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10. BASAL DOLOMITIC SEDIMENTS, TYRRHENIAN SEA, OCEAN DRILLING
PROGRAM LEG 107!
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ABSTRACT

Basal dolomitic sediments were recovered at three drill sites in the Tyrrhenian Sea during Ocean Drilling Program
(ODP) Leg 107 (Sites 650, 651, and 655). These sediments overlie the basaltic basement complex and are enriched in
iron, and in some instances, also in manganese. The manganese enrichments, together with a very slight enrichment in
trace transition elements, strongly suggest that the basal sediments have an affinity to deep-sea metalliferous deposits of
hydrothermal origin. At Sites 651 and 655, the dolostones contain variable amounts of authigenic palygorskite, a Mg-
rich clay mineral. At Site 651, the basal sediments are 40 m thick and contain nonstoichiometric dolomite, sometimes
Ca rich, but primarily Mg rich. The occurrence of Mg-rich dolomite with excess Mg up to 4% is unusual for the deep-
sea environment; it may be associated with a hydrothermally driven flux of altered sea water through the directly under-
lying basement complex, which comprises basalt, dolerite, and serpentinized peridotite. Low-temperature alteration of
the basement complex could produce solutions enriched in Mg. Oxygen-isotope equilibrium temperatures indicate that
all of the studied dolomites formed under low-temperature conditions (i.e., <70°C). The carbon-isotope compositions,
together with the strong isotopic covariance, suggest that the Mg-rich dolomite precipitated more rapidly than the Ca-
rich dolomite.

We suggest that the low-temperature, hydrothermal convection of Mg-rich solutions through the basal sediments in
this back-arc basin environment (1) overcame kinetic problems related to the formation of massive dolostones, and (2)
provided a mass-transport mechanism for dolomitization.

INTRODUCTION

The Tyrrhenian Sea in the western Mediterranean is a small
oceanic back-arc basin that opened behind a volcanic arc and
above a subduction zone. The areas surrounding this small tri-
angular sea are quite well known for widespread active volcan-
ism and frequent earthquake tremors, attesting to the continu-
ing tectonic activity at the subduction plate boundary. The ther-
mal regime in the central Tyrrhenian Basin is characterized by
relatively high heat flow, with maximum values greater than 200
mW/m? in the Vavilov and Marsili Basins. Regionally, in these
two sub-basins, very low and extremely high heat flow anoma-
lies have been observed. These have been attributed to hydro-
thermal circulation (e.g., Rehault et al., 1987).

A major objective of ODP Leg 107 was to investigate the
evolution of the back-arc basin, in part by determining the age
and geochemistry of the basaltic basement. In conjunction with
this objective, the possible existence of metalliferous sediments
overlying the basement was to be probed. To accomplish these
goals, three sites in the two easterly sub-basins of the Tyrrhenian
Sea were drilled to igneous basement, in water depths between
3330 and 3590 m: (1) the western rim of the Vavilov Basin near
the crest of a north-south trending ridge (Site 655); (2) the axis
of the Vavilov Basin on the eastern flank of a north-south trend-
ing basement swell (Sites 651); and (3) the western rim of the
Marsili Basin (Site 650) (Shipboard Scientific Party, 1987a, b, d;
see also Fig. 1).
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The oldest biostratigraphically datable sediments above base-
ment along this three-site transect become younger (latest early
Pliocene to latest late Pliocene) from northwest to southeast,
suggesting that the locus of oceanic accretion in the back-arc
basin has migrated, through time, from northwest to southeast
towards the subduction zone. The recovered basement rocks
varied among the sites. At Site 650, 32 m of vesicular basalt
were cored, compared with 110 m of basalt flows at Site 655;
deeper coring at Site 651 revealed an unexpectedly complex
basement assemblage containing highly serpentinized perido-
tites overlain by 30 m of basalt and basaltic breccia, followed by
28 m of dolerite, metasediments and metadolerite, capped by 76
m of basalt flows (Shipboard Scientific Party, 1987a, b, d).

At all three sites the basement rocks are directly overlain by
dolomitic sediments. The presence of dolomitized pelagic sedi-
ments overlying deep-sea basalt is not a new discovery, having
been recognized with the early drilling results from the experi-
mental Mohole site in the Pacific Ocean (Riedel et al., 1961;
Murata and Erd, 1964). Stable isotope data suggested that the
well-indurated dolomite recovered above the Mohole basalt was
formed in isotopic equilibrium with normal marine water at an
ambient bottom water temperature of approximately 5°C (De-
gens and Epstein, 1964). Other occurrences of authigenic, deep-
sea dolomite apparently have a hydrothermal origin (Bonatti,
1966).

Subsequent drilling during the Deep Sea Drilling Project
(DSDP) produced more examples of dolomitization of sedi-
ments in close proximity to the oceanic basement (see Garrison,
1981, for a partial review of these occurrences). One such exam-
ple particularly relevant to ODP Leg 107 was cored at DSDP
Site 373 in the Vavilov sub-basin of the Tyrrhenian, where mod-
erately well-lithified, ferruginous, calcium-rich dolomite was re-
covered stratigraphically sandwiched between basaltic breccia
and soft nannofossil marl (Bernoulli et al., 1978). Isotope data
likewise indicated an origin in cold marine waters, while petro-
graphic observations suggested that the dolomite had replaced
or infilled molds of probable foraminifers.
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Figure 1. Map of the Tyrrhenian Sea; basal dolomitic sediments overlying basalt
were recovered at Sites 650, 651, and 655. The general bathymetry is simplified
from the international bathymetric chart of the Mediterranean Intergovernmental
Oceanographic Commission (UNESCO, 1981).

Although not particularly unforeseeable, the recovery of ba-
sal dolomitic sediments during ODP Leg 107 nevertheless stim-
ulated interest among the shipboard scientific party because of
the sediments’ extensive thickness and brightly colored, metal-
liferous appearance. This study evaluates and compares the geo-
chemical characteristics of the dolostones found at the three
Tyrrhenian Sea drilling sites in order to determine if the dolos-
tones are truly metalliferous, and to reconstruct the environ-
ment of their origin.

DESCRIPTION OF DOLOSTONES

The dolostones or dolomitic sediments stratigraphically over-
lying igneous basement at the three sites differ in their appear-
ance, composition and thickness, as observed during routine
core description (Shipboard Scientific Party, 1987a, b, d). At
the more westerly Site 655 in the Vavilov Basin the basal dolo-
mite must be relatively thin, as only approximately 25 c¢m of
dark brown dolostone were recovered in the core catcher of
Core 107-655A-9X (79.9 meters below sea floor, or mbsf). The
dolostone was in drilling contact with an aphanitic basalt show-
ing chilled glass margins. The 6.4 m of sediment directly overly-
ing the contact consists of foraminifer-rich nannofossil ooze,
which shows a progressive downhole change in color from yel-
low to brown, and is abundantly speckled with black material,
presumably metalliferous. The downward increase in the inten-
sity of the coloration suggests that a dolomitization or diage-
netic front may have moved upward from the sediment/base-
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ment contact. A single dolostone sample (Sample 107-655A-9X,
CC [23-24 cm], here called Sample BD4) from directly above
the sediment/basalt contact (79.9 mbsf) was selected for this
study.

At the relatively nearby Site 651, the basal dolomitic interval
is considerably more extensive, being approximately 39.8 m
thick. Core recovery within the dolomitic interval was rather
good (average = 67%), which allows for a relatively complete
visual inspection of the sequence. On this basis the interval can
be divided into two levels: (1) an upper level represented by Core
107-651A-38R (347.8-357.5 mbsf); (2) a lower level found in
Cores 107-651A-39R to -41R (357.5-386.5 mbsf), which is fol-
lowed by the basement complex beginning at the top of Core
107-651A-42R (386.5 mbsf). Below Section 107-651A-38R-2 (349.3
mbsf), no microfossils are present in the sediment, probably as a
consequence of diagenetic alteration. The upper level contains
dolomitic claystone and dolostone of more subdued color, in
contrast to the brightly colored dolostone in the lower level. The
lower sediments vary intergradationally between hues of orange,
greenish grays, yellowish reds and browns, to nearly black. The
dolostone is speckled with black segregations (probably manga-
nese oxide) present as burrow fills and in disseminated dendritic
patterns.

Within the underlying basalt in Core 107-651A-50R (464.5
mbsf) a 30-cm-thick interval of dolomitic sediment, similar to
that above the basalt, was recovered. Furthermore, within the
basaltic and doleritic units of the basement complex, dolomite



cement and dolomitized sediment frequently infill cavities. From
a visual inspection of the various dolomite occurrences at Site
651, the dolomitization process appears to be more complex
than at nearby Site 655 and may be comprised of multiple dolo-
mitization events. Twenty-nine carbonate samples from through-
out the basal dolomitic sequence and the underlying basement
complex were selected for this study, including one sample of
the overlying undolomitized calcareous nannofossil coze.

At the easternmost Marsili Basin site (Site 650), approxi-
mately 2.1 m of the basal dolostone or dolomitic mudstone unit
were recovered in Core 107-650A-66X (599.8-604.8 mbsf), in
drilling contact with the underlying basalt. The reddish brown
dolostones are dominated by small, euhedral dolomite crystals.
Microfossils are practically nonexistent in these sediments; no
black metalliferous material was noted. A sample of greenish
gray dolostone from directly above the sediment/basalt contact
(Sample 107-650A-66X-2, 53-54 cm = Sample BD2) and one of
the overlying reddish brown dolostone (Sample 107-650A-66X-2,
47-48 cm = Sample BD1) were selected for this study. The sedi-
ments in the overlying core (107-650A-65X, 594.1-599.8 mbsf)
consist of greenish gray nannofossil ooze with a brownish over-
print. A potentially metalliferous horizon occurs at the base of
this core.

ANALYTICAL PROCEDURES

In order to evaluate and compare the geochemical characteristics of
the basal dolostone, we undertook an investigation of the carbonate and
clay mineralogy, percent carbonate, major and trace elements, and sta-
ble isotope composition of the selected samples. Samples were selected
onboard the JOIDES Resolution on the basis of lithology and color.
Prior to performing any analyses, we ground the samples and disaggre-
gated them in several aliquots of deionized water to remove any residual
salts, then dried them in an oven at 40°C. The investigated samples are
listed in Table 1 according to a laboratory number (e.g., Sample BD1,
BD2, etc).

The percent carbonate in the bulk samples was obtained using a vac-
uum-gasometric technique with an accuracy of +0.25% (Jones and
Kaiteris, 1983). The percent carbonate values range between 28% and
86% (Table 1). Routine X-ray diffraction analyses were made on the
powdered samples, using a General Electric XRD-5 diffractometer to
determine the carbonate mineralogy. All samples were run between 23°
and 65° 26 at 35 kV/ 20 mA, using CuKe radiation, Ni filter and a scan
speed of 2° 26/min. The carbonate component in all but two samples
was 100% dolomite. The carbonate mineralogy of Sample BD5 (nanno-
fossil chalk from above the dolostone interval at Site 651) was 100% cal-
cite, while the stratigraphically lower Sample BD6 contained a 44:56 cal-
cite:dolomite mixture, based on relative peak heights. The bulk of the
samples can be classified as dolomitic claystone or dolostone on the ba-
sis of their carbonate content,

In order to estimate the mole fraction of MgCOj; in the dolomite,
the position of the major dolomite {10.4} peak relative to the detrital
quartz {10.1} peak was measured. In the case of Samples BD28, BD30,
and BD32, which contained no quartz, the {11.1} peak of an internal
silicon standard from the National Bureau of Standards (NBS) was
used. The measured difference in d-spacing was used to obtain the
mol% Mg in the dolomite from the standardized curves developed by
Goldsmith et al. (1955). The results are given in Table 1. As the accuracy
of this method is at best 2 mol%, the Site 651 dolomites were ana-
lyzed further using standard atomic absorption (AA) methods for
chemical determination of the Ca, Mg, Fe, and Mn composition of the
dolomite fraction. One gram of sample was reacted for 10 minutes with
10 ml of 1 N HCI. The solutions were filtered and split; one half was
used to analyze for Fe and the other half was diluted to measure for Mn,
Ca, and Mg. The data are presented in Table 2.

The AA analysis was made to determine if the presence of Fe or Mn
in the dolomite was sufficient to cause the {10.4} peak shift. If it is as-
sumed that most of the Mg and Ca come from the carbonate fraction of
the samples, the Mg composition obtained from the AA analysis can be
recalculated as mol% Mg of the dolomite. These calculated values of
mol% Mg are given in Table 1 and suggest that many of the basal dolo-
mites are indeed enriched in Mg, as indicated by the X-ray diffraction
analysis.

BASAL DOLOMITIC SEDIMENTS

Table 1. Percent carbonate and mol% Mg in dolomites from Sites 650,
651, and 655.

Sample Core, section, Depth  Carbonate Mg Mg G
code interval (cm) (mbsf) (") (mol%)®  (mol%)

107-650A-
BDI 66X-2, 47-48 601.8 86.1 43
BD2 66X-2, 53-54 601.9 68.1 43

107-655A-
BD4 9X, CC, (23-24) 79.9 70.4 46

107-651A-
BD5S 37R-1, 70-71 347.9 50.8
BD6 38R-1, 134-135 349.1 31.5 43
BD7 38R-2, 90-91 350.2 37.9 47 47
BD8 38R-4, 31-32 352.6 41.4 47 49
BD9 39R-2, 20-21 359.2 42.2 43 48
BDI10 39R-2, 102-103 360.0 46.2 51 53
BDI11 39R-4, 138-139 363.4 51.9 53 53
BD12  40R-1, 98-99 368.2 43.8 50 54
BDI13  40R-3, 19-20 370.4 52.2 51 52
BDI14 40R-3, 114-115 371.3 55.3 52 51
BDIS 41R-1, 60-61 3774 40.2 54 54
BDl16 41R-2, 60-61 378.9 38.2 49 53
BDI17 41R-3, 49 380.3 45.6 50 51
BDI8 41R-3, 50 380.3 47.4 51 49
BD19  41R-3, 51 380.3 43.1 51
BD20  41R-4, 80-82 382.1 322 51 54
BD21 41R-5, 58-60 383.4 28.2 51 54
BD22  4IR-5, 79-81 383.6 43.4 53 53
BD23 41R, CC (6-7) 384.4 52.8 52 53
BD24 41R, CC (21-22)  384.5 56.2 54 48
BD25 42R-1, 7-10 386.6 51.0 47 47
BD26 SOR-1, 41-44 464.4 39.4 50 53
BD27 50R-1, 61-64 464.6 39.4 54
BD28 42R-1, 101-104 387.5 84.2 48 50
BD29 43R-2, 70-73 398.4 53.3 47 48
BD30 52R-1, 110-112 484.4 70.2 48 49
BD32 54R-2, 0-2 504.0 72.9 42 45
BD33 55R-2, 124-125 514.9 53.7 46 44
BD335 42R-1, 27-30 386.8 40.5 46

2 From X-ray diffraction analysis.
® From atomic absorption spectrometric analysis.

Table 2. Major cation composition
(wt%) of Site 651 dolomites.

Sample CaO  MgO  FeyO3 Mn30y

BD6 3505 11.42 0.269
BD7 21.87  14.20 0.252
BD8 20.89 1460 0.118 0.217
BD9 18.92 12,51 0.104 0.140
BD10 13.46 1078 0.235 0.124
BDI11 14.27  11.65 0.134 0.145
BDI12 15.84  13.39 0.151 0.048
BDI13 16.62 12.85 0.140 0.055
BDI14 20.08 1479 0.033 0.019
BDI15 15.55 13.02 0.045 0.014
BDI16 18.48 15.13  0.182 0.115
BD17 21.72  16.22 0.084 0.164
BDI8 2846 19.50 0.147 0.211
BD20 16.03  13.62 0.204 0.166
BD21 13.20  11.03  1.030 0.151
BD22 18.23 1462 0.172 0.098
BD23 15.03 11.96 0.155 0.038
BD24 26.00 16,98  0.050 0.084
BD25 21.34  13.74  0.048 0.012
BD26 15.88  13.08 0.368 0.072
BD28 9.47 6.79  0.032 0.054
BD29 8.73 5.85 0.055 0.006
BD30 9.98 7.01  0.054 0.009
BD32 14.53 B.66  0.045 0.052
BD33 36.40 20.61  0.080 0.170
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For 12 samples from Sites 650, 651, and 655, the clay fraction (<2
um) was separated and a X-ray diffraction analysis was run on four
types of oriented aggregates: (1) untreated, (2) ethylene-glycol treated,
(3) hydrazine treated, and (4) heated. The following diffractometer con-
ditions were used: CuKw radiation, Ni filter, 40 kV/I8 mA, 0.2-1° slits,
and 1° 26/min scan speed. The untreated clay fraction was also studied
under a Phillips EM300 transmission electron microscope (TEM). The
results are discussed below.

As the basal dolostones appeared to be metalliferous, major and
trace elemental analyses were run on the bulk samples to evaluate this
interpretation. Prior to elemental analysis, the samples were melted in a
mixture of lithium tetraborate and introduced into a glycolated solvent.
Major element analyses were performed following the method described
by Besnus and Rouault (1973) using arc spectrometry and an ARL
quantimeter. Trace elements were determined using an inductively-coup-
led plasma technique (ICP-35000C-ARL) (Samuel et al., 1985). Na and
K contents were determined by emission spectrometry. Major element
data (in % oxides) and minor element data (in ppm) are given in Table 3
and 4, respectively. The relative precision is +2% for major elements
and + 10% for trace elements. It is interesting to note that the unaltered
pelagic sediment (Sample BD35) from Site 651 contains 8 to 10 times
more Sr than the dolomitized sediments, a possible reflection of the de-
gree of alteration.

Stable isotope analyses were performed on the carbonates, as well as
on selected interstitial pore waters, which were routinely squeezed from
sediments onboard the JOIDES Resolution. Oxygen and carbon isotope
measurements of the carbonates were run on CO, gas produced using a
modified method of dissolution in phosphoric acid at 50°C (McCrea,
1950; Wachter and Hayes, 1985). Analyses of 100%-dolomite samples
were corrected for fractionation (a result of phosphoric acid dissolution)
using an alpha value of 1.0102 for 50°C (Sharma and Clayton, 1965;
Swart, unpubl. data). The oxygen isotopic composition of the waters
was determined on CO, equilibrated with 1 cm? of sample following the
technique of Epstein and Mayeda (1953). The water samples were ana-
lyzed in duplicate, as there was some concern about isotopic fractiona-
tion resulting from post-cruise storage in either plastic or glass contain-
ers. All isotopic analyses were made using a Finnigan-Mat 251 mass
spectrometer and are corrected following the procedure of Craig (1957)
modified for a triple collector. Reproducibility determined by replicate
analyses is better than +0.1%o. Isotopic data for carbonates are quoted
relative to the PDB international standard, while water data are re-
ported relative to SMOW (Tables 5 and 6).

DISCUSSION OF RESULTS

Ca-rich Vs. Mg-rich Dolomites

In general, diagenetic dolomites are found to be either stoi-
chiometric (i.e., the Ca:Mg mole ratio is 50:50) or enriched in
calcium ions over magnesium ions. Therefore, it was quite unu-
sual to note during routine X-ray diffraction analysis that 17
samples from Site 651 contain dolomite apparently enriched in
Mg. Further chemical analyses appear to confirm that these do-
lomites are indeed Mg rich, containing an average of 4 mol%
excess MgCO,. In Figure 2, the average mol% Mg obtained
from the two analytical methods (Table 1) is plotted against sub-
bottom depth for Site 651. The distribution of Mg-rich dolo-
mite is apparently stratigraphically controlled, as it is found in
two discrete intervals between 360 and 384.5 mbsf and at 464.5
mbsf. These two intervals represent (1) the brightly colored sedi-
ments directly overlying the upper basalt unit, and (2) equiva-
lent sediments within the upper part of the underlying dolerite
unit. The less colorful dolostone found between 360 mbsf and
the partially dolomitized pelagic sediments at 349 mbsf contains
Ca-rich dolomite. The carbonate cementing and infilling cavi-
ties within the basalt, basaltic breccia, and dolerite units is also
Ca-rich dolomite.

A cross-plot of oxygen isotope vs. carbon isotope ratios of the
analyzed samples from Sites 650, 651, and 655, as well as from
DSDP Site 373, shows that the dolomite defines two covariant
trends (Fig. 3). The sedimentary Ca-rich dolomite from Sites 651
and 655 appears to define one covariant trend, whereby the 6'*C
values are relatively more depleted, ranging between —0.29%
and 1.87%o. The 6'0 values vary from — 0.55%o to 5.32%q. The
equation of the regression line fitted to these points is:

Y = 0.146 + 0.321X (R = 0.96).

The Site 651 basaltic Ca-rich dolomite and sedimentary Mg-
rich dolomite, together with the Ca-rich dolomite of Site 650,
define a second covariant trend, which can be divided into two
overlapping fields based on the cation ratios in the dolomite.

Table 3. Chemical composition of bulk samples of dolostones from Sites 650, 651, and 655: major elements (wt%).

Sample Si0O2 Al203 MgO Ca0 Fep03 Mn304 TiO2 P20s NagO K20 L.O.L* Total

BD1 22.9 6.8 10.8 20.8 5.0 1.730 0.33 0.15 0.47 1.28 30.26 100.52
BD2 23.6 6.5 10.6 20.5 4.8 1.730 0.33 0.15 0.42 1.33 30.03 99.99
BD4 11.7 43 15.4 26.4 2.1 0.305 0.25 0.14 0.24 0.57 38.01 99.41
BD5 25.0 8.5 26 29.1 3.3 0.252 0.38 0.16 0.44 1.71 27.41 98.85
BD6 37.5 11.6 6.2 14.8 4.7 0.190 0.52 017 0.64 2.56 21.35 100.23
BD7 31.9 10.0 9.9 15.0 3.8 0.239 0.48 0.14 0.55 2.18 24.91 99.10
BD8 31.1 10.0 9.9 14.3 5.2 0.227 0.45 0.15 0.53 2.11 24.59 98.56
BD9 31.3 10.8 10.1 15.2 4.0 0.175 0.46 0.17 0.53 2.18 24.91 99.82
BD10 24.4 8.2 13.1 17.6 2.8 0.222 0.37 0.16 0.38 1.69 30.086 98.98
BD11 22.6 75 13.9 18.4 2.9 0.216 0.35 0.16 0.33 1.37 31.68 99.41
BD12 26.1 89 12.9 16.3 3.0 0.307 0.38 0.16 0.45 1.55 28.67 98.72
BD13 6.2 241 19.6 27.0 0.8 0.115 0.12 0.13 0.07 0.13 42.50 98.76
BD14 18.6 6.7 15.2 18.9 2.0 0.714 0.25 0.16 0.24 1.00 34.15 98.91
BD15 28.5 9.0 12.3 15.4 3.3 0.211 0.45 0.18 0.42 1.79 27.39 98.94
BD16 29.3 91 12.3 155 3.3 0.398 0.44 0.19 0.42 1.70 27.75 100.40
BD17 24.7 8.2 13.1 17.4 3.2 0.210 0.37 0.18 0.31 1.38 30.14 99.19
BD18 22.3 7.7 14.4 17.8 3.4 0.221 0.46 0.16 0.29 1.08 31.67 99.48
BD19 26.6 8.6 13.1 17.1 3.0 0.249 0.39 0.20 0.34 1.53 29.34 100.45
BD20 32.4 11:2 10.4 12.7 4.5 0.457 0.49 0.19 0.66 212 23.33 98.45
BD21 39.0 12.9 85 9.8 4.9 0.207 0.59 0.19 0.82 2.54 19.15 98.60
BD22 28.1 9.4 12.1 15.4 3.4 0.285 0.41 0.17 0.59 1.68 27.50 99.04
BD23 18.2 6.1 15.5 20.6 3.0 0.075 0.29 0.16 0.35 0.85 34.39 99.51
BD24 12.7 34 17.7 23.8 1.2 0.127 017 0.13 017 0.39 39.74 99.53
BD25 8.6 1.2 17.6 27.8 0.5 0.033 0.08 0.12 <0.05 0.05 43.75 99.78
BD26 31.0 9.1 12.2 14.0 3.6 0.195 0.42 0.16 0.62 1.82 25.36 98.47
BD27 31.0 8.8 12.89 14.4 3.8 0.298 0.42 0.17 0.53 1.62 25.56 99.50
*L.O.l. = loss on ignition
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Table 4. Chemical composition of bulk samples of dolostones from Sites 650, 651, and 655: trace elements (in

ppm).

Sample Sr Ba v Ni Co Cr Zn Cu
BD1 154.0 96.0 75.6 59.9 26.5 47.7 62.9 32.4
BD2 155.0 92.1 85.3 87.1 37.4 58.0 66.4 44.5
BD4 157.0 59.5 46.3 59.3 16.4 25.9 31.2 25.7
BDS5 881.0 122.0 91.9 18.7 18.5 64.2 50.8 21.1
BD6 283.0 185.0 126.0 50.0 29.0 82.6 72.3 38.7
BD7 108.0 151.0 107.0 39.8 25.7 73.9 67.9 56.3
BD8 105.0 116.0 92.6 38.0 18.9 76.7 711 23.4
BD9 108.0 142.0 147.0 39.4 18.3 94.2 69.4 18.4
BD10 70.0 116.0 79.1 33.2 22.1 63.5 53.4 63.2
BD11 75.3 109.0 64.3 20.7 14.6 57.6 47.5 33.8
BD12 88.0 140.0 63.1 26.1 20.3 48.9 58.0 37.1
BD13 75.9 26.0 21.8 7.5 7.9 18.6 19.3 12.6
BD14 89.5 157.0 51.0 57.4 28.9 35.7 45.6 29.4
BD15 77.4 137.0 83.3 80.0 20.3 67.5 65.8 40.2
BD16 97.2 183.0 84.5 33.0 26.9 66.9 61.8 471
BD17 79.6 125.0 80.9 50.6 19.6 87.8 59.5 26.9
BD18 82.8 11.8 69.2 57.4 <5.0 57.8 28.2 41.2
BD19 86.5 136.0 78.9 63.4 26.5 69.0 59.6 46.0
BD20 82.9 187.0 105.0 63.2 39.4 96.2 80.3 66.1
BD21 88.6 207.0 115.0 69.6 19.6 96.3 88.2 52.1
BD22 100.0 187.0 88.7 56.4 25.7 67.6 66.0 51.2
BD23 73.6 100.0 59.9 22.4 141 47.8 45.9 31.3
BD24 81.6 46.8 41.1 29.8 12.5 30.8 21.5 15.0
BD25 121.0 16.3 13.6 9.6 11.3 16.0 g.2 13.4
BD26 75.1 184.0 83.0 101.0 34.2 74.4 68.3 57.5
BD27 89.9 314.0 74.0 98.0 28.3 82.6 66.4 55.1

Table 5. Stable isotope data

(%o) for carbonates.

Sample 5180PDB ﬁlJCpDB
BD1 1.16 2.61
BD2 0.66 2.78
BD4 5.32 1.87
BDS5 1.49 0.61
BD6 —0.55 -0.29
BD7 0.43 0.55
BD8 3.33 1.08
BD9 1.42 0.75
BD10 -1.47 0.46
BDI11 -0.32 1.44
BDI12 1.31 2.60
BD13 2.29 3:17
BD14 1.63 2.34
BDIS -0.49 0.94
BDI16 -0.21 1.27
BDI17 -0.30 1.34
BDI18 -0.96 1.33
BDI19 -0.83 1.31
BD20 -0.33 1.59
BD21 0.14 2.01
BD22 0.64 2.19
BD23 1.24 2.58
BD24 2.22 2.34
BD25 0.78 1.98
BD26 0.03 1.62
BD27 0.14 1.59
BD28 1.03 3.03
BD29 1.98 3.09
BD30 2.61 3:53
BD32 3.53 3.81
BD33 2.43 3.61
BD35 2,78 3.3

Table 6. Stable isotope data (%0) for

pore waters.
Core, section, Depth i
interval (cm) (mbsf) 6" Ospnjow
TSSWE 1.13
107-651A-
1R-3, 110-120 4 1.04°
1.70°
IR-1, 54-57 11 1.06°
7R-2, 140-150 53 .46
1.54¢
18R-5, 140-150 162 -0.50°
26R-1, 140-150 234 1.09¢
34R-1, 140-150 311 1.23°
1.41°
39R-3, 140-150 362 1.33¢

4 TSSW = Tyrrhenian Sea surface water
collected January, 1986.
Interstitial water stored in glass.

© Interstitial water stored in plastic.

The equation of the second regression line fitted to these points
is:

Y = 1.7529 + 0.645X (R = 0.95).

The lower of the two overlapping fields comprises Site 651
sedimentary Mg-rich dolomite, which is relatively more depleted
in both '30 and *C; 4'%0 ranges from — 1.47%o to 2.29%o and
63C ranges from 0.46%q to 3.17%o. The upper field contains Site
651 basaltic Ca-rich dolomite and Site 650 Ca-rich dolomite,
with a 6'%0 range between 0.78%o and 3.53%o and a 6'°C range
between 1.98%o and 3.81%.

The covariant trends defined by the isotope cross-plot could
be indicative of different dolomitizing conditions. Normal sea
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Average Mole % Mg in 651A Dolomites
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Figure 2. The average mol% Mg in the Site 651 dolomites plotted
against depth (mbsf). The dashed line at 50 mol% Mg represents stoi-
chiometric dolomite. Note that the Mg-rich dolomites occur in the sedi-
ments directly overlying the basement complex and in the sediments
within the doleritic basement rocks, while the Ca-rich dolomites are
found in the uppermost, presumably most recently dolomitized basal
sediments and as cements and infillings in the basement rock.
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Figure 3. Cross-plot of the 6'30 vs. 8'3C values for carbonates recovered
in basal sediments from the Tyrrhenian Sea, including values from
DSDP Site 373 (Bernoulli et al., 1978). Two covariant trends, along the
upper and lower linear regression fits, reflect variations in precipitation
temperatures, dolomitizing solutions, and/or rates of precipitation. See
text for discussion.
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water or solutions derived from sea water are potential dolomit-
izing solutions, from which Ca-rich dolomite is known to pre-
cipitate (e.g., Hardie, 1987). The precipitation of the unusual
Mg-rich dolomite probably requires a dolomitizing solution more
concentrated in Mg ions and depleted in Ca ions than normal
sea water. A singularly unique example of extensive Mg-rich do-
lomite precipitation has been reported from modern coastal
lakes in the Coorong region of South Australia (von der Borch,
1965; Boltz and von der Borch, 1984; Rosen et al., 1988). These
Mg-rich dolomites are found co-existing with magnesite and a
genetic relationship is inferred, probably related to the cation
concentrations (high Mg/Ca ratios) of the alkaline lake waters.
Gunatilaka et al. (1987) have reported a second occurrence of
very small amounts of Mg-rich dolomite in two cores from the
Al-Kiran sabkha, Kuwait. Unlike the Coorong example, the pre-
cipitation of the Al-Kiran Mg-rich dolomite is not presently as-
sociated with a calcium deficiency in the sabkha waters.

In sedimentary basins of the Inner Dinarides, Yugoslavia,
Miocene deposits containing lacustrine magnesite and some Ca-
rich dolomite are found in association with ultramafic rocks (I1-
ich, 1974, and references therein). Upward-migrating hydrother-
mal solutions of volcanic origin, which reacted with the ultra-
mafic rocks (including serpentinized peridotite) and Upper Triassic
limestones through which they passed, were proposed as the
source of the ions for these deposits. After the solutions sur-
faced and flowed into the bottom of the lakes, chemical disequi-
librium conditions resulted in the precipitation of authigenic
carbonates. Ilich (1974) has proposed that this hydrothermal-
sedimentary dolomite may be the missing link between dolo-
mites formed under pure sedimentary conditions and those of
pure hydrothermal origin. Recent studies in the Jarando Basin
indicate that magnesite with rare dolomite was precipitated at
approximately 25°C from shallow, alkaline lake waters which
experienced temporary subaerial and evaporative conditions (Ob-
radovic, 1983; Obradovic et al., 1984).

The Site 651 Mg-rich dolomite was not found in association
with magnesite, although unusual environmental conditions were
probably required for its precipitation, as suggested by the ex-
amples discussed above. One possible scenario is that Mg-en-
riched solutions could have been derived from the reaction of
circulating sea water with the underlying basement complex. In
particular, low-temperature serpentinization of the peridotite
body could have released excess Mg to form potentially dolo-
mitizing fluids, which subsequently migrated into the overlying
sediment package. Higher alteration temperatures must be ex-
cluded from the Site 651 scenario because the reaction of sea
water with basement rocks between approximately 70 and 500°C
is characterized by the extremely efficient removal of Mg into
the alteration by-products (Mottl, 1983, and references therein).
Thus, Mg would be released to hydrothermal solutions only
during low-temperature reactions.

Recent studies (Bonatti et al., 1984; Kimball et al., 1985)
suggest that low-temperature serpentinization does occur in the
deep-sea environment. Assuming a fluid similar to modern sea
water and using oxygen isotopic data, serpentinization tempera-
tures of mantle-derived ultramafic bodies from the equatorial
Atlantic were estimated to have been between 30° and 180°C
(Bonatti et al., 1984), while temperatures for the last serpentini-
zation event in ultramafics from the Islas Orcadas fracture zone,
South Atlantic, may have been as low as 25°C (Kimball et al.,
1985).

In addition to a Mg source, a hydrologic mechanism would
have been required to circulate or pump the dolomitizing solu-
tion through the sediment column in order to have produced the
40-m thick dolostone sequence drilled at Site 651. Normal hy-
drologic circulation via groundwater movement or compaction
would probably not have been sufficient to transport enough



Mg into the system to produce this massive dolomite deposit in a
reasonable length of time. A hydrothermal gradient, which could
use convection to drive low-temperature solutions through the
underlying basement rocks and into the basal sediments, would
eliminate the transport problem while allowing for the produc-
tion of potentially dolomitizing fluids.

A second scenario for the dolomitization is that the Ca-rich
dolomites are by-products of a low-temperature hydrothermal
flux of sea water through the basement, while the unusual Mg-
rich dolomite may have been precipitated under entirely differ-
ent environmental conditions during the Messinian salinity cri-
sis. With the desiccation of the Mediterranean Sea, it is quite
possible that lacustrine conditions, similar to those in Australia
or Yugoslavia, could have existed during this time period at the
present location of Site 651. As it is impossible to date the do-
lostones directly, it can only be assumed that they are older than
the datable overlying pelagic sediments, which have a biostrati-
graphic age of Late Pliocene (MPI6 biozone) (Shipboard Scien-
tific Party, 1987b), and younger than the underlying basalt. At
Site 652, correlations of paleomagnetic reversals and biostrati-
graphic zones suggest that the MPI6 biozone is younger than
2.48 Ma (Shipboard Scientific Party, 1987c). Feraud (this vol-
ume) proposes tentative **Ar/“Ar ages of 3.0 and 2.6 Ma for
the lower basalt and upper basalt units, respectively. These pre-
liminary ages for the sediments and basalt, which sandwich the
Site 651 dolostones, are in conflict with a Messinian origin for
the Mg-rich dolomite.

Clay Mineralogy of Dolostones

The X-ray diffraction investigation of the clay fraction indi-
cates that the major component of the studied samples is smec-
tite, ranging from approximately 60% to 80%. Other clay com-
ponents are minor kaolinite and illite and rare chlorite and
mixed-layer minerals. The relatively high content of palygor-
skite in the clay fraction of samples from Site 651 (Samples
BDS, BD9, BD12, BD16, BD23, BD26, and BD27) and Site 655
(Sample BD4) is rather unusual. The amount is variable from
approximately 5% to 20% of the clay fraction but appears to
increase downhole, with the greatest value found for Sample
BD27. Samples BD20 and BD2I from Site 651 contained only
rare palygorskite fibers, while Samples BD1 and BD2 from Site
650 contained none.

Observations of the clay fraction using TEM confirm the X-
ray diffraction analysis. The main components of the mineral
assemblage are abundant, long fibers of palygorskite together
with dominant, flaky particles of smectite [PI. 1, Fig. 1]. At Site
651, the palygorskite fibers become longer, denser, and more
abundant closer to the basement, particularly in the sediments
found beneath the upper basalt (Samples BD26 and BD27) [PI.
1, Fig. 4]. In all samples, the minor kaolinite appears as small,
light, well-defined platelets [Pl. 1, Fig. 3], and the illite or chlo-
rite particles show typical “moiré” patterns. In some samples
(e.g., Samples BD4, BD9, BD20, BD23, and BD26), iron oxy-
hydroxides occur as star-shaped or spindle aggregates [PI. 1,
Fig. 2]. These morphologies are similar to those of lepidocrocite
(y-FeOOH) or akaganéite (3-FeOOH) or even goethite. The ox-
ides are particularly abundant in Sample BD20 [PI. 1, Fig. 3].

The prevalent smectites in the dolostones could have a detri-
tal as well as authigenic origin. The TEM morphologies of the
smectite particles are mostly similar to those of detrital origin.
However, on some particles, lathy overgrowths suggest that the
particles have been transformed or may be authigenic. The mi-
nor, but uniform content of illite and kaolinite and the scarce
chlorite in the dolostones suggest that these clay minerals repre-
sent a detrital component. The irregular distribution of the
small oxide minerals among the samples and sites, either absent
or very abundant, and their morphologies, similar to oxyhy-
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droxides, suggest that they are authigenic. Likewise, the irregu-
lar distribution of the palygorskite, increasing in abundance
downhole with the closer proximity to the serpentinized base-
ment at Site 651, as well as its common occurrence with oxyhy-
droxides, suggests an authigenic origin.

The authigenic occurrence of palygorskite, a fibrous Mg-clay
mineral [(OH,),Mg;Siz0,,(0OH),'4H,0], in deep-sea sediments
is attributed to interactions between solution and sediments
during diagenetic or hydrothermal processes. The formation
and stability of palygorskite are promoted by high Si and Mg
activities, low Al concentrations, alkaline pH and high tempera-
tures. Based on thermodynamic calculations and field observa-
tions, palygorskite would be a stable mineral under marine con-
ditions (Kastner, 1981, and references therein).

Abundant authigenic palygorskite has been recognized in
sedimentary layers and concretions associated with volcanic and
tectonic features (Hathaway and Sachs, 1965; Bonatti and Joen-
suu, 1968; Bowles et al., 1971; Church and Velde, 1979; and
Bonte et al., 1980). In these occurrences, the genesis of the paly-
gorskite is attributed to hydrothermal processes with direct crys-
tallization from Mg-rich solutions. These solutions are thought
to be deep-circulating fluids, containing possibly some sea wa-
ter, which may have reacted with the sediments or basement
rock through which they circulated. This hydrothermal activity
may be a relatively low-temperature phenomenon, as an isotopic
temperature for deep-sea palygorskite formation in the Pacific
was found to be approximately 50°C (Church and Velde, 1979).

The association of the Mg-rich clay (palygorskite) with the
Mg-rich dolomite suggests that the two minerals have precipi-
tated from the same (or similar) Mg-rich solutions circulating
through the basal sediments at Site 651. The absence of both
minerals at Site 650 and the occurrence of palygorskite together
with a Ca-rich dolomite in the basal sediments at Site 655 im-
plies that the fluids altering the sediments may have had varia-
ble chemistries, which may be in turn related to the different
chemistries of the directly underlying basement rocks. In any
case, if the solutions were saturated in Mg and Si with respect to
palygorskite, high temperatures would not be required for its
formation (Kastner, 1981). Furthermore, an alkaline pH could
be obtained during the dissolution-reprecipitation reactions of
the carbonates, meeting further equilibrium conditions. The
presence of authigenic palygorskite thus corroborates the prop-
osition that low-temperature, Mg-rich, hydrothermal solutions
were convected through the near-surface basement rock and
into the overlying basal sediments.

Temperature of Dolomite Formation

The oxygen isotope ratio of the diagenetic dolomite and the
ratio of its formation water can be used to calculate the isotopic
equilibrium temperature of precipitation using the following do-
lomite-water fractionation equation (Matthews and Katz, 1977):

103 I.n Qgolomite-water — 3.06 x IOGT_Z — 3.24.

This equation was chosen for the temperature calculations be-
cause it was derived experimentally for non-stoichiometric dolo-
mite produced by secondary replacement of calcium carbonate
at temperatures between 252° and 295°C. These hydrothermal
experiments, although not ideal, could simulate the type of do-
lomitization processes which produced the basal dolostones. To
calculate the fractionation factor between dolomite and water,
the 680 values (PDB) of the dolomites were recalculated rela-
tive to SMOW (Clayton et al., 1988).

With the readily available isotope ratios for the solid phases,
it was hoped that the interstitial pore waters from Site 651
would yield a reasonable facsimile of the oxygen isotope com-
position of the dolomitizing solutions in order to calculate for-
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mation temperatures. Towards this end, 7 pore water samples
taken from throughout the entire sediment column were ana-
lyzed. The data are not sufficient to fully evaluate the variations
recorded in the §'%0 values, which were complicated further by
the storage of the water in both plastic and glass vials (see Table
6). Therefore, an average value of 1.32%¢ for the lowermost
samples (311 and 362 mbsf, both near and within the dolomit-
ized zone) was selected for the equilibrium temperature calcula-
tions. This value is enriched in '#0 relative to normal sea water,
but Mediterranean sea water is generally enriched due to the
negative hydrologic balance in the region. Tyrrhenian Sea sur-
face water collected during ODP Leg 107 had a value of 1.13%s.

The Site 655 dolomite (Sample BD4) has the most positive
8'%0 value of 5.32%,, similar to that at Site 373. The calculated
formation temperature is 14.0°C, very similar to the bottom-
water temperatures of 13.2°C measured in situ at Site 655.
Heat-flow measurements at 70.2 mbsf yielded temperatures of
18.10 = 0.02°C (Shipboard Scientific Party, 1987d). The dolo-
stone comes from 79.9 mbsf, suggesting that its calculated for-
mation temperature represents precipitation at or near bottom-
water temperatures.

At the opposite extreme, the most negative 6'%0 value of
—1.47% for a Site 651 dolostone (Sample BD10, 360 mbsf) rep-
resents an isotope equilibrium temperature of 44.5°C. Based on
one temperature measurement at 29.4 mbsf, a geothermal gradi-
ent of 14.6 + 1°C/100 m was estimated for Site 651 (Shipboard
Scientific Party, 1987b). Using this gradient and a bottom-water
temperature of 13.4°C, the sediments at 360 mbsf would be at a
temperature of 66.0 £ 3.6°C. Although higher than the calcu-
lated temperature, it is reasonably close, considering the error
introduced by both the sparse thermal measurements and the
equilibrium equation.

Calculated temperatures for the other dolomite samples with
intermediate 8'*0 values would fall between 14.0° and 44.5°C,
assuming that the isotopic composition of the dolomitizing so-
lution was 1.32%. If this assumption is only approximately cor-
rect, the calculated equilibrium temperatures still indicate that
all of the dolomites were formed at or near ambient bottom-wa-
ter conditions or from low-temperature (< 70°C) hydrothermal
solutions. It is interesting to note that the range of 6'30 values is
nearly equivalent for both of the covariant trends.

Isotopic Covariance

For carbonates, a change in 6'*0 of 0.2%y represents a tem-
perature change of approximately 1°C (Epstein, et al., 1953). On
the other hand, carbon isotopic fractionation in carbonates is
not as sensitive to temperature changes. The rate of change for
calcite is approximately 0.035%o for a temperature change of
1°C (Emrich et al., 1970). In Figure 3, there appears to be at
least two covariant trends emerging from the isotope cross-plot.
The regression lines fitted to these two trends yield slopes on the
order of 2 to 4 times steeper than would be predicted if the only
variable in the system were temperature. Apparently, tempera-
ture is not the only controlling factor in the diagenesis.

Indeed, the two straight-line trends could signify that there
may have been at least two distinctly different dolomitizing so-
lutions. The less colorful, Ca-rich dolomites from the upper
level of the Site 651 basal dolostones fall on the line of the lower
trend (Fig. 3), along with the undolomitized sediment and the
shallowly buried, Site 655 Ca-rich dolomite. If the dolomitiza-
tion of an original calcareous sediment proceeds in an upward
direction away from the basement rocks at Site 651, the most re-
cently formed dolomites would be those which are in contact
with the undolomitized overlying sediment. We propose that the
most recent, dolomitizing, fluid producing the basal dolostones
is (or was) altered sea water similar to the present pore waters;
this fluid was driven through the sediments by hydrothermal cir-
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culation. The Mg concentration or the Mg:Ca ratio of this dolo-
mitizing solution was not great enough to result in the precipita-
tion of Mg-rich dolomite, but was sufficient to produce paly-
gorskite and Ca-rich dolomite. We suggest that sea water is also
the dolomitizing fluid at Site 655 because of the isotopic simi-
larity between the Site 655 Ca-rich dolomite and the most recent
Site 651 Ca-rich dolomite, the shallow burial depth (79.9 mbsf),
and the presence of palygorskite.

The slope of the upper covariant trend is twice that of the
lower trend, indicating that the rate of change in the carbon iso-
topes is more extreme for the same oxygen-isotope range (Fig.
3). The greater enrichment in the '*C content of the Site 651 ba-
saltic Ca-rich dolomite over the Site 651 sedimentary Mg-rich
dolomite could signify that there were different carbon sources
with different isotopic compositions. On the other hand, if the
5'3C value of the dissolved inorganic carbon in the system were
constant, the increased slope could suggest that the carbon-iso-
tope fractionation factor for the sedimentary Mg-rich dolomite
is smaller than for the basaltic Ca-rich dolomite. Turner (1982)
found that fractionation during calcite precipitation was depen-
dent on reaction kinetics and noted that the enrichment of '3C
in the calcite was much greater when the precipitation rate was
very slow, but was small and constant at faster rates.

Similarly, Rosen et al. (1988) concluded that the unusual
crystal chemistry and heterogeneous microstructure of the Mg-
rich dolomite from the Coorong was a consequence of rapid
precipitation. Together, the conclusions of both Turner (1982)
and Rosen et al. (1988) suggest that relatively more rapid precip-
itation could likewise be the cause of the smaller *C enrichment
in the Site 651 sedimentary Mg-rich dolomite, in contrast to the
larger enrichment in the Site 651 basaltic Ca-rich dolomite. The
different ranges of oxygen-isotope values for the two types of
dolomite (Fig. 3) tend to confirm this interpretation. The gener-
ally more negative 6'°0 values of the sedimentary Mg-rich dolo-
mite could reflect precipitation at higher equilibrium tempera-
tures, while the more positive 6'*0 values of the basaltic Ca-rich
dolomite could indicate relatively cooler equilibrium tempera-
tures, suggesting a slower rate of precipitation.

The systematic heterogeneity in the stable isotopic data sug-
gests that the dolomitizing rates and the formation temperatures
of the basal dolostones are multiple. Aside from the general co-
variant trends, there appears to be no stratigraphic control on
the isotope temperature, as demonstrated in a plot of oxygen
isotope variations vs. depth at Site 651 (Fig. 4). For example,
there is no suggestion of progressively cooler temperatures (i.e.,
more positive 4'%0 values) moving upward from the sediment/
basalt contact. If the oxygen isotope ratio is indeed an indirect
measure of temperature, the fluctuations with depth seen in Fig-
ure 4 would indicate that warmer dolomitizing solutions moved
through the sediment package in pulses. This hydrothermal flow
may also be impeded or directed by impermeable layers or barri-
ers, which could have produced the oxygen isotope (‘‘tempera-
ture”) pattern seen in the chemostratigraphy. In general, the
data suggest that there is both a horizontal and vertical compo-
nent to the fluid movement. The dolomitization has not been a
homogeneous or single event but has occurred in discrete steps
and may still be an ongoing process, as evidenced by heat flow
measurements in the region.

Metalliferous Basal Dolostones

As exhibited by their intense colors, the bulk chemical analy-
sis (Table 3) of the basal dolostones confirmed that they are ac-
tually very rich in iron oxides, with an average bulk weight per-
cent Fe,0, of 3.3%. The average weight percent Fe,O, for the
non-carbonaceous component is 8.1% (¢ = 1.7%). The manga-
nese content is also relatively high in comparison with normal
pelagic calcareous ooze, which have ratios of Fe/Mn ~ 10. Two
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Figure 4. §'%0 values of Site 651 dolomites plotted against depth (mbsf).
Note that the values fluctuate widely between negative and positive val-
ues within the basal dolostone unit but maintain relatively more positive
values within the basement complex, exclusive of the dolomitic sedi-
ments entrapped in the dolerite unit. Warmer isotopic equilibrium tem-
peratures are to the left of the diagram, while cooler temperatures are to
the right. The calculated isotopic temperatures for the Site 651 dolo-
mites range between 21.3° and 44.5°C.

samples from Site 650 (BD1 and BD2) are very enriched in
Mn;0,, having approximately 8 times more than the average
bulk weight percent of 0.22%, as measured in the other basal
dolostones. Also, Sample BD14 from Site 651 is 3 times more
enriched than the others, with which it is stratigraphically asso-
ciated. Overall, the average weight percent Mn,0, for the non-
carbonaceous component is 0.95% (o0 = 1.0%). The ratio of
Fe/Mn in the dolostones is between 2.8 and 40, with the large
variation resulting mainly from varying Mn concentrations.

Plotting the Fe-Mn-(Ni + Co + Cu) x 10 compositions of
the studied ODP Leg 107 basal sediments on a ternary diagram
(following the method of Bonatti et al., 1972, and Toth, 1980)
places them within the field of normal deep-sea sediments such
as pelagic clays or calcareous oozes (Fig. 5). Some samples,
however, fall closer to the region defined by the metalliferous
sediments from the East Pacific Rise (EPR). In particular, the
three samples (BD1, BD2 and BDI14) that have the greatest
manganese enrichment (and a very slight enrichment in trace
transition elements) are strongly correlative to basal metalliferous
deposits of hydrothermal origin. Three other samples (BDI2, BDI3
and BDI6) fall just barely within the field of the EPR metallifer-
ous deposits. Generally, such basal deposits are related to hy-
drothermal metallogenesis at the spreading axis under oxidizing
conditions and are found on ridge flanks and the sides of sea-
mounts at the contact between the basement and pelagic cover
(Bonatti, 1981). The pattern of Fe and Mn enrichment, with Fe/
Mn > 1, and the very low trace metal contents in the studied
dolostones suggest that there has been remobilization of iron di-
rectly by hydrothermal fluids and/or by uptake from altered de-
trital components. With upward migration and diffusion, the
metals reached cooler and more oxygenated sediments and pre-
cipitation occurred.
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Figure 5. Ternary diagram for Fe-Mn-(Ni + Co + Cu) x 10 from
Bonatti et al., (1972) and Toth (1980), showing the plotted position of
dolostones from Sites 650, 651, and 655 in relationship to other oceanic
facies. The areas defined by the other oceanic facies are: (1) hydrother-
mal deposits, characterized by very low trace-metal contents and located
between the Fe and Mn apices, and “hydrogenous” polymetallic nod-
ules (Bonatti et al., 1972; Bonatti 1981); (2) Fe-Mn crusts (Toth, 1980);
(3) Bauer Deep metalliferous sediments (Sayles and Bischoff, 1973); and
(4) East Pacific Rise (EPR) metalliferous deposits from various sites,
representing from left (higher Fe values) to right (Mn enrichment) sam-
ples from the axial zone, the crest sides, and the deeper ridge flanks (ba-
sal metalliferous sediments), respectively (Germain-Fournier, 1986 and
references therein).

The metalliferous dolostones from Site 650 (Samples BD1
and BD2) and Site 655 (Sample BD4) differ from the dolostones
at Site 651 in that they represent only a very thin unit (approxi-
mately 2.1 m and 25 cm, respectively). The extensive, 40-m-
thick basal unit at Site 651 was visibly metalliferous, with abun-
dant manganese oxide segregations present as burrow fills and
in disseminated dendritic patterns. The input of Mn via hydro-
thermal circulation, as well as iron enrichment of the basal sedi-
ments, is a slow process. To accumulate significant Mn and Fe
concentrations throughout a 40-m-thick unit would require time.
The relatively slow movement (or diffusion) of ions, derived
from the alteration of the underlying mafic rocks, could have
produced the dendritic pattern seen within the semi-closed basal
unit. It is undoubtedly significant that the most Mn-rich sample
(BD14) lies stratigraphically less than 1 m beneath an extremely
indurated dolostone (Sample BD13); the dolostone may act as
an impedance layer that slows the upward migration of the hy-
drothermally driven fluids, thus allowing for a greater accumu-
lation of Mn oxides.

Basal Dolostones and Seismic Reflectors

The entire dolomitic basal unit at Site 651 could impede sig-
nificantly the flow of the hydrothermal fluids. Shipboard physi-
cal property measurements showed that between 324 and 330
mbsf there is a sharp increase in bulk density from 1.66 to 2.13
g/cm?®, accompanied by a significant decrease in porosity from
85% to 45% (Shipboard Scientific Party, 1987b). This dramatic
change in the physical properties of the sediments probably
marks the uppermost boundary of the diagenetic front and may
even represent the top of a seismic reflector. From the interpre-
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tation of seismic reflection profiles on the basis of both differ-
entiated seismic characteristics and slight unconformities (Ship-
board Scientific Party, 1987b), a Seismic Subunit 3A can be dis-
tinguished between the base of Seismic Unit 2 at 330 to 350
mbsf and the top of Seismic Subunit 3B, the sediment/basalt
contact. The base of Seismic Unit 2 lies slightly unconformably
on Seismic Subunit 3A; the contact is characterized by rather
continuous, slightly undulating reflectors.

Seismic Subunit 3A correlates with the sedimentary sequence
comprising the lowermost nannofossil chalk to brightly colored
dolostone. Its distinction as a seismic unit is a by-product of the
dolomitization and metalliferous input to the sediments via hy-
drothermal circulation. Thus, the reflector represents a diage-
netic or alteration horizon that when traced for any lateral ex-
tent could be used to map out patterns of hydrothermal circula-
tion within the basin. These diagenetic plumes may correlate
with the dispersed seismic anomalies (the so-called “bright spots™)
recorded in seismic studies of the Tyrrhenian Sea (pers. comm.,
W.B.F. Ryan).

CONCLUSIONS

Dolomitization of basal sediments has been recorded at three
ODP sites in the Tyrrhenian Sea. In particular, at Site 651 deep
sea drilling recovered an approximately 40-m-thick dolostone
unit that contained both Ca-rich and Mg-rich dolomite. In sedi-
mentology, the formation of such massive dolostones remains
problematic, as the precipitation of dolomite under earth sur-
face conditions is hindered by both its highly ordered crystal
structure and the difficulty of moving sufficient fluid through
the sediments to accomplish the dolomitization. Apparently, the
presence of a hydrothermal flux can overcome these kinetic and
hydrologic barriers. The calculation of isotope equilibrium tem-
peratures for the dolomites indicates that the reactions occurred
at relatively low temperatures (< 70°C). The occurrence of both
Ca-rich and Mg-rich dolomites suggests rapid precipitation, as
the ionic ordering required to form an ideal stoichiometric dolo-
mite is absent. The unusual presence of Mg-rich dolomite in
deep-sea sediments at Site 651, in association with abundant
palygorskite (a Mg-rich clay mineral), can be accounted for by a
potential source of excess Mg-ions derived from the low-temper-
ature (<70°C) alteration of the underlying serpentinized peri-
dotite body in the basement complex.

The hydrothermally driven flux through the basal sediments
has also resulted in the precipitation of substantial amounts of
iron and manganese oxides. The manganese enrichments, along
with a very slight enrichment in trace transition elements, strongly
suggest that the basal sediments have an affinity to metallifer-
ous deposits of hydrothermal origin. The low-temperature hy-
drothermal alteration and input of fresh material has drastically
changed the physical properties of the basal sediments, decreas-
ing the porosity and increasing the bulk density. As a result,
massive basal dolostones, such as those at Site 651, are detect-
able in seismic reflection profiles, and their areal extent could
be used to map the distribution of hydrothermal plumes within
the back-arc basin of the Tyrrhenian Sea.
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Sum

Plate 1. TEM photomicrographs of the untreated clay fraction (<2 wm). 1. Sample 107-651A-39R-2, 20-21 cm (= Sample BD9): long, thin fibers
of palygorskite (P) associated with flaky particles of smectite (S); scale bar = 1 pm. 2. Sample 107-651A-39R-2, 20-21 cm (= Sample BD9): small
star-shaped particles of iron oxyhydroxides, such as lepidocrocite or akaganeite; scale bar = 0.25 pm. 3. Sample 107-651A-50R-1, 61-64 cm (=
Sample BD27): abundant, very long, thin fibers of palygorskite, flaky smectite and scarce light particle of kaolinite (K); scale bar = 0.5 ym. 4.
Sample 107-651A-50R-1, 61-64 cm (= Sample BD27): abundant, very long, thin fibers of palygorskite and scarce aggregates of star-shaped particles
of iron oxyhydroxides; scale bar = 0.5 pm.
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