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Introduction

This document includes both s progross report and a proposal for future
work. An extended introduction providea an overview of the biogeochemical
research group at Indiana University -- its funding, productivity, person-
nal, and facilities -- and contains inforsotion that reviewars will need to
place the progresu report and proposal in context. Appendices bound sepa-
rately (see Teble of Contents) provide additional documentation. Citetions

in brackets [1 refer to the appendices,

The work funded by NGR 15-003-118 was last reviawad in May, 1981. The
proposal considered at that time covered the period 1 June 1981 - 31 Muy
1982. Since then, additional funding has been received for the periods 1
June 1982 - 31 May 1983 and 1 June 1983 - 30 November 1984. We are praa-
ently in & period of provisional funding (no triannual review having occur-
rad) covering the period 1 Deceaber 1984 - 30 November 1985. The progreas
report offered hare covers the period from the last review until 30 April

1985.

Funding, Funding from all sources ie aummarized in Appendix F, which
also reports propomals presently under consideration and awards for future
work. Even though funds from this grant have amounted to just over half the
total available to the group, an analysis of publications (below) shows that
it represents the heart of our effort. That position derivea. of course,
from its alignment with our principel scientiflic interests, but alao from
the wonderful continuity and stability which it has provided. The principal
investigator, his research colleagues, and students are all sincerely grate-

ful for that continuity, without which & program with depth end intensity




cannot be maintained. It is our goal here to justify the renewal of that

support.

Productivity. Basaed on the source of funds utiiized for salaries, sti-
pends, nd support of research facilities, our published work should be
assoclated with various projects as follows (nuxbers and letters refer to

entries in the PI’s bibliography, appendix E):

Related entirely to this project 55, 57, 60, 63, 68, 69, 70, 74, a, a, g

50:50, thie projact and Precembrian Palecbiclogy Research Group 59, 61, 62

Related entirely to PPRG 64, 65, 66
50:50, thia project and NSF-funded work of H. Gest 67, 71, £
50:30, this projoct and EPA-funded work on isotopic analysis

of oxygen in organic materials b, c
50:50, this project and other sources (Vogler et al., 1981)
25:75, this project and other NSF-funded work with Gesat d
25:75, this project and other sources (Fry and Sherr, 1984)
Related to this project, but funded entirely by other aources 56, 58
DOE-funded work on mobility of organic materials in ground water 72, 73

In addition, we have provided isotopic analyses utilized in publications by
others working in related fields. These contributions are cited at appro-

priate pointa in the progress report.

Relationships to Other Projects

PPRG. Aspects of thie work are related to that of the Precambrian
Palecbiology Reasearch Group, funded through UCLA and the University of Mich-
igan. During the interval coverad by this progress report, PPRG funde have

heen utilized only for field work. New proposals for “PPRG - Proterozoic"




include requests for direct support (F] of “ork at Indiana. Specifically,
funda for isotopic geochemical analysss and assembly of related databases
are acught from NSF, and aupport for astudies of isotopes effecta aassociated
with microbial communities of paleobiological intereat is asought from NASA.
The latter work will be carried out in partnership with Dr. Howard Geat,
Diastinguished Professcr of Microbiology at IU. The geochemical work will be
supervised in our laboratories by Dr. Harald Strauss, a new postdoctoral
fallow planning to join our group in 1986, 1In order to provide more com-
plete background information, Dr., Strausa’s curriculum vita is appended here

[(El, although he will not be supported by funds from thia proposal.

Microbial biogeochemistry of sulfur. Extensive collaboration has
developed between our laboratory and that oxX Professor Gest. The catalyst
has been Brian Fry [V, who joinsd both groups &8 a post-doctoral research

associate in September, 1982. Half of Dr. Fry’s support derived from this

project until 15 July 1584, when additiomal funding was obtained from NSF
(F1. The new NSF project has tha measurament of sulfur isotope effects
(primarily those associated with the oxidative side of the sulfur cycle) in
microbial ayateas as ita goal. <Carbon isotopic fractionations occurring in

the same systems are also being atudied, :

Mobility of organic compoupds in groupd water. The Department of
Energy (through ita contractors and organizational predeceasora, the AEC and
ERDA) supported work in our laboratories on the abundance and transport of
halocarbons in near-surfaca geochemical systems. Thia project ended during
the first year of the report period (F] and has had no impact on laboratory

operationa since then, but publications from it (72, 73) are atill working




through the syatenm.

Oxygen-18 ae o tracer in atudles of iphalation toxicology. Becauvss of

our expartise in isctopic snalysss, we wers asked by the Environmental Pro-
tection Agency to take up a project aimed at determining the fate of ozone-
derived oxygen in mammalian respiratory systems. This project seized the
interest of Jeffrey Santrock, a graduate studant in analytical chealstry who
has just completed a superb doctoral thasis on thie aubject, demonatrating,
for the first time, the use of 180 as a low-level tracer detectable even in
total~tisaue oxygen {(including water). As a result of this success, our

funding (F] survived even the EPA cuts of the firat Reagan tera.

We benefited in several ways. The lncome contributed aignificantly to
seating the coste of research group operations, An expensive alementsl ansa-
lyzer of broad use in our work became aveilable through this pruject. Por-
tions of salaries (summer-PI, technicians) were paid by the EPA. Signifi-
cant analytical developmenta [B-2, B-3] relevant to our biogeochemical work

have resulted.

But the work also conatituted a significant distraction. An alaborate
and difficult method of analysis for 180 in organic materials (Santrock end
Hayes, manuscript in preparation) that mvets the requirementa (high speed,
low cost per analysis, adequate precisicn when applied to aaterials with
high oxygen content) of physiological tracer work has proved insdeguate for
biogeochemical use. The very large numbers of samplea analyzed in connec-
tion with apecific physiclogical studies (Santrock and EPA coworhers, manu-
scripts in preparation) have consumed much of the additicnal laboratory sup-

port noted above,



Isptope-patio monjitoring GCNS. MNatthews and Hayes (43) demonstrated
that variations in the natural abundance of 13C among compounda could be
reasured by a specialized gas chromatograph-maas spectroseter systex in
which the chromatographic effluent was paasad through a2 combustion furnace
in order to produce CO2 for continucus isotopic analysia. Earlier inveati-
gations by Welte (1969), DesMarais at al. (53), and Vogler at al. (A-19)
demonstrataed the importance of thias capability for organic geochemical work.
Unfortunately, due to the poor sensitivity of the isotopa«-ratio masa spec-
trometer utilized, precision was marginal, large samples were required, and
thigh-resclution chromatographic techniques could not be employed. Solution
of themse prohlems requires extensive masa apectromatric and other analytical
developments. A project now initiated [(F] incorporatea funds for purchase
of a epecizlized kass apactrometer and atudies of its applicability (Chavron
0il Field Reaearch Corporation) and donations of engineering expertise and
fundd for refinement of the maas spectrometer systeam (Finnigan MAT, a devel-
oper and manufacturer of maass apectrometers). We expect thies project to

interact very conatructivaly with our biogeochemical work.

Personnel and Facilities

Permapent staff. On 13 August 1984, the acedemic appointment of the
principal investigator was changed from Professor of Chemistry, with a cour-
tesy appointment in geclogy (i. e., no teaching responsibilities or foraal
departmental role, but access to graduate students), to Professor of Biogeo-
chemistry, with regular aembership in both departments. This chalgu is con-

aistent with the development of our research and, most of all, with the

background and interestas of the graduate students and postdoctoral reasearch



associates entering the group. It also offers the atimulation of half-time
teaching in the department of jeoclogy, rather than stil)l more freshman

chenistry.

Stephen Studley joined the groun as a rishwasher in 1971 and has been
with ua ever since. Over the ysars, he haas developed into a suparb naas
spactroscoplat, ilsotoplc analyst, and computer programmer. His judgment,
intelligence, independence, initiative, and maturity mark him as a profes-
sional colleague, not a technical employee. The univeraity recognizad theae
accomplishments and traits when, in the spring of 1984, NHr, Studley was
named as the outatanding technical and clearical staff meaber in the univer-
sity (the aeventh largest in the country), At this time, we were able to
get his position converted to u “hard-money” line, now guaranteeing that if
Hayas is wiped out by a truck sormawhere batween the chemistry and geclogy
buildings, Studley will atill have a job. The @ecurity provided to Nr.
Studley, whoea oldest child is nearing college age, is long overdue. In
racognition of the value of services that he provides specifically to our
group, wa want to keep paying half of his salary, but this haa been built
into the isotope-ratio-monitoring GCMS project described above. The savings

to thie research grant are¢ considaerable; and the loss ia near zero.

Graduate students and research associates. The present composition of
tha group is described in Appendix D. One new graduate studant, MNs. Suaan

Janes, who has juat completed an S, B. in earth sciencea and cheaistry at M.
I. T., will be joining the group in the fall., Dr. Brian Fry (noted above in
connection with our work on the microhial biogeochemistry of the aulfur iso-

tnpan) will move in the fall of 1985 to tuke up a position of richly

deserved independence ag a mamber of the research ataff of the Marine Bio-



logical Laboratory, Wooda Hole. We have alreedy noted that Dr. Harald
Strauss, fros the research group of Prof. Jochen Hoefs, Univaersity of
Gottingen, will join the group in January, 1986. A second new posat-doctorsl
research asscciate will be Dr. Briun Popp, from the ressarch group of Prof.
Tom Anderson, University of Illinois. Dr. Popp will join the gruvp in
August, 1985, in order to begin work described in the ressarch-plans section
of this proposal. Similarly, Mr. Henrik Fomsing, a graduate student froa
the research group of Dr. Bo Barker Jorgensen at the University of Asarhus,
Denmark, will join the group fc- nine months beginning in July of 1985 in
order to work on sulfur-isotope exchange phenomena described in the
research-plana section of this proponal.

Facilities and reswarch environment, The research group will move to

newly remodeled laboratories in the geology buiiding sometime in the winter
of 1985-86. Approximately 1,730 ft2 of space specifically adapted to our
rosaarch activities shcould provide ideal facilities for our gecchemical
work, far superior to laboratories praasently in use. A separate ares of 900
ft2 will accommodate a new departmental facility for jcotopic mass
spectrometry, pooling instruments presently housed in our laboratories and
in thoge of Prof. Edward Rip'ey. Mr. Studley will be in charge of that

facility. Other aspects of the Bloomingtcn research environment are

described in Appendix D.
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Progress Report

Corbon-Isetoplc Record

PPRG-related work:; At the time of the previous review of this work,
the manuscript (since published, A-7) suamarizing the principal lsotopic-
and organic-geochemical results of the 1979-1980 investigations had juat
bmsen completed. In the fall of 1981, intenaive work on the isotoplc-geo-
chemical data (A-7, A-8) lad to the development of tha hypothesis (A-9) that
the aignificant excursion in the record of carbon-isotopic abundances in
organic meterial about 2.8 Ga ago recorded widespread utilization of bio-
genlc methane as a principal carbon aource and, therefore, the firat appear-
ance of the 0%. It is conceivable, but not likely [A-9], that thias vary
extenslive ut_lization of CHq as a carbon source ie linked to activities of

sulfate-reducing bacteria.

Further tonsiderations of the carboh-isotopic record have only been
presented orally. Briefly, it is likely that reductants serving as redox
pertners for carbon would have bean usmed in order of reduction potential:
Hz, then H2S, S, Fe2*, and finally H0. If ao, utilization of H20 (yielding
02) ought to have begun only after suppliesa of all better reductants had
been exhausted, probably significantly later than 2.8 Ga ago. Walker (1980)
has noted, however, that reduced sulfur would have baen inaccesaible in a
systen in which most iron was in the ferrous state and solublu enough to
enter aclution and scavenge any sulfide (the crustal abundance of Fe is
about 100X that of S)., In that case, retes of turnover in the carbon cycle
might have bewen limited by the scarcity of mobile redox partners. Driven by
this geochemical imperative, vae of H20 as an electron donor may have bacome

quantitatively more important than use of unoxidized S. When? Ixmediately
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after the evolution of systems able to produce and deal with 02. The onsat
of 02 production would have been followed by a long period during which O2,
a superbly mobile oxidant, slowly collected slectrons from unoxidized con-
atituents of the crust. During this interval, Oz would have bean an impor-
tant trace constituent of the atmosphere, turning over rapidly, but raraly
accumulating. This interpretation would be conaiatent with the ilsotopic
record [A-7, A-8). Clarificatioun ia likely to come from study of some line
of svidence other than the carbon-imotopic record. The nitrogen-isotoplc
racord, budgets of redox partners, and sadimentary petrology would all seem

to be good hets,

The firat PPRG field trip after the 1979-1980 year raturned, in June,
1982, to tho Pilbara reyion of northern Western Auatralia., 5Several hundred

new samples wers ohtained, brought buack to Bloomington, and analyzed in the

same way that samples had been anaiyzed at UCLA. Results obtained confirmed

those obtained in 1979-1980. In addition: (1) the “Forteacue Group light-
carbon feature” (§13Cppp values near -350%x) was extended to all expo-
syres from which materiala of that age could be collected; (ii) a few sam-
ples aven more strongly depleted in 13C were found (§ to ~64%x), these
tended to he near the bottom of the Forteacue Group; (i1ii) a significant
collection of Archean carbonates was assembled, and it was found that iso-
topic compositions of all were near those of more recent marine carbonates
(513Cc ~ 0%0). Tha last finding, in particular, may be worthy of sepa-
rate publication. These materials await further investigsation by Dr.

Strauan,

The "PPRG-style” analysis of samplea from the 1982 field trip was a




significent experience for our laboratories. e developed ne: techniquea
(atill unpublished bacause we keep tinkering with the procedurs, se~ section
on research plans) for seasurement of abundance and isotopic composition of
total organic carbon In sediments. Deutling with the flood of data, we
turned to the use of (then) “dBaae II," an item of microcomputer software
that quickly bacame a mainstay. Using it, and ita much-improved succeasor,
"dBase IIl1," wa have déveloped a sample-tracking and data-logging aystem of
great value to ua, The “structure" of that database, called "PCSANKP," is

included in the appendix (G-1].

Late Proterogoic section in Svalbard and East Greenland, Working in

collaboration with Prof. Andrew Knoll, Harvard University, and Prof. Keena
Swett, University of lowa, we have bean exploring the isotopic record of
organic and inorganic carbon in sediments from the locations noted for the
tima interval 900 - 600 Ma ago. My »da of analyses have been curried out
in our laboratories by Jay Yauzwon, We have noted a eignificant enrichmant
of 13C in both carbonate and organic carbon in this interval, with episodic
raturns to "normal marine” isotopic compoaitions. Thia pattern appears to
fit well with global trends described by Holser (1984) for the Phanerozoic,
and can be compared to that noted at the cloese of the Permian (Margaritz et
al., 1983). A manuacript is in preparation. To avoid extending thia sec-
tion of our report, ve raefer interested readera to a "capsule desacription”
of that manuscript prepared by Knoll and Hayes and included with thia propo-
sal [(G-2]. Further work planned for the future is deacribed in a later

section of thias proposal.

South Africa, A second interval in which study of isotopic compositions of

10 ORIGINAL PAGE 3
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carbonatea and coaxisting organic material appeared to ba of intersat was
locatad in the Gamohaan Forametion of the Campbellrand Subgroup, Ghaap Group,
Transvaal Supergroup, ~ 2.3 Ga ir age. HKaterials exposed in this section
wera rich in structural detail and cppeared to be much better preserved than
many much younger carbonate aequencea. With the ascistance of Prof. N.
Beukea, Rand Afrikeans University, materiales for an isotopic reconnaissance
of this section were collected during the 1984 PPRG field trip. The petro-
graphy and i{sotopic compomitjons of thuse materials have been studied in our
laboratories by J. A. Beler. An abbraviated report ia attached [G-3].
Unfortunately, microacopic reality has turned cut to be quiie different irom
macroscoplc prorise. Both carbonates and organic materials sppear signifi-
cantly altered and are isotupically homogensous. At preaent, we plan no

furthar, detailed studias of this seclion. and other

Assistance to othera. Approximately 60 different samples from the
Archean sequence in the Barberton Nountain Land of Scuth Africe have been
analyzed for Ms. Maud Walsh, a graduate stude:t working with Prof. Don Lows,
Louisiana State Univeraity (Walsh and Lowe, 19835). Samples of Middle Pro-
terozoic stromatolites from the Groyuzhuang Formation, near Jixian, Northern

China, have been analyzed for Prof. J. W. Schopf, UCLA (Schopf et al.,

1984).

Liutopic Studies of Banded Iron Formations

The vork of Baur, Hayes, Studley, and Walter, begun during tha 1979-80
PPRG year, was completad during the period covered by this progress report.
Our report has just appwared in Economic Geglogy [(A~18]1. 1In brief, we offer

the following interpretation (for dets’ls and relevant citations, please zse

11



appendix): carbonatas in banded iron-formationa are depleted in 13C because
they incorporate carbon derived from oryanic material; that "light" carbo-
nate was produced below the sediment-water interface by heterotrophic¢ organ-
isna possibly using Fe3* as an wlectron acceptor; it is, therefore, possi-
ble, sven though the average oxidation level of iron in lron-formationas ias
~2.5, that iron was initially precipitated from sclution by oxidative pro-
cesasea. DBased on his study of our preprint.,, Walker (1984) offerec a closzely

related interpretation. It is, apparently, not a bad idaea.

Kore recently, working with the asupport of thia grant, Kaufman, Klein,
and Hayes have shown that millimeter-ecale variations of carbon and oxygen
isotopea in the Dales Gorye Member of the Brockman Ixon-Formation {(not stu-
died by Baur et al.) are very closely correlatad, This linkage ia diffjicult
to attribute to any mechanism other than evaporation. A report and diacus-
aion (C-3) of this observation have just bean prepared for submission to
Nature.

We are very encouraged by the progress of cur work on banded iron-
formetions (much credit must go to Profeasor Klein). The probable impor-
tance of these sediments aa indicators of a major transition in global geo-
chemigtry has been racognized by many workers before us. In spite of exten-
sive atudy, however, details of the origin of BIFs and the nature of their
linkage to undoubtaed major environmental changea have remained enigmatic.

We do not think that we are more able than our predecessora, but wa do think
that imotopic analyses carried out with high spatial resolution are reveal-
ing iaportant new information, and that the combination of an experienced

petrologiat with a free-thinking (?) biogeochemist is leading to exploration

of some new possibilitias.
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ts in Microbinl Systems
Carbon isotopic fracticnatiocn ip lipdd blosynthesis. David Monson com-
pleted his doctoral work in the summer of 1981. HNanuscripts resulting from
that work were prepared, ond papers have appeared, during the period covered

by this progresa report.

Monson waas able to define conditions [(A-1)] for giantitative conversion
to carbon dioxide of olefinlc carbon positions in unsaturuted fatty acids.
As a result, intramolecular iactopic analyses within hydrocarbon chaina
bacame possible, and Monason showed that alkyl chaina producad by tha anaero-
bic pathway of fatty-acid bilosyntheais contained two subsats of carbon posi-
tions. One, occupied by carbon from the sethyl position of acetyl-coenzyme
A, vas enriched in 15C relative to the othar, occupied by cazbon from the
carboxyl poaition in acetyl-CoA. It is logical to suggest [A-1) that this
resulte from a narbon kinetic isotope effect at C-2 in the decarboxylation
of pyruvate by pyruvate dehydrogenase. An effect &t this point had already
been postulated by DeNiro and Epatein (1977). Nonson showed that, ip vive,
this effect xrust amcunt to 2.32% and that guantitative modeling based on
that value and on a similarly-determined value for the isotope effect at the
chain-elongation va. transesterification branch point could account for all
details of the distribution of carbon isotopes within fatty acids synthe-
aized by Escherechia coli grown on glucose [A-1]. It is ajgnificant that
chemically equivalent positions within the lipid carbon akeletons had very
different carbon-isctopic compositiona, and that the quantitative model
notad above waas based on kinetfc considerationa. Both of these observations

are inconsistent with tie aquilibrium-thermodynamic theory of isotopic par-

13



titioning developad by Galimov (1983).

Later work by Nonson [A-3] took up the problem of carbon-isotopl. frac-
tionatlion during aerobic biosyntheais of fatty acids by Saccharomyces gere-
visjae, a eukaryotic organism. In this case, it was apparent that the
unsaturated carbon poasiticons ware strongly depleted in 13C and not Zasotop-
ically representative of the remainder of the hydrocarbon cheain. Conmtruc-
tion of a detailed kinatic model showed that the carbon-iasotopic composi-~
tiona tightly constrained carbon flowa within the complicated pathways of
eukaryotic lipid biosyntheais and, notahly, required a very large turnover
(aynthesia and degradation at least to the lavel of C2 units) of Cig carbon
akeletonsa, These results have aignificance for lipid biochemistry, appar-
ently offering a new means 7f recognizing the extent of peroxisomal activ-
ity, and for biogeochemiatry, providing an instructive mxample of recon-
struction of carbon flowse within a complex reaction netwcrk and offering &
means of dist.inguishing between lipids with identical structures but diffe-

rent originas (eukaryotic vg. prolaryotic).

In connection with his work on isctopic compoaitions of individual
organic compounds in sediments {(the objectives of this work are introduced
in the research-plans section of this proposal), Ray Takigiku has studied
isotopic compeositions of bioaynthetic products in both photo- and chemoauto-
tropha. Two groups of ~ompounda ha. . been of principal interest: (i) possi-

ble precursors of sedimentary porphyrins, and (ii) archaebdcterial lipids.

Isotopic compositions of chlorophyllides (= chlorophyll - esterifying
polylsoprenoid alcohol) produced by higher-plant chloroplastas (beech tree)

and by anaerobic photoaynthetic bacteris (Rhodopseudomonas capsulatas and
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Chromatjium vinogum grown at 32°C in Prof. H, Gest’s laboratories) were
within 1% of cellular averages in each casa. The phytol was further
depleted in 13C (4.0 to 4.7%x). The tetrapyrrole pigment produced by
methanogens, F4q30 (examinad in Nethanobacterium thermoautotrophigum, kindly
grown for us by frof. R. S. Wolfe, University of Illinole, T = 63°C --

the difficult isolation of Fq30 waa carried out by Trish Hartzell, a student
in the Wolfe group) is epriched in 13C relative to biomass by 7.8%x (in
these experimenta, methanogenic biomass waa found to be depleted 13¢C rela-
tive to the CO02 substrute by 19.4%w). Lipids produced by K, thermoauto-

trophicum were depleted in 13C relative to the cellular average by 7.7%m

and were, thus, 15.5%x . .ghter than Fq30 synthesized at the sasme tinme.

€02, CHg, and CH3COH in anaerobic microbial communities. Isotope ef-
fects associated with the production of rethane by H. Lhaiposulotrophicus
ware redetermined as a byproduct of the investigation described above. Wor-
king in very small, closed systems more than 10 years agu, Games, Hayes, and
Gunsalus (44) had reported «(C02/CHq) = 1.025 x 0,002 at 65°C., Wor-
kiiq in a large, open syatem (which they miatakenly termed "closed," depen-
ding on reaction conditiona), Fucha et al, (1979} reported a value of 1.024
for the same factor. The new value (this work: Takigiku, Hartzell, Wolfe,
and Hayes), also obtained in a large, open system, is also 1.024 and fits
wel)l on an open-ayatem fractlonation plot which we conatructed from the data

«(C02/CHq) = 1.024.

Working with Dr. J. B. Risatti, a geomicrobiologist at the lllinois

State Geclogical Survey, we have further explored carbon isotopic relation-
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shipa betwesn CD2, aceotate, and mathane. Nethane is formed in anaerobic
microbial communities by the flow of carbon through three different path-
ways: (1) direct reduction of C02 to CHg; (il) dissimilation of acetate to
form CH4 and CO2; and (i1ii) catabolism of Cj; compounds such as CH30H, CH3SH,
and nethyl aminea. Although it is known from studies using 14C-labeled ace-
tate that the second of these pathways is usually the most important in
freshwater sediments, the isotopic characteristics of that pathway have
remained unatudied largely because the related organisms have been poorly
known and difficult to grow in the laboratory. A second serious problem
aasociated with the acetate-disaimilation pathway has concerned the source
of the acetate. The amounts required are very large, and, in order to be
conaistent with observed isotopic compositions of methane, the isctopic com-
position of the acetate must be very differeni. from that of moat of the

organic material in sadiments,

We have now measured the carbon imotope effects associated with two
previously unexamined steps in bacterial methanogenesis: the diasimilation

of acatate, and the production of acetate by "acetogenic bacteria," organ-
jema which utilize H? to reduce CO2 to acetate rather than to CH4. In each
case, we have measured seperately the isotope effects at the methyl and car-
boxyl carbons of acatate. We have found that both the syntheais and the
diaaimilation of acetate are accompanied by substantial isotope effects.
Acetic aclid produced by reduction of CO2 by Acetobacterium woodii is equal
in isotopic composition at both the methyl- and carboxyl-carboan positions,
but the isotope effect assocliated with uptake of CO2 is large, ¢ = -37.1

+ 1.9%«c. The lsotope effect associated with the aplitting of acetate by

methyl group and O at the carboxyl group. The latter observation is quite
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surpriaing and seema to require that the rate-determining stap in the dis-
similation of acetate Involves tranaient formation of a bond at the mathyl-

/methane carbon positlion.

If a community comprised of these organisms produced methane vig an
acetate intermediate, and if the CO2 utilized had an initial isotopic compo-
sitien of -25%c ya, PDB, use of a samall fraction of that pool to produce
acetic acid would yield material at about -80%w. Use ¢f a small fraction
of that product by acetoclasti~ organisms would yield CHq at -90%w, and
uee of 30X of that pool would yield CHq at -75%w. These results are besing
prepared for publicaticn, and have slready been prasssnted at a ressarch con-

ference aponsored by the American Aassociation of Petroleum Geologista,

Carbon isotope effects in apaergbic photosynthetic bactsria, It is

often suggested [A-8, A-9, and references cited therein] that photoaynthetic
bucteria that utilize electron donora other than H20 were the first photoau-
totrophs and servad as primary producere of organic matter in the Early
Archean ecosystem. In that case, the isotopic contrast observed between
Early Archean kerogen and coexisting carbonates ought to record the carbon
kinetic isotope effect characteristic of (i) carbon assimilation and (ii)
bilosynthetic reactions leading from primary photosynthate to the organic
residues moat reasistant to further degradation. The fractionation observed
in the geologic record is ~34%x [A-9], conaiderably larger than that
obaserved in any inveatigation of asainilatory fractionation of carbon iso-

topes by a photoautotroph operating at modern pCO3.

Since this "fractionation gap" was recognized, various authors [e, q.,

17 BRIGINAL PAGE 19
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A-9] hava sought, to bridge it by pcstulating that Archean photoautotropha
diaplayed a larger overall isotopic fracticnation bLecause they operatwd at
much higher partial pressures of carbon dioxide. Increased fractionation at
higher p(02 was cbserved by Park and Epatein (1960) and by Calder and Parker
(1973) in studies of aerobic photoautotrophs, and can be inferred froa the
heet presantly-available modela of C3 carbon fixation (Farquhar et al..
1982). The situstion with anaarobic photoautotrophs is leas clear, but not
unpromising. Wong et al. (1975) obaerved fractionations (COz vs, biomass)
as large as 29%w in their study of Chromatium vipgsum grown at 40 torr CO2
{(+ N2 to sake & total pressure of 1 atm). This corresponds to a carhonate
ve, blomass contrast approaching 36%w, depending upon temperature and pH.

It could, therefora, be anserted that, for anaesrobic phcotoautotropha, there

is no fractionation gap. But more extensive evidence would be walconme.

In conraction with other investigations (described in later sections),
Ray Takigiku, a graduate student supported by thia grant, took the opportun-
ity to explore assimilatory fractionation of carbon isotopes by Rhodopseudo-
wonag capsulata, a photosynthetic bacterium that can ba grown autotrophi-
cally and which happens tc be unusually tolerant of high pressures of CO2.
He found that overall fractionation of carbon isotopes variad by a factor of
at least four and waa strongly dependent upon preasure in the range
0.2 £ pCO2 £ 490 torr. A maximum fractionation of 23.4% was ovserved
at pCOz = 37 torr (corresponda to 5X of present atsospheric pressure or 130X
the prasent atmospheric level of CO2). Note that the large fractionation
measured by Wong et al. (1975) was observed at pCO2 = 40 torr. Both in our

work, and in that of Wong et 8l., lipids were depleted in 13C relative to

biomass, the additiconal fractionation amounting to 3.9%w in our case.
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We do not suggest that lsotopic fractionations impoazed by anaerobic
photoautotropha are, or could furnish, some kind of pCO2 paleobarometer, but
the existence of a maximum in the frectionation vs. pC0> relationship is

interesting and bears further investigation.

Nitrogep jasotope effect assocjated with fixation of N2. The effect ia

"known" to be essentially zero (A-81. We became concerned, however, that
tha effect measured in most, if not all, previcus experiments might not
reflect the isotope effect associated with fixation but, inatead, might
racord that of masa transport, the overall system being:

N2 (atm) - N2 (intracellular) - Nfixad

diffuaion nitrogenase

If masa transport wers rate limiting -- and, given the reguirement that
nitrogenase be protectaed from atmospheric Oz by construction of diffusional
barriers, as in heterocysts, it seemed that it might be -- any isotope
effaect associated with nitrogen fixatiorn iteelf, no matter how large, would
be "inviasible." The poasaibility that a significant isotope effect might, in
this way, have been overlooked was of interest for two reascns:

(1) The firat nitrogen fixers would have developed while the atmosphere
end hydrosphere were anoxic, A diffusional barrier for protection of
nitrogenase would not have been required. Any isotope effect associated
with the action of nitrogenase would, in that caase, affect the isotopic com-
position of fixad nitrogen, and nitrogen-isotopic compositicns in Archean
kerogene might record that fractionation.

(11) Working with anaercbic photosynthetic bacteria in Prof. Gest’s
laboratory, it would be gasy for us to measure the isotope effect assoclated

with nitrogenase unprotected by a heterocyst or any other diffusional
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barrier.

This metsurement was undertaken by Ray Tukigiku. For Rhodeopssudomonas
capsulata at 32°C, he found a(gaas/cell) = 1.00223 i+ 0,00004, This
result ia very close to most previoua reporta, and we conclude that these

syatems are adequately represanted by

N2 (atm) s N2 (intracellular) — Nfjixed

and that the nitrogen kinatic isctope effect associated with the action of
nitrogenase ls about 0.22%, 8o asmall that the rate-determining atep in the

reaction mechaniem must not involve a significant changa in bonding at N,

Nitrogen isotope effects in blosynthegis of tetrapyrroles, For reasons

putlined in the resesrch-plans section of this proposal, an ability to
recognize certein nitrogen-ieotopic compositions in porphyrins as indicative
of unique origins would be of considerable value. As a firat atep in
exploring the possibility of that devalopment, Ray Takigiku haa measured
intracellular nit.ogen-isotopic fractionations between tetrapyrroles and
other N-containing compounda in Rps. ¢apsulata, C. vinosuym, and higher-plant
chloroplaats., The chlorophyllides were, in general, slightly enriched

(1%0) in 15N,

—— o —— ———l s

isotope effect of 10.9%» was asmociated with assimilation of N (from NH4Cl
in the medium). The tetrapyrrole, Fq30, was, howaver, enriched in 15N rela-
tive to cellulsr average N. The difference waa large enough that tetrapyr-

role N was essentially equal in isotopic composition to substrate (NH4Cl) N.
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The complete biosynthetic pathway for Fq30 is not known. It is conceivabla
that N asaimilated for tetrapyrrole biosynthosis enters the call ae NHq",
while remaining N enters es NH3, and that the fractionation chserved is that
rralated to the NH4* == NH3 equilibrium isotope effect (which favors accum-

ulation of . . in NH4*, ¢ = 34%w at 23°C),

Isotope effects in microbjal gulfur cycles. The sulfur isotope effect
asgoclated with disaimilatory reduction of sulfate by sulfate-reducing bac-
teria is large and relatively well studied. Most other isotope sffects in
the sulfur cycle are thought to be small, but are, in fact, poorly knouf.
Thiz situation presenta itself with painful clarity to anyone attempting to
estimate sulfur-isotopic compositions likely to arise in a hypothetical
Archean ecoeystes in which sulfur serves as the principal redox partnear for
carbon. It was with that problem in mind that we gladly accepted Brian

Fry’s application for a post-doctoral appointasnt in our lahoratories.

During the twenty montha that he recejved half-time support from these
funds, Fry measured the sulfur isotope effect associated with anaerobic,
photoasynthetic oxidation of sulfide by Chromatiup vinosum [A-17], the imo-
tope effects associated with oxidation of sulfite and thiosulfate by the
same organiam (B-4], and sulfur isotope effects associated with the

equilibria noted below [C-2).

H25 (aq) + H2S5 (g)

H2S == H* + HS~

Knowledge of both of thesa equilibrium iaotope effacta is required for

interpretation of sulfur isotopic fractionations observed in many natural
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systesa. Fry also carried out a very inteareating investigation of the aul-
fur-isotopic compoaitions of deep-sea hydrothermsl vent animals (A~13). Tha
resulta of thls study showed clearly that chemosynthetic bacteris deriving
energy by utilization of seawater 07 for oxidation of vent-derived sulfide
were essentially the gnly sutotrophs in the vent communities. For further
details of Dr. Fry’s work, intereated reeders are referred to the cited

appandices.

Structural and Isotopic Studies of Organic Compounds ip Ancient Sediments
The New Albapny Shale. Ray Takigiku haa undertaken a study of the iso-
topic compositions of fractiona of extranta from the New Albany Shale, a
local sediment of Devonlan age. The New Albany ia a black shale containing
up t¢ 30X organic carbon. Though clearly of marine origin, the organic
naterial im depletad in 13C relative to that found in modern ocean wate..
Sedimentological and stratigraphic investigations by Maynard (1981) have
shown that the abundance of 13C is directly correlatad with terrigenous
inputs. Thia correlation is "backwards" &¢cording to much conventional wis-
dom, which holds that marine organic material aiways contains more 13C than
terrestrial matarial. The mechanism for dr..etion of 13C in black shales is
unknown, but of broad intereat, bearing strongly on the now-famous Creta-
ceous “anoxic events" and, possibly, on the "excess depletion™ of 13¢ gener-
ally observed in Precaabrian sediments. The problem has been discussed in

aoRe detail by Hailer, Leininger, and Hayes [A-15].

Extracta of the New Albany Shale are brilliantly pigmented by extraor-
dinarily abundant porphyrins. UWe wish particularly to examine the possibil-
ity that ihesa porphyrins are, in part, at leaat, related to Fqyp, the

tetrapyrrole synthesized by methanogens. We suspect that contents of
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organic mattar in the New Albany sediments were so high that methanogenic
formentation played a significant role in organic diagenesis. Reincorpora-
tion of carbon from bacteriogenic methane or sccumulation of 13C-depleted

methanogen biomass may have contril.uted to the obaserved isctopic lightness.

In order to examine these possibilities, Takigiku is working to dater-
nine carhon- and nitrogen-isotopic compositions of compounds and fractiona
of partlcular {ntereat. Hias studiea are not yet coaplete and results are,
therefore, unpublished and difficult to interpret. We will summarize them
briefly hare, and discuss plana for further work, including inveatigations
of diagenetic carbonates and sulfides, in the ressarch-plans ssction of this
proposal. It should ba noted that this work is related to the praviously-
described atudies of carbon- and nitrogen-isotopic fractionaticn in

methanogens.

Crude extract fractions (bitumens, asphaltenes) are alightly enriched
(2%0) in 13C relative to coexisting kercgen at the base of the New Albany
section, approximately egqual at tha top., Compositiona average ~ -30%w
va. PDB. RMitrogen isotopic compositions are equal in all fractions,
~ +2% va, air. H/C for the kerogen is !.2. Resolution of the bitumens
into aix subfractions shows that the least polar aaterial (slkanes) is most
strongly depleted in 13¢, but the differsnces among all subfractions are
small, amounting only to 1.5%w., Division of the alkanes into normal,
branched-cyclic, thiourea adduct, and thiourea non-adduct fractions reveals
a maximum lsotopic contrast of 1.2% (p-ulkanes are lighteat, cyclic poly-
isoprenoida heaviest). Porphyrina from the relatively carbon-poor lower

portion of the mection are enriched in 13C relative to coexisting kerogen by



aa nuch as 3%, In contrast, those from tha carbon-rich Henryville Bed
are pet enriched in 13C ralative to the still-lighter kerogen in that part
of the section. There are no strongly-wvident spectral differences between

the porphyrin fractliona, in apite of the isctoplc contrast.

Pure comspounds from miscellonsous sadimepta. In order to gain further

inforaation on intersclacular isotopic contrasts in sadimentary mixturea, we
have undertsken s program of measurements of pure organlc compounds providad
to us by Dr. Pierre Albrecht of the Universite’ Louis Pasteur in Strasbourg,
France. Analysis of a 4-me.hiyl stanol, recovered from the Mesael Shale and
thought to Pe derived ejither from dinoflagellates or methylotrophic bac-
teria, revealed an isotopic composition of -28.05%« va, PDB, a result

quite decisively got in favor of a methylotrophic origln {or this material,
but near the minimum 13C content expected for material biosynthaesized in the
water column. Other materials ranged in composaition from -35.03 to
-25.32%0., This work promises to provide useful baseline information for
interpretation of isotopic compositions of pure sadimentary organic com-

pounds, and will be continued as samples become available.

Developments in Isotopic Geochemiatry and Apalyaes

Carbon-imotopic studies, At the urging (!} of Hyman Hartman, our group

joined that of Bernd Simoneit in a study of organic material from the Red-
Sea Deeps. It had been suggested {(e. g., Dowler and Ingmanson, 1979) that
organic material found beneath these hot, sterile brines was of abiotic ori-
gin. Resulta of ocur study, now preparaed for publication as a full paper
[{C-1], show clearly that the material is blotic debris from the overlying
normal marine water column. The study haa intereat as an example of com-

pletaly abiotic dingenesis, ond diascuesions contributed by Simoneit conaider
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this point in some detail.

Finding that the literature contains few, if any, discuassions of the
“nuts and holts™ of imotopic techniques useful in organic geochemistry,
Hayea has prepared several textbookh-style reviewa [A-4, A-16). Unfortun-
ately, the second, more-extensive and better-documented review wound up
appearing in a cet of notes for an SEPK short course that was canceled due
to lack of enrollment (that happening, no doubt, because the organizers of
the short coursa miased the pre-conference advertiaing deadline). Recently,

consider publishing a slightly “de-taxtbookized" version of that manuscript.

Brian Fry prepared an extensive review of carbon-isotopic techniques
for the investigation of food webs. Several peges are jincluded in the

appendix of this report [A-201.

Technigues for apalysis of hydrogep isotopes. Spacial problems arise
in the messurement of natural variations of hydrogen-isotopic abundances.
Mass spectrometry is compliceated by formetion in the ion source of Hz*, an
jon with the same mags as the isotopic apacias of interest, HD. Fallure to
take contributionas by H3* to the maesa-3 ion beas adequately into account can
lead to aerious syastematic errora, but analysta are often so impreased by
the high precision with which ion-current ratio measurements can be made
that they fail to consider systematic orrors carefully enough. The tech-
nique described by Schoeller, Peterson, and Hayes [(A-6] involves simultau-
apus comparison of a sample with two reference gaaes of known lsotopic com-

poeition and makes poseible calculations that are immune to errors asso-
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ciated with inconatant or incorrectly measured H3z* contributions.

Isotope ratios of carbon and nitrogen can be determined directly from
the producta of combustion of organic material. In the case of hydrogen,
however, the water which forms as a product of combuastion is not suitable as
a maBa spectrometric sample gms. Reduction of the water to Hz has conven-
tionally been carried ocut by reaction with uranium metal at 750°C. That
terhnique has some points of danger, but many more of inconvenience. Leaks
of air into the vacuum system result in inactivetion of the urenium by for-
mation of uranium oxide and nitride. Hydrogen gas is highly soluble fn
uranium metal, and long periods of Toepler pumping are required for collec-
tion of the reduction product. The uranium oxide which forms as a result of
reaction with water is extremely mobile within vacuum systems and poses a
low-laevel radistion hazard and can act as sorbent for Hz and HpU cutside the

hot zone of the reactor.

For all of those reasons, there wae considerable interest in the
announcement by Coleman et al. (1963) that a asptisfactory procedure for use
of zinc metal as & water reductant had been developed. Unfortunately, it
hasg turned out that Coleman’s procedurs requires a “"aspacjial” zine shot that
apparent ly contains a crucial impurity and/or has a unique surface struc-
ture. About two years ago, we learned from colleaques at the V. 5. Geologi-
cal Survey that the Coleman zinc contained lead as an impurity. After
encouraging them to publish their finding and to synthesize an ideal, opti-
rally-impure zinc, we waited for more than a year before undertaking work
ourselves. Feeling quite sure that & useful and commercislly important rea-

gant could be developed in short order, we obtained $4,000 via the Pl's

consulting relatiotship with Finnigan MAT to support the summer work of Eric

26



Wachter, an outstanding undergraduate intereated in the problam.

We have learned that our colleagues at the Geological Survey have
returred to the use of the "special” zinc, and we think we understand why.
Lead is certainly not the secrat. Wachtear was able toc develop a workable
procedure based on Pb-2Zn mixtures, but not anything that works as well as
the Coleman zinc (which is, fortunately, still available as Hopkina and
Williamse Analyzed Reagent). The availabllity of & good procedure for reduc-
tion of H20 is, however, crucial to further development of hydrogen-isctopic
iines of inquiry in biogeochemistry, and we have continued work on this
problem. It appears that we have now come very close to & gsatisfactory
solution to this problea. A report describing our results in included as
Appendix G-4. Because the possibility still exists that this may lead to a
valuabhls product (now to the benefit of the university and NASA as well as
Finnigan), the report apecifically excludes mention of the mysatery

component..

Oxygen-isotopic investigations, In completing his thesis work, K. W.
Wedeking, a stuvdent aupported by this grant, developed evidence that appears
to support sirongly the idea that the origin of oxygenic photosynthesis --
or some episode of oxygenation, at least -- occurred 2.8 Ga ago. In brief,
wa found that the 180/160 ratio in organic matter varies dramatically at
that point in time, and developed an interpretation linking that observation
to the first appearance of free 02 in the hydrosphere. Wedeking’s work on
this subject comprised three phasec: (i) development of a technique for the
analysis of the isotopic composition of oxygen in organic matter, (ii)

exploration of oitygen-isotope exchange phenomena in kerogens and r~lated
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materials, and (iii) oxygen-isotopic analysis of a suite of Precasbrian and
Phanerozoic herogens. Unfortunately, much of this work remains unpublished.

A summary report follows.

Although several recent publications (cited in the attached manu-
script, appendix G-5) have reported mathods for the analyais of oxygen iso-
topes in cellulose, a material of special interest in paleuclimatic investi-
gations, development of a technique specifically applicable to kerogens wae
required. Cellulose contains much oxygen, can be eamily purified, aznd ia
usually avallable in abundance (even if material from a single tree ring is
to be analyzed). Xerogen, in contrast, contains little oxygun, alwaye con-
tains some nitrogen and sulfur in additjon, ia usually contaminated by
pyrite and trace minerala, and is frequently available only in very saall
quantitiesa. Analytical methods developed for application to celluloese had
to be made to function at a far-lower sample quantity (lower blanks and
higher yields were required) and in the presence of a variety of posasible
interferents. We thought we had accomplishec these goals, and prepared a

raport for publication [G-3].

A reviewer of that manuscript, however, pointed out that nitrogen
interferances might have affected some test analyses of proteins (which are,
of courase, very rich in N}, and we dacided to modify the procedure to asvoid
that posaibility. Wedaking’s apparatus was diamantled in the courass of the
mcdifications and, due to lack of atudent interest in the problem, has never

bean raassembled. As & result, the analytical method remains undocumented.

The phenomenon of oxygen-isotopic exchange can be acdressed separately.

Exchange between water and functional groups in organic cumpounds has been
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atudied in aome detai]l (aee referernces cited in reprint A-14), but never
with materials or under conditiona clearly relevant to these inveatigations,
Therefore, we mtudiead (i) exchange processes possibly occurring during the
isplation and purification of the kerogen (i, e@., throughout the course of
sanple handling), and (ii) exchange proceaaes possibly occurring during
storage and "maturation” of the kes..ogen in the sediment. In the firat of
theae processes, anormcus excessas of oxygen (in the form of water) are pre-
sant together with high concentrations of strony mineral acide. Conditions
may be lesn seveare in sediments (the second process), but times are,

literally, geological, and rather high temperaturea may be reached.

Wedaeking utilized materials enriched in 180 in order to study exchange
phenomena. We aee no way in which any deficiencies in the analytical proce-
dure could aignificantly have affected these results, and have proceeded
with thair publication [A-14]. In brief, they show that the kinetics of
oxygen isotopic exchange proceases investigated forty years ago by Urey
ware, 1in fact, correctly measured (though that should hardly be a surpriase)
and that, using more seneitive, modern tachniques, the presence of an equil-
ibrium isctope effect can also be demonstrated. The techniques tested in
that way were further applied to a study of the exchange of ouxygen isotopes
baetween water and crude biological material, and it was shown that approxi-
mately two-thirds of the oxygen remaining in the inscluble organic material
at any tiae had not been exchanged and waas isotopically representative of
the oxygen in the starting organic material. It ia, thus, expected that a
significant portion of the oxygen in sedimentary organic metter will have e&n

isotopic composition representative of the initially deposited material.



The isotopic composition of oxygen in a wide variaty of kerogens and
humic acids (we acknowledge with thanks the provision of Phanerozoic matar-
lals by D. H. Stuermer and I. R. Kaplan, UCLA; and by B. Durand, Institut
Francals du Pstrole) was inveatigated in the last phase of Wedeking’e work.
We found that, apart from a minor and not-unexpected dependence of isotopic
composiilon on the 180/160 ratio in local water, the oxygen-isctopic compo-
sition of sedimentary organic matter has been quite consistent over geologic
time. The only noticeable fluctuation observed in more than 100 analyses

was found in kerogena with an age of 2.8 Ga.

Even before anything was known of the oxygen-isotopic variations, the
carbon-isotopic record had been interpreted [A-3] in terms of the devalop-
rent of oxygen-producing photosynthesis 2.8 Ga ago. Thie was, -of courae,
vary much in our mind as wa considered the oxygen-isotopic data. The
observed “imoctopic asignal" requires that some non-exchangeable oxygen pool
(1. e., one that could not be equilibrated with oxygen isotopes in water)
with an exotic isotopic composition muat have been present 2.8 Ga ago.
Nolecular 02 is one of the few species that might fulfill this requirement,
and it can be suggested that its isotopic composition was “exotic" becauae
the great majority was being promptly consumed by & process with a signifi-
cant isotope effact, nanely the oxidation of ferrous iron, which sppeare to
have been abundant in the ocean at that time. Later, the “crustal sink™ for
02 was less potent, 02 began to accumulate, and isotopic compositiona began

more closely; to resemble modern values.

We did pot want to publish findings that were bound to be considered
remarkable without (i) being able to point to documentation of the analyti-

cal procedure and, preferably, (ii) confirming the result. Up to now, this
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vt e Fttempte to utilize the alternative anaslytical proce-
otE grve ciel by Terntyiounk (eee introduciion, EPA-related work) have fa{led
be-mmipe ~te ke;naeng &re too poor in 0 (and, perhaps, too refractory)., We

heve ne reseosrn te belleve the initial results are inaccurate either bacause
of nitrogen interferences (which are very unlikely to have bean a problen
with these very N-poor naterials) or for any other reason. But the queation
is of such msagnitude -- and maintenance of a standard of accurscy is so
irportant within the field of fsotope geochamistry -- that we will not pub-
lish these resulte untill] they have been confirmed. Plans for further work

are outlined in & later section of this proposal.

Trestrent of carbonates with phosphoric acid in order to produce COp
for i1sotopic anelysis of oxygen and carbon haa been been s mainetay of iso-
tope gancheriastry for 35 year&. As analyticel chemiats, howaver, we wvere
troubled by some obvious problems. *100x H3PO4," the reagent utilized in
the convantione! procedure, is, in fact, a mixture of H3zP0q, various anhy-
dride polysers, and water. Why, then, tdre there supposedly “no probleas™
with exchange of oxygen isotopss betwesen CUz and those traces of H20? Could
it be thet some exchange does, in fact, occur, and that thie ifs & signifi-
cant csuse of imprecision in the analytical methoda? Might this exchange bhe
denonstreted and, with deteiled information in hand, a better procedure
developed -- even for something as hoary as the phosphorolyais of carbo-

nates? Would I ask all these guestions if the answers weren’t yes? Refer

to [B-1), &nd please excuse the cute remark.
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