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Abstract 
This study uses hydrated volcanic glass, integrated in fine-grained sandstones and mudstones, as a recorder of water isotopes. Samples of Cenozoic sediments from the east side of the Patagonian Andes, specifically from sections at Lago Jeinimeni (Paleocene-early Eocene) and Gran Barranca (Eocene-Miocene) are analyzed here. Results of sample analysis show δD values to range from -78‰ to -88‰. Trends in results imply a topographic barrier present in the Paleocene and topographic growth between the early and late Eocene. Analysis suggests pre-Paleocene mountain building, with the main period of building occurring in the Late Cretaceous.   

Introduction
An important objective in both understanding tectonic processes and paleoclimates is to measure the evolution of topography over geologic time. This can provide insight into fold and thrust belts, correlated shortening and uplift and may aid in the future ability to model past, present, and future climate and plate movement more precisely. Estimates of paleoelevation can aid in determining orogenic development throughout particular time periods.
Several techniques can be used to determine the height of paleotopography:
1. Stratigraphy and thickness of peripheral basins: As an orogeny develops, uplift and deformation cause synorogenic material of flysch (submarine) and molasse (subaerial) to accumulate in the foreland basin.  The deposition results in a structural basin of stratified rock. Molasse deposition will stop with a decrease in orogenic activity, thus mirroring orogenic development. Using processes to constrain age and sedimentation rates, these depositional environments can estimate age and growth periods of topography (Stanley, 2005). 
2. Thermochronolgy is the study of the timing and rate at which rocks cool through exhumation. Changes in sediment lag time (time elapsed between passage of dated grain through closure depth for the thermochronometer and deposition of the sediment) can serve as an orogenic proxy (Reiners, 2007). Reiners & Brandon (2006) affirm, “thermochronolgy can constrain erosion rates and their spatial-temporal variations on timescales of ~105 – 107 years, [and] commensurate with orogenic growth and decay cycles” (p. 419). 
3. Direct evidence: Examples of direct evidence could include fossils from plant species that only grow in certain conditions, or examining the size and amount of vesicles in lava due to pressure changes at certain elevations, thus constraining the zone of growth.
4. Indirect evidence: Instead of directly relating to topography age and development, indirect indicators are those that indicate regional climatic, chemical change associated with orogenic development. Examples include the chemical signals exhibited in precipitation, leaf waxes, fossil teeth, soil carbonates, and lake carbonates. 

The presented research capitalizes on this fourth technique, using an indirect indictor of topography: the chemistry of precipitation. The isotopic composition of meteoric water and its resulting precipitation are sensitive to elevation, and when in a reliable environment, can track changes in regional topography. Due to the stable isotope composition of water and the nature of volcanic glass hydration, an isotopic signal from deuterium (as preserved in the hydration waters of the glass) can be recorded in the hydration water of volcanic glass. Hydrated volcanic glass is known to be a high-fidelity record of water isotopes over geologic time scales (Dettinger and Quade, 2013; Friedman et al., 1993), and allows for estimations in height and age of Southern Patagonian Andes’ regional paleoelevation.

Hydrogen: A Stable Isotope
Hydrogen isotopes occur naturally with masses of 1, 2 and 3 amu.  3H, or tritium (T), is unstable and not considered in this study. 1H is most abundant and has no alternate nomenclature, but is often referred to as simply H (Gat & Gonfiantini, 1981; Hoefs, 1997). 2H is known as deuterium and is commonly referred to as D. Discussion in this study involves the abundance ratios of hydrogen’s stable isotopic pair: H and D. Both isotopes, H and D, occur in natural waters but their abundance can differ. A water molecule made of two deuterium atoms and one oxygen atom (D2O) is often referred to as ‘heavy’ water, as compared to a water molecule made of two 1H atoms and one oxygen atom (H2O), which would be considered ‘light’ water (Gat & Gonfiantini, 1981; Hoefs, 1997).  These differences in mass affect a molecule’s properties, which in turn changes how isotopic water species move and interact through phase changes.
We measure isotope abundance and variations as a ratio of the isotope versus a standard material. The ratio is represented by the symbol ‘del’, δ:
δx = x 1000			

where Rx = (D/H) and RSTD is the D/H of a standard material (in this case, SMOW or PDB). Del is expressed in parts per thousand, or per mil (‰). As in this research, isotope ratios are measured on a mass spectrometer. Negative values signify a sample that is depleted compared to the standard (Friedman & O’Neil, 1997). 

Isotopic Fractionation
On the Earth’s surface, water transitions between its phases of solid ice, liquid water and water vapor through melting, evaporation, sublimation, freezing, condensation and precipitation. Isotopic substitutions, for a heavier or lighter hydrogen isotope, affect how a water molecule interacts during a phase change. Transitions between phases result in isotopic fractionation, or a change in relative proportion of the isotopic species.  The resulting waters will have unique isotopic compositions that can indicate where the water was sourced or how it was formed (Kendall & Caldwell, 1998).  
Equilibrium fractionation, where the flow of heavy and light isotopes in both directions is equal, produces a predictable distribution of isotopes in a closed, well-mixed system. In general, during phase reactions, the heavier isotope remains in the phase of lowest energy state (which often correlates with a dense material, since low energy states lead to high density). Thus when examining the various phases of water at equilibrium, solid water (ice) is found enriched in the deuterium, water vapor is depleted, and liquid water, as it relates to both, is somewhere in the middle (Kendall & Caldwell, 1998). 
Kinetic fractionation refers to unidirectional isotopic reactions, where forward and backward reaction rates are not identical. These rates are dependent on the vibrational energies of the species. The heavier isotope forms a lower energy bond, does not vibrate as violently, and as a result is more stable. H-H bonds, the lighter isotope of the two, has lower dissociation energy and can be broken more easily than D-D bonds. As a result of these quantum effects, the distribution between two phases of water is not uniform – the lighter isotopes concentrate in the products of a kinetic reaction, leaving the source enriched in heavy isotopes (Gat & Gonfiantini, 1981; Kendall & Caldwell, 1998). 

Rayleigh Fractionation & Orographic Precipitation
In synthesis, several factors can affect isotopic fractionation in meteoric water: elevation, temperature, water-rock interaction and evapotranspiration. However, as described by Smith & Evans (2007), the best predictor of fractionation in precipitation is defined by the highest terrain crossed by the consistent westerly flow, and can be understood as a Rayleigh fractionation process. 
Similar to the altitude effect, where precipitation becomes increasingly depleted in D with increasing elevation/altitude, Rayleigh fractionation was derived by Lord Rayleigh for the specific case of the fractionation of mixed liquids (Kendall & Caldwell, 1998). Rayleigh fractionation refers to the distribution of isotopes between two reservoirs as one reservoir decreases, following the trajectory of a cloud cooling adiabatically during its ascent (Gat & Gonfiantini, 1981). During phase changes, which are ever present in the hydrologic cycle, the ratio of heavy to light isotopes in the molecules are fractionated. As water vapor condenses in clouds, the heavier isotope becomes enriched in the liquid phase, while the lighter isotope remains in the vapor phase (Kendall and Caldwell, 1998).  When air masses carrying moisture are forced to lift over topography, pressure decreases, water vapor condenses, and liquid water rains out. Water molecules containing 2H preferentially condense over 1H-containing vapor, leaving the remaining body of moisture isotopically lighter. A rain shadow forms on the downwind side of the topographic barrier. The higher the orographic barrier, the greater the degree of rain out and thus the more depleted isotopes in precipitation. 
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Figure 1. Rayleigh Fractionation across the Andes from west to east (Cosgrove et al., 2015)

Geologic Setting
The studied region is that of the Southern Patagonian Andes, which is a narrow mountain belt located in Chile, immediately east of the Pacific Ocean. The range extends from 44°58’ S to 53°55’ S (Ramos, 1999) and is divided into two geological segments, that north and south of the Aysén Triple Junction, where the Nazca plate, South American plate, and Antarctic plate meet. 
The height of the region results mainly from the subduction of the Nazca and Antarctic plates beneath the South American Plate, where the tectonic collisions of these Pacific tectonic plates form a fold and thrust belt causing shortening and uplift of the Andes Mountain Range. The cordillera ranges from 1500-2000m, with several impressive granitic peaks reaching 3000-4000 m, like that of San Valentín at 4058 km. 
Numerous studies (Blisniuk et al., 2006; Ramos & Ghiglione, 2008) have determined 28-26 Mya to be the main period of growth for the southern Patagonian Andes, resulting from an increase in the convergence rate combined with a decrease in convergence obliquity along the South American subduction ozone. There is also evidence in growth during the Cenozoic from increased early Micoene plutonism (Thomson et al., 2001). However, while these studies utilize geochemical and structural data to understand this period of significant mountain building during the Miocene, little is known about the history in this region during the pre-Miocene. 
For this study, the samples of Cenozoic sediments were taken from the leeward/east side of the Patagonian Andes, specifically from sections at Lago Jeinimeni (Paleocene-early Eocene) and Gran Barranca (Eocene-Miocene) (as seen in Image 1). Poage & Chamberlain (2010) suggest: “samples taken from the rainshadow side of an emerging orographic barrier may be more likely to preserve isotopic changes resulting from mountain uplift than samples taken from atop a rising mountain range or plateau” (pg. 1).  
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Image 1. Outlined localities of Valle Jeinimeni and Gran Barranca are locations of sampling. The arrow reflects rate of tectonic plate movement and is approximately in the location of the triple junction, where the Nazca, Antarctic and South American plates meet. Image was taken from Google Earth.

Ideal Location for Orographic Precipitation
When studying orographic precipitation, there are several environmental factors with the potential to affect the isotopic composition of water that need to be considered: height of the range, source of the moisture body, latitudinal temperature gradient, wind direction and consistency, and interactions along its transport path. The Southern Andes are an ideal location to study the influence of orographic barriers due to the consistency of the geographic characteristics outlined above:

Height
At about 3000-4000 km, the height of the range causes uplift of air masses as wind pushed bodies of air and moisture into and subsequently over the barrier. However, the peaks are not too high, which would cause the air masses to divert around them and not reflect the barrier in the fractionation (Blisniuk 2001). Poage & Chamberlain (2001) evaluated the altitude effect and established a relationship comparing change in elevation with isotopic composition of precipitation: δ18O fractionates at – 2.8‰ per km of height, which translates to -22.4‰ per km for hydrogen via the global meteoric water line.

Latitudinal Temperature Effect
It is understood that a latitude effect in the order of about 14.8‰/oC for δD, as a function of annual average temperature (Argiriou & Lykoutis, 2005). The region of Patagonia, and the South American Plate in totality, has not changed latitude significantly since the Miocene. There has been consistent continental land area throughout the Cenozoic (Ziegler et al., 1981), thus latitudinal temperature gradient can held consistent. 

Wind
The landscape is bathed in a constant stream of prevailing westerly winds, which have remained constant with the South American plate throughout the Miocene (Blisniuk, 2001; Blisnuik et al., 2006).  As used by Smith & Evans (2006), the NCEP-NCAR reanalysis mean daily winds for 2005 (Mo & Higgins, 1996), provides a coastal wind rose of wind direction and speed during rain events (See Fig. 2). With the frequency, consistently, perpendicular directionality of winds to the mountain range, it simplifies analysis of precipitation patterns. 
[image: Macintosh HD:Users:marthacosgrove:Desktop:Screen Shot 2016-04-24 at 3.32.21 PM.png]
Figure 2. Coastal wind rose showing the frequency of occurance of 16 wind directions and speeds during rain events in the southern Andes. The length of each radial line indicates the percentage of occurance of that wind direction. For example, a WSW wind blows 17% of the time. Its mean speed is 13 m/s. Data were obtained from NCEP-NCAR reanalysis mean daily winds for 2005. (as taken from Smith & Evans, 2006)

Source
Due to the consistency of the wind patterns, the bodies of moisture that come into contact with the Southern Patagonian range strictly originate and are controlled by the air-sea interaction at the Pacific Ocean. This means that the source is consistent and does not have to be considered a component of long-term fractionation disparities (Blisnuik et al., 2006). Phase changes, namely evaporation and condensation, leads to variations in the isotope content of water (Gat & Gonfiantini, 1981). 
As defined by Gat & Gonfiantini (1981), “paleowaters are those groundwaters, formation waters, interstitial waters of sediments or waters of mineral crystallization originiation from water cycles under environmental conditions which are difference from the present ones” (pg. 273). These paleowaters are of meteoric origin such that their stable isotope content depends on climatic factors, the mechanism and distribution of rainfall and associated evapotranspiration. Any significant variation over a sustained period of time will result in an isotopic shift (Gat & Gonfiantini, 1981) – our intended study. 

Transport Path & Resulting Precipitation
Thus, the transport path of the moisture and its interaction with the orographic barrier is the changing factor resulting in fractionation.
The mountains serve as an orographic barrier, with the areas of low precipitation to the east of the Andes, as depicted in Figure 3. Precipitation increases inland up to a maximum just upstream on the western side of the ridge. The precipitation here can total up to 6000 mm annually at 45° S. There is little moisture remaining in the air mass after this rainout and results in annual totals of about 100-300 mm within 100 km east of the ridge (Garreaud 2009; Blisniuk et al., 2005). 
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Figure 3. Cropped diagram taken from Blisniuk et al. (2005) illustrating present-day precipitation across Southern Patagonian Andes. 

Methodology: Volcanic Glass as a Proxy
Hydrated volcanic glass is used as a paleoclimate proxy for several reasons. First, volcanic ash deposits in the region are ubiquitous, apparent through the presence of glass at our diverse sampling locations and depths (sample sites from the east side of the Patagonian Andes, at Lago Jeinimeni (Paleocene-early Eocene) and Gran Barranca (Eocene-Miocene)). Glassy debris is fairly widespread in detrital rocks and most often found in proximity of volcanoes. Deposition can be from air fall or water transport. As rocks become more silica-rich, they become more glassy i.e. amorphous and non-crystalline in structure. From our samples, we determine that glass accounts for about 5% of the sample. 
Second, glass hydrates quickly and thus is a fast recorder of isotopic composition. Glass hydration, which is largely complete over 1-10 ka (Mulch et al., 2007), is rapid compared to the timescale represented of our stratigraphic samples (Cenozoic uplift history). Thirdly, as will be defended in the next section, the recorded stable isotopic composition is considered irreversible at low temperatures.

How Glass Hydration Works:
Volcanic glass is unstable in the presence of water, thus following eruption, glass fragments are hydrated by the first meteoric water the glass encounters, and is considered to retain the meteoric water’s original deuterium concentration over time. The glass contains ~0.2 weight percent of magmatic water and is saturated with ~3-7 weight percent ambient water (Friedman et al., 1993, Cerling et al., 1985). Cerling et al. (1985) argue most (greater than 75%) water in glasses is present as molecular water as opposed to a hydroxyl group, which is present less than 25% of the time. This percent weight increase translates to about a 40x increase in weight of the saturated glass as compared to the original glass. So even while magmatic water is 40-80‰ more negative than SMOW (the source water of hydrated glass) it has minimal effect on the results of our methodology.
The hydration of volcanic glass occurs through hydrolysis. There is considerable exchange between hydrogen and soluble ions, such as Na+ and K+ (Cassel et al., 2009), and it has been determined that Na and K depletions can reach about 30% and 60%, respectively (Cerling et al., 1985). H+ can fill up to 40% of alkali sites. These exchange reactions create stability within the glass structure. 
The hydration of a glass results in the formation of a layer, named here as the hydration rind, which increases in thickness over the time of hydration (Friedman et al., 1993; Lanford, 1997). The material of the hydration rind, composed of the leached ions discussed above, is called gel palagonite (Staudigel et al., 2008), and is the first stable product of volcanic alteration (Stroncik & Schmincke, 2002).  The rind of palagonite can range in optical and structural properties – from isotropic, smooth, and banded to a anisotropic and fibrous structure (Stroncik & Schmincke, 2002), but is consistently yellow-brown in color (Staudigel et al., 2008; Stroncik & Schmincke, 2002). 
The rind forms around the rim of the glass and Friedman and Evans (1968) argue that the diffusion rate of meteoric water into the glass structure decreases in rate as the thickness of the hydration rind increases.  Thus, once a fragment is fully hydrated, and precipitation of the hydration rind’s authigenic material has filled much or all of the pore space, the fragment is effectively sealed, so that the core of the fragment containing the meteoric water sees no water circulation/isotopic exchange with future environment (Staugigel et al., 2008). 
After taking into account a diffusion fractionation of about 30‰, the ratio of 1H to 2H (δD) can be measured and used as a proxy for the climate at the time of hydration (Dettinger and Quade, 2015; Cerling et al., 1985; Friedman et al., 1993). As noted above, no correction is made for the magmatic water based on the assumption that is a trivial component (Friedman et al., 1993). 

Lab Procedure
Volcanic glasses were separated from other grains and residual clays that might alter the isotopic signal. The goal was to isolate pure volcanic glass for hydrogen isotope analysis. In the field, fine-grained sedimentary rocks were sampled at regular intervals along the stratigraphic columns, shown in Figure 3. 

Crush and Sieve
After collection in the field, the samples were brought to the lab where they were crushed and sieved. The sample between 63 and 250 microns in size, were then placed in DI water and left to sit for 15 seconds. Spherical particles of 63 microns settle at a rate of 3.2 mm/second, therefore 15 seconds provides ample settling time. The water is then decanted and relieved of any clay particles, which remain suspended in the water column at 15 seconds. 

Deflocculant and Acid Wash
Once this decanting procedure been done 3-5 times, depending on concentration of clay particles, the samples are placed into a DI water and sodium pyrophosphate (deflocculant) solution and left in a sonicating bath for 10 minutes in order to remove clay particles from the surfaces of the grains. The samples were then rinsed in DI water without being stirred. Next, the samples were placed in a 10% HCl solution and agitated regularly to remove any carbonate. After the HCl rinse, the samples were rinsed with DI water three times, getting rid of any last clay particles. Samples were then dried overnight in an oven at about 50°C. 

Magnetic Separation
The final extraction step requires the use of the Franz magnetic separator in order to remove magnetic material grains that contain hydrogen, particularly biotite. For each sample, the Franz magnetic separator was run one time at a current of 0.5 A and a second time at 1.0 A. The final product of volcanic glass is run on a mass spectrometer to obtain their isotopic values. 

HF Dissolution 
After examining the glass fragments with the Scanning Electron Microscope, and discovering an abundance of clays attached to the surface (Image 3), we decided to wash the separates with HF. Lowe & Green (1992) verify that this technique is viable and potentially more accurate in the process of extracting pure glass content. The HF successfully removed any remaining clays and left a clean specimen to examine (Image 5).[footnoteRef:1]  [1:  Future research includes measuring the deuterium isotopic composition from these samples (bathed in HF), which are completely clean of any residual clays, and comparing the results to the samples prior to the HF bath. This comparison would let us know whether residual clays attached to the surface of a glass fragment greatly affects the δD signal. 
] 


Transport
The sampled glasses are extracted primarily from floodplain deposits. We wanted to verify that the glasses had been deposited by airfall and hydrated in situ, rather than transported some distance from a different location where they might have been previously hydrated. 
Fluvial transport and movement of sediment modify sediment texture and composition. A decrease in grain size and a loss of sharp edges are the most consistent modifications seen with fluvial transport (Davies et al., 1977). Evidence of rounding would indicate that the sediment was not collected where it was deposited – such data would have to be discarded for this study. 
Using a Scanning Electron Microscope (SEM), we see primary grains with sharp, unrounded edges (as seen in Images 2-5). Thus we can say with confidence that these grains show no evidence of transport and were hydrated at their location of deposition. 
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Image 2. SEM Image of Lago Jeinimeni Sample 15LJ62. Imaged before HF bath.
[image: Macintosh HD:Users:marthacosgrove:Downloads:LJ60-05.TIF]
Image 3. SEM image of Lago Jeinimeni Sample 15LJ60. Imaged before HF bath.
[image: Macintosh HD:Users:marthacosgrove:Downloads:LJ60-04.TIF]
Image 4. SEM image of Lago Jeinimeni Sample 15LJ60. Imaged before HF bath.
[image: Macintosh HD:Users:marthacosgrove:Downloads:GB08HF-7.TIF]
Image 5.  SEM image of Gran Barranca Sample 14GB08, post-HF bath.
Note: Images 2 – 4 were imaged after the original lab procedure, without HF. Residual clays remain on some surfaces, as seen most prominently in Image 3 (15LJ60), which means the surface seen in the image is the original surface exposed and interacting with the environment. The clean surfaces of glass in Image 2 (15LJ62) are most likely the result from the initial lab crushing. 


Stratigraphic Context
The samples analyzed in this study come from two sedimentary sections in Patagonia (fig. 4). The first is the Eocene-Miocene Gran Barranca section of the Sarmiento Formation in Chubut province, Argentina, while the second is the Paleocene-Eocene Lago Jeinimeni section found in the Aysen del General Carlos Ibañez del Campo Region in Chile. 
	For ⅔ of the composite stratigraphic column, Gran Barranca contains large portions of pyroclastic mudstone deposits with internal manganese duricrusts. The youngest third of the Gran Barranca segment is composed of thinner pyroclastic mudstone deposit and primary volcanic ash deposits. Throughout the pyroclastic mudstone and primary volcanic ash, vertebrate fossils were present. The complete stratigraphy of Gran Barranca has been described in detail by Re et al (2010) and Dunn et al (2013). 
	The lower 15 m of the Jeinimeni section contain mudstones of slightly increasing grain size. We interpret this part of the section to have been deposited in a low-flow environment of a floodplain. The second third of the column includes interbedded silt-sized mudstone and coarse sandy beds with occasional volcanic ash. This portion of the column is interpreted as correlating with a higher energy depositional environment, perhaps, a series of channels. The final third of the column contains terrestrial leaf fossils within mudstones and occasional thin coal layers of laterally variable thickness. At the top of this segment, thin (channel?) sandstones are capped by a regionally extensive basalt flow. We interpret this return to fine-grained deposition to demonstrate a return to a floodplain environment. 
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Figure 4. Stratigraphic Colums of Valle Jeinimeni (Midzik, unpublished) and Gran Barranca (Dunn et al,. 2013).

Results
As shown in Table 1, the precipitation δD values reconstructed from those glasses for the Paleocene-Eocene samples concentrate at values of -85‰, Eocene-Oligocene samples average -100‰, and early Miocene samples cluster around -110‰. This steady progression towards more negative water isotope values from the Paleocene to the Miocene implies that the Patagonia Andes had a protracted history of mountain building that began well before the Miocene, and that the history appears likely to have one of gradual mountain building during that period.
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Table 1. Values from Lago Jeinimeni Samples. Columns from left to right are Sample Name, Stratigraphic Height in meters, Age in millions of years ago, mean del Deuterium value within the glass itself, Standard Deviation from standards (*) Number of analyses, dD of water after accounting for an ~30 per mill diffusion fractionation. *dD values determined at UConn relative to repeated runs of standards NBS-22 (oil) IAEA-CH-7 (polyethylene foil), NIST/USGS clay KGa-2 (kaolinite)


Retention of Isotopic Signature
It is difficult to prove that little to no alteration in δD values from modern water reworking occurred in collected samples though time. However, the consistency and totality of the data set suggests that the proxy results have legitimacy. If the hydrated glass had reworked local surface waters, we would expect to see the instability across all glass samples. This would result in two ways: values that are all the same, and reflect that of the modern values, and/or values that do not display much variation (particularly notable in the Gran Barranca samples). 
Modern surface waters’ δD values group between about -100‰ to -120‰ (Pacini, unpublished) and can be seen visually in Image 6. Our data has a δD range of -78‰ to -88‰. If δD values at depth (more positive values) were influenced by the δD of modern, local surface waters (more negative values), a modern signal would present itself by forcing a negative shift. If the local surface waters had partially been reworked, then we would expect to see a positive shift in the values from the collected samples at depth. This suggests samples of volcanic glass retain their isotopic signature over time. 
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Image 6. Generalized aerial map of the studied region, noted with modern water samples. Outlined localities and their associated numbers are their respective GPS location and δD value of collected modern water samples (collected at flowing waters, mostly streams). Background map taken from Google Earth. Data was collected by Pacini, unpublished.

Discussion
As previously stated, Poage & Chamberlain (2010) defined a relationship for deuterium at -22.4‰ fractionation per kilometer; they also express that isotopic lapse rates are better constrained at elevations less than ~5000 km. Our data, with a range of -78‰ to -88‰ for δD, implies that the height of the range reached about 3400-3900 km during the late Paleocene-early Eocene, well beneath the constraint. 
In order to make the best interpretations, the final figure (Figure 5) combines the Lago Jeinimeni data collected in this study with data from Gran Barranca (collected by Auerbach, 2014). We have two interesting results. First, water isotopes were already quite depleted relative to Pacific marine source waters in the Paleocene. This suggests the existence of a topographic barrier (lower than modern) to the west at that time. Second, the size of the depletion, which is expected to be the result of an orographic barrier, grew between the early Eocene and the late Eocene, reaching modern-like values by the late Eocene. These modern-like values may have been maintained into the early Miocene. Mid-Miocene mountain building at this latitude has been suggested by numerous studies (e.g. Blisniuk et al., 2005; Lagabrielle et al. 2004), which implies growth of higher-than-modern elevation that have since been reduced to modern levels by erosion. 
In order to accurately determine when mountain building in the region began, more samples must be collected from earlier strata. However, this increasing depletion from the early to late Eocene suggests pre-Paleocene mountain building and a continued period of surface uplift during the Eocene (54.8 – 33.7 Mya). We expect that the main period of mountain building occurred in the Late Cretaceous (99.0 – 65.0 Mya). 
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Figure 5. Reconstructed Water Isotope Data. ~62 Ma – 19.8 Ma from our two sample regions, Lago Jeinimeni and Gran Barranca. The samples from Lago Jeinimeni, as displayed as the orange squares on the left of the graph, represent the period from the Paleocene to the early Eocene, as constrained by U-Pb dating of detrital zircons (Midzik et al., unpublished data). The Lago Jeinimeni section produces values ranging from -78 ‰ to -97 ‰. Gran Barranca, as displayed as the blue dots on the right of the above graph, ranges from  – 89‰ to –114‰ from the Eocene to Miocene. At the top of the graph, δD, values for ocean waters are represented. The 5-point moving average of δD, displayed in red, displays a range from about 0‰ at 65 Ma, growing to about + 40‰ at present. Adjusted values of the local vital effect are in blue. This curve was made famous by Zachos et al. (2001) in the form of δO-18 values. Data from the original study by Zachos et al. generated from long-lived benthic taxa. 


Supporting Studies:
The growth of topography during the Eocene would presumably result in a more arid lee side climate, which correlates well with documented shifts from forests to more open vegetation (Dunn et al., 2015), appearance of grasses, and appearance of high-crowned (hypsodont) teeth in mammals in Patagonia (Stromberg et al., 2013). Rising topography to the west would provide a reasonable explanation for this shift in evolutionarily significant paleoclimate and paleoecology. 
Further study of the surface uplift history of this part of Patagonia, particularly a more complete record (e.g., through the Eocene) will help to better understand the possible links between surface uplift, paleoclimate change and patterns of biological evolution. 
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FiG. 1. Coastal wind rose showing the frequency of occurrence
of 16 wind directions and speeds during rain events in the south-
ern Andes. The length of each radial line indicates the percentage
of occurrence of that wind direction. For example, a WSW wind
blows 17% of the time. Its mean speed is 13 ms~.. Data were
obtained from NCEP-NCAR reanalysis mean daily winds for
2005.
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