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Abstract. The combined use of deuterium and tritium to
determine travel time distributions (TTDs) in streams is an
important development in catchment hydrology (Rodriguez
et al., 2021). This comment takes issue with Rodriguez et
al.’s assertion that the truncation hypothesis may not hold
for catchments in general, i.e. that the use of stable isotopes
alone may not lead to underestimation of travel times or stor-
age compared to tritium. We discuss reasons why the trun-
cation hypothesis may not appear to hold for the catchment
studied by Rodriguez et al. (2021) but could still apply to
the majority of catchments. We also discuss more generally
future applications of tritium in Northern Hemisphere and
Southern Hemisphere catchments.

1 Introduction

Rodriguez et al. (2021) applied deuterium (2H) and tritium
(3H) measurements to determine transit time distributions
(TTDs) in a forested headwater catchment (the Weierbach
Catchment in Luxembourg). They used the method of Stor-
Age Selection (SAS) functions (Botter et al., 2011; Van Der
Velde et al., 2012; Benettin et al., 2017) to transform the in-
put (rainfall) values of the two tracers to match the concen-
trations of the tracers in the stream water draining the catch-
ment, also taking account of output via evapotranspiration.
Then they tested the (truncation) hypothesis that the tritium
TTD would extend to longer transit times than the deuterium
TTD. They found that the TTDs were not different within

error and concluded that “the stable isotopes do not seem
to systematically underestimate travel times or storage com-
pared to tritium”.

The truncation hypothesis put forward by Stewart et
al. (2010) states that “The use of stable isotope tracers (2H
and 18O) and chloride (Cl) more than any other tool has influ-
enced the development of the field since their first use in the
1970s (Dinçer et al., 1970). [. . . ] But what if the information
gleaned from stable isotopes actually biased our understand-
ing of how catchments store and transmit water? What if our
now, almost exclusive use of stable isotopes has led us down
a pathway that has skewed our view of streamwater residence
time? Here we show [using tritium (3H)] that deeper ground-
water contributes more to streamflow than we are able to as-
certain using conventional stable isotope–based hydrograph
separation and streamflow residence time approaches.”

In this comment we argue that the truncation hypothesis
is not generally invalidated by the Rodriguez et al. (2021)
study.

2 The Weierbach Catchment study

The conclusion that no significant old water (beyond the
range that can be resolved by stable isotopes) was identified
by 3H in the Weierbach Catchment stream does not mean that
such old water does not exist in other catchments and there-
fore that the truncation hypothesis should be rejected for all
catchments. In fact, there is evidence that such old water is
present in many other catchments (e.g. Table 1). There are at
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least two possible reasons for the results from the Weierbach
Catchment.

1. The large majority of water may actually be within the
TT range that can be determined by stable isotopes. In
that case, analysis of the 2H and 3H isotope data would
be expected to yield similar TTDs. Evidence that this
may be the case is given by the following.

a. The physical characteristics of the catchment. The
Weierbach Catchment is small (42 ha) and has a
thin layer of <1.5 m of porous gravels overlying
variably weathered bedrock extending to about 5 m
depth (Pfister et al., 2017). The catchment area of
4.2× 105 m2 and annual rainfall of about 0.95 m
imply water input of 4× 105 m3, of which about
50 % or 2× 105 m3/yr runs off. If the porosity of
the weathered bedrock is 0.1 to 0.2, the water in
storage will be 2.1–4.2× 105 m3. This gives an ex-
pected mean transit time (MTT) (calculated from
storage/runoff) of 1–2 years. If most of the wa-
ter comes from the thin gravels, the MTT will be
shorter. Either way, it seems unlikely that there is
much water with long TTs in this catchment, al-
though this does not, of course, rule it out.

b. Both 2H and 3H yield an MTT of about 3 years and
a 90th TT percentile of about 5 years at the Weier-
bach Catchment (Rodriguez et al., 2021). Neither
isotope gives any indication of a substantial pres-
ence of older water.

2. The use of tritium for determining long TTs (or long
tails) in parts of the Northern Hemisphere is still com-
promised by the presence of bomb tritium, which par-
tially masks the effect of radioactive decay (see below).
This means that even if there was older water present in
the Weierbach Catchment, tritium from a short period
of sampling would not be very effective for identifying
it (as shown below).

3 The current situation of tritium in precipitation

Northern Hemisphere (NH) precipitation was much more
strongly affected by bomb tritium due to nuclear weapons
testing in the 1950s than Southern Hemisphere (SH) precip-
itation (as shown by data in the WISER database of the In-
ternational Atomic Energy Agency, IAEA and WMO, 2021).
Figure 1 shows the tritium records in NH precipitation from
Trier (Germany) and Oregon (USA) and SH precipitation
from Kaitoke (New Zealand). It can be seen that the NH
bomb peak was about 100 times bigger than the SH bomb
peak and was about 2 years earlier. The Trier record (Fig. 1a)
is from Schmidt et al. (2020) with earlier records from Vi-
enna, the Oregon record (Fig. 1b) is from Michel (2006) with
scaled earlier and later records (Michel, 2006; Stewart et al.,

Table 1. MTTs for Australian catchments based on tritium.

Catchment Baseflow (years) High flow (years)

Ovens1 9–30 4–10
Yarra1 20–50 13–37
LaTrobe1 18-41 7–19
Gellibrand1 14–> 100 7–20
Deep Creek1 2–6 <1–38
Lyrebird1 45–50 9–10
Teviot Brook2 17± 6 38± 15

1 Cartwright et al. (2020). 2 Duvert et al. (2016).

2012), and the Kaitoke record (Fig. 1c) is from Morgenstern
and Taylor (2009) and later data. The Trier record is the near-
est to the Weierbach Catchment, and the Oregon record is
similar to that in the southern Sierra Nevada on the western
coast of the United States (Visser et al., 2019).

The figures also show the reductions in 3H activities of
the rainfall due to radioactive decay from the rain date to
2020 (curves marked “decayed to 2020”). Due to radioac-
tive decay, the present-day 3H activities of older water are
lower than current rainfall except when they are affected
by bomb tritium, which peaked in the 1960s. However, wa-
ter present in a stream or spring will have a wide spread
of ages due to mixing during flow in the soil and country
rock. This mixing is simulated here by using the exponen-
tial piston flow lumped parameter model (EPM) with an ex-
ponential fraction f = 0.7 (Maloszewski and Zuber, 1982).
The black mixing curves in Fig. 1a–c show the variations in
3H expected for samples collected in 2000, 2020, and 2030,
with the MTT represented by the year (e.g. a 2020 sample
3H result yielding MTT= 10 years is plotted at 2010). The
EPM(f = 0.7) model is chosen here as a realistic mid-range
estimate between the model with no mixing, EPM(f = 0),
also called the piston flow model that would produce the
radioactively decayed curves in Fig. 1, and the fully mixed
model, EPM(f = 1), also called the exponential model. Fig-
ure 1d compares the flow-weighted cumulative stream distri-
bution from Fig. 7c of Rodriguez et al. (Weierbach) with cu-
mulative EPM curves; the EPM(f = 0.7) curve is quite sim-
ilar to the Weierbach curve. Other lumped parameter models
such as the gamma (GM) or dispersion (DM) models could
also have been used; the GM(α = 3) and DM(DP = 0.22)
models produce distributions that are closely equivalent to
the EPM(f = 0.7) curve (Stewart et al., 2017). Cartwright
et al. (2018) also showed that numerical models that include
dispersion yield similar curves; such models are independent
of the lumped parameter model approach.

The EPM curves for Trier (Fig. 1a) are relatively flat be-
cause of the combined effects of radioactive decay and mix-
ing, but the rising trend with MTT in the 2000 curve is grad-
ually changing to a falling trend with MTT in the 2030 curve.
At present (2020), water with an MTT of 0 years has a mean
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Figure 1. Tritium concentration in precipitation in (a) Trier, Germany, (b) Oregon, USA, and (c) Kaitoke, NZ, after accounting for radioactive
decay up to 2020 and after mixing of the decayed concentrations using an EPM(f = 0.7) model (black curves). (d) Comparison of flow-
weighted cumulative stream distribution from the Weierbach Catchment (Fig. 7c, Rodriguez et al., 2021) with cumulative EPM curves.

tritium activity of about 8.2 TU (tritium units), and this falls
gradually to 5.5 TU for water with an MTT of 10 years. Wa-
ter with greater MTTs then has slightly increased tritium ac-
tivities with a maximum of 7.1 TU for water with MTTs of
50–60 years due to the presence of remnant bomb water with
higher tritium activities. This means that there is a capac-
ity for detecting water with MTTs of 0–10 years because
of the difference in 3H activities of up to 2.7 TU, but water
with longer MTTs will not be distinguishable from younger
water with tritium at present. The precipitation record also
shows a significant seasonal variation (approximately 8 TU
peak to peak) due to leak of tritium from the stratosphere
each spring. This was not previously used for dating until
Visser et al. (2019) and Rodriguez et al. (2021); however,
the fact that this variation is seasonal and considerably larger
than the long-term variation expected from the mixing model
suggests that tritium will give results similar to those from
the stable isotope seasonal variations but with a small bias
towards longer MTTs because of the small decrease in tri-
tium activity between waters with MTTs of 0 and 10 years
(in 2020) due to radioactive decay.

Another study that determined the TTD using tritium mea-
surements via the method of StorAge Selection functions was
that of Visser et al. (2019) on the southern Sierra Nevada
on the western coast of the United States. They also applied
the method to 18O, 35S, and 22Na. Their reconstructed tri-
tium input (their Fig. S4.1, represented here by the Oregon

record, Fig. 1b) shows the high NH bomb peak similar to the
Trier input in Fig. 1a, but tritium concentrations in rainfall
fell more rapidly after the tritium bomb pulse because of the
influence of moisture from the Pacific Ocean (as shown by
Michel, 2006, and Stewart et al., 2012). Visser et al. found
that tritium in precipitation was flat from 2000 to 2020 and
therefore that radioactively decayed tritium reached its low-
est level in 2000 before rising because of the high NH bomb
pulse at greater MTTs. This means that tritium can be used
more effectively at present for identifying older water (with
MTTs up to 20 years) in the southern Sierra Nevada and on
the western coast of the United States than in western Eu-
rope, but the 1960s bomb pulse is a problem for both. How-
ever, perhaps 86 % of catchments contain water with MTTs
less than 20 years (see the estimate below from Stewart et al.,
2010). The reconstructed southern Sierra Nevada record also
has a substantial seasonal variation of 9.5 TU peak to peak.

In summary, tritium concentrations currently have limited
capacity to reveal old waters in NH catchments compared to
the SH because of the presence of the remnant bomb tritium
pulse from the 1960s. In 2000, tritium was even less conclu-
sive as an age tracer in streams (Fig. 1). This is about when
high-frequency stable isotope studies became accessible and
were applied in NH high-precipitation, low-ET catchments.
The collective understanding of watershed response times
may have been influenced by the availability of such data
during these decades. It is still difficult to see older water us-
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ing 3H now (especially when only short periods of measure-
ments are available); however, post-bomb pulse conditions
are considerably different in different parts of the NH (as
shown by the different shapes of the tritium input functions
for Trier and Oregon). The situation is gradually improving
because bomb tritium is decaying and becoming further away
in time. Samples collected now will be valuable in combina-
tion with samples collected in the future, but relatively long
series (up to a decade) may be necessary. The 2030 EPM
curve for Trier (Fig. 1a) shows the behaviour that would be
expected for samples collected in 2030 for central western
Europe. 3H activities would decrease from 8.2 to 3.8 TU for
water with MTTs up to 20 years, but then the curve would be
flat at 3.8 TU for longer MTTs. This will give better potential
for identifying water with MTTs up to 20 years however. For
Oregon, the 2030 curve will be falling monotonically with
MTT, which will give good potential for dating.

In contrast, for waters collected in 2020 in Kaitoke in the
SH (Fig. 1c), there is a simple decline in 3H activities with
MTT (from 1.9 TU at 0 years to 0.46 TU at 60 years), and the
decrease continues to higher MTTs (not shown). This means
that the determination of water TTs is only limited by analyt-
ical techniques (and is conservatively 100 years). The precip-
itation record also shows a seasonal variation of 1 TU peak
to peak, which affects the EPM model curve at young MTTs
and can in principle be used to determine young MTTs by
the smoothing effect as with stable isotopes. Figure 1c also
shows the 2000 EPM model curve, which was almost flat af-
ter an initial drop, and the 2030 EPM model curve, which
will be a steeper version of the 2020 curve.

4 Evidence that 3H TTDs can be different from 2H
TTDs

After the bomb tritium pulse in the 1960s, NH precipitation
became enriched with tritium, which could be in principle,
and in fact was, effectively traced through hydrological sys-
tems (Fig. 1a). Tritium studies from this period (1960–1990)
showed that the TTDs of catchments covered a wide range of
values (cited in Stewart et al., 2010). Estimated MTTs ranged
from less than 1 year to decades (e.g. of the catchments
listed in Stewart et al. (2010), 45 % had tritium MTTs of 0–
5 years, 41 % had MTTs of 5–20 years, and 14 % had MTTs
greater than 20 years). Because MTTs deduced from stable
isotope/chloride measurements are based on short-term (sea-
sonal) variations which are partially or fully attenuated after
about 5 years depending on the mixing model applied, MTTs
greater than about 5 years are more difficult to substantiate
(Stewart et al., 2010). If the MTTs were in fact longer than
5 years, they would nevertheless tend to look like about 5
years with stable isotopes depending on the model applied.
So, a large fraction of the catchments (up to 55 %) would be
expected to have had different MTTs when evaluated with
tritium or with stable isotopes. This was supported by the

study of Seeger and Weiler (2014), who analysed stable iso-
tope data on 24 mesoscale Swiss catchments. They stated
that “Given a sufficiently high measurement frequency, sta-
ble water isotope data should be suited to characterise the
short term and intermediate part of a catchment’s TTD, but it
certainly does not contain enough information to determine
complete TTDs or actual MTTs of a catchment.”

The SH reached the stage of having problems with inter-
pretation of tritium synchronously with the NH, but the prob-
lem began to decrease much sooner in the SH (about 1990;
see Fig. 1c) because of the ca. 100 times smaller bomb pulse
in the SH. The current situation allows for the effective use
of tritium for estimating TTDs in SH catchments, and the en-
vironment continues to become more favourable for the use
of tritium.

A recent summary of tritium results from Australian catch-
ments illustrates the capacity of tritium to identify old water
in SH catchments (Table 1, Cartwright et al., 2020; Duvert
et al., 2016). These MTTs are much longer than could be
estimated by stable isotopes, so they show that truncation is
very much an issue. The measurements cover both baseflow
and high-flow conditions (e.g. the Ovens Catchment mea-
surements spanned Q8 to Q85 flows and the LaTrobe and
Gellibrand measurements Q10 to Q95 flows), implying that
the truncation issue applies to both baseflow and high flows.

Rodriguez et al. (2021) have suggested that the differences
between tritium and stable isotope MTTs in the literature
could be attributed to methodological problems with the use
and interpretation of tritium. Methodological problems they
identified included the following.

1. Sampling differences in streams – tritium concentra-
tions have typically been determined at far less fre-
quency and flow diversity (often only at baseflow) than
stable isotopes, whereas stable isotope studies are be-
coming increasingly intensive and average over the full
range of streamflows. However, that is usually not the
case for New Zealand tritium studies (e.g. Morgenstern
et al., 2010, 2015) and the Australian studies cited above
that have estimated MTTs at a range of streamflows.

2. TTD assumptions – tritium studies have often as-
sumed steady-state TTDs based on analytical expres-
sions, whereas more recent stable isotope studies have
used time-variable TTDs which cannot be expressed an-
alytically. However, a steady-state TTD applied sepa-
rately to individual tritium samples in a time sequence
can allow the TTD parameters to vary from sample to
sample and therefore can yield a time-variable TTD as
demonstrated by Morgenstern et al. (2010).

3. Methodology – tritium studies have used simpler math-
ematical formulations not involving antecedent rain-
fall and evapotranspiration, whereas stable isotope stud-
ies are now more commonly incorporating these ele-
ments via StorAge Selection function methods. How-
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ever, recharge models have been applied to tritium stud-
ies to account for antecedent rainfall and evapotran-
spiration (e.g. Stewart et al., 2007; Morgenstern et al.,
2010).

While these observations are valid for some tritium stud-
ies, they do not alter the fundamental point that tritium under
the right conditions can identify the presence of older water,
whereas stable isotopes cannot. Because tritium decays, the
MTT can be indicated by reduction in tritium activity over
time and not just by attenuation of seasonal tracer variability
in the input signal.

Both stable isotopes and tritium can be affected by ag-
gregation effects, causing them to underestimate the MTT
in heterogeneous catchments (Kirchner, 2016; Stewart et al.,
2017). The effects will be similar for both if MTT estimation
is based on smoothing of seasonal variations but different if
the stable isotope MTT estimation is based on smoothing of
a seasonal variation and the tritium MTT estimation based
on radioactive decay. The latter causes underestimation on a
much longer timescale.

5 Discussion and conclusions

The situation in both hemispheres has changed in time as
bomb pulse tritium has worked its way through the systems.
In the NH, elevated tritium values were useful for determin-
ing TTDs for a few decades past the bomb peak (1960s to
1980s). Then, as the bomb tritium pulse decayed, single tri-
tium measurements gave unclear and ambiguous MTT re-
sults, so that series of measurements were needed and still
are. However, the NH is slowly emerging from this period.
In the SH, this ambiguous period was shorter, and tritium is
now effective for determining long TTs in catchments. Be-
cause estimates of MTTs can be made from single tritium
measurements when bomb tritium is at a low level (provided
the form of the TTD can be reasonably determined), the is-
sue of time variability is different for 3H and 2H. Series of
measurements are always needed for 2H.

In addition to the long-term variations of tritium concen-
trations due to the bomb tritium pulse and radioactive decay,
tritium shows medium-term, short-term (seasonal), and prob-
ably even shorter-term (e.g. between different rainfall events)
variations. These are largely unexplored (as pointed out by
Rodriguez et al., 2021). The seasonal variations are increas-
ingly prominent because tritium in precipitation is at back-
ground levels (except where tritium from the local nuclear in-
dustry is present). This seasonal and event-scale tritium vari-
ation contains the same information as the variation of stable
isotopes. Indeed, Rodriguez et al. (2021) have shown that tri-
tium is as effective as stable isotopes when used to determine
TTDs from seasonal fluctuations. However, we feel that the
real strength of tritium in comparison with stable isotopes is
for determining longer TTs in catchments; at present and for
some time into the future in the NH, this will require widely

spaced measurements in time. For this reason, it seems un-
reasonable to us to consider only very detailed sampling of
tritium on the scale of stable isotopes over short periods. In-
stead, our recommendation is that more widely spaced mea-
surements in time are included, covering the full range of
flow conditions so that results are not biased to low flows.

The difference between the tritium input functions in the
NH and SH with regard to remnant bomb tritium in hydro-
logical systems suggests that it would be valuable to carry out
a study like that of Rodriguez et al. (2021) (or Visser et al.,
2019) in the SH to test the comparative merits of tritium and
stable isotopes for identifying the full range of travel times in
catchments. Would stable isotopes show the full extent of the
long tail in comparison with tritium as asserted by Rodriguez
et al. (2021) or would tritium show a “heavier” long tail as
asserted here?
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