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The influence of a sanitary landfil1 on groundwater within the surro unding glaciofluvial deposits
has been investigated at Trandum, in the vicinity of Gardermoen international airport, 40 km nort h
east of Oslo. These glaciofluvial deposits form the largest discrete aquifer in Norway with a volume
of approximately 2.75 x 10' m' (based on an area of 55 km'). The average velocity of groundwater
flow near the landfill is calculated as 1.5 m/day. whereas earlier investigations have reported 0.04
0.08 m/day in adjacent areas .

The pH of the groundwater ranges between 5.8 and 8.4. the electr ical conductivity between 123
and 1480 ~S/cm , and the redox potential between -30 and +257 mV. Contamination of the ground
water is indicated by elevated values of Ba. B. CI-, NH,+, H,S, Fe and Mn beneath the landfill.
Chloride and electrica l conduc tivity are usefu l parameters indicat ing the shape of the contaminant
plume. The contaminated groundwaters are readily classified in a diagram where pH is plotted
against electrical conduct ivity. The quality of the water pumped for domestic use, including drin
king water, from wells located c. 1 km northeast of the landfil1 is acceptab le as far as inorganic
consti tuent s are concerned . However , it is recommended that both inorganic and organic parame
ters are monitored in the future until contam ination from the landfill is significantly reduced or
has ceased.

Ote ·M. Srether, Arve Misund. Magne @degilrd, Birger Th. Andreassen, Geological Survey of Nor
way. Postboss 3006-Lade , N-7002 Trondneim, Norway.
A/rnut Voss. RWTH Ascnen , Lehrgeb iet tur Hydroge%gie, Lochnerstr. 4-20, Aachen, Germany.

Introduction
Trandum is a military base located in the vici
nity of Gardermoen international airport, 40
km northeast of Oslo (Fig. 1). The (mainly)
glaciofluvial deposits of the area form the lar
gest discrete aquifer in Norway , the 0vre
Romerike aquifer, with a volume of approxima
tely 2.75 x 10' m" based on the aquifer's
central area of 55 km' (Fig. 2). The influence
of leachate from Trandum landfill (Fig. 3) on
grou ndwater chemistry in the vicinity of Tran
dum military base has been investigated. The
investigation was undertaken as a result of a
national survey of hazardous waste within
Norwegian landfill s (Misund et al. 1991). The
primary data on which this paper is based are
reported in detail by Misund and Srether (1991).

The purpose of the investigation was to
evaluate the grou ndwater chemistry at Tran
dum military base, and its relation to the local
hydrogeology, given that there are several
potential pollution threats in the area (Fig. 3):

(a) the main landfill , located immediately west
of the base.

(b) a washing bay for cleaning large vehicles,
located within the base.

(c) spill water from the washing bay which is
drained into a pond at a shooting range loca
ted northwest of the base.

(d) a smaller , older landf ill located within the
base, well above the saturated zone of the
aquifer , a short distance west of Transjeen
Lake.

Drinking water for the base is pumped from
two wells northeast of the base at the perime
ter of Trans jeen lake.

Description of the locality
The Trandum military base covers about 0.5
km' (Fig.3) and lies to the west of Transjeen
lake. The predom inant vegetation in the area
is spruce and aspen. The landf ill is located in
a dead ice hollow, or kettle hole, west of the
base. The landfill was begun in 1954 and is
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Fig . 2. Simplified groundwater flow map for the northern
Romerike area. The location of Trandum is marked (modi fi
ed from e stmo 197Gb and Jcr gensen and 0 stmo 1990).

Fig. 1. Map of Pleistocene deposits within the Nort hern
Romerike area (from Jorgen sen and 0 stmo 1990).

now c. 15 m thick. It has been filled to a level
of around 195 m above sea level (a.s.I.). The
base of the landfill lies just below the water
table. Until 1978 it was used as a sanitary
landfill for both military and civilian purposes.
From 1978 onward s, it has been a site for
disposa l of solid domestic waste. In addition
to domestic waste , there are good reasons
to suspect that the landfill contains a wide
variety of batter ies containing heavy metals
(e.g. Pb, Ni, Fe, Hg, Cd, Zn), paints, solvents,
used lubricating oil from vehicles etc. Com
bust ible material was incinerated on site.

Monitor ing borehole 3 (Fig.3) is located in
the centre of the landfill whereas boreholes
4, 21, 22, 23, 24 and 25 are placed in a semi-

circle to the east (Le. downflow) of the land
fill. Borehole 26 is located upflow of the inves
tigated area and acts as a background referen
ce.

A shoot ing range is located in another kett
le hole north of the base. and boreholes 32,
34, 35 and 36 are placed here.

The washing bay lies at the northern end
of the base, and is used as a site for cleaning
(including degreasing) of larger vehicles such
as trucks and tanks. Investigatory boreholes
31. 37 and 38 are located here. Water used
for cleaning is pumped from two military wells
(Fig.3) at the northwestern end of Transjeen
lake. Spillwater from the washing bay is drai
ned via a sewer which discharges into a pond
in the base of the shooting-range kettle hole
adjacent to borehole 32. The water pumped
from the military wells is also used for domes
tic purposes at the Trandum base.
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Fig. 3. Map of the investigated area showing the locations of the 18 monitor ing boreholes (0 ; soil samples only, '. ; borehole
2" diam.. • ; borehole 4" diam., ... ; preexisting boreholes) at Trandum military base as of June 1991.

Geological setting
The genesis of the depos its of the Trandum
area is descr ibed by 0stmo (1975, 1976a) and
Longva (1987). They are around 9600-9700
years old (Longva & Thoresen 1989), and are
part of an ice-marginal delta with a point
source at Trandum (Hebrand 1990 and Fig.
1). The sediments were deposited as sedi
ment-loaded subglac ial streams lost their hy
draul ic transport capacity on reaching the
fjord . In this way, medium to coarse materials
were depos ited as foreset beds in several
discrete depositional bodies up to the marine
limit (205 m a.s.l.) closest to the ice-margin.
A prog radat ional coarse-g rained sandur , with

sub-horizonta l bedding, was deposited on top
of the delta. The finest mater ial was transpor
ted farther away, and is thus dominant at grea
ter distances from the glacier front.

At Trandum, the sandur is built up to 210
m a.s.1. The area's topography is influenced
by erosional channels and kettle holes . In the
immediate subsurface this sedimentary history
has resulted in alternating fine- and coarse
grained beds (Fig. 4). Extens ive investigations
with georadar (Mauring & R0nning 1991) sup
port the interpretation of the sedimentological
structure as described above, but are not dis
cussed further in this paper.
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Fig. 4. Sediment texture at the Trandum
landtill, in the side- wall of the kettle ho
le. ore the a brupt Changes in gra in-size
which strongly influence the hydraulic
parameter s.

Hydrog eology
The hydrogeology of the investigated area is
comp lex due to the heterogeneous sediment
textu re and structure. A transect A-A ' (Figs. 3
and 5), from borehole 24 (at the south rim of
the landfill) to borehole 43 (on the northwest
side of Transjeen lake) shows a water table
with a gradient from 182 m a.s.1. in the SW
to 172 m a.s.1. in the NE. The water table is
located in strata consisting of fine and coarse
sand. West of the landfill site, the coarser,
overlying gravel deposits are mostly located
above the water table (Fig. 5). In the area of
the landf ill, the coarser and finer sediment
bodies interfinger in both the unsaturated and
saturated zone. The contou r-lines on the wa
ter table strike approximately north-south indi
cating a gro undwater flow to the east (Fig.
6). This coincides with the interpretation of
0 stmo (1976b).

The annual fluctuation of the water table is
about 1 m, while the difference between the
lowest and highest levels measured during the
period 1967-1991 is 4 m, due to variation in
precipitation over a scale of decades (Kirkhus
mo & Sensterud 1988).

Methodology

Sampling design
The locations of 18 mon itor ing wells and five investigat ion
boreh oles from which sediments were sampled are shown
in Fig. 3. The well-f ilters are 3-5 m long . and are placed
just below the water table in all wells (i.e. varying from 2 to
35 m below the ground surface). A tota l of 113 sediment

samples were co llected from these and a subset of the
samples were analysed for grain-s ize distr ibution and sedi
ment chem istry . Groundwater was samp led in 1991 dur ing
three periods; weeks no. 22. 26 and 30.

Sampling procedures
The sediment samples were collected dur ing drilling. placed
immediately in airt ight glass -jars and sto red in a refr igera
tor until analysis. •

Prior to qrounowate r sampling. using a stainless stee l sub
mersible pump. a stab le redox -potential was achieved by
pumping at least five well-volumes from each bore hole.
Two auquots of the groundwater sample (100 rnl, poly
ethy lene bottle and 1000 ml glass bottle ) were acidified to
pH < 2 with ultra pure nitr ic acid (14 ) and two auquots
(100 mL and 500 rnt.. ootn polyethy lene bottles) were sto
red untreated. The 100 ml samples were filtered using a
0.45 urn filter (Kirkegaard 1989).

Field measurements
Tempe rature. pH. and electrical conductivity were measured
in the field . During the second sampling roun d (wee no .
26). the redox -potential was measured using a YSI airtight
cell with Orion electrode toge ther with elect rodes for pH
and temp erature .

Laboratory measurements
The sed iment samples were extracted with 7 H 0 , in
boros ilicate bottles in an autoc lave at 120·C for half an
hour. This extract ion proced ure is in accordance with the
Norweg ian Standard NS4770 ( orsk Standard 1980). The
acid ext racts were analysed for 29 elements by a Jare ll
Ash inductively coup led plasma emiss ion spectrometer (0 de
gArd 1983).

The 100 ml acidified water samples were analysed for 29
elements by inductively coupled plasma emiss ion spectres
copy . Mercury was determ ined on the one litre acidified
samp les by cold vapour atom ic absorption using a Perkin
Elmer atomic absorp tion spectrophotometer model 460 and
a mercury/hydr ide system mode l MHS-20 including a gold
trap . Conduc tivity. pH. and alkalinity were measured both



NGU - BULl. 422, 1992 Groundwater contamination at Trandum landfill 87

1:5m 85m

A '

10 '.
I ' : 0
I . »: Sa ...
I .~ . Gr ...
I ':. SI
I .
I : :
I ' 0

" ,1 11 !

275m

MSa

51

, • FGr •
. ; ' Sa

:. ~ FGr•
.. •. MSa

•...

Fine sand

410m

Sand and gravel

Gravel and stone . ' Gr.SI
_ _ _ _ _ _ _ _ _ _ _ _ ___ _ __ _ _ _ _ ", ~r _

.: FSa

.',

21

-, FSa .
; , Gr

. " Gr. ,,'"
0; St /

• I
• I

~·6 Sa...
t St

I • .

I
I
I
I
I
I
I
I
I
I
I
I
I
I
1 i

.".: Sa

..... FSa

M a.s.l. A
208 ' 24

106
204
202

200
196
196
194
192
190
188
186
184
182
180
178
176
1~

m
170
168
166

164
162
160

158
156

154

T RANSECT A-A' (see Fig. 3)
100

St: Stone
Gr : Grave l

GGr : Coa rse grave l
FGr: Fine gravel

Sa: Sand
MSa: Medium sand
FSa: Fine sand

H: Hardground

H3: Military water supply borehole
24: Well-number

meter

Fig. 5. SW-NE transect showing the sedimentology between Trandum landfill and Transjaen lake.

in the field and in the laboratory on the untreated 500 mL
aliquots . Seven anions were 'analysed on the untreated 100
mL aliquot by HPIC using an ion chromatograph model
2010i from DIONEX. Laboratory measuremen ts were perfor
med mainly according to methods used at the Geological
Survey of Norway (0degard & Andreassen 1987).

Results

Sediment samples
There is a large variation in the texture of the
sediments due to the complex depositional
history governed by interfingering deltas and
a braided river syste m. The sediments around
borehole 27 were found to be mainly of silt
grade below the water table (Storm 1991,
Storm & Banks 1992). In borehole 23, howe
ver , located 180 m northwest of borehole 27,
a sediment sample located 4 m below the
water table conta ined 75% gravel. Similarly
there are wide variations in grain-size vert ical
ly within each borenole, as is illustrated in
Figs. 4 and 5. At borehole 61 on the eastern
shore of Transjeen Lake the sediments con-

Fig. 6. Map of piezometric head (m a.s.l.) in the investiga
ted area at Trandum military base, for June 1991. Num
bers correspond to borehote reference numbers in Fig. 3.

sist of sand and gravel down to at least 45 m
below the water table.

Many of the sediment samples were found
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Tab le 1. Maximum enrichment factors for metals in sedi
ment samples (relative to background samples from boreno
le 26). A. B and C refer to the soil cr iteria used in the
Netherlands for contaminated land (Moen et al. 1986).
Boreh oles are ranked accord ing to decreas ing deg ree of
sedim ent conta mination.

Element Enrichment -ABC-- Ranking of borehole
factor syste m

Pb 120x C Bh 34.5.3.4.35.38.37.32
Zn 15 x B Bh 51.5.34.31.1.4.2.42
Hg 10 x A Bh 5.34.31.43.41.1.4.2
Mn 6 x Bh 4.34.5.23.38.1.32.35
V 3.5 x Bh 5.23.34.2.32.35.38.4

Cu 3 x > A Bh 5.34.38.3.4.32.2.1
Fe 2 x Bh 4.2.34.5.23.32.35.38
Ni 1.7 x A Bh 4.5.32.2.51.38.34.43

to conta in levels of the heavy meta ls Pb, Zn,
Hg, V, Cu and Ni well above the background
values found in borehole 26. Some meta ls,
particularly Pb and Zn, show enr ichment fac
tors of 15-120, relative to the background le
vel ; e.g. at the shooting range , in the central
area of the military base (borehole 51) and
below the landfill (borehole 5) (Table 1 and
Fig. 3).

Groundwater flow
The hydrau lic conduct ivity, porosity and effecti
ve porosity of the aquifer have been est imated
from gra in-size analyses by a slight mod ificat i
on of the Beyer & Schwe iger method as desc 
ribed by Langguth & Voigt (1980). Estimates
of the hydraulic paramete rs , based on sedi
ment samples from below the water table along
prof ile A-A ' (Fig. 5) are shown in Table 2. The
average hydrau lic conductivity is 4 x 10-' rn/s
which , with an average effect ive porosity of
0.29 and a hydraulic grad ient of 0.013, implies
a groundwater flow -veloc ity of about 1.5 m/
day (1.85 x 10-' rn/s). These resu lts are cons is-

tent with values reported by Klemetsrud (1986)
and Snekkerbakken (1990).

However, the large variation in sediment
texture implies a correspondingly large variati
on in grou ndwat er flow velocity , since a volu
me of approx imately 150 U s (Klemetsrud 1986)
is transmitted through a cross-sect ion of the
sub-catchment at anyone time. For example,
Storre (1991) deduced a flow velocity of 0.04
0.08 m/day (5 - 9 x 10.7 m/s) at borehole 27.
The investigations indicate that a significant
part of the contaminat ion in the groundwater
at Trandum has its origin at the Trandum land
fill, and is transported in the direction of
groundwater flow towards the east. There is,
however , little evidence of a signif icant com po
nent of southerly spreading of contamination
(see Figs.7); for example, there are few traces
of con tamination found in borehole 27. This
may reflect the generally finer gra ined nature
and lower permeabil ity of sediments in the
south.

Chemical stratification
To investigate the variation of various chemi
cal parameters with depth, three groundwater
samples were taken during dr illing at two 
mete r depth intervals down from the water
table in borehole 4 (at the landfill) and bor eho
le 32 (at the shooting-range). The results are
shown in Table 3. The fact that the temperatu
re, alkalinity and chlor ide concentrat ions de
crease with depth at the landfill , and that the
Eh and pH increase, indicate that the ground
wate r is most polluted in the upper zone of
the aquifer. Electr ical conductivity , and thus
tota l dissolved solids , also shows a slight
decrease with depth in borehole 4 (from 1226
to 1142 J-l S/cm; i.e. by 6.9%), but is constant
in borehole 32.

Tab le 2. Estimates of the hydrau lic paramet ers based on grain- size dist ributions of sediment samples from below the wate r
table (see Langguth & Voigt 1980). d; & d. , are gra in size paramete rs. PIn) = poros ity. PIn,,) = effective porosity . P(S .) =
co rrection factor for effe ctive poros ity.

Bore hole c, c... u C Hydraulic P P P Gradient Real Real
no.& con e. (n) (S ,) (n..) (i) veloc ity veloci ty
dep th (m/s) m/s mid

2 4- 18 0 .29 0 .64 2 0 .0 1 BA . 10 " 0 .3 5 0 .9 0 .32 0-01 3 3.4 . ID " 2.9
25-14 0.09 1.3 14 0.007 5.7 . ID " 0.28 0.8 0.22 0.013 3.4 . 10" 0.29
21-26 0.09 0.2 2 0.01 7.4 . 10" 0.35 0.8 0.28 0.013 3.4 .10- 0.29
51-33 0.16 0.47 3 0.009 2.3 . 10-' 0.33 0.9 0.29 0-017 1.3 . ID " 1.16
43-18 0.22 0.47 2 0.01 4.8 . 10-' 0.35 0.9 0.32 0.025 3.8 . 10"' 3.24
44-18 0.28 0.8 '3 0.009 7.4 . 10-' 0.34 0.9 0.31
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Table 3. Overv iew of chem ical parame ters in groundwater
as funct ion of depth . in borenotes 4 and 32.

Chloride and electrical conductivity
The concentration of chloride (Fig. 7a) in the
groundwater is highest in the vicinity of the
landfill (over 80 mg/L in boreholes 4 & 21),
and decreases towards the east in the directi
on of the groundwater flow in a similar man
ner to the electrical conductivity. The chloride
concentration is only 3-4 mg/L in boreholes

The contaminant plume
The chemical parameters measured in the
pumped groundwater samples were very stab
le during the two months in which sampling
took place for most components, except Zn,
Fe, and Mn. The variation of these compo
nents could be due to different degrees of
oxidation of the strongly reduced water during
sampling.

The heavy metals Pb, Zn, Cu and Mn appe
ar to be accumulated in the sediments under,
or. immediately downstream of , the landftll.
This is presumably a result of the strongly
reducing, sulphide-, bicarbonate- and metal
rich leachate from the landfill mixing with the
more alkaline regional groundwaters, and the
metals being immobilised in the sediments
throu gh adsorption or precipitation. Elevated
values for these elements were, in fact , con
firmed in the sediment samples below the land
fill (see above).

The small vertical variations in groundwater
chemistry and the consistency of analytical
results during the three sampling rounds justi
fy an evaluation of the lateral variations in
hydrochemistry based on comparisons with
«background levels»measured in borehole 26.

Increasing
with depth

Eh
pH
Fe
SO,'-

Stable

AI
Mg
Ca
Na
K

Decreasing
with depth

Temperature
Conductivity
Alka linity
Mn
Cu
Zn
Ni
Co
B
Li
CI-
NO.-

41-43 and in the reference borehole 26. Chlori
de is a conservative ion which is not significant
ly retarded by sorption, ion-exchange or preci
pitation in the subsurface. It can thus be assu
med that it is transported at the same rate
as the grou ndwater (Freeze & Cherry 1979),
and is regarded as a better tracer of contam i
nation from domestic waste than electr ical
conductivity.

Electrical conductivity is rough ly proportio
nal to the tota l dissolved solids in aqueous
solutions of low ionic strength. The electr ical
conductivity is highest in "groundwaters bene
ath the landfill (Fig.7b), where it is 1420 J1 S/cm
in borehole 3 and 1013 J1 S/cm in borehole 4.
It decreases to 200 J1 S/cm in borehole 42. The
electrical conductivity of the groundwater at
the reference borehole 26 is only 123 J1 S/cm.
The decline in electrical conductivity and chlor i
de away from the landfill illustrate how dilution
and dispersion can attenuate a contaminant
plume from a point source of pollut ion.

pH, temperature and alkalinity
As shown in Table 4, the pH of the groundwa
ter in the Romerike aquifer averages 7.9 at
thirty metres depth (Jerqensen et al. 1991).
In this study a pH of 8.4 has been measured
in water from the reference well, borehole 26
(Fig.7c). At the northwest corner of the Transje
en lake where groundwater is abstracted for
domestic use, the pH is around 7.5. The lo
west pH value of 5.8 was measured in boreho
le 4 which is located in the eastern margin of
the landfill (Fig.3). A slightly alkaline value of
pH is common in leachate from old domestic
waste landfills (Mather 1992). It is therefore
remarkable that such a low pH has been recor
ded in groundwater (which naturally has a pH
around 8) at the Trandu m landf ill; such low
levels are more characteristic of young land
fills , generating abundant organ ic acids. It is
likely therefore that parts of the Trandum land
fill are still in their acetogen ic phase .

In the area of the shoot ing range the pH is
about 6.5, presumably due to infiltration of
surface water drainage via the small pond in
the area.

The groundwater temperature is c. 7.9°C
beneath the landfill (Fig.7d). This is 3-4°C hig
her than values determined in the surrounding
area, and is presumably a result of exother
mal biodegradation of organic material.
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Table 4. Chemical parameters in groundwater derived from this investigation, results from other investigations and SIFFs
quality requirements for inorganic constituents in drink ing water. All concentrations are in mg/L. Trsj: Transjeen lake, Msb:
Military supply borehole, Dgw: Deep groundwater sample collected at 30 m depth at Furusmo, (G): Good, (A) : Acceptable,
(P): Poor quality, SIFF = drinking water requirements (SIFF 1967).

Sample Na K Mg Ca Cl' SO.'· NO; ·N Alk Cond pH
mmollL JlS/cm

Risa' 3.1 1.2 2.9 31.4 2.9 12.1 0.1 1.6 172 7.7
Aurtjern' 1.4 0.5 0.6 3.7 1.1 3.7 0.1 0.3 30 6.7
Trsj' 5.6 1.5 4.7 50.9 6.2 16.3 < 0.1 2.6 255 7.6
Trsj 4.1 < 0.2 3.5 51.6 5.5 16.6 < 0.1 2.4 259 6.2
Build. l ll + 3.5 1.0 3.0 53.0 2.5 13.0 2.0 2.7 290 6.1
Build. 111 2.5 < 0.2 1.7 36.0 2.0 11.7 0.6 2.1 221 6.1
Bh26 2.0 < 0.2 1.9 17.6 3.4 7.0 0.1 1.1 123 B.4
Bh3 45 34.6 30 146 76.4 0.2 < 0.1 1,3.6 1420 7.1
Bh43 6.7 < 0.2 6.9 126 6.0 19.7 4.4 6.6 644 7.5
Msb 3.4 1.1 3.6 56.2 4.0 17.6 < 0.1 2.7 275 6.0
Dgw' 1.9 1.25 2.5 39.1 1.1 14.9 < 0.1 1.9 202 7.9
SIFF < 20 (G) > 20 (P) 15·25 (G) > 200 (P) > 100 (P) > 10 (p) < 1.0 (G) 6.5-9.0 (A)

• Data from Jerqensen et al. (1991)
+ Data from Storm (1991).

Alkalinity varies between 1 mmollL at the
reference well to 14 mmol/L in borehole 3.
This reflects the high concentration of bicar
bonate beneath the landfill due to the disinte 
grat ion of organic refuse. Johansen & Carlson
(1976) report an alkalinity between 6 and 41
mmol/L in leachate from six landfills in Norway .

Sulphur and nitrogen
Concentranons of more than 100 mg/L sulpha
te were found in borehole 4 (Fig:7e). Elevated
values of 10 to 30 mg/L were also found in
boreholes 21, 23, 24, 25, 31, 43 and 51. The
background value, as measured in borehole
26, was 6-7 mg/L. The concentration of sulpha
te in borehole 3 was very low « 0.2 mg/L), but
a potent smell of HzS gas was evident, indica
ting reduc ing cond itions under the landfill.
This is reflected in the redox - potential which
was found to be -30 mV in borehole 3, in
contrast to over +100 mV in pumped samples
from the adjacent areas .

The concentrat ion of nitrate is less than 0.3
mg NO,'/L in the reference borehole 26 (Fig.
7f). The nitrate concentrat ions are below the
detec tion limit (0.05 mg/L) in boreholes 3, 21
and 24 located centrally and just east of the
landfil l. However, nitrogen in the groundwater
in the vicinity of the landfill is present as
ammonium ion (20-25 mg/L ) due to the stro ng
ly reducing conditions. Nitrite was only detec
ted in borehole 25 indicating a transition in
redox-conditions in this area. The highest con
centrations (31.2 mg/L) of nitrate were found
in borehole 36, prob ably deriving from gunpow-

der from the shooting range. Nitrogen in all
three forms is believed to ref lect the influence
of anthropogenic sources, including the landfill.

Discussion

Classification of the groundwaters
The groundwater samples are of calcium
bicarbonate type (Fig. 8) with a pH between
5.8 and 8.4. Elevated concentrations of Mg,
Na and K are found in the waters beneath the
landfill , compared to the less- or uncontamina
ted waters such as in boreho le 26. The per
cent proportion of Ca is, however, lower in
the vicinity of the landfill (Fig.8), relative to the
other major cations. Whereas Cl' concentrat i
ons are high in the contam inated waters in the
vicinity of the landfill, differe nces in the bicar
bonate and sulphate (due to the SUlphide to
sulphate redox trans ition) concentrat ions cau
se the neighbouring boreholes 3 and 4 to be
widely separated on the anion-tr iangle, and
thus on the central diamond , of the Piper dia
gram (Fig.8).

The conta minated groundwaters are readily
class ified in a diagram where pH is plotted
against electr ical conductivity (Fig. 9):

(a) Waters with the lowest pH-values and hig
hest cond uctivities are found in wells 3, 4, 21,
23 and 25, Le. those surrounding the landfill.
These are the most contaminated groundw a
ters.
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Wells contaminated
by landf i ll leacha es

WELL 3 *
WELL 4 x
WELL 26 0

WELL 21 •
WELL 25 •
WELLS 22,23,24,27,
31.32,34,35,36, £)
41, 42,43, 51 (f}f1

(b) Boreholes 31, 43 and 51 (beneath the mili
tary base) conta in water with slightly elevated
TDS (i.e. higher conductivity) but with «nor
mal» pH values . It is poss ible that these ground
waters are slight ly contam inated by the outer
fr inges of the contaminant plume.

(c) Groundwate r samples from the boreholes
at the shooting range (boreholes 34, 35 and
36) have a low pH, but the conductivity is
we ll below 400 ll S/cm. They cannot be cons ide
red as contaminated. The lower pH is presu 
mab ly due to infiltration of Iow-pH, low TDS
surface water drainage (including dra inage
from the wash ing bay) through the relatively
thin unsaturated zone in the base of the kett 
le hole.

(d) The gro undwa ters from wells 22, 24, 32,
41, 42 are all fairly similar in quality to that
from bore hole 26 (normal pH and low TDS).

Saturation indices
The natura l groundwaters in the 0vre Rome
rike aquifer are in equilibr ium with the (Ca-r ,

Fig. 8. Piper-diagram Showing the che
mical composmon of the groundwate r
samples. Well 26 acts as a background
reference and is located up-gra dient
from the land!;I!.

Anion
10(l 0/0

Mg++) CO,= -type found in these deposits (J0r
gensen et al. 1991). The state of equilibr ium
between the groundwaters and several mine
rals has been estimated using a computer
code based on thermodynamic calculations
of ion act ivity products (lAP) which in turn are
related to equilibrium constants (Keq), ionic
strength and ion activity coeff icients. A cal
culation of the saturat ion indices (SI= 10g(IAPI
Keq) = pKeq - pIAP) for calcite in each well
(Fig. 10a) indicates that the groundwaters
arou nd the landfill and at the shooting range
are significantly undersaturated in spite of the
high alkalinity and high concentra tions of cal
cium measured in these areas. This is a re
sult of the low pH which causes the calcite to
be consumed at a higher rate than it is produ
ced .

The acid pro duced by the landfill com bined
with the anaerobic environment generates re
duced species of sulphur (H,S, HS') and nitro
gen (NH,+, NO,'). The transition between NH,+
and NO,' is located between boreholes 3 and
25 (Fig. 7f). The redox boundary between H,S
and SO,= is indirectly delineated in Fig. 10b
where the saturation indices of barite from
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each borehole are contoured. A transition
zone from undersaturated to supersaturated
waters with respect to barite is located a little
to the east of borehole 3. A similar bounda ry
is located south of boreho les 31-36. It is like
ly that the concentration of barium in the

groundwaters is limited by the solubilty of
barite.

Both calcite and barite are supersaturated
in groundwaters from boreholes 31, 43 and
51. Supersaturation of groundwaters with re
spect to calcite, dolomite and sider ite was

Saturalion index
barite

---- - - - 0.4

~·BUild i ng 111

w ash ing_ _ ~f.=l:~-;;--"
bay -

b) ShOOtinJ:~
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Fig. 10. Contour map showing the distr ibution of the saturat ion indices of a) calcite and b) barite in the groundwater of
the investigated area.
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also detected in a plume from the KL Landfill
in Kalamazoo County, Michigan, USA (Kehew
& Passero 1990).

Comparison between water types
A comparison of the chemical analyses obtai
ned in this study with resu lts from earlier inves
tigations at Building 111 (Storm 1991 - Table
4), shows a variation of up to 25% in TDS
at bore hole 27 (Fig.3). This may be due to
different sampling proced ures , particularly with
respect to pumping before sa.np llnq. At Tran
sjeen lake the resu lts vary only by 2% (for
TDS) during a six month period .

The concentrat ions of the major ions Na-,
K+, Mg++ , Cl', are 10-30 times higher in the
contam inated wate rs at borehole 3 than at the
Milita ry supply wells and Trans jeen lake (which
is almost wholly groundwater-fed), indicating
an attenuation of at least one order of magni
tude across the investigated area.

There is a two-fold net increase in spec ific
conductivity from the reference boreho le 26
to the military domestic water supp ly wells
where drinking water is withdrawn. This latter
water is very similar to the waters of Trans]e
en lake. This implies that the gro undwater in
the vicinity of the lake has acquired a signifi
cant amount of all major ions (except NO,')
dur ing its dra inage across the investigated
area. This water fails to meet the SIFF quality
stand ards requ ired for «good» drinking water
because of its high cont ent of calcium (SIFF
1987), but it is regarded as of «acceptable»
qua lity.

Conclusions
The groundwater flow at the site is in an eas
terly direction with a real velocity of 1.5 m/day.

Significant contamination of soils and
groundwater in the immediate surround ings
of the landfill at Trandum has been detected .
Sediments conta in levels of Pb, Zn, Hg, Mn,
V, Cu and Ni which are well above back
ground values. However, only Pb and Zn are
found to exceed the European Community's
requirements for further mapping of the ex
tent of the pollution.

The grou ndwater is not cont aminated below
the washing bay nor in the vicinity of its se
wer discharge at the shoot ing range.

The qrou ndwaters electr ical conductivity
decreases from over 1000 ~S/cm just beneath
the landf ill to 200' ~ S/cm one kilometre dow
ngradient to the east. Upstream, the back
ground level is 123 ~S/cm at a reference
well 100 m NW of the center of the landfill .
The concentrat ions of the major ions Na-, K+,
Mg++ , CI-, are 10-30 times higher in the contami
nated waters at bore hole 3 than at the milita
ry wells and Transjoen lake, indicating an atte
nuation of at least one order of magnitude
across the investigated area.

The gro undwaters , apart from those in the
immediate vicinity of the landfill, tend to be
supersaturated with respect to calcite and
barite suggesting that the concentrations of
Ca++, HCO,-, and Ba are part ially govemed
by the saturation of these minerals.

It is recommended that both inorganic and
organ ic compo nents of the grou ndwater are
mon itored in the future until contamination from
the landfill is significantly reduced or has cea
sed.
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