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Abstract

The study’s aim was to identify the geogenic source for elevated arsenic (As) concentrations
recently discovered in soils of the Heubach plain, Northrhine-Westphalia, Germany. There-
fore, a catalogue of conditions that an As source has to fulfil to be considered as geogenic was
formulated, including the source’s linkage to the sink, its mineralogy, As total content, As
mobilization potential, groundwater redox conditions and As output. Accordingly, mineralog-
ical, geo- and hydrochemical investigations were carried out, including X-ray diffractometry,
microscopy, ICP-OES and AAS analysis and a sequential extraction procedure. Paleo bog
iron ores (PBIOs) of Tertiary age, occurring within unconsolidated sands (Haltern-layers,
Santonian-Lower Campanian), and glauconitic marlstones (Dulmen-layers, Lower Campa-
nian) were examined. Results indicate that output from the PBIOs is responsible for the ele-
vated As levels. Accounting their diverse mineralogy, five types of PBIOs were defined.
Type-dependent, they at least partly fulfil all of the formulated requirements. The relations
and behaviour of As sources and sinks in space and time could be clarified for the area of in-
terest. The approach presented in this paper may offer a tool for identifying natural As sources

worldwide.
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Introduction

Due to its toxicity, As in drinking water causes dramatic health problems worldwide. The
most prominent example is Bangladesh. It is estimated that more than 25 million people there
are supplied with drinking water exceeding the Bangladeshi As threshold value of 50 pg/l.
Another 25 million people drink water containing 10-50 pg/l (Ravenscroft et al. 2005), thus
exceeding WHO’s Guidelines for Drinking-Water Quality and US-EPA limitations (Smedley
and Kinniburgh 2002). Also the German As threshold value was decreased from 40 to 10 pg/l
in 1996 (Rott and Meyer 2000). Without any treatment, about 1.5 million people in Germany
would consume water containing more than 10 pg/l As (Heinrichs and Udluft 1996). Consid-
ering developments like these, it is not surprising that scientists, as well as water suppliers and
the public, show an increasing interest in As, especially its sources, behaviour and regional
distribution in groundwater and soils. Thus, many problem areas showing elevated As con-
centrations — a review is given by Smedley and Kinniburgh (2002) — could be identified and
described worldwide. Most of them receive their As from natural sources, i.e. geothermal wa-
ters (e.g. Aiuppa et al. 2003, Planer-Friedrich 2004, Rosenberg et al. 1999) and especially the
weathering of As-bearing minerals (e.g. Acharyya et al. 2000, Armienta et al. 2001, Garcia-
Sanchez et al. 2005, Goldberg et al. 1995, Gomez et al. 2006, Heinrichs and Udluft 1996,
Matschullat 1999, Ravenscroft et al. 2005, Schreiber et al. 2000, Smedley and Kinniburgh
2002, Wendland et al. 1999). The latter include primary, mainly sulfidic, As minerals like
arsenopyrite (FeAsS) or realgar (AsS), but also many rock-forming minerals are able to in-
corporate As or bind it to their crystal structure. Important examples are pyrite (FeS2) and
goethite (FeOOH) which each can contain As concentrations in percent values (by weight).
Certain clay minerals and Mn-(hydr)oxides are further potential host minerals (Smedley and
Kinniburgh 2002), also glauconite may be an As sink, even though of minor importance

(Mertens et al. 2001). Under certain hydrochemical conditions — reducing in the case of goe-



thite, oxidizing in the case of pyrite — the bound As can be remobilized and enter the ground-
water and, finally, the drinking water (McGeehan 1996, Rochette et al. 1998).
In 2001, elevated As concentrations (> 50 mg/kg) were discovered in soils of the Heubach
plain, Northrhine-Westphalia, Germany (Fig. 1). Peronne (2003) found that the As is predom-
inantly occurring in soils influenced by groundwater, i.e. gleys and podsol gleys which are
widespread in the area surrounding the Heubach river where the element is bound to Fe(lll)-
hydroxides. Most significant As enrichments (> 500 mg/kg) could be detected in bog iron
ores, concretions from goethite and lepidocrocite which are formed within the zone of
groundwater oscillation. While Peronne (2003) did not deal with the As source responsible for
the elevated concentrations, he was able to exclude an anthropogenic input from mining, in-
dustrial emissions, wastewaters or agriculture.
To identify the natural, i.e. geological, As source, a catalogue of conditions has been formu-
lated (Table 1). A “candidate” rock should fulfil all of these requirements in order to be classi-
fied as a source for elevated soil As. The conditions which should be checked step by step are
as follows:

Condition 1: Link between As source and sink
The As-bearing rocks (now referred to as “source”) should be hydro(geo)logically linked with
the problem area (in this case, the affected soils of the Heubach plain; now referred to as
“sink”) to make sure that As mobilized from the source can be found in the sink. Although
this condition is intuitively agreeable, it should be checked carefully if the potential source is
located upstream from the sink or if the sink can be reached by vertical groundwater flow that
interacted with the source in advance. Thus, its As will be available in the sink through
transport in groundwater or surface run-off. Besides the consultation of maps and own geo-
logical and hydro(geo)logical mapping, tracer tests offer a possibility to gather the infor-

mation required to check this condition, especially in hard rock aquifers.



Condition 2: Mineralogy
To be a potential As source, a rock has to be an As sink as well. Ergo, it must contain mine-
rals showing an affinity towards As and which are thus able to incorporate it into their crystal
structure or bind it to their surfaces. As mentioned before, Fe-hydroxides and pyrite, for ex-
ample, are able to do so. This way, a mineralogical analysis of the material of interest is cru-
cial for the given task.

Condition 3: Total As concentration
The source should contain As concentrations significantly exceeding the geogenic back-
ground values. Since soils represent young, subrecent developments, a material with a low As
content is unlikely to be the source because it would take a too long (geological) time span for
mobilization and transport to create the high As concentrations in the sink. Thus, a highly-
enriched As source will be expected.

Condition 4: Arsenic fractionation / Mobilization potential
A material enriched in As is not qualified to be a source if the As is bound so strongly to the
host mineral that it cannot be mobilized under natural conditions. For that reason, it is highly
recommended to investigate if there is potentially soluble As, and in what quantities. A possi-
ble method to determine As fractionation and mobilization potential will be described later.

Condition 5: Actual mobilizability / Redox conditions
Since As will only become mobile under certain hydrogeochemical conditions, it is worth
having a look at the predominant Eh-pH-milieu. In particular, the groundwater redox potential
should be analyzed carefully as it exerts the most important influence on As speciation and
mobility.

Condition 6: As output
After identification of potentially soluble As in significant quantities and suitable hydrochem-

ical conditions, the actual As output from the source should be estimated in a last step. An



assessment of stream sediments, as well as surface water and groundwater, will indicate if,
and to what extent, there is an As output from the source.

After the successful identification of the As source, a simple model concerning As transport
in time and space can be set up. The model can be valuable in understanding the development

of sources and sinks over time and for predicting other existing and future problem areas.

Investigation area

The investigation area is located in the northwestern part of Northrhine-Westphalia in north-
western Germany (Fig. 1a). It is mainly an agricultural region with a few cities, each with less
than 50.000 population (i.e. Coesfeld, Dilmen, Haltern). Morphologically, it is relatively flat
with altitudes of about 50 m a.s.l. in the western part (around the river Heubach) and up to 90
m a.s.l. on a ridge between Coesfeld and Dilmen. The ground level in the southern part (be-
tween Dilmen and Haltern) is anthropologically influenced by the surface exploitation of
quartz sands from the Haltern-layers (Santonian-Lower Campanian, up to 300 m in thick-
ness). This stratigraphical unit covers the western and southern parts of the investigation area
while in the northern and eastern parts it is overlain by sandy limestones of the Dulmen-layers
(Lower Campanian, about 50 m in thickness) which build up the aforementioned morphologi-
cal ridge. The Dulmen-layers are concordantly overlain by marly limestones, the Holtwick-
layers, which drain into a different catchment and, therefore, are of no interest in this study
(Fig. 1c). The Cretaceous rocks are mostly covered by a thin (<3 m) overlay of glacial sands
and marly ground moraine deposited during the Pleistocene age. The whole area is part of a
bigger syncline structure filled with Cretaceous sediments called the Modnsterland Cretaceous
Basin (Fig. 1b; Braun and Thiermann 1975, Grabert 1998).

Due to the shallow groundwater table around the receiving water courses (<2 m), gley and

podsol gley soils, including close-to-surface bog iron ores, could develop from the sandy sub-



stratum, ie. the Haltern-layers. In the Heubach plain itself, swampy areas arose during the
Holocene. The area’s main receiving water course is the river Heubach which is supplied by
smaller streams, like Kannebrooksbach and Sandbach, and a large number of agricultural
drainage ditches. Both the Dilmen-layers and the Haltern-layers drain into the Heubach sys-
tem whose main flow direction is southeastwards (Fig. 1c).

The quite unconsolidated sands of the Haltern-layers play an important role as a granular ag-
uifer for a large section of western Northrhine-Westphalia. About 80 million m?/a of water are
extracted for public supply and, in addition, numerous private wells are used for self-supply
with drinking water and agricultural requirements. The Dilmen-layers contain little fissure
water which is hardly exploited with the majority pouring into the more permeable Haltern-

layers (Hilden 1975, Michel 1995).

Materials and methods

Eight rock samples were taken from the Dulmen-layers, partly from stream beds, partly from
artificial outcrops (excavations). The rocks are sandy limestones of greyish colour. They con-
tain an average of 46.4 % (by weight) calcite (Table 3); darker greenish components were
interpreted as glauconite. These marine limestones are very fossiliferous, containing molluscs
and foraminifera.

The relatively unconsolidated sands of the Haltern-layers contain concretions from Fe miner-
als in their uppermost parts (Fig. 2) which originate from chemical weathering processes dur-
ing the Tertiary age. Inttially, the Haltern-layers were present as hard rocks, rich in calcite and
glauconite but the region became continental at the end of the Cretaceous age and thus got
exposed to surface weathering. During most of the Tertiary age, the climate was tropical-
warm and wet (Braun 1969, Skupin 1995). Under these conditions, a deep chemical weather-

ing of the rocks could take place, leading to the alteration of glauconite into Fe-hydroxides



which are responsible for the sands” brownish and yellowish colours that can be observed
nowadays. In late Miocene period, a drainage system developed with large swampy valleys
and acid, reducing waters were produced which infiltrated the ground. These dissolved the
calcite and the Fe-hydroxides — the loss of its carbonatic binder agent caused the present un-
consolidated status of the sands to a depth of 60-70 m (Braun 1969). The dissolved Fe2* was
carried away through broad valleys where, in their marginal parts, it was partly oxidized to
Fe3*. Thus, it could be accumulated within the groundwater oscillation zone, leading to the
formation of layers rich in (amorphous) Fe-hydroxides that illustrate paleo groundwater tables
(Skupin 1995). Taking these genetic processes into consideration, the authors suggest these
iron concretions be entitltd “paleo bog iron ores” (PBIOs). With successive oxidation, the
primarily amorphous hydroxides were partly transformed into crystalline phases like goethite.
This differentiation process allowed the PBIOs” classification into five different types (four of
which are shown in Figure 2, all of them are described in the Results chapter).

Eighteen samples of PBIOs were collected in the western and southern parts of the investiga-
tion area, most of which were taken from active or shut-down sand pits. As a reference mate-
rial, a sample of the pure, unconsolidated sands was also obtained.

Stream sediments were sampled at 13 locations, from the area of both the Haltern-layers and
the Dulmen-layers. Surface water samples were taken from eleven of those locations and sev-
en groundwater samples were collected from private water supplies (all water samples were
obtained in February 2006).

The mineralogy of all solid samples was examined using X-ray diffractometry after grinding
the samples down to powder grain size. A Siemens D 500 diffractometer (operation adjust-
ments: 35 kV, 30 mA) was applied. Additionally, thin sections were produced from seven
limestone samples and six samples of PBIOs. These were studied and photographed using the

polarization microscope Leica DMRX. Calcite contents were determined using a COo2-



gasometer whereby the volume of CO2 produced by the digestion of the fine-ground sample
by HCI (10%) is measured (Scheibler procedure).

For elemental analysis, the solid samples (@ 3 g) were digested in aqua regia (21 ml HCI 37%,
7ml HNO3 65%). Additionally, a few samples were digested using hydrofluoric acid
(HF/HNOs3 5:1) so as to dissolve the very stable silicate minerals that could also carry an As
load. Thus, the total As concentrations could be measured. On the other hand, highly volatile
AsF3z and AsFs might be produced during digestion and lead to a loss of As from the sample.
This phenomenon is described in the literature (e.g. Krachler and Emons 2000) but could not
be generally quantified so far. For all solid samples, concentrations of As, Fe and Mn were
determined using ICP-OES (SPECTRO Analytical Instruments SpectroFlame-EOP). For the
sake of quality control, the As content of most solid samples was additionally measured by
AAS (THGA furnace, Perkin Elmer AAnalyst 800). It was also used for determining As con-
centrations in the water samples while other cations were measured by ICP-OES, anions by
IC (METROHM Compact IC 761). Redox potential and pH values of surface water and
groundwater were determined on site at the time of sampling. The redox behaviour over time
was studied by analyzing Eh data for selected wells in the range of both the Diilmen-layers
and the Haltern-layers for the period from February 2000 to February 2006 (own sampling in
02/2006, previous data was provided by the Abteilung fir Abfallwirtschaft und Umwelt-
koordination, Kreis Coesfeld (Department of waste management and environmental coordi-
nation, Coesfeld district)).

To examine the fractionation and mobilization potential of As, a sequential extraction proce-
dure (SEP), consisting of six steps, was applied for eleven solid samples (two from the Dl
men-layers, six PBIOs and three stream sediments). The principle is to expose the pulverized
sample to different solvents, each of which is able to extract mainly one specific As fraction.

Wenzel et al. (2001) describe a SEP for As that was applied in this study but which was modi-



fied according to sample composition: because of the Dulmen-layers” high calcite content, it
seemed rational to include an extraction step targeting the As fraction bound to carbonates
(fraction 3a, sensu Han and Banin 1995). Furthermore, a step aiming for the As fraction
bound to Mn-(hydr)oxides (fraction 3b) was adopted from Zeien and Brimmer (1989). It was
implemented because of very high Mn concentrations in some PBIOs, with a maximum as
high as 20.9 % (Table 3). Table 2 illustrates the full procedure. The sample (2 g) was placed
in 100 ml centrifugation tubes and 50 ml of the extraction reagents were added sequentially.
After applying the extractant procedure for each step (Table 2), the tube was centrifuged for
15 minutes at 3000 rotations/min. Afterwards, the solution was filtered through 0.45 pm cel
lulose acetate filters into PE-bottles and was then prepared for As concentration measurement
by AAS. Subsequent wash steps were implemented to gather As entrapped in or re-adsorbed
by the remaining solid sample. The residual material was then used for the subsequent extrac-
tion step (Wenzel et al. 2001).

Fraction 1 represents the water-soluble and unspecifically bound portion of As in the sample,
as well as easily soluble organic complexes. It is the most mobile fraction and corresponds
approximately to the bioavailable As portion.

Fraction 2 includes the As specifically adsorbed to mineral surfaces. The extraction is based
upon strong competition between arsenate (AsO4%) and phosphate (PO4%-). The latter can re-
place the arsenate on the mineral surfaces and thus lead to As solution (Driehaus 2005).
Fraction 1 and 2 procedures were applied to all samples. Together, these make up the readily
mobilizable share of As and are therefore of highest ecological relevance.

Fraction 3a was utilized only for the limestone samples from the Dulmen-layers. The As frac-
tion bound to carbonates is targeted in this step. It must be considered a relatively mobile

fraction since the bound As will be mobilized during calcite dissolution.
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Fraction 3b was determined for all samples except the limestones. It represents the As bound
to Mn-(hydr)oxides.

Fractions 4 and 5 include the As bound to amorphous and crystalline Fe-(hydr)oxides, respec-
tively. Under oxidizing conditions, these represent the most important As sinks. This is be-
cause of their strong binding affinity towards As and their great abundance (Smedley and
Kinniburgh 2002). The oxalate utilized as an extraction agent leads to complexation and, thus,
solution of Fe whereby the bound As is also mobilized. Because of the stronger binding forces
in crystalline mineral phases, a more powerful extractant has to be used to win Fraction 5.
This can be achieved by adding ascorbic acid to the NHs-oxalate. Ascorbic acid is a very ef-
fective dissolution agent for Fe-(hydr)oxides as it rapidly saturates the (hydr)oxide’s surface,
leading to Fe?* release to solution (Banwart et al. 1989, Postma 1993). Fraction 4 and 5 pro-
cedures were applied for all samples.

Between Fraction 4 and Fraction 5, the authors placed the important borderline between “po-
tentially mobilizable” and “firmly bound” As. This is because of the different binding geome-
tries of the arsenate to the host minerals. In crystalline Fe-(hydr)oxides like goethite, there are
mainly bidentate arsenate complexes on the surfaces which, due to shorter Fe-As ion distanc-
es, are far more stable than the monodentate complexes dominating in amorphous phases like
ferrihydrite. During the aging processes of amorphous Fe-(hydr)oxides, one can observe an
increasing polimerization in the mineral structure whereby ferrinydrite changes slowly into
goethite, leading to a greater stability of the arsenate complexes (Waychunas et al. 1993, Gau-
tier et al. 2006).

The size of Fraction 6, i.e. residual As, was calculated from the difference between the total
As concentration (after digestion with HF/HNO3) and the sum of As extracted from the sam-

ples in Fractions 1 to 5. For the stream sediments, none of which were digested with hydro-
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fluoric acid, the total As concentrations measured after aqua regia digestion were taken as a

basis. The residual fraction is estimated to mainly include As bound to silicate minerals.

Results

Dulmen-layers

XRD results are quite homogenous for the rock samples. In all of them, quartz and calcite are
the main mineral phases. Nevertheless, clay minerals (kaolinite, montmorillonite), goethite
and glauconite could also be identified. Also, some samples contain small quantities of heavy
minerals like rutile and titanite. These findings were fully confirmed by microscopical inves-
tigations (Fig. 3a).

All thin sections show mainly sub-angular quartz grains in calcitic binder agent. Moreover,
fresh green glauconite grains, as well as light brownish goethite grains (probably originating
from the oxidative alteration of glauconite), are to be observed. Areas of darker brown colora-
tion within the goethite grains indicate the presence of amorphous Fe-hydroxides like ferriny-
drite (Schwertmann & Cornell 2000). Such amorphous mineral phases cannot be detected
using XRD. Furthermore, a rich foraminifera and mollusca fauna was revealed under the mi-
croscope (Fig. 3a). The stream sediments consist of hardly anything but quartz. Traces of ru-
tile and, in some cases, calcite and clay minerals could be found while Fe-hydroxides were
totally absent. Arsenic, Fe and Mn concentrations are shown in Table 3.

The sandy limestones of the Dulmen-layers have an average Fe content of 0.73 % (min. 0.47,
max. 1.1 %) and an average As content of 4.5 ppm (min. 1.5, max. 8.4 ppm), measured after
aqua regia digestion. After digestion with HF/HNO3, considerable additional As could be de-
termined, leading to an average concentration of 7.4 ppm. Thus, the total As content (includ-
ing the silicate-bound share which is not dissolved by aqua regia and therefore referred to as

“residual”) can be calculated for every sample which is possible through a very close regres-
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sion (correlation coefficient R?=0.93) between As extracted by HCVHNO3z and by HF/HNO3
(Hornburg 2003). The coefficient needed to calculate the total As content is obtained by di-
viding the average c(As-HF/HNO3z) by the average c(As-HCIVHNO3). This is done for the
samples digested with both acids, the result is then multiplied by every other sample’s c(As-
HCIVHNO:3).

Soil and rock samples often show a narrow correlation between As and Fe concentrations
(e.g. Mertens et al. 2001, Peronne 2003) but this could not be observed for the rock samples
in this study. Besides, there does not seem to be any spatial tendency for the distribution of
elevated As concentrations which appear, rather coincidently, among lower values.

Looking at the results of the SEP (Fig. 4), it becomes obvious that no exchangeable As (Frac-
tion 1) is present in the samples and that only the stream sediment sample contains a signifi-
cant proportion of surface-bound As (Fraction 2). In spite of the high calcite content of the
hard rocks (Table 3), only an average of 9 % of the total As is bound to carbonates (Fraction
3) which is consistent with the finding that As concentrations show a slightly negative
(R?=0.50) correlation with calcite concentrations. In all samples, Fraction 4 (stream sediment:
51 %, hard rocks: 29 % the average) is more important than Fraction 5 (11 % and 15 %, re-
spectively). Residual As (Fraction 6) occurs most significantly in the rock samples with a
maximum of 60 %. A mobilization potential could be calculated since the borderline between
“potentially mobilizable” and “firmly bound” As was placed between Fractions 4 and 5. An
amount of 43 % of the total As in the Dulmen-layers can be potentially mobilized on average.
But in spite of this quite high proportion, an absolute As amount of not more than 3.2 ppm
(i.e. calculated average for all rock samples) would be extractable under natural conditions.
However, to properly quantify the absolute amount of As in the Dulmen-layers, one would
have to multiply the mass of rock by its As concentration (see Conclusions). For the stream

sediments, the relative share of 77 % converts to an absolute amount of 1.6 ppm As on aver-
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age. Surface water and groundwater in the area are slightly basic with a pH value of about 8;
the groundwater was oxidizing in 02/2006 (Eh value: 366 mV on an average). Checking the
Eh development over time (years 2000-2005) for wells within the Dulmen-layers, only very
few single values <200 mV were found and none <120 mV, which is in contrast to the range
of the Haltern-layers (see next chapter). No As was found exceeding the detection limit in any

water sample.

Haltern-layers

The sands of the Haltern-layers are barely anything but quartz. Nevertheless, their PBIOs
show important differences in mineralogy and consolidation and were therefore subdivided
into five types.

Type 1 PBIOs are rather unconsolidated concretions of darker brownish colours which occur
bulb-like within the pure sands (Fig. 2). XRD results show quartz to be the only mineral de-
tected. However, it is important to keep in mind XRD’s inability to reveal amorphous mineral
phases. Under the microscope, it becomes clear that the quartz grains (sub-angular to well-
rounded) are bound by an Fe-rich binder agent dominated by rather amorphous Fe-
hydroxides.

Type 2 PBIOs are significantly harder and manually hard to break. In outcrops, they appear as
reddish-brown to black ribbons and dykes within the sands (Fig. 2). Again, quartz is the dom-
inating mineral but XRD also reveals some goethite which could be confirmed in the thin sec-
tions as part of the Fe-rich binder agent.

Still harder iron concretions (hardly breakable even with a hammer) are those of Type 3
PBIOs. They are of darker brown and black colours, with polished, shining surfaces (Fig. 2).
Besides quartz, goethite is clearly detectable by XRD. Microscopically, goethite is recogniza-

ble in the samples by its partly oolithic structures (Pichler and Schmitt-Riegraf 1993, Fig. 3b).
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They also occur, but less frequently, in Type 2 PBIOs, while they are missing completely in
Type 1.

The authors suggest PBIO Types 1 to 3 to be representative of different iron ore oxidation
(“aging”) stages. This aging process (i.e. the oxidative transformation of amorphous Fe-
phases like Ferrihydrite) leads to a successively better crystallinity and thus greater stability
of the Fe-hydroxides (Waychunas et al. 1993, Gautier et al. 2006).

Type 4 PBIOs are red-coloured sandstones with a hardness comparable to Type 2 PBIOs.
However, they do not appear as ribbons but rather bulb-like in the outcrops. The Fe mineral
within this type is siderite (FeCOs3) and neither goethite nor amorphous Fe-hydroxides could
be observed in XRD or thin sections. Nevertheless, they are partly covered by an oxidation
crust that can be described as Type 2 PBIO, regarding its consolidation and mineralogy (Fig.
2).

Another somewhat exotic PBIO is Type 0. This occurs as reddish to black and ribbon-like in
the outcrops but the material is far softer than Type 2 PBIOs. XRD merely showed quartz but
in some parts, the binder agent is rich in oolithic structures, indicating goethite presence. In
the thin sections, grains of calcite and glauconite (within the alteration process into goethite)
and even foraminifera shells also turned up. These phenomena are unique within all PBIOs.
Stream sediments from the range of the Haltern-layers are very similar to those from the
Dulmen-layers. Apart from quartz, only traces of rutile were found by XRD and there seem to
be no calcite, clay minerals or Fe-hydroxides in the samples.

Table 3 data make it clear that the pure, unconsolidated sands are very poor in As and heavy
metals, whereas the PBIOs show an average As concentration (43.9 ppm) ten times higher
than the one found in the Dulmen-layers. However, As concentrations within the PBIOs are
extremely variable, even within one PBIO type. Exceptions from this are Type 4 (generally

low As) and Type O (generally high As). In contrast, Fe concentrations are more stable and
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show a clear dependence upon PBIO type (Fig. 2, Table 3) with the overall average (type-
independent) being 14.9 % (3.0-29.5 %) Fe.

Iron concentrations increase with rising degree of crystallinity of the Fe-hydroxides (PBIO
Types 1 to 3). Like in the Dilmen-layers, a regression between As and Fe cannot be observed
(not even within the different PBIO types), and tendencies in spatial distribution are also
missing. Neighbouring high and low As concentrations, even in the same outcrop, seem to be
the rule rather than the exception. The missing correlation between Fe and As within the
Dilmen-layers as well as the PBIOs might be explained by irregular mobilization during
chemical weathering, taking into account the incongruent release of As with Fe2* during the
reductive dissolution of Fe-hydroxides (Pedersen et al. 2006).

However, PBIOs can be considered quite effective As and metal sinks, compared to the pure
sands they appear in. HF/HNO3 digestion extracted an additional 29 % As from the samples,
leading to a total average As content of 56.6 ppm in the PBIOs. Yet, due to the low number of
samples extracted and the evident heterogeneity of the material, this figure must be regarded a
rough estimate. With an average of 3.9 ppm, the stream sediments contain almost twice as
much As as their pendants from the area of the Dulmen-layers. Checking the covariation of Fe
and As within the stream sediments from both ranges (Dilmen- and Haltern-layers), a narrow
correlation with R?=0.88 could be observed.

Akin to the SEP results from the Diilmen-layers, Fraction 1 could not be detected in any
sample from the Haltern-layers (Fig. 5). The finding that surface-bound As (Fraction 2) is
present in significant quantities only in the stream sediments (17 % the average) is also analo-
gous. In spite of partly high Mn concentrations within the PBIOs (up to 20.9 % in sample #11,
Type 0, Table 3), As bound to Mn-(hydr)oxides (Fraction 3) was not found at all. Therefore,
the Mn concentration was measured in the extracted fraction of sample #11 in order to control

the applicability of the method. Nearly 75 % of the total Mn were recovered, hence the selec-
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tive extraction was successful. Further results for the PBIOs were type-dependent: while the
main part of As in Type 1 (65 %) is bound to amorphous Fe-hydroxides (Fraction 4), Type 2
is dominated by As attached to crystalline Fe-hydoxides (Fraction 5; 57 % the average). Re-
sidual As (Fraction 6) is most important (64 % the average) in Type 3 PBIOs. Type O shows
an As fractionation similar to Type 2, but is dominated even more by Fraction 5 (83 %).

The calculated average mobilization potential for all PBIOs is 24 % of the total As. Neverthe-
less, there are important variations between the different types. Type 1 PBIOs have the most
prominent share (68 %) of potentially mobilizable As; it is much smaller in Type 2 (12 %),
and especially Type 3 (3 %), due to the higher percentage of the “firmly bound” Fractions 5
and 6. Type 0 PBIO shows a relatively small mobilization potential (13 %). However, because
of its high absolute As concentrations, it must be considered an important As source. An
amount of 86 % of the total As found in the stream sediments can be mobilized, meaning an
absolute amount of 3.4 ppm As on average which is more than twice as much as in the range
of the Dilmen- layers.

Near-neutral pH values were found for surface water (pH=7.2) and groundwater (pH=7.3),
with  most samples showing oxidizing conditions (average Eh value for surface water: 474
mV, for groundwater: 345 mV). Nonetheless, strongly reducing conditions (Eh=-219 mV)
were detected in one groundwater sample which also contains an elevated Fe concentration of
8.07 mg/l. Arsenic above the detection limit could only be measured in one groundwater sam-
ple (8 w/l). Thus, no excess over the German As threshold value for drinking water (10 pg/l)
could be found.

Analyzing the behaviour of the groundwater redox potential over time, striking fluctuations
were pointed out. As an example, Figure 6 shows the temporal changes of Eh in one well
within the Haltern-layers during a time span of six years (own sampling in 02/2006, previous

data was provided by the Abteilung fir Abfallwirtschaft und Umweltkoordination, Kreis
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Coesfeld (Department of waste management and environmental coordination, Coesfeld dis-
trict)).

In 2002, the Eh curve dropped below the line of As species transition: As(V) was then re-
duced to the far more mobile As(lll) — this reduction starts rapidly under anaerobic conditions
(Stollenwerk 2002, McGeehan 1996) — suggesting that As mobilization was possible during
that time span. Taking into consideration the process of Fe-hydroxide dissolution (a procedure
that also leads to mobilization of possibly bound As), the perception is even more striking: for
30 % of the overall time, the curve is below the “dissolution line”. Ergo, between 2000 and
2006, it was possible to mobilize As for almost two years altogether, thus probably leading to
As output from the host minerals and, hence, input into groundwater. This Eh development is
characteristic for the examined wells within the Haltern-layers, all of which are showing at
least temporarily values <120 mV.

In consequence, it could be proved that reducing conditions (concerning As behaviour) occur
at least locally and temporarily within the Haltern-layers that contain the PBIOs. Additionally,
the swampy areas around the river Heubach might also be sources for reducing waters that

could enter the subsurface and extract Fe and As from host minerals.

Conclusions
Following the conditions catalogue for a natural As source formulated earlier, it is now possi-
ble to compare the examined “candidate rocks”.

Condition 1: Link between As source and sink
The Dilmen-layers (dewatering into the affected area) as well as the PBIOs in the uppermost
part of the Haltern-layers (Heubach river bed and plain lying within this unit) fulfil the condi-
tion. They are both hydro(geo)logically linked with the As sink, thus potentially mobilized As

may be found in the soils of the Heubach plain.
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Condition 2: Mineralogy
Goethite, amorphous Fe-hydroxides, glauconite and clay minerals as potential As sinks are
components of the Dilmen-layers. Nevertheless, an average Fe content of not more than
0.73 % indicates that those minerals might not appear in large quantities. The PBIOs contain
goethite (Types 2, 3 and 0) and amorphous Fe-hydroxides (Types 1, 2, 3 and 0). Microscopic
analysis and Fe concentrations of nearly 15 % on average suggest that these mineral phases
should be present in significant amounts. The condition can be considered fulfilled by both
candidates.
Condition 3: Total As concentration

Arsenic concentrations within the Dulmen-layers (4.5 ppm after HCVHNO3 digestion) cannot
be considered an important enrichment because the average As content is even lower than the
background concentration for Cretaceous marlstones in Northrhine-Westphalia (7.5 ppm As)
determined by Hornburg (1999). Moreover, they approximately coincide with the lower limit
of the span of natural background As values in sedimentary rocks (5-10 ppm) sensu Smedley
and Kinniburgh (2002). Since Condition 3 requires As concentrations significantly in excess
of the geogenic background levels, the Dulmen-layers do not match this requirement. It can-
not be excluded that a small share of the As pool in the Heubach plain derives from the Dul-
men-layers. Nevertheless, the authors consider that only a very small fraction of the total As
in the Dilmen-layers was available for mobilization and transport during the development of
the sink. It will not be enough to explain the high As contents in the affected subrecent soils.
However, one should keep in mind that in general, a large mass of rock, even with low con-
centrations, might be an effective source if connected with a sink of small volume. This might
especially be important in cases where a high-As “candidate rock”, that also matches the other

conditions, could not be identified.
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In contrast to the Dullmen-layers, the PBIOs can be declared to be partly enriched in As, con-
sidering an average concentration (all PBIO types) of 43.9 ppm (after HC/HNOs3 digestion).
In spite of the high variability of As content and the lack of distributive tendencies, one can
generally expect significantly elevated values, in view of some samples exceeding 100 ppm
As (Table 3). This is not valid for Type 4 (siderite PBIOs, 1.6 ppm As on average) which is
certainly not an As source.

Condition 4: Arsenic fractionation and mobilization potential
An amount of 43 % of the total As within the Dilmen-layers could potentially become mo-
bile, most of which is bound to amorphous Fe-hydroxides deriving from glauconite alteration.
Nevertheless, this impressive proportion corresponds to only small absolute As amounts (3.2
ppm on average). Nearly half of the total As is bound in the residual portion which, therefore,
is the most important fraction within the Dulmen-layers. It could be argued that this As pro-
portion is bound firmly to glauconite and might become potentially mobile through oxidative
alteration of the minerals into Fe-hydroxides in the (geological) future.
Arsenic fractionation and mobilization potential within the PBIOs is heavily type-dependent.
While as much as 68 % of the total As is potentially mobile in Type 1 PBIOs, Types 2 and
especially 3 show by far lower potentials. As mentioned before, Type 0 PBIO, despite its rela-
tively low mobilization potential (13 %), is an effective As source due to its high concentra-
tions.

Conditions 5 and 6: Redox conditions and As output
SEP results clearly show that amorphous Fe-hydroxides are the most important host minerals
for potentially mobile As in the examined rocks. To really mobilize this As share, reducing
groundwater conditions will be needed. In the area of the Dilmen-layers, redox circumstances

are oxidizing extensively, thus preventing As mobilization. Consequently, no significant As
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concentrations were found in stream sediments, surface water and groundwater. Arsenic out-
put from the Dilmen-layers could not be detected.

In contrast, at least temporarily and locally, reducing groundwater conditions were verified
within the Haltern-layers containing the PBIOs. Therefore, As(V) bound to amorphous hy-
droxides could be mobilized by reduction to As(lll) or reductive dissolution of the minerals
themselves. As a result, higher As concentrations were found in the area’s stream sediments
and, at least, in detectable levels in its groundwater. Due to fluctuations in the redox condi-
tions (Fig. 6), it is probable that As output from the PBIOs varies heavily over time. However,
it is likely to be able to reach significant quantities.

Unlike the sandy limestones of the Dulmen-layers, the PBIOs within the Haltern-layers fulfil
all formulated conditions for classification as an As source. The authors therefore suggest that
As output from the PBIOs is the cause for the elevated As concentrations in the affected soils
of the investigation area. However, for a proper quantification of this phenomenon, it would
be crucial to know the geographic distribution and the amount of the PBIOs in the area.
Dahm-Arens (1972) tried to map the iron ores from a morphological point of view, ie. she
used the fact that due to their greater hardness, the iron ores form a positive relief within the
otherwise rather flat area covered by the Haltern-layers. Using this technique, she may well
have registered PBIO Types 2 and 3 (and maybe 4) but surely not Types 0 and 1 which are
nearly as unconsolidated as the sands in which they are found. To reiterate, it is precisely
these PBIO types that must be considered as effective As sources because of their high As
concentrations and mobilization potential, respectively. Theoretically, they might be wide-
spread at shallow depths all over the area. The construction of a map showing the distribution
of the different types of PBIOs suggested in this study might be an object of future research.
Finally, it must be said that the examined PBIOs are not the primary As sources. They are,

rather, As sinks having received their As from a primary source (which is presumed to be the
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Haltern-layers in their original development, preserved in an altered form as Type 0 PBIOs)
and now acting as secondary sources. Also the subrecent bog iron ores occurring in soils
around the river Heubach are supposed to have this double function (i.e. secondary
sink/tertiary source). Thus, As fixed in the soils will be remobilized and flushed out in the
future, generating a tertiary sink elsewhere. Figure 7 illustrates schematically the investigation
area’s As flow in space and time.

Modified according to the respective geological and hydrological conditions in the region of
interest, the approach introduced in this study could be a helpful tool for identifying natural

As sources in problem areas worldwide.
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Figure 6 Temporal changes of groundwater redox potential (black curve) in one well within
the Haltern-layers for six years (2000 to 2006). The darker greyish line marks the Eh border-
line of species transition from As(V) to As(lll) at a nearly constant pH value of 6.4. The
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Table 1 Catalogue of conditions for the identification of geogenic As sources

Condition o Requirements — Possible examination
Description
No. The As source should... methods
... be hydro(geo)logically linked
) with the sink Consultation of maps,
Link between As ) )
1 . (surface run-off and/or groundwater (Hydro-)Geological mapping,
source and sink o
flow direction should be vectored Tracer tests etc.
towards the sink)
. ... contain potential As sinks (Fe- X-ray diffractometry (XRD),
2 Mineralogy ] ) o _
(hydr)oxides, pyrite etc.) (Polarization) microscopy
... contain As concentrations signi- o )
Total As ) ) ] Digestion of solid samples; As
3 ) ficantly exceeding the geogenic o
concentration analysis using ICP-OES or AAS
background values
As fractionation / ... contain significant amounts of As . .
o ) Sequential extraction procedure
4 Mobilization potentially soluble under natural (SEP)
potential conditions
... be located within a hydrochemi- .
Measurement of Eh and pH in
S cal environment suitable for As
Actual mobilizability o o surface water and groundwater,
5 o mobilization, e.g. reducing in the ) )
/ Redox conditions ) ) ideally observation of these pa-
case of Fe-hydroxide being the As )
rameters for a longer time span
host
... causeelevated As concentrations | Determining As concentrations in
6 As output notonly in the sink but also on surface water, groundwater and

transport pathways towards the sink

stream sediments
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Table 2 Sequential extraction procedure

Fraction _
As fraction Extractant Procedure Reference
no.
] Wenzel et al.
1 Exchangeable (NH4)2S04 (0.05 M) 4 h shaking, 20 °C
2001
) Wenzel et al.
2 Surface-bound NHsH2PO4 (0.05 M) 16 h shaking, 20 °C
2001
Bound to NaOAc/HOAc (1 M, ) Han and Banin
3a 6 h shaking, 20 °C
carbonates pH 5) 1995
30 min shaking; wash step: ]
Bound to NH.OH-HCI (0.1 M) + Zeien and
3b 25 ml NHsOAc (1 M,
Mn-(hydr)oxides NH4O0Ac (1 M, pH 6) . . Brimmer 1989
pH 6), 10 min shaking
4 h shaking in the dark;
Bound to wash step:25 ml NHy-
NHs-oxalate (0.2 M, Wenzel et al.
4 amorphous Fe- oxalate (0.2 M, pH
) pH 3.25) ) o 2001
(hydr)oxides 3.25), 10 min shaking in
the dark
30 min in a water basin
Bound to NHs-oxalate (0.2 M) + (96 °C); wash step:
. L Wenzel et al.
5 crystalline Fe- ascorbic acid (0.1 M), 25 ml NHs- 2001
(hydr)oxides pH 3.25 oxalate (0.2 M, pH 3.25),
10 min shaking in the dark
6 Residual As (total) — As (sum steps 1-5)
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Table 3 Analytical data for the examined solid samples (HCI/HNO3 digestion)

Range Sample type | Sample # As (ppm) Fe (ppm) Mn (ppm) | Calcite (Wt. %)
1 6.1 6339 826 324
2 3.2 8180 797 458
3 6.3 10959 1306 41.1
Dulmen- | 4 rock 4 44 5528 499 47.0
layers 5 15 7164 842 58.6
6 16 4650 412 52.8
7 4.7 6428 736 487
8 8.4 9038 952 44.8
pure sand 12, sand <1.0 855 104 n/a
PBIO type 0 10 159.0 108527 35069 n/a
11 204.4 150003 209079 48
12 15 45275 2749 n/a
PBIO type 1 13 23.0 45675 2603 n/a
16 585 29858 147 n/a
% <1.0 161629 469 n/a
9 8.8 234663 1353 n/a
9c 5.2 70310 996 n/a
":ifsrr? " |PBIOtype 2| 14a1 37.0 129236 20873 n/a
14a2 25.0 83795 515 n/a
14b2 34 227557 6526 n/a
14b3 18.0 161660 5043 n/a
15 9.8 294683 2310 n/a
PBIO type 3 17 225 279565 1318 n/a
18 139.9 249817 98 n/a
19 39.0 144524 1018 n/a
PBIO type 4 14b1 18 141465 2670 n/a
14c 1.4 116071 2044 n/a
20B <1.0 2611 497 n/a
21B 11 2111 749 n/a
22B 13 2994 1023 n/a
Dulmen- stream 23B 2.1 2456 231 n/a
layers sediment 248 26 2384 703 n/a
25B 3.1 1875 725 n/a
26 2.2 3194 104 n/a
27 40 3416 504 n/a
28B 1.0 2143 2038 n/a
29B 6.8 7017 457 n/a
'12';: o Szgii‘;";'n 308 10 1475 352 n/a
31B 2.4 2819 303 n/a
32B 85 7849 611 n/a
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