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Recent analytical advancements now allow precise quantification of 7O excess (A'YO),
introducing the triple oxygen isotope system (§'70-8'80) as a complementary tool to
d-excess, its analogue in the classic §'%0-8?H system. Therefore, the objective of this
study is to contrast the sensitivities of the §'¥0-6?H and §'¥0-8'7O systems to varying
environmental and isotopic parameters. To do this, we present a new triple oxygen
isotope data set from the Bear River watershed (Utah/Idaho, USA) and model lake
evaporation trajectories using Monte Carlo driven steady state mass balance modelling.
Results demonstrate that A"7O provides more accurate humidity constraints.
Modelling the evaporation trajectories of the balance filled Bear Lake, we show that
the uncertainty of the calculated lake isotopic composition increases with increasing

evaporation-to-inflow ratio (X.). This observation implies the need to better constrain isotopic inputs, particularly that of atmos-
pheric moisture, in dry environments where X, is high. Further, this study highlights the need for a larger A"7O data set aggregation
across environmental conditions to better characterise variability and reduce uncertainty in calibrating isotope mass balance models.
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¥ Introduction

Stable isotope hydrology in lakes has traditionally relied on
880-8%H systematics to constrain lake water balance
(Gonfiantini, 1986; Gat, 1995; Gibson et al., 2016). Initially,
870 was believed to provide no additional information beyond
the 8'%0-8?H framework. However, analytical advancements
now allow the precise quantification of mass dependent frac-
tionation between 870 and §'80, from which an analogue to
d-excess, 7O excess (A'70), can be calculated. Previous studies
have noted the relative insensitivity of A'7O to temperature
compared to d-excess (Angert et al., 2004; Uemura et al., 2010).
This characteristic increases the potential of the §70-§%0
system to provide unique hydrological information in both
modern (Pierchala ef al., 2022; Voigt et al., 2025) and palaeocli-
mate settings, where it has been used to reconstruct humidity
and evaporation conditions (Gazquez et al., 2018; Passey and
Ji, 2019; Gazquez-Sanchez et al., 2023; Katz et al., 2023). Its utility
may be greatest in studies using mineral archives, particularly
authigenic carbonates, where paired 8’H data cannot be
extracted from the same mineral. The introduction of high
throughput instruments to measure §'7O has further enhanced
measurement efficiency and precision, supplementing existing
tools for palaeoclimate research and modern water management
(e.g., Berman et al., 2013; Steig et al., 2021).

Department of Earth, Environmental, and Planetary Sciences, Brown University
Institute at Brown University for Environment and Society, Brown University
Department of Geosciences, Pennsylvania State University

Department of Earth and Environmental Sciences, Vanderbilt University

Department of Geosciences, Colorado State University

o e

Corresponding author (email: manuel_justin_custado@brown.edu)

L]

In this study, we present a new triple oxygen isotope data
set from Bear Lake, Utah/Idaho to derive relative humidity and
evaporation-to-inflow ratios. By comparing the triple oxygen
and 8'0-8%H data from replicates of the same samples (cf.
Custado et al., 2025), we highlight how each system constrains
key parameters, demonstrating the added utility of A'7O in lake
balance applications. This work is compared to previous A'*’O
data from Bear Lake (Passey and Ji, 2019) and comparable mod-
elling for other mid-latitude lakes (Surma et al., 2015, 2018;
Gazquez et al., 2018; Voigt et al., 2021, 2025).

Steady State Isotopic Mass Balance
Equations

The Craig-Gordon evaporation model is often used to describe
isotope exchange at the water-atmosphere interface during
evaporation of an open water body (Craig and Gordon, 1965).
The kinetic component of this isotopic process can be modelled
through molecular diffusion, as predicted by kinetic theory
(Criss, 1999). Building on these concepts, the following equation
represents the steady state isotopic mass balance of a well mixed,
throughflow lake (Craig and Gordon, 1965; Gonfiantini, 1986;
Criss, 1999; Gibson et al., 2016; Passey and Levin, 2021):
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Eq. 1

where R represents isotopic (O, ¥O, 2H) compositions
expressed in ratios relative to a known standard (Vienna
Standard Mean Ocean Water, VSMOW). The subscripts L, A,
and I denote the steady state isotopic compositions of the lake,
atmospheric moisture, and inflow, respectively. The variable h
represents relative humidity normalised to the lake surface tem-
perature, X, the evaporation-to-inflow ratio, a.q the equilibrium
fractionation factor, and ag¢ the kinetic fractionation at zero
humidity (diffusion end member). Note that in Criss (1999),
e Ogife IS expressed as ocomp. This work follows the conventions
for a in Gonfiantini (1986), where a > 1.

We applied Equation 1 to both triple oxygen and §'%0-§?H
isotope systems. Ratios are preferred in triple oxygen isotopic
calculations as A0 is derived from linearised isotopic data (8
Eq. 2; Miller, 2002; Luz and Barkan, 2010):

8’ =In(R) Eg. 2

A full description of the equations is provided in the
Supplementary Information.

¥ Study Site

Bear Lake lies within the semi-arid northeast Great Basin,
bounded by the Bear Lake Plateau and Bear River Range (Fig. 1).
The lake is primarily fed by the Bear River through an inlet canal,
whose headwaters are located further south in the Uinta
Mountains. Surrounding creeks and springs provide additional
input, particularly those originating from the Bear River Range.
Groundwater is estimated to have a minor contribution (Bright,
2009; Custado et al., 2025). Most precipitation falls as snow, which
reaches the lake through immediate and delayed snowmelt via

streams. Water exits the lake through evaporation and an outlet
canal (Bright, 2009). Annual volumetric discharge of each inflow
component is summarised in Table S-1. Additionally, a brief
description of the physical and hydroclimatic setting of the lake
is provided in the Supplementary Information.

! Analytical and Computational Methods

Lake, stream, and groundwater samples were collected during
baseflow in August 2023 (Fig. 1) and analysed along with isotopic
standards using a Picarro L2140-i cavity ring down spectrometer
at Brown University, USA. Precipitation samples were obtained
from sampling stations located in Utah State University and
Utah Valley University. Analytical drift and memory corrections
were applied before data normalisation to the VSMOW-SLAP
scale using internally calibrated reference waters (Groning,
2011; Hutchings and Konecky, 2023).

The second order isotopic parameters are calculated using
the following equations:

A0 =870 -0.528 x 880
d-excess = 82H — 8 x §'80

Eq. 3
Eq. 4

Relative humidity and X, from each isotope system were
derived using Monte Carlo simulations (1 = 100,000) of Equation
1, with input distributions generated from measured isotope
data of samples and corresponding analytical uncertainties
(Table S-2, Fig. S-1). A detailed description of the computational
approach is provided in the Supplementary Information.

Final values reported in Table 1 are the median of the
output distributions (Fig. S-2), with uncertainties expressed as
the interquartile range (IQR, 25%-75t percentiles). Means and
standard deviations (1o) are reported in Table S-3.
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Figure 1 (a) Bear River watershed (grey outline) map and (b) sampling site locations; inset shows Bear Lake in the western U.S. This study
utilised replicate samples from sites shown in panel (b) and previously reported by Custado et al. (2025).
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Table 1 Comparison of calculated relative humidity and X.. Values are reported as median and IQR from 100,000 Monte Carlo simulations
due to the non-normality of the output distributions (Fig. S-2). Mean and 10 values are in Table S-3.

Calculated h from Calculated h .
Isotope . 7 Evaporation/ Sample
Monte Carlo normalised to air . References
system . o e Inflow (X.) collection dates
simulations temperature
Triple oxygen 0.590 0.532 0.267 August 2023 This study
(IQR 0.375-0.774) (IQR 0.338-0.698) (IQR 0.231-0.308)
8180-82H 0.639 0.577 0.281 August 2023 This study
(IQR 0.455-0.788) (IQR 0.411-0.711) (IQR 0.240-0.321)
§180-8°H 0.62 +0.03 0.56 = 0.03 0.38 + 0.01 July 1981 to August | Custado et al. (2025)
2023

“Mass balance derived humidity is normalised to lake surface temperature, while instrument derived humidity is normalised to air temperature.
““Temperatures used for conversion: evaporation flux weighted lake (11.16 °C) and air temperature (12.72 °C). See Table S-4 for monthly values.

I Isotopic Mass Balance of Bear Lake

Figure 2 illustrates our new isotopic data set in both §'80-A"70
and §'80-d-excess spaces, overlain on evaporation trajectories
modelled as a function of X, at different humidities (Eq. 1).

The volume weighted mean inflow (yellow star, Fig. 2) is
composed of inputs from the inlet canal (orange diamond,
55.68 % of total volumetric inflow), on-lake precipitation (purple
star, 18.91 %), creeks (orange star, 25.39 %), and groundwater
(pink star, 0.01 %). The spread in the A"7O of the inflow
components, like d-excess, suggests potential for A'O to distin-
guish sources with different evaporation histories, as is the case
with this system (inset plots, Fig. 2). For example, Voigt et al.
(2021) previously demonstrated that A'O can resolve the
evaporation trajectories of shallow lakes with and without
recharge in Salar del Huasco, Chile. In contrast, Bear Lake is pri-
marily fed by snowmelt from surrounding mountains, which
exhibit a narrower range of d-excess values.

Deriving h and X, from Mass Balance
Calculations

Table 1 summarises the mass balance results along with the
multi-year data set results of Custado et al. (2025).

The calculated uncertainties do not statistically differenti-
ate the values in Table 1, partly due to the conservative approach
used to generate input uncertainties, which better captures data
variability (see Supplementary Information). Nevertheless, the
median triple oxygen derived & and X, are slightly lower than
8180-82H estimates and comparable to Custado et al. (2025).
The observed discrepancies likely reflect temporal coverage
differences in the data, while analytical uncertainty and data
variability account for the modelled uncertainties (Table S-1).

The evaporation flux weighted relative humidity calcu-
lated from monthly United States Geological Survey (USGS)
observations (Table S-4) is ~0.53, closer to the triple oxygen
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Figure2 (a) A'"70 versus 6''%0 and (b) d-excess versus §'80. Blue lines denote the Global Meteoric Water Line (GMWL), while black dashed
lines represent lake isotopic evolution during evaporation at different humidities. Black dots indicate X, values from 0 to 1 in increments of
0.2. Inflow components (circles) represent individual stream samples and are coloured by elevation; the inlet canal is included in the inflow
mean. Insets show magnified views of the areas within the red dashed boxes. Only samples with paired discharge information were used in
the calculations. Note that the error bars for d-excess are smaller than the markers. A link to the complete data set is included in the

Supplementary Information.
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derived median & when normalised to air temperature. This
agreement suggests that triple oxygen data may better constrain
above lake humidity, even with limited temporal resolution.
Oxygen isotopes are generally more sensitive to kinetic frac-
tionation than deuterium (Gonfiantini, 1986) and may therefore
better record relative humidity changes. Additionally, the rela-
tive insensitivity of A'7O to temperature compared to d-excess
allows moisture source effects to be isolated without tempera-
ture corrections (Angert et al, 2004; Uemura et al., 2010).
However, additional constraints on the input parameters are
needed to reduce estimation errors.

! Isotopic Controls on h and X,

Previous studies have highlighted the sensitivity of isotopic mass
balance models to varying isotopic and environmental inputs
(e.g., Gazquez et al, 2018; Passey and Ji, 2019; Voigt et al.,
2021), particularly relative humidity and the isotopic composi-
tions of inflow and atmospheric moisture (Barkan and Luz,
2007; Surma et al., 2015, 2018; Voigt et al., 2021). The influence
of salinity and wind turbulence (1), while important, was not
explicitly considered; instead a value of n = 0.5, commonly
applied to lake studies (Gonfiantini, 1986; Criss, 1999; Gibson
et al., 2016), was adopted to correct for the ag values used
(Table S-2). For this work, we focus on parameters that can be
constrained given available environmental data. Nevertheless,

we provide Figure S-3 to model the response of lake isotopic
composition to varying n. Figure 3 summarises how lake isotopic
composition, i, and X, respond to a range of inputs.

In both systems, the spread in the modelled lake isotopic
composition increases with X, (Fig. 3a,b). This pattern is consis-
tent when simulations are focused on separate input parameters,
with humidity and isotopic composition of atmospheric moisture
having the greatest relative influence at X, = 1 (Fig. S-4).
However, lake isotopic composition responds more strongly to
inflow at lower X, likely due to less kinetic fractionation at lower
evaporation rates (Fig. S-4a,e). Conversely, at higher X,, the
parameters that control the isotopic (§4) and moisture (h) gra-
dient above the lake become increasingly important as more
vapour escapes from the lake (Craig and Gordon, 1965).

Additionally, both isotope systems feature a triangular
solution space for h and X, (Fig. 3c), with the 8§'%0-8?H system
showing greater divergence in X, at higher h. Consequently,
A0 appears to provide a tighter constraint on relative humidity
and its trade off with X,. Figure S-4 illustrates how this solution
space changes when variability is isolated to individual parame-
ters, showing that the spread at high / is primarily governed by
S (Fig. S-4). Despite preserving the GMWL relationship between
atmospheric §0 with §°H in the model, the non-unique
solutions at high /1 demonstrates the strong sensitivity of the
8180-8%H system to atmospheric moisture variability.
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Figure 3 Sensitivity of lake isotopic composition and environmental parameters to varying evaporation conditions. Changes in the lake
isotopic composition as a function of X, are shown in (a) 5''80 versus A''70 and (b) §'80 versus d-excess spaces, while changes in X, (x axis)
and h (y axis) from varying isotopic inputs are shown in (c). Horizontal lines in (a) and (b) represent the GMWL. Error bars in (c) represent the
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composition (§,). Each marker represents one of 100,000 simulations sampled from normal distributions defined by the calculated input
parameter values and uncertainties (see Supplementary Information). Arrows in (a) and (b) indicate the range of outputs generated by vary-
ing a single input while holding others constant (cf. Gazquez et al., 2018). Corresponding individual simulations are compiled in Figure S-4.
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Previous studies often rely on estimating 8, due to diffi-
culties in making direct measurements (Surma et al., 2015, 2018;
Gazquezet al., 2018; Passey and Ji, 2019; Voigt et al., 2021). Here,
we estimated 5, by assuming that atmospheric moisture upwind
of the lake is in equilibrium with evaporation flux weighted mean
precipitation, implicitly accounting for seasonality to better
reproduce observed lake and inflow isotopic compositions
(Eq. S-14; Gibson et al., 2016; Custado et al., 2025). Other studies
instead assume complete or partial isotopic equilibrium between
atmospheric moisture and inflow waters (Gazquez et al., 2018;
Passey and Ji, 2019), with limited existing measurements in
continental settings (e.g., Voigt et al., 2021, 2025). Regardless
of the chosen approach, fractionation during evaporation has
been consistently demonstrated to be sensitive to both §, and
relative humidity, underscoring the need for more direct mea-
surements of these parameters.

I Comparison to Previous Studies

To simulate palaeoclimate applications of A'YO in lakes, we cal-
culated the §'70-8"%0 slope between the source and lake
waters (\jue) using empirical Ajze-A'7O relationships derived
by Passey and Ji (2019) and Katz et al. (2023), and subsequently,
the reconstructed 8180 of the unevaporated catchment precipi-
tation (8'%0y,p) (Eqs. S-15, S-16). Multiple Ajgie-8"80,¢p pairs
were calculated from these empirical equations and compared
with values derived directly from measured inflow and lake iso-
topic data. These values are summarised in Table S-5.

The calculated Ajaxe values using the empirical coefficients
(Nake = 05213 to 0.5235) yielded higher median 'O,
estimates (Table S-5) than the measured stream samples
(=18.1 £ 1.4 %o, Passey and Ji, 2019; =17.2 £ 0.6 %o (o), this
study). In contrast, the M. value calculated from measured
inflow and lake samples (0.5246) resulted in a 8§80,y value
of —18.1 = 5.4 %o, expectedly lower than the measured stream
samples. This discrepancy underscores the importance of addi-
tional data from diverse modern lake environments to refine
empirical Aje-A'YO relationships and better constrain inflow
water distributions in palaeo-catchments.

Triple oxygen isotope mass balance models have been
implemented in semi-permanent freshwater systems in arid envi-
ronments, where groundwater recharge is of periodic importance
(Surma et al., 2015, 2018; Voigt et al., 2021). These studies show
that triple oxygen isotopes can distinguish between simple and
recharged evaporation. Although Bear Lake currently receives
minimal groundwater input, palaeoclimate records indicate that
it has alternated between underfilled and overfilled states, imply-
ing periods of substantial groundwater influence (Bright, 2009;
Dean, 2009; Kaufman et al., 2009). Reconstructions of & and X,
from gypsum hydration waters where the lake balance model
simultaneously solves for both isotope systems show that changes
in X, at higher values (>0.75) produce lower variations in the back
calculated h (Gazquez et al., 2018). Figure 3¢ shows that this obser-
vation is likely due to the constraints provided by the triple oxygen
data. Together with the ability to reconstruct the isotopic compo-
sition of the unevaporated source waters, these observations
demonstrate the potential of triple oxygen isotopes to provide
unique hydrological insights.

! Implications
Comparison of triple oxygen and §'80-82H isotopic systems
reveals differing sensitivities to environmental and isotopic

inputs when estimating h and X... Both systems yielded compa-
rable X, values, supporting their use in water management

L]

applications where quantifying hydrological balance compo-
nents, such as evaporation, are essential (e.g., Surma et al.,
2015; Custado et al., 2025). Simultaneous use of both systems
may best constrain multiple parametric unknowns (Gazquez
et al., 2018); however, improved monitoring of /1 and the isotopic
composition of atmospheric moisture at the lake surface is nec-
essary to reduce uncertainties in under constrained fluxes, such
as evaporation and groundwater discharge, particularly in semi-
arid regions where annual X, values are typically high.

Additionally, patterns in our data suggest that A'"7O may
be a more consistent recorder of above lake k. This finding sup-
ports the growing use of triple oxygen isotopes in palaeoclimate
studies, which have been analysed in lacustrine carbonate and
gypsum hydration waters to reconstruct past environmental
conditions (Gazquez et al., 2018; Passey and Ji, 2019; Katz et al.,
2023), and lacustrine chert to reconstruct past elevation (Ibarra
et al.,, 2021). However, mass balance derived h is normalised
to lake temperature, making constraints on past lake tempera-
tures important for palaeoclimate reconstructions. As shown
in our calculations, even a modest difference between lake air
temperatures yields considerably different /1 estimates (Table 1).

The combined use of A0 and d-excess has been
proposed for tracking moisture sources, leveraging the lower
temperature sensitivity of A'7O relative to d-excess (Angert et al.,
2004; Uemura et al., 2010). However, its application to recon-
struct 1 and 8"O,p requires well constrained isotopic inputs,
as demonstrated by the differences between estimates derived
from measured samples and empirical relationships. Therefore,
this work underscores the need to expand A0 measurements
of meteoric waters across seasons and environmental gradients
to better characterise §'70-8'0 isotope system fractionation
and improve accuracy of mass balance models and empirical
relationships, such as those of Passey and Ji (2019) and Katz et al.
(2023). Additionally, further improvements in analytical preci-
sion and throughput (e.g, Hutchings and Konecky, 2023;
Terzer-Wassmuth et al., 2023) will also help reduce uncertainty.
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I Additional Information

Supplementary Information accompanies this letter at https://
www.geochemicalperspectivesletters.org/article2631.
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