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Abstract The Broccatello lithological unit (Lower
Jurassic, Hettangian to lower parts of Upper Sinemuri-
an) near the village of Arzo (southern Alps, southern
Switzerland) is a mound-shaped carbonate deposit that
contains patches of red stromatactis limestone. Within
the largely bioclastic Broccatello unit, the stromatactis
limestone is distinguished by its early-diagenetic cavity
system, a relatively fine-grained texture, and an in-situ
assemblage of calcified siliceous sponges (various dem-
osponges and hexactinellids). A complex shallow sub-
surface diagenetic pathway can be reconstructed from
sediment petrography in combination with comparative
geochemical analysis (carbon and oxygen isotopes; trace
and rare earth elements, REE + Y). This pathway in-
cludes organic matter transformation, aragonite and
skeletal opal dissolution, patchy calcification and lithi-
fication, sediment shrinkage, sagging and collapse, par-
tial REE remobilization, and multiple sediment
infiltration. These processes occurred under normal-
marine, essentially oxic conditions and were independent
from local, recurring syn-sedimentary faulting. It is
concluded that the stromatactis results from a combi-
nation of calcite mineral authigenesis and syneresis-type
deformation. The natural stromatactis phenomenon
may thus be best explained by maturation processes of
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particulate polymer gels expected to form in fine-grained
carbonate sediments in the shallow subsurface. Condi-
tions favorable for the evolution of stromatactis appear
to be particularly frequent during drowning of tropical
or subtropical carbonate platforms.

Keywords Stromatactis - Carbonate mound -
Mesozoic - Jurassic - Switzerland

Introduction

The red stromatactis limestones that form deep-water,
fine-grained carbonate mounds are generally considered
typical of the Palaeozoic because they were first recog-
nized in Palaeozoic limestones and because of their most
obvious and spectacular occurrences in these rocks
(Bathurst 1982; James and Bourque 1992). The term
“stromatactis” was originally coined by Dupont (1881)
for occurrences in the Upper Devonian red limestones of
the Belgian Ardennes (Fig. 1a), and was later redefined
by Lecompte (1937, 1954). Revisiting Dupont’s classical
localities, Bourque and Boulvain (1993) presented an
emended definition for stromatactis as a ““spar network,
whose elements have flat to undulose smooth lower
surfaces and digitate upper surfaces, made up principally
of isopachous crusts of centripetal cement and embed-
ded in finely crystalline limestone”. Stromatactis is thus
defined by its shape, three-dimensional network, host
sediment, and centripetal (or drusy) cement fabric
(Fig. 1a). Stromatactis occurs frequently but not exclu-
sively within a host of red limestone, and is common in
large mound structures from Cambrian to Carbonifer-
ous outer carbonate ramp environments (e.g., Ross et al.
1975; Bourque and Gignac 1983; James and Gravestock
1990; Bourque and Boulvain 1993; Lees and Miller 1995;
Boulvain 2001).

The apparent limitation of stromatactis to the Pal-
aeozoic suggested a biological origin reflecting evolu-
tion/innovation, geographical spread, and subsequent
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Fig. 1 Devonian and Jurassic red stromatactis limestones com-
pared. a Upper Devonian (Frasnian) red stromatactis limestones
from the Belgian Ardennes. This example substitutes, in a
stratigraphic and structural sense, Dupont’s original material
(Boulvain, personal communication). b Lower Jurassic (Sinemuri-
an) red stromatactis limestone from Arzo quarry (southern Alps,
Switzerland). Compared to their Palacozoic counterpart, the
Jurassic stromatactis are generally smaller in size and of lesser
lateral extent. Note the varying degrees of internal sediment fill
versus cement precipitation. Field photographs, scale in centimeters

decline and extinction of an organism or a group of
closely related forms (e.g. Dupont 1881; Lecompte 1937;
Tsien 1985; Flajs and Hiissner 1993; Wendt et al. 2001).
In contrast, Lees (1964, p. 518ff), Bourque and Gignac
(1983), Bourque and Boulvain (1993), and Neuweiler
et al. (2001a) favored a nonreplacive, early diagenetic
opening of a cavity system that is in agreement with
siliceous sponge taphonomy and organic matter dia-
genesis. Other authors argued for a mechanical origin of
stromatactis considering it as a sedimentary structure
either due to burrowing (Shinn 1968) or to internal
reworking and erosion (Heckel 1972; Bathurst 1982 pro
parte; Wallace 1987). Stromatactis, stromatactoid or
stromatactis-like structures were also discussed in a
scenario of seepage of light hydrocarbons (e.g., methane
fluids, Hovland et al. 1987, Peckmann et al. 2002) or
even gas clathrate hydrate formation and dissociation
(CO,-gas hydrate, Krause 2001). These views are so
radically different that one could get the impression that
either the scientific community uses the term stroma-
tactis inconsistently, or indeed, stromatactis is not a
specific geological phenomenon and, in contrast to the
actually convincing arguments of Bathurst (1982), the
different occurrences do not share a common origin.

In this paper, we present the case of a Mesozoic
(Lower Jurassic) red stromatactis limestone (Fig. 1b),
which occurs in an environment of recurring syn-sedi-
mentary tectonic events, including extensional faulting,
fracturing, and neptunian dyke formation typical of an
active rift setting. Although the mounds and the
stromatactis cross-sections are much smaller in size
compared to their Palaeozoic counterparts (Fig. 1), we
show that: (a) petrographically, these occurrences match
the original and emended definition of stromatactis, (b)
geochemically, the host limestone and the stromatactis
calcite spar exclusively record normal-marine condi-
tions, (c) by its fabric complexity, geochemistry, and
occurrence, stromatactis represents a specific natural
phenomenon, and that (d) stromatactis mirrors a com-
plex pathway of organically thriven, chemical and

physical diagenesis, including the decay of organic tis-
sues, shrinkage, calcification, and collapse of sediment,
rather than a simple biological, mechanical, seepage- or
gas clathrate-related origin.

Location, previous work, and geological setting

Field work was performed in quarries NE of Arzo,
southern Alps, southern Switzerland (Fig. 2). Here, the
Triassic (Norian Hauptdolomit) to mid-Liassic (pelagic
limestones) rock sequence represents a tectono-sedi-
mentary history of tropical carbonate platform deposi-
tion, followed by subaerial exposure, erosion, platform
drowning, and neptunian dyke and breccia formation
(Wiedenmayer 1963). The Arzo locality represents one
of several spectacular examples of Jurassic extensional
syn-sedimentary tectonics (Bernoulli et al. 1990; Win-
terer et al. 1991), but none of them yielded evidence for
an episode of hydrothermal circulation as proposed,
e.g., by Hsii (1983).

Stromatactis limestones occur within the Broccatello
unit (Liassic, essentially Lower Sinemurian), a fossilif-
erous, varicolored (“‘brocade”) to reddish limestone
formation mapped in detail by Wiedenmayer (1963), and
commonly compared to the Hierlatz facies of the
Northern Calcareous Alps (e.g., Frauenfelder 1916). The
Broccatello has been inferred to have a ““biohermal”,
“lithohermal” or mound-shaped geometry (Wiedenma-
yer 1963, 1980; Bernoulli 1964; Bernoulli in Baumgart-
ner et al. 2001). Although detailed sedimentological
work was done in the Arzo quarries (Wiedenmayer 1963;
Winterer et al. 1991), it was not before Bernoulli (in
Baumgartner et al. 2001) that ‘“stromatactis-type” cavi-
ties within the Broccatello limestone were mentioned.
The Broccatello limestones that contain stromatactis are
best exposed at present in the small, active quarry
immediately east of locations 6 and 7 of Baumgartner
et al. (2001, their Fig. 13).

The regional palacogeographic setting of the Arzo
locality (Figs. 2, 3) relates to the marginal area of a
Jurassic submarine high (Lugano or Arbostora High),
close to the fault scarp separating a higher footwall-
block from the hanging-wall block of the strongly sub-
siding Monte Generoso Basin (Bernoulli 1964; Bernoulli
et al. 1990; Bertotti et al. 1993). On a larger scale
(Fig. 3), the Arzo locality was situated within a large rift
basin, the Lombardian Basin, evolving during early rif-
ting along the proximal margin of the Adriatic micro-



132

50 km

N SWITZERLAN
, -
s
! b
Ao —em s
£ H LN
{ H L
Mte. Rosa Lugano
(4634 m)
ke o=’
Lago Maggiore ) % L“ng‘,’:" Lago d'lseo
Varese ‘
o
ITALY Bergamo
[0}
Brescia

M|Iano.

~Lugano High 1
(Arbostora High)
¥, +. + .

Post-rift
(Liassic) (Liassic to Cretaceous)

Quaternary
(locally Tertiary)

Fig. 2 Location and structural setting of the Arzo area, south of
Lugano, Switzerland. The Arzo area is marked by syn-sedimentary
tectonic fragmentation along the eastern margin of the Lugano
High. The Lugano-Monte Grona fault represents the main zone of
syn-sedimentary faulting separating the Lugano High from the
Generoso basinal trough. Geological map simplified from Bernoulli
(1964); lakes shown in black

plate. The rapidly subsiding rift basins contain an
enormous amount of Dbiosilicecous hemipelagites
(Moltrasio Formation or Lombardischer Kieselkalk, up

Fig. 3 Reconstructed geological cross-section of the Lombardian
Basin for the Late Jurassic. The Arzo locality (asterisk) marks the
boundary zone between the Monte Generoso Subbasin and the
Lugano High (Lugano-Monte Grona fault). Siliceous sponge facies
also occur at the eastern boundary (+) of the Lombardian Basin
close to the Garda escarpment. Summarized after Bertotti et al.
(1993) and Manatschal and Bernoulli (1999).
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to 3.5 km thick), whereas on the adjacent submarine
highs a relatively thin, partially condensed, deepening-
upward succession was laid down. On the Lugano High,
platform drowning occurred during the Triassic-Jurassic
boundary interval, leading to the formation of an in-
trabasinal high on which, from the middle Liassic on-
wards, pelagic conditions prevailed culminating during
the middle to late Jurassic with the deposition of car-
bonate-free radiolarites. During the Liassic interval, the
inferred palaeolatitude was around 30°N (based on
Golonka 2000).

This paper deals with the intermediate facies of the
Broccatello unit, intercalated between Rhaetian car-
bonate platform and middle Liassic pelagic deposits
(Rosso Ammonitico facies s.l.), containing both bio-
carbonate (brachiopod) and biosiliceous (sponge) epi-
benthos. Such transitional facies are rarely exposed;
possible analogues are the siliceous sponge-rich Misone
Limestone from the western margin of the Trento plat-
form (Castellarin 1972; Krautter 1996) and the Lower
Liassic limestones of the Gozzano High resembling the
Broccatello (Montanari 1969).

Materials and methods

Rock samples were collected for both petrographic
analysis and geochemical sampling from slabs. These
samples for geochemistry include (Table 1) in-situ pre-
cipitated microcrystalline calcite (automicrite) from
calcified sponges, geopetal micrite (allomicrite), and
early cement and late blocky spar cement taken from
stromatactis and a brachiopod filling, respectively.
Further samples comprise bulk crinoidal grainstone,
bioclastic wackestone, a phosphorite, and a Domerian
marly limestone. Carbon and oxygen stable isotopes
were analyzed at the Laboratory of Stable Isotope
Geochemistry at the Earth Science Department at ETH
Zirich. Analyses were performed using an on-line
common bath coupled to a VG PRISM mass
spectrometer. The analytical precision of the mass
spectrometer is +0.1 or better for 6'*C, and +0.1 or
better for 6'%0. All the 6'%0 values have been corrected
for calcite phosphoric acid fractionation. The 6'*C and
0'%0 values are given in the V-PDB notation. Trace
elements with rare earth elements + yttrium (REE+Y)
were determined on aliquots using a Fisons PQ
2 + ICPMS (inductively-coupled plasma mass spec-
trometry) of the Geochemistry Department at Gottingen
University. Sample preparation was performed with
HNO;. Measurements of element concentrations have a

Trento Plateau

Lombardian Basin

+4| Jurassic (Syn-rift) - Jurassic (Post-rift)
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maximum error of 10% compared to a known interna-
tional standard (JA-2) and lab carbonate standard
(KK). Quantification is based on a blank substracted
five-point calibration-curve using internal standardiza-
tion by elements such as Be, Ge, Rh, In, Re, and Bi.
Values of REE + Y patterns were normalized (REE,)
to average post-Archean Australian shale (PAAS).
Anomalies in REE,, patterns were quantified by the ratio
of the observed abundance to an expected value (REE¥*)
interpolated for a smooth pattern from neighboring
REEs; e.g., the Ce anomaly is quantified as
(Ce/Ce*), = Ce,/(La, x Pr,)*>.

Data from both methods independently serve to
discriminate between normal-marine conditions and
conditions influenced by subsurface fluids. Isotopic
composition potentially indicates sulphate reduction
or methane oxidation via negative deviations of
O3Carbonate (Beauchamp and Savard 1992; Hendry
1993), and hydrothermal fluids via negative deviations
of 'O (e.g. Nesbitt 1996). The REE + Y geochem-
istry provides a redox tracer via the type and degree of
the cerium anomaly in combination with the general
shape of the REE distribution pattern (e.g., De Baar
et al. 1988; MacLeod and Irving 1996; Haley et al. 2004),
and an independent indicator of hydrothermal fluid flow
via the type and degree of the europium anomaly
(McLennan 1989). Some trace elements (zirconium,
hafnium) in combination with the yttrium/holmium ra-
tio are used to assess terrestrial versus marine signatures
(Bau 1996) and the degree of yttrium fractionation in the
marine environment (Bau et al. 1996).

Results
Sequence of lithofacies

At Arzo, a combination of the following factors allow
for reconstructing a synthetic stratigraphic section
(Fig. 6): the vertical succession as observed in the out-
crop (Fig. 4), data extracted from the geological maps of
Wiedenmayer (1963), and the cross-cutting relationships
of neptunian dykes and related sediment fills (Fig. 5). At
least seven successive events of dyke formation can be
distinguished, ranging from subhorizontal cracks to
subvertical dykelets with injection features (Fig. 5). The
dykes may penetrate several tens of meters into the
Norian Dolomite Formation (Hauptdolomit) where
they might produce multiple cemented tectono-sedi-
mentary breccias (so-called Macchia Vecchia). For the
purpose of this paper, the following units are considered
(Fig. 6, from base to top):

a. The Rhaetian dolomitic limestones (Tremona series,
Kilin and Trimpy 1977) represent a Late Triassic
peri-tidal to lagoonal depositional environment. The
contact with the Liassic Broccatello is an angular
unconformity, which includes dolomitization, sub-
aerial exposure, and erosion (Wiedenmayer 1963).

b. The “biohermal Broccatello” is a varicolored (‘‘bro-
cade”), reddish, massive limestone rich in brachio-
pods and calcareous sponges. Fragments of crinoids
are ubiquitous, and some solitary corals occur. This
unit contains patches of red stromatactis limestone.

c. The ““crinoidal Broccatello™ is essentially an encrinite
with wackestone to grainstone texture. The colora-
tion varies from reddish, pink, violet, and beige. In
the lower, micritic-pelletoidal part of the unit, cal-
careous sponges are present. The middle part is a
marine-cemented grainstone interval, and the upper
part is a wackestone with fragments of crinoids and
some calcareous sponges. In the Arzo quarries, the
Broccatello is essentially dated as Sinemurian up to
the Asteroceras obtusum zone. However, similar facies
of the Hettangian age are reported to occur as blocks
in the Domerian marly limestones near the village of
Arzo (Wiedenmayer 1963, p. 508).

d. The phosphorites occur only within the dyke system
exposed at the floor of one of the quarries (small,
active quarry east of 6 and 7, Fig. 13 in Baumgartner
et al. 2001). They form subangular to rounded com-
ponents enclosed within a matrix of reddish crinoidal
wackestone and/or grainstone (‘“‘Crinoidal Brocca-
tello”). Small clasts of phosphorite nodules, in asso-
ciation with glauconite, were described from
condensed Upper Sinemurian encrinites overlying the
Norian Hauptdolomit west of Arzo (locality Burgi-
oli, Wiedenmayer 1963). In the Arzo quarries, the
condensed section presumably grades into a hiatus,
as deduced from the regional lack of corresponding
ammonites, which would represent the youngest
parts of the Sinemurian (zones of Oxynoticeras oxy-
notum and Echioceras raricostatum, Wiedenmayer
1963).

e. The Besazio Limestone (Carixian to lower Domerian)
is a fairly homogeneous, micritic limestone with
cephalopods, crinoids, and brachiopods. It typically
contains shelly fragments surrounded by crusts of Fe-
and Mn-oxihydroxides. Locally, bundles of Apiocri-
nus holdfasts occur (Wiedenmayer 1963, 1977).

f. The marly limestones of late Pliensbachian (Domeri-
an, Morbio Formation) age are brick-red to deep-red,
locally rich in crinoids, and sporadically including
faint carbonate nodules, and thus are transitional to
the Rosso Ammonitico lithology.

Red stromatactis facies within the Broccatello

Lithology and geometry

The original thickness and depositional geometry of the
Broccatello unit are difficult to establish because both
attributes have been influenced to a large extent by the
syn-sedimentary extensional tectonics (Fig. 7). The
maps and cross-sections of Wiedenmayer (1963) suggest
that the maximum thickness is reached in the area of the
Arzo quarries, east of a high with reduced and con-
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Fig. 4 Main outcrop of the Lower Jurassic Broccatello unit
exposed in the active quarry NE of Arzo. a Outcrop photograph
exposing vertical facies succession and composite sets of neptunian
dykes. b Schematic drawing (highly simplified, lower dyke of
crinoidal grainstone for orientation).The main lithofacies encom-
pass a red bioclastic limestone rich in brachiopods and calcareous
sponges (la), patches of red stromatactis limestones (1b), varicol-
ored crinoidal limestones, mainly grainstones (2), and grey
bioclastic wackestones (3)

Fig. 5 Cross-cutting
relationships within the system
of sheet cracks and neptunian
dykes, Arzo quarry, Broccatello
(Lower Sinemurian) to
Pliensbachian (Domerian)
marly limestones. The first
generation corresponds to en-
echelon fractures subparallel to
bedding similar to simple-shear
Riedel-shear planes.
Subsequent generations tend to
be subvertically curved
(crinodial facies) or subvertical
dilational cracks. Domerian
marly limestones are found in
millimeter-thin, multiple
branching dykelets suggesting
injection rather than infiltration
of sediment material. See
Wiedenmayer (1963) and
Winterer et al. (1991) for
further examples

densed sedimentation. To the east, i.e., towards the
Generoso Basin, the Broccatello unit pinches out over a
distance of about 1 km and is overlain with an onlap of
the basinal Moltrasio Formation. East of the Lugano-
Monte Grona fault, the Broccatello unit is present as
olistoliths in the Moltrasio Formation (Bernoulli 1964).
Based on the present-day distribution of its occurrences
in the different faulted blocks, it appears that it had a
relatively flat mound-shaped geometry with a maximum
thickness in the 50 m range.

Marly limastons
(Domernan)

Maring Cement
Red marly limestone
D Red limestons (Besazic)

Cringédal gransions
{manna cemented)

[ITTT] erinoic tacss vicien
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[:| Broceatslia (ost)
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Fig. 6 Synthetic stratigraphic section of the Liassic succession at
Arzo. Stromatactis facies occur within the lower part of the
Broccatello unit, which is covered by crinoidal sands. The upper
part of the succession is reconstructed from the facies sequence in
the sedimentary dykes as defined by their cross-cutting relation-
ships (compare Fig. 5). Semiquantitative illustration of succession
of facies, not to scale

The Broccatello contains abundant and diverse tere-
bratulid and rhynchonellid brachiopods (Fig. 8; at least
seven brachiopod genera were reported by Wiedenmayer
1963, including Zeilleria and Spiriferina), crinoidal
debris, pharetronid sponges (Stellispongia, Corynella, see
Wiedenmayer 1963), shells of pectinid and ostreid biv-
alves, and some solitary corals and bryozoan fragments.

The red stromatactis limestone forms a massive sub-
lithofacies within the Broccatello (Fig. 9), being enclosed
within a mound-shaped, brachiopod-rich bioclastic
limestone. The thickness of this sublithofacies ranges
from several tens of centimeters to several meters with
an overall patchy distribution and lacking any signifi-
cant syndepositional relief. Individual patches (Fig. 9a)
are lense- to mound-shaped, and have gradational con-

tacts to the surrounding Broccatello. Occurrences of
stromatactis within a relatively fine-grained host rock,
and of mesoscopic (hand-lens) sponge spicule networks
are the only distinguishing characters with respect to the
surrounding facies.

The size of stromatactis cross-sections is in the cen-
timeter range with maxima at around 10 cm in width
and 2 cm in height. The occlusion of the primary
stromatactid cavity network has been achieved by a
spectrum of fillings ranging from cement only (stroma-
tactis), to incipient marine cementation followed by
internal sediment (inhibited stromatactis), and to inter-
nal sediment only (aborted stromatactis) as described in
Neuweiler et al. (2001a). Proportionally, stromatactis is
as abundant as inhibited and aborted stromatactis taken
together (Fig. 1b, 9). Abortion of stromatactis occurs
due to early plugging of the cavity system prior to
marine cement precipitation by Sinemurian internal
sediment, whereas inhibition occurs via the infiltration
of Domerian marly material subsequent to the devel-
opment of only minor crusts of marine cement.

Microfabric

The red stromatactis limestone is essentially a bioclastic
wackestone with an in-situ assemblage of calcified sili-
ceous sponges (Fig. 10). The siliceous sponges comprise
lithistid and non-lithistid demosponges as well as
hexactinellid sponges represented by Lyssacinosa and
Hexactinosa (Fig. 11). The sponges were only partially
calcified, became fragmented to a variable degree and/or
were subject to bioerosion or excavation during their
calcified stage (Fig. 11d). The bioclastic sediment con-
sists of crinoidal debris, gastropods (including archae-
gastropods of the type Discohelix and Pleurotomaria),
terebratulid and rhynchonellid brachiopods, bivalve
shells, and some calcareous sponges, fragments of den-
droid bryozoans, polychaete tubes (7erebella), and
benthic foraminifera (Involutina liassica). The micritic
matrix is fairly homogenous hosting microbioclasts,
small intraclasts, and the ubiquitous ostracods. Some of
the skeletal (mainly molluscan) debris was affected by
microborings and impregnation of Fe-oxide coatings.

The internal geopetal sediment of the stromatactid
cavity system is a fine-grained lime mudstone to grain-
stone with microbioclasts and pellets or small intra-
clasts. Current-induced sediment deposition is evident
from inverse grading, abrasion of small intraclasts, and
locally low-angle cross-lamination (Fig. 12b).

Early diagenesis

Early lithification of the Broccatello limestone is docu-
mented by the brittle behavior of the limestones during
penecontemporaneous tectonic fracturing and neptu-
nian dyke formation. The main aspects of the early
diagenesis of Liassic stromatactis facies include (in
chronological order):



137

w E
Burgioli Arzo P. 508 Arzo quarries S Agata Cantinedi M. Oliveto
L= :
- |- --I
= T=
=1 ‘l- [
= | U. Sinem. -
,'\:'\/ e / I =
b [ =1 Lower
-~ [\ sinem.
| 20m 200 m Ea2 -
—— 1
X —T1] . .
Domerian Morbio Formation
L. Domerian Lo
L Pliensb. Besazio Limestone
L. Pliensb. ) ) % h )
U. Sinem. Moltrasio Fm. Rhaetian Tremona Series —Vv— Unconformity
(Sl_lir:g:gjn -/ | Broccatello Fm. Norian @ Hauptdolomit / y Sedimentary dykes

Fig. 7 Depositional geometry of the Sinemurian Broccatello unit.
Our reconstruction is based on the map and the sections of
Wiedenmayer (1963). The depositional geometry is largely defined
by syn-sedimentary faulting. West of the quarries of Arzo (P. 508),
the Broccatello is preserved as very small relics and as blocks in the
Morbio Formation and rests directly on Hauptdolomit. East of the
quarries, the formation appears to pinch out towards the Generoso
basin. Its top, Upper Sinemurian at Arzo, becomes older towards
the east and at Cantine di Tremona is in the Lower Sinemurian
(Wiedenmayer 1963). Near M. Oliveto, the Broccatello is reduced
to a few meters only. West of the village of Arzo, current-bedded
crinoidal limestones (Saltrio Beds) with a condensed, late Sinem-
urian ammonite fauna (Wiedenmayer 1963) at their base, overlie
the Hauptdolomite with a phosphate-rich hardground

a. Siliceous sponge calcification
b. Skeletal opal dissolution in association with sponge
fragmentation and collapse
Opening of the stromatactid cavity system
. Aragonite dissolution
e. Obturation of the cavity system, by internal sedi-
ments and/or single or multiple crusts of marine ce-
ment

oo

Fig. 8 Stratiform accumulations of brachiopods, some of which
display tilted geopetal fabrics. Note details of the multiphase
dykelet system, Broccatello unit, field photograph, diameter of coin
2.0 cm

Late diagenetic features comprise blocky calcite ce-
ment, subvertical and bedding-parallel stylolites, and
subvertical fissures cemented by a second generation of
blocky calcite (alpine veins).

Ad (a) Siliceous sponge calcification (Fig. 11) is a
syn-vivo to early postmortem phenomenon affecting
hexactinellids and demosponges (‘“Verwesungsfil-
lungskalk™ of Fritz 1958). It is only sporadically ob-
served in Quaternary deposits (Froget 1976; Reitner
et al. 1995), but is a common feature of Phanerozoic,
deep-water siliceous sponge facies (e.g., Brunton and
Dixon 1994). Petrographically, siliceous sponge calci-
fication fabric displays a correlation between the early
stages of soft tissue degradation and shrinkage pat-
terns. The detailed mechanism of siliceous sponge
calcification is still not clear: the role of ammonifica-
tion was stressed by Fritz (1958), a matrix-mediated
mineralisation process was proposed by Reitner et al.
(1995), and humification was favored by Neuweiler
et al. (2000, 2003). Sponge-specific microbial metabo-
lism during decay was discussed by Reitner and
Schumann-Kindel (1997) and Schumann-Kindel et al.
(1997). Although hexactinellid soft tissue is largely
devoid of a significant symbiotic bacterial biomass
(Leys 1999), some associated eubacteria and Archaea
could be present (Thiel et al. 2002).

Ad (b) Dissolution of the opaline spicular skeleton of
siliceous sponges occurs pervasively, i.e., within and
outside the calcified portions of the sponge (cf. Froget
1976). As tissue shrinkage resulted in only a patchy
calcification, SiO,-dissolution induces an entire set of
early diagenetic features, namely skeletal dissolution, in-
situ collapse, and fragmentation (Figs. 10, 11). Such
fragmentation into calcified parts of siliceous sponges is
well known, e.g., from Upper Jurassic spongiolithic
limestones that may display sponge fragments (or
tuberoids, sensu Fritz 1958) in rock-forming abundances
(Fligel and Steiger 1981).
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Fig. 9 Lower Jurassic stromatactis limestones of Arzo. a Patch of
stromatactis limestone embedded within the Broccatello unit. The
patch is approximately 70 cm in diameter, rich in brachiopods in
its lower parts, and rich in stromatactis in its upper part.
b Stromatactis within bioclastic wackestone. Tracing the relatively
fine-grained internal sediment (arrow) provides an estimate of the
original extent of the stromatactid cavity system

Ad (c) The opening of the stromatactid cavity system
must be contemporaneous with the degradation and
calcification processes described above, simply because
fragments resulting from SiO, dissolution accumulated
gravitationally within the stromatactid cavity system
(Fig. 10). In fact, at the roof where the original cavity
wall is not covered by internal sediment, shrinkage
cracks are developed that pinch out from the stroma-
tactid cavity into the cavity-supporting host (Fig. 10).
Thus, the opening of the stromatactid cavity system
mirrors siliceous sponge diagenesis in terms of decay of
organic tissue, shrinkage, and calcification, the latter
inducing induration of the host.

Fig. 10 Microfabric of Lower Jurassic stromatactis limestone.
a View of polished slab, b schematic drawing from thin section
made from same sample. Stromatactis is essentially a collapse
feature (contraction) correlating with siliceous sponge diagenesis
(calcified portion of siliceous sponges in black, H hexactinellids, L
lithistid demosponges). Contractive cavity opening is associated
with shrinkage cracks pinching out from the cavity towards the
cavity supporting host. Subsequent sediment infiltration produced
a polymud fabric (cf. Lees and Miller 1995)

Ad (d) Shallow subsurface dissolution of aragonite is
evident from molluscan molds filled by geopetal micro-
crystalline carbonate sediment that also contributes to
the early filling stages of the stromatactid cavities
(Fig. 12a). Calcium carbonate dissolution must have
been highly selective for aragonite because microborings
remained stable as did precursor and subsequent internal
sediments (Fig. 12a). Thus, in the shallow subsurface,
aragonite molds were partially connected to the
stromatactid cavity system within an indurated host of
essentially fine-grained calcite mineralogy.

Ad (e) The various modes of obturation of the
combined aragonite mold/stromatactid cavity system
includes: (1) an always present internal sediment of mi-
crite or microspar that may grade into fine-grained
pelsparite with small intraclasts (Fig. 12). Common
elements are bioclasts (crinoids, sponge spicules, mol-
luscan, and brachiopod shell fragments, foraminifera
(Involutina), and disarticulated valves of thin-shelled
ostracods, (2) a cross-bedded pellet grainstone that is
contemporaneous with the early stages of marine cement
precipitation. Locally, the grainstone infiltration plug-
ged the cavity network to produce inhibited stromatac-
tis, and (3) Domerian marly limestone subsequent to
multigeneration early cement precipitation, thus locally
preceding and/or substituting for late blocky calcite ce-
ment.

The first cement generation is multigenerated and
internally zoned (Fig. 11b). The first rim is about
200 pm thin and consists of an alternation of limpid and
inclusion-rich layers that combine to form an isopac-
hous crust of bladed calcite cement. The second rim is a
multigeneration radiaxial fibrous cement up to 3 mm
thick. It consists of a brownish inner zone and a grey
inclusion-rich outer zone. The early rim cement is
strongly fluorescent indicating entrapment of organic
matter either as primary inclusions or during a later
episode of hydrocarbon migration.

Geochemical patterns

Geochemical information (stable isotopes, REE + Y
patterns) refers to ten samples (Table 1), taken from two
hand specimens. Automicrite refers to in-situ calcified
sponges, allomicrite to geopetal, internal sediment. The
other samples represent: marine-cemented crinoidal
grainstones, crinoidal wackestones, phosphorite nod-



Fig. 11 Siliceous sponges from
Lower Jurassic stromatactis
limestones. a Calcified lithistid
demosponge with subsequent
marine cement on outer rims
and within spicular molds,

b Calcified hexactinellid sponge:
Hexactinosa near the floor of
stromatactid cavity sytem,

¢ Calcified hexactinellid sponge:
Lyssakinosa, d Calcified
nonrigid demosponge with
scalloped margins indicating
bioerosion subsequent to
calcification
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ules, marine cement, Domerian marly limestone, and
blocky calcite cement.

Stable isotopes

The 6'°C—6"80 scattergram of Fig. 13 integrates our
own results (Table 1) and those of Winterer et al. (1991).
The sediment (auto-allomicrite) and early rim cement
values (8'°C =1.2-2.6%, and 4'*0 = —0.1 to —2.8%,)
form a field clearly distinct from the field formed by the
later blocky cement values (6'°C =1.9-2.7%, and
0'%0 = —3.7 to —8.6%,). The sediment-rim cement field

1 mm

Fig. 12 Sediment infiltration and cement precipitation in Lower
Jurassic stromatactis limestones. a Moldic porosity after former
molluscan aragonite geopetally filled by infiltrated early diagenetic
microcrystalline sediment. Note microendoliths not affected by the
dissolution of the skeletal aragonite. b Inverse grading of geopetal
internal sediment within stromatactid cavity system and exhibiting
small intraclasts

.3

1 mm,

falls in the early Jurassic marine calcite field as proposed
by Veizer et al. (1999). The trend from the sediment-rim
cement field to the blocky cement field is obviously one
of progressive burial.

Our data are consistent with those of Winterer et al.
(1991) who have already documented normal marine
conditions for all Jurassic early diagenetic phases, and a
burial origin for the blocky calcite cement of the central
parts of cavities and the alpine veins. Minimum §'*0
values of late diagenetic blocky spar translate into a
calculated burial temperature (assuming SMOW
0" 0yater = 0; cf. Kim and O’Neil 1997) of around
60°C. This appears reasonable in the light of indepen-
dent evidence. Indeed, the clay mineral assemblage of
the underlying Rhaetian limestones and dolomites rep-
resents the original detrital assemblage (Dunoyer de
Segonzac and Bernoulli 1976), and the organic matter in
the underlying Middle Triassic succession is immature
and was never buried to temperatures exceeding 70 or
80°C (Bernasconi and Riva 1993). The data set shows
some indications for a temporal decrease of 5'*C values
separating Sinemurian carbonates from phosphorites
and hemipelagic Pliensbachian marly limestones.

Rare earth elements + yttrium

Although varying in absolute amounts, REE + Y
patterns of the various facies and fabric elements
(Fig. 14) are similar in general to each other in terms of:
(a) distinctly negative Ce-anomalies, (b) superchondritic
Y /Ho ratios (> 28) illustrated by the very distinct posi-
tive Y anomalies, and (c) relative enrichments in the
heavy REE (Ho-Lu = HREE) with respect to the light
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Fig. 13 Cross plot of §'*C and
6'%0 values (vs. Vienna-PDB in
%) of the various sediments and
cements of Liassic sediments at
Arzo quarry. The pattern
indicates a good quality of
preservation separating well
between two groups, a a scatter
close to the expected marine
values with minor temporal
variation, and b a scatter X x x_ X
mirroring elevated temperatures
during burial diagenesis and the
formation of alpine veins
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o Marine cement ® Marine cement 1.3
> Broccatello-Bulk P Phosphorite
w Bioclastic wackestone

REE (La-Nd = LREE). Within the gross range of
middle REE (Pr-Dy = MREE), there is a well-devel-
oped range from relatively steep to relatively smooth
patterns.

The values of the negative Ce-anomaly vary from a
maximum of 0.32 for the marine cement to the least
pronounced anomaly of 0.74 for the Domerian marly
limestone. These values indicate, as it is commonly the
case, marine-oxic conditions, as in its oxic state Ce*" is
usually adsorbed on Fe- and Mn-oxihydroxides, a
marine sink for Ce which in turn results in a relative
depletion (negative anomaly) of normal-marine waters
(McLennan 1989).!

There is no significant Eu-anomaly for any of the
measured samples. Values are around unity with mini-
mum and maximum values for the two samples of au-
tomicrite (0.92—1.14). Although the detailed mechanisms
for significant Eu anomalies is under debate, natural
hydrothermal systems normally produce distinct positive
Eu anomalies at low Y enrichments (Bau and Dulski
1999; Hongo and Nozaki 2001).

'The negative Ce-anomaly of automicrite (0.50 and 0.52) appears
inconsistent with those values obtained from Cretaceous automi-
crites (positive anomaly and suboxic conditions, cf. Neuweiler et al.
2003 for details). It is beyond the scope of this paper to discuss the
variation of REE patterns of fossil automicrites. It seems likely that
for our case, sampling was not selective enough to obtain pure
automicrites, but rather a mixture with marine cement (cf. Fig. 11a;
see also Boulvain 2001). As an alternative, automicrite may also
form under oxic conditions, but then appears to be much less
pervasive compared to, e.g., massive sponge-automicrite mounds
(Neuweiler et al. 2001b, 2003).
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Fig. 14 PAAS-normalized REE + Y patterns of the various
sediments and fabric elements of Liassic sediments at Arzo quarry.
Although varying in absolute amounts, the patterns are similar to
one another in terms of a negative Ce-anomaly, a superchondritic
Y/Ho ratio, and relative enrichments of the heavy REE (Ho-Lu)
over light REE (La—Nd). Note a rather continuous range of relative
enrichment from Pr to Dy, i.e., from relatively steep (marine
cement) to relatively smooth patterns (phosphorite, Domerian
marl)



The Y/Ho ratio varies between a maximum value of
51 for the marine cement and the phosphorite down to a
minimum value of 35 for the Domerian marly limestone.
The Y/Ho ratio is a proxy to estimate the degree of
terrigenous input into marine sediments, as in the mar-
ine environment Y is strongly fractionated from its
geochemical twin Ho. Values >28 (value of PAAS)
indicate that marine fractionation prevails over terrige-
nous input, whereas values >44 indicate rather pure
marine conditions (Bau 1996). For all samples, Zr
strictly covaries with Hf (97% Zr to 3% Hf, R? = 0.98),
whereas only marly lithologies have absolute Zr contents
> 5 ppm (Fig. 15). Only for these samples Zr negatively
correlates with Y/Ho-ratios indicating a terrestrial
signature, whereas for ZrFig. 15). These rather pure
sedimentary and diagenetic carbonates thus mirror
fluctuating degrees of Y fractionation in the marine
environment with maxima recorded for phosphorite and
physico-chemically precipitated marine cement. Burial
blocky spar shows a superchondritic Y/Ho ratio at
minimum Zr contents indicating fluid flow mobilized
from the adjacent marine limestones. Again, an
unequivocal hydrothermal signature, e.g., relatively high
Y contents at relatively low Y/Ho ratios (Bau 1996, his
Fig. 6) is absent.

The relative enrichment of HREE over LREE can be
quantified as the Nd(n)/Yb(n) ratio (n = shale-normal-
ized). Enrichment is the strongest for the marine cement
(0.28) and only minor (i.e., shale-like) for Domerian
marls (0.95) with intermediate values, e.g., for the
crinoidal grainstone (0.54), automicrite (0.71), and

15 - Domerian marl
’g Marly bioclastic wackestone
a 10 4 [ ]
Q
c (a)
= ® Allomicrite-1
N
5 Phosphorite
Automicrite-2 Automicrite-1
|
Allomicrite-2 ® (b) ® Crinoidal grainstone
) |
Burial cement Marine cement
1 1 1 1 I
35 40 45 50 60
Y/Ho-ratio

Fig. 15 Zr versus Y/Ho plot to discriminate between purely marine
(e.g., marine cement) and terrigenously influenced endmembers
(Domerian marl). The intersection of the regression line for
terrigenously influenced sediments is near a Y/Ho ratio of 44
(indicated by line a), a gross value representing negligible
contamination by, e.g., terrestrial detritus or volcanic ash that
typically have chondritic Y/Ho values of around 28. Note highly
variable degree of Y/Ho ratios under normal marine conditions
(indicated by line b)
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allomicrite (0.78). In addition, the range of relatively
steep to relatively smooth middle REE patterns (quan-
tified as Dy(n)/Pr(n)-ratio) is at its maximum values
(>2) for burial and marine cement, and crinoidal
grainstone, but relatively flat (<1.5) for both terrest-
rially influenced sediments and fully-marine, benthically
produced materials (automicrite, phosphorite, allomi-
crite-2) (Fig. 16). According to the classical concept of
the oceanic REE cycle (Elderfield and Greaves 1982), the
relative enrichment of HREE occurs due to preferential
scavenging of LREE in surface waters. Thus, sunken
particles (inorganic and organic, enriched in LREE) are
the only source to flatten the REE pattern via early
diagenetic mobilization from the interstitial space of
marine sediments (Elderfield and Greaves 1982; Cruse
et al. 2000; Haley et al. 2004). Therefore, the Zr to
Dy(n)/Pr(n) plot of Fig. 16 distinguishes well between
“flat-terrigenous” or shale-like, ““flat-marine” or ben-
thic-diagenetic, and ‘“‘steep-marine” or open-water REE
patterns.

Discussion

Our data allow us to discuss: (1) to what degree the
Lower Jurassic stromatactis limestones of Arzo match
the Palaeozoic-type material, (2) how our case compares
to other examples of Mesozoic stromatactis limestones,
(3) how petrographic and geochemical constraints may
lead to a deeper understanding of the origin of stroma-
tactis, and (4) what significance stromatactis has for the
interpretation of sedimentary to early diagenetic envi-
ronments.
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15 — Domerian marl

(a)

Marly bioclastic wackestone

N
o
1

.Allomicrite-1

Zr (in ppm)

(C) = Phosphorite
Automicrite-1

Automicrite2 m Crinoidal grainstone
Allomicrite-2 - Marine cement
(b)

] Burial cement

15 2.0 25 3.0

Dy(n)/Pr(n)-ratio

Fig. 16 Zr versus Dy/Pr plot to discriminate between relatively flat
REE patterns (Dy/Pr around 1.5) either reflecting terrestrial input
(a) or early diagenetic mobilization of relatively light REE within
the interstitial under normal-marine conditions (¢). Dy/Pr ratios
>2.0 are in agreement with the more general heavy REE
enrichment of marine, open waters (b)



142

Lower Jurassic and Upper Devonian stromatactis
compared

As noted earlier, four diagnostic features are required
for consistent use of the term ““stromatactis”, namely the
network character, the shape, the presence of centripetal
crusts of marine cement, and a fine-grained host.”> The
network character of Arzo stromatactis can be deduced
from the uniform nature and distribution of the early
internal sediment, some connective subvertical conduits,
and successive plugging until the latest infiltrations by
Domerian marl. As shown above, the stromatactid
cavity system was connected locally to the system of
moldic porosity as well as to the early subhorizontal
fracture system. Thus, the cavity network evolved in the
shallow subsurface prone to sediment infiltration and
marine cement precipitation, and stayed connected to
the surface (or locally became re-connected, e.g., by
tectonic fracturing) down to several meters. The shape of
Arzo stromatactis matches the flat to undulose smooth
lower surfaces and digitate upper surfaces of the type
material, and the same applies for the prescence of
multiple crusts of marine cement. The only critical issue
in terms of definition is the mean grain size of the host.
Indeed, the Broccatello unit itself is a bioclastic wacke-
stone (locally packstone) with some sand-sized allo-
chems. Also, the microcrystalline matrix is not a
homogeneous lime mud or pelletal mud, but includes
bioclastic material at various amounts. However, well-
defined patches of stromatactis limestones are essentially
fine-grained and therefore fairly match the Palacozoic
type material.

Nonconstitutive characters of stromatactis (cf. Bat-
hurst 1982), such as the size and lateral extent, clearly
deviate from maximum values of Palaeozoic counter-
parts (Fig. 1 and Boulvain 1993). A relationship
between neptunian dykes and stromatactis occurs only
sporadically in Mesozoic (this paper) as well as in Pal-
aeozoic stromatactis limestones (Bourrouilh et al. 1998).
It does not establish a cause and effect but must be
considered as an additional feature induced by loading
or local extensional syn-sedimentary tectonics.

Interestingly, like in the Southern Alps, also along
subsiding passive margins of the Palacozoic stromatactis
limestones are commonly intercalated between carbon-
ate platform deposits below and a pelagic sequence
above, deepening upward from stromatactis limestones
to Rosso Ammonitico (Devonian Griotte) and radiola-
rites (Lower Carboniferous lydites), as, e.g., in the
Montagne Noire (e.g. Bourrouilh et al. 1998 and refer-
ences therein). Thus, and much like many siliceous
sponge mounds in general, stromatactis limestones ap-
pear to represent an essential sedimentary-diagenetic
option during the early stages of postdrowning intervals.
Our current knowledge of mud-mound petrogenesis

>Typical examples of Devonian stromatactis limestones can be
leisurely studied in the men’s room of the Geological Society,
Burlington House, Piccadilly, London

supports oceanographic rather than strictly bathymetric
limiting parameters (e.g., Stanton et al. 2000; Boulvain
2001; Neuweiler et al. 2001b, 2003). However, taking the
mixed layer as an upper limit (cf. review in Schlager
2003), tropical to subtropical settings provide a mini-
mum depth in the (annual) mean range of 50 m (cf.
Polovina et al. 1995; Bleck 2002 for theoretical consid-
erations).

Other examples of Mesozoic stromatactis limestones

Mathur (1975) has been the first to describe a Mesozoic
red stromatactis limestone from the Jurassic of the
Northern Calcareous Alps, and to suggest it is an an-
logue to the Palaeozoic “red stromatactis mud-mound”.
Unfortunately, the illustrations in Mathur (1975) do not
allow a critical assessment, and the field evidence for
stromatactis is rather poor (F. Neuweiler, personal
observation). Better convincing Jurassic (Liassic) red
stromatactis limestones from the Northern Calcareous
Alps were later illustrated or mentioned by Mazullo
et al. (1990); Béhm (1992) and B6hm et al. (1999:
Langmoss Member of the Hettangian Schnéll-Forma-
tion). More recently, Neuweiler et al. (2001a) and
Aubrecht et al. (2002) documented stromatactis lime-
stones from the Cretaceous (Albian, Spain) and the mid-
Jurassic (Bathonian to Callovian) of the Carpathian
Pieniny klippen belt, Slovakia and Ukraine), respec-
tively. Dromart et al. (1998) mentioned a low relief
stromatactis mud-mound of Bathonian and Aalenian
age from the Subalpine Basin of southeastern France.
Most of the above examples demonstrate a correla-
tion between a siliceous sponge community or a spicule-
bearing host and stromatactis fabrics. Nonetheless, and
as it is the case for the Palaeozoic, a strict correlation
does not exist (Boulvain 1993; Aubrecht et al. 2002). For
example, Aubrecht et al. (2002) thought to have found
stromatactis-type cavities within a host of a crinoidal
packstone. Indeed, except for the fine-grained host, these
examples match all the other constitutive elements of
stromatactis, and they display vertical interfingering
with fine-grained stromatactis limestones. Another
important aspect stems from the Mid-Jurassic of the
Carpathians (Ukraine), where stromatactis occurs
within a microcrystalline host and grades into red nod-
ular limestones of Rosso Ammonitico type (Fig. 17).

Stromatactis: a specific early diagenetic phenomenon

The different occurrences of the stromatactis phenome-
non, although with relative portions of diagnostic fea-
tures varying from place to place, have in common a
specific system of cavities formed in a marine carbonate
deposit, which under marine-phreatic conditions became
infiltrated by internal sediments, accompanied or fol-
lowed by marine cement precipitation (Bathurst 1982;
Bourque and Boulvain 1993). Here, we support
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Fig. 17 Red stromatactis limestones in lateral and vertical contact
with red nodular limestones (Rosso Ammonitico type), Middle
Jurassic, southern Ukraine Pieniny klippen belt. Such relationships
demonstrate that stromatactis facies is an essential option during
Jurassic drowning intervals. In general, stromatactis facies are
bounded by a drowning unconformity, crinoidal sands and/or
(hemi-)pelagic facies. Important aspects of formation and preser-
vation, such as a the establishment of siliceous sponge communi-
ties, b syneresis with its possible relation to the early stages of chert
formation, ¢ the importance of redox-cycling (organic matter,
iron), and d related time constraints or subsidence rates, remain to
be explored

Bathurst’s view in defense of a particular early diage-
netic pathway that remains to be explored, instead of
being blurred by an inconsistent extension of the term’s
definition or an interpretation too general.

Although some features of stromatactis superficially
resemble those found in modern methane hydrate
deposits, so far not one occurrence exists where petro-
graphic evidence for stromatactis is associated with
geochemical evidence of either methanogenesis or
methane oxidation. In contrast, in stromatactis normal-
marine isotopic composition is the rule throughout, and
where '*C-depleted carbonates are present (e.g., Peck-
mann et al. 2002; Peckmann and Thiel 2004), the related
rock fabrics simply do not match the definition. Krause
(2001) has proposed a relationship of (true) stromatactis
with CO, gas hydrates. However, his statement is
inconsistent with any reasonable pCO,, TCO,, or related
depth—pressure calculations as so convincingly demon-
strated, for example, by DiFilippo et al. (2003). Indeed,
and as confirmed with the application of advanced
geochemical methods such as carbon and oxygen isotope
(e.g. Boulvain 1993, 2001; Bourque and Raymond 1994)
and strontium isotope chemistry (e.g., Kaufmann and
Wendt 2000), or rare earth element patterns (this paper),
Bathurst’s (1982) view that stromatactis remains to be
explained in terms of early diagenesis under normal-
marine conditions stands untouched.
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Significance of Arzo stromatactis limestones

Petrographically and geochemically, our results intro-
duce the Arzo locality as an unequivocal example of a
Mesozoic red stromatactis limestone. Palaeobiological-
ly, it matches the common stromatactis sponge consor-
tium. In addition, it displays good evidence for the
crucial role of the decay of organic tissue inducing
contraction of an organic medium and sediment
shrinkage patterns, sagging and collapse features, sili-
ceous sponge calcification, and patchy sediment lithifi-
cation. The relationship between stromatactis and
neptunian dykes is locally coincidental but apparently
unrelated in terms of cause to effect.

Arzo stromatactis limestones, as the entire Brocca-
tello unit, lack unequivocal evidence for photoautotro-
phic organisms. Instead, the community of siliceous
sponges associated with brachiopods, crinoids, calcare-
ous sponges, terebellids, and molluscs must be consid-
ered to represent the deep-water endmember of an
effective Liassic benthic carbonate factory (see Krautter
1996 and Neuweiler et al. 2001b for other types of
Liassic sponge accumulations). Geochemically, marine-
oxic conditions are prevalent. Oxygen and carbon stable
isotopic compositions do not deviate significantly from
the inferred normal-marine values, and no indications
for hydrothermal circulation or seepage of hydrocar-
bons have been found. The REE + Y patterns clearly
document an early benthic-diagenetic, shallow subsur-
face environment for the evolution of the stromatactid
cavity system.

Instead of thinking in terms of replacive diagenesis,
seepage fluid flow, or clathrate formation and dissocia-
tion, we are confident that stromatactis mirrors a type of
syneresis feature. This view of a maturation process of a
particulate gel (in the sense of a colloidal polymeric sus-
pension, e.g., Brinker and Scherer 1990; Larson 1999; see
also Dewhurst et al. 1999) is consistent with successive
decay and shrinkage features (phase separation), molec-
ular evidence for former marine microgels or colloids in
mud-mound automicrites (Neuweiler et al. 2000, 2003),
and abnormal yield stresses requiring a cohesive medium
to stabilize mound slopes of carbonate mud supporting
depositional dips of up to 25° (e.g. Bathurst 1982;
Boulvain 1993). In addition, considering syneresis might
help to explain occasional fluid escape structures (Monty
1995) from exuding solvents, and the strong preference of
stromatactis to occur in fine-grained sediment hosts.
Indeed, cavity opening during syneresis would be likely
inhibited within poorly sorted carbonate sands in view
of the higher degree of internal friction (yield stress).

Conclusions

1. The Lower Liassic (essentially Lower Sinemurian)
Broccatello unit of Arzo (southern Alps, southern
Switzerland) contains patches of red stromatactis
limestones. Like their Palaecozoic analogues, the
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stromatactis limestones are relatively fine-grained
and match the common stromatactis siliceous sponge
consortium.

2. Palaeobiologically, petrographically and geochemi-
cally, the identified sedimentary and diagenetic envi-
ronments encompass: (a) a subphotic benthic
community of active and passive filter feeders within
an essentially oxic, marine environment, (b) a complex
shallow subsurface, early-diagenetic environment
with organic matter transformation, sediment
shrinkage, aragonite dissolution, SiO, dissolution,
calcification, REE remobilization, in-situ collapse,
and first generations of sediment infiltration, (c) a
rather simple, shallow-burial marine-phreatic envi-
ronment of marine cement precipitation in association
with sediment infiltration, with crinoid meadows un-
der current active, open water conditions above, (d) a
shallow to middepth burial environment of the main
multigeneration dyke and breccia formation with
their related successions of internal sediment and ce-
ment fill, (¢) a middepth burial environment with
sediment injection of (Pliensbachian) marly lime mud,
and (f) a late diagenetic burial environment with cal-
cite cementation, pressure dissolution, and calcite
veining at maximum temperatures of about 60°C.

3. The stromatactis cavity system evolved early during
the complex shallow subsurface diagenetic pathway
and was connected to the system of moldic porosity.
It remained open, or reopened via syn-sedimentary
tectonics until the late stages of burial diagenesis.

4. Because of the complexity of the fabrics involved,
stromatactis is considered to represent a specific
natural phenomenon, meanwhile with a significant
number of well-documented Mesozoic examples.
Stromatactis limestones appear as an essential option
during the early stages of postdrowning intervals,
whereas the detailed parameters favoring realization
or inhibition remain to be explored.

5. The chronological succession and the characteristics
of the different fabrics, combined with their inorganic
and organic chemical signatures, demonstrate the
importance of syn-sedimentary deformation (synere-
sis) and mineral authigenesis acting simultaneously.
Such a combination of processes might be related to
highly reactive fluids inducing calcification from
exuding solvent and a remaining, rather inert gel-like
material.

6. Syneresis, i.e., the maturation of particulate polymer
gels, not only explains shrinkage features, abnormal
yield stresses, and occasional water escape structures,
but also opens the perspective for experimental sim-
ulation, e.g., using silica polymer suspensions (cf.
Cabane et al. 1997), studying phase separation
(exuding solvent), and subsequent fate via contraction
and oxidation in the shallow subsurface environment.
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