EVOLUTION OF RADIOCARBON IN A SANDY AQUIFER ACROSS LARGE
TEMPORAL AND SPATIAL SCALES: CASE STUDY FROM SOUTHERN POLAND
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ABSTRACT. We present the results of a comprehensive study aimed at tracing the evolution of carbon isotopic composition
of the TDIC (total dissolved inorganic carbon) reservoir from the unsaturated zone down to the discharge area, in a sandy
aquifer near Krakdw, southern Poland. A multilevel well penetrating the unsaturated zone in the study area was equipped with
horizontally mounted lysimeters with ceramic suction cups to collect samples of pore water and metal probes to collect soil
air. Strong seasonal fluctuations were observed of soil pCO, extending down to the water table, coupled with distinct, well-
defined depth profiles of $13Cp,c reaching approximately —10%o at 8 m depth and almost constant radiocarbon content in the
TDIC pool, comparable to 1*CO, levels in the local atmosphere. Simple models (closed/open system) do not account for the
observed depth variations of carbon isotopic composition of the TDIC pool. This suggests that the TDIC reservoir of pore
waters is evolving under conditions gradually changing from an open towards a closed system. In order to explain 13C and 14C
content of dissolved carbonates in groundwater in the recharge area of the studied aquifer, additional sources of carbon in the
system are considered, such as organic matter decomposition accompanied by reduction of dissolved nitrates and sulfates.
The piston-flow 14C ages of groundwater in the confined part of the studied system were calculated using 2 approaches: 1) the
correction model proposed by Fontes and Garnier (1979) was used to calculate groundwater ages, utilizing the chemical and
carbon isotopic data available for the sampled wells; and 2) inverse geochemical modeling was performed for selected pairs
of wells using NETHPATH code. The calculated 4C ages of groundwater range from approximately 0.6 to 37.5 ka BP.
Although both methods appeared to be in a broad agreement, NETHPATH calculations revealed that isotopic exchange pro-
cesses between TDIC pool and solid carbonates present in relatively small amounts in the aquifer matrix play an important
role in controlling the 13C and 14C signatures of the dissolved carbonate species in groundwater and should be taken into
account when 14C ages are calculated.

INTRODUCTION

Although radiocarbon is perhaps the most often used tracer to quantify timescales of groundwater
flow in the age range from approximately 103 to 4 x 104 yr, its usage has been plagued by numerous
uncertainties related to non-conservative behavior of carbon in groundwater systems and changing
boundary conditions (e.g. Clark and Fritz 1997; Cartwright 2010; Blaser et al. 2010). These difficul-
ties have 3 major roots: 1) the formation of the total dissolved inorganic carbon (TDIC) pool in
groundwater, which is usually a subject of 14C dating, may proceed under different geochemical
conditions (open- or closed-system behavior with respect to soil CO,) resulting in large differences
in the initial 14C activity of this pool, thus complicating the 14C dating procedure; 2) carbon is essen-
tially a non-conservative element in groundwater systems, particularly when the matrix contains a
significant fraction of carbonate minerals; and 3) in double-porosity systems 14C, like any other
tracer, is subject to retardation effects, which lead to the delay of tracer movement when compared
to the velocity of groundwater flow (Matoszewski and Zuber 1991; Sanford 1997). Notwithstanding
those persisting difficulties, 14C was and still remains the tracer of choice for quantifying groundwa-
ter ages on millennial timescales.

Here, we present the results of a comprehensive study aimed at tracing the evolution of carbon iso-
topic composition of the TDIC reservoir in a sandy aquifer near Krakéw, southern Poland, from the
unsaturated zone down to the discharge area. Over the past 2 decades, the studied aquifer has been
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a test ground for various tracer methods being applied to define timescales of groundwater flow and
to calibrate 3D numerical flow and transport models (Zuber et al. 2005; Witczak et al. 2008). Phys-
ical and chemical parameters (temperature, pH, Eh, major and trace ions) as well as concentrations
of various environmental tracers including tritium, SFg, freons, stable isotopes of oxygen and hydro-
gen in water, 85Kr, 3%Ar, heavy noble gases, 3He/*He ratio, and 13C and 14C content of TDIC, have
been analyzed in more than 40 wells. We focus here on the processes controlling carbon isotope
composition of pore waters in the unsaturated zone of the studied aquifer and decipher the chemical
and isotope evolution of this reservoir, with the central aim of providing quantitative information on
timescales of groundwater flow in the confined part of the studied system.

THE STUDY AREA

The Bogucice Sands aquifer (49°59'-50°03'N; 19°58'-20°17'E) is located in southern Poland, at the
outskirts of the Krakéw agglomeration (Figure 1). It consists of quartz sands, loose sandstones, and
silts of the Badenian deltaic basin located at the northern boundary of the flysch Carpathians (Poreb-
ski and Oszczypko 1999). The main part of the Bogucice Sands aquifer belongs to the national cat-
egory of Major Ground Water Basins (MGWB), with the boundaries of the MGWB-451 chosen at
transmissivity exceeding 10 m2 hr1 (Kleczkowski et al. 1990). The lithology of the aquifer is very
irregular, with 2 permeable layers representing 20-80% of the profile (Figure 2), and carbonate con-
tent in the range of 3-10% in sands, partly as calcareous shell debris, and 25-29% in sandstones,
mainly as carbonate cement. The marine origin of the carbonate phase in the aquifer matrix was con-
firmed through analyses of its carbon isotopic composition (813C = 0, lack of 14C).

The Bogucice Sands aquifer is recharged mainly by precipitation at the outcrops partly covered by
Quaternary sediments. Some recharge is also possible via downward seepage through the aquitard
in the areas where extensive abstraction caused significant drops of water pressure. The general
direction of groundwater flow is towards the Vistula River valley in the north (Figure 1), with natu-
ral drainage by upward seepage in most of the confined area. Intensive exploitation of the aquifer
started in the second half of the past century, with a current total withdrawal of about 11,000 m3d-!
(Kulma et al. 2001).

The hydrochemistry of Bogucice Sands aquifer was briefly outlined in Zuber et al. (2005) and dis-
cussed in detail by Witczak et al. (2008). In the recharge area, both water-bearing layers contain water
of HCO3-Ca or HCO3-SO,-Ca types, with slightly elevated Na*, Cl-, and NO5~ contents of anthro-
pogenic origin in the most western and eastern parts. Elevated SO,2- contents (up to 200 mg L1) are
regarded as resulting mainly from acid rain and atmospheric deposition of industrial dust from a
nearby large metallurgical plant. In the confined area, deeper within both aquifer layers, elevated
Fe?*, Mn2*, and NH,* contents are observed. In the most northern part of the aquifer, water is of
HCO;-Ca-Na and HCO3-Na types with TDS values in some cases slightly exceeding 1 g L1,

MATERIALS AND METHODS

A multilevel well located few kilometers north of the studied system (cf. Figure 1) and penetrating
the unsaturated zone was used to study isotope and chemical evolution of the TDIC pool and soil
CO, during the infiltration process. The well (1.1 m diameter, 8 m deep) was originally constructed
to track the migration of pollutants from the nearby steel factory through the unsaturated zone. The
well was equipped with horizontally mounted lysimeters with ceramic suction cups to collect pore
waters for chemical analyses (Karpinska-Rzepa et al. 2005; Operacz 2009). Later on, horizontally
mounted metal probes were added to collect soil air from different depth intervals within the profile.
The lysimeters and metal probes extended ~90 cm into the unsaturated zone profile and were posi-
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tioned at different horizontal angles, in order to avoid a shadowing effect. They were properly sealed
to assure sampling from the predefined depth interval within the profile. Characteristics of the unsat-
urated zone in this area (loess, ~8 m depth) are similar to those prevailing over the recharge area of
the Bogucice Sands aquifer.

Samples of pore water and soil air were collected during several sampling campaigns; pH and tem-
perature of pore waters were measured in situ. The chemistry (major ions) of the pore waters was
analyzed in the Hydrogeochemical Laboratory of the Faculty of Geology, Geophysics and Environ-
mental Protection, AGH University of Science and Technology in Krakéw using ICP-MS. Carbon
dioxide was extracted from samples of pore waters using an acidification technique similar to that
described by Atekwana and Krishnamurthy (1998). Its 14C content was measured in the Poznan
AMS Radiocarbon Laboratory, while the 13C content was determined in the mass spectrometry lab-
oratory of the Faculty of Physics and Applied Computer Science, AGH University of Science and
Technology in Krakéw using the conventional dual-inlet IRMS technique. Samples of soil air
(approximately 3-5 L) were collected from different depth intervals in the unsaturated zone using a
membrane pump and inflatable polyvinyl fluoride bags (Cole-Parmer Int.). The CO, was cryogeni-
cally extracted from the soil air in the laboratory and its 14C and 13C content was measured using
miniature gas proportional counters (Gorczyca 2003) and dual-inlet IRMS, respectively. Dissolved
carbonates in analyzed groundwater samples were precipitated in the field from ~60 L of water fol-
lowing the established procedure (Clark and Fritz 1997). 14C content in those samples was measured
using benzene synthesis followed by liquid scintillation spectrometry (Florkowski et al. 1975) while
13C content was measured using the dual-inlet IRMS technique.

The 13C content in the soil CO, and in the TDIC pool of the pore waters and the analyzed ground-
water samples is expressed as per mil deviation (§13C) from the internationally accepted standard,
V-PDB (Coplen 1996), while 14C content is expressed in percent of modern carbon (pMC), follow-
ing recommendations of Stuiver and Polach (1977) and Mook and van der Plicht (1999). Typical
uncertainty of 14C concentration in the TDIC pool of the pore waters, measured by the AMS tech-
nique, was in the order of 0.3-0.4 pMC, while for soil CO, gas, where 14C content was measured
using miniature gas proportional counters, this uncertainty was larger, about 0.6-0.8 pMC. Typical
uncertainty of 14C analyses of the TDIC pool in groundwater samples collected in the recharge area
and in the confined part of the studied aquifer was ~ 0.7 pMC, while typical reproducibility of §13C
determinations was ~0.1%o.

The 813Ctp,c values observed in the pore waters of the studied unsaturated zone as well as carbon
isotope composition (13C and 14C content) of the TDIC pool in groundwater samples collected in the
recharge area were modeled using PHREEQC (v 2.18) geochemical code (Parkhurst and Appelo
1999). Piston-flow 14C ages of groundwater in the confined part of the studied system were calcu-
lated using the correction model of Fontes and Garnier (1979). In parallel, for the selected pairs of
wells, apparent 14C ages of groundwater were calculated using NETHPATH code (Plummer et al.
1994).

CARBON ISOTOPE COMPOSITION OF PORE WATERS IN THE UNSATURATED ZONE

Depth profiles of carbon isotope composition of TDIC reservoir in the pore waters and of the soil
CO, were measured during several sampling campaigns carried out in 2005 and 2006. The results
are summarized in Table 1 and shown in Figure 3.

As seen in Figure 3a and Table 1, the concentration of CO, in the soil air reveals strong seasonal
fluctuations. It varies between approximately 4000-6000 ppmv during summer months and 500—
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Figure 3 Unsaturated zone depth profiles of soil CO, concentration (a), 513C (b), and 14C (c) content in soil CO, and
TDIC pool of the pore waters. Shown are also depth profiles of TDIC concentration (d). Black symbols — winter profile
(19 December 2005); gray symbols — average summer profile (cf. Table 1); circles — soil CO,; squares - total dissolved
inorganic carbon (TDIC) pool.

1000 ppmv during winter. For comparison, the atmospheric CO, concentration measured in Krakow
during 20052006 was about 370-380 ppmv (Chmura et al. 2008). Also, the 13C content in soil CO,
varies with the season (Figure 3b). During summer, the measured §13C values ranged from approx-
imately —23%o in the upper part of the profile (down to 1 m depth) to about —21.5%. in middle and
lower part, with a small maximum around 1.2 m. Such values are expected considering the fact that
plant cover and organic matter in the soil of this region has §13C values ranging from —25 to —27%o
(Gorczyca 2003). Apparent enrichment in 13C of the soil CO, with respect to the source organic mat-
ter observed along the profile stems from isotope fractionation associated with diffusive transport of
carbon dioxide from the soil to the atmosphere (D6rr and Minnich 1980; Amundson et al. 1998).
During winter months, 813C of soil CO, dropped significantly; values were recorded from —19.7%o
in the upper part of the profile down to —14.1%o at 4.8 m depth. These results should be compared
with 813C values of CO, in the Krakow atmosphere recorded during this period (between approxi-
mately —9.7 and —10.7%o, as reported by Kuc et al. 2007). A substantial increase of §13C of soil CO,
during winter may result from some admixture of atmospheric CO, in the soil air (Dudziak and
Halas 1996), facilitated by a significantly reduced soil-atmosphere CO, concentration gradient dur-
ing this time of the year and/or by some unidentified leakages in the sampling system.

14C content in soil CO, has been measured in the samples collected during the June 2005 campaign
in the upper part of the profile (Figure 3c). It varied between 101.1 pMC (0.30 m) and 106.4 pMC
(0.75 m). A similar range of 14C concentrations was observed by Carmi et al. (2009) in the CO, col-
lected in the unsaturated zone of the coastal aquifer in Israel. The 14C content in atmospheric CO,
measured in Krakéw during summer 2005 was fluctuated around 104 pMC (Kuc et al. 2007). The
fact that 14C content in the soil CO, collected in the upper part of the profile is similar to that
observed in the local atmosphere suggests that root respiration was an important source of the soil
CO, sampled in June 2005. However, it should be noted that decomposition of soil organic matter
of appropriate age structure may also lead to 14C levels of soil CO, similar to CO, levels recorded
in the local atmosphere (Gorczyca et al., these proceedings).
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The TDIC concentration in the pore waters decreases slightly with depth (Figure 3d), from approx-
imately 5.5 mmol L~ recorded in the upper part of the profile down to 4.5 mmol L~ at 7.6 m depth,
suggesting partial degassing of the solution and precipitation of carbonate phase in the lower part of
the profile. The 13C content in the TDIC pool gradually increases with depth, from about —15%. at
1.2 m to —10%. at 7.65 m, irrespective of season (Figure 3b). 14C content in the TDIC reservoir was
measured only in the samples of pore waters collected during the September 2006 campaign. It
remains high (>100 pMC) along the profile, with a small maximum at 2.13 m (107.7 pMC) and a
gradual decrease down to 101-103 pMC in the lower part of the profile (Figure 3c).

Table 1 Measured depth profiles of the selected parameters of pore waters and soil CO..

Pore waters Soil CO,

Depth 3BCrpic 14C content | Depth pCO,  &1C 14C content
(m bgl) (%0 V-PDB)  (pMC) (m bgl) (ppmv) (%o V-PDB)  (pMC)
Summer?; Summer?;
1.20 -15.6 103.4 0.30 4884 -22.9 101.1°
2.13 -13.9 107.7 0.75 6125 -22.7 106.4b
3.08 -13.3 106.1 1.20 5012 -20.5 104.3°
4.03 -12.1 105.1 2.10 4999 -21.6 104.8b
4.88 -11.7 103.6 3.45 3697 -22.1 n.a.c
6.74 -10.1 101.2 4.80 4589 -21.6 n.a.
7.65 -10.5 103.1
Winterd: Winterd:
1.20 -14.9 n.a. 0.30 1057 -19.8 n.a.
2.13 -13.3 n.a. 0.75 500 -19.6 n.a.
3.08 -13.1 n.a 1.20 584 -134 n.a.
4.03 -12.6 n.a. 2.10 886 -14.1 n.a.
4.88 -11.3 n.a. 3.45 869 n.a n.a.
6.74 n.a. n.a. 4.80 989 -14.1 n.a.
7.65 -10.1 n.a.

2 Average values of the parameters measured during sampling campaigns carried out on 8 June 2005, 1 August 2006, and
13 September 2006.

bMeasured in the samples collected during sampling campaign carried out on 8 June 2005.
°n.a. — not analyzed.
dSampling campaign carried out on 19 December 2005.

The depth profile of §13Cp,c measured in June 2005 was modeled using the PHREEQC geochem-
ical code. In addition to isotopic data, also physico-chemical parameters of pore waters collected
during this sampling campaign (temperature, pH, concentration of major ions) were used in model
calculations. Starting from the measured 83C values of soil CO, along the profile and assuming
open-system conditions (unlimited supply of CO,), with full chemical and isotope equilibrium
maintained between soil CO, and the TDIC pool, the 813C content of the dominant carbon species
in the pore waters (dissolved CO, and HCO3~ ions) was calculated. §13Cp,c was then calculated as
a weighted mean of these 2 components and compared with the measured values (Figure 4).

Qualitative agreement between the measured and modeled 83C+p,c values was obtained. Both mea-
sured and modeled 813Cp,c values decrease with depth, from —14.5%o at 1.2 m to about —11.8%o at
4 m. Below that depth, the measured values suggest a further increase of §13C+p,c, which is not the
case for the model results. It seems that the interaction of gaseous CO, and pore waters in the unsat-
urated zone is a more complex process than the simple open-system model implies. On the scale of
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Figure 4 Comparison of measured and calculated depth profiles of
S13Cp,c of pore waters in the studied unsaturated zone. The mea-
sured values represent the June 2005 sampling campaign.

single centimeters, pore waters may temporarily lose contact with soil CO,. This would mean
switching from open- to closed-system conditions, which would lead to higher 813C+p,c values
observed in the pore waters. Without detailed studies it is not possible to quantify the fraction of
time that pore waters may spend under open- and closed-system conditions. It is also not known
whether the general assumption about chemical and isotopic equilibrium holds also on such small
scales along the profile. The apparent evolution from open- to closed-system conditions in the lower
part of the profile should lead not only to higher §13Cp,c values but also to a reduction in 14C con-
tent in the TDIC reservoir. Indeed, 1C concentration in the TDIC reservoir drops from 107 pMC at
~2 mto 102 pMC at 7.5 m depth. This evolution towards closed-system conditions might be facili-
tated by decreasing air porosity with increasing depth in the unsaturated zone.

ISOTOPIC COMPOSITION OF TDIC RESERVOIR IN GROUNDWATER OF STUDIED AQUIFER

In total, 36 wells have been sampled for §13C and 4C analyses of the TDIC pool, both in the
recharge and confined zone of the studied aquifer, a number of them several times over the period
from 1987 until 2011. The relationship between 14C and 83C content of the TDIC reservoir in the
analyzed groundwater samples is presented in Figure 5. Two categories of data points are shown in
the figure: 1) those representing groundwater in the recharge area, and 2) those representing ground-
water in the confined zone of the studied aquifer. The first group was identified via measurable
amounts of anthropogenic tracers present in those waters, mainly tritium and SFg (Zuber et al.
2005). A distinct evolution in the carbon isotopic composition along the flow paths is apparent in
Figure 5. A reduction of 14C content is accompanied by gradual evolution of 13C content towards
less negative §13Cp,c values, reaching —8.5%o. for groundwater with trace amounts of 14C.
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Figure 5 Relationship between 14C and 13C content of the TDIC pool in samples col-
lected in the studied aquifer system. The wells are identified by numbers (cf. Figure 1).

&

Recharge Area

The evolution of carbon isotopic composition of the TDIC pool in the recharge area has been mod-
eled using PHREEQC geochemical code. Two contrasting scenarios of this evolution have been
considered: 1) open-system model where the TDIC pool is formed under unlimited supply of soil
CO, at constant conditions (soil temperature, partial pressure of soil CO,, and its 13C and 4C con-
tent); and 2) closed-system conditions where the infiltrating water saturated with CO, leaves the soil
zone and interacts with carbonate matrix further down in the aquifer, acquiring the observed alkalin-
ity. The data-model comparison is shown in Figure 6 where the 14C and §13C content of the TDIC
pool is plotted as a function of its size, both for open- and closed-system conditions. It is obvious
from Figure 6 that simple open- and closed-system models cannot explain the measured concentra-
tion and carbon isotopic composition of the TDIC pool. This is particularly the case for 14C content
(Figure 6a). Apparently, some additional processes are at work in the studied groundwater system
that influence both the isotopic composition and the size of the TDIC reservoir.

Additional supply of carbon to the evolving TDIC reservoir may occur via decomposition of organic
matter dissolved in the infiltrating water, perhaps with some contribution from decomposition of
organic matter incorporated in the aquifer matrix in contact with the flowing water. The 1C content
in the total organic carbon (TOC) pool of groundwater samples collected in the recharge area has not
been measured. Organic matter incorporated in the aquifer matrix is most probably 1#C-free. It has
been assumed in the model calculations that the 14C content of the source organic matter subject to
decomposition varies between 50 and 20 pMC. Also, 2 different concentrations of 13C in this
organic matter were assumed (813Cqy; = —25 and —20%o). The results of model calculations are sum-
marized in Figure 7a and b. Several consecutive steps in the evolution of the TDIC pool were con-
sidered.

Initially, the solution is evolving under open-system conditions at full contact with soil CO,, and
reaches the prescribed degree of saturation equal 1 or 50% (points “a” in Figure 7a and 7b). Further
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Figure 7 Model-data comparison for the relationship between 4C (a) and 13C (b) content and the size of the TDIC pool in
analyzed groundwater samples representing the recharge area of the studied aquifer. Model calculations were performed using
PHREEQC geochemical code (open squares = measured values). The 14C content of the source organic matter was assumed
to be 50 and 20 pMC (black symbols and gray triangles, respectively, in Figure 7a). The 13C content of the source organic mat-
ter was taken as —25%o and —20%o (black symbols and gray triangles, respectively, in Figure 7b). See text for details.

down along the flow paths, the evolution proceeds under closed-system conditions until saturation
is reached (“b” in Figure 7a and 7b). Then, additional CO, resulting from decomposition of source
organic matter is supplied to the solution, with oxygen dissolved in water being consumed in this
process. The new saturation point is reached when the dissolved O, is exhausted (“c” in Figure 7a
and 7b). Further decomposition of source organic matter proceeds as a result of nitrate reduction
until a new equilibrium is reached (“d” in Figure 7a and 7b). Finally, decomposition of organic mat-
ter continues as a result of sulfate reduction until the size of the TDIC reservoir reaches the pre-
scribed value of ~8 mmol L1 (“e” in Figure 7a and 7b). The initial NO5 concentration in the infil-
trating water was set at 20 mg L1 (Witczak et al. 2008). The amounts of SO, consumed in the
oxidation process varied between about 90 and 150 mg L1, depending on the assumed degree of sat-
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uration. SO, concentrations up to 500 mg L1 were observed in the pore waters of the investigated
unsaturated zone (Operacz 2009).

It is apparent from Figure 7a that the measured 14C content and the size of TDIC pool in the analyzed
groundwater samples can be reproduced by the model reasonably well with the prescribed condi-
tions in the unsaturated zone (mean partial pressure of soil CO, equal to 1%, degree of saturation
varying between 1 and 50%) and the 14C concentration of the source organic matter undergoing
decomposition equal to 50 pMC. Still, the measured 4C concentrations in a number of wells (39, 4,
37, 38, 8, 19) are lower than those predicted by the model. Reducing the assumed 14C content in the
source organic matter to 20 pMC significantly improves the model-data comparison.

Modeling of the §13C content in the TDIC pool provides an additional constraint on the source
organic matter being utilized in the process. It is clear from Figure 7b that the measured 513Cpc
values cannot be reproduced with a single §13C value of the source organic matter. The calculated
trajectories in the 813Cp,c-TDIC space cover most of the data points only if §13Cgy, varies between
—25 and —20%o. Such a range of §13C, values is acceptable in light of past climatic evolution of the
study area, with a varying influence of C; and C, plants.

Confined Zone

The evolution of the TDIC reservoir in the confined zone of the studied aquifer has been studied
with the focus on assessing the age of groundwater in the sampled wells. Two approaches were used:
1) the geochemical correction model of Fontes and Garnier (1979) was applied to evaluate 14C ages
of TDIC reservoir in the confined zone; and 2) NETPATH code was used to calculate 14C age differ-
ences between selected pairs of wells.

The piston-flow age of the analyzed groundwater sample can be expressed as

14C
q-"C

where 14C and 14C,, represent 14C content in the TDIC reservoir of the analyzed groundwater sample
and in the soil CO, of the recharge area(s), respectively. The latter is usually assumed to be equal to
100 pMC. q stands for the correction factor accounting for various #C-dilution processes active in
the system.

Since the recharge area of the studied aquifer extends over a large distance (cf. Figure 1), it was split
into 5 sectors (A, B, C, D, E; cf. Table 2). The average values of chemical and isotopic parameters
characterizing groundwater in each sector (pH, temperature, major ion content, alkalinity, §13C con-
tent of TDIC pool) were calculated using PHREEQC code on the basis of chemical and isotopic data
available for the sampled wells (Kapusta 2012). Those average parameters were then used to calcu-
late the correction factor g for a given well in the confined area, following the Fontes and Garnier
(1979) approach. The apparent 14C age of groundwater in this well was then calculated using Equa-
tion 1. The calculated 14C ages are summarized in Table 2. The initial 24C content reported in Table 2
for each sector represents the mean value of 14C concentration measured in each individual well.

The uncertainties of the apparent 14C ages calculated using Fontes and Garnier’s (1979) correction
model (Equation 1) were estimated in accordance with the uncertainty propagation law. It was
assumed that typical uncertainty of 14C concentration in the soil CO, reservoir is about 5 pMC,
whereas the correction factor g can be determined with a relative uncertainty of ~10%. The value 0.7
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Table 2 14C ages of groundwater samples collected in the confined part of the studied aquifer, calculated using
the Fontes and Garnier (1979) correction model (see text for details).

TDIC pool
Well  8BCqpic 14C content Modeled 14C age®
Recharge area? nr (%0 V-PDB) (pMC) (ka BP)
Sector A 4 -12.3 37.7 2.9
wells 17, 18, 25, 26 1 -12.5 23.1 9.1
313Ctp1c = —14.3%0, 1C = 62.6 pMC 2 -14.6 40.6 5.1
10 -12.3 14.0 14.5
35 —-13.6 18.2 14.4
Sector B 10 -12.3 14.0 15.0
wells 5, 6,7, 8 35 —-13.6 18.2 16.0
318Ctpc = —13.2%0, 1*C = 47.2 pMC
Sector C 37 -12.9 429 6.6
wells 9, 39 38 -12.9 42.0 6.4
S13Ctp)c = —13.1%o, 14C = 55.0 pMC 34 -8.9 0.3 >30.3
33 -8.3 0.2 >30.3
Sector D 41 —-10.6 12.3 14.4
wells 15, 19 34 -8.9 0.3 >28.7
318Ctpc = —13.2%0, 1*C = 45.1 pMC 28 -13.2 39.2 4.9
27 -12.8 33.2 10.0
13 -12.2 19.1 9.3
33 -8.3 0.2 >28.7
Sector E 16 -13.3 32.2 6.4
wells 11, 12, 22, 23, 24 33 -8.3 0.2 >31.6
318Ctpc = —13.4%0, 1*C = 64.1 pMC 42 -12.2 485 2.0
32 —-10.6 0.1 >31.6
46 -10.5 0.8 >31.6
49 -9.3 2.2 25.7
44 -10.2 29 24.4
52 -12.9 37.0 3.2

2|dentified by wells that contain measurable amounts of anthropogenic tracers (mainly tritium and SF).
bCalculated using Equation 1 and the correction model of Fontes and Garnier (1979).

pMC was adopted in the calculations as a standard uncertainty for 14C content measured in TDIC
pool. The calculated uncertainties (1) vary from approximately 800 to 1000 yr for the age range up
to 10 ka BP and increase to about 3 ka for the age range 25-35 ka. For some wells with measured
14C content below the assumed detection limit of 1.4 pMC (wells 32, 33, 34, 46), only the lower age
limit could be established.

In parallel to 14C age determinations based on Equation 1, the age differences between selected pairs
of wells were calculated using the NETPATH code (Table 3). First, for each final well the expected
14C concentration in TDIC reservoir resulting only from geochemical processes occurring along the
flow path connecting the selected pair of wells was calculated using NETPATH. The chemical and
isotopic parameters established for the initial well were used as a starting point for chemical evolu-
tion of the TDIC reservoir. Then, the difference between the calculated and measured 14C concen-
tration in each final well was converted to 1C age. Since the initial well was always selected in the
recharge area, the calculated age differences are equivalent to *C ages and can be directly compared
with the ages listed in Table 2. Such a comparison is presented in Figure 8.

Uncertainties of 14C ages derived with the aid of NETPATH stem mostly from the uncertainties of
physico-chemical parameters measured in groundwater samples collected in the initial and final
well. Also, the basic assumption behind the NETPATH approach states that the given parcel of water
proceeds from the initial to final well is subject to some uncertainty. Although it is difficult to for-
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Table 3 Apparent 14C ages of groundwater in the selected wells located in the confined part of the studied aqui-
fer, calculated using the NETPATH code (see text for details).

13C and 1*C content 313C and 1“C content Estimated
Well pairs (measured) (calculated) isotope exchange Modeled
813Cpic 14C content | 83Cpic 14C content | Calcite Dolomite  14C age
Initial Final | (%o V-PDB) (pMC) (%o V-PDB) (pMC)? (mmol L) (mmol L) (kaBP)
38 34 -8.9 0.3 -8.9 28.1 n.e.p n.e. 375
37 34 -8.9 0.3 -8.9 21.6 n.e. 0.30 35.3
12 44 -10.2 2.9 -10.2 55.3 0.45 n.e. 24.4
12 52 -12.9 37.0 -12.9 46.6 n.e. n.e. 1.9
12 16 -13.3 31.8 -13.3 59.8 0.40 n.e. 5.0
12 16 -13.3 31.8 -13.3 59.8 n.e. 0.20 5.0
12 16 -13.3 31.8 -13.3 59.8 n.e. n.e. 5.5
15 28 -13.2 39.2 -13.2 42.8 n.e. 0.17 0.7
15 28 -13.2 39.2 -13.2 42.1 0.46 n.e. 0.6
15 28 -13.2 39.2 -13.8 449 n.e. n.e. 11
25 1 -12.3 23.6 -12.3 47.0 n.e. 0.37 5.9
25 1 -12.3 23.6 -12.3 48.0 0.73 n.e. 5.9
18 1 -12.3 23.6 -12.3 46.5 n.e. 0.25 5.6
18 1 -12.3 23.6 -12.2 46.5 0.50 n.e. 5.6
15 33 -8.6 0.5 -8.5 19.9 1.6 n.e. 30.5

aCalculated C content of TDIC pool in the end well. Correction for radioactive decay of C not applied.
bn.e. = no exchange.
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; 34q
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44
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Modeled radiocarbon age
Netpath model (BP)

0 10000 20000 30000 40000

Modeled radiocarbon age
Fontes-Garnier model (BP)

Figure 8 Relationship between piston-flow 14C ages of selected groundwater
samples representing the confined part of the studied aquifer, derived using
NETPATH code, and the 4C ages derived using Equation 1 and the correc-
tion model of Fontes and Garnier (1979). Solid line denotes 1:1 relationship.

mally calculate uncertainties associated with NETPATH inverse calculations, these uncertainties are
definitely not larger than those derived from the uncertainty propagation law applied to Equation 1.
It should also be noted that the NETPATH approach can accommodate the processes that are not
accounted for in the correction model of Fontes and Garnier (1979), such as isotopic exchange in the
confined part of the given aquifer system.

The apparent 14C ages of groundwater samples collected in the confined zone of the studied aquifer
and calculated using both approaches outlined above vary from approximately 0.6 to 37.5 ka. The
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largest ages were found in the northern, most distant part of the aquifer. Glacial ages of groundwater
in this part of the aquifer suggested by 14C data are confirmed by lower 2H and 180 content and
reduced recharge temperatures derived from measurements of noble gas concentrations (Witczak et
al. 2008). It is apparent from Figure 8 that 14C ages estimated using 2 different approaches discussed
above are in general agreement, although for the lower age range (<10 ka) the NETPATH code pro-
vides consistently lower ages when compared to the correction model of Fontes and Garnier (1979).
This is most probably due to the fact that NETPATH allows for isotope exchange between the TDIC
pool also in the confined part of the groundwater system, which is not the case for the Fontes and
Garnier correction model. As shown in Table 3, significant amounts of calcite or dolomite have to
be transferred between the solution and the solid carbonate phase present in the aquifer matrix in
order to reach agreement between the measured and calculated &3C values.

CONCLUSIONS

This study reveals a considerable complexity of the processes controlling carbon isotope composi-
tion of the TDIC pool in groundwater, both in the unsaturated zone and in the aquifer itself. Under
moderate climatic conditions characterized by distinct seasonality in air temperature and the activity
of the biosphere, the partial pressure of CO, in the unsaturated zone undergoes large variations, with
high pCO, values during summer months and low values during winter. This leads to repeated out-
gassing and dissolution of soil CO, in the pore waters of the unsaturated zone, inducing isotopic and
chemical changes in the solution. As typical travel times of water through the unsaturated zone often
exceed several years, in a seasonally varying climate the pore waters will undergo multiple dissolu-
tion/outgassing cycles before they enter the water table. The field data and the modeling results pre-
sented in this study suggest that the often-made assumption about open-system conditions prevailing
in the unsaturated zone may not be fully fulfilled, particularly in deep unsaturated zones. Pore waters
during their movement towards the water table may temporarily lose contact with soil CO,, thus
switching to the evolution under closed-system conditions. This may happen many times before they
reach water table. More detailed studies are needed to quantify the possible impact of these processes
on the chemical and isotope evolution of TDIC pool of pore waters in the unsaturated zone.

As demonstrated above, the evolution of carbon chemistry of groundwater along the flow paths can
be quite complex even in a relatively simple porous sandy aquifer. In order to explain the size and
the carbon isotopic composition of the TDIC pool in the recharge area of the studied aquifer, it was
necessary to postulate an additional source of carbon in the system such as decomposition of organic
matter, associated with reduction of nitrates and sulfates dissolved in groundwater. A 3-parameter
comparison of the measured and modeled quantities (concentration of TDIC pool in groundwater
and its carbon isotope composition) provides additional constraints on the source organic matter
being utilized in the process. Satisfactory agreement between measured and modeled values could
be reached for 14C content of the source organic matter varying between about 20 and 50 pMC with
a 813C value ranging from —20 to —25%o. The NETPATH calculations performed for selected pairs
of wells shed light on the role of isotope exchange between the TDIC pool and the solid carbonate
phase, present in the aquifer matrix. These processes modify the observed 13C and 14C content of
this pool and, as a consequence, the calculated 14C ages of groundwater in the confined part of the
aquifer. More studies would be needed to better characterize the dynamics of these exchange pro-
cesses and their impact on carbon isotope composition of the carbonate interface available for
exchange, on timescales comparable with the geological age of the aquifer.

The calculated 14C ages of groundwater in the confined part of the studied aquifer span the entire
range of ages accessible by this method (from about 1 to 40 ka). The conservative assessment of
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uncertainties involved in determination of 14C ages of groundwater presented in this study suggest
that uncertainties are in the order of 10% for the age range between about 10 and 35 ka.
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