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creasing Hg2þ concentration. After correcting for
the initial shift caused by the new environment,
the response of cell-bound DNA-SWNTs fits the
model curve created by the same complexes in
pure buffer (Fig. 3C). Control experiments
produced no additional shift. The successful
operation of the complex within living mammalian cells creates opportunities for new molecular probes that operate in the near IR and
avoid natural autofluorescence of biological
media.
Ion detection is also possible in media that
already possess a strong ionic background. A
12,000–molecular weight cut off dialysis capillary was filled with DNA-SWNTs and inserted
into whole blood and muscle tissue. The complex
was added directly to a black dye solution (optical density 9 4). The HgCl2 was still detected
through these highly absorptive media (Fig. 3D).
The near-IR fluorescence of DNA-SWNTs in the
dye solution exhibited the same response as
SWNTs in pure buffer. In whole blood and tissue, the presence of interfering absorbers of Hg2þ
(free DNA, proteins, etc.) predictably shifts the
observed sensitivity to larger values (C0 0 3500
mM in blood; 8000 mM in tissue); however, the
DNA-SWNTs still provide a measure of the
residual ions that are locally bound to the complex in these heterogeneous media (26).
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Rapid Uplift of the Altiplano
Revealed Through 13C-18O Bonds
in Paleosol Carbonates
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The elevation of Earth’s surface is among the most difficult environmental variables to
reconstruct from the geological record. Here we describe an approach to paleoaltimetry based
on independent and simultaneous determinations of soil temperatures and the oxygen isotope
compositions of soil waters, constrained by measurements of abundances of 13C-18O bonds in
soil carbonates. We use this approach to show that the Altiplano plateau in the Bolivian Andes
rose at an average rate of 1.03 T 0.12 millimeters per year between È10.3 and È6.7 million
years ago. This rate is consistent with the removal of dense lower crust and/or lithospheric
mantle as the cause of elevation gain.
arth scientists have attempted to determine the elevation history of Earth_s
surface by measuring proxies for barometric pressure (1, 2), the thickness of overlying
atmosphere (3), the enthalpy of the atmosphere (4), ground temperature (5, 6), and the
d18O value of meteoric water (7–12). Methods
aimed at determining atmospheric pressure/
thickness (1–3) are the most theoretically robust
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but suffer from difficulties in sample availability and interpretation, and as a result have
seen little use. The more practical methods,
using isotopic data (7–12), have difficulty accounting for climate change or changes in the
seasonality of precipitation. Paleobotanical methods of constraining atmospheric enthalpy or
temperature (4–6) depend on empirical correlations with plant physiognomy that are of
uncertain value when applied to ancient plant
communities.
Ghosh et al. (13) report the calibration of a
new kind of carbonate stable isotope paleothermometer that constrains carbonate growth tem-
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perature independently of the d18O of waters
from which they grew. They refer to this method as the Bclumped isotope thermometer,[ because it measures the temperature-dependent
clumping of 13C and 18O into bonds with each
other in the carbonate mineral lattice. As we
show below, this thermometer can (i) constrain
the growth temperatures of soil carbonates, which
can be compared to a known altitudinal gradient
in surface temperature; and (ii) constrain the
d18O of water from which carbonate grew
(because both the growth temperature and d18O
of carbonate are known), which can be compared
to the altitude dependence of the d18O of meteoric water; and, by combining these two independent constraints, (iii) constrain the correlation
between soil temperature and the d18O of soil
water exhibited by a suite of related samples.
This correlation can discriminate between the
effects of altitude, climate, latitude, and seasonality in driving changes in temperature and
d18O of water, and thus can help identify
records that primarily reflect variations in
altitude (rather than other factors) or quantify
the contributions of altitude changes to those
records.
We determined the stable isotope compositions of pedogenic soil carbonate nodules
from paleosols collected in the Bolivian Altiplano Ean È300-km-wide (from east to west),
È1200-km-long (from north to south), 4-kmhigh plateau perched between the Western and
Eastern Cordilleras in the central Andes^. Our
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analyses include values of D47: a measure of the
enrichment of mass-47 isotopologs (principally
13C18O16O) relative to the randomly expected
abundance in CO2 produced by acid digestion
of soil carbonate samples (13, 14). The studied
samples (Table 1) come from a sequence of
interbedded paleosols, sandstones, and mudstones exposed in the Corque syncline near
Callapa (north-central Altiplano; approximately
at 17.6-S, 68.2-W). Today, these rocks are at
elevations between È3800 and È3900 m. Carbonate nodules found in paleosols from this
section are generally 0.5 to 3 cm in diameter
and are found È25 to 80 cm below the tops of
their host paleosols, and some contain root
tubules. These features are consistent with their
having grown at depths ranging from centimeters to decimeters around tree or shrub
roots. The ages of the paleosols we studied vary
between 11.4 and 5.8 million years Eas constrained by magnetostratigraphy and 40Ar/39Ar
dates of volcanic rocks within the section
(Table 1) (15)^.
Values of D47 for CO2 extracted from 11.4to 10.3-million-year-old carbonates average
0.631 per mil (°) (T0.011°, n 0 8 samples),
excluding one outlier at 0.546 T 0.017° that
we suspect reflects diagenetic resetting (16).
Carbonates from soils deposited between 7.6
and 7.3 million years ago (Ma) yield CO2 with
D47 of 0.680° (T0.015°, n 0 2), and those
from soils deposited between 6.7 and 5.8 Ma
yield CO2 with D47 of 0.706° (T0.029°, n 0
4) (Table 1 and Fig. 1). The data for the 11.4- to
10.3-million-year-old samples are effectively
homogeneous in D47 within analytical precision, and they probably provide our best in-

dication of the current limits of analytical
precision for complex natural samples. These
data correspond to carbonate precipitation temperatures of 28.4- T 2.6-C (SE, T0.9-C) between 11.4 and 10.3 Ma, of 17.7- T 3.1-C (SE,
T2.2-C) between 7.6 and 7.3 Ma, and 12.6- T
5.6-C (SE, T2.8-C) between 6.7 and 5.8 Ma.
Measured paleotemperatures between 11.4 and
10.3 Ma are at the high end of measured modern temperatures at low altitudes (200 to 400 m)
on the east flanks of the Andes (17–19), suggesting that they grew at a time when the
Altiplano had not yet risen to its current altitude and perhaps suggesting warmer temperatures in the Miocene than at present and/or
that paleosol carbonates precipitated during the
austral summer. Paleotemperatures determined
for soils deposited between 6.7 and 5.8 Ma
are similar to those currently typical of the
warm season (January and February) in La Paz
and El Alto, Bolivia EÈ8- to 10-C, situated at
È4000 m (17–19)^. Thus, these data are consistent with the Altiplano having risen to near
its modern altitude by 6.7 to 5.8 Ma. Based
on the contrast in temperature between the
oldest and youngest groups of samples we
examined (15.7- T 2.9-C, 1 SE in the difference
between the means) and the vertical gradient in
surface temperatures observed in the Andes
today [average, 4.66-C/km (17–19)^, these temperature data alone suggest uplift of 3400 T
600 m over a period of È3.6 million years
(the span between the end of the 11.4 –10.3 Ma
period and the start of the 6.7–5.8 Ma period),
for an average uplift rate of 0.94 T 0.17 mm/year.
These results are consistent with previous
estimates of paleoaltitude for the Altiplano

(Fig. 2). This estimate suffers from potential systematic errors due to changes in latitude and/or
climate between the Miocene and the present,
and/or due to bias toward an extreme of the
seasonal variability in temperature (that is, soil
carbonate nodules may not grow evenly throughout the year).
We can also estimate paleoelevations by calculating the d18O value of the water from which
soil carbonates grew (based on the known
growth temperatures and the known carbonatewater oxygen isotope exchange equilibrium) and
comparing those results with the known altitudinal gradient in d18O of meteoric water (20). The
d18OSMOW (SMOW, standard mean ocean water)
values of waters in equilibrium with paleosol
carbonates that formed between 11.4 and 10.3
Ma average –8.6 T 1.1° (SE, T0.4); waters in
equilibrium with carbonates formed between
7.6 and 7.3 Ma have average d18OSMOW values
of –11.8 T 1.8° (SE, T1.3); and waters in
equilibrium with carbonates formed between 6.7
and 5.8 Ma have average d18OSMOW values of
–14.6 T 1.2° (SE, T0.6) (Table 1 and Fig. 1).
On the basis of the contrast in d18O of the parent
water between the oldest and youngest groups of
samples we examined (6.0 T 0.7°, 1 SE in the
difference of the means) and the altitudinal gradient in the weighted annual mean d18O value
of meteoric water observed in the Andes today (21), these d18Owater data suggest that the
soils were uplifted 3000 T 300 m (from 700 T
200 to 3700 T 200 m) over È3.6 million years,
for an average uplift rate of 0.83 T 0.08 mm/year.
These results are consistent with our estimate
of altitude change based on paleothermometry data alone. However, like that estimate,

Table 1. Stable isotope compositions, growth temperatures, and parental water d18O values for Altiplano soil carbonates.
Sample

Age
(Ma) (15)*

d13CPDB
of carbonate (14)

d18OPDB
of carbonate (14)

03BL13
03BL19
04BL75
04BL76
04BL78
04BL79
04BL80
03BL1

11.42
11.32
10.88
10.74
10.58
10.53
10.46
10.33

–9.4
–6.8
–9.3
–8.3
–9.4
–8.6
–10.1
–8.2

–11.4
–11.1
–9.8
–11.7
–13.0
–12.3
–11.6
–12.5

04BL2
04BL10

7.61
7.32

–4.6
–5.9

–13.9
–11.5

04BL21
04BL24
04BL25
04BL30

6.74
6.64
6.53
5.83

–7.7
–6.7
–7.0
–6.5

–14.7
–13.5
–14.6
–14.6

04BL69

10.95

–9.9

Suspected of
–8.2

D47
of extracted CO2 (14)

0.612 (19)
0.651 (21)
0.634 (14)
0.632 (13)
0.644 (21)
0.630 (12)
0.620 (5)
0.628 (6)
11.4 to 10.3 Ma average
0.695 (9)
0.665 (10)
7.6 to 7.3 Ma average
0.681 (4)
0.713 (12)
0.750 (8)
0.679 (13)
6.7 to 5.8 Ma average
diagenetic alteration
0.546 (17)

Temperature
(-C) (13)

d18OSMOW
of water (20)

32.8 (4.6)
23.8 (4.6)
27.7 (3.2)
28.2 (3.0)
25.6 (4.7)
28.6 (2.8)
31.0 (1.2)
29.2 (1.4)
28.4 (0.9)
14.6 (1.8)
20.8 (2.1)
17.7 (2.2)
17.5 (0.8)
11.0 (2.3)
4.1 (1.4)
18.0 (2.7)
12.6 (2.8)

–7.5 (0.9)
–9.0 (0.9)
–6.9 (0.6)
–8.7 (0.6)
–10.5 (0.9)
–9.0 (0.5)
–8.2 (0.2)
–9.3 (0.3)
–8.6 (0.4)
–13.7 (0.4)
–10.0 (0.4)
–11.8 (1.3)
–13.9 (0.2)
–14.1 (0.5)
–16.7 (0.3)
–13.7 (0.6)
–14.6 (0.6)

50.3 (4.9)

–1.1 (0.8)

*Italic numbers in parentheses at the head of each column refer to references explaining the sources, methods, or algorithms on which the data are based. Analytical uncertainties in d13C and
d18O of carbonate average T0.02 and T0.1°, respectively, and are not shown. Analytical uncertainties in D47 (numbers in parentheses) are shown for each measurement as the standard error of
the mean of all mass spectrometric analyses for a given sample. These are propagated to estimate uncertainties in temperature and d18O of water.
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it suffers from potential systematic errors due
to evaporative fractionation of oxygen isotopes
in soil waters.
The relation between growth temperature
and the d18O of parental waters recorded by

this one also suffers from potential systematic
errors due to latitude and/or climate change
between the Miocene and present, and/or due
to bias toward an extreme of the seasonal
variability in d18O of meteoric water. Moreover,

δ18OSMOW of water (‰)
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Fig. 1. Plot of the d18OSMOW value of water in equilibrium with soil carbonate nodules versus the
growth temperatures of those nodules. The small symbols are individual samples from Table 1. The large
symbols are averages for the 11.4- to 10.3-Ma, 7.6- to 7.3-Ma, and 6.7- to 5.8-Ma age groups. Error
bars for individual measurements are based on external precision in D47 and d18O measurements for
acid digestion analyses of carbonates, and they consider the effect of errors in temperature on estimated d18OSMOW values of water. Error bars for age groups are T1 SE of the population. Gray curves
show the mean annual trend (solid curve) and trend of January/February (Jan/Feb) extremes (dashed
curve) for the relations between surface temperature and the d18OSMOW of meteoric water. These curves
are contoured for altitude in kilometers. The similar green curves plot the expected location of the
mean annual and Jan/Feb extremes in the mid-Miocene, based on inferred changes in the latitude of
Bolivia, low-latitude climate change, and secular variation in the d18O of seawater. Fine dashed lines
connecting the mid-Miocene mean annual trend and Jan/Feb extreme trend show the slopes of seasonal
variations in temperature and d18O of water at a fixed altitude (we infer that these were the same in
the Miocene as today). Paleoaltitudes of age-group averages are estimated by their intersections with
this set of altitude contours, as indicated by the red, yellow, and blue dashed lines.
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Fig. 2. Constraints on
the uplift history of the
Altiplano, based on data from this study (colored boxes, with error
bars indicating T1 SE)
and paleobotanical constraints (45, 46). Arrows
mark the uplift history
that is most consistent
with both sets of constraints. The average uplift rate between È10.3
and 6.7 Ma is 1.03 T
0.12 mm/year, which is
approximately three
times the rate that could
be sustained by crustal
shortening driven by
plate motions.
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our data for paleosol carbonates (Fig. 1) parallels
the relation between mean annual surface temperature and the annual weighted average d18O
of meteoric water recently measured across the
Altiplano and surrounding lowlands, but is
slightly offset, on average, from the modern
trend toward lower d18O at any given temperature and extends to higher temperatures than
those observed today in eastern Bolivia. The similarity in slope between our data and the modern mean annual trend shown in Fig. 1 suggests
that elevation change is the principal cause of
variability in carbonate growth temperature
and the d18O of soil waters seen in our Miocene record, because other factors (such as
changes in global climate or latitude and/or
changes in the part of the seasonal cycle sampled by soil carbonates) are predicted to lead to
slopes that are different from that of the modern mean annual trend in Fig. 1 (22). This ability to demonstrate the primary role of altitude
change in driving variations in temperature
and d18O of water is a strength of this approach
to paleoaltimetry. Still, we must correct for any
second-order effects of climate change and latitude change.
Bolivia was 1- to 2- of latitude north of its
current position during the mid-Miocene (23),
and so its mean annual temperature should have
been È0.3- T 0.1-C warmer and the d18O of its
meteoric water 0.9 T 0.3° higher than today
(based on modern latitudinal gradients in these
variables). Also, low-latitude climate may have
been È1-C warmer in the mid-Miocene (24).
Finally, the d18O of the ocean was È1° lower
in the mid- to late Miocene as compared to
today, essentially counterbalancing the change
in d18O of meteoric water expected from change
in latitude (25). Therefore, the modern mean
annual trend in Fig. 1 must be shifted to 1.3-C
higher temperature at constant d18O to equal the
expected trend for the mid-Miocene Ethe similarity in atmospheric circulation patterns from
10 to 15 Ma to the present suggests that there
have been no first-order changes in moisture
supply (26–28)^. Most important, modern meteoric water d18O values and surface temperatures vary seasonally by 10 to 15° and several
degrees, respectively, across most of the Altiplano and surrounding region. It is possible
(perhaps even likely) that soil carbonates grow
at different rates in different seasons, and thus
might be systematically offset from the mean
annual trend toward a seasonal extreme in Fig.
1. Seasonal variations in d18O and temperature
at any one altitude are correlated with one another, and those correlations are at a high angle
to the mean annual trend. Therefore, one can
contour lines of constant altitude linking the
mean annual trend with the seasonal extreme
trends in Fig. 1 (as indicated by the fine dashed
lines; only the January/February extreme is
shown, for simplicity) and use a sample_s position in relation to those contours to estimate its
paleoelevation. This approach suggests that the
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soil carbonates examined in this study preferentially sample warm, low-d18O conditions
that prevail in the Bolivian austral summer.
This is the local rainy season, and may be a
time of year when the pedogenic carbonate
horizon is most likely to be saturated. Finally,
it is possible that evaporation has caused the
soil waters from which the carbonates grew to
have a higher 18O/16O ratio than their meteoric water sources. Based on the magnitude
of such effects observed in previous studies
of modern soils (29, 30) and the relatively
high rainfall received by the northern Altiplano
(17–19) (which minimizes evaporative enrichments), we estimate that this effect should be
on the order of 0 to 2°. There is no straightforward way to correct for soil evaporation,
but its effects on paleoaltitude estimates using
our approach are minimal: If the d18O of soil
water increased relative to that of meteoric
water by 1° at a constant temperature, our altitude estimate will be too low by È200 m at
low altitude and by G100 m at high altitude
(based on the slopes of isoelevation contours
in Fig. 1).
Comparison of our age-group average data
(Table 1) with the contours of expected midMiocene seasonal variation in temperature and
d18O of meteoric water (Fig. 1) yields the following paleoaltitude estimates (Fig. 2): –200 T
200 m between 11.4 and 10.3 Ma, 2500 T 500 m
between 7.6 and 7.3 Ma, and 3500 T 400 between 6.7 and 5.8 Ma.
The negative altitude obtained by our method for 11.4 to 10.3 Ma indicates a systematic
error in our estimate of absolute elevations. Because of the steep slopes of isoelevation contours in Fig. 1, this error is unlikely to result
from errors in our estimation of the d18O of
meteoric water alone. The most likely explanation is that ground temperatures during the
mid-Miocene in Bolivia were È1- to 3-C
warmer than expected based on previous estimates of global climate change and South
American continental drift. Alternatively, if
all soil carbonates underwent small amounts
of recrystallization during burial metamorphism, then measured paleotemperatures could
be biased upward by several degrees (but no
more, because it is not plausible that the 6.7
to 5.8 Ma group grew at temperatures substantially below 10-C). Because of this uncertainty, we suggest that our absolute elevation
estimates are likely too low by several hundred meters; assuming that the size of this
error does not vary systematically with sample age, it should have an insignificant effect
on differences in inferred paleoaltitude between
sample age groups.
The elevation history implied by our results
and paleobotanical constraints (arrows in Fig.
2) suggests that the Altiplano underwent 3700 T
400 m of uplift over È3.6 million years, implying an average uplift rate of 1.03 T 0.12
mm/year. Visual inspection of Fig. 2 suggests
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that uplift rate was approximately constant over
the sampled period. However, it is possible that
rates were higher than this for relatively brief
times if elevation change occurred in steps lasting less time than the gaps between each sampled time interval.
The rate of major elevation change of the
Altiplano has implications regarding the forces
responsible for its uplift. Processes of crustal
shortening and isostatic compensation of
thickened crust could have led to elevation
increases of the Altiplano at rates up to 0.3
mm/year (31). This is approximately one-third
the minimum rate of elevation change constrained by our results, seemingly ruling out
crustal shortening as a physical cause of the rise
of the Altiplano. A mechanism that could
explain the rapid uplift of a region the size of
the Altiplano is the removal of dense lower crust
and/or mantle lithosphere and its replacement by
hot, less dense, asthenospheric mantle and an
accompanying isostatic rise of the lower density
lithospheric section (32–34).
Uplift driven by delamination of the dense
lower crust and/or mantle lithosphere could have
increased vertical compressive stress beneath the
Altiplano plateau, decreased deviatoric compressive stress across the plateau, transformed the
Andean fold-thrust belt from a critical to a supercritical state, and increased the forces applied
to the lowlands surrounding the plateau (15).
We suggest that these changes in the stress field
that occurred between È10 and È7 Ma in and
around the Altiplano contributed to the decrease
in the rate of shortening across the Altiplano
Eindependently estimated to have occurred at
È7 Ma (35)^, to the eastward propagation of
deformation into the sub-Andean zone in late
Miocene time Eby È7.6 Ma (36)^, and to a
late-Miocene decrease in the convergence
rate between the Nazca and South American
plates (15).
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Freezing as a Path to Build
Complex Composites
Sylvain Deville,* Eduardo Saiz, Ravi K. Nalla,† Antoni P. Tomsia
Materials that are strong, ultralightweight, and tough are in demand for a range of applications,
requiring architectures and components carefully designed from the micrometer down to the
nanometer scale. Nacre, a structure found in many molluscan shells, and bone are frequently
used as examples for how nature achieves this through hybrid organic-inorganic composites.
Unfortunately, it has proven extremely difficult to transcribe nacre-like clever designs into synthetic
materials, partly because their intricate structures need to be replicated at several length scales.
We demonstrate how the physics of ice formation can be used to develop sophisticated porous
and layered-hybrid materials, including artificial bone, ceramic-metal composites, and porous
scaffolds for osseous tissue regeneration with strengths up to four times higher than those
of materials currently used for implantation.
lthough the potential of layered materials has long been recognized (1),
their creation requires solving a twofold problem, namely the design of optimum
microstructures and the development of fabrication procedures to implement these designs.
Natural materials such as nacre offer a wealth
of information to guide such a design process
(2, 3). The unique properties of natural layered
materials are achieved through fine control
of the layer thickness, selection of the right
components, and manipulation of roughness
and adhesion at the organic-inorganic interface
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(4, 5). The ideal fabrication process has to be
not only simple but also adaptable enough to
fabricate layers with a large number of material
combinations and a wide range of layer dimensions. Previous techniques for mimicking nacre
are bottom-up chemical approaches (6, 7) that
are intrinsically limited to a narrow range of
materials exhibiting the proper interfacial reactions and compatibility. Other techniques
offer only a coarse control of the layer thickness or have practical limitations regarding the
number of layers that can be fabricated (7, 8).
In sea ice, pure hexagonal ice platelets with
randomly oriented horizontal c crystallographic axes are formed, and the various impurities
originally present in sea water (salt, biological
organisms, etc.) are expelled from the forming
ice and entrapped within channels between the
ice crystals (9). We apply this natural principle to ceramic particles dispersed in water to
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build sophisticated, nacre-like architectures
in a simple, two-step approach. Ice-templated
(IT), porous, layered materials with layers as
thin as 1 mm are first fabricated through a
freeze-casting process, which involves the controlled unidirectional freezing of ceramic suspensions. These porous scaffolds are then filled
with a selected second phase (organic or inorganic) to fabricate dense composites. By using a
natural, self-organizing phenomenon, we allow
nature to guide the design and processing.
The physics of water freezing has drawn
the attention of scientists for a long time.
With few exceptions (10), much of this work
has concentrated on the freezing of pure water or very dilute suspensions (9, 11). This phenomenon is critical for various applications,
such as cryo-preservation of biological cell suspensions (12) and the purification of pollutants
(13). An important observation in these studies
is that, during the freezing of such suspensions, there is a critical particle size (11) above
which the suspended particles will be trapped
by the moving water-ice front. Another important observation is that the hexagonal ice crystals exhibit strong anisotropic growth kinetics,
varying over about two orders of magnitude
with crystallographic orientation. Under steadystate conditions, it is possible to grow ice crystals in the form of platelets with a very high
aspect ratio. The ice thus formed will have a
lamellar microstructure, with the lamellae thickness depending mainly on the speed of the
freezing front. We designed a simple experimental setup (fig. S1) that allowed us to precisely control the freezing kinetics. By freezing
concentrated suspensions containing ceramic
particles with suitable granulometry, we were
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