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ABSTRACT 

This report discusses the basic chemistry of the Winkler procedure as well as various 
results obtained from fi eld and laboratory studies and experiments designed to determine 
the accuracy or precision of measuring the concentrati on of dissolved oxygen in seawater 
with currently used modifi cations of the Winkler method . M ajor emphasis is g iven to dis-
cussion and appraisal of two intercomparison experiments that were carried out under con-
troll ed conditions: one with six analysts parti cipating, the other with analysts participating 
fr om r r different instituti ons in the United States and Canada. The resul ts obtained by each 
participant were studied, and the inaccuracies and imprecisions were correlated with the 
experimental conditi ons under which the results were obtained . 

The results showed a wide range of variati on. The errors resulted mainly fr om photo-
chemical oxidation of iodide to iodine and also from loss of iodine through volatili zati on. 
It was fo und that errors may occur during standardization of the sodium thiosu!fate, during 
treatment of the sample, or during both parts of the procedure, with errors tending to com-
pensate when the same kind of error occurred during both parts of the procedure. Experi-
mental conditions that either increased or reduced the observed errors are discussed. 
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It is noted that, in many versions of the Winkler method, procedures for evaluating blanks 
are inadequate, and in most versions the possibility of a "negative blank" is ignored. 

The use of potassium dichromate as a standard is shown to be inferior to the use of either 
potassium iodate or potassium biniodate. 

No way was found to correct published or recorded values for dissolved oxygen, even in 
cases where details of procedure accompany the data. 

To avoid signifi cant systematic and random errors, a recommended procedure based on 
recent studies is presented. 

INTRODUCTION 

M ost of the existing oxygen data have been obtained by use of either the 
Winkler ( I 888) titrimetri c method for measuring dissolved oxygen in 
aqueous soluti ons or with one of the numerous modifications of this method. 
Even in the case of some of the other systems of oxygen measurement, 
such as those based on electrolysis (Carritt and Kanwisher 1959), gas 
chromatography (Swinnerton et al. 1962), mass spectrometry (Benson and 
Parker 1961), and gasometry (Scholander et al. 1955), the standardization or 
calibration of methods involving gas concentration has been achieved by direct 
reference to Winkler analyses or to "saturation tables" prepared largely from 
data obtained with the Winkler method. Today, so many modifications of 
this method-both published and unpublished-have been developed that the 
total number of different procedures is unknown. 

The extensive literature relating to the Winkler method seems to provide 
rather abundant evidence of inherent difficulti es that have been encountered. 
Many diffi culties and problems have never been described or published. We 
know, for instance, that several years ago Stroop (unpublished) examined all 
of the published oxygen data for the South Atlantic and Antarctic regions 
and noted that some of the DrscOVERY data were nearly 0.5 ml 02/l lower 
than values obtained by others for the same regions. Earlier, Deacon (private 
communication) had noted the same differences and attempted to determine 
the source of error and make appropriate corrections. Unfortunately, the 
original DrscovERY data were destroyed during the war so that the problem 
could not be resolved. 

For many years, major oceanographic expeditions have routinely measured 
the concentration of dissolved oxygen in seawater, so that the total number of 
measurements of dissolved oxygen determined with the Winkler method 
probably ranks second only to measurements of temperature and salinity. 
However, without precise details concerning the technical procedure, the com-
patibility of these thousands of analyses cannot be appraised, and there appears 
to be no sati sfactory way of assigning limit s to either the accuracy or precision 
of the results except to note the often repeated comment that "The Winkler 
method is 'good' to about plus or minus 0.02 to 0 .0 5 ml 0 , /l." 

During the earl y part of the recent International Geophysical Year, oxygen 
data on alternate east-west sections in the North Atlantic were obtained by 
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the United States and the United Kingdom, and comparison of these early 
results showed a periodicity in dissolved-oxygen values that suggested a sys-
tematic difference in the methods employed by the two participants. In a con-
trolled comparison (Worthington, unpublished) it was shown that the United 
States values were approximately 3°/o lower than the United Kingdom values, 
the difference having been caused by a systematic error in the United States 
procedure for standardizing the principal reagent. Fortunately the error was 
large enough to be easily detected and a method of standardization was recom-
mended to eliminate the systematic errors noted. However, this incident 
brought strongly into focus for the first time the over-all problem of accuracy 
and precision of results obtained with the Winkler method, and serious 
consideration has been given to this problem since that time. Some of the 
questions raised are: What is the accuracy and precision of each modification 
of the Winkler method? Do each of the modifications give systematically 
different results? Is there a single procedure that is superior to all others? 

On the following pages, we first discuss the chemical reactions that char-
acterize the Winkler method and note some side reactions that proved to be 
sources of error. Then we describe and discuss the various aspects of field and 
laboratory studies; most important of the latter were two intercomparison 
experiments carried out under controlled laboratory conditions. In this section 
special emphasis is given to published modifications that are commonly cited 
in expedition reports. Finally, we have presented a recommended procedure 
for determining the amount of dissolved oxygen in seawater using the Winkler 
method; we discuss in detail the procedure, the concentration and amounts of 
reagents, and the equipment. 

THE WINKLER METHOD 

In oceanography the results derived from dissolved-oxygen analyses are 
used in two basically different ways, and the characteristics of the Winkler 
method have a direct bearing on the accuracy and precision3 of the results, 
depending on the intended use. One use requires the absolute concentration 
of dissolved oxygen, usually in milliliters of oxygen per liter of sample; in this 
case adherence to the stoichiometry of the basic chemical reactions is necessary. 
The other use requires that the measured absolute value of concentration be 
combined with a saturation value (tabulated by Fox 1909, Winkler 1891, 
Truesdale et al. 1955) to provide from the ratio a value of"percent saturation"; 
or, by taking the difference between the measured value and the saturation 
value, it is possible to obtain an estimate of what Redfield ( 1942) has called 
apparent oxygen utilization (AOU). Since published saturation values have 
been obtained with Winkler measurements, it is possible that computed values 

3. Accuracy is an estimate of the difference between a measured value and the true value. Precision 
is an estimate of the repeatability of a value during replicate measurements. 
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of percent saturation are more accurate than the measured absolute value of 
concentration. 

To an uninitiated person, the Winkler procedure is likely to be deceptively 
simple, for the required techniques can be quickly learned by technicians who 
have had no training in chemistry. However, changes in procedure that may 
appear to be insignificant to the nonchemist may actually produce significant 
differences in the results. 

The Winkler method, in all of its modifications, consists of three nearly 
independent steps: (i) taking the sample, which is largely a set of mechanical 
operations; (ii) and (iii) treatment of the sample and standardization, each 
step of which involves several chemical operations and reactions. 

The essence of the Winkler procedure is a set of chemical reactions that 
converts the dissolved oxygen in a sample of water to a chemically equivalent 
quantity of iodine, followed by measurement of the iodine produced. Stan-
dardization of the entire procedure uses known quantities of potassium iodate, 
potassium biniodate, or potassium dichromate. Thus standardization is not 
against oxygen but in terms of known quantities of reagents, which, under con-
trolled conditions, may produce known quantities of iodine. Clearly, the stoi-
chiometry implicit in the basic reactions (p. 299 et seq.) must be known if 
accuracy is to be achieved. 4 

Conversion of Oxygen to Iodine. A precipitate of white divalent manganese 
hydroxide (manganous hydroxide) is produced in a test sample by adding a 
small quantity of a solution containing a soluble manganous salt and a small 
quantit y of an alkaline-iodide solution: 

Mn+++ 2(0H) Mn(0H)z. (1) 

The manganous hydroxide reacts with the dissolved oxygen in the sample to 
produce a dark-brown higher valent manganese hydroxide: 

2Mn(0H)2 + 1/2 (02) 2Mn(0H)3, or 

Mn(0H)2 + r /2 0 2 Mn0(0H)z. 

The sample is then acidifi ed, thereby dissolving the hydroxide precipitate and 
initiating the reaction between the manganese (III) or (IV) and iodide to 
form iodine, which, in the presence of excess iodide, forms the soluble trii odide 

complex: 
2Mn(0H)3 + 6H+ + 3I- 2Mn++ + I 3-+ 6H20. (3) 

At this point the iodine should be chemically equivalent to the oxygen that 

entered reaction ( 2 ). 

4. W ith suitable soluti ons of oxygen, cali bration of the departure from stoichiometry is possible. 
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The amount of iodine is now determined by titration with a standardized 
sodium thiosulfate soluti on, using starch indicator or potenti ometri c end-point 
detecti on : 

(4) 

The chemical relationships that must be maintained if the Winkler procedure 
is to provide an unbiased estimate of oxygen, are: 

(5) 

Equivalence of Oxygen and Iodine. The completeness of the first three re-
actions is suggested by the relative potentials of the half reacti ons. Oxygen 
in alkaline solutions is a considerably weaker oxidant than in acidic soluti ons: 

1/2 (02) + H2O + 2e- 2OH- + 0.401 volts, 

1/2 (02) + 2H+ + 2e- H 2O + 1 .23 volts. 

(6) 

(7) 

However, the decrease in potential for oxygen between acidic and basic solu-
tions is more than compensated by the increase in reduction potential for 
manganous hydroxide in alkaline soluti on. 

Mn+++ + e- 1.51 volts, 

Mn(OH), + OH- + 0.1 volts. 

(8) 

(9) 

The potentials indicate that manganous ion is not oxidi zed by oxygen in an 
acidic solution but is oxidized in an alkaline soluti on. This conclusion is only 
qualitative, however, since the reduction of oxygen is irreversible. 

Calculations based upon potentials in the lit erature suggest oxidation to 
tripositive manganese. The results of an experiment designed to show the 
stoichiometry of this step are shown in Fig. 1. O xidati on to a level greater 
than plus three was observed, but quantitative oxidati on to plus four was not 
found. 

Whil e the valent state of the oxidi zed manganese has no relationship to the 
stoichiometry of the over-all reacti on sequence, the one-electron reaction 
requires double the amount of manganous ion to insure complete reduction of 
the dissolved oxygen. The higher valent manganese is a strong oxidant in 
neutral or acidic soluti on, so that complete reducti on of the manganese by 
iodide may be anticipated: 

(1 o) 
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two-electron stoichi ometry 
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Figure I. Stoichiometry of the oxygen-manganese (II) reaction. 

3.0 

Determination of Iodine. The iodine-iodide couple has several attractive 
features that have led to a greater variety of uses for this couple than for any 
other oxidation-reduction system. The couple is perfectly reversible, and very 
sharp endpoints are possible in titrations. The low potential of the system 
makes iodine more selective than other common oxidizing reagents. A very 
extensive review by Matsuyama of the use of this couple (iodometry) may be 
found in Kolthoff and Belcher (1957). 

Thiosulfate appears to be the only reductant that is useful for iodometry. 
Thiosulfate is oxidized to tetrathionate by iodine: 

(11) 

There are several other possible products of the oxidation of thiosulfate, so 
that control of reaction conditions is essential to eliminate side reactions. Thio-
sulfuric acid is unstable and decomposes to sulfurous acid and elemental sulfur. 
Both of these products are reductants and may react with oxidants to an in-
determinate extent and rate. The thiosulfate reaction is quite sensitive to 
hydroxyl-ion concentration and, in fact, iodine in alkaline solution will oxidize 
thiosulfate quantitatively to sulfate. 
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The mechanisms of thiosulfate reactions are quite complicated, and evidence 
to support various interpretations may be found in the lit erature. In particular, 
the thiosulfate reactions with oxygen appear to have several alternate routes, 
some of which are known to be favored by specific catalysts. Thiosulfate 
solutions have been observed to increase or to decrease in titer depending on 
the mechanisms of decomposition. The complexity of the behavior of thiosuifate 
suggests that solutions must be standardized with the particular oxidant under 
precisely the same conditions that exist during sample analysis. 

The mechanism of the reaction of thiosulfate with iodine apparently in-
volves two stages: 

The first step is rapid, but the second proceeds at an easily measured rate. 
With rapid titration, a false end point may be found, and the reappearance of 
iodine in the solution may be accounted for in terms of a fraction tied up in the 
thiosulfate complex. This phenomenon should not be confused with the genera-
tion of iodine by air oxidation, in which no permanent titration end point may 
be reached. 

Specific Sources of Error . The significance of an error depends upon the use 
of the analytical result and upon the resulting definition of "negligible." We 
have arbitrarily assumed an error of o. I 0 /o of air-saturated concentrations of 
oxygen to be negligible. The solubility of oxygen in water results in air-satu-
rated solutions of 14mgO,/l at o°C to 8 mg/I at 30°C. It is pertinent to note 
that 8 mg 0,/1 is a o.oor N solution with respect to oxidation-reduction 
reactions. Many of the procedures for iodometry are based on manipulation of 
o. I N or o.o I N solutions, and translation of these procedures and techniques 
to dissolved-oxygen analysis must be expected to require reconsideration of 
errors. 

Volatilization. The most obvious source of error in iodometry is loss of 
iodine by volatilization. Differences in technique may be expected to produce 
markedly different losses, so that the magnitude of this error cannot be antici-
pated. However, three factors that strongly influence the magnitude of the 
volatilization error are the temperature of the solution, the concentration of 
iodide in the solution, and the concentration of iodine. 

The vapor pressure of iodine increases over the temperature range o°C to 
30°C by approximately a factor of 2.5 for each ten-degree increase. There is 
more_ ~ha~ an orde~-of-m~gnitude-change over this temperature range, and 
volat1hzat1on errors In tropical laboratories can be expected to be quite different 
from those in more temperate climates. 
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A second-order influence of temperature is on the complexing of iodine 
by iodide. Iodine reacts with iodide to form the complex triiodide ion: 

Since the rate of iodine loss depends upon the concentration of free iodine, it 
may therefore be controlled by the iodide concentration. The temperature 
dependence of the dissociation of trii odide ion 
reported by Awtrey and Connick ( I 9 5 I), as 
shown in T able I, is large enough to produce 
significant variation in volatilization losses. 

Table I. 

Temperature Dissociation 

.Air Oxidation. Iodide reacts with oxygen in 
acidic solution: 

l.0°C 
16.1 
25.0 
33.4 
39.2 

constant 

0.65x I0-3 
1. I0 x IQ-3 

l.40x 10-3 
l.75x IQ-3 

2.08x 10-3 

The rate of this reaction is obviously strongly 
dependent on the iodide and hydrogen-ion concentrations. In addition, the 
reaction is accelerated by sunlight and by various catalysts (copper nitrate, etc.). 

RECENT EXPERIMENTAL STUDIES 

The experimental work reported in this section consists of: (i) laboratory 
studies in which several chemical reactions in the Winkler method were 
examined, (ii) field studies that show differences in the results obtained by 
what were presumed to be acceptable modifications of the Winkler method, 
and (iii) two intercomparison experiments in which modifications of the 
Winkler method were examined under controlled laboratory conditions. 

Laboratory Studies. These studies were undertaken as soon as systematic 
differences were noted in the oxygen values obtained by the United States 
and United Kingdom during early IGY cruises. In this experiment the thio-

sulfate factor' for both the U.S. and U .K. 

T able II. 
Thiosulfate factors. 

British United States 
procedure 

J.148 
J.148 
J.148 
1.148 

1.148 Mean 

procedure 

J.095 
1.135 
J. 121 
1.105 

1.114± 0.18 

standardization procedures was measured for a 
common source of sodium thiosulfate solution. 
The results (Worthington, unpublished) are 
summari zed in Table II. According to the 
figures in Table II, we could expect the U.S. 
oxygen values to be about 3°/o lower than the 

5. Thiosulfate factor is a number which, when multipli ed 
by the volume of thiosulfate used for sample titration, yields 
the value for oxygen concentration in the sample. 
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values obtained by the U .K.; but, as will be shown later, errors in standardiza-
tion may be parti all y or, under some conditions, even completely compensated 
by errors in the sample-treatment procedures. The U .K. procedure depended 
upon potassium iodate as the primary standard. The U.S. procedure, li sted 
as WHO I-2 in Table IV , was a modifi cati on of the H ydrographic Office 
method, which recommends potassium dichromate as a standard (Hydrographic 
O ffi ce 1955). 

In the United Kin gdom, A rmstrong ( 19 59, unpublished) analyzed the 
standards used in the standardizati on intercompari son noted above; he examined 
both the U.S. and U .K . procedures. He concluded that the U .S. procedure 
favored the photochemical air oxidation of iodide, a side reacti on that results 
in low values fo r both the concentration of sodium thiosulfate soluti on deter-
mined during standardizati on and the concentrati on of dissolved oxygen re-
sulting from the use of the sodium thiosulfate. 

Al so as a result of the IGY experi ence, Carritt (1959, unpublished) studied 
the iodide oxidati on reacti on, which in many modifi cations is the primary 
react ion in standardizati on procedures as well as in the Winkler treatment of 
samples. Vari ati ons in the quantity of iodine produced in the iodide-i odine 
reaction with variati ons in acid concentration, iodide concentration, reaction 
time, and li ght intensity were measured. The results are shown in Figs. 2 and 
3 and Table III . 

w 14 I-
<t e 
LL 12 _j 
::::, d (J) 10 
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Figure 2 . P hotochemical oxidation of iodi ne during standardization of sodium thiosulfate. All solutions 
contained 50 ml distill ed water, ro ml 10¼ (v/v) H ,SO4, and 2 g K I. a, blank, solution in 
dark from additi on of KI to ti trati on; b, blank, solution in subdued light from addition of 
KI to titrati on ; c, blank, solu tion in bright sun light from addit ion of KI to t itration · 
d, standard, containing ro.ooo ml 0.01 N potassium dichromate· solu t ion in dark fr oO: 
addi ti on of KI to titr a_t ion ; e, standa_rd, containing 10.000 ml 0.01 N potassium dichromate; 
solution 111 subdued li ght fr om additi on of KI to titration. 
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Figure 3· Effect of acid concentration on standardization blank. T est solutions contained 50 ml of 
d1st1Ued water, 2 g KI , and the indicated acid concentration (H,S04). All solutions were 
kept in subdued light for 10 minutes from acidific ation to titration. 

Carpenter (unpublished) observed 
that the several "saturation tables" 
varied by as much as 5°/o and that 
there was no clearcut basis for 
choice of one over the others. Sub-
sequently he completed a study of 
oxygen solubility in seawater (Car-
penter 196 5) and obtained measure-
ments that have resulted in a better 
involved in the Winkler method. 

Table III. 

Weight KI 

(g/60 ml) 

1 
2 
4 
8 

Titer (ml 0.01 N S2O3=) 

KI lot 53078 KI lot 50988 

0.031 1.75 
0.540 1.95 
1.00 2.27 
2.00 2.73 

understanding of the chemical reactions 

INFLUENCE OF I omnE-ION CONCENTRATION ON WINKLER BLANK . The 
soluti ons used in this experiment contained 50 ml of distill ed water, 1 o ml of 
10°/o (v/v) H ,SO4, and tabulated quantities of potassium iodide. Solutions 
remained in subdued li ght for Io minutes from addition of potassium iodide 
to titration with o.o I N sodium thiosulfate. The results are shown in Table III. 

Field Studies. These studies were designed to provide quantitative measure-
ments of differences resulting from modifi cations of standardization procedures 
that had previously (Table II) given different results during the early IGY 
cruises. The U .S. procedure was modified to include measurements against 
both potassium dichromate (a modification of the ori ginal U.S. procedure) 
and potassium biniodate (a modifi cation of the original Briti sh procedure); 
22 pairs of measurements over a period of approximately six months on three 
different research vessels gave 0.950 ± 0.014 as the ratio of dichromate to 
biniodate values. The simil ar ratio, computed from values in Table II, is 



Table IV . Summary of modifi cati ons of the Winkl er procedure. t,.) 

'° 0-, 

Reagents Standardization Sample treatment 

Literature Manganese Alkal ine Acid H 2O (ml) Volume Std. and Reacti on Sample Volume Volume Reaction 
ref. salt iodide each vol. (ml) condit ion volume reagents for and 
or reagent (ml) (ml) titration settling 

par ticipant time 
I 2 3 4 

A 450 g 700 g KOH H 2SO4 97 Dor S bin iodate 100 l + l+l 50 
(a) MnSO4·4ag 150 g KI 36 N (d) 10 ml 

(b) (c) 0.Ql <::, 

2.017 m 130°C-30 m I::! 
'I 
;,! 

B 480 g/1 500 g NaOH H2SO4 45 D or S KH(IO3)2 stood 250 1+ 1+ 1 50 ml or 2x shake I:, ..._ 
(a) MnSO4·4ag 150 g K I 36 N 0.01 N (f) 5 min. (g) 100 vac. settle 

(b) (f) (c) 12.48 10ml pipette > ¼< ½hr. 
130°C-l hr. (h) 

'I 
C 400 g/1 500 KOH HCl 90 S l+l+I KH(l0 3), none 250 2+2+2 100 ml 2x shake ;i. 

"' (a) MnCl, ·4ag 100 KI 12 N 0.Ql N (j ) store in 
10 ml dark after "' <-, 

acid "' I:, 
'I 

D 450 g/1 700 KOH H2SO4 90 S l+l+l KH(IO 3)z stood 250 l+l+I 100 ml 
.., 

(a) MnSO4·4ag 150 KI 0.Ql N 5 min. amber or all 
10ml 

E 480 g/1 700 KOH H,SO4 300 50 
MnSO4·4ag 150 KI 36 N 

F NOT REPORTED 250+ 
(a) 

G 400 g/1 100 KOH HCl 90 I + l + l KH(IO 3)z 300 2+2+2 100 ml 
(a) MnC'2·4ag 50 KI 12 N 0.Ql N grad. or r-, 

10 ml pipette t,.) 

j"-
H 450 g/1 700g KOH H,SO4 90 ml H,SO4- l KH(IO3), 250 ml 1+ 1+ 1 100 ml w 

(a) (I) MnSO4•4ag 150 g KI (k) KOH-K I- I 0.01 N amber 
(j) ( f) MnS04- J IO m l 

10,-10 



.. _ ~. - - ··-- · -' · ··- ? •:··."::•·_: -=:- -- .· · .. -: ~_,. ':, . ·• 
· Yf;i;o ~~-1 · 

, .; , ...... ... £ 
I 367 g /1 360 NaOH H,so. 50 D.W. titrated - rso··· i -i- i -i- i !)u mr· 

(a) 150 KI 50°/0 v/v NaOH-KI - 1 imme-
MnSO4-1 diately 

103· 10 
...0 

J 450 g /1 700gKOH H2SO4 90 ml H2SO4-l 5 min. 250 I+ I+ I 100 ml 
(a) MnSO4·4ag 150 g KI 36 N s.w. KOH-KI-I '--' 

(b) (c) MnSO4-l 

103· 10 

HO Pub 400 g /1 360g NaOH HCI none 5 ml 15°/0 K 2Cr2O7 250 I + I + 2 50 or I 00 
607 MnCl2·4ag 150 g KI KI+2 ml 10ml C"') 

(c) HCI s::, 
'! 
'! 

Jacobsen et 
N. 

450 700 KOH H ,SO4 97 D.W. t+l+I bi-iodate 10 min. ..... ..... 
al 1950 MnSO4·4H2O 150 KI 36 N 0.01 N dark s::, 

;:i 
10ml ,::,_ 

C"') 
WHOI-1 MnSO4·H,O 360 NaOH H 2SO4 l+l+l IO min. s::, 

(a) 367 g /1 150 KI 10°/o v/v dark "' ;:i ..... 
WHOI-2 2 g KI H ,SO4 50 ml K 2Cr2O7 10 min. "' '! 

(a) 10°/o v/v 0.01 N dark 
.. 

10ml 
..., 
"' 

K MnCl,·4H2O 320 NaOH H2SO4 250 ml I ml H ,SO4 KIO3 titrated 250 ml 1+1+1 all 
600 g /1 600 NaI 10 N D.W. I ml alk. 0.Ql N imme- 6 ;:i 

iodide 10 ml diately 
,.... 
;.--

no Mn '! 

..... 
(a) Unpublished mimeographed procedure. {h) Sample size dependent upon oxygen content. <::, 

(b) Di ssolved in freshly boiled distilled water. (i) Inserted pipette tip just below surface of sample. 
,::,_ 

(c) Stored in dark glass bottle with rubber stopper. (j) Noted that ferric-free MnCl2 is difficult to prepare. Fe+++ gives I, 

(d) Fumed to remove oxides of nitrogen. with I-. 

(e) Blank by repeating standardizing procedure, but omitting biniodate; (k) Noted that H2SO4 is hydroscopic. Long standing in contact with moist 

should be less than 0. 1 ml thiosulfate. air will seriously dilute the stock. 

(f) Stored in amber bottle. (1) With references to Winkler (1888) and Thompson and Robinson (1939). t-.) 

(g) Introduced pipette tip 0.2 5 inches into sample ...0 ...._, 
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0.970. Statistical examination (t-test) of the two ratios shows that the chance 
is only slightly better than one in 1 oo that the differences between the ratios 
is unreal. That is, the probability is high that the two U.S. procedures and one 
U .K. procedure would give three significantly different results. 

For the Indian Ocean Expedition, three intercomparison experiments were 
performed. These experiments were designed with the limited but desirable 
objective of trying to establish an empirical basis for reducing to some common 
reference level the results obtained by the several participating groups (Ket-
chum 1961, Rochford 1963, 1964). 

Two lntercomparison Experiments. In both of these experiments, modifica-
tions of the Winkler method currently in use at that time were examined by 
analysts having prior experience with the method; conditions were controlled, 
and there was sufficient replication to give statistical significance to the results. 
The two experiments were of similar design: in both, standardization and 
sample-treatment procedures were examined separately. 

(i) The Woods Hole Oceanographic Institution Intralaboratory Intercom-
parison Experiment (WHOI Expt.) was performed in December 1960 by 
six analysts. The primary purpose was to learn the extent of differences in 
four standardization procedures. 

(ii) The National Academy of Sciences Committee on Oceanography Inter-
comparison Experiment (N ASCO Expt.) was performed by analysts from 11 
United States and Canadian oceanographic groups during the week of Decem-
ber 3, 1962. The participating analysts were: Alfredo Colli, University of 
Miami; Richard Cox, The Johns Hopkins University; James Frey, University 
of Rhode Island; C. D. McAllister, Pacific Oceanographic Group, Nanaimo, 
B. C., Canada; Kilho Park, Oregon State University; R. K. Reed, U .S. 
Coast and Geodetic Survey; R. W. Riley, University of Washington; John 
Schilling, Woods Hole Oceanographic Institution; J. P. Sullivan, U . S. Navy 
Hydrographic Office; Anton Vos, Texas A. & M. University; J. G. Wyllie, 
Scripps Institution of Oceanography. The U . S. Bureau of Commercial Fish-
eries intended to participate, but cruise plans conflicted. 

WHOI EXPERIMENT: PROCEDURES, EQUIPMENT, AND INSTRUCTIONS. 
Four procedures for standardizing sodium thiosulfate were studied. Two of 
these have been published and are widely used procedures; one uses potas-
sium dichromate as the primary standard (Hydrographic Office 1955), the 
other uses potassium biniodate (Jacobsen et al. 1950). The other two pro-
cedures, designated WHOI-1 and WHOI-2, combined parts of several 
previously published procedures. Details of all four procedures are listed in 
Table IV. 

All equipment was set up, reagents were prepared, and pipettes, burettes, and 
sample bottles were calibrated prior to the experiment; none of the six analysts 
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Figure 4. WHOI lntercompari son Experiments. Standardization results. 

was involved in the preparations. Each analyst was furnished with directions 
for each of the four procedures and was given all necessary equipment and 
supplies. 

Standard soluti ons were prepared in National Bureau of Standards (NBS) 
certified volumetric flasks, and salts were weighed with weights calibrated 
against NBS certified pieces. Each of six burettes was attached to a common 
source of a 0.01 N sodium thiosulfate that had been prepared approximately 
two weeks prior to the experiment ; the day before the start of the experiment 
it was standardized against NBS certified arsenious oxide using an NBS re-
commended procedure. 

Each analyst was provided with two sets of standards; each set contained 
five soluti ons: one set of potassium bin iodate soluti ons, and one set of potassium 
dichromate solutions. No two soluti ons were of the same concentration. The 
analysts were told that the concentrati on of each standard was different from 
all others, and they were instructed to use each soluti on only once in each of 
the appropriate procedures. Thus it was possibl e to replicate five times in each 
procedure, but without the risk of bias in " trying to get the same number." 
The results are summarized in Fig. 4. 

W ater at three levels of oxygen concentration was provided in three 50-l 
pyrex carboys, with each carboy containing approximately 40 1 of filtered 
Woods Hole Harbor water (Cl 0/oo = 19.12); the arrangement was as shown 
schematically in F ig. 5, except that in this experiment no bubble traps on the 
gas exit line were used. The carboys and associated equipment were set up and 
equilibrati on was started approximately two weeks before the experiment. One 
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carboy was equilibrated with air, one with 10°/o O 2-90°/o N 2 gas mixture, 
and one with 1°/o O ,-99°/o N,. 

Each analyst was instructed to draw ten samples from each of the three 
carboys. In an attempt to eliminate bias, the analysts were told that the volume 
of the sample bottles varied enough to make the raw tit rati on values differ 
from sample to sample. They were instructed to report only the raw tit rati on 
values and that fin al computati ons would be made at a later time. Actually, 
the bottle volumes were all within the limit s that would permit ti trati on values 
to be used without correcti ons for individual bottle volumes. The results are 
summarized in Fig. 6. 

NASCO EXPERIMENT: PROCEDURE, EQUIPMENT, AN D I NSTRUCTI ONS. 
This experiment was in many ways simil ar to the WHO I Experiment. How-
ever, there were important differences. In the N ASCO Experiment the par-
ticipants were analysts who were acti vely engaged at the time in oxygen anal-
yses for their respecti ve instituti ons. They were asked to prepare the equipment 
and solutions (except for sodium thiosul fate) just as they would do for a cruise. 
In addition they were asked to calib rate all volumetric glassware, pipettes, 
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Figure 6 . WHOI Intercomparison Experiment. Sample t itrations. Horizontal bar-mean of t en 
replicates. Box above and below mean- one standard deviation. Upper and lower flags -
extr eme values. 

burettes, and sample bottles, even though they usually accepted the manufac-
turer's values. 

A sodium thiosulfate soluti on, suppli ed to all participants, was used for all 
titrations. This solution, approximately 18 1 of 0.0 1 N Na,S,0 4, was prepared 
two weeks prior to the start of the experiments. Several standardization 
measurements were made during the two weeks, and on the day before the 
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experiment started it was standardized against NBS certified arsenious oxide 
using an NBS recommended procedure. Four analyses gave a mean normality 
of 0.01040, with a standard deviation around the mean of 0.000030. The 
value o.o I 040 is considered to be the "true value" in the discussion that fol-
lows. The true value was unknown to the participants. 

Each participant was instructed to replicate ten times the standardization 
of the sodium thiosulfate solution, using his own standards and procedure, and 
to determine the blank required in his procedure. The mean values, standard 
deviations, and extreme values are shown under "Own standard" in Fig. 7. 
The mean values are listed in Table V. 

Each participant was given a set of 40 standard solutions. Within each set, 
20 solutions were prepared from potassium biniodate, 20 from potassium iodate. 
Ten biniodate and ten iodate solutions were prepared from salts dried in a 
vacuum dessicator at room temperature, and ten of each from salts dried at 
I 10°C. All weighings and volumetric measurements were with NBS certified 
equipment. The participants were told that all sets of standards were similar, 
but that no two solutions within a set were identical. None of the values was 
known to the participants. Each analyst was instructed to follow his own 
standardization procedure but to use each of the 40 standards only once. The 
results are shown in Fig. 7. 

Approximately two weeks prior to the experiment, five 50-l pyrex bottles 
were assembled in the arrangement shown schematically in Fig. 5. Four of 
the bottles contained seawater (Cl 0 /oo = 17.38), the fifth, distilled water. The 
distilled-water sample and one seawater sample were equilibrated with com-
pressed air analyzed for oxygen. The three remaining seawater samples were 
equilibrated with one of these three gas mixtures: 10°/o O.-90°/o N 2, 1 °/0 

O,-99°/o N,, and 100°/o N2; all mixtures were supplied with analyses for 
oxygen content and all contained 0.03°/o CO2, which was added to prevent 
changes in pH during equilibration. 

During equilibration, rough titers of the oxygen content were obtained, and 
records were kept of room and bottle temperatures. A recording barograph 
gave a continuous record of barometric pressure changes, and a precision 
mercury barometer was used to calibrate the barograph and to provide pressure 
measurements during critical parts of the experiment. 

The participants were instructed to draw eight samples from each of the 
five bottles and to use the same technique and observe the same precautions 
as they would in drawing samples for oxygen analysis from Nansen bottles at 
sea. The samples were then carried through the Winkler procedure. The parti-
cipants were told the approximate oxygen concentration in each sample bottle. 
The results are shown in Fig. 8 and Table V. 

The distilled-water sample was included to provide the best possible reference 
to oxygen concentration. The saturation concentrations of oxygen in distilled 
water, as a function of temperature (Klots and Benson I 963), have heen 



Table V. Summary of standardization results and oxygen determinations in the N ASCO lntercomparison Experiment. 

Distilled water Seawater Seawater Seawater Seawater Basis for N F 
Air Air J0°/o 02 1 °/o 0, N, normality thiosulfate w 

of thiosulfate 0 
+ 

Participant A 
ml thio .... . . . 5.21±0,01 4.38± 0.04 2.13±0,01 0.27± 0,01 0.063 
ml 0,/1 .... . . 6.14 5.16 2.51 0.32 0.074 own std. 1.178 

6.16 5.18 2.52 0.32 0.075 prep. std. 1.183 
6.07 5.11 2.48 0.31 0.073 u true" 0.01040 1.166 

fb= 113.8 
F= fb ·Nthio 

Participant B 
ml thio ...... 5.09±0.02 4.27±0.01 2.09±0.03 0.27±0.01 0.070 
ml 0,/1 ... . . . 6.10 5.12 2.51 0.31 0.084 own std. 0.01061 I. 198 

5.98 5.01 2.46 0.32 0.082 prep. std. 0.01040 I. I 74 i:: 

5.98 5.01 2.46 0.32 0.082 " tru e" 0.01040 1.174 
;:s 
!::, 

fb = il 2.9 
....... 

F= fb · Nthio 

Parti cipant C 
ml thio .... . . 9.61 ± 0.17 8.12± 0.14 3.98± 0.04 0.44± 0.01 0.09± 0.05 ;ii. 
ml 0 ,/1 .... . . 5.82 4.92 2.41 0.266 0.054 own std. 0.01064 0.605 "' 

5.83 4.92 2.41 0.266 0.054 prep. std. 0.01067 0.606 
"' 5.69 4.81 2.36 0.261 0.054 ~'tr ue' ' 0.01040 0.592 .., 
"' fb = 56.8 !::, 

F = fb·Nthio 
"> 
;:,... 

Participant D 
ml thio .. ... . 10.29± 0.03 6.57± 0.03 <L22 ± 0.02 0.49± 0.01 0.117 ± 0.005 
ml O2/l .. ... . 6.04 5.03 2.48 0.288 0.069 own std. 0.01039 0.587 

6.06 5.06 2.49 0.289 0.069 prep. std. 0.01043 0.590 

" 
6.04 5.03 2.48 0.288 0.069 "t rue" 0.01040 0.587 

fb = 56.5 
F = fb·Nthio 

Participant E 
,-, 

ml thio .. . ... 5.18 ± 0.01 4.30± 0.01 2.14 ± 0.01 0.28± 0.02 0.08± 0.005 Iv 
ml 0 ,/1 . . .. . . 6.16 5.11 2.54 0.332 0.095 own std. 0.01051 1.188 :!" 

6.14 5.07 2.53 0.331 0.095 prep. std. 0.01047 1.182 w 

6.08 5.04 2.51 0.328 0.094 .. tru e " 0.01040 1.173 
fb = 112.9 

F - f" b • N t:hi o 



• . _,...:':' J..'. : _: • •w ... .. . ' ..... ,,.. 'F-' 
ml thio . ..... 5.17±0.01 4.29±0.01 2.12± 0.01 0.33±0.01 0.09± 0.02 
ml 0,/1 ..... . 6.04 5.02 2.48 0.386 0.105 own std. 0.01036 1.168 

6.03 5.01 2.47 0.384 0.105 prep. std. 0.01034 1.166 
6.06 5.04 2.49 0.387 0.106 "true" 0.01040 1.173 '° fb = 112.9 0' 

0' 
F = fb · Nthio L....J 

ml thio .. ... . no data 7.86± 0.09 3.91 ± 0.05 
Participant G 

0.52± 0.01 0.116± 0.02 
ml 0 2 /l ...... 4.76 2.37 0.315 0.070 own std. 0.01067 0.605 

" 4.79 2.38 0.318 0.071 prep. std. 0.01073 0.609 

" 4.64 2.31 0.307 0.069 "true" 0.01040 0.591 
fb = 56.8 'l 

'l 
F= fb·Nthio N o .... .... 

Participant H I::, 

ml thio ...... 10.41 ± 0.01 8.65± 0.04 4.21±0.01 0.55± 0.01 0.124±0.01 
;:s 

ml 0,/1 . . .... 6.06 5.04 2.45 0.321 0.072 own std. C') 

6.10 5.06 2.46 0.322 0.073 prep. std. 
,:, 

" ..J 6.10 5.06 2.46 0.322 0.073 "true" "' 
fb = 56.4 

;:s .... 
"' F= fb·Nthio 'l .. 

Participant I ---3 
ml thio ...... 5.13± 0.01 4.29 ± 0.01 2.10±0.01 0.07±0.03 

;:,.. 

"' 
ml 0 ,/1 ...... 6.06 5.08 2.48 0.308 0.083 own std. 0.01041 1.182 

6.08 5.09 2.49 0.309 0.083 prep. std. 0.01044 1.186 ;:s 
6.05 5.07 2.48 0.307 0.083 "true" 0.01040 I. 181 ;,,... 

" ;;;--
fb = 113.6 'l 

F = fb · Nthio 
Participant J .... 

;:,.. 
ml thio . ... .. 9.76±0.08 8.23±0.05 4.00± 0.03 0.42±0.01 0.04±0.01 "' 
ml 0,/1 ... . .. 5.82 4.90 2.38 0.250 0.024 own std. 0.01056 0.596 

" 5.86 4.94 2.41 0.252 0.024 prep. std. 0.01063 0.601 
5.74 4.84 2.35 0.254 0.024 "true " 0.01040 0.588 " fb = 56.5 

F= fb•Nthio 

w 
ml thio shows the mean volume of thiosulfate of the volume-mean used to titrate each sample and the standard deviation. 0 
fb is the so-called bottle factor, which includes sample size, displacement of sample by reagents, and oxygen equivalents. V\ 

F is the factor which, when multiplied by the volume of thiosulfate used for sample titration, yields the concentration of oxygen in the sample. 
ml 0 ,/1; the three values given for each sample were computed from (a) the normality of thiosulfate measured with the participant's standard (own std.), 

(b) the normality of thiosulfate measured with the prepared standards common to all participants (prep. std.), and (c) 0 .01040 N thiosulfate ("true"). 
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K 

generall y accepted as being more accurate than the values that were available 
for seawater. Thus, distill ed water, saturated with oxygen under known con-
ditions, is a convenient oxygen standard and is independent of the chemistry 
of the Winkler method. 

T able VI contains saturation values fo r each of the samples, based upon 
four different studies; the values were computed from experimental values of 
temperature, gas compositi on, barometri c pressure, and salinit y. 

The differences in values reported in the lit erature fo r oxygen saturati on 
are evident also in the values li sted in T able VI-di still ed-water values dif-
fering by ± 1.75°/o, and seawater values by ± 3.35°/o- There is uncertainty 
surrounding each of the values li sted in T able VI introduced by uncertainty 
in the environmental conditions during saturat ion. In distill ed-water solutions 
prepared in the same manner as these, the saturation concentration depends 
upon the temperature of the solution and upon the parti al pressure of oxygen 
in the gas phase; and in seawater samples it also depends upon the salinit y. 
T emperature and pressure were not controll ed during the experiment, but 
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Table VI. Probable oxygen concentrations (ml/I) in equilibration bottles.* 

Reference Dist. water Seawater 

air S0/oo, 31.41 S 0/oo, 31.36 S0/oo 31.40 S 0 /oo, 31.36 
air 10.0°/o o, 1.03°/o 02 100°/o N, 

K.lots and Benson ( 1963) 6.23 
Richards and Corwin 

(1956)t . ... . .. ... .. 6.08 5.03 2.40 0.247 0.00 
Jacobsen et al. (1950)tt 6.30 5.38 2.57 0.265 0.00 
Green (1965) . .. . .... . 6.22 5.32 2.54 0.261 0.00 

• Saturation conditions: temperature 2 r. r°C, equivalent pressure 7 58 mm Hg, salinity as stated. 
t Computed from Truesdale et al. (1955). 

tt Computed from Fox (1909). 

both were measured. For several days prior to the start of the experiment, the 
maximum temperature change within an equilibration bottle during a 24-hour 
period was 0.4 °C. For distilled water at 2 I °C, the temperature coefficient 
of solubility is o. I ml O,j°C. Thus, assuming actual gas saturation at one 
temperature extreme but estimating the concentration from saturation 
tables using the other temperature extremes, the maximum uncertainty in 
gas concentration produced by temperature changes would be 0.04 ml 0 2 /l. 
We believe that the actual uncertainty is not more than half of this value, 
or ± 0.01 ml 02/l. 

Changes in the barometric pressure during equilibration should be reflected 
in changes in the saturation concentration of oxygen. During the fourth and 
third days prior to the drawing of samples for analysis, the barometric pressure 
was high and relatively steady, varying in the range 768 to 771 mm Hg; at 
that time, Winkler analyses of the distilled-water and seawater samples being 
equilibrated with air showed no change on three successive days. Two days 
before the samples were drawn, the barometer started to fall and continued to 
fall in a nearly linear fashion until the end of the experiment; the pressure 
dropped from 77 r to 7 48 mm Hg. The oxygen concentration at the time 
of sampling (Table VI values) was estimated from a measured value of 
the lag 'characteristics of the equilibration system ( obtained in a separate 
experiment); it was assumed that the solutions were saturated when the 
pressure started to decrease. From the values obtained in the lag-charac-
teristic experiment, we estimate that the maximum uncertainty in gas 
concentration introduced by the uncertainty in pressure is not more than 
± 0.02 ml 0 2 /l. It should be noted that the total pressure change was ap-
mately 3 ° /o; if disregarded, this would produce an uncertainty of o. r 2 ml 
0 2/l, or ± 0.06 ml 0 2/l. Thus, for the values in Table VI, we estimate that 
the maximum uncertainty produced by uncertainty in temperature and pres-
sure is ± 0.03 ml 0 2/l. 
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DrscussION OF WHOI AND NASCO EXPERIMENTS. The results of these 
two intercomparison experiments are shown graphically in a form that em-
phasizes random and systematic errors (Figs. 4, 6, 7, 8) and provides the 
basis for discussion of the extent of accuracy and precision associated with 
certain procedures and modifications. 

Both standardization and sample treatment in the Winkler procedure involve 
the production and measurement of iodine. In both stages, side reactions that 

Table VII. 

Iodine 
loss .......... . 
production .... 

Standardization 
02 value high 
02 value low 

Sample treatment 
02 value low 
02 value high 

either consume or produce 
iodine will lead to error. If 
the same source of error 
occurs during both stand-
ardization and sample treat-
ment, the errors would then 
tend to cancel one another. 

Table VII shows how loss or production of iodine influences the final oxygen 
value. 

In the WHOI Experiment (Fig. 4), all of the four standardization pro-
cedures tested gave a thiosulfate concentration that was lower than the true 
value, a result that would also give low oxygen values. Previous studies have 
shown that this kind of error is caused by the production of iodine in excess 
of an amount equivalent to the quantity of standard taken. The most likely 
source of excess iodine is through the air oxidation of iodide, a reaction favored 
by high acid concentration (Fig. 3), by long exposure to light (Fig. 2), and 
by iodide-ion concentration (Table III). 

The actual conditions that result from each of these four standardization 
procedures suggest that high acid concentration and either exposure to light 
or excessive and uncontrolled reaction time are the factors responsible for the 
production of excess iodine; these factors, then, lead to the low values observed. 
Fig. 3 shows that the error diminishes at low acid concentrations, and in later 
experiments a pH of not less than 2 was shown to be a necessary condition for 
acceptable blanks; yet the acid in HO-607 was r.4 N, in WHOI-2 approx-
imately 0.3 N, and in WHOI-1 and Jacobson et al. approximately 0.1 N. 
The departure from the true value is seen to be proportional to the acid con-
centration (Fig. 4). Both the WHOI-1 and WHOI-2 procedures specify a 
ten-minute reaction time in the dark, between acidification and titration. But 
the Jacobson et al. and HO-607 methods do not specify a specific reaction 
time, nor do they mention reaction in the dark. It is interesting to note that 
analysts N and P (Fig. 4) included a ten-minute reaction time in the dark for 
all four procedures, and their results for the Jacobsen et al. and HO-607 
methods show a much smaller standard deviation than the results of the other 
analysts; this suggests that the Jacobsen et al. method might produce acceptable 
results if this procedure designated specific reaction time in the dark. 

The dependence of the iodide-dichromate reaction rate on acid concentra-
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Table VIII. Oxygen concentrations computed for each of six analysts from 
the mean of ten replicates of the Winkler procedure at three levels of 
oxygen, and the mean of five replicates in each of four standardization 
procedures. 

N 

Air-saturated water 
Jacobsen et al.. . . . . . . . 4.83 
HO-607. . . . . . . . . . . . . . 4.65 
WHOl-1. . . .. .. . . .... 4.77 
WHOl-2 . . . . . . . . . . . . . 4.65 

10°/o O,-90°/o N2 saturated water 

M 

5.05 
4.17 
4.77 
4.67 

Jacobsen et al.. . ... .. . 2.51 2.63 
HO-607..... .... . . .. . 2.41 2.17 
WHOl-1. . . . ...... ... 2.48 2.48 
WHOI-2 . . . . . . . . . . . . . 2.42 2.42 

I 0/o O2-99°/o N2 saturated water 
Jacobsen et al. . . . . . . . . 0.36 0.45 
HO-607. . . . . . . . . . . . . . 0.33 0.37 
WHOl-1 . . . . . . . . . . . . . 0.35 0.42 
WHOl-2....... .. .... 0.33 0.41 

p L 0 Q Mean Std. 
dev. 

4.86 4.95 4.81 4.77 4.88 0.09 
4.64 4.19 4.25 4.04 4.32 0.23 
4.79 4.81 4.79 4.77 4.79 0.02 
4.67 4.75 4.68 4.63 4.67 0.04 

2.47 
2.36 
2.43 
2.73 

0.34 
0.32 
0.33 
0.33 

2.85 2.58 
2.41 2.27 
2.76 2.56 
2.73 2.50 

0.60 0.49 
0.50 0.43 
0.58 0.49 
0.52 0.46 

2.50 2.59 0.13 
2.13 2.29 0.11 
2.50 2.53 0.11 
2.44 2.48 0.12 

0.48 0.45 0.09 
0.40 0.39 0.06 
0.48 0.44 0.07 
0.46 0.42 O.Q7 

tion is well known. High acid concentration is desirable to increase the reaction 
rate, yet it must be kept low to prevent the formation of high blanks. 

It is undoubtedly possible to devise acceptable procedures that require 
potassium dichromate as a standard in the Winkler method. However, since 
both potassium iodate and potassium biniodate can be used in procedures that 
remove one of the potential sources of error inherent in dichromate procedures, 
we recommend the use of iodate or biniodate. 

The results of sample-treatment procedures in the WHOI experiment are 
shown in Fig. 6; the corresponding oxygen concentrations, computed from 
the standardization values reported above,are given in Table VIII. Fig. 6 shows 
a feature that is frequently evident in thiosulfate-iodine titrations. Most of the 
results for a given analyst and sample source show a distribution that is skewed 
toward high values, this being especially so in the case of results that show a 
large standard deviation. It is thought that this results from end-point detec-
tion in a titration in which the visual signal changes from color to colorless. 
The intensity of color indicates how much more reagent must be added to 
reach the endpoint; however, all degrees of overtitration are colorless, so 
that extreme overtitration and the first instance of decolorization are in-
distinguishable. 

The values for oxygen composition in the gases listed in Table VIII are 
only approximate, a fact that may in part account for the apparent lack of 
consistency between samples. Because of insufficient information concerning 
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the gas-phase compositi on, we have made no attempt to compute the oxygen 
compositi on of the soluti ons from the data for oxygen parti al pressure, tempera-
ture, and salinit y. The extreme values li sted in T able VIII are discouragingly 
large: for air-saturated water, 5.05 to 4.04mlO2/l; for the 10°/o oxygen sample, 
2.8 5 to 2. 1 3 ml O2/l ; and for the I 0/o oxygen sample, 0.60 to o. 32 ml O 2/l. 

T he results of standardizati on in the N ASCO Experiment, with each 
parti cipant using his own standard, are shown in Fig. 7 as the set at the ex-
treme left in each column, and in Table V as the uppermost value in each 
section of the penultimate column. T he means of ten replicates by each par-
ti cipant are in the range 0.01067 N to 0.01034 N, and the standard deviations 
of a measure for each parti cipant's ten analyses are in the range I to 5 parts 
per I ooo- or approximately the same as the random errors associated with 
the volumetric manipulati on of soluti ons using ordinary pipettes and burettes. 
Despite the good precision within each group of analyses, the analyst-to-
anal yst-agreement is not so good, and the entire group of 1 1 o analyses forms 
a single population-with a continuous overlap of standard deviat ions. Con-
sidering the 11 o ungrouped results, it would not be possible to separate the 
data into the present I I groups ( A to K ), and the over-all mean, o.o 1 048, 
would then be reported as describing the data. 

Assuming 0.01040 N to be the true value (see column N BS in Fig. 7), 
we note that the errors are predominantly those that give high results; six of 
the I I results are signifi cantly higher than the true value, whereas only two 
are signifi cantly lower. The chemical reactions involved here indicate that 
posit ive errors (thiosulfate normalit y reported higher than the true value) will 
result when the quantity of iodine t it rated is less than that equivalent to the 
quantity of standard taken. This may occur: (i) if the standard iodate or bin-
iodate soluti ons have decomposed or if the salts used in prepari ng the standard 
soluti ons had either decomposed or had been incompletely dri ed prior to being 
weighed; and (ii) if iodine has been lost from soluti on by volatili zation or side 
reacti on subsequent to producti on and prior to tit rati on. 

In the second part of the standardizati on experiment, the same thiosulfate 
was used, but in this instance each analyst used a set of 40 standard solutions, 
each of which differed in concentration from the others, and was used only 
once by each analyst. 

The purposes of this part of the experiment were: (i) to obtain an estimate 
of the reliabilit y of the standards prepared by the parti cipants; (ii ) to obtain 
an estimate of the bias that might have an influence when an analyst knows 
that he is repli cating the same sample; (ii i) to determine which of the two 
salts and methods of drying produce the best standard; and (iv) to obtain a 
set of measurements for the analyses as used by each of the participants, but 
with some of the possible sources of error isolated or held constant. 

With each analyst using the same source of thiosulfate and the same set of 
standards, only two probable sources of systemati c error remained: (i) errors 
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produced by differences in technique, such as differences in recognizing the 
endpoint of the titration and differeflt techniques for reading burettes and drain-
ing pipettes; and (ii) errors produced by differences in reagent concentrations 
that exist in the solutions prior to titration. Since the errors in (i) are probably 
small, those in (ii) are the most likely. From Table IV, which lists the con-
centrations of stock reagents, volumes of sample, and volumes of reagents used 
by each participant, it is evident that the concentrations of the reagents varied 
considerably. 

The results of this part of the experiment are shown as the remaining four 
sets in each column of Fig. 7. Note that two of the "Own standard" results 
(analysts A and B), when compared with the "Common standards," suggest 
that the analysts' standards were in error. 

The average standard deviation of the means in the "Own standard" ex-
periment was I .8 parts per I ooo, and in the "Common standards" experiment 
3.8 parts per 1000. Possible explanations for this difference are: (i) an uncon-
scious bias that often occurs when an analyst knows he is doing repeat analyses; 
(ii) a real difference between the actual values of each of the 40 common 
standards and the computation of the values from the weights of the salts and 
the values of the solution; the second explanation probably is not plausible, 
for each set of ten was analyzed by at least one analyst to obtain a standard 
deviation close to the 1.8 parts per 1000 obtained with "Own standard." 

The two salts, potassium iodate and potassium biniodate, and the two methods 
of drying gave consistently different values in the "Common standard" ex-
periments. It may be concluded, therefore, that standards so made would 
also lead to different values for dissolved oxygen when used in the Winkler 
procedure. The thiosulfate normality from the heat-dried KIO 3 ( I 10°C) was, 
on the average, 2.6 parts per I ooo higher than that from the vacuum-dried 
KIO 3; the vacuum-dried KH(IO 3)2 was 5.4 parts per 1000 higher than the 
heat-dried KIO 3; and the heat-dried KH(IO 3)2 was 2.5 parts per 1000 

lower than the vacuum-dried KH(IO 3)2. As used here, if A gives a higher 
thiosulfate normality than B, it follows that A furnished less iodine for titra-
tion than B, on an equivalent basis. Comparison with the "true value" indi-
cates that vacuum-dried KIO 3 provides the best standard. 

The attempt to isolate factors that might be sources of error in the standardi-
zation procedure gave results that were both conclusive and inconclusive. In 
the systems of the I I participants, the results of the "Common standard" 
experiments suggest that loss of iodine is the most common source of error; 
seven participants obtained a thiosulfate normality that was higher than that 
given by arsenious oxide standardization, two obtained a significantly lower 
value, and two obtained values that could not be distinguished from the true 
value. The results reported by analysts C and G (Fig. 7), the highest results 
in the group, used Winkler versions (Table IV) in which the concentration 
of potassium iodide was considerably lower than that in the other procedures. 
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W e have concluded that this resulted in a shift of the iodine-triiodide complex 
equilibrium to favor the formation of volatile iodine. 

The results of oxygen analyses of samples taken from the five equilibration 
bottles have been computed, (i) with the thiosulfate value obtained by each 
analyst using his own standard, and (ii) using the "true value"-0.1040 N. 
Finally, these computed oxygen values have been compared with concentra-
tions estimated on the assumption of saturation conditions, which were ob-
tained from the known gas compositions, temperature, salinity, and pressure; 
it was assumed that the solutions were saturated under existing conditions. 

Analyst-to-analyst-variations in the oxygen value computed from "Own 
standard" values for thiosulfate should be a measure of the spread of oxygen 
values in the lit erature; and the difference between the means of an analyst's 
results and the value estimated from saturation conditions should be a measure 
of the accuracy of an analyst's results. Similarly, analyst-to-analyst-variations, 
using the true value of the thiosulfate, should be a measure of the random 
errors introduced into only the oxygen sample-treatment procedures; and the 
difference between oxygen values computed from the true thiosulfate value 
and the value estimated from saturation should be a measure of the systematic 
errors in only the oxygen sample-treatment part of the analyses. 

We had hopes that, with detailed information concerning the errors associ-
ated with various modifications of the Winkler procedure, we might be able 
to suggest a way to correct recorded values for dissolved oxygen in cases where 
details of procedure accompany the data. This now appears to be impossible. 
It seems likely that the ± 0.05 ml O 2/l frequently quoted as the accuracy to 
be associated with oxygen values obtained with the Winkl er procedure is 
actually the precision or repeatability that can be achieved by a good analyst 
during the replication of certain standardization procedure . We have found 
no way of estimating the absolute accuracy of data now in the lit erature. 
Values for saturated samples may be in error by as much as I ml O 2/l, with 
positiv e errors being as lik ely as negative errors. Values for soluti ons containing 
only a fracti on of a millilit er of oxygen per liter may be in error by 100°/o 
or more, with the reported value being higher than the true value. 
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RECOMMENDED PROCEDURE 
FOR WINKLER ANALYSES OF SEAWATER FOR 

DISSOLVED OXYGEN 

The details of the following procedure have been taken directly from 
Carpenter (1965); his notes and comments, however, have been modified 
to include the findings of the intercomparison experiments and the other 
laboratory work described. 

There is no doubt that other procedures either exist or can be devised that 
will yield reliable results for dissolved oxygen analyses. However, there are 
some conditions and critical steps in procedure that must be carefully con-
trolled if significant systematic errors or intolerable random errors are to be 
avoided. We have found the following to be critical in these respects. 

(i) The ACID CONCENTRATION in solutions that contain iodide must be 
controlled to prevent the photochemical air-oxidation of iodide to iodine and 
to permit the proper reaction between thiosulfate and iodine. A pH of 2.0 to 
2.5 appears to be optimal. 

(ii) The IODIDE CONCENTRATION in solutions that contain iodine must be 
high to favor the formation of the nonvolatile triiodide complex and so minimize 
losses of iodine. This is a critical condition, especially during warm weather. 

(iii) BLANK DETERMINATION procedures must be provided that will re-
cognize both positive (iodine-producing side reactions) and negative (iodine-
consuming side reactions) blanks; these should reproduce the conditions that 
exist in the procedure being controlled. 

(iv) The TRANSFER OF IODINE SOLUTIONS either by pouring or pipetting 
should be avoided. We have found that all transfer procedures result in loss 
of iodine; see, for example, Green (1965), Green and Carritt (1966). 

(v) The CLEANLINESS of sample bottles and titration flasks is a feature not 
stressed in other procedures. If the flask or bottle contains residual quantities 
of manganese from a previous sample, excess iodine is inevitably produced. 

Apparatus. The SAMPLE FLASKS and "D.O. bottles" recommended in 
most procedures cannot be used conveniently in a "no-transfer" procedure 
(see item iv above). For convenience in a "no-transfer" procedure and because 
of differences in volume, the flasks recommended below provide a built-in 
deterrent against the often unconscious bias of "attempting to get the same 
number" during replicate analyses. 

Erlenmeyer flasks of 125 ml nominal capacity ( l 30 to l 40 ml calibrated 
capacity) with 19/38 ground-glass joints are suitable. Stoppers may be made 
to displace any desired volume by drawing and sealing off standard taper, male 
19/38 joints (Corning No. 6710). Flasks with full length 19/38 ground-glass 
stopper are also suitable, but the volume displaced by the stopper cannot be 
adjusted. 
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Other fl asks and bottles may be adequate. It is necessary that the volume 
displaced by the stopper should be large enough to allow the entire sample to 
be titrated without transfer of soluti on and that the end of the stopper be 
tapered to prevent the trapping of air bubbles. 

Sample flasks must be calibrated "to contain" with stopper inserted. 

REAGENT DISPENSERS. The recommended reagents are more concentrated 
and therefore more viscous than in most procedures. So that adequate volume 
control can be maintained-necessary if proper pH and iodide-ion control is 
to be obtained-it is desirable to dispense the reagents with positive displace-
ment-type pip~ttes. Most syringe pipettes with adjustable limit-stops to control 
the volume displaced are adequate. 

Several syringe type MICROBURETTES are available commercially in the United 
States. The accuracy and precision of delivery of each instrument should be 
determined, and special attention must be given to the plunger seals, which 
in some units, either because of wear or misalignment during assembly, produce 
more than permissible variations in delivered volume. With the reagents re-
commended below, the precision of delivery should be better than ± r µI. 
This will amount to an uncertainty of plus or minus one part per thousand 
in water containing 5.5 ml O 2/l and requiring approximately r.ooo ml of 
o. I 4 N thiosulfate for titration. 

Reagent Solutions 

r. MnCl2 · 4H2O, 600 g/1 (3 M) 
2. NaOH, 320 g/1 (8 N) 

Nal, 600 g/1 (4 M) 
3. H2SO4, 280 ml cone. H2SO4/l ( r o N) 

4. Starch, I O /o solution 
5. Na2S2O3 • H 2O, 35 g/1 (. 14N) 
6. KIO 3, 0.3567 g/1 (0.01 N). 

Notes. The sulfate salt may be substituted for the chloride. The chloride is 
suggested because of its ready solution and, in the commercial products ex-
amined, because of its freedom from higher valent manganese compounds. 

This hydroxide-iodide reagent has the desirable features of the Pomeroy-
Kirschman reagent without its excessive viscosity and tendency to crystallize. 
The hydroxide is sufficient to precipitate all the manganese and react with bi-
carbonate alkalinity of 2 x I o-3 N (seawater). The iodide is sufficient to com-
plex 95°/o of the free iodine released by air-saturated water samples. This in-
creased complexing of iodine as triiodide has the advantage of sharper end points 
and reduced volatilization losses. The oxygen content of the manganous chloride 
solution and the sodium hydroxide-sodium iodide solution amounts to an 
additi on of o.o I 8 ml/I when the reagents are used at I ml each for a 140-ml 
sample. 

The strength of the sulfuric acid reagent is chosen so that the final sample 
soluti on will be pH 2. Excessive acidity favors the air oxidati on of iodide. The 
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final pH must be less than 2. 7 for solution and reaction of the oxidized man-
ganese. Error in addition of the hydroxide and acidic soluti ons should not be 
greater than 5 °/o for proper pH control. 

A great vari ety of stable starch solutions have been proposed in the lit era-
ture, but the ease of preparing fresh-water soluti ons makes frequent replace-
ment of this solution feasible. The starch should be discarded when any reddish 
tint of the starch-iodine complex is noted. 

The o. l 4 N thiosulfate solution should be used for samples with a maximum 
dissolved oxygen concentrati on of 5.5 ml/I. For samples with higher concentra-
tions, the normality of the thiosulfate solution should be increased to avoid 
filling the burette twice for each titration. 

Procedure for Samples. Collect the desired number of replicate samples in 
clean l 25-ml glass-stoppered Erlenmeyer fl. asks that have been calibrated 
" to contain" by weighing. Flasks having calibrated volumes of 130 ml to 
140 ml are suitable, and no effort should be made to pair bottles of equal 
volume. Fill, avoid trapping of bubbles, and over/low by at least one bottle 
volume. 

Add l ml of the manganous reagent solution and 1 ml of the sodium iodide-
sodium hydroxide reagent solution with a syringe pipette and set stopper securely 
without trapping bubbles. 

Disperse the precipitate uniformly throughout the bottle by shaking. Allow 
the precipitate to settle two thirds of the way to the bottom and repeat the 
shaking. A gain allow the precipitate to settle two thirds of the way to the 
bottom. 

Add 1 .o ml of the sulfuric acid reagent, stopper, and mix thoroughly. 
Place magnetic stirring bar in the fl.ask. Titrate with 0.14 N sodium thio-

sulfate from the syringe microburette, to a yellow-straw color, add 0.5 ml of 
starch indicator solution, and continue the titration to the complete disappear-
ance of the blue complex. 

Standardization. Pipette 1 o ml of o.o l N potassium iodate into a clean 
sample fl.ask and nearly fill the fl.ask with distilled water. Add 1 .o ml of the 
sulfuric acid reagent and 1 ml of the sodium iodide-sodium hydroxide reagent. 
Titrate the liberated iodine as for the sample. The sample fl.ask must be ex-
haustively rinsed to avoid the presence of manganese, or a separate fl.ask should 
be reserved for the standardization. 

Blank Determination. Pipet 1 ml of 0.01 N potassium iodate into a clean 
sample fl. ask and nearl y fill the fl. ask with distill ed water. Add l .o ml of the 
sulfuri c acid reagent, 1 ml of the sodium iodide-sodium hydroxide reagent, 
mix, and then add 1 ml of the manganous reagent. Titrate precisely to the end-
point. 
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Pipette another I ml of 0.01 N potassium iodate into the final solution 
above. Titrate the liberated iodine. 

The difference between the first and second titrations is the reagent and 
indicator blank. Absence of manganese during the hydroxide addition must 
be insured. 

Using sample water rather that distilled water, the procedure may be re-
peated to determine the blank due to sample constituents that liberate or con-
sume iodine in acidic solution. The Winkler method is unsuitable for grossly 
polluted samples. 

Either positive or negative blanks may be found for different reagent batches. 

Calculation of Results. The concentration of dissolved oxygen in the sample 
may be computed from the following relationship: 

DO(ml/l) = (Rsam - Rblk) Vw 3 N103 5,598 ml O 2/equiv. _ DOreg, 
(Rstd - Rblk) (V bot - V reg) 

where Rsam = burette reading for sample titration, Rblk = burette reading for 
blank titration, Rstd = burette reading for standard titration, V10

3 
= volume of 

KI0 3 standard (ml), Vbot = volume of sample bottle (ml), Vreg = volume of 
sample displaced by the manganous and the hydroxide-iodide reagents (ml), 
N103 = normality of KIO 3 standard (eq/L), DOreg = oxygen added with 
reagents. 

For the procedure described: 

DO(ml/1) = (Rsam-Rblk)559.8 -0.018. 
(Rstd - Rbtk) (V bot - 2) 
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