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Abstract

Environmental self-monitoring is a government requirement for Swedish process industries. This includes sampling and
analysis of recipient water that might be adversely affected by emissions. The requirements for accredited analytical methods
are strict, with well-defined measurement uncertainties, but estimations of the attendant sampling variability are seldom
required, presented, or evaluated in environmental surface water sampling. The goal of this study was to perform an initial
evaluation of the measurement variability for surface water sampling within the self-monitoring program for a large mining
company in northern Sweden. The results indicate that the method for evaluation of sampling and measurement variability
itself affects the results obtained. Therefore, the evaluation scope must be clearly defined in advance, so that the most appro-
priate approach, resulting in a realistic quantification of total variability, can be selected. This study shows that duplicate
sampling experiments result in significantly larger sampling variability estimates when accounting for ambiguities in the
sampling protocol than similar experiments under repeatability conditions. This is due to large temporal variations in stream
flux and analyte concentrations in the evaluated sampling targets. The ambiguities in different sampling protocols must be
fully described and considered when designing empirical evaluation experiments to allow valid evaluation of the total sam-
pling and measurement system variability. An automated sampler using volume-proportional sampling to collect increments
for composite samples is recommended to reduce unnecessary sampling variability and address significant temporal changes
in stream flux and analyte concentrations appropriately.
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Introduction

The Theory of Sampling (TOS) is a complete theory cover-
ing all aspects of sampling particulate material (Esbensen
2016; Gy 1979). Even though TOS was originally devel-
oped for sampling of particulate materials, all main prin-
ciples related to sampling errors and heterogeneity can
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be applied to practically any form of material sampling,
including surface water (Gy 2004). Environmental self-
monitoring is mandatory in most countries for industries
that might affect the environment adversely. The company
must control the impact on the environment through self-
monitoring, which should be internally developed based
on the operations at hand. Even though some countries
require mandatory education of water sampling staff, the
sampling methods used before analysis are often not in
compliance with TOS. In surface water sampling, as in
any other sampling situation, the heterogeneity of the tar-
get lot will influence the validity of the sampled water/
material. It is essential to consider and counteract the lot
heterogeneity in any sampling protocol. This is done by
collecting equi-probabilistic samples where all parts of
the lot must have an equal probability to end up in the
sample (Gy 1998, 2004; Pitard 1993). Only by follow-
ing this fundamental sampling principle (FSP), and all
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complementary principles laid out by TOS, can a docu-
mented representative sample ever be collected (Esbensen
and Wagner 2014).

Analytical results will always be accompanied by uncer-
tainty arising from remaining, or insufficiently reduced
sampling errors, in addition to analytical uncertainties.
Sampling errors are divided into two categories: correct
sampling errors (CSE) and incorrect sampling errors (ISE).
The CSE include fundamental sampling errors (FSE) and
grouping and segregation errors (GSE), which are always
present in sampling situations, but can be minimized using
correct sampling protocols. The ISE, incorrect delimitation
errors (IDE) and incorrect extraction errors (IEE) relate to
the geometrical delineation and physical collection of the
sample (increment), while incorrect preparation errors (IPE)
relate to the post-sampling processes itself, including sample
preparation and possible contamination during the activities
carried out on the sample between primary sampling, sub-
sampling (mass reduction), and chemical analysis (Esbensen
and Paasch-Mortensen 2010). The ISE must be eliminated
in order to be able to guarantee a bias-free sampling process
(Danish Standard, DS 3077 2013).

Even though it is claimed to be widely agreed that the
measurement process starts when the primary sample is col-
lected from the lot, the analytical uncertainty of chemical
measurements is traditionally the main focus of the measure-
ment uncertainty (MU,,,.;) of reported analytical results
(Ramsey et al. 2011). However, the complete measurement
uncertainty MU, oiing +analysiss InCluding the variability stem-
ming from sampling (primary and sub-sampling), is still sel-
dom presented or even evaluated in environmental surface
water sampling (Esbensen and Wagner 2016).

Several recent publications have acknowledged this lack
of focus on sampling variability in environmental monitor-
ing, presenting examples of experimental methods used
for estimating both sampling and analytical uncertainties
in various environmental applications (Botta et al. 2012;
Guigues et al. 2016; Ramsey 1998; Ramsey et al. 2011;
Rode and Suhr 2007). The increased scientific understand-
ing and focus on the importance of sampling variability in
environmental control programs can be expected to influence
the governmental control of mining operations and other
industries affecting air and water emissions. This prospect
is an incentive for the industry to act proactively by includ-
ing control of sampling variability in the mandatory self-
monitoring programmes related to environmental analysis.
It has long been mandatory to evaluate and document ana-
lytical measurement uncertainty, including any contribution
from analytical bias within the laboratory, together with any
accredited analytical result. However, accounting for the
uncertainty stemming from primary sampling in the field
and secondary sampling operations in the laboratory is not
generally expected in environmental monitoring. This paper
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points out the consequences that will result if this status quo
continues unchanged.

Environmental Monitoring
and Governmental Regulations in Sweden

The Luossavaara-Kiirunavaara limited company (LKAB) is
a state-owned mining company in northern Sweden. The
core business is producing high quality iron ore pellets for
blast furnace and direct reduction steel making. According
to governmental regulations in Sweden, the operator must
provide the knowledge and evidence of the environmental
impact attributed to the operation. This is done through self-
monitoring, which is a continuous process usually involving
sampling, analysis, studies, and investigations. If the envi-
ronmental permit is associated with specific terms, these
are to be controlled by the self-monitoring and the results
are reported to the authorities. How to perform, follow up,
report, and document the self-monitoring is described in
a control program, which normally includes sampling pro-
tocols. These protocols also describe sampling targets and
frequencies, as well as the necessary requirements for ana-
Iytical parameters and analytical accreditation. Monitoring
and control of the analytical uncertainty for each accred-
ited analysis is closely controlled by accreditation officials.
However, the sampling variability coupled with the specific
surface water sampling has not been evaluated at LKAB
previously and directed experiments were therefore criti-
cally needed, especially considering that total sampling error
effects often dominate total uncertainty budgets by factors of
5-25, or more. This paper summarizes the first experiments
to advance in this direction.

Current Practice for Water Sampling at LKAB

Water sampling at LKAB is based on the sampling meth-
ods advised by the Swedish environmental authorities. The
scope of the control program (e.g. frequency of sampling)
used for self-monitoring varies between mining sites, as this
is governed by the individual permits issued for each site.
The environmental permit for LKAB operations in Svap-
pavaara stipulates that two surface water samples shall be
collected and analysed per week from the sampling target
SVA (Svappavaara water). Even though specific days for
sampling are not regulated in the permit, the sampling is
normally performed every Tuesday and Thursday for prac-
tical reasons, such as sample transportation and laboratory
hours. For the LKAB operations in Kiruna, the environmen-
tal permit stipulates extraction and analysis of one surface
water sample per month from the sampling target KVA
(Kiruna water). The sampling protocol specifies the week
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that the sampling will take place, but not a specific day.
Most of the self-monitoring surface water samples at LKAB
are planned annually on a weekly or monthly basis, as with
KVA. This gives the sampling technicians some freedom to
plan their working hours according to other tasks as well as
favourable weather conditions.

Both sampling targets, KVA and SVA, are located in
smaller streams, approximately 10—15 m wide. The KVA
sampling target is at the beginning of an artificial dike that
serves as the outlet from the clarification pond, leading the
water to the lake Mettd Rakkurijérvi, the recipient water
system (Fig. 1a). Approximately 98% of the water in KVA
is discharged from the clarification pond, while only 2%
is natural flow from precipitation and ground water. The
SVA sampling target is in the natural stream, Liukattijoki,
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Fig.1 Water systems in a Kiruna and b Svappavaara, with tailings
dams, clarifications ponds, Mettrasket, Mettd Rakkurijirvi, outflow
location and sampling targets KVA and SVA annotated. The black

which periodically receives discharge water from the water
equalising storage (Mettridsket), which in turn receives water
from the tailings dam via the clarification pond (the water is
pumped in pipelines from the clarification pond to Mettrés-
ket; Fig. 1b). The discharge from Mettrésket to Liukattijoki
varies between 0 and 50% relative to the natural flow in
the stream. The discharge can be momentarily high, but no
continuous outflow is present, meaning that the concentra-
tions at SVA is mainly related to the level of discharge rela-
tive to the natural flow in Liukattijoki. The highest ratio of
discharge water occurs when the natural flow is low and
a large release from Mettridsket is initiated. This means
that the absolute analyte concentrations in the clarification
pond does not affect the concentrations at SVA to the same
degree as it does at KVA. In Kiruna, the discharge from the
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clarification pond to the artificial dike is more uniform over
time, as it is the major part, ~98%, of the stream water at
the KVA sampling target.

The objective of the measurement systems at both SVA
and KVA is to monitor the analyte concentrations released
to the recipient streams. The goal is therefore not to identify
peak concentrations, but rather to monitor the mean concen-
tration (and total amount) being released from the process
to the recipient water system. The environmental permits
stipulate the maximum allowable concentrations reached in
the recipient streams, rather than the concentrations being
released, meaning that monitoring of natural flow in the
recipient is an important complement to the chemical analy-
sis of the sampled water.

General and Local Variability in Recipient
Stream Water

Diurnal, seasonal, and event-driven variability of water qual-
ity is present in any water catchment. These variations are,
for example, dependent on air-temperature, solar radiation,
photosynthesis, respiration, stream flow variation, circula-
tion, and photochemical processes (Henjum et al. 2010).
Bio-geochemical processes can be affected by the solar
photo-cycle and the level of diurnal scale variation can be
as large as annual or seasonal time scales. The 24-h varia-
tions in metal concentrations have also been observed to be
larger than long term, e.g. seasonal variations (Nimick et al.
2005). Metal concentrations in stream water can vary in rela-
tion to the downstream distance from the primary source
and has been shown to behave differently, depending on the
contaminant being studied. As the diurnal and groundwa-
ter variabilities also is significant for metal contaminants,
the relationship of these variabilities needs to be addressed
(Gammons et al. 2007).

The size of the clarification pond at Kiruna is 2.3
mm?, and the process water inflow to the tailings dams
and clarification ponds is close to uniform over time at
both Kiruna and Svappavaara. The changes in inflow of
water is therefore mainly affected by snow melting and
precipitation. The seasonal variability of natural flow in
the recipient water streams is large and similarly depend-
ent on snow melting and precipitation. Flow peaks are
generally registered during the spring flood and dur-
ing heavy rains in the summer, while the snow-covered
period in winter leads to significantly lower flows (West-
erberg and Huseby Karlsen 2017). At Kiruna, increased
inflow to the clarification pond leads to a direct increase
of outflow to the recipient water system, as the overflow
is controlled by a fixed threshold. The clarification pond
at Svappavaara (0.3 m%) is significantly smaller than at
Kiruna and is therefore followed by an equalising water

@ Springer

storage pond, Mettrésket, for additional storage capacity.
The outflow from the clarification pond runs via Mettrés-
ket and is controlled relative to the water level there. This
system leads to an uneven outflow from the internal water
system to the recipient stream, Liukattijoki, as hatches are
opened to release larger amounts of water when the water
level in Mettriasket reaches a predetermined set point. This
results in momentarily large water emissions, rather than
a regular outflow over longer time periods. Therefore,
concentration variations in Liukattijoki largely depends
on the outflow flux from the water storage relative to the
natural flow in the stream, which in turn exhibits large
seasonal variations, from ~ 0.2 to ~ 8 m3/s (Westerberg
and Huseby Karlsen 2017). An important limitation for
the control of the outflow at both Kiruna and Svappavaara
is the restricted storage capacity in the clarification ponds
and Mettrisket. A regulated overflow, related to the natural
flow in the recipient streams, would be preferred to even
out the analytes concentrations in the recipient water sys-
tem. However, this is currently not possible as the overflow
must be regulated according to the storage capacity in the
ponds.

The circulation in the LKAB clarification ponds is con-
tinuously high due to the large inflow of process water via
the tailings dam. This is coupled with water being pumped
back to the processing plants from the clarification pond
outflow. The high circulation in the water system means
that there is limited time for sedimentation in the clari-
fication pond. As the circulation is mainly driven by the
exchange of process water, the effects of ice coverage and
wind is negligible in comparison.

The analyte concentrations in the discharged water from
the clarification ponds at Kiruna and Svappavaara are not
directly related to the viability of water inflow and level
of dilution. For some analytes, e.g. nitrogen, dilution is
visible during high precipitation. However, for sulphate,
no direct dilution is visible as chemical equilibrium exists
in the clarification pond. This leads to sulphate being
dissolved from the sediments into the water if increased
precipitation lowers sulphate concentrations in the pond.
Thus, the sulphate concentration is not directly affected
by dilution during high precipitation events. However,
the dilution factor for sulphate depends on the water tem-
perature, resulting in lower sulphate concentrations in the
winter (with water temperatures close to 0 °C) than in
summer (Ylipdd and Bjornfot 2018). Another reason for
seasonal variation is biochemical process in the clarifica-
tion pond, e.g. bacterial denitrification, which increases
during the warm summer season with increased sunlight.
Internal calculations indicate that there is approximately a
20% decrease in nitrate emissions to the Kiruna recipient
water due to denitrification during the summer months
(Ylipad and Bjornfot 2018).
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Methods for Evaluating Sampling Variability

Several methods, using both empirical and modelling
approaches for evaluation of sampling and analytical
uncertainties in environmental monitoring have been
published recently (Guigues et al. 2016; Lyn et al. 2007;
Ramsey et al. 2011). One recommended approach is the
duplicate method, which is both simple and cost-effec-
tive. The approach of the duplicate method is that the field
sampler collects duplicate primary samples from 10% (but
no less than eight samples) of the sampling targets (Grgn
et al. 2007). To enable evaluation of the complete uncer-
tainty, including primary sampling, possible sub-sampling,
and sample preparation, it is vital to duplicate the primary
sample extraction, rather than just duplicating the sample
preparation or sample analysis.

According to Ramsey et al. (2011) one important
limitation of the duplicate method is that it excludes the
uncertainty arising from systematic sampling bias effects.
A method for inclusion of any so-called systemic effects
in sampling is the sampling proficiency test (SPT). This
method involves at least eight experienced samplers sam-
pling from more than five typical sampling targets (Ram-
sey et al. 2011). However, an SPT using several samplers is
expensive and often impossible to carry out due to proprie-
tary reasons. It is therefore seldom practicable for validation
of a sampling protocol in a single organization (Ramsey and
Thompson 2007). The SPT approach has also been criti-
cised by Esbensen and Wagner (2014), based on concep-
tual and theoretical problems with this approach; the main
critique is the unrealistic concept of a “constant sampling
bias” (Esbensen and Wagner 2014). Within TOS, it has been
shown that there does not exist a constant sampling bias or a
systematic sampling effect (breaking with the oft-assumed
analogy to the analytical bias). In fact, every time a sampling
bias is estimated, it will be different, i.e. the sampling bias is
inconstant and variable, because of irregular lot heterogene-
ity. The sampling bias (always random) must be reduced,
preferentially eliminated, by specific application of all nec-
essary elements in TOS that are aimed at achieving correct
sampling. On this basis, i.e. when a non-biased sampling
process has been achieved, the use of duplicate and/or rep-
lication experiments will then be sufficient and effective for
estimating the complete sampling variability, as manifested
by MU gmpling+anatysis (Esbensen et al. 2007; Esbensen and
Wagner 2016; Pitard 1993). As the aim of this paper is to
apply the concepts of TOS to environmental recipient water
sampling, SPT is not applicable, but correct duplicate and
replication experiments are sufficient for estimating all sam-
pling error effects.

An important aspect when assessing the variability in
sampling-and-analysis is setting an acceptance level below

which one can claim a “fit-for-purpose” status, i.e. what is
the relative measurement uncertainty, including an accept-
able variability stemming from both sampling and analysis
for receiving meaningful data that can be used for evalu-
ation and decision making. Even though such thresholds
need to be set relative to the specific lot material and sam-
pling procedure used, Ramsey et al. (1992) suggests that
the total measurement variability (including sampling)
should not contribute more than 20% of the total variabil-
ity of the analyte over time. In the sampling community, a
general consensus indicates that a threshold of 20% for the
relative sampling variability (i.e. the sampling variability
relative to the average analyte concentration) is also rec-
ommended here (Esbensen and Wagner 2016). However,
TOS also strongly advocates individual assessment and
determination of sampling variability thresholds, for each
specific sampling procedure, since sampling targets gener-
ally display significantly different heterogeneities (DS3077
2013).

Study Objectives

The objectives of this study were to perform an initial evalu-
ation of the sampling variability associated with the current
LKAB environmental measurement system for emissions to
surface water. The sampling systems at the sampling targets
KVA and SVA were evaluated using the duplicate method
and replication experiments. For all reported experiments,
the replication/duplication was executed at the point of pri-
mary sample extraction so as to include all variability effects
stemming from the complete sampling to analysis pathway. A
second objective was to evaluate the experimental methods for
estimating sampling variability in recipient water sampling for
environmental monitoring.

As the objective was to conduct initial evaluations of the
sampling variability, together with evaluation of the specific
experimental methods, the time frames for the experimental
campaigns were limited. One consequence of this is that the
complete seasonal variability in analyte concentrations and
flow were not covered. However, the study will provide rec-
ommendations for how to implement comprehensive and con-
tinuous control of the sampling variability of surface water
sampling at LKAB. Note that the study did not evaluate the
seasonal or yearly variability of analyte concentrations in the
stream water but was limited to studying the specific sampling
variabilities of the current measurement systems.

Sampling and Analytical Methods
All sampling experiments were conducted on the sam-

pling targets regularly used in the current self-monitoring
programs at LKAB. The KVA and SVA sampling targets
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were selected as they are an important component of the
environmental permits and have frequent historical data for
all important analytical parameters. For the KVA sampling
target, one duplicate- and two replication sampling experi-
ment were conducted. For the SVA sampling target, only one
duplicate- and one replication sampling experiment were
conducted.

The current physical extraction of water samples method
used by LKAB was used during all experiments in this study.
Within the TOS understanding, this approach is a manual
grab sampling (usually rejected, as it can never be repre-
sentative), which is the official method described and taught
by water sampling consultants that follow the Swedish gov-
ernment regulations for environmental self-monitoring. The
sample extraction is to be performed in the centre of the
targeted stream, approximately 50 cm from the surface (or
at mid depth if the stream is shallower than 1 m). To be
able to reach the centre of the stream, a sample container
can be attached to an extension pole (Fig. 2). To allow for a
sufficient amount of water to be collected, three increments
are collected from the same location and combined into one
primary sample. The current grab sampling introduces IDE
and IEE sampling errors as the sample extraction does not
allow equal probability for the complete lot (flux cross sec-
tion) to end up in the sample. A TOS correct sample extrac-
tion requires that the complete cross section of the lot be
covered by the sampling equipment and that the speed with
which it is crossing from one side of the stream to the other
is uniform. Hence, if the volume or speed of water is less in
the shallower water at the sides of the stream, the amount
of water collected should be less than in the centre of the
stream where the flow is faster. Currently, it is impossible
to achieve this proportional, TOS-correct sample extraction
using the recommended sampling container.

In an attempt to handle some of the ISE associated with
the traditional grab sampling of stream water, Ramsey
(2014) presented the Aloha Sampler™. The design of this
sampling equipment (Fig. 3), enables sample collection from
the complete cross section of a reachable water stream, as
is the case, for example, at sampling target KVA. The small
holes in the lid of the sampler allow for water to enter and an
equivalent volume of air to exit in a controlled, slow fashion
(the Aloha Sampler™ comes with optional hole diameters),
enabling sampling staff to move the sampler and collect
water across the stream in a continuous motion (Ramsey
2014). The Aloha Sampler™ was used in one replication
experiment at the KVA sampling target for comparison with
the current sample extraction method used by LKAB. The
continuous sampling motion applied in this study, using the
Aloha Sampler™, is visualised in Fig. 4.

All water samples were analysed at the LKAB envi-
ronmental laboratory in Kiruna or at ALS in Lulea,
using analytical methods accredited by official national
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Fig.2 Extendable pole with standard plastic sample container used to
collect water samples according to the official protocols in the present
study

accreditation agencies to ensure valid analyses for the
environmental permits. A list of analytical methods and
locations for analysis is presented in Table 1. Note that
samples are routinely analysed for several additional
parameters. The ones presented in this study were selected
because they are coupled with possible ecological effects
in the recipient water and are therefore important for the
LKAB environmental permits.
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Fig.3 The Aloha Sampler™ designed for composite sampling, for example along a complete cross section of the streaming water

Duplicate Sampling Experiment

Fig.4 Aloha Sampler™ used in a continuous motion to collect water

V)
\’/\/ \/ The duplicate method is the most straightforward method

for assessing variability stemming from sampling, sub-sam-
pling, and analysis relative to overall data variability (Ram-

from a complete cross section of a stream (Ramsey 2014) sey 1998). According to Lyn et al. (2007), duplicates should

Table 1 Location for analysis of the evaluated analytical parameters

Analytical method LKAB External
laboratory labora-
Kiruna tory
Alkalinity ISO 9963-2 X
Water quality—determination of alkalinity—part 2: determination of carbonate alkalinity
Conductivity SS-EN 27 888 X
Water quality—determination of electrical conductivity (ISO 7888:1985)
Total phosphorus SS-EN ISO 6878:2005 X

Nitrate sulphate

Copper
Vanadium
Zinc
Uranium

Water quality—determination of phosphorus—ammonium molybdate spectrometric method (ISO

6878:2004)
SS-EN ISO 10304-1:2009 X
Water quality—Determination of dissolved anions by liquid chromatography of ions—part 1:

determination of bromide, chloride, fluoride, nitrate, nitrite, phosphate and sulphate (ISO 10304-

1:2007)
SS EN ISO 17294-1, 2 (mod)/EPA-method 200.8 (mod) X
Water quality—application of inductively coupled plasma mass spectrometry (ICP-MS)
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be collected in accordance to the current sampling protocol,
reflecting all ambiguity that can be expected. This means
that duplicates are separated in time and/or space by the
same ambiguity that is presented by the sampling protocol.
The ambiguity of a sampling protocol leads to diverse inter-
pretation or application of the protocol in different situations,
e.g. variations in the sample extraction location or variations
in the time for sample extraction. The primary sample dupli-
cates should ideally also be analysed in duplicate to enable
the use of analysis of variance (ANOVA) for separation and
quantification of the variability stemming from sampling
and analysis, respectively (Lyn et al. 2007). It is important to
clearly describe the exact step where duplication is applied
to allow clear indication of which variabilities are included
in each variance estimation. To accommodate for possible
outlying values, the robust ANOVA (RANOVA) is the rec-
ommended statistical method, as the classic ANOVA is sen-
sitive to outlying values due to sampling, geochemical, or
technical issues (Ramsey et al. 1992). The robust method is
claimed to provide valid estimates of the variability compo-
nents ‘under average background levels’. For example, single
outliers do not affect the results of a RANOVA unduly, like
it would classic ANOVA (Ramsey et al. 1992). There are
serious misgivings in the TOS community regarding this
position regarding outliers.

Two duplicate sampling experiments were carried out at
the KVA and SVA sampling targets. The KVA duplicate
sampling experiment was carried out in accordance to the
method described by Lyn et al. (2007), which stipulates
that the distance between the duplicated samples in time
or space should be separated according to the ambiguity in
the sampling protocol. Especially for sampling targets with
large temporal variability, e.g. stream water, as is the case
for both KVA and SVA, the periodic separation between
duplicates should correspond to the uncertainty in time that
is described by the sampling protocol (Ramsey 1998). In
this case, the KVA sampling protocol specify a fixed week
for sampling once every month, while the day for sampling
is open within that week. This means that the ambiguity in
the KVA sampling protocol can lead to a temporal spacing
between routine samples of up to 6 days (within 1 week). To
reflect the possible variability within the sampling protocol,
this sampling experiment extracted duplicates with random
time spacing between 1 and 6 days. Each duplicate sam-
ple was analysed in duplicate for the important parameters,
including alkalinity, conductivity, phosphorus, nitrate, sul-
phate, copper, vanadium, zinc and uranium. The experiment
was conducted during 8 consecutive weeks, resulting in a
total of 8 duplicate samples and 32 individual assay results
per parameter.

As SVA is sampled twice a week, routinely on specific
days, the sampling protocol is more precise than at KVA.
The SVA experiment was carried out by extracting duplicate
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samples under repeatability conditions, according to the
definition in Grgn et al. (2007, p. 29): samples are collected
at the same time, by the same person, at the same sampling
target, using the same sampling equipment. This minimizes
variability introduced by primary sample extraction, exclud-
ing effects related to long-term temporal changes in the qual-
ity of the sampled water, or changes in sampling staff or
sample equipment.

For the SVA duplicate samples, no duplicate analysis
was conducted. However, as the samples go through identi-
cal sample preparation and laboratory analysis at the same
laboratories as the KVA samples, the analytical uncertainty
were assumed equal to these samples. The duplicate samples
were collected once a week (at every other routine sampling
extraction) for 15 weeks, resulting in 15 paired samples.

Replication Sampling Experiment

Replication experiments (RE) are used to calculate the rela-
tive sampling variability (RSV), a sampling quality index
describing the variability for a specific sampling and analy-
sis procedure (DS3077 2013). The RE is particularly use-
ful when sampling stationary lots, in comparison to vari-
ographic characterization, which is more powerful when
assessing measurement systems performance for dynamic
lots in process control (Esbensen and Wagner 2016). The
RE is a practical and informative method for both initial
and regular quality assessment of recipient water sampling.

In this study, the sampling of SVA targets were replicated
using the current sample extraction method and for KVA,
both the current sample extraction and the Aloha Sampler™
were used in two separate RE. During the experiment, ten
replicate primary samples were collected in direct repetition
and brought to the laboratory for analysis. The objective for
not accounting for the temporal ambiguity in the sampling
protocols was to enable direct comparison of the results from
the two separate sampling targets (KVA/SVA) and the two
alternative sampling methods (current/Aloha Sampler™).
The complete primary sampling was replicated, meaning
that for each of the ten replicates, three primary increments
were collected and combined into one primary composite
sample. For one of the replicate samples, the analysis was
also replicated ten times for the parameters alkalinity, con-
ductivity, and total phosphorus. This allows for estimation
of both the RSV as well as the isolated analytical variability
under repeatability conditions.

Expression of Results

The relative standard deviation for sampling (s,) and analysis
(s,) respectively, as well as the total variability for the meas-
urement system (s,,,) was calculated for the evaluated sam-
pling targets, Eq. 1. It is common to present uncertainties
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as a relative expanded uncertainty (U), with a coverage fac-
tor of k=2, Eq. 2 (Ramsey 1998). Under the assumption
of normally distributed data, this results in an uncertainty
that describes a 95% confidence interval for the average
result (x). In this study, results will be presented as relative
expanded uncertainties, denoted as U, with a uniform cover-
age factor of 2. The relative uncertainty is especially useful
for comparing different analytes and different experimental
methods:

S =[S+ 547 ey

U% = 1002 %, @)
X

Results
Duplicate Sampling Experiment

The results from the two separate duplication experiments
showed different sampling variability. The variabilities
observed for KVA were significantly higher than at SVA for
all analysed parameters (Table 2). The absolute concentra-
tions for all analytes were also higher at KVA than for SVA.
This is because the water at KVA is mainly water from the
clarification pond, while SVA is a pre-existing stream with
mostly natural water and only temporary overflow from the
clarification pond. The water in the clarification pond pre-
ceding KVA also has higher concentrations of most elements
as the Kiruna ore is richer in salts and the processing water
is more recirculated in the Kiruna processing plants. Note
that the expanded relative uncertainty from sampling, for
sampling target SVA, is calculated from the total measure-
ment uncertainty for SVA and the uncertainty from analysis
for KVA sampling target (as no duplicate analysis was con-
ducted for SVA). This will have no practical implications
on the evaluation as the sampling preparation and analytical
process is identical for both sampling targets (i.e. the pri-
mary samples are delivered to the same laboratory and are
prepared and analysed by the same personnel, using identical
methods and equipment for all incoming water samples).
The results from the duplicate experiment show that the
measurement variability (including sampling), relative to the
total variability, was less than 20% for SVA, which is within
recommended limits for this sampling target. For KVA, the
total measurement variability (including sampling), relative
to the total variability, ranged from 15 to 80% for the ana-
lysed parameters. Alkalinity, conductivity and phosphorus
were within the requirement of less than 20%, while the vari-
ability for the remaining parameters exceeded this threshold.
The main reason for the differences is that the duplicates

at SVA were collected under repeatability conditions (as a
reflection of the smaller ambiguity in the sampling proto-
col for SVA), while the temporal separation of duplicates at
KVA was up to 6 days (as a reflection of the larger ambigu-
ity in the sampling protocol for KVA). The temporal ambi-
guity in the sampling protocol for KVA, translated to the
duplicate experiment, means that the variations in absolute
analyte concentrations in the stream water, over 6 days, were
included in the measurement system variability assessment.
This is a direct consequence of the KVA sampling protocol
that allows a large ambiguity in the time for sample extrac-
tion. Comparatively, the sampling protocol for SVA has a
more strict time spacing, where two samples are collected
every week and routinely collected the same weekdays, i.e.
the temporal ambiguity is significantly less for the SVA sam-
pling protocol and the measurement variability relative to
the total variability is therefore also significantly lower.

Replication Sampling Experiment

The results from the three replication experiments (SVA,
KVA, KVA ,¢) indicate that the relative measurement vari-
abilities (including sampling and analysis) for all of the ana-
lysed parameters were below the 20% threshold (Table 3).
For the three common parameters (conductivity, nitrate, and
sulphate), both sampling targets show similar results for the
traditional sampling method used by LKAB, despite the
large difference in absolute concentrations. The remaining
six parameters were only analysed for one of the two sam-
pling targets as a direct reflection of the two separate regula-
tory sampling protocols requiring different parameters.
However, the duplicate experiment at KVA showed that
the large temporal variability in the stream water increased
measurement variability significantly when the duplicates
were spaced further apart. Furthermore, the results from the
Aloha Sampler™ replication experiment (KVA ,¢), Table 3,
showed slightly higher total measurement variability than
the traditional sample extraction method. This could be due,
in part, to the continuous motion of the Aloha Sampler™
collecting an entire cross section of the stream, which allows
for a wider coverage of the overall heterogeneity in the
streaming water. Another possible influence for the Aloha
Sampler™ procedure is its up-and-down motion, which
results in a differential influence due to the hydrostatic pres-
sure in the stream; more water will be forced into the sam-
pling container as depth increases. If the evaluated analyte is
unevenly distributed with depth, this could therefore result in
higher variability for the Aloha Sampler™ approach relative
to stationary grab sampling. The increment collection is also
slower than for the traditional grab sampling from the centre
of the stream. This means that the time frame for collect-
ing all ten replicate samples increased from = 15 min with
the traditional method to 1 h for the Aloha Sampler™. This
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fourfold increase in duration allows larger temporal variabil-
ity in stream flux to influence the sampling, which perhaps
could be another reason for the slight increase in relative
measurement uncertainty when using the Aloha Sampler™
for primary sample extraction.

Discussion

The results from this study explicitly showed how important
experimental design is for proper evaluation of sampling
system variabilities. The design and adherence to guidelines
and norms will directly influence the numerical evaluation of
the results and therefore need to be fully transparent and well
defined. The implication of the results from the two sepa-
rate duplicate sampling experiments indicate that the current
water sampling and analytical process is showing acceptable
variability under repeatability conditions, or as described
by a strictly defined sampling protocol. However, the tem-
poral spacing between primary samples at KVA led to high
measurement system variability, due to the large temporal
variabilities in the stream water. This study shows that rep-
lication experiments together with duplicate sampling under
repeatability conditions can result in lower sampling and
measurement variability estimations than duplicate experi-
ments, taking the ambiguity in the sampling protocol in to
account. The main reason for this was the large temporal
changes at the sampling locations, stemming from variability
in water quality.

The replication experiment using the Aloha Sampler™
showed higher sampling variability than the current grab
sampling method for all parameters except alkalinity. This
is likely because the Aloha Sampler™ covers a larger part
of the cross-stream heterogeneity and collects increments
over longer periods of time. The reason that this does not
increase the measurement variability for alkalinity is likely
due to the lower overall variability for this parameter, com-
pared to all of the other analytes. The spatial variability for
alkalinity might be larger than the temporal variability, lead-
ing to larger variabilities for the grab sampling approach as
applied to one more-or-less randomly selected locations in
the stream, than for the Aloha Sampler™ (collecting incre-
ments from the complete width of the stream). One advan-
tage of using the Aloha Sampler™ for routine sampling is
a wider coverage of the stream width, as well as covering
longer time intervals and thereby temporal concentration
changes. With the existing diurnal and seasonal changes in
analyte concentrations and outflows from the clarification
pond, this small extension in time coverage would likely
still lead to large sampling variabilities when the temporal
ambiguity in the current sampling protocol is considered.

It is not only the practical sample extraction method
that needs to be evaluated to determine the complete

@ Springer

measurement variability. The environmental sampling pro-
tocols, which dictate when and how often samples shall be
collected, are just as important. This study gives a clear indi-
cation that the temporal variabilities in natural stream flow,
outflow from the industrial operation, and analyte concentra-
tions need to be considered when designing improved sam-
pling protocols, both with regard to sampling interval and
sample extraction method. It is essential to ensure that the
variability in ‘true’ concentrations are intercepted and repre-
sented correctly. For sampling targets with large variabilities
in concentration and stream flow, or variabilities in overflow
from, for example, a clarification pond, the sampling pro-
tocol must be adapted to these empirical conditions. The
sampling and measurement variability for especially KVA
could be improved by a more concise sampling protocol that
counteracts temporal variabilities. One recommended solu-
tion would be to install an automated sampler collecting
increments from the stream, either at regular time intervals
or based on volume-proportional composite sampling. An
important learning experience from TOS, also revealed in
this study, is that standards and norm-giving manuals are
not necessarily a guarantee that recommended sampling
approaches are correct or representative. The evaluation of
total measurement variability through well designed experi-
ments is therefore always necessary.

To allow for continuous control of the current sampling
systems for recipient water sampling, systematic duplica-
tion or replication experiments at regular time intervals is
recommended. However, the ambiguity in existing sampling
protocols, as described by Esbensen and Wagner (2016),
Lyn et al. (2007), and Ramsey (1998), must be considered to
allow valid estimations of the complete sampling and meas-
urement variability. In comparison, to follow the duplicate
method as described by Grgn et al. (2007), strictly (extract-
ing duplicates specifically under repeatable conditions) will
unavoidably underestimate the complete sampling variabil-
ity derived by most sampling protocols.

Conclusions

This study shows that the specific approach for estimating
sampling variability will affect the results significantly. The
scope of each specific investigation (experimental design,
time duration, sampling frequency) must be carefully defined
so that the most appropriate experimental method that will
best match the pre-set objectives can be selected. This study
concluded that replication experiments together with dupli-
cate sampling under repeatability conditions resulted in
lower sampling and measurement variability estimations
than duplicate experiments, taking the ambiguity in the sam-
pling protocol into account. Hence, to correctly evaluate all
of the variabilities affecting the measurement system, all
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ambiguities in the sampling protocol need to be included in
the experimental design. The time-varying nature of stream
water makes sampling a complex undertaking, and indicates
that the existing official protocols should be revised.

The results indicate that the relative sampling-and-meas-
urement variability is acceptable under repeatability con-
ditions, both using the current sample extraction method
and using the Aloha Sampler™. However, the duplicate
experiment at KVA, where the larger ambiguity in the sam-
pling protocol was taken in to account, indicated that the
measurement variability for several analytes were above the
20% threshold. This shows that even if the sample extrac-
tion can produce repeatable results over short times periods,
ill-reflected ambiguity in the current sampling protocol for
KVA is likely leading to adversely large measurement vari-
abilities for some analytes. The results of this study do not
enable definite conclusions regarding the reliability of the
Aloha Sampler™ compared to traditional grab sampling.
The Aloha Sampler™ replication experiments shows larger
sampling variability (for most analytes) than the current
sample extraction method, but this likely reflects reality
better.

A recommended solution for counteracting large tempo-
ral variabilities is to install automated samplers, regularly
collecting increments from the stream and combining them
into composite samples. With a composite sampling method
and regular analysis, the coverage of temporal changes in
stream flow and analyte concentration would be significantly
improved, compared to any manual sampling approach. Both
duplicate and/or replication experiments (where samples are
spaced relative to the ambiguity in the sampling protocol)
are practical and worthwhile methods for initial, as well as
regular, quality assessment of recipient water sampling.
To allow for a complete evaluation of sampling and analy-
sis variability, representative for all seasonal variations in
flow and analyte concentrations, the experiments should be
applied continuously and regularly over an entire year.
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