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Svensk sammanfattning

Vattenforvaltning i Sverige och EU organiseras numera, i enlighet med EUs Ramdirektiv for
vatten (2000/60/EC), i allt stérre utstrackning efter avrinningsomraden. For att skydda
vattenresurserna i ett avrinningsomrade fran férorening maste vi ofta ta hansyn till ett flertal
befintliga fororeningskallor, sdsom industrier, avfallsdeponier och jordbruksomraden. Vi bor
ocksa ta hansyn till risken for framtida fororeningsutslépp till foljd av olyckor (t.ex. brander
och spillolyckor med farligt gods). Fran alla befintliga fororeningskallor och tankbara
framtida fororeningsolycksplatser i ett avrinningsomrade kan vattenburna dmnen transporteras
genom vattensystemen och darmed hota vattenkvalitén i nedstroms grundvattentakter, sjoar,
vattendrag och kustomraden.

Huvudsyftet med detta projekt, samt med den licentiatavhandling och publicerade
vetenskapliga artiklar som utgdr projektets slutrapportering, var att undersoka hur en
modelleringsmetodik baserad pa tiderna for vattentransport, som tidigare utvecklats och
anvants framst for att berakna fororeningstransport i grundvatten, kan anvéndas for att aven
uppskatta spridning av vattenburna féroreningar och féroreningsrisker genom hela
avrinningsomraden. Vi har dven sarskilt undersokt de osakerheter som ar forknippade med att
anvanda metoden pa avrinningsomradesskala.

Resultaten fran studien visar att denna vattentransportidsbaserade metodik &r val anvandbar
for att uppskatta den andel av ett fororeningsutslapp som kan na en nedstréms vattenrecipient
(som en flod, en sjo, eller kustvatten) fran olika fororeningskallor i ett avrinningsomrade,
saval som sannolikheten att 6verskrida givna riktvarden for féroreningar vid recipienten. Vi
demonstrerar ocksa hur man genom en scenarioanalys kan undersoka effekter av olika
osakerheter, till exempel kring karakteriseringen av fororeningskéllan och markens
heterogenitet. Resultaten fran studien visar att i manga fall har dessa, vanligtvis stora
osakerheter inte en avgdrande betydelse for om féroreningsrisken ar acceptabel eller inte.
Inom ett kritiskt intervall for forhallandet mellan en fororenings nedbrytningshastighet och
dess genomsnittliga transporttid med vattnet till recipienten kan emellertid osékerheterna ha
mycket stor inverkan pa fororeningsriskbedomningen. Detta kritiska parameterintervall visar
for vilka typer av fororeningar och rddande mark- och vattenforhallanden som mer
platsspecifik information behdvs for relevant uppskattning av fororeningsrisk. Intervallet kan i
forebyggande syfte identifieras for olika féroreningar och platser genom den i studien
vidareutvecklade och foreslagna metodiken for spridningsmodellering och scenarioanalys.

Denna slutrapport utgors av Klas Perssons licentiatavhandling, som i sin tur bestar av en
sammanfattningsdel och tva publicerade artiklar. Studien som ligger till grund for rapporten
har finansierats av Myndigheten for samhallsskydd och beredskap (MSB), med
finansieringsbidrag aven fran Svensk Karnbranslehantering AB (SKB).






Abstract

Water quality management on hydrological catchment scales, as is for instance required by
the EU Water Framework Directive (2000/60/EC), will generally have to consider
groundwater and surface water transport of pollutants and nutrients from various local and
diffuse sources (e.g. industrial plants, waste water treatment plants, agricultural areas and
waste deposits) to recipient surface and coastal waters. In addition, water managers must plan
for the risk of future accidental release of pollutants, for instance due to fires (fire fighting
wastewater may be heavily polluted) and accidents involving dangerous goods.

In this thesis, | investigate the possibility and applicability of using a solute travel time
based approach for quantifying the propagation of water pollution and associated water
pollution risk through groundwater to surface water and through the linked groundwater and
surface water systems of entire hydrological catchments. Furthermore, | investigate some
main uncertainties associated with this quantification. The results show that this modelling
approach can be readily used to quantify the mass delivery fractions from different pollutant
sources to sensitive surface water recipients in a catchment and the resulting probability of
exceeding given environmental or health risk based maximum pollution levels at the
boundaries of these recipients. Moreover, the results show how the advective travel time
based modelling approach can be combined with a scenario analysis approach to account also
for uncertainties that are not statistically quantifiable about the advective travel time
distribution, the pollutant input and the pollutant attenuation rates. The scenario analysis
approach identifies, for any given water pollution situation in a catchment, the critical range
of the relation between the average time-scales of advective transport and mass attenuation,
within which these uncertainties may considerably affect modelled pollutant levels and
associated risk of water pollution at the boundary of a surface water recipient of special
environmental concern. Outside this range, assessment of pollution risk may be unambiguous
even under large such quantification uncertainties.
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1. Introduction

1.1. General problem description

In recent years, there has been a growing awareness of the importance of water quality
management at the scale of entire drainage basins. For instance, the EU Water Framework
Directive (WFD; European Commission 2000) requires catchment-scale water management
for achieving and maintaining good physical, chemical and ecological status in all the waters
of the EU member states. To fulfil that requirement, water quality management within
drainage basins will generally have to consider groundwater and surface water transport of
pollutants and nutrients from various local and/or diffuse sources (e.g. industrial plants, waste
water treatment plants, agricultural areas and waste deposits). In addition, water managers
must plan for the risk of future accidental release of contaminants, fires (fire fighting
wastewater may be heavily polluted) and accidents involving dangerous goods.

Figure 1 illustrates a typical water pollution situation with various present or potential future
sources of pollutants of different spatial extents at a number of locations within a catchment
area (hypothetical pollutant sources are marked as black fields on the map). Some of the
pollutants released from these sources may dissolve quickly in the water, whereas others may
leak during a long period of time. Even after abatement and restoration measures have been
taken, some pollutant fraction may reach the groundwater table below or within a pollutant
source zone. From the source zone, pollutants may subsequently be transported by the
groundwater into the nearest surface water body, and then further through the stream network
towards some downstream surface water recipient (which in the example shown in Figure 1 is
a stretch of coastal waters).

Surface water pollution risk includes the environmental and health consequences of
different levels of pollution, in conjunction with the likelihood or probability that these
pollution levels will occur. In this study, the focus is on the latter component of the total risk
assessment problem, whereas the former component (ecosystem and health consequences
associated with different water pollution levels) is considered in terms of maximum pollution
levels that may be allowed by society and targeted by water quality management and
pollution abatement. Such levels should be established by water quality regulation and water
management plans, for instance based on toxicological studies.

The level of water pollution can be quantified as concentrations, mass flow rates, or as the
total cumulative pollutant mass load from a pollutant source to a recipient. The fraction of the
pollutant mass input at the source that eventually reaches a downstream recipient of special
environmental concern will in the following be referred to as the mass delivery fraction.
Estimates of mass delivery fractions for each pollutant source in a catchment indicate which
sources have the greatest impact on a certain recipient, and, consequently, where pollution
reduction measures are most needed (Darracq and Destouni 2005, Baresel et al. 2006). If the
mass input is constant over time, the mass delivery fraction represents the steady-state mass
flow rate into the recipient relative to the mass input rate. If the mass input varies in time, the
mass delivery fraction is time-dependent, and its definition must include a time specification
or, alternatively, only refer to the total cumulative pollutant mass loading to the recipient
relative to the total cumulative pollutant mass input at the source.

To quantify mass delivery fractions for different sources of water pollution upstream of a
surface water recipient, and the resulting future pollutant concentration, mass flow rate and
cumulative mass load at the recipient boundary, we need to model the pollutant transport and
mass exchange that takes place along the transport pathways from the sources to the recipient.
However, such modelling and its pollution level predictions are associated with uncertainty
that needs to be accounted for. Most model parameters are impossible to determine precisely
due to large and irregular variability in time and space (O’Hagan and Oakley 2004). In



addition, even the site-specific information that could in principle be obtainable is commonly
not available, and there is also uncertainty about whether the model representation of the
dominant pollutant transport processes is adequate given the modelling purpose (e.g.
Kavanaugh et al. 2003, Beven 2006, Baresel and Destouni 2007).

Figure 1. lllustration of a typical water pollution situation in a catchment area. Within a
catchment area, like the Swedish coastal catchment area of Forsmark, which is here used as
our illustration example, there may be various present or potential future sources of
pollutants (the hypothetical sources that are here marked as black fields in the Forsmark
catchment area example) from which contaminants may be transported by groundwater
(green arrows) into the nearest inland surface water body, and then by surface water (red
arrows) in the stream network towards a surface water recipient downstream of the
catchment area.

In the typical situation of waterborne pollutant transport illustrated in Figure 1, one
important aim should be to guarantee good water quality in the different surface water
systems of the catchment area. As mentioned above, at the nearest groundwater—surface water
boundary downstream of each source of water pollution, environmental or health risk based
threshold values of pollutant concentration, mass flow rate or total mass load may be given
from an independent toxicological assessment of the environmental and health consequences
that are associated with different pollutant exposure levels in the surface water systems.
Because the mass transport of any compound through the water systems is spatially variable
at small and large scales (Dagan 1989, Rubin 2003), pollutant concentrations, mass flow rates
and total mass loads at a groundwater—surface water boundary will vary in time and space. As



a result, the probability of a threshold pollution level to be exceeded somewhere on the
groundwater—surface water boundary at some point in time may always be greater than zero
(Andersson and Destouni 2001). In this study, we investigate the possible quantification of
this exceedence probability, which constitutes an essential component of pollution risk
assessment in hydrological catchments. Furthermore, we explore the possible quantification
of mass delivery fractions. These fractions determine to large degree the catchment-scale
pollutant transport and mass loading to downstream recipients and may also constitute a
fundamental step of the exceedence probability quantification in water pollution risk
assessments.

1.2. Catchment-scale pollutant transport modelling based on distributions of advective
solute travel times

The purely physical, advective travel time of solute along an individual transport pathway
from any point of solute input to a given downstream recipient boundary depends on the
pathway length and the water velocity along that pathway. Due to the variability of transport
velocities and pathway lengths from different source input points to the recipient, and the
generally irregular character of aquifer heterogeneity, advective solute travel times through
the subsurface to the surface waters of a catchment will generally vary. The variability along
and among the different transport pathways from source to recipient includes both
deterministic and essentially random (Dagan 1989, Rubin 2003) components. With regard to
both components, the resulting total advective solute travel time variability may be
represented by a statistical distribution. This distribution is solute-independent because the
advection of any solute depends by definition only on the transport length and purely physical
hydraulic properties (hydraulic gradient, hydraulic conductivity, water content, porosity, etc.)
that determine the water flow in different water systems.

Quantification of the statistical distributions of advective solute travel times constitutes a
basic first step in a widely used approach to model solute transport in soil and groundwater
systems (Shapiro and Cvetkovic 1988, Cvetkovic et al. 1992, Destouni 1992, Cvetkovic and
Dagan 1994, Destouni and Graham 1995, Simmons et al. 1995, Andricevic and Cvetkovic
1996, Cvetkovic et al. 1996, Destouni and Graham 1997, Eriksson and Destouni 1997,
Graham et al. 1998, Yabusaki et al. 1998, Gupta et al. 1999, Kaluarachchi et al. 2000,
Andersson and Destouni 2001, Destouni et al. 2001, Foussereau et al. 2001, Tompson et al.
2002, Malmstrom et al. 2004). Once the solute-independent distribution of advective solute
travel times is computed, it can be coupled with relevant models of other transport, mass
transfer and reaction processes (such as hydrodynamic dispersion, diffusive mass transfer
between mobile and immobile water zones, sorption—desorption, biodegradation, and decay)
that may affect water pollution propagation from the sources within a catchment to the
downstream recipient. This coupling approach has been referred to as the Lagrangian
stochastic advective—reactive (LaSAR) modelling approach, and has recently been used to
model solute transport in the groundwater—surface water systems of entire catchments
(Lindgren et al. 2004, Lindgren and Destouni 2004, Botter et al. 2006, Rinaldo et al. 2006).

The relevant advective solute travel time distribution for entire catchments cannot be readily
determined experimentally (McGuire and McDonnell 2006). Its quantification at catchment
scales must often rely on available Geographic Information System (GIS) information and
data, such as soil and land use maps, from which hydraulic properties may be estimated. For
solute input distributed over entire catchment areas, results from previous studies (e.g. White
et al. 2004, McGuire et al. 2005, Woérman et al. 2007, Fiori and Russo 2008, Fiori et al. 2009)
have shown that the distribution of advective solute travel time to a given recipient may be
governed by the distribution of pathway lengths and gradients, rather than by the randomness
in flow velocity due to heterogeneity.



1.3. Objectives

The overall aim of this study is to investigate the possibility and applicability of using the
LaSAR approach, and its solute travel time basis, for quantifying the propagation of water
pollution and associated water pollution risk through groundwater to surface water and
through the linked groundwater and surface water systems of entire hydrological catchments.
More specific study objectives are to investigate how:

e pollutant mass delivery fractions and resulting probability of exceeding given
environmental or health risk based maximum pollution levels can be quantified with
the LaSAR modelling approach.

e different groundwater system characterisations and parameterisations affect estimated
catchment-scale advective travel time distributions and model results of pollutant
transport

e model results of pollutant mass transport and associated water pollution uncertainty
and risk in hydrological catchments are affected by uncertainty about the pollutant
mass input and biogeochemical attenuation along the different transport pathways to
sensitive recipients.

To address these objectives, Paper I in this thesis develops a LaSAR based methodology to
assess the probability of exceeding some given pollutant concentration limit or threshold at
the groundwater—surface water boundaries downstream of present and possible future
pollutant sources in hydrological catchments. In this LaSAR methodology development,
Paper | accounts for and investigates the modelled water pollution uncertainty that arises from
statistically quantifiable pollutant transport randomness, and from additional, not statistically
quantifiable uncertainty about the total pollutant release level, the advective travel time
variability (where necessary statistical input is unavailable), and the biogeochemical
attenuation rate along transport pathways.

In Paper 11 and some new extensions to Paper Il presented in this thesis summary, advective
solute travel time distributions for different groundwater system characterisations and
parameterisations are quantified for two specific Swedish catchment areas (Forsmark and
Norrstrdm) based on GIS data and hydrological modelling. The LaSAR modelling approach is
subsequently used in order to quantify solute mass transport in the two case study catchments.
As an extension of Papers I-Il, | also use the estimated advective travel time distributions for
the Forsmark catchment area (Paper 1) in the risk propagation methodology developed in
Paper | to further clarify the linkages between these two main thesis components.

2. Materials and methods

2.1. Case study areas

The sparsely populated 29.5 km? Forsmark catchment area drains to a stretch of the Baltic
Sea coast about 100 km north of Stockholm. Along this coastal stretch there are multiple
surface water outlets (streams and wetlands) as well as coastal catchment zones with mainly
groundwater flow to the coast. Forsmark is the main candidate site for the final repository of
nuclear waste in Sweden; thus the prevailing hydrological conditions in the area have been
extensively investigated in the past years (e.g. Johansson et al. 2005, SKB 2005, Werner et al.
2007), and uniquely high-resolved (10x10 m) measured and modelled geographic and
hydrological data is available (Jarsjo et al. 2007, 2008). The terrain is mildly undulating, and
elevations range from 0 to 50 m above sea level (Brydsten and Stromgren 2004). The depth to
the groundwater table is generally less than 1 m, and there is a strong correlation between



small-scale topography and groundwater level. The undulating landscape appears to generate
various small recharge areas of local groundwater flow systems (Werner et al. 2007).
Quaternary deposits dominated by till cover the bedrock in almost the entire area. Most
recharged groundwater can be expected to follow shallow flow paths in the quaternary
deposits or in the highly conductive quaternary deposits—bedrock interface, which normally is
located at a depth of less than 5 m (Johansson et al. 2005). Infiltration excess overland flow
may occur, but only over short distances (SKB 2005).

The landscape is characterised by forest, some small agricultural areas and a large number
of lakes and wetlands. None of the lakes and wetlands is larger than 0.5 km?, many are
smaller than a hectare, but altogether they constitute 19% of the total catchment area. Some of
these lakes and wetlands are connected to each other and to the Baltic Sea by streams. Others
do not have any outlet and thus no surface water connection to the sea. The streams are all
tiny with a cross section area of around 0.3 m?, and they are all dry during dry periods
(Nilsson and Borgiel 2004).

The 22000 km? Norrstrém drainage basin, with more than 1.7 million inhabitants, contains
the third and the forth largest lakes in Sweden: Lake Malaren and Lake Hjalmaren. Around
these lakes the mildly undulating landscape is dominated by agricultural and urban areas,
while the hilly north-western part of the drainage basin is mostly covered by forests. Right in
the historic centre of Stockholm the drainage basin has its single coastal outlet, Norrstrom,
which connects Lake Malaren with the Baltic Sea. The available geographic data and
hydrologic model resolution in the Norrstrom drainage basin is 1x1 km. At this resolution, the
drainage basin consists of 1.5% wetlands and 9.5% major inland surface waters. The previous
hydrological model studies of the Norrstrdm basin (Darracq and Destouni 2005, Darracq et al.
2005, Darracq and Destouni 2007, Destouni and Darracq 2006, Lindgren et al. 2007, Darracq
et al. 2008) have estimated that about 25% of the total precipitation surplus in the basin runs
off as surface water without passing through the groundwater system. Some of the runoff in
the 1x1 km model grid cells classified as land is then considered to go directly into small
lakes and streams that form an unresolved surface water network within the model cell. As in
Forsmark, the pure surface runoff contribution to the total runoff from the catchment is
negligible.

2.2. Methodology for assessing the propagation water pollution uncertainty and risk
from subsurface pollutant sources

Paper | outlines a methodology that can be used for pollution risk assessment in
hydrological catchments. The methodology uses the advective travel time based LaSAR
modelling approach to estimate the probability Pg that a given, environmental or health risk
based, pollutant concentration limit Cy will at any time t be exceeded by any local
concentration value at a surface water recipient boundary downstream of a groundwater
pollution source. The exceedence probability Pg is determined by the probability density
function (pdf) of the local concentration f(C(t)) at the surface water recipient boundary. The
pdf f(C(t)) may be of any realistic type or form but is, for simplicity, exemplified as
lognormal in Paper I. Thereby, f(C(t)) is fully determined by the two most readily quantifiable
statistics of concentration C: the expected value E[C(t)] and variance V[C(t)].

As an extension of Paper I, | also quantify the probability Pr of exceeding a given,
environmental or health risk based limit mass delivery fraction ar for pollutant input in each
one of the 10x10 m model grid cells classified as land in the Forsmark catchment area. The
limit mass delivery fraction ar can for instance be related to a limit mass flow rate at the
surface water recipient boundary downstream of the source. As for the local concentration in
Paper I, I assume for simplicity that the pdf of the mass delivery fraction a is lognormal.



Two different cases of contaminant release from the source zone are considered in Paper I:
(1) a short-pulse release scenario, which may for instance represent the first, fast release phase
of easily soluble contaminant fraction after a pollution accident at the soil surface; and (2) a
continuous release scenario, which may for instance represent a long-term industrial leakage,
or the second, slow leakage phase after a pollution accident, when some hydrophobic
pollutant fraction that has been retained in the accidental source zone slowly dissolves into the
water phase during a long period of time. For both contaminant release cases, the local
concentration statistics (E[C(t)] and V[C(t)]) and the resulting exceedence probability Pg are
quantified for different scenarios to account for uncertainties that are not statistically
quantifiable.

To account for the effect of the statistically quantifiable randomness in aquifer
heterogeneity, the exceedence probability Pg is quantified for lognormally distributed
hydraulic conductivity K with different variance, V[InK], but the same mean value of InK. The
effect of V[InK] translates then differently into the solute travel time and C statistics
depending on which spatial correlation structure of aquifer heterogeneity that prevails in the
field.

To investigate the effect of the often large quantification uncertainty (e.g. Kavanaugh et al.
2003) about the input concentration Co from the source zone, the exceedence probability Pg is
quantified for a range of different scenarios of relative input concentration, Co/Cr, where Cr is
a given environmental or health risk based pollutant concentration limit.

To investigate the effect of quantification uncertainty about the average degree of
biogeochemical attenuation between the source zone and the surface water recipient
boundary, we also consider different scenarios for the relation between the average rates (or
time-scales) of mass attenuation and advective transport (quantified as the product of the
attenuation rate and a characteristic mean advective solute travel time through the pollutant
source zone).

To investigate the effect of quantification uncertainty about the spatial correlation structure
of aquifer heterogeneity we consider two extreme aquifer structure scenarios. The first
scenario is a stratified aquifer (in Paper | generally referred to as 1D aquifer), where the
advective velocity of groundwater transport is constant in the mean flow direction along any
individual streamline, or streamtube, between the source zone and the surface water recipient
boundary, but varies randomly due to random variation of hydraulic conductivity among the
different streamlines (i.e. infinite correlation length in the flow direction). The second
scenario is an isotropic aquifer (in Paper I generally referred to as 3D aquifer), where
hydraulic conductivity and advective groundwater transport velocity vary randomly with
equal spatial correlation lengths in all three spatial directions. The resulting variance of
advective solute travel time is, for any given magnitude of hydraulic conductivity
heterogeneity (i.e. hydraulic conductivity variance V[InK]), much higher for the stratified than
the isotropic aquifer case.

In general, the variability of advective solute travel times is a result of various processes that
are difficult or impossible to quantify with accuracy and precision in real field situations.
Examples of such processes are pore-scale dispersion and molecular diffusion (Dagan and
Fiori 1997), as well as diffusive mass transfer between mobile and immobile groundwater
zones (Lindgren et al. 2004). The travel time pdfs that correspond to the considered stratified
and isotropic aquifer cases are so different that they are likely to bound a quite wide range of
possible travel time pdfs for more complex field-process situations. The present aquifer
scenario analysis may therefore implicitly give a good indication of the practical importance
of different quantification uncertainties associated with the pdf of the physical solute travel
time through a geological formation.



2.3. Calculation of travel times and mass delivery fractions in Forsmark and Norrstrém

In the methodology presented in Paper I, the quantification of advective travel time
distributions is the basic first step to estimate water pollution propagation from pollutant
sources and the exceedence probability Pg at downstream surface water recipient boundaries.
In Paper 11, we quantify and map the spatial distribution of advective travel times through the
coupled groundwater—surface water systems of the coastal Swedish catchment areas of
Forsmark and Norrstrom. Advective travel times are quantified for different groundwater
system representations, including different scenarios of the distribution of flow paths between
fast (shallow) and slow (deep) groundwater subsystems (Norrstrom), and of the relation
between local ground slope and hydraulic gradient (Forsmark). As an extension of Paper I,
different scenarios of the spatial variability of hydraulic conductivity in Forsmark are also
considered in this thesis summary. Based on the estimated advective travel time distributions,
pollutant mass delivery fractions are quantified from these catchments for different scenarios
of the relation between the average time-scales of advective transport and pollutant
attenuation.

The advective solute travel time through the stream network is quantified from the total
pathway length and the effective water flow velocity along the pathway. For Norrstrom,
effective water flow velocities through the lakes and streams that compose the stream network
are quantified by empirical equations including the mean annual flow rate and the lake surface
area (Darracq and Destouni 2007). As described in Jarsjo et al. (2007) and Persson et al.
(2008), effective water flow velocities and travel times in lakes, wetlands and streams in
Forsmark are estimated based on lake/wetland surface areas, modelled water flow rates, and
available measurements of mean lake/wetland depths, stream cross-section areas, water
content in wetlands, and stream flow rates.

For each 1x1 km model grid cell classified as land in the Norrstrom model, average flow
velocity and average flow path length to the nearest stream within the grid cell are quantified
for shallow and deep groundwater, respectively, using the PolFlow approach (e.g. de Wit et
al. 2000). In the high-resolution (10x10 m) Forsmark model, the advective solute travel time
from each model grid cell is quantified from the actual horizontal pathway length to the
nearest stream network and the estimated groundwater flow velocity along the pathway.
Pathways through deep groundwater are not considered in the Forsmark model. For
simplicity, vertical solute transport is neglected in the modelling of advective solute travel
times for both catchment areas, in which groundwater levels are generally very shallow
(typically around 1-2 m or even less).

For both Forsmark and Norrstrom, the shallow groundwater flow velocity in each model
grid cell is calculated as the product of hydraulic conductivity and gradient divided by the
effective porosity. The hydraulic gradient in Norrstrom is assumed to equal the mean ground
slope in each model grid cell. In the Forsmark modelling, we consider two alternative
scenarios for the relation between ground slope and hydraulic gradient: (1) the hydraulic
gradient equals the arithmetic average local ground slope within each one of the sub-
catchments of the total 8783 outlets to the stream network or directly to the sea, and (2) the
hydraulic gradient equals the local ground slope.

Hydraulic conductivity and porosity are modelled to vary between grid cells in the
Norrstrdm drainage basin, depending on the available data of soil characteristics (Darracq and
Destouni 2005, Darracq et al. 2005, Darracqg and Destouni 2007, Destouni and Darracq 2006,
Lindgren et al. 2007, Darracq et al. 2008). For Forsmark, by contrast, uniform values of
hydraulic conductivity and porosity are used in Paper 11 to mainly represent the solute
transport through a high-conductivity layer at the interface between the quaternary deposits
and the bedrock (Jarsjo et al. 2007), where measured conductivity values (reported e.g. in
Johansson et al. 2005) were highly variable but did not correlate with soil cover.



As an extension to the results of Paper I, | quantify the spatial distribution of advective
travel times through the groundwater systems of Forsmark for solute transport also in a more
superficial layer in the quaternary deposits in Forsmark. Different hydraulic conductivity
values (based on the measurements reported in Johansson et al. 2005) are assigned to areas
corresponding to different soil texture classes in Jarsjo et al. (2008). In this scenario of
hydraulic conductivity variability, the conductivity is thus assumed variable in space but
locally uniform.

In addition, I quantify advective travel times through the groundwater systems of Forsmark
for two scenarios of randomly variable, statistically stationary K. I then consider solute
transport at the soil-bedrock interface for lognormally distributed K with uniform mean and
variance. | quantify a lognormal pdf g(z) of the advective travel time ¢ from each model grid
cell to the downstream surface water recipient boundary, for the two extreme aquifer structure
scenarios considered in Paper I (a stratified aquifer with infinite correlation length in the flow
direction, and an isotropic aquifer with equal correlation length in all directions). A relatively
small correlation length (I = 1m) in the isotropic aquifer case and large degree of
heterogeneity (V[InK] = 1) are used, implying generally a very large difference between the
resulting cell-specific travel time pdfs.

In the scenarios of constant and deterministically variable hydraulic conductivity, the
advective travel time z from each model grid cell to a downstream recipient is constant, and
the mass delivery fraction from each cell to the recipient can be quantified as a = exp[-At],
where 4 is a first-order biogeochemical attenuation rate. In the scenarios of randomly variable,
statistically stationary K, the advective travel time z from each cell varies randomly among
different pathways to the recipient. The resulting mass delivery to the recipient will then also
vary randomly among different pathways. The mean and variance of the mass delivery

fraction from each model cell can be quantified as E[a] = J': exp[- Az]g(z )X z) and (V[a] =

j: exp[-247]g(z)dz —(E[a])?), respectively. The assumed lognormal delivery fraction pdf can
subsequently be quantified from E[a] and V[«].

3. Catchment-scale water pollution risk assessment based on advective
travel time distributions

3.1. General results based on hypothetical advective travel time distributions

In Paper I, we show that the probability Pr of exceeding a given, environmental or health
risk based, concentration limit can be readily assessed by a combined methodology, including
an advective travel time based LaSAR modelling approach, which accounts for statistically
quantifiable pollutant transport randomness, and a scenario analysis approach, which accounts
for additional, not statistically quantifiable quantification uncertainty about the total pollutant
release level, the advective travel time variability (where necessary statistical input is
unavailable), and the biogeochemical attenuation rate along transport pathways.

The specific Pg results in Paper | show that uncertainty about the prevailing magnitude and
correlation structure of aquifer heterogeneity generally affects the Pg propagation more for
continuous than for short-pulse pollutant input. However, for both these scenarios of
contaminant release, the aquifer heterogeneity details may be important for whether or not the
risk of water pollution exceeds a threshold risk level (for instance the risk level that is judged
acceptable by environmental managers and other stakeholders) only for a relatively narrow
value range of a characteristic average attenuation rate—transport rate relation (quantified as
the product of the solute-dependent biogeochemical attenuation rate and a characteristic mean
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advective solute travel time through the pollutant source zone). Outside of this range, the
water pollution risk may in many cases be judged unambiguously as acceptable or
unacceptable (below or above a threshold risk level) essentially regardless of actual input
concentration and correlation structure and magnitude of aquifer heterogeneity.

3.2. Quantification of advective travel time distributions in the catchment areas of
Forsmark and Norrstrom

While the advective travel time distributions that underlie the exceedence probability Pg
calculations in Paper | are purely hypothetical, we quantify in Paper Il spatial distributions of
the advective solute travel time through the coupled groundwater—surface water systems of
the coastal Swedish catchment areas of Forsmark and Norrstrom using site-specific
geographical and hydrological data. The results of Paper Il show that transport in groundwater
generally dominates advective travel times through both catchments. Nonetheless, stream
networks in Forsmark and Norrstrom include various lakes with relatively long hydraulic
turnover times. As a consequence, travel times in these stream networks are far from
insignificant, in particular for the Forsmark model, where most estimated travel times through
the inland surface water systems are in the order of months, and about % even in the order of
one year (to compare with the average advective travel time through the coupled

groundwater—surface water systems of Forsmark T, = 1.7 years). This result indicates the

importance of realistic representation, not only of the groundwater system, but also of the
surface water systems for quantification of solute transport through the water systems of
catchments with similar characteristics as those in Forsmark and Norrstrom.

For the catchment area of Forsmark, Paper 11 shows how different assumptions about the
relation between local ground slope and hydraulic gradient yield large differences both in the
estimated advective travel times from individual model grid cells to the sea and in the
spreading of the resulting travel time distribution of the entire catchment area. For the
Norrstrdm drainage basin, the results illustrate how alternative model representations that
neglect or account for the possible contribution of slow (deep) groundwater flow yield largely
different catchment-scale travel distribution.

Figure 2 shows the catchment-scale cumulative distributions of the advective travel time in
groundwater to a surface water recipient (the sea and the stream networks connected with the
sea) in Forsmark resulting from the four considered cases of spatial variability of hydraulic
conductivity K: (1) constant K in the entire catchment (the scenario used in Paper I1); (2)
randomly variable, statistically stationary K for a stratified aquifer; (3) randomly variable,
statistically stationary K for an isotropic aquifer; and (4) deterministically variable, locally
constant K. For direct comparison between the resulting travel time distributions, the travel
times in the deterministically variable K scenario (corresponding to solute transport through
the quaternary deposits) are scaled to yield the same catchment-average travel time as the
other three scenarios (corresponding to solute transport in the high-conductivity layer at the
soil-bedrock interface).

Figure 2 shows that the isotropic aquifer case results in almost identical catchment-scale
travel time distribution as the constant K case, while the stratified aquifer case (which implies
much larger cell-specific travel time variance than the isotropic aquifer) results in slightly
larger spreading of travel times. The deterministically variable K case (i.e. non-stationary but
locally uniform K) yields a rather differently shaped travel time distribution with a much
larger fraction of relatively short travel times than the other three scenarios. The coefficient of
variation CV(z) = 190% in the deterministically variable K scenario, compared to CV(z) =
110% in the constant K scenario. In the Norrstrom model, where the hydraulic conductivity is
also assumed deterministically variable depending on available soil texture maps, the
coefficient of variation of the advective travel time through the catchment is considerably
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larger, CV(z) = 330%, even though the variability in groundwater flow path lengths is much
larger in the fine-resolution (1010 m) Forsmark model, than in the course-resolution
Norrstrom model, where one single flow length in groundwater is used for each 1x1 km
model grid cell.

Figure 2. Cumulative distribution of the whole population of advective solute travel times
from all model grid cells upstream of the considered surface water recipient (i.e. the sea or a
stream network that is connected with the sea) to the nearest recipient boundary in the
Forsmark catchment area for different scenarios of hydraulic conductivity, K, variability: (1)
constant K in the entire catchment; (2) randomly variable (V[InK] = 1), statistically stationary
K for a stratified aquifer; (3) randomly variable (V[InK] = 1), statistically stationary K for an
isotropic aquifer; and (4) deterministically variable, locally constant K. The conductivity
correlation length in the isotropic aquifer case is | = 1m.

3.3 Quantification of catchment-scale pollution uncertainty and risk: application
Forsmark

Figure 3 shows the probability Pr of exceeding an example limit mass delivery fraction ar =
0.01 to a surface water recipient (the sea and the stream networks connected with the sea) for
pollutant input in each one of the model grid cells classified as land in the Forsmark
catchment area. The exceedence probability Pg is quantified based on the advective travel
time distributions resulting from the two considered scenarios of randomly variable,
statistically stationary hydraulic conductivity K (i.e. a stratified aquifer structure scenario with
large cell-specific travel time variance (Figs. 3a—c), and an isotropic aquifer structure scenario
with small cell-specific travel time variance (Figs. 3d-f); the resulting catchment-scale
distributions of advective travel time from these two scenarios of aquifer heterogeneity
structure are shown in Figure 2). Furthermore, different scenarios of the relation between the
average time-scales of advective transport and attenuation are considered. This average
attenuation—transport relation is quantified as the product of catchment-average physical travel
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time 'FC and first-order biogeochemical attenuation rate A (which for exemplification simplicity is
assumed constant for all groundwater sub-systems of the catchment).

Figure 3. The probability that the delivered mass fraction o from each grid cell location to
the considered surface water recipient (i.e. the sea or a stream network that is connected with
the sea) exceeds 0.01 for different scenarios of the product of the catchment-average

advective travel time and first-order attenuation rate (AT, = 1, 10 and 100) and for two
different scenarios of hydraulic conductivity, K, variability: (1) randomly variable (V[InK] =

1), statistically stationary K for a stratified aquifer (a—c); and (2) randomly variable V[InK] =

1), statistically stationary K for an isotropic aquifer (d—f). The conductivity correlation length
in the isotropic aquifer case is | = 1m.
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The results from this scenario analysis example show that if there is sufficient site-specific
information to at least estimate the average catchment-scale attenuation—transport relation

AT, to be in the order of 1 or smaller (Figs. 3a and 3d), the exceedence probability Pr is
higher than 0.1 for contaminant release at most grid cell locations upstream of the recipient,
regardless of prevailing aquifer heterogeneity structure. For /I'TC in the order of 100 or larger

(Figs. 3c and 3f), both scenarios yield instead an exceedence probability Pg lower than 0.01
for contaminant input to groundwater anywhere in the catchment, except for sources in the

immediate vicinity of the recipient. For AT, = 10 (Figs. 3b and 3g), by contrast, the

exceedence probability Pg results are highly sensitive to aquifer structure scenario and
resulting cell-specific travel time variance. The exceedence probability Pr is then lower than
0.01 for most model cells in the isotropic aquifer case and higher than 0.1 for most cells in the
stratified aquifer case.

4. Effects of different groundwater system representations on estimated
mass delivery fractions in the catchment areas of Forsmark and Norrstréom

This section includes results of modelled mass delivery fractions for the catchment areas of
Forsmark and Norrstrdm. The mass delivery fractions are quantified based on different
advective travel time distributions resulting from alternative groundwater system
representations, including the different considered scenarios of spatial variability of the
hydraulic conductivity K explained in Section 2.3.

Figure 4 shows mass delivery fractions from different input locations in the Forsmark
catchment area for the two considered scenarios of deterministic variability in the hydraulic
conductivity: the constant K case (Figs. 4a—c) and the deterministically variable K case (Figs.
4d-f). The deterministically variable K case implies considerably larger mass delivery to the
considered surface water recipient (i.e. the sea and the stream networks connected with the
sea) than the constant K case from large parts of the catchment area for a quite wide range of

average catchment-scale attenuation—transport relations, 0.1 < AT, < 1000. For instance, for

AT. =10 (Figs. 3b and 3e), the mass delivery is significant only from model cells in the

immediate vicinity of the recipient in the constant K case, whereas the mass delivery to the
recipient is more than 50% for a large part of the area in the case of deterministically variable
K.

Figure 4 also shows that the solute mass delivery fractions differ considerably also within
small areas. This is due to small-scale differences in advective travel time, which may be
attributed mainly to different flow lengths, but also, in some cases, to differences in gradient.
In deterministically variable K case, the spatial variability in hydraulic conductivity is an
additional factor of importance.

Figure 5 shows average mass delivery fractions & for the entire area upstream of the
considered surface water recipient in Forsmark (i.e. the sea and the stream networks
connected with the sea) for the four considered scenarios of K variability. The
deterministically variable K scenario yields generally the largest catchment-average mass
delivery. This is because in that scenario there is a large fraction of flow paths along which
the advective travel time to the recipient is much smaller that the catchment average travel
time T, . In the calculation of the total catchment-scale delivery fraction @ for time-
dependent mass attenuation, the relatively large mass delivery contribution of these flow paths
has greater statistical weight than the relatively small mass (or insignificant) delivery
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contribution of flow paths along which the advective travel time is longer than average. For
the same reason, the stratified aquifer structure scenario of randomly variable K also yields
larger catchment-average mass than the isotropic aquifer and constant K scenarios (where the

spreading of advective travel times around T, is smaller and there are fewer pathways with

advective travel time 7 << T.).

However, in analogy with the Pr results in Figure 3, Figures 4 and 5 show that a correct
representation of heterogeneity and travel time variability is primarily important for mass
delivery if the average relation between the time-scales of attenuation and advective transport

lies within a specific critical interval 0.1 < AT, < 1000. For an attenuation—transport relation

AT, in the order of 0.1 or lower, Figures 4 and 5 show that most of a solute mass that is

transported through the groundwater systems of the Forsmark catchment area can be expected
to reach the recipient, regardless of the prevailing spatial variability of K, and essentially
regardless of contaminant input location. Also for an attenuation—transport situation where
AT, is in the order of 1000 or larger, the travel time variability differences resulting from the
different scenarios of K variability have a relatively minor impact on solute mass delivery.
With the exception of contaminant input in model cells just next to the recipient, the mass
delivery from any solute input location upstream of the recipient is insignificant for all four K
variability scenarios.

In Paper 11, we investigate how the difference in estimated advective travel time variability
between the model cases of Forsmark (considering the constant K scenario) and Norrstrom
(deterministically variable K), affects the catchment-average delivery factor o for different

scenarios of the average attenuation—transport relation AT, . The Norrstrém model case, with
its larger travel time variability (CV(z) = 330%), yields generally larger & than the Forsmark
model case (CV(z) = 110%), but, interestingly, the difference in resulting &, is significant

only for a relatively narrow range of the average attenuation—transport relation 1 < AT, < 10.
In fact, the deterministically variable K scenario for Forsmark (CV(z) = 190%) results in
significantly larger & for some attenuation—transport relations AT, than the Norrstrom
model case, even though the travel time variability is larger in the Norrstrém model, in terms
of coefficient of variation. For instance, for AT, = 10, the catchment-average mass delivery
fraction & = 0.12 in the Norrstrom model case, whereas o = 0.43 in the most directly

comparable Forsmark model case of deterministically variable K. This result shows that it is
not the travel time variability per se that affects the magnitude of mass delivery, but the
fraction of pathways with much lower than average advective travel time. In the Forsmark
model case of deterministically variable K, more than 20% of the advective travel times are

smaller than 1% of the catchment-average travel time T, . In the Norrstrém model, the
corresponding fraction of very short travel times is insignificant.
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Figure 4. The fraction of solute mass released at each grid cell location upstream of the
considered surface water recipient (i.e. the sea or a stream network that is connected with the
sea) that reaches the nearest recipient boundary in the Forsmark catchment area for different
scenarios of the product of the catchment-average advective travel time and first-order

attenuation rate (AT, = 0.1, 10 and 1000) and for different scenarios of hydraulic

conductivity, K, variability: (1) constant K in the entire catchment (a—c); and (2)
deterministically variable, locally constant K (d-f).
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Figure 5. The catchment-average mass delivery « for the entire area upstream of the

considered surface water recipient (i.e. the sea or a stream network that is connected with the
sea) in the Forsmark catchment area for different scenarios of the product of the catchment-

average advective travel time and first-order attenuation rate (AT, = 0.1-1000) and for

different scenarios of hydraulic conductivity, K, variability: (1) constant K in the entire
catchment; (2) randomly variable (V[InK] = 1), statistically stationary K for a stratified
aquifer; (3) randomly variable (V[InK] = 1), statistically stationary K for an isotropic
aquifer; and (4) deterministically variable, locally constant K.

6. Discussion

Models of catchment-scale solute transport can provide an overview of the potential impact
of various sources of pollutants, nutrients, or tracers within a drainage basin that may be of
great value for regional planning and management. For instance, model results of mass
delivery from different pollutant sources to a sensitive surface water recipient can help
environmental managers assess the economic efficiency of alternative pollution reduction
measures (Baresel et al. 2006). The value of catchment-scale transport models for water
quality management depends on how well the dominating processes are reproduced by the
model. In this context, the account of model uncertainty is a crucial issue, because site-
specific information may not be available at all for some key factors of catchment-scale solute
transport and others can be measured only at a limited number of discrete points in time and
space.

In this study, we have developed a methodology to assess catchment-scale transport of
pollutant (or any solute) and associated uncertainty and risk using a LaSAR based modelling
approach. In this methodology, the advective travel time distribution expresses both
deterministic variability and statistically quantifiable randomness of transport pathway lengths
and velocities within catchment areas in a compact and consistent way. Furthermore, a
scenario analysis approach is used to account for additional, not statistically quantifiable
uncertainty, with particular focus on the uncertainty about the total pollutant release level, the
advective travel time variability (where necessary statistical input is unavailable), and the
average mass attenuation rate along transport pathways. To further investigate the usefulness
and limitations of the methodology for assessing mass delivery fractions and probability of
exceeding given pollution level limits in hydrological catchments, we have also quantified
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catchment-specific advective travel time distributions for the relatively well-investigated
Swedish catchment areas of Forsmark and Norrstrom.

An important issue throughout this thesis has been the quantification uncertainty of
advective travel time distributions. For pollutant that undergoes irreversible attenuation,
underestimation of the fraction of transport pathways with relatively short advective travel
time leads to underestimation of the non-attenuated pollutant mass that ultimately reaches a
recipient from upstream sources. For essentially conservative pollutant, an assumed greater
travel time spreading around the mean advective travel time from the input location results in
increased modelled dilution of pollutants and lower modelled average pollutant concentration.
For the applicability of the LaSAR approach to solute transport modelling, it is thus important
to accurately quantify the relevant advective travel time variability in different field situations.

In this thesis, | have particularly investigated the influence of the heterogeneity of hydraulic
properties on the distributions of advective solute travel time and resulting pollutant transport
under different source extent conditions within a catchment. For pollutant transport from a
local source, the magnitude and correlation structure of random hydraulic conductivity greatly
affect the travel time distribution. For solute input distributed over an entire catchment area,
such as that of Forsmark, the characteristics of this random heterogeneity were found to have
much smaller impact on the total catchment-scale travel time distribution. The catchment-
scale travel time distribution was then governed more by the distribution of pathway lengths
than by random heterogeneity, as found also for other catchments (e.g. White et al. 2004,
McGuire et al. 2005, Woérman et al. 2007, Fiori and Russo 2008). However, the present
Forsmark results show that the risk-related probability of exceeding a given maximum level
of pollution at a recipient boundary may be more sensitive to the characteristics of random
heterogeneity than to pathway length for some critical interval of the relation between the
average time scale of advective solute transport and the biogeochemical attenuation rate.
Neglect of random heterogeneity and resulting random travel time variability may then result
in considerable underestimation of pollution mass delivery and associated water pollution
risks in a catchment.

Moreover, the results for deterministically variable hydraulic conductivity in Forsmark
show that spatial non-stationarity of aquifer heterogeneity in terms of variable mean hydraulic
conductivity (due to the presence of various soil types and geological formations within the
catchment area) may have large effect on the catchment-scale travel time distribution, beyond
the effects of the pathway length variability and the local randomness in hydraulic
conductivity and advective groundwater transport velocity. Neglect of this spatial non-
stationarity may yield misleading predictions of pollutant transport from both local and
distributed sources. For the latter, such neglect may lead to systematic underestimation of the
total pollutant loading into surface water.

Another critical factor of catchment-scale advective travel times and resulting pollutant
mass transport is the groundwater hydraulic gradient. Measurements of groundwater levels
are typically only available for a relatively small number of discrete points within a catchment
area, and hydraulic gradients are mostly estimated based on topography data for the land
surface. In humid climates, the groundwater surface is generally assumed to follow the ground
surface (Worman et al. 2007), but an important modelling issue is at which spatial resolution
this assumption is valid. On the one hand, the hydraulic gradient fluctuations can be expected
to be somewhat damped relative to small-scale land—surface fluctuations. On the other hand,
in an undulating landscape, such as in the studied Forsmark and Norrstrdm catchment areas,
an assumed hydraulic gradient based on average regional ground slope may lead to
considerable underestimation of the hydraulic gradient in areas where local ground slopes in
opposite directions average each other out. The results in Paper Il illustrate how different
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assumptions about the relation between local ground slope and hydraulic gradient may yield
large effects on the modelled travel time distributions for both local and distributed sources.

In Paper 11, advective solute travel times and pollutant mass delivery fractions for the
Norrstrdm drainage basin were quantified using relatively course-resolution data (1x1 km).
Model results for the much smaller catchment area of Forsmark, where high-resolution data
(10x10 m) were available, show that small-scale spatial variability in, for instance, transport
pathway lengths and hydraulic conductivity and gradient may have a major impact on
catchment-scale mass delivery and associated water pollution risks. For larger catchments
such fine model representation as in Forsmark is greatly limited by computational and data
availability constraints. Critical modelling issues are then if variability within the smallest
modelling unit (which may be for instance square units or subcatchments covering areas in
the order of km? or larger) is important given the modelling purpose (Dehotin and Braud
2008), and, if so, how such small-scale variability should be accounted for. For spatially
uniform solute input, heterogeneity and transport length variability within the smallest
modelling unit may be represented by spatially stationary statistics. For spatially variable
input, by contrast, the specific geographical location of the heterogeneity statistics is
important and a course-resolution model might produce misleading results of water pollution
risks.

In this thesis, | have focused on the investigation of different model representations and
associated uncertainty regarding the groundwater rather than the surface water systems of
hydrological catchments. In the studied Swedish catchment areas (Forsmark and Norrstrém),
solute travel times in the stream networks, which are composed by various lakes and wetlands
with relatively long hydraulic turnover times, however, are far from insignificant in
comparison with the travel times in groundwater. Different model representations of the
surface water systems could therefore also have a large impact on resulting total travel time
distributions for the catchment. This merits further investigation because the travel times
through the stream networks are often ignored in estimations of catchment-scale travel time
distributions (McGuire and McDonnell 2006).

An exhaustive analysis of catchment-scale water pollution risk and uncertainty must further
also consider various other factors, such as temporally variable travel time distributions (Fiori
and Russo 2008), multi-directional flow in flat areas (McGuire et al. 2005), and reversible
sorption—desorption and other reactive processes (Destouni and Graham 1997, Eriksson and
Destouni 1997, Yabusaki et al. 1998, Kalaurachchi et al. 2000, Malmstrom et al. 2004).
Additional factors that could significantly affect solute transport include spatial and temporal
variability of solute-specific mass attenuation rate. Temperature commonly influences these
rates, and they may also be highly dependent on the geological media. Studies on the
biodegradation of different pollutants in different subsurface environments have found
evidence of both negative and possible correlation between biodegradation rate and hydraulic
conductivity (e.g. Jardin 2008 and references therein). Several studies have shown the
importance of variability in local mass attenuation rate and its correlation with the hydraulic
properties for pollutant transport from local sources in groundwater (e.g. Cunningham and
Fadel 2007 and references therein). Further research is required to investigate the effects of
such variability and correlations on solute transport in the linked groundwater and surface
water systems of whole hydrological catchments.

While the focus of this thesis is primarily on the quantification of advective travel time and
its distribution, the biogeochemical attenuation has, as a first step and for illustrative
simplicity, been represented by a constant first-order rate. Under these conditions, the thesis
results have shown that the product of the (field or catchment) characteristic average
advective solute travel time and the average attenuation rate largely determines total pollutant
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mass delivery and associated pollution risk if this product falls within two identified, open
value ranges.

In general, it is difficult to estimate mass attenuation rates, particularly for pollutants such as
petroleum products that are mixtures of hundreds of different constituents with different
biodegradation properties (Fagerlund and Niemi 2007). In addition, reported degradation rates
often vary over various orders of magnitude for the same organic compound (Suarez and Rifali
1999, Washington and Cameron 2001, Mulligan and Yong 2004). There are also other
important parameters of irreversible solute mass attenuation than just the first-order rate
constant used in the quantification examples of this thesis. For instance, at relatively high
pollutant concentrations, the biodegradation kinetics may be better approximated by a zero-
order rate expression (Bekins et al. 1998). Hence, there are various open research questions
related to the accurate representation of dominant mass attenuation processes in catchment-
scale solute transport modelling.

7. Conclusions

In this thesis, | have investigated the possibility and applicability of using the LaSAR
approach, and its solute travel time basis, for quantifying the propagation of water pollution
and associated water pollution risk through groundwater to surface water and through the
linked groundwater and surface water systems of entire hydrological catchments.
Furthermore, | have investigated some main uncertainty associated with this quantification.
The results show that the LaSAR modelling approach can be readily used to quantify mass
delivery fractions from different pollutant sources to sensitive surface water recipients in a
catchment and the resulting probability of exceeding given environmental or health risk based
maximum pollution levels at the boundaries of these recipients. The basic advective travel
time distributions in this approach express then in a compact and consistent way both
deterministic variability and statistically quantifiable randomness of transport lengths and
velocities along and among the different transport pathways through the catchment to the
recipient.

Moreover, the thesis has shown how the advective travel time based LaSAR modelling
approach can be combined with a scenario analysis approach to account also for uncertainties
that are not statistically quantifiable about the advective travel time distribution, the pollutant
input and the pollutant attenuation rates in a catchment. The scenario analysis approach
identified, for different water pollution problems, the critical range of the relation between the
average time-scales of advective transport and mass attenuation, within which these
uncertainties may considerably affect modelled pollutant levels and associated risk of water
pollution at the boundary of a surface water recipient of special environmental concern.
Outside this range, assessment of pollution risk may be unambiguous even under large such
guantification uncertainties.

The main focus of this thesis has been on the quantification of solute transport through
linked groundwater—surface water systems, neglecting for simplicity the transport component
through the unsaturated zone, from the land surface to the saturated groundwater zone. Water
quality management within a catchment, however, should also protect the groundwater from
pollution, requiring future studies to also particularly consider: (1) the essentially vertical
pollutant transport from the land surface to the groundwater zone. Other key issues for future
research include further investigations of the effects of: (2) different model representations of
the surface water systems, (3) different representations of the variability within the smallest
modelling unit of course-resolution models, and (4) spatial variability of biogeochemical
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attenuation rates and their correlation with the hydraulic properties of the linked groundwater
and surface water systems of whole catchments.
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SUMMARY

This paper investigates the propagation of quantifiable probability and quantification uncertainty of
water pollution from local pollutant sources at and below the land surface, through the groundwater sys-
tem, to downstream surface water recipients. Methodologically, the study shows how the risk and uncer-
tainty of surface water pollution within a catchment may be assessed by a combined methodology of a
Lagrangian stochastic advective-reactive modelling approach, which accounts for the quantifiable pollu-
tant transport randomness, and a scenario analysis approach, which accounts for different quantification
uncertainties. The results show that, in general, unambiguous risk assessment requires at least a reliable
order-of-magnitude quantification of the prevailing relation between the average rate of physical pollu-
tant transport from source to recipient and the average rate of pollutant attenuation. If this average rela-
tion can be reliably estimated to fall within two identified, relatively wide open value ranges, the
assessment of pollution risk to surface waters from localised sources at or below the soil surface may
be unambiguous even under otherwise large quantification uncertainty. For a relatively narrow, closed
value range of this average rate relation, however, risk assessment must either rely on conservative
assumptions, or else be based on a more detailed and resource demanding quantification of pollutant

transport.

© 2009 Elsevier B.V. All rights reserved.

Introduction

Various contaminated land sites and groundwater pollutant
plumes may be located within the catchment areas of sensitive
water recipients, such as drinking water supplies, lakes, streams
and coastal waters. The pollutant releases from such sites and
plumes, and from possible future releases in the catchments (for
instance from planned or present industrial and transportation
activities and pollution accidents), pose pollution risks to the
downstream surface water environments. These risks need to be
assessed, for instance according to the EU Water Framework Direc-
tive (WFD; European Commission, 2000), which requires catch-
ment-scale water management for achieving and maintaining
good physico-chemical and ecological status in all the waters of
the EU member states.

To assess the water pollution risks posed by present and poten-
tial future pollutant releases within a catchment area, we need to
model the pollutant transport and mass exchange that take place
along the transport pathways from the sources to the water recip-

* Corresponding author. Tel.: +46 8 164778; fax: +46 8 154794.
E-mail addresses: klas.persson@natgeo.su.se (K. Persson), georgia.destouni@nat-
geo.su.se (G. Destouni).

0022-1694/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhydrol.2009.09.001

ients within and downstream of the considered catchment area.
However, model predictions are associated with uncertainty that
needs to be accounted for in this catchment-scale risk assessment.
Most model parameters cannot be precisely determined due to
large and irregular variability in time and space combined with
measurement errors, a general lack of data and site-specific infor-
mation, and uncertainty about whether the model itself constitutes
an adequate mathematical representation of the real-world pollu-
tant transport process (e.g. Kavanaugh et al., 2003; O’Hagan and
Oakley, 2004; Beven, 2006; Baresel and Destouni, 2007).
Numerous studies have in the past decades developed stochas-
tic modelling approaches to account for the physical spreading ef-
fect of random spatial aquifer heterogeneity on subsurface solute
transport (see for instance Dagan, 1989 and Rubin, 2003) for re-
views of different approaches to stochastic solute transport model-
ling in randomly heterogeneous formations). Some of these
approaches use probability density functions (pdfs) of advective
solute travel times as a basis for deriving the statistics of solute
concentrations and mass flows. Such travel time-based, Lagrangian
stochastic approaches have been applied to solute transport
through subsurface water systems (soil water, groundwater; e.g.
Shapiro and Cvetkovic, 1988; Destouni, 1992; Cvetkovic and Da-
gan, 1994; Destouni and Graham, 1995; Simmons et al.,, 1995;
Yabusaki et al.,, 1998; Foussereau et al.,, 2001; Tompson et al.,
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2002; Malmstrom et al., 2004) and catchments (Simic and Desto-
uni, 1999; Lindgren et al., 2004; Lindgren and Destouni, 2004; Bot-
ter et al., 2005). The travel time pdfs that must be quantified in
these approaches are commonly unknown and approximated by
assuming some common pdf type (e.g. lognormal, inverse Gauss-
ian) based only on knowledge about the travel time mean and var-
iance (e.g. Cvetkovic et al, 1998; Destouni et al., 2001). The
physical solute travel time statistics can further be coupled with
relevant pollutant reaction models. This coupled Lagrangian sto-
chastic advective-reactive (LaSAR) modelling approach can be used
for quantifying the transport of reactive pollutants in terms of both
expected transport (e.g. Destouni and Graham, 1995; Lindgren
et al., 2004; Lindgren and Destouni, 2004; Malmstrém et al.,
2004) and transport variance (e.g. Destouni, 1992; Andricevic
and Cvetkovic, 1996; Destouni and Graham, 1997; Andersson and
Destouni, 2001; Baresel and Destouni, 2007). The expected trans-
port accounts then for the physical solute spreading effect of aqui-
fer heterogeneity in a statistically quantifiable population of
random heterogeneity outcomes, and the transport variance is a
measure of the uncertainty implied by this randomness with re-
gard to the actual field outcome from the whole statistical
population.

However, pollutant transport uncertainty does not only result
from the statistically quantifiable randomness of aquifer heteroge-
neity. Even if the mean and variance of solute travel time can be
quantified from some, relatively readily obtainable field statistics
of measurable groundwater hydraulics (e.g. Destouni and Graham,
1997; Simic and Destouni, 1999; Destouni et al., 2001), the further
derivation of solute concentration and mass flux statistics requires
more field knowledge, for example about the spatial correlation
structure of groundwater hydraulics, which is more difficult and
resource demanding to assess than independent population statis-
tics. Furthermore, also other essential factors, such as pollutant re-
lease from the source zone and biogeochemical reaction rates, may
be quite difficult and resource demanding to measure in the field.
Our uncertainty about all these factors leads to additional pollutant
transport uncertainty to that from the statistically quantifiable
randomness in aquifer heterogeneity.

In this paper, we develop a combined methodology for quanti-
fying the propagation of both the statistically quantifiable proba-
bility and the quantification uncertainty of water pollution
through the groundwater system to downstream surface water
recipients. The methodology combines a LaSAR modelling ap-
proach, which accounts for statistically quantifiable randomness
in aquifer heterogeneity, with a scenario analysis approach, which
accounts for quantification uncertainty about: (1) the spatial cor-
relation structure of aquifer heterogeneity, (2) the pollutant re-
lease from the source zone, and (3) the biogeochemical pollutant
attenuation rate. This combined approach is used for investigating
the main effects of these different types of quantification uncer-
tainties and statistically quantifiable randomness on the probabil-
ity of exceeding a given, environmental or health-based, pollutant
concentration limit at a surface water recipient boundary down-
stream of a short-term accidental (e.g. resulting from accidents
involving dangerous goods), or a long-term continuous (e.g.
resulting from contaminated land sites) pollutant release. Further-
more, the practical usefulness of this approach is finally also dem-
onstrated for assessments of surface water pollution risk posed by
existing or possible future local source releases within a catch-
ment area.

General problem and methodology description

Fig. 1 illustrates schematically the general water pollution prob-
lem considered in this study: in a catchment area there may be

Source zone

Compliance
boundary

© Lantmateriverket Gavle
Consent 2007/1092

Fig. 1. lllustration of a hypothetical case for pollution risk assessment at
catchment-scale. In a catchment area, like the coastal catchment area in Forsmark,
Sweden, which is here used as our illustration example, there may be various
present or potential future sources of pollutants (e.g. the hypothetical sources that
are here marked as black dots and fields in the Forsmark catchment area example)
from which contaminants may be transported by the groundwater towards the
nearest downstream groundwater-surface water interaction boundary, which in
the figure and in the main text is referred to as the ‘compliance boundary’.

various present or potential future sources of pollutants of various
spatial extents and locations (a number of hypothetical pollutant
sources are marked as black dots and fields with red circles around
them on the map). Some of the pollutants released from these
sources may dissolve quickly in the water, whereas others may
leak during a long period of time. Even after abatement measures
have been taken, some pollutant fraction may reach the groundwa-
ter table below or within a pollutant source zone of arbitrary ex-
tent x; along the mean groundwater flow direction. This
pollutant fraction may then be transported by the groundwater to-
wards a groundwater-surface water interaction boundary at dis-
tance x; downstream of the source zone along the mean
groundwater flow direction. At that boundary, which may for in-
stance be associated with a stream or a lake, as exemplified in
Fig. 1, an environmental or health-based pollutant concentration
limit Cr may be given from an independent assessment of the eco-
system and the toxicological risks that are associated with differ-
ent pollutant exposure levels in the surface water system. In the
following, we refer to the groundwater-surface water interaction
boundary as the compliance boundary for meeting the given con-
centration limit Cy.

The probability P; that the concentration limit C; will, at any
time t, be exceeded by any local concentration value C in the
groundwater that flows through the nearest compliance boundary
downstream from the source zone may then be estimated from the
concentration pdf f{C(t, x1)) as

Cr
Pr(t;x1) =P(C>Cr) =1 - A f(C(t,x,))dC (1)

The pdf f{C((t, x;)) may be of any realistic type or form but will,
for simplicity, in the following calculations be exemplified as log-
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normal, following similar assumption examples in previous sto-
chastic contaminant spreading and abatement management stud-
ies (Andricevic and Cvetkovic, 1996; Batchelor et al, 1998;
Andersson and Destouni, 2001; Gren et al., 2002). Thereby,
flC(t, x1)) is fully determined by the two most readily quantifiable
statistics of concentration C: the expected value E[((t, x;)] and var-
iance V[((t, x1)]. We consider here C to be the local concentration,
sampled at any point for comparison with the given concentration
limit Cr. Destouni and Graham (1997) showed that the sampling
size and method will affect the statistics of locally measured con-
centration C. For simplicity, we quantify here C only as a point con-
centration, neglecting the sampling size-method effect to generally
decrease the variance V[((t, x1)] relative to a corresponding point
concentration variance.

Two different cases of contaminant release from the source
zone are considered in the assessment of the exceedence probabil-
ity Pg: (i) a short-pulse release scenario, which may for instance
represent the first, fast release phase of easily soluble contaminant
fraction after a pollution accident at the soil surface, and (ii) a con-
tinuous release scenario, which may for instance represent a long-
term industrial leakage, or the second, slow leakage phase after a
pollution accident, when some hydrophobic pollutant fraction that
has been retained in the accidental source zone slowly leaks out
during a long period of time. For both release cases, we quantify
the local concentration statistics E[C] and V[C], which fully deter-
mine the example lognormal pdf f{C) in (1).

In the continuous release case, E[C] and V[C] will be constant in
time after the continuously fed pollutant plume has reached its
steady-state condition, and the associated concentration pdf f{C)
and exceedence probability Pz will then also remain constant. In
the short-pulse release case, E[C(t, x{)] and V[C(t, x;)], and through
them also f{C(t,x;)) and Pg, will vary in time at the compliance
boundary at x; as the finite pollutant plume that is bounded by
the short-pulse input passes through the boundary. In all the trans-
port-attenuation scenarios considered here for the short-pulse re-
lease case, the peak values of the concentration statistics E[C(t, X1)]
and V[((t, x1)] coincide in time, in accordance with the model re-
sults reported by Andersson and Destouni (2001). The timing of
the peak values of E[((t, x;)] and V[C(t, x;)] is then also the timing
of the maximum exceedence probability Pr. However, for strongly
asymmetrical expected BTCs (occurring, for instance, if the pollu-
tant undergoes slow reversible non-equilibrium sorption-desorp-
tion), the peak E[C] and V[C] values may not coincide in time and
the timing of the maximum exceedence probability must be found
by calculating Pk from Eq. (1) as a function of time (Andersson and
Destouni, 2001). In the following, the notation P; will generally re-
fer to the maximum probability of concentration C exceeding the
given concentration limit Cr, which for the short-pulse release case
occurs at the time of the peak E[C] and V[C] values at the compli-
ance boundary location Xx;.

To account for the effect of the statistically quantifiable ran-
domness in aquifer heterogeneity, we quantify Pg in Eq. (1) based
on the LaSAR approach to solute transport modelling. The ground-
water velocity field is then assumed to be essentially stationary or
unidirectional, implying that transport pathways coincide with
groundwater streamlines or streamtubes. The mixing that may oc-
cur between different streamtubes due to pore-scale dispersion
and molecular diffusion is often neglected for simplicity; previous
results imply that this neglect should not affect the expected con-
centration much, but may lead to overestimation of the concentra-
tion variance (Dagan and Fiori, 1997; Fiori and Dagan, 2000; Fiori
et al.,, 2002; Janssen et al., 2006). For non-reactive solute in the
short-pulse release case, the expected value E[C(t, x;)] and the var-
iance V[C(t, x;)] of the point concentration may then be expressed
as (adapted from Destouni and Graham, 1997 for explicit expres-
sion of the source input concentration Cgp)

)] = [ (g )3t~ DT )T

A()nf/o
~ 71
~Coxe /0 (y—()) 5(t — T)g(T: x,)dT 2)
V[C(t,x1)] = E[C(t,%1)](Co — E[C(t, x1]) 3)

where Ay is the cross-sectional area normal to the mean groundwa-
ter flow through the source zone, Myd(T)/Ao is the assumed instan-
taneous release of pollutant mass My per unit of cross-sectional area
at running time t = 0, § is the Dirac delta function, Co = Mo/(Apnx;) is
the average pollutant concentration within the source zone pore
water, n is the assumed constant porosity, g(T; x;) is the pdf of
the spatially variable advective solute travel time T from the source
zone boundary at xs to the compliance boundary at x;, and ¢ is the
groundwater velocity along the mean groundwater flow direction at
Xs.

For the continuous release case, the corresponding statistics of C
are obtained as

E[C(t,x1)] = Co /0 " H(t — T)g(T:x)dT (4)
vicex) =3 [ " H(t = T)g(Tsx)dT — E[C(tx1)? (5)
JO

where H is the Heaviside step function and Gy is in this case the
temporally constant input concentration from the source zone at
xs. In the following, we will for simplicity also for the continuous re-
lease case refer to the average pollutant concentration within the
source zone pore water, Co = Mo/(AgnXs), as the input concentration,
but note that the local input concentration values vary (because 7
varies) and the Cy = My/(Aonx;) definition is only an approximation
of the average input concentration in that case.

The expressions (3) and (5) quantify the variance of C in the
bounding case of zero pore-scale dispersion and concentration
measurement at a true point, i.e., for measurement volume
approaching zero (Dagan, 1989). In such a case, the concentration
of non-reactive solute in an individual streamtube is either C =0 or
C=(,, i.e., the true point concentration is bi-modally distributed.
Real local concentrations, however, are always measured in finite
sampling volumes, wherein the solute mass is mixed, destroying
the bi-modality of hypothetical point concentration values. This
mixing does not much affect the expected concentration value,
but it decreases the local concentration variance relative to the
point variance expressed in (3) and (5). In applications with spe-
cific sampling information, the variance expressions (3) and (5)
can be exchanged to corresponding ones that account for the mix-
ing effect of finite sampling volume on the concentration variance,
for example as suggested by Destouni and Graham (1997). In gen-
eric pollution risk studies like the present one, however, one may
conservatively choose to overestimate the local concentration var-
iance by use of the upper limit point variance expressions (3) and
(5), even though the local concentration pdf f{C) in (1) is not as-
sumed to be bi-modal.

For reactive pollutant transport, relevant reaction functions
(here accounting for irreversible first-order attenuation and
reversible linear equilibrium sorption-desorption) extend the ba-
sic non-reactive § and H transport functions in the above E[C]
and V[(] expressions, as outlined in the Appendix 1. For simplicity,
the results illustrated in the following include only the effects of
irreversible first-order attenuation, but a reversible sorption-
desorption process may also readily be accounted for by the use
of the full E[C] and V[C] expressions given in the Appendix 1.

To account for the effect of the statistically quantifiable ran-
domness in aquifer heterogeneity, we quantify the exceedence
probability Pg (1) for lognormally distributed hydraulic conductiv-
ity K with different variance, V[In K], but the same mean value of



K. Persson, G. Destouni/Journal of Hydrology 377 (2009) 434-444 437

In K. The effect of V[In K] translates then differently into the solute
travel time and C statistics depending on which spatial correlation
structure of aquifer heterogeneity that prevails in the field.

To investigate the effect of quantification uncertainty about the
spatial correlation structure of aquifer heterogeneity (i.e., quantifi-
cation uncertainty 1 in the Introduction) on Pg, we will in the fol-
lowing consider two extreme correlation structure scenarios. The
first scenario is a perfectly stratified aquifer (in the following re-
ferred to as a 1D aquifer), where the advective velocity of ground-
water transport is constant in the mean flow direction along any
individual streamline, or streamtube, between the source zone
and the compliance boundary at x;, but varies randomly due to
random variation of hydraulic conductivity among the different
streamlines. The second scenario is a three-dimensional isotropic
aquifer (in the following referred to as a 3D aquifer), where
hydraulic conductivity and advective groundwater transport veloc-
ity vary randomly with equal spatial correlation lengths in all three
spatial directions.

Appendix 1 outlines the expressions for the mean and variance
of solute travel time T and concentration C in the 1D and 3D aquifer
scenarios. For lognormal hydraulic conductivity, the resulting tra-
vel time pdf g(T; x;) is lognormal in the 1D aquifer scenario. For
simplicity, we assume here that g(T; x;) is lognormal also in the
3D aquifer scenario (see e.g. Destouni et al., 2001 for justification
of this assumption). Fig. 2 further shows the very different norma-
lised lognormal solute travel time pdfs g;(T)(nx;)/(K,/) resulting for
the two different correlation structure scenarios, even for the same
V[In K] value. The normalising term (nx;)/(K,]) corresponds to the
geometric mean travel time T, from the source zone to x; in the
1D aquifer scenario, and to the expected travel time E[T] from
the source zone to x; in the 3D aquifer scenario. Moreover, K, is
the geometric mean hydraulic conductivity, and J is the constant
hydraulic gradient in the 1D aquifer scenario and the mean
hydraulic gradient (denoted J in the Appendix 1) in the 3D aquifer
scenario.

In general, the variability of physical solute travel times is a re-
sult of various processes that are difficult or impossible to quantify
with accuracy and precision in real field situations. Examples of
such processes are pore-scale dispersion and molecular diffusion

— 1D aquifer, V[InK]=0.3
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Fig. 2. Effects of uncertainty in the correlation structure of aquifer heterogeneity
(perfectly stratified aquifer scenario, denoted 1D aquifer, or three-dimensional
isotropic aquifer scenario, denoted 3D aquifer), the relative hydraulic conductivity
correlation length I/x; (in the 3D aquifer), and the log-conductivity variance V[In K],
on the probability density function (pdf) of the advective solute travel time g(T).
Both g(T) and T are normalised with characteristic mean travel time (nx,)/(KgJ) (see
further notation explanations in the main text).

(Dagan and Fiori, 1997), as well as diffusive mass transfer between
mobile and immobile groundwater zones (Lindgren et al., 2004).
The travel time pdfs illustrated in Fig. 2, which correspond to the
1D and 3D aquifer scenarios considered in the following calcula-
tions, are so different that they are likely to bound a quite wide
range of possible travel time pdfs for more complex field-process
situations. The present aquifer scenario analysis may therefore
implicitly give a good indication of the practical importance of dif-
ferent quantification uncertainties associated with the physical
solute travel time pdf.

To investigate the effect of the often large quantification uncer-
tainty (e.g. Kavanaugh et al., 2003) about the input concentration
from the source zone (i.e., quantification uncertainty 2 in the Intro-
duction), we will in the following quantify the exceedence proba-
bility Pr for a range of different scenarios of relative input
concentration, Co/Cr. To investigate finally the effect of quantifica-
tion uncertainty about the prevailing biogeochemical attenuation
rate (i.e., quantification uncertainty 3 in the Introduction) we will
also consider different scenarios for such attenuation rate. These
will be represented by the relation between average characteristic
attenuation and transport rates (or time scales), quantified as
(nx,)/(K,]), where / is the rate of attenuation and the term (nx;)/
(KgJ) corresponds to the arithmetic and the geometric mean advec-
tive solute travel time through the source zone extent x; in the 3D
aquifer and the 1D aquifer scenario, respectively. The constant
source zone extent x; is included here instead of the variable trans-
port distance x; in order for the normalising term to be constant.

Results and discussion
The short-pulse release case

Fig. 3 shows the resulting probability Py to exceed the concen-
tration limit C; downstream of a short-pulse contaminant release
for different scenarios of aquifer correlation structure (1D or 3D
aquifer), relative source input concentration (Co/Cr=100 and
1000), and relation between average characteristic attenuation
and transport rates (A(nx;)/(Kg/) =0, 0.01, 0.1 and 1).

For illustrative clarity, Fig. 3 shows Pg results only for one value
of the hydraulic conductivity variance, V[In K] = 1. Lower hydraulic
conductivity variance reduces the difference between the 1D and
3D aquifer structure cases (see Fig. A-1 in Appendix 2, which shows
Pg results for both V[In K] = 0.3 and V[In K] = 1). The results in Fig. 3
and in all the following figures and tables are further based on the
example relative correlation length of hydraulic conductivity I/
Xs = 0.1 for the 3D aquifer. The travel time pdfs in Fig. 2 that under-
lie the Py results for the 3D aquifer at the relative distances x;/
Xxs=10 and x;/x;=100 are thus the curves for V[InK]=1 and I/
x1 =0.01 I/x; = 0.001, respectively. For the 1D aquifer, the shape
of the travel time pdf does not depend on x; and the travel time
pdf that underlies the Py results for this aquifer scenario is that
for V[In K] =1 in Fig. 2.

As one possible example of a water pollution risk level that
might be considered acceptable by environmental managers and
other stakeholders, Fig. 3 emphasises the 1% Pg level (dashed line).
Table 1 shows the relative distance x;/x; at which the exceedence
probability Pg falls below the 1% level in different analysed scenar-
ios. Table 1 shows more results than Fig. 3, including both
V[In K] = 0.3 and V[In K] = 1 and a wider range of source input con-
centration scenarios of Cy=10-1000Cr.

The obtained Py results for the very differently shaped travel
time pdfs resulting from the two extreme 1D (infinite correlation
length in x;) and 3D isotropic (equal correlation length in all direc-
tions) aquifer scenarios are likely to bound corresponding results
for intermediate, more realistic anisotropic aquifer scenarios,
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Fig. 3. Effects of uncertainty in the correlation structure of aquifer heterogeneity (perfectly stratified aquifer, denoted 1D aquifer, or three-dimensional isotropic aquifer,
denoted 3D aquifer), relative solute input concentration Co/Cr and attenuation-transport rate relation A(nx,)/(K,/) on the probability P to exceed the concentration limit Cr at
different relative distances x/x; from the source zone in a short-pulse pollutant release case. The log-conductivity variance is V[In K] =1 and the relative conductivity

correlation length in the 3D aquifer is I/x; = 0.1.

Table 1

The relative transport distance x;/x; at which the probability Pz to exceed the
concentration limit Cr falls below 1% for different scenarios of aquifer heterogeneity,
relative input concentration Co/Cr, and attenuation-transport rate relation i(nx)/(KgJ)
in a short-pulse pollutant release case.

Co/Cr Aquifer scenario A(nxs)[(Kgf)
<0.01 0.1 >1
10 1D aquifer >40° ~20%P <10%P
>60°
3D aquifer >200*° ~40*P
100 1D aquifer >180? ~60? <10*P
>200° ~50°
3D aquifer >200*° ~60*
1000 1D aquifer >200%° ~120° <30%
~80° <10°
3D aquifer ~80*P <10%P
3 V[Ink]=1.
> V[InK] =0.3.

where correlation lengths in the essentially horizontal x,direction
are commonly greater than in the vertical direction. The present
aquifer scenario analysis may therefore indicate the practical
importance of the greatest possible quantification uncertainty
about the correlation structure of aquifer heterogeneity, i.e., of
essentially not knowing anything about the prevailing correlation

structure. Such large uncertainty may be relevant for instance in
pollution accidents with very limited available site-specific infor-
mation and with fast abatement measure decisions that must be
made in spite of these limitations.

As we have seen in Fig. 2, the resulting variance of advective sol-
ute travel time is, for any given V[In K] value, much higher for the
1D than the 3D aquifer. Large travel time variability implies that
the travel time along many streamlines deviates significantly from
the mean travel time. Attenuation along the fastest streamlines
will then be much lower than along streamlines that are closer
to the mean, whereas the transport along streamlines with much
longer than average travel times will not affect the total pollutant
mass delivery much, since the mean travel time is there already
large enough for most of the pollutant mass to be attenuated. On
the one hand, the large travel time variability in the 1D aquifer sce-
nario thus implies less pollutant mass attenuation than in the 3D
aquifer scenario, which has smaller travel time variability for the
same conductivity variance V[In K]. On the other hand, however,
the larger travel time variability in the 1D aquifer scenario also im-
plies greater spreading of the migrating pollutant plume, so that
the pollutant becomes more diluted in the short-pulse release case.
These two counteracting effects of the larger travel time variance
in a 1D than in a 3D aquifer explain the results shown in Fig. 3,
where the 1D aquifer scenario generally implies high P for the rel-
atively large attenuation-transport rate relation A(nx;)/(KgJ) = 1 (for
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which the reducing effect of larger travel time variability on mass
attenuation dominates the result), whereas the 3D aquifer scenario
generally implies high Py for the scenarios of non-reactive solute
and solute with the relatively small attenuation-transport rate
relation A(nx;)/(K,J) < 0.01 (i.e., for relatively non-reactive solute,
for which the dilutive effect of larger travel time variability domi-
nates the result). For the intermediate attenuation-transport rate
relation A(nx,)/(Kg/) = 0.1, the 3D aquifer implies high Py close to
the source zone, while the 1D aquifer implies high Pz further
downstream, where the pollutant attenuation has had sufficient
time to yield significant effects.

We see then in Fig. 3 and Table 1 (and in Fig. A-1, Appendix 2)
that in many cases, neither the quantifiable aquifer heterogeneity
degree nor the quantification uncertainty about its correlation
structure may be very important with regard to whether or not
the risk of water pollution exceeds some given or agreed upon
acceptable risk level. Generally, the quantification uncertainty
about the average attenuation-transport rate relation A(nx;)/(K,/)
seems to be the key for this type of risk level acceptability
assessment.

For a high attenuation-transport rate relation of /(nx)/(KyJ) >
the Cr exceedence probability Pz declines below 1% at dlstances
closer than x;/x;=30 (i.e., 30 times the source zone extent) for
any input concentration Cp < 1000Ct. This applies regardless of
the aquifer heterogeneity details, as long as the log-conductivity
variance is, as often assumed, about 1 or less (Dagan, 1989; Rubin,
2003), which indicates a possibility to give remediation and pre-
vention needs relatively lower priority if one can know with some
certainty that A(nx)/(KgJ) > 1, even though there might be large
quantification uncertainty about the precise A and advection
parameter values.

For an attenuation-transport rate relation of A(nx;)/(Kg/) < 0.01,
the Crexceedence probability Py is highly likely to remain above 1%
at distances up to 200 times the source zone extent for any input
concentration Co > 100Cr and aquifer heterogeneity assumption.
This indicates a need to prioritise prevention measures and reme-
diation efforts if such conditions of A(nx,)/(KgJ) < 0.01 can be ex-
pected, even in the face of otherwise large uncertainty. Only for a
small relative input concentration, Co/Cr=10 in the extreme 1D
aquifer scenario, does Py decline below 1% at a relatively short dis-
tance x4 /x, if A(nx)/(KgJ) < 0.01.

For the 1ntermed1ate attenuation-transport rate relation of

(nx,)/(KgJ) = 0.1, the distance at which Pr declines below 1%
0
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ranges between 20 and 120 times the source zone extent, mostly
depending on the magnitude of relative input concentration Co/
Cr. For a given Cy/Cr, the distance x;/x;s of Pr < 1% is relatively insen-
sitive to the assumed aquifer heterogeneity scenario (within the
limit V[InK] < 1).

The continuous release case

Fig. 4 shows the probability Pk to exceed the concentration limit
Cr downstream of a continuous contaminant release for the exam-
ple hydraulic conductivity variance V[In K] =1. As in the short-
pulse release case, lower hydraulic conductivity variance reduces
the difference between the 1D and 3D aquifer structure cases
(see Fig. A-2 in Appendix 2, which shows Py results for both
V[In K] = 0.3 and V[In K] = 1). Table 2 further shows the relative dis-
tance x;/x; at which Py falls below the example 1% risk acceptance
level. In the continuous release case, the travel time variability
does not affect the contaminant plume dilution after steady-state
is reached, but larger travel time variability may still imply smaller
overall pollutant mass attenuation (see discussion above in “The
short-pulse release case”). The latter effect explains why P gener-
ally declines below the 1% level at greater relative distance x;/x
from the source zone in the 1D than in the 3D aquifer scenario.

Table 2

The relative transport distance x;/xs at which the probability Pz to exceed the
concentration limit Cr falls below 1% for different scenarios of aquifer heterogeneity,
relative input concentration Co/Cr, and attenuation-transport rate relation A(nx,)/(KyJ)
in a continuous pollutant release case.

Co/Cr Aquifer scenario A(nxs)/(Kgf)
<0.01 0.1 >1
10 1D aquifer >200*P ~170% <20?
~70° <10°
3D aquifer ~30%P
100 1D aquifer >200*° >200? <50%
~150° <20°
3D aquifer ~50%P <10%P
1000 1D aquifer >200*° >200*" <90*
<20°
3D aquifer ~80%P <10%P
2 V[InK] =
> V[InK] =
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Fig. 4. Effects of uncertainty in the correlation structure of aquifer heterogeneity (perfectly stratified aquifer, denoted 1D aquifer, or three-dimensional isotropic aquifer,
denoted 3D aquifer), relative solute input concentration Co/Cy, and attenuation-transport rate relation A(nx;)/(K,/) on the probability Pk to exceed the concentration limit Cy at

different relative distances x;/x; from the source zone in a continuous pollutant release case. The log-conductivity variance is V[In K] =

correlation length in the 3D aquifer is I/x; = 0.1.

1 and the relative conductivity
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In general, uncertainty about the correlation structure of aquifer
heterogeneity affects the P; propagation more in the continuous
than in the short-pulse release case. However, also in the continu-
ous release case, the aquifer heterogeneity details may be impor-
tant for whether or not the risk of water pollution exceeds an
acceptable risk level only for a relatively narrow value range of
the average attenuation-transport rate relation i(nx;)/(Kgf).

Specifically, for i(nx,)/(K,]) values around 0.1, the distance at
which P declines below the example of 1% risk acceptance level
varies greatly depending on the prevailing correlation structure
and also on the degree of heterogeneity (Fig. A-2, Appendix 2) in
the 1D aquifer scenario. For A(nx;)/(K,/) outside of this range, how-
ever, the water pollution risk may in many cases be judged unam-
biguously as acceptable or unacceptable (below or above the
example 1% risk level) regardless of actual input concentration
(Co = 10-1000C7y) or correlation structure and magnitude of aquifer
heterogeneity. For A(nx,)/(K,/) < 0.01, the probability P to exceed
the limit Cr is highly likely to remain above 1% even at greater dis-
tances from the source zone than x;/x; = 200. As in the short-pulse
release case, this may serve as a clear indication to prioritise pre-
vention measures and remediation efforts if one has reason to ex-
pect A(nx,)/(Kg/) < 0.01, even under otherwise large uncertainty.
For A(nxs)/(KgJ) = 1, Pg is instead highly likely to decline below
1% at shorter distances than x;/x; = 50 for all input concentrations
Co < 100Cr and independently of aquifer heterogeneity details.
Similarly to the short-pulse release case, this indicates a possibility
to give remediation and prevention relatively low priority in ex-
pected conditions of A(nx;)/(KgJ) > 1.

The risk of surface water pollution in a catchment area

We use the relatively well investigated (e.g. Johansson et al.,
2005; Lindborg, 2005; Jarsjo et al., 2008) 29.5 m? Swedish coastal
catchment area of Forsmark, north of Stockholm (Figs. 1 and 5)
as an example of how scenario analysis results like those presented

in the above sections may be used for assessing the risk of surface
water pollution, for instance for the nearest lake or stream, down-
stream of different groundwater pollution sources within a catch-
ment area. We relate here such an analysis to the risk assessment
requirements of the WFD (European Commission, 2000) and exem-
plify its use for continuous pollutant releases (using the results in
Table 2). We consider local source zone extents of x; = 10 m, which
correspond to the finest pixel resolution of reported hydrological
modelling of the Forsmark catchment area (e.g. Jarsjo et al.,
2008). Smaller sources can anyhow not be spatially resolved be-
yond the finest available model resolution, and analogous risk
assessment analysis can be readily extended to larger source
extents.

The basic WFD demand is for good ecological status to be
achieved or maintained in all the waters of the EU member states.
In order to meet this demand, the WFD requires the member states
to characterise the present status of their waters and assess the fu-
ture risk of declining water status. In this context, the concentra-
tion limit Cr may represent a regulatory pollutant concentration
limit, which is set for maintaining or achieving good ecological
water status and must not be exceeded at any compliance bound-
ary of a surface or coastal water body. However, the present sce-
nario analysis shows that the probability P; of the concentration
limit Cr to be exceeded at some point in time, somewhere on a
compliance boundary, may always be greater than zero (Figs. 3
and 4). There must therefore exist some non-zero probability of
pollutant concentrations to exceed Cr sometime and somewhere
in a catchment, which is tacitly or openly acceptable to environ-
mental managers and other stakeholders. If this acceptable proba-
bility level is not explicitly stated and agreed upon, it may differ
considerably among different stakeholders and constitute an
important, unresolved cause of stakeholder conflict and ineffective
environmental management.

In this study, we consider the example of an acceptable P level
of 1%, corresponding to an expectation that the water status will

Fig. 5. Pollution risk at the nearest surface water system downstream of some hypothetical groundwater pollution sources (marked as black dots) for an average attenuation-
transport rate relation of: (a) A(nx;)/(KgJ) < 0.01; (b) A(nx,)/(KgJ) = 1; and (c) A(nx;)/(KgJ) ~ 0.1. The corresponding risk categories are indicated by: red colour = at risk; yellow

colour = probably at risk; green colour = probably not at risk; blue colour = not at risk.
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remain acceptably good even if about 1% of the groundwater that
flows through a surface water compliance boundary at different
points in space and time has greater pollutant concentration than
the regulatory concentration limit Cr. In general, the results in Ta-
ble 2 for continuous pollutant releases (as well as in Table 1 for
short-pulse releases) indicate that quantification uncertainty about
the average attenuation-transport rate relation A(nx;)/(Kgf) is the
key to whether and where Pk declines to 1% (or some other possible
acceptable Py level) within a catchment. To evaluate how this
uncertainty affects the pollution risk at the nearest surface water
compliance boundaries of the different hypothetical pollutant
source locations that are illustrated in Fig. 5, we can then use the
scenario results for each value range of A(nx;)/(K,J) in Table 2, along
with the following definitions of four different risk categories: (1)
at risk - if Pr > 1% in all or nearly all the investigated source input
concentration and aquifer heterogeneity scenarios for each i(nx;)/
(KgJ) value range; (2) probably at risk - if Pz > 1% in most or in the
most probable investigated scenarios; (3) probably not at risk - if
Pr< 1% in most or in the most probable investigated scenarios;
(4) not at risk — if Pr < 1% in all or nearly all the investigated scenar-
ios. The flow paths from each source to the nearest surface water
compliance boundary are determined from a high-resolution
(10 m) digital elevation model of the area, as explained in more de-
tail by Jarsjo et al. (2008). The lengths of the flow paths from the
different hypothetical sources in Fig. 5 to their nearest surface
water recipient range between 100 and 1300 m.

Fig. 5a shows that if there is sufficient site-specific information
to at least estimate the average attenuation-transport rate relation
to be in the range A(nx;)/(K,J) < 0.01, the nearest surface water
bodies to all of the six source locations are unambiguously at risk,
across a wide value range of all other scenario parameters, which
determine the pollutant input concentration and the physical
transport through the heterogeneous groundwater system. For a
possible reliable quantification of A(nx;)/(K,J) > 1, Fig. 5b shows
that the nearest surface waters are unambiguously not at risk for
three of the sources and probably not at risk for the other three
sources; if the 1D aquifer scenario can further be reliably estimated
as unlikely, based on the available site information, all surface
water bodies can be unambiguously judged as not at risk. For
A(nxs)[(KgJ) = 0.1, Fig. 5c finally shows that the risk may vary
widely among the different sources and their nearest surface water
bodies, implying that the result is here sensitive to the details of
pollutant input and/or aquifer heterogeneity scenario parameters
and their quantification uncertainty. Decisions about whether
any and which pollutant abatement measures that are necessary
for the different sources then rely heavily on the accuracy of the
quite specific estimate of A(nx;)/(KJ) ~ 0.1 and require in addition
reliable judgement and quantifications of the actual probability of
different possible pollutant input and/or aquifer heterogeneity
scenarios.

In general, all risk assessments depend on the chosen defini-
tions of the different risk categories. In practice, such as in real
WEFD implementation situations, the risk category definitions will
commonly be decided by the competent water management
authorities, after consultations with different stakeholders and
the interested public. In this study, we have exemplified how the
risk definitions can be directly related to a scenario analysis, which
accounts for quantifiable variability and randomness as well as
quantification uncertainty in essential risk-determining parame-
ters. If sufficient and accurate information is not available about
the key average attenuation-transport rate relation, or about the
other pollutant input and groundwater transport parameters for
some specific A(nx,)/(KgJ) conditions, the results in Fig. 5 demon-
strate that the risk of surface water pollution may be assigned
any possible category value, depending on which subjective
assumptions are made about these parameters.

Conclusions

This paper has investigated the propagation of quantifiable
probability and quantification uncertainty of water pollution from
local sources at and below the land surface, through the groundwa-
ter system, to downstream surface water recipients. Methodologi-
cally, the study has shown how the risk and uncertainty of surface
water pollution within a catchment may be assessed by a com-
bined methodology, including a LaSAR modelling approach, which
accounts for quantifiable pollutant transport randomness, and a
scenario analysis approach, which accounts for quantification
uncertainty. The investigated latter uncertainty regards the corre-
lation structure of aquifer heterogeneity, the released pollutant
concentration from the source zone, and the pollutant attenuation
rate along the transport from the source to the surface water com-
pliance boundary.

The application results of this methodology have shown that, in
general, unambiguous risk assessment for any pollutant source re-
quires at least a reliable order-of-magnitude quantification of the
prevailing average attenuation-transport rate relation, quantified
here as A(nx;)/(KgJ). If this average parameter value can reliably
be estimated to fall within any of the open ranges of A(nx;)/
(KgJ) <0.01 or A(nx,)/(KgJ) > 1, the assessment of pollution risk to
surface waters may be unambiguous even under otherwise large
quantification uncertainty. If even such range estimates are uncer-
tain, so that the prevailing average A(nx;)/(KgJ) value can possibly
be of the order of 0.1, additional investigations may be necessary
for reducing the quantification uncertainty about the additional
investigated factors of pollutant input concentration and transport
through the heterogeneous groundwater system. If such investiga-
tions are not possible within the time and resources available for
the pollution abatement effort, or if their costs are greater than
the possible pollution abatement measures, one should conserva-
tively assume and plan abatement measures for the relatively
non-reactive scenario of A(nx;)/(K,J) < 0.01.
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Appendix
Statistics of travel times and local concentrations

In the short-pulse release case, the local solute concentration at
time t and location x; along the mean flow direction in an individ-
ual streamtube can be expressed as C(t, X;) = Coxso(t—T(x1))/ vo. If
the solute along its transport through the individual streamtube
undergoes first-order irreversible attenuation from the aqueous
phase at the rate A and linear equilibrium sorption-desorption
with the resulting retardation factor R, the local concentration be-
comes instead ((t, xq)= Coxsexp(—AT)3(t—RT(x1))/(v) (adapted
from Destouni and Graham, 1997; Destouni and Cvetkovic, 1991
for explicit expression of both Cy and R).In the 1D aquifer scenario,
the advective velocity along a streamtube is constant so that
1o = X1/T and the expected concentration E[C(t, x,)] in the ensemble
of streamtubes in the aquifer becomes (adapted from Destouni and
Graham, 1997 (Eq. (9)) and Destouni and Cvetkovic, 1991 (Eq. (6))
for explicit expression of both Cy and R)

E[C(t,x,) = /0 ‘ CZZ‘ exp[—AT)8(t — RT)g, (T; x;)dT

Coxst t
= ORSZ exp[-At/R|g; <R;x1> (A1)

1
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The statistics of T in the 1D aquifer scenario can further be derived
from the statistics of the lognormally distributed K as

T, — nx,
¢KJ
V[InT] = V[InK] (A2)

where J, in this aquifer scenario, is the constant hydraulic gradient
in the mean flow direction x;, T, = exp(E[In T]) is the geometric
mean travel time, K; = exp(E[In K]) is the geometric mean hydraulic
conductivity, V[In T] is the variance of In T, and V[In K] is the vari-
ance of In K.

In the 3D aquifer scenario, with equal correlation length of
hydraulic conductivity in all three directions, E[((t, x;)] becomes
instead (adapted from Destouni and Graham, 1997 (Egs. (15) and
(16)) and Destouni and Cvetkovic, 1991 (Eq. (6)) for explicit
expression of both Cy and R)

_ Cox; n(1 + 11V[InK]/30)
R Ko
The mean travel time E[T] and variance V[T] can in this aquifer sce-

nario be derived from the statistics of the lognormally distributed K
for far-field transport, x; > I, as

E[C(t, %,)] exp[—it/Rlg, <%;x1> (A3)

'.'
“y
.'.
Ray
aw
...""'---.-
s
B LT TP

-1
10

Non-reactive transport

10 |reeennnnsnnnnnn s nnnnnnnnn e

= === 3D aquifer, Var[InK]=0.3

=== 3D aquifer, Var[InK]=1
1D aquifer, Var[InK]=0.3

===== 1D aquifer, Var[InK]=1

10°

Exceedence probability, Pg

10-4 i i i
50 100 150 200

X, /X

0
10
™~

Y == === 3D aquifer, V[InK]=0.3
b, ‘) === 3D aquifer, V[InK]=1
107 ‘*.'& 1D aquifer, V[InK]=0.3 ||
’\ ===== 1D aquifer, V[InK]=1

ol
Q ...I.
N T Ax)I(Kp)=0.1

10 SITELTTTRTERR X CLRPEN LTI CEY ELYELY LY

Exceedence probability, Pg

Q“} T,
_ (}
10° KX
“‘}
10 . . A .
50 100 150 200
X,/xg

E[T) = % X — oo
21 nxq g
V(T =3 VinK| Kj) Moo (A4)

where J is the mean hydraulic gradient in the mean flow direction,
X1, and [ is the correlation length of the hydraulic conductivity. As
explained in the appendix of Destouni and Graham (1997), the
expression of E[T] in Eq. (A4) is a consistent (with the following
first-order expression of V[T]) first-order approximation of mean ar-
rival time, as discussed by Cvetkovic et al. (1992). The expression
for V[T] is identical to Eq. (23) of Shapiro and Cvetkovic (1988).

Note that if contaminant attenuation takes place in both the
aqueous phase and at the sorption sites, the local concentration
along an individual streamtube is C = Coxsexp(—ART)3(t—RT)/(vp) in-
stead of C= Coxsexp(—AT)d(t—RT)/(vp) because the solute is attenu-
ated all the time RT that it travels and stays sorbed along the
streamtube and not only during the travel time T. The expected
concentration expressions (A1) and (A3) must also then be modi-
fied accordingly.

For the continuous release case, the local concentration in an
individual streamtube can be expressed as C = Coexp(—AT)H(t—RT),
where H(t) is the Heaviside step function. The statistics of C are
then for both the 1D and the 3D aquifer scenarios obtained as
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Fig. A-1. Effects of uncertainty in the aquifer heterogeneity magnitude (log-conductivity variance, V[In K]), correlation structure (perfectly stratified aquifer, denoted 1D
aquifer, or three-dimensional isotropic aquifer, denoted 3D aquifer), and attenuation-transport rate relation A(nx;)/(KgJ) on the probability Pk to exceed the concentration limit
Cr at different relative distances x;/x; from the source zone in a short-pulse pollutant release case. The relative source input concentration is Co/Cr= 1000 and the relative
conductivity correlation length in the 3D aquifer is I/x;=0.1.
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Fig. A-2. Effects of uncertainty in the aquifer heterogeneity magnitude (log-conductivity variance, V[In K]), correlation structure (perfectly stratified aquifer, denoted 1D
aquifer, or three-dimensional isotropic aquifer, denoted 3D aquifer), and attenuation-transport rate relation A(nx;)/(KgJ) on the probability Pk to exceed the concentration limit
Cr at different relative distances x;/x; from the source zone in a continuous pollutant release case. The relative source input concentration is Co/Cr= 1000 and the relative
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E[C(t,x1)] = Co /0 " exp(—T)H(t — RT)g(T; x,)dT

VIC(t,x1)] = C /0 " exp(—2/T)H(t — RT)g(T: x,)dT — E[C(t, x,)?
(A5)

with the travel time statistics also given here by Eq. (A2) for the 1D
aquifer scenario and by Eq. (A4) for the 3D aquifer scenario. If atten-
uation takes place in both the aqueous phase and at the sorption
sites, the local concentration would further in this scenario be
C = Coexp(—ART)H(t—RT) instead of C= Coexp(—AT)H(t—RT) and the
concentration statistics in Eq. (A5) would be modified accordingly.

The effects of the reversible sorption—-desorption process are for
simplicity not included in any of the results presented in the main
paper, i.e.,, R=1 in the equations above.

Propagation of exceedence probability for different magnitude of
heterogeneity

As complements to Figs. 3 and 4 in the main paper, Figs. A-1 and
A-2 show Py results for both V[In K] = 0.3 and V[In K] = 1 in a short-
pulse and continuous pollutant release case, respectively.
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Abstract This study has investigated and outlined the possible quantification and
mapping of thedistributionsof advective solutetravel timesthrough hydrological catchments.
These distributions are essential for understanding how local water flow and sol ute transport
and attenuation processes affect the catchment-scale transport of solute, for instance with
regard to biogeochemical cycling, contamination persistence and water quality. The spatia
and statistical distributions of advective travel times have been quantified based on reported
hydrological flow and mass-transport modeling results for two coastal Swedish catchments.
The results show that the combined travel time distributions for the groundwater-stream net-
work continuum in these catchments depend largely on the groundwater system and model
representation, in particular regarding the spatial variability of groundwater hydraulic param-
eters (conductivity, porosity and gradient), and the possible contributions of slower/deeper
groundwater flow components. Model assumptions about the spatial variability of ground-
water hydraulic properties can thus greatly affect model results of catchment-scale solute
spreading. The importance of advective travel time variability for the total mass delivery
of naturaly attenuated solute (tracer, nutrient, pollutant) from a catchment to its down-
stream water recipient depends on the product of catchment-average physical travel time and
attenuation rate.

Keywords Hydrology - Travel time - Solute transport - Natural attenuation - Catchment -
Groundwater—surface water interactions

1 Introduction

Travel time distributions (or also called transit time distributions, system response

functions, weighting functions[1]) are useful descriptors of how small-scale physical trans-
port processes and their dynamics combine to determine larger-scale transport behavior in
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catchments. A travel time distribution can be determined from the mass flow response or
breakthrough of an instantaneous, conservative tracer input in a catchment area with zero
background tracer concentration [2]. Thisintegrates the physical transport of tracer in all the
pathways that carry it through the catchment into a single distribution of the timescales of
the tracer transport through the catchment. This distribution quantifies the physical spread-
ing of tracer mass in that catchment-scal e transport process and can aid significantly in the
understanding and quantification of the processesinvolved in the catchment-scal e water flow
and solute (tracer, nutrient, pollutant) transport [3—7]. These processes control aso biogeo-
chemical cycling, contamination persistence and water quality [8].

Purely physical, advective solute travel timesthrough acatchment depend on the transport
velocitiesand transport pathway |engths between the solute input and output locations. These
physical transport quantities and associated solute travel times may vary widely for different
solute input locations, an influence that may be referred to as geomorphologic dispersionin
the stream networks [9] and analogously in the subsurface transport process from the land
surface to the streams [3,5]. Even for solute input at a single well-defined point-source loca-
tionin astream, the downstream sol ute transport and travel timesthrough the stream network
are subject to dispersion dueto transport vel ocity variations among and along different trans-
port pathways[10, 11]. The solute may also undergo diffusive mass transfer between mobile
and immobile water in the hyporheic [12] and dead zones [13].

Different factors and mechanisms may control the dynamics and timescales of hydrolog-
ical mass transport through drainage basins [14-17]. The travel time variability that exists
at all scalesin all catchments may to smaller or greater degree mask some important effects
of these factors and mechanisms and lead to disparities between different solute transport
models and results for different measurement and model scales [4,18-20]. Such disparities
limit our capability to incorporate field knowledge and to interpret and transfer resultsin and
between different modeling frameworks and catchments.

In general, redistic distributions of solute travel times in catchments have been pointed
out asessential information for accurately representing the catchment-scal e process of solute
transport, yet commonly difficult to quantify and constrain [1]. In this paper, we investigate
the possible quantification of solute travel time distributions in catchments, by the use of
reported results on catchment-scale hydrological flow and mass transport modeling in two
well-investigated, coastal Swedish catchments areas (Fig. 1): the Norrstrdm drainage basin
[19-24] and the Forsmark catchment area [25-28]. In particular, we investigate here the
role of different possible groundwater system representations for the quantification of solute
travel times through catchments. We further investigate the effects of different travel time
distribution quantifications for the resulting solute mass transport from the catchments to
downstream recipients.

2 Materialsand methods

This section describes the genera approach to quantify travel times and their spatial and
statistical distributionsin catchments, and the solute mass delivery from the catchments. The
modeling details for the two specific investigated catchment areas are given in the Appendix.
2.1 General quantification approach

Numerous studies have in the past decades devel oped and used theoretical conceptualization
and quantification approaches that account for the large-scale, physical spreading of solute
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Fig. 1 aLocation of the Forsmark and Norrstrém catchment areas within Sweden; b the Forsmark catchment
area with its: surface water system, including streams (blue lines), lakes (soft blue), wetlands (dark blue)
and ten main stream outlets to the coast (black dots), the subcatchment boundaries of which are drawn with
black lines; and c the Norrstrém drainage basin with its: river network (soft blue), major lakes (dark blue)
and subcatchment boundaries (black lines), and outlet to the sea (black dot). The small near-coastal zonesin
between the main stream outlets of the Forsmark catchment area discharge mainly groundwater to the sea

transport in heterogeneous geological formations in terms of prevailing advection variabil-
ity; see for instance Dagan [29] and Rubin [30] for reviews of such different approaches.
Some of these approaches have particularly devel oped the use of advective solutetravel times
and their distributions as amain basis for Lagrangian conceptualizations and derivations of
field-scale solute transport and spreading in different subsurface water systems (unsaturated
soil and groundwater, e.g. [2,31-47]). Parallel studies also extended the theoretical basis of
the Lagrangian travel time-based approaches to link the solute transport through the differ-
ent water subsystems (unsaturated soil, groundwater, streams and stream networks) that are
hydraulically connected at the larger scales of hydrological catchments[4,5,44,48-50].

The advective travel time distributions that have been used in most previous studies have
been approximated by assuming some common type of probability density function (e.g.,
log-normal, inverse Gaussian), which can befully parameterized based on knowledge of only
the possible mean and variance of solute travel times in the considered transport system. In
this study, we adopt the Lagrangian advective travel time-based approach and extend it to
quantify and investigate entire distributions of advective solutetravel timesin the two Swed-
ish catchment cases and their different water subsystems, by the use of the flow and mass
transport results that have already been modeled, tested against all available monitoring data
and reported in a series of previous published studies of these catchment areas [19-28].

In general, studies that use Lagrangian advective travel time-based approaches do so
because they focus on the macro-dispersion of solute transport due to large-scal e advection
variability. In such large-scale contexts, the local mixing that occurs between and along dif-
ferent advection pathways due to pore-scale dispersion and molecular diffusion in mobile
water is often neglected [29, 30]. However, if and where account of these processesis needed,
they can belinked to the advective travel-time based model representations, with such linked
studies showing that neglecting local dispersion and diffusion within mobile water does
not much affect the large-scale mean mass flow rate or concentration, but may lead to the
overestimation of local mass flux and concentration variances [51-54].

Jarg 0 et a. [26] have aso specifically investigated the effect of local random variability
around mean advective travel time, e.g. due to local dispersion and diffusion, for the Fors-
mark catchment area, which constitutes one of the two specific catchment cases of the present
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study. The results of Jarg0 et al. [26] confirm that also in this specific catchment case, the
effect of such local variability within mobile water issmall on the expected large-scale solute
transport. The present paper therefore focuses on the quantification of advective solute travel
times as the main, first and necessary step towards quantifying catchment-scale pollutant
transport and its dominant timescales.

With regard to more significant effects of diffusive mass transfer between mobile and
immobile water zones, it is one of the main advantages of Lagrangian travel time-based
approaches that their first-step quantification of advective solute travel time distributions
can readily be coupled with relevant process models of diffusive mass transfer [5,33,34,
36,37,46,49], aswell as with biogeochemical reaction process models of various degrees of
complexity [34,38-43,45,47,50,55]. Theresulting coupl ed advecti on-sorption and/or advec-
tion-reaction models account then both for the physical solute spreading effect of advection
variability and the diffusive mass transfer and/or biogeochemical reaction process effects on
large-scale pollutant transport. In this study, this extension possibility will only beillustrated
for ageneric, hypothetical and simple case of solute undergoing first-order attenuation. This
illustrationis made to show some general first-order effects of the advective solutetravel time
variability and distributions on the large-scale solute mass delivery from different parts of
a catchment area and the whole catchment to a downstream water recipient. More complex
investigations of diffusive mass transfer and/or reactive transport of specific pollutants are
outside the scope of the present study, but we note with reference to the above-cited diffu-
sive-reactive transport studiesthat such investigations are facilitated by the present, first-step
quantification of advective solute travel time distributions.

In the present quantification of these distributions, we further neglect the travel time com-
ponents in the essentially vertical transport from the soil surface down to the groundwater
table, for smplicity and in comparison to the dominant, large travel times in the ground-
water system, from the groundwater table to the groundwater—stream interface. This is by
no means any necessary neglect requirement in the Lagrangian advective travel time-based
approach. On the contrary, this approach has aready been devel oped and used for linking the
travel timesand travel time distributions of the essentially vertical unsaturated zone transport
with the essentially horizontal transport in the groundwater zone and its travel times and
travel time distributions, in order to represent the large-scale solute transport through the
integrated soil—groundwater system [44,49]. If and where the advective travel timesthrough
the unsaturated zone are quantified or expected to be significant in rel ation to the groundwater
travel times, the same methodology can readily be used to extend the present quantification
resultsto consider and integrate the unsaturated zone travel time componentsin the combined
catchment-scale travel time distribution.

Furthermore, the previously reported flow and transport modeling of the specific two
Swedish catchment cases considered in this study certainly include soil properties and pro-
cesses[19-28]. The main reason and motivation for the present primary focus on quantifying
and linking the groundwater and stream network travel times is that the soil depth of qua-
ternary deposits above the bedrock is generaly small (around 1-2m, up to maximum 5m)
in both these catchment areas, with the groundwater table being on average about one meter
below the soil surface. In contrast, the horizontal transport lengths are three to five orders
of magnitude greater in both the small Forsmark catchment area of 30km? and the much
larger Norrstrém catchment area of 22000 km? (Fig. 1). We believe that these conditions
justify a primary focus on the advective travel times of the horizontal transport through the
groundwater—surface water continuum, especially with the particular aim of the present study
to investigate the role of different possible groundwater system characterizations and model
representations for the quantification of solute travel times through catchments. Also in this

@ Springer



Environ Fluid Mech

respect, the present results facilitate follow-up studies that can incorporate the additional
travel time components of vertical transport through the unsaturated zone and investigate
their effects on the combined total distributions of travel times through whole catchments.

2.2 General travel time and mass delivery fraction calculations

We consider solute mass releases from different sources on the land surface and/or directly
into the streams, lakes of each catchment area, which discharges its water and waterborne
solute mass flows into a downstream recipient. This recipient is the coastal water for both
catchment areas investigated here, with a single coastal outlet in the Norrstrom basin, and
multiple stream outlets as well as zones of direct groundwater discharge to the coast in the
Forsmark catchment area (Fig. 1).

The advective solutetravel time from any massinput location ag,, along the mean ground-
water flow direction xg,, to agiven control plane location xcp aong that direction (e.g., at
the nearest groundwater—stream or groundwater—coast interface), and ag along the mean

stream/surface water flow direction xs to the outlet xoyt isquantified as g, = axgip vgd é%”g” y
Xout dXg

and 75 = a0 with vgy, (Xgy) and vs(Xs) being the local transport velocity in the
Xgw and Xs direction at advective solute transport position Xg,, and Xs along Xg,, and X,
respectively. For any solute input location at the catchment surface, a total flow-weighted
averagetravel time T totherecipient can bequantifiedas T = (1 — Bgw) s + Bgw (Tgw + Ts)»
orjust T = 7gy in near-coastal catchment zones with only groundwater flow to the coast
(see Forsmark area in Fig. 1b), where gy, is the flow fraction of the total precipitation
surplus (precipitation minus actual evapotranspiration) at the catchment surface that infil-
trates the soil-groundwater system, and (1 — Bgy) is the complementary fraction that
flows directly into the recipient through only surface runoff and stream flow. In general,
Bgw = 0inal catchment area parts that are covered by surface water, while it may gen-
eraly have different values at different land surface locations. In the present calculations,
explained further in the specific catchment sections below, B, is assumed steady in time
and is estimated mainly from available land cover information for the Forsmark catch-
ment area, and both land cover and river network information for the Norrstrom drainage
basin.

The quantification of delivered solute mass fraction from the catchment surface to the
coast is made here for solute that undergoes first-order attenuation exp(—Aigy 7gw) in the
subsurface and exp(—Asts) in the stream network system of the catchment. For simplicity,
because we do not investigate any specific tracer, nutrient or pollutant transport situation,
we illustrate results for Ag,, = As = A, S0 that the mass delivery fraction o from any input
location to the coast is quantified asa = exp(—AT). Thetotal delivered massfraction from
the whole catchment to the coast is quantified by the mean value, @, of « for uniform mass
input over the whole catchment surface.

2.3 The Forsmark and Norrstrém catchment areas

TheForsmark catchment areaisrelatively small (30 km?) and characterized by uniquely high-
resolved (on 10m x 10m grid cells) measured and modeled hydrological data[25-28]. The
Norrstrém drainage basin is relatively large (22000 km?), with much coarser (1km x 1km)
resolution of available measured and modeled data [19-24]. This section shortly describes
the main flow and transport characteristics of these areas. More details on the modeling and
calculations for each area are given in Appendix.
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2.3.1 Forsmark catchment area

The Forsmark catchment area (Fig. 1b) contains the subcatchments (black contours, Fig. 1b)
of ten main stream-outlets to the Baltic Sea, with small near-coastal catchment zones in
between discharging mainly groundwater to the sea. The Forsmark catchment area is cur-
rently of particular interest due to its consideration by the Swedish Nuclear Fuel and Waste
Management Company as a possible suitable location for adeep repository for spent nuclear
fuel, e.g., [26,56]. Quaternary deposits cover amajor part of the surface and are dominated
by till (mainly sandy). The land surface is mainly covered by forest. There are also many
lakes and wetlands, with the wetlands being sometimes partially forested. Figure 1b shows
the ten main connected stream networks (with outlets to the coast shown with black dots)
and their catchments (with boundaries drawn with black lines), where the dominating flow
and transport pathways from the land surface to the coastal waters go through the coupled
groundwater—stream system to the nearest surface water (stream, lake, wetland) and through
the associated stream network to the coast. The remaining surface area in the Forsmark
catchment represents the about 11% of the total catchment surface areathat is covered by the
small, near-coastal catchment zones where groundwater discharges directly into the coastal
waters.

In generd, infiltration excess overland flow may occur in this catchment area but only
over short distances [56,57], implying a negligible surface runoff contribution to the total
runoff from the catchment and thereby B4, =~ 1 in the land surface grid cells, which cover
about 85% of the catchment area. The remaining 15% is covered by surface water (streams,
lakes and wetlands), for which Bg,, = 0.

The fine data and model resolution for this catchment area allows us to investigate the
role of the groundwater hydraulic gradient quantification, by using the same underlying
fine-resolved (10m x 10m grid) ground slope data as in previously reported hydrological
modeling [26,28] in two different ways. Specifically, we estimate the hydraulic gradient in
each grid cell in the groundwater system as equal to: either (i) the arithmetic mean value
of al the local, fine-resolved ground slopes in the subcatchment area of the outlet (to the
nearest stream or directly to the sea) that is associated with the grid cell; this slope is then
constant among the different grid cells within each subcatchment area and referred to as the
subcatchment-average slope and hydraulic gradient; or (ii) the fine-resolved local ground
slope at each grid cell location, which we refer to as the local ground slope and ground-
water hydraulic gradient. Grid cell lengths through each model cell are generally for both
gradient approaches calculated in the horizontal plane, based on estimated flow path direc-
tions and the size of model grid cells. Elevation is thus not accounted for in the transport
distance calculations, which implies that any result differences between the different gradi-
ent estimation approaches depend on associated transport velocity and not transport length
differences.

Field measurements of hydraulic conductivity (by 36 slug tests and 2 pumping tests)
throughout the Forsmark catchment area yielded highly variable conductivity values, which
weregenerally higher at theinterface between the quaternary depositsand theunderlying bed-
rock than in the soil above that interface [57]. For the investigation purposes of the previous
hydrological modeling studies of this area [26,28], a uniform hydraulic conductivity value
(equal to the reported mean value from measurements [57]) was used to mainly represent
the solute transport through the high-conductivity layer at the soil-bedrock interface. The
same model representation isused also here, allowing usto investigate the effect of different
assumptions with regard to the spatial variability of hydraulic conductivity, by comparison
with Norrstrom basin results under similar mean travel time conditions.
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2.3.2 Norrstrom drainage basin

The Norrstrém drainage basin (Fig. 1¢) isdefined by the coastal outlet location of Norrstrom
in the Swedish capital, Stockholm, and contains many (sixty shown in Fig. 1¢c) main sub-
catchments that drain their water through the major lake Mé aren to that common outlet and
further into the Baltic Sea. The basin is rather flat with a basin-average topographic slope of
1.5% and a steepest topographic slope of 10% in asingle 1km x 1 km model grid cell, and
low-lying with numerous lakes, underlain by granitic and gneiss-granitic bedrock covered
by clay or till deposits. On the resolution scale of 1km x 1km, land-cover is classified to
consist of 4% built-up areas, 36% agricultural and open land, 49% forest, 1.5% wetlands and
9.5% major inland surface waters.

Due to the coarse spatial model resolution of this basin, there are generally unresolved
streams and other surface water features also within the model grid cells that are classified
as land. Given a relevant stream density for these grid cells based on several paper and
digital sources for river network delineation [19], the previous hydrological model studies
of the Norrstrom basin [19-24] have quantified the total flow from the land—soil—ground-
water system that feeds the surface water system to be, on average, about 75% of the total
water flow through the basin. The remaining flow of about 25% goes then only through the
surface water system. In these surface water cells defined by land cover and river network
information, Bg,, = 0. In the land—soil—groundwater system grid cells, Bg,, = 1 because
the pure surface runoff contribution to the total (surface and land—soil—-ground) water flow is
negligible (about 0.02%) in Norrstrém, asin Forsmark.

The previous, underlying hydrological modeling of the Norrstrom basin [21] conceptual -
ized the groundwater flow to be partitioned between arelatively highly conductive (shallow,
e.g., of quaternary deposits) and a less conductive (deeper, e.g., the bedrock) groundwater
subsystem with the average total thickness of the two groundwater systems being set to 50m
following de Wit [58]. In this study, we investigate specifically the advective travel time
effects of accounting for or neglecting the possible flow partitioning into the groundwater
subsystem of slower/deeper flow.

Dueto the coarse spatial resolution, the grid cell-average hydraulic gradient quantification
for the groundwater system in the Norrstrém basin is more consistent with the subcatchment-
average than with the local gradient estimate in the Forsmark catchment area. In contrast to
the Forsmark application, the groundwater hydraulic conductivity in Norrstrom is modeled
to vary between grid cells, depending on the available data of soil characteristics [19-24].

3 Resultsand discussion

Figure 2 illustrates the spatial and statistical distributions of advective travel times through
the different water subsystems, and in total through the catchment areato the coast, from all
the 10m x 10m grid cellsin Forsmark, with the different hydraulic gradient quantifications:
(i) the subcatchment-average gradient (Fig. 2a, b), and (ii) the local gradient (Fig. 2c, d).
The different gradient quantifications yield large travel time differences in both the spatial
distribution (Fig. 2a, ) and the spreading of the statistical distribution (Fig. 2b, d) of travel
times. The differences depend on the contributions of very long travel time componentsin
the local gradient approach from the large flat-topography parts of the Forsmark area. The
arithmetic averaging involved in the subcatchment-average gradient approach reduces the
weight of small local gradient values and provides more realistic estimates of the prevailing
hydraulic gradient, which is not likely to fluctuate as much as the local ground slope.

@ Springer



Environ Fluid Mech

@ T (year) (€)

. ooo
OU’!AO\)NHU'NHO

200 0 1km
1000

< c
£ S
5 5
) 2
2 3
o ©
o o
2 =
8 8
= =
E €
= =1
o O
I B RALLL B AL B LY LAULLLL INURLRLLL UL BLELLLLLL B
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
Travel time (year) Travel time (year)
== in surface water to the coast in near-coastal groundwater to the coast

m==m iN groundwater to nearest downstream surface water
==mm in Whole Forsmark catchment area to the coast @ Mean value

Fig. 2 Spatid (a, c) and statistical (b, d) distributions of advective travel time from all grid cellsin Forsmark
catchment area to the coast, for the stream network and groundwater subsystems and the whole catchment,
with hydraulic gradient quantification from a, b subcatchment-average ground slope; and ¢, d local ground

slope

ThedifferencesinFig. 2 underlinethe essential role of themodel representation of ground-
water hydraulics, herereflected by the different possible approachesto estimate the hydraulic
gradient. The fact that infiltration excess overland flow is negligible in Forsmark [56,57]
explains the strong hydraulic gradient control on calculated advective travel times through
this catchment area, which was also found by McGuireet a. [15]. A contrasting and counter-
intuitive positive relationship between catchment transit times and ground slope has been
found by Tetzlaff et a. [59] for the flat Swedish Krycklan boreal basin. This result is
explained by the total runoff being dominated by relatively fast overland flow, rather than
by groundwater flow asin Forsmark, in the flatter, poorly drained peat soils of the Krycklan
basin [60].

Figure 3illustratesthe spatial and statistical distributions of advectivetravel timesthrough
the different water subsystems and the whole basin to the coast from all the 1L km x 1 km grid
cellsinNorrstrom. Resultsareillustrated for the alternativemodel representationsthat neglect
(Fig. 3a, b) or account for (Fig. 3c, d) the possible contribution of slow/deep groundwater
flow. Thetravel timedifferences obtained by these alternative model representationsarelarge
in terms of both the spatia distribution (Fig. 3a, ¢) and the statistical spreading (Fig. 3b, d) of
travel timesin the basin. Since flow path directions and flow pathway lengths are the samein
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Fig. 3 Spatid (a, c) and statistical (b, d) distributions of advective travel time from all grid cellsin the Nor-
rstrém drainage basin to the coast, for the surface runoff, surface water and groundwater subsystems and the
whole catchment for a, b neglect and ¢, d account for the possible contribution of a slow/deep groundwater
subsystem

both conceptualizations, thesetravel timedistribution differencesare only dueto the assumed
partitioning (in Fig. 3c, d) or the no-partitioning (in Fig. 3a, b) of groundwater flow between
the two groundwater subsystems with distinctly different advective velocities. Also these
differences emphasize thus the importance of relevant groundwater system characterization
for relevant and accurate assessment of solute travel time distributionsin catchments.

The importance of groundwater controls on catchment-scale travel times has also been
reported in other studies, which have found greater travel time dependence on bedrock seep-
age[61,62] than onthe more directly intuitive catchment size. Theresultsillustrated in Fig. 3
show that also in the Norrstrom basin, the relatively small proportion of about 12% of the
total runoff recharging the slow/deep groundwater subsystem is sufficient for significantly
increasing the total mean travel time to the coast. With this deep recharge fraction, the mean
total travel timeincreasesfrom about 3 to about 30years (Fig. 3). Furthermore, thetravel time
variability, quantified in terms of the travel time standard deviation, increases from about 10
to about 60years (Fig. 3).

Table 1 summarizes the most directly comparable catchment-scale travel time statistics
for the two catchment areas: those for the case of neglecting the slow/deep groundwater
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Tablel Catchment-scale mean value, standard deviation and coefficient of variation of advectivetravel times
T from al grid cellsin the Forsmark and Norrstrom catchment areas to the coast

Advective travel time to the coast Advective travel time to the coast

in the Forsmark catchment area in the Norrstrom drainage basin

Mean value (years) 17 Mean value (years) 34
Standard deviation (years) 17 Standard deviation (years) 11.2
Coefficient of variation 1.0 Coefficient of variation 33

Travel timesin Forsmark are for the subcatchment-average hydraulic gradient quantification. Travel timesin
Norrstrém neglect the possible contribution of slow/deep groundwater

flow contribution in Norrstrom (Fig. 3a, b), and the case of subcatchment-average hydraulic
gradient in Forsmark (Fig. 2a, b). Under these conditions, the resulting total mean travel time
is similar for both catchment areas. To explain this similarity, Tables 2 and 3 in Appendix
summarize some characteristic flow and transport parameter statisticsfor these Forsmark and
Norrstrém cases, respectively. A comparison between these tables shows that, beyond the
similar precipitation surplus because both catchments are in the same hydro-climatic region,
the similarity in mean advective travel times between the two cases depends on their similar
mean combined times for advective groundwater transport, expressed as the mean value of
the ratio between groundwater flow path length and groundwater flow velocity (in turn quan-
tified asthe product of hydraulic conductivity and slope divided by porosity). Thistime scale
is similar even though the separate groundwater flow and transport characteristics are quite
different between the two cases, and irrespectively of the very different catchment areasizes.
The independence of mean travel time on catchment scaleis consistent with similar findings
for diffuse solute transport by McGuire et al. [15], Tetzlaff et a. [59] and Rodgers et al.
[63], however depending on different types of flow and transport controls in the different
catchment case studies.

Themain groundwater system control of the Forsmark and Norrstrom travel timeresultsis
emphasized by the order-of-magnitude smaller standard deviation and the threetimes smaller
coefficient of variation of advective travel times (from different input positions to the coast)
in Forsmark than in Norrstrom (Table 1). Specifically, comparison between Tables 2 and 3
with regard to the coefficients of variation of different flow and transport parameters shows
that the uniform hydraulic conductivity and porosity assumption for the groundwater system
in Forsmark is primarily responsible for its small travel time variability (in terms of both
standard deviation and coefficient of variation). This variability difference implies a much
greater spatio-temporal spreading (macro-dispersion) of solute around its centre of massin
Norrstrom than in Forsmark, and emphasizes the importance of spatial groundwater vari-
ability assumptions for the distributions of advective solute travel time and the associated
physical spreading of solute massin catchment-scale hydrological transport.

Figure 4 finally illustrates the effect of these variability differences for the delivered sol-
ute mass fraction from different input locations to the coast in the comparable (in terms of
similar mean travel time) Norrstrom (Fig. 4a—c) and Forsmark (Fig. 4d-f) cases, for different
scenarios of the product of catchment-average physical travel time T and biogeochemical
attenuation rate A. For each catchment area and AT scenario, Fig. 4 shows also the total
resulting catchment-scale delivery fraction & of solute massto the coast.

Theresultsin Fig. 4 indicate that the differences in solute travel time variability implied
by the different spatial variability assumptions for the groundwater hydraulic parametersin
the two catchment case quantifications are primarily important in solute-catchment situations
where0.1 < AT < 10. For theinterval 0.1 < AT < 10, any uniform, instantaneous solute mass
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Fig. 4 Map of delivered mass fraction from each grid cell location to the coast in the Norrstrom drainage
basin (a—) and Forsmark catchment area (d—f), for different scenarios (0.1, 1 and 10) of the product of
catchment-average advective travel time T and attenuation rate A. The total delivered mass fraction & from
the whole catchment area is also quantified in the figure for each AT scenario. Travel times in Norrstrom
(a—) neglect the possible contribution of slow/deep groundwater. Travel times in Forsmark (d—f) are for the
subcatchment-average hydraulic gradient

input leads to a delivered mass fraction that is about 30% (or 15 percentage units) greater
for the Norrstrém case with the larger advective travel time variability than for the Forsmark
case with the smaller travel time variability. Smaller or greater mean AT scenarios than this
0.1< AT<10 interval imply nearly non-attenuated or nearly totally attenuated solute mass,
respectively, essentially regardless of the prevailing variability of advective solute travel
times.
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4 Conclusion

This study has outlined the possible quantification of advective solute travel-time distribu-
tions in different catchment areas. The specific catchment cases in the study differ largely
interms of their scale, data-model resolutions, and process representations in the travel time
modeling. Yet the comparative analysis of these cases has provided some important general
insights.

The results show that the groundwater system characterization and model representation
largely controls the resulting distributions of advective travel times through these hydrol ogi-
cal catchments. For groundwater assumptions that yielded similar catchment-average travel
timesinthedifferent catchment cases, the spatial variability ingroundwater hydraulicsplayed
an essential rolefor thetravel time variance, which determinesthe physical spreading (macro-
dispersion) of non-reactive solute mass transported through the catchment.

For solute that is physically or biogeochemically attenuated along its different transport
pathways through the catchment, the product of the catchment-average advective travel time
and the solute-dependent biogeochemical attenuation rate was shown to largely determine
the effects of travel time variance on the total solute mass delivery from the catchments.
These effects were found to be primarily important for the product interval 0.1 < AT < 10.
For hazardous contaminants, where even very small solute concentrations and concentration
differences may be essentia for environmental and health risks, however, the travel time
variability effects may be important and need to be further investigated also for AT > 10.

Furthermore, the primary importance-interval 0.1 < AT < 10 applies to the investigated
conditionsof variability only inthe physical, advectivetravel timeT . Theinterval may widen
significantly if also the attenuation rate A isvariable, and depending on its possible cross-cor-
relation with the advectivetravel time T [e.g., 34,64-66]. Further investigations and realistic
quantifications are needed for the spatial variability of biogeochemical attenuation rates and
their correlation with the physics of flow and transport in both the surface water and not least
the groundwater systems of hydrological catchments.

Acknowledgements Financial support for this work has been provided by the Swedish Research Council
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Appendix
Modeling of the Forsmark catchment area

The previous hydrological modeling of the Forsmark catchment area [25-28], described in
detail by Jarg0 et al. [25,26,28], provides the spatial distribution of total (surface and sub-
surface) annual average runoff (over 30years), as estimated from the modeled precipitation
surplus, which is the difference between annual average precipitation and modeled actual
evapotranspiration in each model cell. The direction of the water flow and solute transport
pathway through each cell of the modeled catchment areais estimated from the local ground
slope, which is in turn estimated from a detailed digital elevation model of the area, as
explained in more detail by Jarg0 et al. [25,26,28]. The present Forsmark application is
based on average results from two different empirical approaches [67,68], which were used
for actual evapotranspiration calculationsin the previous, underlying hydrological modeling
and yielded consistent resulting spatial water flow distribution with each other and consistent
water flow results with independent runoff data from the catchment area.
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To obtain the travel time from each input cell ag,, along the associated groundwater
pathway (as estimated from the ground slope direction) to the control plane at distance x¢p
(of the nearest stream and/or the coast), the travel time contribution Azgy, = AXgy /vgw Of
each model cell is estimated from the cell length Axg,, and the transport velocity vg,, =
K- 1/n,whereK ishydraulic conductivity, | ishydraulic gradient, and n iseffective porosity.
The total mean tg,, (agw, Xcp) isthesum of Atg, for al cells along the transport pathway
to X¢p. The hydraulic conductivity and effective porosity are assumedto be 1.5- 10~® m/sand
0.05, respectively, over the whole catchment area, asreported by Johansson et al. [57] for the
quaternary deposits/bedrock interface. In the subcatchment-average gradient approach (i) in
the main text, the hydraulic gradient in each grid cell is set equal to the arithmetic average
of all the local ground slopes in the subcatchment area of the associated grid-cell outlet to
the nearest stream or directly to the sea. The hydraulic gradient is then constant among the
different grid-cells within each subcatchment area, including in cells with nearly zero local
ground slope. In the local gradient approach (ii) in main text, the local hydraulic gradient in
each cell equalstheloca ground slopein that cell.

The stream network includesall theinterconnected bodies of surface water, streams, lakes
and wetlands, through which the waterborne solute mass may be transported all the way to
the coast. For obtaining the travel time from each input cell ag along the associated stream
network pathway to the outlet at xqyt, the travel time contribution Ats = Ls/vs Of each
stream stretch is estimated from its length Ls and mean flow velocity vs = Q/Acs, where Q
isthe mean annual flow rate and A isthe mean cross-sectional area of the stream. The total
mean ts(as, Xout) IS the sum of Az for all the stream stretches, lakes and wetlands along
the whole stream network pathway to xoyt; the estimation of Ats in lakes and wetlands is
explained below. In streams where the mean cross-sectional area is measured and known
(from 0.29 to 0.43m?), Q is assumed to be equal to the modeled mean annual water flow
at the model cell location where the stream cross-section area was measured. Otherwise, a
generic value of Acs = 0.3m? and the modeled [25,26,28] mean annual flow value at the
mouth of the stream are used in the cal culation of mean flow velocity. The A s contribution
of alake or awetland is estimated as Ats = AL;w - deff/Q, where AL w isthe area of
the lake or wetland, Q is the mean annual flow rate through the lake or wetland, and def ¢
is the mean depth in lakes and is defined as the product of the depth and the water content
(typically around 0.9) in wetlands. The mean flow rate Q is the modeled [25,26,28] mean
annual runoff (precipitation minus evaporation) generated in the lake or wetland plus the
modeled [25,26,28] runoff into the lake or wetland from all upstream cells. For isolated
lakes and wetlands that are not part of any connected stream network pathway all the way
to the coast, their travel time contribution is calculated from the length of a topographically
estimated transport pathway through the lake or wetland divided by an average velocity
vLw = Q\/[4A|_/W/7T]/[A|_/W - deff], Where \/[4A|_/W/7'[] is the diameter of acircle
with the same area A ,w as the lake or wetland. The travel time contribution obtained is
added to the total groundwater travel time tg,, along the main groundwater pathway that
crosses the isolated lake or wetland. Details on measured |ake and wetland depths are given
by Johansson [69] and Brunberg et a. [70].

Modeling of the Norrstrom drainage basin
The previous hydrological modeling of the Norrstrom drainage basin [19-24], described

in detail by Darracq et a. [21] after de Wit [58,71] and Greffe [72], provides the spa-
tial distribution of total (surface and subsurface) annua average runoff (over 30years),
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as estimated from the modeled precipitation surplus in each model cell; as in Forsmark,
the precipitation surplus is aso here defined as the difference between annual average
precipitation and actual evapotranspiration, modeled based on an empirical function of pre-
cipitation and potential evapotranspiration [67,73]. A digital elevation map available a a
resolution of 1km x 1 km was used for assigning water flow and solute-transport pathway
directions through each cell of the modeled catchment area. Previous hydrological model-
ing results in the Norrstrom basin [21] are aso used to obtain: the contribution of the flow
through the land—soil—groundwater system to the total water flow through the basin, based
on the ratio between the long-term average groundwater recharge and the total precipita-
tion surplus in each grid cell, as functions of land cover and topographic slope [68]; and
the travel time tg,,(agy, Xcp) from each grid cell ag,, along the groundwater pathway (as
estimated from the ground slope direction) to the control plane at distance xcp of the nearest
Stream.

Asmentioned also in the main text, the previous hydrological modeling of the Norrstrém
basin [21] conceptualized the groundwater flow to be partitioned between arelatively highly
conductive (shallow, e.g., of quaternary deposits) and a less conductive (deeper, e.g., the
bedrock) groundwater subsystem, with the groundwater flow depending on aquifer type, soil
texture, groundwater level, slope, land use and average January temperature [ 73] based on
empirical estimates by de Wit [58] and Mourad [74]. Following Wendland [68], the travel
time tsgy, (agw. Xcp) from each input cell ag,, aong the associated pathway (as estimated
from the ground slope direction) in the fast/shallow groundwater subsystem to the nearest
stream at Xcp is quantified as: tsg,, = Ip/v, where v is the groundwater flow velocity and
Ip is the average length of the groundwater flow path, as a function of conductivity of the
aquifer ca, hydraulic gradient h(with topographic slope in each 1000m grid cell used as an
estimate of h), primary effectiveaquifer porosity pp and modeled total runoff Q. Specificaly,
v=ca-h/ppandlp = 0.5/ns, wherens isstream density quantified asns = 2 in wetlands
and (Q/450)%8 (with Q given in mmyear—1) elsewhere.

Furthermore, following Meinardi et al. [73], the travel time tqq,, (8gw, Xcp) from each
grid cell ag,, along the pathway in the slow/deep groundwater subsystem to the nearest stream
at Xcp (thetransport length of whichis estimated similarly asin the fast/shallow groundwater
system, from the ground slope direction) is calculated as the product between total effective
porosity of the aquifer tp, thickness of groundwater flow formation at and the inverse of
the long-term average recharge of the slow/deep groundwater subsystem. The average total
thickness of both groundwater systems over the whole Norrstrom basin is set to 50 m follow-
ing de Wit [58]. Values for aquifer conductivity, primary and total porosity are empirically
related [58,68,73] to the aquifer type and the soil and bedrock groundwater flow yields,
which were obtained for the Norrstrém basin from the Swedish Geological Survey mapping
of groundwater in soil and bedrock.

The resulting total groundwater travel time g, (agw, Xcp) is quantified as. 7g,, =
(1 — Bdgw) - Tsgw + Bdgw - Tdgw, Where Bqgqy, is the recharge of the slow/degp ground-
water subsystem, in terms of flow fraction of the total groundwater flow into the surface
water system; that fraction was on average about 12% of the total flow in the previous
model simulations [19-24], implying that B4q,, = 0.12 in the present results that account
for the possible slow/deep groundwater flow contribution, and Bqg,, = 0 in the results that
neglect it (Tables 2, 3).

The stream network includes all the interconnected bodies of surface water, streams and
lakes through which the waterborne mass may be transported all the way to the coast. For
obtaining the travel time from each cell as along a stream network pathway to the outlet
a Xout, the travel time contribution Ats = Ls/vs of each stream stretch is estimated from
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Table2 Mean value, standard deviation and coefficient of variation of precipitation surplus (i.e., precipita-
tion minus actual evapotranspiration), topographic slope, groundwater system porosity, hydraulic conductivity
and flow path length, and the combined characteristic time for groundwater transport expressed by the frac-

tion: groundwater_fl qWJ) alh_length in the Forsmark catchment area
conductivity*slope

porosity

Mean value Standard deviation Coefficient of variation

Precipitation surplus (mm/year) 226 35 0.2
Slope 0.03 0.01 0.3
Porosity 0.05 0 0
Hydraulic conductivity (m/day) 13 0 0
Groundwater flow path length (m) 394 491 12

groundwater_flow_path_length
conductivity*slope
porosity

(years) 15 18 12

Table3 Mean value, standard deviation and coefficient of variation of precipitation surplus (i.e., precipita-
tion minus actual evapotranspiration), topographic slope, groundwater system porosity, hydraulic conductivity
and flow path length, and the combined characteristic time for groundwater transport expressed by the frac-
. groundwater_flow_path_length . R ) .
tion: — in the Norrstrém drainage basin
conductivity*slope

porosity

Mean value Standard deviation Coefficient of variation

Precipitation surplus (mm/year) 233 50 0.2
Slope 0.01 0.01 1.0
Porosity 0.18 0.3 16
Hydraulic conductivity (m/day) 125 295 24
Groundwater flow path length (m) 1042 299 0.3

groundwater_flow_path_length
conductivity*slope
porosity

(years) 34 12 36

its length Ls and mean flow velocity vs, empirically estimated from an expression given in
[20,75], as: vs = 0.36Q%24L in streams and vs = 0.36(Q/A)%2* in lakes, where Q is
mean annual flow rate in m3/s as obtained from previous hydrological modeling [21] and
AL islake surface area. Thetota s (as, Xout) iSthe sum of Az for al the stream stretches
and lakes along the whole stream network pathway and topographically estimated transport
pathway through lakesto Xoyt -

The travel time contributions Atsy—Lsy /vy in the surface runoff subsystem is estimated
in analogy with the stream network subsystem, from the surface runoff pathway length L,
and mean flow velocity vs = 0.36(Q)%241, where Q is modeled surface runoff flow in m3/s.
In the combined total travel time distribution through the whole basin, the weight of the
surface runoff contribution is negligible (0.02%) compared to the groundwater flow, so that
results are directly comparable between Norrstrom and Forsmark.
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