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Introduction

Aberg S.C., Korkka-Niemi K., Rautio A., Salonen V.P. & Aberg A. 2019: Groundwater recharge/dis-
charge patterns and groundwater—surface water interactions in a sedimentary aquifer along the River
Kitinen in Sodankyl&, northern Finland. Boreal Env. Res. 24: 155-187.

Areas of groundwater—surface water interaction in riverbanks and open mires are impor-
tant habitats for groundwater-dependent species. In order to preserve these ecosystems, the
planning and development of mining operations on such locations require a fundamental
understanding of the groundwater discharge-recharge and flow patterns. In this study, 3D
flow modelling and a TIR survey were used to define the groundwater discharge. Simul-
taneously, the flow modelling and groundwater table fluctuation were used for defining
groundwater recharge at a mining development site in northern Finland. The results indi-
cated flow towards the River Kitinen and the discharge of groundwater in the banks of
the river. The discharge also occurred within the mire area, which may provide suitable
habitats for groundwater-dependent plant species. The modelling results and stable isotope
variations indicated complex flow patterns and a potential groundwater connection from
the Viiankiaapa mire through possible bedrock fractures to the river. Recharge mainly
occurred in the sorted sediment accumulations of the riverbanks and partly also in the mire
area.

Interactions between groundwater (GW) and
surface water (SW) are an essential part of the

The boreal and subarctic regions of the Northern
Hemisphere are sparsely populated and mostly
in their natural state. The surficial deposits are
mainly glaciogenic, and rivers and open mires
dominate the hydrological systems (Lahermo
1970, Price and Maloney 1994, Laitinen et al.
2005). Rivers are an important component of
runoff in northern Finland (Solantie and Ekholm
1985) and the river discharge is usually about
40-60% of the precipitation (Korhonen 2007).
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hydrological cycle in river settings, as well as
in mires. If the GW table is above the river
stage, GW discharges into the river. According
to Siegel (1988), a wetland is a GW discharge
area if the GW movement is upwards from the
underlying sediment and a recharge area when it
is downwards. However, the fluxes in both direc-
tions can be occasionally limited due to the low
hydraulic conductivity of peat. Mire hydrology
and GW recharge/discharge patterns are crucial
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for the mire vegetation, but the relationship has
seldom been studied (Laitinen ef al. 2005).

The complexity of the sedimentation of
surficial deposits in central Lapland (Fig. 1) in
northern Finland makes GW occurrences scat-
tered and elusive. Glacial erosion has been weak
within the ice-divide zone (Kujansuu 1967, Hall
et al. 2015) and the till units from multiple gla-
cial events as well as river and lake sediments
(Hirvas 1991, Johansson and Kujansuu 2005,
Salonen et al. 2014) have been preserved as
relatively thick and complex sediment packages
with varying hydraulic conductivity values and
storage capacity (Salonen ef al. 2014).

Northern Finland is the target area of inten-
sive exploration activities due to its ore potential
(Eilu 2012). The water management issues of
the mining as well as mine development sites
have been comprehensively discussed for years
(Younger and Wolkersdorfer 2004, Kauppi et
al. 2013, Salonen et al. 2014). To manage the
environmental impacts of mining activities and
to diminish the environmental risks, understand-
ing of the hydrogeological conditions before the
plan to mine is important. In particular, the study
of waterbodies (SW bodies, aquifers and their
connections) prior to the initiation of possible
mining activities is considered a prerequisite for
socially acceptable mining.

A Cu-Ni-PGE deposit named Sakatti was dis-
covered in Sodankyld, northern Finland, in 2009
(Brownscombe et al. 2015), near the regulated
River Kitinen and beneath the environmentally
sensitive Viiankiaapa mire (Fig. 1). The mire is
protected by the Natura 2000 network due to its
extensive aapa-type mire environments with fen
patches that are habitats for several endangered
plant and bird species (Hjelt and Padkko 2006).
Since the 1960s, the River Kitinen has been
regulated by the hydroelectric power plants and
reservoirs (Marttunen et al. 2004). The mining
developments require a comprehensive under-
standing of the hydraulic environment of the
Viiankiaapa mire and the River Kitinen, their
connections to the aquifers nearby, as well as
the effect of the river and its regulation on the
Viiankiaapa mire.

Studies of the impact of GW-SW interac-
tion, such as Winter (1999), Woessner (2000)
and Sophocleous (2002) has increased drasti-
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cally in the last decades (Fleckenstein et al.
2010), indicating their increasing influence. The
GW-SW interaction of lakes and streams and the
recharge/discharge patterns are also dependent
on topography (Winter 1999). SW flow through
the river bank (bank storage) affects the ratios of
GW flux to the river. At the same time, the exist-
ence of an open mire close to the river compli-
cates GW—SW interaction. These GW—SW inter-
action areas are important for GW-dependent
ecosystems (GDE) (Triska et al. 1993, Sopho-
cleous 2002) and the recognition of GDEs has
become an objective required by law in Finland
since 2014 (Act on Water Resources Manage-
ment 1263/2014).

GW flow modelling can be utilized as a tool
for understanding GW—-SW interactions, as well
as recharge/discharge patterns. According to the
review of Barthel and Banzhaf (2016), the mod-
elling of GW-SW interactions are commonly
performed by GW flow models like the MOD-
FLOW river package (Harbaugh 2005), with
coupled SW-GW flow models like HydroGeo-
Sphere (Therrien et al. 2010) or ParFlow (Kollet
and Maxwell 2006), or loosely-coupled models
like MIKE SHE (Hughes and Liu 2008). Barthel
and Banzhaf (2016) noted that GW-SW pro-
cesses at different scales need different aspects
in the modelling and simplifying of the systems.
In the larger scale, observing GW-SW fluxes
in the riverbed need to be simplified, while on
a detailed scale, the area beyond the riverbed
needs to be simplified.

The temperature has been used as a GW—
SW interaction tracer, since the GW tempera-
ture is relatively constant, while SW tempera-
tures fluctuate diurnally and annually (Stoneman
and Constantz 2003, Anderson 2005, Rautio et
al. 2018). Low-altitude thermal infrared (TIR)
imaging has been successfully utilized to iden-
tify and localize GW discharge into wetlands
or water bodies (Torgersen ef al. 2001, Dugdale
et al. 2013, Rautio et al. 2018). In addition to
TIR, the stable isotopes of oxygen and hydrogen
(680, 0D) have been used for decades to verify
the observed GW—SW connections when the end
members sufficiently differ (Gat and Gonfiantini
1981, Krabbenhoft er al. 1990, Kendall and
Coplen 2001, Rautio and Korkka-Niemi 2015).
Recently, the stable isotopes of 60 and 6D
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Fig. 1. A: The catchment of the Kemijoki River, including the River Kitinen and the Porttipahta and Lokka reservoirs,
which are used to regulate the rivers. B: The study area and the border of the Natura 2000 conservation area. The
two closest hydroelectric power plants are indicated in the figure. C: Surficial deposits and administrative GW areas
of the study area. The Sakatti deposit is modified after Brownscombe et al. (2015). Base maps, terrain elements
were reproduced with permission from the copyright owner (National Land Survey of Finland). Surficial deposits
map were reproduced with permission from the copyright owner (Geological Survey of Finland). River, lake in Fig.
1a and catchment polygons and Administrative GW area were modified and reproduced with permission from the

copyright owner (Finnish Environment Institute).
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have been increasingly used to characterize the
hydrology and GW—SW exchange of wetlands
(Hunt ef al. 1998, Clay et al. 2004, Marimuthu et
al. 2005). In this study, TIR imaging, in situ tem-
perature measurements and the stable isotopes of
oxygen and hydrogen were used to validate GW
flow modelling and to verify the GW discharge
areas.

The aim of this study was to understand GW
and SW interactions and their flow patterns in
relation to GW-dependent ecosystems on the
eastern flank of River Kitinen in Sodankyla,
northern Finland, as a baseline study at a mining
development site. It was hypothesized that the
complex sedimentation environment affects the
hydrology and hydrogeology of the mire and the
recharge and discharge patterns, and simultane-
ously, the mire and its ecology are dependent on
the discharging GW. 3D GW flow modelling,
TIR imaging and the stable isotopic composition
were utilized to define the GW flow patterns and
the discharge and recharge areas.

Study area
Geological and hydrological background

The study area is located in the municipality of
Sodankyld, in the western part of the Viiankiaapa
mire (Fig. 1). The area is located close to the
central Lapland ice-divide zone, which means
that surficial deposits are thick and complex
compared to the average in Finland (Johansson
and Kujansuu 2005, Aberg A K. et al. 2017a).
The area is topographically relatively flat. The
altitude of the mire is about 180-200 m above
sea level (a.s.l.), with the highest hills in the area
rising 50-90 metres above the surface of the
mire.

The bedrock of the study area mainly con-
sists of mafic and ultramafic volcanic rocks,
quartzites, mica schists and gabbros (Tyrvéinen
1980, Pulkkinen 1983, Tyrvdinen 1983). The
Proterozoic bedrock is partially fractured in the
upper part (Hirvas 1991, Hall et al. 2015) and
in some locations chemically weathered as well.
It is overlain by Quaternary deposits mainly
consisting of glacial, fluvial and aeolian clastic
sediments and often covered with peat deposits
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(Fig. 1c). The thickness of the unconsolidated
sediment varies between 0—45 m with a median
of 9.1 metres (Aberg A.K. et al. 2017a).

An approximately 1-6-metre-thick till over-
lies directly bedrock in the Kitinen valley and
below the Viiankiaapa mire area (Aberg A.K.
et al. 2017a). The till is covered with sorted
sediments consisting of acolian sands and fluvial
deposits within the mire area and with fluvial
sediments on the banks of the River Kitinen. The
western bank of the river has alternating multiple
tills and interlayering sandy deposits observed
in the open sections of Kérviasniemi (Fig. 1b).
The multiple till layers originate from separate
Weichselian glacial events (Fig. 1a) (Aberg A.K.
et al. 2017a). The aquifer-aquitard system can
be complex due to existing subtill sands, gravels
and gyttja layers, as described in Aberg A.K. et
al. (2017a).

Rivers with their outwash plains are a central
geomorphological feature in central Lapland.
According to Lahermo (1973), outwash plains
are the most abundant GW reservoirs of the area.
Several minor aquifers also exist in the banks of
the River Kitinen (http://www.syke.fi/avointieto
[In Finnish]) (Fig. lc). The most considerable
of these aquifers is the Sahankangas aquifer
(Fig. 1c), which is defined as an outwash plain
(Réisdnen 2014). The other minor aquifers are
located in the eastern banks of the River Kitinen
(Fig. 1c).

The most important hydrological systems of
the area are the regulated River Kitinen and
the protected Viiankiaapa mire. Viiankiaapa is a
large, mainly treeless wetland with a well-devel-
oped flark and string pattern and fen patches
(Paakko 2004, Hjelt and Padkkd 2006). The
hydrology of the aapa mire depends on the
precipitation rate, GW and SW flow, spring
flood and the rate of snowmelt (Ruuhijérvi and
Lindholm 2006). The Viiankiaapa mire started
to develop after the Late Weichselian deglacia-
tion about 10 000 years ago (Lappalainen 1970,
Suonperd 2016). According to Saarnisto (1992),
the confluence of the River Kitinen and the Luiro
River (Fig. 1) was formed at about the same
time.

The River Kitinen is the largest tributary of
Finland’s longest river, the 552-km-long Kemi-
joki River (Marttunen et al. 2004) (Fig. 1).
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Before the 1960s, the river was sensitive to
flooding due to the small number of lakes within
its large drainage system (Aalto 2008, Alanne
et al. 2014). These floods enabled high bio-
logical diversity in the mire near the river banks
(Karplund 1990). Water flow regulation via the
Porttipahta and Lokka reservoirs (Fig. 1) since
the 1960s has reduced the regular flooding of
the River Kitinen (Alanne et al. 2014). A major
change in the system within the study area was
the construction of the Matarakoski hydroelec-
tric power plant in 1995 (Fig. 1), which raised
the river stage by seven metres above the natural
stage (see Huokuna 1991). The average river dis-
charge at the Matarakoski power plant is about
50-100 m* s! and the maximum rates vary from
200 to 400 m* s' (Kemijoki Oy 2017, unpubl.
data). The annual runoff of the Kersilo water-
shed (Fig. 1) varied from 200 to 340 mm yr!
during the years 2012-2015 and the maximum
runoff was about 20 mm day ' in the middle of
May according to the watershed model (Veh-
vildinen 2007) of the Finnish Environment Insti-
tute (SYKE). The runoff rate was 40-55% of the
precipitation.

Climate

The nearest weather station is in Sodankyld,
10 km south of the study area (Fig. 1). The mean
annual temperature at Sodankyld is —0.4 °C and
the June and January average temperatures are
+15 °C and —12 °C, respectively (http://ilmati-
eteenlaitos.fi/vuositilastot [In Finnish]) (Appen-
dix Fig. Al). The average annual precipitation
in Sodankyld is 500-650 mm yr'!, of which
about half falls as snow, usually from November
to May (http://ilmatieteenlaitos.fi/vuositilastot
[In Finnish]). Mean evaporation was about
320 mm yr! between 1960 and 2011 (Moroi-
zumi et al. 2014).

Endangered mire species within the area

The endangered ecosystems are mainly located
in the fen patches of the Viiankiaapa mire. The
habitats of four endangered or vulnerable GW-
dependent species, Hamatocaulis vernicosus
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(vulnerable), Hamatocaulis lapponicus (endan-
gered), Meesia longiseta (vulnerable) and Saxi-
fraga hirculus (endangered) (Kulmala 2005,
Eurola and Huttunen 2006), have habitats close
to the Sakattilampi pond (http://www.syke.fi/
avointieto [In Finnish]) in the Viiankiaapa mire
(Fig. 1B). Sakattilampi is located inside the
exploration permit area of the mining company
AA Sakatti Mining Oy (Fig. 1b). The habitats
of these four plant species usually indicate GW
discharge (Kulmala 2005, Eurola and Huttunen
2006).

Materials and methods
General

The study was conducted in six steps and
explained in more detail below (Fig. 2). First,
the hydrostratigraphic units of the model area
(Fig. 1) were defined. Second, the hydraulic
conductivities were defined for the units of a
3D hydrostratigraphic model and the model was
converted into a numerical 3D GW flow model.
Third, the initial head was estimated from GW
table observations, ground penetrating radar
(GPR) profile interpretations (Appendix Fig. A2)
and the SW altitudes, which were defined from
LiDAR DEM (Light Detection and Ranging
Digital Elevation Model) and orthoimage inter-
pretations. Fourth, GW recharge and annual GW
table fluctuations were studied from GW table
data obtained from monitoring wells. Fifth, the
flow model was calibrated with the GW and
SW observations, and GW discharge zones were
defined from TIR data and stable isotope stud-
ies. Sixth, the model results were compared with
GW discharge observed from TIR images and
with the occurrences of endangered species.

Definition of preliminary 3D
hydrostratigraphy

A simplified and modified version of Quaternary
sediments and bedrock topography (hereafter:
3D geological model), described in detail in
Aberg AK. et al. (2017a), was utilized as the
basis for the definition of a 3D hydrostrati-
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Peat on the top layer were used for the “open water and
mire” recharge zone and other units of the top layer for
the “forested area” recharge zone.

graphic model (Fig. 3). The primary 3D model-
ling software used was Leapfrog Geo ver. 4.0
(Seequent Ltd.). The horizontal resolution of the
model was 10 x 10 metres. The flow modelling
was used to evaluate and improve the existing
geological model (Aberg S.C. et al. 2017b).

Calculation of hydraulic conductivities

The hydraulic conductivities of the hydrostrati-
graphic units were estimated by using grain-size
analysis of soil samples and slug tests (Appen-
dix Fig. A2, Table 1). AA Sakatti Mining Oy
installed 24 GW monitoring wells in the Viianki-
aapa mire area (Golder Associates 2012, unpubl.
data) in 2012; and 17 of the wells have automatic

stations for continuous monitoring of water level
and water temperature ever since. Twelve of
them were well triplets that had three adjacent
wells installed in different depths (Appendix Fig.
A2). During the drilling of the monitoring wells,
sediment samples were taken and the grain-size
distribution of 14 samples was analysed in the
soil laboratory of Geobotnia Oy (Golder Asso-
ciates 2012, unpubl. data). Slug tests were also
performed from 12 monitoring wells in 2012
(Golder Associates 2012, unpubl. data). In addi-
tion, four new test sites were excavated near
Moskuvaarantie, and in the gravel intake area of
Kérvédsniemi in 2015, and at the same time, 14
new sediment samples were taken for grain-size
analysis to calculate the hydraulic conductivities
(k-values). k-values were calculated by applying
the Sauerbrei method (Sauerbrey 1932, Vukovic
and Soro 1992):
3

8" (g, 1
k ﬁv(l_n)z(d”) (1)

where £ is 3.75 x 1073, g is 9.81 m s, v is the
kinematic viscosity of water, n is porosity and d ,
is the effective grain size. k-values are expressed
inm s at 7 (temperature) = 5 °C. Even though
the method is most suitable for sands and silty
sands, Hanninen et al. (2000), for example, have
previously used it to calculate the k-values of
tills.

In addition, hydraulic conductivities of the
fractured zone of the bedrock were estimated
based on the results of hydrogeological testing
from boreholes including constant head, spinner
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and packer tests (SRK 2019, unpubl. data) and
two slug tests (Golder Associates 2012, unpubl.
data). The boreholes were open bedrock holes
including steel casing from the surface to fairly
competent rock. The lower part of casing was
cemented to isolate the surficial deposits and
topmost weathered bedrock from fairly compe-
tent/complete bedrock.

Modelling the 3D GW flow
Definition of the initial head

The preliminary estimations of GW table altitudes
were performed with ArcMap (ESRI) and Leap-
frog. First, the interpolation of the GW tables on
the selected days of 1 Apr.,, 1 May, 15 May and
1 June 2014, due to these having the most complete
monitoring data. The data was tested using the nat-
ural neighbour method (Sibson 1981) with ArcMap
to examine the maximum variation in the spring
season. In addition, a more complete 3D GW table
representing 15 Aug. 2015 was generated with
Leapfrog for use in 3D GW flow modelling. The
data used for the 3D GW table were the altitudes of
flarks and springs, GW table observations, interpre-
tations of the GW table from GPR profiles from the
field campaigns in April and August 2015 and the
interpolated contours of the GW table (Appendix
Fig. A2). The field studies of 2015 also included
manual measurements from monitoring wells in
gravel intake areas (n = 4), the GW1 monitoring
well near Matarakoski and minipiezometer meas-
urements (n = 3) on the eastern shore of the River
Kitinen (Appendix Fig. A2). The GPR-interpreted
GW tables had about 0.5 m error due to uncertain-
ties in time to depth conversions (Aberg A K. et al.
2017a) and about 2.1-0.7 m error depending on the
depth of the GW table caused by the antenna sepa-
ration with the distance of 4.2 m. However, due to
the shortage of data points, the modelling of the 3D
GW table was enforced with 100/200 m interval
sections of hand-drawn polylines.

Description of the 3D GW flow model

The 3D hydrostratigraphic model generated
with Leapfrog was converted into a MOD-

FLOW-2005 grid (Fig. 3). The model editing
was performed with ModelMuse graphical user
interface (GUI) software (UGSG). The model-
ling code was changed to MODFLOW-NWT
(Niswonger et al. 2011) due to its capability of
modelling unconfined aquifers with highly vary-
ing layer thicknesses. The code uses a Newton
formulation and the Upstream-Weighting (UPW)
Package for unconfined aquifer solutions (see
Niswonger et al. 2011). The 3D GW flow model
was a steady-state model with eight layers. The
water budget was calculated for one year. The
upper-six layers and the river were modelled as
convertible aquifers (changing from the uncon-
fined to the confined condition was possible
within a layer), and the bedrock layer was mod-
elled as a confined aquifer. Horizontal hydraulic
conductivity (HK) parameters were defined for
the eight hydrostratigraphic units (Fig. 3). Verti-
cal hydraulic conductivity was defined as the
ratio of horizontal to vertical hydraulic conduc-
tivity with vertical anisotropy (VANI) param-
eters. Anisotropy was assumed to be 10 due to
horizontally stratified sediments except 100 in
peat acrotelm and catotelm (Reeve et al. 2000)
and 1 in the bedrock to keep converging of the
model possible. The horizontal grid resolution of
the model was 10 x 10 m. The minimum thick-
ness of a grid cell was 0.2 m. The grid was modi-
fied from a Leapfrog-generated grid as follows:
the river top was reduced to 0.2 metres above
the bottom of the river. The head of the river was
interpolated with trend interpolation in ArcMap
due to rugged river surface in LiDAR DEM.
Simultaneously, layer 1 at the bottom of the
mire area was modified to present two-thirds of
overall peat thickness as the acrotelm of the mire
based on the observed thickness in peat drillings.
The original layer 2 bottom was then presenting
the bottom of catotelm. The bedrock bottom was
modified to represent the bottom of the upper
fractured/weathered zone to the average depth
of 35 m from the bedrock surface based on
bedrock drillings. The fractures of the bedrock
were added as separate parameter zones within
the bedrock with polylines derived from the
map of the report of the environmental impact
assessment of the Sakatti project (http:/www.
ymparisto.fi/sakatinkaivosY VA [In Finnish]). As
the overall schistosity of the bedrock and the
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major faults and fractures are almost vertical,
the simplification of the fractures and faults and
vertical zones within one layer was possible. It
was assumed that the fracturing/weathering rate
affects more to the hydraulic conductivity than
the bedrock type.

Boundary conditions were defined as fol-
lows: The River Kitinen was modelled with the
RIV package, and the conductance was cali-
brated. Recharge was simulated with the RCH
package with two different zones: the “open
water and mire” zone (RCH_Par2) and “for-
ested areas” zone (RCH_ parl) (Fig. 3). The
recharge rate in the open water and mire zone
was assumed spatially uniform. The water table
fluctuation (WTF) method (Meinzer 1923) was
used to roughly estimate the recharge rate related
to spring thaw in the proximity of the monitor-
ing wells for the forested area zone (Appendix
Fig. A2). The recharge from precipitation was
estimated with the episodic master recession
curve method (EMR) (Nimmo et al. 2015). Spe-
cific yields were estimated based on the defini-
tions of Johnson (1967). The sum of recharge
from WTF and EMR method were converted to
precipitation-to-recharge ratios (see Nimmo et
al. 2015), which were then used as multipliers
for the RCH parameter. The parameter value was
set to the precipitation rate of the hydrological
period from October 2013—October 2014. It was
assumed that recharge is a certain proportion
of the precipitation and the spring thaw, which
depends on the properties of the location. The
varying multipliers were used to gain spatial
heterogeneity to recharge due to variable hydrau-
lic conductivities of surficial deposits and the
multipliers were interpolated within the forested
area zone. The drain (DRN) package was used
to cover the mire area and the gravel intake area
to simulate possible discharge. The DRN con-
ductance was calibrated and the constant head
boundaries were added to borders that have a
constant input of water due to the extensive open
mire areas surrounding the model area. Their
starting heads were extracted from the Leapfrog-
generated 3D GW table, assuming that it is close
to the long-term average head. Head-dependent
flux boundaries were added in Sahankangas and
Pahanlaaksonmaa as outer limits of the model.
The heads were estimated based on the levels of
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Koistamonpulju mire (Appendix Fig. A2) and
the River Kitinen, respectively. Their conduct-
ance was calculated with the estimated k-value
multiplied by the cross-sectional area of grid
cells divided by the distance to the real bound-
ary condition location. However, the model
itself was set to present the hydrological year
from October 2013 to October 2014 due to the
higher-than-average precipitation and estimated
recharge rate of the following year (2015), which
included the recharge from snow accumulation
of 2013.

Calibration and validation of the 3D GW
flow model

During the model development, different hydrau-
lic conductivity zonings for the HK parameters
were tested to find the best solution to match the
simulated GW table with the head observations.
Simultaneously, the structures of the 3D geologi-
cal model and the 3D hydrostratigraphic model
were reconstructed twice during model calibra-
tion by changing the thicknesses and the distri-
butions of the layers. The hydraulic conductivi-
ties of the unit’s top deposit, upper till, middle
sorted deposits, lower till and bedrock (Fig. 3)
were interpolated with the natural neighbour
method from the results of the grain-size analy-
ses, spinner, constant head, packer and the slug
tests to the corresponding HK parameter zones
by using multipliers. The units with less than
three k-value measurements (Kitinen, peat, and
lowest sands and gravels) had constant k-values.
In addition, dummy points were added during
model development to enforce more accurate
results for the interpolated k-values. The fracture
and fault k-values, RIV and DRN conductance
were estimated with automatic parameter esti-
mation with PEST (Doherty 2015). The start-
ing value to fractures, faults, RIV conductance
and DRN conductance were 1 x 1073, 1 x 107,
1 x 107 and 3.7 x 108, respectively. The mini-
mum limit was 1 x 107° to keep the model
convergence possible and maximum limit was
1 x 102 for all calibrated parameters. The initial
DRN conductance was estimated from average
of peat k-values divided by 100 (VANI) and river
conductance was an estimation of the average
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k-value of river bottom that was assumed to be a
mixture of sand, gravel and till. Selected average
GW table observations from monitoring wells
in 2014 (n = 15), springs (n = 4) and open-water
bodies including SW points and flarks (n = 84)
calculated from the LiDAR DEM and one dis-
charging GW point were used as GW table cali-
bration points with the head observation (HOB)
package. The GPR observations were excluded
during calibration due to their high uncertainty
in velocity corrections.

Description of the hydrological data

Hydrological data, including precipitation, the
snow water equivalent (SWE), river stage and
river discharge were collected to investigate the
water budget and recharge rates. Precipitation
data from 2012 to spring 2016 and SWE data
from three winters in 2013-2014, 2014-2015 and
2015-2016, both data types from the geophysi-
cal observatory of Sodankyléd, were used to esti-
mate the recharge rates. River discharge and stage
data were collected from the hydroelectric power
plants at Matarakoski and Kelukoski (constructed

in 2001) (Fig. 1b) in order to examine the annual
variation of the river stage and whether it affects
the GW table. According to Golder Associates
(2012, unpubl. data), river discharge shows no
clear response to precipitation due to the dominat-
ing effect of snowmelt runoff and the regulation of
the flow regime in the River Kitinen.

GW table fluctuations in monitoring wells

GW table data (measured every half an hour)
from the monitoring wells were statistically
examined with cross-correlation in order to under-
stand the GW recharge patterns. The calculations
were executed with Microsoft Excel 2016, SPSS
ver. 24 (IBM Analytics) and Matlab ver. R2017b
(MathWorks) scripts. The daily and annual aver-
ages of the GW table were calculated from the
monitoring data. Cross-correlations of the daily
average of the GW table with precipitation and
SWE data were tested. In addition, new GW table
observations from several monitoring wells were
measured in the Kérvdsniemi gravel intake area
in August 2015 to estimate the GW table alti-
tude and depth in the western banks of the River
Kitinen (Appendix Fig. A2). Simultaneously, the
cross-correlation between selected monitoring
wells was also tested.

TIR survey and field temperature
measurements

In northern Finland, the temperature of SW is
higher than that of the discharging GW in the
summer, and the GW flux into SW bodies and the
land surface can, therefore, be observed as cold
anomalies from TIR images. GW discharge sites
were identified using an unmanned aerial vehicle
(UAV) with TIR and RGB cameras (hereafter
UAV-TIR) to examine selected locations in shore-
line areas of the River Kitinen in July 2017 (Fig.
4). A FLIR TAU2 640 TIR camera integrated
with a ThermalCapture module (TeAx Technol-
ogy UG) was mounted on a Matrice 100 (DJI)
together with a X3 RGB camera (DJI). The FLIR
TAU2 640 had a pixel resolution of 640 x 512, a
spectral range of 7.5-13.5 um and a field of view
of 45° x 37°. The system was capable of detect-
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ing temperature differences of £0.05 °C with an
accuracy of 5.0 °C or +5.0% SE of the reading,
as reported by the manufacturer.

A UAV-TIR survey was acquired from 100 m
above the ground surface (a.g.s.), and the ground
speed was approximately 3.5 m s following the
pre-set flight route points in the MapsMadeEasy
mobile map pilot application (Drones Made Easy).
Thermal images were collected digitally and
recorded from the sensor to the ThermalCapture
module at a rate of 8 frames per second, which
guaranteed over 90% overlap along the track and
70% side overlap. The thermal image frames were
tagged with coordinate data by a ThermalCapture
GPS Receiver based on the u-blox 8§ Multi GNSS
UBX-M8030-KT chipset. The thermal image files
were post-survey processed, mosaicked and inter-
preted with ThermoViewer ver. 2.1.5 (TeAx Tech-
nology UG), Pix4Ddesktop (Pix4D) and ArcMap
ver. 10.3.1 (ESRI) software, respectively.

The flight altitude of 100 m a.g.s. produced
a ground resolution of 13 cm. The UAV-TIR
survey was carried out from 29-30 July 2017
and weather conditions varied between clear sky
and partial cloud cover and air temperature from
20.2-24.9 °C (Sodankyld weather station, FMI).
Altogether, the UAV-TIR survey covered 24 hec-
tares of the riparian areas alongside the River
Kitinen (Fig. 4).

The kinetic water temperature was measured
2 cm below the water surface with a sediment
temperature probe (Therma Plus, Electronic Tem-
perature Instruments Ltd, Worthing, West Sussex,
UK, resolution: 0.1/1 °C accuracy: +0.4 °C
+0.1% SE). Temperature measurements (7 = 36)
were collected simultaneously with water sam-
pling in 2015 to examine the temperature vari-
ability and compare the water temperature values
with the stable isotope composition of the water
samples.

Stable isotopes

Water sampling under low-flow conditions was
performed at selected field study sites (Fig. 4)
in August 2015 and September 2016 to explore
the connection between anomalous water tem-
peratures and the stable isotope composition, to
assess the level of GW—SW interaction and to
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verify/validate the modelled GW discharge indi-
cated by the GW flow model. Observation well
isotope samples (7 = 6) from 2016 were included
in the isotope dataset to gain more information
on the spatial variability in the isotope com-
position of GW in the research area. The SW
(n = 6) and spring water (n = 5) samples were col-
lected directly from the river/brook channels and
springs. GW samples (n = 21) from observation
wells were taken with a bailer. Mini-piezometers
were hand driven into the channel bed at the
study sites using the method described by Lee
and Cherry (1979) to sample the discharging
GW (DGW; n = 4). The middle points of the
mini-piezometer screens were at depths ranging
between 24 and 164 cm below the surface of the
channel bed.

The samples for stable isotope analysis were
collected into 50-ml, high-density polyethylene
bottles and preserved in a refrigerator until analy-
sis. The stable isotope compositions (6'30 and 6D)
were analysed from 36 samples collected during
the field campaign in 2015 and 2016 (Fig. 4).
Samples were filtered (0.2 um and 0.8 um in 2015
and 0.45 um in 2016) and analysed with a Pic-
arro L2120-I analyser at the Department of Geo-
sciences and Geography, University of Helsinki.
The isotope results are reported as ¢ values, rep-
resenting a per mill (%o) difference relative to the
international Vienna Standard Mean Ocean Water
(VSMOW) standard. The 6'%0 or 6D values are
defined as [(Rsample = Rstandard/—1](1000),
where R refers to the "*O/'°O or D/H ratios in
both the sample and standard. The precision for
a single analysis was < 0.5%o for 6D and < 0.1%o
for 0"%0. A deuterium excess (d-excess) of 10%o
is the average value for global precipitation and
characterizes the meteoric conditions prevailing
in the initial moisture source (Merlivat and Jouzel
1979). An index of the evaporation effect for each
sample was calculated using the d-excess, deter-
mined as followed (Dansgaard 1964):

d-excess = 0D — 80"0. 2)

SW flow directions

SW flow directions were defined with ArcMap
by using orthoimages of NLS and a two-metre-



BOREAL ENV. RES. Vol. 24 - Recharge/discharge patterns in a sedimentary aquifer 167

A

190J

170

150

X: 487802 x: 488400 X: 488998 X: 489596 x: 490194 x: 490792
y: 7494001 y: 7493470 y: 7492939 y: 7492408 y: 7491876 y: 7491345
. Bedrock |:| Middle sorted deposits

B Kitinen [] Peat

] Lower till assemblage [ Top deposits
] Lowest sands and grawels [l Upper till

Vertical exaggeration: 20x
Oom 1000m
N N

Fig. 5. Cross-section A-A' (Fig. 3, location) of the 3D hydrostratigraphic model.

resolution LiDAR DEM of NLS to study SW
divides for understanding to relations to GW
dependent mire species and evaluation of the GW
flow model. The locations of SW bodies, includ-
ing rivers, brooks, flarks and lakes, were picked
from orthoimages as point data and their altitudes
were calculated from the LIDAR DEM. The point
data were used to create a surface of triangular
irregular networks (TIN) that demonstrates the
SW altitude. The TIN surface was converted into
a raster and, the raster was used to create one-
metre contours of SW bodies to study the flow
directions. Flow directions were defined from
the observed flow directions of the rivers and
the brooks from base maps of NLS and using the
assumption of Foster et al. (1983) that water flow
in a mire is perpendicular to flarks and strings.
The flow directions of areas lacking brooks and
flarks were estimated using the created SW alti-
tude contours, assuming that water flows towards
the minimum altitude.

Results

Hydraulic conductivity of surficial
deposits

The hydraulic conductivities vary from
2.2x107-1.7x102ms "' (Fig. 1) inthe study area,

being higherin gravels (1.1 x 10°-1.7x102ms™")
and sands (1.7 x 10°-1.1 x 10 m s™') and lower
intills (2.2 x 107-8.3 x 10> m s ') (Fig. 5). How-
ever, some of the sandy and gravelly till units
have relatively high hydraulic conductivities of
2.1 x 10°-8.3 x 10~ m s™'. Hydraulic conductiv-
ities are slightly higher in the gravel intake area
in Kédrvdsniemi (Appendix Fig. A2) on the west-
ern side of the river (tills: 2.7 x 10°¢-8.3 x 107,
sands: 2.7 x 10* —1.1 x 107 and gravels:
1.1x107°-1.7x 10?)than onthe easternside (tills:
2.2x107-1.1 x107,sands: 1.7x10°-2.2x10™*
and gravels: 6.1 x 107#).

GW table and flow modelling

The GW flow direction is towards the River
Kitinen and the GW table varies between
180.4-187.9 m a.s.l. (Appendix Fig. A2). The
GW table is lower and its range is higher in
monitoring wells near the river than in other
wells (Fig. 6). The calculated k-values and the
model definition indicate that the variety of
k-values within hydrostratigraphic units (Fig. 3)
is considerable (Fig. 2, Appendix Fig. A3). The
k-values of tills are markedly lower beneath the
mire area on the eastern side of the river than on
the banks of the River Kitinen (Appendix Fig.
A3). The flow model confirms that the major
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flow direction is towards the River Kitinen, with
a minor north-to-south component (Fig. 7), as
also seen in the GW head observations (Appen-
dix Fig. A2).

GW recharge

The GW recharge periods occurred during the
years from 2012-2015, from the end of April
until the end of September. The recharge in
spring was related to the spring thaw and the
recharge in summer and autumn was related to
the higher precipitation rate (Fig. 8). The esti-
mated recharge rate varied from 3.3 x 10 ms'to
1.2 x 10®* m s in the hydrological year from
October 2013 to October 2014 (Fig. 2). The
recharge rate was 10-69% of the precipitation
(560 mm month') of the hydrological year from
October 2013 to October 2014 in forested areas
and 19% of this in open water and mire areas.
The maximum observed change in the GW table
was over 1.4 m in well GA200.

TIR survey and field temperature
measurements

The observed thermal anomalies in the study's
24 hectares area were classified into three cat-
egories and similar to previous studies (Rautio
2015, Rautio et al. 2015, Rautio et al. 2018):
discrete or multiple springs, cold creeks/tribu-
taries discharging into the River Kitinen and
diffuse seepage anomalies. The final number of
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identified anomalies was 15, comprising of nine
springs, one creek (Ruosteoja creek) and five
diffuse seepage areas (Fig. 9). Contiguous GW
seepage was detected along the eastern River
Kitinen shoreline at the Kérvéskoski location
and was composed of several individual springs
and diffuse seepage areas based on the UAV-TIR
data (Fig. 9). This was also supported by the
findings during the field campaign, such as large
springs and more contiguous GW seepage areas
on the eastern shoreline of the River Kitinen.

Stable isotopes

The measured mean 0'%0, 0D and d-excess
values of the water samples are presented in
Appendix Table A4. There were significant
differences in the stable isotope composition
between the studied GW observation wells and
springs (Fig. 9b and Appendix Table A4). The
measured mean 0"%0, 0D and d-excess values for
all GW observation well water samples (7 = 21)
were —13.11%o, —99.2%0 and 5.7%o., respectively.
The GW observation wells in the study area can
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Table 2. The parameters used in the calibrated GW flow model. HK presents horizontal k-values of a hydrostrati-
graphic unit. All parameters, excluding VANI (dimensionless ratio) and conductance (m? s™'), are presented as m s™".

Parameter Group Description Parameter  Multiplier Multiplier VANI®
name value minimum maximum

Kx2 HK Kitinen 1.0x 102 1
Kx6 HK Peat acrotelm 5.4 x10°° 100
Kx62 HK Peat catotelm 1.0x10° 100
Kx7 HK Top deposit 1* 1.2x10° 6.1 x 10 10
Kx8 HK Upper till 1* 5.3x107 1.3x10* 10
Kx5 HK Middle sorted deposits 1* 1.3x10* 43 x10°° 10
Kx3 HK Lower till assemblage 1* 2.2 x107 8.3x10° 10
Kx4 HK Lowest sands and gravels 1.5 x 10 10
Kx1 HK Bedrock 1* 2.7 x10°® 6.5 x 10° 1
Frac HK Bedrock fractures 1.4x10° 1
Faul HK Bedrock faults 42 x10°° 1
DRN_Par1 DRN Drain conductance 2.3 x10° 100°

RCH_Part1 RCH Recharge 1.8x10%  0.13 0.69

RCH_Par2 RCH Recharge 3.3x10°

RIV_Par1 RIV River conductance 7.6 x10°° 100°

*Hydraulic conductivity is calculated by interpolation with the natural neighbour method from multipliers
“Ratio of horizontal to vertical hydraulic conductivity
#Calculated from precipitation sum of October 2013—October 2014.

$Condfact factor that bases on 10 x 10 grid cell size. Conductance value is the product of the parameter value and

the Condfact factor (see Harbaugh (2005))
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be divided into three landform groups: (1) GW
observation wells (n = 9) in forested areas/bog
crests or in close proximity to these features; (2)
GW observation wells in open mire/flark areas
(n = 6); and (3) GW observation wells in the
proximity of the River Kitinen (n = 6). The meas-
ured mean 0'%0, 0D and d-excess values for these
three groups were —13.63, —102.4 and 6.7 for
group 1; —12.28, —94.4 and 3.9 for group 2; and
—13.16,-99.2 and 6.1 for group 3, respectively.

The mean 0'%0, 0D and d-excess values for
spring water samples (n = 5) were —11.45%o,
—89.4%0 and 2.2%o, respectively. The isotopic
compositions of spring water samples displayed
significant variability in §'80, 6D and d-excess
within the group (3.76%o, 24.47%0 and 7.35%o,
respectively).

Discussion

Water budget

According to the GW flow model, GW discharge
to the river was about 55% from the overall

outflow of the model, while 69% from the calcu-
lated recharge discharges into the River Kitinen.
The mire discharge was about 30 % of the
overall outflow and 37% from recharge. The cal-
culated recharge was 80% from the inflow and
the remaining 20% was inflow from the model
boundaries (Fig. 3). However, these results pre-
sent only the rectangular model area that does
not follow the watershed boundaries, which
needs to be taken into account in further water
balance calculations.

GW flow patterns

The flow model confirms that the major GW
flow direction is towards the River Kitinen, with
a minor north-to-south component (Fig. 7), as
also seen in the interpolated changes of GW
tables (Fig. 10). On the ecastern side of the
river, the flow direction shifts from east to
west towards a NE-to-SW flow in spring. This
direction change is related to a more rapid GW
table rise in the northern part of the study area.
The highest GW table change shifts towards
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the south during the spring: The maximum
change of GW table occurred in wells GA201
and GA200 between mid-April and early May
(Fig. 10), and at the end of May, the highest
change occurred in the southernmost monitoring
well, GA404. The maximum peak in GW table
in the well GA404 occurred 24 days after the
peak of the well GA201 and 11 days after the
peak of the triplet 5 according to cross-correla-
tion indicating slower infiltration or later spring
thaw (Figs. 8 and 10).

The annual variation in the GW table appears
to indicate that a bank storage setting exists in
the eastern bank of the River Kitinen, while GW
table variation is most prominent near the river
(Figs. 6 and 10). However, the variation of the
regulated river stage was estimated to be about
0.5 m, based on the measurements of the Kelu-
koski and Matarakoski power plants, indicating
only a minor effect on GW table variation. The
river stage data also indicated that flooding
ended after the construction of the Matarako-
ski and Kelukoski power plants. However, the
seven-metre rise of the river stage near the
dam raised the altitude of the GW table. Thus,
it is possible that water from the River Kitinen
flows through the northern part of Kersilonkan-
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Fig. 11. Observed vs. modelled GW table (see Fig. 7)
of the calibrated GW flow model. Linear regression was
performed to compare the regressions with the diago-
nal.

gas towards Viiankiaapa area (Figs. 1c and 3),
which needs to be studied further.

The flanks of the River Kitinen consist of
varying braided river and till deposits (Fig. 1),
which can form local perched GW conditions
due to the high variation in hydraulic conduc-
tivities in the bars and channels fills (Lunt et
al. 2004). Perched GW tables were found in the
Kersilonkangas area during field works where
perched GW is concealed by an impermeable
layer (Appendix Fig. A2, Fig. 1c). Also, mul-
tiple springs located at the eastern flank of the
River Kitinen are perched, indicating a locally-
elevated discharge zone. The high variation of
hydraulic conductivities of the sediments and

Table 3. Water budget of the GW flow model of one year
presented as cumulative volumes and percentages.

Cumulative In: Qut:

volume (m?3)

Storage 0 0.0% 0 0.0%
Constanthead 183214 8.0% 287898 12.5%
Drains 0 0.0% 687842 29.8%
River leakage 5102 0.2% 1267768 55.0%
Head dep

bounds 267 536 11.6% 60835 2.6%
Recharge 1848 461 80.2% 0 0.0%
Total 2304 313 100.0% 2304 343 100.0%
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existing many separate till layers with lower
hydraulic conductivity and perched GW makes
the estimation of GW flow patterns challenging,
even with flow modelling.

Evaluation of the flow model

The root mean square error (RMSE) of the GW
flow model after calibration was 0.27 (Fig. 11)
and the correlation of the simulated and observed
heads was 0.995. The calculated model bias and
mean absolute error (MAE) were —0.03 and 0.15,
respectively. The calculated bias and MAE were
—0.42 and 0.44 for the automatic monitoring
wells and 0.01 and 0.07 for SW points. The cali-
brated GW flow model overestimated the water
level in most of the monitoring wells, prob-
ably due to the larger number of SW calibration
points, which dominated the results (Fig. 11).

The SW points were derived from LiDAR
DEM but the production date was unknown.
Thus, flark water levels may indicate a high
water table after the spring thaw in some of the
data production years from 2008 to 2014. Con-
sequently, the higher water table in the LIDAR
DEM points compared to monitoring wells (Fig.
11) probably caused the overestimation of the
GW table on the river banks. According to the
monitoring wells, the maximum GW variation
of the mire area was about 0.3 metres. The
flooding commonly occurs in June in aapa mire
areas due to the relatively abrupt spring thaw
(Solantie 2006). The highest misfits in the cali-
brated GW flow model were among the spring
observations located on the shore of the River
Kitinen (Fig. 11). The misfits could be derived
from errors in the LIDAR DEM altitude (£20
to +50 cm RMSE, Hodgson and Bresnahan
(2004)), perched springs (Fig. 7) or a structural
error in the model. Minor errors in location can
easily cause a half-metre error in altitude due to
the 20-30° slope of the eastern bank of the River
Kitinen.

During the model development, the unit
comprising middle sorted deposits was extended
to the eastern river bank of the River Kitinen
(Fig. 3) compared to the version presented in
Aberg A K. et al. (2017a) based on the observed
discharge area. Earlier test calibrations indicated
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that the peat layer of the Viiankiaapa mire was
too thin in the first version of the flow model
based on the original 3D geological model
described in Aberg A K. et al. (2017a) while the
GW table dropped too deep in the western part of
the Viiankiaapa mire. The effect of the peat layer
thickness was examined with a coarse test GW
flow model with a 100-metre resolution, which
confirmed the hypothesis that a thicker low
k-value layer raises the GW table. The thicker
peat layer also improved the model results in
the calibrated GW flow model. However, some
excluded calibration points and the simulated
GW depth indicated that the water table was
still too low in the mire area approximately
500-1000 m south of Kérvdslampi pond in the
calibrated GW flow model (Fig. 12). Inspection
of k-values indicated that an order of magnitude
lower hydraulic conductivity of peat catotelm
compared to subpeat sediments caused kinks to
the GW table on the outer borders of mire lead-
ing to a too steep gradient of GW table close to
mire border towards the River Kitinen (Fig. 12).
The discharge area can be either located in
areas where a lower layer cell has a higher simu-
lated head than a cell above it or to the flooding
of cells. The discharge beneath the mire was
defined with the negative values of the "flow
lower" dataset of MODFLOW, which indicate
upward flow (Fig. 12c). Feinstein et al. (2012)
described GW flooding of the cells in the ripar-
ian zone as a simplification of GW discharge.
Flooding cells existed on the eastern shore of the
river (Fig. 12) and in the mire area in the GW
flow model. Flooding may indicate a poor model
fit. However, the flooding was mainly present in
depressions of the mire area and in the gravel
intake area, which are prone to flood during
spring. In addition, if a cell is unconfined in the
MODFLOW model, it does not take account of
the top of the cell or topography (Fig. 12).
MODFLOW-NWT was suitable to run the
model without convergence error with its com-
plex geometry and non-linearity due to multiple
unconfined (convertible) layers. A major sim-
plification of the model is that below the water
table, the model cells are fully saturated and no
separation for perched GW was made. However,
in reality, GW is not a uniform reservoir within
the model area, and it can be partly perched on
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top of low permeability layer as observed in
field works and in the interpreted GPR profiles.
In a transient MODFLOW model, a perched
GW table can be modelled with the presenta-
tion of the impermeable layer as inactive cells,
as in a quasi 3D model (e.g. Weiss and Gvirtz-
man (2007)), and by using the recharge package
or the unsaturated zone flow (UZF) extension.
However, the accuracy of the k-value estima-
tions and the distribution of till units remained
uncertain due to highly variable hydraulic con-
ductivities and the mixing of sediments during
the drilling, which was observed during the
grain-size analysis. In addition, the impermeable
layer approach was not applicable to scattered
units. The hydraulic conductivity measurements
indicated high heterogeneity in sediments. In
addition, the k-value variation of the eastern and
western sides of the river, especially in the case
of the lower till deposits, is so considerable that
they may not represent the same geological unit
as presented in the 3D geological model. Fur-
thermore, the simplification of the material of
the fractures and the faults as uniform hydraulic
conductivity zones could be an oversimplifica-
tion in the model. Faults and fractures can con-
siderably affect the flow patterns (see e.g., Bense
et al. 2003) depending on whether the faults or
fractures have higher or lower hydraulic con-
ductivity than their surroundings. The hydraulic
conductivity of the fractures and faults can be
highly variable depending on the material of the
fracture filling, the fluid chemistry, and weather-
ing of the bedrock, and it can change as time
passes (Stober and Bucher 2015). The nature of
weathering is also important since chemically
weathered clay material can fill the voids and
create low conductivity barriers. Also, accord-
ing to Hall (1986), fresh bedrock may be present
within the weathered units, which can make the
hydraulic connections between bedrock and sur-
face sediment complex. However, deep weath-
ered troughs with thick weathered and fractured
bedrock zone occur where faults intersect. These
depressions, based on preliminary observations,
appear to be associated with an increased clay
saprolite fraction and lower permeability weath-
ered bedrock material (SRK 2019, unpubl. data).
As the estimated bedrock k-values are relatively
high especially in the western part of the Viianki-
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Fig. 12. A: Simulated GW table depth. Negative values
indicate flooding cells. B: Estimated recharge rate. C:
The simulated upward flow of the GW in the bottom of
layer 2 derived from flow lower dataset of cell budget
file of MODFLOW indicating discharge from subpeat
sediments in the mire area. The flooding of GW by the
river indicates discharge into the river. In unconfined
cells, only the bottom of the cell is used to calcu-
late the water table (Harbaugh 2005) and the top is
assumed to be infinite. LIDAR DEM was modified and
reproduced with permission from the copyright owner
(National Land Survey of Finland). Water bodies were
reproduced with permission from the copyright owner
(National Land Survey of Finland).

aapa mire, it is likely that more GW exists in
fractured/weathered part of bedrock unit/zone
than in the sorted sediments of the riverbank
in the study area. However, the measurement
from open drill holes can represent either the
average hydraulic conductivity or the hydraulic
conductivity of a single fracture, which need to
be taken into consideration. Since the bedrock
k-value was earlier found to be sensitive to
model results, further understanding of the thick-
ness and the properties of the upper fractured/
weathered zone is needed.

During the model development, the HK, RIV,
RCH and DRN parameters were tested with a
sensitivity analysis using the open source code,
UCODE 2014 (Hill and Tiedeman 2007, Poeter
et al. 2014) with the ModelMate GUI (Banta
2011) to detect which parameters are sensitive
enough to be estimated with automated param-
eter estimation. The sensitivity analysis and cali-
bration test results indicated that the RIV and
the DRN conductance had low sensitivity close
to 0.01 times the highest sensitivity occurring
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in bedrock k-value when it was originally tested
with one homogenous parameter zone, which
made parameters estimation difficult (see Hill
1998). Using many parameters in a GW flow
model commonly causes parameter insensitivity
and correlation in parameter estimation (Fein-
stein et al. 2012), causing non-convergences in
the automatic parameter estimation. In the later
version of the model, the HK parameters except
for the bedrock fractures and faults were first
manually defined based on the k-value meas-
urements to represent the geological variabil-
ity. Then, automatic parameter estimation was
used for RIV and DRN conductance and the
bedrock fractures and faults. Precise calibra-
tion of the model is not probably possible with
this type of model due to the existing perched
GW tables and uncertainty over the sedimentary
structure. However, parameter estimation with
pilot points using PEST (Doherty 2003) could
improve the calibration. In addition, the model
does not calculate runoff or unsaturated zone
processes, which may cause misinterpretations
of the recharge rates. An alternative approach to
reinforce the calibration is to set a higher uncer-
tainty level for mire area points compared to
observation wells. Thus, to obtain more sophis-
ticated model results, the use of models includ-
ing the full hydrological cycle, such as ParFlow
(Kollet and Maxwell 2006) or Arctic Terrestrial
Simulator (ATS) (Coon et al. 2013), would be
suggested for more detailed modelling of the
hydrological settings of the study area.

GW recharge

Recharge is the most difficult parameter to esti-
mate (Anderson and Woessner 1992). Only a few
recharge estimations exist near our study site.
According to Hyyppa (1962), GW recharge in
sandy areas in central Lapland is about 42-61%
of the rainfall. He noticed that during winter, the
GW table drop was constant in deposits having a
high hydraulic conductivity, while low hydrau-
lic conductivity areas have more diverse GW
tables. However, during the snow-cover period,
recharge is blocked and existing GW slowly
flows away from aquifers (Kuusisto 1984). The
estimated recharge rate of 10-69% in this study
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is close to Hyyppé’s estimation. However, the
recharge rate strongly depends on the geology
of the local systems. The estimated recharge
rate in the Viiankiaapa mire area was 19% from
precipitation, which falls within the observed
values of 3-20% in a fen area with sandy bottom
sediments in Alaska (Siegel 1988). In addition,
the GW wells indicated that the subpeat sedi-
ments gain water during spring flood (Fig. 8).
The recharge in the mire seemed to occur in
the cells that were higher such as peat mounds
as observed by Reeve et al. (2000) meaning
the topography controls the recharge/discharge
pattern in the mire. The assumption that the
recharge rate is directly proportional to pre-
cipitation is an oversimplification. It ignores the
changes in evaporation and runoff rates.

The statistically significant cross-correlation
of the SWE with GW table fluctuation, with a
significance of 0.062 (n = 1041), indicated that
the main recharge period occurred from April
to May in 2012-2015 during spring thaw water.
The lag between the SWE and GW table peak
varied from 6-140 days (Fig. 4) and the GW
table peak occurred about 30-60 days after
the SWE peak (Fig. 8). The cross-correlation
appeared to overestimate the lag in some wells
due to the inverted shape of the GW table curves
compared to the SWE (Fig. 8). The fluctuations
of the GW table in the mire area were minor,
indicating lower recharge rates and the response
to snowmelt more rapid and earlier than near the
river banks, which indicate shorter infiltration
time and earlier thaw.

Cross-correlation analysis indicated that
rainfall caused a rapid rise in the GW table
in almost all monitoring wells during summer
and autumn (Fig. 4) that usually lasted less
than two weeks (Fig. 8). The cross-correlation
(0.07-0.16) lag between precipitation and the
GW table fluctuation was 1-2 days in monitor-
ing wells GA201, GA200, GA304, GA102 and
GA202, 8-9 days in GA203 and GA405 and
0 days in GA404 with a significance of 0.0505
(n = 1568) (Fig. 4). The cross-correlation of
GA302 and GA301 failed, but closer inspection
of the data (Fig. 8) hinted that the GW table rise
was related to the intensity of the precipitation.
Rainfall-influenced GW table elevations lasted
longer in autumns than in summers, probably
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due to the longer and more intense rainfall sea-
sons.

The flow modelling results indicated down-
ward flow of the GW (recharge area) in the
eastern bank of the river, as seen in triplet 5 and
triplet 3 wells (Appendix Fig. A2), which had
the lowest head in the deepest well. The wells of
triplet 1 (Appendix Fig. A2) indicate discharge
within the mire area according to model results
and considering that the deeper wells have the
highest head, while triplet 2 indicated recharge
both in model results and observations. Alto-
gether, the model overestimated the water tables
in all of the triplets, and the simulated head dif-
ferences in the wells with different depths were
minor compared to the observed values. Overall,
the area from Pahanlaaksonmaa to Kérvislampi,
the Sahankangas area and the Sakattikumpu
areas can be considered as recharge areas. Other
likely recharge areas outside the model area
include Sarkikoskenmaa (Appendix Fig. A2),
which is mostly covered by sand dunes, and
Viiankiaavan Petdjdsaari (Appendix Fig. A2),
which is also covered by sandy and gravelly
deposits (Fig. 1b).

GW discharge

The modelling results indicated that upward
GW flow (discharge) exists within the mire
area and most abundantly along the shores of
Kitinen (Fig. 12). The UAV-TIR survey identi-
fied GW discharge on the eastern side of the
River Kitinen, supporting the results of the GW
flow model. TIR imagery receives thermal radia-
tion emitted from the “skin” layer (< 0.1 mm),
and only GW contributions reaching the surface
of the soil or water bodies can, therefore, be
detected (Torgersen et al. 2001). TIR imagery
can be biased by thermal stratification in water
bodies if the stratified conditions are not recog-
nized (Torgersen et al. 2001, Rautio et al. 2015).
While the UAV-TIR survey indicates only GW
discharge that reaches the water surface the mod-
elling gives estimates to the discharge rate. How-
ever, due to the poorly known bottom sediments
of the River Kitinen, it is hard to evaluate the
exact extent of the discharge areas in the river
bottom. Interestingly, the fractures of bedrock

seem to affect the river discharge which needs to
be studied further (Fig. 12).

Classification of the GW recharge and dis-
charge areas of mires is complicated (Laitinen et
al. 2007). Peat usually has a low hydraulic con-
ductivity and aquitard-like properties. The total
flow pattern of mires cannot be observed from
the surface or acrotelmic flow, because vertical
flow may also occur in the peat (Laitinen ef al.
2007). The loss of water due to evaporation in a
patterned fen can be close to the potential evapo-
ration (Price et al. 1991). According to (Reeve
et al. 2000) recharge/discharge pattern of a fen
is controlled by the topography and properties
of the subpeat sediment. When the subpeat sedi-
ment has a low k-value, the water movement is
more horizontal. Instead, a high k-value adds a
vertical component in flow, and water exchange
from sediments beneath the mire also occurs.
Sorted sandy sediments that underlie the peat
layer of the Viiankiaapa mire forms a more or
less continuous layer that can provide GW dis-
charge into the mire. However, the upward flow
in the mire area was only slight in the model
due to the low hydraulic conductivity of the peat
unit (Appendix Fig. A3). The topography of
the Viiankiaapa mire seemed to affect the GW
recharge/discharge pattern according to model

Table 4. Cross-correlation results for SWE vs. GW
table and precipitation vs. GW table. Lags of between
29-66 days represent the most realistic values in the
SWE vs. GW table results (see Fig. 8).

Well SWE & GW table Precip. & GW table
Lag’ CC? Lag’ cc?
GA102 54 0.30 — 0.11
GA200 129 0.56 1 0.15
GA201 122 0.42 1 0.16
GA202 66 0.37 1 0.09
GA203 140 0.46 9 0.13
GA301 6 0.72 — 0.06
GA302 49 0.47 — 0.04
GA304 52 0.38 1 0.10
GA403 29 0.27 — 0.07
GA404 131 0.57 0 0.15
GA405 140 0.46 8 0.13

'Lag unit is days
2Cross-correlation coefficient (dimensionless)
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results as local topographic lows were more
discharge and topographical elevations more
recharge dominated. Discharge from the subpeat
sediments occurred mainly in the middle of mire
while other areas were dominated by recharge. In
addition, heterogeneity in hydraulic conductivity
can vary considerably in peatland, as observed in
previous studies (Fraser et al. 2001, Ferlatte et
al. 2015), which should be taken into account in
the future GW flow model.

Using DRN for GW discharge in the mire
was a straightforward method since discharge
occurs when the simulated head is slightly above
the topography. However, DRN oversimplifies
the process since it does not take into account
surface water flow physics and the calculations
based on Darcy’s equation that is suited for
non-laminar porous flow. Another challenge
is that according to Batelaan and De Smedt
(1998), the GW discharge locations should be
known prior to the modelling and use DRN only
in those locations. Discharge areas could be
observed as cold anomalies. The georeferenced
TIR data provide highly detailed thermal infor-
mation and appear to be applicable in spatial
analysis (Fig. 9b). However, the areal coverage
was extremely small, and it is, therefore, neces-
sary to prioritize the imagery targets. Neverthe-
less, the DRN is usable for an initial guess of
discharge locations in a large scale model as it
locates the upwelling, and therefore, it can be
used for targeting a UAV-TIR survey. Then the
UAV-TIR survey could be applicable to verify
the modelled GW discharge areas of the mire on
a more detailed scale. Moreover, TIR imagery
is sensitive to the prevailing weather conditions
and variability in these conditions during the
TIR survey. Clear cloudless weather conditions
develop strong shadows that increase the time
needed in post-processing, as shadow-induced
anomalies need to be removed from GW-induced
anomalies.

Heterogenic origin of GW

According to Clark and Fritz (1997), the isotopic
composition of shallow GW does not signifi-
cantly deviate from the mean weighted annual
composition of precipitation in temperate cli-
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mates. The isotope composition of shallow GW
follows the local meteoric water line (LMWL)
in Finland (Kortelainen and Karhu 2004). The
measured mean 0'°0, 0D and d-excess values
of all GW observation well water samples
(—=13.11%o0, —99.1%o and 5.7%o; n = 21) differed
overall from the previously reported values
of Kortelainen (2007) for natural GW (mean
—14.68%0, —107.8%0 and 10.1%o0) in Siurunmaa,
Sodankyld, located 11 km south of the study
area (Fig. 1b) during a 4-year monitoring period
from 2001 to 2004.

The considerable variability in the stable
isotope composition of GW observation wells
appears to be connected to the landform types:
open mire, forested areas and banks of the river.
The measured 0'*0, 0D and d-excess values of
GW observation wells (n = 6) in open wet mire
areas have evaporated isotope values (—12.28%o,
—94.4%0 and 3.9%., respectively) compared to
previously reported stable isotope composition
of GW close to study area (Kortelainen 2007).
Generally, d-excess values significantly below
10%o represent waters influenced by evapora-
tion (Brooks et al. 2012). The stable isotope
values of GW in wetlands containing standing
water cannot be considered un-fractioned due to
GW recharge from evaporated SWs (Hunt et al.
1996). Therefore, GW in wet mire areas has an
evaporated component compared to GW formed
directly from precipitation immediately after
infiltration. Kellner (2001) observed that open
water areas are dominated by evaporation and
areas of extensive vascular vegetation tend to be
dominated by transpiration. In the Viiankiaapa
mire, both open water and vascular vegetation
areas are common, leading to difficulties in esti-
mating the transpiration and evaporation propor-
tions. According to Ferlatte et al. (2015), verti-
cal connections between mires and underlying
aquifers appear to be very common. Therefore,
the GW samples with evaporated %0, 6D and
d-excess values could indicate an evaporated
source water component.

The GW observation wells located in for-
ested arecas have measured mean 00, oD
and d-excess values closest to the previously
reported values of Kortelainen (2007) for GW
in the study area. Two GW observation wells
(GA100, GA200) have evaporated values dif-
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fering from the other wells in forested areas.
Observation well GA100 was installed in the
peat layer and should be considered more as a
SW monitoring well than a true GW observation
well that can be noticed as a negative d-excess
value of —1.59%o. Observation well GA200 is
located in a forested area but has an evaporated
isotope composition (—12.74%o, —98.05%0 and
3.87%o), indicating an influence of SW. GW
level in the observation well GA200 is close
to the ground surface meaning, a short reten-
tion time of SW infiltrating into the aquifer and
could, therefore, explain the observed evapo-
rated isotope composition. If these two GW
observation wells are excluded, the mean 0'%0,
oD and d-excess values for the GW observation
wells in forested areas are —14.24%o, —105.65%o0
and 8.27%o, respectively, which agrees closely
with the study of Kortelainen (2007).

The stable isotope composition of GW
observation wells in the proximity of the River
Kitinen (n = 6) is more variable compared
to stable isotope composition of GW obser-
vation wells at forested areas and open mire
arcas. (Appendix Table A4). All six samples
were affected by evaporation based on both
enriched 6'0 and oD, as well as evaporated
d-excess values (Fig. 9 and Appendix Table A4).
Therefore, it is possible that all of these wells
are affected by the short respond to precipitation
recharge due to the highly conductive sand and
gravel deposits around the periphery of mire, the
River Kitinen or GW recharges from evaporated
water from peatland, but the evaporated water
source is not definable based on stable isotope
composition.

The River Kitinen samples are slightly
dislocated from the LMWL (Fig. 9b) and the
d-excess values indicated evaporation effects
(Appendix Table A4, Fig. 13). Interestingly,
the measured 0'*0, 6D and d-excess values of
GA405 (-12.50%0, —96.2%0 and 3.8%o, respec-
tively) in triplet 5 indicated a SW effect in the
deepest observation well drilled into the bedrock
(Fig. 14), but the SW source cannot be identified
based on stable isotope composition. Further
tracers will be needed to identify the source of
the evaporated water in GA405.

All spring water samples (n = 5) were
affected by evaporation based on both enriched
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Fig. 14. Schematic figure of the GW flow direction and
triplet 5 wells in the Tuulivuopaja area, 200 m south of
Kérvéslampi (see Fig. 9). Base map was reproduced
with permission from the copyright owner (National
Land Survey of Finland).

00 and 6D, as well as evaporated d-excess
values (mean —11.45%o, —89.4%0 and 2.2%o,
respectively) (Fig. 9 and Appendix Table. 4).
The stable isotope composition of spring waters
was variable and overall differed from the pre-
viously reported values of Kortelainen (2007)
for natural GW in the proximity of the study
area. The most evaporated spring water sam-
ples (SPRING7, SPRING6 and SPRING4) were
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after Brownscombe et al. (2015). Terrain elements
were reproduced with permission from the copyright
owner (National Land Survey of Finland). Distributions
of endangered species modified after the Hertta infor-
mation systems of the Finnish Environment Institute
(23 Sep. 2015), reproduced with permission from the
copyright owner.

taken from the Karvéslampi area and from the
proximity of Ruosteoja (Fig. 4). In the proximity
of Kérvaslampi pond, only a narrow ridge con-
sisting of coarse-grained sediments is situated
between the sampled springs and Kérvéslampi
pond. Therefore, these spring water samples
could be composed of Kérvdslampi pond water,
the precipitation recharge and surface waters
from the mire that have infiltrated through the
sediments. The spring sample close to Ruosteoja
could be re-infiltrated mire water. According to
Aberg A K. et al. (2017a), the sedimentary units
are very heterogeneous and hydraulically poorly
connected, representing different GW systems,
which could explain the spatially variable iso-
tope composition of springs.

Generally, the variable origins of GW in the
open mire, forested areas and river-influenced
sediments can be observed as the heterogeneous

A°berg et al. - BOREAL ENV. RES. Vol. 24

stable isotope composition of GW and springs.
Heterogeneous stable isotope composition of
GW and spring water indicate that aquifers
are not connected but they are dispersed and
compartmentalised and their areal coverage is
limited. One would assume more uniform stable
isotope composition if there were a well-con-
nected and extensive sedimentary aquifer in the
study area.

GW and SW flow patterns and
distribution of endangered species

The occurrence of Hamatocaulis vernicosus and
H. lapponicus reflects GW seepage into the
mire (Ulvinen 2009, Ulvinen and Sallantaus
2009). The flow modelling results indicating
upward flow from subpeat sediments are con-
sistent with this scenario (Fig. 12). However, the
model appears to underestimate the area of the
discharge zone compared to the distribution of
the GW-dependent H. vernicosus (Fig. 15). The
densest occurrence of Saxifraga hirculus is only
located on the southern side of Sakattilampi,
where the GW table variations are minor (less
than one metre). It has been noted that nutrient-
rich bedrock makes the occurrences of eutrophic
fens more common in central Lapland than in
other areas of Finland (Kaakinen et al. 2008).
Thus, the occurrence of fen patches could be
linked to the ultramafic bedrock exposures close
to the Sakatti deposit (see Brownscombe et al.
(2015) Fig. 3.7.3). On the other hand, the occur-
rences may be related to old river channels in
the subpeat sediments. The densest distribution
of Meesia longiseta exists near the outcrops of
the deposit (Fig. 15). Hamatocaulis lapponicus,
H. vernicosus and Saxifraga hirculus usually
exist in iron-rich fens (Sallantaus 2006), indi-
cating anoxic conditions. The distribution of
these three species also followed the SW and
GW flow directions from NE towards SW in the
Viiankiaapa mire (Fig. 15), which may indicate
a nutrient source close to the watershed about
one kilometre south of the Viiankijérvi lake (Fig.
15). For a better understanding of the possible
connection between the distributions of plants
and ultramafic rocks, the bedrock of the study
area needs to be further investigated.
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Conclusions

GW flow modelling was found to be useful for
defining the spatial location and a general pic-
ture of the rates of GW discharge and recharge.
Whereas, The WTF and EMR methods utilized
for GW monitoring well data give more precise
information of GW recharge rates and relations
of SWE and precipitations variations to GW
recharge. TIR is suitable methods for localizing
GW discharge area in a detailed matter. Isotopes
indicate GW/SW interaction and their ratios
bringing detailed information of GW origin.

The results of this study indicate that GW
mainly flows towards the River Kitinen. On the
eastern side of the river, GW flows from east to
west, gradually changing its flow pattern towards
a more NE-SW direction during the spring thaw.
Variations in the GW table were dependent on
the spring thaw and the higher recharge rate in
the northern part of the river bank in the model
area. The higher variation in the northern part
may indicate higher recharge or the influence
of the Matarakoski dam on the GW table during
the higher river stage. However, confirmation of
this requires expansion of the model area in the
future to the north.

Recharge within the mire was related to peat
mounds on the topography while discharge was
more common in the topographic lows. Overall
the slope of the GW table was too steep com-
pared the observations due to a local possibly
perched setting in the river banks. The distri-
bution of the dense till with low conductivity
should be better understood to evaluate the dis-
tribution of the perched system.

The hydrostratigraphy of the study area is
complex, with varying hydraulic properties of
tills, intertill sorted sediment layers and dis-
continuous subtill deposits considerably affect-
ing the modelled GW tables and flow patterns.
In addition, bedrock fractures and faults can
affect locally to the flow patterns and the GW
table, and their hydraulic properties need to be
studied further for understanding the connec-
tions of bedrock aquifers and surficial aqui-
fers. The uncertainties in the 3D sedimentary
model reflect uncertainties in the flow model.
On the other hand, the flow model can be used
to evaluate and improve the 3D model. Complex

hydrostratigraphy is also reflected in the variabil-
ity of stable isotope composition observed in the
GW and springs. The stable isotope composition
of springs, in situ temperature measurements and
the UAV-TIR survey identified GW discharge
on the eastern shoreline of the River Kitinen and
therefore supported the GW flow model.

The flow modelling indicated upward flow in
the central area of the mire. However, the distri-
bution of the modelled discharge zone was prob-
ably underestimated compared to the distribution
of GDEs. UAV-TIR indicated GW discharge on
the outer fringe of the mire and it is an appli-
cable method for verification of the modelled
GW discharge areas in the mire in the future. It
is possible that SW/GW flow patterns and their
annual fluctuations have an influence on the
GDEs of the mire, and their distribution could be
used for further model development. In addition,
the stable isotope composition indicated that
mire water might be at least partly re-percolated
and that SW influenced water discharges to the
springs in the banks of the river. Furthermore,
SW-influenced water was found in a shallow
bedrock well. Consequently, the flow model-
ling and the stable isotopic composition shows
that the heterogeneity of the fractured bedrock
and peat unit should be taken into more detailed
consideration in future modelling to improve our
understanding of the water balance and hydrau-
lic connections of water resources in planning
activities of the mining site development. The
results will be used as part of the baseline study
of the mining development site and in the envi-
ronmental impact assessment of the Sakatti pro-
ject (http://www.ymparisto.fi/sakatinkaivosY VA
[In Finnish]).
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Fig. A1. Monthly mean temperatures and precipitation in Sodankyld. Mean temperatures and precipitation were
slightly higher during the 2012—-2015 period than the 1961-2015 period.
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Fig. A2. Locations of sediment samples and slug tests used to calculate the hydraulic conductivities, GW tables in
monitoring wells and GPR profiles performed in August and April 2015 and measurements from LiDAR DEM (the
surface of River Kitinen). All measurements were carried out in August, except for the pink-outlined GPR interpreta-
tions. The well triplets of Golder Associates (GA) are also referred to as GA203, GA305 and GA405 (triplet 5), wells
GA101, GA301 GA401 (triplet 1), wells GA101, GA302 and GA402 (triplet 2) and the GA103, GA303 and GA403
(triplet 3). Terrain elements were reproduced with permission from the copyright owner (National Land Survey of
Finland). Administrative GW area was reproduced with permission from the copyright owner (Finnish Environment
Institute).



186 Aberg et al. - BOREAL ENV. RES. Vol. 24

=7 Layer 2 TN
43 f b

™, :T ‘Layer 4 f@ Y/ | 77 Layer5
5 [ 3

Ki

Ki = Kiimakuusikko
Kn = Kérvasniemi

K-value (log10)

20 KI = Karvaslampi
~-5.0 P = Pahanlaaksonmaa
- 71 S = Sahankangas
S@ Sa = Sakattilampi
T = Tihidamaa
A-J | Water body V = Viiankiaapa
‘ N
7N [
0 1 2 km

Fig. A3. The horizontal k-values of the hydrostratigraphic units of the GW flow model defined based on the
expected geology. The k-values are presented on a log-10 scale. Water bodies were reproduced with permission
from the copyright owner (National Land Survey of Finland).
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Table A1. The 5'®0, oD and d-excess values of water samples in 2015 and 2016.

ID Date 0'®0, VSMOW (%o) oD, VSMOW (%) d-excess (%o)
KP40-U 7 Aug. 2015 -13.29 -99.2 71
KP31 7 Aug. 2015 -12.00 -89.8 6.2
KP30-U 7 Aug. 2015 -13.62 —103.1 5.9
GA305 8 Aug. 2015 -13.74 —-1083.1 6.8
GA203 8 Aug. 2015 -13.80 -103.7 6.7
GA405 8 Aug. 2015 -12.50 -96.2 3.8
GA200 8 Aug. 2015 -12.74 -98.1 3.9
GA300 9 Aug. 2015 -14.01 -103.0 9.1
GA202 9 Aug. 2015 -14.30 -107.0 7.4
GA202 deep 9 Aug. 2015 -14.30 -107.1 7.3
GA201 9 Aug. 2015 -13.98 -103.4 8.5
GA400 9 Aug. 2015 —14.61 —108.1 8.8
GA100 9 Aug. 2015 -10.26 -83.7 -1.6
GA306 9 Aug. 2015 -14.23 -105.7 8.2
GA404 10 Aug. 2015 -14.25 —-105.2 8.8
GA103 14 Sep. 2016 -12.50 -95.8 4.2
GA403 14 Sep. 2016 -12.08 -94.0 2.6
GA303 14 Sep. 2016 -12.32 —94.0 4.6
GA102 14 Sep. 2016 -11.29 -86.3 4.0
GA302 14 Sep. 2016 -12.72 -97.9 3.9
GA402 14 Sep. 2016 -12.75 -98.1 3.9
SPRING3 10 Aug. 2015 -13.64 -102.9 6.3
SPRING4 10 Aug. 2015 -10.53 —83.6 0.7
SPRING5 11 Aug. 2015 -12.78 —97.6 4.6
SPRING6 11 Aug. 2015 -10.40 -84.3 -1.1
SPRING7 11 Aug. 2015 -9.88 -78.4 0.6
SWi1 7 Aug. 2015 -12.25 —95.9 21
SW3 8 Aug. 2015 —-12.01 —90.2 5.9
SW4 10 Aug. 2015 -9.16 -73.5 -0.2
SW7 11 Aug. 2015 -9.62 —-75.3 1.6
SW8 11 Aug. 2015 -12.24 -91.9 6.0
SW9 11 Aug. 2015 -9.63 -75.3 1.7
MP1 8 Aug. 2015 -14.20 —-106.9 6.7
MP3 15 Aug. 2015 -13.00 -99.4 4.6
MP4 15 Aug. 2015 -11.94 -92.5 3.1

DGW1 10 Aug. 2015 -12.28 -92.3 5.9




