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Methods and Materials 

Figure 6b (right): Schematic diagram of surface uplift across the 
Central Andean Plateau in cross section view. Stratigraphy and
provenance data collected by Horton et al. (2001) in the adjacent 
Altiplano basin record western-derived materials prior to early 
Miocene, therefore support our data. Modify from Leier et al., 2013.     

14 ignimbrites and ash-fall tuff samples are collected along the 
leeward flank of the Western Cordillera in the Bolivian Andes. 
Glass shards and zircons are isolated through standardized 
mineral and magnetic seperation techniques

Spatial and temporal of 
surface uplift are crucial in 
understanding uplift 
mechanisms.

Recent paleoaltimetry studies 
in the Central Andean Plateau 
suggest a non-uniform surface 
uplift along and across strike.

Despite slow and continous 
crustal shortening, initiated in
the L.Paleozoic, surface
elevation did not rise to 
modern elevation until:
      <10 Ma in the Altiplano and 
      the Western Cordillera 
      Between 24 and 17 Ma in the

Eastern Cordillera

  

 

1. Modern surface elevation in the Bolivian
Western Cordillera was established by
22.9 ± 0.67 Ma.
2. Our paleoelevation reconstruction is 
consistent with stratigraphic and 
provenance record from the Altiplano basin
(Horton et al.,2001; Leier et al.,2010, 2013)
3. Hydrogen isotopes in volcanic glass 
indicate surface uplift >13 Myr prior to
estimates based on nearby paleoflora 
(Gregory-Wodzicki et al., 2000).    
  

 

 

Bolivia

Figure 10 (below): Paleotopographic reconstruction of the Bolivian Central Andes. Paleotopographic constraints are based on this study and previous studies (Gregory-Wodzicki et al., 2000; Ghosh et al., 2006; Garzione et al., 2006; 

 Barke and Lamb, 2006; Leier et al., 2013; Whipple and Gasparini, 2014; Garzione et al., 2014). Modified from Schildgen and Hoke, 2018.  

b.

c.

We use geologic archives of the stable isotope composition of precipitation
to study changes in surface elevation relating to uplift of large scale
orogenic plateaux

Figure 1: DEM map of the Central Andes with international borders,
tectonic-geologic zonations and study area (orange star) in western
Bolivia (LT - Lake Titicaca). Arrow denotes convergence direction. 
Modified from Horton et al. (2014)

Figure 2 (left): Diagram illustrating the typical 
isotopic gradient of stable isotopes of water (δD 
and δ  O) in a rising air mass. δD and δ  O values 
decreases with increasing elevation. From Xi
(2014).  

Geologic materials, e.g.
volcanic glass, equilibrated
with environment waters can 
preserve elevation-dependent
H and O isotopic signatures.  

This study provides the first paleoelevation estimates of the Bolivian Andes
Western Cordillera using hydrated volcanic glass.

We collected 14 ignimbrites and ash-fall tuffs samples along the windward
flank of the Western Cordillera in the Bolivian Andes.

Samples are seperated via density
and magnetic separation techniques.

1. Glass deuterium (δD) analyses
      Gas-source isotope ratio mass
      spectrometer (Finnigan Delta S)
      3 aliquots per sample
      Normalized to VSMOW

2. U-Pb zircon geochronology
      Laser Ablation Inductively 
      Coupled Plasma Mass Spectro-
      meter (LA-ICP-MS)
      50 grains per sample
      
Modeled lapse rate
1-D thermodynamic Rayleigh 
distillation model (Rowley, 2007)
       Calculates changes to the δD 
       value of liquid and vapor in a 
       vertically ascending, 
       precipitating air parcel
       Based on the differences from 
       the δD values (ΔδD) of a low
       elevation datum at a given
       starting temperature (T,˚K) 
       and relative humidity (RH, %)

  

Figure 3 (above): Hydrogen isotopes (δD) analyses were 
conducted by the Environmental Isotope Laboratory at the
University of Arizona in Tuscon, AZ. U-Pb zircon ages were
measured in the ICP Analytical Research Lab at the 
University of Houston in Houston, TX.     

Figure 4 (below): Rowley (2007) model showing the frequency 
distribution of Δ(δ18Op) vs. elevation derived by weighting all 
possible pairs of starting T and RH. Gray curves highlight the 
weighted mean, median, and ±1σ and ±2σ deviations     
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Figure 8 (left): Reconstructed
paleoelevation history of the Western 
Cordillera (red data points; this study),
Eastern Cordillera (blue polygon; Leier
et al., 2013), and Altiplano (yellow 
polygon; Garzione et al., 2006) in the
northern Central Andes of Bolivia.
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Figure 9 (right): Schematic diagram of 
surface uplift across the Central Andean 
Plateau in cross section view. 
Stratigraphy and provenace data 
collected by Horton et al. (2001) in the 
adjacent basin record western-derived
materials (Potoco Formation) prior to 
late Oligocene - early Miocene (~23 Ma). 
Modified from Leier et al., 2013.   Age (Ma)
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Measured glass δD values exhibit a range from most negative  (-138‰) 
to most positive (-51‰).    
       δD values remain consistently depleted from 22.9 Ma until 5.5 Ma
       1 samples show anomously positve δD values and is attributed to
       evaporative enrichment of heavy isotopes in surface water 
 High elevation was established by 22.9 Ma 
       Elevation remained consistently high through the modern

These results contrast with low elevation estimates (500-1900 m) until after 
10 Ma based on paleoflora reconstructions.  
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Measured U-Pb zircon geochronology of 12 
volcanic samples give depositional ages ranging 
from 22.9 ± 0.67 Ma to 2.7 ± 0.097 Ma. 
         Majority of samples are of late Miocene 
          age (between 11 and 9 Ma) 
Chronology results provide hydration age (~10
ky after deposition) for each locality, constraining 
our paleoelevation reconstruction from early to 
late Miocene in the Bolivian Western Cordillera.

Figure 5 (above): (a) Location of samples are marked by yellow pins, 
distributed along a stratigraphic section (Google Earth Images). (b-d) 
Representative (3 of 12) grain ages used to calculate weighted mean samples
ages.  Grains are arranged from youngest to oldest on the x-axis, and the mean
age and 2σ uncertainty are shown on the y-axis.  Ages are based on an average 
of 17 grains per sample.        

Results

Figure 6 (above): Glass weight % water plotted against 
uncorrected δD measurements. 
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Environmental water δD values 
applied to Rowley (2007) lapse rates 
yields paleoelevation estimates.
          
 

Across strike, the paleoelevation reconstruction from this study is 
consistent with provenance record by Horton et al. (2001) and paleo-
altimetry record in the adjacent Altiplano and Eastern Cordillera.
          Altiplano stratigraphy reflects deposition of western-sourced 
          sediments, followed by a mixture of western and eastern-derived
          materials during the Oligocene-Miocene.
          Uplift of the Western Cordillera (volcanic glass; this study) was
          followed by uplift of the Eastern Cordillera (river incision; Barke
          and Lamb, 2006), and lastly the Altiplano (paleosol carbonate;
          Garzione et al., 2006).    

<1 wt.% water

>1 wt.% water 

b.a.

c. d.

Eastern Cordillera

Altiplano

Figure 7 (above): Δ(δ  Op) versus elevation graph (±1σ
deviation) plotted against Rowley (2007).  

Samples with low hydration (<1 wt.%) 
and high degree of alteration are 
biased toward positive values, there-
fore excluded in reconstruction.

18

Selected References

Western
Cordillera Eastern

Cordillera

Eastern
Cordillera

altered

medianWeighted mean

+1σ

-1σ

+2σ

-2σ

Paleotopography Reconstruction 

Prior to late Oligocene - early Miocene

During late Oligocene - early Miocene

Reconstructed Paleoelevation in the Bolivian Andes using Hydrated Volcanic Glass

Stable isotopes of water (δD and δ  O) systematically decrease at 
higher elevation
Precipitation during rainout reflects isotopic gradients associated a 
topographic barrier
  

Western
Cordillera


