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Chapter 21 

SAMPLING OF LIQUID AND SOLID WASTES AND SAMPLING OF THE 
ENVJRONMENT 

21.1. INTRODUCTION 

Environmental protection agencies have been creared in various countriCJ around the world 
because, as an industrial society, we have failed to evolve and grow in harmony with the 
fragile heritage that was given to u&: our environment. 

Cost effective management of this e:<tremely complex environment ;equires an integrated 
effort from many competenl people such as geologists, metallurgists, hydrologist&, biologists, 
chemists, &tatlslicia.ns, lawyers, and so on. All these people have one thine in common: the 
decisions they make heavily depend on estimates made by proxy on samples &\lpposed!y 
teprer.entative of a selected fraction of the environment·. 

Meuurln& the proaression and the impacts of an environmental problem, and findini 
solutions, are goals that are successfully reached only if all sources of sarnpHng errors are 
well understood. Therefore, in our followin.& discussions we assume that the. reader is already 
fam!Ji&r wjth che content of the previous 20 chs.prers of these ,·oJumes. 

There are two equally important sourees of sampling errors: 

All materials studied in the environment are heterogeneous (the subject was studied 
in Parta 2 and 3). · 
All sampling processes used to implement a sampling plan are either correct or incorrect 
(the subject was studied in Part 4) . 

The study of the various forms of heterogeneity is essential to the environmentalist who 
want& to detect and undersrand random fluctuarions, trends, and cycles a!fectlnll th~ behavior 
of a aiven pollutant. Yet very little attention has been given to sampling urors such as: 

The fundamen~J error FE 
The ,sro\lpins and sesregation error GE 
The long-ranae heterogeneity fluctuation error CE2 
The perJodic herero;enelty fluctuation error C~ 

Only a good understanding of the heterogeneity, carried by a potential pollutant in a given 
environment. can lead to the development of an appropriate and effective samplin& plan. 
To be cost eftective, this sampling plan often consists of an iterative action. 

Now, the Implementation of a sampling plan can be correct or incorrect. Sampling erron 
due to incorrectness are numerous and very dangeroua because they are difficult ro detect 
and to quantify. These sampling erron are 

The increment delimitation error DE 
The increment extraction error EE 
The preparation error PE. 

These erron always af!~r the accuracy of a sample. Yet, with the exception of PE, thue 
errors are critical but they have not been siven the attention they deSet\fe. The development 
of the liquid waste sampler called "Coliwasa" is a good example of a tin)' step made recently 
In the right direction to minimize errors such as DE and EE. 
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1r should be clearly understood th1t It is entirely up to ua to perf'onn correct s.nmpllna. 
Cornel llllflpling 1$ ofttlt compktely uncomlo.ttd with sampUng colt. ErtWIIlO ptr/Qrm 
intD,.,.ecl $Dmpling cannol bt ju1fijied by tim1 and monty llmltatlom. Th•1 QTf o/t•n 
justifutl by tht deslrt to comply with standard& impltmenud b;y committltl wh() ·know 
~1!1'] littlt ttbo•#sQmp/iltg, It i1 a faa tlult, Jot environJMntlll JDmplint, t'h1 t~th110loo 
of cornet tampltrs rtmains to z,, d1veloptd. We hope that the content• of this chapter wlll 
be helpful to those in charge of developing .sa:mplln,s system• for the environment Md wlll 
bring forth progressive new ideaa. 

21.2. KEY QUESTIONS AND ISSUES RELATED TO SAMPLINO 

Sampting of mineral ores, produtts, concentrates, coal, or chemicals presents many dif­
ficulties that were reviewed in the previous 20 chapters of these volumes. Sampling the 
environment presents exactly the same difficulties; however, there are a few peculiarities 
which could read to important issues. These peculiarilies need to be addressed. 

When a given pollutant create& an environmental concern, the first questions the envi­
ronmentalist asks himself ate "At what level does this pollutant cause a health rislt'? Con· 
sequently, what should its appropriate regulatory threshold be?'' Obviously, answers to these 
two questions have a tremendous impact on the deYelopment of an appropriate samplfn.a 
plan. From previous chapters, we know now ro prepart such. a plan. So fot there is no 
apparent difficulty but, as a direct consequence of the notion of heterogeneity, the environ~ 
ments!ist could ask himself another question: "Should rhe notion of threshold be relati\le 
to the ss.mple size?" For example, let us assume that a pollutant is present at a level well 
below the threshold whM targe samples of weight Msl are collected and analyzed. It could 
very well be that much smaller samples of weight M11 (e.g., M11 .. M112/IOO), collected at 
the same locations ilia the large samples, wiJI, most of the time, show lower pollutant'-" 
amounts and, once in a while, will show hig~r levelli than the regulatory threshold. This 
is ob5erved when sample. are small enoush to skew the distribution of as5ay values until 
the di5triburion obeys a Poisson law: many values 11re much too low and a few are much 
too high. 

This immediately leads to more questions: "If this pollutant behaves err~titally because 
of its heterogeneity, is there a small chance that the same pollutant (ould, at rimes, become 
very haurdou1 because of a small scale clustering behavior, even thouah estimates from 
large samples are always below the threshold? Does a large sample cover the narure of the 
real problem? Is it m:ce.~sary to completely redefine the notion of threshold or, ar least, 
connect it somehow with the notion of heterogeneity?'' 

Again, this leads to more questons: "Is the 11rensth of the bond between a pollurant •nd 
its support (e.s .• sediment, mineral, vegetJI, microorganism, colloid, and soon) an important 
criterion to define the val~ of a regvlatory threshold? Is the heteroseneiry czrried by a 
pollutant a function of the st~ngth of rhis bond? Is the arnounr of heteroaenei&y cmied out 
by the pollutant corrtlated to the amount of beterogeneiry carried out by it11 n1ppon?" 

In this chapter we will not bring satisfactory answers to these delicate questions. However, 
the environmentalist may reali2:e now that sampling the environment Is not a simple matter. 
It also appears that a strong standardiznricm of ~amp!ing plans may not be a creat idea. M11ny 
are rho$e that encourage standardi:ation to ensure possible compari~ons from one environ· 
mental site to another. The idea is lesitimatt. Indeed, a sampling strategy can be and should 
be standardized. Tile implementarlon of sampling plans should use standardized sampler& 
whose primary quality is correctness. The srandardi:tation of an incorrect sampler, as It is 
often done, should be carefully prevented. However, the notion of heterogeneity 'beln~ what 
it ia, the standardization of sampling plans and samphni protocols is total nonsen1e. Each 
case is unique ancl each pollutant involved carries a particular amount of heterogeneity. 

. 
to 
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-.....,.. There are no possible ways to 2uess what this amount of heteroieneity witJ be without 
preliminary iterative testings. Then, and only then, can we standardize~ samplin1 protocol 
(or a Joeal condition only. ln other words the standardiz:.ation of a stratery pnd of a correct 
sampler can be very ger.eraJ. whfle the standardization of a protocol can only be local. This 
distinction i' important. 

....... 

.. 

The standardization of a sampling strategy and of correct samplers can tremendously 
reduce Ia; tlme in updl!ting or developing new methodologies as regulations ch11J1ge; but, 
a.nd this jg very important, enouah nexibilit~ should be allowed hi those regulations to adjult 
sampling protocola with special local conditions characterized by the amount of heterogeneity 
carried by the pollutants of interest. This is the essence of a logical approach. 

21 .3. A LOGICAL APPROACH 

the most difficult part of an environmental sampling problem is its formalization ~hich 
requires solid knowledQe in conventional and nonconventional statistics, knowledge of sam­
pling the¢ry, but also knowledse in rhe domain in which the problem takes place (e.; .• 
geochemiE:ry, hydrology, biochemistry, sedimentology, and so on). Therefore, rhe statis­
tician alone cannot decide upon an appropriate samplinS plan. 

The environmentalist (e.J., geochemist, biologist, sedimentologist, chemist, rnetanurgist, 
and so on) should not only participate in the development of appropriate sampling plans, 
bur should also initiate them in a logical way. Thus, the environmentalist should be familiar 
with rhe various pans of samplina theory. 

An eff'ecdvc coordination between lbe environmentalist and rhose in chPJ.rge of the nec­
euary logistic: support for the implementation of a s.ampling plan is a must. Special local 
conditions such u topograph)'. temperature, water floWJ, meteorology, tides, and so on, 
are likely to play an important role. Indeed, there are numerous factors that may directly or 
indirectly affect the valfdity of a 5ampHn, plan. The environmentalist should ascertain that 
the sample collector will proc:eed exactly as indicated in the sampling plan, and that all the 
n~cenacy and pertinent infonnation wfJJ be log&cd. 

All this ls already the object of well-esU~blished srandard procedures that are valid only 
If the environmentalist can quickly provide an effective 5ampling plan. It is impouible to 
prepare a valid plan wi,hout first characterizing the various kinds of heterogeneity col'l'ied 
by a pollutant In a particular weste. This part Is often considered so superficially that the 
concluslona, rea~hed after a thorough analysis of the data, art nothing short of being very 
ambiguous. Furthermore, the implementation of the sampling plan cu be successful only 
when the environmentalist can quickly make a judgment on tht correctnes$ of a 5amplina 
system. This critical part is not we!J known by the public and rarely addresstd. It is the 
largest source of sampling biu. 

21.3.1. Str~ctural Property ot a Pollutant 
The most relevant stnlctural propeny of a po!luts.nt is characterized by the amount of 

hetcroienejry b it carries. We saw, in Part 1 of this book, that a one-dimensional waste h 
can bt decomposed into three parr.s: 

(2 J.l) 

where: 

h1 is the small scale heterogeneity.lt is the random fluctuations shown by the pollutant. 
h: is the large scale heteroge(leity introduced by trenda. Those are nonrandom 
fluctuations. 
h, is the hererot:eneity introduced by c::yclic phenomena. They are nun1erous. · 
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We also have for a zero-dimensional waste: 

h ... b, (21.2) 

If Wf! purposely considet a one-dimensional waste as a zero-dimensional waste. then b, 
cancehs and b2 becomes part of h1• A one-dimensional waste c:an become a tero-dimenslonal 
wute if the chronological order of the samples collected to monitor a pollutant is voluntarUy 
or involuntarily ignored. C()nventional staristies often iBnore the chronological occurrence 
of a pollutant. The trouble is thar, most of the time, the occurrence of a pollutant is not a 
random phenomenon. 

CONCLUS£0N 1: Por zero-dimensional wastes we should characte.rJte h1 by calculatins 
the constant factor of constitution heterogeneity IHL. When we ha'Vt an 
idea about the value ofiHL we can predict the variance of the fundamental 
sampling error FE, and the ma~imum of the variance of the groupina 
and segregation sampling error GE. 'T'hus, we can select an appropriate 
sampling protocol witb re5ped to the increment weight, sample weight, 
and subsample weight. We can abo optimize the number of incrementa 
per sample. 

CONCLUSION 2: For one-dimen~ional wasteS we should characterize h1, b2, and h3 by 
conducting va:iographic ex;>eriments, or b)' calculating varioarams with 
existing data. With the vwio,gram• we can identify aU sources of the 
pollutant fluctuations; therefore, we can dedde upon the appropriate 
sampling protocol with respect to the increment weight, sample weigbt, 
and subsample weisht, the optimum number of ineremenll per &ample, 
the spaeing between incrementl' and the moat adequate sampUns mode 
(i.e., systematic random, stratified random, or simple random). 

21.3 . .2. Structural Property of Samplfng Correctneu 
Sampling must b~ correct. It is often stated that sampling accuracy ia usuall)l achieved 

by some form of random sampling. It is true, and it would be indeed very easy to achieve 
sampling accuracy if randomness was the only factor on which it depends. UnfonunateJy, 
in the "reai world .. , the implementation cfprobabllistie sampling Is much more complicated. 
Accuracy depends mainly on Sl\rnpling correctness whicb is a structural property of rhe 
r;ampl!ng process. 

CONCLUSION: If the sampling process ls not correct, the samplfna operation cannot be 
accurate, regudless of how good the umpHng pla.n is. Furthermore, we 
cannot directly control accuracyj howe\ler, we c•n directly control cor­
rectness. We also know that a corm:t sampling operation iJ alw•ys accurate. 

Many are those who are tempted to test an incorrect samplln& synem for its accuracy. 
The trouble is that an incorrect sampllng system can be circumstantially ~tccuratc today, 
biased in one direction tomor.'Ow. and biased in another direction the day after tomorrow. 
In sampling, there is no such thing as a constant bias. The desire of control!in~ accuracy 
without controlling samplina correctness Is cenainly th~ worst judgment error rhat a penon 
can make. It is a direct departure from basic logic. 

lJ .3.3. Interactions Bttween Samplinc Cost, Aceuraey, Prrciiion, and the Regulator)' 
Threshold 

Intuitively, it is logical to think that rhe closer ttte expected level a 1iven pollutant coma 
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to its reiulatory threshold, th~ better the precision should be: therefore, the greater the 
samplini effort &.nd samplinr coat. 

Contrary to widespread opinion. the same statemenr does not apply to accuracy. Accurate 
sampllng mainly depends on the correctne$$ of the sampling sysrem. In many c!lses. e correct 
!lampling system is less expensive than an incorrect one. In fact, there are many sophisticated 
on-line $tUnplers and analyzers thar are tofally incorrect (on-stack emission monitoring for 
sulfur dioxide is an ex.ceUent example). Achievement of sampling accuracy is not a matter 
of cost, but ra!her a matter of choice. The trouble is that correct samplins systems for 
samplina wastes in the environment are almost nonexistent. These systems remain to be 
developed, tested, and implemented. This imp<~rtant aspect of the correctnesiS of environ· 
mental sampling will be discusse~ later in this ch~:pter. 

21.3.4. Stand.ardfzation of a Sampling Strategy 
If we could standardize a sampUns strategy for the samplini of liquid and solid wastes, 

the followin.g four ~!sential steps should be conJidered: 

1. Modelina the waste: 
- Zero-dimensional (euy to solve) 
- One-dimendonal (easy to solve) 
- Two-dimensfgnal (difficult to solve) 
- Three-dimension.tl (often impossible to solve) 

2. Characterizing the heteroseneity carried by t.~e pollutant of interest in the waste: 
- Determine IHL. for zero-dimensional waste&. 
- Determine CE1, C~. and C~ for one-dimensional wastee. 
- Two- a.~d three·dimensional wastes can also be investiJated as one-dimentional 

wastes, except chat several directions or transects must be considered. This goes 
beyond the purpose of this book and enters the domain of geostatistics. We also 
should remember that &amplinc correctness .is difficult to aehleve with two-dl· 
mensional waste1, and often impossible to ~hieve with three-dimensional wastes. 

3. Developing an appropriate sampling phm: 
- Transform a three-dimensional waste into a sum of several superposed two-di· 

men$lonal wastes each time that it Is possible. 
- Determine appropriate sample and !Ubsample weights with respect to lfit., CE1, 

and targeted level of precision. · 
- Determine the approprlr.te number of increments per sample and subsa."Tlple. 
- Sel~l an •ppropriate selecrion mo<le with respect to IH~., CE 1, CB:, and CE1• 

__: Optimize the laboratory subsamplins plan. 
4. Implementation of the samplinJ plan: 

- Thoroush verification of the correctne66 of the samplins systentt: 
• In the field. 
• At the laboratory. 

Any of the!e above four major steps cannot and should nor be overlool<:ed in any sampling 
strategy concerning the samplinJ of liquid and solid wastes. 

21.4. THE COMPONENTS OP THE OVERALL SA.\1PLING ERROR 

This section i1 nota repetition of the contents of Chapter 3. Jta objcclivc is to make a 
clear coiTelation betWeen our vocabulary and the usual vocabulary used by environmentalisu. 

An opening remark is necessary: when the environrrJentalist ststea that 11 waste is heter· 
ogeneou1 in termt of its cbemital properties, fot example, it should be clearly understood 

--· oc:. d'§JI 
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that this statement is mea.nin~:less as }QnS as he does not specify what kind of heterogtne. 
he is referring to. The reason is simple: causts, effects, aod cures nre different. 

21.4.1. Errors Generated in the S•mpling of Zero-Dimensional Waste1 

FE: The fundamental sampling error is introduced by the variability of a pollutant fro~ 
one fr!liment to another. It is the constitution heterogeneity. Obviously this erro. 
is negligible for liquids and iases without suspended solids. It is small for liqu!dl 
'and gases with nne su!!pcncled soHcJs. It often become• overwhelming with partie· 
ulate solids. Subsampling protocols of pt~rticulate wa5h~s used by certified !abo· 
ratories are often disastrou!. It should be mandatory to write on anal)'tical loJS 
both: 
- The maximum pllrticle size of a subsample. 
- The weight of a subsample. 
This sllould be done for all sampling and subsampling sta~cs. includlna the finol 
subsampling stage nl the balance room. 

GE: The groupins and segregation error. This error Is generated by the distribution 
heterogeneity. It is the variability of a po!luumt from one increment to another. We 
know that tht. maximum reaehed by GE is FE itself. The most effeerive way to 
minimize OE is to increil~ the number of increments. Jt should be clear that for 11 

given sample weight, the number of increments has no effect on FE. 

111 this category we include all wastes that are considered essentially as statistical popu· 
lations. This includes nearly all samples containing particulate solids that src submitted to 
s subsampling operation, either en the field or at the laboratory. 

21.4.1. Errors Generated by the Samplinc of One-Dimensional Wastes --
CE1: t~ short-range heterogeneity fluctuation erTor introduced by h1• Jt is a smatlscu.le 

random error and we may write: 

(21.l) 

CE1; the ]Qng-range heterogeneity fluctul!tion error fntroduc:ed by h,. It is a large scale 
nonrandom error. It is generated by the pollutant trends, whose orlain often goes 
back to the waste producer. 

C£,: the periodic heterogeneity fluctuation error introduced by h,. Cycles maybe direetly 
caused by the waste ):lroducer, or they may have natural origin• (e.g., tluctuations 
of a pollutant regulated by intermittent discharsea, or by the effect of tides, or by 
weekend activities. and so on). This snmpJinJ error may become important If 
sampling is implemented at regular time intervals in phase with the period of the 
cycle. 

21.4.3. Errors Gtnerated by Incorrect SampJinc 
FE, GE, CB1• CE;:. and CEs are the type of sampling errors that tan be minimized by 

the development of appropriate sampling plans. Ho\1/evcr, there~~~ other kind' of sampling 
errors that can be introduced durin,a the implementation of a sampling plan. 

D£: the increment delim.itarion error. The samp!ina toOlllhould be capable of delimiting 
the volume of an increment in such a way that all parts of the waste have exactJy ~ 
the same probability of being pan of the model increment. ,.._.. .. 




