elevation generally increases but local
relief is highly variable along the trajectory of summer moisture masses across the
Southwest, from Baja California to the southern edge of the Colorado Plateau. The
landscape ranges from mid-low altitude (0–1000 m) mountain ranges with high relief
along the Baja California seashore, to mid-altitude (500–1200 m), flat basins in the
Sonoran and southern Arizona Basin and Range province, to high-altitude (1000–
3000 m), high-relief ranges in the Mogollon Rim, finally reaching the flat, high altitude
(2000–2500 m) Colorado Plateau. Significant monsoonal moisture reaches the Mogol-
lon Rim and the southern edge of the Colorado Plateau, where it is enhanced by
orographic effects (Adams and Comrie, 1997). Areas located farther north of the
Colorado Plateau generally receive less summer rainfall (�20 % of the annual
rainfall). Summer rainfall contributes 30 to 50 percent of annual precipitation from
the south edge of the Colorado Plateau southward across the Mogollon Rim (fig. 1D).
�18Ow values of summer rainfall are commonly 2 to 9 permil higher than winter rainfall
(Wright, ms, 2001; O’Brien and others, 2006; Blash and Bryson, 2007; fig. 2).
Precipitation amount is highly sensitive to the local topography and increases with
elevation; winter precipitation increases slightly more than summer precipitation with
elevation gain, but varies locally. Wintertime rainfall from the East Pacific is associated
with baroclinic systems that direct moist low-level flow against North America (James
and Houze, 2005). In these simple weather systems, water isotope variations are well
represented by standard distillation models for the evolution of rainfall isotopic
composition with altitude, although the impact of terrain blocking on rainfall �18Ow is
still debated (Poage and Chamberlain, 2001; Mulch and others, 2006; Galewsky, 2009).
Summer monsoonal precipitation in the Southwest, on the other hand, is driven by
atmospheric moist convection (Adams and Comrie, 1997). Effects of convective
processes on rainfall isotopic composition result in the so-called ‘amount effect’
linking rainfall amount to rainfall depletion in 18O and 2H (Risi and others, 2008). In
the American Southwest, the amount effect is hardly observable (Eastoe and Dettman,
2016) and it is unclear how it may change with altitude. Monitoring of rainfall isotopic
compositions at different elevation sites shows that �18Ow lapse rates for both winter
and summer seasons, and for the annual average, display a relatively robust linear
trend, estimated at �2.6 ‰/km in the Mogollon Rim (elevation z � 1000m; Blasch
and Bryson, 2007), close to the average isotopic lapse rate throughout the continental
U.S. (�2.9 ‰/km; Dutton and others, 2005). We thus consider to a first-order
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approximation that both wintertime and summertime moisture follow similar distilla-
tion processes and isotopic lapse rates.

Compilation of Modern Pedogenic Carbonates
Modern soil carbonates were sampled along a topographic gradient ranging from

0 to 2500 m (fig. 1). All sites are located in the domain of the North American summer
monsoon, in two main regions: sites near sea level are located in Baja California,
Mexico (four sites), where locally sourced summer rainfall contributes 20 to 30 percent
of annual precipitation, and sites above 700 m in Arizona and New Mexico (ten sites),
where summer rainfall, sourced both in the Gulf of California and Gulf of Mexico,
contributes 30 to 50 percent of annual precipitation (fig. 1B; Douglas and others,
1993). We confined our sampling to most-recent soils. Selected pedogenic carbonates
were all exposed along fresh arroyo cuts, and their recent (likely Holocene) age was
assessed from soil morphology, including the degree of development of calcic and
cambic horizons (Gile and others, 1966; Quade and others, 2013). At each site, we
sampled multiple exposures, where available, to take into account local �18Oc variabil-
ity and at least six samples per site were analyzed for �18Oc. All carbonates were
sampled at least 50 cm below the soil surface (and commonly between 120 and 60 cm),
in order to avoid evaporative isotopic bias in shallow soil waters (Quade and others,
1989; Breecker and others, 2009).

All carbonate samples were micro-drilled with drill bits 0.5 to 1 mm diameter at
the University of Arizona, Tucson Arizona. �18O and �13C of carbonates were mea-
sured using an automated carbonate-preparation device (KIEL-III) coupled to a
gas-source isotope ratio mass spectrometer (Finnigan MAT 252). Powdered samples
were reacted with dehydrated phosphoric acid under vacuum at 70 °C. The isotope
ratio measurement is calibrated based on repeated measurements of NBS-18 and
NBS-19 and precision is � 0.10 ‰ for �18O and �0.08 ‰ for �13C (1�).

Approximate sampling site locations are shown on figures 1A and 1B. Sample
descriptions, GPS coordinates, and detailed results are given in Appendix table A1.
Although this manuscript focuses on �18O values, �13C values for all the samples are
also provided in the Appendix. Additional details about soil profiles and sampling
methods can be found in Kowler (ms, 2007). The discussion also includes �18Oc values
from soil carbonates sampled in southern Arizona at elevation �660 m published by
Liu and others (1996; carbonates sampled 50 cm below the soil surface only).

Survey of Late Cretaceous to Oligocene Carbonates from the American Southwest
During the course of our study, we investigated a large array of Upper Cretaceous

to Oligocene units in the Southwest from the Pacific coast to the Colorado Plateau to
identify well-preserved primary carbonates for Laramide paleoelevation reconstruc-
tion. Carbonate samples were prepared in thin sections and checked for carbonate
texture. We then analyzed their isotopic composition following similar protocols as for
modern carbonates. We also complemented our investigations by clumped-isotope
analyses to further assess how our investigated carbonates have been altered (Hunting-
ton and others, 2011; Bristow and others, 2011; Henkes and others, 2015; Huntington
and Lechler, 2015; Huntington and others, 2015). Clumped-isotope paleothermom-
etry is based on the temperature dependence of the statistical overabundance of bonds
between carbon 13C and oxygen 18O isotopes in carbonate minerals. The amount of
13C18O16O relative to 12C16O2 in carbonates in excess of a random distribution is solely
dependent upon temperature, and carbonate clumped-isotope analyses indepen-
dently constrain carbonate formation temperature and �18Oc.

Unfortunately, only a fraction of the data from the Cretaceous-Paleogene investi-
gated sites were useable for paleoaltimetry reconstruction. Evidence of coarse-grained
(�10–20 	m) microspar in the investigated carbonates showed that most samples
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collected were at least partially recrystallized; unrealistic �18Oc values (��10 ‰ for
coastal sites, ��17% for inland sites) highlighted a strong diagenetic overprint (table
1; Knauth and Kennedy, 2009; Boggs, 2009). Moreover, most of all clumped isotope
temperatures obtained from the investigated units were markedly too high (�40 °C) to
be considered reasonable for carbonate mineralization in lacustrine or pedogenic
environments, and thus likely reflect diagenetic overprinting (Huntington and others,
2011; Passey and Henkes, 2012; Quade and others, 2013), either by secondary
carbonate mineralization and/or partial thermal resetting due to chemical bond
reordering at elevated temperature (Huntington and others, 2015). The scarcity of
well-preserved, pre-Basin-and-Range primary carbonates in the American Southwest,
despite the presence of numerous Laramide and post-Laramide sedimentary basins, is
particularly noteworthy considering shallow burial depths and the lack of significant
tectonic deformation. Elimination of these factors thus points to hydrothermal altera-
tion rather than burial- or thrusting-related heating and diagenesis (Quade and others,
2013). Widespread Oligocene-Early Miocene magmatism in the American Southwest
(Shafiqullah and others, 1978; Cather and others, 2012) and associated high crustal
temperature gradients (Dickinson, 1991) are likely causes of the significant diagenetic
imprint observed for pre-Basin-and-Range carbonates. We present all �18Oc values for
all the investigated sites in Appendix table A2, and clumped isotope methodology and
results are given in Appendix table A3.

For discussion purposes, we narrowed our focus to two Eocene units that appear
to preserve primary isotopic values: the Eocene Baca Formation in south-central New
Mexico and the Lomas Las Tetas de Cabra (LLTC) Formation in Baja California (fig.
1). Carbonates from these sections are purely micritic and display reasonable surface-
like �18Oc (��10 ‰ for coastal sites, ��17% for inland sites) and clumped-isotope
temperature (�40 °C), �18Oc values from the Baca Formation should allow us to
reconstruct its paleoelevation at the time of deposition. The LLTC Formation has
always resided near sea level and therefore its �18Oc values provide key constraints on
differences between Eocene and modern �18Ow values near sea-level.

Geological Context of the Selected Eocene Sites
The upper Eocene Baca Formation, Baca Basin, New Mexico.—The Baca Basin is a late

Laramide-age basin surrounded by isolated uplifts following a roughly East-West trend,
and extends over 300 km on the Colorado Plateau, from eastern Arizona to western
New Mexico (Cather and Johnson, 1984). The deposits of the Baca Basin consist
mainly of middle Eocene siliciclastic rocks (Baca Formation and Mogollon Rim
Gravels) overlain by a thin cover (�300 m) of late Eocene - Oligocene volcaniclastic
and volcanic rocks (Spears Formation; Prothero and others, 2004).

The Baca Formation in western New Mexico comprises fluvio-lacustrine sediments
deposited by an east-flowing river system that drained the southern part of the
Colorado Plateau and flowed down the Mogollon Rim during the Eocene (Cather and
Johnson, 1984; Cather and others, 2012). The Baca Formation is dominated by
fanglomerates to the west, by channel bodies and alluvial mudstones in its middle part,
and by lacustrine mudstones to the east (Cather and Johnson, 1984). Alluvial facies of
the Baca Formation have yielded numerous vertebrate remains of Duchesnean land
mammal age (Lucas, 1983); magnetostratigraphic dating of a section near Quemado
(Prothero and others, 2004) suggests a correlation with the base of Chron Cr17
(�38.5 – 38 Ma).

We investigated two sections of the Baca Formation. The first section, located in
the Sawtooth Mountains north of Pie Town, is �70 m thick and dominated by
fine-grained alluvial deposits, in which we identified at least six paleosols containing
stage I-II carbonates (sensu Gile and others, 1966). The second section is located north
of Quemado, near Mariana Mesa, a section dated by magnetostratigraphy by Prothero
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and others (2004). This section is �90 m thick and is also fluvial with carbonate-
bearing paleosols. Both field sites are today located between 2200 and 2400 m of
elevation. Detailed maps of the study area are available in Prothero and others (2004)
and Cather and Johnson (1984).

The Eocene Lomas Las Tetas de Cabra (LLTC) Formation, Baja California, Mexico.—The
Eocene LLTC Formation is one of the few non-marine Paleogene units in the Mexican
section of the Californian forearc basin, and crops out in central Baja California.
Today, this unit lies at the margin of the American monsoonal realm and receives 20 to
30 percent summer rainfall (Novacek and others, 1991). Paleogeographical reconstruc-
tions taking into account the recent (Neogene) northward drift of Baja California
Peninsula indicate that the LLTC Formation was likely located �200 to 300 km further
south at the time of deposition (McQuarrie and Wernicke, 2005), where today summer
precipitation exceeds 50 percent of annual rainfall.

The LLTC Formation is dominated by continental rocks consisting of conglomer-
atic to sandy channel bodies and fine-grained, paleosol-bearing alluvial deposits (Flynn
and others, 1989). It has yielded abundant mammalian fauna of Wasatchian (Early
Eocene) land mammal age, and interfingers with rare mollusca- and foraminifera-
bearing shallow marine strata (Novacek and others, 1991). Magnetostratigraphic
dating of several sections suggests correlations with the end of Chron C24 or the base
of Chron C23, between �53.5 and �51.5 Ma (Flynn and others, 1989).

We investigated and sampled the type section of the LLTC Formation, near LLTC
Hill at a modern elevation of �100 m (detailed map and section in Flynn and others,
1989). The section is �90 m thick and dominated by fine-grained alluvial deposits, in
which at least five, stage-I to stage-III carbonate-bearing paleosols were identified and
sampled.

results

Modern Soils
�18Oc values from fourteen different soils and involving nearly 190 analyses range

from �10.6 ‰ to �1.2 permil. When taken together, the �18Oc values are scattered
and do not show any clear linear trend with elevation gain (fig. 3). Using a regression
of average �18Oc values per locality, �18Oc values decrease from near sea-level values
with an estimated lapse rate of �1.5 ‰ per 1000 m gain, but with low correlation
coefficient (mean �18Oc
�1.5*10�3z�4.7 for z between 0 and 2500 m, r2
0.29).

Modern soil carbonates from Baja California display �18Oc values ranging from
�6.3 to �1.2 permil, with site averages of �5.0 permil (site 1, elevation 65 m), �4.1
permil (Site 2, elevation 130 m), �5.4 permil (site 3, elevation 278 m), and �2.0
permil (site 4, elevation 670 m). �18Oc values from sites ranging from 600 m to 1600 m
in Arizona and New Mexico decrease with elevation, from values similar to those from
Baja California at low elevation (Site 5, elevation 710 m, �18Oc �5.8 to �2.7 ‰,
average �3.9 ‰) to much lower values between 1200 m (site 8, elevation 1229 m,
�18Oc �10.0 to �8.9 ‰, average �9.4 ‰) and 1600 m (site 10, elevation 1523 m,
�18Oc �10.6 to �5.3 ‰, average �8.7 ‰). �18Oc variation with elevation between 0 to
1600 m visually follows the �18Oc - elevation regression curve of Quade and others
(1989) for pedogenic carbonates in the Mojave desert, Nevada (located outside of the
monsoonal realm), which predicts a decrease of �3.7 ‰ per 1000 m elevation gain.
Using a regression through station mean �18Oc values, the lapse rate below 1600 m is
estimated at �3.4 ‰ per 1000 m gain (mean �18Oc 
 � 3.4*10�3z � 3.4, for elevation
z �1600 m, r2 
 0.53). The correlation coefficient is much more robust if the highest
values in the data set from stations #4 and #5 are excluded (�18Oc 
 �3.1*10�3z � 3.3,
r2 
 0.85). Intense evaporation at sites #4 and #5 relative to other sites may explain why
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these �18Oc values are higher than expected (Quade and others, 1989; Breecker and
others, 2009).

In contrast, sites located above 1200 to 1600 m follow a significantly different
pattern compared to the Mojave regression curve. �18Oc values are relatively constant
between 1200 and 1600 m and then follow a slight but statistically robust increasing
trend of �2.5 ‰ per 1000 m (mean �18Oc 
 2.5*10�3z � 12.5 for elevation z �1200
m, r2 
 0.94), with maximum values reached at the two sites located in the Colorado
Plateau (site 13, elevation 2348 m, average �6.2 ‰, and site 14, elevation 2425 m,
average �6.8 ‰).

There is no clear trend of �18Oc variation with latitude, longitude or distance to
the Pacific (not shown). This is illustrated by the close similarities between �18Oc values
at site #3 in Baja California and at site #5, located 460 km northeastward in southern
Arizona. In contrast, mean �18Oc at site #9 (elevation 1451 m) is lower by 5.2 permil
than at site 5 (elevation 710 m), whereas both sites are only 20 km distant to each other.

Ancient Soil Carbonates
Discrete carbonate nodules from Baca and LLTC Formations are made up of

sub-hedral micrite, with rare, coarser crystalline microspar calcite (grain diameter �4
	m) limited to small veins and fracture-filling cement, suggesting good preservation of
primary carbonate (Deutz and others, 2002; Boogs, 2009). �18Oc values for both units
are all ��15 permil (table 2). Additionally, clumped-isotope analyses were performed
on the Baca Formation, including three to four replicates per sample to ensure good
reproducibility of the clumped-isotope values (Huntington and Lechler, 2015). Esti-
mated clumped-isotope temperatures ranged from 25 to 58 °C, with at least three
samples with plausible surface-like values (25 °C and 36 °C twice). The primary
character of the micrite and the relatively narrow range of temperatures in Baca
Formation samples strongly suggest partial solid-state temperature resetting (instead
of secondary carbonate recrystallization) as the dominant cause for the few high

Fig. 3. Variations of �18Oc values of pedogenic carbonate in modern soils of Arizona, New Mexico (in
blue) and Baja California (in orange). Boxes indicate lower (Q1) and upper (Q3) quartiles; inside boxes,
solid lines indicate mean; whiskers indicate minimum and maximum values. #1 to #15 indicate our sample
locality numbers; #L indicates soil values from the study of Liu and others (1996) in southern Arizona.
Regression lines for mean �18Oc per locality (purple dotted line, mean �18Oc 
 �1.5*10�3z � 4.7), for mean
�18Oc in soils � 1600 m (green dashed line, mean �18Oc 
 � 3.4*10�3z � 3.4) and � 1200 m (blue dashed
line, mean �18O 
 2.5*10�3z�12.5), for �18O in soils of the Mojave Desert, Nevada (black dashed line, after
Quade and others, 1989), and expected �18O values for soil carbonates (red dashed line) calculated from the
isotopic lapse rate of meteoric water from Blash and Bryson (2007), using the T-�18O equation of Kim and
O’Neil (1997), MAT � 8 °C for temperature of soil carbonate growth (Quade and others, 2013), and the
relation MAT 
 � 0.0069*z�24.62 (r2 
 0.95) calculated from 15 climatic stations in southern Arizona
(WRCC, 2015). Detailed results in Appendix table A1.
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clumped-isotope temperatures, indicating that primary �18Oc values have been pre-
served (Huntington and Lechler, 2015; Huntington and others, 2015). Although we
did not supplement thin section observations and �18Oc analyses for the LLTC
Formation with clumped-isotope analyses, pairing of these proxies suggests that �18Oc
can be considered primary in this sample suite as well.

�18Oc values from pedogenic nodules of the LLTC Formation are similar to those
of Quaternary carbonates from Baja California and range from �7.2 to �0.3 permil
(average �5.1 ‰). �18Oc values from the Baca Formation are �5 permil lower and
range from �12.4 to �8.5 permil (average �10.1 ‰). These values are also lower than
modern �18Oc values in the vicinity. Modern values below �10 permil similar to those
of the Baca Formation are only found between 1200 and 1600 m (sites #8 and #10),
although average values at these elevations are slightly higher (�8.7 to �9.4 ‰).

oxygen isotope-based paleoaltimetry in the american southwest

Mechanisms for the Modern �18Oc-Elevation Relationship in the North American
Monsoonal Domain

Our data from Quaternary soil carbonates are particularly scattered and do not
show a well-defined trend toward lower �18Oc values with elevation increase, in contrast
to regions receiving a single moisture source (Quade and others, 1989, 2007a, 2011;
Rowley and others, 2001).

For comparison, the mean annual �18Ow value of meteoric water in the Mogollon
Rim (z � 1000 m) from Blash and Bryson (2007) can be used to predict soil carbonate
�18Oc values following the temperature-dependent fractionation relationship of Kim
and O’Neil (1997). We assume Mean Annual Temperature (MAT) � 8 °C at soil depth
(Quade and others, 2013) and a MAT - elevation linear relationship based on climatic
station data in southern Arizona, with a decrease of 6.9 °C per 1000 m gain (see fig. 3).
Predicted �18Oc values decrease by �1.1 permil per 1000 m gain (fig. 3, dashed red
line); this lapse rate is close to the poorly constrained lapse rate of �1.5 ‰/km
observed among all modern soil localities. However, most observed �18Oc values
exceed predicted �18Oc values, and the trend toward lower �18Oc values with elevation
gain is only poorly defined, with low correlation coefficient and many localities falling
completely outside the regression bounds.

The behavior of soil �18Oc values below 1600 m, although scattered, mirrors the
�18Oc-elevation relationship found in the nearby Mojave Desert, where soil evapora-
tion is the dominant control on �18Oc values (Quade and others, 1989). Under arid

Table 2

�18Oc value ranges of Eocene limestones used in this study

Location on figure 1. Detailed results in Supplementary Table 2.
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conditions, evaporation in soils can significantly enrich in soil pore waters in 18O, the
intensity of which decreases with increasing altitude (Quade and others, 1989, 2007a,
2007b). Considering the extreme aridity of southern Arizona and Baja California, it is
not surprising that the �18Oc-elevation relationship at low altitude resembles the
regression curve found in the Mojave Desert. High values at sites #4 and #5, falling
outside the regression bounds, suggest that other factors may have locally emphasized
evaporation effects, such as soil texture, soil maturity, or vegetation cover (Liu and
others, 1996; Breecker and others, 2009).

The increase of soil �18Oc values above the 1200 to 1600 m threshold is a trend not
previously documented along altitudinal transects and cannot be explained by changes
in evaporation or in seasonal rainfall contribution with altitude. Evaporation would
tend to decrease at high elevation, resulting in lower �18Oc values. Moreover, a
decreased ratio of summer:annual rainfall with altitude gain would also result in lower
�18Oc due to an increased contribution from 18O-depleted winter precipitation (fig. 2).

Seasonality of soil carbonate growth may explain why �18Oc values �1200 to
1600m increase with elevation and thus deviate from expectation. At low altitude
(�1000 m) in the American Southwest, temperature is relatively high all year long. For
example, monthly temperature exceeds 10 °C during the whole year in Tucson (fig.
2A). Consistently high annual temperatures predict that episodic, minor carbonate
growth is likely to occur following each rain event regardless of season, thus mixing the
oxygen isotopic signals of winter and summer rainwater. Monitoring of soil water
�18Ow and pedogenic �18Oc values at the same low altitude (�640 m high) site in
southern Arizona by Liu and others (1995, 1996) suggests that carbonate growth
incorporates oxygen from seasonally mixed water, although partly biased toward the
late spring and early summer period preceding the monsoon season, when evapotrans-
piration is highest. By contrast, carbonate growth at high altitude outside the peak
summer season is highly improbable due to low cool season (fall to spring) tempera-
tures, diminishing evaporation and thus carbonate formation. For instance, at 2100 m
monthly air temperatures exceed 10 °C only from May to September (fig. 2B).
Clumped-isotope temperatures from two soils at high elevation (�1000 m) in southern
Arizona corroborate such a mid-summer bias in carbonate growth (Quade and others,
2013), whereas this summer bias is absent in two other soils at lower elevation (�1000
m; Gallagher and Sheldon, 2016). This bias towards summer rainfall events should
result in higher �18Oc values reflecting increased contribution from monsoon-derived,
and therefore 18O-enriched, meteoric water. This simple bias alone can account for
the scattering and the apparent increase in �18Oc values with elevation above 1200 to
1600 m. Hence, we propose a dual mechanism to explain the observed �18Oc-elevation
relationship for carbonates in the North American monsoonal domain (fig. 4A):

(1) below 1200 to 1600 m of elevation, carbonate growth occurs after rainy events
throughout most of the year with a potential bias toward late spring/early summer, but
�18Oc values are mainly controlled by evaporation of winter/spring soil water, leading
to a scattered decrease in �18Oc values with elevation gain in this low elevation zone
(for example, Quade and others, 2007a);

(2) above 1200 to 1600 m, decreasing temperature limits the period of strong
evaporation and carbonate growth to a reduced interval during the summer, and �18Oc
values are higher due to incorporation of a higher proportion of monsoonal soil water.
Amount of 18O enrichment increases as the length of the favorable season is reduced
toward summer, leading to �18Oc increase with elevation gain. This pattern should
persist until �18Oc values converge on the expected �18Oc values calculated from
summer rainfall �18Ow only. Unfortunately, this convergence is undocumented in our
dataset due to the lack of carbonate nodules in soils at higher altitudes than 2500 m
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within the study area, which is also noted in the Mojave Desert region (Quade and
others, 1989).

Implications for Paleoaltimetry Studies
Meaningful and precise paleoelevation estimates in the American Southwest

based on the isotopic �18Oc-elevation relationship outlined previously are difficult to
determine, particularly above 1200 m, where the scattering of data and an apparent
reversed lapse rate confound interpretation of stable isotope data with respect to
distinguishing high from low (�1200 m) elevations. Moreover, the significant role of
monsoonal rainfall in shaping the �18Oc-elevation relationship raises questions about
its longevity through time, considering the high monsoonal variability on millenial
(Poore and others, 2005) and longer time scales (Sewall and Sloan, 2006; Fricke and
others, 2010). Past lapse rates in non-evaporative, single-sourced precipitation systems
can be evaluated by adjusting rainfall �18Ow near sea level and adiabatic lapse rates
(Rowley and others, 2001; Rowley and Garzione, 2007). In contrast, the past �18Oc-
elevation relationship in the American Southwest is complex and must take into
account at least three distinct phenomena, as follows.

First, changes in mean annual rainfall �18Ow would shift the �18Oc-elevation
relationship, but the amplitude of this shift can be quantified by comparing �18Oc
values in modern and past near-sea level sites at the same location, as for single sourced
systems (Rowley and others, 2007; Quade and others, 2007a, 2011). However, different
�18Ow values of summer monsoonal rainfall, which are much harder to quantify in the
fossil record, could affect the �18Oc-elevation relationship above some elevation
threshold marking the shift from the lower elevation, evaporation intensity-controlled
negative lapse rate to the higher elevation, summer temperature-controlled positive
lapse rate (fig. 3). Lower (higher) summer �18Ow would decrease (increase) the gain
of �18Oc values with altitude above this threshold. A more intense amount effect on
summer precipitation due to stronger monsoonal convection could have, in the past,
changed the relationship above the 1200 to 1600 m threshold.

Fig. 4. (A) Model for modern pedogenic carbonate �18Oc variation with elevation gain (black line),
compared with expected �18Oc variation calculated from mean annual �18Ow values (see also fig. 3, red
dashed line) and from mean summer �18Ow values (green dashed line; considering a �4 ‰ difference
between mean annual and summer �18Ow values, similar to that observed near Flagstaff, fig. 2). (B) Modeled
Eocene conditions of higher temperature and evaporation on the �18Oc-elevation relationship. Expected
�18Oc variation calculated from mean annual �18Ow values (red dashed line) remains unchanged but
behavior threshold is shifted by 700 m, corresponding to the impact of a gain of 5 °C; expected �18Oc
variation calculated from summer �18Ow values (green dashed lines) is shifted to lower values as a response
to a potential increase of monsoonal amount effect (see main text). Whereas coastal �18Oc values remain
unchanged, inland lapse rate can be potentially modified due to stronger evaporation inland. Range of
potential paleoelevations for the Baca Formation, calculated using ��18Oc
 5.0 ‰, is shown in orange.
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Second, regional changes in annual (or seasonal) temperatures should impact the
altitude of the negative-positive lapse rate threshold. For example, higher fall and
spring temperatures at high altitude would extend the length of the carbonate growth
season into fall and spring, whereas lower temperatures would reduce it. Considering
the modern temperature-elevation relationship in the American Southwest (fig. 3), a
regional �1°C increase in annual temperature would increase the altitude of the
threshold by approximately 140 m.

Finally, changes in aridity in the American Southwest and modifications of the
evaporation/precipitation balance should significantly impact the lapse rate below the
threshold, where evaporation effects –rather than changes in rainfall �18Ow– control
�18Oc values (Quade and others, 2007a). This impact is expected to be particularly
strong during drier periods in the American Southwest and should result in 18O-
enrichment at low altitude.

Based on the complexity of soil carbonate formation in a mixed climate such as
modern Arizona, the prognosis for precise paleoelevation estimates is poor, as it
requires a large number of assumptions about past hydrological parameters and
temperatures. Basic considerations of the Eocene climate allow a very coarse estimate
of changes in the behavior of the �18Oc-elevation relationship in the past. However, the
reader should keep in mind that the estimates given in the following section are
primarily qualitative, rather than quantitative, due to the above complications.

application to mid-cenozoic paleoaltimetry at the southern edge of
the colorado plateau

Paleoaltimetry estimates based on measured or modeled lapse rates require a
knowledge of the �18Oc values from near-sea level at the time in question. Finding
coeval near-sea level sites is particularly difficult in deep-time, when the stratigraphic
record is less complete and precise. Paleoaltimetry studies do not commonly provide
near-sea level paleo-data but rather make assumptions about what the near sea level
values should be (for example, Rowley and Curie, 2006; Mix and others, 2011; Hoke
and others, 2014; Ding and others, 2014). Here, we propose to use LLTC Formation
values as a proxy for Eocene �18Oc values from near-sea level. Mean �18Oc values
(�5.1 ‰) from the LLTC Formation are very similar to the range of �18Oc values in
the modern soils near sea level (�4.8 ‰ on average for the three stations below 300 m
of elevation). The expected �1 permil shift in isotopic composition due to the impact
of early Eocene ice-free conditions on the global hydrologic cycle (for example,
Tindall and others, 2010) is here poorly expressed; this lack of expression is, however,
in agreement with the regional seawater oxygen isotopic composition simulations of
Tindall and others (2010), which show that early Eocene seawater �18Ow values along
Californian shorelines were quasi-similar to those of today. More surprisingly, higher
temperatures by 5 to 10 °C in early Eocene North America (Greenwood and Wing,
1995; Fricke and Wing, 2004; Hren and others, 2010) should have decreased the
pedogenic �18Oc values by �1 to �2 permil, following the temperature-dependent
fractionation relationship of Kim and O’Neil (1997). The lower predicted �18Oc values
may have been counterbalanced by evaporative enrichment of 18O in soil water. The
range of Baja California �18Oc values similar to modern values there suggests that the
extreme, ice-free greenhouse conditions of the early Eocene did not significantly
impact coastal soil �18Oc values. This impact should be even less significant in the less
extreme greenhouse conditions of the late Eocene (Pagani and others, 2005). Thus,
although LLTC and Baca deposits are not coeval (LLTC older by �12 – 14 Ma), we
argue that the LLTC �18Oc data set is a suitable reference for late Eocene coastal
conditions.

�18Oc values from the Baca Formation (average �10.1‰, but up to �12.4 ‰) are
much lower than those found in modern soils at the current elevation between 2000 m
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and 2400 m in central Mogollon rim area: values below �10 permil are only found
between 1200 and 1600 m.

We can merge our results from Eocene soil carbonates to estimate the paleoeleva-
tion of the Baca Formation on the modern Mogollon Rim (table 3). A ��18Oc (mean
�18Oc of Baca Formation samples minus mean �18Oc of LLTC Formation samples) of
5.0 � 2.5 ‰ (1�), and a predicted lapse rate of 1.1 ‰/km calculated from modern
�18Ow of meteoric water in the Mogollon Rim (Blash and Bryson, 2007) yield a
paleoelevation estimate of 4545 m � 2273 m for the Baca Basin. Estimating paleoeleva-
tion with distillation models requires an estimate for the ��18Ow (similar to ��18Oc but
for �18Ow; Rowley and others, 2001). It can be calculated from mean �18Oc values from
both units and estimates of carbonate growth temperatures using the T-�18O equation
of Kim and O’Neil (1997). Using carbonate growth temperature of 35 � 5 °C near sea
level and 20 � 10 °C in the Baca Formation area, we obtain a ��18Ow of �8.3 � 3.2 ‰.
The model of Rowley (2007) for modern sites at low latitudes (�35°N) gives a
paleoelevation estimate of 3880 m �778/�1064 m. Model uncertainties associated
with unknown mean starting temperature and relative humidity of air masses is
�675/�844 m (1�) for this ��18Ow value (Rowley, 2007).

Both approaches predict approximately modern to higher-than-modern paleoele-
vations during Baca deposition. Using a different distillation model adjusted for higher
air temperature and relative humidity at low latitudes, as expected for the Eocene,
would result in a lower isotopic lapse rate and thus in a higher paleoelevation estimate
(Rowley, 2007; Hoke and others, 2014). However, Rowley’s distillation model is
designed for sites receiving a single moisture source (Rowley and others, 2001; Rowley
and Garzione, 2007; Rowley, 2007) and neither approach takes into account the dual,
monsoonal-related behavior observed in the modern �18Oc-elevation relationship. Nor
do they accommodate the possible influence of evaporation at low altitudes.

An alternate, and probably more realistic approach incorporates the probable
impact of monsoons on the �18Oc value of Eocene soil carbonate. Climate simulations
support the existence of strong North American monsoons during the Eocene (Sewall
and others, 2000; Sewall an Sloan, 2006; Huber and Goldner, 2012; Feng and Poulsen,
2016), suggesting that significant summer monsoonal rainfall could have influenced
the �18Oc-elevation relationship at high altitude, mirroring trends observed in the
modern data set. An intense hydrological cycle during the Eocene is likely to have

Table 3

Paleoelevation estimates for the Baca Formation

Linear regression estimate from modern precipitation data (predicted lapse rate of 1.1 ‰/km) is
calculated from d18Ow of meteoric water in the Mogollon Rim (Blash and Bryson, 2007), using �18Oc 

5.0 � 2.5 ‰ (1�). Distillation model estimate is from the equations of Rowley (2007). Linear regression
estimates for the evaporative domain are from the observed lapse rates given in section titled: Mechanisms
for the modern �18Oc-elevation relationship in the North American monsoonal domain. Errors (1�) for
regression estimates are those associated with the uncertainty in �18Oc value (2.5 ‰). Errors for the
distillation model are those associated with the uncertainty in carbonate growth temperature temperatures
at both sites (see main text); they do not take into account the additional uncertainty associated with
unknown mean starting temperature and relative humidity of air masses (�675/�844 m (1�) at this
altitude; Rowley, 2007).
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increased the amount effect in summer precipitation (Licht and others, 2014), thereby
diminishing the difference between winter and summer �18Ow (fig. 4B). However,
Eocene winter and annual temperatures exceeding today’s by 5 to 10 °C would have
promoted the year-round growth of soil carbonate at higher altitudes, elevating the
lapse rate transition by 700 to 1400 m, assuming that adiabatic lapse rates were
similar-to-modern during the Eocene (fig. 3). Using slightly lower adiabatic lapse rates
from climate simulations with Eocene boundary conditions (�5 °C per 1000 m gain;
Feng and Poulsen, 2016) shifts the isotopic lapse rate transition to even higher
elevations. This potential temperature effect would have favored evaporation over
other controls on Eocene �18Oc values from samples obtained from sites �1900 to
3000 m of altitude, thereby raising the elevation of the reversal in �18Oc values.
Accordingly, we argue that the Eocene �18Oc-elevation relationship was primarily
controlled by evaporation, resulting in a non-systematic decrease of �18Oc values with
elevation increase, similar to that observed in modern data sets from low altitudes
within the monsoonal domain and the Mojave Desert. Using the two similar lapse rates
for soils below 1600 m (3.1 and 3.4 ‰/km), we obtain paleoelevation estimates for the
Baca Formation of 1471 m � 806 m and 1613 m � 735 m (table 3). These estimates are
roughly �2 to 3 km lower than estimates from the two standard approaches; however,
these estimates do not take into account potential change in regional aridity during
the Eocene that could significantly modify the isotopic lapse rate in the evaporative
domain (Quade and others, 2007a). Higher temperatures during the Eocene period
are expected to result in increased evaporation. Stronger evaporation inland and at
higher altitude would have increased the difference between the observed �18Oc-
elevation relationship, and that predicted from the �18Ow lapse rate of meteoric waters
at higher elevations (fig. 4B). We thus suggest that our reconstructions likely underes-
timate paleoelevation and thus provide minimum estimates only.

Regardless of the chosen approach for determining the paleoelevation, all esti-
mates suggest that significant elevation was already acquired in the southern part of the
Colorado Plateau by the latter part of the Laramide orogeny (�38 Ma). Standard
approaches using distillation modeling or modern precipitation lapse rate yield
approximately modern to higher-than-modern paleoelevation estimates for the late
Eocene, and thus ascribe all uplift of the Colorado Plateau to a Laramide deformation
mechanism. Our approach is more conservative and suggests that the Baca Basin valley
floor was located at paleoelevation above at least �1 km during the Eocene. Given this
estimate, our study suggests that at least half of the modern elevation of the southern
Colorado Plateau was acquired by 38 Ma. This estimate favors syn-Laramide uplift
mechanisms for the Colorado Plateau, such as those related to the set-up and early
demise of the Farallon flat slab (Humphreys and others, 2003; Liu and Gurnis, 2010)
or to intracrustal flow from the overthickened Sevier orogenic hinterland (Mc Quarrie
and Chase, 2000) but does not preclude minor (�1km) post-Laramide uplift episodes
to achieve the current elevation of the Baca basin and an implicitly complex Neogene
uplift history for the Colorado Plateau (Flowers, 2010). The scattered character and
the complexity of the �18Oc-elevation relationship in the American Southwest pre-
cludes any precise paleoaltimetry estimate and does not allow us to draw more
unequivocal conclusions.

conclusion
This study has shown that: (1) the �18Oc-elevation relationship in the American

Southwest appears to be non-linear by reversing slope at 1200 to 1600 m of elevation;
(2) Changes in evaporation intensity and carbonate growth season with altitude,
combined with differences in the seasonality of rainfall are interpreted as the main
causes of this scattering; (3) basic hypotheses on the evolution of this �18Oc-elevation
relationship and mid-Cenozoic �18Oc values permit us to suggest that at least half of the
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modern elevation of the southern Colorado Plateau was acquired by late in the history
of Laramide deformation.

Our results highlight several important issues concerning the use of stable isotope
paleo-altimetry in complex hydrological systems. First, our results reveal the non-
systematic character of the �18Oc-elevation relationship in the soils of regions receiving
significant contributions from both summer and winter rainfall -despite the robust
linear �18Ow-elevation relationship observed for meteoric waters throughout the
American Southwest (Blash and Bryson, 2007). These findings show the limitations of
standard �18Oc-elevation models based on isotopic �18Ow lapse rates or distillation
models (for example, Rowley and others, 2001; Rowley and Garzione, 2007; Quade and
others, 2007a), which can lead to significantly overestimate paleoelevations in this
particular context. Variation in length of the carbonate growth season with elevation is
not surprising and has been previously documented in the central Andes, where
dominance of summer rainfall at low altitude delays carbonate growth until fall (Peters
and others, 2013). Presence of two different moisture sources for rainfall has been
shown to modify rainwater �18Ow-elevation relationship on opposite sides of the same
orogen (Quade and others, 2011; Hoke and others, 2013; Schemmel and others,
2013). To our knowledge ours is the first time that a non-linear lapse rate has been
shown to influence �18Oc-elevation relationship on a single altitudinal gradient. The
lack of documentation of such a phenomenon is nonetheless unsurprising because
most of the mountain ranges and plateaus where �18O-elevation relationships have
been characterized (for example, Sierra Nevada, Rockies, Andes, Anatolian Plateau,
and the Himalayas) are high enough to block inland moisture penetration, and
therefore receive precipitation derived from a single moisture source (Poage and
Chamberlain, 2001; Quade and others, 2011; Hoke and others, 2009, 2013; Schemmel
and others, 2013). Indeed, lower paleoelevations of these orogens might have (1)
allowed greater penetration and mixing of moisture sources on both flanks, and (2)
diminished the amount of orographic rainfall, potentially resulting in increased soil
evaporation. While some workers have attempted to model the impact of these
changes on the �18Ow-elevation relationship (Ehlers and Poulsen, 2009; Poulsen and
othersChen, 2010), our study highlights the challenges in interpreting the past
relationship between �18Oc and elevation in such settings.

Although our paleoelevation estimates for the Baca Formation are qualitative
only, they suggest that significant elevation was already acquired in the southern part
of the Colorado Plateau by late Eocene time (Flowers and others, 2008). Uncertainties
regarding the behavior of the �18Oc-elevation relationship do not allow us to precisely
quantify the paleoaltitude of the Eocene Baca Basin and thus determine the amount of
potential post-Baca uplift.
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Modern soils

18 Alexis Licht and others—Impact of the North American monsoon on isotope



Table A1

(continued)

19paleoaltimeters: Implications for the paleoaltimetry of the American southwest



Table A1

(continued)

20 Alexis Licht and others—Impact of the North American monsoon on isotope



Table A1

(continued)

21paleoaltimeters: Implications for the paleoaltimetry of the American southwest



Table A2

Eocene carbonates
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González-León, C. M., and Lawton, T. F., 1995, Stratigraphy, depositional environments, and origin of the
Cabullona basin, northeastern Sonora, in Jacques-Ayala, C., González-León, C. M., and Roldán-Quintana, J.,
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