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Abstract: Environmental isotopes are essential in hydrogeological studies, thanks to their contri-
bution to the understanding of aquifers dynamics, vulnerability, water resources assessment, and
management issues. The environmental isotopic approach plays a vital role in tracing the hydrologi-
cal cycle and identifying various sources of contamination in the environment and gives independent
information concerning what can be determined by a traditional hydrogeological study. Even in the
framework of COP-26, isotopes have been indicated as fingerprints of climate change and therefore
suitable for the evaluation of water balance and assessment of processes involved therein; in pol-
lution studies they are used as fundamental support of traditional geochemical measures. Tritium,
in particular, has been used since the 1960s to identify potential leaks in the containment walls of
waste disposal sites, since its presence in the leachate (at very high levels in some cases) depends
on the incorrect waste disposal of some peculiar items. Its use as a tracer of pollution by landfills is
highlighted and emphasized by the very low concentrations of tritium in the natural environment.
By comparing tritium content of leachate to that of water downflow from the waste disposal site,
it is therefore possible to establish with a good success rate whether leachate have migrated or not
out of the landfill, in the surrounding environment. An additional potential of tritium is to give a
prompt indication of pollution risk in the environment indicating leaching even before the chemical
indicator of pollution can be detected. This article wants to provide a contribution to the scientific
community, collecting all the existing research in this field and providing data and benchmarks about
this method, in particular stressing the role of tritium as an indicator of leachate transfer out of waste
disposal sites.
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1. Introduction

Environmental tracers are used nowadays in many areas of scientific and technical
application, especially thanks to dissemination operated by some international bodies such
as IAEA (International Atomic Energy Agency) and UNESCO (United Nations Educational,
Scientific and Cultural Organization) [1-5]; from their first appearance in the scientific
context, isotopes, in fact, broadened the concept of chemistry, by opening a window into
new properties to be implemented even in specific practical contexts [6].

The isotopes of an element are defined as nuclides of the same element, having the
same atomic number but different mass number and therefore different mass [7], being
more or less abundant depending on the single specific element. Isotopes can be non-stable
(when their nucleus decays emitting radiations) or stable. Environmental isotopes are of
various kinds of elements, both major and in trace, such as oxygen, hydrogen, carbon,
sulphur, nitrogen, strontium, uranium, radon, and lead, which are widely used in a range
of different applications, for example in hydrology, hydrogeology, pollution studies, and
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forensic science [8-12]. In particular, their use as a fingerprint of climate change has
been considered from the beginning [13-16], and in recent times IAEA and WMO (World
Meteorological Organization) have presented an event at COP-26 in Glasgow, stressing the
importance of isotopes in the study of the impact of climate change.

Other isotopes of less diffuse elements have been applied in the last decades, to add
more opportunities in hydrological and hydrogeological studies [17-19].

The most frequently used environmental stable isotopes are: §°H and $'0 of wa-
ter molecule, §'°N and 5'80 (NO3; ™), §%4S (S0427), and §'3C (CO32~ and HCO;3 ™). Tri-
tium (the radioactive isotope of hydrogen) has been used especially in groundwater
dating, also taking advantage of the thermonuclear experiments occurring in the 1960s
around the world [20], which have given a clear marked signal of tritium increase in the
environment [21].

The expression “environmental tracer” is given to those isotopes, naturally present in
the environment, which can be used to trace a process, a cycle, or a mechanism of transfer
that occurs in the environment [6]. In this context, the following may be included: all the
processes related to the hydrogeological cycle (i.e., recharge processes and groundwater—
surface water interaction, connection among river/lakes) [22,23], geochemical and bio-
geochemical transformations [24-28], potential connections among source of contamination
and groundwater or surface water [29,30]. In general, a tracer is defined as a substance
that is naturally present in the environment (natural tracer) or can be artificially introduced
(artificial tracer) in a known concentration, generally with the aim of marking the pathway
of surface water or groundwater, to label the water flow [31,32].

Environmental tracers have an added value with respect to hydro-chemical investiga-
tion, since the latter indicate only the amount in water of chemical elements at that point,
but not providing any data on their origin and processes to which they have been subjected
to. Environmental tracers, instead, approximate the identification of the provenance of
chemical compounds: in the literature, in fact, several case studies are present reporting
reference ranges of values for many different isotopic species [33,34]. In pollution studies,
this aspect is of strategic importance, because one can trace the source of contamination
responsible for the high concentration of a pollutant of interest, and then compare also
different sites with the same conditions.

In some contamination studies, tritium can assume a prominent role. Its concentration,
in fact, can be directly connected to the presence of some items in the waste of sanitary
landfills, and this was especially true during years in which the delivery of wastes was still
uncontrolled. It is important to note, however, that a single item wasted in the landfill can
be responsible for high tritium concentration measured in the leachate, even well after the
cessation of the effects of the thermonuclear tests.

For this reason, tritium is still considered a good tracer of leachate exit in the surround-
ing environment, with results often much more suitable than traditional methods based
only on the monitoring of chemical concentrations of pollutants.

This review has the main purpose of describing and summarizing the studies reported
in the scientific literature reporting the application of tritium as an environmental tracer of
landfill pollution, with some case studies used as a paradigm of the tritium activity anoma-
lies method (TAAM). At the end, even a brief guideline with indication and suggestions to
follow will be presented, with the aim of underlining the importance of such a method, not
only in the past but likely in some present case studies.

2. Background on Tritium

Tritium (*H) is the radioactive isotope of hydrogen, having a half-life of a little more
than 12 years; its concentration can be determined by liquid scintillation analysis, after elec-
trolytic enrichment when considering low-level measurements, with machinery equipped
with a thick lead wall [35]. Its content can be expressed either by the common radioactive
notation (i.e., Bq/L or Ci/L) or the so-called Tritium Unit (TU), which corresponds to
3H/1H ratio of 10718, i.e., about 0.118 Bq/L.
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Tritium is naturally present in the atmosphere and falls during precipitation as water,

spreading in a very low concentration in all the components of the water cycle [36]. Current

tritium content in precipitation is known thanks to the international network GNIP (Global
Network of Isotopes in Precipitation), developed from the 1960s by IAEA and WMO and

now available together with GNIR (Global Network of Isotopes in Rivers) [37] at the portal
WISER (Water Isotope System for Data Analysis, Visualization and Electronic Retrieval) [38].

Examples of tritium content in rivers (expressed in logarithm scale), provided by the GNIR
dataset are shown in Figure 1. In some cases, river discharge data are furnished by the
TIAEA database [39].
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Figure 1. (a) Example of tritium content and river discharge values in the Danube River at Vienna
(Austria); (b) tritium content of the Colorado River at Cisco (UT-US) and (c) Mississippi River at
Luling (Louisiana, US). Data provided by [28]. The locations of the selected river stations are reported

in Figure 4.

Tritium level in groundwater and surface water is strongly dependent on its concentra-
tion in the atmosphere and its potential artificial presence in the environment; the natural
content trend is more smoothed than the one recorded in precipitation due to some factors
(most of all the percolation of the infiltrated water through the unsaturated zone) which
influence the isotopic signature ([40—46]).
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The use of tritium as an environmental tracer (often together with stable water iso-
topes) particularly in polluted sites, has been developed in the final decades of the last
century, especially concerning contamination by Municipal Solid Waste disposals (MSW)
and sanitary landfills, and is strictly connected to the high levels found in the leachates of
many MSWs [47,48]. These plants are where the domestic wastes are collected and stored,
and inside which the leachate develops due to the infiltration of rainwater through wastes;
thus charging itself with high concentrated chemical elements and dissolved solids [49].
A question may rise about the reason why high concentrations of tritium in leachate are
observed, given that in landfill plants no nuclear reactions can happen, and the answer
concerns the occurrence of some items disposed in MSW5s containing very high concen-
trations of tritium, some of them called Gaseous Tritium Lighting Device (GTLDs) [50].
A few units of them are enough to hugely increase the tritium content in the leachate; in
particular, clocks and luminous watches (concentration up to 280 MBq/device, i.e., millions
to billions of TU, depending on the amount of leachate), luminous signs and neon (up to
7.5 GBq/device) [51], luminous telephone dials (up to 1 GBq/device) [52] and, in a minor
part, luminescent paints [53] and biological and pharmacokinetic studies slags contribute
to keep the concentration high. Just to give an idea, one single clock can produce about
3 x 108 TU [54].

For landfills working in the past, a source of tritium (in addition to GTLDs) was surely
represented by precipitation infiltrating into the plants from the 1950s to the 1970s, more
markedly in some parts of the world, containing high levels of tritium due to thermonuclear
tests [55]. This fact led to misleading or partially wrong interpretation of high tritium
content found in groundwater, which could be attributed to pollution, or conversely to
rainfall infiltration [56]. Sometimes, tritium in the municipal waste leachate was not only
provided by precipitation, which did not justify the high values measured in some sites.
This can be easily understood by observing plots of tritium in precipitation, recorded in
some selected stations over the world; in Figure 2, 15 examples of long-term measurements
in rainwater in different continents are reported and expressed in logarithmic scale [57].
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Figure 2. Tritium content (TU) in precipitation, recorded in different countries worldwide. Data
are provided by the GNIP-IAEA portal [31]: (a) Northern Hemisphere; (b) Southern Hemisphere.
AT = Austria; CN = China; DE = Germany; ET = Ethiopia; FR = France; IS = Iceland;
NL = The Netherlands; US-NC = North Carolina (United States); US-OR = Oregon (United States);
US-AK = Alaska (United States), AQ = Antarctica, AU = Australia; CL = Easter Island (Chile);
NZ = New Zealand; SH = Ascension Island (Saint Helena, Ascension, and Tristan da Cunha). The
location of the selected rainfall stations is reported in Figure 4.
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A similar behavior is apparent from these plots showing a steep increase in tritium
content in precipitation starting from 1960 until 1964. Subsequently, in the following years,
a gentle decrease in the tritium content is observed worldwide, and a quasi-stationary
seasonal oscillation is recorded on the tritium values in all the selected stations. However,
several differences can be noticed between the Northern (Figure 2a) and the Southern
(Figure 2b) Hemispheres. Indeed, the Northern Hemisphere is characterized by higher
peaks of tritium in precipitation reaching in some cases (AT, DE, FR, US-OR) values in
the order of 7000-8000 TU. After the bomb peaks, the decrease in tritium content appears
in a continuous but slow signal drop with a sparse and sporadic sharp increase between
1975-1976 and 1994-1996 recorded only in DE and FR stations. The latter stations are
characterized during the last 20 years by a precipitation tritium content background slightly
higher (5.5 TU) than the other stations belonging to the Northern Hemisphere (1.5-3.5 TU).
Regarding the precipitation that occurred in the Southern Hemisphere, the maximum
tritium content has been recorded in AS (in the order of 400-600 TU) during the bomb
peak, while sporadic tritium content rise can be observed in SH and CL between the years
1990 and 1994. Additionally, in this hemisphere the last 20 years are characterized by low
tritium content in precipitation, in the order of 1 up to 20 TU.

Tritium content in precipitation related to the 15 rainfall stations, has been weighted av-
eraged on the monthly precipitation amount for seven time periods (Figure 2). Where avail-
able, the computation has been made before the year 1963, between the years 1963-1964,
1965-1979, 1980-1990, 1991-2000, 20012010, and after the year 2010. As observed in
Figure 1, a general increase in precipitation tritium content is recorded worldwide after
the 1960s due to atomic and hydrogen bomb experiments [58], much more visible in the
countries located in the Northern Hemisphere. Tritium concentration decreased rapidly
since nuclear tests have stopped (from year 1990), reaching pre-nuclear testing values
in the time period 1991-2010 (Table 1). Raw data of precipitation are shown in Figure 2;
thus, cause the tritium content from the 1980s to decrease constantly (without significant
trend changes). For convenience, Table 1 displays time series in decades starting from the
year 1980.

Table 1. Weighted average tritium content in precipitation (expressed in TU) recorded in different
countries worldwide. Data are provided by the GNIP-IAEA portal [31] and divided into 7 time
periods.

Time Period

Country Pre 1963 1963-1964 1965-1979 1980-1990 1991-2000 2001-2010 Post 2010
AQ - - 90.97 - 9.82 10.05 -
AT 475.14 2374.21 259.98 25.95 15.07 11.12 10.37
AU 18.75 49.34 29.93 6.63 - - -
CL - 26.78 11.57 1.1 2.40 1.43 -
CN 88.75 166.3 32.45 7.65 5.56 2.28 -
DE 42597 2702.41 321.02 37.14 17.78 9.94 8.69
ET - - 100.09 11.42 8.18 - -
FR - 2373.65 171.232 26.00 15.12 9.38 7.71
IS 156.94 986.77 285.04 - 5.50 4.10 -
NL - - 113.43 20.80 11.85 10.02 -
Nz 9.90 28.17 20.05 3.68 2.54 - -
SH 13.83 20.07 7.87 87.66 53.58 3.79 -

US-NC 259.38 642.62 53.45 13.54 5.75 3.58 -

US-OR - 828.86 80.78 8.51 4.33 423

US-AK - - 77.58 793 7.59 1.44 -

Where: AQ = Antarctica; AT = Austria; AU = Australia; CL = Easter Island (Chile); CN = China; DE = Germany;
ET = Ethiopia; FR = France; IS = Iceland; NL = The Netherlands; NZ = New Zealand; SH = Ascension Island
(Saint Helena, Ascension, and Tristan da Cunha); US-NC = North Carolina (United States); US-OR = Oregon
(United States); US-AK = Alaska (United States); - = data not available.
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For old landfill facilities, closed just a few years after the peak of tritium in the
atmosphere, the occurrence of high tritium content in the leachate could be actually related
to precipitation (except for the case in which the top and surrounding liners have a leakage
towards groundwater and or surface waters). In all the other plants, filled in the following
years and still operating (or closed well after the tritium peak in the atmosphere), when
the tritium content is higher than the natural level, this is definitely connected to spills of
leachate from the landfill.

This fact suggests the importance of measuring the tritium content not only in the
surrounding water bodies (up and downgradient with respect the landfill), but also in
the leachate, in order to see to what extent tritium can be still successfully used as a
tracer; actually, this measure alone of groundwater tritium content, although used fre-
quently in past and recent studies [48,59-61], can lead to misleading results or making
incomplete conclusions.

3. Tritium Activity Anomalies Method, a Summary

As already outlined in the previous paragraphs, when high levels of tritium are found
in groundwater before the 2000s, it is reasonable to state that those values are due to water
containing high tritium levels for precipitation that fell in the 1960s, 1970s, or 1980s. From
the end of the first decade of the 2000s onwards, there are very few cases of groundwater
recharged by that precipitation, and even only in some specific parts of the world.

In any case, tritium dating of groundwater was progressively abandoned in favor of
other isotopes, not least because the radioactive decay rate was similar to the removal rate of
residual tritium from thermonuclear tests of the 1960s carried out by rain. As a consequence,
the age interpretation became rather ambiguous, especially in the Northern Hemisphere of
the world [62], and the specific signature was difficult to identify in groundwater due to
the period of tests.

Natural values of tritium in recent groundwater usually range from about 2-3 to
10-11 TU nowadays (where the post bomb signature does not exist and no contamination
occurs) [63,64], although some authors present a wider range [65], but in general not many
studies reporting values in groundwater can be found in the literature.

3.1. Background Concentration

As a rule, one can use tritium as a tracer if its base level concentrations in the en-
vironment near the MSW are significantly different from the concentration found in the
leachate. Therefore, a few samplings and analyses were usually performed in groundwater
and surface water in order to achieve the average background value for the studied area
and the values range. These analyses should be repeated in different periods, at least at
seasonal scale, to assure good reliability of the obtained data.

Another option is given by handling tritium data in rain or river water (either provided
by local stations or GNIP [57], GNIR [37] databases) and viewing them as the maximum
extent that tritium can reach in the studied area.

3.2. Tritium as Leachate Tracer
In short, main reasons why trititum was used as an excellent tracer of landfill pollution are:

It was present in the leachate of many MSWs at high concentration;

Being part of the water molecule, it is not subject to chemical reactions;

“ ”, it is not absorbed by the soil;

. ’, it travels together with groundwater, since it is itself water.
Some hmltatlons were (and actually are!) instead connected to the following points:
Few laboratories in the world own the proper facilities and human resources to
perform such analysis;

The cost is quite high;

When low level tritium analysis is needed, samples are to be concentrated by elec-
trolytical enrichment, which is a long and complex procedure.

“
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(9]

In the past, tritium concentration in many MSWs’ leachate was so high it was recom-
mended to be used as an excellent pollution tracer; few data are available in the last decade,
but it is expected that its concentration has levelled off around lower values, although
probably still higher than those of surrounding environments. Its potential, therefore, could
have been reduced at present, but is probably still significant.

In fact, where even a very small amount of leachate leaks out of the landfill, it is
possible to trace this leakage better than only traditional chemistry can; indeed, only small
variations (greater than the values normally present in the environment) in tritium in
groundwater are often enough to ascertain external contamination. For example, if the
tritium content in the leachate is higher than 1000 TU, it is possible to trace even a leachate
leakage of less than 10 liters.

3.3. Tritium Activity Anomalies: Overview of the TAAM Method

After determining the background values of tritium and other environmental iso-
topes, the procedure to verify if groundwater and/or surface water is contaminated by
leachate is based on the occurrence of tritium activity anomalies and potential concentration
changes [66]. Every anomaly in tritium content can be accordingly related to potential
pollution from landfill plants. These features have allowed tritium to be used as a landfill
pollution tracer, above all because its content inside the MSWs was greatly above the
surrounding groundwater, despite the increasing due to thermonuclear tests.

However, it is necessary to evaluate if tritium content in the leachate is high to guar-
antee a suitable application of such a technique (roughly at least one order of magnitude
over the base level), and afterwards to compare measurements in wells, piezometers,
rivers, and channels with the background level. An example is given in Figure 3, in which
background level of tritium has been evaluated for an area of central Italy where almost
monthly measured data have lasted for over two decades. Values above 14 TU (in 1986) and
10 TU (in 2010) have a very low probability of being detected in groundwater and surface
water around the site, since the tritium concentration trend is smoothed by infiltration and
recharge processes.

o
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v \ 1| I 1 " .‘I,_, : |
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Figure 3. Tritium background level in precipitation over time, for a rainfall station located in central
Italy and managed by Universita Politecnica delle Marche.

This is a specific example, but by searching within the JAEA database (GNIP) it is
possible to achieve the tritium trend in precipitation over around the world (Figure 2) and
use this as background level indication; the authors recommend determining the tritium
background level from precipitation derived by the closest station to the examined area.
In this database [57], a large amount of tritium data in precipitation is available for a
large part of the world. Of course, in any case, the average tritium values in precipitation
should be accompanied by measures of the dispersion of a dataset or even a basic statistic
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(i.e., standard deviation or variance, minimum, maximum), which is essential to assess
if additional factors influencing tritium content variability should be considered. For
instance, in Figure 2a the tritium content in Germany (DE) in the last 10 years varies
between 3.7 and 15.0 with a standard deviation of 2.9 TU. For Chile (CL) instead, in the
decade 2000-2010, tritium content has a maximum value 4.12 and a minimum of 0.35, with
a standard deviation of 0.53 TU. These are two examples of different variability of tritium
content in precipitation, and the variability of data should be accurately assessed in each
investigation, also because in the literature additional factors have been considered as
influencing the tritium content in precipitation [67]. As reported by Telloli et al. [67], in
fact, for the Treviso area (Italy) the bora wind perturbation coming from the arctic produces
more enriched tritium content due to the low water vapor amount in the cold air, and this
should be taken into account in the discussion of results.

Another factor to be considered is indeed the analytical-instrumental error associated
with the determination of tritium content in water. Since the 1960s, the analytical procedure
involved electrolytic enrichment and then counting of radioactive activity with liquid
scintillator counting, with errors in the order of 1-2 TU for current values in groundwater.
During last decades instead, thanks to the improvement in measurement techniques and
apparatus, even smaller errors can be reached, between 0.5 and 1 TU [67].

Last but not least, it is possible to detect potential contamination of groundwater by
observing the tritium activity increase with respect to the base level and estimate the mixing
ratio with the leachate [66]. In this framework, a review of tritium content and variability in
groundwater would certainly be more relevant. However, few examples reporting tritium
levels in groundwater are found, also cited in this review [63,64,66-76].

4. Literature Survey on the Application of Tritium in Landfill Pollution Studies

The main purpose of this review is to provide the scientific community with a source
of existing literature on the use of tritium, as it is applied by different authors around the
world and over the years. The questions to which attention is directed are: (1) “is tritium
still a good tracing tool to use?”; (2) “is tritium able to give satisfactory results and a good
correlation with other measured chemical-physical parameters?”. This chapter helps to
answer these two questions. To do this, a detailed literature search of the use of tritium
is presented.

In this section, for a start, readers will find a collection of literature on tritium data in
leachate with all the additional chemical parameters associated that were found in the arti-
cles (Tables 2 and 3); then in Sections 4.1-4.3, three successful case studies are presented to
strengthen and promote the use of tritium in hydrogeology, hoping for questions and future
discussions on this topic to be opened and therefore contribute to fostering a widespread
revival of interest in this important issue.

Scientific literature, in fact, reports a number of studies where the use of tritium and
other environmental tracers played a significant role both in characterizing the hydro-
geological setting of the surrounding environment and identifying potential connection
between leachates and groundwater, even better and before chemical signals have been
detected [66,77]. Some research and reports, furthermore, outline the high tritium content
in sanitary landfills and municipal wastes, as outlined in [56,78-80], among others.

A brief overview of case studies based on the successful application of the TAAM is
then reported at the end of the present chapter, with examples of landfill polluting and not
polluting the environment.

More in general, TAAM can help in:

e  The identification of the potential absence of pollution, when chemical studies in
groundwater lead to uncertain or confusing results.
The validation of chemical results in the case of landfill pollution.
The assessment of contamination even before and better than chemistry.
In these examples, tritium content in the leachate varies from a few tens to some
thousands of TU.
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First of all, let us focus on the areal distribution and frequency of tritium use in landfill
pollution problems, primarily because this gives an indication of which nations are of most
interest for this methodology and their purposes. For this reason, all the investigations
published as scientific papers and covering especially some parts of the world have been
presented in a map (red circles in Figure 4), with a particular focus on those case studies
including leachate tritium content; it cannot be certainly excluded that other studies exist,
especially technical reports likely to be kept in private libraries without digital media and
stored only as hard copies.
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Figure 4. Location of rainfall stations used to obtain precipitation tritium content provided by [31]
(blue squares), river sampling and monitoring points provided by GNIR [28] (green triangles),
and landfill case studies reported in this review (red circles). The dimension of the red circles is
proportional to the number of examined cases.

As one can see, case studies are mainly distributed between the 30th and the 60th
northern parallel (Figure 4). Most of the case studies (about 160) are in Europe, 2 in Asia,
5in Oceania, 4 in Africa, 6 in North America, 1 in South America, and 4 in Africa. Sixty-one
cases are in Italy. A brief synthesis of data for each case study is reported in Tables 2 and 3.
Each MSW plant is presented with some information useful for characterizing the main
features as can be deduced from the articles. Unfortunately, geochemical data are often
not available, and this is the reason why all data are divided into two different tables.
Facilitated by the direct availability of in-country data, the Italian case studies exam-
ined reported a more detailed indication of location, including the region of interest, and
including different data sources such as technical reports [68,70-74,81] and scientific lit-
erature [54,66,69,77,82-86] (Table 2). When available, the sampling period is expressed
in month-year. In general, high tritium average content (avg leachate tritium content in
Table 2), is found in all the datasets examined, ranging from a minimum value of 13.2
to a maximum of 76,000 TU, with an average value of 1974 TU. When several data of
tritium content are present in the original paper, a range of minimum-maximum values
are reported (min-max in Table 2).

The first point that can be observed from Table 3 is the wide range of the collected
data, especially in terms of the type of parameters measured in addition to tritium; the
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table collects tritium data of leachate (expressed in TU), sampling period and locations,
together with the available data of 5180, data on chemical composition of leachate (C17,
SO42~,NOj3 "), and some physical parameters such as pH, temperature, and electric con-
ductivity. The 5'0 data are available in three out of the total analyzed works, ranging
between —8.8 and +0.67 (%o vs V-SMOW), accompanying a variable relative tritium content
(38 < TU < 8001). Cl~ ranges between 8 and 22,404 mg/L with tritium content ranging
between 38 and 76,000 TU in the same samples. As far the NO3;~ data concerns, they range
between less than 0.5 and 2,600 mg/L, while 8042’ varies between 2.2 and 156 mg/L with
tritium content in the same samples ranging between 7 and 1345 TU.

Table 2. Available literature on tritium content for leachate, analyzed in this brief review.

Leachate Tritium

Reference Location Sampling Content (TU)
Period

Avg Min-Max
[52] Western Australia 1989-1992 - 2119-5339
[52] Western Australia 2008-2009 - 1135-4297
[52] Western Australia 2007-2009 - 237-2144
[53] - - - 160-2800
[54] Piemonte, Italy May-2009 415.2 -
[66] Emilia Romagna, Italy Apr-1997 1665 -
[66] Emilia Romagna, Italy Aug-1997 1080 -
[66] Emilia Romagna, Italy Nov-1997 1700 -
[66] Emilia Romagna, Italy Apr-1996 400 -
[66] Veneto, Italy Mar-1998 983 -
[66] Veneto, Italy Mar-1998 1545 -
[66] Veneto, Italy Mar-1998 1129 -
[66] Veneto, Italy May-2003 217 -
[66] Veneto, Italy Apr-2004 119.4 -
[66] Veneto, Italy Sep-2003 224.2 -
[66] Veneto, Italy Nov-2008 428.9 -
[66] Veneto, Italy - 69.3 -
[77] Toscana, Italy Aug-1989 980 -
[77] Toscana, Italy Nov-1989 1003 -
[77] Emilia Romagna, Italy Sep-1996 1100 -
[77] Emilia Romagna, Italy Nov-1997 1581 -
[78] New York, US 2006 - 393-60,152
[79] United Kingdom - *-39,270
[80] Northeastern Scotland 1996 2483 -
[80] Northeastern Scotland 1999 1152 -
[80] Glasgow, Scotland 1998 2135 -
[80] Glasgow, Scotland 1995 11703 -
[80] Lowlands, Scotland 1996 5330 -
[80] Lowlands, Scotland 1999 602 -
[68] Veneto, Italy Apr-2005 529 -
[68] Veneto, Italy Jun-2005 2241 -
[68] Veneto, Italy Sep-2005 1330 -
[68] Veneto, Italy Apr-2005 629 -
[68] Veneto, Italy Jun-2005 3416 -
[70] Veneto, Italy Sep-2005 1330 -
[70] Veneto, Italy Mar-2003 354 -
[70] Veneto, Italy Jul-2003 225 -
[70] Veneto, Italy Apr-2004 127 -
[71] Emilia Romagna, Italy Jun-2006 658 -
[71] Emilia Romagna, Italy Apr-1998 480 -
[71] Emilia Romagna, Italy Jul-1997 304 -
[71] Emilia Romagna, Italy May-1997 178 -
[71] Emilia Romagna, Italy Dec-1997 280 -
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Table 2. Cont.
. Leachate Tritium
Reference Location Sampling Content (TU)
Period
Avg Min-Max

[72] Veneto, Italy Apr-1997 1587 -
[74] Marche, Italy Mar-2002 15 -
[74] Marche, Italy May-2003 13.2 -
[74] Marche, Italy Dec-2001 291.2 -
[74] Marche, Italy Nov-2001 53 -
[74] Marche, Italy Jul-2002 29.9 -
[74] Marche, Italy Nov-1993 520 -
[73] Emilia Romagna, Italy Sep-1995 140 -
[73] Emilia Romagna, Italy Sep-1995 960 -
[73] Emilia Romagna, Italy Jul-1997 180 -
[81] Marche, Italy May-2000 500 -
[69] Marche, Italy Mar-1994 910 -
[69] Marche, Italy Aug-1994 450 -
[69] Emilia Romagna, Italy Apr-1996 83 -
[69] Emilia Romagna, Italy Apr-1996 134 -
[69] Emilia Romagna, Italy Apr-1996 82 -
[69] Emilia Romagna, Italy Apr-1996 53 -
[69] Emilia Romagna, Italy Sep-1996 270 -
[69] Emilia Romagna, Italy Sep-1996 167 -
[69] Emilia Romagna, Italy Apr-1996 1080 -
[82] Marche, Italy Dec-1993 290 -
[82] Marche, Italy Oct-1993 664 -
[83] Puglia, Italy Nov-2014 235 -
[83] Puglia, Italy Mar-2015 182 -
[83] Puglia, Italy Jun-2015 225 -
[84] Sicily, Italy 2019 - 48-374
[85] Abruzzo, Italy Jun-2014 34.5 -
[87] Mlinois, US Pre 1992 - 227-338
[88] Austria - 2000
[89] Austria - 3000
[90] California, US 1991 2421 -
[91] Scotland 1995-1999 - 212-11,703
[92] California, US 2003 - *-95,322
[92] Pennsylvania, US 2004 - *-29,317
[92] Pennsylvania, US 2005 - *-57,068
[93] Brazil May-2002 - 111-141
[94] South Africa 1995 - *-100,000
[95] South Africa 1997 76000 -

* = minimum value not provided; - = data not available.

4.1. Case History 1: Landfill Not Polluting the Environment

The MSW disposal site is placed in a wide alluvial plain, made of alternating alluvial
deposits (mainly silty clay and silty sand). More or less developed clay lenses divide
the shallower aquifer (unconfined, with groundwater table a few meters b.g.s.) from the
confined aquifer (depth ranging from about 9 to 16 m b.g.s.) [66]. Groundwater and surface
water in the surrounding area were almost ubiquitously contaminated especially by nitrates
and ammonium; nevertheless, tritium values (Figure 5) both in unconfined and confined
aquifers, were within the environmental background values; thus suggesting the absence
of connections among landfill and the aquifers. Other isotopic analysis (515N, 513C, 6348)
indicated the different provenance of chemical compounds whose concentrations were
over the limits, in particular advising the diffused use of fertilizers even upward of the
plant itself to be responsible for the contamination.
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Table 3. Available literature on leachate tritium content coupled with oxygen-18, C1~, SO42~, NO; ~, pH, temperature (T), and electric conductivity (EC).
Leachate Tritium 510 Cl (mg/L) NO;~ (mg/L) SO, (mg/L) EC (uS/cm) H T€O)
Content (TU) 8 3 8 4 8 P

Ref. Location I?:EL%’ Avg Min-Max Min-Max Avg Min-Max Avg Min-Max Avg Min-Max Avg Min-Max Avg Min-Max Avg  Min-Max

[56] Illinois, US - - 225-8001 —8.8-—6.2 - - — - - B - — - - - -

[96] Philippines 2006-2008 - 750-820 - - 8-204 - - - 10-34 - 3070-20,000 - - - -

[97] Korea 2002-2003 - 17-1196 - - - - - - - - 5888-16,500 - 7.10-8.05 - -

[85]  Abruzzo, Italy 2014 345 - - 416 - - - 1483 - - 3267 7.1 22 -

[98] Indonesia Mar-2013 - 51-493 —5.93-0.67 - - - - - - - 10.88—>20 - 7.61-80.4 - 30.5-35.2

[99] Greece - 38 - —7.16-—1.42 22404 - - <0.5 2.2 - 67100 - 7.5 - 28 -

[95] South Africa Jul-2010 787.1 - - 908 - 142 - 82.12 - 358.3 - 7.6 - - -

[95] South Africa Jan-2012 781 - - 1427 - 0.06 - 481 - 944 - 8.1 - - -

[97] Korea 1994-2016 - 17-119 - - 132-3070 - 2-2600 - 2-90 - - - 7.36-8.29 - -

[100] gemral 1995-2002 540 10-150,000 - - - - - - - - - - - - -

urope
[86] Puglia, Italy 2015 - 55-923 - - 1230-14,600 - <0.5-53.1 - 1-156 - 15,500-35,400 - 7.5-7.9 - 19.9-42.5

- = data not available.
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Figure 5. Geo-lithological cross-section of case history 1, with a landfill showing no interaction
between tritium content and the environment. Legend is reported in Figure 7c.

4.2. Case History 2: Landfill Polluting the Environment

The geological setting of the substratum of this landfill site is characterized by stratified
marly clay (Plio-Pleistocene) interbedded with silty sand, on which eluvial and colluvial
clayey sediments are present with a thickness ranging from 3 to 16 m. Hydraulic conduc-
tivity of marly deposits was around 107°~10~7 m/s, whereas eluvial-colluvial deposits
showed slightly more permeable behavior. Groundwater level was about -5 mb.g.s. (in
the upper part of the hill) and 0.5-1 m b.g.s. (in the lower part of the hill). Landfill is posed
along a hill and was active until 1992 and was responsible for wide pollution of shallow
groundwater and surface water downstream, with values of SO4>~ and Cl~ significantly
above legal limits [69].

Tritium content in the leachate varied between 450 and 910 TU; thus permitting its
use as a good tracer of contamination. Tritium analyses in groundwater and surface water
were undertaken and confirmed the spread of leachate in the surrounding environment,
with values well above the natural background—which was variable between 9 and 15 TU
in those years—assessing the contamination measured in some dug wells downstream
(Figure 6).

Landfill

=

T
100

1
200 m

Figure 6. Geo-lithological cross-section involving a landfill with pollution of the environment. Legend
is reported in Figure 7c.
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4.3. Case History 3: Assessment of Landfill Leakage before Chemical Concentration Changes

The landfill is located at about 105 m a.s.l., in an alluvial plain characterized by terrains
from Holocene to Pleistocene: alternance of alluvial clay and silty-sandy clay from the
ground level up to 10-12 m depth; alternance of gravel-sandy and silty-clay sediments from
10-12 to over 40 m b.g.s. At some point, clay sediments are present in the form of lens, even
embedded in the gravel sandy sediments [52]; gravel sandy sediments can be considered
as a semi-confined aquifer with medium to low permeability, containing groundwater
somewhere phreatic, 20-25 m depth, fed by local rainfall and river water. During the time
of investigation, some chemical parameters were found above the natural level indicating
pollution by the landfill only in close proximity to the plant; tritium values of leachate
varied from 400 to 1800 TU, whereas uncontaminated groundwater (upstream of the
landfill) showed a background of 6-10 TU (Figure 7a). Under the MSW disposal and right
after, tritium activity was markedly above the background even at a considerable distance
from the landfill (Figure 7b). In this case, the monitoring of tritium content even downflow
can suggest the future occurrence of contamination in farther places with respect to the
origin of pollution, currently not shown by significant chemical concentration changes.

a)

2 S N o

»25'T0 Landfill > 30 TU

%

b x

50 100m
b)
sl 75
Creek BenB0
1
0 1000 m
Legend )
Landfill Fine sand / Creek ." \:'
Alluvial deposits Gravel and sand A H content
< y S Piezometric level
Eluvial-colluvial deposits [EEBl Marly clay with sand - .- Lechate level
Sandy silt Bl ciay e Spring )
N Lechate percolation

j Sand

] Dug well

Figure 7. (a) Geo-lithological cross-section of case history 3; (b) schematic planimetric view of landfill
and tritium content in groundwater of case history 3; (c) legend of geo-lithological cross-sections of
Figures 5, 6 and 7a.



Hydrology 2022, 9, 75 150f 19

5. Conclusions

A number of studies exist on the application of tritium as a leachate tracer in the world,
especially in the decades until 2010. The TAAM has demonstrated to be a good method
as a support to traditional chemical investigation or, in some cases, an excellent way to
discover landfill leakage even before chemical concentrations change.

The actual issue is concerning the effective applicability of such a method due to
several reasons:

e  The current level of tritium in the leachate could not be high enough to ensure a good
determination in groundwater and surface water, and this can also be dependent on
the improvement in processes of waste storage;

e  The analyses are expensive, there is the need of specific equipment (not used for other
laboratory determination), the laboratory process is difficult and time-consuming,
especially when using electrolytic enrichment;

e  Often (and this is probably the greatest problem), there is a lack of knowledge about
the potentiality of such a method in solving problems related to landfill contamination.

The question that therefore arises is whether this method has a future or not. Maybe
the answer is not so simple and obvious as it may seem, since it strongly depends on some
factors characterizing the specific case under investigation. In a general way, however,
one can state that basically only one tritium level determination in the leachate is required
to reach a decision about the applicability of TAAM to the case study. The clear asset
of this method, however, is represented by its accuracy in providing better information
about landfill pollution, sometimes before chemical concentrations change in groundwater
downflow from the MSW plants.

The hope is that this review can contribute to verifying the applicability of TAAM and
further disseminate this method, which can be certainly useful especially in those sectors
where a decision about contamination is mandatory (i.e., forensic studies).
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