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ABSTRACT

A scanning electron microscope—based study of a laminated, late Quaternary sapropel from the moat of the Napoli mud vol-
cano provides a new insight into the seasonal-scale sequence of fluxes involved in sapropel deposition. The sapropel is essen-
tially an organic-rich diatom ooze in which the opal has been preserved in a topographic depression whose bottom waters were,
at least intermittently, cut off from the silica-undersaturated waters characteristic of the Mediterranean. Back-scdttared elec
imagery of polished, resin-impregnated thin sections of this bed demonstrate an alternation of laminae containing diatoms from
the family Rhizosoleniaceae, hereafter referred to as rhizosolenid diatoms, with laminae containing mixed assemblages includ-
ing typical diatom bloom species. The occurrence of the rhizosolenid laminae are evidence for seasonal-scale mass sedimenta-
tion of diatoms in the form of diatom mats. These diatom mats may represent the deep chlorophyll maximum inferred to have
existed during periods of sapropel formation documented by foraminifer and nannofossil studies. The mat-sedimentation model
for the deposition of sapropels is consistent with both (1) the presence of stratified conditions in which nutrients trapped at
depth could be exploited only by the vertically migrating mats; and (2) the evidence for high export production that gccurred b
massive sedimentation of mats following the intermittent breakdown of stratification.

INTRODUCTION electron microscope (SEM)-based approach to bear on the laminated
diatomaceous sapropels encountered at the Napoli dome.

The extensive multidisciplinary studiesthat have been undertaken As silica dissolution may completely destroy diatoms (and has
in the quest to understand the origins of the Mediterranean sapropels clearly done so throughout. much of the'Medltgr_ranean), other means
have included detailed micropaleontological and isotopic investiga- were employed to determine the possible orlglnall presence of dia-
tions to deduce phytoplankton and zooplankton paleohabitats. Y et toms. To add to the scope o_f the present s_tudy, biomarker methods
none (with the sole exception of Schrader and Matherne, 1981) have ~ Were employed to establish if the diatoms in the sapropel could be
attempted to use evidence from the remains of the world’s most irfharacterized in sapropels where silica dissolution had removed bio-
portant primary producers—the diatoms. This scarcity is, howevef€nic opal. One of the most stimulating and intriguing aspects of sci-
entirely understandable since diatom frustules are rarely preservedgftific drilling is its propensity for producing the unexpected. This
post-Messinian Mediterranean sediments. The purpose of this pag&rendipity factor is, if anything, enhanced on multi-objective legs
is to report the preliminary results of a study of an exceptionally welldUring which scientists from different disciplines cast their eyes on
preserved, late Quaternary diatomaceous sequence from the Easféi and unfamiliar sediments. Unsurprisingly, perhaps, such was the
Mediterranean that brings important new evidence to bear on modé&@se on Ocean Drilling Program (ODP) Leg 160, where many of the
of sapropel genesis. tectonic sites produced_new and important paleoceanpgraphlc per-

The analysis of Schrader and Matherne (1981), in common witpPectives, not least at Site 971 on the Mediterranean Ridge.
most previous micropaleontological studies, was based on the use of . . .
homogenized sediment samples, yet recent observations of diatom Bathymetric and Geo-Tectonic Setting
blooms and their sedimentation have demonstrated that often mono- . ) . )
specific pulses that closely reflect changes in ecological conditions C0ring at ODP Site 971 (Fig. 1) targeted the Napoli mud volcano,
are generated (see summary in Sancetta, 1996). To exploit the res&j¢ Of a series of submarine edifices on the Mediterranean Ridge,
tion available in laminated sediments that record successive flyihich is an extensive area of mud volcanism/diapirism related to up-
events, electron microscope techniques have been successfully &#d escape of overpressured material (Robertson et al., 1996). A
ployed in a number of settings (e.g., Pike and Kemp, 1996b; Kenmultlho_le transect was designed to determine the nature and history
and Baldauf, 1993; Kemp, 1996, and references therein). These st@activity of the mud volcano. The initial hole (Hole 971A) was tak-
ies have resolved the deposits of individual diatom blooms, and “no§ &t @ water depth of 2037.5 m on the outer flank of the Napoli dome,
bloom” diatom flux events that have recorded intra-annual successi@itboard of the moat. The next hole of the transect (Hole 971B) was

in species. The objective of this study is to bring the proven scannifgcated at a water depth of 2152 m within the moat (Fig. 2). As abun-
ant diatoms were found in the core catcher of the second core of
Hole 971B (Core 160-971B-2H), an additional hole (Hole 971C) was
- cored to recover the full interval of diatom-bearing sediments in the
!Robertson, A.H.F,, Emeis, K.-C., Richter, C., and Camerlenghi, A. (Eds.), 1998. coring gap between Cores 160-971B-2H and 3H (Fig. 3).
Proc. ODP, ci. Results, 160: College Station, TX (Ocean Drilling Program).
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Figure 1. Map of the Mediterranean showing the locations of ODP Leg 160 coring sites and piston core sites TR171-27 and TR172-22, which contain S5 dia-
toms from Schrader and Matherne (1981). Piston cores TR171-27 and TR172-22 were collected during R/V Trident cruises 171 and 172. Contours are in meters
below sealevel.

33°46'N existing lithostratigraphic criteria (e.g., Cita et al., 1982). The se-
quencein Hole 971A isstraightforward, containing sapropel sthat ap-
pear normal in thickness and sequence. Comparison and correlation
with the composite section formed by Holes 971B and 971C demon-
strates the marked difference in thickness of the upper 12 m of the
section. The thickness of sediment between the base of Sapropel S1
and its suprajacent manganese oxide-rich layer is 19 cm in Hole
971A and increases to 60 cm in Holes 971B and 971C (Fig. 3). Sim-
ilarly, the total thickness of sediment overlying the ash above
Sapropel S5is2.2minHole 971A but 5.7 min Hole 971C. Sapropel
S3 exhibits some internal laminations, suggesting redeposition of
material during its sedimentation, and a ~60-cm-thick zone of con-
torted sediment, probably a debrisflow, occurs below Sapropel S3in
Hole 971B. Some thin laminae and beds of sapropel-type sediment
occur within the nannofossil clay benesth the zone of contorted bed-
ding. Thetop of the thick diatomaceous sapropel (correlated with S5
inHole971A) occursat 10.2 mbsf in Hole 971B and 8.6 mbsf in Hole
971C. This bed is described in detail below. Beneath the diatoma-
ceous sapropel in Holes 971B and 971C, two sapropels that closely
resemble their probable counterparts in Hole 971A occur. Beneath
these beds there is atransition, marked by color-grading to mud vol-
cano deposits (see Robertson and Kopf, Chap. 50, this volume). A
bulk sedimentation rate for the sedimentary sequence at Site 971 (as-
suming S5 has been correctly correlated) would be ~10 cm/ 1000 yr.

After diatoms were discovered in Section 160-971B-2H-6, exam-
ination of other sapropel horizonsin Hole 971B showed that no other
horizons contained preserved opa. Organic carbon analyses (from
shipboard analyses) gave values of between 2% and 7% for the
sapropelsin Hole 971A, 3% for the thick Sapropel S1in Hole 971B
and 4%—7% for the upper part of the diatomaceous sapropel in Hole
971B.

33°44'

33742

Figure 2. Bathymetric profile of the Napoli mud volcano showing the loca-
tions of Holes 971A, 971B, and 971C.
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Thelaminated diatomaceous sapropel (Pl. 1) was described in de-
tail in Hole 971C, and continuous samples were taken for SEM-based
investigations. A sketch of the cored interval containing the sapropel
is shown in Figure 4. Although the overall thickness of this horizon
is2.3 m, itisinternally composite and locally deformed. Thereisa
small slump fold at the base, which is overlain by 70 cm of intact, un-
deformed laminated sediment. Thisisoverlain by 80 cm of laminated
sediment that contains internal contortions and microfaults that dis-
rupt the laminae. Fifteen centimeters of moreintact sediment is over-
lain by an 85 cm unit containing a recumbent slump-fold and a dis-
continuity above which a10-cm-thick horizon of nannofossil clay oc-
curs. A further 55-cm-thick sapropel layer occurs with a thin
nannofossil clay near the top, which may duplicate the subjacent bed.
Given the presence of slump folds and the possibility of duplication
by slumping, the original thickness of the layer may be less than 2.3

carbon fraction by column chromatography, and analysis of the frac-
tions by gas chromatography-mass spectrometry (GC-MS). The syn-
thetic G, alkenes (Robson and Rowland, 1988), published retention
indices, and mass spectra were used as reference materials.

Seven sediment samples were weighed, freeze-dried, and re-
weighed (dry weight) before extraction as shown in Table 1. Each
sample was then spiked with 0.5 pg of internal standard (2,21-di-
methyldocosane) and solvent extracted with hexane for 24 hr. The to-
tal hexane extract (THE) was concentrated by rotary evaporation to
~1 mL and transferred to a clean preweighed vial. The remaining sol-
vent was removed under a gentle stream of nitrogen, and the mass of
extract was recorded (Table 1). After derivation with BSTFA (10 pL
in sample; 60°C for 30 min), an aliquot of the THE was examined by
GC-MS (Fig. 6).

The remaining THE was further fractionated using a Pasteur pi-

m, but must be at least 80 cm—the thickness of the intact, undeette packed with 5% (w:w) deactivated silica, and then eluting with

formed part.

METHODS
SEM Techniques

hexane to obtain a hydrocarbon fractiop) (FA second fraction (f
was also obtained by elution with dichloromethane (DCM), but re-
sults are not given here.) Solvent was removed from each fraction un-
der a stream of nitrogen, and the hydrocarbon fractiofsvgfe an-
alyzed by gas chromatography (GC).

GC of the F fractions was performed using a Carlo Erba 5300

Sediment samples were prepared for SEM study by impregnatidiega series gas chromatograph equipped with a flame-ionization de-
using epoxy resin. This was undertaken either by vacuum impregngector (FID) and an on-column injection. A 25-m fused silica capil-
tion in a Logitech vacuum impregnation apparatus or modified fronary column (0.32 mm i.d.) coated with DB-5 stationary phase (J&W
the displacive fluid impregnation method described in Pike andnc.) was used with hydrogen carrier gas (2 mL/min at 250°C). The
Kemp (1996a; see Kemp et al., Chap. 27, this volume). For the initimven was programmed from 40°C to 300°C at 5°C/min and held at
lamina-scale studies, priority was given to the intact part of the hor800°C for 10 min. GC-MS was performed on a Hewlett Packard
zon. The intervals prepared for sectioning are indicated on Figure MSD system. A 30-m (0.32 mm i.d.) fused silica capillary column (J

Low-resolution, back-scattered electron imagery (BSEI) was use& W Inc.) was used with auto splitless injection (250°C; 1.0 uL) and

to provide base maps for more detailed imagery of lamina composhelium as the carrier gas (70 kPa). Mass spectra were obtained by
tion. Subsamples of sediment were prepared for topographic secorglectron impact mass spectrometry (70 eV), scanning between 35 and
ary electron and BSEI to provide analysis of microfossil component&£00 Daltons (ion source temperature, 250°C).

Identification of changes in diatom species composition from BSEI
study across interval 160-971C-2H-3, 126.29 cm, were used as a
basis for separation of 18 lamina-scale samples for ultra-high resolu-
tion biomarker studies and/or micropaleontological analyses. The es-
timated extent of the diatom and biomarker subsamples are shown on
Figure 5.Every attempt was made to sample as near as possible to Reconnaissance studies of the entire diatomaceous S5 sapropel in
specific laminae or sublaminae based on the BSEI images; howevétple 971C were undertaken to characterize general variation in mi-
the thinness of the laminae militated against this. crofabrics. BSEI of the laminated diatomaceous sapropel reveals that
at least three distinct lamina types are present. An ultra-high resolu-
tion study of 30 cm of the section with intact laminae (interval 160-
971C-2H-3, 99129 cm) has provided descriptions of the composi-

Quantitative diatom slides were prepared. Dried material wasion and diatom floras within at least 500 laminae and sublaminae.
weighed and boiled in a 100 mL beaker with about 10 mL of hydroThe results of the intervals subsampled for detailed micropaleonto-
gen peroxide solution (15%) for several seconds, diluted with didogical analysis are given in Table 2 and shown in Figure 5.
tilled water, and then left to stand for 24 hr. After decanting, the res-
idue was diluted with the proper amount, which was in proportion tdineralogenic Sediment Laminae
0.025 g in 25 mL of distilled water (for example: 57.6¢m0.0576
g of Sample 1/45; 27 cnito 0.0270 g of Sample /8, etc.) and ho- The pale laminations clearly visible on the core photo (PI. 1) are
mogenized for 3 s in an ultrasonic washer. Using a micropipette, 0.2Fedominantly of mineralogenic debris. BSEI observation shows
mL of this solution was placed on a cover glass{18 mm in size), them to comprise variable quantities of silt and clay occurring irreg-
dried on a hot plate at 50°C, and then mounted on a glass slide usialgrly and with highly variable thickness from 100 um to 5 mm. The
Pleurax. All diatoms were identified and counted until the number oboundaries of these laminae may be sharp or diffuse. Their spacing is
individual specimens reached a total of 200, exclu@inaetoceros irregular, and they may occur in bundles, quite closely spaced or in
spp. resting stages. isolation.

These laminae are interpreted to be related to the activity of the
adjacent Napoli mud volcano, originating either from downslope re-
working of mud volcano deposits (by low density turbidity currents)

The diatomRhizosolenia setigera is the only known producer of and/or by direct downslope movement of mud volcano ejecta.

Cso, Which are known as highly branched isoprenoid hydrocarbons

(HBIs; Robson and Rowland, 1988; Volkman et al., 1994). A searcBiatom Ooze/ Mixed Laminae

for these compounds was, therefore, made in selected sediments in

which Rhizosolenia spp. tests were identified as abundant (see be- In marked contrast to the abiogenic sediment laminae, distinct di-
low). The method involved solvent extraction, isolation of a hydro-atom ooze laminae or sublaminae are only obvious from BSEI exam-

RESULTS
SEM-based studies

Quantitative Diatom Micropaleontological Analysis

Biomarker analysis
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Figure 5. Thelithology and diatom flora of the 2.5-cm subsampled interval 160-971C-2H-3, 126.5-129 cm (see Fig. 4, and Pl. 1). Theintervals subsampled for

biomarker and/or diatom analysis are indicated.
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ination (Fig. 7; M. 2). Differing porosities that give rise to different
BSEI intensity are due to variation in diatom species, the extent to
which diatoms are fragmented, and, less importantly, the calcareous
nannofossil and detrital content (Fig. 7). To aid in the identification
of diatoms, small sediment subsampleswere examined in topograph-
icimagery (PI. 3). The diatoms are in an excellent state of preserva
tion compared to other samples from the Eastern Mediterranean
(compare PI. 3, Figs. 1, 2).

Thelaminafabric is defined by an aternation of laminae contain-
ing near-monospecific concentrations of rhizosolenid diatoms (fami-

LATE QUATERNARY DIATOM-OOZE SAPROPEL

Table 1. Summary of samples analyzed in the biomarker studies.

Wet Dry
Core, weight  weight Mass of total
section Sample (mg) (mg) hexane extract
160-971C-

2H-3 1/33-36 2925 99.4 0.1 mg (1 pg/mg)*
2H-3 1/39-40 3443 1321 —

2H-3 1/19 18.5 18.0 (27.7 pg/mg)*
2H-3 1/12ii 29.4 16.5 —

2H-3 1/12 154.2 42.9 0.2 mg (4.7 pg/mg)*
2H-3 1/7-9 187.4 63.9 —

160-971A 6 12504 680.06 0.4 mg (0.6 pg/mag)*

Notes: T= Sample 160-971A-1H-3, 44-45 cm. * = values as pg/mg dry weight of sedi-
ment. — = mass was not measurable.

ly Rhizosoleniaceae) and laminae containing more mixed diatom as-
semblages with variable amounts of calcareous material and clay
(Fig. 7). In some thin intervals, fine laminae cannot be readily de-
fined, and there is evidence that some slight bioturbation may have
occurred.

Rhizosolenid Laminae

The dominant species, generally comprising over 90% of rhizoso-
lenid laminae is Pseudosolenia calcar-avis (Pl. 3, 4; Table 2). Rhizo-
solenia styliformis is also present with abundances of between 5%
and 10% with more minor amounts of Rhizosolenia setigera, Rhizo-
solenia bergonii, Proboscia alata, and very rare Rhizosolenia imbri-
cata. A minor, but significant number of Hemiaulus-rich laminae oc-
cur in place of the rhizosolenid laminae, and in one exceptional in-
stance, a monospecific lamina of Ethmodiscus spp. fragments occurs
in the position normally occupied by a rhizosolenid lamina (Fig. 7;
Al. 3, Fig. 4). The mean thickness of rhizosolenid laminae is about
275 pm, but with a wide range from 10 to 2150 um. Micropaleonto-
logical study of two other diatom-bearing sapropels (Sapropel S5 at
Site 967 and the Pliocene “e” bed at Site 969; see Kroon et al., Chap.
14, this volume) give a similar pattern of abundance showing diatom
floras dominated byPseudosolenia calcar-avis (Kemp et al., Chap.
27, this volume).

Mixed Laminae

These contain mixed assemblages of pennate diatoms (dominant-
ly Thalassionema frauenfeldii and Thalassionema nitzschiodes),
Chaetoceros spp.setae, rhizosolenid diatoms (dominant®seudoso-
leniacalcar-avis), Hemiaulus spp., and variable amounts of coccolith
debris and clay, often arranged in sublaminae or discontinuous blebs
(Pl. 3, 4; Fig. 5). Occasionally interbedded with mixed assemblage
laminae are distinct sublaminae comprisedTladlassionema spp.

The mean thickness of mixed laminae are about 300 pm, with a wide
range from 10 to 2000 pm.

Biomarker studies

Concentrations of total hexane extracts in the seven sediment
samples examined ranged from unweighable to ~28 pg/mg dry sedi-
ment (Table 1). Gas chromatograms and GC-MS total ion current
chromatograms recorded numerous common sedimentary hydrocar-
bons includingr-alkanes (mainly ¢—C,,) and pristane and phytane
(Fig. 6). However, the expected,&BI hydrocarbons were not de-
tected. Components eluting at the expected retention indices of the
HBIs did not give the expected mass spectra. Nor were the expected
C, or C5 HBIs detected.

The known hydrocarbon biomarkers Bhizosolenia setigera
were not abundant in the sediment samples analyzed from the diatom
ooze Sapropel S5 in Hole 971C, or from the opal-poor Sapropel S5
in Hole 971A. There are several possible explanation$H{&pso-
lenia setigera may not produce hydrocarbon biomarkers; (2) the

355



R.B. PEARCE ET AL.

Table 2. Diatom species composition and abundance from the S5 sapropel, interval 160-971C-2H-3, 126-129 cm.

1/39-40
1/33-36

Sample:

127-29

114-17
1/12ii
vi2
1/10-11
v7-9
11-5

~ | 1-29

Actinocyclus octonarius Ehrenberg
Actinoptychus senarius Ehrenberg
Anphora ovalis Kutzing
Asteromphalus arachne (Breb.) Ralfs 1
Asterolampra grevillei (Wallich) Greville
Asterolampra marylandica Ehrenberg
Asteromphal us flabellatus (Brebisson) Greville
Asteromphal us robustus Castracane 1 1
Asteromphalus roperianus (Greville) Ralfs
Azpeitia nodulifera (Schmidt) Fryxell et Sims 1
Azpeitia tabulifera (Grunow) Fryxell et Sims
Bacteriastrum furcatum Shadbolt 1
Cocconeis scutellum Ehrenberg
Coscinodiscus radiatus Ehrenberg
Coscinodiscus thorii Pavillard
Coscinodiscus spp.

Cyclotella caspia Grunow
Cyclotella striata (kut.) Grunow
Cymatosira lorenziana Grunow
Delphineis surirella (Ehr.) Andrews
Diploneis ovalis (Hilse) Cleve 1
Fragilariopsis doliolus (Wallich) Medlin & Sims
Grammatophora marina (Lyngbye) Kutzing
Hemiaulus hauckii Grunow

Hemidiscus cuneiformis Wallich

Mastogloia decipiens Hustedt

Melosira westii W.Smith

Nitzschia aequatorialis Heiden

Nitzschia bicapitata Cleve 1
Nitzschia braarudii Hasle

Nitzschia dietrichii Simonsen
Nitzschia interruptestriata Simonsen
Nitzschia kolaczekii Grunow
Nitzschia longa Grunow 1
Nitzschia marina Grunow

Nitzschia sicula (Castracane) Hustedt

Martyana martyi Heribaud

Paralia sulcata (Ehr.) Cleve

Pinnularia borealis Ehrenberg

Pseudotriceratium punctatum (Wallich) Simonsen
Proboscia alata (Brightwell) Sundstrom
Pseudosolenia calcar-avis (Schultz) Sundstrom
Rhizosolenia bergonii H. Peragallo

Rhizosolenia imbricata Brightwell

Rhizosolenia setigera Brightwell

Rhizosolenia styliformis Brightwell

Stellarima stellaris (Roper) Hasle & Sims
Terpsinoe americana (Bail.) Ralfs

Thalassionema bacillare (Heiden) Kolbe
Thalassionema frauenfeldii (Grunow) Hallegraeff
Thalassionema nitzschioides Grunow
Thalassiosira eccentrica (Ehr.) Cleve 1
Thalassiosira lineata Jouse

Thalassiosira oestrupii (Ostefeld) Hasle
Thalassiosira spp.

Thalassiothrix longissima Cleve & Grunow

Total valves

Diatom abundance in valves per gram (dry weight)
Chaetoceros spp. spores
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Note: The figures for diatom abundance in valves per gram (dry weight) are given to the power of 108/g.

abundances of Rhizosolenia setigera (identified by microscopy) may
not have been sufficient to produce detectable masses of material; (3)
the C4, HBI alkenes may have reacted with sulphur, producing relat-
ed HBI thiophenes and thiolanes, which may be present in the unex-
amined F2 fraction; (4) Rhizosolenia spp. may only produce C;, HBIs
under restricted phytogenetic conditions (e.g., specific salinities,
temperatures). Each of these requires further investigation.

DISCUSSION
Paleoecological Significance of Diatom Floras
The BSEI studies of thin sections and topographic SEM imagery

may be combined with the results of the conventional micropaleon-
tological analysis. A brief review of the ecology/ paleoecology of the
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major diatom genera/ speciesrecorded is presented. Thisisused asa
basis for a paleoecological model for the generation of the sequential
fluxes recorded in the laminated sapropel.

The diatom flora within the mixed layer commonly contains
Thalassionema spp., and to alesser extent Chaetocer os spp., both of
which are rapidly growing genera characteristic of diatom blooms.
These genera have been documented both in seasonal blooms (e.g.,
Ignatiades, 1969) as well as the late summer bloom associated with
input of floodwater from the Nile river (prior to the Aswan Dam;
Halim et a., 1967). An intriguing difference of the S5 laminae with
previous SEM studies, which have been mainly undertaken on coast-
a upwelling areas, is the absence of near-monospecific laminae of
Chaetoceros spp. resting stages (cf. Brodie and Kemp, 1994; Lange
and Schimmelmann, 1994; Bull and Kemp, 1995; Grimm et a.,
1996).
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Figure 7. BSEI of part of the laminated diatom ooze interval across interval 160-971C-2H-3, 121-125 cm. The rhizosolenid laminae are typically a dark BSEI
tone, and the mixed assemblage laminae alight BSEI tone. An abiogenic laminatoward the top of the image has a very pale BSEI tone. Planktonic foraminifers,
probably Globigerinoides ruber and Orbulina universa, are present throughout the laminated interval within both rhizosolenid laminae and mixed assemblage
laminae. Euhedral salt crystals on, and probably within, the thin section are evidenced by an intense white BSEI tone.

Ecology and M echanisms of Deposition of Pseudosolenia
calcar-avis and Associated Rhizosolenids

Rhizosolenid diatoms are generally characteristic of stratified oli-
gotrophic waters (Guillard and Kilham, 1978). Pseudosolenia cal-
car-avisis characteristic of the Mediterranean and is one of the few
species that persist through nutrient-poor conditions during the sum-
mer months (Margalef, 1967). Proboscia alata has a so been noted to

persist through the summer (Ignatiades, 1969). Rhizosolenids are not
part of the modern spring bloom (Ignatiades, 1969; Schneller et .,
1985); indeed, the growth rates of such large diatoms are relatively
slow (Guillard and Kilham, 1978). During summer months, however,
they have been recorded in elevated numbers (Schneller et a., 1985).

Mat formation is a genera characteristic of numerous oceanic
Rhizosolenia species (Villarea and Carpenter, 1989). It has recently
been shown that such mats are ideally adapted to a stratified water
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column asthey are able to regulate their buoyancy, descending to the
nutricline to take up nitrogen and ascending to the near-surface to
photosynthesize (Villarea et a., 1993). Although most of the studied
modern mats involve species other than the dominant Mediterranean
species, massive fluxes of Pseudosolenia calcar-avis interpreted to
represent sinking mats have been recorded off Oregon (Sancetta et
a., 1991), and this species has been noted as a component of Rhizo-
solenia matsin the central North Pacific Gyre (Villareal and Carpen-
ter, 1989).

Although rarely preserved in the sediment record, Sancetta et al.
(1991), cited numerous plankton sample and sediment trap studies
that led them to propose that mass sinking of rhizosolenid diatoms
may be a common occurrence and that rapid loss of buoyancy of
rhizosolenid mats may generate the large-scale sedimentation ob-
served. Interestingly, many of these observations and periods of flux

The Annual Cycle

Although we have no direct information on sedimentation rates
within the diatomaceous S5 sapropel, the bulk sedimentation rate at
the top of Hole 971B (~100 um/yr) and the repetitive and regular al-
ternation of lamina types observed is consistent with a seasonal-scale
variation in flux. Comparison of the bulk sedimentation rate with the
mean couplet thickness of 575 um implies that sedimentation and/or
preservation of material during deposition of Sapropel S5 in Hole
971C greatly exceeded that during periods of nonsapropel deposition.
Analysis of the diatom species—composition of individual laminae re-
veals a probable annual cycle of deposition in the Mediterranean at
the time of sapropel formation. Fall out from a seasonal spring or au-
tumn bloom (the mixed assemblage dhdlassionema spp. layer) is
recorded in a lamina of diatoms characteristic of rapid reproduction

do not occur at the time of the normal spring “bloom,” but commonlyin conditions of relatively high nutrient availability. Increased mon-

in autumn or winter (Sancetta et al., 1991).

soon-related input from the Nile (Rossignol-Strick et al., 1982) led to

Intriguingly, these observed concentrations of rhizosolenid diathe injection of abundant nutrients into the Mediterranean, but these

toms may not be the result of rapid growth (a classical “bloom”), bubecame trapped in the subsurface by enhanced stratification
rather the segregation of large colonial forms due to buoyancy efRohling, 1994). Vertically migrating mats of rhizosolenid diatoms
fects. Marine snow, in general, (Maclntyre et al., 1995), and diatorwere the best placed among the phytoplankton to exploit this deep,
mats in particular (Quilty et al., 1985), are known to accumulate obut rich, supply of nutrients. During the course of the summer, these
density interfaces. In Holocene laminated sediments from the Gulf ahats reproduced to form a substantial biomass that was deposited en
California, Pike and Kemp (1997) record flux of diatom mats ofmasse on the breakdown of stratification (Fig. 8).

Thalassiothrix longissima together withRhizosolenia spp. at the end

of the summer, which they attribute to result from the breakdown ofOpal Preservation and Dissolution in the M editerranean
stratification.

Major oceanic frontal systems are also known to concentrate dia- Why are diatoms absent from most sapropels and why are they
tom mats (Barber et al., 1994; Yoder et al., 1994) and result in mapreserved in a few? The virtual absence of siliceous microfossils
sive diatom flux sedimentation (Smith et al., 1996; Kemp androm recent sediments of the Mediterranean is a symptom of its status
Baldauf, 1993). In the context of the Mediterranean at times oés the world’s most nutrient-depleted sea. The levels of silicic acid at
sapropel formation, however, it is unlikely that fronts equivalent indepth within the present-day Eastern Mediterranean (maximum of
magnitude to those observed in the Eastern Equatorial Pacific (Bat4.6 uM) are much lower than those typical of the world ocean (e.qg.
ber et al., 1994; Yoder et al., 1994), would have been established 180 uM in the Pacific and Indian Ocean and 40 to 100 pM in the At-
generate the widespread flux observed. lantic Ocean; Krom et al., 1991).
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The diatom preservation within the S5 sapropel |ocated within the
moat of the Napoli dome is quite exceptional for the Mediterranean
basin (PI. 3). The only other instances of diatom preservation within
Quaternary sapropels in normal settings (other than those described
by Kemp et a., Chap. 27, this volume) are those documented by
Schrader and Matherne, (1981; see Fig. 1). In contrast to normal oxic
environments, opal is very well preserved in late Quaternary sedi-
ments within anoxic basins (Bjorklund and De Ruiter, 1987; Erba et
al., 1987), with excellent preservation of fine details of diatom frus-
tules (Erba, 1991). Theisolation of the anoxic waters within these de-
pressionsisenhanced by theincreased density stratification produced
by the upward penetration from the seafloor of saline fluids from the
underlying Messinian evaporites.

In view of the excellent preservation of the diatoms and given its
topographic depression, it seems that the moat of the Napoli dome
acted, at least intermittently, as an anoxic basin after sapropel depo-
sition, which preserved relatively silica-rich waters in contact with
the sediment. In addition, slumping, which may have accelerated the
burial of the sapropel, could also have aided opal preservation.

CONCLUSIONS

The moat of the Napoli mud volcano has acted as a natural sedi-
ment trap and geochemical buffer that has preserved alaminated di-
atomaceous S5 sapropel. Analysis of the diatom species variation in
the laminae has demonstrated the preservation of a probabl e seasonal
flux cycle, corresponding to a bloom of varied species, consistent
with amixing event. This alternates with a near-monospecific lamina
of mat-forming diatoms that grew during the dominantly stratified
conditions. Themodel proposed above suggeststhat the sapropelsare
largely diatom mat deposits and confirms the speculation of Sancetta
(1994). There are many attractionsto this: on the one hand, studies by
Tang and Stott (1993) arguefor stratification, but others (e.g., Calvert
et a., 1992; Castradori, 1993) support high productivity. The answer
is that there were not generally high rates of primary production but
the rapid descent of the slowly growing mats produced high export
production. The diatom mats were uniquely placed among the phy-
toplankton to exploit the nutrientstrapped at depth. Thismodel isalso
consistent with evidence from foraminifer data (Rohling, 1994) for a

deep chlorophyll maximum—the foraminifers were grazing on the

diatom mats.
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200pm
I
Plate 2. BSEI of several rhizosolenid and mixed assemblage laminae across
interval 160-971C-2H-3, 121-125 cm. The rhizosolenid laminae are more
porous than the mixed assemblage laminae, as evidenced by their darker
BSEI tone, and thus their greater proportion of carbon-based resin with alow

back-scatter coefficient. Note the occurrence of planktonic foraminifers,
probably Globigerinoides ruber, within the mixed assemblage laminae.

Plate 1. Core photograph of the intact laminated interval of the S5 sapropel
within the moat of the Napoli mud volcano, interval 160-971C-2H-3, 78-122
cm.
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Plate 3. 1. Back-scatter el ectron (BSE) topographic image of arhizosolenid-rich lamina (Sample 160-971C-2H-3, 126-129 cm). The areolae of the Rhizosolenia
calcar-avis valve (centre) and the scale-like girdle bands surrounding it are both well preserved. 2. By contrast, a BSE topographic image of diatom-rich mate-
rial from the “e” bed (Pliocene Sapropel 47), Sample 160-969D-5H-57%53 cm. Note the etcheeroboscia alata frustule fragment in the foreground,
together with other etched diatoms (The “e” bed is more fully described in Kemp et al., Chap. 27, this BB8te fopographic image oftéemiaulus-rich
lamina (Sample 160-971C-2H-3, 106131 cm).4. BSE topographic image &thmodiscus lamina observed within sample 160-971C-2H-3,-1125 cm.

362



LATE QUATERNARY DIATOM-OOZE SAPROPEL

10 pm

Plate 4. 1. BSEI of near-monospecific rhizosolenid lamina, dominated by girdle bands (Sample 160-971C-2H-3, 126—129 cm). 2. High magnification BSEI of
rhizosolenid-rich laminain 1. 3. BSEI of alamina dominated by Hemiaulus spp. (Sample 160-971C-2H-3, 121-125 cm). 4. Mixed assemblage lamina compris-
ing fragmented diatom valves overlain by calcareous coccoliths, and abruptly succeeded by arhizosolenid lamina.
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