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Abstract. Triple oxygen isotope measurements are a novel and promising tool in geochemical and hydrological research. This
study investigates the combined hydrogen-deuterium and triple oxygen isotope hydrology at the Salar del Huasco, a highly
dynamic salt lake system located on the Altiplano Plateau, N-Chile. The region has a semiarid climate that shows strong
seasonal and diurnal variability in relative humidity, temperature, and wind conditions. The Salar del Huasco receives inflow
from multiple surface sources and groundwater. Episodic flooding after rare rainfall events imposes seasonal fluctuations of
the groundwater table and, thus, the lake level. Applying the Craig and Gordon (C-G) evaporation model for triple oxygen
isotope data measured along series of increasingly evaporated lakes and ponds within the salar demonstrates the capability to
resolve the individual fundamental hydrologic processes of recharge evaporation, simple (pan) evaporation, and transient
mixing with surface and subsurface floodwater. Regarding the stream and spring sources, mixing of different generations of
recharge is clearly distinguishable from pre-evaporation of a single recharge event. These processes are not resolvable by §°H
and 580 measurements alone. We also show that accurate monitoring of the isotopic composition of ambient water vapour
and an estimate of the wind turbulence coefficient in the C-G model are critical aspects required to quantify the hydrologic
balance. The wind turbulence coefficient, here 0.54, may be determined accurately from on-site evaporation experiments by

fitting evaporation trajectories to the d-excess, 580 and residual fraction data.

1 Introduction

Triple oxygen isotope analysis of ice, lake water, plant water, water structurally bonded in minerals — e.g. gypsum — or minerals
exchanging with ambient water during their formation — e.g. amorphous silica and carbonate — have been recognized as a
potentially powerful tool in studies of the present and the past hydrologic cycle (e.g. Landais et al., 2006, 2008; Uemura et al.,
2010; Surma et al., 2018, 2015; Herwartz et al., 2017; Li et al., 2017; Alexandre et al., 2018, 2019; Evans et al., 2018; Gazquez
et al., 2018; Passey and Ji, 2019). The foundations of this tool lie in isotope fractionation theory, which predicts small
differences in the relationship between "o and o during kinetic and equilibrium fractionation (Angert et al., 2004). Later,
improvements in analytical procedures (Baker et al., 2002) allowed to resolve these small variations (Barkan and Luz, 2005,

2007). The triple oxygen isotope exponent § = In ¥o/In ¥a was found to be 0.529 for liquid—vapour equilibrium (Barkan and
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Luz, 2005) and 0.5185 for diffusion of water vapour in air (Barkan and Luz, 2007). Triple oxygen isotope analyses of meteoric
water across the globe reveal a curved relationship between 87O and 620 (L. et al., 2015) defining an average trend line — the
Global Meteoric Water Line (GMWL) — similarly to the classic 8?°H-8'#0 system (Luz and Barkan, 2010):

8170 = 0.528 - 8180 + 0.000033 (1)

with X0 = 1000-In(8*0/1000 + 1). For better visualization of deviations from the GMWL, the Y’O-excess parameter has been
defined (Luz and Barkan, 2010):

170 — excess = 6’170 — 0.528 - 8180 )

In natural desert lakes, the progress of evaporation causes a systematic decrease of 7O-excess largely in response to relative
humidity. The evaporation trend is principally predictable on regional scale by the classic Craig—Gordon (C-G) isotopic
evaporation model (Surma et al., 2015, 2018). The studies by Surma et al. (2015, 2018) also laid out how, besides humidity,
other climate variables and hydrological parameters including temperature, wind turbulence, the isotopic composition of
atmospheric vapour, continuous groundwater recharge, and progressively increasing salinity shape evaporation trajectories in
a diagram of 7O-excess over 5'20.

Most highly evaporative environments show significant seasonal variability in all the above variables. In addition, mixing with
episodic sources — e.g. flooding after thunderstorms or snowmelt — or simply a variable proportion of multiple groundwater
sources with different composition may affect lake’s isotopic composition. To examine these factors, we tested the applicability
and robustness of the C—-G model for triple oxygen isotopes in a complex and highly dynamic desert lake system — the Salar
del Huasco, an endorheic salt flat located on the semiarid high-altitude Altiplano Plateau, N-Chile. The hydrological balance
of this salar is controlled by a shallow groundwater table, perennial streams, rare and highly seasonal precipitation, and episodic
injection of runoff water after heavy rainfalls or snowmelt. The environment is characterized by exceptionally high evaporation
rates and high variability in relative humidity and temperature throughout the year with considerable diurnal amplitude. An
on-site weather station provides records of local weather data. In addition, we were able to constrain relevant variables from
the C-G model equation by in-situ pan evaporation experiments. Springs around the Salar del Huasco were sampled to evaluate
isotopic variability of inflowing water sources. We show evaporation trajectories modelled for seasonal conditions at the Salar
del Huasco in comparison to measured isotope data from water samples covering a 300 %o salinity range. This study identifies
many aspects of the seasonal dynamics in this complex hydrological system that influence the isotopic composition of natural
ponds at the Salar del Huasco. We also demonstrate that triple oxygen isotope analyses, in contrast to classic 6*H and 880
measurements, can distinguish different major hydrological processes like recharge and mixing and allow to identify changes

in the hydrological balance of lakes.
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2 Study Area

The Salar del Huasco is an endorheic salt flat located in the south of a longitudinal volcano-tectonic depression at the western
margin of the Chilean Altiplano at about 3770 m (Fig. 1). It covers an area of about 50 km2 but only 5 % of the surface is
permanently covered by water (Risacher et al., 2003).

Mean annual values of relative humidity and temperatures are 42 % and 4°C, respectively (CEAZA, 2019). Both relative
humidity and temperature are highly variable throughout the year with mean seasonal values of 59 % and 8°C in austral
summer (Dec—Mar) and 34 % and 1°C in austral winter (Jun—Sep) (CEAZA, 2019). Day-night fluctuations range between 1
and 99 %, and from -19°C to 22°C (CEAZA, 2019). Mean annual wind speed is about 2.5 m-s*, most times coming from S to
SW direction (CEAZA, 2019). Typically, it is calm in the morning, but very windy in the afternoon with 4 m-s* average wind
speed and gusts up to 20 m-s’* (CEAZA, 2019).

Precipitation occurs mainly in austral summer (Dec—Mar), where it is often of convective nature and related to easterly airflow
from the Atlantic Ocean and the Amazon Basin (e.g. Aravena et al., 1999; Garreaud et al., 2003; Houston, 2006). In contrast,
less frequent winter rains and snow are associated with the interaction of cold air masses from the Pacific with tropical air
masses from the Amazon Basin (Aravena et al., 1999). Long-term mean annual precipitation is 150 mm-a?, but interannual
variability is high due to their dependence on wind patterns (Garreaud and Aceituno, 2001; Risacher et al., 2003).

The hydrogeological system of the Salar del Huasco consists of three aquifers, where the upper and the intermediate aquifer
are located in the basin’s sediment infill, separated by a thin aquitard, and the lower aquifer is formed in volcanic bedrock
(Acosta and Custodio, 2008). The upper aquifer is recharged by the Collacagua river that drains the northern part of the basin
and completely infiltrates 10 km before reaching the salar (Acosta and Custodio, 2008). In periods of heavy rainfall, the river
can directly flow into the salar leading to widespread flooding of the northern area (Fig. 2e). Several springs and creeks around
the salar and the shallow groundwater table contribute to the formation of perennial lakes. Furthermore, ephemeral ponds
emerge episodically due to precipitation, surface and subsurface runoff and a rising groundwater table in the rainy season.
Variable groundwater and stream sources, episodic precipitation and surface runoff, and ephemeral flooding in austral summer
result in a highly dynamic system with strongly fluctuating lake level. Based on satellite images and field observations, six
main hydrological subsystems could be identified (Fig. 2). Three springs at the western part of the salt flat and one at the south-
eastern margin establish two perennial lake systems — Laguna Grande and Laguna Jasure (Fig. 2b). A channel originating
from the Laguna Grande extends along the southern margin of the salt flat. This connection may contribute to flooding of
southern areas during lake’s high level (Fig. 2e). Lowering of the water table over the dry season may lead to isolation of small
lakes at the southern margin of the salar. A further subsystem in the north is probably fed by subsurface inflow of the
Collacagua river. The northern area may become widely flooded in austral summer (Fig. 2e) but dries up rapidly after the rainy
season (Fig. 2g). The northern subsystem is at least temporarily connected to the south-eastern system as indicated by a small
channel observed in satellite images. A minor subsystem in the north-western area seems to be mainly fed by the shallow

groundwater table since no surface inflow could be observed during either field campaign. Several chains of lakes and a number



95

100

105

110

115

120

https://doi.org/10.5194/hess-2020-255 Hydrology and
Preprint. Discussion started: 15 June 2020 Earth System
(© Author(s) 2020. CC BY 4.0 License. Sciences

Discussions
By

of isolated ponds on topographic highs were observed in the north-western subsystem during field campaigns in September
2017 and 2018. In contrast, despite extensive rainfall in February 2019 that flooded much of the salt flat, the north-western
area was almost dry in March 2019.

3 Sampling

Pan evaporation experiments with 600 ml, 800 ml, and 1000 ml of fresh water (0.805 mS-cm™) filled in stainless steel
evaporation pans (& 20 cm) were carried out on site over a period of three days. Samples were taken every day around 18:00
and, additionally, at the third day after 13:00. The pan filled with 600 ml fresh water, dried up before the end of the experiment
so that no sample could be taken in the evening of the last day. Air temperature, relative humidity, and wind speed were
monitored locally at the experiment using a Kestrel 5500 weather meter (Fig. S1). Mean relative humidity and temperature are
4°C and 35 % over the whole period of the experiment. As temperatures dropped below 0°C in the night, a considerable
fraction, if not all, of the water in the pans froze during the night leading to either a solid ice block or a thick ice layer above
the remaining liquid. Consequently, evaporation from pans was mostly restricted to daytime. The effective evaporation time
interval was assumed to last from 9:30 to 23:30 — the period when T > 0°C. During that time, average air temperature and
relative humidity were 11°C and 21 % with extreme values of 23°C and 7 % occurring just after midday (Fig. S1). Water
temperatures measured during sampling were found to be up to 5°C lower than ambient air temperatures. However, during
midday, temperatures of water may exceed air temperatures by several degrees due to solar heating of the pans. The wind was
very strong between 12:00 and 19:00 with an average wind speed of 5 m-s* and gusts up to 14 m-s** coming from S to W
direction, i.e. the general direction of the Pacific coast.

Natural water samples from the Salar del Huasco were taken during field campaigns in September 2017, September 2018, and
March 2019 (Fig. 2 and Table S1). The sample set includes springs, perennial lakes (Laguna Grande in the W, and Laguna
Jasure in the SE) and ephemeral ponds of which several were apparently recharged and some apparently stagnant. Lakes and
ponds are all very shallow (5-30 cm). Samples were taken from the water surface and temperature, pH, and conductivity were
measured on site using a digital precision meter Multi 3620 IDS.

In the south-eastern area, a perennial spring fed a chain of lakes with generally low salinity < 2 g-1"t. Some ponds were visibly
connected by streams and creeks. Others located closer to the eastern margin of the salt flat, were topographically elevated and
therefore isolated from the main south-eastern inflow. Satellite images indicate that ponds closer to the salar’s centre may
represent a mixture of source water from the south-eastern inflow and the northern Collacagua subsystem (Fig. 2e).

Ponds from the northern area sampled in 09/17 were characterized by an extreme salinity gradient from 2 to 343 g-1*, broadly
decreasing from east to west (Table S1). These ponds were often salt-encrusted and showed black, sulphur-reducing microbial
mats at the bottom. In 03/19, this entire area was covered by a large low-salinity lake.

In the north-western area, a spring originating from a small vegetated hill fed a series of ponds with salinities < 1 g-11. An

adjacent chain of ponds sampled in 09/17 about 750 m to the south-east with salinities between 1 and 6 g-1"* was not visibly

4
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connected to this spring and must have been sustained by the shallow groundwater table. Three topographically elevated ponds
close to the margin had higher salinity of 8 to 40 g-1"X. The area around these ponds was more vegetated, indicating that these
ponds were older, i.e. represented an earlier flooding but became isolated from recharge.

Additional samples were taken from shallow lakes and ponds at the south to south-western margin of the salar. Satellite images
and field observations indicate that this area is flooded by branches of the Laguna Grande during the rainy season and that
lowering of the water table over the course of the year leads to isolation of ponds (Fig. 2e and g).

Besides water samples from surface waters, we sampled atmospheric vapour using a Stirling cooler cycle system (Le-Tehnika,
Kranj, Slovenia) built after Peters and Yakir (2010). Sampling was carried out on the 20.09.17 and the 21.09.17 during the

evening from about 18:00 to 21:00 using an air-flow rate of 600-800 ml-min™.,

4 Methods

The hydrogen and triple oxygen isotope composition of water samples were analysed by isotope ratio mass spectrometry
(IRMS). Complementary concentration data of Na*, K*, Ca?*, Mg?*, CI-, and SO.* in natural samples were determined by
ICP-OES (see Fig. S6 and Table S1).

Hydrogen isotope ratios are measured by continuous-flow IRMS of H,. Water samples are injected in a silicon carbide reactor
(Heka-Tech, Wegberg, Germany) that is filled with glassy carbon and heated to 1550°C, where they are reduced to H, and CO.
The produced gases are separated in a helium gas stream (100-130 ml-mint) by gas chromatography (GC) and finally, are
introduced in a Thermo Scientific MAT 253 mass spectrometer for hydrogen isotope analysis. The long-term external
reproducibility (SD) is about 0.9 %o and 1.15 %o for °H and d-excess, respectively.

For triple oxygen isotope analysis, water samples are fluorinated, followed by dual-inlet IRMS of O,. The method is described
in detail in Surma et al. (2015) and Herwartz et al. (2017). In brief, 2.8 pl of water are injected in a heated CoF reactor (370°C)
that is continuously flushed with helium (30 ml-min). The produced oxygen gas is cryogenically purified and trapped in one
of twelve sample tubes of a manifold. The manifold is connected to a Thermo Scientific MAT 253 for dual-inlet IRMS analysis.
The long-term external reproducibility (SD) is about 0.12 %o, 0.25 %o and 8 per meg for 370, 880 and "O-excess,
respectively. All isotope data herein are reported on SMOW-SLAP scale (Schoenemann et al., 2013). The scale is usually
contracted using the setup described herein. This can partly be attributed to blank contribution (Herwartz et al., 2017). We
observe an increase in scale contraction over the usage period of a CoF3 reactor filling and a reduction of precision and accuracy
of isotopic data, which may indicate that the blank contribution increases with time. To account for this effect, SMOW-SLAP
scaling was performed daily using internal standards. Isotope measurements with anomalous high scaling factors or standard

deviations were discarded.
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5 The Craig—Gordon isotopic evaporation model at the Salar del Huasco

The classic evaporation theory distinguishes two principal evaporation scenarios, one with recharge (recharge evaporation)
and one without recharge (simple evaporation) (Craig and Gordon, 1965; Criss, 1999; Horita et al., 2008). The C-G model
does not account for mixing processes, e.g. as a result of flooding or snowmelt, but can be used to calculate such effect applying
mass balance. The three trajectories are principally resolvable in triple oxygen isotope space, whereas in §2H-8'0 space they
tend to merge within data uncertainty (Fig. 3). All three trajectories can be expected in a dynamic arid hydrological setting
such as the Salar del Huasco. Water affected exclusively by evaporation must progress along either of the two principal
evaporation trajectories defined by the C—G model. Episodic flooding after rainfall events are detectable on satellite images of
Salar del Huasco (Fig. 2). Thus, mixing processes are likely, but should only be transient due to the rarity of flooding events.
The major variables determining the isotopic composition of evaporating water (i.e. residual water) are relative humidity (h),
temperature (T) and wind-induced turbulence (an empirically determined coefficient n) along with the isotopic composition of
ambient atmospheric vapour (dv), and initial or inflowing water (owi) (Craig and Gordon, 1965; Criss, 1999; Horita et al.,
2008). The effect of wind turbulence — which is related to wind speed — is accounted for by inserting a correcting exponent to
the diffusive fractionation factor, agitri~" (Dongmann et al., 1974). The turbulence coefficient n can theoretically vary between
0 (fully turbulent atmosphere) and 1 (calm atmosphere), but typically assumes values of n> 0.5 under natural conditions
(Gonfiantini, 1986; Mathieu and Bariac, 1996; Surma et al., 2018). Salinity affects isotope activities and increases fluid
viscosity thereby decreasing the vapour pressure above the water body. In the C-G model, this may be accounted for by
correcting equilibrium fractionation factors for the classic salt effect (Horita, 1989, 2005; Horita et al., 1993) and using
effective rather than actual relative humidity. However, this effect only requires consideration in the §?H-8'%0 system at
salinities > 100 g-I"* and was therefore neglected in our model calculations (Sofer and Gat, 1972, 1975; Horita, 1989, 2005).
The relative isotopic difference between inflowing water (6wi) and atmospheric vapour (6v) mainly determines the resolution
of evaporation trajectories for different relative humidity in the triple oxygen isotope plot (Surma et al., 2018). For the given
boundary conditions at the Salar del Huasco, evaporation trajectories show low sensitivity to changes in relative humidity,
temperature, and the turbulence coefficient in the diagram of "O-excess over 50 (Fig. 4). Thus, seasonal and diurnal
variability in these climate variables should have a low impact on the triple oxygen isotope composition of lakes and ponds at
the Salar del Huasco supporting the purpose of this study to resolve different hydrological processes of evaporation, recharge,
and mixing.

In this study, four of the five variables in the C-G equation are known from monitoring (T, h) and direct measurements (dwi,
dv). The turbulence coefficient n is not easily obtainable from wind speed monitoring but can be accurately derived from the
evaporation experiment (see Section 6.2). The vapour composition (dy) was measured directly but could be more variable over
the sampling period than our two days of measurement suggest. There may only be a weak relationship on average between
vapour and rainfall composition at the Salar del Huasco. High-precipitation events in austral summer show significant isotopic

variability that is related to a variable continental effect in the Amazon Basin and the intensity of convective storms (Aravena
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et al., 1999). Winter rains comprise generally higher 580 values and are isotopically less variable than summer rains. This
may be attributed to less variability in the contribution of pre-evaporated water from the Amazon Basin in the dry season and
the non-convective nature of winter storms (Aravena et al., 1999). The isotopic composition of winter rains reflects a mixture
of moisture from air masses originating from the Amazon Basin and from the Pacific Ocean, while the mean annual isotopic
composition of atmospheric vapour over the Salar del Huasco basin is dominated by air masses derived from Pacific sources
(Garreaud et al., 2003).

6 Results and discussion
6.1 Atmospheric vapour

Atmospheric vapour was sampled on 20.09.17 and 21.09.17. Measurements revealed an average 80y of -19.4 + 2.3 %o.
Average d-excessy and 1’O-excessy values are 30 £ 3 %o and 18 + 2 per meg, respectively. Seven-day air mass back-trajectories
calculated using the HYSPLIT model suggest that air masses during vapour sampling were mainly derived from Pacific sources
(Fig. S3). A predominantly western origin of vapour is confirmed for the time of our sampling campaign in 09/17 by 7-day air
mass back-trajectories calculated for the month prior to sampling using the HYSPLIT Lagrangian model (Fig. 5; Stein et al.,
2015).

Results apparently deviate only slightly from the OIPC model’s mean annual 30y value of -21.8 %o (Bowen et al., 2005).
However, the OIPC model estimate is based on two fundamentally different precipitation processes, where on one hand there
is a major contribution of the Amazon moisture source with convective summer rain, high rainout and depletion of heavy
isotopes, and on the other hand a relatively enriched winter snow moisture source (cf. Aravena et al., 1999). These two
seasonal aspects coincidently combine to an average value that is similar to our measurements. As such, rainfall data available
from the global OIPC precipitation database (Bowen et al., 2005) are not reliable in deriving vapour composition in this
environment. The isotopic composition of atmospheric vapour is therefore better represented by the small number of direct
measurements of water vapour collected during the sampling campaign at a time, where the actual synoptic weather condition

during sampling most likely reflects the annual average condition reasonably well.

6.2 Pan evaporation experiments

Evaporation trajectories in the isotope diagrams were modelled for pan evaporation experiments using the simple (pan) C-G
model. Here, the isotopic composition of initial water and atmospheric vapour, salinity, temperature, and relative humidity are
constrained by direct measurement or monitoring over the period of the experiment (Table 1). The coefficient n for wind-
induced turbulence is a parametrized value that cannot be directly measured but is well constrainable from isotopic data. An
evaporation trajectory for given boundary conditions with a suitable turbulence coefficient n may be derived empirically from
a plot of d-excess over the fraction of remaining water by determining the best model fit through all experimental data (Fig. 6).

In this diagram, the trajectory is predominantly affected by the magnitude of the turbulence coefficient, and only barely

7
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sensitive to the other variables of the C—G equation. Notably, this approach is insensitive to our least well constrained variable,
680y (Fig. 6b). A Monte Carlo error simulation yields n = 0.44. However, turbulence coefficients observed under natural
conditions world-wide are typically > 0.5 (Merlivat and Jouzel, 1979; Gonfiantini, 1986; Mathieu and Bariac, 1996; Surma et
al., 2018). The above-average turbulence indicated by this low value could reflect excessive evaporation at prevailing up to
gale-force winds during midday, and reduced evaporation during the calmer times of the day during the night and in the early
morning when the experiment waters were frozen over. Unfortunately, the freezing at night-time introduces a complicating
aspect that results in uncontrollable effects on the relationship between d-excess and the fraction of remaining water in this
particular experiment. When the ice begins to melt in the morning, a considerable fraction, if not the whole, resulting water
film on top of the pan’s frozen surface layer may evaporate at the same time. The fraction of total water in the pan would thus
be reduced without affecting the isotopic composition of the bulk ice. In our experimental setup, this essentially equals an
overestimation of the fraction of water lost during daytime evaporation and would systematically shift the isotopic data above
the predicted trajectory in the plot of d-excess vs residual fraction limiting its potential to precisely estimate the turbulence
coefficient. Alternatively, the C—G model may be used to derive the turbulence coefficient n by fitting the evaporation
trajectory through measured isotopic data in a diagram of d-excess over 8'80. This comes with the caveat of considerable
sensitivity to the assumed value for §'®0y. However, at given boundary conditions — including the measured average
580y = -19.4 %o — the best fit is obtained for a value of n =0.54 (Fig 7a). For n = 0.44 estimate and the given boundary
conditions, the data do not fall on the modelled evaporation trajectory (Fig. 7b). To obtain a fit with n=0.44,
5180y = -28.9 + 0.25 %o must be assumed. Such a value appears unrealistically low in comparison to our measurements as well
as to the hypothetical value derived from the OIPC model assuming equilibrium fractionation between vapour and rain
(3'80v = -21.8 %o). Because n = 0.54 derived from the latter approach is in good agreement with the global range of values,
and because the freeze-over of the pan experiment may effectively lead to an undesired weighting of the estimate towards the
stormy midday in the former approach that is not representative for the majority of unfrozen natural ponds, we tentatively
choose to work with the higher value.

In a O-excess vs 880 diagram, the isotopic data fall below the predicted evaporation trend, regardless which turbulence
coefficient is used. In this case, two unresolvable effects may be the reason for the mismatch. Partial melting during the thawing
of our experiment in the morning may result in uncontrollable mixing effects that are only observable in a Y’O-excess over
5180 diagram (Fig S4). Furthermore, in evaporation experiments the diurnal variations of temperature and relative humidity,
and corresponding changes of the isotopic end point of evaporation lead to a diurnal evolution of the simple (pan) evaporation
trajectory (Fig. S5; Surma et al., 2018). Both effects become increasingly important, as the experiment progresses to smaller
residual water volumes, consistent with our data. Unfortunately, we were not able to perform the necessary high-resolution
sampling of the evaporation experiment to fully resolve these effects and obtain the most accurate average evaporation
trajectory.

In conclusion of this experiment, we suggest that the complementary analysis of all water isotopes in evaporation experiments

principally allows to determine the turbulence coefficient and to constrain the isotopic composition of ambient vapour with
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sufficient confidence. The remaining uncertainty in the accuracy of our estimate of n in this particular study is, fortunately,

not relevant for the following discussion.

6.3 Springs and the Collacagua river

The different aquifers in the Salar del Huasco basin are reasonably similar in isotopic composition as indicated by previously
published isotopic data of springs and wells (-12.56 =+ 1.36 %o in §*80 and 3.2 + 5.7 %o in d-excess; data from Fritz et al., 1981;
Uribe et al., 2015; Jayne et al., 2016). These values are in good agreement with our own data derived from springs sampled in
09/17 around the salar with average 580 of -12.45 + 0.64 %o, d-excess of 2.2 + 2.9 %, and ’O-excess of 11 + 7 per meg. The
springs’ isotopic composition shows only slight intra- and interannual variability comprising average 6*%0, d-excess and
170-excess values of -12.31 + 0.50 %o, 1.3 + 2.2 %o and 6 + 7 per meg in 09/18 and -12.55 * 0.68 %o, 5.5 + 2.0 %o, and 2 + 6 per
meg in 03/19, respectively. The 520 values of springs in the Salar del Huasco basin are within the range of local precipitation
(8%80 = -17 10 -13 %o; Scheihing et al., 2017 and references therein), but the springs’ isotopic range generally falls below the
GMWL. This seems to be typical for groundwater in the Atacama Desert and other desert environments (Aravena, 1995; Surma
et al., 2015, 2018) and may be attributed to evaporation of precipitation during infiltration into the soil (Aravena, 1995). The
isotopic compositions of springs from the Salar del Huasco basin plot within the common evaporation trend for the
predominant isotopic range of local precipitation in the diagram of d-excess over 50 (Fig. 7b). However, in triple oxygen
isotope space, the springs’ isotopic range falls below the predicted evaporation trend (Fig. 7a). This indicates that groundwater
has additionally been madified by mixing processes (Fig. 7). Mixing likely occurs between precipitation and evaporated
connate water in the vadose zone during infiltration into the soil and may also take place with water adsorbed onto salts, e.g.
halite (NaCl), or structurally bonded water of minerals, e.g. mirabilite (Na2SO4-10H,0), which were commonly observed in
the Salar del Huasco environment.

The Collacagua river that was sampled at about 15 km distance from the salar, revealed similar 5280 values in 09/18 (-12.38 %o)
and 03/19 (-12.45 %) that coincide well with the average isotopic composition of springs. As for the springs, the isotopic
composition of the Collacagua river falls below the GMWL comprising d-excess and *’O-excess values of 1.6 %o and 5 per
meg in 09/18 and 5.8 %0 and 5 per meg in 03/19, respectively. The Collacagua river and its tributaries originate from springs
at different altitudes in the Salar del Huasco basin (c.f. Fig. 1). These springs, and thus the tributaries of the Collacagua river,
probably differ slightly in isotopic composition due to the altitude effect (Uribe et al., 2015). The measured isotopic
composition of the Collacagua river likely reflects a mixture of water from its tributaries, further modified by evaporation

along the riverbed.

6.4 Water isotopes in ponds and lakes in the Salar del Huasco

The isotopic composition of lakes and ponds from the Salar del Huasco sampled in the period from 09/17 to 03/19 principally
reflect evaporation trends predicted by the C—G model for given boundary conditions (Table 2; Fig. 9). Most of the ponds fall

close to the recharged evaporation trajectory indicating that evaporation along with surface inflow by springs, streams and
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creeks as well as groundwater recharge dominate the hydrological system (Fig. 9). A few ponds sampled in 03/19 seem to be
‘non-recharged’ as their isotopic composition follows the simple evaporation trajectory (Fig. 9e). These ponds are probably of
transient nature filled up by heavy rainfalls and flooding in 02/19. Both evaporation trends — recharge evaporation and simple
(pan) evaporation — are well resolved in a plot of ’O-excess over 520 but are blurred by insensitivity in a diagram of d-excess
over 80 (Fig. 9).

A considerable number of ponds, particularly those sampled in 09/17, falls below the predicted recharge evaporation trajectory
(Fig. 9). This offset may be attributed to uncertainty in the model input parameters (dwi, dv, T, h, n) but can also be related to
mixing processes. Both effects are examined in the following.

6.4.1 Model uncertainty

The model input parameters include (1) the isotopic composition of inflowing water (dwi), which was inferred from the
measured isotopic composition of local springs, (2) the isotopic composition of atmospheric vapour (dv) estimated from a two-
spot measurement, (3) relative humidity (h) and temperature (T), for which mean seasonal daytime conditions were considered,
and (4) the turbulence coefficient (n), which was derived from pan evaporation experiments. As previously shown, changes in
relative humidity, temperature, and the turbulence coefficient have only a minor impact on evaporation trajectories in triple
oxygen isotope space for the given boundary conditions at the Salar del Huasco (Fig. 4). Thus, particularly the uncertainty and
variability in the isotopic composition of inflowing water and atmospheric vapour may contribute to deviations and scatter of
pond data along the predicted recharge evaporation trajectory in the diagram of ’O-excess over %0 (Fig. 9a).

Ponds and lakes in the Salar del Huasco receive inflow from multiple sources that especially differ in their ’O-excess values.
The isotopic composition of inflowing water also varies slightly intra- and interannually due to the seasonality of precipitation
and the impact of evaporation (Fig. 8). The effect of source variability on the evaporation trajectory is illustrated in the figs. 10a
and 10b. In these diagrams, evaporation trajectories were modelled for the whole isotopic range of springs observed in 09/17.
The variability in the isotopic composition of spring water, particularly in Y"O-excessw, broadens the range of evaporation
trend lines in the diagram of ’O-excess over 880, especially for through-flow lakes (E/I < 0.5). As demonstrated in fig. 10,
source variability can account for the offset of most of the ponds. However, a few ponds with apparently high E/I ratios still
fall below the predicted envelope (Fig. 10a, b).

The value of §'80y was estimated from a two-spot measurement but the isotopic composition of atmospheric vapour might be
more variable over the course of the year. Assuming an uncertainty of 5 %o in §*30y, the isotopic composition of ponds plotting
close to the predicted evaporation trend can be covered (Fig 10c). However, 5'80y values of about -30 %o or even lower would
be necessary to fit the isotopic data with the largest offset (Fig. 10c). This seems to be unlikely considering our measurements
(-19.4 %o). Furthermore, using 380y = -30.0 %, all pond data would fall slightly above the predicted evaporation trajectory in
a diagram of d-excess over 8*0 (Fig. 10d).

Sensitivity tests suggests that the impact of large seasonal and diurnal variability in relative humidity, temperature, and wind

conditions on the isotopic composition of lakes and ponds in the Salar del Huasco is low (Fig. 4). To verify this assumption,
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we compared recharge evaporation trajectories for mean annual daytime (h =33 %, T =8°C) and mean seasonal daytime
conditions (h=6%, T =23 %) (Fig. 10e, f). Additionally, we modelled the recharge evaporation trajectories for mean
seasonal relative humidity and temperature (h = 17 %, T = 9°C) weighted for the mean diurnal distribution of temperature and
wind speed (Fig. 10e, f). High temperature and high wind speed amplify evaporation and were thus stronger weighted. All
three evaporation trajectories fall close to each other in triple oxygen isotope space (Fig 10e) demonstrating that variability in
relative humidity and temperature cannot account for the deviations of ponds from the recharge evaporation trajectory in the
triple oxygen isotope plot. However, the modelled evaporation trajectories cover the whole isotopic range of ponds in the
diagram of d-excess over §'80 (Fig. 10f). Thus, diurnal and seasonal variations in relative humidity, temperature and also wind
conditions may contribute to the variability of isotopic data along the recharge evaporation trend line in the plot of d-excess

over 880.

6.4.2 Mixing within the Salar

The overall uncertainty of model input parameters cannot fully explain the offset of ponds from the predicted recharge
evaporation trajectory (Fig. 10). This holds especially for ponds with E/I > 0.5, which are apparently common in the northern
area of the salar (Fig. 9a). For these ponds, mixing is certainly an important process.

All ponds and lakes fall within the envelope for mixing defined by the mixing line for a terminal lake (Fig. 9). At the Salar del
Huasco, mixing may occur episodically due to fluctuations in the groundwater table that are associated with the seasonality of
precipitation and the impact of evaporation. After heavy rainfalls or snowmelt, the groundwater table rises leading to admixture
of fresh water to the pre-evaporated shallow subsurface flow or pond water. Mixing is most significant for highly evaporated
ponds that isotopically strongly differ from groundwater. Mixing due to episodic flooding occurs only occasionally and, thus,
the effect on ponds’ isotope composition should be of transient nature. After the mixing event, the isotopic composition of the
pond water may tend to re-establish steady-state conditions on the recharge evaporation trajectory. As proposed by Herwartz
et al. (2017), mixing processes can also occur continuously by admixture of isotopically light groundwater to a pre-evaporated
subsurface flow, leading to variations in the isotopic composition of inflowing water for individual ponds. Continuous mixing
may also affect ponds at the Salar del Huasco, additionally to the episodic mixing component.

Besides mixing processes, fluctuations in the groundwater table can lead to changes in the recharge rate, increasing the E/I
ratio with decreasing water level. Drop down of the water table over the course of the year may ultimately lead to isolation
from recharge for individual ponds. When recharge is completely stopped, the isotopic composition of the lake evolves from
the recharge evaporation trajectory towards the simple evaporation trajectory. This is particularly observed in the southern
area of the salar, where ponds span a wide range in isotopic composition falling within the envelope spanned by predicted

trajectories for recharge and simple (pan) evaporation (Fig. 9).
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7 Conclusion

The classic Craig-Gordon isotopic evaporation model reliably predicts isotopic evaporation trends of lakes and ponds in highly
dynamic lacustrine systems in a desert environment with considerable seasonal and diurnal variability in temperature and
relative humidity. The Salar del Huasco is dominated by recharge evaporation. Inflow from multiple sources with some spatial
and temporal range in isotopic composition cause minor variability in the isotopic evolution of lakes and ponds along the
dominant recharge evaporation trajectory. Deviations from this trajectory occur due to episodic flooding after precipitation
events that may result in the emergence of ephemeral non-recharged ponds. Additionally, lateral inflow or a rising groundwater
table can cause isotopic mixing of pre-flood brines with slightly pre-evaporated floodwater. It may even be possible to identify
unknown sources from such mixing trajectories. A rapidly receding groundwater table over a few months after the flood may
lead to cut off from recharge for ephemeral ponds at slightly elevated locations. Our results demonstrate that triple oxygen
isotope analyses allow for the identification of these fundamental hydrological processes in the lacustrine environment and in
the source region. These processes are not resolvable with conventional §?H-30 measurements. To correctly predict
evaporation trajectories, knowledge of the vapour composition and the wind turbulence coefficient is critical. The isotopic
composition of atmospheric vapour as well as relative humidity and temperature can be reasonably constrained by monitoring,
but the turbulence coefficient in the C—G model is a parametrized value that cannot be measured directly. We demonstrated
that the turbulence coefficient can be estimated with confidence from a series of in-situ pan evaporation experiments fitting
evaporation trajectories to the isotopic data in a plot of d-excess over the fraction of remaining water or in d-excess over §*¥0
space. More systematic experimental studies of on-site evaporation may eventually allow to calibrate the turbulence coefficient
with respect to wind speed. Monitoring of the triple oxygen isotopic composition is demonstrably a useful tool to investigate
and quantify the hydrologic balance of natural water reservoirs in general. This study suggests that the complementary
measurement of hydrogen-deuterium and triple oxygen isotopes may significantly improve isotope-hydrologic budgeting of

complex water reservoirs in nature.
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Figure 1: Study Area. (a) Catchment of the Salar del Huasco (Salar del Huasco basin) with drainage. (b) Overview map. (DEM
derived from SRTM data, created using ArcGIS 10.5.1)

16



https://doi.org/10.5194/hess-2020-255 Hydrology and ¢
Preprint. Discussion started: 15 June 2020 Earth System 3 EG U
(© Author(s) 2020. CC BY 4.0 License. Sciences %

Discussions
oY

Legend
Salar del Huasco
——  Drainage
| Laguna Grande
Il Laguna Jasure
Samples
AAAA  Springs
v  Laguna Grande
{ Laguna Jasure / SE area
& E / SE area
] N area
o] NW area
%  S/SWarea

03.06.19

17



490

495

500

https://doi.org/10.5194/hess-2020-255 Hydrology and
Preprint. Discussion started: 15 June 2020 Earth System
(© Author(s) 2020. CC BY 4.0 License. Sciences

Discussions
By

Figure 2: lllustration of the hydrological situation at the Salar del Huasco over the sampling period with sample locations for field
campaigns in 09/17 ((a) and (b)), 09/18 ((c) and (d)), and 03/19 ((e) and (f)). Panel (g) reflects the hydrological situation at the Salar
del Huasco 6 months after the last sampling campaign. Several hydrological subsystems (coloured areas) were identified based on
satellite images (Copernicus Sentinel data, 2017, 2018, 2019) and field observations. Different symbols of sample locations refer to
the corresponding hydrological subsystem (see text for details). (DEM derived from SRTM data, created using ArcGIS 10.5.1)
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Figure 3: Conceptual comparison of isotope effects associated with the three principal hydrological processes — simple evaporation
without recharge, evaporation with recharge, and isotopic mixing — in the diagram of (a) ’O-excess over $'20 and (b) d-excess over
880. In the case of simple evaporation, the isotopic composition of an evaporating water body evolves along the black line.
Continuous recharge drives the isotopic composition of the evaporating water body below the simple evaporation trajectory onto
the green line. The isotopic composition of a recharged lake is determined by the evaporation to inflow (E/I) ratio where increasing
E/I lead to higher 80 and lower 1O-excess values. In the case of a terminal lake (E/I = 1) all inflow is balanced by evaporation.
The dashed grey line exemplifies admixture of fresh water similar in isotopic composition to the inflowing water, e.g. flood water, to
the evaporated brine of a terminal lake.
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Figure 4: Sensitivity of evaporation trajectories in diagrams of 7O-excess over 8¥0 and d-excess over 880 to different input
parameters for environmental conditions at the Salar del Huasco. Evaporation trajectories have been modelled at variable (a)-(b)
relative humidity, (c)-(d) temperature, and (e)-(f) turbulence coefficients. The black line represents the recharge evaporation
trajectory modelled for 880w = -13.3 %o, 1’O-excesswi = 15 per meg, d-excesswi = 6 %o, '80v = -19.4 %o, ’O-excessv = 18 per meg,
510 d-excessv =30 %o, h =23 %, T = 6°C, n = 0.54.
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Figure 5: HYSPLIT 7-day air mass back trajectories modelled for ground level at the Salar del Huasco (~3800 m above sea level
(a.s.l.)) (black) and 1500 m above ground level (5300 m a.s.l.) (red) in daily resolution for the period from 23.08.2017 to 22.09.2017.
The thick red and black trajectories represent the origin of atmospheric air masses at the Salar del Huasco for the time of vapour

515 sampling on 20.09. and 21.09.2017.
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Figure 6: Sensitivity of evaporation trajectories in a plot of d-excess over residual fraction to (a) the turbulence coefficient n and (b)
the isotopic composition of atmospheric vapour §*%Ov. Isotopic data of pan evaporation experiments with initial volume of 600 ml
520 (diamonds), 800 ml (circles), 2000 ml (squares) are shown for comparison. Note that the symbol size is in most cases larger than the

error bars. The solid line represents the modelled evaporation trajectory for simple evaporation using input parameters as
summarized in Table 1 and a turbulence coefficient of 0.44. Dashed lines show model results for (a) different turbulence coefficients
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in intervals of 0.1 and (b) varying isotopic composition of atmospheric vapour 8*Ov in intervals of 5 %o, keeping other parameters
constant.
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Figure 7: Comparison of simple evaporation trajectories in a diagram of d-excess over 820 modelled for (a) n = 0.54 and (b) n = 0.44,
keeping other parameters constant (see Table 1). Additionally, isotopic data of pan evaporation experiments with initial volume of
600 ml (diamonds), 800 ml (circles), 1000 ml (squares) are shown. Note that the symbol size is larger than the error bars.
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Figure 8: Oxygen (a) and hydrogen (b) isotopic data of the Collacagua river and springs from the Salar del Huasco basin. Colour
coding refers to different hydrological subsystems (cf. Fig. 2). The isotopic range of precipitation (-17 to -13 %) is derived from
previously published data (Scheihing et al., 2017 and references therein). The local meteoric water line (LMWL:
82H=7.93-'80+12.3; Boschetti et al., 2019) was derived from precipitation data of northern Chile. Due to the lack of a
comprehensive dataset of 17O in precipitation, the global meteoric water line (GMWL) was used as reference in the triple oxygen
isotope plot (a). The shaded grey area indicates the isotopic evolution of precipitation undergoing evaporation. The Collacagua river
and all local springs fall below the common evaporation trend in a plot of ’O-excess over 8'20 (a). This offset can be explained
considering mixing of precipitation with evaporated water in the vadose zone during infiltration into the soil. The effect of mixing is
schematically illustrated by the dashed grey lines.
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Figure 9: Oxygen and hydrogen isotope data of the Collacagua river, springs, lakes and ponds sampled in the Salar del Huasco basin
during field campaigns in 09/17 ((a) and (b)), 09/18 ((c) and (d)), and 03/19 ((e) and (f)). Colour coding refers to different hydrological
subsystems (see legend and cf. Fig. 2). Note that the symbol size can be larger than the error bars. Trajectories for simple evaporation
(black) and evaporation with recharge (green) were modelled using input parameters as summarized in Table 2. Additionally,
admixture of fresh groundwater as it might occur during flooding or snowmelt is exemplified for the case of a terminal lake (E/I = 1)
(dashed grey line). The Global Meteoric Water Line (GMWL) serves as reference. Note that the apparent lack of samples on a
recharge evaporation trajectory in 09/18 and 03/19 is simply the result of a sampling focus on sources and on ponds cut off from
recharge during these campaigns.
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Figure 10: Uncertainty in model input parameters exemplified for lakes and ponds sampled in 09/17. The green line shows the
modelled recharge evaporation trajectory for mean seasonal conditions between 09:00 and 23:00 at the Salar del Huasco. The shaded
green areas in panel (a) and (b) illustrate the uncertainty introduced to the modelled trajectory by inflow from multiple springs that
slightly differ in isotopic composition (éwi). Panel (c) and (d) show the effect of variable §'0v on the evaporation trajectory. The
shaded green area represents the range of evaporation trajectories for 820y = -19.4 + 5.0 %o. Values of 3'80v = -30 %o or even lower
would be necessary to fit the isotopic data with the largest offset. Panel (e) and (f) illustrate the effect of seasonal and diurnal
variability in relative humidity and temperature. Recharge evaporation trajectories have been modelled for (1) annual (Oct-Sep)
mean h =33 % and T =8°C averaged over the time interval between 9:00 and 23:00 (dark green curve), (2) seasonal (Jun-Sep)
mean h =23 % and T = 6°C in the time interval between 9:00 to 23:00 (light green curve), and (3) seasonal (Jun—-Sep) mean h =17 %
and T = 9°C weighted for the average diurnal distribution of temperature and wind speed assuming that high temperature and high
wind speed reflect times of high evaporation (brown curve).
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Table 1: Model input parameters of the simple evaporation model for pan evaporation experiments. The isotopic composition of
initial water and atmospheric vapour was determined by measurement. Relative humidity and temperature were monitored over
the period of the evaporation experiment. We used mean relative humidity and temperatures values between 9:00 and 23:00 to
account for the diurnal variability of the evaporation rate. The turbulence coefficient was derived from pan evaporation experiment

data (cf. Section 6.2).

Parameter Value
3180wi (%o) -10.96
d-excesswi (%o) 4.4
70-excessw (per meg) 16
3180w (%o) -19.4
d-excessy (%o) 30

170-excessy (per meg) 18
Temperature (°C) 11
Relative humidity (%) 21

Turbulence coefficient  0.54

Table 2: Model input parameters of the simple and the recharge evaporation model for natural ponds and lakes from the Salar del
Huasco. The isotopic composition of inflowing water dwi was inferred from the spring with the most depleted 530 value. The isotopic
composition of atmospheric vapour v was estimated by direct measurement. For relative humidity and temperature, we assumed
mean seasonal values between 9:00 and 23:00 (Jun—Sep for 2017 and 2018, and Dec—Mar for 2019). The value of the turbulence

coefficient was derived from pan evaporation experiment data (cf. Section 6.2).

Parameter 2017 2018 2019
580w (%o) -13.28 -13.03 -13.22
d-excesswi (%o) 6.0 51 6.3
70-excesswi (per meg) 15 7 9
3180y (%o) -19.4  -19.4 -194
d-excessy (%o) 30 30 10
170-excessy (per meg) 18 18 18
Temperature (°C) 6 6 11
Relative humidity (%) 23 30 44
Turbulence coefficient 054 054 054
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