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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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A;Ily trade name used in this document is information given for the ‘convenience of users and

scribed in the ISO/IEC Directives, Part 1. In particular, the different approval criteriatieed
fferent types of ISO documents should be noted. This document was drafted in accordance
itorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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tent rights. ISO shall not be held responsible for identifying any or all su¢hpatent rights.
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the ISO list of patent declarations received (see www.iso.org/patents).
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Introduction

This document is part of a series of sampling standards for soil (the role/position of the individual
standards within the total investigation programme is shown in Figure 1). It provides guidance on
the development of site investigation strategies in general (more specific guidance is given in other
standards) and of sampling strategies [e.g. what to sample, where to sample (locations and depths) and

the types of samples to take] taking into account the need to obtain representative samples and to ha
regard to relevant statistical principles.

Soils (ang-o 0 ertatsarecomposedof-ar -0 atpa gar atter—wa
air (soil gas) and living organisms. In the case of some contaminated soils, a non-aqueous liquid ;pha
might alsp be present. The solid matrix (phase), consists of particles of different size, shape and physig

and chenpical properties. The aim when carrying out soil sampling is usually to obtain sufficient

represenfative samples that can be used to characterize the properties of the whole soilyéntity (e

in situ sojl in the form of a volume or horizon, or surface deposit such as a stockpile) ,or the porti
considergd relevant to the objectives of the investigation (e.g. <0,1 mm fraction for expostire assessmg
via hand-to-mouth activity). The properties of discrete entities such as individualsoil particles are n
addressef. As the soil as a whole cannot be analysed, soil samples are taken instead. The assumpti
that the results of these investigations on samples represent the total soil volume of interest is alwa
an approkimation, the reliability of which depends on additional informatien about the soil, the s
and use of an appropriate sampling strategy. In other words, the sampling strategy should guarant
that, toggther with additional information (on-site observations, background information, previo
investigafion results, etc.), the results for the samples analysed allow a model to be developed
relevant properties of the soil volume of interest to a sufficiently.reliable degree, in accordance with t
investigation objectives.

Whatevef the purpose of the investigation, a sound conceptual site model is required. Every proper
of a soil ¢r soil material is a result of their dynamic development influenced by natural and huma
induced processes such as weathering, leaching, dislé¢ation, contamination, and many others. Withg
considering this, the results of any investigation~of samples cannot be interpreted and evaluat
properly.[When spatial variability of soil properties (including contamination) is of particular intere
the conceptual site model includes what is knewn, or believed to be known, about the processes that1
to the anticipated spatial distribution of properties.

The sampling strategy, especially when average properties are of interest, is preferably based
statistical methods, as far as practical’and appropriate.

Having fifst defined key eleménts such as involved parties, objectives, properties of interest, phase
the invesftigation, background and site information, as well as health and safety aspects, a sampli
strategy Is developed thatcan form the basis of a sampling plan in accordance with ISO 18400-101 (t
sampling|plan covers ahumber of practical issues as well as the sampling strategy).

The appropriate sampling strategy in any particular case depends on

— the opjectives of the investigation,

ve

n_
ut
ed
St,
ed

of

ng
he

—  the sbecialsituation and characteristics of the material to be camp]nﬂ,

— the properties of interest, and

— the required degree of precision and reliability of the results.

Many other factors can also influence the design of the sampling strategy including:
— accessibility of the site as well as the sampled material;

— financial, personnel, and technical resources;

— weather conditions;

— the time schedule/frame;
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— legal/environmental restrictions.

Following the definition of the sampling approach, the appropriate sampling techniques are selected
following the guidance in ISO 18400-102 with regard to health and safety (ISO 18400-103) and
various practical considerations. The decisions made regarding sampling techniques form part of the
sampling plan.

© 1S0 2018 - All rights reserved vii
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The investigation programme

Define the sampling plan
1SO 18400-101

Field and soil
observations
ISO 25177

Take a field sample in accordance -
; - Field
with the sampling plan measurements
1SO 18400-102
If necessary undertake sample
pretreatment to produce a

laboratory sample
1SO 18400-201

Laboratory
sample
Storage

ISO 18400-105

Transport the laboratory sample
to the laboratory
1SO 18400-105

Pr(&@a sampling report
SO 18400-107

Sampling
report

Storage @ .
v O
@ Test portion prem%
Nl
\)
@ E(s@on
oS4
@ @Yﬁs /quantification
N )
v Produce investigation
programme report
1

QA/QC aspect ISO 18400-106
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Investigation
programme
report

|—| Analyse data against programme objectives |

NOTE1 The numbers in circles in Figure 1 define the key elements (1 to 7) of the investigation programme.

NOTE 2  Figure 1 displays a generic process which can be amended when necessary.

Figure 1 — Links between the essential elements of an investigation programme
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Soil quality — Sampling —

Part 104:
Strategies

T}
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Scope

1is document gives general guidance on the development of site investigation strategies and detailed

idance on the development of sampling strategies, when collecting information on
the average properties of solil,
the variability of soil properties, and
the spatial distribution of soil properties.

is applicable to soil samples intended for chemical testing and determination of a variety
operties (e.g. physical).

Although the main focus of this document is the collection¢of material (field samples) for tra

lal

N(
ap

N
SO
is
ge

2
TH

poratory for testing, it is also applicable when measurements are made directly in the field.

TE1 This document also provides information on-thé statistical principles underlying the deve
propriate sampling strategies and statistical methodelogies.

TE2  Guidance on other forms of related sampling activities are given in other International Star]
1gas (ISO 18400-204) and for biological testing purposes (ISO 18400-206)]. Guidance on sampling gr

provided in ISO 5667-11 and ISO 5667-22 and on sampling methods and groundwater measur
ptechnical investigations in ISO 22475+1,

Normative references

le following documents are referred to in the text in such a way that some or all of thei

constitutes requiremefnts of this document. For dated references, only the edition cited a

uf|
IS
IS
IS

dated references,thié latest edition of the referenced document (including any amendments
D 11074, Soil quality — Vocabulary
D 11464 +Seil quality — Pretreatment of samples for physico-chemical analysis

D 18400-201, Soil quality — Sampling — Part 201: Physical pretreatment in the field

IS

¥ of other

nsfer to a

opment of

dards [for
undwater
lements in

r content
lies. For

) applies.

D 18400-202 Soil quality — Sampling — Part 202: Preliminary investigations

3

Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 11074 and the following apply.

[SO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

NOTE

IEC Electropedia: available at http://www.electropedia.org/

sampling approaches and sampling patterns employed in this document are shown in Table 1.

© ISO 2018 - All rights reserved
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3.1

above-ground sampling
taking samples from material that has been deposited on the ground surface

EXAMPLE

3.2

Samples are taken from a stockpile (including bulk volumes of excavated soils), deposit of waste
or embankment.

anthropogenic ground
deposits which have accumulated through human activity

3.3

cluster s
composite
sampling

Note 1 to ¢

Note 2 to
characteri

3.4
composi
sample m

3.5

convenie
taking sd
concerne

Note 1 to
locations 4

3.6
fill
anthropoy
with ane

3.7
ground
all mater
materials

3.8
increme]
material

Note 1 to ¢

hmple
sample (3.4) for which the increments (3.8) are taken over a small area around a pfedefin
point

ntry: Sampled area is typically about 0,5 m2 to 1,0 m2.

stics.

[e sample
ade of a number of increments (cluster sample (3.3) or spatial composite sample (3.22))

nce sampling
mples based on accessibility, expediency, cost, efficiency, or another reason not direct
d with sampling parameters

entry: The samples might be taken to a predetermined plan (locations, depths, etc.) or taken fr
nd/or depths decided on site.

penic ground (3.2) in which the material has been selected, placed and compacted in accordan
ngineering specification

Nt
formingpart of a composite sample (3.4) obtained by a single operation of a sampling device

ntry: For instance, the filling of a scoop or auger.

9%
Q.

entry: Material sampled is taken from within the same stratum or from nmiaterial with the same

m

als below the ground_surface, including natural materials (soil and rock) and anthropogenic

3.9
in-groun

d sampling

taking samples from the ground surface and/or within the ground beneath the surface

3.10

judgemental sampling
targeted sampling
taking samples from particular zones or features of a site taking into account existing knowledge,

including

what is known about the history and layout of a site or a zone within a site

Note 1 to entry: Judgemental sampling could be required, for example, around underground storage tanks or
pipelines where there might have been leaks, above ground storage tanks where there might have been spills,
and for areas where raw materials or waste have been stored or deposited.

© ISO 2018 - All rights reserved
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Note 2 to entry: Sampling locations are usually predetermined based on what is known about the target area but

some locations may be selected in the field in response to on-site observations.

3.11
made ground

anthropogenic ground (3.2) comprising material placed without engineering control and /or manufactured
by man in some way, such as through crushing or washing, or arising from an industrial process

3.12
macro-aggregate

S 1l cooraagatac concicting nF micrao-aagaraagatac camantad togathaor hy organic oo
o5 5T O 5Tt —CoOToToTTITT S O I T O g ST e Tt e Ce e It Tt s et Oy — o oottt teT 7

palysaccharides, fungal hyphae, earthworm excretions and plant roots
Ndte 1 to entry: Generally, aggregates are >0,25 mm to 5 mm in size.

Nate 2 to entry: Macro-aggregates are typically found in undisturbed soils.

w

13
mjicro-aggregate
sofil aggregates consisting of primary particles, plant roots, and humin cemented together

Ndte 1 to entry: Generally, aggregates are less than 0,25 mm in size.

Ndte 2 to entry: Micro-aggregates are more typically found in disturbed or cultivated soils. Multi

icrobial

ble micro-

aggregates can form larger macro-aggregates (3.12) through microbial activity, plant root exudates and actions,

fungal hyphae, and earthworm casts.

3.14
population

<doil sampling> entirety of a soil volume or mass about which information is to be sought via
EXAMPLE A particular site, an in situ volume @f soil, a stockpile, a truck load.
3.15

ptfincipal sampling situation

orle of four sampling situations characterized by a combination of whether information is
or] spatial distribution or average properties, with whether in-ground sampling (3.9) or abo
sampling (3.1) is required

Ndte 1 to entry: The conceptisillustrated in Table 2.

3.16

priobabilistic sampling

taking samples-to ensure that each particle or element in the population (3.14) has an equal
being part ofithie sample

Nqte 1 toentry: This means it is easy to obtain a quantifiable level of reliability (or uncertainty) in the
m¢an yaltre and enables estimation of variability of the results for the population being tested.

sampling

required
be-ground

chance of

estimated

[S DURCE: 1S011074:2015 4.2 10]

3.17

random sampling

simple random sampling

taking samples in locations selected arbitrarily within the area to be investigated

Note 1 to entry: The coordinates of the intended sampling locations are derived using pseudo-random or quasi-
random numbers which can be found in tables included in manuals on statistics or generated by computer

programs.

© ISO 2018 - All rights reserved
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3.18

regular sampling

taking samples at the nodes of a regular pattern, such as a square or triangular grid, i.e. the sampling
locations are evenly spaced

3.19
sampling pattern
set of predetermined sampling points

3.20
selectiv aaluplc
sample deliberately chosen or formed based on some specific characteristic(s) of the material .tope
sampled

EXAMPLE Appearance, odour, particle sizes.
[SOURCE] ISO 11074:2015, 4.2.16, modified]

3.21
site investigation objective
statemenft regarding the information to be obtained during the investigation

3.22
spatial composite sample
composit¢ sample (3.4) formed from small incremental point samples taken over an area (such as a field)

Note 1 to|entry: The general premise is that the distribution of soil‘constituents is relatively homogeneotis.
The increments (3.8) may be located according to a regular grid,"random, or other pattern. In agricultural/
horticultufral land investigations “N”, “S”, “W” and “X” sampling-patterns (3.19) are commonly used. Along the
outline ofsuch a pattern, a number of samples or increments are taken which are bulked and mixed to provide
one (composite) sample for analysis.

3.23
spot sample
sample frjom a discrete location

Note 1 to ¢ntry: Sample can be formed fronr one or more contiguous portions of material.

Note 2 to ¢ntry: Sample may be disturbed or undisturbed.

3.24
stratified random sampling
dividing fthe area to be-sampled into a number of identical grid cells (strata) and taking samples
arbitrarily in each cel}

3.25

systematic sanmpling
taking sdmples from locations that have been pre-designated according to a geometric or other
statisticallly derived pattern

Note 1 to entry: Systematic sampling can include a random positioning component.
Note 2 to entry: Some systematic sampling patterns are regarded as “probabilistic” (3.16).

Note 3 to entry: This definition is wider than the usual definition found in the literature, where systematic
sampling commonly means regular sampling (3.18).

4 © ISO 2018 - All rights reserved
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3.26

systematic unaligned sampling

taking samples using a sampling pattern (3.19) intermediate between a regular grid and stratified
random sampling (3.24), where each row (respectively column) of the grid shows a similar pattern of
unaligned points

Note 1 to entry: See Figure B.8.

4 Overall investigation strategy

4.1 General

The sampling strategy for soils and soil materials usually forms part of an overallisite invé¢stigation
strategy. This usually comprises a number of phases as described in 4.3.

NQTE1 The soil sampling exercise that is being planned could be only one compouent of a wider inyestigation
strategy that could also require collection of information relating to, for example;<groundwater, geptechnical
prpperties of the ground, archaeology, ecology, and soil gas and that for practical.and logistical reasons a degree
ofintegration between investigations into different aspects of the site might beyrequired. How this can|be done is
outside of the scope of this document.

N(QTE 2  Soils (and other soil materials) are composed of a mixture of mineral particles, organic matter, water,
air (soil gas) and living organisms. In the case of some contamipatéd soils, a non-aqueous liquid phase might
algo be present. The solid matrix (phase), consists of particles of different size, shape and physical angl chemical
prpperties. The aim when carrying out soil sampling is usually to obtain sufficiently representative samples
thhat can be used to characterize the properties of the whale'soil entity (e.g. in situ soil in the form of a volume
or|horizon, or surface deposit such as a stockpile) or the portion considered relevant to the objectijves of the
inyestigation (e.g. <0,1 mm fraction for exposure asgéssment via hand-to-mouth activity). The prqperties of
discrete entities such as individual soil particles are notaddressed.

Sdqmple is generally used in this document-to mean the field sample. Sampling, therefore, means the
callection of one or more field samples. The field sample usually equates to the laboratory sgqmple [i.e.
the material sent to the laboratory (1SO-11074:2015, 4.3.7)], although in some cases, the field sample
is|subjected to pretreatment in the\field according to ISO 18400-201 to produce a sample aof smaller
size to send to the laboratory. The\laboratory sample is usually subject, at least in the case of| chemical
arlalysis, to pretreatment in the laboratory (according to ISO 11464) in order to obtain a teqt sample.
Physical and biological testing*usually require a different approach and often require use of the whole
of|the laboratory sample.\Information is provided in 6.6 and Clause 7 on the amounts of soill required
prjimarily in the context of chemical testing but also for certain physical tests.

Table 1 — Sampling approaches and patterns

Samples are taken from pre-designated locations

Systematic sampling

Conve- Judge- Reaul T Spatial
- egular samplin i
piefee | mental . . Simple | Stratified| Un- g pone cpmposite
spmipling | sampling | Linear |Circular| 7 & " |© " "0 "7 Non-rec- | §ampling
rapdomrandom|alisned

D -
RELLAIIZsU=

patterns|patterns . . : t
sampling| sampling | sampling |  Jar grid

tangular
grid

NOTE3  The terminology used to describe approaches to sampling and sampling patterns, etc. is not always
applied consistently. Because of the variability in the use and understanding of terms related to sampling, it is
important that those designing or carrying out site investigations explain what they intend to do, or have done, in
ways that will be understood by non-experts and avoid reliance on specialist jargon.

The overall site investigation strategy should take into account:

a) the client’s reasons for requesting the investigation to be undertaken (these should be clearly set
out by the client);

b) the decisions that need to be made regarding the site or other area to be investigated;

© IS0 2018 - All rights reserved 5
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c) the confidence required for making these decisions (this will determine the level of detail and
accuracy of measurements required);

d) the findings of any investigations already carried out;

e) known data gaps and uncertainties (e.g. in the conceptual site model, see 4.4);

f) the findings of any risk assessment(s) completed to date.

A preliminary investigation (see 4.3.2) in accordance with ISO 18400-202 should always be carried out
before any sampling or other intrusive investigation is carried out.

Once the preliminary investigation has been completed decisions should be made whether:

a) an exploratory and/or detailed (main) investigation is to be carried out, and in both cases, whether
to cafry out a single stage of sampling or two or more stages;

b) to zope the site, e.g. on the basis of past or current land use(s), intended use, or topography (if the
site i§ zoned a separate sampling strategy will be required for each zone), see 4.2;

c) therqare safety and environmental issues that could constrain the way that the sampling is carripd
out, Jee 5.9.

The objedtives of the site investigation should be set before the investigdtion strategy is determined.

The objegtives of a site investigation will vary, depending upon the\stage in the process that has been
reached dnd the underlying intentions for the land involved, but:could, for example, be to provide:

— information on the pedological state of the site to be sampled;

— information on potential agricultural productivity;

— information on the physical and chemical state.gf the site to be sampled;

— information on contamination of the ground and groundwater;

— information on natural concentrations of potentially hazardous substances;

— the information needed to form, enfurther develop, a conceptual site model, including identificatipn
of potential pathways and recéptors for the purposes of contamination-related risk assessment;

— suppprt for a risk assessnient;
— provide data for the design of remedial or protective works;
— provide data forré€-use of soil materials (see ISO 15176) or for their disposal as waste.

As informpation.dsideveloped during an investigation, the impact on the objectives and the objectivles
themselves should be reviewed to determine whether these require modification or extension.

The formulation or refinement of a r‘nnr‘pphm] site madel_see 44 _should n]\AmyQ he one of the
investigation objectives and the model should be reviewed and revised in response to the results of the
site investigation.

NOTE 4  The conceptual site model is to be no more detailed than required by the task in hand.

NOTES5  Guidance on the investigations of particular types of site and in connection with the assessment
for particular purposes is given in a number of other International Standards including: ISO 18400-205,
[SO 18400-206,1S0 11504, ISO 15175, 1S0 15176, ISO 15799, ISO 15800, ISO 16133, 1S0 19258 and ISO 18400-203.

NOTE 6 An investigation (of potentially contaminated sites) are often carried out in one of the following
contexts (see ISO 18400-203):
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in support of a proposal to develop or redevelop a site on behalf of the client (who might or might
site owner);

2018(E)

not be the

in connection with the potential sale and purchase of a site to enable its value to be estimated, taking into

account potential contaminated land liabilities and possible remediation requirements;

to “benchmark” site conditions (e.g. contamination levels) for future reference;

to determine whether it falls within a regulatory regime requiring remediation or some other form of

response.

Zd
N

in
lay

4

4.

Fa

ph
oV

2 Zoning

here logical and appropriate, the site should be divided into zones and separate~cence
bdels and investigation strategies developed for each zone. Zoning may be based, for. examp

near-surface geology (e.g. made ground or natural ground);
deeper geology;

topography;

probable absence or presence of contamination;

previous, current or planned land uses;

the nature of probable contaminants [e.g. volatile<organic compounds (VOC) or
compounds];

known differences in soil types;
observations on plant health;
intended future use.
ning should be reviewed after each(phase (and stage) of the investigation.
TE A stockpile or other above-ground deposit can be considered to be a single zone requirin

Festigation, or it can be divided'into a number of zones, for example to reflect the method of format
rers or by end-tipping), or ta réflect difference in appearance or on an arbitrary basis.

B Types of investigation

3.1 General

ur principal phases of investigation are described in 4.3.2 to 4.3.5. The relationship betw
ases and Other investigation-related activities is shown in Figures 2 to 4. The person desi
erall ‘site investigation should decide what phases of investigations are required, wheth

m

btual site
e, on:

inorganic

b separate
ion (e.g. in

ben these
pning the
Er one or

bre-of the phases should be carried out in stages, and the scope of each phase or stage of inve

stigation.

Typically, investigations should comprise:

a preliminary investigation (always required), see 4.3.2;
an exploratory investigation (not necessarily required), see 4.3.3;
a detailed investigation (required unless an exploratory investigation indicates otherwise),

a supplementary investigation (sometimes required), see 4.3.5.
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NOTE 4.3.2 to 4.3.5 have been
these are generally more complex

written with particular emphasis on potentially contaminated sites because
to investigate than other sites, for example investigation of an agricultural

field to determine the nutrient status would usually be a fairly simple task. However, the principles apply to all
sites and are intended to be applied as appropriate in individual cases.

| Decide if an investigation is required |

!

| Decide investigation objectives — 4.1 |

Prepare preliminary conceptual site model — 4.4

Is instrusive
investigation
required?

Yes

[s an exploratory

investigation required?

Y

Exploratory investigation —4.3.3

Decide objectives (investigation & sampling)
Design investigation
Design sampling strategy
Carry out investigation
Prepare sampling report

See Figures 3 and 4
Refine conceptual site model

A

Is a detailed
investigation required?

Detailed/inestigation — 4.3.4

No

Decide'gbjectives (investigation & sampling)
Design investigation
Désign sampling strategy
Carry out investigation
Prepare sampling report
See Figures 3 and 4

!

[ )

| Prepare factual report

!

Refine conceptual site model |

!

| Prepare interpretive report |

Figure 2 — Site investigation process
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Design sampling strategy For potentially contaminated site
consult ISO 18400-203

Decide whether to zone the site
(if so follow procedure below for each zone) - see 4.2

| Decide sampling objectives - see 5.1 to 5.5 |
Consider health and safety aspects

“| (see consult 1S0 18400-103)
| Decide sampling approach - see 6.2 |
| Select sampling pattern (if required) - see 8.2 and Figure 6 |
Decide number of samples location - see 6.5 and 7 «| Consider environmental aspects -

see ISO 18400-102

Decide on sampling depths - see 8.4

Decide number of samples at each sampling point - see 8.6.2

| Consider
| <+— Quality assurance (QA)/quality control (QC)

see consult ISO*'18400-106

Decide on sizes of samples required - see 6.6, 8.5 and Annex F

Decide on sampling technnique(s) - see ISO 18400-102 Consider whether to estimate sampling

uncertainty, and hence decide whether
it needs to be reduced -
see 5.8 and Annex C

| Decide on type(s) of samples - see 6.4
| Decide how to handle & transport samples etc. - see ISO 18400-105

!

| Prepare sampling plan - see ISO 18400-101 |

!

| Carry out investigation |

!

| Prepare sampling report - seed1SO 18400-107 |

Figure 3 — Intrusive investigation process for potentially contaminated sites or above
ground deposit
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Design sampling strategy Consider health and safety aspects
(see consult ISO 18400-103)

Decide whether to zone the site
(if so follow procedure below for each zone) - see 4.2

Decide sampling objectives - see 5.1 to 5.5

Decide whether to divide the site/zone/stockpile into Consider environmental aspects -
equivalent zones for sampling purposes - see 7.3.2 see ISO 18400-102

[ STieTTSpata S HITg PatteT T Hf Tequiret)=See 8- 2 amt Figure 6 i

Decide number of composite samples to take - see 6.5.4 and 8.6.2 |

Consider
| <« Quality assurance (QA)/quality controNQC) -
see ISO 18400-106

Decide on sampling depths - see 8.4

Decide number of crements in each composite sample - see Annex B |

Decide on sizes of increments - see 6.6 |

Decide on sampling technnique(s) - see ISO 18400-102 | Consider whetherto estimate sampling

uncertainty;-and hence decide whether
it needs’to be'reduced -
see 5:8,and Annex C

Decide how to handle and transport samples etc. - see ISO 18400-105|

1

Prepare sampling plan - see ISO 18400-101 |

!

Carry out investigation |

1

Prepare sampling report - see ISO 18400-107 |

Figure 4 — Intrusive investigation progess using spatial composite sampling to determine
average properties

4.3.2 Preliminary investigation

The first phase in the overallinvestigation process should always be a preliminary investigation. This
should include reference-to historical records and other sources of information, consultation with
relevant sources, andasite reconnaissance in accordance with ISO 184.00-202.

The overpll investigation strategy should provide for a review of the information obtained at the
conclusion of the preliminary investigation to determine if the objectives have been achieved (and are
still apprppriate) and whether there is a need to carry out an exploratory investigation (see 4.3.3) and/
or detailddinvestigation (see 4.3.4).

The output from the preliminary investigation should include an initial conceptual site model (see 4.4)
and can include a preliminary risk assessment (see 4.5) based on the information available.

NOTE1 Detailed guidance on preliminary investigations is provided in ISO 18400-202, including the type of
information that could be required in relation to particular types of site, e.g. agricultural and near-natural sites,
wooded sites and potentially contaminated sites.

NOTE 2  Preparation of a preliminary risk assessment requires interpretation of the information gathered
during the preliminary investigation. Although in the case of a potentially contaminated site, a preliminary risk
assessment will usually be an essential prerequisite for the design of further phases of investigation, guidance on
how to do this is outside of the scope of this document.
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4.3.3 Exploratory investigation
An exploratory investigation is a limited investigation and should be designed to:

— reduce uncertainty in knowledge of the site, including determining the validity or otherwise of
contamination-related and other hypotheses developed in the preliminary investigation, thereby
enabling the initial conceptual site model to be refined;

— provide information that helps the design of any subsequent detailed investigation.

NOTE 1  Exploratory investigations typically comprise one or more judgmental (targeted) sampling exercises
although systematic sampling or composite sampling are also sometimes carried out.

N(QTE 2  Detailed guidance on the design and execution of exploratory and detailed investigations of potentially
coptaminated sites, is provided in ISO 18400-203 and for natural and near-natural sites (e.g”agricpltural) in
ISP 18400-205.

N(QPTE 3 In the case of an agricultural site, an exploratory investigation could be used to confirm cpnclusions
from the preliminary investigation about the soil type(s) present or to test a hypothesis, for example| that poor
grpwth of vegetation is due to compaction and/or water logging. With this information available, the investigator
cap decide whether more detailed investigation is required, or that sufficientsinformation is availablg¢ to advise
the client (e.g. the farmer).

4.8.4 Detailed investigation

The detailed investigation should, as far as is practical, provide all the information necessarjy to fulfil
the objectives of the overall investigation.

|

=

the case of potentially contaminated sites it shoul@include collection of:

— all information necessary to test the validity or otherwise of contamination-related dnd other
hypotheses developed in earlier phases of¢he overall investigation;

— all information necessary for the assessment of risks to all potential receptors;

— information relevant to the selection, design and costing of remedial or protective works.
NOTE1 The detail required will depend upon the objectives of the investigation.

NQTE 2 When an exploratory'investigation has not been carried out, it could be necessary to test ajnumber of
coptamination-related and.other hypotheses in the detailed investigation as would be done during an exploratory

inyestigation.

N(QTE 3 Detailedyinvestigations of potentially contaminated sites typically comprise a combjnation of
julgmental and¢@ystematic sampling exercises.

4.8.5 Supplementary investigations

Areview of the outcome of the detailed investigation could identify aspects and areas Wwhere an
ur nr‘rﬂpfnh]p level of nnr‘prfninfy or dnfir‘innr‘y of information remains. Where such uncerthinties or
deficiencies are identified, a supplementary investigation should be carried out. This should be designed
to produce specific information. It should use judgemental (targeted) and/or systematic sampling as
appropriate.

NOTE In the case of potentially contaminated site, a supplementary investigation can be required, for
example:

— to provide additional information needed to design and cost remedial works, for example, to delineate
volumes of soil requiring remediation, or to carry out specific tests to evaluate the suitability of specific
remedial treatment techniques;

— to provide chemical testing information for the classification of wastes;
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— to monitor groundwater quality and levels, and/or soil gas conditions, after completion of the detailed
investigation to determine any changes in site conditions and to provide additional data to assess risks and
aid design of protective measures;

— to monitor groundwater and soil gas conditions during and after construction or remediation to determine
whether there have been any adverse changes in site conditions.

4.4 Conceptual site model

A conceptual site model, embracing all information relevant to the objectives of the investigation,

should b
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tabular, or a combination of forms as appropriate.

eptual site model should be first formally formulated during the preliminary investigati
dy and site reconnaissance) and should inform subsequent investigations, cdif’these a
, to meet the objectives of the overall investigation. One of the objectives for the over
fion should always be reduction of uncertainty in the conceptual site model.

Although the conceptual site model is usually first formally prepared following a preliming
on, it first comes into existence the moment the question is asked whether the site needs to
bd. At that stage, for example, it might be recognized that the site is agricultural land or is industrial la
sessor will immediately form an initial picture about what the site mightbe like and act accordingly|

The scope of, and level of detail in, the conceptual site model will depend on the objectives of
on and requires judgement on the part of the person preparing‘the model.

The conceptual site model in the case of a potentially centaminated site is a description and
htion of the site, incorporating what is known about the“ground and groundwater conditions, ]
| potential contamination, the physical conditions and“environmental setting, the current and p{
e site, the receptors and potential pathway linkages-between contamination sources and recepto|
e events such as flooding, changes in groundwaterlevel, global warming, extreme weather conditio
e of mines, etc.; in fact, all information relevantto the task in hand. Depending upon the objectives
igation, it could be relevant to consider new future receptors associated with the construction a
h of a new development, as well as existing'receptors. The conceptual site model leads, for example,
ation of contamination-related hypotheses (see ISO 18400-203:2018, Annex A) which the investigati
amines through the collection of releyant data.

. Guidance relating to particular objectives or site types is given in the relevant standards.

liminary risk assessment

e of a potentially contaminated site, a preliminary risk assessment should be undertak
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An ISO Standard providing general guidance on how to develop an appropriate conceptual site modlel

en

fnitial conceptual site model has been formulated and the source-pathway-receptor linka

on from previous investigative works should be either verified or used with caution.

Where lif

€S

h identified."Where adequate site investigation information has been obtained during the
ry investigation, a qualitative, or generic-quantitative, risk assessment can be undertakgn.

tle‘or no previous investigation has been undertaken, only a qualitative assessment can pe

made. The effects of uncertainties in the information available on the outcome of a risk assessment
should be identified.

NOTE

Guidance on carrying out a formal risk assessment is outside the scope of this document (see also
ISO 18400-203). Risk assessment covers:

a) identification of contaminants, pathways and receptors;

b) estim

ation of the likelihood, nature and extent of exposure to a hazard, and the risk of adverse effects;

c) assessment of the likely pollutant linkages and the degree of risk;

d) evaluation of the need for controlling the identified risk.
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Site investigation provides baseline information for stage a) of the process.

5 Sampling strategies — General aspects

5.1 Sampling objectives

The sampling strategy, which forms the basis for the sampling plan (see ISO 18400-101), defines what
samples are to be taken and where they are to be taken from. Before the soil sampling strategy is
developed:

— apreliminary investigation should be carried out in accordance with ISO 18400-202;
— an initial conceptual site model should be developed, see 4.4;

— any safety and environmental issues (5.9) or other factors (5.10) that might constrain theg way that
the sampling is carried out should be identified;

— clear and appropriate objectives set.

Sqmpling objectives should be developed from the site investigation' “objectives” (see 4.l) taking
info account which of the principal situations defined in 5.4 apply“to the site, whether any of the
characteristic distribution of properties described in 5.6 is believed likely to be present) and any
agplicable regulations or guidance.

The objectives should include statements regarding what information is required including:

— whether information about spatial distribution of seil properties is required (see 5.6);
— whether information about average properties-is required (see 6.3 and 7.3);

— what properties and characteristics are of interest;

— what aspects of variability are of interest;

— what “scale of sampling” is required (see Annex D and Annex E).

When intending to determine.the average properties, the area, volume or feature for which thle average
is|required should be carefully defined taking into account the purpose of the overall invelstigation.
When the results of the investigation become available, the appropriateness of calculating ah average
fo the previously defined entity should be carefully reviewed.

NQPTE1 It might, for example, be decided that the objective is to determine the average value of a property in
the surface soil in'a field. However, the investigation can show that there are two distinct soil types present and it
is,|therefore, mofe appropriate to calculate separate averages for the two soil types (this is of course npt possible
if pnly composite samples covering the whole field have been taken, see 6.4.5 and 7.3).

NQTE2 \/~There might be occasions when determination of other population parameters might be required.
T}Wmmated

site where it may be necessary, for example, to obtain analytical and other data to aid assessment
of risks to human health and the environment, to assess materials for waste disposal and to comply
with requirements in relation to the health and safety of construction workers. It is likely to be more
economical if single samples, or at least a set of samples, can be taken to serve all purposes in a single
operation. However, care should be taken not to compromise achievement of the different objectives for
sampling.

5.2 Scope of the sampling strategy

The sampling objectives usually determine which type of sampling strategy is adequate and how
reliable the sampling should be. When there is only an indirect relation between sampling objectives
and sampling strategy, the programme manager has to define the quality and type of sampling explicitly.
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Depending on the sampling objectives, the sampling strategy should define specific operational

elements

that will subsequently form the basis of the sampling plan (see ISO 18400-101) including:

— the soil to be sampled (the population), [this might, for example, be the site, a zone, horizon or above-
ground deposit (e.g. stockpile)];

— whether the whole of the soil is to be sampled or whether there are particular fractions (e.g. based
on size or appearance) that are relevant for the objectives of the investigation including whether

selec

— thec

tive sampling is required (see 6.4.6);

'\mpnnnnfc tobe determined nndllnr‘ teststobe carried outonthe camp]nc;

— the gtatistical parameters to be determined (e.g. mean concentration, degree of heterogene€i
percentile);

— likelyy measurement uncertainty arising from different sampling approaches, see 5.8;

— the type of sampling (e.g. judgemental, systematic or composite, see 6.2.2 and 6,.2.3);

— type
— thed

s) of sample to be taken, see 6.4;

ensity of sampling (e.g. distances between sampling points);

— samgpling locations including sampling pattern;

— depth of sampling;

— size ¢f sample(s), see 6.6;

— number of samples to be taken at each sampling pointior over each area in the case of compos
sampling, see 6.5 and Clause 7;

— definlition of the desired level of uncertainty (i.e\bias and precision, see A.5.2, A.5.3) and confiden|

requ
— phas

[tis impo
out that

plan. For
potential

NOTE

red (see also Annex C);
ng and staging of the investigation{see Clause 4).

rtant to recognize that there could be a variety of constraints on the works that can be carri
thould be taken into accouhtwhen transposing the ideal sampling strategy into a sampli
bxample, access, groundsstability, the safety of those doing the work and the general public, a
impacts on the environment while the works are in progress or at a later date (see 5.9 and 5.1/

plan. However, the person~developing the sampling strategy might wish to include preferences regarding t

technique

5 to be used. Guidance on the techniques that can be used to obtain samples and their application|

provided in ISO 18400:102.

5.3 De
The desi

signing the sampling strategy

Ly,

ed

ng
nd

).

Decisions on how-the-samples are to be obtained usually form part of the development of the sampling

he
is

—

ner of the soil campling exercise should have an nndprcf:\nding ofhow the information that

is

to be gathered is to be used including any statistical analyses that are likely to be employed (see 5.6), of
the factors that can contribute to sampling errors and uncertainty (see 5.7) and what would constitute
a sufficiently representative sample in the context of the investigation (see 5.5).

The sampling strategy should take into account:

— theo
— thep

— thec

bjectives of the investigation;

ossibility of zoning the site (see 4.2);

onceptual site model developed to date (see 4.4);

— site-specific factors, (for example, the site size and topography, physical obstructions);
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— the location of buried services, etc.;

— the need to avoid creating routes for migration of either gas or (contaminated) groundwater;
— protection of health and safety and the environment (see 5.9 and ISO 18400-103);

— temporal effects and the significance of such effects on the results of the investigation;

— locations and extent of any proposed buildings and infrastructure;

— off-site considerations;

— how data and other information used to inform risk assessment are to be analysed and:ptésented so
as to aid understanding of the data.

5.4 Principal sampling situations

The sampling strategy and the statistical methods to be used should take,into account whjch of the
fo]lowing two sampling situations is applicable to the site or zone that is tocbg sampled:

a)| sampling is required at the ground surface and/or in the ground beneath the surface, i.e. in-ground
sampling;

b)| samplingis required of materials that have been deposited’onthe ground surface, i.e. above-ground
sampling.
NQPTE1 Ground is used here to mean all materials below the ground surface, including natural materials and
a:lthropogenic materials (i.e. materials resulting from human activity). The ground surface might be formed by
natural in situ materials or anthropogenic deposits in theform of (engineered) fill or “made ground”.

Fdr each of these sampling situations, decisions should also be made whether information is
required about:

— spatial distribution of soil properties;
—{ average properties.

Thus, there are four principal sampling situations that might be encountered as shown in Table 2.

Table 2 — Principal sampling situations

In-ground sampling Above-ground sampling

I 111

Spatial distribufion In-ground sampling to determine Above-ground sampling to de-
spatial distribution of properties termine spatial distribytion of
properties

II IV

Ayetage properties In-ground sampling to determine Above-ground sampling o deter-
average properties mine average properties

NOTE “Spatial distribution” is used here with a general, geographical meaning: the arrangement or pattern of areas where a
soil property has large values (e.g. exceeds a threshold), or the arrangement or pattern of contaminated areas (see also 5.6).

Whatever the principal sampling situation, a decision should be made about how to address the
variability of soil properties, taking into account the guidance in 5.6 about scale, etc. and 5.8 about
sampling uncertainty.

When in-ground sampling is to be carried out, it is almost always possible to form exploratory holes in
the surface in order to investigate the ground beneath. Obviously, not all sites are flat and the ground
could be sloping, uneven, or in places of low bearing capacity; and access to all parts of the site might
be difficult for a variety of reasons. Nevertheless, it is possible to envisage placing a two-dimensional
pattern across the site and then sampling at varying depths at each sampling location. The depth
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intervals for sampling will typically be much less than the spacing between the nodes of the sampling
pattern (see B.1.3 and B.12).

In contrast, the starting point for sampling a stockpile or other above-ground deposit is to assume that
the main interest is in average properties and that an equant three-dimensional sampling pattern is
required. In practice, this will often be difficult to achieve for a variety of reasons (see Clause 9) and a
pragmatic approach to sampling based on the expert judgment will often be required (see B.12). One
of the major difficulties is that stockpiles and similar deposits are usually unconsolidated and thus
unstable.

Engineer-d dcpuaitb stchrasrattandroadembankments present other 528 oblents: A}thuugh thereconyld
be alevel[surface, this will often be occupied by a road or railway limiting access except when absolutgly
essential] Sampling on the sloping sides is then likely to be required. This presents consideralle
practical |and safety issues, will often require the use of specialist and expensive equipment; and thus
also requijire expert judgement about how and where to sample.

Some natlural deposits (e.g. landslips, recent deposits of volcanic ash, scree slopes)~ean have similar
charactetistics to anthropogenic deposits in that they are generally unconsolidated<and unstable, and
are often|underlain by sloping ground, e.g. landslips. The investigator will have\to’decide how best|to
approach|such ground taking into account the information that is being sought and the paramount negd
for safety

NOTE 2 | Type a) sampling situations where in-ground sampling of soil materials is to be carried out include, for
example, ggricultural or sylvicultural soils, potentially contaminated sites-and landfilled materials (see Note 4).

NOTE 3 | Type b) sampling situations include, for example, embankrhents, waste dumps, and stockpiles of such
materials ps wastes, processed soils, manufactured soils and excavated materials.

NOTE 4 |Inindustrial and other urban sites, the soil is seldonithe original undisturbed soil: the soil might have
been “disurbed” during building and other works, buildingsimight have been demolished and the waste sprefad
around, the soil surface might have been smoothed with-a’bulldozer. Consequently, the soil material can be vdry
heterogengous. A dump from a mine or from steel works will usually have been formed over a number of years
(sometimg¢s decades) with a variable composition ofithe waste (some are now mined as true ore bodies). In bdgth
cases, the [present soil results from these transforthations and its properties can be studied as depending on the
x, y, z coorflinates. In contrast, a truck load or a‘temiporary stockpile of loose material deposited on the surfacelof
an otherwlise level site has to be approached in a different way.

NOTE 5 |Investigations to determinespatial distribution of properties can also provide information on average
propertieg (see 6.3 and Clause 7).

5.5 Representative and-sufficiently representative samples

Soils (and other soil mdterials) are composed of a mixture of mineral particles, organic matter, watgr,
air (soil gas) and living organisms (see Note 2 in 4.1). As the soil as a whole cannot be analysed, spil
samples pre takenyand investigated as representative of the whole soil. The assumption that the
results of thesesinvestigations on samples represent the total soil volume of interest is always an
approxinlatigny the reliability of which depends on additional information about the soil, the site and
use of anp @ppropriate sampling strategy. In other words, the sampling strategy should guarantee
that, together with additional information (on site observations, background Information, previous
investigation results, etc.), the results for the samples analysed allow estimation of relevant properties
of the total soil volume under investigation (or that part of interest) to a sufficiently reliable degree, in
accordance with the sampling objectives.

Whatever the purpose of the investigation, a sound conceptual site model should be developed, which
when spatial variability of soil properties (including contamination) is of particular interest, should
include what is known, or believed to be, the processes that led to the anticipated spatial distribution of
properties. The sampling strategy, especially when average properties are of interest, should be based
on statistical methods, as far as practical and appropriate.
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5.6 Characteristics of the spatial distribution

Soil materials are inherently variable in composition. A key element of sampling programme design is
an understanding of the main components of variability in the soil being sampled (the population).

Two distinctive types of variability can be distinguished:
— atvery small scale, that of soil particles, i.e. fundamental variability;

— atlarge scales, i.e. spatial variability.

NQPTE1 Scale is an important concept, as heterogeneity is a scale-dependent characteristic: soil properties
shpw less heterogeneity with large-scale measurements than with small-scale measurements."Tw¢ scales of
sampling are usually considered: the scale of the sample and the scale of the assessment. Thesexarely ¢oincide. A
discussion about the scale of sampling is provided in Annex E.

N(QTE 2  One cause of spatial variability can be temporal variability in the nature and composition offthe soil or
sojl materials making up the soil volume (population that is to be sampled). Examples:of when this might be the
cape include:

—| when materials have been deposited in stockpiles over a period of time;
—| when materials have been deposited on the ground surface by spreading’or end tipping over a peripd of time;
—| when there have been a number of flooding events;

—| when there have been a number of land slips or similar events:

When temporal effects are expected based on the process wherein the stockpile or other deposit was
formed, these effects should be accounted for in the assumptions on the spatial variability.

NOTE 3 Fundamental variability and spatial variability are discussed in detail in Annex A.

NQTE 4  Spatial variability usually occurs at all scales from that of sample increments to that of large volumes
or|even the whole site of interest.

NQTE5 How a substance or particular’material is distributed within a soil is of particular impoiftance. For
expmple:

—| acontaminant (e.g. cadmium)might be concentrated in the finer fractions of a soil which form a ijeasonably
constant portion of the-seil. In this case, the analytical result obtained will be similar whether|just a few
hundred grams are takento form a sample or whether many kilograms are taken, i.e. it is comparatively easy
to obtain a representative sample; or

—| the contaminantmight be concentrated in slag particles, of say about 10 mm diameter distributed unevenly
through thesoil. In this case, if the laboratory sample is too small, it might not include any of the slag particles,
or unlessitis realized in advance that cadmium might be present in this way, the >10 mm might He rejected
as “stores’ and of “no interest” by the laboratory unless instructed otherwise thus leading to a misleading
analytieal result. In this case, a particle size analysis and separate analysis of fractions might He the best
approach. However, for meaningful results, it would be necessary to take large samples (how large would
depend on the number of particles/m3); or

— the substance of concern might be present as discrete particles or fragments of material distributed unevenly
through the soil, e.g. lead shot in areas where game birds are regularly hunted; fragments of asbestos-
containing materials; asbestos fibres; or pieces of copper wire; plant roots.

In the third example there is usually no spatial relationship between the occurrence of one particle/
fragment and another (e.g. there is no concentration gradient between them) although if it is known
how they arrived in the soil it might sometimes be possible to predict areas where particles/fragments
are more likely to be present.

Analogous to the third example is when there is combustible carbon present in a soil. Whether this is
evenly distributed, or present in discrete lumps (e.g. fragments of coals or wood) the calorific value
might be the same. However, the ignitability, combustibility and ability to sustain smouldering could be
very different.
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[tis impo

rtant to take into account that the substance of concern might:

— occur predominantly in solution in the pore water and that, consequently, care should be taken to
capture and retain the water during sampling;

— be present as, or occur in, a non-aqueous phase;

— beco

ncentrated in plant roots having been taken-up or adsorbed from the soil.

The anticipated variability at varying scales should be considered when developing the conceptual
site model (see 4.4) and the subsequent investigation should include among its objectives an aim to
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this variability. Achieving this aim requires that samples are taken from sufficient samplj
selected by application of an appropriate sampling pattern(s), taking enough samples-atea
see 6.5) and taking samples of sufficient size (see also 6.6, Annex B and Annex F).

tistical aspects

standing of certain basic statistical principles and concepts is essentidlfor the design
strategies and to the processing, presentation, analysis and assessmeént of the results
exercises (see 6.1, Annex A and Annex H which describe basic statisticalprinciples and concef
application in soil sampling programmes). Of particular importdnage is an understanding
epts as fundamental variability (see A.3.3) and spatial variability (see A.3.4).

certainty of measurements caused by sampling and analysis

Overall uncertainties in the measurement results obtained during site investigations originate frd
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Because of these inherent measurement uncertainties, it is important not to treat laboratory
measurements as “true” values, or to place undue reliance on single analytical results, and also that
assessors employ their experience and professional judgement when interpreting data.
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5.9 Safety and environmental protection

Sampling strategies should take into account the need to protect the health and safety of those carrying
out the work and of the general public, and the need to avoid causing adverse environmental impacts
during the works or at a later date (e.g. contamination of groundwater).

NOTE Guidance on the safety aspects of site investigation are provided in ISO 18400-103. Guidance on the
selection of sampling techniques and their application taking into account health and safety and protection of the
environment is provided in ISO 18400-102.

5.0 Barriers to sampling

It |s not always possible to sample at a planned location (e.g. on a regular grid pattern)-due to|a variety
of|reasons (e.g. presence of a tree, large rock, building, buried foundations or services; difficulties of
access). Contingency plans for dealing with such situations should be made in advance. The|action to
take depends on the circumstances. The investigator might ignore the point or follow predetermined
rules for choosing a nearby substitute location (e.g. alternative position within10 % of the grid space,
or] paired sampling along grid lines either side of the obstruction). Ad ho¢)décisions made irf the field
as| they arise can lead to bias. An attempt should be made when marking-out the site to identify such
obstructions in advance of actual field work.

Similarly, when judgemental sampling is being employed, site conistraints might limit wher¢ samples
can be taken from so that an element of “convenience” is often’inevitable when selecting [sampling
lotations. For example, safety zones around underground storage tanks will limit where holes can be
drjilled on a vehicle fuelling station so that the locations, thHat have to be used might not be those that
would give the highest probability of detecting a leak, However, the locations where drilling|is to take
place can still be pre-selected so this is not “true convenience sampling”.

In|all cases when a sampling point has to be relocated, this and the reasons for relocation $hould be
clearly indicated in the sampling report (see 1S0*18400-107).

Preliminary investigations as described(in 4.3.2 should provide as much detail as possiple about
coanditions expected to exist on the sitle, and should therefore guide the design and execution of the
sglmpling programme. However, it canriot totally protect against the danger of misinterpretatiion of the
results of intrusive investigations,'and the selection of sampling points should take this into agcount.

Examples of possible misinterpretation include:

— very thin soil layers of horizons which are not recognized in a core sample, sometimgs due to
smearing at tube-wall contacts;

— erroneous cerrelation of horizons at different soil profiles in the same area;

— anomaliés~in the soil “missed” by intrusive investigations, e.g. foundations of buildings, spots of
waste, barrels, tanks;

— efroneous indication of bed rock upper limit due to encountering lumps of rocks;

— erroneous indication of bed rocK upper IImit by "hitting the shoulders or a groove;

— missing the natural sequence of layers/horizons due to near-vertical layering (occurs especially in
geological material and in fill and wastes when “end-tipped”).

Certain geophysical methods can give useful information that can help to avoid such misinterpretations.
The merits of using such methods will depend on the objectives of the study and a variety of site-specific
factors (see ISO 18400-203:2018, Annex B.

5.11 Timing of investigations

In some circumstances, it could be necessary to restrict sampling to specific periods of the year. For
example, if the characteristic or substance to be determined is likely to be affected by seasonal factors
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or human activities (weather, soil conditioning/fertilization, use of plant-protective agents or presence
of nesting birds).

NOTE
periodical

This is particularly important where monitoring lasts several months or years, or is continu
ly and therefore requires similar preconditions every time sampling is carried out.

6 Sampling strategies — Key aspects and concepts

6.1 Statistics and geostatistics
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eneral
Clause 6 is primarily informative but there are some recommendations within some of{\the claug

). It is included in the main text of this document because an understanding of certainj)key concept{
pr the application of the guidance provided in Clauses 7 to 9.

hminant concentrations) and the uncertainties in these parameters fronr the sample data
tainties are too large, these methods are also used to design further sampling in order
bjectives for parameters such as the concentration in a grid cellsThis can also be done at
pling stage by reference to similar situations.

bpatial variability in concentration, and the measurement dricertainty of concentration caus
ng and analysis, can be quantified as standard deviation (or its square, variance). The tof
can be sub-divided to identify its source (e.g. within; orxbetween-sample) (see Annex C).

fatistical nor geostatistical methods can be used.in‘the case of judgemental sampling (e.g. dg
located in areas assumed as likely to yield high' contaminant concentrations) except in t
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of independent random variables-offer techniques for estimating parameters of a statistic
on and confidence intervals: mean value, standard deviation, probability not to exceed a giv|
, etc.

bach is valid when the medium is so heterogeneous that there is no spatial structure. Anoth

because a stratified-vandom pattern, as well as a regular grid, leads to more precise estimat

Detailed information on statistical concepts is provided in Annex A and on their application
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rapy to the application of geostatistics is the characterization of spatial and/or tempoj
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variability with the variogram and other spatial exploratory analysis tools.

NOTE 1

A geostat

Values at locations that are close together are more similar than those further apart. They depend
upon one another in a statistical sense. This property, known as spatial dependence, is the basis for geostatistics
or spatial statistics. In this approach, the similarity or dissimilarity of the values taken by the variable of interest
at two different sample points is statistically represented by a function of their distance, the variogram.

istical approach can be used in most situations not covered by statistical formulae, if:

— the scale of interest does not coincide with the sample scale (e.g. the interest lies in properties of

large

cells whereas only spot samples are available);

— the concern is in local properties rather than global properties (e.g. the average value of a property
in a given cell, or the probability that this average property exceeds a given limit);
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— when sampling points are (within certain limits) unevenly distributed provided that sampling is not
systematically focused on specific areas such as locations where high concentrations are expected;

EXAMPLE1  Declustering techniques enable the use of a combination of a regular patte
judgemental samples in areas where large concentrations are likely.

— auxiliary information is to be incorporated.

rn and of

EXAMPLE 2 A qualitative property, or a secondary property linked with the property of in
known at any location.

Although application of geostatistics is proven when certain criteria are met, it can-be‘unhelp
are not. For example:

the requirement is simply for the estimation of the mean concentratiomof a site, the app
geostatistics is unlikely to be worth the extra cost;

— the site should be suitable in terms of size and complexity; if thesite is small there could
withjustifying the large numbers of sample required (n > 100 iSdesirable even ifa spatial ex|
data analysis can be of interest with much less data), and(if it is known to be made up

areas of different materials, there might well not be broad'trends of geochemical variatior
fit sufficiently well to a single variogram model. It will be necessary to study each area s
with the risk that some of them do not have enoughsamples for a sound geostatistical apy

terest and

ful if they

— the objectives of the site investigation should require spatial resolved estimates of concer;ltration; if

ication of

be issues
ploratory
bf several
) that will
bparately,
roach.

The sampling strategy also has to be suitable, siot only in ensuring the required total n|
samples, but also in ensuring that their coverage'of the site is even enough to not leave gaps

mber of
here the

interpolation of concentration values is highly uncertain. Probably the most important requirement
is|for sufficient expertise in the personnel undertaking the designing of the sampling plap and the

subsequent geostatistical interpretation.

Many software packages purport to,provide geostatistical interpretation of measurements
site investigations, but in inexperienced hands, they can produce apparently convincing oy
could have little basis in reality. These comments more generally apply to all interpolation
arld models aiming at predicting concentration estimates at unsampled locations. Wha
characterization approach-chosen to support remediation decisions, expertise in sampling d
experience in site characterization is obviously fundamental to their proper application.

NQTE 2 See AnneXH for a detailed discussion of geostatistical methods for sampling design and ev
sojl quality.

A series of geostatistical methods, named “kriging”, enable the calculation of optimal estim|
statistical'sense) and of the property of interest at unsampled locations or over grid cells. It alsd
canfidence intervals. An alternative to kriging, called “conditional simulations”, is to gener

ade from
tput that
methods
tever the
psign and

hluation of

ates (in a
provides
ate fields

thptdnimic the variations of detail of the real variable; they are used as substitutes for the

unknown

reality to evaluate, for example, contaminated volumes, pollutant mass, or the uncertainty o

f the cost

of remediation. These methods offer the possibility of anticipating the gain in precision that will be
obtained with supplementary samples, and thus to optimize the design of further sampling plans.
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6.2 Approaches to sampling

6.2.1 General
There are two principal approaches to the determination of spatial distributions:

— judgemental sampling is based on already available information (prior knowledge) and expert
judgement - although this can provide valuable results at reasonable efforts, these results cannot
be considered as representative in a statistical sense;

— systdmatic sampling 15 based on statistical considerations and requires a predefined samplipg
pattdrn before starting the field work (a variety of sampling patterns is available depending.lippn
the situation to be explored).

Sound practice is often to combine the two approaches.

NOTE The approaches to sampling described in 6.2.2 to 6.2.4 and their relationshipte_one another qre
illustrated in Table 1.

6.2.2 Judgemental sampling

“Judgemental sampling”, sometimes called “targeted sampling” or “preferential sampling”, is where
samples are collected taking into account what is known about the/history and layout of a site orf a
zone within a site. It is the best approach for situations wherein a eharacteristic (e.g. concentration)|of
a constityient is to be determined at a specified location (e.g. a sniall'area where spillage has occurred,
for the dglineation of the area or volume of soil affected). Otherexamples where judgemental sampling
might be|required include around underground storage tanks or pipelines where there might haye
been leaKs, above ground storage tanks where there mightltave been spills, areas where raw materigls
or wasteg have been stored and known deposits of wastesin the ground.

Judgemernjtal sampling can be supplemented by systématic sampling (see 6.2.3) in order to confirm tHat
there arel no other areas of contamination. This(s particularly important for old industrial sites and
other potentially contaminated sites whose history is not precisely known.

Within the sub-area of a site to be subjected to judgemental sampling it is still possible, and oftgn
sensible, to adopt a localized sampling pattern to ensure that the area in question is examined in {ts
entirety and as far as possible the extent of the affected area or volume can be delineated.

The use ¢f judgemental sampling-in situations where the average characteristic is to be determined
will near]y always result incsamples being taken from a sub-population, which is substantially mdre
restrictive than the whole-population. But within that sub-population it is feasible that the sampling
could be ['systematic”, se¢ 6.2.3. This means that provided that the sampling is indeed systematic for
that sub-population, the results will still be representative for the part of the population sampled
(within which thecenditions for systematic sampling are met), though it still runs the risk of exhibiting
a larger uncertainty for the whole population.

h

) y cl ly
is no way of assessing the uncertainty in any

Judgemer
is undert Fexped -
concerned with sampling parameters (see 6.2.4). There
subsequent data that results from the sampling steps.

tal.sampling should not be confused with “convenience sampling” or “ad hoc sampling” whi

; O O O O OTC

The uncertainty resulting from judgemental sampling is highly dependent on the quality of the
background information, on which any expert judgement and ultimately the sampling plan, is based.
This will be especially sensitive for new sampling scenarios where there is an absence of suitable
information or validation results.

Over reliance on “prior knowledge” can lead to unjustified assumptions being made that parts of a
site are not contaminated and need not therefore be sampled at high spatial density, hence the need
often to combine systematic sampling with judgemental sampling and/or to target areas assumed to be
uncontaminated.
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6.2.3 Systematic sampling

Systematic sampling as defined in this document involves taking samples from predetermined random
locations (random sampling) or non-random locations determined by use of sampling patterns.

Some systematic sampling patterns are regarded as “probabilistic”, i.e. they ensure that each particle
or element in the population (e.g. in situ volume of soil or stockpile) has an equal chance of being part
of the sample. This means it is easy to obtain a quantifiable level of reliability (or uncertainty in the
estimated mean value and enables estimation of variability) of the results for the population being
tested. However, non-probabilistic sampling patterns can also yield this information if the appropriate
statisticat methodsareapptied to the tesults:

The principle types of systematic sampling are:
— simple random;

— stratified random;

— regular sampling; and

— unaligned sampling.

Sinple random sampling involves selecting locations randomly in‘the domain of interest (e.ga field or
other site) and independently of one another.

Stratified random sampling involves selection of each sampling point randomly within the|cells of a
regular sampling pattern.

Regular (systematic) sampling involves taking samples at the nodes of a regular pattern, such as a
square, triangular or hexagonal grid.

Sylstematic unaligned sampling involves taking samples off-set in both a systematic and random way
from the nodes of a regular grid (this improves the chances of locating an elongated area of atypical
properties).

Whhen a regular grid is employedthe initial location from which the nodes of the grid are derived is
selected at random.

Sylstematic sampling can be)performed stepwise: if the results exhibit too high an unceftainty, it
is|possible to take additiénal random samples or to refine the grid, which will result in an jmproved
measure of uncertainty, at an additional testing cost.

Sylstematic sampling can be supplemented by judgemental sampling at locations wHere high
concentrations-are suspected.

Fgr the same‘'sampling effort (i.e. a given number of samples), simple random sampling is always less
efficientthan stratified random sampling, which is itself usually less efficient than regular{sampling
[efficiency measured in terms of estimation variance of the concentration, and at locating 4 hot spot
(s¢€-8.2.3 and Annex I1)].

In terms of statistically efficient sampling, a regular equilateral triangular grid provides the best
selection of sampling points. For a square grid with one node per unit area, the distance of a point to the
nearest sampling point never exceeds 0,707 units of distance, i.e. the greater ease of use of the square
grid is offset by the slightly greater area of un-sampled site

NOTE Further guidance on sampling patterns and their application is provided in 8.2 and 9.2 and Annex B
and Annex I.

6.2.4 Convenience sampling

Some investigations are carried out without predetermined sampling locations. There could, for
example, be circumstances in which the application of either of the above two approaches is not possible
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because, for example, access around a site is severely limited, so that samples can only be taken in
limited areas which might not be those that are actually of most interest on the basis of the site history.
For example, on a vehicle dismantling site, the areas of interest could be beneath stockpiled vehicles
or there might be growing crops in a field that limit access during the season when the work is being
carried out (see 5.11). In such situations, only convenience sampling can be carried out. This should not
be confused with the application of random distribution of sampling points, because persons usually
cannot distribute sampling points randomly without preparation, i.e. they cannot ensure that at every
point in the area, despite the position of the other sampling points, a sample will be obtained with equal
probability.

When saipling is to be carried out without a predetermined plan, care should be taken that sampling is
carried opit by an appropriately experienced investigator.

6.3 Average properties

Average fjroperties can be derived using composite samples or by averaging the resultsofinvestigations
to deternjine spatial distributions. In both cases, it is essential to carefully define the.area/zone/volumne
that is tof be sampled and to understand what is being sampled. This can be patticularly importgnt
when corhparisons are to be made with published assessment criteria requiring consideration of, for
example, jupper and lower confidence limits (see 7.3.4).

When composite sampling is employed, taking a number of independent samples and averaging the
results cdn reduce uncertainty in the estimated mean value and enabl€ estimation of variability.

If averagg concentrations and variability parameters are to be derived from sampling used to determihe
spatial distributions, it is essential to define very carefully the'wolume of soil for which the averagelis
being calgulated. While an average is always a valid parameter, its practical and theoretical usefulngss
will be linited if, for example it includes different soil typés; sampling horizons, or zones with differgnt
contamination histories.

NOTE Further guidance on determination of average'properties and associated variability is provided in 7.3,
A.5.4,and|Annexes E, F and H.

6.4 Types of samples

6.4.1 (eneral

NOTE This subclause is mainly” informative. Guidance on the choice of sample type(s) for particular
applications is provided in 8.2 and-9.2.

6.4.2 Disturbed and'undisturbed samples

Two basi¢ types of samples are collected for the purposes of investigating soil and ground conditions

— disturbed'samples (ISO 11074:2015, 4.4.8), and

— undisturhed qnmplpq (IQO 11074-2015. 4.4 '21)

Disturbed samples are suitable for most purposes, except for some physical measurements, analysis
for volatile substances, and microbiological examinations for which undisturbed samples could be
required. Disturbed samples may be taken as single spot samples (6.4.3), cluster samples (6.4.4) or as
spatial composite samples (6.4.5) where this is appropriate for the objectives of the investigation.

Undisturbed samples are inherently spot samples, i.e. taken from a specific material at a specific location
and depth, although the initial undisturbed field sample might sometimes be taken over a depth range
or be of extended lateral extent (e.g. when a core is taken for later examination and subsampling in the
laboratory).
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6.4.3 Spot (single) samples

Spot samples are taken as a single increment or formed from a limited number of increments of material
that lies in direct contact. If there is a space left un-sampled between the increments, the result will be
a cluster sample (6.4.4), which is not a true spot sample.

Spot samples are required in cases when information about the distribution of a substance or other
property over a defined area or with depth is required. They are essential for estimating the degree of
heterogeneity of a population or to detect limits of anomalies. Information resulting from spot (single)
samples will be quite precise in general. To characterize a population, a large number of spot samples
mightbeecessary:

Juggemental sampling around known or suspected sources of contamination, hot spots,|or other
arjomalous areas, also requires single samples.

6.4.4 Cluster samples

Cluster samples made up of a small number of increments are appropriateswhen sampling| top-soils
fof contamination (a number of small samples are taken over a defined\area such as 1 m2) or when
uging machines for excavating ground to obtain samples. In these latter circumstances, th¢ samples
shiould be formed by taking portions from locations within the bucket of excavated material. The use
of|cluster samples can reduce sampling uncertainties. This type 6f composite sampling is pafticularly
agpropriate when using trial pits, when surface samples (e.g{at depths of 0,0 m to 0,15 m) pre being
taken and when carrying out validation sampling of importéd topsoil.

6.4.5 Spatial (composite) samples

6.4.5.1 Characteristics

De¢pending on the nature of the investigation;the defined sampling strategy and the objectiyes of the
inyestigation, the use of spatial compositeysamples may be considered. In some situations the use of
cogmposite samples could result in dilutioh or loss of components, and hence the risk of not detecting
cgntamination. However, composite:samples can enhance the representativeness of the samples and
mpy be considered in a number of\specific situations. Composite samples may be produced i the field
by combining increments from\not identical locations or spot samples or subsamples of spof samples
(im general the larger the number of increments, the more reliable the average result will be in case
of|more homogenously distributed properties). Alternatively, individual samples can be combined and
thioroughly mixed in thelaboratory.

Sgatial composite §amples are typically obtained by collecting a number of equally spaced infcrements
of| the same sizg, following a prescribed pattern, over a sampling area. These samples afe bulked
together to formthe composite sample. This sample represents the mean quality of the area|sampled.
Cdmpositesampling is often used where a sample is required to evaluate soil quality for agficultural
pyrposes:or for waste characterization of a stockpile. They can sometimes be used when inv¢stigating
contaminated sites but only under very carefully defined conditions (see 6.4.5.3, Note 2).

MJI < bl)ULifiLd}}_y, thc usS<c Uf LUlll}JUDitC bdlllp}cb llld_y ]UC LUllDidUl Cd VV}lCl C.
— there is homogeneous distribution;

— there is heterogeneous distribution over a small distance, but over a large distance the distribution
is homogeneous;

— the components are non-volatile or semi-volatile.

Composite samples deliver, per se, averaged information with no information on variability, or sampling
uncertainty (unless the composite sampling is replicated).

The use of composite samples could be of assistance in situations where there could be a large degree
of variation of composition over a short-scale, but where on a larger-scale the distribution might be
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considered to be homogeneous, for example, where ash or slag is mixed with soil. In this instance,
composite samples might give much more representative analytical results.

Whether the composite samples are formed in the field or in the laboratory, only increments from
within the same soil stratum should be combined.

NOTE1 Combining samples/increments that come from different soil layers would result in a loss of
information, and only combining neighbouring samples/increments will also ensure that any large-scale spatial
variation in concentrations in the plane of the soil layers will be detected.

NOTE 2 There are various forms of composite sampling, mainly characterized by the size of the area from
which the|incremental samples that make up the composite are taken. This could vary, for example, betweeh a
few squarg metres and thousands of square metres. Cluster samples (see 6.4.4) are taken over a very small ailea
(e.g. 1 m2)|and are used as an alternative to spot samples.

6.4.5.2 |Advantages, disadvantages, limitations
Compositle samples are often used to reduce the number of analyses required.

Informatjon resulting from composite samples can neither reflect extreme values nor local variations
or gradients. If the number of increments is too high, anomalies can become.obscured.

6.4.5.3 |Recommendations for application

Composite samples are typically used to characterize a populatienin total. But care should be takgn
if the regults are intended to be considered representative..The increments also should be takgn
represenfatively according to a uniform approach and combined proportionally. Convenience [or
judgemerjtal subsamples will not result in a representative composite sample.

Composite samples are not appropriate in all cases and the property of interest will determine, tq a
large degfee, the possibility of forming composite samiples. Composite samples cannot be made withdqut
significant loss of volatile compounds. Where semi-volatile compounds are present, composite spil
samples may be prepared in the laboratory. The-appropriate pre-treatment of the composite samples
(e.g. thorpugh mixing) is of vital importance tg-ensure that representative results are obtained.

While th¢ combination of a number of individual samples into a “composite sample” for analysis cpn
increase the chance that widespread.contamination will be detected, it is also possible that the mixipg
process Will dilute a hot spot concentration to below detection and hence give a false indication |in
relation tp contamination of the site. Any values used to judge the presence of contamination should pe
revised ((i)[zwnwards to allowAfoar'this dilution effect.

Care should also be takén to avoid the combination of increments from different populations,
subpopulptions or soil’strata.

NOTE1 |If when%aking an incremental sample out of a sampling device (e.g. a probe or an auger), this is done
conveniently by.selecting the loose material, the results could be heavily biased and will not be representative

NOTE 2 | Views differ as to whether spatial composite samples are suitable for the investigation of contaminated
sites. In somecountries; contaminated-sitesareuswalty onty investigated-using spot samptesorclustersamptes.
However, in other jurisdictions (e.g. the Netherlands, see Reference [28] and in some circumstances in the USA,
see Reference [29]), a form of composite sampling is either required by regulations or advised in formal guidance,
especially when contamination levels are being compared with guideline values.

NOTE 3 Composite sampling can be unsuitable for the investigation of potentially contaminated land
because of the:

— difficulty of comparing resultant data with guideline concentrations that relate to spot samples;

— possibility of disguising isolated locations of high concentration by mixing with samples of lower
concentration;

— possibility of loss of volatile compounds during the compositing processes;
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— difficulty of achieving an adequately mixed and representative sample;
— difficulty undertaking statistical analysis of composited data.

NOTE4  Examples of the application of composite samples for sampling stockpiles for a number of different
purposes is provided in Annexes E and E. The principles outlined are also applicable to in situ volumes of soil.

NOTES5 The ability to form reliable composite samples depends upon the soil type, for example, it might not be
possible to form composite samples from a clayey soil.

6.4.6 Selective samples

Sdlective samples are prepared by selecting materials on the basis of particle sizes, coleul or some
other readily discernible property. Two methods for selective subsampling, which can bg-applied in the
figld or laboratory, are described in ISO 18400-201:

— sieving (this should not be carried out when VOCs requiring analysis are present);
— hand picking.

Bgth methods can be applied, independent of whether the interest is i the fraction with the §maller or
thie larger particles. Hand picking can also be applied when other distinctive features of thd material
are a basis for the selection (e.g. colour, type of material).

Sieving is preferred when the mass ratio between the fractiomith the larger particles and thg fraction
wlth the smaller particles of interest is small but is only possible when the material is suitably dry.

NQTE1 With a small mass ratio between the two fractioms, the amount of work for handpicking will be larger
and the probability of missing particles will be higher.

N(QTE 2  Selective subsampling per definition willwesult in a highly biased subsample and can only pe allowed
when indeed such a subsample is sought. This can‘for example be the case when there is an expected $ignificant
difference between the larger and smaller particles or elements in the sampled material, or, when aparit from soil

material, there are also bricks or other man:made materials present in the sampled material, that if has been
delcided need not be analysed or need to betanalysed separately.

6.5 Number of samples

6.p.1 General

NOTE See also Clagse-7, 8.6 and 9.6.

The total number-of'samples required in any sampling exercise will depend on a number of factors. In
thle case of an in-ground investigation in which spot or cluster samples are to be taken it will depend on
thE number-of Sampling locations (see below); the depths from which samples are taken at each location
(814, 9.4);-and whether one or more sample is taken from each sampling point (6.5.2).

Wheh'composite sampling is to be carried out, the total number of samples will depend on the number
oflzones into which the site is divided (7.3 2) and whether one or more sample is taken from ehch zone.

The number of sampling locations required when systematic sampling is employed will depend on
sampling pattern used and the spacing between sampling locations (sampling density). As described
in Clause 7 there are variety of factors governing the density of sampling required (e.g. a need to find a
hot-spot of a particular size if it exists) and the total number of samples required to enable a statistically
sound estimate, for example, of average properties (see also 6.3). Whether geostatistics are to be used
will also have an influence (see 5.7 and Annex H).

Clause 7 also provides guidance on a number of situations when sampling is required for particular
purposes [e.g. classification of materials for disposal as waste (7.5.2)].
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When judgemental sampling is employed, the number of sampling locations required will, by definition,
be a matter of expert judgement but important factors include:

— the number and size of features to be targeted,

— the need (or otherwise trying) to delineate a feature (as noted in 6.6.2, this can be aided by using a
localized sampling pattern),

— the need to have information on non-target areas.

NOTE Illustrative examples of the numbers of samples required under particular circumstances can be
found in Alnnexes D, E, H and L.

6.5.2 Number of samples at discrete sampling points
It might he necessary to take more than one sample from a discrete sampling point to:
— aid estimation of measurement uncertainty, and its sources (see 5.8 and Annex ();

— provide samples of more than one type to satisfy testing requirements.(e.g. disturbed and
undisturbed samples);

— provide samples of different size for test purposes;

— provide samples for different analytical and test regimes as/réquired by the laboratories (see
Note|1);

— provide duplicate samples for quality assurance purposessee ISO 18400-106).

The practicality of providing near-equivalent samples will be constrained by the technique used [to
obtain thpm (see ISO 18400-102), the particle sizes (makximum and distribution), and the nature of the
soil (e.g. dlayey, granular, organic-rich).

NOTE 1 | Often, laboratories carrying out the chéirical analyses will require more than one sample fr¢om
a location| with those for different tests being ofan appropriate size and placed in an appropriate contairjer
(e.g. plastic tub, glass jar, vial) rather than assingle large sample that can be sub-divided or subsampled in the
laboratory.

NOTE 2 | There are obvious practicaldifficulties obtaining several equivalent samples, for example, when the
material tp be sampled is in the form ofa 50 mm diameter core.

NOTE 3 | Duplicate samples can-be taken a small distance apart to show the effect of small-scale heterogenejty
(see Annex C).

6.5.3 Number of cluster samples

It can be desirable. to take more than one cluster sample from a proportion (e.g. 10 %) of the samplipg
points within air investigation, in order to estimate the uncertainty in the measurement results (see
Annex C)

6.5.4 Number of composite samples

It can be desirable to take more than one composite sample from the area, zone or above-ground deposit
under investigation in order to reduce uncertainty in the analytical and other results and/or to split the
area, zone or deposit to be investigated into a number of sub-zones (see Annexes C and G). The latter
will aid identification of any variation of average properties across the area, zone or deposit that might
need further more detailed investigation.

NOTE1 Seealso Clause 7.
NOTE 2  Examples of the application of composite sampling including the choice of the number of samples to

take are provided in Annexes E and G.
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6 Sample sizes

6.6.1 General

A number of factors govern the size of the samples sent to off-site laboratories including:

a)

b)
‘)

the range of pedological, chemical, physical and or biological examinations and tests that
carried out;

are to be

the specific requirements of the laboratory/laboratories carrying out the examinations and tests; and

the need for samples to be sufficiently representative (i.e. acceptable level of sampling ue
taking into account the particle size distribution and the concentration distribution©f the
to be sampled.

NQTE1 More samples than required for the testing suite envisaged are usually taken, in case
anjalysis or tests are decided on, in response to site observations and initial results.

Pdints a) and b) will usually be defined by following an established procedure and/or discus

th

e laboratory/laboratories.

Pdint ¢) requires that

1
2)

the sample size is large enough for fundamental variability to be acceptably small.

The degree to which it is necessary to take account of'the increment and sample size will v}
dgpend on the type of material sampled.

The relationship between particle size distribution and the size of sample or increment re
oftain reliable analytical results is amenable‘to theoretical determination for a granular m

w
is
m

hich the properties of interest are inherent within the particles. The guidance provided iy
applicable when the property of concern is associated only with the dry particulate mat
hterial being sampled. It is not applicable if the substance of interest is present as a non

pHase or is dissolved in the non-aqueous phase. It is also not applicable when dealing with an i

C

In
th
re

cgmplex material such as soil which might contain solid particles of several types, waf

ntaminants adhering to paxticles and even non-aqueous phase liquids.

e laboratory undertaking the planned testing, make a judgement about the minimum sa
quired (see 6.6.2)"\Note, however, that such a specification will usually be based on ass

about the character of the material to be sampled. The sampler should adjust the sample siz

ac
in

In

count of ohservations in the field (or the results of an earlier Exploratory Investigation,
formatiomabout excessive sampling uncertainty).

general:

ertainty),
material

additional

sion with

the sampling equipment enables the largest particles to be ificlided in the samples or increnpents, and

ery much

quired to
aterial in
Annex F
ter in the
-aqueous
hherently
er, biota,

these more complex-eases, the person designing the sampling exercise should, in consultdtion with

mple size
umptions
e to take
including

—L_the smaller the sample taken the more difficult it will be to ensure that the sample is s1

fficiently

representative;

when the sample to be sent to the laboratory is composed of a number of increments (i.e. is a
composite sample), each increment should be of sufficient size to be representative of the material
at the particular location from which it was taken;

where the sample is of coarse-grained material, for example, gravels, a larger sample is required
(see Note 1 to 6.6.2 for grain size definitions);

when the contaminant or characteristic of interest is present only in a small proportion of the
particles, a larger sample is required;
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— the greater the range of particle sizes, the more difficult it can be to obtain a sufficiently
representative sample, because of the tendency for segregation of different particle sizes during
sampling and subsequent handling;

— if a larger volume is taken as a spot sample which then is homogenized and reduced in volume
the investigation result will achieve a more average character — there is a transition to cluster
sampling from the informational point of view.

While it is important that the sample taken from the ground is sufficiently representative, it is also
important that the fraction of the sample actually analysed or tested is that which is of concern in
relation jecti i teation: — i it-witpe
the finesq fractions that are of concern as only these are likely to be ingested, inhaled, or adhere tothe
skin. Segregation of the fractions of interest is best done in the laboratory but a degree of selectivity
in the field can sometimes be appropriate (i.e. a “selective sample” might be taken by design]. Sone
sampling| techniques can only provide samples of restricted size and/or are not good @t”capturing
larger palrticle sizes. Notwithstanding the desirability for samples sent to the laboratory to be tryly
represenfative, the persons designing and carrying out investigations, might need ¢o-decide that the
samples that can be practically obtained are “fit for purpose” or at least “good enough” in the contgxt
of the inyestigation and/or that any deficiencies in the quality of the sample will hot compromise the
decisions|that will in due course have to be made (e.g. sampling uncertainty(is)at a level that is “fit
purpose”] see Reference [30]).

Even when a theoretical determination of minimum increment and sample size is available, it does 1ot
consider pll components of sampling uncertainty (e.g. the uncertaifity'due to pretreatment in the figld
or in the|laboratory, and the analytical uncertainty). In any case.sample duplicates should be takgn
to enable|estimation of the total sampling uncertainty resulting-from the increment and sample siZes
actually ysed and in order to decide whether they are fit-for-purpose for the detailed investigation (see
Annex C)
NOTE 2 | Liquids: The minimum increment and samplecsize have no specific relevance to the sampling plan
design for|liquids as the potential differences are at a malecular scale when compared to the size of the samplgs.
The sample size is, in practice, governed by the quantity of material required by the laboratory for analydis,
whereas the increment size is determined largelyby the dimensions of the sampling equipment.

NOTE 3 | Powders and sludges: Powders afidysludges are basically particulate materials with a (very) smhpll
particle sige; sludges also contain a substantial amount of liquid.

6.6.2 Practical considerations
The minimum sample size required in any particular case might be:

— the theoretical minimum to encompass expected variability at the scale of interest (see 6.6.1 apd
Anngx F); or

— as di¢tated by other considerations (see 6.6.1 and below), whichever is the greater.

A minimym-Sample size of 500 g to 1 000 g will often be required (this applies both to single samples
and composite samples, in the latter case after sufficient homogenization). The sampler should adiljst
the sample size to take account of observations in the field (or the results of an earlier Exploratory
Investigation, including information about excessive sampling uncertainty). When spatial composite
(or cluster) samples are to be prepared:

— the minimum increment should be of sufficient size to yield the required minimum sample size
when the increments are combined; if this is not the case, either the size of the individual increments
should be increased or the number of increments increased (or a combination of the two);

— theindividual increments or samples to be combined should be of equal size (*25 %, mass fraction);

— the number of increments in each composite sample should be specified in the sampling plan; in
most cases, the number of increments should be the same for all composite samples within the
sampling programme — this simplifies statistical analysis.
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For practical reasons, the minimum size for an increment taken in the field should be 200 g.

The sampling equipment being used, and the depth of layers of materials of different character, will
influence the size of sample that can be taken. For example if a 50 mm core is taken, and the layer

of

interest is only 100 mm thick, all that material is likely to be required to form a sample, the mass

of which might be less than otherwise considered desirable. This can be considered acceptable if this
situation is not common. Otherwise cores with a larger diameter should be used.

Often the size of sampling equipment is such that more soil material is obtained than needed. Sample
pretreatment is then required “in the field” in order to reduce the amount of material to be transported

to
pr

In

sample size(s) required:

ovided in ISO 18400-201.
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addition to the above, the following should be taken into account when deciding an the|practical

Volume versus mass: the minimum sample size, potentially, can be defined as a volunpe or as a
mass. However, as the volume per mass ratio can vary significantly, a:volume-based minimum
sample size is more variable than a mass-based minimum sample size, and thus the latter should be
used as a basis.

Boulders and other large material: some soils (partly) contain (very) large boulders and other
large material (see Note and Table 3 for named size classifications). If these were considered as part
of the sample, this would result in extremely large samples, both in the field and for thd material
to be transferred to the laboratory. However, often ondy the smaller soil fraction is of int¢rest, and
therefore, these larger materials can be neglected beth 'during sampling and sample pretfeatment.
Whenever such a situation is encountered, the sampling plan should clearly define the material that
is to be sampled. It should be noted, to what extefit boulders and other large materials congribute to
the total volume of the material to be sampled:

Small particle sizes: for small particle sizes, the minimum size of the sample can be very smiall, which
is particularly relevant for subsampling in the laboratory in order to obtain the analytical spmple.

Laboratory samples: for practical reasons, the maximum size of the samples to be s¢nt to the
laboratory should not be larger'than approximately 20 kg to 30 kg. When larger samples arfe needed,
because of the large particle size, the particle size should be reduced following the procedures
described in ISO 18400-201'and ISO 11464 as appropriate. As particle size reduction is (in principle)
only allowed under laboratory conditions, for these situations either a mobile laboratory pr on-site
laboratory is needed.

Integrity of sampling: sample division into a number of representative subsamples|can only
be carried out-n the field when the integrity of the sample and subsamples can be engsured. To
ensure thisleffectively a sheltered area is necessary in most situations. Without adequate shelter,
weather, eonditions like wind and rain can pose a serious threat to the quality of the samples (see
[SO 18400-201).

Compounds to be analysed/tested: the compounds to be analysed in the (sub)sample(s), or the
tést to be carried out, will in some cases affect the possibilities or methods of subsampling [e.g. a

requirement to determine volatile organic compounds (VOCs) precludes oven drying, size reduction
and sample splitting — subsamples are taken from the “as received” sample].

Laboratory provided containers: analytical laboratories often provide the containers they want
to use. For example: 400 ml to 600 ml plastic tubs for material to be dried and pretreated in the
laboratory prior to analysis, for example for heavy metals, etc.: 250 ml glass jars for materials on
which semi-volatile organic compounds (SVOCs) are to be determined without drying or other
pretreatment and 70 ml glass jars for materials on which volatile organic compounds (VOCs) are
to be determined without drying or other pretreatment. The assumption is that the material in
each container is representative of the same portion of material in the field which is only likely to
be true within limits. For example, the diameter of a 70 ml glass jar is only about 40 mm so that it is
probable that coarser material will unavoidably excluded from the sample. The mass of fine dried
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sand that can be held by a 70 ml glass is about 100 g (i.e. a bulk density of about 1,4 g/ml) which is
less than the 500 g minimum recommended above.

NOTE ISO 14688-1 establishes the basic principles for the identification and classification of soils on
the basis of those material and mass characteristics most commonly used for soils for engineering purposes.
ISO 14688-1 is applicable to natural soils in situ, similar man-made materials in situ and soils redeposited by man.
Named particle groups are defined in Table 3.

Table 3 — Defined particle size ranges

Nanre Size Name Size
mm mm
Larg¢ boulder >630 Coarse sand 0,63 -2)0
Bgulder 200 -630 Medium sand 0,2=0,63
Cpbble 63 -200 Fine sand 0,063 -0,2
Coarfe gravel 20-63 Coarse silt 0,02 - 0,063
Mediym gravel 6,3-20 Medium silt 0,0063-0,02
Fing gravel 2,0-6,3 Fine silt 0,002 - 0,006 3

7 Declding how many samples to take

7.1 General

The number of samples that should be taken in any particular situation, whether these are to be sgot
samples, fluster samples or spatial composite samples should take into account:

— the purpose of the sampling exercise;
— the sampling objectives;

— priorlknowledge or assumptions abouttlie'heterogeneity of the population (e.g. volume of soil) to pe
sampled; and

— the cpnfidence required in the résults and conclusions to be drawn from the results.
In all casgs:

— the vplume(s) of soil of interest (the “population” or “sub-populations” in statistical terms) should pe
carefully defined;

— any grior knowledge should be taken into account.

NOTE Attention is given to any specific requirements, such as how to decide if a prescribed limit is exceeded
or has not|been keached.

ot

indeed the purpose of the preliminary investigation (4.3.2) is to acquire mformatlon that can be used to
develop a preliminary conceptual site model (4.4) and the sampling plan.
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Available information is used to aid decisions about what, where and how to sample, and what
substances and properties should be measured. By staging investigations, knowledge about what is,
or is not present (and often variability), can be established to inform the design of subsequent stages
of investigation and to improve the efficiency of the overall investigation (e.g. by reducing the total
number of investigation points required or to enhance the value of information gained from each
sampling point).

It can sometimes be possible to adopt a Bayesian approach to the design of a sampling plan. However,
this should only be done with care and on the basis of expert advice (see B.1.2).
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7.2 Basic situations

There are three basic situations.

a)

b)

It is beneficial to know the average concentration and in some instances to know whether this

is above or below a particular value (e.g. guideline value for human health risk). This

might be

required in respect of, for example, human health risk assessment, ecological risk assessment,
waste disposal, pesticide residues, nutrient status, etc. The scale can be from a small hot spot (a few
m2), garden (say 25 m2), field or larger area. Spatial composite samples (but how many?) or spot
samples (e.g. taken randomly or on a regular grid) could be used. Guidance can be dimensionless

(fe—apptted irTespective of the area of INMTerest), but atso Needs to DE CONCIELe 1M terms 0
specified size. All this requires an understanding of variability.

NOTE1 Some examples of when it might be necessary to determine average concentrations ar
in Annex D. Annex E discusses the “scale of sampling” required both to determine average conc
reliably and to understand variability within the target volume of soil. The examples\in both Any
to stockpiles but the same principles can be applied to determination of the quality of soil in a fi
volume of in situ soil.

It is necessary to locate a hot spot (or hot spots) or other area of-interest (e.g. on a dey
site, the one garden in a hundred planned gardens that might he above a guideline valug
found the area of interest (e.g. one high result in a hundred) it becomes a case of how to
and characterize the hot spot or area of interest. Delineatioh requires spot sampling
appropriate sampling pattern, although the average coneentration within the hot spot or
within the hot spot might be of interest, depending ondhe‘objectives of the investigation.

NOTE 2  There might be role for judgemental/targeted sampling if the planned layout of the
known, e.g. by taking one or more samples from each-proposed garden area.

It is necessary to say which, if any, of the potential hypotheses in ISO 18400-203:2018, A
true, i.e.:

— hypothesis of a “probably uncontaminated” site or zone;
— hypothesis of a “probably céritaminated” site;
— hypotheses relating to,spatial distribution of contamination:
— contamination'is/present with a homogeneous distribution;

— contamindtion present with a heterogeneous distribution with point sd
contamination of known location;

— contamination present with a heterogeneous distribution with point sd
centamination of unknown location;

= contamination present with heterogeneous distribution but no point sd
contamination.
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strategy, but that carries with it an implicit requirement to say once the investigation has be
out whether the preferred hypothesis has been proven and if so with what confidence.

7.3 Determining average concentrations

7.3.1 General

sampling
en carried

Annex G provides statistical expressions for estimating the mean of a population, its standard deviation,
a percentile at the scale of the samples, and a percentage compliance with a given limit, as well as
methods for calculating the uncertainty associated with these estimates.
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These methods are designed for uncorrelated data, that is, in practice, when the property of interest
displays no significant spatial correlation and/or in the case of random sampling.

7.3.2 Using spatial composite samples

Asdescribed in Annex D and Annex E, spatial composite samples can be used in various ways to determine

average p

roperties, with or without also providing information on variability at various scales.

Considering the case of a field in which soil quality is to be determined, decisions should be made about:

ove to be the case);

her to take one or more composite samples from the field or zone (the population) or from ea
rea if the field or zone has been divided in this way ;

many increments should be taken to form each composite sample.

[PLE An undivided area of pasture land occupying several hectares is to be sampled. Two zor]
stinguished on the basis of known soil types.

at

ed
.ly

be

— Each zone is sub-divided into three sub-areas.
— Three composite samples are taken from each sub-area.
— Efch composite sample comprises twenty five increments.
NOTE1 |As indicated in B.2, research has shown that @;single composite sample prepared by combining
least 25 increments will yield a reliable estimate of average properties.
NOTE 2 | The examples in Annexes E and G referfo. composite samples made from 11 to 50 increments.
A further{reason for sub-dividing a field or other site is that it is simply too large for it to be consider
reasonable that a single (or even a few) composite sample taken across the whole area could prope}
portray the soil quality for the whale' area. In such circumstances the site should be divided intg
number of zones (preferably of similar size) as shown in Table 4. A separate decision should then
taken as to how many composite samples to take from each zone.
Tablg 4 — Number ofZones for composite sampling in relation to the total area of the site
Area Minimum number of zones
A n
ha
Oto2 1
>2to5 2
>5to 10 3
>10 to 15 4
>15to 20 5
>20to 30 6
For areas larger than those given, the following formula should be used to specify
the number of zones to be sampled: n=1+ \/X .
The underlying assumption is that properties are generally uniform within the
area to be investigated - if this is not the case, the number of zones should be
increased.
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7.3.3 Using spot samples

Average properties can be determined with reasonable confidence by taking the mean of values
determined on spots samples taken using a probabilistic pattern provided sufficient number of samples
are taken to encompass the full variability of the properties. If insufficient samples are taken from a
heterogeneous population, there could be considerable bias in the average determined (see Annex I).

Ideally 20 to 30 samples should be taken from the exposure area/volume to provide a good estimate
of the mean concentration (i.e. the 95 % confidence limits are close to the mean) while fewer than
10 samples will provide only a poor estimate (i.e. there is a large difference between the sample mean
ardthe 959 contidence timmits); see £72:

NQTE1 Guidance on the calculation of mean values and associated statistical parameters((e.g. ¢onfidence
limits) is provided in A.5.4 and in Annex G.

NQTE 2  The different levels of information on variability that can obtained when spet-samples rather than
composite samples are taken are illustrated in E.3.

7.8.4 Determining relation to threshold limit

De¢pending on the circumstances, it might be important to know whether the mean concentration of a
SL:ﬁ)stance of interest (e.g. nutrient, potentially hazardous substance), within an area is above or below
a (lefined value.

If the calculated mean determined from a number of composite samples, spot or cluster saniples, was
t}alF true mean it would be simple to say whether its valiie was above or below a limit value.[However,

thie calculated mean is only an estimate of the true meéan*which, depending on the variance of the data,
can only be said to probably lie, within a range of values defined by the upper and lower cpnfidence
lirpits. It is usual to work with 95 % confidence liniits but there might be occasions when a lowpr level of
confidence is required. Guidance on how to calctilate confidence limits is provided in A.5.4.

— Ifthe question to be answered is whether the mean concentration is below a certain threshold value,
then the 95 % upper confidence limit'ef the calculated mean should be below the threshold value.

— Ifthe question to be answereddswhether the mean concentration is above a certain threshjold value,
then the 95 % lower confidence limit of the calculated mean concentration should be dabove the
threshold value.

The magnitude of the confidence interval will depend on the variance of the data - in general,|the more
samples that are takenthe'lower this will be and the closer the calculated mean will be to the tfue mean.

Fdr reliance on thissapproach, the data should be fully representative of the range of values present in
the population~The fewer samples taken, the less likely is this to be the case, and the more ljkely that
thee calculated;mean will be biased by inclusion of one or more high values or the absence of high values
bgcause by.chance none of the samples analysed were at the upper or lower end of the actual] range of
values present (see 7.3.3 and 1.7.2).

Thére can be circumstances where the interest is whether the results for individual samples are above
or below a I[imit value (e.g. for waste disposal purposes]. In these circumstances analytical variance will
be important. It might be that guidance permits some “failures” within a set of values subject to the
number of samples and certain statistical tests being met, see for example Reference [31].

7.4 Finding (hot spots and) areas of interest of a specified minimum size

Annex | provides information on the relationship between the size of an “area of interest” (e.g. a garden
of specified size) and the probability of locating it in relation to a regular grid of specified dimensions.

As shown in Table 5, the information in Annex [ indicates that in order to have 90 % confidence of
finding an area of interest of 25 m2, a grid size of 5 m is required and that the probability of finding an
area of that size diminishes rapidly as the grid size is expanded so that it is only 25 % for a 10 m grid.
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Table 5 — Effect of increasing grid spacing on the probability of detection

Grid size Size of grid square an(::;ll::tl::'zz (())ff Relati:iellaot spot Pr((i)(l:taebcit]ii(t)fx of
concern
m m?2 m?2 SAC/GS %
5 25 25 1,00 90
10 100 25 0,25 25
15 225 25 0,11 10
20 400 25 0,06
B0 900 25 0,03

7.5 Sampling for particular purposes

7.5.1 Determination of background values

Guidance| on sampling to determine background values on a regional basis is provided in ISO 19258.
This stanidard includes guidance on sampling numbers and statistical evaluation of the data collected.

7.5.2 Waste classification

Classification of soil and soil materials for waste disposal purposes)is/usually done in two stages:
a) decide whether the material is “hazardous”;

b) colle¢t information relevant to disposal or treatment;

NOTE 1 | Classification of whether a material is “hazardous” is usually done by reference to national |or
internatiopal requirements as are the information requirements for disposal or treatment. These are not thirlgs
that can usually be done from first principles withoutyeference to the regulatory context in which judgements
are being made.

In the cage of materials to be sent to landfil}l; information is likely to be required on the composition|of
the solid [e.g. the concentrations of polycyclic aromatic hydrocarbons (PAHs) and on leachability).

The information required relates. to)the average properties of the material in question in the form|in
which it is to be disposed off but with an understanding of the variability. This means, for example, that
while andlyses and leaching tests will typically be carried out on the <10 mm fraction, interpretation,|in
relation tp whether limits fiave or have not been exceeded, can be made in respect of the bulk materigl,
i.e.including >10 mm material and an appropriate amount of moisture.

It is impartant that inintentional bias is not introduced into the results. While it might be approprigte
to take a fample from a small patch of soil contaminated with hydrocarbons in order to find out what it
is, it couldl be ingppropriate to include the analytical result perhaps representing only 1 m3 of materigl,
inaseto results in Wthh each sample is taken to represent say 600 m3. It could 1ntroduce significgnt
bias to t 2
approach Would be to take a sample from more typlcal materlal and to delmeate the volume affected by
the hydrocarbons so that it can be removed and dealt with separately.

NOTE 2  Guidance on the sampling of wastes in general is provided in ISO 14899, and CEN/TR 15310 series.
Reference [31] provides guidance in relation to soils in particular.

7.5.3 Supplementary investigations for remediation

Following completion of a site investigation of a contaminated site, decisions could be required about
whether remediation is required. This might take the form, for example, of excavation of soil material
for waste disposal or for ex-situ process-based treatment, or insitu treatment. In order to implement
remediation, it is often necessary to carry out supplementary investigation (4.3.5).
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If supplementary investigation is to be carried out in support of remediation decisions should be
made about:

— scale;

— what to analyse and/or test for;

— what fraction of the soil to analyse or test.
The answers to these questions, particularly the first, should take into account both technical and
economic factors. More data might enable the costs of remediation to be reduced but at some point,
th additional costs will outweigh the savings. In contrast, more data might be essential-td enable a
process-based treatment method to be operated effectively and efficiently.

If lexcavation is to be carried out for disposal or to provide the feed to a process-based method of
remediation, key questions that should be addressed include:

—| the size of the area or volume that it is “safe” to leave in place;
— the practical volume for assessing materials for excavation and/or ex’situ treatment;
— the cost-benefit relationship between the scale of sampling and the Cost of treatment or d|sposal;

— how to demonstrate conformance with any limiting values and the scale at which this ngeds to be
done, e.g. for technical or regulatory reasons.

NOTE D.4 and E.2.3 provide useful illustration of how\supplementary information might be| obtained.
Although it refers to already excavated and stockpiled soil material, the principles outlined are equallyjapplicable
tolin situ soils. Reference [32] describes a case involving centamination with dioxins where small scale composite
sampling led to significant savings in both analytical and remediation costs. Annex C and Annex G digcuss some
aspects of the cost-benefit equation relating sampling,costs to project costs.

=]

7.5.4 Validation of remediation and other works

During and following remediation, it is 0ften necessary to carry out further sampling and othelr types of
inyestigation to demonstrate that/the'works have been properly carried out (e.g. a specified yolume of
sajiil has been removed) or are working as planned (e.g. in the case of an in situ treatment method) and/
orthat the site is now “fit for purpose” as intended.

Clear objectives should be_set for verification studies and they should be designed taking intp account
thle guidance in this document on the scale of sampling and appropriate statistical approacheg.

NOTE1 Examplesofwhere verification might be required are:

—| removal of & “hot spot” of contamination including confirmation that the specified volume (area and depth)
of materidl have been removed and that the sides and base of the excavation reveal the preser]ce only of
contamination below a predefined limit (remediation target value);

—| ,€overing of the site to a specified depth with “clean” soil including confirmation that the depth of|cover is at
least the minimum specified and that the physical, chemical and other attributes of the soil are as|specified.

When seeking to demonstrate that a site is now fit for purpose the consideration should be site wide: it
is not just a case of collecting together all the reports on localized remediation activities. Consideration
should be given to the need to carry out systematic regular sampling across the whole of the site
embracing both remediated and non-remediated areas and ignoring where the boundaries between
these are assumed to be in order to provide a coherent set of data for the remediated site (this is what
a prudent potential purchaser might in any case do to ensure themselves that what they are being told
about the condition of the site is true).

NOTE 2  Reference [33] provides useful guidance on the verification of remedial works.
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8 Sampling strategies for in-ground sampling

8.1 Approach to sampling

A decision should be made as to which of the following principal approaches should be employed:

— judgemental sampling, based on already available information and expert judgement (although
this can provide valuable results at reasonable efforts, these results cannot be considered as
representative in a statistical sense [see 6.2.2)];

— systd
samp]

A combin
potential

Investiga
to be ung

matic sampling (see 6.2.3), based on statistical considerations which requires predefin
ling locations.

ation of judgemental and systematic sampling should usually be employed when inyestigati
y contaminated sites (see ISO 18400-203).

fions where the intention is to determine average properties for sites which are believ
ontaminated will usually require only systematic sampling or spatial.composite sampli

dependinig on the circumstances (see Clause 7).

NOTE
localized s
a plume of

In some cases, the power of judgemental sampling can be increased by, employing an approprid
ampling pattern that takes into account the assumed shape of the target'area (e.g. the area affected
hydrocarbons leaking from an underground storage tank).

8.2 Sampling patterns
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In additig
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tematic sampling is to be carried out, an apptropriate sampling pattern should be employ
the guidance given in 6.2.3 and Annex B, aided by Figure 5.

batterns should be adjusted to local conditions and modified as appropriate.

patterns are based on the probable“distribution of soil constituents (in most cases chemic
bs) within an area or on a type-of-substance input.

br fixed sampling patterns-ean be identified:

rns based on no specific€stimate of substance distribution;

rns based on locaksubstance distribution and known as a “hot spot”;
rns based on’distributions along a line;

rns based on strip-like distributions.

n to these, several other patterns exist (e.g. based on deposition of substances from the 3
toflooding).
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Q.

te
by

9%
Q.

al

ir,

In agricultural sampling, one of the established convenient sampling patterns described in Annex B (see
Figures B.1, B.2, B.3) should usually be used to obtain information, for example, on nutrient demand or

the conce

NOTE 1

ntrations of pesticide residues across a wide area.

Most predefined sampling patterns, especially grid patterns, are not very practical during t

growing season, and are rarely applicable.
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When sampling potentially contaminated sites, patterns should be employed that enable reliable
determination of the spatial distribution of soil attributes including the concentrations of potentially
hazardous substances.

NOTE 2 Annex B gives examples of a number of commonly applied sampling patterns which meet different
statistical requirements (see Figures B.5 to B.10). Experience (and theoretical considerations) shows that, in
many cases, systematic sampling on a regular rectangular grid is both practical and allows a sufficiently detailed
picture of variations in soil properties to be established. The number of sampling points can be easily increased
(e.g. in areas meriting more detailed investigation), the grid is easy to mark out on site, and sampling points are
usually easily relocated.

Sylstematic sampling should be supplemented by judgemental and convenience sampling when
afpropriate.
Gnvestigation of potentially contaminated site) Envestigation of general soil quality] (Preparatio of soil maps]
| The probable distribution of contamination: |
|
| Average Agronomic and For example:
| | [ omon ]| e | e pomanee| | Tedelog mape
it &5, monitoring sites p
soil fertilityjetc. eHydrogegplogical maps
| Hocally distributed | |Uniformly distributedl Including:
Heterogeneous/non-
uniform - location of
hot-spots and “areas of
—I interest” important
1
Polar Al(.)ng Strip- Special
aline like cases
Random - Fig. B.5 Rectangular - Fig. B.7 Spatial composite -
(for average Triangular - Fig. B.10 Fig.B.1,B.2
properties only) Unaligned regular -
(ircular | |Linear Diagonal | | Pattern Fig. B.8 Random - Fig. B.5 Rotating Rotating
drid to be' Rectangular - Fig, B.7 Stratified random - Rectangular - Fig. B.7 dragonals: dragonals:
_ . ) specially [ | Triangular. - Fig"B.10 Fig. B.6 Triangular - Fig. B.10 Fig. B3 Fig. B3
Hig. B.6 Fig. B.11 Fig. B.1 adapted | | ynaligned-regular - Fig. B.8 | | Herringbone - Fig. B.9 | | Unaligned regular - Fig. B.8 | | Circular Circular
(wn Stratified rahdom - Fig. B.6 Stratified random - Fig. B.6 | | grid: grid:
Herfingbone - Fig. B.9 Herringbone - Fig. B.9 Fig. B4 Fig. B4
NOQTE The modification ofipatterns depends on: special situation on the site, e.g. rapidly| changing
topography, objective/hypothesis, applicability and validity of preliminary.
Figure 5 — Selection of sampling patterns
8.2.2 Potentially contaminated sites
Site investigations (both exploratory and detailed) should usually be carried out using systematic
regular'sampling so that the sampling locations are distributed throughout the site (or zone) according
to|a regular pattern However other samphng approaches (1n partlcular ]udgemental samph g) could
bea to check

potential preferentlal pathways for migration), or to complement a systematic sampllng pattern.
Convenience sampling can be helpful for the characterization of small “target areas” identified on site
as being atypical, for example differing in appearance (see 6.2.4).

The reasons for selecting a systematic regular sampling pattern are:
— sampling locations on a regular pattern are simpler to establish in the field;

— identification of areas of contamination including “hot spots” and design of further investigations
are much easier.
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Reliability of interpolation will depend substantially on the variability of soil characteristics. In many
situations, including well stratified sediments, vertical variations in concentration could be much
greater than horizontal variations.

If there are any regular topographical patterns on the site (for example, ditches at regular intervals,
systematic undulations of the terrain, etc.), the sampling pattern should not coincide with the
topography in a way that could introduce a bias or systematic error in the samples. This can be avoided
by careful selection of the base or starting point of the sampling grid and, where necessary, careful
selection of the spacing of the grid.

The sam -
hypotheses formulated and the phase of the investigation.

— In anl exploratory site investigation, fewer samples will be collected from fewer locations,than|in
detailled site investigation. For exploratory site investigation, sampling locations should\be selected
with|the aim of confirming the hypotheses and establishing the areas that will require greater
atterftion in the detailed site investigation.

— In contrast, the principal aim of the detailed site investigation will be to establish a comprehensiyve
pictulre of the contamination status of all parts of the site. The numberof samples collected and
the spacing between sample locations should be related to the objectivés,and degree of confidence
required in the resultant assessment of contamination and associated.risk assessment and need for
remedial works.

— Greatfer density of sampling will usually be appropriate in ar€as’of suspected contamination with
less intense sampling in areas not suspected of contaminatien, in accordance with the hypothedes
relat|ng to different areas of the site.

NOTE Under some circumstances, there can be greater monetary value in demonstrating, with a high degilee

of confidephce, that a particular part of the site is “uncontaminated”. This will usually require a high sampling
density.

8.2.3 Hot spot detection, site investigation design and sampling

The “effidiency” of a sampling pattern is aften expressed in terms of the confidence there is, in whether
a “hot sppt” of a given size will, or will'not, be identified (see 7.4 and Annex I). However, the concept
and definition of the hot spots should also be carefully considered during the design stage of the
investigafion, and particularly so-forthe detailed site investigation.

A hot spof can be defined as;
— an arjea of contamination in an otherwise uncontaminated area;
— an arjea of muchsgreater contamination in a site that is generally contaminated.

In practife, thesprobability of detecting a hot spot can be improved by the careful design of the
exploratqry gite investigation and subsequent detailed site investigation.

Ifth 3 43 3 ad & 3 ] ] | H d ot i 1. 1 A3 L. 14
e Con dIlllIiactivlil 15 CAPCLLCU U ULCLUT 11T RTUWIT 1IULAIIZTU 1T1IUU DPULD, Cdalll DUDPCLL IUCAtivll S11UuUI1vu e

subject to detailed investigation.

NOTE1 Insome circumstances, e.g. in agriculture-related investigations, the area of interest (hot spot) might
be characterized by an atypical deficiency (e.g. in nutrients) rather than higher concentrations of a determinant
or might be characterized by variation in some other property (e.g. compaction).

NOTE 2  The size of a hot spot is not a fixed parameter and depends on

— the source and nature of the contaminative process (for example, a hot spot of contamination due to possibly
leaking buried drums will present a different sampling problem than that for identifying a hot spot due to a
leakage from an identified storage tank), and
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— the definition of what concentration of a particular contaminant is judged to be noteworthy when assessing
the results of the investigation.

In the case of a substance potentially harmful to human health, the size of a hot spot or area to be
detected will be related to the consideration of the maximum area that will not pose unacceptable
health risks, if it is not detected in the site investigation and subsequent assessment of results. In this
respect, it is important to bear in mind the area of contamination that could be of concern where the
evaluation of human health risks is involved (see also 8.4 and Annex I).

EXAMPLE In the case of a housing development, this could require the identification of a contaminated area
thesize of 3 small garden, or even part of a3 small garden. This could he only 50 m2 (or just 0.5 % ofa 1 ha site).

NQTE3 In the case of circular hot spots, location can be achieved with a square grid wherethe square
diagonals are equal to or smaller than the diameter of the smallest hot spots to be detected;ya‘triangular grid
would be more efficient see B.10.

8.3 Types of samples

The samples taken should be of appropriate type(s) to enable the objectives of the investigation to be
achieved. Special consideration is required regarding:

— whether to take disturbed or undisturbed samples (6.4.3);
— whether to take spot samples (6.4.4);

— whether cluster samples should be taken (6.4.5);

— whether to employ a form of composite sampling (6:4.5);

— how to comply with any authoritative guidance relating to judging whether guidelipe values
(assessment criteria) have been exceeded;

—| statistical analysis of the data obtained;
— the expected distribution of contaiminants or other substances of interest;
— whether and how to reduce uncertainty in the measurements in the investigation (5.8 and jAnnex C).

Undisturbed samples shouldbecollected ifitis intended to determine the presence and concenjtration of
vdlatile organic compounds;since disturbance will result in loss of these compounds to the atmnosphere
(see ISO 18512).

Cqmposite samplesshould not be used when soil characteristics that could change diiring the
cogmposition process, such as concentrations of volatile compounds, are to be determined. They also
shiould not be.used if peak concentrations of any substance or variations of soil characteristicq are to be
ddtermined:

wn

eny composite sampling is used to determine the characteristics of in situ soil the sample should
represent a single stratum.

When samples are taken from a surface (ground surface, surface of a stockpile or from the walls or
bottom of a trial pit) the whole sample or increments can be taken directly.

When samples are taken at depth using boring or drilling techniques (see ISO 18400-102), the samples
can be taken completely as one single sample or can be subsampled or sampled selectively.

Disturbed samples are suitable for most purposes, except for some physical measurements, profiles and
microbiological examinations for which undisturbed samples are often required. Disturbed samples
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may be taken as single spot samples, cluster samples or as composite samples where this is appropriate
for the objectives of the investigation.

NOTE Undisturbed samples are inherently spot samples, i.e. taken from a specific material at a specific
location and depth, although the initial undisturbed field sample can sometimes be taken over a depth range or
be of extended lateral extent (e.g. when a core is taken for later examination and subsampled in the laboratory).

8.4 Sampling depths

8.4.1 General

No general recommendation can be given on the depths at which samples should be taken or on thefitjal
depths tq which trial pits or boring/drilling should extend. This depends on the objectives andmight
be subjecft to change during a running programme. The investigation of soil for chemical chatacteristics
can be diyided into two general cases:

— the ipvestigation of agricultural and similar near-natural sites, where inforghation is requirpd
mostly on the top soil or ploughed horizon or arable zone but often over an extended area;

— the investigation of sites which are known or suspected to be contaminated, where information|is
required from deeper layers, sometimes to a depth of several tens of metres.

A mixtufe of both these cases is found in so-called “permanently “monitored soil sites”, which
represent larger areas of homogeneous soil development and in mgst cases are established to monitor
environmental effects on the complete profile over a long time-scale (see ISO 16133).

If a profile is to be sampled, care should be taken that every*horizon/layer of interest is sampled ahd
that diffefent horizons/layers are not mixed. In general, contaminated sites should be sampled horizpn
by horiz

If trial pifs are used, it could be appropriate to samplé from more than one side. Ideally, this should pe
done by taking cluster samples from multiple sides of the pit. However, due to safety considerations
in deep piits, the only possibility is to sample from multiple sides of the pile of excavated material (the
material from different depths can be segregated by placing it on separate heaps).

A depth-felated sampling programme,is based on a number of conventions, depending on the projeft.
It is not as representative with regard to the soil as a horizon-related sampling programme can be.
The mode¢ of sampling from each depth should be carefully specified, e.g. the maximum depth rantLe
(usually ot more than 0,1 m) and how horizontal variations are to be dealt with.

Mountainous regions or hilly“areas with pronounced slopes require special consideration. For slopes
of 10° andl greater, verticaldrilling lengths should be extended according to the cosine rule to maintdin
slope-panallel thicknéesses of soil layers constant. The extension factor is 1/cos of slope. Withdut
correctiop, for example, the error will be 2 % at a slope of 11,5°.

—

8.4.2 Potentially contaminated sites

Where a sitetrasbeemn idemntified as potentiatty comtaminated, deatty those horizons of thesoitstrata
which are expected to be contaminated should be sampled (sampling will often be concentrated on
suspect areas in accordance with the hypotheses). In some situations, where the site is underlain by
an impermeable stratum at fairly shallow depth, it will be possible to identify specific depths which
should be sampled. However, it is often very difficult, prior to any intrusive investigation, to have a
clear indication of where contamination might exist.

NOTE1 The distributions of different contaminants on a site can vary with depth, because they have different
origins and, even if they originate from the same source, they behave differently in the ground.

Sampling depths should reflect what is known about intentions for the use of the site (i.e. the receptors
which might be at risk) and the probable pathways by which contaminants could enter the environment.
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The following should be taken into account as appropriate:

varying physical and chemical soil properties over depth, particularly where substantial thicknesses

of made ground are present or where large differences are present in natural deposits;

contamination sources (e.g. solid, leachable and gas- or vapour-generating materials, leaking pipe)

that might be located at any depth in the soil profile;

thatthe relevant depth in exposure terms can be at any level in the soil profile (e.g. in redevelopment
projects, the final formation level could be lower than existing site level; close contact between soils

andsite services can be at some dnpfh belows grnnnd ]pvp]);
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movement of gases and liquids along vertical (and perhaps deep lateral) pathways willbe.dé
by physical soil properties at the relevant depths;

the usage of the site.

TE2  Reasonable sampling depths can be geared to excavation depths needed for-construction f
e site. See the following examples.

AMPLE1 On most housing developments, excavation to at least 1,5 n1is likely to be required
Fvices and strip foundations. Deeper excavations could be required for the<nistallation of sewers.

AMPLE 2 On commercial developments, excavation to considerable*depths could be required to
veral floors of basements. Thus, the construction work force could/encounter contaminated materig
pths, and materials from these depths could be brought to the siizface and either become spread abo
nadequate control) or have to be taken off-site for treatment or disposal.

dividual samples should be taken over a limited depth range (say 0,1 m to 0,2 m) to be repre
no more than 1,0 m of the soil profile, taking into account the contamination-related hy
ley should be restricted to a specific stratumy Samples should be taken to represent any
rticular interest (e.g. appearance) that are-eficountered. Where samples are not restricted t
Fatum, the reasons should be stated in thereport of the investigation.

all sampling locations, samples should be taken through the full depth of interest in ad
th the hypotheses. Where contamination is indicated at greater depth than anticipated pr
e investigation, sampling should-be carried out to whatever greater depth seems appropri
acticable.

le sampling plan should also take into account whether there is a likelihood that the surfa

TE3 Taking samples of natural strata beneath deposited fill or disturbed natural ground
neficial: if uncontaminated, these will indicate the natural background chemical conditions
cential to théwevaluation of risks and decisions on target remediation values. In many sites, a d
tween coptamination in the topsoil and the subsoil will be found. Often a correlation will also exid
ntamination in the subsoil and contamination in the groundwater.
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13- * Sampling in relation to the groundwater profile and aquifer

Frequently, contamination migrates into groundwater in such a way thatitis preferentially concentrated
in, or along, the upper layers of the groundwater profile. Therefore, it is prudent to collect soil samples
from these depths.

However, this depends highly on the density of the contaminant; contaminants like chlorinated
hydrocarbons [Dense Non Aqueous Phase Liquids (DNAPLs)] show just the opposite behaviour and can
be found in high concentrations at the base of the aquifer.
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8.5 Siz

e of samples

The size of the samples sent to off-site laboratories should take into account:

— the mass required to be sufficiently representative of the specified location (or sampling target),
see 6.6;

— the range of pedological, chemical, physical and or biological examinations and tests that are to be
carried out;

— thep,

rticle size distribution of the material be sampled;

— thes

The guids
for the te
results, e

A useful 1
for chemi
sufficient

ince in 6.6 and Annex F on the size of samples should be followed. More sample thanii$ requir
Kting suite envisaged should be taken, in case additional analysis is required on keceipt of t
g. dependant options or repetition of tests to clarify or confirm the initial result.

ule of thumb for fine soils is that at least 500 g to 1 000 g of soil as sampled\should be obtain
cal analysis (this applies both to single samples and composite samples/inr'the latter case aft
homogenization). Where the sample is of coarse-grained materidl, for example, gravels

larger sample should be taken (see 6.6).
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material

NOTE 2
represent

NOTE 3
pretreatm

Some of the techniques used to obtain samples are not capable of providing the precision required
Hepth (see 9.4). In addition, segregation of coarse particles candccur with some sampling techniqu

t will constitute a “fit for purpose” or “good enough” satple that will meet the overall objectiy
bstigation (e.g. by inspection of the sampling uncertainty~to judge whether it is fit for purpose, {

[30]).

pbbtained to serve as reference material or to be stored in a soil specimen bank should usua
than 2 000 g.

ampling from the sample extracted by the equipment or measures to reduce the volume
f0 be transported to the laboratory should be carried out according to ISO 18400-201.

With smaller volumes of sample, it‘could be more difficult to ensure that the sample is sufficien
htive (e.g. as judged by the sampling uncertainty, see Reference [30]).

ent is then required “imthe field”, following the procedures described in ISO 18400-201 in order

limit the a

ount of material to/betransported to the laboratory.

When potentially expansive slags are to be sampled for expansion tests specialist advice should
sought. These tests commonly require samples of about 50 kg or more to be taken.

NOTE 4

Some steel slags (both current production and old) and some old blastfurnace slags can havg

tendency fo expand. This expansion can occur decades after the slag has been deposited and can be triggered
disturbanfe that admits water and air, or by changing water levels (e.g. following a burst water main). Mods
blastfurngceslags are, however, inert stable materials, see References [34] and [35].

pecific requirements of the laboratory/laboratories carrying out the examinations and-testg.

in
bS.

ns designing the sampling strategy and implementing it in the field might need to make judgements
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Often, the size of sampling equipment is such that more soil material is obtained than needed. Sample

to

be

a

by
rn

Where the sampling of soil involves the separation of oversized material (i.e. mineral grains, sand,
pebble and all other materials) due to very coarse-grained or heterogeneous soil conditions, the
material removed should be weighed or estimated and recorded and described to enable the analytical
results to be given with reference to the composition of the original sample. These procedures should
be carried out according to 1SO 11464.
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8.6 Number of samples

8.6.1 General

The number of samples to be taken from the area, zone or other area of interest, should be decided in
accordance with the guidance in 6.5 and Clause 7.

There might be several reasons why information is required especially on a potentially contaminated
site where it might be necessary, for example, to obtain analytical and other data to aid assessment of
risks to human health and the environment, to assess materials for waste disposal and to comply with
requirements in relation to the health and safety of construction workers. When technically appropriate
arld practical, single samples, or at least a set of samples, should be taken to serve all purposes in a
single operation.

8..2 Number of samples at individual sampling points
The number of samples taken should take into account as appropriate the need-to:

— reduce uncertainty in the analytical and other results, e.g. taking more increments withir a cluster
sample reduces uncertainty in measurements arising from sampling (see 5.7 and Annex ();

— provide samples of more than one type to satisfy testing requirements (e.g. disturbed and
undisturbed samples);

— provide samples of different size for test purposes;

— provide samples for different analytical and test.regimes as required by the laborat¢ries (see
Note 1);

— provide duplicate samples for quality assurance purposes (see ISO 18400-106).

The practicality of providing near-equivalent samples will be constrained by the techniqup used to
obtain them (ISO 18400-102), the particle'sizes (maximum and distribution), and the nature of the soil
(elg. clayey, granular, organic-rich).

NOTE1 Duplicate samples are usually taken a small distance apart to show the effect of gmall-scale
heterogeneity (see Annex C).

N(QTE 2  Often laboratories)carrying out the chemical analyses will require more than one sample from a
lo¢ation with those for different tests being of an appropriate size and placed in an appropriate confainer (e.g.
plastic tub, glass jar, vial).

NQTE 3 Therearé obvious practical difficulties, for example, when the material to be sampled is in the form of
a 100 mm diameter core.

8.6.3 _Number of composite samples

Ag appropriate, a number of spatial composite samples should be taken from the area or zgne under
investigation in order to reduce uncertainty in the analytical and other results and to meet the
objectives of the investigation (see Clause 7).

The area or zone to be investigated can also be split into a number of sub-zones (this will aid
identification of any variation of average properties across the area or zone that might require further
more detailed investigation).
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9 Sampling of above-ground deposits

9.1 General
It could be necessary to determine:
— the average properties of the deposit;

— the spatial distribution of properties.
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Step 1T Sampiing above-ground deposits (€-g. a SToCRpite or mumber of Stockpites)shoutd be
delineate the volume(s) to be sampled. In the case of a stockpile which cannot be satisfactor
ated from adjoining stockpiles, a “safety margin” should be applied in connectionwith t
finition of the stockpile such that adjoining stockpiles do not partially overlap.

osit is non-consolidated, it can be difficult or even impossible to reach the selected samy
for sampling. If so, the type of sampling equipment should be adapted to this\type of sampli
or the sampling technique should be altered. A final option would be nogto:sample the insi
ckpile (see B.12.4), but this would mean that a non-probabilistic samplihg-method is used (s

osited material to be sampled is effectively homogeneous (within the limits of interest) t

rangement of samples (or increments in the case of composite-samples) does not matter, i.

bcation of sampling points should suffice.

osited material is known to be heterogeneous (e.g. the.soil material has different origins
sed at different times):

verage value of the property of interest can be obtained by taking a number of compos
les;

patial distribution of the property of interest can be obtained using systematic sampling.
Limber of samples to be taken dependson the degree of reliability of the results that is requirg

These principle situations in general also apply for moving material on a conveyor belt.

The sampling techniques usedito obtain samples from stockpiles, etc. often differ from those employ
nd sampling (see ISO 18400<102:2018, Annex D). This can impose constraints on the selection
ocations, and the types-and size of samples that can be taken.

Annex D provides“examples of sampling strategies suitable for stockpiles including for when ¢t

basic characterization of the soil population (D.2), determination of compliance or otherwise w
yalues (D.3), dnd*verification, such as quality top-soil delivered to a site (D.4). Annex E discusses ]
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Impling required with reference to stockpiles.

9.2 Sampling patterns

Similar s: g ' g 3 a !
many cases, these need to be implemented in 3-dimensions rather than 2-dimensions

B.12).

(see

9.3 Types of sample

9.3.1 General

In principle, the same options apply as for in situ sampling (see 6.4) but in the case of composite
sampling the sampling pattern from which the increments are taken has usually to be implemented in
three dimensions rather than two.

Convenience sampling can play a particularly useful role as described in 9.3.2.
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9.3.2 Convenience sampling
A sample of the appropriate size is taken at a specific spot or location that has either been:
— chosen based on accessibility for sampling or a similar type of motivation;

— chosen based on the appearance of specific types of particles/material as encountered during
sampling.

NOTE1 Convenience sampling will for instance be useful, when:

—{ aquick characterization of the material 1s necessary and representativeness 1s not directly relevapt;

—| specific parts of the soil stockpile seem to deviate from the bulk and characterization of thesé partqis desired
(for ease of reference these areas are termed “target areas”).

N(QTE 2  Targetareas might, following investigation, be deemed to be “hot spots” (8.2.3)

In[ an exploratory investigation, one sample location should be placed at the)assumed centre of the
tafget area.

NQTE3  When there are obvious signs of contamination or other differences.in the character of the fnaterial in
the target area, this one sample might be sufficient to confirm that contamination is present and/or th¢ nature of
any differences from the bulk of the material.

Wihen some information on the extent of the contamination is sequired in the exploratory investigation,
arlother four sample locations should be placed at the expetted perimeter of the contamination. Samples
shiould be taken from each location and all relevant depths.

If [hot spots are found (by chance) during the exploratory investigation, these hot spots ghould be
inyestigated with a similar approach during the detailed investigation.

In|the detailed site investigation, the numberof additional sample locations should take intp account
thle anticipated size of the target area (e.glready identified hot spot) and the desired confidepce of the
dglineation.

NQTE 4 If there is an area of considerable deviation in characteristics from the rest (hot spot), that is to be

delineated, sampling profiles arranged orthogonally to the (estimated) border will provide information on the
pasition and the slope of the gradient of the transition.

9.4 Sampling depths

In|general, the question of the depth of sampling is encompassed by the adoption of a sampling pattern
in|three-dimensions.

9.5 Sizelof'samples

The gaidance relating to in-ground sampling provided in 6.6 should be followed.

9.6 Number of samples

The guidance relating to the number of samples required in 6.5, Clause 7, and 8.6 should be followed
as appropriate having regard also to the examples in Annex D (especially D.2) and the information
regarding the scale of sampling provided in Annex E.
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Annex A
(informative)

Basic statistical concepts

A.1 Geperal

This anng¢x provides a basic outline of the statistical elements relevant for the ISO 18400 series,

The basif statistical concepts are the same for the different sampling strategies (€.g" the term
“populatipn” is used with the same meaning for in-ground sampling of a hectare of lahd or above-
ground sampling of a stockpile), however, different concepts may be applied for in Siti sampling than
for abovefground sampling.

Formal dé¢finitions for many of the concepts discussed below are provided in ISO, 11074 and/or Clause{3.

A.2 Population and subpopulation

A.2.1 General

These arg statistical terms defining the entirety of material“about which information is requiregd.
Specification of the population should be the starting-point of any sampling exercise. Relatpd
specifications concern the statistical parameters of interest as well as the scale of interest if the materjal
is granular and/or presents spatial variability. Indeed, these specifications can greatly influence both
the type ¢f sampling and the number of samples needed.

A.2.2 Pppulation

A key element of sampling programme design is an understanding of the main components of variability
in the soi| being sampled (the population).

In the comtext of soil quality invéstigations, the “population” is the entirety of soil (e.g. particular site,
stockpile| truck load) about which information is to be sought via sampling. It is important for this to pe
defined ejplicitly over spacé-and/or time. If this is not done, it is impossible to say whether a particular
sampling|programme willresult in sufficiently representative samples.

Given thq risk of multiple interpretations, it is important always to check that all involved parties are
talking alpout “the’Same amount of soil”, i.e. population, when carrying out a sampling exercise.

A.2.3 Spbpopulation

It can be usefutto defime asubsetof the poputation {termed the “Subpoputation ) amnd Testrict the
sampling to that more convenient region. This might be done because:

— doing so enables more information to be gathered about the characteristics of the whole population
(see Clause 7 and Annex E); or

— for practical reasons - for example, it is difficult or even impossible to sample certain parts of the
population; this might be the case if to sample the material at the core of a large soil population (e.g.
a stockpile of substantial size) would require expensive equipment or be very time consuming.

It is important to appreciate, however, that the resulting samples can be representative only for that
subpopulation. The relevance or otherwise of those results to the total population rests entirely on the
project manager's assumptions (which are usually unverifiable).
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A.2.4 Population parameters

The range of the values taken for a physical or chemical property of a population can be displayed as a
histogram of the sample data. If the range of property values is suspected to depend on, for example,
differences in lithology, sampling tool, analysis method, etc., different histograms should be drawn to
determine if these differences have to be taken into account. To simplify comparisons, histograms can
be summarized in box plots showing the minimum and maximum values as well as several quantiles of
the distribution (e.g. the median and the 25th and 75th percentiles).

Histograms can also enable approximate identification of type of distribution (e.g. normal, non-normal)
arfdtdentification of possibie outtters:

Other graphical presentations could also be helpful.

A variety of summary measures, or “parameters”, can be used to characterize apopulation (e.g. the
mean, the standard deviation, the median or the 90th percentile). An alternative term sometimes used
is|‘statistical parameter” - in order to emphasize the distinction between this\and other usages of the
word “parameter”.

A key step in planning a sampling programme is to specify the population parameters that should be
estimated. Because most parameters depend on the scale considered’=with the noticeable ex¢eption of
thie mean - the scale should also be specified, as discussed below.

A2.5 Dependence on sample scale

The properties of interest are usually not homogeneous. Ifthe material is examined at the scale of small
samples (e.g. 500 g), it will display much more dispersed values than when it is described at the size
of|large cells making sense for remediation or intefided future use. The probability distribytion, and
therefore the statistical parameters of the population, depend on the scale considered. Specifiication of
thE sample scale is therefore part of the specification of the population.

A hoticeable exception is the mean, because,it does not vary with scale. For example, if the site ¢f interest
(the entirety of the soil) is divided into identical cells (e.g. cubic cells or prisms with a hexagopal base),
thle mean of the cell values is the mean.of point values in the whole site and therefore does not yary with
the size of the cells. However, the dispersion of the individual values around the mean depends on the
shiape and size of the cells. This is-therefore the case for dispersion parameters such as the variance of
thle population and for mixed-parameters such as the median and the 95th percentile of the pgpulation.

If the scale of interest is very large, it is usually not possible to directly sample at that scale. Suitably
dgdfined composite samples can, however, approximate the scale of interest, as shown in [Annex E.
Geostatistics provides tools for relating the scale of spot samples to a larger scale. They cah be used
when spot samplesare available and a study of spatial variability is of interest (see Annex H).

AJ2.6 Dispersion variance

Whhenthe site of interest is fully divided into discrete identical cells, the variance of the pop lation is

51m11ar in scale to the samples the variance of the samples can be con51dered as an approximation of
the dispersion variance of these cells within the site. This approximation becomes more reliable as the
number of samples increases. The dispersion variance for cells larger than the sample scale [e.g. at a
scale that makes sense for remediation such as 100 m3 (about 170 t)] can be obtained with geostatistical
techniques.

In the case of a regular or random pattern of composite samples (cluster samples or spatial composite
samples deemed representative of an area of medium size), the variance of the composite samples
can be considered as an approximation to the dispersion variance at the scale of the area where the
increments of a composite sample are selected. This approximation becomes more reliable as the
number of composite samples and the number of increments per composite sample increase. Note that
the areas encompassed by the separate composite samples should not overlap (something that might

© ISO 2018 - All rights reserved 49


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

ISO 18400-104:2018(E)

happen by chance with a random sampling pattern for sampling locations that happen to be close
together).

A.3 Variability

A.3.1 General

A good awareness of the variability in the material being sampled is a vital element in arriving at an
effective sampling programme. Linked with this (for sampling granular material) is the need to decide
on the “sigze™of the samples, 1.e. the minimum volume of material within which variations 1n quality are
of no congern.

NOTE In the case of composite samples, scale is that of the area where the increments are selected, Wwherdas
size is theltotal volume of the increments. The fundamental error variance is related to size and notto scale.

A.3.2 Types of variability

A key eleent of sampling programme design is an understanding of the main components of variabiljty
in the soi| being sampled (the population).

Two distinctive types of variability can be distinguished:
— atvery small scale, that of soil particles, i.e. fundamental variability;
— atlarger scales, i.e. spatial variability.

In stockpiles and other anthropogenic deposits, spatial ivariability can be linked with temporal
variability when temporal processes determine the spatial variability within the deposit (e.g| a
stockpile) or between deposits (e.g. a number of stockpiles). When temporal effects are expected baspd
on the prjocess wherein the stockpile or other abovetground deposit was formed, these effects shoyld
be accounted for in the assumptions on the spatial variability.

A.3.3 Fundamental variability

Soil consjsts of different types and shapes of (soil) particles. On the scale of the individual particlgs,
there is d degree of variability that«annot be reduced without particle size reduction. This is callpd
the “fundlamental variability”. It‘will be the cause of variability between samples whenever the
charactetistic of interest (e.g. the-€oncentration of metals related to the occurrence of organic mattgr)
is directly related to a specific\portion or subset of the particles.

As the avlerage number,ofparticles per sample increases, so the effect of the fundamental variability
becomes |ess dominant.Nevertheless, the effect can remain large even with a large number of particles
in the sample if the Constituent of interest (e.g. small pieces of copper wire occurring incidentally a§ a
waste mdterial within soil) arises in only a small proportion of particles, but at very high concentrations.
Annex F provides the details of a method that can be used to estimate the minimum size of incremer]ts
and samples of particulate materials when the property of interest is inherent to the particles to ensure
that the errer due to fundamental variability is as small as required

In general, it is assumed that the heterogeneity between individual particles is of no importance when
assessing the quality of the soil. Therefore, the size of a sample (the total volume of its increments in
case of a composite sample) should be such that the effect of individual particles on the results from the
sample is small.

Note that fundamental variability acts twice: (i) in the field when extracting a sample, and (ii) in the
laboratory when extracting a fraction of the sample (after suitable grinding) for chemical analysis. This
text focuses on the former, the laboratory being left to cope with the latter.
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A.3.4 Spatial variability

The soil usually comprises different soil units (type, horizon) with different statistical characteristics.
These characteristics should be determined for each soil unit (each soil unit is a distinct population).
Even within a soil unit, the samples usually display variations: this is due to spatial variability. The
spatial variability is an inherent characteristic of the population. Without manipulation of the material
(e.g. mixing the soil unit), it will not change.

Recognition of this spatial variability is essential for the proper assessment of soil quality (e.g. in sites,
stockplles) Whether one is 1nterested in the Varlablhty W1th1n the whole site or w1th1n a soil unit, the
0_ble chosen.
This effect exists even if there is no spec1f1c 1nterest in the spatlal Varlablhty (e g. the ob]ectl e is only
to|know the average value of a property), because spatial variability has an impact on.the ¢lefinition
of|a sample that would be representative of the whole population. However, whenspatial variability
is|likely to occur, it is not safe to represent the whole population by one or twg‘composite] samples.
Indeed these can mask locally high concentrations within a background of low. eoncentratiops. Or, on
thle contrary, very high local concentrations can so much impact the average(grade that the whole site
or] above-ground deposit could be considered to exceed a regulatory or similar limit. It is, therefore,
ngcessary to restrict composite samples to a reasonable scale, for example the size of the cells or units
for which separate decisions can or will be made about whether remediation is required.

Sdtting aside fundamental variability, spatial variability usually oceurs at all scales from that pf sample
increments to that of large units or even the whole site of intefest. If spatial variability is of ipterest, it
can be characterized with geostatistical tools such as the vafiogram if a certain number of spoft samples
or]cluster samples are available (a minimum of 30 samples‘is commonly reported as being required but
a higher number is required to obtain truly sound results). See Annex H.

Aj3.5 Variability between soil units

Fgr quantification of the variability between.80il units, the variability within the individual [soil units
should either be quantified or should be incorporated in the composite samples that ar¢ used to
characterize the quality of each individual'soil unit.

Al4 Estimation error
It|is seldom possible (or deésirable) to sample the whole population. Consequently, any (statistical)
pgrameter (e.g. an average concentration) that is calculated from the results of a sampling prpgramme
will differ from the “truye” value - that is, the value that would have been obtained if the whole pppulation

could have been samipled - except by a lucky chance. This difference is called “estimation efror”. It is
also known as “statistical sampling error”.

Al5 Reliability

Al5,1° General

The greater the amount and quality of sampling, the smaller the estimation errors are likely to be and
the more reliable the results are likely to be. The major benefit of a statistical approach is that it enables
this link between sampling effort and reliability to be quantified.

The reliability of a sampling programme is a general term embracing three statistical concepts: bias,
precision and confidence.

A.5.2 Bias
A biased sampling programme is one that has a persistent tendency either to underestimate or to

overestimate the property of interest, thus leading to inaccurate estimates of the property. Bias is a
particular risk when sampling takes place from a subpopulation.
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Bias can also be due to a lack in the sampling procedure or the sample pretreatment (e.g. the large
size particles, or on the contrary the fines, are not included in the sample), or a lack of calibration of
the chemical analysis procedure. In the case of several sources of bias, the total bias is the sum of the
partial biases.

If the bias is known, it is essential to correct the estimate in order to obtain an unbiased estimate.
Otherwise it is often not possible to detect a bias by simply inspecting the data, except by comparison
with reference data. It is therefore essential to check every possible source of bias.

A.5.3 Precision and confidence

Assuming that an estimate is unbiased, another desirable property is that it is as precise as requirgd,
that is, tlhe magnitude of the estimation error be as low as required to achieve fitness forpurpose.
The maghitude of the estimation error is usually characterized by its variance, called festimatipn
variance’l, or by its square root, the “estimation standard deviation”. This variance can,be calculated
with geostatistical techniques. In specific cases, approximations to these variances er-upper bounds
can be ohtained using simple statistical formulas.

Assuming a type of distribution for the estimation error, the estimation variance'can be translated into
an error pand - known as a “confidence interval” — to be placed around the property estimate. The
“precision” of the estimation is often defined as the semi-width of the 95 confidence interval (or
equivalently as twice the estimation standard deviation in the case of ansassumed normal distributipn
for the egtimation error). It is also sometimes defined as equal to the estimation standard deviatipn
itself. When giving a precision, it is therefore necessary to specify the)Jadopted definition. The precisipn
depends pn

— the vpriability in the population or subpopulation,

— the ppttern of sampling (see 6.2 and 9.2), and

— the chosen number of samples.

The key benefit of being able to estimate the achievable precision and confidence associated with aphy
proposed sampling programme is that it provides a quantitative link between the sampling resourdes
used and|the reliability of the resulting answers.

A.5.4 Estimation of statistical pparameters

When th¢ scale of the samples-coincides with the scale of interest and the samples can be considergd
“indepenglent” (i.e. uncorrelated), statistical methods enable the estimation of commonly usgd
parametgrs. For example;iii the case of a simple random pattern of spot or cluster samples, the
populatign mean can belestimated by determining the mean of the samples and the estimation varianice
of the mepn can be approximated by one nth the dispersion variance where n is the number of samples
(in the cdse of a stratified random or regular pattern, the estimate is more accurate than for a simple
random patterns-se‘that this expression is an upper bound for the estimation variance of the mean). (.2
provides |statistical expressions for estimating the mean of a population, its standard deviation off a
percentile atthe scale of the samples, a percentage compliance with a given limit, as well as methods f
calculating the umncertainty associated withr these estimates. T he tastisa criticat piece of information,
because it provides the quantitative link between the number of samples and the achievable reliability,
i.e. precision and confidence.

EXAMPLE Suppose the summary statistics for the cadmium concentrations found in 30 random samples of
contaminated soil are:

X =45 mg/kgand s = 35 mg/kg.

Because each sample can be considered as an estimate of the mean with an estimation variance of 352 =1 225, and
because the samples are independent, the mean of the 30 samples is an estimate of the true mean with an

estimation variance of 1 225/30 = 41, corresponding to an estimation standard deviation of 6,4 mg/kg (i.e. V41 ).
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Assuming a normal distribution of the estimation error, a 90 % confidence interval for the mean cadmium would
be of 1,645 standard deviations around the mean, that is

NOTE

45 mg/kg + 11 mg/kg, i.e. between 34 mg/kg and 56 mg/kg.

In the presence of spatial variability the above calculation is an approximation to the exact calculation

and is valid only for simple random sampling. This is however not a reason for selecting a simple random sampling
pattern. In the case of stratified random sampling or regular sampling, the estimation variance is smaller — and
often much smaller — than with simple random sampling. A geostatistical approach is needed to show how much
smaller it is.

In|

most situations not covered Dy StatlstiCcal Tormulae, 4 geostdtstical approdacn can be

orly when:

A
ar
ch
ar

large cells whereas spot samples are available);

in a given cell, or the probability that this average property exceeds a given' limit);

the sampling pattern is random or regular, but also when the sampling points are (witih

where large concentrations are likely;

auxiliary information is to be incorporated (e.g. a qualitative property, or a secondary
linked with the property of interest and known at‘any location).

series of geostatistical methods enable the calculation of optimal estimates (in a statisti
d of the corresponding estimation variances.sA preliminary to the application of geostatis

alysis tools. See Annex H for further infermation.

sed, not

the scale of interest does not coincide with the sample scale (e.g. the interest lies in properties of

the concern is in local properties rather than global properties (e.g. the ayerage value of a|property

n certain

limits- see below) unevenly distributed provided that sampling-is’not systematically fdcused on
specific areas such as locations where high concentrations are expected; for example, de¢lustering
techniques enable the use of a combination of a regular patterfnand of judgemental samples in areas

property

al sense)
ics is the

aracterization of spatial and/or temporal variability with the variogram and other spatial exjploratory
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Annex B
(informative)

Sampling patterns

B.1 Geperal

B.1.1 Overview

Most natyiral properties of the soil vary more or less continuously in space and, as a consequence, the
values atflocations that are close together are more similar than those further apart! They depenpd
upon one another in a statistical sense. This property is known as spatial dependence. Geostatisti¢s,
i.e. spatial statistics, provide tools such as the variogram for the characterization-of spatial variabilipy,
and methods for rationalizing sampling and analysing its results, including fer multi-stage or nestpd
sampling|(see Annex H).

A fruitfu] property of geostatistical methods is that, once spatial variability has been characterizgd,
the accuracy of a sampling scheme for estimating, for example, an‘average concentration, does rjot
depend op the observed values at the sampling points, but on thesgonfiguration of the sampling poirts
in relatiop to the area or block (if three dimensions are considered) to be estimated. This accuracy chn
therefore|be evaluated prior to sampling assuming there is nésampling or analytical bias

However,| at early stages of the characterization of a site;'when no data enable the characterization|of
its spatiaII: variability, more general considerations arewised to choose a sampling pattern. Theoretigal
results emable the comparison of standard patterns:stich as simple random pattern, stratified randgm
pattern ajnd a regular square grid.

Another ppproach is to determine which, pattern will be best for detecting hot spots of limitpd
extensiorn. A square grid, for example, will\detect any circular hot spot whose diameter exceeds the
square diagonal. From this point of view and for the same sampling effort, a regular grid of equilateral
triangles|enables the detection of smaller hot spots. The square pattern is however usually preferrpd
because It is viewed as simpler,to_put into practice. If the presence of thin elongated hot spots|is
suspectedl, less regular patterns‘ean be preferred, such as stratified random sampling or systematic
unaligned sampling.

[

NOTE Figures B.5 to,B.8’show a site in which there are areas of interest (of contamination in this casge)
randomly|distributed. PThefigures show that the number of these areas that will be sampled depends on the
sampling pattern. Whieh ones are sampled will depend on the “origin” of the sampling pattern. The number|of
sampling locationsis 10 to 12 in each case. Further illustrations of sampling patterns are provided in Annex I.

B.1.2 Baysesian approaches to investigation and sampling

In practice, very few site investigations, and hence sampling exercises, are carried out without at least
some knowledge of what to expect. The available information is used to aid decisions about what, where
and how to sample, and what substances and properties should be measured. By staging investigations,
knowledge about what is, or is not present, can be used to inform the design of subsequent stages of
investigation and to improve the efficiency of the overall investigation, e.g. by reducing the total number
of investigation points required or to enhance the value of information gained from each sampling
point. This process can be aided by application of statistical techniques including sometimes Bayesian
statistics.

Bayesian statistics should only be used with expert advice. Proper application of a Bayesian approach
requires that formal hypotheses (e.g. the probability of a hot spot of contamination being present)
are explicitly stated before the sampling plan is prepared — it is not something that can be done with
hindsight.
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A simple application would be to use Bayesian approach to justify statistically a decision that on a
“green field” site, sampling density can be less than on a brownfield site (there is a formally stated
low expectation of finding anything untoward). If any evidence of contamination is found, however,
a second stage of investigation is required - reliance on average concentrations or properties for the
subsequent assessment of risks, etc. would be inappropriate.

Bayesian statistics requires “prior knowledge” of the situation. In site investigation, it is difficult to
ensure the accuracy and applicability of this prior knowledge. Application of Bayesian statistics cannot,
therefore, be regarded as a customary method with widespread application. They should only be used
with advice from a statistical expert.

BJj1.3 Sampling in three-dimensions

Sampling patterns and the associated statistical considerations are usually restricted to two
dimensions. Having decided on a sampling approach, e.g. random or applicatipnjof a reghlar grid,
sampling depths are decided on taking into account the considerations listed in €lauses 8 anld 9 about
pdrticular sampling situations. This approach reflects the practicality of taking samples at depth and
also the fact that in most site investigations, the variation in properties with depth occurs dn a much
smaller scale than laterally. Although sampling is sometimes carried out atregular depth intefvals (e.g.
every 0,5 m or 1,0 m), it is also common to sample individual horizons.ermaterials that are of {interest”
which might be only 100 mm or so thick. Thus, a large element of judgement is usually employed when
dgciding on sampling depths.

When samples are taken at fixed depth intervals at locations on a predetermined sampling pattern,
a three-dimensional pattern is in fact established, albeit‘one that is usually far from equpnt in its
dimensions. For example, when samples are taken at fixed depth intervals this is likely to b¢ at 0,5 m
or] 1,0 m whereas the sampling grid might employ intervals of 10 m, 15 m, or 20 m between[sampling
pqints. As discussed in B.12, more equant grids, oxéven random sampling in three dimensiong might be
ngcessary or possible when investigating ore boedies or above-ground deposits (e.g. large consolidated
stpckpiles) but the practicality of doing so is.@ften limited because of the technical complexity of doing
soin relation to their value compared to other possible approaches.

B{2 Patterns for spatial composite sampling

Wiidely used in agricultural/harxticultural land investigation are the “N”, “S”, “W” and “X” patterns of
sampling (Figure B.1). The(general premise is that the distribution of soil constituents is [relatively
hgmogeneous. Along the outline of such a pattern, a number of increments are taken and th¢n bulked
arjd mixed to provide one composite sample for analysis.

Fdr the reasons ekplained below the “W” pattern is generally favoured. Increments should|be taken
from at least 25acations in the area to be sampled. This applies irrespective of the size of|the area,
whether it isi@small garden bed or a 4 ha field (above this size is best to sub-divide the site info at least
two zones{see 7.3.2)]. Research has shown that a composite sample composed of 25 increnpents will
udually:constitute a sufficiently representative sample of soil. See Reference [36].

Thé-distribution of sampling points is likely to be inadequate to identify the location| of point
contamination, and in any event high contaminantIevels will be Iost in mixing of these samples. Thus in
the majority of contaminated land investigations these patterns are unlikely to be useful, because they
obscure high levels of point contamination.

© IS0 2018 - All rights reserved 55


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

ISO 18400-104:2018(E)

Key
o

point

Whereve
previous
separate

There can be advantages in splitting a site into zones in this way andd¢aking a composite sample fra
each zong¢ irrespective of whether there is an obvious basis for such zoning such as those mention

above be

propertigs.

Samplinglalong a single diagonal of a field, zone or other:unit is only recommended in case of strip li

distribut
for samp
parallel s
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usefyl only for uniformly developed areas (deviating parts of the area should be sampled separatel
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distajnce betweef¢sampling points is equal for each diagonal, i.e. shorter diagonals have few
sampling points;
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fixed/ by measurement or pacing).

from which increment is taken to form composite sample (number of points illustrative only)
Figure B.1 — Spatial composite sampling patterns

" there are likely to be differences in soil type or conditions, crop,growth, plant speci
cultivation, etc., the site should be sub-divided into zones according-to these differences ang
cample taken from each zone.

Cause it can reveal unexpected differences or confirnisthe assumed relative homogeneity

on of contaminants on agricultural areas dueto application of fertilizers. Applying a diagor]
ling avoids, by simple and effective meansy systematic bias which would arise with sty
ampling. However, a greater number of diagonals is to be preferred. Two diagonals (X-shay
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cation of more thair one diagonal is recommended (e.g. parallel or X-shape);

tion §f-sampling points is independent of local characteristics (points should preferably
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Traversing the area in a zigzag manner similar to that shown in Figure B.2 is another way of obtaining
increments to make up a composite sample.

56

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

ISO 18400-104:2018(E)

VAN

I 1 /= T

Kegy
o [ points from which increment is taken to form composite sample (number of points illustrative only}

Figure B.2 — Zigzag traverse sampling pattern

B{3 Sampling patterns for permanent monitoring sites

A general exception to the “biased diagonals pattern” was developed for permanently monitored areas
to[obtain information about long-term changes within selected sites due to human influencel The aim
is|to make available samples from an area representative:ofthe surrounding environment for|a defined
nymber of examinations to be carried out over a period‘of some years.

The following procedure is recommended (see Figure B.3):
—{ select arepresentative area of approximatély 1 000 m?;

— divide this area into four squares, eachbof 250 m2;

— within each square, draw two diagonals along each of which nine increments are obtained;
— take samples according to the specified requirements;

— prepare composite samples 1, 2, and 3 by:

— mixing increments from positions 1, 4, 7, 10, 13, and 16 to give composite sample 1;
— mixing increments from positions 2, 5, 8, 11, 14, and 17 to give composite sample 2;
— mixingincrements from positions 3, 6,9, 12, 15, and 18 to give composite sample 3.
Rotational:'sampling of the area can be conducted by:

— (taking increments at the intersections of the sampling points (positions 1 to 18) as described above;

— rotating the diagonals clockwise around the centre of the square in steps of 22,5 ° so that, all in all,
four sampling exercises can be carried out at undisturbed positions.

An area selected and sampled according to the above-mentioned scheme serves for eight sampling
episodes. After the final episode, the area might be considered unsuitable for further sampling.
Extension or reduction of the dimensions of the test area might require changes in the total number of
samples and therefore also affect composite samples.
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Figure B.3 — Pattern of rotating diagonals for permanently monitored areas

B.4 Cincular grids

Circular grids are useful for delineating localized contamination areas such as storage tanks but aliso
to indicafe influences around a regional emitting source, e.gzprecipitation from industrial plants. Sgot
samples gre taken at the intersection of concentric circles{the radii of which depend upon the suspected
area of cqntamination) and the lines of the main eight points of the compass (see Figure B.4).

Key

o0  points from which samples are taken
Figure B.4 — Circular grid

Sampling based on circular grids can provide a range of information. For example:
— information on substance concentrations in the grid centre (maximum values);

— information on distribution of contamination (dimensions of particular area with increased
contamination);
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— shape of distribution of contamination.
Disadvantages of circular grids are:

— star-shaped (radial) location of sampling points is practicable but not optimal (rotation of concentric
circles of 22,5° leads to a higher quality of the pattern);

— relationship of sampling point densities of the (usually) eight samples close to the centre and those
(usually) eight samples at a greater distance might not be optimal in every case (if, for example,
borders of distribution of a contaminated area are sought, fewer central points should be sampled

and.more camp]nc atthe mar‘ginc ofthe grir‘]);

— circular grids might imply a uniform extension of contamination in all directions. This |s usually
not the case. Preferred directions, e.g. due to main wind direction in case of airborfié contaminants,
should be considered in modifications of the circular grid, e.g. an increased number of [sampling
pointsin critical directions, extending the distance of sampling from the centréin-critical djrections;

— circular grids generally are not applicable for taking composite samples, because the values
measured give information neither on the average nor on the maximiny concentration of the area
sampled.

B|5 Simple random sampling

In|cases of presumed irregular occurrences of contaminated zones, random sampling may bg applied.
Sdmpling points within the area are selected by using random numbers which can be found in tables
influded in manuals on statistics or generated by computer programmes. This techniqu¢ has the
disadvantage of irregular coverage and makes interpolation between sampling points diffficult (see
Figure B.5). It is also not efficient for the identification of hot spots.

S

A [suitable procedure is the following. Encompass the site of interest in a rectangle parallel to the
coordinate axes. Sample coordinates are selected independently and randomly within this rectangle.
Wihen the coordinates define a point outside the site, another set of coordinates is selected.

In|general, random sampling can alsobe applied for soil fertility investigations, etc.

In|practice, random sampling (in its purest form) is rarely used in soil surveys.
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Figure B.5 — Random sampling pattern
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Figure B.6 — Stratified random sampling pattern

7 Regular grids

many cases, a regular grid is selécted for soil sampling (Figure B.7). There is a direct rel
tween the spacing of sampling points and the detection of hot spots of contamination. Cir
ots, for example, are detected with certainty if their radius is larger than 0,71 a, or equiy

their area is larger than 1{57 a2, where a is the grid spacing.
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le assigned grid spacing depends on how much detail is required. It will differ accordi
jective of the sampling, e.g. to collect samples of average degree of contamination, to locat
urces of contamination or to establish the extent of contaminated zones (horizontal and
le latter is efparticular importance in cases where a contaminated area has already been lo
ollow-up Sampling programme becomes necessary (see also Annex I).
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Figure B.7 — Distribution of sampling points on a regular grid

Although| more frequently used for the investigation of soil contamination, regular grids are also
suitable fpr soil fertility investigations, ete:

An advanltage of a regular grid is that\it can be set up easily and grid dimensions can be readily varigd.
It has th¢ disadvantage of being prone to bias from linear features across the site (e.g. drains that
are eithef under or over reprgsented). This disadvantage can be overcome by using unaligned gridls,
(see B.8 and B.9).

Interpolaftion between.sampling points and return to the grid to carry out a more intensive sampling|in
localized|areas to further delineate point sources of contamination is easy.

NOTE Figure-B.7'shows the sampling points located in the centres of cells demarcated by the grid to better
illustrate how,thisregular pattern relates to those shown in the other figures. In practice, it is more usual to fix
the sampling points at the intersections of the grid lines.

B.8 Systematic unaligned sampling

Systematic unaligned sampling is an intermediate between a regular grid and stratified random
sampling. It involves taking samples off set in a both random and systematic way from the nodes of
a regular grid (see Figure B.8). This improves the chances of locating an elongated area of atypical
properties.

Unlike a regular grid, the samples of a row or column are not aligned, which avoids possible sampling
bias when a spatial periodicity in the contaminant concentration is suspected, due to the previous use
of the site.

62 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

ISO 18400-104:2018(E)

The samples of a row (resp. column) always display the same pattern — up to a translation, giving
globally a more systematic effect than stratified random sampling.

When compared to aregular grid or even to stratified random sampling, systematic unaligned sampling
improves the chances of locating an elongated (e.g. oval or tear drop) area of atypical properties or a
“long thin” hot spot (e.g. along line of old pipeline or cable) where this might by chance be approximately
aligned with one of the grid axes.

The procedure giving a pattern such as that illustrated in Figure B.8 is as follows.

EXAMPLE Given a grid with 24 cells (qqnarpd arr;mgpd in 4 lines and 6 columns (Fionrp B.&])

—| For the first cell (line 1, column 1) x- and y-coordinates are chosen at random.
—| Forcells 2, 3,4, 5 and 6 (upper row) only the y-coordinates are chosen at random.
—| Forcells 7,13 and 19 (left-hand column) only the x-coordinates are chosen at random:

—| All sampling points are now located on the grid. For all sampling points in the goliumns, the y coorfdinates of
cells 2, 3,4, 5 and 6 are valid and for all sampling points in the lines the x-cgordinates of cells 7,{13 and 19

Z P
Sl N
T

Figure B.8 — Systematic unaligned sampling pattern

]

Keqy

[% cohitamination

@® , (ssampling point

B.9 Herringbone pattern

The “herringbone” pattern is a modification of a regular grid achieved by alternately offsetting the x
and y coordinates of the grid nodes by a constant amount, see Reference [37]. It is a special case of the
systematic unaligned pattern. It can be set out easily on site, as it can be generated by four square grids,
each with the same orientation and spacing.

The “herringbone” pattern was designed for improving the probability of detecting elongated (e.g. oval
or tear drop) or “long thin” hot spots (e.g. along line of old pipeline or cable) in unfavourable orientations.
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Its properties depend heavily on the two relative offsets selected. In practice the pattern displayed in
Figure B.9 is used because it represents the best choice, as shown by computer experiments.

Figure B.9 — Herringbone pattern

B.10 Systematic sampling on a triangular grid

In case off an equilateral triangular grid (Figute B.10), each grid point is neighboured by six grid poirts

at the unique distance, d.

To put this pattern into practice, sampling points are fixed at a distance of d in parallel rows spaced af a

distance of (\/§/2)d, i.e. approximately 0,87 d. The sampling points on the parallel rows are staggergd

byd/ 2.

The fred, unsampled disk defined by three adjacent points has a radius of (\/5/3)d, ile.

approximately 0,58 d.

Therefore, any circular contamination is certain to be detected when its radius is larger than 0,58 d, [or
equivalenjtly its<aréa is larger than 1,05 d2. Compared with a square grid with the same samplipg

density (fhattis; with a’ =d? \/§/2 ), this area is 23 % smaller.

Thus, just by changing the pattern (and with the same sampling etfort) the size of the unsampied

circular area decreases by 23 %.
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Figure B.10 — Triangular grid

B{11 Sampling along a linear source

In|the case of contamination following a line, e.g. caused by leaking pipelin€s, sampling poirts can be
arranged in the covering soil directly above the pipeline or, if this not practicable for certaip reasons
(elg. safety), close to the pipeline. If the distribution of contaminants-catsed by a line-like stfucture is
also of interest, it is recommended to take samples at a distance “x! on€ from another above thg line and
further samples at increasing distances (e.g. 2x) parallel to the line (see Figure B.11).

-
X
e e e
— N\
2x
@ ® e

Figure B.11 — Sampling along a linear source

B|12 Sampling.in three dimensions

BJ12.1 Simple random sampling in 3 dimensions

R3ndomysampling can be applied in three dimensions, e.g. when sampling a stockpile, follqwing the
procedure described below However as noted above (B.5) random sampling is more usually applied in
es firom each
borehole either at fixed intervals or using a techmque whlch prov1des a continuous sample (e.g. acore)
from which (sub)samples for testing can be taken in the field or following transfer to the laboratory.

Three-dimensional random sampling is only feasible where application of the chosen sampling
equipment in conjunction with the appearance of the ground or stockpile (e.g. maximum particle size,
degree of consolidation, size/height) enables the sampler to take the samples in a safe way while the
identity of the sampled material is guaranteed.

A suitable procedure is the following: Define the soil to be sampled (the population) precisely, and
encompass it in a rectangular parallelepiped oriented like the coordinate axes. Samples will be taken
on coordinates that are randomly chosen within this parallelepiped. When the coordinates define a
point outside the soil to be sampled, another set of coordinates is chosen.
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B.12.2 Stratified random sampling in 3 dimensions

Stratified random sampling in three dimensions requires samples to be taken from each of a set of
three-dimensional cells. A three-dimensional grid is established in the rectangular parallelepiped
described in B.12.1. A random location is then defined for each cell. If this location does not belong to
the soil to be sampled, it is rejected and no sample is selected in the cell.

If spatial variability is greater vertically than horizontally, which is a common situation, the dimensions
of the grid cells are set to be smaller vertically than horizontally.

Wh n cralarnaointic chacan 190 Ao oall +bha b Af con e 3o o gttt oo A f +
en a §hasgte-pontis—chosenin—eachcel+thenumberof-samplesisapproximately—theratio—otthe

volume of the soil to be sampled to the cell volume.

B.12.3 Systematic regular sampling

The regular grid pattern applied in a horizontal plane can also be applied e.g. in case of a stockpile [or
in situ volume, in a vertical direction. The principle of the regular sampling pattern is-that the distance
between sampling locations both in horizontal and, if relevant, vertical direction isjeonstant. However
there is no need for the horizontal distance to be equal to the vertical distance. The'vertical distance|is
usually s¢t to be smaller due to the often larger variability along the vertical than along the horizontal.

A three-dimensional grid is established in the rectangular parallelepipedidéscribed in B.12.1. A sample
is placed |at the centre of each cell, provided that it belongs to the spil t0 be sampled. The number|of
samples is approximately the ratio of the volume of the soil to be sampled to the cell volume.

B.12.4 Sampling the surface of above-ground deposits

Samples [can be taken from the surface of a stockpile.er“other above-ground deposit at locatiops
determinked by a grid or random sampling pattern laid ever its surface or at intervals around the balse
when sampling over the surface is not practical (e.g. because the sides are steep and/or not sufficienfly
firm to Be trafficked); see Figure B.12. Such sampling will nearly always result in samples beipg
taken from a subpopulation which is substantially more restrictive than the population. Within that
subpopulption, however, it could be feasible™er the sampling to be sufficiently representative. This
means thpt the results will still be representative for the part of the population sampled (within which
the conditions for probabilistic sampling‘are met), though it still runs the risk of being biased for the
populatign.

EXAMPLE|1  Samples can be takén,dccording to a systematic pattern from the top 0,50 m of a stockpile.
The advantage of doing this is that'it allows statistically sound information to be generated for at least the
subpopulition sampled. This nfakes it easier to assess the possible errors involved in extrapolating to the whole
population (i.e. the stockpile),-while also making explicit the way in which the sampling is unrepresentative.

EXAMPLE|2  Another(example is where sampling is restricted to a maximum particle size. For example,
samples npight be taken-using a 30 mm auger from a soil with a maximum particle size of 50 mm. The larger
particles (i.e. those 530 mm) will not be part of the sample. In addition, as it is usually necessary in order|to
obtain a sfifficiently representative sample for the diameter of the sampling tool to be greater than about three
times the diafheter of the largest particles present (see E.2) it is very difficult to know what part of the overpll
population thie samples represent. For example, particles of 25 mm diameter, will have only a small probability| of
entering the auger and therefore are likely to be under represented.

Spot samples of the appropriate size can be taken at specific locations that have been:
— randomly chosen in advance of sampling;
— chosen based on accessibility for sampling or a similar type of motivation;

— chosen based on the appearance of specific types of particles/material as encountered during
sampling.

Convenience sampling might be appropriate when:

— aquick characterization of the material is necessary and representativity is not directly relevant;
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— specific parts of the soil stockpile seem to deviate from the bulk and characterization of these parts

is desired.

During an exploratory investigation, one sample location should be placed at the assumed centre of
any target of interest, e.g. hot spot. For contamination that can be observed in the field, this one sample
might be sufficient. If contamination is not observable in the field, and when some information on
the extent of the contamination is required from the exploratory investigation, another four sample
locations should be placed at the expected perimeter of the assumed contaminated area. Samples
should be taken from each location and all relevant depths. If hot spots are found (by chance) during
the exploratory investigation, these hot spots should be investigated with a similar approach;

Dlllring a main/detailed site investigation, the number of additional sample locations depen
exltent of the contamination and the desired confidence of the delineation.
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FigureBi12 — Surface sampling of above-ground deposits

12.5 Directional‘'sampling

directional sample may be taken when it is expected that the quality of the soil will v3
rection of sampling. This can occur when the soil stockpile is expected or known to
fferent layers of soil with (potential) varying quality. A number of samples or a full-length s
takentinra specific direction through the soil stockpile, resulting in a composite sample th

full direction of sampling. However, this has the disadvantage that any differences betws

lineated, sampling profiles arranged orthogonally to the (estimated) border will provide informatfion on the
pasition and the slope of the gradient of the transition.

\rea of
PSS

ry in the
onsist of
mple can
roughout
en layers

masked - it depends on the circumstances whether this is acceptable.
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Annex C
(informative)

Assessment and modification of sampling uncertainty

C.1 Geperal

Total measurement uncertainty includes random (precision) and systematic (bias) effects fragm
sampling|in the field, sample preparation (e.g. subsampling within the laboratory), and from the"process
of chemidal analysis. For this purpose, it is not necessary to identify or quantify the individual sourdes
of errors|in terms of sampling theory, such as fundamental sampling error appliedcin Annex F. The
uncertainty arising from sampling process is generally greater than that arising from the analyti¢al
process.

Estimates of total measurement uncertainty (including sampling uncertdinty) are useful for the
following purposes.

— Judging, demonstrating and, if necessary, improving the fitness-for-purpose of the measuremerjts
for ay particular site (e.g. in an exploratory investigation). Thetesulting uncertainty estimates capn
be uded to minimize overall expenditure on site development;see Reference [30].

— Making a probabilistic interpretation of the contamination-at a site that allows for the uncertainty
of th¢ measurements, for either laboratory or field metliods; see Reference [52].

— Imprpving the confidence, robustness and transparency of decisions based on the information frqm
a sitd investigation.

Methods |to estimate the systematic effects.of sampling exist (see Reference [38]) but are not wgll
established and are generally ignored when(assessing sampling uncertainty. In contrast methods dre
well established for estimating systematic effects of analysis.

The dupliicate method for estimating‘the random sampling uncertainty involves the collection |of
duplicate| samples at a number,of sampling locations (called sampling targets) across a site; see
Referenc¢ [38]. A minimum of ejght duplicate samples is recommended to ensure that the uncertainty
estimateg are suitably robust:-For larger investigations, duplicates are taken at 10 % of the targe}s,
selected at random. The dupliCate samples are taken by a fresh interpretation of the sampling protocpl,
and are ot simply two(splits of one sample. Two test portions are then taken at the laboratory fram
both duplicate samples; prepared separately, to give four test materials for analysis. This scheme|is
illustrated in Figure C.1.

The analytical'data from the four samples are then used to estimate sampling uncertainty by a technique
called “analysis of variance”. Traditional classical ANOVA can be applied if the frequency distribution|is
broadly (‘taussianbutrobust ANOVA is more effective toguantifyy the underlying uncertainty if thdre
up to 10 % of outlying values. If the distribution is more heavily skewed, then transformation of the
raw data (e.g. using logarithms) is advisable before the application of classical ANOVA. Further details
on how to estimate sampling uncertainty are provided in the example in C.2 (from Reference [38],
Example A2), and six worked examples are given in Reference [30]. The uncertainty from the sample
preparation can be estimated separately using a modified sampling design.

Estimating sampling uncertainty using the duplicate method might be particularly appropriate when:

a) the analytical results are close to the critical level of interest and the total uncertainty of
measurement therefore needs to be explicit and allowed for in interpretation;

b) the ground is expected to be highly heterogeneous and cluster sampling could be required to
modify the uncertainty and thereby achieve fitness-for-purpose, see Reference [30].
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kg) at 95 % confidence, was therefore Upeas = 200 * 124,3/297%3 = 83,6 %. When the estimated 4

bi
re

Lgad concentrations (Table C.1) were measured for 10 randomly selected*sampling targe

kg), sampling (Ssamp = 123,8 mg/kg) and measurement (Smeas = V- [Ssamp? + Sanal?] = 124,3 mg

ISO 18400-104:

2018(E)

10%of target
whole survey,

Sampling Target —

sin
n=8

Sampling 1 Sampling 2 — Sampling precision

Analysis 1 Analysis 2 Analysis 1 Analysis 2 —{ Analytical precision

Figure C.1 — Duplicate method sampling design

2 Example of estimation of uncertainty and improvement in fitness-for-p

fotal of 100, using the balanced design (Figure C.1), to estimate measurement uncertain
vestigation of a 9 ha site using a regular grid, see Reference [38](_The standard uncert3
timated, using robust ANOVA, from the analytical repeatability standard deviation (Sanal =
lndom component of the expanded measurement uncertaintyyrelative to the robust mean (4

hs of the measurements (-3,4 %) was included, this estimate increased marginally to 83,9

urpose

ts, out of
y for the
linty was
11,1 mg/

kg). The
97,3 mg/
inalytical
%. These

sults reveal that 99,2 % of the uncertainty arises frenithe procedures of sampling (including sample
preparation), and only 0,8 % from the chemical analysis. Reducing the uncertainty apprecial

bly would

therefore only be possible by improving the sampling.
This same procedure was applied to routité investigations of six sites with a range of|different
contaminates, areas, and former and proposed land uses, see Reference [30] The expanded meafurement
urjcertainty ranged from 25 % to 158 %.dcross the six sites, with 64 % to 96 % of that urfcertainty
arfising from the sampling process.
Table C.1 — Measurement of Pb concentration (mg/kg) in 10 duplicated samples for first
example, taken in the design from Figure C.1
Sample 1 Sample 1 Sample 2 Sample P
Analysis 1 Analysis 2 Analysis 1 Analysis|2

787 769 811 780

338 327 651 563

289 297 211 204

662 702 238 246

229 215 208 218

346 374 525 526

324 321 77 73

56 61 116 120

189 189 176 168

61 61 91 119
NOTE The generally close agreement between the analytical duplicates for one sample, but poorer

agreement between results for the duplicate samples for one target, shows qualitatively that the sampling is the
larger source of uncertainty in the measurement results.

A further procedure (the Optimised Contaminated Land Investigation, OCLI method, see Reference [39])
was applied to decide whether the estimated uncertainty was acceptable [i.e. whether the measurements
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were fit for their particular purpose (FFP) and the samples therefore sufficiently representative]. This
technique judges FFP to be achieved at the minimum overall cost (expressed as "expectation of loss”),
considering not just the cost of the investigation but also of the consequences of any misclassification of
the land caused by the measurement uncertainty. (Figure C.2).

The function that is minimized in the OCLI method is shown in Formula (C.1):
E(L) = C[1 - ®(£1/Smeas)] + D/s?meas (C.y

where

E(L) [ isthe expectation of financial loss, which is equivalent to the predicted overall cost,ex*
pressed in any currency;

Smeag 1S the measurement uncertainty, calculated by the duplicate method;

C is the consequence cost, such as potential losses resulting from misclassification, for eithgr
a “false positive” situation (e.g. cost of unnecessary remediation), or a “false negative” sity-
ation, when missed contamination is detected at a later stage leading to the cost of unex-
pected delays or litigation;

O] is the standard normal cumulative distribution function (e ‘the function NORMSDIST
in Excel);
€1 is the error limit = | T-c | in which T is the appropriate threshold value used to classify th¢

land, and c is the contaminant concentration for which the optimization is considered. Fol
example, for a “false positive” case this could be #4*T, or the average of measured concentf
tration values that are above T, but have loweruhcertainty limits below T (i.e. “probably
contaminated”). Similarly for the “false negative” case, c could be set at 0,6*T or the average
of the measured concentration value thatare below T, but have upper uncertainty limits
above T (i.e. “possibly contaminated”);

is the combined optimal cost forsampling and analysis, where D= (\/Z+ \/E) ,and

A = Lsamp* szsamp and B = Layal * s22na], when Lsamp is the real cost of taking each sample
and Lang) is the real cost.6fimaking a chemical analysis for the contaminant under consid-
eration;

This apprioach can be extended to also calculate the optimal allocation of variance and costs to achieye
the optinjal level of uncertainty between the sampling and the chemical analysis.

The optimal sampling Variance (V'samp = [S'samp]?), and optimal analytical variance (v'anal), can pe
derived from the gptimal measurement variance (V'meas)-

V'samp = Wiheas {\/Z/(‘/Z"'\/E)} (Cf2)

V'anal =V 'meas {‘/E/(\/Z"'\/E)} (C.3)

The optimal costs of sampling, and of chemical analysis, are then:

’

Lsamp =A/ Vsamp (C.4)

Lanal =4/ Vanal (C.5)
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EXAMPLE When the OCLI method is applied to the case study above (see Reference [39]), the input values
for the "false positive” scenario are:- C = £ 94 230 (for unnecessary remediation per target misclassified),
€1 =200 mg/kg from T = 500 mg/kg and ¢ = 700 mg/kg (i.e. 1,4T), Smeas = 124,3 mg/kg (calculated above), cost
per sample Lsamp = £ 15, cost per analysis Lanal = £ 20.
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TE Achieving FFP is shown to require reducing®he measurement uncertainty by a factor
4/56), which would reduce the expectation of loss by~over 97 %.

Figure C.2 — Judging the fitness-for-purpose (FFP) of a sampling procedure by apply
OCLI method to the case study (Table C.1) using Formula (C.1)

le expectation of loss, calculated from Formula (C.1) for a range of measurement un
Figure C.2 shows a “U” shape, caused by increasing costs of both measurement (e.g. san
ver uncertainty, and of land misclassification at higher uncertainty. In between there is
nimum value that can(bg established either by visual inspection, or by numerical analy
ke Newton-Raphson method. This optimal value can be used to judge the fitness-for-purp
the whole measut'einent procedure, and thereby the sampling. For this case study FFP is
ound the optimallmeasurement uncertainty (s'meas) of 56 mg/kg. The actual uncertainty (
e current sampling protocol, indicating a potential saving of over 97 % in this part of the
velopmenti#Fhis saving could be achieved most cost-effectively by reducing ssamp from 1

7 % (Eormula C.4).

bf 2,2 (i.e.

ng the

certainty
1pling) at
a visible
sis using
pbse (FFP)
achieved
aused by
vhole site
24,3 mg/

to 54 mig/kg (using Formula C.2), which would require increasing the expenditure on sampling by

Applying this OCLI method to the six other routine site investigations, see Reference [30]|only one
investigation had measurements judged to be FFP. In the other cases, the sampling uncertainty needed
to be reduced by a large factor (e.g. from 4 to 9) to reduce the uncertainty, and thereby to achieve FFP.
In one case the sampling protocol was modified in a supplementary phase of the investigation in order
to reduce the sampling uncertainty, by increasing the number of increments in each composite/cluster
sample to better approach FFP. The use of fourfold cluster samples to increase the sample mass reduced
the sampling uncertainty by 2,6-fold and reduced the overall expectation of loss substantially (i.e. by
>80 %). The reduction in sampling uncertainty is close to the twofold change, predicted by sampling
theory, in which sampling variance is inversely proportional to sample mass (i.e. a V4 reduction for a
fourfold cluster, and fourfold increased sample mass, as predicted by Formula F.5). One main benefit of
this approach is that it can provide quantitative evidence of the need, and the benefits, of taking larger
primary soil samples during site investigations.
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D.1 Ge

The sam
objective
also bein|
detailed
steps fro
objective

— Dbopy

— components to be determined and/or tests to be carried out on the samples;

— statigtical parametertobe determined (e.g. mean concentration,degree of heterogeneity, percentil

— type

— scale
whic

— desired precision and confidence.

The thre
them can

could be adopted to characterize excavated materials prior to treatment or disposal to ensure that ea
defined vplume of soil (“unit”) complies with the specification that has been set.

D.2 EXx;

D.2.1 Purpose of sampling

In this example, national legislation determines that for the re-use of soil, the mean concentrations

a defined number of components within a soil stockpile should be in compliance with (i.e. below) the

Annex D
(informative)

Examples of sampling for particular purposes

neral

pling required is determined by the purpose of the sampling exercise and the sampli
5. Defining the sampling objectives results in other essential elements of the sampling pl
g defined. In this annex, examples are given of how to derive the sampling objectives (t
Hefinition of the technical aspects necessary for defining the sampling planj/in subsequg
 the purpose of sampling (the reason why the population is sampled):\Typical sampli
5 include definition of the:

flation to be sampled (the population, e.g. the above-ground deposit, the site);

of sampling (probabilistic or judgemental);

of sampling (the use of increments and composite’samples or spot samples and the scale
n the soil should be tested);

b examples provided in D2, D.3 and D<4-all refer to stockpiles but the principles underlyi
equally be applied to in situ materials:For example, the approach described in example 3 (D.

ample 1: Determination of the compliance of a soil stockpile with nationall
limit values for re-usability

ng
hn
he

nt
ng

ng
4)
ch

treated in a-soil treatment plant, or be disposed of as waste.

or

limit vah;}es stated in the legislation. If they are in compliance, the soil can be re-used. If not, it has to pe

D.2.2 Definition of sampling objectives

Testing is required to determine compliance with specific reference conditions (e.g. limits set by
legislation).

72

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

ISO 18400-104:2018(E)

The following sampling objectives are defined:

definition of the stockpile:
— the stockpile is known, as this is the material that has to be tested prior to re-use;
definition of the components and tests:

— the components to be tested are given in legislation: 8 (heavy) metals, sum of 10

specified

polycyclic aromatic hydrocarbons (PAHs), mineral oil and extractable organic halides (EOX);

B3
of]

confidence interval of the estimated mean when 100 increments are taken.

N(
th
by
th
N(
a
ob
ch|

— the two composite samples are to be analysed atter thorough sample pretreatmg
laboratory;

definition of the statistical parameter:

— the mean concentration of the stockpile has to comply with the reference levels
legislation;

definition of the type of sampling:
— probabilistic sampling;

— the number of composite samples (2) and incrementsy(50) forming each composi
is defined in legislation, i.e. 2 x 50 increments, to.be taken at random locations th
the soil stockpile;

definition of the scale of sampling:
— the scale of interest is the size of the whole'stockpile (see E.2.1 and E.2.3);
definition of the desired precision and confidence:

— the true mean concentration should be within the 90 % confidence interval of the d¢g
mean concentration.

sed on a large number of investigated stockpiles, it is known that the true mean for 85 9
the stockpiles examined (depending on the components to be determined) will be within

TE1 When n composite’samples are available, each made of m increments selected randomly t
e stockpile (which is supposed to be the case here), and when the mean concentration over the site is
taking the average ofthe n composite samples, the estimation variance of the mean can be approx
e empirical variance of the n composite samples divided by n-1 (the approximation is better when n
te that this result is apparently not dependent on m, but of course the empirical variance depend
fonsequence;,assuming a normal distribution for the estimation error, the 90 % confidence inter
tained from ‘several composite samples (all at the scale of the stockpile) without the need of a moj
aracterization of spatial variability, which would require many spot samples.

nt in the

given in

te sample
roughout

termined

h to 98 %
the 90 %

hroughout
estimated
imated by
is larger).
5 on m. As
val can be
re general

TE 2 The example sampllng method descrlbed is used in Dutch 1eglslat10n and has been va

idated by
ng on the

assumed size ofthe sampling error, 1t has been proven that the strategy is suff1c1ently rellable for the percentages

of

soil stockpiles, in the Netherlands, as given in Table D.1.

© ISO 2018 - All rights reserved

73


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

ISO 18400-104:2018(E)

Table D.1 — Percentage of soil stockpiles for which the sampling strategy is sufficiently reliable

Assumed sampling error Inorganic components Organic components
5% 10 % 5% 20 %
Strategy 2 x 50 97 % 98 % 75 % 82 %

D.3 Example 2: Verification of physical characteristics of supplied soil

D.3.1 P

irnose of sampling
X x (=]

In this ex
was orde

D.3.2 D

Testing
percenta

The folloy

ample, the soil delivered to a client appears to consist of a different soil type than that which

Fed (e.g. peat instead of clay).

efinition of sampling objectives

omprises a “quick check” to establish consistency with soil charactenistics for clay (eg.

be fines, dry matter and organic matter content).

ving sampling objectives are defined:

— definlition of the stockpile:

— the material as delivered at the farm;

s the stockpile is lying on top of the land of the farmiey, a clear distinction between the s
ockpile and the underlying land is difficult or impossible;

— therefore, the stockpile should not be sampled in‘this “zone”;

— definjition of the components and tests:

—e

H
g

h order to determine whether the soiliis’ of the soil type specified in the contract (clay), t
ercentage of fines (<2 pm and <63¢im) has to be determined, as well as the dry matter a
rganic matter content;

— definlition of the statistical parameter:

—
1

bcations throughout the'soil stockpile;

— definlition of the type®f'sampling:

— S
V

—
1

imple randontsampling at a limited number of locations (e.g. 10) throughout the soil stockp
vill be sufficient;

Ll probabilistic sampling will not be necessary (for example in the centre of the stockpile)
bpg as there is no tendency to biased sampling;

hil

he
hd

he concentration or othérymeasured property for a composite sample obtained from differgnt

[<5)

S

— defin

ition of the scale of sampling:

— there is now no real need for a predefined scale of interest; the normal size of an increment
(e.g. 200 g) will be sufficient, resulting in a composite sample of limited size (e.g. 2 kg), however,

S

— defin

ee Note 1;

ition of the desired precision and confidence:

— limited precision and confidence required; these are not to be quantified.

NOTE 1

74

According to Annex E, the scale of sampling is the whole stockpile (or a subpopulation of the stockpile
if sampling is not carried out in the centre of the stockpile), even if the mass of the composite sample is 2 kg.
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NOTE 2 If the failure to supply the correct soil type becomes a contractual issue that is contested by the
supplier, it might be necessary to carry out further sampling, e.g. to take further composite samples, to take a
number of spot samples, or to sub-divide the stockpile and to take composite samples from each sub-division.

D.4 Example 3: Detailed characterization of a stockpiled soil

D.4.1 Purpose of sampling

This example deals with the detailed characterization of a stockpile of soil to be used for laboratory
experiments—Thegereratqtatityof sottmateriat-tobeused-inthetaboratoryexperimentsis already
known, due to prior compliance testing, but in order to determine whether it is truly(fjt for the
plpnned experiments, the quality of the soil has to be determined in much more detail (essgntially at
a $maller scale).

Ul U AUl dlU )%

Di4.2 Definition of sampling objectives

The testing required is to enable a comprehensive characterization of the soilkat the requisite|scale and
consists of a thorough determination of the behaviour and properties of\interest of the matgrial. The
following sampling objectives are defined:

— definition of the stockpile:

— the stockpile is a predefined heap of soil material already available at the laboratory that will
conduct the planned experiments;

— definition of the components and tests:

— as the experiments involve the plant uptake of heavy metals, the concentrations of the heavy
metals are to be determined in order totknow the original concentrations in the soil;

— other factors that might affect uptake (e.g. pH, soil organic matter, clay fraction) are also to be
determined;

— definition of the statistical pardmeter:

— the concentrations of heavy metals in the soil stockpile are assumed to be homogenequs on the
scale on which the Jaboratory experiments will take place (1 m3);

— in order to deterniine the variability on this scale, the mean concentration in a 1 m3 unit has to
be determined,-as do the mean values of the other relevant parameters;

— definition of the'type of sampling:
— fora‘thorough quality check of the soil, a probabilistic sampling approach is essential

— definition of the scale of sampling:

< as mentioned, the laboratory experiments will be conducted at a 1 m3 scale;

— the individual experiments need the same soil quality (for heavy metals and other relevant
parameters) on this 1 m3 scale;

— therefore, the variability of the soil has to be determined on a 1 m3 scale;

— this implies that for each potential part of 1 m3, the mean concentration or value should be
known to lie within a specified bandwidth;

— definition of the desired precision and confidence:

— areliable estimate has to be obtained for the mean concentration and values of other relevant
characteristics within a soil volume of 1 m3;
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— in order to obtain this reliability, sufficient “units” of 1 m3 have to be investigated in order to
know the degree of variability within the stockpile at this scale.

As there is no prior indication of the variability between the “units”, a two-phased sampling programme
is defined. However, as it is not efficient to sample the stockpile twice, all samples are taken at the
same time. It is decided that the investigation of a maximum of 30 “units” should be sufficient, so in the

sampling

stage, 30 “units” are chosen at random and sampled.

In order to get a good estimate of the mean concentration within a soil volume of 1 m3, each unit is
sampled by means of three vertical spot samples of 1 m each. This results in 30 x 3 samples.

In order
30 “units

Lo obtain an indication of the variability within the stockpile on the scale of 1 m3, 5 oft
" are chosen randomly. For each of these 5 “units”, the three vertical spot samples are analys

individudlly. The mean concentration for each “unit” is then used to estimate the variability betwe

the “unit

be analys

5”. Based on this estimation and the desired precision, the total number of “units®'that are

stage; if ot, an additional number of “units” is analysed up to a maximum of 25.

NOTE
of a chose|

15 units.

Analysing the individual spot samples enables a check that the concentratignsof the three samp

he
ed

ed is calculated. When 5 appears to be sufficient, the investigation is finished after the fifst

h unit are not too dispersed. Otherwise, for the same analytical cost it weuld be better to group the
three spof samples of a unit in a composite sample and start with the analysis of £5reomposite samples, that|i

76
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Scale of sampling
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E{l Spatial variability and scale

Sdale is an important concept, as heterogeneity is a scale-dependent characteristic: soilproper

less heterogeneity with large-scale measurements than with small-scale measurements:

EXAMPLE1 Taking the example of a stockpile that consists of small particles that only vary in d

with the particles fully mixed:

—| In a series of samples, each with the size of an individual particle, each sample will have a differ
Therefore, the observed heterogeneity in colour between these samples will be high.

—| However, the degree of heterogeneity on a scale of, for example, 1 kg consisting of several thg
particles, will be low. Each of these samples will have approximately-the same mix of colours, ang
from some distance (thus really on the scale of 1 kg) - the samples will have the same mixed colou

observed heterogeneity will now be low.

ties show

olour, and

ent colour.

usands of
- looking
. Thus, the

Two main scales should be considered: the scale of the samples, and the scale of the assessmgnt. These

scples usually do not coincide. For example, spot samplés of 200 g are collected but the inter
thle assessment of units of one cubic metre. The properties at the scale of these units can be

pst lies in
obtained

by averaging properties of several spot samples,taken from within each unit or, in the framework of

geostatistics, by kriging from spot data (whichzdelivers both an estimate and an estimation va
edch unit). This requires chemical analysis {or physical testing as appropriate) of every spot
tll

thie unit scale (with the usual advantages and limitations of composite samples). This annex i
to[the application of such composite'samples.

Although the examples and the'discussion below all refer to sampling stockpiles, the same prin

is analysis is expensive, a similar result«can be obtained directly with composite samples rep

riance for
sample. If
Fesenting
5 devoted

Ciples can

bd applied to in-ground sampling, for example when the quality of the soil in a field is to be defermined.

mpking up the composite samples are collected at random locations), which is truly difficult o achieve
fol a stockpile or othefwise in three dimensions, these principles are easier to apply in two difnensions.

EXAMPLE 2 Antexample of a policy-defined scale of sampling can be as follows:

Bdsed on the.radius of action of small animals living in soil, the mean concentration of a soil volum

Indeed, as all the examplés are based on random sampling (in the sense that the individual inﬂrclrements

b of 25 m3

is lconsidered/as relevant for assessing the seriousness of soil contamination. It is assumed that thege animals

throughout their whole life span are exposed to the mean concentration of the contaminants in this s
Thus, wihen assessing the seriousness of contaminated soil, it is the mean concentration within this
259 m3’that is most relevant. When acute exposure to (very) high concentrations is considered not to b

il volume.
volume of
P relevant,

there is no need to gather information on a smaller scale than 25 m3. The scale of sampling is therefore 25 m3,
and is achieved by taking a number of increments within this volume to form a single composite sample. An

estimate of the true mean concentration on the scale of 25 m3 can thus be obtained.

E.2 Three specific situations for which the scale is defined

E.2.1 Situation 1

Situation 1, as shown in Figure E.1, describes a soil stockpile of 2 000 t from which

randomly

50 increments of 200 g are taken [the effect of fundamental variability is assumed to be negligible at

this scale (see 5.6 and Annex A)]. The resulting composite sample is 10 kg.
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Assuming that the composite sample resulting from these 50 increments represents a good estimate of
the mean concentration (but not of the variability) of the whole stockpile, the scale for the composite
sample in this example is 2 000 t, i.e. the one composite sample represents 2 000 t of soil.

Note that although the variability within the stockpile (on the scale of the increments) is fully
incorporated in the composite sample, the sampling method will not provide any information on the
variability.

1
® ® -1
e
®
e
® — 2
o ®

Key
1 soil sjsckpile from which population 2 000 t
2 incremnent 200 g (50 increments in a composite sample of 10 kg)

Figure E.1 — Situation 1: Soil stockpile of 2 000 t with 50 random increments

E.2.2 Sjtuation 2

Situation|2, as shown in Figure E.2, describes a stockpile of 2 000 t. Within this stockpile, perhaps orly
for the purpose of sampling, 40 subpopulations are defined of 50 t each. From each subpopulatign,
50 increments are taken. The resulting composite samples are 10 kg, each representing a subpopulatign.

The masq represented by each composite sample isiiow the mass of the individual subpopulations, i.e.
50 t. The $cale for each composite sample in this example is 50 t. The mean value of all composite samples
yields an festimate of the mean concentration ofthe whole stockpile of 2 000 t and the variability within
the wholg¢ stockpile is estimated on a scale-ef:50 t.

® L //1
[}
®
[}
.:\\\2
™3

Key

1  soil sfockpiltefrom which population 2 000 t
2 increment 200 g (50 increments in a composite sample of 10 kg)

3  subpopulation 50t

Figure E.2 — Situation 2: Soil stockpile of 2 000 t with 50 increments from each subpopulation

E.2.3 Situation 3

Situation 3, as shown in Figure E.3, is a stockpile of 2 000 t. More than one composite sample is taken.
However, each composite sample (existing of 50 increments) is obtained by taking random increments
throughout the whole stockpile. The mass represented by each composite sample is now equal to the
mass of the whole stockpile, i.e. 2 000 t.
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The scale for each composite sample in this example is 2 000 t. If the results for several composite
samples composed in the same way are available, their variance suitably scaled, gives an approximation
to the variance of 200 g spot samples in the stockpile but they do not give access to the detailed spatial
variability represented by a variogram.

The mean value of all composite samples yields an estimate of the mean concentration and the
variability of the whole stockpile of 2 000 t is estimated on a scale of 200 g (the mass of the increments).

) o — 1
fo) [
° ©
° v e .\\2
O. oc\.
\
3

Keay
soil stockpile from which population 2 000 t

increment 200 g (50 increments in a composite sample of 10 kg)
increment 200 g (50 increments in a composite sample of 10 kg)

Higure E.3 — Situation 3: Soil stockpile of 2 000 t with‘more than one composite sample taken

NOTE In these three situations random samplingas been considered for simplicity (which is| of course
difficult to do in three dimensions in many situations). As usual, stratified random sampling and fin general
regular sampling provide better estimates.

E.3 Effects of different definitions of the scale on sampling results

The following example illustrates the effects of different definitions of the scale of sampling. Depending
or] the objective of sampling, the involved parties should make a choice on the scale on which information
about the soil stockpile (or other volume) is desired.

Cqgnsider within a stockpile/the three subpopulations as shown in Table E.1 (comparable to sjtuation 2
as|described in E.2.2). Each subpopulation consists of 13 individual samples that have a “quality” that is
syimbolized by a number between 0 and 99. Heterogeneity is quantified by the coefficient of vqriation: a
high coefficient pf\variation indicates a high heterogeneity.

When the scale of sampling is equal to the size of the subpopulation, the sampling result|will only
bg an estimdte of the mean concentration for each subpopulation (26,2/26,2 and 32,5). Cpmparing
the subpopulations in Table E.1, subpopulations 1 and 2 are comparable while subpopulatign 3 has a
highérumean.

en the scale of sampling is equal to the size of the individual samples within each subpopulation, this
results in not only an estimate for the mean concentration of the subpopulation (26,2/26,2 and 32,5),
but also an estimate for the heterogeneity within that subpopulation (CVs = 33,3/84,2 and 33,2 %).
Comparing the subpopulations in Table E.1 now still gives the same result for the mean of the whole
subpopulation, but additionally, it becomes clear that subpopulation 2 has a higher degree of variability
than subpopulations 1 and 3.

Finally, when the scale of sampling is equal to the whole stockpile (population), this results in only an
estimate of the mean for the whole stockpile (28,3).
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Table E.1 — Example of three different subpopulations, characterized on the individual
samples, the mean and coefficient of variation (CV) of the contaminant concentrations2

g;a:;ils;gilr Subpopulation 1 Subpopulation 2 Subpopulation 3 Population
20 15 32
30 14 36
20 22 3
30 72 37
40 9 38
20 23 36
30 64 37
30 46 30
40 5 40
20 16 41
10 2 17
20 17 39
30 35 36

Mean 26,2 26,2 32,5 28,3
Coefficient of 33,3 % 84,2 % 33,2 %
varigtion CV ’ ’ ’

A high/ CV indicates a heterogeneous sample.

E.4 Chpices about the scale of sampling

Different|choices can now be made about the scale of sampling.

a)

b)

80

The gcale of sampling is equal to the volunte or mass of the individual samples.

or each defined (sub)population,)a number of individual samples are taken. The result

ariability can be studied by means of geostatistical tools such as the variogram. Additiona
he heterogeneity between the subpopulations, and thus the heterogeneity within t
tockpile, can be caleulated. In this approach, the presumptions that led to identification of t
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hdeed the case).

Q

part of-subpopulation 2 will not comply with certain quality standards, although the me
alue 1s within the quality range;

<

of

his definition of the scale is that information on the heterogeneity within the subpopulatiolrs
|

ubpopulation as‘ayrelatively homogeneous part within the stockpile can be verified (if that

or example} it can be argued that subpopulation 2 in Table E.1 is so heterogeneous that at lez

an be obtained by calculating, for example, the coefficient of variation. Furthermore, spatjal
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he
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Animportant disadvantage is the cost for measuring the individual samples, in this example, 13

per subpopulation.
The scale of sampling is equal to the scale of the subpopulations.

— No information on individual samples within a subpopulation is gathered.

— Characterization of the subpopulation is done by means of a composite sample per subpopulation
in which anumber of increments (13 increments in the example of Table E.1) is put together prior
to analysis. If this composite sample consists of sufficient increments and the analytical sample

is taken and analysed correctly, the result of the composite sample will be a good estimate
the true mean of the subpopulation.

of
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— Animportant advantage of this approach is the low costs for analysis and testing. An important
disadvantage is the assumption that a composite sample can be obtained without a considerable
sampling error.

— The analysis of a composite sample might pose problems as the amount of material in the
sample will be (much) larger than the amount of material needed for the analysis and thus
proper sample pretreatment is necessary to obtain a representative analytical sample from a
(potentially) highly heterogeneous composite sample. Additionally, there will be no information
available on the heterogeneity within a subpopulation.

Tl 1 'l 1. - 1 4 dl 1 Ll 1 1 d 1 - |
C) T SCAIT UL SAIITPITITE 15 TUUD LU LT SUAIT UL LT WIUIT STUCKPIIT,

— In the example given in Table E.1, the whole stockpile is defined as the combinationof|the three
subpopulations. Individual increments are gathered from the whole stockpile. The increments
are put together in one composite sample for the whole stockpile. Now,"there will be no
information available on a smaller scale than the scale of the whole stockpile.

— An important advantage is the (very) low costs for analysis and_testing, while, as Jong as it
is technically possible to obtain a representative analytical samplée from a composite sample
containing alarge number of increments, the analytical result will still be representatjve for the
true mean of the whole stockpile. But the stockpile has to betieated as one entity.

— Inthe case of a heterogeneous stockpile (e.g. subpopulation 2 in Table E.1), sampling o1 the scale
of subpopulations or individual samples would have given the involved parties informption that
might have led to different choices for the destinatior/of subpopulations of different quality.

Gipen the relation between scale and the encountered)degree of heterogeneity, the applied scale of
sampling might determine if a soil stockpile is considered homogeneous (i.e. there is little |variation
bdtween individual sample results) or heterogeneous (i.e. there is high variation between sample
results).

The type of information that is desired, the possible destination, the financial means available and the
terhnical possibilities of working with comiposite samples determine the choice of the scale of sampling.

In|addition to the more technical perspective from which the definition of scale was described in the
previous text, the scale of sampling can also (or even should) be defined by policy considerptions. In
prjinciple, the scale of sampling'should be equal to the amount of material that is considered relevant
from a policy perspective.
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Annex F
(informative)

Determination of size and number of samples and increments

F.1 Geperal

This annex provides methods for the determination of the size and number of samples and
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s when the material is particulate or granular and the constituent of interest,occurs
s5olid particles. These methods require specific knowledge about the particles that constity
ial to be sampled.
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d understanding of this annex, the distinction between the terms “increment”, “sample” a
Le sample” is essential (see 6.4.5). An increment is the amount of material obtained by a sing
of a sampling device, for instance, the filling of a scoop or auger. It is, per definition, p
with other increments in a composite sample. Conversely, a spot.sample is made of a sing

' a composite sample.

ckground to the determination of the minimtum increment size

0 achieve unbiased sampling, it is essential that every particle in the target to be sampled (si
yone, stockpile) can potentially be sampled. Thisis obviously not the case when the size of t
puger is smaller than the maximum particle’size — for instance, sampling a material with
1 particle size of 5 cm when the diameter of the auger is only 3 cm. Also, when the diameter
is little over 5 cm, there is still a possibility that the larger particles cannot be sampled wh
bre of these larger particles are in frent of the auger at the same time. The particles would th
bach other from “entering” the auger.
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in general, a wide particle size distribution. It is therefore assumed in practical applicatio

m particle size” for dimplicity. Care should be taken that with the dimensions of three ti
one-dimensional definition), the opening still is large enough for the largest particles to ent

hpling equipiment used. When a sampling tube is used, the material enters the tube at the frg
e tube and)therefore only the diameter has to be larger than three times Dgs. (assuming th
h of thétube is well over the dimensions of the individual particles). On the other hand, usi
ould result in a three-dimensional definition of the minimum increment size, as the front si

the heigh

S

ppening of the sampling(device is large enough when it is equal to three times the 95th
e of the distribution of (particle sizes. This 95th percentile is known as Dgs and is called the

equences for the size of the sampling equipment required depend on the governing dimensions

ng
e,

L and the depth of the scoop would all have to be over three times Dgs.

When macro-aggregates are present, they can have important consequences on the size of the sampling
equipment. Two situations should be discussed:

— the sampling equipment cuts through macro-aggregates;

— the sampling equipment encounters the macro aggregates as if these are individual particles.

In the first situation, the presence of macro aggregates has no consequences on the dimensions of the

sampling

equipment. This is for instance to be expected when using a sampling tube or auger.

In the second situation, however, the sampling equipment is apparently not able to sample part of a
macro-aggregate and the macro-aggregates are therefore to be seen as individual particles. This is for
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instance the case when sampling soil in a falling stream. Then the presence of macro-aggregates will
have severe consequences on the necessary dimensions of the sampling equipment.

The minimum increment size depends on its physical background; therefore, the dimensions can also
be defined in terms of volume or weight of the increment. The volume of the minimum increment size
can be easily defined as (3Dg5)3 = 27(Dgs5)3. See Formula (F.1):

Vmin = (3D95)3 = 27(D9gs)3 (F.1)

wihnere

Vmin. increment 1S the minimal volume of the increment, in cm3;
Dos is the maximum particle size (95 % of the particles smaller than.Dgs), in cin.

Tq calculate the mass of this volume, the bulk density of the material has to-be implemented in the
formula. It is the bulk density because, apart from the sampled soil material, the air between the soil
particles is sampled. The minimum mass of the increment is defined accordiiig to Formula (F.2):

Mmin. increment = 27 (D95)3 Pbulk (F.2)

whnere

Mmin. increment 1S the minimal mass of the increment, in(g;
Dogs is the maximum particle size (95 % 0f the particles smaller than Dgs), in cn;
Pbulk is the bulk density of the material, in g/cm3.

Fgr practical reasons an increment should nevertheless have a mass of atleast 200 g. When Forinula (F.2)
leads to a minimum mass less than 200_g~(for a bulk density of 2 g/cm3, for example, this ig the case

when Dgs is less than 1,6 cm), [Formula(F2) should be replaced by Formula (F.3)]:

Mmin. increment = 200 g (F.3)

Note that this applies to sampling in the field. Smaller increments or samples can be defined in
laboratory conditions.

F.B Backgroundto determination of the minimum sample size

The characteristic of interest of the material to be sampled is, for example, a metal grade or a cdnstituent
coancentration. In a particulate material, the metal or constituent is borne by a fraction of the [particles.
Mpreover;the particles possess different shapes, sizes, densities (sometimes termed “volumdtric mass
dgnsities” to distinguish them from “bulk densities” as used in F.2) and chemical composifions, and
thetefore vary from each other in a way that is specific for that material. In consequence, thg material
always displays a certain degree of variability at the scale of the particles. This fundamental variability
results in what is known as the “fundamental error” in sampling (note that small scale heterogeneity
also affects sampling uncertainty). In order to limit this undesired degree of variability to an acceptable
level, the samples should at least contain such an amount of particles that the variability between
the particles has no significant influence on the mean grade or concentration of the sample. To ease
the presentation, the particles that bear the metal or constituent of interest will be named mineral
particles, and the other particles will be named matrix particles.

A simple and basic situation is a batch of material made of a very large number of particles that are
identical except that a proportion w of them are mineral particles while the others are matrix particles.
If n particles in that batch are selected, the observed proportion wsample of mineral particles will depend
on the n particles selected. The sampling error attached to the selection is the difference between
Wsample and w. It is called fundamental error because it is inherent to the material and exists even if
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the sampling operation is perfectly carried out. Binomial sampling theory shows that the observed

proportion will be on average equal to w, and that the sampling error has a variance

(1-w)w

n

Var I:Wsample ]

Said differently, wsample is an unbiased estimate of w, with a relative sampling variance

2 Var I:Wsample] _ 1-w

Orel = Y

w* nw

This varigince is inversely proportional to n. As a consequence, the sample should have a minimum si
to be regarded as sufficiently representative of the material.

Statisticall sampling theory generalizes this result to more realistic materials, where particles vary
shape anéji size, possibly with different densities for mineral particles and matrix particles. Further, t
assumptipns are made that the mass of the batch is several orders of magnitude larger than the samy
mass and| that the material has been crushed below the liberation size.

in
he
le

Particles|are randomly selected until a sample of mass Msample is obtainedsyThe sampling process|is
unbiased| and the magnitude of the fundamental error can be characterized by its relative errjor
variance given in Formula (F.4):
Var [W ]
2 sample
o'rel =+ —2 (F 4‘)
w

Equivalently, ore] is the coefficient of variation of the fundamental error.
where

Var[Wsample] is the variance;

w is the mass fraction of mineral particles in the batch (dimensionless).
This relative variance is given by Gy's formula [Formula (F.5)]:

2 1 1-w 3
Orel T M fg I:(l_w)pmineral +meatrix:|(D95) (F5)
sample w
Simple calculations show that this is equivalent to Formula (F.6):
1 1— - -
O-rzel 1 fa W Pmineral Pmatrix (D95 )3 (Fl6)
Msample w P

with [Forjmufa (F.7)]:

P =W Pmineral T {1 =W ) Pmatrix (F.7)
where

Msample is the mass of the sample, expressed in g;

f is the particle shape factor (dimensionless);
g is the factor of granulometric dispersion (dimensionless);
w is the mass fraction of mineral particles in the batch (dimensionless);
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Pmineral 1S the density of the particles of mineral, in g/cm3;
Pmatrix 1S the density of the particles of the matrix, in g/cm3;
Dos is the maximum particle size (95 % of the particles smaller than Dgs), in cm.

The shape factor fis equal to 1 for cubic particles, to /6 for spherical particles, and to 0,1 for needles.
In practice, the value 0,5 is selected, close to /6.

The granulometric dispersion factor g depends on the spread of the distribution of particle size as
fofows:

— broad distribution: Dgs5/Dgs > 4, g = 0,25;

— medium distribution: 2 < Dgs5/Dgs5 < 4, g = 0,50;
— narrow distribution: 1 < Dg5/Dgs5 < 2,9 = 0,75;
— uniform particles: Dgs/Dgos5 =1, g = 1,00.

whnere

Dos is the maximum particle size (approximately 95 % of particles smaller than Dgs), in £m;

Dps is the minimum particle size (approximately 5 % of particles smaller than Dgs), in cq

N

Wihen the particles have not been calibrated, the value g-=0,25 is used.

In|the applications considered here, the proportion‘of particles of interest is low, so that p is close to
Prhatrix- Formulae (F.5) and (F.6) therefore amountto (with f=0,5):

2 1 1-w 3
Orel = oM g Pmineral (D95 ) (F.8)
sample w
where
g is the factor of granulometric dispersion (dimensionless);
w is the mass fifaction of mineral particles in the batch (dimensionless);

Msample is the massof the sample, expressed in g;

Pmineral i thedensity of the particles of mineral, in g/cm3;
Dos isthe maximum particle size (approximately 95 % of particles smaller than Dgs)} in cm.
Whhen, designing the sampling strategy, a value for the coefficient of variation oye is selected. From
F

Fdrpiula (F.8), the minimum sample mass ensuring that ore] does not exceed the selected valug is shown
inlEarmula (F9)-

1 1-w 3
Mmin.sample = 2—2g T Pmineral (D95 ) (F9)
rel

where

Mmin.sample is the minimum mass of the sample, expressed in g.

NOTE1 In this clause, the variables in the formulae are expressed in CGS units for practical reasons (the
formulae are also true in SI units).

© IS0 2018 - All rights reserved 85


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

ISO 18400-104:2018(E)

NOTE 2  The coefficient of variation of the above formulae is that of the mass fraction of particles with a
certain characteristic in the sample. When the characteristic is a fixed percentage of these particles (such as the
concentration of a mineral particle in some chemical element), it is also the coefficient of variation of the average
concentration of the sample.

NOTE3 For a fixed sample mass, the magnitude of the “fundamental” error only depends on intrinsic
characteristics of the material and cannot be reduced without a physical processing of the material (in practice,
grinding), hence this denomination.

NOTE4  Gy's formula (see References [28][29]) was derived for piles of particulate material. It can be applied
at any stage of sampling, from samples to be taken in a stockpile up to the preparation of samples of several
grams for[chemical analysis. It can also be applied to auger or core samples taken in an industrial site; in such a
case, it re;Lresents the variations in the grade or concentration of the sample when the location of the samplq is
slightly chianged (e.g. by one or several decimetres).

—n

NOTES5 |Gy's formula (see References [30][31]), as presented here, assumes contamination concCentratigns
(or other [properties) are the same for all particle sizes. Errors arise when there are marked disparity|in
concentrations in particles of different sizes. Experiments have shown that Gy's formula is not always accuralte,
notably inl the case of gold deposits, where it can lead to the specification of unrealistically’large samples.|In
contrast, gther sources of error, such as a segregation of the particles of interest, are not quantified. Alternatiyes
to Gy's formula exist.

F.4 Usg of the equation for the minimum sample size

F.4.1 General

Formula (F.9) is valid in ideal sampling conditions that are hardlymet in practice. It depends on a certdin
number ¢f parameters of the granular material that aredmperfectly known. Formula (F.9) shoyld
therefore/be considered as a rough estimate of the minimum sample size that should be used in order|to
prohibit inaccurate sampling results due to the fundaméntal heterogeneity of the material. It is however
advisablg to include duplicate samples in the sampling plan, in order to experimentally obtain the
magnitude of the total measurement error, whichralso includes the pretreatment and analytical errork.

Hereafter, the main requirements for the use*of Formula (F.9) are given, even though some of th¢m
apply only partially for soil sampling.

F.4.2 Particle size distributionjfactors Dgs, D95 and g

Two charfacteristics of the particle size distribution of the material are relevant, i.e. the particle size
above which (approximately)\5' % of larger particles occur (Dgs) and the particle size under which
(approxirpately) 5 % of smaller particles occur (Dgs). Note that these percentages represent mdss
fractions

The estimation or détermination of Dgs is more important than that of Dgs, in view of the fact that Jos
is expressed directly in the equation for the minimum sample size, moreover with a power of 3. In E.4, a
method i$ deséribed that can be used to obtain a suitable estimation of Dgs.

For materials with a broad distribution of particle size, it is not necessary to quantify Dgs, an estimdte
may suffice to determine whether Dgs/Dgs5 > 4.

For materials with a narrower particle size distribution, it is relevant to have a good estimate of Dgs or
to determine it as well as Dgs,.

For soil, in general, it can be assumed that Dgs/Dg5 > 4 and therefore g = 0,25. Moreover, the maximum
particle size (Dgs) is for most soils assumed to be less than 1,6 cm. Using a standard value of 1,6 cm
will, for most soils, result in a safe estimate of the minimum sample size. The value of 1,6 cm assumes
that the sampling equipment/sampling technique is capable of taking a part of a macro-aggregate, and
macro-aggregates are therefore not to be considered equal to individual particles.
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F.4.3 Density of the particle

For the density pmineral Of the “mineral” particles (those possessing the characteristic of interest) the
density of the individual particles should be used, not the density of the sample or the (loosely) packed
material.

F.4.4 Fraction of the particles with the characteristic to be determined, factor w

The actual value of w, the mass fraction of “mineral” particles (those possessing the characteristic of
interest), depends on the soil to be sampled and the substances to be determined in that soil. If the
mfneral particles are pure metal (e.g. copper particles in a silica particle matrix]), w coincideg with the
metal grade. If the constituent of interest is only a fixed part a < 1 of the mineral particles,w'i§ the ratio
of|the average concentration to a. Practical situations are usually more complex. Ascthe information
for a good estimation of w will often not be available, the value of 0,1 is most commpnl{ used. For soil
sampling, a “safer” choice of w is 0,02. Note the strong influence of a low value of'w on Formula (G.9),
bdcause it occurs at the denominator of the formula.

If the concern is a contaminant occurring in a very low proportion of the particles (e.g. coppel wires in
a poil), Formula (G.9), applied for example with g = 0,25, pmineral = 2g/cm3, and D95 = 1,6 cm, gives

M vin.sample =1/(W0'r2e1)- If w is equal to 10-¢ (1 ppm) and even accepting an uncertainty af large as

ol = 1 for the sample, Mmin.sample Should be equal to 106 g, that is\ene tonne.

F.4.5 Coefficient of variation from the fundamentalerror, factor orel

A rhoice has to be made about the amount of fundamental variation that is thought to be acc¢ptable in
relation to the quality of the sampling. Principally, this choice cannot be made without knowleflge about
the size of other sources of variation. When, for €kample, the variation of the analysis would be very
large, there is no need to have a very small fundamental error, which would require a very large sample
arld only result in a small enhancement of theétotal quality. As the quantity of variance added from all
sources is often unknown or only partly known, in most situations an assumption of the maximum size
of|the fundamental error has to be made:-Often the value 0,1 is therefore applied for the coefficient of
vdriation of the fundamental error.

There could be circumstances where a larger value for ore] could be accepted, for example when the
objective is to show that the average concentration is several orders of magnitude beloy a given
concentration threshold.

F4.6 Commonly used assumptions

The following assumptions can be used for soils in common situations:

Prhineral =246 g/cm3 (the particle density for silicon oxide);
Dgs =1,6 cm;
=0,25;
w =0,02;
Orel =0,1.

They lead to a minimum sample mass of 26 kg. Note the strong impact of moderate changes of Dgs
(because it arises with a power of 3) and w (because it is at the denominator). However, the assumptions
may only be used after careful study of the backgrounds of the formula for the minimum sample size.
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E5 Determination of the maximum particle size, factor Dgs

F.5.1 General

The minimum increment mass and minimum sample mass given by Formulae (F.2) and (F.9) depend
heavily on Dgs (which appears with a power of 3). It is therefore important to evaluate D95 as accurately
as possible before starting the sampling itself. This is done with a unique sample solely dedicated to
the determination of D95 (or more generally of the particle size distribution of the soil). The mass of
this sample, which should be obtained with proper regard to the need for a sufficiently representative
sample, is obviously larger than the minimum increment mass given by Formula (E.2). This is a two-
step procedure, with possible iterations, as described hereafter.

F.5.2 Step 1: Sampling
Determine the mass of the necessary sample by applying Formula (F.10):

3
m=150(Deyato5 ) Pbulk (F.10)
where
m is the mass of the sample used for determining Dgs, in g;

Pbulk is the bulk density of the material, in g/cm3;
Devallos is a preliminary evaluation of the maximum particle size, in cm.
Note that] Deyal. 95 should be taken by excess in order to ensure that the sample is representative.

Take a sample of this mass from the stockpile or.the domain of interest with a sampler that chn
accommddate all particle sizes or 1 000 g, whichever is the greater.

Weigh the¢ sample (mp).

F.5.3 Step 2: Sieving the sample
Transfer the entire sample on a sieyeywith a sieve aperture D equal or close to the estimated Deyal. 95.
Sieve thelsample either manually or mechanically.

When mdcro-aggregates @re present, the macro-aggregates are pushed through the sieve. However,
this may|only be done<when the method of sampling is capable of taking a part of a sample. When
macro-aggregates aré¢o be seen as individual particles during sampling, the macro-aggregates are lgft
on the siqve.

Weigh the partof the sample that remains on the sieve (m1).

The percentage of particles with a size less than D is calculated according to Formula (E11):

p:100[1—ﬂ]% (F.11)
my

If:

— P <95 %, the used sieve aperture D was too small. Use the fraction mj for a second sieving with a
larger aperture;

— P =95 %, the used aperture D was exactly right and is used as an estimation of Dgs;

— P > 95 %, the used aperture is too big. Use the sieved part of the sample to sieve it again with a
smaller aperture. (Or use the aperture size D as a conservative approximation to Dgs).
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The re-sieving procedure should be repeated until two neighbouring apertures are found with p
respectively smaller and larger than 95 %. The aperture leading to P = 95 % is then obtained by linear
interpolation.

F.6 Calculation of the actual increment and sample size

F.6.1 Spotsampling

The sample amounts to a single increment. The actual sample size should be larger than the values

gi

F.

yen by Formulae (F.Z2), (F.5) and [F.6].

b.2 Composite sampling

Wihere composite sampling is to be undertaken, there is a possible conflict between:

a)
b)
Sy

In

the previously calculated values for increment size and sample size;
the planned number of increments, m (Annex G).
ch conflict should be resolved as follows:

if m increments of minimum size amount to less than the minimum sample size,
increment size should be increased so that m actual incréments will produce an adequa
composite sample;

conversely, if m increments of minimum size amount to more than the required minimu
size, then this larger quantity defines the actual sample size.

the latter case, the actual sample size will be larger than the minimum required, so that the

confidence will be better than asked for.

then the
tely large

m sample

resulting
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Annex G
(informative)

Statistical methods for estimating soil parameters

G.1 Geperal

A key st¢p in planning a sampling programme is to specify the statistical parameter thatyis’to

estimate
sampling

NOTE
inappropr

Except for the expression for the estimation of the statistical parameter itselfja second expression

needed fd
critical p
and the a

This anng

— assuming that a certain number of samples are available,‘G.2 provides expressions for the estimg

as w
statig

— Dbecat
gives
estin

These res
This is ac
sampling
when spg
case of a
formulae
upper bo
of sampld
samples.

G.2 Est

. This is important because the choice generally has a critical bearing on both the“type
and the number of samples needed.

For example, composite sampling is an effective method for estimating the mean ¢oncentration, but
jate for a percentile- or maximum-related purpose.

r calculating the statistical uncertainty associated with the estiméate. The second of these i

Chievable reliability (i.e. precision and confidence).

x is divided into two main clauses:

1l as the uncertainty associated with the estimate; for each of a number of commonly us
tical parameters;

ise the uncertainty about a statistical parameéter of interest might be presently too large, Q
methods for defining the total number of samples needed to achieve a desired precision for t
jation of this parameter.

ults are based on the assumption that the samples are independent (or at least uncorrelate
hieved when the property of interest displays no spatial correlation, or when a simple randd
pattern is used. This is, however, not a reason for adopting a simple random sampling patte
tial correlations exist. Indeed, the estimates proposed hereafter will be more precise in t
stratified random pattern, and usually even more so in the case of a regular pattern. T
in G.2 for the ungertainty associated with these estimates should then be considered
inds for the true-uncertainty. Conversely, methods developed in G.3 for defining the numb
s are conservative: they should be considered as upper bounds for the required number
f:xact equations are given by the geostatistical methods described in Annex H.

rimation of statistical parameters from n available samples

be
of

—n

S

is
b a

ece of information, because it provides the quantitative link between the number of samples

te
ed

.3
he

).
m
rn
he
he
as

er
of

G21 S

mybolc nd
Oy L% 8

Fa
LAY

pe vy

The symbols and abbreviated terms used in this annex are as follows:

n
Xj

x(1)

=1

90

is the total number of samples or observations;

is the ith sample value (with i running from 1 to n);

is the ith ranked value, i.e. the ith value after sorting the n values into increasing order;
is the population mean;

is the sample mean;
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o is the population standard deviation;
s is the estimated standard deviation;
up is the standard normal deviate corresponding to cumulative probability p;
x 2 is the chi-squared deviate with n-1 degrees of freedom corresponding to cumulative prob-
p ability p;
Xp is the population Pth percentile;
X is the estimated Pth percentile;
p
e(¥) is the standard error of the statistic z (in practice x or )A(p );
b(r;n,p)  is the binomial probability that exactly r out of n random samples havée a particular character-
istic of interest, when the proportion of the entire population having:this characteristic is p;
B(r;n,p) is the cumulative binomial probability that up to r out of n random samples have a particular
characteristic of interest, when the proportion of the entiré-population having this charac-
teristic is p.
The mathematical expression of b(r;n,p) is shown in Formula (&1):
b(r;n,p)=n—!pr(1—p)n_r (G.1)
(n —r)!r!
Fgr small values of n, individual binomial probabilities can be evaluated by the straightforward
apgplication of this equation. However, it soon betomes a problem for larger values of n. Where binomial
or] cumulative binomial probabilities are needed, therefore, it is advisable that these are dalculated
uding the statistical functions available inamost popular spreadsheet packages.
GJ2.2 Mean
The arithmetic mean (usually @bbreviated to “mean”) is the most commonly encountered pprameter.
It|is a very useful measure-of‘the “central tendency” of a population. An unbiased estimgte of the
pdpulation mean is provided-by the sample mean, given by Formula (G.2):
_ in
X = (G.2)
n
The uncertainty is given by Formula (G.3):
S
e(R)y=——= (G.3)
Jn
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G.2.3 Standard deviation

The standard deviation is a widely used measure of the variability of the population. It can be thought
of as the root-mean-square of all the units in the population. A (nearly) unbiased estimate of the
population standard deviation is calculated as Formula (G.4):

(G.4)
For normya fonstheuncertainty-irs-camrbe-assessed-using—the—chi-s eddistributiorwith
n-1 degreks of freedom. A C % confidence interval for o given s can be calculated as Formula (G.5):
s \/(_”;_1) tos \/(”_—21) (Gf5)
X{_p Xy
_c
where p ¥ 2100

The square of the standard deviation, s2, is known as the “variance”. The variance is of great importanice
in statist]cal theory, but is not a practically useful measure for reporting:variability as it is not definpd
in the sarhe dimensions units as the observed data.

EXAMPLE Suppose a set of concentrations had a mean of 1,1 mg/kg/and a standard deviation of 0,3 mg/kg.
The variapce would be 0,09 mg2/kg?2.

G.2.4 Cpefficient of variation

The varigbility of a population of non-negative values.can also be defined in a non-dimensional mannler
by the cogfficient of variation, CV. An approximatelyiunbiased estimate of the coefficient of variation|is

given by Formula (G.6):

CV= (Gl6)

1™

The coefffcient of variation is particularly useful when the variabilities of different populations are to pe
compared. For many types of material, it is found that the standard deviation of a determinant tends|to
increase |n proportion with itsmean. Thus, the relative standard deviation, i.e. the CV, is approximately
constant,|and so this forms agood basis for comparison.

G.2.5 Percentiles

G.2.5.1 |General

The Pth percentile of a population is that value below which P % of the population lies.

EXAMPLE The 90th percentile has a value of about 14,6 mg/Kkg. This means that 90 % of the population is
less than or equal to 14,6 mg/kg. Equivalently, 10 % of the population lies above 14,6 mg/kg.

Depending on what information is available about the underlying probability distribution, percentiles
can be estimated in a variety of different ways, which will result in different estimates for the same
percentile. Three methods to estimate a percentile are described below. Given the variety of methods
to estimate the percentiles and the differences between these estimates, it is important to specify how
percentiles are calculated.

G.2.5.2 Percentiles assuming normality

The Pth percentile is defined as, y + upo

92 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

where p is P/100.

ISO 18400-104:2018(E)

Standard normal deviates, up, for various values of p are given in Table G.1:

Table G.1 — Standard normal deviates, u,

1 5 10 50 75 90 95 97,5
p 0,01 0,050 0,1 0,5 0,75 09 0,95 0,975
Up -2,326 -1,645 -1,282 0,000 0,675 1,282 1,645 1,960
EXAMPLE The 95th percentile is u + 1,6450, and the 1st-percentile is u - 2,3260.
An (almost) unbiased estimate of the Pth percentile is given by Formula (G.7):
Xp =X +U,s (G.7)
where
p is P/100;
2
1 up
elX,|=s,|—+ .
( p ) n 2(n-1)
G.2.5.3 Percentiles assuming log-normality
Fdrmula (G.8) applies equally to the case of, leg-normally distributed data, with the [following
adjustments:
— the mean x and the standard deviation s refer to the log-transformed data (it being immaterial
whether base-10 or base-e is used);
— atthe end of the calculation of )}p , the estimate of the Pth percentile should finally be antilogged to
return to the unlogged demain.
G.2.5.4 Percentiles —Non parametric approach
If [nothing can reliably be assumed about the probability distribution, a “non-parametric| method
is|recommended~Fhis is somewhat less precise than a parametric method — such as thgse in the
prieceding clauses’- but is clearly a safer option when the parametric approach cannot be religd upon.
There aresnumerous slight variants of the non-parametric approach. The one proposed herelis the so-
called “Weibull” convention, whereby the Pth percentile is estimated as shown in Formula (G.8):
X = X(r) (G.8)
P
where r=| — |(n+1)
100
If ris not an exact integer, linear interpolation should be used as follows [see Formula (G.9)]:
X, =(1=d)X(r')+dX(r' +1) (G.9)
© ISO 2018 - All rights reserved 93


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

ISO 18400-104:2018(E)

where

r

r' isthe integer part of r;

d isr-r.

The concept of standard error is less appropriate for non-parametric methods.

Instead,

{X(r] )to X(rz )} (G.1

where

rian

NOTE
the discre

EXAMPLE
samples t3

Estimatir
Formula

~

X80

where ri

Thus, X 4
largest va

With a 9(

— (Cis 90 %, and so theconditions for r1{ and r; are:

—

(el

+ X(r) (G.1

1 der s M A V4 1 PR LA IR ) 4t £l . 1
LT UTILTT tAallIt y 111 A p LAl DT HUdIILITITU Uy d LULISTT VAdlLIVE CUMITIUTTICT THICT Vdl.

d r; are defined by the following cumulative binomial expressions:
1 is the largest integer satisfying the condition B(r; - 1; n,p) < (1 ~€/100) / 2;
2 is the smallest integer satisfying the condition B(ry; n,p) 2 1 ~(1 - C/100) / 2.

The resulting interval will, in general, have a confidence coefficiént rather larger than C %, because
fe nature of binomial probabilities.

Suppose it is required to estimate the 80th percentile.cadmium concentration from 39 rand
ken from a soil stockpile, together with a 90 % confidence interval.

g the 80th percentile cadmium concentration by the Weibull method is shown

G.11):

L (80/100)(39 + 1) = 32.

lue).

percent confidence level:

(r1 - 1; 3978;8) < 0,05;
(r2 1539, 0,8) = 0,95.

Using apy

o, s estimated by X(32), the'ordered sample value with rank 32 (or, equivalently, the 8th

0)

of

m

EN

ropriate software, experimentation shows that:

— B(26;39,0,8) = 0,036;

— B(35;39,0,8) = 0,967.

Thus, the interval X(27) to X(35), i.e. the interval from the 13th biggest to the 5th biggest sample value,
provides a conservative 90 % confidence interval for the true 80th percentile cadmium concentration.
The actual confidence coefficient is 0,967 - 0,036 = 0,931, or 93 %.

G.2.6 Maximum

The population maximum should not be used as the desired statistical parameter (except in the
unlikely event of the sampling being of very high frequency). This is because no reliable estimate of

94
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the maximum can ever be obtained from a set of sample values. The sample maximum will always be
an underestimate of the population maximum, and furthermore, there is no straightforward method
available for quantifying the extent of that bias.

Where the primary objective is concerned with “worst case” values, the recommended approach is
to recast the objective in terms of a suitably high percentile - say the 99th percentile. The methods
described in G.2.5 can then be applied.

G.2.7 Percentage compliance with a given limit

G.2.7.1 General

The primary sampling objective often relates to the percentage of a population that@omplies with a
splecific limit (e.g. a target or intervention value).

A4 with percentile-type objectives, both parametric and non-parametric appreaches can be [taken. To
contrast the two approaches, imagine that the limit L should be complied with for'P% of the time|or better.

G.2.7.2 Percentage compliance — Parametric approach

Uding the parametric approach, the Pth percentile would be ‘estimated assuming a particular
diptribution (e.g. normal), and the resulting estimate Xp would-be compared with L. The §tatistical

urjcertainty in the compliance result would then be assessed‘wsing the quantity e( Xp ).

The parametric approach is not, however, generally suggested unless there is reliable informatfion about
thle nature of the underlying distribution, because of the confusion that can be caused whepever the
pdrametric estimate differs markedly from the noii-parametric compliance figure — that is, the simple
pdss rate calculated directly from the data. Moreever, the details of the statistical method go bgyond the
scppe of this document (even in the case wher€normality can be assumed), and so specialist §tatistical
advice should be sought for its application.

G.2.7.3 Percentage compliance — Non-parametric approach
By the non-parametric approach, the quantity r (the number of sample values < L) is first calctilated.
The sample compliance 100(r/n) % can then be determined.

The advantage now is.that 100(r/n) is binomially distributed (irrespective of the distribution followed
by the original samples), and so the statistical uncertainty in the compliance result can be|assessed
wlthout the need-£for'any distributional assumptions about the population.

Specifically, a-£:% confidence interval for the true population compliance is given by Formula [(G.12

[100pco to 100pyp] (G.12)

W Nere

pLo ischosensothatB(r-1; pLo,n)=1-(1-C/100)/2;
pup  ischosen so that B(r; puyp, n) = (1 - €/100)/2.

B(r; n, p) is the cumulative binomial probability that up to r out of n random samples have a particular
characteristic of interest, when the proportion of the entire population having this characteristic is p.

Although the definition of the limit with which the observations are to be compared falls outside the
scope of this document, it is important to realize that the (often implicit) statement that “no observation
may exceed the limit” is statistically unusable. It implies that not even one single unit of the population
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(at the investigated scale) might have a concentration above that limit. In order to test this hypothesis,
it would be necessary to test the entire population at the predefined scale.

However, an almost equivalent but statistically “coherent” level of protection can be obtained by requiring
that 99 % of the population at the defined scale, rather than 100 %, should comply with the limit.

G.3 Calculating the number of samples required to achieve a desired precision

G.3.1 Symbols and abbreviated terms

To complement those of G.2, this subclause uses the following symbols and abbreviated terms.

m is the number of increments per composite sample;
ow | isthe standard deviation of local (i.e. within-composite) spatial variation;

op | is the standard deviation of between-composites spatial and/or temporalvariation;
O is the standard deviation of total spatial and/or temporal variatien (: 1/0‘3\, +0'§ );

o2 is the standard deviation of analytical error;
C is the desired confidence level (%);
t is the cumulative probability related to the desired confidence level;

dprec| is the desired precision.

G.3.2 Estimating a mean concentration

G.3.2.1 |Using composite sampling
The standlard error of the mean is given‘by Formula (G.13):

, -
{G—W+o§ +o§]
m
e(x)¥ (G.13)

Thus, forja given value of m, and assuming normality, the number of composites required to achieve the
desired prrecisioir and confidence is given approximately by Formula (G.14):

(2 \
n=| —— | x| Y +of+0? (G.14)
dprec m

where tis 1 - (1 - C/100) / 2.
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Alternatively, Formula (G.13) can be rewritten to determine the number of increments (m) needed per
composite sample if n, the total number of composite samples, has been set in advance. Thus:

2
(0
m= 2W (G.15)
d
n prec —O'g _632
Ut
NOTE It might be desirable to plan to take only a single composite sample. Provided op2 + 042 is sufficiently

small, this can be achieved by setting n equal to 1 in Formula (G.15).

In|practice, the true standard deviations are unknown and so estimates should be used. In_$ome cases,
it |could be appropriate to use the values obtained from the past analysis of sample data)from similar
inyestigations. Otherwise the estimates should where possible be obtained from a preliniinary pjlot study.

EXAMPLE1  Suppose that:

—| estimates of oy, op and o, are 4 mg/kg, 2 mg/kg and 0,5 mg/kg;

—| 10 increments are to be taken per composite (i.e. m = 10); and

—| the mean is required to be estimated to a precision of dprec = 1 mg/kgwith 90 % confidence.
Cdlculating ¢t for a 90-percent confidence level:

For C=90,t=1-(1-90/100) / 2 = 0,95, and so u; = 1,65.

Cdflculating n from Formula (G.14),

n=(1,65)2 (16/10 + 4 + 0,25) = 15,9.

THus, about 16 composite samples would be needed-to produce a mean to the required reliability.

Tol decide on the most appropriate value of m, it is necessary to consider the relative costs of sanpling and
analysis.

Supppose that

A isthe sampling cost per.increment; and

B isthe analysis cost(per sample (considerably greater than A).
THe total cost T¢ is accerdingly given by:

Tc = (Am + B)n (G.16)
Thus, using Bormula (G.14) with various trial values of m, it is possible to find the combinatior] of m and
n which.minimizes Te.

EXAMPLE 2  Continuing with the earlier example, suppose that:

— values of m ranging from 1 to 20 are considered; and

— B/A =30 - thatis, a sample analysis is 30 times more expensive than the cost of a sample increment.
Getting the n and T¢ values:

The upper panel of Figure G.1 shows the n value given by Formula (G.14) for each trial value of m.

The lower panel then shows the corresponding values of the total sampling cost T¢ (in arbitrary units).

Thus, it is apparent that the optimum number of increments per composite sample is about 6.

© ISO 2018 - All rights reserved 97


https://standardsiso.com/api/?name=548fd415df7cfccc553440c2207e74cc

ISO 18400-104:2018(E)

Y
60

N
30 &
20 \0\"‘“

10

0

0 4 8 12 16 20 X

a) Samples needed to achieve specified precision and confidence
Yl

1800

1500 ‘\

1200 X\
900 —

600
300
0

0 4 8 12 16 20 X

b) Cost of sampling in relation to numberof increments per composite sample

Key
X number of increments, m
Y required number of composites, n
Y’ total ¢ost of sampling, T

Figure G.1 —THustration of the relationships between m, n and T¢

G.3.2.2 |Using individual samples
The standard errefof the mean is given by Formula (G.17):

6X+c?

e(X)Fi——r (G.17)

n

Thus, the number of samples required to achieve the desired precision and confidence is given
approximately by Formula (G.20):

2

n= d“f x(o2+02) (G.18)

prec

where tis 1 - (1 - C/100) / 2.
NOTE Spot sampling can be thought of as composite sampling with just one increment per composite.

Thus, the results of the previous section apply to the case of spot sampling by substituting m = 1 and replacing
ow? + op2 by 042.
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In practice, the true standard deviations are unknown and so estimates should be used. In some cases,
it could be appropriate to use the values obtained from the past analysis of sample data from similar
investigations. Otherwise the estimates should where possible be obtained from a preliminary pilot study.

EXAMPLE Suppose that:

Ge

estimates of o5 and o, are 4,5 mg/kg and 0,5 mg/kg; and
the mean is required to be estimated to a precision of dprec = 2 mg/kg with 90 % confidence.

tting ug:

Fo
Gqg
Fr|
TH
Al

G,

T}
EV

W
as

A%

T}

rC=90,t=1-(1-90/100) /2 =0,95, and so us = 1,65.

tting the n value:

pm Formula (G.20), n = (0,825)2 (20,25 + 0,25) = 13,9.

us:

out 14 spot samples would be needed to produce a mean to the required reliapility.

3.3 Estimating a standard deviation

le following approach is applicable when the population can,bé.assumed to be normally di
en for non-normal populations, however, the method is usefiil as a rough approximation.

hen the true dispersion variance o2 of the population is estimated by the sample variance s

Formula (G.19):

le ratio s2/02 has the statistical distribution of a random variable Y/(n - 1) where Y fol

stributed.

2 defined

(G.19)

here x;, I = 1, ..., n are the values of the préperty of interest for the n samples and x is the sample mean.

ows a x2

diptribution with n - 1 degrees of.freedom. Confidence intervals for o can be calculated using tables
of|quantiles of the x2 distribution, which can be found in most statistical books. For a given|choice of
cgllr;fidence C, this can be eyaluated for a range of trial n values, and this will identify the number of
samples that provides therequired precision.
EXAMPLE Suppose it-is required to estimate the standard deviation to a precision of 20 % with 90 %
copfidence.
Fgr 90 % confidence, the lower and upper p values are 0,5 = /200 = 0,05 and 0,95.
Wiith the lelp of statistical tables of the y2 distribution at the P = 0,05 and 0,95 points, the following
Tgble G2 can be developed.
Table G.2 — 90 % confidence limits for o I/S for various-numbers of cnm:\]nc
o - — o - —
Number of samples Lower 90 % confidence limit for | Upper 90 % confidence limit for
o/s o/s
: Vit -1/x2] Vit -1/x2]
(P=0,95) (P=0,05)

20 0,79 1,37

30 0,83 1,28

40 0,85 1,23

50 0,86 1,20

60 0,87 1,18
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Table G.2 (continued)

Number of samples Lower 90 % co(rfl/f:dence limit for | Upper 90 % coﬁidence limit for
. Vit - 1/22] Vit - 1/x2]
(P=0,95) (P=0,05)
70 0,88 1,16
80 0,89 1,15
90 0,89 1,14
100 0,90 1,13
120 0,90 1,12
150 0,91 1,11
200 0,92 1,09

It can be|seen that with 50 samples, the lower and upper confidence limits are 0,86 and 1,20. THat
is, the papulation standard deviation o may be 14 % below or 20 % above s, théyobserved standajrd
deviation| (note that the interval is asymmetrical). Thus, a precision of 20 % or, better will be achieved
by a stanflard deviation calculated from 50 random samples.

G.3.4 Eptimating a percentile

G.3.4.1 |Assuming normality

The standlard error of the Pth percentile )A(p is given by Formula (G.20):

(G.20)

p is P/100;

o i V(052 + 042).

Thus, the¢ number of samplesyrequired to achieve the desired precision and confidence is given
approxinlately by:
2

n= X d (G.41)

s is an estimate of o.
EXAMPLE Suppose that:
— oisestimated by s = 3,5 mg/kg; and
— the 95th percentile is required to be estimated to a precision of dprec = 1,46 mg/kg with 90 % confidence.
Finding up and uy:
— for the 95th percentile, p = 0,95 and so up =1,65;

— forC=90,t=1-(1-90/100) / 2=0,95, and so us = 1,65.
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Finding the n value:

thus from Formula (G.21), n = (1,65 x 3,5/1,46)2 x (1 + 1,652/2) = 36,9.

Result:

2018(E)

— thus, about 37 samples would be needed for the 95th percentile to be estimated to the required reliability.

G.

3.4.2 Non-parametric approach

For determining the precision achievable by a non-parametric approach, there is no direct expression
aviailable corresponding to Formula (G.21) for the normal case. As a rough approximation,
Fdrmula (G.21) can still be used, but with an additional multiplicative factor of 1,3 applied'to

th
Al

[ernatively, exact results can be obtained using the following more time-g¢onsuming

The first step is to select a trial number of samples and desired confidence leyel, C. The met

is
in
m

dgscribed in G.3.5 for calculating C % confidence intervals around non-parametric percentile

then applied. This should be repeated for different trial sample numbess. The various c
fervals will be expressed as ranked values, but these can be converted into equivalg
basurements as long as a suitable historical data set is available~These trial calculations

arl indication of the precision that can typically be achieved at C %"confidence for various ny

Sa

[mples; and from this an appropriate choice can be made, see Reference [40].

EXAMPLE

The 80th percentile cadmium concentration from a particular soil stockpile is required to be estin

pr
Se|
Fr

Fr
val

pcision of dprec = 15 mg/kg with 90 % confidence.
lect n = 39 as the trial number of samples.
pm G.3.4, a conservative 90 % confidence interalis provided by the interval x(27) to x(35).

pm a set of 39 cadmium concentrations taken at random from prior comparable soil stockpiles, the
flues are: 12 mg/kg, 12 mg/kg, 15 mg/Kg, 17 mg/kg, 20 mg/kg, 20 mg/kg, 25 mg/kg, 26 mg/kg,

31fmg/kg, 35 mg/kg, 36 mg/kg, 40 mg/kg, 44 mg/kg, and 55 mg/kg.

3

Se

Thus, the 27th and 35th ranked values are 13 mg/kg and 35 mg/kg, and so the expected p
b - 13)/2 =11 mg/kg.

This is better than required, and so a lower trial value of n is selected.
ect n = 29 as the newtrial number of samples.
From G.3.4, a éonservative 90 % confidence interval is provided by the interval by the interval x(2(

From a set\of 29 values taken at random from the historical data, the 12 highest values are: 10 mg/

kg, 15 mg/kg, 20 mg/kg, 20 mg/kg, 25 mg/kg, 26 mg/kg, 31 mg/kg, 35 mg/kg, 40 mg/kg, 44 mg/kg, and

4

Thus, the 20th and 27th ranked values are 12 mg/kg and 40 mg/kg and so the expected p

however,
represent

poorer precision typically attained by the non-parametric rather than the normal-based approach.

ipproach.
hodology
pstimates
bnfidence
nt actual
will give
imbers of

nated to a

15 highest
B1 mg/kg,

Fecision is

) to x(27);

kg, 12 mg/
55 mg/kg.

Fecision is

D ~12)/2 =14 mg/kg.

This is adequately close to the required precision.

Result:

— About 29 samples would therefore be needed for the 80th percentile to be estimated to the required reliability.

G.3.5 Estimating a percentage compliance with a given limit

The approach here is similar to that described in G.3.4. First, the desired confidence level, C, is chosen.
Then, for each of a range of trial sample numbers, the C % confidence interval for the true percent
compliance is calculated using the methodology described in G.2.7. The resulting set of confidence
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intervals shows the quantitative link between achievable precision and samples taken, and hence
provides a rational basis for arriving at an acceptable compromise.

EXAMPLE
Suppose that:
— the percentage of a soil stockpile meeting a particular cadmium concentration limit is thought to be about 80 %;

— this percentage is to be estimated to a precision of 12 % with 90 % confidence; and

J— nOthl giclenaun ahonttho cttictioa] ot oftho cadeniiiy dictihtion
5RO WH-aB ot te-StatistHeariathre-orthe-caaiti-eSHHDuHeh-

Select a trjal number of samples of n = 20, and suppose that 16 samples meet the required cadmium limit-(that|is,
the observed compliance rate is 80 %).

— Using fthe non-parametric binomial method described in G.2.7.3, calculate a 90 % confidence,interval for the
true compliance percentage.

— Thisi959,9 % to 92,9 %, giving a precision of about 17 %.
— Thus, a greater number of samples is needed.

Select a trjal number of samples of n = 40, and suppose that 32 samples meet the requwired cadmium limit (to keep
the obseryed compliance rate at 80 %).

— Using [5.2.7.3, calculate a 90 % confidence interval for the true compliatice percentage.
— This i 66,8 % to 89,6 %, giving a precision of about 11,5 %.

— This idadequately close to the required precision.

Result:

about 40 samples would therefore be needed for the compliance percentage to be estimated to the required
reliability.
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Annex H
(informative)

Geostatistical methods for sampling design and evaluation of
soil quality

H{1 General

Cqntaminated sites usually show complex contamination patterns. Variables such as'the condentration
of|contaminants, the porosity and the permeability of the medium, or the thickness of a contaminated
layer exhibit spatial variations with a complexity of detail that precludes a description by detgrministic
mpdels. Such variables are named “regionalized variables” to stress both theirstructured anfl random
ndture. Furthermore, for economic reasons, these variables are sampled very$sparsely. As a congequence,
dgcision making is always based on incomplete information and, becaugse of spatial variability, comes
w]th some uncertainty. To cope with that uncertainty, probabilisticinethods are used.

The quantification of spatial uncertainty requires a model specifying the mechanism by whith spatial
randomness is generated. The simplest approach is to treat.the regionalized variable as detdrministic
arld the positions of the samples as random, assuming for éxample that they are selected unifqrmly and
infdependently over a reference area, in which case, stanidard statistical rules for independent random
vdriables apply, such as that for the variance of the meai. If the samples are collected on a regular grid,
thley are not independent and things become more.complicated, but a theory is possible by randomizing
thE grid origin.

Geostatistics takes the bold step of associating randomness with the regionalized variable itself. When a
dig is thrown, the future result is random, in that case 1, 2, 3, 4, 5 or 6 with equal probability. Buf once the
dip has stopped, the observed result isfor example 5, which is no longer random; it is called a r¢alization
of|the random variable representing:the die. In the case considered here, the analogue of the|die is the
vdriable of interest and a stochastic.imodel is used in which the regionalized variable is regarded as one
among many possible realizations of a random function. Normally, many realizations are needgd to infer
thle statistical parameters of-the random function. When a single realization is available, as i$ the case
when considering a specificjcontaminated site, repeatability is achieved by introducing an assumption
of|stationarity: spatial ¥ariations in some part of the study domain (study area or volume) arelassumed
to|be statistically sintilar to spatial variations in any other part of the domain.

The advantage-of this conceptual site model is that geostatistical methods do not require randomly
lofated samplés; but they require a preliminary characterization of the spatial variability of the
vdriable ofinterest. This characterization is a very useful step because it is based on an exjploratory
ddta analysis (EDA) which can show most problems affecting the data. Nevertheless, this EDA requires
alreadythaving data. Otherwise, geostatistics can only be used by assuming characteristics jdentified
for another site deemed similar to the site of interest. This is the reason why geostatistics is ugually not
used to design an initial or exploratory exploration, even if some general results of geostatistics give
guidelines about sensible sampling patterns. Geostatistics are useful once a certain number of data are
available, that is, at the stages of the main and supplementary investigations.

To answer the problem of the definition of a sampling plan at these stages, the first requirement is to
know which data are already available and to make a point on how far the objectives are met with these
data. Then, the questions how many supplementary samples are needed, at which locations, and with
which sample characteristics to achieve the objectives, can be considered.

The specification of the sampling plan should then take place after a study of the contamination from
the data already available. If this study has not been carried out at the end of the preceding stage, it
should be done now. The latter situation is considered here, because it offers the opportunity to present
the geostatistical tools before presenting their use for rationalizing sampling.
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This presentation therefore comprises the following:

— characterization of spatial variability;

— geostatistical estimation and simulation methods;

— rationalizing a sampling plan.

Once the new sampling survey has been completed, the first two steps have to be updated or developed.

It is important to recognize before seeking to apply geostatistics the limitations to its use, such as:

— thec
usua

— Somseg

assumed. This assumption can be weakened (presence of a trend, local stationarity), but in tH

case,

— geost
locat

— thec
thesd
and t

— geost
contg
COITE

— asou
study

H.2 Ch

H.2.1 G

The char
with the
understa
that have
the detec

The varig
from pas
characteq

haracterization of spatial variability requires a certain number of samples: about 30 samples
ly a minimum;

stationarity of the behaviour of the contamination or other property of interest’should

more samples are needed;

atistical techniques are not applicable in the case of preferential sampling (e.g. data specia
bd in areas supposed to be of high contaminant concentration);

pntamination is linked with auxiliary variables such as lithology~or past use of the site a

he layer from which an auger sample, for example, has beentaken has not been recorded);

atistics provides no improvement over standard statistics if the spatial distribution of t
mination is purely random (no, or very poor, spatial:correlation) - but the absence of spat
lation can be shown by the exploratory data analysis;

nd use of geostatistical techniques requires proper training and more effort than a conventior
r, as well as a collaboration with the specialists of the other disciplines.

aracterization of spatial variability

eneral

hcterization of spatial variability is based on an exploratory data analysis (EDA), which en
calculation of sample variograms and their fitting by variogram models. The objective is
hd, characterize and\model spatial variability. It is also to detect and delineate subdomai
distinct spatial characteristics and need to be studied separately. A by-product of the EDA|
tion of anomalous‘data (wrong and true) and thus the possibility of a validation of the data.

gram will be-used in the subsequent steps, for example to provide a map of the contaminati
[ surveysS\(éstimate and precision) and define a complementary survey adapted to the spat
istics-of the contamination.

H.2.2 Exploratory data analysis (EDA)

H.2.2.1

—

S

—t

y

nd

variables have not been carefully recorded (e.g. there are layers with very different properties

he
al

al

bn
al

General

The aim of the EDA is to understand and represent (in particular, graphically) how the contamination
is structured in the site: trends, similar or contrasted values at neighbouring points, variation of
concentration with depth, dependence on soil type, etc. The method consists in an interactive query of

the data.
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