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9. PLIOCENE BASAL DOLOMITIC AND FE-MN SEDIMENTS FROM THE TYRRHENIAN SEA,

WESTERN MEDITERRANEAN, ODP LEG 107!

A.H.F. Robertson?

ABSTRACT

In the Tyrrhenian Sea (Western Mediterranean), unusual reddish, soft to lithified, dolomitic sediments up to 45 m
thick overlie igneous crust at the base of thick Pliocene-Quaternary deep-sea sediment successions in the Marsili (Site
650) and Vavilov (Site 651) basins. These sediments also overlie the Gortani Ridge, a basaltic seamount near the base of
the Sardinian continental margin (Site 655). At both basinal sites (650, 651), the lowest sediments are dolomitic, with
manganese oxide (MnO) segregations. Whole-rock X-ray diffraction indicates abundant dolomite and quartz, with sub-
ordinate calcite, illite (authigenic), feldspar and minor kaolinite, chlorite, and anhydrite. Chemical analyses show
strong enrichment in magnesium oxide (MgO) and MnO relative to shale or deep-sea clay. Mg and Mn correlate posi-
tively and exhibit decreasing concentrations up the succession in the Marsili Basin (Site 650).

The following scenario is proposed: peridotites were exposed on the seafloor in the Vavilov Basin (Site 651) and then
eroded, depositing talc in local fine-grained dolomitic sediments within the igneous basement. After local magmatism
ended, the igneous basement at each site subsided rapidly (about 800 m/m.y.) and was blanketed with calcareous and
clay-rich oozes. During early diagenesis (from isotopic evidence; McKenzie et al., this volume) tepid fluids, of modified
seawater composition, reacted with and dolomitized the overlying deep-sea sediments. At Site 651 additional Mg may
have been extracted from asthenosphere peridotite cored at shallow depths (about 100 m). One can hypothesize that flu-
ids rich in Mg and Mn were flushed from the igneous basement, triggered by extensional faulting and local tilting dur-
ing subsidence of the basement, and that these fluids then dolomitized the base of the overlying sediment succession.
Late tectonic movements in the Vavilov Basin (Site 651) fractured already lithified dolomitic sediments and more reduc-

ing (? hydrothermal) fluids locally remobilized Fe and Mn and corroded dolomite crystals.

INTRODUCTION

One of the more significant discoveries of Leg 107 in the Tyr-
rhenian Sea (western Mediterranean) was the existence of brightly
colored dolomitic, manganiferous, and ferruginous sediments
directly overlying the igneous basement at three sites: (1) in the
Marsili Basin (Site 650), (2) in the Vavilov Basin, and (3) on the
Gortani Ridge, a seamount near the Sardinian continental mar-
gin (Site 655; Fig. 1). Similar dolomites were cored in the Tyr-
rhenian Sea in the Vavilov Basin during DSDP Leg 42 at Hole
373A. These were stratigraphically intercalated with basalt brec-
cia and soft nannofossil ooze (Bernoulli et al., 1978). A possi-
bility considered by the Leg 107 shipboard sedimentologists was
that these sediments had precipitated from seawater, similar to
the hydrothermal metalliferous oxide-sediments of modern and
ancient spreading ridges (Rona et al., 1983; Rona, 1984) and
ophiolites (Robertson and Boyle, 1983). However, mineralogical
and chemical analyses, combined with isotopic data (McKenzie
et al., this volume), now show that these unusual sediments in-
stead were formed by low-temperature alteration of clay-rich
and calcareous deep-sea sediments and are not primary seafloor
chemical precipitates. This study details the occurrence and chemi-
cal composition of these sediments, in relation to comparable
modern and ancient metalliferous deposits, and proposes a dia-
genetic model for their genesis.

GEOLOGICAL SETTING

The tectonic setting investigated by Leg 107 involves retro-
arc or backarc rifting above a subduction zone to form a trian-

! Kastens, K. A., Mascle, J., Auroux, C., et al., 1990. Proc. ODP, Sci. Re-
sults, 107: College Station, TX (Ocean Drilling Program).

2 Department of Geology, University of Edinburgh, West Mains Road, Edin-
burgh, EH9 3JW, United Kingdom.

gular-shaped small ocean basin largely bordered by continental
crust. The locations of Site 650 in the Marsili Basin, Site 651 in
the Vavilov Basin, and Site 655 on the Gortani Ridge are illus-
trated in Figure 1. Scientists believe that both basins formed in
Pliocene time above a northwestward-dipping subduction zone,
while the Gortani Ridge forms a basaltic seamount located near
the base of the Sardinian margin. During backarc spreading,
the Italian mainland rifted away from Sardinia and Corsica in
late Miocene time, followed by the genesis of oceanic crust in
the Marsili and Vavilov basins during the Pliocene. Arguments
based on paleontological and paleomagnetic data suggest the
Marsili Basin is upper Pliocene (about 2 Ma), while the Vavilov
Basin to the north is apparently significantly older (?3.4-3.6
Ma) (Kastens, Mascle, Auroux, et al., 1987).

The igneous basement (Fig. 2) of the Marsili Basin (Site 650)
comprises highly altered basaltic pillow lava (Beccaluva et al.,
this volume). Moderately to locally intense vesicularity points to
high volatile-content magmas, consistent with eruption above a
subduction zone in shallow water, well under 2,500 m (Jones,
1969; Dick, 1980), followed by rapid subsidence (estimated rate,
800 m/m.y.). In the Vavilov Basin (Site 651), below 78 m of ba-
salt flows, various lithologies were cored, including basalt, dol-
eritic sills, leucocratic intrusive rocks, metasediments, metado-
lerites, peridotite, and minor interbedded dolomitic fine-grained
sediment (Fig. 2). The peridotite is interpreted as possible primary
mantle asthenosphere that protruded to high structural levels near
the continent-ocean boundary (Kastens, Mascle, Auroux, et al.,
1987; Bonatti and Sayler, this volume).

Yellowish-brown fine-grained sediments also overlie basalt
on the crest of the Gortani Ridge, a basaltic seamount at Sites
655A and 655B near the base of the Sardinian continental mar-
gin. Distinct yellowish and orangish staining persists 20 m into
the overlying nannofossil ooze succession there (Fig. 2).

All three sites are blanketed by thick successions of Pliocene
and Quaternary, deep-water pelagic, volcanogenic, and terrige-
nous sediments mainly deposited from suspension and by grav-
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Figure 1. Bathymetric map of the Tyrrhenian Sea showing the locations of Site 650 in the Marsili Basin and Site 651 in the Vavilov Basin.
Dolomitic sediments were also cored above the igneous basement at DSDP Site 373 (Leg 42A).

ity (Fig. 2). At the basinal sites (650, 651), thin-bedded volcani-
clastic turbidites first appear near the basaltic basement.

ANALYTICAL PROCEDURES

Thirteen representative samples of the metalliferous sediments were
subjected to whole-rock X-ray diffraction (CuK « radiation; Table 1). In
addition, 34 samples of metalliferous sediments from within and above
the igneous basement were selected for major- and trace-element chemi-
cal analysis using a Philips PW 1450 X-ray fluorescence spectrometer
(Tables 2, 3, and 4). The major-element analysis was conducted using
fused disks made with Johnson-Matthey Spectroflux 105. The calibra-
tions used USGS and CRPG rock standards, with correction for sec-
ondary absorption. The trace elements were analyzed using pressed
powder disks. Absorptions were corrected using coefficients calculated
from the major-element composition. Calibrations used a wide range of
international rock standards, with corrections for inter-element interfer-
ence effects using spiked synthetic glass standards.

DOLOMITIC SEDIMENTS OF THE MARSILI
BASIN: SITE 650

Core Descriptions

The uppermost igneous basement rocks consist of vesicular
basalt (vesicles up to 5 mm in diameter). The stratigraphically
highest igneous rocks make up a 9-cm-thick crust of basaltic
glass that is directly overlain by greenish noncalcareous bur-
rowed mudstone (lava-sediment contact in Sample 107-650A-
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66R-2, 60 cm). Above this, the basal metalliferous-looking sedi-
ments comprise homogeneous, burrowed, yellowish-brown to
dark brown, reddish or orange, fine-grained, dolomitic sedi-
ments (Fig. 2). An oblique oxidation-reduction front runs diag-
onally through the basal 8 cm of the sediment above the basalt,
which is reflected in a low MnO content of the sediment overly-
ing the basalt. Similar, poorly laminated to massive, horizon-
tally bedded, often slumped, dolomitic sediments predominate
above, tending to become paler up succession (e.g., 107-650R-1,
0-118 cm). Small greenish reduced zones appear (e.g., 107-
650A-65, CC, 36 cm) and become more numerous upward, with
occurrences of local, up to 2.6-cm-thick, pronounced greenish
reduced bands (e.g., 107-650R-65-2, 110-112 c¢m) that cut pri-
mary depositional lamination. Scattered pelagic foraminifer shells
are visible up the succession and burrowing increases, followed
by the appearance of the first coarser-grained sediment (107-
650A-65R-1, 38-40 cm), represented by a graded siltstone with
parallel lamination. Above this, clay-rich nannofossil oozes are
grayish, with occasional dark ?sulfide, and/or organic-rich lay-
ers, but with no visually detectable metal oxide.

Smear Slide Data

The stratigraphically lowest sample examined from just above
the lava-sediment contact (107-650A-66-1, 110 cm) is composed
of mainly clay and dolomite, with subordinate authigenic feld-
spar and traces of poorly preserved (possible) nannofossils.
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Figure 2. Simplified sedimentary logs of the Tyrrhenian Sea sites drilled during Leg 107. Metalliferous sediments were cored only at Sites 650, 651,

and 655.

Slightly higher up (107-650A-66R-1, 55 cm), a sample is made
up of mainly dolomite, with abundant authigenic feldspar and
subordinate volcanic glass and clay minerals. Above this, in
Core 107-650A-65R (107-650A-65R-2, 16, 39, and 111 cm),
smear slides contain mainly clay, nannofossils, planktonic fora-
minifers, rare sponge spicules, bioclasts, micrite, and carbonate
spar cement. Dolomite remains are sporadically abundant up to
Core 107-650A-64R (107-650A-64R-2, 37cm), about 22.5 m
above the igneous basement.

X-Ray Diffraction

Whole rock X-ray diffraction of the basal sediments (Table
1) reveals abundant dolomite and quartz, with subordinate illite
and trace abundances of feldspar, chlorite, kaolinite, and mixed-
layer clays.

Geochemistry

Ten samples of the basal orange and brownish metalliferous-
looking, loose to weakly lithified sediments were analyzed for
major and trace elements. All the samples are rich in SiO,,
Al,O; and K,O, reflecting the abundance of quartz and clay
minerals identified by X-ray diffraction and smear slide analysis
(Table 2). TiO, values show no systematic variation and little ev-
idence of detrital influx from the underlying volcanic basement
(composed of low titanium-type basalts; Beccaluva et al., this
volume). CaO values reflect dolomite and minor calcite abun-
dances. Values range from 10.3% to 21.7% in the lower part of
the interval analyzed, where dolomite is most abundant, in-

creasing to 22.06% to 29.30% higher in the succession, where
calcite increases. Fe,0; values are highest in the basal sediments
(10.64%) and decrease generally up the succession to 6.27% .
MnO values are low in the greenish reduced-looking basal sedi-
ment (0.66%), rising just above this to a maximum of 1.35%,
with values then decreasing upward to 0.35%. MnO values are
well above those of average shale or deep-sea clay (Turekian and
Wedepohl, 1961). MgO values are enriched in the basal sedi-
ments (7.49%), peak just above the basal sediments (12.15%)
and then wane to the general levels of the Tyrrhenian Sea sedi-
ments and deep-sea clays (2.1%; Turekian and Wedehpohl, 1961;
Fig 3). P,O; values show no systematic variation. The average
Fe/Mn ratio of 0.47 contrasts with the Fe/Mn ratios of average
shale (0.005) and deep-sea clay (0.097) (Turekian and Wedepohl,
1961). Magnesium and manganese exhibit a marked positive cor-
relation (Fig. 3), but magnesium and iron vary independently.

All the trace-element values occur in the range of deep-sea
clays and exhibit no marked enrichment or major change in
abundances through the succession (Table 2). The absence of a
correlation between vanadium and iron is unusual, but perhaps
may reflect the narrow range of Fe,0, values (5.65%-10.64%).
Barium often correlates with MnO, but again not in this case.
However, strontium values do correspond to calcite and dolo-
mite abundances, as predicted.

Interpretation

These sediments originally accumulated as clay-rich and cal-
careous deep-sea sediments without detectable influx from the
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Table 1. Results' of whole-rock X-ray diffraction of basal dolomitic and Fe-Mn sediments from the Tyr-

rhenian Sea (Sites 650, 651, and 655).

Core, section, Major Minor Trace
interval (cm) element element element
112-652A-19R-5, 76-78 Cal. Quz.I1l. Hal.Chl.Goe.Dol.Feld.Kao.Smect.
Whole Rock
19R-6, 126-127 Cal. Qtz. 111.Hal.Chl.Feld.
Grey Cal, Qtz.Ill.
Brown Cal. Qtz.Ill.Hal.
20R-3, 143-145 Cal. Qiz. Goe.Hal.Ill.Feld.
Whole Rock
20R-6, 75-76 Qtz.Dol.Cal. I11.Cal. Feld.Goe.
Grey Quz.Cal. Dol.I11.Chl. Feld.Smect,
Brown/Green  Goe, Qtz. Hal.Ill.Smect.
55R-66, 8-10 Qtz.Dol. Chl.IlL. Feld.Hal.Kaol.
58R-3, 63-66 Qtz.Dol. ChLIN, Feld. Hal.Kaol.Smect.
Whole Rock
59R-1, 130-132 Qtz.Dol.Feld.  Chl.IIL. Hem.Hal.Kaol. Anhyd.(mixed layer)
Grey Qtz.Dol. Chl.Ill. Kaol.Feld. Anhyd.
Red Quz.Dol. Anhyd.Hem. Kaol.Chl.Feld.
59R-1, 136-138 Qtz. Dol.ChLIll.  Feld.Kaol.Hal.
Whole Rock
112-653A-27R-4, 26-28 Qtz.Hem. Goe.Gyp. 111.Chl.Feld.Kaol.
Red Qtz.Hem. Chl. 111.Feld.Kaol.
White Gyp. Qtz.
28-1, 40-42 Qtz.Gyp. Feld.111. Chl.Kaol.
Whole Rock
112-654A-26R-5, 55-60 Cal. Qtz. Feld.lll.Dol,Goe.Hal.
Brown Cal. Qtz. Goe.l1l.Dol.Hal.
White Cal. Qtz. Hal.Kaol.Dol.IIl
28R-3, 37-40 Cal.Qtz.Dol.  II.ChlL Gyp.Kaol. Feld.
112-656A-4R-6, 54-57 Dol.Qtz. I1l.Kaol. Anhyd.Hem.
6R-4, 74-78 Qz. Dol.Cal.Hem. Goe.Kaol.Chl.Feld.Hal.Ill.
Whole Rock
9R-2, 138-139 Qiz. Dol.Hem.Goe. [ll.Kaol.Chl.Feld
Red Qtz. Dol.Hem.Goe. Feld.Kaol.Chl.Ill.
Grey Qtz.Dol ChLII. Smect.
Whole Rock
9R-3, 71-79 Qtz. Dol.Hem.Goe. Chl.Kaol.Ill.Feld.
Grey Dol.Qtz. 111 Anhyd.Chl.
White ChlL.Qtz.
Red Qtz.Dol.Hem. Goe. Kaol.lll.Feld.Smect.
Hard bits
9R-6, 105-107 White Qtz.Dol.Mag. Kaol.

MNote: Anhyd. = Anhydrite, Cal. = Calcite, Chl. = Chlorite, Dol. = Dolomite, Feld. = Feldspar, Goe. = Goethite,
Gyp. = Gypsum, Hal. = Halite, Hem. = Hematite, Ill. = lllite, Kaol. = Kaolonite, Mag. = Magnesite, Smect.

= Smectite and mixed layer clay, Qtz. = Quartz.
1 Analyst, G. R. Angell.

underlying volcanic basement. Zirconium and rubidium con-
tents suggest a compositionally constant influx from a terrige-
nous source. Slight enrichment in chromium relative to deep-sea
clays (Turekian and Wedepohl, 1961) might reflect a fine-grained
volcanogenic (ash) influx into the basin, as is also indicated by
the smear slide analyses. Elements that are frequently enriched
in hydrothermal sediments in the modern oceans (e.g., copper,
zine, nickel, and lead; e.g., Bostrom and Peterson, 1969; Rona,
1984) indicate values typical of deep-sea clays that have no en-
richment. The Marsili Basin sediments are compositionally dis-
similar, and a primary chemical precipitation origin is thus most
unlikely.

Optical petrography and electron microscopy indicate that
the dolomite is composed of well-crystallized rhombs (5-20 pm
in size) (Kastens, Mascle, Auroux, et al., 1987). X-ray diffrac-
tion further indicates that the dolomite is mainly stoichiomet-
ric, or enriched in calcium, relative to magnesium ions, as noted
in the Vavilov Basin from DSDP Hole 373A (Bernoulli et al.,
1978). Oxygen-isotopic equilibrium temperatures for the dolo-
mite range from 14.0 to 45.4°C (McKenzie et al., this volume).
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BASAL AND INTRABASEMENT SEDIMENTS OF
VAVILOV BASIN: SITE 651

Core Description

Altered, fine-grained carbonate sediment intercalated with
the igneous basement (107-651-50R, 40-68 cm; Fig. 2) is com-
posed of yellowish-brown to dark brown, fine-grained dolomite
containing black specks and streaks, which decreases in abun-
dance up the succession. Brecciated clasts of chilled basalt and
dolomite alternate stratigraphically above this sediment (Sec-
tions 107-651A-42R-1 and -42R-2). The sedimentary rock clasts
are composed of pale pink to light reddish-brown dolomitic
breccia. Similar sediment is found within cracks in the chilled
margins of glassy basalt, indicating that lava and fine-grained
sediments originally were closely interbedded.

Unlike Site 651, the depositional contact with the overlying
sediments was not cored; above the last basalt fragment recov-
ered, the succession is made up of alternations of poorly lithi-
fied, fine-grained dolomite that is varicolored (olive brown, yel-
lowish brown), poorly lithified to moderately well lithified, with
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Table 2. Resulis of major- and trace-element analysis of the metalliferous and dolomitic sediments from the Marsili Basin, Site 650.

Core, section,

interval (cm) 5i0;  ALO; FepO3 MgO  CaO  Nay0O K0 TiO; MnO P05 Total  LOI ¥ Ba Sc La Nd Ce Cr Ni Cu Zn Pb Th Rb Sr Y Zr Nb
112-650A-63R-4, 53 43.26 15.09 6.27 .09 2594 1.49 2.49 0.66 0.58 0.16 99.03 21.1 139 202 14 26 30 69 100 53 32 9 35 6 115 912 25 118 14
65R-1, 118 44,73 15.51 7.51 295 23.35 1.40 2.52 0.71 0.35 0.14 99.21  20.1 178 247 11 36 32 75 108 50 44 95 19 10 118 682 23 143 15
66R-1, 9 42,13 1502 5.65 266 2930 1.55 220 0.63 0.33 0.14 9966 225 136 199 9 3 29 72 102 55 40 107 35 6 114 B49 24 113 14
66R-1, 29 41,83 13.83 9.19 7.21  22.06 1.27 241 0.6] 0.72 0.19 9936 223 143 235 13 24 24 63 97 71 28 100 32 8 119 395 24 120 13
66R-1, 50 46.71 15.34 7.47 8.07 1597 1.40 279 0.66 0.83 0.14 9942 195 146 216 20 35 25 62 121 107 29 95 22 9 114 145 19 126 13
66R-1, 70 48.85  16.09 7.49 7.94  12.87 1.61 299  0.66 0.81 0.14 9950 179 148 253 17 43 23 T4 106 8 25 105 36 14 124 167 25 138 18
66R-1, 84 4364 13.69 7.29 1060 17.99 1.34 250 0.61 1.27 0.13 9910 225 157 240 16 36 31 B2 112 83 27 108 33 12 130 246 26 134 16
66R-1, 113 42.62 13.40 7.92 10.76 18.41 1.41 2.23 0.60 1.31 0.13 98.84 234 127 216 12 38 24 62 95 B 24 102 42 11 115 181 26 133 15
66R-2, 7 39.60 12.42 7.86 12.15 21.74 1.19 2.28 0.57 1.35 0.13 99.33 253 106 188 12 30 30 356 87 79 19 94 i3 11 105 180 22 126 12
66R-2, 28 48.67 15.93 10.64 7.48 10.34 1.54 3.08 0.70 0.66 0.16 99.24 163
MNote: For details of analytical procedure see the text. Major elements are in weight percent (wt%) of oxide, and trace elements in parts per million (ppm). LOl = loss on ignition (analysts: D. James and G. R. Angell).
Table 3. Results of major- and trace-element analysis of basal and intra-igneous basement metalliferous sediments from the Vavilov Basin, Site 651.
Core, section,
interval (cm) S5i0;  AlLO;  Fe;0; MgO  Ca0  NayO K0 TiO; MnO P05 Total LOI v Ba S¢ La Nd Ce Cr Ni  Cu Zn Pb Th Rb Sr Y Zr Nb
112-651A-
38R-5, 31 42.58 14.00 5.46 14.23 17.24 1.26 2.42 0.62 0.69 0.11 98.66 24.1 114 285 18 34 36 76 91 68 95 97 38 14 114 114 25 126 15
38R-5, 68 27.69 9.90 499 2245 3112 076 141 041 0.50 011 99.39 336 94 160 6 28 26 51 73 50 §56 69 26 8 79 127 20 81 10
39R-1, 89 33.19 12.28 5.05 9.08 25.31 0.95 1.86 0.52 1.05 0.16 99.42 299 128 536 14 38 31 73 89 76 118 103 74 11 97 124 24 94 12
39R-1, 44 40.60 14.58 10.59 12.61 15.99 1.22 2.45 0.64 0.26 0.22 99.21 228 185 222 15 45 26 80 115 78 90 115 40 13 116 118 25 128 15
39R-4, 11 41.14 13,69 5.23 1511 19.57 1.21 221 064 059 0.13 99.56 25.6 119 245 14 44 29 83 89 65 52 94 52 13 105 128 24 137 16
40R-2, 80 3636 12.36 4.45 18.07 22.74 1.30 1.60  0.50 1.86 0.11 9940 285 108 322 11 33 26 47 63 137 60 88 22 20 76 140 29 111 10
40R-3, 84 38.00 13.22 5.14 16.04 20.19 1.13 1.98 0.57 0.96 0.12 97.39  26.6 120 251 13 33 23 62 81 70 47 88 31 9 103 115 24 110 12
41R-1, 116  46.28 15.18 6.37 11.49  14.95 1.33 2.1 0.68 0.21 0.16 99.40 20.8 140 245 15 32 30 66 116 62 36 105 29 13 126 127 25 129 16
41R-3, 110 34.53 11.94 4.24 19.40  25.43 1.05 1.76 0.51 0.29 0.15 99.35  30.1 108 179 11 24 28 52 86 55 35 82 37 10 97 114 23 97 12
41R-5, 109  51.10 15.58 7.70 8.19 8.60 2.10 3.31 0.71 1.14 0.19 98.64 148 184 500 10 28 18 66 108 63 27 4048 83 8 89 195 15 88 10
S0R-1, 138 43.33 12.07 517 17.37 16.84 1.17 1.96 0.48 0.14 0.10 98.66 25.3 109 140 14 29 24 60 167 198 51 9% 31 10 96 93 23 95 12
50R-1, 165  42.12 1232 533 1639 1871 1.17 .72 0.55 0.37 0.13 98.85 254 100 432 14 28 29 66 100 119 44 83 46 10 89 120 23 113 13
Note: Major elements are in weight percent (wi™) oxide, and trace elements are in parts per million (ppm). LOI los on ignition. For details of the analytical procedure see the text (analysts: D. James and G. R. Angell).
Table 4. Results of major- and trace-element analysis of basal sediments overlying the Gortani Ridge at Site 655.
Core, section,
interval (cm) Si0;  ALO;  Fey03 MgO  CaO  NayO K0 TiO; MnO P05 Total  LOI ¥ Ba Se¢ La Nd Ce Cr Ni Cu Zn Pb Th Rb Sr Y Zr  Nb
112-655A-6R-3, 81 429 13.7 5.7 263 298 1.71 1.90 059  0.14 0.13 9941 229 97 251 95 25 31 60 75 56 21 74 38 9 1 932 25 126 14
8R-2, 37 3574 1295 11.98 2.88 3114 1.81 0.94 0.55 0.43 0.30 98.76 25.0 89 129 — 36 34 69 76 114 48 95 32 6 81 872 26 125 11
8R-4, 66 50.87  15.70 9.00 401 13.09 2.8 299 071 0.15 0.10 9947 148 128 279 13 18 19 52 62 72 78 9% 14 11 102 486 19 142 11
9R-4, 2 30.05  10.47 4.63 3,14 48.06 1.17 0.67 048 062 0.16 99.49 30.7 100 211 — 13 26 47 69 59 39 68 46 2 77 1352 20 8 11
9R-6, 149 24.49 8.89 3.43 4.23 55.77 0.98 0.47 0.38 0.56 0.10 99.34 1334 67 173 —_ 28 40 50 57 50 58 37 1 64 1275 20 62 8
9R-CC, 16 17.73 6.69 312 2547 4426 0.67 037 030 045 0.11  99.21 389 77100 — 15 28 44 38 6 29 58 60 5 46 265 16 52 7

Mote: Major elements are in weight percent (wt%), and trace elements are in parts per million (ppm) (analysts: D, James and G. R. Angell).
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Figure 3. Variation plot of MnO vs. MgO for basal sediments at Site 650
in the Marsili Basin.

scattered dark gray diffused specks up to several millimeters in
size. Several millimeter-thick layers of greenish and grayish feld-
spathized tuff can also be seen. Up the succession, the dolomite
is moderately burrowed and varies in color from light reddish to
pinkish, grayish, yellowish, reddish, brownish, and orange (PI.
1,1 Figs. 1-3). Many burrows exhibit concentrations of black
MnO and orange limonite. Manganese dendrites are common at
this level (Sample 107-651A-40R-1, 140 ¢cm), and a 3-cm-thick
layer of crudely laminated crystalline MnO (Sample 107-651A-
40R-1, 62-65 cm) also occurs. Shipboard visual data suggested
that dolomitization may have been complex, possibly involving
successive events.

The first detectable thin turbiditic silt appears above this
(Sample 107-651A-40R-1, 102-103 cm), and the background do-
lomitic sediments show extensive, but patchy, diagenetic bleach-
ing that frequently follows hairline cracks. The succession in
this upper interval is less lithified and varies from red to yellow
to pink (Sample 107-651A-38R-4, 15-20 cm), with sporadic black
manganese-rich segregations less than 5 mm in size. Toward the
top of this bright interval, colors are more subdued, i.e., green-
ish, grayish, and light yellowish-brown, with tiny black (mm-
sized), manganese-rich segregations (e.g., Section 107-651A-38R-
2; PL. 1, Fig. 4). Lithified turbiditic ash layers are numerous,
while the fine-grained sediment in the background remains spo-
radically dolomitic until 45 m above the basaltic basement,
where nannofossil ooze and calcareous claystone are apparently
unaltered. The nannofossil sediments above are more porous
and less dense (Kastens, Mascle, Auroux, et al., 1987).

Smear Slide Data

The interlava sediment (Sample 107-651-50R-1, 40-68 cm) is
composed of dolomite with traces of authigenic feldspar. The
basal sediment above the recovered basalt is made up of mostly
dolomite rhombohedra (2-20 um in size), with minor clay min-
erals, altered volcanic glass, and black opaque metalliferous ox-
ide grains (Samples 107-651A-41R-2, 97 c¢cm; -41R-2, 97 c¢cm; -
41R-3, 48 cm; -41R-5, 68 cm). One other smear slide (107-651A-
41R-3, 47 cm) is made up of mainly authigenic feldspar and
altered volcanic glass, with subordinate quartz, clay minerals,
dolomite, micrite, and accessory minerals. Many of the individ-
ual dolomite rhombs are not euhedral and may have been cor-
roded during diagenesis. Preserved nannofossils and planktonic
foraminifers are absent from the dolomitized interval.

X-Ray Diffraction

Whole-rock X-ray diffraction (Table 1) indicates that the in-
terlava sediment (Core 107-651A-50R) is composed of dolomite
and quartz, with minor talc and illite and trace quantities of
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chlorite, feldspar, and kaolinite. The basal sediments above the
igneous crust (Core 107-651A-41R) contain dolomite and quartz,
with minor illite and traces of chlorite, anhydrite, and kaolinite.
White and brown patches (diagenetic segregations) within one
sample were examined separately. A brown patch contains quartz,
dolomite, and feldspar, with traces of anhydrite, illite, and chlo-
rite, while a white patch is composed of dolomite and quartz,
with only minor illite and traces of feldspar and kaolinite. The
brown patch apparently contains more abundant quartz, feld-
spar, and anhydrite than the white patch, but less detectable il-
lite. Higher in the succession, dolomite and quartz dominate,
followed by dolomite with subordinate illite and minor feldspar,
chlorite, kaolinite, and mixed-layers clays (Table 1).

Chemistry

Twelve samples of metalliferous-looking sediments were ana-
lyzed from up to 40 m above the igneous basement (Section 107-
651A-39-41R; Table 3) as well as two samples of fine-grained
dolomitic sediment from within the igneous basement (Core
107-651A-50R).

The major-element composition of the interlava sediments
(Core 107-651-50R) lies within the range of values exhibited by
the supra-lava sediments analyzed, with the exception of man-
ganese, which is much lower (0.41%-0.13%). Taken together,
the supra-lava sediments are rich in SiO,, Al,O; and K,O, re-
flecting a dominantly terrigenous source (Table 3). TiO, values
exhibit little systematic variation and do not suggest any influx
from the igneous basement. CaO values show no systematic var-
iation up the succession. Apparently, Fe,O; varies randomly,
reaching 10.59% in Core 107-651A-39R, about 34 m above the
igneous basement. MgO values are greatly enriched, relative to
deep-sea clays (Turekian and Wedepohl, 1961) and range from
8.19% to 22.45% . Manganese values are lowest in the sediments
within the igneous basement (0.14% and 0.32%), followed by
high values in the basal supra-lava sediments (1.14%). Above
this, values vary randomly from 0.21% to 1.86%.

The fine-grained dolomitic sedimentary rocks within the ig-
neous basement are enriched in chromium and nickel, corre-
sponding to the occurrence of the talc that was identified by X-
ray diffraction. Above the igneous basement, values of all the
analyzed elements are within the range of deep-sea clay (Ture-
kian and Wedepohl, 1961).

Interpretation

Before alteration, the basal sediment was calcareous and
clay-rich nannofossil ooze, interbedded with mainly volcani-
clastic and terrigenous silt turbidites higher in the succession.
Apparently, ultramafic rocks were exposed on the seafloor lo-
cally, possibly resulting in erosion and accumulation of talc in
deep-sea sediments that were later covered by basalt flows.

The sediments above the igneous basement were strongly al-
tered during diagenesis, with segregation into darker MnO-rich
zones; brownish quartz-dolomite-feldspar-limonite-rich zones;
and pale dolomite-quartz-rich zones. Earlier studies indicated
that the mineralogy of the Pliocene successions in the Tyrrhe-
nian Sea (Site 132, Leg 13; 37, Leg 42) remained constant dur-
ing Pliocene time (Zemmels and Cook, 1973; Nesteroff, 1973;
Chamley et al., 1978; Melieres et al., 1978) and was composed of
mainly quartz, feldspar, illite, smectite, attapulgite, kaolinite,
chlorite, and traces of mixed-layer clays. The sharply contrast-
ing mineralogy between adjacent mottled zones points to diage-
netic modifications of clay, which merits further study.

X-ray studies (McKenzie et al., this volume) show that un-
usually magnesium-rich dolomite occurs in two discrete inter-
vals: (1) as brightly colored sediments associated with the upper
dolerite unit and (2) directly overlying the upper basaltic unit.
According to shipboard pore-water data, the basal 40 m of the
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succession is concentrated in magnesium, relative to calcium
ions (up to 40%) (Kastens, Mascle, Auroux, et al., 1987). This
excess magnesium may have derived from ultramafic rocks, as
cored at this site. Oxygen-isotopic data further indicate precipi-
tation of the magnesium-rich dolomite from fluids at 44.5°C,
compared with an estimated in-sifu temperature of 66.0° +
3.6°C (Kastens, Mascle, Auroux, et al.,1987).

Structures within the cores indicate a complex tectonic and
diagenetic history. Primary bedding dips up to 30° because of
post-depositional tectonic tilting. A prominent Neptunian fis-
sure (Sample 107-651-38R-1, 32-43 c¢m) resulted from dewater-
ing while the sediment was still soft, possibly triggered by tec-
tonic tilting. Later, the lithified dolomites were fractured by fur-
ther tectonic activity. Warm (about 45°C) “hydrotepid” fluids
may have migrated along cracks at this stage, reducing and
bleaching the adjacent dolomitic sediment, locally mobilizing
iron and manganese, and corroding the dolomite rhombs.

UPPER PLIOCENE SEDIMENTS OVERLYING THE
GORTANI SEAMOUNT: SITE 655

During Leg 107, the Gortani Ridge (a seamount near the
base of the Sardinian margin) was found to comprise pillow ba-
salt of high-titanium (within-plate type; Beccaluva et al., this
volume). Dark, yellow brown, fine-grained sediments directly
overlie aphanitic basalt with glassy chilled margins. Anomalous
metalliferous-looking sediments persist about 20 m up the suc-
cession before passing into unaltered nannofossil ooze.

Mineralogy

Shipboard smear slide analysis of the basal sediment re-
vealed dolomitic mudstone with nannofossils, planktonic fora-
minifers, traces of opaque minerals and volcanic glass. Two
samples from higher in the succession (Core 107-655A-8R) are
composed of less abundant dolomite, calcareous nannofossils,
quartz, feldspar, clay, micrite, volcanic glass, zeolite, opaque

oxide, and traces of sponge spicules, silicoflagellates, pellets, in-
traclasts, and calcite spar. Sediment from the top of the altered
zone (Core 107-655A-8R) is clay-rich nannofossil ooze, with
small amounts of quartz, feldspar, mica, calcite, micrite, and
bioclasts.

X-ray diffraction of the basal samples (Table 1) reveals abun-
dant calcite, subordinate quartz, and minor dolomite, illite, ka-
olinite, chlorite, and halite. The sample higher in the succession
(Core 107-655A-6R) contains calcite and quartz, with subordi-
nate feldspar, minor illite, kaolinite, chlorite, dolomite, and ha-
lite. The uppermost sample analyzed (Core 107-655A-5R) com-
prises calcite and quartz, with subordinate kaolinite and chlorite
and minor illite, feldspar, dolomite, and halite.

Geochemistry

The major-element data (Table 4) show that the basal sedi-
ments are greatly enriched in MgO, in keeping with the smear
slide data. Values of the mainly lithogenous elements (silicon,
aluminum, potassium, and titanium) increase up the succession.
Fe,0; values are similar to average shale, while those of MnO
are low, approximately the levels in deep-sea clay (Turekian and
‘Wedepohl, 1961).

The trace-element values all lie in the compositional range of
average (calcareous) shale, with the exception of lead, which is
slightly enriched to 96 ppm (c.f., 20 ppm in average shale).

Interpretation

Local dolomite formation in the basal sediment is attributed
to low-temperature diagenetic alteration of pelagic sediment in
contact with basalt. The calculated oxygen-isotopic equilibrium
temperature is 14°C (McKenzie et al., this volume), comparable
to the 13.2°C bottom-water temperature measured in-sifu at
Hole 655A (Kastens, Mascle, Auroux, et al., 1987). The upward
increase in values of aluminum, titanium, magnesium, and po-
tassium may reflect increased influx of terrigenous constituents,
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related to subsidence and sedimentation on the seamount after
volcanism ended.

COMPARISON OF DOLOMITIC SEDIMENTS
WITH FE-MN SEDIMENTS

Dolomitic, ferruginous, and manganiferous sediments, with
little or no enrichment of trace elements, characterize the sedi-
ments above the igneous basement at each of the three sites
cored in the Tyrrhenian Sea. Clasts of moderately lithified,
pink, dolomitic sediment also were recovered from just above
the basaltic basement at Hole 373A during Leg 42 (Bernoulli et
al., 1978). This dolomite is composed of euhedral to subhedral
crystals 5 to 20 um in size, together with a few silt-sized grains of
quartz, pyrite, feldspar, and reddish-brown iron oxides. Spherical
vugs are partly infilled with larger than average dolomite crys-
tals and are interpreted as cavities produced by dissolution of
planktonic foraminifers. X-ray diffraction revealed 79% dolo-
mite, 6% quartz and feldspar, and 15% clay minerals. This do-
lomite has a 5 mol% of excess calcium. Oxygen and carbon iso-
topic data suggest formation of the dolomite in normal deep
marine waters. At the Leg 107 sites, the extent and thickness of
the dolomitization and lithification is greatest in the Vavilov Ba-
sin (Site 651), intermediate in the Marsili Basin (Site 650), and
least on the basaltic seamount (Site 655). The Site 651 sediments
exhibit the most evidence of both early-stage (e.g., dewatering)
and later-stage tectonic disturbance (e.g., brecciation and tilting),
and also show more marked oxidation-reduction effects (e.g.,
bleaching, segregations of manganese and iron).

X-ray diffraction and the compositions of lithogenous con-
stituents (e.g., aluminum, zirconium) confirm a relatively con-
stant influx to all three sites. However, Site 651 (Vavilov Basin)
is richer in MnO and dolomite and is more lithified. In addi-
tion, Site 650 (Marsili Basin) is systematically enriched in K,O,
possibly reflecting influx from potassic volcanic rocks exposed
in the Roman province on the [talian mainland.

Another marked difference is that at Site 650 magnesium
and manganese correlate (Fig. 3), while at Sites 651 and 655,
these elements do not. Iron varies independently of manganese
and magnesium at each site.

DISCUSSION: GENESIS OF THE DOLOMITIC AND
FE-MN DEPOSITS

Hydrothermal Processes

In the modern oceans, three main classes of hydrothermal
sediments are known: sulfides (e.g., black smokers), silicates
(e.g., Galapagos mound deposits), and oxides (e.g., East Pacific
Rise crestal sediments). Primary oxide precipitates vary in compo-
sition from ferruginous to ferromanganiferous and manganifer-
ous. Iron and Fe-Mn oxide sediments form mainly by oxidation
of solutions and particles derived from ocean ridge sulfides
(smokers), while manganiferous oxides commonly precipitate
from lower temperature off-axis hydrothermal fluids (Bostrém
and Peterson, 1969; Scott et al., 1974; Corliss, et al., 1977; He-
kinian et al., 1983; Bonatti, 1983; Rona, 1984). Basal metallif-
erous sediments of hydrothermal origin from Southwest Pacific
marginal basins are apparently less enriched in manganese and
trace metals than their ocean ridge counterparts (Bonatti et al.,
1979).

In the Mesozoic Tethys ocean, oxide sediments of varying
composition accumulated in tectonic settings ranging from the
Fe-Mn umbers of the Late Cretaceous Cyprus and Oman ophio-
lites, to more manganese-rich oxide sediments associated with
late Triassic and Jurassic rift and continental margin settings
(e.g., Antalya, southwestern Turkey) (Robertson and Boyle, 1983;
Robertson and Fleet, 1986). The ophiolite-related oxide sedi-
ments exhibit field sedimentological evidence (e.g., fine parallel
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and micro-cross lamination, load-structures, grading) that con-
firms a primary depositional origin as chemical precipitates. In
general, a primary precipitation origin is inferred for most mod-
ern and ancient oceanic metalliferous oxide sediment (e.g., East
Pacific Rise crestal sediments; basal sediments drilled by DSDP
in the Pacific ocean; see Rona et al., 1983).

The oceanic and ophiolite-related hydrothermal oxide sedi-
ments are relatively, but variably, enriched in iron, manganese,
and trace metals (e.g., copper, nickel, lead, vanadium), but de-
pleted in lithogenous constituents (e.g., aluminum, magnesium,
potassium, zirconium; Fig. 4). However, not all the ophiolite-re-
lated hydrothermal metalliferous sediments are enriched in trace
elements; ferruginous oxide sediments from within the lavas of
the Arakapas transform fault of the Cretaceous Troodos ophio-
lite, for example, are depleted in lithogenous constituents (e.g.,
aluminum), but contain levels of trace metals (copper, zinc,
nickel) similar to deep-sea clay (Robertson and Boyle, 1983).

Relative to shale and deep-sea clay, the Tyrrhenian Sea basal
sediments are strongly enriched in manganese but show no marked
enrichments in iron or in trace elements, nor depletion in alumi-
num, as in typical hydrothermal sediments (Fig. 4).

Leaching of basalt in heated seawater with high water/rock
ratios causes extraction of magnesium to form smectite and chlo-
rite, while heavy metals (iron, manganese) are leached (Bischoff
and Dickson,1975; Mottl, 1983; Rosenbauer and Bischoff, 1983).
Hydrothermal sediments are depleted in magnesium, and this,
combined with the isotopic evidence (McKenzie et al., this vol-
ume), indicates that the Tyrrhenian Sea dolomites are unlikely
to be direct hydrothermal precipitates.

Seafloor Weathering of Basalt

Alternatively, the magnesium enrichment resulted from low-
temperature weathering of igneous crustal rocks. One can add
to the Tyrrhenian Sea dolomite examples an occurrence of well-
indurated dolomite cored above basalt at the Guadalupe site of
the Mohole in the Pacific (Riedel et al., 1961; Murata and Erd,
1964). [sotopic data suggest that this dolomite mainly formed in
equilibrium, with normal marine waters at an ambient water
temperature of about 5°C (Degens and Epstein, 1964). Other
examples of dolomitization of sediments associated with oce-
anic basalts are summarizd by Garrison (1981). In one specific
case, locally high magnesium contents in sediments overlying sea-
mounts in the Pacific Line Islands (Jenkyns and Hardy, 1975) re-
late to erosion of underlying high-titanium basalt, rather than
weathering. However, eroded basalt cannot be detected in the
Tyrrhenian Sea basal sediments.

During long-term in-situ alteration of basalt on, or beneath,
the seafloor (halmyrolysis), calcium and magnesium can be re-
leased (Hart, 1970), while studies of altered basalt and associ-
ated pelagic sediments (e.g., Pacific Lau Basin, Bertine, 1974)
indicate that copper, magnesium nickel, cobalt, calcium, so-
dium, and silicon are removed from basalt relative to alumi-
num, while titanium, chromium, potassium, iron, and manga-
nese are taken up.

During seafloor and/or sub-seafloor alteration (halmyroly-
sis), magnesium may have been selectively extracted from basalt
and mobilized into adjacent sediments. However, this effect is not
common, since most pelagic sediments overlying ocean crust and
ophiolites have not been dolomitized. How then was up to 45 m
of the pelagic sediment succession dolomitized in the Tyrrhe-
nian Sea? Large-scale upward mobilization of magnesium im-
plies extensive cool seawater circulation. Dolomitization is thick-
est and most advanced at Site 651 in the Vavilov Basin, where
peridotites were cored at shallow depths (about 100 mbsf). These
peridotites are interpreted as asthenosphere that protruded to
high crustal levels near the continent-ocean boundary, which
was also observed off the Atlantic Biscaye margin (Boillot et al.,



1980) and on Zagarbad Island in the Red Sea (Bonatti et al.,
1981). Cool seawater circulation through peridotite may have
supplied additional magnesium for the dolomitization of the
overlying sediments.

How was the inferred circulation driven? The oxygen-iso-
topic data suggest that dolomite precipitated from cool to tepid
seawater, and thus mainly before thick sediment accumulation
in a regionally high heat-flow area (85-162 m/W/m?; Rehault et
al., this volume) initiated markedly elevated interstitial-water
temperatures. However, at Site 651 the determined isotopic tem-
perature (44.5°C) is near the calculated present estimated inter-
stitial-water temperature (about 66°C), suggesting that hydro-
thermal dolomitization could now be occurring.

MODEL OF DOLOMITIZATION BY
SUB-SEAFLOOR “HYDROTEPID” CIRCULATION
A new model for the dolomitization is now outlined (Fig. 5)

that the author hopes will be tested by future research. The ba-
sis of this model is that cool to tepid seawater was pumped into
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Figure 5. Sketch illustrating the hypothesis of “hydrotepid” circulation
and dolomitization related to sub-seafloor alteration.
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the base of the sediment column during subsidence and defor-
mation of the igneous basement.

The suggested scenario follows: First, the basal sediments at
Site 651 were tilted as much as 30° (measured apparent dips) be-
fore deposition of the overlying deep-sea sediments, which are
nearly horizontal. At Site 650, tectonic instability is indicated
by slumping of the basal sediments. The highly vesicular nature
of Site 651 at Vavilov Basin and the Site 656 seamount lavas
point to shallow-water eruption (less than 2500 m), followed by
rapid subsidence (estimated rates = 800 m/m.y.). Rifting mi-
grated from Vavilov Basin to Marsili Basin during later Pliocene
time, as the subduction zone was relocated farther southeast
(Kastens, Mascle, Auroux, et al., 1987). Thus, rapid subsidence,
tilting, faulting, and deformation of the underlying oceanic base-
ment apparently took place during the initial period of overly-
ing sedimentation. Consequently, cool to tepid seawater (i.e.,
“hydrotepid solutions™), charged with magnesium derived from
long-term seawater interaction (halmyrolysis), was then expelled
upward and/or laterally, reacted with, and replaced the muddy
deep-sea carbonates above.

The manganese originally accumulated during genesis of the
igneous basement, either by hydrogenous (i.e., slow) background
accumulation from seawater and/or as a dispersed hydrother-
mal precipitate. During later sub-seafloor “hydrotepid™ circula-
tion, this manganese was dissolved and flushed from the igne-
ous basement under mildly reducing conditions and reprecipita-
ted within the base of the overlying, more oxidizing sediment
column.

Dolomitization and manganese enrichment thus was com-
plex and multistaged, and controlled by temperature, but also ap-
parently by permeability, compaction, vertical and lateral fluid
flow, Eh, and tectonic fracturing. In summary, dolomitization
and manganese enrichment are attributed to the pumping of
cool to tepid seawater out of the oceanic basement and related
to tectonic movements not long after initial deposition of over-
lying deep-sea sediments.

Apparently, fault movements in the Vavilov Basin (Site 651)
later fractured already lithified dolomite. By this stage, a thick
sediment cover had accumulated. Reflecting the regionally high
heat flow associated with young oceanic crust (presently 65-162
m/W/m?; Rehault et al., this volume), warmer fluids (about
45°C from isotopic data) continued to interact with the igneous
basement, and later-stage hydrothermal fluids then moved though
cracks in the dolomite, leaching iron and manganese, bleaching
the adjacent dolomite, patchily redistributing iron and manga-
nese, and altering clay minerals.

CONCLUSIONS

1. Basal dolomitic, iron and manganese sediments up to 45
m thick occur at the base of Pliocene deep-sea sediment succes-
sions in the Tyrrhenian Sea at two basinal sites (Marsili Basin,
Site 651; Vavilov Basin, Site 651) and on a basaltic seamount
(Gortani Ridge, near the base of the Sardinian margin, Holes
655A and 655B).

2. Interlava sediments in the Vavilov Basin (Site 651) contain
serpentinite (talc) and are enriched in chromium and nickel,
suggesting nearby exposure of ultramafic rocks. Asthenosphere
peridotite was cored at about 100 mbsf at this site.

3. After volcanism ended, the igneous basement was blan-
keted by fine-grained, clay-rich and calcareous deep-sea sedi-
ments that were compositionally similar to the overlying Plio-
cene cover. Relative potassium enrichment in the Vavilov Basin
sediments may reflect influx from the Roman volcanic province
on the Italian mainland.

4, After initial blanketing by deep-sea sediments, “hydrote-
pid” fluids enriched in magnesium reacted with and dolomit-
ized the base of the overlying sediment column.
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5. Dolomitization was thickest and most intense in the Vavi-
lov Basin (Site 651), where asthenosphere peridotite was cored
at shallow depths. Slow, cool seawater circulation through peri-
dotite probably released any excess magnesium.

6. The main constraint on dolomitization was the flushing of
magnesium-rich “hydrotepid” solutions from the oceanic base-
ment, related to sediment compaction and to cooling, tilting, sub-
sidence, and deformation of the oceanic basement.

7. The enrichment of manganese in the basal sediments is
attributed to upward flushing of dispersed, originally hydroge-
nous and/or hydrothermal manganese upward from the igneous
basement during this “hydrotepid” circulation.

8. Tectonic movements in the Vavilov Basin apparently frac-
tured already lithified dolomite at a later stage, and reducing (?
hydrothermal) fluids locally remobilized iron and manganese,
altered clay minerals, and corroded dolomite rhombs. Dolomiti-
zation thus was complex, multiphased, and may still be continu-
ing.
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Plate 1. Core photographs illustrating the basal and intrabasement dolomitic and Fe-Mn sediments cored at Site 651 in the Vavilov Basin. 1. Pinkish
dolomitic sediment patchily reduced to a grayish color (107-651A-39R-5, 20.0-24.8 cm). 2. Typical dark reddish metalliferous dolomite with den-
dritic Mn-oxide segregations (107-651-39R-1, 89.3-94.0 cm). 3. Bleaching (reduction) concentrated along cracks in nearly massive dolomite (107-
651A-38R-5, 58.1-63.5 cm). 4. Less lithified, stratigraphically higher, burrowed clay-rich sediments stained by Fe-Mn oxides, with abundant fine-
grained dolomite (107-651A-37R-5, 74.9-79.1 cm).
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