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Key points:

1. Lake carbonate A''’O and A47 constrain lake temperature and water balance histories in
ways that 8'30 records alone cannot resolve.

2. Carbonate A''7O records from 3 Andean lakes indicate that lake hydrology and regional
water balance track insolation across the Holocene.

3. Low A0 for reconstructed lake water indicates that greater evaporative conditions
correspond to weakened early and mid-Holocene SASM.
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Abstract:

Global climate during the Holocene was relatively stable compared to the late Pleistocene.
However, evidence from lacustrine records in South America suggests that tropical latitudes
experienced significant water balance variability during the Holocene, rather than quiescence. For
example, a tight coupling between insolation and carbonate §'%0 records from central Andean
lakes (e.g., Lakes Junin, Pumacocha) suggest water balance is tied directly to South American
summer monsoon (SASM) strength. However, lake carbonate 880 records also incorporate
information about temperature and evaporation. To overcome this ambiguity, clumped and triple
oxygen isotope records can provide independent constraints on temperature and evaporation. Here,
we use clumped and triple oxygen isotopes to develop Holocene temperature and evaporation
records from three central Andean lakes, Lakes Junin, Pumacocha, and Mehcocha, to build a more
complete picture of regional water balance (P—E). We find that Holocene water temperatures at all
three lakes were stable and slightly warmer than during the latest Pleistocene. These results are
consistent with global data assimilations and records from the foothills and Amazon basin. In
contrast, evaporation was highly variable and tracks SASM intensity. The hydrologic response of
each lake to SASM depends greatly on the physical characteristics of the lake basin, but they all
record peak evaporation in the early to mid-Holocene (11,700 to 4,200 years BP) when regional
insolation was relatively low and the SASM was weak. These results corroborate other central
Andean records and suggest synchronous, widespread water stress tracks insolation-paced
variability in SASM strength.

Keywords: Holocene, Andes, temperature, water balance, lacustrine carbonate, lake hydrology,
triple oxygen isotopes, clumped isotopes
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1. Introduction:

During the Holocene, the central Andes witnessed ecological turnover (e.g., Hansen et al.,
1994; Rozas-Davila et al., 2023; Schiferl et al., 2023), net loss of mountain glaciers (e.g., Rodbell
et al., 2008, 2009; Stansell et al., 2013, 2017; Palacios et al., 2020), and expansion of pre-
Columbian societies (e.g., Rademaker et al., 2014; de Souza et al., 2019; Riris and Arroyo-Kalin,
2019). Water plays a crucial role in these dynamics, such that hydrologic records from the
Holocene (11,700 years before present (i.e., “years BP”) to present day) provide insights into the
rise of modern environments and the sensitivity of these regions to global climate change
(Thompson et al., 1995; Cruz et al., 2005; Rodbell et al., 2022). Many studies have documented
the relationship between global climate and the central Andean water cycle during the Holocene
(e.g., Seltzer et al., 2000; Woods et al., 2020), as global insolation and high latitude feedbacks
control the position of the intertropical convergence zone and the convective strength of the South
American summer monsoon (SASM) (e.g., Vuille et al., 2012; McGee et al., 2014; Liu and Battisti,
2015; Woods et al., 2020). However, few studies document how local water balance (P—F) has
changed in response to SASM variability, such that we lack information about how local P—E
relates to global climate change (e.g., Ward et al., 2019; Woods et al., 2020).

The SASM is the primary atmospheric system in the tropical and subtropical latitudes of
South America (10 °N-30 °S) and conveys moist air masses from the Atlantic westward over the
Amazon basin and central Andes (Lenters and Cook, 1999; Vera et al., 2006; Garreaud et al., 2009;
Marengo et al., 2012). Convective intensity (i.e., SASM “strength) and geographic position are
controlled by meridional temperature gradients in the Atlantic, such that precession-paced changes
in insolation drive rainfall trends in the core monsoon region on millennial-orbital timescales
(Figure la) (Cruz et al., 2005; Liu and Battisti, 2015). SASM strength is greatest when southern
hemisphere summer (Dec—Feb) insolation is highest (i.e., the late Holocene) and weakest when
local summer insolation is low (i.e., the early Holocene) (Figure 1a) (Laskar et al., 2004; McGee
et al., 2014).

Oxygen isotopes (8!%0) of precipitation are a common tool used to explore water cycle
processes, including SASM dynamics, because isotopes integrate information about atmospheric
and terrestrial conditions (Craig, 1961; Dansgaard, 1964; Rozanski et al., 1993). For example, in
the monsoon region, the §!80 value of rainfall can be explained by Rayleigh distillation, whereby
precipitation 8'30 values reflect the degree of rainout at upwind sites. In South America, this leads
to a predictable, continental-scale pattern of decreasing precipitation §!80 values from east to west,
corresponding to progressive loss of the heavier isotopes. Under weak SASM conditions during
the early Holocene (e.g., 11,700 to 8,200 years BP), the continental 5'%0 gradient is weaker
compared to a relatively steep gradient under stronger SASM conditions during the late Holocene
(e.g., 4,200 years BP to present) (note, Holocene subepoch boundaries follow Cohen et al. 2013,
2023) (Vuille and Werner, 2005; Vuille et al., 2012; Liu and Battisti, 2015). Accordingly, proxy
records that reflect precipitation 830 values such as ice cores and speleothems have been used
extensively to reconstruct the strength and geographic footprint of the SASM over the Holocene.
For example, in the central Andes, ice core 3'®0 records from Huascaran ice cap (9 °S; Figure
1b,2) (Thompson et al., 1995) and speleothem calcite §'%0 from Huagapo cave (11 °S; Figure
1b,2) (Kanner et al., 2013) closely track 11 °S insolation during the Holocene (Laskar et al., 2004),
with the least negative 8'%0 values (weakest SASM) corresponding with the early-Holocene
summer insolation minimum and the most negative 3'*0 values (strongest SASM) corresponding
with peak summertime insolation in the late Holocene.
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Precipitation §!%0 values in the tropics have also been interpreted as reflecting rainfall
amount (i.e., the “amount effect”) at the collection site, where there is an inverse relationship
between precipitation amount and 8'30 value (Dansgaard, 1964). Although recent papers discuss
the challenges with invoking the amount effect to interpret precipitation §!%0 values in the tropics
(e.g., Konecky et al., 2019), for sites proximal to the Atlantic, there is some basis for relating local
880 to precipitation amount (Cruz et al., 2009; Liu and Battisti, 2015; Ward et al., 2019).
However, this mechanism is not well-established in the central Andes despite modeling efforts
(Vuille and Werner, 2005; Liu and Battisti, 2015), extensive modern precipitation data (Aron et
al., 2021b), and paleoclimate records (Ward et al., 2019; Woods et al., 2020). Instead, some studies
suggest SASM strength through the Holocene may have been decoupled from local moisture
availability in the central Andes (Vuille and Werner, 2005; Ward et al., 2019; Woods et al., 2020).
Therefore, in the central Andes, precipitation 5'*0 values do not offer strong, quantitative evidence
of past precipitation amount variations and provide little clarity as to how local P—E responds to
global climate change.

Developing local P—E histories depends on records that are sensitive to changes in water
balance, for example, lake levels and hydrology (e.g., Abbott et al., 1997; Placzek et al., 2006),
glacier extent (e.g., Stansell et al., 2013, 2017; Sagredo et al., 2014) and faunal assemblages (e.g.,
Hansen et al., 1994; Rozas-Davila et al., 2023). One region that has been extensively studied is the
Lake Junin region in the central Andes (approximately 10.5-11.5 °S; 75.5-76.5 °W; Figure 2).
Specifically, pollen and sedimentological records from Lake Junin provide evidence of a shift from
relatively dry conditions at the start of the Holocene (11,700 BP) to wet in the present (Hansen et
al., 1994; Weidhaas, 2017; Woods, 2021; Rozas-Davila et al., 2023; Schiferl et al., 2023). Other
studies have relied on isotopic records from Lake Junin to address P—E (Seltzer et al., 2000), as
lake water 3'%0 values increase with respect to precipitation 5'®0 values under evaporated
conditions and this signature is recorded by lake carbonate (e.g., Leng and Marshall, 2004; Gibson
etal., 2016). In a widely cited study, Seltzer et al. (2000) compared the carbonate 5'30 from Lake
Junin to the Huascaran ice core 8'80 record (which they interpret to more directly reflect
precipitation §'30) (Thompson et al., 1995) to estimate evaporative loss and observed a maximum
offset between the two records in the early Holocene followed by a steady convergence towards
present (Figure 1b). The authors attributed these results to a reduction in evaporative losses from
the lake over the Holocene and increasingly wet conditions under strengthening SASM (Figure 1).
Later studies replicate this approach by comparing the Lake Junin carbonate 5'*0 record to a
speleothem &'%0 record from Huagapo cave (Kanner et al., 2013) and to Pumacocha, a
hydrologically open lake (Bird et al., 201 1a), with similar interpretations of the Lake Junin 5'%0
record across all three studies (Figure 1,2).

Although the Lake Junin 8'®0 record is one of a handful of datasets frequently used as
evidence of P-E change in the central Andes, interpretations based on §!80 values rely on two
assumptions. The first is that the Lake Junin carbonate §'%0 record reflects only changes in
precipitation §'80 values and evaporation, not other factors like temperature and hydrology, which
are also known to affect carbonate 5'%0 values (e.g., Leng and Marshall, 2004). Without methods
to independently constrain temperature and lake water evaporation, the influence of these factors
on carbonate 8'30 has never been directly tested. The second assumption is that §'30 records from
Huascaran ice core, Huagapo cave, and Pumacocha lake carbonates reflect only changes in
precipitation 8!%0 values and that differences in site location, elevation, and archive type are
negligible. Studies that directly compare the different depositional settings could help establish the
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relationship between 5'%0 values recorded by lacustrine, cave, and ice archives, but parallel
campaigns to monitor site conditions and/or proxy system modeling (e.g., Dee et al., 2015, 2018)
have not yet been established. As a result, the timing and magnitude of P—E change in the Lake
Junin region remains unclear.

In this study, we develop a framework to evaluate P—F change from lake records using
carbonate clumped (A47) and triple oxygen (A'!0) isotopes, which are proxies for the temperature
of carbonate formation and degree of lake evaporation, respectively. We present new estimates of
Holocene lake water evaporative states and temperature from Lake Junin in order to test
longstanding interpretations of the carbonate 3'*0 record. We also present evaporation and
temperature records from Lakes Pumacocha and Mehcocha, two small, hydrologically open lakes
today, which are assumed to track precipitation 3'0 values across the Holocene. Finally, using a
lake water isotope mass balance model, we estimate hydrologic change in the three lakes and offer
new insights into the Holocene P—F balance of the central Andes.
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Figure 1: Summer insolation and hydroclimate records from the Lake Junin region and Cordillera Blanca (9—11 °S).
(a) Summer (Dec—Feb) insolation at 11 °S calculated based on orbital solutions of Laskar et al. (2004) using the R
package palinsol (Crucifix, 2016), with y-axis scale reversed. (b) Carbonate 5'30 records from Lake Junin (Seltzer
et al., 2000), Lake Pumacocha (Bird et al., 2011a, 2011b), and Huagapo cave (Kanner et al., 2013). The Huascaran

ice core 8'%0 record is plotted on the right-hand y-axis (Thompson et al., 1995). Epoch and subepoch boundaries
follow Cohen et al. (2013, 2023).
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Figure 2: Maps of the three lake basins discussed in this study: (a) Junin, (b) Pumacocha, and (c) Mehcocha.
Elevation contours shown at 200 m (a) and 100 m (b,c) intervals and thick black outlines denote the watershed
boundaries. Red circles in each panel show the approximate coring location at each lake. Inset map in (a), modified
from Google Earth, shows the location of the study area and other locations discussed in the text (Google LLC,
2022). Modified from Fig. 2 of Katz et al. (2023) and reprinted with permission of Elsevier.

2. Isotope Notation:
Isotope ratios are reported with respect to a standard in either “delta” (Eq. 1) or “delta
prime” (Eq. 2) notation:

80 = (XRsample/ XRstandard _1) Eq 1
8X0 = IH(XRsample/ XRstandard) Eq 2

Where R represents the measured ratio of heavy to light isotopes and X is the atomic mass
number of the heavy isotope. Both delta and delta prime values are reported in units of “per mil,”
%o, where Equations 1 and 2 are multiplied by 10°.

In a two-isotope system (e.g., '30/!%0) fractionation between forms or phases (i.e., A, B)
that contain the element of interest is expressed with the fractionation factor, a:

18 8RA
Op-B = P Eq. 3

In a three-isotope system (e.g., 130/!%0, 170/!'%0) fractionation factors among isotopologues
are related by a power law (Matsuhisa et al., 1978; Young et al., 2002):
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Voas = (Banp)’ Eq. 4

Where 6 represents a fractionation exponent for a discrete process such as water vapor
diffusion (fqifr) or equilibrium exchange (6eq). For processes that may be a combination of discrete
fractionation steps, e.g., lake water evaporation, the term A is used instead of 6 (e.g., Aiake).

The term A’'70 is defined as:

A0 =810 — Arer * 8'180 Eq. 5
and commonly reported in units of “per meg” where Equation 5 is multiplied by 10°. In
hydrologic studies, the reference slope in 8''80-8'!70 space, A, is commonly defined as 0.528
(Luz and Barkan, 2010). This definition is useful in hydrologic studies because the liquid water—
water vapor equilibrium fractionation exponent, 8. = 0.529 (Luz and Barkan, 2005), is similar to
Aret, such that Arr closely approximates the slope of Rayleigh processes and the slope of the Global
Meteoric Water Line (= 0.528) (Luz and Barkan, 2010; Terzer-Wassmuth et al., 2023). Other
processes, such as diffusion of water vapor through air, follow a shallower slope in 8''80-8''70
space where Gairr = 0.5185 (Barkan and Luz, 2007). Evaporation involves both diffusion of water
vapor and equilibrium liquid water—water vapor exchange, and the distinct Gairr value leads to
modification of the A’'7O values in water bodies that have experienced evaporative losses.

In carbonate materials formed in equilibrium with formation waters, the fractionation
factor between water and calcite, 'ocalcite-water, 1S temperature dependent (Kim and O’Neil, 1997).
Carbonate “clumped isotopes” provide carbonate formation temperatures and can be used to
constrain 8'30 values of formation water. The stochastic abundance of random “clumps,” or bonds
between two heavy isotopes, e.g., 13C-'30, can be predicted based on sample 3'*C and 5'¥0 values.
However, in line with thermodynamic predictions, the measured abundance of “clumps” exceeds
the stochastic abundance at Earth’s surface conditions (Wang et al., 2004; Schauble et al., 2006).
This difference, A47, is inversely proportional to formation temperature and independent of sample
813C and 8'80 values. A47 can be defined as:

R47 R46 R45
A7 = [(R47* B 1) - (R4-6* B 1) B (R45* B 1)] Eq. 6
where stochastic ratios are marked with “*”. Clumped isotopes have been used to infer
formation temperatures, 7A47, from various types of natural carbonates, including lake carbonates
spanning a broad range of climatic settings and hydrologic configurations (Huntington et al., 2010,
2015; Hren and Sheldon, 2012; Horton et al., 2016; Passey and Ji, 2019; Santi et al., 2020; Fetrow
et al., 2022; Katz et al., 2023).

3. Foundation and interpretive framework:
3.1. Lake water balance
The water balance of lakes can be described as the volumetric proportion of inputs and
losses to the lake basin. In most lakes, direct precipitation and catchment runoff constitute the
primary inputs (/), while evaporation (£) and outflow (O) constitute the major losses (Figure 3).
Over a time interval of interest, the mass-balance of lakes can be described as a “steady
state” system if the volumetric ratio of inputs equals losses:
I=E+0 Eq. 7
Likewise, steady state conditions also conserve the isotopic mass balance of lakes (Criss,

1999):
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In a well-mixed lake, it is assumed that the isotopic composition of lake water, Riw, equals
Ro.

In this study, we group lakes into two hydrologic categories, open and closed, differentiated
by the proportion of water loss via evaporation, relative to the total incoming water (Figure 3). The

proportion of evaporation to inputs can be expressed numerically as X:
E

XE = 7 Eq 9

Under this definition, closed basin lakes have Xg values of 1, reflecting a hydrologic
endmember where all losses are via evaporation. Open lakes have Xg values <1 and have a portion
of their water loss via outflow; they can be further differentiated as outflow-only (Xt = 0), outflow-
dominated (0 < Xg < 0.5), and evaporation-dominated (0.5 < Xg < 1) (Figure 3).

Within a region of uniform climate conditions, lakes can exist along a hydrologic spectrum
due to variability in basin (e.g., size, topography) and lake (e.g., surface area, depth)
characteristics. Over time, changes in regional water balance will also drive hydrologic change
among lakes; under more positive water balance conditions (i.e., “wetter’’) lakes will shift towards
a greater proportion of inflow (lower Xg), whereas in negative water balance conditions lakes will
shift towards a decreasing proportion of outflow (i.e., “drier,” higher Xg).

The isotopic composition of lake water, Riw, is highly sensitive to lake hydrology (i.e., Xg)
(Herwartz et al., 2017; Gazquez et al., 2018; Passey and Ji, 2019) and can be calculated as:

OeqRI [agisrf(1—h)+h(1-F)]+ OeqhXERAF

R —
Iw Xg+0eq(1-Xg) [agiff(1-h)+h(1-F)]

Eq. 10

Equation 10 (e.g., Benson and White, 1994; Passey and Ji, 2019) describes a steady state
lake where acq is the temperature-dependent equilibrium exchange between water at the lake
surface and atmospheric water vapor (Majoube, 1971) and agisr is “diffusion” of lake water into
the unsaturated atmosphere. For '80/1%0, Ba i values can range between 1 (for non-fractionating,
turbulent conditions) and 1.02849 (for molecular diffusion; Merlivat, 1978). Therefore, a4t can
be calculated as "aqirr = 1.02849® + (1 — @), where @ is the relative proportion of diffusive to
turbulent transport of water vapor during evaporation (Passey and Ji, 2019). Relative humidity
normalized to lake surface temperature is represented by 4 and F is the fraction of atmospheric
vapor derived from distal sources versus the lake itself (where 1 and 0 represent exclusively distal
and lake-derived sources of atmospheric vapor, respectively). Assuming that Ra, the isotopic ratio
of atmospheric vapor, is in equilibrium with Ry, aeq can be used to calculate Ra. However, note
that this approach does not explicitly account for the effect of evaporation on Ra when F < 1, nor
does it account for the possibility that atmospheric water vapor was derived from a different source
or a mixture of sources (e.g., Aggarwal et al., 2016; Aron et al., 2021b).
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Figure 3: Schematic showing the spectrum of lake hydrology from open basin lakes to closed basin lakes. From left
to right, the proportion of loss via evaporation and outflow increases and decreases, respectively. Xk is the
volumetric proportion of evaporation (£) over inputs (/), see Equation 9 and associated text for more information.

3.2. A system for interpreting lake carbonate isotope records

Lake carbonate 880 records have been used to build hydroclimate records for many
decades. However, the process of translating carbonate proxy data into information about past
environmental conditions is rarely straightforward because carbonate &'30 values can be
influenced by precipitation dynamics, moisture source variation, lake water evaporation, and
mineralization temperatures (Figure 4) (Leng and Marshall, 2004; Horton et al., 2016; Gibson et
al., 2016). In this study, we explicitly account for lake temperature and evaporation using a multi-
proxy isotope approach (i.e., A47, A’'70; see Figure 4). This coupled hydrologic and isotope mass
balance approach allows regional rainfall processes to be decoupled from local water balance (i.e.,
P-F) and temperature.

Figure 4a illustrates the two primary controls on the isotopic composition of lake waters:
the isotopic composition of water entering the lake (8'0r) and evaporation (Leng and Marshall,
2004; Horton et al., 2016; Gibson et al., 2016). The relationship of these two variables to lake
water 880 (8'%0u) values is shown by Equation 10 (880w = "®*Riw/"® Rsmow —1). Logically, it
makes sense that 5'30; values strongly influence 8301y values and that changing 5'0; values will
translate to a corresponding change in 5'*0 values (Figure 4b). Principally, 8'80s reflects water
cycle processes on a regional scale and is strongly related to upwind processes including Rayleigh
distillation or conditions at the moisture source (Dansgaard, 1964; Gat, 1996). Unlike §'%0,
Rayleigh distillation has little effect on A’'7O values of precipitation (Figure 4b) (Aron et al.,
2021a).

Lake waters can also experience evaporation, which selectively removes light isotopes into
the unsaturated atmosphere while heavy isotopes become concentrated in the remaining lake water
(Figure 4c). As a result, evaporated 5'¥Ony values are higher compared to 8'30; values (Figure 4c¢)
(Leng and Marshall, 2004; Horton et al., 2016; Gibson et al., 2016). Lake water A’'’O values
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become lower compared to input water as the slope of evaporation in 8''%0-8"170 space is lower
than Ae.r (e.g., Gazquez et al., 2018; Passey and Ji, 2019). In hydrologically open lakes where Xt
approaches 0 and evaporation is not a significant water balance component, 5'*0y, values will be
close to 8'%01. As the role of evaporation increases (i.e., as Xg increases), so too will the isotopic
offset of 8!801 and §'80; (Figure 4c). Similarly, A"'7O is closest to A’'’O; when Xg approaches
0 and is much lower than A’'7O; when Xt >> 0 (Figure 4¢) (Gazquez et al., 2018; Katz et al., 2023).

For ancient lake systems, we often lack information about 8'30; and/or evaporation, so it
is difficult to understand how each component individually contributes to §'30y values (Leng and
Marshall, 2004). However, because A''’O is highly sensitive to evaporation but is relatively
insensitive to Rayleigh processes (Figure 4b,c), it is an ideal tool to constrain lake hydrologic
balance and has been successfully applied to a number of modern and paleo lake systems
(Herwartz et al., 2017; Gazquez et al., 2018; Passey and Ji, 2019; Ibarra et al., 2021; Voigt et al.,
2021; Katz et al., 2023).

Another challenge in studying ancient lake systems is that ancient lake water cannot be
measured directly, therefore, we must instead rely on isotope records from authigenic minerals
that track changes in §'80yy values (Figure 4). Carbonate §'0 (5'%0c) values are related to §'8On
values by the temperature dependent fractionation factor (*®ocaicite-water) (Kim and O’Neil, 1997)
which can be determined from carbonate clumped isotope formation temperatures (7A47) (Figure
4d). Together, the combination of §'30¢ and TA47 can be used to constrain §'%0y, values and to
develop surface temperature records from lacustrine sediments (Huntington et al., 2010, 2015;
Hren and Sheldon, 2012; Horton et al., 2016; Passey and Ji, 2019; Santi et al., 2020; Fetrow et al.,
2022; Katz et al., 2023).

When used in tandem, 8'%0, TA47, and A''’O can be used to develop more robust
hydroclimate records that improve upon interpretations based only on carbonate §'30 values
(Figure 4) (Passey and Ji, 2019; Katz et al., 2023). In Sections 7.1 and 7.2, we apply new TA47 and
A0 data to this framework to evaluate the temperature and hydrologic influences on carbonate
880 records from Lakes Junin, Pumacocha, and Mehcocha.

10
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Figure 4: (a) Schematic representing three important processes that influence the isotopic compositions of lake water
(3"'®0Ow) and carbonates (8''*Oc): (b) rainfall processes and moisture source conditions, (c) evaporation, and (d)
mineralization. Note: not to scale.

4. Study area:
4.1. Regional climate and geologic overview:

The Lake Junin region in the Andean Cordillera sits at an elevation of >4,000 meters above
sea level (masl) (Figure 2). Mean annual air temperature in the region is 6.5 °C and diurnal
temperature swings (ca. 0—15 °C) greatly exceed variations in average monthly temperatures.
Modern precipitation is highly seasonal; ~70% of annual precipitation (900—1,000 mm) occurs in
October—April during the strengthened phase of the SASM (Garreaud et al., 2009; Marengo et al.,
2012; SENAMHI, 2023). Annual potential evapotranspiration is 525-550 mm/year and relative
humidity is consistently 70-90% (SENAMHI, 2023; Katz et al., 2023). The three study lakes are
all located in the upper headwaters of the Amazon Basin. Outflow from Lakes Junin and Mehcocha
enter Rio Mantaro, and Pumacocha feeds Rio Huachén (Figure 2); eventually, these rivers
converge in the Andean foothills and feed the Amazon River in northeast Peru.

Bedrock in the Lake Junin region is primarily Triassic—Jurassic aged marine carbonate
from the Pucard Group with some exposure of Permian sandstones (Mitu Group) and
Carboniferous carbonates and sandstones (Tarma and Ambo Groups; Ministerio de Energia y
Minas, 1979b, 1979a, 1979c¢; Cobbing et al., 1996). High bicarbonate concentrations in surface
waters results in carbonate production in many lakes throughout the region (Flusche et al., 2005).

4.2. Lake Junin:
Lake Junin is located north of Junin, Peru on a high elevation plateau (4,080 masl, Figure
2a). Alluvial fans and glacial outwash form the northern boundary of the basin and prominent

Pleistocene glacial moraines are present east of the lake (Hansen et al., 1994; Seltzer et al., 2000;
Smith et al., 2005; Woods et al., 2020; Rodbell et al., 2022).
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Lake Junin covers a large, ~300 km?, surface area that represents approximately one third
of the total catchment area (Seltzer et al., 2000; Woods et al., 2020). Maximum water depth is 8-
12 m, such that the lake surface area to volume ratio is high (~125:1). Accordingly, the lake is
highly sensitive to both evaporative water losses and outflow via the Rio Mantaro (Figure 2-3,4c).
Precipitation, runoff from the catchment, and groundwater springs along the southwest shore
constitute the major volumetric inputs to Lake Junin (Flusche et al., 2005). Directly downstream
of Lake Junin, a hydroelectric dam has modified natural lake hydrology since the 1930s, however,
we expect that under modern precipitation and climate conditions, lake hydrology would remain
open throughout the year, though could become seasonally closed basin during the winter dry
season. Despite these fluctuations, the lake can be considered in steady-state on interannual
timescales.

The sediment core used in this study was collected from Lake Junin in 1996 at the western
margin of the lake (Figure 2a). The top 11 meters of the core are composed of laminated marl
which was analyzed for carbonate 880 by Seltzer et al., (2000) and reflects continuous
sedimentation over the last 21,200 years, based on radiocarbon dating.

4.3. Lake Pumacocha:

Pumacocha is located ~40 km northeast of Junin in the eastern Andean Cordillera. The
small, deep lake (Figure 2a.b; surface area: 0.1 km?; depth: 23.5 m; elevation: 4,300 masl) fills a
glacial cirque. Pumacocha’s lake surface area to volume ratio, ~42:1, is much lower than at Lake
Junin. The major water balance components of the lake are precipitation, catchment runoff, and
outflow. Today the ratio of evaporation to inputs in this system is very low (Bird et al., 2011b,
2011a), such that X is close to 0 and the lake is hydrologically open basin (Figure 3, see Section
3.1,4.5).

Sediment cores from Pumacocha were collected between 2005-2008 and analyzed for
carbonate 5'%0 values by Bird et al. (2011b, 2011a). Core age models date the base of the core to
~10,000 years BP and were determined by a combination of '*’Cs, varve counting, and radiocarbon
dates (Bird et al., 2011b, 2011a). Authigenic carbonate and bands of organic material are present
throughout the core and glacial clays are present at the base, representing the formation of the lake
post-Holocene deglaciation (Bird et al., 2011a).

4.4. Lake Mehcocha:

The formal name for this lake is Catucana, but we use an informal name, “Mehcocha,” here
for consistency with prior studies (e.g., Katz et al., 2023). Mehcocha is located ~12 km southwest
of Junin in the western Andean Cordillera (elevation: 4,355 masl). The catchment is composed of
two sub-basins which are connected by a narrow straight (Figure 2c). The total surface area for
both sub-basins is 0.2 km? and maximum water depths are 25.5 m and 12.4 m in the upper and
lower sub-basins, respectively. Similar to Pumacocha, Mehcocha has a low surface area to volume
ratio at ~50:1. The primary water balance components are precipitation, catchment runoff, and
outflow; evaporation is low and the lake is an open basin with Xg near 0 (Figure 3, see Section
3.1). Construction of a road during historical times modified the natural lake outflow, but we
assume this had negligible impacts to lake hydrology.

In 2015, stratigraphically overlapping sediment cores were collected from two locations in
the lower sub-basin using a lance-driven piston corer deployed from a floating platform on the
lake surface. We focus our analyses on core C-15, which was collected from a water depth of 12.4
m, spans 10.1 m of stratigraphy, and terminates on a gravelly-clay glacial till unit that confirms

12
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complete recovery of the postglacial sequence. Holocene sediments at this site are predominantly
low density (~0.2 g/cm?), organic-rich (organic matter weight percent values from ~20% to ~60%),
dark brown to brown, banded muds with intervening units of coarse carbonate sand and shell
fragments.

4.5. Prior hydroclimate interpretations based on carbonate 320

The three lakes in this study represent a range of open basin hydrologic configurations, as
defined in Section 3.1, from outflow-only at Pumacocha and Mehcocha to outflow-dominated at
Lake Junin (Figure 3). Consistent with the framework outlined in Section 3.2, the modern lake
water isotope composition reflects both the isotopic composition of input waters and hydrology
(i.e., Xg; Figure 4). Specifically, input and lake water isotope values are most similar under low
evaporation conditions and become dissimilar as evaporation leads to enrichment of heavy
isotopes in lake water. Modern lake waters at Pumacocha and Mehcocha have 6'*0 and A''70
values identical to mean annual precipitation, consistent with outflow-only lakes as shown in
Figure 4b,c (Bird et al., 2011b, 2011a; Katz et al., 2023). Lake Junin lake water 6'%0 and A''70O
values are higher and lower, respectively, than mean annual precipitation due to evaporation
(Figure 4c) (Flusche et al., 2005; Katz et al., 2023).

Previous workers have leveraged these differences in modern hydrology when interpreting
the Holocene carbonate §'%0 records from these lakes. At Pumacocha, carbonate 8'%0 values
decreased steadily from ca -10 %o in the early Holocene to ca -15 %o (VPDB) in the late Holocene
(8"801ate—8"3Ocarly = -5 %o; Figure 5b) (Bird et al., 2011b, 2011a). This trend is interpreted as a
decrease in 6'%0y values by the same magnitude caused by an insolation-driven increase in SASM
strength over the last 10,000 years (Bird et al., 2011a). To a first order, this interpretation is
consistent with the steady decrease in 880 values observed both at the nearby Huagapo Cave
(from -14 to -11 %o VPDB; 8'¥01ate—8'8Ocarly = -3 %o0) (Kanner et al., 2013) and Huascaran ice core
(from -19 to -16 %o, VSMOW; 8'80141¢—8'8Ocarty = -3 %0) (Thompson et al., 1995), which reflects
increasing SASM convective activity (Figure 1). Lake hydrology and temperature are not thought
to influence the carbonate 6'%0 trend (Figure 4), and it is assumed Pumacocha remained open basin
through the Holocene (Figure 3,4). However, these assumptions have not been tested by isotopic
approaches that can independently resolve changes in lake hydrology, temperature, and input 5'*0
values (i.e., Section 3.2, Figure 4).

Unlike Pumacocha, the influence of evaporation on both modern lake water balance and
isotopic composition is well-documented at Lake Junin (Section 3; Figure 3.4) (Flusche et al.,
2005; Katz et al., 2023). Compared to the Holocene records from Pumacocha, the Lake Junin
carbonate 8'%0 record is higher by +7 %o in the early Holocene before steadily decreasing to +2
%o higher in the late Holocene (Figure 5b) (Seltzer et al., 2000; Bird et al., 2011b, 2011a). In
previous studies, the offset was entirely attributed to a decreasing proportion of evaporative loss
from the lake and increasingly positive water balance (i.e., P—E) associated with increasing SASM
strength over the Holocene (Figure 3,4) (Seltzer et al., 2000; Bird et al., 2011b, 2011a; Kanner et
al., 2013). Accordingly, this interpretation implies local water balance is in-sync with global
climate drivers (i.e., insolation). However, these interpretations have relied on the assumption that
the 880 offset between Lake Junin and other records only reflects changes in local P—E and they
hypothesize that other factors that can affect carbonate or ice 8'0 values, including temperature
or local basin dynamics, were minimal relative to the effects of evaporation (Figure 4) (Kanner et
al., 2013; Bird et al. 2011; Seltzer et al., 2000), which is sometimes at odds with the original
interpretation of the records (Thompson et al., 1995).
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5. Laboratory methods and data processing:
5.1. Radiocarbon dating and age models
We present an updated Bayesian age model for the Lake Junin core (Figure S1-S2; Table
S1-S3) based on a combination of the radiocarbon dates presented by Seltzer et al. (2000) and 11
new radiocarbon dates. We also present radiometric dates (Table S4) and a Bayesian age model
(Figure S3-S4; Table S5-S6) for the Mehcocha sediment core. Additional methodological
information related to radiocarbon dating and age models is provided in Text S1.

5.2. Analytical preparation for A47 and A''7O analysis:

We sampled the lake cores from Lakes Junin, Pumacocha, and Mehcocha at approximately
1,000-1,200 year intervals from the start of the Holocene (11,700 years BP) to the present (Table
1). Two additional samples were selected from Lake Junin during the latest Pleistocene (17,210
and 12,870 years BP; Table 1). To the greatest degree possible, the Holocene samples were
collected from contemporaneous time intervals to facilitate direct comparison among the three
lakes.

Bulk sediment samples were treated overnight with 7% hydrogen peroxide to remove
organic matter via oxidation. Sediment was then rinsed through a 63 pm mesh, retaining the <63
um size fraction for isotopic analysis. Samples were dried at 50 °C for several days. A mortar and
pestle were used to homogenize sediment prior to analysis. The processed material is light colored
(ranging from white to light grey) and void of macroscopic shell or plant materials. In some
samples, the process yielded insufficient carbonate material for analysis.

5.3. Isotope analyses:

5.3.1. Carbonate Clumped Isotopes:

Carbonate clumped isotope measurements were made at the University of Michigan (UM)
Isotopologue Paleosciences Lab (IPL). We follow the approach described by Passey et al. (2010).
To summarize this procedure, carbonate first is digested in a common acid bath containing >100
wt% phosphoric acid at 90 °C, producing CO; and H>O. The latter is trapped cryogenically (via a
water trap held at -78 °C) and after passing through this first trap, CO is collected in a second trap
held at liquid nitrogen temperature (-180 °C). After isolating the purified CO,, the sample is thawed
and passed through a gas chromatograph held at ca. -20 °C (via a He carrier gas) to further purify
the sample before recollection on a final trap held at liquid nitrogen temperature. The high purity
CO; gas is then introduced to a Nu Perspectives isotope ratio mass spectrometer for analysis in
dual inlet mode. Sample gas was measured 40 times (50 second integration; m/z 44—49) and
laboratory working gas was measured before and after each sample measurement. From these
measurements, we calculate §'°C, 880 and A4; values versus laboratory working gas using
Brand/IUPAC parameters (Petersen et al., 2019).

Data corrections are performed using a mixed correction of both equilibrium CO- gases
and carbonate standards run within the same analytical session as samples. Equilibrium gas
standards of two distinct 8'3C and 8'30 compositions were introduced to the same sample prep
line as used for carbonate samples. Low temperature equilibrated gases were thermally
equilibrated in a 30 °C water bath. High temperature equilibrated (i.e., “heated”) gases were
generated “on-line” from the same equilibrated gas reservoirs, but with the gases being passed
through a furnace held at 1000 °C immediately prior to analysis (upstream of the gas
chromatograph cleanup step) to produce a stochastic distribution of 3C-'30 bonds. We also
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analyzed carbonate ETH (ETH1-4) and IAEA (IAEA-C1 and IAEA-603) standards using the same
in-line sample preparatory line and following the same procedure as for samples. Carbonate §!*C
and 8'30 values were standardized to the VPDB reference frame using known values of ETH1-4
(Bernasconi et al., 2018) and IAEA reference materials (assuming IAEA-CI1 is isotopically
identical to [AEA-603) (Assonov et al., 2020). Measured A47 data were projected to absolute values
(A47 1cDES90) following the approach of Daéron et al. (2016) using measurements of equilibrium
gases and ETH1-3 carbonate standards. Finally, we plotted residual A4; values of ETH4, IAEA-C1,
and TAEA-603 from accepted values to assess and correct for in-session offsets and drift.

5.3.2. Triple Oxygen Isotopes:

Triple oxygen isotope measurements were made at the UM IPL. We use a three-step
process to convert carbonate to O> as outlined by Passey et al. (2014) and Ellis and Passey (2023).
First, carbonate is digested in H;PO4 in a common acid bath at 90 °C and resultant CO; is purified
using the same approach as described above for clumped isotopes (e.g., digestion biproducts are
removed cryogenically and by passage through a GC column) (Passey et al., 2010). Next, CO:
undergoes methanation to produce H>O. This is accomplished by reacting CO> with excess H» over
an Fe catalyst held at 560 °C. Lastly, the H2O is transferred via He carrier gas through a cobalt
trifluoride reactor (CoFs, 360 °C). The O analyte produced by fluorination is purified via gas
chromatography and cryogenic separation prior to introduction to a Nu Perspective isotope ratio
mass spectrometer. Sample analysis consists of 40 measurements of sample and reference gas,
with each gas measurement consisting of a 50 second integration over an m/z range of 32-36.

Samples were analyzed concurrently with water standards VSMOW?2 and SLAP2, and
carbonate standards IAEA-C1 and an in-house groundwater carbonate standard (102-GC-AZO01).
Data normalization is carried out over the lifetime of each cobalt trifluoride reactor (replaced every
~200 analyses) with VSMOW?2 and SLAP?2 typically run in the beginning, middle, and end of each
reactor. Sample data are first normalized to the VSMOW-SLAP scale as outlined by Schoenemann
et al. (2013; 8'"¥0Ovsmow= 0.000 %o; 8'80sLap2= -55.500 %o; A" "Ovsmow and A"V 7Oscapz = 0 per
meg) and a linear drift correction is applied across the reactor. This yields normalized values for
an O, analyte. To determine A’'7O values of carbonate, we assign A''’O values of IAEA-CI to the
values reported by Wostbrock et al. (2020) (-100 per meg) following methods outlined in Huth et
al. (2022).

6. Results:

Mehcocha carbonate 8'3C and 'O values range from -3.4 to 0.6 %o and -14.1 to -9.8 %o,
respectively (VPDB) (Table S6, Figure 5, S3-S4).

Carbonate clumped isotope data, §'3C, 8'%0, A47, are reported in Tables 1 and S7.
Carbonate 5'30 data are also shown in Figure 5b. Clumped isotope formation temperatures (7A47
values) were calculated from A47 values using Equation 1 of Anderson et al. (2021) and range from
3.7 to 14.9 °C across all lakes (Table 1, S7; Figure 5c).

Carbonate triple oxygen isotope data, 8’70, §''0, A''70, are reported in Tables 1 and S8.
Carbonate 810 and A’'7O values at Pumacocha and Mehcocha range from 16.5 to 19.7 %o and -88
to -63 per meg (VSMOW-SLAP) and at Lake Junin range from 19.0 to 28.2 %0 and -82 to -107
per meg (VSMOW-SLAP), respectively.

We also calculated reconstructed lake water 8''*0 and A"'70 (8''80nw; A’'7Onw) values
(Table 1, S7). 8®0uw values were calculated from carbonate §'80 values using '3ctcalcite-water (Kim
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and O’Neil, 1997) and temperatures derived from A47 values. 8 '30nw values at Pumacocha and
Mehcocha range from -14.9 to -11.7 %o and at Lake Junin range from -12.1 to -3.9 %o (VSMOW;
Figure 5d). A''"Ouw values were calculated using a Acacite-water value of 0.5250 (Huth et al., 2022).
A"VOny, values at Pumacocha and Mehcocha are 6 to 30 per meg and at Lake Junin are -13 to 11
per meg (VSMOW-SLAP; Table 1; Figure 5e).

Propagated uncertainty was calculated for both &''#Oyw and A''7Opy values using a Monte
Carlo resampling approach. For &''®Ouyw values, the average and 1 ¢ standard error of 3'*O¢ and
TA47 values (calculated from replicate analyses) were used to resample 10,000 values for both
populations; new '8cicaicite-water values were calculated from TA47 values and applied to §'80c values
to determine &''®0uw values. The 1 o standard deviation of the resampled &''®Oyyw population is
reported in Table 1. The propagated uncertainty for A’'7Onyw was calculated similarly using the
A'V"Oc and 8''*0Oc¢ values from triple oxygen isotope analyses and TA47 values (Table 1; Figure
5E).
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546 Table 1: Sample information and summarized carbonate isotope data from Lakes Junin, Pumacocha, and Mehcocha

Derived from clumped isotopes

Derived from triple oxygen isotopes

No. 170 180y 170 170y 117, &
Comp | Age rep. s8cc | 8%cc | 8%0c | 8%0c Asr .cﬁ:-:qu - TAs 30mt | s 5 (%(" 3"70c 5 (%(" 3"%0c (pAer [(::g' ?6 SODL (Ap erO.:Zg‘ A0
A s i N N ; ;
Sample ID Depth l(;y; 3:3 (/) Vi"}lﬁ;i} 1o%sn vg]ﬁ;i; 14;{:1) lu‘;:w D cor | 1 gl) vsﬁﬁ:)’w e th VSMOW 14;51) VSMOW 14;51) veMow er i 16 SD
(em) )| A ) | G )| o | |G o) V| e | stan | %0 | atap | O | Sap) | mesy | -stapy | @ermes)

Junin (1105 °S, 76.12 °W, 4080 masl)
Junin D4 10.0-
150 0mm 110 1134 3/2 4760 0054 | -10812 | 0.026 0.637 0.008 11.4 24 -11.361 0307 9.943 0.504 18.986 0.962 82 4 11 3
Junin D5 30.0-
350 e 230 2299 4/2 5317 0.111 9343 | 0.049 0.651 0.016 7.4 44 -10.790 0.505 10.862 0.070 20.749 0.132 93 0 2 2
{“5“6“036 10.0- 310 3322 4/2 7.022 0.100 | -7.362 | 0.050 0.657 0.016 5.6 4.6 9.201 0.532 12.526 0.073 23.913 0.121 -100 9 3 7
Junin D7 8.0-
130 e 408 4536 3/2 11.023 0064 | -5476 | 0.053 0.638 0.018 1.1 5.1 -6.050 0.650 13.427 0.145 25.633 0.263 -107 6 -14 5
Junin DS 30.0-
350 em 530 5923 4/2 11398 | 0137 | -5963 | 0.059 0.650 0.021 7.8 6.0 -7.303 0.686 13272 0.013 25.333 0.029 -104 2 -9 3
Junin D9 30.0-
350 e 630 7241 4/2 13212 | 0062 | -4793 | 0.047 0.649 0.015 7.9 43 -6.098 0.491 13.750 0.194 26.245 0379 -108 5 12 4
{“2“6“03 107.0- 724 8762 3/ 13710 | 0.115 4243 | 0.028 0.643 0.016 9.6 45 -5.159 0.583 - - - - - - - -
;“8“6‘_‘82100“]1 795 9912 4/2 14.149 | 0.103 3597 | 0.044 0.634 0.017 12.4 5.1 -3.886 0.559 13.995 0.592 26.704 1117 -105 2 13 2
Junin D11
10.0015.0 cm 810 10276 | 4/1 15510 | 0171 2906 | 0.055 0.646 0.023 9.0 6.6 3.959 0.734 14.792 - 28211 - -104 - -9 -
g“;&‘_‘;; l()lcm 888 12873 | 3/2 11912 | 0039 | -5253 | 0.092 0.664 0.009 3.7 23 -7.536 0313 13.020 0314 24.852 0.598 -102 2 4 2
3)“1“6‘_‘92102“]1 991 17214 | 3/2 3.792 0017 | -10350 | 0.042 0.655 0.010 6.1 2.7 -12.104 0359 11.025 0.052 21.054 0.104 92 2 5 2
Pumacocha (10.699 °S, 76.061 °W, 4300 masl)
Pumacocha A- 124.2 1243 3/4 -3.186 0009 | -13864 | 0.107 0.636 0.010 11.8 2.9 -14.365 0.370 8.643 0.150 16.487 0.288 63 5 30 3
05 D2 38.75 cm 5
Pumacocha A- 1958 | 2405 2/2 3253 0.000 | -13362 | 0.148 0.640 0.007 10.4 2.0 -14.173 0327 9.120 0.876 17.400 1.658 67 1 26 1
05 D3 49.65 cm 5
Pumacocha A- 2833 1 352 3/2 3.220 0.026 | -13.110 | 0.108 0.649 0.009 7.9 2.6 -14.476 0343 9328 0.192 17.791 0353 66 6 30 4
05 D5 26.25 cm 5
Pumacocha A- 307\ 4508 3/3 -3.119 0015 | -13.017 | 0133 0.633 0.006 12.6 18 -13.338 0.241 9.092 0.579 17.361 1.099 -75 11 17 6
05D6 11 cm 0
Pumacocha E- 3984 | sgon 473 -2.600 0059 | -12502 | 0.076 0.638 0.021 111 62 -13.145 0.675 9.719 0307 18.551 0.588 -75 4 18 3
06 D3 38.75 cm 5
Pumacocha E- 3041 9133 3/4 2221 0.024 | -11.903 | 0.054 0.625 0.007 14.9 2.0 -11.707 0250 9.825 0238 18.768 0452 -84 8 6 4
06 D3 76.75 cm 5
Pumacocha E- 515.5

9363 4/3 2232 0.050 | -10.682 | 0.064 0.648 0.016 8.4 4.6 11919 0.521 10.306 0.166 19.658 0.309 73 4 21 3
06 D4 59.25 cm 5
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Derived from clumped isotopes

Derived from triple oxygen isotopes

No. 10 180y« 170 170 117 &
Comp | Age rep. s8cc | 8%cc | 8%0c | 8%0c As Ao n TAs 30mt | e, 5 %O° 3"70c 5 %O° 3"%0c A™Oc ? SODL ATOm ™| prg,
Sample ID Depth (yr A/ (%o, 16 SD (%o, 16SD | 1cpEss '1‘;“5‘]9)“ (°C;7* 16 SD (%o, s S‘D“ vsng’)w 16 SD vsng’)w 16 SD (\‘,’;;4"(')““%; (‘;)er (\'/)ga"(l)e\gv’ 16 SD
(cm) BP) Aana? VPDB) (%) | VPDB) | (%) (%o) o ©€c) | vsMow) o SLAP) (%o) SLAP) (%o) SLAP) meg) SLAp) | (ermep)
Mehcocha (11.255 °S, 76.035 °W, 4355 masl)
1542611050:.[}]1:\ C15 115 1238 3/2 -2.728 0.232 -13.756 0.028 0.641 0.013 10.2 3.8 -14.624 0.484 8.662 0.098 16.543 0.196 -73 6 21 4
Ig[:l;(;ozl}:\ C15 333 3524 3/2 -2.085 0.051 -13.732 0.074 0.646 0.009 8.9 2.6 -14.897 0.337 8.722 0.060 16.653 0.105 -70 4 24 3
Ig[gg(;ozl}: C15 523 5884 3/2 -1.619 0.202 -12.484 0.032 0.644 0.017 9.3 4.8 -13.532 0.616 9.307 0.048 17.781 0.091 -81 1 13 2
Mehcocha C-15 s
D755 cm 655 7oL | --/1 - - - - - - - - - - 8.943 - 17.103 - 88 , 78 =
Iglget;csoc:ha C-15 75 9350 /2 B . . . . . - - - - 9.724 0.126 18.560 0.229 -76 5 1% -
cm
547
T Calculated using Anderson et al., 2021, Equation 1.
f Calculated from §'30c and "Sctcalcite-water derived from TA47 from Kim and O'Neil, 1997.
#Propagated uncertainty based on clumped isotope 8'*Oc and TA47 values.
& Calculated from 8'*Oc and 8'"Oc values derived from triple oxygen isotope analysis and using Acalcite-water = 0.5250 (Huth et al., 2022).
$ Calculated assuming a formation temperature of 9 °C.
* .
Propagated uncertainty based on A"7Oc and TA47 values.
548
549
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axis scale reversed. (b) As in Figure 1b, carbonate §'®0 records from Lakes Junin (red; Seltzer et al., 2000),
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Pumacocha (blue; Bird et al., 2011a,b), Mehcocha (green). Symbols represent carbonate 5'*0 values derived from
A47 analysis. (c) Reconstructed formation temperatures from lake carbonate A47 values. Error bars represent 26 SE of
replicate analyses. Solid black and dashed grey horizontal lines, respectively, show mean annual air temperature
(MAAT; 6.5 °C) and modern lake carbonate TA47 values for these lakes (13 + 3 °C), for reference (Katz et al.,
2023). (d) Reconstructed lake water 8''%0 (8''*0Onw) derived from carbonate clumped isotope §'%0 and TA47 values;
error bars represent 26 SD propagated uncertainty. Black horizontal line shows modern &''*0 inputs (“amount-
weighted modern §''80r”; Katz et al., 2023) from local amount-weighted mean annual precipitation, for reference.
(e) Reconstructed lake water A’'7O calculated from carbonate A''70, TA47, and Acalcite-water = 0.5250, Huth et al.
(2022); error bars represent 26 SD propagated uncertainty. Box and whisker plots (in the style of Tukey) show the
A'V70 range of modern precipitation (yellow), outflow-only lakes (teal; Pumacocha and Mehcocha), and outflow-
dominated lakes (purple; Lake Junin) in the Lake Junin region (water data from Katz et al., 2023). Note, some
samples were unable to be analyzed for both A47 and A’'’O due to limited material, such that more points are shown
in panel (e) than in panels (b)—(d). In panels (a)—(e), dotted grey vertical lines align with sample dates to facilitate
comparison between plots. Data from Table 1.

7. Discussion:

7.1. Lake water temperatures and the influence on carbonate 3'0 values:

The results of our clumped isotope analysis show that the reconstructed Holocene water
temperature records are indistinguishable among the three lakes within analytical precision (Figure
5¢). Water temperatures (10 + 2 °C, n = 19) were stable over the Holocene and are similar to water
temperatures derived from clumped isotopes of modern lacustrine carbonates from the same lakes
(13 £ 3 °C; Figure 5c; Table 1) (Katz et al., 2023). Carbonate TA47 values from Lake Junin in the
latest Pleistocene (17,210 and 12,870 years BP) are 5 = 2 °C (n = 2), and suggest that water
temperatures were cooler by ~5 °C (Figure 5c; Table 1). This may suggest that local air
temperatures were lower during the latest Pleistocene or that cool glacial melt waters were entering
the lake from the surrounding catchment.

The relatively constant 7A47 values indicate that changes in Holocene water temperature is
not the primary driver of the observed carbonate 5'%0 trend at any of the lakes. Additionally,
temperature changes are not responsible for the offsets observed among the different records
(Figure 5b). 8'"80yw values for each of the three lakes thus show similar patterns to carbonate 3'30
values (Figure 5b,d). This suggests that, consistent with prior interpretations of these records (see
Section 4.5), effects other than temperature, for example, changes in input rainfall 5'%0 values
(Figure 4b) and/or evaporation (Figure 4c), drive the decrease in carbonate 5'%0 at all three lakes
over the Holocene.

7.2. Hydrologic interpretations based on A’'70

Evaporation is one of several processes that influence the isotopic composition of lake
waters (e.g., Leng and Marshall, 2004; Gibson et al., 2016) and can be used to infer local P—E
conditions through its link to lake water balance (Eq. 9,10; Section 3.2; Figures 3.,4). In this section,
we use reconstructed lake water A''’O (A'V7Opw) values from Lakes Junin, Pumacocha, and
Mehcocha to first establish the role of evaporation on the 3'®Onw records from these lakes
following our interpretive framework described in Section 3.2. Then we use A''7Ony values to
model changes in lake water balance (i.e., Xg). Finally, we show that when the A"'’O—derived water
balance records from these lakes are considered in unison, they illuminate changes in local P-E
during the Holocene.

7.2.1. Pumacocha and Mehcocha
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Based on prior interpretation of the Pumacocha record and the similarity of the Mehcocha
8'80 record and basin characteristics (see Section 4.5) (Bird et al., 2011b, 2011a), we expect that
both lakes maintained an open, outflow-only hydrology through the Holocene and that A''7Oyy
values from these lakes will be similar to A''7O values of modern day precipitation in the region
(31 + 5 per meg; Figure 4a,b) (Katz et al., 2023). A’'7Ouny values at Pumacocha and Mehcocha are
consistent with these expectations during the late Holocene, with average values of 29 (+ 2 per
meg; n = 3) and 24 per meg (+ 3 per meg; n = 2), respectively (Figure 5¢). These results suggest
that both lakes did maintain open hydrologic conditions (Xt close to 0) and that 8'30uw values
reflect 8'30; values in the late Holocene (4,200 years BP to present).

However, throughout the early and mid-Holocene (11,700-4,200 years BP), A"'7Oyw
values were significantly lower at both Pumacocha (16 & 6 per meg, n = 4) and Mehcocha (12 + 6
per meg, n=3) (Figure 5e, Table 1). These data suggest that both lakes maintained open hydrology,
but experienced greater evaporation in the early and mid-Holocene than the late Holocene. Three
lines of reasoning support this interpretation: First, the two lake records match each other
exceptionally well and show simultaneous, identical changes in A’ 7Oy values (Figure 5¢). Given
the hydrologic similarities of the two lakes today, it makes sense that water balance of these lakes
would respond similarly to climatic pressures in the past, such as local P-E changes. Secondly,
the lowest A’''70 values correspond with the highest 8''%0 values (Figure S6), which is consistent
with evaporative enrichment of waters (Figure 4b). Third, there is substantial evidence (isotopic
and non-isotopic) that the central Andes was highly water-stressed in the early and mid-Holocene
(discussed further in Section 7.3), and therefore it is unsurprising that lakes in this region would
experience hydrologic change during this period. With respect to the 5'®Oyy values at Pumacocha
and Mehcocha throughout the early and mid-Holocene (Figure 5d), our A''7O results suggest that
8'80uw may be slightly higher than local 5!80; values at this time.

An alternative explanation for the low A''’Oq, values observed in the early and mid-
Holocene is that A''7O; values were lower than the present (31 + 5 per meg) (Katz et al., 2023).
For global precipitation datasets today, there is a very small negative correlation between A''70
and 8''%0 values (Terzer-Wassmuth et al., 2023); if such trends applied during the early to mid-
Holocene, a 3%o increase in &''80; values would correspond with A''7Oy values <5 per meg lower.
Other processes, such as sub-cloud evaporation or a change in the seasonality of precipitation could
also result in slightly lower A’'7Oy values (< 10 per meg lower) (Aron et al., 2023; Terzer-
Wassmuth et al., 2023). However, this change in A’'7Oy is insufficient to explain the full magnitude
of A"VOnw change observed at Pumacocha and Mehcocha, so lake water evaporation must
contribute to at least part of the A’'’Oyy trend. For the remainder of our analysis, we assume that
local A''70y values remained at 31 per meg throughout the Holocene. However, changes in A''70y
must be considered and we address this in Section 7.2.3.

Together, these A'170O data suggest that both Pumacocha and Mehcocha maintained open
hydrologic conditions throughout the Holocene, consistent with previous interpretations.
However, during the early to mid-Holocene, local P—E conditions were drier and waters from both
lakes experienced greater evaporation, contrasting with how isotopic records from these lakes were
previously interpreted (Bird et al., 2011b, 2011a).

7.2.2. Lake Junin

The influence of evaporation on Lake Junin’s water budget is well-established, both in the
present (e.g., Flusche et al., 2005; Katz et al., 2023) and throughout the Holocene (Figure 3; see
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Section 4.5) (Seltzer et al., 2000). Accordingly, we expect that Holocene A"'’Ony values will be
lower than modern precipitation in the region (31 £+ 5 per meg) (Katz et al., 2023) and will be the
lowest in the early Holocene (11,700 to 8,200 years BP) when SASM was weakest and carbonate
8180 values are highest (Figure 5a,b).

Our results show that all A’'’Ouy values from Lake Junin are lower than modern
precipitation A''7O values (Figure 5¢). Compared to Pumacocha and Mehcocha, the Lake Junin
A"V Ony, record follows the same trend with time, though the A''7Ony values are lower and exhibit
a larger amplitude of change at Lake Junin (Figure 5e). This suggests that evaporation has always
been a significant water balance component at Lake Junin (i.e., in agreement with the original
carbonate &'*0 interpretation by Seltzer et al. (2000)), and that Pumacocha and Mehcocha
maintained less-evaporated states, even as all three lakes responded to the same climate pressures.
This is consistent with the differences in basin configuration among the lakes, as Lake Junin is the
largest and shallowest of the three lakes, therefore water balance/lake hydrology is most likely to
vary significantly with local climate.

The highest A''7Oyy values at Lake Junin are observed at 1,130 years BP (11 per meg) and
17,210 years BP (5 per meg) while the lowest A''7Oyy values (-14 to -9 per meg) are observed
from 10,280 to 4,540 years BP (Figure 5e, Table 1). Variation in A''’Oyy values track the 3'3Onw
values closely (Figure 5d.e); the strong negative correlation between A''7Oyy and 8'30nyw values
(Figure S6) suggests that evaporation is the primary driver of the low A''’Oyy values at Lake Junin
(Figure 4c¢). These data indicate that following peak evaporative conditions through the early and
mid-Holocene (11,700 to 4,200 years BP), water balance began to steadily increase during the late
Holocene before reaching an evaporative minimum in the present (Figure 4,5¢).

We can evaluate the influence of evaporation on &'®0ny values by comparing them to
reconstructed unevaporated §!80; values that we calculate from A''7Oyy and 5'0yy values, using
the approach of Passey and Ji (2019) as also done by others (Ibarra et al., 2021; Kelson et al., 2022;
Katz et al., 2023; see Text S2). This approach allows us to assess whether changes in the degree
of lake water evaporation accompanied changes in §!80; values (i.e., due to changes in the SASM).
The large differences in 8'80uw, compared to reconstructed 8'80; values, shows that most of the
variation in 8'®Ouyw values (and by extension 8'¥Oc values) is due to evaporation (Figure S7; Table
S9). However, we note that evaporation does not explain all the variation in reconstructed 5'0;
values; the reconstructed 8'%0; values are highest in the early to mid-Holocene when summer
insolation is low and they reach minima when summer insolation is high, suggesting a connection
to the SASM, consistent with interpretation of other 5'%0 records from the region (e.g., Kanner et
al., 2013). These data also indicate that the influence of evaporation on 8'80uy values was greatest
when SASM was weak (during the early to mid-Holocene), and vice versa, pointing to a probable
connection between SASM and water balance, which was previously hypothesized (Seltzer et al.,
2000), but couldn’t be independently shown prior to this study. These results highlight the power
of A"'70 for resolving evaporative histories in a way that cannot be accomplished by 8''%0 values
alone.

7.2.3. Estimating lake water balance from A"’0 values and implications for P-E

The A" 7Ouw results from Lakes Junin, Pumacocha, and Mehcocha record variable lake
water evaporation over the Holocene that accompanied changes in the hydrology (Xg) of each lake.
To investigate the potential relationship between hydrologic change and local P-E, we use a
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deterministic approach to model the relationship between Xg and A’V 7Ony values using Equation
10 (e.g., Benson and White, 1994; Passey and Ji, 2019) and the parameters listed in Table 2.

In Figure 6, we depict the modeled solution space under a normalized relative humidity (/)
range of 0.1-0.9. We express A''70 as the difference between lake water and input A''7O values
(i.e., A'VOpnw — A'70r) and assume A''7Oy is 31 per meg, consistent with modern precipitation in
this region. Due to the multivariate nature of Equation 10, the modeled results create a wedge-like
structure where A''7Oyy is closely related to both Xt and 4 (Figure 6) (e.g., Gazquez et al., 2018;
Passey and Ji, 2019; Katz et al., 2023). We note that while altering the exact parameter values used
in the model would induce some minor changes in the solution space, the overall trends between
h, Xg, and A''70 are conserved and this does not have a significant effect on our results. We provide
code in the Supplemental Materials (Text S3) so that users can tailor model input values to match
other study locations.

We use this model to estimate water balance during two intervals: the late Holocene and
the early through mid-Holocene (Figure 6). Late Holocene average A''’Oyy values are calculated
for Pumacocha and Mehcocha over the last 4,200 years when A''7Oyy values were relatively high
and stable, and evaporation was at a minimum. For Lake Junin, A’'7Oy, values are more variable
during the late Holocene, so we only averaged A''’Oyy values over the last 2,500 years (e.g. the
youngest two samples analyzed) to assess Xt during a relative evaporative minimum. Early to mid-
Holocene A" 7Ony values are calculated as the average A''’Oyy from 4,200 to 11,700 years BP for
each of the lakes when evaporation was at a maximum. Assuming that local humidity in the late
Holocene was similar to present (0.7-0.83), we estimate Xt at Lake Junin was 0.4-0.7, reflecting
an outflow or evaporation-dominated lake system, whereas both Pumacocha and Mehcocha
functioned as outflow-only lakes, similar to today (Figure 3,6a). However, during the early and
mid-Holocene (Figure 6b), Xg was between 0.5-1 at Lake Junin, indicative of evaporation-
dominated hydrology or potentially closed basin conditions if humidity was similar to modern
(~0.75). At Pumacocha and Mehcocha, Xt was between 0.2—-0.3, suggesting these lakes maintained
an outflow-dominated hydrology, but also experienced significant evaporation of up to 30% loss
by volume (Figure 6b). Accounting for the sensitivity of X to A’'7Oy, our conclusions are not
substantially altered when a slightly lower A''7O; value is considered (see Section 7.2.1; Figure
S8).

Evaluating lake hydrology across the Holocene, it is clear that all three lakes experienced
a synchronous shift towards less evaporated conditions beginning during the late Holocene (after
4,200 years BP). The fact that this shift occurs concurrently at all three sites suggests it does not
merely reflect the dynamics of a single lake, rather it likely reflects a regional shift towards more
positive (i.e., wetter) P—E conditions. These results unambiguously point to the importance of P—
E change on regional hydroclimate and on the 8'30 records from each of these lakes.
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Table 2. Values used in deterministic modeling of Equation 10.

Variable Value Notes
Baeq 1.010328 Calculated from Eq. 1 of Majoube (1971) and a temperature of 14 °C
Tteq 1.00545 Calculated from '3aeq using Geq = 0.529
Baair 1.014245 Calculated using @ = 0.5
i 1.007361 Calculated from "Baaisr using Gaite = 0.5185
F 0.9 Estimated based on typical F estimates used for other lakes; selecting the higher
end of the range used for the Great Lakes (0.6-0.9), assuming the smaller fetch
of the Junin region lakes would lead to higher F values (Jasechko et al., 2014)
R 0.001977125 | Calculated assuming 8''*0r1 = —14.1 %o
R 0.0003770939 | Calculated from '*Ri assuming a A''7Or value of 31 per meg
Ra 0.001954931 | Calculated using 'acq and assuming vapor is in equilibrium with water of §''80
=—15 %o
RA 0.0003748506 | Calculated from *Ra assuming vapor is in equilibrium with water of A’'70O = 35
per meg
Late Holocene Early and mid-Holocene
Xe X, =
010 Pumacocha 010
0.1 X = ~0) = T 2permeg 0.1
- = — 1 N dﬁ
o2 T=01-02) [ AN Mencocha o, fe=02 02 ™ Pumacocha
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Relative humidity

Figure 6: Deterministic model of Equation 10 using the values given in Table 2 under an Xt range from 0—1 and an %

range of 0.1-0.9. A''0 is shown as the difference between reconstructed lake water (A’'’Onw) and input waters
(A'V701=31 per meg) where lower values correspond to greater evaporation. Orange text indicates modeled Xz and
alternating white/grey wedges are shown to illustrate how A’'?Onw—A’"7O1 and 4 vary over Xz increments of 0.1.
Panels (a) and (b) show measured A"'7Ouw—A"7O1 values as colored horizontal lines and Xz estimates as colored
vertical bars for Lakes Junin (red), Pumacocha (blue), and Mehcocha (green) during the late Holocene and early

through mid-Holocene, respectively. In (a), the vertical purple box shows the typical humidity range for this region

in the present day (~0.7-0.83; SENHAMI, 2023; Katz et al., 2023). In (b), the purple box indicates the humidity
range possible given both the model space and A"’ Ounw—A""7O1 values for Lake Junin. The region shaded yellow
indicates a A"’Ouw—A"!7Or1 and & space where solutions are not possible under the model conditions.

7.3. Placing local hydroclimate variability within a regional-global context
7.3.1. Holocene and late Pleistocene temperatures
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South American temperature estimates from the Holocene are relatively sparce, but
evidence from groundwater noble gases in the Amazon basin (Stute et al., 1995), pollen
assemblages in the Bolivian foothills (Punyasena et al., 2008), and glacial equilibrium line
elevations in the Junin region (Smith et al., 2005) suggest local temperatures were stable and
similar to present. Global temperature estimates have also been derived from marine data
assimilations and the reanalysis products suggest global temperature was relatively stable over the
last 9,500 years and varied on the order of ~0.5 °C (Figure 7) (Osman et al., 2021). In comparison
to Holocene temperatures, the marine proxies suggest global mean temperature was ~5-7 °C
cooler during the Last Glacial (Figure 7) (Osman et al., 2021). The distribution of glacial features
in the central Peruvian Andes also suggests terrestrial temperatures were cooler by ~5 °C during
the Last Glacial and latest Pleistocene (Wright, 1983; Smith et al., 2005).

Within the analytical uncertainty of our results, the 7A47 data from the Lake Junin region
are consistent with other proxy records that suggest cooler regional surface temperatures by ~5 °C
during the latest Pleistocene (Wright, 1983; Smith et al., 2005; Osman et al., 2021). During the
Holocene, relatively constant temperatures that are similar to modern are observed (Figure 7)
however the analytical uncertainty of our 7A4; data (~2-5 °C) is large compared to the small
magnitude of temperature change modeled for the South American monsoon region during the
Holocene (~1 °C; e.g., Hancock et al., 2023) which means that we are unable to definitively assess
whether temperature changes of this magnitude (i.e., 1 °C) occurred at our study sites. Low
sampling resolution inhibits us from resolving regional temperature change on sub-millennial
timescales, however, our data suggest that local temperatures stabilized at near-modern conditions
by around 10,000 years BP. Overall, these data suggest South American surface temperatures
remained relatively stable throughout the Holocene across different regions, from the Amazon
basin and foothills to the high Andes (e.g., Stute et al., 1995; Punyasena et al., 2008). These results
broadly agree with the existing narrative of Holocene temperatures in South America and offer a
perspective from the central Andes, showing that high elevation sites experienced a similar
magnitude of temperature change as other regions across the continent over the last 20,000 years.
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Figure 7: Change in temperature (AT) from modern lake water temperatures derived from carbonate 7A47 values for
Lakes Junin, Pumacocha, and Mehcocha (where “modern” is defined as 13 °C, Katz et al., 2023). Also shown is a
global paleoclimate data assimilation mean (black; and 95% CI, grey dashed line) plotted as the difference from
global mean surface temperature (Osman et al., 2021).

7.3.2. Holocene P-E in the central Andes

In Section 7.2.3, we establish that hydrologic variations at the three study lakes correspond
with Holocene P—FE changes in the Lake Junin region. To explore whether these variations reflect
local conditions or are broadly representative of regional conditions in the central Andes, we
compare our data to other proxy and modeling studies from the central Andes.

Robust evidence of Holocene P—E variations in the central Andes are also recorded by
lake level data from Lake Junin (Weidhaas, 2017; Woods, 2021) and changes in clastic sediment
flux at glacial lake Yanacocha (Stansell et al., 2015) (Figure 8). Lake level records from Lake
Junin were derived by correlating changes in sedimentology and shallow water unconformities
across a series of sediment cores collected in a lateral transect from shallow to deep waters and
provides a useful point of comparison to our isotope data (Figure 8a) (Weidhaas, 2017; Woods,
2021). Reconstructed Lake Junin water level data for the last 25,000 years indicate lake level was
high and similar (within 2 m) to present during the late Pleistocene until dropping rapidly (by 4 m)
at 13,700 years BP, just before the start of the Holocene. After rising briefly by ~2.5 m at 13,100
years BP, a second precipitous drop occurred in the early Holocene with lake level reaching its
lowest point at ~7.5 m below modern water level around 9,700 years BP. Following this minimum,
lake level increased steadily over the mid-Holocene (8,200 to 4,200 years BP), reaching near-
modern levels at the start of the late Holocene and remained relatively high (within 2.5 m of
modern) until present (Figure 8a) (Weidhaas, 2017; Woods, 2021). Records of clastic sediment
flux at Yanacocha (10.56 °S, 75.93 °W), located 50 km northeast of Lake Junin also record local
hydrology, as higher clastic inputs reflect a relatively advanced position of the Huagurucho glacier,
whereby glacier advance is closely related to positive local water balance (Figure 8b) (Sagredo et
al., 2014; Stansell et al., 2015). Similar to the other hydrologic proxies, clastic flux values indicate
wet conditions in the late Pleistocene (until around 12,000 years BP), followed by overall dry
conditions through the early and mid-Holocene (11,700 to 4,200 years BP), before the return of
wetter conditions in the late Holocene (after 4,200 years BP).

Hydroclimate variability in the Holocene has also been approached with model data from
CMIP6 (Hancock et al. 2023). CMIP6 model results suggest that annual precipitation amount in
the central Andes and core monsoon region was lower at 6,000 years BP (i.e., their “mid-
Holocene” time-slice) compared to the pre-Industrial (500 years BP), while the opposite trend is
observed in the northern hemisphere. The decrease in annual precipitation reflects large reductions
in precipitation during the austral summer, corresponding to weakened SASM during the mid-
Holocene (Hancock et al., 2023). These results suggest that reduced summer precipitation may
contribute substantially to the P-E changes in the central Andes. Conversely, as northern
hemisphere monsoons weakened over the Holocene, water balance became more negative (e.g.,
Haug et al., 2001; Metcalfe et al., 2015; Cheng et al., 2023). The stable lake water temperatures in
the Lake Junin region (Figure 5c¢) suggest the influence of temperature on evaporation rates may
have been relatively stable over the Holocene. However, calculating quantitative evaporation rates
is not possible with our data because, in addition to temperature, evaporation is highly sensitive to
changes in other factors that we cannot reliably constrain for these lakes in the Holocene, such as
radiation, cloud cover, wind speed, and humidity (e.g., Penman, 1948).
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When considering the hydrologic records from the central Andes alongside modeling
results, we find it likely that during the early and mid-Holocene (11,700 to 4,200 years BP),
hydrologic conditions were drier than present (as reflected by high Xg values among local lakes,
low lake levels at Junin, and reduced input of glacial sediment; Figure 8) and characterized by
diminished summer precipitation and low P-E. Interestingly, while the lake levels and lake
carbonate 5'%0 records closely track southern hemisphere summer insolation changes, the driest
conditions recorded by A''’Ouny values slightly lag the southern hemisphere’s insolation minimum
(Figure 5a,e). This could suggest that either P—E changes in the central Andes were delayed
compared to the timing of external climate forcings (i.e., orbital factors), or that additional drivers
also contributed to P—E changes during the Holocene (or some combination of the two). These
observations highlight the need for additional well-dated and high-resolution P—E records
throughout the central Andes which can complement records of SASM variations. Despite the
slight temporal offsets, these data suggest that the water balance history of the central Andes
reflects a coherent, regional story of water stressed conditions in the early and mid-Holocene
(11,700 to 4,200 years BP), followed by wetter, modern hydrologic conditions in the late Holocene
(4,200 years BP to present).
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Figure 8: Regional hydroclimate records. (a) Lake Junin lake level shown as meters below modern lake level (m
BML) (Weidhaas, 2017; Woods, 2021). (b) Reconstructed lake water A’'’O (A"'7Oxw) values for Lake Junin,
Pumacocha, and Mehcocha, as in Figure Se. (c) Clastic sediment concentrations from Lake Yanacocha shown as the
first principal component of sediment geochemical data, where the first principal component corresponds with

Huaguruncho glacial advance

27



843
844

845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888

manuscript accepted at Paleoceanography and Paleoclimatology

glacial flour (z-score; grey line) and a 20-point rolling mean (black line) (Stansell et al., 2015); higher values reflect
a more advanced position of the Huaguruncho glacier and positive regional water balance.

8. Conclusions:

In this study, we present a framework for using clumped and triple oxygen isotopes of
lacustrine carbonates to investigate regional temperature and evaporative histories, and to
constrain the influence of these factors on lake carbonate 5'30 records. We apply this framework
to three lakes in the Peruvian Andes: Lakes Junin, Pumacocha, and Mehcocha. Water temperatures
derived from carbonate clumped isotopes were indistinguishable from the present day at all three
lakes through the Holocene, suggesting little change in environmental temperatures over the last
11,700 years. Stable temperatures indicate that temperature change was not a factor driving
carbonate 5'%0 variations at any of the three lakes during the Holocene. Water temperatures during
the latest Pleistocene were ~5 °C lower than they were during the Holocene and today. Based on
triple oxygen isotope data, we find that each lake experienced changes in hydrology (i.e., Xg)
associated with more evaporated conditions throughout the early and mid-Holocene (11,700 to
4,200 years BP). These hydrologic changes co-occurred with weakened SASM strength and dry
conditions throughout the central Andes. During the late Holocene, all three lakes became more
open, reflecting a positive shift in water balance and wetter conditions. These results confirm that
Lake Junin is highly sensitive to regional water balance changes during the Holocene and offer
new evidence that Pumacocha and Mehcocha also experienced evaporated conditions through the
early and mid-Holocene. This would have led to a positive shift in lake water §'30 values at Lake
Junin compared to precipitation, consistent with previous interpretations of Lake Junin’s carbonate
8180 record. Changes in water balance at these lakes are concurrent with lake level changes and
glacial advance from the central Peruvian Andes, suggesting a coherency among regional
hydroclimate records. Importantly, we find that hydroclimate change throughout the Holocene is
closely linked to summer insolation and SASM dynamics, highlighting the clear connections
between Andean water balance and global climate, and how these connections can be illuminated
from lake carbonate A''70O and A47 records.
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Text S1. Radiocarbon analysis and age model generation

Radiocarbon analysis was conducted on terrestrial macrofossils collected from both
the Lake Junin and Mehcocha sediment cores. Samples and standards were prepared
at the University of Pittsburgh using standard protocols
(https://sites.uci.edu/keckams/files/2016/12/aba_protocol.pdf). Samples were dated by
accelerator mass spectrometry at the W.M. Keck Carbon Cycle AMS facility at the
University of California, Irvine. Uncalibrated radiocarbon ages are reported in Table S1
and S4 for Lake Junin and Mehcocha, respectively.

Calibrated ages were calculated using IntCal13 (Reimer et al., 2013). The R
package, bacon (Blaauw and Christen, 2011), was used to construct age-depth models
for both cores using the following settings: acc.mean = 20 yr/cm, acc.shape = 1.5,
mem.mean = 0.7, mem.strength = 4. Model outputs are shown in Figures S1 and S3 for
Lake Junin and Mehcocha, respectively. Modeled mean, median, and 95% Cl intervals
are reported every 1 cm in Tables S2 and S5 for Lake Junin and Mehcocha,
respectively.

Text S2. Decoupling the influence of evaporation and changing input 3’30 values
on lake water 20 values

Changes in lake water evaporation and/or the §''®0 value of water entering a
lake (8'80)) result in changes to lake water &''®0 values (see the interpretive framework
discussed in Section 3.2 for details). To decouple the influence of these two factors on
reconstructed lake water §''®0 (5'"®0uw) values, a “back projection” method was
developed by Passey and Ji (2019) whereby reconstructed lake water A’'7O (A"""Onw)
values are used to estimate and correct for the influence of lake water evaporation on
5'"80uw values, leading to estimates of unevaporated §''®0) values. The relationship
between §''%0), A'""Ouw and 8'"®0uw can be described as (Passey and Ji, 2019, Equation
7):

A’1701 - A1170r1w + (ﬂ'lake - lref) X 8IlsOrlw

8180, =
! (ﬂlake - Zref)

where A0 is the A0 value of unevaporated input water (given in units of %o), Aake is
the lake water fractionation exponent, and A.s = 0.528 (see Section 2 for further
discussion of Aer and Aake).

The values A''"Ouw and §''®0uw can be determined from analytical measurements of
carbonates, A''’O values of modern precipitation are used to represent A'"O, (assuming
A0y is conserved through time), and an estimation is made for Aiake (Passey and Ji,
2019; Ibarra et al., 2021; Kelson et al., 2022; Katz et al., 2023). Passey and Ji (2019)
showed that Jiake can be estimated from A’'"Ouy values under a humidity range of 0.3—
0.7 and Katz et al. (2023) extended these estimates to humidity between 0.3-0.9.

Here, we calculate §''®0, values for Lake Junin over the course of the Holocene
using the back projection method. We do not present &''®0, values for Lakes Pumacocha
or Mehcocha because the relatively small degree of evaporation (i.e., A"’ Ony and A’770,
values are very similar) results in a high degree of uncertainty in Aiake, and by extension,
580, values (see Katz et al., 2023). For Lake Junin, we present &''®0, values
determined using three different humidity scenarios for estimating Aiake (low, high and a
full range of values), following the approach in Katz et al. (2023) (Figure S7; Table S9).
We can further refine these estimates by selecting what we believe is the most likely
humidity scenario for each sample. Our selection is based qualitatively on A" Oy,


https://sites.uci.edu/keckams/files/2016/12/aba_protocol.pdf

values, as we assume there is a relationship between A''"On, and humidity. We use
these new &''80 values to calculate the magnitude of evaporative influence on & 'Oy
values by subtracting 580, from §''®0uw (Figure S7d).

The magnitude of lake water evaporation varied over the Holocene and led to lake
waters which were ~ +9 %o (compared to &''®0)) during the early and mid-Holocene, but
freshened over the Holocene to ~ +5 %o (compared to §''®0)) during the late Holocene
(Figure S7; Table S9). To a first order, changes in the magnitude of evaporation track
changes in SASM. The combination of these data reveal that, over the Holocene,
changes in 8''®0, and lake water evaporation were responsible for changes in §'"®Opw
values (Figure S7), with the highest §''®0, values during the early Holocene (~ -12.6 %o,
VSMOW-SLAP) before decreasing through the mid to late Holocene (= -16.6 %o,
VSMOW-SLAP). This decrease of ~4 %o is similar to the ~3 %o change in &''®0
estimated from local speleothem and ice core records (Thompson et al., 1995; Kanner et
al., 2013) and supports prior interpretations that 5''20, values at Lake Junin reflect
changes in SASM strength over the Holocene.

Text S3. Deterministic lake water isotope mass balance model for R

## DETERMINISTIC LAKE WATER ISOTOPE MASS BALANCE MODEL

## "Holocene temperature and water stress in the Peruvian Andes: insights from
lake carbonate clumped and triple oxygen isotopes"

## Paleoceanography and Paleoclimatology

## Sarah A. Katz*, Naomi E. Levin, Mark B. Abbott, Donald T. Rodbell, Benjamin
H. Passey, Nicole M. DeLuca, Darren J. Larsen, Arielle Woods

## Correspondence: skatzees@umich.edu (SAK)

## Updated: Dec 12, 2023

## INSTALL AND ATTACH PACKAGES
# install.packages("ggplot2")

# install.packages("ggpubr")

# install.packages("rgl")

library(ggplot2)

library(ggpubr)

library(rgl)

## PLOT PATH
plot.path <- "~/Desktop/" ## user may update plot path

## STEADY STATE ISOTOPE LAKE BALANCE EQUATIONS (SECTIONS 3.1
AND TABLE 2)

## Rw = (aeq*Ri*(adiff(1-h) + h*(1-F)) + aeq*h*Xe*Rv*F) / (Xe + aeq*(1-
Xe)*(adiff*(1-h) + h(1-F))

## Open basin lake where evaporated water contributes to atmospheric vapor
(Benson and White, 1994; Passey and Ji, 2019, Eq. 6)

#t SET UP
#t CONSTANTS
R18smow = 0.0020052 ## Baertschi, 1976; IAEA Reference sheet



R17smow = 0.0003799 ## Li et al., 1988; IAEA Reference sheet
theta.eq = 0.529  ## Barkan and Luz, 2005

theta.diff = 0.5185 ## Barkan and Luz, 2007

theta.ref = 0.528

diffratio18 = 1/0.9723 ## Merlivat, 1978

## USER DEFINED VARIABLES

temp = 14 ## Lake temperature in degrees Celsius

Phi=0.5 ## The relative proportion of diffusive (0; molecular diffusion) to
turbulent (1; non-fractionating) transport of water vapor during evaporation

h = c(rep(seq(0.1, 0.9, by=0.1), 11)) ## relative humidity at lake surface

Xe =c(rep(0.0,9), ## Volumetric proportion of evaporation (E) to inputs (1).
Xe = E/I. Ranges from open basin lakes (0), to closed basin lake (1.0)

rep(0.1, 9),

f=0.9 ## Fraction of atmospheric vapor derived from distal sources versus
the lake itself
## Where 1 and O represent exclusively distal and lake-derived sources
of atmospheric vapor, respectively.

## INPUT WATER
## Based on amount-weighted mean annual precipitation at Junin, Peru (Katz
et al., 2023, EPSL). All in units of per mil.
D170i = 0.031
dp180i = -14.1
dp170i = D170i + (dp180i * theta.ref)

## Calculate R values for input waters
Ri18 = exp(dp180i/1000)*R18smow
Ri17 = exp(dp170i/1000)*R17smow

## Isotopic ratio of water that atmospheric vapor is in equilibrium with (estimated
from input water values)

d180v =-15 ## water that vapor is in equilibrium with

D170v = 0.035 ## water that vapor is in equilibrium with



dp180v = log(d180v/1000+1)*1000 ## convert vapor d180 to
d'180

dp170v = D170v + theta.ref*dp180v ## calculate vapor d170 to
d170

## Temperature dependent equilibrium fractionation factor between vapor and
liquid water

aeq18 = exp((1137/((temp + 273.15)*2)) - (0.4156/(temp+273.15)) -
0.0020667) ## Majoube 1971

aeq17 = exp(theta.eq * log(aeq18))

## Calculate R values for vapor
Rv18 = (exp(dp180v/1000)* R18smow)/aeq18
Rv17 = (exp(dp170v/1000)*R17smow)/aeq17

## Diffusion vs. pure turbulence (i.e. no fractionation). When Phi =1, 100%
diffusive fractionation; when Phi = 0, 0% diffusive fractionation (all turbulent)
adiff18 = Phi*diffratio18 + (1-Phi)
adiff17 = exp(theta.diff*log(adiff18))

## SET UP FOR LOOP

dat = data.frame(cbind(Xe, h))

dp180w <- vector() ## Create empty vectors to hold products from for
loop

d180w <- vector()

dp170w <- vector()

Dp170w <- vector()

## OPEN FOR LOOP
for (i in 1:nrow(dat)){

## LAKE WATER CALCULATIONS

## Calculate R values for lake waters

# Rw18 = ((aeq18*Ri18*(adiff18*(1-h)+h*(1-f)))+(aeq18*h*Xe*Rv18*f))/
# (Xetaeq18*(1-Xe)*(adiff18*(1-h)+h*(1-f)))

#

# Rw17 = ((aeq17*Ri17*(adiff17*(1-h)+h*(1-f)))+(aeq17*h*Xe*Rv17*f))/
# (Xetaeq17*(1-Xe)*(adiff17*(1-h)+h*(1-f)))

Rw18 = ((aeq18*Ri18*(adiff18*(1-dat[i,2])+dat[i,2]*(1-
f)))+(aeq18*dat]i,2]*dat[i,1]*Rv18*f))/
(dat[i,1]+aeq18*(1-dat[i, 1])* (adiff18*(1-dat[i,2])+dat[i, 2]*(1-f)))

Rw17 = ((aeq17*Ri17*(adiff17*(1-dat]i,2])+dat[i,2]*(1-
f)))+(aeq17*dati,2]*dat[i,1]*Rv17*f))/



(dat]i,1]+aeq17*(1-dat[i,1])*(adiff17*(1-dat[i,2])+dat]i,2]*(1-f)))

## Calculate delta (d) and delta prime (dp) values for lake waters in units of per
mil and D'170 (Dp) in units of per meg.

dp180w. = (log(Rw18/R18smow))*1000

d180w. = ((Rw18/R18smow)-1)*1000

dp170w. = (log(Rw17/R17smow))*1000

Dp170w. = (dp170w. - (theta.ref*dp180w.))*1000

## Fill empty vectors with newly calculated values
dp180w(i] = dp180w.
d180w][i] = d180w.
dp170w[i] = dp170w.
Dp170w([i] = Dp170w.

dat = data.frame(cbind(Xe, h, Phi, f, D170i, dp180i, temp, dp180w, d180w,
dp170w, Dp170w))

dat

HH BB
## PLOTS ##
HH BB

Xe0 <- subset(dat, dat[,1] == 0)

Xe0.1 <- subset(dat, dat[,1] == 0.1)
Xe0.2 <- subset(dat, dat[,1] == 0.2)
Xe0.3 <- subset(dat, dat[,1] == 0.3)
Xe0.4 <- subset(dat, dat[,1] == 0.4)
Xe0.5 <- subset(dat, dat[,1] == 0.5)
Xe0.6 <- subset(dat, dat[,1] == 0.6)
Xe0.7 <- subset(dat, dat[,1] == 0.7)
Xe0.8 <- subset(dat, dat[,1] == 0.8)
Xe0.9 <- subset(dat, dat[,1] == 0.9)
Xe1 <- subset(dat, dat[,1] == 1)

Fig6 <- ggplot()+
theme_bw()+
theme(panel.grid.minor = element_blank(), panel.grid.major =
element_blank())+
geom_line(aes(x=Xe0$h, y=Xe0$Dp170w-Xe0$D170i*1000))+
geom_line(aes(x=Xe0.1$h, y=Xe0.1$Dp170w-Xe0$D170i*1000))+



geom_line(aes(x=Xe0.2%h, y=Xe0.2$Dp170w-Xe0$D170i*1000))+
geom_line(aes(x=Xe0.3%h, y=Xe0.3$Dp170w-Xe0$D170i*1000))+
geom_line(aes(x=Xe0.4$h, y=Xe0.4$Dp170w-Xe0$D170i*1000))+
geom_line(aes(x=Xe0.5%h, y=Xe0.5$Dp170w-Xe0$D170i*1000))+
geom_line(aes(x=Xe0.6$h, y=Xe0.6$Dp170w-Xe0$D170i*1000))+
geom_line(aes(x=Xe0.7$h, y=Xe0.7$Dp170w-Xe0$D170i*1000))+
geom_line(aes(x=Xe0.8%h, y=Xe0.8$Dp170w-Xe0$D170i*1000))+
geom_line(aes(x=Xe0.9%h, y=Xe0.9$Dp170w-Xe0$D170i*1000))+
geom_line(aes(x=Xe1$h, y=Xe1$Dp170w-Xe0$D170i*1000))+

# Late Holocene

geom_segment(aes(x=-Inf, xend=Inf, y=-8, yend=-8), color="#44cf6c", lwd=1)+

geom_segment(aes(x=-Inf, xend=Inf, y=-2, yend=-2), color="dodgerblue3d",
lwd=1)+

geom_segment(aes(x=-Inf, xend=Inf, y=-24, yend=-24), color="red", lwd=1)+

# Early and Mid Holocene

# geom_segment(aes(x=-Inf, xend=Inf, y=-19, yend=-19), color="#44cf6c",
lwd=1, Ity=1)+

# geom_segment(aes(x=-Inf, xend=Inf, y=-15, yend=-15), color="dodgerblue3",
lwd=1, Ity=1)+

# geom_segment(aes(x=-Inf, xend=Inf, y=-42, yend=-42), color="red", lwd=1,
lty=1)+

# geom_rect(aes(xmin=0.5, xmax=0.9, ymax=-43+6, ymin=-43-6), fill="red",
alpha=.2)+

labs(x="Relative humidity", y=expression(Delta*"\u02B9"A"17"*"O"[rlw]*" -
"*Delta*™\u02B9"A"17"*"O"[I]*" (per meQg)"), size=5)+

theme(axis.text=element_text(size=12),axis.title=element_text(size=14),

panel.background = element_rect(fill="transparent'),plot.background =

element_rect(fill="transparent’, color=NA))+

geom_text(aes(x=0.05, y=subset(dat, dat[,2] == .1)$Dp170w-D170i*1000),
alpha=1, label=c(seq(0, 1, by=0.1)), hjust = 0, color="orange")+

scale_y continuous(limits = c(-120, 2), expand = c(0, 0), labels =
scales::number_format(accuracy = 1))+

scale_x_continuous(limits = ¢(0.05,0.9), n.breaks=8, labels =
scales::number_format(accuracy = .1))

Figb
# ggsave(filename="Fig6.pdf", plot = Fig6, path=plot.path, device=cairo_pdf,
height=6, width=5)
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Figure S1. Lake Junin age model produced in the R package bacon (Blaauw and
Christen, 2011) using the IntCal13 calibration curve of Reimer et al. (2013). '*C
radiocarbon dates are provided in Table S1 and model output is provided in Table S2.

Lake Junin 1996 core age model comparison

Age (years BP)
0 5,000 10,000 15,000

0 1 1 1 1 } 1 1 1 1 } 1 1 1 1 } 1 1
—o—Bacon model (this work)

2 1| o seltzer et al. (2000)

680 (%o, VPDB)

-10 4

-12
Figure S2. Comparison between the original Lake Junin age model from Seltzer et al.
(2000) (dashed blue line, Table S3) and the revised bacon age model (solid black line,
Figure S1, Table S1-S3).
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Figure S3. Lake Mehcocha age model produced in the R package bacon (Blaauw and
Christen, 2013) using the IntCal13 calibration curve of Reimer et al. (2013). '*C

radiocarbon dates are provided in Table S4 and model output is provided in Table S5.
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Figure S4. Lake Mehcocha §'*C and §'®0 records (%o, VPDB). Data are provided in
Table S6.
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Figure S5. (a) Dec—Feb. insolation at 11 °S, as in Figure 1 (Laskar et al., 2004; Crucifix,
2016). (b) Carbonate 5'0 records from Lakes Junin (Seltzer et al., 2000), Pumacocha
(Bird et al., 2011), and Mehcocha (%o, VPDB) shown alongside speleothem §'80 from
Huagapo cave (%o, VPBD) (Kanner et al., 2013) and Huascaran ice core §'20 (%o,
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VSMOW) (Thompson et al., 1995). Lake Junin data is shown on the updated bacon age
model shown in Figure S1-S2.
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Figure S6. Reconstructed formation water A'"’O and §''®0 values for Lake Junin (red
squares), Pumacocha (blue circles), and Mehcocha (green diamonds). See Table 1 for
data. Tinted scale bars and symbol fill correspond to sample age. Shaded polygons
represent modern water and reconstructed carbonate formation water A’'70 and §''%0
values for Junin precipitation and lakes (Katz et al., 2023). Also shown are polygons
representing the range of modern precipitation A’'’O and §''®0 values observed in Peru
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(data from Aron et al., 2021) and waters from modern ephemeral ponds in the Atacama
(data from Herwartz et al., 2017; Surma et al., 2018; Voigt et al., 2021).
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Figure S7. (a) Dec—Feb. insolation at 11 °S, as in Figure 1 (Laskar et al., 2004; Crucifix,
2016). (b) Carbonate 5'0 record from Lake Junin (Seltzer et al., 2000), with §'0
measurements from A47 analysis shown as red squares. (c) As in Figure 5, reconstructed
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lake water §''®0 (8''®0nw) values derived from carbonate clumped isotope 580 and TA47
values; error bars represent 2o SD propagated uncertainty. Also shown is reconstructed
input water 80 (§''®0)) calculated from &'"®0n and A’'"Ony using the back projection
approach of Passey and Ji (2019) using three different humidity scenarios to calculate
Jiake (S€€ Katz et al., 2023). (d) The difference between &''®0uy and 8’80 is shown for
the three humidity scenarios and represents the magnitude by which &80, values are
evaporatively enriched in "0 with respect to 580, values. The purple lines in both (c)
and (d) show preferred solutions for each sample across the three humidity scenarios;
we qualitatively selected the high, full, and low humidity scenarios for A" Ony, values >20
per meg, -5 to 20 per meg, and <-5 per meg, respectively. See Table S9 for the data
plotted in both (c) and (d).
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Figure S8. Xt estimates for Lakes Junin, Pumacocha, and Mehcocha during the early
and mid-Holocene assuming a different A0, value (21 per meg). Model parameters are
the same as in Table 2.
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Table S1. Lake Junin radiocarbon age data.

Radiocarbon Radiocarbon Composite
Lab Number age ("*C yr | age uncertainty Depth
BP) (10) (cm)

Top-1* -46 1 0
AA-24001** 520 40 41
0S-16053** 680 30 49
0S-16054** 1820 40 194.5
0S-16055** 3880 45 388
0S-16056** 5760 60 595
0S-16057** 8640 40 804

0S-25946 9320 95 816
0S-25945 10490 95 876
0S-25947 12240 100 931
0S-16052** 12950 150 959
UCIAMS-
193108 13285 35 965.5
UCIAMS-
193109 13415 40 968.5
AA-24002** 13560 95 978.5
UCIAMS-
193110 17670 60 1063.5
UCIAMS-
193111 18070 70 1065.5
UCIAMS-
193141 17750 60 1076.5
AA-24003** 17795 145 1079
UCIAMS-

193142 18605 55 1118.5
CAMS-71936 18620 80 1119
CAMS-71935 23400 150 1256.5

0S-18137** 25700 330 1274
AA-24004** 39020 1045 1840

* Core top age defined as collection year (1996) + 1 year.
** Published previously by Selzer et al. (2000).

Table S2. Lake Junin bacon age model output.

Table S3. Lake Junin §"°C and §'®0 data.
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Table S4

. Lake Mehcocha radiocarbon age dates.

Radiocarbon Radiocarbon .
Lab 14 age Composite
Number | 29€ (*Cyr uncertainty | Depth (cm)
BP) (1 o)

Top-1* -65 1 0
172627 1355 15 119
209801 3190 20 182.5
164807 1420 20 231.25
209802 2480 120 286.5
172628 4150 15 347
209803 3040 80 384.5
209796 3390 200 385.5
209804 4120 80 388.5
172629 3655 20 469
164808 4760 45 507
164809 5520 30 526.75
164810 5745 25 572.5
164811 5720 25 609.5
164812 6040 25 647.5
172630 6665 15 673
164813 8120 30 725.5
172631 9750 20 777
164814 9855 45 811
172632 12165 25 829
209797 11680 440 833
164815 13340 80 843.5

* Core top age defined as collection year (2015) £ 1 year.
Table S5. Lake Mehcocha bacon age model output.
Table S6. Mehcocha §'*C and §'0 data.

Table S7. Carbonate A47 data for Lakes Junin, Pumacocha, and Mehcocha.

Table S8. Carbonate A''’O data for Lakes Junin, Pumacocha, and Mehcocha.

Table S9. Lake Junin reconstructed input §''®0 (§''®0)) values
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