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Abstract We used an isotopic mass-balance

model to examine how the hydrogeologic setting

of lakes influences isotopic response of evaporat-

ing lake water to idealized hydroclimatic changes.

The model uses a monthly water and isotope

balance approach with simplified water-column

structure and groundwater exchanges. The frame-

work for comparative simulations is provided by

lakes in a region of the Northern Rocky Moun-

tains that display high interlake geochemical

variability, thought to be controlled by ground-

water hydraulics. Our analysis highlights several

isotopic effects of flow between aquifers and

lakes, leading to possible divergence of isotopic

paleorecords formed under a common climate.

Amplitude of isotopic variation resulting from

simulated climate forcing was greatly damped

when high groundwater fluxes and/or low lake

volume resulted in low lake fluid residence time.

Differing precipitation and evaporation scenarios

that are equivalent in annual fluid balance

(P–E) resulted in different isotopic signatures,

interpreted as a result of evaporation kinetics.

Concentrating low-d groundwater inflow during

spring months raised springtime lake d values, a

counterintuitive result of coincidence between

times of high groundwater inflow and the evap-

oration season. Transient effects of reduced fluid

balance caused excursions opposite in sign from

eventual steady-state isotopic shifts resulting from

enhanced groundwater inflow dominance. Lags in

response between climate forcing and isotopic

signals were shortened by high groundwater

fluxes and resulting short lake residence times.

Groundwater-lake exchange exerts control over

patterns of lake isotopic response to evaporation

through effects on lake residence time, inflow

composition, and seasonal timing of inflow and

outflow. Sediments from groundwater-linked

lakes, often used for paleoenvironmental analysis,

should be expected to reflect isotopic complexi-

ties of the type shown here.
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Introduction

Fluid exchange between groundwater and lakes

influences lake geochemistry, both through the

composition of groundwater inflow and through

control over lake residence time. Where the ratio

of groundwater inflow to surface water inflow is

high, lakes can be referred to as groundwater-

dominated (Born et al. 1979; Donovan 1992). As

in other lake types, composition and accumulation

rates of endogenic (sensu Last 2001) carbonate

minerals are among the most direct measures

available of paleolake hydrologic status (e.g.

Dean and Stuiver 1993; Benson et al. 1996; Ito

2001). Groundwater processes may, however,

result in lake geochemical response different

from that seen in lakes where groundwater fluxes

are unimportant. In particular, effects of aquifer

hydraulics on lake residence time can lead to

contrasting compositional evolution of lakes

within a common climatic regime (Krabbenhoft

et al. 1990; Sanford and Wood 1991; Donovan

1994; Gosselin et al. 1997; Walker and Krabbenh-

oft 1998; Shapley et al. 2005). Transient ground-

water effects translate into differential lake

geochemical response to evaporative forcing,

controlled by aquifer hydraulics and lake mor-

phometry (Donovan 1994). Sensitivity of ionic

composition and environmental isotopes to lake/

groundwater exchange can differ, leading to

apparent discrepancies between trends in salinity

and isotopic composition (Gosselin et al. 1997;

Smith et al. 1997; Donovan et al. 2002; Dean

et al. 2002; Yu et al. 2002). As a consequence,

interpretation of the environmental paleorecords

commonly extracted from such lake systems may

be confounded. Further complicating effects of

groundwater exchange rates may arise with

attempts to reconstruct nutrient fluxes (Schettler

et al. 2006) and even in the establishment of

sediment chronologies (Brenner et al. 2006).

Groundwater relationships can have a strong

effect on the mean isotopic composition of lake

water (Fig. 1), which will be translated into

sedimentary records of isotopic change. We

suggest that hydrogeology, through effects on

residence time, inflow timing and source compo-

sitional mix, will further modulate the isotopic

expression of climate signals in ways that affect

the apparent magnitude, timing and interlake

coherence of lake paleorecord signals. Here we

examine this influence, using an isotope mass-

balance model to analyze lake isotopic sensitivity

to changes in fluid balance under contrasting

groundwater boundary conditions. Modern field

observations from groundwater-dominated lakes

of the Ovando Valley, Montana (Fig. 2) are used

for comparison to model results, providing illus-

trative boundary conditions and a field context for

model observations.

Field setting and methods

The geologic and hydroclimatic settings of the

Ovando Valley are described in detail elsewhere

(Shapley et al. 2005). In brief, numerous lakes

and wetlands occupy topographically closed

depressions within a complex of late-glacial

ice-contact and glaciofluvial sediments (Dea

1981). Highly heterogeneous ionic chemistry is

governed primarily by hydraulic controls over

lake/aquifer fluid fluxes and resulting contrasts in

lake fluid residence time (Shapley et al. 2005).

Lake geochemical response to regional hydrocli-

matic forcing is thereby recorded differentially
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Fig. 1 Groundwater interactions can have large effects on
the evolution of lake isotopic composition under evapora-
tive conditions. Here two groundwater-dominated lakes in
a common climatic regime express strongly contrasting
compositions evolved from similar source compositions.
The two lakes are hydrologically distinguished by very
different groundwater outflow rates, governed by topog-
raphy and permeability of lake-basin geologic materials
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across the landscape, according to relationships

between groundwater inflow and outflow rates.

Water sampling and analysis

Field data were compiled from sampling of lake

waters across the Ovando Valley as well as serial

sampling from 1998 to 2002 (approximately

quarterly) of two primary research sites, Evans

Lake and Jones Lake (Table 1). Lake and

wetland samples were collected either by Van

Dorn bottle or by peristaltic pumping from

measured lake depths. Shallow groundwater was

sampled through minipiezometer (Winter et al.

1988) installations in littoral sediments and by

grab sampling of springs and seeps at their most

upstream point of discharge. Deeper groundwater

was sampled from water supply wells. Streams

receiving groundwater discharge were sampled

under autumn baseflow conditions.

Composited snow was sampled in late March

(near the time of maximum snow-water storage)

by driving a clean polycarbonate cylinder com-

pletely through the snowpack. About 3–15 snow

plugs per sampling site were aggregated, melted

isothermally at 0�C, and subsampled for stable

isotope analyses. Occasional samples of rain

events were collected in a sealed reservoir

equipped with a vapor lock. Water samples were

collected in either 20 ml HDPE bottles with

conical TeflonTM cap inserts, or crimp-sealed in

20 ml glass serum vials. Analysis of water samples
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Fig. 2 Field location and
sampling sites at Jones
and Evans lakes, Ovando
Valley (US). Regional
groundwater flow is
generally southward,
discharging to the
Blackfoot River. Local
groundwater inflow to
Jones Lake occurs from
the west and south;
wetland area NE of Jones
Lake receives copious
groundwater outflow
supplied by lake seepage
through permeable late
Glacial sediments. Inflow
to Evans Lake occurs
from the north, west and
south
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occurred either at the University of Minnesota

Stable Isotope Laboratory (MSIL) or at the

University of Arizona Stable Isotope Laboratory

(ASIL). Oxygen samples analyzed at the MSIL

were manually extracted by CO2 equilibration

(Epstein and Mayeda 1953). Hydrogen samples

analyzed at the MSIL were manually extracted to

hydrogen gas by zinc catalysis (Kendall and

Coplen 1985). MSIL samples were analyzed on

a Finnigan-MAT Delta E multi-collector, dual

inlet isotope ratio mass spectrometer with ana-

lytical precision of 0.1& for d18O and 1& for d2H.

ASIL samples were extracted on an automated

system by CO2 equilibration (oxygen) and by

chromium catalysis (hydrogen) and analyzed on a

Finnigan Delta S instrument with analytical

precision of 0.08& and 0.9& respectively.

Lake basin hypsometry

Isotopic evolution of evaporating water bodies

depends strongly on ratios of fluid fluxes (Gat

1995), which in turn are influenced by lake-basin

morphometry. Morphometric models of the

Evans Lake and Jones Lake watersheds were

developed by a combination of acoustic profiling

of lake depth cross sections, 1:24,000 Digital

Orthophoto Quad (DOQ) imagery of lake basins,

and manual surveying. Digital cross sections

generated from acoustic profiles were scaled to

the DOQ images. The resulting xyz files were

converted to 3-m grids of lake bottom/land

surface elevation with an isotropic point kriging

scheme. Depth/area/volume relationships for the

two lakes were then calculated using standard

Surfer 7TM tools. On the basis of comparison with

measured depths, volumetric errors in the models

at all but very low lake volumes are estimated to

be no more than ± 5%.

Isotope balance model structure

and development

The model developed to examine lake isotopic

sensitivity is coded in VisualBasic for ExcelTM

and incorporates groundwater exchange, evapo-

ration and precipitation fluxes, and seasonal lake

stratification. (See code and explanation of vari-

ables as ESM 1.) Model structure is adapted from

that of Benson and Paillet (2002). Monthly fluid

fluxes are used to calculate changes in lake

volume as

VOLLAKEðnÞ ¼ VOLLAKEðn�1Þ þVOLPPTðnÞ

þVOLGWINðnÞ � VOLEVAPðnÞ

� VOLGWOUTðnÞ ð1Þ

and monthly isotopic change calculated as

DdLAKEðnÞ ¼ ½ðdGWINðnÞ � VOLGWINðnÞÞ
þ ðdPPTðnÞ � VOLPPTðnÞÞ
� ðdLAKEðn�1Þ � VOLGWOUTðnÞÞ
� ðdEVAPðnÞ � VOLEVAPðnÞÞ
� ðdLAKEðn�1Þ � dVOLLAKEðnÞÞ�=
VOLLAKEðnÞ ð2Þ

where VOL(LAKE) = lake volume, m3: VOLPPT =

monthly on-lake precipitation, m3: VOLEVAP =

monthly lake evaporation, m3: VOLGWIN = monthly

groundwater inflow, m3: VOLGWOUT = monthly

groundwater outflow, m3: n = month and sub-

scripted d represents the d18O and d2H composition

of each monthly flux in standard notation relative

to VSMOW.

Ovando-area environmental parameters and

lake observations provide a convenient modeling

framework for examining the influence of

groundwater boundaries on lake evolution.

Monthly lake surface areas are determined from

Table 1 Summary data for Evans Lake and Jones Lake
field sites after which modeling experiments are structured

Evans Lake Jones Lake

Surface elevation,
8/2000

1279.9 m (MSL) 1248.3 m
(MSL)

Surface area, 8/2000 2.57 E5 m2 3.22 E5 m2

Maximum depth,
8/2000

7.7 m 12.5 m

Mean depth, 8/2000 2.37 m 2.46 m
Volume, 8/2000 6.08 E5 m3 7.84 E5 m3

Observed TDS range ~9,500–
13,300 mg/l

~150–350 mg/l

Hydraulic residence
time

8–9 years 1.5–2 years

Residence time estimates are based on steady-state solute
balance calculations. Comprehensive geochemical data
can be found in Shapley et al. (2005)
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lake volume and interpolated lake hypsometric

matrices. Annual precipitation, monthly precip-

itation distribution and monthly average air

temperature (Table 2) were taken from sum-

mary data for the Ovando climate station (NWS

station 246302; period of record 1899–1976).

Relative humidity (RH) estimates were drawn

from a Montana Department of Transportation

Remote Weather Information System (RWIS)

instrument array located 5 km east of Evans

Lake (http://www.mdt.mt.gov/travinfo/weather/

rwis.shtml). Precipitation compositions were

drawn from the monthly interpolations of Bowen

and Revenaugh (2003). Base case groundwater

inflow rates were derived from solute balance

analyses (Shapley et al. 2005). Modeled ground-

water outflow is assumed to be linearly related

to lake volume above a threshold, zero-discharge

volume, following the approach of Donovan

(1992). Exponential stage–volume relationships

of the hypsometric models result in arbitrary but

physically plausible nonlinear relations between

outflow and lake stage. Monthly evaporation

rates were specified on the basis of regionalized

Penman calculations (MAPS 2003), which are

generally consistent with the limited local evap-

oration pan data (Cook 2001). Model evapora-

tion does not occur during the months

November–March, normally the minimum dura-

tion of seasonal ice cover. The model incorpo-

rates direct precipitation into lake volume

changes throughout the year, inducing artificial

continuity in lake fluxes during seasons of snow

accumulation. Monthly lake mixing depth is

specified empirically based on limited observa-

tions from 1998 to 2003 (Shapley et al. 2005); the

model does not incorporate heat storage or

other buoyancy terms. Interannual hydroclimatic

variability is simulated using sinusoidal and

step-function changes imposed on the three

hydroclimatic boundary conditions (precipitation

rate, evaporation rate, and groundwater inflow

rate) treated as independent variables.

d18O and d2H values of evaporated water vapor

are calculated according to equilibrium fraction-

ation equations of Majoube (1971) and kinetic

fractionation equations of Gonfiantini (1986).

The model is formulated with two alternative

fractionation routines. One employs an explicit

advected vapor factor (Benson and Paillet 2002);

the other routine uses Gonfiantini’s earlier

equations, implicitly assuming all vapor overlying

the modeled lake surface to be advected.

Gonfiantini’s formulation ignores the effects of

lake evaporation on the overlying vapor compo-

sition. The experiments described here used the

Gonfiantini approximation because model trials

with the explicit advected factor showed unreal-

istically low sensitivity of the simulated lake

d18O:d2H relationship (the evaporation trend) to

RH. The errors resulting from the 100% advected

vapor assumption are probably modest in the case

of the small lakes discussed here, and are unlikely

to effect the conclusions of this analysis.

Table 2 Monthly model assumptions common to all simulations

Month d18OGWIN d18OPPT Air temp Rel hum % Water temp JL/EL Strat depth JL/EL

Jan –16.7 –20.35 –3.8 71 3/0.5 0/0
Feb –16.7 –18.98 –2.2 59 3/0.5 0/0
Mar –16.7 –16.99 –0.4 51 3/2 0/0
Apr –16.7 –13.83 3.8 40 6/5 1/1
May –16.7 –10.87 8.2 39 10.5/11 2.5/2.5
Jun –16.7 –10.65 12.2 40 17/17.5 3/3
Jul –16.7 –9.87 18.9 32 22/23 3.5/3.5
Aug –16.7 –10.8 18.2 30 22.5/23.5 4/4
Sept –16.7 –11.02 11.8 35 17/17.5 5.5/5.5
Oct –16.7 –12.57 5.4 42 7.5/7 0/0
Nov –16.7 –16.88 0.0 64 4/3 0/0
Dec –16.7 –19.28 –2.6 72 3/1 0/0

See ESM 1 for complete list of model variables
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Field results

Lake compositions

Sampled Ovando-area lakes and wetlands (ESM 2)

range from –16.8& to +3.9& VSMOW in d18O

(–123& to –25& in d2H). Compositions fall along

a well-defined evaporation trend with a slope of

4.6 and separation of about 7& between Jones

Lake and Evans Lake mean d18O values (Fig. 3).

In Jones Lake, d18O values ranged seasonally

from –12& to –7&. Data for Evans Lake for the

same period show that mixed-layer waters varied

seasonally over a 1.5&–3& range in d18O and

over a 4& range (–4.5& to –0.5& VSMOW)

during the course of the sampling. Hypolimnetic

d18O values varied between –3& and –1&. Mixed

layer d18O values showed an increasing trend

reaching about 2.5&over the period of record.

Composition of lake inflow

Jones and Evans lakes receive inflow primarily

from local groundwater and direct on-lake pre-

cipitation; outflows are by groundwater seepage

and evaporation. Well water, snow and ground-

water-derived stream baseflow suggest a regional

meteoric d18O:d2H trend closely following the

global meteoric water line (GMWL; Fig. 3).

The intercept of the evaporation and meteoric

trends implies an approximate weighted source

composition from which lake isotopes evolve

(Gat 1995). Here the lake trends intersect the

GMWL near d18O and d2H compositions of

–16.7& and –126&, respectively. This inferred

source composition is very near both the local

mean minipiezometer composition at each lake

(excepting 3 samples affected by lake-water

seepage) and the mean composition of nearby

stream baseflow. Inferred and sampled source

compositions are thus in close agreement and

indistinguishable between the two lakes.

Relation to interpolated North American

data sets

Using the IAEA global precipitation data set,

Bowen and Revenaugh (2003) developed a model

of global precipitation composition coupling an

empirical latitude and elevation function with

station-based interpolation of the residual vari-

ance in d values. Here we use their mean monthly

estimates for the latitude, longitude and elevation

of Jones Lake (http://ecophys.biology.utahedu/

LabFolks/gbowen/pages/OIPC_Main.html). Due

to the lack of nearby IAEA monitoring, the

standard error of monthly d18O estimates could

be large (several &). Nonetheless, within the

limits of uncertainty, Bowen and Revenaugh’s
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Fig. 3 Field compositions (1997–2002) and inferred
source compositions for (a) Jones Lake (b) Evans Lake.
Inferred source compositions are determined by the
intersection of local evaporation and meteoric trends.
Dashed ovals represent estimates of the uncertainty in
weighted mean source composition for each lake. GMWL
represents the ‘global meteoric water line’ of d2H =
8.13*d18O + 10.8. Stream compositions reflect grab sam-
ples from turbulent mid-stream sites. Snow compositions
are for composited cores of entire snowpack. Inferred
source compositions correspond closely to shallow ground-
water sampled by minipiezometer. (Shallow groundwater
samples falling below the GMWL show ionic compositions
indicative of lake water reflux)
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model produces results consistent with our field

data. Averaged mean monthly estimates for the

period of snow accumulation are near –19& in

d18O. Unweighted mean composition of mature,

near-isothermal snowpack in our data set is

–19.3&. Estimated monthly mean d18O values

for May and June, when most summer rain

occurs, are –10.9& and –10.0&. Our few summer

rainfall samples, which represent partial sampling

of convective storms, range from –8.2& to –6.7&.

Lake source compositions inferred from evap-

oration trends and groundwater compositions are

about 2.2& lower in d18O values than estimates of

weighted mean annual precipitation from Bowen

and Revenaugh’s model (d18O = –14.3&;

d2H = –108&). This reflects expected bias in the

seasonality of groundwater recharge, favoring

infiltration of snowmelt and cool season rain over

summer (growing season) precipitation.

Modeling results and interpretation

General model behavior

The model described here is intended as a tool for

examining concepts of isotopic exchange between

lakes and groundwater. Although structured

around observed lake and groundwater relation-

ships, we do not propose the result as a calibrated

representation of Ovando lake geochemistry,

which would require better constraint of several

variables influencing both composition and rate of

evaporation. Nevertheless, comparisons to field

observations help demonstrate the value and

limitations of our modeling analyses. Simulations

of the high-groundwater flux system (analogous

to Jones Lake) are referred to as JL, while

simulations of the restricted-flux system (modeled

after Evans Lake) are referred to as EL. Proper

lake names are reserved for reference to field

observations.

Simulated monthly lake compositions under

the base case model climatology (Table 2) are

shown in Fig. 4. The departure of the evaporation

trend from the meteoric water line reflects the

diffusion-controlled kinetic fractionation of water

molecules during vapor–liquid exchange (Craig

and Gordon 1965; Merlivat and Jouzel 1979).

Sensitivity of the evaporation slope is primarily to

RH (Majoube 1971; Merlivat and Jouzel 1979),

with convergence on the meteoric water line at

RH near 100%. Modeled pathways of isotopic

evolution under a range of monthly humidity

distributions show the model sensitivity to RH is

qualitatively correct; however field values of RH

initially tested (RWIS monthly medians for

daylight hours) underestimated the observed

evaporation slope. Since regional d18O:d2H is

better constrained than the timing of lake evap-

oration, the monthly humidity array is ‘tuned’

upward by a factor of 1.15 to match the modeled

steady-state d18O:d2H relationship with the

Ovando-area evaporation trend.

The intralake seasonal range in d18O values for

the JL and EL simulations is very similar to field

observations. Divergence in mean annual compo-

sition between the JL and EL simulations is

somewhat greater than the observed interlake

differences, primarily due to EL compositions

exceeding Evans Lake by about 5&. Simulated

EL compositions are similar to those of Long

Lake, the most isotopically evolved lake in the

region (ESM 2). Our heuristic framework for

examining lake isotopic sensitivity to groundwa-

ter boundaries thus looks generally like the
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Fig. 4 Base case model compositions under seasonally
varying steady-state conditions, with lake field data for
comparison. Initial conditions are based on fluid fluxes
calculated from solute balance (Shapley et al. 2005) and
lake composition identical to groundwater inflow. Steady-
state model results closely follow field compositions in
slope and annual range of d18O values but exceed mean d
values of Jones and Evans lakes
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Ovando setting in seasonal d18O amplitude and in

d18O:d2H relations.

Seasonal inflows and outflows over 2 model

years (simulation years 41 and 42, after both

volume and isotopic composition achieve oscilla-

tory steady state), are shown in Fig. 5. Direct

precipitation and evaporative fluxes are very

similar between the two simulations (which have

nearly identical lake areas in their base case

configurations). The base case monthly ground-

water inflow for the EL model is slightly lower

than the mean monthly precipitation flux. In the

JL simulation, groundwater inflow is more than

twice the direct precipitation flux, and annually

averaged groundwater outflow is comparable to

the evaporation flux. In the EL model, ground-

water outflow is volumetrically trivial, though

nonetheless significant to long-term solute bal-

ance through control of elevated lake salinity

(Shapley et al. 2005).

Transient experiments I: modal fluid balance

changes

We first examine the influence of groundwater

setting on simulated lake response to simple step

changes in independent model fluxes. These

experiments assume base-case hydroclimatic con-

ditions for 50 model years, allowing full isotopic

adjustment from initial conditions. At year 51, the

experimental conditions are changed instanta-

neously and maintained for the remainder of the

100 model-year simulation. Table 3 summarizes

the experiments and the boundary condition

changes made in each. Discussion of isotopic

results is confined to d18O; d2H results scale

according to the model d18O: d2H relationship

shown in Fig. 4.
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Fig. 5 Base case model fluid fluxes under steady-state
conditions (a) High groundwater flux (JL; Jones Lake
hypsometric model and groundwater influx). (b) Re-
stricted groundwater flux (EL; Evans Lake hypsometric
model and groundwater influx). Precipitation and evapo-
ration fluxes (controlled by climate assumptions and lake
surface areas) are very similar. In JL, groundwater inflow
is proportionately higher than in EL. Groundwater outflow
is an important flux in JL but volumetrically trivial in EL.
Results are for model years 40 and 41, arbitrarily chosen to
illustrate steady-state behavior following adjustment of
initial assumed lake volumes to base case boundaries

Table 3 Simulation parameters for model sensitivity experiments

Simulation Duration (years) Variables manipulated Step time (years) Omega (years)

BASE 100 None None None
PPT1 100 PPT = 0.85 BASE 50 None
PPT2 100 PPT = 0.70 BASE 50 None
PPT3 100 PPT = 0.55 BASE 50 None
PPT4 100 PPT = 0.40 BASE 50 None
GWIN1 100 GWIN = 0.83 BASE 50 None
GWIN2 100 GWIN = 0.66 BASE 50 None
GWIN3 100 GWIN = 0.49 BASE 50 None
EVAP4 100 EVAP = 1.354 BASE 50 None
GWINspring 100 GWIN biased (May–Jul) PPT = 0.7 BASE 50 (PPT) 30 (PPT)
SERIES1 500 PPT = 0.7 BASE GWIN = 0.83 BASE 250 (PPT, GWIN) 10 (PPT)
SERIES2 500 PPT = 0.7 BASE GWIN = 0.83 BASE 250 (PPT, GWIN) 20 (PPT)
SERIES3 500 PPT = 0.7 BASE GWIN = 0.83 BASE 250 (PPT, GWIN) 40 (PPT)
SERIES4 500 PPT = 0.7 BASE GWIN = 0.83 BASE 250 (PPT, GWIN) 60 (PPT)
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Precipitation reduction

Experiments that progressively reduce annual

precipitation while maintaining the base-case

seasonal precipitation distribution are summa-

rized in Fig. 6. Inherent in these simulations is the

idea of proportionately increasing groundwater

inflow as precipitation decreases. In the high

groundwater-flux experiment (JL-PPT1), lake

volume adjusts to reduced precipitation over

about 6–8 years, declining in annually averaged

lake volume to about 70% of the base case under

the PPT*0.4 simulation. Sensitivity of isotopic

composition is low; an initial transient increase in

d18O values reaches only about 0.5& in the

PPT*0.4 simulation. This small effect is rapidly

reversed as the model approaches a new hydraulic

steady state. At the end of the simulations, the

reduced-PPT models have d18O values slightly

lower than the base case.

In the low groundwater-flux/long residence-

time experiment (EL-PPT1), modeled lake

volume in the PPT*0.4 simulation declines to less

than 40% of the base case. Initial transient

response results in increases in d18O values

reaching ca. 4& for the PPT*0.4 scenario. With

the larger PPT perturbations (PPT*0.55 and

PPT*0.4), the amplitude of the transient signal

reaches or exceeds seasonal compositional varia-

tion (Fig. 6b). Several decades of declining mean

annual d18O reflect an extended period of

hydraulic equilibration in the EL model. Near-

steady state wintertime values reached at the end

of the simulations are lower than the base case, by

almost 2& for the PPT*0.4 case. Summertime

d18O values range from the base case value to ca.

1& lower.

Groundwater inflow reduction

Fluid balance adjustments driven by groundwater

inflow changes (as would result from reduced

aquifer recharge) should be expected to produce

isotopic trajectories different those produced by
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Fig. 6 d18O response to modal precipitation (PPT) reduc-
tions at simulation year 50; all other model parameters
have the same seasonal distributions and annual totals
before and after the modal change in PPT. Details are
from simulation year 100, showing the steady-state
seasonal compositional cycle following adjustment of lake
volume and composition to perturbation. (a) Large

groundwater fluxes minimize transient and steady-state
compositional sensitivity in JL. (b) Evaporative outflow
dominance under restrictive groundwater outflow condi-
tions leads to a large transient increase in d18O values,
followed by lowered steady-state d18O values and ampli-
fied seasonality as groundwater inflows increase in impor-
tance and lake volume declines
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precipitation-driven changes. Results from

experiments in which groundwater inflow was

reduced by 17%, 34%, and 51% of base case

values are summarized in Fig. 7. In the high

groundwater-flux experiment (JL-GWIN), lake

volume declines in approximate proportion to

groundwater inflow, reaching a volume less than

50% of the base case under the 51% reduction.

The initial transient rise in annually averaged

d18O reaches about 2.5& above the base case.

Steady-state d18O values at the end of the

simulation remain slightly above the base case,

by about 0.5& for the 51% reduction. The

amplitude of the model’s seasonal variation

(more than 3&) exceeds both the transient

perturbation and the change in mean state.

For the low groundwater-flux/long residence-

time experiment (EL-GWIN), lake volume is

reduced to ca. 30% of the base case by a 51%

reduction in groundwater inflow, causing a tran-

sient increase of up to 4.5& in d18O. Relaxation

of the transient peak occurs over 30 years or

more. At the end of the simulation, all EL-GWIN

scenarios have returned to annual mean d18O

values indistinguishable from the base case.

However, the amplitude of the seasonal isotopic

oscillation is increased symmetrically by about

1& in the case of the 51% reduction in GWIN.

This effect is attributable to lake volume reduc-

tion disproportionately greater than inflow reduc-

tion; both winter inflow and summer evaporation

act on a smaller reservoir, amplifying the isotopic

effects of both fluxes.

Asymmetry of precipitation/evaporation fluxes

Sediment-based analyses of paleohydrology and

paleoecology often invoke the concept of (pre-

cipitation–evaporation), or ‘effective moisture’, as

a lumped climatic variable describing land-sur-

face moisture conditions (e.g. Almendinger 1993).

Implicit in this expression is the idea that the

components of effective moisture act symmetri-

cally; a unit reduction in average precipitation is
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Fig. 7 d18O response to modal groundwater inflow
(GWIN) reductions at simulation year 50; all other model
parameters have the same seasonal distributions and annual
totals before and after the modal changes in GWIN. Details
are from simulation year 100, following adjustment of lake
volume and composition to perturbation. (a) In JL,

groundwater outflow results in short (ca. 5 year) transient
effects, and a small increase in d18O values under steady-
state conditions. (b) In EL, restricted groundwater outflow
results in extended (>20 year) transient effects; the steady-
state response is mainly in heightened seasonality of d18O
due to reduced lake volume
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equivalent to a unit increase in average

evaporation. While a useful concept with respect

to fluid balance, lake isotopic balances involving

advected vapor and kinetic fractionation of lake

water should not be expected to show such

symmetry. The distinction between net fluid

balance and isotope balance likely contributes to

some instances of apparent disagreement

between oxygen isotope records and other paleo-

hydrologic indicators. The set of simulations

summarized in Fig. 8 examines the influence of

hydrogeologic setting on the expression of this

asymmetry in evolving lake water. Figure 8a

(JL-EVAP4) shows the response of the high

groundwater-flux model to increasing annual

evaporation rate by a factor of 1.35, equivalent

in P–E terms to the PPT*0.4 decrease in precip-

itation rate used in the PPT-1 experiment; results

from JL-PPT1 are shown for comparison. Annu-

ally averaged lake volumes (not shown) are

nearly indistinguishable, while total annual vol-

ume variation is about 33% greater in the

evaporation-forced case. Higher amplitude of

seasonality in the increased evaporation simula-

tion is driven by both higher (base case) winter

precipitation flux and by increased evaporation

flux during the open-water season. Under the

enhanced evaporation forcing, JL-EVAP4 adjusts

to d18O values 1–2& higher than JL-PPT1

throughout the year, with the difference maxi-

mized during the summer evaporation season.

In the EL system, which has relatively low

groundwater inflow relative to precipitation and

negligible groundwater outflow, volume differ-

ences between the precipitation and evaporation

forcing scenarios are most prominent in the

summer evaporation season (EL-EVAP4). Dif-

ferences in d18O are minimal during the winter

but reach ca. 1.5& during the summer evapora-

tion season. In both JL and EL experiments,

combinations of precipitation and evaporation

rates with identical D (P–E) drive isotopic evolu-

tion of modeled lakes toward noticeably different

mean composition and seasonal variability.

Transient experiments II: Oscillatory variation

To evaluate the effect of hydrogeologic setting on

how lake isotopic composition responds to an

oscillating climate, we now simulate cyclic long-

term (>annual) change in hydroclimatic condi-

tions. These experiments impose sinusoidal

variation of various amplitude and frequency on

precipitation. Amplitude of the oscillation is
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Fig. 8 Comparison of the d18O response to linearly
equivalent precipitation (PPT) decrease and evaporation
(EVAP) increase. PPT and EVAP experiments each result
in reduction in net surface moisture availability of 0.26 m.
(a) In JL, enhanced evaporation results in higher d18O

values than precipitation reduction throughout the sea-
sonal cycle. (b) In EL, enhanced evaporation results in
higher d18O values than precipitation reduction during the
evaporation season but late winter and spring composi-
tions are indistinguishable
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defined with respect to annual totals for the

hydroclimatic variable. Seasonal distribution of

the annual precipitation total remains unchanged

from the base case.

Results of varying the period of the sinusoidal

component in the high groundwater-flux setting

(JO-OMEGA1; JO-OMEGA3) are shown in

Fig. 9a. Precipitation rate is varied with ampli-

tude of ±0.3 X the base case, on 10- and 30-year

periods. The amplitude of modeled lake volume

variation increases by about 30% when the

forcing period increases over this range, reflect-

ing incomplete approach to steady state inherent

in oscillatory forcing. In both cases, the ampli-

tude of interannual response exceeds the annual

signal only modestly. Isotopic sensitivity is low

(ca. 0.5&), and the amplitude of d18O variation

is indistinguishable between the two forcing

periods.

In the low groundwater-flux experiment

(Fig. 9b) the volumetric response to the same

precipitation forcing scenarios (EV-OMEGA1;

EV-OMEGA3) results in a greater difference in

volume response between the two forcing peri-

ods. Response of isotopic composition is similarly

amplified, especially relative to the seasonal

signal. Importantly, the amplitude of isotopic

oscillation driven by the variable precipitation is

sensitive to the period of forcing applied. Precip-

itation oscillation with period of 30 years results

in 2.5& greater range in d18O than the same

amplitude of forcing with a period of 10 years.

This result suggests that a paleorecord from a

restricted-outflow, long residence-time lake could

show a change in d18O amplitude of several &

strictly as a consequence of changing period of

forcing, with no change in amplitude of forcing.

Groundwater inflow seasonality

Simulations discussed up to this point incorporate

a constant monthly rate of groundwater inflow.

This assumption is inconsistent with the actual

groundwater recharge and inflow timing in this

region. Groundwater compositions sampled in the

Ovando area are skewed toward lower, cold-

season precipitation compositions. This probably

results from preferential recharge of spring snow-

melt prior to the seasonal increase in plant

transpiration, as observed in other semiarid set-

tings (Sophocleous and Perry 1985; Fritz et al.

1987). Seasonally biased recharge contributes in

turn to transience in groundwater discharge to

lakes and wetlands (Winter 1983; Rosenberry and

Winter 1997).

Simulations summarized in Fig. 10 examine the

sensitivity of our two lake models to seasonality

in groundwater inflow rate. Here we assume

groundwater composition identical to previous
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simulations and simply redistribute the inflow

seasonally. The experimental distribution of

inflow is arbitrary but qualitatively plausible,

assuming 75% of inflow occurs during April,

May, and June. The remaining annual inflow is

distributed evenly over the rest of the year. In

the high groundwater-flux simulation (JL-GWIN-

spring), maximum lake volume shifts from April

to July and the amplitude of seasonal volume

change is increased by about 5% relative to the

constant-groundwater case (Fig. 10a). Most of the

increased amplitude in volume is due to a higher

early-summer peak volume resulting from the

seasonally focused inflow. Reduced groundwater

inflow during fall and winter months leads to a

much smaller volume increase over this period

than occurs in the base case. The response of d18O

values to the spring-biased groundwater inflow is

an increase approaching 1& in seasonal d18O

minimum and equivalent decrease in the annual

range of d18O. Most of the inflow occurs during

months of relatively high evaporation, resulting in

damping of the seasonal decline in d18O values

and an upward shift of the seasonally averaged

lake composition. Little change in the seasonal

d18O maximum occurs.

In the low groundwater-flux simulation

(EL-GWINspring) the amplitude of volume sea-

sonality is reduced slightly (Fig. 10b), in contrast

with the JL-GWINspring simulation. As with the

JL simulation, the response in d18O values is a

truncation in the seasonal minimum, as inflow is

shifted into the evaporation season. In this case,

the magnitude of the effect is noticeably greater

after the modal change in precipitation occurring

at year 50 (not shown), as lake volume declines

dramatically and groundwater inflow becomes

more important to lake isotope balance.
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Fig. 10 Model lake volume and d18O response to a
temporal shift in groundwater inflow. Spring-biased inflow
assumes that 25% of total annual groundwater inflow occurs
in each of the months April, May and June, with the
remainder distributed evenly through the remaining months
of the year. All other model parameters have the BASE

seasonal distributions in both scenarios. Spring-biased
inflow narrows the seasonal range of d18O, as inflow is
moved into the period of active lake evaporation. The effect
is controlled mainly by evaporation rate and inflow timing,
and so looks similar in (a) JL, the high groundwater-flux
case, and (b) EL, the restricted groundwater-flux case
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Discussion

Our results show several possible effects of

hydrogeologic setting on the evolution of isotopic

composition in lakes. Some elements of model

response are attributable to groundwater pro-

cesses or groundwater/lake interaction as imple-

mented by model assumptions, while others result

from differences in lake residence time, also

controlled by groundwater inflow and outflow

rates. Thus in either case, groundwater fluxes

influence how prominently different climate

effects are expressed in modeled lake water, and

therefore how isotopic paleorecords may be

expected to record hydroclimatic variation.

Changes in simulated groundwater inflow

dominance occur when precipitation fluxes are

reduced without proportional reduction of

groundwater inflow. While complete decoupling

of groundwater and precipitation inflows (as in

the PPT1 simulation) is unlikely, increasing rel-

ative aquifer contribution to lakes is a plausible

result of watershed aridification. Not surprisingly,

where modeled groundwater inflows are initially

high relative to incident precipitation, reduction

of direct precipitation has less effect on weighted

inflow composition and on outflow rate than

where precipitation is an initially larger fluid

balance component. As a result, the steady-state

sensitivity shown by our high-flux model to large

reductions in precipitation (up to 60%) does not

exceed 0.5& under the assumption of constant

groundwater composition. An isotopic response

of this magnitude is not likely to be resolved with

confidence in a lacustrine paleorecord. By con-

trast, our low groundwater-flux model shows

steady-state sensitivity at the 1–2& level to the

same precipitation forcing. Both models show

declines in steady-state isotopic composition

under reduced precipitation, following initial

transient (and much larger) increases in d18O

and d2H values occurring as lake storage comes

into balance with new inflow conditions. A

decline in d values is an expected consequence

of changing source dominance under our model

assumptions, and is consistent with previous

interpretations of water compositions (e.g. Gosselin

et al. 1997) and isotopic paleorecords (e.g.

Last et al. 1994; Smith et al. 2002) in some

groundwater-influenced lakes. The resulting

compositional record of aridification can be seen

as counterintuitive if changing ratios of ground-

water and precipitation are not considered.

High rates of groundwater outflow speed

approach to a new hydraulic steady state follow-

ing fluid balance perturbation. Therefore ground-

water fluxes influence both the amplitude

(through source composition control) and the

duration (through residence time) of isotopic

response to climate forcing. Compared to high

groundwater flux scenarios, low groundwater flux

scenarios show higher-amplitude response to

modal climate change, in keeping with the

understanding of long residence-time lakes as

‘amplifiers’ of hydroclimatic signals. In simula-

tions of lake response to decreased precipitation,

the upward transient component of isotopic

response eventually gives way to steady-state

compositions slightly lower than the base case,

as lake volume adjusts and compositional influ-

ence of groundwater inflow increases.

In the low-flux (EL) model, following the

initial transient rise in d values, lake composition

follows a relatively long-term downward trajec-

tory that is the most sustained feature of model

response to reduced fluid balance, whether occur-

ring through reduction of precipitation or ground-

water inflow. In a high-resolution lacustrine

paleorecord, such a feature could be mistaken

for a signal of progressively increasing moisture

balance. Here the trend represents part of the

system response to past decreased moisture bal-

ance and is not contemporaneous with any change

in climate conditions.

By buffering lake composition and shortening

residence time, high groundwater fluxes limit the

transient sensitivity of model lake composition to

climatic forcing. This results in high intra-annual

variability relative to interannual and decadal

signals under most JL (high groundwater flux;

short residence-time) model conditions. Detec-

tion of high-resolution interannual signals in such

a system will tend to be confounded, placing a

premium on paleorecord selection and sampling

strategies that can fully characterize seasonality.

Changing seasonality of groundwater discharge

may have counterintuitive isotopic signatures;

simulations of a seasonally variable (likely more
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realistic) groundwater inflow pattern resulted in

less seasonal variation in d18O values relative to

base case simulations.

Groundwater fluxes control lake residence

time in these examples, and so control the

departure of isotopic signals from synchrony with

climate forcing. Forcing-to-signal peak lag times

for JL and EL under a range of multidecadal

periodic oscillations in precipitation rate

(Table 3, SERIES1, 2, 3 and 4;) are summarized

in Fig. 11. Temporal offset of the signal peak

increases with period of forcing, increases with

lake volume in a given hydrologic setting, and

increases with lake residence time in interlake

comparison. The amplification of hydroclimatic

signals produced by the low-flux model comes at

the expense of synchrony with forcing. This

observation emphasizes that in a hydrogeologi-

cally heterogeneous setting, the advantages of

paleorecord signal visibility conferred by a

restricted-outflow setting need to be weighed

against the greater inherent temporal precision

of the less sensitive high-flux setting, where

climate and lake chemistry are more likely to be

in phase or nearly so.

Conclusions

Transient isotope-balance modeling of evaporat-

ing lakes shows that hydrogeologic linkages can

have a major influence on the sensitivity and

spatial coherence of isotopic paleorecords. High

ratios of modeled groundwater inflow to direct

precipitation dampen steady-state lake sensitivity

to changes in climate forcing through composi-

tional buffering. High ratios of groundwater

outflow to evaporation dampen lake sensitivity

to climate forcing through rapid hydraulic adjust-

ment to changing climatic boundaries, which

reduces transient isotopic response. Depending

on boundary conditions, prominent transient

responses in lake isotopic composition may be

opposite in sign to more subtle steady-state

changes. Seasonal redistribution of modeled

groundwater inflows, independent of change in

total inflow or composition, alters the mean

composition and seasonal range in lakes by

changing the timing of water storage and the

temporal relation of inflow to highly seasonal

evaporation. Amplified sensitivity in restricted-

outflow lakes, advantageous in bringing isotopic

signal amplitude above seasonal variation and

analytical noise, comes at the expense of temporal

synchrony between forcing and signal.

These relationships have the potential to affect

both the interlake coherence between isotopic

paleorecords and the intra-lake coherence be-

tween isotopic composition and other proxy

records of hydroclimate. Many observed com-

plexities in spatial and temporal patterns of

paleorecords may be due to one or more of the

phenomena described here. Without explicit

consideration of the effects of groundwater fluxes

on lake residence time and inflow timing, isotope-

based inferences regarding the magnitude, timing

and spatial distribution of hydroclimatic excur-

sions are likely to go astray.
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Fig. 11 d18O signal lag as a function of PPT forcing period
in high groundwater- flux (JL) and restricted groundwater-
flux (EL) settings. Results shown are from SERIES1,
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