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Natural background levels for chemicals in Icelandic
aquifers

Maria J. Gunnarsdottir, Sigurdur M. Gardarsson, Gunnar St. Jonsson,
Halldor Armannsson and Jamie Bartram

ABSTRACT

Information about natural background levels (NBLs) of chemicals in source waters allows water
utilities to identify trends in drinking water contamination. We estimate NBLs for chemicals in source
waters for Icelandic water utilities at both national levels with all data pooled, and according to
geological regime. NBLs were derived by collecting samples from 79 aquifers considered largely
unimpacted by human activities. The aquifers were categorized into four geological settings that are
representative of the geology of Iceland. NBLs were calculated as 90%iles of all aquifers in each setting
and in all pooled. There was a statistical difference between the geological settings in 11 parameters of
37 tested. The 90%ile for nitrate for all aquifers pooled was 1.36 mg/I, indicating little anthropogenic
influence on water used for public water supply in Iceland. The results were compared to the chemical
status of 60 European aquifers, collected for the European Union’s Sixth Framework Program
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INTRODUCTION

Information on the natural background levels (NBLs) of
chemicals in aquifers is necessary for effective and early
detection of anthropogenic influence and to inform poten-
tial remediation. Such information assists water utilities,
which are ultimately responsible for delivering safe drinking
water, to trace pollution, react to trends in drinking water
contamination and manage risk.

The European Union (EU) Water Framework Directive
(WFD) requires that pollution trends be identified and
reversed (EC 2000). The directive applies to surface
water, groundwater, transitional water and coastal water.
The WFD and the subsequent EU directive on groundwater
(EC 20006) require that the starting point for trend reversals
be defined as well as criteria for assessment of good
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groundwater status. The resulting threshold values (TVs)
should be established nationally as quality standards for
pollutants in groundwater in order to protect human
health and the environment (Hinsby et al. 2008). They are
intended to reflect good chemical status and take into
account knowledge of human toxicology and ecotoxicol-
ogy. Information on NBLs of chemicals in groundwater
informs TV setting. In principle, NBLs can be determined
by use of water quality data from aquifers unaffected by
human impact. However, where there is a longstanding
human impact ‘natural’ groundwater is hardly present
and methodologies have to be developed to distinguish
between natural and polluted conditions (BRIDGE Dro
2006; Molinari et al. 2012).
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In the EU’s Sixth Framework Program a methodology
for the derivation of NBLs and TVs was developed, with
the participation of 16 European countries. The method-
ology was tested on 14 aquifers selected to represent most
of the major European aquifer types that were defined in
Background Criteria for the Identification of Groundwater
Thresholds (BRIDGE) project (Pauwels et al. 2007, 2009).
The BRIDGE project defined an NBL as ‘the concentration
of a given element, species or chemical substance present in
solution which is derived by natural processes from geologi-
cal, biological or atmospheric sources’.

European water directives have been incorporated into
the Icelandic regulatory environment: the Drinking Water
Directive (ECD 1998) through updated Icelandic Drinking
Water Regulation (IDWR ME 2001); and the WFD through
adoption into Icelandic legislation (Parliament of Iceland
20om). In recent Icelandic legislation incorporating the
groundwater directive (ME 2012), TVs for the seven inor-
ganic chemicals (arsenic, cadmium, lead, mercury,
ammonium, chloride and sulphate) of the WFD minimum
list (ECD 2006 Annex II) are set at 75% of the maximum
allowed concentration (MAC) in the IDWR, and the TVs
for nitrate are set as 50% of MAC in the IDWR.

The goal of this study is to initiate evaluation of NBLs of
naturally occurring substances in Icelandic groundwater to
inform early warning of pollution and estimation of
threshold values. We compare the values with those from
the BRIDGE project. Icelandic geology is different from
that of other parts of Europe. These results therefore add
to the knowledge of NBLs in areas with a similar geology
elsewhere, augment information on NBLs in the European
region, and provide specific reference values for areas with
a low environmental impact as the impact of human activity
on groundwater quality is minimal in Iceland.

GEOGRAPHICAL AND GEOLOGICAL SETTING

Iceland is situated on the Atlantic Ridge on a basalt plateau
that is thought to have begun to be formed 24 million years
ago with its oldest rocks on land 14-16 million years old
(Thordarson & Larsen 2007). The principal elements of
the geology of the country are the Postglacial active volcanic
zone (Postglacial zone), adjacent Pleistocene belts and an
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older Tertiary part. Infiltration is high and surface runoff
limited in the active volcanic zone; whereas infiltration is
much less extensive and surface runoff is greater in the
older Tertiary part (Sigurdsson & Einarsson 1988).

The natural chemical composition of groundwater is
largely determined by the composition of the rock it is
abstracted from and varies with depth and residence
time. Rock formations in Iceland are 80-85% basaltic
and almost totally volcanic (Saemundsson 1979; Sigurds-
son 1993). Groundwater from basaltic rock has lower
chemical concentrations of major elements compared to
many other rock types (Reimann ef al. 1996); however,
there are higher concentrations of chemicals in younger
geological settings, especially within the active volcanic
rift zone (Oskarsdottir et al. 2011). Basaltic glass is much
more abundant in the younger rock and chemical denuda-
tion is greater in glassy rock than crystalline basalt,
explaining to some degree the higher concentrations
(Gislason et al. 1996).

Precipitation, with marine components, influences the
chemical composition of groundwater in Iceland (Sigurds-
son & FEinarsson 1988; Sigurdsson 1990). In populated
areas, which are mostly situated along the coast, precipi-
tation was between 500 and 4,000 mm/year on annual
average in the period 1971-2000 (Crochet et al. 2007). The
precipitation percolates into the ground more easily where
soil cover is thin and the bedrock is open and porous, as
in the Postglacial zone. Most of the water sources for
municipal water supplies in Iceland are less than 30 km
from the sea. Rock formations in the Postglacial zone are
usually very permeable and are frequently present close to
the sea and thus amenable to sea water infiltration.

Geothermal areas are common in volcanic areas and
geothermal water can mix with cold groundwater and
increase the level of certain chemicals including many of
the major elements (silica, fluoride, sodium and sulphate)
and trace elements (boron, arsenic, mercury, cadmium and
lead) while there is a reduction of magnesium as tempera-
ture and salinity-dependent silicate mineral equilibria
control a very low Mg'? concentration in geothermal
water (Sigurdsson & Sigbjarnarson 1989; Kristmannsdottir
& Armannsson 2004; Baba & Tayfur 201r). During volcanic
eruptions large quantities of ash have the potential to
increase turbidity, acidity and fluoride in drinking water
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and can also elevate the concentrations of various heavy
metals (Gudmundsson et al. 1992; Stewart et al. 2000).

In the BRIDGE project, aquifer typology was classified
into 10 basic units based primarily on the hydro-geochem-
ical characteristics of groundwater and secondarily on
processes such as redox conditions and geological age
(Pauwels ef al. 2009). The 10 basic units are merged into
four groups: carbonated, unconsolidated, sandstones and
hard-rock. Icelandic aquifers fall into two of these groups:
unconsolidated and hard-rock. The unconsolidated group
is divided into two subgroups: sand and gravel and marls
and clays. Icelandic aquifers belong to the first of these.
The hard-rock group is mainly divided into three subgroups:
crystalline basement, schists and volcanic rocks. Icelandic
aquifers are classified as volcanic. The BRIDGE method-
ology recommends establishing NBLs for chemicals by
pre-selection of sample results used and the 90%ile calcu-
lated for the remaining samples.

About 95% of Iceland’s drinking water supply is extracted
from springs, wells or boreholes and is classified as ground-
water. Surface water used for drinking amounts to less than
5% (EEA 2010). Groundwater is not treated unless there is a
danger of surface water intrusion when treatment with fil-
tration and UV is applied. Residual disinfection is not
practised (Gunnarsdottir et al. 2013) and application of pre-
cautionary principles in water supply is therefore critical
(Hasler et al. 2007; Smeets et al. 2009; Gunnarsdottir et al.
2012b). The water utilities in Iceland have adopted the
principle of a water safety plan, whereby systematic risk man-
agement to prevent contamination of drinking water is a major
focus (Gunnarsdottir & Gissurarson 2008; Gunnarsdottir ef al.
2012a). This has proven to be effective in protecting water
quality and human health (Gunnarsdottir et al. 2012b). In
the associated risk assessment it is important to identify
contamination at an early stage and therefore information on
NBLs supports effective water safety management.

METHODS
Design of study

Data on drinking water quality were obtained from routine
surveillance activities overseen by IDWR to verify the
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chemical safety of drinking water for the period 2002 to
2012 from 79 water resources supplying 65 separate water
supply systems managed by 42 water utilities. Of the 79
resources, four are surface water from rivers with bank fil-
tration and UV treatment whereas the rest is from
untreated groundwater aquifers from springs or boreholes
(Figure 1).

The data were analysed with respect to four classes:
three hard-rock formations of basaltic volcanic distin-
guished by their age and one unconsolidated gravel deposit:

1. Difference in chemical content between geological set-
tings. Water resources were classified into four classes:
Postglacial (<10,000 years), Pleistocene (10,000 years to
3.3 million years), Tertiary formation (>3.3 million
years) and unconsolidated gravel deposits (rock slides,
glacial or fluvial deposits).

2. The NBLs of groundwater using the BRIDGE method-
ology, both classified according to geological settings
and combined for all aquifers.

3. Evaluation of the natural groundwater status in Iceland
and comparison with European groundwater.

The main characteristics of the water source locations
are shown in Table 1. The water resources are relatively
equally distributed except that only few are in the Tertiary
formation.

Data collection

Samples were collected by the health inspectors at the Local
Competent Authorities (LCAs) who also measured pH at the
sampling site. Conductivity was analysed by accredited local
laboratories. For chemical analyses samples were sent to
Matis Ltd - Icelandic Food and Biotech R&D, which for-
warded them to the accredited laboratory ALS
Scandinavia AB in Sweden (www.alsglobal.se). The LCAs
deliver the results to the water utilities and follow up on
non-compliance. Analytical results were made available to
the authors by the water utilities or the LCAs. The results
included analysis of indicator parameters, which indicate
pollution in drinking water as conductivity, and pH, all
major chemicals (except bicarbonate which was not deter-
mined), and most trace elements and heavy metals. All
parameters used in the study are shown in Table 2. The
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Figure 1 | Map of water sources locations categorized by geological settings. Note that smaller variations in the geological zones are not shown.

Table 1 | Characteristics of the aquifer locations

Number of water resources

Total 79
Geological setting Postglacial 21
Pleistocene 18
Tertiary 8
Gravel deposit 32
Geographical area ~ W - West 15
N - North 17
E - East 11
S - South 23

SV - South-west 12

total dissolved solids (TDS) concentration was estimated by
calculating the bicarbonate concentration from the ionic
balance and then adding the concentrations of all major
chemicals. Analysis for pH and conductivity were per-
formed in Iceland soon after sample collection.
Bicarbonate and total dissolved solid concentrations, and
total hardness were calculated from analyses and ionic bal-
ances. The samples were sent to ALS, Luled, Sweden from

where they were allocated to the appropriate laboratories
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according to components analysed. An overview of the
methods used and the laboratories that carried out the
analysis is presented in Table 3.

Most often there was only one sample available from
each aquifer but if two or more were available the results
of the most recent analysis was used as these tend to have
a lower detection limit indicating better analytical quality,
yielding 79 data points: 53 direct from resource, 14 from ser-
vice reservoirs and 12 from distribution networks. The
service reservoirs are most often situated in the system
upstream of the distribution network.

Statistical analysis

As stipulated in the BRIDGE methodology, the 10th, 50th
and 90th percentiles (%iles) were calculated for the 37 par-
ameters analysed by ALS Scandinavia AB. Cumulative
frequency plots were produced for all the chemicals
(except nitrite as it was always below detection limits), in
all 30 chemicals. Results with values below detection
limits (DLs) were included in the percentile statistics but
not displayed in the plots, as explained in the BRIDGE



Table 2 | Chemical composition of Icelandic aquifers in four geological settings ?
Postglacial Pleistocene Tertiary Unconsolidated Total =
Parameters N 10%ile  50%ile 90%ile N 10%ile  50%ile 90%ile N 10%ile 50%ile 90%ile* N 10%ile  50%ile 90%ile N 10%ile  50%ile  90%ile é
TDSP mg/1 21 46 86Y 258 18 47 76 115 7 49 59 32 37 58 146 78 41 75 139 §
HardnP ‘H 21 07 1.5 3.7 18 05 1.1 21 8 05 1.0 32 06 1.1 3.1 79 05 12 2.8 g
HCO} mg/1 21 14 38 79 18 23 36 56 8 14 25 32 8 27 78 79 14 35 73 ;3
Na mg/l 21 6.19 10.7 51.84 18 6.29 10.1 1719 8 4.03 8.38 32 3.04 651 1227 79 4.03 9.31 15.5 ;
K mg/l 21 046 0.78Y 1.95 18 DL 0.42 1.53 8 DL DL 32 DL DL 1.04 79 DL 0.61 1.33 %
Si mg/1 21 474 8.11 1236 18 6.27 8.1 1282 8 429 6.6 32 336 7.53 11.64 79 4.57 7.86 12 g
Ca mg/1 21 245 5.66 10.04 18 2.64 5.6 1066 8 28 4.03 32 259 542 15.01 79 27 55 11.2 g
Mg mg/1 21 099 2.69"T 993 18 0.15 0.87 3.57 8 047 099 32 08 1.63 6.15 79 0.63 1.69 6.21 %
S mg/1 14 0.66 119 8.61 13 042 0.73 1.52 7 021 0.67 22 DL 0.62 133 56 032 074 273 ;
Fe mg/1 21 DL 0.002 0.174 18 DL 0.003 0.034 8 DL 0.007 32 0.001 0.003 0.018 79 DL 0.004 0.031 g
SO, mg/1 21 156 3.2Y 1544 18 1.52 222 5.63 7 0.75 2.03 32 093 187 475 78 118 23 6.8 §
Cl mg/1 21 5.06 9.9 108.88 18 4.45 8.76 1696 7 23 11.1 32 366 7.15 1853 78 3.88 892 2265 g—’
NH,4 mg/1 21 DL DL DL 18 DL DL DL 7 DL DL 32 DL DL DL 78 DL DL DL %
NO, mg/1 21 DL DL DL 18 DL DL DL 7 DL DL 32 DL DL DL 78 DL DL DL g
NOs mg/1 19 DL 0.19 0.62 18 DL 0.19 162 7 DL 0.14 29 DL 0.21 2.0 73 DL 0.18 1.36 é
P mg/1 21 0.007 0.026 0.064 18 0.016 0.029 0.058 8 0.002 0.024 32 0.003 0.019 0.049 79 0.004 0.024 0.051 g
F mg/1 21 DL DL 0.28 18 DL DL 020 7 DL DL 32 DL DL 0.15 78 DL DL 0.14
TOC mg/1 19 DL DL 1.9 17 DL DL 3.1 7 DL DL 31 DL DL 1.1 74 DL DL 1.6
Colour 15 DL DL 7,0 16 DL D1 6,5 6 DL Dl 28 DL DL 5,2 65 DL Dl 5,8
Cond uS/cm 11 56 121 270 13 66 104 289 3 48 57 14 47 84 170 41 524 914 190
pH 12 712 84Y 8.86 13 718 885"Y 9.61 6 736 7.79 14 6.7 7.1 7.8 45 6.88 7.7 8.95
Al ug/1 21 158 5.79 18.88 18 3.09 125579 4287 8 279 418 32 029 212 815 79 0.63 5.09 18.7
As ug/1 21 DL pLY 0.19 18 DL DL 0.17 8 DL DL 32 DL DL 009 79 DL DL 0.11
B ug/1 21 DL DL™Y 3224 18 DL DL 4.01 8 DL DL 32 DL DL DL 79 DL DL 12.1
Ba ug/l 21 0.08 0.34™TY 095 18 DL 0.05 0.25 8 DL 0.08 32 DL 006 034 79 DL 0.1 0.51
Cd ug/1 21 DL DL 0.002 18 DL DL 0.005 8 DL DL 32 DL DL 0.009 79 DL DL 0.005 S
Co ug/1 21 DL DL 0.27 18 DL 0.01 2.07 8 DL 0.006 32 DL 0.008 0.02 79 DL 0.008 0.024 g
Cr ug/1 21 0.045 023 0.78 18 0.09 0.857TY 333 8 0.03 0.20 32 0.04 018 046 79 0.05 0.23 0.96 é
Cu ug/1 21 0.15 0.48 1.57 18 DL 0.17 048 8 0.15 0.48 32 DL 038 209 79 DL 0.34 1.53 %
Hg ug/1 21 DL DL 0.008 18 DL DL DL 8 DL DL 32 DL DL DL 79 DL DL DL §
Mn ug/1 21 DL 0.19 1.82 18 DL 0.23 156 8 DL 0.07 32 DL 0.14 114 79 DL 0.15 1.46 ;
Mo ug/1 21 DL 0.11 1.12 18 0.07 0.11 046 8 DL 0.06 32 DL 0.06 02 79 DL 0.1 0.45 %
(continued) ;
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:; e my ® " g methodology (Pauwels ef al. 2007, 2009). Therefore the prob-
8|s s s &/ E ability can start at a value greater than zero, depending on
§ S oa Lo g the number of observations below DLs. For purely anthro-
Bl s A — ; pogenic substances, such as synthetic organic pollutants,
§ - < ‘g the NBLs were set to zero and samples containing these pol-
R = £ ) .
_|®|Rr AR S A g lutants were excluded, consistent with the BRIDGE
g 2|2 2 2 %2 929 £ methodology (Miiller et al. 2006; Wendland et al. 2008a).
® - ° < & In all, two samples from aquifers had to be excluded because
Sl da~ 9 8 . .
gle s zZw¢g E of synthetic organic pollutants: one because of tetrachlor-
® - i oethane and trichloroethene content, and one because of
218 8 2 23 % benzene. Due to the lack of analytical data on bicarbonate
= |l o A [T 3
E|le g it was not possible to exclude samples with an incorrect
E fof AARAA §. g a é ionic balance exceeding 10% as required by BRIDGE.
g N NN A a 5 Percentiles were calculated using an SPSS algorithm
> - I o T o B N T Yo N Yo B Vo = L. . . .
3 and it is noted that for aquifer typology with relatively few
l.'é: g samples the uncertainty is relatively large. One-way analysis
s I
& 2 of variance (ANOVA) with a Bonferroni post-hoc test
24 % o " § (alpha =0.05) was used to identify statistically significant
2|8 S 23 n Qg g . . . : L
B|S S RS v A 5 differences in concentrations of chemicals and indicators
2 - 2 between geological settings. All statistical calculations
> a; P R R o . .
g ° A s A A g were carried out with SPSS 20.
2l 2|0 0w 0 ~ o © %
2 © © n\f
218888 2S =
d|e S S o o T RESULTS AND DISCUSSION
2
[e]
e - i Natural background levels
2| a 3 TR 8 e
B|lAa s S o o 3
e | 2 - E Table 2 shows the 10%ile, 50%ile and 90%ile of 37 par-
g § S S S P E S § ameters for the four types of aquifers: Postglacial,
E 2|2 ® ® 0 % x g Pleistocene, Tertiary and unconsolidated gravel deposits,
S s as well as for all 79 aquifers combined. The 90%ile was
o g 8
,,_g E E § 5 g zﬁ <3 interpreted as the NBL, the 50%sile as the central tendency
° g“f and the difference between the 10 and 90%ile as the
o SE range. The 90%ile for Tertiary aquifers was not calculated
5| S %\ ] £ 2 . .
5 222 Zmwnh 2 2 as there were too few data points. Table 2 shows that nitrate
° - < . S
o g8 and ammonium contents are low, which indicates low
g8 222 § 5 Ale & anthropogenic influence on the aquifers. Ammonium in
w | < 0 f 88 . . . .
"g o o % g3 groundwater may originate from the mineralization of
plEl e % % ) organic matter but observations suggest that this is uncom-
- e e = = == |28 §%2 mon in Iceland. In 10 chemicals and one indicator
g P S S S S O
£ =2 2 3 3 3| 8g2s parameter, out of 37 (K, Mg, Ba, Al, B, Na, SOy, As, Cr,
< " =3 S £ %" . . . e .
2 g 5 s £ 2 Se and pH), there was a statistically significant difference
® E 2 3 “gg between aquifer types. Most often the concentration of
-] QT o4 B
[ g B 3 s N ESEE these constituents is higher in the Postglacial than in the
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Table 3 | Analytical methods and laboratories

Component Method

Laboratory

pH, conductivity Electrometric

HCOs3, TDS, hardness

Matfs, Reykjavik, Iceland

Calculated. HCO5 difference from ionic balance using all other major

ions; TDS sum of all components. Hardness from carbonates

Na, K, Si, Ca, Mg, S, Fe, B,

Inductively coupled plasma/Atomic emission spectrometry

ALS Scandinavia, AB, Lulea,

Sr, Zn Sweden
P, Al, As, Ba, Cd, Co, Cr, Cu, Inductively coupled plasma/Sector field mass spectrometry ALS Scandinavia, AB, Lule3,
Mn, Mo, Ni, Pb, Sb Sweden
Hg, Se Atomic fluorescence spectrometry ALS Scandinavia, AB, Lule3,
Sweden
Cl, SO4 F Ion chromatography ALS Laboratory Group, Na
Harfé, Prague, Czech Republic
NOs Ion chromatography AK Lab AB, Borés, Sweden
NH,4 Flow injection Analysis/Spectrophotometry (CSN ISO 11732) ALS Laboratory Group, Na
Harfé, Prague, Czech Republic
NO, Flow injection Analysis/Spectrophotometry (SS-EN ISO 13395-1) ALS, Scandinavia AB, Taby,
Sweden
Total organic carbon CSN EN 1484 ALS Laboratory Group, Na
Harfé, Prague, Czech Republic
Colour SS-EN ISO 7887:1988-4 ALS, Scandinavia AB, Taby,

Sweden

unconsolidated gravel aquifers. Some chemicals are princi-
pally of marine origin, such as Cl, Na, K, Mg, Sr and SO,
(Gislason et al. 1996). Cl is considered to be derived
mostly from marine aerosol in precipitation and has been
shown to be highest close to the coast (Sigurdsson & Einars-
son 1988). When oceanic ratios for these elements with
respect to chloride were calculated from the 50%ile
(median) in Table 2, for all samples they revealed that the
marine contribution was approximately 100% for SO,
about 50% for Na, Mg and Sr, but much less for K and
Ca. Other chemicals in unpolluted groundwater have their
origin mostly from rocks.

Acidity was statistically significantly higher in the
gravel deposit than in both the Postglacial and Pleisto-
cene aquifers, and also higher in the Tertiary than in
the Pleistocene aquifers, indicating a short residence
time in the ground. Tertiary aquifers tend to have fissure
permeability while Pleistocene aquifers have porous per-
meability explaining a shorter residence time in the
Tertiary aquifers. Other indicators were not statistically
significantly different, although values for hardness and
temperature were highest in the Postglacial areas, total
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organic carbon (TOC) values were highest in gravel,
and colour in the Tertiary aquifers. The average tempera-
ture of the water at the time of collection was 4.6 °C, the
range being from 2 to 10 °C.

For the major chemicals K, Mg, Na and SOy, there was a
statistically significant difference between their concen-
trations in the Postglacial aquifer settings than either those
in the Tertiary aquifers or gravel deposits or both. Their con-
centrations were always highest in the Postglacial aquifers.
This difference can partly be explained by the high per-
meability of the neo volcanic zone where precipitation
percolated easily into the rock, introducing a possible
marine influence and partly dissolution from glassy rock.

The trace elements, Al, As, B, Ba, Cr and Se, showed
statistically significant differences between aquifer types.
The As, B, Ba and Se concentrations were highest in the
Postglacial setting and most often lowest either in Tertiary
or gravel deposit, with a significant difference most often
between Postglacial and gravel deposits. Al and Cr con-
centrations were highest in the Pleistocene aquifers,
much higher than in all other settings. The calculated
TDS concentration was highest in the Postglacial areas
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and significantly higher than in the gravel deposits. concentration of chemicals in the younger geological set-
Chemical denudation is much greater in glassy rock and  tings (Gislason ef al. 1996).

crystalline basalt, and basaltic glass is more abundant in Figures 2-4 show the concentrations of 30 chemicals
the younger volcanic areas, explaining also the higher  that were tested. The data were organized according to
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Figure 2 | Cumulative frequency plot for 10 parameters: Si, K, Ca, Mg, S, P, Ba, Co, Mo and Sr.

Downloaded from http://iwaponline.com/hr/article-pdf/46/4/647/369970/nh0460647.pdf
bv auest



655 M. J. Gunnarsdottir et al. | Natural background levels for chemicals in Icelandic

aquifers

Hydrology Research | 46.4 | 2015

100 100 -
3 s0f 50}
[=]
o
NH » (mal)
0 -1 0 q 2 3 0 -2 -1 0
10 10 10 10 10 10 10 10
100
Al (ugh) f)
2z ;j‘
o J
[} 50+ / i
2 A
o
0 -2 -1 0 1 2 0 -1 0 1 2 3
10 10 10 10 10 10 10 10 10 10
100 — T 100
z T
8 s0f 50}
[]
[+
B (ug/l) F (mgfl)
0
10° 10’ 10° 10° 107 10" 10° 10’
100 100
Fe (ug/l) i 4 Mn (ug/l) ~
z
8 s0f 50F .
[=]
a =
i s
nx 7
0 -1 0 : 1 ‘2 3 0 -2 -1 0 1 2
10 10 10 10 10 10 10 10 10 10
100 100 ~ -
Cu (ng/ &~ Cl(mgl) g
v
z
3 50}
o ——s—— Posiglacial
8 » e Plgistocene
- Tertiary
* j; ~----e-—-- Gravel deposits
ol—= !
10" 10° 10’ 10° 10’ 10° 10°
Concentration Concentration

Figure 3 | Cumulative frequency plot for 10 parameters: Zn, NH,, NOs, Al, B, F, Fe, Mn, Cu and CI. The vertical line to the the right is the MAC for drinking water.

the four main geological types of aquifers and plotted as
cumulative frequency diagrams. The figures also show
the MAC according to the drinking water regulation,
demonstrating that the concentrations of these 30
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chemicals were much lower than MAC in drinking
water. The values for many parameters were highest
either in the Postglacial or the Pleistocene areas except
for the heavy metals Zn, Pb, Cd and Ni, which were
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Figure 4 | Cumulative frequency plot for 10 parameters: Na, SO, Sr, As, Pb, Cd, Cr, Hg, Ni and Se. The vertical line to the right is the MAC for drinking water.

highest in the Tertiary or the gravel deposit. Nitrate con-
centrations were also highest in the gravel deposit
aquifers, showing the influence of surface water infiltration
on this type of aquifer.
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The figures also show the portion of the concentrations
that were found below their detection limits. Sb, As, Cd and
Hg concentrations were in 50 to 90% of the cases below the
DLs, while Pb and Ni were below the DL in 20 to 50% of
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the cases. Hg was rarely detected; only five times out of the
79 samples were concentrations above its DL and these
were, with one exception, in the Postglacial zone and
near high temperature geothermal areas indicating geother-
mal influence. The ammonium concentration was found to
be above the DL only three times out of the 79 samples
with concentrations of 0.056, 0.08 and 0.12 mg/1, all well
below MAC in IDWR. The boron concentration was only

Table 4 | WFD minimum list of chemicals

90%ile 90%ile MAC

Icelandic European in Icelandic
WFD minimum list Unit aquifers aquifers IDWR TVs 2012
Arsenic As ug/l 0.11 6.95 10 7.5
Cadmium Cd ug/l 0.005 0.27 5 3.75
Lead Pb ug/1 0.13 2.0 10 7.5
Mercury Hg ug/l < 0.002 0.07 1 0.75
Ammonium NH; mg/1 <0.06 12 0,5 0.4
Nitrate NOs5 mg/1 1.36 59 50 25
Chloride Cl mg/1 23 213 250 187.5
Sulphate SO4 mg/1 6.8 163 250 1875

The NBLs are from the current study, the European aquifers are from GQDB, MAC allowed
from the IDWR, and the TVs are from the new Icelandic Environmental Quality Standard
(ME 2001, 2012; Griffioen et al. 2006).

@ Icelandic Aquifers @ European Aquifers OIDWR

0.001 0.01 0.1 1 10

100 1000

12 times out of the 79 samples found to be above the DL,
which is usually <10 pg/l, which is too high a detection
limit to reveal the natural level of boron in groundwater.
The boron concentration in sea water is very low, the
Cl/B ratio being 4350/1 so boron origination from sea
water is extremely unlikely. The DL for arsenic is also often
too high to enable estimation of natural concentration levels.

Table 4 shows that the 90%iles are much lower than the
new Icelandic TVs set in the WFD minimum list (ME 2012).
The results show that in order to ensure the appropriate pro-
tection of the aquifers against anthropogenic influence TVs
have to be chosen carefully.

Comparison with continental Europe

Table 4 and Figures 5 and 6 reveal that values are low in Ice-
landic aquifers compared to aquifers in Europe. The 90%ile
values for chemicals for the European aquifers tested in the
BRIDGE test group were 10 to 60 times higher than for the
Icelandic aquifers. The ammonium and nitrate load on
groundwater was much lower in Iceland than in other
parts of Europe, probably due to the low population density.
The ammonium concentration was nearly always below DL
in Icelandic groundwater The
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concentration rarely exceeded the detection limit
(<0.002 ng/1) whereas it was 0.07 ug/l in the 90%ile for
the 60 European aquifers. For heavy metals not on the
WFD minimum list, such as copper and nickel, NBLs
were lower in Iceland, the exception being zinc whose con-
centration was similar in Iceland and Europe, especially
when comparing the median in the Tertiary and unconsoli-
dated groups in Europe with the Tertiary and gravel deposit
group in Iceland. Comparison between glacial sand and
gravel deposits in Germany, Denmark and the Netherlands
versus Iceland also shows that the concentrations of most
major chemicals are three to ten times higher (Wendland
et al. 2008b) there than in Iceland.

Management of pristine aquifers
The results show little anthropogenic influence in ground-

supply in
Furthermore, the differences in chemical concentrations

water used for public water Iceland.
indicate that when assessing the NBLs of many chemicals
in groundwater it is necessary to take the geological settings
of the aquifer into account. The setting of TVs should there-
fore account for the preservation of pristine aquifer
conditions, as has been suggested by some of the partici-
pants in BRIDGE (Coetsiers et al. 2009) and not aim for
the highest permissible values as is practised in some Euro-
pean countries because of elevated levels due to a long
history of human occupation, agriculture and industry

(Reimann & Garrett 2005; Griffioen ef al. 2006). It is also
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important to have sufficient differences between threshold
values and reference values if they are to be used for early
warning management. For example, one of the three
methods described by BRIDGE (Wendland ef al. 2008a)
recommends that the TV be twice the NBL and this is the
method most suited for pristine aquifers (Pauwels et al.
2007; Coetsiers ef al. 2009) and aims at preserving the low
external environmental pressure and preventing anthropo-
genic influence on the water bodies. Exceptions may
include TVs for chloride and sulphate that have a marine
origin in Icelandic aquifers.

CONCLUSIONS

The results of this research revealed that Icelandic aquifers
used for water supply in Iceland are mostly devoid of anthro-
pogenic influence. The NBLs are low compared to most
aquifers in Europe, which should be taken into account
when threshold values are determined, allowing for effective
management of the pristine aquifers. The explanation is
likely due to high permeability of young geology settings as
well as low population density in Iceland. The aquifers are
divided between four geological settings that represent the
geology of Iceland and NBLs were calculated as the 90%
iles of all aquifers in each setting and in all pooled. There
was a statistical difference between the geological settings
in 11 of the 37 parameters tested. This should be considered
when threshold values are determined. Further research is
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needed to strengthen the database for NBLs, especially with
regard to numbers of aquifers of each type. The data pro-
vided here are useful to water utilities and regulators in
evaluating whether anomalies or extreme values occur natu-
rally or are due to local anthropogenic influence in order to
identify, plan and execute early reaction for trend reversal.
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