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Atmospheric relative humidity is an important parameter affecting vegetation yet paleo-humidity proxies 
are scarce and difficult to calibrate. Here we use triple oxygen (δ17O and δ18O) and hydrogen (δD) 
isotopes of structurally-bound gypsum hydration water (GHW) extracted from lacustrine gypsum to 
quantify past changes in atmospheric relative humidity. An evaporation isotope-mass-balance model 
is used together with Monte Carlo simulations to determine the range of climatological conditions 
that simultaneously satisfy the stable isotope results of GHW, and with statistically robust estimates 
of uncertainty. We apply this method to reconstruct the isotopic composition of paleo-waters of Lake 
Estanya (NE Spain) and changes in normalized atmospheric relative humidity (RHn) over the last glacial 
termination and Holocene (from ∼15 to 0.6 cal. kyrs BP). The isotopic record indicates the driest 
conditions occurred during the Younger Dryas (YD; ∼12–13 cal. kyrs BP). We estimate a RHn of ∼40–45% 
during the YD, which is ∼30–35% lower than today. Because of the southward displacement of the 
Polar Front to ∼42◦N, it was both windier and drier during the YD than the Bølling–Allerød period and 
Holocene. Mean atmospheric moisture gradually increased from the Preboreal to Early Holocene (∼11 to 
8 cal. kyrs BP, 50–60%), reaching 70–75% RHn from ∼7.5 cal. kyrs BP until present-day. We demonstrate 
that combining hydrogen and triple oxygen isotopes in GHW provides a powerful tool for quantitative 
estimates of past changes in relative humidity.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The presence of gypsum (CaSO4·2H2O) in lacustrine sediments 
is commonly interpreted as evidence of dry climatic conditions in 
the past (Hodell et al., 1995, 2005, 2012; Torfstein et al., 2008;
Morellón et al., 2009a; Escobar et al., 2012, amongst many others). 
Evaporation of Ca2+–SO2−

4 -rich lake waters can lead to gypsum 
supersaturation under conditions of high evaporation relative to 
inflow (surficial and/or subterranean water intakes). These condi-
tions are generally accompanied by decreased input of fine-grained 
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allochthonous sediments as a result of decreasing runoff, resulting 
in sediments that are dominantly composed of gypsum. Interbed-
ded layers of gypsum and other non-evaporitic facies (e.g. clay 
minerals) in lakes are often attributed to alternating wet and dry 
conditions (e.g. Hodell et al., 1995; Ortiz et al., 2006; Morellón 
et al., 2009a; Escobar et al., 2012; Valero-Garcés et al., 2014;
Li et al., 2017).

The isotopic composition of lake waters is sensitive to long-
term changes in the Evaporation/Inflow (E/I) regime and normal-
ized atmospheric relative humidity (RHn), defined as water va-
por concentration in the air divided by the saturated vapor con-
centration at lake surface temperature (e.g. Uemera et al., 2010;
Gibson et al., 2016). In addition to E/I and RHn, climatic vari-
ations recorded in lacustrine carbonates (i.e. δ18O of authigenic 
carbonates) can be masked by the effect of temperature on the 

https://doi.org/10.1016/j.epsl.2017.10.020
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:f.gazquez@ual.es
https://doi.org/10.1016/j.epsl.2017.10.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2017.10.020&domain=pdf


178 F. Gázquez et al. / Earth and Planetary Science Letters 481 (2018) 177–188
oxygen isotopic value during carbonate precipitation (Hodell et 
al., 2012). In contrast, structurally-bound gypsum hydration water 
(GHW) can be used to reconstruct the isotopic value of paleo-lake 
waters with little to no effect of temperature. The fractionation fac-
tors for oxygen and hydrogen isotopes between the free solution 
and GHW are largely independent of temperature in the range of 
most lakes (e.g. 10–35 ◦C; Gázquez et al., 2017a). Thus, the oxy-
gen and hydrogen isotopes (δ18O and δD) of GHW can be used 
to infer the isotopic composition of paleo-lake waters at the time 
of gypsum precipitation (Hodell et al., 2012; Grauel et al., 2016;
Li et al., 2017). GHW retains the isotopic values of the parent so-
lution provided that it has not been altered by post-depositional 
processes (e.g. exposure to temperature >50 ◦C after deposition, 
solution-reprecipitation, etc.). Whether the original isotopic com-
position of GHW has been preserved or not must be evaluated 
on a case-by-case basis (Hodell et al., 2012; Evans et al., 2015;
Gázquez et al., 2017a).

Recent analytical developments permit precise measurements 
of triple oxygen isotopes (17O/18O/16O), and the derived parameter 
17O-excess (also called �17O), in natural waters (Luz and Barkan, 
2010; Steig et al., 2014) and GHW (Gázquez et al., 2015) with pre-
cision better than ±0.01� (i.e. 10 per meg; ±1σ ). This parameter 
is defined as:

17O-excess = ln
(
δ17O + 1

) − 0.528 ln
(
δ18O + 1

)
(1)

where: δ17O and δ18O denote the 17O/16O and 18O/16O in water 
standardized to the VSMOW-SLAP scale (Barkan and Luz, 2005;
Luz and Barkan, 2010; Schoenemann et al., 2013). The value of 
0.528 describes the δ17O and δ18O relationship in rainwater world-
wide (Luz and Barkan, 2010). The 17O-excess averages ∼37 per 
meg with respect to V-SMOW in modern meteoric waters and 
shows lower values in evaporated water (Luz and Barkan, 2010;
Steig et al., 2014; Li et al., 2015; Surma et al., 2015; Gázquez et 
al., 2017b). The trajectory of δ18O and 17O-excess in evaporated 
water is relatively insensitive to temperature and salinities below 
100 g/l (Luz and Barkan, 2010; Passey et al., 2014); however, it is 
significantly affected by other parameters such as the hydrologi-
cal balance of the water body and atmospheric relative humidity 
(Surma et al., 2015; Gázquez et al., 2017b; Herwartz et al., 2017; 
see Fig. 1).

Despite the potential of lake sediments as palaeoclimatic 
archives, stable isotopes in inorganic and organic proxies often al-
low only qualitative interpretation of past hydrological changes. 
Quantitative reconstructions from isotope proxy data, including 
changes in atmospheric relative humidity, have been difficult to 
achieve and calibrate. Here we evaluate the potential of using 
triple oxygen and hydrogen isotopes in lacustrine GHW to quan-
tify changes in atmospheric relative humidity in the past. We use 
a Raleigh evaporation isotope-mass-balance (IMB) to quantitatively 
determine climatic conditions at the time of gypsum precipita-
tion. Monte Carlo simulations are used to find the most probable 
solution to the model and evaluate uncertainties in RHn. We ap-
ply this method to isotopic data (δ17O, δ18O and δD, and derived 
d-excess and 17O-excess) of GHW from Lake Estanya (Southern 
Pre-Pyrenees, NE Spain) to infer climate during the Late Glacial 
and Holocene periods (ca. 15 cal. kyrs BP to 0.6 cal. kyrs BP). We 
model the isotopic values of paleo-lake Estanya under different 
environmental/geochemical scenarios. We compare the isotopic re-
sults and derived RHn values with previous sedimentological and 
geochemical proxies in the lake sequence (Morellón et al., 2009b), 
as well as other biological indicators such as pollen, diatoms and 
chironomids (Morellón et al., 2011; Vegas-Vilarrúbia et al., 2013;
González-Sampériz et al., 2017). Lastly, we discuss more generally 
the potential application of the method to other lakes.
2. Approach and model

The oxygen (δ17O and δ18O) and hydrogen (δD) isotopic compo-
sition of lake waters increase with more arid conditions and higher 
evaporation relative to inflow (E/I). Each isotope ratio follows a 
slightly different fractionation leading to variability in d-excess and 
17O-excess parameters (Surma et al., 2015; Gibson et al., 2016;
Herwartz et al., 2017; and references therein). The isotopic evo-
lution of water during evaporation (e.g. δ18O vs 17O-excess and 
δ18O vs d-excess) depends on the isotopic composition of the ini-
tial water (inflow), temperature and RHn, the isotopic composition 
of the water vapor in equilibrium with the liquid water and the 
ratio of water loss by evaporation (E) with respect to the inflow 
(I), with the remainder lost as outflow. The process is described by 
the expression (Criss, 1999):

∗RWS =
∗α0

evap · (1 − hn) · ∗RWI + ∗α0
eq · hn · E/I · Rv

E/I + ∗α0
evap · (1 − hn) · (1 − E/I)

(2)

where ∗ RWS is the isotopic ratio of the evaporated water. ∗α0
evap

is the effective fractionation factor, calculated as a product of the 
equilibrium fractionation factor (∗α0

eq) and the diffusive fraction-

ation factor (∗α0
diff) between the liquid water and vapor. The pa-

rameter hn is the normalized relative humidity of air (0 to 1). Note 
that hn is not necessarily the same as RH in the open atmosphere 
because the temperature at the lake surface can differ from the air 
temperature at the boundary layer. RWI is the isotopic ratio of the 
input prior to evaporation (i.e., the inflow to the lake). Rv is the 
isotopic ratio of the vapor and depends on the degree to which the 
atmospheric water vapor (veq) is in equilibrium with RWI (Gibson 
et al., 2016), where:

Rv = RWI ∗ (
α0

eq ∗ veq
)

(3)

E/I represents the fraction of water loss by evaporation with re-
spect to the inflow from the system (e.g. E/I = 0 means no evapo-
ration whereas E/I = 1 means all the water is lost to evaporation; 
i.e. there is no outflow). This model assumes homogeneous isotopic 
composition of both the liquid and vapor phases.

Equilibrium fractionation factors for δ18O and δD are well 
known and calculated here as a function of temperature using the 
equations of Horita and Wesolowski (1994). α17O0

eq is calculated 
as α17O0

eq = α18O0
eq

θ , where θ is 0.529 ± 0.001 (Barkan and Luz, 
2005). Kinetic fractionation during evaporation under natural con-
ditions is not as strongly constrained as equilibrium fractionation. 
Here we use a combination of natural and laboratory experiments 
to calculate α0

diff (Landais et al., 2006; Barkan and Luz, 2007, Luz 
et al., 2009). First, α18O0

diff varies as a function wind driven turbu-
lence (Dongmann et al., 1974; Uemura et al., 2010; Haese et al., 
2013) (see discussion section) and is calculated as:

α18O0
diff = 1.0283w (4)

where w varies between 0.5 (pure turbulent mixing; α18O0
diff =

1.0141) and 1.0 (pure diffusion; α18O0
diff = 1.0283). α17O0

diff is cal-
culated as α17O0

diff = α18O0
diff

θ , where θ is 0.5185 (Landais et al., 
2006; Barkan and Luz, 2007).

αD0
diff varies as a function of α18O0

diff and temperature (T , 
in ◦C) based on experiments by Luz et al. (2009), where:

αD0
diff = (1.25–0.02T )

(
α18O0

diff − 1
) + 1 (5)

In δ18O–17O-excess and δ18O–d-excess space (Fig. 1), the pre-
dicted trends of waters undergoing evaporation in partial equilib-
rium with atmospheric vapor take the form of curves. We see that 
both 17O-excess and d-excess are largely sensitive to RHn during 
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Fig. 1. Sensitivity of δ18O–17O-excess and δ18O–d-excess to different environmental parameters during evaporation of a water body (δ18O = −8�, δD = −54�, 17O-excess =
30 per meg and d-excess = 10�) in partial equilibrium with atmospheric vapor. The isotopic composition of a terminal lake has been model under different conditions of 
normalized relative humidity (A and F), temperature (B and G), wind (C and H) and degree of equilibrium between the atmospheric vapor and the freshwater member (D 
and I). The isotopic compositions of water pools with different ratios of Evaporation/Inflow (E/I), keeping the rest of parameter constant, are also represented (E and J).
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Fig. 1. (continued)
evaporation (Fig. 1A and F), whereas their sensitivities to tem-
perature are relatively small, especially for 17O-excess (Fig. 1B) 
(Landais et al., 2006; Passey et al., 2014; Surma et al., 2015;
Gázquez et al., 2017b; Herwartz et al., 2017). Both cross-plots are 
moderately sensitive to turbulence (e.g., wind) on the water sur-
face during evaporation (Fig. 1C and H) and to the isotopic com-
position of the atmospheric water vapor (Fig. 1D and I). Also, both 
isotopic systems are very sensitive to the proportion of water loss 
by evaporation with respect to the input (E/I) (Fig. 1E and J).

In summary, our isotopic model is based on three equations, 
where δ17O, δ18O and δD are known (measured), four variables 
that can be constrained by modern estimates (δ17O, δ18O and δD 
of the inflow and lake temperature), two poorly constrained but 
minor variables (turbulence and vapor-precipitation equilibrium) 
and two significant unknowns (E/I and RHn). Estimating E/I and 
RHn in the past requires some assumptions about the errors in the 
unknown variables and an understanding of how these variables 
co-vary and introduce uncertainty in the model results (see dis-
cussion section).

Monte Carlo simulations were performed in Matlab® to find the 
possible model solutions that satisfy the isotopic composition of 
the modern and paleo-lake water given the uncertainty in both 
the paleo-environmental parameters and analytical errors. The ap-
proach is represented graphically in Fig. S3. Briefly, a range of 
model inputs is selected based on conservative estimates of their 
modern ranges and their potential to change in the past. The error 
in each model solution is then calculated relative to the mean and 
1-sigma standard deviation (1SD) of each individual data point. 
The normalized errors for δ18O, δD, and 17O-excess are then com-
bined to arrive at a total error (if no 17O-excess data exists it is 
excluded from the total error). Only those model solutions that fall 
within the 1SD are then selected. In the three-dimensional space 
of the δ18O, δD, 17O-excess, this can be visualized as selecting all 
the data points that fall within an ellipsoid with axes that extend 
to the 1SD analytical error in each parameter. From the subset of 
simulations, the mean and range of model inputs (e.g. normalized 
relative humidity) that are constituent with the lake water isotopes 
are derived.

3. Materials and methods

Balsas de Estanya is a karstic lake complex located at the 
foothills of the Southern Pyrenees (42◦02′N, 0◦32′E) at 670 m 
a.s.l. It is a relatively small endorheic basin of 2.45 km2 (Fig. 2) 
that comprises multiple bodies of water. The largest and deep-
est lake (Estanque Grande de Abajo) has been studied extensively 
for paleoclimate and paleolimnological reconstruction (Morellón 
et al., 2009b, 2011; and references therein) (Fig. 2 and supple-
mentary material). Twenty-nine gypsum samples were collected 
from the ca. 11-m long composite sequence of Lake Estanya, 
which is comprised of a combination of cores LEG04-1A-1K and 
EST06-1A-1U (Morellón et al., 2009b). The cores were recovered 
from the deepest areas of Estanque Grande de Abajo (Fig. 2). The 
age model is based on radiocarbon, 137Cs and 210Pb and lithos-
tratigraphy as previously described by Morellón et al. (2009b) and 
Vegas-Vilarrúbia et al. (2013) (see supplementary material).

GHW was extracted by heating the powdered gypsum in vacuo
using a bespoke offline system consisting of six vacuum lines con-
tained within a modified gas chromatography (GC) oven in the 
Godwin Laboratory at the University of Cambridge (UK) (Gázquez 
et al., 2015). Oxygen (δ17O and δ18O) and hydrogen (δD) isotopes 
of the hydration water were measured simultaneously by cavity 
ringdown spectroscopy (CRDS) using a L2140-i Picarro water iso-
tope analyzer (Gázquez et al., 2015 and supplementary material 
for details). The results were normalized to the V-SMOW-SLAP 
scale by analyzing internal standards before and after each set of 
ten to twelve samples. Four internal water standards (JRW, BOTTY, 
SPIT and ENR-15) were calibrated against V-SMOW and SLAP, us-
ing δ17O of 0.0� and −29.69865�, respectively, and δ18O of 
0.0� and −55.5�, respectively (Schoenemann et al., 2013). This 
standardization considers 17O-excess = 0 for both international 
standards. δD was calibrated against V-SMOW, GISP and SLAP. All 
isotopic deviations are reported in parts per thousand (�) rel-
ative to V-SMOW and 17O-excess values are given in per meg 
units (0.001�). The reproducibility of the method was ±0.05�
for δ17O, ±0.1� for δ18O and ±0.6� for δD, ±0.8� for d-excess 
and ±8 per meg for 17O-excess (1SD).

Additionally, the hydration water of two samples were also 
analyzed for δ17O and δ18O using a modified version of the 
fluorination-IRMS method of Barkan and Luz (2005) at the Institute 
for Geology and Mineralogy at the University of Cologne, Germany 
(Surma et al., 2015; Gázquez et al., 2015; Herwartz et al., 2017). 
Rain (n = 59) and lake waters (n = 61) collected between 2001 
and 2012 were analyzed for oxygen and hydrogen stable isotopes 
at the Laboratory of Stable Isotopes of CSIC-UGR, Granada, Spain 
(Tables S2, S3, S4 and S5 in supplementary material).

4. Results

Twenty-nine gypsum samples, ranging in age from 14.7 to 
0.6 cal. kyrs BP, were analyzed for stable isotopes in GHW. The 
δ17O varies from 3.8� to 7.1�, δ18O from 6.3� to 14.9� and 
δD from −26.1� to 3.0� (Table S1 and Fig. S2 in supplementary 
material). The lowest values correspond to gypsum samples at 136 
cm below lake floor; ca. 620 cal. yr BP) and the highest values to 
gypsum at 588 cm depth; ∼12 cal. kyrs BP).
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Fig. 2. A. Location of Lake Estanya. The red dashed line indicates the limits of the surface catchment. Coring sites in Estanque Pequeño de Abajo are labeled. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)
The oxygen and hydrogen isotope composition of the par-
ent water from which the gypsum formed is calculated from 
GHW using recently revised fractionation factors (αgypsum-water) 
(Gázquez et al., 2017a) that are more precise and accurate than 
previous values (Gonfiantini and Fontes, 1963; Fontes and Gon-
fiantini, 1967; Hodell et al., 2012). We use α18Ogypsum-water of 
1.00355 and αDgypsum-water of 0.979 corresponding to a tempera-
ture of 15 ◦C, representing roughly the modern mean temperature 
of the lake water (∼12.5 ◦C). Note that both, α18Ogypsum-water and 
αDgypsum-water are largely unaffected by temperature in the range 
from 10 ◦C to 35 ◦C (Gázquez et al., 2017a). The use of tempera-
tures that are 10 ◦C higher or lower changes the δ18O values by 
only ∼ ± 0.1� and δD by ∼ ±2�, which is not very significant 
relative to the analytical precision of our method.

The relation between α17Ogypsum-water and α18Ogypsum-water is 
given by the parameter θ (α17Ogypsum-water = α18Oθ

gypsum-water), 
which is measured to be 0.5297 ± 0.0012 and does not depend on 
temperature between 3 and 55 ◦C (Gázquez et al., 2017a). There-
fore, we use α17Ogypsum-water of 1.00188. Using these alpha values, 
we found that the paleo-lake water (i.e., GHW corrected for frac-
tionation) plot on an evaporation line with slope of 3.4 (Fig. 3). 
This evaporation line is comprised of paleo-lake waters from dif-
ferent ages that evaporated under different environmental condi-
tions. Thus, the slope of this line does not convey a unique paleo-
hydrological significance.

From 14.7 to 13.3 cal. kyrs BP during the Bølling–Allerød (B–A) 
period, the δ18O values of the lake water increased gradually from 
7.8� at 14.7 cal. kyrs BP to 10.6� at 13.3 cal. kyrs BP, whereas δD 
increased from 12.1� to 21.9�. During the same period, d-excess 
varied from −50.4� to −62.6�. The δ18O and δD of the lake wa-
ter shows the highest values of the entire record at ca. 12 cal. 
kyrs BP (11.3� and 23.7�, respectively) during the Younger Dryas 
(YD) Chronozone. This time also marked the lowest d-excess val-
ues (−69�) (Table S1). During the following Preboreal–Holocene 
period (from 11.7 to 7.5 cal. kyrs BP), δ18O and δD values de-
creased to ∼5.5� and ∼2.4�, respectively. Finally, the isotopic 
composition of the lake water reached full Holocene conditions af-
ter ∼7.5 cal. kyrs BP (δ18O of 4.3 ± 0.7� and δD of −1.5 ± 2.9�), 
showing similar values to modern Lake Estanya water (δ18O of 
3.6 ± 0.7� and δD of −2.4 ± 7.1�). The 17O-excess of paleo-
lake water during the Holocene ranged from −63 to −46 per meg, 
also resembling modern values (−51 per meg). More negative 17O-
excess values were recorded during the Preboreal–Early Holocene 
(−103 to −94 per meg), the YD (−82 per meg) and the B–A pe-
riod (−67 per meg).
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Fig. 3. δ18O and δD of rain and spring waters (green triangles), modern water from Lake Estanya (red diamonds), and gypsum hydration waters (unfilled blue circles) ranging 
in age from 14.7 to 0.6 cal. kyrs BP. The isotopic values of paleo-lake waters (filled blue circles) were inferred using isotopic fractionation factors between gypsum hydration 
water and the free solution (Gázquez et al., 2017a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
5. Discussion

5.1. Reliability of GHW results

Recent stable isotope studies of GHW in lakes have produced 
relevant paleoclimatic records that closely agree with other lo-
cal and regional climatic proxies (Hodell et al., 2012; Grauel et 
al., 2016; Li et al., 2017 and the present study). Such correlations 
indicate that, at least in some cases, the primary isotopic compo-
sition of GHW is preserved in time. Investigations on Messinian 
gypsum deposits (ca. 5.9 Ma) also suggest no isotopic exchange or 
alteration of the primary isotopic signal (Evans et al., 2015). How-
ever, it must be considered that in other sedimentary sequence, 
GHW may have undergone isotopic modification, for example by 
dehydration/rehydration cycles as a result exposure of gypsum to 
temperature >50 ◦C (e.g. burial and exhumation cycles). Therefore, 
the reliability of stable isotopes in GHW to reconstruct the isotopic 
composition of paleo-waters should be evaluated on a case-by-case 
basis.

There are several lines of evidence that GHW in Lake Estanya 
preserves its primary isotopic signature. After applying fractiona-
tion factors, the values of the Mid–Late–Holocene paleolake waters 
(e.g. δ18O of 4.3 ± 0.7�) match the modern lake water (e.g. δ18O 
of 3.6 ± 0.7�); however, the Early Holocene and Late Glacial pa-
leolake waters (∼7.5 to ∼15 cal. kyrs BP) show considerably more 
enriched values. If the GHW had exchanged with sediment pore 
water, we would expect a relatively homogeneous isotopic profile 
with values similar to the current lake water. Because the burial 
depth is shallow and sediments are porous, we expect any isotopic 
gradients in pore water to be strongly attenuated by diffusion and 
advection with overlying lake water.

The isotopic changes in GHW through the Late Glacial–Holocene 
transition and the Holocene strongly correlate with major climatic 
changes recorded by other regional and local paleoclimate archives, 
including several sedimentary proxies in Lake Estanya. This sug-
gests that the hydration water of gypsum deposits in Lake Estanya 
reflects the isotopic composition of the paleo-lake water during 
the latter part of the last deglaciation and Holocene.

5.2. Determining RHn from isotopic analysis of GHW

The ability of GHW to record the isotopic composition of the 
original fluid, with little to no effect of temperature, makes it a 
near direct proxy for the isotopic composition of paleo-water. The 
method presented here permits δ17O, δ18O and δD, and derived 
d-excess and 17O-excess to be determined simultaneously in the 
same sample. The isotopic composition of paleo-lake water can 
then be used to model the hydrologic parameters of the basin and 
climatic conditions at the time of gypsum precipitation. The abil-
ity of this method to reconstruct the 17O-excess of paleo-waters, 
which is dependent of RHn and practically insensitive to temper-
ature during water evaporation, constitutes a powerful tool for 
paleo-hydrologic reconstructions. Importantly, the model solution 
must satisfy both 17O-excess and d-excess of the same paleo-water.

When modeling the isotopic composition of paleo-lakes to fit 
the GHW data, several parameters must be known or assumed. 
The uncertainty in some variables, including temperature and the 
isotopic composition of the freshwater member, have relatively 
little effect on the results of the model (Figs. 4 and 5). For ex-
ample, a mean temperature change of 3–5 ◦C, as expected for the 
last Glacial–Holocene transition in some regions (see section 5.3), 
barely affects the model results for 17O-excess (up to ∼ ± 2 per 
meg in a terminal lake), whereas d-excess changes by up to ∼3�
in a terminal lake, when keeping all other parameters constant 
(Fig. 5E).

The isotopic composition of rainfall varied between glacial and 
interglacial periods in most regions, as recorded by speleothems, 
paleo-groundwaters and ice cores. For example, δ18O of freshwa-
ter in the western-Mediterranean region increased up to ∼1�, 
although practically no change has been observed in south Iberia 
during the last Glacial–Holocene transition (Jasechko et al., 2015)
(see section 4.2 in supplementary material). As seen in Fig. 5B, 
when keeping other parameter constant, a 1� change in δ18O of 
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Fig. 4. Results of the IMB model experiments (A. δ18O vs. 17O-excess; B. δ18O vs. d-excess). The colored diamonds represent the isotopic composition of Lake Estanya during 
the Holocene (yellow), Preboreal (green), Younger Dryas (blue) and the Bølling–Allerød (pink) periods. The model (blue lines and black dots) is tuned to fit the gypsum mother 
water compositions. Environmental conditions for the different periods were simulated using the input parameters in Table S6. The grey ellipses represent the uncertainty 
in the model derived from the tolerance given for each input parameter. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
the input will result in uncertainties of 3 to 4.6% in the modeled 
RHn. However, it is worth noting that larger changes in δ18O of the 
rainfall may be expected in other regions; for example, in areas af-
fected by monsoonal systems and large variations in the “amount 
effect” over glacial-interglacial cycles (e.g. southern Asia; Kathayat 
et al., 2016). Therefore, uncertainties in the isotopic composition of 
the freshwater member must be considered as a potential source 
of error for quantitative paleo-humidity estimates when using this 
method.

The isotopic composition of the modern atmospheric is not well 
known in most regions, nor are there estimates available for how 
this parameter has changed in the past. However, a recent study 
suggests that the isotopic composition of atmospheric vapor is of-
ten in partial equilibrium with that of local freshwater. A degree 
of equilibrium of 75% seems reasonable for most tropical and in-
tertropical regions (Gibson et al., 2016). Our IMB model does not 
reproduce the measured δ18O, δ17O and δD ratios for any reason-
able set of input parameters when full equilibrium is assumed. 
The model is relatively sensitive to the isotopic composition of the 
vapor, as shown in Fig. 1D. This must be considered when model-
ing the isotopic composition of lakes in coastal areas that can be 
affected by advection of marine air masses, whose isotopic compo-
sition is in equilibrium with seawater instead of freshwater.

The effect of turbulence (e.g., wind) on the isotopic equilibrium 
between water and vapor is accounted for in our model by replac-
ing ∗αdiff by (∗αdiff)

w , where the exponent ‘w ’ is set between 0.5 
(pure turbulence) and 1 (no wind) (Dongmann et al., 1974; Ue-
mura et al., 2010; Haese et al., 2013). The relationship between 
this parameter and the wind speed is not well constrained; how-
ever, it is known that the proportion of ∗αdiff may be suppressed 
by turbulent flow induced by wind (e.g. Uemera et al., 2010). As 
exemplified in Fig. 4 (see section 5.3 and supplementary mate-
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Fig. 5. Sensitivity experiments of the derived normalized relative humidity (RHn) to other major variables: Evaporation/Input, the isotopic composition of the input, effect 
of turbulence on the boundary layer (parameter w in Eq. (4)), degree of isotopic equilibrium between atmospheric vapor and environmental water, water temperature and 
uncertainties in the θvapor–water value. In both experiments data points representative of the Late-Holocene (blue markers) and the Younger Dryas (red markers) are used to 
illustrate the potential biases in the derived RHn estimates: A. The derived RHn shows a strong positive correlation to the assumed E/I in the range of 0.4–0.7 and the effect is 
greater at lower relative humidities (e.g. the YD). The effect is much weaker at higher E/I in closed lake basins, such as Lake Estanya (as well as most other systems in which 
evaporite mineral precipitation occurs); B. The derived RHn with respect to the assumed isotopic composition of the freshwater input. Here, RHn shows a small positive 
relationship with the isotopic composition of the freshwater input, which translates into an error of between 3 and 4.6% in RHn for every 1� change in the freshwater 
water input; C. Wind speed increase results in lower RHn values. The sensitivity to different turbulence regime is larger for the scenario corresponding to the YD; D. The RHn

values are barely affected by the degree of isotopic equilibrium between the atmospheric water vapor and the freshwater member; E. The model is practically insensitive 
to temperature between 0 and 20 ◦C; F. The model is very insensitive to different values of triple oxygen equilibrium fractionation factors between the vapor and the water 
(θvapor–water), when 0.527 < θvapor–water < 0.530. Note that the accepted θ vapor–water value is 0.529 ± 0.001 (Barkan and Luz, 2005).
rial for details), when turbulence is not considered, the model 
yields d-excess and 17O-excess values that are systematically too 
low compared to the analytical data for some periods (i.e. Younger 
Dryas; ∼12 ka). This offset can be corrected by reducing the value 
of the exponent ‘w’ for periods that are documented to have been 
windier than average.

The hydrologic balance of the lake (E/I) controls the isotopic 
composition of the water. Lakes with high E/I values (i.e. lakes of 
dry regions) may also show high salinities due to accumulation of 
salts in the basin. However, the salt effect on the IMB becomes 
significant only at >100 g/l (Sofer and Gat, 1975; Criss, 1999;
Herwartz et al., 2017). These salinity values may be reached in 
some hypersaline chloride-rich lakes, for which a salinity correc-
tion would be needed (Herwartz et al., 2017). Nevertheless, gyp-
sum precipitation does not necessary occur in high-salinity envi-
ronments, but often takes place in freshwater lakes saturated in 
calcium sulfate with relatively low salinities, often ∼3–4 g/l (e.g. 
Hodell et al., 2005; Perez-Bielsa, 2013). The E/I of the lake has a 
large impact on the IMB. The E/I in modern lakes can be asserted 
by a simple mass balance of conservative elements in water (e.g. 
sodium chloride), but this parameter in the past is generally un-
known. Fig. 5A shows that when E/I exceeds 0.75 as it does in most 
closed-basin lakes, changes in this parameter barely affects the 
RHn values derived from the model. We estimate the errors for the 
RHn to be less than 5% (1SD) when the lake approaches terminal 
conditions (i.e., hydrologically closed), as required for saturation in 
gypsum of water. In contrast, when the model is forced to E/I < 0.5
the scatter of RHn values increases (ca. ±15%, 1SD), suggesting 
that the resolution of our method for RHn estimation is better for 
lake systems that approach closed conditions (all the water loss 
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by evaporation) than for throughflow lakes. This is because of the 
δ18O–17O-excess and δ18O–d-excess trajectories of evaporated wa-
ters under different RHn diverge considerably when E/I approaches 
1 (Fig. 1). In contrast, the isotopic trajectory of water in a through-
flow lake (e.g. E/I < 0.5) barely differs when evaporation occurs 
under different conditions of RHn. This indicates the method de-
scribed here is especially suitable for lakes in which gypsum 
formed under arid or semiarid conditions (Surma et al., 2015).

In summary, when the model is forced to match both the 17O-
excess and d-excess of the paleo-water measured in GHW and 
model inputs are selected based on conservative estimates and ap-
propriate errors, the derived uncertainty in RHn can be as low 
as ±3% (1σ ). The model is insensitive to temperature changes, 
whereas uncertainties in the isotopic composition of the rainfall 
can have a significant effect, especially in regions where the iso-
topic composition of rainfall is highly variable. The accuracy of the 
method is best when applied to lakes under arid/semiarid climate 
(RHn < 70%) and elevated E/I (hydrologically closed basins). Most 
of these conditions are met for Lake Estanya where we have ap-
plied the method to estimate RHn changes during the last glacial 
termination and Holocene (see supplementary material for de-
tailed rationale about the environmental parameters selected for 
the model of Lake Estanya).

5.3. Application to Lake Estanya

5.3.1. Bølling–Allerød period
Between ∼15 and ∼13 cal. kyrs BP, coinciding with the Bølling–

Allerød (B–A) period, the lake showed intermediate δ18O and 
δD values compared with the later stages. This indicates a more 
positive water balance compared to the subsequent period (i.e. 
12.8–11.6 cal. kyrs BP; Younger Dryas). Our model based on 17O-
excess and d-excess suggests that RHn during the B–A period was 
∼55–65%. This is ∼10–15% less than modern conditions in the 
Estanya region (∼70–75%). This finding is consistent with compar-
atively lower water salinity and greater productivity in the paleo-
lake than during the YD, inferred from the elemental composition 
(XRF) of the sediments and δ13C of organic matter, respectively 
(Morellón et al., 2009b) (Fig. 6). During the B–A period, a trend 
towards heavier δ18O and δD values occurred, reaching a relative 
maximum at ca. 13.2 cal. kyrs BP, coinciding with a cold period.

5.3.2. Younger Dryas
Relatively enriched δ18O and δD values (11.3� and 23.7�, re-

spectively) and lower d-excess (−69�) of lake water are recorded 
during the YD in good agreement with higher E/I compared to pre-
vious and later stages. A maximum in water salinity during the YD 
is also supported by the greatest concentrations of S and Ca in 
this section of the core (XRF data in Morellón et al., 2009b). The 
modeled 17O-excess and d-excess of the paleolake water during 
the YD indicate that atmospheric RHn decreased to 40–45% dur-
ing peak aridity at ∼12 cal. kyrs BP. This is ∼10–15% less than 
during the previous B–A period and ∼30–35% less compared to 
present. These values are also consistent with recent studies of 
biomarkers in Lake Meerfelder Maar (Germany) that suggest RHn
decreased by 8–15% during YD compared with the previous B/A 
period (Rach et al., 2017). Also, these results are in good agreement 
with previous studies suggesting the YD in NE Spain was char-
acterized by cold and arid conditions, with particularly extreme 
conditions in higher altitudes of the Pyrenees (González-Sampériz 
et al., 2006). Accordingly, generally drier conditions were recorded 
elsewhere on the Iberian Peninsula (Moreno et al., 2012). A high-
resolution speleothem record from El Seso Cave (Southern Pyre-
nees, Bartolomé et al., 2015) reveals a modest cooling of 1.3 ◦C 
compared with other circum-Iberian sea surface temperature re-
constructions (Cacho et al., 1999; Eynaud et al., 2009), and a signif-
icant decrease in rainfall during the first part of the YD (12.9–12.5 
cal. krys BP) followed by a progressive increase in humidity after-
wards.

Drier conditions throughout the YD have also been inferred 
from other paleoclimatic sequences in Iberia (Moreno et al., 2012;
García-Ruiz et al., 2016; González-Sampériz et al., 2017). The max-
imum southward migration of the polar front during the YD 
reached 42◦N (Broecker et al., 1988; Lane et al., 2013), approx-
imately the latitude of the Southern Pyrenees and Lake Estanya. 
Marine records from the Iberian Margin record a pronounced cool-
ing during this period, even more intense than in the LGM (Eynaud 
et al., 2009 and references therein). Furthermore, the existence of 
loess deposits (13–10 cal. kyrs BP) in Central Spain (Bateman and 
Díez-Herrero, 2001) also supports an increase in aridity and per-
haps wind speed in Western Europe during the YD (Brauer et al., 
2008), as suggested by our model results.

5.3.3. Holocene
The Early Holocene period (11.7 to 7.5 cal. kyrs BP) was char-

acterized by a decrease in δ18O and δD values (by ∼9� and 
∼20�, respectively). This indicates a more positive water balance 
(lower E/I) compared to the YD. Our model indicates that RHn in-
creased to 50–60% during the Early Holocene (∼7.5–11 cal. kyrs 
BP). Pollen-based vegetation reconstructions indicate relatively dry 
conditions during the transition to the Holocene marked by in-
creasing Juniper sp. and decreasing mesophytes (González-Sampériz 
et al., 2017). The isotope values reveal a comparatively large in-
crease in humidity relative to the YD, which is not reflected by 
sedimentary facies and palynology but is in agreement with other 
paleohydrological records of NE Spain and other regions from the 
Iberian Peninsula (Moreno et al., 2012; Morellón et al., 2014;
González-Sampériz et al., 2017).

The atmospheric reorganization following the YD led to a 
rapid resumption of the Atlantic Meridional Overturning Circu-
lation (AMOC) and a northward retreat of the polar front to 
50◦–60◦N (Lane et al., 2013). This shifted the trajectory of the 
westerlies north to the Iberian Peninsula, and thus weakened wind 
intensity and increased humidity in Southern Europe. This rel-
ative increase in moisture with respect to the previous period, 
the YD, was also reflected by a decrease in the salinity of the 
lake water (Fig. 6) in Estanya and by an expansion of Juniper 
sp. population in the watershed (Vegas-Vilarrúbia et al., 2013;
González-Sampériz et al., 2017).

During the remainder of the Holocene (7.5 to 0.6 cal. kyrs BP) 
the isotopic values of the lake water averaged around 4.3 ± 0.7�
for δ18O and −1.5 ± 2.9� for δD, and showed less variability 
than the Late Glacial owing to higher water level. The Holocene 
paleo-lake water values recorded by gypsum are in accordance 
with modern δ18O and δD of the lake water, which indicates 
that environmental conditions were similar to present. During the 
Mid–Late-Holocene (7.5 cal. kyrs BP to 0.6 cal. kyrs BP), atmo-
spheric RHn stabilized around ∼70%. This value is similar to the 
modern RH measured in the Lake Estanya region (annual mean 
of ∼70–75%, Perez-Bielsa, 2013). These results agree with pre-
vious reconstructions based on sedimentology and geochemistry, 
which also show rather stable conditions similar to the present 
with short-lived abrupt hydrological fluctuations and an aridifica-
tion trend after 4.5 to 4 cal. kyrs BP (Morellón et al., 2009b).

6. Conclusions

We propose a new proxy for quantitative estimates of paleo-
humidity. Analysis of GHW permits the actual isotopic composition 
of paleo-waters to be determined, with little to no effect of tem-
perature. We couple triple oxygen and hydrogen isotopes in hy-
dration water of lacustrine gypsum and an isotope-mass-balance 
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Fig. 6. Isotopic composition of Lake Estanya water, reconstructed normalized atmospheric relative humidity (RHn) during the Late Glacial–Holocene transition and the 
Holocene and comparison with other global and regional paleoclimatic archives, including, from top to bottom: 1) NGRIP δ18O (Rasmussen et al., 2008), 2) winter (blue 
line) and summer (red line) insolation at 42◦N, 3) Si/Al record in marine core MD99-2343, offshore Minorca (Frigola et al., 2008); 4) Alboran Sea core MD95-2043 Sea 
Surface Temperature (SST) (Cacho et al., 1999); the isotopic composition of the paleo-lake water reconstructed from gypsum hydration water (panels 5, 6 and 7); 8) RHn ob-
tained from our 17O-excess/d-excess model. The mean RHn obtained from the 17O-excess model are represented as diamonds (see Fig. 4A). The RHn results of the Monte 
Carlo simulation in two scenarios are represented by the color shading. Scenario 1 (blue banding) in which all the model parameters are held constant for all time periods 
and scenario 2 (orange banding) in which the model parameters are modified in the Younger Dryas as described in the main text and shown in Table S6. Previous palaeoen-
vironmental reconstruction of Lake Estanya based on sedimentological and geochemical proxies, including 9) δ13C in organic matter, 10) a paleo-salinity proxy obtained from 
XRF analyses of the sedimentary sequence and, 11) relative lake level reconstruction (0–10 stages) based on sedimentary facies (Morellón et al., 2009b). (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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model to quantify changes in RHn in the past. Using Monte Carlo 
simulations, the RHn uncertainties derived from the input param-
eters to our model are estimated. The error can be as low as ±3% 
(1σ ) when the model is forced to match both the 17O-excess and 
d-excess of the paleo-water measured in GHW.

We apply this method to reconstruct the isotopic composition 
of paleo-waters of Lake Estanya (NE Spain) and changes in atmo-
spheric RHn over the Late Glacial and Holocene periods (from ∼15 
to 0.6 cal. kyrs BP). Our results indicate RHn of 40–45% during 
the YD and increasing to 70–75% during the Mid-Late Holocene. 
This suggests that the mean RHn in this region during the past 
7.5 cal. kyr BP was similar to present (RH ∼75%); however, the YD 
was characterized by much drier conditions, with atmospheric RHn
∼30% lower than today. The southwards shift of the Polar Front to 
ca. 42◦N during the coldest phases of the YD increased wind in-
tensity and was responsible for the low RHn during this period.

The consistency of the results obtained from Lake Estanya with 
other proxies analyzed in this lake and other regional paleoclimate 
records, demonstrates the reliability of isotopes in gypsum hydra-
tion water as a tool for quantitative paleohydrological reconstruc-
tions in lake sediments. Improving the analytical precision of triple 
oxygen isotope measurements in waters and better understanding 
of the various parameters included in the model will reduce the 
uncertainties in estimated RHn.
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