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Tritium as an Indicator of Modern, Mixed, and Premodern 
Groundwater Age

By Bruce D. Lindsey, Bryant C. Jurgens, and Kenneth Belitz

Abstract
Categorical classification of groundwater age is often 

used for the assessment and understanding of groundwater 
resources. This report presents a tritium-based age classifi-
cation system for the conterminous United States based on 
tritium (3H) thresholds that vary in space and time: modern 
(recharged in 1953 or later), if the measured value is larger 
than an upper threshold; premodern (recharged prior to 1953) 
if the measured value is smaller than a lower threshold; or 
mixed if the measured value is between the two thresholds. 
Inclusion of spatially varying thresholds, rather than a single 
threshold, accounts for the observed systematic variation in 
3H deposition across the United States. Inclusion of time-vary-
ing thresholds, rather than a single threshold, accounts for the 
date of sampling given the radioactive decay of 3H.

The efficacy of the tritium-based age classification system 
was evaluated at national and regional scales. The system 
was evaluated at a national scale by classifying samples from 
1,788 public-supply wells distributed across 19 principal 
aquifers and comparing those results with expectations based 
on hydrogeologic principles. The regional-scale data are from 
five paired networks of shallow and deep wells (287 wells). As 
expected, modern groundwater is more prevalent in shallow 
wells than in deeper wells, in fractured-rock and carbonate 
aquifers as compared to clastic aquifers, in unconfined areas 
as compared to confined areas, and in humid climates as 
compared to arid climates. The results from a tritium-based 
age classification system compared favorably with the results 
of 14 previous studies of groundwater ages that used differ-
ent age tracers and analytical methods. The wells and samples 
from the Cambrian-Ordovician aquifer that had been analyzed 
using a more complex multi-tracer analysis were also analyzed 
using the tritium-based age classification system, and there 
was a close match between the two methods. The results from 
these various studies suggest that the tritium-based age clas-
sification system may be informative as a screening tool prior 
to selecting more expensive and complex age-dating tracers 
and methods, or to provide an explanatory variable for other 
water-quality data where more complex methods or tracers are 
not available.

This work improves on previous groundwater age clas-
sification using 3H by developing methods that (1) determine 

3H thresholds for groundwater recharged in 1953 or later that 
minimize the misclassification of modern samples as mixed; 
(2) determine a pre-1953 threshold to estimate premodern 
background concentrations; and (3) add a mixed category to 
classify samples that are clearly neither entirely modern nor 
entirely premodern. As with any tritium-based approach, it can 
fail when the 3H record in precipitation does not accurately 
reflect the record of 3H in recharge.

Introduction
Estimates of groundwater age are often used to enhance 

groundwater studies. Groundwater age is used to estimate 
recharge rates (McMahon and others, 2011), to calibrate 
groundwater models (Sheets and others, 1998; Starn and 
others, 2010; Sanford, 2011), and to infer susceptibility of 
groundwater to contamination by activities at the land surface 
(Böhlke and Denver, 1995; Broers, 2004; Seifert and others, 
2007; Landon and Belitz, 2012; McMahon, 2012). In stud-
ies of groundwater quality, recently recharged groundwater 
is commonly considered to be susceptible to contamination 
by persistent, soluble anthropogenic contaminants introduced 
at the land surface. Conversely, concentrations of naturally 
occurring contaminants can be elevated in premodern ground-
water because they dissolve from aquifer materials over long 
time periods.

Methods for incorporating age-dating tracers into ground-
water studies range from simple to complex. The selection of 
the tracers and the complexity of the interpretation of those 
tracers depend on the objectives of any given study. The 
simplest methods use binary bins of modern (post-1950s) and 
premodern (pre-1950s) by comparing the concentration of an 
atmospheric tracer like tritium (3H) to a selected threshold; 
for example, McMahon (2012) used a concentration threshold 
of 3H greater than or less than 0.5 tritium unit (TU) to dif-
ferentiate modern from premodern water, whereas Thomas 
(2007) used 1 TU. Carbon-14 (14C) has also been used to date 
premodern groundwater (Vogel, 1967; Mook, 1980; Sudicky 
and Frind, 1981). In a study in the Salt Lake Basin of Utah, 
Manning and others (2005) and Thiros and Manning (2004) 
assigned modern, mixed, and premodern (called pre-bomb 
in those reports) groundwater ages using 3H and tritiogenic 
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helium-3 (3Hetrit) measurements. Samples with concentra-
tions of tritium that were less than 80 percent of the expected 
value were assigned to the mixed category, and concentrations 
less than 2 TU were classified as premodern. Their classifica-
tion system was successful in identifying groundwater with a 
greater likelihood of having modern water, and subsequently 
with higher concentrations and occurrences of contaminants 
(Manning and others, 2005). Screening methods using 3H are 
often helpful to determine whether more sophisticated meth-
ods are warranted.

More complex methods include the use of multiple atmo-
spheric tracers such as chlorofluorocarbons (CFCs) (Plummer 
and Busenberg, 1999), sulfur hexafluoride (SF6) (Busenberg 
and Plummer, 2000), tritium-helium (3H /3He) (Schlosser and 
others, 1988; Solomon and others, 1992), and 14C to determine 
an apparent piston-flow age or a mean age. Lumped parameter 
models such as TracerLPM (Jurgens and others, 2012) and 
numerous other models as described in Turnadge and Smerdon 
(2014) use multiple tracers to determine the residence time 
distribution in a given well. Lumped parameter models that 
describe the residence-time distribution of flow into a well 
can be used to predict the arrival and eventual attenuation of a 
contaminant in that well (McMahon and others, 2008; Lindsey 
and others, 2017). However, these methods require multiple 
tracers, which may not always be available, so more simple 
age classification methods are still desirable.

Tritium is a radioactive isotope of hydrogen (half-life 
12.32 years; Lucas and Unterweger, 2000). Because of the 
rapid increase and decrease of 3H in precipitation during and 
after the period of atmospheric nuclear-weapons testing, it is 
often used to differentiate groundwater recharged before and 
after the early 1950s (Thomas, 2007; Thiros and Manning, 
2004; McMahon, 2012). This binary system of classification 
for modern (post-1950s) and premodern (pre-1950s) ground-
water requires a single threshold value, which is based on 
an estimate of the pre-bomb value of 3H in precipitation and 
then corrected for decay to the date of sampling. This binary 
classification system is most useful for identifying ground-
water that is predominately premodern, whereas the modern 
category may be more ambiguous because many modern 
samples include a mixture of both modern and premodern 
water. A tritium-based age classification system that differ-
entiates a groundwater sample that is clearly mixed from a 
modern one would be advantageous. In practice, classification 
systems cannot perfectly distinguish between these age classes 
of water, rather the classification systems should differentiate 
less ambiguous water from more ambiguous ages of water. For 
example, premodern samples may contain small amounts of 
modern water, so a threshold can be chosen to minimize the 
modern fraction such that samples have chemical characteris-
tics similar to other premodern samples.

Regardless of classification approach, 3H thresholds can 
lead to misclassifications when thresholds do not account 
for the spatial and temporal variability of 3H deposition in 
precipitation. Michel and others (2018) recently published 
data on 3H concentrations in precipitation for the conterminous 

United States (CONUS) (fig. 1). This dataset accounts for 
large-scale spatial and temporal patterns in the concentration 
of 3H in precipitation so that regional thresholds for classifying 
groundwater can be made.

The tritium-based age classification system introduced in 
this report is useful in evaluating groups of wells with similar 
characteristics to provide a general or preliminary understand-
ing of groundwater age in a given aquifer or region. Although 
the method described herein uses the data from Michel and 
others (2018), it could be used with other records of 3H in pre-
cipitation from a given region of interest. For example, Eastoe 
and others (2012) evaluated 3H in precipitation in the south-
western United States at a finer regional scale than Michel 
and others (2018) and accounted for factors such as regional 
nuclear testing and altitude, whereas Jasechko (2016) used a 
global dataset with a coarser temporal and geographic resolu-
tion. The most accurate available record of 3H in precipitation 
will provide the best results with this method. In the method 
presented here, thresholds were computed for half-year incre-
ments so that 3H measurements could be evaluated using 
the most appropriate threshold for the date the sample was 
collected. Tritium sampling analysis using this method could 
be used as a screening tool to determine the need for further 
tracer sampling. The method herein is similar to that described 
by Jasechko (2016), who describes a technique using 3H 
to quantify the proportion of a sample that has recharged 
since 1953. 

Purpose and Scope

The purpose of this report is to present a tritium-based 
age classification system for determining age categories of 
modern, mixed, or premodern for groundwater based on the 
concentration of 3H in a sample, the sample date and location, 
and the reconstructed input curve of 3H in precipitation for that 
region of the CONUS. This method is applied to 3H samples 
from 1,788 public-supply wells distributed across 19 principal 
aquifers of the United States and 287 wells in 5 paired land 
use and domestic-supply well networks (shallow and deeper 
wells, respectively) distributed across different aquifer types 
and climate zones of the United States. We evaluate the utility 
of this method by comparing cohorts of data among different 
aquifer types, confinement, climate zones, and well depths. We 
also compare results of this study to results from 14 previously 
published studies that calculated groundwater age using mul-
tiple age-dating tracers. Tritium samples in groundwater were 
collected from 1997 to 2017. 

Description of Networks

The 19 networks of public-supply wells included in this 
study represent principal aquifers that rank among the highest 
in the Nation for public and domestic water-supply withdraw-
als (Maupin and Barber, 2005). Public-supply well networks 
were designed using a stratified-random selection program 
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Figure 1.  Estimated tritium (3H) deposition over the conterminous United States from Michel and others (2018). Deposition since 1983 is 
negligible and the pattern of deposition through 2012 would be similar to that shown.

(Scott, 1990) and wells were sampled across the spatial extent 
of each principal aquifer. The number of wells per principal 
aquifer ranged from 20 to 132, but typically 60–80 wells 
were selected in each principal aquifer. Tritium data from all 
but one of the 19 principal aquifers are from the U.S. Geo-
logical Survey (USGS) National Water-Quality Assessment 
(NAWQA) Project. Samples representing the Central Val-
ley aquifer system in California are from the Groundwater 
Ambient Monitoring and Assessment priority basin proj-
ect (GAMA); however, studies in the Central Valley were 
designed using the same approach as was used in the NAWQA 
Project. Data from the GAMA project were collected from 
2006 to 2010; the design of the GAMA networks is described 

in Belitz and others (2003). Data used in this report are avail-
able in Lindsey and others (2019).

The five pairs of networks representing nested shallow 
and deep aquifers are from the USGS NAWQA Project’s land-
use and major aquifers studies. These studies represent small 
regions of principal aquifers, and in the case of the land-use 
studies, wells are selected representing specific land-uses such 
as urban or agricultural. Each pair of networks includes one 
network with relatively shallow well depths and another with 
relatively deep well depths. Typically, the shallow wells are 
monitoring wells and the deeper wells are domestic-supply 
wells. The five networks are located in different climate 
regions across the country.
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Methods

Approach

The concept for the tritium-based age classification 
system is based on a general understanding of how concen-
trations of 3H in groundwater vary given the temporal varia-
tion of 3H in precipitation. Prior to 1953, 3H concentrations 
in precipitation were at low, naturally occurring levels, but 
subsequently increased rapidly owing to above-ground nuclear 
bomb testing (Michel, 1989). Concentrations in precipitation 
remained elevated for several decades. Recently, concentra-
tions have leveled off in the range estimated to exist under 
natural conditions (2–10 TU; Stewart and Hoffman, 1966), 
suggesting a return to near pre-bomb concentrations. However, 
3H concentrations in a groundwater sample recharged prior to 
1953 are much lower than a sample recharged in the post-peak 
era because of the decay of 3H between 1953 and the date of 
collection of the sample. Thus, it is possible to calculate a 
value for 3H below which a sample can be determined to have 
been recharged prior to 1953. In addition, concentrations from 
a groundwater sample that are greater than any of the lowest 
post-peak concentrations in precipitation (when decayed to 
the date of sampling) must have been recharged in 1953 or 
later. This leaves a range of concentrations that are between 
the upper and lower threshold that can only be the result of a 
mixture of modern and premodern water.

Sources of Tritium Data

The International Atomic Energy Agency Global Net-
work of Isotopes in Precipitation is the main repository for 
records of 3H in precipitation for stations across the world and 
in the United States. Although only a small number of sta-
tions continue to collect data, many of these stations collected 
monthly precipitation samples for 3H from the 1950s through 
the 1980s (International Atomic Energy Agency, 2017). These 
stations show that 3H in precipitation varies spatially and tem-
porally throughout the world and can be higher or lower than 
yearly or seasonal global averages depending on latitude and 
longitude and how precipitation events are influenced by tro-
pospheric and oceanic air masses. Monthly 3H activities were 
interpolated to 2-degree latitude by 5-degree longitude grid 
cells covering the CONUS to reconstruct 3H in precipitation 
for areas where 3H in precipitation was not collected (Michel 
and others, 2018). Michel and others showed that 3H deposi-
tion can be more than four times higher at northern latitudes 
(45–47°) than in southern latitudes (29–31°) at longitudes in 
the middle of the continent (100–105°). Likewise, 3H deposi-
tion in the western United States is generally lower than in the 
east because precipitation in the west is derived from ocean 
moisture that contains less 3H, whereas air masses traveling 
across or originating within the CONUS can be influenced 
by stratospheric air that contains more 3H (Michel and oth-
ers, 2018). However, there is some evidence of stratospheric 

3H input to stations measured in Arizona and New Mexico 
(Eastoe and others, 2012). Intra-annual variability of 3H activi-
ties at a station has been shown to fluctuate several tritium 
units (TU) over the last few decades but is, on average, about 
2 TU for recent data (2008–12).

Calculation

Given a measurement of 3H in a groundwater sample 
and the estimated time-series record of 3H in precipitation 
for the location of the sample (Michel and others, 2018), 
thresholds can be calculated for modern and premodern 
groundwater. Laboratory results in picocuries per liter are 
converted to tritium units using the conversion 1 picocurie 
per liter = 0.313 TU. The estimates of 3H in precipitation vary 
by latitude and longitude and the thresholds vary based the 
year of the tritium sample (fig. 2A). In this study, the premod-
ern threshold is a value of 3H that indicates recharge prior to 
1953 and modern is considered to be recharged in 1953 or 
later. Because measurements of background (pre-bomb) 3H are 
not available, an estimate is made by calculating concentra-
tions during the recent period of 2008–12, when concentra-
tions had largely stabilized. The modern threshold is a value 
of 3H that indicates the groundwater was recharged in 1953 
or later. In order to have a measured 3H concentration in a 
groundwater sample that is greater than that threshold, the 
water must have entered the aquifer in 1953 or later.

The procedure for determining and applying the thresh-
olds are as follows:
1.	 Determine a modern threshold. For each value of 3H 

in the precipitation record for the geographic region of 
interest, calculate a decayed concentration of 3H based 
on the time span between the date of the precipitation 
value and the date of the groundwater 3H sample. The 
modern threshold is set at the minimum post-peak con-
centration of decayed 3H in precipitation. We compute 
the modern threshold based on semiannual (half-year) 
3H values so that some intra-annual variability is cap-
tured and large fluctuations of monthly data are damp-
ened.

2.	 Determine a premodern threshold. Calculate the aver-
age concentration of 3H in precipitation from the 
2008–12 period of record (to use as an estimate of 
3H concentration in 1952), then calculate the decay 
of that 3H concentration from 1952 to the date of the 
groundwater 3H sample; this is the threshold below 
which groundwater is considered premodern.

3.	 Concentrations of 3H in groundwater that are between 
the premodern and modern thresholds are considered 
mixed. A sample would have to contain some fractions 
of premodern and modern groundwater to fall between 
these thresholds. This approach assumes 3H travels 
through the aquifer under piston-flow behavior. This 
assumption is made because it will give the maximum 
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concentration for the premodern threshold and a mini-
mum concentration for the modern threshold. Any mix-
ing that occurs within an aquifer would tend to lower 
the 3H threshold of the premodern period and increase 
the 3H threshold of the modern period. An example 
illustrating the process for a sample from 41–43° N. 
latitude and 90–95° W. longitude for the year 2015 is 
shown in figure 2B.

The classification of groundwater age is dependent 
on reasonably accurate compilations of the reconstructed 
3H record in local precipitation. Recently, Michel and others 
(2018) computed reconstructed records of 3H in precipita-
tion for 2° latitude by 5° longitude sections of the CONUS 
(fig. 1). This comprehensive dataset provides estimates of 
regional 3H records that can be used for computing spatially 
and time-varying thresholds for premodern and modern 
groundwater across the CONUS. Because the 3H records 
cover a large area, local precipitation can deviate from the 
regional estimate. This uncertainty in 3H records is greater 
along the eastern and southern coasts where ocean weather 
patterns can dilute the 3H in precipitation estimated by Michel 
and others (2018). Comparisons between the reconstructed 
3H record and local 3H measurements are limited, but 3H 
in precipitation between 2000 and 2008 at Cape Hatteras, 
North Carolina, were lower than reconstructed 3H by about 
45 percent. In other places, such as Washington D.C., the 
reconstructed 3H record closely approximates the yearly aver-
age even though intra-annual variability is not fully captured 
(Michel and others, 2018).

An example calculation of the thresholds was done 
using the 3H in precipitation record for the grid cell defined 
by 43–41° N. latitude and 95–90° W. longitude (fig. 2B). In 
this area, the decay of the initial concentration in precipita-
tion (dark blue line) is calculated based on the time span 
between the year of each precipitation to the year of interest 
(light blue line) or the year a 3H sample is collected (2015 in 
this example). When the concentrations in precipitation are 
decayed to 2015, the minimum post-peak value in this exam-
ple is 2.89 TU. The average of 2008–12 values is 9.53 TU, 
which is used to estimate probable 3H concentrations in 1952. 
This estimated premodern concentration decayed to 1952 is 
0.28 TU (fig. 2B). We can then compare 3H measurements 
in groundwater in this geographic region collected in 2015 
to these thresholds. Measured concentrations of greater than 
2.89 TU are considered modern—that is, recharged in 1953 
or later. Water with concentrations less than 0.28 TU are clas-
sified as premodern—that is, recharged prior to 1953. Water 
with concentrations between the upper and lower threshold, 
in this case 0.28–2.89 TU, are classified as mixtures of mod-
ern and premodern water.

This tritium-based age classification system identifies 
premodern and mixed groundwater samples less ambiguously 
than modern groundwater samples. Premodern samples are 
primarily composed of groundwater recharged before 1953 
but can still contain small fractions of modern groundwater, 

however, this fraction will be much less than 10 percent. 
Modern samples, on the other hand, can have sizable frac-
tions of premodern water depending on the actual age of the 
modern water in the mixture and the date of sample collection. 
Therefore, samples with 3H above the modern threshold can 
be misclassified as modern when the sample is in fact mixed. 
In the classification system developed here, mixed samples 
are unlikely to be misclassified because the sample has tritium 
concentrations indicative of premodern and modern water. The 
limitations of this classification system are discussed further in 
the Limitations section.

Results and Discussion
The approach presented in the previous section was tested 

using 3H concentrations measured in samples collected from 
public water-supply wells, domestic-supply wells, and monitor-
ing wells in the CONUS as part of the USGS NAWQA Project. 
Each well with a 3H concentration was compared to the thresh-
old for its respective region and sampling date, and assigned a 
category of modern, mixed, or premodern. This dataset spans 
a wide range of climatic regions, geographic regions, hydro-
geologic settings, aquifers, and well depths. We apply the age 
category criteria to these measurements and evaluate whether 
the results are consistent with a general understanding of the 
hydrogeology of the aquifers. For example, ages are expected 
to be older in deeper groundwater when compared to shal-
low groundwater, in arid regions when compared to humid 
regions, and in confined aquifers when compared to unconfined 
aquifers. Also, carbonate-bedrock aquifers and fractured rock 
aquifers are expected to have younger groundwater ages than 
other aquifer types. The categorical approach for age classifica-
tion is most useful for understanding cohorts of data from sets 
of wells grouped by common characteristics rather than results 
from individual wells.

To test the utility of this method, we evaluate 3H measure-
ments in groundwater from a large range of aquifer types from 
the NAWQA Project. We compare these results to expectations 
relative to a general understanding of hydrogeology and results 
of other groundwater age-dating studies in that aquifer or 
region. We also compare results to previously reported ground-
water ages.

Public-supply Well Results Compared to 
Hydrogeologic Principles

The efficacy of the tritium-based age classification system 
developed in this report can be assessed by examining data 
collected at a national scale. Between 2004 and 2017, 3H was 
analyzed in samples from 1,788 public-supply wells that with-
draw water from one of 19 principal aquifers (U.S. Geological 
Survey, 2003). Public-supply wells were distributed across 
equal-area grids, each of which covered the principal aquifers, 
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to provide a statistically unbiased assessment of each aquifer. 
Thus, proportions of modern, mixed, and premodern ground-
water in each principal aquifer provide meaningful estimates 
of the groundwater resource used for public supply (fig. 3).

Consistent with hydrogeologic expectations, uncon-
fined carbonate and crystalline aquifers in the humid eastern 
United States have the largest proportions of modern water: 
unconfined Biscayne (BISC), Valley and Ridge/Piedmont and 
Blue Ridge carbonate (VPDC), and Piedmont and Blue Ridge 
crystalline (PIED) (fig. 3). The unconfined carbonate aquifer 

Unconsolidated sand 
and gravel aquifers

Semiconsolidated sand 
and gravel aquifers

Sandstone aquifers

Glacial aquifers

Sandstone and carbonate-
rock aquifers

Carbonate-rock aquifers

Igneous and metamorphic-
rock aquifers

Principal aquifer, general lithology

Modern

Mixed

Premodern

Age category

EXPLANATION

GLAC

EDTR

NACP

PIED

VPDC

FLOR

BISC

SECP

COLL
METX

HPAQ

RIOG

CLPT

BNRF

BNRC

CVAL

COLP

Unconfined

Edwards
(unconfined)

CMOR

OZRK

Figure 3.  Pie charts with proportions of modern, mixed, and premodern groundwater for samples from principal aquifers of the United 
States classified using tritium (3H) concentrations. BISC, Biscayne aquifer; BNRC, Basin and Range carbonate-rock aquifers; BNRF, 
Basin and Range basin fill aquifers; CMOR, Cambrian-Ordovician aquifer system; COLL, Coastal Lowlands aquifers; COLP, Colorado 
Plateaus aquifers; CPLT, Columbia Plateau basaltic-rock aquifers; CVAL, Central Valley aquifer system; EDTR, Edwards-Trinity aquifer 
system; FLOR, Floridan aquifer system; GLAC, Glacial aquifer system; HPAQ, High Plains aquifer; METX, Mississippi Embayment/Texas 
Coastal Uplands aquifer system; NACP, Northern Atlantic Coastal Plain aquifer system; OZRK, Ozark Plateaus aquifer system; PIED, 
Piedmont and Blue Ridge crystalline-rock aquifers; RIOG, Rio Grande aquifer system; SECP, Southeastern Coastal Plain aquifer system; 
VPDC, Valley and Ridge/Piedmont and Blue Ridge carbonate-rock aquifers.

in an arid region (Basin and Range carbonate, BNRC) has a 
high proportion of modern water compared to other aquifers 
in the region, but less than the unconfined carbonate-rock 
aquifers in humid regions (BISC, VPDC), likely a result of 
lower recharge rates and deeper flow paths. Carbonate aquifers 
that have both confined and unconfined conditions (Floridan 
aquifer system, FLOR; and Edwards-Trinity aquifer system, 
EDTR) have more premodern groundwater than the uncon-
fined carbonate aquifers, but when we evaluate the unconfined 
part of those aquifers, they have a high proportion of modern 
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and mixed groundwater, similar to the other unconfined carbon-
ate aquifers (BISC, VPDC). The mostly confined carbonate 
aquifer (Ozark Plateaus aquifers system, OZRK), has a large 
percentage of premodern water and the lowest proportion of 
modern groundwater of all the carbonate aquifers.

Unconsolidated alluvial basin-fill aquifers in semiarid to 
arid regions that are tapped by deep wells (Basin and Range 
basin fill, BNRF; Rio Grande, RIOG; High Plains, HPAQ) have 
small percentages of modern groundwater. The Central Valley 
aquifer (CVAL) system, which consists of unconsolidated 
alluvium, has a nearly equal amount of modern, mixed, and 
premodern groundwater, owing to the large amount of pumping 
and recharge resulting from irrigation and subsequent accel-
eration of groundwater flow in this aquifer. Semiconsolidated 
sand aquifers in the humid eastern United States (Mississippi 
Embayment/Texas Coastal Uplands, METX; Coastal Lowlands, 
COLL; Southeastern Coastal Plain, SECP; Northern Atlantic 
Coastal Plain, NACP) are all largely confined and predomi-
nantly contain premodern groundwater.

The unconsolidated glacial aquifers (GLAC) range across 
a large geographic area and include both arid and humid 
regions. In some areas, wells tap aquifers that are locally 
confined, but wells in the current study are largely unconfined, 
shallow, and from more humid regions. Nearly three quarters of 
the wells in the glacial aquifers were found to contain modern 
groundwater.

This method provides an unbiased estimate of the pro-
portion of modern, mixed, and premodern groundwater in an 
aquifer used for (in this case) public supply (Belitz and others, 
2010), when applied to a set of wells that are spatially distrib-
uted among equal-area grids covering the principal aquifer 
of interest. And when compared broadly among the principal 
aquifers supplying more than 70 percent of the groundwater 
used as a source of public supply in the United States (Maupin 
and Barber, 2005), the relative vulnerability of aquifers can be 
compared nationally.

The efficacy of the tritium-based age classification system 
can also be evaluated at a regional scale. Results from the 
SECP are plotted as a function of relative distance from the 
outcrop zone and relative depth (as defined by Brown and oth-
ers, 2019; fig. 4). As expected, the locations where groundwater 
was classified as modern are near the outcrop area and rela-
tively shallow. All of the modern groundwater ages are located 
in the nearest 20 percent of the distance from the outcrop area 
and the shallowest 10 percent of the aquifer system. Of the 
groundwater samples with mixed ages, most sites were rela-
tively shallow and near the outcrop area. The two mixed sam-
ples that are farthest from the outcrop (circles with bold outline 
in fig. 4) are from relatively shallow wells. Some wells near the 
outcrop are classified as premodern, but groundwater ages can 
be premodern near the outcrop if the aquifer is confined.

Nested Pairs of Well Networks with Varying 
Depths and Climate Conditions

The efficacy of the tritium-based age classification system 
can be also be evaluated using data from paired (co-located) 
networks of relatively shallow monitoring wells and deeper 
domestic wells. From 1997 to 2016, 3H data were analyzed 
in samples from 287 wells collected from 5 paired networks 
(10 total networks). Results for the five pairs of nested moni-
toring wells and domestic-supply/public-supply networks 
that span a range of climatic conditions are shown in figure 5. 
Hydrogeologic principles predict that in the paired networks, 
shallow monitoring wells would have more modern water than 
their paired deeper domestic wells, and groundwater from 
wells in more humid areas would have more modern water 
than groundwater from wells in more arid regions. The results 
show that, at the network level, the amount of modern water 
generally decreases from humid to arid and from shallow to 
deep, as the amount of premodern water increases across those 
same categories. The high percentage of modern groundwa-
ter in the shallow network in Utah, a semiarid region, may 
be related to the fact that much of the recharge in that area 
is from the nearby mountain front that has high precipitation 
rates (50 inches per year), and lawns and gardens in this urban 
area are irrigated (Thiros and Manning, 2004).

Public-supply Well Results Compared to Results 
of Other Age-dating Studies

Results of age-dating from 14 previous studies are avail-
able for comparison to results from the tritium-based age 
classification system developed in this study (table 1, fig. 6). 
Apparent ages or categories from the previous studies are 
translated to the categories of modern, mixed, or premodern as 
closely as possible for comparison purposes. For the previ-
ous studies, groundwater with recharge dated prior to 1953 
was considered premodern, recharge dates of 1953 or later 
were considered modern, and if the previous study indicated 
mixtures of modern and premodern water, those data were 
compared to our mixed category. For five of the previous 
studies, it was not possible to determine a mixed category. 
For those five studies, data are plotted as 0 percent mixed on 
the y-axis of figure 6B, but we discuss the effect that having a 
mixed category may have had on the results.

Some of the previous studies include samples from 
targeted areas within an aquifer, whereas this study collected 
samples distributed across the entire aquifer. In those cases, 
data from the previous studies are compared to the appropriate 
subset of data from the principal aquifer studies. Depth data 
are available for 7 of the 15 studies that are compared to the 
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Figure 4.  Locations of modern, mixed, and premodern groundwater for samples from the Southeastern Coastal Plain aquifer system 
across a range of depths and distances from the outcrop area. Circles with bold outlines represent the two mixed-age groundwater 
samples farthest from the outcrop zone. Note that the wells are relatively shallow.

current study; for 3 of the remaining 8 studies, summary sta-
tistics such as range of depths or median depths are available, 
and 5 of the studies have no depth data available. Some of the 
observed differences in age categories may be related to differ-
ences in well depths in the studies being compared.

A comparison of this study to previous studies indicates 
good correspondence between results. Note that all study 
numbers and descriptions are listed in table 1. Seven of the 

14 studies of wells containing modern groundwater have 
results close (distance from the line less than 10 percent) to the 
1:1 correlation line (fig. 6A). The exceptions are studies 4, 7, 
10, 12, 13, and 14, for which the departure from the 1:1 line 
is less than 20 percent, and study 5, which differs from other 
studies by a large margin. For five of the comparison studies 
it is not possible to evaluate the mixed water category; of the 
remaining nine studies, four are close to the 1:1 line, three are 
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Figure 5.  Locations of paired well networks used to compare tritium (3H) category results across a range of depth and climate 
conditions, and pie charts showing proportions of modern, mixed, and premodern groundwater for samples from those networks. 
Climate zones from Zomer and others (2007, 2008).

within 20 percent departure from the 1:1 line, and two differ 
by larger margins (fig. 6B). In the comparison of premodern 
groundwater (fig. 6C), 6 of the 13 studies have little or no pre-
modern groundwater (studies 1, 4, 9, 10, 12, and 13). Of the 
remaining eight studies, two are close to the 1:1 line (studies 2 
and 5), four are further from the 1:1 line but within 20 percent 
(studies 3a, 3b, 7, and 11), and three demonstrate as much as a 
35 percent departure from the 1:1 line (studies 6, 8, and 14).

Expected patterns based on hydrologic principles 
seen in this study are also observed in previous studies. In 
both the previous studies and this study, unconfined car-
bonate-rock aquifers and fractured rock aquifers in humid 
regions (studies 1, 4, 9, 10, 12, and 13) had predominantly 

modern groundwater and little to no premodern groundwater 
(fig. 6A,C). The work in the Basin and Range carbonate-rock 
aquifer (study 2), located in an arid region, had similar results 
in both studies: relatively equal proportions of modern and 
premodern groundwater and a small percentage of mixed 
groundwater. Premodern groundwater was predominant in all 
studies of confined or mostly confined aquifers (studies 3a, 6, 
7, 8, and 11). In this study, a lower percentage of premodern 
groundwater was found in the confined Floridan and con-
fined Ozark Plateaus aquifer systems (studies 6 and 8), when 
compared to the other confined aquifers. These two aquifer 
systems also had large mismatches between the previous stud-
ies and the current study, likely owing to the lack of a mixed 
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Figure 6.  Percentage of wells in the categories of modern, 
mixed, and premodern groundwater in this study compared to 
previous studies in the same aquifer. Previous study numbers are 
presented in table 1.

category in the previous studies, although mixing of ground-
water of different ages would not be unusual in these aquifers. 
The largest mismatch between this study and previous studies 
was for the mixed and modern categories for the unconfined 
Floridan aquifer system (study 5). A large percentage of sites 
in the previous study were classified as mixed, likely because 
the previous study was localized and focused on evaluating 
mixtures of premodern groundwater, vertical infiltration, and 
river sources. The percentage of premodern groundwater in 
the unconfined Floridan aquifer system were similar in both 
studies. Studies 6, 8, 9, 11, and 13 appear to have the largest 
differences between previous studies and the current study, 
largely because they lack a mixed category.

There is an apparent pattern in which previous studies in 
carbonate-rock aquifers overestimate the percentage of pre-
modern groundwater; evaluating mixtures might improve the 
understanding of groundwater age in those areas. All but one 
of these previous studies are from different sets of wells than 
the current study, so we would not expect the results to match 
exactly. For studies with well depth information, differences in 
well depth did not explain differences in age categories; some 
networks had similar age categories despite differences in 
depth. However, differences in confinement made the greatest 
difference in age categories within an aquifer, and as much as 
possible, comparisons were made among wells with similar 
confinement.

Using TracerLPM, Stackelberg and others (2018) inter-
preted multiple age-tracer datasets from the same wells in the 
Cambrian-Ordovician (CMOR) aquifer system as were used in 
this study. Designations of wells as unconfined and confined, 
as determined by Stackelberg and others (2018), were used 
to separate the data in the current study prior to comparing 
results (study numbers 3a and 3b in fig. 6). Overall, there are 
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slight differences in results, largely because TracerLPM des-
ignated some samples with less than 5 percent modern water 
as mixtures, whereas the tritium-based age classification 
system in this study classified them as premodern.

Comparison to Similar Approaches

We compare the method presented herein to similar 
studies to highlight the distinctions between the tritium-
based age classification system and other approaches. If one 
were to establish a threshold of 0.5 TU as indicative of the 
distinction between premodern and modern groundwater, 
then about 20 percent of the data classified as mixed in the 
current study would have been classified as modern or pre-
modern, with about half of the data in each of those catego-
ries. None of the samples categorized as modern or pre-
modern in the current study would change categories from 
premodern to modern, or the converse, if one were to use the 
single threshold of 0.5 TU. The value of the tritium-based 
age classification system, then, is that it identifies mixed 
samples as having a component of modern and premodern 
groundwater, which is important in interpreting susceptibility 
to anthropogenic contaminants and geochemical processes. 
Because of the spatial and temporal variation of 3H in pre-
cipitation, a single threshold method would produce different 
errors with samples collected at different times and different 
geographic locations. The single threshold could underesti-
mate the amount of premodern groundwater in locations and 
time periods with higher than average 3H in precipitation and 
could overestimate the proportion of premodern groundwater 
in locations and time periods of lower than average 3H in 
precipitation.

Jasechko (2016) developed an approach that determines 
the fraction of modern water in a mixed sample. Although 
the fraction of modern water could be valuable information, 
the method herein differs from that of Jasechko (2016) in that 
it is simplified by determining three categories represent-
ing modern, premodern, and mixed groundwater. Jasechko 
(2016) uses an average of decay-corrected tritium values 
from 1952 to the date of sampling to determine the thresh-
old for classifying recharge as being 1953 or later, whereas 
this study selects the lowest decay-corrected post-peak 3H 
concentration as the threshold for classifying recharge as 
1953 or later. This distinction results in a lower threshold for 
modern groundwater in our method (fig. 7A, B). In addition, 
because of the lack of actual measurements prior to nuclear 
bomb testing, we use a range of recent apparent background 
concentrations to estimate the pre-1953 3H concentrations 
and the threshold for premodern groundwater. The thresholds 
used herein could be used in the equation by Jasechko (2016) 
to determine the fraction of modern water. Jasechko (2016) 
uses a global 3H precipitation record that varies both spa-
tially and temporally; however, data from Michel and others 
(2018) that are computed at finer temporal (biannual) and 
spatial scales than previous work in the CONUS could be 
used with Jasechko’s method as well.

Manning and others (2005) and Thiros and Manning 
(2004) used methods to create categories similar to modern, 
mixed, and premodern; however, those studies used other 
available tracers to first determine a recharge date, then com-
pared the initial 3H in the sample to the concentration of 3H 
in precipitation on the recharge date. The method presented 
in this study does not require calculating groundwater age 
with other tracers prior to assigning the categories, and also 
describes methods for determining the upper and lower thresh-
olds that vary in both space and time. It is noteworthy, how-
ever, that Manning and others (2005) and Thiros and Manning 
(2004) found the categories of modern, mixed, and premodern 
to be effective in explaining the proportion of wells affected by 
anthropogenic contaminants and concentrations of nitrate.

Limitations

Although the 3H data from Michel and others (2018) for 
the 2° latitude by 5° longitude sections provide reasonable 
estimates of 3H in precipitation across the CONUS, these data 
can deviate locally as a result of precipitation or seasonal 
irrigation patterns. Local precipitation patterns have become 
more important in recent years in influencing local 3H inputs, 
as global 3H values in precipitation have increasingly returned 
to natural levels. Therefore, measurements of 3H in local 
precipitation, in conjunction with long-term historical records 
such as Vienna and Ottawa, can provide better estimates of 3H 
deposition. 

Thresholds for identifying modern groundwater based on 
3H, as defined in this study, can misclassify groundwater in the 
modern category if recharge occurred during the time of peak 
3H concentrations introduced into the atmosphere in the early 
1960s. As illustrated by the orange mixing line in figure 7A, 
mixtures of modern water, recharged around the time of peak 
3H concentrations, and premodern water can have concentra-
tions of 3H above the modern threshold and therefore be mis-
classified as modern when as little as 20 percent of the water is 
composed of modern groundwater. This potential error, how-
ever, is limited to the area under the peak of 3H concentrations 
and as time moves forward this area will become smaller and 
less of an issue. Dispersion also decreases peak 3H concentra-
tions in groundwater as recharge from the time of peak 3H 
concentrations mixes with groundwater of other ages. Another 
potential misclassification shown in figure 7B is for samples 
of very young groundwater (<15 years) with 3H concentra-
tions above the modern threshold, but with a small fraction of 
premodern groundwater—typically less than 30 percent— that 
should be classified as mixed. Since the water is predomi-
nately composed of modern water, the effect of the misclassifi-
cation is minor; however, as time moves forward the potential 
for misclassification of this kind will grow.

As with any tritium-based method to classify age or 
compute fractions for recharge of 1953 or later water, the error 
or misclassification will grow with time, and 3H alone will 
be less useful to classify or compute ages of groundwater in 
the future. We estimate this method will be useful until about 
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Figure 7.  Plots of tritium and the tritium/initial tritium ratio for sites where helium isotopes were collected and used to compute 
tritiogenic helium-3 concentrations. The blue line is the piston-flow concentration of tritium and tritium/initial tritium ratio for 
groundwater samples collected in (A) 2006 near latitude-longitude quadrangle 39–37° N., 125–120° W., and in (B) 2014 near the latitude-
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lines represent the average tritium concentration of groundwater recharged in 1953 or later (Jasechko, 2016) and the lower red lines 
represent the minimum post peak tritium concentration (this method).

2030, at which point the errors around calculations of the frac-
tion for recharge prior to 1953 will be too large for meaningful 
classification. Consequently, 3H combined with other tracers 
of modern water may be used to classify water recharged prior 
to 1953.

This method also does not account for the effects of dis-
persion on 3H concentrations, which occurs in most aquifers. 
Dispersion would smooth out interannual high and low 3H 
concentrations in the 3H precipitation curve used to select the 

minimum post-peak 3H concentration threshold (fig. 7). Thus, 
the selection of a threshold using a piston-flow assumption 
method will give a lower modern threshold than if the precipi-
tation curve had accounted for dispersion, and thus may over-
classify samples as being in the modern category. However, a 
small amount of dispersion has been accounted for by averag-
ing monthly 3H over 6-month intervals. These differences may 
be minor because the fraction of modern water in the sample is 
likely substantial in most cases.
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Summary and Conclusions
Tritium categories of premodern, modern, or mixed 

groundwater provide a basis for capturing the predominant 
class of groundwater age that might preclude the need for 
further analysis using additional tracers (for example, pre-
modern water is not susceptible to modern contaminants), or 
might give indications as to what tracers would be useful to 
further evaluate groundwater age. The results have implica-
tions for the susceptibility of groundwater to surface contami-
nants or to natural contaminants. The method described herein 
requires a single 3H sample from a well and a straightforward 
calculation to classify the groundwater as belonging to one of 
those three groups. The method considers both the spatial and 
temporal variation of 3H in precipitation and is thus a more 
robust method for classifying groundwater age than using a 
single threshold of 3H to classify groundwater age as modern 
or premodern. The method improves on previous methods by 
using modern measured concentrations to estimate pre-1953 
background and by using the lowest value of 3H from the time 
period following peak concentrations to estimate a modern 
threshold. The addition of a mixed category provides further 
understanding of ages that would be classified as modern or 
premodern using a binary classification system.

At a national scale, patterns of classified groundwater 
ages were consistent with expected age patterns based on a 
wide range of climatic regions, geographic regions, hydro-
geologic settings, aquifers, and well depths. Shallow fractured 
bedrock and carbonate-rock aquifers in humid regions of the 
country have the largest proportion of modern groundwa-
ter, followed closely by the shallow unconsolidated glacial 
aquifers. Confined aquifers have the highest proportion of 
premodern water. Within aquifers that have variable condi-
tions, confined parts of those aquifers consistently have more 
premodern water than the unconfined parts of those same 
aquifers. Premodern groundwater also occurs more frequently 
in arid regions than humid regions of the United States. The 
application of this method to a set of public-supply wells that 
are spatially distributed among equal-area grids covering each 
of 19 principal aquifers allows an unbiased national compari-
son of the susceptibility of these aquifers to anthropogenic and 
naturally occurring contaminants.

Patterns of classified groundwater ages also were consis-
tent with spatial patterns of recharge and groundwater flow, 
and construction characteristics of different well types. When 
comparing shallow and deep networks of monitoring wells 
and domestic-supply wells across a range of climate regions, 
shallow wells consistently have a larger percentage of modern 
groundwater than deeper wells. In addition, groundwater near 
sources of recharge tend to have larger proportions of modern 
water than downgradient areas.

Although previous studies of groundwater age typically 
do not represent the same regions as the current study, we 
find the current results generally match well with the results 
of previous studies. The method presented herein represents a 

new method to classify groundwater age as modern, mixed, or 
premodern based on 3H values alone.
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