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elevations for extension to have occurred, these

estimates are conservative.

THE LARAMIDE OROGENY

In contrast to the Great Basin, where body

forces have long been invoked to explain exten-

sional deformation, the Laramide orogeny is

generally viewed as being driven by boundary

forces from the sides or base of the lithosphere

(e.g., Bird, 1988; Erslev, 1993). These explana-

tions rarely account for a curious geographical

coincidence of major Laramide basement uplifts

with earlier profound Late Cretaceous subsi-

dence. We investigate first the effect of the

earlier regional subsidence on the gravitational

potential energy of the Southern Rocky Moun-

tains region and then its implication for subse-

quent Laramide deformation.

Present-day crustal thicknesses in northern

Colorado and southern Wyoming are between

about 40 and 55 km (Sheehan et al., 1995).

Assuming that the total crustal shortening through

the Laramide orogeny is about 10%–15% (cf.,

Erslev, 1993), the pre-Laramide crust would have

been about 35–50 km thick. The average accumu-

lation of sediments during late Cretaceous subsi-

dence in Wyoming and northern Colorado was

about 2 km, with local accumulations of >3 km

(Cross, 1986). These sedimentary deposits have

been compacted and thus could imply an even

greater submergence of the basement; however,

for this example we conservatively assume that

the subsidence was between 2 and 3 km and that

sediment density was about 2.4 g/cm3 (Fig. 4). To

preserve isostatic equilibrium, we assume that the

subsidence is associated with thickening of the

mantle lithosphere (but see below).

Subsidence of a few kilometers causes a sub-

stantial decrease in the gravitational potential

energy of the region (~2 × 1012 N/m for 2 km

subsidence of a 35–40 km thick crust; Fig. 4).

This decrease represents a significant compres-

sional stress (it is ~50% of the ΔPE range ob-

served today in the western United States and

~20% of the global range; Coblentz et al., 1994;

Jones et al., 1996), but this stress alone probably

is not sufficient to drive contractional deforma-

tion. Boundary compressional forces or a more

negative initial ΔPE (e.g., thick crust with low

surface elevation) would add to this stress. When

considered in a regional context, the effect of the

subsidence is to compressionally stress the sub-

basin lithosphere. If the strength of the litho-

sphere is relatively uniform across the boundaries

of the basin, application of an additional horizon-

tal compressive force will produce failure in the

basin without causing basin flanks to fail (Fig. 5).

This analysis thus suggests that the absence of

strong Laramide deformation of the Colorado

Plateau may be related to its lesser pre-Laramide

subsidence relative to the Southern Rockies.

This analysis does not explain the cause of the

pre-Laramide subsidence. Our simple model

generates it by uniformly thickening the mantle

lithosphere, which is arbitrary but not unreason-

able. Another plausible explanation is flow

within the asthenosphere, perhaps related to

changes in the geometry of subduction (Gurnis,

1992; Mitrovica et al., 1989). Although our

framework does not explicitly deal with such

processes, the application of a basal normal stress

capable of depressing the crust will produce

stresses consistent with ΔPE even more negative

than the ΔPE produced by thickening the mantle

lithosphere (cf., Houseman and England, 1986).

CONCLUSIONS

Gravitational body forces have been widely

invoked in many tectonic models, but quantitative

analysis exploring the implications of such forces

has been much more limited. The approach pre-

sented here can be easily used to assess the con-

sistency of explanations for deformation with geo-

logic constraints on structure and elevation of

particular regions. The results of such analyses can

indicate outstanding problems that present the

greatest challenges to our present understanding of

tectonics and that warrant more time-consuming

but more comprehensive analysis.

This approach clearly reveals a profound in-

consistency in many syntheses explaining the

history of the Great Basin: the region cannot have

had both buoyancy-driven active extension and

low surface elevation in the Oligocene. Either

our model is not correct, or the inferences and
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Figure 3. ΔPE for litho-
spheric columns with dif-
ferent crustal thicknesses
(Lc) as a function of eleva-
tion. Two mean density
contrasts (Δρm) between
mantle lithosphere and
asthenosphere are illus-
trated. Note that low eleva-
tions with 50–70-km-thick
crust likely for the early
Tertiary Great Basin would
require very thick or excep-
tionally dense mantle litho-
sphere and imply very neg-
ative values of ΔPE.
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Figure 4. ΔPE for lithospheric
columns versus thickness of
sedimentary pile whose top
is at sea level, for different
crustal thicknesses. We fix
Δρm= 0.05 g/cm3. Crustal den-
sity ρc = 2.85 g/cm3; for no
sediment, mantle lithosphere
thickness Lm = 7Lc – 154 km.
Increasing Δρm instead of Lm

would roughly halve the de-
crease in ΔPE.
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Recall significance of elevation for body forces…
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River sediments, 5-12 Ma, cobbles from Rockies
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River erodes rapidly where gradient is steep...

leading to restoration of original river profile
but, for quite some time, leaving remnants of old 

topography (peaks, canyons)



What makes streams erode?

1. Faster water flows, more it can lift and 
carry.

2. More water flowing, more it can lift 
and carry.

E = k ρgQS
W

− w0
⎛
⎝⎜

⎞
⎠⎟

Erosion increases as the flow rate Q (volume/unit 
time) increases, as W (channel width) decreases, 

and as S (slope) increases. Other terms 
constants.



Climate change:  
Rivers have higher flows



The estimate of a climate parameter is ob-
tained by projecting the physiognomic scores of
a given sample onto the vector obtained for the
climate parameter. The value of the climate
parameter is plotted against the value of the pro-
jection onto the climate vector in the physiog-
nomic space. A least-squares fit is obtained and
provides a predictive formula for the given cli-
mate parameter (see Wolfe, 1995). 

Results of Physiognomy-Climate Analysis.

From the CLAMP data and associated mean an-
nual climate data, we obtained estimates of en-
thalpy, temperature, relative humidity, and spe-
cific humidity (Fig. 8). The data set was reduced
by removing the outliers as indicated by scores
along the third and fourth axes (see Wolfe,
1995, for a description). The axis eigenvalues

from CANOCO indicate that significant infor-
mation is contained in the first six axes (Fig. 9)
and implies that the use of axes three and four as
an outlier indicator should be robust. The esti-
mates of the climate data indicate that mean an-
nual enthalpy can be predicted from fossil leaf
physiognomy with an uncertainty of σH = 5.5
kJ/kg. In addition, the standard errors for the es-
timates of temperature, specific humidity, and
relative humidity are respectively, σT = 1.8 °C,
σq = 1.7 g/kg, and σRH = 13%.

The interpretation of the projected scores
along the given axes is simplified because
CANOCO transforms both the environmental
and physiognomic data onto the same axes (see
Fig. 10). These projected scores create vectors
that provide visual aids for comparisons between

climate parameters. The total length of a climate
parameter vector indicates the relative impor-
tance for explaining variations in the physiog-
nomic data set. The vector length along a given
axis (i.e., the direction) signifies the relative im-
portance of the climate parameter for constrain-
ing that axis.

The mean annual temperature vector is the
longest and aligns most closely with the first axis,
signifying that mean annual temperature explains
more overall variations in the physiognomic data
than any other climate variable. Because the tem-
perature vector aligns more with the first axis
than do the other variables (see Fig. 10), the first
axis is referred to as the temperature axis. The
relative humidity and specific humidity vectors
enclose the second axis and accordingly, the sec-
ond axis is referred to as the moisture stress axis.
The enthalpy vector projects roughly equally
onto the first and second axes, indicating that en-
thalpy contains relevant information regarding
both temperature and moisture, as anticipated.
These associations allow us to infer which char-
acter states are most important for estimating the
climate parameters discussed in the following.

The relative directions of the four climate pa-
rameter vectors are explained by the physical re-
lation between them. First, the temperature vec-
tor is nearly orthogonal to the relative humidity
vector. This is consistent with relative humidity
being a departure from saturation conditions,
which should be nearly independent of tempera-
ture. Second, the specific humidity is midway be-
tween the relative humidity and temperature vec-
tors. Because the specific humidity is a measure
of the total water vapor content of the air, it
should be correlated with both temperature and
the relative humidity, as shown. Last, the en-
thalpy vector is between both specific humidity
and temperature, which follows from the defini-
tion of enthalpy as the combined specific and la-
tent heat energies. 

The projections of the physiognomic charac-
teristics onto a given axis represent the relative
importance of the characteristics for explaining
the environmental variations along that axis. The
first axis (Fig. 11), which is strongly related to
mean annual temperature, has significant contri-
butions from the entire margin (2) (i.e., no teeth),
small leaf sizes (8–10), and emarginate apex
character states (17). In contrast to this, the sec-
ond axis, related to moisture stress, has contribu-
tions from the large leaf sizes (13–16), attenuate
apices (20), and long narrow leaves (28).

Because estimates of mean annual tempera-
ture, specific humidity, and relative humidity are
determined independently, an alternative esti-
mate of the mean annual enthalpy can be calcu-
lated by combining the respective energy compo-
nents. To use the relative humidity estimate to
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Figure 8. The predictions of the climate parameters from the plant character state variables

as given by canonical correspondence analysis are plotted vs. the observations for the plant col-

lection sites for mean annual enthalpy (kJ/kg), temperature (°C), specific humidity (g/kg), and

relative humidity.
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The estimate of a climate parameter is ob-
tained by projecting the physiognomic scores of
a given sample onto the vector obtained for the
climate parameter. The value of the climate
parameter is plotted against the value of the pro-
jection onto the climate vector in the physiog-
nomic space. A least-squares fit is obtained and
provides a predictive formula for the given cli-
mate parameter (see Wolfe, 1995). 

Results of Physiognomy-Climate Analysis.

From the CLAMP data and associated mean an-
nual climate data, we obtained estimates of en-
thalpy, temperature, relative humidity, and spe-
cific humidity (Fig. 8). The data set was reduced
by removing the outliers as indicated by scores
along the third and fourth axes (see Wolfe,
1995, for a description). The axis eigenvalues

from CANOCO indicate that significant infor-
mation is contained in the first six axes (Fig. 9)
and implies that the use of axes three and four as
an outlier indicator should be robust. The esti-
mates of the climate data indicate that mean an-
nual enthalpy can be predicted from fossil leaf
physiognomy with an uncertainty of σH = 5.5
kJ/kg. In addition, the standard errors for the es-
timates of temperature, specific humidity, and
relative humidity are respectively, σT = 1.8 °C,
σq = 1.7 g/kg, and σRH = 13%.

The interpretation of the projected scores
along the given axes is simplified because
CANOCO transforms both the environmental
and physiognomic data onto the same axes (see
Fig. 10). These projected scores create vectors
that provide visual aids for comparisons between

climate parameters. The total length of a climate
parameter vector indicates the relative impor-
tance for explaining variations in the physiog-
nomic data set. The vector length along a given
axis (i.e., the direction) signifies the relative im-
portance of the climate parameter for constrain-
ing that axis.

The mean annual temperature vector is the
longest and aligns most closely with the first axis,
signifying that mean annual temperature explains
more overall variations in the physiognomic data
than any other climate variable. Because the tem-
perature vector aligns more with the first axis
than do the other variables (see Fig. 10), the first
axis is referred to as the temperature axis. The
relative humidity and specific humidity vectors
enclose the second axis and accordingly, the sec-
ond axis is referred to as the moisture stress axis.
The enthalpy vector projects roughly equally
onto the first and second axes, indicating that en-
thalpy contains relevant information regarding
both temperature and moisture, as anticipated.
These associations allow us to infer which char-
acter states are most important for estimating the
climate parameters discussed in the following.

The relative directions of the four climate pa-
rameter vectors are explained by the physical re-
lation between them. First, the temperature vec-
tor is nearly orthogonal to the relative humidity
vector. This is consistent with relative humidity
being a departure from saturation conditions,
which should be nearly independent of tempera-
ture. Second, the specific humidity is midway be-
tween the relative humidity and temperature vec-
tors. Because the specific humidity is a measure
of the total water vapor content of the air, it
should be correlated with both temperature and
the relative humidity, as shown. Last, the en-
thalpy vector is between both specific humidity
and temperature, which follows from the defini-
tion of enthalpy as the combined specific and la-
tent heat energies. 

The projections of the physiognomic charac-
teristics onto a given axis represent the relative
importance of the characteristics for explaining
the environmental variations along that axis. The
first axis (Fig. 11), which is strongly related to
mean annual temperature, has significant contri-
butions from the entire margin (2) (i.e., no teeth),
small leaf sizes (8–10), and emarginate apex
character states (17). In contrast to this, the sec-
ond axis, related to moisture stress, has contribu-
tions from the large leaf sizes (13–16), attenuate
apices (20), and long narrow leaves (28).

Because estimates of mean annual tempera-
ture, specific humidity, and relative humidity are
determined independently, an alternative esti-
mate of the mean annual enthalpy can be calcu-
lated by combining the respective energy compo-
nents. To use the relative humidity estimate to
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Figure 8. The predictions of the climate parameters from the plant character state variables

as given by canonical correspondence analysis are plotted vs. the observations for the plant col-

lection sites for mean annual enthalpy (kJ/kg), temperature (°C), specific humidity (g/kg), and

relative humidity. Forest et al., , GSA Bull 1999

h = ′cPT + LVq + gZ
= H + gZ

Z =
H sea level − Hhigh

g

moist static energy (h) is moist enthalpy (H) plus GPE--H is temperature times heat capacity of moist air plus latent heat of vaporization of water times 
specific humidity.  If h is conserved, then differences in H give elevation



ing correspondence analysis (Wolfe, 1993) to
determine the relation between climate and leaf
shapes and sizes. Others have also employed
multivariate regression techniques using the
CLAMP data to infer paleoclimate parameters
(Wolfe, 1990; Gregory, 1994; Gregory and
Chase, 1992; Forest et al., 1995; Greenwood and
Wing, 1995). 

Although quantitative theories cannot account
for the character states of leaves, sufficient work

demonstrates that physical processes and proper-
ties are qualitatively responsible for leaf morphol-
ogy systematically varying with environmental
factors. The physiognomic relation to environ-
ment should be “robust in space and time because
it is controlled primarily by the physical laws of
gas diffusions, fluid transport, and evaporation”
(Herman and Spicer, 1996, p. 330). This suggests
that observed relationships between physiognomy
and climate are unlikely to result from coinci-

dence and probably reflect patterns that existed in
the past.

Estimating Paleoclimate

The task remains to determine the mean an-
nual enthalpy from plant physiognomy. We pre-
sent an analysis relating foliar physiognomic
character states to mean annual values of en-
thalpy, temperature, specific humidity, and rela-
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Figure 4. Same as top of Figure 3, except for winter (top) and spring (bottom) seasons. 
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tive humidity that exploits the method and data in

the CLAMP (Wolfe, 1993). From present-day

plant data collected from North America, Puerto

Rico, and Japan, we searched among leaf param-

eters for linear combinations of the foliar charac-

ter states that covary with the local climates. By

doing so, we determine which foliar character

states covary with one another and which best

correlate with climate parameters.

Data. To extract climate information (e.g.,

mean annual temperature, precipitation, specific

humidity, or moist enthalpy) from fossil flora, one

must first determine which typical foliar character

states of extant plants show relations to present-

day local climate. For forests in well-character-

ized climates, Wolfe (1993) measured average

character states of foliar physiognomy, weighting

each taxon equally (otherwise, taxa are ignored).

For each taxon, the character states of its repre-

sentative leaves were identified and recorded. The

character states can be separated into seven cate-

gories (see Tables 5 and 6 and Fig. 6). For each

vegetation site, the numbers of displayed charac-

ter states for all represented species were totaled

and the percentages of species exhibiting a given

character state were calculated. This percentage

was called the score of the leaf character state for

a given site. (See Wolfe [1993] for the method of

calculating character state scores.) In all, Wolfe

(1993) scored leaf samples for 29 leaf character

Figure 5. Same as top of Figure 3, except for summer (top) and autumn (bottom). 

Forest et al., , GSA Bull 1999

Moist static energy in atmosphere today

Summer

Autumn
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h = ′cPT + LVq + gZ = H + gZ

So is moist energy h preserved?



from desert to wet tropical forest to boreal
forest. Physiognomic character states deter-
mined or measured for all species in the
samples were then analyzed in a multivari-
ate context. In the Climate-Leaf Analysis
Multivariate Program (CLAMP), we used
canonical correspondence analysis (6, 7), a
multivariate ordination method that is
widely used in ecology (8) to rank samples
simultaneously relative to several environ-
mental factors (such as temperature and
precipitation values) by partial constraint of
the ordination axes by supplied environ-
mental data. Because leaf physiognomy
character states have typically nonlinear re-
lations to environmental parameters (5),
canonical correspondence analysis, which
was developed to analyze nonlinear rela-
tions, is preferred to methods that assume
linear relations (such as multiple regression
analysis).

Among the environmental parameters
that can be inferred from leaf physiognomy,
we concentrated on mean annual tempera-
ture, specific humidity, and enthalpy (Fig.
1). Forest et al. (9) have shown that mean
annual values of moist static energy, a ther-
modynamically conserved variable in the
atmosphere, are approximately zonally in-
variant. The moist static energy h of an air
parcel consists of three terms that quantify
the total energy content (per unit of mass)
of the air parcel (the negligibly small kinet-
ic energy is excluded):

h ⇧ cpT ⌅ Lvq ⌅ gZ ⇧ H ⌅ gZ

where cp is the specific heat capacity of
moist air at constant pressure, T is the
absolute temperature, Lv is the latent heat
of vaporization, q is the specific humidity, g

is the gravitational acceleration, Z is height,
and H (⇧ cpT ⌅ Lvq) is enthalpy. With the
assumption that moist static energy is zon-
ally invariant, the difference between two
estimates of mean annual enthalpy for sites
at similar paleolatitudes should yield an es-
timate of their difference in potential ener-
gy, gZ.

Some error is introduced because moist
static energy varies with longitude; this er-
ror (⇤h) has been estimated (9, 10) to be
4.5 kJ kg⇥1. Additional error is introduced
because the enthalpy predicted for sites in
the CLAMP database differs from observed
or calculated enthalpy. In canonical corre-
spondence analysis, the standard error for
the predicted enthalpy (⇤H) is 4.2 kJ kg⇥1.
When the standard error is applied to two
coeval sites, the combination of the two
errors produces a standard error in the esti-
mated difference in altitude of �760 m

⇤Z ⇧ �2⇤H
2 ⌅ ⇤h

2

g2 ⇧ 760 m

In a previous analysis that estimated al-
titude for a late Eocene (�35 Ma) flora in
Colorado, Forest et al. (9) used principal
components analysis, which assumes linear-
ity, to derive direct estimates of enthalpy
and of mean annual temperature (T) and
specific humidity (q) for samples then com-
posing the CLAMP database (11). Canon-
ical correspondence analysis corroborates
that H, T, and q can be estimated from leaf
physiognomy, and, although q is not linear-
ly independent of T, their dependence is
not great (Fig. 1).

The floras included in our analyses occur
in an area bounded by the Pacific Ocean

and almost 118°W longitude and by 36°N
and 42°N latitude, except for one flora at
�45°N (Fig. 2). As shown in Table 1, the
estimates of enthalpy from CLAMP for as-
semblages from rocks deposited 15 to 16 Ma
in the Basin and Range of western Nevada
imply that paleoaltitudes were 2.9 to 3.2
km. The Fallon and Chloropagus assem-
blages imply that paleoaltitudes were close
to present altitudes and thus that the col-
lapse might have occurred between 14 and
15 Ma; the size of these assemblages is,
however, small, and thus interpretations are
uncertain (12). The Chalk Hills and Al-
drich Station assemblages indicate that by
�12.5 to 13 Ma, western Nevada stood at
about its present altitude (Fig. 3). The trend
to increasing temperature shown by the Ne-
vada mid-Miocene floras is counter to the
observations from oxygen isotope data in

Fig. 1. Plot of the canon-
ical correspondence
analysis of environmen-
tal factors (arrows),
modern samples (open
circles), and fossil leaf
assemblages (solid cir-
cles). Axis 1 (which is
shown as vertical here),
which explains �50% of
the physiognomic varia-
tion, represents temper-
ature factors; whereas
axis 2, which explains
�20% of the physio-
gnomic variation, repre-
sents water stress. The
length of the environ-
mental vector approxi-
mates the relative signifi-
cance of the environmental factor in explaining variation; enthalpy, which varies relative to altitude, is
almost as significant as mean annual temperature. Other environmental factors included in the analysis
but not shown here are the cold-month and warm-month mean temperatures, growing season length,
precipitation during the three consecutive driest months and three consecutive wettest months during
the growing season, mean growing season and mean annual precipitation, and relative humidity, all of
which had shorter vectors than T and H. The modern samples analyzed exclude the subalpine samples.

Fig. 2. Map of part of California and Nevada
showing the present-day topography and the
Miocene fossil sites (⌅) that produced the collec-
tions of leaves analyzed in this report. Numbers
coordinate with those in parentheses after the as-
semblage names in Table 1. Not shown is Molalla,
which is about 50 km southeast of Portland, Ore-
gon, on the eastern side of the Willamette Valley.

Fig. 3. Paleoaltitudinal estimates for middle Mio-
cene leaf assemblages of western Nevada (cir-
cles) versus time. The altitude estimates for as-
semblages from �15 to 16 Ma are consistently
higher than present-day altitudes (denoted by
squares), whereas late middle Miocene (12 to 14
Ma) assemblages have estimates that are close to
present-day altitudes.
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from desert to wet tropical forest to boreal
forest. Physiognomic character states deter-
mined or measured for all species in the
samples were then analyzed in a multivari-
ate context. In the Climate-Leaf Analysis
Multivariate Program (CLAMP), we used
canonical correspondence analysis (6, 7), a
multivariate ordination method that is
widely used in ecology (8) to rank samples
simultaneously relative to several environ-
mental factors (such as temperature and
precipitation values) by partial constraint of
the ordination axes by supplied environ-
mental data. Because leaf physiognomy
character states have typically nonlinear re-
lations to environmental parameters (5),
canonical correspondence analysis, which
was developed to analyze nonlinear rela-
tions, is preferred to methods that assume
linear relations (such as multiple regression
analysis).

Among the environmental parameters
that can be inferred from leaf physiognomy,
we concentrated on mean annual tempera-
ture, specific humidity, and enthalpy (Fig.
1). Forest et al. (9) have shown that mean
annual values of moist static energy, a ther-
modynamically conserved variable in the
atmosphere, are approximately zonally in-
variant. The moist static energy h of an air
parcel consists of three terms that quantify
the total energy content (per unit of mass)
of the air parcel (the negligibly small kinet-
ic energy is excluded):

h ⇧ cpT ⌅ Lvq ⌅ gZ ⇧ H ⌅ gZ

where cp is the specific heat capacity of
moist air at constant pressure, T is the
absolute temperature, Lv is the latent heat
of vaporization, q is the specific humidity, g

is the gravitational acceleration, Z is height,
and H (⇧ cpT ⌅ Lvq) is enthalpy. With the
assumption that moist static energy is zon-
ally invariant, the difference between two
estimates of mean annual enthalpy for sites
at similar paleolatitudes should yield an es-
timate of their difference in potential ener-
gy, gZ.

Some error is introduced because moist
static energy varies with longitude; this er-
ror (⇤h) has been estimated (9, 10) to be
4.5 kJ kg⇥1. Additional error is introduced
because the enthalpy predicted for sites in
the CLAMP database differs from observed
or calculated enthalpy. In canonical corre-
spondence analysis, the standard error for
the predicted enthalpy (⇤H) is 4.2 kJ kg⇥1.
When the standard error is applied to two
coeval sites, the combination of the two
errors produces a standard error in the esti-
mated difference in altitude of �760 m

⇤Z ⇧ �2⇤H
2 ⌅ ⇤h

2

g2 ⇧ 760 m

In a previous analysis that estimated al-
titude for a late Eocene (�35 Ma) flora in
Colorado, Forest et al. (9) used principal
components analysis, which assumes linear-
ity, to derive direct estimates of enthalpy
and of mean annual temperature (T) and
specific humidity (q) for samples then com-
posing the CLAMP database (11). Canon-
ical correspondence analysis corroborates
that H, T, and q can be estimated from leaf
physiognomy, and, although q is not linear-
ly independent of T, their dependence is
not great (Fig. 1).

The floras included in our analyses occur
in an area bounded by the Pacific Ocean

and almost 118°W longitude and by 36°N
and 42°N latitude, except for one flora at
�45°N (Fig. 2). As shown in Table 1, the
estimates of enthalpy from CLAMP for as-
semblages from rocks deposited 15 to 16 Ma
in the Basin and Range of western Nevada
imply that paleoaltitudes were 2.9 to 3.2
km. The Fallon and Chloropagus assem-
blages imply that paleoaltitudes were close
to present altitudes and thus that the col-
lapse might have occurred between 14 and
15 Ma; the size of these assemblages is,
however, small, and thus interpretations are
uncertain (12). The Chalk Hills and Al-
drich Station assemblages indicate that by
�12.5 to 13 Ma, western Nevada stood at
about its present altitude (Fig. 3). The trend
to increasing temperature shown by the Ne-
vada mid-Miocene floras is counter to the
observations from oxygen isotope data in

Fig. 1. Plot of the canon-
ical correspondence
analysis of environmen-
tal factors (arrows),
modern samples (open
circles), and fossil leaf
assemblages (solid cir-
cles). Axis 1 (which is
shown as vertical here),
which explains �50% of
the physiognomic varia-
tion, represents temper-
ature factors; whereas
axis 2, which explains
�20% of the physio-
gnomic variation, repre-
sents water stress. The
length of the environ-
mental vector approxi-
mates the relative signifi-
cance of the environmental factor in explaining variation; enthalpy, which varies relative to altitude, is
almost as significant as mean annual temperature. Other environmental factors included in the analysis
but not shown here are the cold-month and warm-month mean temperatures, growing season length,
precipitation during the three consecutive driest months and three consecutive wettest months during
the growing season, mean growing season and mean annual precipitation, and relative humidity, all of
which had shorter vectors than T and H. The modern samples analyzed exclude the subalpine samples.

Fig. 2. Map of part of California and Nevada
showing the present-day topography and the
Miocene fossil sites (⌅) that produced the collec-
tions of leaves analyzed in this report. Numbers
coordinate with those in parentheses after the as-
semblage names in Table 1. Not shown is Molalla,
which is about 50 km southeast of Portland, Ore-
gon, on the eastern side of the Willamette Valley.

Fig. 3. Paleoaltitudinal estimates for middle Mio-
cene leaf assemblages of western Nevada (cir-
cles) versus time. The altitude estimates for as-
semblages from �15 to 16 Ma are consistently
higher than present-day altitudes (denoted by
squares), whereas late middle Miocene (12 to 14
Ma) assemblages have estimates that are close to
present-day altitudes.
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Figure 3. Historical and modern stomatal density (SD) data
sets of Quercus kelloggii vs. pCO2 from herbarium leaves
(sun � shade) collected in (1) 1891–1900, (2) 1934–1935, (3)
1936–1940, and recent field collections, (4) 2003, demon-
strating similar SD response rates—(1)⇥30.273, (2)⇥32.046,
(3) ⇥27.756, and (4) ⇥28.528, respectively—to decreasing
pCO2 but different intercepts.

physiological outliers indicated by more negative ⇥13C values), will

yield the most accurate paleoelevation estimates in future application

of the stomatal paleoaltimeter to fossil floras.

TEST OF CLIMATE INDEPENDENCE

The climate independence of a pCO2 paleoaltimeter relies on two

important prerequisites: (1) decreases in pCO2 with elevation are glob-

ally predictable and relatively insensitive to changes in local or global

July temperatures (t; equation 3) and (2) the relationship between SD

and SI with pCO2 is not influenced by regional differences in terrestrial

temperature lapse rates or climate.

The first prerequisite is supported by the observation that the pCO2
decrease with elevation is relatively insensitive to deviations in mean

July temperature (equation 2) irrespective of differences in ambient sea-

level CO2 (data not shown). For example, a mean July paleotemperature

estimate for an Eocene high-elevation fossil flora with an error of ⇧10
⌃C would result in a paleoelevation error of only ⇧50 m.

To test the second prerequisite, SD and SI were collected from an

additional independent set of Q. kelloggii herbarium specimens for

which historical climate records (Karl et al., 1990) were available with-

in 0.15⌃ latitude of the specimen for the year of leaf growth (Data
Repository Table DR11). Stomatal densities and indices of both sun

and shade leaf samples collected between 1898 and 1964 and spanning

wide latitudinal temperature (33⌃14�W to 41⌃21�W) and longitudinal
(116⌃43�N to 122⌃17�N) precipitation gradients showed no significant
correlations with mean spring or summer temperature or mean annual

or spring precipitation (r2 � 0.22, 0.009, 0.015, 0.011). When re-

gressed with sea-level CO2, however, SD showed the expected inverse

relationship (r2 � 0.69). These results support the conclusion that a

new partial pressure–based paleoaltimeter, using SD as a proxy for

pCO2, will be independent of long-term Cenozoic climatic cooling

when applied to the fossil record.

LIMITATIONS AND PROJECTED PALEOELEVATION

ERRORS

Both the magnitude and rate of SD response by plants to pCO2
are highly species specific (Beerling and Royer, 2002). Therefore, it is

unlikely that this method of estimating paleoelevation can be applied

to fossil floras not containing extant species, limiting the method to

Eocene and younger fossil floras. Further, as most species occupy rel-

atively narrower elevation ranges than Q. kelloggii, they are unlikely

to be present in both high-elevation and coeval sea-level fossil floras.

In such cases, estimation of both high-elevation (cd2; equation 3) and

sea-level (cd1; equation 3) CO2 will be necessary from different extant

fossil species calibrated independently with their respective species-

calibration data sets.

More critical is the observation that stomatal frequency responses

by plants to pCO2 are often nonlinear and show a tendency to saturate

with increasing sea-level CO2 (Kürschner et al., 1997). This observa-

tion has important implications for application of a stomatal pCO2
paleoaltimeter to periods characterized by more elevated sea-level CO2
than that of the present day. To explore this potential limitation further,

Q. kelloggii SD responses to pCO2 for three different historical inter-

vals—(1) 1891–1900, (2) 1934–1935, and (3) 1936–1940, character-

ized by similar sea-level CO2 (29.5, 30.6, and 30.7 Pa, respectively)—

were compared with those from 2003 when sea-level CO2 (37.5 Pa)

was ⌥20% higher because of higher fossil fuel use (Neftel et al., 1994).
The data are encouraging, as no saturation in the SD response to sea-

level CO2 is apparent. However, although the slopes of the SD re-

1GSA Data Repository item 2004162, Tables DR1, geographical locations
and climatic data associated with herbarium specimens of Quercus kelloggii,
and Table DR2, geographical and ecological settings of Q. kelloggii specimens
collected in 2003, is available online at www.geosociety.org/pubs/ft2004.htm,
or on request from editing@geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301-9140, USA.

sponses are very similar, the intercepts are significantly different (Fig.

3), suggesting that differences in sea-level CO2 between a modern SD

calibration data set and that of the fossil flora for which paleoelevation

is being estimated may introduce a potentially large paleoelevation

error.

To estimate the magnitude of this potential error, the elevations

of 11 widely geographically spaced trees of Q. kelloggii (Table DR2;

see footnote 1), collected at precisely known elevations from California

in summer 2003, were estimated by using the SD calibration data set

from 1934 to 1935 to calculate cd2 (equation 3). As expected, owing

to differences in the intercepts of SD vs. pCO2 between 1934–1935

and 2003 (Fig. 3), the average elevation error was large (⌅⇧2000 m;
data not shown). However, because the slopes of the SD response to

pCO2 for both 1934–1935 and 2003 are so similar (Fig. 3), application

of a simple correction factor to cd2, taking into account differences in

the intercepts (calculated as the difference in cd1 [equation 3] between

2003 and the 1934–1935 calibration data set), reduced the average

error of estimated elevation to ⌅⇧300 m (Fig. 4). Application of this

new pCO2 paleoaltimeter to high-elevation fossil floras will thus re-

quire correction of cd2 in equation 3 by adding or subtracting

[cd1(fossil)  cd1(calibration)]. Use of this correction factor will ensure

more accurate paleoelevation estimates from fossil-leaf SD during in-

tervals when sea-level CO2 was both higher as in the Eocene (⌅56
Pa) and lower as in the Miocene (⌅22.5–32.5 Pa) than that of the
present day (⌅37 Pa).

CONCLUSIONS

Although these results are preliminary and further exploration of

biological and environmental factors influencing the stomatal paleoal-

timeter is required, it is projected from the analyses carried out here

that application to the fossil record of Q. pseudolyrata will yield pa-

leoelevation estimates within average errors of ⌅⇧300 m, whether
linear or nonlinear transfer functions are used to estimate cd2 from SD

(Fig. 4). Such errors are lower than those associated with the majority

of existing paleoaltimeters. However, as demonstrated in Figure 4, be-

cause of the nonlinearity of SD responses to pCO2, results indicate that

paleoelevations of ⇤⌅1000 m are likely to be underestimated, whereas
those above 2000 m are more likely to be slightly overestimated. De-
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Figure 4. Actual (black bars) vs. estimated elevations of Quer-
cus kelloggii collected in 2003 based on mean stomatal density
(SD) of one leaf sample per tree or shrub. White and gray bars
indicate elevations estimated by using equation 3, where cd2
was estimated using linear transfer function (SD vs. pCO2 for
1934–1935 specimens from >1000 m, Fig. 2) and nonlinear
shade-leaf transfer function (SD vs. pCO2 for 1934–1935 spec-
imens from >0 m), respectively. Table DR2 (see footnote 1 in
text) gives geographical and ecological setting of each Q. kel-
loggii specimen.

spite these limitations, this paleoaltimeter—because of its climate-

independent nature and the fact that paleoatmospheric CO2 and paleo-

elevation estimates can be simultaneously generated as far back as the

fossil record of extant taxa will allow—offers the potential of testing

empirically for the first time whether tectonic uplift, via enhanced

chemical weathering of silicates, forced Cenozoic climatic cooling.
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Kürschner, W.M., Wagner, F., Visscher, E.H., and Visscher, H., 1997, Predicting
the response of leaf stomatal frequency to a future CO2-enriched atmo-
sphere: Constraints from historical observations: Geologische Rundschau,
v. 86, p. 512–517.

Lake, J.A., Quick, W.P., Beerling, D.J., and Woodward, F.I., 2001, Plant devel-
opment—Signals from mature to new leaves: Nature, v. 411, p. 154.

McElwain, J.C., 2002, A novel CO2 partial pressure–based method of estimat-
ing paleo-elevation from fossil plants: Geological Society of America Ab-
stracts with Programs, v. 34, no. 6, p. 61.

McElwain, J.C., and Chaloner, W.G., 1995, Stomatal density and index of fossil
plants track atmospheric carbon-dioxide in the Paleozoic: Annals of Bot-
any, v. 76, p. 389–395.

McElwain, J.C., Mayle, F.E., and Beerling, D.J., 2002, Stomatal evidence for a
decline in atmospheric CO2 concentration during the Younger Dryas sta-
dial: A comparison with Antarctic ice core records: Journal of Quaternary
Science, v. 17, p. 21–29.

Meyer, H.W., 1992, Lapse rates and other variables applied to estimating pa-
leoaltitudes from fossil floras: Palaeogeography, Palaeoclimatology, Pa-
laeoecology, v. 99, p. 71–99.

Molnar, P., and England, P., 1990, Late Cenozoic uplift of mountain-ranges and
global climate change—Chicken or egg: Nature, v. 346, p. 29–34.

Mulch, C.T., Teyssier, C., Cosca, M.A., Vanderhaenghe, O., and Vennemann,
T.W., 2004, Reconstructing paleoelevation in eroded orogens: Geology,
v. 32, p. 525–528.

Neftel, A.H., Friedli, H., Moore, H., Lotscher, H., Oeschger, H., Siegenthaler,
U., and Stauffer, B., 1994, Historical carbon dioxide record from the Siple
Station ice core, in Boden, T.A., et al., eds., Trends: A compendium of
data on global change: Oak Ridge, Tennessee, Oak Ridge National Lab-
oratory, Carbon Dioxide Information Analysis Center, p. 11–14.

Raymo, M.E., and Ruddiman, W.F., 1992, Tectonic forcing of late Cenozoic
climate: Nature, v. 359, p. 117–122.

Rowley, D.B., Pierrehumbert, R.T., and Currie, B.S., 2001, A new approach to
stable isotope–based paleoaltimetry: Implications for paleoaltimetry and
paleohypsometry of the High Himalaya since the late Miocene: Earth and
Planetary Science Letters, v. 188, p. 253–268.

Royer, D.L., Berner, R.A., Montanez, I.P., Tabor, N.J., and Beerling, D.J., 2004,
CO2 as a primary driver of Phanerozoic climate: GSA Today, v. 14,
no. 3, p. 4–10.

Sahagian, D.L., Proussevitch, A., and Carlson, W., 2002, Timing of Colorado
Plateau uplift: Initial constraints from vesicular basalt-derived paleoele-
vations: Geology, v. 30, p. 807–810.

Spicer, R.A., Harris, N.B.W., Widdowson, M., Herman, A.B., Guo, S.X., Valdes,
P.J., Wolfe, J.A., and Kelley, S.P., 2003, Constant elevation of southern
Tibet over the past 15 million years: Nature, v. 421, p. 622–624.

Sun, B.N., Dilcher, D.L., Beerling, D.J., Zhang, C.J., Yan, D.F., and Kowalski,
E., 2003, Variation in Ginkgo biloba L. leaf characters across a climatic
gradient in China: National Academy of Sciences Proceedings, v. 100,
p. 7141–7146.

Tajika, E., and Matsui, T., 1993, Degassing history and carbon-cycle of the
Earth—From an impact-induced steam atmosphere to the present atmo-
sphere: Lithos, v. 30, p. 267–280.

Terashima, I., Masuzawa, T., Ohba, H., and Yokoi, Y., 1995, Is photosynthesis
suppressed at higher elevations due to low CO2 pressure: Ecology, v. 76,
p. 2663–2668.

Wolfe, J.A., Schorn, H.E., Forest, C.E., and Molnar, P., 1997, Paleobotanical
evidence for high altitudes in Nevada during the Miocene: Science, v. 276,
p. 1672–1675.

Woodward, F.I., 1986, Ecophysiological studies on the shrub Vaccinium myr-
tillus L. taken from a wide altitudinal range: Oecologia, v. 70, p. 580–586.

Woodward, F.I., 1987, Stomatal numbers are sensitive to increase in CO2 from
preindustrial levels: Nature, v. 327, p. 617–618.

Woodward, F.I., and Bazzaz, F.A., 1988, The responses of stomatal density to
CO2 partial-pressure: Journal of Experimental Botany, v. 39,
p. 1771–1781.

Manuscript received 21 June 2004
Revised manuscript received 1 September 2004
Manuscript accepted 4 September 2004

Printed in USA

McElwain, Geology 2004

� 2004 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org.

Geology; December 2004; v. 32; no. 12; p. 1017–1020; doi: 10.1130/G20915.1; 4 figures; Data Repository item 2004162. 1017

Climate-independent paleoaltimetry using stomatal density in fossil
leaves as a proxy for CO2 partial pressure
Jennifer C. McElwain Department of Geology, Field Museum of Natural History, 1400 South Lake Shore Drive, Chicago,

Illinois 60605, USA

ABSTRACT

Existing methods for determining paleoelevation are primarily

limited by (1) large errors (⇥450 m), (2) a reliance on incorrect
assumptions that lapse rates in terrestrial temperature decrease

with altitude in a globally predictable manner, and/or (3) are in-

herently climate dependent. Here I present a novel paleoelevation

tool, based on a predictable, globally conserved decrease in CO2
partial pressure (pCO2) with altitude, as indicated by increased

stomatal frequency of plant leaves. The approach was validated

using historical populations of black oak (Quercus kelloggii). These

analyses demonstrate highly significant inverse relationships be-

tween stomatal frequency and pCO2 (r
2 ⌃ 0.73), independent of

ecological or local climatic variability. As such, this is the first

paleobotanical method to be globally applicable and independent

of long-term Cenozoic climate change. Further, tests on modern

leaves of known elevations indicate that species-specific application

to the fossil record of Q. kelloggii (� Q. pseudolyrata) will yield

paleoelevation estimates within average errors of ⌅⇥300 m, rep-
resenting a significant improvement in accuracy over the majority

of existing methods.

Keywords: paleoelevation, stomatal density, California, paleoaltimeter,

carbon dioxide, Quercus.

INTRODUCTION

Despite advances in paleoaltimetry (Forest et al., 1995; Rowley

et al., 2001; Sahagian et al., 2002; Spicer et al., 2003, Mulch et al.,

2004), uncertainties and limitations associated with current methods

hamper our ability to test hypotheses on the links among tectonic uplift,

the long-term carbon cycle, and climatic cooling through the Cenozoic

(Molnar and England, 1990; Raymo and Ruddiman, 1992). Many ex-

isting paleoaltimeters are inherently climate sensitive. It remains dif-

ficult to decipher the influence of long-term global climate change from

more local or regional climatic change caused by tectonic uplift (Forest

et al., 1995; Meyer, 1992; Rowley et al., 2001). Among paleobotanical

approaches, the CLAMP (Climate Leaf Analysis Multivariate Pro-

gram)–enthalpy paleobarometer (Spicer et al., 2003) is the most ac-

curate, as it utilizes changes in leaf physiognomy as a proxy for moist

static energy, a parameter that, unlike temperature, changes predictably

with elevation (Forest et al., 1995; Wolfe et al., 1997). However, the

method is limited at low latitudes (Spicer et al., 2003) and is sensitive

to changes in sea-surface temperature and monsoon intensity. A pa-

leoaltimeter using bubble density and distribution in basaltic lava flows

to quantify atmospheric pressure (Sahagian et al., 2002) is climate in-

dependent. However, this method, which has an error of ⇧400 m, re-
quires the lava flow to be ⇤1 m in height and to have a simple em-

placement history (Sahagian et al., 2002).

Here I present a new climate-independent paleoaltimeter, which

uses a well-established and genetically controlled inverse relationship

between leaf stomatal frequency and pCO2 as a proxy for paleoele-

vation. This relationship was first observed in plant leaves collected

along elevation gradients of declining pCO2 (Körner et al., 1986;

Woodward, 1986) and has since been widely used as a means of es-

timating paleoatmospheric pCO2 from fossil plants of Devonian

(McElwain and Chaloner, 1995) to Quaternary age (McElwain et al.,

2002). The reduction in pCO2 with altitude is thought to exert a phys-

iological limitation on plant photosynthesis, which is compensated for

by increasing the plant leaves’ maximum conductance to gaseous dif-

fusion, attained by increased stomatal density (SD: number of stomata

per square millimeter) and stomatal index (SI: ratio of number of sto-

mata to total number of epidermal cells plus stomata expressed as a

percentage) (Woodward and Bazzaz, 1988). Although this functional

explanation for increased SD and SI with elevation is still debated

(Terashima et al., 1995), the potential use of this anatomical response

as a paleoelevation proxy has been little realized (Beerling and Royer,

2002; McElwain, 2002) and never rigorously tested. This paper pre-

sents (1) a methodology for application of this pCO2-based paleoele-

vation proxy to the plant fossil record, (2) analysis of the response rate

of Quercus kelloggii SD and SI to pCO2 decline with elevation, (3) a

test of the climatic sensitivity of the stomatal paleoaltimeter, and (4)

an investigation of its potential accuracy.

THEORETICAL BASIS FOR A pCO2 PALEOALTIMETER

The volume percentage of CO2 (mole fraction) in the atmosphere

remains almost constant with increasing elevation (Gale, 1972). The

partial pressure (i.e., mass per volume) of CO2 decreases with decreas-

ing barometric pressure [pp(z) in pascals]:

(⌥m gz/Rt)airpp(z) ⇥ 101,325 , (1)

where mair is the molecular weight of air (28,964 � 10⌥3 kg·mol⌥1), z

is altitude in meters, g is acceleration due to gravity (9.806 m·s⌥2), R is

the universal gas constant (8.3145 J/mol) and t is mean July temperature

(in kelvin). Under the assumptions that (1) globally averaged atmospher-

ic pressure at sea level (101,325 Pa) has not changed significantly over

the Cenozoic, as atmospheric mass has been relatively invariant (Tajika

and Matsui, 1993), and (2) available estimates of molar volume of CO2
at sea level (from here on referred to as sea-level CO2) from paleo-CO2
proxies (Royer et al., 2004) are sufficiently accurate for the Cenozoic, it

follows that change in pCO2 with elevation is globally predictable for

any time over the past 65 m.y. according to

pp(z)
cd (z) ⇥ cd , (2)2 1

101,325

where cd2 and cd1 are pCO2 (Pa) at altitude z (m) and sea level, re-

spectively. The latter assumption is dependent on the proxy or indicator

method employed. The stomatal proxy method (Woodward, 1987) has

been used to estimate Quaternary CO2 within ⇧1 to ⇧3 Pa of ice-core
measurements (McElwain et al., 2002) and has an accuracy range of

⇧1 to ⇧4 Pa in the Tertiary (Royer et al., 2004). Therefore, a pCO2-
based paleoaltimeter can be developed by using the well-established

stomatal CO2 proxy method by solving equation 2 for paleoaltitude (z)

as follows (Beerling and Royer, 2002; McElwain, 2002):

cd t2
(z) ⇥ ln R , (3)⇥ �cd ⌥m g1 air

where cd2 and cd1 are the estimated pCO2 calculated by using the

stomatal proxy CO2 method of a high-altitude fossil plant taxon from

paleoaltitude z (in meters) and an isochronous sea-level taxon,

respectively.
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static energy, a parameter that, unlike temperature, changes predictably

with elevation (Forest et al., 1995; Wolfe et al., 1997). However, the

method is limited at low latitudes (Spicer et al., 2003) and is sensitive

to changes in sea-surface temperature and monsoon intensity. A pa-

leoaltimeter using bubble density and distribution in basaltic lava flows

to quantify atmospheric pressure (Sahagian et al., 2002) is climate in-

dependent. However, this method, which has an error of ⇧400 m, re-
quires the lava flow to be ⇤1 m in height and to have a simple em-

placement history (Sahagian et al., 2002).

Here I present a new climate-independent paleoaltimeter, which

uses a well-established and genetically controlled inverse relationship

between leaf stomatal frequency and pCO2 as a proxy for paleoele-

vation. This relationship was first observed in plant leaves collected

along elevation gradients of declining pCO2 (Körner et al., 1986;

Woodward, 1986) and has since been widely used as a means of es-

timating paleoatmospheric pCO2 from fossil plants of Devonian

(McElwain and Chaloner, 1995) to Quaternary age (McElwain et al.,

2002). The reduction in pCO2 with altitude is thought to exert a phys-

iological limitation on plant photosynthesis, which is compensated for

by increasing the plant leaves’ maximum conductance to gaseous dif-

fusion, attained by increased stomatal density (SD: number of stomata

per square millimeter) and stomatal index (SI: ratio of number of sto-

mata to total number of epidermal cells plus stomata expressed as a

percentage) (Woodward and Bazzaz, 1988). Although this functional

explanation for increased SD and SI with elevation is still debated

(Terashima et al., 1995), the potential use of this anatomical response

as a paleoelevation proxy has been little realized (Beerling and Royer,

2002; McElwain, 2002) and never rigorously tested. This paper pre-

sents (1) a methodology for application of this pCO2-based paleoele-

vation proxy to the plant fossil record, (2) analysis of the response rate

of Quercus kelloggii SD and SI to pCO2 decline with elevation, (3) a

test of the climatic sensitivity of the stomatal paleoaltimeter, and (4)

an investigation of its potential accuracy.

THEORETICAL BASIS FOR A pCO2 PALEOALTIMETER

The volume percentage of CO2 (mole fraction) in the atmosphere

remains almost constant with increasing elevation (Gale, 1972). The

partial pressure (i.e., mass per volume) of CO2 decreases with decreas-

ing barometric pressure [pp(z) in pascals]:

(⌥m gz/Rt)airpp(z) ⇥ 101,325 , (1)

where mair is the molecular weight of air (28,964 � 10⌥3 kg·mol⌥1), z

is altitude in meters, g is acceleration due to gravity (9.806 m·s⌥2), R is

the universal gas constant (8.3145 J/mol) and t is mean July temperature

(in kelvin). Under the assumptions that (1) globally averaged atmospher-

ic pressure at sea level (101,325 Pa) has not changed significantly over

the Cenozoic, as atmospheric mass has been relatively invariant (Tajika

and Matsui, 1993), and (2) available estimates of molar volume of CO2
at sea level (from here on referred to as sea-level CO2) from paleo-CO2
proxies (Royer et al., 2004) are sufficiently accurate for the Cenozoic, it

follows that change in pCO2 with elevation is globally predictable for

any time over the past 65 m.y. according to

pp(z)
cd (z) ⇥ cd , (2)2 1

101,325

where cd2 and cd1 are pCO2 (Pa) at altitude z (m) and sea level, re-

spectively. The latter assumption is dependent on the proxy or indicator

method employed. The stomatal proxy method (Woodward, 1987) has

been used to estimate Quaternary CO2 within ⇧1 to ⇧3 Pa of ice-core
measurements (McElwain et al., 2002) and has an accuracy range of

⇧1 to ⇧4 Pa in the Tertiary (Royer et al., 2004). Therefore, a pCO2-
based paleoaltimeter can be developed by using the well-established

stomatal CO2 proxy method by solving equation 2 for paleoaltitude (z)

as follows (Beerling and Royer, 2002; McElwain, 2002):

cd t2
(z) ⇥ ln R , (3)⇥ �cd ⌥m g1 air

where cd2 and cd1 are the estimated pCO2 calculated by using the

stomatal proxy CO2 method of a high-altitude fossil plant taxon from

paleoaltitude z (in meters) and an isochronous sea-level taxon,

respectively.
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ABSTRACT

Existing methods for determining paleoelevation are primarily

limited by (1) large errors (⇥450 m), (2) a reliance on incorrect
assumptions that lapse rates in terrestrial temperature decrease

with altitude in a globally predictable manner, and/or (3) are in-

herently climate dependent. Here I present a novel paleoelevation

tool, based on a predictable, globally conserved decrease in CO2
partial pressure (pCO2) with altitude, as indicated by increased

stomatal frequency of plant leaves. The approach was validated

using historical populations of black oak (Quercus kelloggii). These

analyses demonstrate highly significant inverse relationships be-

tween stomatal frequency and pCO2 (r
2 ⌃ 0.73), independent of

ecological or local climatic variability. As such, this is the first

paleobotanical method to be globally applicable and independent

of long-term Cenozoic climate change. Further, tests on modern

leaves of known elevations indicate that species-specific application

to the fossil record of Q. kelloggii (� Q. pseudolyrata) will yield

paleoelevation estimates within average errors of ⌅⇥300 m, rep-
resenting a significant improvement in accuracy over the majority

of existing methods.

Keywords: paleoelevation, stomatal density, California, paleoaltimeter,

carbon dioxide, Quercus.
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where mair is the molecular weight of air (28,964 � 10⌥3 kg·mol⌥1), z

is altitude in meters, g is acceleration due to gravity (9.806 m·s⌥2), R is

the universal gas constant (8.3145 J/mol) and t is mean July temperature

(in kelvin). Under the assumptions that (1) globally averaged atmospher-

ic pressure at sea level (101,325 Pa) has not changed significantly over

the Cenozoic, as atmospheric mass has been relatively invariant (Tajika

and Matsui, 1993), and (2) available estimates of molar volume of CO2
at sea level (from here on referred to as sea-level CO2) from paleo-CO2
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follows that change in pCO2 with elevation is globally predictable for
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where cd2 and cd1 are pCO2 (Pa) at altitude z (m) and sea level, re-

spectively. The latter assumption is dependent on the proxy or indicator

method employed. The stomatal proxy method (Woodward, 1987) has

been used to estimate Quaternary CO2 within ⇧1 to ⇧3 Pa of ice-core
measurements (McElwain et al., 2002) and has an accuracy range of

⇧1 to ⇧4 Pa in the Tertiary (Royer et al., 2004). Therefore, a pCO2-
based paleoaltimeter can be developed by using the well-established
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erals is commonly used as a proxy for the isotopic compo-
sition of ancient precipitation [e.g., Amundson et al., 1996].
Many interpretations of isotopic records rely on modern
relationships between the isotopic composition of precip-
itation and some controlling parameter (i.e., mean annual
temperature, latitude, elevation, continentality). Coupled
with an isotope proxy record for ancient precipitation, these
modern relationships form the basis for interpreting aspects
of paleoclimate.
[10] One of the more striking isotopic relationships in the

modern environment is the ‘‘rainout’’ effect whereby air
masses moving inland become progressively depleted in the
heavier isotopes of hydrogen and oxygen as they lose
moisture [Dansgaard, 1964]. The rainout effect is signifi-
cantly enhanced by the presence of large mountains, forcing
air masses to rise, cool, and lose disproportionately large
amounts of isotopically heavier moisture on the windward
side [Dansgaard, 1964; Siegenthaler and Oeschger, 1980].
In many cases, this creates desert environments receiving
isotopically lighter precipitation on the rain shadow side of
the mountains.
[11] Recently, Chamberlain and Poage [2000] compiled

over 30 studies from throughout the world documenting
changes in the isotopic composition of precipitation
(Dd18Oprecipitation) along altitudinal transects or across major
mountain belts, revealing a near-linear global empirical
relationship (slope = !0.21%/100 m) between the relief
of an orographic barrier and Dd18Oprecipitation. This relation-
ship has been revised to !0.28%/100 m in a recent
compilation of data from 68 studies [Poage and Chamber-
lain, 2001]. The topographic development of mountains can
then be quantitatively estimated by measuring a suitable
proxy for d18Oprecipitation through time and using this rela-
tionship between Dd18O of precipitation/surface waters and
change in elevation [Chamberlain and Poage, 2000; Poage
and Chamberlain, 2001]. The accuracy in interpreting
elevation changes is limited by scatter in the global D
elevation versus Dd18Oprecipitation data set [see Poage and
Chamberlain, 2001]. Consequently, small elevation changes
may not be discernable, however larger elevation changes
comparable to modern Sierran elevations should be detect-
able in the isotopic record. Other sources of error in
estimating elevation changes from isotope proxy records
included analytical error ("0.2–0.3%) which is small as
compared to predictive uncertainties, as well as natural
variations in isotopic compositions of similar-aged samples
from the same site or nearby sites. Empirical observation
from many stable isotopic data sets [e.g., Quade et al.,
1989; Stern et al., 1997; this study] suggests that this
variation is on the order of ±1.5% and may also serve to
obscure the isotopic effects of small elevation changes.
[12] The use of authigenic minerals as a proxy for the

isotopic composition of paleoprecipitation can also be
complicated by processes occurring in the surface or shal-
low subsurface components of the hydrologic cycle, many
of which are difficult to constrain. For example, soil water
or shallow groundwater may be isotopically heavier than its
source precipitation due to evaporative effects or water-rock
interaction. In the case of an emergent mountain range,

increased aridity in an emerging rain shadow may result in a
more evaporative surface or shallow subsurface environ-
ment which in turn may dampen the apparent isotopic
change in precipitation. This effect may however be coun-
tered by increased mineral formation temperatures which
would decrease mineral-water isotopic fractionation and
yield isotopically lighter authigenic minerals. The cumula-
tive effects of these and other processes is difficult to
constrain, however, we point out that for large mountain
ranges, the change in d18Oprecipitation resulting from rainout is
large compared to many of these factors. Therefore it is
highly likely that the Dd18Oprecipitation produced by gener-
ation or degradation of large-scale orographic barriers will
be recorded in the isotopic composition of authigenic or
pedogenic minerals.

4. Modern Precipitation and Isotopic Anomaly

[13] Modern precipitation in the western Basin and
Range is distinctly seasonal in both source and amount.
Winter precipitation originates to the west over the Pacific
Ocean and travels eastward over the Sierra en route to the
Basin and Range (Figure 2). Summer precipitation is a
mixture of storms that track from the west and storms that
track from the south or southeast across either the Gulf of
Mexico or Gulf of California. The area of interest is
generally dominated by winter precipitation with winter:-
summer precipitation ratios ranging from 1.1 to 3.7 [Fried-
man et al., 1992]. Accurate long-term isotopic records of
precipitation in the region are lacking, but meteorically
derived surface waters (lakes, springs, rivers) in our study
area have dD values of approximately !90% to !120%
[Ingraham and Taylor, 1991; Friedman et al., 1964, 1992].
Shallow groundwaters in the region have d18O values of

Figure 2. Map showing the principal winter season
circulation patterns (arrows) and moisture sources of the
United States [from Bryson and Hare, 1974]. Also shown
are contoured dD values of surface waters and precipitation
[from Dansgaard, 1964; Friedman et al., 1964]. The
approximate position of the Sierran crest is indicated by the
thick dashed line. The major isotopic anomaly in eastern
California and western Nevada results from the interception
of westerly airstreams by the Sierra Nevada and isotopic
distillation during rainout in passage across the mountains.
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Fig. 1. Raw data for all studies used in this paper. Studies from North America Europe, Central and
South America, and the Himalayas are grouped together. In addition, studies from extreme northern and
southern latitudes (!70°) and studies from exclusively high altitudes (!"5000 m) are grouped together.
Note that there is some overlap between groups as several studies fall into more than one category. The
average r2 value for each category is shown as !r2 and provides a sense of the linearity of individual studies in
each group.

4 M.A. Poage and C.P. Chamberlain—Empirical relationships between elevation

Poage and Chamberlain, Am J Sci 2001
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South America, and the Himalayas are grouped together. In addition, studies from extreme northern and
southern latitudes (!70°) and studies from exclusively high altitudes (!"5000 m) are grouped together.
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each group.
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Fig. 2. Plots of the change in !18O of precipitation versus net elevation change. The North America,
Central and South America, and Europe categories are the same as in figure 1. High altitude studies (#’s
55,56,57) are excluded from the Central and South America plot due to low r2 values. We include no plot for
the Himalayas due to poor r2 values. The Extreme Latitude grouping of figure 1 is broken into northern and
southern groupings. Also included is a Compilation plot showing all the data from North America, Central
and South America, Europe, as well as studies 50 to 54. The best fit regression line shown on each graph is
forced through the origin except for the Compilation plot. Also shown on the Central and South America
category is the best fit polynomial curve. The regression on the Compilation plot is not forced through the
origin for purposes of calculating the predictive error; however, this does not change the slope of the
regression line significantly. The calculated 1 standard error envelope is shown on the Compilation plot. The
best fit polynomial curve for the Compilation plot is indistinguishable from the best linear fit.

8 M.A. Poage and C.P. Chamberlain—Empirical relationships between elevation
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È1600 m of modern elevation. In contrast, dD
of detrital kaolinite is not correlated with
distance from the Eocene shoreline but is
identical to the most deuterium-depleted in
situ kaolinite at the highest reaches of the
Yuba River (Fig. 2). This result is expected, as
detrital kaolinite should be transported down-
stream from its weathering location to the site
of deposition. Systematic differences in dD of
detrital and in situ kaolinite document that
dDkaol values reflect the conditions during
Eocene weathering and that any postdepositional
processes did not affect the dDkaol in the river
deposits (18).

Converting these isotopic compositions to
paleoelevation requires knowledge of dDppt at a

low elevation site. However, in situ kaolinite is
not exposed in the lowest segments of the
ancient Yuba River that we sampled, and the
clay mineral inventory is dominated by detrital
kaolinite. In the absence of isotopic data for
kaolinite at Eocene sea level, we use a value
based on a linear fit through dDkaol (in situ) that
gives a sea level intercept at dDkaol 0 –75 T 5°
(r2 0 0.76) (Fig. 2). This value is lower than
dDkaol in equilibrium with precipitation recorded
at most low-elevation, low-latitude (G 35-) sta-
tions in the modern International Atomic Energy
Agency (IAEA) Global Network of Isotopes in
Precipitation (18, 24). For the most conservative
paleoelevation estimate we, therefore, adopt the
lower bound on the sea level intercept (dDkaol 0
–80°) as our sea level dDkaol, which results in
lower estimated paleoelevations.

Based on the measured dDkaol in the up-
stream regions of the La Porte, Omega, and Gold
Run tributaries (Fig.1), the average D(dDkaol) is
–25° (Fig. 2). This value corresponds to an
average Eocene elevation of the highest ex-
posed ancestral Yuba River deposits of È1.5 km
(1503 þ379/–498 m, including a 5° uncer-
tainty on the dDkaol at sea level) (Fig. 3) (18).
Given that these deposits are found down-
stream of Eocene bedrock canyons, this eleva-
tion likely underestimates paleoelevation of the
headwaters of the Eocene Yuba River, as low-
dD waters must have flowed from adjacent
mountaintops.

Three results come from our paleoaltimetry
analysis. First, Eocene elevations for different
tributaries of the ancestral Yuba River overlap
within error with modern elevations. This
result, seemingly at odds with paleoelevations
inferred from studies based on differential tilt
of Eocene and younger strata (3–5), suggests
that the western slopes of the Eocene and the
modern northern Sierra Nevada were similar.

Second, there is a larger scatter of calculated
elevations observed at 40 to 60 km distance
from the Eocene shoreline (Fig. 2). We suggest

that this scatter reflects the hypsometry of the
drainage patterns along the northwestward-
trending aggradational segment of the ancient
Yuba where the course of the river follows
two major fault zones (Fig. 1). Within this
northwest trending bedrock-controlled segment,
we expect to see mixing of surface runoff from
steep west-directed tributaries that drain high
elevations to the east and meteoric water that
reflects the local hypsometry along the more
shallowly dipping range-parallel river segment.

Third, the result that reconstructed eleva-
tions for all three tributaries are identical
suggests that they were draining a tall range
with moderate relief. This is consistent with the
measured Eocene bedrock incision that is
commonly È200 to 300 m but up to 790 m
near the Sierra Buttes (4) (Fig. 1). Together
with the 1503 þ379/–498 m estimate for the
elevation of the Eocene river bed, the bedrock
incision data imply that Eocene elevations were
1.7 to 1.8 km in the northern Sierra Nevada and
that peaks reached up to È2200 m above sea
level. Both the modern Yuba River headwaters
(È2100 m) and peak elevations (È2780 m) in
the northern Sierra Nevada are È25% higher
than in the Eocene, indicative of post-Eocene
uplift of 350 to 600 m. This result is in
agreement with estimates of 300 to 500 m of
Pliocene (3 to 5 Ma) surface uplift of the Sierra
Nevada as inferred from measured river inci-
sion rates (14). Because relative surface dis-
placements between the western Basin and
Range province and the northern Sierra Nevada
are of Miocene and younger age (25), we spec-
ulate that the Eocene Sierra Nevada formed the
western edge of a high-elevation landscape that
characterized large areas of the western United
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Fig. 2. dDkaol along Eocene Yuba (circles) and
American (triangles) rivers versus distance to
Eocene shoreline. Linear regression through in
situ dDkaol from Yuba River indicates sea level
dDkaol 0 –76 T 5° (r2 0 0.76) within error
identical to kaolinite in isotopic equilibrium with
modern precipitation at the Pacific coast (gray
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fect of northern Sierra Neva-
da as seen in amount and
dD of precipitation along
modern Yuba river (23, 27).
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Kendall and Coplen, 2001; Friedman et al., 
2002). δDglass values from Eocene ignimbrites 
interbedded with fluvial strata show continued 
isotopic distillation across northern Nevada at a 
rate similar to that of the early Oligocene, result-
ing in a decrease of 62‰ ± 4‰ across the entire 
transect. Combined with stratigraphic data, this 
indicates a continuous increase in elevation 
from 0 to 350 km inland.

Eocene glass samples collected from lacus-
trine-deposited ignimbrites have much greater 
δDglass values than those from nearby fluvial 
sections (Fig. 2A), reflecting evaporative lake 
waters, the occurrence of which is supported by 
the progressive decreases in macrofauna and bio-
turbation and increases in kerogen-rich marl, cal-
careous mudstone, and stromatolites up-section. 
δD values reflect their depositional environments 
as determined by stratigraphy, verifying that glass 
faithfully records ancient water δD values.

IMPLICATIONS FOR HINTERLAND 
PALEOTOPOGRAPHY

East of the Paleogene shoreline, decreas-
ing δDglass values in the Eocene and Oligocene 
reflect increasing elevation in an open hydro-
logic system, unlike modern closed-basin 
Nevada (Fig. 2A). Across what is now the Sierra 
Nevada, horizontal gradients of ∆δDglass ver-
sus distance from the shoreline are similar for 
early and late Oligocene meteoric waters and 
for modern surface waters, suggesting similar 
topography since 31 Ma (Fig. 2A). Farther east, 
early Oligocene paleoelevations reached at least 

2350 (+500/–300) m at 300–350 km inland, and 
at least 2650 (+600/–300) m when late Eocene 
fluvial δDglass values are included, as calculated 
by the rainout model (Fig. 2B). Late Oligocene 
paleoelevations increase from 2200 (+500/–
200) m at 150 km inland to 3500 (+750/–300) 
m at 300 km. The resulting westward-draining 
late Oligocene paleoslope from the shoreline to 
150 km was 1.5%, similar to local depositional 
slopes of late Eocene sediments in the Sierra 
Nevada (Cassel et al., 2012), and from 150 km 
to 300 km was 0.8%, with a total orogen width 
of 300–350 km. Peak estimated elevations in 
the hinterland correlate with the stratigraphic 
paleodrainage divide, and Eocene closed basins 
indicate internal drainage of the elevated region 
east of that divide (Fig. 1).

There is a significant difference between the 
∆δDglass horizontal gradients of Eocene–early 
Oligocene and late Oligocene samples located 
150–350 km from the paleoshoreline. This 
steepening of the horizontal δDglass gradient may 
record (1) an increase in elevation in central-
eastern Nevada from 28 to 23 Ma, and/or (2) the 
loss of evaporative lakes as a deuterium-enriched 
vapor source. The steepening of δDglass gradi-
ents during the Oligocene corresponds with the 
westward progression of volcanism and the end 
of lacustrine deposition on the eastern Nevada 
plateau, which may indicate surface uplift in 
response to rollback. Researchers attribute 
early Cenozoic volcanism across western North 
America and modern upper mantle high-velocity 
anomalies to rollback of the shallow Farallon slab 

and subsequent heating of the lower lithosphere 
(Humphreys, 2009; Best et al., 2013). Slab roll-
back may have been accompanied by localized, 
migrating subsidence at the slab hinge, creating 
accommodation and ponding fluvial drainages 
in the Eocene (Smith et al., 2014), followed by 
broad dynamic and thermal surface uplift associ-
ated with asthenospheric upwelling and heating 
(Göğüș and Pysklywec, 2008).

The increase in horizontal gradients in late 
Oligocene δDglass values may also reflect a 
change in moisture sources. The mixing of recy-
cled vapor from evaporated eastern Nevada lake 
waters (Fig. 1) with westerly air masses may 
have increased δD values of precipitation in 
central-eastern Nevada during the Eocene–early 
Oligocene (Fig. 2). By the late Oligocene, the 
elimination of the potential evaporative vapor 
source from eastern Nevada lakes, as marked 
by the end of lacustrine deposition, makes late 
Oligocene δDglass values (all located west of the 
divide) the best proxy for elevation-controlled 
precipitation δD values.

These data indicate persistently higher-than-
modern topography for 25 m.y. prior to the 
Miocene collapse of this orogen, which suggests 
that it was supported by thickened crust (see the 
Data Repository; e.g., Coney and Harms, 1984) 
and not by transient, thermally driven buoyancy. 
Dynamic topography driven by asthenospheric 
upwelling (Chamberlain et al., 2012) following 
Farallon slab rollback provided, at most, 0.5–1 
km of uplift in the late Oligocene. Pre-Miocene 
extension, regardless of magnitude, had little 
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Figure 2. A: Volcanic glass ∆δD values versus horizontal distance from Paleogene shoreline. Each value is a mean of 3–9 replicates with 2σ 
propagated errors. δDglass values are normalized to low-elevation values near Paleogene sea level (Fig. 1) for each time period (∆δD). Sample 
locations are reconstructed to pre-extension locations. Modern ∆δD values of spring, well, stream, and precipitation waters are shown with 
filled and open squares, respectively (~1σ error). Linear regressions from each time period for 110–550 km (fluvial data points only) are 
shown with corresponding colors (Eocene ≅ early Oligocene). B: Minimum early and late Oligocene and Eocene paleoelevations from ∆δDglass 
calculated using the validated rainout model. Data points represent elevations calculated with best paleotemperature estimates. Initial air 
mass temperature is the largest source of uncertainty in the propagated 2σ error (see the Data Repository [see footnote 1]). Average modern 
elevation profile across 180 km swath at 39–40°N (±1 standard deviation, SD) in gray. Gray points and dashed lines represent a 14% paleo-
elevation correction considering decreased lapse rates under late Eocene–early Oligocene elevated pCO2.

Bottom panel squares are inferred elevations from the dD values in circles.
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Kendall and Coplen, 2001; Friedman et al., 
2002). δDglass values from Eocene ignimbrites 
interbedded with fluvial strata show continued 
isotopic distillation across northern Nevada at a 
rate similar to that of the early Oligocene, result-
ing in a decrease of 62‰ ± 4‰ across the entire 
transect. Combined with stratigraphic data, this 
indicates a continuous increase in elevation 
from 0 to 350 km inland.

Eocene glass samples collected from lacus-
trine-deposited ignimbrites have much greater 
δDglass values than those from nearby fluvial 
sections (Fig. 2A), reflecting evaporative lake 
waters, the occurrence of which is supported by 
the progressive decreases in macrofauna and bio-
turbation and increases in kerogen-rich marl, cal-
careous mudstone, and stromatolites up-section. 
δD values reflect their depositional environments 
as determined by stratigraphy, verifying that glass 
faithfully records ancient water δD values.

IMPLICATIONS FOR HINTERLAND 
PALEOTOPOGRAPHY

East of the Paleogene shoreline, decreas-
ing δDglass values in the Eocene and Oligocene 
reflect increasing elevation in an open hydro-
logic system, unlike modern closed-basin 
Nevada (Fig. 2A). Across what is now the Sierra 
Nevada, horizontal gradients of ∆δDglass ver-
sus distance from the shoreline are similar for 
early and late Oligocene meteoric waters and 
for modern surface waters, suggesting similar 
topography since 31 Ma (Fig. 2A). Farther east, 
early Oligocene paleoelevations reached at least 

2350 (+500/–300) m at 300–350 km inland, and 
at least 2650 (+600/–300) m when late Eocene 
fluvial δDglass values are included, as calculated 
by the rainout model (Fig. 2B). Late Oligocene 
paleoelevations increase from 2200 (+500/–
200) m at 150 km inland to 3500 (+750/–300) 
m at 300 km. The resulting westward-draining 
late Oligocene paleoslope from the shoreline to 
150 km was 1.5%, similar to local depositional 
slopes of late Eocene sediments in the Sierra 
Nevada (Cassel et al., 2012), and from 150 km 
to 300 km was 0.8%, with a total orogen width 
of 300–350 km. Peak estimated elevations in 
the hinterland correlate with the stratigraphic 
paleodrainage divide, and Eocene closed basins 
indicate internal drainage of the elevated region 
east of that divide (Fig. 1).

There is a significant difference between the 
∆δDglass horizontal gradients of Eocene–early 
Oligocene and late Oligocene samples located 
150–350 km from the paleoshoreline. This 
steepening of the horizontal δDglass gradient may 
record (1) an increase in elevation in central-
eastern Nevada from 28 to 23 Ma, and/or (2) the 
loss of evaporative lakes as a deuterium-enriched 
vapor source. The steepening of δDglass gradi-
ents during the Oligocene corresponds with the 
westward progression of volcanism and the end 
of lacustrine deposition on the eastern Nevada 
plateau, which may indicate surface uplift in 
response to rollback. Researchers attribute 
early Cenozoic volcanism across western North 
America and modern upper mantle high-velocity 
anomalies to rollback of the shallow Farallon slab 

and subsequent heating of the lower lithosphere 
(Humphreys, 2009; Best et al., 2013). Slab roll-
back may have been accompanied by localized, 
migrating subsidence at the slab hinge, creating 
accommodation and ponding fluvial drainages 
in the Eocene (Smith et al., 2014), followed by 
broad dynamic and thermal surface uplift associ-
ated with asthenospheric upwelling and heating 
(Göğüș and Pysklywec, 2008).

The increase in horizontal gradients in late 
Oligocene δDglass values may also reflect a 
change in moisture sources. The mixing of recy-
cled vapor from evaporated eastern Nevada lake 
waters (Fig. 1) with westerly air masses may 
have increased δD values of precipitation in 
central-eastern Nevada during the Eocene–early 
Oligocene (Fig. 2). By the late Oligocene, the 
elimination of the potential evaporative vapor 
source from eastern Nevada lakes, as marked 
by the end of lacustrine deposition, makes late 
Oligocene δDglass values (all located west of the 
divide) the best proxy for elevation-controlled 
precipitation δD values.

These data indicate persistently higher-than-
modern topography for 25 m.y. prior to the 
Miocene collapse of this orogen, which suggests 
that it was supported by thickened crust (see the 
Data Repository; e.g., Coney and Harms, 1984) 
and not by transient, thermally driven buoyancy. 
Dynamic topography driven by asthenospheric 
upwelling (Chamberlain et al., 2012) following 
Farallon slab rollback provided, at most, 0.5–1 
km of uplift in the late Oligocene. Pre-Miocene 
extension, regardless of magnitude, had little 
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Figure 2. A: Volcanic glass ∆δD values versus horizontal distance from Paleogene shoreline. Each value is a mean of 3–9 replicates with 2σ 
propagated errors. δDglass values are normalized to low-elevation values near Paleogene sea level (Fig. 1) for each time period (∆δD). Sample 
locations are reconstructed to pre-extension locations. Modern ∆δD values of spring, well, stream, and precipitation waters are shown with 
filled and open squares, respectively (~1σ error). Linear regressions from each time period for 110–550 km (fluvial data points only) are 
shown with corresponding colors (Eocene ≅ early Oligocene). B: Minimum early and late Oligocene and Eocene paleoelevations from ∆δDglass 
calculated using the validated rainout model. Data points represent elevations calculated with best paleotemperature estimates. Initial air 
mass temperature is the largest source of uncertainty in the propagated 2σ error (see the Data Repository [see footnote 1]). Average modern 
elevation profile across 180 km swath at 39–40°N (±1 standard deviation, SD) in gray. Gray points and dashed lines represent a 14% paleo-
elevation correction considering decreased lapse rates under late Eocene–early Oligocene elevated pCO2.
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Kendall and Coplen, 2001; Friedman et al., 
2002). δDglass values from Eocene ignimbrites 
interbedded with fluvial strata show continued 
isotopic distillation across northern Nevada at a 
rate similar to that of the early Oligocene, result-
ing in a decrease of 62‰ ± 4‰ across the entire 
transect. Combined with stratigraphic data, this 
indicates a continuous increase in elevation 
from 0 to 350 km inland.

Eocene glass samples collected from lacus-
trine-deposited ignimbrites have much greater 
δDglass values than those from nearby fluvial 
sections (Fig. 2A), reflecting evaporative lake 
waters, the occurrence of which is supported by 
the progressive decreases in macrofauna and bio-
turbation and increases in kerogen-rich marl, cal-
careous mudstone, and stromatolites up-section. 
δD values reflect their depositional environments 
as determined by stratigraphy, verifying that glass 
faithfully records ancient water δD values.

IMPLICATIONS FOR HINTERLAND 
PALEOTOPOGRAPHY

East of the Paleogene shoreline, decreas-
ing δDglass values in the Eocene and Oligocene 
reflect increasing elevation in an open hydro-
logic system, unlike modern closed-basin 
Nevada (Fig. 2A). Across what is now the Sierra 
Nevada, horizontal gradients of ∆δDglass ver-
sus distance from the shoreline are similar for 
early and late Oligocene meteoric waters and 
for modern surface waters, suggesting similar 
topography since 31 Ma (Fig. 2A). Farther east, 
early Oligocene paleoelevations reached at least 

2350 (+500/–300) m at 300–350 km inland, and 
at least 2650 (+600/–300) m when late Eocene 
fluvial δDglass values are included, as calculated 
by the rainout model (Fig. 2B). Late Oligocene 
paleoelevations increase from 2200 (+500/–
200) m at 150 km inland to 3500 (+750/–300) 
m at 300 km. The resulting westward-draining 
late Oligocene paleoslope from the shoreline to 
150 km was 1.5%, similar to local depositional 
slopes of late Eocene sediments in the Sierra 
Nevada (Cassel et al., 2012), and from 150 km 
to 300 km was 0.8%, with a total orogen width 
of 300–350 km. Peak estimated elevations in 
the hinterland correlate with the stratigraphic 
paleodrainage divide, and Eocene closed basins 
indicate internal drainage of the elevated region 
east of that divide (Fig. 1).

There is a significant difference between the 
∆δDglass horizontal gradients of Eocene–early 
Oligocene and late Oligocene samples located 
150–350 km from the paleoshoreline. This 
steepening of the horizontal δDglass gradient may 
record (1) an increase in elevation in central-
eastern Nevada from 28 to 23 Ma, and/or (2) the 
loss of evaporative lakes as a deuterium-enriched 
vapor source. The steepening of δDglass gradi-
ents during the Oligocene corresponds with the 
westward progression of volcanism and the end 
of lacustrine deposition on the eastern Nevada 
plateau, which may indicate surface uplift in 
response to rollback. Researchers attribute 
early Cenozoic volcanism across western North 
America and modern upper mantle high-velocity 
anomalies to rollback of the shallow Farallon slab 

and subsequent heating of the lower lithosphere 
(Humphreys, 2009; Best et al., 2013). Slab roll-
back may have been accompanied by localized, 
migrating subsidence at the slab hinge, creating 
accommodation and ponding fluvial drainages 
in the Eocene (Smith et al., 2014), followed by 
broad dynamic and thermal surface uplift associ-
ated with asthenospheric upwelling and heating 
(Göğüș and Pysklywec, 2008).

The increase in horizontal gradients in late 
Oligocene δDglass values may also reflect a 
change in moisture sources. The mixing of recy-
cled vapor from evaporated eastern Nevada lake 
waters (Fig. 1) with westerly air masses may 
have increased δD values of precipitation in 
central-eastern Nevada during the Eocene–early 
Oligocene (Fig. 2). By the late Oligocene, the 
elimination of the potential evaporative vapor 
source from eastern Nevada lakes, as marked 
by the end of lacustrine deposition, makes late 
Oligocene δDglass values (all located west of the 
divide) the best proxy for elevation-controlled 
precipitation δD values.

These data indicate persistently higher-than-
modern topography for 25 m.y. prior to the 
Miocene collapse of this orogen, which suggests 
that it was supported by thickened crust (see the 
Data Repository; e.g., Coney and Harms, 1984) 
and not by transient, thermally driven buoyancy. 
Dynamic topography driven by asthenospheric 
upwelling (Chamberlain et al., 2012) following 
Farallon slab rollback provided, at most, 0.5–1 
km of uplift in the late Oligocene. Pre-Miocene 
extension, regardless of magnitude, had little 
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Figure 2. A: Volcanic glass ∆δD values versus horizontal distance from Paleogene shoreline. Each value is a mean of 3–9 replicates with 2σ 
propagated errors. δDglass values are normalized to low-elevation values near Paleogene sea level (Fig. 1) for each time period (∆δD). Sample 
locations are reconstructed to pre-extension locations. Modern ∆δD values of spring, well, stream, and precipitation waters are shown with 
filled and open squares, respectively (~1σ error). Linear regressions from each time period for 110–550 km (fluvial data points only) are 
shown with corresponding colors (Eocene ≅ early Oligocene). B: Minimum early and late Oligocene and Eocene paleoelevations from ∆δDglass 
calculated using the validated rainout model. Data points represent elevations calculated with best paleotemperature estimates. Initial air 
mass temperature is the largest source of uncertainty in the propagated 2σ error (see the Data Repository [see footnote 1]). Average modern 
elevation profile across 180 km swath at 39–40°N (±1 standard deviation, SD) in gray. Gray points and dashed lines represent a 14% paleo-
elevation correction considering decreased lapse rates under late Eocene–early Oligocene elevated pCO2.

Bottom panel squares are inferred elevations from the dD values in circles.
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Kendall and Coplen, 2001; Friedman et al., 
2002). δDglass values from Eocene ignimbrites 
interbedded with fluvial strata show continued 
isotopic distillation across northern Nevada at a 
rate similar to that of the early Oligocene, result-
ing in a decrease of 62‰ ± 4‰ across the entire 
transect. Combined with stratigraphic data, this 
indicates a continuous increase in elevation 
from 0 to 350 km inland.

Eocene glass samples collected from lacus-
trine-deposited ignimbrites have much greater 
δDglass values than those from nearby fluvial 
sections (Fig. 2A), reflecting evaporative lake 
waters, the occurrence of which is supported by 
the progressive decreases in macrofauna and bio-
turbation and increases in kerogen-rich marl, cal-
careous mudstone, and stromatolites up-section. 
δD values reflect their depositional environments 
as determined by stratigraphy, verifying that glass 
faithfully records ancient water δD values.

IMPLICATIONS FOR HINTERLAND 
PALEOTOPOGRAPHY

East of the Paleogene shoreline, decreas-
ing δDglass values in the Eocene and Oligocene 
reflect increasing elevation in an open hydro-
logic system, unlike modern closed-basin 
Nevada (Fig. 2A). Across what is now the Sierra 
Nevada, horizontal gradients of ∆δDglass ver-
sus distance from the shoreline are similar for 
early and late Oligocene meteoric waters and 
for modern surface waters, suggesting similar 
topography since 31 Ma (Fig. 2A). Farther east, 
early Oligocene paleoelevations reached at least 

2350 (+500/–300) m at 300–350 km inland, and 
at least 2650 (+600/–300) m when late Eocene 
fluvial δDglass values are included, as calculated 
by the rainout model (Fig. 2B). Late Oligocene 
paleoelevations increase from 2200 (+500/–
200) m at 150 km inland to 3500 (+750/–300) 
m at 300 km. The resulting westward-draining 
late Oligocene paleoslope from the shoreline to 
150 km was 1.5%, similar to local depositional 
slopes of late Eocene sediments in the Sierra 
Nevada (Cassel et al., 2012), and from 150 km 
to 300 km was 0.8%, with a total orogen width 
of 300–350 km. Peak estimated elevations in 
the hinterland correlate with the stratigraphic 
paleodrainage divide, and Eocene closed basins 
indicate internal drainage of the elevated region 
east of that divide (Fig. 1).

There is a significant difference between the 
∆δDglass horizontal gradients of Eocene–early 
Oligocene and late Oligocene samples located 
150–350 km from the paleoshoreline. This 
steepening of the horizontal δDglass gradient may 
record (1) an increase in elevation in central-
eastern Nevada from 28 to 23 Ma, and/or (2) the 
loss of evaporative lakes as a deuterium-enriched 
vapor source. The steepening of δDglass gradi-
ents during the Oligocene corresponds with the 
westward progression of volcanism and the end 
of lacustrine deposition on the eastern Nevada 
plateau, which may indicate surface uplift in 
response to rollback. Researchers attribute 
early Cenozoic volcanism across western North 
America and modern upper mantle high-velocity 
anomalies to rollback of the shallow Farallon slab 

and subsequent heating of the lower lithosphere 
(Humphreys, 2009; Best et al., 2013). Slab roll-
back may have been accompanied by localized, 
migrating subsidence at the slab hinge, creating 
accommodation and ponding fluvial drainages 
in the Eocene (Smith et al., 2014), followed by 
broad dynamic and thermal surface uplift associ-
ated with asthenospheric upwelling and heating 
(Göğüș and Pysklywec, 2008).

The increase in horizontal gradients in late 
Oligocene δDglass values may also reflect a 
change in moisture sources. The mixing of recy-
cled vapor from evaporated eastern Nevada lake 
waters (Fig. 1) with westerly air masses may 
have increased δD values of precipitation in 
central-eastern Nevada during the Eocene–early 
Oligocene (Fig. 2). By the late Oligocene, the 
elimination of the potential evaporative vapor 
source from eastern Nevada lakes, as marked 
by the end of lacustrine deposition, makes late 
Oligocene δDglass values (all located west of the 
divide) the best proxy for elevation-controlled 
precipitation δD values.

These data indicate persistently higher-than-
modern topography for 25 m.y. prior to the 
Miocene collapse of this orogen, which suggests 
that it was supported by thickened crust (see the 
Data Repository; e.g., Coney and Harms, 1984) 
and not by transient, thermally driven buoyancy. 
Dynamic topography driven by asthenospheric 
upwelling (Chamberlain et al., 2012) following 
Farallon slab rollback provided, at most, 0.5–1 
km of uplift in the late Oligocene. Pre-Miocene 
extension, regardless of magnitude, had little 
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Figure 2. A: Volcanic glass ∆δD values versus horizontal distance from Paleogene shoreline. Each value is a mean of 3–9 replicates with 2σ 
propagated errors. δDglass values are normalized to low-elevation values near Paleogene sea level (Fig. 1) for each time period (∆δD). Sample 
locations are reconstructed to pre-extension locations. Modern ∆δD values of spring, well, stream, and precipitation waters are shown with 
filled and open squares, respectively (~1σ error). Linear regressions from each time period for 110–550 km (fluvial data points only) are 
shown with corresponding colors (Eocene ≅ early Oligocene). B: Minimum early and late Oligocene and Eocene paleoelevations from ∆δDglass 
calculated using the validated rainout model. Data points represent elevations calculated with best paleotemperature estimates. Initial air 
mass temperature is the largest source of uncertainty in the propagated 2σ error (see the Data Repository [see footnote 1]). Average modern 
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Kendall and Coplen, 2001; Friedman et al., 
2002). δDglass values from Eocene ignimbrites 
interbedded with fluvial strata show continued 
isotopic distillation across northern Nevada at a 
rate similar to that of the early Oligocene, result-
ing in a decrease of 62‰ ± 4‰ across the entire 
transect. Combined with stratigraphic data, this 
indicates a continuous increase in elevation 
from 0 to 350 km inland.

Eocene glass samples collected from lacus-
trine-deposited ignimbrites have much greater 
δDglass values than those from nearby fluvial 
sections (Fig. 2A), reflecting evaporative lake 
waters, the occurrence of which is supported by 
the progressive decreases in macrofauna and bio-
turbation and increases in kerogen-rich marl, cal-
careous mudstone, and stromatolites up-section. 
δD values reflect their depositional environments 
as determined by stratigraphy, verifying that glass 
faithfully records ancient water δD values.

IMPLICATIONS FOR HINTERLAND 
PALEOTOPOGRAPHY

East of the Paleogene shoreline, decreas-
ing δDglass values in the Eocene and Oligocene 
reflect increasing elevation in an open hydro-
logic system, unlike modern closed-basin 
Nevada (Fig. 2A). Across what is now the Sierra 
Nevada, horizontal gradients of ∆δDglass ver-
sus distance from the shoreline are similar for 
early and late Oligocene meteoric waters and 
for modern surface waters, suggesting similar 
topography since 31 Ma (Fig. 2A). Farther east, 
early Oligocene paleoelevations reached at least 

2350 (+500/–300) m at 300–350 km inland, and 
at least 2650 (+600/–300) m when late Eocene 
fluvial δDglass values are included, as calculated 
by the rainout model (Fig. 2B). Late Oligocene 
paleoelevations increase from 2200 (+500/–
200) m at 150 km inland to 3500 (+750/–300) 
m at 300 km. The resulting westward-draining 
late Oligocene paleoslope from the shoreline to 
150 km was 1.5%, similar to local depositional 
slopes of late Eocene sediments in the Sierra 
Nevada (Cassel et al., 2012), and from 150 km 
to 300 km was 0.8%, with a total orogen width 
of 300–350 km. Peak estimated elevations in 
the hinterland correlate with the stratigraphic 
paleodrainage divide, and Eocene closed basins 
indicate internal drainage of the elevated region 
east of that divide (Fig. 1).

There is a significant difference between the 
∆δDglass horizontal gradients of Eocene–early 
Oligocene and late Oligocene samples located 
150–350 km from the paleoshoreline. This 
steepening of the horizontal δDglass gradient may 
record (1) an increase in elevation in central-
eastern Nevada from 28 to 23 Ma, and/or (2) the 
loss of evaporative lakes as a deuterium-enriched 
vapor source. The steepening of δDglass gradi-
ents during the Oligocene corresponds with the 
westward progression of volcanism and the end 
of lacustrine deposition on the eastern Nevada 
plateau, which may indicate surface uplift in 
response to rollback. Researchers attribute 
early Cenozoic volcanism across western North 
America and modern upper mantle high-velocity 
anomalies to rollback of the shallow Farallon slab 

and subsequent heating of the lower lithosphere 
(Humphreys, 2009; Best et al., 2013). Slab roll-
back may have been accompanied by localized, 
migrating subsidence at the slab hinge, creating 
accommodation and ponding fluvial drainages 
in the Eocene (Smith et al., 2014), followed by 
broad dynamic and thermal surface uplift associ-
ated with asthenospheric upwelling and heating 
(Göğüș and Pysklywec, 2008).

The increase in horizontal gradients in late 
Oligocene δDglass values may also reflect a 
change in moisture sources. The mixing of recy-
cled vapor from evaporated eastern Nevada lake 
waters (Fig. 1) with westerly air masses may 
have increased δD values of precipitation in 
central-eastern Nevada during the Eocene–early 
Oligocene (Fig. 2). By the late Oligocene, the 
elimination of the potential evaporative vapor 
source from eastern Nevada lakes, as marked 
by the end of lacustrine deposition, makes late 
Oligocene δDglass values (all located west of the 
divide) the best proxy for elevation-controlled 
precipitation δD values.

These data indicate persistently higher-than-
modern topography for 25 m.y. prior to the 
Miocene collapse of this orogen, which suggests 
that it was supported by thickened crust (see the 
Data Repository; e.g., Coney and Harms, 1984) 
and not by transient, thermally driven buoyancy. 
Dynamic topography driven by asthenospheric 
upwelling (Chamberlain et al., 2012) following 
Farallon slab rollback provided, at most, 0.5–1 
km of uplift in the late Oligocene. Pre-Miocene 
extension, regardless of magnitude, had little 
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Figure 2. A: Volcanic glass ∆δD values versus horizontal distance from Paleogene shoreline. Each value is a mean of 3–9 replicates with 2σ 
propagated errors. δDglass values are normalized to low-elevation values near Paleogene sea level (Fig. 1) for each time period (∆δD). Sample 
locations are reconstructed to pre-extension locations. Modern ∆δD values of spring, well, stream, and precipitation waters are shown with 
filled and open squares, respectively (~1σ error). Linear regressions from each time period for 110–550 km (fluvial data points only) are 
shown with corresponding colors (Eocene ≅ early Oligocene). B: Minimum early and late Oligocene and Eocene paleoelevations from ∆δDglass 
calculated using the validated rainout model. Data points represent elevations calculated with best paleotemperature estimates. Initial air 
mass temperature is the largest source of uncertainty in the propagated 2σ error (see the Data Repository [see footnote 1]). Average modern 
elevation profile across 180 km swath at 39–40°N (±1 standard deviation, SD) in gray. Gray points and dashed lines represent a 14% paleo-
elevation correction considering decreased lapse rates under late Eocene–early Oligocene elevated pCO2.
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atmospheric stability (N) is too high and/or wind 
speeds (U) are too low for most modern trajec-
tories to traverse the high relief (h) of the Sierra 
Nevada unimpeded. Consequently, as suggested 
by Galewsky (2009), Sierran stable isotope 
paleoaltimetry interpretations that assume low 
Nh/U fl ows (i.e., <1) are potentially fl awed.

IMPLICATIONS FOR 
SIERRAN PALEOALTIMETRY 
RECONSTRUCTIONS

Modern (1979–2010) air parcel trajectories 
are strongly infl uenced by Sierra Nevada topog-
raphy. Proximal leeward sites most frequently 
receive precipitation derived from air parcels 
that traverse the Sierran crest. As a result, mete-
oric water and proxy isotopic records collected 
from these locations have the greatest potential 
to be reliable recorders of Sierran elevation and 
paleoelevation distributions. In contrast, distal 
leeward sites receive a substantial portion of 
precipitation from trajectories that travel around 
high (>2.5 km) Sierran elevations (Fig. 2; 
Table 1). As a result, the assumption that Sierran 
lee precipitation is derived from air parcels that 
had previously rained-out over the presumed 
upwind Sierran crest is often invalid. This obser-
vation at least partially explains modern regional 
precipitation δ18O distributions (Fig. 1A) in 
which leeward δ18O values are higher than those 
at the Sierran crest. Consequently, modern and, 
presumably, paleo–meteoric water records col-
lected at distal leeward locations are sensitive 
to only a portion of Sierra Nevada topography, 
limiting their utility for paleoelevation studies.

Latitudinal position with respect to the 
orographic barrier is also important. Beatty, 
Nevada, is located at the latitude of the high-
est Sierran peaks (~36.5–37.5°N), but most 
trajectories reaching Beatty have little interac-
tion with Sierran topography due to proximity 
to the low-elevation pathways accessible south 
of the range. This suggests that proxy records 
at leeward sites close to the northern and south-
ern extents of the Sierra Nevada are especially 
sensitive to trajectories that travel around high 
topography and, as a result, provide limited 
information about windward elevations. The 
modern El Paso Basin, located east of the south-
ernmost Sierra Nevada (Fig. 1A), is one such 
location that is highly susceptible to these wrap-
around trajectories. Accordingly, interpretations 
of an ~2 km decrease in southern Sierra surface 
elevations since the mid-Miocene, based on the 
observed ~5–6‰ increase in δ18O values for 
ca. 14–6 Ma proxies collected from the El Paso 
Basin (Poage and Chamberlain, 2002), are unre-
liable. Instead, the observed increase in proxy 
δ18O values most likely refl ects increased infl u-
ence from trajectories traveling south of, rather 
than over, the Sierra Nevada.

Interestingly, northern Sierra Nevada proxy 
records potentially refl ect some component of 
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But moisture moves around in complex ways—virtually all these proxies need a solid grounding in the climate
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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.

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

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).

3paleoaltimeters: Implications for the paleoaltimetry of the American southwest

Monsoon in American SW can throw things into serious disarray—these are measurements from pedogenic carbonates (such as might be used for clumped 
isotope work).
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from cuticle-rich sedimentary leaf mats at 17 
Chalk Bluffs paleofl oral sites in the northern 
Sierra Nevada (Fig. 1) and analyzed for δD and 
GDGT compound distributions (see the GSA 
Data Repository1).

RESULTS AND DISCUSSION
The apparent isotope fractionation between 

precipitation and leaf-wax δDn-alkane (εapparent) 
depends on soil-water evaporation, evapo-
transpiration, leaf morphology, and plant type 
(Chikaraishi and Naraoka, 2003; Smith and 
Freeman, 2006). Although the magnitude of 
apparent fractionation in leaf waxes can vary 
between species or leaves of one plant due to 
different rates of evapotranspiration, at high 
relative humidities, εapparent from plants of simi-
lar classes (i.e., angiosperms) is relatively con-
stant (Sachse et al., 2006; Hou et al., 2008). 
These conditions are satisfi ed for Sierra Nevada 
paleochannel environments, as Chalk Bluffs 
fl ora indicate a humid, angiosperm-dominated 
subtropical forest with little to no grasses or 
gymnosperms (MacGinitie, 1941; Wing and 
Greenwood, 1993). Accordingly, we assume a 
constant εapparent. Ultimately, our paleoelevation 
reconstruction does not require a priori knowl-
edge of the magnitude of biosynthetic fraction-
ation or the degree of isotopic enrichment due to 
evapotranspiration, only that εapparent is relatively 
constant across the terrain.

Our results show that δDn-alkane values system-
atically decrease with distance from the Eocene 
shoreline (Fig. 2A). δDnC31 decreases from 

−168‰ near the ancient shoreline to −195‰ 
more than 65 km upstream in the paleochannels, 
while δDnC29 ranges from −177‰ to −204‰. 
Reconstructed ∆δDprecip is >25‰ and similar to 
∆δDkaolinite from similar site localities. Eocene 
sea-level δDprecip (−43‰; Mulch et al., 2006), 
in conjunction with our data, indicates that εap-

parent averages −125‰, consistent with measured 
fractionations between modern angiosperm tree 
leaves and precipitation in humid environments 
(Chikaraishi and Naraoka, 2003).

We analyzed the distribution of soil tetra-
ethers (GDGTs) in leaf-bearing sediments to 
constrain sea-level T (°C) and ∆T across the 
mountain range. The TGDGT at three sample 
localities closest to the Eocene ocean margin are 
>22 °C and decrease along the upstream chan-
nel to <15 °C, leading to a maximum ∆TGDGT of 
16.5 °C. While absolute temperature measures 
must be viewed carefully (Sinninghe Damsté 
et al., 2008), calculated Eocene temperatures 
are nearly identical to leaf-margin temperatures 
that we determined for several described Chalk 
Bluffs fl ora localities (MacGinitie, 1941) and 
an oxisol goethite temperature (Yapp, 2008), 
attesting to the veracity of these data (Fig. 2B; 
see the Data Repository). Comparison of early 
Eocene and modern MAT at individual paleofl o-
ral localities shows that early Eocene tempera-
tures were at least ~6–8 °C warmer than present 
across the length of the ancient Sierra Nevada.

∆δDprecip can be related to range-scale paleo-
topography by establishing the pattern of iso-
topic distillation related to precipitation from a 

vapor parcel during orographic lifting, adiabatic 
cooling, and rainout. Similarly, ∆T is related to 
paleochannel elevation by estimating adiabatic 
temperature lapse rates for the early Eocene. 
These are determined using a thermodynamic 
model that calculates the ∆δDprecip and ∆T as a 
function of elevation for a given sea-level tem-
perature and relative humidity (RH) (Rowley et 
al., 2001; Rowley, 2007). Calculated tempera-
ture and isotope lapse rates are determined for 
three sea-level temperature inputs: (1) modern 
mean annual conditions at the base of the Sierra 
(sea-level MAT of 16 °C and 75% RH), (2) sea-
level MAT of 22 °C and 82% RH (RH simi-
lar to modern tropical ocean areas with MAT 
of 20–25 °C), and (3) a sea-level temperature 
equal to the highest measured TGDGT (24.5 °C 
and 82% RH) (Fig. 3). Early Eocene sediment 
data fall along the predicted ∆T and ∆δD con-
tour for the high-temperature scenario (Fig. 3), 
and calculated lapse rates average 1.4‰/100 m 
for δD and 5.3 °C/km over the range of eleva-
tions from 0 to 3000 m. These are consistent 
with measured lapse rates in modern high-tem-
perature, high-humidity environments and are 
used to calculate paleoelevations. Uncertainties 
for isotopic lapses and resulting paleoelevation 
estimates include errors associated with sea-
level MAT (±4.1 °C) and RH (±3.4%) inputs 
(Rowley, 2007).

Under the assumptions and limitations of 
the model to calculate paleoelevation based 
on changes in the isotopic composition of pre-
cipitation, reconstructed paleoelevations from 

1GSA Data Repository item 2010001, compound-specifi c stable isotope analyses and organic molecular temperature proxies, and Table DR1, is available online at 
www.geosociety.org/pubs/ft2010.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 1. Sample location map of fossil leaf 
(blue circles) and kaolinite (green squares) 
localities in Eocene drainages (light blue 
shading) of paleorivers Buckeye–Bear Hill, 
American, Yuba, and Mokulumne. Loca-
tions are referenced relative to distance 
across range from Eocene shoreline marked 
by deltaic to marine Ione Forma tion (red 
dashed line). 

Figure 2. Data from fossil leaf localities across paleorange (line A-A′; see Fig. 1). A: δDnC29, nC31. 
B: TGDGT (mean annual temperature) as determined from the methylation index (MBT) and 
cyclization ratio (CBT) of branched glycerol dialkyl glycerol tetraethers).  ∆δ∆δDn-alkane equals 
that seen in associated kaolinites (Mulch et al., 2006) and refl ects ∆δ∆δDprecip (precipitation) due 
to rainout during orographic lifting of airmasses across Eocene range. GDGT temperatures 
overlap leaf-margin temperatures and exceed modern mean annual temperatures (MAT) by 
more than 6 °C. Low GDGT temperatures (open circles) could potentially refl ect downstream 
transport from higher elevations. Shaded area highlights kaolinite data.

Extract hydrogen from leaf wax 
high molecular weight n-alkanes

(C29 and C31)

Mean annual temperature from 
methylation index (MBT) and 

cyclization ratio (CBT) of branched 
glycerol dialkyl glycerol tetraethers 

More recent work has indicated that you need to know what kind of vegetation is providing these organic molecules. There is some evidence of some 
fractionation in some climates as well—quite a literature blooming using this.



temperature of 25 ± 2 !C. Samples of cod (Gadus morhua;
BIO-5 and BIO-8) collected from the eastern coast of the
Canada at estimated water temperatures of 7 ± 2 and
3 ± 2 !C yielded D47 values of 0.707 ± 0.015 (3)& and
0.74&, respectively (see Table 1). A sample of ice fish

(Patagonotothen ramsayi) from Patagonian Shelf lived at
an estimated water temperature of 5 ± 2 !C and has a D47

value of 0.72&. The black drum (BIO-6, Pogonias cromis)
from the eastern coast of the US off Virginia lived at an esti-
mated water temperature of 15 ± 2 !C (Richards, 1973) and

Fig. 1. Locations of samples examined in this study, with sample numbers and species identifications corresponding to the entries in Table 1.

Fig. 2. Relationship between estimated environmental temperatures at which sampled fishes lived and D47 values of CO2 produced by
phosphoric acid digestion of fish otoliths (plotted as filled circles). Data for inorganic calcite (plotted as filled squares) grown in the laboratory
under controlled conditions (Ghosh et al., 2006) are shown for comparison.

2740 P. Ghosh et al. / Geochimica et Cosmochimica Acta 71 (2007) 2736–2744

to the ocean, and are of uncertain value in the deep geolog-
ical past.

We present the principles, calibration data and an illus-
trative application of a new paleothermometer based on
!clumping" of 13C and 18O in the carbonate mineral lattice
into bonds with each other—that is, we examine not only
the 13C/12C and 18O/16O ratios of carbonates, but also
the fraction of 13C and 18O atoms that are joined together
into the same carbonate ion group (13C18O16O2

2!). This
thermometer is based on a thermodynamically controlled
stable isotope exchange equilibrium among components
of the carbonate crystal lattice. Because it involves a homo-
geneous equilibrium (reaction among components of a sin-
gle phase), it rigorously constrains the temperature of
carbonate growth based on the isotopic composition of
carbonate alone, independent of the isotopic composition
of the water from which it grew or other phases with which
it co-exists.

1.1. A paleothermometer based on ordering of 13C and 18O in
carbonate minerals

Carbonate minerals contain 20 different isotopologues,
or isotopic variants, of the carbonate ion group (Table
1). The most abundant of these, 12C16O3

2! ("98.2%) con-
tains no rare isotopes. The next three most abundant,
13C16O3

2! ("1.1%), 12C18O16O2
2! ("0.6%) and

12C17O16O2
2! ("0.11%) are singly substituted (i.e., contain

one rare isotope). Collectively, these four isotopologues
constitute almost all ("99.99%) of the carbonate ions in
natural carbonate minerals, and effectively control their
bulk d13C, d17O and d18O values. However, most of the iso-
topic diversity—16 different isotopologues in all—is con-
tained in the doubly, triply and quadrupally substituted
carbonate ion units that make up the remaining
"100 ppm. Each of these multiply substituted isotopo-
logues has unique vibrational properties, and therefore
they must differ from one another in thermodynamic stabil-
ity (among other things).

In a carbonate crystal at thermodynamic equilibrium,
the relative abundances of the various carbonate ion isoto-
pologues must conform to equilibrium constants for reac-
tions such as:

13C16O 2!
3 þ 12C18O16O 2!

2 ¼ 13C18O16O 2!
2 þ 12C16O 2!

3

(Reaction 1)

There are many independent reactions of this type, but we
focus only on this one because it involves the most abun-
dant (and therefore most easily measured) doubly substi-
tuted isotopologue (13C18O16O2

2!).
Urey (1947), Bigeleisen and Mayer (1947), and Wang

et al. (2004) examine the thermodynamics of reactions
analogous to Reaction 1 involving isotopologues of simple
molecular gases. They show that equilibrium constants for
such reactions are temperature dependent and generally
promote !clumping" of heavy isotopes into bonds with each

other (increasing the proportions of multiply substituted
isotopologues) as temperature decreases. If Reaction 1 fol-
lows similar principles, its equilibrium constant should be
near 1 at very high temperatures and increase (driving
the reaction to the right) with decreasing temperature.
Thus, in thermodynamically equilibrated carbonates, the
equilibrium constant for Reaction 1 can serve as the basis
of a geothermometer, provided that the temperature
dependence of this reaction is known and the abundances
of all the reactant and product isotopic species can be
measured.

Reaction 1 can be thought of as analogous to order/dis-
order exchange reactions among cation sites in pyroxenes

Table 1
Abundances of isotopologues of CO2 and CO3, assuming bulk 13C/12C
ratios equal to PDB, bulk 18O/17O/16O ratios equal to SMOW, and a
stochastic (random) distribution of isotopes

C Mass Abundance

Isotopes
12C 12 98.89%
13C 13 1.11%
O
16O 16 99.759%
17O 17 370 ppm
18O 18 0.204%

CO2 Mass Abundance

Isotopologue
16O12C16O 44 98.40%
16O13C16O 45 1.10%
17O12C16O 45 730 ppm
18O12C16O 46 0.40%
17O13C16O 46 8.19 ppm
17O12C17O 46 135 ppb
18O13C16O 47 45 ppm
17O12C18O 47 1.5 ppm
17O13C17O 47 1.5 ppb
18O12C18O 48 4.1 ppm
17O13C18O 48 16.7 ppb
18O13C18O 49 46 ppb

CO3 Mass Abundance

Isotopologue
12C16O16O16O 60 98.20%
13C16O16O16O 61 1.10%
12C17O16O16O 61 0.11%
12C18O16O16O 62 0.60%
13C17O16O16O 62 12 ppm
12C17O17O16O 62 405 ppb
13C18O16O16O 63 67 ppm
12C17O18O16O 63 4.4 ppm
13C17O17O16O 63 4.54 ppb
12C17O17O17O 63 50 ppt
12C18O18O16O 64 12 ppm
13C17O18O16O 64 50 ppb
12C17O17O18O 64 828 ppt
13C17O17O17O 64 0.5 ppt
13C18O18O16O 65 138 ppb
12C17O18O18O 65 4.5 ppb
13C17O17O18O 65 9 ppt
12C18O18O18O 66 8 ppb
13C17O18O18O 66 51 ppt
13C18O18O18O 67 94 ppt
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temperature of 25 ± 2 !C. Samples of cod (Gadus morhua;
BIO-5 and BIO-8) collected from the eastern coast of the
Canada at estimated water temperatures of 7 ± 2 and
3 ± 2 !C yielded D47 values of 0.707 ± 0.015 (3)& and
0.74&, respectively (see Table 1). A sample of ice fish

(Patagonotothen ramsayi) from Patagonian Shelf lived at
an estimated water temperature of 5 ± 2 !C and has a D47

value of 0.72&. The black drum (BIO-6, Pogonias cromis)
from the eastern coast of the US off Virginia lived at an esti-
mated water temperature of 15 ± 2 !C (Richards, 1973) and

Fig. 1. Locations of samples examined in this study, with sample numbers and species identifications corresponding to the entries in Table 1.

Fig. 2. Relationship between estimated environmental temperatures at which sampled fishes lived and D47 values of CO2 produced by
phosphoric acid digestion of fish otoliths (plotted as filled circles). Data for inorganic calcite (plotted as filled squares) grown in the laboratory
under controlled conditions (Ghosh et al., 2006) are shown for comparison.
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to the ocean, and are of uncertain value in the deep geolog-
ical past.

We present the principles, calibration data and an illus-
trative application of a new paleothermometer based on
!clumping" of 13C and 18O in the carbonate mineral lattice
into bonds with each other—that is, we examine not only
the 13C/12C and 18O/16O ratios of carbonates, but also
the fraction of 13C and 18O atoms that are joined together
into the same carbonate ion group (13C18O16O2

2!). This
thermometer is based on a thermodynamically controlled
stable isotope exchange equilibrium among components
of the carbonate crystal lattice. Because it involves a homo-
geneous equilibrium (reaction among components of a sin-
gle phase), it rigorously constrains the temperature of
carbonate growth based on the isotopic composition of
carbonate alone, independent of the isotopic composition
of the water from which it grew or other phases with which
it co-exists.

1.1. A paleothermometer based on ordering of 13C and 18O in
carbonate minerals

Carbonate minerals contain 20 different isotopologues,
or isotopic variants, of the carbonate ion group (Table
1). The most abundant of these, 12C16O3

2! ("98.2%) con-
tains no rare isotopes. The next three most abundant,
13C16O3

2! ("1.1%), 12C18O16O2
2! ("0.6%) and

12C17O16O2
2! ("0.11%) are singly substituted (i.e., contain

one rare isotope). Collectively, these four isotopologues
constitute almost all ("99.99%) of the carbonate ions in
natural carbonate minerals, and effectively control their
bulk d13C, d17O and d18O values. However, most of the iso-
topic diversity—16 different isotopologues in all—is con-
tained in the doubly, triply and quadrupally substituted
carbonate ion units that make up the remaining
"100 ppm. Each of these multiply substituted isotopo-
logues has unique vibrational properties, and therefore
they must differ from one another in thermodynamic stabil-
ity (among other things).

In a carbonate crystal at thermodynamic equilibrium,
the relative abundances of the various carbonate ion isoto-
pologues must conform to equilibrium constants for reac-
tions such as:

13C16O 2!
3 þ 12C18O16O 2!

2 ¼ 13C18O16O 2!
2 þ 12C16O 2!

3

(Reaction 1)

There are many independent reactions of this type, but we
focus only on this one because it involves the most abun-
dant (and therefore most easily measured) doubly substi-
tuted isotopologue (13C18O16O2

2!).
Urey (1947), Bigeleisen and Mayer (1947), and Wang

et al. (2004) examine the thermodynamics of reactions
analogous to Reaction 1 involving isotopologues of simple
molecular gases. They show that equilibrium constants for
such reactions are temperature dependent and generally
promote !clumping" of heavy isotopes into bonds with each

other (increasing the proportions of multiply substituted
isotopologues) as temperature decreases. If Reaction 1 fol-
lows similar principles, its equilibrium constant should be
near 1 at very high temperatures and increase (driving
the reaction to the right) with decreasing temperature.
Thus, in thermodynamically equilibrated carbonates, the
equilibrium constant for Reaction 1 can serve as the basis
of a geothermometer, provided that the temperature
dependence of this reaction is known and the abundances
of all the reactant and product isotopic species can be
measured.

Reaction 1 can be thought of as analogous to order/dis-
order exchange reactions among cation sites in pyroxenes

Table 1
Abundances of isotopologues of CO2 and CO3, assuming bulk 13C/12C
ratios equal to PDB, bulk 18O/17O/16O ratios equal to SMOW, and a
stochastic (random) distribution of isotopes

C Mass Abundance

Isotopes
12C 12 98.89%
13C 13 1.11%
O
16O 16 99.759%
17O 17 370 ppm
18O 18 0.204%

CO2 Mass Abundance

Isotopologue
16O12C16O 44 98.40%
16O13C16O 45 1.10%
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17O12C17O 46 135 ppb
18O13C16O 47 45 ppm
17O12C18O 47 1.5 ppm
17O13C17O 47 1.5 ppb
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13C16O16O16O 61 1.10%
12C17O16O16O 61 0.11%
12C18O16O16O 62 0.60%
13C17O16O16O 62 12 ppm
12C17O17O16O 62 405 ppb
13C18O16O16O 63 67 ppm
12C17O18O16O 63 4.4 ppm
13C17O17O16O 63 4.54 ppb
12C17O17O17O 63 50 ppt
12C18O18O16O 64 12 ppm
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discrepancy (e.g., Came et al., 2014; Tang et al., 2014; Wacker et al.,
2014).Manual sample preparation involves acid digestion at 25 °C in re-
action vessels where the product CO2 remains in contact with the acid
for ~8–12 h; automated devices perform ~10 minute reactions at
90 °C, with product CO2 immediately isolated using a cold trap. Acid di-
gestion at different temperatures produces an offset in Δ47 values
(e.g., Guo et al., 2009) that is accounted for using a constant correction
factor (e.g., Defliese et al., 2015; Henkes et al., 2014; Passey et al.,
2010; Wacker et al., 2013). However, a discrepancy between the 25 °C
and 90 °C reaction calibrations remains (Fig. 6), with 90 °C-reaction cal-
ibrations in better general agreementwith theoretical calculations (Guo
et al., 2009; Schauble et al., 2006). The possibility that different synthetic
calcite precipitation methods used in these studies may contribute to
calibration differences has not been ruled out (Fernandez et al., 2014;
Kelson et al., 2014). In addition, small sample size (4 mg, compared to
the more typical ~8 mg) may lead to systematically higher Δ47 values
for 25 °C reaction methods (Wacker et al., 2013; but c.f. Zaarur et al.,
2011). Calibrations for different natural and biogenic carbonates are in
general agreement with synthetic calibrations developed using similar
analyticalmethods (e.g., Eiler, 2011), but as discrepancies due to analyt-
ical procedures are resolved, subtle differences in calibrations for differ-
ent materials may prove to be robust.

For now the recommended best practice is to apply theΔ47-T calibra-
tion that most closely matches the materials and analytical methods
used for a particular study, and to explore how application of different
calibrations affects results in order to ensure the most robust interpreta-
tion is presented. Published calibrations based on data for synthetic
calcites grown at temperatures b100 °C agree in the ~20–30 °C range,
which encompasses many surface environments in both the present
and past. However, divergence of calibrations below and above this
20–30 °C range (Fig. 6) significantly increases uncertainty for T(Δ47) in-
vestigations in cold (e.g., icehouse, high latitude, high elevation) climates

and high-temperature subsurface (i.e., diagenetic) environments.
Published calibration data for N100 °C calcites are relatively few, but
appear consistent with one another. These data include calcites recrystal-
lized or re-equilibrated (i.e., driven to clumped isotope equilibrium) at
temperatures of 450–1165 °C (Ghosh et al., 2006a; Guo et al., 2009;
Passey and Henkes, 2012; Stolper and Eiler, in revision). A calibration
for synthetic dolomite precipitated at temperatures of 25–350 °C has
been presented only in abstract form (Bonifacie et al., 2011) but appears
consistent with the calcite data (Bristow et al., 2011; Ferry et al., 2011).
With multiple independent labs moving toward a common absolute ref-
erence frame (Dennis et al., 2011) and working in parallel to investigate
calibration gaps and discrepancies, we expect rapid progress in this area.

Since the first Δ47-temperature calibration data were published in
2006, the field has grown to more than a dozen labs worldwide capable
of making the extraordinarily high precision measurements required for
useful Δ47 analysis (Eiler, 2011). Yet carbonate clumped isotope analysis
is still not for the casual user—bothbecause of stringent analytical require-
ments and because of rapid developments inmethods of analysis and cal-
ibration associatedwith the novelty of the technique. The development of
methods that do not require a specializedmass spectrometer (e.g., ‘peak-
hopping’; Petrizzo and Young, 2014) and the potential for clumped
isotopologue measurements of CO2 to be made by laser-spectroscopic
methods (e.g., Karlovets et al., 2014) may improve access in the future.
Until the field matures, clumped isotope studies can be performed in col-
laboration with an expert and associated lab. The following paragraphs
outline strategies for approaching such investigations.

Paleoaltimetry is inherently difficult, and the precision in carbonate
growth temperature estimates is at the limit of what is useful for quan-
titative paleoelevation reconstruction. Thus it is essential to first identify
a tractable and important question for which the obtainable tempera-
ture resolution is sufficient. Resolvable Δ47 temperatures with uncer-
tainties of 2–3 °C are currently the best-case scenario. Accordingly,
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Fig. 6. Compilation of publishedΔ47-temperature calibrations. (a, b) Calibrations derived from experimentalmethods usingmanual, ~8–12 h, 25 °C carbonate-acid digestion (Ghosh et al.,
2006a; Zaarur et al., 2013) are characterized by steeper Δ47-T slopes than calibrations derived from automated, ~10 min, 90–100 °C digestions (Dennis et al., 2011; Passey and Henkes,
2012; Tang et al., 2014). The thick solid black line represents the theoretical prediction of temperature-dependent clumping in CO3 (Δ63; Schauble et al., 2006), adjusted by a constant
offset to fit the Δ47 measurements made by Passey and Henkes (2012) of CO2 derived from acid digestion of high-temperature equilibrium reordered calcites; see Passey and Henkes
(2012) for details and equation. The black line is in better agreement with calibrations derived from 90 to 100 °C acid digestions than from 25 °C acid digestions. (b) Inset plots show
the divergence of low-temperature (b100 °C) calibrations for temperatures outside the 20–30 °C T(Δ47) range (Δ47 = 0.68–0.71). All Δ47 data and Δ47-T regressions are presented in
the absolute reference frame (ARF) of Dennis et al. (2011). See original sources for calibration equations. See text for discussion and Tang et al. (2014) and Came et al. (2014) for similar
compilations.
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et al., 2008; Polissar et al., 2009; Rowley and Currie, 2006; Rowley et al.,
2001; Saylor et al., 2009).

However, several challenges can prevent the simple translation of
isotopic records into quantitative paleoelevation estimates. Isotopic
fractionation between minerals and the waters from which they form
is temperature dependent (e.g., Kim and O'Neil, 1997; Kim et al.,
2007); thus for carbonate records, which to date have been the most
common type of records used for isotopic paleoaltimetry studies,
temperatures of carbonate formation must be assumed in order to re-
construct δ18Omw. Carbonate formation temperature uncertainties of
5–10 °C (a conservative range for many settings in which carbonates
form) equate to δ18Omw uncertainties of ~1–2‰, or up to ± 1 km for
calculated paleoelevations using average δ18Omw-elevation gradients
of ~−1.5 to −3‰/km (Lechler and Niemi, 2011; Poage and
Chamberlain, 2001). Furthermore, the reconstructed δ18Omw values
may be higher than the actual values of precipitation because the oxygen
isotopic values of surface waters are sensitive to modification (i.e., 18O
enrichment) by evaporation. Evaporation is especially important for
shallow water bodies and/or in arid regions and can lead to significant
(≥2 km) over- or under-estimates of paleoelevation (e.g., Quade et al.,
2007).

Even when δ18Omw can be reliably reconstructed, extracting
paleoelevation information from isotopic records is not straightforward.
Values of δ18Omw (as well as δ2Hmw, or δDmw) are sensitive to climate
state (e.g., pCO2 and associated feedbacks; Jeffery et al., 2012) and de-
pend not only on elevation but also on moisture source, air mass tem-
perature and trajectory, convection and seasonality of precipitation
(e.g., Dansgaard, 1964; Galewsky, 2009; Garzione et al., 2000; Lechler
and Galewsky, 2013; Rohrmann et al., 2014; Rowley and Garzione,
2007)—each of which can vary through time as a function of climatic
and topographic change (Ehlers and Poulsen, 2009; Insel et al., 2012;
Poulsen et al., 2010). As a result, it is inherently difficult to infer
paleoelevation from the δ18O values of carbonate samples deposited
atop surfaces subject to climatic and elevation change, during which
surface temperatures, δ18Omw-elevation relationships, and evaporative
influence may change simultaneously (e.g., Blisniuk and Stern, 2005;
Ehlers and Poulsen, 2009; Poage and Chamberlain, 2001). These effects
make it particularly challenging to isolate the influence of elevation on
proxy δ18O values in orogenic plateau and continental interior settings
(e.g., Tibet, Basin and Range, Colorado Plateau, Altiplano), which are
common targets for paleoaltimetry investigation. Consequently, the
paleoelevation histories of many of the world's prominent high eleva-
tion regions remain equivocal (e.g., Lechler and Niemi, 2011; Quade
et al., 2011), leaving the questions of how such high topography is
built and sustained relatively open-ended.

3.2. Paleoelevation reconstruction using carbonate clumped isotope
thermometry

3.2.1. Overview
Carbonate clumped isotope thermometry benefits investigations of

continental paleoelevation by providing directmeasures of surface tem-
perature at the time and site of carbonate mineral precipitation, which,
in turn, can help tease apart the contributions of elevation, climate and
seasonality to continental δ18Omw and T(Δ47) records (e.g., Quade et al.,
2007). The first improvement is that independent T(Δ47) measures
eliminate the need to assume the temperature of carbonate growth,
making possible the direct calculation of δ18Omw from carbonate δ18O
values. A second important advantage of clumped isotope thermometry
is that it also provides paleoelevation estimates that are independent of
δ18Omw, based on the comparison of carbonate growth temperatures
with inferred altitudinal gradients in surface temperature.

Previous workers have used a range of approaches to put these de-
ceptively simple sounding concepts into practice, including:

□ Applying conventional stable isotope paleoelevation approaches
using paleo-δ18Omw values calculated directly from carbonate
T(Δ47) and δ18O values and appropriate carbonate-water fraction-
ation equations (e.g., Carrapa et al., 2014; Ghosh et al., 2006b;
Huntington et al., 2014; Leier et al., 2013; Quade et al., 2007, 2011).

□ Integrating T(Δ47) data from analogous modern and ancient
environments/carbonate systems to isolate respective influences of
topographic and climatic change to T(Δ47) records (e.g., Huntington
et al., 2010, 2014).

□ Comparing carbonate T(Δ47) values at a known low paleoelevation,
or near-sea-level, locationwith T(Δ47) values at a contemporaneous
site of unknown paleoelevation, and calculating paleoelevation
using an assumed adiabatic lapse rate or surface elevation-
temperature gradient (e.g., Carrapa et al., 2014; Fan et al., 2014;
Garzione et al., 2014; Huntington et al., 2010; Lechler et al., 2013;
Snell et al., 2014).

□ Estimatingmean annual air temperature (MAAT) fromproxy T(Δ47)
using published transfer functions (e.g., Hren and Sheldon, 2012;
Quade et al., 2013) and comparing T(Δ47)-derived MAAT estimates
with climate station data and GCM output (e.g., Garzione et al.,
2014) and/or contemporaneous proxy MAAT estimates derived
from independent (e.g., paleobotanical, MBT/CBT branched
tetraether) methods (e.g., Lechler et al., 2013).

□ Interpreting measured T(Δ47) and calculated δ18Omw values in the
context of regional or global atmospheric models that simulate
paleoclimate-topography scenarios (e.g., Leier et al., 2013).
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Fig. 2. Elevation dependence of Earth surface temperature and the oxygen (δ18Omw) and hydrogen (δDmw) isotopic compositions of meteoric water. (a) Topography forces air masses to
rise and lose moisture, leading to a decrease in temperature and in δ18Omw and δDmw values with increasing elevation. Samples (circles) deposited on top of an uplifting surface through
time (t1 to t5) should record progressively cooler temperatures and lower δ18Omw and δDmw values, all else being equal (schematic modified after Poage and Chamberlain, 2006).
(b) Surface temperatures decreasewith elevation by 5 to 6 °C/kmon average, but local temperature ‘lapse rates’ can vary considerably (e.g.,Meyer, 2007, and references therein). Globally,
δ18Omw values decrease with elevation on average by 2.8‰/km (Poage and Chamberlain, 2001), with significant scatter around this average (Blisniuk and Stern, 2005).
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Changes over time have advantages over absolute measurements
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In the following subsections we highlight examples from the Andes,
western North America, and Tibet that showcase a range of sampling
strategies and approaches for reconstructing paleoelevation using
T(Δ47) data. The examples illustrate the importance of evaluating
(1) the influence of both topography and climate on surface tempera-
tures and δ18Omw values, (2) the fidelity of the proxy based on analyses
of modern carbonates, and (3) the method of translating carbonate
temperature estimates into paleoelevation estimates, and provide in-
sight into the mechanisms responsible for the rise of high topography.

3.2.2. Strategies for reconstructing paleoelevation: proof-of concept studies
The first clumped isotope paleoelevation investigations in the Andes

and Colorado Plateaumapped out the basic “solution space” of sampling
strategies for subsequent applications. Adapting the strategies of previ-
ous paleobotanical and stable isotopic paleoelevation studies, they
quantified paleoelevation differences or changes through time, using
either changes in T(Δ47) and δ18Omw documented at a single site
through time (Ghosh et al., 2006b) or comparison of T(Δ47) at contem-
poraneous sites of known near-sea-level and unknown paleoelevation
(Huntington et al., 2010).

Ghosh et al. (2006b) recognized that in some areas the effects of
elevation and climate change can be discriminated based on the corre-
lation between T(Δ47) and δ18Omw values in a suite of related samples.
They collected a chronosequence of Miocene pedogenic (i.e., formed
in the soil) calcite from the Altiplano of the Bolivian Andes (Fig. 3a)
and found that the pattern of T(Δ47) and δ18Omw values inferred from
clumped isotope analysis of the Miocene samples parallels the temper-
ature versus δ18Omw trend observed along a modern elevation transect
(Fig. 3b). Changes in variables other than elevation would result in an
oblique T(Δ47) versus δ18Omw trend (Fig. 3c), supporting the authors' in-
terpretation that the observed decrease in both T(Δ47) and δ18Omw

valueswith timeprimarily reflects surface uplift over the sampled inter-
val. The creative approach used by Ghosh et al. (2006b) and refined by
Quade et al. (2007) illustrates the power of combining carbonate δ18O
and T(Δ47) data to constrain paleoelevation—provided both surface

temperature and δ18O values ofmeteoricwaters in the region of interest
are sensitive to elevation.

However, δ18O values are not good proxies for elevation in some re-
gions of interest, a limitation Huntington et al. (2010) circumvented by
distinguishing changes in climate and elevation using Δ47 temperature
records alone. In the arid southwestern USA, evaporative 18O enrich-
ment prevented δ18O-based paleoelevation reconstructions of the
Colorado Plateau. Instead, Huntington et al. (2010) based their esti-
mates on measured T(Δ47) values of Miocene–Pliocene lacustrine
carbonates from the ~2 km-elevation plateau surface and adjacent
near-sea-level lowlands, as well as modern lacustrine carbonates from
a range of elevations in the region (Fig. 3d). The T(Δ47) values formiddle
Miocene samples from the plateau surface record significantly warmer
T(Δ47) values than modern carbonates from similar elevations. If the
warmer plateau paleotemperatures reflected deposition at low eleva-
tion prior to plateau uplift, paleotemperatures of contemporaneous
plateau and lowland samples should be similar (Fig. 3e). Instead, the
T(Δ47) values for ancient lowland samples are warmer than the ancient
plateau samples, and warmer than modern carbonates collected at low
elevation today (Fig. 3f). Huntington et al. (2010) observed indistin-
guishable Miocene–Pliocene and modern carbonate temperature-
elevation gradients, which they interpreted to indicate that topographic
gradients changed little over this interval, suggesting Late Cenozoic
cooling rather than plateau uplift was responsible for the warmmiddle
Miocene T(Δ47) values.

As well as providing a framework for more recent T(Δ47) studies of
paleoelevation, these initial studies hinted at the complexities of
clumped isotope proxy interpretation and paleoelevation reconstruc-
tion. Both Ghosh et al. (2006b) and Huntington et al. (2010) examined
the potential for diagenetic alteration of depositional isotopic values in
their samples—an important issue that led to follow-upwork on related
sample suites (Eiler, 2007; Huntington et al., 2011) and that we discuss
at length in Section 4. Ghosh et al. (2006b) acknowledged the potential
for systematic errors due to bias toward an extreme of the seasonal
variability in temperature, and the pairing of ancient and modern
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Fig. 3. Sampling strategies for reconstructing paleoelevation from clumped isotope thermometry data. (a) Ghosh et al. (2006b) collected a chronosequence of Miocene pedogenic carbon-
ate samples from the Andean Altiplano in Bolivia. The authors compared paleosol temperatures and δ18O values of soil waters inferred from clumped isotope analysis of the samples with
modern altitudinal gradients in surface temperature and δ18Omw to distinguish the potential effects of elevation change versus other variables (i.e., changes in global climate or in the sea-
sonality or amount of precipitation) on the isotopic record. (b) Both T(Δ47) and δ18Omw values inferred from their samples decreasewith time, paralleling the temperature versus δ18Omw

trend observed along a modern elevation transect. (c) Changes in variables other than elevation would result in an orthogonal T(Δ47) versus δ18Omw trend. (d) Huntington et al. (2010)
investigated the uplift history of the Colorado Plateau by collectingMiocene–Pliocene lacustrine carbonates from the plateau surface and adjacent lowlands, as well as modern lacustrine
carbonates from a range of elevations in the region. The authors found T(Δ47) values for Late-Miocene samples from the plateau surface (~2 km a.s.l.) were significantly warmer than
T(Δ47) values for modern carbonates collected at similar elevations. (e) If the warmer paleotemperatures reflected deposition at low elevation prior to plateau uplift, similar
paleotemperatures would be observed for the ancient lowland samples. (f) However, T(Δ47) values for ancient lowland samples are also warmer than modern carbonates collected at
similar elevations, suggesting Late Cenozoic cooling, not uplift is responsible for the temperature-elevation patterns.

6 K.W. Huntington, A.R. Lechler / Tectonophysics 647–648 (2015) 1–20

The problems with clumped isotopes revolve around precipitation of the carbonate (seasonal? which season?) and diagenesis 
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Figure 6. Results of analysis from two flows on Mauna Loa; A refers to location 6, and B to location 7

causing the solidified top to shear away from the
emplacement site.

3. There were no sources outside of the flow such
as soil moisture or burning vegetation to introduce
bubbles into the flow before solidification of the
top and bottom.

Fortunately, each of these conditions can be as-
sessed in the field, and appropriate sites can be sam-
pled on the basis of simple emplacement history.

We have used the techniques we have developed

with vesicular basalts to “measure” the known el-
evation of the base and summit of Mauna Loa (as
was done earlier using plastic casts; Sahagian and
Maus 1994). Figure 8 shows sampling localities on
Mauna Loa. The proper vesicularity profile (fig. 1)
is so easy to recognize when one is standing in front
of a cross section of a lava flow that the most dif-
ficult part of the fieldwork is simply finding local-
ities in which the base of the flow is exposed. Po-
tential sampling sites are ubiquitous at the summit

Thickness N bubbles
Modal size 

mm3
Pressure 

(atm)
Inferred 

Elevation (m)
Actual 

Elevation (m)

Top 1.65 6044 1.823 0.704 3254 3932

Base 9300 1.125
Sahagian et al., J. Geol., 2002
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Figure 9. Results of analysis of using vesicular basalt
as a measure of paleoelevation. Perfect results would lie
along the diagonal line.

vesicle volume. This error can be calculated on the
basis of the relative size of vesicles and the voxels
with which they are constructed. Based on a vesicle
diameter of 1 mm with a linear measurement res-
olution of 47 mm, error arises from the uncertainty
of including or not including voxels from the surface
of a vesicle, where the boundary between rock and
air cuts through a voxel. This uncertainty regarding
the nature of the boundary voxel makes a maximum
measurement deviation of one complete voxel
length, or mm. If we were to make only aj p 47
single measurement and on that basis leave the en-
tire exterior shell of voxels either in or out of the
vesicle, the volumetric error, jv, would be (R !

or .3 3 3 32j) /R p (500 ! 94) /500 p 1.67 j p 67%v

However, we make this measurement for every
voxel in the exterior shell. The number of voxels
included in that exterior shell is theoretically
4p(radius in (1000/47/ vox-2 2voxels) p 4p 2) p 1422
els. This leads to a total measurement error of the
volume of the vesicle as /1/2j /(N ) p 67%v population

. This analytical formulation for1/2(1422) p 1.77%
the surface area of the vesicle does not account for
the lattice orientation of cubic voxels but gives an
approximate analytical treatment of the problem.
The actual number of voxels is easily counted and
for one specific example is 1480, leading to a slightly
smaller error of 1.74%. This leads to an error in pa-
leopressure of !17 mb or !190 m.

Hydrostatic Pressure at the Base of Lava Flow.

Densities of lavas are known to within about !1%.
For basaltic flows, the density of the fluid lava is
used because, at the time the top and bottom solid-
ify, the flows do not include any highly vesicular
zones of foams in which interaction between bub-
bles is strong enough to support the overlying fluid
and thus reduce the pressure at the base of the flow
to below hydrostatic. Gravity is known “perfectly.”
The thickness of a flow can be measured in the field,
but we will account for potential error resulting from
unrecognized minor inflation or deflation after so-
lidification of upper and lower parts of the flow. Each
centimeter of measurement error or inflation/defla-
tion would lead to an error of !33 m in elevation.
Although inflation/deflation is readily identified in
the field, we include an error term to account for 10
cm of inflation/deflation, providing an elevation un-
certainty of !330 m for a typical 3-m flow. However,
with judicious choice of sampling sites, this source
of error should be reduced.

Sea Level Pressure at the Time of Eruption.
There are normal variations in barometric pressure
due to changing weather conditions. Typically, the
time scale of these variations is no longer than sev-
eral days for synoptic systems. (Seasonal averaged
variations are smaller.) Taking a conservative ap-
proach, however, variations in barometric pressure
(due to weather) at the time of eruption of up to 30
mb lead to an uncertainty of about !150 m for a
given flow. It is unlikely that a hurricane or other
very low pressure system will have been present
throughout the cooling of a lava flow and very
likely that barometric variations over several days
will have averaged out in the slowly cooling lava,
but a conservative estimate is !150 m.

The total error from the various contributions
is thus estimated conservatively as 2[(190) !

or about !410 m (using the2 2 1/2(330) ! (150) ]
larger errors above). The different approaches to
error assessment agree (372 vs. 410 m), indicating
that in cases when the actual elevations of sam-
ples are not known a priori, the proposed analysis
can be used to reliably determine paleoelevations
to within 400 m of uncertainty (or better with
multiple sampling).

Conclusions

Vesicle size distributions as a function of strati-
graphic position in lava flows depend on atmo-
spheric pressure, so it is possible to determine pa-
leopressure and thus paleoelevation of emplacement
from analysis of vesicular basalts. A generalized di-
agrammatic flow chart for determining paleoeleva-
tion from vesicular lavas is indicated in figure 7.

Sahagian et al., J. Geol., 2002
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Figure 2. Map of Cheyenne Tablelands showing paleochannel sites
(black dots) and transect (solid black line) from which modern
slope of Ogallala Group was calculated.

nehart et al., 1985). These units have not been offset significantly from

the Rocky Mountain front (Leonard and Langford, 1993).

The Ogallala Group was deposited on the western Great Plains

and within the central Rocky Mountain basins between 17.5 and 5 Ma,

determined on the basis of K/Ar (glass) and fission-track (zircon) dat-

ing (Izett, 1975; Naeser et al., 1980). It is composed of sandstone and

conglomerate and forms single and amalgamated channel bodies inter-

bedded with finer grained eolian deposits (Swinehart et al., 1985). The

Ogallala Group has been interpreted as braided stream deposits, on the

basis of the presence of abundant thinning- and fining-upward cycles;

broad, shallow, commonly nested channels; and the scarcity of over-

bank deposits (Goodwin and Diffendal, 1987). Preserved thicknesses

within the Cheyenne Tablelands range from a few tens of meters to

⇥150 m, but are generally consistent, ⇧40–70 m.

MODERN GRADIENT

To determine the modern slope of the Ogallala, we took the ele-

vation of its base along a 250 km transect at lat 41.15⇤N (Fig. 2)

(Cooley and Crist, 1981; Swinehart et al., 1985). The gradient of the

base is not significantly different from the top, and both surfaces slope

down subparallel to the paleotransport direction, which was toward the

east-northeast (Swinehart et al., 1985). The lack of late Tertiary folding

and faulting and the limited volume of post-Ogallala deposits within

the study area (Goodwin and Diffendal, 1987; Swinehart et al., 1985)

suggest that the structure and thickness of the Ogallala Group have not

been modified much since its deposition.

PALEOHYDRAULIC METHOD

In order to determine the depositional slope of the Ogallala chan-

nels, we used the critical-tractive-force method (Paola and Mohrig,

1996). This method is based on the well-established relationship for

gravelly braided streams with weak banks, that the critical shear stress

required to move the coarsest clast is just below the shear stress on

the stream bed at bankfull stage. This relationship means that we can

estimate basal shear stress from the grain-size distribution. Because

basal shear stress is proportional to the product of depth and slope in

the channel during transport, slope during deposition is calculated by

using the following equation (Paola and Mohrig, 1996, and references

therein):

S ⌥ 0.094(D )/h,est 50 (1)

where D50 is the median grain size, h is the flow depth, and Sest is the

depositional slope.

The most important factor in applying this method is the assump-

tion that the gravel channels were deposited by braided streams. Prob-

lems introduced by deposits not meeting these criteria are easily avoid-

ed by observation at the outcrop. The Ogallala gravel channels we

examined rarely contained cross-stratification, bedforms indicating rap-

id changes in flow velocity, or evidence of bank cohesion. Those that

did were not sampled.

The sources of uncertainty in applying this method are related to

the difficulty in accurately measuring the same features in ancient de-

posits versus modern stream-channel deposits. Uncertainties include

the possible underestimation of both flow depth and grain size. Flow

depth can be underestimated because the fining-upward sequences uti-

lized as a proxy for flow depth are not always completely preserved.

Grain size can be underestimated in ancient deposits owing to the in-

ability to measure only those clasts that were on the channel bed during

bankfull stage. Underestimation of flow depth results in overestimation

of paleoslope, whereas underestimation of grain size results in under-

estimation of paleoslope. The final result was shown by Paola and

Mohrig (1996) to predict the depositional slope within a factor of two.

In any case, the assumption of braiding and the use of lower than actual

paleodepths result in maximizing paleoslopes, thus minimizing esti-

mates of subsequent uplift.

To collect the data required to calculate depositional slope, we

sampled preserved channels at 10 sites in the Ogallala Group (Fig. 2).

Between two and six paleochannels were analyzed at each site. At each

paleochannel, we measured the intermediate axes of ⇧100 clasts in
channel scours. Clasts were chosen along a tape at intervals longer

than the largest clast. The estimate of flow depth for each gravel chan-

nel was measured from the base of an extensive scour to the base of

the next scour above it in a fining-upward sequence. Duplicate clast

counts were taken at each site and showed variations of ⌃�6% on

diameter measurements. Finally, we compiled the average median clast

diameter (D50) and the average flow depth for each field locality.

RESULTS

Paleoslope values were calculated by using the site D50 and flow

depth for each field location (Fig. 3A). The paleoslopes generally de-

crease from west to east and range from 2.1 to 0.8 m/km (10⌅3 to

10⌅4). The present slope of the Ogallala base also decreases from west

to east, ranging from 10 to 2 m/km (10⌅2 to 10⌅3). In comparison there

has been an order of magnitude change in the slope of the Ogallala

Group at its western end and very little change in the slope on its

eastern end. This result indicates that there has been tilting up to the

west (or down to the east) of the western Great Plains since Ogallala

deposition.

A hinge point near the eastern edge of the study area was used

as datum. This eastern location is where the modern and reconstructed

slopes converge and incision nears zero. Relief along the modern Ogal-

lala surface and the paleosurface as well as postdepositional tilting are

measured relative to that hinge point (Fig. 3B). The integration of

paleoslope values along the length of the study area results in a pa-

leorelief estimate of 270 m (540–135 m). The upper and lower bounds,

shown in parentheses herein, are based on the uncertainty factor in the

paleoslope method. Present east to west relief across the modern Ogal-

lala base is 950 m. If the eastern edge of the study area is assumed to

have been fixed during and after Ogallala deposition, then there has

been as much as 680 m (815–410 m) of differential tilt of the table-

lands surface at its western edge.

UPLIFT DUE TO EROSION

Following deposition of the Ogallala Group, intermontane basins

within the central Rockies were exhumed and the western Great Plains

were incised by the Platte River and its tributaries. It is possible that

this erosion would uplift and tilt the Cheyenne Tablelands because the

strength of the lithosphere will distribute the isostatic response to ero-

sion over a region broader than that being eroded (Turcotte and Schu-
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Figure 3. Postdepositional changes in slope and relief of
Ogallala surface. A: Paleoslope estimates for each paleo-
channel site are plotted with linear fit. Vertical bars rep-
resent uncertainty (factor of 2) in paleoslope estimates.
Modern slope is derived from base of Ogallala Group. B:
Paleorelief is derived from integration of paleoslope es-
timates over 250 km transect. Shaded area represents
uncertainty. Relief of modern surface is exponential fit of
base topography. Change in relief is relative to fixed
hinge point at eastern edge of study area.

Figure 4. Deflection of paleosurface as result of erosion along
North and South Platte River valleys and Laramie Basin. Paleo-
surface and modern surface are same as in Figure 3B. Dashed
lines show elevation of paleosurface corrected for isostatic re-
bound due to erosion.

bert, 1982). To calculate the amount of uplift caused by erosion, we

first reconstructed the topography at the end of Ogallala deposition for

the North and South Platte valleys and the Laramie basin (areas shown

by box in Fig. 1). This was done by projecting elevations of perched

Tertiary basin-fill remnants on the interfluves across each of these three

regions using 30 min digital elevation models. We assumed that the

amount of post-Ogallala erosion equals the difference between the el-

evation of this interpolated surface and the modern elevation. Maxi-

mum magnitudes of erosion range from 293 m in the Laramie basin

to 577 in the North Platte valley. Erosion of the range tops was ignored

because the tablelands surface grades smoothly to merge with the high-

level beveled Precambrian surface atop the Laramie Range (Chapin

and Cather, 1994).

To estimate the uplift of the Cheyenne Tablelands due to erosion

we convolved the appropriate two-dimensional Green’s function (Hax-

by et al., 1976) with the erosion distribution. A two-dimensional flex-

ure calculation is necessary because the amount of erosion varies con-

siderably along transects perpendicular to the tablelands. We assumed

that the eroded sedimentary rocks had a density of 2500 kg/m3. An-

gevine and Flanagan (1987) found that the flexural rigidity of the lith-

osphere beneath the Denver basin is ⇥1024 N·m. We used this value
but also repeated the calculations for rigidities of 1023 and 1025 N·m

to show that uplift is not sensitive to variations in flexural rigidity.

The flexural rebound of the Ogallala surface generates as much

as a few hundred meters of uplift over 200 km (Fig. 4), but cannot

produce all of the observed tilting. In fact, it only accounts for as much

as 140 m of the postdepositional change in tilt, which leaves 540 m at

the westernmost end. Even by using the maximum paleoslope values

and a range of flexural rigidities for the strength of the lithosphere, the

results fall �270 m short of the observed change in tilt. The magnitude
of required postdepositional tilt can be reduced if we assume that the

Ogallala Group was originally much thicker than currently preserved.

However, where the Ogallala Group is overlapped by younger units to

the east and not eroded, there is no evidence of significantly greater

thicknesses. In addition, to generate tilt, the missing load would have

to have been strongly asymmetric, thickening to the west, to �500 m,
placing it above the peaks in the adjacent parts of the Laramie Range.

We view such phantom loads as untenable.

DISCUSSION

The Cheyenne Tablelands have been tilted 680 m (815–410 m)

up to the west. Tilting can be caused by subsidence to the east and

tectonic uplift or isostatic rebound due to unloading to the west. We

know there has not been much subsidence of the Great Plains, because

tectonic activity has been minor and only a thin veneer of sediment

has been deposited to the east of the study area in the past 5–10 m.y.

(Swinehart et al., 1985; Diffendal, 1982). We also know there has been

significant erosion of Tertiary basin fill toward the west in the Great

Plains and farther west in the intermontane basins, and therefore there

must be some isostatic response. The driving force behind basin-fill

exhumation can be climate change or tectonic uplift. The effects of

these processes need to be evaluated in order to determine whether

tectonic uplift has occurred in the post-Miocene tilting of the table-

lands, and if so, how much.

Tectonics or Climate

In considering the potential role of climate change as a cause of

incision, we realize there are two possible effects. Incision could be

caused by increased stream power along the mountain front due to

increased water flux. We dismiss this possibility because erosion alone

cannot account for the postdepositional change in tilt of the Ogallala

channels. The second possibility is isostatic rebound of the lithosphere

due to climate-induced sediment exhumation. We modeled this possi-

bility in the flexural analysis. The results indicate that even if all of

the incision and basin-fill removal was due to climate, only to 140 m

of the 680 m (815–410 m) of differential tilt would be generated.

Therefore, at a minimum, 540 m (675–270 m) of tilt must have been

generated by tectonic uplift, most likely to the west of the tablelands.

Known coeval tectonic events affecting the region include the Yel-

lowstone hotspot and the northern propagation of the Rio Grande rift.

McMillan et al., Geology, 2002

Not exactly paleoaltimeter, but use of sedimentology should tell of tilts (but watch the assumptions carefully).
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Figure 1. Sampling localities throughout perimeter
of Colorado Plateau. Lava fields are shaded. In
general, southern localities are limited to relatively
young flows, while older flows can be found in
northern sections. Oldest flows are andesitic.
There is no relationship between paleoelevation
and age (see Fig. 2).

certainties. On the basis of estimated river downcutting rates, gradient

and thus uplift and tilting can be inferred from geomorphologic argu-

ments (Small and Anderson, 1995). However, this approach depends

strongly on the ability of paleoclimate to be reconstructed for precip-

itation and runoff calculations. Another method is based on isotopic

ratios of fluid inclusions in calcite veins that can trap meteoric water

(Fricke et al., 1992). However, the isotopic gradient can vary signifi-

cantly, depending on climatic factors as well as proximity of oceans,

season of the year, and other undefined variables. Authigenic minerals

formed in the presence of meteoric water preserve the isotopic com-

position of meteoric water and thus can be used as a proxy for pa-

leoelevation (Chamberlain and Poage, 2000). Stratigraphic analysis

provides evidence of a late Oligocene (28–21 Ma) initial erosional

event (Peirce et al., 1979) that might indicate the start of plateau uplift

with physiographic margin relief of as much as 600 m. This argument

has been used to support early uplift of the Colorado Plateau. Strati-

graphic arguments have also been used to support recent uplift on the

basis of Miocene and Pliocene erosional sediments in central Arizona

(McKee and McKee, 1972). The present elevations of marine, lacus-

trine, and estuarine rocks of the Pliocene Bouse and Muddy Creek

Formations have been used to support post-Miocene uplift of 550–880

m (Lucchitta and Morgan, 1998). In general, the preponderance of

stratigraphic evidence suggests that most uplift is recent, but that grad-

ual uplift may have commenced as early as 24 Ma (Morgan and Swan-

berg, 1985). On a shorter time scale, releveling along the Rio Grande

across the margin of the Colorado Plateau (Reilinger and Oliver, 1976)

conducted in 1911 and 1951 suggests a recent uplift scenario for the

Colorado Plateau.

The various approaches discussed here each have limitations be-

cause paleoelevation is not the unique factor controlling each proxy

method. As such, they can shed some light on general timing of plateau

uplift, but are difficult to use quantitatively for either dating or mag-

nitude of epeirogenic activity. This problem with proxies highlights the

importance of establishing a technique for the determination of pa-

leoelevation, which is independent of other factors that may have

changed since the time of interest. Forest et al. (1995, p. 347) stated

that ‘‘Ideally, paleoelevations would be inferred directly from estimates

of paleopressure.’’ It is toward that end that we have directed this study.

VESICULAR LAVA AS A PALEOALTIMETER

It was determined previously that the size distribution of vesicles

in basaltic lavas (Sahagian, 1985; Sahagian et al., 1989) is sensitive to

ambient atmospheric pressure at the time of emplacement (Sahagian

and Proussevitch, 2002; Sahagian and Maus, 1994). This sensitivity

derives from the fact that a well-mixed population of bubbles within

an erupting magma is homogeneously distributed throughout the lava,

so that there is the same mass of gas in the bubbles at the top and

bottom of the flow. However, the pressure at the top is merely atmo-

spheric pressure, while the pressure at the bottom is atmosphere pres-

sure plus the hydrostatic pressure of the lava overburden, so the bottom

vesicles are smaller (Sahagian and Maus, 1994). Consequently, samples

can be collected from the top and bottom of lava flows for determi-

nation of vesicle size distributions, and paleoatmospheric pressure can

be calculated. Armed with atmospheric pressure, it is simple to use the

standard atmospheric lapse rate to calculate paleoelevation. Subtracting

the present elevation provides the amount of postemplacement uplift.

This conversion can be done only insofar as sea-level pressure has not

changed since the time of eruption. This is probably true for the Ce-

nozoic, although for Archean flows this technique may be inverted to

be used as a measure of atmospheric development and evolution.

Our approach of using vesicular lavas as a paleoaltimeter com-

plements traditional floral and other approaches in two ways. First, it

can be used as a check of paleofloristic interpretations for times of

known paleoclimate, and the two can be used as appropriate, consid-

ering the types of rocks that are preserved in the region and time of

interest. Second, for times when paleoclimate is not known, paleoele-

vations can be calculated from vesicular lavas, and then floristic anal-

ysis can be inverted to deduce paleoclimate.

To validate our method, we collected nine samples from recent

Hawaiian flows at a range of elevations. Comparing the paleoelevation

results from our analysis to the actual elevations of the flows demon-

strated that the method is reliable even with a small number of samples.

The nine samples provided a standard deviation (⇧) of⌅⇥400 m. With
greater sample numbers, standard deviation would be smaller, so ac-

curacy increases with multiple sampling, and as much redundancy as

feasible should be incorporated in further applications of the method.

In an independent approach to determining error involved in the ap-

proach, a factor analysis of the individual sources of error results in

the same level of accuracy (⇥410 m) for the technique (Sahagian and
Proussevitch, 2002). These sources of error include measurements of

vesicle size and lava flow thickness, and the use of average sea-level

barometric pressure (no weather-related variations).

Basalt samples were collected and analyzed from four general

regions around the perimeter of the Colorado Plateau (Fig. 1). Sam-

pling sites are located at distal parts of lava flows on the surrounding

plains, far removed from a volcanic edifice. Samples for the paleoal-

timeter were not collected from proximal (near vent) flows because

edifice growth would confound our calculations of plateau uplift. Fur-

thermore, proximal flows are most likely to undergo repeated inflation

and deflation during eruption, potentially resulting in bubbles ‘‘frozen

in’’ under conditions different than those during field measurement of

flow thickness. Only samples from flows that preserve their full thick-

ness can be used. If the pahoehoe top is eroded away, the flow is

suspect, and should not be used. The most reliable samples generally

come from stacks of flows.

SAMPLE ANALYSIS

For each sample, a 2.5 cm core was scanned at the High Reso-

lution X-Ray CT (computed tomography) Facility of the University of

Texas at Austin (Ketcham and Carlson, 2001). For each core, 351 con-

tiguous slice images were obtained (interslice spacing � 49 ⇤m; pixels
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TABLE 1. SAMPLE ANALYSIS RESULTS

Site Age
(Ma)

Present elevation
(m)

Calculated paleoelevation (change)
(m)

A 10.2 3093 2270 (⇧820)
B 10.2 3262 1910 (⇧1350)
C 9.5 3201 1550 (⇧1650)
D 9.5 3201 1710 (⇧1490)
E 5 1993 1810 (⇧180)
F 10–15 2011 1020 (⇧990)
G 23 1827 670 (⇧1160)
H N1 1978 980 (⇧1000)
I 22.8 3324 2010 (⇧1310)
J 1.9 1752 830 (⇧990)
K 1.98 1933 1590 (⇧340)
L 1.98 1933 1130 (⇧800)
M 4.0–4.7 2209 1390 (⇧820)
N 3.4–4.1 2537 1410 (⇧1130)
O 19.8 2522 710 (⇧1810)
P 17.6 2536 1140 (⇧1400)
Q 17.7 2485 950 (⇧1540)
R N1(20) 3322 1150 (⇧2170)
S N1(20) 3320 1710 (⇧1610)
T N1(20) 3330 1200 (⇧2130)

Note: See also text footnote 1.

Figure 2. Paleoelevation of sampling localities through-
out Colorado Plateau. There is no clear relation between
paleoelevation and age. Flows have been emplaced at
range of elevations between 700 m and 2300 m. Differ-
ence between paleoelevation and present elevation, how-
ever, shows clear trend, thus defining uplift history, as
indicated in Figure 3.

Figure 3. Uplift history of Colorado Plateau based on ve-
sicular basalt paleoaltimeter. Logarithmic curve provides
highest r-value (solid curve) relative to other curve fits.
However, a logarithm passes through (0,0) even though
this point is actual value of ‘‘no uplift since present.’’ Re-
sults indicate that slow uplift (40 m/m.y.) commenced at
least 25 m.y. ago, but accelerated (to 220 m/m.y.) in past
5 m.y. Dashed line is for Marysvale samples collected
from downfaulted blocks of transition zone to Basin and
Range.

� 47 ⌃ 47 ⇤m). Measurement of vesicle size distributions was done
using our recently developed numerical analysis techniques (Proussev-

itch and Sahagian, 2001). The offset of the size distributions1 (most

easily visualized as offset of the modes) between the tops and bottoms

of the sampled flows was used to determine paleoatmospheric pressure

and thus paleoelevation, using the standard atmospheric lapse rate.

COLORADO PLATEAU UPLIFT CURVE

The paleoelevations obtained by our analysis (see footnote 1) are

given in Table 1 and plotted in Figure 2. There is no discernible re-

lationship between age and paleoelevation, suggesting that basalts were

erupted throughout a range of elevations over the past 25 m.y. in all

parts of the plateau. Initial paleoelevation of analyzed flows (Fig. 2)

does not show any obvious relation with age, if paleoelevations for all

localities are plotted together. Most lava flows (⌅90%) were emplaced
in the 800–2000 m range regardless of age. It is tempting to speculate

about the range of emplacement elevations near 1500 m. There may

be a relation between the cause of uplift and magmatic source, mod-

ulated by lithospheric properties that control the elevation of emplaced

lavas, but this is beyond the scope of this paper.

Our analysis provides a general uplift history for the Colorado

Plateau (Fig. 3). Figure 3 includes two sets of data, isolating results

from the downfaulted blocks of the Basin and Range transition zone

(Marysvale). Aside from the transition-zone samples, results indicate

slow uplift of ⌅40 m/m.y. between 25 Ma and 5 Ma (only 800 m of

uplift during that time), and rapid uplift of 220 m/m.y. since 5 Ma

(1100 m during that time). This suggests that the controversy between

interpretations of ancient and recent uplift can be resolved by our re-

sults of a low rate of uplift early on, then a great increase in uplift in

the past 5 m.y. There is some suggestion in the results that the western

and northern edge of the plateau may have begun a rapid uplift phase

earlier than the eastern part, but this needs to be further explored by

subsequent detailed sampling and analysis focused on relatively young

flows (⇥9 Ma).
The Colorado Plateau has been tectonically active along its mar-

gins, and there is clear evidence of faulting and changes of local ele-

vation and relief. This is particularly true in the western margin, in

Utah, where the Colorado Plateau grades into the Basin and Range

1GSA Data Repository item 2002094, Table of Colorado Plateau sampling
locations, is available on request from Documents Secretary, GSA, P.O. Box
9140, Boulder, CO 80301-9140, editing@geosociety.org, or at www.
geosociety.org/pubs/ft2002.htm.

Province (Fig. 1). Our technique provides only paleoelevation (Fig. 2).

To infer epeirogeny or tectonics from this, a reference elevation must

be subtracted. For most of the plateau, subtracting present elevation

provides uplift and timing based on lava age. However, in the transition

zone, more recent downfaulting makes present elevation an inappro-

priate reference for plateau uplift calculations. Rather, it is possible to

Sahagian et al., Geology 2002


