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Introduction

There are two principle aspects to all
groundwater dating: a) the definition of
the age of a water ana b} its signifi-
cance in terms of groundwater flow.
The complexities associated with the
first are well recognized and this short
note is an attempt to summarize seme
basic problems of water age determi-
nations hased on carben-14, with spe-
cial emphasis on water in crystaline
environments.

Equally important, however, is the
second aspect where the chermicat
and 1sctopic geochemistry of a
groundwater must be integrated with
the hydrology of the flow system. This
15 often difficult ang, for example, be-
comes the dominant problem if such
data are used for the evaluation of
potential subsurface disposal sites

suitable for long term containment of
toxic materials such as wastes from the
nuclear fuel cycle. It has been stated
that sites at which young groundwaters
are identified should not be considered
as potential repositories and that it
would be imperative to find localities
where old flow systems can be recog-
nized. There 1s some danger in such
reasoning since it neglects to receg-
nize that any water age reflects the
past but not the future: old water could
be discharging o the biosphere in a
matter of years whereas very young
water might be at the beginning of
thausands of years of subsurface his-
tory. Therefore, any site evaluation has
to iInclude an interpretation of age data
in the context of the regional hyd-
rogeclogy. It cannot be imited to local

studies or sampling from isolated welis.

Carbon-14 dating of groundwaters
was first introduced about 20 years
ago by Munnich (1957) and Brinkrnann
et al. (1959). Since then the reliability of
14 ages of water samples has been
repeatedly questioned, cenfirmed and
denied in a great number of publica-
tions. The controversy does not come
from the analytical end {aithough con-
ventional techniques require large
samples and great care in handling)
but sterms from the fact that it is
extremely difficult to unravel the
geochemical processes which have
exerted control on the carbonate
geochemical evolution of a groundwa-
ter This is of paramount imponance in
adjusting raw '*C ages of groundwater
since Its agueous carbon can have
several sources, some of which will
“contaminate” the original carbon-14
contents Correction procedures can
be proposed, however.if it i1s possible
to characterize and guantily the
geochemical processes which have
affected the carbon geochemistry of a
groundwater.

There are two basic approaches
which are taken in the attempt to solve
these problems and to “correct” ap-
parent carbon-14 water ages: "the
black box models™ and the "process
oriented models”. Each has its merits,
and their specific application s usually
dependent on the type and guantily of
information availlabie.

Black Box Models

"Black box models™ do not attempt 1o
understand the processes which con-
trol the geochemical evolution of a
groundwater They assume, that after
the initial carbon uptake in the soil zone
by infiltrating water. a certain "*C dilu-
tion will occur in the saturated or even
inthe unsaturated zone through the
addiion of carbon-14 free carbonate.
Thereafter only decay will reduce the
C activity of the dissolved aqueous
carbon

intherr crudest form, the "black box
models” result in the acceptance of an
“average’ initial value for the '*C activ-
ity of the aqueous carbonale whereby
this “imtial” value represents the frac-
tion of "#C after secondary carbon
additions. The source of this carbonis
not specified. Voget (1970) found that
this “inthal "*C content” of groundwater
was 855 per cent of the "*C activity of
atmospheric COzin young waters from
both hurmid and and climatic regions.
He concludes that '*C ages are prob-
ably no more than 20 t¢ 30 per cent too
high even under unfavourable condi-
tions. Subsequent analyses of many
clder groundwaters did not entirely
contirm Vogel's chservation.

A refined version of this black box
approach s the "exponental model”
introduced by Erikson (1962) and ex-
panded by Geyh (1972). Again. the
efforts concentrate on the definition of
the “initial” '*C activity by assuming
that any given water mass is a mixture
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of recharge from different years. The
mode! permits the mixing of older water
with a given proportion of new re-
charge and allows for decay between
recharge pericds for each older com-
ponent. Two basic carban sources are
assumed, soil—COa, which provides
the modern carbon component and
limestone carbon which is added later
and ditutes the original carbon-14 con-
centrations. This then is the “initial”
valug used for 4C dating. Usually,
tritium data are used to quantify the
addition of the secondary carbon, and,
therefore this approach is suitable for
young flow systems, (e.q.. in Karst). I
is possible with this method to evaluate
very accurately the “inttial” '*C activity
of such a system. It has to be remem-
bered, however, that this “initial” value
includes secondary carbonate addi-
tions and usually assumes that no
further additon or subtraction of carbon
can take place. With this assumption
these values could be used in other,
older flow systems where any further
decline in "*C activity would be attri-
buted to decay and is thus a function ot
age only.

The decrease in *C aclivity through
geochemical reactions can be expres-
sed by a g factor in the decay

equation:

Am= gAc exp—M {0
where Am = measured '"*C activity of
sample

g = the correction factor which quan-
tifies the '*C dilution

Ao = is the atmospheric '*C value at
the time of recharge

Acx g = "initial activity”

A = decay constant (-In2/t,,.)

t = water age

Geyh (1972) summarizes his findings
based on exponential model caicula-
tions in a number of "characteristic”
g-values:

0.65 — 0.75 for Karst systems

0.75 — 0.90 for sediments with fine
crystaliine carbonate such as loess
and 0.90 — 1.00 for crystalline rocks.

The lower g-values emphasize the
importance of carbonate reactions in
aguifers with abundant carbonate
whereas in crystalline rocks with hittle
carbonate, g-values closeto 1 are
measured.

As indicated above this approach 1s
certainly of value for young waters but

is very problematic if it is applied to
older systems. Geochemical reactions
are continuously occurring in
groundwater and do not stop at any
given time. Within a given type of
aquifer the actual "C ditutions might
be much larger (and thus the g-factors
smaller) in older systems than in young
ones. Thus the g-values determined by
Geyh {1972) may reflect more than
anything else reaction rates with re-
spect to carbonate dissolution. Water
in crystalline rocks may simply take
longer to reach equilibrium conditions.
Therefore, it would be very instructive
to see how many of the samples
collected from crystalline rocks and
used for these statistics actually
reached calcite saturation.

Few groundwater studies have been
donein crystaling rocks and Iittle is
known about the isotope geochemistry
of water in such environments. How-
ever, even in crystalline rocks carbo-
nate minerals are not uncommon and
occur widespread as fracture coatings.
Therefore, one may expect to find in
many crystalline "aquifers” q-factors
much lower than those quoted above

The results of two studies lend sup-
port to this claim: within a joint project
between Swedish authorities and the
Lawrence Berkeley Laboratory at the
University of California a number of 14C
analyses were done on groundwalters
encountered in a granitic pluton at
Stripa, Sweden (Fritz et al,, 1979a).
Two samples collected at relatively
shallow depth had tritium contents of
6.8x1T.U. and 100=10T.U. (Tritium
unit = 3H/10'® 'H) with '*C contents of
53.8 pmC and 89.3 pmC (pmC = per
cent modern carbon and referring to
the *C activity of wood grown durnng
1950 1n a nonpolluted environment)
respectively. '*C decay canthus be
neglected. The tow tritium levels of the
first sample indicates recharge before
the main atomic bomb testing period
where “C in atmospheric COz was stil}
at or only slightly above 100 pmC. Thus
the g-factor in this first sample would
be between 0.5 and 0.6. In the second
case, the atmospheric *C—levels must
have been much higher, probably bet-
ween 120 and 130 pmC. The g-factor
in this case would be between 0.65
and 0.75.

The second study focussed on shai-
low groundwaters in the overburden on
the Canadian Shield at Chalk River

1

(Fritzet al., 1978). Such environments
could represent the recharge areas for
groundwaters in deeper systems within
the crystalline rocks and are typically
composed of glacial deposits with very
little carbonate. Despite this, the
gecchemical evolution of these
groundwaters at Chalk River show that
carbonate dissolution 1s important and
a continuous decrease in '*C activities
with depth (i.e., age) is observed.
Because tritium occurs throughout the
system "*C decay can again be neg-
lected and geochemical dilutions must
account for the observation. The calcu-
lated g-factors are close 10 0.5 and
could even be lower in deeper parts
not yet investigated.

Pearson {1965} and Pearson and
Hanshaw {1970) attempted to sclve the
problems associated with the use of
such arbitrary "umbrella factors” by
introducing a “correction” based on
variations in '*C abundances: Any pro-
cess that adds, removes or exchanges
carbon from the agueous carbonate
reservoir of a groundwater and which
thereby alters the *C content will alsc
affect the 13C concentrations. The
g-factor was here obtained froma
carbon-mass balance where

8'*Coic = x & "*Csol + (1 —x) 513Ccarb(2)

The basic assumption here is that a
certain amount (x} of soil CO=with a
573C soil is initially taken up by the
water and subsequently carbonate
trom a second source is added. It s
usually assumed that the second
source is carbonate minerals (1-x, and
8'3Cear) which react with carbonic
acid to produce the observed 8"*Coic
(DIC 15 Dissolved Inorganic Carben
and correspeonds o the sum of all
agqueous, inorganic carbonate
species). Itis mphoitly assumed that
the addition of the second carbon
source occcurs in the absence of a soll
gas phase, i e., under closed system
conditions. The soll-CCz fraction rep-
resents the "initial” carbonate content
of the water and since g i1s defined as:

q = Initial carbenate content/final car-
bonate content = x/x + {1-x) = x (3)

{expressing the fact that the difference
between initial and final carbonate con-
tents corresponds to the dead carbon
contributions)



Combining equations 2 and 3 one
obtains

q= 53Coic — 8"Ceaty (83Cs0 —
5 Cm 3

As already mentioned. this eguation
does not have to specify what carbon
is agded nor the type of the reaction
which must occur. In otherwords, itis
possible that not only carbonate min-
erals may have dissolved under closed
system conditions but that other car-
bonate sources such as biogenic CC=
input may have contributed 1o the total
carbonate budget as well. 1tis neces-
sary, however. to specity the isotopic
composition of this source (or mixture
of sources).

The above equation is only correct if
the soil-COzis taken up by the water
without signiticant fractionation effects.
This s the case inlow pH environment
where minor isotope fractionation ef-
fects cccur dunng the transition fram
CQ: gastocarbonic acid (1.e..

CO: ag + H2C0) whereby the ague-
ous phase becomes depieted in '°C by
about 0.8 %0 at usual soll tempera-
tures At higher pH values in the open
systemn the inital agueous carbonate n
equilibnum with the soil-CO2 will have
much higher §3C values since then
bicarbonate and/or carbonate ons be-
come mpoertant and therr 12C enrnich-
ment w.r.t the ongnal soit —COz vanes
between about 7 and 10 %0 depending
on temperalture (see beiow) The 830

- has to be replaced by a 3'*C-imtial
for which

BC - EN(B"™C.o + &) (5)

where Njis the mole fraction of the
carbonate species jand (8'3C.o11 &)
its §'3C value s calculated from 830
and the isotope enrichmenl factor bet-
ween the 8'3C.., and the species | N
dependent an pH and temperature and
g only on temperature

The significance of this effect can be
demonstrated with the following exam-
ple: assume that a water sample with
53C =- 10 %¢ and a "*C activity of 30
pmC (The *C contenls of natural mat-
enals are usually expressed N d o
values and represent the difference n
%o from the PDB standard) has been
collected. The soil—CQz in the re-
charge areahad a 8'C = —22 %o and
the carbonate dissolving under closed
system conditions had 8'*C — O oo (A

vaiue typical for marine carbonates). If
this water had a pH = 4 under open
system conditicns (during COz uptake
but betore carbonate dissolution) then
the "corrected” age would be 3140y
B.P had it. however, aPH = 7then it
would have a “corrected” age of 6440
yB.P.

For most crystalline regions in narth-
ern environments, it is reasonatle to
assume that the low pH conditions in
the soils are fulfilled since moss covers
and other plant growth will generate
high pCOz— low pH systems. The &'?
values of the sail-CO- are also fairly
well known and will vary between about
—20and —25 %e.. In Northern Canada
measured values lie between - 21 and
—23 %0. Critical, however, i$ the com-
position of the secondary carbon
source(s). If the cverburden (in
Canada generally glacial deposits)
contans marnne carbonates then val-
ues close 1o 0 %o can be anticipated.
However. if fracture coatings onthe
bedrock are dissolved a wide vanety ol
5'3C values appear possible: a few
samples collecled from fractures on
granitic rocks in northern Canada vary
between —6 and —9 %o and inthe
Stripa granite fracture calcites with
513Cs between 15 and + 15 %q have
heentound (Fritz et af., 1978, 1979a).

The mportance of the knowledge of
these values1s emphasized n Figure 1
whichis a plotof "corrected” ages for a
given C and ™G composilion of water
sampile but assuming vanable G cen-
tents for the secondary Carbon source
(e.g . rock carbonate). Note. that with
an appronnate choice of 8°C values
for this secondary carbon source most
measurced ages can be reduced to
“modern” or “zerg-age’. SInce no
reactions are specified, constraints
would have 1o be mposed from
geochemical considerations.

Other simplfied assumptions regard-

ing the amount of dead carbon added
10 a groundwater can be derwved from
a companson of nital vs. final total
carbonate contents (Pearson and Han-
shaw. 1970). The g-factor s then de-
fined as

q = iniial DICinal DIC 6)

where the initial DIC describes the
carbonate content ¢f a groundwater
hefore dead carbon additions in closed

systern conditions and the final DIC is
the measured carbonate content of the
sample. I flow between two points A
and B within an aguiler 1s considered
then the initial DIC would correspond to
the DIC at point A and the age differ-
ence (At) between the two points is

Ae — An+DICs/ DIC~ec  AAL {7}

These models do not permit the pre-
cipitation of calcite or incongruent dis-
solution of dolomite (Smithet al.. 1975;
Wigley, 1978) nor can exchange bet-
ween aqueous carbonate and carbo-
nate minerals of the aquifer (Thilo and
Minnich. 1970) be accounted tor. They
thus permit at best rough estimates of
possible '#C dilutions and more refined
approaches are needed for many
aguifer systems. This apples also to
crystaline environments and 1s discus-
sed below in more detail.

Process Oriented Models

The correction models described
above consider both 8'°C and chemis-
try of the groundwater and. theretare.
are neither pure “black box " models
nor are they fully developed “process
onented” models. i, however, some
geochemical information s available
this approach can be expanded and is
then particularly well suited for model
calculations. Far example. chemical
data can be treated withthe US G S.
WATEG programme and thus the cor-
rect parhitioning of ditferent agueous
carponale species can be determined,
A vanety ot g-factors can then be
calculated from a matrix of assumed
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Figure 1

The dissolution of carbonate minerals under
closed system conditions nfluences the
carbon isotopic compostion of the dissol-
ved norgamc carbon This figure shiows that
an appropnate choice of rock carbenate
values 1s necessary norder to deting
“carrected” "*C ages Irom measured
carbon-14 achivilies
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input conditions {in which recharge pH
and the pCOz of the s0il atmosphere
are the variables) and comparisons
with the measured carbonate concent-
rations of the ground water. With these,
“corrected” '*C ages can be deter-
mined. Parallel to it the 52C of the
water is calculated for each computed
age, based onthe assumed 5'3C val-
ues for rock-carbonate and soil-COz. A
match between the calculated and
measured &'3C -DIC values corres-
ponds to a potential evolutionary path
and represents an isotopically consis-
tert age determination for the water,
Similar calculations are possible using
a chemical mass balance based on Ca
and Mg as indicators for the amount of
mineral carbonate dissolved and Ja(Nat
— C17)as ameasure of exchanged
Ca-ions on Na-clays. provided the
geochemistry of the groundwaters
permits discussions on the origin and
geochemical history of these ions.

Process oriented models thus at-
tempt to integrate the geochemical
reactions which have occurred ina
groundwater system with the evolution -
of the carbon contents in it. Inaddition
these models are not limited to a
description of the environmental condi-
tions existing during carbonate dissolu-
tion but can also include subsequent
isotope exchange with gas and/or solid
phases (Thilo and Mannich, 1970) as
well as carbonate removal through
secondary calcite precipitation (Smith
etal., 1975 Wigley, 1978). The terms
“open” and “closed” system are
thereby frequently used and merit
some explanation.

Assume precipitation infiltrates
through a soil horizon and migrates
through the unsaturated zone towards
the water table. This water will dissolve
s0il-CQe, until isotopic equilibrium bet-
ween the soil-gas and the aqueous
carbonate species 1s reached. The
latter witl be composed of COz, H2COa.
HCO 3, CO7 and any bicarbonate or
carbonate ion pairs of complexes that
may be of importance. The relative
abundance of these species will de-
pend on the pH and total chemistry of
the water — which may or may not be
controlted by the carbonate dissolution
reactions alone. Such a system which
15 open to exchange with the soil-gas is
usually called “open” and the &'3C of
the aqueous carbonate (DIC) will de-
pend on the pH of the water and the
temperature dependent cartxon

isotope fractionation factors between
s0il-COz and the different aqueous
carbonate species (eqn.5). Figure 2
depicts the predicted 3'*C-DIC for an
open system neglecting ion pairs and
complexes for which fractionation fac-
tors are at present unknown. it also
shows that the "*C-activity of such
waters 15 always very close to the
soil-CO2 and thus to atmospheric 4C
activities (q==1). One also should note
that carbonate minerals can be dissal-
ved under open system conditions and
that even calcite saturation may be
achieved. This would have little or no
influence on the '3C or '*C content of
the agueous carbonate which still
would remain in isotopic equilibrium
with the sgil-COe, regardless of
whether these carbonates carry "*C or
not (Reardonet al., in prep).

The same applies if such calcite-
saturated water were moved into the
subsurface (where the pH could
change through non-carbonate reac-
tions}, since as long as the aqueous
carbonate reservoir in the groundwater
remains intact, "*C decay will be the
only mechanism to remove it from the
water. The situation is different if water
not saturated with respect to carbonate
minerals is moved from the open sys-
tem into closed system conditions.
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The effects of the CO2-DIC equilibna on
§'3C at various pH values 1s shown (open
system). If such water dissolves rock car-
honate under closed system conditions the
&'3C and carbon-14 contents are affected.
The "closed system” line represent the 5'2C
values achieved after all carbonic acid
present in an initial water with vanable initial
pH values has been used for carbonate
rmineral dissolution. If additional proton
donors are available the '*C dilutions
caused by calcite dissolution can exceed
those of a pure H:COa-calcite system.

13

Then dissolution of carbonate minerals
could substantially change both *C
and 3C compositions in the absence
of an open system CO2-gas reservoir.
Assuming a pure carbonate system it is
possible to evaluate for a given initial
(open system) pH value a final §'*C
cornposition provided the §'3C's of the
soil-CQ= and mineral carbonates are
known. This is also shown in Figure 3,
along with the effects of such closed
system reactions on the "*C-activity of
the waler. |t turns out that if recharge
occurs atlow pH and if all carbenic
acid formed is used for the dissolution
of carbonate minerals (top ling in fig. 2)
then the maximum '*C dilution if 50%
{g = 0.5) which corresponds to a max-
imum correction of the measured 'C
ages by one half life (5730 y).

Data accumulated in numerous
studies show, however, that in many
groundwaters considerably greater di-
lutions occur. Processes responsible
for this may be carbonate dissolution
where proton donors other than car-
bonic acid are active, isotopic ex-
change with carbonate minerals {less
likely in crystalline rocks but especially
important in aquifers with fine grained
carbonates such as the chalk, Smithet
al., 1975; Wigley, 1978), addition of
bacterial COz (Barkeretal., 1978) or
carbon originating from the oxidation of
organic matter (Winograd and Far-
lekas, 1974), precipitation of carbonate
minerais {Smithet al., 1975, Wigley,
1978) and addition of volcanic COa
(Fritz et al., 1979b). There may be other
reactions and in any system where
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Figure 3

Carbonisotope frachonaton effects bet-
ween solid calcite precipitated from a solu-
non with given &'3C. The effects increase
with decreasing pH because of the increas-
ing importance of H2COs which has less 3C
then HCO3 or CO75 . (after Wigley el al.
1978: Barker, in prep).



such processes are suspected, de-
tailed geochemical and hydrologic in-
vestigations are required. Emphasis
has to be placed on the description of
the geochemical evolution of the
groundwaters especially as it affects
the carponate eguilibria. Thus. ithasto
be emphasized again that a meaningful
4C-age cannct he obtaned from
analysis of a single well withina
groundwater system. Rather. the
isotope geochemistry programme has
to be integrated with studies in regional
hydrology and geochemistry.

Fortunately. in general, no more than
a few interferences come together in
one flow system and an assessment of
the geologic situation will permit the
exclusion of certain processes. In crys-
talling environments several reactions
may be important: a) the dissolution of
calcites which can be totally or parbally
independent of the presence of car-
bhonic acid, b} the precipitaticn ot cal-
cite (as evidenced by the common
carbonate coatings on fracture sur-
faces) and ¢) biogenic COz production
which might locally be important.

If calcite dissolution occurs under
closed system conditions then it can
be corrected for threugh matrix calcu-
lahons based on chemical and 1solopic
mass-balances if the carbonate con-
tents and pH of the water, the carbon
isotopic composition, the dissclving
minerals and the &'3C soil are known
(Reardon and Fritz. 1978: Fontes and
Garnier. 1978). The 8'3C-carbonate
content correction {(eqn. 4) outlined
above wil suffice to assess the dead
carbon contributions it recharge occur-
red in alow pH environment and
caleite dissoluhon proceeded only
under closed system cenditions

The precipitation of calcites from
groundwaters is usually discussed only
in the contex! of the incongruent dis-
solution of delomites. 1.e., a situation
where precipitation and dissolution
occur simultaneously. Because of the
absence of dolomite this 1s not possible
in crystalline environments. However,
geochernical data obtained from the
Stripa groundwaters indicates that
precipiation of calcite does occur in
these systems. There the total dissol-
ved inorganic carbon content de-
creases from about 10 2 moles/ 1n
the shallow groundwaters 1o about
10 “* moles/] inthe deepest waters.
Calcite saturation is maintaned be-

cause the pH nses continuously and at
depth reaches values above 9.5. This
simple removal of carbonate from solu-
tion causes some isotope fractionation
whereby the residual aqueous carbon
will be depleted in heavy isctopes. The
change inisolopic composition will
follow a Bayleigh distillation model
where the isotope effects will depend
on the pH of the water at which this
precipitation occurs. These fractiona-
tion effects are shown in Figure 3 and
are close to 2.5 %o for waters whose pH
is greater than 7.5 but may exceed 10
%o at lower pH-values. Figure 4 shows
that the effects of this removal on the
residual carbonate are small if less
than 50 per cent of the onigmal carbon
are remaved but may become signific-
ant thereafter. The '*C data would
thereby be much more sensitive and
little effect on the *#C would be ex-
pected because a 10 %o shift n 8'2C
would correspond to only two per cent
shift in *C.

Studies in Northern Canada have
shown that methane producing bac-
teria are not uncommon and that “con-
tamination” of groundwaters with
biogenic COz can be expected where
they are active (Barker, in prep.). Such
contributions are immediately reflacted
in the *C contents. and 8'3C values as
high as + 16 %0 have been measured
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Trus figure shows the carbon 1sotope effects
as they can ccour during precipitation of
calcite from a finite carbon reservoir (DIC). &
1s ihe "*C faclor between agueous and sohd
carbonate. At pH = 8 this value s close to

= 1.0025 but increases rapidly at lower pH
values to a maximum of closeto =101
“t" 13 the residuat fraction of aqueous
carbonate.

at pH greater than 8. It such water
precipitated calcite similar high §'3C
values would be noliceable nthe
precipitates. Such s the case for some
fracture calcites in the Stripa granite
and 8"C values close to +15 %o have
been measured (Fritzet a/., 1978a}
The effects of biogenic carbonate on
the "*C content will depend on the food
source and in crystalline environments
this should be either organic or inor-
ganic carpon in the groundwater be-
cause the aquifer rocks dg not contain
organic matter. If organic carbon were
decomposed, it would have approxi-
mately the age of the groundwater,
whereas the inorganic carbon would
have a mixed origin. Therefore, in the
latter case no additional *C contami-
nation takes place, whereas the
biogenic CO= would partally reset the
14C clock. i.e.. increase the '*C of the
agueous carbonale n the water No
14C data are yet available on methane
contarninated systems but work 15 in
progress and corrections can be prop-
osed for systems in which a quantifica-
tion of these processes 1s possible
{Barkeret al, 1978). This has to be
done by studying the geochemical
evolution of a groundwater body
whereas the correction procedures are
essentially mass balance
considerations.

Conclusions

Carbon-14 dating of groundwaters 1s
not a tool that can be used with ease
unless one can demonstrate that the
geochemical evolution of a groundwa-
ter follows simple processes whose
influence on the carbon budget can be
assessed. An integration of caron
Isotope investigahons with geochem:-
cal and hydrogeological studies 1s not
only recommended but usually
necessary.

In the foregoing an attempt was
made to summarnze the geochermical
interferences which may influence the
carbon geochemistry and thus the C
budget of groundwaters in crystalline
environments. ttis evident that no
simple correction tormula can be
proposed and t1s impossible o pro-
vide an unigue soluticn. For example. it
was demonstrated that the choice of
the carbon-13 contents of carbonate
mingrals dissolving in the subsurface
can reduce many measured ages 10
modern values.
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In order to carry any discussion
beyond a general level will require very
detailed geochemical data, i.e., a
knowledge of the nature of geochemi-
cal reactions and associated mass-
transters are a prerequisite for a com-
prehensive evaluation of the possible
magnitude of '*C dilutions. Wigley et a/.
(1978) summarized this and showed
that the latter can vary over a very wide
range.

To apply such considerations how-
ever, it is necessary to know a prior
which processes are dominant in the
system under consideration. This is
usually not the case and simplified
model considerations will have to be
used to eliminate those reactions which
are impossible or unlikely. This task is
facilitated in crystalline rocks because
— on the basis of the data available to
us - one can show that the most
complicating process, namely the in-
congruent dissolution of dolomite
and/or magnesium calcites, is of little
importance. This, however, does not
eliminate the need for detailed inves-
tigations relating to the geochemical
evolution of a groundwater before ac-
ceptable model consideration will pro-
vide us with appropriate *C
corrections.

Finally it has to be emphasized
again, that environmental isotope
studies on waters from crystalline envi-
ronments can only help to elucidate the
hydrology and geochemistry of flow
systems. Thay may be a key element in
the assessment of groundwater flows
and water ages but the final analyses
should include investigations of the
regional hydrogeology utihzing the
tools of classical hydrology and
mathematical modelling.
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