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Stable isotope measurements and isotope mass balance (IMB) calculations are presented in support of an
unprecedented 20-year water balance assessment for a tailings pond and a chain of downstream lakes at
the Salmita–Tundra mine site, situated near Courageous Lake, Northwest Territories, Canada (65�030N;
111�110W). The method is shown to provide a comprehensive annual and interannual perspective of
water balance fluxes along a chain of lakes during the period 1991–2010, without the need for continuous
streamflow gauging, and reveals important lake-order-dependent patterns of land-surface runoff, dis-
charge accumulation, and several key diagnostic ratios, i.e., evaporation/inflow, evaporation/evapotrans-
piration, land-surface-runoff/precipitation and discharge/ precipitation. Lake evaporation is found to be a
significant component of the water balance, accounting for between 26% and 32% of inflow to natural
lakes and between 72% and 100% of inflow to mine-tailings ponds. Evaporation/evapotranspiration aver-
ages between 7% and 22% and is found to be higher in low-precipitation years, and in watersheds with a
higher proportion of lakes. Runoff ratios for land-surface drainages and runoff ratios for watersheds
(including lakes) ranged between 14–47% and 20–47%, respectively, and were higher in low precipitation
years, in watersheds with a higher proportion of lakes, and in watersheds less affected by mining devel-
opment. We propose that in general these two runoff ratios will likely converge as lake order increases
and as land cover conditions become regionally representative. Notably, the study demonstrates applica-
tion of IMB, validated with streamflow measurements, to constrain local water balance in a remote low-
arctic region. For IMB chain-of-lakes applications, it underlines the importance of accounting for evapo-
ratively-enriched upstream sources to avoid overestimation of evaporation losses.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Isotope mass balance (IMB) using oxygen-18 and deuterium has
been demonstrated as a useful approach for estimating water bal-
ance parameters of lakes (Gonfiantini, 1986; Gat, 1995), and has
shown value particularly for assessments in remote regions such
as the arctic and subarctic where baseline hydrologic data are lim-
ited (Birks and Gibson, 2009). While IMB results have been
reported for dozens of large lakes around the world (see Jasechko
et al., 2013), and for many small lakes, including those situated
in the arctic and subarctic regions (Gibson and Edwards, 2002;
Ichiyanagi et al., 2003; Leng and Anderson, 2003; Yi et al., 2008;
Brock et al., 2009; Turner et al., 2010; Tondu et al., 2013;
Anderson et al., 2013), few multi-year datasets have been compiled
and interpreted (Lewis, 1979; Zimmerman, 1979; Hostetler and
Benson, 1994; Sacks, 2002; Tyler et al., 2007; Longinelli et al.,
2008). Multi-year datasets are often more informative as they cap-
ture seasonal and interannual variability in water balance and iso-
topic composition, which is especially important for cold-regions
lakes subject to pulses of inflow during spring melt followed by
short, seasonally-arid summers with high rates of evaporation
(Gibson, 2002). This study presents a largely unpublished isotopic
dataset spanning 20 years, from 1991 to 2010, based on weekly to
monthly sampling during the thaw season, that provides new per-
spective on water balance variability over time along a chain of
tundra lakes situated in the continental arctic of Canada.

IMB assessments carried out in northern Canada have com-
monly utilized steady-state methods to interpret spatial variability
in isotope composition of lakes (e.g., Bursey et al., 1991; Gibson
et al., 1993; Gibson and Edwards, 2002) and less commonly have
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applied non-steady-state methods to interpret data-intensive
intervals of progressive seasonal enrichment (Gibson et al., 1996,
1998; Gibson, 2002; Gibson and Reid, 2010). With the exception
of Gibson et al. (1998; six years) and Gibson and Reid (2010;
18 years) these investigations have been of limited duration. The
latter study, developed in parallel with the present study, utilized
isotopic variations in discharge from a chain-of-lakes watershed
over an 18-year period to develop deeper understanding of inter-
annual variability in evaporation losses, evaporation/evapotranspi-
ration and partial contributing areas in a forested subarctic
watershed near Yellowknife, Northwest Territories, Canada. The
present study provides a 20-year perspective of water-balance var-
iability along a chain of lakes situated at an abandoned mine site
situated approximately 240 km northeast of Yellowknife, in close
proximity to northern treeline. The results help to establish basic
differences in hydrological response along a steep forest-tundra
climatic gradient, which builds upon initial site assessments
(Gibson, 2001) as well as knowledge gained from a regional survey
of lakes across the region (Gibson and Edwards, 2002). Given that
the region is remote and sparsely monitored, yet is undergoing
rapid development for gold, base metals and diamond mining
activities, details on the hydrological behavior of post-mining tail-
ings ponds at the site also have particular relevance.

Improved understanding of modern stable isotope systematics
in tundra lakes gleaned from this study may also inform interpre-
tation of past records of lake-water isotopic variability as pre-
served in the lake sediments (Wolfe et al., 2007; Leng and
Marshall, 2004). Our results may be particularly relevant for
informing studies that use lakewater proxies to infer past hydrol-
ogy and climate in the high-latitude cold regions (e.g. St. Amour
et al., 2010; Edwards et al., 2004; Sauer et al., 2001).

In addition, this study offers insight into potential uncertainties
associated with one-time isotopic surveys or short-term isotope-
based assessments which may be incomplete due poor representa-
tion of seasonal and interannual variability. Overall, the system we
examine serves as an example of a chain-of-lakes drainage that is
less complicated than many around the world due to the presence
of thick, continuous permafrost which limits surface–groundwater
interaction. This natural simplification allows for quantitative
application of IMB without detailed information on groundwa-
ter–lake exchanges.

The overall objectives of this paper are: (i) to describe the IMB
model for a chain-of-lakes system; (ii) to present the 20-year iso-
topic dataset; (iii) to summarize the hydrological characteristics
of the system as depicted by the IMB and establish a water balance
for the site; (iv) to compare the method with available streamflow
data; (v) to provide an assessment of evaporation from tailings
ponds at the site; and (vi) to describe lake-order-dependent hydro-
logical effects and identify avenues for future research.

1.1. Study site

The Salmita–Tundra gold mine (65�030N; 111�110W) is situated
240 km northeast of Yellowknife, Northwest Territories, Canada
near the northern treeline (Fig. 1). The region is characterized by
gently rolling tundra, low relief, and is underlain by PreCambrian
bedrock, with a thin, discontinuous mantle of glacial till and
numerous esker deposits. Lakes are abundant and drainage is dis-
organized. Salmita, now abandoned, was operated from 1983 to
1986, during which time mine tailings were placed in a small lake,
now a tailings containment area (TCA), at the headwaters of a
chain-of-lakes drainage. The site had been used previously during
1964–1968 to dispose of similar tailings from the nearby Tundra
mine. Both tailings sources are rich in arsenic and other base met-
als which required isolation from natural waterways. When min-
ing operations ceased at Salmita in 1986, the TCA was separated
into an upper and lower pond (Fig. 1) with a dyke constructed from
waste rock and esker material. The dyke was built to maintain a
water cap over the bulk of the tailings solids located in the upper
pond to limit the acid rock drainage potential. As a precaution,
overflow culverts were installed to direct water to the lower pond.
An interception ditch was also constructed on the north side of the
tailings pond to minimize surface runoff to the lower pond. A
waste-rock dam separates the lower pond from its downstream
receiving waters, Hambone Lake, which subsequently drains into
Powder Mag Lake and Sandy Lake on the way to Courageous Lake
(Fig. 1). Sandy Lake also receives additional inflow from Trans Sad-
dle Lake. Flow from the lower pond to Hambone Lake is predomi-
nantly via seepage through the waste-rock dam. Due to concerns
about observed seepage, the dam was buttressed to reduce flows
in 2004–2005 and water treatment and release began from the
lower pond in 2009 as part of a plan to drain the ponds and estab-
lish a solid tailings cover beginning in 2014.

Mean annual temperature at the site is below zero, with mean
air temperature during the evaporation season of 8.8 �C and relative
humidity averaging close to 77%. On average there are 100–110 ice
free days for most lakes. Outlets from small lakes are shallow (<1 m
depth) and typically freeze to bottom in winter so that flow ceases
for half the year. From observations in the mine workings, perma-
frost is known to be thick (several hundred metres) and continuous
at the site. The relative position of the tailings ponds and string of
lakes drainage network below the ponds is shown in Fig. 1.

2. Method

The application of the IMB technique for evaluating water bal-
ance requires information on the d18O and d2H composition of the
lake water as well as measured climatology at the site (precipita-
tion, temperature, relative humidity, evaporation and precipitation
rates), geographic data (lake area, watershed area) and isotopic
compositions of water balance components (mainly precipitation
and water vapor). Our approach uses a steady-state approximation
based on annually averaged data to capture interannual variability
in evaporation losses and related water balance parameters. In this
case, well-defined seasonal variations are useful as they help to con-
strain time-weighted averages of lake water isotopic composition in
each year. The isotope mass balance methodology was previously
described and demonstrated by Gibson and Reid (2010). A similar
but more exact form of the balance equations is presented below.

2.1. Isotope mass balance

Basically, the IMB model determines evaporation/inflow ratio
for each lake from the degree of offset between the measured iso-
topic composition of the water body and the estimated isotopic
composition of inflow. Incorporating known precipitation and
evaporation depth estimates then allows calculation of ungauged
inflows to the lake (i.e. surface runoff plus active-layer inflows
from the land surface) and the resultant outputs (evaporation
and outflow). Additional water contributed by upstream lakes/res-
ervoirs is also incorporated into the IMB. The theoretical basis of
this model is explained further below.

In hydrologic and isotopic steady-state, water and isotope bal-
ances for a typical well-mixed lake or reservoir on an annual basis,
are expressed, respectively as:

I ¼ Q þ E ðm3Þ ð1Þ

IdI ¼ QdQ þ EdE ð‰ m3 Þ ð2Þ

where I, Q and E are lake inflow, discharge and evaporation ðm3Þ,
and dI, dQ and dE are the isotopic compositions of inflow, discharge



Fig. 1. Map showing (a) the locations of Salmita and Yellowknife, Northwest Territories, Canada, (b) the Salmita tailings containment area (TCA), consisting of the upper and
lower pond, and (c) chain-of-lakes drainage network near Salmita, NT, also showing location of the TCA and Sandy Lake streamflow gauge. Arrows indicate channelized
streamflow, and dashed line indicates seepage.
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and evaporation fluxes (‰), respectively. Rearranging Eq. (2), and
substituting Q = I � E from Eq. (1) we obtain:

x ¼ E=I ¼ ðdI � dQ Þ=ðdE � dQ Þ ðdimensionlessÞ ð3Þ

where x is the evaporation/inflow ratio. For well-mixed lakes it is
apparent that dQ � dL where dL is the isotopic composition of lake-
water. While seasonal variation is characteristic in northern lakes,
the steady-state isotope mass balance remains a useful description
of the mean conditions of the lake water balance for each year.
Lakes may receive input from precipitation on the lake, from sur-
face/subsurface runoff, or from an upstream lake. This can be
approximated by

I ¼ P þ Rþ J ðm3Þ ð4Þ

dI ¼ ðP � dP þ R � dR þ J � dJÞ=ðP þ Rþ JÞ ð‰Þ ð5Þ

where P is precipitation on the lake (m3), R is runoff (m3), J is inflow
from an upstream lake (m3), and dP, dR, dJ are the isotope
compositions of precipitation, runoff and upstream lake water,
respectively. Where evaporative enrichment of soil water is minor,
as is often the case for tundra hillslopes (see Gibson et al., 1996), the
isotope composition of runoff is similar to that of precipitation, i.e.
dR � dP. For headwater lakes, the total inflow is therefore similar to
precipitation, i.e., dI � dP.

The isotopic composition of evaporate dE can be estimated using
the Craig and Gordon (1965) linear resistance model given by
Gonfiantini (1986) as:
dE ¼ ððdL � eþÞ=aþ � hdA � eKÞ=ð1� hþ 10�3 � eKÞ ð‰Þ ð6Þ
where h is the relative humidity (decimal fraction), dA is the isotopic
composition of atmospheric moisture, e+ is the equilibrium isotopic
separation (see Horita and Wesolowski, 1994), a+ is the equilibrium
isotopic fractionation whereby e+ = (a+ � 1) � 1000, and eK is the
kinetic isotopic separation, the latter being quantified for



J.J. Gibson, R. Reid / Journal of Hydrology 519 (2014) 2148–2164 2151
operational use from a range of laboratory and field experiments
(see Horita et al., 2008). Substitution of dE into Eq. (3) yields:

x ¼ E=I ¼ ðdL � dIÞ=ðmðd� � dLÞÞ ðdimensionlessÞ ð7Þ

where

m ¼ ðh� 10�3 � ðeK þ eþ=aþÞÞ=ð1� hþ 10�3 � eKÞ ðdimensionlessÞ
ð8Þ

and

d� ¼ ðhdA þ eK þ eþ=aþÞ=ðh� 10�3 � ðeK þ eþ=aþÞÞ ð‰Þ ð9Þ

Combining Eqs. (4) and (7), we can estimate R as:

R ¼ E=x� P � J ðm3Þ ð10Þ

where E = e � LA and P = p � LA; e and p representing the annual
depth-equivalent of evaporation and precipitation ðmÞ, and LA being
the lake area (m2). The lake-evaporation/evapotranspiration ratio
for the watershed can then be estimated by

E=ET ¼ E=ðEþ TÞ ¼ E=ðEþ PR � RÞ ðdimensionlessÞ ð11Þ

where T is vapor loss from the land-surface of the watershed (sub-
stantively transpiration) and PR = p � DBA is precipitation on the
land-surface of the watershed, DBA being the land-surface drainage
area (not including the upstream lake basins). This calculation
assumes no annual change in subsurface water storage. Runoff ratio
can be estimated in two ways, as R/PR representing runoff from land
areas only, or as Q/PW representing runoff from both land and lake
areas; PW = p �WA being the precipitation on the cumulative
watershed upstream of the gauge, and WA being the watershed
area.

The present analysis benefits from having a tailings pond (upper
pond) at the site that approximates a terminal lake (see Gat, 1995),
defined by I = E, where inflow is close to evaporation on a long-
term basis. The pond has a limited catchment area, no surface out-
flow, and is underlain by permafrost that limits groundwater
exchange. Applied as a ‘terminal index lake’ as suggested by
Dincer (1968; see also Yi et al., 2008), the isotopic composition
of this lake can be used to constrain the isotopic composition of
local atmospheric moisture. When applying Eq. (7) for a terminal
index lake we can substitute x = 1 to obtain an expression for
the limiting isotopic enrichment (i.e. the maximum enrichment
Fig. 2. Schematic depiction of the isotope mass balance for the chain of lakes drainage at
to be the same for all lakes. Note also that for lakes in series, outflow to the downstream
possible under local climatic conditions as water evaporates to
dryness, see Gat, 1995):

d� ¼ ðdTLð1þmÞ � dTLÞ=m ð‰Þ ð12Þ

where dTL is the isotopic composition of the terminal lake, from
which, Eq. (9) can be rearranged to solve for the atmospheric mois-
ture composition:

dA ¼ ½d�ðh� 10�3ðeK þ eþ=aþÞÞ � eK � eþ=aþ�=h ð‰Þ ð13Þ

This provides a calibration method for estimating d⁄ (or dA) to apply
Eq. (7) without long-term isotope measurements of the atmo-
sphere. If the index lake has in fact leaked slightly (which is entirely
possible at Salmita due to periodic overflows via culverts or by
seepage to the lower pond), the derived inflow and outflow esti-
mates need to be regarded as minimum values, which is still useful
in the current application. Two other approaches are sometimes
used to estimate dA. These include the assumption of isotopic equi-
librium between mean annual precipitation and atmospheric mois-
ture, i.e.:

dA ¼ ðdP � keþÞ=ð1þ 10�3 � keþÞ ð‰Þ ð14Þ

where k = 1 (see Gibson et al., 2008), or by fitting k to some fraction
of 1 as a best-fit to the local evaporation line (see also Bennett et al.,
2008). Later on, these approaches are also evaluated and compared
with estimates based on the terminal lake method (Eq. (12)).

An IMB schematic for a typical chain of lakes is shown in Fig. 2.
Fluxes are resolved in the series of lakes by simultaneous solution
of the IMB equations for all lakes in the chain. The theoretical sys-
tematics of heavy isotope enrichment in such coupled evaporative
systems has been previously described by Gat and Bowser (1991),
although to our knowledge no previous applications have been
demonstrated in the literature.

2.2. Watershed and climate parameters

Watershed areas (WA), drainage basin areas (DBA), and lake
areas (LA) for each of the study lakes are summarized in Table 1.

The climatological parameters (precipitation, temperature, rela-
tive humidity, evaporation and precipitation rates) required to run
the IMB model were obtained from direct measurements at the
lower pond site (Table 2). The instrumentation at the site consisted
Salmita. Note that relative humidity (h) and atmospheric moisture (dA) are assumed
lake is shown to be equal to inflow from the upstream lake. See text for discussion.



Table 1
Lake, drainage basin and watershed areas for the Salmita site. Pond areas are based on
1996 survey data.

Lake/pond Lake area
(m2)

Drainage basin area
(m2)

Watershed area
(m2)

Upper pond 83,000 55,000 138,000
Lower pond 403,000 83,000 486,000
Hambone Lake 114,361 2,737,289 2,851,650
Powder Mag

Lake
270,684 3,326,616 3,597,300

Sandy Lake 1,224,534 8,243,916 9,468,450
Trans Saddle

Lake
542,674 1,264,976 1,807,650

Russell Lakea 353,121 1,819,479 2,172,600

a Prior to construction of tailings ponds.
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of a tripod-mounted, automatic weather station located in shallow
water at the edge of the lower tailings pond. Lower pond volume is
estimated at 1.24 � 106 m3. Air temperature, relative humidity and
wind speed were measured at approximately 2.5 m above the
water surface. Accuracy of the temperature and humidity sensors
was ±0.2 �C and ±2–3%, respectively. Net solar radiation was mea-
sured at 1-m height and was used together with the wind speed,
temperature and relative humidity data to estimate daily and
annual evaporation by the Penman Combination method (see
Reid and Faria, 2004). While it is acknowledged that seasonal tim-
ing of evaporation can vary significantly between large and small
or shallow and deep reservoirs, estimates are considered to be rep-
resentative of mean annual conditions for all lakes at the site. Pre-
cipitation was measured using both manual snow gauges and a
tipping bucket rain gauge.
2.3. Water sampling

Water samples were collected in 30-mL high-density polyethyl-
ene bottles with minimal headspace and tightly sealed lids to min-
imize potential for evaporation. Procedures used for water
sampling have been described previously (Gibson and Reid,
2010). In general grab samples of water were collected from the
edge of the lake or pond during the ice-off period, rain samples
were collected from an evaporation-free rain gauge, and snow
Table 2
Average meteorological conditions during the study including thaw season temperature, r
isotopic enrichment and atmospheric moisture composition calculated from the index lak
Eq. (12); dA18 and dA2 are oxygen and hydrogen isotopic compositions of atmospheric mo

Year T (�C) h (dimensionless) p (mm) e (m

1991 7.2 0.77 – –
1992 5.0 0.79 – –
1993 5.8 0.78 218 279
1994 11.2 0.67 213 336
1995 7.5 0.74 266 261
1996 10.4 0.78 269 283
1997 5.1 0.79 260 243
1998 8.6 0.75 283 348
1999 5.2 0.78 289 295
2000 6.0 0.78 270 278
2001 6.1 0.81 302 296
2002 4.4 0.80 307 232
2003 9.1 0.77 231 327
2004 2.8 0.78 224 242
2005 2.9 0.78 244 235
2006 7.3 0.75 385 340
2007 4.8 0.76 237 222
2008 11.5 0.75 315 251
2009 8.1 0.78 178 219
2010 12.5 0.75 172 273

Mean 7.1 0.77 259 276
was collected as depth-integrated grab samples. Note that use of
grab samples to represent the whole water body presumes that
the lakes/ponds were well-mixed and unstratified, which has been
shown to be a reasonable approximation for many shallow north-
ern lakes (Gibson et al., 2010). All isotope results are reported in d
notation in permil (‰) relative to Vienna Standard Mean Ocean
Water (V-SMOW) and normalized to the SMOW-SLAP scale (see
Coplen, 1996). We estimate analytical uncertainty to be better than
±0.2‰ for d18O and ±2‰ for d2H over the past 20 years.
3. Results and discussion

3.1. Isotope characteristics

Isotope data for natural lakes and tailings ponds plot below the
Global Meteoric Water Line (GMWL) in d2H–d18O space (Fig. 3a and
b) which is typical for evaporating water bodies sampled in the
region and across northern Canada (Gibson et al., 2005). Evapora-
tion line slopes are found to be fairly consistent, ranging from
about 5.3 for the lower pond, 5.5 for the upper pond and about
5.6 for three natural lakes. Degree of offset below the GMWL along
evaporation lines is proportionate to the fraction of water loss by
evaporation from each lake or reservoir, with seasonality in inflow
and evaporation rates contributing to variability in the degree of
offset. A few class-A evaporation pan measurements also attest
to the potential for evaporative enrichment at the site during the
thaw season (Fig. 3a). Rain samples are shown to plot along a line
with a slope of 6.3, slightly below the GMWL (Fig. 3c), which is
common for rain sampled across Canada, as reported by the Cana-
dian Network for Isotopes in Precipitation (Birks and Gibson,
2009). Snow plots closer to the GMWL which is similar to that
observed from a larger snow dataset collected near Yellowknife
as part of the Baker Creek watershed studies (see Gibson and
Reid, 2010; their Fig. 3). Seepage water, found in abundant pools
along the base of lower pond dams, is also shown in comparison
with the lower pond (i.e. the primary seepage source) and rain/
snow (Fig. 3c). Seepage water is found to plot close to the lower
pond line but there may also be minor mixing occurring between
pond water and precipitation or active layer water sources as the
seepage exfiltrates the pond. The mean isotopic composition of
precipitation dP is estimated to be �22‰ for d18O and �166‰ for
elative humidity, evaporation and annual precipitation. Isotope data include limiting
e. d⁄18 and d⁄2 are d18O and d2H, respectively, of limiting isotopic enrichment based on
isture based on Eq. (13).

m) d⁄18 (‰) d⁄2 (‰) dA18 (‰) dA2 (‰)

�12.98 �119.4 �31.36 �241.6
�12.30 �119.1 �29.80 �236.8
�12.16 �116.1 �29.26 �226.8
�9.39 �101.4 �32.05 �240.4
�11.13 �111.0 �30.10 �230.4
�11.62 �112.9 �29.48 �233.6
�13.58 �122.8 �30.75 �235.7
�10.09 �98.9 �29.21 �226.3
�12.39 �110.9 �30.07 �230.0
�12.76 �120.3 �30.46 �238.4
�12.71 �116.1 �29.43 �232.5
�12.84 �119.0 �29.30 �229.0
�11.69 �112.8 �30.34 �239.5
�11.02 �112.7 �29.11 �236.9
�11.80 �117.2 �29.46 �234.2
�11.95 �113.3 �31.10 �239.7
�12.37 �116.0 �30.04 �228.6
�12.32 �115.8 �31.11 �236.5
�12.38 �114.5 �29.31 �223.3
�10.92 �105.4 �30.77 �241.5

�11.92 �113.8 �30.13 �234.1
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Fig. 3. d2H–d18O plots of (a) natural lakes, (b) tailings ponds, and (c) precipitation and seepage. GMWL denotes the Global Meteoric Water Line of Craig (1961) given by
d2H = 8d18O + 10. Regressions in (a) and (b) illustrate the apparent slope of local evaporation lines for selected lake(s)/reservoir. Estimated mean annual isotopic composition
of precipitation is also shown.
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d2H (see also Gibson, 2001), reflecting the approximate balance
between rain and snow at the site, and this roughly coincides with
the intercept of the rain line and GMWL (Fig. 3c).

Time-series of d18O in the upper and lower tailings ponds, and
in Hambone, Powder Mag and Sandy Lakes (Fig. 4) illustrates the
systematic seasonal cycles of evaporative enrichment from early
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Fig. 4. Time-series of d18O for lakes and tailings ponds at Salmita, NT, illustrating both s
term patterns.
to late thaw season. This strong cyclicity is enhanced by abundant
inflow of snowmelt that is isotopically depleted during the freshet
and arid conditions during the summer that promotes isotopic
enrichment by evaporation. Typical seasonal variations at Salmita
are in the range of 2–4‰ in d18O (20–40‰ for d2H). Similar cycles
have been shown for sites north and south of Salmita (i.e. Gibson
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et al., 1996, 1998; Gibson and Reid, 2010). Interannual variations in
the degree of enrichment (maxima and minima in Table 3) corre-
spond to shifts along the local evaporation lines. Nearly identical
isotopic composition of lake water was observed in Powder Mag
Lake (PM) and Trans Saddle Lake (TS) during 1991–1996, which
yielded the regression: d18OTS = 1.0d18OPM � 0.01; r2 = 0.97; n = 7.
Sampling of Trans Saddle Lake was discontinued after 1996.

Isotopic composition of key water balance components are
shown relative to GMWL and the predicted slope of the LEL in
Fig. 5. Note that the range of values for inflow (dI) arises from
blending of upstream lake water with precipitation, and is different
for each lake in each year. Values for dA and corresponding d⁄

(Table 2) are shown for the index lake based on Eqs. (13) and
(12), respectively, and compared to two values of dA based on
equilibrium and best-fit assumptions using Eq. (14) (Fig. 5). Ranges
in the index lake values reflect annual differences in both dL and in
meteorological conditions in each year, whereas ranges in dA for
the other methods reflect variations in meteorological conditions
alone. Mean lake water values plot slightly below the predicted
evaporation line slope for the area suggesting slightly greater
influence of snowmelt on these lakes than the tailings ponds.

3.2. Calculations

A series of calculations are made, based on the equations pre-
sented in Section 2.1, to illustrate the potential for quantitative
application of the IMB method for describing interannual water
balance variations. For each year, the basic IMB scenario developed
for the Salmita lake chain (Fig. 2) assumes isotopic and hydrologic
Table 3
Summary of isotope composition of lakes and ponds. r18 and r2 are standard deviations o

Lake/reservoir Mean Maximum
Annual

d18O d2H d18O d2H

Upper pond �14.55 �128.7 �13.42 �119.5
Lower pond �15.30 �133.0 �14.39 �128.4
Hambone L. �16.37 �139.6 �14.69 �128.0
Powder Mag L. �15.70 �143.1 �15.07 �129.1
Sandy L. �16.24 �143.5 �15.84 �135.3
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Fig. 5. d2H–d18O plot showing mean isotopic compositions of the upper pond, lower p
limiting isotopic enrichment. The lake symbols are the same as in Fig. 6. Dashed line
evaporation line.
steady-state, i.e. constant values for volume and dL for each lake,
and for all lakes, a common dA based on Eq. (13), and using a tem-
perature and relative humidity representative of the evaporation
season. The watersheds are assumed to be underlain by continu-
ous permafrost so that liquid outflows are exclusively via chan-
nelized streamflow without significant groundwater losses.
Inflow from the land surface is assumed to be via surface or shal-
low active-layer pathways. A constant value for dP, equal to the
mean annual precipitation, is used in all years, which is a simpli-
fication required due to lack of year-to-year data for amount-
weighted precipitation, but one that appropriately takes into
account the longer-term buffering role of runoff (R), which is pre-
sumed to be derived largely from displacement of longer-term
active-layer storage by precipitation recharge. Such old water
sources have been noted to be significant even in arctic and sub-
arctic watersheds (Carey and Quinton, 2005; Ombradovic and
Sklash, 1986). This water accounts on average for 70–80% of
P + R to the Salmita lakes.

Before running the isotope mass balance, lake evaporation (E)
and precipitation (P) were estimated for each lake based on
micro-meteorological estimates of e and p (see Table 2). Then, for
each year, evaporation/inflow (x) and land-surface runoff (R) were
estimated for each lake using Eqs. (7) and (10), respectively. Note
that upstream lake inflow (J) was estimated iteratively using Eqs.
(4) and (5). Initially, a first order approximation of the lake water
balances were calculated using J = 0 and dI = dP. These estimates
of J and the proportion of J/(P + R + J) were then used in subsequent
iterations to converge on a best fit value for both J and dI for each
lake in each year. Q was then calculated as a residual.
f mean annual isotopic composition for d18O and d2H, respectively.

Minimum
Annual

Mean seasonal variability

d18O d2H r18 r2 n

�15.58 �134.1 0.74 4.20 20
�16.73 �143.6 0.47 2.57 20
�17.78 �154.7 1.44 8.04 20
�17.50 �157.8 1.12 4.44 20
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Table 5
Spearman Rank correlation matrix for water balance fluxes and selected indicator
ratios for Sandy Lake. The correlation coefficient (r), p value (p), and number of
samples (n) is shown for each. Note that significant correlations are bolded and
shaded.
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The IMB was computed slightly differently for Sandy Lake. To
account for dual inflows, water balances were computed and Q val-
ues were estimated and summed from both Powder Mag and Trans
Saddle, the upstream lakes (see Fig. 2). The Trans Saddle lake iso-
tope mass balance was computed using the Powder Mag isotopic
record and the regression noted above but assuming no upstream
lakes.

The operational value of using IMB is that land-surface runoff
and discharge can be simultaneously calculated for a lake, as com-
pared to a conventional water balance where only one unknown
can be calculated. The value of application to a chain of lakes is that
discharge from the upstream lake can be used to characterize the
upstream inflows to the next lake in the chain, thereby refining
the calculation. Overall, the water balance estimates provide an
isotopic perspective of the integrated hydrology of the lake-
watershed systems, and capture the downstream propagation of
water from the headwaters to the Sandy Lake outflow.

Two additional isotope-based water balance partitions are also
evaluated. E/ET is estimated based on Eq. (11) and runoff ratio is
estimated in two ways, as Q/PW and R/PR. These quantities are used
to demonstrate some basic hydrologic properties of the chain of
lakes and to illustrate comparisons between Salmita and the Baker
Creek watershed situated 240 km to the southwest near Yellow-
knife, Northwest Territories, Canada.

Prior to presenting the results it is important to establish the
intrinsic role of the upper pond as an index lake. The upper pond
was chosen to serve as an index lake because its long-term water
balance was close to that of a terminal lake, i.e. I = E; Q = 0. Suitabil-
ity of the pond as an index lake was initially recognized due to its
physical attributes, i.e., limited catchment, lack of surface outflow,
and permafrost substrate. This hypothesis was reinforced by the
approximate balance between local e and p (see Table 2), and then
by the close agreement between dA estimated from Eq. (13) and
using the best-fit method from Eq. (14) (Fig. 5). While this overall
site assessment might have adopted the best-fit approach for esti-
mating atmospheric moisture, as did Gibson and Reid (2010), the
use of the index method was selected as it resulted in slightly
higher calculated x and reduced discharge from the lower pond,
which is a better match to observed outflow that occurred only
as slow seepage. While the upper pond underwent minor seasonal
changes in volume and significant seasonal enrichment in isotope
composition similar to other lakes (Fig. 4), only annual averages
were used in the computations. Slight leakage from the reservoir
is suggested by records of winter water levels which were typically
stable to slightly declining (�0.1–0.3 m) over the course of the sea-
son. Probable volume of seepage in winter is likely in the range of
12,000–25,000 m3, or between 2.5% and 5% of the upper pond
volume.

Under a scenario where the upper pond may be leaking slightly
(<5%) we anticipate that our water balance will tend to overesti-
mate x in the lower pond by up to 10% and underestimate outflows
by a similar amount. Owing to less overall enrichment in the nat-
ural lakes, potential overestimation of x and underestimation of
outflow for these water bodies is limited to about 3%.
Table 4
Summary of evaporation/inflow, evaporation/evapotranspiration and runoff ratios based o

Lake/reservoir x (for 18O) x (for 2H) Mean

Upper pond – – �1
Lower pond 0.73 ± 0.21 0.70 ± 0.16 0.72 ±
Hambone L. 0.34 ± 0.18 0.30 ± 0.13 0.32 ±
Powder Mag L. 0.31 ± 0.07 0.24 ± 0.13 0.28 ±
Sandy L. 0.27 ± 0.07 0.26 ± 0.09 0.26 ±
Trans Saddle L.a – �0.36

a Approximate only – based on Powder Mag isotope record.
Results from the isotope mass balance model calculations, as
shown in Tables 4–6 and Figs. 6–9, are discussed in the following
sections.

3.3. Evaporation/inflow

Evaporation/inflow (or its reciprocal) is a commonly-used
throughput indicator in IMB investigations of open-water bodies
as it relates directly to the degree of isotopic enrichment of the
water bodies above background levels found in precipitation and
groundwater (see Gat and Levy, 1978; Gibson, 2002). Whereas
evaporation/inflow (x) is �1 for Salmita’s upper pond ‘index lake’,
x is estimated to be significantly less than 1 for the lower tailings
pond and much lower for natural lakes along the chain (Table 4;
Fig 6). This implies that all have significant inflows and outflows,
which is consistent with observations. Mean values of x were com-
puted as the average of d18O and d2H values for each reservoir in
each year. As shown (Table 4), d18O- and d2H-based estimates dif-
fered on average by 4%, 12%, 23% and 4% for the lower pond,
n isotope mass balance ±1r interannual variability.

x E/ET R/PR Q/PW

– – –
0.18 – 3.2 ± 3.3 0.47 ± 0.45
0.16 0.071 ± 0.061 0.14 ± 0.12 0.20 ± 0.18
0.09 0.13 ± 0.05 0.25 ± 0.13 0.34 ± 0.20
0.08 0.22 ± 0.09 0.47 ± 0.18 0.47 ± 0.18

– – �0.65
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Hambone Lake, Powder Mag Lake and Sandy Lake, respectively,
which reflects the goodness of fit of each lake water balance to
the overall isotope mass balance scenario shown in Fig. 2.

Mean x (±1r) is 72% (±18%) for the lower pond, 32% (±16%) for
Hambone Lake, 28% (±9%) for Powder Mag Lake and 26% (±8%) for
Sandy Lake. While x is found to decrease down the chain of lakes,
interannual variability in x, as given by the standard deviation from
year-to-year, is found to dampen from 18% to 6% down the chain of
lakes (Table 4). The same general pattern holds true for Trans Sad-
dle Lake and Sandy Lake although the former is based on a more
limited dataset. Due to higher liquid throughput in successive
lakes, we postulate that this is how the stable isotope signature
of a water parcel might typically respond as it moves down a series
of evaporating reservoirs in an arctic climate zone with continuous
permafrost. Temporal patterns in x are fairly similar for all natural
lakes (Fig. 6), with minimum values observed in 1991–1992 and
maximum values observed in 1994 and 2000–2001 (the latter for
Hambone Lake only). A different temporal pattern for the lower
pond suggests some alteration of natural evaporation and runoff
in this artificial reservoir. It is important to note that x would have
been overestimated by between 30% and 50% if enriched water
from upstream lakes was not incorporated into the model. For both
modern and paleohydrology applications, this emphasizes the
importance of determining the position of the lakes in the chain
of lakes and sampling the upstream sources.

For Sandy Lake, based on a Spearman Rank correlation (Table 5),
we find that x is positively correlated with evaporation rate e
(r = 0.641, p = 0.003), which might be expected given that both
are controlled by lake evaporation, and negatively correlated with
discharge (Q) (r = �0.789, p < 0.001) and land-surface runoff (R)
(r = �0.63, p = 0.004) which is also expected as these fluxes drive
increased throughput. Similar results are found for the other natu-
ral lakes. Spearman Rank correlations are used throughout this
paper due to non-normal distribution of parameters R and x.
3.4. Interannual water balance of lakes

A summary of water balance fluxes for the chain of lakes (in
m3 yr�1) is shown in Fig. 7 and summarized in Table 6. As E and
P are estimated using equivalent depths of evaporation and precip-
itation, variations in these fluxes among lakes is strictly attributed
to differences in the surface area of each lake. Note that average
values for the study period were used to characterize P in 1991
and 1992 and E in 1991–1993 prior to comprehensive annual pre-
cipitation surveys and complete evaporation season monitoring at
the site. Of the water fluxes, both J and Q are shown to increase
down the chain of lakes, primarily reflecting accumulation of
water, whereas R varies with the land-surface area of the respec-
tive catchments. Temporal trends are dominated by significant
peaks in upstream inflow in all lakes in 1992 and by peaks in runoff
and discharge in 1993. Lowest values of runoff and discharge are
noted in 1992 and 1994. The peaks noted in upstream inflow in
Table 6
Summary of water balance results ±1r interannual variability (�103 m3 yr�1).

Lake/pond Pa Eb Jc

Upper pond 21.6 22.9 0
Lower pond 105 ± 19.8 111 ± 15.8 �0
Hambone L. 29.8 ± 5.6 31.7 ± 4.5 57.4 ± 54.9
Powder Mag L. 70.0 ± 13.4 74.7 ± 10.9 142 ± 125
Sandy L. 317 ± 60.6 338 ± 49.1 317 ± 165
Trans Saddle L.d 140 149 �0

a Measured.
b Based on Penman method.
c Based on isotope balance.
d Approximate only, based on limited dataset.
1992 may be an artifact of a poor representation of precipitation
amount in this year, although there is no obvious reason why run-
off and discharge are predicted to have been so much higher for
1993. The remainder of the record, extending from 1994 to 2010
is characterized by more consistent outputs for all water balance
fluxes, and this period is thought to be more representative of aver-
age water balance conditions of the lakes.

Gauging of the Sandy Lake outflow was carried out during
2006–2010 and provides some insight into the overall performance
of the isotope mass balance model (Fig. 7). During the open-water
season, cumulative discharge estimates for the Sandy Lake outflow
based on standard physical gauging methods ranged from
7.7 � 105 m3 in 2006 to 1.4 � 106 m3 in 2008 and 2009, which is
in broad agreement with mean isotope mass balance estimates of
discharge from Sandy Lake (1.2 � 106 ± 0.35 � 106 m3 yr�1). This
lends general confidence to the chain-of-lakes IMB scenario. Note
that P (estimated from meteorological data) contributes to about
20% of this discharge, whereas R and J (both estimated isotopically)
contribute 60% and 20%, respectively.

Gibson and Reid (2010) noted two general water-climate peri-
ods for the Baker Creek watershed near Yellowknife: a drier period
during 1991–2000, and a wetter period during 2001–2008. Accord-
ing to the Climate Trends and Variations Bulletin of Canada 2012
(Environment Canada, 2013) the Mackenzie District experienced
above-average precipitation as compared to the 1961–1990 nor-
mal in only 5 of 10 years during 1991–2000 and in 9 of 10 years
during 2001–2010, suggesting a similar regional pattern to that
noted for Baker Creek. No distinct wet (1990s) and dry (2000s)
periods are noted for Salmita. Interestingly, for 18 of 20 study
years, temperature was also above 1961–1990 normals in the Mac-
kenzie District (Environment Canada, 2013). Due to lack of a reli-
able historical weather record at Salmita it is difficult to judge
whether the site follows the regional temperature trend, but slight
warming is indicated by the 1991–2010 temperature record.

From a Spearman Rank correlation analysis for Sandy Lake
(Table 5) we find that P and E are not significantly correlated with
each other or with any other water balance fluxes, but that Q is
highly correlated with R (r = 0.912, p < 0.001) and moderately cor-
related with J (r = 0.596, p = 0.007). The high correlation between R
and Q is expected given that R is a measure of water runoff from
land areas of the watershed whereas Q is a measure of runoff from
both land and water areas. Correlation between Q and J is also
anticipated given that these both reflect lake outflows along the
chain. Lack of correlation between Q and P reveals that year-to-
year variations in precipitation on the lake are not influential in
determining the interannual variations in basin outflow. Similar
results are found for the other natural lakes.
3.5. Evapotranspiration and vapor flux partitioning

It is interesting to note that lake evaporation, while an impor-
tant process, is not the dominant evapotranspiration mechanism,
Rc Total inflowa,c P + R + J Qc

1.3 22.9 0
63.8 ± 66.2 169 ± 63.2 57.4 ± 54.8
94.2 ± 81.5 181 ± 130 135 ± 125
217 ± 77.2 429 ± 179 317 ± 165
1040 ± 327 1672 ± 353 1176 ± 353
298 438 289
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Fig. 6. Temporal trends in (a) annual temperature and humidity, (b) annual precipitation, and isotope-based hydrologic indicators, including: (c) evaporation/inflow, (d) lake-
evaporation/evapotranspiration, (e) runoff ratio for the watersheds, and (d) available water levels. Note that dashed lines denote the interval during 1991–1993 when annual
precipitation was not recorded. Open bars in (b) denote precipitation estimates based on mean annual values.

2158 J.J. Gibson, R. Reid / Journal of Hydrology 519 (2014) 2148–2164
evapotranspiration from land surfaces being greater. Overall, E/ET
for watersheds of Hambone Lake, Powder Mag Lake and Sandy
Lake is estimated at 7% (±6%), 13% (±5%) and 22% (±9%), respec-
tively. Based on Spearman Rank correlation analysis (Table 5),
E/ET for the Sandy Lake watershed is found to be negatively
correlated with P (r = �0.774, p < 0.001). Similar results are noted
for the other natural lakes. Note that no significant correlation is
found between E/ET and any of the water balance fluxes or with
x suggesting that these are distinct indicators, but both E/I and
E/ET show co-dependence with the runoff ratios (see Table 5).
The relationship between precipitation and E/ET for natural lakes
is illustrated in Fig. 8a.
In general, the E/ET ratio is found to decrease in higher precipita-
tion years, a finding which might arise from reduced land–lake sen-
sible heat advection under wetter conditions. In this situation,
evaporation from the lakes may be reduced during years when the
land is also wet due to reduction in atmospheric transport of sensi-
ble heat from the land to the lake. Likewise, E/ET can be expected to
increase in low precipitation years as land-to-lake sensible heat
advection increases due to a higher contrast in dry land and wet lake
surfaces (see McNaughton, 1976; Bello and Smith, 1990).

Partitioning results are also plotted from Baker Creek near
Yellowknife for 1991–2008, which reveals the dominance of vapor
loss by lake evaporation in a subarctic shield watershed with
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discontinuous permafrost and 21% lake cover (Fig. 8a). Note that
the Baker Creek watershed is distinct from watersheds at Salmita
in that it comprises hundreds of lakes and has a significantly vari-
able effective drainage area depending on antecedent moisture
conditions. Effective drainage area is defined as the area of the
watershed that is connected at any given time to the outlet stream.
As Baker Creek is a chain-of-lakes drainage, disconnections
between lakes along the chain has a significant impact on the effec-
tive drainage area (see Spence et al., 2010). In fact E/ET shows a
stronger correlation with effective drainage area (r2 = 0.71,
p < 0.001; Gibson and Reid, 2010) than with precipitation at Baker
Creek. By comparison, the effective drainage area of the Salmita
watersheds is not typically variable as the lakes are normally con-
tinuously connected during the thaw season. E/ET is also signifi-
cantly higher on average for Baker Creek, especially under drier
conditions when the watershed becomes partially disconnected
and the effective percentage of lake area increases above 21%. At
Salmita, E/ET is found to be higher for Sandy Lake with a lake/
watershed ratio of 14% as compared to 8% for Powder Mag Lake
and 4% for Hambone Lake.
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3.6. Runoff and runoff ratio

Depth of runoff (also termed specific discharge) from the natu-
ral watersheds was estimated to be 51 ± 47 mm yr�1 for Hambone
Lake, 88 ± 46 mm yr�1 for Powder Mag Lake, and 116 ± 35 mm yr�1

for Sandy Lake (Table 7). Increasing runoff depths down the chain
of lakes (and an overall reduction in variability) appears to be sys-
tematic, and is directly correlated with lake area and watershed
area. In a study of specific discharge for 80 undisturbed boreal
catchments ranging from 0.12 to 67 km2, Lyon et al. (2012)
reported reduced variability with watershed area, especially above
10 km2, and a positive correlation between specific discharge and
percentage of wet area (i.e., wetlands, mires, lakes). Given that
the Sandy Lake watershed is slightly less than 9.5 km2 and lakes
tend to be larger as lake order increases, we expect that variability
at Salmita may further decrease as water passes through subse-
quent lakes (Whale Tail and Courageous Lake), and that eventually
the specific discharge will become representative of the regional
runoff. While results from Sandy Lake are likely more regionally
representative than the other lakes, we emphasize that specific dis-
charge, at least in catchments less than 9.5 km2, appears to be lake-
order-dependent.

Runoff ratios, calculated both as R/PR (i.e. land-surface runoff)
and Q/PW (land + lake runoff) also increase down the chain of lakes,
varying from 14 ± 12% to 47 ± 18% for R/PR and 20 ± 18% to
47 ± 18% for Q/PW (Table 4). As expected, Q/PW for Sandy Lake is
strongly correlated with R/PR (r = 0.932, p < 0.001) and Q
(r = 0.701, p < 0.001), and negatively correlated with P (r = �0.57,
p = 0.011). Comparable trends are found for the other natural lakes.
Interestingly, the difference between R/PR and Q/PW is reduced as
lake order increases, and these values converge for Sandy Lake.
We propose that convergence on a runoff ratio of 47 ± 18%, which
we attribute to similarity of wet area percentages between the two
footprints (i.e., land only versus land + lake area for Sandy Lake),
likely suggests that this runoff ratio may be approaching a stable
value that is areally representative for the region. Lyon et al.
(2012) demonstrated this to occur between about 10 km2 and
67 km2 in a boreal watershed with a large number of lakes.
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Similar to E/ET, runoff ratios are found to be greater in dry years
as compared to wet years, although this is driven predominantly
by reduction in P rather than by increase in Q (or R) (Fig. 8b). We
also speculate that release of active-layer storage (i.e. old water;
see Ombradovic and Sklash, 1986) plays a larger buffering role rel-
ative to precipitation in dry years, augmenting the runoff ratios,
although this was not confirmed through detailed measurements.
The importance of land surface storage was also noted by
FitzGibbon and Dunne (1981) for a lake-rich tundra/lichen wood-
land with discontinuous permafrost near Schefferville, Quebec,
although surficial depression and detention storage rather than
active layer storage were thought to be the primary runoff sources.
Situated in discontinuous permafrost terrain at 62.4�N, the Baker
Creek watershed near Yellowknife was found to have a mean
annual runoff ratio of 20 ± 12% based on 18 years of isotope-based
data (Gibson and Reid, 2010). For Baker Creek there is no signifi-
cant correlation between runoff ratio and precipitation (Fig. 8b),
largely because of the complicating influence of variations in effec-
tive drainage area. To our knowledge, no other studies at northern
high latitudes have examined evolution of runoff ratios along a
chain of lakes drainage. Rather, with some exceptions (e.g.
Spence et al., 2010) most of the site-specific studies conducted to
date have targeted headwater drainage basins. Using isotope-
based methods at Salmita, we find an increase in the long-term
annual runoff ratio (Table 4) over short distances along a string
of tundra lakes.

One essential caveat in our study, which affects mainly the two
upstream lake water balances, is that runoff and runoff ratios may
Table 7
Summary of areally-weighted watershed fluxes (mm�yr�1) for Salmita compared to previou

Basin/characteristics Precip.

This study
Hambone L. Lake/Land � 100 = 5%22% developed 259 ± 52
Powder Mag L. Lake/Land � 100 = 8%17% developed 259 ± 52
Sandy L. Lake/Land � 100 = 13% 7% developed 259 ± 52

Gibson and Reid (2010)
Subarctic forest Lake/Land � 100 = 21% variably connected 292 ± 59

Gibson and Edwards (2002)
Near Treeline, modal water balance 325
Subarctic forest, modal water balance 340
be reduced to some extent by mining and tailings pond develop-
ment, activities that are designed to capture runoff. Given that
the tailings area accounts for approximately 22%, 17% and 7% of
the watershed areas of Hambone, Powder Mag and Sandy Lakes,
respectively, we suggest that these percentages likely bracket the
effective alteration of the natural runoff processes. Our attempts
to directly characterize the lower-pond land-surface areas resulted
in runoff ratios of between 47% and 320% (Table 4). These ratios are
high to impossible given that disturbance is expected to reduce
rather than enhance runoff in the current setting, as dams and
ponds impound and restrict water outflow. We suspect that our
delineated drainage area and watershed area for the TCA are signif-
icantly too small, possibly as a result of poor performance of the
interception ditch that was assumed to divert water from the
northern boundary of the TCA to Trans Saddle Lake, and this has
elevated the apparent runoff ratio. Note that R and Q calculated
from IMB for the lower pond are not affected by this, only the run-
off ratio diagnostic.

3.7. Integrated water balance

A major finding of this study is that the Salmita water balance
parameters (Table 7) are found to be within the expected range
for watersheds in northern high latitudes given latitude, mean
annual precipitation, and permafrost conditions as shown by
Kane and Yang (2004) in a synthesis of water balance results from
thirty-nine experimental watersheds located in the northern high
latitudes, including sites in Russia, Finland, Norway, Greenland,
s studies. Note that Sandy Lake is likely more representative of the regional conditions.

Evap. Transp. Discharge

12 ± 2 197 ± 66 51 ± 47
21 ± 3 157 ± 55 88 ± 46
33 ± 5 111 ± 58 116 ± 35

200 ± 66 46 ± 33 62 ± 44

40 160 125
60 240 40
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Japan, Canada and the United States. Mean annual precipitation at
Salmita is estimated to be 259 ± 52 mm yr�1, similar in magnitude
to Wolf Creek, Yukon Territories, Canada (61�N), and subarctic/arc-
tic sites at higher latitude such as Havikpak Creek (68.3�N) and
Trail Valley Creeks (68.7�N) near Inuvik, Northwest Territories,
Canada (see Kane and Yang, 2004). Evapotranspiration, which ran-
ged from 144 ± 57 to 209 ± 66 mm yr�1 for Salmita, is similar in
magnitude to that reported for Havikpak Creek, C2 catchment (Car-
ibou and Poker Creeks Watersheds), located in the Alaskan interior
(65.2�N), and Upper Kuparuk and Imnavait Creek, located on the
North Slope, Alaska (68.6�N). ET/P at Salmita is found to range from
54 ± 15% to 80 ± 18%, similar in proportion to C2 and C4 catch-
ments in the Alaskan Interior (65.2�N) (Kane and Yang, 2004).

The global average runoff ratio is reported as 36% (Baumgartner
and Reichel, 1972). Kane and Yang (2004) show that annual runoff
ratios in the high-latitude experimental watersheds are latitude-
dependent, varying generally from between about 0 and 25% at
50–55�N to between 80% and 125% at 70–80�N, with a range of
20–75% at 60–70�N. At Salmita (65�N), runoff ratio was found to
range from 20% to 47%, within the range observed in the 60–
70�N latitude band, and similar to C2, C3 and C4 catchments,
located in the Alaskan Interior, and Havikpak Creek near Inuvik,
Northwest Territories, Canada (Kane and Yang, 2004). Spatially,
the pattern observed at high-latitude sites is toward higher runoff
ratios at sites with lower precipitation and more extensive perma-
frost, although year-to-year response at individual sites is normally
toward higher runoff ratios in wet years, possibly due to larger
contributing areas. At Salmita, we detect higher runoff ratios with
lower precipitation totals but on an interannual basis, although the
driver of this behavior may be active layer interaction as noted in
previous isotope-based investigations in discontinuous to continu-
ous permafrost where ‘old water’, water present in the basin prior
to snowmelt, was estimated to account for more than half of over-
all streamflow (Ombradovic and Sklash, 1986; Carey and Quinton,
2005). Ombradovic and Sklash (1986) found that 60% of annual
streamflow in a continuous permafrost catchment on southern
Baffin Island consisted of water that was present in the catchment
prior to snowmelt. Our isotope mass balance results also imply a
significant proportion of active layer interaction at Salmita.

One limitation of conventional studies, as summarized by Kane
and Yang (2004), has been that they provide no information on the
relative partitioning of ET into its component fluxes. Water balance
results, including an ET partitioning summary are compared with
previous isotope-based evaluations by Gibson and Edwards
(2002), who estimated spatial distribution of x and E/ET in the
Salmita region based on a survey of 255 lakes (Table 7). For lakes
located within 50 km of the northern treeline, Gibson and
Edwards (2002) reported x values ranging from near zero to
�35% and E/ET in the range of 5–35%. Results from Salmita fall
on the high end of this range for E/I and within the range for
E/ET. Given that the survey focused on non-headwater lakes and
targeted lakes equal to or larger than Sandy Lake, we conclude that
the survey was more representative of conditions in higher-order
lakes. This evidence suggests that the water balance may continue
to evolve toward lower x and higher runoff along the chain of lakes
at Salmita downstream of the study lakes.

Compared to Gibson and Reid (2010) we find that the propor-
tion of water losses by evaporation and transpiration at Salmita
are almost reversed as compared to Baker Creek which, in the lat-
ter, is driven largely by disconnection of upstream lakes from the
main drainage stem. This makes evaporation losses more impor-
tant in the connected portion of the watershed linked to the out-
flow stream. Note that the isotopic signal, and hence the water
balance for Baker Creek, is not representative of the areal losses
from the topographically-defined watershed but rather of the con-
nected portion of the watershed. The isotopic method applied to
discharge provides no information on the disconnected areas.
Compared to distributions presented by Gibson and Edwards
(2002), Baker Creek appears to be an example of a more evapora-
tive system, although not uncommon in the area. Key processes
that drive the hydrologic balance in the forest–tundra transition
are degree of connectivity of chain-of-lakes drainages, and evolu-
tion of water balance along the chain of lakes.
3.8. Model systematics

We conclude the discussion with an overview of several key
water balance patterns revealed by the model. The most striking
feature of the modelled outputs is the lake-order effect, i.e., the
systematic evolution of lake and watershed balances along the
chain of lakes. A plot of runoff ratio (Q/PW) versus x (Fig. 9a) illus-
trates the IMB depiction of the exponential runoff response of the
watersheds, as driven by temporal variations of throughput in the
system. As x approaches unity (i.e., terminal lake) the annual runoff
ratio from the watersheds approaches zero, whereas as x
approaches zero, runoff ratio increases exponentially (Fig. 9a).
Generation of runoff components from similar exponential expres-
sions has been widely used in serial reservoir cascade models
(Cheng, 2010). Interannual variations in runoff ratio during the
20-year period are found to span the full range of Q/PW from
greater than one (x � 0.1, high throughput) to near zero (x � 0.8,
low throughput). For the Salmita chain of lakes, a progressively
higher range of Q/PW (and R/PR) is associated with increasing lake
order (Fig. 9a). This is attributed to increase in lake area (and also
wet areas of the land surface) which promotes runoff, and to suc-
cessively lower rates of lake flushing as lake size increases along
the chain. We propose in general that runoff ratios will continue
to evolve down a chain of lakes until land cover characteristics
become regionally representative. While, as noted, convergence
of R/PR and Q/PW may be an early indication of areal representative-
ness for Sandy Lake, survey data from Gibson and Edwards (2002)
may suggest that water balance continues to evolve significantly.
Their survey data appear to indicate that larger lakes with more
depleted isotopic signatures and lower x are most abundant in
the lower drainage networks near the northern treeline and
extending to the north.

As shown in Fig. 9b, a linear correlation is found between land
surface runoff and lake discharge (see also Table 5 statistics for
Sandy Lake). We note that correlations between R and Q, and the
other water balance fluxes, are lake-specific and lake-order-depen-
dent. Both from regressions of annual data, and a series of simula-
tions with constant p and e (see lines, Fig. 9b) we find that R and Q
generally evolve to become more equal along the lake chain as lake
order increases. We are unaware of previous studies that have doc-
umented this effect.
4. Conclusions and implications

Water balance information is scarce across the northern high
latitudes, particularly in this sparsely populated region of the con-
tinental arctic which is under rapid development for mining of
gold, base metals and diamonds. Results of this 20-year study
therefore offer a significant contribution to understanding of water
balance conditions in the region, and represent one of two studies
of its kind and duration (Gibson and Reid, 2010 being the other)
carried out in the Arctic drainage basin. While the IMB method
was effectively applied to characterize the interannual variability
in the major water cycle fluxes in a chain of tundra lakes, we note
that it was not very effective at directly capturing the role of stor-
age of water on land and in lakes. An obvious improvement to the
IMB as applied would be to incorporate lake level and active layer
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monitoring (of both water level and isotopic composition) as dem-
onstrated in previous isotope mass balance studies (e.g. Gibson
et al., 1996), although this was not possible due to limited time
during infrequent visits to the site, particularly during the 1990s
when funding for the study was more limited. This would be espe-
cially important in order to utilize the model for sub-annual time
scales. Indirectly, the method may be capable of detecting the buf-
fering effect of active layer storage on the catchment runoff in low-
precipitation years.

This study provides the first comprehensive record of seasonal
and interannual variability in isotopic composition of lakes in a
continental arctic watershed in North America, and describes evo-
lution of isotopic signals along a chain of lakes. One important
implication is the need for caution when interpreting isotopic data
from short-term sampling campaigns, either site-specific lake eval-
uations or regional assessments, due to temporal variability. We
find that a single late July/early August sampling time would have
been most representative of average conditions at Salmita for three
lakes less than 1.2 km2 in area, and this is consistent with the tim-
ing of the Gibson and Edwards (2002) survey. However, repeat
sampling at more than one time of year, or in subsequent years,
as demonstrated by Gibson and Edwards (2002; see also Turner
et al., 2010; Tondu et al., 2013), lends greater confidence to the
results.

Isotope systematics established from this study have two main
implications: (i) that isotopic composition of upstream inflow may
be required to accurately determine the isotope mass balance of a
non-headwater lake and, (ii) given the pronounced seasonal vari-
ability of lake water isotopic composition in arctic environments,
that sediment archives of lake water isotopic composition such
as aquatic cellulose should be interpreted cautiously, as they
may have been formed outside of the late July/early August inter-
val when the lake water isotopic composition is most representa-
tive of the mean open-water period. This will lead to bias, albeit
a systematic one, in quantitative interpretation of the isotopic
record which needs to be reconciled in paleohydrologic or paleocli-
matic reconstructions.

Several conclusions can be drawn from the study of the Salmita
tailings ponds. The lower pond lost an estimated 72% of its water
by evaporation and the upper pond lost close to 100%. This sug-
gests that ponds were more effective evaporators than natural
lakes, but that tailings ponds were still likely to generate outflow
and hence were not effective as a total containment strategy for
arsenic and heavy metal contamination. Observed seepage sug-
gests that the pond was in a non-sustainable long-term situation.
Radically higher runoff ratios calculated for the lower pond
(Table 4) may indicate that water sources above the interception
ditch are also contributing runoff to the pond. We suspect that
the effective drainage area is at least four times larger than pre-
dicted, but smaller than the original catchment of the pre-existing
lake. Observed seepage, estimated to account for less than 5% of
the volume of the lower pond, and gauging at the Sandy Lake out-
flow serve usefully to constrain the isotope mass balance pre-
sented here. One interesting utility of the isotope mass balance
perspective for mine-waste management in the region is that it
may be possible without extensive gauging to predict the effective
dilution of acid-mine drainage at different levels of the down-
stream receiving waters. It may also be useful for simulating
long-term conditions prior to pond development or after pond
removal.

Finally, the Salmita study demonstrates the capability of iso-
tope-based methods to characterize the water balance of tundra
lakes, and illustrates some of the advantages of using the approach
to develop a long-term perspective on water budget without
extensive instrumentation requirements. This is especially valu-
able for hydrologic observation programs in remote, ungauged or
poorly instrumented regions. It is important to note that concur-
rent physical monitoring of streamflow, lake water levels, active-
layer water levels, frost tables, runoff, and land-surface evapo-
transpiration is recommended where possible to ground-truth iso-
tope-based methods or potentially to calibrate or refine the
approach for operational use. Ideally, physical gauging should be
used periodically to verify the isotope mass balance fluxes, as
was done for several years at Salmita. Overall, this study demon-
strates a feasible methodology for application of isotope-mass bal-
ance to multi-lake systems as a contribution to the hydrological
toolkit, and puts into practice some of the important coupled evap-
orative reservoir concepts posited by pioneers such as Gat and
Bowser (1991). It is important also to note that isotope mass bal-
ance methods have limitations, as they are dependent on represen-
tativeness of sampling, and assumptions regarding mixing and
isotopic and hydrologic steady-state. Nevertheless, in terms of
research impact, some of the most productive future applications
may be in defining hydrologic drivers of lake-ecosystem processes
and biogeochemistry in studies of regional lake organization, sim-
ilar to that reported by Soranno et al. (1999).
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