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The hy dro gen and ox y gen iso topes of wa ter and the car bon iso tope com po si tion of dis solved in or ganic car bon (DIC) from dif fer ent aqui -
fers at an in dus trial site, highly con tam i nated by or ganic pol lut ants rep re sent ing res i dues of the for mer gas pro duc tion, have been used as
nat u ral trac ers to char ac ter ize the hydrologic sys tem. On the ba sis of their sta ble iso tope com po si tions as well as the sea sonal vari a tions,
dif fer ent groups of wa ters (pre cip i ta tion, sur face wa ters, groundwaters and min eral wa ters) as well as sea son ably vari able pro cesses of
mix ing be tween these wa ters can clearly be dis tin guished. In ad di tion, res er voir ef fects and in fil tra tion rates can be es ti mated. In the
north ern part of the site an in flu ence of up ris ing min eral wa ters within the Qua ter nary aqui fers, pre sum ably along a fault zone, can be rec -
og nized. Mar ginal in fil tra tion from the Neckar River in the east and sur face wa ter in fil tra tion ad ja cent to a steep hill on the west ern edge
of the site with an in fil tra tion rate of about one month can also be re solved through the sea sonal vari a tion. Qua ter nary aqui fers closer to
the cen tre of the site show no sea sonal vari a tions, ex cept for one bore hole close to a for mer mill chan nel and an other bore hole ad ja cent to
a rain wa ter chan nel. Dis tinct car bon iso tope com po si tions and con cen tra tions of DIC for these dif fer ent groups of wa ters re flect vari able
in flu ence of dif fer ent com po nents of the nat u ral car bon cy cle: dis so lu tion of ma rine car bon ates in the min eral wa ters, biogenic, soil-de -
rived CO2 in ground- and sur face wa ters, as well as ad di tional in flu ence of at mo spheric CO2 for the sur face wa ters. Many Qua ter nary
aqui fer wa ters have, how ever, dis tinctly lower d13CDIC val ues and higher DIC con cen tra tions com pared to those ex pected for nat u ral wa -
ters. Given the lo ca tion of con tam i nated groundwaters at this site but also in the in dus tri ally well-de vel oped val ley out side of this site, the 
most likely source for the low d13CDIC val ues is a biodegradation of anthropogenic or ganic sub stances, in par tic u lar the tar oils at the site.
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INTRODUCTION

Con tam i na tion of soil and ground wa ter by or ganic pol lut -
ants is a se ri ous en vi ron men tal prob lem com mon to many ur -
ban ar eas and in dus trial sites. In par tic u lar, for mer in dus trial
sites may pose spe cial prob lems be cause many in dus trial pro -
cesses use or pro duce highly toxic pol lut ants (e.g., heavy met -
als, ag gres sive chem i cals and or ganic com pounds) that may
ac ci den tally find their way into the nat u ral hydrologic cy cle.
In such cases it is of par tic u lar im por tance to char ac ter ize the
hy dro log i cal sit u a tion in or der to be able to as sess the dis per -
sion of the or ganic con tam i na tion. Ground wa ter pol lu tion and 
the hydrologic sit u a tion is com monly eval u ated in terms of
mea sure ments of the con cen tra tions of an ions, heavy met als
or or ganic sub stances in wa ter, via time-se quence anal y ses of
chem i cal trac ers, and/or via pump-ex per i ments. Many of
these mea sure ments of chem i cal trac ers may be in flu enced by

sorp tion pro cesses or chem i cal re ac tions within the aqui fer
and can, there fore, give a dis torted pic ture of the con tam i na -
tion. In con trast, sta ble iso tope stud ies of hy dro gen, ox y gen,
and dis solved or ganic and in or ganic car bon in wa ter can po -
ten tially be used as nat u ral trac ers that di rectly re flect the
hydrologic sit u a tion and are less in flu enced by ex tra ne ous
sorp tion pro cesses. Fur ther more, for low tem per a ture con di -
tions the H and O iso tope com po si tion of wa ter is not in flu -
enced by chem i cal re ac tions within the aqui fer (e.g., Clarke
and Fritz, 1997). It has been known from nu mer ous stud ies,
that the anal y ses of hy dro gen and ox y gen iso topes of wa ter
pro vide in for ma tion on re charge ar eas and mix ing pro cesses
of dif fer ent wa ter bod ies (e.g., Clay ton et al., 1966; Moser
and Rauert, 1980; Kharaka and Carothers, 1986; Clarke and
Fritz, 1997). Sea sonal vari a tions of the iso to pic com po si tion
of pre cip i ta tion and ground wa ter Rozanski et al. (1993) can
give ad di tional in for ma tion on in fil tra tion times, flow paths
and flow ve loc i ties. In ad di tion, the car bon iso tope com po si -



tion of dis solved in or ganic car bon (DIC) can
pro vide a tracer for anthropogenic con tam i na -
tion, given that the nat u ral sys tem can also be
char ac ter ized (e.g., Nachtwey et al., 1991;
Flintrop et al., 1996; Clarke and Fritz, 1997).

The use of sta ble iso tope stud ies of hy dro -
gen, ox y gen, and car bon in groundwaters as nat -
u ral trac ers for the hydrogeologic sys tem is ex -
em pli fied here on the ba sis of a case study from a 
for mer gas pro duc tion plant in South ern Ger -
many. Ex ten sive de struc tion of this site dur ing
the Sec ond World War caused se vere dam age to
the plant that, in ad di tion to pro duc tion-spe cific
leaks, has led to ex ten sive con tam i na tion of sed -
i ments and ground wa ter by or ganic res i dues of
the gas pro duc tion. The pol lu tion, mainly tar and 
its dis til lates, was rec og nized in 1970 dur ing ex -
ca va tion for a liq ue fied nat u ral gas stor age tank
and the site has since been un der in ves ti ga tion
for even tual remediation.

GEOLOGICAL
 AND HYDROGEOLOGICAL

 SETTING OF THE SITE

The site is lo cated in the south-west of Ger -
many, in the val ley of the Neckar River (Fig. 1).
The river passes through a graben form ing part of
an ex ten sive fault sys tem that strikes NW–SE. A
Qua ter nary flu vial gravel aqui fer forms the first
and main aqui fer of three aqui fers in the re gion.
These aqui fers are over lain by silty-clayey, or -
ganic mat ter-bear ing al lu vium. Above it, ar ti fi cial 
fill ings made up of build ing rub ble and gravel
have been de pos ited in the site of in ter est (Figs. 2
and 3). The Qua ter nary gravel de posit con sists of ma rine car bon -
ate peb bles de rived from re gion ally abun dant Ju ras sic rocks.
Tar-oil con tam i na tion is lo cated within this aqui fer. The flow di -
rec tion of ground wa ter is par al lel to the ad ja cent river with a
flow of about 2.5 m/d (Herfort, 2000). Wa ter in the Qua ter nary
aqui fer is gen er ally con fined. Un der neath the Qua ter nary aqui fer 
are two fur ther aqui fers. The sec ond “Gipskeuper” aqui fer is a
dolomitic, gyp sum-bear ing clay- and siltstone of ma rine or i gin.
Within the heavily tectonized river val ley, the orig i nal gyp sum
has nearly all been dis solved by upwelling min eral wa ters from
the third aqui fer, the “Up per Muschelkalk”(Ufrecht, 1998a, b).
This lat ter is a ma rine car bon ate unit and the most im por tant
aqui fer in this area for min eral wa ters. Chem i cal com po si tions of 
the min eral wa ters dif fer sub stan tially though be cause of vari -
able ad mix ing of Gipskeuper groundwaters and deeper brines
(Ufrecht, 1998b). The min eral wa ters are artesically con fined.
Ow ing to ex ten sive fault ing, the min eral wa ters in fil trate lo cally
into the over ly ing Qua ter nary aqui fer and also drain into the
Neckar River.

On the ba sis of a num ber of re ports and eval u a tions (e.g.
Geologisches..., 1989, 1992; Zamfirescu, 2000; Herfort, 2000), 
it is known that the or ganic con tam i na tion at the site con sists of

about 32 mg/l of sus pended and dis solved hy dro car bons, with
up to 79 mg/l of BTEX’s (ben zene, to lu ene, ethylbenzene,
xylene),  polyaromatic hy dro car bons with val ues up to 1.0 mg/l 
(3.2 mg/l for naph tha lene), and up to 0.02 mg/l of chlo ri nated
hy dro car bons. How ever, un der the pres ent con di tions of the
aqui fer these ex treme con cen tra tions reach ac cept able back -
ground val ues over the scale of 10’s of me tres.

ANALYTICAL METHODS

Wa ter sam ples were taken on a monthly ba sis for 18
months from a num ber of bore holes ac cess ing the Qua ter nary
and Gipskeuper aqui fers on the site. Sev eral bore holes were
clearly organoleptic. In ad di tion, bore holes in the Qua ter nary
aqui fer up-stream of the site, sev eral sources of min eral wa ter
from the Muschelkalk aqui fer, as well as sam ples from the ad -
ja cent Neckar River and a num ber of smaller brooks and
springs in the area were sam pled reg u larly (Fig. 1). Two pre -
cip i ta tion sam plers (sta tioned at the site at 220 m AMSL and at
the weather sta tion of Stuttgart, 315 m amsl) (Figs. 1 and 3)
were also sam pled reg u larly. Sam ples from the bore holes were
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Fig. 1. Geo log i cal back ground and sam pling lo cal i ties for the area around
the in dus trial site

Ge ol ogy af ter Vollrath (1959); Quarternary aqui fer bore holes out side of the in dus trial site are
pre fixed NT; for ad di tional in for ma tion on sam pling lo cal i ties see Fig ure 2 and Ta ble 1



first taken with an in ser tion pump with a large pump ing ca pac -
ity, which was pumped long enough to re move the stand ing
wa ter col umn and/or un til con stant val ues were mea sured for
the con duc tiv ity, tem per a ture and pH of the wa ter. Sub se -
quently this sys tem was re placed with a smaller vol ume peri -
stal tic pump con nected to a tube per ma nently sus pended in the
bore hole by a metal weight with the tube be ing open at the
depths where the bore hole tapped the aqui fer, that is, in-line
with the nat u ral flow of the sys tem. Com par i sons of sam ples
taken with both sys tems showed no dif fer ences in chem i cal and 
iso to pic com po si tion (Angloher-Reichelt, 2001).

For ox y gen and hy dro gen iso tope anal y ses 50 ml glass bot -
tles with con i cal plas tic in sets were filled com pletely af ter sev -
eral rinse cy cles with the sam ple wa ter. For DIC (dis solved in -
or ganic car bon) sam ples, 20 ml sam ples were taken in
crimp-top vi als to which about three to five drops of a sat u rated
so lu tion of mer cury chlo ride were added. All sam ples were

stored at 4°C in a re frig er a tor un til anal y ses.
Sam ples of sol ids (car bon ates and nat u ral or ganic mat ter)

were taken from sed i ment drill cores, while at mo spheric and
soil CO2 were sam pled us ing a pre vi ously evac u ated glass
flask. The flask was opened to air via a fil ter or at tached to ap -
pro pri ate steel ac cess tubes that were part of a soil gas mon i tor -
ing sys tem al ready in stalled at the site by an other re search
group. Or ganic con tam i nants were sam pled di rectly with a
heavy spoon at tached to a line and sub mersed into con tam i -
nated bore holes ac cess ing the tar/oil res i dues.

Hy dro gen iso tope anal y ses fol lowed the Zn-based method
mod i fied af ter Vennemann and O’Neil (1993), with 3 ml of wa -
ter taken up into a small cap il lary tube and dropped into an
Ar-flushed, Zn-con tain ing glass tube (100 mg of Zn pur chased
from the Uni ver sity of In di ana). The wa ter was then frozen at
liq uid ni tro gen tem per a tures and af ter evac u a tion of the Ar and
air, the tube was sealed un der vac uum. Wa ter was quan ti ta -
tively re acted in the tube with the Zn at 480°C for 10 min to
pro duce H2. For the ox y gen iso tope anal y sis stan dard au to -
mated, on-line CO2–H2O equil i bra tion tech niques at 25°C
adapted af ter Ep stein and Mayeda (1953) were used on 4
ml-sized wa ter sam ples. CO2 from DIC was ob tained by in ject -
ing about 0.5 to 5 ml of wa ter via a sep tum into an evac u ated
ves sel con tain ing about 5 drops of 100% orthophosphoric acid
pro duced ac cord ing to the rec ipe of Coplen et al. (1983). The
ex tracted CO2 was then cryo gen i cally pu ri fied and trans ferred
and sealed un der vac uum into a glass tube for sub se quent iso to -
pic anal y sis on the mass spec trom e ter. By weigh ing the in jec -
tion sy ringe be fore and af ter in jec tion and mea sur ing the
amount of CO2 pro duced on a cal i brated ma nom e ter, the con -
cen tra tion of DIC was also de ter mined. Car bon ates were mea -
sured us ing the con ven tional acid-di ges tion adapted af ter
McCrea (1950). Sam ples of or ganic mat ter and the tars and oils
were decarbonated us ing 10% HCl and sub se quently washed
with wa ter and dried at 70°C for 12 hours. About 2 to 4 mg of
or ganic mat ter was ox i dized at 1050°C to pro duce CO2 with an
el e men tal an a lyzer (Heraeus CHN-O-Rapid) at tached di rectly
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Fig. 2. Sche matic il lus tra tion of the lay out of the site
of the for mer gas pro duc tion plant

Ac tual build ings are shown in black while for mer tar pits
and tar dis til la tion sites have been su per im posed as grey
shaded ar eas; bore holes are shown as cir cles or squares; also 
in di cated sche mat i cally are the mix ing pro cesses in flu enc -
ing the aqui fers at the site, as de duced from this study
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T a  b l e  1

d18O val ues in permil) of dif fer ent wa ters an a lyzed



to the mass spec trom e ter. All sam ples were mea sured for their
iso to pic com po si tions on a Finnigan MAT 252 mass spec trom -
e ter at the Uni ver sity of Tübingen.

Iso to pic com po si tions are given in the con ven tional d-no ta -
tion in permil, rel a tive to the VSMOW stan dard (H and O), and
the VPDB stan dard for C. Ref er ence gases used were cal i -
brated against VSMOW/VSLAP for H and O, and against
NBS-19 cal cite and VSMOW for C and ox y gen mea sured on
CO2 from car bon ates. Ac cu racy as well as pre ci sion were de -
ter mined by in-house wa ter and car bon ate stan dards ex tracted
and mea sured in par al lel with ech batch of 8 to 12 sam ples. All
wa ter sam ples for H and O iso to pic com po si tions were an a -
lyzed in du pli cate and the av er age pre ci sion was better than
±1‰ for H and ±0.04‰ for O. For C-iso tope com po si tions of
the DIC, the reproducibility for du pli cates was es tab lished to be 
better than ±0.2‰ by re peated anal y ses of the river wa ter,
while that for the or ganic mat ter and car bon ates was ±0.2 and
±0.1‰, re spec tively. Ox y gen iso tope com po si tions of the car -
bon ates re pro duced to better than ±0.1‰.

RESULTS AND DISCUSSION

The re sults for the iso to pic mea sure ments as well as the
con cen tra tions of DIC or of C in sam ples of or ganic mat ter are
given in Ta bles 1 to 5. Ad di tional in for ma tion on the pH, is
sum ma rized in Angloher-Reichelt (2001) but, ow ing to space
lim i ta tions are not dis cussed fur ther here.

HYDROGEN AND OXYGEN ISOTOPE 
COMPOSITIONS OF WATERS

The H and O iso tope com po si tion of dif fer ent sur face wa -
ters, groundwaters, and min eral wa ters are sum ma rized in Fig -

ure 4. Dif fer ent groups of wa ters can clearly be
dis tin guished on the ba sis of their O and H iso -
tope com po si tions. These in clude:

a — min eral wa ters with a rel a tively high
con cen tra tion of dis solved ions (Graf et al.,
1994; Ufrecht, 1998a, b) that have a dis tant, geo -
graph i cally dis tinct source for wa ter com pared to 
other groundwaters in this area (cf. Graf et al.,
1994; Ufrecht, 1998a, b); 

b — min eral wa ters with rel a tively low con -
cen tra tion of dis solved ions, pre sum ably rep re -
sent ing vari able mix tures of group a) with wa ters
of the Gipskeuper and Qua ter nary aqui fers; 

c — wa ters from the Gipskeuper aqui fer that
may also have a dis tinct source but are also vari ably 
in flu enced by ad mix tures of min eral and Qua ter -
nary aqui fer wa ters (cf. Ufrecht, 1998a, 1999);

d — wa ters from the Quarternay aqui fer that
can be fur ther di vided into two groups where one
of these has been in flu enced by upwelling min eral 
wa ters and/or in fil trat ing sur face wa ters while the
other group has not (Fig. 4; see also be low). 

The dis tinc tion be tween which of these types
of wa ters are in fil trat ing the Qua ter nary aqui fer
and where can be made both on the ba sis of the

sea sonal vari a tion in iso to pic com po si tions of the dif fer ent wa -
ters (Fig. 5), as well as us ing the C iso tope com po si tion of the
DIC (see be low). Fig ure 5 and also Ta ble 1 il lus trate that many
of the Qua ter nary aqui fer wa ters, as well as the min eral wa ters
and the Gipskeuper wa ters, have lit tle or no sig nif i cant sea sonal 
vari a tion in their H and O iso tope com po si tions. This is to be
ex pected for wa ters with rel a tively long flow paths rel a tive to
their source and/or for those char ac ter ized by slow flow rates
be cause the sea sonal dif fer ences in iso to pic com po si tion,
largely re flect ing tem per a ture-de pend ant vapour-liq uid frac -
tion ation and hence the mean am bi ent air tem per a ture for the
pre cip i ta tion, get ho mog e nized through advective as well as
dif fu sive mix ing (e.g., Clarke and Fritz, 1997). Large sea sonal
am pli tudes in vari a tions of the H and O iso to pic com po si tions
are thus com mon for pre cip i ta tion in mid-lat i tude, con ti nen tal
ar eas but get in creas ingly damp ened for di rect sur face run offs
rel a tive to larger rivers and fi nally lakes and deeper
groundwaters. Smaller rivers fed by ground wa ter sources are
also ex pected to have lower sea sonal vari a tion. This is ob -
served for the small brooks sam pled in the area, which, al -
though they are much smaller in vol ume of flow, have lower
sea sonal vari a tion com pared to the Neckar (Fig. 5). Even the
Neckar River has rel a tively lit tle sea sonal vari a tion (1.3‰ sea -

sonal vari a tion for d18O com pared to about 11‰ for the pre cip -
i ta tion), which re flects a rel a tively long res i dence time of wa ter
in the river (the flow is reg u lated by sev eral dams up stream of
the mea sure ment sites), evap o ra tive ef fects, as well as a mix -
ture of av er aged sur face wa ters and ground wa ter sources. Of
the Qua ter nary aqui fer wa ters ana lysed, those closer to the
Neckar (B38, P1, P2, NT29) as well as some lo cated close to
the steep hill ad ja cent to the in dus trial site (B13, B27) clearly
show sea sonal vari a tion. Com pared to the Neckar River, the
sea sonal vari a tion for these bore holes is, how ever, some what
de layed, roughly cor re spond ing to the in fil tra tion time nec es -
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Fig. 3. Sche matic geo log i cal cross-sec tion of the aqui fers at the in dus trial site

 Ge ol ogy adapted from Geologisches Landesamt Baden-Württemberg (1992) 



sary to cover the dis tance be tween the river and the sam pling
site. On av er age, the dif fer ence in phase be tween the curves
does in di cate a de lay of ap prox i mately two weeks to one
month. This is a crude es ti mate only though, as the sam pling
was done on a monthly ba sis only. More sur pris ing are the vari -
a tions in H and O iso to pic com po si tion mea sured for bore holes
B33 and B10 as they are fur ther away from the river but still
show weak sea sonal vari a tions. As in di cated in Fig ure 2, these
bore holes are close to a pre cip i ta tion sewer and an old mill
chan nel, both of which sub se quently dis cov ered on old city
maps at the town hall. Hence, on the ba sis of the H and O iso -
tope com po si tions alone, mix ing be tween dif fer ent groups of
wa ters can be rec og nized on the scale of this in dus trial site.
Mix ing be tween these dif fer ent wa ters will cer tainly also af fect
the chem i cal com po si tion of the wa ters, which may have di rect
con se quences for the mon i tor ing of the con tam i na tion and for
the remediation of the site it self.

All of the aqui fer wa ters as well as the sur face and shal low
spring wa ters sam pled in the re gion clus ter well around the lo -
cal me te oric wa ter line (LMWL) that can be de fined on the ba -
sis of the da ta base of the IAEA (2004) for the lo cal ity of
Stuttgart (Fig. 4). The LMWL is thus rep re sen ta tive, within er -
ror of the vari a tions in duced by cli ma tic changes over the
course of the past years, for all types of wa ters in this area. In

ad di tion, the av er age dD and d18O value cal cu lated for the years 
1995 to 1998, plots well within the field for the Qua ter nary
aqui fer wa ters (Fig. 4). This is not the case if the av er age is cal -

cu lated for the years 1990 to 1998 (dD = –58.2‰,

d18O = –8.0‰), sug gest ing that the Qua ter nary aqui fer wa ters
re flect the av er age pre cip i ta tion over the course of the pre vi ous
3 to 4 years, an in ter pre ta tion that is com pat i ble with flow rates
of about 2.5 metres per day (Geologisches ..., 1989, 1992) and
the geo graphic re stric tions of the given source area for the Qua -
ter nary aqui fer in this lo cal ity.

CARBON ISOTOPE COMPOSITIONS OF  DIC  IN WATERS

Mix ing re la tion ships be tween dif fer ent groups of wa ters
are par tic u larly well il lus trated through a com par i son of the ox -

y gen iso tope com po si tion of wa ter and the car bon iso tope com -
po si tion of the DIC (Fig. 6a). Dif fer ent groups of wa ters that
can clearly be rec og nized in clude:

a) min eral wa ters with a rel a tively high con cen tra tion of
dis solved ions, 

b) min eral wa ters with rel a tively low con cen tra tion of dis -
solved ions, pre sum ably rep re sent ing vari able mix tures of group
a) with wa ters of the Gipskeuper and Qua ter nary aqui fers, 

c) wa ters from the Gipskeuper aqui fer that may have a dis -
tinct source but are also vari ably in flu enced by ad mix tures of
min eral and Qua ter nary aqui fer wa ters, 

d) wa ters from the Quarternay aqui fer that can again be fur -
ther di vided into a group in flu enced by upwelling min eral wa -
ters and a sec ond group that is in flu enced by in fil trat ing sur face 
wa ters, in par tic u lar in fil tra tion of Neckar River wa ter. 

A sim i lar group ing is also ev i dent from a plot of the d13CDIC

val ues and the con cen tra tions of DIC in groundwaters
(Fig. 6b). It is pos si ble that for some of the Qua ter nary ground -
waters both min eral and river wa ters are  in fil trat ing si mul ta -
neously. The lat ter is sup ported, for ex am ple, by bore hole B38

both in Fig ure 6 as well as by the sea sonal vari a tion in d13CDIC

val ues for this bore hole, which again track those of the Neckar
River quite closely (Fig. 7). Other bore holes with monthly vari -

a tions in the d13CDIC val ues, such as B31, B32, B34 and B41
(Fig. 6; Ta ble 2), do not nec es sar ily fol low the sea sonal pat tern
of the river but in stead may re flect vari able in flu ence of min eral 
wa ters (Fig. 7), per haps as a func tion of vari able hydrologic
gra di ents su per im posed by the hydrologic sys tem.

CONTROLS ON CARBON ISOTOPE COMPOSITIONS OF DIC

The con trols on d13C val ues for DIC in the nat u ral sys tem
of the pres ent study have been sum ma rized in Fig ure 8a. The
dif fu sion and up take of CO2 in plants is as so ci ated with a
small en rich ment in 13C (about 4‰) while the fix a tion (carbo -
xylation) as car bo hy drate is as so ci ated with a strong de ple tion 
of 13C in plants (about 23‰). The net re sult of this fix a tion is
that plants fol low ing the Cal vin or C3 cy cle of pho to syn the sis, 

which is typ i cal for this re gion, have d13C val ues of about –24
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Fig. 4. Av er age hy dro gen and ox y gen iso tope com po si tions
of dif fer ent wa ters shown rel a tive to the lo cal me te oric wa -
ter line (LMWL) cal cu lated for the re sults from the IAEA
(2004) da ta base for Stuttgart (1973 to 1998) 

Shaded dashed lines in di cate the stan dard er ror for the
LMWL; also shown are the av er age val ues for pre cip i ta tion in
Stuttgart be tween 1995 and 1998 (IAEA, 2004); for clar ity,
the av er age an a lyt i cal er ror is shown for sam ples from the
Gipskeuper aqui fer only

 

 

 

 

 

 

 

 

 

 

  

 

  

 

          

 

 

 

 
 

 

 

   
 

 

 
 
 

    

 
  

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

            

 

 

   
 

 

 
 
 

    

 
  

 
 

 

 

 

 

 

 

 
 

 

 

 

 



to –30‰ (e.g., Vogel, 1993). It is also known that res pi ra tion
by C3-plants and/or nat u ral de com po si tion of this type of or -
ganic mat ter in the soil pro duces CO2 which has very sim i lar

d13C val ues com pared to the orig i nal veg e ta tion it self, but the
dif fu sion of this CO2 through the soil again pro duces an en -
rich ment of about 4‰ (e.g., Cerling et al., 1991). For most
nat u ral sys tems, this CO2 is the ma jor source of DIC dis solved 
in deeper groundwaters. At the tem per a ture and pH con di -
tions typ i cal for the soil ho ri zons and aqui fers in the pres ent

sys tem (about 15°C and pH = 7), equi lib rium dis so lu tion of
soil CO2 would pro duce DIC with an av er age iso to pic en rich -

ment fac tor (e = (a–1)´1000) of about 9 (Mook et al., 1974),

that is d13CDIC val ues of about –15 to –16‰. The Qua ter nary

aqui fer wa ters have d13CDIC val ues close to those ex pected for
DIC in equi lib rium with soil CO2, but also a tendancy to wards 

lower, some times much lower, d13CDIC val ues (Figs. 6 and 7;
Ta ble 2). This sug gests that while soil-de rived CO2 is the
dom i nant source of DIC for these groundwaters, other
sources may also be pos si ble. 

For shal lower groundwaters or sur face and river wa ters an

ad di tional con trol on the d13C val ues of DIC is ex change with
or dis so lu tion of at mo spheric CO2 (e.g. Cameron et al., 1995;
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Hoefs, 2004). This be comes par tic u larly im por tant fur ther
down stream in rivers and/or if the rivers are dammed, that is if
the ex po sure to at mo spheric CO2 is in creased. Such pro cesses
lead to in creas ing 13C con tent in the DIC (Fig. 8a). An in crease

in the d13CDIC val ues from ground to sur face wa ters and from
smaller to larger river wa ters is il lus trated for the pres ent study
by a com par i son of the re sults for the groundwaters rel a tive to
the sur face wa ters (Dürrbach and Neckar; Figs. 6 and 7). As a
re sult of vari able sea sonal bi o logic and in situ photosynthetic

ac tiv ity, d13CDIC val ues may vary sea son ally too: com monly

higher val ues dur ing spring and early sum mer as a re sult of
pref er en tial 12C in cor po ra tion into or ganic mat ter and lower
val ues dur ing au tumn/win ter be cause of ox i da tion of the or -
ganic mat ter (e.g., Telmer and Veizer, 1999; Hoefs, 2004). This 
pat tern is weakly discernable for the Dürrbach and the Neckar,
but may be com pli cated through ex change with at mo spheric
CO2 and tem po ral damm ing of the flow (e.g. re duced flow of
the Neckar River and hence damm ing dur ing win ter). 

In ad di tion, weath er ing and dis so lu tion of car bon ates in

aqui fers may strongly in flu ence the d13C val ues of DIC, com -
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T a  b l e  2

 (d13C val ues in permil) of DIC in dif fer ent wa ters an a lyzed
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Lo cal ity d13 Cco2

[%]

d18 Oco2

[%]

CO2

air sam ples

Stuttgart, pub lic  park

on-site, next to road

on-site, next to road

Tübingen, pub lic park

Tübingen, for est

Tübingen, next to road

 –8.4

–13.9

–9.3

–8.2

–8.8

–9.5

28.8

18.6

28.9

40.5

40.5

38.2

533

627

869

436

437

393

soil sam ples

B 38 ¾ 40 cm depth

(un con tam i nated)

B 15 ¾ 100 cm depth

(strongly un con tam i nated)

P 2 ¾ 340 cm depth

(weakly con tam i nated)

–28.3

–27.4

–25.7

32.5

30.2

35.2

1415

3381

8617

min eral  wa ters

Inselquelle I

Inselquelle II

–8.6

–8.2

25.0

21.8

12 074

15 214

T a  b l e  5

 Car bon and ox y gen iso to pic com po si tion and con cen tra tion of CO2

 

 
 

   
 

  
  

       

   
 

 
            

 
 

   
 

 
            

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

   
 

 
 

  
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

  
 

 
 

 
 

 
 

 
 

 
 

 

 

  
 

 

 

 
 
 
 
 
 
 

  
 
 

 
 
 
 
 
 
 

  
 
 

T a  b l e  3

Car bon and ox y gen iso to pic com po si tion of car bon ates

 

 

 

    

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

                    

    

 

 

 

 

 

   

 

 

 

 

 

 

 

                      

  

  

Fig. 5. Sea sonal vari a tion of the ox y gen iso tope com po si tions of sev -
eral se lected wa ter sources

Lo cal ity (depth in m) d13 Corg

[%]

Amount of C
[%]

cover sed i ments

B 52 (5.0 m)

B 58 (3.7 m)

B 58 (3.9 m)

B 58 (4.0 m)

B 58 woody tis sue

–28.0

–27.3

–27.5

–27.5

–28.8

1.2

1.4

1.3

1.3

11.5

Qua ter nary aqui fer

B 52 (6.6 m)

B 58 (6.4 m)

B 58 Holzfasern

B 60 (3.0 m)

B 60 (3.5 m)

B 61 (3.5 m)

B 61 (4.0 m)

–27.0

–26.4

–26.9

–26.2

–26.3

–25.9

–26.6

0.3

0.2

4.9

0.6

0.5

0.2

0.6

tar and oil  res i dues

B 10

B 11

B 15

B 23

–27.1

–25.2

–24.1

–24.3

1.7

5.6

91.8

0.5

T a  b l e  4

Carbon iso tope com po si tions of or ganic matter



monly lead ing to an in crease in 13C (e.g., Yang et al., 1996).

This is clearly in di cated by the d13C val ues for DIC from the
min eral wa ters in this study (Figs. 6 and 7; Ta ble 2). 

Fi nally, a num ber of stud ies have shown that de com po si -
tion of tars and oils as well as other anthropogenic or ganic
com po nents com monly leads to prod ucts, in clud ing CO2,
which are ei ther sim i lar to or de pleted in 13C (by about 2 to 4‰) 
rel a tive to the iso to pic com po si tion of the orig i nal and re sid ual

ma te rial (Stahl, 1980; Schoell, 1984; Aggarwal and Hinchee,
1991). This is par tic u larly the case if bac te rial pro cesses are in -
volved (e.g., Stahl, 1980; Schoell, 1984; Aggarwal and
Hinchee, 1991; Conrad et al., 1997; Ham mer et al., 1998;
Diegor et al., 1999; Hunkeler et al., 1999). Only in the case of
deg ra da tion of cy clic hy dro car bons, how ever, has it been ob -
served that the deg ra da tion prod ucts are slightly en riched in 13C 
(by about 2‰; e.g., Stahl, 1980; Schoell, 1984; Suchomel et
al., 1990). For the pres ent site a num ber of stud ies have shown
that bac te ri ally me di ated de com po si tion of the tar-oils does oc -
cur (e.g., Meckenstock et al., 1999; Steinbach et al., 2004) and

the pos si ble ef fects of this on the d13CDIC val ues for the site in -
ves ti gated here has been sum ma rized in Fig ure 8b.

It has been noted above that many Qua ter nary aqui fers, in
par tic u lar those that are organoleptic but also some that are both 
upflow as well as downflow of the con tam i na tion at the pres ent

site, have d13CDIC val ues lower than those ex pected for DIC in
equi lib rium with soil CO2 in a typ i cal C3-veg e ta tion sys tem

(Fig. 6; Ta ble 2). Wa ters from bore holes with lower d13CDIC

val ues gen er ally have higher con cen tra tions of DIC too (Fig. 6;
Ta ble 2). Given an equi lib rium be tween soil CO2 and DIC and

a pH be tween 6.1 and 8.0, such low d13CDIC val ues are dif fi cult
to ex plain via nat u ral pro cesses in the aqui fer (cf. Suchomel et
al., 1990; Aggarwal and Hinchee, 1991; Nachtweyh et al.,
1991; Flintrop et al., 1996; Landmeyer et al., 1996; Clark and
Fritz, 1997; Conrad et al., 1997; Angloher et al., 2000). The

ques tion can thus be raised, whether this de crease in d13CDIC

value is re lated to or ganic pol lut ants at this site and/or to other
or ganic pol lut ants from else where within this in dus trial val ley.
As has been ex plained above, ex po sure to and ex change with
at mo spheric CO2, dis so lu tion of the ma rine car bon ate peb bles
in the aqui fers in a closed sys tem, and/or mix ing with the sur -
face or min eral wa ters can only lead to an in crease in the

Anatomy of contaminated aquifers of an industrial site: insights from the stable isotope compositions ... 123

 
 

 
 

 

 

 

 

 

    

 

 
 

 
  

 
 

  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

     
   

 
         

 

 
 

 
  

 
 

  

 

 

 

 

 

 

 

 

  

 

 
 

  
 

 
 

 
 

  
 

 

 

 

 

 

       

 
 

 
 

 
 

 

 

 

 

 

 

 

 
 
 

 

 
   

 

 

 

 

 

 

 

       

 
 

 
 

 
 

 

 

 

 

 

 

 

 
 
 

 

 
   

 

 

 
 

  
 

 
 

 
 

  
 

  
  

  
  

 
 

 
 

Fig. 6. Carbon iso tope com po si tion of dis solved in or ganic car bon (DIC) rel a tive to the oxygen iso tope com po si tion of wa ter (a) and rel a tive to
the concentratin of DIC (b) for the dif fer ent wa ters an a lyzed in this study

Er rors for the carbon iso tope com po si tion and con cen tra tions of DIC are approximatively as large as the sym bols; sam ple names are given only for
some of the Qua ter nary and the Gipskeuper aqui fer wa ters; the mix ing line in (a) rep re sents a typ i cal mix ing line be tween two wa ters of dif fer ent iso to -
pic com po si tions and dif fer ent con cen tra tions of the DIC; a line in di cat ing DIC in carbon iso tope equi lib rium with soil-CO2 at av er age con di tions of T
and pH is given for com par i son

 
 

  
 

 
 

 
 

  
 

 
 

  
 

 
 

 
 

  
 

  
 

 

 

 

 

 

 

 

  
  

 

 

                        

  
 

 

 

 

 

 

 

 

  
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

                                                

Fig. 7. Sea sonal vari a tion of the carbon iso tope com po si tions of DIC
from sev eral se lected wa ter sources



d13CDIC val ues (Figs. 6 and 8; Ta ble 2). Hence, it is cer tainly

pos si ble that the rel a tively low d13CDIC val ues and el e vated con -
cen tra tions of DIC mea sured for many of the Qua ter nary
groundwaters at the pres ent in dus trial site are in deed re lated to
anthropogenic con tam i na tion. This may also ap ply to some of
the groundwaters sam pled out side and well up stream of the
for mer gas pro duc tion plant but still within the in dus trial area
of the river val ley (e.g., NT04 and NT64).

CONCLUSIONS

The H and O iso tope com po si tion of groundwaters, in com -
bi na tion with their car bon iso tope com po si tion of DIC clearly
sep a rate dif fer ent types of groundwaters and eval u ate the mix -
ing pro cesses within aqui fers at a con tam i nated in dus trial site.
More spe cif i cally, the aqui fers in the site can be grouped ac -
cord ing to the type of in fil tra tion and mix ing (Fig. 2): 

— in fil tra tion from shal low groundwaters de rived from the
ad ja cent steep hill along the west ern mar gin of the site, 

— river in fil tra tion along the east ern mar gin of the site,  
— lo cal in fil tra tion by artesically con fined min eral wa ters,

pre sum ably along a fault, in the north ern part of the site, 

— aqui fers that are in fil trated by both sur face wa ters as
well as min eral wa ters. 

Vari able mix tures of these dif fer ent wa ters within the
gravel aqui fers can be pre sented as mix ing lines in terms of
their sta ble iso tope com po si tion of O, H, and CDIC, al low ing for
es ti mates of the mix ing pro por tions within in di vid ual bore -
holes (Angloher-Reichelt, 2001). Monthly sam pling of wa ters
from the bore holes of the site in di cate that the pro por tions of
dif fer ent wa ters vary both in terms of space and time, de pend -
ing on the flow re gime of the ad ja cent river, the vari able lo cal
re charge rates for sur face wa ters, heterogeneities in flow rates
ow ing to lo cal dif fer ences in the per me abil ity of the aqui fer,
and geo logic as well as man-made struc tures at the site. Large
de vi a tions in the iso to pic com po si tions of the pre cip i ta tion for
in di vid ual months caused by par tic u lar pre cip i ta tion events do
al low for eval u a tion of res er voir ef fects and in flu ences of
man-made and geo logic struc tures on the hy drol ogy of the sys -
tem. The mag ni tude of sea sonal vari a tion in H and O iso to pic
com po si tion de creases sig nif i cantly from pre cip i ta tion, via sur -
face wa ters, down to groundwaters. Deep Gipskeuper
groundwaters and min eral wa ters of the Muschelkalk aqui fers
show no re la tion ship to ac tual pre cip i ta tion ow ing to their dis -
tant re charge area and sig nif i cantly lon ger flow paths, res i -
dence and mix ing times within the aqui fer. In the mar ginal ar -
eas of the site, groundwaters of the Qua ter nary gravel aqui fer
re flect the sea sonal iso to pic vari a tions of pre cip i ta tion but with
a de lay of about one month, in di cat ing fairly rapid in fil tra tion.
Except for sites located close to man-made structures (mill
channels and rain water sewer), such seasonal variation is not
recognizable in the central areas of the site owing to longer
flow paths and residence times.

The con cen tra tion and C-iso to pic com po si tion of DIC in
most wa ters can be in ter preted within the frame work of the
nat u ral biogenic and geogenic car bon sys tem. DIC of small
flu vial sur face wa ters and lo cal spring wa ter sam pled dis tant
from anthropogenic car bon sources is in equi lib rium with
soil-de rived CO2, while DIC of the river is also in flu enced by
at mo spheric CO2. Sea sonal vari a tions of the car bon iso tope
com po si tion and con cen tra tions of DIC in dif fer ent sur face
and groundwaters cor re late with vari able amounts of pre cip i -
ta tion and run off. DIC in deep Gipskeuper  and  min eral aqui -
fer wa ters is clearly dom i nated by ma rine car bon ates, which
make up these aqui fers. In con trast to wa ters from un con tam i -
nated sources, the DIC in the con tam i nated Qua ter nary aqui -
fer is char ac ter ized by de ple tion of 13C with val ues lower than
those ex pected to be in equi lib rium with nat u ral soil CO2. The

low est d13C val ues and at the same time the high est DIC con -
cen tra tions have been mea sured im me di ately down stream of

the known pol lu tion. The low d13CDIC val ues, es pe cially in the
pol luted aqui fers, are best ex plained by bac te ri ally me di ated
de com po si tion of or ganic con tam i nants. Fur ther down stream

the DIC con cen tra tions de crease and d13CDIC val ues in crease
again, ex cept for bore holes in flu enced by min eral wa ters,
which have sig nif i cantly higher DIC con cen tra tions. Thus di -

lu tion and mix ing ef fects can be re solved. Gen er ally low d13C
val ues up stream of the for mer gas pro duc tion site are likely to
re flect re gional anthropogenic con tam i na tion in the in dus tri -
al ized river val ley but are not re lated to the con tam i na tion at
the for mer gas pro duc tion site.

124 Torsten W. Vennemann and Sonja Angloher-Reichelt

             

    
 

  
 

 
 

    

  

  

     

 

   

  

 

 

     

      

   

    

 

   

  

 

 

             

  

  

 
 

 

 

  
 

  

      

    

    

 

  

 

  

             

    
 

  
 

 
 

    

  

  

     

 

   

  

 

 

     

      

   

    

 

   

  

 

             

    
 

  
 

 
 

    

  

  

     

 

   

  

 

 

     

      

   

    

 

            

  

 

 

             

  

  

 
 

 

 

  
 

  

      

    

    

 

  

 

  

 

             

  

        

 
 

 

 

  
 

  

      

    

                

 
                              

  

 

  

Fig. 8. a — car bon iso tope com po si tions of nat u ral or ganic mat ter,
car bon ates, and soil CO2 as well as those of DIC cal cu lated to be in
equi lib rium with these phases; b — car bon  iso tope com po si tion of re -
sid ual taroils, pos si ble CO2  deg ra da tion prod ucts of these, as well as
DIC in equi lib rium with this CO2 

For CO2 as a deg ra da tion prod uct sev eral mod els have been con sid ered:

bac te ri ally me di ated de com po si tion of car bon in the or ganic phases e = -2

to -4), ir re vers ible re ac tions with no frac tion ation dur ing ox i da tion, and a
bac te ri ally me di ated pro duc tion of CO2  with en rich ment in 13C as re -

ported for heterocyclic or ganic phases (see text for dis cus sion); all e-val -

ues cal cu lated for 15°C, pH = 7
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