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Land use changes and the intensification of agriculture since the 1950s have resulted in a deterioration of
groundwater quality in many European countries. For the protection of groundwater quality, it is
necessary to (1) assess the current groundwater quality status, (2) detect changes or trends in
groundwater quality, (3) assess the threat of deterioration and (4) predict future changes in groundwater
quality. A variety of approaches and tools can be used to detect and extrapolate trends in groundwater
quality, ranging from simple linear statistics to distributed 3D groundwater contaminant transport
models. In this paper we report on a comparison of four methods for the detection and extrapolation of
trends in groundwater quality: (1) statistical methods, (2) groundwater dating, (3) transfer functions,
and (4) deterministic modeling. Our work shows that the selection of the method should firstly be made
on the basis of the specific goals of the study (only trend detection or also extrapolation), the system
under study, and the available resources. For trend detection in groundwater quality in relation to
diffuse agricultural contamination, a very important aspect is whether the nature of the monitoring
network and groundwater body allows the collection of samples with a distinct age or produces
samples with a mixture of young and old groundwater. We conclude that there is no single

optimal method to detect trends in groundwater quality across widely differing catchments.
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1. Introduction

Land use changes and the intensification of agriculture since the
1950s have resulted in increased pressures on natural systems.
For example, the diffuse pollution of groundwater with agri-
cultural contaminants such as nitrate and pesticides has resulted
in a deterioration of groundwater quality."® The surplus of
nitrogen applied to agricultural land, and possibly leaching to
groundwater, shows similar trends for most European countries
and the United States (Fig. 1): upward until the late 1980s and
stabilization or decreasing trends afterward. The transfer of these
contaminants to deeper groundwater and surface water repre-
sents a major threat to the long-term sustainability of water
resources across the Europe and elsewhere.*

For the protection of groundwater quality in the European
Union (EU), the Water Framework Directive [WFD, ref. 5] and
the Groundwater Directive [GWD, ref. 6] require member states

Environmental impact

sustainability of water resources.

in groundwater quality.

The transfer of diffuse agricultural contaminants to deeper groundwater and surface water represents a major threat to the long-term

To identify possible threats to future water quality, it is essential to detect sustained upward trends in the concentrations of
pollutants in an early stage. Trend detection is often complicated by limited monitoring data, variations in the transport
of contaminants toward monitoring locations, variations in application of contaminants in space and time, and (partial) degradation
of contaminants in the subsurface. This work provides the scientific basis for choosing the method for trend detection in the
framework of environmental legislation by assessing the capabilities and efficiency of various tools to detect and extrapolate trends
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Fig. 1 Estimates of nitrogen deposition on agricultural land in Belgium
(data courtesy of Gembloux Agricultural University), Schleswig-
Holstein, Germany (data from ref. 89), Noord-Brabant, the Netherlands
(data from ref. 32), and the United States (including pasture land, data
courtesy of USGS).

to achieve good chemical status of their groundwater bodies by
the year 2015. To achieve this, these directives ask member states
to delineate groundwater bodies and assess the present chemical
status of these groundwater bodies. To detect possible threats to
future groundwater quality, the GWD asks for the detection of
sustained upward trends in the concentrations of pollutants. If
upward trends are found, these should be reversed when the
concentration of the pollutant reaches 75% of the threshold
value. The GWD also lays down requirements on the imple-
mentation of measures necessary to reverse any significant and
sustained upward trend. In the context of the WFD and GWD,
the scientific community will be asked the following with respect
to groundwater quality: (1) assess the current status, (2) detect
changes or trends, (3) assess the threat of deterioration by
relating these trends to historical changes in land use, and (4)
predict future changes by extrapolating present day trends and
possibly predict trend reversal in response to legislation.

While the WFD requires groundwater quality monitoring
networks to be operational by the year 2007, the awareness of the
threat to groundwater quality has already led to the installation
of monitoring networks in many countries such as Korea,”?
Denmark,” the Netherlands,’® New Zealand,!' Palestine,'? the
US, > and the UK.'® These networks have since produced time
series of monitoring data which have been used to detect and
quantify changes in groundwater quality.'*2?

These studies showed that trends in groundwater quality are
difficult to detect. Most often the period of interest is longer than
the period of record* and available time series are typically
rather short and sparse because of the high costs of sampling and
analysis. The lack of substantial data usually limits the applica-
tion of statistical methods to simple approaches rather than more
complex time series analysis tools. Other factors complicating
trend detection are: variations in the duration and pathways of
the transport of contaminants toward monitoring location by
groundwater flow, variations in application of contaminants at
the ground surface, in space and time, and (partial) degradation
of contaminants in the subsurface.?® Additionally, the travel time
of sampled groundwater may be uncertain, in particular because
the groundwater sample may represent a range of travel times.
Whether the character of the groundwater flow system causes
mixing of groundwater, for example in dual-porosity systems,
and whether the groundwater sample contains a mixture of
groundwater, for example from springs or production wells, are

important factors for the success of trend detection in ground-
water quality. This difference can influence the sampled
concentration of nitrate, because the mixture sampled from
a supply well contains a portion of old, pre-agricultural
groundwater with no nitrate.* Data from supply wells should
therefore be regarded as a sampling of a different sub-pop-
ulation.? In situations where samples contain groundwater with
a distinct age, several studies have used groundwater age tracers
to enhance the interpretation of measured concentrations of
pollutants.?6-32

To assess whether an upward trend in the concentration of
a contaminant will threaten groundwater quality, a variety of
tools can be used to detect and extrapolate trends in groundwater
quality. These range from linear statistics'®2%?? relating trends to
changing land use patterns**-*¢ and predict future trends based
on land use scenarios;*”*® trends in groundwater quality can also
be predicted using empirical, functional or deterministic models
of varying complexity.**™*! The efficiency of these tools depends
on several factors like the availability of groundwater quality
data, the character of the groundwater flow system, and the
available resources for trend assessment.

To address the challenges of the WFD, a number of working
groups were asked to design a common implementation strategy
(CIS) and produce “guidance documents” for the implementa-
tion of the WFD. The mandate of the Groundwater Working
Group (WGC) required the development of practical guidance
and technical specifications for the derivation of threshold
values, the assessment of status compliance (both quantitative
and chemical) and the assessment of groundwater trends and
trend reversal. The focus of the guidance document was on
“statistical aspects of the identification of groundwater pollution
trends, and aggregation of monitoring results”.** Scientific and
technological advances in the meanwhile are expected to improve
the success and efficiency of monitoring programs by the devel-
opment and testing of novel techniques for trend detection.*®

The aim of our work was to provide the scientific basis of
science-policy integration needs [e.g. ref. 44], by assessing the
capabilities and efficiency of various tools to detect and extrap-
olate trends in groundwater quality. We compared several novel
techniques to detect trends in groundwater quality, that are not
included in the EU guidance documents to a statistical approach
for trend detection, as discussed in the EU guidance.** The
following four approaches for the detection and extrapolation of
trends in groundwater quality were included in the analysis: (1)
statistical methods, (2) groundwater dating, (3) transfer func-
tions, and (4) deterministic modeling. The comparison was based
on the analysis of monitoring datasets at four different locations
in a variety of different groundwater systems, ranging from
unconsolidated unconfined aquifers to fissured dual-porosity
systems, representing different types of hydrogeological settings.

2. Four approaches to trend analysis
2.1 Statistical trend detection and estimation

The success of a statistical trend analysis largely depends on
selecting the right statistical tools* considering various aspects of
the available data: whether the data are normally distributed or
can be described by an alternative distribution function, whether
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the data contain seasonality,*” whether the trend is monotonic or
abrupt,*® and whether the trends are expected to be univariate or
multivariate.*® Loftis** suggested that a clear definition of
“trend” should be adopted before analyzing the data. Here we
define a temporal “trend” as a significant change in groundwater
quality over a specific period of time, over a given region, which is
related to land use or water quality management.

The aim of the statistical methods deployed on three of the test
sites was to detect and estimate statistically significant changes in
the concentrations of contaminants over time. The methods had
to be robust and applicable to typical groundwater quality time
series, with a limited amount of data, a rather short observation
period with possibly missing data, often non-normally distrib-
uted, either annually sampled or containing seasonal trends. To
meet these requirements, a three-step procedure was adopted*
following Hirsch et al*® First, time series were tested for
normality; second, the presence of a trend was assessed; and
third, the slope of the trend was estimated. The procedure (Fig. 2)
was applied to various time series from different study sites.

To test the data for normality, the Shapiro-Wilks test®® was
applied to datasets with less than 50 records, while the Shapiro—
Francia test®® was applied to datasets containing 50 or more
records. On time series which were normally distributed, a linear
regression was performed. The correlation coefficient was used to

l DATASET |

snaprro.mm;st (<50 records) |
Shapiro-Francia test ( > 50 records)
..................... T
Step 1 Non-Normality
Stepz[ Tre-nd [ NoTrend | Tremend

Fig. 2 A three-step procedure is adopted for statistical trend analysis of
contaminant concentrations in the selected groundwater bodies: (1)
normal/non-normal distribution data; (2) trend detection; (3) trend esti-
mation (after ref. 22).

assess the robustness of the trend.’® On time series with a non-
normal distribution, the non-parametric Mann—-Kendall test,>*->*
was performed. This test is commonly used in hydrological
sciences since its appearance in the paper by Hirsch ef al. ¥’ as it is
rather insensitive to outliers® and has recently been proven as
powerful as the Spearman’s p test.>® If a significant trend was
detected (based on a 95% significance level), the slope of the trend
was determined as the slope of the linear regression equation for
normally distributed time series, or using Kendall’s slope for
non-normal time series.*® To aggregate the trend analysis over
the entire groundwater body, the number of significant trends
was expressed as a percentage. Additional analyses could include
the determination of the median trend, or the spatial distribution
of trends across groundwater bodies. This approach was applied
using various commercial or open-source statistical software
packages.

2.2 Groundwater dating

Groundwater dating as a tool to aid trend detection was applied
on all four datasets. Groundwater dating requires the possibility
to accurately sample a range of groundwater age tracers, pref-
erably *H/*He,%” or CFCs*® and/or SF¢.* If these gaseous tracers
are impractical, a qualitative approach based on *H measure-
ments alone can be applied to distinguish between old (recharged
prior to 1950) and young (recharged after 1950) groundwater.
The aim of groundwater dating is to remove the travel time of
groundwater as a complicating factor for trend analysis and
aggregate monitoring data from wells across groundwater
bodies. This was obtained by relating measured concentrations
directly to the time of recharge (Fig. 3).

2.3 Transfer functions to predict future trends

The aim of the transfer function approach deployed in the
dataset from the Brévilles catchment in France was to detect and
extrapolate trends in the concentrations of agricultural
contaminants in macro-porous or dual-porosity systems where
concentrations are strongly correlated to other hydrological
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Fig. 3 Example of the use of groundwater dating as a tool to aid trend detection. The concentrations of a conservative chemical indicator (OXC)
sampled from the shallow (8 m) and deep (24 m) screens of two observation wells. Concentrations are plotted at the time of sampling (right) and plotted
at the recharge year of the sampled groundwater (left). The result is the concentration-recharge year relationship, from which a clear trend can be
observed that was not visible in the individual time series related to sampling year (after ref. 32).
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parameters, such as precipitation or stream flow. Following the
approach described by Pinault et al,% transfer functions were
identified and applied using the TEMPO tool®! which is capable
of modeling time series through iterative calibrations of combi-
nations of transfer functions. The effect of transformation
processes on the contaminant concentrations was implicitly
incorporated in the transfer functions.

2.4 Physical-deterministic modeling

The aim of using physical-deterministic models was to predict
future trends in groundwater quality in systems of varying
complexity considering changes in the pressure applied to the
groundwater system. Distributed groundwater flow and trans-
port models were developed separately and specifically for three
sites. Transport models included advective transport, hydrody-
namic dispersion and, where necessary, dual-porosity effects,

sorption and degradation of contaminants. Predictions of future
concentrations were based on scenarios of land use and agri-
cultural application of fertilizer and pesticides, as well as climate
scenarios.

3. Test sites and datasets

Groundwater bodies were selected at four distinctly different
locations to evaluate trend detection methods: the Dutch part of
the Meuse basin, a number of catchments in the Belgian part of
the Meuse basin, the Brévilles catchment in France and the
German Bille-Kriickau watershed in the Elbe basin (Fig. 4). The
characteristics of each of the test sites and available data are
summarized in Table 1 and described in the following sections.
The test sites vary strongly in geohydrological characteristics and
were studied in different contamination settings (nitrate, pesti-
cides). The contaminants under study were the ions of nitrate
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Fig. 4 Location of test sites within Europe.

Table 1 Selected characteristics of the four test sites

Sub-basin Hydrogeological characteristics Spatial scale

Contaminants Methods used

Unconsolidated Pleistocene
deposits; fine to medium coarse

Dutch part of
Meuse basin

(Brabant/Kempen) sands, loam

Belgian part of Meuse basin

Hesbaye Cretaceous chalk, fissured, dual- 440 km?
porosity aquifer

Pays de Herve Cretaceous chalk and sands, 285 km?
fissured

Néblon catchment Carboniferous limestone, folded 65 km?
karstified

Meuse alluvial plain Unconsolidated deposits; gravels, 125 km?
sands and clays

Brévilles Lutecian limestone over Cuise 2.5 km?
sands, limestone fissured

Elbe basin Unconsolidated glacial deposits of 1300 km?

sand and gravel

5000-500 km?

Nitrate, potassium, oxidation
capacity, sum of cations

Statistical, groundwater dating
and deterministic modeling

Nitrate Statistical, groundwater dating
and deterministic modeling

Nitrate Statistical

Nitrate Statistical

Nitrate Statistical

Pesticides (atrazine and de-
ethylatrazine (DEA))

Groundwater dating, transfer
functions and deterministic

modeling
Nitrate, potassium, aluminium, Statistical and groundwater
chloride, oxidation capacity, dating

sum of cations
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(NOy), sulfate (SOy,), potassium (K), aluminium (Al), and chlo-
ride (Cl), as well as combined chemical indicators oxidation
capacity (OXC) and charge-weighted molar sum of cations
(SUMCAT). OXC is the weighted sum of molar concentrations
of NO3 and SO4 which acts as a conservative solute if denitrifi-
cation by pyrite oxidation takes place.?® Furthermore, the
concentrations of atrazine and its degradation product de-ethy-
latrazine (DEA) have been studied. To avoid the detection of
artificial trends due to changes in the detection limit over the
span of time series, all data were treated as follows before trend
analysis. The largest detection limit of a dataset was accepted as
the lowest detectable value, and all measurements below this
value, including the measurements actually below the detection
limit, were set to one half of the detection limit. For details on the
sampling and measurement procedures we have referred to other
papers if possible.

3.1 Dutch Meuse basin

The Dutch part of the Meuse basin almost entirely belongs to the
groundwater body Sand Meuse, which covers most of the
province of Noord-Brabant and part of Limburg (5000 km? in
total). The groundwater body consists of fluvial unconsolidated
Pleistocene sands, covered by 2-30 m of fluvio-periglacial and
aeolian deposits of fine sands and loam. The history of intensive
livestock farming on 62% of the area has produced a large
surplus of manure contributing to widespread agricultural
pollution (Appendix of ref. 32). The relatively flat area (0-30 m
above mean sea level) is drained by a natural system of brooks,
extended in the 20th century with drains and ditches to allow
agricultural practices in the poorly drained areas. Groundwater
tables are 1-5 m below surface as a result.®* Net groundwater
recharge is around 300 mm per year resulting in a downward
groundwater flow velocity of about 1 m per year in recharge
areas.®®

Time series of major cations, anions and trace metals are
available since 1992 from the dedicated national and provincial
monitoring network sampled annually from 2 m long screens in
multilevel wells at depths of 8 m (“shallow”) and 25 m (“deep”)
below the surface.?® Thanks to the dedicated monitoring wells
with short screens and the character of the aquifer, little mixing
occurs between recharge and sampling and a groundwater
sample is estimated to contain a mixture of water recharged
within a period of less than 5 years.

3.2 Belgian Meuse basin

Four groundwater bodies were selected as test cases in the
Walloon part of the Meuse basin in Belgium, which represent
various hydrogeological settings: the cretaceous chalk of Hes-
baye, the cretaceous chalk of Pays de Herve, the Néblon basin in
the carboniferous limestone of the Dinant synclinorium, and the
alluvial plain of the Meuse River.

The cretaceous chalk groundwater body of Hesbaye also
referred as the Geer basin covers an area of 440 km? located
north-west from Li¢ge.** The groundwater body is drained by the
Geer River, a tributary of the Meuse River. Twenty-five million
m? of groundwater are pumped annually from the fissured dual-
porosity chalk aquifer to supply the city of Liege and surrounds.

85% of the area of the Hesbaye groundwater body is covered
intensively by agriculture, mostly crops leading to an important
and increasing nitrate contamination of the groundwater
resource. Time series of nitrate are available from 32 monitoring
points in the groundwater body, varying from dedicated moni-
toring wells to pumping wells, traditional wells, springs and
galleries.?

The chalk groundwater body of Pays de Herve covers an area
of 285 km?, about 80% of which is covered by grassland.
Groundwater is pumped at a rate of 12 million m? per year from
the chalk aquifer. Nitrate concentrations of over 100 mg 1-! are
observed in some of the 59 monitoring points which are
distributed throughout the groundwater body.

The Néblon basin covers an area of 65 km? in the “Entre
Sambre et Meuse” groundwater body, built of 500 m thick folded
and karstified carboniferous limestone and sandstone. Land use
is mainly divided between pastures (42%), crops (31%), and
forests (24%). Around 10 million m® of groundwater are pumped
annually from the limestone aquifers. Nitrate concentrations
have been monitored since 1979 at two of the six monitoring
locations in the basin.

The alluvial plain of the Meuse groundwater body (125 km?
along 80 km of the Meuse) consists of gravel bodies embedded in
old meandering channels filled with clay, silt and sandy sedi-
ments. Land use is 40% residential or industrial, and 60% natural
land. Time series of groundwater quality data are available from
47 monitoring points.

3.3 Brévilles catchment

The Brévilles catchment (2.8 km?), 75 km to the north-west of
Paris, France, is built up out of a thick unsaturated zone (0-35 m)
of dual-porosity Lutecian limestone, overlying the Cuise sands,
8-20 m thick and outcropping in the west of the catchment.®®
There is no superficial drainage and the catchment is drained by
the Brévilles spring, an outcrop of the Cuise sands. Land use is
largely agricultural, with predominantly peas, wheat and
maize.®® Monthly time series of concentrations of atrazine and its
degradation product de-ethylatrazine (DEA) are available from
seven piezometers and the Brévilles spring since 2001.%” The
application of atrazine on the catchment was halted in 2000.

3.4 Elbe basin

The groundwater bodies in the Bille-Kriickau watershed
(1300 km?), located in Schleswig-Holstein, northern Germany,
consist of unconsolidated glacial deposits of sand and gravel.®®
The sediments were deposited during the last and previous
glaciations and subsequently denudated to a plateau-like land-
scape approximately 40 m above mean sea level. The area is
drained by a dense network of natural streams, of which the Bille
River is the largest draining 335 km?. Groundwater is abstracted
for drinking water purposes from the sandy and gravely deposits.

Two groundwater quality monitoring networks are in place,
aimed at describing the natural conditions (baseline) and
detecting trends in groundwater quality (trend). From these
networks composed of 27 observation screens in total we selected
19 time series, sampled bi-annually from 8§ shallow (<12.5 m
below surface) and 11 deep (>12.5 m below surface) monitoring
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wells. The time series contain the concentrations of major cations
and anions, from which we selected K, NOs, Al and Cl, and
constructed OXC and SUMCAT, for trend analysis.

4. Results
4.1 Application of statistical trend detection and estimation

Statistical trend analysis was applied to the dataset of 34 time
series of concentrations from the Dutch part of the Meuse basin.
Investigated solutes were NO3 and K, OXC and SUMCAT. The
time series from shallow screens (~8 m below surface) and deep
screens (~25 m below surface) were analyzed separately. Non-
parametric statistical trend analysis demonstrated significant
trends for OXC and SUMCAT concentrations: increasing in
deep screens and decreasing in shallow screens. No significant
trends for NO5 were detected.

Statistical trend analysis was applied to 97 nitrate time series
from the Belgian part of the Meuse basin (Table 2). Significant
trends were detected in 60% of the time series. Most of the
detected trends were increasing, except for the Meuse alluvial
plain, where both increasing and downward trends were detec-
ted. For 36 time series in the Geer basin, the estimated slope was
used to predict the year in which the concentration of nitrate
would exceed the drinking water limit (50 mg 17'). For most of
the points, the drinking water limit is estimated to be exceeded
within 10-70 years.” This estimate represents a worst-case
scenario, as it does not assume changes in land use and agricul-
tural practices to protect groundwater quality.

Finally, statistical trend analysis was applied to the time series
of NOj3, K, Al, OXC, Cl and SUMCAT concentrations from the
Bille-Kriickau watershed in the Elbe basin (Table 3). Time series
from shallow and deep screens were analyzed separately. For the
conservative solutes Cl, OXC and SUMCAT, significant upward
trends were detected in time series from deep monitoring screens
(>12.5 m below surface), whereas significant decreasing
concentrations were detected in time series from the shallow
screens (>12.5 m below surface). A further analysis of spatially
weighted means indicated significant downward trend of

Table 2 Summary of results for trend tests for each groundwater body
in the Belgian part of the Meuse basin

Number of Number of Number of Percentage of
Groundwater nitrate downward upward significant
body sampling sites trends trends trends
Geer basin 26 0 15 57.7
Pays of Herve 12 2 6 66.6
Néblon basin 6 1 4 83.3
Alluvial plain 38 15 11 68.4

Table 3 Percentage of the individual time series of the Bille-Kriickau
dataset showing a significant trend ({: significant upward trend, |:
significant downward trend)

NO; K Al OXC cl SUMCAT
Shallow —  40% | 0% 20% | 20% I 20% |
Deep  — 1% U — 33% 10, 11% 0 44% ¢ 11%

potassium in shallow screens and significant upward trends of
chloride and sum of negative ions. Significant trends were not
detected in deep screens.

4.2 Application of groundwater dating

*H/*He, CFC and SF¢ groundwater ages were available from 34
screens of 14 wells in agricultural recharge areas in the Dutch
part of the Meuse basin.®*7® CFC samples showed irregularities
attributed to degassing caused by denitrification and contami-
nation.” *H/°He ages were considered more reliable following
internal checks on degassing or contamination. The *H/*He ages
were used to interpret the time series of concentrations, by
relating concentrations to the estimated time of recharge and
aggregating all data available for the entire groundwater body.*?
The aggregated data were analyzed using a LOWESS smooth®®
with a smoother span of 0.5 to indicate the general pattern of
change and compare that to contamination history and trends in
the aggregated data were detected using simple linear regression
to detect trends in concentrations in groundwater recharged
between 1960 and 1980, or between 1990 and 2000 (Fig. 5).
Significant upward trends were found in the concentrations of
NO;, K, OXC and SUMCAT in “old” groundwater (recharged
between 1960 and 1980), but also significant downward trends
were found in the concentrations of NO3z, OXC and SUMCAT in
young groundwater (recharged between 1990 and 2000). Trends
detected in this way could directly be related to changes in land
use or contamination history. These results demonstrated trend
reversal in groundwater quality®* on the relevant scale of
a groundwater body, as required by the EU Groundwater
Directive.5

Tritium samples were taken from 33 monitoring points in the
Geer basin and analyzed by the Lab of radioactive isotopes of the
UFZ, Leipzig, Germany. The distribution of tritium concentra-
tions only shows a distinction between “old” (>50 years) and
“young” groundwater (Fig. 6), because travel times cannot be
estimated accurately and unequivocally based on the tritium
concentration only. High concentrations of tritium were
observed in a large southwestern portion of the basin, where
recharge is assumed to take place. Toward the downstream end
of the basin, tritium concentrations decrease, indicating mixing
of younger and older groundwater. No tritium is found in the
northern confined part of the basin, indicating old (<1950)
groundwater. The presence of old groundwater explains the
absence of nitrate in this part of the aquifer.

The interpretation of groundwater age tracers *H and CFCs)
is not straightforward in hydrogeological complex systems like
the Brévilles catchment. An experimental sampling campaign
was performed to assess whether an extensive dataset of
groundwater age tracers would provide additional knowledge on
the functioning of the system. Tritium and CFCs were analyzed
in samples taken from 8 piezometers and the Brévilles spring.”""*
The estimated ages showed a high variability within the small
catchment with both old (<1960) and young (>1980) water in
close proximity. The individual CFC ages (CFC-11, CFC-12,
and CFC-113) were generally in good agreement, but some
samples showed signs of degradation or contamination. Quali-
tative tritium groundwater age estimates were generally younger
than the CFC age due to the dual-porosity nature of the system.
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The tracers confirmed the complex hydrogeology of the system,
but could not be used for reliable age dating and trend inter-
pretation because of the likely mixing co-occurring in the thick
unsaturated zone.

For the Elbe dataset, an empirical exponential relationship
between depth and groundwater age was assumed, instead of
dating groundwater using tracers. Such an exponential increase
in groundwater age with depth may be expected in unconsoli-
dated unconfined aquifers like the Bille-Kriickau catchment.”®
Using the empirical relationship, the time series of Cl, OXC and
SUMCAT were related to the approximate time of recharge and
analyzed again for trends using a LOWESS smooth with
a smoother span of 0.5 and a linear trend detection with a 95%
confidence interval (Fig. 7). The LOWESS smooth approach

showed that the overall pattern in the measured concentration—
recharge time relationship is similar to the historical surplus of N
applied at the surface. Similar results were found in the Dutch
part of the Meuse basin, probably due to the similarities in land
use history and hydrogeology.

4.3 Application of transfer functions

The transfer function approach was applied to time series of
head, flux, and nitrate, atrazine and DEA concentrations from
the piezometers and spring in the Brévilles catchment. The
following section describes the followed approach, which has
been described in detail by Pinault and Dubus.* Hydraulic heads
were modeled as a function of effective rainfall using combined
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of recharge from the Elbe basin.

convolution functions for transport and dispersion, while effec-
tive rainfall was modeled as a function of the actual rainfall and
of a threshold value representing the water storage in the soil.
The threshold value for soil water storage was related to the
rainfall and potential evapotranspiration with trapezoid impulse
response functions with four degrees of freedom. Concentrations
of contaminants were modeled in a similar fashion, using the
effective flux of the contaminant from the unsaturated soil
instead of the effective rainfall, to predict the flux or concen-
trations in the Brévilles spring. To predict spring fluxes and
concentrations, the impulse response functions were extended to
include the contribution of various pathways of contaminants to
the spring. Future concentrations were calculated based on
5 year long generated meteorological time series based on the
median annual precipitation and the 5, 10 and 20 year extreme
wet and dry years.

The transfer function model was capable of reproducing the
general trends in the time series, both in the monitoring wells and
in the spring. We think the good fit is remarkable given the short
monitoring period and the long travel times in the groundwater
system, as indicated by impulse response functions of over 10
years long. Because of these long transfer times, it was possible to
reconstruct the concentrations of the contaminants in the vadose
zone. Interestingly, the reconstructed inputs were in agreement
with the historical application of atrazine in the catchment.

Future concentrations of atrazine and DEA at the Brévilles
spring were predicted using the calibrated transfer function
model and rainfall data generated by the TEMPO tool (Fig. 8).
The generated rainfall series contained either only wet or dry
years, with historical recurrence intervals of 5, 10 or 20 years, to
illustrate the response of atrazine concentrations to different
future climates. Atrazine release was predicted to occur more
during wet years than in dry years. While atrazine concentrations
in the spring are predicted to decrease dramatically over the next
S years, concentrations of its metabolite DEA are expected to
remain constant over the next decade.5¢

4.4 Application of deterministic modeling

For the Kempen region in the Dutch part of the Meuse basin, the
physical-deterministic groundwater flow and transport models
were a steady-state MODFLOW?”* model for groundwater flow
and MT3DMS? for solute transport. Historical concentrations
of contaminants at the land surface were reconstructed based on
statistical records of atmospheric depositions and manure
applications.” Leaching of heavy metals from the unsaturated

zone, sensitive to sorption and fluctuating water tables, was
modeled with Hydrus-1D.”” The coupled transport model,
described in detail by Van der Grift and Griffioen,*! was used to
predict concentrations of nitrate, potassium and heavy metals in
groundwater at the monitoring locations within the model area.

The model predicted significant trends in the concentrations of
nitrate and OXC for the period 1995-2005: upward in deep
groundwater and downward in shallow groundwater. Due to
variations in groundwater travel times and the constant recharge
concentrations from 2005 onward, few significant trends are
predicted for the future, except a decrease in OXC between 2010
and 2020. Between 2010 and 2020, the model also predicted
a significant upward trend in the concentration of zinc in shallow
groundwater. This trend is caused by a slow release of zinc
accumulated in the unsaturated zone and the retarded transport
of zinc through the groundwater system due to cation
exchange.?**!

For the Geer basin in the Walloon part of the Meuse basin,
a physically based, spatially distributed, deterministic model was
constructed using the control volume finite element SUFT3D
code.” This model” uses a new approach, the hybrid finite
element mixing cell,®® combining mixing cells to model the solute
transport with a conventional finite element model for ground-
water flow based on Darcy’s law both in the saturated and in the
partially saturated zones. Transport processes considered with
the mixing cells are advection, degradation and dual-porosity
related to the presence of immobile water. The model was cali-
brated on groundwater levels, as well as measured tritium
concentrations. The model was used to reproduce and to
extrapolate observed nitrate concentrations in the Geer basin at
the monitoring points.

The model was capable of reproducing both the groundwater
levels and the distribution of tritium in the aquifer. The model
also accurately reproduced the upward trends in nitrate
concentrations in the Geer basin. The future evolution of nitrate
trends in groundwater was computed for different scenarios of
nitrate concentrations in the leaching water. The time before
trend reversal is a function of the location of the monitoring
points in the basin. In the Southern part of the basin, time before
reversal is a function of the thickness of the unsaturated zone
where the nitrates move slowly. In the Eastern part of the basin,
due to the mixing between old and young water, trend reversal
would not occur in the next 50 years and nitrate concentrations
would still increase.

The physical-deterministic model developed for the Brévilles
catchment, in France, consisted of the combination of a series of
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(after ref. 66).

a 1D unsaturated zone models to simulate water flow and
contaminant transport through the fissured dual-porosity chalk,
and a 2D groundwater flow and transport model for the Cuise
sands. The 1D pesticide fate model MACRO®! was used to
simulate transport through the root zone, taking into account
preferential flow phenomena, while transport through the
unsaturated zone was modeled using MARTHE.® The
combined model was used to reproduce observed groundwater
levels, as well as nitrate, atrazine and DEA concentrations in
piezometers and in the Brévilles spring. Thirteen regional climate
model scenarios were used for predicting future trends in
concentrations.

This combined model accurately reproduced the observed
groundwater levels at the piezometers and also the discharge
from the Brévilles spring. Predicted atrazine concentrations at
the piezometers were in the same order of magnitude as the
measurements, but predicted concentrations underestimated
observations in the spring, probably due to the lack of accurate
data on the application of atrazine on individual fields in the
catchment. Similar to the predictions made using the transfer
function approach, concentrations of atrazine in piezometers
were predicted to decrease exponentially over the next 14 years.

A slower decline in the concentrations was predicted for the
spring.

5. Discussion of trend detection approaches

In this section, we discuss each of the methods applied in this
study in terms of data requirement, additional monitoring costs,
applicability in different geohydrological systems, and their
power to extrapolate. Prerequisites, costs, and overall usefulness
of all methods are summarized in Table 4.

The statistical three-step approach to detect trends in
groundwater quality was applied at three test sites and proved to
be a simple and easily applicable technique to existing time series
of contaminant concentrations, having a normal distribution or
not, making it universally applicable (Table 4). Statistical trend
detection requires time series that span several years to decades
to detect a significant trend, depending on the hydrogeological
system and monitoring network. If the quality of the available
datasets is sufficient, it requires no additional costs for sampling.
The approach provides an objective detection of trends.

Statistical trend analysis may be of limited operational use
because no link to the driving forces (e.g. meteorological data,
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homogeneous systems

systems
Potential for operational use

+

++

Source of new knowledge about

the functioning of the system

groundwater flow and travel times or historical agricultural
practices) is incorporated in the analysis, and no knowledge
about the functioning of the system will be gained by
its application. Therefore the trends that are found in individual
time series may be extrapolated over short periods of time only.
Statistical trends cannot sensibly be extrapolated over longer
periods of time, because they are incapable of dealing with
changes in agricultural practices, meteorological conditions or
the groundwater flow system. Statistical trend analysis is
not capable of predicting trend reversal, which is a major
disadvantage.

Trend detection as required by the GWD is dedicated to
detect trends in the concentrations of pollutants resulting from
anthropogenic sources and distinguish these from natural
variation with an adequate level of confidence and precision
(GWD, Annex V, art 2(a)(i)). While the WFD Guidance** left
little room to include conceptual understanding of the factors
determining groundwater quality, in recent years, it was
generally realized that a conceptual understanding of the
groundwater systems is essential for the characterization of
chemical status and the detection of trends.**®* Tt is our
conclusion that only for an initial survey to detect changes in
groundwater quality, a classical statistical approach is most
suitable, but more elaborate approaches to trend detection
including more information about the groundwater body and
contaminant transport may have a higher chance of deter-
mining and understanding significant and sustained upward
trends or trend reversal.

For the detection of trends in groundwater quality it is crucial
to know whether the character of the subsurface or the moni-
toring system causes mixing of groundwater with different
travel times. In single porous systems, groundwater at a specific
location typically has a distinct groundwater age. In practice,
the possibility of sampling groundwater with a distinct age also
requires a monitoring network with short (<5 m) monitoring
screens or the use of packers in long screened wells to prevent
mixing during sampling. In simple single-porosity groundwater
bodies with access to monitoring wells with short screens,
groundwater dating has been applied by various studies as a
tool for aggregating groundwater quality data and analyzing
trends therein by relating the measured concentrations of
pollutants to the time of recharge of the sampled ground-
water, 22627293284 The resulting concentration-travel time
relationship can be linked directly to historical records of land
use or agricultural practices. Recent publications presenting
studies from the U.S. Geological Survey National Water-
Quality Assessment (NAWQA) program in which concentra-
tions are directly related to recharge time of groundwater
conclude that groundwater travel times are invaluable to the
detection of trends in existing groundwater quality data.!*3588

Groundwater dating can thus be used to reinterpret
groundwater quality time series and demonstrate trend reversal
in groundwater quality, which represents a step further in
comparison with statistical analysis. Knowledge about the
travel times in the groundwater system enhances the under-
standing of the flow system and may also explain the slow
improvement of groundwater quality (Table 4). It must be
considered that groundwater dating requires a substantial
financial investment for sampling and sample analysis, even if
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a proper monitoring network is in place. The benefit is that the
existing groundwater quality data become more valuable as the
re-analysis of this data may reveal trends that could not be
demonstrated without knowledge of the recharge times of the
groundwater samples. This makes groundwater dating suitable
for operational use, where applicable.

In hydrogeologically complex systems such dual-porosity
aquifers, or under a variably or thick unsaturated zone,
groundwater age tracers are difficult to interpret and may only
confirm the complexity of the system and proper application is
limited to more simple groundwater systems. Qualitative
groundwater dating using tritium can be applied to detect the
presence of “old” groundwater, which may for example explain
the presence of nitrate at low concentrations due to old age rather
than denitrification. In such complex systems, possibly with
seasonal influences, a transfer function approach is likely to be
better suited for trend detection.

The transfer function approach is an intermediate approach
between statistical and deterministic models. If the available data
are sufficient to calibrate a transfer function that expresses the
delay in transfers of water and pollutants in the systems
considered, transfer functions require no additional financial
investment (Table 4). The main advantages of transfer functions
are that they require little information about the physical func-
tioning of the system, but rather rely on the available data, which
make them suitable for application in a wide variety of systems.

Transfer functions provide a good agreement with measured
time series in the complex aquifer of the Brévilles catchment
showing that they are capable of reproducing the non-linear
behavior of dual-porosity systems,®® where other approaches
failed. This makes them suitable for operational use in these
systems, if the transfer functions are capable of providing
a representative description of the system and its variability.
Transfer functions may be used for trend extrapolation, but only
with great care to ensure that the predicted trends are within the
range of the observations. In these systems, groundwater dating
may serve to confirm the hydrological functioning and transfer
times of the system.

Because of the geohydrological diversity among test sites, site-
specific physical-deterministic models need to be built. One of the
main issues associated with deterministic modeling is the need to
have a detailed characterization of the system under study
available in terms of meteorology, soils, subsoils, hydro(geo)logy
and use of pollutants on the catchment. Furthermore, the rele-
vant characteristics of water flow, transport and interactions
between the contaminants and the system itself need to be known
at the effective scale of the model, while many of these parame-
ters are often derived from laboratory studies. This typically
requires very significant financial and time investments in the
field, which usually spans over several years. On the other hand,
one of the great advantages of undertaking deterministic
modeling activities is that it brings together various sources of
information collected in the field that allow the expansion of the
understanding of the catchment functioning using both
measured and predicted information. Although there is no
dispute as to the usefulness of intensive catchment modeling
activities from a research point of view, the ‘return on invest-
ment’ from an operational perspective is mainly dependent on
whether a model can be successfully fitted to the data and

whether the model has shown potential for supporting extrapo-
lation and management activities. A distinction was therefore
made in Table 4 between modeling efforts which provide
a successful fit to measured data and trends, and those where the
fit to the data is considered to be below the standard for opera-
tional activities.

The very large financial, human resources and time invest-
ments associated with the collection of data and their integration
into an overarching modeling exercise means that the deploy-
ment of deterministic models for operational analysis of trends
across the EU is beyond reach, even if a good fit to the data
would be obtained. Such modeling activities should concentrate
on areas of high ecological, sustainability or economical impor-
tance within the context of the Water Framework Directive.

The main advantage of physically deterministic models is their
capability to predict trends in the future that are not yet observed
in the monitoring data, for example due to the slow release of
zinc from the unsaturated zone. They can provide estimates of
the time scales at which trend reversal should be expected as
a result of protective legislation, which may be several decades
because of the long travel times of groundwater.** While large-
scale 3D models are suitable to extrapolate long-term trends,
they are less capable of predicting short-term variations due in
part to their coarse resolution and simplified aquifer character-
istics. The quality of predicted future trends relies on the
appropriate incorporation of important processes into the
model, the fit of the model to the existing data, and accuracy of
future land use, agricultural practices, and contamination
scenarios. Such scenario analyses are useful to aid policy makers
to decide on the effectiveness of proposed regulations.

6. Conclusions

There is no unique solution to detect trends in groundwater
quality across widely differing catchments and monitoring
systems. The choice of the method for trend detection and
extrapolation should firstly be made on the basis of the specific
goals of the study (only trend detection or also extrapolation),
the available resources, and the system under study (Table 5).
Among the aspects of trend detection investigated in this study,
the most important difference between groundwater bodies is
whether the character of the subsurface or the monitoring system
causes mixing of groundwater with different travel times. While
statistical trend detection may be suitable for preliminary surveys
of trends in groundwater quality in any type of groundwater

Table 5 Recommended preliminary and elaborate methods for trend
detection and extrapolation in simple and complex groundwater systems

Groundwater system

Simple Complex
Trend detection Preliminary Statistics Statistics
Elaborate Groundwater Transfer functions
dating
Trend Preliminary Statistical Transfer functions
extrapolation (short-term) methods
Elaborate Deterministic Deterministic model
(long-term) model

2040 | J. Environ. Monit., 2009, 11, 2030-2043
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body, more elaborate studies aimed at detecting trends should
apply groundwater dating in unconsolidated aquifers or transfer
functions in complex aquifers. Statistical approaches or transfer
functions are suitable only for short-term extrapolation of
trends, because no direct link with the driving forces of the trends
is included in these methods. Long-term extrapolation requires
the use of deterministic models with a good fit to the available
data, which are capable of predicting the effects of land use
changes and various management scenarios.

Regardless of the complexity of the model used, being transfer
functions or deterministic models, trend detection and extrapo-
lation are always associated with uncertainty. This means that
groundwater quality monitoring should remain a priority.
Additional data will improve the detection of trends and increase
the knowledge of the functioning of the groundwater system.
Better understanding of the system, possibly derived from
deterministic modeling, can in turn provide feedback for the
optimization of the groundwater quality monitoring networks.
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