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Abstract

Groundwater (GW) and surface water (SW) have been studied as separate resources in most previous
hydrological or hydrogeological studies in Finland. This traditional research approach has both
underestimated the commonness of natural exchange between GW and SW systems and oversimplified
the management of water resources. This thesis research investigated the previously poorly recognized
GW-SW interactions in two boreal snow-type catchments, Lake Pyhdjérvi and River Vantaa, with
physical methods, isotopic and chemical tracers and thermal methods, particularly low-altitude
aerial infrared (AIR) surveys. The aim of the work was to identify the GW—SW interactions sites,
to define the ubiquity of these interactions, to assess the applicability of the used methods, to provide
baseline data on seasonal variation in isotopic and chemical tracers in the studied catchments and
to provide new insights into more integrated water resources management.

The field studies performed in Lake Pyhéjarvi revealed that the direct GW discharge areas are
associated with the esker deposits and focused on the 10-km NE shoreline of lake. The direct GW
discharge was spatially highly variable due to the heterogeneous substrate in lake shoreline area. The
results from the various methods correlated and confirmed the GW discharge into Lake Pyhéjérvi
at the NE shoreline.

The baseline data on isotopic patterns and hydrogeochemistry in the hydrological cycle were
provided by a one-year monitoring survey in the Lake Pyh&jarvi catchment. The results revealed
strong seasonality in general water chemistry, stable isotopes and dissolved silica concentrations
of different water bodies on the catchment scale that should be considered in GW—SW interaction
studies in northern high-latitude regions with snow-type hydrology. Samples taken during the spring
thaw and high-precipitation events could be problematic in terms of both sampling and interpreting
the results.

In the River Vantaa and its tributaries (a 203-km-long river channel altogether), around 370
GW discharge sites were located with two catchment scale AIR surveys in two consecutive years.
The identified interaction locations in the proximity of 12 municipal water intake plants during the
low-flow seasons should be considered as potential risk areas for water supply during flood periods
and/or with high pumping rates and taken under consideration in water resources management.

This work revealed that the GW—SW interactions are a far more general phenomenon in the studied
catchments than has thus far been acknowledged, and these two resources should be integrated as one
entity in hydrological studies. The GW—SW interaction should be taken account in water resources
management, especially in changing climate conditions. This work highlighted the importance of
an integrated approach that applied detailed local field measurements combined with chemical and
isotopic sampling, as well as AIR surveys on the catchment scale.
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Tiivistelma (in Finnish)

Pohja- ja pintavettd on aikaisemmissa hydrologisissa ja hydrogeologisissa tutkimuksissa tarkasteltu
erillisind vesivarastoina. Tdmé perinteinen ldhestymistapa on sekd aliarvioinut pohjavesi—
pintavesi vuorovaikutuksen yleisyyttd ettd yksinkertaistanut vesivarojen hallinnoimiseen liittyvid
tekijoitd. Tassd viitoskirjatydssd selvitettiin aikaisemmin huonosti tunnettua pohjavesi—pintavesi
vuorovaikutusta Pyhdjarven ja Vantaanjoen valuma-alueilla. Tutkimuksessa hyodynnettiin
fysikaalisia, kemiallisia (pddionikoostumus, liuennut silikaatti, happi- ja vetyisotoopit) sekd
termisid menetelmid, erityisesti helikopterista toteutettua ldmpokamerakuvausta. Tutkimuksessa
pyrittiin paikantamaan vuorovaikutuskohdat, selvittdméain vuorovaikutuksen voimakkuus ja laajuus,
arvioimaan kéytettyjen tutkimusmenetelmien soveltuvuutta sekd hankkimaan perustietoa kemiallisten
muuttujien vuodenaikaisesta vaihtelusta tutkituilla valuma-alueilla sekd tarjoamaan menetelmid
aikaisempaa kokonaisvaltaisemman vesienhallinnan tueksi.

Pyhéjérven valuma-alueella kenttdtutkimukset osoittivat pohjaveden purkautumisen
suoraan jirveen tapahtuvan piddasiassa jirven koillisrannan 10 km pituisella osuudella ja
liittyvén harjumuodostumiin. Pohjaveden purkautumisnopeus vaihteli paikallisesti paljon jarven
heterogeenisesti pohja-aineksesta johtuen. Eri menetelmilld saadut tulokset tukivat toisiaan ja
vahvistivat pohjaveden purkautuvan jirveen koillisrannalla, mutta myds jérviveden imeytyvén
akviferiin jarven pohjoiskulmassa.

Vuoden kestévé seurantaohjelma toi perustietoa veden stabiilien isotooppien ja hydrogeokemi-
allisten muuttujien vuodenaikaisvaihtelusta Pyhdjarven valuma-alueella. Veden peruskemiassa, iso-
tooppisuhteissa ja liuenneen silikaatin pitoisuuksissa havaittiin voimakas vuodenaikainen vaihtelu
vesiston eri osissa. Tatd saatua tietoa vuodenaikaisvaihtelun systematiikasta voidaan hyodyntaa
pohjavesi—pintavesi vuorovaikutustutkimuksissa pohjoisilla alueilla. Kevétsulannan ja rankkasa-
teiden aikana kerdtyt ndytteet voivat olla sekd néytteenotollisesti ongelmallisia ettd tulkinnallisesti
moniselitteisid.

Vantaanjoessa ja sen sivu-uomissa tunnistettiin 370 pohjaveden purkautumispaikkaa kahtena
peréttdisend vuotena lennetyissd lampokamerakuvauksessa. Kunnallisten vesilaitosten 1dheisyydessd
havaittuja vuorovaikutuspaikkoja voidaan pitdé potentiaalisina riskeind vedenottamoille seké tulva-
aikoina ettd alivirtaamakaudella suurilla pumppausmaéarilld, ja vuorovaikutuspaikat tulisi ottaa
huomioon vesivarojen hallinnassa muuttuvissa ilmasto-oloissa.

Tédma tyd havainnollistaa pohjavesi—pintavesi vuorovaikutuksen olevan paljon aikaisemmin
luultua yleisempa tutkituilla valuma-alueilla. Tutkimus osoitti, ettd vesivarojen hallinnassa tulisi
pyrkid aikaisempaa kokonaisvaltaisempaan ldhestymistapaan. Vuorovaikutus on dynaaminen ilmi6
seka ajallisesti ettd paikallisesti, ja se myos vaihtelee suuruudeltaan ja suunnaltaan. Tulevaisuudessa
muuttuvat ilmasto-olosuhteet tulevat korostamaan kokonaisvaltaisen tutkimusnidkdkannan
tarpeellisuutta vesivarojen hallinnassa. Tama véitoskirjatyo korostaa useamman tutkimusmenetelmén
samanaikaisesta kayttdmisestd saatavaa hyotya.
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1. Introduction

141. Integrated approach in
water resource management

The management of water resources in Finland
has traditionally focused on either SW or GW
bodies, and interactions between the water
resources have not been systematically studied.
However, it is apparent that nearly all SW bodies
(lakes, rivers, wetlands) interact with GW (Winter
et al. 1998), and the exchange between GW
and SW is one of the most important processes
in most watersheds (Hayashi & Rosenberry
2002, Rosenberry 2003). The management
of one component of the hydrological system
is usually only partially effective, because
each hydrological component is in continuing
interaction with others, and the development or
contamination of one also commonly affects
the others (Winter et al. 1998, Rosenberry &
LaBaugh 2008).

In Finland, the public water supply mainly
relies on GW, and it is generally assumed that
GW is safe and clean for consumption without
treatment. GW quality has usually been good
and constant, while SW quality has been more
variable, and some issues with decreased water
quality have existed (Silanderetal. 2006, Suhonen
& Rantakokko, 2006). However, contaminated
SW might form part of the source water in GW
abstraction wells near the stream, and treatment
or filtration of GW is therefore needed (Winter
et al. 1998). Unconfined shallow esker aquifers
form the foundation for large-scale water supply
in Finland (Britschgi et al. 2009), and also support
GW-dependent ecosystems (GDEs) (Klove et al.
2011). According to Winter et al. (1998), GW—
SW interactions have a major role in affecting
chemical and biological processes in SW bodies,
and the water quality of the hydrological system

is therefore influenced if variables such as pH,
temperature and dissolved oxygen are altered.
Winter et al. (1998) concluded that DGW can
have major effects on aquatic environments,
therefore, changes in natural GW—SW exchange
processes caused by human activities can
potentially degrade the aquatic environment.
GW-SW interactions will be sensitive
to climate variability, as the shallow aquifers
responsible for the majority of GW—SW
interactions are also the most sensitive ones
(Winter et al. 1998). The impacts of climate
change will not be uniform within Finland, as
flooding will decrease in some parts of the country
but increase due to the increased precipitation in
central lakes and their outflow rivers, as well
as in some southern watersheds (Veijalainen
et al. 2010). The frequency of summer floods
due to the extreme precipitation and of winter
floods due to mild winters is expected to
increase in southern Finland (Veijalainen et
al. 2009). Statistical analysis of the frequency
and intensity of floods in Finland during the
last 50 years indicates that the frequency of
winter floods has already increased throughout
the country. In northern Finland, winter floods
mainly occur in December, whereas in southern
Finland, floods can be witnessed throughout the
winter months (Kuusisto 2015). The potential
impacts of climate variability and climate change
on SWs have been studied in detail, but little is
known about how GW will respond to climate
change coupled with human activities (Green et
al. 2011, Holman 2006, Bovolo et al. 2009), and
the projections of the direct impacts of climate
change on GW systems are highly uncertain
(Taylor et al. 2013). GW recharge projections
are closely related to projected changes in
precipitation, and these indicate an increase in
recharge in Northern Europe (Taylor etal. 2013).
Asthe GW and SW resources change, so will the
GW-SW interactions. The changes in GW—SW
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interactions could result in changes in river flows,
the degradation of GDEs, GW droughts, GW-
induced floods (indirect overflow as the result
of GW recharge to exceeding store capacity
of aquifer; Négrel & Petelet-Giraud 2005), the
mobilization of pollutants and saline intrusion
of coastal aquifers.

Recognition of GDEs in the European Union
(EU) is as important as GW quality and quantity
for sustainable GW management (Danielopol et
al. 2004). GDEs are endangered and valuable
ecosystems, and the EU Groundwater Directive
requires them to be characterized to define their
quality status (EC 2006). GW-dependent terres-
trial ecosystems (GDTEs) and GW-dependent
surface water ecosystems (GDSEs) are includ-
ed as part of the national classification of ex-
ploitable aquifers in Finland, and these aquifers
supporting the terrestrial or SW ecosystems will
be classified as E-class in approved legislation
(Government of Finland 2014). GDEs can be
found where GW directly or indirectly sustains
ecosystems by providing them with a stable wa-
ter flow, temperature or chemical environment
(Winter et al. 1998, Klove et al. 2011).

Water resources are difficult to manage as one
entity due to the multiple-scale of interactions,
their complexity, the difficulty in defining the
boundaries of GW watersheds, superimposed
GW flow systems and the shifting of GW divides
in response to the dynamic climate and precipi-
tation (Winter et al. 2003). To manage a catch-
ment as a single resource, the small-scale pro-
cesses need to be understood, and their integra-
tion and scaling up lead to a broader understand-
ing of the catchment (Rosenberry et al. 2003).
This understanding is needed by environmental
agencies to undertake more holistic watershed
planning and management of resources (Winter
et al. 1998). The integration of multi-scale re-
sults includes uncertainty, which is inherited by
models based on these data. The need for GW

10

protection from contamination within vulnerable
aquifers is widely recognized, but the situation
can be the opposite. For example, GW having
high nutrient concentrations increases the eutro-
phication of the receiving SW body (Belanger
et. al 1985, Tto et al. 2007). Furthermore, severe
contamination ofa GW body with persistent con-
taminants can affect SW quality, leading to dam-
age to the aquatic flora, microorganisms and fish
species (Hancock et al. 2005). More integrated
water supply management practices are needed
in order to secure the water supply and sustain
the biodiversity of GDE:s in future.

1.2. Groundwater-surface
water interactions

GW-SW interaction studies have a history of
over a century, starting from studies dealing with
alluvial aquifer and stream water (Boussinesq
1877). Since then, the research has encompassed
a wide variety of research questions in different
environments, from mountains to the sea (Winter
1995). The discipline is continuously developing
via technical progress in monitoring devices,
remote sensing applications and software,
and the research itself has moved towards a
more interdisciplinary approach (Hayashi &
Rosenberry 2002).

GW-SW interactions are complex and
exchange rates are both spatially and temporally
highly variable (Winter et al. 1998), depending
on shoreline and bed substrates, aquifer
characteristics, topography and meteorological
conditions (Schneider et al. 2005, Rosenberry
& LaBaugh 2008).

According to Winter et al. (1998) lakes can
interact with aquifers by receiving GW discharge
throughout their bed, recharging GW throughout
their bed but probably the majority of lakes
receiving GW inflow through part of their bed
and recharging GW through the other parts.



The seepage meter approach (Lee 1977)
has provided information on both the spatial
variability and distribution of seepage flux rates
and amounts into lakes (McBride & Plannkuch
1975, Brock et al. 1982, Woessner & Sullivan
1984, Schafran & Driscoll 1990, Shaw & Prepas
1990a, Schneider etal. 2005, Kidmose etal. 2011,
Ommen et al. 2012, Kidmose et al. 2013). Many
studies have found connections between the
seepage fluxes and lake substrate (Krabbenhoft
& Anderson 1986, Schafran & Driscoll 1990,
Guyonnet 1991, Kidmose et al. 2011). However,
spatial variability in seepage fluxes is not always
straightforwardly connected to the substrate
material, as Schneider etal. (2005) demonstrated.
They observed that localized influences of the
substrate were overridden by strong hydraulic
gradients connected to the complex GW system.
Moreover, large rainfall events and snowmelt can
increase the measured seepage fluxes (Shawn
& Prepas 1990a, Sebestyen & Schneider 2001,
Schneider etal. 2005), and temporal variability in
GW seepage rates has been observed (Downing
& Peterka 1978, Connor & Belanger 1981,
Kenoyer & Anderson 1989, Shaw & Prepas
1990a, Sebestyen & Schneider 2001, Rosenberry
& Morin 2004).

Large lakes are more likely than small lakes to
exhibit variation in shoreline substrates, aquifer
characteristics, topography or meteorological
conditions that influence GW seepage processes
(Schneider et al. 2005). Previous studies on large
lakes have revealed considerable variability in
GW contributions, with some having negligible
GW exchange (Lenters 2004), some being
dominated by GW (Schwalb et al. 1999), and
others having a variable net GW flux varying
from partial GW discharge (Zacharias etal. 2003)
to partial recharge (Ayenew & Gebreegziabher
2006). Hayashi and Rosenberry (2002) found
that GW discharges to a lake might have a
significant role locally in shaping the shore

environment through direct or indirect effects
on environmental factors, even if the net GW
flux is a relatively small component of the lake’s
water balance.

River channel interactions with underlying
the aquifer can be classified into gaining, losing,
parallel flow and flow-through (Winter 1998,
Woessner 1998), and they can vary through
time within a year (Winter 1998). GW-LW
interactions have the following fundamental
differences compared to GW-river water (RW)
interactions: the water levels of lakes are rather
constant, and the bank storage effect therefore
has smaller importance in lakes; there is an
absence of hyporheic exchange flows in lakes;
evaporation generally has a greater effect on
lakes; the magnitude of turbulent mixing is
smaller in lakes; and the volumes of organic
deposits are commonly greater in lakes (Winter
et al. 1998).

Evidently, discharging GW (DGW) has
an important role in maintaining stream flow,
thermal buffering, water quality and providing a
beneficial habitat for fish and freshwater aquatic
life in SW bodies (Hansen 1975, Kenoyer &
Anderson 1989, Stanford & Ward 1993, Sinokrot
et al. 1995, Brunke & Gonser 1997, Boulton et
al. 1998, Woessner 2000, Hayashi & Rosenberry
2002, Sebestyen & Schneider 2004, Loheide &
Gorelick 20006).

The hyporheic zone was defined in 1993
by White as the saturated interstitial space
below the stream bed and adjacent stream
banks, containing a proportion of the channel
water. The hyporheic zone provides a unique
environment that differs significantly from the
surrounding GW and SW, and is highly active
biogeochemically in the conversion of nutrients
and attenuation of pollutants (Triska et al.
1989a,b). It is an important habitat and refuge
for highly specialized organisms (Stanford &
Ward 1998). The hyporheic zone is a critical
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component of stream ecosystems, and more
interdisciplinary research has focused on this
interface due the close interrelation between the
ecology, biogeochemistry and hydrology.

1.3. Research aims and hypothesis

The main aim of this thesis was (1) to identify
GW-SW interactions and gain a general
understanding of their significance in the Lake
Pyhégjarvi and River Vantaa catchments (Fig. 1).
Various methods (thermal, physical, isotopic,
chemical tracers) were used to investigate the
interactions in different geological environments
and at different spatial research scales.

The second objective was (2) to define the
most applicable methods to investigate the
exchange of GW and SW bodies in the snow-
type catchments. The multi-method approach
was used to achieve areliable and comprehensive
understanding of this exchange and its
commonness, and to assess the applicability of
the methods in two catchments with different
properties and dimensions.

The third aim was (3) to provide baseline
data on isotopic and geochemical patterns in
the hydrological cycle with monitoring survey
data and to provide essential information on the
optimal sampling time in GW—SW interaction
studies in the boreal snow-type catchments
with distinct seasons. Such baseline data and
evaluation of the seasonality effect will also be
useful in other northern high-latitude regions.
The isotopic composition of Finnish GW and
atmospheric precipitation, as well as their
seasonal variation, are known after Kortelainen
and Karhu (2004). However, available data on
the isotopic composition of SW is both spatially
and temporally limited, and more detailed
information is needed on the effect of strong
seasonality on geochemical and stable isotopic
patterns of different SW bodies on the catchment
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scale, in order to be able to use them as tracers
for estimating GW—SW interactions in northern
high-latitude regions.

The application target of the study was (4)
to improve the general understanding of GW—
SW interactions and the potential vulnerability of
municipal abstraction wells due to the infiltration
of SW, potentially affecting quality of the GW
utilized by waterworks.

The thesis hypothesis was that GW-SW
exchange could be more general phenomenon
and important factor affecting the quality of
shallow aquifers and SW bodies as thus far has
been acknowledged in studied catchments. Also,
the thesis hypothesis that GW—SW exchange
could be an important factor affecting the quality
of water in municipal water intake plants, where
ahydraulic connection between the SW body and
the aquifer exists. Many GW abstraction wells are
located in close proximity to main river channels
or lake shorelines and are potentially vulnerable
to RW contamination during high peak flow or
LW infiltration through the shoreline sediments.
The high pumping rates of intake wells close to
SW bodies can also lead to the contamination of
the wells during low flow conditions. Flooding
and heavy rain have the potential to induce the
contamination of municipal water extraction
wells via both overland flows entering the wells
and bank infiltration into the aquifer.

1.4. Research motivation

Paper I was motivated by the need to evaluate
and quantify the GW flux into Lake Pyh&jarvi
(Fig. 1.) Therefore, different methods were tested
to find the most applicable ones for working in
the Lake Pyhdjarvi study area. The study was
also motivated by the need to better understand
the hydraulic connections between the lake and
two municipal water intake plants with pumping
wells close to the lake shoreline.



The motivation of Paper II, focused on the
large River Vantaa catchment (Fig. 1), was (1) to
identify the sections and branches of river systems
where significant hydraulic connections between
GW and RW exist, and (2) to test applicable
research methods in GW—RW interaction studies
in studied catchment.

The motivation of Paper III was to assess
the applicability and validity of the major ions,
00, 0D and DSi as tracers for estimating
GW-SW interaction in different parts of the
hydrological cycle (rivers, lake) in the Lake
Pyhéjérvi catchment. Of particular interest was
the applicability of DS as a tracer to define the
relative share of GW in the catchment. A further
motivation of Paper III was to provide baseline
data on the isotopic and geochemical patterns
in the hydrological cycle with over one year of
monitoring survey data in the boreal snow-type
catchment.

The motivation of Paper IV was to gain a
better understanding of aquifer—river channel
interaction and the potential vulnerability of
municipal water intake plants in the River Vantaa
catchment. The motivation was also improve the
general understanding of GW—RW interactions
inthe boreal snow-type catchmentunder different
weather conditions, potentially affecting the
quality of GW utilized by waterworks. Moreover,
the temporal and spatial variations in GW—RW
interactions between two consecutive years were
studied and compared.

2. Summaries of the papers

In Paper I, the applicability of the physical and
chemical methods used to locate GW—SW
interaction sites were compared and the results
obtained from Lake Pyhdjédrvi were evaluated.
The study focused on a 10-km section of the NE
shoreline of Lake Pyhéjarvi, where the potential
GW discharge areas are associated with esker
aquifers. This study represented the first attempt
in Finland to collect detailed observations on
GW-SW interactions. The results from the
various methods correlated and confirmed the
GW discharge into Lake Pyhdjarvi at the NE
shoreline.

In Paper II, the focus was on identifying the
GW discharge locations at the catchment scale
with a low-altitude aerial infrared (AIR) survey
in the River Vantaa and its tributaries, and with
isotopic tracers and field measurements to verify
the observed sites. The study was the first attempt
toidentify and locate the GW—SW interactions in
ariver system at the catchment scale in Finland.
The field measurements agreed with the AIR
survey results and highlighted the abundance of
GW discharge locations in the study catchment.
The commonness of GW—SW exchange in
the River Vantaa catchment indicated that this
water resource connection may have a far more
significant impact on water quality and quantity
than has thus far been acknowledged. The study
also noted that the observed GW discharge sites
should be considered as potential risk areas
during flood periods (GW quality deterioration
due to bank infiltration of RW), as a preferential
flow path between the river and aquifer exists.

In Paper 111, the Lake Pyhajarvi study was
extended to the catchment scale with isotopic
(0"0, 0D) and chemical tracers (dissolved silica
(DSi), major ion composition), which were used
to indicate GW—SW interaction between the
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Figure 1. Location of the studied
Lake Pyhajarvi and River Vantaa
catchments. (Basemap Database
© National Land Survey of Finland
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aquifers, the rivers and a lake. The baseline data
on isotopic patterns and hydrogeochemistry in
the hydrological cycle were provided by a one-
year monitoring survey in this rural snow-type
catchment area. The stable isotope composition
and DSi concentrations of different water types
revealed significant differences and proved to be
useful tracers, and thus the proportions of GW
could be calculated in the rivers, the lake inshore
area and in GW abstraction wells. DSi appeared
to be a significant tracer in the river environment,
whereas stable isotopes were more applicable in
the lake environment. The study demonstrated
both the GW discharge into the SW bodies and
also the infiltration of the LW into the aquifer.
This infiltration of LW into the intake wells
presents a potential risk for household water
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2010; Watershed Database © SYKE
2010).

quality. In GW—-SW interaction studies, the
spring thaw and high-precipitation events could
be problematic, in terms of both sampling and
interpretation of the results.

Paper IV evaluates the vulnerability of GW
in the urban catchment of the River Vantaa.
An AIR survey was conducted to identify the
hydraulic connections between the aquifers and
rivers, and to map spatial surface temperature
patterns along the boreal rivers. Stable isotopes,
chemical tracers and field studies were used to
verify the observed GW discharge into the river
system. Altogether, around 370 GW discharge
sites were located along the main river channel
and its tributaries. Two consecutive AIR surveys
revealed the spatial and temporal changes in
GW discharge sites on the catchment scale.



The longitudinal RW temperature patterns
and the isotopic and DSi composition of the
studied rivers differed noticeably. The observed
significant vertical thermal stratification could
lead to an underestimation of the extent and
magnitude of the GW discharge, and should be
taken into account in AIR surveys during low-
flow conditions in the summer. The results of
this study support the use of the multi-method
approach (AIR and hydrogeochemical variables)
tosurveyand confirm GW—-RW interactionas well
as to assess the potential vulnerability of intake
plants in proximity of main stream channels due
to the RW infiltration. The interaction locations
in the proximity of 12 municipal water intake
plants during the low-flow seasons should be
considered as potential risk areas for water intake
plants during flood periods, and taken under
consideration in river basin and water resources

R. Eurajoki

Lake u
~ Pyhéajarvic -

management under changing climatic situations
in the future. The study emphasized the ubiquity
of GW—SW exchange processes and the need
for more integrated water resource management
in the future.

3. Description of
the study sites

3.1. Lake Pyhajarvi catchment

Lake Pyhéjarvi is highly valuable, and the largest
lake (155 km?) in southwestern Finland (Figs
1 and 2). It is classified as a mesotrophic lake
and has been intensively studied for decades.
In the 1970s and 1980s, Lake Pyhéjarvi was
impacted by eutrophication associated with high
levels of nutrient loading from the catchment

Silt .

Vaanii aquifer .

Kauttua aquifer @ Water intake plant Til
Honkala aquifer River Ylaneenjoki subcatchment Clay
Uusikyla aquifer I:l R. Pyhajoki subcatchment I Bedrock

Oripaankangas aquifer
Sakylanharju-Virttaankangas aquifer

D Lake Pyhajarvi subcatchment

[ sand and gravel
I Peat and organic matter

Figure 2. (a) The Lake Pyhajarvi catchment and its subcatchments. (b) Quaternary deposits in the Lake Pyhajarvi
catchment. (Basemap Database © National Land Survey of Finland 2010; Quaternary Deposits Database ©
Geological Survey of Finland 2008; Watershed Database © SYKE 2010). Modified from Paper IIl.
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(Résdnen et al. 1992). Hence, the lake and the
catchment have been an object of comprehensive
restoration since the 1990s (Venteld et al. 2007,
2011, Kirkkala 2013). Lake Pyhijérvi is used
for recreational activities, as a commercial
fishery, and as a water source for local industrial
processes. However, all these activities have
become seriously threatened by eutrophication
during recent decades (Venteld et al. 2007).
Furthermore, the restoration activities have been
hindered by increasing temperatures, a shortened
ice-cover period and an increased winter nutrient
load from the catchment related to the predicted
climate change (Venteld et al. 2011).

The Lake Pyhijarvi catchment has a large
central lake (Fig. 2). The drainage basin area
including the lake is 616 km?, which is quite
a small area compared with the surface area of

Elevation m a.s.|

the lake (Fig. 2). Lake Pyhdjarvi is shallow, the
mean depth of the lake being 5.5 m, and the only
depression in the lake is 26 m deep and is located
on the western side. Two major rivers discharge
into Lake Pyhdjérvi, the Rivers Pyhdjoki and
Ylaneenjoki (Fig. 2). The River Eurajoki, on
the northern corner of the lake, forms the only
outflow from the lake (Fig. 2).

The Precambrian bedrock is covered by a
layer of unconsolidated sediments varying in
thickness from a few to some tens of metres.
The glacial sediments of the research area consist
of deposits formed during the Late Weichselian
deglaciation of the Scandinavian Ice Sheet and
include till, sand, gravel, and glacial and post-
glacial clay deposits (Fig. 2b). Esker aquifers
are connected to the northern and northeastern
sides of Lake Pyhajérvi (Fig. 2a). These eskers

B 41-55
[ 56-70 e
| 71-85
[ 86-100 0 5km [ Urban area
|| Arable land
E 1(1);_11;:; I:I R. Pyhajoki subcatchment B Forest
B 131145 E L. Pyhajarvi subcatchment | Shrubs and/or herbaceous vegetation
B 146-160 R. Ylaneenjoki subcatchment [ Wetland

Figure 3. (a) Elevation model of the Lake Pyhajarvi catchment. (b) Land use in the Lake Pyhajarvi catchment.
(Basemap Database © National Land Survey of Finland 2010; Watershed Database © SYKE 2010; Topographic
Databas © National Land Survey of Finland 2010; Corine land cover © National Land Survey of Finland 2010).

Modified from Paper III.

16



can enhance the GW discharge to the SW and
contribute to the exchange between GW and SW
due to the coarse grained esker sediments with
a high permeability. In the River Pyh&joki sub-
catchment, the soils mainly consist of sand, silt
and till, whereas the soils of the River Yldneen-
joki subcatchment mainly consist of clay, tills
and peat (Fig. 2b). The subcatchments of the
Rivers Yléneenjoki and Pyhédjoki are located on
coastal plains. The landscape topography ranges
in elevation from 40 m (the outlet of the River
Eurajoki) to 145 m above sea level (a.s.l.) (Virt-
taankangas complex) (Fig. 3a). The average lake
level is 44.9 m a.s.l., and the level is regulated
via a dam at the outflowing River Eurajoki.
There are two water intake plants for
municipal supply purposes with pumping
wells close to the lake shoreline (Fig. 2a). The
Lohiluoma water intake plant on the Kauttua

@)

@ Municipal water intake plant p
=== Classified aquifer

O] Palojoki study site
B Hyvinkaginkyla study sit

aquifer is located in the northernmost corner of
Lake Pyh&jarvi (Fig. 2a). The Honkala intake
plant in the easternmost part of the lake has been
closed since 1998 because of PCE contamination
(Artimo 2002) (Fig. 2a). A more detailed study
site description is provided in Papers I and III.

3.2. River Vantaa catchment

The River Vantaa is one of the water reserves for
Finland’s capital region (ca. 1 million inhabitants)
(Fig. 4a). The total catchment area of the River
Vantaa is 1 685 km? The water quality of the
River Vantaa and its tributaries has regularly been
monitored since the 1970s in order to identify
the incoming load of nutrients and contaminants.
During heavy rains and the spring thaw, the RW
has generally high nutrient concentrations and
poor hygienic quality in the catchment (Vahtera

(b)

Glaciofluvial sand and gravel
Biogenic peat deposits
Bedrock terrain

Glaciogenic till
Silt and clay -
R 4

Figure 4. (a) The study sites, municipal water intake plants and classified aquifers in of the River Vantaa
catchment. In Finland, mapped aquifers are classified into three classes according to their priority. (b) Quaternary
deposits in the River Vantaa catchment. (Basemap Database © National Land Survey of Finland 2010; Quaternary
Deposit Database © Geological Survey of Finland 2008; Watershed Database © SYKE 2010). Modified from

Paper IV.
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et al. 2014). Within the catchment, 29 aquifers
in close vicinity to river beds are classified
as important ones that are used for municipal
supply (Fig. 4a). The relatively high flooding
sensitivity of the studied catchment is related
to large fluctuations in the river flow rates, the
low percentage cover of lakes, the high relative
percentage of headwater lakes, the flat topography
and generally poor infiltration rate of the soils
(Mantyla & Saarelainen 2008) (Figs 4 and 5). The
continuous development and construction of new
areas in the densely populated capital region has
additionally increased the flood risk during peak
flow periods (Suhonen & Rantakokko 2006) (Fig.
5b). In the studied river catchment, this has been
acknowledged in a number of recent surveys in
which riparian areas vulnerable to floods have
been identified (i.a. Méantyld & Saarelainen 2008).

@)

Elevation m a.s.l.
@ o0-20 [ 81-100
[ 21-40 [ 101-120

[ 41-60 [ 121-140
[ 61-80 [l 141-160
L S

% [ Urban

I Forests
0 Wetlands

| Water‘\

The dominant geomorphological relief types
are bedrock terrain and glacigenic deposits
forming cover-moraine sheets and end-moraine
ridges in the northern part of the study area where
the elevation ranges from +100 m to +160 m
a.s.l. (Tikkanen 1989) (Fig. 5). The majority of
the central and southern parts of the catchment
are lower than +80 m a.s.l. due to the relatively
smooth elevation decrease towards the south.
Quaternary marine and lacustrine silt and clay
cover 39% of the entire catchment area and
dominate the lower areas (Helsinki-Uusimaa
Region 1997) (Fig. 4b). Riverbeds generally
pass along bedrock fracture zones covered by
thick clay layers and only sporadically overlap
glaciofluvial sand and gravel formations
(Tikkanen 1989). Land use varies between the
River Vantaa and its tributaries, as the headwater

(b)

Agricultural areas

i

Figure 5. (a) Elevation model of the River Vantaa catchment. (b) Land use in the River Vantaa catchment.
(Basemap Database © National Land Survey of Finland 2010; Watershed Database © SYKE 2010; Topographic
Database © National Land Survey of Finland 2010; Corine land cover © National Land Survey of Finland 2010).
Modified from Paper IV.
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areas are dominated by forestry and the southern
areas by urban land use (Fig. 5b).

The major differences between two studied
catchments are:

*The River Vantaa has a catchment area (1
685 km?) considerably larger than that of Lake
Pyhéjérvi (616 km?) (Fig. 1).

*The River Vantaa has a considerably lower
percentage cover of lakes (2.25%), the largest
lake having a total area of 6.0 km? (Seuna 1971,
Ekholm 1993) compared to Lake Pyhijérvi
(26%).

*The River Vantaa has a considerably higher
percentage of urban land use (20%) compared
to Lake Pyhéjarvi (2.4%) (Figs 3b and 5b).
*The Lake Pyhéjérvi is dominated by till (33%)
compared to River Vantaa, which is dominated
by marine and lacustrine silt and clay (39%) (Figs
2b and 4b).

The major similarities between two studied
catchments are:

*The climate: The mean annual air temperature is
close to 5.0 °C in the studied catchments (Finnish
Meteorological Institute 1991). Approximately
10—-20% of the precipitation falls as snow in
southern Finland (Karlsson 1986). The mean
annual precipitation at the River Vantaa (670
mm a™') is slightly higher than at Lake Pyhé&jérvi
(app. 600 mm a™').

*The snow-type hydrology of studied boreal
catchments are characterized by strong snow-
dominated seasonality, and major floods can be
caused by either snowmelt or heavy rain events
(Veijalainen et al. 2010).

*The highest river flow rates typically occur
during the spring and late autumn months due
to snow melt (spring thaw) and heavy rains in
the autumns.

*The surveyed rivers were slow to moderate

flowing streams, and contained straight and
meandering channel types in a gently undulating
glacial landscape.

*Major GW reserves are associated with glacio-
fluvial eskers mainly hosting unconfined aqui-
fers (Figs 2a and 4a). However, semi-confined
or confined parts of aquifers also occur in places.

4. Materials and methods

Multiple methods were tested, as the geological
environments, research scale and the prevailing
conditions were highly variable. The methods
are divided into three types: (1) thermal methods,
(2) physical field methods and (3) chemical and
isotopic tracers. The multi-method approach was
used to achieve a reliable and comprehensive
understanding of GW—SW exchange and its
commonness, and to assess the applicability of
the methods in two snow-type catchments with
different properties and dimensions.

41. Thermal methods (1, Il & IV)

In this work, temperature was used (1) to identify
areas of discrete and diffuse discharge of GW into
the rivers and the lake based on the temperature
contrast between SW and GW, (2) to verify the
GW—-SW exchange between the SW and aqui-
fers, and (3) to demonstrate the spatial distribu-
tion of seepage fluxes near the shoreline (for full
details, see Papers I & IV). Temperature can be
used as a GW—SW exchange tracer due to the
relatively stable temperature of GW compared to
diurnally and annually fluctuating SW tempera-
tures (Stonestrom & Constantz 2003, Anderson
2005). GW discharge zones into a SW body have
been located by searching for anomalies in tem-
perature (e.g. Lee 1985, Silliman & Booth 1993,
Conant 2004, Blume et al. 2013) near the sedi-
ment—water interface. Thermal methods require
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a sufficient flow through the substrate to allow
advective processes to be significant relative to
conductive temperature signals (Rosenberry &
LaBaugh 2008). Temperature is a natural, ro-
bust, and easily measured and interpreted vari-
able (Stonestrom & Constantz 2003).

4.1.1. Winter mapping (1)

The temperature of GW (4-8 °C in southern
Finland) keeps shoreline areas of lakes and rivers
unfrozen during winter if the DGW flux is high
enough. Unfrozen and open water shoreline
areas were mapped during one field campaign
by skiing on the lake ice along a 15-km stretch
of the NE shoreline of Lake Pyhdjarvi. It was
based on visual observations of a lack of lake
ice or weakened ice strength/thawing patterns
of the ice-cover. This preliminary mapping was
used as a guide for fieldwork in summer 2009.

4.1.2. River bed and lakebed
temperature measurements (1, Il &IV)

Lake-bed temperature measurements were
performed from July to August in both
catchments, when the annual maximum contrast
between GW and SW temperatures (4—8 °C and
20-24 °C, respectively) exists and the conditions
were most favorable for using temperature as a
tracer (for full details, see Papers I, I & IV).
A YSI model 600XLM-V2-M multiparameter
probe (YSI Inc., Yellow Springs, Ohio, USA)
was used to measure in situ temperature values
near the sediment—water interface and in the
SW column along the studied transects in the
Lake Pyhéjarviand River Vantaa catchments (for
full details, see Papers I & IV). The sediment
temperature measurements were performed
5 cm below the water—sediment surface with
a stainless steel temperature probe (Therma
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Plus, Electronic Temperature instruments Ltd,
Worthing, West Sussex, UK, accuracy +0.10
°C). In addition, continuous temperature
measurements of RW were taken to demonstrate
the temporal variability in GW discharge into
the river in the River Vantaa catchment (for full
details, see Paper IV).

4.1.3. Aerial infrared surveys (Il & IV)

AIR has proved to be a feasible method for
identifying GW discharge locations in previous
hydrological studies (e.g. Torgersen et al. 2001,
Loheide & Gorelick 2006, Davis 2007, Conant
& Mochnacz 2009, Loheide & Deitchman
2009). Furthermore, AIR provides a method for
collecting spatially continuous patterns of river
temperatures in an entire river over a short period
of time (Faux et al. 2001, Torgersen et al. 2001,
Cristea & Burges 2009, Dugdale et al. 2015).

In Finland, the conditions are most favorable
for AIR studies from July to August, when the
annual maximum temperature contrast exists
between GW and RW. Altogether, the AIR
surveys covered 203 km of rivers as well as the
riparian areas alongside the channels of the River
Vantaa and its tributaries during the low-flow
period in 2010 and 2011 (Fig. 2 in Paper IV).
The weather conditions were ideal for detecting
GW discharge locations in summers 2010 and
2011 due to the preceding warm weather and
low precipitation conditions. The technical
details and designs of the AIR surveys in 2010
and 2011 have been reported in Papers II and
IV, respectively.

The main difference between the AIR surveys
in 2010 and 2011 was in the design. In 2010, the
infrared camera (FLIR Thermo Vision A40) was
mounted in a pod on the side of a helicopter
together with a Nikon D1X digital camera. The
results from first AIR survey were very promising



and inspiring, and an improved AIR system
was therefore developed (in the Department of
Geosciences and Geography) (Fig. 6) to more
efficiently address the challenges in river surveys.
The improvements and adjustments to the system
were (1) the simultaneous use of an HDR-
CX700 digital video camera with an infrared
camera and (2) the cameras being held in a near
vertical position on the side of the helicopter.
Later improvements allowed easier fine-scale
adjustments to the flight path and altitude made
visually by the pilot in cooperation with the FLIR
operator. A third difference between the surveys
was the flight altitude, as in 2011 the altitude was
higher to capture both the rivers and a significant
proportion of the riparian areas on either side of
the channels. Both thermal cameras used in AIR
surveys had a pixel resolution of 320 x 240,
a spectral range of 7.5-13 pm and a field of

|-

view of 24 x 18 degrees. The FLIR system was
capable of detecting temperature differences of
+0.08 °C with an accuracy of +2.0 °C or £2.0%
of the reading, as reported by the manufacturer.

AIR surveys were mainly conducted in an
upstream direction during the early afternoon
hours in calm and cloudless weather condi-
tions. Meteorological data on the air tempera-
ture and relative humidity during the aerial sur-
veys were obtained from the two nearest weath-
er stations. The flight altitude of 100300 me-
ters above grouond level (m a.g.s.) produced a
ground resolution from 0.15 m to 0.5 m. The
ground speed varied between 50 km h™! and 90
km h™!, depending on the stream width and in-
tensity of meandering. The canopy cover fromri-
parian vegetation ranged from nearly completely
closed to wide open and varied within and be-
tween the rivers surveyed.

Figure 6. The low altitude aerial infrared system. (a) The on-board computer and remote control with LCD display.
(b) A FLIR ThermaCAM P60 together with an HDR-CX700 digital video camera. (c) AIR surveys were acquired
with A Raven R44 Il helicopter. (d) The cameras held in a near vertical position on the side of the helicopter.
Figures by Kirsti Korkka-Niemi. Modified from Rautio et al. 2014.
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Reference measurements were collected
as discrete manual measurements with a
YSI 600 XLM-V2-M multiparameter probe
simultaneously with AIR survey to compare
the kinetic water temperature (T,) measured
5 cm below the surface using a thermometer
with the radiant water temperature (T ) measured
remotely using a thermal sensor in 2010 and
2011 (see full details from Paper IV).

In post-processing, the T values were
calculated for the emissivity of natural water
(0.96) and with inputs of air temperature,
relative humidity and path length. The spatially
continuous profiles of minimum radiant water
temperature (T

i) were produced by individually
analyzing the thermal images and manually
sampling the T from each thermal image of
the main stream channel, and selecting the lowest
value of T . for each second. T . was selected
to more efficiently localize the anomalous cold
temperatures in the main stream channel than
with extraction methods based on the median
values of selected points or the histogram of
contiguous water pixel temperatures (image
sampling or weighted averages) used in previous
studies (Torgersen et al. 2001, Cristea & Burges

2009) (see full details from Paper IV).

4.2. Physical field methods (l)

4.2.1. Seepage meter measurements (1)

Seepage meter measurements have been per-
formed to quantify the seepage flux through
lake beds (Lee 1977, Lee & Cherry 1978, Carr
& Winter 1980, Shaw & Prepas 1990a, 1990b,
Avery 1994, Duff et al. 1999, Kidmose et al.
2011, Ommen et al. 2012, Kidmose et al. 2013).
Seepage measurements were performed in the
Pyhé&jarvi catchment in order to (1) verify the
GW-SW exchange between the lake and aqui-
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fer, (2) define the spatial distribution of seepage
fluxes near the shoreline, and (3) sample dis-
charging GW for chemical and isotopic analysis
in Lake Pyhédjérvi. The seepage meters used in
this study were built based on the classic design
of Lee (1977) with some slight modification (for
full details, see Paper I). All four seepage meter
designs including the half-barrel, collection bag
and the connection hose between the barrel and
bag were used at Lake Pyhéjarvi.

4.2.2. Mini-piezometers (1)

The mini-piezometer measurements were
performed to (1) measure the head differences,
(2) characterize the direction and magnitude of
the vertical hydraulic gradient (VHG), and (3)
collect water samples from the Lake Pyhajarvi
study site. The mini-piezometer design in Paper [
consisted of a small-diameter translucent, plastic
tube (ID 4 mm, OD 6 mm) ending in a screen
and a short (length 5 cm, ID 10 mm, OD 12 mm)
perforated section (approximately 14 holes4 mm
in diameter), surrounded by a suitably fine mesh
(300 pm). Mini-piezometers were hand driven
into the lakebed, using the bolt method described
by Lee & Cherry (1978) (for full details, see
Paper I).

4.3. Isotopic and chemical
tracers (I, lll & IV)

Isotopic and chemical tracers have been ap-
plied in different hydrologic studies for sever-
al decades. Here, isotopic and chemical tracers
were applied to examine GW—SW interactions
at both the local scale (Paper I) and the catch-
ment scale (Papers III & IV). The tracers were
used to (1) identify the GW—SW interaction in
different parts of the hydrological cycle (river,
lake) in the lake (Papers I & III) and in the riv-



er (Paper IV) catchments, (2) estimate the level
of GW—SW interaction in different parts of the
hydrological cycle (Papers I1I & V) and (3) cal-
culate the GW contributions for different water
types (Paper III). A monitoring survey extend-
ing over one year was conducted to (4) provide
baseline data on the isotopic and geochemical
patterns (Paper I1I) and (5) estimate the applica-
bility of isotopic and chemical tracers in defining
GW-SW interaction in the hydrological cycle in
the boreal snow-type catchment (Papers L, III &
IV). Isotopic and chemical tracers were used to
(6) gain a better understanding of aquifer—river
channel interaction and the potential vulnerabil-
ity of municipal water intake plants in the studied
catchment (Paper IV), (7) improve the general
understanding of GW—SW interactions in boreal
catchments under changing climatic conditions,
which will potentially affect the quality of GW
utilized by waterworks (Papers Il & V) and (8)
evaluate the effect of exchange on the quality of
the receiving water resource (Papers III & IV).

In this work, two sampling strategies were
used at the catchment scale. In Lake Pyhéjérvi,
the RW sampling points were evenly distributed
between the headwater area and the river mouth.
Samples were taken from LW, lake-shore water,
intake wells, DGW and GW. Water samples were
mainly taken at one-month intervals during the
15 monitoring months. Details of the sampling
procedure and analysis methods are provided
in Paper III. In River Vantaa catchment, by
comparison, sampling was focused on locations
where the riverbeds overlap the glaciofluvial
deposits during low and high flow seasons. The
sample locations at each study site were selected
in order to detect changes in RW chemistry:
(1) sample sites upstream from potential GW
discharge to the river, (2) GW discharge sites
based on the geological location (riverbed
overlaps glacigenic sediments) and (3) sample
sites downstream from GW discharge sites.

Details of the sampling procedure and analysis
methods are provided in Paper IV.

4.3.1. Electrical conductivity and
pH measurements (I, Ill & 1V)

GW discharge zones into the SW body have
been located by searching for anomalies in
electrical conductivity (EC) values (e.g. Lee
1985, Vanek & Lee 1991, Harvey et al. 1997)
near the sediment—water interface. Fresh SW and
more mineralized local GW commonly differ
with respect to their EC levels and temperatures.
EC and pH measurements were performed in
order to (1) identify the GW discharge locations,
(2) verify the GW—SW exchange between the
SW and aquifers, (3) demonstrate the spatial
distribution of seepage fluxes near the shoreline
and (4) demonstrate the temporal variability in
GW discharge into the river with continuous
measurements in the River Vantaa catchment
(for full details, see Papers I, IIT & IV). A YSI
model 600XLM-V2-M multiparameter probe
(YSIInc., Yellow Springs, Ohio, USA) was used
to measure in situ EC and pH values near the
sediment-water interface and in the SW column
along the studied transects in the Lake Pyhéjarvi
and River Vantaa catchments (for full details, see
Papers I, Il & IV).

4.3.2. General water chemistry (11l)

The major ion composition (Na, K, Ca, Mg,
F, Cl, NO,, SO,), pH, EC and alkalinity were
analysed to (1) study the main ion composition
of different water types, (2) provide baseline data
on the geochemical patterns in the hydrological
cycle with over one year of monitoring survey
data from the boreal snow-type catchment (Paper
III) and (3) estimate the GW—SW interaction in
different parts of the hydrological cycle (rivers,
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lake) in the snow-type lake catchment (Paper I1I)
(for full details, see Paper III).

4.3.3. Stable isotopes (I, Ill & 1V)

The method is based on isotopic fractionation
between the lighter (°O, 'H) and heavier
(**0, D) species of oxygen and hydrogen. As
water evaporates, the evaporated SW becomes
relatively enriched in 30 and D compared to the
mean annual precipitation or shallow GW (Craig
1961); therefore, the evaporated isotope signature
of LW can be used as a tracer in GW-LW
interaction studies (Krabbenhoft et al. 1990). In
precipitation, the 6D and ¢'30 values are strongly
related following the Global Meteoric Water Line
(GMWL) (Craig 1961). Studies on shallow GW
in temperate climates have demonstrated that the
isotope ratios of oxygen and hydrogen closely
follow those in mean annual precipitation (Fritz
et al. 1987, Ingraham & Taylor 1991, Clark &
Fritz 1997).

Previous studies have used the stable isotopes
to resolve the contributions from different water
sources and other hydrologic processes to rivers
(Rock & Mayer 2007, Koeniger et al. 2009,
Brooks et al. 2012). Precipitation and GW are
the main components of water in most rivers,
and the stable isotopic composition of RW is the
outcome of the temporally variable proportions
of precipitation and GW, as well as changes in
the isotopic composition of sources over time
(Kendall & Coplen 2001). With increasing basin
size, the isotopic compositions of rivers are
increasingly affected by subsequent alterations in
the different runoff components and precipitation,
mixing with GW, and by evaporation (Kendall
& Coplen 2001).

Isotopic tracers were used to (1) confirm the
GW discharge to the lake and rivers (Papers I, 111
& IV), (2) examine the impacts of GW discharge
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on RW chemistry at the GW discharge locations
identified with AIR in 2010 and 2011 (Paper
1V), (3) estimate the fraction of GW in intake
wells and shoreline water with a mass balance
approach utilizing 0'%0 in a binary system (Paper
M) and (4) provide baseline data on the seasonal
isotopic patterns at the catchment scale (Paper
IV) and (5) compare the isotopic patterns of
different rivers (Papers I1I & IV). The deuterium
excess (d-excess) was calculated as an index
of the evaporation effect and used to compare
evaporation in different rivers (Papers III & IV).

4.3.4. Dissolved silica (Il & 1V)

DSi was selected as a tracer because of its near
zero concentration in precipitation, whereas in
GW the arithmetic mean DSi in shallow wells
in Finland is 6.5 ppm (Lahermo et al. 2002).
DSi concentrations are dependent on the GW
residence time and the grain size of aquifer
media (Sandborg 1993, Soveri et al. 2001).
Streams show systematic variation in the DSi
concentration as a function of flow, with higher
concentrations under baseflow conditions and
the lowest concentrations under high flow (Neal
et al. 2005). Therefore, DSi could serve as a
potential tracer to estimate the contribution of
GW to river flow, as earlier observed by Hinton
etal. (1994). Some previous studies have utilized
DSi in different geological settings (oligotrophic
temperate lake, karst water system, steep head
water system) as a GW tracer (e.g. Hurley 1985,
Asano et al. 2003, Gao et al. 2010).

DSi was used as parallel tracer with stable
isotopes. In two papers (III & IV), the results
of these tracers were compared to define
their applicability in lacustrine and riverine
environments. Similarly to stable isotopes, the
DSi concentrations were used to (1) confirm the
GW discharge to the lake and rivers (Papers III



& 1V), (2) examine the impacts of GW discharge
on RW chemistry at the GW discharge locations
identified with AIR in 2010 and 2011 (Paper IV),
(3) estimate the fraction of GW in intake wells,
lake-shore water and rivers with a mass balance
approach and (4) provide baseline data on annual
silica patterns at the catchment scale (Paper III)
and compare the silica patterns of different rivers.

4.3.5. Statistics (Il & IV)

Statistical analyses (Excel 2010, STATISTICA
9.0 and AquaChem 2010.1) were performed
with data on isotope and chemical analysis
from the Lake Pyhédjarvi catchment. The
variable distributions were studied and tested for
normality and log-normality prior to the analysis,
as suggested by Reimann & Filzmoser (2000).
The non-parametric Mann-Whitney U-test for
two unrelated or independent populations (Rock
1988, Ranta et al. 1991) was used to examine the
differences in water chemistry in Lake Pyhéjarvi
and River Vantaa catchments (full details in
Papers III & 1V). Principal component analysis
(PCA) was conducted with the water chemistry
variables to identify the variables related to
specific geochemical or environmental processes
and the importance of elements was evaluated
by examining the factor loadings, communalities
and eigenvalues (e.g. Frapporti 1994, Jayakumar
& Siraz 1997, Korkka-Niemi 2001). The factor
scores for the individual samples were used to
examine the causative factors underlying the
water chemistry (full details in Paper III).

5. Results

5.1. Thermal methods (|, Il & IV)

5.1.1. Winter mapping (1)

Different types of unfrozen areas were detected
along and further from the shoreline of Lake
Pyhéjarvi (Fig. 7) (see full details in Paper I).
Three types of area were detected, indicating GW
discharge of some amount into Lake Pyh&jarvi:
unfrozen shore without open water present,
unfrozen shore and open water present along the
shoreline (springs) and areas of soft and wet lake
ice further from the shore (for full details, see

Paper 1) (Fig. 7).

5.1.2. River bed and lakebed temperature
measurements (I, II, & IV)

The temperature measurements detected distinct
temperature anomalies in the shoreline water and
lake sediment temperatures, indicating several
focused GW discharge areas having a lake bed
sediment temperature lower than the surrounding
area in Lake Pyhéjérvi (Fig. 7). The temperature
and EC measurements at the selected field sites
in the River Vantaa catchment are presented
in the following section (5.1.3) together with
AIR results. The shallow depths (5 cm) of the
river bed temperature measurements may have
influenced to the accuracy of mapping GW
discharge sites as the shallow depth will decrease
the reproducibility of measurements and only the
strong GW discharge locations are identified
(Conant 2004).

5.1.3. Aerial infrared surveys (Il & IV)

In the River Vantaa catchment, approximately
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Figure. 7. Locations of potential GW discharge areas after winter mapping. Measured sediment temperatures (a)
in springs, (b) in unfrozen onshore area, and (c) in spring compared to the winter condition. (Basemap Database
© National Land Survey of Finland 2010; Quaternary Deposit Database © Geological Survey of Finland 2008;

Watershed Database © SYKE 2010).

40 000 thermal images were acquired during the
AIR surveys in 2010 and 2011. Altogether, 374
thermal anomalies were identified along the 203-
km course of the studied rivers (River Vantaa
catchment) in 2010 and 2011 using AIR (Fig. 4
in Paper [V). In Paper II, thermal anomalies were
classified as discrete or multiple springs, cold
creeks discharging into the river, diffuse sources
by the shoreline, and diffuse and wide seepage
areas. However, in paper IV, the anomalies were
classified into three categories (Fig. 8, Table 2 in
Paper 1V) and a thermal anomaly was defined
as a difference of at least 0.5 °C between the
T .. in the main channel and the observed
anomaly. Two discrete categories (springs and
cold creeks) were the same as in Paper I1, but the
two previously presented diffuse categories were
merged to form one diffuse category in Paper IV,
because both contribute to the diffuse discharge
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of GW in the riparian zone. Category three,
diffuse anomalies, had a variable areal coverage
ranging from separate small diffuse anomalies
to wetlands with a large areal coverage. The
discrete anomalies in category one (springs) were
mostly (59 %) connected to medium- and coarse-
grained Quaternary deposits (glaciofluvial
silt, sand and gravel, glacigenic till), whereas
anomalies in categories two and three were not
directly connected to them (Paper IV, Fig. 4a).
The differences in thermal anomalies among the
studied streams can partly be explained by the
shape of the river beds and composition of the
river bed sediments (Paper IV).

There were some variations in the observed
anomalies between the consecutive years,
possibly related to annual differences in the
hydraulic heads, as the hydraulic heads of the
aquifers were generally at a higher level in



the study area in July 2010 than in July 2011
(Finnish Environmental Administration, 2015).
This illustrates the temporal as well as the
spatial variation in GW discharge locations in
the studied rivers. Moreover, the differences
observed between years were partially related
to the different design of image acquisition and
missing some short sections of the strongly
meandering study rivers.

There was significant variation in the longitu-
dinal profiles of T . between the studied rivers
and the revealed patterns of spatial variability in
T .. provided a means to characterize the ther-
mal signatures of the individual rivers (Fig. 5 in
Paper IV). In longitudinal temperature profiles,

the observed smaller peaks and troughs (1-2 °C
fluctuations)inT__, were connected to the inputs
from tributaries, dams, rapids, narrowing of the
channel and meandering bends. The large-scale
patterns, such as gradual warming and cooling
trends covering several kilometers in studied riv-
ers, are related to physical geomorphic, ripari-
an and hydrological processes at the catchment
scale according to Torgersen et al. (2001).

The values of T, detected with AIR, were
within 0.6 °C of the reference measurements
of T, (n = 29) in subsequent years. The average
absolute temperature difference between T and
T, was 0.22 °C. In this work, the focus was more
on the relative temperature differences than the

Figure 8. Categories of discrete
and diffuse thermal anomalies;

(a) springs (River Palojoki), (b)
cold creek discharging into the
river (River Vantaa) and (c) diffuse
discharge (River Keravanjoki).
The arrows indicate flow
directions.
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absolute temperature values.

The GW discharge locations identified using
AIR were confirmed with the temperature and
EC measurements of river bottom water and
RW at selected field sites (see full details from
Paper IV) (Fig. 9). The lower EC values had a
statistically significant and very strong positive
correlation with the lower temperatures on the
river bottom and in RW, respectively (Fig. 9)
(See full details from Paper IV). Moreover, the
GW discharge into the rivers in the low-flow
period was demonstrated by Brander (2013) with
river flow rate measurements (Y'SI FlowTracker
HandHeld-ADV, SonTek; RiverSurveyor M9
Acoustic Doppler Current Profiler, SonTek).

The field studies demonstrated the consid-
erable vertical thermal stratification of RW in
River Vantaa (Fig. 9d) and River Palojoki study
sites. Vertical thermal stratification was strongest
(as high as 17 °C) at the points where the river
bed perpendicularly cuts the esker ridge and the
highest volumes of GW were observed to dis-
charge to the river (cross-sections from G—GG’
to I-1I") (Fig. 9¢). Thermal stratification is an
outcome of both the influx of cold water and re-
tention of cold and dense water at the bottom of
the river channel pools where the cold and less
turbulent lower water regime can be isolated as
long as the inflow of cold water is sufficient or/
and the river flow rate is slow enough, accord-
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< 35 25
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22.7.2010 2.8.2010 0.2km E ® Wateri;take plant
(c) s c D E F G H I | © Intake plant well
ECmSm” Il Classified aquifer
o Ao P e A0 B0 @0 e Ao o Glaciofluvial sand and gravel
12 % Continuous measurements
== GW flow
£ —> River flow
[0
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Figure 9. Field studies at the Hyvinkaankyla study site (see Fig. 4) in the low-flow period in July 2010: (a)
longitudinal profile of RW temperatures (A-AA') near the sediment-water interface; (b) continuous measurements
of temperature and EC in RW 0.3 m above the river bottom (monitoring period from 22 July to 2 August 2010); (c)
cross-sectional profiles (from B-BB’ to J-JJ’) of temperature and EC in RW near the sediment-water interface and
temperature in the sediment (water depth ranging from 0.10 to 2.0 m) and (d) schematic figure of vertical thermal
stratification and the vertical RW temperature profile in the middle of the River Vantaa at cross-section F-FF’.

The grey array represent the GW sinking down by the river bank and the dashed lines represent the subsurface
preferential GW flow paths into the river. Reprinted with permission from CC Attribution 3.0 License.
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ing to Nielsen et al. (1994). The cold and dense
water originates from both GW sinking down by
the river bank and possibly through subsurface
preferential GW flow paths into the lower part
of the river channel (Fig. 9d).

5.2. Physical field methods (l)
5.2.1. Groundwater discharge fluxes (1)

The average (arithmetic mean) (GW) seepage
flux rates measured at the Lake Pyhdjarvi
shoreline varied from 4.69 x 107 c¢cm s™' to
4.80 x 107 cm s7'. The seepage rates measured
were moderate to high compared with the wide
range of seepage flux rates reported in other lakes
(Shaw & Prepas 1990b). The highest fluxes were
measured in the vicinity of the shoreline and
the average GW seepage velocity diminished
with increasing distance from the shoreline. The
detected thin clay lenses beneath sand, gravel
and pebbles e.g. the geological heterogeneity was
the most likely explanatory factor for the spatial
variability in flux across the sediment—water
interface. The seepage meter designs used in this
work were similar to the properties of seepage
meter design with correction factor 1.05 reported
by Rosenberry (2005). A correction factor (e.g.
Rosenberry & LaBaugh 2008) was not used in
this work and the measured fluxes could have
slightly underestimated the true seepage fluxes.

5.2.2. Hydraulic gradients (1)

The measured vertical hydraulic gradients
(0.011-0.128) indicated GW discharge into the
lake in northeastern side of the Lake Pyhé&jarvi.
All comparisons of head differences, the vertical
hydraulic gradient and horizontal hydraulic
gradient were carried out at approximately the
same time. The GW discharge could not be

verified with the mini-piezometers in locations
where the lake ice was softened and weak further
from shore, and no open water was detected on
the shoreline in winter mapping.

5.3. Isotopic and chemical
tracers (1 & IV)

5.3.1. Electrical conductivity and
pH measurements (I, Il & IV)

The EC measurements were the easiest and most
applicable method to verify the GW discharge
into Lake Pyhédjérvi, as the EC values of GW
were usually 1.5—4 times the magnitude of the
EC values. Furthermore, the EC values were
rather constant regardless of the season in Lake
Pyhéjarvi. The pH values varied greatly both
temporally and spatially in LW, being more
constant in GW. The very coarse substrate
partly prevented sediment temperature, seepage
meter and hydraulic head measurements at NE
shoreline of the lake.

The field measurements in the River Vantaa
catchment, including the EC measurements at
the selected field site, are summarized in chapter
5.1.3 together with AIR results, and full details
are provided in Paper IV.

5.3.2. General water chemistry (1ll)

In the Lake Pyhdjarvi catchment, water types
could mostly be classified as Ca-HCO, water,
the exception being a few of the stream and RW
samples representing Ca-NO,-dominant waters.
RW generally has higher NO, concentrations than
other water types. The main chemistry of RW
samples showed clear seasonal differences, as
samples taken in the low-flow season had major
ion concentrations close to those of GW, while
in the high-flow season samples differed more
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from GW and spring water. This mainly reflects
increased surface runoff caused by the thawing
of snow or heavy rains (Fig. 10). Particularly,
the EC value and NO, composition appears to
increase, presumably indicating the NO, load
from surface runoff of cultivated fields due to
the increased leaching rates. DGW has Na, Cl,
Ca, SO, and HCOj concentrations clearly higher
than in other water types. The lowest amounts
of dissolved solids were recorded in springs and
LW. No seasonal variation occurred in spring
water chemistry and only a little variation
was recorded in LW chemistry. The temporal
transitions between the end members (RW and
GW) could be observed from the major ion
chemical composition (Fig. 10), but the shares

v well
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Cl+NO,
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High flow
river samples
-
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Low flow &
river samples 2

© stream

Cl+NO,
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of GW in SW bodies were not calculated due
to the non-conservative nature of the recorded
major ions (for full details, see Paper III).
Variables Ca, NO,, 6D, 6O and DSi
appeared to indicate GW—SW interaction. The
differences in NO, concentrations between the
inflowing rivers can be related to the differences
in the catchment areas, the amount of runoff,
surficial soil and the relative percentage of
agricultural area. GW as a partial source of
NO, loading to the river cannot be excluded
due to the lack of GW samples from the River
Yléneenjoki area. From the variables of the GW—
SW component, calcium had a local source in
the glacioftuvial and glaciolacustrine sediments
of the Virttaankangas complex as dispersed, fine-
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Figure 10. (a) Piper diagram for GW, LW,
lake-shore water, well water and DGW
samples taken with mini-piezometers and
seepage meters in Lake Pyhajarvi catchment
from 2009 to 2012. (b) Piper diagram for

RW, GW, spring water and stream water
samples in Lake Pyhajarvi catchment from
2009 to 2012. Reprinted with permission from
Springer (1lI).



grained calcite (Kortelainen et al. 2007).

5.3.3. Stable isotopes (I, Ill & 1V)

There were considerable differences in the mean
0180, oD and d-excess values between differ-
ent water types and among the rivers in studied
catchments (Tables 1-3). The measured mean
0"0 and oD of springs, GW and well waters
from GW intake plants were mainly in close
agreement with the previous studies of Korte-
lainen & Karhu (2004) (Table 1).

The studied rivers displayed significant dif-
ferences in the stable isotope composition (Fig.
11, Table 1) and the ranked order of the mean
080 and 0D values of rivers from the most en-
riched to the least enriched varied during the
seasons (Fig. 11, Table 2). The stable isotope
composition of the majority of the world’s main
rivers falls along the global meteoric water line
(GMWL) (Rozanski et al. 2001). Most RW iso-
tope values fell along the LMWL, indicating that
RWs had not been influenced by evaporation
(Fig. 11). The GMWL has a d-excess value of
10 %o (Merlivat & Jouzel, 1979), and d-excess
values significantly below the global average of
10 %o indicate evaporation, since falling as pre-
cipitation (Kendall & Coplen, 2001). Approxi-
mately 14% (n = 36) of the RW samples fell
5%o or more below GMWL; these samples were
mostly collected from the Rivers Keravanjoki
and Tuusulanjoki.

Among the studied rivers, the stable isotope
composition of Rivers Herajoki and Pyhédjoki
plotted along the LMWL (Fig. 11), with a sta-
ble isotope composition close to the GW com-
position, indicating GW as a source component,
and the d-excess values indicated the smallest
evaporation effects regardless of the season (Ta-
bles 1-3). In the Lake Pyhéjérvi catchment, the
isotope composition of the two inflowing riv-

ers differed more in the low flow-season than
yearly (Fig. 12).

The 60 and 0D values of Rivers Keravan-
joki and Tuusulanjoki were significantly dis-
placed to the right of the LMWL (Fig. 11). The
more evaporated 0'%0, dD and d-excess values
of Rivers Keravanjoki and Tuusulanjoki could
be due to the supplementary water, the existence
of headwater lakes and the dams along the riv-
er path. The Lake Pdijanne water, used both as
supplementary water and infiltration water (artifi-
cial GW plant/pond infiltration), has significantly
evaporated 00, 0D and d-excess values (Table
1, infiltration water). Supplementary water was
released into the Rivers Keravanjoki and Tuusu-
lanjoki via the headwater lakes to sustain a suf-
ficient river flow and water quality in the river
channel during the summer months (Vahtera etal.
2012). The largest differences between the low-
flow season and yearly values were observed in
the Rivers Keravanjoki and Palojoki (Tables 1
and 2, Fig. 12). Inthe River Keravanjoki, this was
most probably connected to the supplementary
water, whereas in the River Palojoki, the isoto-
pic enrichment of RW was probably connected
to the discharging of infiltration water during
the low-flow season as the RW levels declined.

In this study, the minimum and maximum
00 and 0D values of RW occurred in spring
and in late summer, respectively, but the
magnitude of the variation varied (Fig. 12).
The results are consistent with the systematics
of seasonal variation observed in temperate
rivers (Rozanski 2001). In general, seasonal
variation in the stable isotope composition
of rivers follows the mean weighted monthly
composition of precipitation, but is attenuated
and with a time-lag. In studied rivers, the results
represent 15-months and 8-months time period
in Lake Pyhédjérvi catchment and River Vantaa
catchment, respectively. It should be noticed that
the isotope composition of precipitation varies
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from year to year (Kortelainen & Karhu 2004)
and, therefore, the stable isotope composition of
rivers and the seasonal systematics can vary from
year to year.

The proportion of the GW component varied
between 4% and 99% in lake-shore water, and
the water from the wells of the Lohiluoma water-
intake plant was predominantly LW based on
mass balance calculations of ¢'20.

5.3.4. Dissolved silica (Il & V)

Significant differences in DSi concentrations
were recorded between different water types and
among the rivers (Tables 1-3). The measured
mean DSi values of springs, GW and well
waters were slightly higher than in Finnish
dug wells in general (Lahermo et al. 2002),
except for the Myllyldhde and Kankaanranta
springs in the Lake Pyhéjarvi catchment (Table
1). The mean DSi concentration in LW was
relatively low compared with Finnish LWs in
general (Lahermo et al. 1996, range from 0.94
to 4.70 ppm). The observed seasonal variation
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represented the normal pattern of silicon cycling
in temperate lakes (e.g. Neal et al. 2005, Noges
et al. 2008) (Fig. 13). Eutrophication-associated
nutrient enrichment can additionally lower DSi
concentrations (Conley et al. 1993). In the
productive lakes, 80-90% of the available silicon
is removed as a result of uptake by diatoms, and
the seasonal variations are smaller (Neal et al.
2005). The River Pyhéjoki had a higher mean
DSi concentration and a smaller range of values
than the River Ylaneenjoki (Table 1, Fig. 13),
which was consistent with results for stable
isotopes. The LW was the main component
in the Lohiluoma intake-plant wells, based on
mass balance calculations of DSi values as well
as 0'%0. Lake-shore water displayed the same
dynamics for DS as for 6'*0 and oD values.
Inthe Rivers Pyhéjoki, Yléneenjoki, Herajoki
and Lepsédmaénjoki (only low-flow sampling), the
observed DSi concentrations were somewhat
higher than in Finnish streams in general (range
from 0.80 to 6.86 ppm, mean 3.62 ppm,n= 1162,
Lahermo et al. 1996), suggesting a greater GW
component than typically. The Rivers Pyhdjoki
and Ylineenjoki showed systematic variations in

-15 -13 -11

5180, (%o, VSMOW)

@ R. Pyhdjoki o R. Ylaneenjoki

@ R. Tuusulanjoki 4 R. Keravanjoki

O R. Vantaa
¢ R. Herajoki

= R. Palojoki
A R. Lepsamanjoki

Figure 11. The 6'0 and dD values in the studied rivers in Lake Pyhajarvi and River Vantaa catchments. The data
are shown against the local meteoric water line (LMWL) (6D = 7.67 5'0 + 5.79%o) defined by Kortelainen (2007).
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the DSi concentration as a function of flow, with
higher concentrations under baseflow conditions
and the lowest concentrations in the high flow
season, which agreed with previous studies (e.g.
Scanlon et al. 2001, Neal et al. 2005, Noges et
al. 2008) (Fig. 8 in Paper III).

In the River Vantaa catchment, the rivers
showed considerable variation in DSi systematics
during the seasons (Fig. 13). Only the Rivers
Herajoki and Palojoki showed a distinct drop in
DSi concentrations during the high-flow season
in spring (Fig. 13). Apart from River Herajoki,
the rivers had low DSi concentrations in the
River Vantaa catchment during the summer
months (Fig. 13). The DSi-poor supplementary
and infiltration water (Table 1) could lower the
DSi concentrations in the Rivers Keravanjoki,
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Ylaneenjoki, Lake Pyhajarvi and springs
(Myllylahde and Kankaanranta springs).

Tuusulanjoki and Palojoki. The supplementary
water release period is contemporaneous
with lower DSi concentrations in the Rivers
Keravanjoki and Tuusulanjoki. The lowest
DSi concentrations in the River Tuusulanjoki
among the all studied rivers could be related to
the headwater lake, eutrophication-associated
nutrient enrichment, supplementary water and
a smaller GW contribution.
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6. Discussion

6.1. Ubiquity of groundwater—
surface water exchange in
the boreal environment

The large numbers of thermal anomalies in
the River Vantaa and its tributaries highlighted
the commonness of GW discharge sites at the
catchment scale, and the longitudinal temperature
profiles also reflected the considerable spatial
variability and dynamic nature of GW-—
SW exchange. These findings are supported
by previous studies that have addressed the
commonness of GW—SW exchange in different
environments, the complexity of this interaction
and the need to consider the resources as a single
resource (e.g. Winter et al. 1998, Winter et al.

DSi, LW (ppm)

Figure 13. (a) Seasonal variation DSi concentrations
in GW and in the Rivers Herajoki, Vantaa,
Keravanjoki, Palojoki and Tuusulanjoki. (b) Seasonal
variation DSi concentrations in the Rivers Pyhajoki
and Ylaneenjoki and Lake Pyhajarvi.

2003, Rosenberry & LaBaugh 2008).
Thelongitudinal thermal profiles of the Rivers
Keravanjoki and Vantaa in consecutive summers
revealed differences in the absolute temperatures,
being higherin 2010, which is possibly explained
by the exceptionally warm July in 2010 (Figs
Sa, ¢ in Paper IV) (Korhonen & Haavalammi
2012). However, the overall thermal patterns and
amplitudes were similar in the consecutive years,
which indicated that the cool and warm water
sources mainly had spatially fixed locations in the
Rivers Vantaa and Keravanjoki. These findings
are in close agreement with earlier studies
by Faux et al. (2001) and Cristea & Burges
(2009). Previously, Cristea & Burges (2009)
reported similar findings on the connection
between elevated RW and air temperature.
Additionally, they noted that differences in
headwater conditions, precipitation, and main
channel and tributary flow rates can influence
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the magnitude of the longitudinal thermal profile.
Longitudinal thermal profiles along the stream
can provide valuable insights into the causative
factors behind the observed stream temperatures
or temporal changes. The stream temperature is
an important parameter in aquatic management
(Poole & Berman 2001, Stonestrom & Constantz
2003), and the fundamental role of temperature in
the health of rivers will be highlighted in future,
as the predicted climate change will also increase
the temperature of SW bodies (Graham & Harrod
2009, Dugdale et al. 2015).

Considerably strong vertical thermal strati-
fication was observed during the field studies
at study sites in the Rivers Vantaa (17 °C) and
Palojoki (13.4 °C). These subsurface GW con-
tributions to the rivers were not seen from AIR
data. This is a well-known limitation of the tech-
nique, as thermal infrared (TIR) detects the sur-
ficial temperatures (“‘skin” layer < 0.1 mm), and
only substantial subsurface GW contributions to
SW bodies that reach the surface can therefore be
detected (Torgersen etal. 2001). Thermal stratifi-
cation can be an outcome of subsurface prefen-
tial GW flow, the influx of cold water (sinking
down by the river bank) and retention of cold
and dense water at the bottom of the river chan-
nel pools during low river flow rates (Matthews
et al. 1994, Nielsen et al. 1994), and can lead
to underestimation of GW contributions to the
river (Faux et al. 2001, Torgersen et al. 2001).
Strong thermal stratification has previously been
observed in considerably deeper river sections or
pools (depth > 3m, Nielsen et al. 1994; depth >
4.5 m, Matthews et al. 1994). The shallowness
(depth < 2m) of the strongly thermally strati-
fied river sections in this study was exception-
al. This observed stratification at the field study
sites supports the existence of such “hidden” GW
discharge sites elsewhere in the surveyed rivers.
However, thermal stratification does not exist ev-
erywhere, and moreover, dams, channel geom-
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etry changes, meander bends and rapids can dis-
rupt the stratification, as seen in thermal mosaic
images (Fig. 14). This is also supported by the
findings of Wawrzyniak et al. (2012) concerning
the breakdown of thermal stratification down-
stream of dams. However, AIR results should
be considered as a minimum estimation of the
amount of GW discharge in the studied rivers.

In the Lake Pyhéjarvi catchment, the results
from winter mapping, seepage measurements and
chemical tracers indicated that the GW discharge
into the lake was focused on the NE shoreline,
where the esker deposits enhanced the GW
discharge. The results from AIR surveys showed
that the observed springs (category one) were
mostly connected to sorted Quaternary deposits
in the River Vantaa catchment. According to
Winter et al. (1998), the GW—SW interaction is
most commonly connected to shallow aquifers.
Extending the assessment outside the two studied
catchments, it is realistic to assume the GW—
SW exchange to be a common phenomenon, as
esker aquifers are abundant in the Fennoscandia
(Svendsen et al. 2004). Moreover, in northern
Finland, there are coarse-grained braided rivers
in which the GW contribution to the river
flow from shallow aquifers can be substantial
(Salonen et al. 2014).

The ubiquity and high spatial variability of
GW—-SW interaction is a challenge to researchers
and environmental agencies. In Finland, the GW
component of many existing hydrological mod-
els will need to be updated, as the GW component
has previously been neglected or estimated as a
residual component. In general, watershed plan-
ning as well as water resource and supply man-
agement needs a more integrated management
approach. In Finland, these types of systematic
catchment scale GW—SW interaction studies are
necessary from the perspective of water supply
management and the vulnerability of water sup-
plies. However, this is restricted by the limited
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Figure 14. Example mosaic thermal images illustrating the breakdown of vertical thermal stratification downstream
of (a, b) rapids in River Vantaa, (c) a dam in River Keravanjoki and (d) a meander bend in River Keravanjoki

knowledge of GW—SW interactions, their com-
plexity and difficulties in defining the proper-
ties and dimensions of underlying GW systems
(Winter et al. 2003).

6.2. Applicability of the used
methods in snow-type catchments

The selection of the research method or methods
has been reported as one of the most important
decisions to be made when studying GW—
SW exchange (Kalbus et al. 2006, Rosenberry
& LaBaugh 2008). The results of this study
supported this view, as the applicability of
different methods was compared (Table 4).
The functionality of the selected method was
an outcome of several factors and was not

necessarily predictable. Each method has
advantages and disadvantages, and the selected
method will usually be a compromise, because
it is not possible to anticipate all situations in the
complex natural environment.

The scale of the research area and research
question will determine the appropriate
methods for a specific study site. Detailed field
measurements (e.g. seepage meter measurements,
sediment temperature measurements) are time,
labour and cost intensive if the research area is
large and/or the target is a spatially-distributed
estimation of the seepage flux or temperatures.
Moreover, it should be noted that GW—SW
exchange is temporally variable and the results
obtained describe the situation only at that
specifictime (T6th 1963, Rosenberry & LaBaugh
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Table 4. The summary table of the used methods in studied boreal catchments and their scale, environments,

applicability and limitations.

Method Scale Environment Applicability Main limitation
Winter mapping Local Lake Good Narrow time window
Temperature :
in-situ measurements Local Lakef/river Good Small areal coverage
AIR Local/catchment Lake/river Good Only surficial
temperatures

Mini-piezometers Local Lakef/river Good Small areal coverage
Seepage meters Local Lake Good Small areal coverage

; Good in lake/ End member composition
EC Local Lake/river Complex in rivers  variability
Main chemistry Local/catchment Lake/river Limited Non-conservative

. : Good in lake/ -

Stable isotopes Local/catchment Lake/river Cg%pllgxai‘n?ivers End member composition
DSi Local/catchment Lake/river Limited GW end member

variability

2008). With labour-intensive field methods, the
simultaneity of measurements can be difficult
or impossible to accomplish, which can produce
inconsistency in the results and uncertainty in
the interpretations. AIR surveys and chemical as
well as isotopic tracers can provide catchment-
scale data on the systematics of the watershed. It
is inevitable that some detailed information will
be lost at the expense of better areal coverage.
The ideal research design would begin with
larger scale methods (AIR), which would
identify and highlight the GW discharge sites
and direct more detailed studies, such as seepage
flux measurements and sampling, to the most
relevant locations.

The multi-method approach to identify,
verify and quantify the exchange between GW
and SW used in this investigation increased the
reliability of the results and the confidence in
the obtained results, as the results from different
methods supported each other. The benefits of the
multi-method approach have been acknowledged
in many previous GW—SW interaction studies
(e.g. Rosenberry & LaBaugh 2008, Kidmose et
al. 2011, Conant et al. 2012). This is especially
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true for catchment-scale studies, in which the
variability in the environment, circumstances and
types of GW—SW exchange (GW/LW, GW/RW,
GW/wetland) is a challenge and several methods
have to be applied to reduce the uncertainty in
the results.

Winter mapping revealed a large number of
springs and possible GW discharge sites further
from the shoreline (weak and wet ice) (Fig. 7),
which was a simple and rapid method to identify
GW discharge into the lake. Similar thawing
patterns of ice-covered lakes have observed in
Shingobee Lake (Rosenberry et al. 2000) and in
Lake Veng (Kidmose et al. 2013). The method
proved to be useful and correlated with other
methods (chemical tracers, mini-piezometers,
seepage meters) to locate the GW discharge
zones. However the applicability is limited to
early spring for ice-covered lakes, as in mid-
winter only the GW discharge sites with the
highest fluxes were without an ice-cover. The
practical implications and success are highly
dependent on the prevailing weather conditions.
In riverine environment, the winter mapping is
complicated by the river flow, and caution should



take when interpreting the results.

AIR was found to be a time- and costs-
effective method to study GW—SW interaction
at the catchment scale, supporting many previous
studies using TIR (Torgersen etal. 2001, Loheide
& Gorelick 2006, Davis 2007, Loheide &
Deitchman 2009). AIR gave an overview of the
GW discharge with a good ground resolution
from 0.15 m to 0.5 m (Fig. 15). The surveys
were conducted in summer, when the maximum
difference between GW and SW existed. This
has also been a common practice in previous
studies (Faux et al. 2001, Torgersen et al. 2001,
Loheide & Gorelick 2006, Cristea & Burges
2009, Dugdale et al. 2015), but some studies
have conducted AIR surveys additionally or
only in winter (Loheide & Deitchman 2009).
In Finland, winter AIR surveys would benefit
from the scarce vegetation and GW upwelling,
but would simultaneously be complicated by the
small temperature difference between the GW
and SW. The method is limited to areas without
a dense canopy, as the method requires “visual”
contact with the target (Torgersen et al. 2001).
The AIR is further limited by that it measure
only the temperature of “skin” layer and only
the GW discharge zones are located.

Although AIR surveys are rapid, including
the reference measurements, the post-
processing of AIR data can be time-consuming
and knowledge of the IR camera, flight
conditions, atmospheric variables, reflections
and properties of the surveyed water body is
needed. The classification of AIR anomalies can
be complicated due to the complex appearance
and nature of the anomalies, as well as the
selection of classification variable(s), which
can lead to different types of classifications and
interpretations. Moreover, the flight conditions
(full cloud cover/cloudless/half cloudy) can have
a major influence on the time needed in post-
processing.

Recent studies have shown the good
applicability and large areal coverage of TIR
combined with spatial analysis of landscape
variables to provide a very effective tool (Dugdale
et al. 2015). AIR could potentially be used to
localize and classify GDEs, as the method gives
the temperature data, shape, size and location of
the anomaly. AIR can potentially be used more
extensively in environmental monitoring, such as
in supporting the management of SW and GW in
mining areas (e.g. Sams & Veloski 2003, Salonen
etal. 2014), finding sources of thermal pollutants,
as well as planning and updating hydrological
models (Danielescu et al. 2009). AIR can be part
of the preliminary vulnerability assessment of
water intake plants located in the proximity of
SW bodies. This aspect could be emphasized in
the future, as flooding will increase according to
the climate predictions (Veijalainen et al. 2009,
Veijalainen et al. 2010).

The mini-piezometers and seepage meters
could be used locally to identify the GW
discharge and recharge zones. Additionally, these
devices could be used to sample DGW in Lake
Pyhdjérvi catchment and seepage meters could
be used to measure the DGW fluxes. However,
mini-piezometers and seepage meters were
time consuming to install and the geological
substrate (very fine or very coarse material)
prevented the use of seepage meters and mini-
piezometers (hand-driven), as the devices were
practically impossible to install into the very hard
substrate at some locations in Lake Pyh&jarvi,
and other methods such as stable isotopes and
winter mapping were needed to verify the GW—
SW exchange. In River Vantaa catchment, the
mini-piezometers and seepage meters were not
used due to the too strong upward hydraulic
gradient (River Palojoki) and deep water (Rivers
Keravanjoki and Vantaa).

EC was applicable in both study catchments
due to the sufficient difference between the EC
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Figure 15. Thermal mosaic images and example photos illustrating the resolution of AIR from Hyvinkaankyla in the
River Vantaa catchment. Reprinted with permission from Vesitalous.

values of GW and SW (Fig. 9). These findings
concerning the applicability of EC are consistent
with previous studies (Lee 1985, Vanek & Lee
1991, Harvey et al. 1997) However, in the river
systems, EC values ranged more spatiotemporally
due to variable load from sewage treatment plants
and urban areas, including residues of purified
waste water and deicing chemicals (Vahtera et al.
2014). Therefore, the use of EC as a GW—RW
interaction tracer was not as straightforward as it
was in GW—LW interaction studies due to rather
constant EC value on LW during the survey.

In Lake Pyhédjarvi, stable isotopes were
applicable to identify and verify the contribution
of GW to the lake and LW infiltration to the
intake wells due to the strongly evaporated LW.
Many previous studies (e.g. Hunt et al. 2005,
Kortelainen & Karhu 2006) have used mass
balance calculations to define the proportions of
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different water types, and the method works well
in a binary system with a sufficient difference
in end-member composition. The stable isotopes
seemed to be the most applicable variables in
estimating the GW—LW interaction of the study
area in a binary systems (Lake Pyh#jarvi/GW,
Lake Piijdnne water as supplementary and
infiltration water/GW, LW/wells). In general,
some estimation of the magnitude of GW
contributions in the rivers could be made, but
stable isotopes were not used in the mass balance
calculations of the proportion of GW in RW,
because precipitation and shallow GW have a
similar isotopic composition. The stable isotope
method could benefit sampling the precipitation
locally as well as denser sampling during the
study. The strongly evaporated d-excess values
as well as the evaporated 6'°0 and oD values
revealed the supplementary and infiltration



water (Lake Péijénne water) contributions to the
Rivers Keravanjoki, Palojoki and Tuusulanjoki
during the low-flow season (Table 2). During
the supplementary water release, the River
Keravanjoki deviated strongly from the more
natural Rivers Herajoki and Vantaa, and after
closing the supplementary water release, the
d-excess, 0'*0 and oD as well as DSi values
returned to more natural levels. The River
Tuusulanjoki had the same systematics, but
with a lower amplitude, as the DSi level is
lower throughout the year. Because of the
supplementary water release, the use of stable
isotopes and DSi as a GW tracer was limited in
the River Vantaa catchment. The usability of DSi
as a GW tracer was limited by the variability in
the GW end member concentrations (Fig. 13),
and use of the DSi as a GW tracer would benefit
from the spatiotemporally denser sampling of
GW end members. DSi has the potential to be a
GW-SW tracer in the river environment, where
stable isotopes can be difficult to use. However,
the biological uptake processes (particularly at
the low flow river sections, Conley et al. 2000)
will affect the DSi concentrations during spring
and summer, and should be acknowledged in
interpretations (Hurley et al. 1984, Neal et al.
2005). In this work, the results of stable isotope
compositions were mainly consistent with the
DSi concentrations, as higher DSi concentrations
appeared coincident with a stable isotope
composition typical of the GW.

6.3. Vulnerability of the water supply

Water quality (NO,-NO,-N, dissolved organic
carbon (DOC), turbidity) was monitored in order
to identify risk of transport of contaminants
into drinking water production wells through
RW infiltration to investigate the potential RW
infiltration into the production wells (S::can

sensors) at four study sites at one hour intervals
during the springtime maximum river flow
period in 2012 (Paper IV).

There were two peaks in the River Vantaa
(Hyvinkaankyla study site) water level during
monitoring period when RW rise and slight
increase in DOC levels was detected in a
production well within 2—-5 days after RW level
rise above the GW level (Paper IV, Fig. 8).
Results of water quality monitoring revealed
that in the GW—RW interaction areas transport
of pathogens or recalcitrant contaminants pose
a risk to safe drinking water production during
the maximum river flow periods. Based on the
results of this research potential GW quality
deterioration during peak-flow periods has
been acknowledged at several water plants and
the intensified monitoring of GW quality and
hydraulic heads have been considered.

In the River Vantaa catchment, there are 12
municipal water intake plants in close proximity
to the studied main river channels and close to
the GW discharge sites identified in this study
(Fig. 4 in Paper IV). These municipal water in-
take plants have a potential risk of water qual-
ity deterioration both via overland flows entering
the wells and by RW bank infiltration into the
aquifer during floods and heavy rain. The high
pumping rates of the abstraction wells close to
the SW bodies can also introduce possible con-
tamination via SW infiltration during low-flow
conditions. The GW—SW exchange is an essen-
tial factor affecting the water quality in municipal
water intake wells in shallow aquifers, where a
hydraulic connection between the SW body and
the aquifer exists, as shown in previous studies
(e.g. Boyd 2000, Borchardt et al. 2004). In the
River Vantaa catchment, a summer flood in 2004
resulted in water quality problems at two ma-
jor GW intake plants (Suhonen & Rantakokko,
2006), as well as the contamination of several
GW wells (Silander et al. 2006). Nutrients (nitrate
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and phosphate) and faecal contamination (human
sewage or animal sources) are the main causes
of lowered water quality in the River Vantaa and
its tributaries (Vahtera et al. 2014).

This research demonstrated that DGW could
have locally effects on LW quality in the shore
water of Lake Pyhdjarvi connected to esker
deposits, as the proportion of the GW component
in the lake-shore water varied between 4% and
99%. Moreover, the GW input could also be seen
in RW quality at the observed discharge sites
in the River Vantaa catchment. Therefore, these
GW discharge sites could be more important
for water quality and quantity than has thus far
been acknowledged. Hayashi and Rosenberry
(2002) reported that a relatively small net GW
component might have a significant role locally.

Climate change is predicted to result in an
increasing frequency of floods (Veijalainen et
al. 2009, Veijalainen et al. 2010), which could
increase the vulnerability of water intake plants
located in proximity to main stream channels
to contamination. The climate change will
affect water quality and quantity issues in
municipal waterworks in the future via extreme
precipitation events and floods, waterborne
epidemics, droughts, temperature changes,
storms and thunderstorms and land use changes
(Vienonen et al. 2012). The identification and
localization of GW—SW interaction sites (as
potential risks sites) would enable precautionary
water management activities (e.g. reducing the
water volume pumped from production wells
nearest the river channel/lake shore in the most
critical period when the RW/LW level is high/
SW quality is poor) and prevent a deterioration
in GW quality at pumping wells.

Land use practices and changes in them
will also affect the flooding sensitivity of the
catchment among the other variables (percentage
cover of lakes, soil type, vegetation, artificial
surfaces).
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7. Conclusions

This study revealed that GW—SW interactions
are far more common in the Lake Pyhéjéarvi and
River Vantaa catchments than has thus far been
acknowledged, and these two resources should
be integrated as one entity in hydrological studies.

AIR was found to be an applicable method to
identify thermal anomalies and possible areas of
GW discharge across the river basin and to collect
spatially continuous patterns of RW temperatures
in entire river sections over a short period of time.
Furthermore, AIR can also direct water sampling
and further investigations to the relevant GW—
RW interaction locations.

Thermal stratification can bias interpretation
of AIR results, leading to an underestimation of
the extent and magnitude of GW—RW interaction.
The longitudinal temperature profiles displayed
considerable spatial variability both within and
among the rivers.

The most comprehensive and reliable
research results were achieved with the multi-
method approach applied at multiple scales.

The baseline data on isotopic patterns and
hydrogeochemistry in the hydrological cycle
were provided by a one-year monitoring survey
in the Lake Pyhédjérvi catchment and narrower
baseline data on the effect of strong seasonality
on stable isotopes and DSi concentrations was
provided from the River Vantaa catchment. This
research revealed considerable variation in stable
isotope and DSi concentrations of the studied
rivers.

In snow-type catchment, the evaluation of
GW-SW interaction needs temporally frequent
sampling in order to estimate the magnitude
of seasonal systematics in tracer patterns.
Samples taken during the spring thaw and
high-precipitation events could be problematic
in terms of both sampling and interpretation of



the results. The identified interaction locations
in the proximity of 13 municipal water intake
plants in the studied catchments during the low-
flow seasons should be considered as potential
risk areas for water supply during flood periods
and/or with high pumping rates and taken under
consideration in water resources management
under changing climatic situations. Climate
change is predicted to result in an increase in
flood frequency and SW temperatures, which
could increase the vulnerability to contamination
of water intake plants located in proximity to
main stream channels due to the RW. More
integrated water resource management practices
are needed to secure the water supply and sustain
the biodiversity of GDE:s in the future.
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