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Key Points: 

 The isotopic composition of central Andean precipitation records upstream precipitation, 

local convection, and remote moisture sources 

 Precipitation on the flank of the western central Andes is sourced from the Pacific Ocean  

 ∆17O can separate evaporated and non-evaporated samples and provides key baseline 

information for Andean paleoclimate and paleoaltimetry   
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Abstract 

The isotopic composition of precipitation is used to trace water cycling and climate change, but 

interpretations of the environmental information recorded in central Andean precipitation isotope 

ratios are hindered by a lack of multi-year records, poor spatial distribution of observations, and a 

predominant focus on Rayleigh distillation. To better understand isotopic variability in central 

Andean precipitation, we present a three-year record of semimonthly 18Op and 2Hp values from 

15 stations in southern Peru and triple oxygen isotope data, expressed as ∆17Op, from 32 

precipitation samples. Consistent with previous work, we find that elevation correlates negatively 

with 18Op and that seasonal 18Op variations are related to upstream rainout and local convection. 

Spatial 18Op variations and atmospheric back trajectories show that both eastern- and western-

derived air masses bring precipitation to southern Peru. Seasonal d-excessp cycles record moisture 

recycling and relative humidity at remote moisture sources, and both d-excessp and ∆17Op clearly 

differentiate evaporated and non-evaporated samples. These results begin to establish the natural 

range of unevaporated ∆17Op values in the central Andes and set the foundation for future 

paleoclimate and paleoaltimetry studies in the region. This study highlights the hydrologic 

understanding that comes from a combination of 18Op, d-excessp, and ∆17Op data and helps 

identify the evaporation, recycling, and rainout processes that drive water cycling in the central 

Andes. 

1 Introduction 

The isotopic composition of precipitation (18Op, 
17Op, 

2Hp, where  is defined as 

(Rsample/Rstandard – 1)*1000, R is the ratio of heavy-to-light mass isotopes, and the subscript p refers 

to precipitation) and geologic materials that preserve precipitation isotope ratios are valuable 

tracers of water cycling and climate change. In the Andes mountains, 18Op and 2Hp have been 

used to infer information about both modern and past water cycling (e.g., Fiorella et al., 2015a; 

Poulsen et al., 2010) as well as past climate conditions (e.g., Hardy et al., 2003). Nevertheless, 

uncertainties remain about the controls on modern 18Op, 
2Hp, and 17Op in the Altiplano region 

(~ 12˚S to 22˚S and 63˚W to 74˚W, hereafter referred to as the central Andes) because there are 

relatively few observations of 18Op and 2Hp and no observations of 17Op (Figure 1a; Valdivielso 

et al., 2020). Moreover, most previous studies of central Andean precipitation isotope ratios focus 

primarily on either 18Op or 2Hp and hydrologic processes (e.g., rainout) associated with 

equilibrium fractionation and Rayleigh distillation (e.g., Gonfiantini et al., 2001). These studies do 

not leverage the additional information that comes from a combination of 18Op and 2Hp (d-

excessp; Dansgaard, 1964) and generally leave kinetic fractionation processes (e.g., evaporation at 

a moisture source or moisture recycling) unexplored. Additional observations of central Andean 

18Op, 
2Hp, and 17Op and an expanded emphasis on the isotopic signals of kinetic fractionation 

can improve understanding of water cycling, paleoclimate, and mountain uplift in the central 

Andes (e.g., Bird et al., 2011; Garzione et al., 2017).  

The large-scale variability of central Andean 18Op and 2Hp is primarily attributed to 

Rayleigh distillation during rainout (Dansgaard, 1964; Fiorella et al., 2015a; Gat, 1996; 

Gonfiantini et al., 2001; Jeffery et al., 2012; Rozanski et al., 1993; Sturm et al., 2007; Vimeux et 

al., 2005). However, Rayleigh distillation does not account for all of the observed variability, and 

central Andean 18Op and 2Hp values can also reflect moisture recycling (Ampuero et al., 2020; 

Salati et al., 1979), the intensity of upstream and local convective precipitation (Fiorella et al., 

2015a; Guy et al., 2019; Samuels-Crow et al., 2014a; Valdivielso et al., 2020; Vimeux et al., 2005; 
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Vimeux et al., 2011; Vuille et al., 2012; Vuille & Werner, 2005), and interactions between Atlantic 

and Pacific moisture sources (Aravena et al., 1999). Elsewhere, a combination of 18Op and d-

excessp has been used to identify evaporation at a moisture source (e.g., Pfahl & Sodemann, 2014), 

condensation from mixed-phase clouds (e.g., Bolot et al., 2013), and sub-cloud evaporation (e.g., 

Froehlich et al., 2008), but to date studies of d-excessp in the central Andes have received far less 

attention than those of 18Op or 2Hp. Additional efforts to understand d-excess variations in liquid 

water, water vapor, and ice cores can help explain the evaporation and condensation processes that 

are recorded in central Andean 18O and 2H data (e.g., Samuels-Crow et al., 2014b). 

Triple oxygen isotope variations have recently emerged as another metric to track kinetic 

fractionation in waters (e.g., Li et al., 2017) and geologic materials (e.g., Passey et al., 2014). These 

variations, expressed as ∆17O (see Section 2.2 below), are useful because they add new 

information to 18O and/or 2H records by quantitatively separating equilibrium and kinetic 

fractionation (Barkan & Luz, 2007). Currently, however, measurements of triple oxygen isotope 

ratios are rare and there are only a few published observations of surface water ∆17O (Aron et al., 

2021; Surma et al., 2018; Voigt et al., 2021) and structurally bonded gypsum water ∆17O 

(Herwartz et al., 2017) from the central Andes. Much like d-excess, water ∆17O measurements 

can help identify the controls on 18O and 2H and enable better understanding of hydrologic 

processes and climate conditions. 

To better understand the environmental controls on precipitation isotope ratios in the 

central Andes, we report on a three-year dataset of 18Op, 
17Op, and 2Hp data from a previously 

unstudied region in southern Peru (Figure 1b, Table S1). This dataset extends observations of 18Op 

and 2Hp from Bolivia (Fiorella et al., 2015a; Gonfiantini et al., 2001) into southern Peru and fills 

a spatial gap across the northern Altiplano and western slope of the Peruvian Andes (Figure 1a). 

We show that a combination of 18Op, d-excessp, and ∆17Op can differentiate equilibrium and 

kinetic fractionation to constrain rainout, air mass sources, and moisture recycling and improve 

understanding of water cycling and climate change in the central Andes.   

2 Background 

2.1 Central Andes topography, precipitation, and atmospheric circulation 

The central Andes in southern Peru, Bolivia, and northern Chile are split into the Eastern 

and Western Cordilleras, both of which reach over 6 km in height. The Altiplano lies between the 

Cordilleras and has lower elevation (~4 km) and lower relief. A strong hydrologic gradient extends 

across this region from the Amazon Rainforest, one of the wettest places on Earth, to the Atacama 

Desert, one of the driest (Figure 2). Moisture transport from the Amazon Basin and orographic 

uplift generate high precipitation rates (up to 6,000 mm/yr) on the flank of the Eastern Cordillera 

(Garreaud, 2009), while the Western Cordillera flank is exceptionally dry (< 20 mm/yr) due to 

upwelling of cold waters from the coastal Humboldt current, large-scale subsidence over the 

eastern Pacific Ocean, and orographic blocking from the Eastern Cordillera (e.g., Garreaud et al., 

2002; Rodwell & Hoskins, 2001; Vuille et al., 2000).  

Seasonally, the central Andes are wetter during the austral summer (December to March) 

and drier in the austral winter (June to September) (Figure 2). In the winter, upper-level (~200 

hPa) circulation is dominated by subtropical westerly winds that restrict low-level (~850 hPa) 

easterly moisture from reaching the Altiplano (Figures 2b and 2d). In the summer, the westerly 

winds weaken and shift southward, and stronger easterly winds transport moisture toward the 
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central Andes. Simultaneously, intense summertime latent heating over the Amazon generates an 

upper-level (~200 hPa) high pressure circulation feature known as the Bolivian High (Lenters & 

Cook, 1997) that directs and intensifies near-surface moisture flow (Figure 2c). Orographic 

blocking forms the South American Low Level Jet (SALLJ, Figure 2a), a low-level (~850 hPa) 

barrier jet that transports moisture from the tropics to the subtropics and plays a critical role in 

South American hydrology (e.g., Insel et al., 2010; Vera et al., 2006).  

Infrequent, small (generally < 10 mm/event) summer storms occur on the western central 

Andean slope when anomalously warm coastal sea surface temperatures break up the western flank 

inversion layer (Aceituno, 1988). Although this localized feature is most commonly associated 

with the negative phase of the El Niño Southern Oscillation (ENSO) and extreme precipitation 

events along the tropical coastal western Andes (e.g., Quinn & Neal, 1987; Takahashi & Martínez, 

2019), it also generates episodic summertime precipitation on the western flank (e.g., Garreaud et 

al., 2002; Vuille et al., 2000). Wintertime precipitation is very rare on the western flank because 

sea surface temperatures are relatively cool and the inversion layer remains stable (Figures 2b and 

2d; Rutllant et al., 2003).  

2.2 Isotope systematics 

Relationships between isotopic compositions (e.g., 18O vs. 2H) are generally considered 

to be linear, but mass-dependent isotope fractionation actually follows a power law relationship 

that relates the fractionation factors () of coexisting phases (A and B) by a defined fractionation 

exponent () (Matsuhisa et al., 1978; Young et al., 2002):  

 

 *A-B = (*A-B)       (1) 

  

where * denotes a heavy mass number (e.g., 17O, 18O, 2H). The value of  is derived from mass law 

theory (Criss, 1999; Matsuhisa et al., 1978; Young et al., 2002) and distinguishes equilibrium (eq) 

and kinetic (diff) processes. These  values are more familiar as the slopes that relate isotopic 

compositions ( or  values) during isotopic fractionation. Deviations in these slopes (or position 

relative to them) indicate different roles of equilibrium and kinetic fractionation on isotopic 

compositions. 

The most familiar slope in isotope hydrology is the slope of the oxygen-hydrogen Global 

Meteoric Water Line (GMWL) (Craig, 1961). This empirical value (8) integrates equilibrium 

(eq 8) and kinetic (~2.5 < diff < 8; Gonfiantini et al., 2018) processes and establishes a reference 

frame from which d-excess is defined (Dansgaard, 1964):  

 

 d-excess = 2H – 8*18O.      (2) 

 

A similar reference relationship differentiates triple oxygen isotope ratios during equilibrium and 

kinetic fractionation and defines the ∆17O parameter (Barkan & Luz, 2007):  

 

∆17O = 17O – 0.528*18O.      (3)  

 

The empirically determined slope of the triple oxygen isotope reference line (0.528) (Luz & 

Barkan, 2010; Meijer & Li, 1998) integrates equilibrium (eq = 0.529; Barkan & Luz, 2005) and 

kinetic (diff = 0.518; Barkan & Luz, 2007) fractionation. The ∆17O definition requires  notation 
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( = ln(/1000 + 1)*1000; Hulston & Thode, 1965; Miller, 2002) because mass-dependent 

deviations from the triple oxygen isotope reference relationship are very small and must be 

calculated from a reference frame that is exactly linear.  

3 Methods 

3.1 Precipitation network and sample collection 

This study includes data from a network of precipitation collection stations in southern 

Peru that extends from the western Peruvian Amazon (~13˚S) to near the Pacific coast (~17˚S) 

(Figures 1b and S1). Ten stations (San Gaban, Ollachea, Macusani, Ayaviri, Ichuña, Carumas, 

Majes, Ayo, Orcopampa, and Santo Tomas) were installed in May and June 2016; eight stations 

(Pampahuta, Ubinas, Quinistaquillas, Moquegua, Arequipa, Cotahuasi, and Puyca) were added in 

November 2017. The final station (Calca) was installed in July 2018. This study includes samples 

collected through May 2019 because travel restrictions associated with COVID-19 prevented 

travel after the 2020 rainy season. Isotopic data are not considered from Ichuña, Orcopampa, or 

Puyca due to compromised samples or from Ayo due to a lack of rain. Additional details about 

data quality and the stations are in Table S1 and Section 3.3. 

Each precipitation collection station was managed by a local Peruvian observer and 

collocated alongside SENAMHI (Servicio Nacional de Meteorología e Hidrología del Perú) 

meteorological stations that record daily precipitation amount. Some SENAMHI stations also 

record mid-day relative humidity and maximum and minimum or morning and afternoon 

temperature. Temperature and relative humidity sensors (Onset HOBO, U23 Pro v2) were added 

to stations that only record precipitation. Mean annual temperature (MAT) and mean annual 

precipitation (MAP) from each site were extracted from the University of Delaware 0.5˚ monthly 

gridded climate data (1960-1990 average) (Legates & Willmott, 1990a, 1990b).  

Precipitation samples were collected at each site on the 1st and 15th of every month. During 

the first year, samples were collected in 1.5 L HDPE bottles (McMaster Carr, 4280T37) following 

the description in Gröning et al. (2012). This oil-free collection technique prevented evaporation 

and simplified sample collection because station observers did not have to separate the sample 

water from overlaying oil. Station observers poured the collected precipitation into 20 ml HDPE 

storage vials (Wheaton, 986716), capped the storage vials with PolyCone caps, and cleaned and 

dried the collection bottle. After the first year, observers added mineral oil to the collection bottles 

as another measure to prevent evaporation because we determined that the traditional mineral oil 

technique is more reliable in remote locations and with non-expert observers (Friedman et al., 

1992; Scholl et al., 1996). Observers used a syringe to extract sample water and cleaned, dried, 

and added a new layer of oil to the collection bottles between samples.  

During annual site visits, we gathered the precipitation samples, cleaned and repaired the 

collection equipment, and interviewed observers about local weather conditions. In the lab, we 

transferred samples into 16 ml glass vials with PolyCone caps (The Lab Depot, 316018-2170) for 

secure long-term storage. At most, samples were stored in HDPE vials for one year, so they are 

not compromised by fractionation with the plastic containers (Spangenberg, 2012).  

3.2 Isotopic analysis 

The 18O and 2H values of every precipitation sample were measured using a Picarro 

L2130-i with a high-precision vaporizer (A0211) and attached autosampler. Picarro ChemCorrect 

software screened samples for organic contamination and normalized raw 18O and 2H values to 
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the VSMOW-SLAP scale with four in-house liquid standards that were calibrated with USGS 

reference waters (USGS45, 46, 49, and 50). Analytical precision of repeat analyses of deionized 

water was better than 0.1‰ and 0.3‰ for 18O and 2H, respectively. Assuming the errors on 18O 

and 2H are independent, the analytical precision of d-excess is better than 0.4‰. 

The 18O and 17O values of 32 precipitation samples were measured with a dual-inlet Nu 

Perspective isotope ratio mass spectrometer (IRMS) using the cobalt(III) fluoride method 

developed by Baker et al. (2002) and refined by Luz and Barkan (2005). Our methods are described 

in Aron et al. (2021). Triple oxygen isotope values were normalized to the VSMOW-SLAP scale 

using values of 0.0000‰ for 18OVSMOW and 17OVSMOW (Gonfiantini, 1978), 55.5000‰ for 

18OSLAP, and 29.6986‰ for 17OSLAP (Schoenemann et al., 2013). The root-mean-square error 

of the IRMS measurements, determined from replicate analyses of USGS reference waters (Table 

S2), was 0.2‰ for 17O, 0.3‰ for 18O, and 6 per meg for ∆17O. The analytical precision of ∆17O 

is better than that of 17O and 18O because any fractionation that occurs during sample preparation 

is related by a 18O–17O slope that is nearly equivalent to the value of the reference slope (Barkan 

& Luz, 2007; Landais et al., 2006; Schoenemann et al., 2013).  

3.3 Isotopic data caveats 

We collected and analyzed 18O and 2H from a total of 451 precipitation samples (Table 

S1). From this, we removed 12 samples with negative d-excessp values that are likely affected by 

evaporation and 130 samples from five sites that we suspect were collected from tap or surface 

water sources. The probable tap or surface water samples were easily identifiable from site-specific 

timeseries with less than 1‰ of seasonal 18Op variation (seasonal 18Op variation is at least 5‰ 

at most sites). All the measured 18O and 2H data are reported in Table S3, but data from the 

excluded samples are flagged as unreliable.  

Data are also missing or incomplete from three other sites. First, data from Macusani are 

missing from May 2018 to May 2019 because the observer did not record collection dates on the 

sample vials. Second, sample collection lasted only one year (June 2017 to May 2018) in Cusco. 

Third, the observer in Majes was not available during the 2019 site visit, so isotopic data from this 

site only extend until May 2018. 

After screening for compromised and/or improperly collected samples, the final dataset 

contains 309 precipitation samples (Table S1).   

3.4 Air mass trajectories 

We used the Hybrid coordinate Single Parcel Lagrangian Integrated Trajectory model 

(HYSPLIT; Draxler & Hess, 1998) and 0.5˚ Global Data Assimilation System (GDAS) 

meteorological data to compare eastern and western moisture sources at San Gaban, Ayaviri, Santo 

Tomas, Cotahuasi, Ubinas, Majes, and Moquegua. At each site, ten-day atmospheric back 

trajectories were initiated at 0, 6, 12, and 18 UTC (the availability of GDAS data) from 1,000 m 

above ground level. We chose the initiation height based on previous back trajectory analyses in 

the central Andes (e.g., Fiorella, et al., 2015a; Vimeux et al., 2011). Parcel vertical velocities were 

determined from GDAS wind fields. To separate winds on wet and dry days, we analyzed the 

trajectories in two ways: an ‘all days’ analysis that included trajectories from every day during the 

study period and a ‘rainy days’ analysis that only included the trajectories initiated on days when 

rain fell at each site.  
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We then used the Lagrangian tracer developed by Sodemann et al. (2008) to determine the 

humidity contribution from each grid cell along the moisture trajectories and calculate moisture 

footprints for each site (Figure S2). This iterative tracer links precipitation to remote evaporation 

sources by tracking increases in planetary boundary layer specific humidity and diagnoses the 

humidity contribution from each point along a trajectory. HYSPLIT-extracted boundary layer 

heights were doubled, as prior work with this tracer has suggested that using unscaled boundary 

layer heights may underestimate moisture contributions from shallow convection (Aemisegger et 

al., 2014; Fiorella et al., 2018; Sodemann et al., 2008). The ten-day trajectories used in this study 

were sufficiently long to determine moisture source locations for 85-95% of the total parcel 

moisture. 

Finally, we determined the large-scale contribution of eastern and western air masses to 

precipitation in southern Peru by estimating the humidity contributions from two zones separated 

by the spine of the Western Cordillera: an eastern zone that includes humidity sourced from the 

Atlantic Ocean, Amazon Basin, eastern Andean flank, and the Altiplano and a western zone that 

includes humidity from the Pacific Ocean and western Andean flank. The ratio of eastern and 

western air masses was determined at each site by summing the monthly humidity contributions 

from each zone and dividing by the total moisture footprint across both zones. Because rain did 

not fall equally across the study region, we report the moisture flux ratios as quarterly seasonal 

averages among water years (a water year is defined as June to May to keep the summer rainy 

season intact). This approach is not intended to differentiate tropical versus extratropical air masses 

and is not well suited to identify small-scale circulation features along the Andean flanks or 

Altiplano due to the spatial and temporal scale of the GDAS data. 

4 Results  

4.1 Precipitation 18O, 2H, and d-excess 

Values of 18Op in southern Peru range from –29.3 to 2.0‰, 2Hp ranges from –216.1 to 

35.2‰, and d-excess ranges from 0.2 to 41.8‰ (Figure 3a, Table S3). 18Op and 2Hp are strongly 

correlated (Pearson’s r > 0.99) and cluster on or near the 18O-2H GMWL, although the slope 

(8.1) and intercept (15.8) through 18Op and 2Hp are slightly higher than the reference values (8 

and 10, respectively). Because 18Op and 2Hp are so strongly correlated, the following results and 

discussion focus only on 18Op and d-excessp. 

Values of 18Op and d-excessp varied on semimonthly to interannual timescales across the 

study region (Figure 4). The most pronounced temporal variation was a seasonal pattern on the 

eastern flank and Altiplano with lower rainy season (DJFM) 18Op (–26.0 to –3.3‰, amount-

weighted average –14.9‰) and d-excessp (2.4 to 33.6‰, amount-weighted average 14.6‰) values 

and higher dry season (JJAS) 18Op (–21.1 to 2.0‰, amount-weighted average –7.5‰) and d-

excessp (8.6 to 38.8‰, amount-weighted average 16.0‰) values. Seasonal 18Op and d-excessp 

variability cannot be assessed on the western flank because precipitation only fell during the wet 

season, but in general western flank 18Op (–16.7 to 1.2‰, amount-weighted average –6.7‰) 

values were higher and d-excessp (0.2 to 27.0‰, amount-weighted average 11.3‰) values were 

lower than those on the Altiplano or eastern flank (Figures 4 and 5).  

Spatially, wet season amount-weighted 18Op correlated negatively with elevation (r = –

0.82, p < 0.001, Figures 5b and 6a) and latitude (r = –0.72, p < 0.005, Figure 6c) and exhibited 

weaker correlations with MAP (r = –0.22, p = 0.67, Figure 6b) and longitude (r = –0.12, p = 0.46). 
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We report and show (Figures 5 and 6) amount-weighted averages from the wet season because dry 

season precipitation data do not exist on the western flank and most of the Altiplano. However, 

the relationships between amount-weighted annual 18Op and elevation (r = –0.84), latitude (r = –

0.70), longitude (r = –0.13), and MAP (r = –0.20) are nearly identical to those that only consider 

wet season data because most precipitation fell during the wet season. Stepwise multiple linear 

regression models with elevation, latitude, longitude, and MAP as possible predictor variables 

(Bowen & Wilkinson, 2002; Lechler & Niemi, 2011) confirm that elevation and latitude were the 

dominant controls on 18Op (Table S4). Each regression model was assessed with the Akaike 

information criterion (AIC), with lower AIC scores indicating a balance between goodness of 

model fit with model parsimony.  

Isotopic lapse rates were determined by linear regression through amount-weighted rainy 

season 18Op from San Gaban, Ollachea, and Macusani on the eastern flank and Moquegua, 

Quinistaquillas, Carumas, Ubinas, Arequipa, Majes, and Cotahuasi on the western flank. The 

eastern flank 18Op lapse rate, –2.8  0.2‰/km, was determined from precipitation collected at 

three closely-located sites that span over 3.6 km of elevation, but this lapse rate does not change if 

18Op data from Cuzco, Calca, Ayaviri and/or Santo Tomas are also included in the regression 

analysis. The western flank 18Op lapse rate was determined from all the available rainy season 

western slope precipitation data because rain events in this region are very rare. This 18Op lapse 

rate is nearly identical when derived from all the western flank sites (–4.5  1.2‰/km) and from 

the four sites (Moquegua, Quinistaquillas, Carumas, and Ubinas) in the Moquegua region (–4.3  

1.8‰/km). However, due to the small number of samples, interannual variability of western flank 

18Op lapse rates was high, ranging from –1.9‰/km in 2017 to –5.5‰/km in 2019, and the 

uncertainty of the lapse rate (1.2‰/km) is an order of magnitude greater than that on the eastern 

flank (0.2‰/km).    

 Amount-weighted wet season d-excessp values ranged from 5.0 to 22.1‰ and are poorly 

correlated with elevation (r = 0.34, p = 0.24, Figures 5c and 6d), latitude (r = 0.16, p = 0.60, Figure 

6f), or MAP (r = 0.07, p = 0.82, Figure 6e). Unfortunately, the observer at Carumas did not collect 

samples properly after 2017, so it is difficult to assess the noticeably high (22.1‰) d-excessp value 

at this site. Excluding this value, amount-weighted DJFM d-excessp was highest at Macusani 

(17.3‰) and decreased across the Altiplano from the Eastern Cordillera towards the Western 

Cordillera, with lower values on the western flank (5.0 to 13.3‰) than on the Altiplano or eastern 

flank (12.4 to 17.3‰) (Figure 5c).  

4.2 Triple oxygen isotope ratios 

Precipitation samples from San Gaban (n = 9), Ollachea (n = 2), Macusani (n = 6), Santo 

Tomas (n = 3), Ayaviri (n = 6), Carumas (n = 2), and Majes (n = 4) were selected for triple oxygen 

analysis to explore ∆17Op relationships with d-excessp, 
18Op, elevation, MAP, and latitude 

(Figures 6 and 7). Among this subset of samples, 18Op ranges from –28.3 to –0.2‰, 17Op ranges 

from –14.9 to –0.1‰, and ∆17Op ranges from 1 to 55 per meg (Figures 3b and 7a, Table S2). 

Although 18Op and 17Op are very well correlated (r > 0.99999) and appear to plot exactly on the 

reference relationship (Figure 3b), the slope (0.5275  0.0003) of the observed 18Op-
17Op 

regression line is slightly lower than that of the reference line (0.528). These small, mass-

dependent 18O and 17O deviations from the reference line are not visible in Figure 3b, but 

become apparent when triple oxygen isotope data are shown as 18O versus ∆17O (Figure 7a). 

This isotope space is analogous to plots of 18O versus d-excess (Figure 7b) and is an easier way 
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to visualize isotopic compositions that vary on different orders of magnitude (1‰ is equal to 1,000 

per meg). 

Similar to most previously published water triple oxygen isotope data, ∆17Op is slightly 

anticorrelated with 18Op (r = –0.26, Figure 7a) and positively correlated with d-excessp (r = 0.46, 

Figure 7c). In general, ∆17Op was higher on the Altiplano (29 to 55 per meg) and lower on the dry 

western flank (1 to 35 per meg). Site-specific ∆17O variation was larger on the western flank (17 

per meg ∆17Op range at Carumas, 27 per meg at Majes) than on the eastern flank (12 per meg at 

San Gaban, 2 per meg at Ollachea). Across the study region, ∆17Op was moderately positively 

correlated with elevation (r = 0.57, Figure 6g) and latitude (r = 0.41, Figure 6i) and uncorrelated 

with MAP (r = –0.07, Figure 6h). This dataset is not well suited to evaluate temporal ∆17Op 

variability (Figure S3) and seasonal ∆17Op variability should be the focus of future work. 

4.3 Atmospheric moisture transport  

The ratio of eastern- versus western-sourced air masses differs in the ‘all days’ (Figure 8, 

yellow squares) and the ‘rainy days’ (Figure 8, blue circles) analyses, but both reveal a dominant 

easterly source of water vapor on the eastern flank and a mixture of eastern and western sourced 

air masses on the central Altiplano and western flank (Figures 8 and S2). Across the study region, 

the ‘all days’ eastern moisture flux ratio decreased from > 99% on the eastern flank (Figure 8a), 

to ~ 75% on the central Altiplano (Figures 8b and 8c), ~ 30% high on the western flank (Figures 

8d and 8e), and < ~ 10% at low elevation on the western flank (Figures 8f and 8g).  The moisture 

flux ratio is more variable when calculated from the ‘rainy days’ trajectories, but still shows that 

> 95% of the water vapor in San Gaban originated from the Atlantic Ocean and Amazon Basin 

(Figure 8a). The eastern-sourced ‘rainy days’ moisture flux ratio was also dominant at the high 

elevation sites during the 2018 and 2019 water years. During the 2017 water year, the contribution 

of western-sourced air masses to the high elevation sites was higher, ranging from ~40% to more 

than 70% (Figures 8b-8e).  

Finally, it is interesting to compare the ‘all days’ and ‘rainy days’ moisture flux ratios on 

the western flank. For example, the ‘all days’ ratios show a dominant contribution from western-

sourced air masses at high (Cotahuasi and Ubinas, ~ 75% of air masses) and low (Majes and 

Moquegua, > 90% of air masses) elevation. Such a clear distinction between air mass source 

regions disappears among the western flank ‘rainy days’ moisture flux ratios (Figures 8b-8e). This 

suggests that dry winds on the western flank of the central Andes originate predominantly from 

the Pacific Ocean, whereas the air masses that bring precipitation to this region are sourced from 

a combination of both eastern and western regions. 

5 Discussion 

5.1 Controls on central Andean 18Op 

The seasonal 18Op pattern observed on the eastern flank and Altiplano in southern Peru is 

consistent with previous studies from the central Andes (Figure 9a; Aravena et al., 1999; Fiorella 

et al., 2015a; Fritz et al., 1981; Gonfiantini et al., 2001; Guy et al., 2019) and is related to a number 

of hydrologic processes that contribute to lower 18Op values during the summer rainy season. 

First, during the wet season, high upstream precipitation in the Amazon Basin decreases the 

isotopic composition of vapor that is advected to the central Andes (Fiorella, et al., 2015a; Guy et 

al., 2019; Vimeux et al., 2005, 2011). Second, rainy season deep convection and downdrafts from 

aloft entrain isotopically light vapor from the upper and middle troposphere and decrease 18Op 
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values (Blossey et al., 2010; Galewsky et al., 2016; Moore et al., 2014; Risi et al., 2008; Samuels-

Crow et al., 2014a; Worden et al., 2007). Although small, localized convective cells can entrain 

near-surface vapor with relatively high isotopic compositions (e.g., Aggarwal et al., 2016; Kurita, 

2013), the high elevation Altiplano and intense daytime heating across the Amazon Basin lead to 

the development of deep convective cells (Garreaud et al., 2009) that decrease 18Op values in this 

region. Third, water droplets likely undergo less sub-cloud evaporation and less heavy isotope 

enrichment during the wet season when relative humidity is high and the air column is closer to 

saturation than during the dry season.  

The interannual variations of central Andean 18Op are often linked to ENSO (e.g., Vuille 

& Werner, 2005), but our study duration is short and occurred during weak ENSO conditions 

(National Weather Service, Climate Prediction Center) and we do not observe consistent 

interannual 18Op patterns (Figures 4a, 4b, and 5b). Interestingly, the relatively strong contribution 

of western-sourced water vapor during the 2017 water year (Figures 8b-8g and Figure S2), which 

is likely related to the strong El Niño event that occurred off the coast of Peru and Ecuador in early 

2017 (Garreaud et al., 2018; Peng et al., 2019), is not evident in the western flank or Altiplano 

18Op data (Figures 4 and 5). Although this precipitation record is too short to comment 

substantially on interannual 18Op variability, the absence of a clear ENSO-18Op relationship 

shows that even strong El Niño events are not always reflected in local precipitation isotope ratios. 

Instead, it is possible that rainout over the Andes overwrites 18Op anomalies related to Pacific 

Ocean conditions and/or regional atmospheric circulation (Hurley et al., 2019; Thompson et al., 

2017).  

Site-to-site correlations of concurrent semimonthly 18Op values (Table S5) reflect a 

combination of synoptic- and local-scale controls on 18Op in southern Peru. Strong correlations 

between eastern flank and eastern Altiplano 18Op values indicate synoptic-scale moisture 

transport, whereas weaker correlations among western flank sites result from sporadic and small-

scale precipitation events (Figure 4). Large (up to 15‰) variations between concurrent 

semimonthly 18Op values on the Altiplano point to local-scale 18Op controls such as convection 

and near-surface convergence (Garreaud et al., 2003; Kumar et al., 2019; Romatschke & Houze, 

2010), ridges and valleys that funnel moisture (Giovannettone & Barros, 2009), or the addition of 

water vapor from evaporation of lakes or other surface water (Pillco Zolá et al., 2019).  

Our analysis of regional 18Op controls shows that 1) elevation is a dominant control on 

18Op values (Figure 6a, Table S4) and 2) central Andean 18Op values are not correlated with local 

precipitation amounts on annual (r = –0.06, our data), rainy season (r = –0.05, all monthly data), 

monthly (r = –0.08, all monthly data), or semimonthly (r = 0.13, our data) time scales (Figure 6b). 

Although our dataset only contains data from three years, these results are consistent with previous 

work from the central Andes and suggests that local precipitation rates are often poor predictors 

of precipitation isotope ratios in the central Andes (e.g., Vimeux et al., 2005). There is a clear 

seasonal signal in 18Op with lower values during the rainy season and higher values during the 

dry season (Figures 4a and 9a), but individual 18Op values are more closely tied to upstream 

rainout, evapotranspiration, moisture convergence, and cloud type than local precipitation amount 

in the central Andes (Konecky et al., 2019). The statistically significant latitude-18Op relationship 

(Table S4) in southern Peru is unique in the central Andes (Figure 6c) and is opposite in sign from 

the global trend because the global latitude-18Op relationship is related to progressive rainout 

during poleward moisture transport (Bowen et al., 2019) whereas the latitude-18Op relationship 

in southern Peru reflects a contribution of eastern- and western-derived water vapor (Figure 8).  
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5.2 Hydrologic interpretations of d-excess and ∆17O 

To this point, interpretations of isotopic variability have mainly focused on large-scale 

circulation patterns, rainout, and convection. However, processes such as evaporation, moisture 

recycling, and in-cloud microphysics also affect the isotopic composition of precipitation but are 

poorly constrained with 18Op alone. Here, we show how d-excess and ∆17O complement 18O to 

provide new hydrologic insights in the central Andes.  

We observe high (>10‰) d-excessp values and two primary types of d-excessp variation: 

1) a consistent 5-10‰ seasonal cycle with higher (> ~ 15‰) d-excessp values in the dry season 

and lower (~ 10-15‰) d-excessp values in the wet season and 2) infrequent very high (>25‰) dry 

season d-excessp values on the Altiplano (Figures 4c, 4d, and 9b). Regardless of season or location, 

d-excess is unrelated to elevation, MAP, or latitude (Figures 6d-6e) because it is primarily sensitive 

to kinetic fractionation. 

The seasonal d-excessp pattern records relative humidity above the surfaces of remote 

Atlantic moisture sources and in the atmosphere above precipitation stations as well as 

land-atmosphere water fluxes from the Amazon (Salati et al., 1979). During the rainy season, d-

excessp values from ~ 10 to 15‰ are consistent with Rayleigh distillation and moisture recycling 

across the Amazon Basin (Ampuero et al., 2020; Salati et al., 1979). During the dry season, lower 

relative humidity above the tropical Atlantic increases kinetic fractionation during evaporation and 

results in higher vapor d-excess (Pfahl & Sodemann, 2014). Downstream condensation retains this 

signal, resulting in higher (> ~ 15‰) dry season d-excessp values (Figures 5c and 9b). Subcloud 

evaporation, which is more likely in the winter when the atmosphere is drier, may also play a role 

in the higher winter d-excessp values if precipitation condenses from reevaporated vapor (e.g., Risi 

et al., 2008). Evapotranspiration from the Amazon Basin may amplify this d-excessp seasonality 

if the bare-ground evaporation flux increases during the dry season (Pattnayak et al., 2019).  

 The very high (>25‰) Altiplano d-excessp values are uncommon in tropical precipitation, 

but are occasionally observed in the central Andes (Fiorella et al., 2015a; Guy et al., 2019; Vimeux 

et al., 2011) and other high elevation regions (Liotta et al., 2006). Guy et al. (2019) also observed 

high (>30‰) event-scale d-excessp values on the eastern margin of the Altiplano in 2016 and 2017. 

Such elevated d-excessp values likely reflect kinetic fractionation during ice crystal formation and 

deep convection over the central Andes (Bolot et al., 2013; Jouzel & Merlivat, 1984), low 

temperature condensation from upper troposphere water vapor (Bony et al., 2008; Galewsky et al., 

2016; Samuels-Crow et al., 2014b), and/or a non-linear isotope effect in air parcels that have 

experienced strong rainout (Dütsch et al., 2017; Jouzel & Merlivat, 1984).  

 This study reports the first ∆17Op data from the central Andes. Controls on ∆17Op variation 

are not yet well established, so as a starting point we base explanations of ∆17Op variation on our 

understanding of d-excessp. In the same way d-excess records information about kinetic 

fractionation, we expect that ∆17O records information about evaporation, relative humidity near 

precipitation collection sites and above remote moisture sources, evapotranspiration and moisture 

recycling across the Amazon Basin, ice crystal formation, and/or condensation that incorporates 

upper troposphere water vapor. We also consider the role of air mass mixing, which produces a 

non-linear response in ∆17O because ∆17O is defined from logarithmic  values (Equation 2). A 

similar signal of mixing is likely less clear in d-excess because d-excess is defined from  values 

(Equation 1) and the mixing response is linear.  

The clearest findings from the triple oxygen isotope data are that 1) the range of ∆17Op 

values (~ 20 to 40 per meg) in southern Peru is consistent with previous observations from other 
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tropical and mid-latitude regions and 2) precipitation ∆17O values are less variable than those from 

surface water (Figure 7). A similar, more familiar distinction between precipitation and surface 

water is also observed in d-excess (Figures 7b and 7c) because surface waters are typically more 

evaporated than precipitation. 

Interpretations of the variations among ∆17Op observations are less clear. Most ∆17Op 

values cluster around 20 to 40 per meg due to kinetic fractionation that occurs as water vapor 

diffuses through unsaturated air during the initial evaporation from moisture sources (Aron et al., 

2021; Luz & Barkan, 2010). The same process results in d-excessp values from ~10 to 20‰ for 

these samples. These ∆17Op and d-excessp values are higher than those of seawater (0 per meg and 

0‰, respectively) because kinetic fractionation slopes are shallower than the slopes of the 18O–

17O and 18O–2H reference relationships and evaporated vapor 18O, 17O, and 2H values fall 

above the reference lines. Positive ∆17O and d-excess values are then conserved through 

downstream condensation (Aron et al., 2021; Luz & Barkan, 2010). However, while the 10‰ d-

excessp range in Figures 5 and 9 is interpretable, patterns among the ∆17Op data from 20 to 40 per 

meg are not clearly related to seasonality, location, or moisture recycling and it is hard to 

definitively isolate competing fractionating processes within this 20 per meg range. For example, 

it is tempting to attribute some of the higher (~30 to 40 per meg) values at San Gaban to moisture 

recycling from the Amazon Basin or link regional ∆17Op variability to eastern and western 

moisture sources, but these interpretations are not yet clear from the ∆17Op data and require further 

study. 

Beyond the clustered ∆17Op data from 20 to 40 per meg, we observe a few high (> 40 per 

meg) ∆17Op values from sites located on the eastern margin of the Altiplano and two samples from 

Majes with relatively low (< 10 per meg) ∆17Op values (Figures 7a and S3). The samples with 

high ∆17Op values also have high (> 25‰) d-excessp values (Figure 7c), so it is likely that these 

∆17Op values are related to kinetic fractionation during ice crystal formation and/or condensation 

that incorporates upper troposphere water vapor. Future work to evaluate 17O and 18O during 

ice crystal formation and additional observations of ∆17Op variability through the troposphere can 

test these interpretations (Risi et al., 2013). It is unlikely that the high ∆17Op values are related to 

air parcels that have experienced strong rainout because ∆17O and d-excess typically diverge at 

low 18O values (Aron et al., 2021). The low ∆17Op values at Majes are not related to evaporation 

(d-excessp of these samples is ~ 15‰) and instead could be indicative of air mass mixing on the 

western flank (Figure 8f).  

Initial central Andean ∆17Op results show the promise of this type of measurement in 

isotope-based studies of hydrology and climate. Primarily, these data clearly show that ∆17O can 

separate evaporated samples from non-evaporated samples (Figure 7). This sensitivity has exciting 

applications in paleoclimate studies, which have long been limited by a singular focus on either 

18O (e.g., pedogenic carbonates) or 2H (e.g., leaf waxes or volcanic glass). The central Andes 

are a prime region of interest for future triple oxygen isotope studies because the history of Andean 

uplift is uncertain and many of the archives that are used to infer paleoaltimetry are from arid 

regions subject to a high degree of evaporation (Fiorella et al., 2015b). In this context, ∆17O will 

be a useful metric to differentiate isotopic signals that record information about paleoclimate 

conditions from those that reflect uplift or mountain building (Rech et al., 2019). Specifically, 

∆17O can help diagnose evaporation on the Altiplano and Atacama Desert and may also contain 

new information about large-scale changes in moisture recycling and atmospheric circulation 

associated with the evolution of the Amazon Rainforest and uplift of the Andes mountains. 
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Alongside these geologic applications, future hydrologic ∆17O studies should further evaluate the 

range of unevaporated ∆17Op, temporal ∆17Op variation, and the relationship between ∆17Op and 

elevation. These future studies are important because the positive correlation between ∆17Op and 

elevation is almost certainly biased by the very high ∆17Op values on the Altiplano (Figure 6g) 

and will likely weaken with future observations (Bershaw et al., 2020). Similarly, the trend 

between latitude and ∆17O (Figure 6i) is largely related to water types because lakes tend to have 

lower ∆17O values than precipitation and will also likely weaken with additional observations 

from this region.  

5.3 Implications of western-derived air masses  

Atmospheric back trajectories and isotopic data show an important role of western-sourced 

water vapor in southern Peru. A similar moisture source has been inferred from 18Op in northern 

Chile and the Atacama Desert (Aravena et al., 1999; Herrera et al., 2018; Valdivielso et al., 2020), 

but is generally disregarded in modern central Andean water budgets (e.g., Garreaud, 1999) and is 

not considered in most reconstructions of Andean paleoaltimetry (e.g., Garzione et al., 2006). Our 

18Op, d-excessp, and moisture flux results show that western-sourced moisture may play an 

important hydrologic role in the dry western central Andes and may contribute to steep 18Op lapse 

rates (–4.4  1.1‰/km in southern Peru (this study) to ~–10‰/km in northern Chile (Aravena et 

al., 1999; Fritz et al., 1981)) on the western flank where low elevation Pacific sourced water vapor 

(high 18O) mixes with high elevation Atlantic sourced water vapor (low 18O). Our results suggest 

that this moisture source should be considered in regional hydrologic assessments and 

paleoaltimetry reconstructions.  

6 Conclusion 

 We report on a new three-year record of semimonthly 18Op, d-excessp, and ∆17Op from 

southern Peru to improve our understanding of water cycling and isotopic variation in the central 

Andes. We observe a strong negative 18Op relationship with elevation and a seasonal 18Op cycle 

related to upstream precipitation and local deep convection. These findings are consistent with 

previous work and are generally explained by equilibrium isotope fractionation. Kinetic 

fractionation is much less commonly considered in interpretations of central Andean precipitation 

isotope ratios, but can be quantified with d-excess and ∆17O. Seasonal variations of d-excessp 

reflect moisture recycling, relative humidity above precipitation collection stations and at remote 

moisture sources, and regional evapotranspiration. This study reports the first ∆17Op data from the 

central Andes and results clearly show that ∆17O differentiates evaporated and non-evaporated 

samples. This sensitivity has immense potential to quantify evaporation in paleoclimate studies 

and address outstanding questions about uplift and long-term climate change in the Andes. 

Although the modern hydrologic applications of ∆17Op will require future work, our results show 

that d-excessp and ∆17Op complements 18Op data and record new information about water cycling. 

Together, these results highlight the utility and untapped potential of precipitation isotope ratios 

to understand water cycling, hydrologic conditions, and climate change in the central Andes. 
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Figure 1. Spatial distribution of 18Op and 2Hp observations in the central Andes (a) and this study 

(b). No previous studies have reported 17Op from this region. 

 

Figure 2. Mean 1989-2019 seasonal climatologies of the central Andes from ERA5 reanalysis data 

(Hersbach et al., 2020). Panels a and b show 850 hPa winds (vectors, m/s) and total daily 

precipitation (mm/day); c and d show 200 hPa winds (vectors, m/s) and total column rainwater 

(kg/m2). The panels highlight summer (a and c) and winter (b and d) conditions. The geographic 

bounds of the central Andes are noted with a dotted box in b. 

 

Figure 3. Semimonthly precipitation (colored by site) 18O versus 2H (a) and 18O versus 17O 

(b) with respect to the 18O-2H (Craig, 1961) and 18O-17O (Luz and Barkan, 2010) meteoric 

water lines, respectively. Panel b contains a subset of 32 samples from panel a.  

 

Figure 4. Timeseries of semimonthly 18Op (‰; a, b) and d-excessp (‰; c, d) from June 2016 

through May 2019. Gray vertical bars indicate the rainy season (DJFM). For clarity, the data are 

separated into Eastern and Altiplano sites (a, c) and Western sites (b, d) and are colored by site 

location. Eastern and Altiplano sites received dry season precipitation; western sites typically did 

not. Missing data indicate rain did not fall during the collection period or the observer did not 

collect a sample.  

 

Figure 5. Elevation profile along the A-B-C transect (a) and spatiotemporal variability of average 

amount-weighted rainy season 18Op (b) and d-excessp (c) in southern Peru. Blue sites fall on or 

near the elevation profile; an elevation profile through the yellow sites is not shown, but the 

dominant topographical features through these sites are the same as those along the A-B-C transect. 

In b and c, the filled circles represent the multiyear average 18Op and d-excessp values, 

respectively; the open symbols show data from 2017 (square), 2018 (diamond), and 2019 

(triangle). Relatively invariant d-excessp values and an inverse elevation-18Op relationship point 

to Rayleigh distillation on both flanks from eastern and western-derived air masses.  
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Figure 6. Scatterplots of central Andean amount-weighted wet season 18Op, d-excessp, and ∆17O 

variation with elevation (a, d, g), MAP (b, e, h), and latitude (c, f, i). In panels a through f, color 

differentiates 18Op references, the solid black line shows the best fit linear regression through data 

from all studies, and the dotted line shows the best fit linear regression through data from this 

study. In panels g through i, shape differentiates references and color differentiates water type.  

 

Figure 7. Scatterplots of 18O versus ∆17O (a), 18O versus d-excess (b), and d-excess versus 

∆17O (c) from this study (filled circles) and published precipitation (open circles) and surface 

waters (open diamonds) in the tropics and mid-latitudes. The open black diamonds show surface 

water data from the central Andes (Aron et al., 2021; Surma et al., 2018; Voigt et al., 2021). The 

open gray diamonds show surface water data from locations other than the central Andes (Affolter 

et al., 2015; Bergel et al., 2020; Bershaw et al., 2020; Gázquez et al., 2017; Li et al., 2017; Luz & 

Barkan, 2010; Nava-Fernandez et al., 2020; Passey & Ji, 2019; Surma, et al., 2015; Tian et al., 

2021). The open circles show precipitation data (Affolter et al., 2015; Gázquez et al., 2017; Landais 

et al., 2010; Luz & Barkan, 2010; He et al., 2021; Surma et al., 2018; Tian et al., 2021; Tian & 

Wang, 2019; Uechi & Uemura, 2019). Error bars on ∆17O show the standard deviation of multiple 

replicate analyses of each sample. There are more points in a than b or c because some published 

∆17O studies do not include 2H data. 

 

Figure 8. Timeseries of eastern (filled symbols) and western (open symbols) moisture flux ratios 

at San Gaban (a), Santo Tomas (b), Ayaviri (c), Cotahuasi (d), Ubinas (e), Majes (f), and 

Moquegua (g). The points represent the ratio of eastern versus western moisture at each site 

determined from atmospheric back trajectories and the Sodemann et al. (2008) humidity tracer. 

The yellow points were calculated from trajectories initiated on every day of the study period; the 

blue points were calculated with trajectories only from rainy days only. Gray vertical bars indicate 

the DJF rainy seasons.   

 

Figure 9. Timeseries of monthly 18Op (a), d-excessp (b), and precipitation (c) from this study 

(circles), Fiorella et al., 2015a (triangles), and Guy et al., 2019 (squares) colored by site-specific 

elevation. Vertical gray bars mark the DJFM rainy season.  
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