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Abstract

This thests attempts. for the first time to'utderstand
some aspecfs of oxygen and sulphur_isotope fractionation‘
during the reduction of su1phate to su]phide by synergetic
pairs of organisms. ‘

The reduction of sulphate by"graphite was exgmined and

,carefu] attention to detai] has';igniticantTy improved the
reproducibility and precision of oxygen isotope measure-
- ments in sulphate. The author also contributed to the pro-
gram of evaluating isotopic abundance ratios by the appli-
cation.of a PDP-8 ‘computer to the ion current measurement
system of the mass spectrometer.

Oxygen and sulphur isotopic abuhdance ratio determin-
ations for unreacted su]phate and su1phur data for the HZS
product were made dur1ng four synergetic reduct1ons of sul-
phate by Bacillus 8P and Clostridium Dm3 . Both norma1 and
inverse k1net1c isotope effects were observed. Data for the
unreacted sulphate y}eXZed a 3.82 + 0.05 ratio for the

8534} 8018 values. No corre]étion was observed betygen the
HZS final prbduct and the sO]phate data because of a build
up of intermediates and the fastidious nature of thegse org-
anisms. Despite recent evidence that the § 0'8 value of the
unreactéd sulphate is ré1&ted to the isotopic composition of

the water, it is believed that th1s approx1mate1y 4:1 en-

richment rat1o has partlcular s1gn1f1cance
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CHAPTER 1 OXYG@N ISOfUP*‘ABUNDANCES IN SULPHATE
g ., \ 2 ?
< S
1.1 Introduction

Oxygen }sotope‘studies are proving to be one of thew.
most-useﬁu1 tools for studying the environment and the inter-
actions of rocks, minerals, and water over a wide range of
geological conditions. Most of the major oxygen-bearing
minera] groups have been studied in detail, such as the
carbonates, silicates, and oxides. One of the common rock
forming m1nera1 groups which has received 11tt1e attention
yet is present in many phys1caT, chemical, b1o1og1ca1, alnd
geological processes, is the su]phate group.

H1stor1ca1]y several ana]yt1ca1 procedures have
been deve]oped for the extract1on of-oxygen from silicates
and other oxygen compounds fdr precise 1sotpp1c ana]ys1s.
Such studies often make it possib1e to define environments
wich greaFer detail fhan convehtiona] tecnniques. In‘partii
~cular, the oxygen and sulphur Tsotope abundance ritjos in
sulphate reveal information concerning'processes'in the:
oxygen and sulphur cycles in the ocean- atmosphere system.

‘Since the work of SZABO, TUDGE, MACNAMARA and
m THODE (1950), variations in the $3%/S32 abundance rat1os in
sulphates'have been routine]y measured for over twenty.years.

: o
It has long been realized that complementary 07%/0'® abun- .
'S =" v “ont @

- N



A

dance data could assist in: the 1nterpretation of sulphate
geochemIStry and blochem1stry. However, it has only been
during tne past few years that investigators'have carried

out extensive oxygen isotope analyses.

1.2 Sulphate Ion Oxygen Isatope Exchange

Because sulphates are important primary and
secondary minerals 1n sed1mentary rocks, and in addition
.can be found in igneous and metamorphic rock systems, it
became necessary to learn more of the fundamenti] oxygén
‘isotope-gehaVier. If sulphate is to be reeovered from ;
variefy'of'soiutions and mineral assemblages, it 1s neees-
sary to know\xhat exchange takes place under experimental
conditions- invalved in the recovery of sulphate for oxygen
'sotopic measur 1ts.

The;early\work of TEIS~(1956) indicated thaf oxygen
isotopes exchanged very slowly between dissolved sulphate
and water in near neutral $olution; at earth surface temp-
-eratures. For example, the half period fer exchange of
'VNaZSO4 in neutral, solutnpns ‘was found to be about 70 years,
.the furt peniod for near equ111br1um being reached in about
\450 years HOERING and KENNEDY. (1957) pointed out, however.

‘that the exchange between su]phate and water was accelerated
z'con57derab1y in concen'trated acyd solu;ions. Under quite B

.adverse chemical conditions,'RAFTER‘(]967) found nég]igib]e
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alteration to the isotopic composition of sulphate during ex-
traction procedures which would be encountered dur1ng routine
laboratory analyses. | ' - )
Confirming ‘the genera] obser(ations of TEIS (195&1,/*
LLOYD (1968) found the exchange rates of sulphate and water
were very slow in normal geo]ogqcal environments (97 per
cent exchange of oceanic sulphate with-ocean water having a
mean temperature of 4°C and a PH of 8;2 would require of the- ,
order of 250,000 years) ',
TEIS (1956) also examined the exchahge of sodium
sulphate and carbon dioxide gas. At 900 C, the half period
was found to be 2. 2 hours and by extrapo]ation to ordinary
temperatures (about 20 C), the half period of exchange was
estimated to be slightly more than 10,000 years L e
Thus it can be concluded that in most éxoeri ental
and naturally occurr1ng procedures 1nv01uing the sulp‘i%e 1on,__
~the oxygen isotopic exchange rates ane ext;emely"slow~fn.
sulphate - water and sulphate - co, systems At earth
surface conditions, it may require about 10? to 10s years to
approximate near oxygen isotope exchange equi1]br1um{ With ‘Lij
suchvg s1ow exchange, one would expect the isotopic values'
~ of the sulphate to geflect a iong term average’environme:taT
condition rather than the_"instantaneous“ environmental con-

‘ditions. " As such, su1phate can be extracted in the labora-

tory without fractiohat1%: of the oxygen isotopes. : \t

‘ ' - ;
Yol
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1.3 Ierrestrial Var1ations of Oxygen Isotope Abundances in
Su]phate @

The oxygen 1sotop1c abundance variations of sul-
- o w
phate 1n nature are . dependent upon the history of. the sul-

phate ion exchange in the su]phur cycle. HOLSER and KAPLAN
(1966) calculated the time of residence for su]phur in the -

&

sea to be about 2! m1]110n years. This wou]d be equ1va1ent
to more than 80 ha]f times of exchange Thereforé one would
probab]y expect oceanic sulphate to be in 1sotop1c<éq£1li-
brium w1th ocean water. But if the ox1dat1on reduct1%n
turnover of su]phate is reSpons1b]e for preventing the
establishment of isotopic equ111brium, then from HOLSER and
KAPLAN (1966), about 30 per cent of the sulphate oxygen
passes through the sulphur cycle over a time period proba-
bly less than.50,000 years. Thls“represents more than one
half of the oxygen found in the present atmosphere, and

hence suggests that the sulphur cycle could be one of the
important factors reguiat1ng the oxygen ba]ance in the ocean-
- atmosphere systemh'

N1th the development of a quantitative and-reliable
method [RAFTER (1967), LONGINELLI and CRAIG (1967), and LLOYD
(]967)] for the extraétion of oxygen atoms from sulphate for
precise.isotopic ana]ysis;hthe-complementary ol8/Q1s isotopic
ratjos opened up uh]imited‘and almost totally unexplored '

'possibi1ities for the study of oxygen isotope abundance

3 BN e

{



ratios for sulphate in geochemical and biocmemical environ-
ﬁments. The purpose of the research turned towards being able
to know the range bf 1sotop1cvcompos1tion of the dissolved
sulphate, to check the possib]e existence of ‘some re]a%1on
\ between the oxygen 1sotop1c compos1tion f sulphate and that

4

of the waters in which it is found, and obtain information

qu#'of she origin of,the sulphate and its history.

RAFTER and MIZUTANI (1@67a) exam1ned the oxygen
isotopic abundance rat1os of su1phate and water from Lake
Vanda in the Antarctic. " The 53“/53? ratio in the sulphate
was found to increase approximately four times faster than
the 0'8/0'¢ ratio in the sulphate with depth. Also the
0'8/0'® ratio in the su]phate increased at tW1ce the rate '
as in the water. A problem arose concerning interpretation.
The assumption made at that time was "that bio]ogiha] frac-
tionation caused such an enrichment. The establishment of
such a corre]at1on for su]phur 34 and the oxygen-18 content
of these su]phates Ted to more extens1ve work-in an attempt
, to understand the variations of oxygen-18 in naturally oc-

curr1ng sulphates. ‘
LONGINELLI (1968) found no relation between the
0“’/016 rat1os of sulphate and ‘water and temperatures in wa-
ters from 34 therma] springs in Tuscany (Italy). CORTECCI
~and LONGINELLI (1968) found a positive correlation existed

for. oxygen ]8 in sulphate and some lake waters. The results

~¥"



obtained were cohcluded to be probably'caused by several
different factors - one of these factors being a wide
spread microbiological activity. Later, LONGINELLI and
CORTECCI (1969)° found, for two rivers,‘variations almost
always in a direction of positive enrichment in the heavy
1sotopes (the oxygen -18 and sulphur- 34) In contrast to
RAFTER and MIZUTANI (1967a). a comparison of S*%/S%2 to
0'°/0'¢ yielded a slope which varied from 0.6 to 0.7 with
time. ' ’ o

~ ‘ ‘

/'LéOYD (1968) did attempt.some bacterial reduc-
tions of sulphate, but encountered difficulties. It was
found difficult to control the rate at which the bacterfal
reduction orogressed Also the medium would/become
poisoned with excess hydragen su]phide aftey a time, and the
reduct1on would stop Thus none of the exp riments went to
completion. From the data obtained with both pure cultures
-and. natura] mixtures of bacteria, LLOYD (1968) did indicate
that there was a preferential consumption of oxygen-16 by
the bacteria. , . ‘
| MIZUTANI and RAFTER (1969) attempted to establish
the re]at1onship between 'sulphur-34 and oxygen -18 values 1in
the sulphate employed for the study of the bacterial reduc-
tion of sulphate. They also wished to test the re]ation-
ship between the oxygen- -18 values of sulphate and the water

in which the sulphate was-formed during the bacterial oxida-
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tion of sulphur. In the bacterial reduction of sulphate,

MIZUTANI and RAFTER (1969) found that at any stage of the

reduction, the remaining su]phate was enriched 1n both

oxygen-18 and sulphur-34. The ratio of the sulphur-34 en-

richment to the oxygen-]B enrichment was approximately

4:1 . In the bacterial oxidation of sulphur, veryllitt1e
difference was observed between the oxygen-18 vaiue of”any
remaining -sulphate ahd{thét of the water in which the sul-
phafe was found.'Such}é correlathen was most probably the
result of the hydrogen‘su]phidejformed from ‘the bacterial
reduction becoming available for {he-bacterial’oxidation
to sulphate.

The oxygen and su1phur isotopic abundence ratios
of some gypsums and evapor1tes were reported by SAKAI
(1972). This work discussed the relationship between the
two jsotopic species in terms of geo1og1ca1 ages of samp]es
from Precambrian to the present. A somewhat similar study
was performed by LLOYD (1973), where he‘ana'l_u inter-
stitial water from cores. The‘]atter stud} only presented-
data for the oxygen in theisu]pﬁate, but no meaningful

conclusions were forthcoming The 1sotop1c compos1tion with

depth was very interesting, but further work 1is necessary

+ before meaningful conclusions can be made..
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1.4 Present Investigation

. \
At the outset of this project, inyestigations of
\
018/016 abundance ratio in sulphates left the following

\
\

not completely understood: \
(a) the terrestrial range of oxygen\jsotpk.
varfations in sulphates, . \‘
.(b) the extent and rateyof exchange of oxygen
atoms, g )
(c) the kineti isotope effects involved in the -
| production and reduction (chemical and bio-
- logical) .of sulphates, and
(d) the lack of reproducibility in oxygen isotopic

abundance data.

In many caees not only isotope effects, but also
basic mechanisms fnvo]ved were not fully understood. For
example, the complex processes of sulphate reduct1on by
bacteria are not yet fu11y comprehended s

In the present 1nvestigat1on, it was decided to
pursue two problems. The first was an examination of the

reduction of. su]phate by graph1te w1th the view of obtain-

ing cons1stent oxygen 1sotope akyndance data (Chapter 11).

The, second pr%b]em W ygen isotope . fraction--
ation during bacterial sulphate reduxtion and to compare
any effects observed to those obtained. during the sulphar

isotope fractionation (ChapterlV). The resultant effects

<
~



L The med1um used

found in both cases would be used as-an aid in the under-
vstanding of the mechanisms involved in the m1orobiofogica1
reduot1on of sulphate ( Chapter V ), |

As seen in Section 1.3 , there were tndependent
developments during the course of the present 1nvestigat1on
‘_which are re1ated to the prob]em selected. However, the
approaches taken and the emphasis of the present work are
markedly different. For example, MIZUTANI and RAFTER (1969)
observed isotope effects during microbiological sulphate
reduction under experimenta] conditions quite different from
those of thelpresent work.: They uti]dzed severa1 flasks of
natura]’mud[and sea water. A given flask was .opened ata
specified time and its contents examined isqtopica]]y. The
experiments ot the present investigation contrasted to
those condittons i% several ways. Pdre isolates of a‘spec4 ¢
ific organism were used. as opposed to the complex g ral
;m1xture of organ1Bms emp]oxsd by MIZUTANI and RAFTE:%?$§69)

or the presént study was ven& s1mp1e in

contrast to the nknown comp1ex medium constitutlng their

"niud".

In any one of the experiments dndertaken,,ona“
large reaction vessel ‘was used (rather than many flasks),
‘gaseous prodd ts'were constantly flushed and coi]ected
a:Z the liquid contents per1od1ca11y exam1ned Thus; the

p sent invest1gation was ab]e realistically to evaluate

chem1cal and isotopic ba]ances The experimental.conditionS'

»
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- of MIZUTANI and RAFTER‘(IQGQ),were quite relevant to

10

~ the terrestrial situation.“oﬁ the other hand, the present
approach was more orientated towards e]ucidating fundamen-
ta] microbiological mechanisms 1nvo1ved in the bacterfal

reductiqnxof sulphate.

N



CHAPTER II GRAPHITE REDUCTION OF SULPHATE TO CARBON. DIOXIDE

2.1 Review

It dsvnelatively simnle to exfrdct oxygen atoms
from the sulphate ion and react them wfth dnaphite. However,
it is very difficult to effect 100 per cent cdnversion to
.carbon dioxide, and to avoid oxygen isotope exchange with
other molecules. Both of these d1ff1cu1t1es mus t be over-.
come in order to determine the oxygen isotopic"édmposition
of su]phate; with good reproduceab1]1ty |

Tt wou]d appear that the techniques emp]oyed for
the oxygen extraction from sulphate have para]]eTed those
used for determining the oxygen isotope abundances in 5111;
cates and other oxygen bear1ng compounds \

One of the pioneering efforts jn this redard was
conducted by MANION, UREY and BLEAKNEY (1934). In thefr de- -
termination of oxygen isoEope abundances in silicates, a mix;
ture of the silicates and carbon was reacted with carbon te-
trachloride at 1000°C, whereupon the\carbon'monoxide formed
wes converted into water by combustion with hydrogen. The
oxygen obtained by the e]ectrolysis of the water was then
qna]yzed[' Somewhat later, ATEN and\HEVESY’(]QBS) réduced
sulphate at'900°C with some'finely ground, sub-ignited coal.

In this determination, the mixture of €0,-C0-H, which formed

pd

v | " ' 1 N
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was conver&ed into water, over a nicke] cata]yst at 350 C.
The resu]tant e1ectro]ys1s then y1e1ded oxygen which was’
'w‘analyzed ' '
Ffom‘thét time until recently, {he‘analytical |
procedures for the extraction of~oxygen weresall based on
one/of the following two types of reacfions; |
(1) the reduct1on by carbon at h1gh temperatures .
(1600 to 2000° C) to yield carbon monox1de, and

(2) the oxidation by fluorine or some ha]ogen

fluoride to yield molecular oxygen. ) o

The carbon reduct1on techn1que was further mod1f1ed
by HALPERIN and TAUBE (1952) in their studies of oxygen isotope
 abundances in barium sulphate. They used five t1mes as muéh
graphite as su]phate, where this mixture was placed in a
platinum crucible and raised to 1000 C by induction heating.
About 75 per cent of the oxygen was converted tgq CO2 and the
.remainder to €O, However, only the C02 was analyzed. The .
reduction method was refined by SWANDER (1953).who converted.
the oxygen of silicate miqgrals and rocks to CO in a thermal
reaction | |

5102 + 3C + SiC + 2¢0

which was quantitative when powdered silica was m1xed with

graph1te and heated in a vacuum to 2000°C. However, when
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mixed samples containing ;1kali meta]s, alkali earths'or_
aluminum were employed, oxygen yfe]dg wefe accompenied by
large isotope fraptjonations. " This method was modified
again by CLAYTON and EPSTEIN (1958) to determine the iso-
topic composition of o&ygen in natural oxides of silicon
and iron. The carbon monox1de formed was converted to 002
using a. n1cke1 catalyst and then analyzed in the mass spec—
- Irometer.. Spectrographically pure graphite was used by
‘:'VINOGRAPOV. DONTSOVA, and CHUPAKHIN (1958) as well as
DONTSOVA (1959), to decrease the effects of fractionation
previously found. 1In particular, this improvement now made
avallable a re]1ab1e analysis of the alumino- s1]1cates,
which had not yet beeh successfully ana]yzed by the graphite
methoq of reduction. \

A few isotopic ana]yses of some naturally occurring .
su]phates were carried out by TEIS (1956) who reduced the
sulphate at 900°c w1th some finely groﬁnd coal, and conver-
ted the CO2 + CO + H2 so formed 1nto waQEr over a nickel
catalyst at 350° C, which was then analyzed for oxygen 18. It
appears that no further work on the carbon reduction me thod
for the recovery of oxygen as the more stable carbon dioxide
was published until 1967, |

On the o;mer hand, oxidation techniques were em-
ployed by SILVEéMAN (1951), and BAERTSCHI and SILVERMAN
(1951), td yield moleeular oxygen quantifative]y from sili-
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cate rocks. .Two methods deve]oped by these studies were:
. (1) the emp]oyment of chlor1ne trifluoride and
s h}drogen fluoride at 430° C, and
(2) f]uorlne ahd hydrogen fluoride at 420°c.
For most rocks and minerals, these were sufficient but for
basic and uffrd-basic rocks, the yield was about 80 per cent,
TUDGE (1960) later used chlorine pentafluoride for
‘orthophosphate and condensed phosphates The product, b
mo]ecu]ar oxygen, was more manageab1e when converted to CO2

by the reaction

'CLAYTON and“MAYEDA (1963) as well as LONGINELLI
(1.965) used bromine pentafluoride for silicates and phos-
phates, respect1ve1y, since it was eas1er and safer to
handle than fluorine. Also it reacts w1th some minerals
which do:not react completely with f]uorine.

‘ Therefore, by the mid.sixties, the carbon reductlon

.and the fluoride oxidation processes were well established
for the:quant1tat1ve extract1on of oxygen from silicates
‘and“dther oxygen compounds for the determination of 0!'8/01¢
ratios. These techniques evolved w1th a preference for the

‘product €0, and not CO. ‘This was more suitable, since;

-~
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(1). CO is not stab]e and will d1sproportionate into
002 plus C, whereas CO2 is stab]e and only .
reduces in part to CO in the presence of carbon
at a high temperature (above 900 C)._

(2) CO2 is less of a hea]th‘hazard’than carbon
monoxide,

(3) CO and N2 have the same molecular mass range
(28) and cennot be separated in the mass
spectrometers usually employed -in 1sotope
abundance stud1es, and |

(4) co requ1res higher temperatures to be the
major product of a reduction (1600- éOOO C)
whereas CO2 becomes the major product at lower
temperatures (about-1000° c). O

LLOYD (1967) ground su]phate/;amp]es with spectro—

-

graphically pure graph1te in excess (ten fold). Then a pe]]et'
\

‘of the mixture was formed. Th1s was heated in a graph1te
cruc1b1e to 1000°C by an 1nduct1on heater with both carbon- //

gas so formed was passed through a nickel catalyst furnace /

dioxide and carbon,monox1de being the gaseous product. The

where the carbon monoxide was converted to carbon d1ox1de and/_
the total C02 product then collected by freezing 1n 11qu1d /
nitrogen. LLOYD (1967) also found that the most 1mportant/

factor in obta1n1ng good yields and 1sotop1c reproduc1b11{ty,
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was that the su]phate shou]d be 1n the form of barium su]-
phate This is because other sulphates (such as ca1c1¥m
su]phate) will produce S0, and C0S in add1t1on to CO and&CO
' AGGETT BUNTON, LEWIS, LLEWELLYN 0 .CONNOR, CHAR-
MAIN, and ODELL (1965) made use of the catalytic conversion
of .carbon monox1de te carbon d1ox1de through ut111zat1on of

the equ111br1um © ‘ : _ R

*

200 % €0, + ¢ e

for 1sotop1c ana]ys1s of ’ oxygen 1n organ1c compounds They

also po1nted out that at lTow pressures and 10» temperatures

- this reattion would norma]]y t\\tqo siow, s1nce'formétion of
Cbz is favofed by 1ow temperature and high pressure Th1s 5
dwff1cu]ty can be best overcome by the use of a. h1gh vo]tage
,d1scharge between two para]]e] p]ates These. are most effec-
t1ve, when used in a vessel part1a]1y 1mmersed 1n 11qu1d

‘n1trogen so that the C02 can’'be condensed as soon as it is

0' -

formed A
” LONGINELLI and CRAIG (1967) precipitated sulphate
as barium sulphate and dried it for 3>hours at 120°¢C in a
vacuum furnace. The barium su]phatevwas reduced'with'excess
Spectrographic graphite (ten to.f%fteen-fo]d) by gnduction
heating to 1100°C in a graphite crucible with lid. Prévious
to this, however, the samp]e had been degassed- at a few hun-

dred degrees for fifteen m1nutes before being reduced‘at
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elevated temoereture for 45 minutesf Any\CO2 that wes formed
wég continuaIIy condensed, since the'heating chamber was con-
ngcted to a 1fquid nitrogen trap, '[he‘residual CO was con-
verted to CO2 by sparking”with a Tesla coil above a cold
trap, using two platinum sheets as electrod‘%

RAFTER (1967) also used bar1um su]phate, however‘
_1nt1mate1y mixed with the pure graphite. This mixture was
“placed in platinum boats with lids, and initia]ﬂy outgassed
at 500°C in vacuo, then heated to 1100°C in a micro-furnace.
As the two products forhed the C02 condensed }n the flrst
n1trogen co]d trap but-the CO formed was passed on to &
d1scharge tube With copper plates, immersed in a cold trap
_'to condense~the CO2 formed dur1ng the d1scharge reaction.
The two condensed samples were then combined for mass Spec-
“trometric analysis. | |
| RAFTER (196%) felt that a Tower temperature range
&,;(about 900- 1050 C) was adequaté or the graph1te reduct1on
of su]phates of sodium, potass1um, ca1c1um, stront1um, and
bar1um This work realized a h1gher production of carbon
d1ox1de at these Tower temperatures, the reaction being

essentially ‘ta

i

Bas0, + 2¢ » Bas + 200, . .

-

This investigation showed that at e1evated temperatures the

carbon dioxide- graphlte reduction was- indeed measurab]e After
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- three hours at IOOOPC. 12 per cent of the C02 had been re-

duced to CO. For sulphur isotope studies the recovery of

Sulphur as Ba$ is unaltered if there is any carbon monoxide ..

_present, but it is vital that all of the sulphate oxygen be

recovered as carbon d1ox1de for oxygen isotope abundance
measurements,

RAFTER and MIZUTANI (1967a) further mod1f1ed the
technique of RAFTER (1967) with respect to recovery refine-

ments, They sSuspected that when the barium sulphate was

‘ heated over a gas burner in dry1ng, some of the variability

noted (+ O, 29 /oo) was due to the reductlon of this suyl-

phate in the gas flame and its reox1dat1on by the atmos-

,;ﬁpher1c oxygen, or possibly an exchange reaction between the

carbon dioxide in the gas flame and the su]phate As a re-

sult, drying was thereafter a slow process over an electric

“hot plate, and on]y before weighing out portions for ana]ys

This change in technique 1ed to somewhat more reproducib]e
(£ 0.18 %/00) results, It wass this same reduct1on and sub-

sequent reoxidation by atmospher1c oxygen that prompted RAFTER

f1967) to avo1d filtration: of the sulphate on filter paper be-

fore its 1gn1t10n

If the references are.examined in deta11 1t is
found that parameters other than temperature and pressure af-
fect the ratio of the CO- CO2 production, Whereas RAFTER (1967)
obta1ned y1e]ds of 16 per cent CO and 75 per cent CO2 with pla-
t1num cruc1bles, LONGINELLI and CRAIG (1967) found varwab]e
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yields from 98 per cent CO2 with a neh crucible,. down to
about 80 per cent after ten reac?ions us1ng graphite cruci-
‘bles. This latter technique reduced the reaction time for

the '
2C0 coz‘ + C

process. LONGINELLI and CRAIG (1967) ver1f1ed this by heat-

ing carbon dioxide of known composition over the graph1te

""-cruc1b1e until about one half of it was reduced to carbon

- monoxide. The CO was sparked back to CO2 and within the pre-
cision of the volume readings (to one per cent), all the C02
qu recovered and the isotopic c0mposition of the oxygen was
unchanged (x 0.01 o/oo) Gas chromatograph1c ana1y51s
further showed the final product of the su]phate reduction
to be pure carbon dioxide when Pure bar1um sulphate was used
-(However, natural barite crysta]s resu1ted in the presence of
a small amount of sulphur dioxide in the CO2 )

LONGINELLI (1968) noted a very s1gn1f1cant factor,
in that standard samples for 1nterca11brat1on of the measure-
ments are badly needed among the d1fferent laboratories. This

.

is bas1cale due to the exper1menta] fact that d1fferent
techn1ques of convers1on to COZ Of the €O produced in the
reaction between barjum su]phate and graphite can cause

slight 1sotop1e“g1fferences_1n the final samples.
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While the development of oxygen isdtOpe studies in
sulphate continued, SAKAI and KROUSE (197i) discussed the
reductfon technique further. This work pointed out signi-
ficant memory effects, which were caused by oxygen isotope
exchange between the product CO and the hot quartz walls.
This effect is negligible when samples possessing a narrow -
isotopic spread are analyzed (for standa?d_deviations of the
order of * 0.1 o/oo). However, with sulphate of widely
varying oxygen isotope compositions, the reproducibiiity of .
the 1sotop1c determinations can deteriorate to gpeater than
+ 0.5 /oo desp1;e satisfactory yields. Thus a\systemat1c '
investigation of the sample preparation was necessary.

SAKAI and KROUSE (197]) realized that this was not a problem
of mass spectrometry, but rather a lack of precision in du-
plicating the oxygen isotope abundance ratio of the same sul-
.phate sample.  Their long term observations revealed that a-
tube of quartz, which displayed signs of dev1tr1f1cat1on
after prolonged usage, produced larger memory phenomena_ than
a.relatively new tube. - NORTHRUP and CLAYTON (1965) had
earlier obaenved an'oxygen isotope exehange between carbon
“dioxide and glass at temperatures above 250°C. .This COZ’
SAKAT and KROUSE (1971) noted, should not be an effect1ve_
participant 1in exchange phenomena dur1ng the convers1on

This is apparent, since it 1s.rap1d1y frozen out of the sys-

tem by the liquid nitrogen trap. But the other gaseous pro-



SR ,

21

duct, carbon monoxide, does remain as a gas’ phase, and unti]
converted would have a better opportun1ty to exchange oxygen
isotopes with the hot quartz walls, Furthermore, one should
not be misled by the amount of ‘carbon monoxide which remains
at the end of the heating cyc]e; since this represents only -
a fraction of the.CO which actually forms during‘the earlier
stages of the_reaction. One possible solution involves a
ninimum of three subsequent conversions to assure the de-
sired rebroduciﬁi]ity for a particular su]phate_sample (as
was done in this thesis). Although the duplication of
analysés should always be carried out, often in~cast where
the materia1 is rare, only one measurement is poésiblg. Thus
fhe solution is réa]Ty to eliminate memory effects. Th{s is
only a possibility if a more efficient CO convers1on un1t is
developed. The simplest and mosf direct form of 1nterna1

) heat1ng is that of maklng the p]at1num boat the location of
highest resistance in an e]ectrica] circuit. This was done
by SAKAI and KROUSE (IQZP)Iin conjunction with a water
jacket around the quartz tube to greatly reduce oxygen iso-‘
topelexchange with the QUar%z wa]] Th1s new apparatus showed
no signs of memory effects when samp]es d1ffer1ng in oxygen-
18 values by over 22 per mil. were ana]yzed ’

- The comp]ete procedure for the eva]uat1on of the

oxygen and sulphur isotope abundance ratios in the su1phates

~invdlves four possible operations. They are:
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a. the chemical precipitation of the sulphate in
the preferred form of barium sulphate,
' QL the reduction of the BaSO4 preferab]y to Agzs
~ as the final product, _
€. the subsequent burning of the AgZS to form 502,
for mass ;pectrometric analysis of the sulphur
~ isotope vériations, and, _
d. the reduction of the BasS0, to C0, for the {
oxygen isotope measurements.
A11 four of these procedures are reliable in that they cause
no appreciable fractionation‘of the isotopes. The chief
disadvantage, however, is the requisite time and labor. Such
-preparative procedures do constitute a major part of a re-
search program which is focused on the study of sulphur and
oxygen isotopes Qariations.in sulphate. HOLT and ENGELKEMEIN
(IQZQ) described a method by which BaSO4 is.rabid]y converted
to SOé in one operation. Thus the time and effort which is
consumed in the earlier techniques now can be drast1ca11y
ireduced . Here the barium su]phate 1s converted to sulphur |
d1ox1de by 'simply covering the sulphate with pu]ver1zed “
quartz powder in a fused quartz tube. Then in a. -vacuum it
is heated to ‘the softening point of quartz (1400 C), resul-
ting 1n

+ 2Ba0 + 2S0. + 0'2

2Baso o

4
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The SO2 produced is. co]]ected in a cold trap. The oxygen.is
pumped away and the BaO fuses with the silica surroundings.
This method of conversion does .not assure a uniform oxygen-
18 abundance in the sulphur dioxide, as do previously dis-
'cussed techniques but a correction is used for the oxygen-
18 1nterference in the mass: spectrometric ana1y51s HOLT
and ENGELKEMEIN (1970) observed no inherent source of inter-
fering impurity assoc1ated with this thermal decomposition P
of pure BaSO4 in the quartz env1ronment

Although.the thermal- decomposition of BaSO4 did-
" appear to reduce the sample preparation time and labor, the
bu11d1ng of such an apparatus was not justified in view of
the non- uniform oxygen-18 abundances encountered with this
method. As a resu]t, the proven Taborious techniques were

continued and the high voltage- discharge conversion of CO

to CO2 retained
' N

2.2 Apparatus Used in the Present Study

Literature describing sulphate- reduction processes
continually avoids details of the operating procedures Such
-methods were impossible to dup]idate because of the lack of
prec151on involved in defining seemingly unimportant but con-
trover51a1 steps when one attempts to follow such ana]yses
)As a. result, the following description of sulphate to 602

conversion w111 strive to clarify every deta11 of theé method.
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The high voltage discharge conversion unit, adop-
ted for the conversion of CO to C02, was built ipto a vacuum
system as shown in Figure 2-1. The reduction furnace (F)

- contained an element (E), made of se]f—bqnded silicon car-
bide. The "Crusilite" (Norton Company, Worchester, Mass.)
heating element was tubular in shape and had a 47 mm I1.D..
andQSS mm 0.D. Inh the center of the 14" overall length, was
a 6“ Jhot zZone" (H).. This region of high temperature was |
formed by cutting a spiral in the element such that the "cold
ends" are not spiralled. This action produced a mu;h‘1ower-
résistante zone at either énd of ;he e]ement;'with the center
region of highest resistancé: There were no mechanical
‘Joints so as td'ehsure no possibility of failure dué to
- mechanical dissimiTarifies..‘The "Crusilite” elements were
glézed to provide én increased resistanceAto oxidat%on. Be-
cause of this glaze, excel]ent temperagyre contro]iand re-
producibility was available - the element has not been re-
placed after four years of cont{hu$1 use. The é]aze prevénts
rapid aging (at 1100°C'the fate of resistance change was
- about 10 per cent per thousand hours, or an eétimated 25 per
cent per thou&énd hours at 1400°C).

| Tempéréidres in excess o% 1250o were realizéd when
20 amp at 100 v was applied, The povier supply (20 émp, 140 v
variac)_used wgs'dfrect]y wired;ﬁP the element suppbrt s]ééves

at one end of the doubly spiralled muffle. This type was

&
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advantegeous in that both.electrlcal connections were at the
same end, 1eav1ng free access to -the other ehd. The element
was mounted horlzontally, thuys allowing the freedom to ex-

Pand ‘and contract 1h the firebrick furnace. uThe

terminal connectors pProtruded beyond the furnacg face so as

- to permit good ventilationfand preuent overhegting. -

A Pt-pt (13 Per cent Rd) thermocoup]e (T) was in-
serted in the "hot zone" (H) between the lnner surface of
Athe element (E) and the quartz tubes (Q) 1ns1de Tempera- °
tures higher .than 1250° were only attempted once, since the
quartz combust1on tubes (Q) began to soften at these and
more e]evated temperatures The three quartz tubes (Q) had-
ground glass caps (C) through which the specimen could be
1ntroduced to and removed from the "hot zone" (H) of the

,furnace. Temperature control was’ solely dependent upon the

read1ngs from the thermocoup]e temperature recorder (T).

bust1on chambers (Q) With stopcocks (S) closed, each sample
in the system could be monitored by the respect1ve pPressure

manometers (M). One of the three stopcocks (s) was usually
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) allowed to remain open, thus pekmitting the CO gas formed in
that. tube to expand further intg the vacuum gauge head (G).
As the reaction in the tubes proeeeded, the manifold
pressure reading could be obtained fer one of the three
samples being reduced. But thi I ‘mitation was minimized

by using specimens of about the same ize. These manifold
readings were most helpful in that they indicated the rate
of CO production as well as when the formation had reached
completion - no further decrease in the Pressure as recorded
by the vacuum gauge (g).

.As the C02 formed, it was frozen down in the
liquid nitrogen traps (N) immediately. The Co producef
during the reductlon still rema1ned between the ground glass
caps (C) and the stopcocks (S) - except for the mon1tored
sample. This CO gas was now ava11ab1e for the conversion
to carbon dioxide in the h1gh voltage dIScharge conversion
unit (D). With the vacuum gauge (G) turned off, stopcock A.
was then opened to allow the CO to enter the conversion unit

(D). When the reaction
2C0 - ‘C02 + C

waémcomp]eted; the vacuum head (G) was turned on to record a

qQuantitative indication of the completeness of the conversion



amd also the reduction of the sulphate specimen
" Once the CO to CO2 COnvers1on was f1n1shed liquid
nitrogen was Placed around the ca]1brat1on volume (V). When
stopcock R was then opened, the CO from the reduction cou]d'
be transferred to th1s calibration volume If stopcock R
was subsequent]y closed and the cold 11qu1d nitrogen bath
removed, a volumetric calculation of tHe C02 gas can be made
; knowing. the recorded manometer pressure (P), and the vo]ume
contained between the stopcocks (R and K) including the
. tota] volume when these stopcocks were closed. After the CO2
volume was recorded, the stopcock K was opened allowing ‘the
gaseous 602 to expand towards the breakseal Tine (B). With
- the use of a liquid n1trogen bath, the sample was subsequent-
1y removed from the system, and was available for later mass
spectrometric analysis’ .Both stopcocks I and J led to con-
ventlona] pumping equipment (in this case, a mercury d1ffu-'
sion pump connected to a rotary vacuum pump) These - were .
installed to permit the rapid evacuation of the apparatus.
High vo]tage for the CO to CO2 conver51on unit was -
suppl]ed by a 4,5 kv transformer. The electrodes of the unit
hwere made of p]atinum, 2 cm by 4 cm, and 0.003 ihch in thick-
ness The ground g}ass cap, through which' the e]ectrode leads
passed, was removed when it was considered des1rable to clean

the platinum electrodes of accumu]ated‘carbon.» It was found

©



necessary to cease Sparking when a pressure reading was re-
quired to monitor Progress of the reéction. Otherwise, the|"
gaseous jonization excited the currént carYying conductors of

the pressure gauge, resulting in erroneous Pressures.

rise to atmospheric Pressure. Stopcock (0) permitted the

" rapid replacement of samp]és to be reduced in the qlartz

2.3 Method

About 50 ,mg,of»BaSO4 (dried overnight at 120 to
expel any water Present) was weighed accurately and thep

transferred to 3 small agate mortar, Fo]]owingfthe‘same care
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This platinum boat was approximateiy 4 cm:in length,
1 cm in depth, and‘about 1.5 ¢m wide. Lids, also platinum,
were made for the boats and dried and weighed in the same
manner as the boats. ‘

The boat, conta1n1ng the sample and graph1te, was
reweighed to obtain the exact welght of the m1xture, since
about 2 mg were lost during the m1x1ng and transferral
Processes. The 1id was then placed securely on theé boat and
its contents before another we1gh1ng of the\ ‘
sample. The 1id always covered completely the boat and its
contents, after a suggestion from LONGINELLI (private
'commun1cat1on) This procedure gave cons1stent1yvbétter
yields. ’ .

The loss due to the mechan1ca1 m1x1ng and transfer
was usually of the order of 2 mg, 1ndependent of the sample
size. This loss was . most consistent throughout the ent1re
work of this thes1s That is, as can be seen from Tab]e 2~ 1
it was ent1re1y the care g1ven to the pProcess that determined
the amoynt of sample and graphite lost, |

The boat, plus-1id and contents, was then placed 1n
one of the quart:z éombust1on tubes (within the "hot zone") of
the reductvon furnace That quartz tube was subsequent]y

evacuated. Th1s was done by first greasing the ground glass

cap and then p]ac1ng 1t over the quartz tube erd after the‘

‘

. : !



Table 2-1

Date | -Boat
7/5/704. A
” B
R E c
13/5/70 A
B
c
15/5/70 - A
B
C
22/5/70 A
o .
c

31

Loss of graphite and sulphate due to
mixing and transfer

Weight.
mg )

1393
1278
1428
1392
1278
1429
1392
1278
r1429
1394
1278
1430

Before After
Mixing Mixing. Loss
Amg)  _(mg)" (mg)
o
1537 1529 2
1414 1413 3
1562 1562 0
1520 1519 1
1410 1409 1 -
1569 1566 3//
1530 1531 0
1436 1436 0
1535 1534 ¥
1534 1532 2
1431 1429 2
1539 ' 1539 0
average 1655 = 1.3 mg
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boat had been inserted. Now the appropriate stopcock.(S)‘

. Was opened after closure of stopcocks I and J, to ensure

'that the reduction chamber was most eff1cieqt1y evacuated as
well as maintaining the remainder of the vacuum system at
about 0.001 Torr. Once the first specimen was introduced

. the temperature was ralsed to 500°¢' from the stand- by temp-
erature of 400 C. Thus any water vapor or gases produced or
present in The tube were pumped away. Similarly two more
specimens were prepared and intPoduced into the furnace and

" the evacuated system The three samples were “then Ieft for
about 15 m1nutes to ensure no residua1 gases were present

It was conS1dered adv1sab1e at this stage of the reductlon
process to close stopcocks I and J to perm1t observatlon of
the vacuum gauge readlng (G) to detect ﬁ?e présence g# any
res1dua1 gas product1on

| Once no residual gas pressure was detected dewar
flasks containing liquid nitrogen were Placed around the ¢
three COZ traps (N). If a combustwon tube was to be mon1tored,
_as,was'always done, then a flask of liquid n1trogen must
also be placed around the conversion unit (D). W1th two of
the stopcocks (S) Closed and the other open to the tube o
belng monitored, stopcock A was checked to be open and R was
now closed. <Thus the mon1tor chamber was open to the vacuum

gauge as well as the convers1on unit. The furnace was then

raised to ]100 C, which required approx1mate1y 25 minutes,

e’
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-and was held at that temperature a further 15 minutes to en-
sure completeness of the reduct1on - It was turned down to
400°C once the reaction was f1n1shed ’

As the carbon dioxide formed,vit condensed in the
11qu1d n1trogen traps (N). Any carbon monaxide produced was
reg1stered on the manometers (M). Always one of the three
was the monitor - usually the first introduced into the
quartz tubes. Thus the progress of the reductwon (i.e. coO
product1onl in that reaction tube’ was observed as the pres-
sure in the quart: combustion chambers rose. When the pres-
sure reached 0.05- Torr, the vacuum gauge was turned off to
‘prevent erroneous readings (as well as possible damage to

~the vacuum- tube c1rcu1t) when the high voltage discharge (D)
was turned on. As evidenced by the visible gas glow, sparking
was cont1nued until it was ascerta1ned that the CO to C02
convers1on had proceeded to comp]et1on

The two remaining samples were still conta1ned by
their stopcoiks (s), 51nce only one spec1men could be con-
‘verted‘to carbon dioxide in the discharge chamber at a time. —
The monitored pressure usually remained below 0.5 Torr nki P
throughout the exoeriment The pressure was seen to drop

marked]y as the h1gh voltage discharge enabled the

2C0 =+ CO2 + C
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reaction to proceed. Here the discharge wWas terminated before
the vacuum gauge (G) was turned:on again. and vice versa,
throughout the conversioniof gaseous carbon monoxide to the
stable carbon dioxide. It required about 15 minutes at
elevated temperature, with alternate reading of the pressure,
and spark1ng, until the res1dua] gas was a sufficiently small
fract1on of the total CO2 produced: This residual gas was
then pumped away.

The liquid nitrogen dewar from the monitor " C02
trap (N) was removed to allow the CO2 condensed in the™
mon1tored trap (N) to evolve and condense in the discharge
.chamber, which at this time was stil] enc]osed in a liquid
nitrogen bath. Then the vacuum gauge (G) was turned off and
the CO to CO2 conversion unit discharge was engaged once

more. This sparking t1me was extended considerably if the

St

ronm..,

Pressure in the system had risen even slightly after the
transfer, thereby convert1ng any final traces of carbon mono—“
xide to(i:rbon dioxide. This was eas11y noted by recording- ‘the
vacuum h d\gressure before and after the evo]ut1on and
subsequent d1scharge Now that the reduction to gaseous

carbon dioxide was comp]ete, the conversion system

(i.e. the monitor combustion tube, the vacuum gauge,

and the CO - C02 convers1on unit) was evacuated to less than

0.001 Torr. This CO2 produced from'the graphite reduction of

.

. . »
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sulphate was hence ready for volumetric calibration and its
:subsequent extraction from the reduction line.

It should be noted that after three hours at
1000° C. about 12 pPer cent of the CO2 produced would have been
reduced to CO. Such a reduction would have. occurreq at the
‘hot crucible contawning unreacted excess graphite This was
- avoided since the CO2 traps (N), partlal]y 1mmersed in liquid
nitrogen, forced the CO2 to condense as soon as it was formed.
(For sulphur isotope studies, the recovery of su]phur as Bas
‘was unaltered if there was any CO present But it was vital
that all of the sulphate oxygen be recovered as 002, if the \fpl
equat1on' V

Bas0, + 2C -+ Bas' + 2co,

was to be used for the study of oxygen isotopes in sulphate.)
With the conversion system at 0. 001 Torr and the CO
frozen 1n liquid n1trogen trap about the dlscharge chamber, an-
other dewar of Tiquid nitrogen was placed around the calibra-
tion volume (V). Then the CO2 gds, produced from-the graphite
reduct1on of su]phate, was allowed to expand 1nto the calibra-
tion colume after closing stopcock K and opening stopcock R.
On removal of the cold trap around the conversion unit, the gas
evolved 1nto the calibration vo]ume where 1t was immediately |
condensed. After the transferra] was comp]ete, stopcock R was

c]osed and this cold trap also removed so that the 002 could

4
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then expand, thus al]owing'a ca]ibrap10n~of the volume of
gas evolved. - This manbmeter réading gave a preliminary
check’on the completeness of the reduction. A liquid nitro-
gen\f]ask was p]acedlunder a break;ea] before the gas was
transfefred to;the’bfeaksea] Tine by the opening of stop-
cock K. Once fhe-product,of the reduction was frozen down
wfn the breakseal (B), stopcock K was closed as a precaution,
sipce small leaks could develop ftom removal of the
breakseal. The breakseal was'subsequently ’emoved. The
"volumetric and breakseal sections were now evacuated and
the‘breakséal Tine checked, to ensure that no leaks had
developed from careless removal or some weakness in the
glass affer its removal. Once Eompletely sure of no leaks,
the stopcock K was opened_and the pressure recqrded tb en-
sure as berfect a'vacuuﬁ agxpossigle.A The other two samples
were then run in exactly the same manner.

After the removal of each CO, sample, the tempera-
ture of the furnaée was notéd. .Uéua]ly after the extraction
of the three specimens, the furnace was cool enough to pre-
vent any partial reduction of newly introduced samples. Thus
the combustion tubes were opened to the atmosphere gently
ghrough stopcocks 0 and S, after all tﬁree specimens were

extracted. Once these chambers were at atmospheric pressure,

the three groundglass caps (C) were removed and the plati-

>

-
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tgm boats were then ‘extracted. Careful removal of these
boats was éssential since it was necessary to reweigh them
to obtain'another estfmate of the completeness of the reac-
tion.. This estimate, however, is only valid if most of the
product of the reaction was COZ’ but does givg a good indi-
cation of the percentage CO initially in the quartz combys-
tion fubes. That is, it can give the percentage of"CO pro-
duced from the reduction of sulphate by graphite. ‘When the
reduced specimens were removed, new samples were then intro-
duced as}prev}ously mentioned.” If the contents of the old
p]atindm'boats, that is, the BaS, was to be examined for its
-su]phdr isofopé'rqtioé, theﬂ the residue from the boats was

Teached with warm water and filtered into AgNO, so that the

resulting silver sulphide could be burng_dT

2.4 Standards, Correction Factors, and ReproducibiTity

'SILVERMAN (1951) defined the zero of his iSatopic
scale -to be oxygen from a single sample ofvsea water, "Hawai-
ian sea water No. RT6". In the published data of CLAYTON and
EPSTEIN (1958) and TAYLOR and EPSTEIN (1962), the standard
was defined to be the oxygen with an 0”/0lé ratio equal to
0.98473 R, where Rp was the 01°/0'¢ ratio in SILVERMAN'S |
(1951) sample of Potsdam sandstone. If any of the analytical

procedures introduce systematic errors into the measured values,

!
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then normalization to a quaréz standard ﬁhould make the re-”
sults of different ana]yticé] methods agree on the quartz
samples. Thi§ is however not necessarily true of other
minerals and rocks.

The oxygen of ﬁeannocean‘water is a 1o§1caT stan-
dard for the reporting of oxygen isotope varidtiong_in natur-
al materials, including Meteoric Wapérs, rocks, and minerals.
Sugh a standard hﬁf.been proposed by CRAIG (1961) for natur-
al waters and by CLAYTON anq CRAIG (1962) for rocks and min-
erals. A "standard mean ocean water", that is ‘SMOW, was de-

fined to have a
0'°/0'¢ (SMOW) = 1.008 0'®/0'¢ (NBS - 1)

where NBS - 1 is a water sample distributed by the National
Bureau of Standards;fTh%s defihes»ap ocean water standard in
terms of materiaislreadily available to everyone, rather
than in terms of the limited quantity of a particular sample
of Potsdam sandstone.

A11 the oxygen isotope abundance measuremeqts are
expressed in partS per thousand with respect to'SMOH ("stan-
dard mean ocean water") as defined by CRAIG'(1961) The usual

terminology is used, where § ("del") is the dev1at1on 1n parts

AT

per thousand /(°/o00) of the 0'%/0'¢ ratio from that of the‘_;'

standard.; *hat is, the per mil isotopic ratio enrichment in

relative to the standard, can be expressed as .
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®
18,016 ’ ; 18 /016 .
§ pie (0 _ (0F*/0re mple 07570 44) 1000
0 ( /00) ) 1s 16 ’ | .
' '(0 /O Std)
18,016
- 0°°/0 sample _ ) . 1000
18 l6 i : I
0°°/0 std

\

“CRAIG (1961) introduced the more practical SMOletandard'in

terms of the PDB standard, where SMOW was defjned'as

S ots = 1.0409 & 03

0
sample 40.9% /oo

sample

wrt SMOW » wrt PDB

The PDB scale referred to the 0'%/0'® ratio in the C02 gas
evolved from the reaction of H3P04 with PDB carbonate. This
'Chicggo standérd for CO2 was produced frbm PDB calcium
carbonate by reaction with 100 per cent HaP0, at 25.2%.
(The PDB was a Cretaceous belemnite, from the Peedee forma-
tion of South Carolina.) B

: CRAIG (1957) derived correction factors applicable
in the conversion of ion abundance ratio differences to the
specific isotopefratio differences. These}correction factofs.
for the mass speéfroﬁetric,analysis of C02. arise because for

the analysis of Oxygen we measure the mass - 46 beam versus

s, -
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the combined mass - 44 plus mass - 45 beam. Hence the ratio -

4An terms of .the isotopic molecules is:

c12017017
Ci2016017

+

clzolsole + C13016017
cl2pteple 4 .Claolsols

+

whereas thegdésired ratio, assuming the distribution to be

purely a statistical one, is:

cl2pieple 4+ (l3gregls ~clzolsoxe
cl2p18g'6 4+ (13gleqls - clzplegts
«

As a result, the measured isotopic ratio for oxygen must be
corrected for the other isotopic species. The correction

must be such that » ]
§ 0'% = 1.0014 s 0'® - 0.009 § C'*

which is the correction factor used for oxygen ana1ysi§,m§9e
against the PDB standard. Thus, about 1 per cent of the Bicls
difference enters into the oxygen correctiomffacto;;; ﬁy‘
( Using CRAIG'S (1957),correction factor as well as
CRAIG'S (1961) "standard mean ocean water" (SMOW) reference,
the isotopic réproﬂucibi]ity was examined for the reduction of
sulphate. by graphite; yie]ding,po2 as the fipal gaseous product.

The volume of oxygen that was recovered as CO2 was always
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1

- greater than 94 per cent of the tﬁeoretica] value, hence
»BaSO4 was considered to be quantitatively reduced. Any CO
formed in. the reduction process was cohpletely éohverted'to
602; this was &certained by the volumetric check on reaction
completeness.

It was then necessary to check the isotopic repro-
ducibility. A sample of sea water sulpﬁate was selected for -
the reproducibility tests. These results yielded an average
6 01® value of +9.38 %/00 with respe.t o SMOW (Table 2-2).

. The precisionvduring a mass speétromf*P ¢ analysis was
typically + 0.05 °/oo, while the reproducibility over prepar-
ations of the same specimen was * .12 6/00 (the stqndard
deviation). The preparation and reduction reproducibility
_weﬁ% better than the % 0.18 o/oo achieved by RAFTER and r
MIZUTANI (1967a). - Thus %he techniques employed in the pfesent
investigation were considered to be satisfactory for studies

" of oxygen isotope abundance variations in sulphate.

2.5 Investigations on the Graphite Reduction of Sulphate

The graphite reduction of su]phafe was considered
quantitative and reproducible when the procedures previously
outlined were employed. :Other workéfs also achieved rea-
sonable reproducibility but with a wide variety of tech-

niques.

~,

These investigators seemed to have their own biases



Table 2-2 Oxygen isotopic composition
of sea water sulphate
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S v _ Deviation
Weight CO2 Volume s 0'® (so;) ~ From
Specimen of Bas0, . (cc at NTP)  (%/00) wrt + 9,38 AVG.
Number ~ (mg) Theo. Exp. SMOW (°/00)
W0S 2000 55 10.5 10.2 9.16 + 0.02 -0.22
~ WOS 2001 48 8.4 8.3 9.34 * g.09 -0.04
Wos 2003 " g7 12.8 12.3 9.43 + 0.07 0.05
WOS 2004 - ¢4 2.2 12.1 9.42 + 0.07 0.04
QOS 2007 ™ 66 12.6° ¥2.5 9.38 + 0.12 0.0
W0S 2008 49 9.4 9.5 9.31 + 0.03 -0.07
W0S 2009 " 56 10.7 10.6 9.38 + 0.0] 0.0
WOS 2011 © 5] 9.7 ° 9.6 9.46 + 0.06 0.08
WOS 2012 . 43 8.2 8.3 9.17 + 0.03 -0.2]
WOS 2013 38 7.2 6.9 9.27 £ 0.05 -0.11
W0S 2015 57 10.9: 10.7 9.53 +,0.06 0.15
WOS 2017 49 9.4 9.0 9.52 +'0.08 0.14
WOS 2018 70 13.4 12.7 9.53 + 0.04 0.15
WOS 2020 44 8.4 8.2 9.39 + 0.05 0.01
Wos 2021 72 13.7 13.0 9.46 + 0.02 0.08
9.38  0.054« £0.12 #x

Mean § 0'e = 9.38% 00

* Mean of measurement errors = ¢ .05 cHJ/oo

** Overall deviation (preparation reproducibility
and mass spectrometric error) = +0.12.%0



43 :

-as to the chof%e of crucibles, CO--CO2 conversion units, and
¢/s ratios. \Thqre appeared-to be no lTogical hési§~for'these
choices. o B L T

| For‘the present'investigatjon’it was t;nsidered
worthwhile to study the effects .of varying the C/S ratio,
that _is, the ratio of the amount of graph1te C (mg) to that
of sulphate S (BaSO4 in mg)

L _ mg of graphite before mixing
mg of BaSO4 before mixing >

since similar stud1es used markedly different graphlte to
sulphate ratios (section 2. 1). The 15 samples uéed for the
reproducibility study (Table 2-2) all had a C/S ratio of
about 1.0, as suggested by RAFTER (1967). On the other hand,
nine specimens not listed in Table 2-2 had radicaliy dif-
ferent oxygen isotope compdsitions. In thése samples, the
C/S ratio was varied from 0.64 to 3.25. The oxygen iso-
topic abundance ratios of these variant nine sea water sui—
Phate samples are summarizeﬂ in Table 2-3 and ngure 2.2.
Since all other variables rehained'cbnstant, the data of
Figure 2-2 seemed to imply that the C/S ratio'had a signifi-
cant effect upon the isotopic composition of the COZ

produced by the reduction of sulphate.
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Table 2-3 Oxygen isotope composition of nine
variant sea water sulphate
| Weight . 80 (50,°) " Dev From
Specimen. . Baso, c/S (°/00). wrt +9.37
__Number {(mg) . Ratio S.M.0.W. (°/00)

WOS - 2002 56 1.00 10.85 - 0.07 1.48
WOS - 2005 70 J1.00 ° 10.89 0.07 1.52
WOS - 2006 49 1.00  70.91  0.09 1.54
HOS - 2010 77 . 0:66 - . 8.79 0.08  -0.58
WOS = 2014 52 1.54 - 10.82  0.03 ' 1.45
WOS - 2016 43 1.96 11563 -0.07 2.16
WOS - 2019 28 ' 3.25 10.02  0.08 o.gs
NOS - 2022 44 1.05 9.96 0.03 0.59
WOS - 2023 32 1.09 10.60  0.07 1.23
(NOTE: Samples WOS - 2002, 2005, and 2006 were only evolved

carbon dioxide. The carbon monoxide produced in
these cases was pumped away to permit a determination

of the isotopic composition of the COZ product on1y;j
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]

with graphite. It should be noted that three results were

not anomalous, since after the CO, condensed in the cold

/" traps, tire CO product formed at the end of the reduction

was pumped .away. These three samples, WOS - 2002, WOS -
-and WOS - 2006, all had a C/S ratio of about 1.0. These

three specimens, -used to obta1n the oxygen isotope abun-

dance ratio of the evolved COZ' neglected the CO which

2005,

formed s1muTtaneousTy. The § 08 va]ue of the CO2 produced

was higher than expected wh1ch%§é%ns that the C0 was® en-

only when the CO. was sparked and converted into CO2 that

,,richedw1n the T1ghter lsotope relat1ve to the C02 It was

the

lower value of about +9 38 /oo dﬁs reached It should be

noted that the .collected CO2 in these three cases was -

heavier by about 1. 5 0/oo (the CO consequent]y 1.5 o/oo

lighter). With approx1mate]y 94 per cent recovery, sparking

would have left the remaining unreacted'CO heavfer,by abqut

;H94‘51.g °/00) _° . 23.5“o700

3

— ' : Thus three of the var1ant nine sampTes were pro-

cessed-so as to obta1n the oxygen isotope abundance ratio

of only the CO

0, produced, ignoring any~contribution from

1

/

the evolved. The remalnlng six.were not 1n any manner-.

deS1gn d to be anomalous or at varlance with the aims of

- reprod c1b111ty study Hence a closer Took at these six;

mandato yg i

i

vios . # - ’ e .
rs ~ e R . - 4
.m 3 o

the

WaS
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Any exp]anation for such widely varying isotopiC\/
abundance ratios of the sea water sulphate samp1€’s must
consider the relative proportions of carbon and su]phate g
mixed prior to the reduction process. The C/S ratio was
‘usually kept about 1.0 only as a result of RAFTER's (1967)
implication.. Th1s relative proportion was in fact stochio~

metrlcally more than squicient, s1nce the reactlon

BaSO4 + 2C f_ BaS + »ZCOZ - N

required on]y the rat1o described in the above equat1on In
A
such a case the C/S ratio stoch1ometr1ca1]{{necessary was

s1mp]y

2¢ 2 (12)  _ 24 0. 10

Thatris, stochiometrically the reaction\shou1d have proceeded
~to completion if there was approximately one part graphite
for every ten parts BaSO4 (by. weight).” Any C/S ratio ‘
greater than 0.1 complete]y satisfied the stoch1ometr1c-1u
requirements. The quest1on then arose, why were variation;
of the C/S. rat1o cau51ng the observed d1screpanc1es in the
‘ oxygen 1sotope abundance rat1os, considering the fact that
th1s was about 10 times the stoch10metr1c ratio required?

Also, was this then a reaction where stochiometry was ap-.

plicable? '
. . L3
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Before making hasty conc]usions’concerning the re-
quirements of the primary product of the reduction. it was
necessary to also consider the second gaseous product of

this reduction. Most probab]y the €O formed such that -

BasO, + 4C -+ BaS + 4C0 .

\

In th1s case the C/S ratio would be about 0. 20 For. ‘some :‘
- comb1hat1on of the two reactions, which was %&? dbserved - |
'result for such a reduct1on of sulphate by graphite,. then

the reaction could have been of the form‘w -
* | ‘ ' . | |

33564 + ‘3c_.+ Bas. % 2¢O +.co, , o, .

balanced for primariﬂy’co evolutton: In the present

study, the relative amouhts of gaseous product were in

the order of about 15 per cent CO . and about 85 per

cent CO This reaction was approximately'

2.
l%BaSO4 + 28C ]38a§ ", 1CO0 + 24C02

‘Stochiometrically, the C/S ratio would be onTy 0.07. That

is,
- \ .
R LT sy = 1 0.0) - 0.07: ., .

- E JPasY, 3°%
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L7

The requirements were relatively unchanged from the pre-
vious estimate in which the gaseous fina] product was just
carbon dioxide. |

Thus, stochiometric considerations and the known
products of the reduct1on did notseem to explain theexperimentaT
1sotop1c rat1o‘d1fferences The only conclusion left, was
that the react1on proceeded to near completion (that is,
greater than 94 per cent reaction) without doing so
stochiometrically. This implied some form of mechanical -
‘parameters, such.as a dependence upon the eyai]abi1ity of
nearby atoms of graphite. This involved physical contact
availability, since the mixing was only a mechanical process,
and definitely not a chemical procedure. Here the reduc-
tion could have ppssibly been controlled by the presence or
absence of contact carbon atoms which uouid permit the
" removal -of oxygen atoms from barium sulphgtg;_.Neither
pellets nor ccmpression of the sulphate and carbon sample,
to increase the physical availability of'grapnite, were
investigated.- Such procedures wou]d have ensured good
Physical contact and most probab]y wou]d haye-decreaggv'the
C/S ratio requ1red to cause a quantitative reduct1on Hence
compre551on of the graph1te and su]phate after mixing,, and
the degree of compress1on, cou]d have. a]%éyed the C/S ratio

necessary to cause the observed variations in the oxygen
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' r
abundance ratios.

If mechanical mixing caused the discrepancies
recorded in Table 2-3, then an excess of contact graphite
- was expected to increase the amount of CO formed relative
to the 002 Qaseous product. This 1nterpretation was based
on the C/S ratios calculated to yield e1ther a tota] CO or
C02 final product. A C/fS ratio of 0.10 was found to be
stochiometrically sufficient for a CO2 final product,
whereas a ratio ‘of 0.20 was required for CO to be the fina]
product.  Thus . stochiometrically, more graphite was required
to produce a final product of CO than 602 A]though the
reduction did not proceed in a totally stochlometr1c fash1on,
the C/S ratio implications were be11eved app11cab1e for the
mechan1ca1 mixing of graphite and sulphate. 1In other words
the graph1te reduction of sulphate was. both mechanical and
stoch1ometr1c_1n naturé%4w1th po§s1b1y physica]vconta;t the
ﬁdst ddmidant factor. As such, graphite excesses were er-
pected to yield greéter quantities of CO. This was confirmed
by observat1on of the sparking time as well as by eva]uat1on
of the per cent CO product. This per cent CO formation was
qa]cu]ated q51ng the known weight of the platinum boat and
its contents after the reaction had goné to completion. .For

examp]e, b



1393.2 mg

Sample WOS - 2010 boat plus 1id =
| Bas0, = 77,1 mg
C = 48.5 mg
J( , C/s = 0.65 N

tota]'weight/before = 1518.8 mg
after reduction = 1489.5 mg
reactants = 29.5 mg

available oxygen for reduction = 77.1 mg ( =, 21.16 mg

7.94 mg

e .

~carbon stochio*etrica]]y requ1red = 21.16 mg ( )

stochiometric reactants = 29.10 mg

i
\

b

The measured reactants we1ghed 29, 5-mg while the stochio-
metric requ1rements were only 29.1° mg. Hence 0.4 mg of
extra carbon was used. Since the tota] graphite used was

8.34 mg, then the.

. K
CO per cent production = (8'?354;“94) (100 3) = 4.8’%»

'&herefore per cent CO formed wés about 5 % .

N .
. P4

With an excess of graphite available fdr the re-
duction of su]phate, a marked 1ncrease in CO product1on was
observed (Table 2- 4) If a C/S ratio of about 1.0 was em-
ployed, ‘the per cent CO was normally in the order of 15 per

cent whereas the CO2 Production was about 8§ per cent of the
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Table 2-4 Per cent CO production for sea
water sulphates reduced with graphite

Specimen c/S Dev. From Per Cent Per Cent
Number Ratio +9.38 °/oo-“ Prod. Reacfion
WOS - 2010 0.64 . -0.59 5 94
WOS - 2000 0.91 .o.zp ' 8 97
WOS - 2001 1.00 -0.04 13 99
WOS - 2003 1.00 *0.05 9 96
WOS - 2004 1.00 . 0.04 12 99
NOS - 2007 1.00 0.0 21 . 99
WOS - 2008 1.00 -0.07 - ‘14 107
WOS - 2009 1.00 0.0 12 99
WOS - 2011 1.00 0.08 16 99
WOS - 2012 1.00 ~  <g.21 | 10 101
WOS - 2013 1.00 -0. 11 15 96
Wgz/;/z6Ts 1.00 0.15 23 98
WOS—< 2017 1.00 0.14 10 96
WOS - 2018 1.03 0.15 19 95
WOS - 2020 1.03 0.01 - 15 98
WOS - 2021 1.03 0.08 29 95
 WOS - 2022 1.05 0.58 27 97
WOS - 2023 1.9 . . 1.22 . - g9 | 95
WOS - 2014 1.54 - 1.44 : 42 95
WOS - 2016 1,96 - 2.15 46 ‘ 94
WOS - 2019 '~ 3.25 © 0.64 63 a4
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final gaseous product. However, when /S ratios removed
from 1.0 were employed, the re]ativelamounts.of CO and CO2
were muchﬁdifferent The effects of varying the C/S ratio
can be seen more clearly when the data of Table,z 4 is
plotted as in Figures 2-2 and 2-3. Genera11yfthere-was an
increase in 6.0'® and per cent CO production with increasing
C/S ratios (Figures 2-2 and 2-3 respectively). These
obser?ations were somewhat dependent upon the per cent re-
action obtained during the reduction process (Figure 2-4),
when C/S ratios other than 1.0 were emp]oyed
It was demonstrated that if the C/S ratio was:

greater- than 1.0, more than 15 per cent of the gaseous
product was CO, with increasing amounts of €O as the C/S
ratio roseg Since more CO was present, more CO--CO2 con-
version was required. It was observed that since lengthy
'conversions often yielded results which were not quanti-
tative. The variant samples all had re]at1vely lTow yie]ds
(about 94 per cent react1on), and generally 1arge amounts of
CO were formed. Although the reductions were quantitative,
the 01°/0'¢ jsotopic ratios did nef1ect the CO abundance
caused by the larger C/S'ratjos investigated in this study.

' More reductions_were carried out at C/S ratios s
less than 1.0, but'the majdrity were not quantitative. '(It

should be noted that no other investigation ever employed

O
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a C/S ratio less than unity.) “A def1c1encx of contact
graphite atoms was believed to be an explanation for the
poor yields. Incorporation. of further mixfng while the
react1on proceeded, or tompression of the graphite and
sulphate sample befere the reduction process, would proba-
b]y have reduced ‘the numerical value of the optimum C/S '
ratio, but not the varjations in CO formation. 4

RAFTER (1967) stated that the graphite reduction
'pf sulphate occurred within the temperature range 900 to .
1050 ¢, and observed that graphite reduction was measurable
at 960°c. ., Longinelli (priwvate communication) found that
50 per cent of his CO2 had been produced at 900°cC. Thereforeu
it was concluded that the reduction of sulphate by carbon
was well under way by about 900°c. In such a reduction where
,CO evolution has been shown to be of utmost 1mpor£ence. 1t
was decided to monitor the CO formation as a function‘Bf the
reduction temperature. |

The vacuum gauge used throughout the reduction
process, was employed to ‘measure pressure variations as the.;
reaction proceeded. As the reduction began, the decrease in
Pressure was-in reality a measure of gas evolution during
the reduction of the sulphate. The evolved gas was con-
s1dered to be totally CO,. since any CO2 formed was immediately

condensed as soon as it was produced. Therefore the vacuum
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" Afthough these undesirab]

57

- f
readings evaluated the qualitative amounts of CO formed.

In those cases where the C/S ratio was such that

whijpere was not sufficient contact graph1te to ensure that

ﬂ'a504 molecule was totally str1pped of its oxygen- atoms.
o
f“}s1b111ty of other gas evolutions ‘should not be ig-

I!laqditlon to CO and CO, fotrmation, undesirable

ﬂ”?bgpducts such as SO2 and some CSO derivatives may have on

present. These were for the most part trace products, since
the reactions presented (Table 2-4) were all quantitative.

gases wéreumost‘brobably present,

they were ignored when copnsidering the recorded pressure

readings as evidence of CO formation.

The production [of CO was monitored as the reduc-

}

tion temperature rose, fgr varying C/$ ratibs.\'The'qua1ity

of this data was limited
5]

results are shown in Fig

by the vacuum gauge utilized. The
re 2-5. It was felt that the C/S

ratio should dictate the;ﬁroductién réte of CO. Figure 2-5
suggested that below 960 C, the C/S ratio did not 1nf1uen¢e
the CO production rate 51nce the curves are similar for 5 |
different C/S ratios vary1ng from 0.63 to.1.86. The BaSO4

reduction, as.neted by RhETER (1967), was well under way by
about 960°c. ;Behavior above this temperature was difficult

to monitor because of the large amounts of CO evolved, and

¢he'iha€€u}acy of the meter in this pressure range. It does
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follow, that most of the CO production occurred above 960°cC.
oIt should be noted that the samp]es with a C/S
ratio greater than the experimental- opt1mum of 1.0 aIWays

indicated more CO present than the others. This was seen to -

/

be true from the very beginning of the reductions in “Figure

2-5. Even /at lower temperatures, where apprecfable CO for-
mation was/ not in ev1dence. the re]at1ve amounts of gas

evo]ution suggested a trend towards more CO when there were

excesses raphlte available. With a def1c1ency ot optimum

contact raphite, production of the undes1rab1e gaseous
be an 1nte?pretat1on for the higher pressures-
\2 recorded in these cases. It was also concluded that out- -
gassing/ and dry1ng temperatures for the sample must not
exceed/SOO}C Here a distinct evo]utlon of CO was present.
Such 7 temperature was never used, nor recommended, ?es-~ |
pec1a1]y 1f excesses of graphlte were more, than about 8 or
9 t1m%s the stochiometric demand.

/‘ The:relative amounts of éO and CO2 evo]veo, were
not as constant as expected. RAFTER's (19675 stud} found
CO-C02 mixtures to conta1n about 75 per cent CO2 and 16 per
cen CO0. His study,,as prev1ously mentioned, ut111zed

”%;§§ inum boats ‘and lids. LONGINELLI and CRAIG (]967) found,‘
th ir mixtures to vary ffom about 98 per cent C02,vw1th a

new cruciple, down to 80 per cent C02 after about 10 reac-- ~

. | 3 Lo
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tions with- their graphite containers. The mixture of the
~present study usually was in the order of 85 per cent cqz

'with about 15 per cent CO when the C/S was optimized with

ﬁe iower C/S.-ratios, about 90 pet cent of the gaseous pro-
duct was CO,, whereas, the higher C/$S ratios yielded only ~
about 55 peiscent COZ; . v  - ‘ \,

¢ ' " - ’ ’
Further;mixing of the carbon and/%ulphate was an

4 ' (
impossibility. Compre551on of the sample could: have, ‘as,

earlier noted, permitted a much reduced C/§ ratio, and hence
less CO formationqi LLOYD (1968) ground his su]phate samp]e
with a tgnfo]d excess of graphite, fbrming “the mixture 1nt9
a pe]Tet (ne 1nformation was given on the degree oﬁ com-"
pre551on used) From the résults of .the present study, 1t
was concluded that the most quantitative -and reproducwb]e
resu]ts can only be obtained by samp]e compre551on\ C/S '
ratio optimization, and p]atinum containers. ‘ ;.faf o
It is clear that, by WOrk1ng with a C/S ratio of
about 1. O, very §bod reproduc1b111ty was obtained as pre-_
v1ously found by RAFTER (1967). dt may be that Jf many |
samples had been run at another C/S ratio, the reproduc1-rv
bility would have been acceptable - although-the K 018
value may have been differént. No dpubt further work could
have elucidated this ohenomQE?n.. It was dec1ded to pursue

rh" .. :;.L‘
microbiologicai isotope fractionatidn studies USIHQEa £/S

A

e

3

.
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‘ratioAJf 1.0. This choice was based on the reproducibility .

.

obtained with this ratio, and a desire not to deviate ,
significantly from conditions utilized“in other laboratorios
- - It'is interesting to note that during the preséﬁ&
| study, SAKAI and KROUSE (1971) looked at various aspects of' g
6 the BaSO4 reduction. They found that during the conversion ;
of Co to Co,, co's reacted about 1. 02 times faster than E”*°.'i
(This is in agreemeht with the data qt the present study |
where the CO formed was pumped away. ) ‘
SAKAIL and KROUSE (197l) 1nvestigated the graphite |
“reduction of sulphﬂte in aa‘atsﬁmpt to explain ﬁhy sulphates,
5 of widely varying oxygen isotopic compositions were not
: reproduc1ble When such samples were analyzed. the isqtopie

. _ ® ;o
»preci51on deteriorated to greater than 0.5 o/oo.

(3e5pite satisfactory yields. The pOSSibility of memory

effects was investigated The repeated cbnver31on¢of samples

o from the same BaSO4 source, where’ BaSO4 with 51gnificantly
d1ffering & 01 values had beeh previously processed,éresul-'
ted in a very large memorygpgpnomena.‘ With an externally
h;ated quartz tube, these effects were recorded in the order

y of 2.5 o/oo Also a tube displaying 51gns of dev1trifica-‘.
‘tion after prolonged usage produced larger memory phenomena ﬂ-i
than relatively new quartz tubes.‘ In fact even new tubes |
displayed some memory effect but this was, logically related

to its process of manufacture.

/f
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A possible explanation of this memory phenomena
"+ was that pure adsorption hac occurred, the product gases
ibeing retained by the quartz walls. As pointed out by
;:3 : SAKAI and KROUSE 6*@71). this was. not possibie since the
“igigi~yields nere consis Lently greater than 95 per cent. They
o cohc]uded rather that an exchange had occurred, since the
';f‘ reductions were.quantitative Such an exchange of oxygen
"atoms was suggested between the hot quartz walls and the
‘gaseous products. It was flrther noted that NORTHRUP and
CLAYTON’(]QGS) reported oxygen isotope exchange between CO2
yand glass at temperatures above 250° Q.' However any CO2 .
present should not have been a participant in such an ex-
change phenomena, because during>the reduction of sulphate.
t was condensed as soon as 1t was formed. Any CO however.-
" would have ngmained in the gaseous phase unti] converted by
the high vo]tage discharge, thus having a- much better
opportunity‘fo exchange oxygen isotopes with the hot quartz

walls. (Such & phenomenon would have been much more pro~

nounced had there been larger percentage “yields of carbon

4&bmonox1de ) . » ':f

.

#, Furthermore SA&AI and KROUSE (1971) noted the &
re]at1ve 1mportance of co formation. The amount of CO .which

remains at the end of the heat1ng cycle, they stated, was .
@

%+ Just a fraction of -the. CO actua]]y produce@‘during the
.‘4,, ) ok

..
. Ay
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y i#
earlier stages‘of the reaction. Tth % s based on six

R
ex, 'ents, where it was found t Ri se CO col]ected during
the reduction process corresponded ?’as much as 50 per cent-
of the totai oxygen present. Thus in certain stages of the

converston, suff1c1ent CO was avaiiable to havqggﬁrtictpa-
‘b

ted in the oxygen exchange w1th the hot quartz WaILs Here-

by produc1ng the noted memory effect.

Y

_Such excessive amounts of CO evolved were most

.probabily due to an excessive C/$S rat#c Thatiis; there was

clearly an excessive ampunt of graphite g;es t otherwise -
there would not have been such a large amount of CO f§hmed

\
No compression technique was employed in their study.

However the CO formed must have been subsequently oxidized

‘to C02, since tth‘ctuai and the theoretica] ymeids were i

Y

s
- -This memory@nffect was not appiicabie to the

‘present reprodUC1b111ty study, ‘since the BaSO4 sampies used -

were obtained from the same barfel of sea water. When

Il

sulphate ‘'was used with varying oxygen isotope compositions,

1ncon51stenc1es were noted and any such sampies were re-

-peatedly reduced unti] the isotopic reproducibility was con-

sidered satisfactory. This was_done by succes%iveiy con-

verting a given sample in the same quartz until the 6 Q!°®

values were consistent With the desired reproducibility.
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Normally, two reductions, in succession in the.same quartz
~tube, were carried out for each 1sotop1c.determ1nation
Although duplication of analyses should always be
an integral part of the isotope abundance ratio determina-
_tions, often in cases where. the materfal 1% rare, only one
measurement is possible To avoid the memory phenomendh

the best solution is to e11m1nate the memory effect comp ete-

N1

ly. In the present study, such a uﬁ)ﬁpy Was not availablﬁ
SAKAI and KROUSE (1971) reduced this’rdémeey §ffect by utfl o
zing the electrical discharge unit’throughditxwhe*redu jﬁw
. This permitted the continua] remova] of CO as the reduction
proceeded (this was done asifnutine procedure in the present
study). Although they noted‘i‘reduct1on in the memory -
phenomena, it was not entirely removed by such a continuof%
CO conversion. The only solution lay in ‘a more*eff1cient
CO-CQ2 conversibn unit. LLOYD (1967) and LONGINELLI ahd
CRAIG (1967) used induction heating, which was a. poss1 le f N
so]ut1on SAKAI and KquSE (1971) preferred to use an

; 1nterna11y heated apparatus for the carbon reduct1onq!gut ?
decided to cool the quartz tube walls, thus m1n1m1z1ng the
%bxygen exchange. A p]at1num boat was made to be the 1ocation

of highest res1stance in an e]ectrica] c1rcu1t, thus avoiding i

externa]*heat1ng The quartz wa]]s were retained, but became

“the inner part of a water jacket around the platinum boat
. . s VI
R



65

£~y

Thus the quartz waﬂs were kept cool by thez‘later jacket, and
elimfnatéd ‘any possibility ofaoxygen 1soter exchange ‘between
the CO evo]ved ~and the quartz tube. The1r apparatus_even
showed no signs of memory effects wheh samples differtngFin

8 O’f va]qgsfby over 22 °/oo,were analyzed. The present
study dfd’not“%ave tht advantage of such an apparatus, con-
sequentiy'when varying Jsotopic composition samples were run,
they were done successively in the same quartz"ébmbustion'
tube. Dup]icatfon showed up thé;memory effect, but such
widely vatying specimens were not a part 6f the present

investigation, ®

2.6 Summary

.1. A method has been deve]qped by RAFTER (1967) for
the recovery of oxygen from sulphate ‘for the’ study of oxygen
1sotope var1at1on§ in sulphates.

2. Thé teproducibi]ity‘of-this method\ is ét.present
t 0.1 parts per mi], when the C/S ratio is optimjzed. FuFther,

optimiiation might be obtained by; (ai?compressi&h of the sul-

oy 'phate and graph1te sample into a pe11et before the reduct1on,

“

~&:‘7§ (b) mixing dur1ng the reduction process, and (c) the use of X

\‘p1&t1num boats and lids.

J" ] R \ W
’j"f" 3. Th1s method 7£rm1ts both sulphur and oxygen . ',
¢ 1By
‘stfﬁpé abundance var1at1ajs in sulphate on the same su]phate.
/

spec1men ) TNl
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ﬁ. The graphite to barium su]phate ratio, by
v‘weight, does affect the carbon monoxide percentage evo]ut1on
The § 0'® vajyes generally increased with an 1ncreas1ng C/S

rat1o, as did the CcoO production '

' 5. The carbon monoxide formed must be completely
converted to carbon dioxide, since it contains a significant
portion of the oxygen atpmﬁ.from the sulphate.

| 6. Exégss graphite was considered'necessary for
the complete reduction of su]phateA Physical contact mightx“
dictate the percentage reaction as well as the re]at1ve<
amount of carbon monox1de formed.

) 7. Graphite boats produce variable amounts of
’carbon monox1de ﬁ:, depend1ng upon the age of the c0nta1ners
Any 1nherent err&%s may easily be avoided by the employment
of platinum for the conta1ner metal

8. Outgassing and dry1ng temperatures fér the
su]phate specimen must not exceed 500°c. . At such a tempera-
ture, d1st1nct carbon monoxide evolution will occur.

| 9. Carbon d1ox1de gaseous product is fqﬁged be]ow
900° c, whereas carbon monox1de evolution does not occur until

I

about 960°c.

‘ ;} ; 10. Memory effects, due to an exchange phenomenon
betueiQ CO and the quartz wa]ls, can be successfully e]im1na—
ted by emp1oy1n$ a water jacket as out]1ned by SAKAI and
KROUSE (1971). |



11. It may be that differing C/S ratios will yield

"reproducible and quantitative results, although the § 0]8

value may be somewhat different.

N
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" CHAPTER III MASS SPECTROMETRY

3.1 Introduction

With the development of & reproducible and relia-
b]e method for the extraction of oxygen atoms from sulphate
for pPrecise isotopic analysis, it became necessary to scruti-

nize the mass spectrometrlfﬂbrec1s1on encountered during

routine stable isotope measurements.

Once the 1sot pic reproduc1b111ty during the redyc-
tion of sulphate by graphite reached about + 0,12 °/oo, it
was realized that the precision of the isotopic measurements
was typically of the same magnitude (:x 0 1 0/oo) Any im-
provement in the sample preparat1on reproducibility would have
been futile with a mass spectr&m%tr1c accuracy less than that
of the chemical techniques. A possible remedy was concluded
to.be the recordlng and eva]uat1on of more mass spectrometr1c
isotopic ratios. Such a solut1on required more time and labor;gm
since a greater number of measurements had to be evaluated.
In add1t1on, ‘the routine fluctuations of the source region and
the gas pressure would have caused greater var1ab111ty W1th-
in a part1cu]ar analys1s if ]ength1er ana]yses were performed.
| These prob]ems were part1a]]y overcome by replacing

the original Hewlett- -Packard vo]tmeter and voltage te.frequency _

conqgrter by-a Fluke Dlgltal Vo]tmeter The digitizing interval

agg

68



69

g
for the Fluke equipment was 18 m sec compared to 1 sec
~with the Hewlett-Packard 1ntegrating voltmeter. With this.
faster response time, it was decided to couple‘the FTuke
Digital Voltmeter with a computer that could handle large
amounts>of,deta in a very short time. This combination‘was
oe1ieved to yield a sTight increase in-theamass spectro-
metric precision, typically to ¢ 0.05‘°/oo, as well as
greatly 1ncreasiﬁg the'convenisnce of tabulating the iso-
topic abundance ratio measurements The actual application

of the PDP-8 computer will Be discussed in Section 3.3

3.2 The Mass Spectrometer

. The mass spectrometer emp]oyed for the 1sotop1c
abundance measurements was a 90° , ;12 inch rad1us magnetic

- analyzer (NIER'(]947), McKINNEY, MLCREA,;EPSTEIN, ALLEN{‘ J
and UREY (1950)). The 0'°/Q! ¢ abundﬁance%;'atios in sulphates
were measured by comparing mass 46 (C'20!°¢0!?) to’mass 44
(CIZOLSO‘G) The corresponding Sa“/532'1sotopic data was ob-
tained from masses 66 (530! 50! ) and 64 (5320160“)

In the determination of 1sotop1c compositions, sin-
gle collection often realizes precisions of about 0.1 per ceant.
The Timitation arises primarily from real time fluctuations in
the mass spectrometer source region. Such a limitation is usu-
ally eliminated by S1mu1taneous1y co]]ect1ng ion currents as
,descrtbed by STRAUS (1941), and later . modifwed by numerous work-

ers. Thus the isotopic ratio of a standard and an unknown
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Sample can be .compared improving the mass spectrometric
pfecision to about 0.01 per cent within an analysis.

The standard and'unknonn gases were introduced intp
the mass spectrometer through small leaks, deSigned to reduce
the pressure. Any back pressure on these leaks was main-
tained at a constant level by adjusting the mercury leyel of
the gas reservoirs in the introduction sector. Four magnetic
valves were employed to permit alternate measurement of the
standard and unknown gas samp]e ion current. The gas (CO2
or SO ) was then ionized and accelerated by a potentia] dif-
ference of about 4 kv" 1nto the magnetic field. Io? currents
corresponding to either masses 44 and 46 for C02. or 64 and
66 for 502, were co]]ected in Faraday cups and or1gina11y _
amplified by a pair of Cary vibrating réed electrometers. The
outpuéfvoltage from one of the vibrating reed electrometers
was conv “ted to frequency and used as the time base refer-
ence for the Hewlett-Packard vo]tmeter as described by
*McCULLOUGH and KROUSE (1965), thus the voltmeter afd frequency
converter comb1nation was employed as’ a ratio measur1ng de-,
.V1ce The ﬁ%essures of the standard and unknown sample as well
as the peak shape was monitored by a two pen chart recorder.

| - This method has s1nce been replaced by a Fluke Dig-
1ta1 Voltmeter, as mentioned earlier, with a ratio option.

Th1s system was furtheg modified hy the 1nterfacing of a

. )



L, T

7V
y

PDP-8 computer to the Fluke voltmeter in order to eliminate

tedious data reduct1on

3.3 PDP 8 Data Hand]ing

s With the rapid influx of data from the faster
response Fluke equipment, the.prec1s1on of mass spectrometric
determinations was observed to increase slightly, because of
the greater flexibility in averaging time that became

available. Thus the - ntroductlon i

PDP-8 computer
1nvo]ved integration of the data, was decided to program
the PDP-8 such that it would also evaluate the mean isotopic
ratio, as well as the standard deviation obtained dur1ng k2
that analys1s ' w

' Twoesamp]es of the computer ‘output are shown in
Flgure 3= -1 and F1gure 3-2."" The program was initiated by
the operator typing one line of comments. This provided the
necessary 1dent1f1cat1on and other pertinent information of
samp]e or standard Once th1s line was compTe;ed and the
RETURN key depressed; the program would type the message
INTIME = 2**(m), eXpecting;some single digit to be the reply.
(Th)S reply was an indication of how many record1ngs constituted
such sub- set mean. That 1s, the digit typed was the exponent

to which the base 2 ‘Was raised to acertain how many values

were to be taken Norma]]y 7 Was typed for INTIME, where 27

Fad
2 ah‘ ‘

.

~



4820 PM , 28 /2 4 2 . C3-1-2 AS X .

INTTME =2 %x7
GMT IME =2 » %2

FIRST SET MUST BE § 1

THIS SET 1S
0.41945

B.41949

THIS SET 1s
0.420945

?.42045

THIS SET IS
6041967’

0.41969

THIS SET IS
0.42057

Ae42061

THIS SET IS
B.41979

0.41978

THIS SET 1S
6.42072

042068

THIS SET 1S
Q41989

Deal 98K

THIS SET IS
D+ 420R]1

2.42082
1.82204

"MEAN RATIO
STD DEV IS

S

1773

0}¥}948
S \;\)

D.42941

X

0-41ﬂ73

S

D.42871

X

@.41978

S

B+.42063

X

D+41989

5

#.42075
.
1.00200

100204
?Q.20003

- Deq41954

A.42044

P.41969

¥

Y

?.42053

D+41977

D +42066

Qe41987

D.42126

1 .40208

TYPE Y IF DEV SATISFACTORY?

******#***********ﬁ;*‘**********#*****************###**********#

ote
o
"5.

s

4:45 PM , 28 7 2 / 72

INTTME=2 #»7
GMTIME=2 % %2

FIRST SET MUST BE S I -

s

?.41947

¥e42048

De41968

Ded1977

@ 42069

D.42064

7.1 C2 AS'S .

Ded1986 -

Ded2044

o~

1.00206

Y

*+ 5C3 AS X , SAME § .

re 3-1- Typjca] PDP-8 output,

1.00202

\

s "!

72
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THIS SET IS § | |
0.41824°  0.41889 0.41814 0.41821

B.41817 S

THIS SET IS X. | T
®.41641 . @.41638 ».41611 2.41633 :
P.41631 X
-THIS SET IS S
o 0.41877 2.41871 . D4l EK] B.a1892
DR !
@.41880 S ' ae?
THIS "SET IS X \
9 +.41683 0.41699 Qa1 687 De4l682
?.41686 X 3

THIS SET IS S : _
@.41908 Bed1917 #.41913 0.41923

0.41915 S

THIS SET IS X ,
P.41683 A.41712 0416908 . De41687

D.41693 X

THIS SET IS S. :
B.41904 « B+41917 P.41919 d.41910

-B.41913 S

THIS SET IS X | | ‘
0.41692 0.41696 0.41695 8.41695

A.41695 X

0.9948  #.99471 8.99495  0.99462  0.99472 8.99477
MEAN RATIO 2499476 '
STD DEV IS ®.00011 Yo
'TYPE Y IF DEV SATISFAGTORY? D DELETE 4
| | - : DELETE N
MEAN RATIO 0.99479 o R
STD DEV IS 0.0010 ' 4
TYPE Y IF DEV SATISFACTORY? D DELETE 3
. » DELEYE N
_ = o ' g% '
© MEAN RATIO 0.99475  * war :
STD DEV 156//”q£ea@a4q ' o Go'
TYPE Y IF/DEV SATISFACTORY? 'y -

*###**##******f****“*******#****}"*#**##****************'#*##*t#*

Figdré 3-2  PDP-8 output using- the delete facility.
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~readings were algebraically averagedmfrom the<FTuke to

.Y

Ve

‘constitute,a sub-set mean. This prov1ded an average over
approximate]x;3 seconds L.' _— ‘ ' ’

The GMTIME =. 2**(n) requestfh,f

~

-calculat1on of the 1on qurrent rat1o for thag part1c ‘.rlgﬁ

A ’ U . ", .

gas. sam Te £ach findl ratio wae heﬁce the ‘mean of 2h. f‘_J
sub- sets of 2 1ntervals This 1n1t1a11 atlon procedare @
S%?v

b6came obllgatory for the rema1nder ‘of the\s (stangﬁrd)
-x'(unﬂnown) samé]e determ1nat1ons These symboTs were algp
typed in, so as to ‘remind the operator of wh1ch samp]e was N
to come next If for some reason it was dec1ded to start

1]

> over without complet1ng the predetermined number of ana]yses,ﬂ(

o

“then an H (halt) was’typed 1nstead ‘of the Sxor X.

_ Four isotopic abundance ratios}nere eva]uated for ?ﬂ'
‘both the s%andard and unknown gas samples The final’ X/S .?
rat1o was then caTcuTated by tat1ngathe average vaTue of the'
f1rst two S rat1os and dividing th1s 1nto the f1rst X value..
The average of.the-f1rst tzﬁ X values was d1v1ded by the’ 1'

" second value dfgthe S'rati Cand so on for the e1ght S and X

. . \ -
tatios. Th1s resu]ted 1n Six va]ues for X/S. wh1ch were- then
»areraged The resu]t of wh1ch was printed folTowL\g the -

'message MEAN RATIO Inaadd?t1on, the staedard dev1at1on was

Teevaluated and presented be]ow the mean “ratio. Thﬁs standard

Vdeviation caTculation ‘was not rigorous, but rather ¢imply an”

f.est1mate,of the mass spectrgmetric stability.

Y
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If. the standard deviat1on was considered satls- o
> - &

factory, thdn whﬂn prompted by the compﬂter opeﬁﬂ#or who
%
v typed Y on the teTetype, the program waamready for a new

analysis beg1nn1ng with one 11ﬁe of comments. Iffhowever A
. . C . N (:}1.

5,
Ay the standard deviat1on w%§§n0t~oons1dered to be adequate, due

Y

to some ‘operator error in runn1ng ‘the massospectrometer or
3.
1nstrumenta1 1ﬂstab111t1es, the typing of @ D instead woulg
'enabTe the de]ete subrout1ne Thus any of the X/S ratios could-

; be deﬁeted The approprwate ratio was then 1gnored from a re- .

‘caTcuTat1on of the final X, rat1o and the wesu: 't standard ?a_

dev1at1on A standard dl.1at1on of under + 0. f isucon-

sid'er‘edi acceﬁab]e, although t1ne1y th‘ey were a;bou- &
‘ 9¢”"

LI -

0. 05 /oo 1f the INTHME and’WTINE were saffﬁc1ent1y ﬂ

J
e AT

» (m about J and n as 29 oA,

The actuaderogram perm1tted the opt1ons ment1oned*

N ‘) E e
ECtdng erroneous demands or‘m1stakes made by the L

, opea%tor fhe 6oftware‘ras Wr1tten in assembler (PAL III)

- Tanguage because of the limited storage ava11ab]e in such @

- smaTT computer and a 11st1ng may be found in Appendlx A _’ s .

| A The convenfence and precision. offered by this pro- .
gram ‘WS & derh1te asset dur1ng 1sotopac abundance’rat1o~ ’

stud1es, and has greatTy reduced the. monotony of such ana]yses

The ease of data handT1ng was con51dered suff1c1ent grounds for
SN - :
the writipg of an expanded program wh1ch wou]d operate three.«"

(. * The deﬁete fac111ty is designed to permit caTcuTat1on of

1 the datd‘after some manunction It 15 to be used sparing]y )

5
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,( nhandling adi@?A

WU

mas's spectrometers fn a similar mﬁnner
~\w " This enlarged time- sharing program was written

and tested successfully for the simultaneous operation of o

Y]

three mass spectrometers p Jhe length alone proh1b1ts
_&\"
1ncorporat10n of the program into this. thesis.v \wp -

It was env1saged that the PDP 8 and 1ts“t1me-‘ B

'sharingaiystem : uld successfully be applied to the main-

'standard and UDKHOWn..‘ ,wqugas for control of standard et

‘rlcxg

A
,ang unknown gﬂé pressures Such a sqheme seemed be'ond .
the scope of J-h“’simple PDP‘% »time-»sharing system. As a *
:: result, a‘T I “980 A campute$&has 'since been employed to

1

gbupercede the

=

progress,,11°iifm-vious that farwmore compllcated data _
iysis controls cam be successfully employed
i for routqne-operations commﬁhly eﬂ%ountered dur1ng mass .
spectrqmetr1c analyses The applicat1on of computgrs in

_hand11ng mass spectrometr1% dlta opened up many p0551b111-

£
t1esvfor accuraﬁe -and s1multanedus measurements of‘isotop1c e

compos1tions.i ; 2

:ﬂvB 8. Although thg programmihg is.still in ”;

"3

wsh‘ztp’e,‘:the al ter tion betueen‘;he T s
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CHAPTER - IV THE BACTERIAL REDUCTION 0F SULPHATE _
T . SRR N SR -
. 4 : ] S v
4.1 Review . . ' eﬂtq e
5 3‘u . The process: oftsuiphate reduction is, widespread in

5 J
coiie ndture Mostvsuiphides in sedimentary rocks and many e]emen-

.
) pre

& V . tary sulphu§~deposi;s were formed by the bacteria] reduction ‘

fi’ .ofiéu]pha‘ C\'fﬁ reagony geoiogists, bagferiologists,
i ]TmHO]ng; _ a‘dﬂviogeochemistssaave h; un extensive studdies
_' cpn the formation of miné*al deposﬁts by microorganisms. Sush

research wagbdesigned @f ‘obtain’ ﬁ better understandang of the )
s

kind 6? bacteria]ﬁﬁhac?ions invd#ved in.dﬂ*ferent eﬁéiron- f?;

,‘3 mients “In p,articu]ar,‘the present work strove to evaiuate '
% e
, ($the extent of the 1sotqpe effect resu]é%QP rom the~%iochem-

R,

f%a reduction of sulphur bearing substandes in nature.

Q

L ) Suﬁ:‘"z reducing bacteria were first described
by BEIJERINCK ( 5), the first 1nvestigation ofqthe suiphur :

-

‘ 7isotope abundance ratios in sutphides and suiphates, was by
‘THODE MACNAMARA and. COLLINS (f949)*~ This su]phur isotope -
'study dea]t with suiphides and su1phates in sedimentary rock.
Soon. after‘ the reduction of sulphate’ by the bacteria Desuz-
“yhovtbrzf desulphurtcans was ‘observed by THODE, 'KLEEREKOPER,
}and MCELECHERAN (1951) This.Was the first demonstration of .
lhe_ability of microorganisms to enrich one isotope of sul-

phur in preference to others during metabo]ic'processes. They

\ ' v
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su)phur-32 durihg the reduction of sulphate to sulphide 6
. Their. conc]usion was that the sulph1des were genera]ly \
;enriched in the lighter isotope, while the su]phates were
~enriched 1n the heavier isotope, su]phur 3@ )

: wallouch, in some unpub]rshed results quoted by
THODE NANLESS, and NALLOUCH (1954) 1nd1cated thﬁéﬁpsotope

fract1onat10n dﬁri » the bacterial reduct1onﬁ ?tsulphate was

‘temperature depen%ént.s He found that gwectlbnation 1ncreased .

.rapid]y w1th a lower1ng.of the temperature A 1 per cent o
tdep1etion§nf sulphur- 34 in the hydrogen sulphlde at 25°C was
observed,‘reaching 2 percent’ at 10°C. - This temR@ratu;Z |
ucoeff1cient howevezé wqmnmuch-too large to be g;p1a1ned on
the basis of a s1mp1e kinetic or %h@pqu111br1um 1sotope
effect. JONES, STARKEY, FEELY and KULP (195%) shqwed that

. with D. deeuthurtcans,‘the rate of refuction'!nd the con-
centrat1on of su]phate at all concentrat1ons, were control]ing
factprs dn determ1n1ng the degree of fr&tt1onat1on These
propert1es of bacter1a] fract1onatfon of the su]phur 1sotopes
*during the reduct1on of Sulphate, were used by THODE iggg:
1954), FEELY and KULP (1957), and JENSEN (1958’)’., in: %,e
eXp]anatlons of a’ number of phenomena occurrlng natura]ly.

These works illustrated the usefulness of the 1sotope tech-

3
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‘vt1‘ﬁatioqﬁ|o b 1ncreased at“reduced tem
RN as at high su]ﬁﬁfte Q:oncentratwons It wd
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nique'in the study of certain geological prdf%sses

KAPLAN, RAFTER.‘and HULSTON (1960) attempted con-
tro]led experiments on various stages of the: su]phur cyc?e.g
Their results were, not encouraging Numerous processes _ |
were found that ‘tould cause such fractionat1on of the 1so-‘
topes. aﬁﬁ many natura?t va]ence states of sutphur were re-
corded. Nith the wide range of‘env1ronmenta1 condit1ons
istudied, their work served to indicate just how d@nera]ly

k3

applicable‘auch invest1gat1ons were.
-

e ,wJONEs and STARKEY (1957) found the degree. of frac-?"‘

n suggested

that temperature regu]ated the rate of redutt1on;;;h;r by

_Hpontrolling the enrichient of the sulphur isotop and the

fract1onat1pm observed, the degree of fractionat1on being
dependent on the rate of reductrdn of the sulphate.' JONES

afd QTARKEY (]957) a]so{noted tha& fract1onat1on,was aVQOﬂP

tﬁnatlg§ of both chemica] and b1o]og%t34 react1ons waever,~

4
it was 11ke1y that most natura] su]phur format1ons were bio-

. 3

genic in or1gin, 51nce temperatures during su]phur os1t10n\i )

were too Tow for apprec1ab1e\chem1ca1 reduct1on of su]phate

;?FEELY-aua XUBPSE¥I57), and HARRISON and THODE' (1958),

found that the degree of fract1onat1on was inverse]y

proport1ona1 to the rjte of reduct1bn. That is, greater’
L o ‘

2
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1so:op1c fract1onat1on was observed when the rate@bf reduc- “
tion“of sulphate was decreased S1m*ﬂﬂr resuhts were later

obtained by KAPLAN, RAFTER, and HULSTON (1950) NAKAI ‘and

JENSEN (1960) also reported \uxh dbservations, however, they
used raw cu]tUres A]l the prgv1ous 1nvest1gat1oﬁs ‘had used /
pure cu]tures of D qdesulphurtcans. ST "9“*. ﬁ a ‘ e
| A]th0ugh atIempts were, made to‘lnter;ret thede 4”
procegseg 1n nature 1n terms of m1crob1o1og1ca1 ftactlona;aon 3

<0f. the~su1phur 1sot0pes, on]y HARRISON and THODE (1958)

at*

*y*fhas part1§;}%bbased‘6n POSTGATE (1952), who estab11shed
eXliate between the su]phate ‘and sulphide was

epted to exp1a1n the under1y1ng physioTogk;a1 eVents

th&t an inter
sulph1te Furthermore, the.su]ph1te was %bserved to be

- reduced at a faster rate, in the bacter1a] ce11, than the
"sulphate. HARRISON and(?HODE (1958)//§pTa1ned th1s as’ a ; .
e W _

»

react1on mechan1sm 1nv61v1ng two 9onsecut1ve éteps One step -
e

LY ..

was be]1eve¢ to 1nv01ve a small 1sotope effect, w1th the"
@

other producwng the large isotoped Lhe first of these s
~the- one with ®he sma]l 1sotoﬂe effect, was sﬂggesteddto be a ////
‘resu1t of the uptaIe of su]phate by ?he bacterla The second .3,

step was be11eved to 1nvP]ve the reduct1on of su]phate/to;
su]ph1te,.th§{¥ﬁrge 1sotope effect Th1s ]arge 1sot0pe effect

would cons1st of the initial S- gfbond breakage occurr1ng 1n‘<l
the reduction of su]phate to su]ph1te.
'l-

¥
) [ cL .



The observed fractionation was thought to be dep
“% ~"dent upon the‘re]ative rates of these two steps, that is,
“ the entrance of su]phate into the ‘cell and the breaking of

'an s 6 ﬁbnd in <the reqyction to su1ph1te HARRISON and THODE

-»

(]958) be]ieved these twb steps to be competing for control

of.. the rate of reductionb It was of no consequence ‘that the
" \d‘
re]at1ve rate% were~t105el& re]ated to ¢he env1ronment of

N g
,,;1

/the bacter1a. that Ls, thg temperature, met bo]1te concentra-.
- tiop, and condiﬂ#onsuof growth “ The quest1on was, which step
;_ . cSntr5H1ed the reducbzon rate of the bacter(;ga7 The1rrstudy

o v'

concﬁuded that the rateﬁcontpo1l1ng step was. _the reduction

*x?‘nof squhate to su]phite This

i
,had been” nated by POSTGATE (1952) that su]phlte ‘wap reduced

”vmuch more rap1d]y than sukphatea AZ? ?urther r uction of

sulphlte to the endaproduct of a sulphide, could not lead tq

. "'an 1sotopefeffect since the squh1te was reduced as rapidIy

as 11 was f%%med : . ' : , . ,
KAPLAN and RITTENBERG (1964), unsatisfied with the -

development of the 1nvestlgat:dht carr1eé/i:;:)re yﬁvest1gated\ f.

su1phur 1sotope fract1onat1on dur1ng chter1a1 su]hhate ' .

redUCtIOn (They a]so 1nvest1gated other important metabo11c

pr?cesses 1n the sulphur cycle. ) Us1ng once more D, desuz- "

phurzcans, KAPLAN and RITTENBERG (1964) stud1ed the effects of

temperature and su]phate~ibncentrat1on on the rate of reduct1dn !
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and the fractionationvof the su]phyr isotopes. Here the
temperature and su1p dte concentrationh, within the normal

\ physiological range.of these parameters, influencéd the
fractionation-on]y in so far as~they influenced 3he reduc-
t1on rate S1nce reduction requires a galn of eTecﬂrons.

they Sﬁso varied the electron donor. The electron donor
previouslly had been sodium lactate, but now ethanol and ”~o”
mo]ecu]ar hydrogen were aIso emp]oyed A marked 1nf1uence 1& .
on“tS’}reduct1on rate was observed by g@;sdyyriat1on of ‘the )

effeﬂ_*gl-onor Mo]ecu]ar hydrogen was observed to produce

. cbnstent;‘“MeanWhile, the rate withfetﬁano] was_about'one;
tenth of that observed with mo]ecu1ar‘hydrogen,vvﬁereas lac-
tate was generally about one-ha]f of the hydrogen rate;

With Tactate and ethanol as the electroh donors,

L
[

the 1sotop1c frﬁg@ionat1on was noted to have been.1nver5f1y

Aproport1on€1 to thﬁ rate ofvreductioqi/ Th1s result was 1rw

y? "éy

1Freement w1th HARRISON and THODE é (1958) prev%ous 1nvest1-L;

-

' gat1gh, However when mo]ecu]ar hydroozo was the e]ectron '
) donor, the fract;onat104;became J’rectly 1ona1 to the
rate of reductlon’of the m1croorgan1sm ﬁfff?f&t§?T5€:ons
also produced ne]at1ve chqﬁ%es 1n the magn1tude of the iso-

- top1c enr1chment but,otherw1se no d1fferences were observed

due_to th1s mod1f1cat1on It was under suchvcond1t1ons that

4
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electron donor were made to permit similar studies JHN

duction of the‘!u]ph1te ion. The reduction of qu~J;

reaff1rmed to occur more rap1d1y than sulphate - The enr1ch-‘:
ment, however, wasusually sma]ler than dgg1ng su1phate reduc-
tion., ‘ ' " ' |

” The work of KAPLAN and RITTENBERG (1964) disagreed
'w1th the ear11er hypothesis of rate contro111ng steps.
Rather, ,khe rate of reduction was a]ways much greater w1th

0 -
mo]ecu]ar hydrogen than with either lactate or ethano] -as »‘V

the electron donor. Thus ﬁo control of rate occurred dur1ng
the sulphate reduct1ont b &% instead this rate was dependent
‘on the e]ectron donor. It was the ava11ab111ty of electrons
at the reduct1on site, and not: penetrat1on of the sulphate,
that must have been the rate controlling factor "KAPLAN and
RITTENBERG (1964) exp]a1ned the variety of enr1chments found_, <
ain terms of severa] poisfble equ111ll1um steps“ﬁr1or to :
f1na1 un1d1rect1ona] rate contro]]1ng step | ' j;
o ‘1£MP and THODE (1968) uhdertookta further reexam1n-‘~
at1on of the mechan1sms and factors 1nf1uend1ng the bacter-
1a1 reduct1an of the su]phate 1on ‘ The1r results hard]y
‘ d1fferbﬁ from those of KAPLAN and RITTENBERG (1964), except
that the enrichments and- rates w1th the e]ectron donor etha-
nol were d1st1nct1y d1fferent from prev1ous 1nvest]'at1ons .

Although the inverse broportlon was still present, the magni- =

G
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,tude of the reduction was markedly difterent. One conclusion
made was that the passage of HZS from the cell was. fast and
hence not ; controlling factor in the reduction of sulphate.
Their reason for such a suggest1on _was that the HZS formed
-was toxic. That is, the su]ph1de product Was toxic towards
the bacteria],ce]], thus only a sma11 ﬁsotope'effect was ‘.
expected in the liberation of the HZS gaseous product KEMP
and THODE (]968) suggested that the fratt1onat1ons observed

.:were due to sequent1a] add1t10ns of two 1sotope effects, for

:both the b&]phate a&u]‘pm-te reduc:twns ) )

N B RAFTER (%967) presented tbetgraph1te reduct1on
method 1t #gcame log1ca1 to pursue theﬂmeasurement of oxygen
1sotopes 1n su]phates ‘With the oxygen and sulphur isotop1c
abundance rat1os for the sulphate reduction, it wou]d be two
tools to crack t Same nut". Hence oxygen 1sotope effects
:Dn sulphates was a cggplemeﬁgary p;pcess for the uﬁder-

stand1ng of the bacter1a] redgct1on of sulphate LLOYD (1967)
¥
‘reported that in the m1crob1o]og1ca1 reduction of sulphate,
- o
the bacter1a preferewt1a1]y metabo11zed\oxygen 16. Hence

R}

e the & 0'® value of ‘the res1dua1 su]phate in so]utwon became
o prigress1ve1y heav1er Th1s ‘was expected, s1nte the oxygen’x
and su]phur 1sotopes nou]d hawe most probably fo]]owed ilm-

ﬂar patterns when the bacterla meta'Bohzq the sulphate..

EN .
L

o
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A better understanding of sulphate reduction, in-
volving correlations between the sulphur and oxygen 1sotop1c
var1at10ns, was the aim of ‘the present invest1gat1on The - g
only work done. 1n add1t1on to the present study, on the re- fg
lationship between 6 018 and § S3m values of su]phate unggr- ;ﬂ:

going bacter1a1 reduction was that of MIZUTANI and RAFTER

(IQGQ) Us1ng wet sulphate free. stream mud ; MIZUTANI and gg-

RAFTER (1969) found the»R’iphat,e enriched in oxygen- 18 and g
su]phur 34 re]at1ve to%ﬁgf or1gpna1 sulphate used The rat1o;5'\

. ‘
of the engﬁihment of :%ﬂg; 0P34 to E;ﬁ oxygen-18, ehr1chment

A XS : ev,
: é%%rox1mate1y 4 1. Th1s

V1sotop1c enrichment ratlo of the su]phate was observed to be '

‘in the sulphate,’ was fdu ﬁ'

1ndependent of the temperature of the reduct1on No attempt

was made to egp1a1n‘; th1s rd‘?%!of the Tsotop1c‘enrich-
v Q) v . ' B . - R . A

G

ments. 0

"g; The bacterial reduct1on of Sulphate \has been
[ <

part1a]1y exp1a1ned in tep ms of phys1o]og1ca1 processes
‘ rather than phys1ca1 chemical react1on§ The dependence/of “\\,
. o |

, ,
1sotope fract1onat70n on env1ronmenta1 eond1t1ons\sugges¢s a

wide range of - 1sotop1c frgct1onat1on factors fox many natural

s . ?, :
processes Cons1der1ng its w1despread occurrence.ln nature, .
‘ }.) . . .
it became 1mperat1ve to better underskand thesefkﬁids of T
react1ons ' For examp]e, the metab011c product ofwsulphur b

bacteria p]ays an 1mportant role in organjc and inorganic na-

‘tura] phenomena, such as the changes in ox1dat1on reduction

AN
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potentials, the consumption of oxygen. and the prec1pitat10@;
of su]phi’de minerals. 1In particular,-the present*stig&j
e

&2

. tion was designed to better evaluate the extant o iso- .

tope effect,' and to explain any corre]at1ons observed between

_the su]phur and oxygen 1sotop1c species .

e T
i

4.2 'Microhiologicaj Techpiques < T o ; .
T L4 o V » . ‘
Durthg su]pﬁite, su]phite}.and elementgl sulphur4

~

e ‘
reductions, hydﬁogen su1ph1de gas 1s the end product., /In -)ﬁ{
order to fac111tate :@Ts HZS evolution, the addition of nyt -

_.atr1ent, and the medium extr%gt1ons& a react1on vesse] &ﬂslf-{

¥ b ,“.y;

emp]oyed as shown in Figure 4- -1. This react1on vessel was

a modificat1on of that descr1bed by KROUSE MCCREADY HUSA N.

G

and CAMPBELL, (1967) H1tﬁ such a conta1ner, nutr1ent addi-

tion or medium extract1on cou]d be accomp]1shed w1thout/} _'.”
.loss of evolved HZS gas., “_ 57.' “~lf; ' _;0
4 : iy
' The mod1fded Er]enmeyekeflask rested in a ther#&

\ )
stat1ca11y contro]led temperature bath Th1s constaﬁk temp-’

ot

‘erature bath-contained d1st111ed water of such a- depth as to
comp]ete]y 1mmerse ‘the medium 1n the react1on f1ask, yet not

i 1nter’er1ng w1th the operation of the samp]wng port ~The

K
,

reaction f]ask contaIned a porous aerator wh1ch permutted Gaa

ey the flushing gas’to 1mmediate]y d1sperse in: thd med Théf
product of the bacter1a§ reduct1on, the HZS ‘gas, as swept .

0y ll
. ‘&4* '
. o L K °
4 [N . Coo \\/& “
. P
- d T
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CNe

continua]i} from tbe'reaction vesse] with deoxygemnated nitro-
gen. This was achieved by bubb]ing nitrogen through a pyro-
gallol solution, before 1t entered the reac¢tion vesse], to'
remove any traces of oxygen not eliminated during the manufac- ~
ture of the'high purity nt&rbgen"gas (This oxygen scrubbing
solution consisted of 10 parts 20 per cent KOH to 4 parts 40
per cent pyrogal, by volume, ) ' B

' The HZS’ extracted by the n1trogen stream, was
bubb]ed _through two scrubbers containing d1st11]ed water
It was then trapped - from the nitrogen stream by a cadmium
acetate m1xture, yielding the precipitate cadmium su]phlde
The two d1st111ed water scrubbers were employed to.remove
any HC1: vapor from the nitrogen and HZS gaseous mixture.
If the chlori e gas was not removed, then it would have
beccme a contaminent on passage through- the acetate. solution.
~ Aqueous siiver nitrate was added to the acEtate so]ution-
bearing the yellow Cd$ precipitate, once the sulphide samp]e
had been removed The result was a black precipitate AQZS.
It was subsequently boiled to remove traces of HCI,
‘as well as to induce precibitate self-adhesion. 1In any one
‘reduction, several qzéﬁproduct fractions were collected over ;
- chosen time intervals for kinetic isotope ana]yses:' Data
was obtalned by simply weighing the: Ang, quantitative]y pre-

pared from the HZS fractions.
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Aseptﬁc'conditions.were maintained in the reaction
vessel by emp]oying two bacterialogica] filters; one for the
eﬂtrance of the deoxygenated. n1trogen, ‘the other for the ni-
trogen and sulphide gaseous mixture leaving the reaction
flask for the sulphide pur1f1cation system The react1on
vesse] consisted of an Er]enmeyer flask with a sampling port
a nutrient addition: port, and a contro] head, all of which
were ground glass joints held tight by small retaining
springs. The control head'permitted the incohihg nitrogen
.gas to escape through the aerator into the medt+um, then
forced" 1t to ex1t through the bacterial filter 1ead1ng to.
the scrubbing system.

The reaction flask, with all the ground glass port
caps secured in place, was autoclaved t0»produce an aseptic
container for the reduction process. The medium after pre-
paration was s1m11ar11y autoc]aved to form the sterile nu-
tr1ent solution necessary for bacterial growth and subsequent
reduction of sulphate w1thout contam1nat1on from other sour-
ces. For the bacter1a1 reduction of su]phate, the nutrienk
so]ut1on was a modification of "Butlin' $" medium (BUTLIN,
ADAMS, and THOMAS (1949)). This medium was most convenient

since the carboTﬁhhurce for the bacter1a also acted ‘as the

2e1ectron donor durlng the reduct1on This base medium con-

ta1ned



) 0.5 o KH2P04
1.0 g NH4C1
0.1 g Caé]z -6 H20 4- )
1.0 g = Yeast extract
0.0d2 Q Fe?]2 |
3.5 g 60‘per.centrNa lactate

1000 ml d. d. Hzo

pH was 7.2 ‘ : -

The original Butlin's medium (BUTLINn ADAMS, and THOMAS
(1949)) contained Some sulphates required for good bacterial
growth, but these were omttted and FeC]2 was.used so as not
- to deprive the microorganisms of nutritional requirements,
yet at the same time eermitting no extraneous sulphate ions
to be present in the medfum save the known sulphate to beA
reduced.

The Steri]efdutrient broth was édded aseptically

to the autoclaved réaction flask. The inoculum was then

added asept1ca11y to the medium in the reaction vessel.‘and
Mthe oxygen free n1trpgen gas was then perm1tted,to flush_odt
the air present in the su]phatekreduction container. The '
nitrogen flow rate was adjusted to prevent too vigorous an
aeration of the vessel as well as the scrubblng and trapping

system. Once the flow was considered satisfactory, the sam-"

®
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Pling port was opened aseptically and one grah of sterile
Na2504 introduced. The cdmmepcement of su]phate reduction’
usually was observed within about one ha]f an hour after the
addition of the sulphate. This was evidenced by the forma-
tion cof yel]ow}dadmium sulphide preeipitate in the sulphide

)
scrubber. #

Blank determinations showed.that-the sd]phide_cor-_
tamination from all available sodrces was negligible. That
is, after two days no apparent sulphide was observed in the
acetatef;erubber. As the reaction proceeded..sulphide'sam-
ples were removed when considered large enough_for-isofopic'
analysis. To determine the rate of sulphate reduction, 90
ml aliquots from the reaction vessel contents were w1thdrawn
at the same time as a sulphide sample was collected. This |
'med1um fract1on contained sufficient sulphate for a.rate de-
termination as well asvthe measurement of the oxygen'and
‘~su]phur isotopit composition of the fraction. To avo1d fur-
ther reduction of this sulphate by the m1croorgan1sms pre-

sent in the medium, the 90 ml allquots were immediately

autoc]aved after their extract1on

4.3 Chemical Preparation

During the bacterial'reddction of sulphate, the
modified.Butlin's medium provided adequate nutrients for the

metabolic processes of the bacteria. One. of the by-produc%s

e
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of their metabo:ism was - hydrogen chloride gas. The two
'scrubbers contaihed distilled water in which the HC]
gas readily dis"lveg If the chloride had not been re-
moved before thé su]phide was prec1p1tated it would haver
'dfssolved in.the acetate solution Thus. when the AgNO3 was
added, the preC1pitate AgCI would have formed, intimately
‘mixed with the desired Agzs product. Its chemical remova]
:could have been done at a later stage of ‘the proceedings,
but then it would have become somewhat of a hea]th hazard.
The'dissolution in water was. the fastest and safest method
of remov1ng this contaminant. The distiiled'water in the
scrubbers was repiaced whenever a sulphate and sulphide frac-
tion were withdrawn _ |
The acetate soiution used to prec1p1tate the HZS
as CdS consisted of a mixture of 500 ml of 17N glacial acetic
acid, 62.5 g CdOAc, and 2000 ml of distilled water. The CdS
fraction, when removed from the reduction line,‘was immediate-
ly washed by 0.1 N AgNO3 to form the more stable Agzs preci-
pitate This was then s]ow]y heated-to near b0111ng to 1nduce
any chlorine or other undesirab]e gases to leave the soiution,
and in addition cause the black precipitate to seif-adhere,
This nsually produced a few cong]omerates of su]phide rather

than multiple smaller groupings of Ag2 As a precaution.

NHQDH‘was‘then added, forcing any remaining AgC1 precipitate

.

<
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to become soluble and hence removable. The ammonia vapors
méde this process quite undes1rab1e. but usua]]y very little,
if any, ch]orine rema1ned The resu1t1ng Ang Precipitate was
thoroughly washed at least four times The fifth washing
was used to transfer the sulphide 1nto.a 50 m1 beaker, then
the beaker and its contents were p{;ced in a drying oven at
40°C; After two days the dried Ages Precipitate was weighed

and then placed in a sealed container until further proces-

sing was necessary,

The sulphate and'medium frections extracted from.
the reaction flask were immediately autoclaved to prevent

any further reductioon of the sulphate 10n The sterile

L —

product was then stored for‘processinggat\h later time.
1)
W

Both su]phide~éhd'su1phate fractions re withdrawn as the.

reduction proceeded, Once no further reduction

of sulphate was observed, the process was permitted to * :\\\\\\

continue for three ‘days. When no more CdS had formed, the

~

1ast remanent fraction of su]ph1de was removed and procekssed
as descr1bed The rema1nder of the suiphate "and medium in
the reaction vessei was autoclaved as a precaution, and
stored. \

The resu]tlng su]phate and sulphide specimens were
later chemically treated as a group, thus eliminating any

chem1ca1 discrepancies between samples of a sulphate reduction

- F

Sam we
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A few drops of HC1 were added to each sulphate plus medium
sample to ensure acid conditions, the hecessary environment
. forBaSO4 but not barium carbonate precipitation. About
40 m1 of O0.1N BaC'l2 was added to each sulphate solution to
form the desired BaSO4 precipitate This fine white preci-
pifate was thorough]y washed three times to rid the soiution
of remanent medium. A fourth washing was empioyed to trans-
fer these prec1pitates into 50 mi beakers. These sulphate
specimens were then dried in an oven at 40°C to rid the
sgecimen of water so that accurate weighing could be made
of the residual sulphate from the bacteria] reductions..

The drying of the suiphate precipitate at low
temperatures was found to be the only quantitative technique
for extraction pf BaSO4 from so]ution. Filter paper,
centrifuging, and high temperature drying had all been
previously attempted w1thput satisfactory results The

- fine precipitate could not be quantitative?y extracted from
the filter paper, nor from the centrifuge tube. High “
temperature drying tended. to\\\\e~rise to boiling, which
in turn caused the. prec1pitate to. disperse in the beaker.
No such spiattering wa§ present when iow temperatures were
involved. These dried BaSO4 specimens were then weighed to
permit the evaiuation of percentage reduction. The resul-

tant BaSO4 samp]es were then diVided Lg;o two portipns, the

} B
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larger'portion'for oxygen isotopic abundance ratio measure-
-ments of the sulphate, and the smaller por%ion for the de-

termination of the sulphur fsotopic'composition of:the

sulphate.

The BaSO designated for oxygen 1sotopic abun-
darice rat1o measurements was a]ready in a suitable form for
the direct reduct1on by graphite ‘These samples| were reduced
by the carbon reduct1on method already desqr1bed The re-
sultant 602 product w&g then ana]yzed mass spec rometr1ca11y
(%r the oxygen isotopic compos1t10n of the unreagted sul-
phate from the bacterial reductions. ‘

The_BaSO4 designated for su]pnur:isotopé'studies
was not in a convenientﬂform. It was necessary to chemigally

~reduce the sulphate to sulphur<d{oxide, thnoughqa serigf of

chemical reactions (RAFTER (1957), GAVELIN, PARWELL,. and
RYHAGE (1960), THODE, MACNAMARA, and DUNFORD (JQGT), and .

. RICKE (1964)) " The' method of THODE MACNAMARA, and DUNFORD ~
(1961) was the' techn1que ba51ca11y adopted for the present
study The BaSO4 des1gnated for su1phur isotope. stud1es was

\/ p]aced in a 200 ml flask as shown in F1gure 4-2. Th1s re-

/duct1on flask was fitted by means of a ground g]ass 301nt
and, retaining spr1ngs to the lower end of a ref]ux conta1ner.
. The addition of a reduc1ng agent to the BaSO4_samp1e resu]ted

in HZS evolution. ThJSJSulph1de gas was forced by a nitrogen
: \

.-



Water Jacket

Figure 4-2 Apparatus for thexéhemical reduction
) of sulphate.
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stream through the water jacket .to the distilled Qater
and acetate scrubbers. The disti]lgd water was employed
to remove any chlorine gas evolved from the reduction
process due - the break@own of the reducinélreagent.
The HZS waé/fjapped as CdS as out!ined previous};.

This chemical reduction of éulphate proceeded in a
simder manner to the bacterial feductions except much
faster, since there were h%ating jackets placed:

around the f]ask§,céﬁtaining the su]phafe and reduction
mixture., A reflux condenser was necéssary-to prevent.
the reduction mixture from evaporating. This procesé

involved a negligible isotobe effect because there

was nearly 100% conversion.

The chemical reduction of sulphate was brought
about by means of a very strong reduction mixture

. hY
consisting of 500 ml HI, with 816 ml of concentrated

HC1, and 245 ml of 50 per cent"H3P02._ This was produced

" by careful addition of these acids, then the resultant

mixture was boiled for 45 minutes to expé]bany HZS
or chlorine gases. Heating jackets were employed to
maintain moderate boiling of the rediction mixture.

The 30 mg sulphate sample usually required about one

>
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zxk. hou?“ﬁdreits quant1tat1ve chemical reduction to&iulph1de. -
ﬂVf“\i ‘ JThe resultant CdS product was prec1p1tated as'\)rg2
‘by. the addition ,0f :0.1IN AgN03, boiled, dr1ed, and weighed as
previously descr1bed 1n section 4.2, Th1s Agzs was then
converted to SOzso that the su]phur 1sotop1clcompos1t10n
of the unreacted sulphate ctould be determined. (Th1s
process was also used to: convert the su]ph1de product of
the.bacter1a] reducttons\to SO2 for sulphur isotopic abund-
ancé ratio measurements.) The Ag,S was placed in a ouartz
. boat and burned in 02~to form 502, which could be readlly ana-
1yzed ma'ss spectrometr1ca1]y for the sulphur isotopic content
The 502 produet of the Ang burnlng was formed ‘following the
procedures of RAFTER (]957), HULSTON and SHILTON (]958), and
THODE MONSTE¢ and DUNFORD (1961) Here ‘the AgZS was
placed in a quartz boat in a furnace at ]200 C, and pur1f1ed
oxygeh gas then passed over the hot 511ver su]ph1de — The'
MSOZ so formed was quant1tat1v&fy measured after the removal
of any COZ. water vapor, or 02 contam1nants o
Unfortunately this convers1on of BaS{)4 to 302’ for:
the determ1nat1on of sulphur 1sotop1c abundance rat1os in
sulphate, 1nvo]ved mu]t1p1e operat1ons There-was the

chemital: reduct1on ]1berat1ng HZS then the tedious:double

e



prec1p1tation, and fina]]y the oxygen burning which liberated
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the desired 502. Each procedure caused no appreciable
fractionation of the isotopes, but 1nvolved very tedious
~and time consuming operations. The chief disadvantage”of
any such technique to convert Ba504 to’SO2 was the requisite
time and labor. Such procedures did consume a major part of
the experimental effort in the present research program.
:‘tRecently. HOLT and ENGELKEMEIR (1970) described a method by
‘which BaSO wils rapidly converted to 502 in one operation.
This method is to be recommended for any study whe(;/BaSO4
must be converted to gbz - : . .‘f
| HOLT and ENGELKEMEIR (1970) investigated ‘the
thermal decomposition of BaSO4 The su]phate was covered i
‘w1th pu]verized quartz powder in a fused quartz tube and

heated in vacuum to the softening point of quartz At such

a temperature, about 1400 cC, Jgje reaction
\ A

BaSO4 +~ Ba0 + SOZ + 0.§ O2

}yielded 502, which was co]]egﬁpd In a cold trap. The O2 was _

then pumped away while the Ba0 fused with the silica surround-
| 1ngs ‘This method, however, did not assure-a uniform oxygen-18
abundance in the SO2 as did the Prodedures intbiving‘sulphide :

samples oxidized by oxygen from a common source. A correction

-
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for such an oxygen-18 interfekenpe was made from measure-
ments of both the 66/64 and the 50/48 mass ratios.

. The yields from such thermal decomposit}ons J&
BaSO4 were always greater than 98 per cent of t tﬁeoreti-
c%] yield. The chief jmpurity'fpund was t02.' The gas pro-
duced usually consisted of about 99 per cent 5023 0.5 per
cent COZ’ dnd 0.5 per cent other impuﬁifies.,;The other

impurities were mainly water and mass 28 matefia]s. that is,

N, and CO. .No S0, was detected and only traces of ¢s, and
COS were observed. _Aside from the obvious advanf&geé of
 time and lébor. samples from about 5 mg to 50 mg were -~

quantitatively converted. . . ' .

4.4 The Bacterial Reductions , P

A series of bacterial sulphate reduction experi-
ments were conducted at 24°C and 30°C, using 1000 mls of g
the modified Butlin's medium as the culture media and 1 g '
‘of Na2S04. "Oxygen free nitrogen waévswept through‘the're—.
action vessels as'previously described. The ino@u]um Mow-
ever, was not just one strain of a su]phaté reducing bac- -
teria, such és D. des@lphuricans employed {in prévfoﬁs inves-
» tigations. |
| To help e]ucidate*the mechanishstF sulphate re- -
duction to sulphite.as well as the furtﬁer reduption of sul-

phite to sulphide, the inoculum consisted of two strains of

bacteria. One Strain, Bacilzﬁs 8P, was a sulphate reducer

LN

s
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unable to metabo]ize sulphite.-whereas the other stragn,

Clostridium Dm 3, was a su]phite reducing bacteria which
‘would yie]d the final st product, but was unable to uti-
lize, su]phate . Hence the two becterial strains had dis-
tinctive functions. The fingl HZS oroduct was only the
result of a double reduction. “Unreacted sulphate 1nd1cated
the Bactllus 8P's tneﬁility to further reduce sulphate,
while, an accumulation of 1ntermed1ate sulph1te suggestedx
the Clostridium Dm 3'8 1nab111ty to ‘reduce any more su1ph1te.
»By observing the amount of sulph1de. unreacted su]phate, and
su]ph1te intermediate at.various stages of the reduction, an
attempt could then be made to more cJean}y understand the
mechanisms involved in the bacterial réd ction of the-sul-
phate i®bn. | h ‘
| The sterile medium in thé‘aseptic reaction vessel
was 1nocu1ated with these two bacter1a1 strains. As the m1-
~crobiolagical reduct1on proceeded, thé deoxygenated n1trogen
fonced the HZS product through the sulph1de purification
system. Fractions of the sulphide and medium (containing~
the‘unreected sulphate-and sulphite) were withdrawn through-
out thewreduction process.f These products wefe tneated'as

previously described. This two strain ineculum was used for

the reduction of sulphate on four“separate occasions. Two

'reduct1ons were carried out at 24 C aqd two more at 30 c

-

to ascertain temperature dependency of the reduct1on rate.
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The amounts of media, innoculate, and sulphate concentra-
tions were identical in all four cases.

of fhe twelve bacteral reduction-of-sulphate

experiments investigated during the course of the présent o
study{ these four were sing]ed out for a most intense inves-.
'tigation._ Most of the other sulphate reductions| were long -
term experiments employing only one bacterial strain for the
reduction of su]pﬁate—fo sulghjde. These reductions were
considered unsatisfactory at the time because of the apparent
ltack of completeness of reduction. That is, the reduction
of sU]phate was usuaf1y less than 30 per cent of that'be-
lieved po§sib1e, although most adequate precautions had been
taken to ensure that the reducing bacteria had all the“nuﬁ
“trients required for a comhleté,redﬁc@ion of the available
sulphate. (No real understandinglof the su]phate,reduct%on
was believed possible with such pooflyiglds.) The isotopic
'Fompositiqn of the sulphate fractions were determined for
some of these runs, N§Aa§bkéciab1e.varfations in the
isotqhicfabundanée ratios were observed as the‘reaction
proceeded. Evén when the baCferial reduction of sulp'hate-w
had comp1e;e1y-ceased, the isotopic enrichmentgrwéfe not

as substantial as expected.
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The concept of two distinctively different strains.
with different metabolisms, was the second simplest form of
| sulphate reduction by microorganisms. With no apparent suc-
cess w1th only one strain, the employment of two strains was
the most obv1ous choice _To e]iminate any confusion arising
from the double reduction, it was decided to use stra1ns
which had no common quphur metabo]ic processes. With the
synergism of the 504-50 reducer unable to reduce sulphite
and the 503 HZS reduc1ng bacter1a incapable of reducing
sulphate, the 1nteaned1ate sulphite observed by POSTGATE
(1952) could be/1ndependent1y evaluated.

KAPLAN and RITTENBERG (1964) and KFMP and THODE
(1968) concluded that the rate of reduct1on was inversely
proport1ona1 . to the fractionation of the sulphur ifotopes if
lactate or ethanol was the electron donor. With sich a do-
nor, it became apparent that the rate of reduction should be
slow, but how slow became a very'fmportant question. A total.
reduct1on time of about a week was considered much too short
yet months cou]d have resulted in the possibility of no
s1gn1f1cant results, as the prev1ous su]phaterreductions
had shown. The optimum time was considered to be in the
order of about’six weeks. Then arose the prob]emaof finding
both a $0,-50; and a S04-H,S reducer which were compatible,
totally dissimilar in metabolic functions involvjng sulphur-
( * 504 and SO3 for convenience in the remainder of the text

. are simp]y SO4 and 503. charge omitted. However, 502 and HZS
refer to the gaseous forms. )

PR C
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bearing ions, yet such thaf ihe reduction process would
be complete in about six weeks. |

The selection and isolation of such a pair of._
microorgani;ms was no simple task. Dr. F. Cook personally
undertook this tedious task and provided the two strains
employed ( unpublished work.by Dr. F. D. Cook ).

”'fDuking the reductiop experiments, fractions of
sulphate and sulphide were withdrawn, as recorded in Table
41, The-total amount of su]phué used wasjéa]cu]atedgfrom
~ the amount of Na2504 added. Wifh é knowléhge of HZS evolved
and sulphate removed, the amount of interméﬁiate was deter-
mined. ( This intermediate was logica11y the product of the
sulphate reduction, and the known material needed by the
sulphite reducing bactéria.) The accumulation'of this inter-
mediate was'évaluated as shown in(Figure 4-3. This was
calculated from a sulphur mass balanée. Also, knowing the
concentration of the unreacted sulphate, the medium volume,
and the sulphide gyolved, the instantaneous sulphur ma

batance for a particutar sample (n) car be evaluatéd using

((mg S)gaso, * (M3 Shag ¢+ (Mg S)yny) = ((mg S)y qq (mg S); .)

4 27 . 4 int

: n o n-1
A su]phur.balance was réquired to obtain the cbncentration
of the sulbhite ions, because any oxygen mass balance wou]d

have involved oxygen from the medium constituents. This oxygen

a R . . ’ Q
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PER CENT SULPHUR
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Figure 4-3 Sulphur distribution during the

bacterial reduction of sulphate,
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was from SO - mahy possible sources that 1sotop1c ana]yses bf
the CO2 evolution were mean1ng1ess. Most of the oxygen did
in fact come from the reduction of sulphate, but_the proportion
from extraneous materials was sufficient to render fru1tfu]
1nte;pretat10ns impossible.
The mass spectrometric reéu]ts obtained Qere
tabulated using the 6 noeation:
| sample N
"8 = (—szg—— 1) } 1000 » ,
where R was the S%%/S%2 op the 0'%/0'¢ abundance ratio of the
sample and standard. The enrfchmeet of both the sulphur
and oxygen species in the unreacted sulphate at any stage
of the reduct1on was noted in Table 4-2, The unreacted
sulphate was progress1ve1y enr1ched in oxygen-18 and in
sulphur-34 re]at1ve to the or1g1na1 sulphate 1ntroduced
| To avoid ca]1brat1on of isotopic standards, one of
the su]phate reductlon samples, the original unreacted
sulphate lfO; was emp1oyed as an interna] standard for all L
fodr becteriaﬁ reduction of sulphate experiments. The %
graphite‘used for.the reduction of sulphate to COZ’ for
oxygen 1sotope studies of the- sulphate, was from a common
source Similarly the oxygen used for the burning of the

AgZS to yield SO2 was also from a common source. Thus the

internal standard used for both oxygen and sulphur isotopie
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Table 4-2 Oxygen and sulphur isotopic variations
.during the bacterial reduction of sulphate

. Sulphate (°/00) ~ Sulphide (°/00)
Sample Per Cent § S3¢ wrt § 0'% wrt 8§ S3' wrt
Number Reaction 1 -0 1 -0 -1 -0
1 -0 0 0 0 e
1 -1 35.8 +2.16 +0.58 -13.74
1 - 2 38.1 +2.02, +0.47 -25.70
1 -3 39.4 | . +1.98 +0.44 -25.21
1 -4 45.1 +2.65 . +0.66 -24.69
1 -5 55.8 +3.73 , +0.90 . -49,27
2 -0 ° 0 . 0 ' 0 -—
2 -1 18.1 +1.93 +0.46 -14.15
2 -2 20.3 +1.33 +0.32 -28.67
2 -3 24.8 +2.45 +0.69 - 0.38
2 -4 26.5 +3.84 +1.02 " . n. d.
3-0 0" 0 T 0 - -

3 -] 44,7 +1.11 40.2 + 0.66
3 -2 43.8 +2.16 n. d. - 6.78
3 -3 46.0 +1.37 -~ +0.33 - 4.89
3 -4 45.1 +3.34 +0.86 - 8.99
4 -0 0 0 0o - e
4 - 28.3 +1.35 - 40.33 - 3.48
4 -2 31.0 +1.94 +0. 49 -14.06
4 - 3 29.2 +1.15 +0.29 -21.25
4 - 4 33.6 +1.58 +0.45 -27.23
4 - § n. d

on. d. n. d. ' . =24.77

‘Per Cent Reaction = ( 1 ~j%ﬁ?§;é?fc§:l?hate ) + 100 %
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standarﬂs‘involved'no carbon or oxygen corrections

The .apparent non- llnearity of the isotop1c data
took on a new-dimension when the per cent HZS
production was considered. Figure 4-4 yielded mos;‘
intriguing sulphur and oxygen isotopic abundance ratios
if the general trend of*eaco reduction was considered.
The depletion or enrichment of these iso?opic species
was totally éympathetfc. These var{ations in isofopic
comoosition‘became more start]ihgﬁwhen fhe relationship
between the 0“‘/016 and S3“/532”ratios were plotted
. as figure 4-5, Here the relative enrichments of
\Sulphur 34 to oxygen-18 yielded a ratio of about 4:1.
This ratio in the sulphate was observed to have been
independent of the temperature of the reduction.

Variations in the jsotopic composition of the
unreacted solphate were mos t probably a result of the
metabolic activity of  the sulphate reduc1ng bacteria
constitut1ng part of the inoculum. However, the remainder
of the inoculum, the sulphite reducing bacteria, were
capable of producing variationS in thetisotopic compos -
ition of the sulphate. The effects of their metabofism
were believed recorded only in the sulphur 1sotop1c
composition of the HZS gas evolved. The isotopic data
from the fina] sulphide product was noted in Table 4-2

and presented as Figure 4-6.
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Figure 4-4 8534 and 80'8values for unreacted

sulphate as a function of the H,S

2
production.
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Figure 4-5 ﬁelationship between § 0!® and § s3?*
values of sulphate during bacterial

sulphate reduction.

N. B. Calculation of the best fitting straight
line yields a slope of 3.82 # 0.22. Errors of
0.05 ©/oo in both coordinates yield a sum of
square residuals of 7.3 with 14 degrees of free-
dom -indicating the individual measurement pre-

cision probably better 'than-0.05 O/oo0.
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4.5. Discussion °

Since th development of oxygen isotopic abundance
ratio measurements ih‘sulphate,“no iwdestigators have
studied the sulphur eh&¥oxygen isotppic correlations -
iobserved during the bacterial reductwon of su}phate,
except MIZUTANI and RAFTER (1969) and the present. study
1In addition, MIZUTANI and RAFTER (1969) did not;conquct
their inyestigation uith known microorganisms; but rather
with an,indeterminate:conglomérate'of orgahisms found
in stream mud. Hence microbiological conclusions were
1imited. An analysis of sulphate reduction meehanisms
was also impossib]e with sutn a comp]iceted'mediuu,'ih
fsp1te of the fact that such cond1t1ons are naturally
 occurring The understand1ng of b1olog1cal metabo]1sms
in such complex env1roments, and in particular the reduct1on
’of sulphate, requ?res intensive 1nvest1gat1on if such
| mechanisms are to be fully understood. <

DIfferences in temperature of the reductions in the
‘present study were observed to alter ‘the fract1onat1u%
of the isotopes ‘Tﬁ The first sulphate ‘fraction removed from
the-re;ttion flask (Figure 4-4) showed most clearly that
the fractionation was greater for redictions 1 and 2 at
24°c; thah for runs 3 and 4 at 30°c. (This\information was
basically masked by the inversions, but witnessed qgst
clearly in runs 1 and 4 with the sulphur iSotopic <‘:0|Q\osition‘

vof the unreacted sulphate ) This conf1rmed the observ/t1ons

of. ear11er 1nvest1gators "Here a decrease in temperature
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caused a decrease in the rate of reductton, which in turn
cnaggd'an increase in the fractionation. Temperature was

Y
only considered important in so far as it modified the

A

rate of reduction.

The metabolic activity of the sulphate reducer be-
came apparent when Qbserv1ng the unreacted sulphate. The
re]at1ve enrichment ratio was expected, but not the isotoric
inversions recorded in both the sulphur-and oxygenkisotopic
data. These variations were thoudht to have been transferred
to the sulphite produced. The sulphite reduction was mon-
itored by observation of the HZS product (Figure 4-6 shows.
the. sulphur isotopic composition of the sulphite prdduct.)
Inversjdns‘did appear, but no apparent corre]ation between
the two reduction pfocesses was at first obvious.

A comparison of the relative fractionation of the sul-

-~

phlte and sulphate was thought to be an aid in determining

-~

the mechanlsms of SO4+SO3+HZS reduction. A plot of t\e
su]phur isotopie variations in the su]ph1de and unreacted
sulphate is shown in Figure 4-7. The same su]phide to
sulphate comparison is presented in Figure 4-8 usihg MIZ-
UTANI and RAFTER's (1969) data. Similar radically varying
relitive‘fractionations were observed.

In both MIZUTANI and RAFTER s (]969) study and the pre-
sent_ 1nvestigat1on, the slope at any instant was a compar1son

of the fract1onat1on of -sulphur isotopes in the sulph1de,‘
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Figure 4-7 6§ S** of the sulphide versus

the 6 S** values in sulphate
(present study).
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to the fractionation of the sulphur 1sot6pes in the un-
reacted sulphate. 'The slope variations-ihp]ied that the
Sulphite fractionation and the sulphate fractionation were
not always consistent. (The 1$otop1c inversions of the
present ‘investigation did not appear to cause‘any change
‘in the rate proportionality. Runs 2 and 3 compared favorably
to reductions 1 and 2 of MIZUTANI and RAFTER (1969). where
no inversions were observed.)

I't has been established (Section 4.1) that the sulphate
fractionation rate is inversely proportional td the rate of
reduction. However; since both studies under consideration
~have recorded instances where the sulphite fractionation
rate was both inversely and directly proportional to the
su]phate rate of fractionation, it was concluded that both
inversely and directly proportional reduction rates were
present during th2 same reduction process (runs ] and 4 of
figure 4-7, and run 3 of figure 4-8). Hence sulphite was
reduced both faster and slower than sulphate. Thus the rate
controlling step was sulphate and/or sulphite reducfion, .
dependiﬁb upon_wh%ch of the 7'reductions was under consid-
eration. It was hard to conceive of such osc111at1ons in the
. rate control during a 51ngle bacterial reduct1on experiment.

Either both sulphate and sulphite reductlons were rate con-

trolling and each competing for control of the rate, or else

some other factor controlled the rate of the SO4+§03+HZS
\
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reduction. The complexity of this rate control did $eem
to become more obvious Vas the temperature’of the reduction
increased. |
One advantage of employing two;strains of bacteria /
which performéd distinctly different metabolic processeﬁ,
is that the intermediate was known to have been sulphite.
The si;e of this reservoir wou1d<definite1y elucidate the
predom1nant rate contro]11ng step during a particular sul-
. phate reduction. If the SO4+SO3 redchIOn was rate con-
trolling, then there would be no sulphite ions present in
the reaction flask once the reduction had‘ceaséd; -On. the
other hand, if the S05+H,S reduction was rate controlling,
‘then‘when the reduction>ceésed; sulphite would be in sol-
ution since it had not been completely reduced by the sul-
phite reducing bacteria. Thus thé double reduction permitted
both an isotopic and mass ba]ahce; whiciﬁwould yield the
amount of the ihtermediate sulphite present during the re-
duction, as well as the isotopic compositibn of this‘infer-
mediate. These ca]cu]at1ons, however, could not be performed
on the oxygen data S1nce no re11ab1e oxygen bear1ng pro-
duct was liberated, hence only the sulphur isotopes were
“used for the isotopic and mass balances. " At any instant

during the bacterial reduct1on of sulphate,.- the mass ba]ance

y1e1ded
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- 100% = (% mg S)st + (% mq S)us + (% mg S)int.
S
4

where the amount of sulphur in that available system must
equal the amount removed as sulphide, plus the amount
remaining as unreacted sulphate, plus the amount accumulated

as tntermediate. The instantaneous isotopic balance_yielded

( 85*")totar s (100%) = ( &s? )HZS (2 HpS) + (85 ) -
present SO4

(¥ un 504) + ( &S )1nt,(z 1nt,SO3)
SO3 -

»

Here the isotopic composition (°/oo) of the total sulphur

present must be equal to the per cent isotopic compositions

of the sulphide product, the unreacted sulphate, and the
sulphite intermediate. Once the amount 6f sﬁlpﬁur tiéd up
as intermediate was determined from the instantaneous mass
balance, then its instantaneouS'1sotop1c'c6mp031tion was

- evaluated from the isotope ‘balance. These instantaneous'
“values are ;ecoﬁﬂed in Table 4-3, and reflect the behavior

of the system. (These calculations were only applicable for_

<2

e
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were withdrawn. )

226 mg, and for these experiments 90 ml

Table 4-3
balances calculated to determine the
behavior of the sulphite intermediate

i Inst. Mass Balance Inst..Isotop1c!Ba1ance

.Specimen (% of S available) (65%*, %/00)
Number HZS un SO int SO3 _HZS u'n‘SO4 int 503
1 -1 7.5 64.2 28.3 -13.74 +2}16' -1.26
1 -2 4.3 67.0 28.7 -25.70 +2.02 +3.00
1 -3 8.5 68.5 23.0 -25.21 +1.98 +13.46
1 -4 8.2 67.8 . 24.0 -24.69 +2.65 +21.49
1 -5 4.8 59.5 35.7 -49.27 +3,73 +21.61

2 - 7.5 81.9 10.6  -14.15 +1.93 ° -4.90
2 - 2 5.8 86.1 8.1 -28.67 +1.33 -7.81
2 - 3 9.6 86.3 4.1 -0.38 +2.45 -37.51
2 - 4 6.2 93.3 0.5 n. d. +3.84 n. d.
3 -1 5.8 55.3 38.9 . 40.66 +1.11 -1.68
3 ~2 5.6 59.6 34.8 -6.78 +2.16 -2.73
3 ~3 6.5 60.7 32.8 -4.89 +1.37 -0.48
3 -4 6.4 66.0 27.6 -8.99 +3.34 -3.29
4 -1 5.3 71.7 23.0 - -3.48 %0.33 -0.23.
4 - 2 5.1 72.9 " 22.0 -14.06. +0.49 +2.50
4 - 3 5.4 78.8 15.8 -21.25 +0.29 +11.89
4 - 4 6.3 -78.1 15.6 -27.23 +0.45 +23.32
4 - 5 3.3 n. d n. d. =24.77 n. d. n. d.

("The & S®* value of the initial sulphate.was taken as
0 0[oo ;. the amount of 'sulphur in the initial sulphate
was = aliquots
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times when the sulphate and sulphide fractions were with-
drawnﬂ) The isotopic composition of thg 1n£ermediate sul-
phite was not always observed to lie hefween that of thé un-
reacted sulphate and the HZS product, as shown in Figures
4-9, 4-10, 4-11, and 4-12. |

Isotope fractionation during the SO4+H25 reduction
. was poséib]e, since therg was a large su]phate reservoir
available for sulphate reduction to su]phite.' The SO »H,S
‘ reduction however, had a smaller reservofr : Even‘with such
a limited reserv01r, ‘the HZS should have been 1sotop1ca11y
lighter than the su]ph1te intermedidte. As long as su]ph1te:j
was permitted to accumulate, the sulphide wusually has
been lighter than the corresponding sufhhite ‘When the iso-
top1£ composition of theu1ntermed1ate remained between the
su]phate andvsulph1de isotopic abundance ratios, it was
assumed-that there was sufficient su]phite present to have
perm1tted isotope selection by" the sulphite reducing bac-
teria. Such a situation seems to have occurred in the th1rd’
reduction (Figure 4-:1) The su]phate reduction rate was
faster than that of the sulphite reduction, hence a sulph1te\
reservoir was present. As the sulph1te reservo1r increased
in size, the SO3+H2$ reduct1on preferentia]]y metabo11zed |
the lighter suLphur -32. The HZS product was observed to
become 1sotqp1é?7}y lighter.  From F1gure @?%l}It‘appearst

. 4 .
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that the sulphite reservoir later stabflized_as both the
50,-505 and S05-H,S reductions proceeded at about the same
- rate.. The final H,S fraction, however, implied that the
504-503 reduction raté rapidly increased. This resulted in
a large $0, resefvdir whe:;‘the sulphur-32 species were
preferentially reduéed. Thus a suéﬁen'incfease in 50,-505
reduction would have accounted for th; lTow § S3" value of o,
the HZS' Ho%ever, it prqbab1y would alse have prqduced
sufficient quantitjes of sulphite to cause 50,-504 reduction
cessation, sincé the 504'reducing bacteria are known .to be
sensitive to high 503 concentrations. Sylphite toxicity
would have prevented any further reduction of sulphate, but
not su]phite; unless sthere was either a de%iciency in nutri-
tional requirements or such a high concentratibn of sulphite,
that even the sulphite reduceré found it toxic.
Further.verificafion was obtained from the percen-
tage fntermédiate present at a]} stages ofvthe‘reduction of
sulphate. During this reduction experimeht; fhé intermediate
.Vlgonsisted of at least 27 per cent . of the total su]phur'atomsj
»emp]dyed for Sulphate reduction to hydrogen sulphide. Norj
ma]ly this wés greater than 32 per cent, reaching as high as -
39 per cent when theyrgductipn ceaséd. Thus™ sulphite was

" not reduced as fapidly as it was formed. The accumulation

of a large.intermediate\reserVOir testified to predominant
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A\ ]

SO0, ' reduction rate control during the latter stages of the

3

reduction. ( Figure 4-7 had previously implied such rate

control. ) The general trends of run 3 (Figure 4-7) and
MIZUTANI and RAFTER's (1969) run 1 at 14°C, seem to be -
similar. Their reduction only. proceeded to 54 per ceht
react1on, in spite of the mu1t1p11c1ty of reduc1ng organisms
present. Th1s could have resulted fnom an accumulation of
intermediates, which were never reduced to HZS Dur1ng run 3
of the present study, intermediates were a]ways greater than
27 per cent of the tota] su]phur utilized. Such an accumula-
tion during both reductions was believed to have caused rate
contro] by the SO3oH25 reducers. They were the only agents
present that could remove the toxic su]phate from the reac-
tion vessel. The general 1ighten1ng of the HZS product fur-
ther suggested a modest su1ph1te reserv01r, however the
variations of both run land 4 are d1ff1cu1t to exp1a1n

Tab]e 4- 3shows that both these reductions had reasonab1y
large intermediate reservoirs, however MIZUTANI and. RAFTER S
(1969) run 3 at 35°C had rather confus1ng variations (F1gure
4-8) as well. Their 92 per cent.reduct1pn 1nd1cated some
unreduced intermediate, but es with the present study;,noi
meaningful conc}usions were forthcoming. No rate controlling .
reduction was clear]y obvious, but there existedta_SUffieient—
1; large enough reservoir to hare permitted SOa-HéS isbtqpic

selection.

w
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A small sulphite reservoir seems to heve been
;present during the earlier stages of run 2, hOWéver,
Figure 4-10 shows that this reservoir was soon depleted,
since the HZS fractions became heavier. This would have
been due to su]ph1te reduction occurring as fast as it
beccame available, once the initiatl reservoir had beed
exhausted. Thus sulphite was reduced as rapidly as it uas
formed. | ' |
Further proof of a steadily decreasing su]phwte
reservoir can be seen in Table 4-3, where the per cent
sulphite never exceeded 11 per cent of tbe total amount
of sulphur atoms employed. Hence this reservotr was most
Pprecarious, thteatenfng the survival of the su1phitejre-
ducing bacterial strain. These most adverse conditions
suggested sulphate reduct1on rate. contro] during the re-
duction of sulphate to the final HZS product. MIZUTANI
and RAFTER (1969) also observed such a rapid reduct1on.of X
su]phite (vrun 2 at 25 °C, Figure 4-8). Their 98 per cent
reectfon may bave<on1y'been achieved because of the many
_reducing organisms employed 4n tbeir’study Thus other
pathways for reduct1on of su;bhate to eventually su]ph1dev

may have occurred but specu]at1on on this point is most

'impract1ca1
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* Clearly, neitheh sulphate nor sulphite'reduction‘
could be solely re$ponsib1e for rate control during
the 504*503*H25 rgghetion, rather a-competion for control
of the rate existed Mith some other factor determining wh'ich
step would have cohtro]1ed the SO4*H25 bacterial reduction.

Th1s variable d1d cetrtainly 1nf1uence both the reduct1on

“ewrates, and in add1t1on may have beeh responsible for the low

yields oheerved wi;h‘bure culturé reduction experiments.
Only tWo-%onc]usions were;pbssible, for such poor yiejds{
Either the sulphate ava11ab1e for SO -SO reduct1on had been
dep]eted, or the ava11ab1e sulphate had not been entire]y

redueed to some intermediate.

)

~

If the sulphate available fehnreduction had been
depleted, then such poor y{elds were a result of@non -reduc-
‘tion of intermediates. If no su]phate was left, then 1nter€5‘
'mediates such ae 503 and S 0 were unreactedraﬁd present in
the reaction Je;sel,A On the other hand, if there was sul-
phate remaining in the teaction vessel, then thevpdordyi?]ds
resulted frqm ar1ack of comd]etness of the 504--503 reduct{oh;

' Now if the sulphate available for reduction had
been dep]eted, then the addition of BaC]2 tovthe remanent

¢ media would have yielded no BaSO4 precipitate. A few drops

of HCI were added to the res1dua1 medba then BaC12 in eicess;

The result was as expected. Prec1p1tat1on df BaSO4,was ob-

r
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served, and the quantities were'ndt negligible. The amount

of unreacted sulphate was, then determined to see if the

- cause of such poor y1e1ds could be explained. 7kact1y 100

ml” of the . remanent media and sulphate was used’ to evaluate

quantitatively the amount of unreacted su]phate.‘The per-

‘centages of unreacted sulphur (in'sulphate) in the remaining

media were as follows.

Run 1 Bas0, = .73 mg/m1(S=100 mg/1)= 44.4% of initial
Run 2 Baso, = 115 mg/ml1(S=158 mg/])— 69.9% of initial
Run 3 Ba504\ .98 mg/ml1(S=135 mg/])- 59,6% of initial
Run 4 Bagah‘ﬁ n. d. , accidentally discarded.

'Ii

Thus there were large quaﬂtities_of unreacted sul-
phate present throughout the reddction experiments. If this

unreacted sulphate was ignored; then Figure 4—13}indicates

the relative amounts of infermediate produced during each

éulphate reduction experiment.. The unreacted sulphate gave a
further checkdon the amount of intermediate remeining once
the reduction process ceased. (Previously the sulphate frac-

&, .
tions were used to calculate thelamount of intermediate pre- .

' sent dur1ng the biological reduction of sulphate.) The

amount of sulphate not reduced when metabolic processes ceased,

S

~indicated that the final amounts of intermediate were as fol-

. 1ows.
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. ;t;\hun 1 -+~ sulphate

O Run 2 --- sulphite
A Run 3 —— sulphide
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PER CENT SULPHUR

TIME

"Figure 4-13 Sulphur déstribution during the bacterial
reduction of sulphate, ignoring unreacted
sulphate remaining at the end of the con-
version. ' ‘
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" total  final un S0, 4At final
H,S un S0, removed  removed, int.
Run 1 24.4% 28.5%  21.8% 8.5% 16.8%
Run 2 22.7  45.0 27.9 2.0 2.4
Run 3 19.0  38.1  19.8 1.1 12.0 2
Run 4 19.1 n. d. . 25.0 , 6.4 n. d.

Theréfore, there was sulphate available for réduction. buf‘it
was not reduced even to_;u]phite. Within the limits of the
chemicél'preparatjdn and weighing techniques employed, this
data confirms the fate control conclusions previously dis-
cussed.’ (Reduction 4 was not available for such an analysis,
due to carelessness which resu]tedvin the loss of the final
sulphate and media sample.)

Although the .per cent reduction was slightly
modified by the_temperafure of the media and inoculum, the
poor yields were caused entirely by some p}her factor., If
sﬁ]phate was remaining when the reduction had ceased, then
the reason would have beeﬁ,su]phite_toxicity or simply some.
metabo]ib inaqéqbacy.b KA?LAN (1962) has stated that su]phite
is'toxik to most organisms by virtue of jts ability to bind
carboxyl groups of metabolic intermediétgs, thus p;eventing
their fhrthef metabolism. Such a phenomenon could possibly
have accounted for the cessation of microbiological activity -

in runs 1 and 4. If the reductions did not cease because of
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sulphite toxicity, then the question arose as to why éuch a
cessation occurred.

To keep the bacterial strains viable involved
removing cu]tures to -new media long before the media was be-
lieved to be exhausted of sufficient nutrients for good
bacterial growth. Nearly . 100 per cent reduction was ob-
served by MIZUTANI and RAFTER (1969), but”on]y when a con-
glomerate of unknown microorganisms were employed as found
in.stream mﬁd. KEMP and THODE (1968), in an attempt®™o ob-
tain greater 1sotop1c fract1onat1on, tried various bacterial
strains anpd phys1o1og1ca1 states However, the1r reductions
Wwith pure cultures did not exceed 26 per cent reaction. Com-
‘plete reductions_may be possib]e'with‘a mu1titude of reduc-
fﬁg bacteria and natura]]y occurring nutrients, but pure
cultures have never escaped this fastidious nature of most
microorganisms, when employed in laboratory exper1ments

A probab]e reason for this m1crob1a1 phenomena,
and a poss1b]e exp]anat1on of why the sulphite reservoir was
permitted to develop,to such toxic levels, lay hidden in the\
mechanism 1nvo]v1ng rate control of the bacterial reduct1on
HARRISON and THODE (]958), KAPLAN and RITTENBERG (1964), and
KEMP and THODE (1968), found the rate of reduction to be
1nverse1y proport1ona1 to the rate of 1sotopic fractionation,

when lactate was used as the e1ectron donor. However, two
y ! ’

-
’
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such sulphate reduction experiments of KEMP'and THODE (1968)
were anoMa]ous These two reductions occurred at 11%and 20°
C, and invo]ved very slow sulphide production coupled with
small 1sotope fractionation. This was attributed to a low
temperature effect. What was most startling was that in one
series df experiments, the rates of reduction and the iso-
topic enr1chmgpts/were not reproduc1b1e This was because
there was a direct dependence on the reduction rate, rather
than the inverse expected. MIZUTANI and RAFTER ‘1969) and
the present study have also observed such phenomena. This
was not a temperature effect,.but rather some other factor
was responsible for the variations ‘observed.

HARRISON and THODE (1958) stated that S-0 bond
rupture was rate controlTing if the fractionation factor
was about 1.025. However ‘gﬁny 1nvestigations have s1nce
obta1ned larger values. Thus $-0 bond rupture was not rate
contro]ling . KAPLAN and RITTENBERG (1964) concluded that -
the rate contro111ng step involved the availability of elec-
trons at the reduction site, hence rate control was dependent:
upon the electron donor In the present study the same
electron donor was used for, all reduct1ons, with the reduc-
tion rate and fractwonatjo ra tota]]y independent of the

electron donor employed. he reduction rate was observed to

be both directly and inversely proportional to the rate of
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fraciionation at different times during a single bac-
terial reduction gf sulphate experimeﬁt. Such was the
case for the investigations of MIZUTANI and RAFTER
(1969) as well. Hehce the rate controlling step during
the reduction of su]phate*Was‘much more complicated
than simple S-0 bond rupture, electron donor, or
- temperature. )

4.6 Conclusions

1. The rate of sulphite reduction was not'aIWays pro-
portionai;to the rate of sulphate reduction. During a
single quFobiological reduction, both reduction pro-
.-tesses were competing for control of the rate, with
each rate controlling at various stages of a single
SO4+SO3+H25 reductjon. |

2. Any accumulation of su]phite, during the bacterial
reduction of sulphate, is toxic. .Su]phite accumﬁ]ation

<

prevents complete Sulphate reduction; because sulphite
is toxic to most organisms by-Q;rtue ﬁf its ability to
bind carboxyl groups of intermediates, thus reducing thé
rate of metabolism. '

3. Meaningful microbib]ogiba1 conc]ﬁsions were oni& bé*
1ieVed_possib1e when a pure cd]ture and known media were
employed, in spite of the fact that this is not charac-
teristic of natura]]y occuring pheﬂomehél

4. Pure cultures of_baéteria qa&not'cdhpléte rédgcfion(

of sulphate because of the simplicity of the media

-
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employed. Only in nature, with 1ts comp]ex forms, nutrients,
and pathways, might reduction possibly be complete. Strain
acc]imatization and poor yields pose the greatest problems
in laboratory studies of pure cu1tures

5. An important temperature independent re]ationsh(p was
observed between the 0]8/ 016 and the 534/ 332 ratios of
the‘residual reactant sulphate. The re]atfve.enrichment of
sulphur-34 to oxygen-18 was found "to be anproximatefy 4:1.
(This will be discussed fu}ther in Sections 5.4 and 5.5.)
6. Large isotope fractionations were observe& between the
1ntermed1ate.and the H,S final product. In‘Run 1 the frac-
_tionation reaches as high as 70 per mil ( unusua]ly high,
since MCCREADY (1974) recently obtained a large fraction-
ation with Yeast of 50 per mil, which to date is considered

very high ).
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-Chapter V. Isotope Effects During H1crob10]og1ca1 Sulphate
Reduction

5.1 Microbiological Sulbhate Reduction Mechanisms

In order to explain the | bserved'isotope effectéﬂduring
miCrobio]dgité] sulphate reduction, it is necessdﬁ% to éx-
amine mechanisms involved. The\ basis of these mechanisms is
a redox reaction which occurs when an energy éource becomes
oxidized (loss of electrons) and qnofher material becomes
reduced (gain of electrons). Lactate was employed as the
energy and carbon source, donating-e]ectrons, while the
suln&gte or sulphite ion accepted e]ettrons during the
oxidation - reduction experiments of thé present investigation.
KAPLAN and RITTENBERG (1964) assumed that this electron
transfer was the ratg controlling step duriﬁé the microbio-
logical reduction of sulphate. »

Once the electron donor, the lactate, has been oxidized,
it is no longér an energy'sourcé and mayethen servé as an
eléctron'acceptor In such a situation, 'éﬁﬁaétition could

occur between sulphate, su]ph1dep and‘the oxidized 1actate, \

S owp 2 ?7

to serve as the electron acceptor
The biological reduction of sulphate mechanisms are
preseqfed in Figure 5']ﬂ~ These mechanisms are'émplpyéd
by most suTphate reducers. Although not all sulphate re-
ducers belong to the genus Desulphovzbrzo or Desulphato-
matulm, isolotes from nature are most frequently species

of these genuses. These bacterial forms are obligate

<
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$O,° (ext.)
N 4

cell wall enzyme

5O (int.)
ATP
ATP sulphurylase
PP
AP
+2e
APS reductase
AMP/
SO5° e
+6e sulphite reductase

Figure 5-1 Mechanisms of bacterial sulphate
reduction (dissimilatory).
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anaerobes which can use either H2 or organic compounds
(such as Tactate and ethanal) as the enerdy source.
,Durihg'bio]ogicaf sulphate reduction, the energy

source transfers eTectrons through(a'%yfochrome.system
to the sulphate. Thi§ cytocﬁromé fs a2 natural electron
carrier, whicﬁ undergoes oxidation a;H reducfion through -
a 1o§s or gain of electrons from tﬁe iron atoms. These
iron atoms were part of the culture media (Fe C12) em-
Ployed for the reduction experiments. In nature .
such a.process plays a cdnsiderab]e role in the corrosion
of iron and steel "pipes. This cytochrome electron transfer
is the first step of sulphate reduction. That is, with
molecular hydrogen as the electron dondr, this electron
transfer is |

,

3 + 2ut,

Hy + cytochrome” — cytochrome+

35 Sopetimes written as cytochrome 2 Fe+3,

2 +2 )

(The cytochr;ome+
énd the cytochrbme+ as cytochrome 2 Fe
| This trahsfer of e]eétrpns through é'cytodhrome
system to the sulphate can only occur ff ;He sulphate is
in a form which can accept electrons. Thfs‘is achieved
by the high energy phosphorous compound. ATP (adenosiné

triphosphate), which plays an important role in energy

metabolism. The energy derived from oxidation-reduction

<
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-

1s conserved in the high enetgy bonds of the ATP. Th1s
energy is 1ater re]eased by the enzyme kinares for ce]]
fungtions such as mob111ty, biosynthesis, and growth

The production of ATP occurs: dur1ng substrate phospory- .
lation. This will occur only if a su1tab1e electron
acceptor is present. _Such an e]ectrqn acceptor is the

sulphate ion.

<

In order to accept e]ectrons,'the sulphate ion must
first be enzymatically converted 'to APS"(adénosine phosF
phosuiphate) in the presence of ATP. Thfs is the kecond
| step of the reductibn mechanism, '

-2
ATP + S0, = APS + pp

The product PP (pyrophosphate) forms when the sulphate
radical is included in the APS. The sulphate ion is sub-
sequently'réduced to sulphite by the enzyme APS reductase.

This third step can be represented as

APS — . PAP + 5032

NADPH NADP

~

where the APS reddctase requires NADPH as an electron

donor~coenzyme.
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~ The fourth step of the SO4-SO3-HZS reduction also
involves an enzyme using NADPH as an e]ectron donor. The
NADPH coenzyme is not permanently attached to enzyme pro-
tevns, but rather comb1nes with them only during :
the enzymatic reaction. Thts coenzyme NAQPH (nicotinamfde
.adenine dinucleotide phosphate)'is an e]ectnon‘carrier'which
donates an electron, becoming the oxidized NADP. (NADPH is L
more accurately written as NADP +‘H+) Thus the coenzyme .
NADPH is necessary in order that the sulphite reductase
enzyme can reducelsu]phite to sulphide. That is,

< -2 2
s0,72 , s

NADPH - NADP _
These four steps (see also Figure 5-1) are the
known progesses involved 'in anaenpbic respiretion' In
such a reduction, the difference in mass of the 1sotop1c
species will be an 1mportant factor S1nce energy, entropy,
and the free energy of 1sotop1c substances depend on the
vibrational frequenc1es of the molecu]es, which in turn )
depend on the masses of the atoms in the molecules, it can
be seen that there is a basis for the differences in pro—.
perties of.1sotop1e materdals, "Hence there will be different
rates for each step of the reduttion, favoring either the

heavier or lighter isotopic species. Thus isotopic abundance

ratios were believed able to elucidate which mechanisms were
. - -
~
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¢ /‘,{J ;
rate controlling during the microbiplogical reduction of

~ sulphate.

5.2 Reduction Mechanisms and the Isotopic Inversions

The mechanisms of bio]ogica]isulphate reduction
have been outlined (Section 5.1) as presented :in BROCK
(1970); KEMP and THODE (1968) discussed a similar peth-
way for the assimi]ation of sulphate, however, they noted
two additional phases of suiphate metabolism which coul&
give rise to isotope effects. They were, the'assimilation
of sulphate by the cell, and'fhe passage of HZS out.of the
cell. Thus the rate eoqffo]]ing step during 504-303-ﬁ25

reduction should be oneor more of the following:

I. the assimilation of su]phate‘by the cell,

II. the trénsfer of e]ectrogs et;ehe reduction s}te,

ITI. the assimilation of sulphate by ATP,

IV. the reduction of APS to sulphite,

V. ana]ogous complicated enzymat1c processes for the
reduct1on of sulphite to sulphide, and

VI. the passage of HZS out of the cell,

To elucidate the rate eontrolling mechanisms of
microbiological sulphate reduction, it became necessar} to
examine the isotopic data more c]ose]y;-mAn\epranat1on of
the’ observed isotopic inversions (F1gure 4.1) was thought

\

to help in determ1n1ng the rate contro1]1ng steps, since

<
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both the sulphur and oxygen data indicated'an.isotopic
.inversion;phendmena. However..interpretations are res-
tricted since a chemostat was not employed for the bacterial
reduction experiments. Thus the’ceil,gopulation and re-‘
duction pH were never known.

In such a closed system reduction experiment fthe
lactate e]ectron donor was believed to have oxidized to
v'acetic acid (CH ). With no pH regu]ation avaiiable,_
thi% su]phate reduction by- product would have lowered the‘
pH Qf thé cuiture media and inoculum. Since the enzymes
assoc1ated W1th bapteria] 5u1phate reduction are known to

be very pH sen51tive, a 1ower1ng of the inocu]um pH would

'have caused cell: death (1ysis). The resulting*yntrace11u1ar -

‘sulphur accumuiation wou]d,have permitted the remaining
viable bacferia;to metabb]ize'theSe organic nutrients nather
than the inorganic sources present in the cnlturéymedia;

' The intracellular su]phur present in dead cei]s

34 value than-the_avaiiable sulphate
(MCCREADY and DIN (1973)). Thus during culture regrowth
on metabd]ites re]eased'frnm lysis, the snlphate,isotopic
- composition would temporarily lighten. (Such an inversion
was observed in Figure 4 4 ) Th1S regrowth metabolism, *
however,. re]eases NH4, which wou]d Jraise the 1nocu]um pH.

Once this regrowth had been established, the.pH wpu]d

intreas;iéareventigqifurther iysis Once the metabolites °

e%ex’? i«f the 1norgan1c sources

Vs WA

released from lysis
<«
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" in the cu]ture media would have been re-employed. fhe
1sotop1c abundance data would then indicate a prog;ess1ve ’
enrichment of.s53% and Golsuin the sulphate. This was
observed experimentally. Soon after this regrowth -all
microbio]og{cal activity-éeased.u Thisgwés thought to be
a result 05 the increasing pH, preventing ﬁ viable énzy- 
.matic environment. This EoncTusion wou]diéupbort the
known pH §ensitivity of enzymes. Such an e§p1anation for
lTow yields is beiieved valid for similar sulphate "redoction e
experiments - where str1ct pH and population mon1tor1ng are

not employed. Thus comp]ete (100%) su1phate reduct1on is

not be11eved poss1b1e unless:these variables are contfolled,
such as can be done in -a: cHemostat _ )

p It should be noted that the 1ntrace1]ular su]phur
released durlng lysis-metabolism would not have produced

a large isotop1c enrichmeng, becguse pf the 11m1tgd intra-
cellular reservoir. The present study data'did‘ppssess
isotopic enrichments of the same order of magnifﬁde'as

expected(MCCREADY and DIN (1973» from lﬂf:ﬁgﬁqﬁular accumu-
lations (1 e. less than 0.8 /oo for su]phur and 0.2 /o%'

for oxygen). |

' The isotopic fnversions were believed caused by
- critical pH.variatioﬁs. No ﬁnférmation concerning 504-503;
HZS reduétion rate-control was thought possible from an .

examination of the isbtopﬂgyinyérsions. Hence pH contributed

*
el

-
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to rate contro} only in so far as it requlated cell popu-
‘lat1ons and 1sotop1c enr1chments The pH var1at1ons were.
elso be11eved to be respons1b1e for some of the very large
fractionat#on factors observed durlng bacterial reduction
of S0, experiments. This will be discussed.later i Sec-

tion 5.4.

-

(2]

The isotopic data of Sectypn 5.4 1nd1cate that the —
bacterial reduction of su]phgfe was strictly a f1rst

order kinetics reactign. The fractionation factors (a) /
were Fonsistent with‘Ljrst orderikinetiCS, but the

fractien fractionation factors (B) Certain]y were not.

REES (1973) has recently d1scussed 1sotop1c fract1onat1on
effects during the reducxlon éf sulphate to hydrogen ‘
sulphide 1n experiments WItB‘Desuthovzbrzo'. desulphum,ca‘ns.
He has presented a steady stete mbdelywhich explains

hjgher fractionatfon factors in terhs of full reversibility
of flows between the external sulphate and the i;terha]'
su]phjte.‘Thie.?o e Will help to explain the high fraction-
ation factors of the preéent study, but it invo]ves the
addition of back reactions to the forWard reactions-pre- s
sented in Sectjon 5.1 as possible rate controlling steps
during bacterial sulphate{reduefieﬁ. ~Thus these high -
fractioeation factors may involve ;eversibf]ity of tﬁe mec-‘i
hanisms of'bio]ogical.sulphate reductioe, but they yield no
add1t1ona1 possibilities for elucidation of the rate controll1ng

v steps. Therefore the forward react1on steps must be modified
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to include full reversibility,with the additional steps being:

v

Vi1, the_internal sulphate accumulation and a back

°_reaction to external sulphate, L

VIII. the accumulation of APS and a back’ reaction to AfP
liberating the sulphate ion,

»
IX. a sulphite -accumulation and a back oxidative

reaction to APS,

X. an internal H,S aceUmu]ation resulting in the back
oxidative reaction to sulphite, and

XI. an accumulation ofihzs in solution which re;enters

+

the bacterial cell.

The possible steps involved in biological sulphate
reduction are believed compiete It is now necessary.to
discuss each step in terms of known exper1menta1 evidence ,-

to determine wh1ch steps are‘Tate controlling.

5.3 The Rate/tontro1ling Steps

An attempt was made by HARRISON and THODE (1958)
to exp1a1n the mechan1sm5 COntro111ng)£pact1onat1on dur1ng
-sulphate and sulphite reduction. They conc]gded “that the .
breakJng of the S-0 bond during the reduction of su]phafz
“to su]ph1te, was the dom1nant process contro]11n§>fract1on-
~ation at low rates of sulphate reduction. This S-0 bond

rupture was believed to possess a k1net1c-i§otope effect

- . “ . -
.-
Ry
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of 22 °/oo, which does not adequate]y explain more recent
data where much greater fractionations have been observed
in both laboratory experiments and in nature.

" The -temperature, sulphate concentration, electron
Adonor,.and pH, within the normal physiological range of
these para/eters, were concluded to. influence fractionation
>on1y in so far as they influenced the rate of reduction
(KQPLAN and RITTENBERG (1964), and KEMP and THODE (1968)).
Thus it was concluded that the rate controlling step must
be one or more of the forward or backward reaction steps
previously outlined. |

The initial step (Step I) of the bacterial reduction
process is the uptake of sulphate by the bacteria. This a
"process is first order with respect to sulphate at low su]-,'
phate coigentrations (HARRISON (1957)). At higher concen-
'trations, the rate of sulphate optake is independent of:the
su]phate concentration. Here the fimiting factor is most
' orobably the-supp]y of an enz}me which conplexes with the
5ulphate ion to transport it across the bacterial ce]l wall,
REES (1973) treated this step as zeroth order with respect
to su]phate, and postu]ated ‘the estab11shment of steady
state cond1t1ons at soﬁP concentrations. 1f the rate of,H
entry becomes rate controllfngf then no matter what isotooe
effects arevpossible in the reduction phase of metabolism,

the isotope effects observed will be only those due to entry”

of the oxidant.

2

iy .
oy
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The bacterial uptake of sulphate was concluded by
KAPLAN and RITTENBERG (]964), KEMP and THODE. (1968), and
REES (1973) to have a negligble isotope effect. If the
rate of entry of sulphate into the cell” was ‘rate contro]ling,
then at low reduction rates the fract1onat1on wou]d have.
been almost zero, This is not in agreement with experimenta]
ev1dence, since with lactate or ethanol as the electron: donor
the fractionation rate was observed to be inversely propor-
tional to the rate of reductlon REES (1973) noted that this
- first forward Step I possessed an ‘inverse isotope effect of
-3 /oo, so that 53404 uptake is favored over 53204 uptake.
. He also concluded that the isotope effects in efither the
forward (Step 1) or backward (Step VII) steps involving SO, ,
uptake, were probably smali s1nce they are associated with

reactions where the oxidation state of sulphur is not

altered.

Hence Step I and SteW VII of the reaction gequen é\
were concluded to be not rate controlling, excépt at low
sulphate concentrations. ' These processes, as concluded
by REES (1973), were then zeroth order with respect to
sulphate concentration: On the other hand, the passage of
H,S from the cell is presumably fast and hence not rate con- ~
trolling since HZS is toxic towards cell constltuents
REES (1973) concluded that Step VI, "the passage of H2$

from the cell, 1nvo]ved only a small isotope effect and

.
4
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was not rate controlling. He also concluded that the
_backward Step X1 possessed a small isotope effect and
~was similarly not rate Fontrolling. Thus;the‘rate con-

trolling steps are to be found during the reduction of
sulphate and/or,sulphitl in the bacterial cell.

ISiepé V and X invofve analogous but more compli-
cated enzymatic processes than are involved in §04+Sbg-'
reduction. The pfeéent study (Section 4.5) and the in-
vestigation of MIZUTANI and RAFTER (1969) have shown that
thé rate of‘contro11ing step occurred iﬁ both 504-S:>\and
$05- HZS reduction, hence it must have involved some b13
chemical process common (ana]ogous) to each.

The bacterial reduction of Sulphate solely by a
SU]phéte reducer as Desuthovibrio desulphurica'izs did not
permit other investigators to real1ze that rate contro]

- was common to both 504 503 and 303 2S reduct1ons

Although detailed.biochemical mechanisms of suLphitg
reduction are not known, it is . assumed that a similar

enzymatic patﬁway shou]d have been the reduction mechanism
for S0; - H,S reduction. This would have been somewhat

more'complicated in that three oxygen atoms. are. removed as

compared to only one in the SO4 - SO3 reduction. Regard-

-less, both reduction processes were observed to be rate con-

tro]ling-when all other paraméters apparently were cohstantQ

Hence the rate controliing step was not suTéhate.r

(o]

.

e
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nor sulphite reduction, but rather some bacterial process
common to both reductions. Thus Steps V and X can be
eliminated from the list of possible rate contro]]ing

.

steps. | ' ' 2
It should be noted that ‘the poor yields of other™
investigators and the present study were most probably
a resL1t of the experimental media emp]éyed MIZUTANI
and RAFTER (1969) and NAKAI and JENSEN (1964) obtained
good yields employing media found in nature, siﬁie these.
materials are mych more comp!ex than simple ]aboratory
preparations. Also the,electron donors used'in‘préV1ous"
investigations were not materials found commonly 1n.naturé
(laqtate itself is not so abundant in nature). ‘Acclimati-
zatibn of the bacteria to these artificial nutrients was -
Jithen a possible explanation for the poor yields. KEMP and
THODE (1968) found strains that would never acclimatize to
| laboratory media. Hence the apparent fastidious nature of
microorganisms in laboratory experiments may have been
_ solely a result of p&or medium acc]fmatization, poor choice
of electron donor,'enzymatic and celi deficiencies in the
med1a, and d1ff1cu1ty in m1crob1o1og1ca1 ut111zat1on of
non-natural energy sources.
Actual rate control may be linked to a poor accli-
\matization of sfmplifi%d media constituents and inorganic

'energy sources. Furthermore, the detailed biochemical
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-mechanisms of energy source reduct1on by sulphate and
sulphite reducers is st11] not fu]]y -understood. The
SO4 - SO3 reduction process has been investigated as
outlined previously from BROCK (1970). KEMP and THODE
(1968) meniioned specific details of this reduction
that were noted in BROCK (1970), but were the results
of inveStigation§ by POSTGATE (1956), ISHIMO » KOYAMA
and NAGAI (1954), ISHIMOTO (1959), and PECK (1959, 1960,

1961, 1962). At present the enzymatic requirements
involved are not understood well enough to perm1t good
laboratory exper1ment$ to be carried out ( i.e. 100 %
reduction of ava1]ab]e.su1phate). | g

If enzymatic requirements are the basis for the
poor yields reported, then only further microbiological
investigations will clarify this lack of understanding

.\concern1ng the microbiological reduction of sulphate
and su]phlte If poor acc11mat1zation by the bacterial
strains is not rate contro]11ng, then the possible steps

that could have contro]]ed the reduct1en rate should be

IT. the transfer of electrons at the reduction.site,

IIT. the assimilation of sulphate by ATP, \ : ’i:
Iv. the reduction of APS to su]ph1te, and “

IX. a su]phlte accumulation involving a back ox1dat1ve

react1on to APS. | -
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Exteﬁsive study is still needed t0‘comp1eteﬁi§::der-
stand rate control during microbiological sulphate~red-
uction, and isotope studies may not be so]é]y capable of
providing all the‘solutions. However, isotope data can be
analyzed to yield infqrmation'about some of the physical

processes involved. §94

5.4 1Isotope Effects

 when a substance continuously loses material that
had a fixed isotopic ratio relative to that of the remainmi
ing substance, the Rayleigh distillation equation is app-
licable. To express the change in isotopic fatio in terms

of the "del" notation, the Rayleigh equation

¢
l

e o e
§ - 50 = 1000 (o - 1) In F -

is employed. Here 60 is the isotopic composition of the
original su]phafe, § is the isotopic abundance ratio of
the su]phgte when the fractioniof sulphate remaining is F,
and o is the average kinetic fractionation factor for this
process. The enrichment factor }OOO(a-l) was calculated for
both sulphur and oxygen isofopes in the'su1phaté ioﬁ.»The
results appear in Table 5-1. The ratio of the sulphur-34

enrichment to the oxyden-18 enrichment in the sulphates was

found to be approximately 4:1. That is, Ehe en?{chment re-
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lationship between the two k1net1c fractionation factors was

ca]cu]ated to be

a_ -1
s -
G, =T ° 3.96

The kinetic fractionation factors (d) calculated
us1ng the Ray1e1gh d1st111at1on equation, were average frac-
t1onat1on factors for the bacter1a1 reduc "on process. The
relative enrichment ratio of the two iso spic species was in’
ag cement with that obsérved by MI?UTANI and RAFTER (1969)
during the1r 1ndependent ‘but -concurrent investigation. In
spite of the differences in media, organisms, and techniques
of both studies,rthis‘4'1 ratio remained relatively indepen-
dent of all factors save the presence of su]phate reduc1ng
bacteria. An extensive ana1ys1s of their data appeared some-
what out‘of order because of their emp]oyment of several
flasks. .Hdwever, since withipure cultures (present investi-
gation) a similar phenomena was observed, it seemed reasona-
ble to ana1yze”their observations further. 7 |

The kinetic.(average) fractionation factors (a) of
both studies yielded enrichment ratios of about 4:1. The X
fraction fractionation factors (B) for each su]phate fract1on
removed did not appear to follow the trend of the k1net1c
fractionation factors (a). The fract1on fract1onat1on + ctors

(B) were calculated for both 1nvest1gat10ns as follows.
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- . ) -
Sample i-1 removed at 35.8% reaction, @, = 1.0049
. | a, = 1.0013
Sample 1-2 removed at 38.1 reaction, ag = 1.0042
| N a, = 1.0010

For this period, the Sulphur 61_2 was evaluated using the

re]ationéhip

(8{_2)(% reacted) = [(% reactien)(a]_z)] - [(3% reaction)(a]_])] ,

-

where numerically for the interval under examination

_(61_2)5(38.1 - 35.8) = (38.1)(1.0042) - (35.8)(1.0049)

o,
3 (B _,), = 38.260 - 35,975 = 2,285
(By_p) = 2.285 = 10,9935

7.3 . o
Similarily for the oxygen isotope fractiqnation,
38.137 - 35.847

o (Bylp)y = =52 Tl o 009957

For the des1gnated interval, the. resultant enr1chment factor

then became

-
Y

(61_2‘])5 v .
B, -1, - 5

M
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The fraction fractionation factors (P) for the bacterial
reduction of sulphate experimenté are recordednin Table
5-2. The ratio of the sulphur to oxygen otopic:enrichQ
ment yielded values much removed from the\cbnsistent 4:1
obseryed with the kinetic fract1onat1on factors (et). The
data of MIZUTANI and RAF#ER (1969) also was 1nvestlgated
and similar results were noted ( Table 5-2). Both studies
yie]ded.varying'enrichment ratios, but the medn was app-
rox1mate1y 4:1. These fract1on fc&ct1onation factors are
expected to give widér fluctuat1ons than the kinetic fra-
ct1oﬁ%t1on factors because of the accumu]ation of random

err&rs fnvo]ved in their'caltu1ation. Of interest, is that

even the wildest fraction fractionation factors are con-

sistent with the 4yl ratio. ¢ ApparentTy first order kin-

etics are not applicable unless JuSt the kinetic fraction-'

"ation factors are cons1dered Recently. REES (1973) con-

cluded that such bacter1a] reduct1ons were not first order
This will be discussed more fully 1n~Section 5.2.) The -

frattionations observed in the present~iﬁrestigation will

also be discussed latef ( Section 5. 2 ),»and exptained in

terms of non- m1crob1o1og1ca1 fract1onat1on arising from
enzyme mediated chem1ca1-equ11rbr1um )
The relative isotopwc enr1chment observed durdng

the bacter1a1 reduction of sulphate was ca]cu]ated to be

. . . . . :»
W . : : )



r _ ~
, 157
Table 5-2 The fraction fractionation‘factors (B8) for )
0xygen and sulphyr isotopes in sulphate .

during the bacterial reduction of sulphate
T ‘\‘;:’. . '

M

Prefent Study Mizutani and Rafter (1969)
, _ , . — _
. B -1 ‘ B_~1
Specimen s . : S
Numper Bs B0 E;:T ' Bs | E&‘ \’~§;:T
—__\’4’, - _ o , - ) _
1 -1 1.0049 1.0013 3.73 " (
q -2 0.9935 0.9957 1.5 . , - -
1 - 3 0.9966 0.9980 - ° 1,85 .y 0135 1.0015  7.66
N.T - g - 1.0078 1.0026 2.98 1.0320 1.0123 - 2.60
1-5 4 1.0052 1.0011 4.68 , S
2 21 . 1.0097  X1.0023 4.0 - 1.0108 ° ¢ 0023 §.70°
2 -2 0.9747.  70.994] 4.28 "% 1,0123 1.005Q0._. 2,46
2 - 3 1.0210 . 71.0070 3.01 1.0018 1.0001 " -
2 - 4?/ 1.0689 1.0157 4,56 0 0.9937°:  1.,0034 _ _-1.85
3.7 1.0019 1.0004 4. 23+,
3 -2 0.9094 n. d. n. d.
3 -3 0.9716 n. d. ‘n. d.
3 -4 0.8343 0.9560 3.76
4 -1 ... 1.004 1.0010 4.09
A -2 % 1017 1.0048 3.68
4 -3 = 1.0361 1.0091 3.96
4 -4 " 1.0074 . 1.0239 0.3 .
meanv=]éi38;"'
N c. ' )
» L o ’

W

» !%'\‘ . '\"-w__ e
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about 4.0. The isotop1c data as presented iﬁ,Figure 4 5 con-
firmed this rat1o The,relative enrichment oﬁgerved ,’S not
unique The oxygen and sulphur 1sotop1c ;6& 1t:}f;of sul-

phate from water in Lake Vanda, Antartica, w fﬁported by

RAFTER and MIZUTANI (1967b) to possess such h&ﬁenrichment of. *"ii

the isotopes. A plot of the1r ) S’“ valuasf?oe the sulphate
against the 8 018 va]ues y1e]ded an approx1mate stra1ghtf41me
of s]ope 4.0. At depth, th1s lake consisted of strong?y '
dens1ty strat1fied non- convective sa]ine water. RAFTER and
MIKUTANI (]967b) assumed that th enrichment ‘was due to b1o-
log1ca1 fractid§;t1on (B1o]dg1ca1 actlvity was known to
exist in this lake.) ' |

MIZUTANI and_ RKFT%R (1969), as prev1ous]y ment1oned

T

el
3 “(,b"

.oo'

AN I

h

'l

‘ conducted three b1o1ogica1 reduct1on of su]phate exper1ments v

Ty

emp1oy1ng sulphate ﬁree wet stream mqg as the. 1nocu1um _In

each case,’ they found-the)quphur-34 enchhment of the sul;?j

phate to be'abbut four times the oxyéen 15 enrichment. A]so,:

th1s rat1o q?s ohserved to be 1ndepen?ent of the temperature
of the reduct1on . No explanation was given as to why th1s .

relatTVE‘enr1chment ratio was approx1mate1y$four, nor was

any attempt made ‘to determine the- m1crob1o]oglca1 act1v1ty

A . P2

',1n the stream mud inoculum, . S ﬂ g

The Hesu]ts of the present study conf1rmed the ;!\-

| re]at1ve enr1chments observed by MIZUTANI and RAFTER‘(EQBQ)*

4 : .
M : L .',‘ L
B . . »?
¥ oooa

0 Ay

ot
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However, this confirmation came from four most unusual sul-

~phate_reduction experiments. The inversions were decided1y'

independent of the kinetic or fraction fractionation factors,

ana‘the isotopic compos1t1ons of the su1phate in Figure 4-5

showed that the inversions only produced changes of direction

a]ong the" 1so-enr1chment slope qf 4:1. The relative enrich—

ment of the unreacted sulphate remained constant, whether

enriched or dep]eted in sulphur-34 or oxygen- -18. Thus the

oy

*7blolog1ca1 reduct1on of su]phqte was assumed to always follow

such an "iso-enrichment" process, with thenreductlon demandihg

sulphur and oxygen 1sg¢op1c correlation wgth respect to. the

re]atwve enrichment of both isotopic spec1es :
k] . * ,'

5.5 The 4:1'Re1ative §S3* to 60'°® Enrichment

The 4:1 re]at1ve enr1chment ratio of the sulphur. and

oxygen 1sotop1c compos1t1ons was most 1ntr1gu1ng A s1mp1e

‘;explanatgon 1nvo]ves the initial S - 0 bond rupture

2

. The. enr1chment in su]phur - 34 of the unreacted

sulphate was observed ta be four tlmes that of the oxygen -

18 . For the 1n1t1al S - 0 bond rupture, Jhere is a*choice
Yy -
of four oxygen atoms in a g1ven sulphate Yon, however only |

'one sulphur atom is 1nvo]ved Thus. s1mp1e statfst1cs sug-

gests a per atom enrichment-in ‘sulphur to be four ‘times
Q [ S I
as great as that for, the. oxygen This s1mp1e argyment does .

not conSIder-dond energjgs whfch are qdent1f1ed on a theo- ’

L. a
’ &«
- ~

&
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ret1ca1 basis with ki?e t isotope effects.

This relat1ve‘§ar.

be predicted theoret1ca11y, since reaction rate constants

:,ment'ratio should also be able to

are d1fferent for competitive react’wns of iso‘topic' mole-
. cu]es This can’ he done from a ﬂ;ﬂ&ls 63? point of view,
~using the theory of "absolute rates“gﬁg; rat?b of the

rate constants of two isotopic mo]ecuies can- be expresséd
as a simple funct1on 0f thesvibrational energy 1evels of
the two molecules. BI@QLEISEN d@d MAY@R (1947) have app-

roximated this ratio of tme rﬁ?e con:tépts (¢) to be;

LA
O

* 1
fl = ii . iii,. El A | nz ) /2 ( 1 +
S K2 S2 syt k2 m, * = .
% I o E
~‘44-~ ‘Jf/‘_ ‘<- \
&y 3n-6 : 3n'-6 -
' R G(ui) A u; = L G(u f ) A us T )
1 . . ‘l . .

o
‘

where , s ='the symmetry nﬁmber of.the reactants,
S = the symmetry number of‘the activated complex,
k = the transmﬁgsion coefficient, ' f .
h*= the effective mass:
u = hv/KT , ‘
Q = the vibrationé? frequency of the molecule, and¢

qG(u) = 1/2 - 1/u + 1/ (e R B “
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The difficulty in utilizing the Bigeleisen - Mayy
relation rests in the lack of information concerning the
activated complex. One-also has the problem of deciding

L. { value for the effect1ve mass., In practice, various

' apbrox1mat1ons are made ( REES and THODE (1965) ) to see

.

which theoretical® mode] best fits the experimental data.
" The s1mplestrq@del to c0ns1der is“that where the

reaction is approxwﬁm@ed by a 51mp1e S'm‘G rupture Two

’1(

cases can de consuderedﬂ'Jhe activated coﬁglex is the
PRt 7
completely dissociated mo1ecu1e, 1n which case

-6 o P
ign§ G(ui t ) A LE T ey ( Case I )
o

The second possibility is that the activated complex is

Csimilar to the reactant S - 0 bond, in which case the

Kinetic isotope‘effect is simply given by the effective
_mass term ( Case II ). In both s1t0a§1ons, d1fferent
effect1ve mass terms may be tried, qIbch 3s S -0 (atoms)

L

and 505 - 0 (fragments)
; S1nce G(u) ‘has been tabulated by BIGELEISEN and.

Q

MAYER (1947) as a funct1on of u in a conVenlent form for

rapid ca]cu13t1on, the ratios of the rate constants for

isotopic substitution in these two cases can be evaluategs,

The calculations are summarized fongéech case as follows.

¥
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: ' ‘
RATIO CASE 1 CASE 11
Atoms Fragments . Atoms Fragments
K 32 o
. - 1.02695 1.01891 1.00994 1.00204
34
K g 1.10645 1.1%772 1.Q3931 1.04990°
K B
18
P N »
—3—2- -1 . . - K N
K34 | ” |
0.253 0.161 0.253 0.041
Kig -'] . |
ii18 ) 3

®

- (.A11 data ( vibrational frequency, etc.) from HERTZBERG.)

Thus it can be seen that the 4:1 ratio of 85%®*:60'° is

not predicted by a simple S - O rupture model. Indeed, the

relative enrichments ﬁzaS‘shown in the last line of the abo?eﬂN‘

data, of sulphur - 34 and oxygen - 18 are reversed,

This whole prob1em is further complicated by the recent

- findings of MIZUTANI and RAFTER (1973) -, wheggfthe s§018

~value of the sulphate remaining in-the bactefial reduction

bwas observed to depend upon the 6Q'® value of the water in
o) * - .
which the sulphate was reduced by b'é%er1a, They inter=-

preted this as an oxygen isotope exchange betWeeh the sul-

~

Ve
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phate oxygen and the water through intermed1ates 1n the
bacterial reduct1on of sulphate,

The laboratory experiments of MIZUTANI and RAFTER
(1973) involved both mixed and purified cultures., Entrap-
olation of their findings yields GHZOIB values which would
give 4:1 re]atiVe enrichments, however, the correspond1ng
- 6H2018 values differ for each experiment and range w1deLy !?

( +12 °/00 to -10 /oo ). The 1mp11cat1on§m9f their work
seem to suggest that the 4:1 ratio does not have particular
S 40 ~icance. However, at this time the 4:1'obéervation‘ |
shouTd not be so readily dismissed. The work of MIZUTANT
~and RAFTER (1973) cannqt adequate]y exp1a1n why so many
ﬁlworkers have found she 4:1 ratio in laboratory exper1ments
( LLOYD (1968), MIZUTANI and RAFTER (1969), the present
study ) and in terrestr1a1 s1tuat1ons ( MIZUTANI and ‘RAFTER
(1967), MIZUTANI and RAFTER (1969) ). . ' ' ‘
No doubt, the fact that their reductions were carried
out for up to 89 days was a factor #n promoting oxygen a
1sotope.exchange, and can accdéﬁt to some extent for the
d1fference between their work and that of others. However,
this argument is not the 11m1tat1on s1nce the 4:1 ratio
has been ebserved terrestr1a11y '
The study of MIZUTANI and RAFTER (1973) did not

fo]]ow f1rst order k1net1cs Their data indicated thath

back oxidative reactibns do occur, and are an integral part
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of biological sulphate reduction. This was also reported
by TRUDINGER and CHAMBERS (1973) using S%®5 tabel. Thus
the pathways available for SO4+503+H25 reduction are many,
and the role p]ayed by the intermediates and back ox1datlye
react1ons has yet to be fu]ly understood. The re]at1ve-
enrichment of &6S°* : §0'® has to depend upoh the phys1ca1
and chemical effects involved 1n both the forward and
backward reactions, |

It is hard to be11eve that the 4:1 relative enr1ch-
,,s.:

‘fo ment rat1o "does not have special significance when ,in this

r

thes1s it was encountered persistently dur1ng both. normal

<

‘and inverse k1net1c isotope effects
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‘ 0141 ©752° DPCHAG, ' DEPCHG il - .
.. @l 1707 siorw,' * STDTWO - 4 . _
. 24730 INCASE, " ‘TwcAsg -V a : L
44, 1461 SarY, -SURTNO , T : o
" n (1441 HAPPY, T HAPPYS T ' -
L #0146 2511 AGAIN,  ~AGAING B R
0147 2537 STXORS, _STX0S e ) SERECI
OBS® 2624 ZERDEE, TDECZER - ¢ - 4. R ~
, 9151. 2633 2TYPE)}.. ERTYPE L el . N
- 8152 3816 GOONMS ONGO - ® o SR
9153 2680 CNTRO,  “CNTROS., - . ' L
. B154.-2711 LINE, [ LINES . . ;
» B155 090® TABCNT,/ 0608 . </ . ;e -
.-, 8156 2671 DVONE, onebv - . L R
" @157 3851 NEGT.. NEGIT T - 7T - :
160 2142 RICNT, 2142 R Lo A
-+ @161 2143 RECNT . 2143 . . - N
= @162 2731 -XOSMB MB X0S . ‘ ’
M163 0266 SAYLEN, 266 =
B164 POBB NEWXOS., 2000 ’
@165 3080 DEVSET,  SETDEV ‘
166 3014 BLAH, 3014 . & )
'0167 @020 EXTRA, 0900 o



" KORECT»

BACKST,
SPART0,
CNTXOS, "

‘DELETE,

MUMCRT .,
TABSQ »
NUMTCR »

M
.
N
.grs-'
¢
4
&
.
Fy
L’.
P
.

CORECT
1131
STARS
$OSCT
DELEIT
CRTMUM
TABA SO

CRNUMT

)
A

175

[ -
o
"
v
»,
)
< .
L
n .
N
.+ -
. . s
>



atY

176
, / MESSAGES TO BE g&lNTED
- w200 : \ : . Y
0200 0200 LISTAI1, . / =12 (-10 DEC)
2201 0311 . 311 \ 7 INTTME=2#%
0202 0316 ~ 316 : S *
2203 '0324 324 i
0204 09324 - 324 o
2305 @315 . 3158 C
. 92066 0305 - 305
4 P27 0275 . teys gi ‘ -
. 92210 0262 ‘ 262 VTN ) e
0211 @252 0 o 252 o :
@212 @252 252 ° o \\\N\\\u
P213 2%43 LISTO2, - . . . w/ =12 (-1@ DEC)
0214 a7 - 307 / GMTIME=2%x%. |
-7 0215 0315 315 B S e
o8 0216 0324 324 o
ST 8217 9311, - 311 s :
oo 9220 @315 - 315 T
- ¥w0291‘ 8305 . 305 . .. Ken AT Coe s
» “B222 0275+ RS- AW 27 U ' _ .o L
: 0523 goeez . 262 ~ ’ .
22 447 9252 co 252, -v" v
+ 8225 9252 - 252 ¢ .
0226 0226 . L1STA3, . - = 14 (~12 DEC)
0227 . P324 .- - 324, l/”:/THxs SET 1S
2230 8310 310
-7 0231 0311 : 311
() @232 '@323 ~ 323 N o,
0233 @240 ;240 tor
. @234 0323 323
@235 0305 7 \‘ . 730S ¢ , -,
., 9236 @324 = - 24° 1. e / o
A 0237 - @2 40" v 540 ,{ e . . '
e 0240 @311 - 311 s
6241 @323 * - - 323 S PN
el 8242 9240 T 240 S 1
- 0243 Q243 - LISTB4, N 5 (-21' PEC) "
0244 o306 .- 3de L ) FIR&T set musT BE'S -
0245 8311 311 T = . e
[ 0246 0322 - 322 AR :
& BGAT 0323 323 o
_ 0250 ° 9324 - 324 o o
7 @251 @240 240 L
@252 .p323 323 s ‘
'@253 0305 , © 305 ? 3
8254 @324 ' 324 \
9255 0240 oag
P256 ©315 | - . 315
0257% @325 325:
. #2690 0323 S Tr e 323



@861’ 9324 " .. 324
. 8262 ~02 40 i 240
626F ©302 t 302
0264 @305 ' 305
> - 0265 0240 : 240
0266 < 3323 : 23
0267 0240 ; k40
0279 @241 ; 241
@271 8271 LIST@S) .
0272 0315 Yo 4 315
@273 0305 & 305
@274 , @321 ~ ' | 321
L8275 0316 : 316
“ 02976 0240 : 249
o717 8322 {3 322
10300, 0301 P30
b .e391 aﬂ3%ﬂ e 3™
o 08302 B311 [ 311
v v 0388 8317 . 317
.0 8304 0240 - L. 240
8345 0325 LISTO6,: ..
. 8306 0323 323 -
. 0307 .@32a o 324
0310 . 8394 - hE 334
N 0240 2 49
%312 0324 ¥ 324
. 8313 @395 305
0314 :0326 32%
8315+ 9240 * 240
9316 @311, 311
@317 09323 323
8329 0240 -
9321, 8321 LISTOTQR v
0322 8324 ., L 324
0323 0331’ L 311
. 8324 0320 Y 320
4" 9325 @385 325"
2326 P40 . 24b
@327 0331 » oy 811
-, 03387 p2vp 4, - 2 42
2331 8311 & | ',\ 311
8382 0306 - ‘ .306 .
2333 V240 £ a0
8334 0304 ~ /7 7 1384
» = B335 0305 - 305,
\fg}osss w326 . / 1326
N8337 0243 ‘240
:fg @340 ©323 - /[ | 323
© @341 @3q1° [ s 301
@342 9324  ; 324
- T -

' ‘, - ‘w ' o et i nt
. mi&v P ’ 4 ' By !
" ! ! =,
R
. & 7 =16 (-173 DEC) : ,
“ ./ MEAN RATIO IS -
. ° % . ‘. .
R o ﬁ ) :f 1‘*
Lo
g PR
e
L S
/ =13 (~11
/ STD DEV IS * %
o . '
R
N v e /‘
:n //&ﬁ_
’ A".."& //"
o “ e
- ﬂﬂ,-—"l \ / e k
- : ) » -~
e
. . “z/ -33 %~27 DEC)?& . s, .
fﬁ-ﬂﬁq 7/ TYPE Y 1# DE /SATbFACTO?Y
r"lf:" l
Al
* ~ ‘,' ’
L
7
;:’/ /‘/ ’ [
S * \ .
n / > \\ .
, .
oo *
2
. 8



&

i

@343 8311
9344 0323
0345 - 8386
8346 030V
0347 .8303

%o358 @324
9351 0317

v w 0352 0322
¢ -L.B353 " 033
ﬂ?ga : g§7
0355 024
0356 0242«
7 B3517 " @3pT LISTIB,
‘368 M2ASS. ,
* p361 e
0362 - 0B
8363 .
N364:
M65 .
- 2366
S @367
9370
. 0391

" p312
@373
0374

 §

./ =15 (=13 DEC) ‘[‘4'
'/ = ONLY 3 SETS

M
“
M v &3
-
o % ]
. C:
Y ?)



179

# TRIPLE PRECISION ADD OF DOUBLE PRECISION
= /- NUMBERS . CALLING SEQUENGE
% / 1) dMS TRIPAD WITH FIRST ADDRESS IN ACC
/ 2) RETURN SUPERHI ADDRESS IN ACC .
/ REQUIRES * INTEGRATPDN TIME " ON PAGE o .

*400
0400 0008 TRIPAD, 002 S
B4B1 3237 DCA HIPTLQ / FIRST HIGH POINTER
0492 7300 ‘ CLL cLa % § .
0403 3063 - - DCA OLLO “/ TIDY UP REGISTERS
0404 3962 . DCA OLKI .
0405 3061 : DCA ‘OLXI .
B406 1030 < TAD INTTME -/ How Many 2
. 8487 1pa1" - CIA - i . ¥
8418 3236 DCA LOCTME ' wb - v
0411 1237 -, TAD HIPTL : 8 . —
8412 7001 k IAC 1 " ’ Y s -
8413 3249 : E%pTL L L Ay
@4al4 . 1646 ADDE, #AD 1 LOPTL  77°ADD-LOw ORDER™ = =+ 'y
0415 1963 TAD’ OLLO .- LT T e
0416 3063 DCA 0LLO :3; S o »
B417 7004 o RAL _ .
0420 1637 “TAD I HIPTL  / ADD HIGH OXDER
6421 1062 , © .TAD OLHI . e * '
8422 3p62 * DCA DLKI - = .
0423 7904 RAL “f CARRY : .
G424 1961 TAD OLXI tA : L q
425 3961 : DCA OLXI - - * . .
0426 2237 ISZ HIPTL - 7/ SHIFT ADDRESS By o .
0427 2237 ' ISZ HIPTL : ‘ :
0 224p I1SZ LOPTL o N S
@ﬁg , 2240 ’ ISZ LOPTL. # | ‘ N
SLTea32 22360 SZ LOCTME '/ FINLSHED ? ~
- 04337,521 4 ', ~TJMP ADDE f/N0 e /
2432 1060 S TAD OLXIPZ /OYES ‘ =
0435 . 600 ~ MP I TRIPAD. / .
0436 00BY  LOCTME, 20 _ ~ :
2437 }09@(;'HIPTL1. aqe@ ‘ oL ‘ ; ' ’
07?9 @@' ~LQPFL: . 0008 . f ' v _/?
o ‘ " _ - 7~(f

, DIVIDh T#IPLE PRtiIbION NUMB ER BY, A
™ 77/ OF "TWO . CALLING |: EQUENCE : '

. / 1) JMS TRIPDV WITH HIGH APDXESS IN ACC
/ 2) RETU<N ACC® CLEAR AND RESULT IN THE
s MEDIUM AND LOW ORDER PART OF T. Pe
' "/ DIVISOR IN ' INTTME ' ON PAGE o .
G441 B0 TRIPDV, 2960

44z, 3313 ) \. . DCA AYOTHI / POINTER

/



p

¥ -

0443

0444

R 445
D446
447
459

\@ 451

452
8453

454"

2455

D456

0457

0469 -
. BDas

0462
2463
0464
0465
0466
2467
6470
0471
0472
0473

B474:.

9475
0476
0477
0500
2501

p502.

. 8583

Ve

a504

505

31506
BSB7

(0516

NS
y

2511
ps12

- @513

2514
2515

7516 -
2517

-t
£y

8520

2521

as22
2523
0524

©wA

1313
7091
3314
1314
7201
3315
3316
7100
1030
7010
7919
2316
7420
5255
7200
N316
7041
3316
7100
1713
7010

TWOSDV,

3713 4

1714

131 0.

3714
1715

71010
3715

7004
3317

2316
. 5265

7300
1715
1317
3715
7094
1714
3714
3641

" 9000

2000
naan
Ppoa

BoO0-.

A000

7100
3010
t729
3317

-

R

QUOTHI ».

QUOTMD,
QUOTLO,
POWE}? »

ROURID, .

N@RITE:‘

SNL

- JMP

CLA
TAD
Cla
DCA
CLL
TAD
RAR
DCA
TAD
RAR
DCA
TAD

“RAR

DCA
RAL
DCcA
Y4
JVP
CcCLA

TAB I

QUOTH1I

QUOTMD
QYUOTMD

QUOTLO
POVER

INTTMR

POWER -

.-3
POWER'
POUWER
I QUOTHI

I QUOTHI
I QUOTMD

I QUOTMD
I QUOTLO

I QUoTLO -

ROWND
P OWER

TWOSDV
cLL .-
QUgTLO

“JMP

TaD Roudp
DCA I QUOTLO
RAL

TAD | QUOFHNMD
DCA '
JTRIPDV
29200 .

/0000
- 00pe

151530
P000

0000 -

'CLL

DCA 10

DCA ROUND

_

QuUOTMD -

o
2

4.

"TAD I NWRITE

4

el
A 25
.

e

/ MUST BE POWER OF 2 !!
/ TUOS EXPRONENT .

/ IF NOT 2%x%xN

.

/ Fé%CH‘QARTs NOW

SAVE HOUNDOFF BIT
FINISHED ? -

NO _ :
YES ~~ &« -
YN ‘ .

NN NN

CARRY

S -

~ . . S

WRITE OUT MESSAGES . . °
IN AFTER JMS FROM A
TAD CHARXX AS IN *200 |
AFTER JM¥ IS OCTAL OF
CHARACTERS. AS %200 .

*\'\ﬁ\\.\



',W' ” . . . d
ﬁ . - NI Y

-~

9525 2329 I1SZ NWRITE St
0526 6M46 TLS e

AS27 1410 i TAD I 10 . ,

0530 4447 \ JMS 1 TYPE .

0531 2317 . 1SZ ROUND . ,

@532 5327 o S JMP o =3 _
2533 $720 - J¥P. 1 NWRITE : -
#534 Q0B NBELL, 0oV / RING BELL 'FOUR, TIMES
0S35 7300 . ] CLA CLL . .

D536 “4446 . JMS I CRL o )

@537 1346 . - TAD-M4 - - R

NS4 3317 ~ -~ .DCA ROUND ) R

@541 1347 - TAD K2d7 ~ ’

-8542 4447 JUS 1 TYPE '

A543 2317 1SZ. .ROUND

@544 5341 | FUvP e=3

0545 5734 : JMP T NBELL

@546 " 7774, M4, -4 S .

0547 . 6207 ‘K207, 207 - . . .

-

ooo’ WMLISN, P00 . _ 7 READ X OR S FROM THE

8,55¢
W 0551 1 KSF ' / KEYBOARD ° '
#552 5351 .Y e "J&P;%-l v .
¥ 0553 6036, - ¥§B ' B
v 0554 6046 . T o L
0555 7100 ] CLL ~ ' - N iy
@556 3032 _ ' DCA XORSOR b v
@557 5750 © JMP 1 NLISN T
g€357 0000 NEXPON, o000 P / RAISE ACE TO A
561 3317 . . DCA RQUND . *'®  / POWER OF TWO
DI P TT, B - ';fD I' RQUND - - . . ~
0563 10419 ' A '
0564 3316 ..~ oDCA" POWER - - ’_ ‘
85565 1001 - . Iac LA '
0566 (1004 o RAL - . - B R
567 \2316 ' (ISZ POMER. ) T X
#3706 “5366 ., Ywp .-2 . : "
@571 317 - ~s™  DCA I ROUND' - " /¢~ . *3
@572 SN6H . ‘ JMP I NEXPON : Tl a e
Ty T > -
S e K , . ' i m ':'(.‘ ;d . w ,
,\ ~ N .‘,.3 0 - .’ |
. N . v ‘ - B



. 0600

n601
2602

0603

8604,
2605
0606
0507

‘. 0610
8611

p612

2613
0614

0615
A616

06117
‘D620

2621 .
8622
2623
0624
0625
0626
0627
66392
P63l

‘Y632
4633 .

D634

. 9635
- 0636

06317

D06 47 p

664l
0642

0643

0644
2845
0646
0647
0659
9651
8652

/ SIGNED DEGCIMAL PRINT
/. CALLING SEQUENCE:
/ 1) JMS SDPRNT 7
7/ . 2> HIADDR /.
*600 o
~ 0ONB  SDPRNT» 0000
4550 : JMS'#1 ZERDEC
1600 . TAD I SDPRNT
3302 . * DCA SDGET
1702 - TAD -1 SDGET
7700 SMA CLA
1271 l%\ TAD SDPLUS
1373? , TAD" SDMNS '
e TAD SDTWO 7
Y ’ JS NTYPE
TAD I SDGET
.SPA
,. ';ﬂ’”CMA CML -
7% rg*“?agﬁlDCA SDHIGH
23928 5 0 ™ I1SZ SDGET
1792 : TAD I SDGET
7439 7 SZL E
7ra1 - CMA CLL IAC
7430 SzL .
2274 @ .. ISZ SDHIGH "
3275 W " DCA SDLOW
1266 .* TAD SDLOOP
> e -
3273 ‘DCA SDCNT
1267 TAD SDADDR
3303 DCA SDPTR
2%m( . 1SZ SDPRNT
11733+ | SDARND » TAD 1 SDPTR
2393 ¥ ISZ SDPTR
3276 DCA SDHSU3 ~  °
1783 . ;TAD I.SPPTR
23083 L 18z SDPTR \ -
3217 "7 DCA SDLSUB -
7109, . SDDO, -CLL - :
1277 . TAD SbLsuU3. .
1275 TAD 'SDLOY
3391 DCA SDTEML 2, "
7004 RAL.. .
1276 TAD SDHSU3:®
1274 TAD SDHIGH
7510 SPA b
5256 JMP SDOUT
2309 1SZ SD30X
3274 'DCA SDHIGH

182

DOUBLE PRECISION

CALLED y
ADDKESS OF ?.H ORDER «/

/

-

/ wor
/

/

/

/ POSTTIVE ?

/ LOW ORDER WORD»
/. LINR- SET ?

/ OVERFLOW ?

/ SET DIGIT COUNTER
/ SET POINTER

/ SET LINKAGE =

/ POWER OF TEN',

- -

- ) RN

/ DOUBLE PRECISION
. / SUBYRACTION .
T L = v .

e 7
kN 3 .
'y na, «

’ . B

o o
/" UNDERFLOW 2
/ N0 )
/7 YES



¥

¥

”

D653

0654

655

D656
B657
0660
2661

D662
0663
D664
665
D666

B6617.

A6TN
n6T1
B6172
A673
B674
0675

DETS
@677

BTG

2701
2102
2103
0104
21705
.D196
187101
2710
P711
Q712
p713
B714

2715 -

@716

<

CB117

2120
R721

BWi122

2123

N724
8725

0727

@730

,'#731

1111

1301
3275

52 40 »
7208 SDOUT,
1300 °

1270

4551

3300

2273 -

5232 v
5600 -
7771  SDLOOP,
®704 SDADDR,

. 9260 SDTWO.»

7763 SDPLUS.,
7775 “SDMNS,

20PF - SDCW ,
ODP& SDHIGH,

APvB° SDLOW,

0000 .. SDHSUB, .
#Ban - SDLSUB,

BP0  SDBOX

0PAN- _SDTEML,
‘9008 SRGET,
#008  SDPTR.

7413 SDCONL.
6700
1747

D g
4540 o

T775°

4360 '
7777
6930

S T777

7634 -
7777 . L
7766 2
8777

@B0H  NCRLF»
1336 -
4330

© 1337
P26

4339

-5722

@000 NTYPE,

600l ¥ 7

TAD SDTEML
DCA SDLOW

JMP
CLA.
TAD
TAD
JMS
bca
1SZ
- JmP
JWpP
-7
SDCO
260
=15,
" =3

?

2090,

TAD
JMS
TAD
JMS
JMP

NodY
TSF

SDDO

5DBOX
SDTWO
I ZTYPE " §
SDBOX

spcnt

SDARND

1 SDPRNT

NL.

K215 ', -

NTYPE -

K212

NTYPE

I NCKRLE
C

o

/ PICK UP DIGIT

”

.
N
/ TYPED 7 DIGITS
/ NO ,
/7 YES
/ COUNY 7

1 oo
/ BASE FOR DIGIT

.
/ STORAGE LOCATI
0
s T
) v
ﬁﬁiéﬁ ) ?E;‘
_. ,U.‘ L

/ POWERS OF.TEM-

4/ -1,000,080

/ -1.88,000 .
Y -19,000

/ -1,088

» -

. e ’1; ‘ »

*».TYPE CHARAGCTER
. / FROM KEYBOARD -

ONS

-

"/ CARRIAGE RETUAN
/ AND LINE FEED



)

. &Q1-
.

A

e

L 8714

0732
9733
8734
2735
8736
0737

B740
D741
Q742
3743
B744
445
B7lu6

B758
L TA+D!
G752

0753 .

@754
@755

4

0756

760
@761

40766
0767
0730
9771

0773

27173

0% 4T

2757

0762 .
0763

0N

5331

60 46
7300

. 5730

9215
v212

2000
Y044

3359

‘1351
4330
2359

5343

S740
0ddo
B2 a0
,Jﬁﬂu
1193"
3374
5752

0060

71300

43 4

1032 ..
4339 °
~323 -

4322
187

3774
2374 °

1071
13714

2374
5756

_bone

K215,
K212,

NTAB »

‘

TABGT, |

" KR 49,

'DEQEH

DEPXNS,

1

. JMP

-DCA
‘182

JMP o"]

TLS

CLA CLL

JMP T NTYPE
215

212

"

0090
TAD
DCA
TAD
JMS
1Sz
JvP

M3
"TABCT-
K2 41
NTYPE
TABCT
--3

I NTAB .
Boon

249

R

TAD LOCTON
DCA XORSLC

:.ﬁm’ 1 DLPCHGw

AGHo

CLA CLL

JMS NTAB

TAD -XORSOR -
JMS NTYPE
JMS SNCRLF -
JMS NCRLF
TAD GMMED

I "XORSLC
XORSLC »
™D GuLOw
DCA' I XORSLC
1Sz xBRSLC ..
JMP X DEPXOb

0oan T -k

Y

T magee

¥

/- TAB

7 DEPOSIT .

184

180 SPACES o

‘

X"OR §

./ STARTING 36a¢>



K3

1GBY
1001
1002
1003
1004
1005
1006

19007

1010
1011
1012

19013°

1014
1015
1016
1017
1929
1021
1022
1623
192 4
1025

1926
1027

A 1030
1831
1932
1033
1934
1035
1036
1037
1040
10 41
1042
1043
1044
1045
10 46
1047

1050

T1651
1052
1853
1054
1955

0anNn

1300

1327
3155 -
7300
3067
3070
3071
1831

" 1041

3154
7300
1064

. 3244

1832
7041
3326
6322

. 6301

5229
63013
3644
2244
6304
3644
22 44
6322
2326
5222
7300

" 1930

7041
3326
1864
3244
4456
(5161516}
3324
1724
3844
2244
2324
172 4
3644
22 44
2326

\“

=

185

/ READ VOLTMETER VALUES -AND FIND THE MEAN

*1d0¢

READVM »

MORE »

READVT,

CONVRT,
POINTR,

5

¥000

.CLA

-~

TAD
DCA
cLA
DCA
DCA
DCA
TAD
CIA
DCA
CLA
TAD
DCA
TAD
CIA
DCA
6322
6301
JMP
6342
DCA
6304
DCA
1SZ

- 6322

1Sz
JMP
cLA
TAD'
cla
DCA

. TAD

bDCcA

‘JMS

20009

CLL
MMM6
TABCNT
CLL
GMHI ..
GMMED
GMLOW
GMTIME

GMCT
CLL
STORE
POINTR
INTTME

MINTT

.4}

T POINTR

POINTR

I POINTR
POIN

MINTT
READVT
CLL -

INTTME

~MINTT

STORE
POINTR
1 DOUBPT

DCA TEMPAD

TAD
DCA
1Sz
1Sz
TAD
DCA
1Sz
I1SZ

I TEMPAD™
I POINTR
POINTR
TEMPAD

1 TEMPAD
I POINTR
POINTR
MINTT

-

N

NN N

NN NN

NN

~N

/ CLEAR LOCATIONS

o /

!

MORE TO DO !

N
\,

AN

NEGATE
SET FLAG FOR A
VOLTMETER VALUE

GET HIGH PART"

GET LOW PART

N

SET FLAG
FINISHED ?
NO |

YES

.BCD TO BINARY .
'RESET "COUNTER

HIGH BCD NUMBER

IN OLD BCD

FINISHED ?

-



1055

LO5ST -

1060
1961
1062
1063
1064
1865
1066
1067
1070
1071
1072
1873
1874
1075
1076
10717
‘1100
1101,
11092

1163
1104
1105
1106
1107
1110
111
1112
1113
1114
1115
1116
1117
1129
1121
1122
1123
1124
1125
1126
1127

1130
1131
1132

15243

7300
1064

. 4455,

4457
1060
1601
4554
7300
1871
1063
3071
1004
1062
1870
3070
1004
1667
3067

2054 .
5213

i

1033

3325
1631
3039
1066
44;7

1385

3030
1266
7001
3322
4446
4446
4453

4465
0000 .

5690
2030
89204Q
8039

77172

0200

7300
1036

/ GET MORE AVERAGES FOr GRAND MEAN

GMPRPT,

\ -

TEMPAD, .

TEMP, -
MINTTS
Va6 »

TSETIS,
STBACK»

J¥P GONVRT
CLA CLL
TAD STORE

JMS 1 TRIAPT

JMS 1 TRIDIV
TAD OLXIPT
1AC '
JMS 1 LINE
CLA CLL
TAD GMLOW
TAD OLLO
DCA GMLOW
RAL .
TAD OLHI
“TAD GMMED
DCA GMMED
RAL- _
TAD GMHI
DCA GMHI
1SZ GMCT
JMP MORE

- TAD INTTME

DCA TEMP
TAD GMTIME
DCA INTTHME
TAD GMPT

JMS 1 TRIDIV
TAD TEMP

DCA INTTME
" TAD GMPT

1AC .

DCA GMPRPT
JMS I CRLF -
JMS I CRLF’
Jus 1 TAB
JMS I DECPRT
0000 .

JMP 1 READVM
200
0000

- eo206!

-6'

e

BoBOo
CLA CLL
TAD CHAR®3J’

~

~

NO
YES

NNN NN

ADDRESS IN ACC
ADDRESS OF OLXI IN
ACC ON RETURN

186

/ COUNTER FOR MEAN

/ SET UP FOrR MEAN

-

/ RESTORE INTTME

\
Q

/ WHAT 1S THIS

/ SET

- XOR S ?



1133
1134
1135
1136
1137
1140
1141
1142
1143
1144
1145
1146
1147

1150
1151
1152
1153
1154
1155
1156
1157
1169
116}
1162
1163
1164
1165
1166

1167

1170

1171

1172

1173

1174

4433
7764
6032
4450
1932
3373
7332

1373

1372
7440
1416
5365
7304
1373
1371
7449
7410
“5365
7390
1373
1370
7449
7410
5774
4451
5331
4570
4200
5730
7470
7455
7459
1515151%
4000

ONWARD

M310,
M323.,
M330 .,
SAMPLE,
PARMPT,

JMS
-14
KCC
JMS
TAD-

‘DCA

CLA
TAD -
TAD
SzA
SKP
JMpP

" CLA

TAD
TAD
SzZA
SKP
Jmp
CLA

TAD

TAD
SZA

- SKP
JMP . 1 .PARMPT'

JMS
JMP
JMS
JMS
JMP
=310
-323
-330
0000
PARM

I WRITE

I LISN
XORSOR
SAMPLE
CLL .
SAMPLE
330

ON®WARD
cLL -~
SAMPLE
M323

ONYWARD
cLL .
SAMPIIE
M310

I BELL
STBACK
I KORECT
READVM
I TSETIS

1

-

N

4
H ¢ HALT )
ERROR MADE !!

187

_CORRECT SYM3OL



1269
1291
1202
1243
1204
1205
1206
1207
1210
1211
1212
1213
1214
1215
1216
1217
1220
1221
1222
1223
122 4

1225

1226
1227
1239
{231

1232
1233

1234

1235
1236
1237
12 49

124]1 -

12 42

1275 TAD HIGH

CHARACTER!

N

w . 188

DOUBLE PRECIblON BCD TO BINARY CONVERSION

ALSO CONTAINS SINGLE PRECISION BCD TO BINAKY

FETCH HIGH ADDRESS

FETCH HIGH ORDER
CONVERT IT
AND STORE

FETCH,L LOW ORDER
CONVERT 1IT
AND STORE

MULTIPLY HIGH ORDER
PART BY 128

MULTIPLY HIGH ORDER

BY THREE

FOrRM 128*HIGH-3*HIGH
: \ N

A

/ CALLING SEQUENCE:#+.

/ 1) JMS DOUBLE

/ 2) ADDRESS OF HIGH

/ RETURN YW1il AUUKESS OF‘HIGH IN ACC
D,

/ CALLING SEWUENCE:

/ 1> CCAC)Y = 3 BCD

/ 2) JMs BCD3IN

/ RETURN YITH ANSWER IN CLAC)

/%1200
2000 DOUSLE, 2000
7300 CLA CLL
1600 TAD 1 DOUBLE
3273 ) DCA LOWI1
220y ISZ DOUBLE
1673 TAD 1 LOW!
4300 JMS BCDBIN
3274 DCA HIGH1
2273 : SZ LOWI1
1673 TAD I LOW!
1390 o JMS BCDBIN
3273 o DCA LOW1
1274 “;« TAD HIGH!
7112 o\ CLL RTR
1912 " RTR
7010 . _ RAR
33 ‘ ) ' DCA BCDBIN
133§:j$?‘ TAD BCDBIN
0332 ¥ 7 ‘AND K177
3275 DCA* HIGH
1300 TAD BCD3IN
7010 RAR
0330 AND K7690
3276 . DCA LOV )
1274 TAD HIGHI -

L7164 CLL RAL

1274 . TAD HIGKI
7141 . "CIA CLL
1276 TAD LOW
3276 : - DCA LOW
7420 - SNL N
79 40 cma - .
1275 TAD HIGH
3275 . ' DCA HIGH

125%HIGH ,
NOW MULTIPLY B8Y &



1243
12 44
1245
1246
12 47
1250
1251
1252
1253
1254
l25§
1254/
1257
12n..
1261,
1262
1263
1264
1265
1266
1267
1270
1271
1272
1273
1274
1275
1276
1277

1300
p301
1302 .
1303
1304
1305
1306
1307
1310
1311
1312
1313
1314
1315
1316
1317
1320
1321
\

7106
7004
8331
3275
1276
7196
700 4
3276
1276
1004

a327.

1275
3275
l ).'/()
1331
7108
1273
3276
1275
7430
7001
3275
1277

5649

bo0oY

0009 .

BaNG
0090
1275

DAY
3275
1275
9333

"T112

3276
1276
910
1276

7041

1275

3215 .

1275
8326
7112
3276
1276
79010

LOW1 » )
HIGHI » )
HIGH» 2
LO% » )

RTL

K7770
HIGH
L.OW
RTL

LOW
LOW

K7
HIGH
HIGH
LOW
K770

LOW!
LOwW
HIGH

HIGH
HIPTR
I DOUBLE

HIPTR, HIGH

/ SINGLE PRECISION CONVERSION

BCDB INS 0009

pca
TAD

AND-

CLL
DCA
TAD
RAR
TAD
cla
TAD
DCA
“TAD
- AND
cLL
DCA
TAD
RAR

"HIGH
HIGH
K7 400
RTR
LOW
LOW.

o
LOv

HIGH
HIGH
HIGH
K7760
RTR

Y ADD LOW, RART - °

189

/ MASK 9'811S

/7 3 BITS

/9 BITS | SN

/ AND STOﬂpf“‘ .

/ RETUKN WITH HIGH
/ ADRESS IN ACC

-/ LEFT DIGIT

TN



1322
1323
1324
1325

1326
1327
1330.
1331
1332
1333

1334
1335 -
1336
1337
1340
1341
1342
1343
1344
1345
1346
1347
135@
1351
1352

1353
1354
1355
1356
1557
1360
1361
1362
1363
1364
1365
1366
1367
1370
1371
1372
1373
1374
1375
1376
1377

1276,
T 11
1275
57170

71760
2007
1642

1770

2177
T 440

D00
4444
1347
3350
1351

4447
2350
S340

4446

5353
5752
7672
0000
92 52
3532

4446

4446
4446
4446
4446
4446
L4446
4446
4446
4446
4446
3077
1376
3777
1375
3774
5346
3372
7775
7520
3346

K71760,
K7,
KT7630,
K71770,
K177,
KT4404,

STARS,

A

Mj@ »
STARLN,
KK252,
PARMPT,

LCN1 .,
MI‘N:’: ’
MAN2 60 »

LLONT »

TAD LOW .

CIA
TAD HIGH

JVP 1 BCDBIN -

7760
7

7600

71770

177

7490

ANGA L
JMS 1 CRLF
TAD M70
DCA STARLN
TAD KK252
JMS I TYPE
ISZ STARLN
JMP =3
JMS 1 CRLF.
JMP . +6
JMP I PARMPT -
-70

(25 Xu1%)

252 .

PARM

JMS 1 CRLF
JMS I CRLF
JMS I CRLF
JMS I CRLF
JMS I CRLF
JMS I CRLF
JMS 1 CRLF
JMS I' CRLF
JMS 1 CRLF
JMS 1 CRLF
JMS I CRLF
DCA TEMTQ
TAD MN269
DCA- 1 LCNI
TAD MIN3
DCA ‘1 LCNI
JMP PAROUT
3372 -

-3

-260

3346

/
/
/

190

LINE OF STARS AND
CRLF'S TO END. THE
PROGRAM



1400
1401

1402

1403

140 4
1405

1406

1407
1410
1411

1412
1413
1414
1415
1416
1417
1420
1421

1422
1423
142 4
1425
1426
1427
1430
1431

1432
1433
1434
1435
1436,
1437
1440

1441
1442
1443
1444
1445
1446
1447
1450
1451
1452"
1453

ANA0
1117
3206
1123
3207
4521
00a0
1214178
3113
1132
3126
1526
3114
2126
1526
3115

-2126

1526
3116
1120
3227
1117
4522
0909
3126
1526

" 3107

2126
1526
3110
t127

4554

5600

2000

1042
14433

1745
4453
4453
6032
44599
1015
4575
4574

/ DOUBLE PRECISION DIVIDE

*1 400
DVDRAT,

MULT»

ADDRS1 .,

HAPPYS,

L

TAD
DCA
TAD
DCA
JMS

2000
0000
DCA

TAD
DCA
TAD
DCA
1SZ
TAD

* DCA

152
TAD
DCA
TAD
DCA

TAD

JMS

0009

DCA
TAD
DCA
1Sz
TAD

; .DCA
. TAD

JMS
JMP

0300

TAD
JMS
-33

JMS

JMS
KGC

= JMS

NOP

-JMS

JMS:

“
DVDPT
MULT +1
TENSPT
MULT +2

I DMULPT

DV1
DV2P T
ADD

I ADD
DV2

ADD

1 ADD
D3

ADD

1 ADD
DVa
DVSPT
ADDRS 1
DVDPT

I DBDVPT~

ADD . ..
1'apD”
QUETI

abDD

I ADD.:
QUOT2 F

‘QUOTPT

I LINE .
Is: DVDRAT

—

- LY

CHAROT .
IZWRITE

1 TAB
1 TA3

I..LISN
1.MUMCRT
I DELETE

191

* /7 EXPECT STORED

-/ DV, Qv2,
£ AND DWSOR2

ISFACTORY

NN N NN

WISE .

N

, :
'S* STARTS

VSOR1 »

'Y* TYPED IF THE
RESULTS ARE SAT-
« THREE
MORE SETS OTHER~=



1454
1455
2456

457
1460

1461
1462
1463
1 46 4
1465
1466
1467
1470
1471
1472
1473
1474
1475.
1476
1477
159
150
1502 -
1593
1504
"1505
1506
1597
1
1511
1512
1513 -
1514
1515
1516 -
11517
1520
1521
1522 -
1523
1524-
1525
1526
1527
1530
1531
1532
1533
1534

5270

. &
7200 .-

4446
4446
4446
4536

aaan
7304
3350 ‘
1352 ‘

3351
1352
3354
1.0
1361

3110

SORTNO,

SQX,»

. 1064

1107
1354 -
3107 -
7420
5331 -
7100
2350
1351
1356
7459 °
5315
7300
1353
1351
3351
7100
5270
7300,

COMPLX,
1353 '

1354

3354 .
1354 <
1395
74‘5@
5331
7330
1352 ., \ (
3351 |
7390  SORF,
1351 '
79 41

1110

- " DCA

oo ' 192
NOP
JMS

©JMs
JMS
JMs

-1 CRLF -
1 CRLF E ,

1 CRLF ' s

I MEANNF ,
DOUBLE PRECISION
SQUARE RQOT" OF A
DOUBLE PRECISION
NUMBER , EXPECTED '
IN QUOTI AND QUOT2
WITH RESULT. IN
WuoT2 .

SINGLE PRECISION .

IV P )
CLLA GLL .

. DCA RrROOT

"TAD M-

DCA SQXT
TAD M oo
DCA MM
TAD QUOT2

" TAD SQXT - ‘ .
DCA QUOT2 S o *
RAL ., S , ‘
TAD QUOT! . , -
TAD MM ' : '
DGA QUOTI.
SNL.
JMP SQRF®

NN NN NN NN

-1

.‘ CLIT '. ,\ .

ISZ ROOT
TAD SOXT .
TAD K4200

SNA ‘

" JMP COMPLX
CLA CLL
TAD M2~ ¢ T
TAD. SAXT ’
DCA SQXT
CLL
JMP SQX
CLA CLL
TAD M2
TAD MM

MM

TAD MM

TAD K37176

SNA

JVP SQRF

CLA CLL

TAD Ml

DCA SQXT ..

JMP SQX B N

CLA CLL / ROUND OFF

TAD SQXT S

cla .

TAD duoT2 <

/-DOUBLE PRECISION

\
-~ »



1535
1536
1537
1540
1541
1542
1543
1544
1545
1546
1547
1559
1551
1552
1553
1554
1555
1556

3112
1110
1110
1351
7500
2350
7309
1350
3110
3137
5661
Yolole)
2000
7177
7776
0000
3776

4000

"ROOT»

SEXT»
M1,
M2 »
MM »

K3776,
- KApRd ,

DCA QUOT2
TAD QUOT2 .
TAD QUOT2
TAD SOXT
SMA- °
1SZ ROOT
CLA CLL
TAD ROOT

.DCA QuOT2

DCA QUOTI
JMP I SQRTNO
0wYBn

0ono

-1 ;’,
-2

2002

3776

4009

e

193



| 194

*1600 D ,
1600  Avdd RATIO, - aove / EVALUATION OF AN
1601 3164 DCA NEWXO0S ' / X/S-RATIO
1602 1274 : TAD M6 . .
1603 3106 DCA CNTR =
1604 1274 TAD M6
1605 “3155S , ‘ DCA TABCNT
1606 1103 ‘ TAD LOCTON
1607 3275 . DCA XORSL
1610 5217 JVMP RATCON - . :
1611 0008 AGNRAT, 0000 . / SET COUNTERS
1612 7300 ' CLA CLL .
1613 - 1044 - - TAD M3
1614 31096 DCA CNTR
161S 1274 TAD M6
1616 3155 DCA .TABCNT .
1617 ~ 3272 RATCON, DCA "SOXCNT .
1620 7300 - CLA CLL * .
1621 1272 RATIOT, TAD SOXCNT
1622 1106 : TAD CNTR
1623 7650 . ‘ SNA CLA
1624 5264 - JIMP ISWHAT . / X/5 OR S/X 2
1625 . 1275 TAD XORSL
1626924547 JMS I STXORS
1627 7390 : cLA CLL
16306 1273 ' TAD XOSCNT
1631 7449 . - szAa )
1532 5235 JMP .43 , .
1633 2273 157 XOSCNT :
1634 5253 - JMP FINELY -
1635 7300 CLA CLL L L ' -
1636 1112 SETX, TAD, DVSOR2 ‘ / AN X/S !
1637 3072 ' DCA TEMPTM g
16490 1114 TAD DV2
1641 - 3112 : DCA DVSOR2 =
1642 1972 g TAD TEMPTM T .
1643 3114 DCA Dv2 ’
1644 1111 . TAD DVSOR1 +-
1645 3072 " DCA TEWPTM ’
1646 1113 . TAD DVI . ~
1647 3111 ) . DCA DVSOR1 :
1659 10972 TAD TEMPTM ' .
1651 3113 DCA DVI '
1652 3273 - DCA XOSENT
1653 4537 FINELY., JMS. I DVDRTO -/ DIVIDE IT”
1654 1107 TAD QUOYI i
1655 3675 DCA I XORSL .
1656 2275 - ISZ XORSL ,
1657 1119 TAD QUOT2 .



1669

1561

1663
1664
1665
1666
16617
1670
1671
1672
1673
1674
1675

1676
1677
1720
1701

1702
1703
1704
1705
1766
1707
1710
1711

1712
1713
1714
1715
1716
1717
1720

1721

1722
1723
1724
1725
1726

. 1727

1730
1731

1732

1733
1734
1735
1736
1737

1740

48272

22175
§221
~0e6
1041
1274
7440 -
5611
S600
P20
0000
7772
0800

2000.
7300
1193
337y
3195
3376
1274
3106
5312
NeYoTale
7300
3376
7300
1376
1106
7700
5366
1375
3377
2377
1775
70 40
3113
1777
7450
5333
7041
3114
5335
2113
3114
1114
1119
3114
7004

”_;QXVﬂgx ~
RS :,'{“.-_ ¢ \
Ny wa

. -Is2
NI LSz
QL \;J © JMP
1syHAT,  TaAD
’ clAa
TaD

-SzA

JMP

JmP

SOXCNT, 2000
XOSCNT, 2000
M6 5" ‘é'
XORSL.» 0000

STDDVN, 2000
: cLA
TAD

DCA

DCA

DCA

TAD

DCA

Jip

STDTWO, 3000
CLA

_ DCA
STDONA CLA
. . TAD
TAaD

SMA

I XORSL
SOXCNT
XORSL
RATIOT
CNTR

M6

I AGNRAT
I RATIO

cLL
LOCTON
X0RSCB
NUMT
STDCNT
M6
CNTR
STDON

cLL .
STDCNT
CLL
STDCNT
CNTR
CLA

ey ' IJMPSTDFOR

- TAD
DCA
ISZ
TAD
cmA
DCA
TAD
SNA
JMP
‘ClIA
DCA
JMP
1SZ
bDCA
TA
T
CA
‘"RAL

XORSCB

‘XORS

XORS
I XORSCB

Dv1
I' XORS

o +4

bv2

«+3

bvi .
bv2

bvz2
QUOT2
pve

NN N

195

RETURN WHERE -?

3 .MORE SETS
MAIN SIX

EVALUATE STANDARD
DEVIATION FOx
FIRST SIX VALUES

AFTER 3 MORE SETS

SUM OF SQUARES

=



200h
2001
2002

2803

2006

2007
2010
2011
2012

- 2013 .

2014
2015

. 2016
2017

2020
S 2921
2922
2023
202 4
. 2025
2026
~20217

2a332. ,

2031

. 2p327

2ﬂ33
2034
2035

‘2036

2037
2040
2941
2942
2043
2044
. 2045
2046

2047

2050
2051

0320
7300

4306

1337
3334

1336

3335

4306.
1335

3301
1336

4344
3343

1373

3342
1834
. 3301 .
1336

4344

1342
3342
1DD 4
1373
3341 -

TO3 4

3349
1335

3301
1337

4344

1342

3342
7004
1373

1341
3341
7004
1340
3349

‘1334

NN N W NN N

DMUL. »

RETURN .

-

ADDRESS

" @2b0

CLA
JMS

TAD.

DCA

TAD

DCA

JMS

TAD

. DCA

« TAD
JMS

DCA

TAD

DCA

TAD
.DCA
"TAaD

_ . JMS

. TAD

' DCA
. RAL
' TAD
DCA

RAL

bca
TAD
DcA

TAD |
JMS”

TAD
DCA
RAL
TAD
TAD
DCA
RAL
TAD
DCA
TAD

CLL

TSIGN

MLTH
MULTH
.MLTL
MULTL
TSIGN
MULTL
MP2
MLTL
MP 4

D
MPS

c .
MULTH
MP2
MLTL
MP 4

MULTH

»

I

. L]
\

¢

-]

sxuNrD DOUBLE PRECISION MULTIPLY
CALLING SEQUENCE:
1) . JUMS DMUL
2> ADDRESS OF MUL1IPLICAND ‘e HIGH )
OF MULTIPLIER
'HIGH PRODUCT IN AC »
B oL 5 AND D » ETC
*2 000 :

¢ HIGH )
NEXT IN

/ FETCH AND SET SIGN
Vi .

/ LOW MULTIPLICAND

/ FETCH AND SET SIGN

=

/ MULTIPLYfLOWS

"y

/ MULTIPLY HIGHS

-/ éET CARRY

v

/

./ HJGH MULTIPLICAND

.\.7

——y



' < L 198
2052 3301 7 ) DCA MP2
2053 1337 TAD MLTH )
2054 4344 JMS - MP 4 , . A
2055 134l , . TAD B - S ¢
2056 3341 DCA B ) '
2057 7004 - RAL
2060 1373° TAD MPS
2061 1340 . TAD A , C :
2062 5600 5 JMP 1 DMUL / EXIT WITH HIGH
2063 7402 . HLT . - ‘
MP1, o
2106 BBV0 TSIGN, . 2000
2107 1600 "TAD I -DMUL ./ FETCH ADDRESS
2119 3349 , DCA ADDRSS
2111 1740 " TAD I ADDRSS ~ . s/ HIGH ORDER
2112 7100 a cLL - ; .o _ :
2113 7510 - sPAT - .. /1S IT <0 ?
- 2114 1060 CMA CML - . / YES :
. 2115 3337 DCA MLTH
2116 2340 . I1SZ ADDRSS . -
2117 _1740° TAD 1 ADDRSS / LOW ORDER
2120 7430 . SzZL . o
2121 N al . CMA CLL IAC -
.2122 3336 ' - DCA MLTL '
2126 7439 - TUSszZL -
2127 2337 : ISZ MLYH
2130 2200 = I1SZ DMUL
213! 5306 . JMP 1 TSIGN
. 2134 0000 MULTH, 0000
2135 0008 MULTL, - 0000 .
2136 0008 MLTL, - 0000
2137 08Q® MLTH, - ‘90092
: - ADDRSS, - ,
2140 0003...A» (%} P
2141 0009 B8, 3 .
2142 0009 C, 0
2143 0000 D,. 7] . ‘
2144 0000 MPa, 0000 /\UNSIGNED'MULTIPLY
2145 3306 - . "~ DCA MP] :
2146 3313 DCA MPS5 . ‘ :
2147 1374 . - .TAD M]2 / 12 BITS
2150 3372 . <" DCA MP3 : - :
2151 7100- IR of B SO
2152 1306 o TAD MP1 .
2153 7019 - RAR - R
2154 3306 . ) DCA MP1

2155 1373 ’ TAD MP5



2156
2157
2160
2161
2162
2163
2164
2165
2166
2167
2170
2171

2172 .

2173

"2174°

7420
5362
7100
1391
7910
3373
2372

"5352

1306
7010
7100
5744\
000
2200
1764

MP3,
MPS,
M2,

SNL
JMP
CLL
TAD
RAR
DCA
ISz
JMP
TAD

RAR .

CLL
JMP

-14

.43
MP2
MPS
MP3

MP 446
MP1

I MP4

NN N

~N NN

‘ALY 2

NO
YES -

12 BITS ?
NO
YES

199



VS
t | . , 200
- ‘ , v
Z DOUBLE PRECISION DIVIDE

/ CALLING SEQUENCE: A
1> C(AC)>=ADDRESS HIGH ORDER DIVIDEND-:

/
/  2) J¥S DUBDIV o .
/ 3) ADDRESS OF HIGH ORDER DIVISOR
/ RETURN : CCAC) =hIGH QUOTIENT
/ C(DIVND4)=LOY QJUOTIENT
/ - C(DIVNDI)>=HIGH REMAINDER -
/ C(DIVND2)=LOW REMAINDER
/ EXIT WITH ADDKESS
*2200 | | &/ :
2200 00N DUBDIV, . 0000 V / DIVIDEND ADDRESS
2201 3334 '‘DCA ADDRS o
2202 1734 TAD ‘1 ADDRS "/ HIGH DIVIDEND
2205 3335 "DCA .DIVNDI _ '
2206 2334 ISZ ADDRS - _
2207 1734 - (CTFAD 1 ADDRS / DIVIDEND
2210 3336 / DCA DIVND2 . '
2211 2334 ISZ ADDRS
2212 1734 , TAD 1 ADDRS 7/ DIVIDEND
2213 3337 DCA DIVND3
2214 2334 ISZ ADDRS : .
2215 " 1734 - TAD I ADDRS 7 DIVIDEND
2216 334p : DCA DIVNDA
2217 5237 ) JMP DIVGO1 / GET DIYISOR
2220 1342 RDCONT, . TAD LDIVSR ._
2221 1336 TAD DIVND2
2222- 3336 DCA DIVND2
2223 7004 RAL
2224 1341 . ., TAD HDIVSR
2225 1335 _ TAD DIVNDI
2226 3335 ) DCA DIVNDI
2227 17100 - CLL 7 _
2230 1335 : TAD DIVNDI / HIGH=@ ?
2234 7440 , SzA :
2232 5234 i JMP 42 /7 NO
2233 1336 TAD DIVND?2 / YES
2234 7510 SPA '
2235 5347 " JMP RDCON+1 .
2234 5346 . JMP RDCON
./ FETCH DIVISOR ’
2237 1608 DIVGOl., TAD 1 DU3DIV
2240 2200 I1SZ DWDIV !
2241 3334 DCA ADDRS

2242 1734 TAD I ADDRS. / HIGH DIVISOR



-2243
2244
2245
2246
22417

2250

2251
2255
2256
2257
2260
2261
2262
2263
2264
2265
2266
2267
2270
22171
22172
22173
2274
2275
2276
22177
2300
2301
2302
2303
2304
2305
2306
23017
2310
2311
2312
2313
2314
2315
2316
23117
2329
2321
2322
2323
2324
2325
© 2326
2327

7100
7500
1960
3341

2334
1734
7430
7141

3342
7430
2341

1345
3344
7100
5307
1336
7004
3336
1335
7004
3335
1336
1342

3334

D1v3,

700 2N\~

1335
1341
7420
5306
3335
1334
3336
1260
1340 -
1004
3340
1337
71004
3337
2344
5265
7300
1336
1336
3336
1004
1335
1335
3335.
5220

Dive,

~

CLL
SMA
cMA
DCA
182
TAD
szL
cMA
DCA
szL
1SZ
TAD
pcA
CLL
JMP
TAD
RAL
DCA
TAD
RAL
DCA
TAD
TAD
DCA
RAL
TAD
TAD
SNL
JMP
DCA
TAD
pca
cLA
TAD
RAL

- DCA®

TAD
RAL
DCA
1Sz
JMP
cLa
TAD
TAD
DCA
RAL
TAD
TAD
DCA
JMP-

CML /
HDJVSR -

ADDRS
I ADDRS

IAC CLL
LDIVSR

HDIVSR
M25
DIVCNT

D1Ive
DIVND2

DIVND2
DIVNDI

DIVNDI
DIVND2
LDIVSR
ADDRS

DIVNDI
HDIVSR

Div2-}

DIVNDI] @

SDDRS
DIVND2

DIVND4

DIVND4
DIVND3

DIVND3
DIVCNT

DIV3 P

CcLL
DIVND2
DIVND2
DIVND2

DIVNDI1
DIVND1
DIVNDI1
RDCONT

201

"/ DIVISOR»>2 2 LA

/ YES

/7 LOW DIVISOR'

/ CARRY ?
/7 YES

/ SHIFT HIGH
/ DIVIDEND LEFT

'/ COMPARE DIVISOR

7/ WITH QIVISOR

»

/ CARRY

o,

/7 ROTATE LOW

/ QUOTIENT BITS

(~,

/ DONE 24, ?

"/ NO
-/ YES



-

2331

2332
2333
2334
2335
2336
2337
2340
2341
2342
2344
2345
2346
2347
2350

2355
2356
2357
2360
2361
2362
2363
2364
2365
2366
2367
2370

2371 .

2372
2373
2374
2375
2376

1333
5600
2337
0090
0900
2040
Aoav

0000

2009
2000
a000

- 1747

2340
7300

5331

3371
1771
76509

5364°

1371
37172
5773
2371

1771,

7640
5363
5375
2006o
3156
3076
3140
3561

5774

ouT,

DVNDPT,
ADDRS,
DIVND1,
DIVND2 ,
DIVND3,
DIVND4,
HDIVSR,
LDIVSR,
DIVCNT,
mM25,

RDCON.

SET1,
SET2,
SET3, «
SETA4,

SRR

- TAD \
JMP 1 DUBDIV

\

DVNDPT

DIVND3

b

3140
pCA
"JMP

DIVND4
CLL
ouT

SET1
I SET1
CLA
et 4
SET1
I SET2
1 SET3
SETI
I SET1
CLA
e~4
«+5

I R2CNT
I SET4

/7 EXIT

/ L e

/7 SORT ‘SETS



7

2400

2401

N2
29493
2494

2405°

2426
2407
2410
2411

2412
2413
2414
2415
2416
2417
2429
242}

2422

2423
2424
2425
2426
2427
2430
2431
2432
2433
2434
2435

2436

2437

2440

2441

2442

2443

2444
2445

2446
2447
2450
2451
2452
2453

2454

2455

2000
1105
76 49
5274
52171

‘4577

1104
3306
3336
3115

3116

1336
1106
7700
5237
1306
3395
2305

1116

17905
3116
7004
1115
1706

‘3115

7430
4553
2306

2306.

2336
5213
1105
3112

- 3111

3113

3114 .

1120
3259
1117
4522
000
3307
1707
31087
2397

1707

/ EVALUATION OF S

%2400
TWCASE,

TWCASS,

CASEON,

DVCASE.,

ADDRSS»

vauo

- TAD NUMT

SzZA CLA
JMP NFFS

JYP FIRFS
JMS 1 NUMTCR
TAD LOCTEN
DCA XO0SSTD
DCA AGNCNT
DCA DV3

DCA DV4

TAD AGNCNT
TAD CNTR

SMA CLA .
JMP DVCASE
TAD X0SSTD
DCA STDXOS
I1SZ STDXO0S
TAD DV4
TAD 1 STDXO0S
DCA DVa

RAL

TAD DV3

TAD I XOSSTD
DCA DV3

SzZL

JMS I CNTRO
ISZ X0SSTD
1SZ XO0SSTD
ISZ AGNCNT |
JMP' CASEON
TAD NUMT

_ DCA DVSOR2

DCA DVSOR1
DCA pPV1

DCA DV2

TAD /DVSPT
DCA/ADDRSS
TAD/ DVDPT
JMS, 1 DBDVPT
20090

DCA RESULT
TAD 1 RESULT
DCA WUOTI
¥SZ RESULT
;AD I RESULT

/

TANDARD DEVIATION

/

N NN

¢ 203

SET OF SIX

SET OF THREE

SET UP ARRAY

ALL DONE 7
NO

SO ADD WP

¥

FIND DEVIATION



2456
2457
2469
2461
2462
2463
2464
2465
2466
2467
. 2470
2471

2472 .

2473
2474
2475
2476
24717
25084
25085
2506
2507
2510

2511
2512
2513
2514
2515
2516
2517
2520
2521
2522
2523
2524
2525
2526
2527
2530
2531
2532
2533
2534
2535
2536

2537
2540
2541

3110
4544
1041
4433
1765
1127
3266
4465
0000
4446
»5600
1304
3105
52085
1105
1045
3105
5205
Q005
0200
80006
2000
2090

0000
7300
3336
4568
1037
4433
7753
1043
4433
7763
4446
1336
1844
7700
5334
2336
4533
4535
5324
4531
5711
SHYTY

D095
3375
1775

™

ADDRS 4,
FIRFS,

NFF5,

KS,

STDX0S.,
X0SSTD,
RESULT,

AGAIN3.,

AGNCNT.,

STX0S,

DCA QUOT2

JMS I SERT
TAD 'CHARG 6
JMS 1 WRITE
-13

TAD QUOTPT
DCA ADDRS4
JMS I DECPRT
2000

JMS I CRLF

JYP 1 TWCASE

TAD KS
DCA NUMT
JMP TWCASS
TAD NUMT
TAD K3

DCA NUMT
JMP TWCASS

S w

2000

CLA CLL

DCA AGNCNT
JMS 1 X0SMmB
TAD CHAROG4
JMS 1 WRITE
=25 ?
TAD CHARI1Q
JMS I WRITE
=15

JMS I CRLF
TAD AGNCNT
TAD M3

SMA CLA

“JMP .45

ISZ AGNCNT
JMS T SETIS
JMS I DEPQST
JMP . =7

JMS 1 RATAGN
JMP 1 AGAIN3
02020

0900
DCA XO0s
TAD I XO0S

Rd

. 204

/ TAKE ROOT

/ PRINT IT

/ SET OF SIX

/ SET OF THREE

/ DEPOSIT AND DO
/ MORE RATIOS

/ DO MESSAGE

/ MORE DATA ?

/ STORE RATIO



»

‘2542 3111 . DCA DVSOR1 205

2543 2375 1Sz X0S
2544 1775 TAD I XOS
2545 3112 DCA DVSOR2
2546 2375 ISz X0S .
2547 1775 TAD I X0$ AN
2550 1775 TAD 1 XO0S |
2551 3113 DCA DVI
2552 2375 ISZ X0S
2553 1775 TAD I XOS
2554 1775 AD 1 Xx0s
2555 3114 'gCA Dv2
2556 7004 ‘RAL
2557 1L13 " TAD DVI
2560 3113 DCA DVI
2561 2375 I1SZ Xx0S
2562 1775 TAD 1 XO0S
2563 1111 "* TAD DVSORI
2564 3111 DCA DVSOKI
2565 2375 . 1SZ X0S
2566 1775 . TAD 1 XO0S
2567 1112 TAD DVSOR2
2570 3112 DCA DVSOR2
2571 7004 RAL ‘
2572 1111 TAD DVSORI
2573 3111 . DCA DVSORI ~
2574 5737 JMP I STXO0S / READY FOR MEAN

2575 0900 X0S.» e 0000



2600
2601
2602
2603
2604
2605
2606
2607
2610
2611
2612

. 2613

2614
2615
2616
2617
2620
2621

2620,
2623

2624
2625
2626
2627
2630
- 2631
2632

2633
2634
2635
2636
2637
2640
2641

2642
2643
2644
2645
2646
2647
2650
2651

PB00
7300
1206
4433
7763
5600
2606
0215
6212
02 40
0317
2326
@305
@322
0306
@314
@317
8327

0212
@215

2000
73060
3231
3232
5624
0000
0ona

Noee .-

3264
1232
7649
5244
1264
1266
7650
5247
2232
1264
5251
6046
1267
4447

A

~

e

/ OVERFLOW PROTECTION

*2600
CNTROS,

ERRMES,

DECZER »

ZRCNT,
ZERCNT,

ZRTYPE,

NOZER,

ZERO,

ﬂ

voeo .. 7/ SEND. MESSAGE
CLA CLL

TAD ERRMES

JMS I WRITE

-15

JMP T CNTROS

. . / =15 (-13 DEC)
215 . 7/ OVERFLOW

212
249
317
326
305
322
306
314
317
327
212
215

LN

0000 : / DECIMAL LOCATION
CLA CLL

DCA ZRCNT

DCA ZERCNT

JMP I DECZER

a -

2

pove . .

DCA "ZLCN

TAD ZERCNT

SZA cLA ‘ »
JMP. NOZER
TAD ZLCN
TAD MZ269
SNA CLA
JMP ZERO
1SZ ZERCNT
TAD ZLCN
JIVP 43
TLS / TYPE A BLANK
TAD B2 49

/ SUPRESS ZEROS

JMS I TYPE

206



2652
~2653
2654
2655
2656
2657

2660
2661
2662 -
2663
2664
2665
2666
2667
2670

2671
2672
2673
2674
2675
2676
2677
2700
2761
2702
27903
2704
2705
2706
27017
2710

2711
2712
2713
2714
2715
2716
2717
27209
2721
2722
2723
2724
2725
2726
27217

2291

1231
1265
7650
5260
5633

1270
4447
2232

5633

0000
7776
0269
02 40
P2 56

2000
1120
32176
1117
4522
0000
33149
1719
3187
2310
1710
3110
4446
4446
5671
P200

0000
3325

1155

7640
5322
4446
1330
3155
5324
2155
7000

T 4465

Q069
4453
5711

DECZR,

ZLCN,
‘MMM2 ,
MZ260,
B2 46,
D256,

ONEDV ,

‘ADDRS7,

-~

RSULT.,

LINES,

LINLCN,

248

ISZ ZRCNT:
TAD ZRCNT
TAD MMM2 -
SNA CLA

JMP DECZR

JMP 1 ZRTYPE

TAD D256
JMS 1 TYPE
ISZ ZERCHNT
JMP 1 ZRTYPE
2

-2

260"

:

256

2000
TAD DVSPT
DCA ADDRS7
TAD DVDPT
JMS I DBDVPT
2000

BCA RSULT
TAD 1 RSULT
DCA QUOTI
1SZ RSULT

. TAD- 1 RSULT

DCA QUOTR
JMS I CRLF

JMS 1 CRLF

JMP I ONEDV
0800

2000

DCA LINLCN
TAD TABCNT
SZA CLA

JMP .45
JMS" I CRLF
TAD LCN
DCA™ TABCNT
JP <43

ISZ TABCNT
NOP

JMS I DECPRT
2000

JMS 1.TAB
JMP I LINES

/ DIVIDE

207

/ PRINT OUTPUT ON

/- A LINE OF SIX

/

/7 PRINT ONE



2731
2732
2733
2734
2735
2736
2737
2740
274l
2742
2743
. 2744
2745
2746

2747
2750
2751
2752
2753
2754
2755
2756
2757

"®760

276)
276

2763
2764
2765
2766
2767
2770
2771
2772
2773
2774
2775

491015
1164

7640

5341
1345

3563

2164
5344
1346
3563
3164
5731
2323
9330

bvoe
7300
1102
7640
5363

1932

1374
76 40
5372
2102
4446
5747

1032

1375
7640
5372
3102
4446
5747

4446 |

5571
7455
7450

MBX0S »
@

PL323,
PL333.,

CORECT,

MC323, .
MC330.,

0000

TAD
SzA
JMP
TAD
DcA
1Sz
JMP
TAD
DCA
pDcA
JMpP
323
339

2080
cLA
TaD
SzA
JMP
TAD
TAD
SzA
JMP
ISZ
JMS
JMP
TAD

‘TAD

SzZA
JMP
DCA
JMS
JMP,
JMS.
JMP
-323
=339

NEWXO0S
cLA

o +5
PL323

I SAYLCN
NEWX0S

o tq
PL330

I SAYLCN
NEWXO0S

I MBX0S

CLL
TEM®T

CLA

«+8
XORSOR
MC323
cLAa

. +11
TEMTT

I CRLF

I CORECT
XORSOR
MC339
CLA

o ¥4
TEMTT

I CRLF

I CORECT
I CRLF

1 BACKST

/ X OR S FOR

/ NEW SET ?

/ YES

/ YES

~

o

,t_:_

208

\

/ OPERATOR CORRECT ?



303
3001
3302
3393
3004
3905
3006
3007
3210
3011
3012
3013
3914
3915

3016
3017
3020
3021
3022
3023

3024

3025
3026
3027
3030
3031
3832
3033
3034
3235
3036
3837
3849
A4l
3@ 42
3043
344
3245
3046

3047,

38050

3851
3052

Q1ZES 1Y
7304
1214
3215
2215
1560
3614
1561
3615
2214
2214
5600
15151525
12]5191%]

ANAY
1434
4433
7766
6032
4450
-1032
4360
3039
4446
1247
4452
1035
4433
7766
6032
445@
1232
4369
3031
4446
1250

4452 .

5616
7520

V030

2031

0229
3354

*3029
SETOEV,

s

DEVTI
DEVT2,

ONGO»

M262,
BASEl,
BASE2,

NEGIT,

~KCC’

I : 209

[y

AVIId
cLa
rap
DCA
1SZ
TAD
DCA
TAD
pCAa
152
1Sz
JmpP
5]

]

LY
TAD
JMS
-12
KCC
JMS
Tap
JmS

DCA

JMS
TAD
JMS
TAD
JMS
-12

JMS
TAD
JMS
DCA
JMS
TAD

. JMS

JMP

-260
INTT
GMT1

20 Xe]5]
bCA

'XORSOR | o -
TESR, ;-afﬁS CORRECT NUM3ER 2

, , / DEPOSIT DRVIATTIONS
Cl.L / SEPARATE FROY [HE
DEVTI1 /7 RAIIDS ON *3640
DEV 2 '
DEVT2
I RICNT ™
1 DEVT!
I R2CNT
1 DEVI2
DEVTI )
DEVTI o
1 SETDEV

7/ INTIME AND GMTIME
CHARD1. / SETS . HOW MANY ?
I WRITE

I LISN
XORSOR :
TEST /7 CORRECT NUMBER ?
INTTME

1 CRLF

BASEI - :

1 EXPON /7 EXPODENTIAIE
CHARD2 / INTIME -FIRST

I WRITE -7

I LISN

Srmma s

1 CRLF
8ASES
I EXPON 7 EXPODENTIATE
1 ONGO, . - / GMTEME NOW
ME A
ME

7 EVALUATE THE NEW

EXICNT - / STANDARD DEVIATION

/

~



353
3054
3055
3056
3057
3069
39161
3362
3063
3064
3065
3066
-3067
3070
3071
3072
3973
3074
3075
3076
3077
3109
3101
. 3102
3103 .
3104
3135
3106
3107
3110
3111
3112
3113
‘3114
3115
3116
3117
3120
3121
3122
313
3124
3125
3126
3127
31392
3131
3132
3133
3134
3135

3136

1103
3355
1104
3357
1167
7440
5265
1353
3147

5267

1044
3167

7300

1354
1161

7700

53508
1355

5776
..2356

1755
10 40
3113
1756
7450
5310
7041

3114

5312
2113
3114

1114

1110

3114

7004
1113
1107
3113
7100
1117
3327
1117
3330
4521
9000
2000
2000
4553
1532

7640

4553

1560

EXTON,

el

. TAD

DCA
TAD
pCcA
TAD'
Sza
JMP
ian
pcA
JMP
. TAD

. DCA

CLA
TAD
TAD
SMA
JMP
TAD
JMP
152
"TAD
CMA
DCA
- TAD
SNA
JMP
CIA
DCA
JMP
1Sz
Dca
TAD .
TAD
DCA
RAL
‘TAD

- TAD

DCA

"CLL

TAD
DCA
TAD
DCA
JMS
%
(%)
SzA
JMS

“TAD

SZA
JMS
TAD

210

LOCTON 7 SINCE THREE MOURE
X0SEXT -7 SETS C
LOCTEN :
EXESOX .
EXIRA ,

/ MORE '?
o t+4 ) / NO
M9, ' : )
EXTRA
«+3
M3 .
EXTRA
cLL . / S0 ADD THEM
EXTCNT * ' y
EXTRA
cLA
EXFINT.
XO0SEXT
I SET>
XOSEXT.
1 SOXEXT

bv1 |
I SOXEXT

e t4

DV2
<43
DV1
DV2
DV2
QUOT2
DV2

DV1
QUOTI1 ¢
DV1

DVDPT : AR,
EXTML+1 - - , j}
DVDP.T -
EXTML+2 o
I DMULPT 7/ 'SQUARE DOUBLE

/ PRECISION

CLA - .
I CNTRO X
I DV2PT

cLA
1 cNTROD
I RICNT



. 3137°

3140
"3141
3142
143

3144

3145
3146
3147
-3159
3151
3152
3153

3154.

3155
3156
‘3157

3160

316V

3162
3163
3164
3165
3166
3167
3170
- 3171

3172.

3173
3174
3175

3176

3757

2357
1561

3757 .

2357
2354
2355
2355
5267
1167
3106
5651
7767

2800,
0000

2000
2000

0000
12 46
7550
5371
1374
7540
5371
1375
5760

-1300

4446

5217
S TT71

2037
2355

EXFINI,

MDO9 »
EXTCNT,
WXOSEXT,

SOXEXT,:

EXTSO0OX,

TEST,

o

QUES:.

MNT »
PL7,
SETS,

QS

I1SZ EXTSOX
TAD I R2CNT
DCA 1 EXTSOX
I1SZ EXTSOX
ISZ EXTCNT
ISZ XOSEXT
ISZ XOSEXT
JMP EXTON
TAD EXTRA
DCA CNTR

JYP 1 NEGTT
-9‘

2000
TAD M260
SPA SNA
JMP QUES »
TAD MN7
SMA .SZA
JMP. QUES
TAD PL7
JMP 1 TEST
CLA CLL
JMS I CRLF
JMP ONGO+1
-7

2355

- DEA -1 EXTSOX -

¢

211

/ AND DEP(SIT THEM

/ VALID VALUES ?
/ NO

/7 NO

/ YES



<

3200
3201

3202
3203
32084
3205
3206
3207
3210
3211

3212
3213
3214
3215
3216
3217
3220
3221

3222
3223

3224

3225
3226
3227
3230
3231
3232
3233
3234
3235
3236
3237
3240
32 4]
3242
3243
3244
3245
32 46
3247
3250
3251
3252
3253
3254

© 3255

0060

1308

10632
1327
7658
4572
1032
1325
7640
5600
5731

7041

3333

3334
4453
4453
7300
1336
4433

7771

6032
4450
1032
3101
1106
1346
1032
7540

5263

1333

*3200
DELEIT,

OKAY ,

DELAGN,

7558

5263
5732

-1335

1335
1103
1324
3335
3735
1335
1330
3347
3747
2335
2347
3735

FINE,

0000

CLA
TAD
TAD
SNA
JMS
TAD
TAD
Sza
JMP
JMP.
CIA
DCA
DCA
JMS
JMS
cLA

. TAD

JMS
-‘7

"KCC -
~JMs
" TAD

DCA
TAD

‘TAD.

TAD
SNA
JMP

"TAD

SPA
JMP
JMP
TAD

TAD

TAD

TAD-

DCA
DCA
TAD

TAD

DCA
DCA
(1o

- 1SZ

DCa

cLL . .
XORSOR
MM331
CLA

1 STAR70

XORSOR - -

MM30 4
cLA

I DELRIT
I CHECK

NCNTR:
MUMCNT

I TAB" " -

I TAB
CLL
DELCH

1 WRITE
{

"1 LISN

XORSOR

TEMTS

CNTR
CNTCTR
XORSOR
SZA
DELWR
NCNTR
SNA
DELWR

1 CHCIT

DELLCN
DELLCN
LOCTON
MN2 '
DELLCN

I DELLCN
DELLCN
P400
LCNDEL

I LCNDEL

DELLCN

LCNDEL
I DELLCN

212

/ DELETE A RATIO

7/ VALIDITY CHECK

./ WHICH RATIO TO

/ DELETE ? :

7/ WAS IT CORR+T 2

ey .
/ YES » SO DELETE 1IT



3256
" 3257
. 3260

3261
3262
3263
3264
3265
3266
- 3267
3270
3271

3272

3273
3274
3275
3276
3277
3300
3301
. 3302
3383
3304
3305
3306
3307
3310
3311
3312
3313
3314
3315
3316

3317

3320
3321

3322

3323

3324

3325
3326
3227
3230

3231.

3232
3233
3234
3235
3236
3237

3747

2334

4446
4576
5220
7300
4446
1032
1326
7650
5274
4451
4576
5220

4446

4446
1077
1334
3077
2350
1103

3756
3757

3760
1334
76 41
1752
3752

1334

18 41
7000
3753

1354

3755
2361

19076
3106
5362
1776
7474

7462 -

7447

" 0400
3429.
3436 .
2400

2800
2200
3336
9304

DELUYWR,

DELOUT,

MN2 , -
MM30 4,
MM316,
MM331,
P40,
CHECK,
CHCIT,
NCNTR »
MUMCNT »
DELLCN.,

- DELCH,

DCA
ISZ
JMS
JMS
JMP
CLA
JMS
TAD
TAD
SNA
JMP
JMS
JMS
JMP
JMS
s

Tap
bcAa
1Sz
TAD
DCA
DCA

- DCA

TAD
Cia
TAD
bca
TAD

. CIA

NOP
DCA
TAD
DCA
1Sz
TAD
pcA
JMP
-2
-304

- =316

=331
420

I LCNDEL
MUMCNT

I CRLF

1 TABS2
DELAGN
cLL

1 CRLF
XORSOR
MM316
CLA

o g

I BELL

I TASSQ
DELAGN
I CRLF

I .CRLF
TEMT@
MUMCNT
TEMT@
MUMOK
LOCTON

I NXOSLL
I NSTRGE
I NSTAGE
MUMCNT

1 CONT1

I CONT1

MUMCNT |

I CONT2
CONT3

I CONT4 -

NUMCTR
TEMTP
CNTR
NEG

3420

3436

213

/ NO, SO ASK AGAIN

/7 SET UP COUNTERS.
/ FOR EVALUATION

\/ =7 (-7 DEC)
¢ DELETE
'\ . .

\



32 40
3241
32 42
3243
3244
3245
3246
3247
3250
3251
3252
3253
3254
3255
3256
3257
3260
3261

. 3262
3263
‘3264
3265

' 3266

3267

3270
3271
3272
3273

2305
B314
0385
2324
8305
02 .40
7520
2000
0000
40 47
41 42
2045
5776
4130
41 45
41 46
4% 47

0000

1372
3767
1370
3771
5751
8167
24985
3951
2000
3529

"CNTCTR»

LCNDEL»
MUMOK.,
CONT.
CONT1,
CONT2.,
CONT3.,
CONT4,
NXOSLL»
NSTRGE »
NSTAGE .,
NUMCTR »

NEG»

NEXTRA»
NLCT»
NGLCT»-
MX3.,
SET»

g 305

314
305
324
305
240
-260

0000

gaov
4241
41-42
0045

5776

4130
41 45
41 46
41 47
0000

TAD MX3

DCA

/ NEGATE
I NEXTRA

TAD NLCT

DCA

JMP

2167
2405
3051
2000
3520

I NGLCT
I CONT

r g

214



3400
3401
3402
3403

3404

3405
3406
3407
3410
3411
3412
3413

3414 .
3415

3416
3417
3429
3421
3422
3423
3424
3425
3426
3427
3430
3431
3432

3433
343a..

3435
3436
3437
3440
3441
3442
3443

' 3444

3445
3446
3447
3450
3451
3452
3453

3454
3455

0000
1614
7650
5600
3614
1215
3616
1314
3617
1315

3716
5600

3350
2006
4142
8045
7300
1106
1235
7650
5231

1106

30876
1244
5234
1106
3076
1106
5665
0006
3666
1106
1235
7650
5244
15256
1667
3100
5670
1100
1666
3666
1100
1945
3120
5670

*3 400
CRTMUM.

NMUMOK »
PL6, .
NK6 »
NK3»
CHECK>»

DP6s
CHCIT.,

-TAD

#2009
TAD
SNA
JmpP

-DCA

TAD
DCa
TAD -
DCA
TAD
DCA
JMP
3350
6 .
41 42

I NMUMOK
CLA

I CRTMUM
I NMUMOK
PL6

I NKé6
PL3

I NK3
K1186

I N4130
I CRTMUM

0045

CLA
TAD
TAD
SNA
JP

" TAD
DCA

TAD
JMP
TAD
DCA
TAD
JMP

3

DCA
TAD
TAD"
SNA
JMP
JMP

TAD ..

DCA
JMP

"TAD
“TAD

DCA

TAD
DCA
JMP

CLL
CNTR
bP6
CLA
o +D
CNTR
TEMTP
M3
o ¥4
CNTR

TEMTP

CNTR ‘
I OKAY+1

I DELCN
CNTR
DP6

cLA

. +2

o+l 1

I NCNTRN
TEMTR -

I FINE+]
TEMTR

I DELCN
I DELCN

“TEMTR-

K3
TEMTR
1 FINE+1
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/7 DCA @ IN RATIC TO BE
/ DELETED

/ SET COUNTERS

/ DEPOSIT ZEROS

(<4



3456

3457
- 3460
3461
© 3462
3463
3464
3465
3466
3467
3470
3471
3472
3473

3474

3500
3501
3502
3503
3504
3505
3596
3507
3510
3511
3512
3513
3514
3515
3516
3517
3520
3521
3522
3523
3524
3525
3526
3527
3530
3531
3532

3533

3534

3543
3544
3545

1h76
1000
1100
7650
5264
5247
5272
3213
3335
3333
32 41
1442
4446
4446
5671

0000
7300
1311
3312
1313
4447
2312
5304
5709

7730 -

2000
92 40
0003
1106
4130
2000
7300
1747
1346
3747
1345
7640
5331
5366
5744
5372
7300
3345

.5743

4000
4136
2080

OKAY+],
DELCN.»

NCTNRN,
FINE+1,
DELOT,
DELOTE,

TABASO ,

M54,
LCNSD»
KS2 44,
PL3,
K1106,
N4130»

PAROUT.,
CONTX.»
X

TAD TEMTR

NOP
TAD TEMTR
SNA CLA

JMP . 42

JMP .-12
JMP DELOTE
3213

3335 -

3333

3241

1442

JMS I CRLF
JMS I CRLF
JMP 1 DELOT

8000

CLA CLL
TAD M50
DCA LCNSO

" TAD K$240

JMS I TYPE
ISZ LCNS®
JMP .-3

JMP I TABASQ
-5 .
()

240

3

1106

" 4130

CLA CLL
TAD 1 CNTC .
TAD PL3

"DCA 1 CNTC

TAD X

SZA CLA

JMP- =3

JMP MUMCT +1

JMP I CONTX

JMP MUMCT+5

CLA CLL

DCA X

JMP I PAROQUT

PARM
4136
n229

216.

/7 TAB 58 SPACES

7 SORT LOCATIONS

/ RESET TO START
/ OVER COMPLETE
/7 PROGRAM '



L2117

»

3546 @003 PL3, -3
3547 3346 CNTC, . 3346 ) ’
3550 0M00 CRNUMT, 2000 7/ SET START COUNTERS
3551 7300 CLA CLL A
3552 1764 - TAD 1 NUMCT ' ..
3553 7650 > SNA CLA
3554 S750 ' JMP I CRNUMT
3555 1765 ¢ ' TAD I MUMCT
3554 - 7041 CIA
3557 1195 , TAD NUMT -
3560 ;3105 DCA NUMT
3561 3764 - DCA I NUMCT
3562 7300 CLA CLL
3563 5750 - JMP I CRNUMT
3564 3361 NUMCT, - 3361
3565 3334 MUMCT, 3334

3566 1747 TAD I CNTC
3567 1346 TAD PL3
3578 3747 DCA I CNTC
3571 2345 1SZ X
3572 1186 - TAD CNTR
3573 1346 TAD PL3
3574 3776 DCA I MXM3

Y 3575 5330 ) JMP PAROUT ,~-13

3576 3372 MxM3, 3372
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*4000 i

. 4900 7308 PARM, CLA CLL / START OF MAINLINE

4001 3106 DCA CNTR / SET COUNTERS

4002 3167 DCA EXTRA

4003 3164 'DCA NEWXO0S

4004 11072 TAD LOCTEN

a005 3566 DCA I BLAH '

4006 4353 JMS COMMET / START OUTPUT FORMAT

4907 4446 "~ JMS I CRLF

4019 4552 JMS 1 GOON

4811 4541 JMS I DPCHAG

4812 1103 TAD LOCTON

4013 3345 DCA LOCTON

4814 3346 DCA STORGE

4015 3347 ' DCA STOAGE

4016 3351 DCA MEANCT

4917 5226 JMP MEANS

4028 2351 MBES, ISZ MEANCT / ASK HOW MANY TO DO

4021 1037 TAD CHAROQ4

4022 4433 . JMS I WRITE

4823 7753 -25

4024 4446 JMS 1 CRLF

4925 5226 JMP MEANS .

4826 1351 MEANS, TAD MEANCT / AND COLLECT DATA
4027 7450 SNA : :

-4030 5229 JMP MBES

4931 1343 TAD M9

4932 7700 : SMA CLA

4933 4240 JMS NMEANS

4934 2351 I1SZ MEANCT

4035 4533 JMS I SETIS / AND SORT IT

4036 4535 JMS 1 DEPOST / AND DEPOSIT IT

4837 S226 JMP MEANS

- .

4840 09008 NMEANS, 0000 , /7 DO MEAN RATIO

4341 1196 - TAD CNTR

4842 7640 SZA cLA

4943 5246 JMP .43

4044 5372 JMP CLEAR

4045 5247 JMP MEANON

4946 4546 JMS I AGAIN

4847 7322 MEANON, CLA CLL

49506 3350 DCA STOCNT ' o

4051 1359 . SUMTOT, TAD STOCNT 4 FROM STQRAGE

4652 1196 . TAD CNTR S £

4953 770d SMA CLA .

ans54 5273 JMP SUMMON



4055
4056
4057
4069
4061
4962
4063
406 4
4065
4066
4067
4070
40171
4072
4273
4974
4075
49076
4077
4100
4101
4102
4103
4104
4105

4106 -

4107
4110
a111
4112
4113
4114
4115
a116
4117
4120
4121
4122
4123
a124
4125
4126
4127
213
4131
4132
4133
4134
4135
4136
4137

1345
3352
2352
1346
1752
3346
7004
1347
1745
3347
2345
2345
2350
5251

1346
3116
1347
3115
3113
3114
3111

1196
1342

7649
5312

1342
3344
3106
5315
1344
1045
3344
1344
3112
4556
1049
4433
7765
1127

© 3326

4465
0009
4446
11086
7640
57717
4550
4543
5340
4542
4543

SUMMON

READI»

ADDRS3 .,

N\
TAD XOSLL
DCA FIXS
1SZ FIXS
TAD STORGE
TAD I FIXS

-

'DCA STORGE

RAL

TAD STOAGE
TAD I XOSLL
DCA STOAGE
1SZ XOSLL
ISZ XOSLL
ISZ STOCNT
JMP SUMTOT
TAD STORGE
DCA DVA
TAD STOAGE
DCA DV3
DCA DV1
DCA DV2
DCA DVSOR1
TAD CNTR/
TAD Ké

SZA CLA
JMP <45
TAD Ké

DCA MUM
DCA CNTR
JMP READI
TAD MUM
TAD K3

DCA MUM
TAD MUM’
DCA DVSOR2
JMS 1 DVONE

CHARBS

JMS 1 WRITE
-13

TAD QUOTPT
DCA ADDRS3
JMS 1 DECPRT
2000

JMS I CRLF
TAD CNTR

SZA CLA

JWP I FIX
JMS 1 STDDEV
JMS 1 INCASE
JMP .43

JM5 1 STDTW

JMS 1 INCASE

N

NNN N

NN N
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ALL DONE ?

NO

YES » SO DO

THE MEAN OF THEM

9 OR 6 VALUES ?

6 TO AVERAGE

9 TO AVERAGE

SO PRINT THEM
AND DO RATIO
MEAN

PRINT MEAN

I

DO STANDARD
DEVIATION NOW

REPEAT FOR THREE
MORE SETS



4] 49
41 4]
41 42
4143
41 44
41 45
41 46
41 47
4150
4151
41 52

4153
4154
4155
4156
7157
4160
4161
4162
4163
4164
4165
4166
4167
4170
4171
4172
4173
4174
41175
4176
4177

4545
4572
PoA6
1767

7900

Av20

3000

2000
0000
0009
15151530

0000
6046
4562
4446
7300
4450
1032
1371
76 40
5357
4446
4446
3102
5753
7563
1300
3573
4534
5247
3952
3520

K6 »
M9,
MUM,

- XOSLL,

STORGE ,»
STOAGE,
STOCNT.,
MEANCT,
FIXS»

COMMET

MN215,
CLEAR,

NEGIT+1»
FIX»

. JMS 1 HAPPY

JMS 1 STAR70
6
=11

SRS ISR SR OIS

2000

TLS

JMS 1 X05mB
JMS I CRLF
CLA CLL

JMS I LISN
TAD XORSOR
TAD MN215S
SZA CLA

JMP 0‘7

JMS I CRLF
JMS I CRLF
DCA TEMTT
JMP I COMMET
=215

CLa CLL

DCA I CNTX0S

JMS I RATIOS.

JMP MEANON
3052
3520

220

/ FINISHED THIS
/ SAMPLE ?

7/ ONE LINE FOR

/ COMMENTS

/ ENDS @ITH CRLF



N\
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