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Introduction 
Groundwater dating techniques can be applied to flow systems with time scales from hours to tens of millenia.  
For the purposes of this report age and residence time are used interchangeably.  For waters with ages ranging 
up to about 30,000 to 40,000 years carbon-14 (14C), or radiocarbon dating, can be a useful technique (Han et al., 
2012). Han and Plummer (2013, 2016) reviewed 14C groundwater dating models.  In particular, converting a 
measured 14C activity to an “age” is complicated by exchange of carbon in surficial, soil, and groundwater 
environments.  Groundwater age is, however, not defined by simple piston flow past an arbitrary point like a 
well.  Mixing occurs at several scales from advection and dispersion along a single flow path, to mixing of 
multiple flow paths, to mixing within a borehole intersecting multiple aquifers.  In practice all groundwaters are 
a mixture of waters with varying subsurface residence times (Bethke and Johnson, 2008)(Cartwright et al., 
2017).  Efforts to reconcile complex geochemistry and flow paths with geochemical models and calculations 
have been made by many; but classic efforts include Deines et al. (1974), Wigley et al. (1978), Plummer et al. 
(1990), ranging to work by Coetsiers and Walraevens (2009). 

This document outlines field and analytical techniques we have used to acquire the carbon isotopic data from 
nearly 700 wells in Minnesota.  Determinations of the ages or residence times of Minnesota groundwaters are 
widely used in scientific and management studies all around Minnesota (Alexander and Alexander, 1989).  In a 
typical County Atlas Program about 100 wells are measured for groundwater chemistry, stable isotopes of 
hydrogen (H) and oxygen (O), and tritium content.  A selection of about ten water wells with no measurable 
tritium are then resampled for the radioactive isotope, carbon-14 (14C) and the stable isotopes carbon-13 (13C) 
and carbon-12 (12C). 

Three major groups of studies have been conducted in Minnesota.  Many original analyses were done as part of 
research on groundwater age in the Mt. Simon Sandstone aquifer and were extended with a radium study 
(Lively et al. 1992) with funding in large part by Legislative Committee on Minnesota Resources (LCMR).  At this 
same time a variety of small-scale studies were conducted in a variety of geologic settings across Minnesota.  
The United States Geological Survey (USGS) oversaw several projects to define “flow tubes” in selected aquifers 
across Minnesota (Delin, 1990, Smith and Nemetz, 1996) also with LCMR funding.  The Minnesota Department 
of Natural Resources (DNR) as part of the County Atlas Program (DNR Groundwater Section) and Mt. Simon 
recharge studies (Berg and Pearson 2012) has conducted 14C age dating with significant support from the 
Minnesota Environment and Natural Resources Trust Fund as recommended by the Legislative-Citizen 
Commission on Minnesota Resources (LCCMR) with additional funding from the Clean Water Fund. 

Carbon Isotopic Data 
Carbon has two stable isotopes, 12C and 13C and one naturally occurring radioactive isotope, 14C .  About 98.89% 
of the carbon on earth is 12C and about 1.11% is 13C.  The atomic ratio of 13C/12C varies around 0.0112.  The 
13C/12C ratio in different carbon samples is not constant.  Carbon isotopes fractionate in natural geochemical 
processes and the stable isotopes often serve as records of those geochemical processes.  The isotopic 
fractionations in 13C/12C ratios are typically a few percent.  13C/12C ratios are measured and reported as the ratio 
of 13C/12C in a sample relative to 13C/12C in a standard carbonate material via the formula: 

 δ13C = (Rsample / Rstandard - 1) (1000) (1) 

http://dnr.state.mn.us/waters/groundwater_section/index.html
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where δ13C or “delta carbon-13” is the isotopic fractionation of the sample relative to the standard, Rsample
 is the 

measured 13C/12C ratio of the sample and Rstandard is the measured 13C/12C of a standard (Kaplan, 1975).  The 
13C/12C ratios of the samples and standards are measured as CO2 in gas source mass spectrometers.  The original 
standard used for carbon isotope analyses was carbonate from a fossil belemnite from the Peedee Formation 
(PDB-1).  Current carbon isotopic analyses are usually reported relative to that original PDB-1 standard.  The 
units of δ13C are ‰, parts per thousand or “permil” (Fritz and Fontes, 1980).  The use of a marine fossil as the 
reference standard means that most marine limestones and dolomites have δ13C near 0‰.  An independent 
measure of the δ13C in the sample is a critical component of any attempt to calculate a 14C age of a groundwater 
sample. 

The third carbon isotope, 14C, is radioactive and spontaneously decays with a half-life (t½) of 5,730 years or 
equivalently has a decay probability lambda (λ) of 1.120 x 10-4 per year.  14C is produced naturally in the 
atmosphere by the nuclear reaction of cosmic ray secondary neutrons with nitrogen nuclei, and 
anthropogenically by the atmospheric testing of nuclear weapons and in nuclear reactors.  Before the advent of 
the nuclear age in the early 1950s, 14C was present in atmospheric CO2 at the level of about 13.56 disintegrations 
per minute per gram of carbon or about 1.2 x 10-12 atoms of 14C  per atom of C (Fritz and Fontes, 1980).  
Beginning in the late 1800’s there was a dilution effect in atmospheric 14C  content due to the increased burning 
of fossil fuels, especially coal.  Details of the effects of fossil fuel burning, including the impacts on global climate 
change, were worked out in detail by Plass (1956) and Keeling (1973).  Atmospheric testing of nuclear weapons 
between 1953 and 1963 increased the 14C  content of atmospheric CO2 in the northern hemisphere to about 180 
percent of its pre-nuclear age value.  Following the 1963 Partial Test Ban Treaty atmospheric levels of 14C began 
to moderate creating a “bomb peak” between 1962 and 1967 with a peak near 1965 which is now being 
proposed as the start of the Anthropocene Epoch (Turney et al., 2018). 

14C is measured by two different analytical techniques.  Since the early 1950s 14C in natural samples with low 
levels of radiation have been routinely determined by various counting techniques, especially scintillation 
counting.  Numerous research facilities world-wide and a significant number of commercial facilities produce 
high quality 14C radioactive counting data.  During the last few decades accelerator mass spectrometry (AMS) 
has developed into a increasingly accessible alternative analytical technique.  Both techniques will probably 
continue to be used.  Counting techniques are cheaper and currently faster but require 2 to 3 grams of C for the 
analysis.  Accelerator mass spectrometry is about two to three times as expensive, currently takes longer, but 
requires only a few milligrams of C. 

For groundwater dating purposes the 14C data should be reported as fraction of modern carbon (fmc) or percent 
modern carbon (pmc).  Percent modern carbon (pmc) = 100 • fraction modern carbon (fmc).  The  14C activity is 
defined as: 
 14Cmeasured = (A14Csample )(eλ (year-1950)) / A14C1950  (2) 

where 
14Cmeasured is the measured 14C activity in the sample reported as fraction of modern.  By convention in 14C  

studies “the present” or “modern” is the calendar year 1950 AD.  The eλ (year-1950)  term corrects the measured 14C  
for decay back to 1950 AD, where “e” is the base of the natural logarithms, λ = 1.120 x 10-4 per year and “year” is 
the calendar year the sample was measured.  A14C1950 is the nominal 14C content of biospheric carbon in 1950.  
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For practical reference 14C1950 is defined as 95% of the 14C activity in a National Bureau of Standards oxalic acid 
standard.  For AMS work the concept is the same but the form of equation 2 changes to: 
 14Cmeasured = (14C/12C)sample (eλ (year-1950)) / (14C/12C)1950 (3) 

where (14C/12C)sample and (14C/12C)1950 are the measured value in the sample and the nominal value in 1950 
biospheric carbon respectively. 

Sampling and Analysis Procedures 
The recovery of 2 to 3 grams of dissolved inorganic carbon (DIC) requires the processing of a considerable 
volume of water.  For example, in a groundwater sample with an alkalinity of 125 ppm as CaCO3 110 liters (30 
gallons) contains about 3 grams of DIC.  The amount of DIC in a given sample volume can be calculated if the 
sample alkalinity is known and is entirely due to carbonate species: 

 DIC (g) = (alkalinity / 100.08) (12) ( Vsample / 1000)   (4) 

where alkalinity is in ppm as CaCO3 and Vsample is the volume of water in liters. 

 

Figure 1. Field sampling procedures for the collection of Dissolved Inorganic Carbon. 

The procedure used to extract the dissolved carbonate species is designed to avoid contamination from 
atmospheric CO2 which contains relatively large amounts 14C.  Samples of 110 to 200 liters are collected in large 
plastic bags supported in 30 or 55 gallon plastic-lined drums (Figure 1a).  Sample size must be sufficient to 
produce the required carbon while still being transportable.  While the water is pumped into the bag, 350 ml of 
concentrated NH4OH is added to raise the pH to about 10 in 110 liters.  The high pH converts the dissolved 
bicarbonate to carbonate.  The NH4OH is pretreated with Sr(NO3)2 to precipitate any carbon dioxide including 
any atmospheric 14C and filtered immediately before use.  About 200 g of  Sr(NO3)2  is added as the bag fills 
(Figure 1b).  The strontium ions react with the carbonate ions to precipitate SrCO3.  The bags are sealed and 
allowed to sit overnight while the precipitate settles.  All but one or two liters are then siphoned off (Figures 1c 
& 1d) and the remaining slurry is transferred to plastic bottles for storage and shipping.  No refrigeration or 
preservatives are necessary.  δ13C is determined from a portion of the 14C sample. 

Note that most early studies used BaCl2 to precipitate the carbonate as BaCO3.  However, carbonate reacts very 
quickly with barium and tends to form very fine grained particulates that settle slowly; the settling process is 
often incomplete after 24 hours.  SrCO3 is not quite as insoluble as BaCO3 and tends to form larger particulates 
which settle faster, often producing a clear supernatant after 1 to 2 hours.  Therefore, BaCl2 was originally 
replaced with SrCl2 and eventually Sr(NO3)2 since the nitrate salt dissolves more readily.  In addition, SrCO3 is 
easier for the analytical lab to deal with when they convert SrCO3 to C6 (benzene) for scintillation counting. 
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Sample waters with high sulfate concentrations need additional strontium to co-precipitate SrSO4.  Since sulfate 
is difficult to measure in the field, a pre-sample of the water should be collected and analyzed for anions.  
Additional Sr(NO3)2 must be added to precipitate the sulfate in addition to the carbonate.  The total Sr(NO3)2  
required to precipitate all of the carbonate and sulfate can be calculated by finding the total moles of 
bicarbonate and sulfate, in mg/l, multiplying by the molecular mass of Sr(NO3)2, and factoring in the sample 
volume in liters: 

 grams of Sr(NO3)2 = (alkalinity/100.08 + SO4/96.04) * (211.64) Vsample / 1000 (5) 

In practice, a 10% safety factor is added to cover any changes in water chemistry. 

All 14C and δ13C measurements were made in cooperation with Beta Analytic Inc. located in Miami, Florida.  Most 
measurements were made using liquid scintilation counting (Tamers, 1975).  In a few cases where a sample was 
partially lost, or collecting a bulk sample was impracticable, the remaining sample was measured using 
Accelerator Mass Spectrometry (AMS).  For AMS samples the same procedures are followed, but only a liter or 
two of water need be processed because AMS only requires a few milligrams of carbon for analysis.  The ease of 
collecting a sample for AMS analysis is offset by higher analysis cost.  The problems and precautions while 
collecting samples are the same.  Additional information on 14C sampling and analytical techniques can be found 
at www.radiocarbon.com.   

It is possible to conduct 14C and δ13C measurements on any other carbon containing species in groundwater.  
The methods outlined above are designed to collect DIC.  Analogous techniques can be used to collect, measure 
and date the carbon in other carbon-rich media, for example in dissolved methane (CH4), dissolved organic 
carbon (DOC), natural or synthetic organic compounds, etc.  However, the determination of groundwater ages 
from DIC are the focus of this work. 

Reproduciblity of this 14C sampling technique has been tested by repetitive sampling of one well over a single 
day and by resampling several wells after a period of years (Table 1).  The original well sampled was the Schmidt 
Brewery well (213882) where two independent samples were analyzed by Beta Analytic and Geochron 
Laboratories producing results near the detection limit at that time (1982).  The Schmidt Well was resampled in 
1992 producing a similar off-scale age.  At both the New Brighton #11 (509083) and the RPU #32 (506819) wells 
a series of four samples were collected over a one day period.  The RPU #32 well  samples were collected during 
the development phase of well construction.  The New Brighton #11 well also had individual samples collected 
two years before and one year after the repetitive sampling.  Eight other wells have had repeat samples 
collected after varying time periods.  Reproducibility of the measured carbon isotopes were all within a 
fractional uncertainty of 10%, or better, with one exception.   Well 216161 (USGS Afton CMTS) had a casing 
failure in between sampling rounds.  This well had three concentric riser pipes that in 1987 had significantly 
different heads.  By 2001 the head levels between the CMTS and CWON risers were equal.  Finally, the American 
Linen well (110485) had one sample collected at the bottom of the casing and a second sample collected from 
the bottom of the hole. 

In addition, the largest potential source of contamination would be from atmospheric carbon, as CO2.  The 
concentrated ammonium hydroxide (NH4OH) could absorb CO2 prior to reacting with carbonate in the sample.  
Given that we have routinely found a few samples with no measurable 14C activity suggests that our 
pretreatement and sample containment procedures are isolating the sample from atmospheric CO2.  

http://www.radiocarbon.com/
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Table 1. Wells with repeat sampling events. (*well casing failure between sampling events) 

 
14C Dating of Groundwater 
A groundwater age is calculated by comparing the measured 14C in the DIC to the value assumed to have been 
present when the water sample entered the aquifer.  The age equation for simple 14C dating is: 

 “age” = - t½ / ln(2) • ln (A14Ct / A14Co) (6a) 

or substituting λ = t½ / ln(2) and assuming that 14C activity at time 0 (A14C0 = 1): 

 “age” = -λ • ln (A14Ct) (6b) 

The use of equations 6a or 6b  makes a series of  assumptions: 

Unique # Date 14C +/- δ13C ‰ Median Age (ybp) 
231882 1982-01-11 0.016 0.007 -13.2  
231882 1982-07-27 0.006 0.004 -11.7 41,000 ± 4,000 
231882 1992-02-25 <0.007  -13.5  
509083 1984-09-24 0.195 0.002 -11.6  
509083 1986-08-21 0.152 0.004 -12.7  
509083 1986-08-21 0.155 0.004 -12.6 11,100 ± 1,200 
509083 1986-08-21 0.141 0.005 -12.1  
509083 1986-08-21 0.174 0.005 -12.1  
509083 1987-12-21 0.175 0.004 -12.5  
506819 1990-09-10 0.676 0.006 -10.0  
506819 1990-09-10 0.672 0.005 -9.8 1,700 ± 200 
506819 1990-09-10 0.677 0.006 -9.4  
506819 1990-09-10 0.683 0.005 -9.1  
209223 1983-04-11 0.543 0.008 -8.19 3,500 ± 600 
209223 1989-10-26 0.571 0.007 -11.4  
206795 1983-04-10 0.169 0.003 -11.9 3,500 ± 600 
206795 1988-03-01 0.175 0.004 -11.8  
110485 1985-02-27 0.179 0.002 -11.1 9,900 ± 800 
110485 1988-03-02 0.167 0.003 -12.2  
132996 1988-06-15 0.601 0.006 -9.5 2,700 ± 150 132996 1991-04-30 0.615 0.005 -9.4 
161435 1987-05-08 0.030 0.006 -11.7 26,500 ± 200 
161435 1990-03-22 0.029 0.003 -11.9  
216161 1987-06-01 0.008 0.004 -14.3 26,000 ± 14,000* 
216161 2001-09-12 0.201 0.003 -13.1  
208328 2001-03-08 0.082 0.001 -11.9 20,900 ± 200 208328 2001-03-08 0.080 0.001 -12.4 
467232 1990-01-16 0.0017 0.0001 -11.9 

45,000 ± 3,000 
467232 2017-06-07 <0.0044  -11.1 
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Assumption 1) is that the decay rate of 14C is constant and accurately known.  This assumption is based on the 
concept that the laws of nature are constant which is one of the fundamental assumptions of all science. 

Assumption 2) presumes that the 14C content of the biosphere at the time the sample entered the aquifer was 
the same as the biospheric 14C level in 1950 AD as in equation 6b.  Well preserved pieces of wood have been 
used to correlate 14C activities with calendar ages counted from tree rings.  These tree ring calibrations have 
demonstrated that biospheric levels of 14C have varied by about 10% during the last 12,000 years (Holocene 
Epoch).  Neither the rate of production of 14C by cosmic rays nor the size of the various carbon reservoirs in the 
biosphere have remained constant.  The uncertainty introduced by these variations, however, is generally 
smaller than those introduced by assumptions 3) and 4), and corrections can be made if desired applying 
equation 6a.  This correction has normally not made in 14C studies of groundwater. 

Assumption 3) is that the sample has been a “closed” or isolated system since it entered the aquifer.  For 
groundwaters this assumption is clearly not valid.  First, physical mixing of groundwaters is always present to 
some extent and tends to average the ages of carbon present.  Groundwater ages are always averages and are 
not a discrete packet of uniform age carbon as would a piece of wood or charcoal, for example. Second, 
geochemical reactions can add or subtract DIC during the subsurface history of the water.  In the case of 
Minnesota many of our Paleozoic aquifers are clean quartz sands which have little organic or inorganic carbon to 
interact with groundwater. 

Assumption 4) is that the geochemistry which produced the DIC in the groundwater sample can be deciphered, 
modeled or guessed.  Specifically, the task is to determine the fraction of the DIC in a water sample that 
originated from “live” biospheric carbon.  That task is the subject of this paper. 

For groundwater dating the 14Cactivity of the DIC (14Cmeasured) must be corrected for dilution with “dead” carbon 
from non-biospheric sources.  If Fmodel is defined as the model-dependent fraction of the DIC that came from 
“live” biospheric carbon the groundwater 14C age dating equation becomes: 

 “age” = - λ • ln (14Cmeasured / Fmodel) (7) 

Determining the appropriate estimate of Fmodel for each individual water sample is the most challenging task in 
14C groundwater dating.  It is particularly difficult to determine an unambiguous Fmodel value for a single isolated 
well or spring.  Standard practice for most radiocarbon results, primarily wood and charcoal, has been to apply 
Fmodel = 2.0 (Fahrni et al., 2017).  In general, the more that is known about a given flow system or aquifer and the 
greater the density sampled wells, the more confidence that can be placed on the age estimates.  Examples of 
detailed studies include the study of the Carrizo Sandstone of Texas by Pearson and White (1967) and the 
Plummer, et al. (1990) study of the Madison Aquifer of Montana, Wyoming and South Dakota. 

The evolution of carbon isotopes in groundwater systems can be modelled geochemically (Wigley et al, 1978).  
Since many of these models are complex, geochemical programs such as PHREEQC, MINTEQ and BALANCE can 
be used to define and refine the calculations of Fmodel in models such as those presented below.  When used by 
knowledgable hydogeochemists with adequate understandings of specific aquifer systems, such speciation and 
reaction path computer programs are important tools.  However, great care should be taken to demonstrate 
that the input data and model parameters are appropriate to the groundwater systems.  Fmodel can be calculated 
to several decimal places using a reaction path model with inappropriate or over-simplified assumptions 
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producing apparently exact but totally incorrect age.  A 14C groundwater age is no better than the geochemical 
model and the data used to constrain and calculate it. 

This paper is designed as a tool to help identify appropriate geochemical models.  The requisite data are field 
determinations of pH, temperature and dissolved oxygen of the waters, complete chemical analyses of the 
cation and anion chemistry, 14C and δ13C measurements on the waters’ DIC, and a general working knowledge of 
the area’s geologic and hydrologic properties.  Additionally, determination of the oxidation state of the waters 
via eH measurements and redox couples, enriched tritium analysis of the water, and stable isotope 
determinations of the waters’ δ2H, δ18O and δ34S can further constrain the choice of geochemical models.  14C 
and δ13C measurements of groundwater can not be used in isolation; interpretation requires extensive physical 
and geochemical information. 

The following sections outline a series of geochemical scenarios.  For each model, we first describe the 
geochemical scenario; list the geologic, chemical, and isotopic characteristics which identify the scenario; list the 
relevant geochemical reactions; and finally show how Fmodel can be estimated for that scenario. 

Carbonate Dissolution Models 
The geochemistry of many Minnesota groundwaters is relatively simple.  As precipitation infiltrates through the 
unsaturated zone it adsorbs additional biospheric CO2 from soil gases to form carbonic acid (H2CO3), which then 
dissolves calcite or dolomite present in the soil or bedrock.  These reactions proceed relatively quickly to 
completion, i.e., to calcite and dolomite saturation (Reardon et al., 1980).  Most of the geochemical processes of 
such water are complete before it leaves the soil or unsaturated zones. The groundwaters then flow passively 
through the aquifers for the bulk of their residence times. 

This model may apply anywhere there is a significant component of carbonate in the infiltration zones of the 
recharge areas.  All of Minnesota covered by the Des Moines glacial advance and areas of southeastern 
Minnesota underlain by Paleozoic bedrock fall in this category.  The waters are typically relatively dilute with 
Total Dissolved Solids (TDS) less than about 500 ppm.  Calcium and magnesium typically dominate the waters’ 
dissolved cations and bicarbonate dominates the anions.  Sulfate and chloride are minor anions but are present 
in the 10 to 50 ppm range.  The δ13C of DIC is  -9 > δ13CDIC > -12.5‰ which is about halfway between the biogenic 
δ13C and the marine carbonate value of δ13C ≈ 0‰  

The dissolution of calcite, CaCO3, and dolomite, CaMg(CO3)2, in CO2 charged solutions can be described by: 

 CO2 + CaCO3 + H2O ⇔ Ca++ + 2HCO3
-  (8a) 

 2CO2 + CaMg(CO3)2 + 2H2O ⇔ Ca++ + Mg++ + 4HCO3
-   (8b) 

Half of the DIC (the HCO3
- on the right side of each equation) comes from biogenic CO2 from the soil zone and 

half comes from inorganic calcite and dolomite.  In Minnesota the carbonate rocks are derived from ancient 
marine deposits with a δ13C ratio of about 0‰ and no measurable 14C activity. 

The soil CO2 will have a biospheric 14C activity and a δ13C ratio representative of the plant communities present 
at the time of infiltration.  There are two major biochemical pathways that plants use to photosynthenically 



 

Alexander & Alexander, 2018, Carbon-14 Age Dating Calculations for Minnesota Groundwaters page 10  

reduce CO2 to carbohydrates and oxygen and each pathway has a characteristic range of  δ13C ratios.  Most 
plants, from algae to trees, use the C3 pathway.  As recently as about 7 million years ago a new pathway 
developed which is known as the C4 pathway.  The C4 plants are known as tropical grasses although they 
encompass a variety of prairie grasses.  Today the most commonly observed C4 plant is corn.   Minnesota lies 
across two floristic provinces with the north and east dominated by forest land and the south and west 
dominated by grass lands with a large transitional zone in between as shown in Figure 2.  The forested lands are 
dominated by C3 plants and typically carbon with δ13C ratios of -20 to -30‰.  The grass lands, or prairies, have a 
much higher proportion of C4 plants.  In natural settings the observed δ13C  ratios  range  between -15 and  
-25‰.  Under a monoculture of corn the expected δ13C of biogenic carbon would be -10 to -12‰.  A fourth, very 
common environment in Minnesota is represented by wetlands and lakes.  These aquatic systems have no C4 
plants and δ13C ratios 2 to 3‰ lighter than the surrounding terrestrial environment. 

In addition, these climatic zone plant communities have shifted significantly since the last remnants of 
glaciation. Studies by Wright et al. (1993) developed techniques using pollen preserved in lake sediments to 
define climatic variation since the last glacial maximum.  Selection of a representative plant community for a 
given recharge area may change based on the estimated age of the groundwater.  Up to about 5,000 to 6,000 
years ago the prairie to woodland boundary shifted eastward before stabilizing near its present boundary.  In 
most cases this has a minor effect on the final calculated groundwater age. 

The expected δ13C ratios of DIC in Minnesota groundwater is then between  -9 > δ13CDIC > -15‰; halfway 
between the rock and the plant values.  The range is due to variations in the composition of the plant 
community in the recharge zone at the time the water infiltrated.  δ13C ratios closer to -9‰ would indicate 
prairie systems, while ratios closer to -12‰ would indicate forested lands, and ratios lower than -15‰ would 
indicate aquatic systems. 

In the context of the simple carbonate dissolution model 14C activity is corrected to account for the “dead” 
inorganic carbon by doubling the measured 14C activity, i.e., a value of: 

 Fcarbonate = 0.5 (9) 

would then be used in equation (7) to calculate the age.  This simple doubling model would only be used when 
and where there were very few samples and the recharge zone was poorly characterized.  Early studies, as in 
Lively et al. 1992, employed this simple doubling model. 

Where the δ13C in the soil zone can be estimated by applying a simple proportional relationship, or lever law, to 
account for variations where slightly more or less than half of the carbon came from the soil zone: 

 Flever = (δ13Cmeasured - δ13Crock) / (δ13Cbiogenic - δ13Crock).  (10) 

The lever law helps account for slight differences in the recharge area and can account for reactions that alter 
the carbon content within the aquifer.  In particular, a shortage of carbonate in the soil can push the δ13C to 
lighter values while equilibration with carbonate bedrock will shift δ13C to slightly heavier values. 



 

Alexander & Alexander, 2018, Carbon-14 Age Dating Calculations for Minnesota Groundwaters page 11  

Silicate Weathering / Ion Exchange Models 
In strongly leached soils little or no calcite or dolomite may remain in the recharge zone.  Assuming there was 
any carbonate in the surficial sediments to start with.  The infiltrating recharge waters become saturated with 
biospheric CO2 in the soil.   The carbonic acid (H2CO3) solutions can weather silicate minerals in the soil, forming 
clay minerals and calcium, magnesium, or sodium bicarbonate solutions.  Alternatively or simultaneously, the 
carbonic acid solutions can exchange hydrogen ions for calcium, magnesium, or sodium ions held in the cation 
exchangeable sites in the soil materials.  The net result of both processes is relatively dilute recharge waters 
which consist of calcium, magnesium and sodium bicarbonate.  In the extreme case all of the DIC in such 
solutions comes from biospheric CO2 in the soil zone. 

These waters may not be saturated with calcite and dolomite as they flow out of the carbonate-poor materials.  
If the waters are not saturated when they encounter carbonates further along their flow paths they will dissolve 
calcite or dolomite up to saturation, picking up additional DIC.  This latter DIC is not from the biosphere and 
contains “dead” 14C. 

Carbonate-leached soils are more common in the northeastern portion of Minnesota but can occur almost 
anywhere.  The older the soils and landscape in a recharge zone, the more leached the recharge zone may 
become. The waters are relatively dilute with TDS less than about 500 ppm.  In areas of glacial drift with little or 
no carbonate, as in Superior Lobe materials, this process is exacerbated.  Calcium, magnesium, and sodium are 
the major dissolved cations and bicarbonate, sulfate and chloride are the major anions. The major identifying 
characteristic is a δ13C < -12.5‰ and a molar Na/Cl ratio much greater than 1. 

As the infiltrating waters pass down through the soil zone they adsorb biospheric CO2 to form carbonic acid: 

 CO2 + H2O ⇔ H2CO3 ⇔ HCO3
-+ H+ (11) 

In carbonate-poor environments this dilute acid solution can weather a variety of silicate minerals via reactions 
such as: 

 2NaAlSi3O8 + 2H2CO3 + 9H2O ⇔ Al2Si2O5(OH)4 + 2Na+ + 2HCO3
- + 4H4SiO4 (12a) 

 Albite kaolinite 

 CaAl2Si2O8 + 2H2CO3 + H2O ⇔ Al2Si2O5(OH)4 + Ca+ + 2HCO3
-  (12b) 

 Anorthite kaolinite 

or alternatively the carbonic acid can exchange cations with exchange sites in the soil materials: 

 H+ + Na-X ⇔  H-X + Na+ (13a) 

where X indicates a soil cation exchanger.  The resulting solutions are often Na+ and HCO3
- waters with a low 

chloride content.  If the clay mineral cation exchange sites in the recharge zone are loaded with calcium and 
magnesium the sodium may exchange producing a calcite saturated solution in a calcite depleted matrix: 

 Na+ + ½Ca-X2 ⇔  Na-X2+ ½Ca++ (13b) 

which may produce a Na/Cl ratio much less than 1. 
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If the solutions leaving the recharge zone are not completely saturated with respect to calcite and dolomite 
these solutions may dissolve additional carbonate further down their flow paths as they infiltrate beyond the 
leached stratigraphy. 

If the measured values of δ13C, -12 > δ13CDIC > -25‰, result from the dissolution of non-biogenic rock carbonate 
then Fsilicate can be calculated by applying the same lever law as in equation 10 where:  

 Fupland = Flever = Fsilicate = (δ13Cmeasured - δ13Crock) / (δ13Cbiogenic - δ13Crock). (14) 

The δ13Crock = 0‰ and the δ13Cbiogenic value depends on the plant community present in the recharge zone.  See 
Figure 2 for a Minnesota specific map of δ13C values.  If no independent information on that plant community is 
available an average value of δ13Cbiogenic = -22‰ can be used.  Alternatively the two end members of δ13Cbiogenic =  
-18 and -25‰ can be used to calculate the upper and lower bounds on Fsilicate and the model 14C ages. 

Sulfur Influenced Models 
In some Minnesota waters high levels of dissolved sulfate are found.  Sulfate concentrations nearing gypsum 
saturation can be derived from the dissolution of gypsum and by the oxidation of sulfides.  Keller et al. (1991) 
describe the oxidation of sulfides in glacial tills in Saskatchewan and Plummer, et al. (1990) describe gypsum 
dissolution in the Madison aquifer of South Dakota.  Both sources can add significant amounts of calcium, 
magnesium and sulfate to groundwaters.   

Gypsum dissolution adds calcium and sulfate directly to the solution.  The influx of calcium produces a significant 
common ion effect on the calcite and dolomite saturation levels and thereby on the water’s DIC.  Sulfide 
oxidation adds sulfate without directly changing calcium levels.  Two distinct geochemical pathways may exist in 
varying proportions.  In some situations the waters first become saturated with calcite, dolomite and DIC and 
then undergo dedolomitization reactions as the gypsum dissolves into the waters.  In other situations the waters 
evolve significant quantities of sulfate and biospheric carbon before reacting with calcite and dolomite.  A 
possible setting for the latter pathway is in leached tills where sulfides are oxidizing to sulfate.  These different 
end-members produce distinctly different geochemical scenarios and Fmodel values. 

Both end-member models result in waters that contain predominantly calcium, magnesium, sulfate and DIC.  
Sulfate-rich waters are commonly found in the southern and western portions of Minnesota where Cretaceous 
sediments are present and in areas covered with unoxidized tills.  In most Minnesota waters sulfates range from 
about 10 to 50 ppm SO4.  Where gypsum dissolution has occured the concentrations may range from 100 up to 
almost 2,000 ppm SO4.  The presence of significant levels of Na and Cl are evidence that additional geochemical 
effects may be present.  The DIC of waters affected by dedolomitization contains relatively heavy carbon with 
δ13C values of -12.5‰ < δ13CDIC < -2‰. The DIC of waters in which sulfate evolved before carbonate dissolution is 
light with δ13C values of -9 > δ13CDIC >-25‰. The source of S can be determined by measuring the δ34S of the 
dissolved sulfate: 

 δ34S (‰) = (34S/32S)sample - (34S/32S)standard  x 1000 (15) 
 (34S/32S)standard  

where the standard is from FeS in the Canon Diablo meteorite with 32S/34S = 22.22.  Gypsum derived from 
Cretaceous evaporites in Iowa have δ34S ranging from +15 < δ34S < +21‰ (Richardson and Hansen, 1991).  
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Inorganic sulfides have a wide range of values overlapping evaporitic deposits.  In the process of oxidation, 
however, the lighter 32S is favored with fractionations as large as -14‰ (Fritz and Fontes, 1980).  Keller et al. 
(1991) measured δ34S of dissolved SO4 derived from inorganic sulfides in Saskatchewan tills and found a range of 
-4 > δ34S > -9‰.  

Elevated levels of SO4 in glacial tills have been attributed to oxidation of inorganic sulfides by many workers.  
Keller et al. (1991) and Hendry (1988) are two examples.  In this model the sulfate originates in the soil zone 
concurrently with dissolution of silicate minerals under elevated levels of CO2.  The calcium to magnesium ratio 
is often near 1, reflecting the ratio in the source materials.  The δ13C ranges from the -9 > δ13CDIC > -12.5‰ values 
typical of carbonate dissolution to -25‰ as in the silicate weathering and ion exchange model.   

The oxidation of sulfide is limited by the amount of available oxygen.  Each mole of sulfur requires 4 moles of 
oxygen.  Given atmospheric levels of O2 the maximum amount of SO4 that can be produced without 
reoxygenating the water is about 24ppm SO4.  A series of wetting and drying cycles might pump SO4 to higher 
levels. 

The fraction of biogenic DIC can be calculated by applying a lever law as in the determination of Fsilicate.  

 Fsulfide = Fsilicate = (δ13Cmeasured - δ13Crock) / (δ13Cbiogenic - δ13Crock). (16) 

The dedolomitization model begins with the assumption that calcite and dolomite are present in the aquifer and 
as such the groundwater is in equilibrium with both minerals: 

 Ca++ + CaMg(CO3)2 ⇔ 2CaCO3 + Mg++ (17) 

As a result the ratio of Mg++ to Ca++ should remain relatively constant.  The resulting equilibrium constant can be 
found by substituting algebraically the equilibrium constants for calcite and dolomite dissolution:  

 Keq = [Mg++] / [Ca++] = Kdolomite / Kcalcite
2 = 10-17.09 / (10-8.48)2 ≌ 0.8 (18) 

As gypsum and anhydrite dissolve into the solutions there is an increase in Ca++ concentration: 

 CaSO4 ⇔ Ca++ + SO4
=. (19) 

This increase in dissolved Ca++ induces to a series of reactions collectively known as dedolomitization (Appelo 
and Potsma, 1994).  The increase in Ca++ induces calcite deposition and additional dolomite dissolution.  The Ca++ 
and Mg++ concentrations increase and HCO3

- concentration decreases.  The total mass transfer can then be 
written as: 

 1.8CaSO4 + 0.8CaMg(CO3)2 ⇔ 1.6CaCO3 + Ca++ + 0.8Mg++ + 1.8SO4
= (20) 

In practice this stoichiometry produces too high a ratio of Ca++.  This excess can resolved by allowing a slight 
supersaturation with respect to calcite (SIcalcite = 0.2) as might be expected in a precipitation reaction.  Keq can 
therefore be recalculated as: 

 Keq = 10-17.09 / (10-8.48 + 0.2)2 ≌ 0.3 (21) 

producing the stoichiometry: 

 1.3CaSO4 + 0.3CaMg(CO3)2 ⇔ 0.6CaCO3 + Ca++ + 0.3Mg++ + 1.3SO4
= (22) 
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where 0.6 mole of calcite is precipitated for each 0.3 moles of dolomite dissolved.   

The sources and sinks of carbon forming the measured DIC, mCDIC, can be estimated based on the above 
stoichiometry with the mass balance equation: 

mCDIC δ13Cmeasured = mCrecharge δ13Crecharge + 0.3(mSO4
= δ13Cdolomite - 2mSO4

= δ13Ccalcite ) / 1.3 (23) 

The equation can be solved for the amount of carbon from the original recharge waters, mCrecharge: 

mCrecharge = mCDIC δ13Cmeasured - 0.3 (mSO4
= δ13Cdolomite - 2 mSO4

= δ13Ccalcite ) / 1.3 (24) 
 δ13Crecharge 

Assuming that the dissolving dolomites have δ 13Cdolomite ≈ 0 ‰, the soil temperatures are 10°C and -9 > δ 

13Crecharge > -12.5‰ the precipitating calcite has a δ13C: 

 δ13Ccalcite = δ13Crecharge + 1.194 x 106 / (273 + T °C)2 - 3.63 (25) 

producing a range of -1.2 < δ 13Ccalcite < +2.3‰. After an additional correction for a background mSO4
= ≈ 0.5 the 

equation can be solved for mCrecharge.  The fraction of biospheric carbon Fsulfate can then be estimated as:  

 Fdedolomite = 0.5 mCrecharge / mCtotal (26) 

with mCrecharge as found in equation 24.  The factor 0.5 comes from the carbonate dissolution model where 
mCrecharge = mCbiosphere + mCrock.  Fdedolomite can then be used in equation 7 to determine the age of the 
groundwater.  Upper and lower ranges of the age estimate can be made by subsituting δ13Crecharge = -9 and  
-12.5‰ and δ13Ccalcite = -1.2 and +2.3‰. 

Wetland Soil Recharge with Methanogenesis 
In many portions of Minnesota the landscape is dominated by lakes, wetland and peatlands; particularly central 
and northern Minnesota.  Groundwater recharge in this setting is dominated by recharge through organic rich 
sediments.  The groundwater is fairly soft with regionally characteristic Ca/Mg ratios.  The redox potential and 
dissolved oxygen are very low.  There may be modest amounts of sulfate present (<1 to 20 ppm SO4) some of 
which may have been added beneath the recharge area.  Chloride levels will be very low and are comparable to 
precipitation values of 0.5 to 3 ppm.  δ13C values span a range from lighter than carbonate dissolution 
dominated waters to about -15‰ to as heavy as +2‰. 

The water leaving the recharge zone contains biogenic carbon that was converted directly to CO2, as in 
equations 8a and b, and some fraction of CO2 enriched with 13C by methane production.  Methane can be 
produced directly from organic material or from CO2 derived from organic material (Clark and Fritz, 1997): 

Acetate Fermentation: CH3COOH ⇔ CH4 + CO2  (27) 
  
CO2 Reduction: 2CH2O + 2H2O ⇔ 2CO2 + 4H2 ⇔ CH4 + CO2 + 2H2O (28) 

Both acetate fermentation and CO2 reduction with accompanying fermentation reactions lead to an increase in 
CO2.  Methane produced in freshwater environments has δ13C -70 to -50‰ and the dissolved CO2 is enriched in 
12C with δ13C approaching +10‰ (Whiticar et al., 1986).   
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As an aside, three samples of methane gas were collected at the Soudan Underground Mine.  These samples 
produced δ13C between -33 and -43‰ starting with carbon from Archean graphite deposits with δ13C about +5‰ 
(Rankama, 1948).  The degree of fractionation in the produced methane gas is comparable, with a shift of -30 to 
-50‰, resulting in heavier methane than noted in Figure 3a. 

The δ13C of the soil water CO2 can be calculated as the sum of carbon from biogenic sources less the amount lost 
to methane gas: 
 δ13Csoil CO2  = a • δ13Cbiogenic - b • δ13C CH4 (29) 

By applying mass conservation we know that a - b = 1.  Substituting 1 + b for a, we obtain: 

 δ13Csoil CO2  = (1 + b) • δ13Cbiogenic - b • δ13C CH4 (30) 

 δ13Csoil CO2  = δ13Cbiogenic  + b • δ13Cbiogenic - b • δ13C CH4 (31) 

and solving for b: b =δ13Csoil CO2 - δ13Cbiogenic.  (32)
 δ13Cbiogenic - δ13C CH4 

The fraction b represents the fractionation of 13C and 12C biogenic carbon between methane and CO2 in the soil 
water.  Biogenic carbon in a mid-latitude lacustrine environment ranges from δ13C of -25 to -31‰ (Fritz and 
Fontes, 1980).  Once the recharging groundwater enters a closed aquifer system there should be little additional 
fractionation.  The value of δ13Csoil CO2 can then be  used as a proxy for the δ13Cmeasured in the groundwater.  (This is 
a major assumption as it assumes no change once the water leaves organic rich surface sediments.  Since any 
uncertainty or error is additive the modelling uncertainties grow geometrically.) 

 The fraction b is the amount of methane produced within the soil water system. 

 b =δ13Cmeasured - δ13Cbiogenic.  (33)
 δ13Cbiogenic - δ13C CH4 

The fractionation effect for 14C is about twice as large as for 13C (Fritz and Fontes, 1980).  The correction factor 
for soil generated methane can then be found by doubling the measured 14C activity, to account for carbonate 
dissolution, and then removing the fractionation due to methanogenesis. 

 Fwetland= (1 + 2b) / 2     or     =  ½ + b (34) 

Methanogenesis Models  
In highly reduced groundwaters sulfate reduction and methane production are commonly observed (Aravena et 
al, 1995).  As in the soil zone, methane removes a disproportionate amount of 12C with δ13C of the methane 
typically between -70 and -50‰ (Whiticar et al., 1986).  Unlike the soil zone, however, the methane is produced 
after carbonate saturation has been reached.  The correction presented below assumes that the simple 
carbonate dissolution model is active prior to the onset of reducing conditions.  As shown in the silicate 
dissolution model this may not be a valid assumption.   

Groundwaters with low redox states, dissolved O2 < 0.1 ppm, NO3-N < 0.01 ppm, SO4 < 1.0 ppm and δ13C ≤  
-4.0‰ have been observed by Aravena et al. (1995) and Simpkins and Parkins (1993).  Chloride values for these 
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waters are typically 5 to 20 ppm.  A simple explanation for this increase in δ13C could be the loss of light 12C to 
methane production.  Methane production does not proceed until most of the sulfate has been reduced by 
hydrogen sulfide production (Whiticar et al., 1986). 

In the absence of free oxygen, sulfate reduction can be represented as: 

 2CH2O + SO4
= ⇔ H2S + 2HCO3

- (35) 

Sulfate reduction increases dissolved bicarbonate by consuming organic material.  Increasing the bicarbonate 
will increase the calcite saturation and may precipitate calcite. 

 2CH2O + 2H2O ⇔ 2CO2 + 4H2 ⇔ CH4 + CO2 +2H2O (36) 
 
The methane producing fermentations and reductions are acid producing and can be combined with carbonate 
dissolution as: 

 2CH2O + 2H2O + CaCO3 ⇔ CH4 + 2HCO3
- + Ca++ + H2O (37) 

Each mole of methane produced is accompanied by two moles of bicarbonate.  One third of the carbon comes 
from ancient bedrock carbonates and two thirds from buried organic material.  This buried organic material 
could be any mixture of C3, C4, and aquatic vegetation but can be assumed to have a δ13C between -15 and  
-20‰.  As shown by Simpkins and Parkins (1993) this buried material may have an old but measurable amount 
of 14C. 

Using the carbonate dissolution model we can assume half the recharging waters' original carbon came from 
biogenic sources and half from carbonate rocks. 

 δ13Crecharge =  ½ δ13Cbiogenic + ½ δ13Crock (38) 

The carbonate saturated recharge waters then encounter buried organics which lead to reduction and methane 
production.  The problem is then to determine the ratio of light 12C lost to methane production and the 
coincident enrichment of 13C and 14C in the groundwater from rock and organic sources.  Using equation 34 the 
measured groundwater δ13C can be estimated as: 

 δ13Cmeasured = c • δ13Crecharge + d • (⅓δ13Crock + ⅔ δ13Cburied C - ⅓ δ13C CH4) (39) 

Substituting in equation 38 into equation 39 and applying mass balance as c + d = 1:   

δ13Cmeasured = (1 - d)•(½ δ13Cbiogenic + ½ δ13Crock) + d•(⅓ δ13Crock + ⅔ δ13Cburied C - ⅓ δ13CCH4) (40) 

solving for b: d =     ____       δ13Cmeasured  - ½ δ13Cbiogenic - ½ δ13Crock              . (41)
 -½ δ13Cbiogenic + ⅙ δ13Crock + ⅔ δ13Cburied C - ⅓ δ13CCH4 

Since 14C is about twice as strongly fractionated as 13C the corrected 14C activity can then be calculated using 
equation 7 with the additional assumption that the buried carbon source is very old: 

 F methane = (1 - 2 • d) (42) 
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Siderite Dissolution 
Where the bedrock carbonates are not dominated by limestone and dolomite the assumption of δ13Crock = 0‰ 
may not be valid.  The Mesabi Iron Range of Minnesota is dominated by carbon in the form of siderite (FeCO3) 
with δ13Crock = -2 to -19‰ with a median value near -7‰ (Perry et al., 1973).  The carbonate dissolution lever law 
(Equation 10) can be applied as above but using δ13Csiderite = -7‰ instead of δ13Cmarine carbonate = 0‰.  These "Iron 
Range" waters will be fairly soft with TDS < 500ppm and δ13C between -12 and -20‰. 

 F siderite = F carbonate = (δ13Cmeasured - δ13Csiderite) / (δ13Cbiogenic - δ13Csiderite). (43) 

Application to Minnesota Waters 
Over the past million years Minnesota has experienced numerous glacial cycles.  These repeated glaciations 
have had a strong influence on groundwater aquifers, both in dissecting the bedrock surfaces and then 
repeatedly reburying them under a variety of glacial sediments.  These complexly interconnected groundwater 
flow paths and periods of greater and lesser recharge have created a large range of groundwater ages. Given the 
increasing demands on our water supplies the status of our aquifers is of great interest.  Confounding the 
natural groundwater flow and recharge are modern changes to our aquifer systems by pumping and alteration 
of groundwater recharge areas.  As demand for our water resources increase groundwater managers are 
increasingly concerned with sustainable use of these finite resources.  Isotopic dating using a combination of 
tritium (3H) and radiocarbon (14C) can provide estimates of travel time and recharge rates for groundwaters.  
While there are large uncertainties in the modeled ages these isotopic tools can provide important estimates for 
our groundwater flow systems.  

The dissolved inorganic carbon content in groundwater is initially influenced by the sources of carbon in the 
recharge zone.  An intitial control is the source of biogenic carbon in the soil zone.  The stable carbon isotope 
ratio δ13C is influenced by the ratio of C3 and C4 plants.  Minnesota is presently on the edge of biozones where 
prairie grasses (dominated by C4 plants) meet the big woods (dominated by C3 plants).  In between is a 
transistional zone of mixed plant communities that shifts between prairie and woody plants.  Records of the 
transition from big woods to prairie and back were developed using pollen records in lakes (Wright et al., 1993).  
In theory one could make an initial estimate of groundwater age and then refine the selection of biogenic δ13C 
based on modeled age and re-calculate.  In practice it may not be possible to find a unique solution and would 
be irrelavent if mixing along the flow path confounds the original δ13C sources.   Figure 2 outlines these three 
zones based on the presettlement vegetation maps of Minnesota.  Note that for groundwater it is not the 
location of the individual well but the location of recharge that is relevant for biozone selection.  In addition, 
many Minnesota groundwaters originate as recharge from lakes and wetlands. 
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Figure 2. Biozone model ranges (Prairie, Transitional, and Big Woods) and 14C sampling sites. 

The selection of a biozone has a relatively small effect on the whole 14C modeling process.  The range of natural, 
biogenic δ13C on a regional scale within a biozone can be 5‰ or more.  However, there is only 2 to 3‰ biogenic 
variation between adjacent biomes.  The biogenic value is then used in a lever law to account for the dilution 
with dead carbon from marine carbonates with δ13C = 0‰, resulting in a correction of up to 10 to 12‰.  
Additional corrections due to methane production or other chemical process are even larger.  Therefore, while 
the selection of biozone is an important model input it has a smaller impact on the final value than other factors. 

There are two major biozones represented, encompassing prairies dominated by C4 grasses that transition to 
woodlands with primarily C3 plants.  In between, a transitional zone has alternated from prairie dominated to 
woodland dominated over the last 10,000 years.  Locally the transition zone is a mix of patchy prairies, woods, 
and savanah. 
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Figure 3a. Stable carbon isotopes in Minnesota uplands and wetlands. 

  

Figure 3b.  Chloride and bromide in Minnesota uplands and wetlands. 
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In the soil zone the biogenic CO2 reacts with carbonates to form dissolved HCO3.  In most cases the carbonates 
are derived from Paleozoic limestones and dolomites with no 14C. 

Figure 3a schematically outlines the range of stable carbon isotopes as δ13C.  Independent of biozone, 
groundwater recharge can occur from uplands or through wetlands.  The stable isotopic signature varies in each, 
tending towards the heavier (less negative) δ13C in prairie regions and lighter (more negative) δ13C in woodlands.  
Wetland recharge is dominated by peat and aquatic plant isotopic ratios which trend lighter (-24 to -32‰) but 
are moderated by the in-washing of organic materials from surrounding uplands. 

Figure 3b shows the typical range of chloride and bromide in natural Minnesota waters.  The ultimate source of 
both chloride and bromide in Minnesota is from seawater in the form of precipitation.  Fine particulates of sea 
salts are carried on the wind inland where they ultimately form the nucleus of rain drops.  Minnesota rainwater 
can contain upto about 0.5 ppm Cl as delineated by the National Atmospheric Deposition Program (NADP).  
Bromide is likewise derived from seawater but is present at about 1/300 the chloride  concentration.  This 
relationship  can be expressed as the mass ratio of chloride compared to bromide (Cl:Br) which for seawater is 
about 300:1.  Chloride is slightly enriched as the winds carry moisture and salts inland with ratios in Minnesota 
typically about 250:1.   

Rainwater that falls into a wetland experiences some evaporation which slightly concentrates the dissolved 
salts.  Wetlands commonly have a natural level of chloride in the range of 1 to 3 ppm (Levy et al., 2018).  In 
upland environments chloride and bromide can be concentrated beyond the 3 ppm level found in wetlands 
upwards to levels as high as 20 to 30 ppm (Magner & Alexander, 2008).  The soils in an upland setting can go to 
almost complete dryness between rainfall events as plant roots extract most of the available water for 
transpiration.  The remaining salts are remobilized and carried downward to groundwater systems by 
subsequent rains.  Both chloride and bromide are very conservative in groundwater settings; there are very few 
ways that they can be removed from solution.  This provides a tool to define where groundwater recharge 
occurred.  Waters recharged primarily through wetlands have chloride concentrations less than about 3 ppm.   

In cases of modern recharge chloride concentrations can be much high where human impacts, primarily as NaCl 
from road and water softener salts or from KCl as potassium fertilizer.  Both NaCl, mined as halite, and KCl, 
mined as sylvite, have very low ratios of Cl:Br.  Halite typically has Cl:Br > 10,000:1 (McCaffrey et al., 1987) while 
sylvite has Cl:Br between 1,000 and 10,000:1 (Turrentine, 1934).  This anthropogenic salt shows up quite 
distinctly in an increasing set of environments.   

A second case of elevated chloride occurs where deep continental brines are mixed into groundwater flow 
systems.  These ancient, deep rooted waters can have quite high concentrations, up to 200,000 ppm chloride 
(Frape & Fritz, 1982), with calcium as the dominant cation.  A small admixture of 200,000 ppm chloride water 
can leave a strong geochemical fingerprint in the groundwater.  These natural brines usually have elevated 
bromide with Cl:Br ratios much less than 100:1 (Fritz & Frape, 1982).  Where these deep brines mix into younger 
flow systems they dilute the 14C activity resulting in an apparently older water.  Unless there is knowledge of the 
local brine compostion there is not any way to account for the 14C dilution.   

Both anthropogenic chloride and deep brines are sensitive indicators of mixing (Davis et al., 1998).  The high 
concentration of chloride in both shows up distinctly.  The effects on 14C activity are more subtle.  Human 
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generated NaCl solutions carry a modern level of 14C.  This effect is moderated just as in natural waters by the 
same doubling factor as in natural recharge.  Groundwaters that show a significant modern chloride signature 
may still have an apparent calculated 14C “age”.  Conversely mixtures with deep brines increase the apparent 14C 
age.  The endpoints for mixing models with either brine source are hard to quantify making age corrections 
difficult.  Where human sourced NaCl is apparent the main conclusion should be that there is some component 
of recent recharge.  This should be accompanied by an increase in tritium.  Where deep brines are mixed into 
more recently recharged groundwaters the apparent age increases rapidly, the deep waters have essentially no 
14C diluting the measured 14C activity.  The main conclusion in these deep mixing settings is that the water will 
produce an anomalously old 14C age. 

  

Figure 4. Carbon isotopic processes (arrows) and 14C reservoirs (ovals) with measured isotopic ratios for 
Minnesota samples. 

A summary of the factors affecting the 14C activity is found in Figure 4.  Paleozoic carbonates anchor the lower 
left corner of the mixing lines with no measurable 14C and are defined as δ13C near 0‰.  Modern 14C activity is 
defined as the level of 14C present in 1950.  Production of 14C in the atmosphere has varied significantly through 
time as documented in tree rings and coral.  The activity of 14C has ranged between 95% of the 1950 level in 
more recent times and up to 140% 20,000 years ago.  This is shown schematically in Figure 4 as the height of the 
biozone ranges and atmospheric values.  Depending on when a given groundwater recharged, the simple 50-50 
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mixing model would produce a starting 14C activity in the 50 to 70% of modern range.  From this starting point 
the groundwater can then simply age slowly, reducing the 14C activity, or other processes can alter the 14C 
activity in combination with aging. 

The soil δ13C ranges horizontally between -15 and -32‰ depending on the local plant community.  The original 
starting point for δ13C would be in the atmosphere where levels of -8 to -10‰ are found.  The C3 plants, which 
dominate the forest biozone, tend to strongly fractionate the atmospheric C down to the range of -20 to -30‰.  
In Minnesota the median woodland δ13C is around -25‰.  C4 plants are more efficient at utilizing CO2 for growth 
and capture more of both the 12C and 13C resulting in less fractionation producing δ13C values of -10 to -15‰.  
However, C4 plants rarely grow alone and are mixed in with numerous C3 plants resulting in slightly lighter δ13C 
of -15 to -25‰.  In Minnesota prairie settings the median δ13C is about -20‰.  Modern monoculture crops like 
continuous corn can produce the heaviest δ13C values up to -10‰ but are not relevant to older waters.  The 
freshwater aquatic environment experiences even stronger fractionation down to δ13C of -25 to -32‰ or more.   
In most cases the aquatic δ13C is somewhat reflective of the biozone range but is typically about 2 to 3‰ lighter 
than upland recharge.   

Where methane gas is produced there is a strong fractionation of both 13C and 14C.  Methane preferentially takes 
up the 12C becoming isotopically very light with δ13C of -30 to -50‰.  The remaining groundwater collects the 
extra 13C and 14C becoming isotopically heavier.  Three samples of methane gas were collected at the Soudan 
Underground Mine State Park.  Their average δ13Cmethane was -40‰.   

Due to the wide range of factors that can affect the 14C activity, both in the soil zone and along a groundwater 
flow path, it can be problematic to select an appropriate model to calculate a groundwater age.  In project areas 
where only a few, or even a few dozen, 14C determinations have been made this is particularly difficult.  
However, for the case of Minnesota we now have well over 600 measurements with full chemistry and range of 
supplemental stable isotopic data.  This wealth of data allows a more considered assessment of groundwater 
age models.   

Figure 5 presents the range of observed groundwater δ13C divided up by biozone and subdivided into upland 
and wetland environments.  Note that the original soil zone δ13C can be assumed to be roughly twice the 
groundwater value.  Applying equation 9 we can estimate an “observed” δ13C for the soil zone.  Despite the large 
spread in the data there should be a central peak where there is little influence of methanogenic processes or 
low carbonate glacial drift.  For the prairie biozone this peak is between δ13C = -10 and -11‰ corresponing to a 
soil δ13C ≈ -20‰.  For the prairie wetland environment the peak is near δ13C = -11.5‰ suggesting a soil δ13C ≈  
-22.5‰.  For the transitional biozone the soil δ13C ≈ -22.5‰ and the transitional wetland soil δ13C ≈ -25‰.  
There are not as many samples from the big woods biozone but the trend is for lighter δ13C ≈ -25‰, consistent 
with a decrease in C4 grasses, and big woods wetlands lighter yet at δ13C ≈ -27.5‰. 
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Figure 5.  Distribution of δ13C in sampled groundwaters separated by biozone. 

Figure 6 outlines a meta-model defining the selection of a final groundwater age model.  The first step is to 
collect as complete a set of isotopic and chemical data as possible from a representative selection of wells.  In 
principle the meta-model requires n much greater than 3; where n = 697 may be sufficient.  Identification of the 
biozone would begin step 2.  Note that the surficial location of a given well may not correspond directly with its 
recharge zone.  This is particulary true of the artestian portions of the Cambrian Mt. Simon Aquifer in the Twin 
Cities Basin.   

The next step is to determine the influence of upland and wetland recharge.  Where the measured chloride 
concentrations are less than 3 ppm wetland recharge is assumed leading to application of the Wetland Model 
end point (Equation 34).  Chloride values greater than 3 ppm and up to 100 ppm are indicative of upland 
recharge.  In upland settings where δ13C < -9 ‰ either the Carbonate Lever Law (Equation 10) or Silicate Lever 
Law (Equation 14) models are applied (these two models are identical and are hereafter referred to as “Upland 
Models”).  For wetland recharge with depleted sulfate, less than 5 ppm, methanogenesis along the groundwater 
flow path may be a factor and is evidenced by anomalously heavy δ13C.  For these isotopically heavy waters the 
Methanogenesis Model (Equation 41) is used. 
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Figure 6.  Meta-model of the 14C geochemical model outlining biozone and geochemical factors affecting the 
selection process. 

Mixing of waters along a flow path is difficult to assay and is considered only in extreme cases where very old 
waters with significant brine components or very recent waters containing tritium and other modern 
contaminants create anomalously old or young waters.  These mixed waters typically have elevated chloride and 
chloride:bromide ratios significantly different than 300:1.  Where there is a significant admixture of very old or 
very recent water high chloride and Cl:Br ratios will be diagnostic of the Brine Influence and Recent 
Contamination model end points.  A calculated “age” in these settings can still be found by applying an upland 
or wetland model but the resulting “age” will be a lower or upper limit, respectively. 

As noted in the discussion of equations 6a and 6b, and shown in detail in Figure 7, the production of 14C in the 
atmosphere has not remained constant.  On shorter time scales initial 14C activity in percent modern Carbon   
(A14C0 pmC) varies by 2 to 3% due to the 11-year sunspot cycle which affects solar intensity.  This range is 
washed out or smoothed between the soil zone, where carbon accumulates on a decadal scale, and by any 
mixing along groundwater recharge and flow paths.  Over a longer 11,000 year cycle, due to the Earth’s 
geomagnetic field, there is a larger swing of 14C activity of 10% (Damon et al., 1989).  The last minimum in 14C 
activity was about 1,500 years before present (YBP) and corresponds to a period of somewhat steady 14C 
activity.  On longer time scales, up to the maximum range of 14C at >40,000 years, even larger changes in the 
surface reservoirs of CO2 of up to 40% can be found.  These variations in atmospheric 14C will affect the 
calculated groundwater ages.  If a standard 100% is assumed the age is expressed at radiocarbon years.  It is 



 

Alexander & Alexander, 2018, Carbon-14 Age Dating Calculations for Minnesota Groundwaters page 25  

possible to calculate a preliminary radiocarbon age and then correct the age based on the documented 
atmospheric 14C at that time to convert to calendar years.  In practice a look-up table is used (Reimer et al., 
2013) but this is too precise for most groundwater applications. 

 

Figure 7. Atmospheric 14C activity over 14C age dating range of 0 to 1,500 YBP. 

For groundwaters with calculated ages of less than 1,500 years a 4th degree polynomial fit (Equation 44) of 14C 
activity (Figure 7) can be applied based on data from tree rings (Reimer et al., 2013).   

0 to 1,500 YBP: A14Co  = -1.6364-13(YBP)4 + 5.5101-10(YBP)3 – 6.1564-05(YBP)2 + 2.3353-4(YBP) + 0.98000    (44) 

Natural variation of 14C activity from 1,500 years to about 300 years is modeled, as is the influx of “dead” carbon 
from the burning of fossil fuels starting with coal about 300 YBP.  The range of initial 14C activity, A14Co, is fairly 
small, between 98 and 102 fraction of modern Carbon (fmC).  The polynomial fit corresponds roughly with a 
200-year running average of 14C activity. 

From 1,500 years through 12,500 YBP a second polynomial fit can be applied based on 14C data, also from tree 
rings (Reimer et al., 2013).  Since the starting atmospheric 14C activity increases as you go back in time, ranging 
upwards to almost 125 fmC, the presently observed 14C activity is too high resulting in an anomalously young 
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age.  The initial atmospheric 14C activity, in fmC, for ages between 1,500 and 12,500 YBP, can then be estimated 
from Equation 45:  

1,500 to 12,500 YBP: A14Co = 1.1106-16(YBP)4 – 2.5354-12(YBP)3 + 1.8118-08(YBP)2 – 2.7216-5(YBP) + 9.8756   (45) 

Figure 8 details the 4th degree polynomial of Equation 45, comparing it to a 1,000 year running average. 

 

Figure 8.  Atmospheric 14C activity over 14C age dating range of 1,500 to 12,500 YBP. 

Beyond 12,500 YBP the trend is toward still higher 14C activity but is less systematic.  In any case, as the age gets 
older the influences of groundwater mixing increase and the precision of any calculated age is further reduced.  
Data from INTCAL 13 (Reimer et al., 2013) is again used to define A14Co.  Across most of this age range U-Th 
dated corals and speleothems provide a A14Co record (Reimer et al., 2013).  Figure 9 compares a 5,000 year 
running average with a fifth degree polynomial fit of the data resulting in Equation 46: 

12,500 to 40,000 YPB:  

A14Co = -4.7646-22(YBO)5 + 6.7210-17(YBP)4 – 3.5997-12(YBP)3 + 9.0008-8(YBP)2 – 1.0203-3(YBP) + 5.4224    (46) 
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Where the modeled “Raw Age”, A14Ccorr, is greater than 1 the value of  is assumed to be 1 and the sample is 
denoted as being Recent.  This implies that recharge has occurred since 1950 and has elevated 14C due to 
atmospheric testing of nuclear weapons.  

 

 Figure 9.  Atmospheric 14C activity over 14C age dating range of 12,500 to 42,500 years before present. 

The best fits over the entire age dating range are compiled in Figure 10.  The final A14Co corrected age can be 
found from equation 6a where A14Co is estimated using the polynomial relationship for each age range of Figures 
7, 8, and 9 and A14Ct is the modeled 14C activity: 

“age” = - t½ / ln(2) • ln (A14Ct / A14Co) (6a) 

Results for the corrected ages are reported as years before present (ybp) where the present is defined as 1950.  
A summary of 14C age dates for over 600 groundwater samples is presented in Figure 11.  The histogram is 
subdivided by aquifer type comprising Quaternary aquifers, Paleozoic aquifers (excluding the Mt. Simon), Mt. 
Simon aquifer, and Pre-Cambrian aquifers.  There is a major step in the data at 4,000 ybp.  There are minor 
peaks in the age distribution around 2,000 to 3,000 and at 6,000 to 7,000 ybp.  Based on the pollen data of 
Wright et al. (1983) the climate in Minnesota has shifted to a wetter, more forested regime over the last 10,000 
years.  Changes in recharge due to changing vegetation and climate may create peaks in groundwater recharge 
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trending to more recharge in the last 5,000 years.  The peaks may also represent a bias in selection of wells, i.e., 
the County Atlas Program only selects wells that have good construction records as recorded in the County Well 
Index.  This means that shallower wells and older wells with no construction records are not sampled.   

 

Figure 10.  Atmospheric 14C activity over 14C age entire dating range (0 to 42,500 years before present). 

There are few wells that produce ages correlating to the last glacial maximum near 26,000 ybp (Clark et al., 
2009).  The onset of deglaciation in the Northern Hemispherse began about 19,000 to 20,000 ybp and correlates 
with an increasing number of calculated 14C ages.  Significant effort has gone into collecting stable isotope data 
for hydrogen and oxygen.  The intent was to identify wells with isotopically light waters to identify glacial 
recharge.  It has been assumed that the wet base of the glaciers and very high hydrostatic head should have 
forced significant recharge into the aquifers (Siegel, 1991).  We have only recently found a few cases in the Red 
River Valley associated with glacial Lake Aqassiz where this may be the case. 
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Figure 11.  Distribution of calculated groundwater ages in Minnesota by aquifer group. 

Interestingly there are a number of wells that produce off-scale ages (>40,000 ybp).  These very old waters 
represent a valuable resource in highly protected aquifers that can not be replaced.  

Addendum on Uncertainty 
Reported ages have been rounded assuming an improvement in variance due to increasing sample size.  For an 
individual sample the 99% level of confidence, or 3σ error estimate is in the range of one order of magnitude.  
One order of magnitude corresponds to a factor of 10 for example 1, 10, 100, 1000.  On a log scale, which is 
appropriate for isotopic age dating, the values would be: 100, 101, 102,103.  The difference between 100 and 101 
would be +/- 100.5 equal to √10 or a factor of 3.16.  For 3σ = 3.16, 1σ =1.05 which can be rounded to 1.  Where 
we have a sequence of ages along a flow path or from hydrogeologically similar systems we can develop a higher 
level of confidence by combining results from a series of sampling points to find the standard deviation of the 
mean (𝜎𝜎𝑥𝑥). 
 𝜎𝜎𝑥𝑥 = 𝜎𝜎𝑥𝑥

√𝑛𝑛
   (44) 

Correlatable results from twenty or more samples reduces 𝜎𝜎𝑥𝑥 to something in the range of 0.1 to 0.2, or a 
fractional uncertainty of about 10 to 20%.  Calculated ages can then be rounded to final reported ages based on 
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a fractional uncertainty of 5 to 15%.  In practice this produces results in between 1 and 2 significant figures 
(Taylor, 1997).  Simply rounding all reported ages to one significant figure would underestimate the fractional 
uncertainty (±50%) while two significant figures overestimates the uncertainty (±5%). 

To avoid over or underreporting uncertainty the following rounding scheme (Table 2) keeps fractional 
uncertainties within a range of 5 to 15%.  Values between 1 x 10n and 2 x 10n retain two significant figures 
maintaining a fractional uncertainty near 10%.  Between 2 x 10n and 1 x 10n+1 values increment with a “second” 
significant digit of either 0 or 5.   

Calculated ages <50 years 
prior to 1950 correlate to a 
period where fossil-fuel 
burning created an isotopic 
dilution effect.  Burning of 
old carbon, also known as 
fossil fuels, introduced a bias 
towards slightly older ages 
by releasing carbon with low 
to zero 14C.  After 1950 
nuclear weapons testing 
produced an increase of 
180% over the 1950 levels.  
Within this time range from 
1900 to the present this 
mixing of old and new 
carbon sources can produce 
ambiguity.  Waters 
recharged between 1900 
and 1950 should have a 
calcuable 14C age but will be 
biased towards slightly older 
ages due to the addition of 
dead carbon.  Waters 
recharging after 1950 will by 
enriched by the bomb spike 
and will commonly produce 
apparently negative ages.  

 

Table 2. Rounding Scheme. 

 Years Years Years 
 

 

<50 Recent 50 500 5,000  

 55 550 5,500  

 60 600 6,000  

 65 650 6,500  

 70 700 7,000  

 75 750 7,500  

 80 800 8,000  

 85 850 8,500  

 90 900 9,000  

 95 950 9,500  

 100 1,000 10,000  

 110 1,100 11,000  

 120 1,200 12,000  

 130 1,300 13,000  

 140 1,400 14,000  

 150 1,500 15,000  

 160 1,600 16,000  

 170 1,700 17,000  

 180 1,800 18,000  

 190 1,900 19,000  

 200 2,000 20,000  

 250 2,500 25,000  

 300 3,000 30,000  

 350 3,500 35,000  

 400 4,000 40,000 >40,000 Ancient 

 450 4,500   
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Supplemental Data 
A separate Excel spreadsheet contains the summary of 14C data for Minnesota.   

GIS coverage of 14C Biozones used in age dating studies. 
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