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Abstract. The glaciated plains of the North American conti- consistent with our conceptual understanding of the system,
nent, also known as the “prairies”, are a complex hydrolog-it needs to be tested further at a range of field sites in the
ical system characterized by hummocky terrain, where wetprairies.
lands, containing seasonal or semi-permanent ponds, occupy
the numerous topographic depressions. The prairie subsoil
and many of its water bodies contain high salt concentra-
tions, in particular sulfate salts, which are continuously cy-1 Introduction
cled within the closed drainage basins. The period between
2000 and 2012 was characterized by an unusual degree of clpurface water and shallow groundwater salinization is a
matic variability, including severe floods and droughts, andProblem affecting agriculture, water resources and ecosys-
this had a marked effect on the spatial distribution, watertem health in many areas of the world, including Australia
levels and chemical composition of wetland ponds. Under-(Dehaan and Taylor, 2002; Rengasamy, 2006), the Aral Sea
standing the geochemical and hydrological processes unddggion (Micklin, 2007), playas and sabkhat environments
changing environmental conditions is needed in order to bet{TYler et al., 2006) and many other areas (Rengasamy, 2006).
ter understand the risk and mitigate the impacts of future soiSalt dynamics are driven by hydrological processes, which
and water salinization. cycle seasonally but also change over long timescales as a
Here we explore salt dynamics in the prairies using fielgresult of climate variability and change, and changes in land
observations from St. Denis, Saskatchewan, taken mostl{#Se and land management practices. The physical mecha-
over the last 20 years. Measurements include meteorologitisms that lead to salinization operate in different ways in
cal data, soil moisture, soil salinity, groundwater levels angddifferent areas, largely as a function of local climatological,
pond water volume, salinity, and chemical composition. Thehydrological and geological conditions.
record includes periods of exceptional snow (1997, 2007) This paper takes the salt-rich glaciated plains of North
and periods of exception rainfall (2010, 2012), both of which America, known as the prairie pothole region, as a case
resulted in unusually high pond water levels. Measurement$tudy to explore how recent climate variability has dra-
indicated that severe pond salinization only occurred in re-matically affected the salinity of ponds. The pothole re-
sponse to extreme summer rainfall. It is hypothesized tha@ion spreads from Alberta, Saskatchewan and Manitoba in
since rainfall water infiltrates through the soil towards the de-Canada, through Montana and the Dakotas in USA. The
pressions, while snowmelt water flows mainly as surface wa/andscape is characterized by hummocky terrain, where wet-
ter over frozen soils, they have markedly different impacts onlands and ponds occupy the ubiquitous depressions (Winter,

salt transport and pond salinization. Whilst this hypothesis is1989; van der Kamp and Hayashi, 2009). The region sup-
ports a diverse community of wildlife species and major
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agricultural industry that are highly sensitive to the hydro- ponds — the opposite of the dilution that one might naively
logical conditions (Wienhold and van der Valk, 1989). Hy- expect.

drological processes in the region are complex and unusual,

characterized by closed basins isolated from any regional

drainage network, with drainage via a spill and fill sequence? Methods

into terminal ponds (Shook and Pomeroy, 2011). Snowmelt . . o .
runoff from surrounding uplands and precipitation on the !n this yvork extreme rain gnd snow conditions will be exam-
wetlands are the dominant hydrological inputs into the Wet-med V.V'th respect to thelr'lr'npa'ct on Sa.llt. trapsport, salt accu-
land systems, together with occasional runoff events due tdnula_ltlon an_d wetland sallnlzat!o_n. Sallnlzanon processes are
high-intensity rainfall, whereas snow distribution over the studied at field scale by examining changes in pond salinity

landscape is an important control on the hydrology (Shaw e{;hroughout the entire site; at the pond scale by observing a

al., 2012; Spence and Woo, 2003); semi-arid conditions re_specific pond with a high temporal resolution, and along a

sult in minimal shallow groundwater recharge from uplands,tr"’lnsect coqnecting tv_vo neighboring ponds with high tempo-
while ponds drain to shallow groundwater beneath the deldl and spatial resolution.
pressions (van der Kamp and Hayashi, 2009). 21 Field site

Some of the past studies (e.g. Swanson et al., 1988; Euliss’
etal., 2004) suggested that the regional groundwater flow ifrpe field site is located at the St. Denis National Wildlife
deep aquifers is the major mechanism to impact salt transa g (NWA) (106050.20' W, 52°1231.32'N), approxi-
port and accumulation in the prairie pothole region. How- mately 40km east of Saskatoon, Saskatchewan, Canada
ever, other studies (e.g. Hayashi et al., 1998b; Berthold €tFig. 1a). The St. Denis area has a hummocky topography
al., 2004; Heagle et al., 2013; Nachshon et al., 2013) sugznq is underlain by a clayey glacial till, with typical hydro-
gest that shallow subsurface hydrological processes play geology for the glacial till portion of the prairies (Hayashi et
key role in salt transport. Nachshon et al. (2013), based ory  1998a). The main part of this study focuses on ponds 107,
previous work (e.g. Keller et al., 1991; Hayashi etal., 1998b;10ga and 109 (Fig. 1). Pond 109 is a semi-permanent pond,
Berthold et al., 2004; Heagle et al., 2013), presented a CON; ¢ the pond remains wet all year for most years. Ponds 107
ceptual model to describe the major salt dynamics occurring,,q 108A are ephemeral ponds that dry out by the end of
within the glacial till portion of the prairies under various most summers. Most of the area is cultivated, with the ex-
land use and climatic conditions. The authors suggested th&tteption of the area to the north of pond 109 which is a natu-
for wet climatic conditions associated with extremely SNOWY (g grassland, and the numerous wetlands (that is, the ponds
winters, the impact on pond salinization would be minimal 4 their riparian zones). Pond 109 has a substantial ripar-
since snowmelt water flows as surface water over frozen soilign 70ne with a willow ring with a width of- 10 m around

with minimal dissolution and transport of subsurface saltsyjq pond, covered by trembling aspen trees, balsam poplar
from the uplands to the ponds. On the contrary, for rain-;nq willows rising up to~8m. The willow rings around

associated wet conditions most of the water infiltrates a”dponds 107 and 108A are minor compared to those around
carries salts from the subsurface of the uplands towards thBond 109, with a width of 1—2 m, and covered mainly by cat-
depressions which contain the ponds. - _ _tails (Typha) rising up te~ 1.5 m. A surface runoff flow path

In humid environments, streamflow is an integrated vari- oyists from ponds 107 through pond 108A to pond 109, and
able that aggregates the effect of the climatic boundary conpond 109 can be considered as the terminal pond of this local
ditions and the land use/management-mediated hydrologica),atershed. at least with respect to surface runoff.
processes occurring within the watershed (Wheater et al.,

1993). In the pothole region, where there is often no regionab. 2  Precipitation data
streamflow, these factors are expressed in the pond storage,
and therefore studying the ponds is a good way to understanBrecipitation data used in this study are from the near-
the system sensitivity to a particular change. This work ex-est climate station with continuous records from 1993 to
plores changes of pond salinity using a 20-year record of 0b2012 (Table 1), the Saskatchewan Research Council Saska-
servations from a field site in the Canadian prairies, whichtoon climate reference station (Beaulieu and Wittrock, 2013)
in the past decade has been subject to extremely variablat Saskatoon about 35km west of the St. Denis site.
climatic conditions — including both extreme droughts and The data are presented as cumulative amounts of summer
floods. In particular, this study explores the impacts of ex-rain (April-September) and winter precipitation (October—
treme precipitation on salinity, considering separately sum-March), mostly snow. The winter data are not corrected for
mer rainfall and winter snowfall. The impetus for the work the wind undercatch effect, for example as described by
came from the observation that, as the water level and volMekis and Vincent (2011). Comparison with the corrected
ume increased during recent extreme wet conditions, ther@recipitation data, available to 2007, indicates that the ac-
was a marked increase of the salinity of the water in someual winter precipitation is underreported by40 to 50 %.
However, for the purpose of this paper these readings are
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Fig. 1. (A) Regional location of the St. Denis National Wildlife Are@) St. Denis NWA site;(C) enlargement of pond 109 area. In

(C) the dots between pond 107 and 108A indicate the location where salinity and groundwater levels were measured along the transect. Star:
represent piezometers; the thick solid line around pond 109 indicates the water margin of the pond in July 2012; the dashed line at pond 109
indicates the average location of the pond 109 water margin. White numbers indicate selected ponds.

sufficient to indicate inter-annual variability; the focus is on 2.3 Groundwater and surface water data

the differences between the reported winter precipitation in

every year (from the autumn of previous year (October) toGroundwater levels at a number of piezometers scattered

the spring of the reported year (March)) and the long-termthroughout the site have been measured (archived data of

average. Environment Canada). For this work, data from piezome-
ters 94W7 (hereafter the “upland piezometer”) and 802P1
(hereafter the “pond piezometer”) were used (Fig. 1c). The
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Table 1. Measurements locations, periods, and temporal resolutions.

Property measured Location of measurement Measurement period Temporal resolution
Precipitation (raint- snow) Saskatoon 1993-2012 continuous hourly

Rain St. Denis 5-24 Jul 2012 continuous hourly
Groundwater levels St. Denis 1997-2012 continuous daily/hourly
Pond 109 depth St. Denis 1968-2012 continuous monthly

Ponds salinity St. Denis 2009-2012 sporadic monthly

Pond 109 salinity St. Denis 1993-2012 continuous monthly/weekly
Pond 109 chemical composition ~ St. Denis 2007-2009, 2012 sporadic monthly
Mini-observation wells St. Denis Jul 2012 continuous weekly/daily
EM-38 St. Denis 24 Jul 2012 one time

upland piezometer, located north of pond 109, is screenethased on an approximate relationship between EC and dis-
from 1.8-5.3m b.g.l. (below ground level) and the pond solved salt mass (Rhoades et al., 1996):

piezometer, located within pond 109, is screened from 5.8—

7.6mb.g.l. Hydraulic heads in the piezometers were meaMsar = 0.00064- EC - V, (2)
sured continually from 1997 to 2012, on a daily basis (Ta-
ble 1). The depth at the deepest point of pond 109 was mea?
sured manually on a monthly basis during the summers from2 5 Transect measurements
1968 to the present (Conly et al., 2004). Vertical hydraulic ™

gradients between the pond piezometer and the pond Wagpaially detailed manual measurements of EC and water
ter were small. Here, a continuous pond-water-levgl timejgyels along a transect from pond 107 to pond 108A were
series was constructed from 2007 onwards by using theypiained over a rainy 25-day period in July 2012 (Table 1).
daily logged piezometer data to temporally infill between p series of 16 mini-observation wells were installed to mea-
the monthly manual surfage water level measurements. Thgy,re shallow water table changes beneath the upland between
pond's water volumey (m®) was computed based on the 5,4 107 and 108A (Fig. 1c). The transect was located along
work of Hayashi and van der Kamp (2000): the shortest path between the ponds, in the lowest part of
V = 1420n2%, Q) the landscape. The spill elevation of pond 107 is approxi-
mately 1 m higher than that of pond 108A and the lateral
wheren is the depth of water at the centre of the pond. Thesedistance between the ponds is 35m. Each mini-observation
authors limited and validated Eq. (1) for maxinkadf 1.2m,  well consists of a PVC tube, 75cm long, inner diameter of
since that was the deepest measurement of the water poril27 cm, perforated along its entire length. Each tube’s lower
depth at that time. Since over recent years deeper pond wat@nd was sealed and they were inserted into the ground by
levels were recorded, the original bathymetric survey data ofirect push, to a depth of 60 cm. Water levels in the mini-
Hayashi and van der Kamp (2000), which is archived at Envi-observation wells were measured manually with a ruler and
ronment Canada, was used to compitier 1.2<h <1.8m EC measurements were taken in situ by a portable EC probe
and to revalidate Eq. (1) for these depths. It was found (dat{Cole-Parmer, 1481-60, Canada). These measurements were
not shown) that Eq. (1) is valid for these depths with errorstaken on 5, 6, 11, 19 and 24 July. During this period, precip-
smaller than 5 %. itation (rain) measurements were taken hourly at the climate
station located within the St. Denis field site (operated by En-
vironment Canada). In addition, on 24 July an EM38 probe
(Geonics Ltd, Canada) was used to measure soil EC around
. o pond 108A and pond 109. Measurements were taken at 1 m
Electrical Conductivity (EC) was measured at 14 ponds afinteryals along the pond’s edge. Since the EM38 readings are
St. Denis (Fig. 1b) several times a year dL_J_rlng _the SUmMmekensitive both to water content and salinity, calibration had
months from 2009 to 2012 (Table 1). In addition, in pond 1094 pe done to obtain an estimate of pore water EC. Since the
EC measurements were taken every few weeks in the SUMMme&gj| around the pond is fully saturated, it was assumed that
months from 1993 to 2012 (Table 1). the changes in the EM38 readings were due to salinity differ-
Major ion analysis was conducted annually for pond 109¢nces. Manual EC measurements of the pore water at specific
water from 1994 to 2009, and in 2012. Data from 2007 to points around the pond were taken using the EC probe, and

2009 and 2012 are used in this study (Table 1). these data were used to calibrate the EM38 readings.
Pond 109 EC and volume measurements permit an esti-

mate of the mass of dissolved salld) (kg) in the water,

hereMsatis in kg, EC is in pScmt andV is in m?.

2.4 Pond water salinity
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Fig. 2. (A) Total summer rainfall plus winter snow per hydrologic yéBi). Averaged and normalized depths of 12 ponds at St. Denis.

3 Results and discussion Table 2.Factors influencing the pond levels during wet conditions.
3.1 Field scale changes in pond water levels Year High High High High
pond summer winter summer
In the prairies, changes in pond storage are a response to level  rainfall  snowpack  rainfall
a large number of often confounding processes, including in in n
rainfall amount, timing and intensity, snow spatial distribu- previous — previous current
tion and amount, timing of snowmelt, the spatiotemporal pat- year year year
tern of surface runoff versus infiltration (strongly affected by 2006 X X X
soil freeze-thaw processes, as well as land use), and the spa- 2007 X X X
tiotemporal pattern of evapotranspiration (again strongly af- 2010 X
fected by land use). A particularly important factor is pre- ggg § X N

freeze of soil moisture content: if the soils are very wet
then when they freeze they have a very low infiltration ca-
pacity, and hence runoff over frozen soils during the subse-
quent melt period is more intense. This mechanism explainghe maximum depth observed in the period 1993-2012. The
the widespread flooding in Saskatchewan and Manitoba irffact that the averaged level is never 100 % indicates that dif-
2011, which was attributed to high rainfall in the summer ferent ponds reached their maximum level in different years.
of 2010 (see Fig. 2), leading to high antecedent soil mois-For the purposes of this discussion, water levels of 70 % and
ture. Another factor is the timing of snowfall and accumu- above are assumed to represent unusually wet conditions, and
lation. Earlier snowfall means that the relatively warm soils these were observed in 2006, 2007, 2010, 2011 and 2012. Itis
are more effectively insulated, and hence the extent of soiflear from Fig. 2 that there is a considerable delay before pre-
freezing is less, and a larger proportion of snowmelt is ex-Cipitation extremes are translated into responses in the pond
pected to go to infiltration versus runoff. This discussion levels, and also that there is a different sensitivity to snow
serves to demonstrate that the hydrological processes in théersus rainfall. For all of the wet years, this is summarized,
prairies are h|gh|y Comp'eX, and rainfall-runoff type of re- qualitatively, in Table 2. It is also useful to this discussion to
sponses that app|y e|sewhere’ do not tend to work in this enCOﬂSidel’ the yearS 1994, when current and antecedent condi-
vironment. Figure 2 contrasts summer and winter precipitaions were at or slightly below the average for the period of
tion (Fig. 2a) with an integrated measure of annual maximumrecord, and 1997, where the snowpack was deepest, and the
pond level across the site (Fig. 2b). The pond level measurePond levels were high, though not up to the 70 % threshold.
ment was calculated by taking the mean of the normalized

depths of 12 ponds (ponds 1, 2, 20, 25, 26, 35, 36, 37, 50,

60, 109, 120). Each pond depth time series (limited to the

open-water season) was normalized by dividing the depth by
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3.2 Field scale changes in pond salinity 6,000 P
Salinity of ponds in the prairies is highly variable (Euliss et 500 e
al., 2004). Stewart and Kantrud (1972) and Millar (1976) dis- 2ol =a=p.37
tinguished between freshwater ponds (EC500 uS cmt), i === P, 50
moderately brackish ponds (EC between 500-5000 pSkm £ 3000} =a=:p_ 56
and brackish-saline ponds (EC5000uScm?). The rea- 2 * P.60
sons for these differences in salinity are understood to be g 2.000%m ——p 57
a function of how the ponds interact with the groundwa- f- 2000l R,
ter and surface runoff. Fresh “recharge” ponds lose water to* Lastil i
groundwater, brackish-saline “discharge” ponds gain water ___....-::;::::#"'___.-- -l--pl .
from groundwater and surface water (Nachshon et al., 2013), 500‘!’":::.-'::__,_-.---’:___-f' . -
and the moderately brackish ponds are a more complex com f.:.-::::-ﬁ-""f::::ﬂ- -------- o
bination of input and output of surface and subsurface water il P.118
of various degrees of salinity. The St. Denis field site is only al { i P.120
1.6x 2.4km, yet contains ponds with salinities that cover 2009 2010 i 2011 2012 @ p, 125

this entire spectrum. To examine the impact of wet condi-
tions on pond salinity, EC measurements from 14 ponds afrig. 3. Averaged EC of selected ponds in the St. Denis NWA from
St. Denis were taken from 2009 to 2012, shown in Fig. 3. A2009 to 2012. Solid, dot, and dashed lines indicate brackish-saline,
longer record from only one pond is explored in more detail moderately brackish, and freshwater wetlands, respectively.
below. There is an almost completely consistent pattern in the
response, with freshwater ponds (in 2009) becoming salin-
ized over the wet period from 2010 onwards, brackish-salinesalt to groundwater), which is well studied, with a long-term
ponds becoming diluted, and moderately brackish ponds havarchived data set. Figure 4 presents pond 109 water depths
ing relatively stable EC values. The only significant anomaly from 1969 to 2012. A depth of 1.27m (70 % of the deep-
to this pattern is in pond 70 in 2010, which we cannot ex- est recorded pond depth, shown in Fig. 4) was used to in-
plain. The water flushed into the ponds may have a vary-dicate unusually wet conditions. Consequently, and in good
ing salinity over the landscape in the different ponds, but theagreement with the precipitation data and the regional pond
fact that the salinity of moderately brackish ponds did notdepths (Fig. 2), wet conditions in pond 109 persist in 1997,
change dramatically suggests that the salinity of this wate2007 and 2010-2012. A distinct difference between the wet
which entered the ponds is of a similar salinity to the brack-conditions associated with snowy winters (1997, 2007) and
ish pond water, an EC of 2000 to 3000 uSdmTherefore  rainy summers (2010, 2012) is observed. In wet years associ-
note that while the brackish ponds are diluted, there may stillated with snowy winters, as in non-wet years, the pond max-
be a considerable mass input of salt into the ponds. Heagle étnal depths occurred in springtime, following the snowmelt.
al. (2013) showed this for pond 50 (a brackish-saline pondFor wet years associated with rainy summers, the pond wa-
see Fig. 3), where from 2009 to 2011 the mass ofy 80 ter levels continually rose up from spring to late summer. In
the pond water increased by more than 50 % whilst the EQ010, pond levels rose from June to September due to very
reduced by~ 20 %. Overall, the data in Fig. 3 suggest that heavy rain (Fig. 2a). The year 2012 also had high water levels
most or all the ponds in the landscape were enriched in salthroughout the entire summer from March to October, with
mass under wet conditions, assuming that the pond volumepositive increases in the pond level from March to July. For
increased over the wet conditions period, as indicated by2011, as indicated in Table 2, the high water levels were due
Fig. 2b. to the high antecedent water storage from 2010, with the (un-
Ponds 60 and 117 are freshwater ponds that maintained exceptional) snowmelt event superimposed on this to pro-
relatively constant EC over the period 2009—-2012, in contrastiuce what were then unprecedented water levels. This un-
to all of the other freshwater ponds where an increase in E(precedented pond level was matched and slightly exceeded
was observed (Fig. 3). Ponds 60 and 117 are the highest arid 2012, this time due to high summer rainfall.
most isolated ponds in the site, and unlike all the other fresh-
water ponds, they do not have higher-elevation ponds adja3.4 Changes in salinity in a terminal recharge pond
cent to them, from which they may receive salts, by surface
or subsurface pathways. EC measurements for pond 109 have been taken since 1993,
excluding the drought years (1999-2004) when the pond
3.3 Changes in water level in a terminal recharge pond  dried out completely, and 1995 and 2006 due to logistical
problems. Figure 5a presents pond 109 estimated pond water
Pond 109 at St. Denis is a terminal recharge pond (i.e. it colvolume, based on the depth—volume relationship in Eq. (1);
lects surface water but does not spill, and loses water andrig. 5b measured pond water EC and estimated dissolved salt
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Fig. 4. Pond 109 water depths from 1969 to 2012.

mass based on Eq. (2); and Fig. 5¢c changes in pond volumédrom 527 to 846 uS cmt due to evaporation. Finally in 2012,

EC, and salt mass over selected summer periods. which had both high antecedent water levels and salt mass,
It can be seen that until 2010 the pond EC was of the ordeand extreme high summer rainfall, the salt mass and salinity

of 100-500 uS cmt, meaning the pond would be classified continued to rise rapidly to unprecedented levels (EC up to

as fresh. The salt mass in the pond during this period wad061 uS cm?, salt mass peaking at 3800 kg).

of the order of 500 kg. Average conditions are exemplified

by 1994 in Fig. 5. Here, the pond water volume increases3.5 Changes in water chemistry in a terminal recharge

in springtime following the snowmelt runoff from the adja- pond

cent uplands which causes a strong dilution. Over the sum- o .
mer months, the water levels drop due to a combination of! "€ major ion analysis of pond 109 water over the years

infiltration and evaporation, and the salinity increases, due®f 2007-2009 and 2012 reveals a significant change in the
to evaporation. The mass of salt in the ponds steadily deSation composition of the pond water. In 20072009 the ma-

creases, due to infiltration, and salts accumulate in the soilg®" cations in the pond water were Ca, Mg, and Na with mo-

especially in the saline ring around the pond (Hayashi et aI.,I’ar fractions of approximately 60, 35, and 5 %, respectively

1998b; Heagle et al., 2007; Nachshon et al., 2013). This idF19- 6)- In 2012, at the end of the measured wet period,
the steady salt cycle that operates continuously in the close§'® Pond water cation composition was of 35, 50, and 15%
drainage basins of the prairies. However, to complete the cyf0" €& Mg, and Na, respectively, caused by enrichment of
cle, salts must re-enter the pond at some point. The re-entrj’® Pond water with Mg and Na. This enrichment is likely
mechanism is harder to observe, but is thought to be assdlU€ {0 two reasons: (1) reverse flows into the pond of the
ciated with the flushing of near-surface salts from the soilSaline-ring pore water, that is enriched in Mg and Na (St. Ar-
by the snowmelt via surface or shallow subsurface pathway&§aud, 1979); and (2) dissolution and migration of mirabilite
(Hayashi et al., 1998b). Itis also possible that diffusion might (N@SQs - 10 H0), bloedite (NaMg[SOq]2 - 4 H0), and
play a role in returning salts to the ponds from the soils. ~ €Psomite (MgS@- 7 H,0), which are the more soluble salts
During the two wet years associated with exceptionalthat persists in the prairie tills. Under normal conditions,
snowmelt (1997 and 2007) the pond salinity was unexcep-these salts accumulate at the more distant part; of the up-
tional, and pond salt mass was only marginally elevated/ands, away from the ponds, according to the Hardie—Eugster
This is consistent with the snowmelt re-entry mechanism, bufModel (Miller et al., 1989; Miller and Brierley, 2011; Skarie

shows that this effect has a negligible and short-lived impac€t &l-» 1987; Timpson etal., 1986; Nachshon etal., 2013). The
on the salt cycle. fact that under high summer rainfall these cations migrate

The first wet year associated with extreme summer rainJnto the pond indicates subsurface water flows from high and
fall (which fell in that year) was 2010, and here a dramatic distant parts of the uplands that flush these salts from the sub-
increase in pond salinity (EC rose from 261 to 801 uS&m surface into the pond. Future.studles may further explqre the
and salt massisai rose from 260 to 1350 kg) was initiated, SOUrce of saline water entering the ponds and quantify the
making the pond moderately brackish. In 2011, water level@mount of salts contributed from the saline-ring pore water
were even higher, but this was largely due to the antecederfind the more distant parts of the uplands.
water levels from the previous year. After the melt event and . .
through the summer, the water level dropped, whilst the salt3'6 Groundwater—surface water interactions

mass increased, perhaps suggesting that the pond was fungpe measyrements obtained by the piezometers (Fig. 1) indi-
tioning as a flovy-throu_gh pond. durmg this period (N"’_‘ChShoncate the direction of subsurface exchanges between pond 109
etal., 2013), with a highly saline inflow at some point, and and the upland to the north of the pond. Figure 7 contrasts

a more diluted outflow somewhere else. This will be ex- igerences in the magnitude and direction of this gradient
plored further below. The EC during this period steadily rose, i, changes in the mass of saltéy) in the pond water, for
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Fig. 5. (A) Pond 109 volume{B) measured EC and calculatéfl;; and(C) summertime changes in volume, EC alfdy; of the pond.
Separated (lower) figures {A) and(B) are zoomed for selected years with various climatic conditions, where NC and WC stand for normal
and wet meteorological conditions, respectively.

2008-2012. It can be seen that most of the time the hydrauli@hese points can be explained either as slow mixing within
head gradient is from the pond to the uplands, indicating flowthe pond, or, again, as evidence of non-uniform inflows and
out of the pond. However, on several occasions, most promioutflows to/from the pond, where one side of the pond re-
nently in the summer of 2010, the hydraulic head gradientsceives water from upper areas while other sides of the pond
were reversed, indicating fluxes from the uplands back intomay infiltrate down and away of the pond.

the pond, with the potential of transporting dissolved salts

from the uplands into the pond. For more than 85 % of the3.7  Salinity of the riparian zone

data points, these data behave consistently — that is an in-

flow to the pond is associated with an increasing salt masé/ini-observation wells combined with EM38 readings pro-
and an outflow from the pond is associated with a dimin-Vvide estimates of EC of pore water around pond 108A (the

ishing salt mass. However, for 15% of the data points, a €nd of the transect discussed below) and pond 109 (the
positive buildup of salt mass coincided with apparent flow terminal recharge pond discussed above) (Fig. 8). Around
out of the pond. These anomalous measurements (red synpond 109 average EC was 3342 pScmwith a maximum

bols in Fig. 7) were observed mainly in the summer of 2012.EC of 5500 uScm! in the eastern side of the pond. The
pore water was 3 to 5 times more saline than the pond
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Fig. 6. Major cations molar fraction in pond 109 for the years 2007 Fig. 8. Salinity around ponds 109 and 108A. Red arrows indicate
2009 and 2012. Marker size is proportional to the pond EC. the direction and location of overland flow during the observation
period.

*
: i : ; : : : g‘ the pond for every volume unit of inflow (i.e. exfiltration
] e T e 8 of groundwater), 3-5 times more volume units of outflow
S o i (i.e. infiltration of pond water) would be required. It is also
SRR DO evident from Fig. 8 that the spatial distribution of salt in the
ool b saline ring is non-uniform, with distinctive regions of high
S oo Poob o and low salt concentrations. We speculate that this may be
] Py S e pr related to the slope steepness and the spatial distribution of
S ﬁ S T the elevated-adjacent ponds. However, this hypothesis and
SOV £ WY MWM the associated processes should be explored in future studies.

' ——

.W ‘ . l . . 3.8 Response to summer rainfall along a transect
11 12

Time (year) Figure 9 shows the water levels and EC data observed along
a transect between ponds 107 (shown on the left in Fig. 9b
and ¢, where =0 m) and 108A (shown on the right in Fig. 9b
and c, wherex =35m) for a 20-day period in July 2012,
which included a large rainfall event on 15 July. For the first
two observation times (5 and 6 July, row 1 and 2 in Fig. 9),
conditions were relatively dry. The water table pattern re-

Fig. 7. (A) Water level differences between upland piezometer andﬂeCts the general conceptual model for the prairies (Fig. 6 in
pond 109 andVsy. Red symbols indicate the anomalous points, V&N der Kamp and Hayashi, 2009), whereby both ponds are
where a disparity was observed between the direction of the subclose to equilibrium with the adjacent groundwater, which

surface water flows a the north end of pond 109 and the changes iflrops lower beneath the uplands. With respect to salinity; un-
Mggyt der these conditions the highest EC values were measured in

the pore water close to pond 108A, which is the local saline

ring of this pond. On 11 July (row 3 in Fig. 9), a minor rain-
water, which was 1020 uScrh at the time of measure- fall event resulted in a moderate increase in the water ta-
ment. For pond 108A average EC at pore water arounddle, which also allowed for more points to be sampled for
the pond was equal to 3200 pSthwith maximum EC of  EC. The only significant difference in EC was measured at
4000 pScm? in the southern side of the pond. These val- x =31 m (~5m from pond 108A), where EC readings rose
ues are~ 1.5 times more saline than the pond water (equalfrom ~ 2000 uS cm' to well over 6000 uS cmt. This may
to 2300 uS cm?). It follows that exchanges of water between indicate leaching of salts from upper parts of the unsaturated
the pond and soils/groundwater are far more efficient at transprofile by the infiltrating rain water, but the affect appears
porting salts by advection into the pond than out. For ex-highly localized above the saline ring of pond 108A. The next
ample, for pond 109, in order to remove the salts added teet of measurements on 19 July (row 4 in Fig. 9), followed a

— Slope minus pond water levels (m)
o Pond 109 salt mass (:n:l()3 kg)
¢ Anomalous points

[ Subsurface flow into pond

[ Subsurface flow out of pond
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Fig. 9. Measured precipitatio(A); water table dept(B); and EC(C) along the 107—108A transect. The dashed lind&)rindicate the day

on which measurements were taken(fy, (B), and(C) in the same row. IiB) the black line is the ground surface and the blue curve is the
location of the water table. Arrows indicate groundwater flow directionfC)rblue lines indicate the measured EC along the transect. Red
curves are measured EC for the previous measurement, to emphasize the change of EC with time.

large rain event on 15 and 16 July. The water table came t@onnected, albeit perhaps temporarily. As the pulse of rain
ground surface along much of the transect, and in these partsater left the profile, the EC profile returned to levels very
of the transect seepage of the water above ground surfacgmilar to the antecedent conditions. Adjacent to pond 108A
was visibly observed. We can be certain that this was a satuthe salinity dropped again, probably in response to mixing
ration excess mode of runoff, and moreover no fill-and-spill with other fresher water in the pond.
of pond 107 into pond 108A was observed. Since the mini-
observation wells were screened along their entire length, i8.9 Conceptual model
is not possible to determine whether this was local perching,
or groundwater recharge bringing the water table up to theAs described above and in concurrence with the conceptual
surface, but due to the high infiltration capacity of the frac- model of Nachshon et al. (2013), all the evidence indicates
tured till, the latter is believed to be more plausible. During that the extremely rainy summers have a major role in salt
this period the EC was reduced across the transect, due to diransport from the uplands to the wetlands. While both ex-
lution, except on the right-hand edge, closest to pond 108Afremely snowy winters and rainy summers elevate the pond
This edge would have received much of the salt being flusheavater levels, only the latter results in increasing dissolved salt
laterally from the transect, as the head gradients show, anthass in the ponds. This disparity is related to the differences
hence here the EC rose up from2620 to 3310 uS cr. in the hydrological pathways associated with snowmelt and
For the final set of measurements on 24 July (row 5 in Fig. 9) rainfall. Surface runoff likely dominates in frozen conditions.
taken after 5 days with no rain, the water table depth declinedrhere are three types of subsurface pathways that can occur
along the entire transect, but not quite to depths as low as thi the prairies, at different times and in different places, as
antecedent levels (rows 1 and 2 in Fig. 9). Hydraulic gra-indicated in Fig. 10. These are: (1) isolated ponds, which
dients from the earlier observations showed two ponds thaonly lose water to the immediate riparian zone; (2) sub-
were disconnected from one another, whereas the later otsurface connectivity between adjacent ponds where the ele-
servations show a more-or-less continuous hydraulic gradientated pond is feeding the lower-lying pond; and (3) mounded
from pond 107 to pond 108A, suggesting the ponds were theigroundwater levels beneath the upland, with a groundwater
divide developing and subsurface flows laterally feeding all
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flushed into the ponds and the salinity of the water flushed
into the pond. However, the general tendency is quite uni-
form, with freshwater ponds becoming more saline, mod-
o ot erately brackish ponds remaining largely unchanged, and
oxidized till brackish ponds becoming diluted. Most of the time, however,
summer rainfall is small compared with potential evapora-
tion, and thus the dominant (or only) source of infiltration is

Fig. 10.Conceptual water flow paths (arrows) between two adjacentd(?pr?,ss'On'chused recharge of snowmglt beneath. the ponds.
ponds in the prairie pothole region. Red line and arrows (1) indicateSignificantly, it was seen that wet conditions associated with
groundwater levels and flow paths, respectively, for dry conditions.this kind of infiltration, i.e. unusually snowy winters, had a
Green line and arrows (2) indicate wet conditions where pond Anegligible impact on the salt dynamics and pond salinization.
is feeding pond B via the subsurface effective transmission zoneMoreover, the rain-associated wet conditions lasted for much
Blue lines and arrows (3) show wetter conditions with a mounded|onger durations (months) compare to the snow-associated
water table and flow diverging from a groundwater divide betweenet conditions (weeks), therefore increasing the potential

the ponds. Gray arrows (4) show typical flow paths for snowmeltjmpact of the unusual rain conditions on the subsurface salt
water over frozen soils, away from the topographic divide. transport processes.

The relatively high permeability of the top few meters of
the prairie till results in a quick response in the upland sub-

adjacent ponds. Scenario 1 is typical for the dry Conditionssurface storage that leads to relatively quick transport of salts
of the prairies. Scenario 2 may happen under wetter condiz 9 yd b

tions, where the pond levels are high and the groundwatefrom the upland subsurface to the ponds, on timescales of

[he order of a few days only. Even quicker responses in wa-
levels are elevated above the upper boundary of the non:- . .
ter flows and pond levels may occur by surface fill and spill

fractured till. Under these conditions the elevated pond is .
) . . . events, but usually the surface waters are less saline than the
feeding the lower-lying pond with water and dissolved salts . L
pore water, thus salt transport is more limited under these

from the uplands. This kind of connectivity between adjacent onditions. The quick response in elevating shallow ground-

ponds depends on the ponds’ relative water levels and th§vater levels and the rapid changes in the pore water salinit
thickness of the weathered, fractured till layer. Both extreme P 9 P y

. . ) following an extreme rain event, together with the fact that
rainy summers and snowy winters may result in this kind of

connectivity by filling up the ponds to extremely high levels. ponds that are well above the piezometric surface (such as

However, for the snow-associated wet conditions, the dura-pond 109) became salinized under rain-associated wet con-

tion of the high water levels in the ponds is limited to a few ?k:ilggshstl;ngegtisﬁew?;et:rt]eersmoa:‘l?h;vggﬁlr;ggi;ilﬁ)rgljm ﬁ’g:lh elf
weeks only during springtime, as shown in Fig. 5. For rain- 9 P 9 9

associated wet conditions, the high water levels of the pond gnd more regional flow paths via the deep aquifer. However,
' g P ?urther study is required to determine the exact subsurface

ist f f h ly rai - S i
may p¢r5|st or a few months over an extremely rainy sum flow paths of the infiltrating water as function of the hydro-
mer (Fig. 5). Consequently, the impact of wet conditions as-, . : o
logical and geological conditions.

sociated with rainfall on salt transport is much stronger com- . . . . . .
b 9 It is hard to predict what the climatic conditions in the

pared to wet conditions associated with snowfall. Scenario 3 .
; . . X o . —_near and far future would be, but recent years’ evidence, as
is typical for extreme rain-associated wet conditions, since

. - ) o well as climatic models, indicate that the variability of the
this scenario is a result of rainwater infiltration through the . ) ; . :
e : . climate is expected to increase, with a high chance of ex-
uplands. Such a condition is not likely to be seen in snow-

associated wet conditions, as the snowmelt water is flowin freme rain periods, as well as extreme droughts (Frelich and

as surface runoff toward the depressions over the still-frozeﬂqemh’ 2009; Semenov and Stratonovitch, 2010). If a series

soils of the uplands, with minimal vertical infiltration (gray of extremel_y wet years, where salt is being acc_umulated n
arrows in Fig. 10). the ponds, is followed by a severe drought, the high evapora-

tion rates of the drought period will result in further increase
in the pond salinity and eventually, all of the salts within
4 Conclusions the pond water will be precipitated, following the complete

drying of the pond. This scenario may result in salt concen-
Field measurements collected over the past 20years fronrations in the upper soil horizons of the wetlands at con-
St. Denis in central Saskatchewan shed new light on salt dyeentrations that were never measured before. Since both the
namics of prairie wetlands. In concurrence with the concep-wildlife of the prairies, as well as agricultural activities, de-
tual model of Nachshon et al. (2013), it was shown that undepend on the wetlands’ physical and chemical conditions, it
wet conditions associated with rainy summers, large fluxeds critical to improve our understanding of the geo-chemical
of salts from the subsurface are flushed into the ponds. Th@rocesses and to be prepared to cope with salinization pro-
corresponding change in pond salinity (i.e. salt concentra-cesses in the prairies due to climatic variability and change.
tion) depends on the antecedent salinity, the volume of water

-----
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