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Abstract
Atrazine has been banned for use in the European Union since 2004 but it is still one of the
most frequently found pesticides in European groundwater. This literature review provides
an insight of how and where Atrazine is contaminating groundwater across Europe. Many
important factors have been stated to control the occurrence and fate of Atrazine in the
receiving environment. The geological setting and the condition of the receiving environment
in terms of pH, organic matter and/or clay content as well as the chemical and physical
properties of the compound itself are controlling the transport through the subsurface
towards the groundwater. The concentration levels range from 1,53 µg L-1 to 0,008 µg L-1.
The highest concentration was found while Atrazine was still in use, while the lowest
concentration was found in Sweden where Atrazine has been banned since 1989. Eleven of
the included investigations found concentrations above the threshold values given in the
European Groundwater Directive. No general patterns could be seen when regards the
vulnerability of the included types of aquifers it is rather a complex combination of
contributing factors that influences the fate of Atrazine in the environment.
Key words: Atrazine, aquifer, groundwater contamination.
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1. Introduction and aim
A small percentage of water on Earth encompasses fresh water available for humans and
ecosystems. More than 98 % of the fresh water constitutes groundwater (Fetter, 2001).
Groundwater supplies ecosystems with water worldwide. It accounts for approximately half
the world’s potable water supply and it is important for industry and global food production.
Therefore it is considered as one of the most important natural resources (WWAP, 2009). As
described in the first paragraph in the Water Framework Directive stipulated by the
European Parliament and Council: “Water is not a commercial product like any other but,
rather, a heritage which must be protected, defended and treated as such” (EU,
2000/60/EC).
The use of pesticides is an important way to protect plants against organisms that can harm
them and their yield, but these chemicals can further involve risks to humans, ecosystems
and the environment (Silva et al. 2012). The use of these chemicals has led to an
environmental concern due to their potential runoff and leaching through the subsurface,
thereby contaminating both surface and groundwater (Graymore et al. 2001). Contamination
of groundwater due to the use of pesticides occurs worldwide and as the global population
and food demand increases the contamination of groundwater is likely to continue into the
foreseeable future (WWAP, 2009).
In the European Union the preservation of groundwater started to be promoted through the
first directive developed in 1979: the Directive 80/68/EEC. The development of the type of
legislation has led to today’s Water Framework Directive, 2000/60/EC and the Groundwater
Directive, 2006/118/EC (European Commission, 2016). These documents and the
adjustments thereof have led to the development of environmental quality standards for
pesticides, including relevant metabolites, degradation and reaction products in
groundwater. The threshold value is set to 0,1 µg L-1 for individual substances and a total sum
of pesticides at 0,5 µg L-1 (European Parliament and Council of the European Union,
2006/118/EC). Further developments of the directives have led to the Directive on
Environmental Quality Standards (2008/105/EC), which includes a list of 33 priority
substances, of these 13 substances are pesticides. One of the pesticides included in the
priority list is Atrazine (here after, ATZ). ATZ is banned in the European Union since 2004
(Commission Decision, 2004/248/EC).
ATZ (C H ClN ) is a member of the chemical group of pesticides called Triazines and was
used against unwanted broadleaf weed plants and grasses and designed to disturb their
photosynthetic mechanisms (Švorc et al. 2013). ATZ is an uncharged pesticide and
considered as a mobile, stable and persistent substance in the environment and has a half-life
time around 20-100 days.1 It has a low reactivity, slow degradation and low water solubility
(Kucka et al. 2012: Xing et al. 2012). When ATZ is released into the environment it can either
remain chemically intact or it can degrade through physiochemical or biochemical processes
into metabolites (Schocken and Speedie 1984; Radosevich et al. 1989). ATZ has four main
metabolites that have been found in groundwater and surface water; deethyl-atrazine (DEA)
deisopropylatrazine (DIA) and diamonochlorotriazine (DACT), and hydroxyatrazine (HYA)
(WHO, 2010).
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In a European wide survey on the occurrence of organic pollutants in groundwater, Loos et
al. (2010) found ATZ to be the most frequently found pesticide in groundwater across
Europe. The same pattern could be seen in more recent literature from European countries
1

Half life time of a pesticide is the time, in days, needed for half of the amount of pesticide to be degraded
(Gustafsson, 1989).
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on this issue (most of them published the last five years). The most frequently found
pesticide was ATZ. Based on these findings, the following research questions were
formulated:
•
•
•

In what kind of aquifers and geological settings are Atrazine found within Europe? In
what concentrations is it found?
Which processes in the ground do scholars identify as contributing factors for the
spreading and persistency of Atrazine in the groundwater environment?
What types of aquifers seem to be most vulnerable for the occurrence of Atrazine in
groundwater?

2. Materials and Methods
This literature review on the occurrence of Atrazine in European groundwaters is mainly
based on an extensive network of peer reviewed scholarly articles. The paper is based on
recent studies, published during the last 5 years. However, a few older investigations and
from countries outside EU have been included to cover a larger part of the intense
agricultural areas in Europe. Primarily the databases ‘Web of Science’ and ‘Scopus’ and
occasionally ‘Google Scholar’ have been used for sources. A varying combination of keywords
have been used such as: Pesticides in groundwater, occurrence of pesticides in
groundwater, pesticides in European groundwater, pesticides and aquifers as well as
Atrazine in groundwater, Atrazine in aquifers. Relevant cited and citing references from the
found literature have also been used.
The literature review has been preceded in two steps. Reading an extensive amount of
literature has led to the conclusion that ATZ was one of the most frequently found pesticides
in European groundwater, despite its ban in 2004 (earlier in some countries). The second
part was devoted to evaluate why it is like this and what processes that might be important
for the spreading of ATZ.

3. Results
3.1 Different kinds of aquifers and the occurrence of Atrazine
As shown in table 1 the investigations are conducted in aquifers with different characters.
There are aquifers in unconsolidated sediments and aquifers in sedimentary rocks but there
is an absence of aquifers in crystalline bedrocks. The lack of crystalline bedrock represented
is due to the fact that none of the found investigation fitted the research questions or they
were to old to be included in this paper. The aquifers represented in table 1 are characterized
by both primary and/or secondary porosity. Primary porosity is the original porosity that is
formed at the time when, for example, sediment is deposited. The secondary porosity on the
other hand is formed after the deposition. It can for example be fractures or cavities caused
by weathering of the bedrocks (Fetter, 2001). Out of 19 investigated aquifers 11 are conducted
in some kind of sedimentary rocks and 6 of unconsolidated sediments and 3 are not
specified. Eleven of the included investigations found ATZ in concentrations exceeding the
EU drinking water threshold value of 0.1 µg L-1.
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Table 1: A study of the investigations in this literature review. Maximum concentrations of Atrazine (µg L-1 ) are
given for all investigations except for Åkesson et al. (2014) where median concentration are given. McManus et al.
(2014) and Schipper and Visser (2008) only mentioned if the compound was detected or not.
Hydrogeology
Degree
of Location
Author
Max conc µg L- Detection
1 ATZ
frequency
concealment
ATZ (%)
1,53
36,5
Unconsolidated,
Unconfined
Ribatejo, Portugal
Silva et al. (2012)
alluvial
0,756
Most
Unconsolidated,
Not specified
Catalonia, Spain
Köck-Schulmeyer et
frequently
mostly alluvial
al. (2014)
0,4
Consolidated,
Confined
and Luxembourg City
Farlin et al. (2013)
Sandstone
Unconfined
0,35
19
Not specified
Not specified
France
Lopez et al. (2015)
0,29

94,6

0,21 ± 0,06

Most
frequently
7,3

0,2
0,18
0,13

47

0,13

Unconsolidated,
gravel
Not specified

Unconfined

Maribor, Slovenia

Koroša et al. (2016)

Not specified

Italy

Fava et al. (2010)

Consolidated,
Chalk
Consolidated,
Sandstone
Consolidated,
Chalk
Consolidated,

Not specified

England

Unconfined

Doncaster, UK

Lapworth
et
al.
(2015)
White et al. (2016)

Not specified

France

Not specified

Norway

Not specified

Southern France

Sassine et al. (2016)

Confined
and
Unconfined

Mid west Germany

Reh et al. (2013)

Confined
and
Unconfined
Not specified

Luxembourg City

Bohn et al. (2011)

Jura, Switzerland

Morash (2013)

Unconfined

Scania, Sweden

Åkesson et al. (2014)

Not specified

South-west
Germany

Hillebrand
(2014)

et

al.

Not specified

South-west
Germany

Schiperski
(2015)

et

al.

Not specified

The Netherlands

Not specified

Ireland

Schipper and Visser
(2008)
McManus et al.
(2014)

Lapworth
et
al.
(2015)
Haarstad
and
Ludvigsen (2007)

Fractured
0,1
0,086

60,7

0,057
0,031
0,008 (median
conc)

9,2

0,0052

99,6

0,0025

Not most
frequently
found

Detected
Detected
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Unconsolidated,
alluvial
Consolidated,
Karst,
fractured
sandstone
Consolidated
Sandstone,
Consolidated,
Karst
Unconsolidated
and/or
consolidated
Consolidated,
Karst,
fractured
limestone
Consolidated,
Karst,
fractured
limestone
Unconsolidated,
mostly sand
Consolidated,
Karst

3.1.1 Fractured carbonate aquifers
Aquifers in carbonate bedrocks can have a wide range of hydrologic characteristics. Water
can move through bedding planes and fractures that can get enlarged by time and dissolution
of the carbonate material through water that are weakly acid. Additionally, some carbonate
aquifers have a water movement through an almost homogenous and isotropic porous
medium (Fetter, 2001).
Reh et al. (2013) investigated a fractured aquifer system containing an upper and a lower
aquifer of limestone and dolomite separated with an aquiclude of clay and siltstone. They
found a relationship between the degree of concealment and the contamination found in
3

groundwater. Overall the upper aquifer was more contaminated than the lower, except for
one sampling point where the lower aquifer is exposed to the surface. When it comes to the
Triazines, these were found in both the upper and lower aquifer while the other pesticides
were only found in the upper aquifer. The scholars interpreted this result as a connection
between the two aquifers, and that ATZ is persistent in the aquifer environment. ATZ was
banned in Germany 1992 and therefore the scholars suggest that residence time and the
vertical transport to the lower aquifers must be several years.
Lapworth et al. (2015) also found the degree of concealment and the depth of the wells to be
of importance for the found concentrations. The study was performed in a large chalk aquifer
of NW Europe. They found higher concentrations of ATZ where the chalk aquifer was
exposed to the surface, but in contrast to Reh et al. (2013) they found lower concentrations of
ATZ in the part of the aquifer with higher concealment. The scholars also suggest that rapid
pathways within the aquifer can be an explanation of their findings. The aquifer is an
important drinking water resource for southern England and northern France as well as
parts of the Netherlands, Belgium, Germany and Denmark. This aquifer underlies Paris and
London metropolitan areas as well as large agricultural areas. They agree with Reh et al.
(2013) that the degree of concealment is important for the spreading of contaminants in the
aquifer, although the complexity of this aquifer makes it hard to predict how the
contaminants will move in the subsurface. The processes taking place in the unsaturated
zone and the properties of the pesticides itself is also of importance for the findings within
the aquifer. Furthermore they found similar results as Reh et al. (2013) in terms of sampling
depth and the concentration of pesticides. In general, the shallower groundwater, the higher
concentrations found. Lapworth et al. (2015) points out another possible explanation for the
findings of ATZ in groundwater. They refer to older studies by Papiernik and Spalding (1998)
and Schwab et al. (2006) where they found that ATZ is very persistent under conditions with
limited oxygen. However they do not conclude if this is the case in the subsurface of the
investigated area.
3.1.2 Karst aquifers
A number of investigations are conducted in karst aquifers. In Europe, karstic aquifers are of
importance and stands for up to 50 % of drinking water supply in some countries (Ford and
Williams, 2007). Due to the characteristics of karst aquifers, with an almost barrier free and
fast recharge, they are considered as vulnerable to chemical and biological contamination
(Morasch 2013). Previous studies have found fissured chalk that in partially is of a karstic
character to be particularly vulnerable to rapid migration of contaminants through fissures
and fractures within the aquifer (Johnson et al. 2001; Lapwoth and Gooddy, 2006; Katz et al.
2009. The complexity of the interaction between the developed karst conduits and the porous
medium that serves both rapid flow and slow matrix flow and fast and long resident times
respectively makes karst systems difficult to study (Hillebrand et al. 2014).
In Switzerland, Morasch (2013) investigated a karst aquifer where runoff from an
agriculturally dominated area enters the aquifer through a swallow hole and where the
infiltrated water is diluted with deep groundwater and reappears in two springs that
discharge the aquifer. Morasch (2013) sampled both water from the swallow hole and from
the springs and found different behavior of the investigated pesticides. In May pulses of
higher concentrations of ATZ in the swallow hole were observed and explained with recently
applied pesticides in the area. Different behavior was observed in the springs, the
corresponding pulse of higher concentrations in the springs could be observed for other
pesticides, while concentrations ATZ remained constant in the springs. The scholar suggests
that ATZ has been attached to interakarstic matrix and that the washout created the stable
concentration of ATZ in the springs. The pulse of higher concentrations could be explained
by the lack of intense rainfall during the sampling campaign, leading to the conclusion that
there are differences in the behavior of the pesticides that resulted in differences in
4

concentrations in the springs. Hillebrand et al. (2014) concluded the same behavior for ATZ
in a karst aquifer in southwest Germany. ATZ is considered to be located within the aquifer
material and it is released slowly to the groundwater. The differences between these two
investigations are that ATZ has been banned in Germany 1992 and in Switzerland it is still in
use (at the time of the sampling). Hillebrand et al. (2014) state that the concentrations of
ATZ are likely related to long residence time due to slow groundwater flow inside the karst
matrix in combination with low, or no degradation. They further state that the application of
ATZ must also be considered. The amount of applied ATZ is reflected in the amounts found
in the groundwater. Another study in the same aquifer in southwest Germany by Schiperski
et al. (2015) was investigating the relationship between organic micorpollutants and hydrosedimentary processes in groundwater before and after a heavy rain event. They measured
the concentrations of ATZ in spring water discharging the aquifer. They are in agreement
with the findings of Hillebrand et al. (2014), namely that ATZ is probably located within the
matrix of the aquifer. Schiperski et al. (2015) found a higher concentration of ATZ in the
discharging spring water before the rain event and a lower concentration after and this
would, according to the scholars, be a result of dilution from freshly infiltrated water to the
aquifer. During the flush of the aquifer system the concentration of ATZ remained rather
constant, while turbidity increased slightly. The scholars argue that the increase in turbidity
is an indication of resuspension of previously deposited particles suggesting that ATZ is
located within the aquifers matrix.
3.1.3 Sandstone aquifers
Sandstone aquifers can, due to its sedimentary origin have both primary and secondary
porosity and build up complex groundwater systems. Two investigations have been
conducted in the same area by Farlin et al. (2013) and Bohn et al. (2011). This is a complex
system of a fractured sandstone aquifer that is partly confined and partly unconfined and an
important drinking water supply on a regional scale in Luxembourg. The physical and
geochemical properties are heterogeneous with dense and hard sandstone altered by parts of
brittle limestone (Farlin et al. 2013). Colbach (2005) determined the porosity of the aquifer
and concluded that the primary porosity ranged from 5 to 40 % depending on the degree of
dissolution of the calcareous matrix. Secondary porosity was estimated to approximately 1 %
and he further concluded that parts of the aquifer transmit water in ways that is comparable
to a karstic formation. The aquifer is mainly covered by well-drained sandy soils that make
the groundwater potentially vulnerable to agricultural pollution due to its high hydraulic
conductivity. The study design of Bohn et al. (2011) was to investigate the occurrence of ATZ
and its degradation products in the drinking water in Luxemburg where they found ATZ,
DEA and DIA in both spring water and tap water. They state that even though the compound
has been banned for a relatively long time (since 2004 in Luxembourg) it is still detectable in
groundwater. Farlin et al. (2013) sought to study the transport time for pesticides through
the soils and in the aquifer. They concluded that the relatively higher concentrations found in
some of the springs was due to the sandy soil in the recharge area connected to these springs.
They point out that sandy soil has a higher hydraulic conductivity, which facilitates the
transport of pesticides through the subsurface. The pesticides are therefore flushed out of the
biological active soil zone and have therefore less time to degrade. Hence, a higher
concentration of the pesticide is found in the groundwater. However where there are
fractures with greater flow, this can dilute the concentrations of pesticides found in
groundwater. The same patterns were found by White et al. (2016) that studied unconfined
sandstone aquifer in Doncaster, UK. White et al. (2016) could see a relationship between the
detected ATZ concentrations and the conductivity through the aquifer. Where there were
higher flow rates the concentrations were lower due to an effect of dilution and higher
concentrations were found in parts of the aquifer where flow rates are slower and residence
time longer. For the behavior of ATZ and metabolites in the subsurface Farlin et al. (2013)
and White et al. (2016)
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state that the spreading and occurrence of this pesticide in the groundwater environment is a
result of a complex combination factors including; the amount of ATZ applied on the fields in
the recharge area, the physical properties of the compound itself, the soil moisture, depth of
the unsaturated zone, the hydraulic conductivity and chemical properties of the soil and the
nature of the groundwater flow within the aquifer. Furthermore, Bohn et al. (2011) explains
the detection of ATZ and metabolites in tap and spring water with the long persistency of the
compound in the environment and refers to Krutz et al. (2010) that concluded that the halflife time of the compound is considered to be 28-178 days in deeper soil layers or water.
3.2.4 Aquifers in unconsolidated sediments with hydraulic connection to
surface water
Three investigations are done in aquifers of unconsolidated sediments with a hydraulic
connection to surface water. An aquifer can be hydraulic connected both in terms of losing or
gaining water from the surface water. This can differ, a stream or surface water can be both
losing and gaining in different parts, or it can change seasonally (Fetter, 2001). All
investigations are done in aquifers of a highly permeable material of sand or gravel. These
materials have a high hydraulic conductivity, which means that water moves fast through the
material. Koroša et al. (2016) evaluated the contamination of micro pollutants in an
intergranular aquifer in Maribor, Slovenia. This aquifer is recharged from precipitation, the
Drava River and infiltration and therefore considered as vulnerable to surface-derived
contaminants. They found the river to have a dilution effect on the concentrations found in
groundwater. The sampling points with connections to the surface water were found with
lower concentrations than sampling points where recharge is mainly from local precipitation.
ATZ was found in high concentrations (0,29 µg L-1) in groundwater and Koroša et al. (2016)
suggest a few possible explanations for the findings of ATZ in the samples. It can be due to
the persistency of ATZ in the environment, or a long time lag in the soil profile or possibly an
illegal use of ATZ after its ban. The scholars used a calculation of the ratio between ATZ and
DEA, the DAR ratio (developed by Adams and Thurman, 1991). Through this ratio a
determination of the freshness of the ATZ contamination can be made. The ratio between
DEA/ATZ were a low ratio is representing more ATZ in relation to DEA in the groundwater
and is therefore an indication of a freshly applied ATZ with short residence time (i.e shorter
time to degrade). In general they found higher concentrations of the metabolites than ATZ in
the samples and therefore Koroša et al. (2016) suggests that the concentrations of ATZ found
are deriving from non-point sources in the area and that the likelihood of illegal use is low.
They further mention that ATZ and its metabolites are known to be persistent. Previous
studies have found that they can form strong chemical bounds with organic carbon and clay
in sediment. Where there are sediments with a low content of these particles these
compounds can move through the subsurface and contaminate the groundwater (Aelion and
Marthur, 2001). However, Koroša et al. (2016) do not mention the clay or organic content in
the investigated sediment.
Another study was performed in the Ribatejo region in Portugal by Silva et al. (2012). The
aquifer is located in alluvial deposits where the Tagus River and tributaries strongly
influences the groundwater flow in the aquifer and are both recharging and discharging the
aquifer depending on the hydraulic potential. Intensive agriculture is dominating the area
and the study was performed in 2004 and 2005 i.e. ATZ was still in use. Silva et al. (2012) do
not mention the influence of the river despite the fact that all wells except of two are located
right in the bank of the Tagus River. However they could conclude a correlation between
detections of pesticides and the sampling period. In general more pesticides found during
spring and autumn. For ATZ slightly higher concentrations was detected during the spring
and autumn. The scholars explain these findings with the location of the water table. In
spring the water table is located closer to the surface due to the end of a wet period. Whereas
during the autumn, recent harvesting and the beginning of a wet period increase the
likelihood of pesticides leaching to groundwater. Furthermore they concluded that the
6

movement through the soil matrix is rather rapid. They calculated the DAR ratio and
interpreted the low ratios as rapid movement of ATZ to the groundwater. Silva et al. (2012)
further found a combination of pesticide occurring together in many of the samples. These
pesticides (alachlor, ATZ, ethofumesate, metolachlor, metribuzin and DEA) have similar
leaching potential and are considered as leachers or transitions according to GUS index2.
Silva et al. (2012) state that this points out the importance of the leaching potential of the
component in combination with the permeability of the soil matrix. They further state that
the aquifer is vulnerable to surface-derived contamination due to the higher permeability of
the matrix and the intensive agriculture in the area. They point out the importance of the
river for the recharge and the discharge of the aquifer, however they do not mention this in
the results.
The third reviewed study in this section is by Sassine et al. (2016) and the study is performed
in a shallow alluvial aquifer in southern France. It has a hydraulic conductivity (K) between 3
· 10-3 to 10 · 10-4 m s-1, a medium permeable material. It is locally influenced by surface water,
and from imported water from Rhône River that is used for artificial groundwater recharge
and irrigation. The main recharge is by precipitation and lateral flow from a karst aquifer in
the vicinity. The studied aquifer is mainly covered by agriculture and has a relatively thin
unsaturated zone of about 2-7 m that makes this aquifer vulnerable for pesticide
contamination. The recharge from the karst aquifer is considered as less affected by pesticide
contamination due to its coverage of scrublands. A Quaternary fluvial silt deposit with a low
permeability overlies one part of the aquifer. Samples were collected from the karst aquifer
and the surface water for comparison. The groundwater samples from the karst aquifers
showed lower concentrations than those in the alluvial aquifer. Sassine et al. (2016) argue
that this is probably related with the land use as the karst aquifer is covered with scrublands.
The sampled surface water contained very low concentration of triazines and in agreement
with the findings of Koroša et al. (2016); the surface water is thought to be an important
factor in the dilution of the concentrations in the groundwater. The sampling also showed
that the concentrations are lower where the aquifer is recharged by the karst aquifer, a result
of dilution with less contaminated water. The highest concentrations were found in
groundwater in the part of the aquifer that is covered by a layer of lower permeable silt
deposits. According to the scholars this layer may have hindered recharge by infiltration and
therefore also the dilution of the pesticides. Hence, they conclude that the concentrations of
the pesticides are not only a result of the application but that it is also influenced by the
origin of the recharge water to the groundwater. They further investigated the relation
between concentrations of triazines in relation to depth and could identify three general
trends. Firstly, where the aquifer is recharged by stream water or lateral recharge from
neighboring aquifers, the concentration rates of triazines were similar throughout the depth.
Secondly, the scholars argue that when higher concentrations are found in deeper parts this
could be a result of dilution from recent infiltrated water that does not contain much ATZ due
to its ban several years ago. The third trend is high concentrations of triazines in the shallow
parts of the aquifer and the researchers state that this can have two possible explanations.
Firstly, a slow remobilization or washout rate of the triazines because they are persisting in
the unsaturated zone due to the processes that could affect these compounds such as pH,
organic carbon and/or clay content. The second hypothesis is a recent illegal use of these
pesticides. However, when Sassine et al. (2016) compared their results to monitoring results
(SMNVC, 2002) in the same aquifer they could state that the concentrations have decreased
and therefore, the scholars state that the first hypothesis is more likely than illegal use. When
the scholars compared the age of the groundwater to the concentrations of ATZ they could
conclude that older groundwater contained higher concentrations of ATZ, which is in

2

The groundwater ubiquity score (GUS index) can be used to estimate the potential of pesticides to contaminate
groundwater. To obtain the GUS index the calculations include the persistence of pesticides, the binding ability of
pesticides to soil particles with the following equation: GUS=log10(½ life time)(4log10(Koc)) (Gustafsson, 1989).
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agreement with the fact that ATZ is banned and older groundwater would for that reason
contain more ATZ.
3.2 Surveys conducted on a national or regional scale.
In general, the study designs of the following surveys are to determine the occurrence of
pesticides in groundwater on a regional or national wide scale. The scholars have evaluated
the current contamination status in groundwater with an overall focus on agricultural areas.
The aims are to mainly provide information about the amount of pesticides found, their
concentrations and (for some investigations) what kind of aquifers that seems most
vulnerable to pesticide contamination. It is important to note that all studies are not only
focusing on ATZ, they include a large group of different micro pollutants with anthropogenic
origin.
Several of the investigations included in this section have focused on what kind of geological
setting are found to be the most vulnerable to pesticide contamination. Important to note
here is that these investigations have found what seems to be the most vulnerable aquifer of
the aquifers included in their surveys. McManus et al. (2014) investigated aquifers
throughout Ireland and focused on what kind of physical characteristics of the geological
setting that were most associated with the detection of pesticides in groundwater. Through
statistical analyses they found aquifers with a high transmissivity3 as in karstic flow, fissured
flow as well as intergranular flow regime aquifers to be the most vulnerable aquifers to
pesticide contamination. Moreover they could conclude that karst aquifers overlain by
alkaline Quaternary deposits were vulnerable. McManus et al. (2014) suggest that in an
aquifer with low transmissivity, there are less movement of particulate material and therefore
longer contact time with absorbent material which leads to that more attenuation mechanism
can take place. When it comes to fractures they state that these can act as fluid pathways
allowing more movement of pesticides within the aquifer. Moreover they state that fractured
bedrocks in combination with a thin soil cover were more associated with pesticide
detections throughout Ireland. This is in line with the research of Haarstad and Ludvigsen
(2007) in Norway. The fractured bedrock aquifers had the most detection of pesticides.
However, the differences between these two investigations is that Haarstad and Ludvigsen
focused on agricultural areas while McManus et al. (2014) tried to cover a variation of
hydrogeology and pressures on groundwater. McManus et al. therefore include study areas
where the contamination of pesticides is not significant while Haarstad and Ludvigsen only
focus on areas where the contamination of pesticides is already known to be an issue.
Another study that covered a wide arrange of geological settings is one by Åkesson et al.
(2014) that investigated the occurrence of pesticide in Scanian groundwater in Sweden. The
geology of Scania spans from Precambrian crystalline bedrocks, sedimentary bedrocks and
Quaternary deposits, thus a variation of aquifers were included in the study. In Sweden, ATZ
have been prohibited since 1989 and this is also one of the investigations that found the
lowest concentrations of ATZ in groundwater (and for this study only median concentrations
are given). Åkesson et al. (2014) found groundwater tapped from shallow filters in
unconfined aquifers with primary or secondary porosity with modern and oxic-suboxic
waters to be the most contaminated types of groundwater. Moreover, they stated that
pesticides were often found together which is in line with what Silva et al. (2012) stated.
Schipper et al. (2008) conducted an investigation in 9 out of 12 provinces in the Netherlands.
They focused on the relationship between depth and the occurrence of pesticides in
groundwater and found that pesticides were found in similar concentration ranges regardless
of depth. Most of the groundwater samples were taken in aquifers of unconsolidated sand
3

Transmissivity: A rate at which water with a certain viscosity and density is transmitted through a unit of a
porous media i.e a function of the properties of the water, the porous media and the thickness of the porous media
(Fetter, 2001).
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and they could conclude that the attenuation processes in the upper part of the soil cannot
prevent the leaching of pesticides to deeper groundwater.
An additional three studies of national or regional wide determination of pesticides in
groundwater have been conducted with no focus on the geological setting. One of the
identified controlling factors of the fate of pesticides in groundwater is land use, as stated by
Lopez et al. (2015) as well as Åkesson et al. (2014). Both these studies found more pesticides
in higher concentrations in the sampling points that were influenced by both agriculture and
urban land use. Fava et al. (2010) found the relationship between land use in the choice of
cultivated crops and found pesticides. ATZ is mainly used for maize and in the areas where
maize is produced, the highest concentrations of ATZ are found. Fava et al. (2010) further
state that other important factors controlling the leaching of the pesticides is the nature of
the soil and the amount of pesticides applied on the fields as well as the characteristics of the
pesticide itself. The pesticides that are most commonly found are often also correlated with
their tendency to leach. ATZ is according to the GUS index classified as a leacher (IUPAC,
2016). This is pointed out by Silva et al. (2012), Åkesson et al. (2014) and Köck-Schulmeyer
et al. (2014) (a study conducted in Catalonia, Spain) as an important factor in the occurrence
of pesticides in groundwater. They also concluded that many pesticides with high leachability
are often found together.
Köck-Schulmeyer et al. (2014) argue that the use of irrigation is an indirect factor controlling
the pesticides in groundwater. The more irrigation, the more cultivation is possible and with
more cultivation, more pesticides are applied on the fields leading higher concentrations of
pesticides found in groundwater. In addition, a lot of areas in Catalonia also reuse treated
wastewater (Bixio et al. 2006) and previous studies from Catalonia showed high levels of
pesticides in the wastewater treatment plants effluents (Köck-Shulmeyer et al. 2013). This is
also confirmed by the fact that the most contaminated areas of the investigation is located in
areas where they use most irrigation.
3.3 Atrazine in the receiving environment
In the studied literature about ATZ there are a few factors pointed out as important for the
environmental fate of the compound. For the scope of this literature review the highlighted
factors will be shortly described but not further reviewed.
Adsorption to organic matter and clay minerals in the soils has been highlighted as an
important factor controlling the transport of ATZ towards the groundwater (McManus et al.
2014; Koroša et al. 2016; Sassine et al. 2016). ATZ and its metabolites are known to be
persistent. The role of adsorption to organic matter and/or clay is that it should retard ATZ in
its transport towards the groundwater (Aelion and Marthur 2001; Inoue et al. 2004; Mudhoo
and Garg, 2010: Park et al. 2003). Kd (the distribution coefficient) has been used to
determine how apt herbicides are to move to a solid or liquid phase. Kd is the ratio between
the equilibrium concentrations of an absorbed substance on a solid sorbent and the dissolved
in the liquid phase (Ebato et al. 2002). A further calculation using Kd in combination with the
organic content of the soil i.e. the product of Kd and the organic content of the soil (mass) give
Koc (Ecotec, 2016). Kultikova and Perminova (2002) found Koc values for ATZ ranging from
around 100 to 570 L kg-1 C of soil humic acids and soil fluvic acids respectively. They further
state the fate and transport of ATZ in the soil is highly dependent on what kind of organic
material that is found in the ground. Regarding the amount of organic content, Ebato et al.
(2002) studied forty soil samples whereof many had been cultivated and also found the
amount of organic content in the soil to be the dominant factor controlling the adsorption of
ATZ. Interestingly they also found that when more ATZ was applied on the samples, a
smaller percentage of it was adsorbed and the researchers explain this with the adsorptive
sites in the soil decreases with increasing application.
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ATZ is an uncharged pesticide and Clausen et al. (2001) found, when comparing the
absorption to kaolinite, calcite, quartz and α-alumnia that ATZ only adsorb to kaolinite at pH
around 6. Quartz could adsorb ATZ to a minor extent when the pH was lowered to 2,4 but
showed no significant adsorption at pH 6. However pH can have an effect on the adsorption
Sassine et al. 2016 also mention the importance of the pH in the receiving environment.
According to Saint-Fort (1988) pH in the medium has an indirect effect on the adsorbent
ATZ adsorption by both clay minerals and organic matter increases when the pH of the
solution decreases.
ATZ and its main metabolites mentioned in this literature review, DIA and DEA behave
slightly different in the environment. Studies indicate that the most common mechanism of
microbial degradation is dealkylation (Aelion and Mathur, 2001) where some
microorganisms remove the isopropyl group in the forming of DIA and the ethyl side group
in the forming of DEA (Ericksson, 1989). DIA and DEA are more soluble in water than
Atrazine (670 mg L-1 3200 mg L-1 respectively, 33 mg L-1 for ATZ) and can therefore have a
greater potential to contaminate groundwater than ATZ (Aelion and Mathur, 2001).
Furthermore the degradation in groundwater is slower due to lower bacterial occurrences.
However, it should also be noted that DEA could degrade from both ATZ and another
triazine, propazine although it is less frequently used in Europe. DIA can also be a
degradation product from simazine, cyanazine and ATZ (Scribner et al. 2005).

4. Discussion
The included investigations are conducted in karst-, sedimentary bedrock- and
unconsolidated aquifers. Some of the aquifers are chosen due to known pesticide
contamination and they are all located in areas of agriculture of a more or less intense nature.
One can also speculate, that this kind of aquifers are located within areas of agriculture due
to the fertile soil they often are surrounded with. The included unconsolidated aquifers are
often of alluvial origin and this is also often associated with fertile soil. This could also be a
reason why no study was conducted in a crystalline bedrock aquifer, because they are not
always located in geological settings that give fertile soils. Important to note is also that if the
scope of the investigations was to determine the occurrence of pesticides in groundwater, it is
logical that the focus has been in areas of agriculture.
When taking the found concentrations into consideration, the karst aquifers seem to be least
contaminated with ATZ. However the found concentrations can also be due to the theory by
Morasch (2013) and Hillebrand et al. (2014) that ATZ is attached to the intrakarstic matrix,
and therefore found in lower concentrations. Moreover, the fractures and fissures in aquifers
can lead to higher flow rates and therefore contribute to dilution of the contaminated
groundwater. If the movement of water is taking place in both fractures and pores, as stated
by Hillebrand et al. (2014) this types of aquifers can be difficult to study due to the
complexity. The investigations that found the highest concentrations were both located in
alluvial aquifers in areas with intensive agriculture. The permeability of the soil can play a
role here, that pesticides are moving easily through the soil column towards the groundwater
and may not contain a significant amount of organic matter or clay particles that can retard
the movement of ATZ. However it has been hard to determine the movement through the soil
column because none of the included investigations have included the unsaturated zone and
the matrix therein and therefore conclusions regarding that are hard to make. Noteworthy
regarding the study made by Silva et al. (2012) (who found the highest concentration of ATZ)
is that while ATZ was still in use for the time of the sampling, he concentrations might be
higher than in many of the other investigations where ATZ have not been used for at several
years and ATZ have had time to degrade in the subsurface.
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The degree of concealment has showed two trends. Reh et al. (2015) found higher
concentrations of ATZ in areas with lower concealment in the aquifer while Lapworth et al.
(2015) and Sassine et al. (2016) found higher concentrations in areas with higher degree of
concealment. This seems to be a result of several factors. When there is no concealment of
the aquifer the contaminants can move faster to the groundwater. On the other hand, when
the aquifer is covered with a layer with a low hydraulic conductivity, this could retard the
movement of contaminants but it can also hinder dilution of groundwater. Hence it can lead
to both lower concentrations as the movement of contaminants is retarded. However, the
contaminants that do reach the aquifer can be found in higher concentrations due to lack of
dilution.
Regarding the national or regional wide studies, the design of these investigations, are
including the geological settings that exist in that country or region. The most vulnerable
setting found in one region does not have to be the same in the next region due to: the
differences in geological setting, amount of pesticides applied and the controlling factors in
the receiving environment and that every environment in this sense is unique and the
controlling factors are differ from one setting to another.
The spreading and fate of ATZ in the environment is a complex combination of factors and
the information in the investigations included in this literature review have not always
provided information about what the scholars have stated as controlling factors. This is the
case since none of the investigations had the aim to explore why ATZ was found in the
groundwater. Instead they had a screening nature with the purpose to investigate weather an
aquifer was contaminated or not. As mentioned in the beginning of this section, studies have
also chosen areas that are known to be contaminated, intense agricultural areas and
screening for micro-pollutants that are known to be persistent. This can be interpreted as a
bias in the sense that this does not show a clear picture of the situation throughout Europe.
However intensive agriculture seem to contaminate the groundwater regardless of aquifer
type and the contamination rate and extent seem to have more to do with the chemical
properties of the pesticide and the processes in the unsaturated zone.
In conclusion, the highlighted factors controlling the fate of ATZ are the characteristics of
ATZ itself, the matrix in the unsaturated zone and the ability it has to absorb the compound
and the nature of the aquifer itself and this in combination with the overlaying soil, the
degree of concealment and the land use in the recharge area. One should keep in mind that
ATZ is known to be persistent in the environment and therefore it is also found in the
environment even if the last application was decades ago. It has been banned in the
European Union for this reason, and the EU is doing a lot in the work towards good
ecological and chemical status in this vulnerable natural resource that groundwater is.
However a lot more work has to be done as not everything is well understood about the fate
of contaminants in the environment. The growing population and in the same rate, growing
demand of food supplies the use of pesticides is not likely to end but careful use and further
research is needed to find compounds that are affecting the environment and ecosystems as
little as possible.
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