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Highlights:
o Expansion of lake water and carbonate A’'7O observations to humid systems
o Carbonate A47 and A''7O track lake water temperature and isotopic composition
e A0 can track the evaporative state of lakes (Xg) in both humid and arid regions
o Refined A'"7O-Ajake relationship improves 8'80yycp estimates in humid systems

e Even in the absence of humidity constraints, A’'7O data improve '*Orycp estimates
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Abstract:

Oxygen isotope distributions from lacustrine carbonates provide insights into climate and
hydrological change, but it is difficult to isolate the influences of catchment precipitation §'30,
water temperature, and evaporation on lacustrine carbonate §'80 values. Recent work shows the
potential for using a combination of clumped (A47) and triple oxygen isotope (A''70)
measurements to identify the roles of temperature and evaporation on carbonate 3'30 values in
lakes, allowing precipitation 8'30 values to be inferred and facilitating paleoclimate
reconstructions. However, modern calibration of this approach has been mostly limited to arid
regions with a high ratio of evaporative losses over inputs (Xg) and low relative humidity (h
<0.7). Developing this tool for paleoclimate and paleoelevation reconstructions requires
expanding the modern calibrations to a greater range of climatic and hydrologic conditions. We
sampled four lakes in different hydrologic states under a single, high humidity climate regime
(h=0.7-0.9) in the Lake Junin region of central Peru. Clumped isotope temperatures from lake
carbonates reflect water temperatures during carbonate formation. Lake hydrology is the main
control on the A''’O values of carbonates and waters: A’'7O values are lowest in the larger lakes
with higher X when compared to smaller, headwater lakes where evaporation is minimal and
A0 is indistinguishable from that of precipitation. Reconstructed unevaporated catchment
precipitation 8180 (8''¥0Orycp) values from lake waters relies on accurate characterization of Ajake,
the triple oxygen isotope evaporation slope. We explore the influence of humidity on Ajake using
both new observations and modeled data. Accounting for local humidity improves Alake
estimates, which allows for more accurate reconstructions of 8''Orucp. We generate a 8Oy
value of -15.2 £2.1%o from modern carbonates and waters (n= 15) in the Lake Junin region,

which is similar to amount weighted mean annual precipitation -14.1 (£2.2%o). This study
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illustrates that (1) A"'7O can be used to differentiate between lakes with differing Xg in humid
climates, (2) lake carbonate A’'’O and 8'30 values can be used to evaluate the influence of
evaporation on lake water 8'%0 values in a range of climates, and (3) modeling Aiake under

appropriate humidity conditions improves &' '8Orp estimates from lake carbonate A''70.

Keywords: triple oxygen isotopes, clumped isotopes, evaporation, lake carbonates, Andes, Lake

Junin
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1. Introduction:

Lakes are sensitive to changes in atmospheric processes, hydrology, and climate such that
lake sediments are commonly used to reconstruct past climate (Seltzer et al., 2000; Leng and
Marshall, 2004; Bird et al., 2011a). Stable oxygen isotope distributions in lake carbonates are
powerful paleoclimate archives because they record information about §'*0 values of
precipitation, water temperature, and evaporation ( ; Leng and Marshall, 2004). However,
difficulty isolating the controls on lake carbonate 6'*0 limits their efficacy in paleoclimate and
paleoelevation studies (Seltzer et al., 2000; Horton et al., 2016). Recent studies address these
limitations and expand the utility of lake carbonates by using clumped and triple oxygen isotopes
to constrain temperature and evaporative fluxes (e.g., Huntington et al., 2015; Passey and Ji,
2019).

Advances in clumped isotope carbonate thermometry provide constraints on both the
temperature and §'%0 values of ancient lake water (e.g., Huntington et al., 2010, 2015; Hren and
Sheldon, 2012; Petryshyn et al., 2015; Horton et al., 2016). However, even with these
constraints, forming interpretations about hydrology, climate, or elevation from §'%0 values of
reconstructed formation waters (8'80xsy), is difficult without knowing the evaporation state of the
water and its relationship to the isotopic composition of precipitation (e.g., Horton et al., 2016).
High-precision triple oxygen isotope geochemistry offers a new approach for identifying the role
of evaporation in lake budgets and for stripping away evaporative effects on 8'8 O,y values (Luz
and Barkan, 2010; Passey et al., 2014; Gazquez et al., 2018; Surma et al., 2018; Passey and Ji,
2019). These studies use the A''’O parameter, which represents the deviation from a reference
line (Arer) in 8180 and 8170 space (Arer= 0.528; where §*O=In(§*O+1); ; e.g., Luz and

Barkan, 2010). Evaporation involves both equilibrium and kinetic fractionations, resulting in
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residual waters with low A’'7O values, as kinetic processes follow a shallower slope than Arer
(Barkan and Luz, 2005; Luz and Barkan, 2010). The magnitude of kinetic fractionation during
evaporation partially depends on local humidity (Landais et al., 2006), thereby linking humidity
and the evaporation slope: Alake.

Combining measurements of carbonate A''’O and clumped isotope derived temperatures
allows formation water A''70O values (A''7Osv) to be calculated and used towards evaluating
evaporative losses from lakes, (i.e., Xk the fractional loss of evaporation relative to inflowing
waters; Herwartz et al., 2017; Gazquez et al., 2018; Passey and Ji, 2019). As Passey and Ji
(2019) illustrate, A" 7Oy and 8",y are related to A''70 and 8'30 of unevaporated precipitation
by the evaporation slope, Make, such that §'30 of unevaporated catchment precipitation (8'3Orycp)
can be reconstructed via “back projection” ( ). Recently, the back projection approach
has been applied to Eocene cherts (Ibarra et al., 2021) and bivalves (Kelson et al., 2022). This
approach depends on knowledge of Aiake, Which has been studied in closed-basin lakes and arid
environments (Surma et al., 2018; Passey and Ji, 2019) and a temperate lake (Pierchala et al.,
2022), but we are not aware of a study that explores the role of humidity on Ajake nor that study
lakes with varying Xg within humid settings.

Here we present a dataset of the triple oxygen isotope compositions of precipitation,
surface waters, and lacustrine carbonates from four lakes with different hydrological
configurations in the central Peruvian Andes where relative humidity is >0.7 (Table S1;
SENAMHI, 2022). Our data contribute to clumped isotope datasets of modern lake carbonates
and fill a data gap for A’'70O and Aiake from low Xg lakes in humid settings. We evaluate these
data by modeling expected distributions under steady state conditions for lake water evaporation,

which enables us to refine the relationship between A’'70 and Aiake for humid climates.
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2. Isotope Notation

2.1 Oxygen and hydrogen isotopes
Isotope fractionation is described by a fractionation factor, a, where Ra and Rp represent

the ratio of heavy to light isotopes of two phases or materials:

Ra

Op-B =
Rp

(1)
In the triple oxygen isotope system, 80, 170, %0, a power law describes mass-dependent
relationships between '%0a-g and "aa.s, which are related by a fractionation exponent, 0 (Young

etal., 2002):

Vo, g = (18aA—B)e

()
We also use the term A, which is mathematically equivalent to 0, for “apparent”
fractionation exponents that represent a combination of multiple fractionation processes.
Conventionally, isotope ratios are reported in “delta notation™:
=)
Rstandard
3)

However, isotope ratios may also be expressed in logarithmic form (Hulston and Thode,

1965):

R
0 =1In (—A )
Rstandard

4)
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This “delta prime” notation is commonly used in triple oxygen isotope studies (see Miller
and Pack, 2021, and references therein). In a triple oxygen isotope plot, i.e., §''*0-8'!70,
deviations from a reference line ( ) are quantified using the expression for A’'70:

A0 =870 = Ao x 8'1°0
()

Frequently, A''7O is reported in units of “per meg.” The reference slope, Aret, is
commonly defined as 0.528 in hydrological studies (Luz and Barkan, 2010; Aron et al., 2021a)
and we follow this convention. The A’'7O term is analogous to d-excess in 8§'%0-8%H space
( ; Dansgaard, 1964):

d-excess = 8*°H — 8 x §'%0

(6)

2.2. Carbonate clumped isotopes

The abundance of multiply substituted or “clumped” isotopologues relative to a
stochastic baseline is temperature-dependent in carbonates (Schauble et al., 2006; Eiler, 2007,
2011). In CO; derived from acid digestion of carbonates, m/z 47 is the most abundant clumped
isotopologue. The enrichment of 3C~!80 bonds in carbonate minerals is calculated based on
simultaneous collection of m/z 44-49 during analysis (which inherently yields sample '*C/!2C
and '80/'%0) and is defined as A47, where R and R* values represent measured and stochastic

isotope ratios, respectively, compared to m/z 44 (Wang et al., 2004; Eiler, 2011):

(R4 R46 . R45 1>] < 1000
477 [<R47* B ) B <R46* B ) B <R45*

(7)
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A47 values have an inverse relationship to temperature (Schauble et al., 2006; Eiler, 2007, 2011)
as documented theoretically and empirically in carbonate materials (e.g., Wang et al., 2004;
Petersen et al., 2019), such that it is becoming a widespread approach for determining carbonate
formation temperatures. We use the term Ta47 to represent reconstructed carbonate formation
temperatures derived from clumped isotopes. Ta47 can be used to calculate formation water
values (8'80ssy) from carbonate 3'*0 assuming equilibrium growth conditions (Kim and O’Neil,

1997).

3. Study Area and Materials:

3.1 Study area:

The Lake Junin region in central Peru is an intermontane plateau between the Andean
Cordilleras (40004600 m above sea level; ; Table 1). Mean annual air temperature
(MAT) is 6.5°C and annual precipitation is 900—1000 mm, with approximately 70% of rainfall
from October—April (Table S1; SENAMHI, 2022). Mean annual potential evapotranspiration is
525-550 mm/year. Relative humidity is between 70-90% year-round, rarely falling below 70%
(SENAMHLI, 2022). Relative humidity normalized to lake surface temperature is >70%.

Glaciation of the Lake Junin region has resulted in many lakes that exist under the same
climatic conditions but differ in size and hydrology. Jurassic—Triassic aged limestone bedrock of
the Pucara Group leads to high bicarbonate concentrations in local surface waters and production
of authigenic carbonate in many lakes (Cobbing et al., 1996; Flusche et al., 2005).

We sampled two small lakes and two larger lakes (lake surface area <10 km? and >10'-
102 km?, respectively; ; Table 1). The smaller lakes, Pumacocha and Mehcocha, are

headwater lakes in glacial valleys and have continuous inflow and outflow. Pumacocha’s
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maximum water depth is 23.5 m, whereas at Mehcocha it is 25.5 m in the upper basin and 12.4 m
in the lower basin (Bird et al., 2011b). We estimate that Xg for Pumacocha and Mehcocha is very
low (X <0.1) and characterize them as “unevaporated,” consistent with a short residence time
for small, continuously overflowing lakes (e.g., Bird et al., 2011b, 2011a). The other lakes,
Yanacocha and Lake Junin, have much larger watersheds. Yanacocha sits in a glacial valley with
sub-basins that result in a larger lake surface area and more complex hydrology than the smaller
lake systems ( ). Lake Junin is the largest of the four lakes sampled and sits in a fault-
bounded basin, surrounded by alluvial fans. It is the second largest lake in Peru by surface area
(~300 km?), but it is shallow with a maximum water depth of 15 m ( ; Seltzer et al.,
2000). Currently, a 4 m high dam situated downstream from the inflow/outflow regulates water
level, which impacts hydrology by increasing wet season inflow and dry season outflow. We

expect annual variations in Xg may be low, however we lack quantitative Xg estimates.

3.2 Sample Collection:

3.2.1 Waters: To monitor precipitation, we installed a Palmex™ rain gauge in the town
of Junin ( ). From June 2016—June 2018 monthly samples were collected by local citizens
and stored in sealed 50 mL Falcon tubes (Corning #352070). Surface waters were collected in
May 2016, 2017, and 2019 from various water types, including springs, streams, rivers, lakes,

and isolated pools. Sampling locations are reported in Tables S1-S2.

3.2.2 Carbonates: In May 2019 we collected nine shallow, nearshore sediment samples, one

sample from deeper, open water at Mehcocha using an Ekman box sampler, and one sample

from carbonate rinds on cobbles in Pumacocha’s outflow stream ( ; Table 2).

Manuscript for submission to Earth and Planetary Science Letters 9



190  Stratigraphy was not preserved during collection, so bulk sediment samples represent the upper
191  ~10 cm of the sediment-water interface. Exploring the effects of lake hydrology on carbonate
192 A47and A0 values motivated our sampling at different lakes. Given the remote field location
193  and COVID-19 pandemic we were unable to collect additional samples. Long-term monitoring
194 and sampling of microenvironments within lakes are logical next steps to refine A47 and A''70
195  calibration studies.

196 We processed bulk lake sediments to concentrate authigenic carbonate by reacting

197  samples overnight with 7% hydrogen peroxide to remove organics and wet sieving through a 63
198  pum mesh, retaining the <63 um size fraction. The processed samples appear homogenous, light
199  in color, and devoid of macroscopic shells. All geochemical analyses of lake carbonates were
200  conducted on the <63 pm size fraction.

201 We collected local bedrock (Table 2) to characterize limestone A47 and evaluate detrital
202  contamination in lake carbonate samples. Samples were powdered with a Dremel™ drill from
203 fresh-cut, interior surfaces to avoid weathering surfaces.

204

205 4. Analvtical Methods and Data Standardization:

206 4.1 X-ray diffraction:

207 Lake sediments and bedrock samples were analyzed on a Rigaku Ultima IV X-ray

208  diffractometer at the University of Michigan (UM) Electron Microbeam Analysis Lab over a 15—
209  65° angle of incidence (Table S3). Spectral data were corrected for background noise and

210  normalized by relative peak intensity.

211

212 4.2 Isotopic measurements:
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4.2.1 5%0 and &H: Waters collected in 2016 and 2017 were analyzed at Union College
on a ThermoScientific Gas Bench II (8'%0) and TC/EA (8°H) peripherals coupled to a Delta V
Advantage mass spectrometer in continuous flow mode. Analytical precision was 0.02%o for
880 and 1.0%o for 8*H based on in-run analyses of calibrated internal lab standards.

Water samples collected in 2017 and 2019 were analyzed at UM via Cavity Ring Down
Spectroscopy (Picarro model L2130-i analyzer with high precision vaporizer (A0211)). Sample
data were corrected using ChemCorrect™ software and standardized to the VSMOW-SLAP
scale using USGS reference waters (USGS 45-47,50) and four calibrated in-house standards.
Long-term instrument precision is better than 0.1%o for §'30 and 0.3%o for °H.

Waters analyzed at both institutions were within the combined §'%0 and 6°H uncertainty

range for 94% of samples, suggesting excellent inter-laboratory agreement (Table S2).

4.2.2 Triple oxygen isotopes: Triple oxygen analyses were conducted at the UM
Isotopologue Paleosciences Lab (IPL, Tables S4-S7). For carbonates, we use a three step process
to convert CaCOs to an O2 analyte following the methods of Passey et al. (2014): 1) CaCOs is
digested in >100 wt% H3PO4 at 90°C to liberate CO»; 2) the CO; is passed through a circulating
loop over an Fe catalyst at 560°C in the presence of H» gas to transfer oxygen from the CO; to
H>0; 3) the H>O is then reacted with cobalt trifluoride (CoF3) at 360°C to produce O.. After
passing through a series of GC columns and cryogenic traps, the purified O is transferred to a
Nu Perspective isotope ratio mass spectrometer where measurements of m/z 32-36 are made in
dual inlet mode on sample and reference gases. For waters, steps 1) and 2) are bypassed and

samples are injected directly into the same fluorination line as used for carbonates. The UM IPL
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fluorination line and mass spectrometer configuration was recently described in detail by Aron et
al. (2021a), thus is not discussed further here.

Triple oxygen data are standardized to the VSMOW-SLAP scale where §'30vsmow=
0.000%o, 8!"Ovsmow= 0.000%o, 8'30siap2=-55.500%o, and 8'’Ospap2= -29.6986%o
(Schoenemann et al., 2013) via multiple analyses of both VSMOW?2 and SLAP2 during every
analytical session. Water §''%0, 8’70, and A’'7O precision is 0.5%o, 0.3%o, and 9 per meg,
respectively, based on the pooled standard deviation of USGS water standards run concurrently
with our samples (Tables S8-S9). We normalize carbonate data to the mineral A''7O values for
TAEA-C1 reported by Wostbrock et al. (2020b) and applied a linear drift correction based on
NBS19 A''70 residuals (following Huth et al., 2022). Carbonate &''%0, 8’70, and A’'’O precision
is 1.0%o, 0.5%o0, and 7 per meg, respectively, based on the pooled standard deviation of carbonate

standards run concurrently with our samples (Tables S8-S9).

4.2.3 Clumped isotopes: Carbonates were digested in a common acid bath (>100 wt%
H3PO4) at 90°C following methods outlined by Passey et al. (2010). Liberated CO» was purified
using a series of cryotraps and a GC column prior to analysis on a Nu Perspective mass
spectrometer in dual inlet mode at the UM IPL. A47 values are reported (Table S10) relative to
the carbon dioxide equilibrium scale of Dennis et al., (2011) via multiple analyses of ‘heated
gases’ (CO; gases of differing 6'°C and 6'%0 compositions heated at 1000°C for >2 hours
offline) and ‘equilibrated gases’ (as above, but equilibrated with water at 30°C). !"O—corrections
were made using ‘Brand parameters’ (e.g., Petersen et al., 2019). A moving gas line scheme is

used to account for temporal drift in linearity and scale compression (Passey et al., 2010). A7
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analytical precision on this system is =0.021%o, based on the long-term pooled standard

deviation of carbonate standards (Table S9).

S. Results:
5.1 X-ray diffraction:
Lake carbonates (n=5) and bedrock (n= 3) are entirely calcite based on comparison with

carbonate reference spectra ( ; Table S3).

5.2 Isotope results:

5.2.1 Precipitation:

Junin precipitation 6'%0 and 6°H values range from -20.9%o to -4.8%o and -158.2%o
to -17.8%o, respectively (n=21; ; Table S1). A subset of samples were also analyzed for
triple oxygen isotopes (A''7O= 12-43 per meg; n=5; Tables 3,S1).

We screen precipitation samples for data quality and assume samples with identical
isotope values (i.e., <0.5%o variation in 6'0 for consecutive months) do not reflect precipitation.
These may reflect groundwater or tap sources, as also observed in other studies that employ
citizen scientists (e.g., Aron et al., 2021b). Based on this criterion, we identify seven samples
from the Junin dataset (Oct. 2017—April 2018) with identical isotope values; these data are
included in Table S1 but excluded from figures and calculations.

Local meteoric water lines at Junin are: 5°H=8.61(+0.08)x5'80+21.9(x1.1) (n= 13) and
§'170=0.5282(+0.0010)x58''*0+0.0333(£0.0170) (n= 5, Table S11). We calculated the weighted
mean isotopic composition of precipitation at Junin, hereafter referred to as “amount-weighted

annual precipitation.” Weightings assume the same monthly rainfall amounts in 2016 and 2017
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(gauge installation at Junin occurred in 2017) and are consistent with seasonal rainfall amount
patterns observed regionally (Table S1) (SENAMHI, 2022). Amount-weighted annual

precipitation 3'%0, §?H, d-excess, and A"'70 values are -14.1%o (£2.2%o), -100.3%o (£18.7%o),
12.8%o0 (£1.3%0), and 31 per meg (£5 per meg) respectively, where uncertainty is the standard

error of the weighted mean.

5.2.2 Surface waters:

Surface water 6'%0, 8°H, and d-excess values range from -16.9 to 1.5%o, -126.1
to -23.3%o, and -35.3 to 13.5%o, respectively ( ; Table S2). Surface water A''7O values
range from -28 to 36 per meg (n= 16; ; Tables 3,S2).

Lake waters from the smaller lakes (Pumacocha, Mehcocha), springs, and rivers are
isotopically similar to local precipitation while waters from larger lakes have lower A''’O and
d-excess than precipitation (Yanacocha, Lake Junin; Figures 3,4). In the larger watersheds, we
observe variability in the isotopic composition of waters and isotopic trends based on position
within the catchment (similar to a “chain of lakes” scenario); inflow waters have lower 3'%0,
870, and &%H, and higher A''’O and d-excess values than downstream lake waters and outflow
streams ( ). Despite hydrologic modifications, the Lake Junin system follows these
trends.

Considering all surface waters from the Lake Junin region together, they follow linear
distributions in §'%0-8%H and 8''¥0-6"170 space with lower slopes than those observed from
precipitation. Regressions of surface water 6'*0-8’H and 6''30-6"70 yield evaporation lines:
§*H=5.39(+0.06)x8'30-32.73(+0.82) and &''70=0.5248(+:0.0004) x5''*0-0.0208(:0.0044)

(Table S11). We determined empirical triple oxygen isotope evaporation slopes,
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Make=0""" Olare — 8’17Oprecip / 8'1801&1(e — 6'180precip, using the amount-weighted isotopic
composition of precipitation (Table S12). At Lake Junin the range in observed Ajake is 0.523—
0.525. At Yanacocha, observed Aiake ranges from 0.525 in the upper lake to 0.522 at its outlet.

We did not calculate evaporation slopes for the smaller lakes, Mehcocha and Pumacocha, given

the similar isotopic composition of lake water and amount-weighted annual precipitation.

5.2.3 Carbonates:

We report 5'%0, 870, A''70, 8'3C, and A47 data for lacustrine and bedrock carbonates in
Tables 2, S7, S10. Carbonate §'80 and 8'*C values generated during A47 analysis range from
17.2 to 21.3%0 (VSMOW) and -3.7 to 0.1%0 (VPDB) for lacustrine carbonates and 23.5 to 25.3%o
(VSMOW) and -2.3 to 1.3%0 (VPBD) for bedrock, respectively (Table 2).

Using A47 values, we calculate carbonate formation temperatures, Ta47, which are 13
+3°C (n= 8) and 61 £4°C (n= 3) for lacustrine and bedrock carbonates respectively (

; Table 3; Bonifacie et al., 2017). We assume equilibrium growth conditions and use the
temperature-dependent equilibrium fractionation factor ('®ocaicite-water) and Ta47 to calculate
reconstructed formation water §'%0 values (8'30;y; Table 2; ; Kim and O’Neil, 1997).
Uncertainties on Ta47 and 8'0;v values were determined using a Monte Carlo re-sampling
approach. We assume a Gaussian distribution for carbonate '30 and A47 values among sample
replicates and in the slope and intercept values of the temperature-dependent transfer function
(Kim and O’Neil, 1997). Unique combinations of Ta47 and 8'30:sy values were generated (n=
10,000), from which we report the mean and 1o standard deviation (Table S3, Supplemental

Script 1).
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The triple oxygen isotope composition of lacustrine carbonates, A''70O, range from -90
to -67 per meg (VSMOW-SLAP; Tables 2,S7). Formation water 8''30rsy and A" 7Oy values
calculated from 3'30, A''70, Bacarcite-water (derived using Tas7) range from -15.1 to0 -9.9%o and 1 to
28 per meg (VSMOW-SLAP, Tables 2,S13, ). To determine A"'7Oyf, We use an
equilibrium Acalcite-water Value of 0.5250 (£0.0002), generated from synthetic carbonates in our lab
(UM IPL) (Huth et al., 2022); this is indistinguishable to a value of 0.5249 (£0.0002) from
modern bivalves also generated in our lab (Kelson et al., 2022) and is consistent with Acalcite-water
values from natural and synthetic carbonates (0.5241-0.5250) compiled by Huth et al. (2022).
We are not aware of any Acalcite-water Values generated specifically for lacustrine carbonates. Our
selected Acalcite-water 1S lower than some theoretical calculations (0.5253-0.5256; Guo and Zhou,
2019) and synthetic carbonates in other labs (0.5255; Wostbrock et al., 2020a). The cause for this
discrepancy is unknown but indicates that careful comparison of Acalcite-water across labs and
different material types is needed. We explored the impact of Acalcite-water S€lection on our
interpretations further in Section 6.2, but we note here that using higher Acalcitc-water values
(20.5255) would yield A''7Orsy values ~26 per meg lower than waters in the Lake Junin region,
which we consider unrealistic (Table S14; ). Raw data are provided in Table S7 to

facilitate future recalculation using different Acaicite-water Values.

6. Discussion:
6.1 Water isotopes
The isotopic composition of Junin precipitation is similar to that of precipitation

elsewhere in the Peruvian Andes ( ; e.g., Aron et al., 2021b; TAEA/WMO, 2022). In a

8'80-8%H plot, precipitation samples collected at Junin and Marcapomacocha (a GNIP station 45
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km southwest of Junin) fall on or slightly above the GMWL, suggesting the importance of
Rayleigh processes on the isotopic composition of regional precipitation (Dansgaard, 1964). The
A0 value of Junin amount-weighted annual precipitation, 31 £5 per meg, is within the range of
semimonthly precipitation A’'’O values in the Peruvian Altiplano (29-55 per meg; ;
Aron et al., 2021b). Combining precipitation data from Junin and southern Peru, the regional
meteoric water line: 8''70=0.5277 (+0.0003)x8''*0+0.0312 (+0.0031), lies between the global
meteoric water line reported by Luz and Barkan (2010) and a recently updated compilation
(Aron et al., 2021a; Table S11). Unfortunately, our precipitation dataset spans too short of a time
interval to evaluate seasonal trends in A’'7O values at Junin.

Surface water d-excess and A''7O values are positively correlated in the Lake Junin
region (Pearson’s r= 0.94; ), consistent with the influence of evaporation. The A''7O—
d-excess relationship is 1.3 £0.1 per meg/%o, which is similar to observations from a global
compilation of surface waters (r=0.73; 1.2 £0.1 per meg/%o; Aron et al., 2021a) and highly
evaporated surface waters from the Chilean Altiplano (r=0.94; 1.2 £0.1 per meg/%o; Voigt et al.,
2021). In contrast, precipitation A''7O—d-excess are weakly correlated, both in the Lake Junin
region (r= 0.30) and elsewhere (e.g., Aron et al., 2021a). This weak correlation may reflect
differences in how moisture source conditions affect oxygen and hydrogen isotopic fractionation
(e.g., Aron et al., 2021b;2021a), but systematic, long-term studies of precipitation d-excess and

A0 are needed to understand these relationships in the Andes.

6.2 Carbonate Isotopes
In the Lake Junin region, Tas7 values of lake carbonates (7—17°C) overlap in range with

surface water temperatures measured during our sampling in May 2019 (11-24°C) ( ;
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Table 2). The measured water temperatures are more variable than carbonate Ta47 values and we
consider them to represent snapshots of field work conditions (e.g., season, time of day) (

Section 3.2.2). In contrast, carbonate samples integrate time (likely months—years). Average
Ta47 for the Lake Junin region lakes is 13 £3°C, which is higher than MAT (6.5°C) and
consistent with observations globally, where lake water temperatures are commonly elevated
relative to mean air temperatures (Hren and Sheldon, 2012). This consideration is important
when using lake carbonate Ta47 to infer paleo-temperatures, as it may be appropriate to consider
lake carbonate Tas47 as @ maximum estimate of MAT.

Bedrock carbonates yield high Ta47 values (61 £4°C) compared to the lacustrine
carbonates (13 £3°C) (Table 2, ). The high bedrock carbonate temperatures are
inconsistent with Earth surface conditions and likely reflect burial conditions (Huntington and
Lechler, 2015). Bedrock temperatures of 60°C are consistent with burial of ~3 km based on
~20°C/km temperature gradients observed in boreholes in Peru (Henry and Pollack, 1988). We
leverage these distinct temperature groupings to screen for detrital carbonate input into local
lakes, as incorporation of detrital carbonate into lake sediments would result in unrealistically
high lake carbonate Ta47 values. Accordingly, low lacustrine Ta47 values support the
interpretation that lake carbonate isotope values record lake conditions, as opposed to a signal
inherited from detrital material.

We then compare §'80 values of reconstructed formation water from lacustrine
carbonates (8'3Oxf, derived from A47 measurements) to measured 5'%0 values of lake water
(6"801ake) collected at the same locations (Tables 2,S2). Paired 8'8O0;w-8'8Olake values are
positively correlated (r= 0.82, n= 8) and values fall close to a 1:1 line ( ), which

suggests the isotopic composition of these carbonates reflects lake water at the time of carbonate
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394  formation. The majority of 8'®*Ojare and 8'80;sy values are higher than the §'®0 value of amount-
395  weighted annual precipitation and track with lake hydrology, consistent with the influence of

396  evaporation.

397 We also compare A''70O of reconstructed formation water (A''7Orfv) and measured lake
398  waters (A"'7Omake) ( ). A"V Orsy values follow the same isotopic distribution as A" 7Ojake
399  from the same catchments ( ). However, A''Oyy values are offset from paired A’ Ojake

400  values by -21 to 3 per meg (average: -11 per meg). We consider two possible explanations for
401  this offset: 1) the selection of Acalcite-water 1S inappropriate for these carbonates, or 2) the

402  carbonates and waters we collected are sampling different conditions.

403 Of these scenarios, we consider the first most likely. The value we use for Acacite-water

404  (0.5250; Section 5.2.3) was developed from laboratory-precipitated carbonate and may not

405  represent the isotope effects that occur during lacustrine carbonate precipitation. A lower

406 Acalcite-water Value, e.g., 0.5246, would align A""7Ojake and A’V Orsy values and is consistent with
407  observed Acalcite-water Values reported for some natural carbonates ( ) (Huth et
408  al., 2022). Long-term calibration studies are needed to resolve Acalcite-water in lake systems. A

409  second possibility is that sampled lake water A''7O values do not represent lake water A''7O at
410  the time of carbonate formation. We sampled lakes in May, directly after the rainy season when
411  local waters likely represent an evaporative minimum. This contrasts the dry season when

412  carbonates likely formed and could explain why A’'7Ojake values are higher than A"'7Oysy values.
413  However, in this scenario, we would expect to see both a greater offset (more evaporation) in the
414  larger lakes than the smaller lakes and a corresponding offset in 5'%0, neither of which we

415  observe ( ).

416
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6.3 Reconstructing precipitation 830

6.3.1 Modeling triple oxygen isotopes in lakes

Previous studies have used both isotope-enabled lake budget models and empirical data
to establish the relationships between A’'70 values of precipitation, lake water, and paired
mineral samples in highly evaporated, arid lake systems where lake water A’'70O and §''*0 values
are considerably distinct from input waters (Herwartz et al., 2017; Gazquez et al., 2018; Passey
and Ji, 2019). In pursuit of developing triple oxygen isotopes to evaluate evaporative loss from
lakes across a broad range of climates, we focus this study on data from modern lake systems in
humid conditions with low evaporative loss (Xg) and model these conditions using steady-state

lake budget equations.

6.3.2 Lake budget models

Using the same approach as Passey and Ji (2019), we apply Monte Carlo re-sampling to
evaluate steady-state lake budget equations (Supplemental Script 2). In this mass balance
approach, the isotopic composition of different reservoirs and volumetric fluxes and associated
fractionations between reservoirs are used to calculate the isotopic composition of residual,
evaporated lake waters ( ; €.g., Benson and White, 1994; Passey and Ji, 2019).

In their modeling work, Passey and Ji (2019) restrict humidity to 0.3—0.7 to reflect their
study area in the western U.S. (h= 0.42-0.55). For this work, we modeled lake water A"'70O under
a range of humidity conditions to explore the humidity dependence of Ajake ( ). We

expand the modeled humidity range to 0.3-0.9 to include the conditions of our study area where

humidity is 0.7-0.9 (Tables S1,S15).
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We use a lake budget equation that assumes 1) lake waters are well mixed, ii) lake level is
constant, iii) water is lost from the lake through a combination of evaporation, outflowing rivers,
and/or groundwater, iv) waters entering the lake have a uniform isotopic composition and are
relatively unevaporated, and v) evaporated moisture is integrated with atmospheric water vapor
( ; Passey and Ji, 2019):

R = aeqRI [adiff(l - h) + h(l - F)] + aethERAF
W Xg + 0eq(1 — Xg) [agigr(1 —h) + h(1 — F)]

(8)

We randomly sample values of Xg, h (relative humidity normalized to lake surface
temperature), F (proportion of water vapor derived from upwind sources versus the lake itself),
Ra (isotopic composition of atmospheric water vapor; calculated assuming equilibrium with
precipitation), and oisr, where o,g;=1.02849®+(1-®), (D is the relative proportion of diffusive
transport (O= 1) versus turbulent transport (®= 0) of water vapor during evaporation and
1.02849 is the '80/'%0 fractionation for pure molecular diffusion; Merlivat, 1978). Model
conditions are listed in Table S15 and Supplemental Script 2. R; (isotopic composition of input
water) was defined as amount-weighted annual precipitation at Junin (Section 5.2.1) and lake
temperature (used to calculate water vapor—liquid water equilibrium fractionation, aeq) is 14°C.
Each model simulation is conducted with 1000 random samplings of Xg, h, F, Ra, and @ to
produce unique combinations of modeled lake water '¥0/!%0 and '70/!'%O from which we
calculate A''70 and Aiake values. We note that the choice of Ra has the greatest impact on the
evaporation slope (Alake) at high humidity (as shown in plants by Landais et al., 2006);
constraining Ra will be important for future refinement of model outputs in high humidity

settings.
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Before proceeding to discussion of the model output and the role of humidity on &''*0O
and A''70 distributions in lakes, we want to explicitly note the limitation and utility of models.
Mass balance models are representations of complex systems which can provide frameworks for
evaluating and interpretating empirical observations. We recognize that models inherently
simplify complex systems, such that not all model assumptions may always be met in natural
environments. This does not preclude the utility of models, but users should exercise caution in

selecting appropriate models and input parameters, particularly for ancient systems.

6.3.3 Model results and the role of humidity

We first compare model outputs to the observed &''*0 and A’'7O values from the arid,
western U.S. (Passey and Ji, 2019) and the humid, Lake Junin region ( ). The overlap in
distributions of observed and modeled values for both regions makes sense; the isotopic values
of unevaporated input waters of these regions are similar and the simulations consider a humidity
range that reflects both areas. However, the unique A’'70-8'%0 and A’'’O—Ajake relationships for
each study are the result of regional humidity at the two sites. Specifically, humidity is tied to the
proportion of kinetic fractionation during evaporation (in turn Ajke is most sensitive to Ra at high
humidity; Landais et al., 2006). This highlights a need to explore the influence of humidity on
Miake further before we can effectively leverage Alke to quantify evaporation widely in different
climatic systems.

When modeled humidity is restricted to reflect conditions for specific regions, the model
output captures observations for that region. For example, the modeled isotopic composition for
lakes in low humidity settings (0.3—0.7) are a good match with observations from the western

U.S. ( ), but they fail to capture many of our observations from the Lake Junin region
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where humidity is high. Correspondingly, the high humidity (0.7—0.9) solution space closely
matches our observations in the Lake Junin region but not the observations from the arid western
U.S. ( ).

To translate these relationships to ancient systems and use triple oxygen isotopes to
reconstruct §'%0 values of unevaporated precipitation, we must also understand how humidity
mediates the isotopic relationship between precipitation and lake water, or Alake, the evaporation
slope in 8''*0-8"70 space ( ) (Passey and Ji, 2019). Currently, our understanding of
Miake relies primarily on highly evaporated systems in arid to hyper-arid environments (Table
S12) (Herwartz et al., 2017; Surma et al., 2018; Passey and Ji, 2019; Voigt et al., 2021) and other
climatic settings and hydrologic systems are under-represented (e.g., Pierchala et al., 2022).
Passey and Ji (2019) showed that modeled A varies predictably as a function of A''70 in low
humidity (0.3-0.7) such that A"'7Oake values can be used to model Aiake for ancient systems.
However, for this approach to be widely applicable, we must understand the dependence of triple
oxygen evaporation slopes to humidity, which has been explored for plants (e.g., Landais et al.,
2006) but not for lake systems, to our knowledge.

To address this gap, we evaluated the modeled relationship between Ajake and A7 Ojake
with varying humidity. In we represent A''70 as the difference between lake and
input water A’'70 values (A"'7Ojake—A""Oinput) 0 We can consider data from study regions where
input water A’'70 might vary. illustrates the distribution of modeled Aake values as a
function of A’'7O for three different ranges of humidity. Our simulations affirm a strong
relationship between Aiake and A''70 in all climate settings ( ) and show the potential to
refine it where the humidity can be constrained ( ). The full humidity (0.3—0.9) model

describes all observational data and can be reliably used to estimate Aake.
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However, a simple sensitivity analysis shows that humidity plays an important role on
modeled lake water A"'7O and Make values when all other modeled variables are held constant
( ). These results indicate Aake is most sensitive to humidity when Xg= 0.3, suggesting
that using humidity to refine modeled values of Alake is most useful in flow-through lakes with a
moderate amount of evaporation. Conversely under high evaporation scenarios (Xg >0.7), the
difference in modeled Ajake at high and low humidity is minimized. Therefore, when Xk is low,
constraining humidity is important for accurate estimates of Ajke, but it is less important when
Xk is high (>0.7). Make has the largest effect on 8"'80r,cp when the isotopic composition of lake
water is very different from input water, as is commonly observed in arid, highly evaporated
systems with very low A" 7Ojake ( ). Uncertainty in Aiake has a smaller effect on
reconstructed 8''®0Oryep in humid, less evaporated systems.

We note that our modeled results produce some very low Ajake values (<0.5185,
endmember for diffusive vapor transport; Barkan and Luz, 2007) ( ). Generally, the
very low modeled Aiake values (~4% of solutions) are associated with very high relative humidity
(h>0.8), low &' Oyapor and A" Oyapor (-26 to -25%o0 and 4 to 15 per meg, respectively) and
primarily non-lake vapor sources (F>0.9); no clear relationship is observed between low Ajake and
® or Xk ( ). While this combination of conditions could occur in nature, it would be
rare. As a result, we expect most realistic Alake values to be 0.5185-0.529 (Barkan and Luz, 2007;
Luz and Barkan, 2010).

We also observe that some carbonates from humid environments produced very low
empirical Ajake values (<0.5185). From the model results described above, we cannot rule out the

role of climate on these low Alke values but we also recognize the substantial challenges in
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determining a slope (Alake) between two points (i.e., input water and lake waters) that are very
close together in their isotopic composition. In low Xg systems, 5'%0 of input water and lake
water are often close (<2%o), meaning that the error in selection or measurement of either will
result in high uncertainty in the slope between the points ( ). In high Xg systems, there
is less uncertainty in determining Aiake empirically as 6'80 values of input and lake water differ
substantially. Accordingly, observations of Aiake Will always have high uncertainty when 8'30 of
lake waters and precipitation are similar. This highlights the utility of using modeling approaches

to evaluate Alake, particularly in humid settings ( ).

6.3.4 Improving reconstructed precipitation 5'°0 estimates

Selection of modeled Aake is important when reconstructing precipitation §'30 values
(8""80rucp) as Make values that are too high will yield &''®Oyuep values that are lower than the true
8'1%0 of input waters, while Ak slopes that are too low produce the opposite effect ( ).
We conduct a sensitivity test to evaluate Aike under each of the three humidity scenarios
presented in Section 6.3.3. We then use modeled Aiake values to calculate &' '8 Oryep

(8" O0ruep= [ A" Oprecip-A"" 7 Oy + Mgk o) %" ¥ Oret] / [Make-Mret]; Passey and Ji, 2019).

precip
Using the lake budget model, low humidity produces the highest modeled Aiake values and
lowest 88 0rcp values, high humidity produces the lowest modeled Aiake values and the highest
8'180yuep values, and the full humidity model is in the middle ( ; Table S16). Make
modeled at high humidity returns 8''®Oyucp values (-15.2 £2.1%o) that are most similar to amount-

weighted annual precipitation (-14.1%o) in the Lake Junin region ( ). The full and low

humidity models yield lower &''®Oyuep values (-16.2 +2.0%o, -17.0 +2.0%o, respectively). These
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results highlight the value of considering local humidity (and other parameters in Eq. 8; e.g., Ra,
F) when possible to improve accuracy of modeled Aiake and &''¥Orycp values. The uncertainty in
estimated &80 values is a function of both uncertainty in Aake and A''7Olaxe (Passey and Ji,
2019), and should be evaluated on a case-to-case basis.

In each humidity scenario, estimated &''®Oyucp values are lower than 8''30 values for
amount-weighted mean precipitation. Possible explanations include a positive bias in modeled
Make, selection of Acalcite-water that is too high (Sections 5.2.3, 6.2), or estimated precipitation A''’O
or 8180 values that are too high, as also surmised by Passey and Ji (2019). Additional
precipitation and lake water observations in different climate settings will continue to improve
our understanding of all of the parameters above.

Notwithstanding continued refinement of Ajake and A''7Oprecip, we show how triple oxygen
isotopes in carbonates and waters can be used alongside modeled Aiake values to generate
8'180ruep values close to amount-weighted annual precipitation (within ~1-2%o) in both arid and
humid environments. In conjunction with other lines of evidence and proxy materials, A"'7O can
help differentiate between lake systems with different hydrologic states ( ), such that we
can use A''70 values to evaluate how hydrology influences lacustrine 8'30 records. This is
essential for studies that use lakes to reconstruct past climate and hydrology, and for

paleoelevation studies that rely on 8''80rp values (e.g., Ibarra et al., 2021; Kelson et al., 2022).

7. Conclusions

In this study, we present new isotope data (8'30, §!70, 6°H, A47, A’''70, d-excess) from
precipitation, surface waters, and lake carbonates in the Lake Junin region of Peru. We use these

data alongside lake water isotope models run over a broad range of humidity conditions to
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evaluate and improve the accuracy of precipitation 3'*0 reconstructions derived from triple
oxygen isotopes. From this work we conclude:

1. Formation water temperatures, derived from modern lake carbonate Ta47, are elevated
compared to MAT, consistent with the growing dataset of A47 in lakes and analysis of
lake temperatures globally.

2. In catchments containing carbonate bedrock influenced by high temperatures, Ta47 values
of lake sediments can be used to screen for detrital inputs.

3. Inthe Lake Junin region, A''’O values from four lakes reflect the Xg state of each lake,
demonstrating that A’'’O measurements are effective for evaluating lake hydrology in
both humid and arid lake systems.

4. 8"80precip values reconstructed using triple oxygen isotopic data from lakes are closest to
observed mean-weighted 3'Oprecip values when humidity is known, but this approach
provides accurate 8''8Onyp estimates even when humidity is unconstrained.

This work solidifies the interpretive framework for using A''’O and A47 measurements in
lake sediments to constrain temperature, lake hydrology, and 6'%0 values of precipitation by
extending it to humid systems and lakes with little evaporative water loss. Applicability of the
A0 approach for constraining lake water evaporation across climate states and lake types, for
either paleoclimate or paleoelevation studies, means that it can widely be applied to geologic
archives where climate and/or hydrology may be unconstrained. While our study focuses on
carbonate lakes, our results also apply to interpretations of A’'7O records from lakes with other
mineral precipitates (e.g., silica, gypsum). Future work should focus on applying the A"'7O
framework to constraining evaporation and &80 values for ancient lake systems, including

sediment records from Lake Junin.
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Data Availability:

All new water isotope data (8°H, 8'%0, A''70) are available from the University of Utah Water
Isotope Database (htips://wateriso.utah.edu/waterisotopes/). New carbonate isotope data (8'%0,
813C, A47) are available from the EarthChem database (https.//www.earthchem.org/data-access/).

Supplemental R Scripts (1-2) are available at

https://github.com/sarahakatz/Katz_etal ModernLakeD170 SupMat.
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Figure 7. Plots of A''7O versus 8''%0 showing the samples used in back projection trajectories
(black lines, equivalent to Aike) for different ranges in humidity: A) full humidity 0.3-0.9, B)
low humidity 0.3-0.7, C) high humidity 0.7-0.9. 8''®Oyyucp values for each humidity range are
represented by the red box and whisker plots. The central line of the box illustrates sample
medians; upper and lower hinges illustrate quantile boundaries; outliers are represented by open

circles. A vertical red box demarks the interquartile range in &''®Oyuep values. A''7Oypy values
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868  were calculated using Acalcite-water = 0.5250. Note that we did not calculate 8''3Orcp values for
869  samples with A’'7O values that are indistinguishable from precipitation (31 £5 per meg,

870  represented by a horizontal grey box).

871

872  Tables:

873  Table 1. Summary and descriptions of the locations referred to in this text

Table 1. Summary and descriptions of the locations referred to in this text

Name Description

Lake Junin region  The geographic area in which samples were collected (approx. 10.6—11.3°S and 75.8-76.3 °W)

Junin region Department of Junin (Peruvian geopolitical region; approx. 10.7—12.6°S and 73.4-76.5 °W)
Junin Town of Junin, Peru (11.15 °S; 75.00 °W)
Marcapomacocha Town of Marcapomacocha and site of JAEA GNIP station (11.40 °S; 76.33 °W)
Pumacocha Laguna Pumacocha watershed (10.70 °S; 76.06 °W)
Mehcocha! Laguna Mehcocha watershed (11.26 °S; 76.04 °W)
Yanacocha Laguna Yanacocha watershed (10.84 °S; 76.04 °W)
Lake Junin® Lake Junin watershed (11.00 °S; 76.10 °W)

! The offical name for this lake is Laguana Catucana, note that "Mehcocha" is an informal name.

74 ? Lake Junin is also known as Chinchaycocha or Chinchayqucha in Quechua.

875

876  Table 2. Summary of carbonate samples and isotope data from the Lake Junin region
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881

882

Table 3. Summary of water isotope data from the Lake Junin Region

Table 3. Summary of water isotope data from the Lake Junin region

No.

. A replicate  d-excess 30" (%0) 30" (%) ao” (per meg)
Sample ID Location = Water Type 17
a s (o) average 1osd average 1osd average 1osd
analyses

J1 (6/15/2016) Junin precipitation 1 9.39 -11.175 - -21.187 - 12 --
J3 (10/15/2016) Junin precipitation 2 19.02  -3.493  0.173 -6.681 0.316 35 6

J6 (1/15/2017) Junin precipitation 4 11.15  -11.131 0.129 -21.163 0.253 43 9

J7 (2/15/2017) Junin precipitation 2 9.05 -10.924 0.108 -20.753 0.197 34 4

J8 (4/15/2017) Junin precipitation 2 12.28  -5.803  0.082 -11.042 0.151 27 2
PE19-PUM-P019  Pumacocha precipitation 2 13.52 -7.906 0.286 -15.016 0.570 22 15
PE19-CAR-S028  Lake Junin inflow stream 2 5.71 -7.845  0.019 -14.903 0.020 24 8
PE19-JUN-R063 Lake Junin outflow 5 -6.44  -5.448 0.104 -10.346 0.203 14 12
PE16-JUN-LO16 Lake Junin lake 2 -15.77 0 -2.202 0.029  -4.159  0.059 -6 2
PE19-JUN-L090 Lake Junin lake 2 -0.96  -6.483 0.112 -12.326 0.219 25 4
PE19-JUN-L159 Lake Junin lake 3 -5.04  -5.833  0.296 -11.077 0.566 16 4
PE16-JUN-S027 Lake Junin isolated pool 2 -35.30 0961  0.163 1.873  0.323 -28 7
PE16-JUN-S038 Lake Junin  1iver/stream 2 5.10 -7.519  0.190 -14.277 0.349 19 6
PE16-JUN-5048 Lake Junin  river/stream 2 -0.20 -6.791 0.105 -12.896 0.183 19 8
PE16-JUN-S053 Lake Junin  mver/stream 2 -0.76 -6.686 0.121 -12.681 0.234 9 3
PE16-JUN-S019 Lake Junin spring 1 7.51 -7.445 - -14.146 - 25 --
PE19-MEH-L116 Mehcocha lake 4 3.98 -6.990  0.133  -13.289 0.234 27 14
PE19-PUM-L018  Pumacocha lake 1 5.07 -6.864 - -13.067 - 36 --
PE19-PUM-S016  Pumacocha outflow 1 5.31 -7.599 - -14.435 - 23 -
PE19-YAN-L141 Yanacocha  upper lake 2 -1.27  -6.195  0.009 -11.780 0.025 25 4
PE19-YAN-L155 Yanacocha  lower lake 2 -8.69  -5.097 0.026 -9.673 0.048 10 0
PE19-YAN-S140 Yanacocha outflow 2 -9.28 -4.725  0.016 -8951 0.031 1 1

Manuscript for submission to Earth and Planetary Science Letters

= Sample latitudes and longitudes are given for the Junin precipitation station and surface waters in Tables S1 and S2, respectively.

B Data generated from triple oxygen isotope anaysis and repored on the VSMOW-SLAP scale (Schoenemann et al. 2013).
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Supplementary Figures:
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Figure S1. XRD spectra for lake carbonates (A-E) and bedrock carbonates (F-H) from the Lake
Junin region. Samples were analyzed at a 2 ® range from 15 to 65° at a 0.05° resolution. Plotted
spectra are blank-corrected and normalized by maximum intensity for each sample. The
carbonate mineralogy of each sample is entirely calcite based on comparison to reference spectra
(D) for calcite (red; Graf, 1961), aragonite (green; De Villiers, 1971), and dolomite (blue; Antao
et al., 2004). Vertical ticks along the x-axis in each plot indicate 2 ® peaks for calcite (red),

aragonite (green), and dolomite (blue).

Antao, S.M., Mulder, W.H., Hassan, 1., Crichton, W.A., and Parise, J.B., 2004, Cation disorder
in dolomite, CaMg(CO3)2, and its influences on the aragonite + magnesite <> dolomite
reaction boundary: The American Mineralogist, v. 89, p. 1142—1147, doi:10.2138/am-2004-
0728.

De Villiers, J.P.R., 1971, Crystal Structures of Aragonite, Strontianite, and Witherite: The
American Mineralogist, v. 56, p. 758-767.

Graf, D.L., 1961, Crystallographic Tables for the Rhombohedral Carbonates: The American

Mineralogist, v. 46, p. 1283—-1326.
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Figure S2. As in Figure 5D, A''70 values of carbonate formation waters (A"'’Orsv) versus lake
water A''7O (A'VOlake) values from waters collected at the same sampling locations. Calculated

A" Oxpy is shown for four different Acaicite-water values: 0.5255 (purple, Wostbrock et al. 2020,
GCA), 0.5250 (black, Huth et al., 2022), 0.5249 (brown, Kelson et al., 2022), and 0.5246 (green,

greatest parity between A''7Orgy and A"V 7Opake values). RSS: residual sum of squares.
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Figure S3. Measured air and water temperatures and clumped isotope temperatures plotted
versus time of collection. Note that carbonate samples, and air and water temperature

measurements were collected over multiple field days from May 5-10, 2019.
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£ XE =E Evaporation
Precipitation p

Runoff from catchment R
) | Outflow

—\_____—___A_
Groundwater e ———— ————
inflow J Lake water %ndwater

Constant loss

water level
*Note: not to scale

R — OeqRilagirr(1 —h) + h(1 — F)] + aeqhXgR4F
W Xg + teq(1 — Xp)logig(1 —h) + h(1 = P)]

R, Isotopic ratio of atmospheric water vapor.
R, Isotopic ratio of unevaporated input waters.
h Relative humidity normalized to lake surface temperature.
F Fraction of local vapor derived from non-lake water sources.
0, Equilibrium fractionation factor between liquid water and water vapor.
Kinetic fractionation factor between liquid water and water vapor (relative
Uiy proportion of diffusive versus turbulent transport).
X, Proportion of evaporative losses to inputs (E/I or X,).

Figure S4. Schematic lake balance diagram of an evaporated, flowthrough lake (after Gibson et
al., 2016). Black arrows represent volumetric fluxes. Precipitation, runoff, and groundwater
inflow are assumed to be relatively unevaporated with respect to lake water. Note that
evaporated lake waters that are returned to the atmosphere may affect both over lake humidity
(h) and the isotopic composition of atmospheric water vapor (Ra), though this is not explicitly
accounted for in Equation 8. The steady state isotopic lake balance equation (Eq. 8) is included
below along with a description of each parameter of the equation (see Table S15 for additional

details). Note: not to scale.
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Gibson, J.J., Birks, S.J., and Y1i, Y., 2016, Stable isotope mass balance of lakes: A contemporary
perspective: Quaternary Science Reviews, v. 131, p. 316-328,

doi:10.1016/j.quascirev.2015.04.013.
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Figure S5. (A) Modeled results using Equation 8 and the following model conditions: ®= 0.5;
F=0.9; 880= -14.1%o; 8''80a= -25.3%o0; A''7O1 = 31 per meg; A''7Ox= 25 per meg; temperature
= 14 °C. The model was run over an Xg range from 0.1 to 1.0 (at intervals of 0.1) for h=0.5
(arid, green) and h= 0.8 (humid, orange). The white diamond represents the composition of
unevaporated input waters. Grey labels indicate Xg for the h= 0.5 scenario; labels are not shown
for h= 0.8 for clarity, but follow the same trend as for h= 0.5 (i.e., decreasing A’'’O with
increasing Xg). Note that the solid lines between each model solution and unevaporated input
water are equivalent to Aiake in 8''70-8"180 space and do not represent evaporation trajectories.
(B) Difference in Aake for the two humidity scenarios is shown along the y-axis, versus Xg. The
difference in modeled Ak is highest at relatively low Xk (e.g., 0.2-0.5). (C) As in (A), but
showing only the model solutions for Xg= 0.5 at h= 0.5 and 0.8 (green and orange open circles,

respectively). Solid colored lines show modeled ke for each humidity scenario. Dashed colored
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lines show Aake values 0.0010 to illustrate the effect of Aiake uncertainty on 8’''*Oyucp. Though the
magnitude of Ajke uncertainty is the same for both humidity scenarios, the observed effect on
8"180rcp is larger in the low humidity scenario (green shading) when A’'7O is more distinct from

input A''70.

A. Ratio of diffusive to turbulent transport B. Proportion of evaporative losses to inputs C. Relative humidity

10.0 5

S

w
o

0

~

~

5

o
o

counts (per 1000 model simulations)

counts (per 1000 model simulations)

counts (per 1000 model simulations)

0.0 o 0.0
0.2 03 0.4 05 06 07 000 025 050 075 1.00 0.70 075 0.80 0.85 0.90
[ Xe Relative humidity normalized to lake surface temperature
D. Fraction of non-lake derived atmospheric vapor E. Atmospheric vapor 580 F. Atmospheric vapor A0

5
5
°

60

~
o

I
8

o
o

counts (per 1000 model simulations)
o
8

counts (per 1000 model simulations)
counts (per 1000 model simulations)

~
@

0.0 0

26 25 24 23 0.010 0.020 0.030
s 13 17, o
F & "Ovapor (%0) A" Ovapor (%e)

Figure S6. Subset of model solutions shown in Figure 6F for which Ajake <0.5185. Counts for @,
Xk, h, F, 8"'0vapor, and A’ Oyqpor are plotted as histograms; probability density functions are

shown as solid lines.

Manuscript for submission to Earth and Planetary Science Letters 55



A AYOe - A Ot = -11 per meg

4004 0.5252 +0.0042
Median + med. absolute dev

T T
1 |
1 1
1 L
1 |
I I
| i
1 1

0.510 0.515 0.520 0.525 0.530 0.535
)‘-Iake

B A"Ope - AV Opnigias = -26 per meg

>
-*3‘) 400+ 0.5243 +0.002

T T
| |
I I
I I
Median + med. absolute dev I I
I I
| |
1 1

0.510 0.515 0.520 0.525 0.530 0.535
)‘-Iake

C  A"Opye - A" Opniial = -76 per meg

400+ 0.522 +0.0014
Median + med. absolute dev

0.510 0.515 0.520 0.525 0.530 0.535
)‘-Iake

D A"Opke - A" Opniias = -111 per meg
600 4

>
-*3‘) 400+ 0.5214 +0.0011
Median + med. absolute dev

C
D 200 -

0.510 0.515 0.520 0.525 0.530 0.535

Iy
949 lake

950  Figure S7. Probability density functions illustrating the propagated error for Ak based on
951  Monte Carlo resampling (n= 10,000) using uncertainty in carbonate A''’O,sy (10 per meg) and

952 8804w (0.957%o), and precipitation A''7O (5 per meg) and 5130 (2.2%o). Panels illustrate the
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dependency of calculated Aike uncertainty on the magnitude that lake waters have evolved away

from input precipitation.

Supplementary Tables:

Table S1. Meteorological data, hydrogen and oxygen isotopes of precipitation samples from
Junin, Peru

Table S2. Surface water hydrogen and oxygen isotope data from the Lake Junin region
Table S3. Raw X-ray diffraction data for lacustrine and bedrock carbonates in the Lake Junin
region

Table S4. Reactor 6 triple oxygen data

Table S5. Reactor 8 triple oxygen data

Table S6. Reactor 9 triple oxygen data

Table S7. Reactor 10 triple oxygen data

Table S8. Summarized Reactor 6, 8, 9, and 10 standards

Table S9. Pooled standard deviation calculations for A'7O and A47

Table S10. Clumped isotope (A47) data for gases, carbonate standards, and samples

Table S11. Table of regressions for 8130 - ''70 in water datasets

Table S12. Observed Aike values from the Lake Junin region and compiled from literature
Table S13. Carbonate formation water A'7O calculations from Lake Junin region lacustrine
carbonates

Table S14. Calculated A"7Oyy using published values of Acalcite-water

Table S15. Description of parameters and values used in steady state lake balance equations
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Table S16. 5''80xycp calculations for Lake Junin Region lake waters, outflow rivers, and

lacustrine carbonates using modeled Aiake for different humidity conditions

Supplemental R Scripts:

Supplemental Script 1: Error propagation for §'%0 values of carbonate formation waters
(8'80:w) from carbonate 8'*Ocar, and A47 values

Supplemental Script 2: Lake isotope mass balance model
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