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Abstract

The impact of reservoir emptying on the concentrations of dissolved heavy metals (As, Cd, Cr, Cu, Fe, Mn,
Ni, Pb and Zn) in pore and surface waters was studied in the Aar Reservoir, a small reservoir in central
Germany, during and after the emptying process.

This study was conducted to observe binding changes within pore waters as well as the input of dissolved
heavy metals in waters of the Aar Creek, what becomes possible when the reservoirs water table is re-
moved and lake sediments become exposed.

In pore waters, no clear shifting tendencies between dissolved and sorbed heavy metal fractions could be
found after the completed sediment exposure. These relatively low dynamics in pore waters can be ex-
plained by the fine texture of the lake sediments, which are characterized by a high water holding capaci-
ty, what led to high remaining water contents and therefore slowed down the redox changes.

A few days after the completed emptying, a general increase of dissolved heavy metal concentrations oc-
curred in running waters of the Aar Creek as a result of pore water drainage. Here, element specific dif-
ferences in mobilization and transportation abilities were found, what can be reconstructed by the ratio
of dissolved heavy metals in pore and surface waters.
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1. Introduction

Heavy metals with a mass density of > 5g/cm? are natural components in rocks, soils and sediments. In most of
the cases they occur in relatively low concentrations, why they are also called trace metals [1]. In consequence
of human activities (e.g. mining, industrial emissions, car emissions), heavy metals can be distributed or emitted
into the environment. When they hereafter entered into sediments and soils, they can be accumulated and in-
creased in their concentrations, because they are non-degradable. Fluvial sediments often contain increased
amounts of heavy metals when loaded substrates are entered from the catchment area into the river [2]. Espe-
cially the fine-grained sediment fractions and organic components of river and reservoir sediments are able to
sorb heavy metals [3], [4].

Since water reservoirs are subject to a continuous sediment input and due to low flow rates at its base mainly fi-
ne particles are deposited, large amounts fluvial registered heavy metals can accumulate here [5]. However, the
high sorption capacity of fine and organic rich sediments takes place under sufficiently reducing conditions by
which the formation of sulfidic compounds counteracts a release of several heavy metals into the pore waters.
Dissolved heavy metal contents are also heavily diluted in areas of the water column by the surrounding water
body. In addition to the element and substrate specific circumstances especially the prevailing redox conditions
determine the binding behavior of heavy metals in sediments [6]. When redox changes occur, particularly before
and during the early stabilization of a redox status, an increased release of heavy metals in the dissolved phase
becomes possible [7].

The emptying of water reservoirs enhances the oxygen contact of previously water covered sediments. As a re-
sult, redox changes inside the pore waters become possible. Simultaneously the hydrostatic uplift is reduced in
consequence of the elimination of the water column. This favors a contraction of the exposed lake sediments and
the outflow of pore waters, from topographically higher to lower lying areas of the reservoir bottom. Problemat-
ic consequences of the targeted emptying of reservoirs are therefore often share shifts between dissolved and
fixed heavy metal amounts within the sediments and an enhanced release of elements such as Fe, Mn, N or P in
the flowing surface water [8], [9], [10]; [11]; [12]; [13], [14]. In general, sorption dynamics and heavy metal
migration during the emptying of reservoirs were observed very seldom.

Since the Aar Reservoir is characterized by a rural catchment area without mining activities, it should have got-
ten no excessive heavy metal input in its past. Thus, in the reservoirs sediments rather low to moderate heavy
metal contents can be expected. However, during the drainage of large pore water amounts an increasing input
of dissolved heavy metals to the receiving running water can be expected, resulting of a reduced dilution by sur-
face waters. The different binding properties of elements might hereby affect their mobilization and transport.
To address these issues, dissolved concentrations of As, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn in lake sediments,
pore waters and surface waters of the Aar Creek were analyzed during and after the emptying process.

2. Study area

The Aar Reservoir is situated on the eastern edge of the Rhenish Slate Mountains in the upper reaches of the Aar
River. It consists of the main reservoir and a pre-reservoir. With an operating space of approximately 4.1 million
m?3 and a maximum water depth of 8 m it is a relatively small and shallow reservoir. Due to predominantly up-
coming shales and greywackes relatively moderate geogenetic heavy metal contents in the soils of the catchment
and in the reservoirs sediments can be expected, what was confirmed by former investigations [15].

3. Methods

An evacuation and emptying of the main basin was carried out from August 2011 for repairing purposes. The
sampling of surface waters began on 19" August 2011, even during the emptying process of the reservoir. Pore
water sampling started on 30" August 2011, after the bottom of the reservoir had become accessible.

3.1. Sampling

Surface water
Water samples were taken by means of PE-syringes at three sampling sites within the reservoir and downstream
the dam from a depth of about 10 cm. The freshly collected samples were filtered by syringe filters (Minisart
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NML, Celluloseacetat-Membran, Fa. Sartorius/Goéttingen/Germany) in the field at 0.45 microns, acidified in the
ratio 100:1 with nitric acid (HNOj3) and stored in PE-bottles at -18°C up to their analysis.

Pore water

Pore waters were obtained by stationary suction pipettes (Macro Rhizon, Fa. Rizosphere Research Products,
Wageningen/The Netherlands), that were installed at three locations of the reservoirs bottom, each in 5-10 cm
and 15-25 cm depth. The used pipettes consisted of non absorbent plastic and a microfiltration membrane,
whereby the incoming water has been filtered with a pore size of 0.15-0.2 microns during its removal. In order
to ensure the representativeness of the samples, the sampling was carried out from each depth level with a min-
imum of 3 parallel pipettes. The freshly collected samples were combined to a composite sample and separated
in two PE bottles. One half of the origin sample was used for field measurements, the second half was acidified
in the ratio 100: 1 with nitric acid (HNO3) and frozen at -18°C until the determination of heavy metal contents.

Substrate

After completion of the pore water extraction, the sample sites were excavated and surveyed. For the determina-
tion of the sediments heavy metal contents substrate samples were taken. All samples were air-dried and ho-
mogenized in a porcelain mortar. This was followed by a sieving to < 2 mm.

3.2. Field measurements

At each sampling site pH value and redox potential were determined in the field, immediately after the extrac-
tion of pore waters, by means a portable field meter (Multiline P4; Fa. WTW) and adequate electrodes. In paral-
lel, the volumetric soil moisture (HH2, Fa. Delta-T Devices) was recorded in 10 cm depth of the sediments.

3.3. Laboratory analysis

The proportion of organic matter in the sediments was calculated by determining the loss on ignition for 2 hours at
550 ° C. The determination of the particle size distribution was performed by wet sieving and pipette analysis.
Heavy metal contents of the sediments were determined by aqua regia extraction. The measurement of element
concentrations, in aqua regia extracts as well as in water samples, was carried out by ICP-MS (Fa. Thermo Fisher,
X-Series 2).

4. Results

The lake sediments were marked by high volumetric water contents and low densities at the beginning of the
field campaign. A vegetation cover was absent during the whole sampling period, with the starting evolvement
of vascular plants the sampling campaign ended.

Compared within the sampling locations 1-3, the sediments textures were relatively homogeneous and contained
high silt (45.8-65.8 mass %), moderate clay (22.5-33.8 mass %) and varying sand (6.0-31.3 mass %) contents.
The mass of organic matter varied between 4.8 % and 8.6 % and showed decreasing contents with increasing
sampling depths. Volumetric soil moisture started with high contents in all sampling locations (77-84 vol. %).
As an effect of the sediments high water holding capacity, only slight decreases of moisture occurred with en-
during sediment exposure, which reached at the end of the sampling campaign 12.8-22.4 vol. % of the maximum
contents (Figure 1). The pore waters pH varied over all sampling locations from pH 6.6 to pH 7.6, while each
location and sampling depth showed only very slight pH variations. A similar behavior was found for the redox
potential, which locally underlay only small variations with a range of 64 mV to 135 mV in all sampled pore
waters. These more or less constant redox states within the whole sampling campaign are a result of high re-
maining water contents inside the exposed sediments, what hindered an enhanced oxygen exchange between
sediments and atmosphere, and therefore an establishment of more oxic conditions.
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Figure 1. Temporal variations (x- axis: number of days after the complete sediment exposure) of volumetric water content
and redox potential (y-axis) in pore waters of sampling profiles 1-3.

4.1. Heavy metal concentrations in sediments and pore waters

Heavy metal concentrations in the sediments showed no dramatic differences between different sampling loca-
tions and sampling depths (Table 1). In all, the ranges of As (4.7-7.0 mg/kg), Cd (0.2-0.3 mg/kg), Cr (23.4-39.6
mg/kg), Cu (13.6-21.5 mg/kg), Fe (26.7-39.2 g/kg), Mn (0.66-1.3 g/kg), Ni (23.8-37.9 mg/kg), Pb (15.8-23.3
mg/kg) and Zn (57.6-82.0 mg/kg) attained low to moderate concentrations, compared to the geogenic backround
values for claystone and greywackes [16].

Table 1. Heavy metal concentrations in lake sediments (aqua regia extraction) at the sampling sites profile 1-3.

profile  depth As Cd Cr Cu Fe Mn Ni Pb Zn
(cm)  (mg/kg) (mg/kg) (mg/kg) (mg/kg) (g/kg) (g/kg) (mgrkg) (mg/kg) (mg/kg)
1 0-5cm 47 020 234 136 267 085 238 160 576
6-10cm 48 019 252 146 279 066 253 158  59.1
2 0-5cm 6.1 031 357 215 382 131 379 200 804
6-10cm 7.0 030 396 215 392 090 215 226 820
3 0-5cm 4.8 027 289 186 318 1.05 298 202 688
6-10cm 5.4 027 270 167 269 076 271 233 612

Dissolved concentrations in the pore waters were also low to moderate (Table 2), with ranges of As (3.1-34.3
pg/l), Cd (0.01-0.17 pg/l), Cr (0.6-7.5 pg/l), Cu (0.8-17.5 pg/l), Fe (6.2-62.5 mg/l), Mn (2.7-19.0 mg/l), Ni
(0.7-7.3 pg/l), Pb (0.2-3.1 pg/l) and Zn (11.3-256 pg/l). Stronger differences of dissolved metal contents were
present within different sampling locations, but no relations of concentration changes and ongoing sediment ex-
posure could be observed. The presence of in all small temporal variations can be seen as a result of a more or
less constant redox state with continuous reducing conditions inside the sediments, which is also proven by high
remaining concentrations of dissolved Fe and Mn in all sampling depths and locations. Changes in sorption pro-
cesses and metal mobility should hereby occur only after a longer time of sediment exposure and a stronger de-
crease of the sediments water content.

Table 2. Median values of dissolved heavy metal concentrations in pore waters in 5-10 cm and 15 -25 cm depth of each
sampling profile (n = 6 for each depth).

profile  depth As Cd Cr Cu Fe Mn Ni Pb Zn
(cm)  (pa/) (ug/l) (ug/l) (ng/) (mg/l) (mg/l) (ug/l) (no/l) (pal/l)

1  510cm 295 002 16 19 153 66 1.9 058 491
15-25cm 286 002 12 71 328 53 16 070 56.8

2 510cm 243 001 15 20 181 68 1.8 048 9638
15-25cm 281 002 16 42 407 60 21 091 649

3 510cm 7.0 003 1.07 425 129 611 221 118 311
15-25cm 193 0.02 297 396 331 109 21 108 853
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4.2. Heavy metals in surface waters

The observation of surface waters of the Aar Creek started at 19" August 2011 downstream the dam (site A)
during the emptying process. After the reservoir basin was accessible, additional sampling of creek water started
from 30" August 2011 in the reservoirs middle (site B) and root (site C). In waters of the Aar Creek, dissolved
heavy metals showed strong variations with ongoing time of sediment exposure. Whereas during the process of
reservoir emptying very low concentrations occurred in general, rising concentrations with factors of 10 to 30
could be measured few days after it was completed. This was observed at all sampling locations for all elements,
with the exception of dissolved As. The highest concentration peaks were measured at site A, downstream the
reservoirs dam (Figure 2). A tendency of decreasing concentrations within this export of dissolved metals was
found 46 days after completed sediment exposure at the last sampling day (14" October.2011). This is assumed
as an effect of a reduced pore water drainage.

In all, the range of metal concentrations in waters of the Aar Creek was for As (0.48-3.78 ug/l), Cd
(0.003-0.076 pg/l), Cr (0.11-2.32 pg/l), Cu (0.36-14.7 ug/l), Fe (0.02-1.94 mg/l), Mn (0,03-1.48 mg/l), Ni
(0.22-5.41 pg/l), Pb (0.072-2.95 ug/l) and Zn (0.81-38.0 ug/l). The concentration peaks reached at the one
hand in all moderate concentrations, which did not exceed water statutory threshold values. At the other hand,
these concentrations occurred some days after complete sediment exposure temporarily in a similar concentra-
tion scale as in the pore waters. Although the sediments contained low to moderate heavy metal concentrations,
the reservoirs emptying led by the drainage of pore waters to a strong increase of the Aar Creeks heavy metal
load.
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Figure 2. Temporal variations of dissolved Fe, Mn, Zn, Cu and As concentrations in the Aar Creek (number of days before
the total exposure of the sediments in negative values, number days after the completed exposure in positive values).

5. Discussion

As a result of reservoir emptying, strong changes in the heavy metal load of the former dammed Aar Creek were
observed, whereas pore waters remained more or less constant in their concentrations, pH-values and redox po-
tentials. These relatively low dynamics in pore waters are an effect of the sediments high water holding capacity,
high remaining water contents and therefore slowed down redox changes. With ongoing exposure and ongoing
drying of the sediments, rising concentration of dissolved Cd, Mn and Zn in the pore waters have to be assumed,
resulting from an establishment of more oxic conditions [17], [18]. But, also the amount of pore water drainage
and exported dissolved heavy metals should decrease simultaneously to this. Hence, oxidation processes inside
the lake sediments should play only a minor role on the export of dissolved heavy metals in downstream situated
river zones after the emptying of reservoirs.
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As the oxygen supply to dissolved elements rises during and after pore water drainage, the ability of some ele-
ments to aquatic transport might be modified. The significance of these processes within metal deposition can be
supposed by the comparison of the heavy metal concentrations in creek and pore waters.

As the scale of in running waters occurring concentration rises after sediment exposure is depending on the
creeks metal concentrations before emptying, the precision of in Table 3 presented percentages could be partly
limited. Nevertheless, clear differences in the transportability of some elements are visible. Especially the export
of dissolved Fe decreases during the drainage of pore waters in the Aar Creek: Although dissolved Fe concen-
trations rise within the running waters, only 1 % of its pore water concentrations are achieved here. As it showed
the comparatively highest concentration discrepancy between waters of the Aar Creek and pore waters, a much
higher concentration rise should occur, if dissolved Fe was not removed from the water table after pore water
drainage. In surface waters, dissolved Mn achieves only 6% of the mean pore water concentrations. As both el-
ements achieve only a low solubility under oxic conditions and the present pH values [19], which are involved
in the formation of hydroxides, they are either transferred to the creeks particulate heavy metal fraction or re-
moved from the water column by the formation of precipitates. The same happens to dissolved As, which is un-
der pH 4-9 mainly present as negatively charged, highly to Fe-(hydr-)oxides sorbable arsenate H,AsO, or
HAsO,* [20]. With the inset of oxic conditions during and after pore water drainage, it should be quickly de-
pleted of its dissolved state.

Table 3. Median values of dissolved heavy metals in pore- (Pw) and surface waters (Sw) and their percental ratio
(Sw*[100/Pw])

Sample n As Cd Cr Cu Fe Mn Ni Pb Zn
(ug/l) | (ua/l) | (pg/l) | (ug/) | (mg/l) | (mg/l) | (pg/l) | (ug/l) | (ug/l)
Sw 13 157 | 0.01 0.8 225 | 023 | 0.39 | 1.28 | 050 | 10.1
PW 36 241 | 0.02 | 155 | 3.72 | 223 6.38 1.9 0.73 | 52.3
Sw*(100/Pw) (%) 6.5 50.0 | 51.6 | 60.5 1.0 6.1 67.4 | 685 | 19.3
! = Surface waters, median values refer only to sampling data that were generated after the sediment exposure
was completed (between day 1 to 46 after sediment exposure);

2 = pore waters (median values include all sampling data).

In opposite, dissolved Cd, Cr, Cu, Ni and Pb underlay only small concentration losses during and after pore wa-
ter drainage. The relative low differences between concentrations in pore- and surface waters prove a compara-
bly low retention of these elements, in accordance to investigations in brackish sediments [21]. Only dissolved
Zn, with 19.3% of the pore water concentrations inside the surface waters, indicates a slightly better retention.
The response of downstream situated aquatic biota to rising concentrations of dissolved heavy metals is hard to
assess. This is due to the interaction of several factors as a metals binding state, species and age of a downstream
situated organism [22], pH-value [23] or the endurance of an occurring concentration peak, that at least deter-
mine the toxicity. The negative impact of enhanced dissolved heavy metal concentration is again relativized by
the fact, that it is only one stressor to aquatic biota simultaneous to an intensified export of sediments [24], en-
hanced concentrations of suspended matter [25], rising concentration of the particulate heavy metal fraction or
stronger variations of the creeks discharge.

However, the occurrence of an obvious heavy metal export to the Aar Creek in the absence of metal pollutions
inside the lakes sediments, leads to the suggestion that a much higher heavy metal input in running waters might
occur in the presence of polluted sediments or under more acidic conditions. This should be the case especially
for sediments with high concentrations of Cd, Cr, Cu, Ni and Pb. In consideration to this, the export of dissolved
heavy metals and nutrients should always be taken into account during the complete emptying of reservoirs. As
some metals seem to be transportable within running waters along distances of several kilometers, they represent
a potential risk to downstream situated biological communities or fish farms, when the drainage of pore waters
to surface waters occurs.
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