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ABSTRACT

A number of potential negative effects on aquatic environments are associated with rockfills.
However, n southwestern Norway, lakes and rivers downstream from large rockfills were
among the very few sites where trout survived the acidification periathidrstudy, twelve
rockfill dams, three rockfill dumps, several downstream locations and references were
surveyed.The seepage water from the dams were found to have considerably elevated
concentrationof ions compared to the reservoir watddespitea los of alkalinity from
oxidation of sulphide minerals, a net positive contribution to the downstream lakes was
established. Simulatiordemonstrate a positive effect on the water chemistry downstream of
the rockfills. The study suggest that this bufferinigetffhas contributed to the survival of trout
populations.
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1 INTRODUCTION

Rockfills are associated with many different kinds of pollution, such as particles, nitrogen
compounds and metals. Moreover, rockfills are a potential source of sulfuric acid through the
oxidation of sulphide minerals. This effect is common in the mimaigistry (Snoeyink and
Jenkins 1980), where it is referred to as Acid Mine Drainage (AMD). Adverse effects of
sulphideoxidation have also been linked to other engineering and construction activities
(Segrensen 1988, Hindar and Lydersen 1994, Hindar eDa&b)2Furthermore, acidification
effects have also been reported from rockfill dams. Fell et al. (2014) list several examples of
acidic seepage caused by the oxidation of pyrite{FeS

Acidification is not restricted to local sources. During the pagucgnatmospheric deposition

of longrange transported sulphuand nitrogercompounds has severely affected surface
waters throughout southern Norway. Waters in Sirdal and adjacent mountain areas in Rogaland
are dilute and unbuffered and are thereforéiqdarly sensitive to acidification (Enge 2013).

In Sirdal, an emerging decline of the trout (Salmo trutta) populations was observed as early as
during the late 1800s, possibly caused by effects of acidification (Enge et al. 2017). After the
mid 1900s, tk population decline accelerated, and in the late 1970s the vast majority of trout
populations in Sirdal and adjacent mountain areas were considered lost due to acidification
(Sevaldrud and Muniz 1980).

Surveys from southwestern Norway (Sevaldrud and K880, Gunnergd et al. 1981)
revealed that all trout populations adjacent to rock dumps and rockfill dams survived the
acidification. Sporadic water chemistry measurements from dam leakages in the past decades
showed higher pH, alkalinityand conductivig-values than in the corresponding reservoirs
(Enge 2009).

Seek to understarttie potential chemical effects from usage and disposal of blasted rocks in
aguatic environmentgind evaluate if these effects may explain the observed survival of trout.



2 THEORY/BACKGROUND

2.1 General Water Chemistry/Chemistry and composition of natural
waters

95-99% of the total dissolved inorganic solute composition of nastund&cewatess consists
of four cations (Ca, Mg2+, Na+, K+) and three anions (HG@COs2-, SO, Cl-), listed inorder
of abundance (Brezonik and Arnold, 201Hpwever, here are many exceptions to theneral
composition

The sources ohe ionsare primarilybedrock, atmospherand may alsencludeanthropogenic
contribution. When passing though a catchment, the chemical composii®modified by
several chemical, physical and biologipabcesses

2.2 Atmospheric contribution and processes

Atmospheric depositioprocessesf aerosolsan be divided into two typedry depositionand
wet deposition.These includemarine (sea salts) and continentamponentgterrestrial soil
dust and anthropogenic pollutigipy 2004. The transportatiodistance andlepositionare
influenced byparticle sizewind directionand velocity but arealsogeographically restricted
and limited by topographic barriers.

2.2.1 Precipitation chemistry

Evaporatedvatercan be transported over long distances and deposited as rain, snow, hail or
any other form ofvet precipitation.Various chemical componenére incorporated into the
water as it condense$his dilute solution of dissolved saltan be further transforrdeby
natural and anthropogenic chemical processes in the atmogfheryink and Jenkins 1980).

Water equilibrates with the gases in the lower atmosphdrieh cansignificantly influence

the chemistryof the precipitationSome of the minor constituerguch as C®and SO, are

very soluble compared to the other major atmospheric constituentsz2lided\N® (Snoeyink

and Jenkins 1980)n an unpolluted atmosphetée pH of precipitation is 5.7, a result of the
equilibrium with the weakly acidiclissolved CQ (Stumm and Morgan 1996Any small
amounts of the acigroducingSQ and NQ will lower the pH even further. These gases
primarily originate from fossil fuel combustion and react with the precipitation water to form
sulphuric and nitric aci@H2SO: and HNQ).

The concentration of ions in precipitation decrease with increasing distance from th&lusast.
coastal gradients are seen in the geographical distribution of sodium and chloride concentrations
in lakes in NorwayWright andHenriksenl978.



2.2.2 Marine contribution

In lakes with limitednon-marine contribution combined withhigh precipitation and rwfif

rates, the composition of the precipitation can have a significant influence on the ionic
concentration. As the water passes through the catchment, the ionic composition is modified by
a range of interrelated processes.

Wheninvestigaing the chemicagffectfrom the bedrock and anthropogesauirces, thenarine
contribution of ionsmust be subtractet correct for the sesalt effect Cl- and SQ2, both
major components of semater, are mobile ion$recipitation input and hydrological output
Cl- and S@- in the catchment is close to balanaedking themsuitable as tracers in the
catchmen{Skartveit198lL). In addition to the marine sourc®s2- has a number of both natural
and anthropogenic sourcd3ue to minimal anthropogeni@and terrestriabources of C)the
concentration of Ctan serve as andicator of the seaalt influence

Assuming that all chloride is exclusivedy marine origin and that the ionic proportions of the
marine contribution in the atmospheric depositioeof the same ratio as seater(Table 2.1)
the marine faction of ions can be estimated from chloridehe nommarine concentration
(denoted with an asteriskf any ion( fi Xim g samplecan be calculated with the following
formula:

N Z

AR — 6 &

Table 2.1 Primary ionic composition of seawater

lon Seawater (g/kg Ratio to Cl
Na+ 10.77 0.556
Mg2+ 1.29 0.067
Ca+ 0.4121 0.021
K+ 0.399 0.021
Cl- 19.354 1.000
SO 2.712 0.140

1 Stumm and Morgan (1996)



2.3 Hydrogeochemical contribution and processes

The proportions of the solutes in natural waters depend highly on the local geochemical
conditions (Brezonik and Arnold, 2011). The concentration is influenced a range of
hydrogeochemical processes)cluding dssolutions and precipitation, redox reactions,
hydrolysis, ion exchange and complexinGhemical weathering is the alteration and
decomposition of the rock material through hydrogeochemical processes.

The primarychemicalweathering agent iwater andcarbonic acidderived from atmospheric
COz (Stumm and Morgan 1996Farbonic acid acts as a proton donor egatts with the bases
of theminerals CCris protolyzed in two steps

COzg COz(a)
CQzagq)+ H2O H++ HCGs
HCOs- H++ COs2

Calcite being a good exampsé this kind of weathering

CaCG+ H+ Ca++ HCGs
CaC+ HO0 Ca++ HCGs + OH
CaCo+H20 + CQ Ca++ 2HCG

This is a relatively fast reaction thabduce calciumand bicarbonat@ns anchasa significant
effect on he ionic concentratiom water

The aluminesilicate minerals are a complex group. In general, they weather to form a base
cation, bicarbonatealissolved silica, and a variety of clay mineral products. Albite, a common
feldspar it a good example:

NaAlSizOgis)+ CO2 + 5-H20 - Na+ + HCGs- + 2H4SiOs + - Al2Si203(OH)4

Even though these miner al s dorpeabtion of hydrdlysis n a n
between water and the mineral consumes acid and form bicarbonate fro(Brézdnik and

Arnold, 2011). This has been shown with minerals containing calcium and magnesium like
dolomite and olivine as well (Sverdrup, 1988pwever, tke feldsparreactions proceed much

slower due to kinetic constraingd provide a much smaller contribution to the bicarbonate
concentration in the water compared to the dissolution of carbonate mit@Gwalequently,

surface water underlain by granitiedrocks comprised of quarts and feldspar minerals have a

very low buffer capacity.



The various minerals weather at different rafdse solubility of the material are dependent on
factors such as the pH, oxidatioeduction potential, ionic strength ablgtion, temperature
and pressuréeby 2004)

The interaction between water and gases and the rock material is dependent on the surface are
and the kinetics of the geochemical reactions. The chemical weathering processes can be
induced by thephysical weathering, which increase the sur@eeolume ratio and expose

fresh mineral surfaces, and biotic processes which increase the rate of rganti@004)

While most weathering reactions produce alkalinity, several exceptions exists exgd#tien
of metal sulphide mineralsuch as pyrite (Fep The overall sequence of reactions can be
summarized as follows

FeSe+ —02+ 3-H20 - Fe(OHps) + 4H+ + 2S02-

The oxidation and following reactions of pyrite and other sulpinnieerals are complex.
Exposure of the mineral to aioxygen) and water can result in a large number of different
reactions paths The rate of the process idologically mediatedby e.g. Thiobacillus
ferroxidans an acidtolerant, iron oxidizing bacteri®verall, pyrite oxidize rapidly and result

in the production ofulphuric acidSnoeyink and Jenkins 1980).



2.4 Alkalinity and acidification

The pH of natural waters is determined by ltaéance between tlezidsfrom the atmosphere,
primarily CC, and thecontribution of bases from the lredks. The waters buffer and
neutralization capacity is referred to as the alkalinity which is, for many agueous systems,
controlled primarily by carbonate chemis{§tumm Morgan 1996)n a carbonatsystem, the
alkalinity is defined as:

[ALK] = [HCO 3] + 2[COs2] + [OH-] - [H+]
This equation can be simplified depending on the chemical cond#inos the concentration

of the carbonate species varies with. g4 pH under 8 the carbonic speciesepresentas
COz and HCQo2..

L C#r
#/

. (#
b( b+ IIW

Oligotrophic waters aregyenerally oversaturated with CO(Norton and Henrikseri983.
Despite this, theoncentration of dissolve@Q: is relatively stableompared to thélCOs-.
Subsequentlythe pH is practically a function of a HGOCalcium and bicarbonate are
normally present in equivalent amouf§right and Henriksen 1978Yherefore pH can be
estimated using Ca values.

The Acidneutralizing capaty, ANC, isan alternative definition of alkalinityThe term is often
referred to as h ealculated alkalinity  atakes into account theum of awide range of
protonacceptingand protordonating species

ANC = S(proton acceptors)S(proton donors)

This can require a number of individual ion determinations depending on the siystéom
acceptors such as NOKkérganic anions), aluminium, boron, silicon, phosphorous and sulphur
speciegan contribute to the aciteutralization capacit{Snoeyink and Jenkins 1980n most
cases, theantribution of these speci@eseminimal because their concentrations are generally
too small to have a significant effedihe estimatiorof ANC is often simplified asthe strong
cations and strong acid aniofiie ions included in the equation for most natural waisusily
comprise:

ANC = [Ca+] + [Mg2+] + [Na+] + [K4] - [SQ42] - [CI] - [NO3]

The alkalinity produced in the weathering reactions are equivalent to the cations that are
produced (Wright and Henriksen 1978)In many water bodiesprimarily with low
concentration of organic mattehe alkalinity is approximately equal to the ANCitration

does not distinguish species, measurements of alkalinity are actually measurements of ANC.



Acidification is defined as a loss of alkalinigyd can be estimatdxy thedifference between
pre-acidification the original alkalinityandthe currenalkalinity (Henriksen 180).

[ALK] loss= [ALK] o - [ALK]
In natural oligotrophic water, it is the nomarine cations that contribute to the alkalinity.
[ALK] o0 & S[base cations]*

The sum of normarine calcium and magnesium, marked with an asterisk (*), is approximately
equivalent to the pracidification alkaliniy (Henriksen 1980)

[ALK] 04 0.913 ([Ca]* + [Mg]*)
A simplerequationshas also been proposed:

[ALK]0& 13 [@a]*

The acidification is approximately the sum of roiarine sulphate and nitrafEherefore,

[ALK] = [ALK] 0-x Ac i di f=i[ALK]b-[S@®] - [NOs]

Surface waters with low alkalinity is susceptible to changes inlpHnountain lakes in
Rogaland, the median alkalinity igv@g/L, making them highly sensitive to acidification.



2.5 Study Areal/site description

The study area is located at altitudes of-980 m a.s.l. in south western Norway, within the
counties of Rogalan@ndAgder (fig x). The forest vegetation reaches an altitude of/&TI0M
a.s.l, and the area is characterized by barrenwiibkimited vegetatiorand soil cover.

2.5.1 Climate

The regiorhas acontinental subarctic climate alpine tunra above the tree lirendis prone

to large rainfalls and runaoffThe aanual average temperature and precipitation recoatled
Tjgrhomweather stationocated in the valley bottom 5 km south of Valevatn at 500 mis.s.|,
3.2 C and 1760 mmespectivelyMonthly normak (1961-1990) show peakim precipitation
from September to Januangth a maximum in October (232 mm) and a minimum in April (67
mm). The precipitation normally falls as snow from November to A@rowaccumulation
ranges fron 290 at Tjgrhom (500 m a.s.l) to 1420 mm at Aurdhorten (1200 m(Ersgieet al.
2016. The snowprimarily melts during April to June

Although the spring and summer are the driest periods, the runoff aeesigh due to
snowmelt.Daily streamflow is measured continuously at a station by Jogla looated 2 km
east from Valevatn at an altitude @0 m The catchmentf 31.1 knz drainsmountain areas
up to 209 m a.sl. ands characterized by a mixed snowmelt/rainfall regime (Maor et al.
2016). Monthly average (19#2007) runof§ in May and June illustrates the magnitudehe
snowmeltfrom the accumulated snow and {€egure2.1 b).

a) b)
300 20 9
Precipitation Temperature
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E g
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Figure 2.1 Meteorological and hydrological data from the study area. Precipitation and temperature is
presented with monthly normaiscordedr jgrhom from the period of 1961 to 1990 (a), andtioathly
averagdlowrate at Joglafrom 1973 to 2007 (b)
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Figure 2.2 Increase in precipitation the last 90 years illustrated by regression line (green) of the
precipitation data from the meteorological station «@vre Sirdal».

~

Data from 1930 up to todagcorded atthme t eor ol ogi cal showeah8nom Al vr
increase in precipitation per year (p<0.0qEjgure 2.2) (eKlima.no). This trend is also

persistent ithe runoff datademonstrated by an increase of 32% and 24% inciménal runoff

from 19301960 to 19641990 at Jokp and Tjgrhom, respectively

2.5.2 Geology

The bedrock in the mountain areas of the southern part of Norway is of Precambrian origin and
compiises primarily gneiss and granith little carbonateninerals(ngu.no) These rock types

are slow weathering silicate minerals, and are poatribubr to ionsin natural waters. Waters
associated with such geologye dilute anchave low buffer capacityGlacial deposits are
scarce and mainly located in the valley bottom.

Biotittic gneiss is somewhat less resistant to weathdriatghes of this type of rock damund
distributed in the area, contributing to slightly higher values for pH and calcium in adjacent
waters. Thisvassuggested to be the cause of better fish status in the otherwise extremely dilute
waters in thedm®Bga. (LOAb®e

Pyrite (FeS) is the most abundant of the sulphide minerals found in a variety of geological
formations, including the metamorphic and igneous rocks such as gneiss and granite. Positive
detection of chalcopyrite has been reported from this @edal, 2018. Small quantities of
another less common sulphide mineral, molybdenum disulphide ZMo& be found in
granite.Large deposits of this is spread in a region from Numedal to @rsdalen (Nyudeh



2.5.3 Dams and rock dumps

There are 345 large dan®xceeding 15 m in height) in Norway and over 185 of these are
embankment dams (Lia et al. 201&)which the vast majority is of the rockfill type. An
embankmentdam @ e f 1 namydam consfiiucted of excavated natural materials or of waste
material (ICOLD 1978. If more than 50% of the total volume comprises of natural or crushed
stone, the dam i SCOLD 83sMostof theselaanswerehuilh betwvéen | | 0
1950 and 1990 during Norway®os moSheSirakvinee ns e
hydropower development is one of the largest in Norway, generating 6300 GWh, yearly
accounting for 5% of Norwaybés total power
stations started in B3 with numerous dams being constructed betwe¥0 to 1980 for
regulation and storage of the water in the Sira catchment area. Stradawais thdargestof
thesestanding 130 m tall and regulating a reservoir volume with a retention time of three years
(Table2.2)

Table 2.2 Rockfill dams in south western Norway

Maximum  Crest Base
Name Constructed height length width
Used name Official name Year m m m
Deg Deg 1970 92 390 290
Roskrepp A Roskreppfjord 1968 48 360 140
Roskrepp B Roskreppfjord secondary dam 1968 28 225 89
Svartevann  Svartevatn dam 1976 128 410 400
Tolvkjgrheller Deg Secondary dam 2 1970 36 390 113
Ripledal DegSecondary dam 4 1970 26 90 83
Gravann Gravann 1971 29 270 200
Flothal Flathglmyra main dam 1970 26 215 83
Akslara Akslaratjgrn 1984 335 165 100
Flarli Dam St.Flarli 1999 35 200 120
Lyngsvatn S Lyngsvatn South 1964y 37 660 110
Lyngsvatn N Lyngsvatn North 1975 17 185 50

1 Reconstructed/built 10 m taller in 1975

Excess of ockfills arealso deposited in the terrain or in lakég example of this is lake
Listglvatn The water in the lake was drained and large amounts ofmaskfrom the inlet

tunnel to Tjgrhom Kraftverkwas placed in the lakeThe water level was festablished
afterwards.
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Figure 2.3 Cross section of a typical rockfill dam with a central moraine (Retrieved fromHbeg et
al. 1993)

Every dam is unigue and various types and design eXis¢sdams typically consist ef main
impervious central coref moraine sandy gravel filter, transitioningone of finerrockfill
followed by supporting rockfil(Figure2.1). The dams are constructed of quarried gneiss and

granite from an nearby area

Al t hough the central core i s i ntpiegrhvtioo,usaland
experience | oss of water t hantergtiial nsoeeeqg afg e . S e
water though the construction itself or the dams foundation or abuttmen{s | Q@Y8.Dhis

is accounted foin the design of the dams to limit the seepage



2.5.4 Acidification, water quality and survival of fish

The region is prone to largainfalls and runoff, but receives little marine additcmtribution
of ionsdue to its geographical location (elevation and distance to Gea)bined with a slow
weathering bedrock, theurfacewatess have low ionic strengttvith a low buffer capacityi-ish
populations in such dilute water qualities is primardgtrictedoy pH and conductivity (Enge
and Kroglund 201). Brown trout was formerly highly prevalent the majority of lakes in
Sirdaland adjacent mountain aredsit the populations appeareddeclinein the 1960s and
1970s (Sevalrud and Muniz 1980)

The region was particularity vulnerable to acid input due to the low buffer capacities of the
water.An increase in sulphate and nitrate concentrations in the precipitation in Norway was
consigent with the increase of fossil fuel consumption in a long term precipitation quality data
dating back to 1955 (Joranger et al. 19&X)nsequently, the considerable deposition of acid
precipitation in the mid 1900°s had a significant effatpH valuesin the lakes

At the end of t Hgh pdplaiiodsdirs théakés svés cansiderectigect or
severely damaged. The majority of the lakes was registered to have a pH under 5 during this
period (Sevaldrud and Muniz 198®owever, a few troutpopulations survivedlespite the
acidification(Table2.3)

While testfishing in Valevatnreservoir was found to be negative, several surveys have
established that the populations in Lake Fidjelandsvatn, downstream the Deg dam, survived the
acidification (Larsen et al. 1989, Sevalrud Muniz 1980). Lake Ortevatn, upstream of Lake
Fidjelandsvatnyas found to support a sparse population.

Most of thefish populations in the lakes now included in the Svartevatn reservoir were extinct
except forthree lakes in the eastern part which Bpdrsepopulations. The fish populations in
most lakes and tridaries downstream the Svartgvadam were extinct, except sparse
populations registered lrtake Godfarlonene and the downstrehake Grauthellerva. During

a survey inLake Grauthellervatn it986,a sparse population was found, establishing that the
trout survived.

In addition to these two major study sites, fish populations were also registered in neighbouring
areas associated with dams and rockfilialje2.3).

Since the late 1980°s the sulphur emissions in Europe declined considerable as a result of
several international agreemerfigure 2.4) . In mountain lakes in soutvest Norway, the

water chemistry is close to peeidification state (Enge 2013). The trout populations have
recovered correspondingly.



Table 2.3 Fish population status in registered in various waters in Sirdal. Population status expressed as
follows: 1: Dense population, 2: Sparse population and 3: Extinct.

Area Lake ma.s.l. Year Status pH Cond
Gravvatn dam Sandvatn) 574 1
Gravvatn) 660 > 1970 3
Deg dam Valevan 1)2) 660 > 1970 3
Ortevan ) 565 196061970 2
Fidjelandsvén (1)) 565 1
Rockfills Ognhellera)s) 765 > 1970 1 4,951),5.0Q2 12,7
Hahellervan @) 868 > 1970 1 6,1Q1), 5.30 9.80
Svartevan Store Aurdvn (1) 834 19661970 3 5,33 9,9
(reservoir Lonevan () 825 19601970 3
predam g ortevan 781 19601970 3
construction)
Ytre Storvatny 889 19561960 3 4,93 4,7
Hyttevatn() 865 2 5,19 6,4
L.Aurdvatn() 835 2
Satjgrnu) 873 2 5,26 71
Downstream  S.Godfartjgrn (tributaryy) 769 19661970 3
dS\/artevan L.Godfartjgrn (tributary)y 770 19601970 3
am
Godfarlonenes) 760 19661970 2
Grauthellervatnu)) 754 19601970 2
Salomonsvati) 697 19661970 3
Dyngjanvatny) 681 196061970 3
@ (Sevalrud and Muniz 1980)
@ (Larsen et al. 1989)
@ (Gunnergd et al. 1981)
@ (Enge 1987)
60 0.6
[H+] [Mg]
40 0.4
+ (@]
T =
20 0.2
0 0.0
1970 1975 1980 1985 1990 1995 2000 2005
Year

Figure 2.4 Yearly average of [H and [Mg] measured in precipitation at Skrea in Sirdal. The maoime
contribution isrepresented by [Mg]
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3 METHODS

3.1 Sample collection/locations/data collection/sampling

The study comprised of rockfill dams and rockfill dumps within Rogaland and Agder counties.
The most comprehensive sampling was performed in Sirdal, within the Sira and Kvina
watershedsThe amples were colléed at 13 sites, with a total of 33 sampling locations
categorized into four groups:

- References

- Seepage watdérom rockfill dams
- Lakeswith rockfill dumps

- Downstream locations

The referencemcludedprimarily thereservoirs, but alspristinewater bodiesvere included
The downstream locations comprised of rivers, outlet$ lakeswith distanceranging from
350 m to 1.5 km from the danTheselocationswere included tcstudy the mixing of the
seepage water with other unaffected water bodiesaachine/investigatthe degree/possible
effects of the seepage water in downstream locations/water bodies

With a frequency of 22 weeks, the sampling was distributed throughloune 2018 to March
2019. Samples were collected at the surface of the locations in 500 ml LDPE bottles,
occasionally supplemented with® 250 ml HDPE bottlesThe bottles were primarilynew.
Usedbottles were washed with acid, followed by thorough wagh distilled water. Before
collecting the samples, all bottles were washed by vigorously shaking with four consecutive
portions of sample watefhe bottles wereompletely filled to reduce gas exchange.

Some of the locations were icevered in Decembéo March.The water was collected using

a ARuttnero sampler at O0.5m depth from a dr
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Figure 3.1 Map of study area. The circles include several sampling locations.

3.2 Analytical methods

The water chemistry was characterized by a total opdrametersThe nine parameters,
temperature, pH, conductivity, colour, alkalinity, calcium, chloride, sodium, magnesium, were
determind for all samples, while sulphat&otal cations and fuoride were measurddr 2/3

of the sampleslron, aluminium, and nitrate were includextcasionally Hardnesswas
measuredn 27 sampledor quality controlpurposes, only.

Parameters considered as fpyeservablavere measured within 48 hours (pH, conductivity,
alkalinity and colour). pH was measured immediately after uncapping the bottle to sainimi
possible C@exchange.

Due to the lack of required instrumentation, frequently used methods (Craft 2005) were not
applicable for several parameters. Consequently, rarely used methods were applied, e.g.
conductometric titration of sulphate.

3.2.1 pH

pH wasmeasureqo ot ent i ometrically accor et pHgValueo fH St a
(Eaton et al. 1995). A Cole Parmer pH eretquipped with a Radiometer pHC4001 electrode
was applied. The instrument was calibrated using standard buffersqpldrtl pH @B6).

12



3.2.2 Conductivity

Conductivity wasdetermineda c cor di ng to fAStandard Methodso
conductivity meter for field measurements, and an Amber Science instrument for lab
measurementsgConductivity is an indirectneasureof total ionic contentdetermined ashe

electrical current betvem two inert plates of known geometry. The field and lab instruments

were calibrated with solutions of KCI 718/cm and NaCl 2165/cm, respectivelyThe two
locationsDeg damand its dowrstream location, Jorunnshglewvere equipped with a HOBO

U24 Conductivity Logger (U24€01) programmed to record every six hours.

3.2.3 Alkalinity

Alkalinity was determined by titrating the sample with 0.01 BS&k (diluted from Merck
ATitrisold 0.1 N). Samples with expeadcAed | ov
full titration curve was recorded for each of the samples, and interpolation of the curves yielded

the titration volumes corresponding to the applied endpoint ot gi5.

For low alkalinity values, the direct use of this endpoint yields an overasin of the true
equivalence alkalinity (Snoeyink and Jenkins 1980). To adjust for thigtinagion, a formula
derived by Henriksen (198®%)as applied:

B0V 60UV g o MPTPOOL ; oc¢

(ALK E is the equivalence alkalinity, ALj&=451s the alkalinity corresponding to an endpoint
of pH=4.5, unitsmeq/L).

3.2.4 Colour

Colour was determined according to ISO (7887:2011) and expressed inLmgH&/recom
mended filtration step was omitted due to the low content of particles in the waterp#dso

was measured at 410 in 40 mm glass cuvettes using a Shimadzu spectrophotomé&gas (UV
01).The result is expressed as mg Pt/L, as first proposed by Hazen (1892). The colour produced
by platinum (as KPtCk) tinted with cobalt chloride is close to the natural yelomwnish

colour produced by humic substances.

3.2.5 Calcium, sodium, chloride

Calcium, sodium and chloride were measured potentiometrically using Radiometer ion
selective electrodes (ISEccording ® the manualgTable 3.1). Combined with a reference
electrode, the electrode potentials were measured using a VWR pHenomenal pH1608-H in
mode.The urtertainty limit forthe analysis osodium and chloridare15% and® 0.1 mg/L

for calcium (Espen Enge, pers. com.).
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Table 3.1 Experimental set up for determination of calcium, sodium and chloride

Sample ISA

lon ISE Reference electrode Membrane .
mL mL  Solution
Ca+ ISE25Ca Ref201, single junctior Polymeic 125 0.5 3 M KCI with
saturated with KCI membrane 12.5 mgL Cap++
Na: ISE21Na Ref201, single junctior Glass 10 5 7.5% Ethanolamine
saturated with KCI membrane adjusted to pH 1
with HNO:s
Cl-  ISE/HS25 VWR, double junction Solid state 10 1 1M KNOs
Cl 0.1 M KNGO outer 0.004M HNOs
chamber

« addedas CaCl

3.2.6 Total cations

The determination of total cations was based on the ion exchange method described by Vogel
(1961). The method recommends ldn exchange, followed by strong base titration, and
subsequently adjusting thestet for the loss of alkalinity. In this study, a sodium éxchanger

was applied (Amberlite IR120 Ng obviating the need for alkalinity adjustments. Sodium was
measured potentiometrically#ble3.1).

3.2.7 Sulphate

Sulphate was determined by conductometric titration with barium acetate, modified after Vogel
(1961). The samples were pretreated by dktion exchange (as described &mnations) to
eliminate interferences from divalent cations. Isopropanol (p.a.) wdsdatb reduce the
solubility of the precipitation product (v/v = 2:1). A conductivity titration curve was recorded
using a Greisinger GLF 100 RW conductometer. Linear regression was applied to the linear
segments of the curve before and after the equigalpoint, and the volume was determined

by the intercept between the two regression lidggpéndix C)

3.2.8 Magnesium

Magnesium was measured by atomic absorption
Direct Air-Acetylene Flame Method). An atomic absorptispectrophotometer A&200
Shimadzu was used to read the absorption.

3.2.9 Aluminium

Aluminium was determined photometrically with Eriochrome Cyanine R according to
inStandard MeAl tDh dThed colqur3 wa® Omeasured with a HACH DR/3
spectrophotometeraBBn m i n 10 cuvettes.
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3.2.101Iron

Samples for determination of iron was collected in separate bottles. Iron in water: The samples
were preserved by the addition 0of3: to a pH of 1.4. Iron was measured photometrically
with thiocyanate, after oxidising all iron to ferric state with ceric ammonium sulphate (Goswami
and Kalita 1988)The absorbance at 480 nm was measured in 10 mm polystyrene cuvettes,
using a UVmini1240 $imadzu spectrophotometer.

3.2.11 Fluoride

Fluoride was measured photometrically with SPANDS according to «Standard Methods»
(4500F- D). The principle of the determination is tHatoride bleaches the red colour of the
reagent.The absorbance was measuredb@ nm in 10 mm polystyrene cuvettes with a
Shimadzu spectrophotometer (kN20-01).

3.2.12 Hardness

Hardness was determined according to fAStanc
method).

3.2.13 Nitrate

Nitrate was measured photometrically, modified afistandad methodsé (45090 E). For
reducing nitrate to nitrite, cadmium was substituted with bhcause olower environmental
toxicity andsimilar chemical propertieditrite was diazotized with sulphanilamide coupled
with N-(1-naphtyl}ethylenediamme dihydrochlorideand te colour of the azo dye was
measured at 550 nm inoi cuvettes with &himadzu spectrophotometer (LN20-01).

3.3 External data
In addition to water chemistry data from field measurements and sampleisnséyseral

external sources have been used. Met eor ol ogi
Alvre Sirdal o were retrieved from ekl i ma. met
daily measurements of watoegrl afol owerraet e eftrro ne vteh

Supplementary water chemistry data were retrieved from Enge (2009). Data of leakage flow
rates from the dams, water level in the reservoirs, and design and construction/structural
properties of the dams were provided bsa$ivina Kraftselskap AS and Lyse Produksjon AS.

3.4 Statistical methods

Paired ttests were used for analysing significant difference between duplicates and other sets
of water chemistry values. Estimated and simulated values were compared with observed values
using the paired-test as well. In addition, simple linear regieasanalysis followed by a
standard-test of the slope and intercept coefficients were used to test for linear 1:1 relationships
of the regression line of these data sets.

Simple and multiple linear regression was also used for analysing significainsigs
between variables.
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All statistical analysis were performed with Microsoft Exéalr analytes measured to be under
the detection limit of the chemical analysis, values half of the detection limit was used in
statistical analysis.

3.5 Quality control
3.5.1 Precision and accuracy

Table 3.2 Overview of quality control analysis

Parameter Internal standard Precision Other controls
pH Dist. water & Merck cert. buffer

Alkalinity NaCOs

Conductivity  KCI "Duplicates”

Na+ Diluted seawater

Cl- Diluted seawater

Ca+ Diluted seawater Hardness
Mg2+ Diluted seawater Hardness
SO Diluted seawater Duplicates

F- Duplicates

Total cations "Duplicates”

Generalverification of the methods and instrument performance was controlled using internal
standards certified reference materighnd measuring duplicatehe pHmeter andits
calibration vas controlled with an independent buffer within current measuring répbe
=5.00, Me r ¢ k -fagidTRiracéabla). @he mavalitysof the sulphuric acid used

in alkalinity determination was verified by titration with sodium carbonate (Merck «CertiPur»,
NIST-traceable).Furthermore, distilled water was used as aermdl standard foB5 pH
measurements and the certified sodium carbonate was used to make a synthetic sample (360
meq/L) for the control of the alkalinity measurements.

Calibration solutions andnainternal standard of diluted seawater was includegvery test
seriegperformedof calcium, sodium, chloridas a controlEachtest series consisted afound
60-90 samples whichthe calibration solution artie seawater sample was measured between
everyfifth and 30n sample respectively Control chartawith the seawater measuremewesre
constructedTwo dilutions of the seawater standard was also applied in the verification of the
sulphate analysi\ppendixC) and at the end of tteampleseries of magnesiunfurthermore,

The individual measurements of £and Mg+ was tested by determining hardness on a
random selection of 27 samples.

The conductivity was controlled by using differeimstruments at two environmental
conditions: one ithe field and the other in the lab. Temperatures were noted for both conditions
and epresentative data from the measurements was compared with the ptastd t
Additionally, the lab conductivity meter was controlled twice a month with an independent
calibration solution (KCI 14'h8/cm).
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To test the precision dhe analysis a random selection of samples wesed for duplicate
measurementsf F. and SQw2-. The duplicées werecontrolled by calculating the standard
deviation accordingtd St andard melX hodso (1030 C

Control of he ion exchange pretreatmemas performedby running the exchange at-3b
mL/min, a flowrate ten times faster than the recommended flowrate of 4 mLVogel(196).
Thetwo treatmentsamplesvere comparedsing the paired-test.

3.5.2 Evaluation of calcium estimations from historical data

The applicability of older/histoal Ca+ datawas evaluated/verified byestingthe equation
derived for Ca+ estimations/determinatiorfEnge 2009):

Caestimated= 0.713 Hardness$ 0.0263 Conductivity* + 0.03
(H+-corrected conductivityl meg/L H- = 0.35n5/cm)
(Hardness as mg CaO/L and Ca as mg/L)

Ca+ and Mg+ wasnot measured separately, but determiaechardness older data The

equation waslerived/formulated for the purpose of converting the older datazdrGe the

measured hardness and conductiviihe equation is empirical in naturbased on and
calibrated forCa+ valuesunder 1 mg/L Ca+ in the seepagesereestimated to be as Higas
352mg/Lin1986 To verify if the equation NHaecur at
equation was applied ftbo the current dataetandcompared witlithemeasured Ca.

3.5.3 Correctness of analysis

Calculations othe cationranionbalance was performaging theaddedsum of the measured

anions andotal amountof cationsdetermined byhe ionexchangenethod.The latter omit the

need for a separate-kneasurement. NOis not included, but iassumed to haveragligible

impact onthe anion sundue tothe generallow concentrations previously found in the area

(Enge 2009 The catiomanion balancecriteria was0.2 medL, according to 0
Met hodso. (1030 F.)

The cation sum was also compared to the measured conductvityc or di ng t o 0 St
Met hods o ( 130S8aflonsHmep/l.) shbuddObe within A10% of the conductivity
value fr&/cm).

3.6 Loss of alkalinity

The original alkalinity "ALKo" was calculated as the sum of Amarine base cations using the
data from direct determination &cations. ALKo may also be estimated by the sum of -non
marine calcium and magnesium (Akk 0.913 (Ca* + Mg*)) or by the approximation ALK

= 1.213 Ca* (Henriksen 1980). The three methods wesed anccompared.The loss of
alkalinity was calculated as the difference betwibemeasurednd original alkalinitf ALK o),
with the latter being based on the calculations using®bations.The marine ion conitsutions
wereestimated using thiensrelative ratio to chlorid¢Cl-) (Skartveit 1981).
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3.7 Simulations

Models were used to evaluate the water chemistry downstream dams with respect to the
suitability for brown trout. The leakages from the dams Deg and Svartevatn were used as a case
studies. Calculations were made for Jorunnshglen and Grautheller, locateda@8®l1.5 km
downstream of the dams, respectively.

The simulations were performed according to Enge and Hemmningen (2010), using flowrate
data and mass flux of calciubased on the ass balance:

~ ~

0 0 ® 0 0w 0 0w

Since QLeakage<< Qrunnoff the second term of the equation can be simplified to only include
Carunoff(which is close to constant) in the following equation:

~

0 0w

0w 0w

CAy

Jorunnshglen has a catchment of 2.9% luth an annual average runoff of 125 L/s, while
Grautheller has a catchment of 13.92lamd 1141 L/s annual runoff (nve.n@p calculate the
actualflowrate from the local catchments dowmnestm of théwo dams the dailymeasurements

from the adjacent | imnigraph AJoglad (nve.no
from the catchments.

Empirical relations were used to estimate pH from calcium values. The simulated values were
compared to observations. Here, data from the 1980s (retrieved from Enge 2009) was included.
To achieve comparable periods including all observations, the pefibtisch 19861988 and

March 20172019 were chosen. The first period represents a period highly affected by
acidification, while the latter period represents the most recent data.

The simulations were based on the daily flathile dl the otherinput varidbles werekept
constant in the simulations. Tii@eakage CaLeakageand Carunoffwere based on average values
from all years with available data and were equal for both perlédsleakage flow from Deg
and Svartevatn was calculated to be 3.6+£0.9 L/s Gy&nd 2.8 + 1.0 L/sec (n = 501),
respectively (PeMagne Sinnes, SirKvina, pers.comm.)

A second simulation was performed to esti mat
values in the modéb the lowest of the measured values from the sinangteriods.
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Figure 3.2 Overview of Deg area.

Jorunnshglen

Brook from
Skvagrautjern

Figure 3.3 Detailed map of sample locatioasDeg dam.
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Figure 3.4 Detailed map of sample locations at Svartevatn dam.
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4 RESULTS

4.1 Quality control
4.1.1 Precision and accuracy

The replicate pHneasurements of distilled water showegh precision (pH = 5.54 £ 0.05, n
= 35).The averages of Gg Na-, Mg2+, Cl- and S@2 measured in diluted seawateereclose
to the known concentratiorsd showed low standard deviatidif@ble 4.1). All individual
control measurements for £aCl and Na (Figure4.1) were within the uncertainty limit for
each parameter analygShapter3.2.5

Table 4.1. Control determinations using diluted seawater as an internal standard

Parameter Known concentration n Average  Standard deviation
[mg/L]
Ca- 0.32 21 0.33 +0.03
Na+ 2.14 24 2.14 +0.03
Mg2+ 0.10 9 0.11 +0.02
0.83 3 0.86 +0.04
Cl- 3.86 25 3.79 +0.10
SOu2- 10.8 5 10.6 +0.2
5.4 5 5.3 +0.1
a) b) c)
0.6 6 3
B oaigy, B
O = O O

0.0 0 0
Jun-18 Sep-18 Jan-19 Apr-19 Jun-18 Sep-18 Jan-19 Apr-19 Jun-18 Sep-18 Jan-19 Apr-19

Figure 4.1 Control charts of measured £da), Cl (b), and Na (c) from samples of diluted seawater
marked as yellow dots (included in all measuring series). The blue and red lines representing the
theoretical values for each ion and threertainty of the analysisespectively.

The certified sodium chonate was used to make a synthetic sample (@@fJl) for ten
replicate measurements of alkalinity. The result showed high precision but was found to give
3.3%higher valueg372° 3 neq/l) than thefi t r alkalinity (360neq/l). The ALKEe approach
systematically overestimates alkalinity (Espen Enge, pers com.)
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Duplicate measurements of sulphptgformed forfive random samplem the concentration
range 2.65%5 mg/L showed dw standard deviation 6f0.1 mg/L.Similarly, fluorideshowed

a low standard deviatiof,0.03 mg/L(n = 5).Re-measurements of total cations using different
flowrates for the ion exchange pretreatment showed no difference (p < 0.05, n = 7).

Up to 5 times highevalueswere foundn the field measurements cbnductivitycompared to

the laloratory. The outliers were found in locations with stratificatig@hapter4.5.3. All
measurements of conductivifpom thesdocationswith apparenoutliersexcluded in statistical
analysis A significant difference was found (p < 0.001, n = 126) between the two
measurementd.he lab measurements were higher than the field measureme iaf&he
samples. However, only a small deviation was fo{hd°® 1.2n5/cm)(Figure4.2 a)

a)
200
5
) Y
2 £
S A=
F 100 &
>
=] =
5 + 0.
o +
%
3 &)
-
—11
0
0 100 200 0 0.3 0.6 0.9
Field conductivity [uS/cm] Hardness [mmol/L]

Figure 4.2 Comparison of conductivity measured in the field and in the lab (a). Calculated hardness (the
sum of Ca+and Mg+) plotted against measured hardness (b).

No difference was found between hardness calculated as the sum+@n@aVig+ and the
measured hardness (p > 0.05, n =(&iQure4.2 b). Linear regression analysis also showed a
high correlation @¢= 0.99) and a 1:1 regression line with a intercept not different from 0 and a
slope not different for 1 (p > 0.05)

4.1.2 Evaluation of calcium estimations from historical data

The estimate€a-+, calculatedrom themeasured hardneasd conductivitycorrelated highly
with the measured Ca (r2 = 0.99 (Figure4.3). However, the estimations wesgnificantly
lower than the measured £4p < 0.001, n = 27)The equation underestimated primarily the
higher values of Ca. Thedifferenceincreasd with increasing values
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Figure 4.3 Ca+ calculated from measured hardness and conductivity using the equation derived by Enge
(2009)(b).

4.1.3 Correctness of analysis

The catioranion balancevas within the acceptable limit of 0.2 meqg/Lfor all individual
samplas (Figure4.4 a). When checking the total cations witie measureaonductivity,26%

of the individual samples deviated slightly from the acceptance critégare4.4 b). These
deviations were primarilysamples withlower cation values compared to conductiyity
predominated bjocations most extensively affected by acidification

a) b)

3 300
=
= = o
g G
A= 2]
> 2 9@ 200
S >
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© 3
o1 € 100

o

A O

0 0

0 1 2 3
Total cations [meqg/L] Total cations [mef]

Figure 4.4 The sum of cations (measured as total cations) plotted against the sum of the measured anions
(SO, Cl, and alkalinity). The red line represents a 1:1 relationshigCdb)parison betweeihé¢ total
cationsandthe conductivity with regression line (green).
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4.2 Water Chemistry

The study included 217 water samples (table x) with a total of 2371 chemigadianahe data
material comprised of #references, 88eepages/2 downstream, and3 samples of water
from lakes with rock dump@&able4.2, Appendix B)

The reference samples had an uniform water chemistry; slightly acidic and extremely dilute
(pH =5.64° 0.18, Cond = 9.9 1.2nB/cm, Ca = 0.28 0.14 mgL, n = 4). Higher valus for

all parameters were found in theepage samplesmpared to the referencexcept for colour

and chloridan a fewsamplesThe alkalinity and calcium concentrations in Heepagewere
particularly elevated, with average values of approximately 50 tina¢®fthe references.

Severalrelationsand variations irthe chemistry of the seepage water vedsserve¢hoticed

The seepages showed a large range in concentration between the differenMdains.
prominent was theigh values of S@- observed at two of the dams, Svartevand Roskrepp
secondary dam. Based on their general cation concentration, these dams had significantly lower
alkalinity values than expected.

The seepage concentrations dlsotuatedthroughout the studperiod at each individual dam.
Flothglen, Ripledalen, Gravvarand Tolvkjgrheller A showed large ranges in concentrations

in particular. General patterns were observed as well. All locations showed generally higher
concentrations throughout the summer and a notable decrease in samples collected in the
autumnassociged withheavy rain.

Additionally, someof the dams had more than oreepagdocation. Threeseepagéocations

at Tolvkjgrheller was observedeepage location B and ®@ere particularly higher in
concentration compared to location A. Slightly differemt@entrations were also observed at
the two adjacent drainage pipes at Svatteeallecting water from the left and right side of the
dam, respectively. These differences were constant thouigthe sample period.

Three of samplesdeviated from theaest of the samplefom the individual dam.These
particular samples were collected at a different location than norma#iiteoed bytemporary
changes in the environment of the location.

Downstream iges and lakes with rock dumps were sufficiently buffered to sustainghlits

of about 6. However, the latter is a Alomogeneous group, including lakes with-\@dues

ranging from 0.33 + 0.03 mg/L, n = 4 (Ognhellervatn) to 5.0 + 0.3 mg/L, n = 3 (l&eren

power station). The average values of the downstream samples generally decreased with
increasingdistance from the dams atite rockfill dumps.
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Table 4.2 The average water chemistry at each sampling location, grouped bipar@aeters not measured on all samplesidolets

Area Sample location  Type n pH Cond. Colour ALKe Caz+ Na+ Mga+ Cl- SOs- Tot-cat. F- NOs. Fex+ Al
uS/em  mg Pt/l  peglL mg/L mg/L mg/L mg/L mg/L mgNa/L mg/L mgN/L  mg/L pa/L
Akslara Reservoir Ref. 3 5.74 10.6 4 7 0.20 1.2 0.14 2.0 (0.67) (2.8) (<0.05)
Dam Leak. 3 7.59 110 4 755 18.0 14 0.68 2.6 12.0 24.1 0.21 0.24) (5)
Small brook Ref. 4 5.63 8.7 8 8 0.22 0.94 0.09 1.2 (28)
Pond outlet Down. 4 6.08 10.2 7 19 0.35 11 0.14 1.7 27)
Svartevann Reservoir Ref. 9 5.64 10.0 5 6 0.24 1.1 0.13 1.7 (0.75) (2.2) (0.03) (24)
Dam Leak. 15 7.32 167 13 441 23.6 2.6 15 1.9 48.5 34.3 0.67 0.22 (5)
Godfarlonene Ref. 8 5.70 8.3 16 11 0.25 0.84 0.12 1.3 (0.80) (<0.05)
Grautheller innlet  Down. 9 5.99 11.0 16 18 0.56 0.88 0.13 14 (48)
Roskrepp Reservoir Ref. 3 6.01 10.1 14 23 0.5 0.81 (0.10) 1.2 (0.8) (2.2) (<0.05)
Dam main Leak. 5 7.32 67.0 9 276 9.9 1.2 0.38 14 11.7 13.5 1.0
Dam sec. Leak. 3 6.10 106 10 75 13.1 1.3 14 1.3 35.1 20.6 1.6
Haheller innlet Down. 3 6.88 31.9 23 130 3.9 0.95 0.23 14 4.7 6.9 0.39
Gravvann Reservoir Ref. 8 5.49 111 11 4 0.20 1.2 0.16 1.9 0.87) (2.7) (<0.05)
Dam Leak. 8 7.02 53.4 53 320 7.0 1.8 0.56 24 7.2 11.9 0.06
Sandvannnnlet Down. 8 5.43 14.8 59 15 0.47 15 0.23 21
Sandvann outlet  Down. 8 5.70 13.8 38 13 0.33 15 0.21 23
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Table 4.1 Continwed

Area Sample location  Type n pH Cond. Colour ALKe Caz+ Na+ Mg+ Cl- SO Tot-cat F- NOs- Fex+ Al
uS/ecm  mg Pt/l  pg/L mg/L mg/L mg/L mg/L mg/L mgNa/L mg/L mgN/L  mg/L po/L

Valevatn Reservoir Ref. 9 5.57 10.2 13 7 0.25 1.1 0.12 1.7 0.87) (2.3 (<0.05) (41)
Deg dam Leak. 3 7.34 94.1 9 704 15.2 1.8 0.96 2.9 6.3 19.9 0.51
Deg Down. 11 6.69 39.1 55 256 51 1.7 0.44 2.2 3.7 9.0 0.10 (0.15) (0.59)
Jorunnshglen Down. 13 6.16 22.1 64 920 1.9 1.6 0.30 2.2 3.0 5.4 0.07 (0.04) (0.39) (94
Skvagrautjgrn Down. 12 519 16.3 61 4 0.42 15 0.22 22 (3.1) (4.4) (0.04) (0.04) (0.37) (110)
Tolvkjgrheller A Leak. 9 7.29 68.4 39 555 10.9 1.8 0.5 2.3 4.4 15.6 0.14 (12)
Tolvkjgrheller B Leak. 10 7.38 100 8 871 16.6 1.6 0.67 2.6 4.1 22.9 0.19 0.23) (4
Tolvkjgrheller C  Leak. 11 7.38 107 23 945 17.9 1.8 0.84 25 4.2 25.0 0.20 (4.1) (5)
Flothgl dam Leak. 9 6.65 29.0 36 152 3.2 14 0.25 1.8 3.2 6.5 <0.05 (30)
Ripledal dam Leak. 9 6.94 36.6 28 240 4.7 1.7 0.25 2.4 2.4 8.4 0.13 (14)

Ognheller Lake Kvinen ps. Dump. 3 6.99 37.0 48 211 4.9 1.0 0.32 1.6 4.5 8.0 0.34 (33)
Ognheller innlet  Down. 4 5.41 8.8 15 2 0.17 0.87 0.08 14 (0.82) (1.9 (0.03) (59)
Ognheller Dump. 4 5.60 10.0 29 13 0.33 0.97 0.11 15 1) (2.3) (<0.05) (58)

Listal Lake Listgl Dump. 6 6.16 18.6 38 50 1.0 1.6 0.26 23 2 4.3 <0.05 (66)

Dam St.Flgrli Dam Leak. 1 6.04 24.6 2 63 1.2 2.4 0.47 3.6 2 5.0 <0.05

Lyngsvatn Dam north Leak. 6.48 21.9 22 72 1.8 1.7 0.24 2.1 2 5.0 <0.05
Dam south Leak. 6.40 20.6 16 51 17 14 0.23 2.0 3 4.9 <0.05
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High concentrations of nemarine sodium were observed in the seepages, while the
downstream locations and references had considerable lower concentagons4.5)

a) b)

Na [mg/L]
N

Na [mg/L]
N

O Downstream
O Reference
Seawater Na:Cl

A Seepage
—— Seawater Na:Cl

0 2 4 6 0 2 4 6
Cl [mg/L] Cl [mg/L]

Figure 4.5 Measured sodium versus chloride. The blue line representing the ratio between sodium and
chloride in seawater.

Aluminium was found to be generally lawthe seepageExceptfor Flothglen (Al = 30mg/L),
all seepagesad aluminium values below 15ng/L. The highest aluminium values were
measured at low pH and high colour valukklltiple linear regressiorfrz = 0.92, n = 18)

showed that aluminium was positively correlated to col@ur< 0.001)and negatively
correlated to pHp < 0.001)Figure4.6).

Estimated Alug/L]

-30

Measured A[ug/L]

Figure 4.6. Relationbetweemeasured aluminiumnd estimated aluminium frooolour and pH values

(Alestimate= 131 + 0.92 x colouir 18 x pH). Aluminium concentrations increased with increasing colour
(a) and with decreasing pH (b)

Except for one sample at Tolvkjgrheller C, the concentrations of iron were below 1 mg/L (n =
13). The referred sample had iron concentration of 4.05 mg/L and was collected in January.
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4.3 ACIDIFICATION

Three methods for estimating AbverecomparedNo difference was detected between ALK
determined as sum of ngnarine cations and as 1.2Inonrmarine Ca (p > 0.05, n = 135),
(Figure4.88). The third method, estimating Al&using the formula ALK= 0.913 (Ca* +
Mg*), showed lower values (p &001) than the two other metho@sgure4.7).

b)

1.213 Non-marine C&*[meq/I]
Non-marine C&"+ Mg2*[meqg/L]

Norrmarine cations [meg/l] Nornr-marine cations [meg/L]

Figure 4.7 Comparison of three methods edtimating ALK. There was no difference between non
marine cations and 1.2Inonmarine Ca (a). The sum of nonarine Ca and Mg washowed distinct
lower and significantly different from the other two methods of determiningosAbK

Loss of alkalinity

Non-marine SG* [meg/L]

Figure 4.8 A 1:1 relation between nemarine sulphate and loss of alkalinity was found

No differencewas detectedbetween the loss of alkalinity and the aoarine sulphate (p >
0.05)(Figure4.8) . Furthermore, regression analysis revealed a high correlatior0(®9, p >

0.001, n = 135), with a slope and intercefthe regression lineot different fom 1 (p > 0.05)

and 0 (p > 0.05), respectively. The 1:1 relationship suggesting that the acid causing the loss of
alkalinity was sulphuric acid
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Considerable differences in alkalindynd alkalinity lossvere found between the daif&gure

4.9). Regression analysis showed thainmarine total cations increased with increasing
sulphate (r= 058, p < 0.001, n =88), suggesng that the acidnducesthe mobilization of
catiors. The wverall contribution from weathering of dam material exceeded the acidification.
The remaining alkalinity was sufficient to sustain a pH > 6.5 in 77 of the 88 samples from the
dam.
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Figure 4.9 Considerable differences in alkalinity were detected. The figure shows the original alkalinity
(ALK 0) as sum of measured alkalinity and the calculated alkalinity loss.

4.4 Simulations

4.4.1 Quality of model

Statistical analysis showet significant difference between the simulated and observed values
(p > 0.05), with the exception of twaf thesimulations at Jorunnshglen (p < 0.0Bable4.3).

Low precision was observefbr the simulation at Jorunnshglen 19888. Four of the
observations were particularly elevated, being 9.8 to 21.2 mg/L higher in observed Ca than the
simulatedCa.

While there were limited deviation from August to November in the simulation of Jorunnshglen
20172019, a larger deviation was observed the rest of the Vbase large differences were
primarily cases of sharp climbs and drops in the simulated Ca
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Table 4.3 Statistical analysis ahe model, comparing simulated and observedesabf Ca and pH

Location Period n Diff. Ca[mg/L]w) Diff. pH*
average p average p
Jorunrshglen 19861988 9 -5.8° 9.1 n.s. -0.65° 0.81 < 0.05
20172019 13 1.3° 2.0 <0.05 0.16° 0.70 n.s.
Grautheller 19861988 12 0.02° 0.79 n.s. 0.05° 0.26 n.s.
20172019 9 0.84° 240 n.s. 0.09° 0.28 n.s.

@) Difference = Simuladvalue minusobsened value

4.4.2 Simulation results

The simulationat Jorunnshgleshowed a pH increase of about 0.3 units from the period of
19861988 to 20172019.The fraction of pHvalues < 5.5 were 24% and 14%, respectively,
with only negligible differences between the minimum val{ietle4.4)

For Grautheller, the simulations showed a large increase ibgitteenthe two time periods

(° 0.7 unit difference Furthermore, the minimumpH value during20172019were 0.8 units
higherthan duringl986:1988 While none of the simulated values were below 5.5 during-2017
2019, 67% were below 5.5 and 14% were below 5.0 during-1988.

ThesimulatedpH in Jorunnshglewas generally highewith largervariationsthanGrautheller
(Figure4.10). While the Ca waslso highesat Jorunnshglerthe standard deviation/variation
was generally large for all simulations. Furthermdy@th locations hadegligible difference
in averageCa between the tweimulation periods.

Table 4.4 Results from the simations of water chemistry at Jorunnshglen and Grautheller downstream
the dams Deg and Svartevatn, respectively (n = 732).

pH Ca [mg/l]
Location Period Flow [I/s] average  min. average  min.
Jorunnshglel 19861988 103 5.98° 0.53 5.13 2.87° 2.69 0.34
20172019 113 6.25° 0.67 5.16 2.77° 2.85 0.33
Grautheller 19861988 935 5.34° 0.36 4.96 0.84° 0.69 0.31
20172019 1030 6.07° 0.31 5.76 0.90° 1.19 0.30
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a) Jorunnshglen 1988088 b) Jorunnshglen 2012019
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Figure 4.10. Comparative plot of Simulated and observed pH at Jorunnshglen (a&b) and Grautheller (c&d). The pH is $hewrisamulated) and dots
(observed) with red and blue colours representing data from8®8@&®@d 201719, respectivelyThe grey lines represent a worst case scenario of th&heH.
areagraphrepresents the flowrate from Jogla dilated according to leaekion.
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45 Other observations
4.5.1 Logger

Conductivity and temperaturgasmeasured by a loggefacedat Jorunnshglen anidside of
theDeg dambetween November and M@lyigure4.11)

At Jorunnshglenhelogger showed steep declines in conductivity during flow peaks followed
by aslow increaselarge temporal variations/fluctuations in temperature was registered/found
stating in April.

Thelogger at Degshowed a more stable conductivity and temperature from November to the
end of January. Thdeclinesregisteredduring flow peakswereless pronouncewith rapid
recovery From February, thegger revealed large changes in toaductivity (ranging from

65 to 125n6/cm)of the seepage water, which did not appear to follow the flow pattern
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Figure 4.11 Measurements of conductivity (a) and temperature (b) at Deg and Jorunnshglen marked
with green and purple, respectivelstippled line: no measurementgjhe grey area represents the
flowrate from Jogla dilated according/in respect tahe catchment abdunnshglen.
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45.2 Leakage flowrate

The seepage flowas highly correlated with the water level of the reservoir at all the dams
(Table 4.5) and negative coetations with time were found at Svartevann and Roskrepp
secondary dam. Additionally, the flowrates at the two Roskrepp dams were significantly
correlated with the flowrate registered at Jogla.

Table 4.5 Regression analysis of leakage flowrate against time, water level of the reservoir and flowrate
at Jogla.

Variables
Dam time Water level Q Jogla
Svartevatn dam <0.001 <0.001 n.s.
Deg dam n.s. <0.001 n.s.
Roskrepp main dam n.s. <0.001 <0.001
Roskrepp sec. dam <0.05 <0.001 <0.05

4.5.3 Stratification

A notable increase in conductivity and temperature with depth was observed at three of the
sampling locations (Deg, Tolvkjgrheller B and(€igure4.12). The field determinations were
performed at somewhat deeper levels than the lab measurements of the water samples collected
at the surface.
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Figure 4.12 Field measurements of conductivity and temperature at Tolkjgrhell@0Bdvembér
recorded at different depths
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5 DISCUSSION

5.1 Water chemistry

This study established that the surveyed dams and rock dumps had a net buffering effect on
adjacent waterand suggest that this effect has saved trout populations from acidification.

The slow weathering bedrock in the area normally leads to a highly dilute water chemistry with
low levels of calcium. In Rogaland County, lakes located at andsdtof > 500 m a.s.l. showed

a median calcium value of 0.23 mg/L (Engé13), fairly equal to the average calcium of the
reservoirs (0.25 mg/L). The long residence time of the reservoir water radae@siation in

water chemistry over the year as e between years. Thus, the water represents a mix of
water chemistries over several years. This is apparent in the results which show a uniform,
stable and extremely dilute water chemistry in all the reservoirs and is consistent with previous
observatios (Enge2015, 2017, 2018

The dam leakages, exposed to the same geology as the reservoirs, showed an averhge Ca
12.9 mg/L. Rock dumps also showed highee+@alues than the references. This effect is
assumed to be a result of enhanced weathesates. Particle breaking and fracturing of the
rocks increase the surface area and expose fresh mineral surfaces to air and wa20@PYice

Water infiltrates and flows through the foundation beneath the dam or abutments at the end of
the dam, othrough the structure. The leakage or seepage is generally a result of the hydraulic
head pressure and the permeability of the structure and foundation20@&ft. The significant

effect of the pressure exerted by the water level of the reservoir was ém the leakage flow
rate(Table4.5). The permeability depends on the geology and associated porosity. The path of
the water depends on the permégband pressure as well. The flow of the water may be
diffuse, direct and confined, or more circuitous and meandering with corresponding transit
ti mes. The terms @l eakageod and fAseepageo tak
these factorsral variables (Contreras and Hernadez, 2010). However, distinguishing between
the two terms requires more detailed data. Therefore, the general sempale is
consequently used in this study.

Slightly higher values of Civere found in the leakage conmpd to the reservoir samples. Due

to mixing of the water caused by the regulating of the reservoir, the reservoir water is close to
homogenous (Eng&015, 2017, 2018 Samples collected at the surface in the reservoirs can
be assumed to reflect the chetmysat all depths, the increase in- Cannot be explained by
stratification of the reservoir water. Since i€lnot commonly found in the mineral composition

of the bedrock in the area, the increase is not a result of weathéainygng concentrationsal

high colour value suggest that the leakage water is mixed with foreign water from downstream
of the dam.The leakages at Flothglen, Ripledalen and Gravvampmearedo be particularly
affected by foreign water, evident by the range of the fluctuations of colour and chloride
throughout the sampling periodhese locations have a comparatively large catchment
downstream the danthis mixing of waters also dilutes the limieffect of the leakages.
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Although an inverse relationship has been found between colour and setséHindar and
Enge 2006), nosuchcorrelation was founh the current studylhis canbe explained by the
narrow measuring range of-Cl

Eight high dkalinity samples were reanalysed for @$ing a ISAsolution five times higher in
[H+]. Thesemeasurementsvere, on average, 1.8 0.4 mg/L lower in Clthan the initial
analysis.The largest differences were observed for the highest alkalinities.nhcaies that

the original ISAsolution was not sufficient to neutralize the alkalinity in the sampittsthe
highest alkalinity CI had a limited contribution to the overall ion sum. Therefore, none of the
established relationships were affected by replacinggtbehbriginal values.

Titration of 10 samples of 36@eqg/L showed a 3.3% overestimation of alkalinifihis
overestimatn is expected when using the At Epproach (Neafl988). Although the method
introducesa positive biasthe difference is small and is assumed to heegligible effect on
the overall result.

The quality control showed high precision and accuracy #®rother methods. The slightly
higher conductivity values measured in the lab compared to the(#eld7 + 1.2) can be
explained by the differences in temperature at measurement. All ions have their own respective
temperature coefficiea{McCleskey et al 2012) which the various instrument brands handle

in different ways (McCleskey et aR012). The uncertainty introduced by the temperature
correctionis the most likely cause to this difference, aad be reduced by measuring samples

at the same tempaure. Therefore, the lab measurements have been used in further
calculations.

The quality criteria based on the sum of cation and conductivity is based on empirical relations.
Samples deviating from the acceptance criteria for the ratiatmn sum and conductivity can

be explained by different ionic and chemical composition of the samples. The contribution to
the overall conductivity of an ion is relative to its concentration and ionic molar conductivity
(McCleskey et al., 2012), which it accounted for in the acceptance criteria. The equivalent
conductance of HC®and SQ@z- is 44.5 and 80.65/cm per meg/L, respectively. Consequently,

a sample being acidified, e.g., by substitution of HO@th sulphate, will experience an
increasen conductivity.

The deviations from the criteria were primarily seen in the leakage samples from the Roskrepp
dams and Svartevann (the most northern dams), the three locations with the highest measured
SO#»-. These locations were observed to have a cerditly low alkalinities compared to their

cation values. The leakage water at Roskrepp B was estimated to have lost as much as 90.1%
of its alkalinity. Sulphuric acid, concluded to be the cause of this alkalinity loss, most likely
originates from pyrite. Ais mineral can be found in both gneiss and granite and is the most
abundant of the sulphide minerals. Furthermore, positive detection of chalcopyrite has been
reported at Roskrepp (Urdal, 2018). Iron was not observed due to the insolubility of the
iron(Il1)-compounds formed in the oxidation processes.
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Estimations of the original alkalinity and acidification (Ab&nd ALKioss) was calculated from

the nommarine cations. The equation calculating the original alkalinity as 3L.2h* was
included for compaability with a large study from the area (Enge, 2013). Althotinggh is a

simpler equation, the estimation was found to be a better fit than the more advanced formula
0.91 3 (Ca*+Mg*). The estimates of the original alkalinity assumes that the cations
coneentrations do not change in response to acidification.

The positive correlation found between sulphate andmarine cations suggests that sulphuric

acid has accelerated the mobilization of cations. Acid increases the rate of chemical weathering,
even br slow weathering rocks such as granite (Wdl®80). Relatively high concentrations

of cations were found even at low sulphate levels as well, suggesting that the presence of
sulfuric acid is not a critical factor in the observed weathering.

Differences in water chemistry enrichment between the dams, such as the increase in cation
concentrations, depend on factors such as geology, size and geometry of the dams. These factors
indirectly determine the pathway and consequently the residence time of éne wat

The three separate leakages from the Tolvkjagrheller dam differed in the concentration. The
leakage associated with the longest base width had twice the alkalinity than the leakage with
the shortest width. The same trend was observed after calculdtemgnonmarine
concentrations, confirming/indicating that dilution from other water sources was not the cause.
The longer pathways can be assumed to have a longer residence time, contact time and overall
increase in rock surface&t Svartevin, the twopipes were also found to have slightly different
chemistries. Identifying a possible cause for this difference would require more detailed data
from the dam construction and is beyond the scope of this study.

The substantial differences in agdoduction detected between the dams does not entirely
depend on the presence and availability of sulphides in the dam material. Since sulphide
minerals such as pyrite oxidize rapidly (Eby, 2004), the difference may also be linked to the
age of the dam. Aradual decrease in acidity has been observed after the construction of Corin
dam in Australia, which contains about 1% pyrite (Fell et al. 2014). Except for the Flgrli dam,
all dams in our study were built throughout the same period, about 50 yearsdagaiirig that

ageing does not explain the differences in acidity between the dams. Considering that the
acidification at Roskrepp B was measured to be critically close to exceeding the alkalinity, the
leakage could potentially have been acidic the fiesiry after construction like Corin dam.
However, the acidification from all dams in this study appear to have been neutralized since
construction, with the excess alkalinity buffering the water downstream. This is evident in
historical data regarding thé@emistry and surviving fish populations through the acidification
period (Sevaldrud and Muniz, 1980).

5.2 Simulations

Although the seepage rates are approximately edaainnshglen showed a higher pH and Ca
values compared to Grautheller, as well as lavgeations in water chemistry. This variation
is primarily a result of the size and nature ofdbe/nstreantatchment. Grauthell@nlet covers

an area nearly 5 times larger than Jorunnshglen, and consequasthn average runoff
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flowrate almost 10 tinelarger.This leads to a greater stability in terms of the water chemistry
at Grauthelleinlet and larger variations in pH and Ca at Jorunnshglen.

Except for the catchment runoff flow, the input varialitethe simulationsvere kept constant.

The consint Caunofi entails a limitation in the simulation by fixing the background
concentration of Ca and consequently pfiagea lower level forthe simulated pH. The leakage

flowrate varies and the conductivity logger revealed fluctuations in the condyociwiich is

highly correlated with Cagnge et al., 2006 To check the effects of these variations, the input
values were changed to the | owest measur ed
scenari oo S relatively i nrelatian bbatlvdere calciuho n s i d
concentration and flowrate, it is highly unlikely that the input variables would be
simultaneously low.

The method for estimating Ca based on hardness and conductivity used by Enge (2009) showed
good precision and accuracy in tneasuring range < 1 mg/L, but slightly higher values in the
more concentrated samples with hardness above this range. The deviation was overall relatively
small, but could mean that the simulated Ca values in-1988 were underestimated.

In general, tB model/simulation is subject to uncertainties associated with temporal and spatial
differences of the catchments. At higher elevations, the snow accumulates earlier in the year
followed by a later snowmelt. While the catchment area at Jorunnshglen raadigside of

842 m a.s.l., the limnigraph at Jogla drains a larger catchment area which/and covers altitudes
between 6041208 m a.s.l. This furthers the differences in the hydrological regimes between
the two catchments areas. In addition, the sizenatute of the surface lead to some differences

in catchment dynamics and consequently resptingeand retention of the peak discharge.

This also includes the water storage and discharge from the mixing sites; in this case,
Jorunnshglen and Grauthell@he model simulates the mixing of water chemistries only and
does not take into account the levelling effect, caused by an eventual water volume. These
factors may explain some of the differences between observed and simulated pH which appear
to be tempaally deviated by°® 1-2 days during rapid increases and decreases in runoff.
Accounting for temporal variability allows for close alignment between simulated and observed
pH values.

Some uncertainties are specifically associated with188&61988 simulations. The lack of

exact dates registered for the observations may account for some of the difference between the
simulated and observed values in the 22888 simulations. These samples were catalogued
using month and year. For this reasall observations were assigned/given the abits

reported month for a full date when listing the values in the simulation.

Between the two simulation periods, 19B&38 and 2012019, the water level and
subsequently the water volume Jrunnshan has been altered by a weir at the sampling
location 350 meters downstream of the dam. The levelling effect associated with retained water
volume and has resulted im#orestable water chemistry relative to that of the simulation of
Jorunnshglen in 2012019. In contrast, Jorunnshglen was not dammed by this weir prior to
1988. During the summer and winter or other
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primarily consist of leakage water from the dam and would result in higher peak values in pH.
This is a possible reason for the considerably high values of Ca and pH observed during 1986
1988. However, the effect of this is negligible for the overall water quality at Fidjeland.
Relatively large differences between the simulation and observationuaindhglen in 2017

2019 during summer and winter as well. During the field surveying/measurements in these
periods, stratification at Deg and Jorunnshglen was observed. Sampling done at the surface of
such waters is not representative of the overall chteyrind may cause discrepancies between

the observations and simulations.

Considerations can be made in regards to the water volumes or the temporal and spatial
differences between the fields. However, a more advanced hydrological model would be
requiral to capture the catchment dynamics and is beyond the scope of this research.

Higher precision and accuracy might be achieved by the use of condulcmgsrs in both the

dam leakage and in the sidestreawer. This would lower the uncertainty assoeatvith the
constant input values and more frequent recordings of the leakage flowrate. However, the model
was developed with applicability for historical events with less hydrological and chemical data.
Additional instruments and data would be unnecesadhys case. As such, the model provides
reasonable approximation, requires few input data and is fit for its purpose.

Due to an almost steady leakage rate from the dams, and a highly variable flowrate from the
Skvagrau and Godfarlonene catchmentsntheng ratio ranged from 0.2%86% and 0.02%

- 35% leakage water at Jorunnshglen and Grautheller, respectively. When the water from dams
predominates, high calciunalues are measured at the downstream locations. For these high
calciumvalues, a substaatiincrease in pH and alkalinity have been observed throughout the
past 30 yeargpresumably due to declining acidification from the dam (c.f. Fell et al., 2014).
Low calciumvalues, in contrast, indicate the dominance of dilute water from the Skvagrau and
Godfarlonene catchments. In case of low caleuaiues, a moderate improvement in the water
chemistry has been obseryéd line with the general improvement of the water chemistry in

this area during the past decades (Enge, 2013).

Prior to the SiréKvina regulation, Stercontributed 3/4 of the total runoff from Valevatn.
Therefore, the water chemistry in Stas most likely representative for Valevatn. Sthas

been monitored for 35 years. During the fiv@ar period from 1985 to 1989, pH was 447

0.12, n=26 (Enge et al., 2016). Without regulation and "lirgfigct" from the dam, we may
assume that such detrimental water chemistry would have dominated the entire river stretch
from the dam and downstream to Fidjelandsvatn during the 1980s.

A fish survey in 1987 found that the trout population in Valevatn was extinct while Ortevatn
had a reduced population (Larsen et #089). However, the lake downstream of these two,
Fidjelandsatn, had a dense population of trout. Recruitment in the river downstream
Jorunnshglen was also established. Young trout were hardly detected elsewhere in this part of
Sira.

The reservoir at Svartevatomprised of several smaller lakes prior to the construction of the

dam. Fish populations, surveyed between 18800, were found to be sparse in the inner part
and extinct in the outer part of the reservoir (Sevalrud and MaBEO). All tributaries and
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lakes downstream of the dam, which was built in 1976, were extinct with the exception of sparse
populations registered bake Grauthellervatn antlake GodfarloneneTestfishing conducted

at Lake Grauthellervatn in 1986 found a sparse, but-sedfoducng, population of good
guality. No fish were caught in the stream located bel@ake Godfarlonene and Lake
Grauthellervatn(Enge, 1987). Between the dam and Lake Godfarlonene, the physical
conditions are not suitable for repoduction (Espen Enge pers. comm)

The simulations showed pH = 5.98 + 0.53 anehipH 5.13 in Jorunnshglen during 198688
(Table4.4). Even the minimum pH was not critical for troptd measured down to 5.0 were
found to have no effect in a fish survey during late snowmelt in the region (Enge et al., 2017).
The simulation atake Grauthellevatnduring 19861988 were slightly lower, showing pH =
5.34 + 0.36 and piin = 4.96. This pH is not critical for the survival of adult fish, but is not
optimal and could limit reproduction.

The worstcase scenario resulted in an overall drop in pH of00B2units(relative to the
Aori gi nal dntsesemimllaidng, pkiwere calculated to be 4.90 and 4.69 during
19861988 in Jorunnshglen amhdke Grauthellevatn, respectively. For Jorunnshglen, this pH
was still not critical for adult/older fish. The minimum pH of 4.69 ake Grauthellevatnin

this scenario is detrinméal for younger life stages while older fish wountdstlikely survive.
However, this is somewhdependentipon other chemical parameters, including Ak+Gand
conductivity. The sample with the lowest observed pH (4.8) in this period has a condo€tivity
18.8nB/cm (H-corrected). A minimum of 1&55/cm is needed for the fish to tolerate this pH
(Enge and Kroglund, 2011). While no fry were observed inrtlet to Lake Grauthellevatn
during a fish survey in 1988, fish have been caught every yeari€i86e

Fish actively avoid adverse water chemistry and migrate towards better water chemistry
(Peterson et al., 1988). Even if temporally detrimental water chemistry had occurred due to
acidic water from the local catchment (Skvagdpaun andLake Grauthelervatn), the trout could

easily have migrated closer towards the Deg leak&g#ween Jorunnshglen ardake
Fidjelandsvatrihere are excellent spawning sites for trout. Subsequently, the effects of the dam
may also have sustained the dense population of trduakie Fidjelandsvatn at a time when
neighbouring lake populations were either extinct or reduced.

In lakes affectedby rock dumps, the liming effects are often diluted due to large lake volumes.
The survival of the trout in such lakes, e.gke Ognhellervatn, is probably due to slightly
better water chemistry around the dumps.

Even though pronounced acidification whetected inside the dams, the net effects on pH and
alkalinity were positive. Downstream sites and lakes affected by rock dumps had also
satisfactory water chemistry, suggesting thatpopulations downstream of the dams survived
due to the water chemigteffects of the danTherefore, rockfills should be subjected to careful
and individualevaluation, rather than be viewed as inherently detrimental. However, it should
be noted that despite the positive effects on fish, the dams and rockfills have emated
"unnatural" water chemistry with considerably higher caleuatues than the adjacent waters.

The study established a net buffering effect of the dams and rock dumps. Variations in the water
chemistry of the dam seepages show that many factors afégontic contribution. The current

study suggest that the effect of the rockfills on the water chemistry has contributed to the
survival of trout populations.
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