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Abstract Among the most prevalent wetland and deep-
water habitats in Alaska are ponds, many of which are
subarctic ponds occurring as moraine, ice-scour, or dead-ice
depressions. Many are closed-basin depressions, where
surface-water inflows and outflows are negligible. The
objective of this study was to quantify the water sources
and hydrodynamics of these subarctic ponds, particularly
with respect to the role they play in groundwater recharge.
There are two types of ponds on the study site. Perched-
precipitation ponds have inflows by melt water and direct
precipitation, outflows by evapotranspiration and ground-
water recharge, and are seasonally inundated because
surface water is perched above the water table and
infiltration through the low-permeability surficial deposits
to the water table is slow. Flow-through ponds have inflows
by melt water, direct precipitation, and groundwater
discharge, outflows by evapotranspiration and groundwater
recharge, and are perennially inundated because of ground-
water throughflow. Both are groundwater recharge focal
points. This is particularly true for perched-precipitation
ponds, where net groundwater recharge rates were 215%
larger than in flow-through ponds, and 332% larger than in
the broader landscape. Most of the additional groundwater
recharge occurs immediately following breakup, as aeolian-
transported snow trapped in the depressions melts which
results in enhanced groundwater recharge rates.
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Introduction

Wetland and deep-water habitats cover >50% of the land
surface in Alaska (Hall et al. 1994), performing a variety of
functions such as providing habitat for migratory birds
(DeGraaf and Rappole 1995), including approximately
70,000 swans, one million geese, and 12 million ducks
annually (Hall et al. 1994). Ponds are among the most
prevalent and noticeable wetland and deep-water habitats in
Alaska (Hall et al. 1994; Prowse et al. 2006). In subarctic
Alaska, ponds typically occur as moraine, ice-scour, or
dead-ice depressions on the undulating, often low-
permeability terrain (Prowse et al. 2006). Many of these
ponds are closed-basin depressions, where surface-water
inflows and outflows are negligible (Ferone and Devito
2004; Prowse et al. 2006). Such ponds are particularly
common in the Cook Inlet Region of Alaska, where
numerous Pleistocene and Holocene glacial advances have
been recorded (Karlstrom 1964). Little hydrologic research
has been conducted on these common systems, with most
research instead focused on ponds occurring as thermokarst
depressions in arctic Alaska (e.g., Marsh and Woo 1977,
Woo et al. 1981; Woo and Guan 2006). Therefore, little is
known about the hydrologic processes in subarctic ponds,
which makes it difficult to predict the potential effects of
land-use change, such as urban development, oil and gas
exploration, mining, agriculture, forest practices (State of
Alaska 2004), and climate change, such as a drying trend
that has been observed in both south-central and interior
Alaska (Klein et al. 2005; Corcoran et al. 2009).

The objective of this study was to quantify the water sources
and hydrodynamics of these subarctic ponds, particularly with
respect to the role they play in groundwater recharge.
This study was guided by the hypothesis that there are two
types of ponds which differ with respect to water sources and
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hydrodynamics: (1) perched-precipitation ponds, which
have inflows by melt water and direct precipitation, outflows
by evapotranspiration and groundwater recharge, and are
seasonally inundated because surface water is perched above
the water table and infiltration through the low-permeability
surficial deposits to the local water table is slow, and (2)
flow-through ponds, which have inflows by melt water, direct
precipitation, and groundwater discharge, outflows by evapo-
transpiration and groundwater recharge, and are perennially
inundated because of the groundwater throughflow.

Study Area

The study site is a ~101,000-hectare area located west of
Cook Inlet, southwest of Lake Clark and north of Lake
[liamna, in southwest Alaska (Fig. 1). The study site is in
the Nushagak-Big River Hill physiographic division, which
is characterized by low, rolling hills separated by wide,
shallow valleys (Wahrhaftig 1965), and is near the southern
boundary of the discontinuous permafrost zone of Alaska
(Péweé 1975), although field observations suggest that wet
permafrost is lacking. The predominant vegetation is scrub-
shrub, largely composed of various combinations dwarf
trees and tall, low, and dwarf shrubs (Viereck et al. 1992).

The study site is primarily underlain by Upper
Cretaceous-Tertiary intrusive rocks including granodiorite,

Fig. 1 Location of the study
site and the detailed study sites,
instrumentation at the seven
ponds located at the detailed
study sites, and locations where
water samples were collected at
the 123 additional ponds located
throughout the study site. The L
three stars in the uppermost inset
refer to the detailed study sites
shown in the lowermost insets.
A-A’, B-B’, and C-C’ in the

lowermost insets delineate the % Detalled Study Site

locations of cross sections.
P-05-27 S/P-05-27D refers to a
nest of a shallow and a deep
monitoring well installed at the
southernmost site prior to the
initiation of this study
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quartz monzonite, and quartz diorite, which are partially
covered by Tertiary and Quaternary volcanic and sedimen-
tary rocks and deposits (Detterman and Reed 1973b). There
were at least four major Pleistocene glacial advances in the
last 39,000 years (Detterman and Reed 1973a; Mann and
Peteet 1994; Stilwell and Kaufman 1996; Hamilton and
Klieforth 2010). These glacial advances left complex
surficial deposits, including arcuate end moraines enclosing
irregular, hummocky ground moraines; linear lateral mor-
aines on the lower elevations of valley sidewalls; irregular,
hummocky ice-contact melt-water deposits; and pitted
outwash plains and valley trains extending down valley
from end moraines. Moraine, ice-scour, and/or dead-ice
depressions are prominent features in many of these
deposits.

This study was conducted in two phases. In the first
phase, seven ponds located in three different hydrogeologic
regions were studied. At the northernmost site, there were
two ponds classified a priori as flow-through ponds located
in relatively high-gradient lateral moraine deposits; at the
middle site, there were two ponds classified a priori as
perched-precipitation ponds located in low-gradient ground
moraine deposits; and at the southernmost site, there were
two ponds classified a priori as flow-through ponds and
one pond classified a priori as a perched-precipitation pond
located in ground moraine deposits (Fig. 1). There were no
surface-water outflows from any of the ponds, except for a
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small surface-water connection between the two flow-
through ponds at the southernmost site. Multiple slug tests
indicated that the saturated hydraulic conductivity of the
surficial deposits around the ponds was on the order of
107® cm/s, which is consistent with expected values for
glacial till (Freeze and Cherry 1979). The southernmost site
was located just south of a hypothesized groundwater
divide between the South Fork Koktuli Basin to the north
and the Upper Talarik Basin to the south (Smith pers.
comm. 2009a). In the second phase, 123 additional ponds
located throughout the study site were studied. Of these 123
additional ponds, 45 were classified a priori as perched-
precipitation ponds and 78 were classified a priori as flow-
through ponds.

Methods
Classification

All ponds were classified a priori as either perched-
precipitation ponds or flow-through ponds. Ponds with
specific conductances of <20 puS/cm and with stages that
generally declined and exposed unvegetated margins by
middle-late summer were classified as perched-
precipitation ponds, while ponds with specific conduc-
tances of >20 uS/cm and with stages that were stable
and had vegetated margins throughout summer were
classified as flow-through ponds. A very small number of
ponds had specific conductances of >20 pS/cm but
unvegetated margins, and therefore did not fit this
classification scheme. These ponds were classified as
flow-though ponds based only upon specific conduc-
tance, and one of these special-case ponds was included
in the first phase of this study.

Chemical Hydrology

In June and August 2006, precipitation, surface-water, and
groundwater samples were collected at the seven ponds
located at the three detailed study sites (Fig. 1). In August
2007, precipitation, surface-water, and groundwater samples
were collected at the seven ponds located at the three
detailed study sites and surface-water samples were collected
at the 123 additional ponds located throughout the study site
(Fig. 1). Precipitation samples were collected from late-
spring snowfields and summer rainfall collectors. In total,
179 water samples were collected, not including duplicate
and triplicate water samples used for quality assurance and
quality control.

In the field, all samples were filtered through 0.45 pum
polycarbonate membranes and placed in 125 mL HDPE
bottles. All tubing was rinsed with native water between

samplings. Piezometers were purged before samples were
collected. Cation sample bottles were pre-acidified with
1 mL of nitric acid. All samples were stored at 4+2°C prior
to analyses.

Temperature, specific conductance, and pH were measured
in the field using a YSI 556 MPS (YSI, Inc., Yellow Springs,
Ohio) or the equivalent. Sodium, potassium, magnesium,
calcium (Na* [0.10], K* [0.05], Mg>" [0.02], and Ca** [0.05]
[detection limit ppm]), and silica (SiO, [0.10] [detection
limit ppm]) were measured with inductively coupled
plasma-atomic emission spectroscopy by the EPA 200.7
or 200.8 methods (Clesceri et al. 1998). Chloride and
sulfate (CI" [0.20] and SO4> [0.20] [detection limit ppm])
were measured with ion chromatography by the EPA
300.0 or EPA 375.2 methods (Clesceri et al. 1998).
Carbonate alkalinity was back-calculated by assuming all
other cations and anions were measured, and that
bicarbonate accounted for the entire missing charge in
charge balance error analyses. Quality assurance was
provided by the primary laboratory (SGS Environmental
Services, Inc., Anchorage, Alaska) through the analysis of
duplicate water samples for ~20% of the total water
samples, while quality control was provided by the
quality-control laboratory (Columbia Analytical Services,
Inc., Kelso, Washington) through the analysis of triplicate
water samples for ~10% of the total water samples.
Analytical precisions were typically better than 1%.

Solute concentrations can increase by evapoconcentration
(i.e., the process by which solute concentrations increase as
water evaporates and solutes are retained in the remaining
solution) and/or by water-rock interaction (i.e., the process by
which solute concentrations increase as deposits dissolve in
water). Regional sediments are largely derived from granodi-
orite, quartz monzonite, and quartz diorite, which contain high
concentrations of sodium, potassium, magnesium, calcium,
and silica but no chloride. Therefore, silica and chloride were
used as conservative natural tracers in both evapoconcentration
and water-rock interaction models to determine if the observed
differences in solute concentrations in the pond surface waters
could be explained by evapoconcentration of precipitation or
water-rock interaction between precipitation and regional
sediments.

The evapoconcentration model was

Civi
Cres = ——

Jres

where C is the silica or chloride concentration in ppm, f'is
the fraction of water remaining as it evaporates, and the
subscripts RES and INI refer to residual water (e.g.,
evaporated surface water in the ponds) and initial water
(e.g., precipitation), respectively. Precipitation was assigned
mean silica and chloride concentrations calculated from
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nine precipitation samples and theoretically evaporated in a
stepwise fashion with fzz¢ set to 1.00, 0.75, 0.50, and 0.25.
The water-rock interaction model was run in PHREEQC
Interactive Version 2.17.1.4468 (Parkhurst and Appelo
1999). Precipitation was assigned mean silica and chloride
concentrations calculated from nine precipitation samples and
allowed to equilibrate with minerals common to regional
sediments (i.e., feldspar and quartz) at the mean groundwater
temperature and pH of 7°C and 7.5, respectively.

Physical Hydrology

Physical hydrology data were collected at the seven ponds
located at the three detailed study sites (Fig. 1). Precipita-
tion was measured continuously at each of the three
detailed study sites, while net radiation, temperature,
relative humidity, and wind speed were measured hourly
at one location within ~1-10 km of each of the three
detailed study sites. Precipitation was measured with
HOBO Data Logging Rain Gauges (Onset Computer
Corporation, Bourne, Massachusetts), solar radiation was
measured with a LI200X Silicon Pyranometer (LI-COR,
Inc., Lincoln, Nebraska), temperature was measured with a
Model 062 Air Temperature Sensor (Met One, Inc., Grants
Pass, Oregon), relative humidity was measured with a
HMP45C-L Vaisala Temperature and RH Probe (Vaisala,
Inc., Boulder, Colorado), and wind speed was measured
with a F460 Wind Speed Sensor (Climatronics, Inc.,
Davenport, Iowa). Other meteorological variables were
parameterized as necessary using standard procedures
(Allen et al. 2005).

Daily reference evapotranspiration, ET,, was computed
using the ASCE Standardized Reference Evapotranspiration
Equation (Allen et al. 2005). The ASCE Standardized
Reference Evapotranspiration Equation is a slight modifica-
tion of the FAO Penman-Montieth Equation (Doorenbos and
Pruitt 1977), and the two equations produce nearly identical
results (Gavilan et al. 2008). The ASCE Standardized
Reference Evapotranspiration Equation is

+273

_— 0.408A(Rn — G) + y 22X Us(e5 — e,)
. A+y(1+40.340,)

where ET, is reference evapotranspiration (mm/d), A is the
slope vapor pressure curve (kPa/°C), Rn is net radiation
(MJ/m?day), G is soil heat flux density (MJ/m*day), v is the
psychrometric constant (kPa/°C), T is temperature (°C),
U, is the wind speed (m/s), e, is mean saturation vapor
pressure (kPa), and e, is actual vapor pressure (kPa).
Working in a variety of climates in the western USA and
southern Europe, Ventura et al. (1999) showed that the
root mean square of ET, computed with the FAO Penman-
Montieth Equation with respect to ET, measured in
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lysimeters was consistently ~0.4 mm/d. This was ~25%
of the mean daily ET, and an order of magnitude smaller
than other key terms in the water budget during the course
of this study. Actual ET was assumed to be equal to ET,
throughout the summer because the ponds are either open
water, fully-wet sediments, or fully-wet, laterally-extensive
short vegetation (Allen et al. 2005).

Stages (i.e., surface-water levels) were measured hourly
with Model 3001 Levelogger Gold pressure transducers and
dataloggers (Solinst, Inc., Georgetown, Ontario). Hydraulic
heads were measured at piezometer nests, with two piezom-
eters in each nest. Each piezometer was constructed of
stainless steel pipe with an inside diameter of ~5 cm. Both
piezometers were screened over ~50 cm with 0.010 slot size
screens, with screening beginning ~1.5 m or ~3.0 m below the
ground surface. Piezometers were installed by drilling bore-
holes with a borehole auger, placing the piezometers in the
boreholes, and filling the annulus with sand to above the
screened intervals and then bentonite to above the ground
surface. Hydraulic heads (i.e., groundwater levels) were
measured monthly with a Model 101 Water Level Indicator
(Solinst, Georgetown, Ontario) or the equivalent. Time-lag
errors can arise in piezometers screened in low-conductivity
formations (Hanschke and Baird 2001). The potential for
time-lag errors was minimized by summarizing hydraulic
heads over long time steps.

Net groundwater recharge through the ponds to the
broader hydrological landscape was computed with a water-
budget approach. Water budgets were computed from the
water-budget equation where

P—ET +ASW + AGW = AS

and where P is precipitation, ET is evapotranspiration, ASW
is net surface water inflow (i.e., surface-water inflow—surface-
water outflow), AGW is net groundwater inflow (i.e.,
groundwater inflow—groundwater outflow), and AS is the
change in storage (i.e., the change in stage). Surface-water
inflows and outflows were negligible. This includes overland
flows, which were negligible because annual frost increases
vertical permeability which facilitates the rapid infiltration of
summer precipitation (Chamberlain and Gow 1979). There-
fore, the water-budget equation could be re-written and
resolved in terms of net groundwater inflow where

AGW = AS — P+ ET

and where terms are as previously defined. This conceptual-
ization assumes that the effective specific yield of the ponds
was unity. This is generally true where stages are well-above
land surface (Sumner 2007), which was generally the case for
these ponds throughout the period of record. Net groundwater
inflow was computed on daily time steps to determine the net
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groundwater recharge from the ponds to the underlying
aquifers during June—September.

Results
Chemical Hydrology

In general, solute concentrations were lowest in precipita-
tion and perched-precipitation pond surface water and
ground water, and highest in flow-through pond surface
water and ground water (Table 1). Mean£SD specific
conductances were 7+3, 18+7, 2848, and 67+44 uS/cm
for surface water in the perched-precipitation ponds, ground
water underneath the perched-precipitation ponds, surface
water in the flow-through ponds, and ground water
underneath and adjacent to the flow-through ponds,
respectively. Mean+SD solute concentrations were gener-
ally lower in the perched-precipitation pond surface water
than in the flow-through pond surface water, with Student’s
t-tests indicating that these differences were significant for
the conservative solutes sodium (0.68+0.18 v. 1.61+
0.50 ppm, p<0.01), magnesium (0.13£0.03 v. 1.02+
0.37 ppm, p<0.01), calcium (0.41+0.14 v. 4.19+
1.32 ppm, p<0.01), and silica (0.14+£0.06 v. 1.20+
1.18 ppm, p=0.02), but not for the conservative solute
chloride (0.7340.16 v. 0.64+0.16 ppm, p=0.22).

Silica and chloride concentrations measured in the
perched-precipitation ponds and flow-through ponds show
that flow-through ponds are preferentially enriched with
silica (Fig. 2). The evapoconcentration model shows that
evapoconcentration would result in the proportional enrich-
ment of both silica and chloride, while the water-rock

Table 1 Specific conductance, pH, and solute concentrations of water
samples collected from the seven ponds located at the detailed study
sites. Values are means (+ standard deviations) for precipitation;
surface water and groundwater samples from perched-precipitation

interaction model shows that water-rock interaction would
result in preferential enrichment of silica. Therefore, these
measured and modeled results indicate that ground water
discharges to the flow-through ponds but not to the
perched-precipitation ponds to any significant degree. A
two-endmember mixing line with magnesium and calcium
indicates that precipitation, surface water in the perched-
precipitation ponds, ground water underneath the perched-
precipitation ponds, surface water in the flow-through
ponds, and ground water underneath and adjacent to the
flow-through ponds occur on a continuum, with precipita-
tion and ground water underneath and adjacent to the flow-
through ponds as the two endmembers (Fig. 3).

Patterns observed in the ponds at the detailed study sites
also were observed in the 123 additional ponds located
throughout the study site (Table 2). In general, solute
concentrations were lowest in the perched-precipitation
pond surface water and highest in the flow-through pond
surface water. Mean=+SD specific conductances were 11£5
and 48+24 uS/cm for surface water in the perched-
precipitation ponds and surface water in the flow-through
ponds, respectively. Mean+SD solute concentrations were
generally lower in the perched-precipitation ponds than in
the flow-through ponds, with Student’sz-tests indicating
that these differences were significant for the conservative
solutes sodium (0.75+0.30 v. 2.14+0.85 ppm, p<0.01),
magnesium (0.27+0.16 v. 1.39+0.96 ppm, p<0.01), calcium
(1.02+£0.74 v. 5.93+3.22 ppm, p<0.01), and silica (0.41+
0.67 v. 1.68+1.49 ppm, p<0.01), but not for the conservative
solute chloride (0.42+0.15 v. 0.40+0.18 ppm, p=0.48).

The basic mass-balance mixing relationship observed in
the surface water in the ponds at the detailed study sites
also was observed in the surface water in the 123 additional

ponds; and surface water and groundwater samples from flow-through
ponds. Groundwater samples were collected from underneath the
perched-precipitation ponds and underneath and adjacent to the flow-
through ponds

Constituent Precipitation (n=9)

Perched-precipitation ponds

Flow-through ponds

Surface water (n=9)

Ground water (n=5)

Surface water (n=12) Ground water (n=21)

SC (uS/cm) - 7 (£3)

pH - 7.4 (£ 1.5)
Na (ppm) 0.58 (+ 0.45) 0.68 (£ 0.18)
K (ppm) 0.48 (£ 0.50) 0.27 (+ 0.08)
Mg (ppm) 0.11 (£ 0.08) 0.13 (£ 0.03)
Ca (ppm) 0.59 (+ 0.25) 0.41 (£ 0.14)
Cl (ppm) 0.77 (+ 0.66) 0.73 (£ 0.16)
SOy (ppm) 0.62 (+ 0.34) 0.66 (+ 0.54)
Alkalinity (ppm) 2.52 (£ 1.58) 1.87 (£ 0.65)
SiO, (ppm) 0.09 (£ 0.06) 0.14 (+ 0.06)

18 (£ 7) 28 (8) 67 (+ 44)

7.5 (& 1.8) 7.8 (+0.5) 7.4 (+0.7)
1.89 (+ 0.59) 1.61 (+ 0.50) 5.15 (£ 5.38)
0.56 (< 0.26) 0.37 (£ 0.13) 0.81 (£ 0.43)
0.40 (+ 0.15) 1.02 (+ 0.37) 227 (= 1.71)
1.59 (& 0.64) 4.19 (+ 1.32) 9.13 (£ 5.68)
1.14 (£ 0.18) 0.64 (£ 0.16) 1.07 (+ 0.68)
1.02 (& 0.44) 3.20 (+ 0.95) 6.94 (£ 6.44)
9.45 (+ 3.71) 17.57 (& 5.88) 43.49 (+ 34.70)
4.92 (£ 3.25) 1.20 (£1 .18) 572 (£ 3.26)
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Fig. 2 Measured and modeled silica and chloride concentrations in
surface water at the perched-precipitation ponds (P-P Pond SW) and
flow-through ponds (F-T Pond SW) located at the detailed study sites.
The modeled Evaporation Line represents the trajectory on which the
residual water would trend, with solid circles representing modeled
points at /=1.00, 0.75, 0.50.and 0.25. The modeled Water-Rock Line
represents the trajectory on which water in contact with regional
sediments would trend as it moved toward the equilibrium condition

ponds located throughout the study site (Fig. 4). Least-
squares regression lines for magnesium v. calcium were

y =10.22x + 0.07

for both surface water in the ponds at the detailed study sites
and for the surface water in the 123 additional ponds located
throughout the study site. Both relationships were significant,
with p<0.01 for both ponds at the detailed study sites and the
123 additional ponds located throughout the study site.
However, variability was greater in the 123 additional ponds
located throughout the study site, with R“=0.83 and R*=0.68
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Fig. 3 Two-endmember surface-water and groundwater mixing line
for surface water and ground water at the perched-precipitation ponds
(P-P Pond SW and P-P Pond GW, respectively) and the flow-through
ponds (F-T Pond SW and F-T Pond GW, respectively) located at the
detailed study sites
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Table 2 Specific conductance, pH, and solute concentrations of water
samples collected from the 123 additional ponds located throughout the
study site. Values are means (+ standard deviations) for surface-water
samples collected from perched-precipitation and flow-through ponds

Constituent Perched-precipitation Flow-through
ponds (n=45) ponds (n=78)
SC (uS/cm) 11 (£5) 48 (+24)
pH 7.0 (£ 0.6) 7.2 (£0.3)
Na (ppm) 0.75 (£ 0.30) 2.14 (+ 0.85)
K (ppm) 0.24 (£ 0.12) 0.36 (+ 0.32)
Mg (ppm) 0.27 (£ 0.16) 1.39 (+ 0.96)
Ca (ppm) 1.02 (= 0.74) 5.93 (+3.22)
Cl (ppm) 0.42 (£ 0.15) 0.40 (£ 0.18)
SOy (ppm) 0.37 (£ 0.51) 2.97 (£ 6.97)
Alkalinity (ppm) 5.64 (£ 3.35) 26.84 (+ 12.88)
SiO, (ppm) 0.41 (£ 0.67) 1.68 (+ 1.49)
7.0
=0.22x +0.07
Ri=083 a
60 p<001
50
T 40 -
s
230
0.0 2?0 4.'0 sjo al_o 10..0 12..0 11;.0 16.0
Ca (ppm)
7.0 b
=0.22x + 0.07
Re=068
60 4 p<0.01 -
50

Ca (ppm)

[ mP-PPondSW oF-T Pond SW |

Fig. 4 Two-endmember mixing lines for surface water from the
perched-precipitation ponds (P-P Pond SW) and flow-through ponds
(F-T Pond SW) located at a the detailed study sites and b the 123
additional study sites located throughout the study area
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for the ponds at the detailed study sites and the 123 additional
ponds located throughout the study site, respectively.

Physical Hydrology
The perched-precipitation ponds and flow-through ponds

had different hydrographic characteristics (Fig. 5). The
perched-precipitation ponds were at full pool immediately
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Fig. 5 Precipitation and relative pond stage in a the perched-
precipitation ponds (mean, n=3), b the typical flow-through ponds
(mean, n=3), and ¢ the special-case flow-through pond (n=1). Pond
stages are relative to mean pond stage from June—September

following breakup in late May/early June. Precipitation was
relatively infrequent and of low intensity in June and July.
During this time, the perched-precipitation pond stages
declined an average of 1.35 cm/d until they were nearly
empty and had large, unvegetated margins by late July.
Precipitation increased in frequency and intensity in August
and September. During this time, the perched-precipitation
pond stages increased slightly then remained relatively low
but stable through September. Conversely, three of the four
flow-through ponds (hereafter referred to as typical flow-
through ponds) were at full pool throughout the summer,
showing little to no effect from breakup in late May/early
June, the relatively low frequency and intensity precipita-
tion in June and July, or the relatively high frequency and
intensity precipitation in August and September. The fourth
flow-through pond was a special-case flow-through pond, with
a stage that was intermediate between the hydraulic head in an
up-gradient local, perched flow system and an underlying
regional, confined flow system (Fig. 6). Spearman’s rank
correlation indicated that mean daily stages were uncorrelated
in a comparison of perched-precipitation ponds and typical
flow-through ponds (r, (118)=0.03, p=0.77) and in a
comparison of typical flow-through ponds and the one
special-case flow-through pond (7, (77)=0.13, p=0.27), and
were only weakly correlated in a comparison of perched-
precipitation ponds and the one special-case flow-through
pond (7, (77)=0.26, p=0.02).

Ground water was not observed in piezometers directly
adjacent to the perched-precipitation ponds but was observed
in all piezometers under the perched-precipitation ponds.
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Fig. 6 Relationship between stage in the special-case flow-through
pond and head in the local and regional flow systems located at the
southernmost detailed study site. Water appears to flow from an
up-gradient local, perched flow system (e.g., P-05-27 S), through the
flow-through ponds (e.g., S Site, M Pond), and into the underlying
regional, confined flow system (e.g., P-05-27D). Data from the
P-05-27 S and P-05-27D are from unpublished data (Smith, pers.
comm., 2009a)
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(mean, n=3), b the typical flow-through ponds (mean, n=3), and ¢ the
special-case flow-through pond (n=1)

Where found, hydraulic gradients were down, indicating that
groundwater recharge occurred through the perched-
precipitation ponds. Ground water was observed in piezom-
eters up gradient, underneath, and down gradient of the flow-
through ponds indicating that ground water flowed through
the flow-through ponds, with groundwater discharge occur-
ring at the up-gradient ends of the flow-through ponds and
groundwater recharge occurring at the down-gradient ends of
the flow-through ponds. Where ground water was present, it
remained unfrozen through the winter in only three locations,
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all of which were adjacent to or underneath flow-through
ponds.

Groundwater recharge occurred through both perched-
precipitation ponds and flow-through ponds (Fig. 7). However,
patterns and amounts differed. In the perched-precipitation
ponds, net groundwater recharge rates were greatest in the
early summer immediately following breakup, then decreased
but remained relatively high throughout the summer. In the
typical flow-through ponds, net groundwater recharge rates
were lower and relatively uniform throughout the summer. In
the one special-case flow-through pond, net groundwater
recharge occurred in the early summer, while net groundwater
discharge occurred in the late summer. Although the
patterns differed, a Student’st-test indicated that net
groundwater recharge rates were not significantly different
between the average condition at the typical flow-through
ponds and the conditions at the one special-case flow
through pond (p=0.48). Combining the records from all
four flow-through ponds, mean+SD groundwater recharge
during June-September for the perched-precipitation
ponds and flow-through ponds was 0.82+1.12 and 0.26+
0.97 cm/d, respectively (Table 3). A Student’st-test
indicated that daily groundwater recharge rates were
significantly higher in the perched-precipitation ponds
than in the flow-through ponds (»p<0.01).

Discussion

Results indicate that there are two types of ponds: perched-
precipitation ponds and flow-through ponds. Although they
look similar, and were formed by similar processes, these
two types of ponds differ with respect to their water sources
and hydrodynamics.

Perched-precipitation ponds have inflows by melt water
and direct precipitation, outflows by evapotranspiration and
groundwater recharge, and are seasonally inundated because
surface water is perched above the local water table and
infiltration through the low-permeability surficial deposits to
the local water table is slow (Fig. 8). These ponds are
typically located where groundwater discharge is unlikely to

Table 3 Net groundwater recharge through the seven ponds located at
the detailed study sites. Values are mean (+ standard deviation) and
maximum groundwater recharge through perched-precipitation and
flow-through ponds during June—September. Mean groundwater
recharge on the study site was ~0.19 cm/d during June—September
(Smith, pers. comm., 2009a)

Perched-precipitation Flow-through

ponds ponds
Mean (+SD) (cm/d) 0.82 (£ 1.12) 0.26 (+0.97)
Maximum (cm/d) 2.78 2.28
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occur (e.g., shallow ponds in nearly-level ground moraine)
and typically have wide, unvegetated margins by middle-late
summer. Surface water has geochemical characteristics of
precipitation, while ground water underneath these ponds has
geochemical characteristics of precipitation that has under-
gone slight modification due to short-term water-rock
interaction (Tables 1 and 2, Figs. 2, 3 and 4).

The groundwater recharge analysis suggests that ground
water periodically discharges to the perched-precipitation
ponds (Fig. 7). However, all apparent groundwater discharge
events occurred on days when precipitation was >1.5 cm/d.
On these days, rainfall intensity could have exceeded
infiltration capacity, generating overland flow which would
have violated the assumption that surface-water inflow was
negligible. Therefore, these apparent groundwater discharge
events could instead have been ephemeral surface-water
inflow events.

Flow-through ponds have inflows by melt water, direct
precipitation, and groundwater discharge, outflows by evapo-
transpiration and groundwater recharge, and are perennially
inundated because of the groundwater throughflow (Fig. 8).
These ponds are typically located where groundwater
discharge is likely to occur (e.g., deep ponds on gently- to
strongly-sloping lateral moraines) and typically have stable,
vegetated margins throughout summer. Surface water has
geochemical characteristics of mixed precipitation and ground
water, while ground water has geochemical characteristics of

Vertical Exaggeration = 4x
0 40 80
Horizontal Scale

120 meters

20 30 meters
Vertical Scale

precipitation that has undergone slight modification due to
short-term water-rock interaction (Tables 1 and 2, Figs. 2, 3
and 4).

One flow-through pond at the detailed study sites had a
distinct hydrograph, with a stage that was intermediate
between the hydraulic head in the up-gradient local, perched
flow system and down-gradient in the underlying regional,
confined flow system (Fig. 6). Although a flow-through pond,
this pond had a wide, unvegetated margin immediately
following breakup, which became increasingly flooded
toward the middle-late summer. This pond was of unknown
depth; the bottom could not be seen even from the air, in spite
of the fact that the water was quite clear. This type of pond
appears to be an uncommon variant of the broader class of
flow-through ponds, in which the pond is deep enough to
penetrate through or largely through the low-permeability
surficial deposits, such as ground-moraine deposits, and into
or close to the underlying high-permeability deposits, such as
buried advance outwash deposits. These ponds are connected
to local, perched flow systems, but stages can be at least
partly controlled by hydraulic heads in the underlying
regional, confined flow systems. This appears to be the case
for this pond. Immediately following breakup, local ground-
water discharged to the pond from numerous seeps and
springs, but stage in the pond nevertheless rapidly declined,
indicating that groundwater recharge from the pond far
exceeded groundwater discharge to the pond (Figs. 5 and
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7). In the late summer, ground water apparently spilled over a
bedrock sill and thereafter flowd from the South Fork Koktuli
Basin located to the north of the pond to the Upper Talarik
Basin located south of the pond, passing through the buried
advance outwash deposits that are ~40 m below the full-pool
water surface of the pond (Smith pers. comm. 2009a). When
this apparently occurred, groundwater discharge to the pond
far exceeded groundwater recharge from the pond and stage
in the pond rapidly rose (Figs. 5, 6 and 7).

Regardless, the flow-though ponds are surface-water
expressions of local and/or regional groundwater flows.
Flow-through lakes and depressional wetlands have long
been recognized. Born et al. (1979) described flow-though
lakes, while Sloan (1972) and Richardson et al. (1992)
described flow-through prairie potholes. More recently,
Rains et al. (2006) showed that vernal pools in central
California are a special case, being flow-though wetlands
supported by a seasonal perched aquifer that is unconnected
to the underlying regional aquifers.

Both types of ponds are depressional features that collect
and store water and serve as focal points for groundwater
recharge, which is often the case for closed-basin depressions
located on till and moraine deposits (Meyboom 1966; van der
Kamp and Hayashi 1998; Dempster et al. 2006; Todd et al.
2006). An ongoing, regional-scale water-budget study
indicated that mean groundwater recharge during the course
of the study was ~0.19 cm/d (Smith pers. comm. 2009b),
which is consistent with regional-scale estimates of ground-
water recharge in other till and moraine landscapes (Saxena
1984; Johansson 1987; Labadia and Buttle 1996; Bauer and
Mastin 1997). Therefore, groundwater recharge rates were
332% larger in the perched-precipitation ponds and 37%
larger in the flow-through ponds than on the broader
landscape during the course of the study (Table 3, Fig. 7).

Groundwater recharge is particularly pronounced in
perched-precipitation ponds, being 215% larger than in the
flow-through ponds (Table 3, Fig. 7). Most of the additional
groundwater recharge occurs immediately following breakup.
In the perched-precipitation ponds, stages are low when snow
begins to fall, so there is a relatively large amount of
accommodation space to trap aeolian-transported snow. This
snow melts during breakup, and this surcharge of snow-melt
water results in high stages immediately following breakup
and enhanced groundwater recharge rates immediately
thereafter (Table 3, Fig. 7). Conversely, in the flow-through
ponds, stages are high when snow begins to fall, so there is a
relatively small amount of accommodation space available to
trap aeolian-transported snow. Lacking this surcharge of
snow-melt water, high stages immediately following breakup
and enhanced groundwater recharge immediately thereafter
do not occur (Table 3, Fig. 7).

Both types of ponds differ from somewhat previously
documented arctic ponds, most notably with respect to the
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roles that they play in groundwater recharge. In the early
summer, inflows to arctic ponds are dominated by snowmelt,
including overland flow from snowmelt that perches on still-
frozen ground and flows overland toward topographic lows
(Woo et al. 1981; Woo and Guan 2006). The trapping of
aeolian-transported snow also appears to play an important
role in arctic ponds, with snow accumulations being ~125%
greater in arctic ponds than in the surrounding uplands (Woo
et al. 1981). In the middle to late summer, inflows to arctic
ponds are typically dominated by precipitation (Woo et al.
1981; Woo and Guan 2006), although the discharge of local,
suprapermafrost ground water can occur depending upon
local hydrogeologic and permafrost conditions (Kane and
Slaughter 1973; Marsh and Woo 1977). Throughout the
summer, outflows from arctic ponds are typically dominated
by evapotranspiration (Marsh and Woo 1977; Woo and Guan
20006), although outburst flooding can play an important role
during breakup if rapid inflows cause pond stages to abruptly
rise and overtop and/or melt snow dams (Woo et al. 1981).
Groundwater recharge does not appear to play an important
role in arctic ponds, presumably due to the presence of
permafrost aquitards (Marsh and Woo 1977; Woo et al.
1981; Woo and Guan 2006), although regional groundwater
discharge and recharge can occur in deeper lakes with
permafrost-free bottoms (Kane and Slaughter 1973).
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