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Iron isotope geochemistry of carbonate rocks
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Iron-bearing carbonate minerals such as siderite (FeCO;) have formed throughout the
Earth’s history. However, its formational mechanism, in particular pathway (s) of Fe incorpora-
tion into carbonate crystals, have not been well constrained. Recent studies have demonstrated
that large fractionations of stable Fe isotopes occur during biogeochemical redox cycling (Fe*” =
Fe®). Therefore, Fe isotope (bio) geochemistry is potentially useful, when applied to the Fe-
carbonate system, to understand the (bio) geochemical behavior of Fe during Fe-carbonate for-
mation in sediment diagenesis and to constrain its depositional environment. In this contribu-
tion, the current progress of Fe isotope geochemistry for the Fe-carbonate system is summarized
using examples from experimental studies and from field studies of Cretaceous, Jurassic, and
Archean carbonate rocks. Future studies of Fe isotope geochemistry of carbonate rocks are pro-
posed, with new hypotheses for the Neoproterozoic “Snowball Earth” and stromatolites. Experi-
mental determination of essential isotope fractionation factors between different Fe-bearing
carbonate minerals and between Fe-bearing minerals and Fe-bearing fluids are needed for bet-
ter interpretation of field data. Despite its infancy, Fe isotope biogeochemistry will be a promis-
ing new tool for the studies of the Fe-carbonate system.

Key words: Iron isotope, Carbonate, Redox, Geochemical cycle, Stromatolite, Snowball Earth
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Tabled Summary of Fe isotope compositions.

Fe sources and Fe species 8°°Fe [%o] References
Major Fe sources - Continental:
Bulk igneous rocks 0.00 +0.05 Beard et al . (2003b)
Phanerozoic weathering products 0.0+0.1 Beard et al . (2003b)
Major Fe sources - Marine:
— Sharma et al. (2001)
Hydrothermal MOR Fe 0.5 Beard et al . (2003a)
Fluid-mineral fractionations - Fe** reduction:
Fe*,,— Fe** oxide during DIR (equilibrium) -1.3+0.1 Beard et al . (1999, 2003a)
Fe*,, — FeCO;, (siderite) during DIR (equilibrium) 0.0+0.1 Johnson et al. (2004)
Fe?,, — FeCO;, (siderite) during abiotic formation +0.4 ~+0.6 Wiesli et al. (2004)
Aqueous Fe* — Fe?* fractionations at 22°C:
. . Johnson et al . (2002)
Fe*'sq—Fe?' ¥2.9+£02 Welch et al . (2003)
Jurassic rocks
Calcite+pyrite+siderite-bearing mudstones -0.2~+0.2 Matthews et al . (2001)
Feroan dolomite 0.0~+0.4 Matthews et al. (2001)
Cretaceous rokcs
Limestones +0.1+0.2 Yamaguchi et al ., in prep.
Cherts -04+0.2 Yamaguchi et al. , in prep.
Black shales -0.1+£0.2 Yamaguchi et al ., in prep.
Archean rocks
Carbonate rocks -1~0 Yamaguchi et al . (2005)
Stromatolites ~-24 Yamaguchi et al ., in prep.
BIFs -25~+1.0 Johnson et al . (2003)

Notes: 5*Fe values (in %o) are calculated for **Fe/“Fe ratios relative to bulk-earth (see Beard et al.,
2003b). For major Fe source, 5*Fe values reported as measured. For isotopic fractionations

between phases A and B (A-B), 8*Fe values calculated using isotopic fractionation factors (Axg) from

sources noted, setting 8°Feg equal to zero. For isotope fractionations produced by biological cycling

of Fe, "DIR" denotes dissimilatory Fe** reduction.
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FigM™

Glacial deposits (dropstones) of the Chuos Formation of the Otavi

Group, Namibia, indicating the “Neoproterozoic Snowball Earth”
period. (a) Scattered distribution of dropstones (orange or gray in
color) emphasized in white rectangles, hosted by “cap carbonates”.
Scale: Dr. Takeshi Kakegawa, Tohoku Univ. (b) Up-colse view of
dropstones hosted by “cap carbonates”. A pen is used for scale. “Cap
carbonate” deposited during deglaciation stage of the “Snowball
Earth” period. See Hoffman et al. (1998) for “cap carbonate”.
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FigMm

2.7 Ga stromatolite in the Tumbiana Formation of the

Fortescue Group, Western Australia. Note mat-like tex-
ture in the lower portion and domical texture in the upper

portion.

0000000000 oUoomoooooooog
gooooooo
ooooo0ooooooooooooooogooo
gooo0o0o0o0oO0oooooooogoooooog
gooo0o0o0o0oO0oooooooogoooooog
gooo0o0o0o0oO0oooooooogoooooog
O0000OOO0O0obOOoooouoogogdde.g., Walter,
1000000000000 C0DODOUOODoOO
gooo0o0o0o0oO0oooooooogoooooog
gooo0o0o0o0oO0oooooooogoooooog
gooo0o0o0o0oO0oooooooogoooooog
goooo00ooU0opoUoOooUoUoooUooooodg
goooo0o0o0obOoooooooooooooog
goooo0o0o0obOoooooooooooooog
0000000 Johnson et al., 200411
000000 oooooooogoogogog
000 Steep Rock FormationD OO OOO0O0OOO
000000DOD0OODO Yamaguchi et al., in prep.0
O00008"Fe0 00D OO0DO%OO0OOOOO
O00O00OO0O0O0OOU0OooOoTableDOoOOOOO
goooo0O0o0oO0oooooooooooooog
O00000Fe" 2 FFO000000000000
goooo0OO0o0oOoooooooooooooog
goooo0OO0o0oOoooooooooooooog
goooo0OO0o0oOoooooooooooooog

coooocooboooobooooooocooobooono
cOoooooooooboOoooooobooooooo
0000000000000 00UO0OO0ODO RO
000000000 FRO0O0O0ODOODOODDOOO
000000000000 Fe"0D00DOOODOO
00000 FrR00D00O0OOOOODDOODOOOO
0000000000 DO0D00O0OUOOFRe" 000
cooooooboooobooooooocooobooono
FE'O00D0D000OD0Ud"Fe0DDDO Fe'a D
coooocooboooobooooooocoOoobooOono
O0008"Fe0D0UOOD F"OODODODDO
cOoooooooooOoboOoOoobooooooooo
coooocooboooobooooooocooobooono
Fe'O0O000O0O00ODO0ODO0OODOODOOOODOD
0000000000000 0O00DD0O0O0d™Fe
cooobobooooooooooOooobcoooo
coooOooooocoobooooOooboOooooo
cooooooboooobooooooocooobooono
coooooooooOoboOoooobooocoooooo
cooooooboooobooooooocooobooono
0—-O00—-40o0b0ooobooooooocooooono
cooooooboooobooooooocooobooono
cooooooboooobooooooocooobooono
cooooooboooobooooooocooobooono
cooooooboooobooooooocooobooono



284 o 0o o o

coooooooocooboooobooooooooo
cooooooooo—-Obo0o—-000000o0o0oo
coooooooocooboooobooooooooo
coooooooocooboooobooooooooo
cooooooooooobOoobooooooo
coooOooooOoocooboooobooooooooo
coooOooooOoocooboooobooooooooo
coooOooooOoocooboooobooooooooo
oooood

gbobooobobooobobooboon

uboocoooooObocOoooooooomooa
cobooooooOoocoobooooooooooooo
cobooooooOoocoobooooooooooooo
cobooooooOoocoobooooooooooooo
cobooooooOoocoobooooooooooooo
cboooooooooboOoooooobooOooOoboooo
cobomooooobooocboooooboboOooo
coooooooocoOoboocoooooobooooo
coooooooocoOoboocoooooobooooo
coooooooocoOoboocoooooobooooo
coooooooooobooocobooooooo
coooooooocoOoboocooooooooooo
coooooooocoOoboocooooooooooo
coooooooocoOoboocooooooooooo
coooooooocoOoboocooooooooooo
coooooooocoOoboocooooooooooo
coooooooocoOoboocooooooooooo
cooob—-toooboooobo—-4ooooooooooo
coooooooocoOoboocooooooooooo
coooooooocoOoboocooooooooooo
coooooooocoOoboocooooooooooo
coooooooocoOoboocooooooooooo
cboooooooooboOoooooobooboooooo
coooooooocoOoboocoooooobooooo
coooooooocoOoboocoooooobooooo
coooooooocoOoboocoooooobooooo
coooooooocoOoboocoooooobooooo
coooooooocoOoboocoooooobooooo
coooooobooocboooocoboooooooo
coobooooooooooocoOooboOoooon

uobooooooOoooobooooboooooooa
coooooooocoOoboocoooooobooooo
coooooooocoOoboocoooooobooooo

00000000 D0O0O™cad™cad™cad™cad”cal
"Cal0DOODODOODODODOODOODO™MgO
“MgD"MgLD ODODOOOODODOOODODUOODDO
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
OO00O0ODePaclo, 20040 0000000O00OC0O
OOTableDOOOOODOOOOOOOOOOODOO
cooooooboooobooooooocooobooono
cooooooboooobooooooocooobooono
cooood

o 0O

O0o0oDMnDooooooooooooooooon
Oo00oooooooooooooooooooon
OoooDooooooOoDoDoDoOOooooooOog
Clark Johnson OO OBrian Beard OO OO ODOO
000000000 Hiroshi Ohmoto, Lee Kump,
Mike Arthur00 000000000 O0ODOO Matt
HurtgenO 0000 OD0OODOODOOODO Paul
HoffmanO OO OODOOODODOOODOODOOOOO
O00o0ooooooooooooooooooon
O000o0ooUooDooDOoooooooooo
O00o0ooooooooooooooooooon
O00o0ooooooooooooooooooon
O00o0ooooooooooooooooooon
Oo0ooooooooooon

oooao

Beard, B. L., Johnson, C. M., Cox, L., Sun, H.,
Nealson, K. H. and Anguilar, C. (1999) Iron iso-
tope biosignature. Science 285, 1889-1892.

Beard, B. L., Johnson, C. M., Skulan, J. L., Nealson,
K. H., Cox, L. and Sun, H. (2003a) Application
of Fe isotopes to tracing the geochemical and
biological cycling of Fe. Chem. Geol. 195, 87-
117.

Beard, B. L., Johnson, C. M., Von Damm, K. L. and
Poulson, R. (2003b) Iron isotope constraints on
Fe cycling and mass balance in the oxygenated
Earth. Geology 31, 629-632.

Beard, B. L. and Johnson, C. M. (2004) Fe isotope
variations in the modern and ancient Earth and



cooooooboooooao 285

other planetary bodies. In: Geochemistry of non-
traditional stable isotopes (ed. C. M. Johnson,
B. L. Beard, and F. Albaréde), Chapter 10A Re-
views in Mineralogy and Geochemistry, Vol. 55,
Mineral. Soc. Amer., 454 p.

Beukes, N. J. (1983) Paleoenvironmental setting of
iron-formations in the depositional basin of the
Transvaal Supergroup, South Africa. In: Iron-

A. F.

Amsterdam,

formation: Factsand problems (eds.
Trendall and R. C. Morris),
Elsevier, p. 131-209.

Croal, L. R., Johnson, C. M., Beard, B. L. and
Newman, D. K. (2004) Iron isotope fractionation
by Fe (Il) -oxidizing photoautotrophic bacteria.
Geochim. Cosmochim. Acta 68, 1227-1242.

DePaolo, D. J. (2004) Calcium isotopic variations
produced by biological, kinetic, radiogenic, and
nucleosynthetic processes. In: Geochemistry of
non-traditional stable isotopes (ed. C. M.
Johnson, B. L. Beard, and F. Albaréde), Chap-
ter 8, Reviews in Mineralogy and Geochemistry,
Vol. 55, Mineral. Soc. Amer., 454 p.

Halliday, A. N., Lee, D. C., Christiansen, J. N.,
Rehkamper, M., Li, W., Luo, X., Hall, C. M.,
Ballentine, C. J., Pettlee, T. and Stirling, C.
(1998) Applications of multiple collector ICPMS
to cosmochemistry, geochemistry and paleo-
ceanography. Geochim. Cosmochim. Acta 62,
919-940.

Hoffman, P. F., Kaufman, A. J., Halverson, G. P.
and Schrag, D. P. (1998) A Neoproterozoic
snowball Earth. Science 281, 1342-1346.

Hurtgen, M. T., Arthur, M. A., Suits, N. and
Kaufman, A. J. (2002) The sulfur isotopic com-
position of Neoproterozoic seawater sulfate: im-
plications for a snowball Earth? Earth Planet.
Sci. Lett. 203, 413-429.

James, H. L. (1954) Sedimentary facies of iron-
formation. Econ. Geol. 49, 235-293.

Johnson, C. M., Skulan, J. L., Beard, B. L., Sun, H.,
Nealson, K. H. and Braterman, P. S. (2002) Iso-
topic fractionation between Fe (111) and Fe (1)
in aqueous solutions. Earth Planet. Sci. Lett.
195, 141-153.

Johnson, C. M., Beard, B. L., Beukes, N. J., Klein, C.
and O'Leary, J. M. (2003) Ancient geochemical
cycling in the earth as inferred from Fe isotope
studies of banded iron formations from the
Transvaal Craton. Contrib. Mineral. Petrol.
144, 523-547.

Johnson, C. M., Beard, B. L., Roden, E. E., Newman,
D. K. and Nealson, K. H. (2004) Isotopic con-
straints on biogeochemical cycling of Fe. In:
Geochemistry of non-traditional stable isotopes
(ed. C. M. Johnson, B. L. Beard, and F. Al-
baréde), Chapter 10B, Reviews in Mineralogy
and Geochemistry, vol. 55, Mineral. Soc. Amer.,
454 p.

Klein, C. and Gole, M. J. (1981) Mineralogy and pe-
trology of parts of the Marra Mamba Iron For-
mation, Hamersley Basin, Western Australia.
Amer. Mineral. 66, 507-525.

Matthews, A., Zhu, X. K. and O’'Nions, K. (2001) Ki-
netic iron stable isotope fractionation between
iron (-11) and (-111) complexes in solution. Earth
Planet. Sci. Lett. 192, 81-92.

Matthews, A., Morgans-Bell, H. S., Emmanuel, S.,
Jenkyns, H. C., Erel, Y. and Halicz, L. (2004)
Controls on iron-isotope fractionation in organic
-rich sediments (Kimmeridge Clay, Upper Ju-
rassic, southern England). Geochim. Cosmo-
chim. Act 68, 3107-3123.

Ohmoto, H., Rasmussen, B., Buick, R. and Holland,
H. D. (1999) Redox state of the Archean atmos-
phere: Evidence from detrital heavy minerals in
ca. 3250-2750 Ma sandstones from the Pilbara
Craton, Australia: Comment and Reply. Geol-
ogy 27, 1151-1152.

Ohmoto, H., Watanabe, Y. and Kumazawa, K.
(2004) Evidence from massive siderite beds for
a COq-rich atmosphere before O 1.8 billion years
ago. Nature 429, 395-399.

Polyakov, V. B. and Mineev, S. D. (2000) The use of
Mdssbauer spectroscopy in stable isotope geo-
chemistry. Geochim. Cosmochim. Acta 64, 849—
865.

Rasmussen, B. and Buick, R. (1999) Redox state of
the Archean atmosphere: Evidence from detri-



286 o 0O o0 o

tal heavy minerals in ca. 3250-2750 Ma sand-
stones from the Pilbara Craton, Australia. Geol-
ogy 27, 115-118.

Roe, J. D., Anbar, A. D. and Barling, J. (2003) Non
biological fractionation of Fe isotopes: Evidence
of an equilibrium isotope effect. Chem. Geol.
195, 69-85.

Rye, R., Kuo, P. H. and Holland, H. D. (1995) Atmos-
pheric carbon dioxide concentrations before 2.2
billion years ago. Nature 378, 603-605.

Schauble, E. A., Rossman, G. R. and Taylor, H. P.
Jr. (2001) Theoretical estimate of equilibrium
Fe-isotope fractionations from vibrational spec-
troscopy. Geochim. Cosmochim. Acta 65, 2487—
2497.

Sharma, M., Polizzotto, M. and Anbar, A. D. (2001)
Iron isotopes in hot springs along the Juan de
Fuca Ridge. Earth Planet. Sci. Lett. 194, 39-51.

Walter, M. R. (1994) Stromatolites: The main geo-
logical source of information on the evolution of
the early benthos. In: Early Life on Earth, No-
bel Symposium No. 84 (ed., S. Bengston), New
York, Columbia, 270-286.

Welch, S. A., Beard, B. L., Johnson, C. M. and
Braterman, P. S. (2003) Kinetic and equilib-
rium Fe isotope fractionation between aqueous

Fe (111) and Fe (II). Geochim. Cosmochim. Acta
67, 423-4250.

Wiesli, R. A., Beard, B. L. and Johnson, C. M. (2004)
Experimental determination of Fe isotope frac-
tionation between aqueous Fe (I1), siderite, and
“green rust” in abiotic systems. Chem. Geol.
211, 343-362.

Yamaguchi, K. E. (2006) Iron isotope analysis by
multi-collector inductively coupled plasma mass
spectrometer: 1. Sample pre-treatment method.
Frontier Research on Earth Evolution 2 (Ed. Y.
Fukao), 04-26.

Yamaguchi, K. E. and Ohmoto, H. (2006) Comment
on “lron isotope constraints on the Archean and
Paleoproterozoic ocean redox state”. Science
311, 177.

Yamaguchi, K. E., Beard, B. L., Johnson, C. M., N.
Ohkouchi, and Ohmoto, H. (2003) Iron isotope
evidence for redox stratification of the Archean
oceans. Geochim. Cosmochim. Acta 67, A550.

Yamaguchi, K. E., Johnson, C. M., Beard, B. L. and
Ohmoto, H. (2005) Biogeochemical cycling of
iron in the Archean-Paleoproterozoic Earth:
Constraints from iron isotope variations in sedi-
mentary rocks from Kaapvaal and Pilbara Cra-
tons. Chem. Geol. 218, 135-160.



