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basal of the two. Such a placement of the more
terrestrially adapted Ichthyostega (16), taken
together with the features indicating weight-bearing
ability (ventrally facing radial and ulnar facets) of
the very primitive ANSP 21350 (9), would sug-
gest a scenario of rapid early terrestrialization
rather different from the currently predominant
“aquatic Devonian tetrapods” model.

References and Notes

1. H. Blom, Palaeontology 48, 111 (2005).

2. E. Jarvik, Fossils Strata 40, 1 (1996).

3. M. I. Coates, Trans. R. Soc. Edinburgh Earth Sci. 87, 363
(1996).

4. See supporting material on Science Online.

5. S. M. Andrews, T. S. Westoll, Trans. R. Soc. Edinburgh 68,
207 (1970).

6. E. I. Vorobyeva, Paleontol. ]. 34, 632 (2000).

7. C. A. Boisvert, E. Mark-Kurik, P. E. Ahlberg, Nature 456,
636 (2008).

8. N. H. Shubin, E. B. Daeschler, F. A. Jenkins, Nature 440,

764 (2006).
9. N. H. Shubin, E. B. Daeschler, M. I. Coates, Science 304,
90 (2004).
10. 0. A. Lebedev, M. I. Coates, Zool. J. Linn. Soc. 114, 307
(1995).

11. ). A Clack, S. M. Finney, J. Syst. Palaeontol. 2, 311 (2005).

12. S. ). Godfrey, Philos. Trans. R. Soc. London Ser. B 323,
75 (1989).

13. R. Holmes, Philos. Trans. R. Soc. London Ser. B 306, 431
(1984).

14. M. Ruta, M. I. Coates, D. L. ]. Quicke, Biol. Rev.
Cambridge Philos. Soc. 78, 251 (2003).

15. P. E. Ahlberg, ]. A. Clack, E. Luksevics, H. Blom, 1. Zupins,

Nature 453, 1199 (2008).
6. P.E. Ahlberg, ]. A. Clack, H. Blom, Nature 437, 137 (2005).

s

REPORTS

17. We thank the Geological Museum, Copenhagen, for the
loan of specimens; the staff of the University of Texas CT
unit for scanning MGUH f.n. 301a; N. Shubin for access
to the Tiktaalik material; and E. Rayfield for help with the
Amira modeling software. Supported by a Churchill
Fellowship from the Winston Churchill Foundation (V.C.) and
by Vetenskapsra det (the Swedish Research Council) (P.E.A.).

Supporting Online Material
www.sciencemag.org/cgi/content/full/324/5925/364/DC1
Materials and Methods

SOM Text

Figs. S1 to S4

Table S1

Movie S1

References

22 October 2008; accepted 5 March 2009
10.1126/science.1167542

A Ferroelectric Oxide Made

Directly on Silicon
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Metal oxide semiconductor field-effect transistors, formed using silicon dioxide and silicon, have
undergone four decades of staggering technological advancement. With fundamental limits to this
technology close at hand, alternatives to silicon dioxide are being pursued to enable new
functionality and device architectures. We achieved ferroelectric functionality in intimate contact
with silicon by growing coherently strained strontium titanate (SrTiOs) films via oxide molecular
beam epitaxy in direct contact with silicon, with no interfacial silicon dioxide. We observed
ferroelectricity in these ultrathin SrTiO3 layers by means of piezoresponse force microscopy. Stable
ferroelectric nanodomains created in SrTiO; were observed at temperatures as high as 400 kelvin.

ers have envisioned numerous devices

using ferroelectrics in combination with
semiconductors. These concepts include non-
volatile memories (/, 2), “smart” transistors that
can be used as temperature or pressure Sensors
(3), and ferroelectric field-effect transistors whose
logic states require no power to maintain (4, 5).
Missing, however, has been the ability to in-
tegrate ferroelectrics directly with mainstream
semiconductors. Our work bridges this gap,
demonstrating ferroelectric functionality in a

F or decades, semiconductor device design-
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SrTiOs5 thin film grown directly, without any in-
termediate layers and free of reaction, on the
workhorse of semiconductor technology, silicon.
Recent work has explored ways to use epi-
taxial strain to induce or enhance ferroelectricity
in thin films (6-8). Ferroelectric responses that
are distinct from naturally occurring bulk ferro-
electrics have also been obtained through the
growth of nano-engineered superlattices contain-
ing different dielectric and ferroelectric phases
(9-11). In all of the above-referenced studies, the
substrate and film are isostructural. For commen-
surate SrTiOs/(001) Si, the interface is structur-
ally far more complex, connecting a diamond
structure (silicon) with a perovskite (SrTiOs) (Fig.
1). The high reactivity of silicon with many ele-
ments and their oxides (/2) presents a formidable
challenge to the integration of functional oxides
with silicon, as does the tendency of a pristine
silicon surface to rapidly form its own oxide.
Using molecular beam epitaxy (MBE), we
have deposited epitaxial SrTiO5 films on (001) Si
substrates via a kinetically controlled growth
process (13, 14) (fig. S1), which synchrotron dif-
fraction measurements reveal to be commensu-
rately strained up to a thickness of ~24 A. The
growth method used differs substantially from
those reported previously (/5-17) for the epitax-

ial integration of SrTiOs with silicon (/3) (figs.
S1 and S2). Although bulk SrTiO; is not fer-
roelectric at any temperature, the large compres-
sive strain (~1.7%) induced on commensurately
strained SrTiOs/Si is predicted to result in fer-
roelectricity (73, 18) with a Curie temperature
(T¢) near room temperature (fig. S3 and table S1)
and an out-of-plane polarization (6, 8, 19). Films
whose thickness exceeds the equilibrium critical
thickness (20), however, are unstable to relaxa-
tion, which would lower the transition temper-
ature and produce nanoscale heterogeneity.

We discuss data from five SrTiOj3 films iden-
tified by their nominal thickness in molecular
layers (ML): 5 ML, 6 ML, 8 ML, 10 ML, and 20
ML. These SrTiOs; films were grown on (001) Si
substrates by MBE, in layers of one to a few
molecular strata at a time, until the desired thick-
ness was reached (/3). The silicon substrates used
in this study were doped with n-type phosphorus
(1 x 10" to 5 x 10" phosphorus atoms/cm®)
having a resistivity of 1 to 4 ohm-cm. Each layer
that was grown involved a controlled sequence of

10uVv

25

1 um

Fig. 1. Structure of the SrTiO/Si interface, written
and imaged on a 6 ML SrTiO5/Si sample by PFM.
With the 45° in-plane rotational offset between the
unit cells (15), the epitaxial orientation relation-
ship is (001) SrTiO5 // (001) Si and [110] SrTiO5 //
[100] Si.
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steps (13, 14) that kinetically suppress the
oxidation of the substrate and reduce the tend-
ency of the film to form islands (27) (fig. S4).
X-ray diffraction reveals the structural quality
and strain relaxation that occurs in the SrTiO;
films as thickness is increased. Rocking curves in
o [where the angle of incidence (0) between the

A

5 ML
= ML

Intensity (Arbitrary Units)

o (°)

Intensity (Arbitrary Units)
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x-ray beam and the sample is rocked while
leaving the detector position (26) fixed] of the
out-of-plane SrTiO; 002 reflection are shown in
Fig. 2A. Each curve displays an intense and
narrow central peak due to coherently strained
SrTiO; on top of a broad background peak (13).
The height of the sharp central peak in relation to

1.95 2.00 2.05
h=k (Si r.l.u.)
D
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Fig. 2. The strain state of the SrTiO; films revealed by x-ray diffraction. (A) Rocking curves in w of
the out-of-plane SrTiO; 002 reflection. (B) Reciprocal space map of the 202 SrTiO3 peak for the
6 ML sample. Note the beating along the / direction. (C) Off-axis scans through the 202 SrTiOs peak.
(D) Reciprocal space map of the 202 SrTiO; peak for the 8 ML sample. In (B) and (D), the intensity

increases from white to red to blue to black.

the background on this log intensity scale gives
an indication of the fraction of the SrTiO; film
that is coherently strained. The coherently
strained fraction of the SrTiO; films decreases
as the film thickness is increased. The full width
at half maximum (FWHM) of the 5 ML sample,
0.012°, is representative of the sharpness of the
coherent peaks (fig. S5).

We used x-ray diffraction to determine the in-
plane strain of the SrTiO; films (13, 22). Because
the out-of-plane lattice constant of SrTiO; is dis-
tinct from that of silicon, the in-plane lattice
constant of SrTiO; can be obtained by measuring
an off-axis SrTiO; reflection where there is no
overlap with a substrate peak. Figure 2C shows
scans made through the SrTiO; 202 peak for the
5 ML, 6 ML, 8 ML, and 20 ML samples. The
sharp peak observed at 4 = k= 2.00 Si reciprocal
lattice units (r.L.u.) is due to the commensurate
portion of the SrTiO3 films with in-plane lattice
constant = ag;/v/2 = 3.840 A. As the film thick-
ness increases, the relative integrated intensity of
the sharp peak decreases while that of a broad
peak at 4 = k < 2.00 Si r.L.u. increases. The plot
clearly shows the transition from mostly com-
mensurate SrTiO; to mostly relaxed SrTiOs as
the film thickness is increased. Reciprocal space
maps of the SrTiO5 202 peak for the 6 ML and
8 ML samples are shown in Fig. 2, B and D,
respectively. The 6 ML sample (Fig. 2B) has its
diffracted intensity mostly centered at 4 = k =
2.00 Si r.l.u., whereas for the 8 ML sample (Fig.
2D), more spectral weight is observed at lower
values of & = k (i.e., at larger in-plane lattice
constants) because of relaxation of the SrTiO;.
The reciprocal space map for the 8 ML sample
also shows how the spectral weight tails off to
higher ¢ with smaller # = k as strain relaxation
sets in. From ¢ scans made across the coherent
peak at 4 = k= 2.00 Si rlu., we find that the
coherent peak occurs at £ ~2.71 Si r.l.u.

To check for ferroelectricity in these strained
SrTiO5/(001) Si films, we used piezoresponse
force microscopy (PFM), a technique that has
been demonstrated on ferroelectric films as thin
as 28 A (23-26). With strain relaxation occurting
for SrTiO5/(001) Si film thickness as small as
8 ML (~32 A), measurement of the piezoelectric

Fig. 3. PFM images (1 um by 1 um) of a 4 x 4 pattern of domains written on the 5 ML SrTiO3/Si sample at different temperatures. (A) T = 298 K.

(B) T=314 K. (C) T =323 K.
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Fig. 4. Temperature dependence of 3.99
the out-of-plane lattice constant of

SITiO; strained commensurately to . 3.08
the underlying silicon substrate. Theo- =
retical prediction from thermodynamic E
analysis is shown, along with experi- @ 3.97
mental data obtained from x-ray dif- @

. &}
fraction measurements of the 5 ML ' 3. 9p
sample. The error bars reflect the .2
maximum error expected considering &
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sample thickness. Some hysteresis =
between data taken on heating and & 3.94
cooling is evident. Also indicated is the 5
transition temperature observed from 393
PFM measurements for the 5 ML O ™
sample (Tc 5w PFM).

3.92

response of such thin layers is challenging. The
large ds; coefficients predicted for strained
SrTiO3/(001) Si (fig. S6), however, make it a
reasonable signal to probe. Local electric fields
were applied across the SrTiO; layer by means of
a biased, conducting atomic force probe, and the
resulting piezoelectric response of the strained
SrTiO; film was subsequently imaged using the
same probe (/3). At room temperature, we found
that domains of both polarities could be patterned
on the 5 ML, 6 ML, 8 ML, and 10 ML samples,
but not on the 20 ML sample. Figure 1 shows a
PFM image written on the 6 ML sample at room
temperature. In all of the samples that exhibited
ferroelectricity via piezoresponse, a preferred
downward polarization was observed (fig. S7).
This agrees with reported x-ray fine structure
measurements (27) and indicates that strained
SrTiO; films on (001) Si are prepoled in their as-
grown state. The lack of observable ferroelectric-
ity in the 20 ML sample is consistent with x-ray
diffraction measurements showing that the 20
ML sample is mainly relaxed (Fig. 2C) and helps
rule out other possible mechanisms, such as
changes in surface chemistry, for the observed
piezoelectric response in other samples. A
retention study of the written domains was also
carried out for the 6 ML sample at room tem-
perature (/3) (figs. S8 and S9). The domain
pattern was observed to be stable over a 72-hour
period, at which point the pattern was erased by
rastering the atomic-force probe with a constant
voltage over the patterned area.

PFM measurements performed as a function
of temperature revealed a rather sharp phase tran-
sition, above which ferroelectric domains are un-
stable. Figure 3 shows a series of three PFM
measurements made on the 5 ML sample at dif-
ferent temperatures. Each image was acquired
~30 min after writing a 4 x 4 array of square
domains. Although some features that are asso-
ciated with imperfections on the sample surface
also showed up on these images, at 7 = 298 K
each of the 16 domains could be observed (Fig.

www.sciencemag.org SCIENCE VOL 324
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3A). The temperature was increased, and at 7=
314 K only 9 of the 16 domains could be seen
(Fig. 3B). The existence of a single domain on
the third row from the top rules out a variety of
possible measurement artifacts, such as a “wan-
dering” cantilever resonance frequency. At 7 =
323 K (Fig. 3C) or at higher temperatures, no
stable domains could be observed. These PFM
measurements provide a lower bound on the
paraelectric-to-ferroelectric transition tempera-
ture (Tc): TC,S ML > 314 K.

Measurements performed on the 6 ML
sample, however, show that ferroelectric domains
written on it are stable at even higher temper-
atures: 7c 6 mr. > 410 K (fig. S10). Such temper-
atures are much higher than that predicted by
thermodynamic analysis (fig. S3). The theoretical
calculation assumes an infinitely thick SrTiOs
slab with complete polarization charge screening
and with a uniform biaxial compressive strain
equivalent to that obtained by growing commen-
surately strained SrTiO3 on (001) Si. By leaving
out surface effects such as structural and
electronic discontinuities and the possibility of
incomplete screening of the polarization charge,
the thermodynamic analysis does not take into
account the finite film thickness, which presum-
ably would lead to a substantially reduced tran-
sition temperature, as has been shown for the
related ferroelectrics PbTiO5 (28) and BaTiO3
(29). Thus, the observed experimental results in-
dicate a substantially higher transition temper-
ature than that predicted by theory. In the case of
a metal in contact with a ferroelectric (30, 31),
polarization screening at the interface has been
shown to enhance the ferroelectric 7. Screening
of the polarization charge as well as structural
and electronic discontinuities at this heteroepi-
taxial SrTiO5/Si interface, not considered in the
present thermodynamic analysis, could play a
role in understanding the quantitative differences
between experiment and theory.

As an independent check of the ferroelectric
phase transition, temperature-dependent x-ray

REPORTS

diffraction measurements of the out-of-plane
lattice constant were performed on the 5 ML
sample (Fig. 4) to sense the structural transition
(7, 8, 32) that should coincide with 7. The aver-
age out-of-plane lattice constant was extracted
from scans made of the SrTiO; 002 peak. With
the in-plane lattice constant clamped to the sili-
con substrate and changing only by the thermal
expansion of silicon, which is much smaller than
that of SrTiOs, the out-of-plane lattice constant
should continuously expand with temperature in
the absence of a structural transition. The mea-
sured out-of-plane lattice constant with tempera-
ture for the 5 ML sample shows a clear deviation
from what is expected for thermal expansion with
the in-plane lattice constant constrained to that of
silicon. This deviation coincides in temperature
with the transition temperature observed by PFM.
The “kink” feature observed in the out-of-plane
lattice constant with temperature (7, 8, 32) is
qualitatively consistent with thermodynamic
analysis of commensurate SrTiOs/Si undergoing
a ferroelectric transition (Fig. 4), although the
agreement with 7¢ is likely to be coincidental.

A ferroelectric in direct contact with silicon
invites hybrid ferroelectric-semiconductor dev-
ices (/-5). Although the low or almost nonexistent
conduction band offset predicted (33) and mea-
sured (34) between SrTiO; and silicon could lead
to practical difficulties in implementing such fer-
roelectric devices, it has been proposed that this
problem can be overcome by carefully construct-
ing the interface between SrTiO; and silicon
(35, 30).

References and Notes
1. M. Suzuki, J. Ceram. Soc. Jpn. Int. Ed. 103, 1088 (1995).
2. P. Vettiger, G. Binnig, Sci. Am. 288, 47 (January 2003).
3. Y.-R. Wu, ]. Singh, IEEE Trans. Electron. Dev. 52, 284
(2005).
4. ]. A. Morton, U.S. Patent 2,791,761 (7 May 1957).
5. L. L. Chang, L. Esaki, /1BM Tech. Discl. Bull. 14, 1250
(1971).
6. ]. H. Haeni et al., Nature 430, 758 (2004).
7. K. ). Choi et al., Science 306, 1005 (2004).
8. D.G.Schlom et al., Annu. Rev. Mater. Res. 37,589 (2007).
9. M. P. Warusawithana, E. V. Colla, J. N. Eckstein,
M. B. Weissman, Phys. Rev. Lett. 90, 036802 (2003).

10. D. A. Tenne et al., Science 313, 1614 (2006).

11. E. Bousquet et al., Nature 452, 732 (2008).

12. K. ). Hubbard, D. G. Schlom, J. Mater. Res. 11, 2757
(1996).

13. See supporting material on Science Online.

14. H. Li et al., J. Appl. Phys. 93, 4521 (2003).

15. H. Mori, H. Ishiwara, Jpn. J. Appl. Phys. 30, L1415 (1991).

16. R. A. McKee, F. ]. Walker, M. F. Chisholm, Phys. Rev. Lett.
81, 3014 (1998).

17. Z. Yu et al., ]. Vac. Sci. Technol. B 18, 2139 (2000).

18. A. Antons, ]. B. Neaton, K. M. Rabe, D. Vanderbilt, Phys.
Rev. B 71, 024102 (2005).

19. N. A. Pertsev, A. K. Tagantsev, N. Setter, Phys. Rev. B 61,
R825 (2000).

20. ]. W. Matthews, A. E. Blakeslee, J. Cryst. Growth 27, 118
(1974).

21. L. F. Kourkoutis et al., Phys. Rev. Lett. 100, 036101
(2008).

22. 1. C. Woicik et al., Phys. Rev. B 73, 024112 (2006).

23. C. H. Ahn et al., Science 276, 1100 (1997).

24. T. Tybell, C. H. Ahn, ]. M. Triscone, Appl. Phys. Lett. 72,
1454 (1998).

25. T. Tybell, C. H. Ahn, J. M. Triscone, Appl. Phys. Lett. 75,

856 (1999).

17 APRIL 2009

369

Downloaded from www.sciencemag.org on December 17, 2009


http://www.sciencemag.org

REPORTS

26. C. Lichtensteiger et al., Appl. Phys. Lett. 90, 052907
(2007).

27. 1. C. Woicik et al., Phys. Rev. B 75, 140103(R) (2007).

28. D. D. Fong et al., Science 304, 1650 (2004).

29. 1. Junquera, P. Ghosez, Nature 422, 506 (2003).

30. P. Ghosez, K. M. Rabe, Appl. Phys. Lett. 76, 2767 (2000).

31. M. Stengel, D. Vanderbilt, N. A. Spaldin, http://arxiv.org/
abs/0811.0632 (2008).

32. E. D. Specht, H.-M. Christen, D. P. Norton, L. A. Boatner,
Phys. Rev. Lett. 80, 4317 (1998).

33. J. Robertson, C. W. Chen, Appl. Phys. Lett. 74, 1168
(1999).

34. S. A. Chambers, Y. Liang, Z. Yu, R. Droopad, ]. Ramdani,
J. Vac. Sci. Technol. A 19, 934 (2001).

35. ]. Junquera, M. Zimmer, P. Ordejdn, P. Ghosez, Phys.
Rev. B 67, 155327 (2003).

36. C.]. Forst, C. R. Ashman, K. Schwarz, P. E. Bldchl,
Nature 4217, 53 (2004).

37. We thank C. H. Ahn, O. Auciello, V. Gopalan, D. A. Tenne,
and F. ]. Walker for stimulating discussions and
interactions during the course of this work. Supported
by Office of Naval Research grant N00014-04-1-0426
(M.P.W., LF.K, D.AM., and D.G.S.), NSF grants
DMR-0507146 and DMR-0704022, Materials Research
Science and Engineering Center program grants DMR-
0520404, DMR-0520513, and DMR-0820404, and, for
the work performed at Argonne National Laboratory, the
U.S. Department of Energy, Basic Energy Sciences,

Materials Sciences. Diffraction data were taken at sector
33BM of the Advanced Photon Source, which is supported
by the U.S. Department of Energy, Basic Energy Sciences,
Office of Science under contract W-31-109-ENG-38.

Supporting Online Material
www.sciencemag.org/cgi/content/full/324/5925/367/DC1
Materials and Methods

SOM Text

References

Figs. S1 to S10

Table S1

11 December 2008; accepted 26 February 2009
10.1126/science.1169678

Anomalous Fractionations of Sulfur
Isotopes During Thermochemical

Sulfate Reduction

Yumiko Watanabe,™* James Farquhar,? Hiroshi Ohmoto®*

Anomalously fractionated sulfur isotopes in many sedimentary rocks older than 2.4 billion years
have been widely believed to be the products of ultraviolet photolysis of volcanic sulfur dioxide in
an anoxic atmosphere. Our laboratory experiments have revealed that reduced-sulfur species
produced by reactions between powders of amino acids and sulfate at 150° to 200°C possess
anomalously fractionated sulfur isotopes: A33S = +0.1 to +2.1 per mil and A3®S = —1.1 to +1.1 per
mil. These results suggest that reactions between organic matter in sediments and sulfate-rich
hydrothermal solutions may have produced anomalous sulfur isotope signatures in some
sedimentary rocks. If so, the sulfur isotope record of sedimentary rocks may be linked to the
biological and thermal evolution of Earth in ways different than previously thought.

arge anomalous fractionations of sulfur

I isotopes (/—5) are present in many sedi-
mentary rocks older than 2.4 billion years

and are virtually absent in younger rocks (6—10).
It has been argued that sulfur-bearing minerals
[such as pyrite (FeS,) and barite (BaSO,4)] in
sedimentary rocks older than 2.4 billion years
formed from native sulfur (S°) and/or sulfate
(SO,47: S produced by ultraviolet (UV) pho-
tolysis of volcanic sulfur dioxide (SO;) in an O,-
poor atmosphere (6, 8, 10), and thus that the
record of anomalously fractionated S isotopes is
evidence for the transition from an anoxic to oxic
atmosphere about 2.4 billion years ago (7, 11).
These arguments have been based on the as-
sumption that the only processes producing
anomalously fractionated S isotopes for both
A®S and A*S (2, 6) are photochemical reactions
involving gaseous S-bearing species [such as hy-
drogen sulfide (H,S) and SO;] (6, /2). Labora-
tory experiments performed with UV photolysis
of SO, under an O,-free condition produced S°
and SO,* with large anomalous fractionations of
S isotopes (/3). A theoretical study also suggests

The NASA Astrobiology Institute and Department of
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PA 16802, USA. “Department of Geology and Earth System
Science Interdisciplinary Center, University of Maryland, College
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a maximum partial pressure of oxygen (PO,) of
~107° atm in order for the UV photolysis of SO,
to produce S° and SO,>~ (/4). Here, we present

100

experiments showing that reactions between
powders of amino acids and SO4* can also
produce anomalous fractionations of S isotopes.
FeS,, the most abundant sulfide mineral in
sedimentary rocks, forms from a variety of reac-
tions involving H,S and Fe in sediments and
solutions (/5). Both bacterial sulfate reduction
(BSR) and thermochemical sulfate reduction
(TSR) using SO, and organic matter in waters
and sediments are important in the production
of st
2(C—C*) + S04 +2H" — 2CO, + 2C* + H,S
)
where C and C* refer, respectively, to reactive and
nonreactive (residual) carbon atoms in organic
compounds. This reaction typically results in posi-
tive correlations between the FeS, and C* contents
of sedimentary rocks (/5). The C/C* ratio and
reaction rate vary depending on the type and
maturation degree of organic compounds (for ex-
ample, carbohydrates, hydrocarbons, amino acids,
bitumen, and type I, II, and III kerogens). BSR is
carried out by sulfate-reducing bacteria (SRB),
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Fig. 1. Cumulative amounts of H,S produced from 505% or S0,% reductions by amino acids (alanine or
glycine). Gray symbols represent the experiments using alanine (A) and solid, open, cross, or bar symbols
represent those using glycine (G). The three-digit numbers (150, 160, 170, and 200) represent
experiment temperatures, and the hyphenated numbers represent the run numbers.
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