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Abstract

Anthropogenic water management has extensively altered the worlds’ river systems through

impoundments and channel diversions to meet the human’s need for water, energy and

transportation. To illuminate the effect of such activities on the environment, this study

describes the impact of the installation of the Karahnjukar Dam in Eastern Iceland on the

transport of riverine dissolved- and particulate material to the ocean by the Jokulsa & Dal and

the Lagarfljot rivers. This dam, completed in 2007, collects water into the 2.2 km® Halslon

reservoir and diverts water from the glacial Jokulsa & Dal river into the partially glaciated

Lagarfljot lagoon via a headrace tunnel. The impact of the damming was evaluated by sampling
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water from both the Jokulsa & Dal and the Lagarfljot rivers over a 15 year period spanning from

1998 to 2013.

The annual flux of most dissolved elements increased substantially due to the damming.
The fluxes of dissolved Zn, Al, Co, Ti and Fe increased most by damming; these fluxes
increased by 46 to 391%. These differences can be attributed to changed saturation states of
common secondary minerals in the Jokulsa & Dal due to reduced discharge, increased residence
time and dissolution of suspended material, and, to a lesser degree, reduced photosynthesis due
to less transparency in the Lagarfljot lagoon. The removal of particulate material and thus
decreasing adsorption potential in the Jokulsa & Dal is the likely reason for the Fe flux increase.
In contrast, approximately 85% of the original riverine transported mass of particulate material
is trapped by the dam; that which passes tends to be relatively fine grained, increasing the
average specific surface area of that which continues to flow towards the ocean. Consequently,
the particulate geometric surface area flux is decreased by only 50% reduction due to the

damming.

The blooming of silica diatoms during the spring consumes dissolved silica from the coastal
waters until it becomes depleted; making the riverine spring dissolved silica flux an important
source of this nutrient. Despite extensive riverine flux changes due to the Kérahnjukar dam
construction, the total spring dissolved silica flux increased, and thus so too the potential for a
silica diatom spring bloom in the coastal waters. This is likely because the spring flux is

dominated by snow melting downstream of the dam.

1. INTRODUCTION



Riverine transport from the continents to the oceans plays a major role in the global cycling
of the elements including providing essential nutrients to the coastal oceans to sustain marine
primary productivity (e.g. Falkowski et al., 1998; Jickells, 1998; Holland, 2005). The world’s
rivers transport material both in dissolved and particulate form. Global dissolved riverine
transport has been estimated to be approximately 2 Gt/yr (Gaillardet et al., 1999) and the global
particulate riverine transport of rivers, including both bedload and suspended particles is
estimated to be 16-30 Gt/yr, excluding the effects of dams (Milliman and Syvitski, 1992;

Syvitski et al., 2005; Walling, 2006).

A growing population requires a stable supply of water. Dams play a major role in
addressing these needs. Damming increases the retention time of water and suspended
sediments on land and can cause a major change of the hydrological, physical, chemical and
biological properties of the water. It can cause water shortages or changes in biological activity
downstream from the dam due to anoxia, sedimentation, and changed nutrient state due to
nutrient uptake and/or increased flux of nutrients from the reservoirs (Friedl and Wuest, 2002).
Vorosmarty et al. (2003) estimated that 40% of the global river discharge was intercepted by
633 of the worlds’ largest surface water reservoirs (>0.5 km® maximum storage capacity). Dams
of different sizes, intercepting tributaries and/or main channels of 65% of the world’s major
rivers, have been constructed since the late 19™" century, capable of retaining 15% of the total
annual global river runoff (Nilsson et al. 2005). According to Syvitski et al. (2005) the global
particulate flux to the oceans has decreased by 25% due to dam constructions. This decrease is
more dramatic on a local or regional scale; the sediment load of some of the world’s largest
rivers has been reduced by 64-100% due to dam construction (V6érésmarty et al., 2003; Walling

and Fang, 2003; Walling 2006). For example, the particulate mass flux of large Chinese rivers



has decreased by 80% over the past 50 years due to dam construction (Wang et al., 2008; 2010;

Gupta et al. 2012).

Changes in particulate mass fluxes to the ocean may have a substantial effect on marine
chemistry, as numerous studies have shown that there is a substantial release of soluble and
insoluble elements from riverine particulates to seawater over a timescale of minutes, days and
months (Aller, 1998; Elrod et al., 2004; Stefansdottir and Gislason, 2005; Noble et al., 2008;
Peucker-Ehrenbrink et al., 2010; Jeandel et al., 2011; Jones et al., 2012a; 2012b; Singh et al.,
2012; Pearce et al., 2013; Jones et al., 2014; Jeandel and Oelkers, 2015; Morin et al., 2015). As
the global mass of particulates transported to the oceans by rivers exceeds that transported in
dissolved form by at least an order of magnitude, particulate fluxes are a major contributor of
elements to the oceans, especially for insoluble elements (Oelkers et al., 2012, Eiriksdottir et
al., 2015) of which many are essential micronutrients (Martin et al., 1991; Morel et al., 2003;
Ruttenberg, 2003). Jeandel and Oelkers (2015) summarized numerous studies reporting
significant particulate-seawater interaction (Arsouze et al., 2009; Allégre et al., 2010; Jones et
al., 2012a; 2012b; Tréguer and de la Rocha, 2013) and concluded that particle dissolution in
seawater may provide a strong link between continental weathering and climate through the

inorganic and organic pathway of CO, removal from the atmosphere.

Damming also changes the seasonality of suspended- and dissolved material fluxes (Friedl
and Wiest, 2002). This can be particularly significant, as the timing of riverine fluxes can be
an important source of essential nutrients for the spring bloom of primary producers
downstream from the dam and in the coastal waters. Dissolved nutrients accumulated in
reservoirs can be consumed by biota or adsorbed on particles. Such processes can lead to the
reduction of nutrient fluxes downstream of the dam and to the coastal waters. Phosphorus, an

essential macronutrient for primary productivity, has been found to be especially sensitive to
4



damming since it is mostly present in rivers within particles or adsorbed to the surfaces of
suspended sediments including iron(oxyhydr)oxide (Ruttenberg, 2003; Raiswell and Canfield,

2012).

The Kéarahnjukar dam, the largest dam of its type in Europe, was built on the Jokulsa & Dal
glacial river catchment in Eastern Iceland during 2003-2007 (Fig. 1). Its purpose was to create
a reservoir for a 690 MW hydropower plant. The construction was completed and power
production began by the end of 2007. From 1970 to 1999 the Jokulsa & Dal carried an average
5.8 million tonnes of suspended sediment per year (Palsson et al., 2000) and was among the
Icelandic rivers with the highest sediment load (Témasson, 1990). The Kéarahnjukar dam diverts
water through a headrace tunnel from the upper reaches of the Jokulsé & Dal catchment into the
neighbouring Lagarfljot catchment (Fig. 1). The average discharge of the Lagarfljot after dam
construction doubled and subsequently the water residence time in the Lagarfljot lagoon is half

of what it was previously, six months instead of one year (Témasson and Hardardéttir, 2001).

In an attempt to quantify the effect of the dam construction on river water chemistry and
dissolved and particulate fluxes to the ocean, these rivers were monitored for five years prior to
dam construction (1998-2003) and again for five years after the completion of the dam (2008—
2013). The purpose of this paper is to report the changes in fluxes of dissolved- and suspended
constituents, arising due to dam construction and to assess the environmental effect of these

changes.

1.1. Study area

This study focusses on environmental changes caused by the construction of the
Kéarahnjukar dam on the Jokulsa & Dal and Lagarfljot catchments (Fig. 1). These river

catchments are partially glaciated, with glaciers covering 43% of the Jokulsa a Dal catchment



and 6% of the Lagarfljot catchment (Kardjilov 2008). Heath, grassland and cultivated land
make up 23 and 21% of the total catchment area, respectively, 11 and 10% is wetland and 24
and 21% is sparsely vegetated (Kardjilov, 2008). Five farms are located above the power
station. The population is scarce in the area, and the reservoir area has never been inhabited.
The population density in the river catchments was 0.45 person km2 before damming and is

0.57 person km after damming (Statistics Iceland, 2016).

This study takes advantage of continuous discharge measurements and the concentrations
of the dissolved and suspended load of these rivers determined on samples collected before and
after dam construction. Samples were collected eight to ten times per year from 1998 to 2003
(before the damming) and again eight times per year from 2008 to 2013 (after damming) during
all seasons from the Jokulsa & Dal at Hjardarhagi and the Lagarfljot at Lagarfoss. Samples were
also collected from the pristine direct runoff Fells, river, located near-by, and used as a control,
to account for natural fluctuations and possible deviations due to sampling and analytical

methods during this study.

The climate in the area differed somewhat over the two study periods. During the pre-
damming study period, the catchments experienced warming where the average annual
temperature went from 2.3 to 4.7 °C. The climate was more stable after damming. The average
annual air temperature and rainfall in the area was 3.52 °C and 1304 mm during 1998-2003
and 3.72 °C and 1177 mm during 2008-2013 (The Icelandic Meteorological Office, 2016). The
effect of climate change on chemical weathering rates and riverine fluxes using data from the
pristine river catchments collected before damming, was reported by Gislason et al., (2006) and

Eiriksdottir et al. (2015).



The Jokulsé & Dal is a glacial river fed by the Braararjokull glacier, at the NE part of the
Vatnajokull ice cap. The bedrock consists of young, glassy basalts (Eiriksdottir et al., 2008;
Gislason et al., 2009), sparsely vegetated but with some heath/grassland and some wetland areas
(Kardjilov et al., 2006; Kardjilov 2008). The volcanic rift zone in Iceland affects the spatial
distribution of dissolved riverine constituents; higher weathering rates have been observed
within the rift zone than on the older geological formations (Oskarsdottir et al., 2011). The
Jokulsa & Dal river is 138 km long from the glacier to the coast and samples were collected at
Hjardarhagi, ~50 km from the coast. The Kérahnjukar dam is 193 m tall and 799 m long. It
created an up to 63 km? reservoir, the Halslon, with a reservoir capacity of 2200 gigaliters (2.2
km?3) of water that reaches to within 25 km of the Bruararjokull glacier (Gunnarsson, 2014).
From the reservoir, the water is diverted through a tunnel creating a 600 m vertical drop and
through a power plant. The water is then released into the Jokulsa i Fljotsdal and eventually
into the Lagarfljot lagoon. The average discharge through the tunnel is 110 m®/s (Landsvirkjun,

2009).

1.2. Methods

The collection and analysis of samples was previously described by Gislason et al. (2009)
and Eiriksdottir et al. (2013; 2015). A total of 259 water samples were collected from the three
studied rivers; the Jokulsa & Dal at Hjardarhagi, the Lagarfljot at Lagarfoss, and the Fellsa, 132
samples prior to and 127 samples after dam construction. Samples were collected throughout
the year to account for seasonal changes on the chemical compositions of the rivers. All fluid
samples were filtered on site through 0.2 um Millipore cellulose acetate filters using a peristaltic
pump, silicone tubing, and a 142 mm Sartorius filter holder. Water samples collected for major
cations and trace element analyses were acidified with suprapure HNO3. Total suspended

inorganic and organic matter (SIM and POC/PON) were sampled from the main channel of the
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rivers using either a DH48 or a S49 sampler (Guy and Norman, 1970). The S49 sampler was

used in the Jokulsa & Dal but the DH48 sampler was used in the Lagarfljot and Fellsa rivers.

Water samples were collected and analysed in distinct ways for distinct chemical analyses.
Samples collected for pH and alkalinity measurement were collected in amber glass bottles and
filled completely from the bottom to avoid air in the samples. The samples for pH were kept
cold until it was measured using a Cole-Palmer combined glass electrode together with an Orion
pH meter. The electrodes were calibrated using 4.01 and 7.00 NBS standards prior to all
measurements. The uncertainty of the pH measurements is estimated to be £0.02. Samples for
determining the composition of major (Ca, K, Mg, Na, SiO», S-total) and trace cations (Fe, Al,
As, B, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, P-total, Pb, Sr, Ti, V, Zn) was measured using
either an Optima 4300 DV Series Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) or an Element 1 Inductively Coupled Plasma Sector Field Mass Spectroscopy (ICP-
SFMS) located at ALS Scandinavia, Luleda in Sweden. These analyses were performed
according to EPA-method USP 200.7(mod) for ICP-AES and EPA-method 200.8(mod) for
ICP-SFMS; the National Research Council of Canada SLRS-4 river water reference material
was used for external blind quality tests. The uncertainties of these measurements are less than
5%. Samples for alkalinity measurements were kept cold until alkalinity was determined by
Gran titration (c.f. Stumm and Morgan, 1996). Concentrations of Cl, SO4, and F were
determined using a Dionex anion chromatograph. The concentration of the nutrients PO4, NO2,
NOs, and NH4 were determined using segmented flow analysis on an Alpkem colorimetric
system with an uncertainty of £5%. Total nitrogen was measured by digesting the water
samples for 2 hours in a Metrohm 705 UV digestor after adding H2O- to the samples, before

analysing the samples for NO2 and NOs.



To eliminate the effects of sea spray input on calculated fluxes, fluid concentrations were
corrected assuming that all the dissolved Cl present in the water samples originated from
rainwater and using the element/Cl ratio of Icelandic rainwater (Gislason et al., 1996). The total
dissolved inorganic carbon (DIC) was calculated from the measured alkalinity, pH,
temperature, total dissolved silica, and discharge at the time of sampling. The average charge
imbalance of the samples was 3%. Modelling of the saturation state of the river waters with
respect of different primary- and secondary phases was carried out using PhreeqC together with

the thermodynamic database reported by Gysi and Stefansson (2011).

River discharge was measured continuously during the study using a digital pressure sensor
and the measured relationship between water level and discharge in each river (The Icelandic
Meteorological Office, 2014). Daily average discharge was calculated from these continuous
discharge measurements. The concentration of the suspended inorganic particulate matter
(SIM) and the particulate size distribution was measured using sieves and a sediment settling
scale by the Icelandic Meteorological Office. The organic fraction of the suspended sediment
was removed prior to analysis by boiling the sample in hydrogen peroxide (Palsson and
Vigfusson, 1996). The geometric surface area of the suspended inorganic matter was calculated
from the average particle diameter and the grain density, assuming that the grains were a perfect
cubic shape (Wolff-Boenisch et al., 2004). The chemical composition of the SIM samples
collected from 1998 to 2003 was measured as described by Eiriksdottir et al. (2008). Analysis
of particulate carbon and nitrogen was performed on glass fibre filters (Whatman GF/F 0.7 um
pre-combusted for 4h at 450 °C) with a Carlo Erba model 1108 high temperature combustion
elemental analyser, using standard procedures and a combustion temperature of 1030 °C.
Acetanilide was used for standardisation, and results were corrected for blank filter carbon

content. The propagation of variance of the element flux calculations were estimated to be 11%,



given that the discharge has a 5% uncertainty and analytical error on dissolved and suspended
matter is 10%.

Riverine element fluxes of dissolved and suspended matter were calculated by multiplying
the concentration of suspended matter and chemical concentration of each element by the
corresponding discharge at the time of sampling. The relationship between the river discharge
at the time of sampling and the instantaneous fluxes of SIM and dissolved elements was fit to
power functions (c.f. Eiriksdottir et al., 2015). These functions were used together with the
daily average discharge of each river, to calculate the daily average flux of the constituent of
interest. These average fluxes were summed over each year to yield the average annual flux of

each constituent.

2. RESULTS

The concentrations of dissolved elements and suspended material, pH of the river water,
instantaneous discharge, and water- and air temperature before the damming occurred as well
as the effect of climate change on riverine fluxes of dissolved and suspended material was
reported by Eiriksdottir et al. (2015). Comparable data from after the damming is presented in

the electronic supplement (Table A2 in the electronic annex).

Due to damming, the annual discharge of the Jokulsa & Dal at Hjardarhagi was 64% lower
during 2008-2013 than during 1998-2003. There is a direct relationship between river
discharge and the concentration of suspended inorganic matter (SIM) (Tdémasson, 1990;
Gislason et al., 2006; 2009; Eiriksdottir et al., 2015) but there is an inverse relationship between
river discharge and the concentration of most dissolved elements in the river water (Eiriksdottir

et al., 2015). Therefore, changes in river discharge have direct effects on the riverine fluxes of
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dissolved elements, of which many play an important role in nutrient supply to the coastal

waters (Falkowski, 2003; Eiriksdottir et al., 2015).

Figure 2 shows the variation of SIM and selected dissolved element fluxes as a function of
discharge in (a) the Jokulsa & Dal at Hjardarhagi and (b) the Lagarfljot at Lagarfoss. The datasets
collected before and after dam construction show that the discharge dependence of the fluxes
of some elements has changed dramatically, while the impact on other elements is limited.
Equations describing element fluxes as a function of discharge and their coefficients of
determination are provided in Table Al in the electronic supplement and have been used
together with average daily discharge (The Icelandic Meteorological Office, 2014) to calculate
the daily- and annual fluxes of the elements (see Eiriksdottir et al., 2015). After the Halslon
reservoir filled in late summer, it overflows into the Jokulsa & Dal river channel and changes
dramatically the river discharge and the concentration of suspended and dissolved material of
this river downstream. To calculate the element fluxes in the Jokulsa & Dal after damming it is
therefore necessary to use two distinct flux-discharge equations for many elements, one with
and one without water overflowing from the reservoir into the river channel (Fig. 2; Table Al).
To ensure consistency, one form of this fit equation was used for all flux calculations, although

in a few cases the resulting fit between the discharge and the fluxes is less strong.

The annual average dissolved element fluxes before and after dam construction, generated
by integrating the average daily element fluxes of each river over each year are presented in
Table 1. Since the two rivers, the Jokulsa & Dal and Lagarflj6t, have the same outlet at the coast,
their combined annual fluxes are also presented in Table 1. A positive relative change in this
table represents an increased annual flux due to damming, while a negative number represents

a decreased annual flux.
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The discharge dependence of the SIM flux in the Jokulsa & Dal (Fig. 2a) decreased greatly
after the dam construction. The SIM flux in the neighbouring Lagarfljét river (Fig. 2b) increased
as the diverted water from the dammed glacial Jokulsa & Dal, which is now released into the
Lagarfljot, has much higher SIM load than the natural Lagarfljot river, even though most of the
SIM entering the Halslon reservoir is retained by the dam. In contrast, the dam construction
has limited impact on the discharge dependence of the dissolved fluxes of many elements
including SiO2, Na, K, Ca, DIC, F, NO, N-total, B, Cr, Pb (see Table Al in the electronic

appendix). Interestingly, Fe fluxes increased far more than discharge after dam construction

(Fig. 2).

The average daily discharge and flux of SIM and selected dissolved elements in the J6kulsa
a Dal before and after the dam construction are presented in Fig. 3. The presented averages
were calculated from the measured daily average discharge and the calculated fluxes for each
day of the two study periods, 1998-2003 and 2008-2013; results are reported as two separate
datasets for the two periods. Several observations are apparent on this figure. First, the Jokulsa
a Dal runoff decreased due to the water diversions from 1.44 m/yr before damming to 0.51 m/yr
after damming (Table 1). The annual discharge distribution also changed. Before damming,
discharge increased 30 fold from the lowest winter discharge to the highest summer discharge.
After damming, there are two discharge peaks, one during snowmelt in the spring and another
when the reservoir overflows. The spring peak is similar before and after the damming. The
post damming late summer discharge peak, due to the overflowing of the Halslon reservoir (Fig.
1), is only half as high as the pre-damming summer discharge peak and lasts for a shorter time
period. Second, fluxes of SIM and various dissolved elements are greatly affected by changes
in annual runoff. The SIM flux decreased dramatically due to damming since most of the

glacially derived sediment now accumulates in the Halslon reservoir (Fig. 1). Subsequently, the
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annual geometric surface area (Ageo) Of suspended particles carried by the Jokulsd & Dal has
decreased to an average 1.21x10° km?/yr compared to an average 1.8x10° km?/yr prior to the
damming, or by 93% (Table 1). Third, most dissolved element fluxes change proportionally
with the discharge (Fig. 3) with some notable exceptions. The fluxes of some elements,
particularly the nutrients phosphorus and nitrogen, decreased more than can be explained by
the discharge decrease, while the fluxes of Fe and dissolved organic carbon (DOC) increased
more relative to discharge. The iron increase after the damming is of special interest since iron
is often a limiting nutrient in the ocean. The annual iron flux increased by 391% after damming,

mostly due to a large flux peak during the spring melt (Fig. 3).

Corresponding, Fig. 4 shows the average daily discharge and SIM flux and selected
dissolved elements in the Lagarfljot at Lagarfoss before and after the dam construction. Since
the impounded water in the Halslon reservoir is diverted from the Jokulsé & Dal to the Lagarfljot
catchment through the headrace tunnel (Fig. 1), discharge in the Lagarfljét has roughly doubled
due to damming (Table 1). The chemical composition of the water diverted from the Jokulsa a
Dal differs from that of the Lagarfljot. Due to increased discharge, the SIM and most element
fluxes in the Lagarfljot have increased due to damming. The annual SIM flux in the Lagarfljot
increased sevenfold due to damming. This large increase stems from the input of Jokulsa a Dal
water, which is loaded with fine-grained suspended sediments. As a consequence, the annual
geometric surface area (Ageo) flux of the suspended particles in the Lagarfljot increased from
an average 6.7x10* km?/yr prior to damming to an average 8.6 x10° km?/yr post damming,
which is a 12 fold increase. In general, the annual dissolved fluxes of most major elements,
including Si and DIC increased proportionally to discharge, whereas the dissolved fluxes of
many trace elements, e.g. Fe, Al, and Ti, increased by more than can be explained by the

discharge increase. The fluxes of Sr, Mg, Cl and S-total did not increase to the same degree as
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discharge (Table 1). The annual fluxes of dissolved Fe and P, which are essential nutrients,

increased in the Lagarfljot far more than discharge due to damming.

The Jokulsa a Dal and Lagarfljot have the same coastal outlet at Héradsfloi (Fig. 1) and the
chemistry of both have been altered by dam construction. As such, the overall effect of the
damming on marine chemistry is likely related to the sum of the changes occurring in these two
rivers. The sum of the chemical fluxes of these two rivers before and after the damming is
shown in Fig. 5 and in Table 1. Several observations are apparent in Fig. 5. First, although the
annual average discharge and fluxes of the major dissolved elements including SiO; and DIC
have not greatly changed (Table 1), the distribution of these fluxes over the year has changed.
Second, in contrast to the major element dissolved fluxes, the fluxes of dissolved Ti and Fe
increased by a factor of 2.5 and 4, respectively. Third, the combined average annual SIM flux
decreased by a factor of 7 due to damming, from 5.86x10° to 8.6x10° tonnes/yr. As a
consequence, the combined annual surface area flux of the combined rivers decreased, but not
by as much as the mass flux of suspended particles since geometric surface area increases
exponentially with decreasing grainsize. The post-dam annual Ageo flux is approximately half
of the pre-dam flux, decreasing from 1.9 x 10% km?/yr to 0.98 x10% km?/yr (Table 1). Plots
similar to Figs. 3-5, showing the average seasonal fluxes of all measured elements in the
Jokulsa & Dal and Lagarfljot, as well as the combined element fluxes of these rivers are provided

in Figs. A1-A3 in the Electronic Annex.

Annual fluxes of suspended and dissolved elements in the Jokulsa & Dal and Lagarfljét
have been calculated before and after damming by summing the daily element fluxes over each
year. The resulting average annual fluxes are presented, together with annual runoff, in Table
1. Negative and positive numbers in Table 1 indicate fluxes that have decreased and increased,
respectively, due to damming. It can be seen in Table 1 that the dissolved fluxes of all elements
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except Fe, Ti, and Sr decreased in the Jokulsa & Dal, but all except Sr increased in the Lagarfljét
after damming. The relative changes in these fluxes are summarized in Fig. 6. The relative
changes were calculated by dividing the average annual runoff, SIM- and element fluxes after
damming by those before damming. The upper broken line in Fig. 6 represents the average
annual runoff change in the Lagarfljot and the lower dotted line represents the average annual
runoff change in the Jokulsd & Dal. Riverine fluxes are controlled by the runoff and
concentration of riverine elements. The broken lines in Fig. 6, expressing the relative annual
runoff change after damming, help identify the origin of the flux changes. Element flux changes
which are equal to the discharge changes (lines on Fig. 6) are controlled by discharge while
SIM- and element flux changes which are higher or lower than the discharge changes are
influenced by SIM and element concentration changes. The flux changes which are higher than
the discharge lines on Fig. 6 are due to a concentration increase and those which are lower are

due a concentration decrease (Fig. 6).

The overall effect of damming on the average annual flux of suspended- and dissolved
elements of the Jokulsa & Dal and the Lagarfljot, is presented in Fig. 7 (and Table 1). Negative
and positive numbers refer to fluxes that have decreased and increased, respectively, due to
damming. The average combined runoff of the Jokulsa & Dal and Lagarfljot increased by 11%,
from 1998-2003 to 2008-2013 (broken line on Fig. 7), increasing the fluxes of some elements
that are controlled solely by discharge. Most of the fluxes of dissolved constituents increased
except the fluxes of F, POs, NO>, total N and Sr, which decreased by 2—-32%. Fluxes of other
dissolved elements increased by 8-53%, except dissolved fluxes of Fe, which increased from
58 to 286 tonnes per year, and of Ti which increased from 4.75 to 16.7 tonnes per year, or 391
and 251%, respectively (Table 1). The Fe flux increased in both the Lagarfljét and the Jokulsa

a Dal, due to increased runoff in the Lagarfljét and due to increased Fe concentration in the
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Jokulsa & Dal. The average concentration of Ti in the Lagarfljot is now 10 times higher than
before damming. The average annual SIM flux, however, decreased dramatically from 5.8
million tonnes/yr to 860 thousand tonnes/yr (Table 1), or by 85%, due to accumulation of

sediments in the Halslén reservoir.

3. DISCUSSION

3.1 Particulate dissolution and nutrient supply to the coastal ocean

The annual suspended particle flux decreased dramatically due to damming (Figs. 5, 7 and
8). Until recently, these particulates were assumed to be inert in seawater due to slow
dissolution rates and high burial rates. However, recent studies have shown that particulate—
seawater interaction is significant and can dominate the input to the oceans of numerous trace
elements and nutrients (e.g. Jeandel et al., 2011; Jones et al., 2012a, 2012b; Pearce et al., 2013;

Jones et al., 2014).

The results summarized above show that 5 million tonnes of fine grained suspended
sediments are retained in the Halslon reservoir and the Lagarfljot lagoon annually (SIM in Table
1). This mass corresponds to 85% of the combined SIM flux of the Jokulsa & Dal and Lagarfljot
before damming. Most of the particulates retained by the Halslon reservoir consist of relatively
coarse grained suspended particles, 60 to 200 pum in diameter, while the finer material passes
through the power turbines into the Lagarfljot. After damming, the most common grains in the
Lagarfljét and the Jokulsa & Dal during the overflow of the Halslon reservoir are silt-clay sized
(<60 pum) (see Fig. 8). Because of an exponential relationship between grain size and geometric
surface area, the average specific surface area of the particles passing downstream through the
power plant increased. Consequently, the particulate geometric surface area flux reduction due

to the damming is less than the particle flux reduction, or 50%.
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The particles discharged into to the coastal waters could release some elements to the ocean
via dissolution or coupled adsorption/desorption. The particulate flux of non-soluble elements
like Fe, and to a lesser degree Si, is likely to be more significant to the coastal water chemistry
than those of soluble elements like Na, Ca, and Mg (Jeandel and Oelkers, 2015) since they are
preferably transported to the oceans by particulates. Only a small dissolution or desorption from
particulate material will dominate the input of non-soluble elements (e.g. Fe, P, Al, Ti) into
seawater (Jeandel and Oelkers, 2015). After damming, the reduced mass flux of suspended
particles likely lowers the release of less soluble micro nutrients to the coastal waters. However,
the specific surface area of the particles arriving to the oceans are higher after damming due to
their smaller grain size, which counteracts some of effect of overall lower particulate fluxes. If
one considers nutrient and trace element release to be proportional to the surface area flux, one
would expect an approximately 50% reduction in the release of these elements to the oceans

due to damming (Table 1).

3.2 The mechanism of changing dissolved element fluxes

After damming, an increase in the combined total flux of most dissolved elements of the
Jokulsa a Dal and Lagarfljot was observed (Fig. 7). Some of this increase stems from increased
runoff due to a warming climate during the study period (Gislason et al., 2009; Eiriksdottir et
al., 2015), and/or enhanced melting of the Bruararjokull glacier which retreated by 4.5 km after
damming due to higher water pressure at the base of the glacier (Gunnarson et al., 2014). The
average annual runoff increased by approximately 11% between 1998-2003 and 2008-2013
(broken line on Fig. 7; Table 1), while it decreased by 8% in the control direct runoff river
Fellsa (Fig. 1), consistent with a 9.7% decrease in rainfall over this time (The Icelandic

Meteorological Office, 2016). The combined fluxes of most dissolved elements in Jokulsa &
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Dal and Lagarfljot, however, increased by more than 11% (Fig. 7). Major dissolved elements

fluxes increased by 13-31% due to the damming.

As described above, the broken and the dotted lines in Fig. 6 represent the relative annual
runoff change in the JOkulsd & Dal and Lagarfljot after damming relative to that prior to
damming. Riverine fluxes are the product of runoff and riverine elemental concentrations so
that flux changes can be both due to discharge and concentration changes. It can be seen in Fig.
6 that the relative flux change of about half of the measured components in the Lagarfljot are
above the runoff change line (the broken line on Fig. 6) and have therefore increased by more
than can be explained by the runoff increase alone. Similarly, the relative riverine flux change
of the majority of the measured components in the Jokulsa & Dal is higher than the runoff change
line which indicates that they have decreased less in the Jokulsa & Dal than can be explained by
runoff changes alone. Thus, the combined flux increase of most of the dissolved elements (Fig.
7) is influenced by a concentration increase of these dissolved elements in the rivers. There are
many factors contributing to the dissolved concentration increase in the various dissolved

elements:

1) One contributor to the increase in dissolved element fluxes is a change in the saturation state
of river waters with respect to the common secondary minerals in Icelandic soils, especially
allophane. Calculations performed using PhreeqC together with the Gysi and Stefansson (2011)
thermodynamic database shows that the saturation state of allophane, a common Al-Si
secondary mineral in Icelandic soil, in the Jokulsa a Dal increases with increased discharge,
implying that the water is supersaturated at high discharge and becomes undersaturated at low
discharge (Fig. 9). Before damming, the Jokulsa & Dal discharge was high, leading to the
allophane supersaturation; after damming this saturation state was lower. As the saturation
state of allophane was lower after damming due to lower discharge, less is likely to precipitate
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and Al and Si such that these remain dissolved in the river compared to before damming.
Moreover the saturation states of potentially dissolving phases including basaltic glass and
olivine, pyroxene and plagioclase in the Jokulsd & Dal after damming are slightly more

undersaturated than before damming, increasing their dissolution rates.

2) Another mechanism contributing to the increased total flux of dissolved elements in the rivers
is the chemical weathering of suspended material in the Halslon reservoir and Lagarfljot lagoon.
This increase is supported by the observed changes in sodium fluxes in the Lagarfljét lagoon
corrected for atmospheric input (Na*), that increased substantially more than the runoff (Fig.
7; Table 1). Sodium is a soluble element that, after correction for atmospheric input, stems
exclusively from catchment rock dissolution and is negligible taken up by secondary phases.
The relatively high Na* flux increase compared to the runoff (Fig. 6) indicates an increase in

the dissolution of particulate matter within the reservoir and lagoon.

Chemical weathering in the Halslén reservoir is likely slower than in the Lagarfljét because
of its low temperature and as it is ice-covered much of the year. However, measurements of
samples collected at depth in the reservoir, which is up to 170 m deep, indicate increasing
element concentrations with depth, since the deep water tends to be stagnant and has therefore
more time to react with the suspended particles, whose concentration also increases with depth
(see Table A2 in the electronic annex). Increased water—rock interaction with depth causes pH
to rise and the alkalinity and concentration of many major elements to increase. The oxygen
level in the water also decreases with depth increasing the mobility of many metals including
Al, Fe, Mn, Co, Cr, Cu and Ni, and as a by-product of increased mobility of Fe, the mobility of
phosphorus increases as well. This stagnant, more reacted deep water in the Halslon reservoir
is likely to be mixed within the entire reservoir during overturning of the water due to
temperature gradients, thereby increasing the concentration of numerous elements in the
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Halslon water. As the total mass of deep, stagnant water is only around 10% of the total
reservoir volume (Thorkellsdottir, 2001), this effect will only be large for those elements that
are particularly concentrated in the deep waters such as Al, Fe, Mn, Co, Zn, and Ti (Table A2
in the electronic annex). Note the flux of these metals increased by 24 to 391%, in the Jokulsa

a Dal and Lagarfljot catchments.

3) A third factor increasing the dissolved element fluxes after damming is a decrease in the net
primary production in the Lagarfljot lagoon. This leads to a lower uptake by the biota of
essential nutrients including Si and NOs. Despite of increased water flux, the concentration of
SiO2 in summer samples collected from the Lagarfljét increased by 10-15% due to damming
(Fig. 10). Further, the concentration of NOz in summer samples in Lagarfljét was on average
three times higher after damming (Eiriksdottir et al., 2015 and Table A2), indicating less uptake
of nutrients by biota after damming. This observation could be attributed to lower silica
phytoplankton production in the lagoon (Hansen et al. 2013). The penetration of light into the
lagoon is 50-70 % less due to damming (Adalsteinsson and Bodvarsdottir, 2014) because of a
higher concentration of suspended matter. Moreover, recent work indicates that the freshwater
char stock in the Lagarfljot declined by 60-70% from 2005-2006 to 2011-2012 (Jonsson et al.,
2013). This finding is in concert with the flux changes in NOz and N-total shown in Figure 6.
In contrast, the fresh water salmon stock in Jokulsa a Dal has grown after damming because of

the removal of the glacial water from the river channel (Gudbergsson and Njardardottir, 2014).

Decreased net primary production is also reflected in the concentration of total N, which is
the sum of dissolved organic and inorganic N. The flux of total dissolved N decreased while
the flux of dissolved NOs increased to a similar extent. The flux of NHa, the other major
inorganic N species, was unchanged. A decrease in NO3z consumption by photosynthesizing
organisms after damming, due to higher particulate load and lower water transparency in the
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Lagarfljot, leads to decreased organic N production in the lagoon and thus, a higher riverine
NOz flux. The particulate organic matter (POC and PON) fluxes have, however, increased,
possibly due to increased erosion on the banks of the Lagarfljot due to increased discharge after

damming (Thorarinsdottir and Einarsson, 2012).

In contrast to the combined total dissolved N fluxes (N-total), fluxes of total dissolved P
(P-total) fluxes increased and the PO4 flux decreased in the river catchments (Fig. 7). The
increased P-total flux is proportional to the decreased PO flux. This can be explained by the
surface reactivity of PO4. Increased residence time promotes PO4 adsorption onto inorganic-
and organic colloids (Ruttenberg, 2003) and thus increases the P-total concentration. The
phosphorus concentration in glacial rivers has been shown to be higher than in non-glacial rivers
due to the weathering of fine grained glacial sediments and a limited vegetation cover (Gislason
etal., 1996; Hodson et al, 2004; Hood and Berner 2009; Eiriksdottir et al., 2015). This is evident
in Fig. 3, where the overflow of the Halslon reservoir, which has a high PO4 concentration
compared to the non-overflow water in Jokulsa a Dal, adds substantially to the annual flux of

total dissolved P of the Jokuls4 & Dal.
3.3 Increased filterable Fe and and Ti fluxes after damming

The annual flux of filterable Fe (Raiswell and Canfield, 2012) and Ti of the combined
Jokulsa & Dal and Lagarfljot rivers increased by 391% and 251%, respectively, which is far
more than the annual flux change of other dissolved elements (Figs. 5 and 8 and Table 1). The
term “filterable” in this context refers to that which passes through the 0.2 um filter used during
sampling. Iron and Ti commonly form 0.01-1 pum colloids (Raiswell and Canfield, 2012) such
that a large part of these elements could pass through the 0.2 pum filters used in this study. Ultra-
filtration can distinguish the truly dissolved from the colloidal Fe and Ti fraction (Pokrovsky

and Schott, 2002; Raiswell and Canfield, 2012). Iron colloids can form by the oxidation of Fe?*
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in surface waters (e.g. Pokrovsky and Schott, 2002). The first iron phase to form by this process
is iron(oxy)hydroxide colloids. Other elements (e.g. Mn, Ni, Cu, Cd, Al, and Ti) can co-
precipitate with the Fe (Pokrovsky and Schott, 2002). These colloids are very surface reactive

and tend to be adsorbed on other surfaces (Raiswell and Canfield, 2012).

Overall, there is an increase in the filterable Fe concentration in the Jokulsé & Dal after dam
construction. This increase is especially large during the spring melt, causing a high Fe flux in
the river. During the spring, the rivers’ discharge is dominated by snowmelt at low elevations
in the catchments. The average Fe concentration in Jokulsa & Dal was higher than in the control
river Fellsa by a factor of two and nine before and after damming, respectively. The most likely
explanation for the filterable Fe flux increase in the Jokulsé & Dal after damming is the removal
of fine grained, suspended particles from the river which, before damming, would have
adsorbed Fe colloids from the water. Iron colloids adsorbed onto particles would be filtered out
in the samples preparation. This possibility is supported by the particle compositions, which
show that the Fe content of suspended particles in the Jokulsa & Dal is higher during the
winter/spring than during the summer/autumn (Eiriksdottir et al., 2008). Before damming, the
total geometric surface area of the suspended matter winter/spring samples in the Jokulsa & Dal
was up to seven times higher than during the summer/autumn and the particulate samples with
the highest surface area also have the highest Fe concentration. Comparison of Age and
measured BET (Brunauer et al., 1938) surface area of the particulate matter collected from
Jokulsa & Dal before damming reveal a surface roughness up from 30 to 200, further suggesting
the presence of iron(oxy)hydroxides; note that ion(oxy)hydroxides have far higher specific
surface areas than other suspended particles (Table A3 in the electronic annex). This hypothesis
is also supported by the observation that the Jokulsa & Dal is supersaturated with respect to

amorphous goethite (PhreeqC) before and after the damming, especially during spring after
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damming. Additionally, the runoff dependene of the dissolved iron fluxes after damming
reveals that the filterable Fe flux behaves similarly to the particulate matter flux. This is
reflected by the slope of the runoff dependency of the relative iron flux which is greater than 1.
Eiriksdottir et al. (2015) concluded that this behaviour is due to the presence of substantial

colloidal iron.

The calculated dissolved titanium flux increase after damming is due to a filterable Ti
concentration increase in both the Jokulsa & Dal and the Lagarfljot. There is a relatively large
Ti spring flux peak in the Jokulsé & Dal, which has the same shape as the Fe spring flux peak.
As it is similar to the Fe spring flux peak, it is likely to be due to colloidal adsorption onto
particulates after damming. Additionally, there is an even larger Ti flux peak in the autumn,
when the Halslon reservoir is overflowing into the Jokulsa & Dal river channel (Fig. A2 in the
electronic annex). A similar behaviour can also be seen in the water samples collected from
the outlet of the Halslon reservoir, before the water enters the Lagarfljot (Table A2 in the
electronic annex). The average Ti concentration in the control river Fellsa was higher during
1998-2003 than during 2008-2013, but the dissolved Ti concentration in the Lagarfljot was
higher than in Fellsa by factors three and eight before and after damming, respectively. As
discussed in section 3.2, dissolution of suspended inorganic matter in the deep, stagnant water
of the Halsldn reservoir causes increased pH and concentration of many major elements. The
water becomes reduced with depth, which mobilizes many metals. The Ti concentration of the
deepest water in this reservoir was more than 50 times higher than in the shallow water
(Eiriksdottir et al., 2014; Table A2 in the electronic annex). The overturning of the water
column mixes the deep water with the rest of the water body, increasing the overall Ti

concentration of the Halslon reservoir, given that Ti secondary phase precipitation is slow. The
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Ti concentration in water from the outlet of the reservoir is on average five times higher than

that before damming (Table A2 in the electronic annex; Eiriksdottir et al., 2015).
3.4 The timing of the riverine dissolved silica flux to the coastal ocean

As sunlight increases in the spring, primary productivity increases in the Icelandic coastal
waters. The spring diatom bloom consumes dissolved silica in such large quantities that silica
becomes the limiting nutrient for diatom primary production (Olafsson et al., 2008). The
melting of snow during the spring increases river discharge and the fluxes of numerous river
constituents to the coast, including that of silica. In this way the abrupt spring water flow peak
is important for primary production in the coastal waters. In addition, phytoplankton
communities are sensitive to nutrient load changes. Depletion of silica relative to N and P has
caused decreased silicate diatom blooms and increased blooms of non-diatom phytoplankton
(Conley et al., 1993), similar to what has happened in Scandinavian coastal waters (Maestrini

and Graneli, 1991).

Despite substantial annual flux changes due to the damming of the Jokulsa & Dal, as spring
snow melt in Iceland is dominated by low elevation melting, the dissolved Si spring fluxes are
relatively unaffected by the presence of the dam, which is located at 625 m a.s.l. (see Figs. 3
and 5). In fact, the dissolved spring fluxes of Si, Fe, P-total (Fig. 5) and NOgz (Fig. A3b in the
electronic annex) increased after damming. However, the dissolved spring N-total fluxes are
slightly lower after damming because of lower water transparency and primary production in
the Lagarfljot lagoon. Taken together it seems likely that the construction of this dam will have

relatively little effect on the spring silica diatom bloom off the Icelandic coast.

3.5 Comparison of damming in a glacial vs. non-glacial rivers
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Glacial rivers differ from non-glacial river in numerous ways. They have very seasonal
discharge and, unlike non-glacial rivers, carry larger amounts of fine grained, inorganic
suspended matter. Reservoirs in glacial rivers have shorter operation time than in non-glacial
rivers due to a high sedimentation rate in the reservoirs. Therefore, and due to high seasonal
fluctuations, reservoirs in glaciated catchments need to be large. Greenhouse-gas emission from
man-made reservoirs can be of concern, especially when located in areas with thick, organic
soil. Soil development in the vicinity of an active glacier is slow, and glacial river damming in
the vicinity of the glacier is therefore not likely to cause high emissions of greenhouse-gases
due to organic matter decay occurring at the bottom of the reservoir (Oskarsson and

Gudmundsson, 2001; 2008; Gisladottir et al., 2014).

Damming a glacial river catchment causes accumulation of large amounts of particulate
matter, which would otherwise have been carried to the ocean. That affects the particulate flux
of non-soluble elements to the coastal waters (Oelkers et al., 2012; Jones et al., 2012a; 2012b;
Jeandel and Oelkers, 2015), of which many are essential nutrients (e.g. Falkowski, 2003).
Reduction of riverine particulate transport due to damming of glacial rivers can thus diminish
the fertility of the coastal waters. Further, glacial rivers are an important source of sand to the

shorelines which, if dammed, can lead to coastal erosion (Pilkey et al., 2011).

Photosynthesis and nutrient uptake in reservoirs on glaciated catchments is low because of
their high concentration of suspended matter, and limited transparency. This contrasts with
reservoirs in non-glacial river catchments, which have higher transparency allowing more
photosynthesis and nutrient uptake within the reservoir, and enhanced production of organic
matter. The decomposition of this organic matter consumes oxygen and may cause anoxia at
the reservoir bottom. Apart from the threat of hypoxia to aquatic organisms, concentrations of
redox sensitive metals can increase to a toxic level (Stumm and Morgan, 1996). The diversion
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of the water from the glacial catchment of Jokulsa & Dal to the partially glaciated catchment of
Lagarfljét has caused calmer water flows and enhanced nutrient uptake due to photosynthesis
in the former. The diverted glacial water from Halslon reservoir, with its” high particulate load,
decreased the transparency and photosynthesis in the Lagarfljot lagoon and thus, lowered

nutrient uptake as evidenced by increased Si and NOs fluxes after damming.

4. Conclusion

This study explored the chemical consequences of damming on the glacial river Jokulsa &
Dal, and diverted water flow to the partially glaciated Lagarfljot in Eastern Iceland. This system
is particularly complex, as the dam construction diverted glacial water from one river catchment
to the other, changing substantially the nature of the two rivers. The impact of damming on the

combined riverine fluxes to the ocean can be summarised as follows:

1. Five Mt/yr of inorganic suspended matter is trapped annually in the Halslon reservoir
behind the dam. Coarse grained material (60—200 pum) tends to be trapped compared to
the fine grained particles (<60pum). Therefore the overall grain size of particulates
transported to the oceans decreased. Consequently, although the total mass of particulate
material transported to the oceans decreased by 85%, the total particle geometric surface
area flux of the combined two rivers, has decreased by ~50%. As the reactivity of these
particles in the ocean is likely proportional to their grain size, the smaller average size
of these particles may counteract the environmental effects of decreasing particulate
transport.

2. Most dissolved element fluxes to the ocean increased, including those of the micro- and
macro-nutrients Fe, Si and NOs. This increase is interpreted to originate from:

a. increased runoff due to increased melt water.
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b. the effect of lowering mineral saturation states of river water with respect to
common secondary minerals within the catchments, and to a lesser degree, primary
minerals.

c. increased residence time of the river water and suspended particulate matter due to
the presence of the HAlslon Reservoir and the diversion into the Lagarfljot
catchment.

d. increased mobilization of metals due to decreased oxygen concentrations in the deep
part of the Halslon Reservoir.

e. decreased photosynthesis caused by an increase in inorganic suspended matter
concentration preventing light penetration into the Lagarfljot lagoon.

3. The Icelandic coastal waters have lower silica concentration than the rivers. Thus
riverine silica flux is important for the silica diatom bloom, especially during spring.
Despite huge flux changes due to damming of the Jokulsa & Dal, this has not affected
the timing of the spring Si flux to the oceans due to the fact that the spring flux is

dominated by snow melting occurring below the dam.
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Figure captions

Héradsfloi

4@ Landmalingar [slands, Landsvirkjun

Figure 1. Maps showing the location of the two river catchments affected by the damming of
the glacial river Jokulsa & Dal in Eastern Iceland, the location of the sampling sites (white
circles), the Halslon reservoir (dark grey area) created by the dam (black thick line), the
headrace tunnels (grey hatched curves) and the power plant (black square). Also shown is the

location of Fellsa river catchment, an undisturbed river used as a control in this study. The
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Vatnajokull glacier is shown in white in the lower left corner (map from the National Land

Survey of Iceland and Landsvirkjun, National Power Company of Iceland).
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Figure 2. The discharge dependence of the instantaneous flux before (crosses) and after
damming (open circles and grey triangles) of suspended inorganic material (SIM) and dissolved
SiO2, Na and Fe in a) the Jokulsé & Dal at Hjardarhagi and b) the Lagarfljot at Lagarfoss . The

Na flux is corrected for atmospheric input (Na*). The data from the Jokulsa & Dal during 2008—
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2013 are divided into two groups, one with (grey triangles) and one without (open circles)
overflow from the Halslon reservoir. The discharge—flux relationships, indicated by the curves
on the figure, (equations given in Table A1) were used together with the average daily discharge

to calculate the daily- and annual element river fluxes (see Table 1).
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Figure 3. The average daily discharge and suspended- and dissolved flux in the Jokulsa & Dal
at Hjardarhagi before (dark grey) and after (light grey) damming — see text. Before damming,
the discharge and riverine fluxes were highest during peak summer months during glacial

melting. After damming, there are two peaks during the year, first during snow melt in spring

and then again when the Halslén reservoir overflows.
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Figure 4. The average daily discharge and suspended- and dissolved flux in the Lagarfljot at
Lagarfoss before (dark grey) and after (light grey) damming. The increased discharge in the
Lagarfljét after the damming can account for the flux changes of most of the major elements.
Phosphorus and Fe fluxes, however, have increased relatively more than discharge, and N and
DOC have increased relatively less than discharge, due to river water concentration changes of

these elements.
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Combined flux; J6kulsa a Dal and Lagarfljét
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Figure 5. The summed average daily discharge and suspended- and dissolved flux in the Jokulsa
a Dal at Hjardarhagi and the Lagarfljot at Lagarfoss before (dark grey) and after damming (light
grey). The graphs are were generated from the sum of the data shown in Figs. 3 and 4 and show

the overall flux change at the outlet at the coast, which is shared by the rivers.
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Figure 6. The relative changes of annual runoff, suspended inorganic matter (SIM), and
dissolved element fluxes of the Jokulsa a Dal at Hjardarhagi and the Lagarfljot at Lagarfoss.
The relative changes were calculated by dividing the annual runoff and fluxes after damming
by those before damming. Relative runoff and flux changes which are higher and lower than 1
have increased and decreased, respectively after damming. The upper broken line represents
the annual runoff change in the Lagarfljot and the lower dotted line represents the annual runoff
change in the Jokulsa & Dal. Riverine fluxes that changed to the same degree as the runoff are
controlled by runoff, and the ones that differ from the annual runoff change are influenced by

the concentration of riverine constituents — see text.
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Figure 7. Relative changes in combined elemental flux in the Jokulsé & Dal at Hjardarhagi and
the Lagarfljot at Lagarfoss. Negative numbers refer to decreased fluxes due to the damming
and positive numbers refer to fluxes that have increased. Runoff increased by 11% from 1998—
2003 to 2008-2013 as indicated by the broken line. Elements labelled with * have been

corrected for atmospheric input.
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Figure 8. The average particle size distribution of suspended inorganic material in the Jokulsa
a Dal and Lagarfljét before and after damming. Results are based on 237 samples from the
Jokulsa & Dal and 44 samples from the Lagarfljot collected before damming, and 40 samples
from both sampling sites collected after damming. The grain size decreased after damming in
the Jokulsa & Dal but is similar in the Lagarfljét after damming. After damming, most of the

particulates carried to the estuary are smaller than 60 pum.
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Figure 9. The saturation index of the Jokulsa & Dal water with respect to allophane and
amorphous goethite before and after the dam construction. At low discharge, allophane was
undersaturated and became supersaturated with increasing discharge. Amorphous goethite was

supersaturated before and after damming, but more so after damming.
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Figure 10. The seasonal concentration of SiO- in the Lagarfljot before and after damming, and
at the outlet of the power plant. Also shown is the water temperature measured at the sampling

site in Lagarfljot at the time of sampling during 2008-2013.

Figures in the Electronic Appendix:

Fig Ala. Daily riverine fluxes of all measured constituents in the Jokulsa & Dal at Hjardarhagi
before and after damming. The dark grey lines represent fluxes before damming and the light

grey lines represent fluxes after damming.

Fig Alb. Daily riverine fluxes of all measured constituents in the Jokulsa a Dal at Hjardarhagi
before and after damming. The dark grey lines represent fluxes before damming and the light

grey lines represent fluxes after damming.
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Fig A2a. Daily riverine fluxes of all measured constituents in the Lagarfljot at Lagarfoss before
and after damming. The dark grey lines represent fluxes before damming and the light grey

lines represent fluxes after damming.

Fig A2b. Daily riverine fluxes of all measured constituents in the Lagarfljot at Lagarfoss
before and after damming. The dark grey lines represent fluxes before damming and the light

grey lines represent fluxes after damming.

Fig A3a. Combined daily discharge and riverine fluxes of all measured constituents in the
JOkulsa & Dal and the Lagarfljot before and after damming. The dark grey lines represent

fluxes before damming and the light grey lines represent fluxes after damming.

Fig A3b. Combined daily discharge and riverine fluxes of all measured constituents in the
Jokulsé & Dal and the Lagarfljot before and after damming. The dark grey lines represent

fluxes before damming and the light grey lines represent fluxes after damming.
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Table 1. Average annual runoff and fluxes of suspended inorganic matter (SIM) and dissolved
elements in Jokulsa & Dal and Lagarfljét during 1998-2003 and 2007-2013, before and after

damming of Jokulsa & Dal. The rivers merge just before the outlet by the coast and the

Table captions

combined flux is presented in the table. The relative flux change for both rivers and the

combined change are presented. A negative number indicates a flux decrease due to the

damming and a positive number indicates a flux increase.

Jokulsa a Dal at Hjardarhagi
Average Average Average

annual flux annual flux flux change
1998-2003 2008-2013 (%)

Lagarfljét at Lagarfoss
Average Average Average

annual flux annual flux flux change
1998-2003 2008-2013 (%)

Summed flux Lagarfl. and JD Hjardarh.

Average

annual flux annual flux Average flux
2008-2013 change (%)

1998-2003

Average

Runoff
SIM
Ageo
POC
PON

Si

Na*

K*

Ca*
Mg*
DIC
S-total*
S0,4-S*
cl

F*
TDS**
DOC
P-total
PO4-P
NO3-N
NO,-N
NH,-N
N-total
Al

Fe

B

Mn

Sr

Ba

Co

Cr

Cu

Zn

Mo

Ti

m/yr

ton/yr
km?/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr
ton/yr

1 1 -64
5,774,154 163,064 -97
1,843,749 120,909 -93

1,733 633 -63
185 70 -62
13,516 8,816 -33
15,828 7,739 51
662 448 32
17,831 9,101 -49
3,406 3,335 2
21,558 11,618 -46
1,179 527 -55
1,224 486 -60
5,265 3,248 -38
170 76 -55
203,798 88,332 57
190,659 104,336 -45
1,644 1,048 -36
59 18 -69
71 13 -82
118 27 -77
5 1 74
77 24 -69
265 89 -90
75 34 -56
37 183 399

7 3 61

10 8 22

8 9 10

0 0 -47

0 0 -33

0 0 -58

2 1 -51

2 1 -43

1 0 -56

3 4 47

1 3 93
85311 696,760 717
66,970 864,047 1,190

951 2,601 174
106 299 183
14,682 28,243 92
11,017 23,659 115
513 1,044 103
18,612 34,945 88
4,876 6,897 41
19,016 34,048 79
1,718 3,092 80
1,839 2,821 53
9,500 8,445 43
115 204 77
160,892 285,885 78
179,442 327,750 83
1,182 2,507 112
16 74 359
21 59 180
63 182 191

3 4 28
37 91 146
196 345 76
22 112 400
22 103 376

6 11 83

4 10 131
17 13 23

0 0 89
0 0 238

0 0 117

2 2 59

2 4 133

0 1 151

2 13 522

3
5,859,465
1,910,719

2,684
290
28,198
26,845
1,175
36,443
8,282
40,574
2,897
3,063
14,765
285
364,690
370,101
2,826
75
92
181

114
461

3
859,824
984,956

3,234
369
37,059
31,399
1,492
44,046
10,232
45,666
3,619
3,307
11,693
280
374,216
432,085
3,555
92

11
-85
-48

20

27

31

17

27

21

24

13

*Corrected for atmospheric input. TDS** measured TDS. TDS*** TDS calculated from the concentrations of major elements.
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Tables in the Electronic Annex:

Table Al. Equations describing the variation of element flux (y) as a function of discharge (x)
in the Jokulsa & Dal at Hjardarhagi and the Lagarfljot at Lagarfoss before and after dam
construction (see Table A2 in the electronic appendix). Overflow of the Halslon reservoir
changes the chemical composition of these elements in Jokulsa & Dal, thus requiring two distinct

equations to calculate element fluxes from discharge after the damming of the Jokulsa & Dal.
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Jokulsa a Dal at Hjardarhagi Lagarfljot at Lagarfoss
Element Unit 1998-2003 2008-2013 overflow 2008-2013 1998-2003 2008-2013
Sio, mol/s |y=1.06x>°® R*=0.79 |y=1,092x"*° R*=091 y=0.193x>%"  R?=0.98 [y=0.165x"%" R*=0.96
Na* mol/s |y=151x""7 R?’=0.82 [y=126x""" R*=091 y=0.182x"%%  R?’=098 [y=0520x"7" R*=0.80
K* mol/s |y=0.030x"%" R?’=0.73 |y=0.017x"%° R*=0.82 y=0.0052x"%® R?’=0.93 [y=0.0033x"*> R?=0.70
Ca* mol/s |y=0.60x>%° R?*=091 |y=0.654x"%* R?=0.91 y=0.173x"% R?=0.99 |y =0.270x"%® R?=0.87
Mg* mol/s |y=081x"*’ R*=037 |y=0386x"%° R*=0.88 [y=0.177x"% R*=0.68 |y=0.079x""  R?=0.97 [y=0.0975x"%* R*=0.85
DIC mol/s |y=3.44x>"° R*=087 |y=3359x°*° R?*=0.91 y=0.674x"""  R*=099 |y=0640x""" R?=0.94
Stotal* mol/s [y=0.214x>%7 R?=0.34 |y=0.145x"*® R?’=0.30 |y=0.020x"%° R?=097 |y=0.0275x"% R?*=097 |y=00765x"%® R*=0.73
S04* mol/s |y=0.184x"** R?=0.48 |y=0.073x>*’7 R*=0.58 |y=0.0159x"%’ R*=0.85 |y=0.0246x"°" R?*=099 [|y=00321x"%® R*=0.85
cl mol/s |y=0.179x"%® R?=0.81 [y=0.108x"%* R*=0.88 |y=0.0393x"*? R?=0.87 |[y=0.0822x"%® R?=0.92 |[y=0.0435x'%* R?=0.73
F* mmol/s|y=26.2x"° R?’=0.74 |y=16.2x"*> R*=0.88 y =2.45x%%2 R?2=0.97 |y=5.11x"7% R?=0.50
TDS g/s y =163x°7° R?=0.88 |y=162x""* R?=0.94 y = 60.0x°%* R?2=0.97 |y=111x%%! R?=0.59
TDS g/s y = 348x°€° R?=0.86 |y =354x%%° R?=0.92 y =73.2x%%? R?2=0.98 |y =82.3x"%° R?=0.94
DOC mol/s |y=0.026x"%2 R?’=0.83 |y=0.079x%® R*=0.75 |y =0.0348x"*? R?=0.53 [y=0.0371x"%* R?=0.85 [y=0.212x"7° R?=0.19
POC mg/s y=84.4x"% R?=091 |y=173x"° R?=0.77 y =273x%%° R?2=0.78 [y =539x"%3 R?=0.49
PON mg/s y=7.80x"* R?=0.86 |y=12.8x!?* R?’=0.76 y =43.5x%%2 R2=0.79 |y =87.3x"% R?2=0.28
SIM g/s y=0.201x>*® R?=0.86 |y=505x!?® R?=0.53 |y=527x'?® R?=0.94 [y=53.9x%% R2=0.72 [y =200x"%" R?2=0.62
Pz mmol/s|y=1.11x%" R?=0.83 |y=123x"®> R*=065 [y=0.766x"" R2=0.99 [y=0.489x"7° R2=0.81 [y =0.889x°%? R?2=0.83
PO, mmol/s |y =0.685x°%% R?=0.91 |y=0387x°7® R2=0.74 |y=0.783x"%8 R?=092 |y=0475x"%" R*=064 [y=0706x>% R?=041
NO; mmol/s |y=11.7x°6  R2=054 |y=344"  R2=011 |y=560x°% R2=096 |y=698x°%  R2=035 |y=656x77  R*=0.54
NO, mmol/s |y =0.0515x*%® R*=0.92 |y =0.0406x'> R?*=0.88 y=0.0832x"%° R*=0.81 |y=00497x"% R*=0.56
NH, mmol/s|y=0.217x'%° R*=0.82 |y=0.285x"" R*=0.73 |y=12x"% R?=0.14 |y=0259x'?° R*=076 [y=0277x'?* R*=024
Niotal mmol/s |y =12.0x°"  R*=081 |y=0413x""" R*=077 y=1340°7° R=067 |y=370x"7  R?=0.19
Al mmol/s |y=0.582x"% R*=0.86 |y=1.02x"%2 R?=070 |y=0.506x""* R?=0.88 |y=0.126x"' R*=087 [y=0.190x"*° R*=036
Fe mmol/s |y =0.0374x*** R*=0.70 |y=0.239x'*° R?=077 |y=0.247x"% R?=0.58 |y=0.063x""" R?=076 |y=0214x""* R?=0.13
B mmol/s |y=0.617x°7> R?=0.77 |y=0.776x*%?® R?=0.81 y=0281x"%  R?=066 |y=0518x"7® R2=0.0
Mn mmol/s |y =0.0479x°%° R*=0.72 |y =0.0112x"** R*=0.75 |y =0.0583x"*’ R?=0.90 |y=0.10x"%* R?=041 |y=0.186x"* R?=0.24
Sr mmol/s |y =0.390x*4* R*=049 |y=0.197x*"® R*=0.92 [y=0.192x"%° R?=0.74 [y=0.0709x"%* R?=0.97 [y=0.131x"%® R*=045
As pmol/s |y=0.750x*% R*=0.76
Ba umol/s |y=0.250x"%" R*=0.72 |y=0.659x"*° R?=0.81 |y=0.321x"%’ R?=040 |y=0.16x"" R*=0.80 |y=0966x"7>  R*=0.22
cd pmol/s |y =0.0168x**® R*=0.62
Co pmol/s |y=0361x"* R?’=0.74 |y=0.446x"%® R*=0.85 |y=0.627x"%° R?=049 [y=0.248x"%® R’=071 [y=0560x"%"  R?=031
Cr umol/s |y=16.9x°%" R2=0.65 |y=12.7x>** R*=0.76 y=0984x>%"  R’=0.74 |y=466x""" R?=0.12
Cu pmol/s |y=26.0x7° R?’=0.68 |y=12.1x"° R*=093 [y=830x>%° R?=0.84 [y=903x"%* R?=0.94 |y=207x*"® R?=0.76
Ni umol/s |y=4.21x"%° R*=0.75 |y=160x""" R*=0.94 |y=1.50x"" R?=0.75 |y=1.42x"" R*=0.65 |y=0.912x"**>  R*=0.65
Pb umol/s |y=0.108x"°" R*=0.64 |y=0.060x"%> R*=0.95 y=0.035x""®  R?=0.79
Zn pmol/s |y =8.640x°°> R?=0.56 |y=4.16x*?> R*=0.76 [y=26.9x" R?=0.79 [y=1.93x"% R?2=0.61 |y=0.471x""3 R?=0.40
Hg umol/s
Mo pmol/s |y=53.2x?7 R?=0.30 [y=257x"%* R*=0.56 [y=7.437x"%2 R?=0.80 [y=3.15x"%" R?=0.89 |y=4.195x"%  R*=0.69
Ti umol/s |y=2.12x° R*=0.76 |y=56.0x"% R?=0.61 |y=42.0x"" R2=054 [y=7.12x""° R2=0.70 |y =15.4x*° R2=0.15
\ mmol/s y=0.958x>4° R*=0.65 |y=0.333x"*% R*=0.96 y=0.442x"72  R*=0.59

* corrected for atmosphericinput

Table A2. Discharge and concentrations of measured components in rivers monitored from

2007-2013 in Eastern Iceland.

(given in an Excel table)

Table A3. Suspended particulate BET- and geometric surface areas (Ageo) in the Jokulsa & Dal

at Hjardarhagi and the Lagarfljot at Lagarfoss before (1999-2000) and after (2009-2013)
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damming. The Ageo Was calculated from measured grain size distribution and the concentration

of suspended inorganic particulates in the samples.

BET Ageo
Geometric Roughness

Sample Date Time Discharge Surface area surface area  factor
number m’/s m’/g m’/g
Jokulsa a Dal at Hjardarhagi
99-A044 23/08/1999 16:00 265 27 041 66
99-A051 28/09/1999 19:35 152 60 0.72 83
99-A058 03/11/1999 14:30 52 59 1.24 48
99-A064 08/12/1999 13:00 39 81 1.45 56
00-A026 11/04/2000 18:20 19 11 0.54 21
00-A028 08/05/2000 13:20 283 26 0.13 209
00-A041 07/06/2000 09:30 54 0.41 133
00-A050 12/07/2000 10:00 302 33 0.38 86
00-A059 09/08/2000 10:00 493 31 0.33 95
10-A010 14/04/2010 17:15 61 56 0.20 284
Lagarfljot at Lagarfoss
99-A043 23/08/1999 12:10 59 11 0.38 28
00-A054 08/08/2000 11:30 53 31 0.58 54
09A023 11/08/2009 19:25 363 71 0.29 241
10A025 24/08/2010 19:40 263 71 1.26 56
11A032 01/11/2011 12:25 292 68 0.57 119
12A034 05/12/2012 12:15 135 92 0.31 297
13A018 18/07/2013 12:40 294 92 0.58 159
13A022 09/09/2013 12:15 180 86 0.43 198
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