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The study illustrates the critical role of accurate geological structural mapping to delineate crystalline
aquifer zones more prone to high health risk due to elevated dissolved As in drinking wells. The analysis
revisits the results from more than 1200 groundwater samples collected over ten years from domestic
wells across the Tampere region (Finland). It is demonstrated that the highest dissolved As concentra-
tions in the region (up to 2230 mg/L) are exclusively found near major faults and deformation zones
(FDZs) detected via geophysical and geological surveys, and that a clear correlation exists between
dissolved concentrations and the distance from the FDZs (r). Almost all values exceeding the drinking
water limit (10 mg/L) occur at r < 8 km, while concentrations above 100 mg/L occur at r < 4 km. Solid-
phase As concentrations in bedrock show less dependency on FDZ than aqueous concentrations. This
behavior is explained considering different mechanisms, which include enhanced sulfide oxidation and
fracture connectivity, promoting preferential transport of dissolved As to FDZs and mixing of waters from
different redox zones, mobilizing preferentially As(III) or As(V). Fe hydro-oxides may also precipitate/
dissolve preferentially because of FDZs, while residence time may influence the contact time between
water and As-bearing minerals. It is concluded that the accurate mapping of FDZs, and in general of
structural geology, provides an important preliminary information to identify where localized, site-
specific characterization of hydrogeology and geochemistry is more urgent to reduce As-related health
risk from groundwater intake.

� 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Arsenic (As) is a toxic and carcinogenic element that threatens
the health of millions of people worldwide (e.g. Ravenscroft et al.,
2009; Naujokas et al., 2013; Hunt et al., 2014). The problem is
particularly acute for populations exposed through the frequent
intake of groundwater enriched in inorganic As. A significant
number of studies have been devoted to evaluating the sources,
behavior, and distribution of As in groundwater, as well as
advanced techniques for its characterization and remediation (e.g.
Barringer and Reilly, 2013; Foster and Kim, 2014; Rahman et al.,
2014; Baris et al., 2016). A comprehensive review of arsenic in
groundwater can be found in Smedley and Kinniburgh (2013).
ano, Milan, Italy.
.
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geologically-based approach
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Arsenic in fractured aquifers has been significantly less studied
than in unconsolidated media, yet the number of consumers of
groundwater from fractured aquifers potentially exposed to As is
still high (Welch et al., 2000). Arsenic in bedrock formations has
been found to range from <1 mg/L to 1160 mg/L in Alaska, USA
(Verplanck et al., 2008), and up to about 2000 mg/L in the Northern
Appalachian Mountain Belt, USA (Lipfert et al., 2006; Ryan et al.,
2011). A list of key studies focusing on arsenic in fractured
bedrock aquifers can be also found in Bondu et al. (2016).

Mapping the risk of As in fractured systems is complex and
uncertain. The ubiquitous presence of physical and geochemical
heterogeneities in fractured media can strongly complicate the
expected behavior of dissolved As in the bedrock aquifers. Physical
heterogeneity is a result of multiple geological and climatic events
controlling fault and deformation zones (FDZs) and resulting in a
complex network of fractures. A direct consequence of physical
heterogeneity is the spatial variability and scaling of hydraulic and
pneumatic aquifer properties, which can vary over several orders of
ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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magnitude (e.g. Pedretti et al., 2016). Geochemical heterogeneity
can be attributed to mineralogical variability of the hosting rocks,
which could control, for instance, the amount and distribution of
As-bearing minerals in the bedrock, i.e. the “geological source” of
arsenic (e.g. Ryan et al., 2013). However, geochemical heterogeneity
is also closely related to the occurrence of physical processes. For
instance, flow heterogeneity controls solute transport dynamics
within fractures and the matrix, including the mixing of waters,
residence time, the reactivity of solutes and watererock interaction
(e.g. MacQuarrie and Mayer, 2005). Indeed, groundwater mixing
has been reported as a key factor in some As-related systems (Yang
et al., 2015; Bondu et al., 2017). Gas transport is also limited by
fracture and matrix permeability, which may translate into
transport-limited conditions for the oxidation of As-bearing sul-
fides, which has been reported as a key driving factor for elevated
As concentrations in bedrock groundwater (Ryan et al., 2013;
Mango and Ryan, 2015; O’Shea et al., 2015). Moreover, sulfide
oxidation is also a surface-limited mechanism (e.g. Corkhill and
Vaughan, 2009), as such sulfide minerals are expected to be more
exposed to weathering conditions near FDZs than when locked
within the rock matrix.

Quantification of the relationship between FDZs and dissolved
As concentrations would be thus needed, for instance, as support
for informed mapping of health risks from As intake via ground-
water consumption (McGrory et al., 2017). Unfortunately, large-
scale field-scale assessments combining a statistically significant
amount of spatially distributed data and well-characterized struc-
tural geology are limited. This is mainly due to the high costs of
characterizing the detailed physical, geophysical, and geochemical
properties of groundwater and the hosting bedrock and the ubiq-
uitous limited accessibility to groundwater resources.

In the Tampere region of Finland, the problem of As is particularly
acute and important. The crystalline bedrock is a useful groundwater
reservoir with multiple drilled wells, mainly used by domestic
households or small water cooperatives. Similarly to other parts of
the Fennoscandian shield, As is geogenic and a natural element in the
bedrock minerals undergoing weathering, including arsenopyrite
and other As-bearing sulfides. Investigations in the early 1990s
revealed alarming concentrations of dissolved As in localwells. These
initial investigations prompted a large-scale regional geochemical
assessment that started in 1994 (Backman et al., 1994). Since then,
the study has covered more than 1200 samples from an equivalent
number of existing domestic wells, sparsely distributed across the
region (Fig. 1), resulting in the largest hydrogeochemical survey ever
conducted in Finland. A variety of studies and report have been
presented since 1994, focusing onmultiple aspects of As in the region
(e.g. Backman et al., 2006; Loukola-Ruskeeniemi et al., 2007; Rus-
keeniemi et al., 2011; Parviainen et al., 2015; Backman and Luoma,
2016), however never before focusing on the relationship between
geological structures (and in particular FDZs) and the occurrence of
As in the groundwater.

This work revisits the Tampere region geochemical database
with the goal of highlighting the geometrical relationships between
As concentrations and major FDZs identified via geological and
geophysical structural surveys. The aim is to illustrate the impor-
tance of combining geological and geochemical mapping to identify
where the aquifers potentially pose a greater risk to human health.
By using a general methodology, easily exportable to other frac-
tured aquifers, we provide new insights into the evaluation of risk
in fractured aquifers combining a reliable statistical database and
well-characterized geological mapping. By focusing on regional-
Figure 1. Geological map of the Tampere region, divided into the Central Finland Granitoid C
(PB) in the south, and indicating the seven identified bedrock types (colors). White areas rep
units. (Data: GTK geology database and groundwater database. Base map data copyright �
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scale mapping, our conclusions set the basis for future down-
scaling of the analysis towards problem-specific research, as a
guide for targeted and site-specific monitoring and assessment of
groundwater resources.

The paper is supported by an electronic Supplementary Data
(SD) document. Hereafter, figures, tables and text in the SD are
referred to as “Figure SX”, “Table SX” and “Text SX”, respectively,
being X a sequential number. A list of captions from the SD is found
in the appendix of the manuscript.

2. Background

This section provides a summary of the previous key findings on
the geological, hydrogeological and geochemical characteristics of
the studied aquifer, which enables the reader to understand the
problem of As in the Tampere region and to critically evaluate the
importance of the findings illustrated in the following section. The
interested reader is referred to the referenced works for details and
specific aspects of the region not reported in this work.

2.1. Geological background

The Tampere region (Fig. 1) is located approximately 160 km
northwest of the capital area of Helsinki. It covers roughly
14,500 km2, with currently about 500,000 inhabitants in 22 mu-
nicipalities. The topography of the area is relatively even in the
south, being about 80e90 m above sea level (a.s.l.), and more
contoured in the northern parts, ranging between about
150e200 m a.s.l. The metamorphic crystalline bedrock in Finland is
part of the Precambrian Fennoscandian craton and mainly consists
of Archean domain (>2.5 Ga in age) in the northern and eastern
parts and of Svecofennian Paleoproterozoic rocks (1.93e1.8 Ga in
age) in the central and southern parts (Vaasjoki et al., 2005). The
overburden consists of young glaciogenic Quaternary deposits,
mainly of till locally overlaid with gravel, sand, and clay, with an
average thickness of 8.5 m (Haavisto-Hyvärinen and Kutvonen,
2007). The eastewest-striking Central Finland End Moraine,
which was formed within a period of a couple of hundred years
about 11,000 years ago (Saarnisto and Saarinen, 2001), is located in
the middle part of the Tampere region. The contact between crys-
talline Precambrian bedrock and Quaternary overburden is gener-
ally sharp. The Tampere region can be divided into three distinct
geological units (Fig. 1), based on the dominant rock types
encountered in the area (Loukola-Ruskeeniemi et al., 2007):

� The Central Finland Granitoid Complex (CFGC) in the north,
rich in tonalities, granites, and granodiorites, with minor pro-
portions of supracrustal rocks and mafic plutonic rocks
(Korsman et al., 1997);

� The Tampere Belt (TB) in the center, mainly composed of tur-
biditic metasedimentary rocks and felsic-intermediate arc-
type metavolcanic rocks, and plutonic intrusions that cut the
supracrustal sequence (Ojakangas, 1986; Kähkönen and
Leveinen, 1994);

� The Pirkanmaa Belt (PB) in the south, dominated by mafic and
ultramafic plutons and granitoids cutting migmatitic meta-
sedimentary rocks, sporadically containing graphite-bearing
gneiss interlayers (Nironen et al., 2002).

The volcanic-sedimentary belt (TB and PB) is enriched in Au, As,
Ag, Co, Cu, Li, Mo, P, Sb, U, and Zn (Koljonen, 1992). All the rock
omplex (CFGC) in the north, the Tampere Belt (TB) in the center, and the Pirkanmaa Belt
resent lakes and rivers. The black lines indicate the separation between the geological
National Land Survey of Finland, 2016).
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types encountered in the area are metamorphosed, crystalline hard
rocks. Primary sedimentary or volcanic textures have only
sporadically been preserved. The distribution of geological sources
of arsenic in the bedrock (i.e. solid-phase As or As-bearing min-
erals; these terms are used synonymously hereafter) of the Tam-
pere region has been reported by Lahtinen (1996). The results based
on 603 bedrock samples are presented in Fig. 2 for the area near the
city of Tampere, which is highly populated and thus of key
importance for this study, while the results for the entire Tampere
region can be found in the SD (Fig. S1). The average As content in
the solid phase according to the geological subdivision (CFGC, TB,
PB) is also reported in the SD (Table S1). According to the results by
Lahtinen (1996), the abundances of the sulfide-forming elements
(including As) are above average in the Tampere region in com-
parisonwith other sites in Finland. The most prevalent primary As-
bearing mineral is arsenopyrite, which is typically randomly
disseminated in bedrock or in quartz veins, with the exception of
narrow ore-potential zones, where sulfides are enriched. Away
from gold-showing areas (Fig. 1), the occurrence of arsenopyrite is
reported as occasional in fractures and fault zones (e.g. Eilu and
Lahtinen, 2004), i.e. in locations accessible to groundwater.

2.2. Hydrogeological background

In Finland, the compacted till-rich overburden is generally
poorly permeable, with a hydraulic conductivity ðKÞ of the order of
K ¼ 10�8 m/s (Artimo et al., 2003) or lower. The low permeability
of the till and the flat topography in the major part of the terrain
constrains the mixing of overburden groundwater with bedrock
groundwater. Consistently, unpublished sediment investigations
performed by the Geological Survey of Finland (GTK) on till profiles
have indicated that sulfides are generally lacking from the topmost
layers of the till, but are present in the basal part of the till in
contact with the crystalline bedrock. This suggests transport-
limited sulfide oxidation due to low permeability and the fine
grain size of the till.

The geological units in the Finnish bedrock are mixed due to the
long geological history and deformation phases, such as folding. As
a result, the lithologies can vary considerably in lateral and vertical
directions. Drilled wells are expected to intersect many rock types
and hydraulic zones with depth. The fracture network generally
occupies various lithologies and it may host chemically different
types of groundwater, promoting mixing of waters of different
geochemical compositions. Fracturing is relatively abundant within
the upper 150 m of the bedrock, and becomes more sporadic with
depth. In the topmost part of the bedrock, flow through open
fractures is expected, on average, to be faster than flow through till.
Hydraulic conductivities of up to K ¼ 10�5 m/s have been reported
for fractures in Finnish crystalline bedrock near the study area
(Stober and Bucher, 2007). Unfracturedmatrix blocks have very low
hydraulic conductivity (K ¼ 10�7 m/s and lower, e.g. Mäkelä, 2012)
and porosity (generally <0.5%), allowing conductive groundwater
flow exclusively along connected networks of open fractures. In the
study area, as well as in other regions of Finland with similar
geological configurations, it is accepted that recently recharged,
shallow Ca-HCO3 groundwater is expected to evolve in the upper
part of the bedrock into Na-HCO3 groundwater at increasing depth
within a few decades, partially due to Ca-to-Na ion-exchange
processes (Pitkänen et al., 2002).

2.3. Geochemical background

The Tampere region database was comprised of 1272 ground-
water samples, illustrating the general geochemical conditions
suitable for As transport. The data have been collected since 1994
Please cite this article as: Pedretti, D et al., A geologically-based approac
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by GTK and the local administrative authorities. Key aspects
regarding water sampling and methods used in these geochemical
surveys are described in the SD (Text S1 and Table S2); details can
be found by accessing GTK internal reports (e.g. Backman et al.,
2006).

The samples were exclusively collected from existing pre-drilled
domestic wells. Most of these wells had been drilled using the
percussion drilling technique and lacked drilling logs. In turn, no
quantitative information regarding fracture intensity or orientation
of fractures was reported. No specific pumping tests nor tracer tests
was performed, such that no local hydrodynamic information or
estimation of residence time is available. The total depth of thewell,
the yield, and the pumping rate were only available for some of the
wells. Based on the available data, the average well depth is 81.5 m.
The statistics of the results used for the analysis are found in Table 1.

The Piper plots (Fig. S2) reveal that, in general, the sampled
bedrock groundwater in the study area is predominantly HCO3-
rich, while Cl-richwaters are only found in a very limited number of
samples. Overall, both Ca- and Na-rich water are found in the
aquifer, although in the PB region, Na-rich waters appear to
dominate over Ca waters. This is consistent with the general
geochemical conceptual model of Finnish crystalline aquifers,
which suggests that carbonate-rich waters prevail in shallow
aquifers while brackish waters generally occur in deeper aquifers
(Pitkänen et al., 2002). The relationship between As (meq/L) and
the Ca/Na ion ratio (a potential proxy for residence time) is illus-
trated in Fig. S3, which reports the results fromwells where As, Ca,
and Na measurements coexisted in all regions. It is important to
note that As increases as the Ca/Na ion ratio decreases, and in
particular, the highest As concentrations (>10 meq/L) were all
recorded in waters with a Ca/Na ion ratio of <4. The majority of
observed concentrations exceeding the drinking water threshold
(>10 mg/L) are found in a narrow pH window between pH 6.5 and
pH 8.5 (Fig. 3 in arithmetic scales, Fig. S4 in logarithmic scales). The
EhepH diagrams (Fig. S5) revealed that the majority of the
groundwater samples fall within the field of arsenate (H2AsO4

�;
HAsO4

2�), forming under oxic aquifer conditions. Only a few data
points from the PB dataset fall into the field of arsenite (HAsO3),
indicating reduced aquifer conditions.

To investigate this last aspect further, As speciation has been
analyzed in detail from 14 samples in collected for this purpose, as
reported in Table S3. It was found that the total content of As varied
between 10.8 mg/L and 1110 mg/L. In 10 out of 14 wells, the
groundwater was clearly dominated by arsenate, while arsenite
was the major species in only three wells. One sample displayed no
clear dominance of either arsenate or arsenite. The proportion of
arsenite varied from 0.66% to 73.8% of the near-total arsenic (EDTA
concentrated; see SD for more information on the speciation
approach). These results are consistent with the expected behavior
of Finnish shallow fractured aquifers, in which a progressive trend
from oxic conditions to reduced conditions is generally observed as
a function of depth. Although the number of speciation samples
(n ¼ 14) is small considering the heterogeneity of the studied
aquifers, the speciation analysis is consistent with the EhepH plots
and previous understanding of the redox state of the site.

3. Link between As concentrations and FDZs

Dissolved As concentrations in the bedrock groundwater were
observed to range between <0.05 mg/L and 2230 mg/L, with a me-
dian value of 2.5 mg/L (Table 1). Altogether, As exceeded the
drinking water limit of 10 mg/L in 22.5% of the studied drilled well
waters. The high concentrations are consistent with the general
geochemical composition of the bedrock aquifer, as illustrated
above, which suggests that favorable conditions exist to sustain As
h to map arsenic risk in crystalline aquifers: Analysis of the Tampere
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Figure 2. Distribution of dissolved As concentrations (mg/L) from samples collected during this study and solid concentrations (mg/kg) in the bedrock reported by Lahtinen (1996)
in the southwest Tampere region. Dotted black lines with question marks indicate undetected hypothetical fault and deformation zones (FDZs) in the area inferred from the
distribution of high As dissolved concentrations and with orientations similar to the straight blue lines, which represent actual FDZs detected through geological and geophysical
surveys (Nironen et al., 2016).
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mobility in groundwater. This is particularly true because of the
circumneutral and alkaline pH conditions under oxic conditions
(Smedley and Kinniburgh, 2013), and because As is mainly associ-
ated with arsenate in the shallow part of the aquifer, as above
mentioned. Indeed, limit-exceeding concentrations were recorded
with a lower frequency at lower pH values. It is also particularly
relevant to note that under alkaline conditions, all samples almost
exclusively display very high As concentrations. Ryan et al. (2013)
associated high As concentrations under slightly alkaline pH con-
ditions with the desorption of As, a mechanism that could poten-
tially occur in the studied Finnish aquifer and that will be explored
in future site-specific studies. Here, however, the aim is to focus
mainly on regional scale aspects associated with the aquifer
geology.

Elevated arsenic concentrations are found in the drilled well
waters in the two southern geological subdivisions, TB and PB,
which are predominantly composed of metamorphosed felsic and
mafic metavolcanic rocks (including gabbro and diorite), mica
schist, and mica gneiss. In the northern CFGC subdivision, where
granite is a common rock type, arsenic concentrations were low. A
quantitative assessment of the correlation between geological
subdivisions and As concentrations is provided in Fig. S6a, in which
the three boxplots illustrate the statistical distribution of the log10
concentrations of dissolved As according to the geological subdi-
vision. All the concentrations exceeding the drinking water limit of
Please cite this article as: Pedretti, D et al., A geologically-based approach
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10 mg/L (marked by a straight line in the figure) are observed in the
TB and PB subdivisions. The maximum concentration (2230 mg/L)
was found in the TB subdivision. The boxplots illustrate that for TB,
the proportion of values exceeding the drinking water limit is about
25% (i.e. one out of four wells), which reveals the high incidence of
elevated As concentrations in this subdivision. It is also noticeable
that the 95% (thewhisker of the boxplot) falls above 100 mg/L, while
the values exceeding 1000 mg/L are outliers of these distributions,
suggesting that extremely high concentrations are not frequent in
the region.

On a regional scale, the results indicate a general geological
influence on the dissolved concentration of As in bedrock
groundwater in the Tampere region. The impact of local hetero-
geneities is, however, notable according to our study. Fig. 1 suggests
that closely spaced wells (separated by less than 100 m) within
similar geological formations displayed highly variable As con-
centrations. For instance, low and high arsenic contents were found
in wells drilled in rock formations associated with gabbro. No clear
relationship was observed between well depth and the As con-
centration for those wells from which depth information was
available (data not reported). Quantitative information on sub-
regional heterogeneities can also be inferred from the analysis of
Fig. S6b, which presents 21 boxplots, each displaying a quite erratic
variability in the statistical distribution of As concentrations ac-
cording to the bedrock type within each macroscopic geological
to map arsenic risk in crystalline aquifers: Analysis of the Tampere
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Table 1
Number of samples and the minimum, median, mean, andmaximum of water quality parameters for drilled wells in the Tampere region. The median values for drilled wells in
the whole of Finland (*) are obtained from Lahermo et al. (2002). The limits for drinking water (**) are obtained from SMT (2001). Bold text highlights arsenic (As).

Element or variable Units Num. samples Min Med Mean Max Whole country
median*

Ratio Tampere
region/whole Finland

Drinking water limit ** Det. limit

Well depth m 851 10 75 81.5 270 40-60
pH field pH 517 5.1 7.4 7.4 9.5 7.2 1.00 6.5-9.5
EC field mS/m 522 5.2 26.3 28.8 149 22.9 1.10 250
T field �C 714 3.6 7.8 8.2 19.0 8.0 0.90
CO2 field mg/L 430 0.00 10.0 16.1 165 17.0 0.60 0.0
O2 field % 467 8.4 44.5 46.5 144 39.8 1.10 0.0
Eh field mV 137 �133 215 207 492
pH lab pH 637 5.4 7.6 7.4 9.3 6.5-9.5
EC lab mS/m 771 4.7 25.5 28.4 162 <250
KMnO4 consum. mg/L 639 0.44 3.3 4.3 28.0 3.8 0.90 20 <0.1
Hardness odH 823 0.04 4.9 5.3 33.0 3.4 1.4 <0.04
Ag mg/L 873 <0.01 0.01 0.01 0.10 <0.01 <0.01
Al mg/L 873 <1.00 2.1 16.9 953 2.5 0.8 200 <0.01
As mg/L 1272 <0.05 2.5 34.8 2230 0.16 15.60 10 <0.05
B mg/L 873 2.9 27.1 41.1 1710 27.0 1.00 1000 <0.5
Ba mg/L 873 0.05 7.3 20.4 858.0 14.2 0.5 <0.05
Be mg/L 869 <0.10 0.10 0.11 0.50 <0.1 <0.1
Bi mg/L 869 <0.03 0.03 0.03 0.26 <0.03 <0.03
Br- mg/L 873 <0.10 0.1 11.6 582 <0.1
Ca mg/L 873 <0.10 21.8 25.1 162 16 1.4 <0.1
Cd mg/L 873 <0.02 0.02 0.04 1.5 <0.02 5 <0.02
Cl- mg/L 873 0.70 7.4 17.2 478 10 0.7 100 <0.2
Co mg/L 869 <0.02 0.05 0.49 56.5 0.04 1.25 <0.02
Cr mg/L 873 <0.20 0.20 0.27 2.4 <0.02 50 <0.02
Cu mg/L 873 0.04 3.5 23.3 873 9.1 0.40 2000 <0.04
F- mg/L 873 <0.10 0.45 0.65 4.5 0.2 2.25 1.50 <0.1
Fe mg/L 873 <0.03 0.05 0.57 16.8 0.03 1.67 0.4 <0.03
HCO3

- mg/L 639 6.7 116 117 414 83.3 1.4 <3.6
I - mg/L 376 2.0 3.7 6.1 44.7 3.0 1.20 <2.0
K mg/L 873 0.08 2.8 3.6 74.0 3.0 1.2 <0.01
Li mg/L 869 <0.30 5.3 6.7 84.9 3.3 1.60 <0.03
Mg mg/L 873 <0.10 7.0 7.9 74.1 4.5 1.5 <0.1
Mn mg/L 873 0.05 53.8 125 5800 16.3 3.30 100 <0.02
Mo mg/L 873 <0.03 0.90 2.0 72.3 0.5 1.80 <0.03
Na mg/L 852 2.2 14.0 19.9 221 9.0 1.5 <0.4
Ni mg/L 873 <0.06 0.36 1.9 80.3 0.59 0.61 20 <0.06
NO3

- mg/L 873 <0.20 0.20 2.6 66.7 0.3 0.7 50 <0.2
Pb mg/L 873 <0.03 0.10 0.32 8.9 0.15 0.66 10 <0.03
PO4

3- mg/L 470 <0.02 0.02 0.05 1.1 <0.02 <0.02
Rb mg/L 835 0.08 2.0 2.7 42.7 1.8 1.10 <0.01
S mg/L 389 0.30 5.6 7.1 51.1 3.8 1.50 <0.03
Sb mg/L 873 <0.02 0.03 0.11 3.6 0.02 1.50 5 <0.02
Se mg/L 848 <0.5 <0.5 0.72 <0.5 <0.5 10 <0.5
SiO2 mg/L 819 3.5 18.9 19.3 37.5 13.8 1.4 <0.06
SO4

2- mg/L 873 <0.30 15.9 20.2 143 12.2 1.3 250 <0.3
Sr mg/L 869 0.11 100.0 122.0 1410.0 81.0 1.2 <0.1
U mg/L 869 <0.01 0.85 5.2 149 0.64 1.33 <0.01
V mg/L 869 0.02 0.17 0.47 23.3 0.16 1.10 <0.02
Zn mg/L 873 <0.20 15.3 75.8 8750 21.7 0.70 <0.02
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unit. The corresponding median values are reported in the SD
(Table S4).

To provide insight into the factors influencing local heteroge-
neity in dissolved As concentrations, the analysis focuses on the TB
region, where the concentrations were higher than the average.
Fig. 2 presents the distribution of dissolved As concentrations along
with the concentration of As in the bedrock near the city of Tam-
pere. The figure also illustrates the major faults and deformation
zones (FDZs) detected in the region based on geophysical surveys
and geological mapping (Nironen et al., 2016). A visual inspection of
the map suggests that the highest dissolved concentrations corre-
late well with the detected FDZs. In particular, a similarity is noted
between the spatial orientation of the highest concentrations and
that of FDZs. Two orthogonal systems of FDZs are observed, one
oriented NWeSE and the other one oriented NEEeSWW. It can be
readily seen that the major dissolved-phase As concentrations tend
to cluster along the FDZs. Using this visually based correlation
approach, it is possible to postulate the presence of other potential,
Please cite this article as: Pedretti, D et al., A geologically-based approac
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still undetected FDZs (dotted lines in Fig. 2), consistent in orien-
tation with the confirmed FDZs. On the other hand, the spatial
correlation between detected FDZs and solid-phase concentrations
is visually less distinct than for dissolved-phase concentrations.
This may indicate that the hydrogeological conditions and trans-
port of As might be more important factors than the actual location
of the As source.

The geometrical relationships between detected FDZs and As
concentrations were evaluated for both solid and dissolved phases,
as follows. A GIS calculation was performed to obtain the closest
distance (r) of each sample point from the confirmed FDZs. A map
of these distances is reported in Fig. S7 for the entire Tampere re-
gion. The dissolved and solid concentrations at each sampling point
were then compared against r. From Fig. 4a, we observe that the
highest concentrations occur in the proximity of confirmed FDZs.
Almost all As concentrations exceeding 100 mg/L are found at r <

4 km, while the concentrations tend towards lower values at r >

4 km. On the other hand, Fig. 4b appears to confirm that the
h to map arsenic risk in crystalline aquifers: Analysis of the Tampere
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Figure 3. Scatter plots illustrating the correlations among total As, total Fe, pH, Mn, PO4
3� and SO4. For PO4

3�, the dotted line represents the best-fit linear regression showing
positive correlation between phosphate and arsenic.
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geometrical control of the confirmed FDZs is weaker for solid-
phase As in the bedrock, as noted in the initial visual assessment.
While the solid-phase concentrations still show a dependence on r,
the data are more scattered than for the dissolved As, and fewer
values are found at high concentrations. This evaluation is consis-
tent with the previous analysis by Eilu and Lahtinen (2004).

To quantify the stronger relationship of dissolved concentra-
tions with FDZs compared to solid phase concentrations, Fig. 5
reports the results from the spatial-dependent normalized mean
As concentration, C’ðRÞ, in both phases. For a specific distance
threshold R, we first calculated the mean concentration such that:

CðRÞ ¼ 1
ns

Xns

i¼1

Ciðr < RÞ (1)

where ns is the number of samples found within R, and Ci is the
concentration of the ith sample. Then, we normalized CðRÞ such
that

C’ðRÞ ¼ CðRÞ
CðLÞ (2)

where L is themaximumdistance observed from the datasets (close
to L ¼ 20 km for both phases). This normalization allows a direct
comparison of the two variables. C’ðRÞ > 1 can be interpreted as a
relative increase in mean concentrations compared to the mean
concentration value of all measurements, CðLÞ. From Fig. 5, it can be
observed that the relative increase of both dissolved and solid phase
Please cite this article as: Pedretti, D et al., A geologically-based approach
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concentrations show a clear positive dependence with FDZs.
However, the normalized mean dissolved As concentrations are
higher than solid phase concentrationswhile approaching the FDZs.
For instance, for a threshold R ¼ 1000 m, the mean dissolved phase
concentrations are 1.7e1.8 times higher than further away from
FDZs, while solid phase concentrations are only 1.5e1.6 higher than
further away from FDZs. The relative increases of concentrations for
the two phases become similar at a distance of about 10 km.

In light of these observations, we conclude that the accurate
identification of geological structures, an in particular FDZs, can
provide key insights to properly map areas with potential risk of
elevated As concentrations in bedrock groundwater. It is stressed
that FDZs were identified via geological and geophysical ap-
proaches (Nironen et al., 2016), and thus independent from the
occurrence of As concentrations. While the presence of geological
sources is a necessary condition for dissolved As concentrations to
occur (Lipfert et al., 2006; Peters, 2008; O’Shea et al., 2015; Yang
et al., 2015), our findings suggest that the sole characterization of
the spatial distribution of solid phase concentrations without an
assessment of structural geology could be insufficient to properly
identify areas potentially most prone to health risks. Although
previous studies have already reported the need for accurate
geological characterization of the bedrock (e.g. Ryan et al., 2013;
Mango and Ryan, 2015; O’Shea et al., 2015), to our best knowl-
edge no previous studies on fractured aquifers appear to have re-
ported such as clear and quantitative relationships between the
distance from FDZs and occurrence of elevated As concentrations.
to map arsenic risk in crystalline aquifers: Analysis of the Tampere
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Figure 4. Comparison of concentrations of (a) dissolved As (mg/L) and (b) solid phase
As (mg/kg) with distance, r (m), from detected fault and deformation zones (FDZs)
detected via geological and geophysical surveys, showing the geometrical dependence
of As concentrations and major geological features.
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4. Potential mechanisms controlling elevated As
concentrations near FDZs

A variety of physical and geochemical mechanisms can inter-
vene to control As primary and secondary sources and its mobility
in fractured aquifers (e.g. Welch et al., 2000; Peters, 2008). Here, we
highlight and discuss four mechanisms potentially controlling the
occurrence of elevated As aqueous concentrations near FDZs in the
Tampere area. Some of these mechanisms can be identified based
Figure 5. Normalized mean concentrations of arsenic in solid and dissolved phases for
samples collected below specific distance thresholds R (m) from fault and deformation
zones detected via geological and geophysical surveys.
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on the results from our regional-scale assessment and are consis-
tent with previous observations on the aquifer. Other mechanisms
can be only postulated here, lacking detailed information for their
proof and requiring more analysis to be confirmed.

4.1. Preferential oxidation of As-bearing sulfides near FDZ

It is generally acknowledged that arsenopyrite and similar
sulfide-rich minerals are the primary sources of As in the Tampere
region (e.g. Backman et al., 2006). We noted however that no
preferential accumulation of sulfide-rich minerals has been re-
ported in FDZs of the Tampere region (Eilu and Lahtinen, 2004).
Instead, these minerals appear more randomly disseminated in the
bedrock, consistent for instance with observations from meta-
sedimentary rocks in Central Maine, USA (e.g. O’Shea et al., 2015),
or in narrow Au-bearing shear zones (e.g. Ruskeeniemi et al., 2007).
Sulfide oxidation and consequential As leaching is a transport- and
surface-limited process, which could be promoted by more intense
weathering and fracturing near FDZs. Here, not only oxygen
transport and As mobility can be enhanced compared to theweakly
permeable bedrock, but fracturing also increases the exposed
reactive surface areas subject to increased watererock interaction.
The combination of these processes could boost sulfide weathering
and increase dissolved As levels in the bedrock groundwater. This
would be qualitatively similar to what occurs at sulfide-rich mining
waste sites (e.g. Lorca et al., 2016), where rate-limited sulfide
weathering has a key effect on effluent quality. Given that sulfide
oxidation generates acidity, a circumneutral pH, as observed in the
Tampere region (Fig. 3), would be then consistent with the pres-
ence of carbonate fracture infillings (common in the Finnish
bedrock) or calcareous lithologies, which buffer the acidity pro-
duced by the sulfide oxidation process. Under such conditions,
Biswas et al. (2017) highlighted that oxidation of sulfide can pre-
cipitate Fe oxides, which could sequester As instead of releasing it
into groundwater. However, in the Tampere region we found
almost no correlation between As and SO4 (Fig. 3) with correlation
coefficient r< 0.05. Moreover, SO4 concentrations remain relatively
low (average of 20.2 mg/L, with peaks of 143 mg/L, Table 1)
compared to the higher concentrations (hundreds of mg/L) ex-
pected for sulfide-oxidation-dominated As-polluted sites (Smedley
and Kinniburgh, 2013).

4.2. Fractures-controlled groundwater mixing near FDZs

The expected more intense fracture frequency near FDZs than in
the bedrock matrix could create preferential flow routes in the
bedrock and increase the lateral flow connectivity of adjacent
fractures. Hydraulic connectivity may have a direct impact on the
tendency of water bodies to mix. Higher connectivity can be
translated into larger potential source areas of dissolved As con-
centrations. Indeed, As-rich mineral sustaining the dissolved As
concentration may also be found both longitudinally and trans-
versally to the main fracture direction. Once formed, dissolved As
can be transported towards the FDZs, which can act as a natural
receiving boundary of multiple water-bearing fractures. Mixing is
particularly emphasized when drilled wells intersect multiple
water-bearing fractures and bedrock lithologies (e.g. Ayotte et al.,
2011), since the resulting mixed water composition is directly
impacted by the flux-averaged concentration of components
arriving at the well from different depths (e.g. Pedretti and Fiori,
2013; Pedretti et al., 2014).

To corroborate the impact of mixing on the resulting
geochemical composition of the well groundwater, it is first noted
that the analysis was based on bedrock groundwater extracted
from relatively shallow private wells (average depth about 80 m)
h to map arsenic risk in crystalline aquifers: Analysis of the Tampere
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with a modest yield (<10e20 m3/month) being used by individual
households. Such modest pumping rates imply, on average, a
limited capture zone near the wells. However, increasing the
pumping rates (for instance, for future expansions of the house-
holds) may result in a change in the capture zones, and conse-
quently on the geochemical composition of the groundwater. In
particular, greater mixing of surficial oxic and deeper reduced
waters is expected, as graphically conceptualized in Fig. S8a,
highlighting the role of water bearing fractures in the domain.

This conceptual model is consistent with the results reported
by Backman et al. (2006), who monitored a selected well (#3)
for six months between April and August 2005, and during
which period the pumping rates were progressively increased
from 0.14 m3/d to about 200 m3/d. Speciation and As analyses
were conducted on samples collected over time from the well.
The results are presented in Fig. S8b. It can be observed that the
increased pumping rates had a minor effect on the total As
concentration. However, arsenite became increasingly dominant
immediately after the pumping rate was slightly increased, from
0.14 to 5.6 m3/d, and then stabilized as the deeper and reduced
part of the aquifer started to feed water in. Interestingly, much
more intensive pumping (from 5.6 to 200 m3/d) did not affect
the concentration or speciation any further. The outcome from
the pumping tests on well #3 under variable discharge rates
indicates that mixing of oxic and reduced waters may indeed
occur, according to a conceptual model presented in Fig. S8a.
Similar conceptual models based on As-rich groundwater mixing
have been proposed by others (e.g. Yang et al., 2015; Bondu
et al., 2017). It is noteworthy from these results how quickly
the increased pumping was reflected in the arsenite/arsenate
ratio in this well, demonstrating that even small changes in
water consumption would require reassessment of the health
risks. The analysis suggests that for the local hydrogeological
conditions near the analyzed well, total As concentrations may
be insensitive to the pumping rates, in contrast, for instance, to
what has been reported from other fractured aquifers (Ayotte
et al., 2015) and other observations on Finnish aquifers
(Loukola-Ruskeeniemi et al., 2007). However, since the detailed
analysis of one well is not sufficient to generalize the behavior of
such heterogeneous systems, further investigation is needed in
the future to monitor the geochemical response of other sam-
pling points in the domain, and to generalize the conclusions
regarding the impact of pumping rates in the Tampere region.

4.3. (De)sorption of As from/to secondary As sources

Secondary As sources can play a key role in the mobility of As in
the Tampere region. In particular, desorption of As from amorphous
Fe(III) oxyhydroxides (HFOs) (e.g. Peters and Burkert, 2008) could
occur in the study area. Previous studies (e.g. Backman et al., 2006;
Loukola-Ruskeeniemi et al., 2007) already highlighted that in the
oxidized top soils secondary As is bound to HFOs and clayish ma-
terials, while in the deep till As is still bound in sulfide fragments. In
the upper few tens of meters in the Finnish bedrock, HFOs pre-
cipitates are commonly observed on fresh rock surfaces or on top of
fracture infillings, evidencing transport and dynamics of the
hydrogeochemical cycle with clear connections to the FDZs. Indeed,
it has been often suggested that observation of HFOs in fractures
would indicate routes for oxic waters and therefore, could also
potentially host As-bearing secondary minerals in the flowing
fractures. Secondary sources may explain the diverging behavior of
As and SO4 concentrations. From Fig. 3, we observe that Fe tends to
reduce as As concentrations increase, a behavior closely followed
by Mn, which also forms As-bearing minerals. As indicated by
Smedley and Kinniburgh (2013), under oxidizing conditions (i.e. the
Please cite this article as: Pedretti, D et al., A geologically-based approach
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shallow parts of the Tampere aquifer), desorption of As and other
oxyanion-forming elements from metal oxides can occur (espe-
cially of Fe and Mn). Under reducing conditions, metal oxides can
still occur, although reductive dissolution of Fe oxides could also
play a key role in the release of As. Sorption/desorption on HFOs
and similar minerals can create a competition between As and
other anionic species can occur under these circumstances. Our
results indicate for instance a clear positive correlation between As
and P at circumneutral pH (Fig. 3), confirming the well-known af-
finity between these anions.

4.4. Implication of recharge water residence time

The residence time of the recharge water in the aquifer could
also have a significant impact on the expected As concentrations
(e.g. Lipfert et al., 2006; Ryan et al., 2013; Bondu et al., 2017). While
this study lacks of specific hydrogeological information to quantify
such time, we consider that geochemically evolved groundwater
should reflect a more prolonged interaction between water and
crystalline rock than young water, and therefore contain greater As
concentrations as a consequence of the prolonged interaction of
water and As-rich minerals. Bondu et al. (2017) observed that high
As concentrations were associated with low Ca/Na ratios, which
was explained by silicate and carbonate weathering, cation ex-
change processes, and an extended interaction between As-bearing
minerals and recharging water. This observation appears consistent
with the behavior of the analyzed Finnish aquifer. Recalling Fig. S3,
the highest As concentrations were also found at low Ca/Na ratios.
In Finnish crystalline systems, larger Ca/Na ion ratios have been
interpreted as representative of shallower water circulations, while
lower Ca/Na ratios are interpreted as representative of deeper cir-
culation within the aquifer (Pitkänen et al., 2002). It should be
however noted that in shallow crystalline aquifers, the dissolution
or weathering of fracture-infilling minerals, including Ca-bearing
carbonates and Na-bearing silicates such as plagioclase could also
contribute to preferential Ca and Na enrichment of circulating
groundwater near FDZs, masking the effects of cation exchange.
Quantifying the implications of silicate weathering at such large
scales is also not trivial, as several local-scale mechanisms control
the rate of weathering of silicates in fractured media (White, 1995;
White and Brantley, 2003), in addition to the impact of mineral-
ogical heterogeneity. Fracture-specific investigations are therefore
required to elucidatewhether these processes control As, Ca and Na
enrichment in groundwater near FDZs. In general, additional
hydrogeological assessment, including through the support of iso-
topic dating and mathematical modeling, is needed to clarify the
residence time in the system as well as the other abovementioned
processes controlling As mobility.

5. Conclusion

Evidence of high dissolved As concentrations in groundwater
from fractured bedrock aquifers in the Tampere region led to an
extensive geochemical characterization of more than 1200 wells to
understand the behavior of As and to evaluate the potential for
health risks in the region. The present study revisits part of this
dataset, focusing on the link between macroscopic geological pat-
terns and the spatial distribution of dissolved As in the system,with
the purpose of illustrating a smart geologically-based approach to
delineate aquifer zones more prone to As-related health risk.

Three main conclusions from this study can be listed as follows:

(1) The strong influence of physical and geochemical heterogene-
ity on the fate of dissolved arsenic requires quantifying the
implication of regional-scale geological patterns in the
to map arsenic risk in crystalline aquifers: Analysis of the Tampere
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fractured metamorphic bedrock to adequately control the dis-
tribution of As concentrations in both dissolved and solid
phases.

(2) Dissolved concentrations appear to be directly dependent on
the distance from faults and deformation zones (FDZs) detec-
ted via geological and geophysical surveys. Notably, it was
observed that the highest concentrations occur exclusively
near FDZs while concentrations tend to be lower as the dis-
tance from FDZs increases. Dissolved As exceeding 100 mg/L
was found at distances below 4 km from the detected FDZs,
while concentrations drop below the drinking limits at about
8 km from the FDZs.

(3) Geological sources (i.e. the abundance of As-bearing minerals)
provide only a partial explanation for this behavior, as we
observed a weaker spatial dependence of solid-phase concen-
trations on FDZs compared to dissolved concentrations.

It is concluded that macroscale relationships between arsenic
and geological/geochemical features are of fundamental impor-
tance to optimize future studies exploring the local-scale processes
controlling the occurrence of As in site-specific wells. In the Tam-
pere area, future investigation will indeed mainly target wells
located nearby FDZs, as those mostly prone to high risk from hu-
man consumption of bedrock groundwater. Future developments
of the study include local-scale analyses focused on the under-
standing of the key mechanisms explaining the preferential
occurrence of As near FDZs. Due to the regional scale of the analysis,
such mechanisms remain unclear and multiple hypotheses need to
be corroborated with site-specific studies on the aquifer. Postulated
mechanisms include: (1) the control of aquifer flow by bedrock
fractures near FDZs, where groundwater may preferentially circu-
late; (2) enhanced oxidizing conditions of sulfides (although low
SO4 concentrations are observed from the experimental database);
(3) geochemical dynamics associated to As-bearing secondary
minerals, such as HFOs; (4) implication of FDZs on the recharge
water residence time in the system.
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