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ABSTRACT

Dolomite sampled during Leg 201 occurs as hard lithified layers sur-
rounded by small amounts of friable dolomite, and its presence is re-
lated to organic carbon–rich diatomaceous sediments. Petrographic
relationships indicate a shallow depth of dolomite precipitation on the
Peru margin. Dolomitic breccia layers found on the lower slope, how-
ever, were precipitated contemporaneous with brecciation, which prob-
ably took place at greater depth under the influence of tectonic
deformation processes in the accretionary prism. In most cases, the for-
mation of coexisting framboidal pyrite postdates the growth of dolo-
mite rhombs.

No crystal morphologies indicating a direct influence of bacteria in
the precipitation process were observed. Occurrence and morphology
of the carbonate layers, however, suggest focused precipitation within
the sedimentary sequence. We hypothesize that microbial hot spots dis-
covered during Leg 201 at geochemical boundaries such as the meth-
ane/sulfate boundary may be sites of strongly enhanced microbial
mediation of dolomite precipitation.

INTRODUCTION

Dolomite is a common feature in organic carbon–rich hemipelagic
sediments deposited beneath upwelling zones. Dolomite was recovered
during several Deep Sea Drilling Project (DSDP) and Ocean Drilling Pro-
gram (ODP) cruises in different upwelling systems around the world,
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such as the California margin (DSDP Leg 63), the Gulf of California
(DSDP Leg 64), the Oman margin (ODP Leg 117), the Japan Sea (ODP
Legs 127/128), and the Namibia margin (ODP Leg 175). This is consis-
tent with observations made in outcrops, such as the Miocene
Monterey Formation (California) (e.g., Murata et al., 1969). Because do-
lomite is usually associated with high organic matter content, an or-
ganic dolomite model was proposed (Pisciotto and Mahoney, 1981;
Kelts and McKenzie, 1982; Baker and Burns, 1985). The observation
that even low amounts of sulfate inhibit the formation of dolomite in
high-temperature experiments led to the formulation of the sulfate in-
hibition model of dolomite formation (Baker and Kastner, 1981). Be-
cause pore water sulfate is efficiently removed at sites with increased
bacterial sulfate reduction, dolomite can precipitate in association with
organic carbon–rich sediments.

Nadson (1928) and Neher and Rohrer (1958) reported precipitation
of dolomite in bacterial culture experiments. Vasconcelos and McKen-
zie (1997) studied a hypersaline coastal lagoon (Lagoa Vermelha, Bra-
zil), a site of modern dolomite precipitation. They formulated a
microbial dolomite model, where the presence of active living microbes
is essential to overcome the kinetic barrier of dolomite precipitation.
Using sulfate-reducing bacteria cultured from Lagoa Vermelha, Vascon-
celos et al. (1995) and Warthmann et al. (2000) successfully precipitated
dolomite in low-temperature experiments.

The applicability of the sulfate inhibition vs. microbial dolomite
model for the formation of deep-sea dolomite remains unresolved, as
methods to trace this process in natural environments are limited. A
microbial origin may be indicated by crystal morphologies that are sim-
ilar to round and dumbbell shape crystals produced in culture experi-
ments. Such morphologies were described by Vasconcelos and
McKenzie (1997) and van Lith et al. (2003) in sediments from Lagoa
Vermelha. Also in this context, it is of interest if dolomite is precipi-
tated as primary precipitate or if a dissolution step of the precursor car-
bonate is involved (cementation vs. replacement). Bernoulli and
Gunzenhauser (2001) and Bernoulli et al. (2004) observed perfect rep-
lica structures of diatom frustules in a dolomitized Miocene diatomite
layer (Gonfolite Lombarda Group, southern Switzerland) and in pelagic
limestone and diatomite of the Romanche Fracture Zone (equatorial At-
lantic). These studies showed that deep-sea dolomite is often a primary
precipitate, which was formed at an early stage in uncompacted sedi-
ment. The petrographic relationships of dolomite with sedimentary
particles or other diagenetic minerals (e.g., pyrite) provide information
about the relative timing of the dolomite precipitation and, therefore,
allow correlation with a particular biogeochemical environment.

In this study, we describe and investigate the occurrence, petrogra-
phy, and mineralogy of dolomite sampled during Leg 201 in deep-sea
sediments from the Peru margin. A comprehensive sampling strategy
with good depth control of the dolomite occurrences enabled correla-
tion with lithostratigraphic context, pore water chemistry, and microbi-
ology. Leg 201 was the first deep-sea drilling leg dedicated to
investigation of a deep subseafloor biosphere and was thus an ideal pro-
gram to study the relation between dolomite formation and deep bio-
sphere activity. The data set produced on board the JOIDES Resolution
during Leg 201 provides a framework in which to discuss active dolo-
mite precipitation on the Peru margin and to evaluate the environmen-
tal factors associated with this process.
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Study Area

The Peru margin is a classic site for deep-sea dolomite formation. In
the Nazca Plate Project, dolomite was discovered during deep-sea dredg-
ing (Kulm et al., 1981b, 1984). These dredge samples provided a good
overview of the lateral distribution and occurrence of dolomite. Thorn-
burgh and Suess (1990) studied selected samples of dolostone in order
to reconstruct the origin of the pore waters in different parts of the Peru
margin.

During Leg 201, four sites (all of them redrilled sites of ODP Leg 112)
were drilled on the Peru margin (Fig. F1). Sites 1228 (Leg 112 Site 680)
and 1229 (Leg 112 Site 681) are located on the Peru shelf at 250 and 150
meters below sea level (mbsl), respectively. Site 1227 (Leg 112 Site 684)
was drilled at 430 mbsl on the upper slope of the Peru margin, and Site
1230 (Leg 112 Site 685) was drilled on the lower slope of the Peru
Trench (5086 mbsl).

The oceanography of the Peru margin is strongly influenced by
southeasterly tradewinds, which cause strong upwelling along the coast
of Peru. High productivity leads to an oxygen minimum zone between
150 and 400 mbsl (Suess, von Huene, et al., 1988). Glacial–interglacial
sea level variations highly affected sedimentation at the shelf sites. Dur-
ing sea level lowstands, increased rainfall on land delivered higher
amounts of siliciclastic material to the basin, upwelling cells migrate
seaward, and the oxygen minimum zone impinged farther distal on the
seafloor (Suess, von Huene, et al., 1988). Glacial–interglacial cycles are
well expressed as variations in sediment composition, total organic car-
bon (TOC) (Wefer et al., 1990; Meister et al., this volume), and color re-
flectance (Sites 1228 and 1229) (D’Hondt, Jørgensen, Miller, et al.,
2003). Large-scale variations in sediment composition (diatom ooze vs.
siliciclastic sediment) correlate with paleobathymetry, based on benthic
foraminifers (Resig, 1990), are nonperiodic, and are probably related to
tectonic activity. More continuously TOC-rich sediments are present at
the lower slope (Site 1230) (Meister et al., this volume).

The tectonic history of the Peru margin was mainly interpreted from
the seismic lines acquired during the Nazca Plate Project (Kulm et al.,
1981a; Suess, von Huene, et al., 1988). A major hiatus indicates erosion
and uplift in the middle Miocene. During this time, hypersaline brine
formed under evaporative conditions. Since the late Miocene, the Peru
margin has strongly subsided, forming basins and ranges in a forearc
basin–type tectonic regime. On the topographic highs, sediment by-
pass (nondeposition) or erosion occurred, facilitating the recovery of
dolomite samples of Miocene age with dredging (Kulm et al., 1981b,
1984), whereas the basins, such as the Salaverry, Lima, and Trujillo Ba-
sins, were infilled by continuous sedimentation (Fig. F1). Today, these
ancient basins form the shelf and upper slope of the Peru margin. The
sediments recovered during Leg 201 on the shelf and upper slope are
younger than the middle Miocene hiatus. Paleobathymetry recon-
structed by Resig (1990) indicates lower neritic to upper bathyal condi-
tions throughout the Pliocene to Holocene. Therefore, the recovered
dolomite is not related to the middle Miocene hypersaline evaporative
environment. Tectonic activity at the lower slope is dominated by back-
thrusting along the accretionary prism, where fluids can be transported
upward along the fault zones.

High-resolution pore water chemistry profiles produced during Leg
201 (D’Hondt, Jørgensen, Miller, et al., 2003) indicate different micro-
bial activity in the sediments of the different sites. At the shelf sites,
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strongly variable TOC contents appear to be related with penetration
depths of sulfate to >30 meters below seafloor (mbsf) (Meister et al.,
this volume), whereas continuously high TOC of the trench site is re-
flected in removal of sulfate at 7 mbsf and the presence of gas hydrates.
Evaporative brine, present at the shelf sites, delivers electron acceptors
from beneath. Different microbial activities as well as cell concentra-
tions (D’Hondt, Jørgensen, Miller, et al., 2003) are the result of these
special biogeochemical conditions, but microbial activity also influ-
ences the pore water chemistry and, therefore, may control the forma-
tion of dolomite at the different sites.

METHODS

Dolomite nodules and layers were systematically sampled onboard
the JOIDES Resolution during Leg 201. A comparison sample was taken
from the surrounding soft sediment with each dolomite sample. Thin
sections were stained for calcite according to the method of Dickson
(1966) and analyzed using a petrographic microscope. For description
of crystallization textures and fabrics of dolomite, the terminology of
Friedman (1965) was used. Additionally, cold cathode luminescence
was applied in order to detect different generations of carbonate ce-
ments.

Bulk dolomite nodules and surrounding sediment samples were pow-
dered and mineralogically analyzed using a Scintag XDS 2000 X-ray dif-
fractometer (XRD). The samples were scanned continuously at 1°/min
from 10° to 70° with CuKα radiation. Dolomite stoichiometry was calcu-
lated from displacement of the (104) peak using the equation of Lums-
den (1979).

Fresh broken surfaces of lithified dolomite, as well as samples of
freeze-dried unlithified sediment, were coated with platinum and ana-
lyzed by field emission scanning electron microscope (SEM; LEO 1530,
143-eV resolution; LEO Electron Microscopy Ltd., Germany) at the In-
stitute for Material Sciences at ETH Zürich (Switzerland). Phase compo-
sitions were measured using energy dispersive X-ray (EDX; Z-MAX 30-
UP; Thermo NORAN). The acceleration voltage was set at 5 kV for mi-
croscopy and at 10 kV for EDX analysis.

Major elements (Mg, Ca, Fe, Mn, and Sr) in the dolomite phase were
quantified by electron microprobe analysis (EMPA). All samples were
polished (thin sections, as well as embedded rock pieces) and coated
with a 20-nm-thick carbon layer before being analyzed on a Cameca SX
50 electron microprobe at the Institute for Mineralogy and Petrography
at ETH Zürich. Acceleration voltage was set to 15 kV. A variety of car-
bonate standards from the ETH Zürich collection were used: calcite
(E001), magnesite (E004), siderite (E006), rhodochrosite (E003), and
strontianite (E012). Ca and Mn were analyzed using penta- erythritol
(PET) crystal, Mg and Sr using thallium acid phthalate (TAP), and Fe us-
ing lithium fluoride (LIF). PET, TAP and LIF are three different crystals
with different 2d values used for monochromizing. Textural relation-
ships between the phases were studied using reflected light microscopy.
Carbon (as carbonate) was calculated by stoichiometry. A total of 50
measurements were taken from each sample with 7-nA probe current
and a spot size of 5 µm. Because of the small grain size of the micritic
carbonate, only large crystals were measured.
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STRATIGRAPHY, PETROGRAPHY, AND 
MINERALOGY

Upper Slope Site 1227/684

Site 1227 (redrilled Site 684) was drilled on the upper slope of Peru
margin at 430 mbsl. A 150-m-thick middle Miocene to Holocene con-
densed section of the distal Trujillo Basin was recovered (Fig. F2). Below
12 m of Quaternary diatom and foraminiferal ooze, Pliocene mixed di-
atomaceous and siliciclastic sediment is present. A 5-m-thick, coarse,
pyrite-rich glauconitic sand marks the base of the Pliocene at 50 mbsf.
Both the foraminiferal ooze and the glauconite sand are well sorted and
coarse grained and seem to be the result of winnowing. Also, both hori-
zons are characterized by low TOC, high natural gamma radiation, and
high magnetic susceptibility, which is indicative of condensed sections
and may contain erosional surfaces or even major unconformities.
These horizons correlate with the Miocene/Pliocene and Pliocene/
Pleistocene boundaries. Below the lower horizon, the drilled section
comprises Miocene diatom ooze. Horizons of phosphatic pebbles as
much as 2 cm across are often intercalated in these sediments. The peb-
ble layers caused poor recovery because they were not washed out by
the drilling fluid, but, as the foraminifer and glauconite sand layers,
they show high natural gamma radiation and magnetic susceptibility
and probably also represent condensation or erosion surfaces. The peb-
bles consist of hard phosphate and dolomite, which was probably
eroded from hardgrounds and/or diagenetically formed layers and were
concentrated by winnowing and rounded on the seafloor (cf. Monterey
Formation; Garrison and Graham, 1984). These condensation horizons
punctuate the reduced stratigraphy at Site 1227.

More than 10 carbonate pieces were logged at Site 1227; most oc-
curred as reworked pebble layers, but in situ layers were also found (Fig.
F2). Between 30 and 50 mbsf, massive 2-cm-thick barite layers were
found, whereas dolomite layers were mostly found in the underlying
Miocene diatom ooze. Pebbles are gray to very light gray or yellowish.
In general, they are densely lithified, but some semilithified pieces were
also present. At 31 mbsf, a fragment of a 0.5-cm-thick, white calcite
layer was observed.

Inhomogeneous microsparitic dolomite (Pl. P1A) consists of micron-
to decimicron-scale euhedral rhombs with “stairlike” structures
(Pl. P1B), whereas larger xenotopic crystals were observed in cements
(Pl. P1C). Abundant, mostly benthic foraminifers are often infilled with
coarse fringe cement and a later generation of blocky dolomite cement
(Pls. P1C, P1D, P2A). Diatom frustules are also often infilled with dolo-
mite cement (Pl. P2B). Some dolomites are more friable and show a
high porosity. Most cavities are elongated and follow lamination. They
are surrounded by rims of calcite microsparite or dolomicrosparite (sim-
ilar to Pl. P6A), suggesting the cavities were already present during the
time of cementation. Framboidal pyrite is seen growing in the empty
space inside a diatom frustule (Pl. P2C). In a few cases, almost fossil-free
detrital quartz was observed being cemented by dolomicrosparite.

XRD mineralogy analysis revealed very well ordered dolomite
slightly enriched in calcium (Fig. F3). Using the equation of Lumsden
(1979), CaCO3 contents of 52–56 mol% were calculated for the dolo-
mite phase. Calcite is always present in low amounts, probably as a re-
sult of marine sedimentary calcite. Luminescence is generally strong
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orange and reveals a zonation of different generations of isopacheous
fringes (Pl. P2D).

Outer Shelf Site 1228/680

A total of 200 m of Pliocene–Holocene sediments was recovered at
Site 1228 (redrilled Site 680) in the distal Salaverry Basin on the Peru
shelf at 250 mbsl. The uppermost 60 m consists of Pleistocene–
Holocene diatom-rich hemipelagic sediments with variable contents of
siliciclastic sediment (Fig. F4). Below 60 mbsf, the entire sequence con-
sists of Pliocene diatom-poor siliciclastic material. Glauconite-bearing
quartz-rich sand was found in lithostratigraphic Subunit IIB (66–90
mbsf). Phosphate nodules are present throughout the sediment column
and are probably related to nondeposition and erosion surfaces.

The uppermost dolomite was sampled at 33 mbsf; however, the dolo-
mite nodules are concentrated in a zone between 40 and 80 mbsf in
both Pliocene and Pleistocene sediment. Most dolomite layers are
~5 cm thick and are homogeneous light to yellowish gray (Fig. F4);
some are laminated. Friable disseminated dolomite is common around
the layers, but it is not continuously distributed throughout the soft
sediment.

Dolomite consists of dense, lithified, decimicron-scale idiotopic mi-
crosparite (Pl. P3A, P3B). Distinct orange rhombs can be observed with
cathode luminescence. Parallel-bedded, stylolite-like veins show fine
seams and are partially hollow or filled with sparry cement. The veins
are visible even macroscopically (Fig. F4; Section 201-1228B-6H-2).
Coarse dolomite cement also forms fringes around irregular cavities
(Pl. P3C, P3D), mostly formed by the intraskeletal voids of the foramin-
ifers (Pl. P4A). A few foraminifers and diatoms are filled with sediment
forming geopetal structures; however, coarse sparitic cavity fill is rare.
Foraminiferal tests at this site often show walls (Pl. P3D) that are thick-
ened by cement. The cement is in crystallographic continuity with the
test, as it shows the same direction of extinction under crossed nicols
and probably is syntaxial cement. Plate P4C and P4D shows diatoms
surrounded and encased by dolomite. At 33 mbsf (Pl. P5A), a siliceous
frustule is more strongly affected by dissolution and small dolomite
crystals are forming in the pores. The crystals seem to be all in the same
crystallographic orientation and might be in continuity with the larger
crystal in the back (cf. Bernoulli and Gunzenhauser, 2001; Bernoulli et
al., 2004). In all other examples, the surfaces are well preserved, with
the dolomite crystals perfectly replicating the porous diatom structure
(Pl. P5B, P5C). Some of them are also filled with framboidal pyrite
(Pl. P5D). Quartz and feldspar are cemented in some of the layers (Pl.
P4B), which demonstrates that the formation of hard lithified dolomite
layers is not strictly related to diatomaceous sediments.

All analyzed samples consist of well-ordered dolomite with 50–55
mol% calcium carbonate in the dolomite phase. A slight enrichment in
calcium is also indicated by EMPA. The low calcite content in some of
the samples is probably a result of the presence of nannofossils or fora-
minifers.

Outer Shelf Site 1229/681

At Site 1229 (redrilled Site 681; water depth = 153 m) on the Peru
shelf, 200 m of Quaternary and Pliocene sediments were recovered in
the central Salaverry Basin. The uppermost 130 m consists of
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Quaternary laminated diatom ooze with a siliciclastic zone between 40
and 100 mbsf. Several condensation horizons and/or erosion surfaces
with phosphate nodules were found (Shipboard Scientific Party, 2003),
often at the base of 10-m cycles (glacial–interglacial cycles) (Wefer et al.,
1990; Meister et al., this volume). Below 130 mbsf, Pliocene and
Pleistocene well-sorted feldspar quartz sands are present.

Dolomite layers are most abundant at Site 1229 (Fig. F5), concen-
trated around 30 and 100 mbsf. Below 130 mbsf, dolomite is rare in the
siliciclastic Pliocene–Pleistocene sediments. Dolomite occurrence is cor-
related with the beginning of upwelling-related sedimentation at ~140
mbsf and occurs generally in zones with high TOC and high bacterial
cell numbers (cf. D’Hondt, Jørgensen, Miller, et al., 2003). Dolomite oc-
curs as 3-cm-thick layers, which mostly show flat bottoms and tops and
appear to be part of continuous layers cut by advanced piston coring.
Lamination parallel to the top and bottom of the layer was observed in
most of the samples. Typically, relatively hard and dense laminae are
interlayered with soft, porous 0.5-cm-thick laminae. The color is mostly
yellowish light gray, but a few layers are light gray. The nodules are sur-
rounded by friable dolomite.

The hard layers consist of a homogeneous microsparitic groundmass
of decimicron-scale euhedral dolomite rhombs. The grain size is coarser
around cavities and fossils. Veins and irregular cavities oriented parallel
to the lamination and surrounded by fine microsparitic seams were
found in the friable laminae (Pl. P6A). They are probably a result of in-
complete cementation. Large 50-µm crystals showing edged surfaces
were found in a dolomite layer at 7.5 mbsf, associated with well-pre-
served diatoms (Pl. P6B). A few samples are rich in well-sorted angular
quartz grains, reflecting the composition of the surrounding sediment.

Foraminiferal tests are rare at Site 1229. They often show a fringe of
fibrous calcite cement, which is partially replacing the original test. The
cavity is partially filled with blocky dolomite cement, which postdates
the formation of the fibrous cement (Pl. P6C, P6D). These generations
are clearly revealed by cathode luminescence (Pl. P7A, P7B, P7C). SEM
images (Pl. P8A, P8B, P8C, P8D) show the foraminiferal tests to be cov-
ered by perfectly euhedral decimicron-scale dolomite rhombs. They are
oriented exactly along the surface of the test and replicate the pore pat-
tern of the foraminiferal test. Framboidal pyrite fills the empty pore
space between the dolomite rhombs and, therefore, postdates the
growth of the rhombs (Pl. P9A, P9B).

Diatoms are very abundant and occur in diverse shapes at Site 1229
(Pl. P9C, P9D). They are well preserved and enveloped by euhedral do-
lomite rhombs, which replicate the pore pattern of the diatom. Dolo-
mite grows into the round pores of the diatom frustules (Pl. P10A,
P10B, P10C, P10D). A siliceous skeletal fragment found at 99 mbsf (Pl.
P11A) is strongly corroded and seems to be less stable than the other
surrounding diatom frustules, which appear to be very well preserved. A
dolomite rhomb grew beneath but did not infill all of the space be-
tween the pores and probably stopped growing when the siliceous frus-
tule still was being corroded.

Thin section staining is mostly colorless, reflecting the dolomitic
mineralogy of the sample. In all samples, well-ordered dolomite was de-
termined to be the major component by XRD analysis (Fig. F3). Calcite
occurs only in trace amounts except in the uppermost 15 m, where
higher calcite levels might be due to higher percentages of nannofossils
in the sediment. In one sample that contained a centimeter-scale
bivalve shell, high-Mg calcite was detected. The Ca content calculated
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from XRD using the equation of Lumsden (1979) ranges from 50 to
55 mol%. The slight enrichment of Ca in the dolomite phase was also
observed by EMPA. Cathode luminescence shows yellow to orange with
brighter luminescence in the coarser areas. 

Peru Trench Site 1230/685

On the lower slope of the Peru Trench (5086 mbsl), 280 m of sedi-
ment was penetrated (Fig. F6), and >200 m of Pleistocene–Holocene
black diatom ooze with variable amounts of siliciclastic material was re-
covered. This thickness is greater than that in the depocenter on the
shelf. Below a major fault at 216 mbsf, Miocene diatom-rich and silici-
clastic sediments with low TOC content are present. Sulfate is con-
sumed from the pore water within the uppermost 7 mbsf; below
10 mbsf, signs of degassing (gas bubbles) were recognized. This site
shows high methanogenic activity and stability of gas hydrates
(D’Hondt, Jørgensen, Miller, et al., 2003).

Sediments from the lower slope of the Peru margin are highly af-
fected by downslope mass movements that caused centimeter-scale
high-angle normal faults and ductile slumping (Kemp and Lindsley-
Griffin, 1990). Below 200 mbsf, sediments show increased compaction
and stiffness and pervasive cleavage. Disruption and brecciation is com-
mon. These deformation structures are due to a compressional regime
and underthrusting along the accretionary prism (Kemp and Lindsey-
Griffin, 1990).

Carbonate precipitates are rare at Site 1230. Several dolomite layers
were identified at ~230 mbsf (Fig. F6), but more were found at deeper
levels during Leg 112 drilling (Thornburg and Suess, 1990). A 3-cm-
thick dolomite layer was also sampled in a diatom ooze at 6 mbsf dur-
ing Leg 112. At 229 mbsf, an 18-cm-thick hard lithified dolomite brec-
cia layer was recovered at Site 1230. Breccia layers such as this are
common at greater depths and are ascribed to the tectonic activity of
the accretionary prism. Disseminated dolomite only occurs in the
neighborhood of hard, lithified layers.

Dolomite breccias consist of clasts of subhedral dolomicrite
(Pl. P11B, P11C). Between the clasts, cement often shows xenotopic 10-
to 50-µm texture with the grains developing compromise boundaries
(Pl. P12A, P12B, P12C, P12D). A fossil found at 229 mbsf is completely
replaced by dolomite (Pl. P13A, P13B). The central cavity is filled with
pyrite, which was precipitated after dolomitization. Fossils are rarely
found in these hard dolomite layers; only a few angular quartz grains
are present.

Cathode luminescence revealed several generations of sediment infill
and cementation between the clasts (Pl. P13C, P13D). The clasts are
surrounded by a yellow luminescent rim that clearly separates dolomite
generations older and younger than brecciation. Dolomitization of the
clasts with relatively low luminescence and zonation predates deforma-
tion. Each deformation event was followed by a new generation of
strongly luminescent cement. In general, later generations are more lu-
minescent. A central cavity is visible in Plate P13D. Precipitates of a
dark, fine-grained mineral could not be identified by morphology, but
blue staining of thin sections indicates the presence of iron. As iron
could not be detected by EMPA in the dolomite phase, it probably rep-
resents pyrite precipitated in the cavity during a later phase of diagene-
sis. Dolomite analyzed by XRD is well ordered and contains 51–53
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mol% calcium carbonate (Fig. F3). EMPA confirms the enrichment of
calcium in the dolomite phase.

DISCUSSION

During Leg 201, two different types of dolomite with different mor-
phologies and depths of precipitation were found in the Peruvian shelf
sediments and in the trench. All recovered dolomites were formed in
lower neritic to abyssal sediments and not shallow-marine evaporative
conditions, as shown by paleobathymetry determined from benthic for-
aminifers (Resig, 1990). Older dolomites were recovered by dredging
(Kulm et al., 1984) or deeper drilling during Leg 112 (Thornburg and
Suess, 1990), and some of them were shown to be formed in evaporitic
basins in the Miocene, when the brine also formed.

Peru Margin Dolomites

At all sites drilled on the Peru margin during Leg 201, dolomite layers
were recovered in sediments formed under upwelling conditions. They
are 2–5 cm thick, laminated, and densely lithified. Friable dolomite is
rare, but it does occur around hard layers and rarely as single laminae. It
is never homogeneously distributed in the sediment column. The fine-
grained and homogeneous dolomicrosparite consists of micron- to dec-
imicron-size euhedral rhombs. Only small amounts of possible precur-
sor carbonate are present in the sediment, and dolomite forms as a
primary precipitate. Foraminiferal tests and diatom frustules are well
preserved and not replaced but cemented by the growing diagenetic do-
lomite. Foraminifers show growth of fibrous calcite cement at different
sites. This cement formed before dolomite growth and also shows evi-
dence of dolomitic replacement. Often, dolomite rhombs appear as rep-
licas of the porous surface of the foraminiferal tests and the diatom
frustule. However, the pores of a strongly dissolved siliceous frustule at
Site 1228 are not completely filled with dolomite. The formation of
framboidal pyrite postdates dolomite formation. This indicates that the
dolomitization process was terminated early. The youngest dolomite
layers often appear between 10 and 30 mbsf; most are probably formed
in this depth range, where the uncompacted diatomaceous sediments
still have a high porosity. This observation is in agreement with obser-
vations from other environments, such as the Miocene dolomite-
cemented diatomite layer in the Southern Alpine Gonfolite Lombarda
Group (Bernoulli and Gunzenhauser, 2001). Dolomite layers show simi-
lar size and shape within each site, but they are different between the
sites. Cementation style is also characteristic for each site. This indicates
that the discrete dolomite layers probably formed under the same con-
ditions at each site. Results from XRD and EMPA show that all Peru
margin dolomites have a well-ordered stoichiometry with a slight en-
richment in calcium. Dolomite layers are not always correlated with di-
atomaceous horizons, thus not directly depend on lithology. However,
on a broad scale, dolomite only occurs in sediments associated with the
upwelling zone. Because they occur as distinct layers, dolostones in the
Peru margin probably formed along a sharp geochemical interface rela-
tively early in the sedimentary column. An early precipitation (i.e., in
the uppermost 30 mbsf) is also suggested by Sr isotopic composition
similar to seawater values and the disequilibrium of δ13C of the dolo-
mite with δ13C in dissolved inorganic carbon of modern pore water
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(M.L. Musgrove and D. Schrag, pers. comm., 2004; and P. Meister, un-
publ. data). A possible interface would be the boundary between the
sulfate-reducing and methanogenic diagenetic zones. At this interface,
sulfate ions, proposed as a kinetic inhibitor (Baker and Kastner, 1981),
are removed and alkalinity reaches peak values (D’Hondt, Jørgensen,
Miller, et al., 2003), whereas Mg and Ca concentrations simultaneously
decrease at these depths (Suess, von Huene, et al., 1988). Also, these in-
terfaces (in particular at Site 1229) seem to be hot spots of microbial ac-
tivity (D’Hondt, Jørgensen, Miller, et al., 2003) and, therefore, may play
an important role in dolomite formation. Carbon-13 values of the dolo-
mite layers are strongly variable, but fall into the range of values mea-
sured in the dissolved inorganic carbon at the sulfate/methane
interface.

Peru Trench Dolomites

Dolomite layers found below 200 mbsf in the Peru Trench are
strongly brecciated and consist of centimeter-scale clasts with planar
subhedral dolomite grains overgrowing the original sediment. Rem-
nants of marine calcitic organisms are almost completely replaced by
the coarse anhedral dolomite. Xenotopic textures are nicely developed
in the matrix as a result from simultaneous growth of neighboring crys-
tals along compromise boundaries. Simultaneous growth is only possi-
ble if the dolomitizing fluid is strongly supersaturated with respect to
dolomite. Cathode luminescence revealed several generations of dolo-
mitic cement formed in the open spaces between the clasts contempo-
raneously with the brittle deformation. Open pore spaces are partially
filled with soft sediment and partially filled with coarse sparitic dolo-
mite and a central cavity. The last phase of diagenesis ended with the
precipitation of fine-grained pyrite.

Dolomite mineralization is strongly related to brecciated layers,
which were observed also in several deeper layers during Leg 112. The
brittle deformation has been related to shear zones within the accre-
tionary prism, which only occur at depths deeper than 200 mbsf.
Therefore, the synkinematic precipitation of dolomite occurred not
early in the sedimentary column but more deeply buried, in compacted
sediment. The stiffness of the compacted sediment, and perhaps also
the presence of gas hydrates, are responsible for the brittle behavior and
preferential deformation along discrete fault zones, where hard lithified
dolomite was brecciated. Most likely these shear zones provide fluids
from deeper parts of the accretionary prism that enhance precipitation
of dolomite. Last-stage precipitation of high amounts of pyrite supports
the presence of a sulfidic species in the pore water. So far, neither the
microbial model (mediation through enhanced microbial activity along
the fluid conduits) nor any abiogenic model (e.g., rapid fluid decom-
pression) can be excluded for the formation of the dolomite breccias.

Controlling Factors

The fact that dolomite occurs as hard lithified layers and not contin-
uously as disseminated rhombs, as in the Monterey Formation, which
experienced higher temperature diagenesis (Isaacs, 1984), indicates that
dolomite precipitation is not a continuous process but probably forms
at distinct geochemical interfaces. This also explains why dolomite lay-
ers form in different horizons with different sediment composition and
porosity but on a large scale related to organic carbon–rich upwelling
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sediment. An analog example could be barite layers that formed at the
boundary between the methanogenic and the sulfate-reduction zone
(Site 1227) (D’Hondt, Jørgensen, Miller, et al., 2003) and show morphol-
ogies very similar to the dolomite layers. For dolomite formation, Mg
and Ca concentrations in the pore water (Suess, von Huene, et al., 1988)
are not the controlling factors, as these ions become depleted at the
depth of dolomite formation, but the consumption of sulfate and an in-
crease of alkalinity are important controls. Dolomite precipitation at the
methane/sulfate interface, where sulfate is completely consumed by sul-
fate-reducing bacteria, would be consistent with the sulfate inhibition
model. Crystal morphologies typical for microbially mediated dolomite,
as observed in culture experiments and in the natural environment
(Lagoa Vermelha), were not found in the deep-sea sediments. This study,
however, provides evidence that dolomite formation occurs at depths,
where microbial cell concentration and activity (Shipboard Scientific
Party, 2003) are high, suggesting the relevance of the microbial dolomite
model in this deep-sea environment. Microbial activity is enhanced at
biogeochemical interfaces where high gradients in ion concentration
can be used as an energy source. At the same time, these interfaces are
maintained by the bacteria and represent zones with ion concentrations
suitable for dolomite precipitation.

CONCLUSION

Formation of dolomite layers was observed in organic carbon–rich up-
welling-related sediments of the shelf and upper slope of the Peru mar-
gin. Dolomite forms early as a primary precipitate in uncompacted
sediment and is not replacing the precursor carbonate. These findings,
together with the results of an isotopic study (Meister et al., unpubl.
data; see discussion above), are consistent with a model for dolomite for-
mation associated with a biogeochemical interface, such as the meth-
ane/sulfate boundary. Dolomite breccias were precipitated on the lower
slope of the Peru margin contemporary with the brittle deformation
along faults in the accretionary prism. These dolomites were formed in
association with hydrothermal fluid flow. The presence of great amounts
of pyrite indicates the in situ reduction of sulfur species and thus, dolo-
mite formation in the fault zones may also be related to microbial activ-
ity. 

Even though no crystal morphologies typical for microbially medi-
ated carbonates were found, the dolomite formation is probably related
to zones of increased microbial activity in support of the microbial dolo-
mite model. This activity provides high alkalinity and removes sulfate
from the pore water, which would be consistent with the sulfate inhibi-
tion model. Thus, for the Peru margin environment, dolomite formation
may be promoted by both microbial mediation and sulfate depletion.
Further geochemical and isotopic studies are required in order to deter-
mine the major control on deep-sea dolomite formation.
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Figure F1. Peru margin area with locations of Leg 201 sites.
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Figure F2. Lithostratigraphic profile and occurrence of dolomite at Site 1227/684. Dolomite occurs as peb-
bles in reworked layers or as centimeter-scale clasts at distinct horizons. In the upper 50 mbsf, barite layers
are present instead of dolomite. Core photos of dolomite occurrences are arranged according to depth. TD =
total depth.
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Figure F3. X-ray diffractograms of dolomite samples from Sites 1227, 1228, 1229, and 1230. Dolomite is
the major compound in all samples. Narrow (104) peaks indicate very high stoichiometric ordering. Using
the equation of Lumsden (1979), a slight enrichment of calcium was calculated for the dolomite phase.
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Figure F4. Lithostratigraphic profile and occurrence of dolomite at Site 1228/680. Core photos of dolomite
occurrences are arranged according to depth. Dolomite layers are homogeneous and generally ~5 cm thick.
TD = total depth.
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Figure F5. Lithostratigraphic profile and occurrence of dolomite at Site 1229/681. Core photos of dolomite
occurrences are arranged according to depth. Dolomite layers are generally 2 to 3 cm thick and laminated.
Laminae of friable dolomite occur adjacent to hard nodules or rarely within the soft sediment, as in Section
201-1229A-12H-4. TD = total depth. (Continued on next page.)
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Figure F5 (continued).
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Figure F6. Lithostratigraphic profile and occurrence of dolomite at Site 1230/685. Core photos of dolomite
occurrences are arranged according to depth. Dolomite occurs as breccias and hard lithified layers ~230
mbsf. Only one dolomite layer is present at 7 mbsf.
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Plate P1. A. Foraminifers in dolomicritic groundmass. Foraminifer chambers are partially filled with calcite
or dolomite cement (Sample 201-1227A-8H-CC, 30–36 cm; 62.9 mbsf). B. Groundmass consisting of euhe-
dral decimicron-size dolomite rhombs (Sample 201-1227A-12H-1, 85–88 cm; 101.4 mbsf). C. Curve-shaped
crystal surfaces in coarse-grained dolomite (Sample 201-1227A-13H-1, 28–30 cm; 110.4 mbsf) are probably
the result of cemented skeletal fragments. D. Foraminiferal test in a microsparitic dolomite groundmass.
The perforate structure of the foraminiferal test is well preserved and probably still consists of biogenic cal-
cite, whereas chambers show coarse fringes of isopacheous, blocky (probably dolomitic) cement on the in-
side (Sample 201-1227A-13H-1, 28–30 cm; 110.4 mbsf).
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Plate P2. A. Foraminiferal test entirely filled with coarse dolomitic cement (Sample 201-1227A-13H-1, 28–
30 cm; 110.4 mbsf). B. Cross section of diatom frustule filled with coarse dolomite cement (Sample 201-
1227A-13H-1, 28–30 cm; 110.4 mbsf). C. Framboidal pyrite and needle-shaped unknown mineral (Sample
201-1227A-12H-1, 79–91 cm; 101.4 mbsf). D. Orange luminescent dolomicrosparite. The foraminiferal
tests show low luminescence, whereas cement rims are zoned around the cavities (Sample 201-1227A-12H-
1, 85–88 cm; 101.4 mbsf).
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Plate P3. A. Decimicron-size dolomite rhomb. Fine-grained minerals in the bottom right area could not be
identified by EDX (Sample 201-1228A-5H-1, 5–10 cm; 33.45 mbsf). B. Euhedral dolomicrosparite (Sample
201-1228A-5H-1, 5–10 cm; 33.45 mbsf). C. Porous dolomicrosparite. Foraminiferal tests mostly form solu-
tion cavities (Sample 201-1228A-5H-1, 5–10 cm; 33.45 mbsf). D. Foraminiferal test in dolomicrosparite ma-
trix under cross-polarized light shows growth of syntaxial calcite. Direction of extinction indicates that the
cement is in crystallographic continuity with the test (Sample 201-1228B-6H-2, 97–101 cm; 50 mbsf).
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Plate P4. A. Foraminiferal test with partially preserved original wall structure and isopacheous fringes of
blocky, probably dolomitic, cement on the inside (Sample 201-1228B-6H-2, 97–101 cm; 50 mbsf).
B. Quartz-rich dolomicrosparite (Sample 201-1228A-22H-1, 22–26 cm; 185.6 mbsf). C. Siliceous tube (cen-
ter) is well preserved but enveloped by a decimicron-size dolomite rhomb (Sample 201-1228A-5H-1, 5–10
cm; 33.45 mbsf). D. Well-preserved diversely shaped diatom frustules. One of them (center) is enveloped
by an euhedral dolomite rhomb (Sample 201-1228A-8H-4, 144–150 cm; 67.8 mbsf).
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Plate P5. A. Diatom frustule more strongly edged than surrounding diatom frustules. Dolomite rhombs
growing inside the pores show the same crystallographic orientation (Sample 201-1228A-5H-1, 5–10 cm;
33.45 mbsf). B, C. Replication of diatom frustules on surrounding dolomite (Sample 201-1228A-6H-6, 62–
70 cm; 51.2 mbsf). D. Framboidal pyrite growing in the pore space of a diatom frustule (Sample 201-1228A-
6H-6, 62–70 cm; 51.2 mbsf).
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Plate P6. A. Elongate pores parallel to lamination occurring only in more friable laminae (Sample 201-
1229A-11H-1, 31–34 cm; 89.2 mbsf). B. Large centimicron-size dolomite rhombs occur at only 7.5 mbsf at
Site 1229. It is distinguished from all other dolomite rhombs by etched corners (Sample 201-1229D-2H-1,
71–72 cm; 7.5 mbsf). C, D. Foraminiferal test filled with fringes of fibrous calcite cement partially replacing
the original test. A second generation of decimicron-size, probably dolomitic, blocky cement is filling the
central cavity. C. Sample 201-1229A-12H-5, 68–69 cm; 105.1 mbsf. D. Sample 201-1229A-12H-5, 68–69 cm;
105.1 mbsf.
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Plate P7. A. Cathode luminescence reveals poorly luminescent calcitic foraminiferal tests with thin seams
of fibrous calcite cement on the inside of the chambers followed by a coarse rim of bright luminescent
blocky dolomite cement (Sample 201-1229A-12H-2, 86–88 cm; 100.8 mbsf). B. Foraminiferal test without
calcite cement (Sample 201-1229A-4H-2, 95–96 cm; 26.3 mbsf). C. Like A, but cavities are completely filled
with luminescent blocky cement (Sample 201-1229A-12H-1, 64–65 cm; 99.0 mbsf).
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Plate P8. Sample 201-1229A-8H-1, 55–64 cm; 59.5 mbsf. A, B. Thick-walled perforate foraminiferal test sur-
rounded by an equigranular layer of decimicron-size euhedral dolomite rhombs. C, D. Replica of perforate
surface of the foraminiferal test on dolomite rhombs.
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Plate P9. A, B. Perfectly shaped pyrite framboids growing in the pore space between the dolomite rhombs
and, therefore, postdating the precipitation of dolomite (Sample 201-1229A-8H-1, 55–64 cm; 59.5 mbsf).
C. Cross section of diatom-rich dolomicrosparite (Sample 201-1229A-10H-1, 133–136 cm; 80.7 mbsf).
D. Diatom filled with coarse blocky dolomite cement (Sample 201-1229A-4H-1, 18–19 cm; 24.1 mbsf).
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Plate P10. Dolomite growing into the porous structure of the diatom frustules. A. Sample 201-1229A-4H-
1, 18–19 cm; 24.1 mbsf. B–D. Sample 201-1229A-12H-1, 64–65 cm; 99.0 mbsf.
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Plate P11. A. Strongly etched and partially dissolved skeletal fragment, which is not completely encased
by growing dolomite (Sample 201-1229A-12H-1, 64–65 cm; 99.0 mbsf). B. Clasts of a dolomitic breccia con-
sisting of subhedral dolomite crystals (Sample 1230A-30X-1, 0–5 cm; 226.3 mbsf). C. Cathode lumines-
cence revealing zonation of the rhombs (Sample 201-1230A-30X-1, 0–5 cm; 226.3 mbsf).
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Plate P12. A, B. Dolomite breccia showing areas of dolomicritic matrix in-fill and coarse cemented veins
(Sample 201-1230A-31X-1, 0–19 cm; 229.6 mbsf). Anhedral dolomite of coarse sparitic areas with almost
perfect hexagonal shape. C. Sample 201-1230A-30X-1, 0–5 cm; 226.3 mbsf. D. Sample 201-1230A-31X-1,
1–19 cm; 229.6 mbsf.
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Plate P13. Sample 201-1230A-31X-1, 0–19 cm; 229.6 mbsf. A, B. Strongly replaced fossil (foraminifer?)
showing concentric rim structure with pyrite filling the central cavity (cross-polarized light). C, D. Cathode
luminescence microscopy reveals darker crystals in the clasts and brighter luminescence in the matrix/
cement between the clasts. Both generations of cement are clearly separated by a bright yellow luminescent
rim surrounding all parts of the clast. Crystals in the clast must, therefore, predate the cementation of the
space between the clasts. The latter was formed during several generations of infill and cementation during
deformation, leaving a central cavity with fine pyrite precipitates.
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