
Dolomite formation in the dynamic deep biosphere: results from
the Peru Margin

PATRICK MEISTER*� , JUDITH A. MCKENZIE� , CRISOGONO VASCONCELOS� ,
STEFANO BERNASCONI� , MARTIN FRANK� , MARCUS GUTJAHR§ and
DANIEL P. SCHRAG–

*Department of Earth Sciences, USC, 3651 Trousdale Parkway, Los Angeles, CA 90089-0740, USA
(E-mail: patrick.meister@alumni.ethz.ch)
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–Department of Earth and Planetary Sciences, Harvard University, 20 Oxford St, Cambridge, MA 02138,
USA

ABSTRACT

Early diagenetic dolomite beds were sampled during the Ocean Drilling

Programme (ODP) Leg 201 at four reoccupied ODP Leg 112 sites on the Peru

continental margin (Sites 1227/684, 1228/680, 1229/681 and 1230/685) and

analysed for petrography, mineralogy, d13C, d18O and 87Sr/86Sr values. The

results are compared with the chemistry, and d13C and 87Sr/86Sr values of the

associated porewater. Petrographic relationships indicate that dolomite forms

as a primary precipitate in porous diatom ooze and siliciclastic sediment and

is not replacing the small amounts of precursor carbonate. Dolomite

precipitation often pre-dates the formation of framboidal pyrite. Most

dolomite layers show 87Sr/86Sr-ratios similar to the composition of

Quaternary seawater and do not indicate a contribution from the hypersaline

brine, which is present at a greater burial depth. Also, the d13C values of the

dolomite are not in equilibrium with the d13C values of the dissolved inorganic

carbon in the associated modern porewater. Both petrography and 87Sr/86Sr

ratios suggest a shallow depth of dolomite formation in the uppermost

sediment (<30 m below the seafloor). A significant depletion in the dissolved

Mg and Ca in the porewater constrains the present site of dolomite

precipitation, which co-occurs with a sharp increase in alkalinity and

microbial cell concentration at the sulphate–methane interface. It has been

hypothesized that microbial ‘hot-spots’, such as the sulphate–methane

interface, may act as focused sites of dolomite precipitation. Varying d13C

values from )15& to +15& for the dolomite are consistent with precipitation

at a dynamic sulphate–methane interface, where d13C of the dissolved

inorganic carbon would likewise be variable. A dynamic deep biosphere

with upward and downward migration of the sulphate–methane interface can

be simulated using a simple numerical diffusion model for sulphate

concentration in a sedimentary sequence with variable input of organic

matter. Thus, the study of dolomite layers in ancient organic carbon-rich

sedimentary sequences can provide a useful window into the palaeo-dynamics

of the deep biosphere.

Keywords Carbon isotopes, deep biosphere, dolomite, Peru Margin, stron-
tium isotopes, sulphate–methane interface.
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INTRODUCTION

The occurrence of dolomite associated with
organic carbon-rich continental margin sediments
was recognized during the Deep-Sea Drilling
Program (DSDP) Legs 63 and 64 on the California
Margin and in the Gulf of California, respectively
(Pisciotto & Mahoney, 1981; Kelts & McKenzie,
1982). A similar association has also been
described from the geological record in California
in the Miocene Monterey Formation (Murata
et al., 1969; Garrison & Graham, 1984; Burns
et al., 1988; Compton, 1988). Although many
hypotheses have been developed, the controlling
factors for the formation of deep-sea diagenetic
dolomite are still not fully understood. Based on
the concept of Claypool & Kaplan (1974), the
carbon isotopic composition of the dolomite
indicates the diagenetic conditions under which
precipitation occurs. Negative d13C values indi-
cate precipitation in association with bacterial
sulphate reduction, whereas positive values indi-
cate methanogenic microbial activity. Kelts &
McKenzie (1984) concluded that the type of
dolomite (methanogenic vs. sulphate reducing)
is controlled by sedimentation rate, limiting the
diffusive transport and penetration depth of SO2�

4

ions, while organic matter degradation increases
the alkalinity of the porewater, inducing carbo-
nate precipitation (Burns et al., 1988; Compton,
1988). Baker & Kastner (1981) proposed a sul-
phate inhibition model, in which removal of
sulphate ions by bacterial sulphate reduction
facilitates dolomite precipitation. This model is
based on high-temperature experiments, but its
validity at low temperatures is still not con-
firmed. Vasconcelos et al. (1995) and Warthmann
et al. (2000) demonstrated that dolomite precipi-
tates in anaerobic culture experiments at low
temperatures, providing strong evidence that
sulphate-reducing bacteria play a key role in
overcoming the kinetic barrier of dolomite forma-
tion. Nevertheless, the mechanism for dolomite
formation in deep-sea sediments remains con-
troversial, and the precise factors controlling
this process in natural environments remain
unknown.

One classic site for the study of hemipelagic
and ‘deep-sea’ (the term ‘deep-sea’ dolomite is
used to distinguish it from dolomite formed in
restricted evaporative environments, such as
‘sabkha dolomite’) dolomite formation is the Peru
continental margin, where dolomite was first
recovered by deep-sea dredging during the Nazca
Plate Project (Kulm et al., 1981, 1984) and during

the Ocean Drilling Programme (ODP) Leg 112
(Suess et al., 1988). Different dolomite assem-
blages with variable d13C values ranging from )14
to +17& were described at different sites, which
were related to the different tectono-sedimentary
settings (Kulm et al., 1984). Besides micritic early
diagenetic dolomite, Thornburg & Suess (1990)
also distinguished four different exotic cements.
Low-Mg calcite, with a d18O value of )7Æ5&, was
interpreted as being formed by meteoric dia-
genesis during Eocene uplift. Low-Mg calcite
cements in the late Miocene accretionary prism,
showing lowered Mg/Ca ratios and d18O values,
were considered to be cements precipitated from
fluid influenced by basaltic alteration at depth.
Micritic high-Mg calcite, with extremely low d13C
()37Æ3&), provided evidence for venting of
methane-charged waters at the seafloor. Enriched
d18O values (+6Æ6&) in dolomites from the con-
tinental shelf are consistent with the presence of
hypersaline fluids that were concentrated in
restricted lagoons behind an outer shelf basement
ridge during the late Miocene. These previous
studies, however, did not integrate fully
the geochemical data from the dolomites with
the modern porewater geochemistry and with the
modern geobiochemical processes occurring in
the deep sub-seafloor biosphere.

In this study, dolomite samples recovered
during ODP Leg 201 from four re-occupied sites
of ODP Leg 112 in open marine, continental shelf
to deep-sea sedimentary sequences on the Peru
Margin are investigated. ODP Leg 201 was dedi-
cated to the study of microbial life deeply buried
below the seafloor (the so-called ‘deep bio-
sphere’). During Leg 201, a highly active ‘deep
biosphere’ was detected at different locations on
the Peru Margin (D’Hondt et al., 2003, 2004;
Mauclaire et al., 2004; Parkes et al., 2005; Schip-
pers et al., 2005; Biddle et al., 2006; Inagaki et al.,
2006; Schippers & Neretin, 2006) providing a new
context in which dolomite formation in a deep-
sea hemipelagic environment can be evaluated.
The studied dolomite samples were systemati-
cally analysed for petrographic relationships,
mineralogy, d13C, d18O, and 87Sr/86Sr values.
Comparison of 87Sr/86Sr and d13C values of
dolomite and modern porewater, petrographic
relationships, and Mg/Ca concentrations in the
porewater, constrains the depth of dolomite for-
mation in the subsurface, which is crucial for the
understanding of the in situ geochemical envir-
onment associated with dolomite formation.
Sulphate and microbial cell concentrations were
also available from the shipboard analyses. A
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numeric diffusion model for SO2�
4 is used to

explain the dynamics of porewater SO2�
4 profiles

through time. Carbon isotope values from the
dolomite (d13CDOL) provide an important record
of microbial activity in the past, during times
when the dolomite precipitated. With this ap-
proach, dolomite formation is examined in a
dynamic environment, where physico-chemical
processes and microbial activity are interacting.

STUDY AREA

The locations of the four sites drilled during ODP
Leg 201 on the Peru Margin are shown in Fig. 1
(D’Hondt et al., 2003). ODP Sites 1228 and 1229,
reoccupied ODP Sites 680 and 681, are located on
the Peru shelf in water depths of 250 and 150 m
below sea-level (mbsl) respectively. ODP Site
1227 (ODP Site 684) was drilled at 430 mbsl on
the upper slope, and ODP Site 1230 (ODP Site
685) on the lower slope at 5086 mbsl near the
Peru Trench. The Peru continental margin is
characterized by active subduction tectonics with
the shelf subdivided into different sets of fore-arc
basins, which are separated by topographic highs.
On these ridges, sediment bypass or erosion
occurred, and dolomite, as old as Miocene in
age, is exposed on the seafloor (Kulm et al., 1984).
The drilled sites were generally located in a

central position within the different basins, such
as the Salaverry and Lima basins (Fig. 1), which
were infilled by more continuous sedimentation.
During a major Eocene orogenic phase, large areas
of the Peruvian shelf were uplifted and exposed
above sea-level. This tectonic event is documen-
ted by an unconformity, which was observed at
the different Leg 112 sites (Suess et al., 1988).
Also, a major hiatus is present in the middle
Miocene of the upper slope and shelf sites
indicating a second phase of uplift (Suess et al.,
1988). During times of tectonic uplift, shelf basins
were separated from the open ocean by the
structural highs and restricted hypersaline con-
ditions prevailed, leading to the formation of
hypersaline brine (Thornburg & Suess, 1990).
Such brine was recovered from deep drill cores
at the shelf sites (Suess et al., 1988). Late Miocene
subsidence is more pronounced south of the
Mendaña Fracture Zone, in the Lima Basin,
whereas the Trujillo Basin in the north (Site
1227/684) shows condensed Pliocene–Pleisto-
cene stratigraphy (Suess et al., 1988).

The sediments of the Peru Margin consist mainly
of organic carbon-rich diatom ooze with variable
amounts of detrital clay, silt and sand. Total
inorganic carbon content is generally around
1 wt%; however, in several horizons of Sites
1227 and 1228 values scatter up 2 or 3 wt%
(Meister et al., 2005). The sedimentary carbonate
most commonly consists of foraminiferal tests.
Sedimentation rates are variable between the
different sites with a Quaternary section of about
12 m at Site 1227, 56 m at Site 1228, 180 m at Site
1229 and 216 m at Site 1230 (D’Hondt et al., 2003).
These sediments are the product of strong upwel-
ling along the Peruvian coast with some input of
terrigenous material. High productivity leads to an
oxygen minimum zone, located in the water
column between 150 and 400 mbsl (Suess et al.,
1988), which impinges on the seafloor at the shelf
and upper slope sites. Palaeobathymetry recon-
structed by Resig (1990) indicates lower neritic to
upper bathyal conditions throughout the Pliocene
to Holocene for the shelf and upper slope sites.
However, sea-level variations strongly influenced
sedimentation at the shelf sites. During lowstands,
siliciclastic input increased and upwelling cells
migrated seaward with the oxygen minimum zone
impinging on the seafloor further away from the
modern coast (Suess, von Huene, et al., 1988). Ten
metres scale cyclicity in sediment composition
and total organic carbon (TOC) content has been
related to such glacial-interglacial sea-level varia-
tions (Emeis & Morse, 1990; Wefer et al., 1990).

Fig. 1. Map of the Peru Margin showing locations of
the five studied ODP Leg 201 drill sites (Sites 1227,
1228, 1229 and 1230), which correspond to reoccupied
ODP Leg 112 sites (Sites 684, 680, 681 and 685). Shaded
areas mark the ancient upper slope and shelf basins,
which were infilled with late Tertiary and Quaternary
sediments. Bathymetry is shown by isobaths with an
equidistance of 500 m.

Dolomite formation in the dynamic deep biosphere 1009

� 2007 The Authors. Journal compilation � 2007 International Association of Sedimentologists, Sedimentology, 54, 1007–1031



Porewater chemistry from Leg 201 indicates
high sulphate reducing and methanogenic activ-
ity at the Peru Margin drill sites. At the trench site
(Site 1230/685), sulphate is consumed within the
uppermost 10 m below seafloor (mbsf) with high
production of methane and the presence of gas
hydrates. However, at the shelf sites, the
sulphate–methane interface (SMI) occurs much
deeper, around 30 mbsf (Sites 1227/684 and
1229/681), which would not be predicted consid-
ering the high TOC content of these upwelling-
sediments. At Site 1228/680, no SMI is present
at all, but the SO2�

4 concentration reaches a
minimum of about 3 mm near 40 mbsf. Methane
occurs only in lm concentrations, which is not
sufficient to maintain an upward flux high
enough to remove all the sulphate by anaerobic
methane oxidation (AMO). Sulphate also diffuses
upward from the brine producing an increase in
SO2�

4 concentration below 40 mbsf at Site 1228
and a second lower SMI at 90 mbsf at Site 1229
(D’Hondt et al., 2003).

METHODS

Forty dolomite samples from Sites 1227, 1228,
1229 and 1230 were systematically sampled
onboard the JOIDES Resolution during ODP Leg
201. Ten ODP Leg 112 samples from the core
repository were also investigated. For each dolo-
mite sample an additional sample was collected
from the surrounding soft sediment (mostly diat-
omaceous mud with some friable dolomite) for
comparison. Thin sections, made from lithified
samples, were stained for calcite using the
method of Dickson (1966) and analysed using a
petrographic microscope. For description of cry-
stallization textures and fabrics of dolomite, the
terminology of Friedman (1965) was used. Addi-
tionally, cold cathode luminescence was applied
to detect different generations of carbonate ce-
ments. Bulk samples of dolomite nodules and
surrounding sediment were powdered and min-
eralogically analysed using a Scintag XDS 2000 X-
ray diffractometer (Scintag Inc., CA, USA). The
samples were scanned continuously at 1� min)1

from 10� to 70� with Cu-Ka radiation. Dolomite
stoichiometry was calculated from the displace-
ment of the (104) peak using the equation of
Lumsden (1979).

The carbon and oxygen isotope compositions of
powdered bulk dolomite samples, as well as
small microdrilled subsamples from thin section
cuttings, were analysed in the Stable Isotope

Laboratory at the Geological Institute of the ETH
Zürich. Samples were dissolved using an on-line
common acid method and a VG PRISM mass
spectrometer (Scientific Instrument Services, NJ,
USA). The reaction time was set at 10 min. The
analytical precision of the mass spectrometer is
±0Æ1& for d13C and ±0Æ2& for d18O. All d18O
values have been corrected for dolomite–phos-
phoric acid fractionation at 90 �C using the
fractionation factor of 1Æ0093 (Rosenbaum &
Sheppard, 1986). The d13C and d18O values of
the carbonates are given relative to the Vienna
Pedee Belemnite Standard (VPDB). Reproducibil-
ity of repeated measurements is ±0Æ41& for d13C
and ±0Æ39& for d18O. The relatively low repro-
ducibility (compared with precision) is due to
inhomogeneity of the samples, which is ex-
pressed in the wide range of values measured in
microdrilled subsamples across different layers.
However, no systematic variation was observed
by comparing different profiles across the dolo-
mite layers. Calcite concentration was 5% or less
in all samples, and, therefore, the influence of
‘marine’ calcite is small compared with the high
variations of the d13C values. The d13C and d18O
data are listed in Table 1. For d13C measurements
of dissolved inorganic carbon (DIC) (Table 3),
samples were acidified with orthophosphoric
acid, and the evolved CO2 measured on an
Optima gas-source mass spectrometer (Scientific
Instrument Services, NJ, USA). Precision of the
d13C measurements of DIC is ±0Æ1&. Eight sam-
ples were selected for Sr isotope analysis (Ta-
ble 1). A total of 1Æ5 g of each powdered dolomite
sample was purified in 10 ml of 0Æ1 m ethylen-
ediaminetetraacetic acid (EDTA) solution (pH 6Æ3)
and shaken overnight to remove small amounts of
biogenic calcite. XRD analysis before and after
EDTA treatment confirmed the efficient removal
of calcite. Thirty to 50 mg of purified dolomite
was leached in 0Æ5 ml 1 m acetic acid or Na-
acetate buffer. Residual material was removed by
centrifugation and again checked by XRD. Both
leaching agents successfully removed the major
part of dolomite in the sample. Control samples
containing no dolomite showed values that are
strongly offset from the dolomite samples, as well
as the modern porewater concentrations. These
samples showed less radiogenic signals
(0Æ707217) when acetic acid was used and more
radiogenic signals (0Æ711734) when Na-acetate
buffer was used as a leaching agent (Table 1).
This difference is probably due to leaching of Sr
from different mineral fractions. However, dolo-
mitic samples contain one to two orders of
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Table 1. Carbon, oxygen and strontium isotope values of dolomite, calcite and unlithified (soft) sediment from ODP
Leg 201, Peru Margin.

Core-section interval
(cm)

Depth
(mbsf)

d13C
(&PDB)

d18O
(&PDB)

Normalized
87Sr/86Sr, Kr,
Rb corrected

2r, internal
error (ppm)

Soft sediment
681A-1H-1, 0–150 1Æ5 1Æ39 2Æ63
681A-3H-1, 100–130 17Æ0 )3Æ87 )1Æ46
681A-3H-6, 55–93 24Æ1 )7Æ51 4Æ50
681A-11H-2, 130–150 94Æ8 )7Æ35 1Æ00
681A-14X-2, 60–95 122Æ6 )4Æ71 )0Æ37
681A-18X-CC, 0–18 158Æ7 )7Æ78 1Æ97
685A-2H-2, 45–60 6Æ5 )10Æ95 1Æ77
685A-2H-2, 60–95 6Æ2 )4Æ51 1Æ12
1227A-11H-1, 40–50 91Æ5 0Æ63 1Æ81 *
1227A-12H-1, 79–91 101Æ4 7Æ75 2Æ62
1227D-5H-1, 18–24 36Æ2 )11Æ76 1Æ28

4Æ62 4Æ64 �
1228A-6H-6, 62–70 51Æ2 )10Æ88 3Æ67
1228A-8H-4, 144–150 67Æ8 )7Æ70 2Æ27
1228A-22H-1, 22–26 185Æ6 )3Æ63 2Æ96
1228B-6H-2, 92–109 47Æ2 )11Æ66 4Æ09
1228B-6H-4, 68–83 50Æ0 )9Æ03 2Æ96
1229A-1H-3, 85–91 3Æ9 )7Æ22 2Æ13
1229A-3H-1, 53–59 14Æ9 )6Æ50 4Æ54
1229A-4H-2, 93–97 26Æ3 )1Æ27 4Æ47
1229A-5H-3, 80–86 37Æ2 4Æ83 4Æ21
1229A-8H-1, 57–72 59Æ5 )12Æ89 2Æ80
1229A-8H-4, 84–99 64Æ2 )17Æ01 4Æ21
1229A-10H-1, 93–114 80Æ3 )9Æ55 3Æ96
1229A-12H-4, 36–50 100Æ8 )6Æ70 )0Æ14
1229A-13H-2, 106–118 110Æ5 )4Æ50 2Æ77
1229D-8H-2, 105–120 61Æ4 )12Æ48 3Æ92
1229A-8H-4, 82–84 64Æ2 )12Æ48 2Æ90 0Æ711734 ±107�§

0Æ707217 ±14§
0Æ707845 ±37§

Dolomite
681A-3H-6, 55–93 24Æ1 )9Æ34 4Æ26
681A-11H-2, 130–150 94Æ8 )10Æ16 3Æ55
681A-18X-CC, 0–18 158Æ7 )9Æ15 3Æ27
685A-2H-2, 45–60 6Æ5 )30Æ01 4Æ53

)32Æ79 4Æ06
)36Æ15 4Æ17
)25Æ47 4Æ40
)35Æ85 4Æ42

1227A-8H-CC, 30–36 62Æ9 )5Æ43 3Æ47 0Æ708663 ±50�
)1Æ68 3Æ52

)11Æ43 4Æ34
)13Æ19 3Æ47
)2Æ13 3Æ29
)8Æ76 3Æ44

1227A-11H-1, 40–50 91Æ5 11Æ50 3Æ44
1227A-12H-1, 79–91 101Æ4 9Æ63 3Æ54 0Æ709108 ±42�

9Æ84 3Æ06
9Æ82 3Æ49

1227A-13H-1, 28–30 110Æ4 10Æ63 3Æ68
10Æ34 3Æ41
11Æ09 3Æ32

1228A-5H-1, 5–10 33Æ5 )11Æ19 4Æ48 0Æ709284 ±46�
)11Æ36 4Æ26
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Table 1. Continued

Core-section interval
(cm)

Depth
(mbsf)

d13C
(&PDB)

d18O
(&PDB)

Normalized
87Sr/86Sr, Kr,
Rb corrected

2r, internal
error (ppm)

)11Æ31 4Æ30
)11Æ21 4Æ37
)11Æ28 4Æ43
)11Æ18 4Æ21

1228A-6H-6, 62–70 51Æ2 )10Æ63 3Æ83
)10Æ59 3Æ52
)10Æ50 3Æ86
)10Æ59 3Æ90
)9Æ87 3Æ59

1228A-8H-4, 144–150 67Æ8 )3Æ39 3Æ12 0Æ709120 ±52�
1228A-22H-1, 22–26 185Æ6 1Æ51 3Æ23 0Æ709020 ±54�

0Æ31 3Æ34
0Æ91 3Æ42
1Æ03 3Æ46
1Æ62 3Æ31

1228B-6H-2, 97–101 47Æ3 )11Æ75 3Æ91
)11Æ73 4Æ04
)11Æ84 3Æ95
)11Æ69 3Æ92

1228B-6H-4, 73–77 50Æ0 )10Æ63 4Æ01
1229A-4H-1, 18–19 24Æ1 )9Æ93 4Æ15 0Æ709093 ±14

0Æ709114 ±14
)9Æ81 4Æ02
)9Æ70 4Æ16

1229A-4H-2, 95–96 26Æ4 )0Æ44 4Æ55
)4Æ71 4Æ02
)0Æ53 4Æ43
)3Æ09 4Æ38

1229A-5H-4, 81–84 38Æ7 2Æ68 4Æ15 0Æ709044 ±12
0Æ709025 ±12

2Æ91 0Æ08
5Æ04 3Æ95
3Æ84 4Æ18

1229A-8H-1, 55–64 59Æ5 )13Æ61 4Æ15
1229A-8H-1, 55–64 )7Æ65 2Æ72

)9Æ40 1Æ73
1229A-10H-1, 133–136 80Æ7 )9Æ68 3Æ50 0Æ709027 ±13

0Æ709002 ±11
)9Æ26 3Æ95

)10Æ18 4Æ25
1229A-11H-1, 31–34 89Æ2 )6Æ22 4Æ56

)0Æ53 4Æ48
)3Æ54 4Æ49
)4Æ22 4Æ50

1229A-12H-1, 64–65 99Æ0 )8Æ90 3Æ16
1229A-12H-2, 86–88 100Æ8 )6Æ99 4Æ28

)6Æ49 4Æ21
)5Æ06 3Æ77
)7Æ59 3Æ39

1229A-12H-5, 68–69 105Æ1 5Æ72 3Æ89
4Æ00 3Æ80
6Æ09 4Æ03
6Æ09 3Æ96

1229A-13H-2, 109–112 110Æ5 )0Æ70 2Æ78 0Æ709033 ±56�
0Æ708825 ±12
0Æ708821 ±11
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magnitude higher Sr concentrations, and, thus,
the leaching method has no significant effect on
the values of dolomite samples. Chemical separ-
ation and purification followed standard proce-
dures for Sr (Horwitz et al., 1991) for both
dolomite and porewater samples. Strontium iso-
topic compositions were measured on a Nu
Instruments (Nu Instruments Ltd., Wrexham,
UK) multiple collector inductively coupled plas-
ma mass spectrometer (MC-ICPMS). Sr isotope
ratio measurements were corrected for Kr inter-
ference and measured 87Sr/86Sr were normalized
to 88Sr/86Sr ¼ 8Æ3752 to correct for instrumental
mass bias. As Rb was efficiently separated by

column chemistry, less than 1% of the measured
radiogenic 87Sr was Rb, which was neglected. The
2r external precision for the different sessions of
87Sr/86Sr measurements varied between 30 and
78 ppm for repeated measurements of the same
NIST NBS987 standard. All ratios were normal-
ized to a given value of 0Æ710245 for NB8987. In-
run precision for each sample was better than the
external reproducibility. The strontium isotope
data for dolomite and porewater are included in
Tables 1 and 2 respectively. Results of the pore-
water analysis correlate well with the porewater
Sr-data of Kastner et al. (1990) and the two data
sets were combined (Fig. 8). The reconstructed

Table 1. Continued

Core-section interval
(cm)

Depth
(mbsf)

d13C
(&PDB)

d18O
(&PDB)

Normalized
87Sr/86Sr, Kr,
Rb corrected

2r, internal
error (ppm)

)2Æ34 3Æ15
)6Æ62 2Æ76
)4Æ64 3Æ17

1229A-14H-3, 135 121Æ8 )9Æ05 2Æ35
1229D-2H-1, 71–72 7Æ5 )7Æ34 4Æ28
1229D-5H-3, 24–29 38Æ5 3Æ53 4Æ29

)0Æ36 4Æ13
4Æ02 4Æ39

1229D-8H-2, 105–120 61Æ4 )12Æ80 4Æ32
)11Æ93 4Æ00
)13Æ39 4Æ37
)8Æ54 2Æ88

Calcite
1227A-4H-5, 62 30Æ9 )17Æ76 2Æ69
1227A-11H-1, 21–24 91Æ3 )0Æ71 1Æ56
1227A-11H-1, 40–50 91Æ5 )15Æ02 2Æ55

*Apatite.
�Baryte.
�Leached with Na-acetate buffer for Sr analysis.
§Non-carbonaceous sample.

Table 2. 87Sr/86Sr data for pore-
waters from ODP Sites 1229
and 1230.

Core-section
interval (cm)

Depth
(mbsf) 87Sr/86Sr

2 s internal
error (ppm)

201-1229A-1H-1, 135–150 1Æ4 0Æ709157 ±12*
1229A-3H-5, 135–150 21Æ8 0Æ708959 ±15*
1229A-4H-5, 135–150 31Æ3 0Æ708922 ±14*
1229A-6H-3, 0–15 42Æ9 0Æ708840 ±11*
1229A-13H-1, 135–150 109Æ3 0Æ708457 ±14*
1229A-18H-1, 135–150 156Æ8 0Æ708121 ±14*
1229A-22H-1, 135–150 186Æ3 0Æ707998 ±13*
201-1230A-12-2, 135–150 92Æ2 0Æ709064 ±13
1230A-22-1, 85–90 169Æ2 0Æ709215 ±12
1230A-24-2, no interval 188Æ8 0Æ709296 ±16
1230B-1-1, 80–95 0Æ8 0Æ709191 ±14
1230B-5-3, 135–150 28Æ4 0Æ709135 ±17

*Frozen sample.
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Table 3. Carbon isotope values of dissolved inorganic carbon (DIC) and Mg2+ and Ca2+ concentrations of ODP Leg
201 porewater.

Site Hole Core Sect
Int. top
(cm)

Int. bottom
(cm)

Depth
(mbsf)

d13C
(&PDB)

Mg2+

(mm)
Ca2+

(mm)

1227 A 1 1 135 150 1Æ35 )10Æ2 45Æ03 8Æ60
1227 A 1 2 135 150 2Æ85 )12Æ4 44Æ04 6Æ99
1227 A 1 3 135 150 4Æ35 )12Æ9
1227 A 2 1 135 150 6Æ95 )13Æ0
1227 A 2 2 135 150 8Æ45 )14Æ7
1227 A 2 3 135 150 9Æ95 )12Æ2
1227 A 2 5 135 150 12Æ95 )19Æ3 43Æ28 3Æ23
1227 A 2 6 135 150 14Æ45 )19Æ6
1227 A 3 1 135 150 16Æ45 )19Æ4
1227 A 3 2 135 150 17Æ95 )20Æ9 43Æ76 3Æ62
1227 A 3 3 135 150 19Æ45 )18Æ2
1227 A 3 4 135 150 20Æ95 )20Æ4
1227 A 3 5 135 150 22Æ45 )21Æ1 47Æ75 7Æ43
1227 A 3 6 135 150 23Æ95 )19Æ5 48Æ74 7Æ78
1227 A 4 1 102 117 25Æ62 )21Æ7 48Æ05 5Æ33
1227 A 4 5 95 110 31Æ21 )18Æ4 45Æ60 8Æ06
1227 A 5 1 135 150 35Æ45 )24Æ0 50Æ29 8Æ55
1227 A 5 2 135 150 36Æ95 )24Æ1 51Æ67 8Æ47
1227 A 5 3 135 150 38Æ45 )24Æ6 51Æ16 7Æ48
1227 A 5 4 135 150 39Æ95 )25Æ4
1227 A 5 5 135 150 41Æ45 53Æ01 10Æ59
1227 A 5 6 135 150 42Æ95 )23Æ7 50Æ61 7Æ53
1227 A 6 1 135 150 44Æ95 )22Æ7 50Æ08 11Æ08
1227 A 6 4 135 150 49Æ45 )23Æ5 53Æ78 12Æ08
1227 A 7 1 135 150 54Æ45 )10Æ5 58Æ51 12Æ43
1227 A 7 2 135 150 55Æ95 )13Æ3 57Æ79 12Æ99
1227 A 9 1 135 150 73Æ45 )10Æ4 60Æ00 27Æ14
1227 A 9 3 135 150 76Æ45 1Æ5 59Æ80 17Æ05
1227 A 10 2 135 150 84Æ45 )5Æ7 59Æ05 18Æ13
1227 A 10 4 135 150 87Æ45 61Æ43 20Æ28
1227 A 11 2 135 150 93Æ95 )6Æ2 60Æ15 25Æ54
1227 A 12 2 135 150 103Æ50 )5Æ1 38Æ65 30Æ67
1227 A 12 4 135 150 106Æ50 )4Æ5 61Æ15 30Æ36
1227 A 13 1 135 150 111Æ50 )4Æ6 63Æ25 20Æ85
1227 A 13 4 135 150 116Æ00 )3Æ6 65Æ93 25Æ41
1227 A 14 1 135 150 121Æ00 )3Æ4 46Æ18 18Æ90
1227 A 17 1 85 100 133Æ00 )2Æ1 52Æ61 19Æ35
1227 A 18 2 135 150 144Æ30 )3Æ7 52Æ14 22Æ01
1227 A 18 3 0 20 144Æ50 )2Æ2 72Æ50 30Æ22
1227 D 1 1 0 1 0Æ00 )4Æ6 45Æ48 8Æ90
1227 D 1 1 0 15 0Æ00 )5Æ5 48Æ68 9Æ41
1227 D 1 1 60 75 0Æ60 )8Æ4 48Æ80 9Æ49
1227 D 1 1 100 115 1Æ00 )9Æ0 48Æ69 9Æ33
1227 D 1 2 30 45 2Æ09 )11Æ6 44Æ46 8Æ42
1227 D 4 1 135 45 27Æ85 )24Æ7 44Æ49 5Æ34
1227 D 4 2 135 150 29Æ35 )13Æ9 48Æ51 3Æ74
1227 D 4 3 135 150 30Æ85 )20Æ7 49Æ19 8Æ58
1227 D 4 4 135 150 32Æ35 )17Æ4 55Æ31 8Æ68
1227 D 4 5 135 150 33Æ85 )17Æ0 47Æ23 2Æ98
1227 D 4 6 135 150 35Æ35 )5Æ5 52Æ90 9Æ16
1227 D 5 1 135 150 37Æ35 )23Æ6 51Æ54 10Æ22
1227 D 5 2 135 150 38Æ85 )21Æ3 52Æ70 6Æ01
1227 D 5 3 135 150 40Æ35 )16Æ0 50Æ60 10Æ63
1227 D 5 4 135 150 41Æ85 )21Æ7 52Æ32 10Æ00
1227 D 5 5 91 106 42Æ91 2Æ7
1227 D 6 2 0 20 47Æ00 )0Æ1
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Table 3. Continued

Site Hole Core Sect
Int. top
(cm)

Int. bottom
(cm)

Depth
(mbsf)

d13C
(&PDB)

Mg2+

(mm)
Ca2+

(mm)

1227 D 8 2 109 124 65Æ93 )1Æ9 52Æ00 12Æ15
1228 A 1 1 126 141 1Æ26 )14Æ2 52Æ00 8Æ37
1228 A 1 2 135 150 2Æ76 )11Æ5
1228 A 1 3 135 150 4Æ26 )11Æ2 48Æ30 7Æ30
1228 A 2 1 135 150 6Æ25 )13Æ4 42Æ38 6Æ80
1228 A 2 3 0 15 7Æ90 )12Æ9 45Æ97 7Æ65
1228 A 2 3 135 150 9Æ25 )11Æ9 46Æ26 7Æ87
1228 A 2 5 135 150 12Æ25 )11Æ4 43Æ37 4Æ55
1228 A 3 1 135 150 15Æ75 )8Æ8 38Æ73 6Æ54
1228 A 3 3 135 150 18Æ75 )11Æ1 45Æ12 7Æ74
1228 A 3 5 135 150 21Æ75 )13Æ3 45Æ22 7Æ85
1228 A 4 1 135 150 25Æ25 )10Æ8
1228 A 4 3 135 150 28Æ25 )11Æ8 44Æ52 6Æ90
1228 A 4 5 135 150 31Æ25 44Æ60 8Æ25
1228 A 5 1 135 150 34Æ75 )11Æ2 43Æ94 5Æ78
1228 A 5 3 135 150 37Æ75 )11Æ9 46Æ01 7Æ57
1228 A 5 4 135 150 39Æ25 45Æ01 8Æ13
1228 A 6 1 135 150 44Æ25 )10Æ1 46Æ91 8Æ44
1228 A 6 3 135 150 47Æ25 )12Æ2 46Æ91 9Æ15
1228 A 7 1 135 150 53Æ75 )11Æ5 49Æ32 10Æ08
1228 A 7 3 135 150 56Æ75 )11Æ3 50Æ21 10Æ71
1228 A 7 5 135 150 59Æ75 )10Æ4 50Æ58 11Æ00
1228 A 8 1 135 150 63Æ25 )9Æ5 54Æ04 10Æ44
1228 A 8 3 135 150 66Æ25 )12Æ6 54Æ80 12Æ18
1228 A 8 5 135 150 69Æ25 )9Æ6 56Æ00 10Æ93
1228 A 8 5 135 150 69Æ25 )9Æ6
1228 A 9 1 135 150 72Æ75 )10Æ8 57Æ92 13Æ17
1228 A 9 1 135 150 72Æ75 )10Æ8
1228 A 9 1 135 150 72Æ75 )10Æ8
1228 A 9 3 135 150 75Æ75 )13Æ5 58Æ29 13Æ24
1228 A 10 1 135 150 82Æ25 )13Æ4
1228 A 10 4 135 150 86Æ75 )12Æ8 62Æ87 12Æ98
1228 A 11 1 85 100 91Æ25 )13Æ5 71Æ09 15Æ16
1228 A 12 1 88 110 100Æ80 )10Æ8
1228 A 14 1 135 150 111Æ80 )16Æ4
1228 A 14 3 135 150 114Æ80 )17Æ6 73Æ83 20Æ09
1228 A 14 5 135 150 117Æ80 )17Æ9 76Æ98 21Æ15
1228 A 16 1 135 150 129Æ80 )16Æ4
1228 A 16 3 135 150 132Æ80 )18Æ3
1228 A 18 1 135 150 148Æ80 )16Æ4
1228 A 18 3 135 150 151Æ80 )17Æ9
1228 A 19 1 79 94 157Æ70 )17Æ2 90Æ88 28Æ22
1228 A 19 2 135 150 159Æ20 )19Æ6 94Æ48 29Æ54
1228 A 20 3 135 150 170Æ60 )17Æ1
1228 A 21 1 135 150 177Æ30 )15Æ4
1228 A 22 1 120 135 186Æ60 )15Æ6 80Æ77 26Æ62
1228 A 22 1 135 150 186Æ80 )16Æ2 96Æ92 32Æ04
1228 A 22 3 60 77 189Æ00 )16Æ5 94Æ26 31Æ17
1228 B 6 1 130 150 46Æ10 48Æ49 4Æ69
1228 B 6 4 130 150 50Æ60 56Æ01 6Æ99
1228 C 1 1 15 30 0Æ15 49Æ66 8Æ98
1228 C 1 1 30 45 0Æ30 53Æ32 8Æ19
1228 C 1 1 45 60 0Æ45 48Æ56 8Æ72
1228 C 1 1 60 75 0Æ60 48Æ05 8Æ62
1228 C 1 1 75 90 0Æ75 54Æ21 6Æ37
1228 C 1 1 90 105 0Æ90 49Æ29 8Æ53
1228 C 1 1 105 120 1Æ05 49Æ05 8Æ29
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Table 3. Continued

Site Hole Core Sect
Int. top
(cm)

Int. bottom
(cm)

Depth
(mbsf)

d13C
(&PDB)

Mg2+

(mm)
Ca2+

(mm)

1228 C 1 1 120 135 1Æ20 49Æ14 6Æ87
1228 C 1 1 135 150 1Æ35 49Æ42 8Æ23
1228 E 1 1 12 25 0Æ12 48Æ73 9Æ23
1228 E 1 1 25 40 0Æ25 49Æ91 9Æ07
1228 E 1 3 100 115 4Æ50 49Æ98 5Æ04
1228 E 1 4 135 150 6Æ35 47Æ42 6Æ02
1229 A 1 1 135 150 1Æ35 )8Æ3 49Æ12 7Æ27
1229 A 1 3 131 148 4Æ31 )11Æ4 47Æ66 4Æ71
1229 A 2 1 135 150 6Æ25 )11Æ6 49Æ83 3Æ87
1229 A 2 5 135 150 12Æ25 44Æ59 4Æ60
1229 A 3 1 135 150 15Æ75 )11Æ4 45Æ16 7Æ34
1229 A 3 5 135 150 21Æ75 )11Æ5 43Æ59 7Æ05
1229 A 4 1 135 150 25Æ25 )14Æ2 42Æ27 6Æ78
1229 A 4 5 135 150 31Æ25 )14Æ6 41Æ19 2Æ78
1229 A 5 4 135 150 39Æ25 )7Æ9 44Æ05 6Æ60
1229 A 5 5 135 150 40Æ75 )9Æ5 42Æ82 7Æ45
1229 A 6 1 135 150 41Æ25 )10Æ5 42Æ29 7Æ62
1229 A 8 1 135 150 60Æ25 )6Æ1 50Æ97 9Æ23
1229 A 8 5 135 150 66Æ25 )7Æ0 50Æ49 9Æ24
1229 A 9 1 135 150 69Æ75 )6Æ4 53Æ57 11Æ54
1229 A 9 4 135 150 74Æ25 )9Æ8 54Æ21 11Æ40
1229 A 9 5 135 150 75Æ75 )9Æ7 52Æ96 10Æ80
1229 A 10 1 135 150 80Æ75 )8Æ4 54Æ97 11Æ59
1229 A 10 3 135 150 83Æ75 )12Æ7 55Æ46 11Æ48
1229 A 10 7 122 136 88Æ14 )10Æ4
1229 A 11 1 135 150 90Æ25 )10Æ8
1229 A 11 3 135 150 93Æ25 )12Æ3 61Æ87 13Æ01
1229 A 11 5 135 150 96Æ25 )14Æ2 62Æ62 13Æ95
1229 A 12 1 135 150 99Æ75 )15Æ2 64Æ16 14Æ55
1229 A 12 3 135 150 102Æ80 )14Æ5 67Æ24 15Æ81
1229 A 12 5 135 150 105Æ80 )14Æ3 65Æ61 16Æ09
1229 A 13 1 135 150 109Æ30 )14Æ4 71Æ46 8Æ93
1229 A 13 3 135 150 112Æ30 )14Æ3 68Æ82 10Æ48
1229 A 14 1 135 150 118Æ80 )14Æ6 74Æ06 11Æ07
1229 A 14 3 135 150 121Æ80 )11Æ8
1229 A 15 1 49 64 127Æ40 )14Æ9
1229 A 18 1 135 150 156Æ80 )14Æ8 90Æ65 17Æ33
1229 A 22 1 135 150 186Æ30 )15Æ9 105Æ80 21Æ93
1230 A 1 1 135 150 1Æ35 )10Æ4 48Æ27 5Æ08
1230 A 1 2 135 150 2Æ85 )11Æ9 46Æ72 4Æ38
1230 A 1 3 144 160 4Æ44 )12Æ0 49Æ31 3Æ97
1230 A 2 1 135 150 6Æ15 )12Æ6 48Æ28 3Æ05
1230 A 2 2 135 150 7Æ65 )13Æ2 48Æ18 2Æ66
1230 A 2 3 135 150 9Æ15 )8Æ4 50Æ30 2Æ50
1230 A 2 4 135 150 10Æ65 )6Æ2 50Æ41 3Æ94
1230 A 2 5 135 150 12Æ15 )3Æ4 48Æ98 3Æ59
1230 A 2 6 135 150 13Æ65 )0Æ9 52Æ06 3Æ68
1230 A 3 1 135 150 15Æ65 2Æ4 52Æ09 3Æ18
1230 A 3 2 135 150 17Æ15 4Æ0 53Æ72 3Æ45
1230 A 3 3 135 150 18Æ65 5Æ6 52Æ34 0Æ50
1230 A 3 4 135 150 20Æ15 6Æ4 56Æ09 3Æ45
1230 A 3 5 135 150 21Æ65 7Æ0 55Æ44 3Æ31
1230 A 3 6 135 150 23Æ15 7Æ8 56Æ93 3Æ44
1230 A 4 3 135 150 28Æ15 9Æ5 55Æ20 3Æ18
1230 A 4 5 135 150 31Æ15 10Æ4 55Æ44 3Æ16
1230 A 5 2 135 150 36Æ15 13Æ1 58Æ90 0Æ52
1230 A 5 5 135 150 40Æ65 13Æ1 60Æ79 1Æ59
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seawater Sr isotope composition compiled by
Veizer et al. (1999) was used for comparison.

Mg and Ca concentrations (Table 3) were
measured with a high-resolution sector field
inductively coupled plasma mass spectro-
meter (ICP-MS, Finnegan Element2 – Thermo
Fisher Scientific Inc., MA, USA) at Woods Hole
Oceanographic Institution. Instrumental preci-
sion for Mg/Ca, based on repeated measure-
ments of a series of standards, is 0Æ03 mmol
mol)1.

Numeric diffusion model

Sulphate porewater profiles were simulated using
a transient diffusion model including a sink term,
i.e.:

@c

@t
¼ j

@2c

@x2
þ sðxÞ ð1Þ

where c(x,t) is the concentration of sulphate (mm),
t is time (a), and x is the depth below seafloor
(mbsf).

j ¼ /s�2Ds and s2 ¼ /F

where Ds is the diffusion coefficient for sulphate
(m2 s)1), / is the porosity (dimensionless), F is
the formation factor (dimensionless) and the
sulphate reduction rate s(x) is:

The following initial conditions and boundary
conditions were used:

c ¼ 0 mm for x > 0
28 mm for x ¼ 0

�

cð0; tÞ ¼ 28 mm

cðL; tÞ ¼ 0 mm

where L is the length of the model domain.

Table 3. Continued

Site Hole Core Sect
Int. top
(cm)

Int. bottom
(cm)

Depth
(mbsf)

d13C
(&PDB)

Mg2+

(mm)
Ca2+

(mm)

1230 A 6 1 135 150 44Æ15 59Æ44 2Æ76
1230 A 6 3 143 158 47Æ23 14Æ0 57Æ60 2Æ61
1230 A 8 3 135 150 58Æ65 14Æ6 61Æ60 3Æ20
1230 A 8 5 135 150 61Æ65 15Æ0 60Æ34 3Æ24
1230 A 9 1 135 150 62Æ15 15Æ3 61Æ02 2Æ69
1230 A 9 6 135 150 68Æ25 15Æ9 60Æ43 2Æ78
1230 A 10 1 135 150 71Æ65 16Æ0 59Æ38 0Æ53
1230 A 10 5 135 150 77Æ65 16Æ3
1230 A 11 1 135 150 81Æ15 16Æ6 60Æ89 3Æ53
1230 A 11 5 135 150 87Æ15 17Æ1 46Æ62 0Æ56
1230 A 12 2 135 150 92Æ15 17Æ1 58Æ35 1Æ05
1230 A 12 5 115 130 96Æ45 17Æ2 60Æ14 2Æ10
1230 A 13 1 135 150 100Æ15 17Æ7 60Æ09 0Æ39
1230 A 13 5 135 150 106Æ15 17Æ5 58Æ92 1Æ18
1230 A 14 1 135 150 109Æ65 17Æ3 60Æ61 1Æ16
1230 A 14 5 135 150 115Æ72 17Æ8 58Æ00 0Æ44
1230 A 15 2 135 150 119Æ47 17Æ5 58Æ07 3Æ61
1230 A 15 5 85 98 123Æ47 19Æ6 58Æ91 3Æ63
1230 A 15 7 135 150 126Æ89 18Æ4 52Æ78 0Æ26
1230 A 17 1 135 150 130Æ65 18Æ4
1230 A 17 2 135 150 132Æ15 17Æ4 57Æ19 3Æ61
1230 A 18 1 130 150 140Æ10 17Æ5 55Æ50 3Æ25
1230 A 19 3 0 34 150Æ62 17Æ4 52Æ17 3Æ03
1230 A 21 3 135 150 161Æ63 17Æ3 54Æ78 3Æ86
1230 A 22 1 75 90 169Æ05 18Æ2 51Æ78 3Æ86
1230 A 24 1 135 150 188Æ65 16Æ3 51Æ10 4Æ23
1230 A 26 2 14 28 199Æ91 39Æ96 3Æ37
1230 A 35 1 136 156 246Æ36 15Æ1 35Æ98 2Æ43
1230 A 38 2 0 19 268Æ70 36Æ69 6Æ33

sðxÞ¼
0 mmol m�3 a�1

if t < 10000 a
�50 mmol m�3 a�1

if 10000 a< t<11400 a and 2:5<x < 5 mbsf

8><
>:
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Eq. (1) was solved using an explicit finite
difference method with a time step of 10 years
and a grid size of 0Æ5 m. A factor for tortuosity was
considered, which was calculated from porosity
and formation factor (Boudreau, 1997). Typical
values of the formation factor F (3) (from electri-
cal resistivity measurements) for Site 1229 and a
diffusion coefficient of 7Æ86 E)10 m2 s)1, given in
Schulz & Zabel (2000) for sulphate at 15 �C, were
used. Note that s(x) ¼ 0 for the first 10 000 years
of the computation, which is the time required for
sulphate to diffuse to the present sulphate–
methane interface at approximately 30 mbsf.
Once this is achieved, sulphate reduction is
switched on in the depth interval 2Æ5<x<5 m to
simulate the effect of strong sulphate reduction in
an organic carbon-rich sediment layer. Sulphate
reduction with a rate of 50 mmol m)3 a)1 (which
is at the upper limit of values typical for deep-sea
sediments; Schulz & Zabel, 2000) was assumed in
a horizon from 2Æ5 to 5 mbsf.

RESULTS

Petrography

The petrography of dolomite recovered during
ODP Leg 201 on the Peru Margin is described in
detail in Meister et al. (2006). All dolomite sam-
ples show well-ordered crystal symmetry with
CaCO3 compositions of 50 to 56 mol% (Meister
et al., 2006). Dolomite was recovered as discrete
layers or fragments within nearly carbonate-free
unlithified diatomaceous and siliciclastic sedi-
ment at the outer shelf and upper slope of the Peru
Margin (Fig. 2A) and in one sample from 7 mbsf in
the Peru Trench (ODP Leg 112, Site 685). Dolomite
layers are most abundant at Site 1229 and their
distribution correlates in general with the occur-
rence of organic carbon-rich sediments. This
observation is supported by the correlation of
dolomite layers with the colour reflectance
(Fig. 3), which can serve as a proxy for total
organic carbon (TOC) content. The TOC (Meister
et al., 2005) and colour reflectance both correlate
with the bathymetry reconstructed from benthic
foraminiferal assemblages (Resig, 1990), as shown
in Fig. 3. Based on this correlation, dolomite layers
are associated with organic carbon-rich, highstand
sediments. However, dolomite layers can occur in
both diatomaceous and siliciclastic sediment
(Fig. 4A and B) and are, thus, not directly related
to a specific lithology.

Dolomite layers are usually dense, fine-grained
and well lithified. Friable dolomite occurs as
laminae only associated with hard layers and
disseminated dolomite is unevenly distributed
throughout the recovered Leg 201 drill cores. The
lithified layers often show parallel and non-
concentric lamination and the recovered pieces
probably represent fragments of extended lenses
or layers that were broken by piston coring. This
type of dolomite is similar to the layers and lenses
found in the diatomites of the Miocene Monterey
Formation (California), which often extend later-
ally to hundreds of metres (Fig. 2B and C). ODP
Leg 201 dolomite layers show variable thick-
nesses at different sites, but, within each site,
thicknesses remain relatively constant. Petro-
graphic relationships indicate a primary precipi-
tation with no replacement of precursor carbonate
(Fig. 5; Meister et al., 2006). Dolomite cement
consists of euhedral decimicron-size rhombs,
which enclose and replicate fresh surfaces of
diatom frustules (Figs 4A and 5A) and foramini-
feral tests (Fig. 5B and C). Cathode luminescence
(Fig. 4C–E) reveals the dolomite phase clearly
growing after the precipitation of fibrous calcite
cements, which occur in the cavities of some of
the foraminiferal tests. Framboidal pyrite was
often found growing in the gaps between dolo-
mite rhombs and, therefore, post-dates the preci-
pitation of the dolomite (Fig. 5D).

Carbon and oxygen isotopes

Carbon isotope ratios measured in the Peru
Margin dolomites (d13CDOL) are highly variable
(Figs 6 and 7; Table 1), whereas d18ODOL values
fall into a narrow range with an average value of
3Æ50 ± 1Æ15&, which reflects possible isotopic
equilibrium with porewater or seawater compo-
sition. The d13CDOL values range from )15 to
+15& PDB at the shelf sites (Sites 1227/684,
1228/680 and 1229/681; Fig. 7A–C). After the
classic concept (Claypool & Kaplan, 1974), this
wide range from negative to positive values
indicates sulphate reduction or methanogenic
activity, respectively, at the time of precipita-
tion. Additionally, values ranging from )25& to
)36& were measured in the dolomite layer at
7 mbsf at the trench site (ODP Leg 112, Site
685), which provides strong evidence for
methane oxidation (Fig. 7D). Significant varia-
tions occur often within particular sites, such as
Site 1229/681, where two positive d13CDOL

spikes of +6& occur around 40 and 100 mbsf.
In general, d13CDOL profiles do not reflect recent
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microbial activity at different depths and often
dolomite with positive d13CDOL values occurs in
zones where modern porewater chemistry indi-
cates sulphate reduction, and negative values
were measured in dolomites recovered from the
modern methanogenic zone.

Carbon isotope values measured in dissolved
inorganic carbon (d13CDIC) in the porewater
(Fig. 7, Table 3) commonly are consistent with
the porewater chemistry, i.e. d13CDIC values

range from )20 to )10& in the sulphate
reduction zone and increase in the methanogen-
ic zone. Absolute values in the methanogenic
zone, however, show a broad range from )7& at
Site 1229 to +17& at Site 1230. This pattern
matches the recent microbial activity with relat-
ively low CH4 production in a 50 m thick
methanogenic zone at Site 1229 and strong
methanogenic activity with gas hydrate forma-
tion at Site 1230. Only a gradual transition in

A

C

B

Fig. 2. Petrography of the Peru Margin dolomites. (A) Fragment of discrete dolomite layer in ODP Leg 201 drill core
(Sample 201-1228B-6H-2; 47Æ2 mbsf), which occurs as fine-grained, hard-lithified fragments broken by the drilling
process. Parallel lamination is often observed, but no concentric lamination occurs (cm scale bar). (B) Dolomite layer
(arrow) in porcellanite of the Miocene Monterey Formation, Arroyo Seco, CA, which probably represents the fossil
analogue of the Peru Margin dolomites. (C) Close up photograph of the same dolomite layer (approximately 10 cm
thick) (B) showing parallel lamination; car key for scale. (See further descriptions in Meister et al., 2006.)

Dolomite formation in the dynamic deep biosphere 1019

� 2007 The Authors. Journal compilation � 2007 International Association of Sedimentologists, Sedimentology, 54, 1007–1031



d13CDIC from )15& to )7& is present at the SMI
at Site 1229, whereas a negative spike in d13CDIC

occurs at the SMI at Site 1230, which is probably
due to AMO. Both, d13CDIC and relatively low
CH4 concentrations indicate that AMO is prob-
ably a minor process at the shelf sites, even if
evidence for high microbial activity at the SMI
was found (D’Hondt et al., 2003).

Although, in general, d13CDIC is in equilibrium
with the modern redox zonation, d13CDIC at Site
1227 shows a different pattern in two different
drill holes. In fact, the minimum in d13CDIC

occurs 20 m above the modern SMI and the
d13CDIC values scatter between )15 and +2& at
the SMI. This pattern does not reflect recent

microbial activity and may be due to a non-
steady-state situation. Also, the minimum in
d13CDIC at Site 1230 occurs a few metres above
the modern SMI.

In summary, the d13CDOL values are not in
equilibrium with the modern porewater d13CDIC.
Even the signal for AMO measured in the
dolomite sample at the trench site ()33&,
Fig. 7D) is not reflected in d13CDIC.

Strontium isotopes

Strontium isotope ratios measured in dolomite
(87Sr/86SrDOL) are plotted against depth in Fig. 8.
These ratios vary at the shelf sites (Sites 1227,
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1228 and 1229; Fig. 8A–C) between 0Æ7086 and
0Æ7093, which is near to seawater composition
or composition of the porewater present in the
uppermost 30 mbsf. One value at Site 1228
(0Æ70928) is slightly more radiogenic than mod-
ern seawater; this may be due to a leaching
effect (Na-acetate buffer was used for this sam-
ple) or may be a local diagenetic effect (e.g.
leaching of volcanic ash).

Porewater Sr isotope values (87Sr/86SrW) cor-
relate with the data of Kastner et al. (1990);
Fig. 8C). In general, 87Sr/86SrW strongly deviates
from the seawater composition. The Peru shelf
sites show decreasing 87Sr/86SrW with depth,
which is due to diffusive mixing of seawater

and brine Sr. At Site 1229, a nearly linear depth
gradient has been established between seawater
(0Æ7091) and brine (<0Æ7080; Fig. 8C). In contrast
to the high vertical gradient observed in the
porewater 87Sr/86SrW, seawater values
(Veizer et al., 1999) have only slightly changed
during the Pleistocene (Fig. 8A–C), and the Sr
concentration increases from 100 lm at the
sediment–water interface to 350 lm in the brine.
Comparison of the brine 87Sr/86Sr values with
the reconstructed seawater values shows that
the brine may have formed earlier than the
Miocene. The low Sr isotope composition of the
brine could also be explained by silicate dia-
genesis of volcanic ash layers. However, the ash
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Fig. 4. Photomicrograph and cathodoluminescence images of Peru Margin dolomite layers. (A) Diatom frustules are
cemented by densely lithified euhedral dolomicrosparite with grain sizes of approximately 10 lm (Sample 201-
1229A-10H-1, 133 to 136 cm; 80Æ7 mbsf). (B) 10 lm size angular quartz fragments cemented by dolomicrosparite
(Sample 201-1229A-8H-1, 55 to 64 cm; 59Æ5 mbsf). (C) Cathodoluminescence of foraminiferal test in highly lumin-
escent dolomicrosparite. The tests show growth of blocky dolomite cement rim surrounding the central cavities
(Sample 201-1229A-4H-2, 95 to 96 cm; 26Æ3 mbsf). (D) Cathodoluminescence image of foraminiferal tests in fine-
grained mudstone-dolomicrosparite matrix. The calcitic test shows reddish colour due to calcite staining. Locally,
the tests show growth of thin seams of fibrous calcite cement. The central cavities have a rim of blocky, strongly
luminescent dolomite cement (Sample 201-1229A-12H-2, 86 to 88 cm; 100Æ8 mbsf). (E) Similar to sample (C) and (D),
but central cavity is entirely filled with dolomite cement.
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layers described from Leg 201 (Hart & Miller,
2006) are predominantly K-rich, which would
produce a more radiogenic signal. The few more
radiogenic values at Site 1228 may be explained
by leaching of ashes but the composition of the
brine is probably due to old seawater. Sr
isotopic values of porewater at the trench site
(Site 1230) follow precisely the Sr-composition
of the seawater above 150 mbsf but increase
continuously to 0Æ710 below that depth, which
is probably related to an inflow of hydrothermal
fluid (data not shown).

Mg and Ca concentrations and carbonate
alkalinity

Magnesium and calcium concentrations gener-
ally decrease up to 10 mm relative to the

seawater concentration in the uppermost
30 mbsf at the shelf sites, reaching a minimum
before rising continuously to 110 and 35 mm

respectively (Fig. 9A–C). This increase is caused
by the upward diffusion of Mg and Ca from the
brine, which is present at greater depth at the
shelf sites. At the trench site (Site 1230), no
increase is recorded at depth (Fig. 9D). How-
ever, an increase of Mg to 60 mm at 40 mbsf
was measured which cannot be explained by
the presence of an enriched fluid. Nevertheless,
a local sink is indicated by a change in slope
around 8 mbsf, which correlates with the mini-
mum in Ca concentration. On a broad scale, at
most sites, minima in Mg and Ca occur in the
depth range of the SMI, with additional (minor)
minima close to the sediment surface. Only Site
1227 seems to show a somewhat more pro-
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Fig. 5. Scanning electron microscopy images of Peru Margin dolomite layers: (A) Well-preserved diatom frustule
(bottom) with replica structures on dolomite crystal (centre) (Sample 201-1228A-6H-6, 62 to 70 cm; 51Æ2 mbsf). (B)
Decimicron-scale dolomite rhombs growing on the surface of a perforate foraminiferal test. Precursor calcite was not
dissolved by this process (Sample 201-1229A-8H-1, 55 to 64 cm; 59Æ5 mbsf). (C) Details of (B). (D) Details of (C)
showing framboidal pyrite growing in the empty pore space between dolomite rhombs. Pyrite precipitation, thus,
post-dates the formation of dolomite.
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nounced minimum near 10 mbsf than at the
SMI near 40 mbsf.

Minima in Mg and Ca concentrations correlate
with maxima in carbonate alkalinity (Fig. 9).
These alkalinity maxima occur mostly at the
SMI, where alkalinity is produced by strong
microbial degradation of organic matter. Also,
alkalinity maxima occur at a very shallow depth
at Sites 1228 and 1229, which are correlated with
the less pronounced minima in Mg and Ca. At
Site 1227, a change in slope occurs in the
alkalinity profile at 10 mbsf, which correlates
with the lowest concentrations in Mg and Ca. At
all shelf sites, alkalinity is decreasing below the

SMI, which is due to the brine, but also indicates
relatively low microbial activity in the methano-
genic zone and the lower sulphate reduction
zone. At the trench site (Fig. 9D), where no brine
is present, alkalinity is further increasing in the
methanogenic zone, however, with a less steep
gradient; this indicates a net production of alka-
linity at the SMI. Nevertheless, alkalinity of
150 mm around 100 mbsf was the highest of all
studied sites.

Sulphate diffusion model

Sulphate concentration profiles measured by
shipboard analysis (D’Hondt et al., 2003) were
simulated using a numeric diffusion model
(Fig. 10A). As starting conditions, a seawater
sulphate concentration of 28 mm was used with
no sulphate in sediment porewater. The model
calculated the concentration as a function of time
and depth. After 10 000 years, sulphate had
diffused downwards to 30 mbsf. The model also
shows that, assuming a surface layer with a
sulphate reduction rate of 50 mmol m)3 a)1 in a
2Æ5 m thick interval at 2Æ5 to 5 mbsf, the SO2�

4 in
this zone will be consumed within a time period
of 1000 years. Moreover, the profile returns to its
original shape within another 1000 years as soon
as consumption ceases. The model reproduces
the porewater SO2�

4 profile measured in the
natural environment at Site 1229 (Fig. 10B). The
effect of advection is probably minor in this
setting, which is indicated by the linear Cl)con-
centration profile. For the same reason, variations
in porosity are probably less important than the
variation in TOC.

DISCUSSION

Depth of dolomite formation

The 87Sr/86Sr ratios of all of the studied dolomite
plots close to the profile for Quaternary seawater
composition (Fig. 8) indicate that all of the sam-
ples have an early diagenetic origin and have not
precipitated from hydrothermal fluids. Addi-
tional evidence from petrographic relationships
indicates primary precipitation of dolomite in the
sedimentary sequence of the upper slope and
outer shelf sites with cementation and no replace-
ment of precursor carbonate. The growth of
framboidal pyrite post-dates the precipitation of
the dolomite, providing additional support for
early dolomite formation. At all sites, HS) con-

Fig. 6. Cross-plot of d13CDOL vs. d18ODOL of dolomite
layers recovered from ODP Leg 201 and 112 drill sites.
Data from Thornburg & Suess (1990) measured in the
micrite are included in the plot. Whereas d18ODOL val-
ues are generally close to isotopic equilibrium with
porewater of seawater origin, the d13CDOL values are
strongly variable ranging from )37& to +15&. These
variations may reflect highly variable conditions in the
deep-sea hemipelagic diagenetic system through time.
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centrations decrease below the SMI, often reach-
ing 0. Below this depth, Fe2+ is remobilized and
available to nucleate as framboidal crystals. Dis-
solved iron has been measured in the methano-
genic zone by shipboard analysis but is below the
detection limit in the sulphidic zone (D’Hondt
et al., 2003). Early formation of dolomite layers
has been reported from other deep-sea sites, such
as the Romanche Fracture Zone in the equatorial

Atlantic (Bernoulli et al., 2004) and in the Oligo-
cene to Miocene deep-sea fan succession of the
Gonfolite Lombarda Group, northern Italy (Bern-
oulli & Gunzenhauser, 2001).

Strontium isotope and carbon isotope data
indicate a general disequilibrium between dolo-
mite and modern porewater. Also, d18O values
around 4& are within the range expected for
dolomite precipitated from seawater under low-

A

B

C

D

Fig. 7. Carbon isotopic composition (&PDB) of dolomite, calcite, soft sediment and porewater from (A) Site 1227/
684, (B) Site 1228/680, (C) Site 1229/681 and (D) Site 1230/685 respectively. Values measured by Thornburg & Suess
(1990) in the carbonates are included in the plots. Comparison with sulphate and methane concentration profiles
measured in the porewater (D’Hondt et al., 2003) shows that d13CDIC reaches values between )10 and )20& in the
sulphate zone. At all sites, although the d13CDIC is elevated in the methanogenic zones, the values may still be
negative (e.g. Site 1229). d13CDOL values in dolomite layers are, in general, not in isotopic equilibrium with the
modern porewater. (Shaded area indicates methanogenic zone, unshaded area indicates sulphate reduction zone,
dashed line indicates SMI).
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temperature conditions (Vasconcelos et al.,
2005). Some scatter in the data is probably due
to varying seawater composition and palaeo-
temperatures throughout the Quaternary. These
disequilibria suggest that the dolomite formation
occurred mainly in the past, and the depth of
present dolomite formation is reflected primarily
in the porewater chemistry. Since the 87Sr/86Sr
values in the porewater show a linear gradient,
due to diffusive mixing between brine and
seawater, the vertical projection of the values
measured in the dolomites on the mixing line
(regression line at Site 1229) constrain dolomite
precipitation to the uppermost 30 mbsf within
the sequence at the Peru Margin shelf Site 1229/
681 (Fig. 8C). Also, Sites 1227/684 (Fig. 8A), and
1228/680 (Fig. 8B) show similar trends, with a
few more radiogenic values at Site 1228/680.
Even if these values are due to leaching of
volcanic ash layers of a different composition
(see Hart & Miller, 2006), the disequilibrium
between 87Sr/86SrDOL and 87Sr/86SrW still indi-
cates that the dolomite layers form at shallow
depth. Layers that occur at greater depths than
30 mbsf are not forming now but formed in the
past, when they where located nearer to the

sediment/water interface. Thus, the d13CDOL val-
ues can be used as a proxy for the activity of the
‘deep biosphere’ in the past (see below).

Porewater Mg and Ca profiles show the most
pronounced concentration minima around
30 mbsf and indicate that present dolomite
formation probably occurs at this depth
(e.g. Site 1229; Fig. 11C). Therefore, downward
diffusion from seawater, as well as upward
diffusion from the brine delivers Mg and Ca for
dolomite formation. To form a dolomite layer of
3 to 5 cm thickness, precipitation must be
focused at a particular site with Mg and Ca
diffusing to that site for a certain amount of
time. In fact, with the Mg-gradients commonly
observed at the studied sites, a dolomite layer in
the range of 2 to 3 mm per 10 000 years would
be precipitated. These are minimum rates not
taking into account the episodicity of the
dolomite formation, but it is consistent with
the amount of dolomite formed throughout the
Quaternary. The minima of the Ca and Mg
correlate with maxima in alkalinity, where
alkalinity is highly increased by sulphate
reduction. Elevated alkalinity in the uppermost
5 mbsf is probably due to sulphate-reducing
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activity in freshly deposited organic carbon-rich
layers, whereas the high alkalinity at 30 mbsf is
due to increased microbial activity at the SMI.
At Site 1227, alkalinity at 5 mbsf is higher than
at the SMI and correlates with the Mg and Ca
profiles, which show a pronounced minimum at
this depth. It is also noted that at Site 1227 there
is evidence that the modern porewater chemistry
is not in equilibrium with the current redox
zonation and that the SMI has shifted
downwards in the recent past. In summary,
based on the interpretation of the data, active
dolomite formation is restricted to the most
biogeochemically active horizons, which is often
coincident with the SMI.

The microbial factor in dolomite precipitation

In the classic concept, the depth and the dia-
genetic zone of formation are controlled by the

sedimentation rate, which limits the downward
diffusion of SO2�

4 from seawater (Kelts & McKen-
zie, 1984; Baker & Burns, 1985; Burns & Baker,
1987). Depending on the depth of diffusion,
dolomite is formed either in the sulphate reduc-
tion zone or in the methanogenic zone and shows
the d13C values typical for the zone of formation
(Claypool & Kaplan, 1974). In this ‘organic dolo-
mite model’, the depth of major organic matter
degradation is, therefore, determining where
dolomite precipitates independent of the biologi-
cal activity at the site of precipitation.

In general, our interpretation is in agreement
with this model, however, it is suggested that the
formation of distinctive layers occurs at strictly
focused sites within the sedimentary section,
along geochemical interfaces, where the micro-
bial activity is the driving force for dolomite
precipitation. The observation of ‘microbial hot-
spots’ coincident with the SMI (Fig. 11), maxima

A

C
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D

Fig. 9. Alkalinity, Mg, and Ca concentrations in porewater from (A) Site 1227, (B) Site 1228, (C) Site 1229 and (D)
Site 1230 respectively. In general, alkalinity profiles show the mirror image of the Mg and Ca profiles, except for Site
1230, where Mg is unusually high in the uppermost 200 mbsf. Maxima in alkalinity and minima in dissolved Mg and
Ca concentrations generally occur in the uppermost 30 mbsf and in particular coincide with the SMI.
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in alkalinity and minima in Mg and Ca concen-
tration support this hypothesis and would ex-
plain the focused growth of multiple, less than
5 cm thick, dolomite layers within a more than
100 m thick sedimentary succession with diffu-
sion of Mg and Ca over long distances towards
that particular site independent of the lithology at
the particular horizon. Based on the different
models used to explain dolomite formation, the
biogeochemical activity found at the SMI would,
in any case, favour dolomite precipitation. Alka-
linity is strongly increased at the SMI, which
increases the supersaturation of dolomite at this
particular horizon. Often, the SMI shows maxima
in alkalinity or a sharp change in slope (e.g. Site
1230), which indicates net production of alkalin-
ity. As a secondary effect, by the consumption of
Mg and Ca in stoichiometric proportions during
dolomite precipitation, the Mg/Ca ratio is in-
creased. Kinetically, dolomite precipitation may
be favoured by eliminating the inhibiting effect of
SO2�

4 , as suggested by Baker & Kastner (1981).
However, this effect has not been demonstrated
for low-temperature conditions. Most impor-
tantly, the SMI shows extraordinarily high cell
concentrations (Fig. 10; D’Hondt et al., 2003,
2004; Parkes et al., 2005) and can be considered
as a microbial ‘hotspot’ within a deep sub-seafloor
biosphere. The presence of living microbes is
required for low-temperature dolomite precipita-
tion, as shown by van Lith et al. (2003), by

A B

Fig. 10. (A) Solution of a numeric model simulating
non-steady state sulphate concentrations in porewater
affected by diffusion and consumption. Using a
sulphate reduction rate of 50 mmol m)3 a)1 in a 2Æ5 m
thick interval at 2Æ5 to 5 mbsf, sulphate can be rapidly
consumed (within 1000 years). This produces a
temporary sulphate reduction zone in the near surface
sediments tens of metres above the modern
sulphate–methane interface (SMI). With the constant
consumption of organic matter, the sulphate
concentration curve will return in a relatively short
time (a few 1000 years) to its original shape, showing
a gradual decrease in sulphate with depth to the
SMI. (B) The porewater sulphate profile of Site
1229 shows the presence of a similar S-shaped curve
in the uppermost 10 mbsf, as produced by the
model run.

Fig. 11. Correlation of sulphate and methane concentration with alkalinity, Mg and Ca concentrations and bacterial
cell counts at Site 1229 (D’Hondt et al., 2003), showing high cell concentrations at the upper and lower SMIs. At
these boundaries increased microbial activity occurs, which causes maximum alkalinity at these depths with the
potential to induce dolomite precipitation.
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providing the appropriate physico-chemical con-
ditions to overcome the kinetic inhibition. The
mechanism of this mediation process is not
clearly understood and needs to be investigated.
Possibly, the formation of extracellular polymeric
substances (EPS) along geochemical interfaces
may play an important role, but remains to be
observed in deep-sea sediments. A similar inter-
pretation was based on observations from a
Bahamian stromatolite, where calcite crystals
formed in a single EPS layer attributed to high
sulphate reducing activity (Visscher et al., 2000).

The type of microbial activity at the present
SMI is indicated by d13CDIC, which often reaches
strongly negative values due to AMO. This is
clearly the case at Site 1230, where d13CDOL is
lower than )30&. This is consistent with high
production of CH4 and the presence of gas
hydrates at greater depth. Nevertheless, d13CDIC

is not as negative as the d13CDOL, which indicates
that AMO may be episodic (see discussion
below). Moreover, d13CDIC and d13CDOL at the
shelf sites do not show any evidence for signifi-
cant AMO. Also, CH4 production is low at the
shelf sites, with lm concentrations of CH4, which
is insufficient to account for most of the sulphate
reduction through AMO. DNA studies by Parkes
et al. (2005), Schippers & Neretin (2006) and
Inagaki et al. (2006) show generally low amounts
of Archaeal 16S rRNA genes and other groups,
such as green non-sulphur bacteria, seem to be
dominant at the SMI. However, based on the
strongly varying d13CDOL values, which reach in
different depths much higher values than modern
d13CDIC, methanogenesis was much higher in the
past, and the high bacterial cell numbers observed
at the SMI may be mainly dormant remains of a
much more active SMI in the past. The dolomite
could have incorporated a broad range of d13C
values under non-steady-state conditions.

The dynamic deep biosphere

Different dolomite samples recovered in the
sediments of the Peru margin during ODP Legs
112 and 201 show evidence of formation in the
past at a shallower depth than their present
position and, thus, document an evolution
through most of the Pleistocene, which was
influenced by a highly dynamic deep biosphere.
The variations in d13CDOL throughout the sedi-
mentary sequences and the disequilibrium be-
tween the modern d13CDIC and d13CDOL imply
shifts in the depth of the diagenetic zones, as well
as dramatic variations of the rates of microbial

activity through time. The positive d13CDIC values
in the methanogenic zone are mixed at the SMI
with the negative values from the sulphate
reduction zone and, after a shift in the redox
zonation, a certain amount of time is required for
the d13CDIC value to come to a new equilibrium.
By this mechanism, a range of different d13CDOL

values is possible at the SMI. Indeed, disequilib-
rium of the d13CDIC values with modern redox
zonation is observed at Site 1227 (Fig. 7A), which
shows that even positive d13CDIC values at the
SMI are possible. At the shelf sites, the d13CDIC

values at the SMI do not indicate a high contri-
bution of AMO and, thus, extremely negative
d13CDOL values are not expected. In contrast,
strong AMO at the SMI in the trench Site 1230/
685 is consistent with the observed extremely
negative d13CDOL.

Based on the numeric model (Fig. 10), it is
proposed that these changes are dominantly
controlled by the activity of microbial sulphate
reduction at specific intervals. S-shaped sulphate
concentration profiles, measured at different
sites, indicate active consumption at certain
stratigraphic horizons at shallow depth. Numer-
ical modelling shows that deposition of a 2Æ5 m
thick organic carbon-rich layer, in which the
sulphate reduction rate may reach 50 mmol
m)3 a)1, leads to a rapid removal of sulphate
and a new SMI may be formed. The porewater
sulphate model applied to Site 1229 demonstrates
that, triggered by sulphate reducing activity in
horizons with different organic matter content,
the SMI may potentially migrate upwards from 30
to 5 mbsf and allow for dolomite precipitation at
very shallow depths. For example, a shallow
occurrence of dolomite was observed at Blake
Ridge (Rodriguez et al., 2000). Consumption of
SO2�

4 may be horizontally restricted if the per-
meability is reduced, such as in clay-rich sedi-
ments. In such cases, more lense-shaped, nodular
concretions would be expected, as observed in
the Miocene Drakes Bay Formation, California
(Burns et al., 1988), whereas in porous diatom
ooze, horizontal layers may form.

Dynamic activity of the deep biosphere may
be triggered by different mechanisms. At the
shelf sites, glacial–interglacial sea-level changes
superimposed on tectonic uplift and subsidence
may have a major effect on the diagenetic
system by switching on and off the upwelling
cell in the basin, which is reflected in strongly
varying TOC concentrations in different inter-
vals (Wefer et al., 1990). The frequency of
dolomite layers throughout the sedimentary
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column of Site 1229 (Fig. 3) seems to correlate
roughly with TOC concentration, as well as
colour reflectance values (D’Hondt et al., 2003)
and the reconstructed bathymetry curve (deter-
mined by benthic foraminiferal assemblages,
Resig, 1990). Thus, the SMI may have moved
downwards during glacial lowstand, when
microbial activity was low, and upwards during
interglacial highstands, when microbial activity
was high. This mechanism may explain the
indirect coupling of dolomite formation with
orbital cycles, as suggested by Compton (1988)
based on the spacing of dolomite layers in the
Monterey Formation. The formation of the layers
was episodic and a massive layer can only form,
when the site of precipitation is focused for a
sufficient length of time.

Another mechanism was probably active at the
trench site, where an extremely negative d13CDOL

value less than )30& was measured in a dolomite
layer at 5 mbsf. This indicates intense AMO in
the past, but the modern porewater d13CDIC value
only approaches )13&. This increase in sulphate
reduction and methane oxidation may have been
triggered by decomposition of gas hydrates, poss-
ibly due to decompression during glacial sea-
level lowstand. In an extreme case, the SMI might
reach the sediment surface, causing seepage of
methane into the seawater. Seep carbonates are
common at both active and passive continental
margins and show high variability of methane
seepage through time (e.g. Thornburg & Suess,
1990). Variation in AMO was also proposed from
the New Jersey continental shelf (Malone et al.,
2002), based on the disequilibrium between
d13CCarbonate and d13CDIC.

CONCLUSIONS

The study of the Peru Margin dolomites in a
stratigraphic, geochemical and microbiological
context provides strong evidence for formation
in a highly dynamic environment, at shallow
burial depths. The dolomite layers at the shelf
and upper slope sites are formed in the upper-
most 30 mbsf and, thus, document the evolution
of the deep biosphere through time. A model for
the control of deep-sea dolomite formation,
where microbial activity causes dolomite preci-
pitation at particular focused sites is proposed.
‘Microbial hot-spots’ with the highest bacterial
cell counts, high metabolic activity and maxima
in alkalinity were observed at the SMI, which
also corresponds to the depth where Mg and Ca

concentrations are at a minimum. Large varia-
tions in d13CDOL would be consistent with
dolomite formation at the SMI in a highly
dynamic system. Increasing and decreasing
microbial activity, including sulphate reduction
and methanogenesis, would result in an upward
or downward migration of the SMI. The upward
migration may be triggered through TOC-rich
layers produced by coastal upwelling during an
interglacial highstand. To form a dolomite layer
of significant thickness, however, requires that
the SMI remains centred on the formation level
for a relatively long period.

Further research in the context of future ocean
drilling programs focused on sites of high micro-
bial activity at biogeochemical interfaces may
improve the understanding of the formation of
early diagenetic minerals. Often, such minerals
may contain the key to interpreting the palaeo-
conditions in ancient deep biospheres.
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