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The fjord delta at Sunndatsera has been investigated by geophysical measurements, drilling and
pumping in order to examine the possi bilities for abstrac tion of saline groundwater for use in fish
farming. A geological model of the delta's Iithostrat igraphy is presented. The hydra ulic conductivi
ty show s a cyclic ity with the highest values on the landwa rd side in each cycle . In the outer part of
the delta the saline groundwater is located at shallower depths than along the river and on the
landward side. The freshwa ter layer in the fjord and in the aquifer , the hydrau lic gradien t and the
distr ibution of hydraulic conduc tivity in the delta all contribute to a reduction in salinity during
pumping of the groundwa ter. It is est imated that lateral , freshwater-induced recharge from the river
to the wells along coarse-grained layers con tributes about 18% of the total yield. By means of
two -level pumping in the outer area of the aquifer , the salinity of the abstracted wate r may be
increased to at least 20 per mille.

Oddmund sotoet, Noralf Rye, Department of Geology. Sect ion B, University of Bergen, Allegt. 4 1,
N-5007 Bergen. Norway.
Eirik Mauring, Ola M. Seettier, Geological Survey of Norway . P.O.Box 3006-Lade. N-7002 Trond
tieim, Norwa y.

Introduction
In many fish farms infect ious diseases have
caused great problems. These are transmitted
through the sale of infected fry or by the esca
pe of infected fish from other farms. Such
escapees may also infect natural fish stocks .
In order to reduce these problems , ster ile,
saline groundwater may be an important re
source for on-shore fish farms.

Fjord deltas can be important aquifers for
both saline and fresh groundwater. Lowering
of piezomet ric heads in coastal areas due to
pumpin g has lead to salinizat ion of many aqui
fers throughout the worl d (e.g. Inouchi et al.
1990). It is not known to what extent th is ef
fect oper ates in a fjord delta, mainly because
the variation in hydraulic conductivity and the
groundwater flow regime is poor ly under
stood. Fjord deltas are usually of Gilbert type
(Gilbert 1885), characterized by coarse top 
sets, steep sandy fore-sets and fine gra ined
bott om-set layers (e.g. Corne r et al. 1990).
Fjord deltas have previously been investigated
by Prior et al. (1981), Bogen (1983), Syvitski
and Farrow (1983), Kostaschuk and McCann
(1987), Prior and Bornhold (1986,1988) and
Corne r et al. (1990).

It is to be expected that deltas located in
sheltered areas with high relief will have a
large supply of sediments and that the wave
energy will be relatively low (e.g. Colella et
al. 1987). A prog ress ive lowering of sea-leve l
in postglacial times in Norway has typically led
to erosion of older delta deposit s and redeposi
tion of coarser mater ial on the delta front.
Such erosion and redeposition leads to an
unconformity between the top -sets and fore 
sets, and to the coarsest sediments usua lly
being found on the part of the delta closest
to the fjord (Corner et al. 1990). Alluvial fans
which are constr icted laterally have a large
pote ntia l for build-ou t. They have a relat ively
small facies gradient downwards along the
deposit (Nemec and Steel 1988, Rachocki
1981). It is likely that the same is true for a
fjord delta. These sedimentolog ical factors
govern the grain-s ize distributio n and hydrau
lic conductivity and are pro bably important for
the hydrogeology of the delta.

Fjord deltas cons titute a specia l type of
coas tal aquifer becau se of the strati fication
of the fjord water. For example, at the delta
front at Sunnda lsora , Mere og Romsdal coun 
ty, the upper brack ish layer of the fjord water
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Fig.1. Loc ation of the investigated
area (inset). Location sites of bore 
holes , seismic prof iles and pumping
we lls .

I dArea above mean sea level -- - Art if ic ial rive rbank

is up to 2-4 m in thickness, wh ile at 40 m
depth the salinity is 31-32 per mille (A.Kiltel
sen , pers . comm.). The thickness of the brac
kish layer varies with the freshw ater discharge
from incom ing rivers. The salinity of botto m
water in Norwegian fjord s is close to 35 per
mille (Scelen 1976).

The investigated area
The delta at Sunndalsera is situated between
the mouths of two rivers, the Driva and the
Litleda len rivers, and is built out into the Sunn
dalsfjord which is up to 200 m deep in its
inner basin (Fig.1). Geolog ical investigations
on the delta have been carried out by Ander
sen (1984), Follestad (1984, 1987), Hillestad
(1984), Kummen eje (1985, 1989), Henninq

(1985), Storre (1986), Nielsen (1988) and Sol
dal et al. (1990).

Both in the Sunndalen valley (containing the
river Driva) and in the Litledalen valley there
exist ice-margin deltas of Younger Dryas age
(10,000-11,000 yrs BP). These sand and gra 
vel deposits were built up to c.140 m above
present sea-level and indicate the upper mar i
ne limit in the area (Follestad 1987).

The surface sediments in the valley floor
consist of coarse, fluvial deposits. Centrally
in the delta there is at least 500 m of Quaterna
ry deposits (Hillestad 1984), probably domi
nantly fine-grained marine sediments (Follestad
1987).

The western portion of the fjord delta, which
is located at the mouth of Litledalen (Fig.1),
has been investigated. The investigated area
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Results

Fig.2. Simplified drilling logs (see Fig. 1 for location). The
marked boundar ies indicate differences in sediment type .
although not necessarily in obser ved gra in-size.

processing included stat ic correct ions and
band pass filtering. Velocity analysis of multi
chann el record s was used to convert two-way
travel time. Processed records are shown in
Fig.3.

Sedimentology
Inspection of aerial photographs taken in diffe
rent years reveals rap id changes in the river
outlet at the delta front. This is in agreement
with Follestad (1987), who states that the del
ta is river dom inated. The Litledal River has
probab ly only contributed to the construction
of the western part of the delta. The delta
associated with the Litledal River is constr icted
by the mountain cliffs on the west and the
delta of the River Driva to the east (Fig.l).

The pos tglacial uplift of this area was most
rap id between 10,000 and 9,000 years BP,
with an estimated rate of 50 mm per year.
Between 9,000 yrs and the present , the avera-
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lies within the tidal zone. The investigation is
part of a project to evaluate the possibilities
for abstraction of saline groundwater for use
at Akvaforsk fish farm .

Two water-works supp lying fresh groundwa
ter are situated at Sunndalsera (Fig.l). One
is for municipal supp ly and one supp lies Akva
for sk, a research station for aquaculture, whe
re salmon fry and halibut are reared. The
neare st water-works is located 400 m to the
south of the investigated area.

Methods
Ten borehol es were dr illed and sampled. Test
pumping was carr ied out in two pumping
wells over a three months per iod. 600 m of
seismic ref lection profiles were measured
(Fig.l).

The wel ls were drilled using a Borros ham
mer-rotation mobile rig employing water as the
drilling fluid. Penetration rates , water pressu
res and sound-response were recorded dur ing
boring. These data were used to interpret
sediment type . After borinq, 5/4" diameter
cast- iron well-points, wi th ,elongated slots at
the tip, were temporarily installed to the desi
red depth. Samples of sediment and water
were collected and tne water temperature was
measured . The borehole logs are shown in
Fig.2. The water samples were anaiyzed for
cations by atom ic emiss ion spectroscopy and
anions by ion-chrornatoqraphy. Alkalinity was
measured by Gran titration , pH with a glass 
elect rode, and electrical conductivity (E.G.) by
conductivimeter. A field refractometer was
used for the major ity of the measurements
of salinity , a subset of wh ich were controlled
by measuring osmotic press ure with a 'Semi
mikro osm ometer, type M'. Salinity is directly
related to disso lved solids (1 per mille = 1000
pprn) and electr ical conductivity (salinity = 0.68
x E.G. (in mS/cm)). The results of these analy
ses are presented in Soldal et al. (1990).

The seismic reflection profil ing was carried
out using the «optimum offset» method (Hun
ter et al. 1988, Hunter and Pullan 1989) and
recorded with a digital seismograph (Scintrex
S-2 'Echo' with 24 channels). Six profiles
were measured. The distance betw een the
energy source (in-hole shotgun with 12 gauge
shells) and the first geophone was 18 m. The
geophones were placed with three metre inter
vals for profiles number 1 and 2, and two
metre intervals for prof iles 3 to 6. Seismic
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upper bound ary of these sediments is a strong
reflecto r which can be recognized in most of
the seismic profiles. The fine-grained depo sits
are near horizont al and can be interpreted as
dista l bott om sediments.

Seismic profiles 1 and 2 (FigA) show incli
ned reflec tors which flatten out to the north.
In the area with more steeply-dipping layers ,
the sediments encountered in the boreholes
are at their coarsest (Fig.2). The preferred
interpretation is, ther efor e, that the coarse,
grave lly sands were deposited as foreset beds.
The coa rsest sediments are thou ght to have
had their origin in submarine channels at the
river mouth (e.g. Prior and Bornhold 1988).
The finer, sandy sediments were probab ly eit
her deposited somewhat more dista lly from
the river mouth or laterally , at the sides of the
river mouth chan nels. In front of the river
mouth , where the sediment supp ly was grea
test, the delta advanced rapidly with transport
along subaquatic channels.

Fig. 4 reveals the cyclicity of sedimentation,
which we interpret as being due to erosion
of older deposits foll owed by deposition of
new foresets, due to meandering of the two
rivers . This res ulted in step-wise changes in
gra in-size. Within each cycle the coarsest sedi
ments are located nearest land.

Prof ile no. 6

Profile no. 4

Prolile no. 5

Profile no. 3

Fig.3. Processed seismic reflection profil es, see Fig. 1 for
locations.

ge emergence rate was about 4 mm per yr
(Svendsen & Mangerud 1987). The curren t
rate of uplift is 3-4 mm per yr (Serensen et
al. 1987). The emerg ence , erosion and subse
quent sediment supply from the ice-margin
delta has been of great importance in gover
ning the postglacial construction of the fjord
delta.

The seismic profiles (Fig.3) reveal several
reflector s beneath the fine-gr ained sediments.
These are, however, of litt le relevance to this
investigation. Interpretation of shallow er struc
tures (0-15 m ) from the profiles alone is diff i
cult , but in comb inat ion with observations from
the boreholes, a model can be deduced (FigA).
In the investigated portion of the delta the
coarse topset (cobbles , gravel and sand) is
underlain by a c. 20 m thick sequ ence of sand
which wedges out towards the ice-margin
delta (E. Danielsen, pers . comm. ). Under these
layers there is a sequence of fine sand and
silt/clay with a low hydraulic conductivity. The

Hydrogeology
The uppermost part of the delta is an uncon
fined aquifer, limited by the fjord and the Lit
ledal River. Tes t pumping has been carr ied
out in the two pumping wells (Fig.1) over a
three month per iod . The transmissivity was
calculated as 1.6 x 10-' m'/s (1382 m'/d) and
the storage coeff icient as approximate ly 0.3
(Soldal et al. 1990).

The salinity of the groundwater in the investi
gated area varies betwee n 1 and 32 per mille.
The measurements reveal that the freshest
grou ndwater is located along the Litledal River
and within the sout hern part of the delta.
The salinity increases with depth and toward s
the fjord. The investigated part of the delta is
floode d by water with a salinity of up to 5 per
mille during high tide. The average difference
between low and high tide in the fjord is 1.5
m. Groundwate r levels in the delta change as
a function of the tides in the fjord. Consequent
ly there is also a change in hyorautic gradient
in the outer part of the aquifer. The net effect
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are also used in the in
terpre tations. Some of
the bore holes show no
changes in sediment
type across the seismic
reflectors . The maxi
mum depth to the
groundwater level is 1.5
m below the surfa ce.
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of the tidal fluctuations (Serfes 1991) is a hy
drau lic gradient from the river towards the
aquifer , as illustrated by the saline water distri
bution .

Many stud ies have shown that sedime ntary
fac ies is a determining factor for the hydraulic
conductivity (permeability) of clastic rocks (e.g.
Dreyer et al. 1990), because there is a known
corr elation between grain size and hydraul ic
condu ctivity in a porous aquifer (e.g. She
pherd 1989). If the presented sedimentological
mode l is corr ect , there must be stepwise chan
ges in the hydrau lic conductiv ity of the delta ,
within each step the highest values being on
the landwar d side .

The zone of mixing between fresh and salt
water is wide and the overall distribution is
independent of the sedimentology (Soldal et
al. 1990). Boreholes 2 and 4 (Fig.5) provide

an exc eption to the overall picture of a gene
ral increase in groundwater salinity downwards
in the aquifer . Decreases in salin ity (E.C.) are
detected between 17 and 19 m depth in bo reho 
le 2 and between 11 and 15 m depth in boreho
le 4. In borehole 3, groundwater becomes
gradually more saline downwards in the aqu i
fer, but the measurements of Br- and alkalini
ty show a considerable vertical variat ion in the
profile (Fig.6). The large increase in alka linity
at 21 m depth in borehole 3 is probably due
to analytical error because electrical conductivi
ty, pH and Ca-content do not exhibit a simi lar
var iance (Solda l et al. 1990). Brom ide ions are
good indica to rs of sea water intrusion (Morell
et al. 1986). The local decreases in salinity ,
alkalinity & bromide at some levels in bore ho
les no. 2, 3 and 4 are interpreted as due to
inflow of fresh er water along coarse foresets.
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months. In the screened level of the wells , the
average salinity of the water was 27 per mille
before the pumping started. Afte r two weeks
of pumping the salinity of abstracte d water
had stab ilized at 10-14 per mille in well I and
at 7-8 per mille in well 11. There is a large
difference in the salinity of the water from the
two wells in spite of their being located adja
cent to each other. Nothing in the local geolo
gy can explain this difference. One poss ible
exp lanat ion is that a natur al grave l filter has
been deve loped outside the well screen and
cas ing in well 11. This might lead to the introduc
tion of fresher groundwate r from the aquifer 's
coarse top layer down to the slotte d screen.
In borehole 7, how ever, which is located betwe
en the river and the wells, influx of water with
2 per mille salinity was detected at 11-12 m
depth dur ing the test pump ing. In addition, the
sedimentological model indicates that there is
a higher hydraulic conductivity in the part of
the aquifer neare r the river than in that part
nearer the fjord . Consequently , it appea rs that
the inflow of water from the Litledal River
causes the low salinity in well 11. Well 11 , wh ich
is located closest to the river, receives a hig
her proportion of this fresh water than we ll
I, which presumably derives much of its water
from the fjord-dominated part of the aquifer.

It is assumed that the fresh/brack ish water
that reache s the we lls has a salinity of 2 per
mille, as measured in borehole 7 during the
pumping period . The fjord water wh ich covers
the area at high tide also has a similar avera
ge salinity. The salt water component can be
assumed to have an average salinity of 27
per mil le, as measured in borehole 7 prior to
pump ing. A simple relationship between salt
and fresh water inflow to the wells is:
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Fig.5. Changes in diffe rent parameters in three boreholes
located at the marg ins of the investigated area . Plotted
points are located in the centre of the 1 m sampling interval.

Test pumping
Two abstraction wells were placed 20 m NE
of borehole 7 (Fig.1). The distance between
them was 2.0 m and they were screened from
8 to 18 m below the surface. The sediments
below 18 m depth consisted of fine sand. Well
11 is located nearest to Litledal River. The to
tal capacity of the wells was 0.02 m'/s (1200
I/min ) and the test -pumping per iod was three

where A= Volume of fresh/brack ish water, B=
Volume of salt water , F= Salinity of fresh/
brack ish water, S=Salinity of salt water, W=
Salinity of the water in the well. A + B = 1.
F = 2 per mille , S = 27 per mille.

After one month 's test- pumping, the average
salinity in well I was 12.0 per mille, and in well
11 7.5 per mille. This gives:

Well I: A = 0.6 (60%) and B = 0.4 (40%)
Well 11 : A = 0.78 (78%) and B = 0.22 (22%)
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in alkalinity in the coarse layers. The extreme' alkal inity at 21 m is probably due to analytical error .

The saline water const itutes 40% of the total
yield in well I, and 22% in well 11. If it is assu
med that any inflow from the top part of the
aquifer is similar in the two wells , the 18%
differe nce in salinity is due to the lateral flow
of fres h water.

The obse rvat ions in boreholes 2, 3 and 4
reveal that fresh water mixes with saline wa
ter along coarse foresets. Small var iat ions in
grain -size lead to great differences in the hy
draul ic conductivity and thus to an increased
interfingering when the groundwater velocity
increa ses (Gillham & Cherry 1982). The hydrau
lic conduct ivity , which is highest in the area
betwe en the wells and the river, the interfinge
ring effec t and the hydraulic gradient from the
river to the aquifer cause this lateral flow of
fresh water.

After two month s of pump ing, a test with
two-level pumping was performed (Fig.7). The
screen level was adjusted to 5-10 m below the
surface in well I and to 12-18 m in well 11 . The
tota l pumping rate remained 0.02 mvs, This

change caused the salinity in well I to stab ilize
at 0-5 per mille, whereas in well 11 it increased
to 15-16 per mille. Using the same relation s
hip as above, we estimate that 54% of the
yield in well 11 is saline water. In well I the
percentage of saline water is around 2%. It
is est imated that 18% of the fresh water in
well 11 was transmitted laterally through coarse
layer s from the river- dominated area of the
aquifer and 28% was due to vertica l flow of
fresh groundwater from the top of the aqui
fer . Figure 7 shows a qualitative model of
groundwater inflow to the wells.

No drawdown eff ect was observed in the
freshwater wells at the Akvaforsk waterworks
dur ing the test -pumping per iod. The radius
of influence around we lls I & 11 is thus small or
is limited in the direct ion of the wate rworks .

The salinity of the water obta ined from wells
I & 11 is too low to be used by the fish farm.
Preliminary investigations indicate that the
gene ral strat igrap hy of the who le delta fro nt
is similar to that in the investigated area. They
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WELL II

WELL I

Salinity: 7 ·8%0 (Bra ckish - salt )
Temp. : 35 - 50'C
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® WELL II
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Fig.? A qual ita tive mode l for inflow to the wells . A: pumping from one level, B: two- level pumping. Designation of the
water types is in accordance with Stuyfzand . 1986 .

also show that the aquifer 's coarse top layer
car ries relatively fresh water throughout the
whole delta. Thus . the potential inflow of fresh
water from the aquifer's top layer to groundwa
ter wells will probably be large everywhere
on the delta. New pumping tests . 200 m to
the north of borehole 3, reveal that the salini
ty of the abstracted water eventually decrea
ses to below 15 per mille with a pumping rate
of around 0.04 m'/s . Preliminary investigations
do , however, indicate that a reduction in the
pumping rate to c. 0.02 rnvs may give a stab
le situation with a salinity of 25-30 per mille
(G. Storm, pers. comm . 1991).

The maximum groundwater salinity will be
attained in area s with no lateral flow from the
fresh water aquifer. Consequently, wells desig
ned to abstract saline water must be placed
far out on the delta. The lateral fresh water
flow that constitutes c. 18% of the well yield
in the investigated area can then be avo ided .
If the wells were placed far out on the delta ,
at locat ions where the net hydraulic gradient
is very small and where coarse fore sets with
connection to the top of the aquifer are lac
king . 72% of the well yield would be saline
water. Using the same salinities of fresh and
saline waters as above , and the same relations
hips , we est imate that the salin ity would be

at least 20 per mille in the wat er abst racted
from the deepest well using two level pumping.

Conclusions
Investigations at the extreme north ern edge
of the delta (Kumm eneje 1985, 1989; E. Daniel
sen pers .comm . 1991) did not reveal any coar
ser-grained mater ial than was observed in the
investigated area . The absence of a trend to
wards coa rser -grained materia l outward s in
the investigated part of the delta is probably
due to the fact that this part of the delta was
formed after 9000 yrs BP dur ing a period with
little upl ift. Uplift may however be responsible
for the wedge-shaped form of the coa rser
gra ined sediments betwe en the fjord- and the
ice margin deltas.

The wide zone of mix ing between fresh and
salt groundwater in the aquifer is probably the
result of the influence of tidal changes in the
fjord on piezometric heads in the delta aqu i
fer . In a dynam ic system such as the one
described here , the Ghyben-Herzberg principle
(Badon Ghyben 1888, Herzberg 1901) is not
appl icab le. Glover (1964) has developed an
approximate equation for the shape of the
freshwater-saltwater interface in a situation
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where groundwater dynamics are involved.
The internal dist ribution of hydra ulic cond uct ivi
ty, the hydraulic gradient and the tidal fluctuati
ons are probably the most important factors
influencing the flow of grou ndwater in the
aquifer . The coar se-grained top layer carries
large amounts of fresh water and to a large
extent negates the flow of deeper salt ground
water to the investigated wells .

If a high salinity is to be achieved, two-level
pum ping is the simplest solution. Other possi
bilities to obta in groundwater with a high salini
ty are to reduce the pumping rate of the
wells, to infiltrate saline water from the fjord
into the shallow aquifer , or to search for dee
per aquifer hor izons . In order to reduce fresh
wat er inflow, it is important to avoid loca lities
with hydrau lic gradients from rivers and high
perm eability foresets.

Saline groundwater can be pumped out from
wells I & 11 at Sunnda lsera in large amounts
without caus ing conf lict with the utilization of
fresh gro undwater in the ex isting water-works.
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