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ABSTRACT

Dejonghe, L. and Boulvain, F., 1993. Paleogeographic and diagenetic context of a baritic mineralization enclosed within
Frasnian peri-reefal formations: Case history of the Chaudfontaine mineralization (Belgium). Ore Geol. Rev., 7: 413-
431.

The Chaudfontaine ore deposit, which is composed mainly of barite, is hosted in the Frasnian shale and carbonate
formations of Belgium. A detailed description of the sedimentary structures involving barite crystals shows that many of
these crystals have developed under gravity control. Two populations of barite were formed: crystals which grew in brine
above the sediment-water interface, and crystals which developed in the sediment during early diagenesis. Each population
has specific size, habits and structures, and the size and abundance of the crystals may be expressed as a function of the
degree of barium supersaturation. Morphological similarities were found between Chaudfontaine barite and gypsum from
evaporites. The formation of the ore deposit is then replaced in its sedimentological and palacogeographical context: a sea-
level drop affecting a semi-restricted marine basin. A predominantly burial diagenesis is responsible for the good preser-
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vation of the ore deposit.

Introduction

This paper treats a dominantly baritic mi-
neralization located within the clayey-carbon-
ate sediments of the Belgian Frasnian. This
work will show that the formation of a barite
layer may be due to a process similar to that
which governs the formation of the more
“classic” evaporite deposits (Dejonghe, 1990),
such as those of gypsum or halite, and inte-
grated within a particular sedimentologic con-
text. Although the description of the minerali-
zation and of the accompanying sedimentary
structures are emphasized, the paleo-eustatic,
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paleogeographic and diagenetic environments
will also be treated, as well as their respective
influences on the characteristics of the miner-
alization and/or the surrounding sediments.

Location and geologic context

The Chaudfontaine mineralization (De-
jonghe, 1979, 1985) is situated in the Verviers
Synclinorium (Graulich et al., 1984; Graulich
and Dejonghe, 1986), a structural unit of the
Variscan domain in eastern Belgium (Fig. 1).
The surrounding country rocks, Lower Devon-
ian to Upper Carboniferous, are exclusively
of sedimentary nature (limestones, shales,
sandstones).

The mineralization is principally composed
of barite, with accessory pyrite, sphalerite and
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galena. Small inclusions of chalcopyrite and
bravoite have also been noted (Dejonghe et al.,
1978, 1985).

The mineralized body does not crop out, but
has been cut by three cores (Geological Survey
of Belgium reference numbers 134E303,
134E310 and 134E396) forming a right-angle
triangle whose short sides are 180 m and 375
m long. The mineralization occupies the two
flanks of a faulted anticline, at depths of 80 to
210 m (Fig. 2). The maximum thickness of the
mineralization is 10.75 m. The mineralized
layers alternate with barren layers. In all three
cores, the mineralization occurs at the same
stratigraphic level, i.e., at the summit of the
Frasnian (Fig. 2). More precisely, following
the terminology of Coen-Aubert and Lacroix
(1979), it is situated at the top of the “second
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Phillipsastrea biostrome” of the Aisemont
Formation overgrowing a micritic bioherm
(“red marble bioherm™).

The paleogeography of the Frasnian forma-
tions of the Verviers Synclinorium has been
studied in detail by Cnudde et al. (1986) and
Dejonghe and Mamet (1989). For their part,
Boulvain (1990) and Boulvain and Coen-Au-
bert (1991) have documented the paleogeo-
graphic evolution of the Frasnian ramp as a
function of the eustatic fluctuations in the
Dinant and Namur synclinoria.

Paleogeographic context
During the Frasnian period, the sedimen-

tary basin (comprising the present-day Din-
ant, Namur and Verviers synclinoria) was
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Fig. 1. Tectonic units of the Palaeozoic of Belgium.

bounded, to the north, by the southern extrem-
ity of the Caledonian continent (now known
as the Brabant Massif ) which was experienc-
ing peneplanation, and to the south by the
emerging mid-european ridge.

The Frasnian occurs in a general context of
eustatic rise (Johnson et al., 1985). In the re-
gion under consideration, a drowned carbon-
ate platform was followed, at the end of the
Frasnian, by a mixed ramp with clay-carbon-
ate sedimentation (Boulvain, 1990). During
the stable period which succeeded this eustatic
rise, a number of red micritic biocherms began
to develop in the argillaceous limestones con-
taining brachiopods, sponges, bryozoa and cri-
noids (Fig. 3A). Their location was possibly
influenced by hypothetic active faults. The ar-
gillaceous limestones cover a vast area on the
carbonate ramp, however, the bioherms are

found principally in the southern part of the
sedimentation basin (Philippeville Massif, sit-
uated in the central part of the Dinant Syncli-
norium, Fig. 1).

These lenticular edifices, several dozens of
meters in thickness and several hundreds of
meters in horizontal extent, show a vertical
sedimentary differentiation: the organic com-
munity is dominated, at the lower levels, by
deposition of sponges and carbonate and iron
oxidizing bacteria (Siderocapsaceae and fila-
mentous bacteria of the Sphaerotilus-Leptoth-
rix group). It then becomes richer in crinoids,
corals, Sphaerocodium and Renalcis, towards
the middle and upper levels of the edifices.

In the Verviers Synclinorium, the shallower
depth due to the proximity of the Brabant
Massif is demonstrated by the increasing
amount of corals in the argillaceous lime-
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Fig. 2. N-S cross-section including one of the three mineralized drill holes (drill hole 134E303). The Chaudfontaine fault
cuts an anticline. In this section, the mineralization only exists on the northern flank of this anticline. In other sections,

the mineralization occurs on both flanks.

stones. It is within these argillaceous lime-
stones (“first Phillipsastrea biostrome™) that
the Chaudfontaine bioherm will begin to grow
(Fig. 3A).

A second eustatic rise induced a displace-
ment towards the north of the different facies
belts (Fig. 3B). The surviving bioherms are
henceforth surrounded by fine-grained argil-
lites, instead of a continuous calcareous bed
and, due to the different speeds of sedimenta-
tion, a certain relief developes. During the sta-
ble period which succeeded the eustatic rise, an
ecologic evolution with progressive diversifi-
cation of the communities can again be seen in
all of the edifices. The lower levels, rich in
sponges and iron-oxidizing and carbonate-de-

positing bacteria, are overlain by a middle layer
containing crinoids, corals and algae. This ver-
tical differentiation 1is, this time, superim-
posed on a horizontal zonation due to the re-
lief of the edifices.

This period of eustatic stability comes to an
end with a lowering of the sea level of 10 to 20
m (Boulvain, 1990), and is characterized (Fig.
3C), depending on the position within the sed-
imentary basin, by the following phenomena:
— the appearance of cryptalgal facies at the top
of the micritic bioherms. In the Philippeville
Massif, facies which initially characterized the
central part of the edifices, spread over their
slopes;

— to the north of the area of sedimentation



BAKITIC MINERALIZATION IN FRASNIAN PERI-REEFAL FORMATIONS: CHAUDFONTAINE MINERALIZATION (BELGIUM) 417

hypothetic
synsedimentary
fault

Wave Action Base

B

red micritic

limestones

argillaceous
limestones

shales

oncolitic
limestones

* * sea-level
changes

Fig. 3. Schematic reconstruction of the Upper Frasnian ramp paleogeography in the East of Belgium. Explanations in the
text.



418

(the internal zone of the ramp ), formation of
oncolitic shoals overlying the brachiopod-con-
taining argillaceous limestones. In some places,
cryptalgal laminites indicate an inter- to supra-
tidal environment;

— in the Verviers Synclinorium, overlying the
Chaudfontaine red marble bioherm, the devel-
opment of a continuous biostromal bed of
variable thickness (“second Phillipsastrea
biostrome™), locally rich in oncoliths. Evapo-
rite pseudomorphs are also present;

Finally, a third eustatic rise, of great ampli-
tude (Fig. 3D), ends the biohermal regime, for
the whole basin and argillaceous sedimenta-
tion dominates with, after a brief coral epi-
sode, non-bioturbated fine-grained argillites.

The Chaudfontaine mineralization

Barite occurs in various forms: (1) as iso-
lated and scattered lamellar or tabular crystals;
(2) as aggregates of either non-orientated
crystals (often with 120° junctions) or roughly
parallel lamellar crystals cemented in a cherty
rock; (3) as rare radiating aggregates of lamel-
lar crystals; the rosette structure is still rarer;
(4) as massive aggregates, often of large elon-
gated subhedral crystals; (5) as aggregates of
anhedral crystals of extremely varied shapes
and sizes.

The barite 1s white, sometimes with a faint
greyish or pinkish tinge and occurs in numer-
ous sedimentary structures which are de-
scribed in detail in the following chapter. Many
structures are controled by gravity (hence giv-
ing rise to geopetal fabrics). Some structures,
such as slumps and load casts, involve pre-ex-
isting barite crystals in hydroplastic sedi-
ments. However, barite is never found to fill
fractures or karst cavities.

The ore matrix is complex and consists of a
mixture of black chert and argillaceous lime-
stone with a varying proportion of dolomite.
The cherty component is often predominant
and will be referred to as “silicite” after Teo-
dorovich (1958). Sedimentary breccias,
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sometimes mineralized, are also abundant.
These breccias are neither associated to shear
zones, nor to collapse structures. They occur
sometimes in connection with slumps. The
contacts between mineralized beds and barren
intercalations are always parallel to the bed-
ding. They may be very sharp, but gradual
variations in the shape and size of barite crys-
tals also occur.

The hanging wall of the ore body is a light
grey nodular limestone with an abundant ar-
gillaceous matrix, interbedded with irregular
layers of green and red shale. At the footwall,
grey and black limestones (0.20-20 m thick
and occasionally brecciated ) cap red bioherms
with thin red and green shaly layers.

Sedimentary structures of the Chaudfontaine
deposit

Thirteen sedimentary structures involving
barite crystals have been described and illus-
trated by Dejonghe (1990) from the Chaud-
fontaine deposit. These structures are, among
others:

— rhythmic layering of barite, sphalerite and
barren sediments;

— conform (parallel to bedding) discontinu-
ity surfaces between baritic and barren
layers;

— barite crystal floors;

— baritic sediment filling in barite crystal
floors with screen fabrics (Fig. 4);

— levelling of irregular relief by layers rich in
barite crystals;

— redeposited baritic clasts in sedimentary
breccias;

— redeposited barite crystals;

— synsedimentary minifaults creating accom-
odation for barite crystals.

Most of these structures involve sedimen-
tary redeposition of barite crystals in a period-
ically agitated environment.
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Fig. 4. Chaudfontaine drill hole 134E396: longitudinal section of a core between depths of 195.05 and 195.25 m. 4, B and
C are decimeter-size crystals forming “V”’-shaped cavities which are filled, at the bottom (stippled area), with an aggre-
gate of barite and sulfides (mainly pyrite). The aggregate is totaly absent from the silicite on the right of crystal C. There
is an accumulation of millimeter-size barite crystals on top of crystal D.

Diagenesis

The diagenetic evolution of the Upper Fras-
nian micritic bioherms and the sediments,
stratigraphically equivalent, on the carbonate
ramp have been studied by Boulvain (1989,
1990) and Boulvain et al. (1992). More spe-
cific information on the Chaudfontaine mi-
neralization and the surrounding country rocks
based on the isotopic studies of S, C, O, Sr, Pb
are furnished by Dejonghe et al. (1989).

All the micritic bioherms are characterized
by the same diagenetic sequence made of at
most five phases of cementation which are, su-
cessively (Fig. 5):

(1) A radiaxial low-magnesian calcite in
mm- to-cm size crystals, containing micronic
inclusions of organic material and inframi-
cronic inclusions of dolomite. These crystals
are predominantly non-cathode luminescent
with small bright orange luminescent spots.
Its mean isotopic composition is &'3C
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Fig. 5. Diagenetic evolution (cementation) of Upper Frasnian limestones and argillaceous limestones of Chaudfontaine.

PDB=1.69%0 (var=1.4, n=8); 6'°0O PDB=
—8.02%0 (var=1.1, n=38);

(2) A sparitic non-luminescent low-magne-
sian calcite in automorphic equant crystals, in-
fra-mm to mm in size. The mean isotopic com-
position is J'3C PDB=2.87%0 (var=1.1,
n=38);6'°O PDB= —7.7%0 (var= 0.6, n=38);

(3) A sparitic low-magnesian calcite form-
ing a syntaxic border on the preceeding cement
(2) with a bright orange luminescence and
sometimes with a zonation of alternating lu-
minescent and non-luminescent bands. The
luminescence is linked to a mean MnO content
0of 1.2% (var=0.3, n=16);

(4) A xenomorphic low-magnesian sparitic
calcite in equant crystals, mm to cm in size,
with a dull orange luminescence. This calcite
only contains a small amount of manganese,
but 1% of FeO (var=0.01, n=13). The mean
isotopic composition is 6'3C PDB=2.24%o
(var=1.5, n=13); 6'*0 PDB=-10.86%o0
(var=1.0,n=13);

(5) A “baroque” or “‘saddle-shape” ferrifer-
ous dolomite.

The bioherm cavities are characterized by
the succession of phases (1), 2, 3, 4, (5). The

cavities in the surrounding sediments and the
fissures in general, by phases 4, (5). The on-
coidal grainstones deposited in the internal
zones, to the north of the carbonate ramp, by
phases 2, 4, (5).

The petrographic observations and the geo-
chemical and isotopic analyses of the different
phases of the diagenetic sequences permit the
reconstitution of the post-sedimentary evolu-
tion of the Frasnian carbonate ramp (Boul-
vain et al., 1992).

The radiaxial calcite (1) is a secondary ce-
ment resulting from the restabilization of an
early marine cement by fluids precipitating the
automorphic calcite (2) (Kendall and Tucker,
1973; Kendall, 1977; Kerans et al., 1986). This
second phase is a meteoritic sparitic calcite
formed during the post-Frasnian marine
regression. This cement has been abundantly
precipitated in the internal area of the ramp,
entirely obstructing the porosity. In the micri-
tic bioherms, furthest from the recharge zones
of the meteoritic aquifer, only a minor volume
of sparite (2) has been precipitated, immedi-
ately followed by the manganiferous sparite
(3), indicating the beginning of the closing off
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of the aquifer (Meyer, 1978; Frykman, 1986;
Miller, 1986). Finally, during burial, the ferri-
ferous calcite (4) completely blocked the re-
sidual porosity of the micritic bioherms and the
entier porosity of the surrounding sediments.
This cement is contemporary with the opening
of a fracture network and the development of
pressure-solution phenomena. The “baroque”
dolomite (5) is cogenetic with, or slightly later
than the ferriferous calcite.

In the Chaudfontaine mineralization, the
carbonates associated with the barite occur
principally in two forms:

— as white spathic calcite in mosaics of multi-
centimetric crystals or in the form of laths with
the same habit as the barite crystals (core
134E396, between 195.5 and 195.7 m). These
laths are included in a silicite;

— as “baroque” ferriferous dolomite.

The spathic calcite corresponds to phase 4 of
the diagenetic sequence and the ferriferous do-
lomite to phase 5. The barite crystals are be-
lieved to be approximately contemporaneous
with phase 1, and locally replaced by phase 4
during diagenesis.

Relationships of the mineralization to sulfate
evaporites

Several pieces of evidence testifying to the
relationship between the Chaudfontaine mi-
neralization and the sulfate evaporites have
been presented by Dejonghe (1986, 1990). The
most important of these are, the high salinity
of the fluid inclusions within the barite crystals
(mean: 16.5% equivalent NaCl, with a maxi-
mum of 23% equivalent NaCl for the core
134E396, Dejonghe et al., 1982a,b); the pres-
ence of anhydrite and gypsum crystal pseudo-
morphs; the presence of anhydrite at an equiv-
alent stratigraphic level in the Soumagne core,
8 km to the east of the Chaudfountaine core;
the association of the mineralization with cer-
tain silicic forms (microquartz and petaloid
megaquartz) frequently linked to evaporites
(Arbey, 1980) and finally the isotopic com-

position 6%**S/Canyon Diablo of the barite
(26.1<6%*S<30.5%0) which corresponds to
the known value for Upper Devonian sulfates
of marine origine. To these arguments we can
add a generally restricted sedimentologic con-
text at the end of the Frasnian, as a result of
the eustatic drop indicated above.

In contrast to S, the Sr and probably the Ba
are not of marine origin: the ¥’Sr/%¢Sr ratio of
barite (clustering around 0.7112) is signifi-
cantly above the seawater ratio of the Frasnian
(around 0.7087; Dejonghe et al., 1989).

In summary, the Chaudfontaine minerali-
zation was trapped in small shallow pools sit-
uated at the top of an Upper Frasnian bios-
tromal formation. These pools were
temporarily isolated from the open sea and
evolved under evaporitic conditions. Sulfate
solutions were thus present in substantial
amounts. In such environments, proliferation
of organisms is great, as is their mortality. Thus
bacterial reduction could play an important
role. If metals were available, very favourable
conditions for their precipitation would have
existed. Precipitation could have occurred
during the mixing of two different solutions;
one carrying the sulphur, the other carrying the
metals. The possibility of two solutions is sup-
ported by isotopic data indicating that the sul-
phur is of marine origin whereas, the Sr and Ba
are of non-marine origin. Therefore, Dejonghe
(1985, 1986) and Dejonghe et al. (1989 ) made
the hypothesis that metalliferous brines
reached the site of deposition along active fault
drains, which could also be responsible for the
location of the bioherms.

Structural nature of the barite growth
processes growth of millimetric barite crystals

At least four, millimetric barite crystalliza-
tion processes are possible as illustrated in Fig.
6:

Hypothesis 1. barite nuclei appear in the
brine (chemical nucleation), and are depos-
ited at the water/sediment interface (mechan-
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ical sedimentation ). Here, or in the uppermost
unconsolidated sediment, the crystals con-
tinue to grow, until their present size. The
overlying brine and/or connate water feed the
growth (the crystallization takes place partly
syngenetically and partly during incipient
diagenesis).

Hypothesis 2: lamellar barite crystallites ap-
pear and grow in the brine, reaching millime-
tric sizes, before being deposited at the water/
sediment interface (syngenetic crystalliza-
tion ). They may subsequently continue to grow
sediment during
diagenesis.

Hypothesis 3: an ooze, rich in Ba ions is de-
posited. Barite starts to crystallize during early
diagenesis and growth may continue during
later diagenesis.

Hypothesis 4: strata with high porosity allow

Fig. 6. Diagram of hypotheses concerning the time and process of crystallisation.

right, as it can not explain the geopetal fabrics;
the first three are, a priori, all plausible.
Hypothesis 2 is more open to criticism than
the remaining two. Dejonghe (1985) and
Cnudde et al. (1986) have stressed that the
paleogeographic environment of the Chaud-
fontaine area at the end of the Frasnian was
one of very shallow water. Studies on fluid in-
clusions (Dejonghe et al., 1982a; Dejonghe,
1985) have shown that the viscosity of the
brines, in which the barite precipitated, is not
very high. These two conditions do not favour
the continuous growth of nuclei and crystal-
lites because their free fall through the brine
would have been very brief. However, in ex-
tremely still water, laminae of barite may oc-
cur and grow while floating at the surface of a
brine, as observed by Orgeval in the Bou Grine
mine in Tunisia (Orgeval, pers. commun. ). In
this case, the lamellae would subsequently have

groundwater to migrate laterally. An influx of
Ba-rich epigenetic water causes barite to crys-
tallize in the pores of consolidated sediment
(epigenetic crystallization ).

The last hypothesis may be rejected out-

acquired a preferred orientation parallel to the
bedding on deposition at the sediment/water
interface.

A strong argument in favour of diagenetic
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growth is the fact that in the rhythmites, the
millimeter-size barite crystals lack preferred
orientation. Barite laminae crystallizing in
brine would have been deposited parallel to the
bedding. However, we must also take into ac-
count the morphology of the rhythmites: there
are sharp limits between the alternating barite-
rich and barren layers (Dejonghe, 1990). This
argues in favour of hypothesis 1: only barite
nuclei previously deposited at the sedimentary
interface can explain such sharp limits. It is
unlikely that such clearly distinct barite-rich
strata could have arisen from lithologically un-
differentiated sediment through diagenetic
growth without pre-existing nuclei.

Many authors have claimed that diagenetic
growth of barite or other stratiform ore depos-
its occur in superficial, freshly deposited sedi-
ment (Macquar, 1978; Amstutz and Fontboté,
1982). The ore forming process must be,
therefore, a surface-linked process.

It should be remembered that, at Chaudfon-
taine, mineralized and barren sediment alter-
nate on a centimeter to meter scale. The sharp
contacts between barren and strongly miner-
alized layers clearly seem to reveal that sedi-
mentation frequently ceased. Such contrasting
lithologies on either side of discontinuities are
indicative of major changes in the influx into
the sedimentary basin, following gaps.

Therefore, the Chaudfontaine deposit
rhythmites are strata formed by mechanical
deposition (sensu Schulz, 1976, pp. 296-297)
of nuclei, crystallites or millimeter-size crys-
tals fed from a brine, and which possibly con-
tinued to grow during early diagenesis. The
space rhythm is time-linked: the fluctuating
supply of sediment of various lithologies com-
bined with varying physico-chemical condi-
tions gave rise to rhythmically alternating
mineralized and barren layers.

Growth of decimeter-size barite crystals

The following observations concerning the
position and habit of decimeter-size barite

crystals indicate that they were static during
their growth, whereas the nuclei of millimeter-
size barite crystals were deposited dynamically:

(1) Decimeter-size barite crystals are often
sub-vertical, whereas millimeter-size barite
crystals lack preferred orientation (Fig. 4);

(2) Euhedral decimeter-size barite crystals
ends (crests), although exceedingly rare, are
always found towards the stratigraphic top of
sub-vertical crystals;

(3) When thickening occurs, decimeter-size
barite crystals always thicken towards the stra-
tigraphic top (Fig. 4);

(4) Decimeter-size barite crystal aggregates
occur in a fibroradiating pattern with the
“open-book-like” fabric always turned to-
wards the stratigraphic top; this fabric never
occurs in millimeter-size barite crystals;

(5) When millimeter- and decimeter-size
barite crystals are involved in geopetal fabrics,
millimeter-size crystals always fill the “V”-
shaped cavities between the crystals (Fig. 4);

Thus, the decimeter-size barite crystals were
fixed at the sedimentary interface during their
growth. They were chemically fed by the brines
and made up beds with decimeter-sized crys-
tals (free growth) which were later, in places,
covered with layers rich in millimeter-size bar-
ite crystals.

Physico-chemical parameters of barite
precipitation and growth

Several parameters control the precipitation
of barite: pH, Eh, temperature, pressure,
chemical composition, water turbulence, bac-
terial activity, etc. In fact, the behaviour of
trace elements in aquatic systems is highly
complex due to the large number of possible
interactions with ill-defined, dissolved and
particulate components. In the system Ba-S-
O-H-C, the Eh—pH diagram for barium spe-
cies at 25°C and 100 kPa shows that below pH
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of 1.2, Ba3O, dissolves to form Ba’*, and
BaSQ, is re, laced by BaCOj at a pH of about
11.6 (Brooki s, 1988). However, the course of
the BaSO, solubility is hardly changed by the
presence of NaCl in the system. A very strong,
guantitative increase in the solubility is seen
even at low NaCl concentrations (see, e.g., the
investigations of Striibel, 1967). The marine
geochemistry of barium has been discused
elsewhere (Chow and Goldberg, 1960; Hanor,
1969; Wogelmuth and Broecker, 1970; Church,
1970; Church and Wogelmuth, 1972; etc. ), but
note that direct precipitation may take place
when external factors change. Mixing with
other water is one of the main causes suggested
for precipitation, and has been invoked at
Chaudfontaine (Dejonghe, 1985, 1986; De-
jonghe et al., 1989). However, we believe that
at Chaudfontaine, the main factor responsible
for the occurrence of two different populations
of barite crystals was the varying degree of bar-
1um supersaturation.

Growth of decimetric barite crystals

Slight supersaturation gave rise to scarce nu-
cleation. The few barite nuclei deposited at the
sedimentary surface, therefore, grew in their
preferred crystallographic directions. In the
case of inclined crystals, free growth in the
brine was only hindered when crystals touched
each other. Sub-vertical crystals grew without
hindrance, hence the preferred development of
aggregates of sub-vertical crystals. The weak
degree of barium supersaturation must have
lasted for long periods, in order to have al-
lowed crystals to have grown to decimeter sizes.
Still water is another prerequisite for the
growth of large barite plates with a high resist-
ence to currents as these would otherwise have
been broken. These conditions explain why
decimeter-size barite crystals are relatively iso-
lated, preferentially sub-vertical, and scarce
among aggregates, why they thicken towards
the stratigraphic top and why their fan-like
fabric opens out towards the stratigraphic top.

L. DEJONGHE AND F. BOULVAIN
Growth of millimeter-size barite crystals

Strong Ba supersaturation gave rise to abun-
dant nucleation: numerous barite nuclei were
deposited at the sedimentary surface and grew
practically simultaneously in the ooze. The
richness in millimeter-size barite crystals of
some layers indicates, that although the effect
of dilution of barite was slight, it was not non-
existent. The growth of millimeter-size barite
crystals was limited by the crystals being rap-
idly covered with fresh (either barren or min-
eralized) sediment, and, hence removed from
the mineralizing action of the brine. Their fur-
ther growth depended on the mineral content
of the connate water. The lack of preferred ori-
entation is the result of this very early diage-
netic growth.

The diagram in Fig. 7 shows the sequence of
phenomena giving rise to decimeter-size barite
crystal floors associated with rhythmites rich
in millimeter-size barite crystals. Figure 8 il-
lustrates this model; the sequence of events ob-
served is as follows,

(1) Heterogeneously mineralized sediment
(C) is deposited. The discontinuity surface at
the top of the sediment (a-a’-a") forms a
ridge. (Such ridges often occur in slumped for-
mations.) A small fault (f) with a throw of a
few mm affects the black layer (a-a’).

(2) Above the discontinuity surface (a-a’'—
a"), a sediment rich in millimeter-size barite
crystals is deposited, filling in a mini-trough left
of, and due to mini-fault f; to the right of the
ridge, the layer wedges out. These two features
prove that both the ridge and fault existed be-
fore the millimeter-size crystal-rich sediment
was deposited.

(3) A floor of centimeter-size barite crystals
grows at the sediment/water interface in still
water. A giant decimeter-size barite crystal (A4),
over 20 cm long, grows preferentially at the top
of the ridge. The cylindrical exterior of the core
shows that crystal 4 is welded to other deci-
meter-size barite crystals in various positions.

(4) A 10-cm-thick bed of silicite is depos-
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Fig. 7. Diagram of the development of decimeter-size barite crystal floors associated with millimeter-size barite crystal-
bearing rhythmites. a, b, ¢, and d are water/sediment interfaces and the stippling at stages 4 and 8 represents nucleation

in the brine.

ited, wich did not cover completely the deci-
meter-size barite crystal 4; layer b—b'-b" is 2
cm thick and very rich in millimeter-size bar-
ite crystals; a few lamellar millimeter-size bar-
ite crystals are sandwiched between black and
brown laminae.

(5) Following this series of relatively barren
deposits, mineralized sedimentation starts
again, initially in the form of millimeter-size
barite crystals and subsequently forming
spathic barite (B").

(6) More sediment is probably deposited
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Fig. 8. Chaudfontaine drill hole 134E396: longitudinal section of a core between depths of 206.32 and 206.55 m. C is an
aggregate of lamellar to anhedral millimeter-size barite crystals and silicite. a—a'—a" is a ridge-shaped sedimentary surface
affected by a small synsedimentary fault /. The right side of the ridge and the small depression due to the minifault are
covered with sediment that is very rich in millimeter-size barite crystals. Above the ridge, a floor of centimeter-size barite
crystal and a barite megacrystal (A4) of more then 20 cm long has developed. b-b'-b-b" is a layer of silicite with frayed
carbonate clasts and a few lamellar millimeter-size barite crystal parallel to the bedding. B’ is massive pure barite whose

core (b) contains silicite.

before local load casting takes place. The mas-
sive barite (B’) sinks into the underlying un-
consolidated, mud-like sediment, bending the
black and brown laminae and fraying them,
and bending layer b-b’. The load casting also
applies lateral stress to decimeter-size barite
crystal 4, folding it: a set of fan-like fractures
is still visible in the flexure. A slight clockwise

movement of crystal 4 explains the position of
layer b—b'-b"-b"" and of the overlying lami-
nae. Differential compaction may have con-
curred with load casting in deforming
sediment.

This example illustrates the near contem-
poraneity of several sedimentary processes
such as rhythmic layering, discontinuity sur-
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faces, decimeter-size barite crystal floors, grav-
itational displacement, levelling of irregulari-
ties at the sediment/water interface,
redeposition of barite crystals, and diagenetic
deformation of decimeter-size barite crystals.
It clearly shows that the layer rich in millime-
tric barite crystals (b-b'-b"—b"'") is parallel to
the bedding. It reveals that millimeter- and de-
cimeter-size barite crystals were deposited by
two different processes, i.e., static and dy-
namic (millimeter-size barite crystals lacking
preferred orientation are deposited in layers,
fill in depressions and form condensed wedges,
whereas decimeter-size barite crystal, roughly
at right angles to the sediment/water interface
make up crystal floors). Physico-chemical
variations give rise to rapid changes in lithol-
ogy and barite crystal size. Variations in cur-
rent energy are also suggested by the fact that
decimeter-size barite crystal floors, which grew
in a low-energy environment, are adjacent to
lamellar barite crystals sandwiched between
laminae (hence probably deposited in higher-
energy currents). The load casting clearly
shows that barite existed before consolidation
of the sediment.

Conclusions

Table 1 summarizes the main features of the
Chaudfontaine ore deposit.

Some fabrics are characteristic of exokine-
matic behaviour (sensu Elliot, 1965) and could
not have occurred in any other way (baritic
filling sediment, redeposited breccias, rede-
posited lamellar crystals, levelled irregularities
at the sediment/water interface). Other fab-
rics are caused by endokinematic movements
(slumping, intraformational breccias, synse-
dimentary faults, load casts). Although still
other fabrics may also result from non-sedi-
mentary processes (barite crystal-size varia-
tions, rhythmic deposits, discontinuity sur-
faces, growth inhibition), sedimentary
deposition has been shown to give a logical ex-
planation for all of them.

Several structures prove that the minerali-
zation appeared before late diagenesis, and
some barite crystals were deformed by early
diagenetic events such as differential compac-
tion and the movement of hydroplastic sedi-
ment. However, compaction did not play a
major role in orientating crystals parallel to the
bedding, which occurred following the de-
struction of decimeter-size barite crystal floors
and their redeposition.

In fact, the forces of gravity controlled, at
least partly, the development of many of the
structures. This is true of the baritic sediment
filling the decimeter-size barite crystal floors,
the levelling of irregularities at the sediment/
water interface, slumping with intraforma-
tional glide-breccias, redeposited lamellar bar-
ite crystals, synsedimentary minifaults, and lo-
cal pressure.

Other structures may be geopetal without
gravity controlling their development, as in the
case of barite crystal floors, triplets of centi-
meter- 10 decimeter-size barite crystals and
upright barite crystals which thicken upwards.

A general feature is the lack of secant fab-
rics: all the structures observed in the Chaud-
fontaine ore deposit are conformable.

The sedimentary ore fabrics tell us very little
about the paleogeographic conditions. As Con-
ybeare and Crook (1968, p.38) point out:
“slump structures are not indicative of any par-
ticular depositional environment (...). Slump-
ing is a common feature in sediments deposited
on slopes with gradients as low as 1°”°. How-
ever, rapid changes in strike and dip occur in
environments with varying currents and un-
stable deposits. In fact, deposition seems to
have been controlled both by still water (fine
rhythmic layering, decimeter-size barite crys-
tal floors) and higher energy currents (rede-
posited crystals and breccias).

The upright barite crystals are very similar
to selenite gypsum megacrystals from marine
evaporites, which also occur through free
growth in brine above the sediment/water in-
terface. Nearly all the geopetal structures de-
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scribed here for barite have been mentioned for
gypsum from the Messinian evaporites of the
Mediterranean (Hardie and Eugster, 1971;
Rouchy, 1976, 1982; Lo Cicero and Catalano,
1976; Shearman and Orti Cabo, 1976).

From a more general point of view, we would
like to emphasize the association of the
Chaudfontaine deposit with a particular pa-
leogeographic and eustatic context: an already
partially restricted marine basin (with signifi-
cant micro-aerophile and reducing environ-
ments) encountering a eustatic drop, provok-
ing first the appearance of the cryptalgal facies
(top of the micritic bioherms and oncolitic
shoals), then the formation of evaporitic la-
goons where waters of both continental and
marine origin had access and could intermix
with each other.

After the formation of the mineralization a
eustatic rise seals the deposit under an im-
permeable layer; the influence of the following
burial diagenesis is relatively minor.

It should be noted that most of the struc-
tures here described also occur in environ-
ments other than lagoonal sedimentation on
the sea floor. Most of them have been ob-
served, for example, in internal sediments of
paleokarstic ore deposits (Bogacz et al., 1973;
Boni and Amstutz, 1982; Orgeval, 1976; Lagny,
1975; Sass-Gustkiewicz, 1975; etc.)

In conclusion, the study of the sedimentary
structures found in the Chaudfontaine ore de-
posit has permitted the deduction of the me-
tallogenic constraints to which it was sub-
jected. All genetic interpretations for this
deposit must account for the three main con-
clusions of this study:

(1) The millimeter-size barite crystals grew
from nuclei mechanically deposited from brine
and were fed during early diagenesis in uncon-
solidated sediment;

(2) The decimeter-size barite crystals were
fixed at the sediment/water interface and were
directly fed from the brine in which they grew
(free growth);

(3) Some crystals were broken from crystal

floors and carried some distance before being
mechanically redeposited.
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