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SUBMARINE DIAGENETIC PRODUCTS ON THE
SEDIMENT-STARVED GORGONA SLOPE, TUSCAN
ARCHIPELAGO (TYRRHENIAN SEA)

ALESSANDRO REMIA™*, PAOLO MONTAGNA® and MARCO TAVIANI*

ISMAR—Marine Geology Division, CNR, via Gobetti 101, 1-40129 Bologna, Italy,
Department of Mineralogy and Petrology, University of Padua,
Corso Garibaldi 37, 1-35137 Padua, Italy

Various types of submarine diagenetic products occur at bathyal depths (>300m) along the Gorgona slope, eastern
Tyrrhenian Sea. Bottom sampling during cruise LM-99 of the R/V Urania recovered pristine to diagenetic altered
shells (including steinkern) and phosphatized/carbonate hardgrounds. Chemical maps (Al, Ca, Si, S, Fe, P) are
provided to characterize these diagenetic products. A peculiar category of steinkern (black molds) of benthic
invertebrate calcareous shells is the result of pervasive substitution by phosphomicrite and glaucony.
Chemical precipitation and mineral replacement at the expense of pelagic sediment and skeletal carbonates took
place under prolonged conditions of exposure at the seawater—sediment interface.

Keywords: Submarine diagenesis; Deep sea; Tyrrhenian Sea; Hardgrounds; Skeletal carbonates; Chemical maps

1 INTRODUCTION

Sediment-starved deep-sea environments of semi-enclosed and marginal basins are notable sites
of peculiar submarine diagenetic processes, often promoting the partial or complete dissolution
of existing carbonates as well as the formation of carbonate and phosphatic hardgrounds through
inorganic- and/or biological-mediated processes (e.g. Milliman and Miiller; 1973; Rezak, 1974;
Milliman, 1974, 1977; Baturin, 1981; Bernoulli and McKenzie, 1981; Groupe Escarmed, 1983;
Von Rad and Rosch, 1984; Allouc, 1986, 1990; Brachert and Dullo, 1990, 1991; Wilber and
Neumann, 1993; Hofmann ef al., 1998; Taviani, 1998).

The complex submarine topography of the Tyrrhenian Sea, punctuated by seamounts, offshore
banks and steep canyons, includes a number of situations conducive to the formation of chemical
sediments and diagenetic products (e.g. Selli, 1970; Shonting and Bartolini, 1971; Allouc, 1990;
Brachert and Dullo, 1990).

Cruise LM-99 aboard the R/V Urania in the Eastern Tyrrhenian Sea was designed to study
deep-sea biogenic carbonate deposits, including aphotic coral banks (Remia and Taviani,
2003). Considerable attention was devoted to surveying the Gorgona slope, forming the
eastern shoulder of a NNW-SSE depression about 25 nautical miles in length, the maximum

* Corresponding author.

ISSN 0275-7540 print; ISSN 1029-0370 online © 2004 Taylor & Francis Ltd
DOI: 10.1080/02757540310001642823



13:19 15 January 2011

Downl oaded At:

132 A. REMIA et al.

depth of which slightly exceeds 600 m (Fig. 1). Dredge and gravity core samples from the east-
ern part of the Gorgona slope provided various examples of diagenetic products such as phos-
phatized and carbonate hardgrounds, as well as body fossils and steinkern (molds) of skeletal
parts belonging to different marine calcareous invertebrates. In particular, sampling along the
slope between 300 and 460 m consistently recovered predominantly muddy sediments entrap-
ping a mixture of lithified slabs and shelly remains (St. LM99-86 and 110). Preservation of
such fossil remains varies greatly, including both pristine and diagenetically altered skeletal
parts, whose original minerals have been replaced by other mineral phases (molds). The
bulk of the catch consisted of skeletal remains attributable to extant taxa probably datable to
the last glacial age (Fig. 4), as supported by the occurrence of cold Pleistocene index-fossils
(i.e. Pseudamussium septemradiatum). These skeletal assemblages appear diverse and domi-
nated by infaunal and semi-infaunal bivalves (e.g. Astarte sulcata, Venus casina, etc.), gastro-
pods, scaphopods, bryozoans (e.g. Turbicellepora coronopus), brachiopods (e.g. Gryphus
vitreus) and scleractinian corals (e.g. Caryophyllia smithii).
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FIGURE 1 Location map of the eastern Tyrrhenian Sea showing cruise LM-99 sample stations and selected chirp-
sonar profiles tracks on the Gorgona slope.
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Surprisingly, numerous shells of late Miocene age (Messinian) embedded within greenish
marls were also recovered mixed together with the Pleistocene lithologies. This Messinian
assemblage consists mostly of brackish bivalves of the family Limnocardiidae
(e.g. Limnocardium), the gastropod Melanopsis (Taviani et al., 2002) and ranges from recrystal-
lized molds to chalky shells. In this sector of the Mediterranean basin, brackish pre- and
post-evaporitic Messinian deposits crop out in Corsica and Tuscany (e.g. Gillet et al., 1977;
Magné et al., 1977, Bossio et al., 1978; Benvenuti et al., 1994, 2001; Ghetti ef al., 2002) and
have been recorded in the Tyrrhenian Sea South of our area (Bacini Sedimentari, 1979;
Aleria, 1980). Messinian deposits contribute to make up the sedimentary successions constitut-
ing the eastern side of the Gorgona slope, and these strata are at places exposed at the water—sea
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FIGURE 2 LM-99 gravity cores collected on the eastern side of the Gorgona slope along the same profile of
dredge St. LM99-110: (1) Core LM99-111 consists of gray sandy muds and mud containing cold Pleistocene
(possibly last glacial) macrofossils, including large morphotypes of the bryozoan Turbicellepora coronopus; note the
presence of a hardground pebble near the core bottom; (2) Core LM99-112 consists of homogenous gray to greenish
silty muds.
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FIGURE 3 Example of hardground slabs recovered at St. LM99-110; most slabs are variously encrusted by
calcareous epifauna, typically serpulid polychaetes, and affected by microborers (7rypanites ichnofacies).

FIGURE 4 Example of a cold-Pleistocene skeletal calcareous assemblage from St. LM99-86 containing bivalves
(e.g. Astarte sulcata=as, and the cold guest Pseudamussium septemradiatum =ps), gastropods=ga, scapho-
pods =sc, brachiopods=bc, bryozoans (e.g. Turbicellepora coronopus=br), scleractinian corals (Caryophyllia
smithii = cs), echinoids =ec, etc. Preservation state of such material varies greatly ranging from pristine to
diagenetically altered and microbored (Ziypanites facies) steinkern (black molds = bm).
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FIGURE 5 Fossiliferous concretion cementing a bivalve shell belonging to upper Miocene (Messinian)
assemblages (brackish-water Limnocardiid).

floor interface. However, the slope stratigraphy is primarily represented by muddy deposits of
Pleistocene age, as evidenced in gravity cores (St. LM99-111: Fig. 2).

The scope of this article is to report on the most relevant petrographic and chemical aspects
of some remarkable examples of submarine diagenetic products within a terrigeneous-
sediment starved deep-sea setting, recovered during cruise LM99. Examples of (1) hard-
grounds (Fig. 3), (2) well-preserved Pleistocene skeletal parts (Fig. 4), concretions (Fig. 5),
and (3) bivalve molds (Fig. 6) have been analyzed to shed light on their mineralogical,

FIGURE 6 An example of diagenetically altered steinkern of an articulated bivalve (upper view); the original shell
is completely replaced by phosphomicrite and glaucony (black mold).
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petrographic and chemical attributes as a contribution to the understanding of chemical
sedimentation under prolonged sea-bottom exposure.

2 MATERIAL AND METHODS

The area under study was first imaged through chirp-sonar seismics (Fig. 7) to assist the
sampling strategy which, in turn, consisted of 2 gravity cores, 8 heavy dredge and 11 grab
samples collected at a depth range of 134-620 m (Tab. I). Sediment sub-samples from sta-
tions were washed over a set of standard sieves and the fraction coarser than 2 mm inspected
for its content. When present, various types of lithified crusts, slabs, fossiliferous concretions,
individual shell remains and molds, were selected for mineralogical, petrographic and chemi-
cal investigations in the laboratory.

Hardground fragments and Messinian concretions were sectioned by means of a diamond
blade, ground to 30 um and polished using alumina powder. The same operation was carried
out on Astarte sulcata (bivalve) shell fragments, Caryophyllia (scleractinian coral) and pieces
of bivalve molds (steinkern) previously impregnated with epoxy resin in order to keep fragile
internal microstructures intact.

In addition, fractured sections were gold-coated and investigated using a CamScan MX
2500 scanning electron microscope (SEM) to define the internal microstructures of the
bioclasts better.

Qualitative and semi-quantitative mineral analyses were done by X-ray diffraction using a
single crystal of silicon as a sample holder (Plate 1). Use of this sample holder improves
basic identification of characteristic peaks or reflections of the analyzed minerals from the
analytic background. Samples characterized by a minor amount of clay minerals compared
to the carbonate fraction were soaked in a hydrochloric acid solution (8%) in order to dis-
solve the calcium carbonate. Some of them underwent an ethylene glycol solvation for the
identification of smectites by the expansion and contraction of the 001 smectite peak. Fine
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FIGURE 7 Chirp-sonar profiles across the Gorgona slope shown in Figure 1: C-D is the actual profile obtained
during LM99-86 dredging; the position of cores discussed in the text is reported.
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TABLE I Cruise LM99 Location and Attributes of Sampling Stations on the
Gorgona Slope.

Stat. Lat. N Long. E Gear Depth (m)
49 43°24.6854 9°43.2638 Dredge 621 (begin)
43°24.9373 9°43.7023 620 (end)
50 43°24.9451 9°44.6327 Dredge 536 (begin)
43°25.1850 9°45.3380 438 (end)
51 43°25.1536 9°45.3825 Dredge 433 (begin)
43°25.4195 9°46.4826 408 (end)
52 43°25.0711 9°51.0550 Grab 200
53 43°25.0401 9°57.0892 Grab 140
54 43°24.9849 9°56.5963 Grab 134
86 43°23.4097 9°45.7064 Dredge 474
43°24.7532 9°46.6675 309
87 43°24.0267 9°47.2011 Dredge 335 (begin)
43°24.2613 9°47.2608 283 (end)
88 43°16.8811 9°55.3475 Grab 305
89 43°16.5324 9°58.9716 Grab 172
90 43°21.0468 9°48.0685 Dredge 467 (begin)
43°21.0904 9°49.6830 324 (end)
109 43°20.9265 9°43.0049 Dredge 552 (begin)
43°19.7971 9°42.4823 457 (end)
110 43°23.5980 9°45.7572 Dredge 463 (begin)
43°24.6727 9°46.6825 301 (end)
111 43°24.8832 9°46.6674 Gravity core 328
112 43°23.6193 9°45.7630 Gravity core 460
113 43°22.4599 9°54.0348 Grab 176
114 43°24.9671 9°57.0767 Grab 141
115 43°26.7585 9°59.4770 Grab 138
116 43°28.8245 9°55.4370 Grab 183
117 43°28.0282 9°52.5917 Grab 155
118 43°26.4306 9°50.5343 Grab 213

particles, obtained through grinding samples, were graded by stereoscopic microscope. Thin
sections were studied under an optical microscope for petrographic observations and by
means of an electronic microprobe and an energy-dispersive X-ray analyzer imaging system
for chemical characterization. Microprobe analyses were performed using a CAMECA
CAMEBAX microbeam equipped with 4 WDS with an accelerating voltage of 15keV and
a beam current of 15nA. The analytical precisions under the analysis-operating conditions
were: Sr=+ 9%, Mg+ 20% and Na=+20%. X-ray dot mapping was obtained by a CamScan
MX2500, equipped with an EDAX system for microanalysis. The X-ray dot mapping techni-
que is used to analyze the distribution of elements in an area of the sample. Primary electrons
of the beam probe bombarding the specimen cause the atoms to take on a high-energy state.
The excess energy can be released in the form of an X-ray with a wavelength that is character-
istic of the atomic species from which it came, giving the possibility to identify which elements
are present under the electron probe. With modern software, it is possible to collect a series of
spectra for each point (pixel) analyzed by the electron beam probe, as it is scanned across the
surface of the sample and an image analysis can be performed.

The X-ray dot mapping was used in conjunction with a backscattered electron image
(BEI), the area of which corresponds exactly to the area of the maps. Using the BEIL, each
mineralogical phase is imaged, based on the atomic numbers of the elements that constitute
those phases. Interaction of the high-energy electron beam with sample surfaces causes some
high-energy electrons to be reflected or emitted back from the surface, where they are
detected and used to form the image. The images are 8-bit gray scale and are composed
of 256 separate shades from 0 for black and 255 for white. Different minerals are thus
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PLATE 1 X-ray diffraction patterns of various samples from the Gorgonia slope. (A) hardground; (B) Caryophyllia
smithii; (C and D) bivalve mold; the two X-ray diffraction patterns were obtained analyzing two different parts of the
bivalve mold; C shows the presence of goethite and a small amount of glaucony, whereas D reveals the presence of
low-Mg calcite; (E) pristine Pleistocene bivalve; and (F) Limnocardium fragment.

represented by areas of varying shades of gray depending on their average atomic number;
the higher the number, the brighter the shade.

3 RESULTS AND DISCUSSION

X-ray dot mapping was performed on hardground, Pleistocene skeletal parts and Messinian
concretions, to study the chemical composition of the samples. Chemical maps provide a
powerful tool to define the major and minor element distribution along the sample and
allow recognition of heterogeneities that are otherwise difficult to observe.

3.1 Hardground
3.1.1 Petrography

The cemented crust consists of biomicrite with localized micrite. The biogenic component is
largely represented by planktonic foraminifer tests, with minor amounts of bivalve and echi-
noid fragments (Plate 2(1,2)).
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PLATE 2 (1) Biomicrite with localized micrite; the skeletal component consists of planktonic foraminifer tests, with minor amounts of bivalve and echinoid fragments. (2) Detail of the
same sample; note planktic foraminifer (arrow). (3) Bivalve shell (arrow) partially filled by a micrite matrix and a sparitic blocky cement, forming a normal geopetal structure. (4) Normal
geopetal structure.
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The micrite shows a pseudo-peloidal texture characterized by areas with different crystalline
degree. The intraparticle porosity of many skeletal parts and other nonbiogenic particles is
partly filled by a micrite matrix and a sparitic blocky cement, frequently forming normal geo-
petal structures (Plate 2(3,4)). Diffractometric analysis revealed the presence of low-Mg cal-
cite, hydroxyapatite, quartz and a mineralogical phase in agreement with a glaucony
composition (Plate 1(A)). Odin and Létolle (1978) proposed the word glaucony to designate
a green grains facies as a whole, ranging from an end-member which is a smectite (glauco-
nitic smectite), to an end member which is a clay-size mica (glauconitic mica).

3.1.2 Geochemistry

The backscattered electron image (Plate 3(A)) shows chemical heterogeneities in the hard-
ground section. Calcium distribution (Plate 3(1)) is basically homogeneous over the section,
due to the high amount of calcium carbonate and calcium phosphate. Phosphorus has a simi-
lar distribution to that of calcium even though it is less continuous (Plate 3(2)). Silicon con-
centration reflects the distribution of silicate minerals and, in particular, the presence of
quartz (Plate 3(3)). Finally, a very high concentration of iron is located along the rim of
the hollow on the left side of the image, and it gradually decreases toward the carbonate
phase (Plate 3(4)). The bright material with the highest iron concentration was analyzed
using the EDAX system, and it contains about 63% iron (by weight), suggesting the presence
of goethite. Taking into account all the chemical information derived from the X-ray dot
mapping images, and also considering the potassium and aluminum distribution (Plate
3(5,6)), we sketched the area containing the glaucony phase (cross-hatched area in Fig. 8).
Both the micritic matrix and the cement filling a bivalve shell (Plate 2(3)) were analyzed
using an electron microprobe (Tab. II). The MgCO;5 content of the micritic phase ranges
from 2 to 6.5 mol% whereas that of the cement ranges from 4.5 to 7 mol%. Similar results

PLATE 3 (A) Backscattered electron image of the hardground. Different minerals are represented by areas of
varying shades of gray depending on different average atomic number; the higher the number, the brighter the shade.
1-6: X-ray dot maps representing the distribution of some chemical elements. (1) Calcium; (2) phosphorus;
(3) silicon; (4) iron; (5) aluminum; and (6) potassium. The brightest area on the left side of 4 is goethite (see Text).
Note that the brightest areas correspond to the highest concentration of the element investigated.
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FIGURE 8 Backscattered electron image of the hardground. The cross-hatched area represents the glaucony phase.
It was obtained by analyzing all the information coming from the X-ray dot mapping images in Plate 5. Most of the
bright area between the hollow and the glaucony phase is goethite.

were obtained for both the micritic matrix and the cement in a carbonate grain (Plate 2(4)).
Strontium concentration in the micritic matrix (Plate 2(3,4)) ranges from 500 to 1300 ppm,
whereas in the cement (Plate 2(3,4)) the concentration is below the detection limit.

3.1.3 Discussion

The cemented carbonate sediment (hardground) studied could be considered a product of an
early submarine diagenesis under nondepositional conditions.

The pre-existing pelagic sediment, rich in planktonic foraminifers, underwent a lithification
process induced by the precipitation of a magnesian calcite. The cementation is referred to as
a physicochemical process controlled by ionic diffusion from sea to interstitial waters
(Allouc, 1990). Carbonate cement precipitation is mainly the effect of the very slow sedimen-
tation rates, where the interaction between sediment and seawater can occur. Allouc (1990)
subdivided the deep-sea Mediterranean crusts into three types, referring to a progressive
cementation process from type 1 to type 3. Type 1 is described as a thin, brittle limestone,
type 2 as a thick, rather stiff limestone, and type 3 as an almost entirely cemented crust.
He observed a trend of progressive lithification and increasing high-magnesian calcite
content from the incipient to the more evolved crusts. The MgCO; content of diagenetic
high-Mg calcite for these crusts ranges between 9—10 and 12—-13 mol%. The petrographic
features of the upper crust we have analyzed correspond to an evolved crust, characterized
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TABLE II Sodium, Magnesium and Strontium Concentrations Obtained Using an
Electron Microprobe.

Sample Na (ppm) Mg (W%) Sr (ppm)
MM (bivalve shell — hardground) 719 0.5984 725
MM (bivalve shell — hardground) 686 0.6592 573
MM (bivalve shell — hardground) 429 0.5895 1173
MM (bivalve shell — hardground) 731 0.9372 629
MM (bivalve shell — hardground) 2164 0.5424 1354
MM (bivalve shell — hardground) 749 1.8906 427
MM (bivalve shell — hardground) 918 1.5244 923
C (bivalve shell — hardground) * 1.4795 *
C (bivalve shell — hardground) * 1.8653 *
C (bivalve shell — hardground) * 1.3123 *
C (bivalve shell — hardground) * 2.0352 *
MM (carbonate grain — hardground) 956 1.192 629
MM (carbonate grain — hardground) 2765 1.308 701
MM (carbonate grain — hardground) 835 1.792 581
MM (carbonate grain — hardground) 516 0.6395 1037
MM (carbonate grain — hardground) 921 0.9472 938
C (carbonate grain — hardground) * 1.3023 *
C (carbonate grain — hardground) * 1.472 *
C (carbonate grain — hardground) * 1.749 *
C (carbonate grain — hardground) * 1.983 *
DA (Pleistocene Astarte) 1864 0.0227 748
DA (Pleistocene Astarte) 3156 0.0295 596
DA (Pleistocene Astarte) 2541 0.0286 608
DA (Pleistocene Astarte) 2607 0.007 2356
DA (Pleistocene Astarte) 2809 0.0068 1938
DA (Pleistocene Astarte) 2548 0.0002 2436
PR (Pleistocene Astarte) 3673 0.0227 785
PR (Pleistocene Astarte) 3521 0.0032 1728
PR (Pleistocene Astarte) 4706 0.0035 1375
PR (Pleistocene Astarte) 3677 0.0046 1843
PR (Pleistocene Astarte) 3261 0.0002 1888
PR (Pleistocene Astarte) 2967 0.0002 2539

C (Messinian concretion) * 0.0896
C (Messinian concretion) * 0.0966
C (Messinian concretion) * 0.1156
C (Messinian concretion) * 0.0837
C (Messinian concretion) * 0.1063

* X X Xk *

Notes: MM — Micritic Matrix (see Plate 2); C — Cement (see Plate 2); DA — Diagenetically altered
Pleistocene Astarte shell; PR — Pristine Pleistocene Astarte shell.
*Concentration below the detection limit.

in some areas by a pervasive cementation. The diagenetic cement has a fairly low MgCO;
content compared to that found by Allouc (1990) for the evolved crusts. X-ray diffraction
indicates a mean MgCO; content of about 4-5 mol% in the carbonate matrix. Our explana-
tion to account for this depletion refers to the richness of the original host sediment in car-
bonate skeletal remains and also considers the effect of kinetics during the MgCO;
incorporation into calcite. The hardground studied is a biomicrite, particularly rich in plank-
tonic foraminifers (Plate 2), and the organic matter content in the sediment must have been
high enough to create a slightly reduced environment that is not favorable for magnesian cal-
cite precipitation. The presence of a glaucony phase and phosphates is also related to a nega-
tive Eh condition. In particular, glauconite is thought to precipitate in a slightly reducing,
anoxic, non-sulfidic, post-oxic diagenetic environment (Berner, 1981). In this kind of envir-
onment, the conditions can change from oxic to anoxic relatively easily, and there is no sul-
fate reduction since the amount of organic matter is too low. The different chemical
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FIGURE 9 Messinian concretion. (A) Thin section showing the presence of both skeletal- and non-skeletal
components. The skeletal component mainly consists of Limnocardium bivalve and fragments of planktonic
foraminifer tests. (B) Backscattered electron image. Pyrite is easily detectable for its higher average atomic number
compared to carbonate or silicatic minerals.

distribution observed in Figure 8 could be explained by an Eh fluctuation during diagenetic
processes. The glaucony phase is a ferrous mineral that normally precipitates within sedi-
ments, in semi-confined environments, during early diagenesis and lack of deposition.
These microenvironments are characterized by reducing conditions developed through bac-
terial decomposition of organic matter (Tucker, 1991). Bacterial reduction of iron
oxides/hydroxides of clay and organic matter provide Fe** for glaucony phase development.
The cross-hatched area in Figure 9 represents the glaucony phase, possibly a pre-existing
detrital glaucony grain. Successive positive Eh conditions allowed the goethite to develop.
In fact, goethite is also formed by oxidation and hydration of other iron minerals. The
iron distribution map in Plate 3(4) gives the right size and position of goethite. It is exactly
along the border of the hollow, and it seems to be the product of the alteration of the near
glaucony phase. The organic matter (phosphate-rich tissues) also releases its contained phos-
phate during bacterial reduction. Phosphate does not seem to precipitate directly from sea
water but it is formed below the sediment—water interface, by replacement and impregnation
of grains (Soudry and Champetier, 1983; Lucas and Prevot, 1985). Moreover, the environ-
ment must not be overly reductive, otherwise bacterial reduction of the organic matter is
inhibited (Tucker, 1991). The phosphorus distribution map in Plate 3.2 is clear evidence
of the phosphatization of the carbonate sediment. Considering the presence of the glaucony
phase and the impregnation of carbonate sediment by phosphate, it appears that the sediment
underwent a diagenetic process in the presence of fertile water and Eh fluctuations. As
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pointed out by Allouc (1985, 1986a), magnesian calcite concentrations are low in more fertile
waters. Another reason for the low MgCO; content in the crust under study, particularly
referring to diagenetic cement, could be the kinetics of calcite precipitation processes. In par-
ticular, it has been proven that the incorporation of MgCO; in calcite increases with
increasing precipitation rate (Thorstenson and Plummer, 1977; Wollast et al., 1980). The pre-
cipitation rate decreases in the quasi-isolated interstitial water offered, for example, by bio-
genic cavities. Larger, subhedral to euhedral diagenetic crystals precipitate in these
microenvironments (as observed in Plate 2(3)) and the MgCOs; content is lower compared
to small crystals formed by a high precipitation rate.

3.2 Pleistocene Skeletal Parts
3.2.1 Petrography

(1) Two shell fragments of the bivalve mollusc Astarte sulcata were studied under optical
microscope using valve cross-sections (thin sections) and by means of a SEM in fractured
sections. Petrographic observations reveal pristine microstructures of both shell fragments.
The innermost layer consists of an aragonitic irregular simple prismatic layer (Plates
4(1,2) and 5(2,3)) with variable thickness, ranging from about 100 um to 1 mm.

Along this layer, thin-branched bores are evident only in one shell fragment (Plates 4(2)
and 5(3,4)). These bores range from 10—15 pm to 30 um in diameter and are partially or com-
pletely filled. Similar branched bores can be observed in the outer layer. This layer consists of
an aragonitic spherulitic prismatic structure and it seems to have been more affected by endo-
benthic activity (microboring, Trypanites ichnofacies) compared to the innermost layer. In the
other shell fragment, the distribution of branched bores is limited, and they normally do not
contain any filling material (Plates 4(1) and Plate 5(1,2)).

(2) Transverse sections of a solitary scleractinian coral Caryophyllia smithii were studied
using an optical microscope and a SEM. The coral reveals pristine microstructures in both the
wall and columella regions. The aragonite fibrous bundles do not show significant dissolution
features (Plates 4(3) and 5(5,6)). Calcification centers, arranged in a continuous line parallel
to the septal surface (Plate 5(5,6)), are completely absent in some septal portions (Plate
4(3,4)). This is related to the smaller size of the crystals that form the calcification center
itself, making it more sensitive to dissolution processes. Along the external side of the
coral wall, branched microboring comparable to that observed on the shell of A. sulcata is
present, and these bores are partially or completely filled. Diffractometric data confirmed
the aragonitic composition of the coralline skeleton (Plate 1(B)). Because of the scarcity
of material filling the bores (in agreement with a glaucony composition; see below), its
mineralogy was not ascertained.

3.2.2 Geochemistry

The innermost layer of pristine shell fragment of 4. sulcata displays an almost homogeneous
calcium distribution (Plate 6(1)), due to the small number of bores. There is no evidence of
silicon, aluminum and iron enrichment along the layer (Plate 6(2—4)). This is different from
the other fragments, where the branched bores along the innermost layer are completely
filled. The filling material is characterized by a high silicon, aluminum and iron concentration
(Plate 7(2—4)). We obtained the same element distribution in our analysis of the fragment of
C. smithii (Plate 8). The bores here show a similar geometry to that observed in the 4. sulcata
layer and the filling material appears to be the comparable.
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PLATE 4 (1) Pleistocene pristine shell of 4. sulcata. Microboring is absent both in the outer and in the inner shell layers. (2) Pleistocene diagenized shell of 4. sulcata. The innermost layer
shows the presence of microboring filled with glaucony. (3) Cross-section of C. smithii, showing the wall region and part of the septal portion. (4) Detail of a septum in C. smithii.
Calcification centers developed along the septum have been completely removed by dissolution processes.

Syl
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PLATE 5 (1) Outer shell layer of 4. sulcata. This layer shows pristine structures and the distribution of microboring
is limited. (2) Innermost shell layer of 4. sulcata. This layer consists of an aragonitic irregular simple prismatic layer.
Microburrows do not contain any filling material. (3) Detail of the innermost layer showing the distribution of branched
bores and the filling material. (4) Detail of branched bores and the filling material. (5) Wall region and outer septal
portion of C. smithii. The coral reveals pristine microstructures. The inter-septal porosity is completely or partially filled
by clay minerals and quartz silt. (6) Detail of a septum in C. smithii. Calcification centers are arranged in a continuous
line parallel to the septal surface and are surrounded by fibrous aragonitic bundles.

Moreover, a potassium and magnesium enrichment was also found for the filling material
of both A. sulcata (Plate 7(5,6)) and C. smithii (Plate 8(5,6)). Major and minor element con-
centrations of the material filling the microboring are in agreement with a composition of a
glaucony phase. Analytical cross-sections were carried out between the outermost and the
innermost shell layers of 4. sulcata (Tab. II). Information for strontium, magnesium and
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PLATE 6 (A)Backscattered electron images of the shell of 4. sulcata. Different minerals are represented by areas of
varying shades of gray depending on the different average atomic number; the higher the number the brighter the shade.
1-4: X-ray dot maps representing the distribution of some chemical elements. (1) Calcium; (2) silicon; (3)
aluminium; and (4) iron. Note that the brightest colored areas correspond to the highest concentration of the element
investigated.

sodium only concern the carbonate phase, since the filling material was carefully avoided.
Although analytical precision for the selected elements is quite high, it is possible to notice
geochemical differences among the various portions of the samples. Results for magnesium
are given in Figure 10. The two magnesium distributions derived from the two shell cross-
sections are quite different. Regarding the shell with no branched microboring (Fig. 10A),
the magnesium concentration is almost homogeneous, with the exception of the high mag-
nesium value in the outermost shell layer (1 on the analytical points axis). The other shell
of A. sulcata shows a different magnesium distribution (Fig. 10B). Anomalous high values
were observed in the outer part of the shell.

PLATE 7 (A) Backscattered electron image of the shell of A. sulcata. Different minerals are represented by areas
of varying shades of gray depending on the different average atomic number; the higher the number, the brighter the
shade. 1-6: X-ray dot maps representing the distribution of some chemical elements. (1) Calcium; (2) silicon;
(3) aluminum; (4) iron; (5) magnesium; and (6) potassium. Note that the brightest areas correspond to the highest
concentration of the element investigated.
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PLATE 8 (A) Backscattered electron image of Caryophyllia wall. Different minerals are represented by areas of
varying shades of gray depending on the different average atomic number; the higher the number, the brighter the
shade. 1-6: X-ray dot maps representing the distribution of some chemical elements. (1) Calcium; (2) silicon;
(3) aluminum; (4) iron; (5) magnesium; and (6) potassium. Note that the brightest areas correspond to the highest
concentration of the element investigated.

Strontium concentration displays an antithetic magnesium distribution over both the cross-
sections, and low values correspond to the highest magnesium value. By applying an infer-
ential statistical method, we achieved the main goal of finding out significant differences
between the elemental compositions of the two shells. We adopted the NPC (NonParametric
Combination) Test methodology (Pesarin, 2001) because of the partially nonnormal nature of
our data. We found a significant difference (at the 5% level) between the two shells only for
sodium concentration (Fig. 11).

3.2.3 Discussion

Petrographic and geochemical data allow us to define the differences between the two shells
of A. sulcata and derive information on diagenetic processes. The two shells represent an
initial and a successive step in the diagenetic sequence respectively. In particular, the shell
without or with microboring shows an almost constant concentration of magnesium over
the whole shell’s thickness. The magnesium peak in the outermost layer seems to be
indicative of an incipient slight replacement of the primary aragonite by a diagenetic calcite.
This process is more evident in the other shell, since the entire outer layer shows magnesium
enrichment. Moreover, high magnesium values correspond to the lowest strontium values.
The partial replacement of aragonite by a diagenetic calcite seems to occur in the outer
layer. This replacement is confirmed by the diffractometric data that reveal a slight amount
of calcite in this shell. The large number of bores probably allowed the diagenetic solution
to enter into the layer, thus creating the conditions for a mineralogical replacement. The che-
mical composition of the subsequent filling material is in agreement with a glaucony phase.
As already discussed above, the glaucony phase is indicative of precipitation in a semi-
confined environment and lack of deposition.
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FIGURE 10 Distribution of Mg from the outermost to the innermost layer of A. sulcata shell, measured with
the electronic microprobe along the aragonitic phase. The specimen without the microboring (A) has an
almost homogeneous distribution with the only exception of the high Mg value for the first analytical point
(outermost shell layer). The specimen with the microboring (B) shows a Mg enrichment in the outer shell
layer (1-3).

The significant statistical difference in the sodium concentration between the two shells
also provides evidence of a moderate calcitization process. Sodium concentration in arago-
nite is ~ 4000 ppm, whereas it is much lower in low-Mg calcite (~ 500 ppm) (Milliman,
1974a,b). Based on these data, the low sodium values in the diagenetically altered shell
may be the effect of the calcitization process.
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FIGURE 11 Graph showing the sodium concentration for the two shells. Biv Diag: diagenetically altered shell;
Biv Orig: pristine shell.

3.3 Mold and Concretion
3.3.1 Bivalve Mold

3.3.1.1 Petrography The sample in Figure 7 is a bivalve plus matrix steinkern belonging
to a distinct class of molds (black molds) represented by gastropods, scaphopods, bryozoans,
brachiopods and scleractinian corals of unspecified Pleistocene age. This sample was sec-
tioned and analyzed under optical microscope. It consists of a cryptocrystalline matrix
(crystal diameters smaller than 1 um), characterized by a brownish material when observed in
thin section. Due to its high phosphorous content it can be defined as a phosphomicrite.
Diffractometric analysis revealed the presence of hydroxyapatite, low Mg calcite, quartz,
goethite and a small amount of glaucony, whereas a calcitic composition was obtained by
analyzing a pristine Pleistocene bivalve (Plate 1(C—E)).

3.3.1.2 Discussion The steinkern examined represents an evolved phase of the diagenetic
process. Some pristine shell remains underwent a replacement process, resulting in the
complete phosphatization of the original shell. Moreover, as previously mentioned, the
presence of glaucony, low-magnesium calcite and goethite, and the high amount of hydro-
xyapatite in the steinkern are indicative of a diagenetic process in the presence of fertile
waters and Eh fluctuations.

3.3.2 Messinian Concretion

3.3.2.1 Petrography The sand-size portion of the Messinian concretion consists of bio-
clasts (chiefly bivalve fragments of Limnocardium), some peloids (many are probably fecal
pellets), rock fragments and quartz grains (Fig. 8). The silt-size portion is essentially made up
of clay minerals, planktonic foraminifer tests, quartz micrograins and subordinate pyrite
microcrystals (normally pyrite framboids). The primary porosity is locally filled by a
phosphomicrite. The carbonate cement occurs as an irregular isopachous fringe, chiefly
around peloids and locally along grain contacts. Most of the biogenic elements (in particular
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PLATE 9 (A) Backscattered electron image of the Messinian concretion. Different minerals are represented by
areas of varying shades of gray depending on the different average atomic number; the higher the number the brighter
the shade. 1-4: X-ray dot maps representing the distribution of some chemical elements. (1) Calcium; (2) silicon;
(3) sulphur; (4) iron. Note that the brightest areas correspond to the highest concentration of the element investigated.

foraminifers) are empty and only some of them are partially filled by pyrite microcrystals or
terrigenous fraction. The preservation of the Limnocardium fragments is highly variable,
including both well-preserved biosomes and completely dissolved or calcitized skeletal parts.
Diffractometric analysis of a chalky shell reveals the presence of aragonite (about 90%),
calcite (8-9%) and hydroxyapatite (Plate 1F).

3.3.2.2 Geochemistry A backscattered electron image (Plate 9A) reveals the presence of
high average atomic number minerals (bright crystals on the right area of the image in Plate
6A. The sulfur and iron distributions (Plate 9(3,4)), are in agreement with the petrographic
observations, confirming the pyritic nature of the bright crystals in Plate 6A. Chemical maps
of calcium and silicon distributions (Plate 9(1,2)) also confirm the presence of carbonate
materials embedded in a matrix mainly composed of clay minerals and quartz silt. The
MgCOj; content of the isopachous carbonate cement is very low (~ 0.3-0.4 mol%) (Tab. II)
compared to that found in the hardground, suggesting a different genesis.

3.3.2.3 Discussion Petrographic and geochemical features suggest a slightly different
diagenetic process compared to those affecting the hardground and, to a lesser degree, the
Pleistocene skeletons and molds. The amount of organic matter must have been adequate for
sulfate reduction, creating an anoxic, sulfidic diagenetic environment. In such an environ-
ment, the bacterial reduction of sulfate in the presence of organic matter provides sulfur as
S?~, which forms pyrite together with iron. Pyrite, in the studied concretions, appears to
precipitate within the silt-size portion and to replace small areas of the skeletal carbonates.
Finally these concretions contain a mixed assemblage of skeletal grains including brackish
Messinian bivalves and Pleistocene pelagic tests, indicating that their formation is a
phenomenon that took place in a still unspecified time during the Quaternary.

4 CONCLUSIONS

Bottom samples of the Gorgona slope show phosphatized/micritc hardground and shell
remains in various states of preservation. The starved deep-sea environment of the slope
has favored diagenetic processes, promoting the partial or complete dissolution of existing
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carbonates. Chemical precipitation and mineralization are evident in most samples belonging
to Messinan and Pleistocene and were conducive to various types of lithified products, from
glaucony- to phosphoritic-carbonate rocks. The chemical mapping of such varied diagenetic
products provides a powerful tool for investigating chemical precipitation and mineralization,
since an image analysis can be performed. X-ray dot mapping in conjunction with a BEI
allowed us to show the different diagenetic patterns related to the varying amount of organic
matter and Eh fluctuations. In particular, the cemented crust (hardground) and the Pleistocene
skeletal parts seem to have experienced the same diagenetic processes, related to fertile water,
in a slightly reducing, anoxic, nonsulfidic, post-oxic diagenetic environment, whereas the
Messinian concretion underwent a lithification process in an anoxic, sulfidic diagenetic envir-
onment, where sulfate reduction could be promoted.
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