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7KLV SXEOLFDWLRQ LV D UHSODFHPHQW IRU WKH ,$($ 7UDLQLQJ &RXUVH 6HULHV 1R  ³8VH RI 1XFOHDU
7HFKQLTXHVLQ6WXGLHVRI6RLO3ODQW5HODWLRQVKLSV´SXEOLVKHGLQ7KLVHGLWLRQSUHSDUHGE\VWDIIRI
WKH 6RLO 6FLHQFH 8QLW 6HLEHUVGRUI DQG WKH 6RLO DQG :DWHU 0DQDJHPHQW  &URS 1XWULWLRQ 6HFWLRQ
-RLQW )$2,$($ 'LYLVLRQ RI 1XFOHDU 7HFKQLTXHV LQ )RRG DQG $JULFXOWXUH 9LHQQD GLIIHUV LQ PDQ\
UHVSHFWVIURPLWVSUHGHFHVVRUERWKLQWHUPVRIFRQWHQWDQGREMHFWLYHV7KHHDUOLHUSXEOLFDWLRQSURYLGHG
EDVLFLQIRUPDWLRQIRUXVHLQLQWHUUHJLRQDOWUDLQLQJFRXUVHVKHOGDWUHJXODULQWHUYDOVDWWKH6HLEHUVGRUI
/DERUDWRULHV6LQFHWKHGLVFRQWLQXDWLRQRIWKHVHWUDLQLQJFRXUVHVLQWKHQHHGIRUGLVVHPLQDWLRQ
RI XS WR GDWH LQIRUPDWLRQ WR 0HPEHU 6WDWHV KDV EHFRPH PRUH DFXWH SDUWLFXODUO\ LQ YLHZ RI WKH
HYROXWLRQ RI QHZ PHWKRGRORJLHV GXULQJ WKH SDVW GHFDGH DQG QHZ DSSOLFDWLRQV RI H[LVWLQJ
PHWKRGRORJLHVWRPRQLWRUWKHG\QDPLFVRIVRLOZDWHUDQGQXWULHQWVLQFURSSLQJV\VWHPVDQGWRSLORW
WHVW LQWHUYHQWLRQV WR FRQVHUYH WKH QDWXUDO UHVRXUFH EDVH DQG RSWLPL]H WKH DYDLODELOLW\ RI ZDWHU DQG
QXWULHQWVWRFURSV7KHSUHVHQWSXEOLFDWLRQDWWHPSWVWRIXOILOODSDUWRIWKLVQHHG

7KHPDQXDOSURYLGHVDQRYHUYLHZRIWKHXVHRIQXFOHDUWHFKQLTXHVLQVRLOVFLHQFHDQGSODQWQXWULWLRQ
EDODQFLQJ WKH QHHG IRU D FRPSUHKHQVLYH FRYHUDJH RI D PXOWLWXGH RI WHFKQLTXHV LQYROYLQJ LVRWRSLF
WUDFHUV DQG VHDOHG RU XQVHDOHG VRXUFHV ZKLOH JLYLQJ VXIILFLHQW GHSWK WR EH RI SUDFWLFDO YDOXH WR WKH
HQGXVHUV²VWXGHQWVWHFKQLFLDQVVFLHQWLVWVLQQDWLRQDODJULFXOWXUDOUHVHDUFKV\VWHPVDQGIHOORZVKLS
WUDLQHHV ,Q WKLV UHVSHFW LW LV LPSRUWDQW WR HPSKDVL]H WKDW QXFOHDU WHFKQLTXHV GR QRW LQ WKHPVHOYHV
SURYLGH VROXWLRQV WR UHDO ZRUOG SUREOHPV ² WKH\ SURYLGH WRROV ZKLFK ZKHQ XVHG LQ FRQMXQFWLRQ ZLWK
RWKHUWHFKQLTXHVSURYLGHSUHFLVHDQGVSHFLILFLQIRUPDWLRQQHFHVVDU\WRXQGHUVWDQGV\VWHPG\QDPLFV
DQGKHQFHWKHYDOXHRIDOWHUQDWLYHPDQDJHPHQWSUDFWLFHVWRLPSURYHV\VWHPSURGXFWLYLW\DQGUHVRXUFH
FRQVHUYDWLRQ7KLVSXEOLFDWLRQFRYHUVVHOHFWHGDVSHFWVRIWKHXVHRIQXFOHDUWHFKQLTXHVLQVWXGLHVRI
VRLOSODQW UHODWLRQVKLSV +RZHYHU WKH QHHG IRU D VHULHV RI GHWDLOHG JXLGHOLQHV RQ WKH WKHRU\ DQG
SUDFWLFDODSSOLFDWLRQVRIQXFOHDUWHFKQLTXHVLQVRLODQGZDWHUPDQDJHPHQWDQGFURSQXWULWLRQLQFOXGLQJ
PHWKRGRORJLHV FDVH VWXGLHV FRPSDUDWLYH  DGYDQWDJHV ZLWK QRQQXFOHDU WHFKQLTXHV DQG
FRPSUHKHQVLYHELEOLRJUDSKLHVLVUHFRJQL]HG

5HEHFFD+RRG6RLO6FLHQFH8QLWDQG*UDHPH%ODLUYLVLWLQJVFLHQWLVWDWWKH8QLWFRPSLOHGWKHPDQXDO
6HYHUDOVWDIIRIWKH6RLODQG:DWHU0DQDJHPHQW &URS1XWULWLRQ6HFWLRQDQGWKH6RLO6FLHQFH8QLW
UHYLHZHGWKHFRQWULEXWLRQVDQGHGLWHGWKHSXEOLFDWLRQ7KHOLVWRIFRQWULEXWRUVLVSURYLGHGRQSDJH
RIWKHPDQXDO
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SXEOLVKHU WKH ,$($ DV WR WKH OHJDO VWDWXV RI VXFK FRXQWULHV RU WHUULWRULHV RI WKHLU DXWKRULWLHV DQG
LQVWLWXWLRQVRURIWKHGHOLPLWDWLRQRIWKHLUERXQGDULHV
7KHPHQWLRQRIQDPHVRIVSHFLILFFRPSDQLHVRUSURGXFWV ZKHWKHURUQRWLQGLFDWHGDVUHJLVWHUHG GRHV
QRWLPSO\DQ\LQWHQWLRQWRLQIULQJHSURSULHWDU\ULJKWVQRUVKRXOGLWEHFRQVWUXHGDVDQHQGRUVHPHQWRU
UHFRPPHQGDWLRQRQWKHSDUWRIWKH,$($
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6WDEOHDQGUDGLRDFWLYHLVRWRSHV

$ ,QWURGXFWLRQ
7KH QXFOHXV RI DQ DWRP FRQWDLQV WZR VXEDWRPLF SDUWLFOHV QDPHO\ SURWRQV S  DQG QHXWURQV Q 
7KHDWRPRIDJLYHQHOHPHQWKDVDVHWQXPEHURISURWRQVDQGWKLVLVWHUPHGWKHDWRPLFQXPEHU
7KHQXPEHURISURWRQVQHXWURQVLVUHIHUUHGWRDVWKHPDVVQXPEHU$SDUWLFXODUHOHPHQWFDQKDYH
GLIIHULQJQXPEHUVRIQHXWURQVDQGWKHUHIRUHKDYHDGLIIHUHQWPDVVQXPEHU
([DPSOHV RI LVRWRSHV ZLWK WKH VDPH DWRPLF QXPEHU VXEVFULSW  EXW ZLWK GLIIHUHQW PDVV QXPEHU



VXSHUVFULSW DUH 3 3 3
$ QXFOHXV FRQWDLQV SURWRQV ZKLFK DUH SRVLWLYHO\ FKDUJHG VR WKH\ VKRXOG UHSHO 7KH SUHVHQFH RI
QHXWURQV KRZHYHU NHHSV WKH SURWRQV WRJHWKHU DQG VR VWDELOLVHV WKH QXFOHXV 6WDELOLW\ GHSHQGV
XSRQWKHQHXWURQVSURWRQV QS UDWLR
)RUOLJKWHOHPHQWVWKHQXPEHURIQHXWURQVJUHDWO\H[FHHGVWKHQXPEHURISURWRQVIRUVWDELOLW\)RU
KHDYLHUHOHPHQWVPRUHQHXWURQVWKDQSURWRQVDUHQHFHVVDU\IRUVWDELOLW\
:KHQWKHUDWLRRIQHXWURQVWRSURWRQVLVRXWVLGHDSDUWLFXODUQXPEHUZKLFKYDULHVZLWKHDFKDWRP
WKHQXFOHXVEHFRPHVXQVWDEOHDQGVSRQWDQHRXVO\HPLWVSDUWLFOHVDQGRUHOHFWURPDJQHWLFUDGLDWLRQ
DQGVXFKDVXEVWDQFHLVFDOOHGUDGLRDFWLYH,IWKHUDWLRRIQSLVQRWRXWVLGHWKH³EHOWRIVWDELOLW\´WKHQ



WKHLVRWRSHGRHVQRWVSRQWDQHRXVO\HPLWSDUWLFOHVDQGLVVDLGWREHVWDEOHHJ 1 6 &
7KUHHW\SHVRISDUWLFOHVFDQEHHPLWWHGIURPDQXQVWDEOHQXFOHXV
$OSKDHPLVVLRQ a 





7KLV LV D FOXVWHU RI  QHXWURQV DQG  SURWRQV +H  D KHOLXP QXFOHXV 7KH\ DUH KHDY\ VORZ
PRYLQJKDYHORZHQHUJ\DQGDUHHDVLO\VWRSSHGE\DVKHHWRISDSHURUDIHZFPRIDLU7KH\DUH
KLJKO\FKDUJHGDQGVRDUHYHU\KDUPIXO
%HWDHPLVVLRQ b 

7KHVHDUHIDVWPRYLQJKLJKHQHUJ\HOHFWURQVUHVXOWLQJIURPDQHXWURQGHFD\LQJLQWRDSURWRQDQG
DQ HOHFWURQ 7KH\ FDQ WUDYHO IXUWKHU WKDQ DQ DOSKD SDUWLFOH DQG D IHZ PHWHUV RI DLU RU D VKHHW RI
DOXPLQLXPLVQHHGHGWRVWRSWKHP
*DPPDHPLVVLRQ g 

7KLV LV QRW D SDUWLFOH EXW D EXUVW RI YHU\ KLJKHQHUJ\ HOHFWURPDJQHWLF UDGLDWLRQ RI D YHU\ KLJK
IUHTXHQF\ g UD\V DUH YHU\ GDQJHURXV DQG UHTXLUH ODUJH DPRXQWV RI OHDG RU FRQFUHWH WR DEVRUE
WKHP
7KHH[DFWW\SHRIHPLVVLRQIURPDJLYHQLVRWRSHLVDIL[HGSURSHUW\RIWKDWLVRWRSH²WKHUHZLOOEHD
IL[HGSDWWHUQRIGHFD\XQWLODVWDEOHSURGXFWLVUHDFKHG
% +DOIOLIH
7KHDPRXQWRIUDGLRDFWLYLW\IURPDUDGLRLVRWRSHLVPHDVXUHGDVDUDWHLHQXPEHURIGLVLQWHJUDWLRQV
SHUXQLWWLPH7KLVUDWHGHFOLQHVZLWKWLPHDQGWKHUDWHRIGHFOLQHLVDFKDUDFWHULVWLFRIWKHLVRWRSH

HJIRU 3DbHPLWWHUWKHUDWHGURSVE\ HYHU\GD\VVRWKLVLVWKHKDOIOLIH VHH7DEOH
 
7KH GHFD\ FXUYH IRU DQ\ a RU b HPLVVLRQ LV H[SRQHQWLDO 7KH UDWH RI GHFOLQH RI WKH FXUYH LV
FKDUDFWHULVHGE\LWVKDOIOLIH+DOIOLIHLVLQGHSHQGHQWRIPDVVDQGIXUWKHUPRUHLVLQGHSHQGHQWRIDOO
SUHYDLOLQJFRQGLWLRQV HJWHPSHUDWXUHSUHVVXUHFRQFHQWUDWLRQ DQGRIZKHWKHULWLVDQDWRPSDUW
RIDPROHFXOHLQDVROXWLRQHWF
7KHPDWKHPDWLFDOHTXDWLRQIRUGHFD\LVH[SRQHQWLDOLQQDWXUH7KHKDOIOLIHRIDVXEVWDQFHFDQEH
FDOFXODWHGDVIROORZV
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T

= loge2

where T

= half-life

l
l

= decay constant

loge2

= 0.6931

This equation can be used to determine the activity of a particular nuclide at a particular time.
That is:
Decay factor (DF) = 2

-T/T1/2

where T = days since T0 (i.e.T0 = activity date)
T1/2 = half-life in days
Hence, to determine the activity of a particular substance:
Counts at time x = counts at T0 x D.F.
35

S 20 days after its activity date, when the activity was

e.g. Determine the activity of
2200 Bq.
so, T = 20 days
T1/2

\

= 87.2 days

Decay factor (DF) = 2
=2
=

-T/T1/2
-20/87.2

0.8529

Therefore, the 35S has an activity after 20 days of 2200Bq x 0.8533 = 1877.3 Bq
A useful rule of thumb is that 1% of radioactivity remains after 7 half-lives and 0.1% after 10 halflives

Table 1.1. Half-life calculations for
Number of
half-lives
32
Mass of P
(g)
Mass of
emissions (g)
Fraction of
original mass
32
Number of P
atoms
Cumulative
number of b
particles
emitted

2

0

32

P:

1

2

3

4

5

10

5

2.5

1.25

0.625

0.3125

0

5

7.5

8.25

9.375

9.6875

1/1

1/2

1/4

1/8

1/16

1/32

23

1.88x10
0

22

4.70x10

22

1.41x10

9.40x10

9.40x10

22

2.35x10

22

23

1.645x10

23

22

1.175x10

23

1.7625x10

21

5.875x10

23

1.82125x10
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C Units of Radioactivity
The SI unit of activity is the becquerel (Bq) which is defined as 1 nuclear disintegration per second.
Before the introduction of SI units the most commonly used unit of radioactivity was the curie (Ci)
defined as 3.7 x 1010 nuclear disintegrations per second. The commonly used units used to
express the activity are as shown in Table 1.2.

Table 1.2. Units of radioactive decay
Unit

Fraction of unit

Becquerel (Bq)
Kilobecquerel (KBq)
Megabecquerel (MBq)

0

10

3

Disintegrations
per second (DPS)
1

Disintegrations
per minute (DPM)
60

3

1x10

10

6

6

1x10

10

3

60x10

6

60x10

Some useful conversion factors are:
1 becquerel (Bq)

=

60 disintegrations per minute (dpm)

1 curie (Ci)

=

3.7 x 1010 becquerels (Bq)

=

37 gigabecquerels (GBq)

=

3.7 x 107 becquerels

=

37 megabecquerels (MBq)

=

3.7 x 104 becquerels

=

37 kilobecquerels (kBq)

1 millicurie (mCi)
1 microcurie (mCi)

1.1.2

Radioactive isotopes as tracers

Radioactive isotopes can be used to follow a particular element through various pathways and
quantitative measurements may be made. They have the advantage of behaving in the same way
that their stable counterparts do, but they can be readily traced. Radioactive isotopes can be
likened to a coloured dye. They have a wide range of uses and are particularly valuable in plant
nutrition research.
The physical properties of a radioactive nuclide determine its usefulness as a tracer. The three
most important are half-life, mode of decay and decay energy. If the half-life of a nuclide is very
short, any compound labelled with it will be difficult to prepare, use and measure within the time of
decay. The mode and energy of decay determine how the nuclide will be measured.

1.1.3

Stable isotopes

Stable isotopes are used in the same way as radioactive isotopes in soil/plant studies. Whereas
radioactive isotopes emit particles which are captured in photomultiplier tubes and counted stable
isotopes are separated from each other by passing a gas containing them through a strong
magnetic field, which deflects them differentially according to their mass. The most common stable
15
isotope used is N but a large number of other stable isotopes are produced which are
increasingly being used in agricultural studies (Table 1.3).
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Table 1.3. Useful stable isotopes in commercial production
Atomic
Number
6
7
8
12
14
16
17
26
30
34
35
80

82

1.2

Isotope
13

C
N
18
O
25
Mg
28
Si
29
Si
30
Si
33
S
34
S
36
S
35
Cl
37
Cl
54
Fe
57
Fe
58
Fe
68
Zn
74
Se
76
Se
79
Br
81
Br
196
Hg
198
Hg
199
Hg
200
Hg
201
Hg
202
Hg
204
Hg
204
Pb
206
Pb
207
Pb
208
Pb
15

Natural
abundance %
1.07
0.37
0.21
0.13
92.21
4.70
3.09
0.76
4.29
0.02
75.78
24.22
5.85
91.75
0.28
18.75
0.89
9.37
50.69
49.31
0.15
9.97
16.87
23.10
13.18
29.86
6.87
1.40
24.10
22.10
52.40

Possible
enrichment %
>95
>99
>96
>99
>99
>99
>99
>99
>90
>99
>99
>99
>95
>95
>90
>95
>95
>99
>99
>90
>99
>90
>95
>90
>99
>95
>85
>95
>95
>99

Other isotopes
possibly present

30

Si
Si
28
Si
32
S
30

37

Cl
Cl

35

76

Se
Se
81
Br
79
Br
74

202

Hg

202

Hg

ISOTOPE TERMINOLOGY

Absorbed dose

The energy absorbed by a patient from the decay of a radionuclide given for diagnostic or
therapeutic purposes. Unit is the gray (Gy).
Absorber

Any material that stops ionizing radiation. Some examples are lead, concrete, and steel attenuate
gamma rays. A thin sheet of paper or metal will stop or absorb alpha particles and most beta
particles.
Absorption

The process by which the number of particles or photons entering a body of matter is reduced by
interaction with matter. Also the process in which energy is absorbed from the particles or photons
even if the number is not reduced.
Activation product

A radioactive material produced by bombardment with neutrons, protons, or other nuclear particles.
Alpha decay

Radioactive decay in which an alpha particle (He4 nucleus) is emitted.
Alpha particle (alpha ray)

A positively charged particle (a Helium4 nucleus) made up of two neutrons and two protons. It is
the least penetrating of the three common forms of radiation, being stopped by a sheet of paper. It

4
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is not dangerous to living things unless the alpha emitting substance is inhaled or ingested or
comes into contact with the lens of the eye.
Alpha radiation

Emission of an alpha particle from a radionuclide. More damaging than the same dose of beta or
gamma radiation but can be stopped by a sheet of paper. It has a positive charge.
Atom

A particle of matter indivisible by chemical means. It is the fundamental building block of elements.
An atom has a relatively heavy nucleus made up of positively charged protons and neutral
neutrons surrounded by orbiting electrons with a negative charge balancing that of the protons in
the nucleus. The number of electrons (from I to 92) determines the chemical characteristics of the
atom. The number of neutrons and protons (from I to 238) determines the weight and isotope of the
atom.
Atomic mass

Originally defined as the number of protons and neutrons in the nucleus of an atom. Now
measured in atomic mass units which are exactly one twelfth the mass of a neutral atom of carbon
12 (u7l.660 x 1027 kg.)
Atomic number

The number assigned to each element on the basis of the number of protons found in the
element's nucleus.
Background radiation

Radiation from cosmic sources, naturally occurring radioactive materials and global fallout as it
exists in the environment from testing of nuclear explosive devices. It does not include radiation
from source, byproduct, or special nuclear materials regulated by the NRC. The typically quoted
average individual exposure from background radiation is 360 millirems per year.
Becquerel (Bq)

The unit of radioactive decay equal to I disintegration per second. 3.7 X 1010 Bq =1 Curie.
Beta particle

A charged particle emitted from a nucleus during radioactive decay, with a mass equal to 1/1837
that of a proton. A negatively charged beta particle is identical to an electron. A positively charged
beta particle is called a positron. Large amounts of beta radiation may cause skin burns, and beta
emitters are harmful if they enter the body. Beta particles may be stopped by thin sheets of metal
or plastic.
Beta decay

Radioactive decay in which a beta particle is emitted.
Charged particle

Parts of an atom possessing a small charge of static electricity. A proton has a single unit of
positive charge. An electron has a single unit of negative charge. A very large number of electrons
passing through a conductor is called an electrical current.
Contamination

The deposition of unwanted radioactive material on the surfaces of structures, areas, objects, or
personnel. It may also be airborne or internal (inside components or personnel).
Cosmic radiation

Penetrating ionizing radiation, both particulate and electromagnetic, originating in outer space.
Secondary cosmic rays, formed by interactions in the earth's atmosphere, account for about 450 to
500 millisievert of the 3600 millisievert (see Sievert) background radiation that an average
individual receives in a year.
Counter

A general designation applied to radiation detection instruments or survey meters that detect and
measure radiation. The signal that announces an ionization event is called a count.

5
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Daughter product(s)

The nuclide(s) formed by the radioactive decay of a different parent nuclide. In the case of radium
226, for example, there are 10 successive daughter products, ending in the stable isotope lead
206.
Decay (radioactive)

The change of one radioactive nuclide into a different nuclide by the spontaneous emission of
alpha, beta, or gamma rays, or by electron capture. The end product is a less energetic, more
stable nucleus. Each decay process has a definite half life.
Decay chain

A series of nuclides in which each member decays to the next member of the chain through
radioactive decay until a stable nuclide has been formed.
Decay product

Nuclide or radionuclide produced by decay.
Decontamination

Activities taken to remove unwanted (typically radioactive) material from facilities, soils, or
equipment by washing, chemical action, mechanical cleaning, or other (treatment) techniques.
Deuterium (D)

A stable naturally occurring hydrogen isotope. Its natural abundance is about one part in 7000 of
hydrogen. Used in the form of deuterium oxide as a moderator.
Disintegration energy (Q-value)

The amount of energy released in a particular nuclear disintegration. This is usually expressed in
MeV/disintegration.
Disintegration

Used to describe any process in which the arrangement of particles in the nucleus of an atom is
disrupted, producing a change in the nature of the atom. It may happen spontaneously, in the case
of a radioactive atom, or as a result of bombardment by other particles.
Dose

A general term denoting the quantity of radiation or energy absorbed in a specific mass. The
energy of radiation can damage human living tissue by causing chemical changes in cells which
can have biological effects. The amount of damage depends on the energy of the radiation, how
much of it is absorbed, which parts of the body absorb it and the timing and duration of the
absorption over lifetimes and generations. It is expressed numerically in millisievert or grays.
Dosimeter

A portable instrument for measuring and registering the total accumulated dose to ionizing
radiation.
Effective half life

The time required for the amount of a radioactive element deposited in a living organism to be
diminished by 50% as a result of the combined action of radioactive decay and biological
elimination.
Electromagnetic radiation

A travelling wave motion resulting from changing electric or magnetic fields. Familiar
electromagnetic radiation range from X rays (and gamma rays) of short wavelength, through the
ultraviolet, visible, and infrared regions, to radar and radio waves of relatively long wavelength. All
electromagnetic radiations travel in a vacuum with the velocity of light.
Electron

An elementary particle with a negative charge and a mass 1/183.7 that of the proton. Electrons
surround the positively charged nucleus and determine the chemical properties of the atom.
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Electron capture

A radioactive decay process in which an orbital electron is captured by and merges with the
nucleus. The mass number is unchanged, but the atomic number is decreased by one.
Exposure

Being exposed to ionizing radiation or to radioactive material.
Film badge

A pack of photographic film used for measurement of radiation exposure for personnel monitoring
purposes. The badge may contain two or three films of differing sensitivities, and it may contain a
filter that shields part of the film from certain types of radiation.
Gamma radiation

High energy, short wavelength radiation emitted from the nuclei of atoms. Less damaging than the
same dose of alpha radiation, but much more penetrating. Can be stopped by thick slabs of lead or
concrete.
Gamma ray

A highly penetrating type of nuclear radiation, similar to X rays, except that it comes from within the
nucleus of an atom, and, in general, has a shorter wavelength.
Geiger Mueller counter

A radiation detection and measuring instrument. It consists of a gas filled tube containing
electrodes, between which there is an electrical voltage, but no current flowing. When ionizing
radiation passes through the tube, a short, intense pulse of current passes from the negative
electrode to the positive electrode and is measured or counted. The number of pulses per second
measures the intensity of the radiation field. It was named for Hans Geiger and W. Mueller, who
invented it in the 1920's. It is sometimes called simply a Geiger counter or a G/M counter.
Glove box

A closed glass, plastic, or metal chamber, with gloves attached to the chamber wall, used for
handling hazardous or weakly radioactive materials. Highly radioactive materials require robotic
arms and hot cells.
Gray

SI unit of absorbed dose. Named after L. H. Gray, the British radiation biologist, and equal to the
absorption of one joule of energy in one kilogram of tissue. The older unit rad is one hundred times
smaller than the gray.
Half life

The time in which one half of the atoms of a particular radioactive substance disintegrates into
another nuclear form. Each radioactive isotope has a characteristic half life, e.g. U235 = 0.7038 x
109 years; U238 = 4.468 x 109 years.
Half value layer

The thickness of any given absorber that will reduce the intensity of a beam of radiation to one half
of its initial value.
Hot spot

The region in a radiation/contamination area in which the level of radiation/contamination is
noticeably greater than in neighboring regions in the area.
Ion

An atom that has too many or too few electrons, causing it to have an electrical charge, and
therefore, be chemically active.
Ionization

The process of adding one or more electrons to, or removing one or more electrons from, atoms or
molecules, thereby creating ions. High temperatures, electrical discharges, or nuclear radiations
can cause ionization.
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Ionizing radiation

Any radiation capable of displacing electrons from atoms or molecules, thereby producing ions.
Some examples are alpha, beta, gamma, X rays, neutrons. High doses of ionizing radiation may
produce severe skin or tissue damage.
Irradiate

To expose to some form of radiation.
Isomer

One of several nuclides with the same number of neutrons and protons capable of existing for a
measurable time in different nuclear energy states.
Isotope

Isotopes of a given element have the same atomic number (same number of protons in their nuclei)
but different atomic weights (different number of neutrons in their nuclei). Uranium 238 and
uranium 235 are isotopes of uranium.
keV

One thousand electron volts
Mass number

The total number of protons and neutrons in the nucleus of an atom.
Megacurie

One million curies
MeV

One million electron volts.
Microcurie curie

One millionth of a curie
Molecule

A group of atoms held together by chemical forces. A molecule is the smallest unit of a compound
that can exist by itself and retain all of its chemical properties.
Monitoring

Periodic or continuous determination of the amount of ionizing radiation or radioactive
contamination present in an occupied region, as a safety measure, for the purpose of health
protection.
Nanocurie

One billionth of a curie.
Neutron activation

The process of irradiating a material with neutrons so that the material itself is transformed into a
radioactive nuclide.
Neutron

One of the particles found in the nucleus of an atom, so called because of its neutral electric
charge. Free neutrons, released by fissioning or radioactive disintegration of atoms, are very
penetrating. When they do collide with the nuclei of other atoms they are likely to cause a wide
variety of changes, or transmutations, in the physical characteristics of the atoms they strike.
Nuclide

Any species of atom that exists for a measurable length of time. A nuclide can be distinguished by
its atomic weight, atomic number, and energy state.
Picocurie

One trillionth of a curie
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Pig

A container (usually lead) used to ship or store radioactive materials. The thick walls protect the
person handling the container from radiation.
Pocket dosimeter

A small ionization detection instrument that indicates radiation exposure directly. An auxiliary
charging device is usually necessary.
Proton

Elementary particle with positive electrical charge which forms part of the nucleus of every atom.
The number of protons determines what element the atom is.
Rad

Acronym for radiation absorbed dose, the basic unit of absorbed dose of radiation. A dose of one
rad means the absorption of 100 ergs (a small but measurable amount of energy per grain of
absorbing tissue).
Radiation absorbed dose

The basic unit of an absorbed dose of ionizing radiation. One rad is equal to the absorption of 100
ergs of radiation energy per gram of matter.
Radiation area

Any area with radiation levels greater than 50 millisievert.
Radiation sickness syndrome

The complex of symptoms characterizing the disease known as radiation injury, resulting from
excessive exposure of the whole body (or large part) to ionizing radiation. The earliest of these
symptoms are nausea, fatigue, vomiting, and diarrhea, which may be followed by loss of hair
(epilation), hemorrhage, inflammation of the mouth and throat, and general loss of energy. In
severe cases, where the radiation exposure has been relatively large, death may occur within two
to four weeks. Those who survive six weeks after the receipt of a single large dose of radiation may
generally be expected to recover.
Radiation

Energy given off by atoms when they are moving or changing state. Can take the form of
electromagnetic waves, such as heat, light, X rays, or gamma rays, or streams of particles such as
alpha particles, beta particles, neutrons or protons.
Radiation shielding

Reduction of radiation by interposing a shield of absorbing material between any radioactive source
and a person, work area, or radiation sensitive device.
Radioactive contamination

Deposition of radioactive material in any place where it may harm persons or equipment.
Radioactive dating

A technique for estimating the age of an object by measuring the amounts of various radioisotopes
in it.
Radioactive waste

Materials which are radioactive and for which there is no further use.
Radioactive

Exhibiting radioactivity or pertaining to radioactivity.
Radioactivity

The spontaneous emission of radiation, generally alpha or beta particles, often accompanied by
gamma rays, from the nucleus of an unstable isotope.
Radioisotope

An unstable isotope of an element that decays or disintegrates spontaneously, emitting radiation.
Approximately 5,000 natural and artificial radioisotopes have been identified.
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Radionuclide

A radioactive nuclide. An unstable isotope of an element that decays or disintegrates
spontaneously, emitting radiation.
Rate meter

An electronic instrument that indicates, on a meter, the number of radiation induced pulses per
minute from radiation detectors such as a Geiger-Mueller tube.
Roentgen (R)

A unit of exposure to ionizing radiation. It is the amount of gamma or X rays required to produce
ions resulting in a charge of 0.000258 coulombs/kilogram of air under standard conditions. Named
after Wilhelm Roentgen, German scientist who discovered X rays in 1895.
Scintillation counter

An instrument that detects and measures gamma radiation by counting the light flashes
(scintillations) induced by the radiation.
Scintillation Detector

The combination of phosphor, photo multiplier tube and associated electronic circuits used to count
light emissions produced in the phosphor by ionizing radiation.
Sievert
-3

Effective dose in humans of 1 joule/kg of gamma radiation. Millisievert (mSv) = 10 Sv
Shielding

A protective barrier, usually a dense material, which reduces the passage of radiation from
radioactive materials to the surroundings.
Tracer

A small amount of radioactive isotope introduced into a system in order to follow the behavior of
some component of that system.
X ray

Penetrating electromagnetic radiation (photon) having a wavelength that is much shorter than that
of visible light. These rays are usually produced by excitation of the electron field around certain
nuclei. In nuclear reactions, it is customary to refer to photons originating in the nucleus as gamma
rays, and to those originating in the electron field of the atom as X rays. These rays are sometimes
called roentgen rays after their discoverer, W.K. Roentgen.

1.3

MEASUREMENT OF STABLE ISOTOPES

Isotopes have identical chemical properties but some slightly different physical properties.
Detection methods use one of these properties such as mass, emission spectrum, IR absorption.
The most common and most precise method to measure stable isotopes is mass spectrometry. For
15
the determination of N emission spectrometry can also be used, but with much less precision.

1.3.1

Mass spectrometer

Mass spectrometry (MS) is an analytical technique in which atoms or molecules from a sample are
ionized, separated according to their mass-to-charge ratio (m/z), and then recorded. There is a
wide range of mass spectrometers for different type of samples with different ionization and
separation methods. This chapter focuses on instruments capable of determining the isotope ratios
of light element stable isotopes (H, C, N, O and S). Instruments of this type are often called Isotope
Ratio Mass Spectrometers (IRMS) (Figure 1.1). The sample has to be converted to a gas (N2, CO2,
H2, SO2) by means of a suitable preparation system. This gas is fed into the mass spectrometer
where the ratios of the isotopes of interest are determined.
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Figure 1.1. Schematic diagram of an isotope ratio mass spectrometer.
Companies which currently market IRMS include:
·
·
·

Finnigan MAT, Bremen, Germany
Micromass, UK
PDZ Europa, UK

The main parts of an IRMS are:
A Ion source
All modern IRMS use an electron impact source based on a design proposed by Nier (1947).
Electrons from a hot wire filament (W or ThO2-coated Ir) interact with the gas molecules producing
positively charged ions of the sample. These ions are extracted from the ion source and focused to
an ion beam.
B Mass analyzer
The mass analyzer or ion optic is responsible for dispersing the ion beams to different paths
according to there mass-to-charge-ratio (m/z). Only magnetic sector analyzers can produce the
flat-toped peaks necessary for high precision isotope ratio measurements. The magnet can be
either a permanent or electro-magnet.
C Ion collector
The ions separated by the mass analyzer fall on a collector where the ions are discharged and a
-8
small current (<10 A) proportional to the amount of ions is produced. IRMS instruments usually
have 3 collectors. A setup with two wide collectors and one small collector in the middle can be
used to tune the instrument to N, C or S (Figure 1.2).
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Figure 1.2. Universal triple collector scheme.
For deuterium measurements an additional collector is necessary because of the large spatial
difference between the m/z 2 and m/z 3.
D Vacuum system
The ion source, flight tube and the collectors of the mass analyzer have to be under high vacuum
-8
(~10 mbar). Higher pressure broadens the ion beams because of collisions of the ions with gas
molecules. This high vacuum is achieved in two stages:
-2

1. A rotary pump evacuates from atmospheric pressure down to 10 mbar.
2. A turbomolecular pump is used to pump down from 10
spectrometers this pump was often and oil diffusion pump.

-2

-8

mbar to 10

mbar. In older mass

Because it takes at least a day to establish the high vacuum, the pumping system is left running all
the time and is never switched off under normal circumstances. A reliable power line or an
uninterruptable power supply (UPS) unit is essential to run an IRMS.
E

Sample inlet system

Two systems are available:
i The dual inlet system (DI)
Sample gas and a reference gas are stored in two separate variable volume containers. From each
of the variable volumes a steel capillary runs to a changeover valve which switches at regular time
intervals to either the sample or the reference gas at the inlet of the IRMS. A measurement
consists of a set of sample-reference determinations (usually about 8). This method has the
highest precision but the measuring time is long (20 min per sample) and a rather large sample is
needed (1mg of N or C).
ii The continuous flow interface (CF)
A small capillary samples a small portion (~0.5%) of gas out of the He carrier/sample gas stream
coming from the preparation system. The very popular connection of an elemental analyzer to an
IRMS uses this interface. Analysis time is much faster (4min for N, 7min for C) but precision is not
as good as with DI.
F

Sample preparation systems

Depending on the isotope of interest and the type of sample different preparation systems and
methods have to be used to produce the sample gas. All of the following preparation systems can
be connected online (CF or DI) to the IRMS for automatic sample measurement.
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i Elemental analyzer
Can be used to measure N, C and S in a wide range of sample types (plant material, soil, filter
+
disks, almost all organic materials and some inorganic substances like SrCO3 or NH4 salts). It not
only gives isotope ratio values but also total element values.

Figure 1.3. Elemental analyzer with CF interface online.
The sample is weight into small Sn containers and put into an autosampler wheel. After purging the
sample with He the sample drops into the hot combustion tube (1000°C) partly filled with Cr2O3 as
an oxidation catalyst. Prior to the sample drop the tube was filled with O2 gas. The sample and the
Sn undergo a flash combustion which oxidizes the sample material. The combustion gases (CO2,
H2O, N2, SO2 and N-oxides) are moved with a He carrier gas to the reduction tube (600°C) which is
filled with metallic Cu wires. The N-oxides are reduced to N2 and the access of O2 reacts with the
hot Cu forming CuO. A trap filled with Mg-perchlorate removes the water out of the gas stream.
CO2 is absorbed by a chemical trap (Carbosorb). If C isotopes want to be measured this trap can
be bypassed and the CO2 and N2 can be separated by a chromatographic column. The sample
gases are introduced into the mass spectrometer by a continuous flow (CF) interface (Figure 1.3).
ii Pyrolysis (high temperature conversion in the absence of oxygen)
18
2Is used to determine O in organic compounds, water and selected inorganic materials like CO3 ,
2NO3 or SO4 and hydrogen isotope ratios from organic compounds and water. The instrument is
similar to an elemental analyzer with some major differences. The reaction tube is made of glassy
carbon and filled with graphite. The conversion temperature has to be higher (1300°C) than in an
elemental analyzer. The sample is converted into CO. This reaction gas is introduced into the mass
18
spectrometer with a CF interface where O is measured.
iii Gas equilibration of water samples
18
18
The equilibration technique can be used to determine D or O in water. To determine O small
amounts of water (~1ml) are equilibrated in closed containers with CO2 gas at room temperature.
The oxygen from water equilibrates with the oxygen from CO2. After the equilibration period the
CO2 is sampled and introduced to the IRMS by either DI or CF. The same principle can also be
used to measure D in water if H2 is used as the equilibration gas. In this case a Pt catalyst has to
be used and because of the strong temperature dependency of the equilibration the reaction has to
be carried out in a temperature controlled water bath.
iv Reduction of water to H2
Small water samples (10ml) are brought in contact with hot metals (Zn, U, Mn, Cr) where the water
is reduced to H2 gas. This can be done either offline in sealed tubes or online in a reaction column.
v Carbonates device
Can be used to determine C and O ratios in carbonates. H3PO4 is added to the sample and the
18
produced CO2 is passed to the IRMS with a DI or CF interface. To measure O, water-free
phosphoric acid has to be used to prevent an oxygen isotope exchange between the sample CO2
and the water.
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7KH PHDVXUHG YDOXHV KDYH WR EH FRQYHUWHG WR WKH WUXH DWRP YDOXHV E\ PHDQV RI D FDOLEUDWLRQ
FXUYH 7KLV FXUYH KDV WR EH SUHSDUHG EHIRUHKDQG ZLWK D VHW RI NQRZQ VWDQGDUGV 7KH 12, DQG
12, DUH HTXLSSHG ZLWK D GDWD DFTXLVLWLRQ XQLW 3&  ZKLFK VWRUHV WKH FDOLEUDWLRQ GDWD DQG
DXWRPDWLFDOO\FRQYHUWVWKHPHDVXUHGWRWKHWUXHYDOXH
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A detailed treatment of this can be found in L’Annunziata (1998)
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The windows can be set on the liquid scintillation counter LSC to capture b particles of particular
energies. These window settings can also be used to simultaneously count two or more isotopes
32
35
that have different energy spectra such as the P and S isotopes in Figure 1.7. When two
35
14
isotopes with almost identical spectra eg. S, Emax= 0.167 and C, Emax= 0.156 need to be
35
14
counted together the differing half lives ( S = 87.4 days, C = 5730 years) are used to distinguish
the isotopes. To achieve this the same samples are counted at different times and the decrease in
35
total radioactivity can be attributed to the decay of S. The following equations are used to
14
35
calculate for radioactivity of C and S using the counts obtained from two separate dates:
At T1:
At T2:

Total Bq = Bq

14

35

Total Bq = Bq

14

S

C + l Bq

35

C + Bq

(1)
S

(2)

Where l the decay factor is equal to:

λ = e -0.693(t/t 1/2 )
In liquid scintillation counting a solvent is used to ensure that the liquid to be counted is in solution.
An emulsifier or detergent is added to enhance the mixing of organic and inorganic solutions and a
compound which fluoresces when struck with an electron (fluor) is added. In some instances the
fluorescence that occurs cannot be detected by a photomultiplier tube, so a secondary wave shifter
is added.
The solvent is the first compound in the scintillation cocktail to capture the energy of the beta
particle and the solvent molecule achieves an excited state. The excess energy is transferred from
solvent molecule to solvent molecule. The solvent remains in the excited state for an extended
period of time, decaying into the ground state without the emission of light. The fluor then absorbs
the excitation energy of the solvent, and quickly returns to the ground state by emitting light. If a
wave shifting fluor is used this absorbs the signal of the first solute and emits a second burst of
light at a longer wavelength and this is detected by a photomultiplier in the counter.
B Preparation of Scintillation Mixture for LSC
There are many "cocktails" used for the preparation of radioactive samples. Following, are the
details for the preparation of a cocktail, which can be successfully used with most samples (Till et
al., 1984).
i

Reagents
Toluene — scintillation grade
p-terphenyl
POPOP
teric
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ii Method
1.
Heat 1L of toluene in a beaker on a heater/stirrer.
2.
Add 16.92 g of p-terphenyl and 0.73 g of POPOP (1,4-bis-2-(5-phenyloxazolyl)benzene or
phenyl-oxazolyl-phenyl-oxazolyl-phenyl) to the toluene.
3.
Heat and stir until dissolved.
4.
The toluene/p-terphenyl/POPOP solution is then added to 2080 mL Teric (A detergent
manufactured by Shell) in a 5 L volumetric flask.
5.
Make the solution to volume with toluene once the solution is cool.
iii Sample/scintillant ratio
This mixture can be used at a ratio of 3mL sample:17mL of scintillant, to give a final volume of
20mL. However, if the mixture of the sample and scintillant prove immiscible, the ratio of scintillant
to sample can be varied (e.g. 18–19mL scintillant to 2-1mL sample) or the mixture acidified using a
concentrated mineral acid (e.g. 2mL sample, 1mL acid and 17mL of scintillant). These ratios may
be altered until a clear emulsion results.
C The Phenomenon of Quenching
+

Chemical constituents and colour in the sample can result in a reduction in the number of b
particles leaving the sample. This is termed quench. This can be accounted for by adding known
quantities of the isotope to the matrix and using this count data to correct the counts measured in
the samples. This is termed quench correction.
To compensate for quenching losses, a calibration curve must be prepared against which the
unknown samples can be compared. The quench curve can be established by counting a series of
samples containing a known constant amount of radioactivity, but varying concentrations of a
quencher.
In theory, the construction of one calibration curve should suffice for all mechanisms quenching the
same isotope, provided that the calibration is for the same scintillator and constant settings.
However, most users calibrate for each particular sample preparation, unless using a sophisticated
machine which can compensate for colour and photon quenching.
A prepared quench curve should cover the range in which the unknown samples are to be
measured. The standards should be prepared in duplicate and there should be 5–10 calibration
points. The activity of the radioactive isotope used should lie between 60 and 600 mBq/vial.
Two substances that can be used as quenching agents are chloroform and acid. Chloroform is a
very effective quencher, but, due to its volatility, it can be difficult to measure accurate volumes.
When using chloroform, use in a cool, draught-free area, to minimise errors.
Table 1.4 contains a suggested method of preparing a quench curve. Chloroform is used, but the
user can modify this to suit the particular sample matrix required. The isotope activity and volume
of quench can also be varied.
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FXUYHVRWKDWWKHEDFNJURXQGVDPSOHVDUHUHDGILUVWIROORZHGE\WKHXQTXHQFKHGVWDQGDUGVWKHQ
WKHTXHQFKHGVWDQGDUGVLQLQFUHDVLQJYROXPHVRITXHQFK
7RPHDVXUHGXDOODEHOOHGVDPSOHV HJERWK 3DQG 6 WZRTXHQFKFXUYHVPXVWEHSUHSDUHG
IRUHDFKLVRWRSHLHWKHWZRLVRWRSHVDUHQRWPL[HGWRJHWKHULQWKHVDPHVWDQGDUG7KLVLVEHFDXVH
WKH /6& FDQQRW GLIIHUHQWLDWH EHWZHHQ WKH WZR GLIIHUHQW UDGLRLVRWRSHV LW VLPSO\ FRPELQHV WKH
HQHUJLHV 0DQ\ PRGHUQ /6&V XVH VRSKLVWLFDWHG VRIWZDUH WR WKHQ VHSDUDWH WKH FRXQWV IRU WKH
GLIIHUHQW QXFOLGHV  7R UXQ D TXHQFK FXUYH IRU GXDO ODEHOOLQJ ORDG WKH ORZHVW HQHUJ\ QXFOLGH ILUVW
HJ6 IROORZHGE\WKHKLJKHVWHQHUJ\QXFOLGH HJ3 

 *HLJHU0OOHUFRXQWLQJ
,Q FRQWUDVW WR WKH VFLQWLOODWLRQ FRXQWHU WKH *HLJHU0OOHU FRXQWHU LV D GHYLFH IRU PHDVXULQJ
LRQL]DWLRQ,WVHIILFLHQF\LVXVXDOO\ORZDQGLWVXVHKDVGHFOLQHGPDUNHGO\VLQFHWKHLQWURGXFWLRQRI
VRSKLVWLFDWHGVFLQWLOODWLRQFRXQWHUV+RZHYHUVDPSOHSUHSDUDWLRQLVYHU\VLPSOHQRVROYHQWLVXVHG
DQG WKH UDGLDWLRQ IURP WKH VDPSOH LQWHUDFWV GLUHFWO\ ZLWK WKH LRQL]DWLRQ FKDPEHU $V WKH VRXUFH
PDWHULDOGRHVQRWLQWHUIHUHZLWKWKHRSHUDWLRQRIWKH*0WXEHWKLVWHFKQLTXHFDQEHUHDGLO\XVHGRQ
VRLOSURYLGLQJWKHVDPSOHVDUHXQLIRUPO\WUHDWHG

 &HUHQNRYFRXQWLQJ
:KHQ b SDUWLFOHV DUH HPLWWHG WKH\ OHDYH WKH QXFOHXV DW VSHHGV DSSURDFKLQJ WKDW RI OLJKW LQ D
YDFXXP  +RZHYHU LQ WKH VXUURXQGLQJ PHGLXP WKH VSHHG RI OLJKW LV ORZHU DQG FRQVHTXHQWO\ WKH
SDVVDJH RI SDUWLFOHV WKURXJK WKH PHGLXP FDXVHV VKRFN ZDYHV IURP ZKLFK OLJKW SKRWRQV DUH
HPLWWHG7KLVOLJKWFDQEH FRXQWHGWR JLYH DPHDVXUHRIWKHUDGLRDFWLYLW\SUHVHQW7KHPLQLPXP
HQHUJ\UHTXLUHGWRSURGXFHOLJKWLQDQDTXHRXVVROXWLRQLV0H97KLVPHDQVWKDWRQO\WKRVH
UDGLRQXFOLGHVZLWKKLJKHQHUJ\HPLVVLRQVVXFKDV3PD\EHFRXQWHGE\WKLVPHWKRG

 $XWRUDGLRJUDSK\
$XWRUDGLRJUDSK\PD\EHXVHGWRJLYHDTXDOLWDWLYHHVWLPDWHRIWKHDPRXQWRIDFWLYLW\SUHVHQW7KH
GHJUHHRIGDUNHQLQJRIWKHGHYHORSHGHPXOVLRQLVUHODWHGWRWKHDFWLYLW\SUHVHQW
,W FDQ EH XVHG WR VKRZ HYHQWV UDQJLQJ IURP LQGLYLGXDO WUDFNV GXH WR GLVLQWHJUDWLRQ RI FHOOXODU
PDWHULDOVWKURXJKURRWJURZWKWRWKHPRYHPHQWRISKRVSKRUXVIURPIHUWLOLVHUJUDQXOHVLQWRWKHVRLO
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 *DPPDFRXQWLQJ
*DPPDUD\VDUHHOHFWURPDJQHWLFUDGLDWLRQVLPLODUWROLJKWEXWZLWKPXFKVKRUWHUZDYHOHQJWKV%RWK
KDYH ZHOO GHILQHG HQHUJLHV *DPPD HPLVVLRQV DUH PRQRHQHUJHWLF VR WKH\ DUH QRW OLNH EHWD
HPLVVLRQ ZKHUH WKHUH LV D EURDG VSUHDG RI HQHUJLHV 0RVW JDPPD HPLWWHUV SURGXFH JDPPD

SDUWLFOHVZLWKDVLQJOHHQHUJ\EXWVRPHOLNH &VHPLWWZRRUHYHQPRUHJDPPDUD\VRIGLIIHUHQW
HQHUJLHVZKLFKDULVHIURPGLIIHUHQWGHFD\SURFHVVHV7KHHQHUJ\RIWKHJDPPDSKRWRQLVWKUHHWR
VL[RUGHUVRIPDJQLWXGHKLJKHUWKDQWKDWRIWKHOLJKW SKRWRQ7KHHQHUJLHVPHDVXUHGLQDJDPPD
FRXQWHUDUHLQWKHUDQJHH9WRH9 NH9WR0H9 
7KH JDPPD FRXQWHU KDV WZR GHWHFWRU HOHPHQWV D VRGLXP LRGLGH FU\VWDO DQG WKH SKRWRPXOWLSOLHU
7KHGHWHFWRUW\SHFRPPRQO\XVHGLVDVLQJOHFU\VWDORIWKDOOLXPDFWLYDWHGVRGLXPLRGLGH1D, 7O ,Q
WKH HQHUJLHV EHORZ  0H9 LQWHUDFWLRQ RI JDPPD UD\V ZLWK WKH FU\VWDO PD\ WDNH SODFH E\ WZR
SULQFLSDO PHFKDQLVPV ,Q WKH SKRWRHOHFWULF HIIHFW D JDPPD SKRWRQ GLVDSSHDUV DQG D SKRWR 
HOHFWURQ LV HMHFWHG IURP RQH RI WKH DWRPLF HOHFWURQ VKHOOV ZLWK D NLQHWLF HQHUJ\ ZKLFK LV WKH
GLIIHUHQFH EHWZHHQ WKH JDPPD SKRWRQ DQG WKH RUELWDO HOHFWURQ ELQGLQJ HQHUJ\ 7KH SKRWRHOHFWULF
DEVRUSWLRQLVXVHGLQWKHPHDVXUHPHQWRIWKHHQHUJ\RIDJDPPDSKRWRQ
6RLODQGOLTXLGVDPSOHVFDQEHFRXQWHG7KHVDPSOHLVLQWURGXFHGLQWRWKHFRXQWHUDQGLVEURXJKW
DORQJVLGHWKHVRGLXPLRGLGHFU\VWDODQGWKHSKRWRPXOWLSOLHUDQGWKHJDPPDUD\VHPLWWHGIURPWKH
VDPSOHFRXQWHG
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CHAPTER 2
APPLICATIONS OF NUCLEAR TECHNIQUES IN SOIL FERTILITY AND
PLANT NUTRITION STUDIES
2.1

PRINCIPLES AND APPLICATIONS OF ISOTOPES IN FERTILISER EXPERIMENTS

2.1.1

INTRODUCTION

Fertilisers are one of the essential inputs for maintaining or increasing the soil fertility level in
intensive agricultural systems. The purpose of applying fertilisers is primarily to supply the crop with
essential plant nutrients to ensure normal plant growth. The major plant nutrients (N, P and K) have
to be applied regularly to compensate for the amounts exported from the soil during harvest. Other
plant nutrients such as Ca, Mg, S and the micronutrients eg. Zn, Mo, B may also need to be added
to maintain adequate levels of these nutrients, or to correct deficiencies (FAO, 1983 b, 1984).
Fertilisers are applied to facilitate plant uptake of a particular nutrient. Increased uptake can lead to
a yield response if the particular nutrient is a limiting factor. It is important though to note that the
fertiliser is not applied to obtain a yield response but to feed the plant. The yield response is a
consequence of the additional uptake of the nutrient when other production factors are adequate.
A combination of all the production factors and conditions in an agricultural system results in a
given yield and only if all factors are optimized (fertiliser, soil, plant, water, pest control, etc.) will
yield be maximized. In fact the contribution of fertiliser to increased yield is perhaps of the greatest
importance among the purchased inputs. Fertiliser, when used in combination with the other
adequate inputs such as high-yielding varieties and irrigation water, can result in a positive
interaction thereby further increasing its contribution to increased yield (Fried, 1978).
In the decade of 1980 due to the substantial increases in the cost of the fertilisers and their limited
supplies to resource-poor farmers, enhanced nutrient management was pursued through
maximising the efficiency of nutrient uptake from various inorganic and organic sources utilising
two complementary approaches: i) identification, and /or selection of plant genotypes efficient at
low levels of soil available nutrients and tolerant to predominant stress conditions, and ii)
development of integrated plant nutrition systems to maximise yield responses and to reduce
environmental contamination and degradation of natural resources (Zapata and Hera, 1995).
Since 1996 the strategic objective of the subprogramme Soil and Water Management & Crop
Nutrition of the Joint FAO/IAEA Programme is to develop and promote the adoption of nuclearbased technologies for optimising soil, water and nutrient management in well-defined cropping
systems and agro-ecological zones, which support intensification of crop production and
preservation of the natural resource base. An integrated approach to soil, water and nutrient
management has been adopted and implemented in the Co-ordinated research Projects and
whenever possible in the Technical Co-operation Projects.

2.1.2

FERTILISER USE EFFICIENCY

Fertiliser use efficiency is a quantitative measure of the actual uptake of fertiliser nutrient by the
plant in relation to the amount of nutrient added to the soil as fertiliser. A common form of
expression of fertiliser use efficiency is plant recovery or “coefficient of utilization” of the added
fertiliser. This is shown in equation (1):
Amount of nutrient in the plant derived from the fertiliser
% utilization of = --------------------------------------------------------------------------- x 100 (Equation 1)
added fertiliser
Amount of nutrient applied as fertiliser
The concept of fertiliser use efficiency, however, is much broader. It implies not only the maximum
uptake of the applied nutrient by the crop but also the availability of the applied nutrient under
variable climatic and edaphic conditions. Environmental issues, such as pollution resulting from the
fertiliser application, should also be considered. It is important to study the efficient use of fertilisers
because we are interested to obtain the highest possible yield with a minimum fertiliser application.
The crop responds to the application of nutrients such as nitrogen and phosphorus when the soil is
deficient in such nutrients. The objective should be to apply the fertiliser to the crop, not to the soil
and to avoid the fertilisers becoming unavailable to the crop, i.e. sorbed in the case of phosphorus
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or lost as nitrate by leaching or as gaseous losses due to denitrification and/or volatilization in the
case of nitrogen.
It is, therefore, essential to ensure that the applied fertiliser is taken up by the crop to the highest
possible extent. This is done in field trials by assessing the best fertiliser practices such as sources,
timing, placement and their interactions in different farming systems (FAO, 1980; 1983a; 1985).

2.1.3

MEASUREMENT OF FERTILISER USE EFFICIENCY

The best combination of fertiliser practices can be established for each crop by carrying out field
experiments under different environmental conditions. When these experiments have been
conducted, with identical design and layout, it is possible to determine what generalization can be
made with respect to placement, timing and source of fertiliser that result in the most efficient
fertiliser uptake by the crop.
Therefore, in practice, a series of carefully designed field experiments, in several representative
locations are carried out over a period of time for estimating the effect of placement, timing and
source on fertiliser nutrient uptake. Yield, particularly economic yield, is generally the most
important criteria for the farmer but it is equally important that this yield is obtained with a minimum
of fertiliser investment (minimum cost).
The following methods can be utilised to assess the efficiency of fertiliser practices:
A

The classical or conventional method based on yield

This measures the biological response or the effect of increasing fertiliser rates on crop yield. Yield
is however dependent on a series of factors: some controllable, others not controllable. They all will
influence, to a variable extent, the yield and quality of the product.
B

Methods based on nutrient uptake

i Difference method
In this indirect method the nutrient uptake by the crop in a control plot (without fertiliser application)
is subtracted from that of the fertilized treatments. It is assumed that the nutrient uptake of the
control plot measures the amount of nutrient available from the soil, whereas that of the fertilized
treatments, the amount of nutrients available from soil and fertiliser. This method, furthermore,
assumes that all nutrient transformations i.e. mineralisation, immobilization and other processes in
the case of nitrogen, are the same for both fertilized and unfertilized soils. Obviously, this is an
erroneous assumption, and can account for gross differences between recoveries calculated by
non-isotope and isotopic methods (Broeshart, 1974; Westerman and Kurtz, 1974; Harmsen and
Moraghan, 1988). Recovery data estimated using this method are best referred to as “apparent
utilisation”
ii Isotopic method
The only direct means of measuring nutrient uptake from the applied fertiliser is through the use of
15
isotopes. Extensive work has been conducted using N-fertilisers labelled with the stable isotope N
32
33
and P-fertilisers labelled with the radioactive isotopes P or P. This does not mean that K and the
other plant nutrients are not important. Initial work has been done with N and P utilising isotopic
methods, and many studies have also been conducted with the others, as researchers in
developing countries became experienced and confident with the methodology (Broeshart, 1974;
Fried, 1978; IAEA, 1970a, 1970b, 1971, 1974, 1975, 1978a, 1980, 1983a; FAO, 1980; Zapata and
Hera, 1995).
The principal tracer isotopes used in soil-plant relationships studies are shown in Table 1. The
chemical elements have been grouped into 3 categories. The first two groups refer to the essential
plant nutrients i.e. macro and micronutrients, respectively, while the third one consists of a
miscellaneous group of trace elements and others used in soil-plant relationships and related
studies. It is often argued that the labelled fertilisers loose their identity in the soil since they
became incorporated into the organic matter, soil solution, ion exchange processes, etc. resulting
in just one pool of nutrients. The only basic assumption made when utilising isotopically labelled
fertiliser is that the behavior of the isotope and the carrier is identical in the soil-plant system. In
other words there should not be any isotope effect.
The isotopic labelling of the fertiliser is best done during the manufacturing process by specialized
firms.
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Table 2.1. Isotopes useful in soil/plant studies
Element

Most
abundant
isotope

Tracer
isotope

Characteristics

Typical Applications

I - MACRONUTRIENTS
14

Nitrogen

31

Phosphorus

Potassium

39

K

Rubidium

Calcium

Strontium

N

40

Ca

P

13

N

R, T ½ = 10 min
> emitter (1.2 MeV) and C
(0.511 MeV)

Limited because of short halflife. Very short term studies on
N2 fixation, denitrification

14

N

S, natural abundance =
99.634 %
15
14
N/ N ratio by MS

N-14 enriched (N-15 depleted)
materials for single season
fertiliser use efficiency studies

15

N

S, natural abundance =
0.366 %
15
14
N/ N ratio either by MS or
ES

Fertiliser N use efficiency,
biological nitrogen fixation, N
balance, N transformation in
soils, N availability from
organic-materials, animal
nutrition studies

32

P

R, T ½ = 14.3 d
> emitter (1.71 MeV) GM,
Cerenkov or LSC

Fertiliser P use efficiency,
residual P fertiliser studies,
exchangeable P in soils, root
activity patterns of crops, root
distribution in soils, agronomic
evaluation of rock phosphates,
residual P fertiliser availability.

33

P

R, T ½ = 25 d
> emitter (0.248 MeV)
LSC

Root autoradiography, diffusion
in soil, double labelling for root
activity patterns, fertilisers P
use efficiency

40

K

R, T ½ = 1.3 x 10 y
> (1.3 MeV) LSC, Cerenkov
C (1.46 MeV) emitter NaI (T1)
Natural Radioisotope,
Natural abundance - 0.0118
%

9

Exchangable K in soils

41

K

S, natural abundance = 6.77
%

Potentially useful

42

K

R, T ½ = 12.4 h
> (3.5 and 2.0 MeV) LSC,
Cerenkov
C (1.52 MeV) emitter NaI (T1)
2”/3”

Ion uptake mechanisms.
Limited because of short halflife

86

Rb

R, T ½ = 18.7 d
> (1.8 and 0.7 MeV)
Cerenkov, LSC and C (1.08
MeV) Counting by GM or
LSC NaI (T1) 2”/3”

Substitute tracer for K. Only
qualitative studies like
placement

45

Ca

R, T ½ = 165 d
> emitter (0.252 MeV)
LSC

Soil Ca (ion uptake,
exchangeable Ca) and plant Ca
movement (root
autoradiography)

85

Sr

R, T ½ = 64 d
C emitter (0.514 MeV)
LSC, Cerenkov

Cation exchange capacity of
soil, ion uptake mechanisms

89

Sr

R, T ½ = 52.7 d
> emitter (1.463 MeV)
Counting by LSC, Cerenkov

Substitute tracer for Ca
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Magnesium

Sulfur

24

32

Mg

S

26

Mg

S, natural abundance =
11.29 %

Potentially useful.
Environmental pollution.
Ecological and medical
research

28

Mg

R, T ½ = 21.3 h
> emitter (0.5 MeV) and also
C emitter (0.03; 0.4; 0.95;
1.35 MeV)

Movement in plants

34

S

S, natural abundance = 4.25
%
34 32
S/ S ratio by MS

Potentially useful,
environmental pollution,
ecological and medical research

35

S

R, T ½ = 87 d
> emitter (0.165 MeV)
LSC

Uptake from atmosphere (SO2),
S cycling studies, availability
from soil

55

Fe

R, T ½ = 2.6 y
Electron capture (EC), LSC

59

Fe

R, T ½ = 45.6 d
> emitter (0.475; 0.273 MeV)
LSC
C emitter (1.1; 1.29 MeV) NaI
(T1) 2”/3”

Erosion studies, soil and plant
movement, availability from soil

64

Cu

R, T ½ = 12.8 h
> emitter (0.6; 0.7 MeV) and
C emitter (1.34 MeV) EC

Complexing in soil solution, soil
and plant movement

65

Cu

S, natural abundance = 30.9
%

Animal nutrition studies.
Potentially useful

67

Cu

R, T ½ = 58.5 h
> emitter (0.58; 0.48; 0.40,
0.091 MeV) and C emitter
(0.092; 0.184 MeV)

52

Mn

R, T ½ = 5.7 d
> emitter (0.6 MeV) and C
emitter (1.43; 0.94; 0.74;
0.84 MeV)

54

Mn

R, T ½ = 314 d
C emitter (0.835 MeV) EC

Complexing in soil solution,
availability from soil, soil and
plant movement

II - MICRONUTRIENTS
Iron

Copper

Manganese

56

63

55

Fe

Cu

Mn

Zinc

64

Zn

65

Zn

R, T ½ = 245 d
> emitter (0.327 MeV) and C
emitter (1.115 MeV) from EC

Complexing in soil solution.
Availability from soil and
fertiliser. Soil and plant
movement.

Boron

11

B

10

B

S, natural abundance = 19.7
%

Foliar absorption, neutron
activation, neutron moderation
(soil moisture studies), soil
chemistry

Molybdenum

96

Mo

99

Mo

R, T ½ = 66.7h
> emitter (1.2; 0.45 MeV)
and C emitter (0.74; 0.18;
0.78; 0.37 and 0.041 MeV)

Plant nutrition

III - OTHER ELEMENTS
Hydrogen

24

1

H

2

H

S, natural abundance =
0.01492 %
2
1
H/ H ratio by MS

Water movement, biochemical
studies, water cycling

3

H

R, T ½ = 12.3 y
Very weak > emitter (0.0181
MeV) LSC

Water movement, metabolism,
leaching
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12

Carbon

16

Oxygen

Chlorine

Iodine

Sodium

Cobalt

35

Cl

127

23

59

I

Na

Co

C

O

11

C

R, T ½ = 20.5 min
> emitter (1 MeV)

Limited because of short halflife

12

C

S, natural abundance =
13
12
98.892 %, C/ C ratio by
MS

C-12 enriched (C-13 depleted)
Organic matter reaction
mechanisms work

13

C

S, natural abundance =
1.108 %
13
12
C/ C ratio by MS

Soil organic matter studies in
ecosystems, photosynthesis, C
translocation, C cycling

14

C

R, T ½ = 5720 y
> emitter (0.156 MeV)
Counting by LSC

Photosynthesis and C
translocation ,Soil organic
matter studies, C balance
studies

16

O

S, natural abundance =
99.759 %

17

O

18

O

S, natural abundance =
0.037 %
S, natural abundance =
0.204 %
18
16
O/ O ratio by MS

Photosynthesis, respiration, soil
organic matter studies,
ecological studies, hydrology

35

Cl

S, natural abundance =
75.53 %

36

Cl

R, T ½ = 0.38 x 10 y >
emitter (0.714; 0.115 MeV)
LSC

Solute movement in soils.

37

Cl

S, natural abundance =
24.47 %
37
35
Cl / Cl ratio by MS

Herbicidal and insecticidal
effects on life forms, water, air
and soil

5

125

I

R, T ½ = 60 d
EC conv. el., LSC
C (0.035 MeV), NaI (T1) 2” X
ray (0.027 MeV), MLSC

131

I

R, T ½ = 8.05 d
> emitter (0.61; 0.25; 0.81
MeV) and
C emitter (0.36; 0.08; 0.72
MeV)

22

Na

R, T ½ = 2.6 y
> emitter (0.5 MeV) LSC and
C emitter (1.27 MeV)
NaI (T1) 2”/3”

24

Na

R, T ½ = 15 h
> emitter (1.4 MeV) LSC,
Cerenkov
C emitter (2.75; 1.35 MeV)
NaI (T1) 2”/3”

57

Co

R, T ½ = 270 d
EC conversion el. LSC C
emitter (0.122; 0.014 MeV)
NaI (T1) 2”/3”

58

Co

R, T ½ = 71 d
> emitter (0.48 MeV) LSC
C emitter (0.81; 1.64 MeV)
NaI (T1) 2”/3”

60

Co

R, T ½ = 5.3 y
> emitter (0.31 MeV) and
C emitter (1.33; 1.17 MeV)
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Cesium

Barium

Arsenic

133

138

75

Cs

Ba

As

134

Cs

R, T ½ = 2.046 y
> emitter (0.662; 0.089 MeV)
and
C emitter (0.57; 0.605; 0.796
MeV)

Soil erosion. (Spike for
sediment movement and
deposition)

137

Cs

R, T ½ = 30 y
> emitter (1.176; 0.514 MeV)
and
C emitter (0.662 MeV)

Soil erosion and sedimentation
(Fallout radionucleiotide)

131

Ba

R, T ½ = 11.6 d
EC and C emitter (0.5; 0.122;
0.216 MeV)

133

Ba

R, T ½ = 7.5 y
EC and C emitter (0.082;
0.36; 0.30; 0.80 MeV)

140

Ba

R, T ½ = 12.8 d
> emitter (1.02; 0.48 MeV)
and
C emitter (0.54; 0.16 MeV)

73

As

R, T ½ = 76 d
C emitter (0.054; 0.14 MeV)

74

As

R, T ½ = 17.5 d
> emitter (0.9; 1.36 MeV)
and
C emitter (0.06; 0.64; 2.53
MeV)

76

As

R, T ½ = 26.8 h
> emitter (2.97; 2.41 MeV)
and
C emitter 0.56; 1.21; 0.66
MeV)

Selenium

80

Se

75

Se

R, T ½ = 120d
EC and C emitter (0.265;
0.136; 0.280; 0.240; 0.58
MeV) LSC, NaI (T1) 2”

Aluminium

27

Al

26

Al

R, T ½ = 7.4 x 10 y
> emitter (3.21; 1.16 MeV)
and
C emitter (1.83; 1.12 MeV)

Chromium

52

Cr

51

Cr

R, T ½ = 27.8 d
EC and C emitter (0.32 MeV)
LSC, NaI (T1) 2”/3”

Bromine

79

Br

79

Br

S, natural abundance =
50.54 %

81

Br

S, natural abundance =
49.46 %

82

Br

R, T ½ = 35.7 h
> emitter (0.44 MeV) LSC C
emitter (0.55; 1.47 MeV), NaI
(T1) 2”/3”

Mercury

200

Nickel

58

26

Hg

Ni

203

63

Hg

Ni

5

R, T ½ = 47 d
C emitter (0.3 MeV)
R, T ½ = 92 y
C emitter (0.067 MeV)
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Description
R
S
T½
>
C
EC
LSC
MLSC
GM
MS
ES
MeV

2.2

=
=
=
=
=
=
=
=
=
=
=
=

Radioactive isotope
Stable isotope
Half-life expressed in time units, e.g. minutes (min), hour (hr),
day (d) and year (y)
Beta radiation
Gamma radiation
Electron capture
Liquid scintillation counting
Metal-loaded liquid scintillation counting
Geiger Müller
Mass spectrometry
Emission spectrometry
Energy intensity in Mega-electron volts

ISOTOPIC TECHNIQUES IN N FERTILISER USE EFFICIENCY STUDIES

In isotopic-aided fertiliser experiments, a labelled fertiliser is added to the soil and the amount of
fertiliser nutrient that a plant has taken up is determined. In this way different fertiliser practices
(placement, timing, sources, etc.) can be studied.
The first parameter to be determined when studying the fertiliser uptake by a crop by means of the
isotope techniques is the fraction of the nutrient in the plant derived from the (labelled) fertiliser,
i.e.: fdff.
Often this fraction is expressed as a percentage, i.e.:
% dff = fdff x 100

(Equation 2)

The procedure followed in the calculation of this fraction and other derived parameters for nitrogen
15
using N labelled materials is given below:

2.2.1

MEASUREMENTS NEEDED FOR EXPERIMENTS WITH 15N
15

In summary, for all field and greenhouse experiments with N (or any other stable isotope) labelled
materials, the following basic primary data need to be recorded for each plot:
1. Dry matter (D.M.) yield for the whole plant or sub-divided into plant parts.
2. Total N concentration (% N in dry matter) of the whole plant or plant parts as in point 1.This
is done by chemical methods, e.g. Kjeldahl or by combustion (Dumas).
15
3. Plant % N abundance, which is analysed by emission or mass spectrometry.
15
4. Fertiliser % N abundance.
15
5.
N labelled fertiliser(s) used and N rate(s) of application.

2.2.2

CALCULATIONS FOR EXPERIMENTS WITH 15N

15

15

% N abundance is transformed into atom % N excess by subtracting the natural abundance
(0.3663 atom %N) from the % N abundance of the sample. Afterwards the following calculations
can be made:

% Ndff =

atom %15N excess plant
atom %15N excess fertilizer

´ 100

(Equation 3)

Dry matter yield per unit area:

DM yield (kg / ha ) = FW (kg ) ´

10000 (m 2 / ha )
SDW (kg )
´
(Equation 4)
2
area harvested (m ) SFW (kg )

Where FW is fresh weight per area harvested and SDW and SFW are subsample dry and fresh
weight, respectively.
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% N derived from the soil: Since the crop had only two sources of nutrients the % N derived from
the soil is obtained by difference is as follows:
% Ndfs = 100 - % Ndff
100 - 30 = 70 %
The nitrogen yield of the crop:
The total amount of N contained in the crop during the experimental period is obtained by recording
the dry matter yield and multiplying it by the % total N in the crop as follows:

N yield = 4000 ´

3
= 120 kgN / ha
100

The fertiliser N yield of the crop:
The amount of fertiliser N taken up by the crop is calculated by multiplying the total N yield by the
fraction of Ndff:

Fertilizer N yield =

30
´ 120 = 36 kgN / ha
100

Fertiliser N utilization or recovery by the crop
The fraction of the fertiliser nutrient taken up by the plant in relation to the rate of fertiliser nutrient
applied is commonly expressed as percentage:

% Fertilizer N utilization =

36
´ 100 = 45%
80

Exercise 2
15

In a field experiment, 60 kg N/ha as N labelled ammonium sulfate was applied to hybrid sorghum.
15
The N treated plots were harvested at the grain milky stage of development. The harvest
consisted of gathering all above ground plant material in the harvesting area of the isotope plots
and separating them into shoots and panicles. The fresh weight of each component was recorded.
Adequate sub-samples were taken and chemical and isotopic analyses were performed on each
sub-sample separately.
Question? What is the fertiliser N utilization of sorghum in this experiment?
Calculations:
The basic primary data are listed in the following Table 2.2:
Table 2.2. Experimental data
Plant part
Shoots
Panicles
TOTAL

DM yield
tons/ha
5.0
2.2

Total N
%
1.2
2.1

N yield
kg/ha
60
46
106

Ndff
%
27.4
19.6

Fertiliser N yield
kg/ha
16.4
9.1
25.5

As shown in the Table 2.2 N yield and fertiliser N yield of each plant part has to be calculated. Add
up these data to obtain total N yield and total fertiliser N yield for the entire crop.
The next step is to calculate the weighted average % Ndff for the entire crop.

% Ndff ( weighted average ) =

25.5
´ 100 = 24
106

Finally the % fertiliser N utilization is calculated using the total fertiliser N uptake as follows:

% Fertilizer N utilization =

25.5
´ 100 = 42.5
60
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2.2.4

QUANTIFICATION OF FERTILISER N UPTAKE WITHOUT PLANT-FERTILISER INTERACTION

Fertiliser N management practices such as sources, timing, placement, etc. may be studied in the
presence and absence of the effects of the fertiliser treatments on plant development, root
distribution and crop yield. The use of a special design with isotope techniques allows the study of
the fertiliser uptake without plant-fertiliser interaction These are called “Single-treatment” fertility
experiments (Broeshart, 1974; Fried et al., 1975).
Example 1: N timing
Timing (T) of fertiliser N application (90 kg N/ha applied to maize at 3 different times T1, T2 and T3).
*
15
N rates marked with an asterisk denote N labelled fertiliser.
Design 1: Fertiliser treatments with interaction
Treatments

T1

T2

T3

1
2
3

90*
-

90*
-

90*

In Design 1, treatments 1, 2, and 3 each receive 90 kgN/ha at T1, T2 and T3, respectively. In this
case the effect is measured with plant-fertiliser interaction.
Design 2: Fertiliser treatments without interaction
Treatments
A
B
C

T1
30*
30
30

T2
30
30*
30

T3
30
30
30*

In Design 2, all fertiliser treatments A, B and C are identical with regard to the total N rate (90 kg
N/ha) and three-split of 30 kg N/ha at all timing treatments. Only the position of the labelled fertiliser
changes, thus the effect of timing would be measured in the absence of any plant-fertiliser
interaction effect. By utilising design 2, the partial fertiliser use efficiency of the 30 kg N/ha applied
at each timing, and the total fertiliser use efficiency of a three-split application of 90 kg N/ha can be
measured without any interaction effect.
Example 2: N placement
In this experiment 80 kg N/ha was applied to sorghum in 2 different placements.
Design 1: Fertiliser treatments with interaction
Treatments
1
2

Surface broadcast over plot
area
80*
-

Band at 5 cm
depth in a furrow
80*

Design 2: Fertiliser treatments without interaction
Treatments

Surface broadcast over plot area

A
B

40*
40

Band at 5 cm
depth in a furrow
40
40*

Example 3: N sources
-

+

In this experiment the efficiency of NO3 and NH4 sources of N were compared in rice.
Design 1.: Fertiliser treatments with interaction
Treatments
A
B

30

-

NO3
NaNO3
-

+

NH4
+
(NH4 )2SO4
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Design 2: Fertiliser treatments without interaction
-

Treatments

+

NO3

NH4

*

A

NH4 NO3
*

B

NH4NO3
*

In this design one single N source (NH4NO3) is used but in treatment A NO3 is labelled whereas in
*
treatment B, NH4 is the labelled ion.
Exercise
15

15

Data from an experiment where NH4NO3 or NH4 NO3 was applied to wheat either in the autumn
or spring are presented in Table 2.3. When the labelled fertiliser was applied in the autumn
unlabelled fertiliser was applied in the spring and vice versa. This allowed the calculation of %Ndff,
N uptake from fertiliser and the fertiliser N utilization coefficient (%) to be calculated.
-

+

Table 2.3. Measured parameters from an experiment where nitrogen uptake from NO3 and NH4
supplied as labelled ammonium nitrate by wheat
Time and rate
of N application
(kg/ha)
Autumn Spring
15

NH4NO3
60*
60
60
60*
Total
15
NH4 NO3
60*
60
60
60*
Total

%Ndff

N uptake from fertiliser
(kg/ha)

Grain

Straw

8.0
10.4
18.4

7.9
9.0
16.9

10.2
12.2
22.2

10.6
13.0
23.6

Total

Grain

Straw

15.9
19.4
35.3

7.6
9.8
17.4

6.1
7.0
13.1

20.8
25.0
45.8

9.6
11.3
20.9

8.3
10.2
18.5

Total

Fertiliser N
utilization coefficient (%)
Grain

Straw

Total

13.7
16.8
30.5

25.3
32.7
29.0

20.3
23.3
21.8

45.7
56.0
50.8

17.9
21.5
39.4

32.0
37.7
34.8

27.7
34.0
30.8

59.7
71.7
65.7

These data shows that the application of either nitrate or ammonium in spring resulted in greater N
fertiliser use efficiency.

2.2.5

THE CONCEPT OF AVAILABLE AMOUNTS OF A NUTRIENT

When comparing different nutrient sources, the term "available amount of a nutrient" has first to be
defined. Only the plant can judge what is available since no chemical extraction can determine
what is available to a plant. However, if the plant is used to measure which source of nitrogen or
phosphorus is available and to which extent, one has to be able to discriminate between the
sources, which is conveniently done by labelling one of the sources with an appropriate isotope.
Also, when comparing nutrient sources one wants to know how much available nitrogen or
phosphorus in a given source the plant sees in comparison with well-known fertilisers. Thus, if a
rock phosphate is applied we want to know what is the available amount of phosphorus in the rock
phosphate in terms of equivalent units of superphosphate or in other words how many kg of rock
phosphate supplies the same amount of phosphorus to a crop as one kg of superphosphate.
However, since the soil is a source of nutrients, the first question which may be asked is: What is
the available amount of phosphorus in the soil in terms of equivalent units of superphosphate or
what is the available amount of nitrogen in the soil in terms of equivalents units of ammonium
sulfate? Thus by utilising a labelled fertiliser source it is possible to determine the plant available
amount of nutrient in the soil and this amount is expressed relative to the amount available in the
fertiliser source.
15

For example, if 100 kg N/ha as N labelled ammonium sulfate is added to the soil and plant
analysis gave %Ndff = 50% then %Ndfs = 50%. It could then be said that the soil had the same
amount of available nitrogen as the 100 kg N/ha added as fertiliser or in other words the soil had an
available amount of 100 kg N/ha in terms of ammonium sulfate equivalent units.
What will be the consequence when 200 kg N/ha are added to the same soil? Since the soil has an
amount of available nitrogen equivalent to 100 kg N/ha and the fertiliser 200 kg N/ha, the
proportion taken up by the plant from the soil will be one third and two thirds from the fertiliser.
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What will be the consequence when 300 kg N/ha are added? The proportion taken up from the soil
will be one fourth and three fourths from the fertiliser.
Thus the following assumption may be formulated: "When a plant is confronted with two or more
sources of a nutrient element, the nutrient uptake from each of these sources is proportional to the
amounts available in each source" (Fried and Dean, 1952; Fried, 1964; Broeshart, 1974; Fried,
1978b and Vose, 1980). Implicit in this assumption is that there is complete mixing of the isotope or
isotopic equilibrium.
The above relationships, which are also called fractional utilization ratios, can be expressed in the
form of an equation. In a situation where soil and fertiliser are the only sources of nutrient available
to a plant, the equation is as follows:

Total nutrient plant
Total nutrient su pply

=

Fertilizer nutrient plant
Fertilizer nutrient s upply

=

Soil nutrient plant
Soil nutrient supply

(Equation 10)

or

Total nutrient plant
Total nutrient su pply

=

Fertilizer nutrient plant + Soil nutrient plant
Fertilizer nutrient s upply + Soil nutrient supply

(Equation 11)

The fertiliser N supply is equivalent to the rate of N applied as fertiliser. The soil N supply
corresponds to the amount of soil N in terms of fertiliser units which is available to the plant during
the growth period. Both soil and fertiliser N, as well as total N supply, are expressed in the same
way, i.e. as equivalent units of applied fertiliser, for example, in kg N/ha of equivalent units of
ammonium sulfate, if this was the fertiliser used.
The following exercises are given to illustrate the determination of the available amount of a
nutrient in the soil.
Exercise 1 (Greenhouse experiment)
15

15

To determine the available amount of N in a soil, N labelled urea (1% atom N excess.) was
applied at a rate of 80 mg N/pot, each containing 1 kg air-dried soil. Barley was used as the test
crop but oats, ryegrass or any other fast-growing plant could have been used.
15

Plant sample taken at harvest had 0.25% atom N excess.

% Ndff =

0.25
´ 100 = 25%
1.00

Therefore Ndfs = 100 - 25 = 75%.
Thus the fractional utilization ratio is as follows:

25%
75%
=
80 mg N as urea
x

x=

75% ´ 80 mg N
25%

x = 240 mg N as urea
Therefore, this soil has an available amount of 240 mg N/kg soil as urea equivalent units.
Exercise 2 (Field experiment)
15

100 kg N/ha was applied as N labelled ammonium sulfate to a sorghum crop. After harvest, the
plant and fertiliser samples were analysed for total N and for nitrogen isotopic ratio. It was found
that the sorghum crop had 120 kg N/ha total N yield and 40 kg N/ha fertiliser N yield.
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Questions:
1. What was the available amount of N in the soil as ammonium sulfate equivalent units?
2. What was the Ndff in the plant sample?
Calculations:
120 kg N/ha total
40 kg N/ha from fertiliser
80 kg N/ha from soil

(total N yield)
(fertiliser N yield)
(soil N yield), by difference

Then the following relationship may be written:

40 kg N / ha fertilizer
100 kg N / ha as ammonium sulphate

=

80 kg N / ha soil
x

Therefore the available amount of N in the soil is 200 kg N/ha as ammonium sulfate equivalent
units.
The Ndff in the plant sample would be

Ndff =

40 1
=
120 3

The available amount of nutrient in soil or the soil nutrient supply, measured in equivalent units of
the fertiliser standard has been referred to as the “A-value” (Fried and Dean, 1954).
In a simplest case, when a plant is confronted with only two nutrient sources, i.e. the native soil
nutrient pool (ndfs) and the labeled fertiliser nutrient (ndff) supplied as a given rate.
Then
%ndfa + %ndff = 100
and
%ndfs = 100 - %ndff

(Equation 12)

As mentioned before the calculation is based on the fractional relationship as shown in Equation 10
where fertiliser and soil nutrient in the plant are the respective proportions of nutrient taken up from
each source. The percentage nutrient in the plant derived from the fertiliser is experimentally
determined using isotopically labelled fertiliser.
The available amount of fertiliser nutrient is the rate of nutrient application as fertiliser standard. It
should be noted that as far the plant is concerned, one fertiliser unit is the same as any other
fertiliser unit. Thus, for instance, two fertiliser units contain twice as much available nutrient as one
fertiliser unit.
The available amount of soil nutrient, or the A value of the soil for the particular nutrient under
study, is expressed in equivalent units of the applied fertiliser.
With reference to Equation 8 the above Equation 10 may be written as follows:

%ndff
100 - %ndff
=
Available amount of fertilizer nutrient Available amount of soil nutrient ( A)
and solving for A

A=

100 - %ndff
´ Available amount of fertilizer nutrient
%ndff

where the available amount of fertiliser nutrient is the rate of fertiliser nutrient applied.
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In determining A values, it is important to note the following:
·

Since the available amount of nutrient in the soil is an inherent property of the soil, it will be
constant for any set of experimental conditions.

·

The “A value” is a yield-independent parameter. It is only necessary to determine the
respective proportions absorbed from each source, so as to determine the A value of the
soil. No yield data need to be recorded. The absolute amounts of nutrient taken up from
either source do not appear in the equation.

·

The A value for a particular soil remains constant even at different rates of application of
the same fertiliser standard. In other words, the available amount of nutrient in the soil is
independent of the rate of fertiliser applied. Thus, in soil fertility studies, it is sufficient to
use only one rate of application to assess the nutrient supply of a soil and make relative
comparisons of fertiliser treatments (Aleksic et al., 1968; Broeshart, 1974).

·

Any change in the set of experimental conditions (nature, source, placement, timing, etc)
will affect the magnitude of the A value of the soil. Also changes in harvesting times are
important, since the plant samples reflect the nutrient isotopic composition of the soil from
the seeding time until harvesting time. These changes of the A value of a soil with time
can be easily observed in a time course study of nutrient uptake using labelled fertilisers
(Rennie, 1969; Smith and Legg, 1971; Broeshart, 1974; Zapata et al., 1987).

·

The determination of the A value of the soil has a number of practical applications, such
as the quantitative evaluation of fertiliser practices, in particular fertiliser sources, and the
design of further isotope-aided experiments (Rennie, 1969; Broeshart, 1974; Fried, 1978b;
IAEA, 1983).

·

Extensive research work using A values has been done for most plant nutrients, both
macro-and micronutrients (Fried, 1954; IAEA, 1976; IAEA, 1980; Vose, 1980; IAEA, 1981;
Wagner and Zapata, 1982).

2.2.6

QUANTITATIVE EVALUATION OF N FERTILISER PRACTICES

The nutrient supply from several fertiliser management practices can be quantitatively evaluated
using isotope techniques:
1.
2.
3.
4.

Method of placement
Timing of application
Chemical and physical nature of sources, including symbiotic nitrogen fixation
Interaction among topics I, 2 and 3, and of these with cultural practices (irrigation,
mulching, tillage, etc.)

For instance one may ask how placement method A compares with method B. Also when
comparing different fertiliser sources, one wants to know how much available phosphorus or
nitrogen the plant sees from a given nutrient source in comparison with a manufactured fertilisers.
The following series of examples illustrate the quantitative evaluation of fertiliser practices with
annual crops. It essentially consists of equating the two fertilisers with each other and is based on
the principle that the available amount of nutrient in the soil, which is identical for all treatments, is
expressed in units of each fertiliser treatment. This enables a direct comparison of fertiliser
equivalent units among different treatments.
A

Method of N fertiliser placement

A maize field experiment was carried out to compare a band placement to a surface-broadcast
15
application of 120kg N/ha as N-labelled ammonium sulfate.
Results:
% Ndff
% fertiliser N utilization
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Banding
65
78

Surface broadcast
46
48

CHAPTER 2 APPLICATIONS
The farmer used to apply 120 kg N on the surface. If in the future he decides to apply the fertiliser
in a band, what should be the rate of N application in order that the maize crop takes up the same
amount of N from banding as previously from surface application?
i Principle
The available amount of soil N seen by the maize crop is the same for banding and surface
treatments. Therefore we estimate the available amount of soil N in equivalent banding and surface
units, which will enable us to calculate how many kg N given in a band supply the same amount of
N to the maize as 120 kg N on the surface.
ii Banding treatment
%Ndff = 65% and %Ndfs = 35%.
From the fractional utilization relationship:

65 35
=
120 x
Thus x or the available amount of soil N is 65 kg N/ha in banding equivalent units.
iii Surface treatment
%Ndff = 46% and %Ndfs = 54%
From the fractional utilization relationship:

46 54
=
120 x
Thus x, or the available amount of soil N, is 141 kg N/ha in surface equivalent units.
The experimental soil has an available amount of N equivalent to 65 kg N/ha as banding units or
141 kg N/ha as surface units. In other words, 65 kg N/ha in a band supplies the same amount of N
to the maize crop as 141 kg N/ha on the surface.
65 kg N in a band

= 141 kg N on the surface
X = 1 kg N on the surface

x=

65
= 0.46 kg N in a band
141

Instead of the application of 120 kg N/ha on the surface, the farmer should apply 0.46 x 120 = 55
kg N/ha in a band to get the same amount of fertiliser taken up by the maize crop.
B

Timing of fertiliser N application
15

A field experiment was carried out to compare the available amounts of N in various N-labelled
urea treatments on winter wheat. One single application of 100 kg N/ha urea in the autumn was
compared with a two split applications of 50 kg N/ha at the tillering stage + 50 kg N/ha at the
heading stage.
Results:
% Ndff
A values

Single application
37
170

Two-split application
44
127

The two-split application was found to be superior to the single application. By how much is the
two-split application better than the single application?
The soil has an available amount of N equivalent 170 kg N/ha as single application units or 127 kg
N/ha as two-split application units.
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Therefore
170 kg N in a single application = 127 kg N in a two-split application.
1 kg N in a single application

=

X

1 kg N in a single application is equivalent to

x=

127
= 0.75 kg N in a two-split application.
170

Therefore, the two-split application is 33% better than the single application.
C

Comparison of fertiliser N sources

Comparison of N sources, i.e. two N fertilisers such as urea and ammonium sulfate.
Treatments:
15

N- labeled urea, and

15

N labeled ammonium sulfate, both applied at the same rate of 100 kgN/ha.

Results:
Urea treatment:
N yield = 120 kg N/ha
15

Plant sample = 1.2 atom % N excess
15

Fertiliser sample = 2.0 atom % N excess

% Ndff =

1 .2
´ 100 = 60%
2 .0

%Ndfs = 40%
From the fractional utilization relationship

60 40
=
100
x
x = available amount of soil N or 66.7 kg N/ha in urea equivalent units.
Ammonium sulfate treatment:
N yield = 105 kg N/ha
15
Plant sample = 0.6 atom % N excess
15
Fertiliser sample =1.2 atom % N excess

% Ndff =

0 .6
´ 100 = 50%
1 .2

%Ndfs = 50%
From the fractional utilization relationship

50 50
=
100 x
x = available amount of soil N or 100 kg N/ha in ammonium sulfate equivalent units.
Quantitative comparison of urea and ammonium sulfate.
66.7 kg N as urea = 100 kg N as ammonium sulfate
x = 1 kg N as ammonium sulfate
1 kg N as ammonium sulfate is equivalent to
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66.7
= 0.67 kg N as urea
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2.3

ISOTOPIC TECHNIQUES IN P FERTILISER USE EFFICIENCY STUDIES

2.3.1

INTRODUCTION
31

26

30

32

Phosphorus has one stable isotope ( P) and several radioisotopes (from P to P and from P to
38
32
33
P), but only two of them ( P and P) are suitable for agronomic studies. The main characteristics
of these radioactive P isotopes are shown in Table 2.4.
Detection efficiencies for both radioisotopes are high using modern liquid scintillation
32
counters/analysers. The high beta energy of the photons emitted by P allows the use of water as
the counting medium using the Cerenkov process, which makes the technique cheaper.
33
Conversely, the low beta energy of the photons emitted by P requires the use of scintillation fluors
or cocktails, which are commercially available and more expensive. The lower energy emitted by
33
P presents less radiation hazard, and its longer half-life (24.4 days) allows studies to be
32
conducted for relatively longer time periods. The P can be easily monitored because of its high
beta energy and its use is limited to P uptake studies with duration of 60 up to 90 days due to its
short half-life (14.3 days).
The availability of these two isotopes also makes it possible to use double labeling techniques in
root activity studies and P placement experiments (Broeshart and Netsinghe, 1972; IAEA, 1975).
32
33
An additional factor to be considered is the cost of the isotopes, the P being far cheaper than P
and also easier and faster to obtain.
It should be noted that the handling and use of radioisotopes require compliance with regulations
concerning radiation protection and safety set by international standards (FAO et al., 1996 a, b;
IAEA and ILO, 1999) and the National Radiation Protection Authorities. This involves, among
others, special laboratory facilities and trained personnel to perform all the activities.
Table 2.4. Summary of main characteristics of P isotopes used in plant nutrition studies
Isotopes

Half-life

Radiation characteristics
Type Energy

32

14.3 days

b

33

24.4 days

b

P

P

-

-

1.71 MeV(Emax)

0.248 MeV(Emax)

Typical applications
Exchangeable P in soils
P availability from P fertilisers
Plant root distribution / activity
Residual P fertiliser availability
Auto-radiography
Diffusion in soils
32
Double labeling with P

The first extensive use of isotopes as tracers in plant nutrition was made in the 1940’s. The
32
radioactive isotope of P ( P) was used to study the utilization of P fertilizers by various crops in a
series of greenhouse experiments and field trials. Essentially, a tracer was incorporated into a
fertiliser material or the nutrient source of interest, and the amount of tracer taken up by the plant
was measured directly (Fried and Dean, 1952; Larsen, 1954; Russsell et al., 1954).
An ideal tracer should have exactly the same behavior as the material being traced, and should
have no effect on the components of that material in the system under study. Since tracer detection
is very sensitive, the amount of radioactivity added to the system in a tracer experiment is usually
very small compared with the amounts already present in, or added to the system. Thus, very little
disturbance of the system is made.
32

32

In phosphate studies, P carrier-free materials, i.e. contain only P atoms, are normally utilized as
tracers. They can also be used for labeling commercial P fertilisers such as superphosphates
32
during manufacturing or for preparing P labeled solutions of known concentration for use in
32
greenhouse and field experiments. High specific activity P labeled orthophosphate solutions are
also commercially available, upon request.
In case of natural fertiliser sources, like phosphate rocks (PR), it is not possible to directly label
these materials with P isotopes, because of the changes induced in their physical and chemical
characteristics during labeling.
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Therefore, techniques based on reverse isotopic dilution have been widely used to investigate P
availability from PR sources to plants (Fried, 1954; Kucey and Bole, 1984; Zapata et al., 1986;
Zapata and Axmann, 1995; Kato et al., 1995; Fardeau et al., 1995).

2.3.2

MEASUREMENTS NEEDED FOR EXPERIMENTS WITH 32P AND/OR 33P

The following basic primary data need to be recorded for field and greenhouse experiments with
labelled P fertilisers:
1.
2.
3.
4.

Dry matter (D.M.) yield
Total nutrient concentration (% P in dry matter) -Analysed by a conventional chemical method
Plant specific activity (S.A. plant)
Fertiliser specific activity (S.A. fertiliser)

For the points 3 and 4, two independent measurements are required in each aliquot, i.e. the
32
determination of the P activity by Cerenkov counting and the content of the element i.e. amount
of P.
5. Radioisotopically-labelled fertiliser(s) used and the rate(s) of application
Calculations for experiments with

32

P and/or

33

P

The following calculations need to be made:
1. The S.A. of plant and fertiliser
2. %Pdff = (S.A. plant / S.A. fertiliser) x 100
3. Dry matter yield per unit area:
2
2
DM yield (kg/ha) = FW (kg) x (10 000 m / area harvested m ) x (Sample DW kg/Sample FW kg)
4. P yield (kg/ha) = DM yield (kg/ha) x (%P / 100)
5. Fertiliser P yield (kg/ha) = P yield (kg/ha) x (%pdff / 100)
6. % fertiliser P utilisation = (Fert P yield / Rate of P application) x 100

2.3.3

QUANTIFICATION OF FERTILISER P UPTAKE
32

The phosphorus isotopic composition, i.e. the P/total P ratio, of any material is called specific
activity (S.A.). The determination of the specific activity (S.A.) of a sample requires two
independent measurements:
1) Determination of the activity (Bq) of the radioisotope by radio-assay techniques using
appropriate detectors, i.e. proportional detector, Geiger Muller (GM) detector, liquid scintillation
counting, Cerenkov counting (for high-energy b emitters) or sodium-iodide scintillation detectors.
2) Determination of the total nutrient content by any conventional chemical method, i.e. total P by
spectrophotometric (methavanadate yellow) method. It is customary to express the specific
32
activities of plant samples and fertiliser in Bq P/g P, at the time the samples were counted. It is
32
important to note that the concept of specific activity (ratio P/total P) for radioisotopes is identical
15
15
to that of' N atom excess (ratio N/total N) for stable isotopes.
32

The fraction of P in the plant derived from the P or
It also follows from the isotope dilution principle that:

33

P labelled fertiliser material is termed Pdff.

Pdff = (S.A. plant sample / S.A. labelled fertiliser)
or as a percentage:
%Pdff = (S.A. plant sample / S.A. labelled fertiliser) x l00
How is Pdff measured?
Both the activity and total P content in the plant and fertiliser samples must be determined to
measure Pdff.
Exercise 1
An aliquot of a digested plant sample containing 8 mg P gives an activity of 800 Bq. If an aliquot
32
of the dissolved P labelled fertiliser containing 10 mg P gives an activity of 4000 Bq then the
following relationship can be written:
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4000Bq = 10 mg P in the fertiliser
800 Bq = X mg P in the plant, and
X = (800 x 10) /4000 = 2 mg P in the plant came from the fertiliser
The next step is to calculate the Pdff by relating the amount of P in the plant which came from the
fertiliser (2 mg P) to the total amount of P in the plant sample (8 mg P). Thus 2 mg out of 8 mg was
derived from the fertiliser and:
Pdff = 2/8 = 0.25
or % Pdff = 25%
Exercise 2
32

In a greenhouse experiment, 20 mg/kg P as P labelled single superphosphate was applied to
pots containing 2 kg soil with barley as the test crop. After 2 months, the plant material was
32
32
harvested and analysed for P activity and total P concentration. The P labelled single
superphosphate (standard) used in this experiment was analysed in the same way.
Results:
Plant sample: 5 g dry matter yield
0.2 % total P
32

An aliquot containing 2 mg P gave 250 Bq P by Cerenkov counting. Since the counting
32
efficiency was 50% the activity of the plant sample was 500 Bq P.
32

Thus the S.A. plant = 500 Bq P / 2 mg P = 250 Bq

32

P/mg P.
32

Fertiliser: An aliquot containing 10 mg P counted by Cerenkov gave 6250 Bq P. Considering also
32
50% counting efficiency the activity of the fertiliser sample was 12500 Bq P.
Thus the S.A. fertiliser = 12500 Bq

32

P / 10 mg P = 1250 Bq P/mg P

Questions:
1.
2.
3.
4.
5.

What was the fraction of P in the plant which was derived from the fertiliser or % Pdff?
What was the fraction of P in the plant which was derived from the soil?
What was the total P content of the crop?
What was the fertiliser P content of the crop?
What was the fertiliser P utilization or recovery by the crop?

Calculations:
1.

% P derived from the fertiliser:
%Pdff = (S.A. plant / S.A. fertiliser) x l00
=(250/1250) x 100 = 20%

2.

% P derived from the soil
%Pdfs = 100 - %Pdff
= 100-20 = 80%

3.

P content of the crop = Yield (g DM) x (%/100)
= 5 g x (0.2/100) = 0.01g P/pot
= 5000 mg x (0.2/100) = 10 mg P/pot

4.

Fertiliser P uptake by the crop = P content of the crop x (%Pdff/100)
= 10 x (20/100) = 2 mg P/pot

5.

Fertiliser P utilization or recovery by the crop: Since 20 mg P/kg soil was applied to each
pot containing 2 kg soil, thus the P rate was 40 mg P/pot and
% Fertiliser P utilization = (Fert. P content of the crop / Fert. P applied) x 100
= (2/40) x 100 = 5%
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Exercise 3
32

In a rice field, 20 kg P/ha as P-labelled single superphosphate was applied at transplanting time.
After about six weeks, plant samples were harvested from these treated plots. The dry matter yield
was 2500 kg/ha with a total P concentration of 0.30 %.
A representative plant dry matter sample was ashed and extracted with a known amount of 2N
HCl. An aliquot of this extract containing 0.2mg P was counted by Cerenkov and was found to give
32
a count rate of 320 Bq. At the same time an aliquot of an acid extract of the P labelled
superphosphate containing 0.3 mg P was counted and was found to have a count rate of 3450 Bq.
The counting efficiency was found to be 40 %.
Question: What was the fertiliser P utilisation?
Calculations:
1. % Pdff is calculated as follows:
Plant sample activity = 320 / 0.4 = 800 Bq
S.A. plant sample = 800 / 0.2 = 4000 Bq/mg P
Fertiliser activity = 3450 / 0.4 = 8625 Bq
S.A. fertiliser = 8625/ 0.3 = 28750 Bq/mg P
% Pdff = 4000 / 28750 x l00 = 13.9%
2. The total P yield or uptake
P yield = 2500 x (0.3 /100) = 7.5 kg P/ha
3. The fertiliser P yield:
Fertiliser P yield = 7.5 x (13.9 / 100) = 1.04 kg P/ha
4. The fertiliser P utilisation:
% FertiIiser P utIiIsation = (1.04/20) x 100 = 5.2%

2.3.4
A

QUANTIFICATION OF FERTILISER P UPTAKE FROM FERTILISERS THAT CAN BE LABELLED

Introduction

Fertiliser management practices such as source, timing, placement, etc. may be studied in the
presence and absence of the effects of the fertiliser treatments on plant development, root
distribution and crop yield. The use of special designs using isotopes allows the study of fertiliser
uptake without a plant-fertiliser interaction (Single treatment fertility experiments, Broeshart,1974;
Fried et al. 1975). Refer to section 2.2.3.
32

B

Comparison of two P labelled fertilisers such as superphosphate and nitro-phosphate
(Greenhouse experiment)

Treatments
32
P labelled superphosphate applied at a rate of 50 mg P/kg soil
32

P labelled nitro phosphate applied at a rate of 50 mg P/kg soil

Results
Superphosphate treatment:
% Pdff = 20% and % Pdfs = 80%
From the fractional utilization relationship 20/50 = 80/x
Where X = available amount of soil P or 200 mg P in superphosphate equivalent units.
Nitro-phosphate treatment:
% Pdff = 10% and % Pdfs = 90%
From the fractional utilization relationship 10/50 = 90/x
Where X = available amount of soil P or 450 mg P in nitro-phosphate units
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Quantitative comparison of superphosphate and nitro-phosphate.
200 mg P as superphosphate = 450 mg P as nitro-phosphate
1 kg P as superphosphate = X
1 kg P as superphosphate is equivalent to 450/200 = 2.25 kg P as nitro-phosphate.
C

Comparison of the efficiency of powdered and granulated triple superphosphate

i Treatments
32
Powdered P-labelled triple superphosphate and granulated
applied at a rate of 40 kg P/ha.

32

P-labelled triple superphosphate

ii Results
32
Powdered P labelled triple super (TSP)
% Pdff = 15% and % Pdfs = 85%
From the fractional utilization relationship 15/40 = 85/x
Where x = available amount of soil P or 227 kg P as powdered TSP units
Granulated

32

P labelled TSP

% Pdff = 20% and % PdfS = 80%
From the fractional utilization relationship 20/40 = 80/x
Where x = available amount of soil P or 160 kg P as granulated TSP
units
Quantitative comparison of powdered and granulated TSP
227 kg P as powdered TSP = 160 kg P as granulated TSP
1 kg P as powdered TSP = X
1 kg P as powdered TSP is equivalent to 160/227 = 0.70 kg as granulated TSP.
If the application of 40 kg P/ha as powdered TSP was the farmer's practice and he decides to
change the formulation, the farmer should now apply 28 kg P/ha as granulated TSP to get the
same amount of fertiliser taken up.

2.3.5

QUANTIFICATION OF FERTILISER P UPTAKE FROM SOURCES WHICH CANNOT BE
LABELLED (INDIRECT OR REVERSE DILUTION METHOD)

A

Introduction

This methodology can be used in the following cases:
a) When it is impossible to label fertiliser sources such as natural products (rock phosphates) and
organic materials, i.e: guano, green and animal manures, compost, agricultural residues, etc.
b) When it is impractical to label nutrient sources such as atmospheric N2, which can be
biologically fixed by field-grown legume crops (refer to chapter on this topic).
c) When the cost of the required labelled fertilisers for the experiment; e.g. study of residual effect,
is too high or simply, the required labelled fertilisers for a particular study are not available.
The reverse dilution technique is used in this case. It essentially consists of labelling the soil with
15
an isotopically labelled solution and utilise the plant to measure the isotopic ratio (atom% N
excess for nitrogen or specific activity for phosphorus) of the N or P supplied by the labelled soil.
This method is usually referred to in the literature as "the isotope dilution technique", although this
is not a true isotope dilution as defined in isotope tracer chemistry. The experiments can be
conducted in the greenhouse and field conditions and several crops have been used as test plants
(Zapata et al., 1994; Zapata and Axmann, 1995; Fardeau et al., 1996).
The isotopic ratio in the fertilised treatment will decrease as a result of nutrient uptake from the
added unlabelled fertiliser source. A standard treatment (without application of the unlabelled
source) is also required as reference.
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B

Isotope solutions

In case of P, a solution of KH2PO4 or NaH2PO4 (at low P concentration: 10-50 mg P/L) labelled with
32
P carrier free or a high specific activity orthophosphate solution (directly available from
commercial firms) can be used. The rate of isotope application (irrespective of the P rate of
6
32
2
6
32
application) should be about 7-18 x I0 Bq P /m to field plots and 4-7 x I0 Bq P /kg soil in
greenhouse experiments.
C

Treatments
32

I: Soil + P labelled solution
32
II: Soil + superphosphate ( 60 kg P/ha) + P labelled solution
32
III: Soil + rock phosphate (200 kg P/ha) + P labelled solution
D

Results

Specific activities (S.A.) of the harvested plant material per treatment.
I: S.A. plant = 2000 Bq/mg P
II: S.A. plant = 1200 Bq/mg P
III: S.A. plant = 1400 Bq/mg P
E

Calculations
% Pdff = (S.A. plant sample / S.A. labelled fertiliser) x l00
% Pdfl = P derived from labelled source = (S.A. plant sample/ S.A. labelled source) x l00
Since S.A. labelled source = S.A. labelled soil
% Pdfl = (S.A. plant sample / S.A. labelled soil) x l00
and S.A. labelled soil = S.A. of the plant in treatment 1.

Treatment II
% Pdfl = (1200/2000) x l00
= 60%
% Pdf. unlabelled fertiliser (super) = 100 - 60
= 40%
From the fractional utilization relationship 40/60 = 60/x
Where x = available amount of soil P or 90 kg P/ha as superphosphate equivalent units.
Treatment III
% Pdfl= (1400/2000) x 100
= 70%
% Pdf unlabelled fertiliser (rock phosphate) = 100 - 70
= 30%
From the fractional utilization relationship 30/200 = 70/x
Where x = available amount of soil P or 467 kg P/ha as rock phosphate equivalent units.
Quantitative comparison of rock phosphate and superphosphate
90 kg P as superphosphate = 467 kg P as rock phosphate
1 kg P as superphosphate = x
1 kg P as superphosphate is equivalent to 467/90 = 5.2 kg P as rock phosphate

2.4

THE USE OF ISOTOPES OF S IN SOIL/PLANT STUDIES

2.4.1

INTRODUCTION
35

Two isotopes of S are useful in soil/plant/animal studies. Radioactive S has proven to be an
extremely useful tool in such studies because it has a convenient half-life (87.2 days) and is a
34
relatively soft b emitter (Emax 0.167 MeV). The stable isotope of S, S, occurs naturally (4.29%)
and is becoming increasingly available, although still extremely expensive. The stable form has the
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advantage that it remains indefinitely in the system, except when lost by leaching, volatilization and
product removal. The disadvantage is that an isotope ratio mass spectrometer has to be used to
35
detect it and this is more expensive, and not as sensitive, as detecting S by liquid scintillation
counting.

2.4.2
A

APPLICATIONS USING RADIOACTIVE 35S

Direct labelling
35

Numerous studies have used S labelled elemental S or sulfate sources to follow the fate of S
35
supplied in fertilisers. Samosir et al., (1993) used S labelled fertilisers to investigate the best form
to apply (elemental or sulfate) and the best placement (surface or deep) for flooded rice.
A pot experiment was conducted with a factorial design to include the complete
combination of the following factors:
35

Fertiliser sources ( S labelled): a) K2SO4 in solution and
b) elemental S (size 425 to 142 mm).
Fertiliser placement: a) broadcast onto the soil surface in the presence of 0.5 cm of surface water
soon after transplanting and
b) mixed with the bottom layer soil (depth 7-21 cm) 30 days before
transplanting (total soil depth was 21 cm).
In the 0-42 days after transplanting (dat) period both total and fertiliser S uptake was highest in the
Surface Sulfate treatment and lowest in the Deep Elemental treatment (Table 2.5). In the 42 datmaturity period total and fertiliser S uptake was highest in the Surface Elemental treatment and
again lowest in the Deep Elemental treatment. At 42 dat 82.1% of the S in the plant was from the
added sulfate in the Surface Sulfate treatment and this was higher than in the other treatments. By
maturity, this had declined to 66.8%, which was not different than that in the Surface Elemental
treatment. At both sampling times the % of S in the plant derived from the fertiliser was higher with
surface than with deep placement for each source.
Table 2.5. Plant sulfur uptake (mg/ pot).
Fertiliser treatment

Total S uptake
0-42 days

Surface Elemental
Surface Sulfate
Deep Elemental
Deep Sulfate
B

13.4
24.6
5.5
11.3

42d maturity
81.9
63.9
27.2
65.1

Fertiliser S uptake
0-42 days
7.5
20.2
0.4
3.9

42d maturity
57.3
38.9
5.5
33.4

% S in plant derived
from fertiliser
At 42 dat
At
maturity
56.0
82.1
7.3
34.5

68.0
66.8
18.0
48.8

Reverse dilution

In situations where it is not possible to apply a label to the fertilisers as with natural deposits of
elemental S or with commercial fertilisers a reverse dilution procedure must be used.
35

In the technique presented, S is used to label the soil available sulfur pool which is subsequently
diluted with unlabelled S released from fertiliser. Dilution of the S in the soil by sulfur released from
the fertilisers is monitored by measuring the changes in specific radioactivity of sulfur in plants
growing in the soil.
The general applicability of the method depends on the fulfillment of two requirements.
The first requirement is that the radiotracer becomes distributed in the same pool from which the
plant obtains its supply of sulfur. In this experiment, the phosphate added to the radioactive sulfur
35
solution reduced the likelihood of the SO4 being adsorbed on surface layers of organic matter and
soil before it could mix in the available pool.
The second requirement is that the rate of movement of the tracer from the plant available pool into
other soil pools is not greatly affected by the treatments (i.e. the rate of sulfate release from the
fertiliser does not affect the rate of movement between soil sulfur fractions).
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When both requirements are met it is possible to calculate release rates from the fertilisers. If both
requirements are not met it is possible to determine relative release rates from different fertilisers
provided that adequate information is available to enable suitable precautions to be taken, e.g. the
adjustment of application rates in this experiment.
35

In the procedure used by Shedley et al., (1979) carrier-free Na2 SO4 was diluted with 0.1 M
KH2PO4, to give a solution containing 122 kBq/mL and 3.1 mg P/mL. The phosphate was added to
ensure that the carrier-free sulfate was not left adsorbed onto the glass container used for dilution,
to aid penetration by reducing adsorption of the sulfate ion onto soil components, and to provide
adequate phosphate for plant growth. A syringe was then used to apply 20 mL of the radioactive
solution evenly to the surface of each pot.
After fourteen days, the plant tops were clipped to 1 cm above the soil surface to remove any
foliage that had been contaminated during the application of radioactivity. Fertiliser treatments
shown in Table 2.6 were applied to the pots.
Plant tops were harvested every 14 days by clipping 1 cm above the soil surface. Ten harvests
were taken, and the specific radioactivity (SR) of the S in each plant sample was measured. This
SR measurement was used to determine the amount of dilution of the S in the plant available sulfur
pool. At any particular time, the lower the plant SR the more S that was in the plant derived from
the unlabelled fertiliser.
However, because SR. was decreasing with time in all treatments, the ratio of treatment S.R. to
control SR (SRR) was the parameter used to compare sulfate release from fertilisers in various
treatments over time. Thus the SRR and the rate of release of sulfate are inversely related to each
other. This can be a difficult concept to grasp so Dana et al., (1994) used 1-SRR to directly
estimate the contribution of fertiliser S to total plant S.
Table 2.6. Sulfur application rates and mean particle diameter of Mexican dark elemental S used in
the experiment
Fertiliser
Elemental sulfur
Elemental sulfur
Elemental sulfur
Elemental sulfur
Elemental sulfur
Na2SO4 in solution
Control

Particle diameter
(mm)
0.05
0.1
0.2
0.4
1.0

Level 1
2
4
16
30
200
2
0

Application Rate (kg/ha)
Level 2
Level 3
4
16
8
32
32
128
60
240
400
1600
4
16
0
0

Some results are presented here to demonstrate the effectiveness of the technique for comparing
the rates of nutrient release from different fertilisers and the subsequent uptake of these nutrients
by plants.
By the time of the first harvest the sodium sulfate fertiliser had caused a large depression in SRR
(Figure 2.1) indicating that the fertiliser was supplying a large proportion of the plant sulfur. By
comparison, the two elemental sulfur treatments did not release appreciable amounts of sulfate
until 42 days after the start of the experiment. The similar shapes of the SRR curves for the two
elemental sulfur treatments during the first 70 days indicates that sulfate release from both particle
sizes was similar over this period, even though they were applied at different application rates (16
kg/ha and 32 kg/ha).
After decreasing for 70 days the SRR from the 0.05 mm sulfur treatment began to increase in a
manner similar to the sulfate treatment, indicating that the 0.05 mm sulfur had finished oxidising
after 70 days.
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o

0.05mm S

1.00

16kg/ha

0.90

Na 2SO 4
16kg/ha

Specific
Radioactivity
Ratio

0.80

0.70

0.60
0.1mm S

o

32kg/ha

0.50
0

50

100

150

Days after application

Figure 2.1. Effect of form and particle size of sulfur on its availability to plants.
*SRR is the ratio of the S.R. of sulfur in plants from fertiliser treatments to the S.R. of sulfur in
plants from the controls.
At the end of the experiment neither treatment was making a significant contribution to the sulfur
available to the plants. Conversely, the continuing decline in the SRR curve for the 0.1 mm
treatment indicated that sulfur was being released and taken up by the plants throughout the
experiment.
Data from the experiment has been used to demonstrate the relationships between application
rate, particle size and sulfate release from fertilisers. Table 2.7 contains mean plant SRR’s and 1SRR’s for some selected treatments.
Table 2.7. The effect of particle size and application rate on the supply of S to plants
Particle Size
(mm)
0.1
0.2
0.4
0.4
0.4

Application Rate
(kg/ha)
32
32
30
60
240

Mean SRR x 100
0-140 day
126-140 day
75
57
87
66
92
85
82
68
74
58

Mean (1-SRR) x 100
0-140 day 126-140 day
25
43
13
34
8
15
18
32
26
42

For treatments with similar application rates (0.1 mm, 0.2 mm and 0.4 mm at about 30 kg/ha), the
plant SRR increased as particle size increased. This in accordance with the inverse relationship
between particle size and oxidation rates of sulfur reported in the literature.
The three 0.4 mm treatments show the relationship between application rate and sulfate release for
one particle size.
It is interesting to note that 240 kg/ha of 0.4 mm particles supplied the same amount of plant S as
32 kg/ha of 0.1 mm particles, indicating the agronomic importance of particle size distribution in
elemental sulfur fertilisers.

2.4.3

APPLICATIONS USING STABLE 34S
35

34

Either the radioactive S or the stable isotope S can be used to monitor the movement of S in the
34
soil-plant system. This study outlines the S technique used by Wen (1999) and the results
obtained.
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A

Measurement of S leaching

i The experiment
The experimental area was located 20 km south of Armidale, New South Wales, Australia. There
were three pasture treatments (degraded, phalaris dominant and phalaris/white clover) each with
two replicates. Each of the 6 experimental plots was divided into three strata, namely the top, the
middle and the lower slope areas. Two 1 m by 0.5 m areas were selected in each stratum, by
visual assessment of pasture biomass and species to be representative areas within each stratum.
34
Elemental S, 90% S enriched, was ground to pass a 250 mm sieve, and 50 mg of the sieved
sulfur was mixed with 30 g of similarly sieved sand. This mixture was evenly applied by hand on
each labelled area to give a rate equivalent to 1 kg S/ha and thus would have had only a negligible
34
effect on S dynamics, but provided a pulse of S which could be measured as it moved through
the soil-plant system under grazing
Soil cores were taken from each labelled area with a 3 cm diameter hand auger and the holes were
re-packed with the soils collected from the same site. Whole soil cores were carefully laid on a PVC
tube cut longitudinally in half to avoid contamination between depths and then sectioned into 0-5,
5-10 and 10-20 cm soil layers. After significant summer rainfall events the sampling depth was
extended to 60 cm in February.
Pasture tops were harvested from two sampling locations within the labelled area at the same time
as the soils were sampled by cutting the plants with clippers. Samples were not sorted into
component species. Pasture roots were separated from the soil cores and washed.
34

34

ii Calculation of @ S and S recovery in soil and plant
From the ratios (R) of mass 50 and mass 48 ion beams measured in an Automated Nitrogen and
Carbon Analyser connected to a Mass Spectrometer (ANCA-MS).
d(50) was calculated as follows: d(50) = (Rsample/Rstandard -1) x 1000
34

The laboratory standard used was methionine. The d S value in the sample was then calculated
based on the method of Eriksen (1996):
34

34

34

d S = d(50) x C + d S (lab. standard) +1/1000 x C x d S (lab. standard)
where C is the correction factor for oxygen normally considered as 1.046 (Eriksen 1997 pers.
34
34
comm.). The atom % S was then calculated using the d S value of all soil and plant samples
34
based on the method of Peoples et al. (1989). Using the calculated atom % S of all samples, the
34
15
S recovery in soil and plant samples is calculated in the same way as is done for N.
iii Results
S was recovered from the top 0-5cm soil layer at all samplings but only in the 5-10cm layer in
August 1995 and February 1996. The result from further soil analysis for the samples down to 1034
34
20 cm indicated no further movement of S down the soil profile as d S in December 1995 and
February 1996 samplings at 10-20 cm soil layer were similar to the background value (Figure 2.2).
34
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Figure 2.2 @ S over three samplings at three depths averaged over pasture types. Horizontal bar is
lsd (P = 0.05).
34

S recovery in pasture tops varied from 0.5 to 1.6% of that applied throughout the experiment
34
without any difference between the three pastures. There was an effect of time with S recovery
being higher in the year of application than in the second year and generally higher in summer than
winter.
34

34

Three months after S application (August 1995), 53% of the fertiliser S was recovered in soil
and plant and 47% was unaccounted for. By the end of this experiment, only 23% was recovered
whilst 77% was unaccounted for.
34

The majority of the applied S could not be accounted for in the soil and pasture. The mean
34
proportion of S unaccounted for was 58 and 73% for 1995 and 1996 respectively. These values
are comparable to the estimates of pasture S utilisation by grazing sheep. In the early experiment
35
using S, Till and May (1971) suggested that as much as 80% of the dose applied could be
removed by grazing sheep from the “hot spots” to the remainder of the pasture.
B

Rainfall S contributions to soil and herbage
34

Zhao et al., (1998) used the d S of pasture samples from the Rothamstead Park Grass
Experiment to investigate the contribution of atmospheric SO2 to plant S uptake. They found a
34
significant negative correlation between herbage d S and SO2 emissions over a 135 year period.
They also found that topsoil total and extractable S were less sensitive to the change in pollutant S
inputs. They estimated that anthroprogenic S contributed up to 50% of herbage S content at the
peak of SO2 emissions and in 1998 accounted for about 30% of S stored in the topsoil.

2.5

13

C AND 14C ISOTOPE STUDIES

2.5.1

INTRODUCTION

The study of soil organic matter (SOM) is becoming increasingly important as world agriculture
attempts to increase sustainability of soils while at the same time increase production to feed an
ever-increasing population. The use of green manures, the return of residues to the soil, the use of
pasture leys and additions of organic amendments are often used in attempts to increase SOM
which can have large benefits on both the chemical and physical fertility of the soil. Carbon is the
energy source, which drives many of the nutrient cycles that occur in the soil. A ready supply of
accessible carbon is necessary for a continuous supply of soil nutrients and to maintain soil
structure.
It can often be difficult to study the effect of these procedures on the SOM pools and soil chemical
and physical fertility because of the large amount of background carbon present in the soils. The

47

CHAPTER 2 APPLICATIONS
use of carbon isotopes can provide an easy method of tracing the additions of different plant
materials to soil carbon fractions and its influence on soil properties such as soil nutrients and soil
structure.

2.5.2

NATURAL ABUNDANCE OF C ISOTOPES
13

12

The ratio of C to C in the atmosphere can vary with different physiographic parameters such as
altitude, latitude and temperature as well as by some biological processes (Lefroy et al., 1995).
When plants fix carbon during photosynthesis there is a degree of discrimination between the
13
12
amount of C and C. Discrimination occurs during the carboxylation step in photosynthesis, with
13
greater discrimination against C in C3 (Calvin cycle) plants than in C4 (Hatch-Slack cycle) plants,
due to the greater discrimination in the primary carboxylation step of C3 plants. This primary
carboxylation step is catalysed by the enzyme ribulase biphosphate carboxylase (RuBP) resulting
13
12
in a lower C: C ratio in C3 plants than in C4. CAM plants (crassulacian acid metabolism) plants
show variable discrimination, but it is more often similar to C4 plants.
13

12

13

13

The C: C ratio is generally measured as d C. A C4 species such as maize will have a d C
o
value of approximately –12 /oo whereas in a C3 species such as wheat or rice it will be
13
approximately –26‰. The d C of SOM is comparable to that of the source plant material
(Schwartz et al., 1986) and thus every change in vegetation between C3 and C4 plants results in a
13
corresponding change in the d C value of the SOM (Lefroy et al., 1995). This means that when C3
plants are grown in soils, which had previously been under C4 vegetation (or vice versa) there is
virtually an in situ labeling of the organic matter incorporated into the soil. Cerrie et al. (1985) first
used this method in order to measure the turnover rate of organic matter in a 50-year-old
sugarcane field, after forest clearing. Schwartz et al. (1986) used this principle to investigate
changes in vegetation in the Congo while Skjemstad et al. (1990) studied the turnover of organic
matter in pastures using this method. This principle has also been used by Balesdent et al. (1987)
and Lefroy et al. (1993) to investigate changes in SOM as a result of cropping, while Bonde et al.
(1992) used it to quantify maize root derived soil C.

2.5.3

MEASUREMENT OF 13C

13

C is most often determined in CO2 produced from a solid sample combusted in a stream of
oxygen. The two pieces of equipment most commonly used are the Leco and Carlo-Erba furnaces
linked to a mass spectrometer set to measure the mass 45/44 ratio. The results are expressed as
13
d C (‰), which is not the absolute isotope ratio but that relative to a standard. The original
standard used was a limestone fossil of Belemnitella americana (PDB) from the Cretanaceous Pee
Dee formation in South Carolina, USA. Since this material is no longer available other standards
which have been cross calibrated are used.

2.5.4

CALCULATION OF PROPORTION OF ADDED RESIDUES REMAINING IN THE SOIL

The proportion of soil C derived from the C3 (or C4) plant can be calculated from (Equation 13

?=

(@f - @s )
(@r - @s )

(Equation 13)

@f is the d13C value of the soil at time t after the addition of the residues, ds is the d13C of
13
the original soil or soil of the control treatment and, @r is the d C of the C3 (or C4) plant residue

Where

added to the soil.

If the total C content C of the soil is known then the absolute quantity
(or C4) plants can be determined from (Equation 14.

X = ? ´C
The absolute quantity
15.

(Equation 14)

Y of residual carbon from the initial soil can be determined from (Equation
Y = C (1 - ? )
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Example calculation
13

In an incubation experiment 7.50 g of maize leaf with –11.5 ‰ d C was mixed into 1000g of soil,
13
which had a total C concentration of 10.00 mg/g and –23.5‰ d C and incubated for 60 days at
75% of field capacity. At the end of the experiment the total C concentration was 13.80 mg/g and
13
13
the d C value was –20.26 ‰ d C. What proportion of soil C was made up of the added maize
leaf?

?=

- 20.26 - (-23.5)
- 11.5 - (-23.5)

=

- 20.26 + 23.5
- 11.5 + 23.5

=

+ 3.24
+ 12.00

=

0.27

Therefore the added maize residue contributed 27% of the soil C after 60 days.
The total content of residue C remaining is

X = ? ´C
= 0.27 x 13830 (i.e. 13.83 mg/g x 1000g)
= 3734 mg

The total quantity of native soil C remaining is

Y = C (1 - ? )

= 13830 (1- 0.27)
= 10096 mg
or
The total concentration of residue C in the soil is

X = ? ´C
= 0.27 ´ 13.83 mg/g
= 3.73 mg/g

The total concentration of native soil C remaining is

Y = C (1 - ? )

= 13.83 (1-0.27) mg/g
= 10.10 mg/g
Exercise
13

Lefroy et al. (1993) measured changes in soil organic C and the d C signature of surface soil
under different vegetation on a Vertisol at Warra in SE Queensland. The site was originally under
-1
13
brigalow scrub (C3 photosynthetic pathway) with an organic C content of 30.1 g kg and d C of 24.6 ‰. The site was clear felled in the early 1900s and soon became heavily infested with prickly
pear (Opuntia inermis) which rendered it useless for any agricultural enterprise. The prickly pear is
13
a CAM species with a d C signature of - 11.4 ‰. It was destroyed by the larvae of an introduced
moth, Cactoblastis cactorum, in the 1930s. Between then and 1992 the site produced about 40
-1
annual crops of winter cereals (C3 pathway). The organic C content in 1992 was 7.8 g kg with a
13
d C of - 22.0 ‰.
Using the information in this section answer the following questions.
Q. 1. What percentage of the soil organic C in 1992 was prickly pear C ?
Q. 2. What percentage of the original brigalow C had been lost in 1992 ?
Answers.
Q. 1.

20 %

Q. 2.

79 %
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2.5.5

THE “BOMB” 14C TECHNIQUE
14

137

During the 1950s and 1960s C and Cs were deposited over the entire surface of the earth from
137
atmospheric testing of nuclear devices. The Cs technique has been widely used to assess the
137
amount of soil deposition that has occurred by measuring how deep the Cs layer is beneath the
current soil surface.
14

Rafter and Stout (1970) and Stout and O’Brien (1973) pioneered the “bomb” C technique. O’Brien
(1984) used this method to investigate the effects of pasture improvement and earthworms on
carbon input rate and decomposition time and diffusivity down the soil profile. This technique is
potentially very valuable to monitor the stability of an agricultural system and hence its
14
sustainability. The main problem in using the method in soil studies is the very low amount of C
present in the soil and the consequent difficulty and expense of analysis (Lefroy et al., 1995).
14

O’Brien (1984) provides the methodology for the “bomb” C calculations and has used the
technique to study the impacts of earthworms on organic C dynamics in a New Zealand soil. The
calculations used in this procedure are also presented in Goh (1991)
The results obtained in the study of O’Brien (1984) are presented in Table 2.8 to illustrate the utility
of the technique.
Table 2.8

Organic C dynamics of a New Zealand soil with and without introduced earthworms
(O’Brien, 1984).
Without introduced earthworms
14

Amount of “bomb” C in the
-2
6
profile (Tk) gcm ´ 10
New C added from herbage
-2
(Fo) gcm /yr
Total amount of C/unit area
-2
of soil (W) gcm
Soil C turnover time (T) yr
-2
Soil C diffusivity (K) cm /yr

36.4

With introduced earthworms
120.9

0.0048

0.0174

0.071

0.91

149
3.9

52
9.0

It is notable that the carbon input rate Fo is larger by a factor of more than 3 on the site with worms.
The profile without earthworms had a surface mat of plant litter, the carbon of which was not
included in the 0-10 cm layer. Thus Fo only includes carbon entering the soil profile and does not
include carbon that respires in the litter mat. Where earthworms were present they obviously fed on
this litter and thereby transported organic carbon into and down the soil profile, resulting in a much
larger value of the input rate Fo and a greater amount of carbon (W) in the profile. The profile with
introduced worms exhibited a much shorter decomposition time (T) of 52 years as against 148
years for the wormless pasture, indicating the presence of more metabolically active organic
carbon and more bacterial activity in the worm infested soil. The diffusivity parameter (K) is
increased by more than a factor of 2 in the worm infested soil, showing the part that earthworms
play in transforming organic carbon down the soil profile.
Data on the change in
Table 2.9

14

14

C down the profile (d C) were also obtained in this study (Table 2.9).
14

Changes in d C values in the soil profile of a New Zealand soil with and without
introduced earthworms (O’Brien, 1984)

Soil Depth (cm)

Without Introduced Earthworms
With Introduced Earthworms
14
d C (‰)
0-10
+89
+194
10-17
-11
+102
17-24
-62
-22
24-40
-121
-127
40-50
-250
-224
14
14
These data show a greater amount of “bomb” C in the profile and deeper mixing of the bomb C
organic C in the 0-17 cm horizons of the soil with introduced earthworms.
O’Brien (1984) states “The analysis carried out in this study, indicates that it is possible to calculate
organic carbon input rate, decomposition time and carbon diffusivity down a soil profile from data
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14

on the C, total carbon and soil density. This should enable this method to be more widely used in
studies on the transport and turnover of organic carbon in soils. Further work is needed on the
validity of the method in different soils and in particular to examine how widespread is the uniform
distribution of “old” carbon in soil profiles.”

2.5.6

THE USE OF 14C AND /OR 13C IN SOM STUDIES

Bingeman et al. (1953) and Hallam and Batholomew (1953) were some of the first researchers to
14
14
use C in soil chemistry studies of SOM. Since that time C has been used in numerous aspects
14
13
of SOM research. By using substrates that were labelled with C and/or C it became possible to
trace the decomposition of added plant residues with considerable accuracy, even when there
were relatively large amounts of native organic matter present. Stevenson (1986) showed that by
14
using C labelled materials it was possible to identify plant C as it became incorporated into
14
different fractions of the soil humus. Fu et al. (2000) used C labeled corn residues to study the
carbon dynamics and respiration of soil organisms in soils under different tillage regimes and were
able to estimate the carbon budget and carbon partitioning during a short period after residue
application.
13

Plant roots grown in a C-depleted CO2 atmosphere were used by Van Vuuren et al. (2000) to
study the amount of C mineralized from decomposing wheat (Triticum aestivum L. cv. Tonic) roots
13
grown under ambient and elevated CO2 concentrations. The plant roots had d C values of -38.3‰
13
and -41.1‰ (Van Vuuren et al., 2000). By using these C-depleted roots they were able to
distinguish between the root-derived C and native soil C that was mineralized. A study by Angers et
13
al (1997) showed that the use of C labelled wheat (Triticum aestivum L.) straw made it possible to
determine the fate of organic matter in water stable soil aggregates of differing sizes during the
decomposition of newly added crop residues. Wheat plants were grown in a growth chamber
13
containing 2% C-CO2 to produce a uniformly labelled straw with an enrichment of 9.060 atom%
13
13
C excess (Angers et al., 1997). Trinsoutrot et al., 2000 used C labelled oilseed rape (Brassica
napus L., cv. Star) to investigate the decomposition of the residues added to soil and to determine
how the breakdown of the plant materials related to N content, soluble C compounds, and the
cellulose and lignin content of the plant material. The labelled plant material was produced by
transferring 2-4 leaf stage spring oilseed rape plants to an airtight growth chamber. The plants
13
were then grown with continual labelling of CO2 with an isotopic excess of 3.13%, throughout the
whole growth cycle (Trinsoutrot et al., 2000).

2.5.7

LABELLING PLANTS WITH 14C AND/OR 13C
14

13

Many techniques have been developed to label plants with C and/or C. It is important to define
the purpose of the labelling as this will determine if the plant material needs to be uniformly labelled
or not. If the study is to trace the fate of C added in the residues then it is essential that the material
added be uniformly labelled. An example from the paper of Sanchez et al. (2000) of a simple
14
13
labelling chamber and the additions of C and C necessary to prepare labelled plant residues
that can be successfully traced when added to soil is presented in Chapter 4.

2.5.8

CARBON ISOTOPE FRACTIONATION AS A TOOL FOR SCREENING FOR WATER USE
EFFICIENCY

Biological and physical process “prefer” lighter isotopes, or discriminate against heavier ones.
12
13
12
CO2 diffuses more rapidly than CO2 and enzymes react more readily with CO2. In C3 plants,
13
13
rubisco discriminates against CO2 thus, C3 plants generally have a d C of -22 to -29‰ less than
the atmosphere (-6 to -8‰).
The discrimination, or fractionation, of plant material in water use efficiency or plant breeding
13
studies is usually described by D C (Farquhar and Richards, 1984). This means that values are
13
13
reported as positive, the greater the D C value the greater the extent of discrimination, lower D C
13
13
13
values indicate less discrimination against C. To convert from d C to D C the following equation
is used.

D=

@ -@
Rs
-1 = s p
Rp
1+ @p
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R is the ratio of the source and product usually reported with reference to PDB and where ds and dp
13
are the source (air –6.5 to 8.0 ‰ dependent on season and location) and product d C of plant
material, also reported with reference to PDB.
Carbon dioxide enters the leaves through stomata, however stomatal opening also allows for water
13
loss through transpiration. The rate of diffusion of CO2 across the stomatal pore is less than that
12
-3
13
of CO2 causing a discrimination of about 4.4 ×10 . In C3 plants lower D Cs are known to be
related to the decrease in the ratio of the leaf intercellular space CO2 concentration over the
ambient concentration (i.e. an increase in the CO2 diffusion gradient into the leaf) and therefore
increased water use efficiency (WUE). For C3 plants discrimination D can be partitioned into the
-3
-3
fractionation due to carboxylation (b) ca. 27×10 and the fractionation due to diffusion (a) 4.4 × 10
and the difference in internal CO2 partial pressure pi and atmospheric CO2 partial pressure pa .

D = a + (b + a)

pi
pa

Plants with high water use efficiency have mechanisms that reduce transpiration by temporal
stomatal closure and improved CO2 scavenging. Both these processes will lead to less
13
discrimination against the heavier CO2. Thus under water limiting conditions there is an inverse
13
relationship between D C and WUE. Farquhar and Richards 1984 showed that in wheat an
13
-3
increase in D C of 1 ×10 corresponded to a decrease in water use efficiency of 19%. Hubrick et
al. (1986) showed a close negative relationship between WUE and D in diverse peanut (Arachis)
germplasm. There is significant variation in water use efficiency within species due to a number of
morpho-physiological traits related to drought tolerance, including rate of gas exchange, osmotic
13
adjustment, and stomatal density. By using the D C value it is possible to get an integrated
indicator of water use efficiency under water limiting conditions.
These relationships do not necessarily hold true in C4 plants as shown in experiments with
sorghum (Hammer et al., 1997).
Measurement of discrimination by plants requires measurement of the carbon abundance ratio in
the dry matter and the atmosphere. Carbon dioxide in air can be collected by slowly passing air
through an ethanol/dry ice trap then through liquid nitrogen traps, then bleeding it into the mass
13
spectrometer. The C abundance in the plant material is analysed using a total combustion unit
linked to the mass spectrometer. Collection of plant samples for analysis can be done by taking the
whole plant and grinding it, or in some cases where this is not possible taking samples of
comparable tissues (i.e. tissues with same age). Experiments conducted at the Soil Science Unit,
Seibersdorf, have shown that good results can be obtained taking samples using an office hole
punch from comparable leaves. The advantage of this method is that it is non destructive.

2.6

ROOT ACTIVITY STUDIES USING ISOTOPE TECHNIQUES

2.6.1

INTRODUCTION

Root studies are becoming increasingly important component of crop improvement and selection
programs. The roots are responsible for plant water and nutrient uptake. Plant and microbes can
also form associations at the root level, which may significantly affect crop productivity in different
ways. There is a continuous development of new methods for studying root systems. The suitability
of one or another method depends basically on the objective(s) of the study and the available
resources. Most classical methods (visual observations and/or physical separation of roots) are
aiming at determining rooting pattern of crops but do not provide information on root activity,
growth and physiological responses to environmental factors. Isotope techniques are unique tools
to provide information to many of these. For example they offer a quick and reliable means for
determining the distribution pattern of active roots.

2.6.2
A

ISOTOPE TRACER TECHNIQUES FOR ROOT ACTIVITY STUDIES

Introduction

The tracer methodology consists basically of injecting a suitable isotope either to the soil or to
the plant. Two approaches have been adopted in the development of these isotope tracer
techniques, as follows:
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Each tree is treated with a given total P activity distributed in equal aliquots of approximately 5ml
-1
containing 1000 mg P L solution. These are inserted into 15-20 holes in a ring around the tree at
a specific depth and distance from the tree to be tested.
A wide variety of equipment and devices can be used for preparing the holes and injecting the
solution in the holes (injection points).
Plant sampling and analysis
·

Sampling is the main difference between annual (whole plants) and perennial (leaves) crops. In
the case of tree crops, two types of leaf sampling may be considered:
Bulk sample: Representative sample obtained by systematic sampling of leaves from the entire
tree, i.e.: counting the leaves and taking every fourth or tenth leaf (depending on the type and
size of tree) from every twig and branch.
Standard sample: Representative sample of leaves from a well-defined morphological position.
The sample recommended for foliar diagnosis is also used for this purpose.

·

Sampling time interval: Sufficient time (a few weeks) after the injection should elapse so that
the nutrient can be translocated and redistributed uniformly throughout the entire canopy. This
is a condition for the method to be valid. When unknown, 2 or 3 samplings are made at two
weekly intervals.

·

Sampling size: It is a function of the activity of the sample. Since the counting rates are low,
usually 5-10 g of oven-dry leaf material is used for analysis.

·

Analysis: The isotope ( P/ P) activity of leaf samples digested in HCl is determined by
counting using a liquid scintillation counter.

·

Interpretation: For each experiment, the count rates are corrected for decay to a pre-set time
32
and the results are expressed in Bq P /g dry matter.

32

33

The activity of the sample is a measure of the root activity. A relative comparison of the root
activity at different locations (injection treatments) can be made.
Sources of error
·

Soil (spatial) variability across the plantation.

·

Plant variability (genetic origin).

·

Sampling factors (type, size, time, etc.). They are the main source of experimental error. It
can be reduced to some extent by increasing the number of sub-samples, particularly in the
case of "standard" sampling. In practice, bulk sampling results in a significant reduction of the
sampling variation but it is more laborious.

·

Injection factors. Unequal probability of contact between roots and the applied isotope. This
may occur if the numbers of injection points are too small.

·

Eccentricity factor. Unequal probability of contact between roots and the applied isotope at
different distances tested. This is the case when the number of injection points per unit length
of circumference for distances close to the trunk is greater than that for circumferences further
out from the trunk.

ii Single labelling technique
32
This exercise is to illustrate the single labelling technique. A P labelled phosphate solution was
32
injected in regular patterns into the soil. The P activity in the leaves of the tree is a measure of
32
the corresponding root activity of the location where the P was injected into the soil.
Objective
To determine the area of highest root activity in a 3-year old oil palm plantation.
Application treatments
·
·
·
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Inside a clean weeded ring
At the crown's diameter
Outside the crown's diameter
1 palm = 1 experimental unit, 3 treatments x 6 replications = 18 palms
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Experimental procedure
32
-1
Injection: About 11 840 KBq P/palm as 16 injections of 5 ml 1000 mg P L solution containing
32
740 KBq P each were injected in rings around the base of the palm into the top 5 cm of the soil.

A bulk sample of leaves was taken by systematic sampling of the entire crown. Each branch
was sampled systematically by taking every tenth leaf. Midribs were removed and only centre
10 cm of each leaflet taken as subsample. After quartering, the final subsample was weighed,
oven-dried at 70°C, weighed again for dry matter determination, ashed and dissolved in 50 ml
2M HCl. The activity was determined by Cerenkov counting in a liquid scintillation analyser.
Results
32
The final results, expressed in Bq P /g dry matter, are shown in Table 2.10.

Table 2.10. Results of Cherenkov counting of leaves from palm trees after injection of
different locations
Treatment

Inside a clean weeded ring
At the crown’s diameter
Outside the crown’s diameter

1

2

312
730
120

110
942
90

Replicate
3
4
5
32
Activity Bq P/g DM
570
751
260

480
1160
20

410
1012
213

32

6

Mean

220
852
160

350
908
144

P in

Conclusions
·

The highest activity was found to be at the crown diameter.

·

Despite the high standard deviation, the differences between treatments were highly
significant.

iii Double labelling technique
32
33
In this example the double labelling technique with P and P will be illustrated.

Trees are individuals and despite the fact that all the trees in a plantation block are of the same
genetic origin, age, etc, the variability in nutrient uptake among individual trees may be large.
Improving sampling methods cannot solve this. It could be improved by substantially by increasing
the number of replications for each treatment, but this is usually too costly. Therefore, benefitting of
the availability of two radioisotopes for phosphorus, a double labelling technique was developed.
32

33

This technique consists of injecting solutions labelled with P in the locations to be studied and P
in a given location around the same tree. The difference between areas of root activity is measured
32
33
in terms of the ratio of uptake from P and P.
Objective
To determine the root activity of oil-palm trees in six different locations (combinations of distance
and depth).
Experimental procedure
-1 32
Injection: 16 injections of 5 ml 1000 mg P L
P labelled solution were given in rings according to
-1 33
the experimental treatments listed in Table 4. Similarly 16 injections of 5 ml 1000 mg P L
P
labelled solution were applied in the same "standard" location as shown in Table 2.11.
32

Table 2.11. Injection points for P and
Treatment

32

33

P
33

P injections
P injections
Distance (m)
Depth (cm)
Distance (m)
Depth (cm)
1
1
10
1
10
2
2
10
1
10
3
3
10
1
10
4
1
20
1
10
5
2
20
1
10
6
3
20
1
10
For this experiment 6 treatments x 4 replications = 24 palms were used
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Results
32
The activity of P and
presented in Table 2.12.

Table 2.12. Activities of
Treatment

33

32

P was determined in a liquid scintillation counter and the data are

P and

33

P in palm leaves.

Isotope

Replicate
2
3
Activity (Bq/g DM)
830
417
279
140
3210
1509
330
140
780
309
520
190
815
1025
660
702
938
1269
302
470
110
50
390
260

1
32

1

P
P
32
P
33
P
32
P
33
P
32
P
33
P
32
P
33
P
32
P
33
P

1050
352
3517
360
512
334
412
343
1103
370
0
358

33

2
3
4
5
6

4
610
205
2012
195
121
100
517
412
713
260
29
345

Calculations
In order to compare the root activity in the 6 locations, it is necessary to determine the ratio
33
corresponding to the actual amounts of phosphorus taken up. For this purpose, the P counts had
32
to be transformed into equivalent P counts. The following calculations were made:
33

32

The conversion factor to transform P counts into equivalent P counts was determined. Using
32
33
the data of treatment 1 (standard) where the P and P injections were made in the same
32
location. The activity of P represents the same amount of phosphorus (carrier P) taken up as the
33
32
activity of P. Thus in Treatment 1, replication 1, 1050 Bq P represents the same uptake of
33
32 33
carrier P as 352 Bq P and the corresponding ratio of P/ P is 1050/352 = 3. A similar calculation
was performed for the other replicates and this resulted in a mean weighting factor of 2.98.
33

The transformation of P counts into equivalent
each treatment are shown in Table 2.13.
33

32

P counts and the calculation of activity ratios for
32

Table 2.13. Transformation of P counts into equivalent P counts by multiplying the
2.98 and calculation of the ratio for each treatment.
Treatment
1
1
2
3
4
5
6
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32

P
32
P to P
Ratio
32
P
33
32
P to P
Ratio
32
P
33
32
P to P
Ratio
32
P
33
32
P to P
Ratio
32
P
33
32
P to P
Ratio
32
P
33
32
P to P
Ratio
33

1050
1050
1.00
3517
1080
3.30
512
995
0.51
412
1022
0.40
1103
1103
1.00
0
1067
0

Replicate
2
3
Activity (Bq/g DM)
830
417
830
417
1.00
1.00
3210
1509
990
417
3.30
3.60
780
309
1550
566
0.50
0.55
815
1025
1967
2092
0.41
0.49
938
1269
900
1401
1.04
0.90
110
50
1162
2247
0.09
0.02

33

P counts by

4
610
610
1.00
2012
581
3.50
121
298
0.41
517
1228
0.42
713
775
0.90
29
1028
0.03
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Table 2.14. Summary of results (Ratio

32

33

P/ P)

Depth (cm)
1.0
Ratio
1.00

10
Significance
20

*

Significance

*

Distance (m)
2.0
Ratio
3.40

Significance

**

3.0
Ratio
0.50

*

*

**

0.40

1.00

0.05

significant at p = 0.05,

*

**

significant at p = 0.01

**

Conclusions
·

The zone of highest root activity is located 2.0 m from the base of the tree and at 10 cm depth.

·

Root activity at 10 cm depth was always higher than at 20 cm depth.

·

The variability of ratios is less than that of activities.

2.7

USE OF 15N TO QUANTIFY BIOLOGICAL NITROGEN FIXATION IN LEGUMES

2.7.1

INTRODUCTION

Legumes play an important part in the diets of most of the people of the world, and they are second
only to cereals as a source of human and animal food. Grain legumes are a particularly important
source of protein. Although in terms of dry matter production, legumes (food legumes and
leguminous oil seeds) account for only 10% of the combined world yield of cereals and legumes,
they constitute as much as 24% of the total protein yield of these crops because of the latter's high
protein content.
One of the most important characteristics of legumes are their ability, in symbiosis with Rhizobium
bacteria, to form nodules on the root system (Figure 2.3) and to fix atmospheric nitrogen for growth.
Legumes having effective biological nitrogen fixation (BNF) can therefore be grown without
nitrogen fertiliser application. Having these characteristics, they are particularly important in
developing countries due to the often high cost and/or restricted availability of nitrogen fertiliser.

Figure 2.3. Common bean (Phaseolus vulgaris L.) nodulated by rhizobial bacteria.
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For proper management and a full realization of the benefits of this plant-microbial association, it is
necessary to estimate how much nitrogen is fixed under different field conditions. It is only after this
is known that various factors can be manipulated so as to increase the amount of N a crop derives
from the atmosphere through biological nitrogen fixation. A suitable method for accurately
measuring the amount of N crops derive from the atmosphere is therefore an important
requirement in any program aimed at maximizing biological nitrogen fixation. The objective of this
15
chapter is to illustrate the use of N methodologies to quantify above and below ground N derived
from the atmosphere through biological nitrogen fixation.

2.7.2

METHODOLOGIES

There are several methods available to measure N2 fixation (Bergersen, 1980) based on
·

increment in N yield and plant growth,

·

nitrogen balance,

·

acetylene reduction and

·

the use of isotopes of N.

The selection of methodology will depend on the objective of the work. The various methods are
compared in Table 2.15. The dry matter yield, total N, ARA and xyleme-solute methods are simple,
rapid and relatively cheap (Hardarson and Danso, 1993). These methods may be used in breeding
programs where many analyses have to be performed on plant populations and precision is of
secondary importance. When selecting plants for N2 fixation related traits, it may be important to
evaluate plants non-destructively for later production of seed from the same plants. For those
plants that can be transplanted, ARA, xylem-solute and fresh instead of dry matter yield methods
may be used. Time integrated measurement of N2 fixation and quantification of %Ndfa (percentage
N derived from the atmosphere) and total Ndfa will be particular important for field measurements
15
of various agronomic treatments and of breeding lines after the selection process. Total N, N
15
isotope dilution, A-value and N natural abundance methods will be the most suitable for such a
task, when only few and relatively accurate measurements have to be made.
Table 2.15. Comparison of methods to quantify symbiotic nitrogen fixation (Hardarson and Danso,
1993)

Direct
No reference
plant needed
Simple, rapid
and cheap
Nondestructive
Time
integrated
measure
% Ndfa
measured
Measure of kg
N/ha fixed
Small field
variability

Dry
Matter
yield
-

Total N
difference

Nodule
observations

Acetylene
Reduction

Xylemsolute

-

+

+

+

++

+

+

++

-(+)

-

+

+

+

-

15

N2

Isotope
Dilution

A-value

Natural
Abundance

+
+

-

-

-

+

-

-

-

-

+

(+)

-

-

-

-

-

-

-

-(+)

+

+

+

+

-

-

-

-(+)

++

++

+

-

+

-

-

-

-

++

++

+

+

+

-

-

?

-

+

+

?

In this chapter only some of the isotopic methods, i.e. the isotope dilution and A-value
methods are illustrated in detail and reference is made to publications describing the other
methods.

2.7.3

USE OF 15N TO ESTIMATE BIOLOGICAL NITROGEN FIXATION

In N isotopic tracer studies, the system under investigation is supplied with materials containing
15
14
15
N/ N ratios measurably different from the N natural abundance. It is also essential that the
15
nitrogen isotope ratio should again be measurably different from N natural abundance at the time
the system under investigation is sampled.
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A

Use of

15

N2
15

The earliest application of N2 in N2 fixation studies was by Burris and Miller (1941). This method
15
has been used to provide direct evidence for N2 fixation since the N concentration in plants
15
exposed to N2 is greater than the 0.3663% natural abundance if fixation occur. The extent to
15
which N is detected in the plant provides an estimate of the proportion of the plant's N that was
15
derived from fixation, and is thus a direct method for quantifying N2 fixed. The use of N2 involves
the enclosure of plants in chambers filled with the enriched gas (Witty and Day, 1978). The
environment within the chamber is, however, likely to be different from that in a field situation. Also,
it is difficult to confine plants in these chambers for long periods without affecting the growth
conditions as compared to the field environment. The isotope composition of the chamber can also
change with time due to leakage of air. Results obtained from such studies therefore tend to be
short term (hours to days) and subject to errors associated with extrapolating data from short term
studies to a growing season which involves diurnal, daily and seasonal variations (Knowles, 1980).
B

Use of enriched fertiliser or substrates

i Introduction
15
The so called N isotope dilution method and other methods based on the same principle involves
15
the growth of N2 fixing (F) and non-fixing reference (NF) plants in soil fertilized with N enriched
15
inorganic or organic fertilisers. It relies on differential dilution in the plant of N-labelled fertiliser by
soil and fixed nitrogen (McAuliffe et al., 1958; Fried and Broeshart, 1975; Fried and Middelboe,
1977). It provides an integrated measurement of amount of fixed N accumulated by a crop over the
15
15
14
growing season. The uptake of N enriched fertiliser added to soil will result in a N/ N ratio
greater than 0.3663% within the plant, the extent of which is a reflection of uptake of the labelled
15
15
N fertiliser. A decrease in the atom % N excess of the fertiliser nitrogen within the plant is an
indication of the extent to which the plant took up N from other unlabelled N sources, e.g. air.
15

The measurement of atom % N excess or % N derived from the fertiliser (%Ndff) is necessary
before BNF can be calculated. The next examples illustrate the calculation of %Ndff for non-fixing
and fixing crops:
Example 1
15
In a field experiment 50 kg N/ha of 2.501 atom % N excess ammonium sulfate was applied to a
cereal crop. At the end of the growing season plant sample from the harvested material had 0.534
15
atom % N excess. What was the % N derived from fertiliser (% Ndff)?

Calculation:

% Ndff =

atom %15N excess ( plant )
´ 100
atom %15N excess ( fertilizer)

% Ndff =

0.534
´ 100 = 21%
2.501

(Equation 16)

21% of the N in the plant was derived from labelled fertiliser and the remaining 79% was derived
from unlabelled soil N.
The same type of calculation as in Example 1 can be made for legume crops as shown in Example
2.
Example 2
15

20 kg N/ha of 5.231 % N atom excess was applied to fixing (F) and a non-fixing (NF) crops in a
15
field experiment. Plant samples from the harvested materials yielded 0.702 and 1.251 % N atom
excess for F and NF crops, respectively. What was the % Ndff for the two crops?
Calculation:

% Ndff =

atom %15N excess ( plant )
´ 100
atom %15N excess ( fertilizer)
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% Ndff F =

0.702
´ 100 = 13.4%
5.231

% Ndff NF =

1.251
´ 100 = 23.9%
5.231

In the NF crop the remaining 76.1% was derived from unlabelled soil N. However in the F crop the
remaining 86.6% was derived from the atmosphere (%Ndfa) through biological nitrogen fixation
and from soil (%Ndfs) as
% Ndff F + % Ndfs F + % Ndfa = 100
The question therefore remains what were the proportions derived from air and soil in the F crop.
To be able to calculate the relative proportion derived from these two sources the following
assumption has to be introduced:
Assumption: It is assumed that both non-fixing and fixing crops take up N from soil and fertiliser in
the same ratio, i.e.

% Ndff NF % Ndff F
=
% Ndfs NF % Ndfs F

(Equation 17)

Using equation 17 the calculation of example 2 can be continued as illustrated in the following
table:
15

NF
F
Fertiliser

Atom % N
excess
1.251
0.702
5.231

%Ndff

%Ndfs

%Ndff/%Ndfs

23.9
13.4

76.1
b
42.7

0.314
a
0.314

a

%Ndfa
0
c
43.9

According to the above assumption:
a

% Ndff NF 23.9
% Ndff F
=
= 0.314 =
% Ndfs NF 76.1
% Ndfs F

Thus

% Ndff F
13.4
=
= 42.7
0.314
0.314

b

% Ndfs F =

c

%Ndfa = 100 - %NdffF - %NdfsF

and
%Ndfa = 100 - 13.4 - 42.7 = 43.9
In this way the proportions of N from all available sources have been quantified, i.e. for the nonfixing crop (NF)
%Ndff = 23.9
%Ndfs = 76.1
and for the fixing crop (F)
%Ndff = 13.4
%Ndfs = 42.7
%Ndfa = 43.9
The methodology is certainly not accurate enough to measure decimal points so one would report
15
the %Ndfa = 44%. But what is the accuracy of the N isotope dilution method? That question will
be covered in section D below.
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There are six main variations in the use of
·

15

N labelled substrates:

15

·
·
·
·
·

the N isotope dilution method (ID) which was partly illustrated above (McAuliffe et al., 1958;
Fried and Middelboe, 1977),
the A-value method (AV) (Fried and Broeshart, 1975),
the single treatment method (ST) (Fried and Broeshart, 1981),
yield dependent model (Smith et al, 1992),
yield independent method (Chalk and Ladha, 1999) and
the natural abundance method (Amarger et al., 1979; Kohl et al., 1980).

C

The N isotope dilution method (ID)

15

This is the case when both fixing and reference plants are grown in soil to which the same amount
15
of fertiliser having the same N enrichment, has been applied, as illustrated in example 2. Thus, in
15
the absence of any supply of N other than soil and N labelled fertiliser, a fixing plant and a non15
14
fixing reference plant will contain the same ratio of N/ N, since they are taking up N of the same
15
14
15
14
N/ N composition, but not necessarily the same total quantity of N. In both plants, the N/ N
ratio within the plant is lowered by the N absorbed from the unlabelled soil. However, in the
15
14
presence of N2, and because of atmospheric N2 fixation by the fixing plant the N/ N ratio is
15
14
lowered further. The extent to which the N/ N ratio in the fixing crop is decreased, relative to the
non-fixing plant can be used to estimate N2 fixed in the field.
15

The determination of N2 fixation using this approach is depicted in Figure 2.4. By using N labelled
fertiliser, 50% of the N in the NF reference crop was derived from the applied fertiliser. Since there
are only two sources of N available to this crop,
%NdffNF + %NdfsNF = 100

(Equation 18)

or
a + b = 100
It follows from Equation 18 that the other half or 50% of the N in the plant came from the soil. This
then establishes that the ratio of soil to fertiliser N available to the non-fixing plant in this example
was 1:1.

15N

isotope dilution method

Reference crop

Legume crop
fert

soil

fert

fert N
1
Ratio of --------- = ---soil N
1

fert N
1
Expected ratio of --------- = ---soil N
1
fert
air
soil

Figure 2.4. A simplified example of how the
nitrogen fixation by grain legumes.

15

N isotope dilution technique is used to measure
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For the N2 fixing crop in Figure 2.4, there is a third source of N available to the plant, i.e. N2 from
the atmosphere. The total N in the plant can therefore be represented by the following equation:
%NdffF + %NdfsF + %Ndfa = 100

(Equation 19)

or
c + d + e = 100
The non-fixing reference crop took up N from soil and fertiliser in the ratio 1:1, and it is assumed,
as shown in Equation 17, that the same occurs in the fixing crop, i.e.

a c
=
b d
In the example %Ndff in the fixing crop was 25%. Therefore, according to Equation 17 the %Ndfs in
the fixing crop is also 25%. The remainder of the N taken up (50%) was derived from atmosphere,
since according to Equation 19: % Ndfa = 100 - (%NdffF + %NdfsF)
%Ndfa, as quantified by the
equation:

% Ndfa = (1 -

15

N isotope dilution method, is usually calculated by the following

% Ndff F
) ´ 100
% Ndff NF

(Equation 20)

Derivation of Equation 20.

Equation 20 is derived from Equation 17, Equation 18 and Equation 19 as follows:
From Equation19
e = 100 - c - d

(Equation 21)

and from Equation 17

d=

c´b
a

(Equation 22)

where according to Equation 18
b = 100 - a
From Equation 18 and Equation 22

d=

c
´ (100 - a )
a

or

d=

100 ´ c
-c
a

(Equation 23)

From Equation 19 and Equation 23

e = 100 - c - (

100 ´ c
- c)
a

or

c
e = (1 - ) ´ 100
a
or
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(Equation 24)
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% Ndfa = (1 -

% Ndff F
) ´ 100
% Ndff NF

Equation 24 can also be written as:

atom %15N excessF
% Ndfa = (1 ) ´100
atom %15N excess NF

(Equation 25)

since

% Ndff =

atom %15N excess ( sample )
atom %15N excess ( fertilizer )

´ 100

(Equation 26)

The amount of N2 fixed can be calculated according to:

Amount of N 2 fixed =

% Ndfa ´ total N in fixing crop
100

(Equation 27)

The use of Equation 24, Equation 25 and Equation 27 is illustrated in Table 2.16
Table 2.16. The following data were recorded for nodulating (F) and non-nodulating (NF) soybean
15
under field condition at the Seibersdorf Laboratory. 20 kg N/ha of N labelled fertiliser was
applied to the fixing and non-fixing crops. Only one replicate from five is shown in this
example.
Fixing
crop
Stems
Leaves
Pods
Total

Dry
matter
a
yield
(kg/ha)
4478
2743
1867
9088

b

N
(%)

d

N yield

(kg/ha)
0.63
1.90
2.58

28.2
52.1
48.2
128.5

15

e

atom N
c
excess
(%)

Ndff
(%)

N fert.
f
yield
(kg/ha)

0.152
0.158
0.132

3.16
3.28
2.74
g
3.05

0.89
1.71
1.32
3.92

h

i

Ndfa
(%)

Fixed N
(kg/ha)

26

33

The values needed for the calculation are:
·
·

15

Atom % N excess of fertiliser: 4.18
%NdffNF: 4.14 (calculated by the same method as % NdffF)

Measured values in Table 2.16
a
b
c

Dry matter yield of plant parts (kg/ha)
a
%N of each plant part in
15
a
atom % N excess of each plant part in and of fertiliser applied

Calculated values in Table 2.16
d

N yield ( kg / ha ) of each plant part =

D. M . of each plant part ´ % N
100

atom %15N excess of sample
´ 100
atom %15N excess of fertilizer

e

% Ndff =

f

N fertilizer yield ( kg / ha ) =

g

% Ndff ( weighted average) =

N yield (kg / ha ) ´ % Ndff
100
Total N fertilizer yield
´ 100
Total N yield
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% Ndfa = (1 -

h

% Ndff F
) ´ 100
% Ndff NF

or

% Ndfa = (1 i

atom %15N excessF
) ´100
atom %15N excess NF

N 2 fixed (kg / ha ) =

% Ndfa ´ total N in fixing crop
100

Example 2 continued

It is possible to use Equation 24 or Equation 25 to calculate %Ndfa for the above example

% Ndfa = (1 -

% Ndff F
) ´ 100
% Ndff NF

% Ndfa = (1 -

13.4
) ´ 100 = 43.9%
23.9

or

atom %15N excessF
% Ndfa = (1 ) ´100
atom %15N excessNF
% Ndfa = (1 -

0.702
) ´ 100 = 43.9%
0.251

15

i Assumption made by the N isotope dilution methodology
15
The assumption made in Equation 17 is the only assumption made in the N isotope dilution
methodology. It is assumed that both fixing and non-fixing plants take up nitrogen from soil and
fertiliser in the same ratio. For this to be true the fixing and the non-fixing crops have to meet the
following conditions (Witty, 1984):
·

Either fertiliser distribution is even with depth or that the legume and reference crops have
spatially similar nutrient uptake profiles, i.e. the root systems should be similar.

·

The contribution of seed N should be negligible, which is not always true especially if the plants
are harvested early in the growing season.

·

It is implicit in the calculation that the enrichment of plant available soil N remains constant with
time or that the legume and control have similar N uptake patterns. In practice when fertiliser N
is added as a single application the enrichment of plant available soil N declines with time; and
this decline can vary between the legume and the control plant. Depending on whether the
control takes up soil nitrogen faster or slower than the legume, the calculated nitrogen fixation
rate will be greater or less than the true value (Witty, 1983). Errors due to making this
assumption may be reduced by the use of slow-release N fertiliser and by choice of a control
plant which closely parallels the legume in its nitrogen uptake. (Witty, 1984).

D

Accuracy of measurements of N2 fixation

The accuracy and precision of the isotope dilution method depends to a great extent on
selecting a suitable NF reference crop. The selection of the appropriate reference plant is crucial,
and it is essential to observe the following:
·
·

64

That the reference crop does not itself fix nitrogen. This can, if necessary, be checked very
quickly, using the acetylene reduction assay.
The rooting depths of both reference and fixing crops should be similar, or both crops should
derive all of their N from the same zone.
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·
·
·

Both N2 fixing and reference crops should go through similar growth or physiological stages,
and mature at about the same time.
Both N2 fixing and standard crops should be planted and harvested at the same time.
Both crops should be affected in similar fashion by changes in environmental conditions, such
as temperature and water, during growth period.

For estimating N2 fixed in grain legumes, the following NF reference crops have been used:
·
·
·

A non-legume, non-fixing plant.
A non-nodulating legume plant.
An uninoculated legume plant in soils devoid of the appropriate strains of Rhizobium.

Although one does take care of the above conditions there is no guarantee that the measurement
of BNF is correct. Only through several experiments one can gain confidence in the system one is
working with and a feeling for the accuracy of measurements.
15

Methods based on the dilution in the plant of N labelled fertiliser by N derived from the
atmosphere and soil potentially offer accurate methods to quantify symbiotic nitrogen fixation.
Variations are, however, often found depending on the non-fixing standard crop (Wagner and
Zapata, 1982). This has been found to be mainly due to differences in N uptake patterns of the
15
14
legume and reference plants, together with a decrease in the N/ N ratio of the substrate with
time (Witty, 1983).
It has been observed at the Seibersdorf Laboratory that the N methodology is particularly accurate
when large proportions of the N in the fixing plant is derived from the atmosphere (Reichardt et al.,
1987, Hardarson et al., 1988). This prompted us to model the percentage of N derived from the
15
atmosphere in relation to N enrichment in the fixing and non-fixing standard crops and to
investigate where major errors in estimates of N2 fixation can be expected.
As shown previously, the percentage N derived from atmosphere (e) is calculated using the ID
method using Equation 24, i.e.

c
e = (1 - ) ´ 100
a

or % Ndfa = (1 -

% Ndff F
) ´ 100
% Ndff NF

where c and a are % Ndff of the fixing and non-fixing crops, respectively.
Using this equation the modelled curves for various c and a for both fixing and non-fixing crops are
shown in Figure 2.5. When c is 1% e increases very rapidly up to 80% with increased value of a. At
higher c values differences in a will not affect e to the same extent. A 10% coefficient of variation of
a (% Ndff of reference crop) produces much larger variation in e (% Ndfa) at low fixation values
(Figure 2.5 and Table 2.17).
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c=1

c=5
c=10

e = %Ndfa

c=20

c=40
c=50

c=80

a = %N dffNF

Figure 2.5. Modelled curves for e (% Ndfa) at various a (%NdffNF ) and c (% NdffF) values.
Table 2.17. Calculated values for e (%Ndfa) from various values of c (%Ndff of fixing crop) when a
(%Ndff of reference crop) has 10% coefficient of variation.
Example
1
2
3
4
5

a
20 ± 2
20 ± 2
20 ± 2
20 ± 2
20 ± 2

c
18
12
8
4
2

e
0 - 18
33 - 45
55 - 64
78 - 82
89 - 91

Range (%)
18
12
9
4
2
15

It is clear from the above modelling that methods based on the dilution in the plant of N labelled
fertiliser by N derived from atmosphere are potentially accurate methods to quantify N2 fixation
when a large proportion (> 70%) of the N in the fixing crop is derived from the atmosphere.
However, at lower N2 fixation levels (< 30%) the methodology is much less accurate and, under
15
14
these conditions the selection of a reference crop, and the stability of the N/ N ratio of the
substrate, is particularly important.
E

The A-value method (AV)

Often, it is necessary to apply different doses of N to fixing and non-fixing plants. As high
levels of inorganic N can depress N2 fixation it is necessary to apply low amounts of labelled N
fertiliser to the fixing crop in order to estimate N2 fixed. However, such amounts may be too low to
support the proper growth of the reference plants, especially in soils of low fertility. For these
15
reasons it is practical to give a reasonable dose of N labelled fertiliser (40-80 kg N/ha) to the
reference crop, while the fixing crop receives a low quantity (5-20 kg N/ha) (Fried and Broeshart,
1975). It is recommended to use the ID method whenever it is possible and the A-value method
when the reference crops are not able to grow due to lack of N in the soil.
When different fertiliser rates are applied to the F and NF crops n is the relative amount of
fertiliser applied, i.e. n = amount of fertiliser applied to the F crop divided by the amount of fertiliser
applied to the NF crop.
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15

The assumption (Equation 17) which was previously presented for the N isotope dilution
method is also used for the A-value methodology but n %NdffNF, which is the estimated %NdffNF at
the rate of N applied to the F crop has to be calculated in the following equation:

n ´ % Ndff NF % Ndff F
=
% Ndfs NF
% NdfsF

(Equation 28)

Example 3
15

In a field experiment two different rates of N labelled ammonium sulphate were applied to F and
15
15
NF crops, i.e. 20 kg/ha of 5.6 atom % N excess to the F crop and 60 kg N/ha of 2.5 % atom % N
excess to the NF crop. What was the %Ndfa for the F crop?
Calculation:
Fert. rate
Kg N/ha
60
20

NF
F

a

15

15

% N a.e.
(fert.)
2.50
5.60

% N a.e.
(plant)
0.40
0.08

%Ndff
16
1.4

%Ndfs
84
b
22.1

%Ndff/
%Ndfs
a
0.063
a
0.063

%Ndfa
c

76.5

n ´ % Ndff NF 0.33 ´ 16
% Ndff F
=
= 0.063 =
% Ndfs NF
84
% Ndfs F
1.4
= 22.1 %
0.063

b

%Ndfs F =

c

%Ndfa = 100 - %NdffF - %NdfsF
%Ndfa = 100 - 1.4 - 22.1 = 76.5 %

Example 3 can also be calculated using the following equation:

æ
% Ndff F
% Ndfa = 100 çç1 è n ´ % Ndff NF

ö
æ1 ö
÷÷ + % Ndff F ç - 1÷
èn ø
ø

(Equation 29)

1 .4 ö
æ
æ 1
ö
% Ndfa = 100 ç1 - 1÷ = 76.5%
÷ + 1 .4 ç
è 0.33 ´ 16 ø
è 0.33 ø
Equation 20 of the
to 1.

15

N isotope dilution method is a particular case of Equation 29 when n is equal

Derivation of Equation 29 is shown in Hardarson et al. (1991).
Table 2.18. Data were recorded for fababean (F) and barley (NF) at the Seibersdorf laboratory. 20
15
kg N/ha of N labelled fertiliser was applied to the faba bean and 100 kg N/ha to the
barley. Only one replicate from five is shown here as an example.
N fert. rate
kg N/ha
20
100

F
NF

a

Total N yield
(kg/ha)
151.7

%Ndff

b

0.877
18.17

c

%Ndfa
79

d

Fixed N
kg N/ha
120

Measured values (not shown)
Dry matter yield of plant parts (kg/ha)
%N of each plant part
15

atom % N excess of each plant part and of the fertiliser applied
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The values needed for the calculation:
15

·

Atom % N excess of fertiliser:

F: 5.64
NF: 1.00

Calculated values in Table 2.18
a

N yield ( kg / ha ) of each plant part =

b

% Ndff =

c

atom %15N excess of sample
´ 100
atom %15N excess of fertilizer

æ
% Ndff F
% Ndfa = 100 çç1 è n ´ % Ndff NF

d

D. M . of each plant part ´ % N
100

ö
æ1 ö
÷÷ + % Ndff F ç - 1÷
èn ø
ø

% Ndfa ´ total N in fixing crop
100

N 2 fixed (kg / ha ) =

This method was originally presented using the A-value concept of Fried and Broeshart (1975) with
a slightly different way of calculating BNF.
F

Single treatment method

The third variation of the isotope dilution method was introduced by Fried and Broeshart (1981). As
this method is not commonly used it will not be explained further here.
G

Yield dependent and independent models

These approaches are based on measurement of the temporal change in the isotopic composition
of the pool of available soil N which is being exploited by the legume roots. The integrated pool
enrichment is used as the reference criterion instead of the N taken up by a non-fixing plant as is
done in the isotope dilution method. The models and the equations used are explained in detail by
Smith et al (1992) and Chalk and Ladha (1999).
H

Natural abundance method

As a result of isotope discrimination effects occurring during soil formation, most soils have a
15
15
slightly higher N abundance than the atmosphere. As an outcome of this difference in N
abundance between soil and atmospheric N2, nitrogen fixing plants have been found to have a
15
lower N enrichment than non-fixing plants, and this has been used to measure BNF (Amarger et
al., 1979; Kohl et al., 1980).
In expressing the level of natural
used (Vose et al., 1982)
15
15

@ N %o = ( 15

N / 14N

15

N abundance the more sensitive expression of d

sample

14

N/ N

- 1) ´ 1000

15

N % is often

(Equation 30)

s tan dard
15

If N2 fixing plants are grown in soil which has a higher d N value than the atmosphere then %
Ndfa can be calculated according to the following equation:

% Ndfa = (1 -

15

N %o fixingcrop - @

@
@

15

15

N %o non- fixing crop - @

N %oair
15

N %oair

) ´ 100

(Equation 31)

The main advantage of this method is that no tracer has to be applied. The method is therefore
particularly useful for natural ecosystems, e.g. trees, for which it is very difficult to label the
15
substrate. However, the main limitations are the rather small differences in N abundance being
traced requiring a highly precise isotope ratio mass spectrometer and the often small difference
15
between N abundance in soils and air.

68

CHAPTER 2 APPLICATIONS

2.7.4

BELOW GROUND NITROGEN

Most studies on BNF have concentrated on the above ground plant parts and they have largely
ignored the below ground N. One might consider this a major limitation to the previous BNF work.
However, it all depends what are the objectives. It is certainly not necessary to measure below
ground N if one is screening for BNF potential in various crops or when the effect of various
agronomic practices are being investigated. If one is only interested in the measurement of %Ndfa
15
then sampling of below ground N is of no importance. The reason is that the atom % N excess in
the above and below ground plant parts are usually similar and the %Ndfa will be similar whether
above ground material or both above and below ground material was used. For enhancing BNF in
various grain legumes it is not necessary to include measurements of below ground N. However, if
the objective is to measure total amount of N fixed or N balance then it is necessary to measure
below ground N, both in the roots and in the substrate, if there is rhizodeposition occurring.
The work on below ground N has concentrated on N transfer from legumes to non-legumes.
15
15
Several isotope techniques, have been used in these studies including the N isotope dilution, N2
15
15
labelling, split root N labelling and leaf or stem N feeding. Most of these methods have shown
very little or no direct transfer of N from legumes to non-legumes when grown in mixed cropping
systems. However, some studies have been able to quantify N rhizodeposition by legumes and the
N transfer when the root system of a leguminous plant is decomposing, e.g. during or after cutting
or stress.
15

The stem N labelling technique of McNeill (1999) has been successfully used to label the root
15
systems of leguminous plants (Figure 2.7) using two ml of 0.075M urea (~20 % N atom excess)
solution.

15

Figure 2.6. Experimental set-up for stem N labelling.

Figure 2.7.

15

N stem labelling.
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Few studies have concentrated on the below ground N but it is clear that it has to receive much
15
more attention if N dynamic in cropping systems are to be fully understood. N methodologies may
become very useful in these studies.

2.8

MEASUREMENT OF SOIL N MINERALISATION USING 15N TECHNIQUES

2.8.1

NET MINERALISATION

Mineralisation is the breakdown of soil organic matter into inorganic plant available forms (Figure
2.8) . During nitrogen mineralisation organic matter is broken down to ammonium by the soil macro
and micro-organisms in a process termed ammonification. Ammonium can be further oxidised to
nitrate (nitrification) by nitrifying bacteria. Both ammonium and nitrate can be immobilised by the
microbial biomass and re-mineralized to ammonium.

2.8.2

MEASUREMENT OF NET MINERALISATION USING NON-ISOTOPIC METHODS

Using non-isotopic methods it is only possible to measure net mineralisation by mass balance as
shown in Equation 32.
Net mineralisation = ( DA + DN) + Dplant + loss

(Equation 32)

However, if plant uptake and losses are zero then net mineralisation rates can be calculated using
(Equation 33).
Net mineralisation rate =

(A t + Nt ) - ( A 0 + N0 )
t

(Equation 33)

Where A is the ammonium N pool size and N is the size of the nitrate N pool, t=time after initial
sampling which is denoted by 0.

Denitrification
Volatilisation

Plant uptake
Ammonification
Organic matter

Biomass

Nitrification
NH4

Immobilisation

+

Biomass
Immobilisation

NO3Leaching

Figure 2.8. A schematic of the nitrogen cycle.
Various methods have been used to measure net mineralisation in soil. The simplest is to take soil
samples over a set period and measure the change in ammonium and nitrate concentrations. This
is adequate if you can account for the N taken up by the plants and N losses which is not
necessarily easy to do. Therefore another approach is to eliminate the complication caused by
plants and N losses, in laboratory incubations or field incubations. In field incubations soil cores are
taken from the field, sub-sampled for analysis and then the remaining material is returned to the
soil in a plastic bag at the same depth. These are re-sampled are measured after several days and
net mineralisation rate calculated using Equation 33 (Rees et al., 1994.).
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Other methods of mineralisation measurement include preparing soil cores using either plastic
tubing or side perforated inverted aluminium soft drinks cans buried into the soil. These can be
sealed at the top to preventsoil leaching losses. Cores are sampled sequentially throughout the
growing season and inorganic N measured. In all methods, adequate replication is required to take
account of spatial variability and it is recommended that measurements of net mineralisation are
made over several days or weeks rather than hours. Another variation of this method is the use of
anion and cation exchange resin bags at the bottom of the core to determine the leaching loss
Hübner (1991).

2.8.3

GROSS MINERALISATION

Net mineralisation measurements are limited and yield little insight into the processes controlling N
turnover in soils and ignore the interaction of plant roots in N turnover. Gross mineralisation
measurements on the other hand allow us to determine the controlling parameters of organic
matter breakdown irrespective of N uptake by plants, immobilisation or leaching. Gross
mineralisation is the conversion of organic matter to ammonium and is determined using an isotope
dilution technique. The main assumption is that when organic matter is broken down it is primarily
converted to ammonium prior to nitrate (Figure 2.8) (Barraclough 1991; 1996, Kirkham and
Bartholomew 1954).
The principle of the gross mineralisation measurement is that the ammonium pool is labelled with
15
15
N and the decline in the N enrichment and change in the pool size are monitored. It is assumed
that the ammonium pool is uniformly labelled and that any losses from the ammonium pool have
15
the same N abundance as the whole pool. That is, those processes removing ammonium from
15
14
the ammonium pool will remove N and N in proportion to their presence in the pool and they will
not in themselves alter the abundance of the pool.

Therefore, the incoming gross amount of N that is mineralized can be simply determined using
isotope dilution and zero order kinetics (i.e. not dependant on the initial concentration). The rate of
mineralisation can be calculated from Equation 34 assuming that the size of the ammonium pool is
not constant. Conceptually it is simple to think of the ammonium pool as a glass containing water to
15
which some dye is added ( N label), the processes of mineralisation adds more unlabelled water
(ammonium at natural abundance) causing a dilution effect.
m =G

Log (A *0 / A *t )
Log (1 + G t/A 0 )

(Equation 34)
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-1

15

Where is the size of the ammonium pool, usually expressed in mg N kg soil , A* is the atom % N
excess in the ammonium pool, (t) time in days after (0) initial sampling, q is the observed rate at
which pool size changes, i.e. (At –A0)/t, and m is the mineralisation rate.

2.8.4

MEASUREMENT OF GROSS NITRIFICATION

The process of nitrification is usually not assumed to be limiting. Indeed Jarvis et al., (1996)
concluded that in temperate soils, with high pH it is unusual to find accumulations of ammonium, as
the nitrification rate exceeded the mineralisation rate. In some agricultural soils the nitrification rate
is so rapid it is often difficult to estimate gross mineralisation due to the rapid transition of
ammonium to nitrate, with not enough N in the ammonium pool to make an analysis.
The pool dilution technique can also be used to determine gross nitrification. However in this case
15
only the nitrate pool is labelled and the decline in the N enrichment of the nitrate pool and in the
pool size is monitored. The nitrate values are substituted for the ammonium values and thus
Equation 34 becomes Equation 35 (Barraclough 1991; Hart et al., 1994; Stark and Hart 1997).
Using this technique Stark and Hart (1997) showed that net nitrification rates significantly
underestimated the turnover rates of forest soils.
Nitrification rate =

Log (N*0 /N*t )
Log (1 + t/N0 )

Where N is the size of the nitrate pool, N* is the atom %
observed rate at which pool size changes.

2.8.5

(Equation 35)
15

N excess of the nitrate pool and q is the

MIRROR IMAGE OR CROSS LABELLING METHODS

The principle of the mirror image or cross labelling method is that experiments are identical in all
15
15
but the N label. For example soils are labelled with ammonium nitrate at 5 atom % N excess in
15
the ammonium moiety, the mirror image being soil labelled with ammonium nitrate at 5 atom % N
excess in the nitrate moiety. This would allow simultaneous determination of mineralisation,
nitrification and an assessment of re-mineralisation. These types of experiments can be very useful
in determining the complexities of nitrogen cycling (Barraclough 1997). One of the problems with
this method is that it can lead to an overestimate of the basal nitrification rate, as the ammonium
pool is made artificially larger by the addition of label which drives the process of nitrification.

2.9

THE USE OF ISOTOPES IN ORGANIC RESIDUE STUDIES

2.9.1

ORGANIC RESIDUES, GREEN MANURES AND FERTILISERS

The use of organic residues as a source of nutrients is increasingly important in many parts of the
humid tropics where inorganic N fertilisers have not proved to be economically viable. At a time
when there is increasing concern about the decline in organic matter content in tropical soils, the
use of organic residues may play a dual role as fertiliser and as a source of nutrients and organic
matter (Figure 2.9). There are three soil quality-enhancing effects of the addition of residues
recognised: i) direct nutrient supply; ii) the indirect effects of residues on the soil microclimate and
iii) the effect of residues on soil structure.
It has been shown that crop N recovery from organic inputs such as plant residues or manures is
often less than 20% (Haggar et al., 1993; Vanlauwe et al., 1996). However, it has been widely
accepted that organic inputs play a significant role in the long-term build-up of soil organic matter
and associated soil stabilisation. To maximise the potential N benefit of organic inputs it is
necessary to be able to predict the amount of N supplied to the crop from the organic inputs. This
demands an understanding of the factors controlling N supply and plant N uptake.
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Figure 2.9. Organic residues being grown in the field.
The amount of N supplied to the crop from an organic input is dependent on the mineralisation of
plant unavailable organic forms, to plant available inorganic forms of N, ammonium and nitrate.
Mineralisation is a complex process dependent on many environmental factors (Azam et al., 1993;
Muller, 1988) in addition to quality parameters of organic inputs such as N concentration, C:N ratio,
lignin and polyphenol concentrations (Seligman et al.,1986; Thomas and Asakawa, 1993; Tian et
al., 1992; Weeraratna, 1979).
15

The use of N in organic fertiliser studies has significantly advanced our understanding of N
15
release from organic materials. There are two main approaches to the use of N in organic residue
studies, the use of direct techniques, whereby plant residues or organic materials are labelled
15
directly and the fate of the N is traced, and indirect techniques in which the soil is labelled, and
15
the dilution of N in the crop receiving the residue is measured.

2.9.2
A

15

N DIRECT LABELLING TECHNIQUES

Crop residues or green manures

Crop residue or green manure studies using the direct method are relatively simple. Green
15
manures can be easily obtained by growing crops fertilised with N tracer, the above-ground or
below ground material is then harvested and added as residue to unlabelled soil where the next
crop is grown. This crop is then harvested and the percentage nitrogen in the crop derived from
added residue calculated using Equation 36 (Hauck and Bremner 1976).

%Ndfr =

atom %15 N excess in the crop
atom %15 N excess in the residue added

´ 100

(Equation 36)

The quantity of N derived from the residue can be calculated as follows

Ndfr kg =

%Ndfr
´ N in the crop
100

(Equation 37)

Percentage nitrogen derived from the applied residue can be calculated using Equation 37.
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Figure 2.11. Tree injection principle.

Figure 2.12. Tree injection technique showing needle inserted into the stem.
E

Leaf labelling or stem injection techniques for annual crops

Although there is substantial evidence of increased soil N availability following grain or pasture
legumes quantifying the N benefit remains difficult. Non-isotopic methods based on N fertiliser
equivalents do not take into consideration other benefits that legumes may confer within rotations
(Chalk 1998). McNeill et al., (1998) and Russel et al., (1996) developed isotopic methods which
allow direct in situ estimations of N benefit to the following crop to be measured using a leaf
labelling or stem feeding techniques.
McNeill et al., (1998) showed that wheat following subterranean clover recovered 27 % of the
labelled below-ground legume biomass N present at sowing, whereas wheat following serradella
only recovered 13% of the labelled legume biomass present at sowing. On a per hectare basis the
-1
below ground N benefit to the wheat was equivalent to 31 kg N ha or 80% of the grain N yield
-1
following the clover. Following seradella the N benefit to the wheat was 16 kg N ha or 56 % of the
N grain yield.
The potential of using these techniques to measure below ground N benefits has yet to be realised
and it is envisaged that over the next few years this will become a major area of research.
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F

Labelling of animal manures

15

N techniques have been used to determine N release from organic residues such as animal
manures. The principle is that plant material is labelled and this is fed to the animal and the manure
collected. The manure is then applied to the crop and the nitrogen derived from the manure
determined using Equation 39. The production of labelled manure is a complex and expensive
operation. The manure must be evenly labelled both temporally and chemically. It is also
recommended that urine and faeces be collected separately. This technique has been used to
study plant N uptake from pig, goat, poultry and sheep manures (He et al., 1994; Kirchmann 1991;
and SØrensen et al., 1994 SØrensen and Jensen 1998). The advantage of this approach is that it
allows direct measurements of plant N uptake and N loss by mass balance and allows
management strategies to be investigated.
% Nitrogen in the crop derived from the manure = Ndfm

%Ndfm =

atom %15 N excess in the crop
atom %15 N excess in the manure added

(Equation 39)

´ 100

15

Another approach is to label manure or urine by spiking with N. The manure or urine is spiked
15
with N fertiliser following collection, urine is normally spiked with urea. Stockdale and Rees (1995)
attempted this approach by labelling a variety of manures followed by anaerobic incubation,
however they concluded that there was uneven distribution of the label in the manure, which led to
difficulty in interpreting the results. Labelling of urine appears to be more successful, Bronson et al.,
(1999) labelled sheep manure and showed that one third of the urine N was lost as ammonia gas
on application to a sandy soil in an Australian summer.

2.9.3

INDIRECT TECHNIQUES
15

Indirect techniques have been used to study plant N uptake from organic residues. N tracer is
added to the soil and treatments with and without residues (no-residue controls) are set up. The no
15
15
residue controls will have an N enrichment that reflects the soil N pool and the residue
15
treatments should have a lower N enrichment due to the input of the unlabelled N coming from
15
the decomposingresidue. This is the same principle as the N dilution method for estimating
biological nitrogen fixation. Nitrogen derived from residue (Ndfr) is calculated using Equation 40. In
15
practice it has been shown that if N label and residues are applied at the same time this causes
errors associated with pool substitution (Hood et al., 1999). Thus it is recommended that the soil be
15
pre-labelled with N and left to equilibrate for up to 6 months prior to the application of residues.

æ atom % 15 N excess residue treatment ö
÷÷ ´ 100
%Ndfr = çç 1 15
è atom % N excess no residue control ø

(Equation 40)
15

Soil pre-labelling can be achieved by adding a carbon source and N fertiliser simultaneously to
soil. This technique has been tested and yielded good results in the greenhouse and compares
well with the direct technique (Hood et al., 2000). However care must be taken to ensure the
correct C:N ratio of material is added as the pre-label and that the pre-labelling takes account of
the inorganic N initially present in the soil. The ideal scenario is that all the inorganic N is
immobilized and that it is fully incorporated into the soil microbial biomass. Only when the soil has
returned to the initial levels of inorganic N concentration is the second phase of the experiment
initiated where residues or manures are added. Experiments carried out suggested that a C:N ratio
of 1:24 is approximately the correct ratio for short term experiments (Hood et al., 2000). Field
studies showed that due to problems of uniformly labelling the soil profile this method of pre15
labelling was not ideal. An alternative pre-labelling method was tested in which the N fertiliser
was applied to the crop proceeding the one that received the residues. This allowed the fertiliser to
15
be taken up by the initial crop and the N to be distributed throughout the rooting zone. The above
ground component was then removed and then left to equilibrate over winter. After this period the
second phase of the experiment was initiated in which the residues were added. This method was
tested against the direct method in the field and yielded promising results.

77

CHAPTER 2 APPLICATIONS

2.10

15

N AS A TOOL IN N LOSS STUDIES

2.10.1 INTRODUCTION
Efficient use of nitrogen by crops requires an understanding of the loss pathways and crop
demands for N throughout the growing season. One of the areas in which stable isotope
techniques have been extremely useful, is in the assessment of N losses from agricultural systems.
There are three major pathways of N losses: nitrate leaching, denitrification and ammonia
volatilisation (Figure 2.13).

Figure 2.13. Pathways of N loss.
One of the simplest ways to determine loss of labelled N from a system is to carry out a mass
15
balance of the N fertiliser applied. However, care must be taken to sample every available N pool
and minimise N losses during the sample preparation procedures, so that all possible N can be
accounted for.

2.10.2 LEACHING
Efficient use of soil N requires minimal losses by leaching. Not only is nitrate leaching a loss of a
valuable resource it is also environmentally detrimental. Nitrate can contaminate ground water and
causes accelerated soil acidification. The WHO safety limit for nitrate in drinking water is 11.3 mg
NO3 –N/L.
Nitrogen is usually leached in the form of nitrate, as ammonium is more strongly bound to the
cation exchange sites. In soils with net negative charge nitrate moves freely with the water. Two
factors determine the rate of leaching: 1. The quantity of water passing across the surface of
interest, 2. The concentration of nitrate in the water. Rainfall intensity and surface soil conditions
determine the rate at which the water enters the soil. The soil structure and size and shape of the
soil pores determine the rate and distance that the water moves through the soil and thus the rate
of nitrate leaching. In heavier textured soils water moves through cracks and macropores, and the
rate of movement through the soil aggregates may be very different than through the pores.
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Understanding these complex processes has been aided by computer models as discussed in
Chapter 6. However models require validation and isotopic techniques have been extremely useful
in this regard.
15

By labelling the soil with N-labelled nitrate or urea it is possible to trace the fate of fertiliserderived nitrate down the soil profile. This can be achieved by taking sequential soil cores or by
using suction cups, tensionic samplers, mini lysimeters and other techniques to sample the nitrate
in the soil water (Figure 2.14). Often the nitrogen determined in soil sampling is expressed as g/g
soil while nitrate in the soil solution is g/mL. It is therefore important that the correct unit is used
when calculating nitrate leaching.
Nitrate in the soil water can be determined by a variety of analytical techniques described later in
15
the manual. The N abundance of the nitrate samples can be determined by mass spectrometry or
emission spectrometry following sample preparation using diffusion or distillation techniques
(Moutonnet and Fardeau 1997). This is a relatively simple procedure and the percentage of
fertiliser is leached over the growing season can be determined.
15

One of the main advantages of the N technique over the traditional chloride or bromide nonreactive tracer techniques is that it accounts for nitrogen transformations during the growing
season whether they are through plant uptake, immobilisation, volatilisation losses etc. Another
advantage is that it allows the impact of fertiliser as distinct from indigenous soil N to be determined
allowing better nutrient management strategies to be developed.
There have been numerous studies using these techniques showing that % loss of fertiliser N
applied is dependent on a variety of edaphic and environmental factors. In the study of Barraclough
et al., (1984) it was shown that fertiliser N leached ranged from 0.2 -18 % of applied N, increasing
with rate of fertiliser applied.

Figure 2.14. Set-up used for suction cups.

2.10.3 AMMONIA VOLATILISATION
Volatilisation is the loss of ammonia from soil to the air, usually under alkaline conditions. The
factors which control ammonia volatilisation include, fertiliser form, method of application, soil pH,
soil water content, soil cation exchange capacity, wind speed, air temperature, crop and stage of
crop growth (Freney et al., 1983). Isotopic techniques have been used to determine the percentage
of ammonia volatilised that is derived from the labelled fertiliser or urine applied therefore allowing
the primary source of the ammonium to be identified. Micro meteorological techniques are probably
the best way to determine the amount of ammonia volatilisation (Figure 2.15). Using the two
techniques in parallel has yielded a better overall understanding of ammonia losses from
agricultural systems.
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The two main agricultural systems in which volatilisation losses are a problem are wetland rice and
15
fertilised grazing systems. By labelling urine with N labelled urea, or labelling the fertiliser applied,
it is possible to trace the fate of urine N in addition to fertiliser N in grazing systems. Losses of
nitrogen from urine affected and unaffected soils were found by Black et al., (1984) to be 27 and
15
7% of the fertiliser N applied, respectively. Using the N balance method in a sheep grazing
system Bronson et al. (1999) showed that one third of urine applied N can be lost as ammonia
15
during the first three days. Monaghan and Barraclough (1993) concluded from N studies that
these large losses in urine N were probably due to increased soil water-soluble carbon, resulting
from urine addition.
In irrigated wetland rice, ammonia volatilisation is a major N loss pathway from applied fertiliser.
Work undertaken by Fillery and de Datta (1986) showed that an indirect estimate of ammonia
15
losses based on the rate of N loss from nitrapyrin and urea treatments (33% of applied N) was
similar to total N loss computed with micro-meteorological techniques (36% of applied N). Again
15
one of the main advantages of the N technique is that it allows assessment of the impact of
fertiliser N, as distinct from native ammonia losses.

Sampling head space gas
from a chamber for
denitrification
experiments

Micrometerological tower used for ammonia
volatilisation experiments

Figure 2.15 Equipment used for measuring gaseous N losses.

2.10.4 DENITRIFICATION
Denitrification is the process by which soil nitrogen is reduced to N2 gas or the gaseous oxides of
nitrogen. Estimates of N losses by denitrification vary from 3-62 % of applied N in arable soils and
loss is controlled by three primary factors oxygen, nitrate and carbon. Denitrification is an
anaerobic process, however there is evidence to suggest that there are sufficient anaerobic microsites in soils for denitrifcation to occur even in dryer soils (Smith and Arah 1992). The losses of N2
by denitrification represent a loss of fertiliser and losses of N2O are an environmental problem.
Denitrification losses of N2 and N2O have been determined using isotopic techniques and are
reviewed by Smith (1987). The advantage of these techniques is that they are direct and do not
require the use of inhibitors that may interfere with other soil processes.
A

Measuring losses of N2

One of the major problems with measuring N2 losses is the extremely high background of N2 in the
14
atmosphere. However techniques have been developed using the relative abundance of the N
15
15
and N in the N2. N2 losses can be determined by labelling the soil with highly enriched N nitrate
and then determining the abundance of the N2 over time in the head space of a closed chamber
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above the labelled plot (Hauck and Bouldin 1961; Mulvaney and Boast, 1986; Arah 1992). If it is
assumed that the initial N2 is in equilibrium and that the source of the N2 is from a single pool, the
loss of N2 can be calculated; however a triple collector mass spectrometer is required to determine
30
the molecular fraction of the N2. Modifications of the equations for a dual collector mass
spectrometer are detailed by Arah (1992) and Mulvaney and Boast (1986) and are beyond the
scope of this Chapter.
The proportion of N2 derived from denitrification (d) is given by equation 41 where the aa equals the
atom fraction of the initial gas (i.e. atmosphere), am is the atom fraction of the mixture (i.e. gas
30
collected in the chamber), and Xm is the molecular fraction of the N2. Atom fraction is the atom %
15
N excess divided by 100.

(a m - a a )2
d=
(X m - a a2 - 2a a am )

(Equation 41)

This technique offers the potential to study N2 losses directly, however it may have been under
utilised due to the complex mathematics presented in the literature. There may also be additional
problems with gas entrapment which can affect estimates of denitrification when studying flooded
systems (Chen et al., 1998)
B

Nitrous oxide emissions

Nitrous oxide (N2O) is a greenhouse gas that also contributes to stratospheric ozone depletion
-1
(Granli and BØckman, 1994). Its increasing concentration (0.25% yr ) in the atmosphere has
caused serious environmental concern. Nitrous oxide is present in relatively low concentrations
about 300 ppb (v/v) and is 310 times more radiatively active than CO2 and has a life time of 150
years. Soils are thought to be responsible for approximately half the annual N2O load on the
atmosphere (Bouwman, 1990). The methods for measuring nitrous oxide emissions from soils are
discussed by Smith and Arah (1992) and IAEA (1992). The principle sources of N2O in the soil are
the microbial processes, nitrification and denitrification. Until the 1970’s denitrification was thought
to be the only important source of N2O; however, it was demonstrated that nitrification could also
be a significant source (Bremner and Blackmer 1978; 1980; 1981).
15

Using N tracers it is possible to apportion N2O fluxes between nitrification and denitrification using
a greenhouse gas preparation system linked to the mass spectrometer. This is a relatively simple
procedure using a two source mixing model and is described in more detail by Stevens et al.(1997)
15
15
and Arah (1997). N nitrate fertiliser is applied to the soil and left for 24 h to equilibrate. The N
abundance of the N2O (am) of the head-space of a closed chamber (closed for approximately one
15
hour) above the labelled soil is determined. Simultaneously the N abundance of the inorganic
nitrate and ammonium pool is sampled. It is assumed that N2O, which is derived from the
15
ammonium pool of N atom fraction (an), is the product of nitrification and that the N2O which is
15
derived from the nitrate pool of N atom fraction (ad), comes from denitrification. This may not be
15
strictly true, but the intermediate pools will have a similar N abundance to the main pools, and
therefor the hypothesis should hold true. Thus the proportion of N2O derived from denitrification (d)
can be calculated using Equation 22:

d=

(a m - an )
(a d - an )

(Equation 42)

15

The model assumes that the N from the ammonium and nitrate pools are typical of the nitrous
oxide producing pools. In a field situation care must be taken to distribute the label evenly down the
soil profile ensuring that the N2O emissions from the unlabelled sections of the soil do not dilute the
N2O pool and thus invalidate the equations. Fortunately it is also recommended that the label be
applied in the form of nitrate which makes uniform labelling easier.
This technique was used to demonstrate that N2O emissions from nitrification were significantly
correlated with nitrification rate and that N2O from denitrification increased with increasing soil
moisture content (Stevens et al., 1997).
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2.11

THE NEUTRON PROBE FOR WATER MEASUREMENTS

2.11.1 INTRODUCTION
Soil water is critical for crop production and yields are often more closely related to soil water than
to any other soil or meteorological variables. Various methods of measuring soil water are
available, including time-domain reflectometry (TDR) and frequency-domain reflectometry (or
capacitance sensors) as well as the neutron scattering/moderation methods. Soil water
measurement based on neutron scattering has been a valuable tool for the past 50 years because
it possesses many qualities such as simplicity, reliability, repeatability, cost-effectiveness, and the
method is non-destructive.
Research on soil water and irrigation often depends on the determination of actual soil moisture at
many different experimental sites, at different depths in the soil, and with different irrigation and
other treatments. Before the development of the soil moisture neutron probe (SMNP) such
measurements were laborious and time consuming. The development of SMNP has enhanced our
ability to do research in this area and made it much easier to measure soil water in the field.

2.11.2 PRINCIPLES OF OPERATION
The neutron method of measuring soil water content uses the principle of neutron thermalization.
Hydrogen nuclei have a marked propensity for scattering and slowing neutrons. During operation,
high-energy neutrons emitted from a radioactive substance, such as radium-beryllium or
americium-beryllium, slow down by elastic collisions with atomic nuclei (thermalization). The energy
of the neutrons is reduced to about the thermal energy of atoms in a substance at room
temperature. Hydrogen, which has a nucleus of about the same size and mass as the neutron, has
a much greater thermalizing effect on fast neutrons than any other element. Subsequently, water
has a marked effect on slowing or thermalizing neutrons. Thermal neutron density is easily
measured with a detector, and may be calibrated against water concentration on a volume basis.
Electronics

Dry
Zone of measurement
Neutron source and
detector

Wet

Access tube

Figure 2.16. Diagrammatic of a neutron probe in an access tube showing the effect of soil moisture
on the zone of measurement.
The neutron probe (Figure 2.16) consists of a source of fast neutrons centered on a tube-counter of
slow neutrons. The sealed source contains a mixture of Americium 241, emitting alpha particle, and
Beryllium acting as a target. The slow neutron detector is usually filled with boron trifluoride (BF3
10
enriched in B) or helium-3. The fast neutron source and the slow neutron detector are both
contained in the probe carrier.
When alpha particles bombard beryllium nuclei, the following reaction takes place:
4
2

= + 49Be®01n +126C

(Equation 43)

The neutrons, which are products of the above reaction, have an average value of about 4.5 MeV.
Because of its high-energy, the source is protected in a shield. The strength of the sources is
generally expressed by the activity of the alpha emitter, in milli Curie (mCi) or in Becquerel (Bq).
Typical sources have activities in the range 370 to 1,850 MBq (i.e.10 to 50 mCi).

82

CHAPTER 2 APPLICATIONS
During measurement the source is lowered into the soil inside an access tube. Collisions of fast
neutrons produce slow neutrons; this process occurs most rapidly when neutrons collide with
hydrogen nuclei because their masses are almost equal. The number of thermal neutrons
registered by the detector per unit time (the count rate) is a measure of the volumetric
concentration of hydrogen nuclei (and therefore the water content) in the soil around the probe.
The shape of the soil measured by the neutron probe is approximately a sphere. The radius of
measurement is a function of moisture content, decreasing with increasing moisture. 95% of the
neutrons counted by the detector vary from 0.1 m to 0.2 m in wet soil to 0.8 m or more in dry
(sandy) soil.

2.11.3 INSTALLATION OF ACCESS TUBES
A wide range of materials, including aluminium, steel and PVC can be used for neutron probes
access tubes. However, thin wall aluminium is recommended because it is most permeable to
neutrons and does not generally corrode in soils. Steel tubing and PVC contain iron, chlorine and
hydrogen and these elements affect the sensitivity due to absorption of neutrons. Once a particular
tubing material is chosen, calibration and all experimental work must be done with the same
material.
The inside diameter of access tubes should be chosen according to the outside diameter of the
neutron probe. The outside diameter of access tubes determines the size of the soil auger used for
their installation. Tube length depends on the depth to which measurements are to be made and
should be at least 10 to 20 cm longer than the maximum measurement depth to allow the “active
center” of the probe to be placed at the desired depth.
Access tubes should also extend 20 to 40 cm above soil surface to allow the positioning of the
shield case on top of the tube. The top of the tube should be covered with a rubber stopper or
inverted aluminium can to avoid entry of water or debris. The bottom end should also be sealed to
exclude water entry. The tubes should be checked to make sure that they are free of water before
measurements are made.
The installation of the access tube requires making a hole to the desired depth and of sufficient
diameter to closely accommodate the access tube. A hand operated soil auger should be used, as
motor powered mechanical augers may cause drastic disturbance of the soil structure causing soil
compaction, churning with caught-up stones, and over-sizing. After making the hole, the access
tube should be slowly driven in. Care must be taken to ensure close contact between soil and tube
as erroneous results can occur due to air gaps, which can also allow water run down the side of the
tube.
The access tube should be installed at locations representative of the immediate surroundings and
care should be taken to avoid surface water from concentrating near the tube. A platform should be
used to prevent damage to vegetation and soil compaction (radial and below) when installing a
tube.
The following equipment is needed for a good installation of access tubes:
·
·
·
·
·

Aluminium plate
Guiding –tube made of steel with a cutting edge
Hand auger
Tube extractor
Access tubes.

Access tubes and their installation are discussed in detail by Eeles (1969) and Greacen (1981).

2.11.4 CALIBRATION
The neutron probe only measures slow neutrons. As it is difficult to describe the interactions
between slow neutrons and soils, a calibration curve is needed to convert the neutron counts to
volumetric soil water content. The relationship between counts per minute/second and the percent
moisture by volume is used. For a linear equation calibration:
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G = a + b(

R
)
Rs

(Equation 44)
3

3

where G is the volumetric water content (cm /cm ), a is the intercept, b is the slope, R is the actual
count rate and Rs is the standard count rate, measured in the shield. R/Rs is the count ratio.
The volumetric soil water content G is normally evaluated indirectly as the product of soil water
content, on a weight basis, and the dry soil bulk density.

STEPS NECESSARY TO PRODUCE A NEUTRON PROBE CALIBRATION (EVETT, 2000)
·

Make sure there is a wide range in the water content data by having both dry and wet sites.
Wet sites can be created by flooding. As soon as the profile is wetted to the desired depth
allow it to drain to ‘field capacity’.

·

Ensure adequate numbers of samples by installing at least 3 access tubes in both the wet and
dry sites, and by taking 4 samples around each tube at each depth measured with the neutron
probe. This should give enough samples so that calibration equations can be broken into soil
layers or horizons and the slopes of the calibration lines can be reliably compared between
horizons. The top 10 cm depth always requires a separate calibration equation due to loss of
neutrons to the atmosphere.

·

Ensure that samples are in as good a condition as possible. Check for compression by
observing the surface and height of soil in the cores. Likewise, see if the sample is shattered,
which would result in bulk density being too low for that sample. Samples not fulfilling these
criteria should be discarded on the spot and replaced by new ones. With 4 samples per depth
per tube, outliers can be discarded later, and there will still be enough samples to give good
average water content at each depth.

·

Ensure that the probe is at the correct depth for each reading. Stands can be built that slide
over the access tubes and keep the gauges a constant height above the soil surface (Figure
2.17). Cable stops can be set to give the desired depths of measurement.

·

Ensure that standard counts in the shield are not influenced by soil water content. Standard
counts can vary depending on whether the soil was wet from heavy rain or dry. Standard
counts have also been shown to vary with temperature. Lower standard counts are normally
o
observed with higher temperatures. A change of 30 C has been shown to give a change in
3
3
measured water content of 0.006 m / m .

2.11.5 FACTORS AFFECTING NEUTRON PROBE MEASUREMENTS
·
·
·
·
·
·

Soil water content measured by direct soil sampling does not necessarily represent the soil
water content within the sphere of influence of a neutron probe.
The field calibration relationships are influenced by soil horizons, which differ in chemical
composition and soil bulk density.
Bound water in clay minerals and soil organic matter.
Soil compaction.
Calibration in gravelly soil.
Soil cracking.

Instructions for the operation of SMNP and field calibration methods are described in several
publications including Gardner (1986), Greacen (1981) and Bacchi et al. (2001).
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Figure 2.17. A CPN model 503DR neutron probe mounted on a stand, which has been placed over
an access tube. The feet of the stand are designed to fit between plants in a row, yet provide
enough surface area to not sink into the soil. The protrusion of the access tube above the soil
surface prevents the stand from falling over (Evett, 2000).

2.11.6 NUMBER OF MEASURING SITES
The number of sites needed to achieve a given accuracy can be calculated, if the standard
deviation of estimated water storage is known:

N = t 2s2 / D2

(Equation 45)

where N is the number of measuring sites, t is the tabulated value of t for the probability level p, s is
the variance of the measurements and D is the specified deviation from the true mean which is to
be estimated.
For 95% probability, using an approximate t value of 2.0, for s = 10 mm and D = +5 mm

N = 4 x 100/25 = 16 sites.
In studies that compare different treatments, the number of measuring sites needed in each
treatment, to achieve a specified least significance difference (LSD) between treatments, is given
by:

N = 2t 2 s 2 /( LSD) 2

(Equation 46)

where LSD is the 5% least significant difference.
For example, if s = 10 mm, to achieve a 5% LSD of 10 mm, one would need

N = 2 x 4 x 100/100 = 8 measuring sites

2.11.7 ADVANTAGES
·
·
·
·
·
·

Simplicity, repeatability, dependability and reliability.
Equipment is relatively portable.
Fast, economical, non-destructive way of monitoring soil water.
Spatial (depth) and temporal soil moisture changes can be monitored.
Relatively easy to install.
A large volume of soil is measured, providing more accurate measurements of soil moisture
than most other methods in large-scale studies.

2.11.8 DISADVANTAGES
·

Escape of neutrons to the atmosphere at shallow depths (<15 cm) can result in underestimated
soil moisture unless a special calibration curve is established for these depths.
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·
·
·
·

The large sphere of influence can render small-scale moisture measurements inaccurate, e.g.
in the presence of abrupt moisture changes or in layered soil.
Health risks, since it contains a radioactive source.
Licensing, training and safety regulations pertaining to radioactive sources make their use
expensive and do not allow operations such as unattended monitoring. Only trained personnel
are allowed to operate the equipment.
Transport, storage and disposal of gauges are also becoming expensive.

2.11.9 APPLICATIONS
The amount of soil water stored between two depths L1 and L2 at any time t is given as:
L2

S L2 - L (t ) = ò G ( z, t )dz
1

(Equation 47)

L1

where S is the equivalent depth of soil water stored measured in cm, G is volumetric water content
3
-3
(cm cm ) and z is vertical position coordinate (cm), positive downwards from the soil surface.
When L1 = 0, i.e. from the soil surface, the integration is then made over the entire soil profile to
depth L2.
Equation (47) can be written as:

S L2 - L1 (t ) = G ( L2 - L1 )

(Equation 48)

where G is the average soil water content in the interval L1-L2.
Example 1

Given the count ratio and soil water contents in Table 2.20, calculate the soil water storage
between depths.

Table 2.20. Count ratios and soil water contents as a function of soil depth for a cereal crop.
Depth (cm)
25
50
75
100
125
150

Count Ratio (CR)
0.494
0.485
0.503
0.473
0.465
0.471

3

-3

Soil water content (cm cm )
0.420
0.410
0.429
0.398
0.389
0.396

Using equations (5) and (6), the soil water storage between various depth intervals can be
calculated:

S 0-150 = 0.407(150 - 0) = 61.1 cm
S 50-100 = 0.412(100 - 50) = 20.6 cm
where 0.407 and 0.412 are the average moisture contents between intervals 0-150 cm and 50-100
cm, respectively.
Example 2

The soil water balance is a computation of water gains and losses of a given agro-ecosystem
during a specified time interval (,t) for a thickness L of soil. The soil water balance can be written
as:

P + I - E - R - D = DS
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where P is precipitation, I is irrigation water, E is evapotranspiration, R is runoff and D is deep
drainage. ,S is the change in the amount of water stored in the soil profile during interval ,t. All
terms are expressed in mm of water.
The rainfall over a 10-day period was 15 mm, a farmer irrigated his crop with 10 mm of water.
Assuming deep drainage was 2 mm and the water in the soil profile decreased 5 mm, what was the
average daily evapotranspiration rate of the crop?
Using equation (49)

P + I - E - R - D = DS L = 15 + 20 - E - 0 - 2 = -5
Answer: With E = 38 mm during the 10-day period, the E rate was 3.8 mm/ day
Example 3

The initial soil water content qi under a crop with roots distributed within the profile to a depth of 80
cm is given in Table 2.21, calculate the net irrigation depth if it is to irrigate to field capacity qFC.
Table 2.21. Initial and field capacity water contents of the soil
Soil Layer

Depth (cm)

GFC

Gi

1

0-20

0.30

0.18

2

20-50

0.28

0.19

3

50-100

0.27

0.19

GFC volumetric soil water content at field capacity
GI initial volumetric water content of the soil

Because the soil is stratified, the net irrigation depth is calculated separately for each layer
according to equation (49):
For layer 1, I1 = (0.30 - 0.18) x 20 = 2.4 cm
For layer 2, I2 = (0.28 – 0.19) x 30 = 2.7 cm
For layer 3, I3 = (0.27 – 0.19) x 30 = 2.4 cm
Therefore the total net irrigation depth for the rooting depth of 80 cm is 2.4 + 2.7 + 2.4 = 7.5 cm.

2.11.10

SAFETY

Exposure to radiation, including neutrons, especially at high doses, can cause detrimental health
effects. In order to achieve operational radiation safety protection and safety standards have to be
followed. The design and manufacture of commercially available neutron moisture gauges are such
that risks to the health of the user have been greatly reduced. The major concern is radiation
escape from the soil during measurement, especially in dry conditions and when the radius of
influence is large. With appropriate work practices, recorded occupational doses have been well
below recommended annual limits.
Rules for utilisation of radioactive equipment vary with each country but the general instructions are
as follows:
· The operator of the neutron probe should wear a radiation detection badge that is a dose
measurement device, every time the neutron probe is used or moved from one location to
another. The badge can be obtained from your national Atomic Energy Commission or
Authority through the designated nuclear licensing and regulatory section and must be
developed every month.
· If the operator has any doubt about use of the neutron probe, call the Safety Office or the
Person in Charge of Security in the Institute.
· The probe should have a wipe test every year to check for leakage.
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· Transport requires securing the neutron probe in the trunk or boot of a car or in the back of a
pickup or utility using a tie strap. A transport certification must be obtained. A wipe test must
also be conducted.
· When used properly neutron gauges pose minimal or negligible health and safety risks
(Oresegun, 2000).

A detailed discussion on the various aspects of the soil moisture neutron probe (SMNP) can be
found in (IAEA, 2000)

2.12

EXPERIMENTAL DESIGN,

ANALYSIS OF VARIANCE (ANOVA), LINEAR CORRELATION

AND REGRESSION

2.12.1 INTRODUCTION
The purpose of this is section to demonstrate the need to ask the right questions, to adopt the
appropriate design and to interpret statistical analyses correctly. Data should be carefully checked
before undertaking statistical analysis.

2.12.2 EXPERIMENTAL DESIGN
A design consists of two basic structures: the treatment structure (which is defined by the factors
and their level combinations, called treatments) and the design structure (which is specified by the
random assignment of treatments from the treatment structure of the experimental units).
Constructing an experimental design means designating the number of experimental unit and the
order of applying treatments to experimental units.
It is critical that the appropriate experimental design is used. Prior knowledge about the source of
variation in the glasshouse or in the field site is of considerable advantage. If there is a gradient of
light and/or temperature in one direction across a glasshouse, or a fertility gradient down the slope
in a field site, then the treatments must be blocked across that gradient so that the differences
between blocks is accounted for in the block effect in the ANOVA and not confounded with the
treatment effect. If a gradient exists in two directions at the experimental site then this can be
accounted for by using a latin square design.
The number of factors to be investigated in an experiment will determine if a one way or two way
ANOVA is used.
In some situations it may be preferable to consider many levels of application of one or more
factors rather than a few levels replicated several times. In this instance regression analysis would
be appropriate.

2.12.3 ANOVA
When you wish to compare more than two treatments or sample means, a null hypothesis is a
useful technique to make decisions about hypotheses.
Null hypothesis H0: A=B
Alternative hypothesis H1: A¹B
ANOVA - statistical technique for analyzing observations depends on the simultaneous operation of
a number of effects. The total variance, expressed as the sum of squares of deviation from the
grand mean, is partitioned into components corresponding to the various sources of variation in the
data. The goal is to estimate the magnitude of the effects and their interactions, and to decide
which ones are significant. In most experimental situations where isotopes are used a 5% level of
probability is used.
A summary ANOVA table is presented in Table 2.22.
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Table 2.22. Summary table of analysis of variance
SOURCE OF

Term

VARIATION
Replicates
Factor A
Factor B
Interaction
Error
TOTAL

R
A
B
AB

Number of degrees
of freedom

Sum of
squares

Mean
square

Observed F

Df

SS

MS

F Exp

r-1
i-1
j-1
(i-1)(j-1)
Total SS – (SS
of all other terms
above)
n-1

Required F for
significance

P=0.05

P=0.01

VARIANCE

Because of the prominence of analyses in Excel outputs from Excel for various experimental
designs are presented below.
A

The completly randomized design Single factor ANOVA

This is a design in which the runs are assigned randomly to treatments. The runs are viewed as a
random sample from a normal distribution.
The one-way analysis of variances contains only one effect A , each level having K observations:
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Example 1.:

The Complete Randomized Design

mean

T1

T2

T3

T4

R1

80

90

80

90

R2

70

80

70

100

R3

60

85

75

110

R4

50

100

65

120

R5

60

95

85

100

S

320

450

375

520

mean

64

90

75

104

Anova: Single Factor

1665

from Excel

SUMMARY
Groups

Count

Sum

Average

Variance

T1

5

320

64

130

T2

5

450

90

62.5

T3

5

375

75

62.5

T4

5

520

104

130

ANOVA

F exp.

Source of Variation

SS

Between Groups

df

0.05

0.01

MS

F

P-value

F crit

F crit

4573.8 3

1524.58

**15.84

0.00005

3.24

5.29

Within Groups

1540

96.25

Total

6113.8 19

16

2

VARIANCE s

From the F-distribution table
** denotes significant at 1% level of probability
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B

The randomized complete block design (RCBD)

Anova: Two-Factor Without Replication IN EXCEL

This is a design in which the runs are grouped into blocks such that the runs are assumed to be
homogenous with blocks. Runs are assigned randomly to treatments within blocks. The effect of
blocking is assumed to be orthogonal to the effect of factors. It is important to form the blocks on
the basis of a variable which is logically related to the outcome of the experiment because the
purpose of blocking is to control the variation of this variable. Effectively blocking reduces the
residual error, i.e. the denominator of the F test. This designed is preferred over completely
randomized design if the within-block variability is smaller than the between-block variability.
Example 2.:

The randomized complete block design
T1

T2

T3

T4

R1

90

100

100

85

375

R2

70

85

90

55

300

R3

75

80

90

50

295

R4

90

100

100

75

365

325

365

380

265

81.25

91.25

95

66.25

mean

1335

Anova: Two-Factor Without Replication from Excel

SUMMARY

Count

Sum

Average

Variance

R1

4

375

93.75

56.25

R2

4

300

75

250

R3

4

295

73.75

289.5833

R4

4

365

91.25

139.5833

T1

4

325

81.25

106.25

T2

4

365

91.25

106.25

T3

4

380

95

33.33333

T4

4

265

66.25

272.9167

ANOVA

F exp.

0.05

0.01

Source of Variation

SS

df

MS

F

P-value

F crit

F crit

Rows

1329.69

3.00

443.23

**17.61

0.0004

3.86

6.99

Columns

1979.69

3.00

659.90

**26.21

0.0001

3.86

6.99

Error

226.56

9.00

25.17

Total

3535.94

15

VARIANCE s

2

From F-distribution table
F value for both Rows and Columns exceeds
F crit at p=0.01 so effects are significant at p=0.01
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C

The Latin square design

Design for studying the effect of one factor and two blocking variables. The blocking variables and
factor must have equal number of levels. These are normally in the range of 4x4 to 12x12. The
assumption is that the two blocking variables and factor are additive, i.e. there is not interaction
among them. The levels of the factor are assigned randomly to the combinations of blocking
variable levels such that each level of a blocking n variable receives a different level of the factors.
This design eliminates two extraneous sources of variation. Examples of the layout of treatments in
rows and columns is shown below:
4X4

5X5,

6X6,

7X7,

8x8

ABCD ABCDE ABCDEF ABCDEFG ABCDEFGH
BCDA BCDEA BCDEFA BCDEFGA BCDEFGHA
CDAB CDEAB CDEFAB CDEFGAB CDEFGHAB
DABC DEABC DEFABC DEFGABC DEFGHABC
EABCD EFABCD EFGABCD EFGHABCD
FABCDE FGABCDE FGHABCDE
GABCDEF GHABCDEF
HABCDEFG
Example 3.:

The Latin Square Design
column
row

T1

T2

T3

T4

R1

B

41

A

32

D

43

C

37

153

R2

C

40

B

40

A

36

D

40

156

R3

D

45

C

36

B

39

A

33

153

R4

A

35

D

40

C

27

B

40

142

mean

161

148

145

150

40.25

37

36.25

37.5

ANOVA

F exp.

Source of
Variation

SS

df

MS

F

0.05

0.01

F crit

F crit

Rows

28.5

3

9.50

0.969

4.76

9.78

Columns

36.5

3

12.16

1.240

4.76

9.78

Treatments

179

3

59.60

*6.080

4.76

9.78

Error

59

6

9.80

Total

303

15

VARIANCE s

2

Fexp for Rows and Columns is less
than Fcrit at p=0.05 so effects are non-significant
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Factor (treatment) A is significantly larger than treatment B at the 5% significance level
A1 A2

A3

A4

mean
A

B1

9.2 12

12.2

15

12.10

B2

8.8 10

10.8

18

11.90

11.5

16.5

12.00

mean 9

11

LSD test for factor A
sd-A

0.71

t-table

LSD test for interaction AB

2.04

sd-AB

1.01

2.75
LSD(0.05)*sd-A

1.45

LSD(0.05)*sd-AB 2.06

LSD(0.01)*sd-A

1.96

LSD(0.01)*sd-AB 2.77

interaction on the B1 level
A1

A2

A3

A4

A1

A2

A3

A4

9

11

11.5

16.5

9.2

12

12.2

15

A4 15

**5.8

**3.0

**2.8

0.2

A4

17 **7.5 **5.5

**5.0

A3

12 **2.5 0.5

A3 12

**3.0

A2

11 **2.0

A2 12

**2.8

A1

9

A1 9.2

interaction on the B2 level
A1

A2

A3

A4

8.8

10

10.8

18

A4 18

**9.2

**8.0

**7.2

A3 11

2.0

0.8

A2 10

1.2

A1 8.8
CONCLUSION after LSD-test
·

On the basis of the examined factors, and their interaction, we see in the case of B1 in all
combinations except A2 and A3 the differences are very significant (**).

·

In the case of B2 differences are high significant(**) only between A4 in relation to all other
levels; and the B2 difference is NOT significant in relation to A1, A2 and A3

94

CHAPTER 2 APPLICATIONS

2.12.4 LINEAR CORRELATION AND REGRESSION
CORRELATION is interdependence between two variables, x and y. The correlation coefficient rxy
is a measure of this interdependence and it ranges between -1 and +1. A zero value indicates
absence of correlation.
REGRESSION is a collection of statistical methods using mathematical equations to model the
relationship among measured or observed quantities. The goal of this analysis is modelling and
predicting. The relationship is described in algebratic form as y=f(x)+e
Example 5.:

y

x

xy

x2

y2

yield

fertilizer

1

26

5

130

25

676

2

32

7

224

49

3

35

9

315

4

38

10

5

40

6

pred.y

residuals
yi-pr.y

(yi-pr.y)2

26

0

0

1024

31

1

1

81

1225

36

-1

1

380

100

1444

38.5

-0.5

0.25

11

440

121

1600

41

-1

1

45

12

540

144

2025

43.5

1.5

2.25

S

216

54

2029

520

7994

216

0

5.5

mean

36

9

from Excel
Regression Statistics
Multiple R

0.987

R Square

0.975

Adjusted R Square

0.968

Standard Error

1.173

Observations

6

ANOVA

df

SS

MS

F

Significance F

Regression

1

212.5

212.5

154.55

0.0002

Residual

4

5.5

1.375

Total

5

218

Coefficients

Standard
Error

t Stat

P-value

Lower 95%

Upper 95%

Lower 95.0% Upper 95.0%

Intercept=a

13.5

1.872

7.211

0.002

8.302

18.698

8.302

18.698

fertiliser=b

2.5

0.201

12.432

0.000

1.942

3.058

1.942

3.058
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 &20387(562)7:$5(
7KHUH DUH PDQ\ FRPPHUFLDO SDFNDJHV DYDLODEOH ZKLFK FDQ FDOFXODWH WKH VWDWLVWLFV UHTXLUHG IRU
DQDO\VLVRIH[SHULPHQWV+RZHYHUIHZDUHGLUHFWHGVSHFLILFDOO\WRZDUGVH[SHULPHQWDOGHVLJQ0RVW
WHQGWRFRQFHQWUDWHRQSURGXFLQJVWDWLVWLFVZKLFKDUHRQO\UHDOO\UHOHYDQWWRSDVVLYHO\DFFXPXODWHG
GDWD
&KHP6WDW6LJPD6WDW0LQL7DE6LJPD3ORW6WDW*UDSKLFVSOXV6WDWLVWLFD6\V6WDW
7DEOH&XUYH'6SOXV6$66366

 5()(5(1&(6$1')857+(55($',1*
$HNVLF$%URHVKDUW+0LGGHOERH9  7KHHIIHFWRIQLWURJHQIHUWLOL]DWLRQRQWKHUHOHDVHRIVRLO
QLWURJHQ3ODQWDQG6RLO
$LWD&5HFRXV6 $QJHUV'$  6KRUWWHUPNLQHWLFVRIUHVLGXDO ZKHDWVWUDZ&DQG1XQGHU
 
ILHOG FRQGLWLRQV FKDUDFWHUVLW]DWLRQ E\ & 1 WUDFLQJ VRLO SDUWLFOH VL]H IUDFWLRQDWLRQ (XURSHDQ
-RXUQDORI6RLO6FLHQFH±
$PDUJHU 1 0DULRWWL $ 0DULRWWL ) 'XUU - & %RXUJXLJQRQ & /DJDFKHULH %   (VWLPDWH RI

V\PELRWLF IL[HG QLWURJHQ LQ ILHOG JURZQ VR\EHDQ XVLQJ YDULDWLRQV LQ 1 QDWXUDO DEXQGDQFH 3ODQW
DQG6RLO
$PDWR0/DGG-1  6WXGLHVRIQLWURJHQLPPRELOLVDWLRQDQGPLQHUDOLVDWLRQLQFDOFDUHRXVVRLO


9 IRUPDWLRQ DQG GLVWULEXWLRQ RI LVRWRSH ODEHOOHG ELRPDVV GXULQJ GHFRPSRVLWLRQ DQG & DQG 1
ODEHOOHGSODQWPDWHULDO6RLO%LRORJ\DQG%LRFKHPLVWU\±
$QJHUV ' $ 5HFRXV 6 $LWD &   )DWH RI FDUERQ DQG QLWURJHQ LQ ZDWHUVWDEOH DJJUHJDWHV
 
GXULQJGHFRPSRVLWLRQRI & 1ODEHOOHGZKHDWVWUDZLQVLWX(XURSHDQ-RXUQDORI6RLO6FLHQFH

$UDK-50  1HZIRUPXODHIRUPDVVVSHFWURPHWULFDQDO\VLVRIQLWURXVR[LGHDQG GLQLWURJHQ
HPLVVLRQV6RLO6FLHQFH6RFLHW\RI$PHULFD-RXUQDO±
$UDK-50  $SSRUWLRQLQJQLWURXVR[LGHIOX[HVEHWZHHQQLWULILFDWLRQDQGGHQLWULILFDWLRQXVLQJ
JDVSKDVHPDVVVSHFWURPHWU\6RLO%LRORJ\DQG%LRFKHPLVWU\±
$]DP)6LPPRQV):DQG0XOYDQH\5/   0LQHUDOL]DWLRQRI1IURPSODQWUHVLGXHVDQG LWV
LQWHUDFWLRQZLWKQDWLYHVRLO16RLO%LRORJ\DQG%LRFKHPLVWU\
%DFFKL2265HLFKDUGW.&DOYDFKH0  1HXWURQSUREHVDQGWKHLUXVHLQDJURQRP\,$($
7UDLQLQJFRXUVHVHULHV,$($


%DOHVGHQW - 0DULRWWL $ *XLOOHW %   1DWXUDO & DEXQGDQFH DV D WUDFHU IRU VWXGLHV RI VRLO
RUJDQLFPDWWHUG\QDPLFV6RLO%LRORJ\DQG%LRFKHPLVWU\


%DUUDFORXJK'  7KHXVHRIPHDQSRRODEXQGDQFHVWRLQWHUSUHW 1WUDFHUH[SHULPHQWV3ODQW
DQG6RLO±


%DUUDFORXJK'  7KHGLUHFWRU0,7URXWHIRUQLWURJHQLPPRELOL]DWLRQ$ 1PLUURULPDJHVWXG\
ZLWKOHXFLQHDQGJO\FLQH6RLO%LRORJ\DQG%LRFKHPLVWU\±


%DUUDFORXJK'*HHQV(/0DJJV-0  )DWHRIIHUWLOLVHUQLWURJHQDSSOLHGWRJUDVVODQG,, 1
OHDFKLQJUHVXOWV-RXUQDORI6RLO6FLHQFH±
%HUJHUVHQ)-  (G0HWKRGVIRU(YDOXDWLQJ%LRORJLFDO1LWURJHQ)L[DWLRQ-RKQ:LOH\ 6RQV
&KLVFKHVWHUS
%LQJHPDQ&:9DUQHU-(0DUWLQ:3  7KHHIIHFWRIWKHDGGLWLRQRIRUJDQLFPDWHULDOVRQ
WKHGHFRPRVLWLRQRIDQRUJDQLFVRLO6RLO6FLHQFHRI$PHULFD3URFHHGLQJV
%ODFN $ 6 6KHUORFN 5 5 6PLWK 1 3 &DPHURQ . & *RK . 0   (IIHFW RI SUHYLRXV XULQH
DSSOLFDWLRQ RQ DPPRQLD YRODWLOL]DWLRQ IURP  QLWURJHQ IHUWLOLVHUV 1HZ =HDODQG -RXUQDO RI
$JULFXOWXUDO5HVHDUFK
%RQGH 7 $ &KULVWHQVHQ % 7 &HUUL & &   '\QDPLFV RI VRLO RUJDQLF PDWWHU DV UHIOHFWHG E\

QDWXUDO &DEXQGDQFHLQSDUWLFOHVL]HIUDFWLRQVRIIRUHVWHGDQGFXOWLYDWHGR[LVROV6RLO%LRORJ\DQG
%LRFKHPLVWU\
%RXZPDQ $ )   ([FKDQJH RI JUHHQKRXVH JDVHV EHWZHHQ WHUUHVWULDO HFRV\VWHPV DQG
DWPRVSKHUH,Q6RLOVDQGWKH*UHHQKRXVH(IIHFW(G%RXZPDQ$)SS±-RKQ:LOH\1HZ
<RUN
%R[*(3+XQWHU:*+XQWHU-6  6WDWLVWLFVIRU([SHULPHQWHUV1HZ<RUN:LOH\
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CHAPTER 3
A PRACTICAL GUIDE TO USING NUCLEAR TECHNIQUES IN THE
LABORATORY, GLASSHOUSE AND FIELD
3.1

GENERAL LABORATORY PRACTICE

3.1.1

CLEANING LABORATORY GLASSWARE

Good laboratory practice demands clean glassware. Glassware is the basic tool in laboratory
analysis and if dirty can lead to inaccurate results and wasted time. The following washing
procedures are sufficient for glassware to be used in most macro- and micro-nutrient analyses.
A. General glassware
i Initial rinsing
Immediately after use, rinse glassware in tap water to remove contaminants. For more stubborn
stains, soil residues, etc., rinsing may not be adequate and thorough scrubbing will be needed. It is
good practice to have a complete set of brushes on hand to fit large and small test tubes, funnels
and various flasks and bottles for this purpose.
ii Soaking
Completely immerse rinsed glassware in a 2% solution of phosphorus-free detergent and tap
water. Detergent concentration may be increased depending upon contamination.
Normal contamination - 2%
Heavy contamination - 5%
Persistent contamination up to 20%
Soaking should be for 2–24 hours; any longer than this and the glassware becomes slimy and the
soaking water smelly. Soaking can be conveniently carried out in plastic tubs which are easily
moved about and emptied every 2 days. Before the tubs are refilled they should be scrubbed to
remove the sediment and slime which quickly builds up during use. Ideally, water used for soaking
should be warm, say 50oC, though obviously this will cool after a few hours.
iii Final rinsing
After soaking, the glassware must be thoroughly rinsed to remove all traces of detergent and
contaminants. This is done by rinsing three times in warm tap water, followed by three rinses in
distilled water.
iv Drying
Non-volumetric glassware (e.g. beakers, plasticware, bottles, etc.) is dried by placing in a clean
oven at temperatures of up to 140oC or by air drying. The oven shelves should be contaminationfree (e.g. not rusty) and, ideally, stainless steel. The glassware can also be placed in stainless steel
baskets for oven or air drying.
Volumetric glassware, e.g. volumetric flasks, cannot be dried at temperatures above 80oC. The
constant expansion and contraction experienced at temperatures above this renders accurately
calibrated glassware useless.
Hanging glassware on pegs to air dry should be avoided as they are a source of contamination. An
alternative is to hang the glassware through holes which are large enough to fit most of the
glassware through but small enough to hold the base, e.g. volumetric flasks and measuring
cylinders. Glassware that is unsuitable for this method of drying, e.g. beakers, can be left in a
clean, dust free area to air-dry.
v Storage
Glassware should not be put into storage until completely dry otherwise fungal growth can occur.
As a further precaution against contamination, glassware can be covered with plastic film or lids
may be fitted.
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B. Pipettes
Due to their narrow bore, pipettes require special treatment when considering cleaning methods.
Cleaning can be facilitated by the use of a pipette soaker and washer which allows for the pipettes
to fill and empty several times until clean.
The following procedure is used for pipette cleaning:
i Initial rinsing
Rinse the pipettes in tap water immediately after use.
ii Soaking
Completely immerse pipettes in a 2% solution of detergent and tap water and leave to soak for 2–
24 hours. Ideally, the pipettes should be soaked vertically, with the tip up, in a pipette soaker.
iii Final rinsing
The pipettes must be rinsed several times with tap water, inside and out, until all detergent is
removed. Following this, rinse 3 times in distilled water. This can easily be done in a pipette
washer. Alternately, connect the pipette to a water or mechanical vacuum pump, using rubber
tubing of suitable bore, and suck the water through the pipette.
iv Drying
Dry the pipettes with 2 or 3 quick rinses of acetone. This should be done soon after the distilled
rinse but before the pipettes have air-dried and formed water marks inside the tube. This is best
done by sucking through small volumes of acetone and air successively. Allow all acetone to
evaporate; drain by leaving pipettes upright before storing.
C. Acid soaking
Glassware, including pipettes, which is to be used for micro-nutrient analysis should be acidwashed to minimise contamination. It is important to note that acid should not be allowed to come
into contact with a piece of glassware before the detergent is thoroughly removed. If this happens,
a film of grease may be formed and, in the case of pipettes, this causes inaccurate delivery.
When working with acid observe the usual safety procedures by wearing protective glasses and
gloves. It is important to note that coloured rubber gloves sometimes contain trace elements which
may contaminate the glassware when handled. An alternative is to use disposable plastic gloves.
To acid-soak glassware, follow the washing procedures described, including Rinsing step above.
Then:
i Acid soak
Completely immerse the glassware in 10% nitric acid or 10% hydrochloric acid made up in distilled
water. The glassware is left to soak overnight.
ii Rinsing
After soaking rinse 3 times in ultrapure (i.e. distilled-deionized water).
iii Drying
Dry glassware in a clean, stainless steel shelved oven or air-dry in a warm dust-free environment.
Pipettes should be air-dried. Do not use acetone as it may leave trace contamination.

3.1.2

EQUIPMENT MAINTENANCE

NOTE: It is essential that the Instruction Manuals supplied with laboratory equipment be read, as
they generally give a simple and concise guide to maintenance, use and problem-solving.
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A. Care of balances
Never move the balance when the power is on or if the balance has not been correctly locked.
Check that the balance is level; if not, operate the adjustable feet until the spirit level bubble is
centrally located in the viewer. Adjustments to the level should only be done when the balance is
turned off.
Ensure balance is clean and tared prior to use.
Ensure all doors on the weighing chamber of an analytical balance are fully closed and the reading
is stable prior to recording the weight.
Never allow any liquid or solid chemical to come into contact with the pan as corrosion and
incorrect weighing will result.
Ensure balance has been recently calibrated prior to use and that both accuracy and precision are
good.
Cover the balance, if possible, when not in use.
Ideally, the balance should be left connected to the power supply and switched on so that thermal
equilibrium is maintained. If balances must be switched off, allow for a warming-up period to
achieve thermal equilibrium.
Locate all balances on a solid base in an area away from direct sunlight, air currents (e.g. fans,
doors, open windows) and vibrations.
B. Care of pH meters
Locate the meter in an area of the bench which is free from other instruments to minimise electrical
interference.
If possible, store the meter in a moisture-free environment. (This is important for all electrical
equipment.)
Standardise the pH meter daily before carrying out pH measurements.
Always calibrate with a buffer which is as close as possible to the unknown pH range.
i

Maintenance of pH electrodes

After measurement, remove electrode(s) from sample, wash and blot dry.
When an electrode is used intermittently, disconnect and leave in an upright position immersed in
pH buffer 4. The salt bridge should not be allowed to dry out.
Keep reference chamber topped up with electrolyte when not in use for short periods of time.
For long term storage, drain electrolyte and wash reference chamber several times with distilled
water. Stand electrode(s) in distilled water for 12 hours to remove potassium chloride from the salt
bridge. Dry and store in a box. Before use, rinse and fill with electrolyte solution, then, soak in pH
buffer 4.
ii

Cleaning of pH electrodes

Both the membrane and salt bridge must be clean at all times. Do not allow fats, oil, proteins, soil,
etc. to dry on the membrane or salt bridge.
The membrane may be cleaned with solvents, detergents or acid. Place a small amount of
acetone, ethanol, etc. on cotton wool and gently wipe the membrane. Abrasive materials must
not be used. For acid cleaning, use 20% sulfuric acid initially, followed by chromic acid if this is
unsuccessful. After cleaning, wash well with tap water and soak before use in pH 4 buffer.
To clean the salt bridge, apply a vacuum or immerse the salt bridge in boiling water for 5–20
seconds.
iii Rejuvenation
Some improvement in the response of the aged electrodes may be obtained by the following
treatment:
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Alternate the electrode between 0.1M hydrochloric acid and 0.1M ammonia for 5 min. intervals.
Rinse with water.
Recalibrate using appropriate buffers.
iv Precautions with glass electrodes
The sensitivity of the glass electrode will be affected by:
Continuous use; after which the electrode may need regenerating;
Protein buildup on the membrane, which must be removed;
Dehydrating agents (e.g. ethanol) or concentrated acids, which dehydrate the membranes.
The presence of water in the glass is essential; pH function is impaired when the glass is
dehydrated, but can be restored by subsequent immersion in distilled water for several hours
or overnight.
Temperature increase will cause a fall in pH and this must be accommodated for by either (a)
a temperature probe in the sample for automatic adjustment, or (b) knowing the temperature
of the sample when the pH is measured, then manually correcting.
Scratching or fracturing of the glass membrane. Under these circumstances, a new glass
electrode will be required. New electrodes will need conditioning by placing them in 0.lM HCl
overnight.
v Sources of error
The following are likely sources of error in pH measurement.
Solutions should be stirred when taking readings. This minimises the effect of gradients and
reduces the response time.
For best results the standard buffers and sample should be at the same temperature. If the
temperature differential is too great it may take up to 30 min for the system to regain stability.
Solutions with low conductivity, e.g. distilled H2O or non-buffered solutions, take a considerable
time to equilibrate and the pH readings tend to drift.
The salt bridge (porous plug) must be completely immersed in the solution being measured.
If the porous plug clogs up, the electrolyte will not flow freely into the sample resulting in erratic
readings.
The reference filling solution should occupy at least 2/3 of the chamber.
The electrode should be stored wet when not in use (except for long term storage, see previous
notes).
Sensitivity to [H+] is reduced if the pH sensitive glass membrane is dirty.

3.1.3

LABORATORY SAFETY

No laboratory guide can be complete without the inclusion of a segment on laboratory safety. The
following notes outline general safety instructions and chemical hazards encountered in an
analytical laboratory.
A. General safety instructions
i Dress and protective clothing
Laboratory coats and closed shoes should be worn at all times.
Protective equipment must be worn when handling chemicals and dangerous equipment (e.g.
faceshields, safety glasses, gloves, film badges, etc.)
ii Conduct in the laboratory
Note location of safety showers, fire blankets, first aid boxes, fire extinguishers and fire exits at
places of work.
Be aware of hazards related to working conditions.
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Smoking, eating and drinking should not be permitted in laboratories due to the presence of
flammable substances and the risk of ingesting poisonous substances.
Hands must be washed after handling any chemicals.
Persons engaged in any process requiring careful attention should not be distracted.
B. Housekeeping
Good housekeeping is essential. General cleanliness reduces exposure to hazards and promotes
safety, efficiency and accuracy.
Fire doors must be kept closed at all times and not obstructed.
All containers must be clearly and appropriately labelled.
Chemicals to be discarded must be disposed of immediately
(i)
(ii)

Inorganic — down the sink with plenty of water
Organic — in residue container

C. Laboratory procedures
Glassware should be used with care. Clean up all breakages.
Never pipette hazardous chemicals by mouth Use a pipette filler or an automatic dispenser.
Corrosive liquids, e.g. acids, alkalis, must be handled with care.
Hazardous or toxic chemicals, particularly those which give off strong, irritating or poisonous
vapours, should be handled in the fume cupboard.
Make up solutions by gradually adding solid to solvent. Always add acid to water when diluting.
Solvents, e.g. acetone, chloroform, are often highly flammable and sometimes poisonous. Avoid
inhaling vapour, use in small amounts and keep away from sources of ignition.
Bunsen burners must be operated on the open bench. Do not leave unattended. Flammable
chemicals must not be left near a lighted burner or hotplate. Try to eliminate "hot spots" by heating
slowly and continuously stirring. Care must be taken when heating test tubes containing solution;
point away from persons nearby.
Any electrical apparatus must be kept dry.
Winchester bottles and other large glass vessels must not be carried by the neck. One hand should
be placed below the vessel and the other around the neck.
Ventilate the work area.
D. Safety and first aid
All chemicals should be considered as potentially harmful substances. When considering the use of
any chemical for an experiment, thought should be given to any possible hazard associated with its
use. Where a dangerous substance is to be used, alternative safer chemicals should be
contemplated.
Information regarding the hazardous nature and safe use of chemicals not mentioned in these
notes may be found in one of the references given at the end of the notes. If no information is
available in the reference books, then the manufacturer should be contacted. In general, the
following rules for handling chemicals will minimize any hazard. Do not substitute these rules for
obtaining definite information. Some chemicals are more dangerous and may require special
precautions and first aid treatment.
Avoid inhaling vapour or dust.
Avoid contact of the chemical with the eyes or skin. The use of safety glasses and gloves will
facilitate this.
Do not allow mouth contact with the chemical.

109

CHAPTER 3 USING NUCLEAR TECHNIQUES
The following general advice regarding first aid in the event of an accident with a chemical will be
found useful.
Vapour or dust inhaled:

remove patient from exposure, rest and keep warm. If necessary
obtain medical attention.

Affected eyes:

irrigated thoroughly with a copious supply of running water. In
severe cases or where splashing has occurred, obtain medical
attention.

Skin contact:

remove affected clothing and thoroughly wash affected part of the
body with a copious supply of running water. It may be necessary
to obtain medical attention.

If swallowed:

wash mouth out thoroughly with water. Obtain medical attention.

ACETONE
Identification:

Colourless liquid with characteristic odour. Miscible in water.

Health hazard:

Inhalation of the vapour may cause dizziness, narcosis and coma. The
liquid irritates the eyes and may cause severe damage. If swallowed, may
cause gastric irritation, narcosis and coma.

Fire hazard:

Flammable. Flash point -18oC. Extinguish with water spray, dry powder,
carbon dioxide or vaporising liquids.

Precaution:

Avoid inhaling vapour and avoid contact with eyes. Wear safety glasses.
Use in small quantities and keep well away from sources of ignition.

First aid:

Vapour inhaled:

remove from exposure, rest and keep warm.

Affected eyes:

irrigate thoroughly with water; in severe cases or where
splashing has occurred, obtain medical attention.

If swallowed:

give plenty of water to drink. If a large amount has been
swallowed, obtain medical attention.

Spillage disposal:

Shut off possible sources of ignition. Wear face shield and gloves. Mop up
with plenty of water and run to waste, diluting greatly with running water.
Ventilate area well to evaporate remaining liquid and dispel vapour.

AMMONIUM HYDROXIDE (NH4OH)
Identification:

Colourless liquid with a pungent small.

Health hazard:

Corrosive to all tissues if inhaled, ingested or spilt on eyes or skin.

Fire hazard:

None.

Precaution:

Avoid breathing vapour and prevent contact with eyes and skin. Wear a
face shield and gloves and use a fumehood when handling the
concentrated reagent. Safety glasses may be worn instead of the face
shield when handling dilute solutions.
Release the cap of bottles of concentrated reagent with care because of
pressure buildup in bottle.

First aid:
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Vapour inhaled:

remove from exposure, rest and keep warm. In severe
cases, obtain medical attention.

Affected eyes:

irrigate thoroughly with a copious supply of water.
Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part of the body with a copious supply of running water.
Burns must receive immediate medical attention.

If swallowed:

wash out mouth thoroughly with water. Give plenty of
water to drink followed by vinegar or 1% acetic acid.
Obtain medical attention.
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Spillage disposal:

Wear breathing apparatus and gloves. Mop up with plenty of water. Run
this to waste and dilute greatly with running water.

AMMONIUM META VANADATE (NH4VO3)
Identification:

Colourless crystalline powder, soluble in water.

Health hazard:

Harmful dust which may cause irritation of the respiratory system, chest
constriction and coughing. Dust irritates eyes and may cause conjunctivitis.
If ingested, causes vomiting, excessive salivation and diarrhoea. Large
doses may damage the nervous system. The dust may cause skin irritation.

Fire hazard:

None.

Precaution:

Avoid inhaling dust. Wear safety glasses.

First aid:

If inhaled:

remove from exposure, rest and keep warm. In severe
cases, obtain medical attention.

Affected eyes:

irrigate thoroughly with water. Obtain medical attention.

Skin contact:

wash off with a copious supply of water.

If swallowed:

wash out mouth thoroughly with water. Obtain medical
attention.

Spillage disposal:

Dissolve in water and mop up and run to waste diluting greatly with running
water.

ANTIMONY POTASSIUM TARTRATE (KSbO.C4H4O6)
Identification:

White crystal, soluble in water.

Health hazard:

Poisonous. Some antimony compounds cause skin irritation and dermatitis.
If taken internally, antimony compounds may cause burning of the mouth
and throat, choking, nausea and vomiting.

Fire hazard:

None.

Precaution:

Avoid eye and skin contact. Wear safety glasses.

First aid:

Affected eyes:

irrigate with a copious supply of water.

Skin contact:

wash thoroughly with soap and water.

If swallowed:

wash out mouth thoroughly with water. Obtain medical
attention.

Spillage disposal:

The disposal of antimony compounds in any quantity must be considered in
the light of local conditions and regulations.
Burial in an isolated area can be considered, as can gradual disposal with
very high dilution, into a sewage system.

BROMINE (Br)
Identification:

Rhombic crystals or dark red liquid with characteristic odour and toxic
fumes. Slightly soluble in water.

Health hazard:

Highly toxic — even the fumes cause serious burns and blisters to the skin.
Fumes cause serious irritations to the eyes of mucous membranes and to
the respiratory system. Severe exposure may cause pulmonary oedema or
death. Bromine substances can produce depression, emaciation and, in
severe cases, psychoses and mental deterioration.

Fire hazard:

Moderate in the form of liquid or vapour by spontaneous chemical reaction
with reducing agents. May react violently with a number of substances,
some of the more common being acetone, ammonia, copper, ethanol,
phosphorus, hydrogen, potassium, sodium, lithium and mercury.

Precaution:

Highly dangerous — requires special handling. When heated, emits highly
toxic fumes; will react with water or steam to produce toxic and corrosive
fumes; can react vigorously with reducing agents.
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Avoid breathing vapour and prevent contact with eyes and skin. Keep
ammonia water on hand to neutralize any drops that contact the skin. Wear
gloves and safety glasses. Work in fume hood.
First aid:

Spillage disposal:

Vapour inhaled:

remove from exposure, rest and keep warm. In severe
cases, obtain medical attention. Apply artificial
respiration if breathing has stopped.

Affected eyes:

irrigate thoroughly with a copious supply of running
water. Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part with a copious supply of running water. Burns must
receive medical attention.

If swallowed:

wash out mouth thoroughly with water and then give
plenty of water to drink. Obtain medical attention.

Cover with a saturated solution of sodium bisulfite and 3M sulfuric acid.
Mix. Spray with H2O and scoop into a large container of H2O, neutralize
with sodium carbonate and flush to sewer with a large excess of H2O.
Wash site with a solution of sodium bisulfite followed by soap and H2O.

CHLOROFORM (trichloromethane)
Identification:

Colourless volatile liquid with characteristic colour. Immiscible with water.

Health hazard:

The vapour has anaesthetic properties, causing drowsiness, giddiness,
headache, nausea, vomiting and unconsciousness. The vapour and liquid
irritate the eyes causing conjunctivitis. The liquid is poisonous if taken by
mouth.

Fire hazard:

Slight when exposed to high heat, otherwise practically none.

Hazardous reactions: Vigorous reaction with acetone in the presence of KOH or Ca(OH)2; may
react explosively with fluorine, N2O4, Al, Li, Na, Na/methanol,
NaOH/methanol.
Precaution:

Avoid breathing vapour. Avoid contact with eyes and skin. Wear safety
glasses and use only in small quantities.

First aid:

Vapour inhaled:

remove from exposure, rest and keep warm. In severe
cases, obtain medical attention. Apply artificial
respiration if breathing stopped.

Affected eyes:

irrigate thoroughly with water. In severe cases or where
splashing has occurred, obtain medical attention.

Skin contact:

drench with water and wash thoroughly with soap and
water. Remove and air thoroughly any contaminated
clothing.

If swallowed:

wash out mouth thoroughly with water. Obtain medical
attention.

Spillage disposal:
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Instruct others to keep at safe distance. Wear breathing apparatus and
gloves. Apply dispersing agent, if available, and work to an emulsion with
brush and water. Run this to waste, diluting greatly with water. If dispersant
is not available, absorb onto sand, shovel into bucket(s) and transport to
safe open area for atmospheric evaporation. Site of spillage should be
washed thoroughly with water and detergent. Ventilate area of spillage
thoroughly to dispel vapour.
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HYDROGEN PEROXIDE (H2O2)
Identification:

Colourless liquid, miscible with water.

Health hazard:

Corrosive to all tissues. If swallowed, sudden evolution of oxygen may
cause injury by acute distension of stomach. May cause nausea, vomiting
and internal bleeding.

Fire hazard:

Strong oxidizing agent. Promotes fire. Avoid mixing with organic
substances.

Precaution:

Prevent contact with eyes and skin. Wear face shield and gloves when
handling the concentrated reagent. Safety glasses may be worn instead of
a face shield when handling dilute solutions.
Release the cap of bottles of concentrated reagent with care because of
pressure buildup in bottle.

First aid:

Spillage disposal:

Affected eyes:

irrigate thoroughly with copious supply of running water.
Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part with a copious supply of running water. Burns must
receive medical attention.

If swallowed:

wash out mouth thoroughly with water and then give
plenty of water to drink. Obtain medical attention.

Wear face shield, gloves. Mop up with plenty of water. Run to waste,
diluting greatly with running water.

HYDROCHLORIC ACID (HCl)
Identification:

Colourless, fuming liquid with pungent small; miscible with water.

Health hazard:

Corrosive to all tissues if inhaled or ingested or spilt on the skin.

Fire hazard:

None.

Precaution:

Avoid breathing vapour and prevent contact with eyes and skin. Wear face
shield and gloves when handling the concentrated reagent. Safety glasses
may be worn instead of a face shield when handling dilute solutions.

First aid:

Vapour inhaled:

remove from exposure, rest and keep warm. In severe
cases, obtain medical attention.

Affected eyes:

irrigate thoroughly with a copious supply of running
water. Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part of the body with a copious supply of running water.
Burns must receive medical attention.

If swallowed:

wash out mouth thoroughly with water. Give plenty of
water to drink, followed by milk of magnesia. Obtain
medical attention.

Spillage disposal:

Instruct others to keep at a safe distance. Wear breathing apparatus and
gloves. Spread soda ash liberally over spillage and mop up cautiously with
of water. Run this to waste and dilute greatly with running water.

MERCURIC THIOCYANATE (Hg(SCN)2)
Health hazard:

Highly toxic. Mercury is a general protoplasmic poison; it circulates in the
blood and is stored in the liver, kidneys, spleen and bone. In high doses it
affects the central nervous system.

Fire hazard:

None.

Precaution:

Dangerous when heated to decomposition or on contact with acid or acid
fumes. Emits toxic fumes.
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Avoid breathing vapour when heated and avoid breathing dust. Prevent
contact with eyes and skin. Wear safety glasses and gloves when handling.
First aid:

Spillage disposal:

Dust inhaled:

remove from exposure, rest and keep warm. In severe
cases, obtain medical attention.

Affected eyes:

irrigate thoroughly and continuously with water until
medical attention has been obtained.

Skin contact:

remove affected clothing and thoroughly wash affected
part of body with a copious supply of running water.

If swallowed:

wash out mouth thoroughly with water. Give plenty of
water to drink. Obtain medical attention.

Small quantities of the compound can be swept up, dissolved in water or
acid and run to waste at very high dilution. If burial is carried out in an
isolated area, the solid compound should first be diluted 10–20 times by
weight with sand.

NITRIC ACID (HNO3)
Identification:

Colourless or pale yellow fuming liquid, miscible with water.

Health hazard:

Corrosive to all tissues if inhaled or ingested or spilt on the skin.

Fire hazard:

Strong oxidizing agent. Promotes fire. Avoid mixing with organic
substances.

Precaution:

Avoid breathing vapour and prevent contact with eyes and skin. Wear a
face shield and gloves when handling the concentrated reagent. Safety
glasses may be worn instead of a face shield when handling dilute
solutions.

First aid:

Vapour inhaled:

remove from exposure, rest and keep warm. In severe
cases, obtain medical attention.

Affected eyes:

irrigate thoroughly with a copious supply of running
water. Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part of the body with a copious supply of running water.
Burns must receive medical attention.

If swallowed:

wash out mouth thoroughly with water. Give plenty of
water to drink, followed by milk of magnesia. Obtain
medical attention.

Spillage disposal:

Instruct others to keep at a safe distance. Wear breathing apparatus and
gloves. Spread soda ash liberally over spillage and mop up cautiously with
of water. Run this to waste and dilute greatly with running water.

PERCHLORIC ACID (HClO4)
Identification:

Colourless liquid, miscible with water.

Health hazard:

Corrosive to all tissues if inhaled or ingested or spilt on the skin or eyes.

Fire hazard:

Strong oxidizing agent. Promotes fire. Avoid mixing with organic
substances.

Precaution:

Prevent contact with eyes and skin. Wear a face shield and gloves when
handling the concentrated reagent. Safety glasses may be worn instead of
a face shield when handling dilute solutions.

First aid:

Affected eyes:

irrigate thoroughly with a copious supply of running
water. Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part of the body with a copious supply of running water.
Burns must receive medical attention.
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If swallowed:

Spillage disposal:

wash out mouth thoroughly with water. Give plenty of
water to drink, followed by milk of magnesia. Obtain
medical attention.

Instruct others to keep at a safe distance. Wear breathing apparatus and
gloves. Spread soda ash liberally over spillage and mop up cautiously with
of water. Run this to waste and dilute greatly with running water.

PHENOL (carbolic acid)
Identification:

Colourless to pink crystals, having a distinctive odour and being somewhat
soluble in water.

Health hazard:

Vapour irritates the respiratory system and eyes. Skin contact causes
softening and whitening followed by the development of painful burns. Its
rapid absorption through the skin may cause dizziness, rapid and difficult
breathing, weakness and collapse. If swallowed, it causes severe
abdominal pain, nausea, vomiting and internal damage.

Fire hazard:

Flammable at high temperature. Flashpoint 85oC.

Precaution:

Avoid inhaling vapour. Avoid contact with eyes and skin. Wear face shield.

First aid:

Vapour inhaled:

remove from exposure, rest and keep warm. In severe
cases, obtain medical attention.

Affected eyes:

irrigate thoroughly and continuously with water until
medical attention has been obtained.

Skin contact:

remove affected clothing, drench with water and swab
affected skin with glycerol for at least l0 minutes. If
contamination is other than slight, obtain medical
attention.

If swallowed:

induce vomiting by placing finger far back in throat,
summon medical attention immediately. After vomiting
has ceased, mouth should be thoroughly washed out
with water.

Spillage disposal:

Wear face shield or goggles, and gloves. Mix with sand and transport to
safe open area for burial. Site of spillage should be washed thoroughly with
water and soap or detergent.

POTASSIUM HYDROXIDE (KOH)
Identification:

White, deliquescent pieces, lumps or sticks having crystalline fracture.
Soluble in water.

Health hazard:

Highly toxic. Highly irritant to skin, eyes and mucous membranes. A very
powerful caustic. If taken by mouth results in severe internal irritation and
damage.

Fire hazard:

Moderate.

Precaution:

Will react with water or steam to produce caustic solution and heat.
Prevent contact with eyes and skin. Wear a face shield and gloves when
handling the concentrated reagent. Safety glasses may be worn instead of
a face shield when handling dilute solutions.

First aid:

Affected eyes:

irrigate thoroughly with a copious supply of running
water. Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part of the body with a copious supply of running water.
Burns must receive medical attention.

If swallowed:

wash out mouth thoroughly with water. Give plenty of
water to drink. Obtain medical attention.
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Spillage disposal:

Wear face shield or goggles and gloves. Shovel into a large volume of
water in an enamel or polythene vessel and stir to dissolve; run the solution
to waste diluting greatly with running water.

SODIUM HYDROXIDE (NaOH)
Identification:

White to colourless pellets soluble in water.

Health hazard:

The solid and strong solutions of the compound are extremely corrosive to
all tissues.

Fire hazard:

None.

Precaution:

Prevent contact with eyes and skin. Wear face shield and gloves when
handling the concentrated reagent. Safety glasses may be worn instead of
a face shield when handling dilute solutions.

First aid:

Affected eyes:

irrigate thoroughly with a copious supply of running
water. Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part of the body with a copious supply of running water.
Burns must receive medical attention.

If swallowed:

wash out mouth thoroughly with water. Give plenty of
water to drink, followed by vinegar or 1% acetic acid.
Obtain medical attention.

Spillage disposal:

Wear face shield and gloves. Shovel solid into a polythene bucket and add
a little at a time to a large volume of water. Run this to waste, diluting
greatly with running water. Strong solution: mop up with water. Run this to
waste, diluting greatly with running water.

SODIUM HYPOCHLORITE (bleach, NaClO)
Identification:

Colourless solution with strong chlorine smell.

Health hazard:

Corrosive and irritant via ingestion and inhalation. Bleaches and may burn
the skin.

Fire hazard:

None, but anhydrous salt is highly explosive.

Precaution:

Violent reaction with amines, ammonium acetate (NH4)2CO3, NH4NO3,
ammonium oxalate (NH4)3PO4, cellulose.
Prevent contact with eyes and skin. Wear safety glasses and gloves when
handling.

First aid:

Spillage disposal:

Affected eyes:

irrigate thoroughly with a copious supply of running
water. Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part of the body with a copious supply of running water.
Burns must receive medical attention.

If swallowed:

wash out mouth thoroughly with water. Give plenty of
water to drink. Obtain medical attention.

Wear face shield, goggles and gloves. Mop up with plenty of water and run
to waste, diluting greatly with running water.

SULFURIC ACID (H2SO4)
Identification:

Colourless, viscous liquid which reacts vigorously with water.

Health hazard:

Corrosive to all tissues if inhaled or ingested or spilt on the skin.

Fire hazard:

None.

Precaution:

Prevent contact with eyes and skin. Wear face shield and gloves when
handling the concentrated reagent. Safety glasses may be worn instead of
a face shield when handling dilute solutions.
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Great care should be taken when diluting the acid with water. Small
amounts of acid should be added cautiously with stirring to water.
First aid:

Spillage disposal:

Affected eyes:

irrigate thoroughly with a copious supply of running
water. Obtain medical attention.

Skin contact:

remove affected clothing and thoroughly wash affected
part of the body with a copious supply of running water.
Burns must receive medical attention.

If swallowed:

wash out mouth thoroughly with water. Give plenty of
water to drink, followed by milk of magnesia. Obtain
medical attention.

Instruct others to keep at a safe distance. Wear breathing apparatus and
gloves. Spread soda ash liberally over spillage and mop up cautiously with
plenty of water — remember vigorous reaction with water. Run this to waste
and dilute greatly with running water.

TOLUENE (methylbenzene, phenylmethane) C6H5CH3
Identification:

Colourless liquid, benzol-like odour; immiscible with water.

Health hazard:

Toluene is derived from coal tar and commercial grades usually contain
small amounts of benzene as an impurity (N.B. benzene is highly toxic
whether inhaled as a vapour or absorbed via the skin; it is a carcinogen).
Acute poisoning resulting from exposures to high concentration of vapours
are rare with toluene. Depending on exposure concentration, symptoms
observed can be headache, nausea, loss of appetite, a bad taste, lassitude,
impairment of co-ordination and reaction time.

Fire hazard:

Slight when exposed to heat, flame or oxidizers. To fight fire, use foam,
CO2 or dry chemical. Flash point 4.4oC

Precaution:

When heated emits toxic fumes which can react vigorously with oxidizing
materials. Avoid breathing vapour and avoid contact with eyes and skin.
Wear safety glasses and gloves, Work in a fume hood.

First aid:

Vapour inhaled:

remove from exposure, rest and keep warm. In severe
cases, obtain medical attention.

Affected eyes:

irrigate thoroughly and continuously with water until
medical attention has been obtained.

Skin contact:

remove affected clothing. Thoroughly wash affected
part of body with a copious supply of running water.

If swallowed:

wash out mouth thoroughly with water. Give plenty of
water to drink. Obtain medical attention.

3.2

BASIC DESIGN FEATURES OF RADIATION INSTALLATIONS

The following has largely been extracted from IAEA Radiation Protection Procedures (IAEA 1973)
and Austrian Radiation Protection Regulations (Moser 1978)

3.2.1

INTRODUCTION.

The application of radioisotopes as tracers in agricultural research requires suitable facilities to
handle these nuclides safely, ensuring that radiation workers are not exposed to undue external or
internal radiation hazards.
The following suggestions for the proper design of a radioisotope lab focuses on the most common
32
33
radiotracer nuclides (b--emitters) used in agricultural research, i.e. P (b , 1.7 MeV, t/2=14.3d), P
35
14
(b , 0.25 MeV, t/2=25.3d), S (b , 0.17 MeV, t/2=87d) and C (b , 0.15 MeV, t/2=5730a), being
handled as so called “open sources”, i.e. not in closed containments.
Note: that the following features are partly based on international (FAO/IAEA) and partly on
national (Austrian) safety regulations. The latter should therefore not be taken as mandatory, but as
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additional suggestions and evidence for designing a laboratory for handling radionuclides. National
safety regulations have to be observed.

3.2.2

CLASSIFICATION OF LABORATORY TYPES

The large range and characteristics of radionuclides makes it impossible, to give a single general
safety rule for handling open sources. The basis for the classification of laboratory types is the
grouping of radionuclides according to their relative radiotoxicities per unit activity as well as the
intended chemical operations and treatment of the radionuclides.
The classification of isotopes according to their relative radiotoxicity results in four groups. Group
No. 1 showing radio nuclides of highest radiotoxicity, group No. 4 containing the least hazardous
nuclides. The quantity of radionuclede that can be handled in each laboratory type is shown in
Table 3.1.
All radiotracer nuclides mentioned above, i.e.
No.3.

32

P,

33

P,

35

S and

14

C, belong to radiotoxicity group

Table 3.1. Classification of laboratories for handling radionuclides.
Group of
radionuclide
(radiotoxicity
group)

Type of laboratory required for levels of activity specified below
10
[1 Ci = 3.7 x 10 Bq]

Type 1

Type 2
5

Type 3
5

> 10 mCi [> 3.7·10 Bq]

2

> 100 mCi [> 3.7·10 Bq]

< 10 mCi [< 3.7·10 Bq]

10 mCi to 1 mCi [3.7·10 - 3.7·10 Bq]

2

< 100 mCi [< 3.7·MBq]

100 mCi to 100 mCi [3.7 - 3.7·10 MBq]

3

< 1 mCi [< 3.7·10 Bq]

4

<10 mCi [< 3.7·10 Bq] 10 mCi to 10 Ci [3.7·10 – 3.7·10 Bq]
Modifying conditions

7

8

7

10

1 mCi to 1 Ci [3.7·10 –3.7·10 Bq]
8

8

7

1

11

Simple storage
Very simple wet operations (e.g. preparation of aliquots of stock solutions)
Normal chemical operations (e.g. analysis, simple chemical preparations)
Complex wet operations (e.g. manipulation of powders) and work with volatile
Radioactive compounds
Dry and dusty operations (e.g. grinding)

9

10

> 1Ci [> 3.7·10 Bq]
11

> 10 Ci [> 3.7·10 Bq]
Multiplication factors for
activity levels
a
x 100
x 10
x 1
a
x 0.1
a
x 0.1
a
x 0.1

a

These figures could be increased by one or more orders of magnitude if
operations are carried out in closed boxes

Example.
As specified in Table 3.1, very simple wet operations with radionuclides of radiotoxicity group
32
33
14
35
No.3 (e.g. P, P, C and S) can be performed in a type 1-laboratory up to an activity level of 10
8
mCi (or 3.7x 10 Bq).

3.2.3

SAFETY REQUIREMENTS FOR RADIATION INSTALLATIONS

i General considerations.
When choosing open radioactive substances for specific applications, care should be taken
·
·
·
·
·
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To minimise levels of radioactivity and radiotoxicity.
To minimise external exposure to radiation and the risks of radiation workers incorporating
radioactive substances into their bodies.
To avoid uncontrolled spreading of these substances by scattering, spillage or formation of
gases, vapours, aerosols or dust; (e.g. by training in the handling with inactive substances,
blind tests).
Work with the risk of air contamination has to be performed in a fume hood.
Air sucked from fume hoods, digesters, closed working chambers etc. may only be released
following the national safety regulations.
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·
·
·
·
·

ii

Radioactive substances should only be present in the working area in such quantities
necessary for the intended chemical operation.
Radioactive substances not needed for the chemical operation have to be stored in a fume
hood or in a separate storage room following the relevant national safety regulations.
Equipment and used materials may only be removed from the radiation area after removal of
any unacceptable level of contamination (see Table 3.2).
Radioactive waste has to be collected in separate containers for liquid and solid burnable, and
non-burnable waste.
Radioactive waste may only be disposed of following the relevant national safety regulations.
32
33
35
A(as rule of thumb P, P and S can be stored in appropriately labelled containers in
appropriate storage facilities for a minimum shelf time of ten half-lifes and then disposed of in
the normal, uncontaminated waste after the remaining activity has been checked to be
negligible. Note: National safety regulations for radioactive waste disposal must be observed.
Responsibilities of an overall radiation safety organisation

The organisation in charge of an overall radiation safety program should be responsible for
·
·

·
·
·
·
·
·
·
·

The formulation and implementation of appropriate protection regulations.
The siting, location and design of radiation installations with particular reference to (i) the types
of radiation sources to be used, (ii) environmental factors related with the disposal of
radioactive material and to its dispersal both under normal and emergency conditions and (iii)
the presence of occupied areas in the vicinity of the installation.
Structural design features which would have a bearing on (i) the possible spread of
contamination throughout the area and (ii) ease of decontamination.
The setting up of house rules and well-defined operational procedures.
The proper instruction of personnel in these rules and procedures.
The provision of all necessary facilities for (I) personal monitoring, (ii) area monitoring, (iii)
medical supervision and (iv) the maintenance of all relevant records.
The drawing up of procedures for meeting emergencies and the provision of all the facilities
necessary for carrying out these procedures.
The maintenance of proper liaison with external agencies, such as the fires, police, transport
and public health authorities.
The maintenance of cumulative whole-body radiation exposure records covering both internal
and external exposures.
The initiation of appropriate action in cases of excessive exposures or radiation emergencies.

iii Location of a radiation installation in a building
When a radiation installation is part of a large building, the following points should be borne in mind
when deciding on the location of such an installation.
·
·
·
·
·

The installation should be located in a relatively unfrequented part of the building so that
access to the area can be easily controlled.
Fire hazard potential should be minimal in the area chosen.
The location of the installation and the ventilation facilities provided should be such, that
possibilities for the spread of both surface and airborne contamination are minimal.
The location should be judiciously chosen so that, with minimum expenditure on shielding,
radiation levels can be effectively maintained within permissible limits in the immediate vicinity.
Separate ventilated radioactive waste storage facilities have to be designed depending on the
1
expected levels of radiation . Where only small quantities of radioactive materials are handled,
they can be conveniently stored inside a fume hood, provided they are adequately shielded.

iv General safety rules for working with radionuclides
·
·
·
·

A health physicist familiar with emergency procedures must be on the site during working
hours.
All operational personnel involved in radiation work should be trained by participation in
appropriate radiation safety training programs in applying principle radiation protection
procedures and the use of protective devices.
Personnel should be furnished with written copies of radiation protection procedures.
Personnel should be provided with all instruments and equipment (here in particular pocket
dosimeters, film badges and b-contamination monitors, e.g. GM-counters) necessary to
implement these procedures.
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·
·
·
·
·
·
·
·
·
v
·
·
·
·
·
·
·
·
·
·

Open radioactive substances never should be touched with bare hands, i.e. sufficient amounts
of disposable rubber gloves should be available.
Radioactive solutions never should be pipetted with the mouth, i.e. hand — or mechanical
pipetting and dispensing devices should be available.
Objects not necessary for the intended operations should be removed from the laboratory,
especially food, tobacco products, medicines, and cosmetics.
Foot operated radioactive waste bins (for burnable, non-burnable and liquid waste) should be
provided.
Paper towels and handkerchiefs should be available and used appropriately.
Used paper towels etc. have to be disposed of as radioactive waste (solid, burnable).
Regular checks for contamination of all workbenches has to be performed.
Radiation workers have to check for contamination of hands, clothes, shoes etc. before
leaving the radiation area.
Relevant actions for decontamination have to be taken in when the permissible level of
contamination is exceeded (seeTable 3.2).
Special requirements for type 1-laboratories
Warning signs with the label “RADIOACTIVE” placed at the entrance.
Access only for authorised persons.
Walls, floor and lab furniture should have smooth surfaces, easy to clean and non liquid
absorbent (e.g. workbenches can be covered with disposable PVC foil, tightly fixed with tape).
Only absolutely necessary furniture may be present.
32 33
35
Portable radiation monitor (e.g. b-monitors i.e. GM-counters for P, P and S) available.
Laboratory well ventilated and illuminated.
Suitable washing facilities and possibly showers available.
Relevant shielding against radiation (e.g plexiglass or perspex shielding with 0.6 cm (0.25
inch) wall thickness for shielding of b--radiation up to 1 MeV, 2.5 cm (1 inch) for shielding of
b--radiation up to 4 MeV ).
Special washbasin for decontamination of used equipment should be available (generally
minimal amount of washing water should be used).
Depending on the nuclide and activity levels separate effluent lines leading to specially built
storage/delay tanks of adequate capacity should be provided following the relevant national
safety regulations.

vi Special requirements for type 2-laboratories
·

All rules applying for type 1-laboratories.

Additionally:
·
Workbenches made of fire inhibiting materials.
·
Surface of floors may not absorb liquids and must be resistant to acids, organic solvents etc.
·
Walls have to be painted with washable paint up to 3 m height; if the height of the room is less
the ceiling has to be painted accordingly.
·
Work where a risk of air contamination is possible have to be performed in closed
decompression chambers including continuous control measurements of the surrounding air.
vii Special requirements for type 3-laboratories
·

All rules applying for type 1 and type 2 laboratories.

Additionally:
·
Type 3-laboratories are required to be located in special, separate buildings with continuous
surveillance monitoring.
·
Low pressure conditions, air filters, air continuously monitored for contamination.
·
Building constructed of fire inhibiting and walls, floors etc.
·
Access restricted to authorised, specially skilled personnel.
·
Special protective clothes and shoes obligatory.
·
Change rooms.
·
Hand- and foot monitors at the entrance to the working area.
·
Specially trained radiation protection personnel and health physicists present during operation
and standby outside working hours.
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Table 3.2. Maximum permissible surface contamination levels.
(a) Maximum gamma dose rate of contaminated surfaces: 0.5mR/h in 5 cm distance from
surface
(b) Maximum activity levels of surfaces or objects which are contaminated with a- or
b-radiation:
2

Surfaces or objects

2

Surfaces < 100 cm ,
Lab equipment, glassware, tools
2
surfaces ³ 100 cm

2

Maximum activity levels per unit of surface (mCi/cm , [Bq/cm ])
contaminated by:
Toxicity class 1
Toxicity class 2-4
a-radiation
b-radiation
a-and b-radiation
-4
–3
-3
10 [37]
10 [37]
10 [3.7]
-5

-4

-4

10 [37]

10 [0.37]

10 [3.7]

( c) Maximum activity levels of clothes or shoes contaminated with a- or b-radiation:
2

Clothes

Maximum activity levels per unit of surface (average value over 150 cm in
2
2
mCi/cm , [Bq/cm ]) contaminated by:
Toxicity class 1
Toxicity class 2-4
a-radiation
b-radiation
a-and b-radiation
-5

10

-4

5 x 10 [18.5]

Underwear, gloves

10 [0.37]

Clothes, protective clothes, shoes

10 [3.7]

-4

-4

10 [3.7]
-4

-4

5 x 10 [18.5]

(d) Maximum activity levels of skin contaminated with a- or b-radiation:
skin area

Maximum activity levels per unit of surface contaminated by:
Toxicity class 1
Toxicity class 2-4
a-radiation
b-radiation
a-and b-radiation
-3

Hands

Skin on other parts

3 x 10 mCi per hand

2

[1.11·10 Bq]

per hand

per hand

-5

2

-2

3 x 10 mCi

[111 Bq]

10 mCi /cm

of body (average over 30 cm )
1

-2

3 x 10 mCi

2

-4

2

-4

2

2

10 mCi /cm

2

[3.7 Bq/cm ]

10 mCi /cm

[0.37 Bq/cm ]

2

[1.11·10 Bq]

[3.7 Bq/cm ]

2

Radiation Protection Procedures, IAEA, 1973, Safety Series No.38, table 12.2.

3.3

PREPARATION OF RADIOACTIVELY-LABELLED FERTILISERS

3.3.1

PREPARATION OF RADIOACTIVELY-LABELLED MONO-CALCIUM PHOSPHATE

Mono-calcium-phosphate is prepared by dissolving the 'cold' phosphate in 5N HCl, adding the 32P,
then precipitating the MCP out of solution by increasing the pH with 10N NaOH. Great care must
be taken to keep the MCP precipitate below 30oC. This can be achieved by working with the
solutions in ice and by adding the 10N NaOH very slowly. Once formed, the precipitate is rinsed
through a Buchner funnel with a vacuum pump attached, and left to dry.
The recovery of MCP is low. Only about 50–60% can be achieved so this must be accounted for
when calculating the amount required.
32P is a dangerous isotope. Care must be taken at all times when handling.
Before attempting to make the labelled MCP, it is best to have a trial run with cold chemicals. This
allows you to become familiar with the method and recovery.
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To ensure safety when working with the isotope, you should wear full safety gear (gloves, mask,
laboratory coat, plastic apron, film badge, etc.), work behind a perspex shield and work with
everything in plastic, paper lined trays.
A. Equipment/materials
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·

Calcium tetrahydrogen d-orthophosphate [CaH4(PO4)2.H2O] (BDH G.P.R. chemical was
found to give best results)
Sodium hydroxide.
Hydrochloric acid 32%.
Potassium dihydrogen phosphate.
Phosphoric acid.
Beakers.
Stirring rods.
Trays.
Tub.
Ice.
Plastic bags.
Plastic sheeting.
Perspex shielding.
Elastic bands.
Radiation stickers.
Geiger Muller counter.
Buchner funnel.
Filter paper.
Buchner flasks.
Vacuum pump.
32P, carrier free.

B. Method
·
·
·
·
·
·
·
·

·
·
·
·
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Determine amount of MCP to be prepared. Add 40–50% to allow for sample loss during
preparation.
Weigh MCP into a beaker.
5N HCl and 10N NaOH are required for the preparation of MCP. The volumes needed can be
determined from the following ratios:
for 1g MCP 2.5mL 5N HCl and
2.0mL 10N NaOH
Add the 5N HCl to MCP, stirring continually to dissolve. This reaction is endothermic so doesn't
need to be mixed on ice.
Prepare approximately 50mL of 5% H3PO4. This is used for rinsing the 32P into the MCP/HCl
solution. It also aids in desorbing the 32P from the glass.
Carefully transfer the 32P into the MCP/HCl solution using a pasteur pipette. Rinse the pipette
and glass 32P stock bottle copiously with 5% H3PO4 to remove all 32P.
Alternately, having transferred the majority of 32P to the MCP/HCl solution and rinsing the vial
several times with 50% H3PO4, the 'hot' vial can be immersed in the MCP/HCl solution. The
vial can be left for approximately 30 minutes, by which time the 32P should be evenly spread
through the solution. Carefully remove the 32P vial from solution and discard.
Place the now labelled MCP/HCl solution into a tub of ice. Add the 10N NaOH. This must be
added very slowly to ensure that the MCP does not get too hot. Stir continually.
The pH of the solution should be around 7. Check with pH paper. As the NaOH is added, the
MCP should precipitate out of solution and form a thick slurry.
Filter the precipitate through a buchner funnel with a vacuum pump attached. The best set-up
for this procedure is as follows:
place a large filter paper (No. 42 Whatman) in a Büchner funnel so that the base and sides of
funnel are covered by the paper. The paper should form a basin inside the funnel so that the
MCP can be poured into the paper and not leak over the sides of the paper.
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·
·
·
·

·

place the funnel in a Büchner flask. The Büchner flask should be attached to another Büchner
flask. This second flask should contain a saturated solution of CaOH and cottonwool to act as a
32P trap should any isotope be sucked through.
the vacuum pump is attached to the second flask. When the pump is operating, air should be
pulled through the filter paper, through the 32P trap and then to the pump.
Rinse the slurry with distilled/deionised H2O as it is being drained on the filter paper. Water
equivalent to about half the volume of the MCP slurry should be sufficient for rinsing.
Leave the precipitate to air dry. This may take several days. When dry, transfer to a labelled
container stating:
(i)
contents
(ii)
user
(iii)
activity
(iv)
date
Due to the higher energy of the 32P the MCP should be stored in a glass dessicator to contain
the beta emission.

3.3.2

PREPARATION OF RADIOACTIVELY-LABELLED GYPSUM

Gypsum (CaSO4.2H2O) is prepared by mixing calcium chloride and sulfuric acid. A thick white
precipitate is formed which is dried and ground to a fine white powder.
If care is taken with precipitate transferral and rinsing, a recovery of >95% can be achieved.
Before attempting to make the labelled gypsum it is best to have a trial run with 'cold' chemicals.
This allows you to become familiar with the method and recovery.
Safe working practices must be adhered to at all times.
A. Equipment/materials
·

CaCl2.2H2O.

·

H2SO4 (98%).

·
·
·
·
·
·
·
·
·
·
·
·

Beakers.
Stirring rods.
Evaporating dish.
Wash bottle.
35S - as sulfate in aqueous solution.
Trays.
Geiger Muller counter.
Pasteur pipettes and bulbs.
Plastic bags.
Plastic sheeting.
Radiation stickers.
Elastic bands.

B. Method
·
·

Quantities of calcium chloride and sulfuric acid required must be determined. This can be
calculated from the following equation:
CaCl2.2H2O + H2SO4 CaSO4.2H2O + 2HCl

·
·

Molecular weights 147.02 g + 100.08 g
172.17g
If 6.885 g CaSO4.2H2O is to be prepared, then

·

Amount of CaCl2.2H2O required =147.02 x 6.885g = 5.88 g CaCl2.2H2O

·

172.l7
Amount of H2SO4 required =100.08 x 6.885 g = 4.00 g H2SO4

·

172.l7
Weigh CaCl2.2H2O into a beaker and dissolve in a minimum amount of distilled/deionised
H2O.
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·

Weigh H2SO4 into a beaker. H2SO4 needs to be diluted approximately 1:6 with H2O otherwise
the precipitate forms too quickly when mixed with CaCl2.2H2O.

·

Divide the H2SO4 into two containers, one containing the majority. Mix the 35S with the
H2SO4. This can be done by adding the 35S into the larger of the two amounts of H2SO4 and
then rinsing the hot vial several times with the other H2SO4 into the now labelled H2SO4.

·

Slowly add the CaCl2.2H2O to the labelled H2SO4 with gentle stirring. The precipitate should
develop gradually. Rinse the CaCl2.2H2O into the H2SO4 with H2O.

·
·

Mix well to get a smooth, sloppy paste.
Carefully transfer the precipitate to a preweighed evaporating dish. Precipitate can be dried at
room temperature, or can be placed in a fan-forced oven at 25–30oC to speed up drying.
While gypsum is drying, stir regularly to prevent precipitate drying into a hard lump. As it dries,
crush up finely.
When the gypsum is completely dry, weigh dish and contents to determine % recovery.
Store gypsum in a clearly labelled vial stating:
(i)
contents
(ii)
user
(iii)
activity
(iv)
date
The labelling is important. It should alert other persons to the content's radioactive danger.

·
·
·

3.3.3

PREPARATION OF RADIOACTIVELY-LABELLED ELEMENTAL SULFUR

Elemental sulfur is prepared by dissolving cold crystalline elemental sulfur in toluene, adding 35S,
then recrystallising the sulfur. Once dry, the sulfur is sieved to size (150 m-250 m).
If care is taken with sulfur preparation and sieving, a recovery of >90% can be achieved.
Before preparing the labelled elemental S, a trial run should be carried out.
A. Equipment/materials
·
·
·
·
·
·
·
·
·
·
·
·

S-free toluene
35S - as elemental sulfur.
Beakers.
Hotplate.
Foil.
Pasteur pipettes and bulbs.
Trays.
Plastic bags.
Plastic sheeting.
Radiation stickers.
Elastic bands.
Geiger-Müller counter.

B. Method
·
·
·
·
·
·
·
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Determine amount of elemental S fertiliser required. Add l0–20% to allow for sample loss
during preparation.
Weigh cold, crystalline elemental S into a small beaker.
Take a small portion of this elemental S and transfer into another beaker. This portion will be
used for rinsing the 35S into the larger portion.
To both beakers of elemental S add just enough toluene to dissolve crystals. Generally, 1mL
toluene/150 mg elemental S. A third container of approximately 5–10mL toluene is also
required.
On a foil-covered hotplate, gently heat the larger elemental S portion to dissolve. Agitate gently
and avoid splashing crystals up the sides of beaker.
When the larger portion is almost dissolved, start heating the smaller portion. This should
dissolve very quickly. The extra toluene can also be heated at this stage.
Keep both portions warm but do not boil. Do not allow to cool, otherwise the sulfur will
recrystallise.
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·

·
·
·
·

Using a pasteur pipette, transfer one addition of the warmed smaller portion to the 35S crystals.
The 35S vial may be placed upon the hotplate to aid dissolution if the warmed addition is not
effective. Once dissolved, transfer the 35S to the larger portion. Continue rinsing the 35S vial by
adding the warmed smaller portion and transferring to the larger portion. Rinse the 35S vial
several times with the third container of warmed toluene to ensure maximum transferral.
Mix the final solution well. Remove from heat. Crystals should start developing quickly but it
may take several days for the excess toluene to evaporate. To speed up evaporation, leave
sample uncovered in fume hood with fan operating.
When crystals are completely dry sieve to size. Any crystals which fall outside the required
dimensions may be redissolved and sieved again to boost recovery.
Keep a check of the recovery by noting (i) final weight of elemental S liberated, and (ii) activity
of the elemental S. This can be done by taking a known weight, dissolving in scintillation fluid,
heating if necessary, and counting by liquid scintillation.
Store crystals in a clearly labelled vial stating:
(i)
contents
(ii)
user
(iii)
activity
(iv)
date

3.4

PREPARATION OF PLANT SAMPLES FOR ANALYSIS

3.4.1

INTRODUCTION

Plant analysis is carried out for two basic reasons: for monitoring the nutrient status of plants or for
diagnosis of a problem. It is important that the reasons for taking particular plant samples for
analysis are appreciated, as they affect the way the samples are taken. However, in many respects
the principles behind the collecting, handling and analysing of samples are the same irrespective of
the aims of the sampling. Unless due care is taken with all these steps, the results will be unreliable
and may result in misleading interpretations.
The following are broad guidelines for sampling and preparing plants for chemical analysis.
A more detailed discussion, from which much of this section is taken, is provided by Reuter et al.,
(1986).

3.4.2

SAMPLING

A. Collecting representative samples
The principal objectives in any sampling programme are to collect samples, which are
representative of the situation being examined and which contain sufficient material for a laboratory
to analyse. For a full range of tests many testing laboratories suggest they require around l00g of
fresh material. With careful sampling and sub-sampling or when only a small number of analyses
are required, much smaller quantities can be used.
When samples are being taken for monitoring purposes (that is, to assess management practices,
such as fertiliser applications and irrigation, for comparison with previous crops), the samples must
be collected to represent the average for the particular crop or pasture. When samples are being
taken for diagnostic or troubleshooting purposes (that is, a problem is perceived which may be due
to a nutritional imbalance), the samples should be taken from plants with the perceived problem
and, where possible, nearby plants without the problem. In this "point" (for diagnostic) as opposed
to "average" (for monitoring), sampling the collected samples are assumed to be representative of
the healthy and the less healthy populations.
In either case, samples should be collected from plants distributed evenly throughout the particular
area or areas of interest in the crop, pasture, etc. The selection strategy adopted should be
systematic, repeatable and convenient.
There are various techniques for sampling large areas of crop or pasture. (These are most
important when sampling for monitoring purposes but may be used for diagnostic sampling where
there are large areas of affected plants.) In the most complex techniques, the area to be sampled
is divided into a number of blocks (say 4), then each block is sub-sampled, either systematically
throughout or from a small uniform sampling area within each block. These samples are then
bulked and, if necessary, mixed and sub-sampled, before analysis. Less complex techniques
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involve collecting samples from a single strip or small area within the crop or pasture and assuming
this to be representative of the whole area. Where a single sampling area is chosen as
representative of a large area, this monitoring plot can be established as a permanent monitoring
plot.
If the crop or pasture to be monitored is not very uniform, then the area should be divided up into
sections that are more uniform, perhaps on the basis of soil type or aspect, and each area sampled
and analysed separately.
Plants that are obviously poor in health because of disease, insect damage or some other nonnutritional problem, should not be sampled unless they are of particular interest. These factors
influence tissue composition and so may mislead a diagnosis based on the tissue analysis.
Unless specifically required, only one species of plant should be sampled to find the nutrient status
of a pasture. Pasture species can differ markedly in their nutrient composition, even when plants
are growing side-by-side. Therefore, in mixed swards or crops, either one species should be
sampled and analysed, or different species should be sampled and analysed separately.
B. Stage of maturity and tissue type
All plants selected for sampling should be at a similar stage of maturity. Nutrient composition of
plant tissues change with maturity; for example, concentrations of nitrogen, potassium and many
other nutrients are highest in very young plants. These nutrients become diluted by subsequent
growth and so are lower in mature plants. Differences in the stage of maturity can, as a result,
complicate the interpretation of tissue analyses. The effect is minimised by restricting sampling to a
specific developmental stage, generally when tissue composition is most stable. For most crops
this is usually around early flowering, although if the results of sampling are to be used for
corrective fertilizing, this may be too late. For pastures, a particular stage of maturity is generally
translated to a particular season. Since these results are more commonly for assessing next year's
fertiliser program, samples are usually taken late in the season when the plants are still growing
rapidly, but after the initial very rapid growth in early spring.
The nutrient status of whole plants changes with maturity and so does the nutrient status of the
constituent parts. For most crops tissue analysis is conducted on a sample of leaves or petioles.
The nutrient composition of leaves changes with physiological age, position on the plant (i.e.
height, aspect) and with development of fruit or grain. For this reason most published information
on plant nutrient status is only for a particular stage of maturity but, for particular tissue types, the
most commonly sampled tissue is the most recently matured leaves. The nutrient composition of
young leaves is usually changing very rapidly and it is therefore difficult to assess adequate,
deficient or toxic levels. The nutrient levels of old leaves is largely a product of nutrient and
carbohydrate re-translocation. However, very young or old tissue is sometimes sampled for
particular nutrients, depending on their mobility around the plant. If the appropriate sample tissue is
not known, it is customary to sample only recently mature leaves, avoiding leaves which are very
young or very old.
C. Other considerations when sampling
Avoid sampling soiled, diseased and insect or mechanically-damaged plants, and exclude
senescing and dead tissue from the gathered material.
Avoid sampling plants growing within areas which have unusual features (e.g. rocky areas, animal
resting areas, headlands, firebreaks, etc.).
Do not sample when plants are under water or temperature stress; also avoid sampling
waterlogged plants. Sampling should normally be undertaken when plants are growing vigorously.
Avoid sampling vegetative organs after flowering in non-woody determinate species since many
nutrients are redistributed to developing fruits and grain.
Minimise sample contamination. Take particular care when sampling for trace element
determinations. Use clean plastic gloves and stainless steel cutting implements when sampling and
avoid contact with soil, copper and galvanised materials. If samples have to be washed deionised
water must be used. Such things as foliar sprays, fungicides, dust, etc., which may contain trace
elements, can be reduced by rinsing, but this must be done when the sample is still fresh. More
refined decontamination procedures may be carried out in the laboratory, if required.
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If subsamples taken for dry weight measurement and nutrient analysis are taken to be
representative of larger samples weighed in the field when fresh, then the fresh weight of the
subsample must be measured at the same time, with the same balance and under the same
conditions as the main sample.
Standardise sample collection during certain periods of the day for elements for which the
concentration is known to vary diurnally (Reuter and Robinson, 1986).
i

Sample transport

Delays and adverse conditions during transport of fresh samples can cause substantial respiratory
losses in weight or enhanced enzymatic activity, both of which produce corresponding errors in
nutrient determinations (e.g. Bradfield and Bould 1963; Mayland, 1968; Leece 1972).
The following guidelines are aimed at reducing transport errors:
sampler should wash his/her hands before collecting samples, or use disposable gloves;
place material in labelled open paper bags and place immediately in cooled containers or car
refrigerators (at 5oC) for transport from the field;
soil adhering to the plants should be removed by washing basal shoots briefly in deionised
water or by brushing with tissue paper;
on return from the field, samples may be separated into appropriate parts for analysis. Roots
should be washed thoroughly in several rinses of running water and placed in labelled paper
bags;
if appropriate, a fresh weight measurement of shoots and roots may be done at this time, prior
to drying (see "Other Considerations when Sampling").
ii

Sub-sampling

Sub-sample preparation
Samples harvested from field plots are generally large so as to overcome site variation and more
accurately measure yield, etc. Consequently, there is usually a need to take representative subsamples. Prior to sub-sampling and drying the fresh weight of the total sample must be recorded so
that all analyses can be converted back to the original field samples.
Procedure
Spread sample out on a large clear plastic sheet and mix well
Halve the sample and then quarter it
Discard 3 of the 4 quarters
Mix remaining quarter, then half and quarter it as before
Discard 3 of the 4 quarters. This "halving and quartering" procedure is continued until the
desired sub-sample size is obtained (usually 20–300g)
Record the fresh weight of the final sub-sample so field fresh weights can be converted
back to oven-dry (or constant moisture %) values.
NOTE: As the ratio of sub-sample weight to total sample weight decreases, greater care in sample
mixing is required.
A data sheet for plant sampling and analysis procedures encourages clearly labelled and
well organised data which increases efficiency.
Botanical separation
Where a sub-sample contains different species (or different plant tissues), a further separation
stage is often required. Examples of two methods of sample separation are given below.
METHOD l - Spread the sub-sample on a table, mix and divide in half. Place one half in a labelled
bag marked "complete sample" and dry. Separate the other half on the basis of
botanical species (or tissue types) into different bags for each species and dry.
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METHOD 2- Spread the sub-sample on a table and separate out desired species (or tissue
types). Place in labelled bags and dry.
Care should always be taken to make sure that labels are both complete and correct.

3.4.3

SAMPLE DRYING

Normally two drying cycles are necessary before plants can be analysed chemically.

A. Initial drying cycle
This rapidly de-activates all plant enzymes and removes all water from plant tissue; the sample
reaches an "oven-dry" state, in which its weight remains unchanged with renewed drying.
Generally samples are dried at 65–70oC in a forced draught, stainless steel-lined oven, which
allows adequate circulation of air between samples, for a minimum of 24 hours, depending on
sample size. Prolonged drying or drying at temperatures in excess of 80oC can promote thermal
decomposition and appreciable loss of volatile constituents.
B. Final drying cycle
Following initial drying, samples may be weighed and then ground and stored for a period prior to
analysis. The finely ground material may absorb moisture that will necessitate a second drying
cycle (e.g. 70oC for 12 hours) immediately before sub-samples are weighed for chemical analysis.
Plant concentrations can then be expressed on an oven-dry basis.

3.4.4

GRINDING AND STORAGE

Dried samples are customarily ground to reduce field samples to manageable sizes for storage and
to facilitate the preparation of homogeneous sub-samples for chemical analysis. However, grinding
is not essential. Small samples need not be ground, instead the whole sample can be cut into small
pieces or simply crushed by hand and then weighed for analysis.
Mechanical grinding can be carried out in a variety of mills. These should have stainless steel
grinding surfaces to minimise contamination. Where iron is to be determined, an agate mortar and
pestle or a tungsten carbide mill with teflon-coated blades should be used.
During grinding, particular care must be taken to ensure that the sample is not contaminated and
that it does not separate into coarse and fine particles.
Separation on the basis of particle size can be a significant source of error, particularly with
samples containing fibrous stems and succulent leaves which pulverise at different rates and
contain markedly different nutrient concentrations.
It is recommended that samples be ground to a particle size of less than l mm and mixed
thoroughly before sampling for analysis.
Samples should be stored in clearly labelled, airtight containers. Glass or polycarbonate containers
are convenient as they can withstand the heating involved in a second drying of the sample, if
required.
For convenience, the container should also be of sufficient size to enable thorough mixing of the
sample prior to weighing (i.e. container should be approximately half full). Mixing is necessary
since settling occurs on storage, resulting in unrepresentative samples being taken for analysis.
The samples should ideally be stored in a dark, cool and dry environment.
When weighing a sub-sample for analysis, care should be taken to ensure that the ground material
is representatively sampled by taking small spatula quantities from throughout the container, with
thorough mixing between sub-sampling.
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A typical sample weight sheet is as follows:
DATE:
Sample
code

3.5

NUTRIENT
Sample
weight

Tube #

Vial #

Reading

DIGEST
Conc
.

Reading

Conc.

Comments

PREPARATION OF SOIL SAMPLES FOR ANALYSIS

A. Sampling
Many of the principles that apply to sampling of plants (Section 3.4) also apply to the sampling of
soils.
Soil sampling can be done for diagnostic or troubleshooting reasons, where poor crop or pasture
growth is noted in one area, but more commonly, samples are collected to monitor current fertiliser
and other management practices and to plan for future fertiliser applications.
The main aim in sampling is that the sample be truly representative of the soil in the area being
sampled. Soil properties often vary markedly over short distances and with depth, and different
properties vary to different extents. Sampling techniques must be used which minimise these
variations.
B. Where to sample
The area to be sampled should be as homogeneous as possible. Different areas should be
separated on the basis of soil type, topography, crop or pasture growth and management history.
As with plants, there are various techniques for sampling large areas of soil. One approach is to
divide each homogeneous area into a number of blocks, then sample these using a systematic grid
or zigzag sampling system, and bulk these. Another approach is to set up a monitoring site, or
several sites, within each homogeneous sample area. A number of samples are taken from these
monitoring sites and bulked for analysis. Where sampling is going to continue over time, it has
been argued that these monitoring plots should be set up and the same sites used over time
(Friesen and Blair, 1984). This should allow more reasonable estimates to be made of soil test
values with time.
When sampling, atypical sites should be avoided such as dung or urine patches, paths,
waterlogged areas (unless these are the main interest), minor water courses or irrigation channels,
tree stumps or their ash residue after burning, fertiliser dumps, and even fertiliser granules where
recently applied.
The depth of sampling depends largely on the agricultural system. For pastures, samples are
usually taken to 7.5 or 10cm, for crops to 10 or 15cm, and for deeper-rooted tree crops, samples to
1m may be required. Particularly for deeper samples, or for specific soil characteristics such as
salinity or certain physical characteristics, separate samples should be taken from different depths.
This can be done on the basis of fixed intervals (often smaller intervals are sampled near the
surface) or, if possible, on the basis of soil horizons.
C. When to sample
Temperature, moisture, crop growth and crop residue levels will all affect soil characteristics,
although different characteristics will be affected to different degrees. The result is that soil test
levels will vary over time.
When samples are taken depends on the characteristics being measured and the reason for the
sampling. For most annual crops, where fertiliser and other management strategies are being
planned, samples are normally taken before land preparation. For pastures, an appropriate growth
phase/soil organic matter turnover phase, such as the rapid growth and organic matter turnover
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period in spring, is usually selected. In either case, if soils are being monitored repeatedly, it is
important that the samples are taken at the same time each year.
D. Number of samples to take
As the variability of soil properties differ, so do the number of samples required to adequately
characterise an area. Some studies have shown that several hundred samples may be required to
adequately characterise some soil properties. This is generally impractical with around 20 samples
for a 20ha area being more normal. With this sort of variability, the choice of a systematic and
representative sampling technique is vital and makes the monitoring site technique attractive,
where appropriate.
E. How to sample
Samples are usually collected using corers (tube), augers or spades/trowels. To avoid
contamination, the sampling equipment must be clean, the samples should be placed in clean
containers which can be sealed as soon as possible, and handling of the samples should be
avoided or kept to a minimum, especially when exchangeable sodium and potassium are being
measured since perspiration can affect these.
It is also important to remember to clearly label the samples with a permanent marker and to record
as much information as possible about the sample site. This information should include a detailed
description of the location (perhaps including a grid reference), the date, the depth sampled, the
current and past cropping programmes, including fertilisers and other soil amendments, the
reasons for the analyses and which characteristics are to be measured.

3.5.1

DRYING

Once collected, soil samples must be treated with care. If contained in plastic bags, samples must
be kept cool to prevent sweating, and hence chemical change, before drying and analysis. Soil
samples need to be dried as quickly as possible to minimise biological, chemical and physical
changes that can occur when stored moist. The amount of drying required ultimately depends on
what analyses are to be determined.
If drying is carried out carefully, biological and chemical changes can be limited so that the soil
characteristics remain similar to those in the field. Particular problems are experienced when
working with flooded soils as obviously any degree of drying will significantly affect the soil
conditions and therefore chemical and physical characteristics. Special consideration must be
given to such soils.
Soil samples are usually partially air-dried (until not sticky) at a temperature of 25–35oC and a
relative humidity of 20–60%. Alternatively, soils can be dried in a fan-forced oven at 40oC for at
least 24 hours. The soil should be in open plastic bags, or similar containers, to minimise
contamination. Once dry, soil can be stored in clearly labelled, capped vials, ideally in a cool room
at <5oC.
Many determinations are not significantly affected by complete air drying for storage purposes
however, there are exceptions. Some analyses must be carried out on moist samples immediately
after collection. Examples are: determinations of exchangeable ferrous iron and manganese;
exchangeable potassium, acid extractable phosphorus and nitrate nitrogen. Storage of soils to be
analysed for these determinations is best carried out by freezing or freeze drying.
Soil samples can be dried in an oven at a higher temperature, say 105oC, for 24 hours. However,
this is only recommended for limited analyses such as total element determinations. Air drying is by
far the best for the majority of analyses.

3.5.2

GRINDING

Once dry, soil samples need to be ground to break up aggregates and form a homogeneous
sample for many analyses. Clay soils are best crushed to pass the sieve before they reach
complete air dryness, otherwise the crushing process is difficult. Crushing the primary sand and
gravel particles is generally avoided. For most of the analyses outlined in this Handbook the soil
samples need only be ground to pass a 2mm sieve, however, other determinations may require
much finer grinding.
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3.5.3

SIEVING

Some determinations call for soil fractionation, however for the analyses outlined in this Handbook,
this is not necessary.
If samples are to be ground and sieved, they should be ground before sieving otherwise bias may
arise from fractionating the soil portions. In most cases the whole soil sample should be passed
through the sieve. The bias that arises from only sieving a portion of the soil sample usually results
in increased concentrations of most elements measured to assess soil fertility. After sieving, the
remaining coarse material should be re-ground and re-sieved. Continue the screening and crushing
until all aggregate particles are fine enough to pass a 2mm sieve. Discard the stones and organic
residues that remain.
For trace element analyses, such as copper, zinc and other heavy metals, copper and brass
utensils must be avoided. Stainless steel sieves are an excellent alternative. Aluminium and iron
can be used, but these are not as robust as stainless steel and may cause contamination if
aluminium and iron are being studied.

3.6

CONDUCTING A FIELD EXPERIMENT USING STABLE ISOTOPES

3.6.1

INTRODUCTION
15

Some stable isotopes can be used under field condition. N is the most used isotope but other,
13
2
18
34
e.g. C and more recently H, O and S are gaining importance. The main limitation to the use of
isotopes is the cost, which tends to limit the size of the experiments. Therefore it may not be
possible to use the same sized plots as in conventional field experiments. However, isotope
measurements tend to have lower coefficient of variation as compared to yield measurements.

3.6.2

PLANNING OF THE EXPERIMENT

First step before setting up an isotope field experiment is to carefully formulate the objective. It is
important that the aim is clear and that only one or two questions are to be answered. An
experiment with ten objectives will probably not give any answer.
The second step will be to design the treatments that are likely to give solutions to the problem
being investigated. Do not include unnecessary treatments as they will only make the experiment
larger. Do not forget to include control treatments.
At this stage the experimental design will have to be selected (Little and Hills, 1975) and the
number of replicates determined. Will you use a completely randomised design, randomised
complete block design, latin square design, split-plot design, split-split-plot design or another
design. It is important to select the design based on the statistical analyses to be done. Bear in
mind that you need to receive an answer to your questions, which is supported by statistics.

3.6.3

SOIL PREPARATION

The land selected for the experiment should be as homogenous as possible and representative for
the area or conditions to be studied. It is important to consider the history of the experimental area.
What was the previous crop? Is it likely that previous crops or treatments will affect the
experiment? Was an isotope experiment previously conducted in the field? Was there a crop grown
on the experimental area to remove any residues of the tracer? All these questions are important
when selecting an area for a field experiment. After selecting the area the land can be prepared.
This may include conventional tillage or no-tillage.

3.6.4

PLOT SIZE

It is difficult to give a general rule on the size of the isotope plots. Increasing the size of the plots is
likely to reduce experimental error but at the same time increase the cost. In general it is sufficient
to harvest about 30 plants/plot. This will be easy if the crops being grown are wheat, barley, alfalfa
or any type of grass or pasture. For larger plants such as maize or any tree crops the number of
harvested plants will have to be reduced which will probably increase experimental error. Figure
15
3.1 shows a schematic layout of an isotope plot. The N should be applied to the whole plot (a x b)
and only the inner area (c x d) should be harvested leaving the borders. The yield should be
calculated based on the harvested area.
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Figure 3.1. A schematic layout of an isotope plot.
It is important to note that the plants being cultivated should not be able to take up any N outside
the labelled area hence the rooting patterns are important. In some cases it has been necessary to
dig drenches and mount barriers (plastic or metal) between the plots to limit root growth. For most
crops this is not needed.
2

Most isotope plots will be 1–3 m . These isotope plots will not be large enough to give a reliable
2
measure of yield. For that purpose 10–12 m will be needed. The isotope plots may be located
within the yield plots as shown in Figure 3.2.

Figure 3.2 Isotope plot placed within an yield plot.

3.6.5

LAYING OUT OF PLOTS

After the experiment has been planned draw a schematic plan of the experiment including all the
treatments, size of plots, inter-row spacing, size of alleys between plots etc. Depending on
experimental design the treatments within each block should be randomised at this stage using a
table of random numbers.

3.6.6

LABELLING OF POTS AND PLOTS IN GREENHOUSE AND FIELD EXPERIMENTS

The labelling of the pots/plots in any agricultural experiment is crucial for the identification of
treatments and the samples collected. It is not possible to give comprehensive guidelines on this
subject here but only few suggestions. In general the labelling has to be very simple to avoid any
mixing of the samples.
Table 3.3 gives an example how pots/plots could be labelled. In this experiment five treatments are
to be tested with four replicates. Individual pots/plots will have two number, the first indicating the
treatment and the second the replicate. This type of table can be extended as needed.
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Table 3.3. Labelling of pots/plots in greenhouse or field experiments. Example 1.

a) TREATMENTS
Replicates
1
2
3
4

1
1-1
1-2
1-3
1-4

2
2-1
2-2
2-3
2-4

3
3-1
3-2
3-3
3-4

4
4-1
4-2
4-3
4-4

5
5-1
5-2
5-3
5-4

It may be useful to skip some of the numbers if there are related treatments. For example, as
shown in Table 3.4 treatments 1, 2 and 3 are cultivars without N and 11, 12 and 13 are the same
cultivars with N and all treatments are replicated four times.
Table 3.4. Labelling of pots/plots in greenhouse or field experiments. Example 2

TREATMENT
Replicate
1
2
3
4

1
1-1
1-2
1-3
1-4

2
2-1
2-2
2-3
2-4

3
3-1
3-2
3-3
3-4

11
11-1
11-2
11-3
11-4

12
12-1
12-2
12-3
12-4

13
13-1
13-2
13-3
13-4

In our experience it is best to use pencil to label the individual pots in greenhouse experiments as
writing by some markers tends to disappear with time.
It will be necessary to randomise the treatments within each replicate before conducting the
experiments. Use tables of random numbers.

3.6.7

SOWING

Most isotope experiments are sown by hand as it is difficult to find suitable sowing machines for
such small experiments. Try in this case to limit the error by having one person or a group of
people doing each replicate.
If the soil is dry water after sowing to facilitate germination.

3.6.8

ISOTOPE APPLICATION

There are various methods of isotope application varying timing, placement and incorporation. In
15
2
general it is sufficient, if a mass spectrometer is used for the analyses, to apply 0.1 g N/m . Table
3.5 shows the rates and suggested enrichments. If an older type emission spectrometer is being
used for the analyses the enrichments may have to be doubled.
Table 3.5. Rates and suggested enrichments for a field experiment
Rate of application (kg N/ha)
200
100
20
10

15

Enrichments (% N atom excess)
0.5
1
5
2.5

In most fertiliser recovery experiments the tracers have to be applied according to the fertiliser
treatments, taking care of placement, split application or fertiliser form. This may be performed after
the sowing, or during the growing period.
In most isotope dilution experiments the isotopes are applied as tracers and not as fertiliser. The
objective is in this case to label the substrate so that nutrients from other sources, e.g. atmosphere
through biological nitrogen fixation, crop residues or sewage sludge, can be quantified. The best
method for labelling will be to apply the tracer well in advance of the experiment, e.g. incorporate
the tracer into a preceding crop, which is ploughed under. This may, in fact, be necessary when
organic residues are being incorporated into the soil (Hood et al., 1999).
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It is very important that the tracer is applied uniformly to the plots. Dissolving the fertiliser in water
and using aliquots for each plot can facilitate this. These aliquots may be diluted further into 3–5
litres of water that is applied uniformly to the plots. Precaution should be taken not to apply the
fertiliser when the soil temperature is very high due to direct ammonia volatilization.
The experiment should be well maintained with the objective to be able to measure the effect of
treatments used in the experiment. All unwanted external factors, which are not part of the
treatments, should be limited as far as possible, e.g. water has to be applied if there is not enough
rain; spraying has to be done if the experiment is affected by any type of infection; a fence has to
be used if animals are grazing in the neighborhood etc.

3.6.9

HARVESTING

Harvesting can be done sequentially, during physiological maturity or during full maturity. The time
of harvest will depend on the objectives of each experiment. Sequential harvesting may be needed,
if one likes to understand processes during crop growth. Most experiments measuring biological
nitrogen fixation or fertiliser recovery will be harvested at physiological maturity, i.e. before
senescence and loss of leaves and experiments having the objectives to measure yields will be
harvested at full maturity.
Harvesting is usually done by cutting the inner area of the experimental plots leaving boarders all
around. At the time of harvest, the plots of reference crop should always be harvested at the same
15
time as the plots with N fixing crops. The pods and straw usually have very different %N and % N
a.e. Therefore it is not possible to take directly representative sub-sample from those plant parts
when mixed. The plants should therefore be separated into pods and straw. These parts are then
15
weighed and sub-sampled after chopping into small fragments. Materials with lower % N a.e.
should be chopped first to minimize contamination from one sample to another. In any case, the
forage chopper, if used, has to be cleaned thoroughly between treatments. Sub-samples should be
0
ground after drying at 70 C. These samples can then be analysed for total N by the Kjeldahl
15
14
procedure. The N/ N ratio can be analysed by either emission or mass spectrometer as
described by (this volume).

3.6.10 CALCULATION
15

15

After the analyses of % N abundance in the plant and fertiliser samples, % N atom
15
15
excess has to be calculated by subtracting the % N natural abundance (0.3663%) from the % N
15
abundance in the sample. The % N atom excess or derived values are used for all the following
calculations, e.g. recovery from various sources.

3.7

CONDUCTING A POT EXPERIMENT USING STABLE ISOTOPES

3.7.1

INTRODUCTION

Only some brief guidelines on how to conduct pot experiment using stable isotopes will be
mentioned in this chapter and reference made to further reading. The same guidelines will apply to
any pot experiments whether they are conducted in a greenhouse or outdoors.
It is important to know that pot experiments have certain limitations and they should only be used to
test hypothesis, methods or material. It is very unlikely that the results from a pot experiment can
be interpolated directly to field conditions. However, it may be useful to test various isotopic
methods in pots before a large scale field experiment is conducted. Also, due to environmental
considerations, it may only be possible to conduct pot experiments with certain isotopes.

3.7.2

POTS

There are many different possibilities in terms of material (clay or plastic) or sizes (0.5 kg to 10 or
20 kg or larger pots). It is usually better to use as large an amount of soil as possible but the space
in the greenhouse is usually the limiting factor. When selecting the pots it is important to decide
whether there should be drainage or not. Holes in the pots will allow drainage but it might be
necessary to place saucers under each pot.
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'RQRWXVHNJKDZKHQUHSRUWLQJGDWDIURPSRWH[SHULPHQWV

 1875,(1762/87,216
,WLVLPSRUWDQWWKDWDVIDUDVSRVVLEOHWKHFRQFHQWUDWLRQRILRQVLQWKHVROXWLRQGRHVQRWYDU\
EHWZHHQWUHDWPHQWVH[FHSWIRUWKHFRQFHQWUDWLRQRIWKHWUHDWPHQWLRQ7RWKLVHQGDVHULHVRI
VWRFNVROXWLRQV 7DEOH KDYHEHHQGHYHORSHGE\/LVOHHWDO  WKDWDOORZVWKHUHPRYDORID
SDUWLFXODUPDFURRUPLFURQXWULHQWZLWKQRRUOLWWOHDIIHFWRQWKHFRQFHQWUDWLRQRIRWKHUQXWULHQWVLQ
WKHVROXWLRQ,QWKLVZD\DQ\DIIHFWVFDQEHGLUHFWO\DWWULEXWHGWRWKHRPLVVLRQRIWKHSDUWLFXODULRQ
DQGWKHUHOHYDQWIHUWLOLW\VWDWXVRIWKHVRLO





&+$37(586,1*18&/($57(&+1,48(6
7DEOH  &RQFHQWUDWLRQ RI WKH VWRFN VROXWLRQV DQG WKH GLOXWLRQV PDGH IRU WKH QXWULHQW VROXWLRQV
XVHGLQWKHVWXG\
&RPSRXQG

$PRXQW &RQF
DGGHG

&RPSOHWH 1
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0DFURQXWULHQWV
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1RWH7KH)H0Q=Q&XDQG%DQG0RFDQEHFRPELQHGLQWRRQHVWRFNVROXWLRQLIDPLQXVWUDFH
HOHPHQWVWUHDWPHQWLVWREHXVHG
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7KHILQDOFRQFHQWUDWLRQVRIWKHQXWULHQWVLQWKHVROXWLRQVLVSUHVHQWHGLQ7DEOH
7DEOH1XWULHQW&RQFHQWUDWLRQVLQWKHVROXWLRQVDGGHGWRWKHSRW
1XWULHQW


&RPSOHWH 1
3
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 ,62723($33/,&$7,21
7KH LVRWRSLF WUDFHUV KDYH WR EH LQ PRVW FDVHV XQLIRUPO\ DSSOLHG DQG PL[HG ZLWK WKH ZKROH
VXEVWUDWH$VDQH[DPSOH 1ODEHOOHGDPPRQLXPVXOIDWHLVZHLJKHGIRUWKHZKROHH[SHULPHQWDQG
GLVVROYHG LQ ZDWHUDOORZLQJDOLTXRWVWREHPL[HGZLWKWKHVRLO LQHDFKSRW,QPRVWFDVHVLWZLOOEH
VXIILFLHQW WR DSSO\  PJ 1NJ VRLO 7DEOH  JLYHV VRPH JXLGHOLQHV DV WR WKH DPRXQWV DQG
HQULFKPHQWVIRUDSRWH[SHULPHQW,WVKRXOGEHSRVVLEOHWRGHWHFWWKH 1LQWKHFURSLIWKHVHUDWHV
DQG HQULFKPHQWV DUH XVHG DQG WKH DQDO\VHV DUH SHUIRUPHG E\ PDVV VSHFWURPHWU\ 7KH
HQULFKPHQWV PD\ KDYH WR EH GRXEOHG LI DQ ROGHU W\SH HPLVVLRQ VSHFWURPHWHU LV XVHG IRU WKH
DQDO\VHV






7DEOH  6XIILFLHQW  1 DWRP H[FHVV HQULFKPHQWV RI YDULRXV 1 UDWHV ZKHQ DSSOLHG WR D SRW
H[SHULPHQW




1UDWHVWRSRWH[SHULPHQWV
PJNJVRLO 





(QULFKPHQWV
 1DWRPH[FHVV 






 75($70(17$33/,&$7,21
,IWKHWUHDWPHQWVDUHVRLODPHQGPHQWVWKHQWKHVHKDYHWREHPL[HGZLWKWKHVRLOEHIRUHWKHVRLOLV
SXWLQWRWKHSRWV

 62:,1*
$OOWKHSRWVVKRXOGEHVRZQRQWKHVDPHGD\LHDOOFXOWLYDUVDQGFRQWUROVDQGWKHSRWVZDWHUHGWR
IDFLOLWDWHJHUPLQDWLRQ,ILWLVQRWSRVVLEOHWRFRPSOHWHWKHVRZLQJRQWKHVDPHGD\WKHQFRPSOHWH



&+$37(586,1*18&/($57(&+1,48(6
WKH VRZLQJ RI UHSOLFDWHV DQG OHDYH WKH UHPDLQLQJ UHSOLFDWHV WR EH VRZQ ODWHU ,Q WKLV ZD\ DQ\
HQYLURQPHQWDOHIIHFWVZLOOEHDQDO\VHGDVDUHSOLFDWHHIIHFWLQVWDWLVWLFDODQDO\VHV
7KHYLDELOLW\RIWKHVHHGVKRXOGEHFKHFNHGEHIRUHVRZLQJDQGPRUHVHHGWKDQLVUHTXLUHGVKRXOG
EH VRZQ DQG WKH VHHGOLQJV WKLQQHG WR WKH GHVLUHG QXPEHU DIWHU HPHUJHQFH /HDYH WKH UHPRYHG
VHHGOLQJVRQWKHVRLODVWKH\PD\FRQWDLQVRPH 1


 :$7(5,1*
'HSHQGLQJRQWKHH[SHULPHQWWKHSRWVZLOOKDYHWREHZDWHUHGHJWRDFHUWDLQZHLJKWE\FDSLOODU\
ULVH E\ SODFLQJ ZDWHU LQ WKH VDXFHUV RU E\ ZDWHULQJ IURP WKH WRS DQG DOORZLQJ GUDLQDJH LQWR WKH
VDXFHUV,QDOOFDVHVZDWHUVKRXOGQRWEHDOORZHGWRGUDLQRXWRIWKHSRWVRUWKHVDXFHUVDVWKLVPD\
PHDQORVVRIWKHWUDFHU

 *5((1+286(&21',7,216
/LJKW DQG WHPSHUDWXUH ZLOO KDYH WR EH PDLQWDLQHG WR IDFLOLWDWH SODQW JURZWK 'HSHQGLQJ RQ WKH
ORFDWLRQ DGGLWLRQDO OLJKWLQJ KHDWLQJ RU FRROLQJ PLJKW EH UHTXLUHG 7KH FRQGLWLRQV VKRXOG EH
UHJLVWHUHGDQGUHSRUWHG

 0$,17(1$1&(
7KHH[SHULPHQWVKRXOGEHORRNHGDIWHUFDUHIXOO\DQGDQ\XQZDQWHGH[WHUQDOHIIHFWVUHGXFHGWRWKH
PLQLPXP,IWKHSODQWVEHFRPHLQIHVWHGE\LQVHFWVWU\WRVSUD\WKHPZLWKWKHDSSURSULDWHFKHPLFDO
5HPHPEHUWKDWWKHYDULRXVWUHDWPHQWVVKRXOGOLPLWWKHJURZWK DQGWKHGHYHORSPHQWRIWKHSODQWV
DQGQRWDQ\XQZDQWHGH[WHUQDOHIIHFWV

 +$59(67,1* 
$IWHU FRQGXFWLQJ D JUHHQKRXVH RU SRW H[SHULPHQW ZLWK LVRWRSHV VDPSOHV KDYH WR EH WDNHQ IRU
DQDO\VHV7KHH[SHULPHQWPD\ LQFOXGHVHTXHQWLDOKDUYHVWLQJRUDOOWKHSODQWPD\ EHKDUYHVWHGDW
WKHFRPSOHWLRQRIWKHH[SHULPHQWDOSHULRG,QPRVWSRWH[SHULPHQWVWKHZKROHPDWHULDOLVKDUYHVWHG
DQG SODFHG LQ DSSURSULDWH ODEHOOHG  SDSHU EDJV ,I WKH URRWV DUH UHPRYHG WKHVH ZLOO KDYH WR EH
ZDVKHG FDUHIXOO\ EHIRUH WKH\ DUH SURFHVVHG $OO VDPSOHV VKRXOG EH FKRSSHG RU FXW LQWR ± FP
SLHFHV,IWKHIUHVKPDWHULDOLVPRUHWKDQJWKHQVXEVDPSOHV VHHEHORZ ZLOOKDYHWREHWDNHQ
RWKHUZLVHWKHZKROHPDWHULDOPD\EHXVHGDVDVDPSOH7KHQH[WVWHSZLOOEHWRGU\WKHPDWHULDOLQ
WKHRSHQSDSHUEDJVDW &'RQRWXVHKLJKHUWHPSHUDWXUHDVVRPH1PD\EHORVW
R

7KHIROORZLQJPHDVXUHPHQWVZLOOKDYHWREHWDNHQ

7RWDOIUHVKZHLJKWSRW

6XEVDPSOHIUHVKZHLJKW

6XEVDPSOHGU\ZHLJKW 
1RWH 6XEVDPSOH IUHVK RU GU\ ZHLJKWV DUH RQO\ QHHGHG LI WKH WRWDO IUHVK ZHLJKW LV PRUH WKDQ
DSSUR[LPDWHO\JDQGLWZLOOEHLQFRQYHQLHQWWRGU\VXFKDODUJHDPRXQWRIPDWHULDO7KHVDPSOH
ZLOOQRZEHUHDG\IRUPLOOLQJDQGLVRWRSHDQDO\VHV

 86,1*7+(1,62723(',/87,210(7+2',1*5((1+286((;3(5,0(176


7KH 1 LVRWRSH GLOXWLRQ PHWKRG FDQ EH XVHG WR TXDQWLI\ ELRORJLFDO QLWURJHQ IL[DWLRQ LQ SRW
H[SHULPHQWV XQGHU JUHHQKRXVH FRQGLWLRQV ,Q WKLV FDVH RQH KDV WR XQLIRUPO\ ODEHO WKH VRLO RU
VXEVWUDWHZLWKWKH 1WUDFHU




L 3RWVVRLO
7R PHDVXUH QLWURJHQ IL[DWLRQ LQ IRU H[DPSOH LQ VR\EHDQ LQRFXODWHG ZLWK  GLIIHUHQW VWUDLQV RI
%UDG\UKL]RELXP MDSRQLFXP XQGHU JUHHQKRXVH FRQGLWLRQ RQH ZRXOG QHHG DW OHDVW  SRWV LH 
UHSOLFDWHV RI HDFK LQRFXODWLRQ WUHDWPHQW  IRU WKH XQLQRFXODWHG FRQWURO DQG  IRU WKH QRQIL[LQJ
UHIHUHQFHSODQW<RXPLJKWVHOHFWSRWVWKDWZLOOKROGNJRIVRLOLH\RXZLOOQHHGSRWV[NJ
VRLO NJRIVRLO,IWKHSRWVKDYHGUDLQDJHKROHVXVHVDXFHUWROLPLW 1ORVVHV




1WUDFHU
LL
(TXLYDOHQWRINJ1KDRI 1DWRPH[FHVVDVDPPRQLXPVXOIDWHRUXUHDZLOOEHVXIILFLHQWWR
HYDOXDWHQLWURJHQIL[DWLRQLQVXFKDQH[SHULPHQW7KHFDOFXODWLRQRIKRZPXFK1LVQHHGHGIRUVXFK
DSRWH[SHULPHQWLVDVIROORZV




&+$37(586,1*18&/($57(&+1,48(6
KD[FPRIVRLOZHLJKV[ NJ


LHNJ1KDLV[ J1[ NJVRLO


IRUNJRIVRLO



   
  J 1 =  J 1 
   

,I\RXXVHDPPRQLXPVXOIDWHZKLFKLVDSSUR[LPDWHO\1\RXZLOOQHHGJRI$6NJ
VRLO'LVVROYHWKHJRI$6LQZDWHUWRPDNHPODQGDGGPODOLTXRWVWRWKHVRLOIRU
HDFKSRWDQGPL[WKRURXJKO\
LLL 7UHDWPHQWVVRZLQJ
7KHVR\EHDQVHHGZLOOKDYHWREHLQRFXODWHGZLWKWKHYDULRXVVWUDLQVWREHWHVWHGDQGWKHSRWVKDYH
WR EH VRZQ 2QH VKRXOG WDNH FDUH QRW FURVV FRQWDPLQDWH WKH VWUDLQV DQG QRW WR FRQWDPLQDWH WKH
XQLQRFXODWHG WUHDWPHQW 7KH QRQQRGXODWLQJ VR\EHDQ UHIHUHQFH FURS  VKRXOG QRW EH LQRFXODWHG
<RX PD\ VRZ IRXU VHHGSRW DQG ODWHU WKLQ WR WZR SODQWVSRW 7KH SRWV VKRXOG EH UDQGRPLVHG DQG
ZDWHUHGWREHORZILHOGFDSDFLW\WRDYRLGGUDLQDJH:DWHUVKRXOGEHDSSOLHGFDUHIXOO\WRDYRLGFURVV
FRQWDPLQDWLRQE\VRLOVSODVKLQJ
LY +DUYHVWDQDO\VHV
$IWHUWKHJURZLQJSHULRGWKHSODQWVVKRXOGEHKDUYHVWHGDQGDQDO\VHGDVRXWOLQHGLQ6HFWLRQ

 86,1*7+(1,62723(',/87,210(7+2',1),(/'(;3(5,0(176
$VLPLODUW\SHRIH[SHULPHQWFRXOGEHGRQHXQGHUILHOGFRQGLWLRQV8VXDOO\WKHQXPEHURIWUHDWPHQWV
WR EH WHVWHG ZRXOG EH ORZHU WKDQ LQ WKH JUHHQKRXVH H[SHULPHQW HJ VHOHFW WKH ILYH EHVW
EUDG\UKL]RELDOVWUDLQVSUHYLRXVO\WHVWHGXQGHUJUHHQKRXVHFRQGLWLRQV
L 3ORWV
$IWHUSUHSDUDWLRQRIWKHH[SHULPHQWDODUHDWKHSORWVKDYHWREHPHDVXUHGDQGODLGRXW,WLVEHVWWR
PDUNWKHERUGHURISORWVZLWKVWULQJ7REHDEOHWRPHDVXUH1 IL[DWLRQRIDOHJXPHFURSDSORWRI
OHJXPH DQG DQRWKHU ZLWK D QRQIL[LQJ UHIHUHQFH FURS DUH UHTXLUHG 2QH UHIHUHQFH SORW LQ HDFK
UHSOLFDWLRQLVVXIILFLHQWLIVWUDLQVRI5KL]RELXPDUHEHLQJWHVWHG+RZHYHULI3DSSOLFDWLRQRUWLPHRI
KDUYHVWLQJDUHEHLQJVWXGLHGWKHUHIHUHQFHFURSKDVWREHWUHDWHGWKHVDPHZD\DVWKHIL[LQJFURS
,QWKLVFDVHRQHSORWRIUHIHUHQFHFURSLVQHHGHGIRUHDFKSORWRIIL[LQJFURS±P LVRWRSHSORWV
ZLWKDWOHDVW±SODQWVWREHKDUYHVWHGSHUSORWDUHXVXDOO\VXIILFLHQW






LL
1DSSOLFDWLRQ
$SSUR[LPDWHO\J1P LHNJ1KDRI 1DHNJ1KDRI 1DHRUNJ
1KDRI 1DHLVXVXDOO\HQRXJKIRUGHWHFWLRQ8UHDDPPRQLXPQLWUDWHRUDPPRQLXPVXOIDWH
IHUWLOLVHU FDQ EH DSSOLHG LQ D VROLG RU OLTXLG IRUP IHUWLOLVHU GLVVROYHG LQ DW OHDVW  PO ZDWHUP 
3UHFDXWLRQ VKRXOG EH WDNHQ QRW WR DSSO\ WKH IHUWLOLVHU ZKHQ WKH VRLO WHPSHUDWXUH LV KLJK WR DYRLG
GLUHFWDPPRQLDYRODWLOL]DWLRQ










LLL +DUYHVWDQDO\VHV
$WWKHWLPHRIKDUYHVWWKHSORWVRIWKHUHIHUHQFHFURSVKRXOGDOZD\VEHKDUYHVWHGDWWKHVDPHWLPH
DV WKH SORWV ZLWK IL[LQJ FURSV 7KH SRGV DQG VWUDZ XVXDOO\ KDYH YHU\ GLIIHUHQW 1 DQG  1 DH
7KHUHIRUHLWLVQRWSRVVLEOHWRGLUHFWO\WDNHUHSUHVHQWDWLYHVXEVDPSOHIURPWKRVHSODQWSDUWVZKHQ
PL[HG 7KH SODQWV VKRXOG WKHUHIRUH EH VHSDUDWHG LQWR SRGV DQG VWUDZ 7KHVH SDUWV DUH WKHQ
ZHLJKHG DQG VXEVDPSOHG DIWHU FKRSSLQJ LQWR VPDOO IUDJPHQWV 0DWHULDO ZLWK ORZHU  1 DH
VKRXOG EH FKRSSHG ILUVW WR PLQLPL]H FRQWDPLQDWLRQ IURP RQH VDPSOH WR DQRWKHU ,Q DQ\ FDVH WKH
IRUDJHFKRSSHULIXVHGKDVWREHFOHDQHGWKRURXJKO\EHWZHHQWUHDWPHQWV6XEVDPSOHVVKRXOGEH
JURXQG DIWHU GU\LQJ DW  & 7KHVH VDPSOHV FDQ WKHQ EH DQDO\VHG IRU WRWDO 1 E\ WKH .MHOGDKO
SURFHGXUH 7KH 1 1 UDWLR FDQ EH DQDO\VHG E\ HLWKHU HPLVVLRQ RU PDVV VSHFWURPHWHU DV
GHVFULEHGLQ6HFWLRQ










LY &DOFXODWLRQ
$IWHUWKHPHDVXUHPHQWRI 1DEXQGDQFHLQWKHSODQWDQGIHUWLOLVHUVDPSOHV 1DWRPH[FHVV
KDV WR EH FDOFXODWHG E\ VXEWUDFWLQJ WKH  1 QDWXUDO DEXQGDQFH   IURP WKH  1
DEXQGDQFHLQWKHVDPSOH7KH 1DWRPH[FHVVYDOXHVDUHXVHGIRUDOOWKHIROORZLQJFDOFXODWLRQV
1GHULYHGIURPIHUWLOLVHU 1GII LVWKHILUVWGHULYHGYDOXH
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5()(5(1&(6$1')857+(55($',1*

)ULHVHQ'.%ODLU*-  $FRPSDULVRQRIVRLOVDPSOLQJSURFHGXUHVXVHGWRPRQLWRUVRLOIHUWLOLW\
LQSHUPDQHQWSDVWXUHV$XVWUDOLDQ-RXUQDORI6RLO5HVHDUFK±
+RRG5&2¶*RUPDQ.1$LJQHU0+DUGDUVRQ*  $FRPSDULVRQRIGLUHFWDQGLQGLUHFW 1
LVRWRSH WHFKQLTXHV IRU HVWLPDWLQJ FURS 1 XSWDNH IURP RUJDQLF UHVLGXHV 3ODQW DQG 6RLO  ±



,$($  5DGLDWLRQ3URWHFWLRQ3URFHGXUHV6DIHW\6HULHV1R7DEOH
-DFNVRQ0/  6RLO&KHPLFDO$QDO\VLV3XEOLVKHGE\&RQVWDEOH &RPSDQ\/WG
/LVOH/0/HIUR\5'%%ODLU*-  0HWKRGIRUUDSLGDVVHVVPHQWRIQXWULHQWVXSSO\FDSDFLW\
RIVRLOV&RPPXQLFDWLRQVLQ6RLO6FLHQFHDQG3ODQW$QDO\VLV±
/LWWOH 7 0 +LOOV ) -   6WDWLVWLFDO 0HWKRGV LQ $JULFXOWXUDO 5HVHDUFK 8QLYHUVLW\ RI &DOLIRUQLD
S
0RVHU %   6WUDKOHQVFKXW]YHURUGQXQJ 0DLQ]VFKH 6RQGHUDXVJDEH 1U D 0DLQ] 9HUODJ
:LHQ$XVWULD
3HWHUVHQ5*  $JULFXOWXUDO)LHOG([SHULPHQWV'HVLJQDQG$QDO\VLV0DUFHO'HNNHU,QF1HZ
<RUNS
3LSHU&6'6F  6RLODQG3ODQW$QDO\VLV
5HXWHU'-DQG(GV5RELQVRQ-%  3ODQW$QDO\VLV$Q,QWHUSUHWDWLRQ0DQXDO,QNDWD3UHVV
0HOERXUQHS
5HXWHU ' - 5RELQVRQ - % 3HYHULOO . , 3ULFH * +   *XLGHOLQHV IRU FROOHFWLQJ KDQGOLQJ DQG
DQDO\VLQJSODQWPDWHULDO,Q3ODQW$QDO\VLV$Q,QWHUSUHWDWLRQ0DQXDO5HXWHU%-DQG5RELQVRQ-
%(GVSS±,QNDWD3UHVV0HOERXUQH
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&+$37(5 
/$%25$725<0(7+2'6


1,752*(1

 727$/1'(7(50,1$7,21±6(0,0,&52.-(/'$+/$1$/<6,6
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
7RGHWHUPLQHWKHWRWDODPRXQWRIQLWURJHQLQDSODQWVDPSOH
% 3ULQFLSOH
7KH DFLG GLJHVWLRQ SURFHGXUH EUHDNV GRZQ DOO WKH RUJDQLF QLWURJHQ LQ WKH VDPSOH WR DPPRQLXP
7KH GLJHVWHG VDPSOH LV GLVWLOOHG DIWHU DGGLWLRQ RI D VWURQJ DONDOL OLEHUDWLQJ DPPRQLD ZKLFK LV
FROOHFWHGLQDNQRZQDPRXQWRIDFLG$EDFNWLWUDWLRQLVWKHQSHUIRUPHGWRGHWHUPLQHWKHDPRXQWRI
DFLGFRQVXPHGE\WKHDPPRQLDDQGWRFDOFXODWHWKHDPRXQWRI1LQWKHVDPSOH
& 7\SLFDOVDPSOH



*URXQGSODQWVDPSOHSDUWLFOHVL]HPPGULHGDW&PLQKRXUV
0DWHULDOVWRUHGLQSDSHUEDJV !DLUGU\ DQGWKHEDJVFRYHUHGZLWKSODVWLF

' $SSDUDWXV















6WDQGDUGODERUDWRU\HTXLSPHQW
6WDQGDUGODERUDWRU\JODVVZDUH
$OXPLQXPGLJHVWLRQEORFN HJIURP7HFDWRU%FKL RUVLPLODU
$XWRPDWLFGLVWLOODWLRQXQLW HJIURP7HFDWRURU%FKL RUDVWDQGDUGODERUDWRU\GLVWLOODWLRQXQLW
'LJHVWLRQWXEHV YROXPHP/ 
%DODQFHUHDGDEOLOLW\PJ
6HWRIUHIHUHQFHZHLJKWV HJJJJJPJPJPJPJ WRFKHFN
WKHEDODQFHFDOLEUDWLRQ
'U\LQJRYHQDW&&
P/GLVSHQVHUPRXQWHGRQDOLWHUJODVVERWWOH
9RUWH[VKDNHU
%XUHWWHSUHIHUDEO\GLJLWDOYROXPHP/
P/YROXPHWULFSLSHWWHFODVV$ FDOLEUDWHG 
P/GLJHVWLRQWXEHVHJ7HFDWRUWXEHVRUP/WUDGLWLRQDO.MHOGDKOGLJHVWLRQIODVNV
P/WLWUDWLRQIODVNV

( 5HDJHQWV









6XOIXULFDFLGFRQF Z  SD0HUFN&DW1R
'LVWLOOHGRUGHLRQLVHGZDWHU
.MHOGDKOFDWDO\VWWDEOHWV ³.MHOWDEV´. 62 &X62 6H 0HUFN&DW1R
RU6HOHQLXP5HDFWLRQ0L[WXUH0HUFN&DW1R
3HUK\GURO + 2  0HUFN&DW1R 
1D2+VROLGSD0HUFN&DW1R
7DVKLUR LQGLFDWRU J RI PHWK\OHQH EOXH 0HUFN &DW 1R   DQG J RI PHWK\O UHG
0HUFN&DW1RLQP/RIHWKDQRO 
7LWULVRO VWDQGDUGVROXWLRQRIK\GURFKORULFDFLG+&OF PRO/0HUFN&DW1R
7LWULVRO VWDQGDUGVROXWLRQRIVRGLXPK\GUR[LGH1D2+F PRO/0HUFN&DW1R






5







5
5

) 3URFHGXUH
L

.MHOGDKO'LJHVWLRQ



&KHFNEDODQFHFDOLEUDWLRQZLWKDVHWRIUHIHUHQFHZHLJKWVDQGUHFDOLEUDWHWKHEDODQFHLIRXWRI
UDQJH



&+$37(50(7+2'6



:HLJK DQ DPRXQW RI DLU GU\ SODQW PDWHULDO FRUUHVSRQGLQJ WR DERXW ± PJ 1 LQWR D  P/
GLJHVWLRQWXEH DSSUR[LPDWHO\±PJSODQWPDWHULDO WKHHVWLPDWHGUDQJHRI1FRQWHQW
RIDVSHFLILFSODQWPDWHULDOLVEDVHGRQWKHDQDO\VW¶VH[SHULHQFH
1RWHWKHVDPSOHDLUGU\ZHLJKW WRPJ LQWKHGDWDVKHHW

127( D FRUUHFWLRQ IRU WKH PRLVWXUH FRQWHQW RI WKH DLU GU\ VDPSOH KDV WR EH SHUIRUPHG RQ D
VHSDUDWHVDPSOHWRFRUUHFWWKHILQDO1UHVXOWZKLFKKDVWREHEDVHGRQRYHQGU\PDWHULDO VHH
 I LL 
















5LQVHWXEHZDOOVZLWK±P/RIGLVWLOOHGZDWHU
'LVSHQVHDSSUR[LPDWHO\P/RIFRQFHQWUDWHG+ 62 XVLQJDGLVSHQVHU
6KDNHWRJHWDOOSODQWPDWHULDOLQWRFRQWDFWZLWKWKHDFLG
$GG6HFDWDO\VWWDEOHWRUDERXWPJRI6HOHQLXP5HDFWLRQ0L[WXUH
7KHGLJHVWLRQHTXLSPHQWVKRXOGEHVHWXSLQDIXPHFXSERDUGDQGWKHIDQVZLWFKHGRQ
,Q DGGLWLRQ D ZDWHU MHW SXPS VKRXOG EH FRQQHFWHG WR WKH GLJHVWLRQ V\VWHP WR VXFN WKH
GHYHORSLQJDFLGYDSRXUV
7KHWXEHLVSXWLQWRDFROGGLJHVWLRQEORFN
7KHWHPSHUDWXUHLVVORZO\LQFUHDVHGWRDSSUR[LPDWHO\&
$WWKLVILUVWVWHSZDWFKWKHUHDFWLRQFRQWLQXRXVO\WRDYRLGERLOLQJRYHUVKDNHIURPWLPHWRWLPH
WRGHVWUR\GHYHORSHGIRDPV
:KHQIRDPLQJFHDVHVLQFUHDVHWHPSHUDWXUHWR±&
7KHVDPSOHLVPDLQWDLQHGDWWKLVWHPSHUDWXUHXQWLODFRORXUOHVVVROXWLRQLVREWDLQHG W\SLFDOO\±
KRXUV 
,QFDVHWKHVDPSOHGRHVQRWWXUQFRORXUOHVVFRROGRZQWKHGLJHVWDQGFDUHIXOO\DGGIHZGURSV
RI+ 2  3HUK\GURO WRWKHKDQGZDUPGLJHVWWRR[LGL]HUHPDLQLQJRUJDQLFFRPSRXQGV
3ODFH WKH WXEHV EDFN LQ WKH GLJHVWLRQ EORFN DQG FRQWLQXH GLJHVWLRQ XQWLO FRORXUOHVV DQG
DSSUR[LPDWHO\PLQXWHVPRUH
&RROVDPSOHVWRURRPWHPSHUDWXUH
$GG DSSUR[LPDWHO\  P/ RI GLVWLOOHGGLVWLOOHG ZDWHU WR WKH VDPSOH DQG PL[ HJ ZLWK 9RUWH[
VKDNHU 
&RROVDPSOHVWRURRPWHPSHUDWXUH
$GG±GURSVRI7DVKLURLQGLFDWRU UHDVRQVHHEHORZ 




5








127(*HQHUDOO\EODQNVDPSOHVSHUGD\ZKLFKUHFHLYHDOOWUHDWPHQWVDQGUHDJHQWVH[FHSWSODQW
PDWHULDOVKRXOGEHUXQZLWKHDFKEDWFKRIVDPSOHV

,I WKH EODQN YDOXH H[FHHGV  PJ 1 LH  RI D  PJ 1 VDPSOH  WKH GLVWLOOHG ZDWHU DQG WKH
UHDJHQWV VKRXOG EH FKHFNHG IRU 1FRQWDPLQDWLRQ 7KH SUREOHP LV WKDW WKH EODQN 1 IURP WKH
UHDJHQWVLVQRUPDOO\QDWXUDODEXQGDQFH1 LH 1 DQGWKLVGLOXWHVWKH 1HQULFKPHQWRI
WKHHQULFKHGSODQWVDPSOH 




LL &RUUHFWLRQIRUPRLVWXUHLQDLUGU\SODQWVDPSOH








:HLJKDVPDOOGU\JODVVGLVKDQGQRWHWKHWDUHRIWKHJODVVGLVK
=HURWKHEDODQFH
$GGDERXWJRIDLUGU\SODQWPDWHULDODQGQRWHWKHSUHFLVHQHWZHLJKWRIWKHDLUGU\VDPSOH
'U\ LQ GU\LQJ FDELQHW SUHIHUDEO\ ZLWKRXW YHQWLODWLRQ WR DYRLG ORVV RI SRZGHU  IRU  KRXUV
RYHUQLJKW DW&
&RROWRURRPWHPSHUDWXUHLQDGHVVLFDWRUZLWKVLOLFDJHO
:HLJKSUHFLVHO\WKHGLVKZLWKWKHRYHQGU\VDPSOHDQGQRWHWKHJURVVZHLJKW
&DOFXODWHGU\PDWWHUDQGFRUUHFWWKHZHLJKWRIWKHDLUGU\SODQWPDWHULDO

&DOFXODWLRQH[DPSOH
 WDUHRIGLVK««««««««««««««««J
 QHWRIDLUGU\SODQWPDWHULDO«««««««««J
 JURVVDIWHUGU\LQJ«««««««««««««J
!QHWRYHQGU\SODQWPDWHULDO JJ J
!GU\PDWWHU [ 
!PRLVWXUHFRUUHFWLRQIDFWRU 
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 :HLJKWDLUGU\SODQWVDPSOHIRU.MHOGDKODQDO\VLV««««PJ
 !>PJ@RYHQGU\SODQWVDPSOH PJ[ PJ


QRWHWKLVRYHQGU\ZHLJKWLQWKHGDWDVKHHWXQGHU³:´ VHH7DEOH 

LLL 3UHSDUDWRU\ZRUNIRUGLVWLOODWLRQDQGWLWUDWLRQ
127(LWLVDGYLVDEOHWRSUHSDUHWKH1D2+²WLWUDQWVROXWLRQIURP7LWULVRO VHHLYEHORZ EXWLIWKLV
LVQRWDYDLODEOHWKHWLWUDQWFDQDOVREHSUHSDUHGIURPVROLG1D2+DQGDWLWHUGHWHUPLQDWLRQKDVWR
EHSHUIRUPHGXVLQJR[DOLFDFLGVHH+EHORZ 
5

LY 3UHSDUDWLRQRI1D2+WLWUDQWVROXWLRQF PRO/W WLWHU  IURP7LWULVRO 
5









3UHSDUHDFOHDQOLWHUYROXPHWULFIODVN
3ODFHWKH7LWULVRO DPSRXOHLQWKHQHFNRIWKHYROXPHWULFIODVN
)ROORZWKHLQVWUXFWLRQVRQWKHSDFNDJH
$IWHUFDUHIXOULQVLQJRIWKHHPSW\DPSRXOHILOOWKHYROXPHWULFIODVNXSWRWKHPDUNZLWKGLVWLOOHG
ZDWHU
&ORVHWKHIODVNDQGPL[WKHVROXWLRQWKRURXJKO\
7UDQVIHUWKHVROXWLRQWRDFOHDQGU\JODVVERWWOHDQGFRQQHFWWKHEXUHWWH
5LQVHWKHEXUHWWHFDUHIXOO\ZLWKWKH1D2+VROXWLRQWRHOLPLQDWHDLUEXEEOHV
5

Y 3UHSDUDWLRQRIOLWHUVRI+&OVROXWLRQF PRO/IURP7LWULVRO F PRO/
5











3UHSDUHDFOHDQOLWHUJODVVERWWOHDQGPDUNDWOLWHUYROXPH
3ODFHWKH7LWULVRO DPSRXOHLQWKHQHFNRIWKHYROXPHWULFIODVN
)ROORZWKHLQVWUXFWLRQVRIWKHSDFNDJH
5LQVHDPSRXOHWKRURXJKO\ZLWKGLVWLOOHGZDWHU
)LOOXSWRWKH/PDUNZLWKGLVWLOOHGZDWHU
&ORVHERWWOHDQGPL[
 
0DNH D WLWHU GHWHUPLQDWLRQ RI WKH +&O VROXWLRQ ZLWK D ³QRPLQDO´ FRQFHQWUDWLRQ RI F
PRO/
7UDQVIHU±OLWHUVRIWKHVROXWLRQWRDFOHDQGU\JODVVERWWOHDQGFRQQHFWDP/GLVSHQVHU
5LQVHGLVSHQVHUFDUHIXOO\ZLWK+&OWRUHPRYHDLUEXEEOHV
5

QRPLQDO

YL 'HWHUPLQDWLRQRIWKHWLWHU³W

´RIWKH+&OVROXWLRQF

+&O

QRPLQDO

PRO/

 3UHSDUHDFDOLEUDWHGYROXPHWULFSLSHWWHDQGP/WLWUDWLRQIODVNV
PRO/LQWRHDFKWLWUDWLRQIODVN
 3LSHWWHP/RI+&OF
 $GG±GURSVRI7DVKLURLQGLFDWRU
 7LWUDWHWKHVROXWLRQVDQGFDOFXODWHWKHPHDQFRQVXPSWLRQRI1D2+VROXWLRQF PRO/
 7KHHQGSRLQWLVWKHFRORUFKDQJHIURPYLROHWWRJUHHQ

&DOFXODWLRQRIW
PHDQFRQVXPSWLRQRI1D2+IRUP/+&OP/

!LIPRO1D2+««««P/

!<PRO1D2+««««P/

!< PRO2+ ZKLFKLVHTXDOWRPRO+ 
 PRO+ LQP/RU

!F
F
PROO
QRPLQDO


+&O










DFWXDO

DFWXDO

F

 PROO

QRPLQDO

F
W

DFWXDO

+&O

 F

F

DFWXDO

!W


QRPLQDO

QRWHWKLVWLWHUW

F

[W













+&O

QRPLQDO

  

+&O

LQWKHGDWDVKHHW

+&O

YLL 3UHSDUDWLRQRI1D2+Z  HJIRU7HFDWRUV\VWHP 
>Z PHDQVJ1D2+SHUJVROXWLRQ J1D2+J+ 2@


$WWHQWLRQSURWHFW\RXUH\HVIRUWKLVRSHUDWLRQ
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:HLJKJRIVROLG1D2+LQWRDJODVVEHDNHU
0HDVXUHDYROXPHRIP/RIGLVWLOOHGZDWHU
3UHSDUHD/LWHU(UOHQPH\HUIODVNDQGDGGDERXWJRIWKHSUHZHLJKHGVROLG1D2+
$GG DERXW  P/ RI WKH PHDVXUHG YROXPH RI GLVWLOOHG ZDWHU DQG PL[ WKRURXJKO\  FRRO WKH
VROXWLRQVOLJKWO\LQDZDWHUEDWK
$IWHUGLVVROXWLRQRIWKHILUVWDPRXQWRI1D2+DGGPRUH1D2+DQGPRUHZDWHU
&RQWLQXHXQWLODOOJRI1D2+DUHPL[HGZLWKDOOP/RIGLVWLOOHGZDWHU
&RROVROXWLRQWRURRPWHPSHUDWXUH
7UDQVIHUWKHDONDOLVROXWLRQWRDSODVWLF HJSRO\HWK\OHQH VWRUDJHERWWOHQRWWRJODVVERWWOHV

YLLL'HWHUPLQDWLRQRIWKHGLVSHQVHGYROXPHRI+&O









3UHSDUHWLWUDWLRQIODVNVHJP/(UOHQPH\HUIODVNV
'LVSHQVHP/RI+&OLQWRHDFKWLWUDWLRQIODVN
$GG±GURSVRI7DVKLURLQGLFDWRU
  
7LWUDWHZLWK1D2+F 1 HJ7LWULVRO W
7KHHQGSRLQWLVWKHSRLQWRIFRORUFKDQJHIURPYLROHWWRJUHHQ
&DOFXODWHWKHPHDQFRQVXPSWLRQRI1D2+
7KH PHDQ YROXPH RI 1D2+ FRQVXPHG IRU QHXWUDOLVDWLRQ RI WKH +&O LV HTXDO WR WKH PHDQ
GLVSHQVHGYROXPHRI+&O
1RWHWKLVYROXPHLQWKHGDWDVKHHWIRUDOOVDPSOHVXQGHU³$´LQ7DEOH
5

1D2+

L[ 'LVWLOODWLRQRIGLJHVWXVLQJWKH7HFDWRU'LVWLOODWLRQV\VWHP





6ZLWFKRQWKHGLVWLOODWLRQXQLWDQGWKHFRROLQJZDWHU IORZUDWHOPLQ DQGJHQHUDWHVWHDP
'LVWLOODERXWP/RIGLVWLOOHGZDWHURUHWKDQROSDWRFOHDQWKHV\VWHP
 1XQGHUQHDWKWKHRXWOHW
3ODFHDWLWUDWLRQIODVNZLWKNQRZQYROXPH P/ RI+&OF
WLSRIWKHGLVWLOODWLRQVWDQGDQGOLIWWRLPPHUVHWKHWLS
&RQQHFW WKH VDPSOH WXEH WR WKH GLVWLOODWLRQ DSSDUDWXV DQG OHW WKH VWHDP EXEEOH WKURXJK WKH
GLJHVW
$GGDQH[FHVV DERXWP/ RI1D2+VROXWLRQZ 
QRPLQDO



127(,IWKHDGGHGLQGLFDWRUGRHV127WXUQJUHHQ EHIRUHWKHLQGLFDWRUPROHFXOHVDUHGHVWUR\HG
E\WKHVWURQJDONDOL WKHDPRXQWRI1D2+KDVWREHLQFUHDVHGWRUHDOO\DGG1D2+LQH[FHVV

 7KHVDPSOHLVGLVWLOOHGIRUPLQLPXPPLQXWHVSOXVPLQXWHZLWKORZHUHGWLWUDWLRQIODVNWRULQVH
WKHJODVVWLSLQVLGH DERXWP/RIGLVWLOODWHVKRXOGEHFROOHFWHG 
 5LQVHWKHWLSDQGUHPRYHWKHIODVNIURPWKHGLVWLOODWLRQVWDQG
[ 7LWUDWLRQ






+RPRJHQL]HWKHWLWUDQWVROXWLRQ1D2+F 1 HJ7LWULVRO W
  
)LOOWKHEXUHWWHZLWKWLWUDQWVROXWLRQUHPRYHDLUEXEEOHVIURPWKHWXEHV
6HWWKHEXUHWWHGLVSOD\WR]HUR
%DFN WLWUDWH WKH +  UHPDLQLQJ DIWHU UHDFWLRQ ZLWK 1+   1+   +  ! 1+  WR WKH HQG SRLQW
PDQXDOO\RUE\DXWRPDWLFWLWUDWLRQWKHHQGSRLQWLVWKHSRLQWRIFRORUFKDQJHIURPYLROHWWRJUHHQ
1RWHWKHFRQVXPSWLRQRI>P/@1D2+LQWKHGDWDVKHHWXQGHU³%³LQ7DEOH
5

1D2+













,IWKHVDPSOHLVWREHDQDO\VHGE\HPLVVLRQVSHFWURPHWU\WKHIROORZLQJSURFHGXUHVDUHFDUULHGRXW



7KHVDPSOHLVUHDFLGLILHGZLWKDIHZGURSVRI1+&O
7KH VDPSOH LV HYDSRUDWHG WR WKH GHVLUHG FRQFHQWUDWLRQ RI  PJ 1  P/ RQ D KRW SODWH DW
a& FDOFXODWLRQVHH*DQG+EHORZ 
127( &DUH VKRXOG EH WDNHQ WR DYRLG WKH GU\LQJ RXW RI VDPSOHV DV WKLV ZLOO UHVXOW LQ ORVV RI WKH
DPPRQLD
,WLVDGYLVDEOHWRWUDQVIHUWKHVROXWLRQVWRFOHDQJODVVYLDOVRIDERXWP/FRQWHQWDIWHUWKH\KDYH
EHHQ HYDSRUDWHG WR WKLV YROXPH DQG FRQWLQXH WKH HYDSRUDWLRQ WR WKH GHVLUHG YROXPH LQ D GU\LQJ
FDELQHWDWDPD[LPXPWHPSHUDWXUHRI&
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* &DOFXODWLRQRI1LQSODQWPDWHULDO
>PJ@1LQSODQWVDPSOH

>PJ@ 1SODQW VDPSOH = > >PO@ +&O VDPSOH ¼ F +&O ¼ W +&O - >PO@ 1D2+ VDPSOH ¼ F 1D2+ ¼ W 1D2+ @ ¼ 0 1  
>PJ@1LQEODQN

> >PJ@ 1EODQN ¼ F +&O ¼ W +&O - >PO@ 1D2+EODQN ¼ F 1D2+ ¼ W 1D2+ @ ¼ 0 1 





1LQSODQWPDWHULDO

1 =  ¼

>PJ@ 1 SODQW VDPSOH - >PJ@ 1EODQN



>PJ@ RYHQGU\ SODQW VDPSOH









127(7KHFDOFXODWLRQLVEDVHGRQRYHQGU\SODQWPDWHULDODQG127RQDLUGU\SODQWPDWHULDO
7KHUHIRUHDFRUUHFWLRQIRUWKHPRLVWXUHFRQWHQWRIWKHDLUGU\PDWHULDOKDVWREHGRQH












([DPSOHIRU>PJ@1DQG1FDOFXODWLRQ DVVXPLQJWKDWW










  

1D2+

>PJ@RYHQGU\SODQWPDWHULDO««««««««««««««««««««««
PHDQ>P/@+&OGLVSHQVHGLQWLWUDWLRQIODVNV VDPSOHVDQGEODQN ««««««
FRQFHQWUDWLRQRI+&OF
>PRO/@««««««««««««««««««««
>PRO/@@«««««««««««««««««««
FRQFHQWUDWLRQRI1D2+F
WLWHUW «««««««««««««««««««««««««««««««
WLWHUW
«««««««««««««««««««««««««««««
>P/@1D2+FRQVXPHGIRUVDPSOHWLWUDWLRQ«««««««««««««««««
>P/@1D2+FRQVXPHGIRUEODQNWLWUDWLRQ«««««««««««««««««
PRODUPDVVRIQLWURJHQ0 1 >JPRO@«««««««««««««««««««
QRPLQDO

QRPLQDO

+&O

1D2+

>PJ@ 1SODQW VDPSOH = >  ¼ ¼  -  ¼  ¼  @ ¼  =  PJ 1 
>PJ@ 1EODQN = > ¼  ¼  - ¼  ¼  @ ¼  = PJ 1 
127(,IWKHEODQNYDOXHLVKLJKHUWKDQPJWU\WRUHGXFHWKHEODQNE\SUHSDULQJQHZUHDJHQWV

 1 =  ¼

 - 

=   1 





&DOFXODWLRQRIYROXPHQHHGHGIRU 1GHWHUPLQDWLRQE\2(6

7KHUHTXLUHG1FRQFHQWUDWLRQIRU2(6 1R LVDSSUR[LPDWHO\PJ1P/
!)RUDERXWPJ1IRXQGLQWKHSODQWVDPSOHWKHYROXPHKDVWREHUHGXFHGWRDSSUR[LPDWHO\ 
P/ IRUSUHSDUDWLRQVHHEHORZ 
+ 3UHSDUDWLRQRI1D2+WLWUDQWIURPVROLG1D2+DQGUHODWHGFDOFXODWLRQV
5

127( 7KLV SURFHGXUH LV RQO\ QHFHVVDU\ LI QR 7LWULVRO  LV DYDLODEOH IRU WKH 1D2+ WLWUDQW
VROXWLRQ
PRO/IURPVROLG1D2+

L

3UHSDUDWLRQRI1D2+WLWUDQWVROXWLRQF







3UHSDUHDFOHDQOLWHUYROXPHWULFIODVN
:HLJKLQJRIVROLG1D2+
$GGDERXWP/RIGLVWLOOHGZDWHUPL[DQGGLVVROYHFRPSOHWHO\
0DNHXSWRPDUNDQGPL[WKRURXJKO\
3HUIRUPDWLWHUGHWHUPLQDWLRQ VHH,,EHORZ 

LL 'HWHUPLQDWLRQRIWKHWLWHU³W


QRPLQDO

´RIWKH1D2+WLWUDQWVROXWLRQF

1D2+O

QRPLQDO

PRO/

3ODFHDERXWJRIR[DOLFDFLG & + 2 + 20HUFN&DW1R LQDFOHDQJODVVGLVK
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 'U\LQGU\LQJFDELQHWDW&IRUPLQKRXUV

127(1RWUDQVSDUHQWFU\VWDOVVKRXOGUHPDLQDIWHUGU\LQJ²DOOR[DOLFDFLGVKRXOGEHFRPSOHWHO\
ZKLWHLHDOOZDWHURIFU\VWDOLVDWLRQUHPRYHG



&RROWKHR[DOLFDFLGWRURRPWHPSHUDWXUHLQDGHVVLFDWRUZLWKVLOLFDJHO



:HLJKWLPHVH[DFWO\PJ WKLVDPRXQWFRUUHVSRQGVWRPPRORI+ RIVROLGGU\R[DOLF
DFLGLQWRP/WLWUDWLRQIODVNV



$GGDERXWP/RIGLVWLOOHGZDWHUWRGLVVROYH



$GGGURSVRISKHQROSKWKDOHLQLQGLFDWRU 0HUFN&DW1RJLQP/(WKDQRO 



3ODFH WKH WLWUDWLRQ IODVNV RQ D KRWSODWH DW DERXW  & IRU PLQXWHV WR ZDUP WKH VROXWLRQ WR
DERXW&DYRLGERLOLQJ



7LWUDWHZLWKWKHWLWUDQW1D2+VROXWLRQF
ILUVWVWDEOHSLQNFRORU



5HSHDWZLWKPRUHUHSOLFDWHVDQGQRWHFRQVXPSWLRQVLQWKHGDWDVKHHW



&DOFXODWHWKHPHDQFRQVXPSWLRQRI1D2+F



127(,IWKHWLWHUW

PRO/XQWLOWKHFRORXUOHVVVROXWLRQWXUQVWRWKH

QRPLQDO

QRPLQDO

PRO/

ZRXOGEHH[DFWO\P/RI1D2+ZRXOGEHQHHGHGWRQHXWUDOL]H

1D2+

PPRORI+ IURPWKHR[DOLFDFLG


&DOFXODWLRQRIW

H[DPSOH


1D2+


H[DPSOHPHDQFRQVXPSWLRQRI1D2+IRUPJRIR[DOLFDFLGP/
!VLQFHP/1D2+QHXWUDOL]HPPRORI+





 

PPRO2+ «««««P/



! 

[PPRO2+ ««««P/



! 



!F





[ PPRO2+ ZKLFKLVHTXDOWRPRO2+ P/


 PRO/



F

DFWXDO

 PROO

QRPLQDO

F
W


!W



 F

DFWXDO

1D2+

F

QRPLQDO[

DFWXDO

W

F

















1D2+

QRPLQDO

  

1D2+O


LLL &DOFXODWLRQRI1
5

1LQSODQWPDWHULDOLIQR7LWULVRO ZDVXVHGLHLIWKHWLWHURI1D2+LVQRW

 1 =  ¼

> >PO @ +&O VDPSOH ¼ F +&O ¼ W +&O - >PO @ 1D2+ VDPSOH ¼ F 1D2+ ¼ W 1D2+ - > PJ @ 1 EODQN @ ¼ 0 1
> PJ @ RYHQGU\ SODQW VDPSOH



> PJ @ 1 EODQN = > >PO @ +&O EODQN ¼ F +&O ¼ W +&O - >PO @ 1D2+ EODQN ¼ F 1D2+ ¼ W 1D2+ @ ¼ 0 1  
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7DEOH([DPSOHRIGDWDVKHHWIRUWRWDO1GHWHUPLQDWLRQE\.MHOGDKO
6DPSOH

0RLVWXUH

:

FRUUHFWLRQ

$

W+&O

%

W1D2+

1VDPSOH

1EODQN

1

LQRYHQ

IDFWRU
&RGH 5HSO :HLJKW

ZHLJKW

>P/@

7LWHURI

>P/@1

7LWHURI

>PJ@1LQ

>PJ@1LQ

DLUGU\



RYHQGU\

1

+&O

1D2+

1D2+

VDPSOH

EODQN

>PJ@

>PJ@

+&O

GU\
VDPSOH











































































































































































































































































































































































 .&/(;75$&7,21)251,75$7($1'$0021,80'(7(50,1$7,21
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ


7RH[WUDFWWKHQLWUDWHDQGDPPRQLXPIURPWKHVRLOE\.&OH[WUDFWLRQVRWKDWDQDO\VLVRI1+ DQG

12 FDQEHPDGH
% 3ULQFLSOH


$Q H[WUDFWLRQ RI WKH VRLO LV PDGH ZLWK .&O VROXWLRQ WKH .  LRQV VXEVWLWXWH RQ WKH VRLO FDWLRQ

H[FKDQJH VLWHV DQG WKXV 1+  LV UHOHDVHG LQWR VROXWLRQ DQG FDQ EH PHDVXUHG 7KH QLWUDWH LV
H[WUDFWHGDWWKHVDPHWLPH
& 7\SLFDOVDPSOH
)UHVKVRLOVDPSOH
' $SSDUDWXV
 P/ SRO\WKHQH ERWWOHV  P/ SRO\WKHQH ERWWOHV IRU FROOHFWLRQ RI VDPSOHV SRO\WKHQH IXQQHOV
ILEUH JODVV ILOWHU SDSHUV RU DFLG ZDVKHG FHOOXORVH SDSHUV  PHFKDQLFDO VKDNHU RU ODUJH YROXPH
FDSDFLW\FHQWULIXJH
( 5HDJHQWV
03RWDVVLXPFKORULGH .&O KLJKJUDGHORZHUJUDGHVPD\EHFRQWDPLQDWHGZLWK1 JLQ/ 
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) 3URFHGXUH









7DNHDJVXEVDPSOHRIVRLOVDPSOHWRGHWHUPLQHWKHPRLVWXUHFRQWHQWDW&WLOOFRQVWDQW
ZHLJKW
:HLJKJDOLTXRWVRIIUHVKVRLOLQWRDP/SODVWLFFRQWDLQHUV
$GGP/RI0.&O
6KDNHIRUKRXURQDPHFKDQLFDOVKDNHU
8VLQJ:KDWPDQ*)$JODVVPLFURILEUHILOWHUVSDSHURUDFLGZDVKHGFHOOXORVHSDSHUV
)LOWHUJUDYLPHWULFDOO\
5HWDLQWKHILOWUDWHVROXWLRQIRULQRUJDQLFDQDO\VLV
5HWDLQDQDGHTXDWHDPRXQWRIWKHH[WUDFWDQW.&OIRUEODQN1GHWHUPLQDWLRQ

1RWHV6DPSOHVFDQDOVREHFHQWULIXJHGUDWKHUWKDQILOWHUHGDWUSPIRUPLQXWHVKRZHYHULI
XVLQJDIORZLQMHFWLRQDSSDUDWXVWKLVSURFHGXUHLVQRWUHFRPPHQGHGDVWKHVRLOSDUWLFOHVPD\EORFN
WKHWXEHV
.&OH[WUDFWVFDQEHVWRUHGLQWKHUHIULJHUDWRUIRUXSWRDZHHNRULQDW±&LQGHILQLWHO\

 6,03/($0021,80&21&(175$7,21'(7(50,1$7,21
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
7KLV LV D VLPSOH ODERUDWRU\ PHWKRG GHYHORSHG WR GHWHUPLQH WKH DPRXQW RI DPPRQLXP LQ .&O VRLO
H[WUDFWVZLWKDVSHFWURSKRWRPHWHU
% 3ULQFLSOH
$PPRQLXPLVH[WUDFWHG ZLWK.&O DQGGHWHUPLQHGE\ DFRORXULPHWULFUHDFWLRQ7KHLQWHQVLW\RIWKH
FRORXULVPHDVXUHGDWQPZLWKDVSHFWURSKRWRPHWHU
& 7\SLFDOVDPSOH
0.&OVRLOH[WUDFW
' $SSDUDWXVQHHGHG







9ROXPHWULFIODVNV P/P/P/P/ 
3LSHWWHV
%DODQFHPJUHDGDELOLW\
6SHFWURSKRWRPHWHU
9RUWH[PL[HU
7HVWWXEHV

( &KHPLFDOVQHHGHG









6RGLXPFLWUDWH FLWULFDFLGVRGLXPVDOWGLK\GUDWH 
6RGLXPK\GUR[LGH 1D2+ 
6RGLXPK\SRFKORULWH 1D2&O VROXWLRQDYDLODEOH&O
6RGLXPQLWURSUXVVLGH VRGLXPQLWURIHUULF\DQLGHGLK\GUDWH &DXWLRQ3RLVRQ
6RGLXPVDOLF\ODWH VDOLF\OLFDFLGVRGLXPVDOWGLK\GUDWH 
6RGLXPWDUWUDWH WDUWDULFDFLGVRGLXPVDOWGLK\GUDWH 
3RWDVVLXPFKORULGH .&O 
$PPRQLXPVXOIDWH 1+ 62  
 



5HDJHQWVWRSUHSDUH


5HDJHQW 1 'LVVROYH J VRGLXP VDOLF\ODWH J VRGLXP FLWUDWH DQG J VRGLXP WDUWUDWH
WRJHWKHU LQ DERXW P/ GHLRQL]HG ZDWHU $GG  J VRGLXP QLWURSUXVVLGH PDNH XS WR 
OLWHUVZLWKGHLRQL]HGZDWHU



5HDJHQW1'LVVROYHJVRGLXPK\GUR[LGHLQDERXWP/GHLRQL]HGZDWHU$OORZWRFRRO
DGGP/VRGLXPK\SRFKORULWHVROXWLRQDQGPDNHXSWROLWHUVZLWKGHLRQL]HGZDWHU
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127(5HDJHQW1VKRXOGEHPDGHDW OHDVW KRXUVEHIRUHXVHDQGVWRUHGLQDQDPEHUERWWOH
5HDJHQW1VKRXOGEHPDGHLPPHGLDWHO\EHIRUHXVH,WFDQEHVWRUHGLQDQDPEHUERWWOHIRUDIHZ
GD\VEXWLWVHIIHFWLYHQHVVGLPLQLVKHVUDSLGO\GXHWRGHFRPSRVLWLRQRIWKHVRGLXPK\SRFKORULWH





6WRFNVWDQGDUGDPPRQLXP1VROXWLRQ PJ1/ GU\DERXWJDPPRQLXPVXOIDWHDW
&IRUKRXUVFRROLQWKHGHVLFFDWRUDQGGLVVROYHJLQOLWUHGLVWLOOHGZDWHU6WRUHLQD
UHIULJHUDWRU
$PPRQLXP ZRUNLQJ VWDQGDUGV LQ 0 .&O      PJ 1/  SUHSDUH DQ
LQWHUPHGLDWH VWRFN VWDQGDUG DPPRQLXP1 VROXWLRQ  PJ 1/ SLSHWWH  P/ RI WKH VWRFN
VWDQGDUG LQWR D  P/ YROXPHWULF IODVN GLOXWH WR WKH YROXPH ZLWK GLVWLOOHG ZDWHU VWRUH LQ D
UHIULJHUDWRU 
3LSHWWHDQGP/RIWKHLQWHUPHGLDWHVWRFNVWDQGDUGLQWRP/YROXPHWULFIODVNV
GLOXWHWRYROXPHZLWK0.&OVWRUHLQDUHIULJHUDWRU

127(3UHSDUHQHZDPPRQLXPZRUNLQJVWDQGDUGVHYHU\GD\V6ROXWLRQWREHSLSHWWHGPXVWEH
DWURRPWHPSHUDWXUH
0HDVXUHPHQWSURFHGXUH
7KLVDPPRQLXPPHWKRGLVYHU\VHQVLWLYHWKHUHIRUHDOOJODVVZDUHKDVWREHYHU\FOHDQ ULQVHGZLWK
 YY +&O DQGGLVWLOOHGZDWHUKDVWREHXVHG






3LSHWWHP/RIWKH.&OH[WUDFW RUP/RIWKHVWDQGDUGV LQWRDWHVWWXEH
$GGP/RIUHDJHQW1ZLWKDGLVSHQVHURUSLSHWWHPL[ZHOOXVLQJDYRUWH[PL[HUOHDYHIRU
PLQXWHV
$GGP/RIUHDJHQW1PL[ZHOODQGOHDYHIRUKRXUIRUIXOOFRORXUGHYHORSPHQW WKHFRORXULV
VWDEOHIRURQHGD\ 
%HIRUHUHDGLQJWKHDEVRUEDQFHDWQPPL[WKHVDPSOHVVWDQGDUGVZLWKWKHYRUWH[PL[HU
8VHDEODQNWRVHWWKHDEVRUEDQFHWR]HUR

&DOFXODWLRQ
&DOFXODWHWKHOLQHDUUHJUHVVLRQRIWKHVWDQGDUGVXVHWKHHTXDWLRQWRFDOFXODWHWKHSSPDPPRQLXP
1RI\RXUVDPSOHV7RFRQYHUWWKHSSPWRJ1JGU\VRLO WKHIROORZLQJHTXDWLRQVPXVWEHXVHG
):  ':
0&RI IUHVKVRLO=
; 
):
9( + $6 0&
$PRXQWRI 1 J [JRI GU\VRLO  =SSP;

$6  $6 0&
:HLJKWRIGU\VRLOVDPSOH GULHGDW&XQWLOFRQVWDQWZHLJKW  ':
:HLJKWRIIUHVKVRLOVDPSOH ):
$PRXQWRIIUHVKVRLOXVHGLQH[WUDFWLRQ $6
0RLVWXUHFRQWHQWRIVRLO 0&
$PRXQWRIH[WUDFWDQWXVHG 9(
SSPRIH[WUDFWDQWJLYHQIURPWKHDERYHHTXDWLRQ


 6,03/(1,75$7(&21&(175$7,21'(7(50,1$7,21
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
'HWHUPLQDWLRQRIWKHDPRXQWRIQLWUDWHLQ.&OVRLOH[WUDFWV
% 3ULQFLSOH
7KH89DEVRUEDQFHRIVRLOQLWUDWHZKLFKKDVEHHQH[WUDFWHGZLWK0.&OLVPHDVXUHGDWQP
7ZR PHDVXUHPHQWV DUH PDGH RQH SULRU WR WKH UHGXFWLRQ RI QLWUDWH E\ FRSSHULVHG ]LQF DQG RQH
DIWHU7KHFRQFHQWUDWLRQRIQLWUDWHLVGHWHUPLQHGE\GLIIHUHQFH
& 7\SLFDOVDPSOH
0.&OVRLOH[WUDFW DVGHVFULEHGLQ 
' $SSDUDWXVQHHGHG



9ROXPHWULFIODVNV
3LSHWWHV
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%DODQFHPJUHDGDELOLW\
6SHFWURSKRWRPHWHU
4XDUW]FXYHWWHV

( 5HDJHQWVQHHGHG





'LOXWHGVXOIXULFDFLGGLOXWHFRQFHQWUDWHG+ 62  ± ZLWKGLVWLOOHGZDWHU
&RSSHUVXOIDWHVROXWLRQ ZY GLVVROYHJRI&X62 + LQP/GLVWLOOHGZDWHU
*UDQXODWHG]LQF DSSUR[LPDWHO\±PPJUDQXOHVL]H 
1LWUDWHVWDQGDUGVWRFNVROXWLRQmJ12 1P/GLVVROYHPJRIGU\ RYHQGULHGDW
& DQDO\WLFDOJUDGH.12 PDNHXSDFFXUDWHO\WR/ZLWKGLVWLOOHGZDWHULQDYROXPHWULFIODVN
3UHSDUH QLWUDWH FDOLEUDWLRQ VWDQGDUGV     mJ 12   1P/ IURP WKH VWRFN VROXWLRQ LQ
GLVWLOOHGZDWHU




















) 3URFHGXUH


3URGXFWLRQRIFRSSHUFRDWHG]LQFZDVKJRI]LQFJUDQXOHVZLWK YY + 62 XQWLOWKH
VXUIDFHLVSROLVKHGDQGZDVKWLPHVZLWKGLVWLOOHGZDWHUDGGP/GLVWLOOHGZDWHUDQGP/
RIFRSSHUVXOIDWHVROXWLRQGURSE\GURSFRQWLQXHVWLUULQJ7KH]LQFPXVWEHZHOOFRDWHGZLWKWKH
EODFNFRSSHU5HPRYHJUDQXOHVIURPWKHVROXWLRQDQGZDVKDJDLQZLWKGLVWLOOHGZDWHUGU\WKH
JUDQXOHVDWURRPWHPSHUDWXUHVWRUHWKHPLQDFORVHGJODVVYHVVHO

L

0HDVXUHPHQWSURFHGXUH






3LSHWWH±P/RIWKHVRLOH[WUDFWLQWRDVHULHVRIP/YROXPHWULFIODVNV
$GGP/RIGLOXWHGVXOIXULFDFLG
0DNHXSWRP/ZLWKGLVWLOOHGZDWHU
5HDG WKH DEVRUEDQFH DW QP XVH TXDUW] FXYHWWHV  VHW ]HUR ZLWK UHDJHQW EODQN P/ RI
GLOXWHGVXOIXULFDFLGPDGHXSWRP/ZLWKGLVWLOOHGZDWHU  UHDGLQJ
7RREWDLQWKHVWDQGDUGFXUYHUHDGWKHQLWUDWHVWDQGDUGV mJ12 1P/ DW
QPDQGQRWHWKHYDOXHV
$GG±]LQFJUDQXOHVWRWKHVDPSOHVDQGDOORZWRUHDFWIRUKRXUV
5HDGWKHDEVRUEDQFHDWQPDVHFRQGWLPHDQGQRWHWKHYDOXHV UHDGLQJ
'HWHUPLQHWKHPRLVWXUHFRQWHQWE\GU\LQJDERXWJRIIUHVKVRLODW &IRUKU














R

LL &DOFXODWLRQ
&DOFXODWHWKHSSPQLWUDWH1YDOXHZLWKWKHOLQHDUUHJUHVVLRQRIWKHVWDQGDUGFXUYH
&RQFHQWUDWLRQRIQLWUDWH1  SSPUHDGLQJ±SSPUHDGLQJ 
&RUUHFWZLWKWKHGU\ZHLJKWIDFWRU
0RLVWXUHFRQWHQW0&    IUHVKZHLJKW²GU\ZHLJKWIUHVKZHLJKW [
'U\PDWWHUFRUUHFWLRQ $PRXQWRI 1 J [JRI GU\VRLO  =SSP;

9( + $6 0&

$6  $6 0&

 0,&52',))86,21)2535(3$5$7,212).&/6$03/(6)251$1$/<6,6
$ 3ULQFLSOH
7KH.&OH[WUDFWLVPHDVXUHGLQWRDJDVWLJKWMDUPDJQHVLXPR[LGHLVDGGHGDQGWKHMDUVHDOHG7KH
S+RIWKHVROXWLRQLVLQFUHDVHGDQGWKLVVORZO\OLEHUDWHVDPPRQLXPIURPWKHVROXWLRQLQDJDVHRXV
DPPRQLD IRUP ZKLFK LV FROOHFWHG RQ DQ DFLGLILHG JODVV ILEUH GLVF ZKLFK LV VHDOHG LQ WHIORQ
SRO\WHWUDIOXRURHWK\OHQH  WDSH 7KH GLVFV DUH ODWHU GULHG DQG DQDO\VHG XVLQJ PDVV VSHFWURPHWU\
7KHMDUVDUHWKHQRSHQHG DQGNHSWIRURQHGD\LQD GDUNURRPWROLEHUDWHDQ\ WUDFHRIDPPRQLD
$QRWKHU DFLGLILHG GLVF LV WKHQ DGGHG WR WKH VROXWLRQ DQG 'HYDUGD¶V DOOR\ DGGHG DQG WKH MDU RQFH
DJDLQVHDOHG7KH'HYDUGD¶VDOOR\UHGXFHVWKHQLWUDWHWRDPPRQLXPZKLFKLQWXUQLVOLEHUDWHGIURP
WKHVROXWLRQDVDPPRQLDDQGLVFROOHFWHGRQWKHDFLGLILHGGLVF7KLVWRRLVWKHQGULHGDQGDQDO\VHG
IRU 1XVLQJPDVVVSHFWURPHWU\


7KLV PHWKRG VKRXOG JLYH D   UHFRYHU\ RI 1 KRZHYHU LW LV DOZD\V JRRG WR FKHFN \RXU 1
UHFRYHU\ZLWKDODEHOOHGQLWURJHQVWDQGDUG
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% $SSDUDWXV
 P/ SODVWLF FRQWDLQHUV GLVSRVDEOH XULQH FROOHFWLRQ FRQWDLQHUV ZLWK VFUHZ WRSV DUH LGHDO RU
JODVV SLFNOLQJ MDUV LI WKHVH DUH WR EH XVHG WKH\ VKRXOG EH DFLG ZDVKHG ZLWK  YY  +&O WR
UHPRYHDQ\WUDFH'HYDUGD¶VDOOR\ 
 7HIORQWDSH DYDLODEOHLQPRVWSOXPELQJVKRSV 
 4XDUW]ILOWHUSDSHUFXWLQWRGLVFVXVLQJDVWDQGDUGRIILFHSDSHUSXQFK
 'HVLFFDWRUZLWKVLOLFDJHODQGFRQWDLQLQJDVPDOORSHQERWWOHRIFRQF+ 62 
 OPLFURSLSHWWH
 7LQFXSV
 $FRQVWDQWWHPSHUDWXUHURRP RUDSODFHIRUVWRUDJHZLWKPLQLPDOWHPSHUDWXUHIOXFWXDWLRQ 
 +RUL]RQWDOVKDNHUWHPSHUDWHDW & LIVKDNLQJRSWLRQLVXVHG 
 $QDO\WLFDOEDODQFHUHDGDELOLW\PJ




R

& 5HDJHQWV



0.+62 
,I DYDLODEOH 12  DQG 1+  VWDQGDUGV HJ 1+  12   DWRP mJ RI 12 1 LQ P/
GLVWLOOHGZDWHU J 1+  12 LQ P/DQG 1+  12 DWRPmJRI1+ 1LQ
P/ GLVWLOOHG ZDWHU  J 1+  12 LQ P/  WR DVVHVV WKH 1 UHFRYHU\ DQG
FRQWDPLQDWLRQ
'HYDUGD¶VDOOR\ EDOOPLOOHGWRSDVVWKURXJKDPHVKVFUHHQ 
0DJQHVLXPR[LGH
(WKDQRO
















 









































' 3URFHGXUH













$GGJRI0.&OVRLOH[WUDFWLQWRDP/SODVWLFMDU
)ODWWHQDQGFXWWHIORQWDSHLQWRVWULSVSODFHDTXDUW]ILOWHUGLVFRQWRWKHVWULS )LJXUH 
$GGRIO.+62  )LJXUH DQGSODFHDVHFRQGWDSHRQWKHWRSRIWKHILUVWWDSHWRFRYHU
WKHILOWHUSDSHUV )LJXUH 
:LWKDSLSHWWHWLSZLWKDGLDPHWHUELJJHUWKDQWKHILOWHUSDSHUVVHDOWKHWZRWHIORQWDSHVURFNLQJ
LQDFLUFXODUPRWLRQWRFUHDWHDSHUIHFWVHDO )LJXUH 
$GGWUDSWRWKH.&OVDPSOHDQGJ0J2LPPHGLDWHO\FORVHWKHERWWOHWLJKWO\
6KDNHWKHMDUVKDW & RUURRPWHPSHUDWXUH RQDKRUL]RQWDOVKDNHUDWUSP RUOHDYH
VWDQGLQJIRUGD\V 
5HPRYHWKHWHIORQWUDSV ZLWKIRUFHSVRSHQWKHWUDSDQGSODFH LQ DPXOWLZHOOSODVWLFWUD\ DQG
SXWLQWKHGHVLFFDWRUWRGU\ )LJXUH 
,IWKHILOWHUSDSHUVDUHWREHDQDO\VHGXVLQJPDVVVSHFWURPHWU\ZKHQGU\SXWWKHPLQWRWLQFXSV
)LJXUH HQVXULQJWKDW\RXFOHDQWKHIRUFHSVZLWKHWKDQRODIWHUHDFKVDPSOH
&ORVH WKH WLQ FXSV DQG IRUP LQWR D URXQG VKDSH GR QRW WRXFK WKH VDPSOHV ZLWK \RXU ILQJHUV
)LJXUH WKHQDQDO\VHZLWKWRWDO1DQDO\VHUOLQNHGWRDPDVVVSHFWURPHWHU
/HDYHWKHMDUVRSHQEXWFRYHUHGLQDGDUNURRPRYHUQLJKW
7RGLIIXVHWKHQLWUDWHDGGDIUHVKWHIORQDFLGWUDSDQGJRI'HYDUGD¶VDOOR\DQGFRQWLQXHWKH
SURFHGXUHLQWKHVDPHZD\DVIRUWKHGLIIXVLRQRIWKHDPPRQLXP
7RSURYHWKHUHFRYHU\\RXXVHP/RIWKHHDFKVWDQGDUG GHVFULEHGDERYH LQP/0.&O
DQGIROORZWKHVDPHSURFHGXUHDVIRUWKHVDPSOHV


R


)LJXUH)LOWHUSDSHUVSODFHGRQWKHWHIORQVWULSV OHIW DQG.+62SLSHWWHGRQWRWKHILOWHUSDSHUV
ULJKW 
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)LJXUH)LOWHUSDSHUVEHLQJFRYHUHG OHIW DQGVHDOHG ULJKW 


)LJXUH)LOWHUSDSHUVEHLQJGULHGLQWKHGHVLFFDWRU OHIW DQGEHLQJSODFHGLQWLQFXSV ULJKW 


)LJXUH7LQFXSVEHLQJIRUPHGLQWRDURXQGVKDSH
( &DOFXODWLRQRI1FRQFHQWUDWLRQIURPGLIIXVLRQ
,W LV SRVVLEOH WR JHW D YDOXH RI WKH DPRXQW RI 1 RQ WKH GLVF IURP WKH WRWDO 1 DQDO\VHUPDVV
VSHFWURPHWHU LI LW LV FRUUHFWO\ FDOLEUDWHG DQG UHFRYHU\ VWDQGDUGV DUH LQFOXGHG LQ WKH H[SHULPHQWDO
VHWXS7KHPD[LPXPDPRXQWRI1ZKLFKWKHGLVFFDQDEVRUELVJ1

7KHSSPFRQFHQWUDWLRQRIWKHVROXWLRQZLOOEHFDOFXODWHGE\WKHIROORZLQJHTXDWLRQ

7KHSSPFRQFHQWUDWLRQRIWKHVROXWLRQ=

9DOXHJLYHQIURPWKHWRWDO1DQDO\VHULQJ
 
9ROXPHRIH[WUDFWDQWGLIIXVHG

7RJHWWKHSSPYDOXHLQWRDJ1JGU\VRLO WKHIROORZLQJHTXDWLRQVPXVWEHXVHG


0&RI IUHVKVRLO=

):  ':
; 
):

9( + $6 0&

$6  $6 0&
:HLJKWRIGU\VRLOVDPSOH GULHGDW&XQWLOFRQVWDQWZHLJKW  ':
:HLJKWRIIUHVKVRLOVDPSOH ):
$PRXQWRIIUHVKVRLOXVHGLQH[WUDFWLRQ $6
0RLVWXUHFRQWHQWRIVRLO 0&
$PRXQWRIH[WUDFWDQWXVHG 9(
SSPRIH[WUDFWDQWJLYHQIURPWKHDERYHHTXDWLRQ
$PRXQWRI 1 J [JRI GU\VRLO  =SSP;
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 0($685(0(172)85($,1.&O(;75$&76
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
'HWHUPLQDWLRQRIWKHDPRXQWRIXUHD1LQ.&OVRLOH[WUDFWV
% 3ULQFLSOH
XUHDVH
££ 1+ &2
+ 1&21+ + 2 ££













7KHVROXEOH1FRPSRXQGVRIWKHVRLODUHH[WUDFWHGZLWKD0.&OVROXWLRQ8UHDLVEURNHQGRZQWR
DPPRQLXP E\ WKH HQ]\PH XUHDVH  DQG WKH FRQFHQWUDWLRQ LV PHDVXUHG ,QLWLDO DPPRQLXP
FRQFHQWUDWLRQVDUHGHWHUPLQHGDQGWKHXUHD±1FRQFHQWUDWLRQLVFDOFXODWHGE\GLIIHUHQFH
& 7\SLFDOVDPSOH
0.&OVRLOH[WUDFW
' $SSDUDWXVQHHGHG







9ROXPHWULFIODVNV
3LSHWWHV
%DODQFHPJUHDGDELOLW\
,QFXEDWRU &ZDWHUEDWK
3DUDILOP
)ORZLQMHFWLRQDQDO\]HU
R

( 5HDJHQWV





3RWDVVLXPFKORULGHVROXWLRQ .&O 0
3RWDVVLXPSKRVSKDWHEXIIHUS+DERXWGLVVROYHJRI. +32 DQGJRI.+ 32 LQ
P/RIGLVWLOOHGZDWHUDQGGLOXWHWKHVROXWLRQWR/
8UHDVHVROXWLRQ ZY GLVVROYHJRIXUHDVH ±8J,&1%LRPHGLFDOV,QF LQ
P/RIGLVWLOOHGZDWHU3UHSDUHGDLO\DVQHHGHG
6WDQGDUG XUHD VROXWLRQ mJ RI XUHD1P/ GLVVROYH J RI SXUH GU\ XUHD LQ 0 .&O
GLOXWH WKH VROXWLRQ ZLWK 0 .&O WR  P/ LQ D YROXPHWULF IODVN DQG PL[ WKH VROXWLRQ
WKRURXJKO\6WRUHLQDUHIULJHUDWRU








) 3URFHGXUH
L

8UHDVWDQGDUGV







3LSHWWHDQGP/RIWKHSRWDVVLXPSKRVSKDWHEXIIHULQWRWHVWWXEHV
$GGDQGP/RIWKHXUHDVWDQGDUG WKHYROXPHULVHVXSWRP/LQDOOWHVWWXEHV 
$GGP/XUHDVHVROXWLRQ
&ORVHWKHWHVWWXEHVZLWKSDUDILOPDQGPL[WKHVROXWLRQ
3ODFHLQWKHLQFXEDWRURUZDWHUEDWKIRUKUDW &DQGPHDVXUHWKHDPPRQLXPFRQFHQWUDWLRQ
ZLWKWKHIORZLQMHFWLRQDQDO\]HU
R

LL 6RLOVDPSOHV







3LSHWWHP/RIWKHSRWDVVLXPSKRVSKDWHEXIIHULQWRWHVWWXEHV
$GGP/RIWKHVRLOH[WUDFW
$GGP/XUHDVHVROXWLRQ
&ORVHWKHWHVWWXEHVZLWKSDUDILOPDQGPL[WKHVROXWLRQ
,QFXEDWHIRUKUDW &DQGPHDVXUHWKHDPPRQLXPFRQFHQWUDWLRQ $ 
0HDVXUHWKHDPPRQLXPFRQFHQWUDWLRQ % RIP/VRLOH[WUDFWP/SRWDVVLXPEXIIHU
R

* &DOFXODWLRQ
SSPXUHD1 >SSP1+ ±1 $ PLQXVSSP1+ ±1 % @




7RJHWWKHYDOXHLQWRDJ1JGU\VRLOWKHIROORZLQJHTXDWLRQVPXVWEHXVHG
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0&RI IUHVKVRLO=

):  ':
; 
):

9( + $6 0&

$6  $6 0&
:HLJKWRIGU\VRLOVDPSOH GULHGDW&XQWLOFRQVWDQWZHLJKW  ':
:HLJKWRIIUHVKVRLOVDPSOH ):
$PRXQWRIIUHVKVRLOXVHGLQH[WUDFWLRQ $6
0RLVWXUHFRQWHQWRIVRLO 0&
$PRXQWRIH[WUDFWDQWXVHG 9(
SSPRIH[WUDFWDQWJLYHQIURPWKHDERYHHTXDWLRQ
$PRXQWRI 1 J [JRI GU\VRLO  =SSP;

 62,/0,&52%,$/%,20$661'(7(50,1$7,21
$ ,QWURGXFWLRQ
7KH VRLO PLFURELDO ELRPDVV LV WKH SURFHVV HQJLQH RI WKH VRLO PHGLDWLQJ WKH SURFHVVHV RI
PLQHUDOLVDWLRQQLWULILFDWLRQDQGRUJDQLFPDWWHUWXUQRYHU7KHPLFURELDOELRPDVVDFWVDVDVRXUFHDQG
VLQNRIQLWURJHQLQWKHVRLO DQGWKHUHIRULQWXUQRYHUVWXGLHVLW LVRIWHQ XVHIXOWRGHWHUPLQHWKHVL]H
DQGHQULFKPHQWRIWKLVSRRO
% 6RLOPLFURELDOELRPDVVGHWHUPLQDWLRQV
7KHUHDUHPDQ\PHWKRGVWKDWFDQEHXVHGWRPHDVXUHPLFURELDOELRPDVVLQVRLOVVRLOUHVSLUDWLRQ
$QGHUVRQ   QLQK\GULQ UHDFWLYH QLWURJHQ GHWHUPLQDWLRQV $PDWR DQG /DGG   DQG
FKORURIRUPIXPLJDWLRQ-HQNLQVRQDQG3RZOVRQ  $PHWKRGWKDWLVPRVWXVHIXOZKHQZRUNLQJ
ZLWK 1 ODEHOOHG VDPSOHV :LGPHU HW DO   LV SUHVHQWHG KHUH 7KH PHWKRG LQFOXGHV VHYHUDO
VWHSV ZKLFK DUH GHVFULEHG LQ GHWDLO EHORZ )LUVW WKH VRLO LV SUHH[WUDFWLRQ ZLWK .&O WR UHPRYH WKH
LQRUJDQLF1IUDFWLRQDQGWKHQWKHVDPSOHLVIXPLJDWHGZLWKFKORURIRUPZKLFKNLOOVRIIDQGO\VHVWKH
PLFURELDO FHOOV LQ WKH VRLO 7KH PLFURELDO 1 LV WKHQ H[WUDFWHG E\ D VHFRQG SRWDVVLXP VXOIDWH
H[WUDFWLRQ DQG WKH RUJDQLF QLWURJHQ H[WUDFWHG LV FRQYHUWHG WR QLWUDWH E\ SRWDVVLXP SHUVXOIDWH
GLJHVWLRQ7KHQLWURJHQFRQFHQWUDWLRQDQG 1HQULFKPHQWRIWKHVROXWLRQDUHGHWHUPLQHGXVLQJWKH
GLIIXVLRQ PHWKRG 7KHUH DUH PDQ\ VWHSV LQ WKLV PHWKRG WKDW FDQ EH DGDSWHG WR WKH DYDLODEOH
HTXLSPHQWDQGWRYDULRXVOHYHOVRIH[SHUWLVH)RUH[DPSOHQLWUDWHLQWKHVDPSOHFDQEHPHDVXUHG
XVLQJGLVWLOODWLRQDQGWKH 1RIWKHGLVWLOODWHFDQEHPHDVXUHGXVLQJHPLVVLRQVSHFWURPHWU\






L

6WHS.&OVRLOH[WUDFWLRQZLWKDEXFKQHUIXQQHO

,QWURGXFWLRQ

,Q 1VWXGLHVWKH 1HQULFKPHQWRIWKHLQRUJDQLFSRROLVRIWHQKLJKHUWKDQWKDWRIWKHPLFURELDOSRRO
VR LW LV XVHIXO WR UHPRYH WKH LQWHUIHUHQFH IURP WKH LQRUJDQLF 1 SRRO SULRU WR GHWHUPLQDWLRQ RI WKH
HQULFKPHQW RI WKH PLFURELDO 1 ,Q WKLV SURFHGXUH LQRUJDQLF 1 LV UHPRYHG IURP WKH VRLO VR LW LV
SRVVLEOHWRIXPLJDWHDQGH[WUDFWRQO\WKHPLFURELDO1IURPWKHVRLOVDPSOH




6FRSHDQGILHOGRIDSSOLFDWLRQ

7KHQLWUDWHDPPRQLXPDQGVROXEOHRUJDQLF1FDQEHUHPRYHGE\.&OH[WUDFWLRQWKHH[WUDFWDQWLV
UHWDLQHGIRUWKHDQDO\VLVRI1+ DQG12 








3ULQFLSOH

$Q H[WUDFWLRQ RI WKH VRLO LV PDGH ZLWK .&O VROXWLRQ WKH .  LRQV VXEVWLWXWH RQ WKH VRLO FDWLRQ
H[FKDQJH VLWHV DQG WKXV 1+  LV UHOHDVHG LQWR VROXWLRQ DQG FDQ EH PHDVXUHG 7KH QLWUDWH LV
H[WUDFWHGDWWKHVDPHWLPH7KHVRLOLVUHWDLQHGIRUIXPLJDWLRQZLWKFKORURIRUP






7\SLFDOVDPSOH

)UHVKVRLOVDPSOH
$SSDUDWXV

 P/ SRO\WKHQH ERWWOHV SRO\WKHQH ERWWOHV IRU FROOHFWLRQ RI VDPSOHV  P/  ILEUH JODVV ILOWHU
SDSHUVRUELWDOVKDNHU%XFKQHUIXQQHOV9DFXXPSXPS9DFXXPFRQLFDOIODVNV P/ 
5HDJHQWV

03RWDVVLXPFKORULGH .&O 
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3URFHGXUH












7DNH D  J VXEVDPSOH WR GHWHUPLQH WKH VRLO PRLVWXUH FRQWHQW GU\ DW  & XQWLO FRQVWDQW
ZHLJKW 
:HLJKJDOLTXRWVRIIUHVKVRLOLQWRDP/SODVWLFFRQWDLQHUV
$GGP/RI0.&OWRWKHVRLOLQWKHSODVWLFFRQWDLQHU
6KDNHYLJRURXVO\IRUKRXURQDURWDU\VKDNHU
5HWDLQP/RI.&OIRUEODQN1GHWHUPLQDWLRQ
8VLQJ:KDWPDQ*)$JODVVPLFURILEUHILOWHUVSDSHURUDFLGZDVKHGFHOOXORVHSDSHUVILOWHUXQGHU
YDFXXPXVLQJ%XFKQHUIXQQHOVXQWLOWKHVRLOLVGU\1RWHLIWKHVRLODGKHUHVWRWKHVLGHRIWKH
ERWWOH VZLOO LW RXW ZLWK D VPDOO DPRXQW RI WKH FROOHFWHG ILOWHUHG H[WUDFW DQG ILOWHU LW 'R QRW XVH
ZDWHU
5HPRYHFROOHFWLRQYHVVHODQGUHWDLQWKHILOWUDWHVROXWLRQLQODEHOOHGSODVWLFERWWOHVIRULQRUJDQLF
1DQDO\VLV
5HSODFHWKHHPSW\FROOHFWLRQYHVVHODQGSRXUDQDGGLWLRQDOP/RIFOHDQ.&OVROXWLRQRYHU
WKHVDPSOHDQGYDFXXPILOWHUXQWLOWKHVRLOLVUHODWLYHO\GU\GLVFDUGWKHDGGLWLRQDO.&OFROOHFWHG
DWWKLVSRLQW LWLVRQO\WRHQVXUHWKDWDOOWKHLQRUJDQLF1LVUHPRYHGIURPWKHVRLO 
5HWDLQWKHVRLOIRUIXPLJDWLRQ



)LJXUH(TXLSPHQWXVHGIRUVRLOH[WUDFWLRQ

LL 6WHS&KORURIRUPIXPLJDWLRQ
:DUQLQJ 7KLV LV D IDLUO\ GDQJHURXV SURFHGXUH DQG VKRXOG QRW EH SHUIRUPHG DORQH 2Q QR
DFFRXQW VKRXOG RQH VQLII WKH FKORURIRUP $OO HIIRUWV WR H[SHO FKORURIRUP WR WKH RXWVLGH
VKRXOGEHPDGH7KLVSURFHGXUHVKRXOGEHFDUULHGRXWLQDIXPHKRRG
,QWURGXFWLRQ

7KHFROOHFWHGVRLOLVQRZIUHHRILQRUJDQLF1ZKHQWKHVRLOLVIXPLJDWHGZLWKFKORURIRUPLWNLOOVDQG
VSOLWVRSHQWKHFHOOVVRWKHFHOOFRQWHQWVDUHH[WUDFWDEOH
6FRSHDQGILHOGRIDSSOLFDWLRQ

7KH FKORURIRUP IXPLJDWLRQ NLOOV WKH PLFUREHV LQ WKH VRLO DQG WKLV DOORZV WKH PLFURELDO 1 WR EH
VXEVHTXHQWO\H[WUDFWHGDQGPHDVXUHG
3ULQFLSOH

7KHLQRUJDQLF1IUDFWLRQLVH[WUDFWHGIURPWKHVRLOE\.&OYDFXXPH[WUDFWLRQ7KHVRLOLVWKHQSODFHG
LQDGHVLFFDWRURUYDFXXPRYHQDQGIXPLJDWHGZLWKFKORURIRUPIRUKRXUV

7\SLFDOVDPSOH

$VRLOLQD%XFKQHUIXQQHOZKLFKKDVEHHQ.&OYDFXXPH[WUDFWHG,WVKRXOGEHDVGU\DVSRVVLEOH
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$SSDUDWXV

$JODVVJURXQGVHDOYDFXXPGHVLFFDWRUILWWHGZLWKDYDFXXPSXPSZLWKDQRXWOHWWRWKHRXWVLGHRU
DYDFXXPZDWHUSXPSRUDYDFXXPRYHQILWWHGZLWKDYDFXXPSXPSZLWKDQRXWOHWWRWKHRXWVLGH
*ODVVRUFHUDPLFZLGHPRXWKHGEHDNHUV QXPEHUHGZLWKHLWKHUDGLDPRQGPDUNHURUFHUDPLFSDLQW 
RU DOXPLQLXP FXS FDNH FDVHV ZKLFK FDQ EH PDUNHG E\ LQGHQWDWLRQ ZLWK D SHQFLO 'R QRW XVH
LQGHOLEOHPDUNHUVIRUPDUNLQJRUUXEEHUVHDOGHVLFFDWRUVDVWKHFKORURIRUPGHVWUR\VWKHP
5HDJHQWV




&KORURIRUP&+&O  LIWKLVSURFHGXUHLVXVHGIRUELRPDVV&DQDO\VLVDVZHOOLWLVQHFHVVDU\WR
XVHDOFRKROIUHHFKORURIRUP 
$QWLEXPSLQJJUDQXOHV


3URFHGXUH











5HPRYH WKH VRLO DQG WKH ILOWHU SDSHU IURP WKH %XFKQHU IXQQHO DQG SODFH LQWR WKH IXPLJDWLRQ
EHDNHURUDOXPLQLXPFXS
1RWHWKHVDPSOHQXPEHUDQGWKHLGHQWLILFDWLRQQXPEHURIWKHIXPLJDWLRQEHDNHULQDORJERRNRU
RQDGDWDVKHHW
3XWWKHIXPLJDWLRQEHDNHUVFRQWDLQLQJWKHVRLOVDPSOHVLQWRWKHYDFXXPGHVLFFDWRU
3XW±DQWLEXPSLQJJUDQXOHVLQDVPDOO3\UH[EHDNHUDQGDGGDERXWP/RI&+&O 
3XWWKLVLQWKHGHVLFFDWRU
3XWWKHOLGRQWKHGHVLFFDWRUDQGHYDFXDWHXQWLODOOWKHFKORURIRUPERLOVRII WDNLQJFDUHQRWWR
DOORZWKHHVFDSHRIDQ\FKORURIRUPWRWKHURRPZKHUH\RXDUHZRUNLQJ 
&ORVHWKHYDOYHRIWKHGHVLFFDWRUVRWKDWWKHYDFXXPLVPDLQWDLQHG
/HDYHIRUKRXUVSUHIHUDEO\LQWKHGDUNDVOLJKWGHVWUR\VWKHFKORURIRUP
2SHQWKHGHVLFFDWRUUHPRYHWKHVDPSOHVDQGH[WUDFWXVLQJWKH. 62 H[WUDFWLRQSURFHGXUH






1RWHV




1RWH WKLV LV WKH SURFHGXUH IRU QLWURJHQ ELRPDVV GHWHUPLQDWLRQ RQO\ WKH SURFHGXUH IRU FDUERQ
ELRPDVVGHWHUPLQDWLRQLVGLIIHUHQWDQGWKHDSSURSULDWHPHWKRGRORJ\PXVWEHXVHG
7KHFKORURIRUPGDPDJHVWKHLQWHJULW\RIUXEEHUDQGPD\GDPDJHWKHVHDORQDYDFXXPRYHQ
,W LV SUHIHUDEOH WR XVH D ZDWHU SXPS WR D QRUPDO YDFXXP SXPS DV WKH FKORURIRUP WHQGV WR
GDPDJHWKHPHFKDQLFVRIWKHSXPS

LLL 6WHS. 62 VRLOH[WUDFWLRQ




,QWURGXFWLRQ

+DYLQJNLOOHGDQGO\VHGWKHPLFURELDOFHOOVLWLVQRZQHFHVVDU\WRH[WUDFWWKHQHZO\VROXEOHRUJDQLF
1IURPWKHVRLOVDPSOHXVLQJSRWDVVLXPVXOIDWH
6FRSHDQGILHOGRIDSSOLFDWLRQ

7RH[WUDFWWKHRUJDQLFQLWURJHQIURPWKHIXPLJDWHGVRLO
3ULQFLSOH

$Q H[WUDFWLRQ RI WKH VRLO LV PDGH ZLWK . 62  VROXWLRQ WKH .  LRQV VXEVWLWXWH RQ WKH VRLO FDWLRQ
H[FKDQJH VLWHV DQG WKXV 1+  LV UHOHDVHG LQWR VROXWLRQ ,Q DGGLWLRQ RUJDQLF QLWURJHQ LV H[WUDFWHG
7KHH[WUDFWLVVXEVHTXHQWO\GLJHVWHGDQGDQDO\VHGIRU1GHWHUPLQDWLRQ










7\SLFDOVDPSOH

&KORURIRUPIXPLJDWHGVRLOVDPSOH
$SSDUDWXV

P/SRO\WKHQHERWWOHVSRO\WKHQHERWWOHVIRUFROOHFWLRQRIVDPSOHV P/ SRO\WKHQHIXQQHOV
JODVVILEUHILOWHUSDSHUVRUELWDOVKDNHU

5HDJHQWV

0SRWDVVLXPVXOIDWH . 62 
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3URFHGXUH








3XWWKHIXPLJDWHGVRLOLQWRWKHSRO\WKHQHERWWOH
$GGP/RI0. 62 
6KDNHIRUKRXURQDURWDU\VKDNHU
)LOWHUJUDYLPHWULFDOO\XVLQJ:KDWPDQILOWHUSDSHUV
5HWDLQWKHVROXWLRQIRUGLJHVWLRQ
5HWDLQDQDGHTXDWHDPRXQWRIWKHH[WUDFWDQW. 62 IRUEODQN1GHWHUPLQDWLRQ








LY 6WHS3HUVXOIDWHGLJHVWLRQRI. 62 H[WUDFWVIRUPLFURELDO1DQG 1GHWHUPLQDWLRQV






,QWURGXFWLRQ

7KH RUJDQLF 1 LQ WKH H[WUDFW LV GLJHVWHG DQG R[LGLVHG WR QLWUDWH 7KH DPRXQW RI QLWUDWH DQG WKH
HQULFKPHQW RI WKH QLWUDWH GHWHUPLQHG E\ PDVV VSHFWURPHWHU DQG SUHSDUHG XVLQJ D GLIIXVLRQ
SURFHGXUH ,W LV DOVR SRVVLEOH WR GHWHUPLQH WKH FRQFHQWUDWLRQ RI QLWUDWH LQ WKH VDPSOH XVLQJ
FRQYHQWLRQDOSURFHGXUHVDQGWKH 1RIWKHVDPSOHXVLQJHPLVVLRQVSHFWURPHWU\


6FRSHDQGILHOGRIDSSOLFDWLRQ

7R EUHDNGRZQ WKH RUJDQLF 1 LQWR DQ LQRUJDQLF IRUP ZKLFK LV WKHQ VXEVHTXHQWO\ GLIIXVHG RQWR D
TXDUW]RUILEUHJODVVILOWHUGLVFIRUDQDO\VLV
3ULQFLSOH

7KH SHUVXOIDWH GLJHVWLRQ SURFHGXUH EUHDNV GRZQ DOO WKH QLWURJHQ LQ WKH VDPSOH WR QLWUDWH 7KH
GLJHVWHGVDPSOHLVGLIIXVHGZLWKPDJQHVLXPR[LGHDQG'HYDUGD¶VDOOR\ZKLFKOLEHUDWHVWKHQLWUDWH
DVDPPRQLDDQGWKLVLVFROOHFWHGRQDQDFLGGLVFWUDS
7\SLFDOVDPSOH

$. 62 H[WUDFW




$SSDUDWXV











6WDQGDUGODERUDWRU\HTXLSPHQW
3ODVWLFFRQLFDOFHQWULIXJHWXEHVP/
37)(WDSHSDLQWEUXVKVFLVVRUV
'LIIXVLRQMDUVZKLFKFRXOGEHO.LOQHUMDUV JODVVIRRGVWRUDJHMDUVDSSUR[LPDWHO\P/ RU
VPDOOSODVWLFSRWV
*ODVVILEUHRUTXDUW]ILOWHUGLVNVFXWLQWRFLUFOHVXVLQJDRIILFHSDSHUSXQFK
$GHVLFFDWRUFRQWDLQLQJVLOLFDJHODQGDVPDOORSHQERWWOHRIFRQFHQWUDWHG+ 62 WRDEVRUEDQ\
DWPRVSKHULFDPPRQLXP
0LFURSLSHWWHO
7LQFXSV
$FRQVWDQWWHPSHUDWXUHURRP RUDSODFHIRUVWRUDJHZLWKPLQLPDOWHPSHUDWXUHIOXFWXDWLRQ 




5HDJHQWV

3RWDVVLXPSHUVXOIDWH . 6 2 0. 62 0.+62  GLVVROYHJRIGU\.+62 LQP/
RI GHLRQLVHG GLVWLOOHG ZDWHU DQG PDNH XS WR  P/ LQ D YROXPHWULF IODVN VRPH UHFU\VWDOLVDWLRQ
PD\RFFXU 12 DQG1+ VWDQGDUGV'HYDUGD¶VDOOR\ PLOOHGWRSDVVWKURXJKDPHVKVFUHHQ 
PDJQHVLXPR[LGH






















3URFHGXUH













3LSHWWHRUZHLJKP/RIH[WUDFWLQWRWKHFHQWULIXJHWXEH
/DEHOWKHWXEHZLWKDVWURQJPDUNHURUSHQFLOZKLFKZLOOQRWFRPHRIILQWKHDXWRFODYH
$GGJRISRWDVVLXPSHUVXOIDWH
3XWFDSVORRVHO\RQWXEHV
$XWRFODYHDW&IRUPLQXWHV
5HPRYHIURPDXWRFODYHDQGDOORZWRFRRO
0DNHXSWRP/ZLWK0. 62 
7LJKWHQFDSDQGVKDNHE\KDQGRUXVLQJDPHFKDQLFDOVKDNHUDOORZWRFRRO
7UDQVIHUDOOWKHVROXWLRQLQWRWKHGLIIXVLRQMDURUXVHWKHFHQWULIXJHWXEHDVWKHGLIIXVLRQYHVVHO
)ODWWHQDVWULSRIWHIORQWDSHZLWKDSDLQWEUXVKRQWRDSLOHRIRUVKHHWVRIFOHDQSDSHU
3ODFHSXQFKHGILOWHUSDSHUVRQWKHWDSH
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$GGO.+62 WRWKHILOWHUSDSHU
/D\DVHFRQGWDSHRYHUWKHILUVWWDSHWRFRYHUWKHILOWHUV
6HDOWKHWDSHZLWKDSLSHWWHWLSZKLFKKDVDELJJHUGLDPHWHUWKDQWKHILOWHU
6HDOLQJ WKH WDSH UHTXLUHV WKDW WKH SLSHWWH WLS LV URFNHG VPRRWKO\ IURPIURQW WR VLGH WR EDFN WR
IURQW7KLVUHTXLUHVVRPHSUDFWLFHWRSHUIHFW
&XWIURPVWULSWRJLYHRQHILOWHUSHUHQYHORSH
$GGRQHILOWHUHQYHORSHSHUMDU
$GGJRIPDJQHVLXPR[LGHDQGJRI'HYDUGD¶VDOOR\
6KDNHWKHMDUVIRUKDW &RQDKRUL]RQWDOVKDNHUDWUSPRUOHDYHVWDWLFIRUGD\V
5HPRYH WKH WHIORQWUDSV ZLWK D SDLU RI IRUFHSV ODEHOOHG DSSURSULDWHO\ RSHQ DQG SXW LQ WKH
GHVLFFDWRUWREHGULHG
2QFHGULHGWKH\FDQEHORDGHGXSLQWRDSODVWLFPLFURZHOOWUD\DQGVKLSSHGIRUDQDO\VLV
6HDO WKH PLFUR ZHOO WUD\ DQG SODFH LQ D SODVWLF EDJ FRQWDLQLQJ VLOLFD JHO HQFORVH IXOO VDPSOH
GHVFULSWLRQ
2ULI \RXKDYHPDVVVSHFWURPHWHUIDFLOLWLHV RQVLWHSXWWKHGULHGILOWHUGLVFVLQWRWLQFXSV DQG
PHDVXUHGZLWKWKHPDVVVSHFWURPHWHUZLWKLQKRXUVDVWKHDFLGRIWKHWUDSGHJUDGHVWKHWLQ
RIWKHFXS


R

$OWHUQDWLYHO\WKHFRQFHQWUDWLRQRI1LQWKHGLJHVWHGVDPSOHFDQEHGHWHUPLQHGXVLQJWKHSURFHGXUH
GHVFULEHG IRU QLWUDWH GHWHUPLQDWLRQ RU VWHDP GLVWLOODWLRQ ,W LV DVVXPHG WKDW DOO DPPRQLXP LV
FRQYHUWHG WR QLWUDWH GXULQJ WKH DXWRFODYH SHUVXOIDWH GLJHVWLRQ SURFHGXUH 7KH 1 RI WKH GLVWLOODWH
FDQEHGHWHUPLQHGXVLQJHPLVVLRQVSHFWURPHWU\,WLVSRVVLEOHWRUHGLVVROYHWKH1RQWKHGLIIXVLRQ
GLVF IRU HPLVVLRQ VSHFWURPHWU\ DQDO\VLV KRZHYHU 1 FRQFHQWUDWLRQ RI WKH VROXWLRQ PXVW EH
GHWHUPLQHGVHSDUDWHO\


Y 6WHS&DOFXODWLRQRIELRPDVV1
,WLV DVVXPHGWKDWDOOWKH 1LQWKHH[WUDFW LVIURPWKHELRPDVVDVWKHVRLOKDVEHHQ SUHH[WUDFWHG
ZLWK .&/ ,W LV DOVR DVVXPHG WKDW DOO RUJDQLF 1 LQ WKH H[WUDFW LV GLJHVWHG WR HLWKHU DPPRQLXP RU
QLWUDWHDQGWKLVLVDOOFROOHFWHGRQWKHGLVF
7KHDPRXQWRI1RQWKHGLVFLVWKH1IURPP/RI. 62 H[WUDFW7KLVZLOOEHWKHJYDOXHJLYHQ
E\WKHWRWDO1DQDO\VHUFRQQHFWHGWRWKHPDVVVSHFWURPHWHU '1 GLJHVWHGQLWURJHQ7KXVWRJHWD
YDOXHSHUP/LHSSPYDOXHZHGLYLGHWKLVE\WKHDPRXQWRIH[WUDFWGLJHVWHGLQWKHDERYHH[DPSOH
ZKLFKH[DPSOH


SSP1=



'1 mJ

DPRXQWRI H[WUDFWGLIIXVHG P/

7RJHWWKHYDOXHLQWRDJ1JGU\VRLO WKHIROORZLQJHTXDWLRQVPXVWEHXVHG
:HLJKWRIGU\VRLOVDPSOH GULHGDW&IRUXQWLOFRQVWDQWZHLJKW  ':
:HLJKWRIIUHVKVRLOVDPSOH ):
$PRXQWRIIUHVKVRLOXVHGLQH[WUDFWLRQ $6
0RLVWXUHFRQWHQWRIVRLO 0&
$PRXQWRIH[WUDFWDQWXVHG 9(
SSPRIH[WUDFWDQWJLYHQIURPWKHDERYHHTXDWLRQ

):  ':
0&RIIUHVKVRLO=
; 
):


$PRXQW RI 1 J JRI GU\ VRLO =SSP;


9( + $6 0& 
$6  $6 0&

& &DOFXODWLRQRIWKHPLFURELDOELRPDVV1LQWKHVRLO
8VLQJWKHDERYHSURFHGXUHLWLVSRVVLEOHWRFDOFXODWHWKHDPRXQWRI1LQWKHELRPDVVH[WUDFWHG7KH
H[WUDFWLRQSURFHGXUHLVQRWHIILFLHQW WKDWLVQRWDOOWKHVRLOELRPDVV1LVH[WUDFWHG WKXVDQ
HIILFLHQF\IDFWRUPXVWEHXVHG7KLVLVNQRZQDVWKH. IDFWRU%URRNHV  VXJJHVWHGWKDWDQ
H[WUDFWLRQ HIILFLHQF\ RI  .     DFURVV D UDQJH RI VHYHUDO IXPLJDWHG VRLOV 7KLV LV D
JHQHUDOO\ DFFHSWHGYDOXH DQG LVDFFHSWDEOHIRUXVHIRULQWHUFRPSDUDWLYHVWXGLHVXVLQJWKHVDPH
VRLO+RZHYHUPRUHGHWDLOHGPHDVXUHPHQWVWRGHWHUPLQHWKH. VKRXOGEHPDGHLIRQHLVPDNLQJ
FRPSDULVRQVEHWZHHQVRLOV +RUZDWKDQG3DXO 
1

1

1
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1H[WUDFWHG;.  7RWDOVRLOELRPDVV1
1

1H[WUDFWHG; 7RWDOVRLOELRPDVV1
' $OWHUQDWLYHPHWKRGVIRUPHDVXULQJWKHVL]HRIWKHPLFURELDO1SRRO
$Q DOWHUQDWLYH PHWKRG WR PHDVXUH 1 LPPRELOLVDWLRQ LQ VRLOV ZKLFK KDYH UHFHLYHG 1 ODEHOOHG
LQRUJDQLF IHUWLOLVHU LV GHVFULEHG LQ GHWDLO E\ 5HFRXV HW DO   DQG 5LFH DQG 6PLWK   7KH
WKHRU\ EHLQJ WKDW LQ QRQDPPRQLXPIL[LQJ VRLOV ODEHOOHG LQRUJDQLF 1 LV LPPRELOLVHG LV LQ WKH
PLFURELDOELRPDVV1IUDFWLRQ%DVLFDOO\JRIIUHVKVRLOLVPL[HGZLWKP/RI0.&OVROXWLRQLQ
DFHQWULIXJHWXEHDQGVKDNHQIRUKUFHQWULIXJHGDWUSPIRUPLQXWHVDQGWKHVXSHUQDWDQW
GLVFDUGHG 7KLV ZDVKLQJ SURFHGXUH LV UHSHDWHG WZLFH DQG WKH UHVLGXDO .&O ZDVKHG RXW XVLQJ WKH
VDPHSURFHGXUHZLWKP/RIGLVWLOOHGZDWHU7KHZDVKHGVRLOLVWKHQGULHGDW&DQGJURXQG
IRUWRWDO1PDVVVSHFWURPHWHUDQDO\VLV


 /($)253(7,2/(/$%(//,1*86,1*1
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
/DEHOOLQJ ZLWK 1 YLD OHDI RU SHWLROH IHHGLQJ LV D WHFKQLTXH WKDW KDV EHHQ XVHG IRU D QXPEHU RI
\HDUV LQ SODQW SK\VLRORJ\ H[SHULPHQWV 2JKRJKRULH DQG 3DWH  3DWH  DQG 3DOWD HW DO
0F1HLOOHWDO 7KLVPHWKRGDFKLHYHVLVRWRSHODEHOOLQJRIVKRRWVDQGURRWVLQVLWX
KRZHYHUWKHDPRXQWRI 1VROXWLRQWDNHQXSE\WKHSODQWVFDQEH±WLPHVORZHUWKDQZLWKWKH
VWHPIHHGLQJWHFKQLTXH7KHWHFKQLTXHDOORZVGHWHUPLQDWLRQRIEHORZJURXQG1 5RFKHVWHUHWDO
  DQG LW LV VLPSOH DQG HDV\ WR XVH LQ WKH ILHOG ZKHUH D ODUJH QXPEHU RI SODQWV QHHG WR EH
ODEHOOHG /HDIODEHOOLQJ KDV DOVR EHHQ XVHG WR ODEHO URRWV IRU H[SHULPHQWV VKRZLQJ WKH HIIHFW RI
HDUWKZRUPVRQURRW1WXUQRYHU 6FKPLGWDQG&XUU\ 




% 3ULQFLSOH
7KHSULQFLSOHLVWKDWDSRUWLRQRIWKHOHDIRUSHWLROHLVVXEPHUJHGLQDVROXWLRQFRQWDLQLQJ 1 HJDV
XUHD WKHVROXWLRQLVWDNHQLQWRWKHWUDQVSLUDWLRQVWUHDPDQGWKH 1LVDVVLPLODWHGE\SDVVLYHDQG
DFWLYH1XSWDNHSURFHVVHV




& $SSDUDWXV






3XWW\3ODVWLFHQH HJ7HURVWDWRU%OXWDN 
RUP/0LFURSLSHWWH
6WLFN\WDSH
6FLVVRUV
$OXPLQLXPIRLODQGSDSHUWRZHOV

L

3HWLROHIHHGLQJ



(SSHQGRUIWXEHV

LL /HDIIHHGLQJ




7LVVXHVRUSDSHUWRZHOV
&RUQHUFXWIURPSODVWLFEDJVRUOHDIVL]HSODVWLFEDJVPDGHXVLQJKHDWVHDOHU
6KRUWVWLFNV

' 5HDJHQWV


1RUPDOXQODEHOOHGXUHDWRDVVHVVSODQW1WROHUDQFH



8VXDOO\ SHU SODQW ± P/ RI KLJKO\ HQULFKHG ± DWRP  1 H[FHVV  XUHD VROXWLRQ DW
FRQFHQWUDWLRQVRI ZZ LVVXIILFLHQW$VLQJOHOHDIIHHG P/ LQSDVWXUHSODQWVUHVXOWHGLQ
FOHDQURRWHQULFKPHQWRIDWRP 1H[FHVV






1RWH,WLVEHVWWRDVVHVVWKHWROHUDQFHRIWKHSODQWVWREHODEHOOHGDQGWHVWWKHPHWKRGXVLQJ
XQODEHOOHG XUHD VROXWLRQV DV KLJK 1 FRQFHQWUDWLRQV FDQ FDXVH QHFURVLV DQG GHDWK RI WKH
SODQWV 7KLV LV GRQH XVLQJ WKH VDPH SURFHGXUHV IRU 1 ODEHOOLQJ ,W LV DOZD\V EHVW WR DGG QR
PRUHWKDQDERXWRIWKHWRWDOSODQW1DVXUHD,IWKHUHDUHQRVSDUHSODQWVDYDLODEOHWRWHVW
IRU WROHUDQFH WKHQ  P/ RI  ZZ  VROXWLRQ VKRXOG QRW FDXVH DQ\ SUREOHPV LQ PRVW SODQW
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VSHFLHVWKDWDUHROGHUWKDQDIHZZHHNV7KHSUDFWLFDOFRQVWUDLQWVDQGDLPRIWKHH[SHULPHQW
ZLOOGHWHUPLQHWKHWLPHDQGIUHTXHQF\RIIHHGLQJJHQHUDOO\\RXQJSODQWVWDNHXSVROXWLRQPRUH
UDSLGO\DQGDSSRUWLRQPRUHWRWKHURRWV\VWHPVWKDQROGHUSODQWV
( 3URFHGXUHV




0DNHXSUHTXLUHGDPRXQWRI 1VROXWLRQLQDYROXPHWULFIODVNZLWKGLVWLOOHGZDWHU
(QVXUHWKDWWKHSODQWJURZLQJFRQGLWLRQVDUHJRRGDQGWKDWWUDQVSLUDWLRQLVPD[LPXPLHPDNH
VXUHWKHSODQWVDUHZHOOZDWHUHGDQGIHHGLQJLVFDUULHGRXWDWWKHEHJLQQLQJRIDSKRWRSHULRG
&RYHUWKHVRLOZLWKDOD\HURIDOXPLQLXPIRLOWKHQSDSHUWRZHO WKLVZLOODEVRUEDQ\VSLOW 1 
+DYHVROXWLRQVSLSHWWHVHSSHQGRUIVDQGSXWW\PDWHULDOUHDG\

L

/HDI3HWLROHIHHGLQJ



)LOOWKHSODVWLFHSSHQGRUIZLWKUHTXLUHGDPRXQWRI 1VROXWLRQ XVXDOO\±P/ KDYHLWDWWKH
UHDG\
)LQGWKH\RXQJHVWQHZO\IXOO\H[SDQGHGOHDI
&XWWKHOHDIWLSRIIXQGHUZDWHU WRS±PPLQZKHDWRUWLSVRIDOOWKHOHDIOHWVLQDFRPSRXQG
OHDI VXFK DV FORYHU  LI \RX DUH TXLFN HQRXJK LW LV QRW QHFHVVDU\ WR FXW WKH WLS XQGHU ZDWHU
HVSHFLDOO\LI\RXKDYHPDQ\VDPSOHVWRGR 
,QVHUWWKHFXWWLS V LQWRWKHHSSHQGRUIDQGVHDOWKHSHWLROHWRWKHHGJHRIWKHHSSHQGRUIZLWKWKH
SXWW\WKHQVHFXUHO\SODFHWKHHSSHQGRUILQWKHVRLORURQWRDVXSSRUWLQJVWLFN ZLWKVWLFN\WDSH 
:DVK\RXUKDQGVDQGWKHQUHPRYHWKHWLQIRLODQGWLVVXHDYRLGLQJFRQWDFWZLWKWKHSODQWRUVRLO
/HDYH WKH SODQWV WR WDNH XS VROXWLRQ WKLV FDQ EH KRXUV XQGHU KLJK WHPSHUDWXUH DQG OLJKW
LQWHQVLW\IRU±GD\VLWLVLGHDOWKDWDOOWKHVROXWLRQDGGHGLVWDNHQXSIURPHDFKYLDO
:KHQ\RXUHPRYHWKHIHHGLWLVDGYLVDEOHWRUHPRYHWKHOHDIDOVRDVLWPD\EHKLJKO\ODEHOOHG
GXHWRFRQWDFWZLWKWKHVROXWLRQ

















LL /HDIIHHGLQJ









)LQGWKH\RXQJHVWQHZO\IXOO\H[SDQGHGOHDI
:UDSWKHOHDILQDVPDOODPRXQWRISDSHUWRZHORUWLVVXH
3XWWKHZUDSSHGOHDIVWLOODWWDFKHGWRWKHSODQWLQWKHSODVWLFEDJ
8VLQJWKHSLSHWWHDGGWKHUHTXLUHGDPRXQWRI 1VROXWLRQXVXDOO\DERXWP/
&ORVHWKHEDJVHFXUHO\ZLWKVWLFN\WDSHDQGVXSSRUWLWZLWKDVWLFNVRWKDWQR 1VROXWLRQFDQ
HVFDSH
:DVK\RXUKDQGVDQGWKHQUHPRYHWKHWLQIRLODQGWLVVXHDYRLGLQJFRQWDFWZLWKWKHSODQWRUVRLO
/HDYHODEHOOLQJVHWXSRQWKHSODQWIRURQHZHHN
5HPRYHOHDIDQGODEHOOLQJGHYLFH




1RWHDOWKRXJKWKLVPHWKRGLVTXLFNDQGPD\EHPRUHVXLWDEOHIRUWKHILHOGLWLVQRWDVTXDQWLWDWLYH
DVWKHRWKHUPHWKRGVLQFHLWLVUHODWLYHO\GLIILFXOWWRDVVHVVKRZPXFKRIWKH 1VROXWLRQLVOHIWLQ
WKH EDJ DQG RQ WKH OHDI 7KH HQWLUH OHDI VHW XS FDQ EH VKDNHQ LQ  P/ RI ZDWHU RU 0 .&O WR
PHDVXUHWKHXUHDDQGDPPRQLXPFRQFHQWUDWLRQVEXWWKLVWDNHVWLPH


 67(0)((',1*86,1*1
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
6WHPIHHGLQJZLWK 1XUHDVROXWLRQDFKLHYHVLVRWRSHODEHOOLQJRIVKRRWVDQGURRWVLQVLWX 5XVVHOO
DQG )LOOHU\ D  7KLV DOORZV WKH FRQWULEXWLRQ RI URRW 1 WR WKH 1 F\FOH WR EH DVVHVVHG 7KH
WHFKQLTXH KDV SURYHG WR EH D SDUWLFXODUO\ SRZHUIXO WRRO LQ GHWHUPLQLQJ UHVLGXDO URRW 1 EHQHILW WR
IROORZLQJ FURSV 5XVVHO DQG )LOOHU\ E  DQG DOORZV 1 WUDQVIHU VWXGLHV WR EH XQGHUWDNHQ 7KH
WHFKQLTXH LV SDUWLFXODUO\ XVHIXO LQ JUHHQKRXVH H[SHULPHQWV KRZHYHU LW LV QRW VR HDV\ WR GR LQ WKH
ILHOG,QILHOGVLWXDWLRQVOHDIODEHOOLQJRUSHWLROHIHHGLQJPD\EHPRUHDSSURSULDWH


% 3ULQFLSOH
7KH SULQFLSOH LV WKDW D ZLFN SDVVHG WKURXJK WKH VWHP RI WKH SODQW LV WKHQ LPPHUVHG LQ D VROXWLRQ
ODEHOOHGZLWK 17KH 1VROXWLRQLVGUDZQXSZLWKWKHWUDQVSLUDWLRQVWUHDPDQGLWLVDVVXPHGWKDW
WKH XUHD LV DVVLPLODWHG QRUPDOO\ LQ WKH SODQW 8UHD LV JHQHUDOO\ XVHG DV LW LV D QRQSRODU XQ
GLVVRFLDWHGPROHFXOHZLWKDORZVDOWLQGH[DQGDKLJKFRQFHQWUDWLRQRI1WKDWLVUHDGLO\PHWDEROLVHG
E\SODQWVWKDWKDYHWKHXUHDVHHQ]\PH
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& $SSDUDWXV










6HZLQJQHHGOH
0LFURGULOO±GHQWLVWRUKREE\GULOOZLWKGULOOELWVRI±PPGLDPHWHU IRUSODQWVZKLFKWKH
QHHGOHGRHVQRWSDVVWKURXJKWKHVWHPHDVLO\DORQH 
7KLFNFRWWRQWKUHDG HPEURLGHU\WKUHDGZKLFKLVFRWWRQLVLGHDO 
)OH[LEOHSODVWLFWXELQJ WKLQ39&SLSHVIURPFRQWLQXRXVIORZDSSDUDWXVDUHLGHDO FXWLQWRDERXW
±FPSLHFHV
3ODVWLFHQHRUSXWW\ 7HURVDW%OXWDFN 
6PDOOSODVWLFYLDOVZLWKSXVKRQRUVFUHZWRSV GULOOHGZLWKVPDOOKROHVRI±PPGLDPHWHU 
RUP/0LFURSLSHWWH
$OXPLQLXPIRLODQGSDSHUWRZHOV
6FLVVRUV

' 5HDJHQWV


1RUPDOXQODEHOOHGXUHDWRDVVHVVSODQW1WROHUDQFH



8VXDOO\ SHU SODQW ± P/ RI KLJKO\ HQULFKHG ± DWRP  1 H[FHVV  XUHD VROXWLRQ DW
FRQFHQWUDWLRQV RI  ZZ  LV XVHG KRZHYHU VROXWLRQV RI XS WR  KDYH EHHQ XVHG IRU
OXSLQV



1RWH,WLVEHVWWRDVVHVVWKHWROHUDQFHRIWKHSODQWVWREHODEHOOHGDQGWHVWWKHPHWKRGXVLQJ
XQODEHOOHG XUHD VROXWLRQV DV KLJK 1 FRQFHQWUDWLRQV FDQ FDXVH QHFURVLV DQG GHDWK RI WKH
SODQWV 7KLV LV GRQH XVLQJ WKH VDPH SURFHGXUHV IRU 1 ODEHOOLQJ ,W LV DOZD\V EHVW WR DGG QR
PRUHWKDQDERXWRIWKHWRWDOSODQW1DVXUHD,IWKHUHDUHQRVSDUHSODQWVDYDLODEOHWRWHVW
IRU WROHUDQFH WKHQ  P/ RI  ZZ  VROXWLRQ VKRXOG QRW FDXVH DQ\ SUREOHPV LQ PRVW SODQW
VSHFLHVWKDWDUHROGHUWKDQDIHZZHHNV7KHSUDFWLFDOFRQVWUDLQWVDQGDLPRIWKHH[SHULPHQW
ZLOOGHWHUPLQHWKHWLPHDQGIUHTXHQF\RIIHHGLQJJHQHUDOO\\RXQJSODQWVWDNHXSVROXWLRQPRUH
UDSLGO\DQGDSSRUWLRQPRUHWRWKHURRWV\VWHPVWKDQROGHUSODQWV$VLQJOHVWHPIHHG P/ RI
\RXQJSODQWVLQWKHJUHHQKRXVHHQULFKHGWKHFOHDQURRWV\VWHPVRIOXSLQIDEDEHDQDQGILHOG
SHDZLWKLQDUDQJHRI±DWRP 1H[FHVV







( 3URFHGXUH

















0DNH XS WKH VWHP IHHGLQJ YLDOV SDVV WZR SLHFHV RI SODVWLF WXELQJ WKURXJK WKH WZR DGMDFHQW
KROHVLQWKHWRSRIWKHYLDO
0DNHXSUHTXLUHGDPRXQWRI 1VROXWLRQLQDYROXPHWULFIODVNZLWKGLVWLOOHGZDWHU
(QVXUHWKDWWKHSODQWJURZLQJFRQGLWLRQVDUHJRRGDQGWKDWWUDQVSLUDWLRQLVPD[LPXPLHPDNH
VXUHWKHSODQWVDUHZHOOZDWHUHGDQGWKDWLQMHFWLRQLVFDUULHGRXWSULRUWRDSKRWRSHULRGRUHDUO\
LQWKHPRUQLQJ
&RYHUWKHVRLOZLWKDOD\HURIDOXPLQLXPIRLOWKHQSDSHUWRZHO WKLVZLOODEVRUEDQ\VSLOW 1 
+DYH VROXWLRQV SLSHWWHV DQG SXWW\ PDWHULDO UHDG\ DV WKLV QH[W VWDJH VKRXOG EH FDUULHG RXW DV
TXLFNO\DVSRVVLEOHWRSUHYHQWVHDOLQJRIWKH[\OHPYHVVHOV
3DVVWKHQHHGOHWKUHDGHGZLWKDERXWFPRIZLWKFRWWRQWKURXJKRQHRIWKHSLHFHVRISODVWLF
WXELQJ
)RUWKLFNVWHPVGULOOWKHVWHPZLWKDGHQWLVWGULOO±FPIURPWKHVRLOVXUIDFH
3DVVWKHQHHGOHWKUHDGHGZLWKFRWWRQWKURXJKWKHSODQWVWHPWKHQWKURXJKWKHVHFRQGSLHFHRI
SODVWLFWXELQJ
7LHDNQRWDWWKHERWWRPRIWKHWZRWXEHVVRWKDWWKHWXELQJILWVWLJKWO\DJDLQVWWKHVWHPDQGFXW
WKHFRWWRQRQHRUWZRFPDIWHUWKHNQRWVRWKDWWKHFRWWRQUHDFKHVWKHERWWRPRIWKHYLDO
6FUHZRUSXVKWKHYLDORQWRWKHWRS 1%LIVFUHZLQJWKHYLDORQNHHSWKHWRSVWDWLRQDU\ 
$GGWKH 1VROXWLRQWRWKHYLDOWKURXJKWKH KROHXVLQJWKHSLSHWWH QRWHWKHYROXPHRI 1
VROXWLRQDGGHG 
6HDOWKHKROHZLWKWKHSXWW\
6HDOWKHMRLQWVEHWZHHQWKHSODQWDQGWKHSODVWLFWXELQJZLWKWKHSXWW\
&RYHUWKHYLDOZLWKDOXPLQLXPIRLOWRDYRLGFRQGHQVDWLRQ
:DVK\RXUKDQGVDQGWKHQUHPRYHWKHWLQIRLODQGWLVVXHDYRLGLQJFRQWDFWZLWKWKHSODQWRUVRLO
/HDYHWKHSODQWVWRWDNHXSVROXWLRQIRU±GD\VLWLVLGHDOWKDWDOOWKHVROXWLRQDGGHGLVWDNHQ
XSIURPHDFKYLDO






UG
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 127(6$1'&$/&8/$7,21621/($)67(0253(7,2/(1)((',1*
,IWRWDO 1UHFRYHU\LVWREHGHWHUPLQHGWKHQFRQILQHGV\VWHPVVXFKDV39&F\OLQGHUVRUSRWVQHHG
WR EH XVHG ZKLFK KDYH VHDOHG EDVHV WR SUHYHQW OHDFKLQJ RI PRELOH QLWUDWH LRQV ,Q ILHOG VWXGLHV
DQLRQH[FKDQJHUHVLQEDJVDWWKHEDVHRIDQ\F\OLQGHUZLOOWUDSDQ\ 1OHDFKHG




,W LV LPSRUWDQW IRU DVVHVVPHQW RI EHORZJURXQG 1 WKDW FRQWDPLQDWLRQ IURP IDOOLQJ OHDYHV LV
SUHYHQWHGWKLVFDQEHGRQHXVLQJ OHDIWUDSVRUPDNLQJWKHDVVHVVPHQWVSULRUWRDQ\VHQHVFHQFH
HYHQW
$ 6RLOFRUHIUDFWLRQV
%XONVRLO %6 PDWHULDOZKLFKSDVVHVWKURXJKWKHPHVKRIWKHVLHYHZKHQWKHFRUHLVEURNHQDSDUW
WKHPHVKVKRXOGEHILQHHQRXJKWRIDFLOLWDWHJRRGURRWUHFRYHU\$OOPDWHULDORQWKHVLHYHVKRXOG
EHGULHGXVLQJDIUHH]HGULHU VDPSOHVFDQEHIUR]HQSULRUWRGU\LQJ RULQWKHRYHQDW&
5KL]RVSKHUH VRLO 5+  LV VRLO HDVLO\ VHSDUDWHG IURP WKH URRWV VRPHWLPHV DFFXPXODWHV DW WKH
ERWWRPRIWKHEDJGXULQJGU\LQJ 
&OHDQURRW &57 URRWPDWHULDOZKLFKLVWKRURXJKO\FOHDQVHGRIVRLOXVLQJDGU\EUXVKRUFOHDQLQJ
LQ D VPDOO DPRXQW RI ZDWHU WKHQ UHGU\LQJ WKH SODQW VDPSOH DW  & DQG WKHQ GU\LQJ GRZQ WKH
ZDWHU
5HVLGXDOIUDFWLRQ 5) YHU\ILQHURRWIUDJPHQWVDQGILQHVRLOUHPDLQLQJDIWHUURRWFOHDQLQJ
7RUHGXFHQXPEHURIVDPSOHVVHSDUDWLQJVDPSOHVLQWREXONVRLOFOHDQURRWDQGUHVLGXHIUDFWLRQLV
DOVR SRVVLEOH EXONLQJ UKL]RVSKHUH VRLO DQG UHVLGXDO IUDFWLRQ WRJHWKHU KRZHYHU WKLV VKRXOG QRW EH
XVHGWRHVWLPDWHUKL]RGHSRVLWLRQDVLWFRQWDLQVDKLJKFRQWHQWRIILQHURRWIUDFWLRQ 
$OOIUDFWLRQVVKRXOGEHILQHO\JURXQGDQGDQDO\VHGIRU 1HQULFKPHQWXVLQJHLWKHUFRQWLQXRXVIORZ
*&06RUGLJHVWLRQHPLVVLRQVSHFWURPHWU\SURFHGXUHV


&DOFXODWLRQRIWRWDOEHORZJURXQG1
$VVXPLQJ WKDW WKH 1 LV XQLIRUPO\ GLVWULEXWHG WKURXJKRXW WKH URRW V\VWHP WKHQ WKH VRXUFH 1
VKRXOG EH WKH HQULFKPHQW YDOXH RI WKH FOHDQ URRW IUDFWLRQ WKHQ URRWGHULYHG 1 5GI1  FDQ EH
FDOFXODWHGIRUHDFKIUDFWLRQIURPWKHPHDVXUHG 1HQULFKPHQWRIHDFKIUDFWLRQ






5GI1 =

DWRP  1H[FHVVRI%6
  
DWRP  1H[FHVVRI&5)

5GI1 %6 =

5GI1 5+ =

5GI1 5) =

DWRP  1H[FHVVRI%6
WRWDORI1LQ%6 
DWRP  1H[FHVVRI&5)
DWRP  1H[FHVVRI5+
WRWDORI1LQ5+ 
DWRP  1H[FHVVRI&5)
DWRP  1H[FHVVRI5)
WRWDORI1LQ5) 
DWRP  1H[FHVVRI&5)










7KHQWRWDOEHORZJURXQG1FDQEHFDOFXODWHGIURPWKHIROORZLQJHTXDWLRQ
:KHUH1FUW WRWDO1RIFOHDQURRWIUDFWLRQ
7RWDOEHORZJURXQG1 1FUW5GI1 %6 5GI1 5+ 5GI1 5) 
4XDQWLI\LQJGHFRPSRVLWLRQRI1LQWHUPVRI1EHQHILWWRWKHVXEVHTXHQWFURS
3RWV RU F\OLQGHUV LQ ZKLFK WKH URRW IUDFWLRQ KDV EHHQ ODEHOOHG DQG IURP ZKLFK WKH ODEHOOHG VKRRW
KDVEHHQUHPRYHGFDQEHXVHGWRGHWHUPLQHWKH1EHQHILWRIWKHURRWVWRWKHVXEVHTXHQWFURS
7KHUH DUH WZR FDOFXODWLRQ DSSURDFKHV WKDW KDYH EHHQ XVHG WR GHWHUPLQH 1 EHQHILW DQG WKHVH
HVVHQWLDOO\UHVXOWLQWKHVDPHRXWFRPH
5XVVHOODQG)LOOHU\ E XVHGWKHDYHUDJH 1HQULFKPHQWRIWKHWRWDOEHORZJURXQG1
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DWRP   1H[FHVVFURSJURZQ
DYHUDJHDWRP  1H[FHVV

 1GHULYHGIURPSUHYLRXVFURS=

WRWDORI 1RI 


RI EHORZ  JURXQG  1RI SUHYLRXVFURS



0F1HLOOHWDO  FDOFXODWHGWKHEHQHILWXVLQJWKHDFWXDODPRXQWVRIH[FHVV 1LQWKHWRWDO
%*1RIWKHSUHYLRXVFURSDQGWKDWUHFRYHUHGE\WKHVXEVHTXHQWFURS



$PRXQWRIH[FHVV
1GHULYHGIURPSUHYLRXVFURS



1LQVXEVHTXHQWFURS



BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB[7RWDORI1LQVXEVHTXHQWFURS
$PRXQWRIH[FHVV



1LQWRWDOEHORZJURXQG



1RISUHYLRXVFURS

 75((,1-(&7,2186,1*1
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
,QUHFHQW\HDUVWKHUROHRIEHORZJURXQG1LQDJURIRUHVW\V\VWHPVKDVUDLVHGPDQ\TXHVWLRQV2QH
ZD\ RIVWXG\LQJWKHEHORZ JURXQG1F\FOLQJ LVWR XVHDQ LQVLWX 1WUHHLQMHFWLRQWHFKQLTXH7KLV
WHFKQLTXHZDVSLRQHHUHGE\+RUZDUWKHWDO  DQGDOORZVWKHFRQWULEXWLRQRIURRWPDWHULDOWR1
IOX[DQGRUJDQLFPDWWHUWREHDVVHVVHG


% 3ULQFLSOH
$ KROH LV GULOOHG LQ WKH WUHH DQG 1 VROXWLRQ LV LQMHFWHG LQWR WKH DFWLYH WUDQVSLUDWLRQ VWUHDP 7KH
GLVWULEXWLRQ RI 1 LQ WKH SODQW LV GHWHUPLQHG E\ VDPSOLQJ WKURXJK RXW WKH FDQRS\ 7KLV WHFKQLTXH
FDQEHXVHGWRVWXG\DERYHDQGEHORZJURXQG1F\FOLQJ




& 7\SLFDOVDPSOH
7UHHVZLWKULQJSRURXV[\OHPVWUXFWXUHDUHWKHRQO\WUHHVVXLWDEOHIRUWKLVSURFHGXUH7KDWLVWUHHV
ZLWK D [\OHP WKDW LV HYHQO\ GLVWULEXWHG WKURXJKRXW WKH VWHP DQG QRW RQO\ RQ WKH VXUIDFH 7KH
ORFDWLRQRIWKH[\OHPFDQEHGHWHUPLQHGHDVLO\&XWDQDFWLYHIUHVKVWHPDQGSODFHLWLQDVKDOORZ
VROXWLRQRI)XFKVLDEDVLFIRUVHYHUDOKRXUV$IWHUVRPHWLPHKDVHODSVHGFXWWKHVWHPDQGH[DPLQH
WKH FURVV VHFWLRQ IURP WKLV LW LV HDV\ WR GHWHUPLQH ZKHUH WKH ZDWHU PRYHV LQ WKH VWHP IURP WKH
VWDLQRIWKHG\H,IWKH[\OHPLVRQO\RQWKHVXUIDFHRIWKHWUHHWKLVWHFKQLTXHZLOOQRWZRUNVRZHOODV
LIWKH[\OHPLVHYHQO\VSDFHGWKURXJKRXWWKHVWHP
' $SSDUDWXV














(OHFWULFGULOO
'ULOOELWPP W\SHXVHGIRUZRRGGULOOLQJ 
V\ULQJHQHHGOHV
P/DQGP/V\ULQJHV
7XEHFRQQHFWRUV
6XEDVHDOVL]H
3ODVWLFSLSHFPORQJILWWLQJRQWRWKHWXEHFRQQHFWRU
3DSHUSXQFK
S+PHWHURUVWULSV
$XWRFODYHRUSUHVVXUHFRRNHUIRUKHDWVWHULOL]DWLRQ
P/DQGP/YROXPHWULFIODVNV
3DUDILOP
)XFKVLDEDVLFLQGLFDWRU

( 5HDJHQWV


1VROXWLRQDXWRFODYHGDW &IRUPLQ 7KLVLVDP0VROXWLRQRI 1+ 62 GLVVROYH
JRI 1+ 62 LQOLWUHRIGLVWLOOHGZDWHU 7KLVJLYHVDWRWDORIJ1SHUP/RI
VROXWLRQ 8VH EHWZHHQ ± P/ RI 1 VROXWLRQ SHU WUHH GHSHQGLQJ RQ WKH LQLWLDO WUHH VL]H


R
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(QVXUH WKDW \RX GR QRW DGG PRUH WKDQ  RI WKH WRWDO WUHH 1 FRQWHQW PRUH 1 ZLOO OHDG WR
EXUQLQJRIWKHOHDIPDWHULDO


$UWLILFLDO VDS VROXWLRQ  P0 .&O DQG  P0 PDOLF DFLG DGMXVWHG WR S+  ZLWK GLOXWH
SRWDVVLXP K\GUR[LGH .2+  RU VRGLXP K\GUR[LGH 1D2+  VROXWLRQ DXWRFODYHG DW  & IRU
PLQ 



7R SUHSDUH D VWRFN VDS VROXWLRQ 'LVROYH J .&O DQG J PDOLF DFLG LQ  OLWUH RI GLVWLOOHG
ZDWHU7RREWDLQWKHFRUUHFWVDSVROXWLRQGLOXWHWKHVWRFNVROXWLRQZLWKGLVWLOOHGZDWHUDQG
DGMXVWWRS+ZLWKDGLOXWHDONDOLVROXWLRQ 0 

 R

)3URFHGXUH
&RYHUWKHVRLOZLWKDOXPLQXPIRLODQGSDSHUWRDYRLGOLTXLGGURSSLQJRQWRWKHVRLO1RWHLWLVEHVWWR
FDUU\ RXW WKH WUHH LQMHFWLRQ HDUO\ LQ WKH PRUQLQJ ZKHQ WKHUH LV PD[LPXP WUDQVSLUDWLRQ ,W PD\ EH
ZRUWK ZDWHULQJ WKH WUHHV EHIRUH KDQG WR UHDOO\ SXPS XS WUDQVSLUDWLRQ 7KH WHFKQLTXH UHOLHV RQ
KDYLQJDQDFWLYHWUDQVSLUDWLRQVWUHDP
3UHSDUHWKHSLSHV\VWHP&XWWKHERG\RIDP/V\ULQJHDWDSSUR[LPDWHFPDQGFRQQHFWZLWKD
6XEDVHDO7KHQFRQQHFWDERXWFPRISLSLQJWRWKHERG\RIWKHP/V\ULQJHRQWKHRWKHUHQG
DWWDFKDWXEHFRQQHFWRUDQGDV\ULQJHQHHGOH$WWDFKWKHP/LQMHFWLRQV\VWHPWRWKHWUHH ZLWK
WDSHDQGIOXVKWKURXJKZLWKVDSVROXWLRQ QRWHWKLVLVQRWODEHOOHGZLWK 1 )LOODQRWKHUV\ULQJHZLWK
XQODEHOOHGVDSVROXWLRQ




0HDVXUHWKHZLGWKRIWKHVWHPRIWKHWUHHODEHOZRRGGULOODWRIWKHGLDPHWHURIWKHWUHHZLWK
D VPDOO SLHFH RI WDSH 'ULOO D KROH  RI WUHH GLDPHWHU  ,PPHGLDWHO\ DIWHU WKH KROH LV GULOOHG
FRQQHFWWKHV\ULQJHERG\VXEDVHDOFRQQHFWRU3XWDVHFRQGQHHGOHLQWKHVXEDVHDOIOXVKWKH
V\VWHP XVLQJ WKH V\ULQJH ILOOHG ZLWK VDS VROXWLRQ WR H[SHO DOO WKH DLU 7KLV VKRXOG OHDG WR WKH
VROXWLRQFRPLQJRXWRIWKHVHFRQGQHHGOHWKHQUHPRYHERWKQHHGOHV



&RQQHFW WKH QHHGOH ZLWK WKH  P/ V\ULQJH V\VWHP PDUN WKH OHYHO RI WKH VDS VROXWLRQ WR
GHWHUPLQHWKHXSWDNHRIVROXWLRQFRYHUWKHRSHQP/V\ULQJHZLWKSDUDILOP



2QFH\RXKDYHGHWHUPLQHGWKDWWKHUHLVXSWDNHRIWKHVDSVROXWLRQDGGWKHODEHOOHG 1VROXWLRQ
WR WKH V\ULQJH DQG DJDLQ NHHS WRSSLQJ XS ZLWK WKH 1 VROXWLRQ XQWLO \RX KDYH LQMHFWHG WKH
GHVLUHGDPRXQW ±PO $JDLQPDUNPOV\ULQJHWRPRQLWRUXSWDNH



.HHSWRSSLQJXSWKHV\ULQJHZLWKDUWLILFLDOVDSVROXWLRQWRHQVXUHWKH 1JHWVLQWRWKHWUHHDQG
NHHSGRLQJWKLVXQWLOXSWDNHVWRSV,IWKHUHLVVXEVWDQWLDOXSWDNHLWPD\EHEHVWWRWDNHDSODVWLF
ERWWOHDQGLQVHUWWKHHQGRIWKHWXEHLQWRWKLV7KLVXSWDNHRIVDSVROXWLRQFDQEHDVPXFKDV
OLWUHV







 (;3(5,0(17$/ 35272&2/6 )25 *5266 0,1(5$/,6$7,21 $1' *5266 1,75,),&$7,21
(;3(5,0(176
$ 0HDVXULQJJURVVPLQHUDOLVDWLRQ
L 6FRSHDQGILHOGRIDSSOLFDWLRQ
7KHVLPXOWDQHRXVSURFHVVHVRIPLQHUDOLVDWLRQLPPRELOLVDWLRQWXUQRYHUPDNHLWH[WUHPHO\GLIILFXOWWR
GHWHUPLQHWKHIDWHRUWXUQRYHUUDWHVRIQLWURJHQLQWKHVRLO,QVRPHVRLOVWKHQHWJDLQVRIQLWURJHQ
DUHVRORZWKDWWKHVRLOVDSSHDUWREHGRUPDQWKRZHYHUZKHQWKHJURVVSURFHVVHVDUHVWXGLHGWKH
WXUQRYHUUDWHVDUHKLJKDQGUDSLG7KXVLWLVRQO\ZLWKWKHXVHRILVRWRSHVWKDWWKHJURVVSURFHVVHV
FDQ EH VWXGLHG ZKLFK LQ WXUQ ZLOO DOORZ XV WR LGHQWLI\ WKH SDUDPHWHUV JRYHUQLQJ 1 UHOHDVH IURP
RUJDQLFPDWWHU
LL 3ULQFLSOH
7KH SULQFLSOH RI WKH LVRWRSH GLOXWLRQ WHFKQLTXH LV WKDW WKH DPPRQLXP SRRO LV 1 ODEHOOHG DQG LV
DVVXPHGWRJLYHDKRPRJHQHRXVO\ODEHOOHGDPPRQLXPSRRO7KHDPPRQLXPSRROLVVXEVHTXHQWO\
PRQLWRUHG IRU VL]H DQG HQULFKPHQW $Q\ LQFRPLQJ 1 ZLOO FDXVH D GLOXWLRQ RI WKH SRRO DQ\ UHPRYDO
SURFHVVHVZLOOFDXVHWKHVL]HRIWKHSRROWRFKDQJHEXWQRWDIIHFWWKHHQULFKPHQWRIWKHSRRO)URP
WKH HQULFKPHQW DQG FRQFHQWUDWLRQ GDWD LW LV WKHQ SRVVLEOH WR FDOFXODWH WKH UDWH RI XQODEHOOHG 1
FRPLQJLQWRWKHDPPRQLXPSRRORUWKHPLQHUDOLVDWLRQUDWHDVVKRZQLQHTXDWLRQEHORZ/DEHOOLQJLV
DFKLHYHG E\ DGGLQJ D 1 ODEHO WR D VRLO FRUH DV D VROXWLRQ RU JDV VR WKDW XQLIRUP ODEHOOLQJ LV
DFKLHYHG )LJXUH 7KHFRQFHQWUDWLRQRIDPPRQLXPODEHODGGHGVKRXOGQRWEHJUHDWHUWKDQWKH
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RULJLQDODPPRQLXPSRRO WKXVXVXDOO\DERXW±J1JVRLOLVDGGHGRIDERXW±DWRP 1
H[FHVV 


P =q 



/RJ$   $ W
/RJ  +q W$  


:KHUH LV WKH VL]H RI WKH DPPRQLXP SRRO XVXDOO\ H[SUHVVHG LQ PJ 1 NJ VRLO  $  LV WKH DWRP 
H[FHVVLQWKHDPPRQLXPSRRO W WLPHLQGD\V DIWHU  LQLWLDOVDPSOLQJ qLVWKHREVHUYHGUDWHDW
ZKLFKSRROVL]HFKDQJHVLH $ ±$ WDQGPLVWKHPLQHUDOLVDWLRQUDWH


W



7KHUH DUH WKUHH DVVXPSWLRQV WKDW VKRXOG EH QRWHG ZKHQ XVLQJ WKH LVRWRSH GLOXWLRQ DSSURDFK WR
PHDVXUHJURVVPLQHUDOLVDWLRQRUQLWULILFDWLRQ




7KDWWKH 1DQG 1H[KLELWWKHVDPHEHKDYLRXULQVRLO
7KHUHLVDGHTXDWHPL[LQJRIWKH1DGGHGDVODEHODQGWKHQDWLYHVRLOSRRO
7KHUHLVQRUHPLQHUDOLVDWLRQRISUHYLRXVO\LPPRELOLVHGQLWUDWH1LQWRWKHDPPRQLXPSRRO










3RWVXVHGIRULQFXEDWLRQ

$PPRQLXPJDVLQMHFWRU

6LPSOHVRLOVROXWLRQLQMHFWRU

)LJXUH(TXLSPHQWXVHGIRUPLQHUDOLVDWLRQH[SHULPHQWV
,QGU\VRLOVJDVHRXVDSSOLFDWLRQRIDPPRQLDLVUHFRPPHQGHG VHHJDVLQMHFWRULQ)LJXUH DQGLQ
PRLVWVRLOPLQLPDOTXDQWLWLHVRIVROXWLRQVKRXOGEHDGGHG7KHDGGHGODEHOPXVWPL[XQLIRUP/\ZLWK
WKHLQGLJHQRXVVRLO1WKLVLVDQXQGHUO\LQJDVVXPSWLRQLQWKHPHWKRG,WLVEHVWWRDSSO\WKHODEHO
DQG WDNH WKH ILUVW VDPSOHV  KRXUV DIWHU DSSOLFDWLRQ WR DYRLG SUREOHPV DVVRFLDWHG ZLWK SRRO
VXEVWLWXWLRQDQGWRFDUU\RXWWKHVHFRQGVDPSOLQJQRORQJHUWKDQGD\VDIWHUDSSOLFDWLRQWRDYRLG
UHPLQHUDOL]DWLRQ7KLVDOVRDOORZVDOOSURFHVVHVWREHGHVFULEHGE\]HURRUGHUNLQHWLFV3DLUHGFRUHV
IRULQLWLDODQGILQDOVDPSOLQJDUH SUHSDUHGDQG DWILQDOVDPSOLQJWKHHQWLUHFRUHLVPL[HGDQGVXE
VDPSOHGIRUDQDO\VLV7KHH[FKDQJHDEOHQLWUDWHDQGDPPRQLXPDUHH[WUDFWHGDQGPHDVXUHGLQ
RU  0 .&O DQG VXIILFLHQW H[WUDFW LV VXEVDPSOHG WR HQVXUH DGHTXDWH QLWURJHQ IRU PDVV
VSHFWURPHWHU RU HPLVVLRQ VSHFWURPHWHU DQDO\VLV 7KHVH DQG IXUWKHU GHWDLOV DUH GLVFXVVHG E\
0XUSK\HWDO  0RQDJKDQ  DQG0XUSK\HWDO  
LLL $SSDUDWXV





$ODEHOOLQJGHYLFHOLTXLGLQMHFWLRQGHYLFHRUJDVLQMHFWLRQGHYLFHVHH)LJXUH
)RUILHOGZRUNVRLOFRUHUVWLFNVZLWKIODJVRQWRLGHQWLI\WKHFHQWUHRIWKHLQMHFWHGDUHD
)RUODERUDWRU\ZRUNLQFXEDWLRQSRWVFXW39&SLSH ±FPGLDPHWHU VHDOHGZLWKJDX]HPDNH
JRRGLQFXEDWLRQSRWV )LJXUH 
(TXLSPHQWDQGUHVRXUFHVWRGRLQRUJDQLF1DQDO\VLVDQG 1GHWHUPLQDWLRQV


LY 5HDJHQWV


1 ODEHOOHG DPPRQLD VROXWLRQ DPPRQLXP VXOIDWH LV XVXDOO\ XVHG  WKH HQULFKPHQW DQG
FRQFHQWUDWLRQ RI WKLV VROXWLRQ ZLOO EH GHWHUPLQHG E\ 1 DYDLODEOH DQG WKH PRLVWXUH FRQWHQW RI
WKHVRLOLWLVEHVWQRWWRFKDQJHWKHVL]HRIWKHDPPRQLXPSRROWRRGUDVWLFDOO\$GGLWLRQVRI
SSP1JVRLO DW 1DWRPH[FHVVVKRXOGJLYHHQRXJK1RIKLJKHQRXJKHQULFKPHQWIRU
DQDO\VLVDQGWRGHWHUPLQHWKHGHFOLQHLQHQULFKPHQWLQWKHSRRO,WLVDOZD\VEHVWWRODEHOZLWK
WKH OHDVW DPRXQW RI VROXWLRQ SRVVLEOH ,Q DULG VRLOV LW LV SUREDEO\ EHVW WR XVH D JDV LQMHFWLRQ
GHYLFH
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Y









)RUQLWULIFDWLRQPHDVXUHPHQW 1ODEHOOHGQLWUDWHVROXWLRQLVUHTXLUHG


3URFHGXUHV
3UHSDUHHLJKWFRUHVIRUHDFKPHDVXUHPHQW
/DEHODOOHLJKWFRUHVZLWK 1ODEHODQGQRWHSRVLWLRQRIFRUH
,QFXEDWHIRUKRXUV WKLVDOORZVVRPHWLPHIRUHTXLOLEUDWLRQRIWKHODEHODGGHG 
$IWHU  KRXUV VDPSOH HDFK FRUH VHSDUDWHO\ PL[LQJ WKH VRLO DQG VXEVDPSOLQJ HDFK FRUH
VHSDUDWHO\
([WUDFW WKH IRXU VRLOV LQGLYLGXDOO\ ZLWK 0 .&O DQG GHWHUPLQH DPPRQLXP DQG QLWUDWH
FRQFHQWUDWLRQVDQGHQULFKPHQWV6HHVHFWLRQV
$IWHU±KRXUVH[WUDFWWKHVHFRQGVHWRIFRUHVZLWK0.&ODQGGHWHUPLQHDPPRQLXPDQG
QLWUDWHFRQFHQWUDWLRQVDQGHQULFKPHQWV
&DOFXODWHPLQHUDOLVDWLRQUDWHVRUQLWULILFDWLRQUDWHVXVLQJHTXDWLRQDERYH




3+263+2586

 %5$<(;75$&7$%/(3+263+2586 %5$<$1'.857= 
$ 5HDJHQWV
$PPRQLXPIOXRULGH 1+) 1GLVVROYHJRI1+)LQGLVWLOOHGZDWHUDQGGLOXWHWROLWUH6WRUH
WKLVVROXWLRQLQDSRO\WKHQHERWWOH6ROXWLRQ
+\GURFKORULF DFLG +&O  1 GLOXWH P/ RI FRQFHQWUDWHG   +&O WR P/ ZLWK
GLVWLOOHGGHLRQLVHGZDWHU6ROXWLRQ
([WUDFWLQJVROXWLRQ$GGP/RI1+) 6ROXWLRQ DQGP/RI1+&O 6ROXWLRQ WRP/
RIGLVWLOOHGGHLRQLVHGZDWHU7KLVJLYHVDVROXWLRQRI11+)DQG1+&O6WRUHLQJODVVIRU
XSWRD\HDU
% 0HWKRG




:HLJKRXWJRIPPVLHYHGRYHQGULHGVRLOLQWRDP/FDSDFLW\YLDO
$GGP/RIH[WUDFWLQJVROXWLRQDQGVKDNHFRQWLQXRXVO\IRUPLQXWHV
)LOWHUWKURXJKD:KDWPDQ1RSDSHUDQGFROOHFWILOWUDWH

& $QDO\VLV
6HH6HFWLRQ
' 'LVFXVVLRQ
7KH 0R EOXH PHWKRGV DUH WKH PRVW VHQVLWLYH DQG DV D UHVXOW DUH ZLGHO\ XVHG IRU VRLO H[WUDFWV
FRQWDLQLQJ VPDOO DPRXQWV RI 3 DV ZHOO DV IRU WRWDO 3 LQ VRLOV 7KHVH PHWKRGV DUH EDVHG RQ WKH
SULQFLSOHWKDW LQ DQ DFLGPRO\EGDWHVROXWLRQFRQWDLQLQJRUWKRSKRVSKDWH LRQVD SKRVSKRPRO\EGDWH
FRPSOH[IRUPVWKDWFDQEHUHGXFHGE\DVFRUELFDFLG6Q&ORURWKHUUHGXFLQJDJHQWVWRD0REOXH
FRORXU7KHLQWHQVLW\RIWKHEOXHFRORXUYDULHVZLWKWKH3FRQFHQWUDWLRQEXWLVDIIHFWHGDOVRE\RWKHU
IDFWRUV VXFK DV DFLGLW\ DUVHQDWHV VLOLFDWHV DQG VXEVWDQFHV WKDW LQIOXHQFH WKH R[LGDWLRQUHGXFWLRQ
FRQGLWLRQVRIWKHV\VWHP

 2/6(13'(7(50,1$7,2186,1*01$+&2(;75$&7,21(OLSEN ET AL., 1954)
$ 5HDJHQWV
0VRGLXPELFDUERQDWHVROXWLRQ 1D+&2 ZHLJKRXWJRI1D+&2DQGPDNHWROLWUHZLWK
GLVWLOOHGGHLRQLVHGZDWHU3UHSDUHZKHQUHTXLUHGGRQRWVWRUHIRUORQJSHULRGV,PPHGLDWHO\EHIRUH
XVHEULQJVROXWLRQWRS+  ZLWKFRQFHQWUDWHG1D2+VROXWLRQ
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&RQFHQWUDWHG VRGLXP K\GUR[LGH SUHSDUH DSSUR[LPDWHO\ ±P/ RI FRQFHQWUDWHG 1D2+ E\
GLVVROYLQJ1D2+LQGLVWLOOHGGHLRQLVHGZDWHUXQWLOVDWXUDWHG
% 0HWKRG






:HLJK J DLUGULHG DQG PP VLHYHG VRLO LQWR D P/ VFUHZWRS SRO\WKHQH ERWWOH 5HFRUG
ZHLJKWWRGHFLPDOSODFHV
$GGP/RI01D+&2DWS+
6FUHZOLGVRQWLJKWO\DQGWXPEOHIRUPLQXWHVDWR&RQDQHQGRYHUHQGWXPEOHU

$IWHU WXPEOLQJ ILOWHU VROXWLRQV WKURXJK *HOPDQ JODVV ILEUH ILOWHUV D OHXU ORFN ILOWHU DQG V\ULQJH
DSSDUDWXVLVDFRQYHQLHQWPHWKRGRIGRLQJWKLV 
7KHILOWHUHGH[WUDFWVKRXOGEHDQDO\VHGLPPHGLDWHO\,IWKLVLVQRWSRVVLEOHWKHH[WUDFWVFDQEH
IUR]HQIRUXSWRGD\VRUVWRUHGDWR&IRUGD\VKRZHYHUWKLVLVQRWUHFRPPHQGHG

& &RPPHQWV
5HSURGXFLELOLW\WRZLWKLQSSPFDQEHDFKLHYHGE\WKHIROORZLQJ




6KDNLQJWHPSHUDWXUHR&R&
S+WKHVROXWLRQVLQFUHDVHLQS+ZLWKWLPHWKXVLIDODUJHEXONRIH[WUDFWDQWLVPDGH
XSRQO\WKHDPRXQWUHTXLUHGHDFKGD\VKRXOGEHEURXJKWWRWKHFRUUHFWS+ZLWK1D2+
2QFHH[WUDFWHGWKHVROXWLRQVVKRXOGEHDQDO\VHGWKDWGD\

' $QDO\VLV
6HH6HFWLRQ

 &2/:(//3'(7(50,1$7,2186,1*01D+&2(;75$&7,21 &2/:(// 
$ 5HDJHQWV
0VRGLXPELFDUERQDWHVROXWLRQ 1D+&2 ZHLJKRXWJRI1D+&2DQGPDNHWROLWUHZLWK
GLVWLOOHGGHLRQLVHGZDWHU3UHSDUHZKHQUHTXLUHGGRQRWVWRUHIRUORQJSHULRGV,PPHGLDWHO\EHIRUH
XVHEULQJVROXWLRQWRS+  ZLWKFRQFHQWUDWHG1D2+VROXWLRQ
&RQFHQWUDWHG VRGLXP K\GUR[LGH SUHSDUH DSSUR[LPDWHO\ ±P/ RI FRQFHQWUDWHG 1D2+ E\
GLVVROYLQJ1D2+LQGLVWLOOHGGHLRQLVHGZDWHUXQWLOVDWXUDWHG
% 0HWKRG


:HLJK J DLUGULHG DQG PP VLHYHG VRLO LQWR D P/ VFUHZWRS SRO\WKHQH ERWWOH 5HFRUG
ZHLJKWWRGHFLPDOSODFHV



$GGP/RI01D+&2DWS+



6FUHZOLGVRQWLJKWO\DQGWXPEOHIRUKRXUVDWR&RQDQ HQGRYHUHQGWXPEOHU7XPEOLQJ
RYHUQLJKW SPWRDP ILWVFRQYHQLHQWO\LQWRWKHODERUDWRU\URXWLQH



$IWHU WXPEOLQJ ILOWHU VROXWLRQV WKURXJK *HOPDQ JODVV ILEUH ILOWHUV D OHXU ORFN ILOWHU DQG V\ULQJH
DSSDUDWXVLVDFRQYHQLHQWPHWKRGRIGRLQJWKLV 



7KHILOWHUHGH[WUDFWVKRXOGEHDQDO\VHGLPPHGLDWHO\,IWKLVLVQRWSRVVLEOHWKHH[WUDFWVFDQEH
IUR]HQIRUXSWRGD\VRUVWRUHGDWR&IRUGD\V

& &RPPHQWV
5HSURGXFLELOLW\WRZLWKLQSSPFDQEHDFKLHYHGE\WKHIROORZLQJ
 6KDNLQJWHPSHUDWXUHR&R&


S+WKHVROXWLRQVLQFUHDVHLQS+ZLWKWLPHWKXVLIDODUJHEXONRIH[WUDFWDQWLVPDGH
XSRQO\WKHDPRXQWUHTXLUHGHDFKGD\VKRXOGEHEURXJKWWRWKHFRUUHFWS+ZLWK1D2+



2QFH H[WUDFWHG WKH VROXWLRQV VKRXOG EH DQDO\VHG WKDW GD\ 7KH VROXWLRQV FDQ EH VWRUHG DV
SUHYLRXVO\PHQWLRQHGEXWLWLVQRWUHFRPPHQGHG
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1RWHWKDWWKH&ROZHOOVRLOVROXWLRQUDWLRLVDQGWKH2OVHQVRLOVROXWLRQUDWLRLV

' $QDO\VLV


6HH6HFWLRQ

 727$/727$/,125*$1,&$1'727$/25*$1,&3+263+2586,162,/6
$ ,QWURGXFWLRQ
3KRVSKRUXVRFFXUVLQVRLOVLQRUJDQLFDQGLQRUJDQLFIRUPVERWKRIZKLFKDUHLPSRUWDQWWRSODQWVDV
VRXUFHV RI WKLV QXWULHQW %HWZHHQ  DQG  RI WKH WRWDO SKRVSKRUXV FRQWHQW LV SUHVHQW LQ WKH
RUJDQLF IRUP 7KH SURSRUWLRQ LV KLJKHVW LQ WKH WRSVRLO ZKHUH WKH RUJDQLF PDWWHU OHYHO LV DOVR WKH
KLJKHVW 7KH SKRVSKRUXV FRQWHQW RI D VRLO LV DOVR GHSHQGDQW RQ SDUHQW PDWHULDO ,QRUJDQLF
SKRVSKRUXVH[LVWVDV



6WURQJO\DGVRUEHGVSHFLHVRQWKHVXUIDFHRIFOD\PLQHUDOVDQGVHVTXLR[LGHVDQG
,QVROXEOHFRPSRXQGVRIDOXPLQLXPLURQDQGFDOFLXP

7KHLURQDQG DOXPLQLXPFRPSRXQGVRFFXULQDFLGVRLOV$ERYHS+ SKRVSKDWHVIRUPLQVROXEOH
VDOWVZLWKFDOFLXPVXFKDVK\GUR[\DSDWLWH&D 32  2+ 
$QHVWLPDWHRILQRUJDQLFSKRVSKRUXVFDQEHREWDLQHGE\H[WUDFWLQJDVRLOVDPSOHZLWK0VXOIXULF
DFLG ,I D VHFRQG VDPSOH RI WKH VRLO LV LJQLWHG WR FRQYHUW WKH RUJDQLF SKRVSKRUXV WR LQRUJDQLF
SKRVSKRUXV H[WUDFWLRQ ZLWK 0 VXOIXULF DFLG ZLOO UHPRYH ERWK IRUPV DV LQRUJDQLF SKRVSKRUXV
7KHGLIIHUHQFHEHWZHHQWKHVHFRQGDQGWKHILUVWH[WUDFWLRQUHSUHVHQWVRUJDQLFSKRVSKRUXV
% 5HDJHQWV
0+627RDSSUR[LPDWHO\P/RIGLVWLOOHGGHLRQLVHGZDWHULQDOLWUHEHDNHUDGGP/RI
VXOIXULFDFLG  VORZO\DQGZLWKPXFKVWLUULQJ$OORZWRFRRODQGPDNHWR/
0VXOIXULFDFLG$GGP/FRQF+62  WRP/GLVWLOOHGGHLRQLVHGZDWHULQD/
EHDNHU'RWKLVVORZO\ZKLOVWVWLUULQJFRQWLQXRXVO\
&RORXU'HYHORSLQJ5HDJHQWV 32,621286 


'LVVROYHJDPPRQLXPPRO\EGDWH 0:  LQP/GLVWLOOHGGHLRQLVHGZDWHU



'LVVROYH J DQWLPRQ\ SRWDVVLXP WDUWUDWH 0:    LQ P/ GLVWLOOHGGHLRQLVHG
ZDWHU

$GG WKHVH UHDJHQWV WR P/ 0 VXOIXULF DFLG 0L[ WKRURXJKO\ 'LVVROYH J DVFRUELF DFLG
0:  LQWKLVPL[HGVROXWLRQ7KLVUHDJHQWPXVWEHIUHVKO\SUHSDUHG
:RUNLQJSKRVSKDWHVWDQGDUGVROXWLRQmJ3P/LQGLVWLOOHGZDWHU
P/RImJ3P/


7RWDO9ROXPH


mJ3P/
































& 0HWKRG
L

Total Phosphorus






$FFXUDWHO\ZHLJKJVRLOLQWRDFUXFLEOHDQGODEHODFFRUGLQJO\
3ODFHFUXFLEOHVLQWRDPXIIOHIXUQDFHDQGLJQLWHDWR&IRUKRXUV
$OORZWRFRRODQGWUDQVIHUDOORIWKHVDPSOHWRDP/SRO\WKHQHVFUHZWRSERWWOH
$GGP/RI0+62DQGSODFHRQDWXPEOHUDWUSPIRUKRXUVDWR&
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)LOWHUWKURXJKGRXEOH:KDWPDQ1RILOWHUSDSHU,IILOWUDWHLVVWLOOQRWFOHDUUHILOWHUXVLQJ1R
SDSHU
$QDO\VHH[WUDFWVDVSHUPDQXDOPHWKRGIROORZLQJ

LL Inorganic Phosphorus






$FFXUDWHO\ZHLJKJVRLOLQWRDP/SRO\WKHQHVFUHZWRSERWWOH/DEHODFFRUGLQJO\
3ODFHP/0+62WRHDFKERWWOH
3ODFHRQWXPEOHUDWUSPIRUKRXUVDWR&

)LOWHUWKURXJKGRXEOH:KDWPDQ1RILOWHUSDSHU
$QDO\VHH[WUDFWVDVSHUPDQXDOPHWKRGIROORZLQJ

' 0HDVXUHPHQWRISKRVSKRUXV
7KHPHWKRGRIDQDO\VLVIRUSKRVSKRUXVUHTXLUHVWKDWWKHYDULRXVIRUPVRISKRVSKRUXVLQWKHVRLOEH
H[WUDFWHGDQGFRQYHUWHGZKHUHQHFHVVDU\WRWKHLQRUJDQLFIRUPDVWKHRUWKRSKRVSKDWHVHULHVRI
VSHFLHV 32  +32  +32  $GGLWLRQ RI WKH &RORXU 'HYHORSLQJ 5HDJHQW WR WKH H[WUDFW DOORZV
FRPELQDWLRQRIWKHPRO\EGDWHLRQVLQWKDWUHDJHQWDQGRUWKRSKRVSKDWHLRQVLQWKHH[WUDFWWRIRUPD
FRORXUOHVV SKRVSKRPRO\EGDWH FRPSOH[ WKH DVFRUELF DFLG LQ WKH UHDJHQW UHGXFHV WKH FRORXUOHVV
FRPSOH[WRDPRO\EGHQXPEOXHFRPSOH[






3KRVSKDWH FRQFHQWUDWLRQ LV GHWHUPLQHG FRORULPHWULFDOO\ E\ UHDGLQJ WKH DEVRUEDQFH RI WKH IXOO\
GHYHORSHGPRO\EGHQXPEOXHFRPSOH[ZLWKDVSHFWURSKRWRPHWHU
( 3URFHGXUH








3LSHWWH±P/RIHDFKH[WUDFWDQGVWDQGDUGLQWRP/YROXPHWULFIODVNV
$GGP/&RORXU'HYHORSLQJ5HDJHQWDQGPL[ZHOO
0DNHWRYROXPHZLWKGLVWLOOHGGHLRQLVHGZDWHU
6WDQGIODVNVDWURRPWHPSHUDWXUHIRUPLQXWHV
5HDG RII WKH DEVRUEDQFH YDOXH DW PP RI DOO VWDQGDUGV DQG VROXWLRQV DJDLQVW D UHDJHQW
EODQNRQDVSHFWURSKRWRPHWHU
3ORW DEVRUEDQFH YV FRQFHQWUDWLRQ IRU WKH VWDQGDUGV DQG UHDG RII WKH 3 FRQFHQWUDWLRQ RI WKH
XQNQRZQVROXWLRQVLQmJ3P/

3KRVSKDWHPD\DOVREHGHWHUPLQHGE\,&3RUDXWRDQDO\VHUPHWKRG 6HFWLRQ 

 &20%,1(' 3+263+2586$1' 68/)85 ',*(67 0(7+2')25 62,/6$1' )(57,/,6(56
7,//(7$/ 
7KLV PHWKRG XWLOLVHV DQ DOUHDG\ HVWDEOLVKHG DQDO\WLFDO WHFKQLTXH IRU SKRVSKRUXV DQG FRPELQHV LW
ZLWKVXOIXUWKXVHOLPLQDWLQJPDQ\RIWKHVDPSOLQJSUREOHPVDQGHTXLSPHQW
$ 5HDJHQWV
8QOHVVVSHFLILHGRWKHUZLVHDOOFKHPLFDOVDUHRIDQDO\WLFDOUHDJHQWJUDGH
'LJHVWLRQ0L[WXUH'LVVROYHJSRWDVVLXPGLFKURPDWHLQP/RIGHLRQLVHGZDWHUDQGDGGWRD
PL[WXUHRIP/RISHUFKORULFDFLG  DQGP/FRQFHQWUDWHGQLWULFDFLG  WRPDNH
OLWUHVP/EURPLQHLVILQDOO\DGGHGWRWKHOLWUHVDQGPL[HGWKRURXJKO\
% 6DPSOH3UHSDUDWLRQ






:HLJK D P/ (UOHQP\HU IODVN ZLWK ± DQWLEXPSLQJ JUDQXOHV UHFRUG WKLV ZHLJKW ,QWR WKLV
IODVNZHLJK±JGU\VRLO RU±JIHUWLOLVHU UHFRUGWKHVDPSOHZHLJKWDFFXUDWHO\
$GGP/RIWKHGLJHVWLRQPL[WXUHXVLQJDSODVWLFV\ULQJH(QVXUHWKLVLVGRQHLQDIXPHKRRG
DQGDOOVDIHW\HTXLSPHQWLHJORYHVJODVVHVODEFRDWHWFPXVWEHZRUQ
3ODFHDVPDOOIXQQHOLQWKHQHFNRIWKHIODVNWRDOORZUHIOX[LQJRIWKHPL[WXUH
$IWHUDOORZLQJWKHLQLWLDOR[LGDWLRQE\QLWULFDFLG EURZQIXPHV WRVXEVLGHWKHIODVNVDUHKHDWHG
RQDKRWSODWHDWDORZWHPSHUDWXUH
7KHWHPSHUDWXUHLVJUDGXDOO\UDLVHGXQWLOIXPHVRIQLWURJHQGLR[LGH ZKLWHIXPHV FHDVHWREH
HYROYHGDQGWKHSHUFKORULFDFLGEHJLQVWRUHIOX[
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7KH GLFKURPDWH LQ WKH PL[WXUH WXUQV JUHHQ UHGXFHG WR &U GXULQJ WKH HDUO\ VWDJHV DQG WKHQ LV
UHFRQYHUWHG WR RUDQJHUHG DV R[LGDWLRQ QHDUV FRPSOHWLRQ 7KLV FKDQJH LV D YHU\ FRQYHQLHQW
LQGLFDWRU DQG DIWHU WKH FKDQJH WR UHG WKH KHDWLQJ VKRXOG EH FRQWLQXHG IRU DERXW  KRXU DW
DSSUR[LPDWHO\R&
,I KHDWLQJ LV GLVFRQWLQXHG DV VRRQ DV WKH FRORXU FKDQJH RFFXUV UHVLVWDQW PDWHULDOV VXFK DV
PHWKLRQLQH ZLOO QRW EH FRPSOHWHO\ R[LGL]HG $W WKH FRPSOHWLRQ RI R[LGDWLRQ WKHUH VKRXOG EH
DSSUR[LPDWHO\P/RISHUFKORULFDFLGUHPDLQLQJ




$OORZIODVNVWRFRRO
:DVK JODVVIXQQHOV DQG LQVLGH RI IODVN ZLWK GLVWLOOHG ZDWHU XVLQJ D VTXHH]H ERWWOH DQG PDNH
YROXPHXSWRJE\ZHLJKW
0L[WKRURXJKO\$OORZWRVWDQGRYHUQLJKWDQGWKHQWUDQVIHUVROXWLRQ PLQXVSDUWLFXODWHPDWWHU WR
DYLDOUHDG\IRUDQDO\VLVE\,&3RUDXWRDQDO\VHU

& :DVKXS
5LQVHIODVNLQUXQQLQJWDSZDWHUDQGOHDYHWRVRDNRYHUQLJKWLQD'HFRQVROXWLRQ5LQVHWKUHH
WLPHVLQWDSZDWHUWKHQULQVHLQGLVWLOOHGGHLRQLVHG+2WKUHHWLPHVLQYHUWDQGGU\
' 6DIHW\
%URPLQH LV FRUURVLYH RU YHVLFDQW WR VNLQ DQG RWKHU WLVVXHV ,WV YDSRXUV VKRXOG QRW EH LQKDOHG
,QVWUXFWRWKHUVWRNHHSDWDVDIHGLVWDQFH8VHIXPHKRRGRUZHDUEUHDWKLQJDSSDUDWXVDQGJORYHV
6SUHDGVRGDDVKRUVRGLXPELFDUERQDWH OLEHUDOO\LIDVSLOODJHRFFXUVDQGPRS XSFDXWLRXVO\ ZLWK
SOHQW\RIZDWHUUXQWKLVWRZDVWHGLOXWLQJJUHDWO\ZLWKUXQQLQJZDWHU

 '(7(50,1$7,212)3,162/87,21
7KH IROORZLQJ PHWKRGV RI GHWHUPLQLQJ SKRVSKDWH DUH EDVHG RQ HLWKHU WKH FRORULPHWULF DQDO\VLV RI
WKH EOXH SKRVSKRPRO\EGDWH FRPSOH[ RU WKH \HOORZ SKRVSKRYDQDGRPRO\EGDWH FRPSOH[ 7KHVH
PHWKRGV FDQ EH XVHG IRU D UDQJH RI VROXWLRQV FRQWDLQLQJ SKRVSKDWH LQFOXGLQJ WRWDO 3 LQ SODQW
PDWHULDODIWHUGLJHVWLRQZLWKQLWULFSHUFKORULFDFLGRUVXOIXULFDFLGK\GURJHQSHUR[LGHWRWDO3LQVRLO
DIWHU GLJHVWLRQ ZLWK SRWDVVLXP GLFKURPDWHQLWULFSHUFKORULF DFLG RU SKRVSKDWH LQ VROXWLRQ IURP VRLO
H[WUDFWV HJVRUSWLRQ
7KHPHWKRGFKRVHQIRUDQDO\VLVGHSHQGVRQ




7KHH[WUDFW EDFNJURXQGPDWUL[ 
6HQVLWLYLW\UHTXLUHG
:KHWKHUPDQXDORUDXWRPDWHGDQDO\VLVLVGHVLUHG

$ 0DQXDO0XUSK\DQG5LOH\  PHWKRGIRU3GHWHUPLQDWLRQV
L

,QWURGXFWLRQ

7KH VRLO EH H[WUDFWHG DQG FRQYHUWHG ZKHUH QHFHVVDU\ WR WKH LQRUJDQLF IRUP DV WKH
RUWKRSKRVSKDWH VHULHV RI VSHFLHV 32 +32 +32 $GGLWLRQ RI WKH FRORXU GHYHORSLQJ
UHDJHQWWRWKHH[WUDFWDOORZVFRPELQDWLRQRIWKHPRO\EGDWHLRQVLQWKDWUHDJHQWDQGRUWKRSKRVSKDWH
LRQV LQ WKH H[WUDFW WR IRUP D FRORXUOHVV SKRVSKRPRO\EGDWH FRPSOH[ WKH DVFRUELF DFLG LQ WKH
UHDJHQWUHGXFHVWKHFRORXUOHVVFRPSOH[WRDPRO\EGHQXPEOXHFRPSOH[
3KRVSKDWHFRQWHQWLVGHWHUPLQHGFRORULPHWULFDOO\E\UHDGLQJWKHDEVRUEDQFHRIWKHIXOO\GHYHORSHG
PRO\EGHQXPEOXHFRPSOH[ZLWKDVSHFWURSKRWRPHWHUDWQP
LL 5HDJHQWV
6XOIXULFDFLG 1 'LOXWHP/RIFRQFHQWUDWHGVXOIXULFDFLG  WRP/
$PPRQLXPPRO\EGDWH'LVVROYHJRI$5DPPRQLXPPRO\EGDWHLQZDWHUDQGGLOXWHWRP/
6WRUHWKHVROXWLRQLQDS\UH[JODVVERWWOH
$VFRUELFDFLG 0 'LVVROYHJRIDVFRUELFDFLGLQP/RIZDWHU7KLVVROXWLRQVKRXOGEH
SUHSDUHGRQWKHGD\LWLVUHTXLUHGDVWKHDVFRUELFDFLGHDVLO\EHFRPHVR[LGL]HG
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3RWDVVLXPDQWLPRQ\OWDUWUDWH PJ6EP/ 'LVVROYHJRISRWDVVLXPDQWLPRQ\OWDUWUDWHLQ
GLVWLOOHGZDWHUDQGGLOXWHWRP/
0L[HG UHDJHQW 0L[ WKRURXJKO\ P/ RI 1 VXOIXULF DFLG DQG P/ RI DPPRQLXP PRO\EGDWH
$GG P/ RI DVFRUELF DFLG VROXWLRQ DQG P/ RI SRWDVVLXP DQWLPRQ\O WDUWUDWH VROXWLRQ 7KLV
VROXWLRQVKRXOGEHSUHSDUHGDVUHTXLUHGDVLWGRHVQRWNHHSIRUPRUHWKDQKRXUV
LLL 6WDQGDUG3UHSDUDWLRQ
8VLQJ  SSP VWRFN SKRVSKDWH VROXWLRQ  mJP/  GLOXWH P/ WR  OLWUH 7KLV VROXWLRQ QRZ
FRQWDLQVSSP 2mJP/ 7RSUHSDUHVROXWLRQVIRUDVWDQGDUGFXUYHGLOXWHDVVKRZQLQ7DEOH
7DEOH6ROXWLRQVIRUDVWDQGDUGFXUYH
P/SSPVROXWLRQ

0/GLVWLOOHGZDWHU

)LQDOFRQFHQWUDWLRQ SSP 






































LY 3URFHGXUH






3LSHWWH P/ DOLTXRWV RI WKH VDPSOHV LQWR LQGLYLGXDO WHVW WXEHV DQG DGG P/ RI
GLVWLOOHGGHLRQLVHGZDWHU0L[ZHOO
$GGP/RIPL[HGUHDJHQWWRWKHVWDQGDUGVDQGVDPSOHVDQGPL[ZHOO
$IWHU QRW OHVV WKDQ  PLQXWHV PHDVXUH WKH RSWLFDO GHQVLW\ RI WKH VROXWLRQ DW QP XVLQJ
PPFHOOV'HWHUPLQHWKHUHDJHQWEODQNLQWKHVDPHPDQQHUXVLQJGLVWLOOHGGHLRQLVHGZDWHU
&DOLEUDWH WKH PHWKRG XVLQJ WKH VWDQGDUGV DV OLVWHG DERYH 7KH FDOLEUDWLRQ FXUYH RQO\ QHHGV
RFFDVLRQDOFKHFNLQJDVLWUHPDLQVFRQVWDQWDQGDSSHDUVWREHLQGHSHQGHQWRIFKDQJHVLQWKH
EDWFKHVRIUHDJHQWV
2QFHDOOUHVXOWVKDYHEHHQUHFRUGHGDQGFKHFNHGULQVHDOOJODVVZDUHLQWDSZDWHUDQGOHDYHWR
VRDNRYHUQLJKWLQDGHWHUJHQWVROXWLRQ

% 0DQXDO0HWKRGIRU3KRVSKRUXV'HWHUPLQDWLRQLQ11D+&2([WUDFWV
L 5HDJHQWV
3KHQROSKWKDOHLQ'LVVROYHJRISKHQROSKWKDOHLQLQP/HWKDQRODQGPDNHXSWRP/ZLWK
GLVWLOOHGZDWHU.HHSLQDVHDOHGFRQWDLQHUZKHQQRWLQXVH
$PPRQLXP PRO\EGDWH 'LVVROYH J DPPRQLXP PRO\EGDWH 1+ 0R2+2  LQ
DSSUR[LPDWHO\ P/ GLVWLOOHGGHLRQLVHG +2 ,Q D VHSDUDWH EHDNHU FDUHIXOO\ DGG P/
FRQFHQWUDWHG+62WRP/GLVWLOOHGGHLRQLVHG+2&RROERWKVROXWLRQVDQGDGGWKHPRO\EGDWH
WRWKHDFLGPL[WXUHLQD/YROXPHWULFIODVN0DNHXSWR/ZLWKGLVWLOOHGGHLRQLVHG+2DQGVWRUH
LQDQDPEHUERWWOH
$VFRUELFDFLG'LVVROYHJRIDVFRUELFDFLGLQGLVWLOOHG+2LQDP/YROXPHWULFIODVN1HHGVWR
EHIUHVKO\PDGHHDFKGD\
$PPRQLXPK\GUR[LGH'LVVROYHP/RI1+2+LQP/RIGLVWLOOHGZDWHU  
LL 0HWKRG
$GGLQWKHIROORZLQJRUGHUWRDP/YROXPHWULFIODVN




P/RIHLWKHUVWDQGDUGRUVDPSOH
'LOXWHWRDSSUR[LPDWHO\P/ZLWKGLVWLOOHG+2
$GGGURSVRISKHQROSKWKDOHLQDQGQHXWUDOLVH XQWLOMXVWSLQN ZLWKDPPRQLXPK\GUR[LGH
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0DNHXSWRDSSUR[LPDWHO\P/ZLWKGLVWLOOHG+2
$GG SLSHWWH P/DPPRQLXPPRO\EGDWHDQGVWLU
,PPHGLDWHO\DGGP/DVFRUELFDFLG
0DNHWRILQDOYROXPHRIP/ZLWKGLVWLOOHGZDWHU
)RU D UHDJHQW EODQN WKH DERYH SURFHGXUH VKRXOG EH FDUULHG RXW XVLQJ UHDJHQWV RQO\ LH QR
VDPSOH SOXVP/RIGLVWLOOHG+2
5HDGWKHDEVRUEDQFHDWQP
$ VWDQGDUG FXUYH VKRXOG EH SUHSDUHG UDQJLQJ IURP ± mJP/ 3 DQG KHQFH VDPSOH YDOXHV
GHWHUPLQHG 5HPHPEHUWRVXEWUDFWWKHUHDJHQW EODQN YDOXHIURPWKHVDPSOHYDOXH 

127(,WLVREYLRXVO\LPSRUWDQWWKDWDOOJODVVZDUHEHIUHHRISKRVSKRUXVFRQWDPLQDWLRQDQGKHQFH
PXVWEHZDVKHGLQDSKRVSKRUXVIUHHGHWHUJHQWDQGULQVHGLQGRXEOHGLVWLOOHGZDWHUEHIRUHGU\LQJ
& $XWRPDWHG7RWDO3KRVSKRUXV'HWHUPLQDWLRQ ±mJP/  7KRPDVHWDO 
127(7RWDOSKRVSKRUXVGHWHUPLQDWLRQLVRQO\SRVVLEOHZKHQWKHVDPSOHLVWUHDWHGVRWKDWDOOWKH
SKRVSKRUXV H[LVWV LQ WKH LQRUJDQLF IRUP HJ SODQW PDWHULDO ZKLFK KDV XQGHUJRQH FRPSOHWH DFLG
GLJHVWLRQ
L 5HDJHQWV
$PPRQLXP0RO\EGDWH3ODFHDSSUR[LPDWHO\P/RIGLVWLOOHGGHLRQLVHGZDWHULQDFOHDQEHDNHU
DQGZLWKWKHDLGRIDZDVKERWWOHZDVKLQJRIDPPRQLXPPRO\EGDWHSRZGHU
> 1+  0R2+2@ $GG VORZO\ DQG FDUHIXOO\ P/ RI FRQFHQWUDWHG +62 ZLWK PXFK
VWLUULQJ
127(.HHSEHDNHUKDOIVXEPHUJHGLQFROGZDWHUGXULQJSUHSDUDWLRQDQGZHDUSURWHFWLYHFORWKLQJ
JORYHVDQGJODVVHVDWDOOWLPHV
0DNH XS WR  OLWUH ZKHQ FRRO 6WRUH IRU XS WR  PRQWK LQ DQ DPEHU ERWWOH LQ WKH UHIULJHUDWRU WR
SUHYHQWUHDJHQWEUHDNGRZQGXHWR89OLJKW
$VFRUELF $FLG $GG J RI DVFRUELF DFLG DQG GLOXWH WR P/ ZLWK GLVWLOOHG ZDWHU $ IUHVK
VROXWLRQQHHGVWREHSUHSDUHGHDFKGD\
127(7KHERWWOHRIDVFRUELFDFLGFU\VWDOVVKRXOGEHVWRUHG LQDUHIULJHUDWRUWR SUHYHQW R[LGDWLRQ
DQGFRQVHTXHQWGHWHULRUDWLRQ
3 'LOXHQW $GG P/ :HWWLQJ $JHQW $ WR  OLWUHV RI GLVWLOOHG ZDWHU 7KLV VROXWLRQ VKRXOG EH
SUHSDUHGIUHVKHDFKGD\
6DPSOH:DVK6ROXWLRQ(LWKHU+62RU+&O2GHSHQGLQJXSRQGLJHVWLRQWHFKQLTXH
XVHG6WRUHLQUHIULJHUDWRUZKHQQRWLQXVH
LL 0DQLIROG'HVLJQ
7KHPDQLIROGGHVLJQLVJLYHQLQ)LJXUH
3KRVSKRUXVDQDO\VHVDUHEDVHGRQDPPRQLXPPRO\EGDWHUHGXFHGZLWKDVFRUELFDFLGDVDGDSWHG
IRUWKHDXWRDQDO\VHUE\&ROZHOO  
(QVXUHWKHDVFRUELFDFLGUHDJHQWLVDGGHGEHIRUHWKHPRO\EGDWHWRHQVXUHEDVHOLQHVWDELOLW\
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)LJXUH$XWRDQDO\VHUPDQLIROGWRGHWHUPLQH±SSPWRWDO3LQDQDFLGGLJHVW
' $XWRPDWHG'HWHUPLQDWLRQRI3KRVSKDWHLQ([WUDFWVRI6RLOPDGHZLWK01D+&2DQG
0 6DOW)RJJDQG:LONLQVRQ 
L 6DPSOH3UHSDUDWLRQ
01D+&2 H[WUDFWVJ DLUGULHGVRLOWKDW KDGSDVVHGDPPVLHYH ZDVVKDNHQIRUPLQ
ZLWKP/01D+&2VROXWLRQILOWHUHGDQGSKRVSKRUXVGHWHUPLQHGLQWKHILOWUDWH 2OVHQHWDO
 
25
JDLUGULHGVRLOWKDWKDGSDVVHGDPPVLHYHZDVVKDNHQIRUKUVZLWKP/01D+&2
VROXWLRQILOWHUHGDQGSKRVSKRUXVGHWHUPLQHGLQWKHILOWUDWH &ROZHOO 
3 LQ HTXLOLEULXP ZLWK 0 &D&O J DLUGULHG VRLO SDVVLQJ D PP VLHYH ZDV VKDNHQ DW 
PLQXWH LQWHUYDOV IRU  PLQXWH RYHU  PLQ ZLWK P/ 0 &D&O VROXWLRQ ² ILOWHUHG DQG
SKRVSKRUXVGHWHUPLQHGLQWKHILOWUDWH 6FKRILHOG 
LL &KHPLFDO6ROXWLRQV
6WRFN VWDQGDUG SKRVSKRUXV VROXWLRQV 'LVVROYH J RYHQGULHG .+32 LQ P/ GLVWLOOHG
ZDWHU 7KLV VROXWLRQ FRQWDLQV  SSP 3 'LOXWH ZLWK WKH DSSURSULDWH H[WUDFWLQJ VROXWLRQ WR ±
SSPIRU0&D&OH[WUDFWVDQG±SSP3IRU01D+&2H[WUDFWV
01D+&2EXIIHUHGWRS+ZLWKVRGLXPK\GUR[LGHVROXWLRQ
0&D&OVROXWLRQ
0VXOIXULFDFLG251+&O LIVXOIXULVWREHGHWHUPLQHGLQWKHH[WUDFWDVZHOO 
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LLL &KHPLFDOVIRU0XUSK\ 5LOH\0HWKRG
0RO\EGDWH5HDJHQW0L[P/1+62P/ZYDPPRQLXPPRO\EGDWHP/ZY
SRWDVVLXP DQWLPRQ\O WDUWUDWH DQG GLOXWH WR P/ ZLWK GLVWLOOHG ZDWHU 3UHSDUH WKH WDUWUDWH DQG
UHDJHQWIUHVKHDFKGD\
$VFRUELF$FLG
D )RU0&D&OH[WUDFWV
'LVVROYH J DVFRUELF DFLG LQ DSSUR[LPDWHO\ P/ GLVWLOOHG ZDWHU DGG P/ FRQFHQWUDWHG +&O
P/HWK\ODOFRKRODQGGLOXWHWRP/ZLWKGLVWLOOHGZDWHU
E )RU01D+&2H[WUDFWV
'LVVROYH J DVFRUELF DFLG LQ DSSUR[LPDWHO\ P/ GLVWLOOHG ZDWHU DGG P/ DOFRKRO DQG GLOXWH WR
P/ZLWKGLVWLOOHGZDWHU
3UHSDUH D RU E IUHVKHDFKGD\DQGDGGDIHZGURSVRI/HYRU,9ZHWWLQJDJHQW
LY 0DQLIROG'HVLJQ
7KHPDQLIROGGHVLJQIRU01D+&2SKRVSKRUXVLVJLYHQLQ)LJXUHDQGIRU0&D&OLQ
)LJXUH
7KH0XUSK\ 5LOH\PHWKRGLVDSSUR[LPDWHO\RQHDQGDKDOIWLPHVPRUHVHQVLWLYHWKDQWKH)RJJ
DQG:LONLQVRQPHWKRG
7KH0XUSK\ 5LOH\PHWKRGZDVDGDSWHGWRWKHDXWRDQDO\VHUE\GLYLGLQJWKHVLQJOHUHDJHQWLQWR
WZRSDUWV
D  6XOIXULFDFLGDPPRQLXPPRO\EGDWHDQGSRWDVVLXPDQWLPRQ\OWDUWUDWHDQG
E  $VFRUELFDFLG
7KH FRQFHQWUDWLRQ RI DVFRUELF DFLG ZDV LQFUHDVHG DQG HWK\O DOFRKRO DQG K\GURFKORULF DFLG ZHUH
DGGHGWRLWWRSUHYHQWWKHEOXHFRPSOH[SUHFLSLWDWLQJZLWKLQWKHPL[LQJFRLOV7KHEDVHOLQHZDVWKHQ
VWDELOL]HG HYHQ ZKHQ SKRVSKRUXV UDQJHG WHQ WLPHV LQ WKH 0 &D&O H[WUDFWV SURYLGLQJ WKH
DVFRUELF DFLG UHDJHQW ZDV DGGHG EHIRUH WKH PRO\EGDWH +\GURFKORULF DFLG ZDV RPLWWHG IURP WKH
DVFRUELFDFLGUHDJHQWXVHGIRUDQDO\VLQJ01D+&2H[WUDFWVEHFDXVHWKHVHZHUHQHXWUDOLVHG
ZLWKH[FHVVDFLG
 0 VXOIXULF DFLG UHSODFHV WKH 1 K\GURFKORULF DFLG DV LW KDV D PRUH VWDEOH DFLGLW\ SODWHDX DQG
JUHDWO\UHGXFHVWKHSUHFLSLWDWHEXLOGXSZLWKLQWKHPDQLIROG
127( 7KH H[WUD ZDWHUOLQH LV UHTXLUHG RQ WKH 0 FDOFLXP FKORULGH PDQLIROG WR GLOXWH WKH
VWDQGDUGUDQJHDQGVDPSOHVRWKHUZLVHWKHFRORXUGHYHORSHGZRXOGVZDPSWKHPDQLIROG
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)LJXUH$XWRDQDO\VHUPDQLIROGWRGHWHUPLQH±SSP3LQ1D+&2


)LJXUH$XWRDQDO\VHUPDQLIROGWRGHWHUPLQH±RU±SSP3LQ0&D&O
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 $8720$7(''(7(50,1$7,212)0,&52$0281762)3+263+$7(,1',/87(&$/&,80
&+/25,'((;75$&762)62,/6 ±m*0/  :$55(//$1'022'< 
$ 6DPSOH3UHSDUDWLRQ
)RU VRLO RQO\ J RI DLUGULHG VRLO PP  LV VKDNHQ HQGRYHUHQG  ZLWK P/ RI 0 &D&O 
VROXWLRQIRUKUVDWR&R&)ROORZLQJILOWHULQJWKURXJKDFLGZDVKHG:KDWPDQ1RSDSHU
DOLTXRWVDUHWDNHQIRUSKRVSKDWHGHWHUPLQDWLRQ
% &KHPLFDO6ROXWLRQV
$PPRQLXP 0RO\EGDWH 'LVVROYH J DPPRQLXP PRO\EGDWH > 1+  0R2+2@ LQ P/
GLVWLOOHG +2 :DUP LI QHFHVVDU\ DQG FRRO $GG P/ FRQFHQWUDWHG +62 WR P/ GLVWLOOHG
ZDWHUDQGFRRO&RPELQHDPPRQLXPPRO\EGDWHDQGDFLGVROXWLRQVDQGPDNHXSWROLWUH
$VFRUELF$FLG'LVVROYHJ/DVFRUELFDFLG &+2/5JUDGH LQGLVWLOOHGZDWHUDQGPDNHXSWR
P/3UHSDUHIUHVKHDFKGD\
$QWLPRQ\ 3RWDVVLXP 7DUWUDWH 'LVVROYH J DQWLPRQ\ SRWDVVLXP WDUWUDWH .6E2&+2  LQ
GLVWLOOHGZDWHUDQGPDNHXSWRP/
0L[HG5HDJHQW$GGP/DVFRUELFDFLGVROXWLRQ  WRP/DPPRQLXPPRO\EGDWHVROXWLRQ  
0L[DQGDGGP/DQWLPRQ\SRWDVVLXPWDUWUDWHVROXWLRQ  0L[P/RI/HYRU,9VROXWLRQZLWK
P/HWKDQRODQGDGGWRPL[HGVROXWLRQ0DNHPL[HGVROXWLRQXSWRP/ZLWKGLVWLOOHGZDWHU
3UHSDUHIUHVKHDFKGD\
$FLG'LOXHQWP/RIFRQFHQWUDWHG+62LQP/GLVWLOOHGZDWHU
0&D&O'LVVROYHJRIFDOFLXPFKORULGHLQOLWUHVRIGLVWLOOHGZDWHU0DNHXSDVUHTXLUHG
& 0DQLIROG'HVLJQ
7KHPDQLIROGGHVLJQLVJLYHQLQ)LJXUH








7KLVPDQLIROGLVXVHGIRUSKRVSKRUXVVRUSWLRQFXUYHVRUGLOXWHVDOWH[WUDFWVRIVRLOV
7KH SKRVSKRUXV FRQFHQWUDWLRQ LQ &D&O H[WUDFWV LV JHQHUDOO\ OHVV WKDQ  mJ 3/ DQG ZLWK
FRORULPHWULFPHWKRGVWKLV QHFHVVLWDWHVWKHXVH RIFHOOVRIORQJOLJKWSDWKVRUFRQFHQWUDWLRQRI
WKHFRORXUFRPSOH[LQWRDQDOFRKROLFSKDVH
7KHKHDWLQJRIUHDJHQWVWRVSHHGFRORXUGHYHORSPHQWPXVWEHDYRLGHGDV6DOWKDVVKRZQWKDW
K\GURO\VLVRURUJDQLFSKRVSKDWHRFFXUVXQGHUKHDWHGFRQGLWLRQV
6ROXWLRQVZHUHUHDGDWQPXVLQJDPPIORZWKURXJKFHOO
7LPHGHOD\LQWKHPL[LQJVRLOVWRDOORZFRORXUGHYHORSPHQWZDVDSSUR[LPDWHO\VL[PLQXWHV
7KH DFLG GLOXHQW ZDV QHFHVVDU\ WR DGMXVW WKH ILQDO DFLGLW\ IRU FRORXU GHYHORSPHQW WR
DSSUR[LPDWHO\1ZKLFKLVWKHVXLWDEOHSODWHDXZKHQWUDQVPLWWDQFHRIDSKRVSKRUXVVROXWLRQ
ZDVSORWWHGDJDLQVWDFLGLW\
$VDPSOH ZDVKWLPHRI±VHFUHVSHFWLYHO\LVXVHG
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)LJXUH$XWRDQDO\VHUPDQLIROGWRGHWHUPLQH3LQGLOXWHVDOWH[WUDFWVRIVRLO

 $8720$7(' '(7(50,1$7,21 2) 3+263+$7( ,1 )(57,/,6(56 86,1* 7+(
3+263+29$1$'202/<%'$7(&203/(; +$1621 
$ ,QWURGXFWLRQ
7KLV UDSLG PHWKRG PDNHVXVH RI WKH VWDEOH \HOORZ FRORXU FRPSOH[ GHYHORSHG ZKHQ DQ H[FHVV RI
PRO\EGDWHVROXWLRQLVDGGHGWRDQDFLGLILHGVROXWLRQRIDYDQDGDWHDQGDQRUWKRSKRVSKDWHDOOWKUHH
UHDJHQWV UHTXLUHG FDQ EH XVHG LQ D FRPSRVLWH VROXWLRQ 'HWDLOV IRU WKH GHWHUPLQDWLRQ RI ZDWHU
VROXEOH DQG WRWDO SKRVSKDWH DUH JLYHQ EHORZ DORQJ ZLWK DGDSWDWLRQV IRU XVH RQ D 7HFKQLFRQ
DXWRDQDO\VHU
% 5HDJHQWV
L &RPSRVLWHUHDJHQW
)RU HDFK OLWUH WKHUH DUH UHTXLUHG P/ RI FRQFHQWUDWHG +12 J DPPRQLXP YDQDGDWH
1+92 DQGJDPPRQLXPPRO\EGDWH 1+ 0R2+2




7KHDPPRQLXPPRO\EGDWHLVGLVVROYHGLQDERXWP/GLVWLOOHGGHLRQLVHGZDWHUDWDERXW
R&DQGWKHQWKHVROXWLRQLVFRROHG
7KH DPPRQLXP YDQDGDWH LV GLVVROYHG LQ DERXW P/ ERLOLQJ GLVWLOOHGGHLRQLVHG ZDWHU
FRROHGDQGWKHQWKHQLWULFDFLGDGGHGJUDGXDOO\ZLWKVWLUULQJ
7KHDPPRQLXPPRO\EGDWHVROXWLRQLVWKHQDGGHGJUDGXDOO\WRWKHRWKHUVROXWLRQ E ZLWK
VWLUULQJ7KHPL[HGVROXWLRQLVILQDOO\GLOXWHGWROLWUHZLWKGLVWLOOHGGHLRQLVHGZDWHU

LL 0L[HG5HDJHQW
'LOXWHWKHFRPSRVLWHUHDJHQWIRUDXWRDQDO\VHUXVH
6WDQGDUG5DQJH
±mJP/RISKRVSKDWHDV.+32PDGHLQWKHDSSURSULDWHEDFNJURXQGVROXWLRQ
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0HWKRG






3UHSDUHVDPSOHVDVSHUUHTXLUHGLHZDWHUH[WUDFWLRQRUDFLGGLJHVW
)LOWHUVDPSOHVWRUHPRYHSDUWLFXODWHPDWWHU
6HWXSDXWRDQDO\VHUDVJLYHQLQ)LJXUHXVLQJVWDQGDUGVIRUFDOLEUDWLRQ
5XQVDPSOHV

127(7KHFRPSRVLWHUHDJHQWLVVWDEOHIRUORQJSHULRGVRIWLPHDQGWKHRSWLPXPDFLGLW\LV1
7KHUHLVOLWWOHLQWHUIHUHQFHIURPRWKHULRQVFRPSDUHGZLWKWKHPRO\EGHQXPEOXHPHWKRGHVSHFLDOO\
DVUHJDUGVIHUULFLRQDQGVLOLFDWH


)LJXUH$XWRDQDO\VHUPDQLIROGWRGHWHUPLQH±SSP3LQIHUWLOLVHUV

 %,2$9$,/$%/( 3+263+2586 ,1 62,/ ± ,1752'8&7,21 72 7+( ,62723,& (;&+$1*(
.,1(7,&6 ,(. 0(7+2'
$ ,QWURGXFWLRQ
3ODQWV WDNH XS SKRVSKRUXV LQ WKH IRUP RI SKRVSKDWH LRQV DQG 3 XSWDNH LV D WLPH GHSHQGHQW
SURFHVV7KHTXDQWLW\RISKRVSKDWHLRQVSUHVHQWLQWKHVRLOVROXWLRQDWDJLYHQWLPHUHSUHVHQWVRQO\
D VPDOO SURSRUWLRQ RI WKH WRWDO 3 WDNHQ XS E\ WKH SODQWV GXULQJ WKLV WLPH 7KLV IDFW LQGLFDWHV WKDW
PRVWRIWKHSKRVSKRUXVDYDLODEOHWRWKHFURSLVGHULYHGIURPWKHVROLGSKDVHRIWKHVRLO
,W KDV EHHQ VKRZQ WKDW ELRDYDLODEOH VRLO 3 FDQ EH GHWHUPLQHG E\ GHILQLQJ WKUHH VRLO VWDWXV
SDUDPHWHUV 7KH ILUVW SDUDPHWHU WKH LQWHQVLW\ IDFWRU UHSUHVHQWV WKH FRQFHQWUDWLRQ RI SKRVSKDWH
LRQVLQWKHVRLOVROXWLRQ F 
S

7KHVHFRQGSDUDPHWHUWKHVRFDOOHGTXDQWLW\IDFWRUUHIOHFWVWKHSURSRUWLRQRIWKHWRWDOVRLO3WKDW
FDQ SRVVLEO\ HQWHU WKH VRLO VROXWLRQ DQG WKHUHIRUH LV SRWHQWLDOO\ DYDLODEOH IRU SODQW XSWDNH HJ
SKRVSKDWH LRQV LQ WKH VRLOZDWHU VXVSHQVLRQ 7KH 3 LVRWRSLFDOO\ H[FKDQJHDEOH 3 (  ZLWKLQ RQH
PLQXWHLVDJRRGPHDVXUHIRUWKHTXDQWLW\IDFWRU




&+$37(50(7+2'6
7KH UDWLR RI WKH TXDQWLW\ IDFWRU WR WKH LQWHQVLW\ IDFWRU LH WKH TXRWLHQW RI 3 SRWHQWLDOO\ LQ VROXWLRQ
GLYLGHG E\ WKH 3 DFWXDOO\ LQ VROXWLRQ >(   F @ FDOOHG WKH FDSDFLW\ IDFWRU LV UHSUHVHQWLQJ WKH 3
EXIIHULQJ FDSDFLW\ RI WKH VRLO DQG GHVFULEHV WKH DELOLW\ RI D VRLO WR PDLQWDLQ WKH LQWHQVLW\ IDFWRU
FRQVWDQW ZKHQ 3 LV DGGHG RU UHPRYHG IURP WKH VRLO E\ 3DSSOLFDWLRQ RU 3 XSWDNH E\ SODQW URRWV
UHVSHFWLYHO\


S

$YDLODEOHVRLO3IHUWLOLW\PXVWEHLQWHUSUHWHGWDNLQJLQWRDFFRXQWWKHWKUHHIDFWRUVWKHLQWHQVLW\IDFWRU
F  LH WKH FRQFHQWUDWLRQ RI 3 LQ WKH VRLO VROXWLRQ SUHVHQW DV SKRVSKDWH LRQV WKH TXDQWLW\ IDFWRU
HVWLPDWHG E\ WKH (  YDOXH DQG WKH FDSDFLW\ IDFWRU ( F  (DFK RI WKHP FDQ EH OLPLWLQJ IRU FURS
\LHOGHYHQLIWKHWZRRWKHUWZRIDFWRUVDUHQRWOLPLWLQJ
3





3

% ,QWHQVLW\IDFWRU
$VSUHYLRXVO\H[SODLQHGWKLVIDFWRUKDVEHHQLGHQWLILHGWREHWKHFRQFHQWUDWLRQRISKRVSKDWHLRQVLQ
WKHVRLOVROXWLRQ7KLVFRQFHQWUDWLRQFDQYDU\IURPDERXWPJ3O WRPJ3O 7KHLQWHQVLW\
IDFWRULVWKHPRVWVHQVLWLYHSDUDPHWHURIWKHVRLO3IHUWLOLW\:KHQWKHFRQFHQWUDWLRQ& RISKRVSKDWH
LRQV LV ORZHU WKDQ  PJ 3 O  3 ZLOO EH OLPLWLQJ DQG FDQ DFWXDOO\ EH FRQVLGHUHG DV RQH RI WKH
PDMRU OLPLWLQJ IDFWRUV RI FURS JURZWK 7KHUH DUH WZR PDLQ UHDVRQV DFFRXQWLQJ IRU WRR ORZ 3
FRQFHQWUDWLRQVLQVRLOVROXWLRQV




3





$FRQWLQXRXVVRLOPLQLQJDVREVHUYHGLQPDQ\GHYHORSLQJFRXQWULHV

 $ KLJK IL[LQJ FDSDFLW\ RI WKH VRLO LH WKH DELOLW\ RI FHUWDLQ VRLO FRPSRQHQWV WR LQVWDQWDQHRXVO\
WUDQVIRUPVROXEOH3LQWRIL[HGLQVROXEOHIRUPVRI37KHDYDLODEOHVRLO3ZLOOUHPDLQDOLPLWLQJIDFWRU
LQ VRLOV ZLWK D 3FRQFHQWUDWLRQ LQ VRLO VROXWLRQ ORZHU WKDQ  PJ O  LUUHVSHFWLYH RI WKH TXDQWLW\
IDFWRU6XFKKLJKWRYHU\KLJKIL[LQJFDSDFLWLHVDUHIUHTXHQWO\REVHUYHGLQ$QGRVROV


7KH 3 FRQFHQWUDWLRQ LQ WKH VRLO VROXWLRQ FDQ RQO\ EH LQFUHDVHG E\ 3 DSSOLFDWLRQV H[FHHGLQJ WKH
TXDQWLWLHVRI3WDNHQE\FURSV LHE\DQHWH[FHVV +RZHYHULWLVYHU\GLIILFXOWWRLQFUHDVHWKH3
FRQFHQWUDWLRQLQVRLOVROXWLRQVRIVRLOVZLWKORZWRYHU\ORZ3VWDWXV,QVXFKFDVHVWKH3DSSOLFDWLRQ
VKRXOGUDWKHUEHGRQHLQEDQGVWKDQEURDGFDVWHGRULQFRUSRUDWHGWRLQFUHDVHWKH3FRQFHQWUDWLRQ
QHDUWKHURRW]RQH
& 4XDQWLW\IDFWRU
,W ZDVVKRZQWKDWWKHWUXH TXDQWLW\IDFWRUUHSUHVHQWV DSRRORISKRVSKDWH LRQV ZKLFK DUH ORRVHO\
DWWDFKHG WR VRLO SDUWLFOHV DQG FDQ LQVWDQWDQHRXVO\ H[FKDQJH ZLWK SKRVSKDWH LRQV LQ WKH VRLO
VROXWLRQ7KLVSRROFDQRQO\EHGHWHUPLQHGE\GRXEOHLVRWRSLFGLOXWLRQPHWKRG7KLVPHWKRGLVWLPH
DQGPDWHULDOLQWHQVLYH,QIDFWLWZDVVKRZQWKDWWKLVSRROLVRIWKHVDPHRUGHURIPDJQLWXGHDVWKH
( SRRO7KHIUDFWLRQRIVRLO3WKDWFDQLQVWDQWDQHRXVO\EHLVRWRSLFDOO\GLOXWHGLHH[FKDQJHGKDV
EHHQ IRXQG WR EH VOLJKWO\ ORZHU WKDQ WKH ( YDOXH 7KHUHIRUH WKH (  SRRO L H WKH TXDQWLW\ RI 3
LVRWRSLFDOO\ H[FKDQJHDEOH GXULQJ WKH ILUVW PLQXWH RI LVRWRSLF H[FKDQJH LV D JRRG PHDVXUH RI WKH
TXDQWLW\IDFWRU






7KHTXDQWLW\IDFWRUFDQYDU\IURPDERXWPJ3NJ WRPJ3NJ ( YDOXHVORZHUWKDQ±PJ
3NJ LQGLFDWHDYDLODEOHVRLO3WREHDOLPLWLQJIDFWRUIRUFURSSURGXFWLRQ( YDOXHVKLJKHUWKDQ
PJ3NJ LQGLFDWHVRLO3IHUWLOLW\WREHVXIILFLHQWSURYLGHGWKDWWKHLQWHQVLW\IDFWRUH[FHHGVPJ
3O 














' &DSDFLW\IDFWRURUEXIIHULQJFDSDFLW\
7KLV IDFWRU YDULHV IURP  / NJ VRLO  WR  / NJ VRLO  LQ GLIIHUHQW VRLO W\SHV 1R WKHRUHWLFDO
YDOXH FDQ EH JLYHQ 7KH FDSDFLW\ IDFWRU UHSUHVHQWV WKH YROXPH RI VRLO VROXWLRQ ZKLFK FDQ EH
REWDLQHGIURPDVRLOVKRZLQJDFRQVWDQW3FRQFHQWUDWLRQ




$ORZYDOXHLVREWDLQHGLQVRLOVZLWKDORZ3EXIIHULQJFDSDFLW\,QVXFKVRLOW\SHVWKHFRQFHQWUDWLRQ
RI3LQWKHVRLOVROXWLRQFDQHDVLO\EHDOWHUHGE\3DSSOLFDWLRQDQGE\3XSWDNHPDLQO\IURPSODQWV$
ORZEXIIHULQJFDSDFLW\FRUUHVSRQGVWRDORZIL[LQJFDSDFLW\LHDORZDELOLW\RIWKHVRLOSDUWLFOHVWR
IL[SKRVSKDWHLRQVDQGFRQYHUWWKHPWRQRQPRELOHIRUPV
$FDSDFLW\IDFWRURI/NJ DQGKLJKHUZLOOQRWDOORZHDV\UHVSHFWLYHO\LQH[SHQVLYHHQKDQFHPHQW
RIVRLO3IHUWLOLW\


( 7LPHIDFWRU
7KHHIIHFWRIWLPHFDQRQO\EHVWXGLHGDSSO\LQJWKHLVRWRSLFH[FKDQJHPHWKRGE\GHWHUPLQDWLRQRI
WKH YDULRXV LVRWRSLFDOO\ H[FKDQJHDEOH SRRO VL]HV RI SKRVSKDWH LRQV 1R RWKHU H[SHULPHQWDO
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SURFHGXUH FDQ HVWLPDWH WKH TXDQWLW\ RI 3 WKDW FDQ OHDYH WKH VRLO SDUWLFOHV DQG HQWHU LQWR WKH VRLO
VROXWLRQ ZLWK WLPH 7KH DGYDQWDJH RI WKH LVRWRSLF H[FKDQJH PHWKRG LV WKHUHIRUH WKH SRVVLELOLW\ WR
VWXG\WKHDELOLW\RIDVRLOWRGHOLYHU3WRWKHFURSE\UHOHDVLQJ3IURPWKHVROLGSKDVHLQWRWKHVRLO
VROXWLRQFRPSDUHGWRWKHFKDQJLQJFURSGHPDQGIRU3GXULQJWKHJURZWKSHULRG
7KHPRVWLPSRUWDQWSRROIRU3XSWDNHRIDQQXDOFURSVLVWKHSRRO>PLQXWH± GD\@$SRROVL]H
ORZHUWKDQPJ3 NJVRLO LQGLFDWHV3WREHDOLPLWLQJIDFWRUIRUFURS\LHOG


) .LQHWLFIDFWRUV
2I KLJKHVW LQWHUHVW WR DJURQRPLVWV LV WKH PHDQ 3IOX[ )  LH WKH UDWH RI 3WUDQVIHU IURP VRLO
SDUWLFOHVWRWKHVRLOVROXWLRQ:KHQWKLVIOX[LVORZHUWKDQ±PJ3 NJVRLO  PLQ WKHDELOLW\RI
WKLVVRLOWRUHOHDVHSKRVSKDWHLRQVWRWKHVRLOVROXWLRQFDQEHFRQVLGHUHGDVDOLPLWLQJIDFWRUIRUFURS
SURGXFWLRQ
P





 ,62723,& (;&+$1*( .,1(7,&6 ,(.  ± 5()(5(1&( 0(7+2' )25 7+( $66(660(17
2)%,2$9$,/%$/(62,/3
$ ,QWURGXFWLRQ
7KH LVRWRSLFDOO\ H[FKDQJHDEOH SKRVSKDWH LRQV RI D VRLOVROXWLRQ V\VWHP KDYH EHHQ VKRZQ WR EH
HTXLYDOHQWWRWKHDYDLODEOHVRLO3
7KHUHIRUH WR FKDUDFWHUL]H WKH DYDLODEOH 3 RI D VRLO LW LV QHFHVVDU\ WR GHWHUPLQH WKH SK\VLFR
FKHPLFDOFKDUDFWHULVWLFVRIWKHLVRWRSLFDOO\H[FKDQJHDEOHSKRVSKDWHLRQVRIDVRLOVROXWLRQV\VWHP
,QWKLVFRQQHFWLRQVRPHUHFRPPHQGDWLRQVFRQFHUQLQJWKHXVHRILVRWRSHVWRVWXG\FRPSOH[
V\VWHPVDVZHOODVVRPHWKHRUHWLFDOFRQVWUDLQWVVKRXOGEHFRQVLGHUHG
7KHLVRWRSLFWUDFHUPXVWEHDSSOLHGWRWKHV\VWHPDWDSUHFLVHWLPHLQDXQLTXHFKHPLFDO
DQGSK\VLFDOIRUPDQGLQDNQRZQTXDQWLW\7KLVPHDQVWKDWWKHLVRWRSLFWUDFHUDSSOLHGWRWKHVRLO
VROXWLRQV\VWHPIRUGHWHUPLQLQJWKHLVRWRSLFDOO\H[FKDQJHDEOHSKRVSKDWHLRQVKDVWREHDSSOLHGDV
DNQRZQYROXPHRIDVROXWLRQH[FOXVLYHO\FRQWDLQLQJRUWKRSKRVSKDWHLRQVLQDNQRZQTXDQWLW\DWD
GHILQHGWLPH
 7KH V\VWHP KDV WR EH PDLQWDLQHG LQ VWHDG\ VWDWH GXULQJ WKH H[SHULPHQW RWKHUZLVH
XQUHOLDEOHGDWDZLOOEHREWDLQHGDQGWKHUHVXOWVZLOOEHGLIILFXOWWRLQWHUSUHW7KHLQWURGXFWLRQRIWKH
LVRWRSLFWUDFHUPXVWQHLWKHUPRGLI\WKHHTXLOLEULXPVWDWXVQRUPRGLI\WKHV\VWHPLWVHOIHJFKDQJH
WKH WRWDO 3 TXDQWLW\ LQ WKH V\VWHP &RQVHTXHQWO\ GHVSLWH WKH FRPSOLFDWLRQV LW LV UHFRPPHQGHG WR
DSSO\WKHLVRWRSHZLWKRXWFDUULHU
7KHVXEVDPSOLQJIRUGHWHUPLQDWLRQRIWKHUDGLRDFWLYLW\KDVWREHSUHFLVHO\WLPHGRXWRID
SUHFLVHO\GHILQHGSRROLQDSUHFLVHFKHPLFDOIRUP$VWKHUDGLRDFWLYLW\LVDSSOLHGWRWKHVRLOVROXWLRQ
DV SKRVSKDWH LRQV DOVR WKH VXEVDPSOLQJ RI KDV WR EH GRQH RQO\ RI WKH SKRVSKDWH LRQV DQG RQO\
IURPWKHVRLOVROXWLRQ7KLVSDUWLFXODUSRLQWLVRIDJUHDWLPSRUWDQFHWRREWDLQUHOLDEOHUHVXOWVDQGZLOO
KDYHFRQVHTXHQFHVRQWKHFKRLFHRIWKHH[SHULPHQWDOSURFHGXUH
% &DOFXODWLRQRIWKHTXDQWLW\RILVRWRSLFDOO\H[FKDQJHG3DQGRILVRWRSLFDOO\H[FKDQJHDEOH
3DWWLPH7
,IPHDVXUHPHQWVRILVRWRSLFDOO\ H[FKDQJHDEOHSKRVSKDWH LRQVLQVRLOVROXWLRQV\VWHPVKDYHEHHQ
FDUULHGRXWLQVWHDG\VWDWHZKLFKLVDEDVLFUHTXLUHPHQWIRULQWHUSUHWDEOHH[SHULPHQWDOUHVXOWVDQG
5LVWKHTXDQWLW\RIUDGLRDFWLYLW\DSSOLHGWRWKHVRLOVROXWLRQV\VWHPDVSKRVSKDWHLRQV
U LVWKHTXDQWLW\RIUDGLRDFWLYLW\DIWHUDWLPHWRILVRWRSLFH[FKDQJH
W

( LVWKHTXDQWLW\RILVRWRSLFDOO\H[FKDQJHG3DIWHUDWLPHWRILVRWRSLFH[FKDQJHDQGWKHTXDQWLW\
(  LV FDOFXODWHG EDVHG RQ WKH DVVXPSWLRQ WKDW WKH LVRWRSLF FRPSRVLWLRQ WKH VSHFLILF DFWLYLW\ LH
WKHUDWLREHWZHHQWKHTXDQWLW\RIWKHUDGLRDFWLYLW\DQGWKHTXDQWLW\RI3DVSKRVSKDWHLRQV ERWKRI
WKHVHV\QRQ\PRXVH[SUHVVLRQVFDQEHXWLOL]HG LVWKHVDPHIRUSKRVSKDWHLRQVRIWKHVRLOVROXWLRQ
DQGDOOLVRWRSLFDOO\H[FKDQJHGSKRVSKDWHLRQVLQWKHV\VWHP7KXV
W

W

5(  U T  









(TXDWLRQ 
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(TXDWLRQ 

W

DQGWKHUHIRUH 



W

W

V

V

W
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7RREWDLQJRRGUHVXOWV5U DQGT KDYHWREHGHWHUPLQHGDFFXUDWHO\5DQGU DUHGHWHUPLQHGE\
FRXQWLQJWKHUDGLRDFWLYLW\DQGT LVGHWHUPLQHGE\PHDVXULQJWKHFRQFHQWUDWLRQRI3DVSKRVSKDWH
LRQV LQ WKH VRLO VROXWLRQ ,W LV RI XWPRVW LPSRUWDQFH WKDW RQO\ SKRVSKDWH LRQV DUH SUHVHQW LQ WKH
ILOWHUHGVRLOVROXWLRQLHLWPXVWEHDEVROXWHO\IUHHRIVRLOSDUWLFOHV
W

V

W

V

7KHTXDQWLW\RILVRWRSLFDOO\H[FKDQJHG3LQVROXWLRQ( LQFUHDVHVZKHQWLPHWLQFUHDVHVVLQFHWKH
UDGLRDFWLYLW\U LQ WKHVROXWLRQGHFUHDVHV ZLWK LQFUHDVLQJWLPHRIH[FKDQJH,W ZDVVKRZQWKDWWKH
UHODWLRQEHWZHHQU DQGWH[SUHVVHGLQPLQXWHVFDQEHGHVFULEHGE\WKHIROORZLQJIRUPXOD
W 

W 

W

U 5 U 5>W U 5
W





@ U 5

Q

Q

HT







(TXDWLRQ 

,QWKHDERYHHTXDWLRQU LVWKHUDGLRDFWLYLW\RIWKHVRLOVROXWLRQEHLQJLQHTXLOLEULXP
HT

,WKDVEHHQVKRZQWKDW
U 5 T 3 
HT

V

7













(TXDWLRQ 

7







(TXDWLRQ 

ZKHUH3 LVWKHWRWDO3RIWKHVRLO
7

7KHUHIRUHVXEVWLWXWLQJU 5ZHFDQZULWH
HT

U 5 U 5>W U 5
W





@ T 3

Q

Q

V

5HIHULQJWRHTXDWLRQ>@HTXDWLRQ>@VKRZVWKDWIRUFDOFXODWLRQRIWKHLVRWRSLFDOO\H[FKDQJHDEOH3
( DWDQ\WLPHWRILVRWRSLFH[FKDQJHWKHIROORZLQJIRXUSDUDPHWHUVKDYHWREHGHWHUPLQHG
W



T WKH3TXDQWLW\SUHVHQWDVSKRVSKDWHLRQVLQVRLOVROXWLRQ



3 WKHWRWDO3LQWKHVRLO



U 5 LH WKH UDWLR RI WKH UDGLRDFWLYLW\ IRXQG LQ WKH VRLO VROXWLRQ DIWHU  PLQXWH RI LVRWRSLF
H[FKDQJHWRWKHWRWDOUDGLRDFWLYLW\DSSOLHG



Q LH WKH H[SRQHQW RI WKH SRZHU IXQFWLRQ UHVSHFWLYHO\ WKH VORSH RI WKH ORJDULWKPLF IXQFWLRQ
GHVFULELQJWKHUDWHRIH[FKDQJHRIWKHUDGLRDFWLYLW\LQVROXWLRQZLWKWLPHW

V

7
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& 'HWHUPLQDWLRQRILVRWRSLFDOO\H[FKDQJHDEOHSKRVSKDWHLRQVLQVRLO±/DERUDWRU\VWXGLHV
7KH LWHPV OLVWHG EHORZ FRQVLVW RI D VHW RI PDWHULDOV DQG WKH HTXLSPHQW QHHGHG IRU WKH
PHDVXUHPHQW RI WKH VSHFLILF DFWLYLW\ RI RQH VRLO VROXWLRQ VDPSOH DIWHU LVRWRSLF H[FKDQJH DW IRXU
GLIIHUHQWVDPSOLQJWLPHV

L

3UHSDUDWLRQRIVRLOVXVSHQVLRQ
0DWHULDO
HTXLSPHQW

3URFHGXUH

5HPDUNV







 PLQJVRLOVLHYHG
PP GULHGDWURRP
WHPSHUDWXUH 57 RUD
TXDQWLW\RIVRLOHTXDOWR
JRIDLUGU\VRLO

 ZHLJKJRIVRLOLQWRD
SODVWLFERWWOH

 WKLVVRLOKDVWREHUHSUHVHQWDWLYHIRUWKH
VRLOWREHVWXGLHGLHWKHVRLOVDPSOLQJ
VKRXOGIROORZDQ RIILFLDOO\DFFHSWHG VWDQGDUG
SURFHGXUH






 WKHVWRUDJHWLPHEHIRUHWKH,(.H[SHULPHQW
VKRXOGEHNHSWVKRUWDQGWKHVRLOVKRXOGEHVWRUHG
LQDFRROGU\DQGGDUNSODFH
 LPSRUWDQWLIWKHVRLOKDVQRWEHHQGULHGIRU
VSHFLDOUHDVRQV PDLQO\EHFDXVHWKHGU\LQJFRXOG
PRGLI\WKH3VWDWXVRIWKHVDPSOH WKH>J@ZDWHU
KDYHWREHGHWHUPLQHGRQDQRWKHUVXEVDPSOHRI
WKLVVRLODQGWKHDPRXQWRIVRLOFRUUHVSRQGLQJWR
JGU\VRLOKDYHWREHZHLJKHGLQDQGOHVVZDWHU
KDVWREHDGGHGDFFRUGLQJO\






 3ODVWLFERWWOHZLWK
VFUHZFDSFDSDFLW\
aP/OLTXLGWLJKW
SUHIHUDEO\ZLWKUXEEHU
ILWWLQJ


 JHQHUDOO\DOOSODVWLFDQGJODVVZDUHVKRXOGEH
IUHHRI3FRQWDPLQDWLRQLWLVUHFRPPHQGHGWR
WUHDW3FRQWDPLQDWHGYHVVHOVZLWKGLOXWHDFLG HJ
a0+&O DQGWKHQULQVHLWWKRURXJKO\ZLWK
GLVWLOOHGZDWHU










 DGGP/RIGLVWLOOHG
ZDWHUDQGFORVHWKHERWWOH
WLJKWO\



 WKHZDWHUVKRXOGEHFKHFNHGIRUEHLQJIUHHRI
DQ\3FRQWDPLQDWLRQVLQFHZHDUHZRUNLQJDWWKH
SSEOHYHO> mJ/@







GLVWLOOHGZDWHU








 VKDNHUIRUWKH
P/SODVWLFERWWOHV 
SRVVLEO\±SRVLWLRQV 

 IL[WKHERWWOHLQWKHVKDNHU
DQGVKDNH±KRXUV HJ
RYHUQLJKW 

 WKHDLPRIWKHVKDNLQJLVWRREWDLQDQ
HTXLOLEULXPVWDWHIRUDOOLRQVLQFOXGLQJWKH
SKRVSKDWHLRQVUHOHDVHGLQWRWKHVRLOVROXWLRQ











&+$37(50(7+2'6


LL 3UHSDUDWLRQRI³ 3PRWKHUVROXWLRQ´

0DWHULDO
HTXLSPHQW

3URFHGXUH



5HPDUNV


 VHHVDIHW\SUHFDXWLRQVDFFRUGLQJWRWKH
DXWKRULW\¶VUHJXODWLRQVIRUZRUNLQJZLWK
UDGLRLVRWRSHV

 b PRQLWRUJORYHV
ODEFRDWRYHUVKRHV
ZDVWHELQIRUUDGLRDFWLYH
ZDVWHODEHOVWRPDUN
UDGLRDFWLYHLWHPVHWF







WZRP/SODVWLFYLDOV

 VPDOOOHDGFRQWDLQHUIRU
YLDO







 SODFHRQHP/YLDOLQ
WKHOHDGFRQWDLQHU

 OHDGFRQWDLQHUXVHGDVVKLHOGLQJDJDLQVW
UDGLDWLRQIURPWKH 3VWRFNVROXWLRQZKLFKVKRXOG
EHSODFHGQHDUWKHVRLOVXVSHQVLRQDQGWRDYRLG
VSLOODJH

DGGDERXWP/RIGLVWLOOHG
ZDWHUWRWKHYLDO



 SLSHWWHVDQGWLSVHJIURP(SSHQGRUII*LOVRQ
RU6RFRUH[



XVHJORYHVIRUWKH
IROORZLQJRSHUDWLRQV








 FDUULHUIUHH 3VROXWLRQ
 DGGDFDOFXODWHGYROXPH
PLQm&LRUN%T
RI³VROXWLRQ$´FRQWDLQLQJ
 P/YROXPHWULFIODVN
DERXWm&LRUN%T 3
VWRFNVROXWLRQLQWRWKHP/

RIGLVWLOOHGZDWHU !³VROXWLRQ
%´





 YDULDEOHDXWRPDWLF
SLSHWWHP/SOXV
VXLWDEOHGLVSRVDEOHWLSV





 FDUULHUIUHH 3DVRUWKRSKRVSKDWHLQGLOXWH+&O
HJIURP$PHUVKDP%XFKOHU*PE+'
%UDXQVFKZHLJ








P/SODVWLFV\ULQJH


 GLVSRVDEOHILOWHUWREH
IL[HGWRWKHV\ULQJHSRUH
VL]HmP



H[DPSOHLIP&LKDVEHHQRUGHUHGGLOXWHZLWK
P/+ 2 !³VROXWLRQ$´SLXSHWWHmORI³VROXWLRQ
$´WRP/RIGLVWLOOHGZDWHU !VROQ³%´






 ILOWHU³VROXWLRQ%´WKURXJK
WKHmPILOWHULQWRWKH
VHFRQGFOHDQSODVWLFYLDO !
³VROXWLRQ&´ ³3PRWKHU
VROXWLRQ´

 GLVSRVDEOHILOWHUXQLWVHJIURP)D0LOOLSRUH
6$0ROVKHLP)UDQFH0LOOH[*6 mP

 UHSODFHWKHHPSW\ILUVW
YLDOLQWKHOHDGFRQWDLQHUZLWK
WKHQHZYLDOFRQWDLQLQJ
³VROXWLRQ&´

 ILOWUDWLRQLVPDGHWRHOLPLQDWHODEHOHGSDUWLFOHV
RWKHUWKDQ 3ODEHOHGSKRVSKDWHLRQVZKLFKDUH
VRPHWLPHVSUHVHQWLQWKH 3FRQWDLQHUVVXSSOLHG
E\WKHSURGXFHU






GLVFDUGWKHFRQWDPLQDWHG
ILOWHUWLSYLDODQGV\ULQJH
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LLL &RXQWLQJRIUDGLRDFWLYLW\RIWKH³ 3PRWKHUVROXWLRQ´



0DWHULDO
HTXLSPHQW

3URFHGXUH






P/YROXPHWULFIODVN

 PLQP/RI.+ 32 
VROXWLRQPJ3O 








5HPDUNV

 SLSHWWHDERXWP/RIWKH  WKH.+ 32 VROXWLRQLVDGGHGWRDYRLGIL[DWLRQ
.+ 32 VROXWLRQLQWRWKH
RIWKHUDGLRDFWLYHSKRVSKDWHLRQVWRWKHJODVVZDOO
YROXPHWULFIODVN
RIWKHYROXPHWULFIODVN








 SLSHWWHP/RI³VROXWLRQ&´ 
LQWRWKHYROXPHWULFIODVN

 PDNHXSWRWKHPDUNZLWK
 VROXWLRQ'LVDGLOXWLRQRIWKH³ 3
GLVWLOOHGZDWHUDQGVKDNH !
PRWKHUVROXWLRQ&´DQGLVXVHGWRFRXQWDFFXUDWHO\
³VROXWLRQ'´
WKHUDGLRDFWLYLW\DSSOLHGWRWKHVRLOVROXWLRQ









 PLQFRXQWLQJYLDOVIRU
/6&RU&HUHQNRYFRXQWLQJ

 WDNHUHSOLFDWH
VXEVDPSOHVRIH[DFWO\
P/RI³VROXWLRQ'´

 WKHDGYDQWDJHRI 3LVWKHSRVVLELOLW\RI
&HUHQNRYFRXQWLQJLQDTXHRXVVROXWLRQZKLFKLV
PXFKFKHDSHUWKDQ/LTXLG6FLQWLOODWLRQFRXQWLQJ
/6& EXWDTXHQFKFRUUHFWLRQFXUYHIRUFRORU
TXHQFKFRUUHFWLRQKDVWREHSUHSDUHGEHIRUH
FRXQWLQJWKHVROXWLRQV






 GLVWLOOHGZDWHURU/6&
FRFNWDLO VHHUHPDUNV 


 DGGP/RIGLVWLOOHG
ZDWHURU/6&FRFNWDLO
UHVSHFWLYHO\






 WKHORZHUFRXQWLQJHIILFLHQF\RIDERXWLQ
&HUHQNRYFRXQWLQJKDVWREHWDNHQLQWRDFFRXQW

 LQFDVHRI/6&DVXLWDEOH/6&FRFNWDLOKDVWR
EHXVHG
 LQFDVHRIWRRKLJKFRXQWUDWHVWKHPRWKHU
VROXWLRQFDQEHGLOXWHGDFFRUGLQJO\LIWKHFRXQWLQJ
UDWHLVWRRORZDQHZPRWKHUVROXWLRQKDVWREH
SUHSDUHG

 FRXQWDQGFDOFXODWHWKH
PHDQRIWKHUHSOLFDWHVWR
REWDLQWKHDFWXDODFWLYLW\

ZKLFKZLOOEHDSSOLHGWRWKH
VRLOVDPSOHVWKHDFWLYLW\

VKRXOGUDQJHEHWZHHQ
DQGFSP










5LVWLPHVWKHUDGLRDFWLYLW\RI³VROXWLRQ'´
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LY ,VRWRSLF([FKDQJH.LQHWLFVH[SHULPHQW

3URFHGXUH

0DWHULDO

HTXLSPHQW

5HPDUNV







 QLWUDWHFHOOXORVH
PHPEUDQHILOWHUVDQG
mPFDOLEUDWHGSRUH
VL]HILWWLQJLQWRWKHILOWHU
KROGHUV



 ILOWHUPHPEUDQHVPPGLDPHWHUHJIURP
6FKOHLFKHU 6FKOO''DVVHO*HUPDQ\
5HI1RIRUmPIRUmP




SRUHVL]HGHSHQGLQJRQWKHVRLOW\SHWKHILOWUDWH
VKRXOGEHDEVROXWHO\FOHDUDQGSRVVLEO\FRORUOHVV

VHHUHPDUNVEHORZ 






 ILOWHUKROGHUV IRU
GLIIHUHQWVDPSOLQJWLPHV 
PPGLDPHWHU

 SODFHDQLWUDWHFHOOXORVH
PHPEUDQHILOWHULQWKHILOWHU
KROGHU





 ILOWHUKROGHUVHJIURP 0LOOLSRUHPRGHO
6ZLQQH[LHPPLQGLDPHWHU 0LFUR
)LOWUDWLRQ6\VWHP 0)6 PRGHOSURS\OHQHLQOLQH
PPLQGLDPHWHU5HI&DW1R

FORVHDQGVFUHZWLJKWO\





 LWLVUHFRPPHQGHGWRXVHWKH0)6ILOWHU
KROGHUVIRUWZRUHDVRQV PHPEUDQHSRVLWLRQ
FOHDUO\GHILQHG !QRGHVWUR\LQJRIILOWHUVGXULQJ
FORVLQJ OHVVH[SHQVLYH
DVKRSPDGHWRROWRFORVHWKH0)6ILOWHUKROGHUVLV
RIDGYDQWDJH





 FOHDQ±P/
SODVWLFYLDOVWRFROOHFWWKH
ILOWUDWHV




ODEHOWKHYLDOV





 XVXDOO\WKHILOWUDWLRQLVGRQHE\SXVKLQJGRZQ
WKHSLVWRQRIWKHV\ULQJHZLWKWKHKDQGKRZHYHU
WKLVPD\EHGLIILFXOWZKHQXVLQJWKHmP
ILOWHUVZLWKWURSLFDOVRLOVDQGIRU±P/RIWKHW 
VXEVDPSOHRI,(ZKLFKZLOOEHXVHGIRU3
GHWHUPLQDWLRQ VHHEHORZ  !LQWKLVFDVHD
VSHFLDOO\GHVLJQHG VKRSPDGH ³SUHVVLQJGHYLFH´
FDQEHXWLOL]HGIRUSXVKLQJGRZQWKHSLVWRQRIWKH
V\ULQJHFRQWDLQLQJWKHVDPSOHGVRLOVROXWLRQZKLFK
LVFRQQHFWHGWRWKHILOWHUKROGHUDIWHUVDPSOLQJ VHH
EHORZ 


 /LTXLG6FLQWLOODWLRQ
YLDOV

LQVWHDGRIWKHSUHVVLQJGHYLFHIRU0)6V\VWHPD
YDFXXPV\VWHPZLWKGLIIHUHQWILOWHUKROGHUVFDQEH
XVHGWRILOWHUWKHVRLOVROXWLRQVDPSOH






PDJQHWLFVWLUUHU

 WHIORQFRDWHGPDJQHWLF
EDUaFPOHQJWK




 UHPRYHWKHVRLO
VXVSHQVLRQIURPWKHVKDNHU
 RSHQDQGDGGD
PDJQHWLFEDUZLWKRXW
VSODVKLQJ
SODFHWKHVROXWLRQRQWKH
PDJQHWLFVWLUUHUDQGVWLUZLWK
aUSP
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3URFHGXUH

0DWHULDO

HTXLSPHQW


 SODVWLFGLVSRVDEOH
P/V\ULQJHV IRUW W 


5HPDUNV
 V\ULQJHVHJ)D7HUXPR(XURSH19
/HXYHQ%HOJLXP





LWLVUHFRPPHQGHGWRXVHQHZV\ULQJHIRUHDFK
VDPSOLQJWLPHWRDYRLGWURXEOHVZLWKFURVV
FRQWDPLQDWLRQDQGWKHWLPHOLPLWDWLRQWRFOHDQWKH
V\ULQJH



 SODVWLFGLVSRVDEOH
P/V\ULQJH IRUW 




 WRVHFRQGVDIWHU
DGGLWLRQRIWKH3VROXWLRQ
VZLWFKRIIWKHPDJQHWLF
VWLUUHUDQGVXEVDPSOHDERXW
WRP/RIVRLOVXVSHQVLRQ
XVLQJDP/V\ULQJH

LPSRUWDQW

LPPHGLDWHO\VZLWFKRQWKH
VWLUUHUDJDLQDQGTXLFNO\
FRQQHFWWKHILOOHGV\ULQJHWR
WKHILOWHUKROGHUSODFHWKH
RXWOHWLQWKHRSHQLQJRIWKH
YLDODQGILOWHUDOLWWOHPRUH
WKDQP/RIWKHVXVSHQVLRQ
E\PDQXDOO\SXVKLQJGRZQ
WKHSLVWRQIRUDERXWWR
VHFRQGVGHSHQGLQJRQWKH
QXPEHURIVXEVDPSOLQJ
WLPHVUHSHDWWKHDERYH
VWHSVXVLQJQHZYLDOV
V\ULQJHVDQGILOWHUKROGHUV 
VXEVDPSOHDOZD\VWR
VHFRQGVEHIRUHWKHGHVLUHG
H[FKDQJHWLPHLVRYHUDQG
WU\WRILOWHUZLWKLQVHFRQGV
PD[LPXP VHH)LJXUH
)LJXUH

 WKHILOWUDWHPXVWEHDEVROXWHO\FOHDU  LIQRW
WDNHDPHPEUDQHILOWHUZLWKVPDOOHUSRUHVL]H LH
mPLQVWHDGRImP WKHUHPLJKWEHD
VOLJKW\HOORZLVKFRORULIWKHVRLOKDVDKLJKFOD\RU
RUJDQLFPDWWHUFRQWHQW IRULQVWDQFHLQWURSLFDO
VRLOV 

 IRUWKHW YDOXHXVHD
P/V\ULQJHDQGVXEVDPSOH
DERXWWRP/RIWKHVRLO
VXVSHQVLRQ XVHDmP
PHPEUDQHILOWHU 


 /LTXLGVFLQWLOODWLRQ
FRFNWDLORUGLVWLOOHGZDWHU

 SLSHWWHP/RIWKH
ILOWUDWHLQWRD/6&YLDO
RQWRDQDOXPLQXPSODWHDQG
 P/DXWRPDWLFSLSHWWH HYDSRUDWHVORZO\IRU*0
SOXVGLVSRVDEOHWLSV
FRXQWLQJ 
DGGDERXWP/RI/LTXLG
6FLQWLOODWLRQFRFNWDLOIRU/6&
RUP/RIGLVWLOOHGZDWHUIRU
&HUHQNRYFRXQWLQJWRWKH
YLDOFORVHDQGVKDNHWRPL[
*0FRXQWHURU/6&




 DPLQLPXPRIVXEVDPSOLQJWLPHVLV
UHTXLUHGIRUDQLVRWRSLFH[FKDQJHNLQHWLFVWXG\
DQGPLQ WKHQXPEHURIVXEVDPSOLQJWLPHV
GHSHQGVRQWKHVNLOODQGSUDFWLFHRIWKHDQDO\VW
 WKHIROORZLQJWLPHJULGLVVXJJHVWHGW PLQ
W PLQW PLQDQGW PLQ











 WKHW VXEVDPSOHLVDOVRXVHGIRUFRORULPHWULF
GHWHUPLQDWLRQRIWKHWRWDO3LQWKHVRLOVROXWLRQ
SUHVHQWLQWKHIRUPRISKRVSKDWHLRQV VHHEHORZ 


. &D 0J DQG1D FDQEHGHWHUPLQHGLQWKH
VROXWLRQXVLQJDWRPLFDEVRUSWLRQVSHFWURVFRS\
$$6 WRREWDLQVRPHDGGLWLRQDOLQIRUPDWLRQRQ
QXWULHQWVLQWKHVRLO VHHEHORZ 








 LIWKHYROXPHRIILOWUDWHLVORZHUWKDQP/
PHDVXUHWKHYROXPHRIVROXWLRQXVLQJDYDULDEOH
PLFURSLSHWWHDQGQRWHWKHYROXPHXVHGIRU
FRXQWLQJ
 FRPSOHWHZLWKGLVWLOOHGZDWHUWRP/IRU*0
FRXQWLQJDQG/6&RUWRP/IRU&HUHQNRY
FRXQWLQJWRDFKLHYHWKHVDPHFRXQWLQJFRQGLWLRQV
LQDOOVDPSOHV


 XVHWKH³W ILOWUDWH³IRU
WRWDO3GHWHUPLQDWLRQVHH
)LJXUH

127(VWRUHWKHVRLOILOWUDWHVDWOHDVWIRU
KDOIOLIHV LHDERXWPRQWKV EHIRUHGLVSRVDO







/LTXLG6FLQWLOODWLRQ&RXQWHU









FRXQWWKHUDGLRDFWLYLW\U  U 
U  DQGU RIWKHILOWUDWHV




 WKHDLPLVTXLFNILOWUDWLRQWRREWDLQWKHTXDQWLW\
³U´RIUDGLRDFWLYLW\DIWHUH[DFWO\PLQRILVRWRSLF
H[FKDQJH !´U ´
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)LJXUH6HWXSRIWKH,(.DVVD\



)LJXUH)LOWUDWLRQRIODEHOOHGVRLOVXVSHQVLRQIRU&HUHQNRYFRXQWLQJRU/6&


)LJXUH)LOWUDWLRQRIVRLOVXVSHQVLRQIRUGHWHUPLQDWLRQRILQWHQVLW\IDFWRUFS
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Y 'HWHUPLQDWLRQRIWKH3FRQFHQWUDWLRQLQVRLOVROXWLRQXVLQJWKH0DODFKLWH*UHHQ0HWKRG
2KQRDQG=LELOVNH1RYR]DPVN\HWDO9DQ9HOGKRYHQHWDO 


7KH SURSRVHG PDODFKLWH JUHHQ PHWKRG DOORZV IRU WKH GHWHUPLQDWLRQ RI 3 LQ VPDOO YROXPHV  P/  DQG LQ
FRQFHQWUDWLRQV SSE OHYHO  WRR ORZ IRUWKH VWDQGDUG 0XUSK\DQG 5LOH\PHWKRGDQG JHQHUDOO\ DOO ³EOXH PHWKRGV´
EDVHGRQWKHUHGXFWLRQRIPRO\EGDWH
7ZR UHDFWDQWV DUH WR EH SUHSDUHG   FRQWDLQLQJ WKH PRO\EGDWH LQ VXOIXULF DFLG VROXWLRQ   FRQWDLQLQJ WKH
PDODFKLWHJUHHQ
7KHFRORULPHWULFUHDFWLRQLVWDNLQJSODFHDWQHDUO\QHXWUDOS+ZKLFKLVWKHFDVHLQVRLOVROXWLRQV



3UHSDUDWLRQRIUHDFWDQWV

0DWHULDO
HTXLSPHQW

3URFHGXUH

5HPDUNV

UHDFWDQW


+ 62 FRQFSD








 DPPRQLXP
KHSWDPRO\EGDWH
WHWUDK\GUDWHSD
1+ 0R 2 + 2


 








 GLVWLOOHG RUGHLRQL]HG 
ZDWHU




ODEJODVVZDUH



GHHSIUHH]HU



UHIULJHUDWRU

 PDJQHWLFVWLUUHU
WHIORQL]HGPDJQHWLFEDU





 GLVVROYHJ RU
P/ RIFRQFHQWUDWHGVXOIXULF
DFLGLQDERXWP/RI
GLVWLOOHGZDWHU
 SODFHVROXWLRQLQWKH
GHHSIUHH]HU & IRUWR
KRXUVWRDFKLHYHD
WHPSHUDWXUHRIDERXW&







 DPPRQLXPKHSWDPRO\EGDWHWHWUDK\GUDWHSD
0HUFN&DW1R



 GLVVROYHJRI
DPPRQLXPKHSWDPRO\EGDWH
LQDERXWP/RIGLVWLOOHG
ZDWHU



 SODFHVROXWLRQLQWKH
GHHSIUHH]HU & IRU
KRXUVWRDFKLHYHD
WHPSHUDWXUHRIDERXW&



ZKHQERWKVROXWLRQDUHDW
WKHUHTXLUHGWHPSHUDWXUH
WUDQVIHUWKHDPPRQLXP
KHSWDPRO\EGDWHVROXWLRQ
LQWRWKHFROGVXOIXULFDFLG
VROXWLRQDQGVWLUWRPL[
FRPSOHWHO\PDNHXSWR
/DQGWUDQVIHUWRDGDUN
ERWWOH

+ 62 FRQFHJ0HUFN&DW1R






UHDFWDQWPXVWEHVWRUHGLQDFRORUHGERWWOH
LQWKHUHIULJHUDWRUDWDERXW&WRDYRLG
PRO\EGDWHUHGXFWLRQDQGLVVWDEOHIRUORQJWLPH !
PRQWKV 
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&RORULPHWULF3GHWHUPLQDWLRQ
3UHSDUDWLRQRIDVWDQGDUGFXUYH
0DWHULDO
HTXLSPHQW

3URFHGXUH

5HPDUNV




 GLVSRVDEOHSODVWLF
FXYHWWHVZLWKFDSVG 
PP RU>TXDU]@JODVVIORZ
WKURXJKFXYHWWHG PP 


.+ 32 SD



ODEJODVVZDUH





 GHVVLFDWRUZLWKVLOLFD
JHO




 GU\±JRI.+ 32 DW
&IRUKRXUV


 SODVWLFFXYHWWHVHJ)D(ONH\8OWUD
9LVG PP(ONH\3URGXFWV,QF0$
%RVWRQ86$



 FRROWR57LQD
GHVVLFDWRUZLWKVLOLFDJHO




 SUHSDUHDSSP 
PJO 3VWRFNVROXWLRQ
ZHLJKPJGULHG.+ 32 
LQWRDP/YROXPHWULF
IODVNGLVVROYHLQGLVWLOOHG
ZDWHUDQGPDNHXSWRPDUN







SUHSDUHDSSP 
PJP/ 3VWDQGDUG
VROXWLRQSLSHWWHSUHFLVHO\
 P/RIWKH
SSP3VWRFNVROXWLRQLQWR
DP/YROXPHWULF
IODVNDGGGLVWLOOHGZDWHU
VZLUODQGPDNHXSWR
PDUNZLWKGLVWLOOHGZDWHU
LQWRHDFKFXYHWWHSLSHWWH
WKHUHDFWDQWVDVIROORZV

GLVSRVDEOHFXYHWWHV
ZLWKFDSV

DXWRPDWLFSLSHWWHV
SUHIHUDEO\YDULDEOH±
P/DQG±P/
SOXVGLVSRVDEOHWLSV

127(LIWKHUHDGLQJRIFRORUGHQVLW\LVGRQHLQ
JODVVFXYHWWHVWKHFXYHWWHVKDYHWREHFOHDQHG
ZLWKHWKDQROEHWZHHQHDFKPHDVXUHPHQWWR
UHPRYHWKHFRORUDWWDFKHGWRWKHZDOOVVWULFWO\
DYRLGXVLQJZDWHUIRUFOHDQLQJ



.+ 32 SDHJ0HUFN&DW1R








VWRUHERWKVROXWLRQVLQWKHUHIULJHUDWRUDW&
EXWWKH\KDYHWREHDWURRPWHPSHUDWXUHEHIRUH
SLSHWWLQJSUHFLVHYROXPHV


P/RIGLOXWH
VWDQGDUGVROXWLRQDV
LQGLFDWHGLQWDEOH,9


SODVWLFFXYHWWHVHJ)D(ONH\8OWUD
9LVG PP(ONH\3URGXFWV,QF0$
%RVWRQ86$


P/RIUHDFWDQW  
FRQWDLQLQJWKHDPPRQLXP
PRO\EGDWHLQVXOIXULFDFLG


6SHFWURSKRWRPHWHUHJ6SHFRUG899,6
6=HLVV*HUPDQ\






899,6
VSHFWURSKRWRPHWHU
ZDYHOHQJWKQP


P/RIUHDFWDQW  
FRQWDLQLQJWKHPDODFKLW
JUHHQG\H

ZDLWDERXWPLQ


FORVHFXYHWWHVDQG
VKDNHRQFHE\WXUQLQJRYHU
WKHFXYHWWHWRPL[

ZDLWIRUPLQLPXPKRXU
DQGUHDGWKHRSWLFDOGHQVLW\
DWQP

SUHSDUHDVWDQGDUG
FXUYHE\OLQHDUUHJUHVVLRQ
DQGSORWLWLQDJUDSK




LIXVLQJJODVVFXYHWWHVSUHSDUHWKHVDPSOH
VROXWLRQVLQSRO\HWK\OHQHYLDOVZLWKFDSVPL[LQ
WKRVHYLDOVDQGSLSHWWHWKHFRORUHGVROXWLRQLQWR
FXYHWWHVDIWHUZDUGV


WKHFRORURIWKHVDPSOHVROXWLRQLVVWDEOHIRU
DERXWRQHZHHNDWURRPWHPSHUDWXUH
127(WKHRSWLFDOGHQVLW\RIFXYHWWHFRQWDLQLQJ
SSP3LHPJ3LQP/VKRXOGUHDG
DERXWDEVRUEDQFH

ZLWKWKLVYHU\VHQVLWLYHPHWKRGLWLVSRVVLEOH
WRPHDVXUHFRQFHQWUDWLRQVGRZQWRPJO 
SSP RU mJ/ SSE 
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3LSHWWLQJVFKHPHIRU6WDQGDUG&XUYH

&XYHWWHQXPEHU













3FRQFHQWUDWLRQ>PJ3/@













>P/@GLVWLOOHGZDWHU













>P/@RIPJ/3
VWDQGDUGVROXWLRQ













0HDVXUHPHQWRIWKHSKRVSKDWHLRQFRQFHQWUDWLRQFSLQWKHVRLOVROXWLRQ

0DWHULDO
HTXLSPHQW

3URFHGXUH

5HPDUNV






GLVSRVDEOHFXYHWWHV
ZLWKFDSV



DXWRPDWLFSLSHWWHV
SUHIHUDEO\YDULDEOH
±P/DQG±
P/SOXV
GLVSRVDEOHWLSV




899,6
VSHFWURSKRWRPHWHU
ZDYHOHQJWKQP



127(LIWKHDEVRUEDQFHYDOXHLVWRRKLJK !
 OHVVILOWUDWHKDVWREHSLSHWWHGDQGWKHWRWDO
YROXPHLQWKHFXYHWWHKDVWREHDGMXVWHGZLWK
GLVWLOOHGZDWHU



SLSHWWHP/RIWKH³W 
ILOWUDWH´RIHDFKVRLO
VDPSOHLQDFXYHWWH



DGGP/RIUHDFWDQW




ZDLWDERXWPLQ

H[DPSOHP/VRLOILOWUDWHP/+ 2
UHDFWDQWV



DGGP/RIUHDFWDQW


RUP/RIVRLOILOWUDWHP/+ 2UHDFWDQWV
HWF



FORVHFXYHWWHPL[DQG
ZDLWIRUPLQLPXPKRXU
EHIRUHUHDGLQJWKH
RSWLFDOGHQVLW\DW
QP









127(WKHUHDGLQJRIWKHVWDQGDUGFXUYHDQGWKH
VRLOVROXWLRQVVKRXOGEHGRQHDIWHUWKHVDPHWLPH
RIFRORUGHYHORSPHQWDQGLQWKHVDPHVHVVLRQ








SORWWKHDEVRUEDQFH
UHDGLQJRIWKHVRLO
VROXWLRQRQWKHVWDQGDUG
FXUYHDQGUHDGRXWWKH
3FRQFHQWUDWLRQLQPJ
3/ SSP 
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YL 'HWHUPLQDWLRQRIWRWDOSKRVSKRUXVFRQWHQW3WRIWKHVRLO

0DWHULDO
HTXLSPHQW

3URFHGXUH


5HPDUNV









DGG H[DFWO\  J RI GU\ 
SUHIHUDEO\ZRUNLQDIXPHFXSERDUG
VRLOWRP/RI+&O2 
EDODQFH UHDGDELOLW\ 

+&O2 FRQFHJ0HUFN1R
J

VZLUO WR PL[ DQG DGG
ILOWHUEOXHEDQG
VRPH ERLOLQJ JUDQXOHV WR 
ODEJODVVZDUH
DYRLGVSODVKLQJRIKRWDFLG

P/(UOHQPH\HU

JHQWO\KHDWXQWLOWKHDFLG 
WKH WLPH QHHGHG IRU HYROXWLRQ RI ZKLWH IXPHV
VWDUWV WR HYDSRUDWH ZKLWH DQG WKH GHYHORSHG FRORU RI WKH UHVLGXH LV
+&O2 FRQF
IXPHV
GHSHQGLQJRQWKHVRLOW\SHDQGFRPSRVLWLRQ
KRWSODWH

ZKHQ WKH VRLO WXUQV WR 
ERLOLQJJUDQXOHV
ZKLWH RU \HOORZ FRORU DIWHU
HYDSRUDWLRQ RI PLQ  P/ RI 
EOXHEDQGILOWHUSDSHU
DFLG VWRSKHDWLQJ

IXQQHO

FRRO WKH PL[WXUH VOLJKWO\ 
 P/ YROXPHWULF QRWWRRPXFK 

IODVN

VORZO\  DGGDERXW±
 P/ RI GLVWLOOHG ZDWHU DQG 
PL[




IXPHFXSERDUG






















ILOWHU WKH VROXWLRQ DIWHU 
FRROLQJWR57


WUDQVIHU WKH VROXWLRQ
TXDQWLWDWLYHO\ WR D  P/ 
YROXPHWULFIODVNDQGPDNHXS 
WRPDUN

WKHWRWDO3FRQFHQWUDWLRQ3 RIWKHPLQHUDOL]HG

GHWHUPLQH
WKH
3 VRLOVDPSOHLVJHQHUDOO\GHWHUPLQHGXVLQJD\HOORZ
FRQFHQWUDWLRQ RI WKH VROXWLRQ YDQDGRPRO\EGDWHPHWKRG HJ0XUSK\5LOH\ 
E\ XVLQJ D FRORULPHWULF
PHWKRG

FDOFXODWLRQ RI 3  PHDVXUHG 3FRQFHQWUDWLRQ
>PJO @  3 >PJ3NJ VRLO@LIDVRLOWRVROXWLRQ

UDWLRRIHJJVRLOP/VROXWLRQZDV
XVHG
W

W





W
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' '(7(50,1$7,212)7+(0267352%$%/(9$/8(6)25UU$1'Q
7KHJHQHUDOHTXDWLRQ>@GHVFULEHVWKHGHFUHDVHRIUDGLRDFWLYLW\U LQWKHVRLOVROXWLRQZLWKWLPHW
W

7KLVIRUPXODFDQEHVLPSOLILHGIRUDQ\WLPHRILVRWRSLFH[FKDQJHQRWKLJKHUWKDQPLQXWHVIRUDOO
VRLO W\SHV ,Q VRPH VRLOV WLPH WR UHDFK HTXLOLEULXP FDQ EH PRUH WKDQ  PLQXWHV EXW WR DYRLG
FRPSOLFDWLRQRIWKHSURFHGXUHLWLVUHFRPPHQGHGWRXVHRQO\WKHGDWDUHFRUGHGGXULQJWKHILUVW
PLQXWHVRILVRWRSLFH[FKDQJH


7KHYDOXHVRIQUDQJHIURPWR



7KHYDOXHVRIU 5UDQJHIURPWR


)RUDWLPH  PLQXWHVWKHYDOXHRI U 5
DQGFDQWKHUHIRUHEHQHJOHFWHG

LVJHQHUDOO\ORZHUWKDQIRUDQ\QDQGU 5YDOXHV

Q





7KXVWKHHTXDWLRQ>@FDQEHVLPSOLILHGDV
U 5 U 5>W@ T 3  



Q

W



V

7





(TXDWLRQ 

*HQHUDOO\IRUDQ\WLPHW  PLQXWHVWKHUDWLRT 3 ZKLFKUHIOHFWVWKHHTXLOLEULXPYDOXHIRUWKH
UDGLRDFWLYLW\ UHPDLQLQJ LQ WKH VROXWLRQ IRU DQ LQILQLWH WLPH LV QHJOLJLEOH FRPSDUHG WR WKH U 5 > W @
YDOXH
V

7

Q



7KHUHIRUHWKHJHQHUDOHTXDWLRQ>@FDQEHVLPSOLILHGIXUWKHU
U 5 U 5>W@ 



Q

W









(TXDWLRQ 







(TXDWLRQ 

(TXDWLRQ>@FDQDOVREHZULWWHQDV
ORJ>U 5@ ORJ>U 5@QORJW
W



Q DQG ORJ >U 5@ DQG FDQ EH FRQVLGHUHG DV WKH ´PRVW SUREDEOH YDOXHV´ RI VORSH DQG LQWHUFHSW
UHVSHFWLYHO\ RI WKH OLQHDU UHJUHVVLRQ OLQH EHWZHHQ ORJ >U 5 @ DQG ORJ W IRU WKH YDOXHV RI U 5
REWDLQHGIRUHDFKVDPSOLQJDWWKHWLPHWIRUDQ\WLPHWEHWZHHQPLQXWHDQGPLQXWHV


W

W

7KHUHIRUHDPLQLPXPRIWZRVDPSOLQJVRIWKHODEHOHGPL[WXUHKDYHWREHPDGHWRGHWHUPLQHQDQG
ORJU5,QIDFWYHU\JRRGUHVXOWVFDQEHREWDLQHGZLWKIRXUVDPSOLQJVSHUIRUPHGDWDQG
PLQXWHV)RUPDQ\VRLOVRWKHUWLPHLQWHUYDOVFDQEHXWLOL]HGIRUH[DPSOH DQG PLQXWHV
7KHFKRLFHRIWKHDSSOLHGWLPHLQWHUYDOVGHSHQGVRQWKHSUDFWLFHDQGH[SHULHQFHRIWKHDQDO\VW
( '(7(50,1$7,212)4VDQG37
L 3KRVSKRUXVLQWKHVRLOVROXWLRQ
7KHTXDQWLW\T LVWKHTXDQWLW\RI3LQVRLOVROXWLRQSUHVHQWDVSKRVSKDWHLRQV7KLVTXDQWLW\LVWKH
SURGXFW RI WKH 3 FRQFHQWUDWLRQ WLPHV WKH YROXPH RI VRLO VROXWLRQ 7KH FRQFHQWUDWLRQ RI SKRVSKDWH
LRQVLQWKHVRLOVROXWLRQLVGHWHUPLQHGE\DFRORULPHWULFPHWKRG0DQ\FRORULPHWULFPHWKRGVFDQEH
DSSOLHG EXW SUHVHQWO\ WKH PRVW VHQVLWLYH DFFXUDWH DQG UHSURGXFLEOH PHWKRG NQRZQ LV XVLQJ
PDODFKLWHJUHHQDVDG\H7KLVPHWKRGLVGHVFULEHGLQVHFWLRQ&
V

,QWKHVWDQGDUGSURFHGXUHXVLQJJRIVRLOVXVSHQGHGLQP/RIVRLOVROXWLRQWKHTXDQWLW\T 
H[SUHVVHGLQPJ3NJVRLOZLOOEH
V

T  F 
V

3







(TXDWLRQ 

ZKHUHF LVWKHFRQFHQWUDWLRQRI3LQWKHVRLOVROXWLRQH[SUHVVHGLQPJ/>SSP@
S

([DPSOH
Õ
Õ
Õ
Õ



F  PJ3O RIVRLOVROXWLRQ
PJ3LQP/RIVRLOVROXWLRQ
PJ3LQJVRLO
PJ3NJ VRLO


S



LL 7RWDO3LQWKHVRLOVDPSOH
7KHTXDQWLW\3 H[SUHVVHGLQPJ3NJVRLOLVWKHTXDQWLW\RIWRWDO3RIWKHVRLOVDPSOH9DULRXV
PHWKRGV IRU WRWDO 3 GHWHUPLQDWLRQ LQ VRLO DUH GHVFULEHG LQ OLWHUDWXUH $ TXLFN DQG HDV\ PHWKRG
7
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XVLQJ +&O2  LV GHVFULEHG LQ VHFWLRQ  &  DOWKRXJK ZLWK WKLV PHWKRG WKH WRWDO 3 FDQ EH
VOLJKWO\XQGHUHVWLPDWHG


&DOFXODWLRQRIWKHSRROVL]HV
$IWHUKDYLQJGHWHUPLQHGWKHYDOXHVRIU 5QT DQG3 WKH( YDOXHVFDQEHFDOFXODWHGXVLQJWKH
WZRIROORZLQJHTXDWLRQV>@DQG>@


V

7

W

)LUVWWKHU 5YDOXHLVFDOFXODWHGXVLQJHTXDWLRQ>@IRUWKHFKRVHQWLPHWDQGVHFRQGO\WKH( YDOXH
LVFDOFXODWHGXVLQJHTXDWLRQ>@
W

W

)RUDOOWKHIROORZLQJFDOFXODWLRQVWLVH[SUHVVHGLQPLQXWHV
*HQHUDOO\WKHVL]HVRIWKHIROORZLQJSRROVDUHWREHGHWHUPLQHG
3RRO(

7KLV SRRO LV LVRWRSLFDOO\ H[FKDQJHDEOH GXULQJ WKH ILUVW PLQXWH RI H[FKDQJH DQG UHIOHFWV WKH
LQVWDQWDQHRXVO\ LVRWRSLFDOO\ H[FKDQJHDEOH 3 ,W UHSUHVHQWV WKH TXDQWLW\ RI 3 DV SKRVSKDWH LRQV
WKDWFDQPRYHIURPWKHVRLOWRWKHVROXWLRQDOPRVWLQVWDQWDQHRXVO\ DQGFDQEHFRQVLGHUHG DVWKH
SRRORISKRVSKDWHLRQVGLUHFWO\DYDLODEOHWRWKHSODQWVZLWKRXWFKHPLFDOWUDQVIRUPDWLRQ,WVVL]HFDQ
EHFDOFXODWHGDVIROORZV
(  & >5U @


3











(TXDWLRQ 

3RRO>GD\@3RRO(

7KLVSRROFRUUHVSRQGVWRWKHTXDQWLW\ RISKRVSKDWH ZKLFKFDQ EH WDNHQXSE\ DJLYHQURRW ]RQH
ZKLFKFDQDFWLYHO\WDNHXS3ZLWKLQDWLPHOLPLWHGEHWZHHQDQGGD\VGD\ZDVFKRVHQIRUWKH
FDOFXODWLRQV7KHVL]HRIWKLVSRROLV
3RRO>GD\@3RRO(  & >5U


ZKHUHU



U

GD\

3



5U @







(TXDWLRQ 

LVFDOFXODWHGXVLQJIRUPXOD>@

3RRO>GD\PRQWKV@

7KLVSRROLVH[SORUHGGXULQJWKHWLPHRIURRWIXQFWLRQLQJRIDFURS,WVVL]HLVHVWLPDWHGWKHIROORZLQJ
3RRO>PRQWKV@3RRO>GD\@ & >5U
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(TXDWLRQ 



3RRO>PRQWKV\HDU@

7KLVSRROFRUUHVSRQGVWRWKHTXDQWLW\RISKRVSKDWHLRQVWKDWFDQEHUHOHDVHGIURPVRLOLQWRWKHVRLO
VROXWLRQLQOHVVWKDQ\HDU
3RRO>\HDU@3RRO>PRQWKV@ & >5U
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(TXDWLRQ 

3RROH[FKDQJHDEOHLQPRUHWKDQ\HDU

7KLVSRROFRUUHVSRQGVWRYHU\VORZO\H[FKDQJHDEOH3ZKLFKFDQEHUHOHDVHGLQWRWKHVRLOVROXWLRQ
RYHU WKH \HDUV XQGHU WKH FRQGLWLRQ RI ]HUR 3 IHUWLOL]DWLRQ ,W UHIOHFWV WKH DELOLW\ RI VRLO WR UHOHDVH
SKRVSKDWHLRQVWRSODQWVLQPDQ\GHYHORSLQJFRXQWULHVZKHUHQR3LVDGGHGIRUFURSSURGXFWLRQ
,WVVL]HFDQEHHVWLPDWHGE\WKHEHORZHTXDWLRQ
3RRO!\HDU 3 & >5U
7
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(TXDWLRQ 

&DOFXODWLRQRIWKHPHDQUDWHRIH[FKDQJHWKHPHDQVRMRXUQWLPHDQGWKHIOX[RIH[FKDQJH
7KUHHNLQHWLFSDUDPHWHUVFDQEHGHWHUPLQHGXVLQJWKHYDULRXVSDUDPHWHUVSUHYLRXVO\REWDLQHG
) &DOFXODWLRQRIWKHPHDQUDWHRIH[FKDQJHWKHPHDQVRMRXUQWLPHDQGWKHIOX[H[FKDQJH
L 0HDQUDWHRIH[FKDQJHEHWZHHQVRLODQGVROXWLRQ
7KH PHDQ UDWH RI H[FKDQJH N  RI SKRVSKDWH LRQV EHWZHHQ WKH OLTXLG SKDVH DQG WKH VROLG SKDVH
IROORZV D IXQGDPHQWDO NLQHWLF ODZ ,W YDOXH LV H[SUHVVHG LQ W  LH SHU XQLW RI WLPH KHUH EHLQJ 
PLQXWH,WVQXPHULFDOYDOXHJLYHVWKHQXPEHURIHQWULHVRIDTXDQWLW\RISKRVSKDWHLRQVLQWRWKHVRLO
VROXWLRQ DQGWKHQXPEHURIH[LWVRXWRIWKHVRLOVROXWLRQSHUPLQXWH,WV YDOXHVLVFDOFXODWHGXVLQJ
WKHIROORZLQJIRUPXOD
P
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LL 0HDQVRMRXUQWLPHRISKRVSKDWHLRQVLQWKHVRLOVROXWLRQ
7KHPHDQVRMRXUQWLPH7 LVWKHWLPHUHTXLUHGIRUDTXDQWLW\RISKRVSKDWHLRQVLQWKHVRLOVROXWLRQWR
HQWHURUOHDYHWKHVRLOVROXWLRQ ³PHDQUHVLGHQFHWLPH´ 7KLVWLPHLVFDOFXODWHGWKHIROORZLQJ
P

7  .  >U 5@ Q 
Q

P

P









(TXDWLRQ 

7 LVJHQHUDOO\H[SUHVVHGLQPLQXWHV
P

LLL 0HDQIOX[RIH[FKDQJHEHWZHHQWKHVROLGSKDVHDQGWKHOLTXLGSKDVHRIWKHVRLOVROXWLRQ
V\VWHP
7KLVPHDQIOX[UHSUHVHQWVWKHDPRXQWRI3ZKLFKHQWHUVDQGOHDYHVWKHVRLOVROXWLRQ,WVYDOXHLV
FDOFXODWHGDVIROORZV
)  F N 
P
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(TXDWLRQ 

) LVJHQHUDOO\H[SUHVVHGLQPJ3PLQ 7KHIDFWRULVRQO\YDOLGIRUDVRLOVROXWLRQUDWLRRI
HJJVRLOLQP/VROXWLRQ


P

 35(',&7,21 2) 7+( ()),&,(1&< 2) $ 3 )(57,/,6(5 86,1* $ 35(',&7(' 3'))
2%7$,1('%<,(.(;3(5,0(176±322/6,=(
$ 'HILQLWLRQRI3IHUWLOLVHUHIILFLHQF\
1RXQLTXHGHILQLWLRQRIWKHHIILFLHQF\RUHIIHFWLYHQHVVRIDQ\NLQGRI3IHUWLOLVHUFDQEHJLYHQ
7ZRSDUDPHWHUVLQGLFDWLQJWKHEHQHILWRIDIHUWLOLVHUWRDFURSFDQEHGHULYHGE\HLWKHUDSSO\LQJWKH
GLUHFWRUWKHLQGLUHFWPHWKRGLHHLWKHUODEHOLQJWKHIHUWLOLVHURUWKHDYDLODEOHVRLO3
 7KH SHUFHQWDJH RI 3 XWLOL]DWLRQ RI DQ DSSOLHG IHUWLOLVHU 38 LH WKH UDWLR RI 3 LQ WKH FURS
GHULYHGIURPWKHIHUWLOLVHURYHUWKHDPRXQWRI3IHUWLOLVHU
 7KHSHUFHQWDJHRI3GHULYHGIURPD3IHUWLOLVHULQWKHFURS3GIILHWKHUDWLRRIWKHVDPH3
TXDQWLW\ DV DERYH EXW RYHU WKH WRWDO 3 TXDQWLW\ LQ WKH FURS GHULYHG IURP ERWK 3 VRXUFHV WKH
IHUWLOLVHUDQGWKHDYDLODEOHVRLO3
7KH ILUVW SDUDPHWHU LV KLJKO\ GHSHQGLQJ RQ WKH URRW H[SORUDWLRQ RI WKH VRLO DQG RQ WKH FOLPDWLF
FRQGLWLRQVZKHUHDVWKHVHFRQGSDUDPHWHUDSSHDUVWREHDOPRVWLQGHSHQGHQWIURPWKHWRWDOSODQW3
XSWDNH7KHUHIRUHWKH3GIISURYLGHVDJRRGHVWLPDWHRIWKHHIIHFWLYHQHVVRID3IHUWLOLVHU
% 3UHGLFWLRQRIWKHHIILFLHQF\RID3IHUWLOLVHUXVLQJDSUHGLFWHGSGII
$OWKRXJK LWLVD XVHIXOLQIRUPDWLRQWRHYDOXDWH3HIILFLHQF\RIDIHUWLOLVHUE\GHWHUPLQLQJWKH 3GII
DIWHU FURS JURZWK LW LV RI JUHDWHU LQWHUHVW WR DJURQRPLVWV WR SUHGLFW WKH HIILFLHQF\ RI D 3IHUWLOLVHU
SULRUWRDSSOLFDWLRQLQWKHILHOG
7KHIROORZLQJSUHUHTXLVLWHVDUHQHFHVVDU\WREHDEOHWRSUHGLFW3IHUWLOLVHUHIILFLHQF\


$3IHUWLOLVHUFDQRQO\EHHIIHFWLYHLIDYDLODEOHVRLO3LVVRORZWKDWLWLVWKHPDMRUOLPLWLQJIDFWRU
WRFURSJURZWK



3URYLGHG3LVWKHPDLQOLPLWLQJIDFWRURQO\LI3GIIH[FHHGVWKH3IHUWLOLVHUFDQEHFDOOHG
³HIILFLHQW´



3ODQWV WKDW KDYH EHHQ JURZQ RQ D 3IHUWLOL]HG VRLO DQG ZKRVH DYDLODEOH 3 IUDFWLRQ KDV EHHQ
ODEHOHG E\ LVRWRSLF H[FKDQJH PXVW KDYH WKH VDPH LVRWRSLF FRPSRVLWLRQ RI 3 DV WKH 3 LQ WKH
VRLOVROXWLRQ

7R ILQG RXW LI ² XQGHU ILHOG FRQGLWLRQV ² 3 LV WKH PDLQ OLPLWLQJ IDFWRU LQ WKH VWXGLHG VRLO LV YHU\
GLIILFXOW 8QGHU VWDQGDUG FRQGLWLRQV H[FOXGLQJ VSHFLDO FRQVWUDLQWV OLNH ZDWHU RU QLWURJHQ VWUHVV
DOXPLQXPWR[LFLW\ SUHVHQFHRISROOXWDQWVHWFWKHIDFWRUVLQWHQVLW\ TXDQWLW\ DQGFDSDFLW\ ZKLFK
FKDUDFWHUL]H WKH DYDLODELOLW\ RI VRLO 3 DQG WKHUHIRUH LQGLFDWLQJ LI 3 LV OLPLWLQJ FDQ HDVLO\ EH
GHWHUPLQHG 8QGHU ILHOG FRQGLWLRQV RQH RU WKH RWKHU DERYHPHQWLRQHG FRQVWUDLQWV FDQ FKDQJH WKH
UHVXOWVVLJQLILFDQWO\DVZHOODVIRUH[DPSOHHVVHQWLDOFDWLRQVEHLQJEHORZWKHFULWLFDOFRQFHQWUDWLRQ
7KHUHIRUHWKHDQDO\VLVRIDYDLODEOHVRLO3PXVWEHFRPSOHPHQWHGE\RWKHUJHQHUDOGDWDRQVRLODQG
FURSFRQGLWLRQVLHGDWDRQFDWLRQFRQFHQWUDWLRQVLQVRLO
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6HFRQGO\ LW QHHGV WR EH GHWHUPLQHG ZKHWKHU WKH DSSOLHG 3IHUWLOLVHU \LHOGV D 3GII KLJKHU WKDQ
LQGLFDWLQJWKDWWKHIHUWLOLVHUZDVHIILFLHQWLQHQKDQFLQJ3QXWULWLRQLQWKHFURS
7KHUH DUH WZR ZD\V WR GHWHUPLQH WKH 3GII 2QH ZD\ LV WR FRQGXFW D JUHHQKRXVH H[SHULPHQW
FRPSDULQJWKHLVRWRSLFFRPSRVLWLRQ RUVSHFLILFDFWLYLW\6$ RI3LQSODQWVJURZQRQVRLOKDYLQJD
ODEHOOHGDYDLODEOHVRLO3SRRO LQGLUHFWDSSURDFK HLWKHUZLWKRUZLWKRXW3IHUWLOLVHUDSSOLFDWLRQ
3GII > 6$

SODQWVLQVRLOZLWKIHUWLOLVHU

6$

@ (TXDWLRQ 


SODQWVLQVRLOZLWKRXWIHUWLOLVHU

$VLWZDVVKRZQWKDWWKHLVRWRSLFFRPSRVLWLRQRI3LQSODQWVLVHTXDOWRWKHLVRWRSLFFRPSRVLWLRQRI
3 LQ VRLO VROXWLRQ D ODERUDWRU\ PHWKRG WR SUHGLFW 3GII  FDQ EH XVHG LQVWHDG RI WLPH FRQVXPLQJ
DQGODERXULQWHQVLYHSODQWVWXGLHVDSSO\LQJWKHIROORZLQJHTXDWLRQ
3GII >( ( @( 
)

&



)







(TXDWLRQ 

ZKHUH


( LVWKH( YDOXHDIWHUDWLPHRIFRQWDFWEHWZHHQWKHVRLODQGIHUWLOLVHURIWKHVDPHRUGHURI
PDJQLWXGHDVWKHWLPHRIFURSJURZWKDQG



( YDOXHLVWKH( YDOXHRIWKHVRLODIWHUWKHVDPHWLPHZKLFKGLGQRWUHFHLYH3 FRQWURO 

)



&



7KH( YDOXHGHFUHDVHVZLWKWLPH7KLVGHFUHDVHFDQEHGHVFULEHGE\WZRNLQGVRIPDWKHPDWLFDO
IXQFWLRQVDQH[SRQHQWLDODQGDSRZHUIXQFWLRQ
)

7KHGHFOLQHFDQEHSUHGLFWHGPHDVXULQJWKHYDOXHVRI( DWWZRGLIIHUHQWLQFXEDWLRQWLPHVWKHVRLO
EHLQJNHSWPRLVWIRUWKLVLQFXEDWLRQSHULRGLQRUGHUWRVLPXODWHWKHHIIHFWRIFRQWDFWWLPHEHWZHHQ
WKHVRLODQGIHUWLOLVHU6XJJHVWHGLQFXEDWLRQWLPHVDUHGD\DQGPRQWK7KHGHFUHDVHRI( ZLWK
LQFUHDVLQJWLPHRIFRQWDFWFDQEHGHVFULEHGPDWKHPDWLFDOO\DVIROORZV
)

)

(  (
)W

W b



P
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(TXDWLRQ 

ZKHUH


( LVWKH( YDOXHIRUD3IHUWLOL]HGVRLODIWHUWLPHWH[SUHVVHGLQGD\VRILQFXEDWLRQ



(

)W



LVWKH( YDOXHIRUWKHVRLOZKLFKUHFHLYHGWKH3IHUWLOLVHUDIWHUGD\RILQFXEDWLRQ

)



 bLVWKHHTXLOLEULXPYDOXHIRU( RIDIHUWLOL]HGVRLO DIWHUDQLQILQLWHWLPHRIFRQWDFWEHWZHHQWKH
VRLOHQGWKHIHUWLOLVHU


,WKDVEHHQVKRZQWKDWXQGHUDJULFXOWXUDOFRQGLWLRQVLQZKLFKWKH3DSSOLFDWLRQVDUHOLPLWHGE\WKH
IXQGVDYDLODEOHWRWKHIDUPHUVLHXQGHUPLQLPXPIHUWLOL]DWLRQFRQGLWLRQVWKHbYDOXHLVVLPLODUWR
WKH( YDOXH
&

7KXVHTXDWLRQEHFRPHV
(  (
)W

W ( 
P

)
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(TXDWLRQ 

PWKHVORSHRIWKHORJDULWKPLFUHODWLRQLVREWDLQHGE\FRQGXFWLQJWZRWLPHV HJW GD\DQGW 
PRQWK WKHH[SHULPHQWDOGHWHUPLQDWLRQRI( 




I

7KHQHTXDWLRQ>@FDQEHPRGLILHGWR
3GII >(

W @(
P

)

W ( 
P

)

&







(TXDWLRQ 

7KLVHTXDWLRQFDQEHXVHGWRSUHGLFW3GIIDIWHUWLPHWRIFURSJURZWKUHVSHFWLYHO\FRQWDFWWLPH
EHWZHHQVRLODQGIHUWLOLVHU
,WFDQEHFRQFOXGHGWKDW
 7KH3GIIGHFUHDVHVZKHQWKHQDWLYHVRLO3IHUWLOLW\LQFUHDVHV
 7KH3GIIGHFUHDVHVZKHQWKHWLPHWLQFUHDVHV
 7KH  3GII LV GHSHQGLQJ RQ WKH IL[LQJ FDSDFLW\ RI WKH VRLO VLQFH (
FDSDFLW\
 7KH3GIILVGHSHQGLQJRQWKHTXDQWLW\RI3DSSOLHGVLQFH(
UDWHDQGWKHDSSOLHGFKHPLFDOIRUP

 GHSHQGV RQ WKH IL[LQJ

)

GHSHQGVRQWKH3DSSOLFDWLRQ

)
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& ([DPSOHRIUHVXOWVREWDLQHGXVLQJLVRWRSLFH[FKDQJHGHWHUPLQDWLRQV
7KHIROORZLQJH[SHULPHQWZDVFDUULHGRXWRQDVRLOVDPSOHGLQ*KDQD7KHDLPRIWKHH[SHULPHQW
ZDVWRDQDO\VHWKHHIIHFWRIDKHDY\3IHUWLOL]DWLRQDSSOLHGDVSKRVSKDWHURFN 35 RI7XQLVLDDQGWR
HYDOXDWHWKH©UHFDSLWDOLVDWLRQªHIIHFWRIVXFKKHDY\DSSOLFDWLRQRQDIUHVK3DSSOLFDWLRQRI7ULSOH
6XSHU3KRVSKDWH 763 
L ([SHULPHQWDOSURFHGXUH
$Q H[SHULPHQW ZLWK WZR IHUWLOLVHU WUHDWPHQWV ZDV FDUULHG RXW DV GHVFULEHG LQ WKH VWDQGDUG
SURFHGXUH


7UHDWPHQW.DQG/JRIVRLOQRIHUWLOLVHUDGGHG



7UHDWPHQW0DQG1JVRLODQGPJ3 NJVRLO DV35



7KHVHIRXUSRWVZHUHLQFXEDWHGLQPRLVWFRQGLWLRQV P/RIGHLRQL]HGZDWHUDGGHGWRHDFKVRLO
VDPSOH GXULQJPRQWKV



$IWHU  PRQWK RI LQFXEDWLRQ  PJ 3 NJ VRLO  ZHUH DSSOLHG WR WUHDWPHQW / ZKLFK GLG QRW
UHFHLYH 3 IHUWLOLVHU EHIRUH DQG WUHDWPHQW 1 ZKLFK SUHYLRXVO\ UHFHLYHG 35 7KH 763 ZDV
DSSOLHGDVP/RIPRQRFDOFLXPSKRVSKDWHVROXWLRQ





P/RIZDWHUZHUHDGGHGWRWUHDWPHQWV.DQG0P/RIZDWHUZHUHDGGHGWRWUHDWPHQWV/DQG
1$OOSRWVZHUHVKDNHQRYHUQLJKWDQGDQLVRWRSLFH[FKDQJHNLQHWLFVH[SHULPHQWZDVSHUIRUPHGRQ
WKHQH[WPRUQLQJ7KHIROORZLQJH[SHULPHQWDOUHVXOWVZHUHREWDLQHG
LL ([SHULPHQWDOUHVXOWV
)RU WKH GHWHUPLQDWLRQ RI WKH DSSOLHG UDGLRDFWLYW\ 5   UHSOLFDWH YLDOV FRQWDLQLJ  P/ RI WKH 3
´VROXWLRQ'´ZKLFKLVDGLOXWLRQRIWKH³ 3PRWKHUVROXWLRQ&´ZHUHFRXQWHGDQGWKHIROORZLQJ
FRXQWUDWHVZHUHUHFRUGHGDQGFSP7KHPHDQYDOXHLVFSP
SHU P/ 7KHUHIRUH WKH WRWDO UDGLRDFWLYLW\ DSSOLHG WR HDFK VRLO VROXWLRQ LV    FSP $V WKLV
DPRXQWRIUDGLRDFWLYLW\ZDVDSSOLHGWRP/P/ P/RIVRLOVROXWLRQZKLFKPHDQVWKDW
HDFKP/RIVRLOVROXWLRQDWWKHEHJLQQLQJUHFHLYHG   FSPSHUP/7KLVLVWKH
5YDOXH











7KHIROORZLQJFRXQWUDWHV 7DEOH ZHUHREWDLQHGIRUHDFKVDPSOLQJWLPHIRUHDFKVRLOVDPSOH
7DEOH([DPSOHRIUHVXOWVRIFRXQWLQJRQWKHIRXUWUHDWHGVRLOVDPSOHVWKUHHRIZKLFK /01 
UHFHLYHG3IHUWLOLVHUV
7UHDWPHQWV
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7LPH PLQXWHV 

&RQWURO

763

35

35763









































&  PJ3/ 









3

7KH FRQFHQWUDWLRQV RI 3 SUHVHQW DV SKRVSKDWH LRQV ZHUH GHWHUPLQHG XVLQJ WKH PDODFKLWH JUHHQ
PHWKRG VHH& 
LLL &DOFXODWLRQV
0RVWSUREDEOHU5DQGQYDOXHV'HWHUPLQDWLRQRIFRUUHODWLRQFRHIILFLHQWU

7R GHWHUPLQH WKH PRVW SUREDEOH YDOXH IRU U 5 DQG Q WKH OLQHDU UHJUHVVLRQ EHWZHHQ ORJ U  DQG W
KDV WR EH GHWHUPLQHG $V DQ H[DPSOH WKLV HYDOXDWLRQ LV SHUIRUPHG VWHS E\ VWHS ZLWK WKH .
WUHDWPHQW'DWDDUHUHFRUGHGLQ7DEOH
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7DEOH'DWDWRGHWHUPLQHU DQGWKHPRVWSUREDEOHU 5DQGQ
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&DOFXODWLQJWKHOLQHDUUHJUHVVLRQEHWZHHQORJU DQGORJWWKHPRVWSUREDEOHVORSHLHQLV
DQGWKH<LQWHUFHSW7KLVPHDQVWKDW/RJU  LHU 5 FSP7KLVUHVXOWDOORZVWR
FDOFXODWHU 5  
W







7DEOH0RVWSUREDEOHYDOXHVIRUU U 5DQGQ
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3DUDPHWHUV
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&DOFXODWLRQVRIWKHSRROVL]HV

7KHVH UHVXOWV DOORZ WR FDOFXODWH WKH VL]H RI WKH YDULRXV SRROV XVLQJ IRUPXOD >@ DQG IRUPXOD >@
([DPSOHVDUHH[SODLQHGIRUWKH.WUHDWPHQW
,QWKLVH[SHULPHQWDOSURFHGXUHWKHTXDQWLW\T RI3DVSKRVSKDWHLRQVSUHVHQWLQWKHVRLOVROXWLRQLV
FDOFXODWHGDVT  & VLQFHJVRLODUHPL[HGZLWKP/RIZDWHU:KHQWKHVRLOWRVROXWLRQ
UDWLRLVPRGLILHGIRUDQ\UHDVRQWKLVIDFWRUPXVWEHPRGLILHGDFFRUGLQJO\
V

V

3

Ã3RRO(LH3LVRWRSLFDOO\H[FKDQJHDEOHGXULQJWKHILUVWPLQXWH
$SSOLHGWRWKH.WUHDWPHQWXVLQJHTXDWLRQ>@WKHYDOXHIRU( LV


SRRO(  [[>@ PJ3NJVRLO


Ã3RROPLQXWHGD\
$SSOLFDWLRQRIWKHIRUPXOD>@IRUGD\LHPLQXWHV
WKHIRUPXODLVUHGXFHGWR

$VWLVELJFRPSDUHGWR U5

Q

U 5 U 5>W@ T 3  
Q

W



V
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(TXDWLRQ 

PJ3NJVRLO

7KXV
U
DQGDV 
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 T 5U

GD\
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 >@ PJ3NJ

GD\

$SSO\LQJHTXDWLRQ>@SRROPLQXWHGD\  PJ3NJVRLO
Ã3RROGD\PRQWKV
$SSOLFDWLRQRIWKHIRUPXOD>@IRUPRQWKVLHPLQXWHV
U
DQGDV(

PRQWKV
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 T 5U
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 >@ PJ3NJ

$SSO\LQJHTXDWLRQ>@SRROGD\PRQWKV  PJ3NJVRLO
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Ã3RROPRQWKV\HDU
$SSOLFDWLRQRIWKHIRUPXOD>@IRU\HDULHPLQXWHV
U
DQGDV



5 >@
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 T 5U

\HDU
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 >@ PJ3NJVRLO

\HDU

$SSO\LQJHTXDWLRQ>@SRROPRQWKV\HDU  PJ3NJVRLO

Ã3RRO!\HDU
7KHVL]HRIWKLVSRROLVFDOFXODWHGDVIROORZV
SRRO!\HDU 7RWDO3SRRO\HDU



(TXDWLRQ 

7KXV
SRRO!\HDU  PJ3NJVRLO

7KHVDPHFDOFXODWLRQVZHUHPDGHIRUWKHRWKHUWUHDWPHQWVDQGWKHUHVXOWVDUHJLYHQLQ7DEOH
7DEOH6L]HRIWKHYDULRXVSRROVRIGHFUHDVLQJPRELOLW\ZLWKWLPH
7UHDWPHQWV
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' $JURQRPLFFRPPHQWV

7KHWUHDWPHQW.LHWKHQDWLYH³FRQWUROVRLO´FDQEHFRQVLGHUHGDVDVRLORIORZ3VWDWXV
WKDWPHDQVLWLVWRRORZLQDYDLODEOHVRLO37ZRFRPSOHPHQWDU\UHDVRQVFDQEHLGHQWLILHG


WKH3FRQFHQWUDWLRQLQWKHVRLOVROXWLRQLVQHDUWKHFULWLFDOYDOXHRIPJ3/

 WKH ORZ (  YDOXH RI WKLV VRLO LH WKH TXDQWLW\ RI 3 GLUHFWO\ DYDLODEOH WR FURSV FDQ EH


FRQVLGHUHGDVDOLPLWLQJIDFWRUVLQFHLWLVEHORZWKHFULWLFDOYDOXHRI±PJ3NJ


,W FDQ EH QRWHG WKDW WKLV VRLO KDV D UDWKHU ORZ IL[LQJ FDSDFLW\ IRU SKRVSKDWH LRQV DQG
WKHUHIRUHWKHDYDLODEOH3FDQHDVLO\EHPRGLILHGE\3IHUWLOLVHUDSSOLFDWLRQ
7KHFDSDFLW\IDFWRURIWKLVVRLOLHWKHYROXPHRIVRLOVROXWLRQWKDWFDQEHREWDLQHGZLWKRXWFKDQJH
LQ3FRQFHQWUDWLRQFDQEHFDOFXODWHGDVIROORZV
& 4XDQWLW\IDFWRU ( ,QWHQVLW\IDFWRU F >NJ/@


S



)RUWUHDWPHQW.IROORZV
PJ3NJ PJ3/ /NJVRLO


SURYLGHGWKHUHDUHQRRWKHUPDLQOLPLWLQJIDFWRUV



(TXDWLRQ 
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,QRXUH[SHULPHQWWZRPRGHVRIIHUWLOL]DWLRQZHUHVWXGLHGDKHDY\IHUWLOL]DWLRQZLWKSKRVSKDWHURFNV
WR ©UHFDSLWDOL]Hª WKH VRLO DV UHFRPPHQGHG E\ VRPH UHVHDUFKHUV DQG D ORZHU IHUWLOL]DWLRQ UDWH
XVLQJ7ULSOH6XSHU3KRVSKDWH
7KHUHVXOWVVKRZQLQ7DEOHLQGLFDWHWKDWDSSOLFDWLRQVRI763DQG35VLJQLILFDQWO\LQFUHDVHGWKH
VRLO3IHUWLOLW\VLQFHLUUHVSHFWLYHRIWKH3IHUWLOLVHUDSSOLHGWKHIL[LQJFDSDFLW\GHFUHDVHG ZKHUHDV
WKH( YDOXH TXDQWLW\IDFWRU DQG& YDOXH LQWHQVLW\IDFWRU LQFUHDVHG$IWHUIHUWLOLVHUDSSOLFDWLRQLQ
WKHWZRZD\VPHQWLRQHGDERYHSKRVSKRUXVGRHVQRWUHPDLQDOLPLWLQJIDFWRUIRUFURSSURGXFWLRQ


3

7ZRIXUWKHUUHVXOWVFDQEHFDOFXODWHG
 7KHH[SHFWHG3GIIZLWKWKHWKUHHIHUWLOLVHUDSSOLFDWLRQPRGHV
 7KH3IHUWLOLVHUHIILFLHQF\ZKLFKFDQEHFDOFXODWHGDVWKHUDWLREHWZHHQWKHLQFUHDVHRI
WKH( YDOXHLQHDFKWUHDWPHQWDQGWKHTXDQWLW\RI3DSSOLHG


7KHH[SHFWHG3GIIZDVFDOFXODWHGDFFRUGLQJWRHTXDWLRQ
(IILFLHQF\ >( ( @PJ3 NJVRLO 





)

&



(TXDWLRQ 


7DEOH([SHFWHG3GIIDQG3IHUWLOLVHUHIILFLHQF\RIWKHYDULRXV3IHUWLOLVHUVDSSOLHG
7UHDWPHQWV

([SHFWHG3GII

(IILFLHQF\

/ 763 





0 35 





1 35763 






&RQFOXVLRQV
$VWKH3GIILVKLJKHUWKDQLQDOOIHUWLOLVHUWUHDWPHQWV3IHUWLOL]DWLRQZLOOEHHIILFLHQWLQWHUPVRI
FURS\LHOG7KH35LVHIILFLHQWLQWKLVVRLOEHFDXVHWKHS+LVQHDU
&RQFHUQLQJ WKH UHFDSLWDOL]DWLRQ HIIHFW WKH UHVXOWV VKRZ WKDW D IUDFWLRQ RI WKH 3 DSSOLHG DV 763
HYHQDIWHUD KLJKDSSOLFDWLRQUDWHLVDOZD\VWUDQVIRUPHGLQWRD OHVVPRELOHIRUPWKDQWKHDSSOLHG
IRUPZKLFKLVVROXEOH,QWKLVH[DPSOHWKHLQFUHDVHRI( YDOXHDIWHU3DSSOLFDWLRQDV763RQVRLO
ZKLFK SUHYLRXVO\ UHFHLYHG 35 LV    PJ 3NJ DQG ZDV     PJ 3NJ
ZLWKRXWSUHYLRXV35DSSOLFDWLRQ7KHUHVXOWVRIWKHSRROVL]HYDULDWLRQVVKRZWKDWWKHDSSOLHG3ZDV
WUDQVIRUPHGSDUWO\LQWRYHU\VORZO\DYDLODEOHIRUPV




/$%(//,1*3/$176:,7+ & $1'25 & $1'$1$/<6,62)&,162,/$1'3/$17
6$03/(6




$ 3UHSDUDWLRQRIODEHOOHGSODQWPDWHULDO
 $VLPSOHPHWKRGIRUXQLIRUPODEHOLQJRISODQWPDWHULDOXVLQJDSXOVHODEHOLQJWHFKQLTXHLVVKRZQ
 ,IFRQWLQXRXVODEHOLQJLVUHTXLUHGDVXLWDEOHDLUWLJKWJURZWKFKDPEHUDQGERWWOHG &HQULFKHGRU
GHSOHWHG&2 ZLOOEHUHTXLUHG




% /DEHOOLQJFKDPEHU
 $FKDPEHUVXFKDVLVVKRZQLQ)LJXUHZLOOEHQHFHVVDU\
 7KLVFKDPEHUPHDVXUHVPORQJPZLGHDQGPKLJKDQGLVODUJHHQRXJKWRSURGXFH
ODUJHTXDQWLWLHVRISODQWPDWHULDOQHHGHGLQLQFXEDWLRQVWXGLHV
 7KHIUDPHLVPDGHIURPDOXPLQXPDQG39&SLSHVDQGWKHVLGHVIURPFOHDUJDVSURRIHWK\OYLQ\O
DOFRKROILOP
 7KH WKUHH VLGHV RI WKH FKDPEHU DUH SHUPDQHQWO\ WDSHG WR WKH IORRU DQG VDQGEDJV DUH XVHG WR
SURGXFH D SHUPDQHQW DQG JDV WLJKW VHDO 7KH IURQW LV OHIW XQVHDOHG WR DOORZ ZDWHULQJ RI WKH
SODQWV
 $FRPPHUFLDODLUFRQGLWLRQLQJXQLWLVDWWDFKHGRQRQHVLGHWRFLUFXODWHWKHDLULQVLGHWKHFKDPEHU
DQGDWWKHVDPHWLPHUHJXODWHWKHWHPSHUDWXUHWRDERXW&
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 ,I DGGLWLRQDO OLJKWLQJ LV UHTXLUHG VXFK DV ZKHQ FORXG\ RU LQ VKRUW GD\OLJKW KRXUV OLJKWV VXFK DV
PHUFXU\YDSRXUODPSVVKRXOGEHXVHGDERYHWKHFKDPEHU
 7KH &2  FRQFHQWUDWLRQ LQVLGH WKH FKDPEHU VKRXOG EH PRQLWRUHG E\ DQ LQIUD UHG JDV DQDO\VHU
$'&7\SH0N&2 DQDO\VHURUVLPLODU 






&2
$LU

FRQ

,5*$

)LJXUH6HWXSRIWKHODEHOOLQJFKDPEHU 6DQFKH]HWDO 
& *URZWKDQG0DLQWHQDQFHRI3ODQWV
 7KHUHTXLUHGSODQWVVKRXOGEHJURZQLQDYHUPLFXOLWHVDQGPL[WXUHRUVLPLODULQSODVWLFOLQHG
SRWV WRSUHYHQWLVRWRSLFFRQWDPLQDWLRQRIWKHVXUURXQGLQJVZKHQXVLQJ & 
 7KHSRWVVKRXOGEHZDWHUHGWRILHOGFDSDFLW\UHJXODUO\E\UHPRYLQJWKHPIURPWKHFKDPEHU
 $ QXWULHQW VROXWLRQ VXFK DV $TXDVRO VXSSOHPHQWHG ZLWK 0J62  VKRXOG EH DSSOLHG RQFH HYHU\
IRUWQLJKWWKHQLQFUHDVHGWRZHHNO\DVSODQWJURZWKLQFUHDVHV
 3HVWLFLGHVVKRXOGEHDSSOLHGLIDQGZKHQQHFHVVDU\
 8QOHVVODEHOOLQJFRPPHQFHVZKHQWKHSODQWVDUHVPDOOVXFKDVDWWKHOHDIVWDJHLWPD\EH
QHFHVVDU\WRKHDYLO\GHIROLDWHRUVHYHUHO\SUXQHWKHPSULRUWRODEHOOLQJWRHQVXUHWKDWWKHQHZO\
IRUPHGELRPDVVZLOOKDYHDKLJKHQULFKPHQW




'





&DQG &ODEHOOLQJ

 7KH &2 DQG &2 FDQEHJHQHUDWHGIURPWKHUHDFWLRQRI1D &2 DQG1D &2 ZLWKODFWLF
DFLGLQMHFWHGWKURXJKDWKLQSODVWLFWXEHWKDWUXQVWKURXJKWKHVLGHRIWKHODEHOOLQJFKDPEHU
 7KH SXOVHV RI ODEHOOHG &2  VKRXOG EH DGPLQLVWHUHG DW VXFK WLPHV DV ZKHQ SKRWRV\QWKHWLF
DFWLYLW\LVH[SHFWHGWREHKLJKVXFKDVEHWZHHQDQGDP
 'XULQJFORXG\GD\VRUZKHQGD\OHQJWKLVVKRUWWKHOLJKWVDERYHWKHFKDPEHUVKRXOGEHWXUQHG
RQWRPDLQWDLQDGD\OHQJWKRIKRXUV
 7KH&2 FRQFHQWUDWLRQLQVLGHWKHFKDPEHULVDOORZHGWRGURSIURPSSPWRSSPEHIRUH
WKHODEHOOHG&2 SXOVHLVLQWURGXFHG
 :KHQWKH&2 FRQFHQWUDWLRQKDVGHFOLQHGWRDSSUR[LPDWHO\SSPIROORZLQJWKHLQWURGXFWLRQ
RI WKH ODEHOOHG &2  DQG EHFDPH VWHDG\ &2 LV LQWURGXFHG LQWR WKH FKDPEHU IURP D JDV
F\OLQGHUWRUHWXUQWKHFRQFHQWUDWLRQWRSSP
 6HTXHQWLDO &2 SXOVLQJVKRXOGEHFRQWLQXHGIRUWKHUHVWRIWKHGD\RUXQWLOSP
 $UWLILFLDO OLJKWLQJ VKRXOG EH XVHG WR PD[LPL]H WKH XSWDNH RI WKH ODEHOOHG &2 UHPDLQLQJ LQ WKH
FKDPEHU
 7KHFKDPEHUVKRXOGEHFORVHGRYHUQLJKWWRFRQWDLQDQ\ODEHOOHG&2 UHOHDVHGGXULQJUHVSLUDWLRQ
DQGSUHYHQWDQ\ODEHOHG &2 OHDNLQJLQWRWKHDWPRVSKHUH
 $GGLWLRQDOSXOVHVRI &2 VKRXOGEHDGPLQLVWHUHGWKHQH[WGD\EHIRUHRSHQLQJWKHFKDPEHUWR
H[SRVHWKHSODQWVWRQDWXUDOFRQGLWLRQV
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 ,Q WKH H[SHULPHQW RI 6DQFKH] HW DO   0%T RI & ZDV DGPLQLVWHUHG DW HDFK ODEHOOLQJ
WLPH DQG WKH IUHTXHQF\ RI ODEHOOLQJ LQFUHDVHG IURP RQFH D ZHHN WR IRXU WLPHV D ZHHN DV WKH
SODQWELRPDVVLQFUHDVHG
 7KHSODQWVZHUHSXOVHODEHOOHGZLWK &2 ILIWHHQWLPHVGXULQJWKHJURZLQJVHDVRQ
 7KHSRWVVKRXOGEHURWDWHGSULRUWRHDFKODEHOOLQJWRHQVXUHXQLIRUPLW\RIODEHOOLQJDPRQJSRWV
 7KH DPRXQW RI 1D &2   XVHG E\ 6DQFKH] HW DO   IRU HDFK SXOVH ZDV LQFUHDVHG
IURP J LQ WKH ILUVW ZHHN WR  J LQ WKH VHFRQG DQG WKLUG ZHHNV WKHQ WR  J IRU WKH
VXFFHHGLQJZHHNV,WZDVWKHQUHGXFHGWRJZKHQRQO\WKHULFHSODQWVZHUHOHIWWRPDWXUH
 7KHSODQWPDWHULDOVSURGXFHGE\6DQFKH]HWDO  KDGWKHHQULFKPHQWVVKRZQLQ7DEOH
5LFH VWUDZ FRQWDLQHG WKH ORZHVW & DQG & HQULFKPHQW GXH WR WUDQVORFDWLRQ RI ODEHO WR WKH
JUDLQVDVEHORZJURXQGWUDQVORFDWLRQRIDVVLPLODWHGFDUERQZDVUHGXFHG OHVVWKDQ GXULQJ
JUDLQILOOLQJ
















7DEOH&DUERQDQGQLWURJHQFRQFHQWUDWLRQDQGLVRWRSLFHQULFKPHQWRIIOHPLQJLDPHGLFDQGULFH
VWUDZDIWHUODEHOOLQJZLWK &2  &2 DQG 1+ &O
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&
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( 3UHSDUDWLRQRIVRLOVDPSOHVIRUWRWDO& &DQG &DQDO\VLV
 7KHVRLOVDPSOHVVKRXOGILUVWO\EHSUHSDUHGDVLQ6HFWLRQ
 ,IRQO\DSRUWLRQRIWKHVDPSOHLVWREHXVHGIRU&DQDO\VLVRULIWKHVRLOVDPSOHLVODUJHDVXE
VDPSOHVKRXOGEHWDNHQXVLQJDVDPSOHVSOLWWHUVLPLODUWRWKDWVKRZQLQ)LJXUH$VDPSOH
VSOLWWHU LV QHFHVVDU\ WR HQVXUH \RX REWDLQ D UHSUHVHQWDWLYH VXEVDPSOH ZLWK WKH VDPH SDUWLFOH
VL]HGLVWULEXWLRQDVWKHRULJLQDOVDPSOH


)LJXUH$W\SHRIVDPSOHVSOLWWHU

 7KH ODUJHU WKH VDPSOH XVHG WKH PRUH UHSUHVHQWDWLYH LW ZLOO EH EXW XVXDOO\ WKH VDPSOH WR EH
JURXQG QHHG QRW EH DQ\ ODUJHU WKDQ  J ,Q PDQ\ FDVHV LW ZLOO EH QHFHVVDU\ WR XVH VPDOOHU
VDPSOHVL]HVEXWWU\WRDYRLGVDPSOHVL]HVRIOHVVWKDQJ
 2YHQGU\WKHVRLOVDPSOHDW &IRUKRXUVSULRUWRJULQGLQJ
R
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 6RLOVDPSOHVVKRXOGEH JURXQGWROHVVWKDQ mP RUOHVVWKDQ mPIRUGHWHUPLQDWLRQRI
&DVVKRZQLQ6HFWLRQ,IWKHVDPSOHLVODUJHDPLFURKDPPHUFXWWHUPLOOZLWKDPD[LPXP
VFUHHQVL]HRI RU mPPD\EHXVHG,WLVHVVHQWLDOWKDWWKHVRLOLVJURXQGIRUVXIILFLHQW
OHQJWK RI WLPH VR WKDW DOO RI WKH VDPSOH SDVVHV WKURXJK WKH VFUHHQ 7KHUH VKRXOG EH QR VDQG
JUDLQV UHPDLQLQJ RQ WKH VFUHHQ DW WKH FRPSOHWLRQ RI JULQGLQJ 7KH RQO\ VRLO UHPDLQLQJ LQ WKH
JULQGHU VKRXOG EH WKDW GLVWULEXWHG DURXQG WKH HGJHV 7KLV ZLOO HQVXUH WKDW D UHSUHVHQWDWLYH
VDPSOHLVREWDLQHG6PDOOHUVDPSOHVVKRXOGEHJURXQGWROHVVWKDQ RU mPXVLQJDEDOO
PLOO$IWHUJULQGLQJWKHVDPSOHVKRXOGEHSDVVHGWKURXJKD RU mPVLHYHWRFKHFNWKDW
LWKDVEHHQJURXQGVXIILFLHQWO\,IWKHHQWLUHVDPSOHGRHVQRWSDVVWKURXJKWKHVLHYHLWVKRXOGEH
UHWXUQHG WR WKH EDOO PLOO DQG JURXQG XQWLO VXFK WLPH DV WKH ZKROH VDPSOH SDVVHV WKURXJK WKH
VLHYH 6RLOV ZLWK KLJK FOD\ FRQWHQW PD\ IRUP OXPSV GXULQJ WKH JULQGLQJ SURFHVV 7KHVH DUH
HDVLO\EURNHQWRSDVVWKURXJKWKHVLHYHE\XVLQJWKHEDFNRIDVSDWXODRUVLPLODU


 %RWK W\SHV RI JULQGHUV VKRXOG EH WKRURXJKO\ FOHDQHG DIWHU HDFK VDPSOH WR DYRLG FURVV
FRQWDPLQDWLRQ$EUXVKDQGFRPSUHVVHGDLUZLOOEHQHFHVVDU\WRFOHDQWKHPLFURKDPPHUFXWWHU
PLOO%DOOPLOOVVKRXOGEHFOHDQHGE\ZDVKLQJZLWKZDWHUIROORZHGE\ULQVLQJZLWKGLVWLOOHGZDWHU
WRUHPRYHFRQWDPLQDQWVLQWKHWDSZDWHU7KH\FDQWKHQEHGULHGZLWKSDSHUWRZHOIROORZHGE\D
ILQDOGU\LQJZLWKFRPSUHVVHGDLU
 7KH VDPSOH LV QRZ UHDG\ WR VHQG WR WKH 6HLEHVGRUI /DERUDWRU\ RU IRU \RXU RZQ DQDO\VLV ,I
VHQGLQJWR6HLEHVGRUIODUJHUVDPSOHVVKRXOGEHVXEVDPSOHGWRDSSUR[LPDWHO\JXVLQJWKH
VDPSOH VSOLWWHU DV DERYH 7KH VDPSOH VL]H VHQW VKRXOG EH QRW OHVV WKDQ  J WR HQVXUH D
UHSUHVHQWDWLYHVDPSOH
) 3UHWUHDWPHQWRIFDUERQDWHVRLOVSULRUWRFRPEXVWLRQRUDQDO\VLVIRUWRWDO&
L

,QWURGXFWLRQ

7KH PHDVXUHPHQW RI FDUERQ E\ KLJK IUHTXHQF\ LQGXFWLRQ IXUQDFH WHFKQLTXHV RU E\ FRPSOHWH
GLJHVWLRQ UHVXOWV LQ WKH FRPSOHWH FRQYHUVLRQ RI FDUERQDWHV LQWR FDUERQ GLR[LGH $V D UHVXOW LW LV
QHFHVVDU\WRUHPRYHWKHVHLQDGYDQFHE\DFLGLILFDWLRQRIWKHVRLOVDPSOHSULRUWRLQWURGXFWLRQWRWKH
IXUQDFHRUWKHDGGLWLRQRIWKHGLJHVWLRQPL[WXUH
LL 5HDJHQWV


2UWKRSKRVSKRULF DFLG + 32   0DNH WR DSSUR[LPDWHO\  ZY E\ WDNLQJ P/ RI
FRQFHQWUDWHG RUWKRSKRVSKRULF DFLG DQG PDNH WR P/ WRWDO YROXPH ZLWK GLVWLOOHGGHLRQLVHG
ZDWHU




LLL 0HWKRG






3UHSDUHWKHVRLOVDPSOHVDVSHU6HFWLRQ
:HLJKWKHDPRXQWRIVRLOUHTXLUHGLQWRWKHWLQFDSVXOHVXVHGIRUWKHFRPEXVWLRQRUWKHGLJHVWLRQ
WXEHVWREHXVHGIRUWRWDO&GHWHUPLQDWLRQEXWGRQRWFULPSWKHWLQFXSVFORVHG3ODFHWKHPLQWR
WKHWLQFDSVXOHKROGHU
8VLQJ D ILQH WLSSHG SDVWHXU SLSHWWH DGG  GURSV RI  RUWKRSKRVSKRULF DFLG WR WKH WLQ FXSV
FRQWDLQLQJ WKH VRLO:DWFKIRU DQ\ YLVLEOH VLJQV RI HIIHUYHVFHQFH )RU WKH GLJHVWLRQ WXEHV DGG
WKHDFLGGURSZLVHXQWLOWKHVRLOLVFRPSOHWHO\ZHWE\WKHDFLG
3ODFH WKH KROGHU FRQWDLQLQJ WKH WLQ FXSV RU GLJHVWLRQ WXEHV DQG VRLO LQWR D  & RYHQ IRU 
KRXUV7KLVZLOODVVLVWWKHUHDFWLRQDQGGULYHRIIWKHUHPDLQLQJOLTXLG
5HPRYH WKH VDPSOHV IURP WKH RYHQ DQG DGG WKH  RUWKRSKRVSKRULF RQFH DJDLQ ORRN IRU
HIIHUYHVFHQFH,IQRQHRFFXUVGU\DVDERYHDQGWKHQFULPSWKHWLQFXSUHDG\IRUDQDO\VLVRQWKH
PDVVVSHFWURPHWHURUFRQWLQXHZLWKWKHGLJHVWLRQ,IHIIHUYHVFHQFHGRHVRFFXUUHSHDWWKHDFLG
DGGLWLRQVXQWLOHIIHUYHVFHQFHFDQQRWEHGHWHFWHG
R




LY &RPPHQWV
 2UWKRSKRVSKRULF DFLG   ZDV FKRVHQ DV LW GLG QRW FDXVH VLJQLILFDQW FRUURVLRQ RI WKH WLQ
FDSVXOHVEXWDWWKHVDPHWLPHDOORZHGVXIILFLHQWUHDFWLRQRIWKHVRLOWRRFFXU
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 :KHQFULPSLQJWKHWLQFDSVXOHVDIWHUDFLGWUHDWPHQWFDUHVKRXOGEHWDNHQQRWWRSLHUFHRUEUHDN
WKHP,IWKLVGRHVRFFXULWPD\EHQHFHVVDU\WRSODFHWKHPLQVLGHDQRWKHUWLQFDSVXOHDQGWKHQ
FULPS LW ,I WKLV LV UHTXLUHG VWDQGDUGV DQG EODQNV PXVW EH WUHDWHG LQ WKH VDPH ZD\ WR HQVXUH
FRQWLQXLW\


* 0HDVXUHPHQWRI &LQVRLODQGSODQWVDPSOHV
 %HFDXVH RSHQ GLJHVWLRQ SURFHGXUHV ORVH & IURP SODQW DQG VRLO VDPSOHV FORVHG V\VWHPV RU
VROXELOLVDWLRQSURFHGXUHVKDYHEHHQGHYHORSHGWRPHDVXUH &LQVRLODQGSODQWVDPSOHV
 7KH JHQHUDO SURFHGXUH UHFRPPHQGHG IRU VRLO VDPSOHV LV HVVHQWLDOO\ WKDW RI $PDWR   LQ
ZKLFKGLJHVWLRQWDNHVSODFHLQDVHDOHGYLDOZKLFKFRQWDLQVD&2 WUDSSLQJGLVFRUVROXWLRQ
 2QFHGLJHVWLRQLVFRPSOHWHWKHWXEHVDUHOHIWRYHUQLJKWDQGWKHDEVRUELQJVROXWLRQRUGLVFSODFHG
LQDVFLQWLOODQWDQGFRXQWHGLQDOLTXLGVFLQWLOODWLRQFRXQWHU
 3ODQW VDPSOHV FDQ EH VROXELOLVHG LQ SURSULHWDU\ VROXWLRQV DQG FRXQWHG LQ D OLTXLG VFLQWLOODWLRQ
FRXQWHUDIWHUDGGLWLRQRIDVFLQWLOODQW
 $Q DOWHUQDWLYH SURFHGXUH LV WR FRPEXVW WKH VDPSOH LQ D IXUQDFH DV GHVFULEHG IRU &
PHDVXUHPHQWDQGWKHHYROYHG&2 WUDSSHGLQ1D2+DQGWKLVFRXQWHGE\OLTXLG








L

:HWGLJHVWLRQ

 7KHZHWGLJHVWLRQDQGFRXQWLQJSURFHGXUHEHORZLVWDNHQIURP9RURQH\HWDO  
 $V LQ DOO DQDO\WLFDO GHWHUPLQDWLRQV HDFK EDWFK RI VDPSOHV DQDO\VHG VKRXOG FRQWDLQ D &
VWDQGDUGWRGHWHUPLQHWKHHIILFLHQF\RIWKHGLJHVWLRQPL[WXUH
 $VZHOODEODQNVDPSOHVVKRXOGDOVREHLQFOXGHGLQHDFKEDWFKWRPHDVXUHEDFNJURXQGOHYHOV
 :KHQGHWHUPLQLQJWRWDO&LQFDOFDUHRXVVRLOVDOOFDUERQDWHVVKRXOGEHUHPRYHGE\DFLGWUHDWLQJ
DVSHU6HFWLRQ'SULRUWRPHDVXUHPHQW


'LJHVWLRQ$SSDUDWXV







$EORFNGLJHVWHU
'LJHVWLRQWXEHV ;PP ZLWKWKLFNZDOOV PP WRZLWKVWDQGSUHVVXUH )LJXUH 
$VXEDVHDO VL]H WRVWRSSHUWKHGLJHVWLRQWXEH )LJXUH 
$P/JODVVYLDORUDP/JUDGXDWHGWXEH LIWRWDO&LVGHVLUHG  )LJXUH 
$JODVVVXSSRUWURG PPGLDPHWHU;PPOHQJWK EHQWDWRQHHQGWRVXSSRUWDJODVVYLDO
RUDVKRUWHUURG PP LIJUDGXDWHGWXEHVDUHXVHG )LJXUH 

5HDJHQWV







P/HWKDQRODPLQHRUP/01D2+WRWUDS&2
'LJHVWLRQPL[WXUH
J&U2 
P/0+ 32 
P/,0+ 62 










6FLQWLOODWLRQ&RFNWDLOIRU&RXQWLQJ(WKDQRODPLQH / 






POWROXHQH
P/PHWKR[\HWKDQRO
JGLSKHQ\OR[D]ROH 332 
PJELV SKHQ\OR[D]ROH\O EHQ]HQH 32323 
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)LJXUH'LJHVWLRQWXEHVHWXSIRUWRWDODQGODEHOHG&GHWHUPLQDWLRQ 9RURQH\HWDO 
LL 3URFHGXUH
3UHSDUDWLRQRIWKH'LJHVWLRQ0L[WXUH

 3ODFH WKH + 32  DQG + 62  LQWR D P/ 3\UH[ (UOHQP\HU IODVN DQG KHDW WR ±&
XVLQJDKRWSODWHDQGDPDJQHWLFVWLUUHUWRIDFLOLWDWHGLVVROXWLRQRIWKH&U2 
 :KHQ&KDVEHHQUHDFKHGWXUQRIIWKHKHDW
 $VWKHWHPSHUDWXUHVWDUWVWRIDOOIURP&DGG&U2 DQGFRQWLQXHWRVWLUGXULQJFRROLQJ.HHS
FRYHUHG ZLWK DQ LQYHUWHG EHDNHU WR SUHYHQW ZDWHU YDSRU IURP HQWHULQJ WKH IODVN VLQFH ZDWHU
GLPLQLVKHVWKHR[LGL]LQJHIILFLHQF\RIWKHPL[WXUH
 7KHGLJHVWLRQPL[WXUHVKRXOGEHEURZQFRORUHGSURORQJHGKHDWLQJSURGXFHVDJUHHQVROXWLRQRI
R[LGL]HGFKURPLXP














'LJHVWLRQRI3ODQWDQG6RLOIRU7RWDO &

 :HLJKLQWRWKHGLJHVWLRQWXEH±JRIVRLO RYHQGULHGDW&DQGJURXQGWRILQHUWKDQ
PP  RU  J RI SODQW PDWHULDO RYHQ GULHG DW & DQG JURXQG WR ILQHU WKDQ  PP 
6DPSOHV VKRXOG FRQWDLQ OHVV WKDQ  PJ & ,I GHWHUPLQLQJ WRWDO & VRLO VDPSOHV FRQWDLQLQJ
FDUERQDWHVVKRXOGWKHQEHSUHWUHDWHGZLWKDFLG
 3UHSDUHWKH&2 WUDSE\DGGLQJP/RIHWKDQRODPLQHWRWKHP/YLDO
 $GG  P/ RI FRRO GLJHVWLRQ PL[WXUH WR HDFK WXEH TXLFNO\ DGG WKH JODVV VXSSRUW URG DQG &2 
WUDSDQGVWRSSHUWKHWXEHZLWKDVXEDVHDO
 3ODFHWKHWXEHLQDKHDWLQJEORFNIRUKUDW& EXWQRKLJKHU WKHQFRRODQGOHDYHRYHUQLJKW
WRDOORZFRPSOHWH&2 DEVRUSWLRQ






&$87,217KHFRQWHQWVRIWKHWXEHDUHXQGHUSUHVVXUH
 ,Q D IXPHKRRG DQG ZHDULQJ SURWHFWLYH H\HJODVVHV UHPRYH WKH &2  WUDSSLQJ YLDO IURP WKH
GLJHVWLRQWXEHDQGSODFHWKHFRQWHQWVLQWRDJODVVVFLQWLOODWLRQYLDO
 $GGP/RIVFLQWLOODWLRQFRFNWDLOFDSWLJKWO\ZLWKDIRLOEDFNHGSODVWLFFDSDQGVZLUOJHQWO\XQWLO
WKHFRQWHQWVDUHWKRURXJKO\PL[HGWKHFRFNWDLOVKRXOGDSSHDUFOHDU
 6WRUDJHRIWKHVDPSOHVIRUKUSULRUWRFRXQWLQJVOLJKWO\LQFUHDVHVWKHFRXQWLQJHIILFLHQF\




'LJHVWLRQRI3ODQWDQG6RLOIRU7RWDO &DQG7RWDO&






:HLJKSODQWRUVRLODQGDGGWRDGLJHVWLRQWXEHDVLQEDERYH
3UHSDUHWKH&2 WUDSE\DGGLQJP/RI01D2+WRDP/JUDGXDWHGWXEH
$GGWKHGLJHVWLRQPL[WXUH&2 WUDSVWRSSHUDQGGLJHVWFRRODQGVWRUHDVLQEDERYH
5HPRYH WKH &2  WUDS IURP WKH GLJHVWLRQ WXEH DQG DGG DQ DOLTXRW HJ  P/  RI WKH 1D2+
VROXWLRQWRDVFLQWLOODWLRQFRFNWDLO
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0HDVXUHPHQWRI7RWDO&

 $IWHU UHPRYLQJ WKH DOLTXRW IRU VFLQWLOODWLRQ FRXQWLQJ LQ F DERYH GLOXWH WKH UHPDLQLQJ 1D2+
VROXWLRQ LQ WKH JUDGXDWHG WXEH WR  P/ ZLWK &2 IUHH GLVWLOOHG ZDWHU DQG VHDO WKH WXEH WR
SUHYHQWIXUWKHUH[SRVXUHWR&2 
 7RWDO & FDQ EH GHWHUPLQHG E\ WLWUDWLRQ RI WKH 1D2+ VROXWLRQ XVLQJ WKH PHWKRG GHVFULEHG E\
$QGHUVRQ  




6ROXELOLVDWLRQRISODQWPDWHULDO



&LQSODQWVDPSOHVFDQEHGHWHUPLQHGE\VROXELOLVLQJWKHSODQWPDWHULDOLQP/RIVROXHQH
 3DFNDUG  DQG FRXQWHG LQ OLTXLG VFLQWLOODWLRQ FRXQWHU DIWHU DGGLWLRQ RI  PO RI OLTXLG
VFLQWLOODWLRQFRQVLVWLQJRISWHUSKHQ\O32323WHULFDQGWROXHQH



$ TXHQFK FXUYH FRQVLVWLQJ RI D VHULHV RI VSLNHG SODQW PDWHULDOV ZLWK YDU\LQJ DPRXQWV ±
PJ  VROXELOL]HG ZLWK  P/ VROXHQH QHHGV WR EH SUHSDUHG WR FRUUHFW IRU FRXQWLQJ
LQWHUIHUHQFHVGXHWR6ROXHQHDQGWRWKHFRORUUHVXOWLQJIURPWKHVROXELOLVDWLRQ





6,03/(0(7+2'6)2525*$1,&5(6,'8(48$/,7<$66(660(17

 0($685(0(172)727$/3+(12/,&6
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
3RO\SKHQROV DUH RQH SDUDPHWHU WR TXDQWLI\ SODQWV 1 UHOHDVH FKDUDFWHULVWLFV 7KH\ DUH
KHWHURJHQHRXV JURXS RI FRPSRXQGV WKDW KDYH D K\GUR[\O JURXS ERQGHG WR DQ DURPDWLF ULQJ $OO
WDQQLQVDQGIODYRQRLGVDUHH[DPSOHVRIWKLVJURXS
7KHIROORZLQJ PHWKRG LV DGDSWHG IURP .LQJ DQG +HDOWK   DQG $OOHQ HW DO   DQG DOORZV
WKHGHWHUPLQDWLRQRIWKHWRWDODPRXQWRIVROXEOHSKHQROLFV
3ULQFLSOH
7RWDOVROXEOHSRO\SKHQROLFVDUHDQDO\VHGE\WKH)ROLQ&LRFDOWHXVPHWKRG
+\GURO\VDEOH WDQQLQV FRQGHQVHG WDQQLQV DQG QRQWDQQLQ SRO\SKHQROV EXLOG ZLWK WKH UHDJHQWV D
EOXH FRORXU FRPSOH[ LQ DONDOLQH PHGLD WKH DEVRUEDQFH RI WKLV FRORXU FDQ EH PHDVXUHG ZLWK WKH
VSHFWURSKRWRPHWHUDWQP
7\SLFDOVDPSOH
)UHVK RU GULHG PDWHULDO GULHG DW URRP WHPSHUDWXUH QRW KLJKHU WKDQ  & LGHDOO\ ± & ZLWK D
IRUFHGDLURYHQ DQGJURXQGWRPPRUWRSDVVWKURXJKDPHVK
R

R

)UHVK PDWHULDO VKRXOG EH NHSW RQ LFH QRW H[SRVHG WR OLJKW EHFDXVH WKH HQ]\PHV PD\ UHDFW ZLWK
SRO\SKHQROV
'ULHGPDWHULDOVKRXOGQRWEHH[SRVHGWROLJKWDQGEHNHSWGU\ LGHDOO\LQDGHVLFFDWRU 
% $SSDUDWXV









6SHFWURSKRWRPHWHU
%DODQFHJ
9ROXPHWULFIODVNVP/P/
%HDNHUVP/
)XQQHOV
)LOWHUSDSHU :KDWPDQQU 
:DWHUEDWK± &
3DUDILOPRUZDWFKJODVVHV
R

& 5HDJHQWV



7DQQLF DFLGVWDQGDUG VROXWLRQ PJP/ GLVVROYH J WDQQLF DFLG REWDLQHG IURP 0HUFN
FRPSDQ\  LQ P/ RI GHPLQHUDOL]HG ZDWHU XVH D YROXPHWULF IODVN  WKH VROXWLRQ KDV WR EH
SUHSDUHGIUHVKO\
)ROLQ&LRFDOWHXV5HDJHQWVWRUHDW &
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6RGLXPFDUERQDWH GLVVROYHJVRGLXPFDUERQDWHLQGHPLQHUDOL]HGZDWHUDQGPDNHXS
WRP/ZLWKGHPLQHUDOL]HGZDWHU 
$TXHRXVPHWKDQRO YY 

' 3URFHGXUH











:HLJKDERXWJRIPDWHULDOLQDEHDNHU
$GGP/DTXHRXVPHWKDQROFRYHUZLWKSDUDILOPRUDZDWFKJODVVDQGSODFHLQDZDWHUEDWKDW
± &IRUKRXU
)LOWHUWKURXJKWKH:KDWPDQILOWHU
5LQVH WKH EHDNHU D IHZ WLPHV ZLWK D VPDOO DPRXQWV RI  PHWKDQRO WR WUDQVIHU WKH VDPSOH
TXDQWLWDWLYHO\RQWKHILOWHUSDSHU VRWKDWWKHUHLVQRVDPSOHOHIWLQWKHEHDNHU OHDYHDPDUJLQ
RIDERXWFPWRZDVKWKHILOWHUSDSHU
:DVKWKHILOWHUSDSHUWKUHHWLPHVZLWKPHWKDQRO XVHDZDVKERWWOHWRULQVHDWWKHPDUJLQ
DQGPDNHVXUHWKDWDOOOLTXLGZHQWWKURXJKWKHILOWHUSDSHUWRFROOHFWDOOWKHILOWUDWH 
5HPRYHILUVWWKHILOWHUSDSHUWKHQWKHIXQQHO
0DNHXSWRWKHPDUNRIWKHYROXPHWULFIODVNZLWKZDWHUDQGPL[ZHOO
6WDQGDUGFXUYHSLSHWWHP/P/P/P/RIWKHVWDQGDUGLQWRDP/YROXPHWULFIODVN
DGG DERXW P/ GHPLQHUDOL]HG ZDWHU P/ )ROLQ&LRFDOWHXV UHDJHQW DQG P/ VRGLXP
FDUERQDWH VROXWLRQ PDNH XS WR WKH PDUN ZLWK ZDWHU PL[ ZHOO DQG UHDG WKH DEVRUEDQFH DW
QPDIWHUPLQXWHV
R

6XEWUDFW WKH EODQN YDOXH IURP WKH RWKHU YDOXHV RU VHW WKH EODQN WR ]HUR GHSHQGLQJ RQ \RXU
VSHFWURSKRWRPHWHU 

6DPSOHV


3LSHWWHP/RIWKHILOWUDWHLQWRDP/YROXPHWULFIODVNDQGFRQWLQXHDVWKHVWDQGDUG

1RWHLIWKHDEVRUEDQFHLVKLJKHUWKDQXVHDVPDOOHUDOLTXRW
&DOFXODWLRQ


&DOFXODWHWKHOLQHDUUHJUHVVLRQRIWKHVWDQGDUGVUHDGPJP/RIWKHVDPSOHV
7RWDOH[WUDFWDEOHSRO\SKHQROLFV    PJP/[ VDPSOHZHLJKW

,IIUHVKPDWHULDOLVXVHGPDNHDGU\ZHLJKWFRUUHFWLRQ

 $') $&,''(7(5*(17),%5( '(7(50,1$7,21
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
$') LV RQH RI D YDULHW\ RI SODQW FKDUDFWHULVWLFV ZKLFK KDYH EHHQ OLQNHG WR RUJDQLF PDWWHU
EUHDNGRZQ DQG 1 UHOHDVH 7KH SURFHGXUHV GHVFULEHG KDYH EHHQ WHVWHG DJDLQVW WKH $1.20
WHFKQLTXHV ZKLFK LQ WXUQ KDYH EHHQ WHVWHG DJDLQVW WKH FODVVLFDO PHWKRGV 9DQ 6RHVW DQG :LQH
 7KHGHVFULEHGPHWKRGVVDYHFRQVLGHUDEOHWLPHDQGDUHSUREDEO\OHVVRSHQWRRSHUDWRUHUURU
WKDQ WKH FODVVLFDO RQHV 7KH $1.20 EDJV DUH DERXW  86 FHQWV HDFK $QRWKHU DGYDQWDJH RI
WKHVH PHWKRGV LV WKDW WKH\ DOVR DOORZ GHWHUPLQDWLRQ RI $') OLJQLQ DQG FHOOXORVH IURP FRPSOH[
UHVLGXHVVXFKDVPDQXUHV
% 3ULQFLSOH
3ODQWPDWHULDOLVGLJHVWHGLQDVROXWLRQRIERLOLQJVXOIXULFDFLGDQGFHW\OWULPHWK\ODPPRQLXPEURPLGH
&7$%  7KH &7$% GLVVROYHV QHDUO\ DOO WKH QLWURJHQRXV FRQVWLWXHQWV LW K\GURO\VHV KHPLFHOOXORVH
DQG GLVVROYHV SURWHLQ 7KH DFLG K\GURO\VLV WKH VWDUFK DQG OHDYHV OLJQLQ FHOOXORVH DQG DVK DV D
UHVLGXH7KHFRQWHQWRI$')LVPHDVXUHGJUDYLPHWULFDOO\
& 7\SLFDOVDPSOH
$Q\ SODQW PDWHULDO VDPSOHPXVW EH GULHG WR FRQVWDQW ZHLJKW DQG JURXQG WR SDVV WKURXJK D PP
VFUHHQ,I \RX ZDQWWRGHWHUPLQHSRO\SKHQROVRIWKHVDPHPDWHULDOGRQRWGU\WKHPDWHULDOKLJKHU
WKDQ&
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' $SSDUDWXV














P/URXQGERWWRPIODVNVZLWK
)LWWLQJUXEEHUVWRSSHUVZLWKWZRKROHVIRUWZRJODVVWXEHV
7XEHVIRUFRQGHQVHU
P/EHDNHUVZLWKRXWVSRXW
+RWSODWHV
$QWLEXPSLQJJUDQXOHV
$1.20ILOWHUEDJV
%DODQFHJ
'HVLFFDWRU
2YHQ VHWDW & 
+HDWVHDOHU
6LHYHRUWHDVWUDLQHU
7ZHH]HUV
R


)LJXUH$SSDUDWXVIRU$')GHWHUPLQDWLRQ
( 5HDJHQWV




$FHWRQH
2FWDQRO DVDQDQWLIRDPLQJUHDJHQW 
6XOIXULF DFLG&7$% VROXWLRQ GLVVROYH J FHW\OWULPHWK\O DPPRQLXP EURPLGH LQ  OLWUHV 0
VXOIXULF DFLG ILOWHU LI FORXG\ ± WR PDNH 0 VXOIXULF DFLG DGG P/ RI FRQF + 62  WR
P/RIGHLRQLVHGZDWHU 




&DXWLRQ&7$%ZLOOLUULWDWHWKHPXFRXVPHPEUDQHV$GXVWPDVNDQGJORYHVVKRXOGEHZRUQ
ZKHQKDQGOLQJWKLVFKHPLFDO7KHZDVWHKDVWREHFROOHFWHGDQGWUHDWHGDVWR[LFZDVWH
) 3URFHGXUH











3UHZHLJKWKHGULHGILOWHUEDJZKLFKKDVEHHQVWRUHGLQWKHGHVLFFDWRU : 
:HLJKDERXWJJRIGU\SODQWPDWHULDOLQWRDILOWHUEDJDQGQRWHWKHZHLJKW : 
+HDWVHDOWKHEDJODEHOLWZLWKDSHQFLO
3XW±ILOWHUEDJVLQWRDP/EHDNHU
$GGDIHZDQWLEXPSLQJJUDQXOHV
$GGP/RI&7$%VXOIXULFDFLGVROXWLRQSHUEDJ
$GGDIHZGURSVRIDQWLIRDPLQJUHDJHQW HJRFWDQRO 
&RQQHFWWKHURXQGERWWRPIODVNVDVDFRQGHQVHU IL[WKHUXEEHUVWRSSHUDQGWKHZDWHUSLSHV 
2QFHERLOLQJUHIOX[IRUKU
/HWWKHV\VWHPFRROGRZQ
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5HPRYHILOWHUEDJVZLWKWZHH]HUV FROOHFWUHDJHQWDQGWUHDWDVWR[LFZDVWH 
3XWXQGHUUXQQLQJKRWWDSWRZDVKRIIPRVWRIWKH&7$% XVHWKHVLHYH 
5HSHDWHGO\ZDVKWKHILOWHUEDJVZLWKERLOLQJGHPLQHUDOL]HGZDWHUXQWLOWKHS+LVQHXWUDO WKLVLV
DERXWZDVKHV 
:DVKWKHEDJVZLWKDFHWRQHXQWLOQRPRUHFRORXULVUHPRYHG DERXWWLPHV SODFHEDJVLQD
EHDNHU DGG DFHWRQH WR FRYHU WKH EDJV XVH D VPDOOHU EHDNHU WR DJLWDWH WKH EDJV E\ SXVKLQJ
DQGOLIWLQJWKHVPDOOHUEHDNHUFDUHIXOO\
$IWHUWKHDFHWRQHLVHYDSRUDWHGGU\WKHILOWHUEDJVLQWKHRYHQDW &IRUKU
5HPRYHWKHEDJVIURPRYHQDQGLPPHGLDWHO\WUDQVIHUWRDGHVLFFDWRUDQGOHDYHWRFRRO
5HZHLJKWKHILOWHUEDJVDWURRPWHPSHUDWXUHDQGQRWHWKHZHLJKW : 
R

&DOFXODWLRQ
$VKFRQWDLQLQJ$')   ^ :±:[IDFWRU :`[
)DFWRU :EODQN:EODQN
7KLV FODVVLFDO PHWKRG LV GHVFULEHG LQ WKH IROORZLQJ UHIHUHQFHV 7URSLFDO 6RLO %LRORJ\ DQG )HUWLOLW\
 5RZODQGDQG5REHUWV  9DQ6RHVWDQG:LQH  

 &(//8/26('(7(50,1$7,21
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
7KHPHDVXUHPHQWRIFHOOXORVHLQSODQWPDWHULDOLVRISDUWLFXODULPSRUWDQFHDVLWLVDQLQGLFDWRURIWKH
GHJUDGDELOLW\RISODQWPDWHULDO
% 3ULQFLSOH
$IWHU DQ DFLGGHWHUJHQW ILEUH SUHH[WUDFWLRQ FHOOXORVH LV UHPRYHG ZLWK  VXOIXULF DFLG 7KLV LV D
JUDYLPHWULFPHWKRGDQGWKHSHUFHQWDJHRIOLJQLQLVFDOFXODWHGE\ZHLJKWGLIIHUHQFH
& 7\SLFDOVDPSOH
&RQWLQXHGIURP$')GHWHUPLQDWLRQ
' $SSDUDWXV







%DODQFHJ
'HVLFFDWRU
+RWSODWH
2YHQ &
%HDNHUV/DQG/ RUDOLTXRWVPDOOHURQHVLI\RXKDYHOHVVVDPSOHV 
S+SDSHU
R

( 5HDJHQWV
$FHWRQHVXOIXULFDFLG ZZDGGP/FRQF+ 62  JWRJGHPLQHUDOL]HGZDWHU 




) 3URFHGXUH












&RQWLQXHWKHSURFHGXUHIROORZLQJRQIURPWKH$')GHWHUPLQDWLRQ
3XWWKHILOWHUEDJVLQWRD/EHDNHU
&RYHUWKHEDJVZLWKFROGVXOIXULFDFLG DSSUR[LPDWHO\P/SHUVDPSOHV 
8VHD/EHDNHUWRDJLWDWHWKHEDJVE\SXVKLQJDQGOLIWLQJLWXSDQGGRZQUHSHDWWKHDJLWDWLRQ
LQPLQLQWHUYDOV
$IWHUKUWDNHWKHEDJVRXWSXWWKHPXQGHUDUXQQLQJKRWWDSWKHQZDVKWKHEDJVZLWKERLOLQJ
GHPLQHUDOL]HGZDWHUXQWLOWKHZDWHULVQHXWUDO FKHFNZLWKS+SDSHU 
:DVKZLWKDFHWRQHXQWLOQRPRUHFRORXULVUHPRYHG
$IWHUWKHDFHWRQHLVHYDSRUDWHGGU\WKHEDJVDW &IRUKU
&RROLQDGHVLFFDWRU
5HZHLJKWKHEDJVDWURRPWHPSHUDWXUH : 



R

&+$37(50(7+2'6
* &DOFXODWLRQ
&HOOXORVH   ^ :±: :`[

 $&,''(7(5*(17/,*1,1'(7(50,1$7,21
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
/LJQLQ LV DQ LPSRUWDQW SODQW FKDUDFWHULVWLFV DQG SOD\V D PDMRU UROH LQ WKH GHFRPSRVDELOLW\ DQG
GLJHVWLELOLW\RISODQWPDWHULDO
% 3ULQFLSOH
6XEVHTXHQW WR DQ DFLGGHWHUJHQW ILEUH SUHH[WUDFWLRQ DQG OLJQLQ UHPRYDOGHWHUPLQDWLRQ E\
K\GURO\VLVZLWKVXOIXULFDFLGFHOOXORVHLVGHWHUPLQHGE\ZHLJKWORVVXSRQDVKLQJ
7\SLFDOVDPSOH
&RQWLQXHGIURPFHOOXORVHGHWHUPLQDWLRQ
& $SSDUDWXV





%DODQFHJ
'HVLFFDWRU
2YHQ &
/DEHOOHG 127 :,7+ $ :$7(567$%/( 3(1 %87 +($767$%/( 25 6&5$7&+ :,7+ $
*/$66&877(5 EHDNHUVRUSRUFHODLQERZOV
R

' 5HDJHQWV
1RQH
( 3URFHGXUH







&RQWLQXHWKHSURFHGXUHIROORZLQJRQIURPWKHFHOOXORVHGHWHUPLQDWLRQ VHFWLRQ 
/DEOHWKHEHDNHUVRUSRUFHODLQERZOVSXWWKHPLQWKHRYHQDW &IRUKUOHWWKHPFRROWR
URRPWHPSHUDWXUHLQWKHGHVLFFDWRUWDNHWKHZHLJKWRIWKHHPSW\ERZOV : 
3XWWKHILOWHUEDJVLQWRWKHSRUFHODLQERZOVRUEHDNHUVDQGSODFHWKHPLQWKHRYHQDW &IRU
KU FRQVLGHUWKHWLPHWKHRYHQWDNHVWRUHDFK &DQGOHWLWFRROGRZQWRDERXW & 
/HDYHWKHERZOVEHDNHUVWRFRROLQDGHVLFFDWRU
5HZHLJKWKHERZOVDWURRPWHPSHUDWXUH : 
R

R

R

R

) &DOFXODWLRQ
$FLGGHWHUJHQW/LJQLQ   ^> :±:  :: @:`[
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)LJXUH%DJEHIRUHDVKLQJ

 3527(,1%,1',1*&$3$&,7<2)7$11,16%<),/7(53$3(5$66$<
$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
7KLVPHWKRGDOORZVGLVWLQJXLVKLQJWKHWDQQLQVDVSURWHLQELQGLQJDQGQRQSURWHLQELQGLQJWDQQLQV
% 3ULQFLSOH
7KH WDQQLQV RI WKH SODQW H[WUDFWV DUH ERXQG ZLWK WKH SURWHLQ %6$ %RYLQH VHUXP DOEXPLQ  WKH
H[FHVV RI WKH %6$ LV ZDVKHG RII DQG WKH SURWHLQWDQQLQ FRPSOH[ LV VWDLQHG ZLWK 3RQFHDX 6 7KH
DEVRUEDQFHRIWKHFRORXULVUHDGDWQP
& 7\SLFDOVDPSOH
)UHVKRUGULHG DWURRPWHPSHUDWXUHQRWKLJKHUWKDQ &LGHDOO\± &ZLWKDIRUFHGDLURYHQ 
DQGJURXQGPDWHULDO YHU\ILQHWRSDVVWKURXJKDPHVK 
R

R

)UHVK PDWHULDO VKRXOG EH NHSW RQ LFH QRW H[SRVHG WR OLJKW EHFDXVH WKH HQ]\PHV PD\ UHDFW ZLWK
SRO\SKHQROV
'ULHGPDWHULDOVKRXOGQ¶WEHH[SRVHGWROLJKWDQGEHNHSWGU\ LGHDOO\LQDGHVLFFDWRU 
' $SSDUDWXV










00:KDWPDQSDSHURU:KDWPDQILOWHUSDSHUQR
9ROXPHWULFIODVNV
3LSHWWHV
%DODQFHJ
&HQWULIXJHJ
&HQWULIXJHYLDOV
9RUWH[PL[HU
3HWULGLVKRURWKHUVXLWDEOHSRWWRG\HWKHVWULSV
7ZHH]HUVSHQFLOVFLVVRUV

( 5HDJHQWV



7DQQLF DFLG VROXWLRQ GLVVROYH  PJ WDQQLF DFLG REWDLQHG IURP 0HUFN  LQ  P/ RI 
DTXHRXV PHWKDQRO  PJ DVFRUELF DFLG VKRXOG EH DGGHG WR PLQLPLVH WKH R[LGDWLRQ RI WKH
WDQQLFDFLG
$FHWDWH EXIIHU S+  0  SLSHWWH  P/ JODFLDO DFHWLF DFLG WR DERXW  P/
GHPLQHUDOL]HGZDWHUDGMXVWS+RIWKLVVROXWLRQWRZLWKVRGLXPK\GUR[LGHDQGEULQJWRILQDO
YROXPHRI/
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%RYLQH VHUXP DOEXPLQ %6$  VROXWLRQ GLVVROYH  PJ RI ERYLQH VHUXP DOEXPLQ IUDFWLRQ 9
REWDLQHGIURP6LJPD LQP/RI0DFHWDWHEXIIHU



'\HVROXWLRQGLVVROYHJ3RQFHDX6G\HLQP/RID ZY WULFKORURDFHWLFDFLG



$FHWLFDFLGVROXWLRQ YY DGGP/RIJDODFLDODFHWLFDFLGWRP/GHPLQHUDOL]HGZDWHU



6RGLXP K\GUR[LGH VROXWLRQ  1  GLVVROYH  J VRGLXP K\GUR[LGH LQ DERXW  P/
GHPLQHUDOL]HGZDWHUPDNHXSWKHYROXPHWR/



$FHWLFDFLGVROXWLRQ YY DGGP/RIJDODFLDODFHWLFDFLGWRP/RIGHPLQHUDOL]HG
ZDWHU

) 3URFHGXUH


3UHSDUHDPHWKDQROSODQWH[WUDFWDVGHVFULEHGLQ



&XW WKH FKURPDWRJUDSK\ VKHHW RU ILOWHU SDSHU LQWR DSSURSULDWH VL]H DQG GUDZ VTXDUHV RI
DSSUR[LPDWHO\FPXVLQJDOLJKWSHQFLO



$SSO\ GLIIHUHQW DOLTXRWV  WR  mO  RI WDQQLF DFLG VROXWLRQ RQ WKH VKHHW DSSO\ RQO\ VPDOO
DPRXQWVDWRQHWLPHWRDYRLGWKDWWKHOLTXLGLVVSUHDGLQJRYHUWKHERUGHUV\RXPDGHZLWKWKH
SHQFLO,WLVXVHIXOWRDSSO\RQO\DERXWmODWRQHWLPHDQGZDLWWLOOWKHVROXWLRQLVGU\



(DFKDOLTXRWKDVWREHDSSOLHGDWOHDVWLQWULSOLFDWHV



6LPLODUDSSO\DSSURSULDWHDOLTXRWVRIWKHSODQWH[WUDFWV PDNHUHSOLFDWHVXVHIXOYROXPHLVWR
m/ 



/HDYHWZRVTXDUHVHPSW\DQGXVHWKHPDVEODQNV



$OORZWKHVSRWVWRGU\DQGVSUD\LPPHGLDWHO\ZLWK%6$VROXWLRQXQWLOWKHSDSHULVZHW



$IWHUPLQZDVKWKHSDSHUZLWKDFHWDWH EXIIHU S+0 VKDNHVOLJKWO\IURPWLPHWR
WLPHIRUPLQUHSHDWWKHZDVKLQJWLPHV



'LSWKHSDSHUIRUPLQLQWKHVWDLQVROXWLRQ 3RQFHDX6  WKHVWDLQLQJVROXWLRQVKRXOGQRWEH
XVHGLQVXFFHVVLYHH[SHULPHQWV 



:DVK WKH VWDLQHG VWULSV LQ  DFHWLF DFLG VROXWLRQ XQWLO QR PRUH FRORXU LV HOXWHG IURP WKH
VWULS7KLVUHTXLUHVDERXWWKUHHZDVKLQJVWRPDNHWKHEDFNJURXQGFOHDU



$LUGU\WKHVWULSVDQGFXWWKHVWDLQHGDUHDV



7UDQVIHUWKHVWULSVRQHE\RQHLQWRFHQWULIXJHYLDOV



(OXWHWKHFRORXUE\DGGLQJP/RI11D2+VROXWLRQDQGYRUWH[LQJ



$GGP/RIDFHWLFDFLGDQGFHQWULIXJHDWDSSUR[LPDWHO\J



5HDGWKHDEVRUEDQFHRIWKHFRORXUDWQPDJDLQVWWKHFRUUHVSRQGLQJEODQN WDNHWKHPHDQ
RIWKHEODQNV 



&RQYHUWWKLVDEVRUEDQFHWRSURWHLQFRQWHQWE\XVLQJDVWDQGDUGFXUYH

6WDQGDUGFXUYH


$SSO\WRmORI%6$VROXWLRQ PJP/%6$VROXWLRQLQDFHWDWHEXIIHU DVVHSDUDWHVSRWV DW
OHDVWLQWULSOLFDWHIRUHDFKFRQFHQWUDWLRQ DQGSURFHHGDVDERYHGHVFULEHG

1RWH7KHWDQQLFDFLGLVXVHGWRWHVWWKHPHWKRGEXWQRWQHHGHGIRUWKHFDOFXODWLRQ
&DOFXODWLRQ


6XEWUDFWWKHPHDQEODQNRIWKHVDPSOHDQGWKHVWDQGDUGYDOXHV



&DOFXODWH WKH OLQHDU UHJUHVVLRQ RI WKH %6$ DEVRUEDQFH YDOXHV DQG XVH WKH HTXDWLRQ WR
FDOFXODWHWKHFRQFHQWUDWLRQRIWKHWHVWHGVDPSOHV



&RQYHUWWKHUHVXOWVLQWRSSP XVLQJWKHDSSOLHGYROXPH 



&RQYHUW WR  WDQQLQV ZLWK SURWHLQ ELQGLQJ FDSDFLW\ E\ XVLQJ WKH LQLWLDO ZHLJKW RI WKH SODQW
H[WUDFW
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5()(5(1&(6$1')857+(55($',1*

$OOHQ 6 ( 0D[*ULPVKDZ $+ 3DUNLQVRQ-$4XDUP\ &  &KHPLFDO$QDO\VLVRI(FRORJLFDO
0DWHULDOV:LOH\1HZ<RUN




$PDWR 0   'HWHUPLQDWLRQ RI & DQG & LQ SODQW DQG VRLO 6RLO %LRORJ\  %LRFKHPLVWU\ 
±
$PDWR0DQG/DGG-1  $VVD\IRUPLFURELDOEDVHGRQQLQK\GULQUHDFWLYHQLWURJHQLQH[WUDFWV
RIIXPLJDWHGVRLOV6RLO%LRORJ\DQG%LRFKHPLVWU\±
$QGHUVRQ - 3 (   6RLO UHVSLUDWLRQ ,Q 0HWKRGV RI 6RLO $QDO\VLV 3DUW  &KHPLFDO DQG
0LFURELRORJLFDO3URSHUWLHVSS±$PHULFDQ6RFLHW\RI$JURQRP\0DGLVRQ:LVFRQVLQ
$QGHUVRQ - 0 DQG ,QJUDP - 6 , (GV   7URSLFDO 6RLO %LRORJ\ DQG )HUWLOLW\ $ +DQGERRN RI
0HWKRGV&$%LQWHUQDWLRQDO
$WNLQV*/  0XOWLFRPSDUWPHQWDOPRGHOVIRUELRORJLFDOV\VWHPV0HWKXHQ &R/WG
%DUEHU6$  6RLOQXWULHQWELRDYDLODELOW\$PHFKDQLVWLFDSSURDFK-RKQ:LOH\DQG6RQV1HZ
<RUNS
%DUURZ 1 -   (YDOXDWLRQ DQG XWLOL]DWLRQ RI UHVLGXDO SKRVSKRUXV LQ VRLOV ,Q 7KH 5ROH RI
3KRVSKRUXVLQ$JULFXOWXUH.DVDZQHK)(6DPSOH(&DQG.DPSUDWK(-(GVSS±$6$
0DGLVRQ:,86$
%UD\ 5 + .XUW] / 7   'HWHUPLQDWLRQ RI WRWDO RUJDQLF DQG DYDLODEOH IRUPV RI SKRVSKRUXV LQ
VRLOV6RLO6FLHQFH±
%URRNV 3 ' 0F,QWHHU - 0 3UHVWRQ 7   'LIIXVLRQ PHWKRG WR SUHSDUH VRLO H[WUDFWV IRU
DXWRPDWHGQLWURJHQDQDO\VLV6RLO6FLHQFH6RFLHW\RI$PHULFD-RXUQDO±
%XUNH , 0RVHU $ 5 3RUWHU / . 2 'HHQ / $   'LIIXVLRQ RI VRLO H[WUDFWV IRU QLWURJHQ DQG
QLWURJHQDQO\VLVE\DXWRPDWHGFRPEXVWLRQPDVVVSHFWURPHWU\6RLO6FLHQFH6RFLHW\RI$PHULFD
-RXUQDO±
&ROZHOO - '   $Q DXWRPDWLF SURFHGXUH IRU WKH GHWHUPLQDWLRQ RI SKRVSKRUXV LQ VRGLXP
K\GURJHQFDUERQDWHH[WUDFWVRIVRLO&KHPLVWU\ ,QGXVWU\±
&RQZD\ ( *   0LFURGLIIXVLRQ DQDO\VLV DQG YROXPHWULF HUURU &URVE\ /RFNZRRG DQG 6RQ
/RQGRQ
'L + - &RQGURQ / 0 )URVVDUG (   ,VRWRSHV WHFKQLTXHV WR VWXG\ SKRVSKRUXV F\FOLQJ LQ
DJULFXOWXUDODQGIRUHVWVRLOVDUHYLHZ%LRORJ\DQG)HUWLOLW\RI6RLOV±
)DUGHDX-&  /HSKRVSKRUHDVVLPLODEOHGHVVROV6DUHSUpVHQWDWLRQSDUXQPRGqOH
)DUGHDX - &   '\QDPLFV RI SKRVSKDWH LQ VRLOV $Q LVRWRSLF RXWORRN )HUWLOL]HU 5HVHDUFK 
±
)DUGHDX-&*XLUDXG*0DURO&  7KHUROHRILVRWRSLFWHFKQLTXHVRQWKHHYDOXDWLRQRIWKH
HIIHFWLYHQHVVRI3IHUWLOLVHUV)HUWLOL]HU5HVHDUFK±
)DUGHDX-&-DSSp  1RXYHOOHPpWKRGHGHGpWHUPLQDWLRQGXSKRVSKRUHDVVLPLODEOHSDUOHV
SODQWHV&5$FDG6FL3DULV6pULH'±
)DUGHDX-&0RUHO&%RQLIDFH5  &LQpWLTXHVGHWUDQVIHUWGHVLRQVSKRVSKDWHGXVROYHUVOD
VROXWLRQGXVROSDUDPqWUHVFDUDFWpULVWLTXHV$JURQRPLH±
)RJJ'1:LONLQVRQ17  $QDO\VW9RO
)URVVDUG()DUGHDX-&%URVVDUG00RUHO-/  6RLOLVRWRSLFDOO\H[FKDQJHDEOHSKRVSKRUXV
$FRPSDULVRQEHWZHHQ(DQG/YDOXHV6RLO6FLHQFH6RFLHW\RI$PHULFD-RXUQDO±
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)URVVDUG ( )DUGHDX - & 2JQDODJD 0 0RUHO - /   ,QIOXHQFHV RI DJULFXOWXUDO SUDFWLFHV VRLO
SURSHUWLHVDQGSDUHQWPDWHULDORQWKHSKRVSKDWHEXIIHULQJFDSDFLW\RIFXOWLYDWHGVRLOVGHYHORSHGRQ
WHPSHUDWHFOLPDWHV(XURSHDQ-RXUQDO$JURQRP\±
*RHUJHV7'LWWHUW.  ,PSURYHG'LIIXVLRQ7HFKQLTXHIRU 1 1$QDO\VLVRI$PPRQLXPDQG
1LWUDWH IURP $TXHRXV 6DPSOHV E\ 6WDEOH ,VRWRSH 6SHFWURPHWU\ &RPPXQLFDWLRQV LQ 6RLO 6FLHQFH
DQG3ODQW$QDO\VLV±




+DQVRQ : &   7KH SKRWRPHWULF GHWHUPLQDWLRQ RI SKRVSKRUXV LQ IHUWLOL]HUV XVLQJ WKH
SKRVSKRYDQDGRPRO\EGDWHFRPSOH[-RXUQDORIWKH6FLHQFHRI)RRGDQG$JULFXOWXUH±
+HUPDQ ' - %URRNV 3 ' $VKUDI 0 0 $]DP ) 0XOYDQH\ 5 /   (YDOXDWLRQ RI PHWKRGV RI
QLWURJHQDQDO\VLVRILQRUJDQLFQLWURJHQLQVRLOH[WUDFWV,,'LIIXVLRQPHWKRGV&RPPXQLFDWLRQVLQ
6RLO6FLHQFHDQG3ODQW$QDO\VLV±
+RUZDWK:53DXO($3UHJLW]HU.6  ,QMHFWLRQRIQLWURJHQ±LQWRWUHHVWRVWXG\QLWURJHQ
F\FOLQJLQVRLO6RLO6FLHQFH6RFLHW\RI$PHULFD-RXUQDO±
-HQNLQVRQ'63RZOVRQ'6  7KHHIIHFWVRIELRFLGDOWUHDWPHQWVRQPHWDEROLVPLQVRLO9$
PHWKRGWRPHDVXUHVRLOPLFURELDOELRPDVV6RLO%LRORJ\DQG%LRFKHPLVWU\±
.DQGHOHU (   1LWUDWH ,Q 0HWKRGV LQ 6RLO %LRORJ\ 6FKLQQHU ) 2HKOLQJHU 5 .DQGHOHU ( DQG
(GV0DUJHVLQ5SS±6SULQJHU9HUODJ
.HHQH\ ' %UHPQHU -   ([WUDFWLRQ'LVWLOODWLRQ 0HWKRG ,Q 0HWKRGV RI 6RLO $QDO\VLV 3DUW 
3DJH$/0LOOHU5+DQG(GV.HHQH\'5SS±
.LQJ + * & +HDWK *:   7KH FKHPLFDO DQDO\VLV RI VPDOO VDPSOHV RI OHDIPDWHULDO DQG WKH
UHODWLRQVKLSEHWZHHQWKHGLVDSSHDUDQFHDQGFRPSRVLWLRQRIOHDYHV3HGRELRORJLD±
.QRZOHV5DQG%ODFNEXUQ7+  (GV1LWURJHQ,VRWRSH7HFKQLTXHV$FDGHPLF3UHVV,QF6DQ
'LHJR,6%1
/DUVHQ6  )RRG1HWKHUODQGV-RXUQDORI$JULFXOWXUDO6FLHQFH±
/LX<30XOYDQH\5/  8VHRIGLIIXVLRQIRUDXWRPDWHGQLWURJHQDQDO\VLVRIVRLOH[WUDFWV
&RPPXQLFDWLRQVLQ6RLO6FLHQFHDQG3ODQW$QDO\VLV±
0DF.RZQ&7%URRNV3'6PLWK06  'LIIXVLRQRIQLWURJHQ.MHOGDKOGLJHVWVIRULVRWRSH
DQDO\VLV6RLO6FLHQFH6RFLHW\RI$PHULFD-RXUQDO±
0DNNDU+36DQG*RRGFKLOG$9  ,&$5'$6\ULD
0F1HLOO $ 0 =KX & )LOOHU\ , 5 3   8VH RI LQ VLWX 1 ODEHOOLQJ WR HVWLPDWH WKH WRWDO EHORZ
JURXQG QLWURJHQ RI SDVWXUH OHJXPHV LQ LQWDFW VRLOSODQW V\VWHPV $XVWUDOLDQ -RXUQDO RI $JULFXOWXUDO
5HVHDUFK±


0F1HLOO$0=KX&)LOOHU\,53  $QHZDSSURDFKWRTXDQWLI\LQJWKH1EHQHILWIURPSDVWXUH
OHJXPHVWRVXFHHGLQJZKHDW$XVWUDOLDQ-RXUQDORI$JULFXOWXUDO5HVHDUFK±
0HPRQ . 6 )R[ 5 /   8WLOLW\ RI SKRVSKDWH VRUSWLRQ FXUYHV LQ HVWLPDWLQJ WKH SKRVSKRUXV
UHTXLUHPHQWV RI FHUHDO FURSV ZKHDW 7ULWLFXP DHVWLYXP  ,Q UG ,QWHUQDWLRQDO &RQJUHVV RQ 3
&RXPSRXQGV,PSKRVDQG(GV&DVDEODQFDSS±%UXVVHOV
0RUHO & %ODVNLHZLW] - )DUGHDX - &   3KRVSKRUXV VXSSO\ WR SODQWV E\ VRLOV ZLWK YDULDEOH
SKRVSKRUXVH[FKDQJH6RLO6FLHQFH±
0RUHO & )DUGHDX - &   3KRVSKRUXV ELRDYDLODELOLW\ RI IHUWLOLVHUV D SUHGLFWLYH ODERUDWRU\
PHWKRGIRULWVHYDOXDWLRQ)HUWLOL]HU5HVHDUFK±
0RUHO& 3OHQFKHWWH&  ,VWKH LVRWRSLFDOO\ H[FKDQJHDEOH 3WKHSODQWDYDLODEOH3 LQ DORDP\
VRLO3ODQWDQG6RLO±
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0RUHO & 3OHQFKHWWH & )DUGHDX - &   /D IHUWLOLVDWLRQ SKRVSKDWpH UDLVRQQpH GX EOp
$JURQRPLH±
0XUSK\-5LOH\-3  $VLPSOLILHGVLQJOHVROXWLRQPHWKRGIRUWKHGHWHUPLQDWLRQRISKRVSKDWH
LQQDWXUDOZDWHUV$QDOLWLFD&KLPLFD$FWD±
1RYR]DPVN\'YDQ'LMN/HH--YDQGHU+RXED9-*  $XWRPDWHG'HWHUPLQDWLRQRI7UDFH
DPRXQWVRI3KRVSKDWHLQVRLOH[WUDFWVXVLQJ0DODFKLWH*UHHQ&RPPXQLFDWLRQVLQ6RLO6FLHQFHDQG
3ODQW$QDODVLV±
2 'HHQ:$3RUWHU/.  'LJHVWLRQWXEHGLIIXVLRQDQGFROOHFWLRQRIDPPRQLDIRUQLWURJHQ
DQGWRWDOQLWURJHQGHWHUPLQDWLRQ$QDO\WLFDO&KHPLVWU\±
2JKRJKRULH 2 * 2 3DWH - 6   ([SORUDWLRQ RI WKH QLWURJHQ WUDQVSRUW V\VWHP RI D QRGXODWHG
OHJXPHXVLQJ 13ODQWD±


2KQR 7 =LELOVNH / 0   'HWHUPLQDWLRQ RI /RZ &RQFHQWUDWLRQV RI 3KRSKRUXV LQ VRLO ([WUDFWV
XVLQJ0DODFKLWH*UHHQ6RLO6FLHQFH6RFLHW\RI$PHULFD-RXUQDO±
2OVHQ65&ROH&9:DWDQDEH)6'HDQ/$  (VWLPDWLRQRIDYDLODEOHSKRVSKRUXVLQVRLOV
E\H[WUDFWLRQZLWKVRGLXPELFDUERQDWH86'$&,5&±
3DOP&$DQG5RZODQG$3  $0LQLPXP'DWDVHWIRU&KDUDFWHUL]DWLRQRI3ODQW4XDOLW\IRU
'HFRPSRVLWLRQ&$%,QWHUQDWLRQDO'ULYHQE\1DWXUH3ODQW/LWWHU4XDOLW\DQG'HFRPSRVLWLRQ(GV*
&DGLVFKDQG.(*LOOHU
3DOWD - $ )LOHU\ , 5 3 0DWKHZV ( / 7XUQHU 1 &   /HDI IHHGLQJ RI
ZKHDWZLWKQLWURJHQ$XVWUDOLDQ-RXUQDORI3ODQW3K\VLRORJ\±

1  XUHD IRU ODEHOOLQJ



3DWH-6  8SWDNHDVVLPLODWLRQDQGWUDQVSRUWRI QLWURJHQFRPSRXQGVE\SODQWV 6RLO %LRORJ\
DQG%LRFKHPLVWU\±
3RVV 5 )DUGHDX - & 6DUDJRQL +   3RWDVVLXP UHOHDVH DQG IL[DWLRQ LQ )HUUDOVROV 2[LVROV 
IURP6RXWKHUQ7RJR-RXUQDORI6RLO6FLHQFH±
5DMDQ666:DWNLQVRQ-+6LQFODLU$*  3KRVSKDWH5RFNVIRU'LUHFW$SSOLFDWLRQWR6RLOV
$GYDQFHVLQ$JURQRP\9RO±
5HFRXV 6 )UHVQHDX & )DXULH * 0DU\ %   7KH IDWH RI 1 XUHD DQG DPPRQLXP QLWUDWH
DSSOLHGWRDZLQWHUZKHDWFURS,1LWURJHQWUDQVIRUPDWLRQVLQWKHSODQWVRLO3ODQWDQG6RLO±



5LFH&:6PLWK06  6KRUWWHUPLPPRELOL]DWLRQRIIHUWLOLVHUQLWURJHQDWWKHVXUIDFHRIQRWLOO
DQGSORZHGVRLOV6RLO6FLHQFH6RFLHW\RI$PHULFD-RXUQDO±
5RFKHVWHU,-3HRSOHV0%*DXOW55&RQVWDEOH*$  ,PSOLFDWLRQVRIDFFRXQWLQJIRUEHORZ
JURXQG 1 RQ WKH FDOFXODWLRQV RI UHVLGXDO UHWXUQV RI IL[HG 1 IRU FRPPHUFLDO IDED EHDQ FURS ,Q
µ3URFHHGLQJVRIWKH1LQWK$XVWUDOLDQ$JURQRP\&RQIHUHQFH¶SS±:DJJD:DJJD16:
5RZODQG$35REHUWV-'  /LJQLQDQGFHOOXORVHIUDFWLRQDWLRQLQGHFRPSRVLWLRQVWXGLHVXVLQJ
DFLGGHWHUJHQWILEUHPHWKRGV&RPPXQLFDWLRQVLQ6RLO6FLHQFHDQG3ODQW$QDO\VLV±
5XVVHOO & $ )LOOHU\ , 5 3 D  ,Q VLWX 1 ODEHOOLQJ RI OXSLQ EHORZJURXQG ELRPDVV $XVWUDOLDQ
-RXUQDORI$JULFXOWXUDO5HVHDUFK±


5XVVHOO & $ )LOOHU\ , 5 3 E  (VWLPDWHV RI EHORZJURXQG ELRPDVV QLWURJHQ GU\ PDWWHU DQG
QLWURJHQWXUQRYHUWRZKHDW$XVWUDOLDQ-RXUQDORI$JULFXOWXUDO5HVHDUFK±
6DOFHGR , + %HUWLQR ) 6DPSDLR ( 9 6 %   5HDFWLYLW\ RI 3 LQ QRUWKHDVWHUQ %UD]LOLDQ VRLOV
DVVHVVHGE\LVRWRSLFGLOXWLRQ6RLO6FLHQFH6RFLHW\RI$PHULFD-RXUQDO±
6DOW 3 '   7KH DXWRPDWLF GHWHUPLQDWLRQ RI SKRVSKRUXV LQ H[WUDFWV RI VRLOV PDGH ZLWK 0
VRGLXPK\GURJHQFDUERQDWHDQG0FDOFLXPFKORULGH&KHPLVWU\DQG,QGXVWU\±
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6DQFKH]3%ODLU*7LOO5)DLQW0  3URGXFWLRQRIODEHOOHGSODQWPDWHULDOVWRWUDFHWKHIDWHRI
UHVLGXHGHULYHG FDUERQ QLWURJHQ DQG VXOIXU ,Q ³3URFHHGLQJV RI WKH ,QWHUQDWLRQDO 6\PSRVLXP RQ
1XFOHDU 7HFKQLTXHV LQ ,QWHJUDWHG 3ODQW 1XWULHQW :DWHU DQG 6RLO 0DQDJHPHQW´ 9LHQQD $XVWULD
± 2FWREHU  )RRG DQG $JULFXOWXUH 2UJDQLVDWLRQ RI WKH 8QLWHG 1DWLRQV DQG WKH
,QWHUQDWLRQDO$WRPLF(QHUJ\$JHQF\ ,QSUHVV 
6FKPLGW2&XUU\-3  (IIHFWRIHDUWKZRUPVRQELRPDVVSURGXFWLRQQLWURJHQDOORFDWLRQDQG
QLWURJHQWUDQVIHULQZKHDWFORYHULQWHUFURSSLQJPRGHOV\VWHPV3ODQWDQG6RLO±
6HLWHU6+RUZDWK:5  7KHIDWHRIURRWDQGSUXQQLQJQLWURJHQLQDWHPSHUDWHFOLPDWHDOOH\
FURSSLQJV\VWHPGHWHUPLQHGE\WUHHLQMHFWHG 1%LRORJ\DQG)HUWLOLW\RI6RLOV±


6KHSSDUG & :   %DVLF SULQFLSOHV RI WKH WUDFHU PHWKRG ,QWURGXFWLRQ WR PDWKHPDWLFDO WUDFHU
NLQHWLFV-RKQ:LOH\DQG6RQV1HZ<RUNS
6KLSOH\ $ 5 &ODUN 5 (   7UDFHU PHWKRGV IRU LQ YLYR NLQHWLFV 7KHRU\ DQG $SSOLFDWLRQV
$FDGHPLF3UHVV1HZ<RUNS
6RUHQVHQ3-HQVHQ(6  6HTXHQWLDOGLIIXVLRQRIDPPRQLXPDQGQLWUDWHIURPVRLOH[WUDFWVWR

DSROX\WHWUDIOXRURHWK\OHOQHWUDSIRU 1GLIIXVLRQ$QDOLWLFD&KLPLFD$FWD±
6WDUN-0+DUW6&  'LIIXVLRQ7HFKQLTXHIRU3UHSDULQJ6DOW6ROXWLRQV.MHOGDKO'LJHVWVDQG
3HUVXOIDWH'LJHVWVIRU1LWURJHQ$QDO\VLV OFLQWLWOHRIDUWLFOHV 6RLO6FLHQFH6RFLHW\RI$PHULFD
-RXUQDO±
6WHLQ61/L/0XOYDQH\5/6LPPRQV):  'HWHUPLQDWLRQRIQLWURJHQE\PLFURGLIIXVLRQLQ
PDVRQMDUV,,,1LWURJHQDQGQLWURJHQLQ.MHOGDKOGLJHVWV&RPPXQLFDWLRQVLQ6RLO6FLHQFHDQG
3ODQW$QDO\VLV±
7KRPDV 5 / 6KHDUG 5 : 0R\HU - 5   &RPSDULVRQ RI FRQYHQWLRQDO DQG DXWRPDWHG
SURFHGXUHV IRU QLWURJHQ SKRVSKRUXV DQG SRWDVVLXP DQDO\VLV RI SODQW PDWHULDO XVLQJ D VLQJOH
GLJHVWLRQ$JURQRP\-RXUQDO±
7LOO $ 5 0F$UWKXU * 6 5RFNV 5 /   $Q DXWRPDWHG SURFHGXUH IRU WKH VLPXOWDQHRXV
GHWHUPLQDWLRQRIVXOIXUDQGSKRVSKRUXVDQGRIUDGLRDFWLYLW\LQELRORJLFDOVDPSOHV,Q3URFHHGLQJVRI
6XOIXU$OEHUWD&DQDGD±-XQH 6XOIXU'HYHORSPHQW,QVWLWXWH&DQDGD 6',& SS±
&DOJDU\&DQDGD
7URSLFDO6RLO%LRORJ\DQG)HUWLOLW\$+DQGERRNRI0HWKRGV&$%LQWHUQDWLRQDO(G-0$QGHUVRQ
DQG-6,,QJUDP  
9DQ 6RHVW 3- DQG :LQH 5 +   'HWHUPLQDWLRQ RI OLJQLQ DQG FHOOXORVH LQ DFLG GHWHUJHQW ILEUH
ZLWKSHUPDQJDQDWH-RXUQDORIWKH$VVRFLDWLRQRI2IILFLDO$JULFXOWXUDO&KHPLVWV±
9DQ 9HOGKRYHQ 3 3 0DQDHUWV * 3   ,QRUJDQLF DQG RUJDQLF PHDVXUHPHQWV LQ WKH
QDQRPROHFXODUUDQJH$QDOWLFDO%LRFKHPLVWU\±
9RURQH\53:LQWHU-3*UHJRULFK(*  0LFUREH3ODQW6RLO,QWHUDFWLRQV,Q³&DUERQ,VRWRSH
7HFKQLTXHV´&ROHPDQ'&(GV)U\%SS±$FDGHPLF3UHVV,QF
:DUUHOO/$0RRG\3:  $XWRPDWHGGHWHUPLQDWLRQRIPLFURDPRXQWVRISKRVSKDWHLQGLOXWH
FDOFLXPFKORULGHH[WUDFWVRIVRLOV&RPPXQLFDWLRQLQ6RLO6FLHQFH3ODQW$QDO\VLV
:KLWH5(%HFNHWW3+7  6WXGLHVRQSKRVSKDWHSRWHQWLDOVRIVRLOV3DUW,7KHPHDVXUHPHQW
RISKRVSKDWHSRWHQWLDO3ODQWDQG6RLO±
:LGPHU3%URRNHV3&-HQNLQVRQ'6  0LFURELDOELRPDVVQLWURJHQPHDVXUHPHQWVLQVRLOV
FRQWDLQLQJODUJHDPRXQWVRILQRUJDQLF16RLO%LRORJ\DQG%LRFKHPLVWU\±
:LOOLV 5 % 0RQWJRPHU\ 0 ( $OOHQ 3 5   ,PSURYHG PHWKRG IRU PDQXDO FRORXUPHWULF
GHWHUPLQDWLRQRIWRWDO.MHOGDKOQLWURJHQXVLQJVDOLF\ODWH-RXUQDORI$JULFXOWXUH)RRGDQG&KHPLVWU\
±
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7KHDQDO\WLFDOWHFKQLTXHVXVHGE\HDFKODERUDWRU\PXVWEHSURYHQWREHSUHFLVHDQGUHSURGXFLEOH
ERWKZLWKLQDQGEHWZHHQODERUDWRULHV6DWLVIDFWRU\TXDOLW\FRQWUROPHDVXUHVPXVWEHLPSOHPHQWHG
PDLQWDLQHGDQGPRQLWRUHGFRQVWDQWO\WRHQVXUHWKDWDOOUHSRUWHGDQDO\WLFDOUHVXOWVDUHUHOLDEOHDQG
GR QRW DOWHU ZLWK WLPH LQVWUXPHQW RU RSHUDWRU 0RUHRYHU ODERUDWRU\ VWDII PXVW EH ZHOO WUDLQHG LQ
WKHLUVSHFLILFWDVNVDQGUHWUDLQHGZKHQQHZSURFHGXUHVRULQVWUXPHQWVDUHLQWURGXFHG
6XFFHVVLQDFKLHYLQJKLJKVWDQGDUGVRIDQDO\WLFDODFFXUDF\DQGSUHFLVLRQLQYROYHVWKHDSSURSULDWH
VHOHFWLRQ DQG WHVWLQJ RI ODERUDWRU\ PHWKRGV DV ZHOO DV WKH LQWURGXFWLRQ RI TXDOLW\ FRQWURO LQ DOO
SKDVHVRIWKHURXWLQHWHVWLQJVHUYLFH
6XFKTXDOLW\FRQWUROSURFHGXUHVLQFOXGH
D 3UHSDUDWLRQRIEODQNVROXWLRQV
E 'XSOLFDWLRQRIXQNQRZQVDPSOHV
F ,QFOXVLRQRILQWHUQDODQGH[WHUQDOVWDQGDUGVDPSOHVERWKVRLODQGSODQWPDWHULDO
(d) Use of recovery procedures for method testing.
$ %ODQNVROXWLRQV
7KHVHDUHSUHSDUHGE\SHUIRUPLQJWKHFRPSOHWHDQDO\VLVEXWZLWKWKHVRLOSODQWVDPSOHRPLWWHG$OO
FKHPLFDOWHVWVH[FHSWHOHFWULFDOFRQGXFWLYLW\S+DQGOLPHUHTXLUHPHQWVUHTXLUHWKHXVHRIEODQNV
7KHPDLQSXUSRVHRIXVLQJEODQNVLVWRDFFRXQWIRUFRQWDPLQDWLRQE\UHDJHQWV)RUWKLVUHDVRQLWLV
LPSRUWDQWWRSUHSDUHDIUHVKEODQNVROXWLRQZLWKHDFKEDWFKRIVDPSOHVDQGUXQWKLVEODQNZLWKHDFK
EDWFKRIVDPSOHV7KHVDPSOHYDOXHLQHDFKEDWFKVKRXOGEHFRUUHFWHGIRUWKHEODQNYDOXH
% 6DPSOHGXSOLFDWHV
6DPSOHVPD\EHLQGXSOLFDWHEXWWKLVUHGXFHVRXWSXW$OWHUQDWLYHO\LIWKHUHFRYHULHVDUHJRRGDQG
WKHDQDO\VHVDFFXUDWHDQGUHSHDWDEOHVLQJOHVDPSOHDQDO\VLVPD\EHFDUULHGRXWDQGDQ\XQXVXDO
UHVXOWVUHSHDWHG$QRWKHUDOWHUQDWLYHLVWRGXSOLFDWHVRPHXQNQRZQVIRUH[DPSOHWZRRXWRIHYHU\
VDPSOHV7KHPHDQVRIWKHGXSOLFDWHYDOXHVFDQWKHQEHFDOFXODWHGDQGWKHYDOXHVUHJDUGHGDV
VDWLVIDFWRU\LIWKH\OLHZLWKLQ±RIWKHPHDQ
& 6WDQGDUGSODQWVRLOPDWHULDO
7KLVPD\EHSUHSDUHGE\ODERUDWRU\VWDIIDQGEHXVHGDVDQLQWHUQDOUHIHUHQFH5LJRURXVWHVWLQJRI
WKHPDWHULDOPXVWEHGRQHSULRUWRLWVXVHLQWKHODERUDWRU\VRDVWRREWDLQDFFXUDWHDQGUHSHDWDEOH
HOHPHQW FRQFHQWUDWLRQV 2QFH PHDQ YDOXHV IRU DOO HOHPHQWV KDYH EHHQ REWDLQHG WKH LQWHUQDO
VWDQGDUGVKRXOGEHLQFOXGHGLQDOOUXQVRIHDFKWHFKQLTXH
7KHVWDQGDUGSODQWVRLOPDWHULDOPXVWXQGHUJRH[DFWO\WKHVDPHWUHDWPHQWDVWKHXQNQRZQPDWHULDO
EHLQJ DQDO\VHG %\LQFOXGLQJGXSOLFDWHVRIWKHVHLQHDFKVHWRIVDPSOHVFKHFNVEHWZHHQVHWVRI
VDPSOHVFDQEHSHUIRUPHG7KHQXPEHURIVHWVRIGXSOLFDWHVWDQGDUGVVKRXOGEHLQFUHDVHGDVWKH
EDWFKVL]HLQFUHDVHV7KHYDOXHRIWKHVWDQGDUGVKRXOGQRWYDU\IURPWKHPHDQYDOXHE\PRUHWKDQ
± LI LW GRHV H[WHQVLYH LQYHVWLJDWLRQ WR GHWHUPLQH OLNHO\ FDXVHV VKRXOG EH XQGHUWDNHQ ,I QR
FDXVHFDQEHIRXQGWKHEDWFKVKRXOGEHUHSHDWHG
,WLVLPSRUWDQWWRDOZD\VFKHFNEODQNVDQGVWDQGDUGSODQWVRLOUHVXOWVSULRUWRFKHFNLQJXQNQRZQVDV
WKHVHDUHWKHPDLQLQGLFDWLRQRIDQ\SRWHQWLDOSUREOHPV
' ([WHUQDOVWDQGDUGV
([WHUQDOVWDQGDUGSODQWDQGVRLOPDWHULDOVWKDWDUHRINQRZQDQGXVXDOO\SXEOLVKHGYDOXHVFDQDOVR
EH XVHG DV D PHWKRGWRPHWKRG DQG ODEWRODE FRPSDULVRQ 7KHVH DUH JHQHUDOO\ FRPPHUFLDOO\
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SUHSDUHGDQGFDQEHSXUFKDVHGDORQJZLWKWKHDQDO\WLFDOGHWDLOVDQGUHVXOWVIURPQDWLRQDOTXDOLW\
FRQWUROODERUDWRULHV
,QWHUQDO DQG H[WHUQDO VWDQGDUGV VKRXOG EH GLJHVWHGH[WUDFWHG DQG DQDO\VHG DW UHJXODU LQWHUYDOV WR
SURYLGH FKHFNV RQ WHFKQLTXHV EHLQJ XVHG $ GHWDLOHG UHFRUG RI WKH UHVXOWV VKRXOG EH NHSW WR
LQGLFDWHDQ\YDULDWLRQVZLWKWLPHZKLFKZLOOWKHQUHTXLUHFRUUHFWLRQDQGLQYHVWLJDWLRQ
7KH ,QWHUQDWLRQDO 3ODQW DQG 6RLO ([FKDQJH V\VWHPV ,3( DQG ,6( UHVSHFWLYHO\  UXQ IURP
:DJHQLQJHQDUHH[DPSOHVRIZLGHO\XVHGTXDOLW\FRQWUROV\VWHPVZKLFKDOORZLQWHUQDODQGH[WHUQDO
FRPSDULVRQV RI DQDO\WLFDO TXDOLW\ DFURVV D ODUJH QXPEHU RI ODERUDWRULHV  WLPHV SHU \HDU RQ D
UDQJHRIPDWHULDOV
( 5HFRYHU\SURFHGXUHV
7KHVH DUH RQH RI WKH PRVW LPSRUWDQW ODERUDWRU\ WHFKQLTXHV SDUWLFXODUO\ GXULQJ PHWKRG
GHYHORSPHQWRUWKHDGRSWLRQRIDQHZPHWKRG7KLVLQYROYHVWKHXVHRIVSLNHVRINQRZQQXWULHQW
FRQWHQW ZKLFK DUH DGGHG WR EODQNV DQG SODQWVRLO VDPSOHV WR LQGLFDWH LI D SUREOHP H[LVWV ZLWK WKH
SDUWLFXODUPHWKRG
*HQHUDOO\ DSSUR[LPDWHO\ KDOI RI WKH QXWULHQW WKDW LV DOUHDG\ SUHVHQW LQ WKH SODQWVRLO VDPSOH LV
DGGHG)RUH[DPSOHWKHGLJHVWRIDVXEVDPSOHRIJRISODQWPDWHULDOFRQWDLQLQJ3ZRXOG
FRQWDLQ  [  RU PJ 3 7KH DGGHG VSLNLQJ VROXWLRQ ZRXOG WKHUHIRUH FRQWDLQ PJ 3
UHFRYHU\LVWKHDLPRIWKLVSURFHGXUH±
,Q RUGHU WR WUDFN GRZQ ZKHUH D SUREOHP DULVHV D VHTXHQWLDO UHFRYHU\ SURFHGXUH FDQ EH
LPSOHPHQWHGLHVSLNHVRINQRZQQXWULHQWFRQWHQWDUHDGGHGWRWKHSODQWRUVRLOVDPSOHDWGLIIHUHQW
VWDJHVRIWKHSURFHGXUHWRVHHZKHUHWKHSUREOHPGHYHORSVRUGLVDSSHDUV
,QSODQWDQGVRLODQDO\VHVWKHUHDUHDQXPEHURIVWHSVZKHUHDQDO\WLFDOSUREOHPVFDQGHYHORSDQG
DOOVKRXOGEHLQYHVWLJDWHG,QDFFXUDFLHVFRXOGUHVXOWIURP











'LUW\JODVVZDUH
&RQWDPLQDWHGSODQWRUVRLOVDPSOHV
&RQWDPLQDWHGGLJHVWLRQRUH[WUDFWLRQPL[WXUHV
,QFRPSOHWHGLJHVWLRQ HJVXOSKXU 
&RQWDPLQDWHGZDWHURUUHDJHQWVXVHGLQDQDO\VLV
0DOIXQFWLRQRIHTXLSPHQWLHDXWRDQDO\VHU,&3HWF
&KHPLFDOLQWHUIHUHQFHV
,QDFFXUDWHVWDQGDUGVROXWLRQSUHSDUDWLRQ
(OHPHQWDOLQWHUIHUHQFHLQVROXWLRQPDWUL[
,QDFFXUDWH RULQDSSURSULDWHILWWLQJ RIFDOLEUDWLRQFXUYH VRPHWLPHVUHVXOWLQJIURPLQDSSURSULDWH
XVHRIFRPSXWHUVRIWZDUH 


5HOLDEOHSODQWDQGVRLODQDO\VLVUHTXLUHVWKDWWKHEHVWSRVVLEOHWHFKQLTXHVDUHXVHGLQHDFKVWDJH
IURPFROOHFWLRQWRDQDO\VLVDQGWKDWDSSURSULDWHTXDOLW\FRQWUROPHDVXUHVDUHULJRURXVO\DGKHUHGWR
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AN EXAMPLE OF A RECOVERY RUN FOR A PLANT DIGESTION AND ANALYSIS

Sample

(a) Blank

Replicate Sample Weight Quantity of
Result
(gm)
spike added
(mL)
1
Should equal zero. A positive

(b) Internal Standard

2

-

-

reading indicates contamination

3

-

-

in reagents, water, vials, etc.

1
2

0.2054
0.2010

-

Allows for comparison with lab
mean and calculation of a mean

3

0.2009

-

for this run.

(c) Half weight of the 1
Internal Standard 2

0.1008
0.1003

-

Enables mean to be calculated for
half the quantity of the internal

3

0.1010

-

standard. This should give the same
concentration and half the amount
found in (b) otherwise digestion
procedure is being influenced by the
sample weight or the calibration of
other standard curve does not hold for
different mean ranges.

(d) Spike Solution

1
2

-

1.003
1.008

Allows mean to be calculated for
all the elements used and %

3

-

1.012

recovery of amount added.

0.1010
0.1002

0.511
0.502
0.509
0.503
0.514

Should give the same concentraion
and half the amount as in (d).

0.1005

0.511

(e) Half volume of
spike solution

1
2
3
(f) Half weight of
1
internal standard + 2
half volume of

3

Should equal (c) + (e).

spike solution
Note: In (a) to (f) the samples are taken through the whole digestion/analysis procedure; (g) to (i)
include some additions at different stages in the digestion/analysis process.
(g) Blank + Spike
solution added
after digestion
(h) Blank + half
volume of spike
solution added
after digestion
(i) Half the weight of
internal standard
+ half the volume
of spike added
after digestion

1
2
3
1
2
3
1
2
3

0.1001
0.1021
0.1013

1.011
1.013
1.005
0.510
0.508
0.514
0.500
0.503
0.498

Should give same result as (d).
This comparison tests if digestion
or analysis is the problem.
Should give same concention and half the amount of (g).
Compares with the (d) to (e)
comparison.
Should equal (f) which should
equal (c) and (e). Indicates if
there is a matrix interference.
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 (19,5210(17
$ $SURSHUZRUNLQJDUHD
$EVROXWHO\QHFHVVDU\




6WULFWO\VHSDUDWHIHUWLOLVHUSUHSDUDWLRQDUHDDQGDQDO\WLFDODUHD
&OHDQ XQFRQWDPLQDWHG ZRUNEHQFKHV
'LVWLOOHGZDWHUIRUUHDJHQWSUHSDUDWLRQDQGDQDO\VLV

$GYLVDEOH




6HSDUDWHURRPVIRU D ZHWFKHPLVWU\
E EDODQFHDQGLQVWUXPHQWURRP
$LUFRQGLWLRQHGLQVWUXPHQWURRP
)XPHKRRGIRUGLJHVWLRQXQLW

2IDGYDQWDJH





'LVKZDVKHUZLWKGHPLQHUDOL]HGZDWHUIRUJODVVZDUH
)ULGJHIRUVWRUDJHRIUHDJHQWV
'U\LQJFDELQHW IRUPRLVWXUHGHWHUPLQDWLRQVDQGHYDSRUDWLRQRI.MHOGDKOGLVWLOODWHWHPSHUDWXUH
XSWR& 

% 6XLWDEOHVWRUDJHIDFLOLWLHVIRUSODQWPDWHULDOV







'U\ZHOOYHQWLODWHGFRROURRP
1RGLUHFWVXQOLJKW
6KHOYHV
3ODQWVDPSOHVLQSURSHUO\ODEHOOHGSDSHUEDJV VKRUWDQGFOHDUFRGLQJEHVWZLWKQRQHUDVDEOH
PDUNHU 
$UFKLYHGVDPSOHVFRYHUHGZLWKSODVWLFVKHHWVRULQODEHOOHGSODVWLFEXFNHWVZKLFKDUH³PRXVH
DQGLQVHFWSURRI´IRUORQJWHUPVWRUDJHRIPLQLPXP\HDU
,PSRUWDQWQRIHUWLOLVHUVWRUDJHLQWKHVDPHURRP


)LJXUH6DPSOHVVXLWDEO\SDFNDJHGIRUVWRUDJH
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 0$7(5,$/6$1'6833/,(6
$ :HOOSUHSDUHGUHSUHVHQWDWLYHSODQWVDPSOHV


)LJXUH)LQHO\JURXQGKRPRJHQHRXVSODQWVDPSOHVXLWDEOHIRUDQDO\VLV
+RPRJHQHLW\ LV D SUHUHTXLVLWH IRU D UHSUHVHQWDWLYH DQDO\VLV WKHUHIRUH SODQW VDPSOHV VKRXOG EH
SUHSDUHGLQWKHIROORZLQJZD\







3DUWLFOHVL]HPP
3RZGHUGU\
9LVLEO\KRPRJHQHRXV FRORXU 
1RWLQIHVWHG IXQJLFRSVLQVHFWVHWF 
$ERXW±PJ1 LH±PJSODQWSRZGHUGHSHQGLQJRQH[SHFWHG1FRQWHQW IRURQH
.MHOGDKODQDO\VLV
3ODQWSDUWVZLWKGLIIHUHQW1DQG 1±FRQWHQW HJJUDLQDQGVWUDZSRGVDQGOHDYHV VKRXOGEH
VHSDUDWHGEHIRUHGU\LQJDQGDQDO\]HGVHSDUDWHO\ !KRPRJHQHRXV 1HQULFKPHQW




7RPLQLPL]HWKHULVNRIFURVVFRQWDPLQDWLRQDWJULQGLQJ



(VWLPDWH WKH DSSUR[LPDWH 1 FRQWHQW RI WKH SODQWPDWHULDO DQG VRUW VDPSOHV LQ DVFHQGLQJ RU
GHVFHQGLQJRUGHURI 1FRQWHQWEHIRUHJULQGLQJ
&OHDQWKHPLOOSURSHUO\EHWZHHQHDFKVDPSOH ZLWKEUXVKRUFRPSUHVVHGDLU 




% &HUWLILHGUHIHUHQFHPDWHULDOVIRUWUDFHDELOLW\


)LJXUH&HUWLILHGUHIHUHQFHPDWHULDOVIRUWRWDO1DQDO\VLV
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$QDO\WLFDO PHDVXUHPHQWV VKRXOG EH UHIHUUHG WR LQWHUQDWLRQDOO\ RU QDWLRQDOO\ UHFRJQL]HG VWDQGDUGV
SULPDU\ VWDQGDUGV  ,I \RXU LQWHUQDO ZRUNLQJ VWDQGDUG ,50  LV FKDUDFWHUL]HG E\ WKH ,$($ 6RLO
6FLHQFH8QLWLQ6HLEHUVGRUIWUDFHDELOLW\WRD&50FDQEHSURYLGHG

$ &HUWLILHG 5HIHUHQFH 0DWHULDO &50  LV D SULPDU\ VWDQGDUG DQG LV FHUWLILHG E\ D WHFKQLFDOO\
YDOLGSURFHGXUHDFFRPSDQLHGE\RUWUDFHDEOHWRDFHUWLILFDWHRURWKHUGRFXPHQWDWLRQLVVXHGE\WKH
FHUWLI\LQJERG\ ,62*XLGH 

$:RUNLQJ6WDQGDUGRU,QWHUQDO5HIHUHQFH0DWHULDO ,50 LVFDOLEUDWHGDJDLQVWD&50DQGWKHQ
XVHGWRFDOLEUDWHPHDVXUHPHQWVRIDFWXDOVDPSOHV


([DPSOHVIRUFHUWLILHGUHIHUHQFHPDWHULDOVLQWRWDO1DQG 1DQDO\VLV





3ODQW&50VIRUWRWDO1 E\.MHOGDKO 
&50 &RPPLVVLRQRIWKH(XURSHDQ&RPPXQLWLHV%&5%HOJLXP +D\SRZGHU
*%: 7KH3HRSOH¶V5HSXEOLFRI&KLQD %XVKOHDYHV
1,67 1DWLRQDO,QVWLWXWHRI6WDQGDUGV 7HFKQRORJ\&DQDGD 'XUXPZKHDW

 2UJDQLF1FRPSRXQG&50V XVHGHJLQGU\FRPEXVWLRQDQDO\VHUV 
 2UJDQLF$QDO\WLFDO6WDQGDUGV 2$6 0LFURDQDO\VLV8.&DW1R%$FHWDQLOLGH
 2UJDQLF$QDO\WLFDO6WDQGDUGV 2$6 0LFURDQDO\VLV8.&DW1R%$WURSLQH









,QRUJDQLF 1FRPSRXQG&50V
,$($$ 1ODEHOOHG$PPRQLD6XOIDWH DWRP 1YVDLU 
,$($% 1ODEHOOHG$PPRQLD6XOIDWH DWRP 1YVDLU 
,$($$ 1ODEHOOHG8UHD DWRP 1YVDLU 
,$($% 1ODEHOOHG8UHD DWRP 1YVDLU 
,$($ 1ODEHOOHG$PPRQLD6XOIDWH DWRP 1YVDLU 



1 ODEHOOHG U\HJUDVV OHDYHV  DWRP  1 YV DLU  DUH LQ SUHSDUDWLRQ ,$($ 6RLO 6FLHQFH
8QLW6HLEHUVGRUI 























1ODEHOOHGSODQW&501RW\HWFRPPHUFLDOO\DYDLODEOH 









& &RUUHFWO\FDOLEUDWHGLQVWUXPHQWVDQGIXQFWLRQLQJODEHTXLSPHQW
*HQHUDO 5XOH $OO LQVWUXPHQWV DQG HTXLSPHQW ZKLFK SURYLGH QXPEHUV XVHG LQ WKH FDOFXODWLRQ RI
WKH DQDO\WLFDO UHVXOW QHHG WR EH FDOLEUDWHG FRUUHFWO\ HJ EDODQFHV EXUHWWHV (PLVVLRQ
6SHFWURPHWHUV0DVV6SHFWURPHWHUVHWF 
2QHQHHGVWRGLVWLQJXLVKEHWZHHQ  FDOLEUDWLQJDQG  FKHFNLQJWKHFDOLEUDWLRQ
L

&DOLEUDWLRQ



3URFHVVRIUHIHUULQJDQLQVWUXPHQWUHVSRQVH PHDVXUHGVLJQDO WRDQDQDO\WLFDOUHVXOWXVXDOO\
E\PHDQVRIDFDOLEUDWLRQFXUYHPRGHUQPLFURSURFHVVRUFRQWUROOHGLQVWUXPHQWVFDOFXODWHDQG
DSSO\WKHFDOLEUDWLRQFXUYHDXWRPDWLFDOO\
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)LJXUH&HUWLILHGUHIHUHQFHZHLJKWV OHIW DUHXVHGWRFDOLEUDWHWKHEDODQFHDIWHUFDUHIXOFOHDQLQJ
ULJKW 

([DPSOHVIRULQVWUXPHQWVWKDWFDQEHFDOLEUDWHG



$QDO\WLFDOEDODQFH PLQUHTXLUHGUHDGDELOLW\J VZLWFKHGWR³&$/PRGH´WKHEDODQFH
LVFDOLEUDWHGE\LQWHUQDO HOHFWURQLF ZHLJKWVRUE\H[WHUQDOFHUWLILHGUHIHUHQFHZHLJKWV XVXDOO\
RQHRUWZR 
2SWLFDO(PLVVLRQ6SHFWURPHWHU 2(6 DFDOLEUDWLRQFXUYHLVSUHSDUHGZLWKDVHWRI 1ODEHOOHG
$PPRQLD 6XOIDWH VWDQGDUG VROXWLRQV SUHSDUHG IURP VROLG 1 HQULFKHG $6 5HIHUHQFH
0DWHULDOV HJ IURP )$1 *PE+ *HUPDQ\ RU ,$($  ZLWK GLIIHUHQW HQULFKPHQWV XVXDOO\ ±
6WGV 




LL &KHFNLQJWKHFDOLEUDWLRQDQGSURFHGXUHFRQWURO



$ ZRUNLQJ VWDQGDUG ,50 WUDFHDEOH WR D &50  LV WUHDWHG DQG DQDO\]HG OLNH D URXWLQH VDPSOH
³&RQWURO VDPSOH´  DQG WKH GLVSOD\HG UHVXOW LV FRPSDUHG ZLWK WKH WKHRUHWLFDO UHVXOW ² LI WKH
DFWXDODQGWKHWKHRUHWLFDOUHVXOWDUHHTXDOWKHLQVWUXPHQWLVFDOLEUDWHGFRUUHFWO\
$ VHW RI FHUWLILHG UHIHUHQFH ZHLJKWV LV ZHLJKHG DQG WKH GLVSOD\HG YDOXH LV FRPSDUHG ZLWK WKH
YDOXHRQWKHFHUWLILFDWH

127( ,I WKH UHVXOW RI WKH FDOLEUDWLRQ FKHFN LV XQVDWLVIDFWRU\ UHFDOLEUDWLRQ LV QHHGHG HYHQWXDOO\
DIWHUPDLQWHQDQFHRIWKHLQVWUXPHQWHTXLSPHQW
([DPSOHVIRUFDOLEUDWLRQFKHFNRILQVWUXPHQWV



$QDO\WLFDO EDODQFH ZHLJK D VHW RI FHUWLILHG UHIHUHQFH ZHLJKWV HJ  PJ  PJ  PJ 
PJPJJJJ 
2(6PHDVXUHVHYHUDODPPRQLDVXOIDWHVWDQGDUGVROXWLRQVZLWKGLIIHUHQWHQULFKPHQWVGLJLWV
UHTXLUHG HJ QDWXUDO DEXQGDQFH          
DWRP 1DEXQGDQFH 
9ROXPHWULF SLSHWWHV ZHLJK D SLSHWWHG YROXPH RI GLVWLOOHG ZDWHU RQ D FDOLEUDWHG DQDO\WLFDO
EDODQFH
'LJLWDORUJODVVEXUHWWHVZHLJKDGLVSHQVHGYROXPHRIGLVWLOOHGZDWHURQDFDOLEUDWHGDQDO\WLFDO
EDODQFH
9ROXPHWULFIODVNVZHLJKWKHYROXPHRIGLVWLOOHGZDWHUILOOHGXSWRWKHPDUNRQDFDOLEUDWHGWRS
ORDGEDODQFHZLWKDUHDGDELOLW\RIJ






3XULILHGFKHPLFDOVDQGZDWHU
7KHTXDOLW\RIUHDJHQWVDQGGLVWLOOHGZDWHULVRIJUHDWLPSRUWDQFHIRUWKHTXDOLW\RIWKHDQDO\VLV
,I QDWXUDO DEXQGDQFH 1 LV SUHVHQW LQ WKH UHDJHQWV LW ORZHUV WKH 1UHVXOW RI WKH SODQW PDWHULDO
7KHUHIRUHWKHUHDJHQWVDQGWKHZDWHUZKLFKLVXVHGIRUULQVLQJRIJODVVZDUHVKRXOGEHFKHFNHGWR
EHIUHHRI1LWURJHQ


7KLVFDQEHGRQHE\  GLUHFWEODQNGHWHUPLQDWLRQVRU  LVRWRSHGLOXWLRQ
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 'LUHFWEODQNGHWHUPLQDWLRQ
$OOLQJUHGLHQWVH[FHSWSODQWPDWHULDODUHDGGHG DOOUHDJHQWVVDPHDPRXQWRIZDWHUERLOLQJVWRQHV
HWF DQGLVWUHDWHGDQGDQDO\]HGOLNHDURXWLQHVDPSOHLIWKHEODQNYDOXHGRHVQRWH[FHHGRI
WRWDO1LQWKHVDPSOH HJPJ1SHUPJ1 WKHUHVXOWFDQEHFRUUHFWHGIRUWKHEODQN
 ,VRWRSHGLOXWLRQ
$NQRZQDPRXQWRI 1HQULFKHG$6VROXWLRQLVSLSHWWHGLQWRDGLJHVWLRQYHVVHO HJPJ1DV
$6VROXWLRQ   1 DWRP H[FHVV  DQG WKHQ WUHDWHG OLNH D URXWLQH VDPSOH  !WKH UHFRYHU\
VKRXOGQRWH[FHHGPJ1DQGVKRXOGQRWEHORZHURUKLJKHUWKDQ 1DHRWKHUZLVHWKH
UHDJHQWV WKH JODVV ZDUH RU WKH ZDWHU DUH SRVVLEO\ FRQWDPLQDWHG ZLWK QDWXUDO DEXQGDQFH 1
 1 RU 1HQULFKHG1 










 48$/,7<6<67(0
$ 6WDQGDUGRSHUDWLQJSURFHGXUHV 623 RIYDOLGDWHGPHWKRGV
,QDPRGHUQ³TXDOLW\FRQWUROOHG´ODERUDWRU\LWLVREOLJDWRU\WRGRFXPHQWDOOVWHSVWREHWDNHQLQWKH
DQDO\VLVLQ6WDQGDUG2SHUDWLQJ3URFHGXUHVDQGIROORZWKHVHSURFHGXUHVVWULFWO\
7KHUHDUHPDQ\GLIIHUHQWIRUPDWVKRZWKHVH623¶VVKRXOGORRNDQGKRZGHWDLOHGWKH\VKRXOGEH
$VDKHOS³$Q623VKRXOGEHXQGHUVWRRGE\DQDO\VWVZKRDUHQRWQHFHVVDULO\LQYROYHGLQWKLVW\SH
RIDQDO\VLV´
$VXJJHVWHGIRUPDWIRUDQ623LVWKHIROORZLQJ VLPLODUWRWKH,62VWDQGDUGIRUPDW 










6FRSHDQGILHOGRIDSSOLFDWLRQRIWKHGHVFULEHGDQDO\WLFDOPHWKRG
3ULQFLSOHRIWKHPHWKRG
7\SLFDOVDPSOH
$SSDUDWXV
5HDJHQWV
3URFHGXUH GHVFULSWLRQRIDOOVWHSVWDNHQ 
&DOFXODWLRQRIUHVXOW
'HOLFDWHSRLQWVDQGSUHFDXWLRQV
5HIHUHQFHV

7KH PHWKRGV GHVFULEHG LQ WKH 623V VKRXOG EH ORFDOO\ YDOLGDWHG LH FKHFNHG WR JLYH FRUUHFW
UHVXOWV
% 'RFXPHQWDWLRQ8SWRGDWHODERUDWRU\ORJERRNV4XDOLW\FRQWUROFKDUWV
/DERUDWRU\ ORJ ERRNV DQG4&FKDUWV VKRXOG EH XVHG GDLO\ ZKLOH DQDO\VLV LV SHUIRUPHG ,Q URXWLQH
DQDO\VLV LW FDQ KHOS LGHQWLI\ SUREOHPV ZLWK WKH DQDO\WLFDO UHVXOWV HYHQ PRQWKV RU \HDUV DIWHU WKH
DQDO\VLV KDV EHHQ SHUIRUPHG 7KH ORJERRN VKRXOG EH XVHG WR WUDFN VDPSOHV IURP UHFHLSW WR
GLVSRVDO
L

7KHODERUDWRU\ORJERRNVKRXOGFRQWDLQ





$OOUHOHYDQWGDWDIRUWKHFDOFXODWLRQRIWKHDQDO\VLVUHVXOW
$OOEDFNJURXQGLQIRUPDWLRQDERXWWKHQDWXUHDQGRULJLQRIWKHVDPSOHV
$OO XQXVXDO REVHUYDWLRQV RU FRQGLWLRQV WKDW FRXOG DIIHFW WKH TXDOLW\ RI WKH UHVXOWV HJ KLJK
URRP WHPSHUDWXUH LQ WKH LQVWUXPHQW URRP EHFDXVH DLU FRQGLWLRQ GLG QRW IXQFWLRQ RQ WKDW
PRUQLQJHWF 
7KHGDWHDQGWKHQDPHRIWKHDQDO\VW



LL $VSHFLDOLQVWUXPHQWORJERRNIRUHDFKLQVWUXPHQWVHSDUDWHO\VKRXOGFRQWDLQ





$OOFKDQJHVRILQVWUXPHQWVHWWLQJV
$OOPDLQWHQDQFHDFWLYLWLHV
$OOFDOLEUDWLRQGDWD 4&FKDUWVVHHEHORZ 
7KHGDWHDQGWKHQDPHRIWKHDQDO\VW
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LLL 4XDOLW\FRQWURO 4& FKDUWV
7KHVH VKRXOG EH XVHG WR PRQLWRU WKH LQVWUXPHQW SHUIRUPDQFH DQG JLYH HYLGHQFH IRU WKH ZKROH
DQDO\VLVWREHXQGHUFRQWURO7KHLUXVHLVLOOXVWUDWHGLQ)LJXUHV±


3ORWWKHGHYLDWLRQ ¨ IURPUHIHUHQFHYDOXH RIDQ,50VDPSOH ³&RQWUROVDPSOH´ LQWRWKH
FKDUWGDLO\ 7DEOH 

7DEOH([DPSOHIRU4&FKDUWOLVWRIGDWDIRUPHWKRGFRQWURO
'DWH
RIDQDO\VLV

5HIHUHQFHYDOXH ,50 
>1@








³
³
³
³

1IRXQG
>1@







¨
  1IRXQGUHIYDO UHIYDO









4&FKDUWIRU7RWDO1$QDO\VLV

H
F
Q
H
U
H
I
H
U
P H
R X
O
U
I
D

Q Y
R
L
W
D
L
Y
H
G


























'DWH

)LJXUH4&FKDUWIRUPHWKRGFRQWURO7KHYDOXHVLQD4&FKDUWIRUPHWKRGFRQWUROVKRXOGQRW
H[FHHGGHYLDWLRQ



&+$37(548$/,7<$6685$1&(

LY ([DPSOHVRIWKHEHQHILWRI4&FKDUWV


4&FKDUWIRU1DQDO\V LV E\2(6
([DP SOH IRU DQH JDWLYH V \V WH P DWLFH U URU LQDQDO\V LV




P
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I
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'DWH

)LJXUH([DPSOHIRUQHJDWLYHV\VWHPDWLFHUURU
4&FKD UWIRU1D QD O\VLVE\2(6
([ D P SOH IRUD WUH QGLQD QD O\ VLV


H
F
Q
H
U
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H
U
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G







'DWH

)LJXUH([DPSOHIRUSRVLWLYHWUHQG
4&FKDUWIRU1DQDO\VLVE\2(6
([DPSOHIRUDKLJKUDQGRPHUURULQDQDO\VLV

H
F
Q
H
U
H
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H
U


H
P X
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Y
H
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'DWH

)LJXUH([DPSOHIRULQFUHDVLQJUDQGRPHUURU4&FKDUWVIRULQVWUXPHQWFRQWURO
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&DOFXODWHWKHFDOLEUDWLRQFXUYHRIWKHHPLVVLRQVSHFWURPHWHUE\OLQHDUUHJUHVVLRQDQDO\VLV
!\ D[ED VORSHE LQWHUFHSWU FRHIILFLHQWRIFRUUHODWLRQ
'DLO\SORWWKHVORSHDQGWKHLQWHUFHSWRIWKHFDOLEUDWLRQFXUYHLQWRD4&FKDUW
7DNHWKHVORSHDQGLQWHUFHSWRID³JRRG´FDOLEUDWLRQFXUYH DIWHUPDLQWHQDQFHRIWKHLQVWUXPHQW 
DV D ³UHIHUHQFH´ DQG PRQLWRU WKH YDULDWLRQ DURXQG WKHVH YDOXHV WR LGHQWLI\ FKDQJHV LQ WKH
LQVWUXPHQWSHUIRUPDQFH 7DEOH 

7DEOH([DPSOHIRUD4&FKDUWOLVWRIGDWDIRULQVWUXPHQWFRQWURO
'DWH

6ORSH D 

,QWHUFHSW E 

&RUUHODWLRQFRHIILFLHQW U 

























































DIWHUPDLQWHQDQFH 



6RPHWKLQJKDSSHQHG


5HIHUHQFHOLQH



6ORSH
























'DWH

)LJXUH4&FKDUWIRULQVWUXPHQWFRQWURO
& 6WDII:HOOWUDLQHGDQGPRWLYDWHG



,W LV RI XWPRVW LPSRUWDQFH WKDW WKH DQDO\VW DQG DOO WHFKQLFLDQV LQYROYHG LQ WKH DQDO\VLV IHHO
UHVSRQVLEOHIRUWKHLUFRQWULEXWLRQWRWKHILQDOUHVXOWRIWKHDQDO\VLV
7KHDQDO\VWVKRXOGNHHSWUDFNRIWKHVDPSOHIURPWKHUHFHLSWLQWKHODERUDWRU\WRWKHUHSRUWLQJ
RIWKHUHVXOW !³WUDFNDELOLW\´
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%H DZDUHWKDWHYHQ LIDOO 4XDOLW\ $VVXUDQFHPHDVXUHVKDYH EHHQ LPSOHPHQWHGDQGIROORZHG
SHUIHFWO\DQGWKHW\SLVWFOHUNPL[HVXSWKHFRGLQJRQWKHUHVXOWUHSRUWLQJIRUPDOOHIIRUWZDVLQ
YDLQ
7KLVIHHOLQJRIUHVSRQVLELOLW\FDQQRWEHLPSRVHG±EXWLWFDQEHUHDFKHGEHVWE\DJRRGZRUNLQJ
DWPRVSKHUHDQGDSRVLWLYHUHFRJQLWLRQRIWKHFRQWULEXWLRQRIHDFKVWDIIPHPEHULQYROYHGLQWKH
SURFHVVRIDQDO\VLV
$OZD\VUHPHPEHU  ³$FKDLQLVRQO\DVVWURQJDVLWVZHDNHVWOLQN´

  ³7RRPDQ\FRRNVVSRLOWKHVRXS´

' 5HJXODUSDUWLFLSDWLRQLQSURILFLHQF\WHVWLQJH[HUFLVHVRULQWHUFRPSDULVRQV


)RUJDLQLQJVHOIFRQILGHQFHLQWKHDQDO\WLFDOFDSDELOLW\DQGWRGHPRQVWUDWHSURILFLHQF\LQWKH
ILHOG RI 1 DQG 1 DQDO\VLV LW LV HVVHQWLDO WR SDUWLFLSDWH UHJXODUO\ LQ ([WHUQDO 4XDOLW\
$VVXUDQFH (4$ SURJUDPPHV


127(7KH6RLO6FLHQFH8QLW)$2,$($%LRWHFKQRORJ\DQG$JULFXOWXUH/DERUDWRULHV6HLEHUVGRUI
$XVWULDRUJDQLVHVDQQXDOLQWHUUHJLRQDOSURILFLHQF\WHVWLQJH[HUFLVHVIRUWRWDO1DQG 1DQDO\VLVRI
SODQWPDWHULDOV





)LJXUH  7HVW SDQHO DV GLVSDWFKHG IURP ,$($ ZLWK SODQW VDPSOHV RI XQNQRZQ 1 DQG 1
FRQFHQWUDWLRQ
(4$([WHUQDO4XDOLW\$VVXUDQFH6HUYLFH
6RLO6FLHQFH8QLW,$($/DERUDWRULHV6HLEHUVGRUI$XVWULD4XDOLW\$VVXUDQFH
([HUFLVHIRU1$QDO\VLVRI3ODQW0DWHULDOV
1$WRP$EXQGDQFH

O L



=

!XQVDWLVIDFWRU\



=

!TXHVWLRQDEOH





]VFRUH
6WGHY  

























$$$$%$&%&'()*+,-.
/DE&RGH

)LJXUH5HSUHVHQWDWLRQRI,$($LQWHUODERUDWRU\4$UHSRUWIRUP
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1 3/$17

 6800$5< ´4$&+(&./,67´ 
$ &KHFNWKHVXLWDELOLW\RIWKHHQYLURQPHQW
á

&KHFNWKHIDFLOLWLHVIRUVWRUDJHRIWKHSODQWPDWHULDO

á

&KHFNWKHODERUDWRULHVDQGLQVWUXPHQWURRPV

á

&KHFNWKHTXDOLW\RIWKHSODQWPDWHULDO

% &KHFNWKHFDOLEUDWLRQRILQVWUXPHQWVDQGHTXLSPHQW
á

&KHFNWKHFDOLEUDWLRQRIWKHEXUHWWH

á

&KHFNWKHFDOLEUDWLRQRIWKHYROXPHWULFSLSHWWH

& &KHFN\RXUDQDO\WLFDOPHWKRG±3DUWRI³PHWKRGYDOLGDWLRQ´
á

&KHFNWKH1UHFRYHU\RI\RXU.MHOGDKOPHWKRG

á

&KHFNWKH 1UHFRYHU\RI\RXUDQDO\WLFDOPHWKRG LHVDPSOHSUHSDUDWLRQE\.MHOGDKO2(6 


' 'HWHUPLQHWKHSHUIRUPDQFHRI\RXUDQDO\WLFDOPHWKRG
á

'HWHUPLQHWKHDFFXUDF\RI\RXU.MHOGDKOPHWKRG

á

'HWHUPLQHWKHSUHFLVLRQLHUHSHDWDELOLW\DQGUHSURGXFLELOLW\RI\RXU.MHOGDKOPHWKRG

á

'HWHUPLQHWKHDFFXUDF\RI\RXU 1±$QDO\VLVPHWKRG 2(6DORQH 

á

'HWHUPLQHWKHDFFXUDF\RI\RXU 1±$QDO\VLVPHWKRG SODQWVDPSOHSUHSDUDWLRQ2(6 

á

'HWHUPLQH WKH SUHFLVLRQ LH UHSHDWDELOLW\ DQG UHSURGXFLELOLW\ RI \RXU 1 ±$QDO\VLV PHWKRG
2(6DORQH 

á

'HWHUPLQH WKH SUHFLVLRQ LH UHSHDWDELOLW\ DQG UHSURGXFLELOLW\ RI \RXU 1 ±$QDO\VLV PHWKRG
SODQWVDPSOHSUHSDUDWLRQ2(6 









 ³4$&+(&./,67´,1'(7$,/
$ &KHFNWKHVXLWDELOLW\RIWKHHQYLURQPHQW
á




&KHFNWKHIDFLOLWLHVIRUVWRUDJHRIWKHSODQWPDWHULDOV
6WRUDJHRISODQWPDWHULDOVKRXOGEH
,QDGU\ZHOOYHQWLODWHGDQGFRROURRP
6DPSOHVSRVVLEO\LQODEHOHGSDSHUEDJV
%DWFKHVRIVDPSOHVNHSWLQODUJHSODVWLFEXFNHWVRUFRYHUHGZLWKSODVWLFVKHHWVWRSUHYHQWIURP
PRLVWXUHXSWDNH

á

&KHFNWKHODERUDWRULHVDQGLQVWUXPHQWURRPV



:RUN EHQFKHV JODVV ZDUH DXWRPDWLF EXUHWWHV SLSHWWHV EDODQFHV VSDWXODV GLJHVWLRQ DQG
GLVWLOOLQJ XQLWV KRWSODWHV HWF VKRXOG EH FOHDQ DQG IUHH RI FRQWDPLQDWLRQ ZLWK 1FRPSRXQGV
ERWKRUGLQDU\1DQG 1FRPSRXQGV 
2XWOHW WLSV RI WKH GLVWLOOLQJ XQLW DQG EXUHWWH IRU +&OWLWUDQW VROXWLRQ KDYH WR EH YHU\ FOHDQ DQG
IUHHRIWUDFHVRI KLJKO\FRQFHQWUDWHG 1D2+
&KHPLFDOV IRU UHDJHQW DQG VWDQGDUG SUHSDUDWLRQ VKRXOG EH FORVHG DQG WRXFKHG RQO\ ZLWK
FOHDQVSDWXODV
6WDQGDUGVDQGUHIHUHQFHPDWHULDOVVKRXOGEHNHSWLQDVHSDUDWHSODFH
$TXHRXV1DQG 1VWDQGDUGVROXWLRQVKDYHWREHVWRUHGLQWKHIULGJH
5HDJHQWVVKRXOGQHYHUEHH[SRVHGWRGLUHFWVXQOLJKWEHVWNHSWLQDIULGJHRULQDFRRODQGGDUN
SODFH & 
$OOVWDQGDUGVDQGUHDJHQWVVKRXOGEHODEHOOHGZLWK
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'DWHRISUHSDUDWLRQ
1DPHRIFRPSRXQG
&RQFHQWUDWLRQRIDQDO\WH
1DPHRIUHVSRQVLEOHSHUVRQ




(OHFWURQLF LQVWUXPHQWV DQG PHDVXULQJ HTXLSPHQW ZLWK PHWDO SDUWV HJ EDODQFHV GLJLWDO
EXUHWWHVDXWRPDWLFSLSHWWHVHWF VKRXOGQRWEHSODFHGLQFRUURVLYHDWPRVSKHUH HJQHDUWKH
GLJHVWLRQXQLW 
7KHGLJHVWLRQXQLWVKRXOGEHSODFHGLQDIXPHKRRGRUDWOHDVWFRQQHFWHGWRDZDWHUMHWSXPS
7KH HPLVVLRQ VSHFWURPHWHU DQG SRVVLEO\ WKH DQDO\WLFDO EDODQFH VKRXOG EH SODFHG LQ D
VHSDUDWHDLUFRQGLWLRQHGURRP

% &KHFNWKHTXDOLW\RIWKHSODQWPDWHULDO


3ODQWSRZGHUVKDOOEHYLVLEO\KRPRJHQHRXVSDUWLFOHVL]HRIJURXQGPDWHULDOVKRXOGQRWH[FHHG
 PP IRU VHPLPLFUR .MHOGDKO SURFHGXUH  PJ PDWHULDO IRU  DQDO\VLV GHSHQGLQJ RQ
H[SHFWHG1FRQWHQW 
,IWKHSODQWSRZGHULVLQIHVWHG ZLWKIXQJLLQVHFWVFREZHEVHWFWKHPDWHULDOFDQQRWEHXVHG
IRUDQDO\VLV



& &KHFN7KH&DOLEUDWLRQRI,QVWUXPHQWVDQG(TXLSPHQW
á

&KHFNWKHFDOLEUDWLRQRIWKHDQDO\WLFDOEDODQFH



5HJXODU FDOLEUDWLRQ FKHFN VXJJHVWLRQ ZHHNO\  E\ ZHLJKLQJ D VHW RI &HUWLILHG 5HIHUHQFH
:HLJKWVLQWKHUDQJHRIWKHURXWLQHVDPSOH ZHLJKWV HJ PJPJPJPJ
PJJJDQGJ 
127(QHYHUWRXFKUHIHUHQFHZHLJKWVZLWKWKHILQJHUV±XVHFRWWRQJORYHVRUSODVWLFWZHH]HUV

3URSHUGRFXPHQWDWLRQRIZHLJKLQJGDWDLQDFRPSXWHUILOHRUORJERRN

5HJXODUFRQWURO VXJJHVWLRQZHHNO\ RIZHLJKLQJGDWDE\WKHUHVSRQVLEOHSHUVRQ

5HFDOLEUDWLRQ RIEDODQFHLIRXWRIUDQJH DFFHSWDEOH GHYLDWLRQIURPUHIHUHQFHZHLJKWKDVWR
EHDJUHHGXSRQVXJJHVWLRQIRUZHLJKWVIURPJPJDQGIRUZHLJKWV
PJ 

'RFXPHQWDWLRQRIZHLJKLQJGDWDRIUHIHUHQFHZHLJKWVDIWHUUHFDOLEUDWLRQ

5HJXODU UHQHZDO RI FHUWLILFDWH RI FHUWLILHG UHIHUHQFH ZHLJKWV E\ WKH UHOHYDQW DXWKRULWLHV
*RYHUQPHQW2IILFHRI:HLJKWVDQG0HDVXUHV 

<HDUO\VHUYLFHRIEDODQFHDQGILOLQJRIVHUYLFHGDWDVKHHWV
á

&KHFNWKHFDOLEUDWLRQRIWKHEXUHWWH


)LOODFOHDQEXUHWWHZLWKGLVWLOOHGZDWHU UHPRYHDLUEXEEOHV 

3UHSDUHFOHDQDQGGU\YLDOV

1RWHWDUHRIYLDOVWRPJ

'LVSHQVHP/RIGLVWLOOHGZDWHUIURPWKHEXUHWWHLQWRHDFKJODVVYLDO

1RWHJURVVZHLJKWVRIYLDOVSOXVZDWHUWRPJ

1RWHWKHURRPWHPSHUDWXUH

&DOFXODWHWKHQHWZHLJKWVPHDQDQGVWDQGDUGGHYLDWLRQRIWKHGLVSHQVHGZDWHU

1RWHDOOGDWDLQWKHORJERRN

7KHGHQVLW\RI DLUIUHH ZDWHULVJFP DW&DQGJFP DW&
7KHUHIRUHP/GLVSHQVHGZDWHUVKRXOGZHLJKWKHRUHWLFDOO\
 FP[JFP  JDW&
 FP[JFP  JDW&

%877KHZHLJKWGLVSOD\HGRQWKHEDODQFHKDVWREHFRUUHFWHGIRUERXDQF\





(TXDWLRQ 
-r r  r r 







DLU

EDO

DLU

+ &

ZKHUHr
GHQVLW\RIDLU JFP r
GHQVLW\RIEDODQFHZHLJKWV JFP r
GHQVLW\RIZDWHUDW& JFP 
ÕERXDQF\FRUUHFWLRQIDFWRU
!
    
Õ´DSSDUHQWGHQVLW\³RI+ 2DW& 


DLU



EDO











 

+ &
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Õ´DSSDUHQWGHQVLW\´RI+ 2DW& 



7DNLQJLQWRFRQVLGHUDWLRQWKHYDULDWLRQRIEXUHWWHGLVSHQVLQJDQGWKHXQFHUWDLQW\RIZHLJKLQJ
P/RIGLVSHQVHGGLVWLOOHGZDWHUVKRXOGZHLJK

J   JJDW&

J   JJDW&






,IWKHGHYLDWLRQRIWKHPHDQQHWZHLJKWIURPWKHFDOFXODWHGZHLJKWLVKLJKHUWKDQ 
JIRUP/GLVSHQVHGYROXPH WKHEXUHWWHKDVWREHUHFDOLEUDWHG
,IWKHVWDQGDUGGHYLDWLRQRIWKHQHWZHLJKWVRIWKHUHSOLFDWHVLVKLJKHUWKDQ V J
IRUP/GLVSHQVHGYROXPH WKHEXUHWWHVKRXOGEHVHUYLFHGRUUHQHZHG
á

&KHFNWKHFDOLEUDWLRQRIWKHYROXPHWULFSLSHWWH










3UHSDUHDFOHDQP/YROXPHWULFSLSHWWH FDOLEUDWHGFODVV$H[V 
3UHSDUHFOHDQDQGGU\JODVVYLDOV
1RWHWDUHRIJODVVYLDOVWRPJ
3LSHWWHP/RIGLVWLOOHGZDWHULQWRHDFKYLDO
1RWHJURVVZHLJKWVRIYLDOVSOXVZDWHUWRPJ
1RWHWKHURRPWHPSHUDWXUH
&DOFXODWHWKHQHWZHLJKWVPHDQDQGVWDQGDUGGHYLDWLRQRIWKHSLSHWWHGZDWHU
1RWHDOOGDWDLQWKHORJERRN

7DNLQJ LQWR FRQVLGHUDWLRQ WKH YDULDWLRQ RI SLSHWWLQJ DQG WKH XQFHUWDLQW\ RI ZHLJKLQJ  P/ RI
SLSHWWHGGLVWLOOHGZDWHUVKRXOGZHLJK


J   JJDW&



J   JJDW&







,IWKHGHYLDWLRQRIWKHPHDQQHWZHLJKWIURPWKHFDOFXODWHGZHLJKWLVKLJKHUWKDQ 
JIRUP/SLSHWWHGYROXPH WKHSLSHWWHKDVWREHGHJUHDVHGRUH[FKDQJHG
,IWKHVWDQGDUGGHYLDWLRQRIWKHQHWZHLJKWVRIWKHUHSOLFDWHVLVKLJKHUWKDQ V J
IRUP/SLSHWWHGYROXPH SLSHWWLQJVKRXOGEHWUDLQHGEHWWHURUWKHSLSHWWHVKRXOGEHGHJUHDVHG
RUUHQHZHG
' &KHFN\RXUDQDO\WLFDOPHWKRG 3DUWRI³PHWKRGYDOLGDWLRQ´ 
.H\ZRUGVUHFRYHU\DFFXUDF\SUHFLVLRQUHSHDWDELOLW\UHSURGXFLELOLW\
á

&KHFNWKH1UHFRYHU\RI\RXU.MHOGDKOPHWKRG

%\ XVLQJ DQ DPPRQLD VXOIDWH $6  VWDQGDUG VROXWLRQ ZLWK NQRZQ DPRXQW RI 1 SUHSDUHG IURP
FRPPHUFLDOO\DYDLODEOHVROLGDPPRQLDVXOIDWHSDHJ0HUFN&DW1R


3LSHWWH D SUHFLVH YROXPH RI WKH VWDQGDUG VROXWLRQ LQWR D GLJHVWLRQ YHVVHO DQG WUHDW LW OLNH D
URXWLQHSODQWVDPSOH

([DPSOH



'LVVROYH  J DPPRQLD VXOIDWH SD GULHG DW &  KRXUV  LQ D /LWHU YROXPHWULF IODVN
ZLWKDERXWP/GLVWLOOHGZDWHUKRPRJHQL]HZHOODQGPDNHXSWRP/
8VLQJ D FDOLEUDWHG YROXPHWULF SLSHWWH WUDQVIHU H[DFWO\  P/ RI WKH VWDQGDUG VROXWLRQ
LQWRD.MHOGDKOGLJHVWLRQYHVVHODQGDQDO\]HOLNHDURXWLQHSODQW
FRQWDLQLQJPJ1 1
VDPSOH 1

WDNHQ

IRXQG

FDOFXODWLRQRIUHFRYHU\
«««««««

>PJ@1

WDNHQ

>PJ@1

IRXQG



«««««««<

< UHFRYHU\  [>PJ@1

>PJ@1

IRXQG

WDNHQ



(TXDWLRQ  


,IWKHUHFRYHU\LVORZHUWKDQFKHFNIRU
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/HDNVLQWKHGLVWLOODWLRQXQLW
%DGFDOLEUDWLRQRIEDODQFHEXUHWWHDQGRUSLSHWWH
,QVXIILFLHQWDPRXQWRI1D2+WRPDNHWKHGLJHVWDONDOLQHEHIRUHGLVWLOODWLRQ
:URQJWLWHURI+&OF 1
:URQJWLWHURIWKH1D2+F 1
2OG7DVKLURLQGLFDWRU VOXJJLVKHQGSRLQW 

,IWKHUHFRYHU\LVKLJKHUWKDQ !1EODQN FKHFNIRU






1FRQWDPLQDWLRQRIGLVWLOOHGZDWHUUHDJHQWVJODVVZDUHHWF
%DGFDOLEUDWLRQRIEDODQFHEXUHWWHDQGRUSLSHWWH
:URQJWLWHURI+&OF 1
:URQJWLWHURIWKH1D2+F 1
1D2+FRQWDPLQDWLRQ RI RXWOHW WLS RI GLVWLOOLQJ XQLW H[SODQDWLRQ LI 1D2+ LV QHXWUDOL]LQJ SDUW RI
WKH+&OSULRUWRWLWUDWLRQWKH1D2+FRQVXPSWLRQRIWKHWLWUDQWLVWRRORZDQGWKH1DPRXQWRI
WKHVDPSOHLVRYHUHVWLPDWHG 

127(RQO\LI1UHFRYHU\ZLWKDPPRQLXPVXOIDWHVROXWLRQLVVDWLVIDFWRU\ EHWZHHQDQG 
FRQWLQXHZLWKSODQWPDWHULDO ,50 
%\ DQDO\]LQJ D PLQLPXP RI  UHSOLFDWH VDPSOHV RI DQ ,50 WUDFHDEOH WR D &50  SODQW PDWHULDO
WUHDWLQJLWOLNHDURXWLQHVDPSOH
,IWKHUHFRYHU\LVORZHUWKDQFKHFNIRU








%DGFDOLEUDWLRQRIEDODQFHEXUHWWHDQGRUSLSHWWH
,QVXIILFLHQWPRLVWXUHFRUUHFWLRQRI,50VDPSOH
4XDOLW\RI,50VDPSOH  !LQIHVWHGLQKRPRJHQHRXVHWF 
/RVVRIPDWHULDO !GXULQJWUDQVIHURISRZGHUWRGLJHVWLRQYHVVHORUGXHWRVSODVKLQJRUERLOLQJ
RYHUGXULQJGLJHVWLRQ 
,QVXIILFLHQWGLJHVWLRQWLPH !XQWLOFRORUOHVVGLJHVWLVREWDLQHG 
,QVXIILFLHQWDPRXQWRI+ 62 DSSOLHG
7RRORZWHPSHUDWXUHGXULQJGLJHVWLRQ FKHFNWHPSHUDWXUHRIWKHGLJHVWLRQEORFNZLWKDPHUFXU\
WKHUPRPHWHU !VKRXOGEHWR&DIWHUIRDPLQJFHDVHG 




,IWKHUHFRYHU\LVKLJKHUWKDQFKHFNIRU
 %DGFDOLEUDWLRQRIEDODQFHEXUHWWHDQGRUSLSHWWH
 1FRQWDPLQDWLRQRIXVHGUHDJHQWVRUGLVWLOOHGZDWHU
 1FRQWDPLQDWLRQRIVSDWXODRUJODVVZDUH

127(1EODQNGHWHUPLQDWLRQVKDYHWREHGRQHRQHDFKDQDO\VLVGD\
127(³,VRWRSH'LOXWLRQ´FDQEHXVHGIRUPRUHSUHFLVHEODQN1GHWHUPLQDWLRQV VHHEHORZ 
á



&KHFNWKH 1UHFRYHU\RI\RXUDQDO\WLFDOPHWKRG LHVDPSOHSUHSDUDWLRQDQG2(6 

%\ FKHFNLQJ WKH 1 DQG 1UHFRYHU\ DQDO\]LQJ D 1 ODEHOOHG DPPRQLD VXOIDWH VWDQGDUG VROXWLRQ
HJ VROLG FRPSRXQG IURP ,$($ )$1 RU -$6&2  ZLWK NQRZQ DPRXQW RI 1 DQG NQRZQ LVRWRSLF
FRPSRVLWLRQ




127( 7KH 1VROXWLRQ VKRXOG XQGHUJR WKH FRPSOHWH .MHOGDKO SURFHGXUH QRW RQO\ WKH LVRWRSH
GHWHUPLQDWLRQSDUWE\2(6


([DPSOH
'LVVROYHJSXULILHG 1ODEHOOHGDPPRQLDVXOIDWHZLWKNQRZQ 1DWRPDEXQGDQFHLQD
P/YROXPHWULFIODVNZLWKDERXWP/GLVWLOOHGZDWHU
+RPRJHQL]HZHOODQGPDNHXSWRP/
8VLQJ D FDOLEUDWHG YROXPHWULF SLSHWWH WUDQVIHU H[DFWO\  P/ RI WKH VWDQGDUG VROXWLRQ
FRQWDLQLQJPJ1LQWRD.MHOGDKOGLJHVWLRQYHVVHODQGDQDO\VHOLNHDURXWLQHSODQWVDPSOH
PHDVXUH 1DWRPDEXQGDQFHE\2(6












UHFRYHU\  >@ 1DE






>@ 1DE


IRXQG

WDNHQ



(TXDWLRQ 

,IWKH 1DWRPDEXQGDQFHLVKLJKHUWKDQWKHUHIHUHQFHYDOXH 
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1FRQWDPLQDWLRQ GXH WR PHVV\ FRQWDPLQDWHG ZRUNLQJ DUHD HJ VSDWXOD JODVVZDUH DQGRU
UHDJHQWVFRQWDPLQDWHGZLWKWUDFHVRIHQULFKHGIHUWLOLVHUVRUHQULFKHGSODQWPDWHULDOV



,IWKH 1DWRPDEXQGDQFHLVORZHUWKDQWKHUHIHUHQFHYDOXH



1FRQWDPLQDWLRQ GXH WR PHVV\ FRQWDPLQDWHG ZRUNLQJ DUH HJ VSDWXOD JODVVZDUH DQGRU
UHDJHQWVFRQWDPLQDWHGZLWKWUDFHVRIRUGLQDU\IHUWLOLVHUVRUXQODEHOOHGSODQWPDWHULDOV







127( 2QO\ LI WKH 1UHFRYHU\ ZLWK $PPRQLD 6XOIDWHVROXWLRQ LV VDWLVIDFWRU\ EHWZHHQ  DQG
 FRQWLQXHZLWKSRLQW


%\FKHFNLQJWKH 1UHFRYHU\DQDO\VLQJDODEHOOHG,50SODQWPDWHULDOZLWKNQRZQDPRXQWRI1DQG
NQRZQLVRWRSLFFRPSRVLWLRQWUHDWLQJLWOLNHDURXWLQHSODQWVDPSOH


5HDVRQIRUKLJKRUORZUHFRYHU\VHHDERYH
127( WKH UHDVRQ IRU KLJK RU ORZ 1UHVXOWV FRXOG RI FRXUVH DOVR EH D ZURQJ FDOLEUDWLRQ RI WKH
2(6


0HWKRGRI³,VRWRSH'LOXWLRQ´IRUEODQNGHWHUPLQDWLRQ


7RGHWHUPLQHWKH>PJ@QDWXUDODEXQGDQFH1 EODQN1 RIUHDJHQWVJODVVZDUHXVHGZDWHUHWF

([DPSOH 127(FDOFXODWLRQLVGRQHZLWKDWRPH[FHVVYDOXHVQRWZLWKDWRPDEXQGDQFHYDOXHV 
1ODEHOOHG$6VROXWLRQWDNHQPJ1 1DH





1DWRPH[FHVVIRXQGE\2(6 1DH






&DOFXODWLRQRIEODQN1 QDWXUDODEXQGDQFHLH1DH 
 1DH[I  1DH






!I 


 


PJ1
 + [ PJ1  
I 
[  

PJ1
PJ1


[  ±  PJ1 ³EODQN1´ 
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( 'HWHUPLQHWKHSHUIRUPDQFHLHDFFXUDF\DQGSUHFLVLRQRI\RXUDQDO\WLFDOPHWKRG

&DVH

$FFXUDWHSUHFLVH !QR³V\VWHPDWLFHUURU´³ORZUDQGRPHUURU´

[
[[[ [
[


&DVH

$FFXUDWHEXWQRWSUHFLVH !KLJK³UDQGRPHUURU´

[
[

[

[

[
[


&DVH

1RWDFFXUDWHEXWSUHFLVH !³V\VWHPDWLFHUURU´

[
[[[ [
[


&DVH

1RWDFFXUDWHQRWSUHFLVH !³KLJKUDQGRPHUURU´

[

[

[
[
[

[
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'HWHUPLQHWKHDFFXUDF\RI\RXU.MHOGDKOPHWKRG



³$FFXUDWH´ UHVXOWV DUH ³FRUUHFW´ UHVXOWV LH WKH\ GR QRW GLIIHU VLJQLILFDQWO\ IURP WKH ³WUXH´
1LWURJHQDVVD\LQWKHVDPSOHWKHGLIIHUHQFHLVZLWKLQSUHGHILQHGDFFHSWHGOLPLWV
8VXDOO\WKH³WUXH´YDOXHLVXQNQRZQ)RUD&50WKHFHUWLILHGUHIHUHQFHYDOXHLVDVVXPHGWREH
WKHWUXHYDOXH
3UHVHQWO\WKH6RLO6FLHQFH8QLWRIWKH)$2,$($±/DERUDWRULHVLVUHJDUGLQJDGLIIHUHQFHRI 
   DV DFFHSWDEOH DFFXUDF\ OLPLWV IRU .MHOGDKODQDO\VLV 'LIIHUHQFH EHWZHHQ WKH PHDQ
UHVXOWDQGWKHUHIHUHQFHYDOXH 




GHYLDWLRQ  Q
 > PHDQDQDO\VLVUHVXOW±UHIHUHQFHYDOXH

&50

UHIHUHQFHYDOXH

@[

&50

(TXDWLRQ 

7KHXSSHUDQGORZHUERXQGVRIWKHFRQILGHQFHLQWHUYDOKDYHWROLHZLWKLQWKHVHDFFHSWHGOLPLWVWREH
VXUH ZLWKSUREDELOLW\ WKDWWKHDFFXUDF\RIWKHPHWKRGLV UHODWLYHHUURU RUEHWWHU
([DPSOH


UHSOLFDWHVRID&50ZLWKDUHIHUHQFHYDOXHRI1ZHUHDQDO\]HG

D

&DOFXODWHWKHPHDQ1FRQWHQWDQGWKHVWDQGDUGGHYLDWLRQ³V´
UHVXOW1 
UHVXOW1 
UHVXOW1 

UHVXOW1
UHVXOW1
UHVXOW1

PHDQUHVXOW [ 1
VWGHYV 
E

&DOFXODWHWKHFRQILGHQFHLQWHUYDO

[   W

V
Q











(TXDWLRQ 

[  PHDQDQDO\VLVUHVXOW
W RQHVLGHG  WYDOXHIRU Q GHJUHHVRIIUHHGRPDQGSUREDELOLW\
V VWDQGDUGGHYLDWLRQRIDQDO\VLVUHVXOWV
Q QXPEHURIDQDO\VLVUHVXOW






,QWKHH[DPSOH

[ 
W

V 
Q 






WDEOH

!FRQILGHQFHLQWHUYDO  




F



   1 


(TXDWLRQ 

7KHUHIHUHQFHYDOXHRIWKH&50LV1
7KHDFFHSWHGOLPLWVDUHGHYLDWLRQWKDWPHDQVUHVXOWVEHWZHHQDQG1DUH
GHHPHGDVDFFHSWDEO\DFFXUDWH
7KHDFWXDOPHDQDQDO\VLVUHVXOWOLHVZLWKLQ1DQG1 ZLWKSUREDELOLW\ LH
WKHUHLVDFKDQFHWKDWWKHUHVXOWLVKLJKHUWKDQ1RUORZHUWKDQ1 QRWHWKH
UHVXOWFDQQRWEHWRRKLJKDQGWRRORZDWWKHVDPHWLPH 
7KHUHLVOHVVWKDQFKDQFHWKDWWKHUHVXOWLVKLJKHUWKDQ1RUORZHUWKDQ1
DFWXDOO\PXFKOHVV 
&KHFNLIWKHLQWHUYDOLVVPDOOHUWKDQWKHDFFHSWHGOLPLWV
:LWKDSUREDELOLW\RIPRUHWKDQWKHDSSOLHG.MHOGDKOPHWKRGLVDFFXUDWHWR UHODWLYH
HUURU 
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*UDSKH[SODLQLQJWKHDFFHSWDEOHOLPLWVDQGWKHFRQILGHQFHLQWHUYDO

DFFHSWDEOHUDQJHRIHUURU

DFFHSWDEOHUDQJHRIPHDQUHVXOWV

FRQILGHQFHLQWHUYDOV






á

'HWHUPLQHWKHSUHFLVLRQ LHUHSHDWDELOLW\DQGUHSURGXFLELOLW\ RI\RXU.MHOGDKOPHWKRG

7KHSUHFLVLRQRIDPHWKRGFDQEHH[SUHVVHGE\WKHVWDQGDUGGHYLDWLRQ V RUWKHUHODWLYHVWDQGDUG
GHYLDWLRQ FY 
([DPSOHIRUUHSRUWLQJWKHSUHFLVLRQRIWKHDQDO\VLV
 ³PHDQUHVXOWVWGHY´
H[DPSOH V 
 ³PHDQUHVXOWFY´ ³FRHIILFLHQWRIYDULDWLRQ´RU³UHODWLYHVWDQGDUGGHYLDWLRQ´ 
FY V[ [  ![ 
H[DPSOH FY 
$Q HVWLPDWH RI WKH UHSHDWDELOLW\ RI \RXU PHWKRG FDQ EH REWDLQHG E\ DQDO\]LQJ D PLQLPXP RI 
UHSOLFDWHV RI RQH SODQW PDWHULDO ZLWK NQRZQ 1FRQWHQW ,QWHUQDO 5HIHUHQFH 0DWHULDO ,50  LQ RQH
SDUWLFXODU DQDO\VLV VHVVLRQ DQG FDOFXODWH WKH VWDQGDUG GHYLDWLRQ RU WKH FY LH WKH ³SUHFLVLRQ³
ZLWKLQRQHSDUWLFXODUDQDO\VLVVHVVLRQ 
7KH UHSURGXFLELOLW\ RI \RXU PHWKRG FDQ EH HVWLPDWHG E\ DQDO\]LQJ GLIIHUHQW EDWFKHV RI D SODQW
PDWHULDO ZLWK NQRZQ 1FRQWHQW ,QWHUQDO 5HIHUHQFH 0DWHULDO ,50  DW GLIIHUHQW WLPHV ZLWK GLIIHUHQW
UHDJHQWEDWFKHVDQDO\]HGE\GLIIHUHQWWHFKQLFLDQV&DOFXODWHWKHPHDQDQGVWDQGDUGGHYLDWLRQRU
WKHFYRIDOOUHVXOWVRIRQH,50FROOHFWHGIURPWKHGLIIHUHQWDQDO\VLVVHVVLRQV LHWKH³SUHFLVLRQ´
RYHUDORQJSHULRGDQGXQGHUGLIIHUHQWFRQGLWLRQV 
á



&KHFNWKH$FFXUDF\RI\RXU 10HWKRGE\2(6






3UHSDUH DQ 1ODEHOOHG $PPRQLXP 6XOIDWH 6WDQGDUG VROXWLRQ HJ SUHSDUHG IURP VROLG
FRPSRXQGIURP,$($)$1RU-$6&2 OLNHIRUWKH 1±UHFRYHU\GHWHUPLQDWLRQ VHHDERYH 
$QDO\VHWKH 1DWRPDEXQGDQFHRIUHSOLFDWHVRIWKH$66WDQGDUGVROXWLRQDQGUHSOLFDWHV
RI DQ ,50 SODQW VDPSOH SUHVHQWO\ QR 1 ODEHOOHG SODQW &50 DYDLODEOH  IRU  1 DWRP
DEXQGDQFH
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&DOFXODWH WKH PHDQ UHVXOWV VWDQGDUG GHYLDWLRQV DQG FRQILGHQFH LQWHUYDOV FDOFXODWLRQV VHH
³'HWHUPLQDWLRQRI$FFXUDF\RIWKH.MHOGDKO0HWKRG´ 
&KHFN LI \RXU UHVXOW FRQILGHQFH LQWHUYDOV OLH ZLWKLQ WKH DFFHSWDEOH OLPLWV RI WKH ,$($
/DERUDWRULHVLHDGHYLDWLRQRI¨ IURPWKHUHIHUHQFHYDOXH



127( GLIIHUHQW DFFXUDF\ UHVXOWV ZLOO EH IRXQG IRU 1 GHWHUPLQDWLRQ RI $66WDQGDUG VROXWLRQ DQG
SODQW,50 WKHVHDUHWZRGLIIHUHQWPHWKRGV 


á



&KHFNWKHSUHFLVLRQUHSHDWDELOLW\DQGUHSURGXFLELOLW\RI\RXU 1DQDO\VLVE\2(6



&DOFXODWH WKH VWDQGDUG GHYLDWLRQV DQG UHODWLYH VWDQGDUG GHYLDWLRQV RI DQDO\VLV UHVXOWV RI RQH
,50 LHWKHSUHFLVLRQ LQRQHVHVVLRQ LHWKHUHSHDWDELOLW\ DQGRYHUDORQJSHULRGRIDQDO\VHV
LHWKHUHSURGXFLELOLW\ H[SODQDWLRQVVHHDERYH

127(7KHSHUIRUPDQFHRIWKH.MHOGDKOPHWKRGDQGWKH 1DQDO\VLVE\2(6FDQEHHYDOXDWHGLQ
RQHWLPHXVLQJRQH 1ODEHOOHG,50








352'8&7,212)3/$175()(5(1&(0$7(5,$/

 /$%25$725< 352&('85( 352'8&7,21 2) $1
5()(5(1&(0$7(5,$/ ,50 



1 /$%(//(' 3/$17 ,17(51$/

$ 6FRSHDQGILHOGRIDSSOLFDWLRQ
7RSURGXFHDKRPRJHQRXVZRUNLQJUHIHUHQFHPDWHULDORIDNQRZQUHOLDEOHDQGFRQVWDQW1DQG
FRQWHQW



1

% 3ULQFLSOH
$ ODUJH TXDQWLW\ RI KRPRJHQHRXV SODQW PDWHULDO LV SUHSDUHG VR WKDW LW PD\ DFW DV WKH ORQJ WHUP
ODERUDWRU\VWDQGDUG$VXLWDEOHFURSZLWKDQDSSURSULDWHH[SHFWHG1FRQWHQWLVVHOHFWHGDQGJURZQ

LQ ODUJH ILHOG SORWV 7KH FURS LV KRPRJHQHRXVO\ ODEHOOHG ZLWK 1 HQULFKHG IHUWLOLVHU WR DFKLHYH D

GHVLUHG 1 DEXQGDQFH 7KH FURS LV WKHQ KDUYHVWHG DQG VHSDUDWHG LQWR WKH FRQVWLWXHQW IUDFWLRQV
LH OHDYHV JUDLQVKRRWV 7KHGHVLUHGIUDFWLRQRIWKHPDWHULDO HJWKHOHDYHV LVWKHQ ZHLJKHG
DQGGULHGLQDQRYHQDW&7KHIUDFWLRQUHTXLUHGLVILQHO\JURXQGLQWRDSRZGHU PP 7KLV
PD\EHGRQHLQEDWFKHV$OOWKHEDWFKHVDUHFRPELQHGDQGVDPSOHLVWKHQPL[HGIRUWZRGD\VRQD
FXVWRPEXLOWPL[HUDQGWUDQVIHUUHGLQWRDSRO\WKHQHFRQWDLQHU
L

%DVLFUHTXLUHPHQWV

3ODQWPDWHULDOIRUVWDQGDUGVLVXVXDOO\VHOHFWHGVRWKDWLWIXOILOVWKHIROORZLQJFULWHULD
 7KHUH LV VXIILFLHQW SODQW PDWHULDO DYDLODEOH WR DFW DV D ORQJ WHUP VWDQGDUG    NJ GULHG
PDWHULDO 

 7KHSODQWPDWHULDOVHOHFWHGKDVDQDSSURSULDWH1FRQWHQWDQG 1DWRPH[FHVV LHVLPLODUWR
WKHVDPSOHVWREHDQDO\VHGLQURXWLQH 
 7KHPDWHULDOLVKRPRJHQRXV LWLVXVXDOWKDWDSDUWLFXODUSODQWFRQVWLWXHQWLVVHOHFWHGHJJUDLQ
VWDQGDUGRUVWUDZVWDQGDUG DKRPRJHQHLW\WHVWVKRXOGEHDSSOLHG VHHEHORZ 
 7KHPDWHULDOFDQEHILQHO\JURXQG HJQRRLOFRQWDLQLQJVHHGV 
 7KHPDWHULDOZLOOQRWGHJUDGHZLWKWLPH HJORZFRQWHQWRIIDWZKLFKFDQEHR[LGL]HG 
LL 7\SLFDO6DPSOH


/DUJHTXDQWLW\RIKRPRJHQRXVSODQWPDWHULDORIHYHQ



1DEXQGDQFH

LLL $SSDUDWXV




'U\LQJRYHQODUJHHQRXJKWRGU\a±NJRIIUHVKSODQWPDWHULDODW&
+DUYHVWFKRSSHUIRUFXWWLQJIUHVKSODQWPDWHULDOWRa±FP
&XWWLQJPLOOIRUFXWWLQJGU\SODQWPDWHULDOWRDSDUWLFOHVL]HRIaPP
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5RWDU\JULQGHURUXOWUDFHQWULIXJDOPLOO HJ=0)D5HWVFK*HUPDQ\ IRUJULQGLQJJURXQG
SODQWPDWHULDO PPSLHFHV WRDSDUWLFOHVL]HRIPP
7RSORDGEDODQFHUHDGDELOLW\ J DQDO\WLFDOEDODQFHUHDGDELOLW\ PJ 
± ODUJH PHWDO WUD\V HJ DOXPLQLXP RU VWDLQOHVV VWHHO  WR KROG DERXW ± NJ RI IUHVK SODQW
PDWHULDOILWWLQJLQWRWKHGU\LQJRYHQ
5RWDWLQJPL[HURUDPL[LQJGHYLFHVKRSPDGH
3RO\WKHQHMDUVZLWKVFUHZFDSV
3RO\WKHQHEDOOV±FPGLDPHWHU

LY 5HDJHQWVQRWDSSOLFDEOH
Y 3URFHGXUH
)LHOGSURSDJDWLRQ





6HOHFWDFURSVXLWDEOHIRUWKHLQWHQGHGSXUSRVHDQGFDOFXODWHWKHVHHGLQJGHQVLW\DQGILHOGSORW
VL]H LQ RUGHU WR DFKLHYH D VXIILFLHQWO\ KLJK \LHOG D   ORVV RI PDWHULDO GXULQJ KDUYHVW
VHSDUDWLRQGU\LQJDQGJULQGLQJSURFHGXUHFDQEHH[SHFWHG

$SSO\WKHDSSURSULDWHUDWHRI 1ODEHOOHGIHUWLOLVHULQVSOLWV
$IWHUJHUPLQDWLRQ
'XULQJYHJHWDWLYHJURZWK
(DUO\UHSURGXFWLYHVWDJH
,WLVDGYLVDEOHWRDSSO\WKHIHUWLOLVHULQWKHIRUPRIDVROXWLRQDQGWRGLYLGHWKLVVROXWLRQLQWRHTXDO

SRUWLRQV IRU XQLIRUP GLVWULEXWLRQ RQ a  P VXESORWV LQ FDVH RI EHDQV RU PDL]H EHLQJ WKH
VHOHFWHGFURSWKHVHFRQGDQGWKLUGVSOLWDSSOLFDWLRQVKRXOGSUHIHUDEO\EHDSSOLHGLQEDQGVQHDU
WKHSODQWVDQGQRWRQWRWKHOHDYHV 

+DUYHVW


+DUYHVWFDUHIXOO\ZLWKRXWFRQWDPLQDWLQJWKHSODQWPDWHULDOZLWK 1ODEHOOHGVRLO


127(,QSURGXFLQJ 1ODEHOOHGOHDYHVWKHKDUYHVWVKRXOGWDNHSODFHEHIRUHWUDQVORFDWLRQRIWKH1
WRWKHVHHGV


127(7KHERUGHUURZVVKRXOGQRWEHKDUYHVWHGWRDYRLGQRQKRPRJHQHRXV 1±FRQFHQWUDWLRQV






3RGVJUDLQFRSVHWFDUHVHSDUDWHGIURPOHDYHVDQGWUHDWHGVHSDUDWHO\
7KHFRQVWLWXHQWSODQWSDUWLVZHLJKHGDWKDUYHVWJLYLQJWKHIUHVKZHLJKW
5RXJKFKRSSLQJWR±FPSLHFHVPD\RFFXUDWWKLVSRLQW

3URGXFWLRQRIUHIHUHQFHPDWHULDO



7KHSODQWPDWHULDOLVWUDQVIHUUHGLQWRODUJHRSHQPHWDOWUD\V
7KHVDPSOHVDUHGULHGLQDGU\LQJRYHQVHWDW&&XQWLOFRQVWDQWZHLJKW QRUPDOO\
KRXUV 
7UD\VDUHUHPRYHGIURPWKHRYHQ



127(7KHSODQWPDWHULDOLVZHLJKHGDQGJURXQGLPPHGLDWHO\DIWHUGU\LQJ
 7KHGU\ZHLJKWLVQRWHGDQGGU\PDWWHUFDOFXODWHG
 7KHPDWHULDOFDQWKHQEHFXWWRDSDUWLFOHVL]HRIDERXWPP LIQHFHVVDU\ XVLQJWKHFXWWLQJ
PLOO
127( 0DNH VXUH WKDW WKH FKRSSLQJ DQG JULQGLQJ GHYLFHV DUH FOHDQHG WKRURXJKO\ EHWZHHQ

PDWHULDOVZLWKGLIIHUHQW1DQG 1FRQWHQWVHJSRGVDQGVWUDZ





7KH VDPSOHV DUH WKHQ ILQHO\ JURXQG LQ EDWFKHV XVLQJ WKH URWDU\ JULQGHU WR D ILQH IORXU
FRQVLVWHQF\WRPPSDUWLFOHVL]H
7KH HQWLUH PDWHULDO LV SXW LQWR D ODUJH SRO\WKHQH MDU ZKLFK FDQ EH FORVHG DLUWLJKW WR DYRLG
PRLVWXUHXSWDNHGXULQJPL[LQJDQGKDYLQJDWOHDVWWKUHHWLPHVWKHYROXPHRIWKHSODQWPDWHULDO
ZKLFKVKDOOEHPL[HG
0HWDORUWHIORQEDOOV DERXW±FPLQGLDPHWHU FDQEHDGGHGWRWKHMDUWRDLGPL[LQJ
7KLVLVPL[HGIRUKRXUVXVLQJDFXVWRPEXLOWPDFKLQHZKLFKFRQVWDQWO\URWDWHVWKHMDURUDQ
DOWHUQDWLYHPL[LQJV\VWHP
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7KH KRPRJHQHLW\ RI WKH SODQW PDWHULDO LV GHWHUPLQHG E\ WDNLQJ D PLQLPXP RI ILYH J
VXEVDPSOHV IURP GLIIHUHQW SODFHV  GHSWKV LQ WKH MDU DQG DQDO\VLQJ ILYH WLPHV  J RI WKH
VXEVDPSOHVWKH 1DWRPDEXQGDQFH DQDO\VHV 
,I WKH YDULDQFH EHWZHHQ WKH ILYH JVXEVDPSOHV LV HTXDO WR WKH YDULDQFH ZLWKLQ HDFK J
VXEVDPSOH DFFRUGLQJWRRQHZD\$129$)WHVW WKHPDWHULDOLVVXIILFLHQWO\KRPRJHQHRXVIRU
WKHLQWHQGHGSXUSRVH
6WRUHWKHSODQWPDWHULDOLQVHYHUDODLUWLJKWSRO\WKHQHOLWHUFRQWDLQHUVDQGUHKRPRJHQL]HHYHU\
PRQWKV
&KHFNUHJXODUO\IRULQIHVWDWLRQRUPRLVWXUHXSWDNH






127( 1HYHU XVH FRQWDPLQDWHG VSDWXODV IRU ZHLJKLQJ RXW VXEVDPSOHV IURP WKH SODQW UHIHUHQFH
PDWHULDO
+RPRJHQHLW\7HVW
)RUPXODIRUDRQHZD\$129$


 :LWKLQVDPSOHHVWLPDWHRIYDULDQFH V

å å [ -[
V = Qå [ - [

=

L

 %HWZHHQVDPSOHHVWLPDWHRIYDULDQFH



L

LM

 K Q - 

M






L

 K - 

L







:KHUH
, LQGH[RIJVXEVDPSOH
M LQGH[RIUHSOLFDWHPHDVXUHPHQWRIRQHJVXEVDPSOH
K QXPEHURIJVXEVDPSOHVWDNHQIURPGLIIHUHQWSODFHVLQWKHGUXP KHUHK  DQG
Q QXPEHURIUHSOLFDWHPHDVXUHPHQWVRQRQHJVXEVDPSOH KHUHQ  

*HQHUDOL]DWLRQ7DEOH
6XEVDPSOHQXPEHUWDNHQIURP
GLIIHUHQWSODFHVLQWKHMDU

UHSOLFDWH

0HDQ

PHDVXUHPHQWV > 1DWRPDEXQGDQFH@


VXEVDPSOH

[«[««««««[M««««[Q

[ 

VXEVDPSOH

[«[««««««[M««««[Q

[ 

VXEVDPSOHL
VXEVDPSOHK

[L«[««««««[LM««««[LQ



RYHUDOOPHDQ

[K«[K««««««[KM««««[KQ

[L 

[K 
[


([DPSOHIRUWHVWLQJWKHKRPRJHQHLW\RID 1ODEHOOHGSODQWPDWHULDO


6XEVDPSOHQXPEHUWDNHQ
IURPGLIIHUHQWSODFHVLQWKH
MDU
JVXEVDPSOH
JVXEVDPSOH
JVXEVDPSOH
JVXEVDPSOH
JVXEVDPSOH


UHSOLFDWHPHDVXUHPHQWV 

PHDQ

> 1DWRPDEXQGDQFH@










RYHUDOOPHDQ [ 
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:LWKLQVDPSOHHVWLPDWHRI

V =   
7KLV HVWLPDWH KDV  GHJUHHV RI IUHHGRP HDFK VXEVDPSOH KDV      DQG WKHUH DUH 
VXEVDPSOHV ![ 
%HWZHHQVDPSOHYDULDWLRQ
 



+

 



+

 

6DPSOH0HDQ9DULDQFH





%HWZHHQVDPSOHHVWLPDWHRI V

=








+

 



+

 

-



=






= 

7KLVHVWLPDWHKDV  GHJUHHVRIIUHHGRPVLQFHLWLVFDOFXODWHGIURPVDPSOHPHDQV
6XPPDU\


:LWKLQVDPSOHHVWLPDWHRIYDULDQFHZLWKGHJUHHVRIIUHHGRP



%HWZHHQVDPSOHHVWLPDWHRIYDULDQFHZLWKGHJUHHVRIIUHHGRP

)WHVW


,IWKHSODQWPDWHULDOLVKRPRJHQHRXVWKHWZRHVWLPDWHVRI V VKRXOGQRWGLIIHUVLJQLILFDQWO\ÍWKH


QXOOK\SRWKHVLVLVFRUUHFW,ILWLVLQFRUUHFWWKHEHWZHHQVDPSOHHVWLPDWHRI V ZLOOEHJUHDWHUWKDQ
WKHZLWKLQVDPSOHHVWLPDWHEHFDXVHRIEHWZHHQVDPSOHYDULDWLRQ 7RWHVWZKHWKHULWLVVLJQLILFDQWO\
JUHDWHUDRQHWDLOHG)WHVWLVXVHG
)  
127(WKHKLJKHUYDOXHKDVWREHWKHZLWKLQVDPSOHHVWLPDWHDQGKDVWREHWKHQXPHUDWRURIWKH
)YDOXH)WDEOH 3   
5HVXOW
))WDEOHIRU3 ÍQRVLJQLILFDQWGLIIHUHQFHÍWKHPDWHULDOLVKRPRJHQHRXV



5()(5(1&(6$1')857+(55($',1*

$&2/ $QDO\WLFDO &KHPLVWU\ E\ 2SHQ /HDUQLQJ    4XDOLW\ LQ WKH $QDO\WLFDO &KHPLVWU\
/DERUDWRU\&RRUGLQDWLQJ$XWKRU3ULFKDUG(,6%1
0LOOHU-&0LOOHU-1  6WDWLVWLFVIRU$QDO\WLFDO&KHPLVWU\ HGLWLRQ,6%1
UG
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:KDWLVDPRGHO"

$ PRGHO LV GHILQHG DV D PDWKHPDWLFDO UHSUHVHQWDWLRQ RI D V\VWHP 0RGHOOLQJ LV WKH SURFHVV RI
GHYHORSLQJWKDWUHSUHVHQWDWLRQ



)XQGDPHQWDOJRDOVRIPRGHO

7KHUHDUHEDVLFDOO\WZRIXQGDPHQWDOJRDOVIRUFURSDQGDJULFXOWXUDOV\VWHPPRGHOV


7R EHWWHU XQGHUVWDQG WKH FDXVHHIIHFW UHODWLRQVKLSV LQ D V\VWHP DQG WR SURYLGH LPSURYHG
TXDOLWDWLYH DQG TXDQWLWDWLYH LQWHUSUHWDWLRQV RI WKH EHKDYLRXU RI WKDW V\VWHP 7KH UHVXOW RI
WKLV W\SH RI HIIRUW LV DQ LQFUHDVH LQ NQRZOHGJH VR WKLV LV D UHVHDUFKRULHQWHG JRDO $Q
H[DPSOH RI VXFK DPRGHO LV 0$&52 -DUYLV HW DO   0$&52 LV D RQHGLPHQVLRQDO
ILQLWH GLIIHUHQFH QXPHULFDO PRGHO IRU QRQVWHDG\ VWDWH ZDWHU IORZ DQG VROXWH WUDQVSRUW LQ
PDFURSRURXVILHOGVRLOV



7REHWWHUSUHGLFWV\VWHPEHKDYLRXUIRULPPHGLDWHXVHLQLPSURYLQJFRQWURORUPDQDJHPHQW
RIWKHV\VWHP7KHHQGUHVXOWFRXOGEHDWRROV\VWHP VRIWZDUHKDUGZDUHSURGXFW GHVLJQHG
IRUDVSHFLILFDSSOLFDWLRQ2QHH[DPSOHLV1/($3 6KDIIHUHWDO ZKLFKLVDQLWUDWH
OHDFKLQJDQGHFRQRPLFDQDO\VLVPRGHOGHYHORSHGWRSURYLGHDUDSLGDQGHIILFLHQWPHWKRG
RIGHWHUPLQLQJSRWHQWLDOQLWUDWHOHDFKLQJDVVRFLDWHGZLWKDJULFXOWXUDOSUDFWLFHV



6WUHQJWKVDQGZHDNQHVVHVRIPRGHOV

 675(1*7+6


0RGHOV PD\ LGHQWLI\ NQRZOHGJH JDSV JDLQ LQVLJKWV LQWR VLWXDWLRQV ZKHUH H[SHULPHQWDO
UHVXOWVDUHODFNLQJRUDUHLQFRPSOHWH



&DQEHXVHGWRJHQHUDWHDQGWHVWK\SRWKHVHVDQDLGLQWKHGHVLJQRIH[SHULPHQWV



7KH\PD\GHWHUPLQHWKHPRVWLQIOXHQWLDOSDUDPHWHUVRIDV\VWHPDQGSURYLGHDIUDPHZRUN
IRU XQGHUVWDQGLQJ D V\VWHP DQG IRU LQYHVWLJDWLQJ KRZ PDQLSXODWLQJ LW DIIHFWV LWV YDULRXV
FRPSRQHQWV VHQVLWLYLW\DQDO\VLV 



(YDOXDWHORQJWHUPLPSDFWRISDUWLFXODULQWHUYHQWLRQV



3URYLGHTXLFNHUDQGFKHDSHUDQVZHUVWKDQLVSRVVLEOH ZLWKWUDGLWLRQDOH[SHULPHQWDWLRQ E\
LWVDELOLW\WRLQWHUSRODWHDQGH[WUDSRODWHDOLPLWHGVHWRIGDWDVRWKDWUHSHWLWLYHODERULRXVDQG
WLPHFRQVXPLQJH[SHULPHQWDWLRQFDQEHUHGXFHG



3URYLGH D PHGLXP IRU EHWWHU FRPPXQLFDWLRQ EHWZHHQ UHVHDUFKHUV H[SHULPHQWHUV DQG
SURGXFHUVLQGLIIHUHQWGLVFLSOLQHVWRVROYHFRPPRQSUREOHPV

 :($.1(66(6


:KLOHDPRGHOPDNHVDVLWXDWLRQHDVLHUWRGHILQHDQGPDQDJHE\FRQVLGHULQJRQO\WKHPRVW
LPSRUWDQWDVSHFWVDQGLJQRULQJDOOWKHOHVVLPSRUWDQWGHWDLOVLWLVDOVRLWVZHDNQHVVLQWKDW
DOOWKHOHVVLPSRUWDQWFRQWULEXWLQJIDFWRUVDUHLJQRUHG



6RPH PRGHOV DUH VR SDUDPHWHULQWHQVLYH WKDW LW LV LPSRVVLEOH WR REWDLQ DOO WKH UHTXLUHG
LQIRUPDWLRQ

$OWKRXJK PRGHOV DUH XVHIXO WKH\ DUH FRQVLGHUHG FRPSOLPHQWDU\ WR H[SHULPHQWDWLRQ DQG DUH QRW
PHDQW WR WDNH LWV SODFH $ PRGHO FDQQRW EH GHYHORSHG RU YHULILHG ZLWKRXW D JRRG GDWD VHW 2IWHQ
PXFK HIIRUW LV VSHQW LQ GHYHORSLQJ D PRGHO ZKLOH OHVV HIIRUW LV SXW LQWR FRQGXFWLQJ DSSURSULDWH
H[SHULPHQWVWRSDUDPHWHULVHDQGWHVWWKHPRGHO
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&ODVVLILFDWLRQRIPRGHOV

7KHUH DUH PDQ\ GLIIHUHQW FODVVHV RI PRGHOV 2QH FODVVLILFDWLRQ LV EDVHG RQ ZKHWKHU WKH\ DUH
GHYHORSHGSULPDULO\IRUUHVHDUFKSXUSRVHVRUDVJXLGHVWRDJULFXOWXUDOPDQDJHPHQW7KHILUVWW\SH
RIPRGHOWHQGVWREHPRUHPHFKDQLVWLFDQGLVPDLQO\IRUKHOSLQJWRXQGHUVWDQGKRZWKHSURFHVVHV
XQGHUO\LQJ WKH V\VWHP LQWHUDFW 7KH VHFRQG W\SH RI PRGHO LV PRUH ³IXQFWLRQDO´ RU HPSLULFDO LQ
QDWXUH LQ WKDW WKH WUHDWPHQW RI VRLO SURFHVVHV LV VLPSOLILHG ZLWK OLWWOH DFFRXQW LV WDNHQ RI WKH
PHFKDQLVPV RI WKH V\VWHP 0RGHOV RI WKHVH W\SHV DUH VLPSOLILHG HQRXJK IRU WKHP WR EH XVHG IRU
SUDFWLFDOPDQDJHPHQWGHFLVLRQ7KHLQSXWLQIRUPDWLRQDQGFRPSXWHUH[SHUWLVHUHTXLUHPHQWIRUWKHLU
XVHLVDOVROHVVGHPDQGLQJ
7KH VHFRQG FODVVLILFDWLRQ LV EDVHG RQ WKH RXWFRPH LW SUHGLFWV ,Q WKLV FODVVLILFDWLRQ PRGHOV DUH
HLWKHU GHWHUPLQLVWLF RU VWRFKDVWLF LQ QDWXUH 'HWHUPLQLVWLF PRGHOV LJQRUH UDQGRP YDULDWLRQ DQG VR
SUHGLFWWKHVDPHRXWFRPHIRUDJLYHQVHWRIHYHQWV2QWKHRWKHUKDQGVWRFKDVWLFRUSUREDELOLVWLF
PRGHOVDUHPRUHVWDWLVWLFDOLQQDWXUHDQGPD\SUHGLFWDGLVWULEXWLRQRISRVVLEOHRXWFRPHV
3DVVLRXUD   FODVVLILHG PRGHOV LQWR VFLHQWLILF PRGHOV DQG HQJLQHHULQJ PRGHOV 7KH ILUVW LV WR
KHOS ZLWK XQGHUVWDQGLQJ WKH VHFRQG LV IRU DSSO\LQJ VFLHQFH WR VROYH D SUREOHP 0DWWKHZV HW DO
  H[WHQGHG WKH FODVVLILFDWLRQ DQG GLYLGHG PRGHO DSSOLFDWLRQV LQWR   WKRVH XVHG DV WRROV E\
UHVHDUFKHUV   WKRVH XVHG DV WRROV E\ GHFLVLRQPDNHUV DQG   WKRVH XVHG DV WRROV E\ WKRVH
LQYROYHGLQHGXFDWLRQWUDLQLQJDQGWHFKQRORJ\WUDQVIHU1RFODVVLILFDWLRQLVSHUIHFWWKHUHLVERXQG
WREHRYHUODSEHWZHHQJURXSV



3URFHVVHVRIPRGHOOLQJ

7KH SURFHVV RI PRGHOOLQJ FDQ EH GLYLGHG LQWR IRXU EURDG VWDJHV VWXG\LQJEXLOGLQJ FDOLEUDWLRQ
WHVWLQJ DQG DSSOLFDWLRQ LQ WKLV RUGHU 2IWHQ SUREOHPV HQFRXQWHUHG DW WKH FDOLEUDWLRQ DQG WHVWLQJ
VWDJHVDUHUHWXUQHGEDFNWRWKHEXLOGLQJVWDJHWREHFRUUHFWHGDQGWKHZKROHSURFHVVQHHGVWREH
UHSHDWHG
6WXG\LQJEXLOGLQJ



&DOLEUDWLRQ



7HVWLQJYDOLGDWLRQ
6HQVLWLYLW\DQDO\VLV 


$SSOLFDWLRQ



 02'(/678'<,1*%8,/',1*


3UREOHPDQDO\VLV5HFRJQLVLQJSUREOHPDQGGHILQLQJREMHFWLYHV



5HFRJQLVLQJFOLHQWVHUYHU



&RVWEHQHILWDQDO\VLV



3URFHVVDQDO\VLV±GDWDIORZGLDJUDPVFKDUWVGHFLVLRQWDEOHV



5HTXLUHPHQWV SURWRW\SHSVHXGRFRGHV\VWHPVSHFLILFDWLRQV 
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 02'(/&$/,%5$7,21


&KRRVLQJDSSURSULDWHWRROVPDWKHPDWLFDOHTXDWLRQV



&DOLEUDWLQJ WKH V\VWHP DQG HYDOXDWLQJ WKH SHUIRUPDQFH 7KLV LV QHFHVVDU\ WR PLQLPL]H
SDUDPHWHU HUURUV DQG WR GHWHUPLQH WKH H[WHQW RI FRQFHSWXDO PRGHO HUURU &DOLEUDWLRQ UHTXLUHV
LQSXWSDUDPHWHUVWRUXQWKHPRGHOWRJHWKHUZLWKGDWDRQWKHSHUIRUPDQFHRUILHOGFRQGLWLRQV

 02'(/7(67,1*9$/,'$7,21$1'6(16,7,9,7<$1$/<6,6
7KLV LQYROYHV FRPSDULQJ RXWSXWV RI D IXOO\ FDOLEUDWHG PRGHO WR UHDO GDWD DQG GHWHUPLQLQJ WKH
VXLWDELOLW\ RI WKH PRGHO IRU LWV LQWHQGHG SXUSRVH UHVXOWLQJ LQ WKH DSSURYDO RU GLVDSSURYDO  IRU D
SDUWLFXODU XVH RU DV D GRFXPHQWDWLRQ RI WKH SUHFLVLRQ DQG DFFXUDF\ RI WKH PRGHO IRU VSHFLILHG
HQYLURQPHQWV
'DWD UHTXLUHG IRU YDOLGDWLRQ LQFOXGH D FRPSOHWH GDWD VHW UHTXLUHG WR UXQ WKH PRGHO )RU FURS
VLPXODWLRQ PRGHOV WKHVH DUH WKH LQLWLDO FRQGLWLRQV DQG WKH ILHOG LQIRUPDWLRQ RQ WKH DVSHFWV WKDW
PRGHO LV GHVLUHG WR SUHGLFW DQG IRU ZKLFK WKH PRGHO LV EHLQJ YDOLGDWHG 7KH GDWDVHW VKRXOG QRW
KDYHEHHQXVHGSUHYLRXVO\IRUFDOLEUDWLRQDQGVKRXOGUHSUHVHQWWKHFRPSOHWHDUUD\RIHQYLURQPHQWV
LQZKLFKWKHPRGHOZLOOEHDSSOLHG
6HQVLWLYLW\DQDO\VLVLVWKHVWXG\ RIWKHEHKDYLRXURIWKHPRGHOZKHUHWKHSDUDPHWHUVRULQSXWVRI
WKH PRGHO DUH HYDOXDWHG ZLWK UHJDUGV WR WKHLU LPSRUWDQFH UHODWLYH WR WKH VLPXODWHG UHVXOWV 7KH
DGYDQWDJH LQ WKLV H[HUFLVH LV WKH DELOLW\ WR VLPXODWH D FRPSOHWH JURZLQJ VHDVRQ V  LQ D PDWWHU RI
VHFRQGVDOORZLQJERWK³ZKDWLI´TXHVWLRQVWREHDQVZHUHGDQG DJUHDWUDQJHRIWUHDWPHQWVWREH
H[DPLQHGUDWKHUGLVFRYHULQJLWE\WULDODQGHUURU



0RGHODSSOLFDWLRQ

0RGHODSSOLFDWLRQFDQRQO\EHFDUULHGRXWDIWHULWKDVVXFFHVVIXOO\JRQHWKURXJKWKHDERYHVWDJHV



'DWDUHTXLUHPHQWV

7KH DSSOLFDWLRQ RI VLPXODWLRQ PRGHOV WR SUREOHPV LQ WKH UHDO ZRUOG GHSHQGV QRW RQO\ RQ WKH
DYDLODELOLW\RIPRGHOVDQGDSSOLFDWLRQVRIWZDUHEXWDOVRRQWKHDYDLODELOLW\DQGTXDOLW\RILQIRUPDWLRQ
WKDW ZRXOG PDNH LW SRVVLEOH WR UXQ WKH PRGHOV ,W LV WKHUHIRUH LPSRUWDQW WKDW WKH DSSURSULDWH GDWD
UHTXLUHPHQWV GDWD FROOHFWLRQ DQG H[SHULPHQWDO SURFHGXUHV DUH VSHFLILHG VR WKDW GDWD KDQGOLQJ
VWUXFWXUHVDQGDQDO\WLFDODSSURDFKHVFDQEHGHILQHGDQGGHYHORSHG

 0,1,080'$7$6(76 0'6 
,WLVWKHPLQLPXPGDWDVHWWKDWLVUHTXLUHGWRUXQDPRGHODQGYDOLGDWHWKHRXWSXWV)RUIXQFWLRQDORU
PDQDJHPHQWW\SHRIPRGHOYHU\IHZLQSXWSDUDPHWHUVDUHQHHGHGRIWHQRQO\EDVLFVRLOFURSDQG
ZHDWKHULQIRUPDWLRQLVUHTXLUHG+RZHYHUIRUPDQ\FURSPRGHOVYDOLGDWLRQUHTXLUHVZHDWKHUGDWD
IRUWKHGXUDWLRQRIJURZLQJVHDVRQFURSDQGVRLOGDWDDQGPDQDJHPHQWDQGH[SHULPHQWDOGDWD
$ W\SLFDO PLQLPXP ZHDWKHU GDWD VHW LQFOXGHV ODWLWXGH DQG ORQJLWXGH RI WKH ZHDWKHU VWDWLRQ
LQFRPLQJVRODUUDGLDWLRQPD[LPXPDQGPLQLPXPDLUWHPSHUDWXUHDQGUDLQIDOOXVXDOO\FROOHFWHGRQ
DGDLO\EDVLVLQRUGHUWRFDOFXODWHHYDSRWUDQVSLUDWLRQDQGFRPSXWLQJZDWHUEDODQFH
6RLOGDWDLQFOXGHVVRLOFODVVLILFDWLRQSDUWLFOHVL]HGLVWULEXWLRQ VDQGVLOWDQGFOD\ EXONGHQVLW\
RUJDQLFFDUERQS+DOXPLQLXPVDWXUDWLRQDQGURRWGHQVLW\
)RUPRUHFRPSOLFDWHGPRGHOVVXFKDV$36,0DQG&(5(6:KHDW VHHODWHU VORSHLQILOWUDWLRQDQG
GUDLQDJH LQIRUPDWLRQ DQG VRLO SURILOH GHSWK GDWD E\ KRUL]RQV DUH DOVR QHHGHG ,Q DGGLWLRQ
PDQDJHPHQW GDWD LQFOXGHV SODQWLQJ GDWH GDWHV RI VRLO VDPSOLQJV SODQWLQJ GHQVLW\ URZ VSDFLQJ
SODQWLQJ GHSWK FURS YDULHW\ LUULJDWLRQ DQG IHUWLOLVHU SUDFWLFHV DUH DOVR UHTXLUHG IRU ERWK PRGHO
YDOLGDWLRQ DQG VWUDWHJ\ HYDOXDWLRQ ([SHULPHQWDO GDWD VXFK DV FURS JURZWK VRLO ZDWHU DQG IHUWLOLW\
PHDVXUHPHQWVDUHRIWHQQHHGHGIRUPRGHOYDOLGDWLRQ

 '$7$%$6(6
$GDWDEDVHLVDQLQWHJUDWHGFROOHFWLRQRIGDWDRUDVHWRIUHODWLRQVZKLFKGHVFULEHWKHLQWHUUHODWHG
VHWV RI SHUVRQV SODFHV WKLQJV DQGRU HYHQWV HQWLWLHV  'DWDEDVHV PD\ DOVR EH FDOOHG ILOHV
'DWDEDVHV JHQHUDOO\ FRPSULVH UHFRUGV DV LQGLYLGXDO LWHPV RI LQIRUPDWLRQ 7KHVH FDQ YDU\ LQ VL]H



&+$37(502'(//,1*
DQGFRPSOH[LW\7KHUHDUHVHYHUDOGLIIHUHQWW\SHVRIGDWDEDVHVDQGWKH\DUHFODVVLILHGE\WKHW\SH
RILQIRUPDWLRQWKH\FRQWDLQKRZWKH\DUHVWUXFWXUHGRUDFRPELQDWLRQRIWKHWZR
7KHIRXUGDWDEDVHVFDWHJRULHVDUHWH[WXUDOQXPHULFELEOLRJUDSK\DQGGLUHFWRU\GDWDEDVHV


7H[WXUDOGDWDEDVHVFRQWDLQUHFRUGVUHIHUHQFHVRIWKHREMHFWV



1XPHULF GDWDEDVH FRQWDLQV YHU\ OLWWOH WH[WXDO LQIRUPDWLRQ EXW KDYH YDULRXV ILHOGV RI QXPHULF
GDWD :KDW VHSDUDWHV QXPHULF GDWDEDVH IURP WKRVH FRQWDLQLQJ PRVWO\ ZRUGV LV WKH QHHG WR
SHUIRUP FRPSOH[ FDOFXODWLRQV RQ WKH GDWD LQ D ILHOG UDWKHU WKDQ PHUHO\ UHWULHYLQJ D SLHFH RI
LQIRUPDWLRQFRQWDLQHGLQWKHWH[W



%LEOLRJUDSKLFGDWDEDVHVFRQWDLQELEOLRJUDSKLFFLWDWLRQV



'LUHFWRU\GDWDEDVHVSUHVHQWIDFWXDOLQIRUPDWLRQRQRUJDQLVDWLRQVFRPSDQLHVSURGXFWVHWFWKH
ILOHVDUHXVHGWRFUHDWHOLVWVRUWRILQGDSURILOHRIDNQRZQHQWLW\

'DWDEDVHVDUHDOVRGHVFULEHGE\WKHZD\WKHLQIRUPDWLRQLVVWUXFWXUHG7KHWZRFRPPRQVWUXFWXUHV
DUH IODW ILOH DQG UHODWLRQDO GDWDEDVHV ,Q IODW ILOHV WKH LQGLYLGXDO UHFRUGV DUH GHVLJQHG WR KROG DQG
RUJDQLVH DOO WKH LQIRUPDWLRQ \RX KDYH DERXW WKH WRSLF 7KHVH UHFRUGV DUH DOO FRQWDLQHG LQ RQH
GDWDEDVH ,Q D UHODWLRQDO GDWDEDVH PXOWLSOH UHFRUGV LQ GLIIHUHQW ILOHV PD\ EH OLQNHG WRJHWKHU ±
UHODWHG±WRRUJDQLVHWKHLQIRUPDWLRQ
$GYDQWDJHVRIGDWDEDVHSURFHVVLQJDUHWKDWGXSOLFDWLRQRIGDWDFDQEHUHGXFHGDQGFRQVLVWHQF\RI
GDWDFDQEHLPSURYHG,Q DGGLWLRQEURDGHU GDWDVKDULQJDQG LPSURYHGSURGXFWLYLW\ LQDSSOLFDWLRQ
GHYHORSPHQWDQGPDLQWHQDQFHFDQEHDFKLHYHG
6RPHRIWKHFRPPHUFLDOO\DYDLODEOHGDWDEDVHVDUH$&&(6625$&/('%
%HORZLVDOLVWRI85/ZHEVLWHVIRUVRLOUHODWHGGDWDEDVHV


7KHGDWDEDVHRIWKH86'$15&66RLO6XUYH\/DERUDWRU\ 66/ 1DWLRQDO6RLO6XUYH\&HQWHU
FRQWDLQV DQDO\WLFDO GDWD IRU PRUH WKDQ  SHGRQV RI 86 VRLOV DQG DERXW  SHGRQV
IURP RWKHU FRXQWULHV 'DWD FRQVLVWV RI VRLOV VRLO VXUYH\ LQYHVWLJDWLRQV VRLO FKDUDFWHULVDWLRQ
GDWD VRLO ODERUDWRU\ GDWD VRLO UHVHDUFK GDWD SK\VLFDO VRLO GDWD FKHPLFDO VRLO GDWD
PLQHUDORJLFDOVRLOGDWDDQGSHGRQGHVFULSWLRQV



7KHGDWDDUHDYDLODEOHRQ&'520GLVNDQGRQOLQHDW



KWWSZZZVWDWODELDVWDWHHGXVRLOVVVOQDWFKBGDWDKWPO



)RRGDQG$JULFXOWXUH2UJDQL]DWLRQ )$2 



9DULRXVGDWDEDVHVDUHDYDLODEOHKRZHYHUVRPHRIWKHPDUHQRWIUHHO\DYDLODEOH



'LJLWDO6RLO0DSRIWKH:RUOG 60: *OREDO6RLO3URILOH'DWDEDVHV



&RQWDLQPDSVKHHWVRI$IULFD1RUWK$PHULFD&HQWUDO$PHULFD(XURSH&HQWUDODQG1RUWKHDVW
$VLD)DU(DVW6RXWKHDVW$VLDDQG2FHDQLDDQGGHULYHGVRLOSURSHUWLHVILOHV



KWWSZZZIDRRUJODQGDQGZDWHUDJOOGVPZKWP

)$267$7


)$2¶V RQOLQH PXOWLOLQJXDO GDWDEDVH FRQWDLQLQJ PRUH WKDQ  PLOOLRQ WLPHVHULHV UHFRUGV
FRYHULQJ LQWHUQDWLRQDO VWDWLVWLFV LQ DUHDV VXFK DV DJULFXOWXUDO SURGXFWLRQ DQG WUDGH SURGXFHU
SULFHVODQGXVHLUULJDWLRQDJULFXOWXUDOPDFKLQHU\IHUWLOLVHUVDQGSHVWLFLGHV

KWWSZZZIDRRUJ:$,&(17)$2,1)2$*5,&8/7JXLGHVUHVRXUFHGDWDKWP



0RGHOVDVWRROVLQGHFLVLRQPDNLQJ 'HFLVLRQVXSSRUWV\VWHPV '66 

0DQ\ SUREOHPV IDFHG LQ DJULFXOWXUH DUH PXOWLGLVFLSOLQDU\ LQ QDWXUH WKLV PHDQV LW LV QHFHVVDU\ WR
FRQVLGHU EHVLGHV WKH VRLOSODQW DWPRVSKHUH FRQWLQXXP DOVR VRFLRHFRQRPLF DQG ELRSK\VLFDO
DVSHFWV $ V\VWHP DSSURDFK LV WKHUHIRUH QHFHVVDU\ DV SHUWXUEDWLRQ LQ RQH SDUW RIWHQ DIIHFWV DOO
RWKHUSDUWVRIWKHV\VWHP
'HFLVLRQVXSSRUWV\VWHPVDUHLQWHUDFWLYHFRPSXWHUEDVHGV\VWHPVWKDWXWLOL]HGDWDDQGPRGHOVWR
VROYH PXOWL GLVFLSOLQDU\ SUREOHPV 7KH PDLQ DLP LV WR LPSURYH SHUIRUPDQFH RI GHFLVLRQPDNHUV
ZKLOH UHGXFLQJ WKH WLPH DQG KXPDQ UHVRXUFHV UHTXLUHG IRU DQDO\VLQJ FRPSOH[ GHFLVLRQV '66
VKRXOG VXSSRUW DOO SKDVHV RI D GHFLVLRQ PDNLQJ SURFHVV FKDUDFWHULVHG E\ L  LGHQWLI\LQJ SRVVLEOH
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SUREOHPVRURSSRUWXQLWLHVLL FUHDWLQJDQGDQDO\VLQJSRVVLEOHFRXUVHVRIDFWLRQDQGLLL VXJJHVWLQJ
DFRXUVH V RIDFWLRQIURPWKRVHDQDO\VHG
9DULRXV '66 KDYH EHHQ GHYHORSHG EXW WZR FRPSUHKHQVLYH '66 IRU VRLOFURS PRGHOOLQJ DUH
'66$7 YHUVLRQ  'HFLVLRQ 6XSSRUW 6\VWHPV IRU $JURWHFKQRORJ\ 7UDQVIHU 7VXML HW DO 
-RQHVHWDO DQG$36,0 $JULFXOWXUDO3URGXFWLRQ6\VWHPV6LPXODWRU0F&RZQHWDO 
7KHVH '66 DOORZ µH[SHULPHQWV¶ WR EH FUHDWHG RQ FRPSXWHUV DQG RXWFRPHV RI WKH FRPSOH[
LQWHUDFWLRQVEHWZHHQYDULRXVDJULFXOWXUDOSUDFWLFHVVRLODQGZHDWKHUFRQGLWLRQVVLPXODWHGDVZHOO
DVDSSURSULDWHVROXWLRQVWRVLWHVSHFLILFSUREOHPV2QHJRRGWLSIRUDVXFFHVVIXO'66 0DWWKHZVHW
DO   $GGUHVV UHDO SUREOHPV RIWHQ FRPSOH[  QRW UHDGLO\ VROYHG E\ UXOHRIWKXPE HJ SHVW
PDQDJHPHQW DQG LUULJDWLRQ VFKHGXOLQJ UHTXLUH GHFLVLRQ PDNLQJ RQ LVVXHV WKDW YDU\ IURP RQH
VHDVRQ WR WKH QH[W  7KH FRVW RI PDNLQJ D PLVWDNH LV KLJK DQG WKHUHIRUH XVH RI '66 PD\EH
ZRUWKZKLOH
([SHUW V\VWHPV (6  DUH DQRWKHU FRPSXWHU WRRO IRU GHFLVLRQPDNLQJ KRZHYHU LW XVHV TXDOLWDWLYH
UDWKHU WKDQ TXDQWLWDWLYH UHDVRQLQJ 7KH UXOHV RI WKXPE RQ ZKLFK WKH\ DUH EDVHG DUH RIWHQ
IRUPXODWHGZLWKWKHXVHRIFURSVLPXODWLRQPRGHOV



*RRGPRGHOOLQJSUDFWLFH

,W LV LPSRUWDQW WKDW *RRG 0RGHOOLQJ 3UDFWLFH *03  LV H[HUFLVHG *03 LV GHILQHG DV WKH
GHYHORSPHQW PDLQWHQDQFH GLVWULEXWLRQ DQG XVH RI FRPSXWHU VLPXODWLRQ PRGHOV ZKHUHE\ WKH
LQWHJULW\RIWKHPRGHOLWVYDULRXVLPSURYHPHQWVDQGXWLOL]DWLRQLVDVVXUHG (VWHV &RRG\ ,W
LVDOVRLPSRUWDQW WKDWHQRXJK LQIRUPDWLRQLVGRFXPHQWHGVR WKDWLWLV SRVVLEOHIRUDQ LQGHSHQGHQW
XVHUWRUHSURGXFHWKHPRGHOUHVXOWV$JRRGPRGHOPXVWSRVVHVVWKHIROORZLQJFKDUDFWHULVWLFV


0XVWEHHDV\WRXVHDQGRXWSXWRULHQWHG



0XVWEHWDUJHWHGDWWKHFOLHQW



0XVWQRWUHTXLUHDQH[SHULHQFHGFRPSXWHUSURJUDPPHUWRRSHUDWHRUPXVWEHSDUWRIDV\VWHP
ZKHUHWKHRSHUDWRUZRUNVDVDFRQVXOWDQWSDVVLQJRQWKHUHOHYDQWRXWSXWVLQDXVHDEOHPDQQHU



0XVWEHLQWURGXFHGWRWKHFOLHQWZLWKDWKRURXJKWUDLQLQJSDFNDJHDQGFRQWLQXHGVXSSRUW



1HHG WR EH PDLQWDLQHG DQG XSGDWHG ZLWK FKDQJLQJ WHFKQRORJ\ DQG LQ UHVSRQVH WR XVHU
GHPDQG

 ,QWHUQHW GLVFXVVLRQ JURXSV LQYROYLQJ LQ PRGHOOLQJ DJULFXOWXUDO
V\VWHPV



$*02'(/6OLVWVHUYHU $*02'(/6/#81,('8 



'66$7OLVWVHUYHU '66$7#/,676(598*$('8 



(6$$*02'(/6OLVWVHUYHU (6$$*02'(/6#(6$8'/(6 DQG



)$2$*520(7OLVWVHUYHU $*520(7/#0$,/6(59)$225* 


 5HIHUHQFHVDQGIXUWKHUUHDGLQJ
(VWHV7/&RRG\31  7RZDUGWKHGHYHORSPHQWRIJRRGPRGHOOLQJSUDFWLFHLQFKHPLFDOIDWH
PRGHOOLQJ3DSHUJLYHQDW6(7$&86+RXVWRQ1RYHPEHU
-DUYLV 1 - -DQVVRQ 3 ( 'LN 3 ( 0HVVLQJ ,   0RGHOOLQJ ZDWHU DQG VROXWH WUDQVSRUW LQ
PDFURSRURXVVRLO,0RGHOGHVFULSWLRQDQGVHQVLWLYLW\DQDO\VLV-6RLO6FL
-RQHV - : 7VXML * < +RRJHQERRP * +XQW / $ 7KRUQWRQ 3 . :LONHQV 3 : ,PDPXUD ' 7
%RZHQ:7 6LQJK 8   'HFLVLRQ VXSSRUW V\VWHPIRU DJURWHFKQRORJ\ WUDQVIHU '66$7 Y ,Q
7VXML*<+RRJHQERRP*7KRUQWRQ3. HGV 8QGHUVWDQGLQJ2SWLRQVIRU$JULFXOWXUDO3URGXFWLRQ
.OXZHU$FDGHPLF3XEOLVKHUV'RUGUHFKW1HWKHUODQGVSS±
0DWWKHZV5%6WHSKHQV:+HVV70DVRQ7*UDYHV$  $SSOLFDWLRQVRIFURSVRLOVLPXODWLRQ
PRGHOVLQGHYHORSLQJFRXQWULHV)LQDO5HSRUW&UDQILHOG8QLYHUVLW\6LOVRHSS
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0F&RZQ 5 / +DPPHU*/ +DUJUHDYHV - 1 * +RO]ZRUWK ' 3 )UHHEDLUQ ' 0   $36,0 D
QRYHOVRIWZDUHV\VWHPIRUPRGHOGHYHORSPHQWPRGHOWHVWLQJDQGVLPXODWLRQLQDJULFXOWXUDOV\VWHPV
UHVHDUFK$JULF6\VWHPV±
3DVVLRXUD-%  6LPXODWLRQPRGHOVVFLHQFHVQDNHRLOHGXFDWLRQRUHQJLQHHULQJ"$JURQRP\
-RXUQDO±
6KDIIHU 0 - +DOYHUVRQ $ ' 3LHUFH ) -   1LWUDWH OHDFKLQJ DQG HFRQRPLF DQDO\VLV SDFNDJH
1/($3  PRGHO GHVFULSWLRQ DQG DSSOLFDWLRQ ,Q 0DQDJLQJ 1LWURJHQ IRU *URXQGZDWHU 4XDOLW\ DQG
)DUP 3URILWDELOLW\ (GV )ROOHWW HW DO SS ± 6RLO 6FLHQFH 6RFLHW\ RI $PHULFD 0DGLVRQ
:LVFRQVLQ
7VXML * < 8HKDUD * %DODV 6 HGV    '66$7 YHUVLRQ  8QLYHUVLW\ RI +DZDLL +RQROXOX
+DZDLL
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