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ABSTRACT
Early diagenetic dolomite formation in methanogenic marine 

sediments is enigmatic because acidifi cation by CO2, a by-product of 
methanogenesis, should lead to carbonate dissolution and not precipi-
tation. However, petrographic relationships indicate that dolomite 
breccia layers with δ13C values of ~+15‰, recovered from the lower 
slope of the Peru continental margin (Ocean Drilling Program Site 
1230), formed deep in the methanogenic zone during tectonic activity 
of a décollement. Based on radiogenic Sr isotope ratios (87Sr/86Sr > 
0.711) and positive δ18O values (+6‰), we present evidence that the 
dolomite breccias mainly formed from fl uids originating from deep 
sedimentary units within the accretionary prism, where they inter-
acted with continental crust and/or siliciclastic rocks of continental 
affi nity. Due to silicate alteration and dehydration, such fl uids are 
likely alkaline and thus have the potential to neutralize the acidifi ca-
tion imposed by the high dissolved CO2 concentrations. This scenario 
provides a potential mechanism by which dolomite formation can be 
induced deep in a highly active methanogenic zone.

INTRODUCTION
Early diagenetic dolomite layers, commonly observed in organic car-

bon–rich marine sediments (e.g., Murata et al., 1969; Burns and Baker, 
1987; Pisciotto and Mahoney, 1981; Kelts and McKenzie, 1984), are a 
unique archive that may provide a window into past subsurface environ-
ments and allow, based on the elemental and isotopic composition pre-
served in the mineral phase, reconstruction of past biogeochemical condi-
tions. Studies (e.g., Moore et al., 2004; Meister et al., 2007; Ussler and 
Paull, 2008) have shown how dolomite layers commonly form at relatively 
shallow depths in the zone of anaerobic methane oxidation (AMO) due to 
an elevation of pH (cf. Soetaert et al., 2007). Although dolomites often 
contain isotopically heavier carbon, which is indicative of fractionation 
during methanogenesis, only a few studies have reported evidence for the 
formation of dolomite at greater depths within a methanogenic zone (e.g., 
Bernoulli et al., 2004). Dolomite formation in the methanogenic zone is 
enigmatic because corrosive conditions at high dissolved CO2 partial pres-
sure should lead to partial dissolution of the early diagenetic carbonates 
(Rodriguez et al., 2000).

We report the fi nding of dolomite breccia layers, as thick as 
20 cm, from beneath a 200-m-thick Pleistocene sediment deposit con-
taining high concentrations of methane and gas hydrates in the Peru 
Trench  (Ocean Drilling Program [ODP] Leg 201, Site 1230; Fig. 1; 
Meister et al., 2006). Virtually no carbonate is found within the overly-
ing 200-m-thick CH4-rich zone. This study evaluates the petrographic 
relationships and distribution of dolomite and its Sr, C, and O isotope 
compositions at Site 1230 in relation to porewater chemistry in order to 
explain the formation of dolomite in this otherwise unfavorable environ-
ment for dolomite formation. The understanding of the processes that 
control the enigmatic dolomite precipitation in the Peru Trench will also 
contribute to an improved understanding of the presence or absence of 

dolomite in other ocean margin settings, as well as in ancient organic 
carbon–rich sedimentary rocks.

GEOLOGICAL SETTING
The Peru margin is an active continental margin with an accretion-

ary prism that has developed since the Miocene (Suess et al., 1990). 
A 278-m-thick sedimentary sequence was drilled at ODP Site 1230 
(9°6.7525´S, 80°35.010´W) at a water depth of 5086 m (Fig. 1). At the same 
location, a 468-m-thick sequence had been drilled during ODP Leg 112 
(Site 685). The top 220 m of the sequence consists of Pleistocene organic 
carbon–rich diatom ooze with variable amounts of siliciclastic material. 
These sediments were deposited near the upwelling area offshore Peru and 
have a total organic carbon content of ~3%. The total inorganic carbon con-
tent is <1% throughout the sequence. High concentrations of methane are 
present and stable gas hydrate was recovered from a zone between 80 and 
156 m below seafl oor (mbsf) (D’Hondt et al., 2003). The Pleistocene part 
of the sequence is underthrusted by more compacted and schistose Miocene 
diatomaceous muds. Below this tectonic contact, a décollement belonging 
to the accretionary prism (~223 mbsf), a horizontal shaly cleavage is pres-
ent (D’Hondt et al., 2003). Crust of continental affi nity underlies the lower 
slope of the Peru margin in the deep subsurface (von Huene et al., 1996).

DEPTH OF DOLOMITE PRECIPITATION
During ODP Legs 112 and 201, ~8 dolomite layers were recov-

ered from the underthrusted part of the sequence between 226 mbsf and 
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Figure 1. Map of Peru margin showing location of Ocean Drilling Pro-
gram (ODP) Leg 201 Site 1230, which is reoccupied ODP Leg 112 
Site 685.  
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468 mbsf that showed partially brecciated structure (Fig. 2A; Thornburg 
and Suess, 1992; Meister et al., 2006). The microtexture of the dolomite 
layers clearly contrasts with the shallow AMO dolomites found at several 
Peru margin sites, as well as with those recovered near the surface at 6.5 
mbsf (Site 1230). Polygonal grain boundaries are indicative of simultane-
ous crystal growth within cavities (compromise boundaries; Fig. 2B), as 
opposed to the euhedral rhombic texture of the shallow dolomites (Meis-
ter et al., 2006). Petrographic relationships revealed by cathodolumi-
nescence (Fig. 2C) show several generations of cement related to brittle 
deformation structures, indicating a syntectonic formation (Meister et al., 
2006). Dolomite breccias are thus formed at depth during tectonic activ-
ity at the décollement within the accretionary prism. Brittle deformation 
probably occurred under semilithifi ed conditions of the relatively well 
compacted sediment.

Dolomites show ordered stoichiometry, while the zoned crystals vis-
ible under cathodoluminescence (Fig. 2C) indicate a variable Fe or Mn 
content. Also, applying alizarine red resulted in a blue staining of the dolo-
mites, indicative of Fe in the crystal lattice. The partitioning of Fe in the 
dolomite phase is indicative of a formation in the sulfi de-free zone as Fe is 
insoluble under sulfi dic conditions.

In addition to the petrographic observations, Ca2+ and Mg2+ profi les 
are indicative of the site of mineral precipitation. Changes in slope of 
Ca2+ and Mg2+ profi les (Fig. 3A; Suess et al., 1990; Donohue et al., 2006) 
occur at 6.5 mbsf (the modern AMO zone) and ~230 mbsf, indicating a 

net consumption of both ions and possibly dolomite precipitation in the 
recent past.

ORIGIN OF FLUIDS
In the top 150 mbsf of Site 1230, the measured porewater 87Sr/86Sr 

is identical to seawater Sr isotope compositions of the sediments of cor-
responding burial age (Veizer et al., 1999) (Fig. 3B; see the GSA Data 
Repository1). At ~150 mbsf, porewater and dolomite Sr isotope values 
diverge from paleoseawater compositions toward more radiogenic compo-
sitions. Such radiogenic 87Sr/86Sr signatures indicate contributions of fl u-
ids originating from greater depth, where they interacted with terrigenous 
sediments or the underlying continental crust (cf. Von Huene et al., 1996). 
The most radiogenic Sr isotope compositions (>0.711) were measured 
for a dolomite breccia at 229 mbsf. Furthermore, δ18O values measured 
in this dolomite breccia are ~2‰ more positive than dolomite formed in 
equilibrium with modern seawater (Fig. 3C; see the Data Repository). Iso-
topically heavier water could have been released during syndeformational 
decomposition of gas hydrates, but such an effect is not observed in mod-
ern porewater δ18O or in the porewater Cl– profi le (Fig. 3C). The positive 
δ18O values are therefore explained by the composition of the fl uid, which 
contributed more positive δ18O values originating from clay-mineral 
dehydration during the illite-smectite transition in the deeper subsurface 
at higher temperatures (Hensen et al., 2004); this is why we refer to these 
fl uids as hydrothermal in the following.

Taken together, radiogenic 87Sr/86Sr, positive δ18O values, and syn-
tectonic precipitation of dolomite are consistent with the expulsion of fl u-
ids from greater depth as commonly observed within accretionary prisms 
(e.g., Hensen et al., 2004). The high taper angle and convergence rate at 
the Peru accretionary prism result in rapid burial of low-permeability sedi-
ments; this, in turn, forces the fl uids upward (Matmon and Bekins, 2006). 
The fl uid was able to rise advectively along décollements that provided 
conduits of low permeability (Matmon and Bekins, 2006) and to infl uence 
the chemistry of the marine porewater in higher stratigraphic levels.

CARBONATE SUPERSATURATION AND DOLOMITE 
FORMATION

The origin of the porewater dissolved inorganic carbon (DIC) can 
be reconstructed from its carbon isotope composition. In particular, the 
extremely high concentration of DIC between 9 and 220 mbsf (as much 
as 155 mM at 130 mbsf; Fig. 3E; D’Hondt et al., 2003), showing δ13C 
compositions of ~5‰ (Fig. 3F; Meister et al., 2007), was essentially 
produced by methanogenesis. Methanogenic DIC produced in the form 
of CO2 (Corg. → CH4 + CO2) can drastically lower the in situ pH under 
the prevailing pressure. Such conditions are not favorable for dolomite 
precipitation and are expected to be corrosive for dolomite previously 
formed at shallower depth (cf. Rodriguez et al., 2000). Given CH4 con-
centrations of >150 mM (Fig. 3G; Spivack et al., 2006) and in situ DIC 
concentrations of 150 mM, dolomite should not form at Site 1230 due 
to CO2 acidifi cation. The in situ pH was likely lower than the measured 
pH (Fig. 3H; Suess et al., 1990), because some CO2 may have degassed 
during core recovery (Wallmann et al., 2008).

Nevertheless, alkalinity as high as 150 mM, practically identical 
with the DIC concentration (Fig. 3E), was measured in the midst of the 
methanogenic zone at Site 1230. High alkalinity leading to carbonate 
precipitation under such strongly methanogenic conditions can only be 
explained by a strong pH buffering effect, and there are essentially three 
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1GSA Data Repository item 2011179, Table DR1(δ13C, δ18O, and 87Sr/86Sr 
data of diagenetic dolomites) and Table DR2 (δ18O and 87Sr/86Sr data of pore-
water), is available online at www.geosociety.org/pubs/ft2011.htm, or on request 
from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, 
Boulder, CO 80301, USA.

Figure 2. Petrography of dolomite breccia at Ocean Drilling Program 
Site 1230, core-section 1230A-31X-1, 0–19 cm (229 m below seafl oor). 
A: Core photograph of dolomite breccia. B: Electron microscope im-
age showing dolomite texture with polygonal (compromise) boundar-
ies. C: Cathodoluminescence image showing different generations of 
dolomite cement (1–4) that are truncated by brittle deformation. 
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possible processes that may have caused such a buffering: (1) a rise in 
pH due to a deep AMO zone; (2) an alkalinity increase due to calcite 
dissolution; and (3) pH buffering due to alteration of silicates. Although 
substantial amounts of organic carbon–poor pelagic sediments contain-
ing SO4

2–-rich porewater are underthrusted at this active continental mar-
gin site (cf. ODP Site 1231; D’Hondt et al., 2003), and could potentially 
supply enough SO4

2– to maintain a deep AMO zone, no clear evidence 
was found in support of this hypothesis. While abundant pyrite is asso-
ciated with the dolomite breccias, it is not distinguishable from early-
forming pyrite on the basis of a sulfur isotope study. Furthermore, no 
petrographic evidence was found that supports a syntectonic formation 
of the pyrite, such that the past presence of a deep AMO zone remains 
unsupported. The infl uence of carbonate dissolution on alkalinity is 
probably small, based on the low Ca2+ concentration (not more than a 
few millimolar). Alternatively, sedimentary silicate alteration can sig-
nifi cantly affect the pH and is likely occurring throughout the sequence 
(see preceding). The high concentrations of Mg2+ and the high alkalinity 
are likely the results of partial dissolution of reactive silicates in metha-
nogenic sediments (Wallmann et al., 2008). This silicate dissolution pro-
cess helps to neutralize the acidifi cation imposed by high production of 
CO2; however, it is apparently not suffi cient to deplete the dissolved Ca2+ 

concentration by inducing pervasive dolomite precipitation throughout 
the methanogenic zone.

In contrast, focused and rapid precipitation of anhedral dolomite 
cement occurred at the décollement, where high-pH hydrothermal fl uids 
intruded the methane zone. Such fl uids can be expected within an accre-
tionary prism, given that they can form by alteration of continental crust in 
the deep subsurface, and a continental wedge is available beneath the Peru 
margin. The radiogenic Sr isotope compositions and δ18O values indicat-
ing higher temperature clay mineral alteration are consistent with a dolo-
mitizing fl uid that reacted with crustal rocks.

The dolomitizing fl uid is no longer present at 223 mbsf and the 
décollement most likely became inactivated as a result of the downward 
propagation of the active fault zone during ongoing accretion. This sce-
nario may explain the formation of deeper dolomite breccias, while the 
lower dolomitization front progresses further offshore within the prism. 
Such deep décollement-related dolomite formation may be a general fea-
ture at active continental margins with high taper angle and subduction 
rates, but may also occur at other sites where alkaline fl uid is transported 
into organic carbon–rich sediments. The infl uence of silicate alteration 
at greater depth is probably the key process buffering the acidifi cation 
imposed by CO2 production in methanogenic zones from below, therefore 

Dolomite layer

Figure 3. Porewater 
chemistry of Ocean Drill-
ing Program (ODP) Site 
1230, Peru Trench. A: 
Concentrations of Ca2+ 
and Mg2+ (Donohue et 
al., 2006; mbsf—me-
ters below seafl oor). B: 
Strontium isotope ratios 
of dolomite breccia, Leg 
201 (Site 1230) porewa-
ter (see footnote 1), pre-
viously published Leg 
112 (Site 685) porewater 
(Kastner et al., 1990), 
past seawater (plotted 
versus burial depth us-
ing Miocene-Pleistocene 
boundary as time marker; 
Veizer et al., 1999). C: 
Leg 201 δ18O of dolomite 
and porewater (per mil 
Vienna Peedee belemnite 
[VPDB], and Vienna stan-
dard mean ocean water 
[VSMOW], respectively; 
see the Data Repository 
[see footnote 1]). D: Leg 
201 Cl– profi le (D’Hondt et 
al., 2003).  E: Leg 201 dis-
solved inorganic carbon 
and alkalinity (D’Hondt 
et al., 2003). F: δ13C data 
of dolomite and pore-
water from Leg 201 Site 
1230 (DIC—dissolved 
inorganic carbon) (see 
the Data Repository; 
Meister et al., 2007). G: 
Leg 201 SO4

2– (D’Hondt 
et al., 2003) and CH4 data 
(Spivack et al., 2006). 
H: Leg 112 pH (Suess et 
al., 1990). Depths where 
dolomite layers occur 
(D’Hondt et al., 2003) are 
marked in plots.
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leading to a deep dolomitization front. In general, a pH increase due to 
silicate alteration needs to be evaluated in future studies as a mechanism to 
induce low-temperature dolomite formation at depth in modern environ-
ments and in the geological record.

ACKNOWLEDGMENTS
We thank Nele Meckler and Maria Strasser for their assistance during oxy-

gen isotope measurements. Discussions with Wolfgang Back, William Berelson, 
Daniel Bernoulli, Daniel Birgel, Timothy Ferdelman, Robert Garrison, Douglas 
Hammond, Kurt Hanselmann, Vasileios Movramatis, Klaus Wallmann, and Laura 
Wehrman contributed signifi cantly to this manuscript. We thank Gerald Dickens, 
Adina Paytan, Stephen Ehrenberg, and two anonymous reviewers for providing 
constructive comments. The study was fi nanced by Swiss National Fund (SNF) 
Projects 20-59282 and 20-67620 and ETH Zürich. The SNF also sponsors the 
Swiss participation in the Ocean Drilling Program.

REFERENCES CITED
Bernoulli, D., Gasperini, L., Bonatti, E., and Stille, P., 2004, Dolomite formation 

in pelagic limestone and diatomite, Romanche Fracture Zone, Equatorial 
Atlantic: Journal of Sedimentary Research, v. 74, p. 924–932.

Burns, S.J., and Baker, P.A., 1987, A geochemical study of dolomite in the 
Monterey Formation, California: Journal of Sedimentary Petrology, v. 57, 
p. 128–139.

D’Hondt, S., Jørgensen, B.B., Miller, J., and Leg 201 Shipboard Scientifi c Party, 
2003, Controls on microbial communities in deeply buried sediments, east-
ern equatorial Pacifi c and Peru Margin, Sites 1225–1231, in D’Hondt, S.L., 
et al., eds., Proceedings of the Ocean Drilling Program, Initial reports, Vol-
ume 201: College Station, Texas, Ocean Drilling Program, doi:10.2973/
odp.proc.ir.201.2003.

Donohue, C.M., Snyder, G.T., and Dickens, G.R., 2006, Data report: Major cat-
ion concentrations of interstitial waters collected from deep sediments of 
eastern equatorial Pacifi c and Peru Margin (ODP Leg 201), in Jørgensen, 
B.B., et al., eds., Proceedings of the Ocean Drilling Program, Scientifi c 
results, Volume 201: College Station, Texas, Ocean Drilling Program, 
p. 1–19, doi:10.2973/odp.proc.sr.201.104.2006.

Hensen, C., Wallmann, K., Schmidt, M., Ranero, C.R., and Suess, E., 2004, Fluid 
expulsion related to mud extrusion off Costa Rica—A window to the sub-
ducting slab: Geology, v. 32, p. 201–204, doi:10.1130/G20119.1.

Kastner, M., Elderfi eld, H., Martin, J.B., Suess, E., Kvenvolden, K.A., and Garri-
son, R.E., 1990, Diagenesis and interstitial-water chemistry at the Peruvian 
Continental Margin—Major constituents and strontium isotopes, in Suess, 
E., et al., eds., Proceedings of the Ocean Drilling Program, Scientifi c results, 
Volume 112: College Station, Texas, Ocean Drilling Program, p. 413–440.

Kelts, K., and McKenzie, J.A., 1984, A comparison of anoxic dolomite from 
deep-sea sediments: Quaternary Gulf of California and Messinian Tripoli 
Formation of Sicily, in Garrison, R.E., et al., eds., Dolomites of the Mon-
terey Formation and other organic-rich units: Pacifi c Section, SEPM (Soci-
ety for Sedimentary Geology) Special Publication 41, p. 19–28.

Matmon, D., and Bekins, B., 2006, Hydromechanics of a high taper angle, low-
permeability prism: A case study from Peru: Journal of Geophysical Re-
search, v. 111, B07101, doi:10.1029/2005JB003697.

Meister, P., McKenzie, J.A., Warthmann, R., and Vasconcelos, C., 2006, Mineral-
ogy and petrography of diagenetic dolomite from the  ODP Leg 201 Peru 
Margin drill sites, in Jørgensen, B.B., et al., eds., Proceedings of the Ocean 
Drilling Program, Scientifi c results, Volume 201: College Station, Texas, 

Ocean Drilling Program, http://www-odp.tamu.edu/publications/201_SR/
102/102.htm.

Meister, P., McKenzie, J.A., Vasconcelos, C., Bernasconi, S., Frank, M., Gut-
jahr, M., and Schrag, D.P., 2007, Dolomite formation in the dynamic deep 
biosphere: Results from the Peru Margin (ODP Leg 201): Sedimentology, 
v. 54, p. 1007–1032, doi:10.1111/j.1365-3091.2007.00870.x.

Moore, T.S., Murray, R.W., Kurtz, A.C., and Schrag, D.P., 2004, Anaerobic meth-
ane oxidation and the formation of dolomite: Earth and Planetary Science 
Letters, v. 229, p. 141–154, doi:10.1016/j.epsl.2004.10.015.

Murata, K.J., Friedman, I., and Madsen, B.H., 1969, Isotopic composition of dia-
genetic carbonates in marine Miocene formations of California and Oregon: 
U.S. Geological Survey Profressional Paper, v. 614B, p. 1–24.

 Pisciotto, K.A., and Mahoney, J.J., 1981, Isotopic survey of diagenetic carbonates, 
in Yeats, R.S., et al., Initial reports of the Deep Sea Drilling Project, Volume 
63: Washington, D.C., U.S. Government Printing Offi ce, p. 595–609.

Rodriguez, N.M., Paull, C.K., and Borowski, W.S., 2000, Zonation of authigenic 
carbonates within gas hydrate-bearing sedimentary sections on the Blake 
ridge: Offshore southeastern North America, in Paull, C.K., et al., eds., 
Proceedings of the Ocean Drilling Program, Scientifi c results, Volume 164: 
College Station, Texas, Ocean Drilling Program, p. 301–312.

Soetaert, K., Hofmann, A.F., Middleburg, J.J., Meysman, F.J.R., and Greenwood, 
J., 2007, The effect of biogeochemical processes on pH: Marine Chemistry, 
v. 105, p. 30–51, doi:10.1016/j.marchem.2006.12.012.

Spivack, A.J., McNeil, C., Holm, N.G., and Hinrichs, K.-U., 2006, Determination 
of in situ methane based on analysis of void gas, in Jørgensen, B.B., et al., 
eds., Proceedings of the Ocean Drilling Program, Scientifi c results, Volume 
201: College Station, Texas, Ocean Drilling Program, p. 1–11, doi:10.2973/
odp.proc.sr.201.119.2006, http://www-odp.tamu.edu/publications/201_SR/
VOLUME/ CHAPTERS/119.PDF.

Suess, E., von Huene, R., and Leg 112 Shipboard Scientifi c Party, 1990, Proceed-
ings of the Ocean Drilling Program, Scientifi c results, Volume 112: College 
Station, Texas, Ocean Drilling Program, doi:10.2973/odp.proc.sr.112.1990.

Thornburg, T.M., and Suess, E., 1992, Carbonate cementation of granular and 
fracture porosity: Implications for the Cenozoic hydrologic development of 
the Peru Continental Margin, in Suess et al., eds., Proceedings of the Ocean 
Drilling Program, Scientifi c results, v. 112, p. 95–109.

Ussler, W., and Paull, C.K., 2008, Rates of anaerobic oxidation of methane and 
authigenic carbonate mineralization in methane-rich deep-sea sediments in-
ferred from models and geochemical profi les: Earth and Planetary Science 
Letters, v. 266, p. 271–287, doi:10.1016/j.epsl.2007.10.056.

Veizer, J., and 14 others, 1999, 87Sr/86Sr, δ13C and δ18O evolution of Phanero-
zoic seawater: Chemical Geology, v. 161, p. 59–88, doi:10.1016/S0009
-2541(99)00081-9.

von Huene, R., Pecher, I.A., and Gutscher, M.A., 1996, Development of the ac-
cretionary prism along Peru and material fl ux after subduction of Nazca 
Ridge: Tectonics, v. 15, p. 19–33, doi:10.1029/95TC02618.

Wallmann, K., Aloisi, G., Haeckel, M., Tishchenko, P., Pavlova, G., Greinert, 
J., Kutterolf, S., and Eisenhauer, A., 2008, Silicate weathering in anoxic 
marine sediments: Geochimica et Cosmochimica Acta, v. 72, p. 3067–3090, 
doi:10.1016/j.gca.2008.03.026.

Manuscript received 6 October 2010
Manuscript accepted 6 February 2011

Printed in USA

 on June 30, 2011geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org/

