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We use the “isotope-paleotopography” method to resolve the topographic evolution of the Southern
Central Andes and adjacent foreland to the east, at the latitude of 35°S. Our analysis is based on &2H
measurements from hydrated volcanic glass from 107 samples collected from a 55 to 10 Ma stratigraphic
section in the Malargiie basin, and from an additional 11 samples of Quaternary tuffs. The results are
supported by an analysis of a large dataset of modern meteoric water samples (n = 197), which are used
to characterize the relationship between orographic lifting and precipitation isotopes in the modern. Our
interpretations are guided by the Orographic Precipitation and Isotopes (OPI) programs, which provide a

Keywords: full simulation of the flow of moist air over a specified 3D topography and the resulting condensation and
paleotopography fall out of rain and snow, and the isotopic fractionation associated with these processes. The OPI model
Andes is fit, in a least-squares sense, to the modern isotope data, which provides a way to test for moisture

stable isotopes

volcanic glass
orographic precipitation
dynamic topography

sources and to calculate how precipitation isotopes would be influenced by variations in climate.
There are three important conclusions from these data: 1) OPI modeling of modern water isotopes shows
that precipitation at the Malargiie study area is derived solely from the moist northeasterly winds. The
isotopic fractionation along this wind path occurs by lifting over the Cérdoba and San Luis basement
highs, and during the initial rise up the east side of the range. Westerly moist air is able to pass over the
range, but downslope flow over the east side means that this source becomes strongly undersaturated,
so precipitation from this source is suppressed in this area. 2) Our volcanic glass data indicate that the
hydrogen isotopic composition of precipitation, 52H, has been strongly depleted, by —50 to —90 per
mil, since 55 Ma to present. The only way to produce this depletion is by upslope flow of moist winds
and associated precipitation over the eastern side of the range. The amount of isotopic fractionation
remains fairly constant and similar to modern for the interval from 55 to 15 Ma, which indicates that
the topography to the east of Malargiie has been fairly steady during that time interval. 3) Our &2H
record indicates that between 15 and 10 Ma, the topography upwind of Malargiie decreased by about
50%, and then increased by the same amount between 10 and 0 Ma. This subsidence event coincides
with the Paranense marine transgression, and is also predicted by numerical modeling of mantle flow
and dynamic topography associated with subduction of the Nazca plate.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

The Andes have served as a natural laboratory for the study of
the interplay between plate subduction, arc magmatism, mountain-
building, climate change, and basin analysis (Allmendinger, 1986;
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Kay and Mahlburg-Kay, 1991; Ramos, 1999; Strecker et al., 2007;
Horton, 2018). The topographic evolution of the Andes has tradi-
tionally been interpreted in terms of the timing of thrust faulting,
and the generation and transport of syn-orogenic sediments. New
methods from thermochronology, geomorphology and isotope pa-
leotopography have started to expand our understanding of the
evolution of topography and interplay between uplift, climate and
erosion. Numerical modeling of subduction and mantle flow has
highlighted the importance of changing dynamic topography across
the Andes (Davila et al., 2010; Flament et al., 2015).
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Fig. 1. A) Tectonic framework of South America and subdivision of the Andes based on Ramos (1999). B) Main tectonic features of the Southern Central Andes and eastern
foreland region (based on Folguera and Zarate, 2019 and Horton, 2018) with superposed mean annual precipitation map (based on data from Fick and Hijmans, 2017) and
arrows representing the principal wind circulation patterns in this area (taken from Blisniuk and Stern, 2005).

Our study focuses on the use of the hydrogen stable isotopes
to directly measure the evolution of topography across the Andes.
This approach is based on the altitude effect observed in precipita-
tion isotopes (Dansgaard, 1964). This effect describes the common
observation that the stable isotope composition of hydrogen and
oxygen in precipitation tends to have a strong linear correlation
with elevation of the sample. Ambach et al. (1968) provides an
early example of this linear relation, as shown by the isotopic com-
position of precipitation and glacial ice as a function of elevation
along modern glaciers in the Alps. This empirical relationship has
been widely used for almost three decades now to study the to-
pographic evolution of mountain ranges over geologic time (Drum-
mond et al,, 1993; Norris et al.,, 1999; Garzione et al., 2000; Poage
and Chamberlain, 2001; Rowley et al., 2001; Blisniuk and Stern,
2005; Rowley and Garzione, 2007). Norris et al. (1999) coined the
term “isotope paleoaltimetry”. We prefer the term “isotope pale-
otopography” given that isotopic fractionation occurs as moist air
moves across the topography, and thus the amount of fractiona-
tion is only loosely linked to the elevation where the precipitation
reaches the Earth’s surface.

A key aspect of our study is the use of hydrated volcanic glass
from fine-grained clastic rocks. Previous studies have focused on
hydrated glass from volcanic tuffs, but we have found that fine-
grained glass is common in sediments east of the Andes (Col-
wyn et al,, 2019). The advantages are that glass grains are small
enough to ensure full hydration and that samples can be collected
throughout a sedimentary sequence, which allows high sampling
density.

Glass provides a robust sample of the hydrogen isotopes from
meteoric water surrounding the sediment after deposition. Vol-
canic glass has low water content immediately after formation but
the glass hydrates in the surface environment over a period of
1 to 10 ka (Friedman et al., 1993a, 1993b; Cerling et al., 1985).
Friedman et al. (1993a, 1993b) show that this process of hydra-
tion is characterized by a consistent isotopic fractionation, enabling
reconstruction of paleowater isotopes from §2H of volcanic glass
(62Hglass). Upon hydration (typically several wt% of meteoric wa-
ter), hydrogen exchange becomes negligible, and its isotopic values
appear to be resistant to diagenetic alteration (Colwyn et al., 2019;
Cassel and Breecker, 2017). Our study finds that volcanic glass is

commonly preserved in sediments going back to 55 Ma, and per-
haps longer. The presence of the glass is expected given that the
Andean magmatic arc has been a continuous feature in the study
area throughout the Cenozoic (Litvak et al., 2019).

We collected 111 paleosol and fluvial sediments from the
Malargiie basin (~35°S), which was formed in the foreland east
of the Southern Central Andes (SCA) (Fig. 1). Volcanic glass was
separated from 107 of these samples and analyzed for §*H. This
record is unusual in that it is long (55 to 10 Ma), and densely
sampled (sampling interval equals ~0.4 Ma). These factors help
assess the fidelity of the record and resolve the influence of topog-
raphy and climate. In addition, we collected samples of Quaternary
tuffs across the range and modern river waters from the foreland
between 32° and 38°S. The tuffs were analyzed for 5%H, and the
waters for 62H and 5'80. The modern water samples are used to
evaluate moisture sources and the relationship between orographic
lifting, climate, and isotopic fractionation.

2. Stratigraphy, age control and sampling of the Malargiie basin

The Malargiie basin originated as a foreland sequence on the
east side of the SCA and was accreted into the SCA thrust belt at
~5 Ma (Fig. 2). At a broader scale, the SCA is a long-lived thrust
belt and contains a series of east- and west-verging thrust belts
and an active magmatic arc (Farias et al., 2010). In the vicinity of
Malargiie, the topography of the SCA has a mean elevation of 3-
4 km and peaks in excess of 5 km. Farther east of the Malargiie
thrust slice is the thrust-bounded basement slice of the San Rafael
block (Ramos et al., 2014). Foreland basin sediments extend 800
km east of the orogenic front and are interrupted by a forebulge
high located ~300-500 km from the orogenic front (Folguera and
Zarate, 2019).

2.1. Stratigraphy of the Malargiie basin

The Malargiie basin contains Late Cretaceous to Neogene ter-
restrial sediments derived mainly from the high Andes, and only
briefly interrupted by a latest Cretaceous marine transgression
(Combina and Nullo, 2011; Horton et al., 2016). The Cenozoic part
of the basin starts with the Paleocene to middle Eocene Pircala
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Fig. 2. A) Topographic map showing the main tectonic units of the study area, along with the localities mentioned in the text and the location of the modern tuffs, water
samples, and stratigraphic profiles surveyed in the Malargiie basin. B) Cross section of the study area at 35°S showing the location of the Malargiie basin between the

Southern Central Andes and the San Rafael block (modified from Horton, 2018).

Formation, consisting of mudstones and fine-grained sandstones,
and volcanic tuffs (Horton et al., 2016; Horton and Fuentes, 2016).
This unit is followed by the middle to late Eocene Coihueco Forma-
tion, which is comprised mainly of mudstones and isolated sand-
stone channels (Horton et al., 2016; Horton and Fuentes, 2016).
The next highest unit is the Rodados Lustrosos, a conglomeratic
and muddy unit, with distinctive polished pebbles and small cob-
bles. The cobbles are heavily oxidized and covered with desert
varnish, which may indicate slow deposition (Combina and Nullo,
2011; Garrido et al., 2012; Horton et al., 2016). There are two pro-
posed ages for this unit: late Eocene - early Oligocene following
Garrido et al. (2012) or late Eocene - early Miocene according to
Horton et al. (2016). In addition, Horton et al. (2016), and Hor-
ton and Fuentes (2016) argue that this interval has a stratigraphic
break between 40 to 20 Ma. Our work in the Malargiie area in-
dicates that the ~160 m interval between dated horizons is com-
posed of relatively uniform fine-grained sediments (Figs. S1, S2 and
S3). We found no direct evidence of a stratigraphic break. Our in-
terpretation is that deposition rates were low during this interval
(Fig. S4). As such, we assign samples ages across this interval by

assuming a constant sedimentation rate, as indicated by the ages
for the dated horizons that bound the interval.

The upper part of the Rodados Lustrosos, and early and mid-
dle Miocene Agua de la Piedra Formation show upward coarsen-
ing (Combina and Nullo, 2011; Horton et al, 2016; Horton and
Fuentes, 2016). The Agua de la Piedra formation contains sand-
stone, mudstone, and conglomerate. The middle to late Miocene
Loma Fiera Formation shows a greater proportion of volcaniclas-
tic and gravel-rich sediments (Combina and Nullo, 2011; Horton
et al., 2016; Horton and Fuentes, 2016). The highest preserved
unit in the Malargiie basin is the late Miocene coarse-grained Tris-
teza Formation. This last unit provides a lower constraint for the
timing of imbrication and accretion of the Malargiie section and
basement rocks of the San Rafael block into the SCA thrust belt.
Geologic constraints indicate that this accretion was completed by
the Pliocene (Ramos et al., 2014; Horton et al.,, 2016).

2.2. Sampling and age control

Our sampling was done in a composite section consisting of
two stratigraphically overlapping sequences (Fig. 3). The age con-
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Fig. 3. Stratigraphic sections with sample locations (black horizontal bars) and U-Pb ages obtained from Horton et al. (2016) for Loma de Coihueco and Horton and Fuentes
(2016) for Las Aucas. Location of the stratigraphic profiles is shown in Fig. 2A.
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trol for the stratigraphic sequences is given by 5 U-Pb detrital
zircon samples and by 1 U-Pb zircon crystallization age (Horton
et al., 2016; Horton and Fuentes, 2016). The older sequence is lo-
cated to the south at Loma de Coihueco (equivalent to profile 1 of
Horton et al,, 2016) and the younger (Las Aucas) lies ~50 km to
the north (Fig. 2A).

Arc magmatism was active through the Cenozoic to the west of
the Malargiie basin. All of the Malargiie sediments contain abun-
dant volcanic detritus. Thus, we infer that the youngest age frac-
tion in each detrital zircon sample is equal to the depositional age
of the sample. This interpretation is consistent with stratigraphic
correlations within the basin, and with available fossil ages and
radiometric ages for interbedded volcanic rocks.

Within our sampled section, age is determined by interpolation
between well-dated control points and extrapolation for the upper
and lower parts of the section (Table S1). The upper age constraint
for the Las Aucas profile was obtained from a zircon U-Pb maxi-
mum depositional age of a sandstone located immediately below a
continuous 40-meter-thick conglomeratic horizon in the Agua del
Médano locality (Combina and Nullo, 1997; Horton et al., 2016),
which can be traced back to the Las Aucas section 5 km to the
west (Fig. 2). The age of the late Miocene coarse-grained Tristeza
Formation is constrained by two samples of detrital zircon U-Pb
ages (Horton et al., 2016; Horton and Fuentes, 2016).

We collected 105 samples from the lower sequence (Loma de
Coihueco), which is 645 m long and spans the Pircala, Coihueco,
Rodados Lustrosos, Agua de la Piedra and Loma Fiera formations
(Fig. 3). Nearly all samples contained abundant volcanic glass. The
upper sequence was surveyed in the locality of Las Aucas to extend
our analysis into the late Miocene and provide a link to Quaternary
glass outcrops, which sit unconformably on top of the stratigraphic
section (Fig. 3). The middle to late Miocene units contain lenses
of mudstones and fine-grained sandstones interbedded with thick
and massive conglomeratic strata. We were only able to collect 6
fine-grained samples along this 153-meter section. Combina and
Nullo (1997) report two stratigraphic profiles, one from Las Aucas
and one 5 km to the east, in Agua del Médano. They assigned a
middle - late Miocene age to this unit. Recent U-Pb detrital zircon
ages support this age (Horton and Fuentes, 2016) and indicate that
these deposits are part of the Tristeza Formation (Fig. 3).

In addition, we collected Quaternary tuffs which are related
to a series of eruptions with deposits extending from the Pacific
coast, across the range, and into the Malargiie basin (Stern et al.,
1984; Hildreth et al., 1984, 2009). These samples are used to as-
sess modern relationships between glass isotopes and elevation on
both eastern and western flanks of the SCA (Fig. 2A) (Table S1).

2.3. Separation and isotopic analyses of glass

Volcanic glass was separated at Yale University using meth-
ods described in Colwyn et al. (2019). Approximately 250 grams
of rock were crushed with mortar and pestle, and dry-sieved to
isolate the 180 to 63 pm fraction. Clay and carbonate were then
removed by a series of rinses with deionized water, sodium py-
rophosphate deflocculant solution, and 10 percent HCl. Magnetic
grains were removed through a series of runs using a Frantz Isody-
namic magnetic separator. A density separation using heavy liquids
(lithium polytungstate solution, 2.48 g/cm?) was performed to sep-
arate glass (typically 2.3-2.4 g/cm?) from silicates such as feldspar
and quartz (>2.6 g/cm?). Resulting splits were inspected using a
microscope, to ensure clean separates of glass shards, which were
then stored in a glass desiccator for one week prior to analysis.
These were weighed into silver capsules, dried in a vacuum oven
for ~24 hours at 80°C, and flushed with He gas. The ézHglass was
measured using a thermal conversion elemental analyzer (TC/EA)
attached to a Thermo MAT 253 IRMS at the University of Connecti-
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cut. Isotopic compositions were determined relative to repeated
runs of standard materials: PEF-1 (foil), NBS-22 (oil), and KGa-1
(kaolinite). The fractionation factor of Friedman et al. (1993a) was
used to convert the measured 62Hglass to the 52H of the water as-
sociated with hydration. Water contents were determined by the
TCJ/EA, and had an average value of 5 weight percent, which is
typical for environmentally hydrated glasses (Table S1 and Fig. S5).

A set of 5 glass separates were imaged using an SEM and an-
alyzed using an attached EDX system. The SEM images (Fig. 4)
and EDX analyses of glass separates from Malargiie basin sedi-
ments confirm that these are pristine volcanic glass with minimal
or no secondary mineral coatings and/or clays. About a third of
the grains show evidence of pumaceous textures. The EDX system
was used to acquire 33 spot analyses (Figs. S6, S7, S8, S9 and S10).
The SiO,, Al;03, and CaO concentrations are consistent with vol-
canic compositions ranging from andesite to rhyolite. A few of the
spot measurements show nearly pure SiO,, which may indicate the
presence of modal quartz.

Our measurements of the 62Hg1355 are based on the average of
about 1 to 5 replicates per sample, depending on the amount of
available material (Table S1). We use replicate measurements to
determine a pooled standard deviation, sp, for the full data set. The
standard error for each sample is then given by SE; =s,/./n;. And,
as expected, SE; = s, when n; = 1. The accepted formula for the
pooled standard deviation is s, = Y 1" (n; — 1)s? />0, (nj — 1),
where i =1 to m samples in the dataset, s; is the sample standard
deviation, and n; is the number of replicates for the ith sample
(Upton, 2008). For our dataset, sp, is equal to 6.33%o.

3. Results
3.1. Modern isotopic climatology

We use 197 water isotope values that represent primary mete-
oric water (unaffected by post-precipitation evaporation), generally
from small catchments and collected during baseflow to ensure
long residence time, to characterize the relationship between iso-
topic composition, topography and orographic precipitation. These
data are part of a larger compilation (589 unique samples) of wa-
ter isotopes collected across a ~365 x 575 km region surrounding
Malargiie (Fig. 2A) (Brandon et al., 2022b).

Fig. 5 shows the distributions of water §?H in three sections
across the range. There is a clear isotopic depletion that occurs
with increasing elevation on both sides of the range (Fig. 5). Ups-
lope flow of moist wind is required to produce a negative isotopic
gradient. The presence of two gradients on both west and east
sides of the Andes indicates two wind sources. The precipitation
that falls on the west flank is due to upslope lifting of winds com-
ing off the Pacific Ocean, and the precipitation that falls on the east
flank is due to winds from the Atlantic Ocean. It is also important
to note that the estimates of 52H of water provided by Quaternary
tuffs match those for the modern meteoric waters (Fig. 5).

We use the Orographic Precipitation and Isotope (OPI) programs
of Brandon (2022) to analyze the 197 primary samples from our
Malargiie study area. The OPI programs provide a full representa-
tion of the steady flow of moist air over an arbitrary 3D topog-
raphy, and the down-wind evolution of cloud water, precipitation,
and stable isotope concentrations associated with that flow. The
catchment region is calculated for each sample, and used to inte-
grate the precipitation and precipitation isotopes captured by the
catchment.

The OPI programs include the capability to find a least-squares
fit of the meteoric water isotope data relative to the model, and a
best-fit estimate of a set of OPI parameters. A “one-wind” solution
is defined by nine parameters: mean wind speed U, mean wind
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Fig. 4. SEM images of glass separates obtained from sedimentary samples show primary pumiceous textures, sharp edges, and concave fractures. A) LAV3, obtained from a
sandstone. B) Zoom of central grain in A. C) LAV5, separated from a claystone. D) Zoom of central shard in C.

direction azimuth, sea-level surface-air temperature Ty, mountain-
height number M, horizontal eddy diffusivity x, mean residence
time for cloud water 7., the hydrogen isotopic composition of base
precipitation at the centroid of the sample data 52Hp, the latitudi-
nal gradient of hydrogen isotopic composition of base precipitation
d(862H) | d(latitude), and the fraction of precipitation remaining
after evaporation fp. Our study here uses a “two-wind” solution,
which is defined by a set of nineteen parameters. This set is sim-
ply a mixture of two “one-wind” solutions (9 parameters x 2) plus
an addition parameter that describes the proportion of the total
precipitation field that is associated with the first “one-wind” so-
lution.

Brandon (2022) and Brandon et al. (2022a, 2022b) are available
as open access at Github and Zenodo repository. Brandon (2022)
includes a full and open distribution of the OPI programs, which
are written in MATLAB, and include a description of the design
and operation of the programs, and the definition of parameters
and terminology, and a synthetic example of orographic precipi-
tation associated with moist air flowing over a Gaussian-shaped
mountain range. Brandon et al. (2022a, 2022b) report OPI results
for the analysis of two large water-isotope datasets, one from the
Patagonian Andes, and the other from the SCA dataset considered
here. Both reports include all of the input data, the output from
the OPI programs, and a summary of the main results.

The OPI programs are also used to estimate the influence of
climate on the isotopic fractionation associated with orographic
precipitation in the past. We discuss this method in association
with our interpretation of the glass isotope data.

We conducted about 55 runs to test and confirm the best-fit
OPI solution for the SCA isotope data. The runs clearly indicate
that the isotope data are best-fit by a “two-winds” solution, with
one moist wind out of the northeast and the other out of the

west (see Fig. 6 for precipitation maps for each source). The north-
easterly wind source carries moisture from the Atlantic and flows
over the southern Sierras Pampeanas, the foreland, and the SCA.
Fig. 6a shows that orographic precipitation from this source oc-
curs on northeast-facing topographic slopes because the airflow
is upslope in those areas. In contrast, the southeast-facing slopes
are dry. Precipitation rates are largest over the basement uplifts of
the southern Sierras Pampeanas and the east flank of the SCA, but
this source also produces local precipitation in Chile as well (38°S,
73°W).

The westerly wind source carries moisture from the Pacific and
flows over the Coastal Cordillera of Chile and the SCA. Upslope
flow and orographic precipitation occurs on west-facing slopes,
and east-facing slopes are dry. The largest precipitation rates are
on the west slope of the SCA, but note that this precipitation is
created in scattered locations to the east of the SCA, and these lo-
cations correspond to the western slopes of smaller topographic
highs in that region.

These relationships should make it clear that both wind sources
are able to cross the SCA, so topographic blocking is not an issue.
This point is also clearly demonstrated by the best-fit estimates
of the mountain-height number for each wind source (see Bran-
don et al., 2022b for details). The precipitation pattern might be
viewed as evidence of blocking, but the dry aspect of the leeward
slopes is due to the fact that as the air flows downslope, a par-
cel of air that moves with that flow becomes undersaturated. This
is not due to loss of moisture but rather due to the increase in
pressure and temperature as the parcel moves downward within
the atmosphere. Our OPI modeling shows that downslope flow of
the westerly wind source over the east side of the SCA strongly
suppresses westerly-derived precipitation from forming or falling
in that region. As a result, the orographic precipitation that falls
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Fig. 5. A) Mean topography at 33°S, 35°S and 37°S (location of the cross sections in Fig. 2A), modern water 52H (taken from the dataset presented in Brandon et al., 2022b,

excluding trunk rivers and precipitation samples) and 52Hg1355 values from Quaternary tuffs converted to meteoric water composition (Friedman et al., 1993a).

B) Plot of

52H vs. 580 of surface waters shows a good correlation with the global meteoric water line (GMWL). C) Elevation of the western Andean flank vs. 52H. D) Elevation of the

eastern Andean flank vs. §2H.

in the Malargiie area is solely sourced by the northeasterly wind
source.

Another interesting result from our OPI model is that the pre-
dicted &%H for our sample locations show a well-defined linear
relationship between isotopic fractionation and maximum lifting,
which is defined as the maximum elevation along the path up-
wind of the sample point (see Brandon et al., 2022b for details).
The relationship between precipitation 52H and local elevation is
also linear, but the quality of the fit is weaker. One could use lo-
cal elevation, but it is likely that this relationship is simply due to
the fact that local elevation will always show a correlation with
maximum lifting. Maximum lifting is viewed as a better descrip-
tive variable given that it has a more direct tie to the process of
orographic lifting.

Fig. 7 shows that the isotopic composition of the moisture that
reaches Malargiie is fractionated along its wind path as it crosses
two basement highs of the southern Sierras Pampeanas (sierras de
Cérdoba and San Luis) and the lower eastern flank of the SCA.
This lifting produces precipitation and isotopic fractionation over
an 800 km path upwind of Malargiie. The modern precipitation
that falls at Malargiie is highly depleted, with an estimated §2H
of —91.5%0 (Fig. 7C). Thus, isotopic fractionation observed at the
stratigraphic section in the Malargiie basin provides a record of
the topography upwind of that location, rather than simply the el-
evation of the Malargiie basin or the height of the Andes.

3.2. Cenozoic record of water 52H

52H analyses of volcanic glass are used to calculate the iso-
topic composition of meteoric precipitation reaching Malargiie over
the time span Eocene to present. Estimated water 52H values are
shown (Fig. 8) as red dots with errors bars (4 1 SE, analytical er-

ror). The variation from point to point along the record is like that
expected for the estimated analytical errors, which suggests that
natural variation at the time scale of the sampling interval (~0.4
Ma) is smaller than the analytical variation.

The opiPredict program provides an estimate of how variations
in climate would influence the isotopic composition of orographic
precipitation. We have found that sea-level surface-air tempera-
ture, Ty, has the strongest effect, and other climate variables, such
as wind speed, wind direction, and buoyant stability, have little in-
fluence. This temperature sensitivity affects isotopic composition in
two ways. The first is associated with base precipitation, which is
defined as the precipitation that would occur if there were no to-
pography (Brandon, 2022). The isotopic composition of this compo-
nent of the precipitation will be heavier as temperature increases
(e.g., Fig. 3 in Dansgaard, 1964). The second is the isotopic lapse
rate. The OPI model shows that this rate decreases with increasing
To. Here we lay out a method that corrects for these two temper-
ature sensitivities, and provides an estimate of the average Ty in a
study area as a function of latitude and age. South America has not
rotated or changed latitude appreciably (Miiller et al., 2016). Plate
reconstructions indicate that the paleolatitude of the Malargiie re-
gion has not changed significantly (~1°) since the Eocene.

We propose the following scaling approximation for estimating
the isotopic composition of base precipitation at a specified loca-
tion and age,

2 2
b HO,past =5 HO,present + sbase(TO,past - TO,present)
2 2
+ (5 Hsw, past — 5 st,present)

where 62H0_pl—esem is the isotopic composition of the present base
precipitation (known from the OPI solution), To present and To past
are the present and past sea-level surface-air temperature, and
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Fig. 8. A) Hydrogen isotopic composition of precipitation as a function of age. The
red points show the measured precipitation 52H values, and the error bars show
the analytical uncertainty at £1 SE. The associated black line shows the long-term
variation of these measurements (smoothed using LOWESS regression with a 5 Ma
span). The blue line with points shows the predicted 52H precipitation values after
accounting for climate at the sample age but otherwise maintaining the topography
the same as modern. The associated blue line shows the long-term variation of this
predicted reference case (LOWESS regression, 5 Ma span). The gray line at the top
of the plot shows the predicted isotopic composition for base precipitation at the
latitude of the samples, after correction for climate. The associated blue line shows
the long-term variation (LOWESS regression, 5 Ma span) for this base §*H record.
B) Predicted sea-level surface-air temperature, Ty, at the latitude of Malargiie and
as a function of age. The gray line shows the Ty record at the ~5.2 ka sampling
interval used by Miller et al. (2020) for the Cenozoic benthic foraminifera record.
The associated blue line shows the long-term variation (LOWESS regression, 5 Ma
span) for this Ty record.

82 Hsw,present and 82Hgw, past are the present and past isotopic com-
position of seawater. The first term on the right side of the equa-
tion accounts for the effect of temperature on isotopic fractiona-
tion, and the second term on the right accounts for the change
with age in the isotopic composition of the oceans. The evolution
of §%Hyy, with age is provided by the benthic foraminifera record
(e.g., Miller et al., 2020)

The coefficient spas is estimated using the slope of the best-
fit line for monthly measurements of §*H as a function of the
monthly temperature. For our study, we used Mendoza and Nan-
cufian GNIP station data, both of which are in the foreland east of
the SCA. These data indicate Sp;5e = 2.37 per mil/°C (Brandon et
al., 2022b).

The OPI model is used to calculate the influence of Ty on iso-
tope fractionation associated with orographic precipitation (i.e., the
isotopic lapse rate). This is done by running the OPI model at 1 Ma
increments over the duration of the Cenozoic. The parameters Ty
and &%Hg are varied as a function of age, but the topography and
the other OPI parameters are maintained at their modern values.
Fig. 8b shows the estimated Ty record for Malargiie. This record
was calculated using the Cenozoic benthic foraminifera tempera-
ture record (Miller et al., 2020) and a moist energy balance model
(MEBM) (Flannery, 1984; Roe et al., 2015; MATLAB code for MEBM
provided by Gerard Roe in 2019) to represent changing global tem-
perature with time. Further details are in Brandon et al. (2022b).

The convention at present is to focus on the variation in the
measured isotopic composition, and to translate that variation into
variations in paleo-elevation using an estimated isotopic lapse rate.
Fig. 9 shows a more complete way to relate the 52H record, pro-
vided by our hydrated glass samples, to changes in maximum
lifting with age. We introduce a new variable, the isotope frac-
tionation ratio during lifting, defined by
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Fig. 9. Predicted evolution of @i, which is the ratio of the observed isotopic frac-
tionation estimated for the sample location and age, relative to predicted isotopic
fractionation at the same location and age but for a topography that remains the
same as modern. These fractionations have been corrected for have been corrected
for climate-related variations in the isotopic lapse rate, and the sea-level air tem-
perature (Tp) with age. The red points show @i for the samples, and the error
bars show estimated total uncertainties at =1 SE. The black line shows the long-
term variation of @ (LOWESS regression, 5 Ma span), and the black dashed line
marks @i = 1, which is the prediction for a topography that was the same as the
modern topography.

In(1 + 6ZHpast) —In(1+ 62HO,past) ™ 62Hpast - 62HO,past

In(1+ 82H},o) — In(1 + 82Ho past)  82Hipg

lift =

The central part of this equation gives the exact definition,
and the part on the right shows the calculation using the usual
delta approximation for logarithms. The variable 52Hpast is the iso-
topic composition measured for a sample from a specified location
and age (e.g., the precipitation 52H recorded by hydrated glass).
62H0,past is the isotopic composition of the base precipitation at
that same location and age. 62H:;ast is the isotopic composition
predicted by OPI for that location and age, but with the topog-
raphy unchanged relative to present.

In other words, @i is the ratio of the observed isotopic frac-
tionation due to orographic lifting at a specified location and age,
relative to the predicted fractionation that would be observed at
that age if the past topography were the same as the modern to-
pography. This relationship can be calculated for any point in the
landscape. The OPI model shows that there is a linear relationship
between isotopic fractionation and maximum lifting. As a result,
®)ife is an approximate measure of the change in upwind topogra-
phy relative to that for the modern.

For example, if ®jjr < 1, then we would infer that the oro-
graphic fractionation was less than the expected fractionation at
that time in the past with a topography equivalent to the present.
The conclusion is that the topography was lower in the past rel-
ative to the present topography. In turn, if @y > 1, then the
orographic fractionation is greater than that produced at that time
in the past with a topography the same at the present topogra-
phy. The conclusion is that the topography was higher in the past
relative to the present topography.

The record of @)z shown in Fig. 9 is defined by point mea-
surements (red dots with error bars), and by a smoothed curve
(black line), which is meant to emphasize long-period variation
in ®jj and to reduce short-period variation caused by errors.
The error bars indicate the estimated uncertainty for &g at the
+ 1 standard-error (SE) level. The uncertainty for ®jr includes
the propagated errors for 6*H of the precipitation and the base-
precipitation, and for errors related to registration of the low-

- 52HO,past
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precision ages of the samples with the high-resolution age scale
for Tg record (see the opiPredictPlot program in Brandon, 2022 for
details). The &) record indicates that from 55 to 45 Ma, the to-
pography upwind of Malargiie was higher, by about 50%, relative
to the modern topography along the upwind path. From 45 to 15
Ma, the upwind topography was relatively steady and similar in
height to the modern upwind topography. From 15 to 10 Ma, the
record shows a 50% drop in the height of the upwind topography.
From 10 Ma to present, the upwind topography rose to its modern
height. At present, the highest areas along the northeasterly path
are Malargiie (1600 m), Sierra de San Luis (1600 m) and Sierra
de Cérdoba (2500 m). Thus, in our discussion below about the in-
terpretation of these data, we need to consider if the changes in
topography are related to the basement highs of the southern Sier-
ras Pampeanas, or to uplift of the Malargiie basin itself.

4. Discussion

When we started our project, we were thinking that §*H mea-
surement of volcanic glass from the Malargiie basin would pro-
vide information about topographic evolution of the SCA. What we
have learned is that the precipitation isotopes preserved in vol-
canic glass at our sample area are relative to fractionation of water
vapor that came out of the northeast. As a result, our record is pro-
viding information about the topographic evolution of the foreland
and the southern Sierras Pampeanas, and not about the SCA.

We start here with some comments about the influence of cli-
mate on precipitation 52H, and then conclude with a discussion
about possible tectonic interpretations for our @i record.

4.1. Influence of climate on the precipitation 5*H record

Our &%H record (Fig. 8) has information about climate, as well
as orographic lifting. Fig. 8 shows that the 6*H composition of the
base precipitation changed from about +10 to —10 per mil over
the time interval of 55 Ma to present. This climate-induced change
is equivalent to the isotopic fractionation associated with an in-
crease in maximum lifting of about 800 m.

Fig. 8 can be used to estimate the relative magnitude of the iso-
tope lapse rate with time. The isotopic lapse rate is proportional to
the offset in the precipitation 52H predicted by OPI for no topo-
graphic change (blue line with dots), and the base precipitation
52H. We find that, for Malargiie, the isotope lapse rate during the
Early Eocene was 55% of its modern value. These large variations
highlight the need for isotope paleotopography studies to include
corrections for climate.

The sampling in the Malargiie section (~0.4 Ma interval) is
dense enough to capture the warm conditions of the Late Pale-
ocene to Early Eocene (~56 to 48 Ma; Miller et al., 2020). And, in
fact, the 52H curve shows a positive anomaly over this age interval.
There are several short hyperthermal events during this interval,
the most familiar being the Paleocene-Eocene Thermal Maximum
(PETM), but these events are thought to last for only ~100 Kka,
which is short enough to be missed by our sampling. The Early
Eocene Climatic Optimum (EECO, 53.4-51.6 Ma) is about 1.8 Ma in
duration, and may be represented in our §2H record.

We mention these potential correlations not as conclusions, but
rather as targets for future study. Our work suggests that it should
be possible to develop high resolution time series for precipitation
52H in terrestrial settings. This research would also provide useful
information about the reliability of volcanic glass to sample mete-
oric water and to preserve that sample over long geologic intervals.

4.2. Tectonic interpretation for ®j;g

The tectonic interpretation of our results starts with three im-
portant conclusions.
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data and the record provided by the Paranense Seaway indicate that the subsidence/uplift cycle that occurred between 15 and 0 Ma had an amplitude of about 500 m.

1) The precipitation that falls on the east side of the SCA is
presently derived almost entirely from moist winds coming
out of the northeast. The isotopic fractionation along this wind
path occurs by lifting over the Cérdoba and San Luis base-
ment highs, and over the eastern foothills of the SCA, just
below Malargiie. Westerly moist air can pass over the range,
but downslope flow over the east side means that this source
becomes strongly undersaturated, so precipitation from this
source is suppressed in this area.

Our volcanic glass data indicate that the Malargiie area has
been receiving precipitation that is strongly depleted, by —50
to —90 per mil for 52H, since 55 Ma to present. The only way
to produce this depletion is by upslope flow of moist winds
and associated precipitation over the eastern side of the range.
Thus, we conclude that the high topography of the SCA was
formed prior to 55 Ma and has remained high standing from
that time to present.

If the second conclusion holds, then the first conclusion must
extend into the past. In other words, precipitation on the east
side of the SCA must have been sourced from moist winds
that passed over the basement highs of the Sierras Pampeanas,
the foreland, and the SCA foothills. The Malargiie basin was
accreted into the SCA thrust belt at about 5 Ma, so the topo-
graphic changes recorded by our 52H data cannot be attributed
to tectonic uplift within the SCA until after 5 Ma. We now fo-
cus on the evolution of the &y record.

3

—

At ~55 Ma, topography upwind of Malargiie was 1.5 times
higher than at present and then decreased, reaching the same size
as present by 45 Ma. The present topography along the north-
east upwind path from Malargiie has a maximum elevation of
about 2500 meters (Sierra de Cérdoba), so we estimate that the
topography of the foreland, along with the basement highs, had a
maximum height of about 3700 m at 55 Ma.

We recognize that the wind direction may have been different
during the Eocene than that for the present. Nonetheless, the hy-
drated volcanic glass and precipitation 52H indicated by that glass

10

require that there be moist winds blowing into the east side of the
SCA. The high-standing topography that caused the isotopic frac-
tionation of the water vapor that produced that precipitation had
to be somewhere in the foreland region. In our view, Sierra de
Cérdoba is a reasonable candidate for this early topography. The
®)ie record indicates that the foreland topography remained steady
(®gige &~ 1) for the time 45 to 15 Ma (Fig. 10).

The next change is at 15 to 0 Ma, and is marked by a de-
crease in the upwind topography to 0.5 times the present, and
then arriving at the present topography at 0 Ma. The timing of
this event coincides with the widespread 15-10 Ma Paranenese
marine transgression, which floods much of the Pampas and Chaco
plains (Fig. 10) (Hernandez et al., 2005). While shortening during
middle Miocene times has been widely documented (Giambiagi et
al,, 2008; Turienzo et al., 2012; Horton et al., 2016; Ramos et al,,
2014), the subsidence recorded by Neogene foreland deposits has
a wavelength of 800 km, which is too large to be related to thrust
loading (Davila et al., 2010; Folguera et al.,, 2015). Since our iso-
topic results indicate that the elevation of the Malargiie basin and
basement highs topography along its wind path would have all
decreased compared to sea level, we think that long-wavelength
subduction-induced dynamic topography is a likely explanation.
Flament et al. (2015) models have recognized a subsidence and
uplift cycle associated with changing subduction geometry and
kinematics in the vicinity of Malargiie.

5. Conclusions

Our study shows the viability of using volcanic glass from clas-
tic sedimentary rocks to measure the evolution of topography via
the isotope-paleotopography method. Our dense sampling reveals
variations in past water isotopes that can be correlated to changes
in climate, as well as to changes in topography. We show that
much of the observed Eocene to modern orographic isotopic frac-
tionation in the Malargiie basin is probably associated with moist
air coming from the northeast, across a path of ~800 km or longer.
As a result, the isotopic signature of precipitation reflects topogra-
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phy along this upwind path, and is not due to local elevation or the
height of the Andean range. We use an orographic precipitation
mode] to estimate the isotopic composition of base precipitation
and the changes in orographic fractionation with time and tem-
perature, and cast these into ®j to identify three key Cenozoic
topographic events: 1) From 55-45 Ma, the topographic lifting fac-
tor, @y, decreases from 1.5 to 1, relative to present topography
upwind of Malargiie. Strong fractionation during this warm cli-
mate interval requires a high Andes to the west at 55 Ma, and
may reflect early growth of the Sierras Pampeanas basement highs
to higher than modern. 2) From 45-15 Ma, ®jjr is ~1, indicating
a prolonged period of topographic stasis across the foreland and
southern Sierras Pampeanas. 3) From 15 to 0 Ma, &y decreases
to 0.5 and then back to 1. We attribute the surface lowering to dy-
namic subsidence as proposed by numerical modeling (Flament et
al., 2015). The observed amount of surface lowering is consistent
with the 15-10 Ma Paranense marine transgression. Dynamic mod-
eling and marine regression after 10 Ma indicate dynamic rebound
to modern foreland elevations.
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