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Preface

Pollution originating from agriculture, domestic water waste, mining sites, sediment
and soil erosion, and other sources has a direct negative impact on human health and
water, food, and natural environment quality. Solutes such as nutrients, fertilizers,
pesticides, or their by-products disperse through natural ecosystems contaminating
streams, rivers, lakes, and groundwater aquifers. Pollutant concentrations frequently
increase downstream, and many agroecosystems are contaminated by multiple pollu-
tion sources, but traditional techniques based on chemical concentrations do not allow
evaluation of the relative contributions from different sources. Complementarily to
conventional monitoring, more advanced multi-tracer approaches are required. Stable
isotope compositions of nitrates S(ISN)Noj, 8(180)No3, water 8(2H)H20, 8(180)H20,
sulphates 5(348)504, 8(180)504, phosphates 8(180)1:04, and carbon 8("*Cpom or DIC)
combined with advanced hydrochemical methods and models over the last couple
of decades have become important methods in forensic investigations of water
quality. However, major knowledge gaps in pollution studies in agroecosystems still
exist, including the source characterization and separation of mixing from isotope
fractionation and equilibration. Therefore, more data, research, and integration of
approaches are required. There is also a need for method standardization and the
formulation of a scientific toolbox that assembles available sampling and analytical
techniques useful for identifying sources and transport of agropollutants for better
understanding, managing, and improving soil, crop, surface, and groundwater quality
in agroecosystems.

The Soil and Water Management and Crop Nutrition (SWMCN) Subprogramme
of the Joint Food and Agriculture Organization (FAO)/International Atomic Energy
Agency (IAEA) Centre of Nuclear Techniques in Food and Agriculture, through a
Coordinated Research Project (CRP) in partnership with national and international
research institutes, developed and evaluated a set of analytical techniques, i.e. the
toolbox. This toolbox integrates multiple isotope tracers that provide information
on the origins and pathways of multiple pollutants through agroecosystems, thereby
providing more accurate guidance on mitigations. The objective of this book is to
present protocols, methodologies, and standard operating procedures (SOPs) used
for the identification of sources, transport, and fate of agrocontaminants and illustrate
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them with several case studies of successful applications. However, land manage-
ment strategies to address and control the transport of pollutants from soil to water
bodies remain the shared responsibility of farm and aquaculture operators, agro-
chemical manufacturers, and policymakers in food and agriculture, as well as the
mining sectors. This book is structured into eight chapters covering (i) an overview
of the book’s content, (ii) guidelines for designing water sampling programmes,
(iii) the use of mixing models applicable to tracers for water pollution studies, (iv)
compound-specific isotope analyses to investigate pesticide degradation in agricul-
tural catchments, (v) the use of stable oxygen isotope composition of phosphate
to investigate phosphorous in soil-plant continuum, (vi) the use of stable sulphur
isotopes to disentangle agropollutants from other contaminants, (vii) nuclear tools
used in sediment source apportionment, and (viii) the conclusions and perspectives
forward. The book offers up-to-date information, and we hope it will be a great
source of information and inspiration for students, researchers, and policymakers.

The SWMCN subprogramme and the editors thank all the contributors involved
in the preparation of this publication.

Vienna, Austria Joseph Adu-Gyamfi
Perth, Australia Grzegorz Skrzypek
Strasbourg, France Gwenaél Imfeld

Vienna, Austria Lee Heng
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Chapter 1 ®)
Introduction: Stable Isotope Tracers oo
Used for the Identification

of Contaminants in Agro-Ecosystems

G. Skrzypek @, J. Adu-Gyamfi®, G. Imfeld ®, and L. Heng

Abstract This chapter provides an overview of the stable isotope tracers used
in agro-contaminant studies, summarizing essential information about each tracer,
including the range of values, sample collection and preparation, and the most
common applications. The chapter provides an overview of the book’s concept and
contents and refers readers to the chapters of interest.

Sources of pollution in agro-ecosystems are usually difficult to identify using pollu-
tant concentrations alone. Most of these sources are not attributed to a specific loca-
tion (non-point) and are typically in solution (non-particulate). Therefore, compound
concentrations can inform about the level of pollution (low or high), temporal and
spatial dispersal but cannot directly confirm the actual source and transformation
of the pollution. To unambiguously identify sources of pollution, a more advanced
approach is needed, e.g., using tracers that carry unique fingerprints of each poten-
tial source. Frequently stable isotope compositions of elements forming the chemical
compound in pollution are used as environmental tracers. In conjunction with the
major ion ratios and stable hydrogen and oxygen isotope compositions of water
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molecules, these isotope tracers can be successfully used to identify sources of
pollutants found in surface and groundwaters (Kendall 1998; Marshall et al. 2008).
The application of mass balance calculations using isotope tracers often allows for
not only qualitative but also quantitative estimations of the relative contributions
from different sources of pollution and the discrimination of agricultural inputs from
other contaminants (Kendall 1998). The stable isotope signatures and ion ratios
also provide information that is independent of solute concentrations, thereby disen-
tangling the water budget from the pollution budget. An accurate identification of
sources and transport of pollutants from soil to water in agro-ecosystems will help
develop appropriate soil and water management practices to minimize agropollutants
to surface and groundwaters.

Two primary challenges need to be addressed to improve our ability to monitor and
quantify sources and transport of pollutants in agro-ecosystems using stable isotope
tracers. The first lies in the reliable and routine use of stable isotope methods to iden-
tify pollutants and distinguish mixing from stable isotope fractionation. The second
challenge lies in the comprehensive implementation of a multi-tracer approach
relying on two or more elements and their stable isotope compositions to charac-
terize and quantify sources and reactive transport of solutes in agro-ecosystems. In
the present book, we address these two challenges by focusing on the stable H, C, N,
O and S isotope compositions in several chemical compounds to trace and monitor
sources and transport of macronutrients and micro-contaminants in soil and waters
under different land uses and hydro-climatic conditions. Stable isotope tracers have
great potential to improve the understanding, management and protection of surface
and groundwater and to help in the qualitative and quantitative prediction of water
resources. The six chapters included in this book present a critical overview of the
stable isotope tracer methods forming a hydrochemical toolbox to be applied in
the broad range of agro-contaminant studies. We thus anticipate that this book will
stimulate researchers and managers to further develop and use hydrochemical and
stable isotope techniques worldwide, complementarily to conventional monitoring
and mass balance approaches.

The most commonly used analyses of the stable isotope composition are those
of the solutes in water [S(ISN)Nog, 5(]80)1\103, 8(345)504, 5(180)504, 5(]3C)ch,
8("80)pos, 8(**Cpesticides 8" N)pesicide ], the particulate organic matter [§("*C)pom,
and (P N)pom], together with water molecules [6CH)mao and 8(**0)in0], as well as
chemical ion concentrations, and the major ion ratios (e.g., Na*/Ca?t, C17/SO4%~,
Ca?*/S04%7). All these analyses are particularly useful for tracing the dynamics of
pollution contributions from different sources, usually in reference to local baselines
and the original signatures of the contributing pollution sources. The major advan-
tages of stable isotope methods are their relatively low cost and high effectiveness,
even when used in areas lacking long-term monitoring or a comprehensive sampling
network.

The stable hydrogen, carbon, nitrogen, oxygen and sulfur isotope compositions
(HCNOS) of various compounds can be used to study agricultural pollution in surface
and groundwaters by applying mass balance calculations and other models to assess
the progress of dispersal or decomposition (Chap. 3). Different stable isotope tracers
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usually carry different and complementary information about pollution sources,
water flows and mixing, as well as about pollutant chemical transformations in
the aquatic environment (Chaps. 4-7). Various tracers can be combined to obtain
a more unambiguous characterization of pollution sources and to disentangle water
budgets from solute budgets, or they can be used independently to address different
environmental questions (e.g., Szynkiewicz et al. 2015; Elsner and Imfeld 2016;
Dogramaci et al. 2017; Pfahler et al. 2022). This brief overview provides a list of the
commonly used stable isotope tracers discussed in this book, along with their major
applications, the general ranges of the §-values observed in nature and the expected
analytical uncertainty (Coplen et al. 2002a, b). The analytical uncertainty, along with
the natural variability of the §-values in each source, needs to be considered for the
correct solution of the mass balance mixing model equations. One critical consider-
ation is whether the §-values in the sources potentially contributing to the analysed
mixture are significantly different from each other. If the §-values of different sources
are similar, models cannot be solved with high confidence to distinguish sources. On
the other hand, transformation processes may be traced over space and time if 6-values
in the sources are similar.

The list of tracers presented below has been arranged considering their relevance
to studies of agricultural pollution in terrestrial environments. The meaning of the
categories is as follows:

analysed in—medium in which the stable isotope compositions can be analysed.
range of values—an approximate typical range of the §-values frequently observed
in natural terrestrial environments.

e uncertainty—the typical uncertainty of the stable isotope analysis given as one
standard deviation; it varies, respectively to the analytical method used.
applications—primary applications of the tracer.

e zero value—the reference point for the scale characterized by the §-value equal
0 %o.

For the full range of variation in stable isotope compositions in all
environments and compounds reported around the world, see the summary by Coplen
et al. (2002a, b).

3CH)m20 and §('30)y,0—stable hydrogen and oxygen isotope compositions
of water

analysed in: surface, ground, precipitation and soil water

range of values: §(CH) — 150 %o to + 50 %o and §('80) — 20 %o to 4 10 %o
uncertainty: §(*H) ~ 0.5-1.0 %o, §('80) ~ 0.05-0.10 %o

applications: used for tracing sources, mixing models, assessing evaporative losses
of water

zero value: the stable isotope compositions of the Vienna Standard Mean Ocean
Water (VSMOW) are accepted as a zero-reference point (0 %o) for 8(*H) and §('20)
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on the VSMOW?2-SLAP2 scale. Therefore, §(*H) and §('30) values close to zero are
typical for seawater and moderately evaporated freshwater.

3(15N)no3 and 8(130)noz—stable nitrogen and oxygen isotope compositions
of nitrates

analysed in: NO3;~ ions dissolved in water or NO3~ in solid substances, e.g.,
fertilizers, salt precipitates

range of values: §("°N) -10 %o to 4 25 %o and 8(*0) -15 %o to + 80 %o
uncertainty: 8('"N) ~ 0.3-0.5 %o and 5('30) ~ 0.3-0.5 %o

applications: usually used to distinguish N-input sources of surface and ground-
water pollution and to assess N-contributions from precipitation, natural plant
decomposition, fertilizers, manure and human wastewater; significant fractionation
can be caused by the nitrification—denitrification cycle influencing stable isotope
composition and substrate concentrations

zero value: the stable isotope composition of atmospheric nitrogen is accepted as a
zero-reference point for the nitrogen air scale [§('’N) = 0 %o]. The "N value of
atmospheric Nj is constant around the world. The §('80) is usually reported on the
VSMOW?2-SLAP?2 scale, which is the same as water.

3(**S)s04, 8(130)g04—stable sulfur and oxygen isotope compositions of sulfates

analysed in: SO,4% ion dissolved in water or SO42~ in solid substances, e.g., fertil-
izers, salt precipitates; frequently, for reference, §(**S)so4 is analysed as well in
sulfides and various fractions in soil

range of values: 8(**S) — 25 %o to + 40 %o and §('80) — 20 %o to 30 %o
uncertainty: 8(>*S) ~ 0.2-0.4 %o, 8(**0) ~ 0.2-0.4 %o

applications: used to assess inputs from fertilizers and wastewater and to distinguish
them from acid rock and mine drainage and atmospheric pollution

zero value: the stable isotope composition of Vienna Canyon Diablo Troilite (VCDT),
a meteorite mineral, is accepted as a zero reference for the sulfur scale [63*S) =0
%o]. The 6'80 is usually reported on the VSMOW?2-SLAP2 scale.

3(13C)pom and 8(*3N)poyi—stable carbon and nitrogen isotope compositions
of particulate organic matter suspended in water (POM)

analysed in: particulate organic matter as a suspension in water or sediments,
frequently for reference also analysed in plant material, and soil, usually POM is
separated on fibreglass filters by water filtration

range of values: §('*C) — 30 %o to — 10 %o and §(">N) — 5 %o to + 20 %o
uncertainty: §('3C) ~ 0.10 %o and §("*N) ~ 0.10 %o



1 Introduction: Stable Isotope Tracers Used for the Identification ... 5

applications: primarily used to estimate C-inputs from different vegetation types
(especially agricultural crops) and soil erosion to surface water and to distinguish
terrestrial and aquatic C-sources; also frequently used to assess C3 to C4 plant input
to soil or suspended particles

zero value: the stable isotope composition of Vienna Pee Dee Belemnite (VPDB), a
carbonate marine fossil, is accepted as a zero-reference point for §('3C) stable isotope
scale. Therefore, marine carbonates have §('>C) close to zero.

3(180)pos—stable oxygen isotope compositions of phosphate

analysed in: PO43~ dissolved in water, in plant material, soil, fertilizers, sediments,
rocks, detergents, rivers and vegetation

range of values: + 6 to + 31 %o
uncertainty: ~ 0.3-0.5 %o

applications: tracing phosphate sources and phosphate turnaround time in soil and
surface water to assess fertilizer leaching and turnover

zero value: as above for water.

3(13C)prc—stable oxygen isotope compositions of dissolved inorganic carbon
(DIC)

analysed in: water, usually as total inorganic dissolved carbon (the ratio between
CO,/HCO;~/C0O52 in solution depends on pH)

range of values: — 20 %o to + 5 %o
uncertainty: ~ 0.10-0.20 %o

applications: primarily used to confirm decomposition of hydrocarbon pollution
and methane oxidation and their contribution to DIC; also, to assess the contribu-
tion of aquatic organisms to diel cycles of DIC; to detect contributions from deep
groundwater

zero value: as above for §("3C)pop.

3(13C) and 8('N)—stable carbon and nitrogen isotope compositions

of pesticide molecules

analysed in: water, soil, sediment and plants

range of values: — 35 %o to 0 %o for §('*C) and — 4 %o to + 4 %o for §('°N)
uncertainty: ~ 0.5 %o for both §(**C) and §('°N)

applications: primarily used to evaluate in situ degradation, without considering
concentration data of parent compound or transformation products, quantify pollutant
degradation and, in some cases, identify reaction pathways
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zero value: the stable isotope composition of Vienna Pee Dee Belemnite (VPDB),
a carbonate marine fossil, is accepted as a zero-reference point for 8§(**C) stable
isotope scale. The stable isotope composition of atmospheric nitrogen is accepted as
a zero-reference point for the nitrogen air scale [§('’N) = 0 %o]. The §('°N) value of
atmospheric N is constant around the world.

All stable isotope results in this book are presented in permille (%0) as 1000 isotope
delta, on the stable isotope scale respective to the element (e.g., VPDB, VSMOW2-
SLAP2, VCDT or AIR). The isotope delta (symbol §) is defined by the isotope ratios
of heavier (i) to lighter ( j) isotope of an element (E) in substance (P) and isotope
ratio of this element in an international standard (Std), defining the zero point for the
international isotope scale, 0 %o (Eq. 1.1):

R (i/j E) P

5 KBy,

5(E) (L1)

This full notation, for example, for stable sulfur isotope composition in sulfate,
respectively to VCDT scale can be expressed as follows (Eq. 1.2):

R (34/325)304

$04,VCDT R(34/3ZS)VCDT

8(3*3%s) -1 (1.2)

To avoid excessive repetition of common terms, we used a shorthand version of
the full notation (Eq. 1.3):
5(345)304. (1.3)
The delta values are reported without corrections or adjustments, exactly as in the
source publications. Readers should be aware that the isotope delta values assigned
for international standards undergo occasional changes, and discrepancies may arise
while pooling values published during different years. To warrant the reusability
of published data, all new stable isotope results should be published following
minimum requirements for publishing HCNOS stable isotope delta results guide-
lines (Skrzypek et al. 2022) and correct terminology and notations endorsed by
the International Union of Pure and Applied Chemistry (Cohen et al. 2007; Brand
et al., 2010; BIMP 2019). Each stable isotope data set should be accompanied by a
description of (1) analytical procedure, (2) traceability, (3) data processing and (4)
uncertainty evaluation.

Other Tools for Tracing Anthropogenic Contaminants

Other less frequently used tracers for tracing anthropogenic contaminants in water
and soil are boron [8(''B) reflecting ''B/!B isotope ratio] and strontium [8(®”Sr)
reflecting 87Sr/8Sr isotope ratio]. The main anthropogenic source of boron (B)
is sodium perborate (NaBOs3), which is used in laundry detergents and household
cleaners; thus, boron is commonly found in household sewage. Sewage treatments
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generally do not remove boron or cause stable isotope fractionation (Barth 2000).
Hence, 8(''B) can be considered a conservative tracer for partitioning agriculture
pollution (e.g., hog manure, cattle feedlot runoff and synthetic fertilizers) from house-
hold wastewater. The use of §('! B) coupled with §('>N)no3 and 8('80)no3 has proved
to be an effective means of tracing agricultural nitrate sources to distinguish between
two types of sewerage that were indistinguishable using §('>N) alone, including
washing powders and animal/human manure (Guinoiseau et al. 2018; Kruk et al.
2020). Boron in household pollutants has values like boron minerals [§ (''B)y=5to
13 %o] significantly different from values observed in pristine groundwater (~ 30 %o)
or seawater (~ 39 %o) (Vengosh et al. 1994; Vengosh 1998) and can be reflected in
plant tissues (Chang et al. 2016).

In natural waters, the geochemistry of dissolved Sr is analogous to that of Ca. The
Sr isotope fractionations in geochemical processes are considered negligible due to
small differences in isotope masses (~ 1 %), and the 8’ Sr/30Sr ratios in natural systems
mainly reflect geological age and the initial Rb/Sr ratio in the rocks (Gosselin et al.
2004). Thus, in groundwater, the 87 Sr/3Sr ratio often reflects water—rock interaction
time or the aquifer matrix if the groundwater contact time is long enough to attain
equilibrium. Strontium isotope composition could be used for assessing salt budget
and sources of salinity, particularly to partition fraction coming from rock erosion
and precipitation and fertilizers (Hosono et al. 2007; Dogramaci and Skrzypek 2015).

Overall, pollutants may originate from various sources related to different types
of agriculture activities, including cultivation, aquaculture, livestock and dairy farms
and related food processing industries. Evaluating their respective contributions
to soil, surface- and groundwater bodies remains, however, challenging. In this
context, stable isotope tracers have untapped potential to quantify agro-contaminant
sources, transport and transformation and distinguish them from other sources of
contaminants, as presented below.
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Chapter 2 ®
Conceptual Sampling Design for Tracing o
Agropollutants on a Catchment Scale

G. Skrzypek

Abstract This chapter provides guidelines for designing a sampling programme for
tracing agricultural pollutants using stable isotope techniques at different catchment
scales. This sampling template could be considered for the application of various
tracers with respect to local needs and study objectives. The template is based on
a series of overlapping mixing models that use ‘triple sampling points’ to identify
major sources of pollution by estimating pollution budgets in different subcatch-
ments along the water flow pathways. This framework can be further specified, and a
more detailed sampling network can be developed after analysing the results obtained
from the initial sampling. Step-by-step technical instructions on how to collect and
preserve water samples for stable isotope analyses can be found in a separate docu-
ment published by the International Atomic Energy Agency as a Standard Operating
Procedure (Skrzypek in Sampling and isotope analysis of agricultural pollutants
in water JAEA TECDOC SERIES. International Atomic Energy Agency, Vienna,
pp. 2-21, 2018).

2.1 Conceptual Case Study—Sampling Design Outline

Water quality progressively deteriorates in a river supplying a lake, but the upstream
catchment lacks hydrological infrastructure and monitoring points. The land use is
diversified, and discharged pollution that impacts the lake water quality may originate
from one or all activities conducted in the catchment, including dairy production,
chicken farms, crops, fruit cultivation or mining. A sampling programme designed
to identify pollution sources and their relative contributions to lake water quality
requires optimised selection of sampling points across the whole catchment (see
also the case study presented in Chap. 7).

The potential contributions from various sources of pollution are determined by
dividing the catchment into a few subcatchments with expected different types and
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levels of pollution based on land use and infrastructure (Fig. 2.1). Each major tributary
is sampled above and below potential sources of pollution and above and below the
mouths of various order tributaries (mixing points). In this conceptual example, a
total of 15 surface and 4 groundwater sampling points are used. The samples collected
above mixing points (e.g., b2, b3) represent tracer concentrations and stable isotope
compositions in the water outflowing from each subcatchment. The sample collected
below the mixing point (e.g., b1) reflects a mean value that is proportional to the
values of the samples (b2 and b3) collected above the mixing point and the volume
of water arriving from each subcatchment.

Mean Signature of the Catchment

Concentrations of pollution at sampling point al represent the mean value for the
entire catchment. Some parts of catchments can be heavily polluted, whereas others
can be pristine, and the pollution concentrations can be distinctive at different loca-
tions. Therefore, the mean concentrations will reflect the pollution loads and the
volumes of water inflowing from different subcatchments that are characterised by
different levels of pollution. The stable isotope compositions observed in water and
water solutes reflect a mean value proportional to the stable isotope compositions and
contributions from all significant pollution sources across the whole catchment. The

o
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W 1surface and x4 ground water sampling points
DDD name of the River Section and < direction of the flow

Fig. 2.1 Map of the conceptual sampling design on the catchment scale. This framework can serve
as a template for selecting sampling points, although it requires accounting for local conditions,
land use and research objectives
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stable isotope compositions could also be further modified by secondary processes
that cause stable isotope fractionation during the chemical transformation of pollution
or its removal.

Baseline Background Values

All major ion concentrations and stable isotope compositions of chemical compounds
that may occur in waters naturally or can be delivered with rainfall should be consid-
ered to understand the baseline values and to separate pollution originating from land
use from natural concentrations and inputs from outside the catchment (Chap. 3).
The baseline values can be established by sampling water in the section of tributaries
above the expected sources of pollution (e.g., above a mine site, point el) or from
pristine areas (e.g., points g1, hl, cl, Fig. 2.1). Points A1 and g1 are located in the
pristine area of a nature reserve and are not directly impacted by either agricultural
or industrial activity. If these data are consistent with those obtained for other likely
unpolluted points el and c1, they constitute a general baseline for this area and
characterise the natural variability in solute concentrations and their stable isotope
compositions.

The sampling of spring water or groundwater could also be considered. Addition-
ally, the sampling of rainfall may provide useful information about the §(?H)g0 and
8("80)a0 values delivered to the study sites and for estimating evaporative losses.
Rainwater chemical and stable isotope compositions can be useful for partitioning
airborne pollution in regions where air pollution is a serious concern.

Subcatchment Division with Respect to Expected Pollution Sources

The studied catchment can be divided into a few subcatchments that separate sections
of the major creek lines impacted by a specific type of pollution. These creek sections
are named AAA, BBB to FFF. Surface water sampling points are labelled al, b1 to
k2; groundwater sampling points x1 to x4 (Fig. 2.1).

The river section EEE flows through the orchard, and if polluted, it can be expected
to carry primarily fertilisers, pesticides and the other agrochemicals used in this
area. The water quality of EEE can be analysed at the bottom of the subcatchment
(k2) before it mixes with FFF to account for the pollutants originating from the
orchard only. To understand the actual net input of pollution from the orchard to
EEE, the quality of water entering the subcatchment should be considered and point
h1located in pristine area can be used to establish a baseline for water hydrochemistry
entering this catchment. The difference between concentrations and stable isotope
compositions between /1 and k2 reflects the added pollution loads from the orchard.

In contrast to EEE, the river section FFF may be impacted by pollution from
two potential sources: the dairy factory and the orchard. Therefore, the difference
between the results obtained for k3 and g1 (Section FFF) reflects the potential inputs
from these two sources. The results for FFF can be further compared with the results
for EEE. If the baseline values at 41 and g1 are not significantly different, then the
difference between k2 and k3 could reflect the potential input from the dairy factory
to FFF. The direct signature of potential pollution from the dairy factory can also
be verified using groundwater (bore x4).
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The proportional contribution of FFF and EEE to KKK and to lake pollution could
be further calculated using mass balance calculations and the results for individual
tracers from the triple sampling point k3 + k2 = k1. The concentrations and stable
isotope compositions at sampling point k1 will reflect those at k3 and k2 with respect
to the contribution from FFF and EEE. A simple verification procedure can be
designed using the mass balance model (see calculation examples in Chap. 3) and
the following equation (Eq. 2.1):

Skt = X X 8o+ y X &3, 2.1)

where §;1, §x2 and 83 are stable isotope compositions of analysed samples collected at
k1, k2 and k3. Assuming contributions from only two water sources, the proportional
contributions x and y will equal 1 (Eq. 2.2).

x+y=1. 2.2)

Solving these simultaneous equations, we can calculate the relative contributions
x and y thatreflect the inputs from EEE and FFF, respectively. This calculation can be
repeated for various tracers, including stable isotope composition, ion concentrations,
to calculate the relative contributions of various pollutants, ions and volumes of water.
Combining these mass balance calculations allows estimation of the relative loads
of pollution from both subcatchments, even without directly measuring the volumes
of inflowing water, which is often challenging in the field.

A similar approach can be adopted for other subcatchments of the same order.
The River Section BBB flows through an area with multiple industrial poultry farms.
The potential influence of the farms on water quality in the river section BBB can
be verified by comparing the results from b3 located downstream and c1 located
upstream of the farms. The potential impact of the farms and the stable isotope
signature of pollution can also be verified by sampling local drains (b4) or shallow
groundwater bores (x1, x2 and x3). The potential impact of the mining site on water
quality in the river section DDD can be verified by analysing the difference in water
quality between sampling point el located upstream in relation to the mine and
point d3. The influence of agrochemicals used for crop farming can be analysed by
comparing the results from b2 and d1. Knowing the water quality change through
each of the selected creek and river sections, the contributions to the catchment
pollution budget can be further calculated using other triple mixing points (d3 + d2
= d1 for mixing between DDD and KKK and b3 + b2 = b1 for mixing CCC and
BBB).
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2.2 Other Input Data

The ranges of the stable isotope compositions typical of the various types of pollutants
can be obtained from the literature; however, these values should be verified locally.
If possible, the signatures of potential pollution sources should be analysed directly in
the study area at the source of pollution (e.g., by obtaining fertilisers and discharged
wastewater directly from animal farms or water draining from mining sites, etc.) (see
also, Chap. 6).

The use of this simplifying sampling design template requires some understanding
of the study area, particularly its hydrology and land use, and the acquisition of basic
GIS information about the locations of potential sources of pollution. Any hydro-
chemical or hydrogeological information, if available, will help improve the inter-
pretation of the results. The suggested multiple mixing models that cover different
orders of catchments will allow the calculation of the relative contributions of the
pollution from each listed source if the stable isotope signatures in the sources are
significantly different. Understanding the local climate and obtaining rainfall records
are also important factors. Fieldwork for hydrochemical studies is usually recom-
mended during dry periods, at least a few weeks following substantial precipitation
events. High-volume precipitation may dilute solute concentrations after the initial
flushing down of pollutants accumulated and retained in water pools or soil. However,
the major ion ratios and stable isotope signatures will not be directly impacted by
dilution with rainwater if the concentrations of solutes are a few orders of magnitude
higher than those in precipitation.

Reference

Skrzypek G (2018) Water sampling and preservation for stable isotope analyses of water molecules
and selected solutes. In: Dercon G, Heng L, Heiling M (ed) Sampling and isotope analysis of
agricultural pollutants in water IAEA TECDOC SERIES. International Atomic Energy Agency,
Vienna, pp 2-21. Available from: https://www.iaea.org/publications/12374/sampling-and-iso
tope-analysis-of-agricultural-pollutants-in-water

G. Skrzypek has 24 years of experience in the field of stable isotope geochemistry, hydrochem-
istry, and ecology since his Ph.D. (1999) from The University of Wroctaw (UWTr). Grzegorz is
currently working as Associate Professor and Coordinator of MSc Biology and Ecology special-
izations at The University of Western Australia (UWA). Grzegorz has published many papers on
applications of stable isotope techniques in hydrological, hydrochemical, pollution, ecological,
and paleoclimate studies. He uses stable H, C, N, O, S, and Sr isotopes to trace water budget,
nutrient fluxes in natural environments, and dispersal of pollution in environments impacted
by mining and agriculture. He held a prestigious Australian Research Council Future Fellow-
ship at UWA (2012-2015) and Foundation for Polish Science Scholarship at UWr (1999-2000).
Currently, he is serving as the deputy director of the West Australian Biogeochemistry Centre
at UWA (wabc.uwa.edu.au). Grzegorz has been a chief investigator on a number of research
projects in Europe and Australia and an expert on IAEA Technical Cooperation Projects and IAEA
Technical Meetings.


https://www.iaea.org/publications/12374/sampling-and-isotope-analysis-of-agricultural-pollutants-in-water
https://www.iaea.org/publications/12374/sampling-and-isotope-analysis-of-agricultural-pollutants-in-water
https://wabc.uwa.edu.au

16 G. Skrzypek

The opinions expressed in this chapter are those of the author(s) and do not necessarily reflect the
views of the IAEA: International Atomic Energy Agency, its Board of Directors, or the countries
they represent.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 3.0 IGO
license (http://creativecommons.org/licenses/by/3.0/igo/), which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate credit to
the IAEA: International Atomic Energy Agency, provide a link to the Creative Commons license
and indicate if changes were made.

Any dispute related to the use of the works of the IAEA: International Atomic Energy Agency
that cannot be settled amicably shall be submitted to arbitration pursuant to the UNCITRAL rules.
The use of the IAEA: International Atomic Energy Agency’s name for any purpose other than for
attribution, and the use of the IAEA: International Atomic Energy Agency’s logo, shall be subject
to a separate written license agreement between the IAEA: International Atomic Energy Agency
and the user and is not authorized as part of this CC-IGO license. Note that the link provided above
includes additional terms and conditions of the license.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/3.0/igo/

Chapter 3 ®)
Principles of Mixing and Fractionation e
Models

G. Skrzypek

Abstract Upfront consideration of possible mixing scenarios is required to achieve
an optimal sampling design and deliver a successful project. This will also help
increase efficiency by reducing the number of samples, workload and cost without
compromising the final outcomes. Chapter 2 summarised key information about a
conceptual framework for devising a sampling design for tracing non-particulate
agricultural pollutants in surface and groundwaters on a catchment scale. This
chapter provides a short introduction to mixing models applicable to tracers for
water pollution studies.

3.1 The Mixing Model Concept

The stable isotope composition of an element in a chemical compound dissolved in
water (i.e., a solute) reflects its origin/source and, to some extent, the stable isotope
fractionation processes that may have modified its initial signature during its transport
and retention in solution. Failure to account for stable isotope fractionation processes
may thus negatively affect the final conclusions of partitioning contributions from
various sources of pollution.

A solute analysed in a water sample often originates from more than one source and
therefore represents a mixture. This mixture is characterised by a mean stable isotope
composition that is proportional to the relative contributions from all sources and the
original stable isotope signatures of those sources. If the stable isotope signatures of
individual sources are known and if they differ significantly from each other, then
the stable isotope composition of the mixture can be used to estimate the relative
contribution from each source. The calculation algorithm for this estimation is known
as a stable isotope mass balance, and it can be applied to various elements in various
solutes analysed in a single sample. However, an unambiguous solution of mass
balance equations requires that the number of tracers used be not lower than one less
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than the number of sources under consideration (e.g., if three sources are contributing
to a mixture, we need a minimum of two tracers; if four sources are considered, we
need a minimum of three tracers, etc.). If fewer than the required number of tracers is
available, these tracers can still be used for mass balance calculations, but an accurate
calculation of the exact contributions will not be possible. Instead, possible ranges
of contributions from each source can be obtained. The concept of mixing models is
illustrated in the following three examples, which show different scenarios according
to the different numbers of tracers available.

3.2 Calculation Examples

3.2.1 Example I—Two-Source Mixing Using One Tracer

This is a simplified example of calculations for a two-source mixing model using only
one stable isotope tracer (fractionation is not considered). The stable sulfur isotope
composition, §(**S), has been analysed in a water sample collected from a river at a
site below a large area of agricultural farmland where high sulphate concentrations
were detected. Two sources of sulphate were considered to be major contributors to
the elevated sulfate concentrations in the river (SO42~ = 800 mg/L): (1) oxidation of
pyrite (FeS;) that naturally occurred in the metamorphic rocks common in the study
area and (2) potash fertiliser (potassium sulphate K,SO,), applied in large quantities
by farmers.

Input values

8 (34S)pyr = 1.5 %+ 0.5 %o; the mean signature of pyrite samples collected from several
rock outcrops.

8C*S)per = 6.2 + 0.6 %o; the signature analysed in fertiliser samples collected from
a few bags purchased by the farmers.

Mixture values
8(**S)sp1 = 5.2 %o the signature of sulfates in the river water sample.

Mass balance

The following set of simultaneous equations can be used for mass balance calcula-
tions of the relative contributions of fertiliser and pyrite to elevated sulfate concen-
trations in the river:

8(**S)gp = Xpyr X 8(*8)py, + xrer x 8(*S) 3.1)

Fer

I = Xpyr + XFer, (3.2)

where xpy; and xpe, are the fractions of pollution (SO427) from pyrite and fertiliser,
respectively. Since only two sources are considered, the sum of xpy, and xpe is equal
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to 1 (by fraction) or 100 %; therefore, these equations can be easily solved, as follows:
XFer = 1 — Xpyr (3.3)
and, by substitution
5(*8) g = 1mye X 3(*S)py, (1= xme) x 5(%S), G
and this is finally rearranged to

o 3O S)sp = 8CY) S
B (4 S)pyr — 8C%) Sker

(3.5)

Using the input and mixture data given above in the example and Eq. 3.5, the
following can be calculated:

52-62

22702 oo 3.6
T 15 62 (3-6
Xper = 1 — 0.21 = 0.79. 3.7)

This means that the rock weathering and resulting pyrite oxidation contributes
only to 21% of the total sulfate concentration of 800 mg/L observed in the river
water, whereas the majority of the sulphate (79 %) originates from fertiliser. This
can be translated into loads respective to concentrations of 168 mg/L originating from
pyrite and 632 mg/L from fertiliser. If the outflow from the catchment is known, then
the total load of sulfate originating from agricultural pollution discharged down-
stream can be estimated (e.g., mg/h or kg/day) by multiplying the outflow (e.g., L/h)
by the concentration (e.g., mg/L). However, one drawback that must be kept in mind
is that these numbers reflect the hydrochemical conditions at the time of sampling.
As aresult, they may change seasonally due to variability in hydrological conditions,
the timing of fertiliser applications and whether crops are being planted or harvested.
If more frequent (e.g., monthly) and long-term monitoring of the hydrochemical and
stable sulfur isotope composition is conducted, and if the total annual load of fertiliser
in the catchment is known, the annual agricultural pollution loads and the efficiency
of fertiliser utilisation by plants can be estimated (see, e.g., Szynkiewicz
et al. 2015a, b).

Note that for a two-source mixing model, the §-value of the mixture must fall
between the §-values of the two considered sources (Fig. 3.1). If the §-value of
the mixture is outside the range covered by the §-values of two sources, then the
following scenarios are likely: (1) the sources have been incorrectly identified; (2)
a third additional source is contributing to the mixture; or (3) the original stable
isotope compositions of the sources have been significantly modified by stable isotope
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Fig. 3.1 Two-source mixing model concept (data as for Example 1). The 8(3*S) value of the mixture
must lie between the 8(3*S) values of the sources. The size of the plotted bar is inversely proportional
to the contribution from each source; therefore, a larger distance between the signature of the source
and the signature of the mixture implies a lower contribution to the mixture

fractionation or equilibration processes, so the §-values used are not a true reflection
of the source signatures.

3.2.2 Example 2—Three-Source Mixing Using Two Tracers

More than two major sources often contribute simultaneously to water pollution. In
these cases, more tracers need to be analysed in each sample to allow calculation of
the exact contributions from individual sources (e.g., if three sources are considered,
a minimum of two different isotope tracers need to be used). This simplified example
considers a three-source mixing model using two stable isotope tracers (fractionation
was not considered). The stable nitrogen and oxygen isotope compositions [§(*N)
and 8('80)] have been analysed in a water sample collected from a river outflowing
from an agricultural area where high nitrate concentrations were detected. Three
major NO3;~ sources were considered: precipitation, fertiliser and manure.

Input values

8(PN)preec = 5.2 %o and 8('30)pre. = 40.8 %o; the mean signatures of NO3 analysed
in precipitation.

(P N)ger = —2.3 %o and 8('80)ger = 5.0 %o; the mean signatures of NO3 analysed
in fertiliser.

(P N)pan = 25.0 %o and 8(*O)ygan = 5.4 %o; the mean signatures of NO3 analysed
in manure.

Mixture values
8("*N)spi = 16.9 %o and 8("*O)sp = 8.1 %o; the signatures of a water sample from
the river.

Mass balance
Equations for mass balance calculations can be prepared in the same way as depicted
in Example 1, assuming that the stable isotope compositions of both nitrogen and
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oxygen remain unchanged and fully identify the initial signatures of the sources.

8" Np = Xprec X ("N, + Xper X 8(°N) .. + Xnan X 8("°N) 3.8)

Prec Man

8(180)Spl = XPrec X S(ISO)Prec + Xper X 8(180)Fer + XMan X S(ISO)Man (39)

1= Xprec + XFer + XMan (310)

where Xprec, Xper and Xy, are the fractions of NOj; originating from precipitation,
fertiliser and manure, respectively. Since the contributions are assumed to arise from
only these three sources, the sum of Xpgec + Xper + XMman 1S €qual to 1 (by fraction) or
100 %. These simultaneous equations (Egs. 3.8, 3.9 and 3.10) can be mathematically
solved by substitutions.

The solution of this mass balance model, using the input and mixing data for
Example 2, is as follows:

Xprec = 0.08
XFer = 0.24
XMan = 0.68

In Example 2, the majority of the NO3;~ pollution detected in the river originates
from manure, at 68 %, and fertilisers, at 24 %, whereas precipitation delivers only
8 %.

Note that for a three-source mixing model, the §-value of the mixture must lie
within the triangle (or polygon if more sources are considered) restricted by the §-
values of the three considered sources. The triangle shows the range of all possible
8-values which can originate from mixing of the considered sources proportionally
to their contributions (Fig. 3.2).

3.2.3 Example 3—Three-Source Mixing Using
One Tracer Only

Often, more than two major sources contribute to water pollution, but an inadequate
number of tracers is available (e.g., if three sources are considered, but only one
isotope tracer is available). In this scenario, the exact contribution from each source
cannot be calculated. Instead, ranges of contributions may be calculated that can
provide information about possible maximum and minimum contributions. Example
3 presents the same scenario with the same three sources discussed in Example 2,
but only one tracer, §('’N) has been used for the calculations.
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Fig. 3.2 Three-source mixing model concept (data as for Example 2). The signature of the mixture,
in proportion to the contributed fractions, must fall between the signatures of the three sources;
therefore, it will lie within the yellow mixing triangle. For simplification, fractionation was not

considered in this example

Input values

8("N)prec = 5.2 %o; a mean signature of NO3 analysed in precipitation.
S8(PN)per = —2.3 %o; a mean signature of NOj3 analysed in fertiliser.
(P N)Man = 25.0 %o; a mean signature of NOj3 analysed in stored manure.

Mixture values

8("*N)spi = 16.9 %o; the signature of a water sample from the river.

Mass balance

The mass balance equations for this scenario cannot be mathematically solved
because three unknowns cannot be calculated using only two equations. Instead,
the ranges and the combination of values for solving these equations can be obtained
using, for example, IsoSource software (Phillips and Gregg 2003) (See input data in

Appendix 2).

8(15N)Spl

= Xprec X S(ISN)

I = Xprec + XFer + XMan

+ xper X 8(PN) .+ xman x 8(PN), - (3.11)

(3.12)
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where Xprec, Xper and XMay are fractions of NOj originating from precipitation, fertiliser
and manure, respectively. Since the contributions from three sources are considered,
the sum of Xprec + Xger + Xman 1S €qual to 1 (by fraction) or 100 %.

The solution of this mass balance model, using the input and mixing data for
Example 3, is as follows:

Xpree = 0t00.41 (mean 0.20)
Xger = 010 0.30 (mean 0.15)
XMan = 0.59 t0 0.70 (mean 0.65).

These calculations do not provide exact values; however, the obtained information
can still be very useful as it confirms that the major source of nitrate in the polluted
river is manure and that its contribution is not lower than 59 % and not higher than
70 % with mean 65 %. The remaining contribution, between 15 and 20 %, originates
from fertiliser and precipitation, which can vary from O to 41 % and 0 to 30 %,
respectively.

The mixing models all assume good mixing of water and pollution, but this is
not always the case. Inhomogeneity may introduce additional uncertainty into mass
balance calculations. In addition, none of the examples presented considered stable
isotope fractionations. A fractionation may occur during chemical reactions, phys-
ical phase changes, or biological processes, particularly if these processes are not
completed and not all substrates are exhausted. The effects of stable isotope fraction-
ations can be corrected, but this will require more advanced modelling and obtaining
specific fractionation factors for each stable isotope, chemical compound and physic-
ochemical condition at the time of the reaction (e.g., Lewicki et al. 2022). All results,
calculations and interpretations reflect the conditions at the time of sampling, and
these can vary over seasons and can be particularly impacted by changes in the
hydrological conditions (Dogramaci and Skrzypek 2015; Szynkiewicz et al. 2015a;
Dogramaci et al. 2017).

3.3 Overview of Available Software for Mass Balance
and Fractionation Models

Simple mixing models that use the number of tracers lower by one than the number of
sources (¢t = s—1) can be solved algebraically and do not require advanced software.
The solution can be derived from simultaneous equations, as presented in examples
1 and 2 above, and the final equation is then solved manually or implemented in a
calculation spreadsheet. These options will provide an exact mathematical solution,
and the uncertainty of the final calculation will be associated with the laboratory
analyses and accurate determination of the signatures of sources and mixtures, but not
with the calculation formula that provides the exact solution. The algebraic solution
is not applicable in cases where fewer tracers are available (¢ < s—2). That situation
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usually requires the calculation of a range of possible combinations of values solving
equations, or alternatively, a probability calculation can be attempted. A few models
have been published in recent years using different calculation methods, although
most of these models have been developed for assessing dietary contributions in food
web studies (e.g., Phillips et al. 2014). Although they were intended for ecological
studies, they can easily be adopted in pollution studies. Here, the most popular models
are presented: IsoSource, MixSIAR and FRAME.

3.3.1 IsoSource—Algebraic Solution for Complex Models

The IsoSource mixing model was developed to allow the calculation of the propor-
tional contributions from a large number of sources using an algebraic algorithm.
The software (v 1.3.3) works on Microsoft Windows systems (including Windows
10) and accepts input values for up to five tracers/isotopes and for a maximum of ten
sources. All possible scenarios are calculated at user-defined increments and toler-
ances. The results are returned as a table with fractions of the relative contributions
that solve the mixing model equations. Minimum, maximum and mean values are
calculated and allow the determination of the possible range of contributions from
each source. The software allows the calculation of fractions for one mixture at a
time and does not assess uncertainty. The results are recorded as separate report files
and need to be combined manually by the user. The system is easy to use, and all
inputs are entered manually into a provided window. IsoSource does not have the
option of uploading input files.

Website:  https://www.epa.gov/eco-research/stable-isotope-mixing-models-estima
ting-source-proportions

Primary reference: Phillips and Gregg (2003)

Alternatives: LP_Tracer (Bugalho et al. 2008); Moore—Penrose pseudoinverse (Hall-
Aspland et al. 2005); SOURCE/STEP (Lubetkin and Simenstad 2004).

3.3.2 MixSIAR—Bayesian

MixSIAR is an R package that uses Bayesian statistical methods for (1) determining
the proportional contribution of different sources to a mixture and (2) assessing
dispersion in the isotope space (Stock et al. 2018). This package, like its earlier
version, SIAR, and like IsoSource, was developed for stable isotope studies of food
webs. The first functionality (1) can be easily adopted for any mixing model, whereas
the second functionality (2), although it is used to assess the distribution of stable
isotope results, is specific for ecological studies and not directly applicable to pollu-
tion studies. Bayesian statistical distributions are used for both the characterisation
of source contributions and uncertainties. The package is a ready-to-use product and
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could be used in R-Studio, but elementary knowledge of R coding is required. The
model accepts input files, and batches of data can be processed.

Website: http://brianstock.github.io/MixSIAR/

Primary reference: Stock et al. (2018)

Alternatives: MixSIR (Moore and Semmens 2008; Ward et al. 2010); STAR (Parnell
et al. 2010); IsotopeR (Hopkins and Ferguson 2012) and FRUITS (Fernandes et al.
2014), isoWater (Bowen et al. 2018).

3.3.3 FRAME—Bayesian, Markov Chain Monte Carlo

FRAME (isotope FRactionation And Mixing Evaluation) is a newly developed soft-
ware that works on the Windows platform. The FRAME mathematical algorithm
uses the Markov chain Monte Carlo model to estimate the contribution of individual
sources and processes, as well as the probability distributions of the calculated results.
It has a user-friendly graphical interface that can simultaneously determine mixing
proportions and the progression of the fractionating process. The fractionation can
be defined by the user for specific requirements of the particular isotope system (e.g.,
an open or closed system). The model can integrate up to three isotopic signatures
for each compound used to identify sources contributing to the mixture. This model
has been specifically developed for the assessment of mixing and emissions in agri-
culture pollution studies; therefore, it can be used for any mixing model for pollution
studies. The software is easy to use, and datasets can be uploaded using the provided
spreadsheet templates.

Website: https://malewick.github.io/frame/

Primary reference: Lewicki et al. (2022).

Alternatives: isoWater (Bowen et al. 2018) (https://cran.r-project.org/web/packages/
isoWater/index.html)

3.3.4 Other Models and Calculation Spreadsheets

A few other calculation spreadsheets and models can be applicable to agro-
contaminant studies (e.g., Hydrocalculator, EasylsoCalculator). Many studies require
estimations of different processes, including evaporative losses in different parts of
a catchment, retention times, or evaporation over inflow ratio in lakes or dam reser-
voirs. Evaporative loss also informs about the evapo-concentration of solutes and
can confirm evaporation as a process driving high concentrations of solutes. These
calculations are rather too complex to solve manually and can be easily preformed
using Hydrocalculator (Skrzypek et al. 2015).

Tracer studies that use compounds with artificially elevated concentrations of
heavier isotopes are used to track pollution dispersal or chemical uptake by biolog-
ical organisms. In these studies, stable isotope results are reported using different
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expressions (e.g., fraction, ratio or delta). The EasyIsoCalculator spreadsheet allows
fast and effortless recalculation between the main expressions (Skrzypek and Dunn
2020a, b).

3.3.5 Hydrocalculator—Estimating Evaporative Losses

The Hydrocalculator software (v 1.3) works on the Microsoft Windows system and
allows the calculation of evaporative losses from a water body using the stable
hydrogen and oxygen isotope composition of the water. The mathematical algo-
rithm is based on a modified version of the Craig—-Gordon model. The user can
choose between a steady-state and non-steady-state model and select one of three
options for estimating the stable isotope composition of atmospheric moisture. The
software has an easy-to-use graphical interface. The data can be entered manually
in calculator mode or uploaded as a template file for batch conversion. Outputs are
recorded in a spreadsheet file (CSV, comma-separated values).

Website: http://hydrocalculator.gskrzypek.com
Primary reference: Skrzypek et al. (2015).
Alternatives: FRAME (Lewicki et al. 2022), isoWater (Bowen et al. 2018).

3.3.6 EasylsoCalculator—Recalculating Between Fractions,
Delta Values and ppm

EasylIsoCalculator is a calculation spreadsheet that allows recalculation of the main
expressions of isotope compositions (isotope ratio, fraction and delta) for five light
elements: hydrogen, carbon, nitrogen, oxygen and sulphur. The spreadsheet allows
the selection of one of many absolute ratios defining zero points on isotope delta
scales. The spreadsheet has an easy-to-use interface with dropdown menus, and its
open code allows the addition of new values. Up to fifty results can be calculated at
once using the copy-and-paste option.

Website: http://easyisocalculator.gskrzypek.com/
Primary reference: Skrzypek and Dunn (2020a, b)
Alternatives: n/a.

Appendix 1

How to use IsoSource software (data as for mixing model, Example 2, presented in
Chap. 3).
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1.

Download and install the software from https://www.epa.gov/eco-research/sta
ble-isotope-mixing-models-estimating-source-proportions (Philips and Gregg
2003).

Start the software and enter the §('°N) and §('30) data in the table, inputting
values for your water sample into the blue cells, and values for pollution sources
into the white cells (increment 1 % and tolerance 0.1).

File Calc Print Clear View Graph Edt About Help

Title: | MixModel Prec+Fer+Man

Increment: [~1 % ISOTOPES
roerance: [0 | ECAECI NI I I N

Mixtures |  169| 8.1] | |

Precipitation 5.2 40.8
Fertiliser 2.3 50
Manure 25 54

OmOAVCOW

Click ‘Calc’ on the upper toolbar and save your result file in your folder using
the name of a sample as the name of your file.

Now you can open your results. Click View (a new window will pop up) and
then File.

Open the file containing your results of calculations with extension *.tot (e.g.,
samplename.tot)

The results are at the bottom of the file. For this particular example, the mean,
maximum and minimum contributions are equal.
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Precipitatior Ferdiser  Manure
008 0.24 068

UM
Precipitatior Fersliser  lanure

08 24 58 [

MAIMUM
Precipitatior Fertliser  Manuny

08 24 L]

1 5ile
Precpiiatior Fertiser  Manure

08 24 68

50 %ile
Precipiatior Ferliser  Manure

7. Transfer or type your results into an appropriate table in an Excel spreadsheet.

8. Calculate for each sample separately, one sample at the time.

Appendix 2

1. Input Values for IsoSource Software from Example 3 in Chap. 3

File Calc Print Clear View Graph Exit About Help
Title:

Increment: 1 %
Tolerance: 041

MixModel Prec+Fer+Man d15N only

T e s

Mixtures |  169] I [

Precipitation 5.2

Fertiliser, -2.3

Manure 25
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2. Theresults are at the bottom of the *.tot file and show the possible ranges for each
source, which solves Egs. 3.11 and 3.12. Calculate for each sample separately,
one sample at the time.

e ——
Fde Print Help it

| I I [ I | I I | I =]

MEAN
Pracipitasor Feriliser  Manure

0205 0.148 0647

MikIU
Pracipitaior Fertiliser  Manure

00 00 59

MAXIULIM
Precipitabor Feriliser  Manure

4 30 70

=
1 %ile
Precipitstor Fertiltser  Manure
(] 00 58
50 ile
Prcpmer P [l -
‘ 2
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Chapter 4 )
Compound-Specific Isotope Analyses oo
to Investigate Pesticide Transformation

in Soil and Water

T. Gilevska and G. Imfeld

Abstract This chapter provides an overview of approaches employed in tracking
pesticide degradation within agricultural catchments, focusing on the existing chal-
lenges and burgeonic prospects afforded by pesticide compound-specific isotope
analyses (CSIA). The discussion centers on the development of CSIA for low concen-
trations of pesticides in environmental matrices. Additionally, the chapter explores
the viability of implementing pesticide CSIA in field applications for tasks such as
for source apportionment, discerning transformation reactions, and quantifying the
extent of degradation on a catchment scale.

4.1 Overview of Pesticide Dissipation Processes in Soil
and Water

The transport and distribution of pesticides in the environment are determined by
numerous factors, including the physicochemical properties of the active compounds,
the mechanisms of formulation, the rate of application, as well as local conditions
such as topography, the soil and vegetation characteristics, and the hydro-climatic
conditions. Pesticide behaviour in soil and water is determined by chemical, phys-
ical, and biological processes, such as sorption—desorption, volatilization, degrada-
tion, uptake by plants, and leaching, all of which contribute to pesticide dissipa-
tion, which includes degradative and non-degradative processes. The relative signif-
icance and cumulative effect of these processes vary according to both pesticide and
matrix properties. Transformation of pesticides involves both biotic processes (e.g.,
microbial degradation) and abiotic processes (e.g., photochemical reactions). The
contribution, rate, and extent of the transformation processes for a given pesticide
are determined by its chemical structure and environmental conditions. While eval-
uating the specific contributions of pesticide transformation pathways is essential
for risk assessment and decision-making on the catchment scale, robust approaches
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to characterize and constrain these processes pesticide transformation are mostly
missing.

For instance, physicochemical properties of the soil (pH and SOM content, redox
gradients in soils), biological properties (activity and distribution of microorgan-
isms), and environmental conditions controlling soil temperature and moisture gener-
ally can affect both biotic or abiotic transformations. However, within soils biotic
transformation of pesticides typically dominates over abiotic transformation, e.g.,
photochemical transformations which are typically restricted to only the top sub-
millimetre layers of soil. In contrast, in shallow surface waters, phototransformation
(with indirect photolysis being more relevant to pesticide degradation) can signifi-
cantly contribute to pesticide degradation. For some pesticides, e.g., organophosphate
pesticides, hydrolysis can also be a relevant abiotic reaction in the aqueous phase.
However, for most pesticides, hydrolysis requires specific conditions such as high
or low pH or low-redox environments. Given the multitude of processes influencing
pesticide dissipation in the environment, accurate tracking of degradation as the
primary process for removing parent compounds necessitates an approach grounded
in multiple lines of evidence. This approach should encompass the integration of
various complementary methods, which are briefly described below.

4.2 Evaluating Pesticide Transformation in Soil and Water:
Current Approaches and Limitations

4.2.1 Pesticide Concentration Analysis

The rapid development of analytical instrumentation has enabled the detection and
monitoring of multiple pesticide compounds in soil and water at low environmental
concentrations (Alder et al. 2006; He and Aga 2019). Prior to analysis, different
methods are commonly used to extract and concentrate pesticides from environmental
samples, including solid-phase extraction (SPE) for water and quick, easy, cheap,
effective, rugged, and safe procedure (QUEChERS) for soil (Anastassiades et al.
2003; Bonansea et al. 2013). Analyses by gas chromatography-mass spectrometry
(GC-MS) or liquid chromatography-tandem mass spectrometry (LC-MS/MS) are
the two most common methods for monitoring pesticide transformation in soil and
water.

Pesticide concentration analysis is typically used in routine pesticide monitoring
(e.g., by environmental agencies) and for examining in situ pesticide degradation. For
instance, the concentration-based approach of monitoring 76 pesticide residuesin 317
soil samples across the European Union revealed that over 80% of the soil samples
contained pesticide residues (Silva et al. 2019). The fungicide boscalid was the most
common pesticide molecule detected. Indeed, boscalid is very persistent in the soil
matrix, with a dissipation half-life (DT 'sp) ranging from 130 to 337 days (Karlsson
etal. 2016). However, while monitoring approaches based on concentration analysis
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alone enable quantification of pesticide residues in the environment, they remain
limited in distinguishing between physical and degradative processes, both of which
can contribute to overall pesticide dissipation. Consequently, a comprehensive frame-
work to examine pesticide transformation and dilution in the environment, and espe-
cially process-based information, is mostly lacking. Although a substantial volume
of data on pesticide degradation has been gathered through regulatory testing, the
capacity to anticipate and quantify the extent of degradation and the specific path-
ways involved in various field conditions still poses a considerable challenge (Fenner
et al. 2013).

Incorporating an examination of not only the parent pesticide molecules but also
their transformation products (TPs) offers a valuable approach to relate concen-
tration monitoring and the degradation processes taking place in the field, thus
enabling a more comprehensive identification and quantification of these in situ
processes. Additionally, TPs may alter the ecotoxicological effects of pesticides on
ecosystems. Through targeted and non-targeted methods, i.e., used to characterize
chemical structures of unknown compounds, this complementary analysis is thus
fundamental to evaluate the environmental fate and effects of pesticides. TPs anal-
ysis is easier when TPs are known, and more challenging when non-target analyses
are used. Nevertheless, recent advances in the interpretation of the non-target anal-
ysis allow for the identification of previously unidentified TPs. For instance, suspect
screening of 242 pesticide TPs combined with national monitoring data has recently
identified previously undetected TPs, even in the absence of the parent compound
(Menger et al. 2021). However, this approach introduces additional complexity, as
TPs are liable to not only be produced but degraded as well in a natural environment.
Hence, even when TP-based analyses are applied, quantifying degradation based on
concentration alone is subject to large uncertainty. Concentration monitoring of both
parent compounds and their TPs is frequently integrated with numerical modeling
approaches to simulate the degradation of parent compounds and the subsequent
production and breakdown of resulting TPs within a specific study site.

4.2.2 Modelling Approaches

Computational models can be used to predict variables related to pesticide persistence
and mobility in soil and water. As a result, they provide a means to describe and
predict the reactive transport of pesticides with various degrees of uncertainty based
on the input parameters (Goumenou et al. 2021). Numerous studies have attempted to
model the behaviour and distribution of pesticides in the environment, ranging from
the micro-environment to the global scale. Different modelling approaches have been
evaluated in several review papers (Mottes et al. 2014; Wang et al. 2019). Typically, in
most models, degradation is one of the most sensitive model parameters determining
the fate of pesticides in soil and losses to surface water and groundwater (Dubus
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et al. 2003). Accurately capturing the dynamics of pesticide and TPs degradation
is therefore particularly critical in the context of risk assessment using fate models
since this can introduce considerable uncertainty into model predictions (Lindahl
etal.2008). In addition, scaling up pesticide dissipation processes requires conceptual
simplification of localized processes with a minimal loss of information (Imfeld et al.
2021). For instance, understanding the relationship between degradation rates and
measured field parameters (e.g., microbial activity, temperature and soil moisture)
allows for the application of pesticide fate models at larger scales (Ghafoor et al.
2011). Reasonable constraints on these field parameters can be made by iterating
between model development, sampling, and measurement schemes. In recent years,
the Soil and Water Assessment Tool (SWAT) (Arnold et al. 1993) has been proposed
as a comprehensive modelling technique to relate processes affecting pesticides in
sediment—water interfaces to catchments and river basins (Imfeld et al. 2021).

4.2.3 Biomolecular Analysis

The structural and functional characteristics of microbial communities are also poten-
tial indicators for monitoring and evaluating the degradation of a given pollutant in the
environment. Following environmental DNA (eDNA) extraction, mainly quantitative
polymerase chain reaction (QPCR) and functional gene arrays can be used to examine
the response of microbial communities to exposure to pesticides and the potential of
microbial population to adapt and degrade specific pesticides (Fenner et al. 2013).
However, both techniques rely on knowledge of the biologically driven pesticide
degradation pathway and gene sequence coding, which are not typically available
(Imfeld and Vuilleumier 2012). In addition, detection and quantification of pesticide-
degrading genes from environmental DNA generally feature the genetic potential for
pesticide degradation but not its expression. In some cases, RNA transcripts may help
follow up target active microorganisms involved in the degradation process (Monard
et al. 2013). However, RNAs remain difficult to retrieve and conserve from complex
environmental samples such as soil. In future, next-generation approaches may build
on approaches involving specific degradation genes and their expression to also
include patterns of microbial diversity using metagenomics and meta-transcriptomics
(Jeftries et al. 2018; Rodriguez et al. 2020; Malla et al. 2022). This could be applied
to both probe the effect of pesticides on soil or water microorganisms, as well as to
evaluate the pesticide degradation functions.

Beyond these approaches, compound-specific stable isotope analysis (CSIA)
already offers a complementary approach with untapped potential to evaluate the
sources and transformations of pesticides in the environment.
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4.2.4 Compound-Specific Stable Isotope Analysis (CSIA)

4.24.1 Principles

Degradation processes (biotic or abiotic) typically lead to changes in the ratio of
stable isotopes (e.g., '*C/'?C) in organic molecules. This change is related to the
kinetic isotope effect (KIE) and depends on the preferential rate of bond breakage
for weaker bonds (those with light isotopes, e.g., '>C for carbon) compared to bonds
bearing a heavy isotope ('*C for carbon). This may lead to an enrichment in the
remaining contaminant in '3C relative to the initial isotope composition (Hunkeler
etal. 1999; Meckenstock et al. 1999; Sherwood Lollar et al. 1999). The isotope effects
produced during physical processes, such as volatilization, dissolution, dispersion,
and sorption are typically smaller, usually insignificant (relative to analytical uncer-
tainty) compared to the large KIE that may be produced by bond cleavage (Hunkeler
et al. 2008; Kuntze et al. 2020 and reference therein). Therefore, change of Benze
isotope ratios during pesticide degradation can provide direct evidence of its degra-
dation. The CSIA approach has been extensively applied over the past two decades to
measure and quantify the degradation of legacy pollutants in industrial-contaminated
sites. Industrial sites, unlike agricultural fields, are typically characterized by very
high concentrations of the pollutants due to the presence of non-aqueous phase liquids
(Hunkeler et al. 2008).

4.2.4.2 Application of CSIA

To quantify the magnitude of the isotope fractionation during the given degradation
process, isotope fractionation factors (¢) need to be derived in the laboratory. To
do so, change in the isotope signatures, e.g., 8(13Q), can be related to the extent of
degradation with the Rayleigh equation (Eq. 4.1):

13
n(w> = ¢ x In(f), 4.1
5(5C)o + 1 |
where §(*C), and §('*C), represent the isotope signatures at time O and ¢ of the
degradation, respectively, whereas f is the fraction of the remaining pesticides at
time ¢ (Fig. 4.1a).

Accurate determination of ¢ values is key to quantifying degradation processes
in situ. From different forms of the Rayleigh distillation equation standard linear
regression without forcing through zero is preferred (Scott et al. 2004) (Fig. 4.1b).

The extent of biodegradation (%) of an organic compound can be calculated in situ
using the determined ¢ according to Eq. 4.2, without concentration data, eliminating
the influence of physical processes.
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Fig. 4.1 a—Change of stable carbon-isotope compositions during degradation; b—Rayleigh
equation for the same dataset
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For GC- and LC-isotope ratio mass spectrometry (IRMS) analysis, organic
compounds are converted into a simple gas for which the isotope ratio is determined
(e.g., CO, for CSIA of carbon, N, for CSIA of nitrogen). Due to the total conversion
of the molecule to a measuring gas, position-specific changes in the isotope compo-
sition of a target compound cannot be ascertained. Moreover, the isotope fraction
is diluted with any additional atom that is not directly involved in the reaction. In
the case of large molecules due to the number of carbon atoms per molecule, a
large extent of degradation is required to measure significant stable carbon-isotope
fractionation (A('*C) > 2 %o) to identify degradation in the field (Hunkeler et al.
2008). The isotope fractionation criterion for positive identification of in situ degra-
dation of A('3C) > 2 %o is typically established based on total analytical uncertainty
(£ 0.5 %o0), incorporating accuracy and reproducibility (Sherwood Lollar et al. 2007),
which may vary among compounds and elements analysed.

Even fractionation experiments under conditions controlled in the laboratory can
be influenced by several phenomena, including additional rate-limiting steps, trans-
port across the cell membrane (Renpenning et al. 2015; Ehrl et al. 2019), low substrate
bioavailability (Sherwood Lollar et al. 2010), or substrate-enzyme binding (Mancini
et al. 2006). These rate-limiting steps can “mask’ the & normally associated with the
particular bond-cleavage involved. In some cases, this can lead to an underestimation
of isotope fractionation, making it difficult to determine the appropriate ¢ to use for
quantifying the biodegradation of contaminants.

This highlights the relevance of multi-element CSIA (ME-CSIA) to circumvent
the limitation of only one element CSIA approach. In theory, all elements in the
molecule are affected in a similar way by the masking processes mentioned above,
eliminating the bias observed for .
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4.2.4.3 Multi-element CSIA (ME-CSIA)

ME-CSIA can provide additional support for interpreting in situ results, specifically
when complex pollution scenarios with multiple pollution sources or different degra-
dation processes occur. Many pesticides contain nitrogen atoms (e.g., carbamates,
acetanilides, thiabendazoles, triazoles), and therefore nitrogen CSIA in addition to
carbon CSIA may help tracing pesticides degradation. In such a case, transformation
mechanisms are identifiable from dual-isotope plots [e.g., 8(**C) versus, e.g., s("N)],
reflecting underlying carbon- and nitrogen-isotope effects. For example, C-N dual-
CSIA allows the identification of degradation mechanisms of six chloroacetanilide
and acylalanine pesticides during abiotic hydrolysis (Masbou et al. 2018a). In ME-
CSIA lambda (A) is the slope of the dual-isotope plot, and it reflects the changes
in the stable isotope composition of one element versus the second element, which
can be more specific to a reaction, and thus inform about transformation processes
in the laboratory or in the field. The York method, which incorporates uncertainty
in both variables (Ojeda et al. 2019), better adapts to the wide set of data conditions
observed for dual-isotope data, and the natural logarithmic form is used for large
isotope fractionation (Hohener and Imfeld 2021) (Fig. 4.2.).

Laboratory derived € and A values for various pesticides and different degradation
pathways can be found in recent review papers (Elsner and Imfeld 2016; Kuntze et al.
2020; Cui et al. 2021; Won et al. 2021). Nevertheless, CSIA datasets for pesticides
during biotic and abiotic degradation processes are still currently limited, mainly due
to analytical challenges (see below).
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Fig. 4.2 Dual-isotope plot of a—raw A values according to (Ojeda et al. 2019) and b—In-
transformed § values according to (Hohener and Imfeld 2021) for the same dataset
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4.3 Compound-Specific Isotope Analysis (CSIA)
of Pesticides in Soil and Water

4.3.1 Potential of Pesticide CSIA

Current research on pesticides focuses on toxicity, degradability, degradation path-
ways, and the formation of transformation products. However, novel management
strategies relying on the natural and engineered degradation of pesticides and
following the precautionary principle are warranted. Synthetic pesticides gener-
ally undergo degradation tests prior to use. The recurrent detection of herbicides
in groundwater and soil emphasizes the difficulties in extrapolating laboratory tests
to environmental conditions. Beyond the outcome of regulatory testing, current
approaches are limited in their ability to (i) predict over relevant long time scales
the degradation of micropollutants in the environment, (ii) evaluate, beyond environ-
mental monitoring, the prevailing dissipation zones and periods (“hot/cold spots and
moments”) in integrative studies on the catchment scale (Elsner and Imfeld 2016).
Pesticides CSIA can provide additional assistance in this regard.

Although the analytical challenges currently limit field studies, including pesticide
CSIA, applications in the environment are now within reach and can be foreseen in
different scenarios of increasing complexity:

e Point source scenario. The fate of organochlorine pesticides, such as hexachloro-
cyclohexane (HCH), has been evaluated in several contaminated field sites with
point source pollution using CSIA (Bashir et al. 2015; Chartrand et al. 2015; Liu
etal. 2017, 2021; Wu et al. 2018, 2019a; Qian et al. 2019). In analogy to steady-
state assessments of legacy contaminants, continuous pesticide release from a
single point source related, for example, to pesticide spills during production, can
be studied.

e Event-based scenario. Usually, pesticide pollution in agricultural fields does not
conform to single point source scenarios. Instead, it often manifests as pesticide
pulses, which can be traced in event-based studies to elucidate the dynamics of
“hotspots” and “hot moments” (e.g., Riml et al. 2013). The isotope data of pesti-
cides in surface water may enhance the interpretation of transformation pathways
in heterogeneous reactive compartments. The first field studies have recently been
reported (Schreglmann et al. 2013; Alvarez-Zaldivar et al. 2018).

® Large-scale studies. Comprehensive studies on the catchment scale may also
integrate multiple pesticide sources and events over multiple seasons (Moschet
et al. 2013). Pesticide CSIA may thus also serve comprehensive studies on a
larger spatial scale with multiple sources and events over a season but may miss
where, when, and how degradation occurs. For example, the stable carbon-isotope
signature was used to evidence the migration and degradation of DDTs in a large-
scale study of arable soils across China (Niu et al. 2016). In this respect, although
multi-element CSIA may also be desirable to further improve characterization,
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its feasibility is challenged by the sampling window, where quantification limits
can be achieved.

Additionally, the combination of passive sampling and pesticides CSIA opens
novel opportunities. Passive sampling techniques have been widely used to inte-
grate mean concentrations of organic contaminants over extended sampling periods
(< 50 days) and to pre-concentrate micropollutants, allowing their detection in trace
amounts in surface waters (10-50 pg/L). A passive sampling approach combined with
CSIA has been previously applied for vapour intrusion studies of legacy contami-
nants, such as benzene (Goli et al. 2017), and has recently been tested for pesticide
in wetlands in agricultural fields (Gilevska et al. 2022). 3('*C) and 8(!>N) of pesti-
cides in Polar Organic Chemical Integrative Sampler (POCIS) deployed in surface
water would reflect their degradation in both water and hydrologically connected soil.
Therefore, when compared to the initial isotope signature of the pesticide formula-
tion applied, isotope signatures from POCIS can indicate degradation in both water
and soil in the entire agricultural catchment.

Complementarily, pesticide chirality can provide yet another tracer to understand
the fate of chiral pesticides in the environment. One-third of marketed pesticides
are chiral, and most of them are used as racemates, despite the fact that the desired
activity usually depends on one enantiomer, while the other(s) has adverse environ-
mental effects (Maia et al. 2017). As many degradation processes are enantioselec-
tive, monitoring changes in the enantiomeric fraction (EF) can be used to follow
degradation in situ. Furthermore, combining CSIA and enantioselective analysis
techniques for the enantioselective stable isotope analysis (ESIA) may enhance the
evaluation of sources and transformation processes of individual pesticide enan-
tiomers in the environment (Milosevic et al. 2013; Elsner and Imfeld 2016; Jin and
Rolle 2016; Masbou et al. 2018b, 2023). For example, combined evidence from
concentrations, enantiomer ratios, and isotope composition confirmed the degrada-
tion of the herbicide dichlorprop and its metabolite in the hotspot at the contaminated
site in Denmark (Milosevic et al. 2013).

4.3.2 Challenges of Pesticide CSIA

The occurrence of very low (sub-jLg/L) concentrations of pesticides and their polarity
are two major analytical challenges to be addressed to expand CSIA approaches to
pesticides. First, the enrichment of sufficient analyte (typically a few ng of C or N on
column per injection are needed) requires the extraction of large amounts of water,
soil, or vegetal material. The detection limits for nitrogen CSIA of pesticides are
much higher than for carbon, as typically there are fewer atoms of N than C in the
pesticide molecule, making it difficult to apply ME-CSIA in situ (Elsner and Imfeld
2016). Any scaling up of the extraction method should be monitored for potential
isotope effects. As shown by Melsbach et al. (2021), increasing the volume of water
during SPE above 10 L may alter the §('*C) of atrazine.
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For accurate and precise CSIA, complete chromatographic separation of all
compounds is required. Therefore, any chromatographic interferences can strongly
limit the applicability of the CSIA. As the majority of pesticides are non-volatile or
semi-volatile on-column liquid injection is typically used as a sample introduction
technique when pesticides are analysed with GC-IRMS. This technique, in contrast
to static or dynamic headspace sampling used for volatile organic compounds, can
introduce many matrix interferences from compounds with similar physicochem-
ical properties from soil or water co-enriched during extraction procedures. For
example, during large-volume SPE, non-volatile matrix components from environ-
mental samples are thus enriched together with the target compounds, which is
defined here as the matrix effect. Extract clean-up procedures are thus often necessary
prior to the application of CSIA to environmental samples (see Sect. 4.4.2.3).

The second challenge lies in the polarity of the more polar pesticides and their
transformation products. This generally requires the use of a derivatization step prior
to GC separation or the use of LC-IRMS, which is currently limited to §('3C) analyses.
LC-IRMS is further constricted due to high detection limits (at least one order of
magnitude higher than GC-IRMS). LC-IRMS has also limited application due to
the incompatibility of the method with organic solvents, such as methanol, typically
used for chromatographic separation (Gilevska et al. 2014; Perini and Bontempo
2021). Therefore, the most common derivatization step is chosen to circumvent the
polarity of the parent compound or daughter products. The choice of the derivatization
method strongly depends on the chemical structure of the pesticide. Methylation of
hydroxyl and amino groups is typically achieved with trimethylsilyldiazomethane
(TMSD) and trimethylsulfonium hydroxide (TMSH) (Reinnicke et al. 2010; Mogusu
et al. 2015; Melsbach et al. 2019; Torrent6 et al. 2019). Any additional step, such
as derivatization, requires strict screening for any isotope fractionation during the
sample preparation. Additionally, the stable carbon-isotope composition should be
corrected if additional carbon atoms are introduced during derivatization.

4.4 Soil and Water Sample Preparation and Measurements
with GC-IRMS for Stable Carbon-
and Nitrogen-Isotope Composition of Pesticides

4.4.1 Sampling Strategy

The following sampling strategy is suggested to quantify pesticide degradation
extent under field conditions in small agricultural catchments (i.e., 10-100 ha). Both
sampling and interpretation should be adapted for larger scales to include multiple
sources and events over an agricultural season.

First, sufficient knowledge regarding hydrological and hydro-climatic conditions
and functioning is mandatory for the application of pesticide CSIA at the catchment
scale (Table 4.1). Hydro-climatic data should provide sufficient resolution to evaluate
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(i) mean daily rainfall, (ii) mean rainfall intensity, (iii) total rainfall, (iv) mean daily
reference evapotranspiration, (v) mean daily temperature, (vi) mean daily discharge
normalized by the total catchment area, (vii) time of concentration, and (viii) propor-
tion of days in a month when rainfall occurred (% Wet Days). Subsurface travel time
should be defined precisely, possibly with preliminary hydrological studies using the
stable hydrogen and oxygen isotope composition of water [§(*H) and §('80)], refer
to Sect. 6.3.1.

The soil sampling frequency should be adapted to the pesticide application and the
expected degradation kinetics. Transects should be selected to account for soil type,
heterogeneity, and the variability of moisture conditions, drainage characteristics
and to maximize the number of plots where the pesticide is applied. In addition, a
digital elevation model (DEM) may be used to determine local slopes and to estimate
the topographical wetness index (TWI) [-]. TWI mainly quantifies the impact of
topography on soil moisture. Soil crust development should be characterized across
the catchment after a precipitation event as a function of mm of cumulative rainfall.
This should allow us to evaluate the reduction in the soil infiltration capacity due to
crusting, and to interpret the temporal evolution of TWI along with rainfall-runoff
data.

Table 4.1 Typical sampling scheme for water and soil samples for implementing pesticide CSIA
on the catchment scale

Prior to sampling | Measurements and Sampling
analyses
Water | Hydrological and |+ Discharge Flow proportional sampling with
climatic data measurements refrigerated automatic sampler with glass
* Daily * Multiparameter vials
precipitation and | probes in situ Applied commercial pesticide formulations
temperature data | * Hydrochemical
¢ Contribution of analysis
surface,
subsurface, and
base-flows
 Concentration
time of the
catchment
Soil | Pedological and » Farmers survey for | Topsoil (1 cm) and/or discrete subsurface
surface soil data the period of soil (in different layers from O to 20 cm or
 Pedological pesticide deeper) across several transects
characterization application Applied commercial pesticide formulations
« Digital elevation | ¢ Plant growth and
model coverage
 Agricultural * Soil moisture
plots (owners, characteristics
limits, etc.) ¢ Soil
* Typical physicochemical
agricultural characterization
scheme * Erosion budget
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Fig. 4.3 Relationship between the necessary S-Metolachlor concentrations in water and collected
water volume for reliable carbon or nitrogen CSIA and concentration analysis (Alvarez-Zaldivar
etal. 2018; Torrent6 et al. 2019). The solid black line represents feasibility of carbon CSIA, solid grey
line represents feasibility of carbon and nitrogen CSIA, dashed line represents feasibility of concen-
tration analysis. Note a different scale for the concentration analysis. Note that this relationship is
site-specific

During sampling, the water discharge at the catchment outlet should be contin-
uously monitored to evaluate hydrological functioning and to establish water and
pesticide mass balances. After sampling, the sub-samples of water may be pooled into
composite samples according to hydrograph characteristics and pesticide concentra-
tions, yielding one or more samples weekly with the chosen water volume. This
volume should be selected to ensure that the concentrations of each pesticide are
sufficient for CSIA analysis. An example of the sample size and the potential for
pesticide and isotope analysis is illustrated in Fig. 4.3.

4.4.2 Water and Soil Sample Processing and Conservation

Water samples should be collected using a refrigerated autosampler in the field,
stored in the dark at 4 °C during collection (to avoid photolysis and limit further
biodegradation), and placed on ice during transportation to the laboratory for imme-
diate filtering (on 0.7 or 0.45 wm glass fibre). Water samples should be kept at 4 °C
from the collection up to the extraction and should be preferably further filtered and
analysed (using SPE, see Sect. 4.4.3) within 24 h. Preliminary tests on the effect
of water sample sampling, transport, and storage should be done prior to the study.
Water samples may also be frozen for longer-term conservation, but preliminary
tests of the effect of freezing on both extraction yield and stable isotope fraction are
required for each targeted compound.
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After collection, soil samples should be kept in an ice box during transport to
the laboratory and kept frozen at —20 °C until analysis. Soils should be homog-
enized, quartered before sieving (e.g., according to NF X 31,100 standard), and
sieved at 2 mm. Water content, pH, organic content, CEC, and other parameters can
be measured to characterize soil samples and help in data interpretation.

4.4.3 Extraction Methods for CSIA from Water and Soil

To expand the use of pesticide CSIA to agricultural catchments, it is crucial to
use an appropriate extraction method. Extraction methods for pesticide residues
from environment matrices for ME-CSIA should: (i) provide sufficient analyte mass
for reliable isotope analysis, (ii) cause no isotope fractionation [A(ME)], (iii) be
applicable to a wide range of pesticides and matrices, (iv) limit matrix co-enrichment
to avoid co-elution during chromatographic separation.

4.4.3.1 Extraction Methods from Water

To date, SPE has been the most common method used to extract water samples for
pesticide CSIA although liquid-liquid extraction has been used for small amounts
of water (from 0.5 mL) in laboratory experiments (Chevallier et al. 2018; Knossow
et al. 2020). The extraction methods should be tested within the expected concen-
tration range and target environmental matrix to determine the feasibility of pesti-
cide CSIA from water samples. SPE has been tested previously in combination
with CSIA of atrazine, acetochlor, S-Metolachlor, metalaxyl, butachlor, alachlor,
terbutryn, chlordizon, bentazone, dichlorvos, dimethoate, omethoate and several of
their metabolites (Schreglmann et al. 2013; Elsayed et al. 2014; Wu et al. 2014;
Schiirner et al. 2016; Masbou et al. 2018a; Torrent6 et al. 2019; Drouin 2021; Droz
2021; Pérez-Rodriguez et al. 2021). To ensure maximum recovery, the type and quan-
tity of sorbents and extraction eluents should be adjusted to the physical properties
of the analytes and matrix. As the physicochemical properties of parent compounds
and their TPs may differ significantly, different sorbents or sorbent combinations
may be used to pre-concentrate the parent compounds and the TPs (Torrent6 et al.
2019).

The majority of pesticide CSIAs studied did not show isotope fractionation using
SPE (Schreglmann et al. 2013; Elsayed et al. 2014; Wu et al. 2014; Masbou et al.
2018a; Torrento et al. 2019; Droz 2021; Pérez-Rodriguez et al. 2021). A sample size
of up to 10 L is more frequently used for SPE and pesticide CSIA, as increasing the
volume > 10 L could change the carbon isotope ratios §('*C) of pesticides (Melsbach
et al. 2021). However, this change may not be correlated with the SPE procedure but
rather with the matrix effect on the measurement, decreasing oxidation capacity, and
increasing background levels and instrument maintenance issues. Therefore, prior
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to the pesticide measurements, clean-up strategies (discussed below) are typically
applied to minimize the matrix effect. Nevertheless, current SPE methods allowed
carbon and nitrogen pesticide CSIA in the ng/L to pg/L of pesticide concentration
range (Schreglmann et al. 2013; Alvarez-Zaldivar et al. 2018; Torrent6 et al. 2019).
This underscores the feasibility of carbon and nitrogen CSIA from water samples in
agricultural settings throughout the agricultural season.

4.4.3.2 Extraction Methods from Soil and River Sediment

When choosing an extraction method and solvent, one should take into account the
physicochemical properties of pesticides, including their hydrophobicity and acid
dissociation constant, as well as soil properties like pH, organic matter content, and
moisture levels. For optimal results, extraction tests must be carried out with the
studied soil or sediment to ensure high recovery and non-significant isotope frac-
tionation and evaluate the matrix effect due to the co-extraction of soil organic
matter. Modifications to existing methods and protocols, such as increasing the
sample volume from 5 to 20 g or sequential use of extraction solvents, should also
be evaluated.

Pesticide extraction methods from soil and sediment for reliable pesticide CSIA
have been already used in both laboratory and field studies (Alvarez-Zaldivar et al.
2018; Masbou et al. 2018b; Wu et al. 2019b; Pérez-Rodriguez et al. 2021). Ivdra et al.
(2014) proposed a modified ultrasonic-assisted extraction (MUSE) without carbon-
isotope fractionation associated with extraction [A('3C) < 0.4) for hexachloro-
cyclohexanes (HCHs). A modified MUSE method (Ivdra et al. 2014) was also
tested with ethylacetate (Alvarez-Zaldivar et al. 2018; Masbou et al. 2018b) or
dichloromethane:pentane (Droz et al. 2021; Pérez-Rodriguez et al. 2021) as the
extraction solvent. Another study used accelerated solvent extraction (ASE) for the
extraction of HCHs from soil and plants, which enabled stable C, H, and Cl isotope
analysis (Wu et al. 2019b; Liu et al. 2020, 2021). The application of QuEChERS for
the extraction of metolachlor from two agricultural soils led to an insignificant (< 1
%o) isotope fractionation for carbon CSIA (Torrentd et al. 2021).

Current methods allow for carbon and nitrogen CSIA in soil samples in the range
of ng/g to pg/g range for carbon and several pg/g for nitrogen CSIA (Alvarez-
Zaldivar et al. 2018; Masbou et al. 2018b; Droz 2021). This currently restricts the
application of carbon and nitrogen CSIA of pesticides to source areas and laboratory
studies, respectively. In order to reduce concentration ranges for ME-CSIA, there is
a need for simple and fractionation-free purification techniques that can be applied
to a wide spectrum of environmental soils and pesticides.
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4.4.3.3 Clean-Up Procedures

A number of clean-up procedures can be applied to address the issue of co-enrichment
to maximize the analytical performance of pesticide CSIA extraction from environ-
mental matrices without altering the isotope ratio of the target compounds. These
include: (i) the addition of a sorbent, such as primary secondary amine or graphitized
carbon black, to remove pigments, such as chlorophyll (Anastassiades et al. 2003;
Wilkowska and Biziuk 2011), (ii) chromatography HPLC separation or column chro-
matography (Schreglmann et al. 2013; Mogusu 2016), and (iii) the use of molec-
ularly imprinted polymers (MIP) (Bakkour et al. 2018). MIP is likely the most
effective clean-up method for CSIA. However, MIP is not commercially available
for all classes of compounds and therefore must be specifically synthesized prior
to clean-up. Furthermore, samples should only be processed in glass when using
organic solvents, especially dichloromethane, to reduce matrix interferences from
the extraction procedure.

Carbon and nitrogen CSIA in complex matrices can also benefit from two-
dimensional gas chromatography (GC x GC)-IRMS. This approach has been applied
to polychlorinated biphenyls, chloronaphthalenes, and chlorofluorocarbons (Horii
et al. 2005; Horst et al. 2015). In GC x GC-IRMS, the system needs to be equipped
with a column-switching device, such as moving capillary stream switching (MCSS),
or with a 6-port valve. By column-switching parts of the effluent from the first column
are cut and transferred to a second column, where separation of compounds of interest
can be enhanced. In addition, the use of (GC x GC)-IRMS can improve sensitivity by
eightfold (Horst et al. 2015) by enhancing chromatographic separation. Therefore,
this approach has potential for pesticide CSIA application.

Whenever possible, one or several clean-up strategies, depending on the
complexity of the matrix, should be applied during pesticide CSIA. Along with
improving the background of pesticide CSIA, it will reduce the need for increased
maintenance of the GC-IRMS instrument, including oven and column replacement
as well as blockage of capillaries. It is also possible to cut the first 10-20 cm of
the GC column if some small chromatographic interferences are observed in blanks
preventing retention of the entire column (be aware of the change in retention time
and the measurement windows). Complementarily with clean-up procedures, it may
be possible to extend the temperature programme to improve the level of background
and chromatographic separation when the background compromises the GC-IRMS
measurements. However, this will increase the measurement times.

It is worth mentioning that pesticide CSIA must be preceded by quantitative
evaluation of the pesticides in the extracts to optimize injections of the target analytes.
Prior CSIA, rigorous quality assurance practices and referencing strategies must be
established to ensure that isotope measurements are accurate and reproducible.
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4.4.4 Optimal GC-IRMS Conditions for Pesticide CSIA

4.4.4.1 Referencing Strategies

An important component of quality assurance is the use of analytical standards of
pesticides calibrated on international isotope scales. The referencing strategy of the
“identical treatment principle” (Werner and Brand 2001) should be implemented: (i)
to measure external standards before and after the sample to correct for an offset, and
(ii) to use a reference material that is identical to the target substance. To obtain in-
house isotopic standards, a mass spectrometer equipped with an elemental analyzer
and isotope ratio mass spectrometer (e.g., Flash EA IsoLinkTM CN IRMS, Thermo
Fisher Scientific, Bremen, Germany) or offline conversion followed by dual-inlet-
IRMS are typically used. The §('3C) and §('>N) values should be normalized to
VPDB and Air scales, respectively, using a minimum of two international reference
materials with the range of isotope 8 values, that would encompass all the measured
samples, are chosen as an anchor point for the regression line, e.g., IAEA600 [§('3C)
= — 27.77 %o] and USGS41 [8('3C) = + 37.63 %q] (Coplen et al. 2006). Then,
the third standard, which has the value between the chosen anchors is treated as
an unknown sample for quality control (QC), and is used to evaluate combined
analytical uncertainty (Coplen 1988). As a part of inter-laboratory comparison, it
is recommended to measure the same standards at other lab facilities using another
EA-IRMS.

Unless otherwise specified, the uncertainties for pesticide CSIA are reported
as standard deviation (1o) calculated from replicate measurements. The combined
analytical uncertainty of §('3C) and §('>N) values should not differ (< 0.5 %o) from
values obtained by EA-IRMS.

The standard injection frequency depends on the pesticides, the element measured,
the matrix, and the number of pesticides analysed. For relatively simple environ-
mental matrices (e.g., groundwater), it is recommended to measure an in-house
pesticide mix standard with known isotope composition at least every six samples
to control the retention time of the target compounds and assess the instrument
performance (e.g., conversion efficiency). The standard mixtures are injected every
three samples, however, for simultaneous 8('°N) analysis of several pesticides for
complex environmental matrix (e.g., soil). Peak amplitudes of injected standards
should closely match those of analysed samples (Sherwood Lollar et al. 2007). To
conserve the combustion capacity of the oven, the measurement window (effluent
mode) should be kept to a minimum: opened before the targeted peak elution and
closed shortly thereafter.

As part of CSIA method validation, the linearity range should be determined
for each pesticide. The linearity range specifies the range of measurements with
sufficient precision and accuracy, indicating, within an acceptable range [e.g., £ 0.5
%o for 8('3C)], that the stable isotope composition is independent of the amount of
compound injected (Jochmann et al. 2006). The method detection limit (MDL) is the
point with the lowest (or highest) concentration within a £ 0.5 %o linear interval of the
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Fig. 4.4 Concentration and A—8('3C) measurements and amplitude of the mass 44 for tebucona-
zole B—§('>N) measurements and amplitude of the mass 28 for terbutryn. Circles represent stable
carbon- and nitrogen-isotope compositions. Triangles indicate the amplitude of mass 44 and 28
peaks. The solid line represents the calculated mean 8(13C) value (- 29.9 + 0.2 %o, n = 51) and
8(13N) value (- 2.3 + 0.2 %o, n = 30); dashed lines indicate the + 0.5 %o interval. Measurements
were performed in triplicate; the standard deviation of each point is indicated by error bars. The
dotted line represents the 8(13C) value of tebuconazole (- 29.7 % 0.1 %o, n = 3) and §('°N) value
of terbutryn (- 2.8 £ 0.1 %o, n = 3) measured by EA-IRMS. Values outside the linear range-filled
circles are excluded from the mean §(*3C) and 8(!3N) value calculation due to either being outside
=+ 0.5 %o interval from the mean value or due to low reproducibility of triplicate measurement (>
0.5 %0). MDL—method detection limit. The major principles illustrated in this figure are described
in (Jochmann et al. 2006)

mean value for the standard measured with GC-IRMS and with good reproducibility
in triplicate measurements (< 0.5 %o). In Fig. 4.4a shows the linearity for §(**C) for
pesticide tebuconazole, with three data points (filled circles) outside £ 0.5 %o linear
interval from the mean value or with low reproducibility of triplicate measurements
(> 0.5 %o0). Such measurements are not taken into consideration and are considered to
be outside the linear range. Figure 4.4b shows the linearity for §('>N) for terbutryn,
with MDL corresponding to a significantly higher concentration of the compound in
the sample.

4.4.4.2 Conversion to gas

Organic compounds are converted to a simple measuring gas CO, for carbon CSIA
and N for nitrogen CSIA. For both carbon and nitrogen CSIA, the conversion can be
achieved in a combustion reactor comprised of, for example, NiO tube, CuO, NiO,
and Pt wires and operated at 1000 °C (P/N 1255321, GC IsoLink II IRMS System,
Thermo Fisher Scientific). Within the combustion oven, two reactions occur for
nitrogen (some setups use two separate units for oxidation and reduction) (Eq. 4.3).

Reduction

R — NH2 _>Oxidation N2 — NxOy (43)
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During nitrogen CSIA, the produced CO, is trapped downstream using a liquid
nitrogen trap to reduce measurement interference. Pesticides containing heteroatoms,
such as N and Cl, and more complex chemical structures pose challenges to the
combustion process, resulting in incomplete conversion and lower sensitivity. CSIA
of nitrogen is particularly challenging, since the heavier isotope !N has a lower
natural abundance (0.04%) than carbon heavier isotope '3C (1.1%), and fewer heavy
nitrogen atoms are present in organic substances. Moreover, two N atoms are required
to form N, and N, has a lower ionization efficiency. To obtain a similar precision to
that of §('3C) analysis, theoretically a 50 times higher sample amount is required for
8(N) analysis, leading to high substance loads that can affect conversion efficiency
(Reinnicke et al. 2012). To enhance combustion during pesticide CSIA, different
modifications were proposed, combining changes in reactor design, reactor temper-
ature, and oxidation pattern. The variation of these parameters can be optimized if
a large offset or low reproducibility is observed during carbon or nitrogen pesticide
CSIA. A self-made Ni/NiO reactor operated at 1150 °C (Meyer et al. 2008), a NiO
tube/CuO-NiO reactor operated at 940 °C (Reinnicke et al. 2012), a Ni/Ni/Pt reactor
operated at 1000 °C (Spahr et al. 2013) have been used to enhance conversion of
different pesticides during carbon and nitrogen CSIA.

During the oxidation procedure, oxygen is pumped into the reactor in backflash
mode, replenishing the oxygen required for conversion. For nitrogen, excess oxygen
might lead to incomplete reduction of N,O, species into N,. The oxidation time
should be adjusted to achieve a balance between sufficient oxygen for the quantitate
conversion but not too much, so that reduction is not hindered.

4.5 Towards Field Studies Using Pesticide CSIA
and Interpretation of Stable Isotope Signatures

Integrative strategies relying on isotope data have been conducted for more than three
decades in the case of nitrate and have significantly contributed to the development
of water management policies (Nestler et al. 2011; Lutz et al. 2013; Moschet et al.
2013). A similar strategy has been developed for legacy pollutants (Hunkeler et al.
2008) and may be now developed for pesticides in agricultural catchments, as recently
described (Alvarez-Zaldivar et al. 2018).

Prior to the sampling campaign, which would include pesticide CSIA information
about applied pesticides, application period, published ¢ and A values for pesticides
used, the isotope signature of the pesticide formulation should be gathered.
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4.5.1 Insights from Pesticide CSIA

4.5.1.1 Occurrence of in Situ Degradation and Pathway Identification

When A(1*C) or A(PN) > 2 %o (assuming combined analytical uncertainty of & 0.5
%o) of pesticide molecules is observed across space, time, or source (i.e., compared to
the isotope signatures of pesticides in applied commercial formulations), pesticide
degradation is likely occurring in situ. Further, the degradation pathways may be
identified based on the determined € and A values. For example, in the biotic hydrol-
ysis of atrazine by Arthrobacter aurescens TCI1, an unusual trend towards more
negative §('’N) values is observed. Protonation of nitrogen atoms during the reac-
tion makes '#N react more rapidly while >N accumulates in the remaining atrazine
(inverse isotope effect) (Meyer et al. 2009). In contrast, oxidative dealkylation by
Rhodococcus sp. strain NI86/21 would result in more positive §('"’N) values. As
mentioned in Sect. 4.3, the use of dual element isotope plots is preferred, especially
when multiple sources are present.

4.5.1.2 Quantitative Assessment of in Situ Degradation

When the degradation pathway is identified in the field, then Eq. 4.2 can be used
to calculate the extent of biodegradation. For pesticides, these calculations typi-
cally require a large extent of degradation to fulfil A(**C) > 2 %o requirement. For
example, for S-Metolachlor (using ec = — 1.5 & 0.5 %o for biodegradation in soil
(Alvarez-Zaldivar et al. 2018; Droz et al. 2021), the extent of degradation of the
applied pesticide should be higher than 74% to apply carbon CSIA to identify and
quantify degradation in situ. However, owing to the multitude of processes influ-
encing pesticide residues in agricultural fields, such as contamination pulses during
runoff events, these estimates of the extent of biodegradation are likely to be conser-
vative. Therefore, a subsurface-surface reactive transport model incorporating CSIA
isotope source ratios, ¢ values for different elements can help examine sources and
dissipation of pulses of diffuse contaminants (Van Breukelen 2007; Lutz et al. 2017).

4.5.2 Pesticide Database for Source Identification
and Apportionment

The initial stable isotope composition of organic chemicals depends on the condi-
tions and the pathways used to synthesize the compound and thus depends on the
manufacturers and the time frame of production. This variation may serve to identify
chemical sources or trace the time of contaminant release in the environment. The
range of the initial isotopic ratios of these compounds from various manufacturers
is thus needed to trace pesticide origin and dissipation.
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Table 4.2 Range of 8(3C) of S-Metolachlor for a standard (PESTANAL®) and four different
pesticide formulation measured by GC-IRMS

PESTANAL® | Dual Gold CAMIX | MERCANTOR | S-Metolastar®
SAFENEUR® | 440® GOLD®
8(13C) + uncertainty | —31.0+0.5 | —319+02 |[—31.7+ |—-326+05 |[—322402
(%0) 0.2

Therefore, prior to applying pesticide CSIA in the field, the isotopic composition
of commonly or formerly used pesticides produced by different manufacturers from
different regions should be determined for different elements. Relevant pesticide
commercial formulations (1-5 mL in clean glass vials stored at 4 °C or at — 20 °C
until analysis) can be collected directly at the farms or following official requests to
regional and national pesticide providers and manufacturers. The active compounds
of the different pesticide formulations can be isolated by either liquid-liquid extrac-
tion or measured directly by GC-IRMS. For example, Table 4.2. shows the narrow
range of 8(13C) of S-Metolachlor for four different pesticide formulations (from —
31.7 £ 0.2 %o to — 32.6 & 0.5 %0) and slightly different composition of an analytical
standard (— 31.0 & 0.5 %o). Based on that range, if the §('*C) of S-Metolachlor
measure in situ is around — 29.0 %o, it may indicate degradation.

The ISOTOPEST database (https://ites.unistra.fr/isotopest) was established to
address the need for a comprehensive repository of stable isotope signatures of
pesticides in commercial formulations. Its primary purpose is to enable seamless
inter-laboratory comparisons and foster the utilization of stable isotope data in forth-
coming research endeavors concerning pesticide transformation and source tracking
in the environment.

4.5.3 Identifying Isotope Fractionation During Degradation
in Microcosm Experiments

Degradation laboratory experiments under controlled conditions must clearly demon-
strate the relationship between concentrations decrease and changes of stable isotope
composition, and identify the prevailing degradation pathway in specific environ-
mental compartments (Hunkeler et al. 2008). Several studies have determined the
range of ¢ and A values for various pesticides (Masbou et al. 2018a; Cui et al.
2021; Drouin et al. 2021; Torrento et al. 2021; Won et al. 2021). However, with the
increasing number of commercial formulations, it is likely that specific information
concerning isotope fractionation during degradation may not be available for most
pesticides. Additionally, field-specific information is preferred for the most accurate
identification and quantification of the degradation process. Reference hydrolysis,
photolytic, or biodegradation experiments under laboratory-controlled conditions
can be carried out to derive field-specific ¢ and A values for pesticides from water,
sediment, or soil samples. It is possible that photodegradation may be a relevant
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process in the first soil mm or water surface (Cui et al. 2021; Drouin et al. 2021).
Reference degradation experiments may ideally be carried out with an isolated
strain degrading metabolically the targeted pesticide, together with the identifica-
tion of TPs and targeted microbial assessment (i.e., specific functional genes and/or
taxa associated with degradation) to characterize degradation in the field using the
multi-line-of-evidence approach.

4.5.4 Outlook

The requirements, bottlenecks, and possible solutions at various scales and levels
of complexity to apply pesticide CSIA to field-based studies are summarized in
Table 4.3. In most cases, field applications have focused on point source scenarios
of persistent pesticides, which typically have higher concentrations and therefore
require smaller sample sizes and present fewer measurement challenges (Hunkeler
etal. 2008). Degradation is typically assessed by comparing the source isotope signa-
ture over time and space. Such applications can be combined with ME-CSIA, ESTA,
and microbial analysis to identify the prevailing degradation processes (Bashir et al.
2015; Chartrand et al. 2015; Liu et al. 2017, 2021; Wu et al. 2018, 2019a; Qian
et al. 2019). Additionally, the implementation of high-resolution CSIA approaches
can provide further constraints on characterizing the dynamics of active degradation
zones and compartments (e.g., sediment—water interfaces or soil surface) (Gilevska
et al. 2021).

For pesticide CSIA application to event-based scenarios, a detailed sampling
strategy must be developed based on possible sources, hydrology, and land use (see
Sect. 4.4.1). Additionally, isotope data can be interpreted within a framework that
includes physicochemical and hydrological tracer data to evaluate and quantify pollu-
tion sources and the processes that the pesticide has undergone during its retention
and transport in a catchment (Elsner and Imfeld 2016). In order to monitor the
degradation of pesticides effectively, it is imperative to conduct sampling prior to

Table 4.3 Requirements, bottlenecks, and possible solution of pesticide CSIA application for
different scenarios

Scenario | Requirements Bottlenecks Possible solutions References
Point * ¢and A values | Multiplicity |e* Application of (Bashir et al. 2015;
source for different of ME—CSIA Chartrand et al.
degradation degradation | * Combination of 2015; Liu et al.
processes processes pesticide CSIA with 2017, 2021; Wu
* Hydro-climatic ESIA, concentration et al. 2018, 2019a;
conditions analysis of parent Qian et al. 2019)
* Isotope compound and TPs,
signature at the microbial analysis
source area

(continued)
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Table 4.3 (continued)
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Scenario | Requirements Bottlenecks Possible solutions References
Event * ¢and A values | Low * Sampling campaign (Schreglmann
base for different concentration should begin before the | et al. 2013; Lutz
degradation of pesticides expected application etal. 2017;
processes  Short contam- | period to measure Alvarez-Zaldivar
« 5(13C) and ination event background et al. 2018)
8(15N) of the can be missed | concentration and
applied * Lack of isotope signatures of
pesticides published ¢ remaining pesticides,
* Hydro-climatic and A values | during the application,
conditions * Multiplicity and after to follow the
* Survey of of degradation of
pesticide degradation pesticides
application processes » Large sample volumes
periods should be collected in
case of low
environmental
concentration (e.g., up
to 10 L for water
samples)
* Automatic proportional
sampling or application
of POCIS would
capture short
contamination events
* Field-specific € and A
experiments
* Combination of
pesticide CSIA with
ESIA, concentration
analysis of parent
compound and TPs,
microbial analysis, and
modelling approaches
Large e ¢ and A values | Complexity | Pesticide isotope data | (Niu et al. 2016)
scale for different of multiple should be interpreted
degradation pesticide together with
processes sources, physicochemical and
* Database of application hydrological tracer data
different source events, and to evaluate the pollution

signatures
Hydro-climatic
conditions of
catchment(s)
Survey of
pesticide
application
periods

variability of
site-specific
characteristics
e Lack of
published ¢
and A values
e Low
concentration
of pesticides

sources and transport in

a catchment
¢ Combination of
pesticide CSIA with
ESIA, concentration
analysis of parent
compound and TPs,
microbial analysis, and
modelling approaches
Several field-specific &
and A experiments
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the pesticide application period. This initial sampling serves the crucial purpose of
quantifying background concentrations and isotopic signatures of residual pesticides.
Establishing this accurate baseline is essential as it provides a reference point for the
assessment of both short-term and long-term impacts following pesticide application.
Given that diffuse pesticide pollution typically leads to low environmental concen-
trations, the collection of substantial and representative volumes of water and soil
becomes imperative for the reliable implementation of pesticide CSIA. This need for
comprehensive sampling is particularly significant in cases where nitrogen isotopic
analysis is involved. In addition, a monitoring strategy incorporating this complemen-
tary analysis requires narrower sampling time frames to ensure sufficient sampling
resolution to capture short-duration high concentration episodes, such as large runoff
events. In future, integrative sampling with passive samplers (e.g., POCIS) can be
implemented to ensure that such events will be sampled at sufficiently high resolu-
tion. It can be anticipated that the continued improvement of analytical methods for
clean-up and extraction for pesticide CSIA will prove invaluable in this application.

The application of CSIA to extensive case studies presents a significant chal-
lenge, primarily due to the presence of multiple sources of pesticides, diverse appli-
cation events, and the unique characteristics of individual sites. To confront this
challenge effectively, the catchment areas under investigation must be subdivided
in a manner that aligns with their specific land use and water flow directions. This
approach enables the utilization of a series of mixing models tailored to the respec-
tive subareas, providing a more nuanced and accurate understanding of pesticide
dynamics within these complex systems (see Chap. 2). However, in the case of persis-
tent and well-known pesticides, CSIA may offer a unique opportunity to study their
long-term degradation, e.g., DDTs (Niu et al. 2016) or chlordecone. Similarly, CSIA
holds substantial promise in the investigation of persistent pesticides, like atrazine,
which continue to be detected in environmental field sites even decades after their
prohibition in Europe (Elsner and Imfeld 2016).

Pesticide application and subsequent pollution remain a major and long-lasting
environmental issue that will continue throughout the twenty-first century. The appli-
cation of pesticide CSIA presents a unique opportunity to identify and quantify
pesticide degradation in situ in agricultural catchments, although it requires a careful
analysis of its feasibility, a robust sampling design, and a joint interpretation with
hydro-climatic, geochemical, and microbial conditions and pesticide concentrations.
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of Phosphates to Investigate Phosphorus
Cycling in the Soil-Plant Continuum

V. Pfahler, J. Adu-Gyamfi, Ch. Pistocchi, F. Tamburini, and S. Bauke

Abstract This chapter provides an overview of how the stable isotope composition
of oxygen bond to phosphorus, §('30)po4, in phosphate can be used to investigate P
cycling in the soil—plant continuum. In recent years, several books and articles about
different aspects of P cycling have been published. This chapter provides summary
information about P cycling in the soil-plant continuum focusing on the current
methods in P research. It also provides an overview of the pitfalls of the § ("0)pous
method, especially regarding sampling and sample handling. The chapter concludes
with the way forward and prospects of the §('80)po4 method to investigate P cycling
in the soil-plant continuum.
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5.1 Overview of the Phosphorus Cycling in the Soil-Plant
Continuum

Phosphorus (P) is the 11" most abundant element in the Earth’s crust, which is equiv-
alent to around 0.12 %. The amount of P in the bedrocks varies (Van Kauwenbergh
2010), with the highest amounts usually found in sedimentary rocks. As bedrock
is the primary source of mineral P in soils (Ruttenberg et al. 2003), the bedrock
type and composition influence the total amount of P in different soil types. Total P
concentrations in natural soils are usually lower than in the original bedrock mate-
rial, with higher concentrations in younger than in older soils, which also differ in
their relative abundance of P forms (Walker and Syers 1976). Generally, calcium-
bound P dominates in younger soils, whereas occluded inorganic P and organic P
forms become more abundant with progressing soil development. P concentrations
and the relative proportion of various P forms vary in soils with age and have been
studied extensively since the pioneering work of Walker and Syers (1976). The most
recent study by Rechberger et al. (2021) examined the sorption and desorption of
phosphate in volcanic soils on the Galdpagos Islands. Their study sites included a
climatic gradient, with annual rainfall ranging between 100 mm (dry sites) and 1600
mm (humid sites). They concluded that the main drivers for P sorption at their sites
were iron (Fe) and aluminium (Al), either in amorphous phases or bound to organic
matter.

The following paragraphs provide an overview of P cycling in the soil-plant
continuum, for more detailed information see, for example, Arai and Sparks (2007),
Raghothama and Karthikeyan (2005), White et al. (2008), Biinemann et al. (2011),
Shen et al. (2011), Weihrauch and Opp (2018), and Schipanski and Bennett (2021).

5.1.1 Phosphorus Cycling in the Soil

Through weathering processes, P is released from the bedrock into the soil where
it is transformed into the different organic and inorganic P forms and taken up by
the soil biota. Weathering processes are divided into physical and (bio-) chemical
weathering processes, and factors controlling weathering (such as climate, soil type,
mineralogy, and other intrinsic soil properties) are highly inter-related (Scheffer
and Schachtschabel 1998). Chemical weathering, for example through hydrolysis
of minerals and oxidation of ions, of bedrock dominates in humid tropical regions,
whereas physical weathering processes like thermal stress and frost weathering are
more important in arid areas. The biochemical weathering of bedrock is favoured by
processes such as exudation of organic acids by bacteria and plants and acidification
due to the excretion of protons.

The importance of bedrock weathering for the P cycle in the soil—-plant continuum
is illustrated in the following paragraph. For more information see, for example,
Formoso (2006), Derry (2009), Goll et al. (2014), and Ribeiro et al. (2020) and
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Fig. 5.1 Schematic diagram showing the complexity of soils

references within. Soil water content is used as an example in the following paragraph
to illustrate the interconnectivity of the factors controlling weathering and how it
influences the cycling of other P forms in the soil-plant continuum (Arai and Sparks
2007) (Fig. 5.1).

We chose the soil water content as an example as it impacts the diffusion rate of
ions in the soil which in return impacts the adsorption rate of ions like phosphate
(Weihrauch and Opp 2018). It also enhances the chemical weathering of bedrock
material and impacts biochemical weathering, as it directly affects soil fauna and
flora. Thus, soil water content is an important factor for P cycling in the soil-plant
continuum. It is impacted by factors such as precipitation and temperature (climate),
soil mineralogy, and soil biotic processes. Precipitation and temperature also affect
soil biotic processes (Krashevska et al. 2012; Margalef et al. 2017; Nottingham et al.
2020), the P cycle (Hou et al. 2018), and influence changes in soil mineralogy (Boero
et al. 1992). Through their burrowing activities, earthworms ingest soil and via this
and their excretions, they also influence soil aggregation (Blouin et al. 2013), which
in return influences soil microorganisms and P sorption (Linquist et al. 1997; Six
et al. 2004). Earthworms, soil fauna in general, and roots create biopores through
their activities, which impact soil porosity and nutrient distribution in soils (Le Bayon
et al. 2021). In return, soil fauna and flora influence bedrock weathering, as well as
the P cycle. Through the exudation of enzymes by soil fauna and flora, organic P is
hydrolyzed and available for plant uptake.

Similarly to weathering, chemical and physical processes (including precipita-
tion, dissolution, adsorption, desorption) as well as biological processes (including
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Fig. 5.2 Schematic of phosphorus (P) cycling in the soil-plant continuum

immobilization, mineralization, enzymatic hydrolysis, and the activity of soil macro-
, micro-, and mesofauna and -flora) govern the P cycle in the soil-plant continuum
(Fig. 5.2) (Arai and Sparks 2007; Vos et al. 2014).

Phosphorus occurs as inorganic and organic P forms (e.g. phosphate, phospho-
nates, and phytate) in soils, with inorganic and organic phosphates being the most
abundant (McKelvie 2005; Arai and Sparks 2007; Tiessen 2008). The bioavailability
of soil P varies greatly, and some P forms such as phytate are more recalcitrant than
others. Only a small amount (around 0.1 mg P L~!; Tiessen 2008) of inorganic P
occurs as free phosphate, i.e., the readily available P, in the soil solution and can
directly be taken up by plants. Phosphate in soils is most available at a neutral pH
range but this range is recently under discussion (Barrow 2016; Simonsson et al.
2018). Most inorganic P occurs as phosphate bound to aluminium (Al) or iron (Fe)
oxyhydroxides, to soil particles like clay minerals, and to calcium (Ca) or magne-
sium (Mg) (Gérard 2016). Soil microorganisms like archaea and bacteria also partly
contain inorganic P (around 30 %; Biinemann et al. (2011)), but the majority of P in
microorganisms occurs as organic P, such as phospholipids and nucleic acids. The
relative proportion of organic P forms in microorganisms is influenced, similarly to
plants (Veneklaas et al. 2012), by their P status. In P-limited aquatic bacteria, 60%
of microbial P consisted, for example, of phospholipids and nucleic acids (Vadstein
1998). Microorganisms also often store P in the form of polyphosphates in their cells
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(Rao et al. 2009; Akbari et al. 2021). Depending on the soil, organic P typically
makes up 30 to 65 % of total soil P (Harrison 1987; Richardson et al. 2005).

5.1.2 The Fate of Fertilizer P in Soils

As concentrations of bioavailable P in agricultural soils are often insufficient to
maintain crop production, farmers apply P fertilizer (Schnug and De Kok 2016;
Ros et al. 2020). Phosphorus fertilizers are available as mineral and organic fertil-
izers. Mineral P fertilizer mainly consists of inorganic P, whereas organic P fertil-
izers contain inorganic P but also varying amounts of organic P compounds and
other organic compounds, such as humic acids. Due to their different compositions,
mineral and organic P fertilizers behave differently in soils (Audette et al. 2016) and
affect P cycling in the soil-plant continuum in different ways (Keller et al. 2012; Ma
et al. 2020). Adding organic P fertilizers to the soil leads to an increased input of
organic matter compared to mineral P fertilizers. This can result in enhanced micro-
bial activity in organically fertilized soils (Oehl et al. 2001). Mineral P fertilization on
the other hand can lead to reduced microbial and enzymatic activity in soils (Zhang
et al. 2015; Chen et al. 2019).

5.1.3 Mineral P Fertilizers

Rock phosphate, derived from P-containing ores, is the primary raw material for
mineral P fertilizers, but it can also be applied directly to agricultural fields (Zapata
and Roy 2004). Mineral P fertilizers are applied in agricultural fields as triple super-
phosphate (TSP), (mono-/di-) ammonium phosphate, combined with other nutri-
ents such as nitrogen (N) and potassium (K), and to a lesser degree as ammonium
polyphosphate, which is, unlike the first three, applied as a liquid. Only a small
amount (up to 20%; Plaxton and Tran (2011)) of inorganic P derived from mineral
fertilizers is taken up by plants during a growing season (Blake et al. 2000). The
majority is either adsorbed by soil particles and slowly enters the more recalcitrant
P pools or is lost due to leaching into the groundwater or soil erosion. In developed
countries with access to fertilizers, this process translated into the build-up over a
few decades of the so-called legacy P in soils (Kamprath 1967; Menezes-Blackburn
et al. 2018). Ott and Rechberger (2012) estimated that in the 15 European Union
Countries as of 1 May 2004 (EU-15), the net accumulation of P in agricultural soils
is 2.9 kg P yr~! per capita. This is approximately 62% of the net annual per capita
consumption of P in the EU-15.

Organic P amendments cover a wide range of substances. Farmyard manure is prob-
ably the most common organic P amendment; other examples are biogas digestates
and animal slurry. The origin of the organic P fertilizer/amendment impacts the fate
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of P derived from it, as shown for three different types of animal manure (Azeez and
van Averbeke 2011) and a range of organic fertilizers including digestates (Vanden
Nest et al. 2015). Poultry manure, for example, reduced P fixation in soils more than
goat and cattle manure, perhaps caused by a competition about the sorption sites
between P and humic acid (Azeez and van Averbeke 2011). Similarly, Vanden Nest
et al. (2015) observed that the different compositions of organic matter in organic
fertilizers lead to different effects on soil P availability. The various organic P fertil-
izers also contain different organic P compounds or different amounts of organic P
compounds. As organic P compounds need to be hydrolyzed before they can be used
by plants (see Sect. 5.3), this also impacts the availability of P derived from organic
P fertilizers. Phytate is, for example, more present in poultry manure and pig slurry,
as these monogastric animals lack the enzyme phytase to hydrolyze phytate (Scholz
and Wellmer 2015).

5.1.4 Phosphorus and Plants

The amount of total P in soils would often be sufficient to sustain plant growth,
however, only a small portion of the total soil P can readily be taken up by plants
or soil microorganisms. Plants take up P as a phosphate ion, mainly as H,PO4~
or HPO,?~, from the soil solution, creating a P concentration gradient from the
rhizosphere to the bulk soil, which leads to the desorption of phosphate from soil
particles and a flux of phosphate towards the roots (Hinsinger 2001; Schnepf et al.
2008; Kreuzeder et al. 2018). Since concentrations of available P in soils are usually
low compared to plant P demands, plants have developed strategies to increase their
P acquisition and internal P use efficiency (Table 5.1) (Hinsinger 2001; Shen et al.
2011; Veneklaas et al. 2012; Raven et al. 2018).

Acquisition strategies can roughly be divided into four categories: exudation,
symbiosis, expression of high-affinity P transporters, and root architecture. Plants
are known to excrete organic acids, enzymes, and protons to increase the availability
of soil P. Organic acids chelate ions like Fe and thus prevent the binding of P to Fe.
Pigeon pea (Cajanus cajan) exudes piscidic acid (p-hydroxybenzyl tartaric acid),
which is known to release P bound to iron (Fe) (Ae et al. 1990; Raghothama 1999;
Adu-Gyamfi 2002; Ishikawa et al. 2002; Krishnappa and Hussain 2014). Enzymes
such as acid phosphatase catalyze the hydrolysis of organic P into inorganic P so that
plants can take it up. As mentioned in Sect. 5.1, the soil pH affects the availability of
the soil P, and therefore some plants excrete protons, which leads to an acidification of
the rhizosphere. Other plants express high-affinity P transporters in the roots, which
leads to an increased P flux into the roots (Rausch and Bucher 2002). Changes in root
architecture can also increase P acquisition. Members of the Proteaceae species form
cluster roots that excrete organic acids. The formation of proteoid (or cluster) roots is,
for example, a common strategy of the Proteaceae family in Australia growing on low
P soils (Lambers et al. 2015a). Among the cultivated species, white lupin (Lupinus
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Table 5.1 Plant strategies to increase phosphorus (P) acquisition and internal P use efficiency

P acquisition

Exudation Organic acids

Enzymes

Protons (acidification of the rhizosphere)

Symbiosis Symbiosis with mycorrhizal fungi

Expression of high-affinity P transporters in the roots

Root Proteoid/cluster roots
architecture

Enhanced root biomass

Changes in root morphology and architecture (root biomass and elongation rate,
number of lateral roots and root hairs, etc.)

Internal P use efficiency

Remobilization of P stored in the vacuole

Re-translocation of P from older to younger leaves or reproductive organs

Replacement of phospholipids by other lipids

Induction of acid phosphatase

albus) is also known to form cluster roots (Lambers et al. 2015b). Phosphorus-limited
plants often also invest more resources in the roots, which leads to a greater root-to-
shoot ratio compared to non-limited plants. An increased number of fine roots allows
plants to explore a greater soil volume. In most soils, bioavailable P concentrations
are highest in the topmost soil layers. A strategy to better access this P is a change
in the root architecture, with more roots growing laterally (Lynch and Brown 2001).
This phenomenon is known as topsoil foraging and is increased in soybeans by a shal-
lower root growth angle (Lynch 2011). Similarly, the symbiosis with mycorrhizal
fungi greatly increases the soil volume that plants can explore and consequently
have access to more bioavailable P (Schnepf et al. 2008; Smith et al. 2011). Mycor-
rhizal fungi, like plants and microorganisms, secrete phosphoenzymes which could
increase the availability of organic P for plant nutrition (Ezawa and Saito 2018). In
fact, around 90% of land plants are associated with mycorrhizal fungi (Smith and
Read 2010).

Phosphorus is essential for plants as it is involved in several metabolic processes
and the inorganic P concentration inside the cytoplasm is tightly regulated (Bieleski
1972; Raghothama and Karthikeyan 2005). Therefore, plants, besides their P acquisi-
tion strategies, have developed mechanisms to increase their internal P use efficiency
(Plaxton and Tran 2011). More detailed information about this topic can be found
in White and Hammond (2008), Rose and Wissuwa (2012), Lopez-Arredondo et al.
(2014), and references therein. Inside plants, P is considered a mobile nutrient, and
once it is taken up by plants, it is translocated to the different plant organs. The uptake
of P and translocation to different plant organs and cell compartments involve cell
membrane transporters and the xylem and phloem (Jaiwal et al. 2008; Miller et al.
2009; White 2012). Depending on the P nutrition status of a plant, most of the plant P
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occurs as inorganic P (Veneklaas et al. 2012) mainly stored inside the vacuole when
plants are growing at a high P status (up to 85-95 %; Raghothama and Karthikeyan
(2005)). The remobilization of this stored vacuolar P is one way in which plants
can increase their internal P use efficiency (PUE) (Rose and Wissuwa 2012). Re-
translocation of P from older to younger or reproductive organs like seeds is another
strategy to increase the PUE (Akhtar et al. 2008; Richardson et al. 2011). Compared
to the tightly regulated cytosolic inorganic P, the concentrations of other plant P
compounds like nucleic acids, phosphorylated metabolites, and phospholipids can
change more and the turnover rates of some of these P compounds are less than 1
min (Bieleski and Laties 1963; Veneklaas et al. 2012). After the addition of 3P to
potato plants, it took less than 1 min until half of the ATP in older potato tissue
had incorporated the added label (Bieleski and Laties 1963). The replacement of
phospholipids by other lipids like sulfo- and galactolipids also increases the PUE of
plants (Lambers et al. 2012). Similar to increasing the P acquisition, the expression
of intracellular acid phosphatases increases the PUE of plants (O’Gallagher et al.
2021).

Most modern crop varieties are less efficient in acquiring P compared to older
varieties or wild types since breeding efforts focused on other traits like increased
starch content or yield in general. Nowadays, researchers have investigated the P
uptake and utilization efficiency of different plant varieties, and through breeding
or genetically modifying crops to create new crop varieties, which have a good
balance between yield and P use efficiency (Cong et al. 2020). Examples include
potatoes (Balemi and Schenk 2009; Pantigoso et al. 2020), rice (Wissuwa et al.
1998; Irfan et al. 2020), and wheat (Fageria and Baligar 1999; Korkmaz et al. 2009).
With these new varieties, it might be possible in future to reduce the dependence
on P fertilizers, as well as reduce the amount of legacy P built up in the soil. Other
research focuses on soil management strategies such as intercropping (Brooker et al.
2015; Garland et al. 2017) and microorganisms or soil meso- and macrofauna to
increase P availability in the soil (Richardson et al. 2009; Blouin et al. 2013; Trap
et al. 2016). Intercropping cereals with legumes can have a positive effect on the P
availability of cereals (Hinsinger et al. 2011). When intercropping maize (Zea mays)
with fava beans (Vicia faba), maize as well as fava bean yield increased by 43% and
26%, respectively (Li et al. 2007).

5.1.5 The Next Steps—Where Are the Biggest Gaps in Our
Knowledge?

As the previous section illustrates, P cycling in the soil-plant continuum is complex
and we still do not fully understand all its aspects. At the same time, dealing with
P-related issues (such as declining rock phosphate reserves and pollution of aquatic
systems) becomes more urgent. Several research papers recently addressed research
gaps and questions regarding the P cycle in the soil-plant continuum (Yang and



5 Stable Oxygen Isotope Composition of Phosphates to Investigate ... 71

Finnegan 2010; Richardson et al. 2011; Kruse et al. 2015; Reed et al. 2015; George
et al. 2017). Generally, the gaps can be divided as follows:

i.

ii.

iii.

Soil intrinsic factors, management, and fauna. Organic soil P can be an impor-
tant P source for plants; however, many issues around organic P remain, for
instance how to link enzymatic P cycling with operationally defined (organic)
P pools or the importance of microbial mechanisms related to organic matter
(Georgeetal. 2017). The role of soil pH regarding P availability has recently been
under discussion (Barrow 2016; Simonsson et al. 2018). It is also still unclear
how microorganisms deal with low P conditions at acidic soil pH (Lidbury
et al. 2017). Like soil pH, soil management can also affect the availability of
soil P. Soil management strategies include intercropping different plant species
with each other and adding specific microorganisms to the soil to enhance P
availability. Despite recent advances in this field, there are still many unknowns
about how soil management strategies can increase the availability of legacy P
and other recalcitrant P (Menezes-Blackburn et al. 2018). Soil management also
affects earthworms and other soil fauna, but the role of earthworms for the P
nutrition of crops, for example, is a relatively recent field of research (Puissant
et al. 2021; Trap et al. 2021).

Plant physiology and the genetics behind. Whereas many studies, mainly
under experimental conditions in the greenhouse, have examined how P starva-
tion affects plant physiology and what genes are involved, it is still unclear what
sets off the phosphate starvation response of plants (Yang and Finnegan 2010).
It is also debated how relevant are data obtained in greenhouse studies for field-
grown plants (Richardson et al. 2011). Greenhouse studies usually only consider
a few variables like the soil P status or soil water content. In contrast, plants
grown under field conditions might not only be exposed to low P concentrations
but also must adapt to changes in precipitation, temperature, competition about
P with microorganisms, or a heterogeneous distribution of P in the soil.
Incorporation of P into environmental models. Improving the representation
of the P cycle in models can improve the constraints of the predictions about soil
C storage under climate change (Helfenstein et al. 2020). However, many model
parameters regarding the P cycle are still missing (Reed et al. 2015). One aspect
that is recently of high interest is linking the P to other nutrient cycles since
modellers have realized the interconnectivity of nutrients (Wang et al. 2007;
Reed et al. 2015; George et al. 2017; Bertrand et al. 2019). The C:N:P ratio is
an important parameter for investigating the coupling of the C, N, and P cycle
(Bertrand et al. 2019). Phosphorus is involved in key metabolic processes, such
as providing energy for the transport of nutrients across membranes, and thus, P
limitation can also affect the cycling of other nutrients. Cleveland et al. (2002)
showed that in tropical forests, the utilization of labile soil organic carbon by
microorganisms is P limited.
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5.2 Current Approaches and Methods to Study P Cycling
in the Soil-Plant Continuum

There are still many unknowns when it comes to P cycling in the soil-plant
continuum. A detailed overview of current innovations regarding methods to inves-
tigate P cycling in the soil-plant continuum can be found in Biinemann et al. (2011),
the IAEA TECDOC-1805 (IAEA 2016), Kruse et al. (2015), Neumann et al. (2009),
and references therein. Methods to investigate P cycling in the soil-plant continuum
can be divided into four groups: chemical extractions, tracers, molecular approaches,
and spectroscopic methods (Biinemann et al. 2011). These methods vary in their areas
of application and in the information obtained from them (Table 5.2). The chosen
method therefore depends on the research questions and hypotheses. However, none
of those methods should be used as a stand-alone method but should be combined
with other approaches.

Recent developments in the suitability of the different methods have driven atten-
tion to approaches commonly used. Recently, the usefulness of chemical fraction-
ations to study P in soils has been debated (Klotzbiicher et al. 2019; Barrow et al.
2021; Guppy 2021; Gu and Margenot 2021). In fractionation protocols, fractions are
often assigned to certain soil P pools or certain P forms are assigned to certain frac-
tions, like iron-bound P to the NaOH fraction. However, one should be aware that,
for instance, a chemically determined P pool does not necessarily adequately repre-
sent an environmentally relevant P pool. The resin-extractable P fraction or pool is
for instance considered as an approximation for available P, but other fractions also
might contain available P. Some methods, like the 8("80)pou technique, however,
require knowledge about chemical fractionations (Tamburini et al. 2018), but the
limitations of those should then be acknowledged when interpreting the results. It
might be useful to combine chemical fractionations with other analytical methods,
such as the determination of iron in the NaOH fraction, to validate the results obtained
by chemical fractionations (Condron and Newman 2011).

The extraction and analysis of P fractions comprise a wide range of methods,
from the routine extraction of available P in soils to the isolation of vacuolar P in
plants. Most studies investigating P in the soil-plant continuum determine at least
the easily extractable inorganic P (considered the available soil P) or the total P in
soils. Common methods for the extraction of available P from soil samples include
extraction with anion exchange resin membranes (Kouno et al. 1995), bicarbonate
(Olsen 1954), water (Van der Paauw 1971), and a sodium fluoride-hydrochloric acid
solution (Bray and Kurtz 1945). Not all methods are appropriate for all soil types
(Oberson et al. 1997; Nawara et al. 2017; Blackwell et al. 2019), thus leading to
erroneous results. Total P in soils and plant material is often determined via chem-
ical extraction, such as acid digestion and sodium carbonate fusion (Sommers and
Nelson 1972; Bowman 1988; Bender and Wood 2000; Maathuis 2013). Total P is
also determined with less destructive methods like X-ray fluorescence (XRF) (see
section below about spectroscopic approaches). While the extraction of available P
from soils is relatively straightforward, extracting specific P compounds like phytate
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Table 5.2 Common methods to investigate P cycling in the soil-plant continuum
Method Basics Area of Literature
application
Extraction of | Specific P forms | Extraction of Phospholipids Bieleski and Young
P forms and specific P forms | from soils as (1963), Ehlers et al.
fractions like phytate and | indication for (2010), Tjellstrom
phospholipids microbial et al. (2008)
biomass; plant
physiology (e.g.
changes of P
compounds in
plants due to P
limitation)
Chemical Based on the Distribution of P | Adu-Gyamfi et al.
fractionation different among different P | (1990), Condron
chemical fractions provides | et al. (1985), Hedley
extractability of P | rough idea about | et al. (1982), Levy
forms and the P status of a | and Schlesinger
fractions soil (1999), Tiessen et al.
(1984)
Specific P Extraction of Fardeau et al. (1988),
fractions available P is used | Nawara et al. (2017)
in agriculture to
determine the
amount of P
fertilizer which
needs to be
applied; metabolic
P in plant material
Tracers Radioisotopes of | Application of Mainly used in Biinemann (2015,;

P

32p or 3P 1o
soils, plants, etc.;
extraction of
certain P
fractions and
determination of
radioactivity;
labelling P
compounds and/
or fertilizers with
32P or 33P

greenhouse
studies;
measuring P
fluxes in soils and
plants; estimate
gross and net
organic P
mineralization;
uptake of P by
plants and
microorganisms;
determination of
fertilizer derived
P in plants;
determination of
P availability and
exchangeability in
soils

Fardeau et al. (1995),
Frossard et al.
(2011), Helfenstein
et al. (2020),
Pistocchi et al.
(2018), Whitfield
etal. (2018)

(continued)
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Method Basics Area of Literature
application

Stable isotopic | Working with Mainly Amelung et al.

composition of | natural information about | (2015), Jaisi and

oxygen (O) abundance or biological Blake (2014), Pfahler
associated with | labelling; usually | processes in soils; | et al. (2020b),

P extraction of tracing inorganic | Pistocchi et al.
different P P input into (2017), Tamburini
fractions via aquatic systems et al. (2014a)
sequential
extraction

Other tracers In some cases, P | Used to study the | Sun et al. (2020)
is associated with | fate of fertilizer P
other elements
like cadmium
(Cd) and uranium
(U) which can be
used to trace P
Labelling P Studying organic | Gross et al. (2017)
compounds with | P compounds
B¢ used by

microorganisms
Molecular Omics Extraction of Provides Ragot et al. (2015,
approaches (meta-genomics, | metabolites, information about | 2017), Neal et al.

metabolomics, | DNA, and RNA | for example (2017)

genomics, from samples microbial

proteomics, community

transcriptomics) structure and

composition in
soils; information
about proteins,
metabolites,
genes, etc., that
are involved in a
certain process

Enzyme Adding different | Potential enzyme | Aradjo et al. (2008),

activities substrates activities in soils; | Louche et al. (2010),
(depending on common Nannipieri (2011),
the targeted examples include | Tabatabai and
enzyme) and acid and alkaline | Bremner (1969)

measuring, e.g.
the amount of
phosphate
released with
time

phosphatase,
phytase

(continued)
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Method Basics Area of Literature
application
Spectroscopic | 3'P-NMR Solid or liquid Used to analyse Annaheim et al.
and spectroscopy state P-containing (2015), Cade-Menun
spectrometric spectroscopy, compounds, and Liu (2014),
approaches liquid state especially organic | McLaren et al.
spectroscopy P in soils (2015), Turner et al.
requires (2012), Vincent et al.
extraction prior (2010)
to analysis
X-ray Semi-quantitative | Mainly used for | Negassa and
absorption analysis based on | investigating Leinweber (2009),
spectroscopy spectral features | mineral P forms in | Schmieder et al.
of different P soils; potentially | (2020)
species useful also for
investigating
organic P
NanoSIMS For example, Gross et al. (2020),
localization of P Kilburn et al. (2010),
in cells Werner et al. (2017)

from soil and plant material is often more laborious (Frank 2013; Reusser et al.
2020; Turner et al. 2020). To quantitatively analyse phytate in soil and plant mate-
rial, the samples were first extracted with an acid or alkaline solution, followed by
isolating phytate from the extract. Methods for isolation include high-performance
liquid chromatography (HPLC) and precipitating phytate as an insoluble salt, for
example, by adding iron (Frank 2013; Turner 2020).

Using tracers to investigate nutrient cycling is a common research approach,
and in the case of P, it includes the two radioisotopes 3*P and **P, the stable isotope
composition of oxygen (O) associated with P, 1*C-labelled organic P compounds, and
using elements that are associated with P, such as uranium (U) in the case of fertilizers.
The application areas of P radioisotopes are quite diverse (Frossard et al. 2011) and
include determining the residence time of P in different soil P pools (Helfenstein
et al. 2020) and tracing P inside plants once it has been taken up (Mimura et al.
1996). Recently, Whitfield et al. (2018) published a method to synthesize inositol
hexakisphosphate (IHP) labelled with 3P, which could advance our understanding
of IHP cycling in soils.

Using molecular approaches is becoming increasingly accessible. While only
a few publications used omics analysis to investigate P cycling in the soil-plant
continuum back in 2011 (Wasaki and Maruyama 201 1), those methods are nowadays
more common and they brought useful insights, for example, into the phosphate
starvation response (PSR) of plants (Lopez-Arredondo et al. 2014; Lan et al. 2017).
Proteomics revealed that the PSR of plants also affects the enzymes involved in the
tricarboxylic acid cycle of plants (Lan et al. 2017).
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Spectroscopic and spectrometric approaches cover a wide range of techniques
(Kruse et al. 2015). Determining total P in soils via XRF instead of chemical extrac-
tion often yields more accurate results, as chemical extractions tend to underestimate
the concentrations of total soil P (Chander et al. 2008; Wang et al. 2021b). The advan-
tages and disadvantages of >'P-NMR are an ongoing debate. One disadvantage is
that some organic P compounds might be hydrolyzed prior to or during NMR anal-
ysis. By using '®0-enriched medium this issue could potentially be solved (Wang
et al. 2021a). Combining 3'P-NMR with an '0O-label is also used to study enzy-
matic mechanisms (Cohn 1958; Cohn and Hu 1978). Spectroscopic approaches also
include other approaches that are currently less common than those mentioned in
Table 5.1 (Kruse et al. 2015). One example is nanoscale secondary ion mass spec-
trometry (NanoSIMS). Rodionov et al. (2020) used NanoSIMS in combination with
other techniques to study P cycling in forest subsoils by visualizing the distribution
of P in the rhizosphere.

5.3 The §(330)po4 to Investigate P Cycling in the Soil-Plant
Continuum—Current State

5.3.1 Background of the Method

Inrecent years, using the stable isotope composition of oxygen (O) associated with P
[8(*80)po4] to study phosphorus (P) cycling in the soil-plant continuum has become
more common. Detailed reviews about the principles of the method and its applica-
tions can be found in Adu-Gyamfi and Pfahler (2022), Bauke (2021), Tamburini et al.
(2014b), and Jaisi and Blake (2014). In short, the principles of this method are (1) in
the environment, P is mainly associated with O and (2) the P-O bond is stable under
the absence of biotic processes and at the Earth’s surface conditions (Winter et al.
1940). Alterations of 8(**O)po4 values in the environment occur due to processes that
lead to cleaving of the P-O bond (mainly biotic processes) or sorting of the heavier
and lighter isotopologues (biotic and abiotic processes) (Adu-Gyamfi and Pfahler
2022). Biotic processes include enzymatic activity, such as organic P mineraliza-
tion through enzymes and P uptake by microorganisms. One of the most important
enzymes influencing 8('80)po4 values is inorganic pyrophosphatase (PPase). This
ubiquitous enzyme leads to the progressive exchange of all four O atoms in phos-
phate with O from surrounding water and causes a temperature-dependent isotopic
equilibrium between O in phosphate and in water (Cohn 1958; von Sperber et al.
2017). Equilibrium 8('®0)p4 values can be calculated (Chang and Blake 2015) and
are often used as an indicator for microbial P cycling, since the PPase is an intracel-
lular enzyme (Tamburini et al. 2012). Other enzymes, phosphomono- and -diesterases
such as acid and alkaline phosphatases among others, lead to an exchange of one to
two O atoms between the phosphate moiety and water (Liang and Blake 2006a; von
Sperber et al. 2014; Wu et al. 2015). The reported fractionation factors are mostly



5 Stable Oxygen Isotope Composition of Phosphates to Investigate ... 77

negative; i.e., phosphate released from organic P is usually depleted in '*O compared
to the original organic P compound. Acid phosphatase for example has a fraction-
ation factor of approximately —10 %o (von Sperber et al. 2014). With a §(**0)mo
value of the surrounding water of around 0 %o and organic P with a §('80)po4 value
of around 20 %o, phosphate released from organic P via acid phosphatase would have
a 8("80)po4 value of 10 %o. Abiotic processes like the interaction of phosphate with
iron oxides have a rather small fractionation factor compared to biotic processes
(Jaisi et al. 2010; Melby et al. 2013a).

To determine the §('®0)pps of a P fraction, the targeted fraction needs to be
extracted from the environmental sample, e.g. soil, and afterwards isolated to precip-
itate the final analyte silver phosphate. Nowadays, protocols for the extraction, isola-
tion, and purification of phosphate for determination of 8('®0)po4 values exist for
organic and inorganic P forms and fractions in soils, plants, sediments, fertilizers, and
water (see Adu-Gyamfi and Pfahler, 2022 for an overview). Most protocols consist
of a stepwise purification of an extract/sample (McLaughlin et al. 2004; Tamburini
et al. 2010, 2018). The most common protocol for soils and plants consists of four
steps: (1) precipitation of ammonium phosphomolybdate (APM), (2) dissolution of
APM and precipitation of magnesium ammonium phosphate (MAP), (3) dissolu-
tion of MAP and addition of exchange resin to remove cations, (4) removal of resin
and addition of silver ammine solution to precipitate silver phosphate. For a more
detailed description of the method see also IAEA book, Tamburini et al. (2010), and
Tamburini et al. (2018).

5.3.2 Calculations

To assure the quality of the obtained isotope data, the following calculations should
be performed prior to further data analysis:

e Estimation whether or not inorganic hydrolysis of organic or precipitated P
occurred during the extraction of a P pool (McLaughlin et al. 2006; Pistocchi
et al. 2017).

e Recovery of a label like '30O-labelled phosphate or water added to soils, plants,
or nutrient solutions (Gross and Angert 2015; Bauke et al. 2021).

To interpret the obtained isotope data, the following calculations are useful:

e Isotopic equilibrium between O in phosphate and in water caused by the PPase
(Chang and Blake 2015).

e Effect of organic P hydrolysis via phosphomono- and -diesterases on §('*0)poy
values (see Table 5.1 under “Enzymes”).

The calculated isotopic equilibrium and the effect of organic P hydrolysis can
then, for instance, be used in a mass balance to estimate the relative contribution of
microbial P cycling and enzymatic hydrolysis of organic P to available soil P. Mass
balances can also be used to estimate the contribution of different P pools, such as
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mineral P and inorganic P in plants to available soil P (Tamburini et al. 2012) (see
also Chap. 3).

5.3.3 Application of the Method to Study Phosphorus Cycling
in the Soil-Plant Continuum

With more protocols available for different P pools and environmental samples, the
8('80)po4 method is currently used to investigate a wider range of aspects of the
P cycle in the soil-plant continuum (Table 5.3). See also Bauke (2021) for a more
detailed discussion about soil §('30)po4 values.

Table 5.3 Aspects of the phosphorus (P) cycle in the soil-plant continuum to which the 3(180)pos

method has been applied so far

Aspect of phosphorus cycle References
Enzymes Acid phosphatase | von Sperber et al. (2014)
Alkaline Blake et al. (2005)
phosphatase
5’-nucleotidase Liang and Blake (2006b)
Phytase von Sperber et al. (2015), Sun et al. (2017)
Inorganic Blake et al. (2005), Chang and Blake (2015), von Sperber
pyrophosphatase | et al. (2017)
PDasel Liang and Blake (2009)
DNase
Soil Adsorption/ Jaisi (2013), Jaisi et al. (2010), Melby et al. (2013a)
processes/ desorption
properties Organic acids Wang et al. (2016)
Soil pH Pfahler et al. (2020b)
Nitrogen Bauke et al. (2018), Bi et al. (2018), Frkova et al. (2021),
Jing et al. (2021), Shen et al. (2020), Wang et al. (2021b),
Weiner et al. (2018)
Carbon Wang et al. (2021b)
Biopores Bauke et al. (2017)
Soil development | Helfenstein et al. (2018), Roberts et al. (2015), Tamburini
etal. (2012)
Microbial P Pistocchi et al. (2020), Siegenthaler et al. (2020), Tamburini
cycling etal. (2012)
Plants P limitation Pfahler et al. (2017, 2020a, b)
P uptake Bauke et al. (2021)
Fertilizers Smith et al. (2021), Sun et al. (2020)
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One of the first studies which used 'O in phosphate to study P cycling in soils
was the study by Larsen et al. (1989). They added KH,PO, labelled with 80 and
32P to soil, distributed the soil among different pots, and grew grass in those pots for
three months. To exclude biotic activity, they also added germicide to some pots for
three months. Half of the added '80-label was lost in the untreated soils, whereas
no loss was observed in the germicide-treated soil, which was attributed to a lack of
biotic activity (for more information about labelling experiments see also Chap. 3).
In line with this, Tamburini et al. (2012) showed by analysing 8('80)pos4 values of
soil and plant P pools along a soil chronosequence that prior to being released to
the available soil P pool, phosphate is cycled through microbes. In an incubation
experiment with organic horizons of two forest soils, differing in their amount of
available P, Pistocchi et al. (2020) added '80-labelled water to the soils. In the soil
with a high P availability, §('*0)po4 values of available P approached equilibrium
values, whereas in the low-P soil, the impact of hydrolyzing enzymes was visible in
8("80)poy4 values of available P, thus showing that this pool was mostly replenished
by P derived from organic P mineralization.

Whereas more and more studies use §('®0)po4 values to investigate P cycling in
soils, less is known about plants, i.e. P acquisition by plants and plant internal P
cycling, and how these processes affect §('80)po4 values. Plants play a vital role for
P cycling in soils, as they not only take up P from the soil solution, but also exude
enzymes and create biopores thereby altering chemical and physical soil properties.
Plant litter can also be a major source of P in soils (Sayer et al. 2020); therefore,
it is necessary to understand how plants, under different environmental conditions,
alter 8('®0)po4 values. In a greenhouse experiment with soybeans, Pfahler et al.
(2013) showed that §('®0)ppy4 values of inorganic P, extracted from plant leaves,
are more enriched in '80 compared to P supplied in the nutrient solution. This was
most likely caused by the O exchange between phosphate and leaf water, which is
usually enriched in 80 compared to soil water, due to transpiration. In a follow-up
study, Pfahler et al. (2017) investigated if 8(130)po4 values can be used to study plant
response to P limitation. Combining 8('30)pe4 values with radioactive 3*P labelling,
they showed that §('80)po4 values of trichloroacetic acid (TCA)-extractable P from
soybean leaves, subjected to P limitation, are less enriched in '®O compared to the
soybeans growing with an ample amount of P in the nutrient solution. This was most
likely caused by hydrolyzing enzymes like acid phosphatase, releasing, and then
translocating P from senescent to younger leaves. Recently, several studies have
investigated whether the 8('30)po4 method can be used to trace P inside plants after
uptake (Qin et al. 2018; Hauenstein et al. 2020; Bauke et al. 2021). Qin et al. (2018)
used '80-labelled phosphate to trace applied phosphate from the soil to maize shoots.
They found this possible only when the roots of maize plants were not inoculated
with an arbuscular mycorrhizal fungus (AMF). They concluded that the '#0-label
was lost during phosphate metabolism inside the AMF (Qin et al. 2018). Hauenstein
et al. (2020) and Bauke et al. (2021) used '8O-labelled water instead of '8O-labelled
phosphate to investigate P cycling in plants. The '30-labelled water was provided
to the plants as irrigation water or in the nutrient solution. Hauenstein et al. (2020)
used this method to study P nutrition of beech at two forest fertilization experiments
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in Germany. Based on the analysis of § (**0)po4 values of inorganic P in the xylem
sap, they postulate that in the P fertilized treatments, the additional P in the xylem
was derived from fertilizer P and biologically cycled soil P. Bauke et al. (2021)
used spring wheat as a model plant and conducted three different experiments using
either hydroponic systems or pots filled with soil. Unlike shoots, root §('*0)po4
values of TCA P partly preserved the §('®O)po4 value of the P source due to lower
metabolic activity in the roots. They therefore suggested that root P might provide
better information on the P source than above-ground biomass, although their study
did not consider the effects of mycorrhization, as in Qin et al. (2018).

As shown in the above-mentioned studies, plants can greatly alter 8('30)po4 values
of assimilated phosphate. Hacker et al. (2019) showed that plant diversity, via its
effect on evaporation and thus soil water 8("80)0 values, can also indirectly impact
8('30)po4 values of bioavailable soil P. To show this, two waters, differing in their
8("80)po4 values, were applied to 27 plots in the Jena experiment, which consisted
of around 80 plots with different plant species combinations. Microbial P turnover
influenced 8('80)po, values of bioavailable soil P more in plots with high plant
diversity compared to plots with lower plant diversity (Hacker et al. 2019).

Plants can potentially affect soil §('*0)po4 values in many ways, not just via their
impact on evaporation. Plants, like microorganisms, exude enzymes that are known
to alter 8(*®O)po4 values (see Table 5.1). However, little is known about how other
plant acquisition strategies, such as symbiosis with AMF might affect soil §('®0)po4
values. To the best of our knowledge, only Wang et al. (2016) investigated the impact
of low-molecular-weight organic acids (LMWOASs) on § (**0)po4 values. They used
hydroxyapatite and different LMWOAs (acetic, oxalic, and citric acid) in batch and
column experiments. The observed fractionation factors were relatively small: —0.3
to 1.1 %o (batch experiment) and —1.3 to 1.1 %o (column experiment).

5.3.4 Natural Abundance Versus Labelling Experiments

Most field studies work with the natural abundance of 'O in the environment.
However, the differences between 8('80)pg4 values of P pools between treatments
or between different P pools are sometimes within 1 or 2 %o and it might be difficult
to draw sound conclusions, especially when replication is missing (Pfahler et al.
2020b). One possibility is to work with strong environmental gradients, as in the
pioneering field study by Tamburini et al. (2012) at a soil chronosequence. In other
cases, the addition of an '30-labelled P source or '®O-labelled water is advisable.
Labelling experiments have great potential to bring further insights into the P cycle in
the soil-plant continuum. Following the work by Larsen et al. (1989) in soils, Melby
and co-authors conducted several studies using '80-labelled phosphate (Melby et al.
2011, 2013a, b). In the first study, Melby et al. (2011) described a method how to
produce '80-labelled phosphate to be used in other studies. They then conducted two
studies in which they used '80-labelled phosphate to investigate biological P cycling
(Melby et al. 2013b) and phosphate sorption (Melby et al. 2013a). In recent years,
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more and more studies, including the ones mentioned before, have applied an '80-
label to soils/plants, either via phosphate or via water. Most of them are conducted
under controlled environmental conditions (i.e., greenhouse or growth chambers),
since the application of a labelled compound in the open environment requires more
care and might not always be suitable. In areas with high precipitation like tropical
rainforests or high evaporation like deserts, '30-labelled water applied to the soil
might rapidly be altered, which needs to be accounted for when interpreting the
obtained data (Kendall and McDonnell 2012; Beyer and Penna 2021). In addition
to adding a '80-labelled compound, also the addition of other labels like 33P/3*P
(Pfahler et al. 2017; Siegenthaler et al. 2020) and '*C can bring useful insights into P
cycling (Gross and Angert 2017). In an incubation study, Siegenthaler et al. (2020)
applied 3P as well as '8O-labelled water to soil samples from a climatic gradient
in Hawaii. They found that both techniques complement each other like in case of
NaOH-EDTA P where 2P and 8('®O)po4 values both indicated that NaOH-EDTA P
was only partly cycled during the incubation experiment. Combining §('80)po4 with
labelling an organic P compound with *C, Gross and Angert (2017) showed that
this combination could help elucidating both, C and P, cycling in the environment.

5.4 Challenges of the 6(180)p04 Method Application

The major pitfalls of the §('*0)pos method can be grouped into three categories:
sample handling mistakes, issues during purification, and lack of additional data for
results interpretation.

5.4.1 Sample Handling Mistakes

8("80)poy is strongly influenced by biotic processes. It is therefore essential to reduce
biological activity immediately after sampling to not alter the 8('30)pos of any
targeted P pool or compound. Drying soil samples might be effective in reducing
biological activity, but drying and re-wetting are known to lyse microbial cells and
release microbial P into the available P pool (Dinh et al. 2017). Thus, analysing
8('30)pos of available P extracted from dried soils is different from §(*#0)pg4 values
determined using fresh soils. A relatively simple way to reduce biological activity is
to store the samples on ice in a freezer/polystyrene box. However, prolonged storage
of fresh soil samples, even at 4 °C, might affect 3("0)poy values, especially those
of more labile P pools. Storing fresh soil samples for a minimum amount of time,
even in the fridge, is thus recommended.
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5.4.2 Extraction Issues

One issue when working with plants and 8('80)poy4 is that enzymatic activity needs to
be stopped during extraction, otherwise § (**0)po4 could be altered (Bieleski 1964).
The combination of low temperatures and trichloroacetic acid was relatively efficient
in stopping enzymes during extractions. Similarly, resin and microbial P extractions
for (18 0)po4 analysis are usually conducted at 4 °C (Tamburini et al. 2012).

Another issue associated with extracting P for 8("80)pos analysis from soil
samples is that sometimes large soil volumes are required to obtain a sufficient
amount of P (10-20 wmol P) for the purification protocol (Pfahler et al. 2020a). This
is challenging for two reasons: (1) keeping the original soil-to-solution ratio for an
extraction might be difficult and (2) reducing large volumes of extracts is laborious
and needs to be done carefully (Adu-Gyamfi and Pfahler 2022). Keeping the original
soil-to-solution ratio is important, as changes to it might result in extracting more or
less P compared to the original ratio (Weiner et al. 2011; Pfahler et al. 2020a) and
thus comparing results between studies is difficult. Large volumes of extracts need
to be concentrated, for instance via brucite precipitation to approximately 100 mL to
purify it and precipitate silver phosphate as the final analyte. Several brucite precip-
itations might be necessary, which could result in a loss of P if not done carefully
(Adu-Gyamfi and Pfahler 2022).

5.4.3 Issues During the Purification Protocol

Adu-Gyamfi and Pfahler (2022) addressed the issues during the purification protocol
in detail. In brief, issues during the purification of extracts are often due to high quan-
tities of organic matter in the extracts or low P concentrations. There are ways to
deal with those issues, but one must be aware of them first. An additional step with
a DAX resin or (several) brucite precipitations could be included to remove more
organic matter (Adu-Gyamfi and Pfahler 2021). Chemicals used in the purification
protocol could potentially contain small impurities of P. Also, some detergents used
in laboratories to clean equipment contain P. Thoroughly checking for P contami-
nations is therefore a good practice, especially when handling samples with low P
concentrations.

Soils and soil extracts rich in calcium, iron, and silica might cause problems
during the purification protocol (Adu-Gyamfi and Pfahler 2022; Tamburini et al.
2018). Knowledge of the chemistry of the studied soils is thus recommended to be
able to prevent and face these problems.
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5.4.4 Pitfalls in 180-labelling Experiments

In addition to the above-mentioned pitfalls, there are additional ones when setting up
labelling experiments with '80-labelled water or a '30-labelled P compound/pool.
One pitfall might be the sensitivity and linearity of isotope ratio mass spectrometry
(IRMS) measurements, as observed in the case of other isotope studies (Blessing
et al. 2008). Measuring '®O-labelled and unlabelled samples in separate IRMS runs
is advisable to avoid carry-over memory effects. Most available silver phosphate
reference materials (store-bought) do not cover a wide range of 8("0)pos values.
Typically, they range between 14 and 23 %e. It might therefore be necessary to
produce an in-house standard (Lecuyer et al. 1999), covering the expected range of
8('80)poy4 in the experiment (Halas et al. 2011; Watzinger et al. 2021).

Like for other labelling experiments, background information of the soil- or
plant-inherent P concentration and isotope values is necessary to allow choosing
an adequate labelling strength. Especially in samples with high P concentrations, the
added label may be strongly diluted, and the intended processes will not become
apparent. It is recommended to perform a preliminary test consisting of four steps:
(1) analysis of 8('*0)m0 of soil water, (2) analysis of 8('80)po4 in different soil P
pools, (3) calculate theoretical equilibrium 8('80)pp4 values using different values
for 8!80 of soil water, and (4) choose a §('30)u20 of soil water which would result
in a well distinct, for instance, by a factor of 5 or 6, §('80)po4 equilibrium value.
For label application, a homogenous distribution of the labelled substance (water or
P compound/pool) to a soil (in the field or pot) is crucial for '30-labelling experi-
ments. Sample homogeneity could also be an issue when using '#0-labelled water
or P compounds. During the experiment and subsequent purification or sample treat-
ment procedures, labelled samples should also be handled with care and contact with
unlabelled samples should be avoided to avoid any carry-over of the label.

5.4.5 Lack of Additional Information

Phosphate mainly exchanges O with water, and §('8O)ypo of water plays an impor-
tant role in interpreting 3("0)poy values. Analysing §(180)y,o of water in soils
and plants requires the extraction of the water, usually via cryogenic distillation.
For more information about cryogenic distillation and discussions about it see, for
example, Orlowski et al. (2016) and references therein. Evapotranspiration influences
8("80)ao of soil and plant water. Putting sub-samples of the soil and plant samples
into appropriate containers directly at the time of sampling is therefore recommended.
Because the equilibrium promoted by PPase is temperature-dependent, measuring
the ambient/soil/leaf temperature is highly recommended. One of the major aspects
of P cycling in the soil-plant continuum is the P availability. Determining at least the
concentrations of available P (soils), total P (soils, plants), and inorganic P (plants)
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is thus recommended. Knowledge of other soil properties, such as soil pH, organic
matter content, and bulk density, might also help in interpreting §('*0)po4 values.

5.5 Way Forward and Prospects of the 5(130)pos4 Method
for Plant P Cycling

5.5.1 Earth System Models and 8(180)p04

Recently, P has been incorporated into Earth system models in addition to carbon
(C) and nitrogen (N) (Reed et al. 2015). Advances in those models could be made
if we have a better understanding of P mineralization, how P could limit C cycle
processes, P sorption, and the coupling between P, C, and N cycling (Reed et al.
2015). 8('80)po4 has the potential to advance our understanding in these aspects,
especially when biotic processes are involved. Studies conducted so far indicate
that 8('®0)po4 could provide useful information about the role of soil pH, enzymes,
and soil microorganisms for P cycling in the soil-plant continuum, the effect of P
limitation, the interaction of P with other nutrients such as N, and the residence times
of P in different soil P pools (see Sect. 5.3). The first attempts to use §('80)po4 for
modelling/estimating P fluxes exist (Tamburini et al. 2012; Jaisi et al. 2017; Pfahler
etal. 2017; Helfenstein et al. 2018; Bauke et al. 2021), but further research is needed.

5.5.2 8("30)po4 Values of Single Organic Phosphorus
Compounds

To advance Earth system models even further, knowing 8('30)po4 values of specific
organic P compounds might be useful. Knowing those values, one could more accu-
rately estimate the parameters associated with P mineralization. The determination
of 8('80)po4 of organic P usually requires treating the pure organic P compound with
UV light to hydrolyze the organic P and release inorganic P (Blake 2005; Tamburini
etal. 2018). Wu et al. (2015) and Sun et al. (2017) determined §('80)po4 of phytate
via direct pyrolysis in the TC/EA-IRMS. So far, studies which analysed 8('30)po4
values of single organic P compounds have always used pure compounds and did
not extract them from environmental samples. The next step might be to investigate
whether some of the available methods for extracting single organic P compounds
from environmental samples are suitable for the determination of §('*0)po4 values.
Phytate can be isolated from soil samples via hypobromite oxidation (Turner 2020).
However, due to the experimental conditions, it is necessary first to adapt this method
to the phosphate purification protocols currently available, so that reliable soil phytate
8('30)pos values can be obtained.
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5.5.3 More Laboratory and Glasshouse Studies Needed
to Advance the Application of §('80)po4 in the Field

So far 8§('80)poy4 studies have focused on hydrolyzing enzymes but data on the frac-
tionation factors of synthesizing enzymes and phosphotransferases, to name a few,
for the 8('80)po4 are missing. Some papers, however, report isotopic effects of 80
on the rate constants of these enzymes, for example Hengge et al. (2002). Informa-
tion about those enzymes is vital, especially for the P cycle in microorganisms and
plants. How microorganisms deal with low soil pH and low soil P conditions simul-
taneously is also not well understood (Lidbury et al. 2017). The §(*30)po4 might
help shed light on this, as indicated in the study of Pfahler et al. (2020b). Glasshouse
studies excluding variables such as changes in the vegetation but focusing mainly
on the soil pH might therefore be useful. As mentioned by Reed et al. (2015), better
knowledge about P acquisition strategies is necessary to improve models. Excreting
organic acids is one P acquisition strategy, and one study showed that the dissolution
of hydroxyapatite by organic acids (oxalic, citric, and acetic acid) leads to a small
isotopic fractionation (Wang et al. 2016). As organic acids mainly affect processes in
the rhizosphere, studies determining 8('30)po4 values in the rhizosphere are encour-
aged. This is challenging due to the small amounts of rhizosphere soil that can be
collected. Rodionov et al. (2020) found no differences in 8('¥0)po4 values of HCI-
extractable P between bulk and rhizosphere soil samples. §('®O)po4 values of the
more actively cycled P pools, such as microbial and available P, extracted from
rhizosphere samples have not yet been reported.

5.5.4 Lack of Field Studies Including Plants and Ecosystems

In general, information about 8§('30)pos of plants is still limited (see Sect. 5.3).
Detailed plant studies are thus far only available for soybeans (Pfahler et al. 2013,
2017), maize (Qin et al. 2018), and spring wheat (Bauke et al. 2021). Additionally,
Tamburini et al. (2012) analysed different plant species along a soil chronosequence
at the Damma Glacier in Switzerland, Helfenstein et al. (2018) reported & ("0)pous
values for different plant species at a climatic gradient in Hawaii, and Pfahler et al.
(2020b) determined 8('®0)po4 of bulk vegetation samples from a grassland experi-
ment in the UK. Those studies provided useful hints/insights about using §('®0)po4
in plant studies, but data is still limited. The effect of P limitation has so far only
been investigated in soybeans, and the study by Pfahler et al. (2020b) indicates that P
limitation has a similar effect on grasslands. Studies about the effect of P limitation
on major crops, such as maize, rice, and wheat, especially under field conditions,
are still missing. Likewise, there are no studies using §('®0)po4 and investigating the
effect of crop rotation or intercropping on P cycling. Crop rotations or intercropping
often combine plants with different P acquisition strategies to increase the P use
efficiency of crops, and it could be expected to have an influence on the 8('¥0)po4
of soil and plants.
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Chapter 6 )
Stable Sulfur and Oxygen Isotope ez
Compositions of Sulfates to Disentangle
Agrocontaminants from Other Sources

of Sulfur in Agrosystems

G. Skrzypek

Abstract This chapter summarizes key information about the sulfur cycle and stable
sulfur isotope biogeochemistry. The overview includes a description of the range of
the stable sulfur isotope compositions in natural environments, potential pollutants
and fertilizers used in agriculture. The primary focus is on the generation, transport,
and mixing of sulfate and on its stable sulfur and oxygen isotope compositions that
can be used as tracers. Several case studies that apply stable sulfate isotope analyses
for the identification and quantification of pollutants in natural environments are used
to provide an overview of successful applications and highlight major challenges.
These are followed by the principles of sulfate sampling and analytical techniques.

6.1 Overview of Stable Sulfur Isotope Biogeochemistry

Sulfur, as one of the macro-elements (H, C, N, O and S) is required for the biosyn-
thesis of methionine and cysteine, two canonical amino acids that are incorporated
into proteins (Brosnan and Brosnan 2006) and therefore is essential for the biosphere.
Sulfur exists in natural environments at several oxidation states, but the most common
are —2, +2, +4, and +6. The highest oxidation state (+6) is the most important for
sulfur assimilation by plants because sulfur is mainly taken up as the sulfate ion,
S04%~ (Davidian and Kopriva 2010). Sulfate is also an abundant ion (~2.7 g/L) in
marine environments (Andrulionis and Zavialov 2019), but some terrestrial ecosys-
tems can be sulfur limited, despite a highly dynamic sulfur cycle and significant
exchanges between land and sea (Fig. 6.1). The sulfate budget of the global ocean is
controlled by: (1) river discharge (Burke et al. 2018); (2) sulfate reduction and sulfide
re-oxidation; and (3) burial of sulfur-bearing minerals (Jgrgensen et al. 2019). The
terrestrial sulfur budget reflects primary inputs from (1) oceans via the atmosphere
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as inorganic sulfate and biogenic origin dimethylsulfide (Alon et al. 2013); (2) rock
erosion resulting in sulfate dissolution and sulfide oxidation (Szynkiewicz et al.
2015b); and (3) organic matter decomposition (Schroth et al. 2007; Joo et al. 2022).
In addition to these natural sources, the sulfur pool in agrosystems is supplemented
by various anthropogenic sources, such as: (1) industrial outputs (Gérka et al. 2017);
(2) mining (Dogramaci et al. 2017); and (3) agriculture pollution (Chalk et al. 2017).
Therefore, the use of chemical concentrations alone does not allow partitioning of
sulfur sources or assessment of pollution inputs. This challenge can be addressed
by including stable sulfur isotope analyses in hydrochemical analyses, as the stable
sulfur isotope composition provides fingerprints of the original S-sources or leading
processes and allows calculation of the proportional contribution of these sources.
Sulfur has four stable isotopes with a broad range of natural abundances: 32S =
95.04 %, S = 0.75 %, **S = 4.20 % and 3°S = 0.01 % as mole fraction percent-
ages, and its stable isotope composition widely varies across different environments
(Coplen et al. 2002a). Because the majority of the stable sulfur isotope fractiona-
tions are mass dependent, the ratio between the two most abundant stable isotopes
345/32S is measured primarily using isotope ratio mass spectrometry (IRMS) (Sharp
2017). The results are usually reported in permilles (%0) as 1000 isotope delta values
8(**S) with respect to the absolute abundance in the Cafion Diablo Troilite (VCDT)
standard, which is the international zero point for the VCDT scale (Kaplan and
Hulston 1966; Skrzypek and Dunn 2020b). In addition to §(**S), the stable oxygen

3 0
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Fig. 6.1 Principles of sulfur biogeochemical cycling. Oxidation of hydrogen sulfide H,S occurs
in the presence of molecular O, leading to the production of sulfate (SO4), with minor stable
isotope fractionation. Sulfate (SO4) can be utilized by plants via assimilatory reduction, again with
minor stable isotope fractionation, and the resulting organic matter can be decomposed, leading to
desulfurization. SOy is the compound preferred by plants uptake. Dissimilatory and assimilatory
reduction can be conducted under anoxic conditions by a few groups of microorganisms using
SOy as a biochemical substrate or during respiration. These biological processes are extremely 32S
selective and result in a very low § (3*S) for H,S and a very high 5(34S) for residual SO4
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isotope composition of the oxygen bonded in sulfates §( 180) so, also provides valu-
able information about the sulfate origin. The §(!80)so, value is typically analyzed
in relation to the stable oxygen isotope composition of the water in which the sulfate
is dissolved and that of atmospheric oxygen. Oxygen has three stable isotopes with
different abundances of 80 = 0.20 %, 70 = 0.04 % and '°0 = 99.76 % as mole
fraction percentages (Coplen et al. 2002a). In the majority of studies, isotope delta
values 8('%0) reflecting the '#0/'°0 ratio are used and expressed in permille (%o) in
relation to the international water standard representing the zero point on the Vienna
Standard Mean Ocean Water (VSMOW) scale.

The range of §(**S)so, and §(*80)so, values observed in the environment arises
from stable isotope fractionations occurring during chemical, physical, or biological
processes. In general, the stable sulfur isotope fractionation is relatively small during
sulfur oxidation processes (~0-2 %o) and negligible during sulfate dissolution (Clark
and Fritz 1997). By contrast, this fractionation is very large during bacterial sulfur
reduction processes, at up to ~40 %o, because bacteria preferentially take up the
lighter 328 isotope, thereby leaving the residual sulfur enriched in the heavy **S
isotope (Habicht and Canfield 1997). 2S04~ also reacts up to 1.07 faster than
348042~ (Weyer et al. 1979). During sulfur oxidation, oxygen forms a strong and
stable chemical bond with sulfur and does not easily exchange with water under
natural conditions (Fig. 6.1). Its §('80)so, reflects the stable isotope composition of
the oxygen source available during oxidation, which is usually atmospheric molecular
oxygen or oxygen from water molecules. The isotope fractionation that occurs during
the oxidation process depends on the source of oxygen and equals —11.4 %o between
atmospheric oxygen and sulfate and +4.1 %o between water and sulfate (Taylor et al.
1984; Dogramaci et al. 2017).

6.2 Stable Isotope Composition of Sulfur Sources
in Agro-ecosystems

Agro-ecosystems are usually studied on the catchment scale according to land use
and water flow direction (Chap. 2). Therefore, the stable isotope and hydrochem-
ical composition of pollution and natural solutes are monitored along waterways,
in groundwater and pore water, and, if possible, at pollution sources or directly in
contaminating compounds before their dispersal into the environment. The hydro-
chemical and stable isotope compositions of sulfate in water will therefore represent
a mixture of various sources, both natural and anthropogenic, and the usual objective
is to identify the fractional contributions from different sources and determine their
locations. Hence, tracer studies very frequently use mass balance mixing models
(Chap. 3) and sometimes include a stable isotope fractionation component (Lewicki
et al. 2022). Mixing models can provide a fair assessment of the potential relative
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contributions from different sources if the hydrochemical and stable isotope signa-
tures of each source are determined with reasonable accuracy. This is why the iden-
tification and characterization of potential sources are important before designing a
specific sampling plan. The optimal method is to analyze the signature of each source
at the studied location; however, the overview provided below can give benchmarks
for the expected range of values.

The stable isotope studies using § 3*s) so, and & (180)304 as stable isotope hydro-
chemical tracers usually require consideration of the following potential sources of
sulfur that contribute to waterways:

e Natural sources

— Precipitation and sea spray
— Rock weathering

— Sediments and soils

— Decomposing organic matter

e Anthropogenic sources

— Atmospheric pollution

— Acid rock drainage due to mining or other excavations
— Industrial pollution discharge

— Agriculture fertilizers.

6.2.1 Natural Sources

The sea spray contribution to the terrestrial sulfur budget is significant and occurs
through the direct delivery of seawater droplets in coastal regions or by influencing the
hydrochemical composition of precipitation. Sea spray delivers sulfate and dimethyl
sulfate (DMS) at very high concentrations, but its delivery is restricted to coastal
regions (Crawford et al. 2019; Lewis and Schwartz 2004). By contrast, precipita-
tion that carries ocean signatures condenses across all land masses. It delivers large
quantities of water, but the solutes are usually present at very low concentrations,
with mean sulfate contents <3 mg/L and varying with distance from the coast and
pollution sources; in pristine areas, the content is <0.3 mg/L (Vet et al. 2014). The
generated loads of solutes are enormous on the landscape scale, but for sulfate surface
budgets, these loads matter only in places with a long water retention time and a high
evaporation rate (Skrzypek et al. 2013). In wet climates with high runoff, rainfall
primarily causes solute dilution in the surface water, and its § **S)so, and §('80)so,
are irrelevant due to the very low sulfate concentration (Vet et al. 2014). However,
rainfall solute loads have a long-term impact on groundwater hydrochemistry in
many regions, especially in arid and semiarid areas (Skrzypek et al. 2013, 2016),
and in the absence of sulfur-bearing minerals in geological formations, rainfall may
constitute a hydrochemical stable isotope baseline for sulfate in local pristine waters
(Dogramaci and Skrzypek 2015).
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The sulfate concentration in flood water depends on the evaporation and disso-
lution of salts deposited earlier on the ground; therefore, its concentration varies
across a broad range and is not itself indicative of precipitation input. To make a
meaningful estimation, other tracers can be used. For example, the ratio between
sulfate and chloride (SO4/Cl), expressed in milliequivalents (meq/L) in the range
between 0.15 and 0.70, can be attributed directly to marine origin (Fig. 6.2). Higher
ratios will suggest inputs other than rainfall sulfate, while lower ratios will imply
sulfur removal by sulfate reduction or excessive halite dissolution. Oceans also have
a very distinct compositions, with § **S)so, ~ 21.1 % and §('0)so, ~ 8.6 %0, and
these are highly consistent around the world (Rees et al. 1978; Holser etal. 1979). The
unique §(**S)so, values progressively decrease from 21 %o at the coast to ~14 %o in
inland locations, but they usually remain above these values for other sulfur sources
(Chivas et al. 1991). This range of values can be used as a basic reference baseline for
local studies (Fig. 6.2). In this example, samples with §(**S)so, ~12 %o fall within
the SO4/Cl ratio typical for rainfall, suggesting precipitation as the dominant sulfate
source for these waters (Fig. 6.2) (Dogramaci et al. 2017). By contrast, samples with
a SO4/Cl ratio significantly higher than 0.7 have low § (345)504 < 8 %o, suggesting an
input of sulfur with a low 8(348)504.

Rock weathering occurs naturally and can represent an important source of sulfur
in waterways (Calmels et al. 2007; Das et al. 2012; Szynkiewicz et al. 2015b).
The common form of sulfur is sulfide (e.g., pyrite or chalcopyrite) in many types
of rock, especially metamorphic and sedimentary rocks (Dogramaci et al. 2017).
Elemental sulfur occurs less frequently in, for example, volcanic rocks and as sulfate
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Fig. 6.2 Stable sulfur isotope composition and chloride concentration relative to the SO4/Cl ratio
(meg/L). The typical SO4/Cl ratio for rainfall varies between 0.15 and 0.7. Samples with SO4/C1
ratios >0.7 usually have additional S derived from sources other than precipitation. Samples with
SO4/Cl ratios <0.1 are subject to S removal due to sulfate precipitation [§ (348)504 10-15%o] or
bacterial reduction [§ (345)504 > 30%¢]. Groundwater—black points, surface water—blue points.
Data from Pilbara, Western Australia, figure modified after Dogramaci et al. 2017
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in evaporative deposits or salt domes (gypsum). These different geological sources
of sulfur frequently show distinct 8(348)504 and (3(180)504 values that can aid in
the identification of the contribution to ground and surface waters. However, the
natural variability has a broad range (Coplen et al. 2002b), so obtaining local values
is important whenever practical (Szynkiewicz et al. 2015b).

Sulfides usually have very low 8(3*S), often below 0 %0 (Krouse and Grinenko
1991; Clark and Fritz 1997), but values above zero have also been reported, such as
—8.9 to 2.7 %o for the hydrothermal sulfides of the San Juan and Sangre de Cristo
Mountains in the USA (Nordstrom et al. 2007; Campbell and Lueth 2008) or —1.9
to 4.4 %o for Pilbara in Western Australia (Dogramaci et al. 2017). In contrast to
sulfides, the §(**S)so, sulfates of marine origin evaporites are usually near or above
the seawater values and are typically >15 %o (Claypool et al. 1980). However, most
evaporites from old rock formations can be partitioned from modern marine sulfates
deposited with rainfall or sea spray based on §('#0)so,. The evaporites §(*80)so,
values are usually much higher than the theoretically expected value of 16 %o (Holser
etal. 1979) due to diagenetic alterations, and their values are significantly above those
of marine sulfates (8.6 %o). The 8(348)5,04 values observed in sulfides may overlap
with volcanic sulfur, which usually has values slightly above zero in both basalt rocks
(Torssander 1988, 1989) and volcanic gases (De Moor et al. 2022).

The stable sulfur isotope composition of soil and terrestrial sediments primarily
reflects geological sources and inputs from rain and sea spray (Mizota and Sasaki
1996; Stack and Rock 2011; Tanikawa et al. 2022) and consists of a mixture of
minerals, organic sulfur or dissolved sulfates in porewater (Chalk et al. 2017). Under
anoxic conditions (Fig. 6.1), if bacterial sulfate reduction occurs, the residual sulfate
tends to have very high values, frequently >30%o (Bottrell and Novak 1997; Oleinik
et al. 2003; Schroth et al. 2007). Plant stable isotope composition usually reflects
sulfur sources because the isotope fractionation occurring during sulfate uptake is
usually negligible (Skrzypek et al. 2008; Chalk et al. 2017; Gatuszka et al. 2020).
Therefore, plants do not provide unique signatures unless abundant organic matter
decomposes under anoxic conditions, such as in wetlands or lake sediments, when the
major driver of §(**S) is bacterial reduction causing very high 8 (**S)so, for residual
sulfates (Trust and Fry 1992; Bottrell and Novak 1997; Skrzypek et al. 2010).

6.2.2 Anthropogenic Sources

6.2.2.1 Atmospheric Pollution

Atmospheric pollution in industrial areas frequently overwhelms the natural
8(**S)s0, signature of precipitation. Very high sulfate loads are still observed around
the world, despite desulfurization technologies introduced in the 1980s—1990s to
address the acid rain problem (Jedrysek et al. 2002a, b), and they can exceed 4 kg/
ha for sulfur (e.g., in the Mideastern US), compared to ~0.1 kg/ha for sulfur in pris-
tine areas (e.g., the Rocky Mountains) (https://enviroatlas.epa.gov). A similar or even
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Fig. 6.3 Range of § (345)504 variation in precipitation collected in the city of Wroclaw (SW Poland)
with respect to the values of potential sulfur sources. The observed lack of correlation between the
SOy concentration and its 8(345)504 suggests that pyrite oxidation during coal burning in a power
plant is the main source of atmospheric sulfur, dominating sulfur budget in the atmosphere. Figure
from Goérka et al. (2017)

higher deposition of sulfur was observed in the industrial centers of Asia and Europe.
The primary source of SO, emission in the atmosphere is coal combustion in power
plants and smelters (Jedrysek et al. 2003). Sulfur in coal originates primarily from
sulfides and therefore has a very low §(**S) (close to 0 %o). During high-temperature
combustion, whole sulfur is oxidized, and stable isotope fractionation for sulfur is
low (Eldridge et al. 2016; Goérka et al. 2017; Holt et al. 1982; Fig. 6.3). Sulfur is
oxidized with atmospheric oxygen with a globally constant §('®0) value of 23.5—
23.8 %o (Kroopnick and Craig 1972; Horibe et al. 1973), and with the addition of
atmospheric moisture, this forms SOy characterized by a variable §('80), but usually
below 0 %o (Araguds-Araguas et al. 2000). As a consequence of these processes, the
5(*S) so, in precipitation in polluted areas is low and usually varies from O to 5 %o,
with seasonal variations and variations due to inputs from other sources of pollution
(Jenkins and Bao 2006; Goérka et al. 2017; Kim et al. 2018; Wu et al. 2021).

6.2.2.2 Acid Rock Drainage Due to Mining and Ground Disturbance

Sulfide oxidation occurs naturally through erosion processes of geological forma-
tions, which contribute to elevated concentrations of sulfates in the surface and
groundwater (Cortecci et al. 2002; Brenot et al. 2007; Turchyn et al. 2013;
Szynkiewicz et al. 2015b). The process occurring naturally on the ground surface
primarily involves atmospheric oxygen, with only a small addition of oxygen from
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water molecules, at a proportion of 7:1 (Eq. 6.1). Therefore, during this reaction, only
two moles of reduced hydrogen (H*) are produced per mole of FeS, oxidized, and
this contributes only moderately to water acidity. However, this process can escalate
to a catastrophic scale when large amounts of pyrite are rapidly oxidized during large
disturbances, such as those caused by mining, waste rock deposition, or construction
work, that lead to acid rock drainage (ARD) (Dold 2017). This accelerated oxidation
of a large amount of pyrite exposed to the surface during a disturbance results in
a much lower pH than is observed with natural erosion processes occurring on the
surface and on a small scale. Pyrite oxidation immobilizes iron, so the concentration
of ferrous iron (Fe?*) increases in the solution. Ferrous iron can subsequently be
oxidized to ferric iron (Fe**) in the presence of oxygen at a low pH (Eq. 6.2), and
this reaction can occur spontaneously or can be catalyzed by microorganisms. Ferric
iron can also catalyze further pyrite oxidation under anoxic conditions using oxygen
exclusively from water molecules and generating an eightfold higher acidity (Eq. 6.3)
compared to oxidation involving atmospheric oxygen (i.e., 16 mol compared to 2 mol
of H*) (Eq. 6.1).

FeSy(s) +7/20,(2) + H,0(l) = Fe** (aq) + 2807 (aq) + 2H (aq)  (6.1)
4Fe*" (aq) 4+ O,(g) + 4H™ (aq) = 4Fe* (aq) 4+ 2H,0(1) (6.2)

FeSy(s) + 14Fe*" (aq) + 8H,O(1) = 15Fe* (aq) + 2S0; ™ (aq) + 16H™ (aq).
(6.3)

These hydrochemical reactions will trigger elevated concentrations of sulfate and
iron and low pH in waters impacted by ARD, which is accelerated by the presence of
ferric iron. Low pH can be naturally neutralized in rock formations that contain large
amounts of carbonates; therefore, acidity and sulfate concentrations alone cannot
be used to verify the extent of ARD. For this reason, major ion hydrochemistry is
frequently combined with stable isotope analyses. Pyrite in most geological forma-
tions has very low 8(**S) usually close to 0 %o and the ARD process does not cause
stable isotope fractionation (Taylor et al. 1984; Gatuszka et al. 2020). Therefore,
the original 8§(**S) of pyrite is reflected in the initial §(**S)so, value of the sulfate.
However, some bacterially mediated reactions could be split into two phases, with
some fractionation occurring during the initial stage (Brunner et al. 2008).

The 5(345)304 value of produced sulfate usually does not overlap with other
sources of natural sulfur in the environment or fertilizers. However, the 8(3*S)
alone may not be indicative of different secondary sources of sulfates originating
from sulfide oxidation. For instance, ARD usually cannot be partitioned from pyrite
oxidation resulting from natural erosion or from air pollution carrying the signa-
ture of pyrite combusted with coal in power plants if the §(**S) values of the pyrite
sources are similar. However, sulfate produced during sulfur oxidation in different
environments will have a different §('30) so, that reflects the stable oxygen isotope
composition in these environments. For example, sulfate oxidized with atmospheric
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oxygen will have values close to those of the oxygen in the atmosphere, which is
constant around the globe (~23.5 %o) (Kroopnick and Craig 1972) minus an isotope
fractionation factor of —11.4 %o (Taylor et al. 1984). The stable oxygen isotope
composition of surface water and groundwater is much more variable (usually —
10 to +10 %0) and depends on several factors, such as climate, distance from the
sea, and evaporation losses (Gat 1997). Consequently, the §('80)so, will reflect the
signature of the water available at the time of oxidation plus a fractionation factor of
+4.1 %o (Taylor et al. 1984).

Oxygen and sulfur form strong chemical bonds in sulfate; therefore, both § (**S)s0,
and §(180)s0, are well preserved in solution unless sulfate is subject to biological
processes and significant reduction, especially in anoxic conditions (Fritz et al. 1989,
Fig. 6.1). Based on the stable isotope signatures of contrasting sources of oxygen
contributing to sulfide oxidation, the contributions from the two leading processes
to ARD can be partitioned (Egs. 6.1-6.3).

6.2.2.3 Agriculture Fertilizers

The stable sulfur and oxygen isotope compositions of fertilizers vary in relatively
large ranges according to their chemical compositions, manufacturing processes used
for synthetic fertilizers and mineralogy of natural fertilizers (Mizota and Sasaki 1996;
Coplenetal.2002c; Vitoria et al. 2004; Chalk et al. 2017). This variability in § (**S)so,
and 8(180)504 underscores the importance of understanding what types of fertil-
izers are used locally and, if possible, analyzing their stable isotope compositions.
However, both §(**S)so, and §('80)so, fertilizer signatures have been successfully
used in several studies to partition agriculture sources from other sulfur sources by
applying mixing models and estimating inputs from agrocontaminants (Mizota and
Sasaki 1996; Hosono et al. 2007; Nakano et al. 2008; Szynkiewicz et al. 2015a;
Urresti-Estala et al. 2015).

The dissolution and leaching of fertilizers to the surface and groundwater do
not cause isotope fractionation, so the generated dissolved sulfate reflects the initial
signature of the fertilizers (Chalk et al. 2017). However, the stable isotope compo-
sition of leachates, and especially 8(180)304, can be further modified by bacte-
rial processes. Hence, besides the initial stable isotope composition of fertilizers,
processes contributing to the stable isotope fractionation of sulfates in soil and
aquatic environments should also be considered. Stable isotope fractionation caused
by microbiological processes adds uncertainty to the calculations, but the fertilizers
usually still have a distinct composition that partitions them from other sources of
sulfur in agrosystems if both §(**S)so, and §('80)so, were analyzed at the same
time (Fig. 6.4). The 6(348)304 values are usually reported in the literature (Mizota
and Sasaki 1996; Chalk et al. 2017), but relatively limited § ("*0)s0, data are available
(Vitoria et al. 2004). The median 8 (**S)so, value reported by Vitoria et al. (2004) in
the data compilation from a few countries, but primarily from Spain, was 5.7 %o. The
majority of fertilizers (25 of the 27 analyzed) from Spain had § **S)s0, between —
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Fig. 6.4 Range of stable sulfur and oxygen isotope compositions of fertilizers based on the compi-
lation made by Vitoria et al. (2004), and Urresti-Estala et al. (2015), in reference to other typical
sources of sulfate found in agrosystems. Note that fertilizers are represented by two separate green
polygons according to origin

1.8 and 11.7 %o and 8 ('80)s0, between 7.7 and 16.5 %o, thereby distinguishing these
fertilizers from many other sulfur sources.

The type of applied fertilizer depends on the type of agricultural production, soil,
and climate. Thus, the relatively broad range of §(**S)so, and §('80)so, presented
in Fig. 6.4 could be much more restricted for local studies on the catchment scale.
Further, the subdivision of catchments according to the water flow direction and land
use (Chap. 2) can provide even narrower value ranges for local use in mixing models
developed for a particular location (Chap. 3 and Fig. 6.5).

6.2.2.4 Other Industrial Pollution

Some other industrial pollutants impact the environment and influence 8(348)504;
however, these impacts occur less frequently and on more restricted scales. Some of
these pollutants (e.g., hydrocarbons), even those characterized by low sulfur concen-
trations, can create anoxic conditions that accelerate microbiological sulfur reduc-
tion, thereby leading to substantial stable isotope fractionation. Specific chemical
compounds in industrial pollution can also be used to determine dispersal pathways
(Santucci et al. 2018; Schroth et al. 2001; Torssander et al. 2006).
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Fig. 6.5 Stable sulfur and oxygen isotope compositions of 43 fertilizer samples reported for Texas
(Szynkiewicz et al. 2015a), Spain (Vitoria et al. 2004) and Western Australia (Data from Depart-
ment of Water and Environmental Regulation and Department of Primary Industries and Regional
Development of Western Australia). The gray area represents 80 % of the sample number with
respect to the value range. Symbols indicate countries, and colors indicate chemical compositions

6.3 Disentangling Acid Rock Drainage
from Agrocontaminants Using & (ZH)HZO, é (180)H20’
3(**S)so, and §(**0)so,

The stable isotope analyses of sulfate usually are accompanied by analyses of
stable hydrogen and oxygen isotope composition of water. The obtained § *H)y,0,
8(*80)p,0 results can support interpretation of §(>*S)so, and §('0)sp, values and
better partition the fate of water molecules from the fate of solutes. This is particularly
important for interpretation of §('30)so, for which understanding of §('¥0)y,0 is
required and variability in water stable isotope composition of major water sources.

6.3.1 Principles of $2H(H,0) and §'80(H,0) Interpretation

The stable hydrogen and oxygen isotope composition of water, §(*H)p,0 and
8(‘80)H20, can inform us about the water sources contributing to a water body and
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distinguish inputs originating from four usually considered sources: (1) precipita-
tion, (2) groundwater, (3) surface runoff, and (4) ocean water. Each of these sources
can have very distinct 8§ ?H)y,0 and 8 (¥ 0)y,0, but their values vary spatially and
temporarily with respect to the major drivers governing precipitation, groundwater
recharge conditions, and evaporation, reflecting retention time on the ground surface
(Gat 1997). All these values should be considered based on local conditions and the
Local Meteoric Water Line (LMWL) and Local Evaporation Line (LEL), as defined
by 8(*H)-8('80) relationship, as well as the precipitation pattern prior to sampling
(Fig. 6.6; Craig and Gordon 1965; Rozanski et al. 1993).
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Fig. 6.6 Conceptual plot of the stable hydrogen and oxygen isotope composition of major water
budget components considered for the evaluation of water source mixing and the progress of evap-
oration. The presented numerical range areas are those observed for the Pilbara region of Western
Australia; these ranges will vary according to the local conditions. The slope of the Local Meteoric
Water Line (LMWL) usually varies by ~8 to ~7 and the Local Evaporation Line (LEL) slope varies
by ~5 to ~4. The dominant precipitation resulting from large-volume events or precipitation during
cold periods tends to have negative values (RW). Groundwater (GW) usually reflects the values
of the dominant precipitation, lies close to LMWL and has negative values. However, it is higher
than RW and reflects the evaporative loss occurring between precipitation and infiltration into the
groundwater aquifer. The stable isotope compositions of lakes and other water bodies are distributed
along the LEL, and their position reflects the progress of evaporation, with higher delta values for
more evaporated waters. Water bodies with significant additions of GW tend to lie between LEL
and LMWL and close to GW. The crossing point between LEL and LMWL indicates the initial
value for water prior to evaporation and lies close to RW
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Precipitation varies seasonally according to temperature, humidity, source of
moisture, rainout effect, elevation, distance from the coast, and other parameters
(Dansgaard 1964; Rozanski et al. 1992, 1993). According to the International Atomic
Energy Agency (IAEA) guidelines, the most appropriate method is to obtain LMWL
locally from the monthly mean precipitation collected over a period of a minimum of
three years (Groning et al. 2012; Hughes and Crawford 2012; IAEA 1992). However,
if local data are not available, several locations around the world have at least some
precipitation data accessible from the Global Network of Isotopes in Precipitation
(GNIP) database (Schotterer et al. 1996, https://www.iaea.org/services/networks/
gnip) or national datasets (for example, in Australia: Hollins et al. 2018, in Canada:
Peng et al. 2004, in Nigeria: Ohwoghere-Asuma et al. 2021, in the USA: Putman
and Bowen 2019; Tian and Wang 2019 and in Vietnam: Le Duy et al. 2018). For
regions lacking local data, approximate values can be obtained using an interpolation
algorithm, as proposed by Bowen et al. (Bowen 2019; Bowen and Revenaugh 2003;
https://waterisotopes.org).

Groundwater primarily reflects the stable isotope composition of the dominant
precipitation contributing to recharge, such as large-volume events during the wet
season (Skrzypek et al. 2019), snowmelt (Jasechko et al. 2017b) or past periods
of abundant precipitation forming paleogroundwater (Jasechko et al. 2017a). These
large-volume events or wet periods tend to have negative signatures. Similarly, at
higher latitudes, the isotope composition is biased toward precipitation during the
cold season and therefore also tends to have more negative values than during other
seasons (Marchetti and Marchetti 2019). Therefore, groundwater frequently has low
S(ZH)HZO and 8(180)H20 compared to surface water, and these values are consistent
on a regional or basin scale (Dogramaci et al. 2012a).

The surface water stable isotope composition in lakes and rivers is governed by
evaporation and primarily reflects retention time (Fellman et al. 2011). The progress
of evaporation reflects climate conditions, and retention time, since precipitation
or water influx can be estimated by applying the Craig-Gordon model (Craig and
Gordon 1965). Sampling inflow and outflow from a lake and comparing § (*H)y,0 and
8('80)y,0 allows for the estimation of evaporation over the inflow ratio. Similarly,
repetitive sampling of a lake, pond, or waterhole as the water level decreases due
to evaporation allows estimation of the water fraction loss (Fellman et al. 2011;
Nitzsche et al. 2017; Paulsson and Widerlund 2020). Evaluation of evaporative losses
helps to define the water budget for surface water bodies (Yapiyev et al. 2020) and
to partition the fate of water molecules from the fate of solutes. The calculation
procedure employing the C-G model has been simplified and standardized by the
introduction of Hydrocalculator software (Skrzypek et al. 2015).

The ocean water § (ZH)H20 and §( 180)1.[20 values are usually constant over a long
time at a given location, and they reflect latitude. The mean ocean water § (*H) H,0 and
8('80)y,0 values are equal to 0%o and define the zero point for the VSMOW2-SLAP2
international stable hydrogen and oxygen isotope scale (Coplen 1995). However, the
surface water may vary locally with respect to evaporation, freshwater input, and
ice melt, with values usually between —1 and 2%o for 8(180)H20, and between —
3 and 10 %o for § (2H)H20 (Schmidt 1999; Benetti et al. 2017). The ocean stable
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isotope composition could be used to assess mixing in estuaries (Price et al. 2012)
or groundwater intrusion (Heilweil et al. 2009; Carreira et al. 2014) and to assess
solute inputs in coastal regions.

6.3.2 Combined Approach to Partition Sulfate Sources Using
Hydrochemical Composition, § (180 H,0 and § (180)504

Stable isotope analyses of § (*H)y,0 and 8 ("*O)y,0 have become routinely used tools
to supplement major ion analyses. They can be coupled with analyses of changes in
salinity, especially targeting conservative ions such as Cl to distinguish evapocon-
centration from inputs other than precipitation (e.g., recycled accumulated salt or salt
originating from geological formation or ions contributing from pollution) (Skrzypek
et al. 2013). In pollution studies, 6(180)H20 can also be used to track the process of
sulfate formation because 8 ('#0)so, primarily reflects the stable isotope composition
of water and, to some extent, atmospheric oxygen, which is characterized by very
constant values of ~23.5 %o (Kroopnick and Craig 1972). Following Egs. 6.1-6.3,
the contribution from these two oxygen sources to sulfate formation can be used to
assess the dominant reaction for sulfate formation and the risk of ARD.

The potential of acid rock drainage is usually investigated in six steps and can be
further used to partition other sources of sulfates in waterways:

1. The SO4/CI ratio (Fig. 6.2a) indicates the possibility of sulfate addition above
those attributed to rainfall input. If the SO4/CI is higher than 0.7, then part
of the sulfate could originate from a source that does not contribute to other
major conservative ion concentrations (e.g., conservative Cl). This is informa-
tive regarding the excessive input above that is observed in precipitation, but it
does not specifically identify the source. However, other hydrochemical models
can provide additional information about potential sources (Dogramaci et al.
2012b).

2. The decrease or increase in 8 (**S)so, correlated with an increased concentration
of SO, could also be attributed to the signature of the dominant sulfur input source
(Fig. 6.7). Sulfides usually tend to have low or negative §(**S)so,. Therefore, a
decrease in values is frequently associated with leaching from pyrite oxidation
(e.g., Garcia-Lorenzo et al. 2014; Dogramaci et al. 2017; Chudy et al. 2021).
The best option is to confirm the local signatures of pyrite by directly analyzing
minerals from the rock matrix in the study area.

3. Inmany cases, pyrite has a distinct signature that is lower than that of many other
sources of sulfur. Therefore, § (3*S) so, alone could be sufficient to partition pyrite
sulfur input from many other sources (Garcia-Lorenzo et al. 2014; Chalk et al.
2017; Chudy et al. 2021). However, the values can overlap with fertilizers, which
also tend to have low 8 (**S)s0, in some cases (Fig. 6.4). Fertilizer contributions
can be separated from pyrite contributions using §('30)so,, as the §('*0)so,
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Fig. 6.7 Increases in sulfide concentration correlate with decreases in 5(345)504 in a case study
from Pilbara, Western Australia. The pH at most locations was neutral because of buffering by
carbonates. Acid rock drainage had to be confirmed using a combination of various hydrochemical
and stable isotope tracers (blue points—surface water, black points—groundwater). Figure from
Dogramaci et al. (2017)

originating from pyrite oxidation is usually low (<10 %) and therefore different
from most fertilizers (>10 %o) (Fig. 6.4).

4. The extent of ARD can be further confirmed using §('80)so, linked with
S(ISO)HZO of local ground or surface water in which sulfates are dissolved (Toran
1987; Taylor et al. 1984). The model proposed by Taylor et al. (1984) allows
assessment of what portions of oxygen in the generated sulfate originate from
the atmosphere and from water with respect to Eqs. 6.1-6.3 (Fig. 6.8). However,
8('80)s0, can be prone to microbial alterations by sulfuric bacteria, so §('80)
will be replaced by the value of water available for the metabolic processes of
bacteria in those cases; therefore, it should be treated with caution particularly
when sulfate concentrations in water are low (Brunner et al. 2008). This method is
still useful for assessment of ARD extent if uncertainty associated with potential
bacterial reduction is kept in mind.

5. The results of the ARD sulfate contribution could be used as input values for
mixing models to calculate the proportional contributions from all determined
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Fig. 6.8 Estimation of the acid rock drainage (ARD) contribution to groundwater sulfates based
on the stable oxygen isotope compositions of water and sulfate. Low 6(180)504 and § (180)H20
tend to suggest higher inputs from ARD (points between 50 and 100 %). Figure after Dogramaci
et al. (2017)

sulfur sources, as discussed in Chap. 3. To account for uncertainty in the calcu-
lation, the average value for each considered source should be used, as well as
a range of values reflecting the natural variability in each source §(**S)so, and
§("8O)so0,.

The potential of ARD using the above principles can be qualitatively evalu-
ated using a few categories with respect to simple hydrochemical parameters and
sulfate and water stable isotope compositions, using the classification proposed by
Dogramaci et al. (2017).

The principles summarized above have been successfully used in several variants
of studies that endeavored to partition ARD sulfur sources from other inputs, usually
to complement hydrochemical analyses of major ions and nutrients. The application
of multiple tracers at the same time allows a more robust determination of contri-
butions from various sources and a clearer estimation of calculation uncertainty.
These outcomes help to evaluate what types of factors and human activities impact
water quality. Szynkiewicz et al. (2015a, b) comprehensively assessed several sulfur
sources in the Rio Grande catchment by partitioning sulfide inputs from agriculture
fertilizer leachates, and they reported that the SO, fluxes in Rio Grande at El Paso, at



6 Stable Sulfur and Oxygen Isotope Compositions of Sulfates ... 115

200-450 metric tons/day, were originating from agrocontaminates primarily associ-
ated with irrigation periods linked with intensive fertilizer application. By contrast,
this flux was only 30-80 metric tons/day during the postharvest winter season, when
the majority of sulfate in the river was delivered by natural brines seeping into the
catchment. At the same time, in the upper part of the Rio Grande catchment, sulfides
contributed 83-94 % of the total sulfate budget (Szynkiewicz et al. 2015a, b). Toran
(1987) was able to identify an area of sulfate contaminatio(in in groundwater from
a carbonate-hosted mine on farmland in Wisconsin. Using a mixing model, Toran
(1987) also applied hydrochemical modeling using the USGS computer program
PHREEQE and determined the contribution from acid rock drainage despite the
neutral pH due to buffering by carbonate rocks. Newman et al. confirmed under-
ground seepage from an acidic pit lake to a perennial stream system. The acid rock
drainage water input elevated the sulfate concentration and lowered the pH, which
contributed to the mobility of potentially toxic metals (Al, Cd and Zn). The use of
stable isotope methods allowed the evaluation of the extent of mining impacts in the
catchments downstream from the mine and the partitioning of mining sources from
other sulfur sources (Newman et al. 2020) and separate mining inputs from other S-
sources including agriculture. A similar approach was adopted by Chudy et al. (2021)
who assessed the impact of an abandoned iron ore mine on water quality. The extent of
the mining influence and separation from the geological background could be further
evaluated using bioindicator methods and plant tissue analyses (e.g., Migaszewski
and Gatuszka 2019; Galuszka et al. 2020).

6.4 Sample Preparation Techniques and Measurements

The sample of sulfate used for §(>*S)so, and §('80)so, analyses is usually precipi-
tated from water as barium sulfate (BaSQO,). Several variants of the procedure have
been described in the literature, but all are based on the steps originally designed for
the classical method for the analysis of sulfate concentrations (e.g., Carmody et al.
1998; Skrzypek 2018):

1. Usually, between 0.5 and 4 L of water sample is collected (for SO4>~ concentra-
tion, this range is for 50 and 5 mg/L of sulfate, respectively) to clean high-density
polyethylene (HDPE) bottles. Bottles should be filled full, without headspace, and
well-sealed. These water volumes are sufficient to precipitate ~50 mg of BaSOj.
For a single stable isotope analysis, usually up to 1 mg of BaSQ, is required,
but handling such small aliquots is impractical during washing and transferring.
Water samples should be filtered through 0.45 pm filters in the field or as soon
as delivered to the laboratory. Sulfate samples are prone to stable isotope frac-
tionation caused by bacterial reactions; therefore, they should be stored chilled
on ice in a portable ice chest box in the field and later in a fridge at ~+ 5 °C.
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2. Before BaSOy is precipitated, the pH of the filtered sample should be adjusted by
adding a few milliliters of HCI to lower the pH to 2—3. The volume of acid required
depends on the HCI concentration used and water alkalinity, but typically ~3-5
mL of 5 N HCl is sufficient.

3. To accelerate crystal formation, warming the sample to ~40 °C is recommended.
Precipitation of 50 mg of BaSOy (as per the volumes and concentrations listed
in point 1) requires the addition of ~1.2 mL of 10 % BaCl,; this volume contains
approximately three times more barium than required by the stochiometric reac-
tion to ensure fast and complete precipitation and also to take into consideration
the potential uncertainty in the prediction of sulfate concentration. After vigorous
stirring with a glass rod, the solution needs to be left for several hours to allow
barium sulfate formation and deposition at the bottom of the beaker.

4. The following day, white crystals should cover the bottom of the beaker and
the supernatant should be transparent. The completeness of sulfate precipita-
tion can be tested by adding a small amount of BaCl, solution to see if further
precipitation occurs, appearing as foggy tracers in the supernatant. In the next
step, the supernatant needs to be removed and the white BaSOy crystals washed
with deionized water at least three times. The supernatant removal procedure
can be performed using a simple siphon tube and then the beaker is refilled
with deionized water. Again, the sample needs to be left overnight for crystal
sedimentation. This process needs to be repeated three times. Alternatively, to
accelerate the washing process, the sample can be transferred to centrifuge tubes,
spun and the supernatant removed and replaced with deionized water. Using a
centrifuge at 5000 rpm accelerates the separation of crystals and the supernatant
and eliminates the overnight wait time. The washing with deionized water and
centrifugation procedure should be repeated three times to remove traces of HCl
and any unreacted excess of BaCl,.

5. After washing, the collected BaSO,4 sample can be transferred to a small evap-
orative dish and dried at 110 °C in a laboratory oven. After drying and cooling,
the samples can be stored in small glass or plastic vials for several years. Pure
BaSO, should be white (or light gray) powder, like fine kitchen salt.

6. BaCl, is toxic, particularly for aquatic organisms. Therefore, all wastewater from
washing needs to be neutralized by adding H,SO, to precipitate the residual
barium remaining in solution, and then the pH can be adjusted to neutral using
sodium carbonate (e.g., soda ash).

The procedure presented above does not account for potential interferences
that can be caused by compounds other than sulfate sulfur and oxygen-bearing
compounds present in water samples (Skrzypek 2018). Therefore, modification of
this procedure may be required to address the following potential problems:

1. Samples that contain large concentrations of dissolved organic carbon (DOC)
may be contaminated by coprecipitated organic fractions, as indicated by frequent
changes in sample color from white to dark gray or brown. To address this issue,
prefiltration through a 0.21 pm filter can be considered. Contaminated samples
can also be further processed by adding 10 % hydrogen peroxide (H,O;) to an
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evaporation dish with dry BaSQOy, to oxidize organic matter. The small addition of
organic matter usually has a minor influence on § (**S)so, but could significantly
change 8(180)304.

2. If the H,S concentration in water samples is >0.5 mg/dm® (characterized by
a distinctive rotten-egg odor), H,S needs to be removed by precipitation and
filtration to separate it from SO,42~. The water sample must first be transferred
to a glass beaker (500 or 1000 mL depending on the sample volume) and 5%
zinc acetate solution added in a 1:10 ratio (e.g., 50 mL zinc acetate solution to
500 mL of water sample volume). After mixing, at least 1 h should be allowed
for precipitation and sedimentation (Carmody et al. 1998).

3. Analyses of 6('80)504 in water samples that contain high concentrations of
nitrates can be impacted by coprecipitation of nitrates that inoculate crystals
of BaSOy. Nitrates will yield oxygen during the analysis, and they will be added
to the oxygen yield from sulfates. In coprecipitated NO3/SO4 mixtures where
molar ratios are above 2, the oxygen bonded in nitrates may contribute up to 7 %
of the total yields and cause changes in 6('80)504 of up to 5 %o (Michalski et al.
2008). Nitrates can be removed from water before precipitation of barium sulfate
using the anion-exchange resin method (Le Gendre et al. 2017) or after precipita-
tion using a chelating solution to redissolve and then reprecipitate barium sulfate
(Bao 2006).

The stable sulfur and oxygen isotope compositions of sulfate in barium sulfate
samples are routinely analyzed using IRMS in traditional offline systems or in contin-
uous flow mode (Sharp 2017). In the currently more popular continuous flow systems,
BaSO, for §(**S)so, analyses is decomposed at a high temperature (1000 °C) in
elemental analyzers adapted for sulfur. After purification and water removal, SO, gas
in the helium stream is introduced to the ion source of a mass spectrometer. Analyzing
SO, compared to the SFg gas traditionally used in offline systems is challenging due
to isobaric interferences caused by the variable stable oxygen isotope composition.
This arises from the physical properties of SO,, as different combinations of sulfur
and oxygen isotopes can result in the same masses of SO, molecule (Sharp 2017).
This issue can be partially overcome using various correction factors and utilizing
IRMS systems with three collectors that analyze simpler molecules (e.g., fragmented
ions, such as SO* with possible masses 48, 49 and 50). This analytical approach
simplifies the required isobaric corrections and reduces analytical uncertainty. The
analyzed samples are normalized to the VCDT scale for presentation as isotope delta
values (Skrzypek et al. 2022) using at least two, but preferably three, well-calibrated
laboratory or international standards, such as NBS127, IAEA-S-1, IAEA-S-2, and
IAEA-S-3 (Skrzypek 2013). The usual combined analytical uncertainty of § (**S)so,
analysis varies between 0.3 and 0.4 %o. The stable oxygen isotope composition of
sulfates, 8 ('0)so,, can also be analyzed using continuous flow IRMS systems that
differ from those used for § (**S)so, . For § (80)s0, analysis, high-temperature pyrol-
ysis (HTP) at 1450 °C is required, utilizing a thermal conversion elementary analyzer
(TC/EA). BaSOy is reduced in the presence of hot graphite and glassy carbon, and
carbon monoxide (CO) is produced. CO is separated from other gases using a gas
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chromatography column and introduced to the ion source of the IRMS. After multi-
point normalization (Skrzypek 2013), usually based on international standards (e.g.,
TAEA-SOS5, TAEA-S06 and NBS127), the results are reported on the VSMOW stable
isotope scale with a combined analytical uncertainty usually 0.30-0.40 %o, one sigma
(Skrzypek and Sadler 2011).

6.5 Limitations and Challenges

Stable isotope delta results are reported with respect to entirely artifact-based scales
that occasionally require updates (e.g., VSMOW2-SLAP2 or VPDB). To ensure
the longevity of published data, a comprehensive description must be provided of
(1) the analytical procedure; (2) traceability; (3) data processing; and (4) the uncer-
tainty evaluation. For the minimum requirements for publishing stable isotope results,
please refer to the guidelines prepared by the International Atomic Energy Agency
and the International Union of Pure and Applied Chemistry (Skrzypek et al. 2022). If
recalculations are required between different expressions of the stable isotope compo-
sition (e.g., isotope ratio, isotope fraction, isotope delta), the differences between the
absolute values of the zero points for stable isotope scales adopted in the manufac-
turing software setup need to be considered and the calculations adjusted accordingly
(Skrzypek and Dunn 2020a, b).

In catchments contaminated with pollutants originating from several sources,
the major challenge is clarifying the ambiguous stable isotope signatures of
overlapping values. To a large extent, this issue can be addressed using denser
sampling to determine pollution budgets in individual subcatchments and by applying
more advanced probabilistic models rather than simple mass balance arithmetic
calculations (Lewicki et al. 2022).

References

Alon A, Ward S-A, Yeala S, Ronald PK (2013) Sulfur isotope homogeneity of oceanic DMSP and
DMS. Proc Natl Acad Sci 110:18413-18418

Andrulionis NY, Zavialov PO (2019) Laboratory studies of main component composition of
hyperhaline lakes. Phys Oceanogr 26:13-31

Araguds-Araguds L, Froehlich K, Rozanski K (2000) Deuterium and oxygen-18 isotope composition
of precipitation and atmospheric moisture. Hydrol Process 14:1341-1355

Bao H (2006) Purifying barite for oxygen isotope measurement by dissolution and reprecipitation
in a chelating solution. Anal Chem 78:304-309

Benetti M, Reverdin G, Aloisi G, Sveinbjornsdéttir A (2017) Stable isotopes in surface waters of
the Atlantic Ocean: indicators of ocean-atmosphere water fluxes and oceanic mixing processes.
J Geophys Res: Oceans 122:4723-4742

Bottrell S, Novak M (1997) Sulphur isotopic study of two pristine Sphagnum bogs in the western
British Isles. J Ecol 85:125-132



6 Stable Sulfur and Oxygen Isotope Compositions of Sulfates ... 119

Bowen GJ (2019) The online isotopes in precipitation calculator. Available http://www.waterisot
opes.org (Accessed)

Bowen GJ, Revenaugh J (2003) Interpolating the isotopic composition of modern meteoric
precipitation. Water Resour Res 39:SWC91-SWC913.
Brenot A, Carignan J, France-Lanord C, Benoit M (2007) Geological and land use control on 3348
and 5!30 of river dissolved sulfate: the Moselle river basin, France. Chem Geol 244:25-41
Brosnan JT, Brosnan ME (2006) The sulfur-containing amino acids: an overview. J Nutr 136:1636S-
1640S

Brunner B, Yu J-Y, Mielke RE, Macaskill JA, Madzunkov S, Mcgenity TJ, Coleman M (2008)
Different isotope and chemical patterns of pyrite oxidation related to lag and exponential growth
phases of Acidithiobacillus ferrooxidans reveal a microbial growth strategy. Earth Planet Sci
Lett 270:63-72

Burke A, Present TM, Paris G, Rae ECM, Sandilands BH, Gaillardet J, Peucker-Ehrenbrink B,
Fischer WW, Mcclelland JW, Spencer RGM, Voss BM, Adkins JF (2018) Sulfur isotopes in
rivers: Insights into global weathering budgets, pyrite oxidation, and the modern sulfur cycle.
Earth Planet Sci Lett 496:168-177

Calmels D, Gaillardet J, Brenot A, France-Lanord C (2007) Sustained sulfide oxidation by physical
erosion processes in the Mackenzie River basin: climatic perspectives. Geology 35:1003—1006

Campbell AR, Lueth VW (2008) Isotopic and textural discrimination between hypogene, ancient
supergene, and modern sulfates at the Questa mine, New Mexico. Appl Geochem 23:308-319

Carmody RW, Plummer N, Busenberg E, Coplen TB (1998) Methods for collection of dissolved
sulfate and sulfide and analysis of their sulfur isotopic composition. In: Open-file report. Reston,
VA C6

Carreira PM, Marques JM, Nunes D (2014) Source of groundwater salinity in coastline aquifers
based on environmental isotopes (Portugal): natural versus human interference. A review and
reinterpretation. Appl Geochem 41:163-175

Chalk PM, Inécio CT, Chen D (2017) Tracing S dynamics in agro-ecosystems using 3*S. Soil Biol
Biochem 114:295-308

Chivas AR, Andrews AS, Lyons WB, Bird MI, Donnelly TH (1991) Isotopic constraints on the origin
of salts in Australian playas. 1. Sulphur. Palaeogeogr Palaeoclimatol Palaeoecol 84:309-332

Chudy K, Worsa-Kozak M, Wéjcik A, Wolkersdorfer C, Drzewicki W, Konsencjusz D, Szyszka D
(2021) Chemical variations in mine water of abandoned pyrite mines exemplified by the Colorful
Lakes in Wiesciszowice, Sudetes Mountains, Poland. J Hydrol: Regional Stud 38:100974

Clark ID, Fritz P (1997) Environmental isotopes in hydrogeology. Taylor & Francis Group, CRC
Press, Boca Raton

Claypool GE, Holser WT, Kaplan IR, Sakai H, Zak I (1980) The age curves of sulfur and oxygen
isotopes in marine sulfate and their mutual interpretation. Chem Geol 28:199-260

Coplen TB (1995) Discontinuance of SMOW and PDB [6]. Nature 375:285

Coplen TB, Bohlke JK, De Bievre P, Ding T, Holden NE, Hopple JA, Krouse HR, Lamberty A,
Peiser HS, Révész K, Rieder SE, Rosman KJR, Roth E, Taylor PDP, Vocke RD Jr, Xiao YK
(2002a) Isotope-abundance variations of selected elements (IUPAC technical report). Pure Appl
Chem 74:1987-2017

Coplen TB, Hopple JA, Bohlke JK, Peiser HS, Rieder SE, Krouse HR, Rosman KJR, Ding T, Vocke
RD Jr, Revesz KM, Lamberty A, Taylor P, De Bievre P (2002b) Compilation of minimum and
maximum isotope ratios of selected elements in naturally occurring terrestrial materials and
reagents. In: Water-resources investigations report. C6

Coplen TB, Hopple JA, Bohlke JK, Peiser HS, Rieder SE, Krouse HR, Rosman KJR, Ding T,
Vocke RD Jr, Révész KM, Lamberty A, Taylor P, Bie¢vre D (2002¢) Compilation of minimum
and maximum isotope ratios of selected elements in naturally occurring terrestrial materials and
reagents. US Geological Survey Water-Resources Investigation

Cortecci G, Dinelli E, Bencini A, Adorni-Braccesi A, La Ruffa G (2002) Natural and anthropogenic
SO4 sources in the Arno river catchment, northern Tuscany, Italy: a chemical and isotopic
reconnaissance. Appl Geochem 17:79-92


http://www.waterisotopes.org
http://www.waterisotopes.org

120 G. Skrzypek

Craig H, Gordon LI (1965) Deuterium and oxygen-18 variations in the ocean and the marine
atmosphere. Stable Isotopes in Oceanographic Studies and Paleotemperatures 9—130.

Crawford J, Cohen DD, Chambers SD, Williams AG, Atanacio A (2019) Impact of aerosols of sea
salt origin in a coastal basin: Sydney, Australia. Atmos Environ 207:52-62

Dansgaard W (1964) Stable isotopes in precipitation. Tellus 16:436-468

Das A, Chung C-H, You C-F (2012) Disproportionately high rates of sulfide oxidation from
mountainous river basins of Taiwan orogeny: sulfur isotope evidence. Geophys Res Lett
39:L12404

Davidian J-C, Kopriva S (2010) Regulation of sulfate uptake and assimilation—The same or not
the same? Mol Plant 3:314-325

De Moor JM, Fischer TP, Plank T (2022) Constraints on the sulfur subduction cycle in Central
America from sulfur isotope compositions of volcanic gases. Chem Geol 588

Dogramaci S, Mclean L, Skrzypek G (2017) Hydrochemical and stable isotope indicators of pyrite
oxidation in carbonate-rich environment; the Hamersley Basin, Western Australia. J Hydrol
545:288-298

Dogramaci S, Skrzypek G (2015) Unravelling sources of solutes in groundwater of an ancient
landscape in NW Australia using stable Sr, H and O isotopes. Chem Geol 393—4:67-78

Dogramaci S, Skrzypek G, Dodson W, Grierson P (2012a) Stable isotope and hydrochemical evolu-
tion of groundwater in the semi-arid Hamersley Basin of sub-tropical northwest Australia. J
Hydrogeol 475:281-293

Dogramaci S, Skrzypek G, Dodson W, Grierson PF (2012b) Stable isotope and hydrochemical
evolution of groundwater in the semi-arid Hamersley Basin of subtropical northwest Australia.
J Hydrol 475:281-293

Dold B (2017) Acid rock drainage prediction: a critical review. ] Geochem Explor 172:120-132

Eldridge DL, Guo W, Farquhar J (2016) Theoretical estimates of equilibrium sulfur isotope effects
in aqueous sulfur systems: highlighting the role of isomers in the sulfite and sulfoxylate systems.
Geochim Cosmochim Acta 195:171-200

Fellman JB, Dogramaci S, Skrzypek G, Dodson W, Grierson PF (2011) Hydrologic control of
dissolved organic matter biogeochemistry in pools of a subtropical dryland river. Water Resour
Res 47:W06501

Fritz P, Basharmal GM, Drimmie RJ, Ibsen J, Qureshi RM (1989) Oxygen isotope exchange between
sulphate and water during bacterial reduction of sulphate. Chem Geol: Isotope Geosci Sect
79:99-105

Gatuszka A, Migaszewski ZM, Pelc A, Trembaczowski A, Dotggowska S, Michalik A (2020)
Trace elements and stable sulfur isotopes in plants of acid mine drainage area: implications for
revegetation of degraded land. J Environ Sci (China) 94:128-136

Garcia-Lorenzo ML, Martinez-Sanchez MJ, Pérez-Sirvent C, Agudo I, Recio C (2014) Isotope
geochemistry of waters affected by mining activities in Sierra Minera and Portman Bay (SE,
Spain). Appl Geochem 51:139-147

Gat JR (1997) Isotope hydrology. World Scientific Publishing Co Pte Ltd.

Gorka M, Skrzypek G, Hatas S, Jedrysek MO, Strapo¢ D (2017) Multi-seasonal pattern in 5-year
record of stable H, O and S isotope compositions of precipitation (Wrockaw, SW Poland).
Atmos Environ 158:197-210

Groning M, Lutz HO, Roller-Lutz Z, Kralik M, Gourcy L, Poltenstein L (2012) A simple rain
collector preventing water re-evaporation dedicated for $'30 and 82H analysis of cumulative
precipitation samples. J Hydrol 448-449:195-200

Habicht KS, Canfield DE (1997) Sulfur isotope fractionation during bacterial sulfate reduction in
organic-rich sediments. Geochim Cosmochim Acta 61:5351-5361

Heilweil VM, Solomon KD, Gingerich SB, Verstraeten IM (2009) Oxygen, hydrogen, and helium
isotopes for investigating groundwater systems of the Cape Verde Islands, West Africa.
Hydrogeol J 17:1157-1174



6 Stable Sulfur and Oxygen Isotope Compositions of Sulfates ... 121

Hollins SE, Hughes CE, Crawford J, Cend6n DI, Meredith KM (2018) Rainfall isotope variations
over the Australian continent—Implications for hydrology and isoscape applications. Sci Total
Environ 645:630-645

Holser WT, Kaplan IR, Sakai H, Zak I (1979) Isotope geochemistry of oxygen in the sedimentary
sulfate cycle. Chem Geol 25:1-17

Holt BD, Kumar R, Cunningham PT (1982) Primary sulfates in atmospheric sulfates: estimation
by oxygen isotope ratio measurements. Science 217:51-53

Horibe Y, Shigehara K, Takakuwa Y (1973) Isotope separation factor of carbon dioxide-water
system and isotopic composition of atmospheric oxygen. J Geophys Res 78:2625-2629

Hosono T, Nakano T, Igeta A, Tayasu I, Tanaka T, Yachi S (2007) Impact of fertilizer on a small
watershed of Lake Biwa: use of sulfur and strontium isotopes in environmental diagnosis. Sci
Total Environ 384:342-354

Hughes C, Crawford J (2012) A new precipitation weighted method for determining the meteoric
water line. J Hydrol 464-465:344-351

ITaea (1992) Statistical treatment of data on environmental isotopes in precipitation. International
Atomic Energy Agency, Vienna

Jasechko S, Perrone D, Befus KM, Bayani cardenas M, Ferguson G, Gleeson T, Luijendijk E,
Mcdonnell Jeffrey J, Taylor RG, Wada Y, Kirchner JW (2017a) Global aquifers dominated by
fossil groundwaters but wells vulnerable to modern contamination. Nat Geosci 10:425-429

Jasechko S, Wassenaar LI, Mayer B (2017b) Isotopic evidence for widepread cold-season-biased
groundwater recharge and young streamflow across central Canada. Hydrol Process 31:2196—
2209

Jedrysek MO, Katuzny A, Hoefs J (2002a) Sulphur and oxygen isotope ratios in spruce needles as
a tracer of atmospheric pollution. J Geophys Res D: Atmos 107:5-1-5-12.

Jedrysek MO, Katuzny A, Hoefs J (2002b) Sulphur and oxygen isotope ratios in spruce needles as
a tracer of atmospheric pollution. J Geophys Res Atmos 107:5-1-5-12.

Jedrysek MO, Krapiec M, Skrzypek G, Katuzny A (2003) Air-pollution effect and paleotemperature
scale versus 8!3C records in tree rings and in a peat core (Southern Poland). Water Air Soil Pollut
145:359-375

Jenkins KA, Bao H (2006) Multiple oxygen and sulfur isotope compositions of atmospheric sulfate
in Baton Rouge, LA, USA. Atmos Environ 40:4528-4537

Joo YJ, Sim MS, Elwood Madden ME, Soreghan GS (2022) Significance of the terrestrial sink in
the biogeochemical sulfur cycle. Geophys Res Lett 49:¢2021GL097009.

Jgrgensen BB, Findlay AJ, Pellerin A (2019) The biogeochemical sulfur cycle of marine sediments.
Front Microbiol 10:849-849

Kaplan IR, Hulston JR (1966) The isotopic abundance and content of sulfur in meteorites. Geochim
Cosmochim Acta 30:479-496

Kim Y, Lee I, Lim C, Farquhar J, Lee SM, Kim H (2018) The origin and migration of the dissolved
sulfate from precipitation in Seoul, Korea. Environ Pollut 237:878-886

Kroopnick P, Craig H (1972) Atmospheric oxygen: isotopic composition and solubility fractiona-
tion. Science 175:54-55

Krouse HR, Grinenko VA (1991) Stable isotopes: Natural and anthropogenic sulphur in the
environment. Wiley, UK

Le Duy N, Heidbiichel I, Meyer H, Merz B, Apel H (2018) What controls the stable isotope
composition of precipitation in the Mekong Delta? A model-based statistical approach. Hydrol
Earth Syst Sci 22:1239-1262

Le Gendre E, Martin E, Villemant B, Cartigny P, Assayag N (2017) A simple and reliable anion-
exchange resin method for sulfate extraction and purification suitable for multiple O- and S-
isotope measurements. Rapid Commun Mass Spectrom 31:137-144

Lewis ER, Schwartz SE (2004) Fundamentals. In: Sea salt aerosol production: mechanisms,
methods, measurements and models

Lewicki MP, Lewicka-Szczebak D, Skrzypek G (2022) FRAME—Monte Carlo model for evaluation
of the stable isotope mixing and fractionation. PlosONE 17(11):e0277204



122 G. Skrzypek

Marchetti DW, Marchetti SB (2019) Stable isotope compositions of precipitation from Gunnison,
Colorado 2007-2016: implications for the climatology of a high-elevation valley. Heliyon
5:02120-e02120

Michalski G, Kasem M, Rech JA, Adieu S, Showers WS, Genna B, Thiemens M (2008) Uncertainties
in the oxygen isotopic composition of barium sulfate induced by coprecipitation of nitrate. Rapid
Commun Mass Spectrom 22:2971-2976

Migaszewski ZM, Gatuszka A (2019) The origin of pyrite mineralization: implications for Late
Cambrian geology of the Holy Cross Mountains (south-central Poland). Sed Geol 390:45-61

Mizota C, Sasaki A (1996) Sulfur isotope composition of soils and fertilizers : differences between
Northern and Southern Hemispheres. Geoderma 71:77-93

Nakano T, Tayasu I, Yamada Y, Hosono T, Igeta A, Hyodo F, Ando A, Saitoh Y, Tanaka T, Wada E,
Yachi S (2008) Effect of agriculture on water quality of Lake Biwa tributaries, Japan. Sci Total
Environ 389:132-148

Newman CP, Poulson SR, Mccrea KW (2020) Contaminant generation and transport from mine
pit lake to perennial stream system: multidisciplinary investigations at the Big Ledge Mine,
Nevada, USA. Geochemistry 80:125552

Nitzsche KN, Kalettka T, Premke K, Lischeid G, Gessler A, Kayler ZE (2017) Land-use and
hydroperiod affect kettle hole sediment carbon and nitrogen biogeochemistry. Sci Total Environ
574:46-56

Nordstrom DK, Wright WG, Mast MA, Bove DJ, Rye RO (2007) Aqueous-sulfate stable isotopes—
A study of mining-affected and undisturbed acidic drainage. In: U.S. Geological survey
professional paper, vol 1651, pp 387416

Ohwoghere-Asuma O, Aweto EK, Nwankwoala HO, Akpokodje EG (2021) Stable isotopic compo-
sition of precipitation in a tropical rainforest region of the Niger Delta, Nigeria. Isot Environ
Health Stud 57:94-110

Oleinik SA, Ryskov YG, Morgun EG (2003) Fractionation of stable sulfur isotopes in hydromorphic
saline soils and its role as an indicator of reducing processes. Geochem Int 41:1207-1213

Paulsson O, Widerlund A (2020) Pit lake oxygen and hydrogen isotopic composition in subarctic
Sweden: a comparison to the local meteoric water line. Appl Geochem 118:104611

Peng H, Mayer B, Harris S, Krouse HR (2004) A 10-yr record of stable isotope ratios of hydrogen and
oxygen in precipitation at Calgary, Alberta, Canada. Tellus B: Chem Phys Meteorol 56:147-159

Price RM, Skrzypek G, Grierson PF, Swart PK, Fourqurean JW (2012) The use of stable isotopes
of oxygen and hydrogen to identify water sources in two hypersaline estuaries with different
hydrologic regimes. Mar Freshw Res 63:952-966

Putman AL, Bowen GJ (2019) Technical note: a global database of the stable isotopic ratios of
meteoric and terrestrial waters. Hydrol Earth Syst Sci 23:4389-4396

Rees CE, Jenkins WJ, Monster J (1978) The sulphur isotopic composition of ocean water sulphate.
Geochim Cosmochim Acta 42:377-381

Rozanski K, Araguas-Araguas L, Gonfiantini R (1992) Relation between long-term trends of
oxygen-18 isotope composition of precipitation and climate. Science 258:981-985

Rozanski K, Araguds-Araguds L, Gonfiantini R (1993) Isotopic patterns in modern global
precipitation. Geophys Monogr-Am Geophys Union 78:1-1

Santucci L, Carol E, Tanjal C (2018) Industrial waste as a source of surface and groundwater
pollution for more than half a century in a sector of the Rio de la Plata coastal plain (Argentina).
Chemosphere 206:727-735

Schmidt GA (1999) Forward modeling of carbonate proxy data from planktonic foraminifera using
oxygen isotope tracers in a global ocean model. Paleoceanography 14:482-497

Schotterer U, Oldfield F, Froehlich K (1996) GNIP global network for isotopes in precipitation.
Laederach AG, Switzerland

Schroth AW, Bostick BC, Graham M, Kaste JM, Mitchell MJ, Friedland AJ (2007) Sulfur species
behavior in soil organic matter during decomposition. J Geophys Res: Biogeosci 112



6 Stable Sulfur and Oxygen Isotope Compositions of Sulfates ... 123

Schroth MH, Kleikemper J, Bolliger C, Bernasconi SM, Zeyer J (2001) In situ assessment of
microbial sulfate reduction in a petroleum-contaminated aquifer using push-pull tests and stable
sulfur isotope analyses. J Contam Hydrol 51:179-195

Sharp Z (2017) Principles of stable isotope geochemistry, 2nd edn.

Skrzypek G (2013) Normalization procedures and reference material selection in stable HCNOS
isotope analyses: an overview. Anal Bioanal Chem 405:2815-2823

Skrzypek G (2018) Water sampling and preservation for stable isotope analyses of water molecules
and selected solutes In: Dercon G, Heng L, Heiling M (ed) Sampling and isotope analysis of
agricultural pollutants in water. International Atomic Energy Agency, Vienna

Skrzypek G, Allison C, Bohlke JK, Bontempo L, Brewer P, Camin F, Carter JF, Chartrand MMG,
Coplen TB, Groning M, Hélie J-F, Esquivel-Herndndez G, Kraft RA, Magdas DA, Mann JL,
Meija J, Meijer HAJ, Moossen H, Ogrinc N, Perini M, Possolo A, Rogers K, Schimmelmann
A, Shemesh A, Soto DX, Thomas F, Wielgosz R, Winchester MR, Yan Z, Dunn PJH (2022)
Minimum requirements for publishing hydrogen, carbon, nitrogen, oxygen and sulfur stable-
isotope delta results. Pure Appl Chem Aop. https://doi.org/10.1515/pac-2021-1108

Skrzypek G, Akagi T, Drzewicki W, Jedrysek MO (2008) Stable isotope studies of moss sulfur and
sulfate from bog surface waters. Geochem J 42:481-492

Skrzypek G, Dogramaci S, Grierson PF (2013) Geochemical and hydrological processes controlling
groundwater salinity of a large inland wetland of northwest Australia. Chem Geol 357:164-177

Skrzypek G, Dogramaci S, Page GFM, Rouillard A, Grierson PF (2019) Unique stable isotope signa-
tures of large cyclonic events as a tracer of soil moisture dynamics in the semiarid subtropics. J
Hydrol 578:124124

Skrzypek G, Dogramaci S, Rouillard A, Grierson PF (2016) Groundwater seepage controls salinity
in a hydrologically terminal basin of semi-arid northwest Australia. J] Hydrol 542:627-636

Skrzypek G, Dunn PJ (2020a) Absolute isotope ratios defining isotope scales used in isotope ratio
mass spectrometers and optical isotope instruments. Rapid Commun Mass Spectrom €8890 (in
press)

Skrzypek G, Dunn PJ (2020b) The recalculation of stable isotope expressions for HCNOS—Easy-
IsoCalculator. Rapid Commun Mass Spectrom 8892

Skrzypek G, Jezierski P, Szynkiewicz A (2010) Preservation of primary stable isotope signatures
of peat-forming plants during early decomposition - observation along an altitudinal transect.
Chem Geol 273:238-249

Skrzypek G, Mydtowski A, Dogramaci S, Hedley P, Gibson JJ, Grierson PF (2015) Estimation
of evaporative loss based on the stable isotope composition of water using Hydrocalculator. J
Hydrol 523:781-789

Skrzypek G, Sadler R (2011) A selection strategy for reference materials in stable oxygen isotope
analyses of solid materials. Rapid Commun Mass Spectrom 25:1625-1630

Stack P, Rock L (2011) A 83*S isoscape of total sulphur in soils across Northern Ireland. Appl
Geochem 26:1478-1487

Szynkiewicz A, Borrok DM, Ganjegunte GK, Skrzypek G, Ma L, Rearick MS, Perkins GB (2015a)
Isotopic studies of the Upper and Middle Rio Grande. Part 2-Salt loads and human impacts in
south New Mexico and west Texas. Chem Geol 411:336-350

Szynkiewicz A, Borrok DM, Skrzypek G, Rearick MS (2015b) Isotopic studies of the Upper and
Middle Rio Grande. Part 1—Importance of sulfide weathering in the riverine sulfate budget.
Chem Geol 411:323-335

Tanikawa T, Sase H, Fukushima S, Ito Y, Yamashita M, Yamashita N, Kamisako M, Sugiyama A,
Imaya A, Ishida T, Takenaka C, Takahashi M (2022) Sulfur accumulation in soil in a forested
watershed historically exposed to air pollution in central Japan. Geoderma 407

Taylor BE, Wheeler MC, Nordstrom DK (1984) Stable isotope geochemistry of acid mine drainage:
experimental oxidation of pyrite. Geochim Cosmochim Acta 48:2669-2678

Tian C, Wang L (2019) Stable isotope variations of daily precipitation from 2014-2018 in the central
United States. Sci Data 6:190018


https://doi.org/10.1515/pac-2021-1108

124 G. Skrzypek

Toran L (1987) Sulfate contamination in groundwater from a carbonate-hosted mine. J Contam
Hydrol 2:1-29

Torssander P (1988) Sulfur isotope ratios of Icelandic lava incrustations and volcanic gases. J
Volcanol Geoth Res 35:227-235

Torssander P (1989) Sulfur isotope ratios of Icelandic rocks. Contrib Miner Petrol 102:18-23

Torssander P, Morth CM, Kumpulainen R (2006) Chemistry and sulfur isotope investigation of
industrial wastewater contamination into groundwater aquifers, Pited County, N. Sweden. J
Geochem Explor 88:64-67

Trust BA, Fry B (1992) Stable sulphur isotopes in plants: areview. Plant, Cell Environ 15:1105-1110

Turchyn AV, Tipper ET, Galy A, Lo J-K, Bickle MJ (2013) Isotope evidence for secondary sulfide
precipitation along the Marsyandi River, Nepal, Himalayas. Earth Planet Sci Lett 374:36—46

Urresti-Estala B, Vadillo-Pérez I, Jiménez-Gavilan P, Soler A, Sanchez-Garcia D, Carrasco-Cantos F
(2015) Application of stable isotopes (334S-SOy4, $180-S04, 3'°N-NO3, §130-NO3) to determine
natural background and contamination sources in the Guadalhorce River Basin (southern Spain).
Sci Total Environ 506-507:46-57

Vet R, Artz RS, Carou S, Shaw M, Ro C-U, Aas W, Baker A, Bowersox VC, Dentener F, Galy-
Lacaux C, Hou A, Pienaar JJ, Gillett R, Forti MC, Gromov S, Hara H, Khodzher T, Mahowald
NM, Nickovic S, Rao PSP, Reid NW (2014) A global assessment of precipitation chemistry
and deposition of sulfur, nitrogen, sea salt, base cations, organic acids, acidity and pH, and
phosphorus. Atmos Environ 93:3-100

Vitoria L, Otero N, Soler A, Canals A (2004) Fertilizer characterization: Isotopic data (N, S, O, C,
and Sr). Environ Sci Technol 38:3254-3262

Weyer KU, Krouse HR, Horwood WC (1979) Investigation of regional geohydrology south of Great
Slave Lake, Canada, utilizing natural sulphur and hydrogen isotope variations. Isotope Hydrol
251-264 (International Atomic Energy Agency, Vienna)

Wu Y, Liu W, Xu Y, Xu Z, Zhou X, Zhou L (2021) Multiple isotopic tracing for sulfate and
base cation sources of precipitation in Hangzhou city, Southeast China: insights for rainwater
acidification mechanism. Environ Pollut 288:117770

Yapiyev V, Skrzypek G, Verhoef A, Macdonald D, Sagintayev Z (2020) Between boreal Siberia
and arid Central Asia—Stable isotope hydrology and water budget of Burabay National Nature
Park ecotone (Northern Kazakhstan). J Hydrol: Regional Stud 27:100644

G. Skrzypek has 24 years of experience in the field of stable isotope geochemistry, hydrochem-
istry, and ecology since his PhD (1999) from The University of Wroctaw (UWr). Grzegorz is
currently working as Associate Professor and Coordinator of M.Sc Biology and Ecology special-
izations at The University of Western Australia (UWA). Grzegorz has published many papers on
applications of stable isotope techniques in hydrological, hydrochemical, pollution, ecological,
and paleoclimate studies. He uses stable H, C, N, O, S, and Sr isotopes to trace water budget,
nutrient fluxes in natural environments, and dispersal of pollution in environments impacted
by mining and agriculture. He held a prestigious Australian Research Council Future Fellow-
ship at UWA (2012-2015) and Foundation for Polish Science Scholarship at UWr (1999-2000).
Currently, he is serving as the deputy director of the West Australian Biogeochemistry Centre
at UWA (wabc.uwa.edu.au). Grzegorz has been a chief investigator on a number of research
projects in Europe and Australia and an expert on IAEA Technical Cooperation Projects and IAEA
Technical Meetings.


https://www.wabc.uwa.edu.au

6 Stable Sulfur and Oxygen Isotope Compositions of Sulfates ... 125

The opinions expressed in this chapter are those of the author(s) and do not necessarily reflect the
views of the IAEA: International Atomic Energy Agency, its Board of Directors, or the countries
they represent.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 3.0 IGO
license (http://creativecommons.org/licenses/by/3.0/igo/), which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate credit to
the IAEA: International Atomic Energy Agency, provide a link to the Creative Commons license
and indicate if changes were made.

Any dispute related to the use of the works of the IAEA: International Atomic Energy Agency
that cannot be settled amicably shall be submitted to arbitration pursuant to the UNCITRAL rules.
The use of the IAEA: International Atomic Energy Agency’s name for any purpose other than for
attribution, and the use of the IAEA: International Atomic Energy Agency’s logo, shall be subject
to a separate written license agreement between the IAEA: International Atomic Energy Agency
and the user and is not authorized as part of this CC-IGO license. Note that the link provided above
includes additional terms and conditions of the license.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/3.0/igo/

Chapter 7 )
Quantifying Sediment and Associated oo
Pollutants Sources in Agricultural

Catchments Using Isotopic Techniques

W. H. Blake, A. Taylor, E. Muiioz-Arcos, L. Ovando-Fuentealba,
C. Bravo-Linares, and G. E. Millward

Abstract This chapter provides an overview of nuclear tools used in sediment
source apportionment studies, summarising essential information about the use
of fallout radionuclides, elemental geochemistry, and compound-specific stable
isotopes. Exemplar studies are described to show how the method can inform decision
making at farm and basin scales to control diffuse water pollution by agriculture.

7.1 Overview of Sediment and Associated Pollutants
in Agricultural Catchments

In the context of agricultural pollution, sediment derived from soil erosion is widely
regarded as a major pollutant both in its own right and in its role as a vector for
particle-reactive agrochemicals. The widespread and costly environmental impacts
of sediment transfer from agricultural land into downstream aquatic ecosystems are
recognised by river basin managers and policy makers worldwide (Evans 2010), yet

W. H. Blake () - A. Taylor - E. Mufioz-Arcos - L. Ovando-Fuentealba - G. E. Millward
University of Plymouth, Plymouth, UK
e-mail: william.blake @plymouth.ac.uk

A. Taylor
e-mail: alex.taylor-34@plymouth.ac.uk

E. Muiioz-Arcos
e-mail: enrique.munozarcos @plymouth.ac.uk

L. Ovando-Fuentealba
e-mail: luis.ovandofuentealba@plymouth.ac.uk

G. E. Millward
e-mail: G.Millward @plymouth.ac.uk

C. Bravo-Linares
Universidad Austral de Chile, Valdivia, Chile
e-mail: cbravo@uach.cl

© IAEA: International Atomic Energy Agency 2024 127
J. Adu-Gyamfi et al. (eds.), Tracing the Sources and Fate of Contaminants in
Agroecosystems, https://doi.org/10.1007/978-3-031-47265-7_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-47265-7_7&domain=pdf
mailto:william.blake@plymouth.ac.uk
mailto:alex.taylor-34@plymouth.ac.uk
mailto:enrique.munozarcos@plymouth.ac.uk
mailto:luis.ovandofuentealba@plymouth.ac.uk
mailto:G.Millward@plymouth.ac.uk
mailto:cbravo@uach.cl
https://doi.org/10.1007/978-3-031-47265-7_7

128 W. H. Blake et al.

the complexity of sediment production and delivery processes renders it a complex
challenge to mitigate. Soil erosion by water poses a serious threat to water and nutrient
retention, biodiversity, and plant primary productivity on agricultural land (Pimentel
2006). Downstream, sediment, and nutrient export to rivers and lakes contributes to
eutrophication and contamination of water resources by algae and associated natural
toxins, affecting the functioning of wetland and lake ecosystems. Furthermore, silta-
tion enhances the habitats that promote water-borne disease vectors and siltation
of reservoirs compromises water supply and hydroelectric power (HEP) generation
(Boardman and Poesen 2006). Herein, it is clear that enhanced runoff and soil erosion
have a major impact on food, water and energy security (Blake et al. 2018). Future
land-management decisions require quantification of the anthropogenic amplification
of runoff and soil erosion processes, e.g., sediment yield from different agricultural
land uses, so that hotspots of soil erosion can be targeted and controlled specifically
by mitigation measures.

Application of tools to support source apportionment should be grounded in a
thorough understanding of hydrological and soil erosion processes (Morgan 2005)
that lead to sediment generation from agricultural land for specific study sites. The
mode of overland flow development, i.e., infiltration excess vs saturation overland
flow can have a critical bearing on tracer behaviour in some circumstances and the
particle size selectivity of soil erosion (Issa et al. 2006) can strongly influence source
signatures.

Sediment dynamics in river systems involve complex processes and their quanti-
tative assessment faces many uncertainties. River sediment budgeting approaches
provide understanding of sediment mobilisation, transport, storage, and yield
(Walling and Collins 2008), a useful framework within which to evaluate evidence on
sediment and pollutant source dynamics. River sediment budgets can be understood,
in simplistic terms, as the mass balance between the sediment sources, deposition
areas, and outputs. One of the most significant findings from budgetary studies is
the importance (and magnitude) of sediment storage in river systems. From the total
amount of sediment produced (i.e., eroded) in upland surfaces (i.e., sources), only a
fraction makes its way to the basin outlet (i.e., sediment yield). This discrepancy has
been named the ‘sediment delivery problem’ (Walling 1983), and it has been argued
that various sediment storage mechanisms operating within a catchment explain
this discrepancy (Trimble 1983; Walling 1983; Fryirs 2013). Since then, increasing
research has been carried out to explain and disentangle the mechanisms, pathways,
and fates of eroded sediment within a river basin, and evidence on source dynamics
is a crucial ingredient to support management decisions at the basin scale.

In many catchments, sediment spends significant time stored in riverine compart-
ments which can compound challenges of source apportionment within specific
time frames. Its delivery is therefore controlled by storage and sporadic remobil-
isation at various timescales (Mufioz-Arcos et al. 2022). These storage units can be
defined as transient, short-lived landforms that are frequently reworked by episodic
events such as bars, lateral deposits, and the streambed where they play a key role
in the (dis)connectivity of catchment sediment cascades (Fryirs 2013). Spatial and
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Fig. 7.1 Scales of complexity in sediment tracing applications (Koiter et al. 2013)

temporal aspects of sediment connectivity from hillslope to channel are important
considerations in all source apportionment studies (Fig. 7.1).

Excess fine sediment (silt and clay fractions < 63 pwm) poses a risk to receiving
waters owing to both its physical presence as well as the potential for transport of co-
contaminants. Many surface water systems are sensitive to changes in the transport
and deposition of fine sediments owing to the impact of increased turbidity in the
water column and siltation of channel bed habitats. For example, there is potential for
siltation to affect oxygen demand and subsequently impact upon salmonid spawning
grounds (Jensen et al. 2009; Sear et al. 2017). Excess suspended and stored sediment
may also affect other, sessile biota such as the freshwater pearl mussel (Margaritifera
margaritifera), which is critically endangered in Europe, according to the Interna-
tional Union for the Conservation of Nature (IUCN). Freshwater pearl mussels are
sensitive to changes in water parameters, preferring oligotrophic and low turbidity
conditions. For successful recruitment of juvenile freshwater pearl mussels, it is
essential that the sediment in which juveniles establish has an open, well-oxygenated
structure, enabling clear exchange between the interstices and the overlying water
column. Excess fine sediment can negatively impact upon channel bed habitat by
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embedding coarse material and preventing exchange between interstices and surface
(Geist and Auerswald 2007).

Transport of fine sediment from agricultural settings to receiving waters can also
impact upon water quality through increased inputs of co-contaminants, which may
exert direct or indirect effects depending on toxicity and bioaccumulations factors,
and influence upon trophic structure. In relation to the latter, surface waters can be
sensitive to elevated nutrient inputs associated with increased sedimentation, partic-
ularly with regard to phosphorus (P), often the growth-limiting nutrient in fresh-
water systems. Agricultural inputs can potentially increase the bioavailable pool of
P, leading to eutrophication and associated ecological impacts (Withers and Jarvie
2008). Given that P is strongly associated with sediments, there is now a clear recog-
nition of the need for improved management practices to reduce soil and associated
phosphorus inputs to river channels (Ballantine et al. 2009; Ockenden et al. 2014).
Significant improvements have been made to reduce the amount of dissolved P that
enters watercourses from point source discharges across the EU. However, legacy
sediment stored within channel and floodplain systems has the potential to act as
a secondary source of P to the water column following disturbance (van der Perk
et al. 2007) or in response to changes in condition of overlying waters (Jarvie et al.
2005b; Neal et al. 2012). Desorption and remobilisation processes are highly depen-
dent upon environmental factors such as pH and oxidation—reduction conditions but,
nevertheless, could offset the benefit of reductions in P inputs in the short term (Burns
et al. 2015).

Sediment associated contaminants from agricultural settings are not limited to
nutrients but can be wide ranging and related to biological (faecal) contamina-
tion, metals, and an array of organic compounds used in crops such as pesticides,
herbicides and fungicides, and veterinary pharmaceutical treatments. Many organic
compounds are highly particle reactive and persistent and are, thus, now restricted
in their usage. However, the persistence of legacy inputs in sediment storage zones
may present a continued threat to aquatic systems (Holden et al. 2017).

7.2 Approaches and Theory for Sediment Source Tracing

7.2.1 Core Principles of the Methodology

Among the sediment source tracing methods, the sediment fingerprinting approach
has been widely used to apportion sediment sources at different landscapes and catch-
ment characteristics (Walling 2005; Owens et al. 2016; Collins et al. 2017, 2020).
Sediment fingerprinting approaches are based on identification of statistically signif-
icant differences in soil properties between target river basin sediment source areas.
If signatures of downstream mixtures can also be derived, and the key assumption
that signatures are not altered during hydrological and fluvial transport (i.e., conser-
vatively), then qualitative or quantitative comparison between source and mixture
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Fig. 7.2 Example experimental designs to link primary sources to sediment mixtures (Blake et al.
2018) where rivers flow downward, filled circles represent nodes at which sediment mixture (Mix =
M) samples could be collected, and dashed grey lines delineate watersheds (S) denoted by subscript
numbers, and subscript letters indicate unique sources. (A) Simple watershed with three sources,
SA-C, and one mixture location at the outflow, M. (B) Longitudinal system with four sources, SA-D,
and multiple mixture locations at the outlet of each nested subwatershed, M1—4. (C) Distributed
system with mixtures at the outflow of each of three subwatersheds, M1, M2, and M4, four sources
(SA-D), as well as mixtures on the main channel: M3 and MS5. Note not all sources are present in
all subwatersheds

fingerprints can elucidate dominant source contributions (Fig. 7.2). Differences in
source properties and ‘fingerprints’ can occur due to a range of natural and anthro-
pogenic processes generally linked to the geological substrate, cultivation practice,
land use, and atmospheric depositions or pollution.

Properties that have been used to discriminate sources include: (i) fallout radionu-
clides (FRNs) (e.g., '¥7Cs, "Be, and excess 2!°Pb,, defined as the difference in activity
concentrations between 2'*Pb and total 2!°Pb) which effectively label surface soil
material permitting discrimination of surface, subsurface, and cultivated sources
(e.g., Mabitet al. 2008; Wilkinson et al. 2009); (ii) major and minor element geochem-
istry which is related to geological substrate but is also modified by soil formation
processes and weathering and therefore can discriminate between land use (e.g.,
Collins et al. 2010; Laceby and Olley 2015); (iii) Compound Specific Stable Isotopes
(CSSIs) which are organic fingerprints related to soil plant cover (e.g., Blake et al.
2012; Bravo-Linares et al. 2018; Upadhayay et al. 2018b); (iv) mineral magnetic
properties which are sensitive to soil formation processes and pollution (e.g., Ley
and Devon 1998; Blake et al. 2006); (v) contaminants from industrial or other anthro-
pogenic activities, e.g., heavy metals (e.g., Rothwell et al. 2005); and (vi) sediment
colour (e.g., Pulley and Collins, 2021, Barthod et al. 2015).

Collins et al. (2020) provide comprehensive reviews of the wider methodology
and key considerations in source apportionment applications for the user community.
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Here, we focus specifically on practical application of techniques that fall within
the ‘nuclear tools’ domain: fallout radionuclides (FRNs), X-ray fluorescence (XRF)
elemental geochemistry, and Compound Specific Stable Isotopes (CSSI).

7.2.2 The ‘Nuclear Tools’ Tracer Toolkit

Fallout radionuclides (FRNs) are delivered to surface soil via wet and dry fallout
mechanisms. The three FRNs applied in source apportionment studies are '*’Cs,
219pp, and "Be. Cs-137 is a legacy radioisotope derived from thermonuclear weapons
testing in the twentieth century with most fallout occurring during the 1950s and
1960s, and locations affected by fallout from nuclear power plant accidents, notably
the Chernobyl incident in the 1980s. Fallout 2!°Pb is the unsupported component of
total 2!°Pb present in soil and sediment. The supported component is in equilibrium
with its geogenic parents in the uranium series. The unsupported fallout component
enters the atmosphere via diffusion of its intermediate parent >*’Rn from regional
bedrock and weathered substrates. Be-7 is produced by cosmic ray spallation of
oxygen and nitrogen in the upper atmosphere.

All three FRNs are delivered to the surface predominantly by rainfall with the
assumption of instantaneous binding at the soil surface. As with all tracer tools, such
assumptions need careful consideration and evaluation in the specific context of any
study site. For example, FRNs have been shown to be preferentially associated with
fine-grained materials (He and Walling 1997; Taylor et al. 2012) raising critical ques-
tions about size selectivity of transport and influence on concentration-based tracer
signatures (Laceby et al. 2017a). The different half-lives of the three isotopes and
hence residence time in the soil profile is a key controlling factor of their utility as
source tracers. With its half-life of ~ 30 years, *’Cs delivered to the soil profile are
subjected to downward translocation by both bioturbation and geochemical diffu-
sion and migration. Furthermore, ploughing of the soil surface mixes '3’ Cs uniformly
through the plough layer. Similarly, the ~ 22-year half-life of !°Pb means its fallout
component in surface soil is subject to similar processes although it is less geochem-
ically mobile than '¥7Cs, and it tends to have a shallower depth profile in the soil.
Ploughing of course leads to uniform mixing as for '*’Cs. The short half-life of "Be,
53 days, means it has a uniquely different profile in the soil compared to the longer-
lived FRNs. The FRN remains present in the uppermost millimetres of the soil since
activity concentrations of material bioturbated are rendered below detection limits
by radioactive decay. If a soil surface is ploughed, the "Be activity of the surface is
diluted to below detection limits effectively resetting the surface signature. The "Be
signature of the soil surface is also highly dependent on fallout dynamics linked to
spatial and temporal rainfall patterns (Taylor et al. 2016).

There are two useful models of FRN-based source signatures. The first (Wallbrink
and Murray 1993) was developed for uncultivated scenarios representing degraded
land subject to sheet wash and incision processes (Fig. 7.3a). In this context, vari-
ability in the activity concentrations of ’Be and '*’Cs of downstream sediment can be
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linked back to sediment production processes. The second (Walling and Woodward
1992) is based on typical agricultural conditions (Fig. 7.3b) with a mixed cultivated
and uncultivated land cover allowing apportionment to land use and process drivers.
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Fig. 7.3 Models of FRN application as a source tracers a for degraded landscapes subject to sheet
wash and incision (Wallbrink and Murray 1993) and b agricultural settings with mixed cultivated
and uncultivated land cover (Walling 2012)
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XRF elemental geochemistry

Analysis of stable elements offers complementary data to CSSI and FRNs to provide
multi-parameter datasets capable of improved source discrimination. Within a river
catchment, source materials can be identified a priori based upon hydrological
connectivity of land (source) units or via field observation. Element profiles may
vary naturally in line with underlying geology or be altered by contaminant inputs
such is the case for road-derived or mining-related materials for example. Agricul-
tural practices can influence surface soil signatures through enhanced weathering
of cultivated soils, such that differences between surface and subsurface element
concentrations can often be detected. This may be further enhanced by atmospheric
deposition at the soil surface (Smith and Blake 2014). Field survey sample numbers
are dependent on the size of the study area, the range of potential sources, and gaining
representative samples involves repeat sampling of each source type. Subsequently,
tracing studies often require large sample numbers to be processed and characterised
for element concentrations. The choice of analytical technique, therefore, requires
careful consideration. Techniques such as inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry
(ICP-MS) have the advantage of low detection limits (< pg/kg), which offer poten-
tial for a wide range of tracers to be measured. However, these techniques measure
elements in the aqueous phase, which requires the use of hazardous (e.g., strong
acids) and time-consuming digestion methods prior to measurement. X-ray fluores-
cence (XRF) spectrometry offers an alternative and potentially rapid approach for
measuring a broad range of elements in solid materials such as soils and sediments.
XRF spectrometry provides total element concentrations and can, if required, be
undertaken in a non-destructive manner on loose powder material, which is particu-
larly useful where sample mass is limited. As well as laboratory-based instrumenta-
tion, the use of portable XRF instruments offers an opportunity for in situ screening
of contaminant hotspots and source materials (Turner and Taylor 2018).

Compound Specific Stable Isotopes (CSSI) offer complementary/specific informa-
tion to FRNs and geochemical approaches. Elemental geochemistry, fallout radionu-
clides, and mineral magnetism are sediment fingerprints that have been successfully
applied to identify and apportion sediment sources within a catchment. However,
they are limited when determining specific land use-derived sediment sources. The
CSSI technique offers the possibility of refining other fingerprinting techniques by
potentially allowing discrimination of different land uses based on the stable carbon
isotopic composition of fatty acids 8('3C)(ga). CSSI refers to isotopes of individual
compounds in complex mixtures rather than the isotopic signature of the bulk sample.
Sources of different land uses can be identified based on stable isotope characteris-
tics of specific molecules in vegetation communities. Soil contains a wide variety of
organic compounds, which vary significantly in stability and structure, and therefore,
the isotopic signature of a bulk soil is not expected to be conservative. Consequently,
the need to target specific organic compounds appears. Plants synthesise complex
organic molecules during photosynthesis using carbon dioxide. They can produce the
same compounds (e.g., fatty acids) but with different isotopic compositions because
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of isotopic fractionation which will reflect the different photosynthetic pathways
of the plants (Chikaraishi and Naraoka 2003; Reiffarth et al. 2016). Plant-derived
FAs are incorporated into the soil through rhizodeposition and decomposition of
organic matter transferring the 8('3C) signature of the vegetation from which they
are released. Fatty acids become bound to mineral and clay soil particles making them
persistent for long periods of time (Gibbs 2008; Reiffarth et al. 2016; Upadhayay
et al. 2017a). Although FA concentrations may change overtime due to degradation
by microorganisms, volatilisation, dilution, and dispersion, they do not cause signif-
icant isotopic fractionation (Gibbs 2008). However, the use of the very long-chain
fatty acids (VLCFAs) is particularly recommended for this purpose since they are
predominantly plant-derived and more resistant to degradation in soils and sediments
which avoids the influence of external sources such as contamination by microorgan-
isms and algae and reduces the risk of isotopic fractionation (Reiffarth et al. 2016;
Upadhayay et al. 2017b). Due to this fingerprinting method based upon qualitative
data (8('3C)(FA)), a further correction by the concentrations of each fatty acid in the
source material considered in the fingerprinting approach is required (Upadhayay
et al. 2018a). Different relative tracer concentrations in potential sources influence
apportionment calculations, and the need to consider concentration-dependency in
isotope mixing is strongly recommended (Upadhayay et al. 2018a).

7.2.3 Linking Source Materials to Downstream Mixtures

Quantitative comparison of source signatures to downstream mixtures is achieved
through application of mixing models. With increasing attention to challenges of
uncertainty and representativeness alongside the need to harmonised approaches,
methodologies have emerged with exemplar structures and data to support user appli-
cation. Recent innovations include application of MixSIAR (Stock et al. 2018) in
river basin contexts (Blake et al. 2018); FingerPro purpose designed for the soil sedi-
ment continuum (Lizaga et al. 2020a), and the SIFT framework (Pulley and Collins
2018). Recent publications all provide code and /or open-source software to support
user implementation. Nevertheless, a key element before performing any calculation
is the careful choice of tracers (see also Chap. 3). Tracer selection is a crucial step
for any fingerprinting study in which tracer conservativeness, source discrimination,
and mixing model performance should be evaluated. Several strategies have been
employed to select the most suitable tracers for sediment source apportionment such
as boxplots, biplots, multivariate analyses, Kruskal-Wallis, and discriminant func-
tion analysis (DFA) tests, among others (Collins et al., 2020). For discussion about
the performance of different tracer selection methods, the reader is directed to other
works (Palazén and Navas 2017; Smith et al. 2018; Lizaga et al. 2020b).



136 W. H. Blake et al.

7.3 Sample Preparation Techniques and Measurement

7.3.1 Understanding the Origin of Sediment Source
Fingerprints

In all tracer applications, successful implementation must be grounded in a thorough
process understanding of the origins of tracer properties and the expected differences
between sources. A hypothesis-led approach to source characterisation is recom-
mended to connect the study to established theoretical contexts but also, through the
hypothesis testing process, to identify attributes that are unique to the study site in
question.

For example, in the context of FRNs and questions of sediment contributions
from different land use within the catchment, the starting point is to hypothesise
the relative proportions of the three FRNs in each land use based on local environ-
mental knowledge of catchment land use history over recent decades and months.
A strategic sample design programme can then be implemented to evaluate consis-
tency of signature within source type areas and confirm differences between types
(Fig. 7.3).

In the context of XRF geochemical signatures, a useful starting point is the consid-
eration of the broadest control on differences within the local geology, i.e., weathering
profiles and surface versus subsurface material. From here the influence of land use
can be hypothesised, e.g., mixing of soil by ploughing to create new signatures and/
or amendment by agrochemicals.

In the context of CSSI applications, source samples are targeted to those repre-
senting the major land uses in the studied catchment. Sampling should focus mainly
on those land uses which are supposed to be susceptible to erosion. To account for
spatial variability in 3(13C)(gy) values, the collection of enough replicates of every
source is recommended to properly represent the land use. The CSSI sampling is
focused on the uppermost soil layers as this layer is the most susceptible to erosion.
Therefore, the sampling depth is usually 20 mm, i.e., the soil layer in which most
of the organic matter is found. In some cases, for assessment of gully erosion, road
erosion, and riverbank erosion, the sampling could involve also much deeper layers.

A sampling programme that represents all potential sources is of course the goal
in any study, but users must also be aware that a missing source will not be identified
by the mixing model—the model will always report to a sum of unity whether all
sources have been represented by sampling or not.

7.3.2 Sampling Strategies

Sampling strategies should naturally be adapted to the specific challenges of each
scale of study (Fig. 7.1). With increasing spatial scale comes increased field sampling,
processing and analytical demand. Herein, it is useful to consider two broad
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approaches to source definition that can be tailored to catchment-specific sample
designs.

The primary source approach (Fig. 7.2) is a straightforward characterisation of
each primary source within the system of interest and comparison to mixtures down-
stream in lower-order channels. The use of spatially integrated composite samples
from primary sources is widely recognised as a means to ensure representative char-
acterisation of properties. For example, one sample might comprise 10-30 smaller
samples taken from a designated area within the source zone. Replication is essential,
and the user must satisfy themselves that the number of samples for a source clas-
sification is both environmentally and statistically representative to permit effective
source discrimination. At the large catchment to basin scale, characterisation of all
primary sources can become unwieldy and stretching resources as well as introduce
complexity in unmixing model development. In this case, a tributary approach might
prove useful where the mixtures in higher-order channels or receiving water bodies
are compared back to the sediment mixtures in transit or storage in lower-order tribu-
taries upstream (see also Chap. 2). The advantage of the approach is that hydrological
processes above the tributary source end member will have created a spatially, and
potentially temporally, integrated sample at the subcatchment outlet. A disadvantage
is where management practice and erosion response within the lower-order tributary
catchment areas are heterogeneous and complex. A hybrid model might use specific
tributaries of known land use and/or source type as representative of a specific source
end member, assuming other controls on soil properties e.g., geology are uniform.
These challenges are explored in the case studies (Sect. 7.4).

7.3.3 Laboratory Analysis

Measuring FRNs via gamma spectrometry

Detail on gamma spectroscopic methods to determine FRN activity concentrations
in soils and sediment is provided in detail by Iurian and Millward (2019). For all
tracer applications, users need to carefully consider the particle size fraction that they
wish to compare between source and sink (Laceby et al. 2017). Critically, one must
compare like with like and further evaluate particle size assemblages to verify.
Once screened to the relevant particle size (e.g., < 63 wm) samples must be
sealed in gas-tight and stored for 21 days to permit equilibration between >'“Pb
and its parent radioisotope 2*°Ra prior to measurement by gamma spectrometry
(Appleby 2001). Activity concentrations of the target radionuclides are measured
using a low background HPGe Gamma spectrometry system. Instruments should
be calibrated using soil material spiked with certified mixed radioactive standards
supplied by a certified provider. All calibration relationships are generally derived
using proprietary software and should be verified by inter-laboratory comparison
tests, e.g., with reference materials supplied by the IAEA via worldwide proficiency
tests. Total 2!°Pb is measured by its gamma emissions at 46.5 keV and its unsupported
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component calculated by subtraction of ?°Ra activity, which in turn was measured
by the gamma emissions of 2Pb at 295 and 352 keV. '37Cs is determined by its
gamma emissions at 662 keV (with correction for >'“Bi emissions). Short-lived "Be
is analysed via its emission at 477 keV. Count times typically range 24—48 h subject
to activity concentrations.

XRF spectrometry for elemental geochemistry

X-ray fluorescence (XRF) spectroscopy enables total element concentrations to be
determined without the need for time-consuming and hazardous digestion procedures
and has, thus, been widely applied in aquatic and marine contaminant research. XRF
spectrometry is often employed as a complementary analytical technique in tracing
studies with the potential to provide data for a wide range of elements (typically
Na to U) at mg/kg concentrations. There are two major branches of XRF spectrom-
etry: energy dispersive XRF (ED XRF) and wavelength dispersive XRF (WD XRF).
Both techniques employ the same fundamental principles of ionisation in the sample
material although the techniques differ in their dispersion and detection of secondary
X-rays. WD XRF spectrometers provide the advantage of improved resolution and
sensitivity for low energy elements (particularly Na to P), whereas the simultaneous
nature of ED XRF spectra analyses provides a time advantage over WD XRF (the
latter typically employing sequential detection of elements). Despite the differing
detection methods, sample matrix and the manner in which the sample is presented
to the spectrometer are equally important to both techniques. This is particularly
relevant for the analysis of trace elements in sediments, which are often analysed as
pressed powder pellets. Sample homogeneity is a key consideration for the operator,
and it is crucial that the sample preparation ensures that particle size in the sample
is uniform and below ~ 50 wm to reduce particle size and shadowing effects in the
analysis layer (Willis et al. 2011). If the particle composition is also heterogeneous,
such that an analyte is present in more than one mineral form, mineralogical effects
can occur whereby the intensity of the analyte line is affected by differing attenua-
tion properties of the particles. These matrix effects can only be eliminated by fusion
methods, which involve mixing the sample with a flux material, typically lithium
tetra/metaborate, at high temperature. The resulting glass disc provides a homoge-
nous geometry for analysis (Willis et al. 2014). Owing to the flux to sample ratios
used in the fusion process, XRF analysis of fused materials is usually limited to
major elements, which will remain detectable even when diluted by the addition of
flux.

Sample preparation and extraction for CSSI signatures

Fatty acid (FA) extraction is the firstkey step in the process. Several methods can satis-
factorily extract FAs, namely Accelerated Solvent Extraction (ASE); Microwave-
Assisted Extraction (MAE); Ultrasonic-Assisted Extraction (UAE) and Soxhlet. A
detailed description and assessment of the performance, advantages and disadvan-
tages of these methods can be found elsewhere (Jeannotte et al. 2008; Hewavitharana
et al. 2020). FAs bound to the soil matrix can be extracted using hot/pressurised
nonpolar solvents such as dichloromethane (DCM), or a mixture of solvents (e.g.,
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DCM/Methanol) depending on the extraction method used. Samples must be dried
before performing any extraction. This can be done by drying at 60 °C in a laboratory
oven or using a freeze-dryer. Drying with anhydrous sulphate in direct contact with
the wet sample or air-drying is also an alternative when no instruments are available.
When using Soxhlet, soil, and sediment samples plus a pinch of anhydrous Na;SO4
(used to remove sample moisture) are put in cellulose filter containers, about 250—
300 mL of DCM is added to each Soxhlet balloon, and heaters are turned on keeping
temperature at 40 °C. The solvent will evaporate and condense in the reflux flask,
drip onto the filter container and then the extract is collected into a round-bottom
flask. When using ASE, soil and sediment samples are placed in stainless-steel cells
and a proper extraction programme is selected. The DCM is injected into the cell, and
the sample is heated and pressurised with N, (at 100 °C and 2000 PSI). The sample
extract is then collected in a sealed vial. For MAE, samples are placed in extrac-
tion chambers, and depending on the sample amount, DCM:Metanol (4:1) solvent
mixture is added and a proper extraction programme is selected (combining temper-
ature, time and power). When using UAE, samples are transferred into Schott Duran
flasks. The sample (10-20 g of dry sample) is then soaked in 100 mL of DCM and
placed in an ultrasonic bath for at least 30 min. For both, MAE and UAE, samples
must be filtered after the extraction process to remove particles using a suitable filter
paper (e.g., Grade 1 Whatman). In addition, it is suggested that the extraction proce-
dure for both (MAE and UAE) can be performed twice to assure quantitative (i.e.,
complete) extraction of the analytes. In this case, filtrates are combined. To reduce
the solvent volume in the solution, a rotary evaporator is used. The temperature is
set accordingly (around 40 °C depending on the solvent used), and the reduction
process is interrupted when 2—-5 mL of the solution remains in the rounded flask.
The concentrated sample is then quantitatively transferred to a 10 mL vial using a
Pasteur pipette. The vial is then inserted into a water bath at 40 °C, and the extract
is subjected to a current of ultrapure N, to complete dryness.

Fatty acid derivatisation is the next step. Derivatisation for gas chromatography
(GC) analysis is performed to increase volatility, improve separation and reduce
tailing of the analytes. Because FAs have high polarity and low volatility, derivati-
sation is highly recommended (Brondz 2002). In this process, the polar carboxylic
acid is converted to a methyl ester. The derivatisation process (i.e., esterification)
results in a less polar molecule called Fatty Acid Methyl Ester (FAME). Although,
there are several methods reported in the literature for FA derivatisation with repro-
ducible results (Brondz 2002), the method described below is based on the use of
methanol as derivatisation agent catalysed with boron trifluoride (BF3). It is essential
to remember that a portion of the methanol used during the derivatisation process
must also be sent to the analytical laboratory to obtain the carbon isotopic value of
the added methyl group. This will be further used to correct the isotopic values of the
FAME:s. It is advisable that all reagents should be prepared daily before starting the
derivatisation procedure. To the dry extract, 1 mL of 5% of BF; in methanol (BF;-
MeOH) is added and mixed on vortex for 2 min. The samples are then placed in a
test tube rack in a fan oven/block heater at 70 °C for 20 min and cool down at room
temperature. Then, 1 mL distilled water and 1 mL of hexane/DCM (4:1) mixture
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are added to the samples and mixed on vortex for 1 min. Posteriorly, samples are let
to stand to allow the solvent layers to separate. Carefully, the upper layer (organic
phase) is transferred from the 10 mL screw cap test tube to a 2 mL vial by using a
Pasteur pipette. The procedure is repeated, but this time adding only 1 mL of hexane/
DCM mixture and transferring the upper layer again. At the end, the vial will contain
about 2 mL of the FAME extract. It must be stored at 4 °C until analysis or fully
dried with ultrapure N, if samples are being analysed in an external laboratory.

The 8('*C) values of the FAMEs are adjusted using the following formula to
account for the addition of the methyl group added (Gibbs 2008):

8(13C)FAME - (1 - X)(S(ISC)melhanol

8" Cra = <

where X is the fractional contribution of the free fatty acid to the methyl ester (e.g.,
22/(22 4+ 1) for a FA of 22 carbons); 8('3C)methanol 1S the isotopic composition of
the methanol used during the derivatisation process; 8('3C)ga refers to the corrected
isotopic composition of the FA, and §('*C)ganmg is the isotopic composition of the
FAME provided by the instrument.

IRMS analysis for CSSI

A gas chromatography-combustion-isotope ratio mass spectrometer (GC-C-IRMS)
is used to analyse the §('>C) value of fatty acid esters. Samples are injected into the gas
chromatograph. Then the sample is vaporised at 280 °C. Thus, the analysed samples
in a GC-C-IRMS system must be volatile. Subsequently, the FAMEs are pushed with
ultrapure helium gas to pass through the chromatographic column, whose function
is to separate them by molecular weight/boiling point and affinity with the stationary
phase of the GC column.

From the GC column, the FAMEs go to the combustion reactor, whose function is
to convert the compounds into CO, and H, O. This reactor consists of an Alumina tube
(Al,03) at 1000 °C. Its internal part contains a wire (composed of copper, nickel, and
platinum) that is purged with oxygen allowing oxidative combustion, where nickel
acts as a catalyst. The combustion products pass through a moisture trap, where
the water present in the gas mixture is removed. This trap consists of a selectively
permeable membrane with a dry helium counterflow. The resulting CO, is directed
to the IRMS device and 8('3C) for each fatty acid can be obtained. From an isotope
ratio mass spectrometer (IRMS), it is possible to measure isotopic composition at low
enrichment and natural abundance levels. It means that low variations in exceedingly
small amounts of the heavier (or less abundant) isotope are detected in the presence
of large amounts of the lighter isotope with high precision and accuracy.

Particle size analysis

Tracers often display preferential association with particle size classes in source
and channel material, with enrichment in finer particle sizes common for many
elements and FRNs (Taylor et al. 2014; Laceby et al. 2017b). Where particle sorting
occurs during sediment transport and storage, it is important for the user to account
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for particle enrichment during tracing studies. Many studies account for sorting
effects by directly analysing transported size fractions in both the source and stored
sediment material. Other studies apply particle size correction factors based upon
empirically derived relationships between particle size and tracer concentrations
(Smith and Blake 2014; Laceby et al. 2017a). Particle size analyses of source and
transported material may, therefore, be required. The traditional pipette method is
based upon the use of a settling column and Stokes’ Law to determine particle size
by subsampling the suspension at a predefined depth and time. A more contemporary
approach combines the use of Stokes’ law with a paralleled X-ray beam to determine
sediment concentration in the settling column (SediGraph). Laser diffraction is a
commonly applied approach for particle size analysis offering an effective means
of analysing large sample numbers and has been shown to provide good agreement
with digital image analysis (Bittelli et al. 2019).

7.4 Applying Nuclear Tools for Tracking Sediment
Pollution from Agriculture (Case Study)

7.4.1 Applying FRNs to Identify Agricultural Runoff Source
and Connectivity

Context

The River Mease, located in central UK, is a mixed agricultural river basin in a
temperate maritime climate. The land use comprises a range of cultivated areas
growing fodder maize, potatoes and cereal crops with areas of pasture for livestock
grazing where field sizes are of the order of 5-15 ha. The topography is gently
undulating with low to moderate slopes. At the time of study (Blake et al. 2013),
the main river system was classified as being in an ‘unfavourable condition’ for
aquatic habitat with respect to high silt and phosphorus concentrations in the riverbed
substrate.

Sediment and associated diffuse phosphorus pollution from agriculture were
considered to be significant contributors to unfavourable condition. Water quality
modelling had suggested that in the region of 40 % of dissolved phosphorous, inputs
to the catchment were derived from diffuse sources, with agricultural sources likely to
be the main contributor. In parallel, sewage treatment works and domestic septic tanks
had also been identified as potentially important sources of phosphorus, wherein the
former was being tackled with improvements to phosphorus removal. The debate
surrounding agricultural versus domestic sources of phosphorus was an important
management question but was constrained by evidence being limited to phosphorus
in the dissolved phase. Given that the greatest proportion of phosphorus delivered
from hill slope to channel is in particulate form (Owens and Walling 2002) and
potentially exchangeable with surface water once in aquatic storage (Jarvie et al.
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20054, b), a key research question arose regarding sediment sources in relation to
agricultural activities.

Sampling and analysis

To characterise source materials, ten spatially integrated samples were collected
from representative areas of each primary source type that were relevant to FRN
characterisation. These were cultivated soil, uncultivated soil, subsurface drains, soil
material deposited on roads within the agricultural areas (considered as secondary
sources) and stream channel banks.

To characterise sediment mixtures, samples of sediment stored within the channel
bed matrix of six tributaries were collected in triplicate using a stilling well method-
ology early in the winter ‘wet season’ period. Suspended sediment samples were
collected via time-integrated samplers for early and later stage rainstorm events
during the main winter period. All samples were freeze-dried and gently disaggre-
gated and sieved to < 63 pm. Samples were sealed into 50 mm Petri dishes and
stored for 21 days to permit equilibration between 2'*Pb and its parent radioiso-
tope >2Ra prior to measurement by gamma spectrometry (Appleby 2001). Activity
concentrations of the target radionuclides were measured using a low background
EG&G Ortec planar (GEM-FX8530-S; N-type) HPGe gamma spectrometry system
at the University of Plymouth Consolidated Radio-isotope Facility. The instrument
was calibrated using soil material spiked with certified mixed radioactive standards
supplied by AEA Technology Plc. All calibration relationships were derived using
EG&G Gamma Vision software and verified by inter-laboratory comparison tests
with materials supplied by the IAEA, namely the worldwide proficiency test using
moss soil IAEA-CU-2009-03). Total 2!°Pb was measured by its gamma emissions at
46.5 keV and its unsupported component calculated by subtraction of 22°Ra activity,
which in turn was measured by the gamma emissions of 2!“Pb at 295 and 352 keV.
137Cs was determined by its gamma emissions at 662 keV (with correction for 2'4Bi
emissions). An additional element to this study was analysis for short-lived "Be, anal-
ysed via its emission at 477 keV. Count times were typically 48 h due to low activity
concentrations and low sediment sample mass.

Results and discussion

The three fallout radionuclides measured provided important information on sedi-
ment source dynamics. 'Be concentrations were observed to be high in all surface
soil samples. The other FRN signatures of cultivated and uncultivated surface soil
showed a pattern seen typically in previous UK studies (Walling and Woodward
1992) whereby uncultivated soils carried higher activity concentrations of '*’Cs and
210pb, ¢ due to the shallow depth profiles of both radionuclides in undisturbed soil.
Cultivated soil represents a mix of the surface and shallow subsurface soil materials
which effectively lowers the activity concentrations of both FRNs. Channel banks
materials had measurable amounts of 3’Cs and 2!°Pb, but lower than surface soils
but undetectable activity concentrations of “Be. Material from field drain excava-
tions had very low FRN concentrations across all three FRNs. The road-transported
sediment in agricultural areas exhibited the greatest >!°Pb,; activity concentration of
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all materials sampled. These high activities were likely due to scavenging of >!°Pb,
by soil in transit from surface pluvial runoff on the impervious surface (i.e., binding
to suspended sediment in preference to the surface) and high particulate-water inter-
action time (Charlesworth and Foster 2005). Given that the road dust samples were
collected from rural lanes at the bridging points where channel access was gained,
they are highly representative of material transported to the channel via the road
network. The material itself was likely to comprise sediment transported by run-
on from agricultural fields, the FRN signature of which is transformed by >'°Pb
enhancement as above.

The FRN activity concentrations (Table 7.1) of sediment mixtures in the six
tributaries showed notable differences between the channel-stored sediment and
suspended sediment in terms of Be concentration. The predominant undetectable-
to-low activity concentrations of "Be in the channel-stored sediment sampled at the
beginning of the wet season indicated either a long residence time (i.e., greater than
5 half-lives, ~ 250 days) or a predominant channel bank source. The activity concen-
trations of *’Cs and 2!°Pb of these samples were within the bank to cultivated land
zone (see Fig. 7.4). The switch to "Be rich material in most of the suspended sedi-
ment material collected indicated first, and most importantly, that a large proportion
of the material in transit through the wet season to January was freshly eroded from
an exposed soil surface, although there was a wide range in these values. This range
could have reflected varying contributions of remobilised ‘old’ sediment from the
bed or contributions from subsurface and bank sources (which have been shown to be
deficient in "Be). The suspended sediment sample from catchment 2 was an excep-
tion, with undetectable '*’Cs and low "Be suggesting a substantial contribution was
made from a subsurface source, whereas the other samples from this time indicated
surface soil with varying contributions from cultivated and uncultivated land. In the
later period, this system was more in line with the other sites in terms of freshly
eroded material in transit. It was notable that the three catchments with the highest
"Be content in the second set are the three that had the greatest particulate phosphorus
concentrations again implying fresh sediment delivery from intensively farmed land.
Across all suspended sediment samples, ’Be showed a weak but positive correlation
(r = 0.33), with particulate phosphorus which strengthened markedly (r = 0.8) when
low particulate phosphorus outliers from catchments 1 and 5 were not considered.
The close affiliation of "Be, indicating recent surface erosion, and particulate phos-
phorous concentrations in catchments 2, 3, 4, and 6 suggested mobilisation of soil
from intensively farmed land that was well connected to the stream network via roads
(linked to enhanced 2'°Pb,).

The indication from the FRN data is that the material stored in the subcatchment
channels has a high residence time (deficient in "Be cf Wilson et al. 2007) with
activity concentrations of other FRNs in line with catchment soil sources. While this
material might comprise bank slumped material, which has been shown to also carry
FRN signals similar to cultivated land in this system due to exposure in the past or
banks comprising reworked catchment materials, there was little evidence of bank
erosion in the field.
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Table 7.1 FRN activity concentrations (Bq kg~!) of channel-stored and suspended sediments
sampled in phase 2

Subcatchment 137¢s ‘ + ‘ 210py, | + ‘ "Be +
Bed sediment early wet season

1 4 2 34 19 < 14.99

2 5 2 29 17 <48.6

3 6 2 44 18 <63.0

4 5 2 60 25 85 50
5 <249 37 21 <427

6 7 1 57 17 79 28
Suspended sediment early wet season

1 7 2 24 17 93 30
2 <091 10 6 38 19
3 8 2 46 18 135 40
4 4 1 85 18 251 45
5 7 3 92 32 178 62
6 4 1 41 14 82 38
Suspended sediment late wet season

1 11 4 55 28 164 73
2 5 2 52 26 147 41
3 11 4 80 37 251 87
4 7 2 77 27 257 51
5 7 2 44 17 84 26
6 8 2 50 23 148 39

The "Be content and particulate phosphorus loading of the suspended material
collected during the major storm events, along with the other FRN signals, demon-
strated a substantial contribution from surface soils in catchments 2, 3, 4, and 6,
wherein roads were an important connectivity pathway linking the agricultural runoff,
containing sediment and phosphorus pollution, to the rivers.

7.4.2 Applying XRF Signatures to Evaluate Contribution
of Agricultural Runoff to Aquatic Habitat Siltation

Context

Freshwater Pearl Mussels (FWPM), M. margaritifera, are among the most criti-
cally threatened freshwater bivalves worldwide. In addition to their important roles
in particle processing, nutrient release, and sediment mixing, they also serve as an
ideal target species for evaluation of aquatic ecosystem functioning especially of
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their symbiotic relationship with Atlantic salmon Salmo salar and brown or sea
trout Salmo trutta. Poor water quality, particularly eutrophication, and siltation are
considered major contributory factors in the decline of the species; hence, manage-
ment of diffuse water pollution from agriculture is a key priority in catchments that
host FWPM habitats. The river Clun, UK, is one such system where FWPM have
been identified to be under threat (Blake et al. 2016).

FWPM populations have declined dramatically throughout its range in Europe and
North America, and recruitment of juvenile mussels only occurs in a small fraction of
the streams where populations still persist. There are a range of environmental threats
FWPM populations linked to direct pollution and damage to habitat. Indeed, there
had been a decline of more than 90 % in European populations by the 1990s, and it is
accepted that this has continued or even increased since (Geist and Auerswald 2007).
Currently, the main concern for FWPM populations in general is that juveniles do
not seem to be reproducing, so populations are becoming more elderly. Poor water
quality, particularly eutrophication, and siltation are considered major contributory
factors in the decline of the species; hence, management of diffuse water pollution
from agriculture is a key priority in catchments that host FWPM habitats.

The River Clun is located in central UK and drains a catchment 272 km?. The
principal land use within the catchment is sheep and cattle grazing although there
are notable areas of cultivated land. In the lower reaches, the river is protected as a
Special Area of Conservation (SA-C) and Site of Special Scientific Interest (SSSI)
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due to the presence of one of the few lowland populations of FWPM in the UK. At
the time of study, adult FWMPs were reported to be reproducing in the Clun since
glochida had been found on fish but juvenile/young adult FWPMs were, however,
generally absent in surveys leading to the hypothesis that they were not surviving
in the channel bed substrate to emerge as adults. It was hypothesised that siltation
was a key factor so sediment fingerprinting tools were applied to identify the domain
sources of polluting sediment.

Sampling and analysis

The sediment fingerprinting approach was applied at two levels in the study basin to
determine the principal sources of fine sediment present in the failing FWPM beds
in the higher-order channel.

Firstly, at the broad spatial scale, the main tributaries (Fig. 7.5) were treated
as integrated source end members and a fingerprinting approach applied through
analysis of fine sediment captured and stored in the channel at the stream outlets.
This was then compared to material stored in the FWPM reaches. Importantly, this
framework also included mainstem channel banks as a potential sediment source.
Therefore, this approach allowed the identification of the relative contribution from
the different tributaries and mainstem bank erosion to the sediment found within the
FWPM beds.

Secondly, the subcatchment scale phase of the sediment fingerprinting attempted
to compare sediment collected from the tributary outlets to primary sources in the
wider catchment namely: (i) cultivated soil, (ii) uncultivated soil, (iii) channel bank

Subcatchment Subcatchment Subcatchment
A B (@

Upper FWPM | River

Mid-catchment beds channel
A banks
Lower FWPM
beds

Fig. 7.5 Schematic of subcatchment scale experimental design showing link between target FWPM
reaches on the main channel and subcatchment areas sampled using stream outlet sediment
(providing an integrated source signature)
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erosion, (iv) farm tracks, (v) road verges, and (vi) road-transported material. There-
fore, this approach allowed the identification of the relative contribution from the
different sources to the sediment found at the tributary outlets.

Using these two sets of results allows the identification of the tributaries that are
significant sources of sediment to the FWPM beds and, within those tributaries, the
identification of the primary sources that are most significant.

Channel-stored sediment and suspended sediment were collected in triplicate from
the outlet of each tributary. The stilling well method (Lambert and Walling 1988)
was used to recover fine sediment stored on and within the uppermost part of the
channel bed matrix that was disturbed by water column agitation. Samples were
collected during each quarter of the project to characterise spring, summer, autumn,
and winter conditions. Suspended sediment was collected using time-integrated
samplers (Phillips et al. 2000). These were installed to collect summer (drier season)
and winter (wetter season) sample sets. Sampling at the FWPM beds was restricted
due to ecological sensitivity of the area. The suspended sediment traps were installed
away from FWPM areas but in the representative reaches.

Samples were freeze-dried, disaggregated and sieved to < 63 pum to ensure source
and mixtures were like-for-like comparison. Elemental geochemistry was analysed
via WD XRF using a PanAlytical Axios Max instrument (Sect. 7.4.2). Samples were
also analysed for FRNs as described in Sect. 7.4.1. Geochemical unmixing for source
apportionment was undertaken using the MixSIAR model as described by Blake et al.
(2018).

7.5 Results and Discussion

Owing to the ubiquitous nature of the FRN signal across the catchment, these data
(Fig.7.6) provided a broad framework for interpretation of the geochemical unmixing
results.

The FRN signatures of primary source material (i.e., cultivated soil, uncultivated
soil, channel bank, and road-transported/derived material) conformed to established
knowledge based on previous UK studies (Walling and Woodward 1992) wherein
uncultivated soils carried higher activity concentrations of '*’Cs and ?!°Pb, due to
the shallow depth profiles of both radionuclides in undisturbed soil (Figs. 7.7 and
7.8). Cultivated soil was a mix of the surface and shallow subsurface soil materials
which effectively lowers the activity concentrations of both FRNs. Channel bank
material was deficient in both FRNs due to subsurface nature of material, i.e., much
of the channel bank is not labelled by these FRNs. There was also a notable activity
concentration of '*’Cs measured in road sweepings with enhanced ?!°Pb activity
concentrations where interaction of pluvial, i.e., surface flow after rainfall, water with
fine-grained material offered opportunity for enrichment. In this regard, it is important
to also note the elevated 2'Pb,, activity concentration of road material which was
enhanced compared to surface soil. These observations along with the range of '37Cs
concentrations of road sweepings ranging from uncultivated to cultivated soil imply
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that the soil material sampled from roads originated from surface sources but was
subsequently enhanced in 2'°Pb,, scavenged from pluvial road runoff water, i.e.,
tracer fingerprints developed as a consequence of the delivery pathway (Belmont
et al. 2014).

Comparison of channel sediment FRN signatures to source materials offers insight
into the different nature of main channel sediment compared to tributary sediment.
The FRN signals of all material analysed from the main channel reach that hosted
the FWMP beds (both upper and lower areas) were suppressed in terms of '37Cs
and 2!°Pb, content and plotted in the range of channel bank material and cultivated
material (Fig. 7.8). This suggests channel bank erosion was an important contributor
to sediment sampled from the FWPM beds. The tributary sediment also showed an
influence of channel bank erosion but the wider spread of FRN signals indicates that
in the subcatchments, other sources were also important. Most tributary sediments
had a '3’Cs concentration in the cultivated soils range with some elevated >'Pb,
concentrations although another possible permutation of sources that could lead to
this is a combination of pasture and channel bank erosion. There was a general shift
towards the lower corner of the FRN bi-plot space (Fig. 7.6) in the autumn/winter
set indicating greater subsurface erosion (channel bank) in the more hydrologically
active months.

Whichever the main control on surface soil inputs, the FRN data were unequivocal
that channel bank erosion was a major sediment source in this system and that the
FWPM beds in the main channel of the Clun contained a significant amount of
sediment from this source.
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Fig. 7.7 Illustrative examples of tracer boxplots comparing source termrange (S1, S2...) to mixture
range (M1, M2) where Zn demonstrates non-conservative tracer behaviour

Geochemical data (Fig. 7.7) were analysed in the context of broader FRN interpre-
tations. Tracers for application in the mixing model were selected using exploratory
data analysis tools (Blake et al. 2018) with elements (examples in Fig. 7.8) that
appeared to show non-conservative behaviour (e.g., Zn concentration of suspended
sediment falling outside the range of the source materials) being removed from
analysis. The FRN inferences of a strong influence of cultivated soil in subcatch-
ments, with a road-sediment signal indicating conveyance path and influence of
bank erosion in main channel sediments, were supported by geochemical finger-
printing data (Fig. 7.7). These demonstrated cultivated soil transported by road as a
key factor in the most intensively farmed subcatchments (Fig. 7.8 left). While the
main channel also showed a strong cultivated source signal in spring—summer, winter
signals were dominated by channel bank erosion inputs (Fig. 7.8 right) which is in
line with visual evidence of bank collapse on the main channel reaches harbouring
FWMPs. While catchment-wide diffuse water pollution from agriculture in the form
of sediment input was indicated, and roads provided an efficient transport vector,
the localised importance of bank erosion on FWPM habitat was identified as a key
factor contributing to population decline. This process though was in turn driven
by greater runoff and a flashier hydrological regime linked to runoff generation on
both compacted pasture and cultivated land. The results informed management of
fine sediment problems relating to both diffuse water pollution and riparian corridor
management, e.g., targeted management of channel banks and road crossings.
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Chapter 8 )
Conclusion: Stable Isotope Tracers Are oo
Useful for the Identification of Pollutants

in Agro-ecosystems

G. Imfeld, G. Skrzypek, J. Adu-Gyamfi, and L. Heng

Pollutant management in agro-ecosystems is a complex challenge that requires two
key questions to be answered: (i) how to improve identification and quantification of
pollutant sources, transport pathways and fate on the catchment scale? and (ii) how
to prioritise and combine soil and water management practices to minimise the use
and impact of agro-pollutants? An integrative book such as this one, focusing on the
stable H, C, N, O and S isotope compositions of a variety of agro-pollutants, may help
to address the first question and enable increasingly precise and robust evaluation of
pollution in agro-ecosystems. After understanding pollution sources and dispersal,
the farm operators and land managers can attempt to answer the second question by
considering local conditions and agriculture practices.

This book has highlighted that stable isotope tracers have great potential to
improve the qualitative and quantitative assessment of soil and water pollution, which
is crucial for ecosystem protection plans worldwide. However, stable isotope anal-
yses should be considered as complementary to conventional concentration analysis
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and mass load calculations. Stable isotope and ion ratios are usually independent
of solute concentrations and provide primarily information about pollution sources
and transformation processes but not about pollution levels. Pollution levels need to
be determined using hydrochemical analyses and load calculations, respectively, to
volume of water and pollutant concentrations.

Various stable isotope tracers are often used individually, but the best results are
achieved by adopting a multi-tracer approach to obtain more reliable characteri-
sation of pollution sources and to tease apart the water and solute budgets. Thus,
combination of the stable isotope and hydrochemical analyses of specific solutes
with optimal sampling design, sediment source apportionment and stable isotope
composition of water to estimate retention time and evaporation can reinforce the
evaluation of sources and transport of pollutants in agro-ecosystems and help to
reduce uncertainties of study outcomes. Here, we also provide examples of case
studies to show how the stable isotope approaches helped to estimate sources and
transport of agro-pollutants and inform decision-making on the catchment scale
to control diffuse agricultural pollution and define adapted policies. The ability to
enhance comprehension, identification, and quantification of sources and processes
related to agro-pollutants is crucial in a global context. Indeed, chemical pollution and
nutrient (nitrogen, phosphorus) flows into the biosphere and oceans have exceeded
safe limits, breaching the boundaries of global sustainability, which poses a direct
threat to humanity (Steffen et al. 2015).

This book also aims to present a scientific toolbox that gathers optimal designs of
sampling programmes, considering possible mixing scenarios and multiple isotope
tracers of the origin, transport and transformation for a variety of agro-pollutants
(Table 8.1). The book’s focus on sampling protocols, current analytical techniques,
standard operating procedures, and field examples can contribute to the integration
of multi-tracer approaches into routine studies and research practices. It has been
demonstrated that establishing a balance between grab sampling and time-integrated
sampling is essential in each study to mitigate biases when interpreting agro-pollutant
sources and behavior. In the interpretation phase, providing an estimation of uncer-
tainties related to source apportionments and process extent is advisable whenever
possible. This includes error propagation to ensure a rigorous interpretation.

Most importantly, the book also addresses requirements and limitations associ-
ated with the use of each type of isotope tracer (Table 8.1). A good knowledge of
stable isotope signatures of the pollution sources is an essential requirement for effi-
cient application of all stable isotope tracers in mixing or fractionation models. In
future, extensive databases for source identification and apportionment of sediment or
single agro-pollutant compounds may be available, following Findable, Accessible,
Interoperable, Reusable (FAIR) principles. However, agro-pollutants, whose source
identification seems possible and is targeted (e.g., PO4, NOs3), should be distinguished
from agro-pollutants, whose degradation is the main process considered (e.g., pesti-
cides). In many cases, sampling and sample handling are sensitive operations that
may cause undesired isotope fractionation, as for the §('30)po4 method to investigate
P cycling in the soil-plant continuum. In addition, the stable isotope composition of
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the agro-pollutant of interest needs to be considered in relation to the other chem-
ical compounds present in the environment, which may contribute to stable isotope
exchange, equilibration or chemical synthesis, thus altering the original signatures
of the pollution source. In situations where degradation or transformation is antici-
pated, understanding the associated isotope fractionation is crucial for interpreting
field data. If this information is not yet available in the literature, isotope fraction-
ation may be deduced from reference experiments (e.g., biodegradation in native
sediment, photolysis in river water). Moreover, separation fractionation from mixing
is the primary challenge and may sometimes lead to ambiguous results. Finally,
the interpretation of agro-pollutant transformation is constrained by the absence of
reference field studies, encompassing vegetation and ecosystem dynamics. There-
fore, laboratory microcosms and glasshouse studies will be instrumental in advancing
the application of stable isotope tracers in agro-ecosystems. Additionally, they will
contribute to the development of novel, mechanistic mixing concepts and models to
enhance studies in complex and dynamic agro-ecosystems.

Despite the acknowledged limitations, stable isotope techniques provide addi-
tional dimensions to the interpretation of agro-pollutants, enabling advanced studies
that are not achievable through traditional hydrochemical methods alone. This book
contributes to the systematization, standardization, and optimization of stable isotope
methods in routine studies of agro-pollutants on a catchment scale. We anticipate that,
in the future, stable isotope methods will steadily become the routine and preferred
approach in many research areas, including the tracing of agro-pollutants.
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Glossary

SIP.NMR 3'P nuclear magnetic resonance. Spectroscopic technique, based on the
spins of atomic nuclei, which is used to study mainly organic P in soils and plants.

Adsorption Bonding of ions, molecules, or atoms in the soil solution or soil air to
sorption sites of solids through physical and chemical processes.

ARD Acid Rock Drainage, sulfide oxidation process leading to generation of
sulfates and acidification of water.

Biopores Pores that formed through the activity of roots and/or soil macro-fauna
like earthwormes.

CSIA Compound-specific isotope analysis. CSIA refers to the measurement of the
isotope ratios (typically carbon, hydrogen, oxygen, nitrogen, sulfur, or chlorine) of
individual organic compounds extracted from complex environmental mixtures.

Desorption Release of ions, molecules, or atoms sorbed to solids into the soil
solution or air. Reverse process to adsorption.

DGT Diffusive gradientin thin film technique. Used as a measure for plant-available
phosphorus.

Dissolution It refers to the disintegration of solid minerals into individual ions/
complexes and released into the soil solution. Opposite process of precipitation.
Influenced by factors like soil pH and concentration.

EU15 Number of member countries of the European Union prior to its enlargement
on May 1, 2004. It includes the following countries: Austria, Belgium, Denmark,
Finland, France, Germany, Greece, Ireland, Italy, Luxembourg, Netherlands,
Portugal, Spain, Sweden, and UK.

Genomics Analysis of the complete set of DNA (including its genes) of an organism.

Immobilization Conversion of an element, compound, or ion into an unavailable
form. In the case of P, it often refers to the uptake of P by microorganisms.

Isotopologue Molecules such as phosphate and phytate which differ in their isotopic
composition are called isotopologues. For example, a phytate containing only 30
and a phytate molecule containing only '°O are two isotopologues of the same
molecule.

Metabolomics Investigating cellular processes involving metabolites like
nucleotides.
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Metagenomics Extraction of the genome directly from environmental samples and
analysis of the genome without prior cultivation of microorganisms.

Mineralization Conversion of an element, compound, or ion from an unavailable
form into a bioavailable form.

Mycorrhizal fungi Symbiosis between certain soil fungi and the roots of higher
plants.

NanoSIMS Nano-scale secondary ion mass spectrometry. Spectrometric method
with a high resolution which allows, for example, the measurement of different
isotopes on a cellular and sub-cellular level.

Omics Umbrella term for research areas ending with -omics like metagenomics and
proteomics.

Phosphorus use efficiency The ability of a plant to grow well under P limitation. In
agriculture, it relates to the ability of a crop to acquire P and produce a relatively
high yield also under P limitation. It is often calculated based on the total amount
of P in a plant and the amount of applied fertilizer P.

Porosity It refers to the volume of pores in soils or sediments, expressed in percent.
The pores include air and water-filled pores.

Precipitation of minerals Itrefers to the precipitation of dissolved ions from the soil
solution when, for example, the soil pH or the concentration changes. Opposite
process of dissolution.

Proteomics Analysis of all proteins within a cell/organism at a certain time. It is
often used to investigate what proteins are expressed when organisms are exposed
to stress, such as phosphorus limitation.

PSR Phosphate starvation response of organisms. Includes expression of certain
genes under P starvation and changes in root architecture.

Rhizosphere The soil volume which is affected by root activity. It typically relates
to the first few mm around roots.

Rock phosphate The main raw material for mineral phosphorus fertilizer.

Sorption General term for processes that lead to the attachment of one substance
to another. Includes adsorption, absorption, and ion exchange. Reverse process to
desorption.

SPE Solid phase extraction.

Transcriptomics Investigating the transcriptome (sum of RNA transcripts) of an
organism.

XRF X-ray fluorescence analytical technique used for identification of minerals.



	Preface
	Contents
	Editors and Contributors
	1 Introduction: Stable Isotope Tracers Used for the Identification of Contaminants in Agro-Ecosystems
	References

	2 Conceptual Sampling Design for Tracing Agropollutants on a Catchment Scale
	2.1 Conceptual Case Study—Sampling Design Outline
	2.2 Other Input Data
	Reference

	3 Principles of Mixing and Fractionation Models
	3.1 The Mixing Model Concept
	3.2 Calculation Examples
	3.2.1 Example 1—Two-Source Mixing Using One Tracer
	3.2.2 Example 2—Three-Source Mixing Using Two Tracers
	3.2.3 Example 3—Three-Source Mixing Using One Tracer Only

	3.3 Overview of Available Software for Mass Balance and Fractionation Models
	3.3.1 IsoSource—Algebraic Solution for Complex Models
	3.3.2 MixSIAR—Bayesian
	3.3.3 FRAME—Bayesian, Markov Chain Monte Carlo
	3.3.4 Other Models and Calculation Spreadsheets
	3.3.5 Hydrocalculator—Estimating Evaporative Losses
	3.3.6 EasyIsoCalculator—Recalculating Between Fractions, Delta Values and ppm

	Appendix 1
	Appendix 2
	References

	4 Compound-Specific Isotope Analyses to Investigate Pesticide Transformation in Soil and Water
	4.1 Overview of Pesticide Dissipation Processes in Soil and Water
	4.2 Evaluating Pesticide Transformation in Soil and Water: Current Approaches and Limitations
	4.2.1 Pesticide Concentration Analysis
	4.2.2 Modelling Approaches
	4.2.3 Biomolecular Analysis
	4.2.4 Compound-Specific Stable Isotope Analysis (CSIA)

	4.3 Compound-Specific Isotope Analysis (CSIA) of Pesticides in Soil and Water
	4.3.1 Potential of Pesticide CSIA
	4.3.2 Challenges of Pesticide CSIA

	4.4 Soil and Water Sample Preparation and Measurements with GC-IRMS for Stable Carbon- and Nitrogen-Isotope Composition of Pesticides
	4.4.1 Sampling Strategy
	4.4.2 Water and Soil Sample Processing and Conservation
	4.4.3 Extraction Methods for CSIA from Water and Soil
	4.4.4 Optimal GC-IRMS Conditions for Pesticide CSIA

	4.5 Towards Field Studies Using Pesticide CSIA and Interpretation of Stable Isotope Signatures
	4.5.1 Insights from Pesticide CSIA
	4.5.2 Pesticide Database for Source Identification and Apportionment
	4.5.3 Identifying Isotope Fractionation During Degradation in Microcosm Experiments
	4.5.4 Outlook

	References

	5 Stable Oxygen Isotope Composition of Phosphates to Investigate Phosphorus Cycling in the Soil–Plant Continuum
	5.1 Overview of the Phosphorus Cycling in the Soil–Plant Continuum
	5.1.1 Phosphorus Cycling in the Soil
	5.1.2 The Fate of Fertilizer P in Soils
	5.1.3 Mineral P Fertilizers
	5.1.4 Phosphorus and Plants
	5.1.5 The Next Steps—Where Are the Biggest Gaps in Our Knowledge?

	5.2 Current Approaches and Methods to Study P Cycling in the Soil–Plant Continuum
	5.3 The δ(18O)PO4 to Investigate P Cycling in the Soil–Plant Continuum—Current State
	5.3.1 Background of the Method
	5.3.2 Calculations
	5.3.3 Application of the Method to Study Phosphorus Cycling in the Soil–Plant Continuum
	5.3.4 Natural Abundance Versus Labelling Experiments

	5.4 Challenges of the δ(18O)PO4 Method Application
	5.4.1 Sample Handling Mistakes
	5.4.2 Extraction Issues
	5.4.3 Issues During the Purification Protocol
	5.4.4 Pitfalls in 18O-labelling Experiments
	5.4.5 Lack of Additional Information

	5.5 Way Forward and Prospects of the δ(18O)PO4 Method for Plant P Cycling
	5.5.1 Earth System Models and δ(18O)PO4
	5.5.2 δ(18O)PO4 Values of Single Organic Phosphorus Compounds
	5.5.3 More Laboratory and Glasshouse Studies Needed to Advance the Application of δ(18O)PO4 in the Field
	5.5.4 Lack of Field Studies Including Plants and Ecosystems

	References

	6 Stable Sulfur and Oxygen Isotope Compositions of Sulfates to Disentangle Agrocontaminants from Other Sources of Sulfur in Agrosystems
	6.1 Overview of Stable Sulfur Isotope Biogeochemistry
	6.2 Stable Isotope Composition of Sulfur Sources in Agro-ecosystems
	6.2.1 Natural Sources
	6.2.2 Anthropogenic Sources

	6.3 Disentangling Acid Rock Drainage from Agrocontaminants Using δ(2 H)H2 O, δ(18 O)H2 O, δ(34 S)SO4  and δ(18 O)SO4 
	6.3.1 Principles of δ2H(H2O) and δ18O(H2O) Interpretation
	6.3.2 Combined Approach to Partition Sulfate Sources Using Hydrochemical Composition, δ(18 O)H2 O and δ(18 O)SO4 

	6.4 Sample Preparation Techniques and Measurements
	6.5 Limitations and Challenges
	References

	7 Quantifying Sediment and Associated Pollutants Sources in Agricultural Catchments Using Isotopic Techniques
	7.1 Overview of Sediment and Associated Pollutants in Agricultural Catchments
	7.2 Approaches and Theory for Sediment Source Tracing
	7.2.1 Core Principles of the Methodology
	7.2.2 The ‘Nuclear Tools’ Tracer Toolkit
	7.2.3 Linking Source Materials to Downstream Mixtures

	7.3 Sample Preparation Techniques and Measurement
	7.3.1 Understanding the Origin of Sediment Source Fingerprints
	7.3.2 Sampling Strategies
	7.3.3 Laboratory Analysis

	7.4 Applying Nuclear Tools for Tracking Sediment Pollution from Agriculture (Case Study)
	7.4.1 Applying FRNs to Identify Agricultural Runoff Source and Connectivity
	7.4.2 Applying XRF Signatures to Evaluate Contribution of Agricultural Runoff to Aquatic Habitat Siltation

	7.5 Results and Discussion
	References

	8 Conclusion: Stable Isotope Tracers Are Useful for the Identification of Pollutants in Agro-ecosystems
	References

	 Glossary

