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Characterising Sources of
Groundwater Contamination

Assessing contamination impacts on groundwater resources
to meet ongoing regulatory requirements can be difficult.
This is particularly relevant for Wastewater Treatment Plants
(WWTPs) that are often located in environments with
multiple potential contamination sources.

Conventional monitoring methods are often unable to
distinguish between site and off-site-derived contamination
impacts, leading to uncertainties when determining
compliance with site licence conditions.

This paper focusses on equipping site operators and their
consultants with a range of novel groundwater tracers —
specifically radioactive isotopes, stable isotopes and
Contaminants of Emerging Concern (CECs) — to help
address this challenge.

These tracers, when used in conjunction with routine
monitoring methods, have shown great potential in better
characterising wastewater derived impacts on underlying
groundwater systems and distinguishing them from other
sources in the catchment, such as agriculture.

This provides greater insight and certainty into the
assessment of impacts to groundwater and a potential
means of enhancing ongoing monitoring, management
and/or remedial works.

Keywords: environmental tracers; wastewater treatment
plants; Contaminants of Emerging Concern (CECs);
contaminant delineation; environmental isotopes.

The potential for wastewater treatment plants (WWTPs) to
cause adverse impacts to the surrounding environment is a
maijor global environmental challenge (Bdour et al., 2009,
Chitikela et al., 2012), with the prevention of significant local
impacts on aquatic biota and water resources being a major
regulatory focus.

However, despite the need to provide regulators with a
definitive assessment of compliance in accordance with a
site’s licence conditions and the relevant regulatory
framework, assessing impacts on groundwater resources,
which exist within the sub-surface, can be difficult.

This is particularly important for WWTPs, which often occur
in urban, peri-urban or intensively farmed areas where
multiple potential sources may contribute similar
contaminants, leading to difficulties assessing and managing
risks to the receiving environment (Robertson et al., 2013,
Van Stempvoort et al., 2013).

There is a need for robust and sensitive techniques that can
unravel different sources of groundwater impacts, and
distinguish wastewater-derived contamination from other
potential sources (Adebowale et al., 2019, McCance et al.,
2018).

Such techniques can help to ensure the ongoing
assessment and management of legacy and/or recent
groundwater impacts is commensurate with the site’s
contribution to contamination risks.

Techniques which can accurately identify and differentiate
multiple contamination sources in the vicinity of WWTPs
have the potential to save tens to hundreds of thousands of
dollars in monitoring costs, and in the long-term help to
minimise or better target potentially costly remedial actions.
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The intent of this technical paper is to equip WWTP
operators with knowledge of a set of novel groundwater
tracers that can be used to more accurately assess and
manage contamination risks specifically related to site
activities.

Such risks may include leakage from historic unlined or
partially lined treatment assets, damaged treatment assets,
or other infrastructure involved in treatment and transporting
wastewater and solid wastes, leaching from biosolids
storage areas, use of treated effluents and/or accidental
release of treated or partially treated effluents.

The application of these novel groundwater tracers can
provide a more definitive approach to constraining
wastewater-derived impacts on the groundwater
environment as distinct from other similar sources

(i.e. wastewater derived nutrients versus agricultural-derived
sources).

This tracer approach is intended to supplement conventional
monitoring methods, whereby novel groundwater tracers are
used in conjunction with conventional methods in order to
provide greater clarity and understanding of the nature of
impacts in complex environments.

It is noted that the use of novel groundwater tracers may not
be warranted in all cases — e.g. where contamination
sources are relatively well known and there are few
additional sources of contamination in proximity to the site.

This should be assessed in accordance with the guidance
provided in this technical paper and other relevant sources
(e.g. (McCance et al., 2018)).

Over time, it is expected that as the tracer methods
described here are more widely applied, they should reduce
operator costs through informing the design of more
targeted monitoring, management and (potentially) remedial
strategies, compared to what could be achieved via the use
of conventional routine monitoring methods (e.g. major ions,
nutrient concentrations, bacteriological indicators and
physical parameters, etc.) alone.

Prior to applying novel groundwater tracer methods, it is
important to have a thorough understanding of existing site
conditions, including hydrogeological characteristics, site
history and potential sources of contamination — as outlined
in Stages 1 and 2 of the site characterisation process
(Figure 1).

Preliminary and detailed site investigations should be
conducted in line with the National Environmental Protection
(Assessment of Site Contamination) Measure (National
Environment Protection Council, 1999).

The site investigation process will provide the foundations to
progress to Stage 3 of the site characterisation process
(assessment and delineation of contamination sources),
shown in Figure 1.

Stage S
Risk
Stage 4 Assessment

\

Evaluation

N

Preliminary
Site Stage 1
Investigation

Detailed Site

Investigation StageZ

Delineation of

Contaminant
Sources

Figure 1. Site Characterisation Process (adapted from McCance et al., 2018)
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As a minimum, Stage 1 and Stage 2 works should include:

1. Completion of a Preliminary Site Investigation (PSI) in
accordance with the NEPM Schedule B2 (National
Environment Protection Council, 1999), targeting the
historic land uses and potential on-site and off-site
sources of contamination.

2. Establishment of a suitable environmental monitoring
network covering the potential sources of contamination
and background conditions (e.g. groundwater, surface
water and treated or partially treated effluent).

3. Completion of a Detailed Site Investigation (DSI) in
accordance with the NEPM Schedule B2 (National
Environment Protection Council, 1999), targeting the
potential sources of contamination and the nature/extent
of contamination.

4. Development of a detailed Conceptual Site Model (CSM).

Where Stage 1 and 2 investigations have identified the
existence of potential wastewater-derived impacts on
groundwater quality in mixed-source environments, the
application of novel groundwater tracers may be considered
as part of Stage 3 of the site characterisation process.

This is particularly relevant where conventional methods
(e.g. routine water quality monitoring) have proven
unsuccessful in adequately delineating the nature and extent
of the contamination plume(s).

The use of naturally occurring radioactive isotopes in
groundwater studies often relates to the determination

of groundwater ‘age’ or ‘residence time’ — which can be
defined as the time spent in the aquifer since entering
the groundwater system (i.e. recharge). Over time,

these radioactive isotopes decay to a more stable
configuration (Clark, 2015), enabling the determination of
groundwater ‘age’.

As each radioactive isotope decays at a unique rate, the
applicability of each radioactive isotope for ‘dating’ water
following different flow paths depends on their approximate
residence time range, determined from the radioactive half-
life (Table 1).

The use of radioactive isotopes is particularly useful in
identifying the flow patterns (i.e. groundwater mixing),
assessing the renewability of groundwater resources (Clark,
2015), and assessing vulnerability of aquifers to
contamination (Jasechko et al., 2017).

Analysis of multiple radioactive isotopes with different half-
lives from the same location is also a powerful method for
better understanding the extent of mixing between relatively
‘old’ groundwater — unlikely to have been affected by
contamination in modern times — and ‘young’ groundwater
which is more vulnerable to contamination during recharge
from the surface (Jasechko et al., 2017).

In the context of assessing wastewater-derived
contamination, radioactive isotopes can be used to
assist in:

Identifying areas where potential leakage from treatment
infrastructure may have impacted groundwater quality —
e.g. indicated by the presence of ‘young’ groundwater (i.e.
elevated activities of tritium and related isotopes with short
half-lives).

Determining the origin and timescale(s) of contamination
(i.e. recent versus legacy) by using the spatial distribution
of activities compared to the site development timeline.

This concept and rationale behind the use of radioactive
isotopes has been depicted visually in Figure 2.
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Figure 2. Conceptual model in use of radioactive isotopes in assessing wastewater-derived impacts

In combination with knowledge of a site’s history, the use of and assist in determining suitable management and/or
radioactive isotopes can assist WWTP operators in remedial actions to prevent impacts to surrounding
determining the residual risk profile of a site (e.g. identifying beneficial uses.

areas of recent or ongoing leakage of wastewater into the
underlying groundwater system)

Groundwater ‘age’ Radioactive Isotope Half Life Approx. Residence time range
%S 87.5 days 1 month to 2 years
Modern (young) groundwater 3
H 12.32 years 10 to 1,000 years
(<50 years old)
85Kr 10.76 years 9 to 140 years
Sub-modern (relatively old) 3Ar 269 years 150 to 10,000 years
groundwater
(50-1,000 years old) 32gj 172 years 50 to 900 years
4c 5,730 years 11,000 to 120,000 years
Old groundwater 81Kr 229,000 years 180,000 to 1,400,000 years
(> 1,000 years old) 3C| 301,000 years 190,000 to 1,300,000 years
1291 15.8 million years 9 to 800 million years

Table 1. Radioactive isotopes and their applicability based on approximate residence time range

Source: Cartwright et al., (2017) and Clark (2015)
Notes: Bold text — indicates common, readily available isotopes. The remaining isotopes presented are subject to limited availability and often focussed on research rather than commercial

application.
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In selecting the appropriate radioactive isotopes, it is
important to have a thorough understanding of the CSM
including:

The flow regime (i.e. hydraulic conductivity and seepage

velocity)

Groundwater flow direction

Site development timeline

Normally, more than one radioactive isotope should be

sampled from each well to account for potential mixing — e.g.

between ‘relatively old’ groundwater, and ‘young’
groundwater (which could be a result of recent
contamination). Such mixing can create a ‘bi-modal’
residence time distribution, which can only be detected with
the aid of multiple isotope tracers (Cartwright et al., 2017).

It has long been understood that in agricultural regions,
groundwater quality can be impacted by multiple
contaminants including fertilisers, animal manure or septic
tank effluents (Clark and Fritz, 1997, Kendall and
McDonnell, 1998).

This is particularly true in urban, peri-urban or intensively
cultivated agricultural areas where it makes the identification
of the origins and pathways of groundwater contamination —
and hence, suitable management and/or remediation
strategies — difficult.

One approach to distinguishing potential sources and
mechanisms of contamination in these environments is the
use of stable isotopes such as 5?H20, 5'®0n20, 5'°Nnos,
5'®0no3 and 8"*Cpic, which may be diagnostic of particular
sources of contamination (Figure 3).

In assessing the isotopic composition and spatial variation of
stable isotope signatures, it is possible to distinguish
between two or more contributing pollution sources —
provided these exhibit distinctive isotopic signatures.

In many contexts, the existence of unique isotopic
signatures between different contamination sources (e.g.
Figure 3) makes these promising tracers in delineating
wastewater-derived contamination from

other sources.

In some cases, the use of stable isotopes may also be
useful in estimating the contribution from different sources to
the overall contaminant pool via the use of end member
mixing calculations, which involve mixing two end-member
components of different (and distinctive) chemical and
isotopic composition (i.e. end-members) (Kendall and
McDonnell, 1998).

The composition of the resulting mixture will vary depending
on the relative abundance of the end members. It is
therefore possible to determine the mixing relationship, and
hence to estimate the contributions from various sources
(taking into account possible secondary modification
processes such as denitrification, which also affects nitrate
isotopic signatures (Xue et al., 2009).
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Figure 3. Box plots of §5Nwos values from various sources and sinks (Xue et al., 2009)
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In the context of assessing wastewater-derived
contamination, stable isotopes can be useful in constraining
multiple sources of similar contamination (such as nutrients),
enabling the separation of site-derived versus off-site
impacts.

However, the effectiveness of applying stable isotope
methods for contaminant source attribution are typically
reliant on the occurrence of distinct end members between
background groundwater and the specific source(s) of
contamination.

This can be problematic in settings where multiple off-site
inputs (e.g. related to fertiliser use, animal manure or septic
tank effluents) or secondary modification of isotope
signatures (e.g. through denitrification) preclude the
identification of distinct background and source end member
concentrations, leading to significant uncertainty (Clark and
Fritz, 1997, Kendall and McDonnell, 1998, Wang et al.,
2017).

Ultimately, the effectiveness of individual isotopic tracers is
dependent on the variability of the isotopic signatures
between end members and the subsequent mixing and
fractionation behaviour in the subsurface environment.

As such, in some cases, combining isotopic data with
hydrogeochemistry tools (such as major ion data) and other
tracers (such as radioactive isotopes and CECs) may be
required to more definitively separate different sources of
contamination.

Recently, research into alternative groundwater tracers has
identified the use of Contaminants of Emerging Concern
(CECs) as a promising tool to identify wastewater-derived
impacts as distinct from other potential sources of
contamination (McCance et al., 2018).

CECs in this context include a range of persistent organic
pollutants (POPs) such as pharmaceuticals and personal

care products, artificial sweeteners, industrial compounds,
and pesticides/herbicides.

Given wastewater influents and effluents are thought to be
the main source of CECs in the global environment (Benotti
et al., 2009, Lapworth et al., 2012), it can be expected that a
range of CECs may be present in the sub-surface
environment due to the infiltration of wastewater from legacy
or recent infrastructure leaks and their incomplete removal
during the wastewater treatment process.

Whereas, CECs such as certain pesticides and veterinary
pharmaceutics are more likely to come from agricultural
sources.

A recent assessment of potential novel groundwater tracers
(McCance et al., 2018) identified a range of CECs, including
persistent pharmaceuticals and personal care products
(carbamazepine, crotamiton, primidone, atenolol and
sulfamethoxazole), artificial sweeteners (acesulfame,
sucralose, saccharin and cyclamate), and certain
pesticides/herbicides (atrazine and simazine) as promising
tracers for delineating wastewater impacts on groundwater
systems.

This was based on the following four key selection criteria:

1. Sufficient presence in wastewater influents and/or
effluents and after treatment processes (where WWTP
impacts are of interest); in order to be readily detected in
contamination plumes.

2. Diagnostic of WWTP impacts as opposed to other off-site
potential contamination sources.

3. Persistent in the sub-surface environment (i.e. resistant to
biodegradation, sorption and transformation).

4. Amenable to rapid and sensitive analysis.

In assessing the findings of CEC analysis in groundwater
samples around a WWTP site, the spatial distribution of
concentrations in relation to site infrastructure - which may
be impacting groundwater, can first be analysed.

Secondly, relationships (i.e. ratios) of one compound to
another — e.g. a specific CEC to a conventional indicator
such as nitrate or ammonia, or one CEC to another — can be
valuable in distinguishing wastewater-derived contamination
from other potential impacts.

In some cases, this can also provide insight into historic and
more recent contamination sources that may have differing
source concentrations and degradation rates over time.
Analysis of these data in conjunction with the radiogenic and
stable isotopic data may then add a further layer of
understanding.

To assist WWTP operators in assessing the potential
selection and application of appropriate novel groundwater
tracers for a given site, the following framework (Figure 4) is
provided.
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monitoring works Identified

Potential sources of
contamination can be

accurately determined via
conventional methods

Potential sources of contamination delineated using novel groundwater tracers in conjunction with
conventional methods

Figure 4. Conceptual framework for the assessment of novel groundwater tracers in delineating wastewater impacts
(adapted from McCance et al., 2018)

In mixed and/or multiple source environments, a When combined, these methods provide multiple lines of
combination of methods is likely to provide a more definitive evidence to give greater certainty in delineating wastewater
assessment of wastewater-derived impacts and their relative derived impacts, which can be of great value in working with
contribution to the observed contamination. environmental auditors and/or regulators to develop

appropriate management strategies (Figure 5).

Contaminants of

Routine Methods Radiogenic Isotopes Stable Isotopes Emerging Concern
(CECs)

+ Assessment and * Determination of * Separation of * Separation of
delineation of groundwater age or contaminant sources contaminant sources
contamination mixing * Determining recharge ~ * Timescale of

* Timescale of processes contamination
contamination + Identifying inter-
aquifer mixing

Multiple Lines of Evidence

Figure 5. Multiple Lines of Evidence Approach to the use of Novel Groundwater Tracers
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The use of novel groundwater tracers has recently been
applied to a WWTP located in south-east Australia to assist
in constraining the nature and extent of an identified nutrient
plume, which led to the operator reporting a non-compliance
in accordance with the licence conditions.

The plume (consisting predominantly of ammonia and
nitrate) has been subject to routine groundwater monitoring
since 1997, however, to date, conventional routine
groundwater monitoring works have been unable to
accurately distinguish site-derived impacts from other
potential sources — such as the surrounding agricultural
operations (predominantly horticulture).

This is further complicated by the complex site history, which
indicated both historic impacts from unlined, partially lined or
clay lined treatment assets and recent impacts from
damaged treatment assets, despite routine monitoring works
indicating the existence of only a single plume.

In this case, given the potential for impacts over multiple
timescales, changes in water composition over time and the
existence of CECs in plant effluent, a combination of novel
groundwater tracers were applied to further constrain the
wastewater-derived impacts and provide a greater
understanding of the nature and extent of groundwater
impacts. This is helping to inform future management and/or
remedial actions at the site.

Due to the WWTP site being located within an area of
significant agricultural activity and use of recycled water
from the plant within the region, the first step in the process
was to investigate the local and regional characteristics of
the nutrient plume via the analysis of stable isotopes of
nitrate.

Outcomes of this work indicated the presence of two clear
sources; an up-gradient source related to the intensive
market garden activity and an on-site source related to
potential infiltration of raw or partially treated effluent
(Adebowale et al., 2019).

However, the exact contribution and magnitude of these
impacts could not be accurately determined due to the
variation in isotopic signatures within each contaminant
source and the complications introduced by potential
denitrification processes.

Following this, additional investigations incorporating the use
of radioactive isotopes, stable isotopes and CECs were
undertaken at a site level to reduce data gaps and further
establish contamination sources and mechanisms in line
with the multiple lines of evidence approach

(Figure 5).

Based on the findings, the radioactive isotope tritium
revealed that leakage from on-site treatment assets had
resulted in the underlying groundwater system being
contaminated with wastewater-derived nutrients since the
early 1990s.

This was corroborated by water stable isotope results that
exhibited an evaporation signature consistent with impacts
from above-ground water storages (i.e. above ground
treatment assets).

Taking this a step further, end member mixing calculations
using the water stable isotope results indicated three main
contributing factors:

1. An on-site source (i.e. current treatment assets)

2. A potential off-site source (i.e. surrounding market
gardens)

3. An intermediate source (i.e. former treatment assets)

The results from the tritium and water stable isotope
investigations were then used in conjunction with CEC
analysis, focussing on tracing select CEC compounds
identified in site effluent throughout the groundwater system.
The findings of this work revealed a complex series of ‘hot
spots’ within the broader plume (Figure 6).
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Figure 6. Contaminants of Emerging Concern (CEC) Tracer ‘Hot Spots’
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The findings more accurately reflect the various
contributions and changes in treatment assets over time (as
indicated by the PSI) and have led to the identification of two
‘hot spots’ reflecting historic impacts and one more recent
‘hot spot’ reflecting recent impacts from damaged treatment
assets.

The use of CECs also confirmed the presence of some off-
site impacts — related to the surrounding agricultural
operations — however, the CEC data also revealed clear
differences between the groundwater thought to be affected
by the WWTP as opposed to off-site sources (i.e.
surrounding agricultural operations).

This not only supports the radioactive and stable isotope
results but provides greater insight into the residual risks
associated with different inputs. The findings of this work
can be used to enhance the site’s CSM and assist in
targeting future monitoring, management and/or remedial
actions.

Furthermore, the application of novel groundwater tracers,
can be used to assist operators in assessing compliance or
otherwise in accordance with their licence conditions.

To assist WWTP operators in selecting and applying these
methods, the following table outlines the potential analytes,
typical cost range and turnaround times involved in the
application of novel groundwater tracers. Refer to Appendix
A for a list of commercially available laboratories and their
capabilities.

Analyte Group Analyte Cost Turn Around Time'
5"°Nnos3, 5'®0Onos $240-550 per sample 3-6 weeks
Stable Isotopes
8%HHz20, 8'80H20 $30-200 per sample 1-8 weeks
8"3Coic $40-100 per sample 1-8 weeks
SH $315-700 per sample 6 weeks up to 6 months
Radioactive Isotopes
4C $730-1,180 per sample 3 weeks up to 4 months

Contaminants of Emerging
Concern?

Refer Error! Reference source
not found.

Approx. $500 per sample

2-4 weeks

Table 2. Commercial Availability of Novel Groundwater Tracer Analysis

It is noted that these costs could be further reduced on a site-by-site basis under industry research opportunities.

1. Turn around times can vary depending on the nature of the analysis. Commercial turnaround times can be significantly faster than academic pursuits.

2. Existing commercially available methods may not be suitable for groundwater analysis due to detection limits ranging from 10-500 ng/L. Refer to Table 3 for reported concentration

ranges.
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Name of Compound

Chemical Properties

Effluent
Concentrations (ng/L)

Groundwater
Concentrations (ng/L)

MW: 236.27
Carbamazepine 0.45 - 2,000 0.19-910
CAS: 298-46-4
MW: 218.25
. Primidone 122 - 226 1.6 - 140
Pharmaceuticals and CAS: 125-33-7
Personal Care
Products (PPCPs) MW: 266.34
Atenolol 78 - 3,000 Upto 4.8
CAS: 29122-68-7
MW: 253.3
Sulfamethoxazole 18 - 37,700 0.1-1245
CAS: 723-46-6
MW: 201.24
Acesulfame 25 - 2,500,000 14 -9,700
CAS: 55589-62-3
MW: 201.22
Cyclamate Up to 800 50 - 980
CAS: 139-05-9
Artificial Sweeteners
MW: 183.18
Saccharin 2.5-3,200 2.7 -2,000
CAS: 81-07-2
MW: 397.64
Sucralose 2.5-27,000 4.5 -24,000
CAS: 56038-13-2
MW: 215.68
Atrazine Up to 730 0.1-756
Pesticides / CAS: 1912-24-9
Herbicides MW: 201.66
Simazine 21-1,990 0.19 - 98.6
CAS: 122-34-9

Table 3. Typical Concentrations of Promising CEC Compounds in Effluent and Groundwater

Effluent concentrations sourced from: (Buerge et al., 2009, Busetti et al., 2015, Cardenas et al., 2016, Dong et al., 2015, Kase et al., 2011, Kasprzyk-Hordern et al., 2009, Kock-
Schulmeyer et al., 2013, Nelson et al., 2011, Oppenheimer et al., 2011, Subedi et al., 2015, Yang et al., 2011, Ying et al., 2009)

Groundwater Concentrations sourced from: (Cary et al., 2013, Edwards et al., 2019, Fenz et al., 2005, Kahle et al., 2009, Kéck-Schulmeyer et al., 2014, Koro$a et al., 2016, Kuroda et
al., 2012, Nodler et al., 2013, Sui et al., 2015, Van Stempvoort et al., 2011, Wolf et al., 2012)
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The use of novel groundwater tracers or co-tracers, whilst
still in its infancy, provides a means that not only assists in
discriminating between up-gradient and site-derived
impacts, but also provides insights into historic and more
recent contamination sources and their changing
characteristics.

This can play an integral role in enhancing the outcomes of
routine monitoring works and providing a greater
understanding of the nature and extent of groundwater
impacts in mixed source environments, enabling ongoing
monitoring, management and remedial actions to be suitably
targeted.

This can enable WWTP operators to accurately determine
compliance or otherwise in accordance with the site’s
licence and the relevant regulatory framework.

Despite the current limitations in terms of access to these
methods, a small number of providers already analyse a
range of these tracers (i.e. stable and radioactive isotopes)
on a commercial basis.

The outcomes can be used to supplement existing datasets
and provide greater insight into the origins and pathways of
contamination, as well as provide, a basis for enhancing
monitoring programs, informing management or remedial
actions, or refining remedial goals.

The lack of access to commercial CEC analysis at sufficient
sensitivity for typical concentrations observed in
groundwater at this point in time creates some barriers to
adoption. However, given most commercial laboratories do
have the instrumentation required to undertake analysis,
there is the possibility of expanding their capabilities in
response to the needs of the market.
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APPENDIX A - COMMERCIALLY AVAILABLE LABORATORIES
AND CAPABILITIES

Laboratory

5" Nnos3, '80Onos

8?Hr20, 8'80H20

Analyte

8"%Cpic

Australian Nuclear

Science and $595
Technology $44, $65, ’ $740,
Organisation NA days to weeks | 2-3 weeks 6 g‘ gg t.PLSJ)(S 3-4 months NA
(ANSTO), Lucas ’
Heights, Australia
The University of
Queensland — Stable $80 $40 per
Isotope Geochemistry NA 6-8 we’eks sample, NA NA NA
Laboratory, St Lucia, 6-8 weeks
Australia
West Australian
Biogeochemistry $80, $45,
Centre, Crawley, NA 4-6 weeks 4-6 weeks NA NA NA
Australia
ANU Stable Isotope $20
Laboratory, Acton, NA T, NA NA NA NA
Australia 2-8 weeks
Queensland Health, $500
Cooper Plains, NA NA NA NA NA ’
. 2-4 weeks
Australia
GNS Science, Lower $240, $55-135, $75, $700, $730, NA
Hutt, New Zealand 4-8 weeks 3-4 weeks 3-4 weeks 4-5 months 8 weeks
Colorado Plateau
Stable Isotope Lab, $30,
Flagstaff, United NA 2-8 weeks* NA NA NA NA
States
I*otoch Laboratories, $545, $80, $100, $315 - $630, $1,180, \A
pStagte,s 3 weeks 2 weeks 3 weeks | 6 weeks (<1 TU) 6 weeks
$102
. N $202 ’
Beta Analytic, Miami, $550, - 7 $905,
Florida 30 business days 7 b;l:l;\sess business NA 14 business days NA
days

Table A1. Commercially Available Laboratories and Capabilities

Notes:

* Indicates turnaround time has been estimated

NA — Not Available

Pricing and turnaround times are indicative only and may be subject to additional fees (e.g. shipping, batch fees, etc.)
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