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[RADIOCARBON, VOL. 34, No. 3, 1992, P. 646-653] 

REACTION-PATH FORMULATION OF A SIMPLE DISSOLUTION MODEL FOR 
RADIOCARBON DATING GROUNDWATER 

SONGLIN CHENG 

Department of Geological Sciences, Wright State University, Dayton, Ohio 45435 USA 

ABSTRACT. Since the pioneer publication of K. 0. Munnich (1957),14C systematics have been used in many hydro- 
geological studies. Because of the complexity of carbon geochemistry, numerous models have been proposed to correct the 
dilution effect of "dead" carbon in groundwater. All the 14C correction models for dating groundwater are based on either 
open- or closed-system conditions. I present here a simple model that accounts for the effects of both open- and closed- 
system dissolution of carbonate and aluminosilicate minerals. For systems involving precipitation of carbonate minerals and 
redox reactions of organic matter, reaction-path simulations are essential for reliable 14C dating of groundwater. 

INTRODUCTION 

As a result of root respiration and decay of organic matter, the partial pressure of CO2 in soil 
horizons is generally much higher than in the atmosphere. The typical pC02 value in the vadose 
zone is 0.01 atmosphere. As recharge water percolates through the C02-rich vadose zone, any 
consumption of dissolved CO2 during water-rock interaction is constantly replenished by the CO2 
reservoir in the vadose zone. The chemical and carbon-isotopic composition of the water is 
modulated by the CO2 reservoir. This environment is an open system. As the recharge water moves 
deeper into the groundwater system and away from the influence of a CO2 reservoir, any carbonic 
acid (H2C03) consumed during water-rock interactions is no longer replenished. The chemical and 
carbon-isotopic composition of water can change as a result of hydrogeochemical reactions without 
the modulation of a CO2 reservoir. The water would then be under closed-system conditions. 

The 14C content of groundwater may change as a result of water-rock interactions even without any 
radioactive decay. The main challenge in 14C dating of groundwater is correcting for the 
contribution of "dead" carbon caused by water-rock interactions under both open- and closed- 
system conditions. Because of the complexity of carbon geochemistry, many researchers proposed 
simplified models to estimate this adjustment factor, called the "Q" factor. The age of groundwater 
is then calculated by 

time = 8266.6 x ln(QA0/A), 

where Ao and A are the 14C activity at time, zero, and the measured activity, respectively. 

Most of the 14C groundwater dating models are based on the closed-system dissolution of calcite. 
They include carbon isotope models (Brinkmann, Munnich, & Vogel 1959; Ingerson & Pearson 
1964; Pearson 1965), a chemical model (Tamers 1967, 1975) and a chemical-isotopic model 
(Reardon & Fritz 1978). Deines, Langmuir and Harmon (1974) proposed separate open- and 
closed-system models. Mook (1976, 1980) derived a chemical-isotopic model based on open-system 
dissolution of calcite. In reality, carbonate minerals are likely to dissolve under both open- and 
closed-system conditions. Based on chemical and carbon-isotopic mass balances, Fontes and 
Gamier (1979) derived an equation that accounts for the dissolution of carbonate minerals and 
partial isotopic exchange between CO2 gas and solid carbonate. Their model implicitly includes 
both open- and closed-system dissolutions of carbonate minerals, but it fails to include the isotopic 
fractionation between CO2 gas and dissolved inorganic carbon (DIC). Models based on stable 
carbon-isotopic compositions inherit the uncertainty in the carbon-isotopic value of soil CO2 gas 
at the time of recharge. Closed-system models are more likely to overcorrect the "dead" carbon 
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effect than open-system models, and consequently, may underestimate the 14C age of the 

groundwater. Most of the 14C dating models fail to consider both open- and closed-reaction 
conditions, which result in erroneous estimates of groundwater ages. 

Wigley (1975) discussed the open-system effects on carbon-isotopic composition and the 14C 

adjustment factor by constructing a hybrid open-to-closed-system dissolution path. Deines, 
Langmuir and Harmon (1974) used a set of dual chemical-isotopic equilibrium equations to 

calculate the carbon isotopic composition for open-system conditions. Wigley, Plummer and 

Pearson (1978) formulated a general mass-balance-transfer equation for modeling the carbon- 
isotopic composition of water under closed-system conditions. Cheng and Long (1984) 

implemented these two sets of equations as a subroutine, CSOTOP, to the hydrogeochemical 
program, PHREEQE (Parkhurst, Thorstenson & Pearson 1980). The PHREEQE-CSOTOP com- 
bination is also capable of simulating the hybrid-reaction path. Detailed computer simulation has 
the advantage of being rigorous, but it may be time-consuming. 

The increments in DIC and alkalinity during calcite dissolution are different under open- and 
closed-system conditions. These important reaction signatures can be used to estimate the "Q" 
factor. I present below a simple equation that accounts for both open- and closed-system effects 
on the adjustment factor, "Q," based on these reaction signatures. 

FORMULATION OF THE SIMPLE DISSOLUTION MODEL 

Open System 

In the recharge areas of most groundwater systems, the water is typically in contact with a CO2 

reservoir in the unsaturated zone. The water-rock interactions under this condition are modulated 
by the partial pressure of CO2 gas. The concentration of H2C03 is solely controlled by p(C02) and 
Henry's law constant (Eq.1). Any reactions that consume W will induce the dissociation of H2C03 

and HCO3 (Eqs, 2 & 3) 

C02(gas) + H2O H2C03 

H2CO3 --, HCO3+ + W 

HC03 CO3 + W. 

(1) 

(2) 

(3) 

Under open-system conditions, any dissociated H2C03 will be replenished by dissolving more CO2 

from the CO2 reservoir. The DIC increases as a result of W consumption. 

Calcite dissolution under open-system conditions is better described by Equation 4 

x CaCO3 + (x+h) H2C03 x Ca++ + 2x HC03 + h H2C03. (4) 

The amount of DIC resulting from calcite dissolution under open-system conditions is (2x + h) 

moles, where "h" is a fixed quantity controlled by temperature and pCO2 (Eq. 1), and is called 

initial carbonic acid, (H2C03)°. Under this condition, x moles of H2C03 are consumed by calcite 

dissolution and subsequently replenished by dissolving x moles of CO2 gas to maintain a constant 

H2CO3 activity. The alkalinity increases by 2x (Eq. 4). 

Individual DIC species have different carbon isotope fractionation factors. Their relative con- 

centrations are controlled by solution pH. Mook, Bommerson and Staverman (1974) and Deines, 

Langmuir and Harmon (1974) have studied these isotope fractionation factors. By integrating DIC 
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speciation and their fractionation factors, the carbon-isotopic composition of the DIC under open- 
system conditions can be calculated by 

aDI0002 = {mC1 x 

a a carbon-isotope fractionation factor relative to CO2 gas, and mC; is the molal 
concentration of aqueous carbon species, i. The equations proposed by Deines, Langmuir and 
Harmon (1974) are used to construct Figure 1. It should be noted that the carbon-isotopic 
composition of dissolving carbonate has no effect on the DIC 13C and 14C. The carbon-isotopic 
composition of DIC changes as a result of H+ consumption and respeciation of DIC (Eqs. 1-3). 

CARBON ISOTOPE COMPOSITION IN OPEN SYSTEM 
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Fig, 1. Carbon isotope composition of water as a function of pH in an open system. Isotope fractionation factors of Deines, 
Langmuir and Harmon (1974) are used. The following parameters are used for this figure; temperature = 20°C; pCO2 = 0,01 
atm; 813Cco2 _ -20.2%o; 14Cc02 

= 100 pMC. 

Closed System 

As the recharge water moves deeper into the aquifer system, it may be isolated from the influence 
of a CO2 reservoir. As a result, any H2C03 dissociation will not be replenished as it would be 
under open-system conditions. Carbonate dissolution increases pH and DIC according to 

yCaCO3 + yH+ yCa++ + yHC03 . (6) 

For every mole of calcite dissolution under closed-system conditions, the solution increases 
alkalinity by two moles (one for H+ consumption and one for the increment of HC03) and DIC by 
only one mole. 

From Open-to-Closed System 

From the recharge area to the deeper aquifer, groundwater experiences both open- and closed- 
system conditions. From Equations 4 and 6, total DIC and total alkalinity can be calculated by 
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Total DIC = 2x + y + (H2CO3)° (7) 

Total Alk. = 2x + 2y . (8) 

It should be noted that (H2CO3)° is the concentration of initial carbonic acid at the end of the open 
system, not that of the water sample. 

For a simple dissolution system, the "Q" factor is simply the ratio of DIC (open) to DIC (total), 
and can be calculated as 

2x + (H2CO3)° 
Q (9) 

2x + y + (H2CO3)° 

By rearranging Equations 7, 8 and 9 to eliminate x and y, Q can be expressed as 

- (HCO)° 2DIC - ALK . 
Q= 23 (10) 

or 

DIC 

xK - pCO 2DIC - ALK H 2 
. 

Q= 
DIC 

where, KH is the Henry's Law constant for CO2 gas. Once (H2CO3)° under open-system conditions 
can be reasonably estimated, the simple equation above can be used to calculate the adjustment 
factors for groundwater that have evolved from open-to-closed-system conditions. 

Equation 10 can be rearranged to 

(DIC - 0.5 ALK.) + (DIC - 0.5 ALK.) - pCO2xKH 
Q= 

DIC 0.5 ALK. 
DIC 

x 

DIC DIC 

(12) 

The first half of Equation 12 is identical to the "q" or "F" value of the closed-system dissolution 
equation (Tamers 1975). The second half of Equation 12 is the ratio of calcite dissolved in open- 
system conditions to the total DIC. It is clear from this equation that existing closed-system models 
neglect the open-system effect of carbonate dissolution. 

The Effect of Aluminosilicate Minerals 

Incongruent dissolution of aluminosilicate minerals, such as for K-feldspar and the precipitation 
of kaolinite, changes the pH of the aqueous solution. Under open-system conditions, dissolution 

of silicate minerals consumes dissolved H2CO3, which is replenished by dissolving more CO2 gas 

from the CO2 reservoir. Under closed-system conditions, the same reaction will convert H2CO3 to 

HCO3 by consuming H+ without affecting DIC. Equations 13 and 14 represent this reaction under 
open- and closed-system conditions, respectively, 
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a KA1Si3O8 + a C02(gas) + 1.Sa H2O 
K-feldspar 

O.Sa A12Si2O5(OH)4 + a K+ + a HC03' + 2a Si02(aq) (13) 
Kaolinite 

b KAISi3O8 + b H+ + O.Sb H2O 
K-feldspar 

O.Sb A12Si2O5(OH)4 + b K+ + 2b Si02(aq) (14) 
Kaolinite 

Table 1 summarizes the increments of DIC and alkalinity as a result of calcite and aluminosilicate 
dissolution under both open- and closed-system conditions. Through the similar manipulations for 
Equation 10, Equation 15 is derived for the system including both calcite and incongruent dissolu- 
tion of K-feldspar 

2DIC - ALK. + b - (H2C03)° Q= 
DIC 

(15) 

It should be noted that the incongruent dissolution of aluminosilicate under open-system conditions 
does not affect the estimation of the Q factor. The quantity, "b," is the increment of alkalinity due 
to H+ consumption caused by K-feldspar-to-kaolinite alteration under closed-system conditions. It 
is difficult to estimate this quantity accurately without proper hydrogeochemical understanding of 
the groundwater system. Fortunately, the "b" value is likely to be small in most groundwater 
systems. For example, if the reaction of Equation 12 generated 0.25 meq liter 1(15 ppm) of Si02, 
the correspondent "b" would be 0.125 meq liters (7.6 ppm) as bicarbonate. The above discussion 
is for K-feldspar-to-kaolinite alteration only. Incongruent dissolution of different mineral pairs may 
have different Si02-to-alkalinity ratios. 

TABLE 1. Summary of DIC and alkalinity increments from calcite dissolution and incongruent 
dissolution of K-feldspar to kaolinite 

K-feldspar/kaolinite Calcite 

Open Closed Open 

DIC la 0 (H2C03)° y 
Alkalinity 1a 1b 

APPLICATION OF THE EQUATION TO THE SAN JUAN BASIN, NEW MEXICO 

The dominant hydrogeochemical reaction at the San Juan Basin, New Mexico, is calcite dissolution 
driven by Na/Ca ion exchange reaction (Phillips et al. 1989). The equation presented here is based 
on simple dissolution of calcite and, therefore, is applicable to the San Juan Basin. Phillips et al. 
(1989) presented adjustment factors, "Q," estimated from many 14C dating models and reaction-path 
simulations. The application of the proposed equation to the San Juan Basin has the benefit of 
having adjustment factors from various models for comparison. Table 2 lists the input data for the 
proposed equation. The DIC concentrations are calculated from the chemical compositions of water 
presented in Phillips et al. (1989) with the computer program, PHREEQE (Parkhurst, Thorstenson 
& Plummer 1980). Table 3 lists the adjustment factors, "Q," estimated from various 14C models. 
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TABLE 2. Input Data for the Proposed Model 

Temp. (H2C03)** Alkalinity 
Sample °C pH liter' liter"' liter"' 

SJB-0I-OA 24.8 9.48 
SJB-02-OA 15.8 9.62 
SJB-04-OA 16.0 8.96 
SJB-05-OA 13.5 8.51 
SJB-II-OA 17.5 8.47 
SJB-I6-OA 15.5 9.27 

Henry's law constant for CO2 gas 
**(H2CO3)° (mmoles liter') = KH x pCO2 x 1000, where pCO2 is 0.01 atm 

TABLE 3. The adjustment factor, Q, of water samples from the San Juan Basin estimated from 
various 14C-age correction models 

Proposed Fontes- Reaction 
Sample model Tamers 

SJB-0I-OA 0.741 0.435 
SJB-02-OA 0.723 0.414 
SJB-04-OA 0.864 0.480 
SJB-05-OA 0.876 0.496 
SJB-II-OA 0.893 0.497 
SJB-I6-OA 0.832 0.458 

The Tamers model is based on closed-system dissolution of calcite and overestimates the effect 
of dead carbon on the 14C activity of DIC; Mook's model is based on open-system dissolution of 
calcite and results in under-correction of dead carbon contribution. The Pearson model is based on 
stable carbon-isotopic composition of carbonate minerals and soil CO2 gas, which is not well 
defined and might have fluctuated in the past. The Fontes and Gamier model is similar to the 
Pearson model, with the addition of isotopic exchange between CO2 gas and solid carbonate. The 
reaction-path simulations account for both open- and closed-system dissolutions of carbonate 
minerals. The agreement in the estimated "Q" factors between the proposed equation and the 
reaction-path simulation is very good. The source of discrepancy between these two approaches 
is the initial pC02 used in each method. The initial pC02 used in reaction-path simulations ranges 
from 10"185 to 10"2,15 atm; a pC02 of 10-2 atm is used for the proposed equation. Better agreement 
can be achieved if the same pC02 is used for both methods. 

LIMITATIONS AND APPLICATIONS 

Because the equations presented here are based on mass transfer during the dissolution of 
carbonate, the uncertainty in stable carbon-isotopic composition in aquifer systems does not affect 
the applicability of this equation. The equations presented here are simple to use. However, many 
limitations exist. 

Initial pC02 

Based on the previous discussions, the initial pC02 in the open system is needed for the proposed 
open-to-closed system equation. Figure 2 illustrates the effect of pC02 on the adjustment factor for 
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a water sample with 4 meq liter-1 of total alkalinity. Parada, Long and Davis (1983) found 
significant areal and temporal variations of pC02 in the Tucson Basin. An investigation of pC02 
characteristics in the recharge area should help determine the most appropriate pC02 value. 
Climatic effects on pC02 variation should also be studied further. 

0.5 

0.4 
6 6.5 7 7.5 8 8.5 9 

pH 

Fig, 2, The effect of CO2 partial pressure in the vadose zone on the adjustment factor, "0." The total alkalinity of the water 
is 4 meq liter"'. The labels are partial pressure of CO2 in atmosphere. Equation 11 is used for constructing this figure. 

Other Reactions 

The proposed equations are valid for the simple dissolution of carbonate minerals and incongruent 
dissolution of aluminosilicate minerals. The equations are not applicable to groundwater systems 
where such reactions as oxidation of organic matter under closed-system conditions, methane 
fermentation or oxidation, and precipitation of calcite occur. Wigley (1976: 221) studied the effect 
of mineral precipitation and concluded, "Ignoring mineral precipitation, or neglecting isotopic 
fractionation during precipitation, may lead to estimates of 14C ages that are many thousands of 
years too old." Under these conditions, reaction-path simulation with computer programs, such as 
PHREEQE-CSOTOP (Cheng & Long 1984) or NETPATH (Plummer & Prestemon 1991), will be 
helpful. 

Isotope Fractionation 

Isotopic fractionation is not included in the proposed equations. Figure 1 shows that 14C of DIC 
under open-system conditions is ca. 1 ± 0.5% higher than the CO2 gas. This correction can be 
included in Equations 10, 11 and 15 by multiplying Q by 1.01 ± 0.005. For most groundwater 
systems, this correction is probably not significant. 

CONCLUSIONS 

This paper presents a simple dissolution model for adjusting 14C groundwater ages, that can be used 
for both open- and closed-system dissolutions of carbonate and aluminosilicate minerals. This 
model is simple to use, but its applicability is limited to the reaction pathway upon which the 
model is based. Reaction-path modeling, either as a forward simulation, such as PHREEQE- 
CSOTOP (Cheng & Long 1984), or inverse modeling, such as NETPATH (Plummer & Prestemon 
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1991), should be considered for aquifer systems involving precipitation of calcite, methane 
fermentation or oxidation, and oxidation of organic matter. 

The main uncertainty in 14C groundwater dating is the initial pC02 in the recharge area at the time 
of recharge. An understanding of hydrogeochemical, hydrogeological and paleoclimatic factors in 

an aquifer system will help estimate these crucial values. 

REFERENCES 

Brinkmann, R., Munnich, K. 0, and Vogel, J. C. 1959 
14C altersbestimmung von grundwasser. Naturwissen- 
schaften 46: 10-12. 

Cheng, S. and Long, A. 1984 Implementation of carbon 
isotope subroutine to computer program PHREEQE 
and their application to C-14 ground-water dating. 
Proceedings of Hydrology and Water Resources in 

Arizona and the Southwest. American Water Resourc- 
es Association and Arizona-Nevada Academy of 
Science, 14: 121-135. 

Deines, P., Langmuir, D. and Harmon, R. S. 1974 

Stable carbon isotope ratios and the existence of a 

gas phase in the evolution of carbonate ground water. 
Geochimica et Cosmochimica Acta 38: 1147-1164. 

Fontes, J.-Ch. and Gamier, J. M. 1979 Determination of 
the initial 14C activity of the total dissolved carbon: 
A review of the existing models and a new approach. 
Water Resources Research 15: 399-413. 

Ingerson, E. and Pearson, F. J., Jr. 1964 Estimation of 
age and rate of motion of ground-water by the 14C 

method. In Miyake, Y. and Koyama, T. eds., Recent 
Research in the Field of Hydrosphere, Atmosphere, 
and Nuclear Geochemistry. Tokyo, Maruzen: 263- 
283. 

Mook, W. G. 1976 The dissolution-exchange model for 
dating groundwater with 14C. In Interpretation of 
Environmental Isotope and Hydro-chemical Data in 

Groundwater Hydrology. Vienna, IAEA: 213-225. 
1980 Carbon-14 in hydrogeological studies. In 

Fritz, P. and Fontes, J.-Ch., eds., Handbook of 
Environmental Isotope Geochemistry. New York, 
Elsevier Science Publishers: 49-74. 

Mook, W. G., Bommerson, J. C. and Staverman, W. H. 

1974 Carbon isotope fractionation between dissolved 
bicarbonate and gaseous carbon dioxide. Earth and 
Planetary Science Letters 22: 169-176. 

Munnich, K. 0. 1957 Messung des C-14-Gehaltes von 
hartem Grunddwasser. Naturwissenschaften 44: 

32-33. 
Parada, C. B., Long, A. and Davis, S. N. 1983 Stable- 

isotopic composition of soil carbon dioxide in the 

Tucson Basin, Arizona, U.S.A. Isotope Geoscience 1: 

219-236. 

Parkhurst, D. L., Thorstenson, D. C. and Plummer, L. 
N. 1980 PHREEQE - A computer program for geo- 
chemical calculations. U. S. Geological Survey, 
Water-Resources Investigation 80-96: 210 p. 

Pearson, F. J., Jr. 1965 Use of '3C/12C ratios to correct 
radiocarbon ages of materials initially diluted by 
limestone. In Chatters, R. M. and Olson, C. 0., eds., 
Proceedings of the 6th International Conference on 
Radiocarbon and Tritium Dating. Washington, D.C., 
Clearinghouse for Federal Scientific and Technical 
Information: 357-366. 

Phillips, F. M., Tansey, M. K., Peeters, L. A., Cheng, S. 

and Long, A. 1989 An isotopic investigation of 
groundwater in the central San Juan Basin, New 
Mexico: Carbon 14 dating as a basis for numerical 
flow modeling. Water Resources Research 25: 

2259-2273. 
Plummer, L. N. and Prestemon, E. C. 1991 Geochemi- 

cal modeling and radiocarbon dating of groundwater: 
recent software developments and field examples. 
Abstract. Radiocarbon 33(2): 232. 

Reardon, E. J. and Fritz, P. 1978 Computer modeling of 
groundwater 13C and 14C isotope compositions. 
Journal of Hydrology 36: 201-224. 

Tamers, M. A. 1967 Radiocarbon ages of groundwater 
in an arid zone unconfined aquifers. In Isotope 
Techniques in the Hydrologic Cycle. AGU Mono- 
graph Series 11: 143-152. 

1975 Validity of radiocarbon dates on groundwa- 
ter. Geophysical Surveys 2: 217-239. 

Wigley, T. M. L. 1975 Carbon-14 dating of groundwa- 
ter from closed and open systems. Water Resources 
Research 11: 324-328. 

1976 Effect of mineral precipitation on isotopic 
composition and 14C dating of groundwater. Nature 
263: 219-221. 

Wigley, T. M. L., Plummer, L. N. and Pearson, F. J., Jr. 

1978 Mass transfer and carbon isotope evolution in 

natural water. Geochimica et Cosmochimica Acta 42: 
1117-1139. 


	azu_radiocarbon_v34_n3_646_m.pdf
	azu_radiocarbon_v34_n3_647_m.pdf
	azu_radiocarbon_v34_n3_648_m.pdf
	azu_radiocarbon_v34_n3_649_m.pdf
	azu_radiocarbon_v34_n3_650_m.pdf
	azu_radiocarbon_v34_n3_651_m.pdf
	azu_radiocarbon_v34_n3_652_m.pdf
	azu_radiocarbon_v34_n3_653_m.pdf

