Limestone beds formed in nearly carbonate-free shallow-water
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THE SIGNIFICANCE OF HIATUS BEDS IN SHALLOW-WATER MUDSTONES: AN EXAMPLE FROM THE

sections, however, is not dways valid. Other processes, such as differential subsi-

mudstones by discontinuous sedimentation and erosion are called hiatus beds.
Anaerobic oxidation of organic matter by microbes provided excess alkalinity,
inducing carbonate precipitation. A multiphase history of such beds is docu-
mented from the Swiss Jurassic by several cementation and dissolution phases.
Four cement types occur: micrite as earliest cement (6*3C —10 to —20%o),
stellate calcite between micrite-cemented parts (6*3C —5 to —10%o), fibrous
calcite cement in dissolution cavities (63C < —30%o), and blocky calcite in
remaining pores (6**C —5%0). Except for the late blocky cement, all cements
contain pyrite, indicating carbonate precipitation within the sulfate reduction
zone. After early cementation by micrite, the beds moved relatively upwards
into a shallower geochemical zone and some even to the seafloor because of
erosion. Cavities formed during reburial by dissolution in the upper part of the
sulfate reduction zone and in the upper part of the methanogenic zone. Strongly
reduced sedimentation rates provided the requisite stable geochemical condi-
tions for at least several thousands of years, which permitted precipitation and
dissolution of carbonate by biochemical processes and diffusion. This happened
on short-lived swells caused by differential subsidence and rotation along listric
faults when basement structures became reactivated during the extensional
stress regime from opening of the Tethys. During the Jurassic and Cretaceous
breakup of Pangea the shelf area increased, and differential subsidence on these
newly formed shelves was the main factor responsible for the observed post-
Paleozoic maximum in hiatus beds and hiatus concretions.

INTRODUCTION

In predominantly fine-grained, siliciclastic sediments a break in sedimentation or
seafloor erosion may be marked by a horizon of early diagenetic concretions, which
have been referred to as **hiatus concretions” (Voigt 1968). In addition, certain
limestone beds may form in this way (Raiswell 1988), which we suggest can be
called **hiatus beds’. Hiatus concretions show evidence that they hardened before
exhumation, and cementation probably occurred not very deep below the sediment
surface (e.g., Savrda and Bottjer 1988). It is considered a prerequisite for the growth
of concretions that they reside for a considerable time (> 7000 years; Coleman and
Raiswell 1993) within a specific geochemical environment, e.g., the sulfate reduction
zone. Therefore, a significant interruption of sediment input may be sufficient to
induce concretion formation (Spears 1989; Raiswell 1987), whereas seafloor erosion
is not necessarily required. Disconformities in mudstones are inconspicuous if re-
worked concretions or hiatus beds are lacking (Flrsich and Baird 1975; Baird 1976).
Hiatus beds, thus, have stratigraphic and sedimentologic value in that they alow
identification of surfaces at which sedimentation was interrupted for a significant
time. Such discontinuity surfaces are commonly not manifested as biostratigraphic
gaps (e.g., Wilson 1985). If concretions are exhumed, they form hard bottoms and
the epifauna changes in response to substrate consistency (e.g., Fursich 1979).

Study of individual hiatus concretions and beds (e.g., Voigt 1968; Hallam 1969;
Firsich 1979) has revealed their complex, multiphase history; this includes (1) con-
cretion formation; (2) concretion exhumation, (3) boring and/or encrustation; (4)
burial; and (5) precipitation of additional cement. During phases 1 and 5 cracking
and precipitation of additional cement may occur (e.g., Kennedy et al. 1977; Hes-
selbo and Palmer 1992). In terms of sequence stratigraphy, hiatus concretions and
beds are genetically linked to rising or high sedlevel (e.g., Van Wagoner et a. 1988).
They occur at the initiation of transgressions (e.g., Voigt 1968; Firsich et al. 1991).
Furthermore, during the time of maximum rate of transgression they form in areas
where the sediment input is strongly reduced (*‘condensed section™ while clastics
accumulate nearer to the land (e.g., Loutit et al. 1988). Similar deposits, thought to
have formed during sealevel highstand, were also reported from drowned carbonate
platforms by Kendall and Schlager (1981).

This simple sequence-stratigraphic interpretation of hiatus beds and condensed
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dence, can produce sediment starvation or seafloor erosion (e.g., Hesselbo and Palm-
er 1992) and thus provide the conditions necessary for formation of hiatus concre-
tions.

It is the purpose of this study to demonstrate that hiatus beds in the Swiss Jurassic
are useful for deciphering the effects of differential subsidence on the deposition of
a thick mudstone sequence that accumulated rapidly in an epicontinental basin at a
time of minor sealevel changes. The duration and type of discontinuous sediment
input is reflected by the overall setting of the hiatus beds and the various cements
therein. In general, hiatus beds seem to be formed more frequently during times of
tectonic activity than of intense sealevel changes.

STUDY AREA AND GEOLOGICAL BACKGROUND

Several sections of Middle Jurassic mudstones were studied in northern Switzer-
land and southwestern Germany (Fig. 1). Because they accumulated mainly during
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Fic. 1.—Location map of the study areain northern Switzerland and southwestern
Germany (upper part), and the sections studied in detail (lower part).
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the Aalenian opalinum (but in southwest Germany also during the comptum and
torulosum) ammonite subzone (Fig. 2), they are called ** Opalinuston’, translated as
Opalinus Mudstone. The unit accumulated over a time interval of 1 Myr when the
time scale of Hag et &. (1987) is applied.

The Opalinus Mudstone accumulated in the southern part of an epicontinental sea
that covered central Europe (Fig. 3; e.g., Ziegler 1990). Sediments were delivered
from the Bohemian Massif in the northeast and the Rhenish Massif in the northwest,
with a subordinate proportion from the Alemannic Land in the south. They consist
of about 100 m of ostensibly monotonous dark gray mudstones. The organic-matter
content in the present state is 0.5-1.5% C,, dry weight. Macrofaunal remains are
not uncommon, but often they are dissolved. The epifauna indicates aerobic to dy-
saerobic conditions at the bottom (Etter 1995; Schmidt 1996).

Within the mudstones millimeter- to decimeter-thick siliciclastic storm layers oc-
cur, often with oscillation ripples on top. Storm-wave-rippled sandstone beds occur
in some intervals and suggest a depositional water depth close to or above the storm
wave base, i.e, 20-30 m (Wetzel and Allia 1996; Allia 1996). Mudstone intervals
might have been deposited in deeper water.

The accommodation space for the Opalinus Mudstone was provided by synsedi-
mentary subsidence, because the sediment thickness of 100 m in the compacted state

Fe-oolitic limestone

sandy, sparitic limestone

comptum and torulosum subzones are condensed
whereas in southwestern Germany it is
represented by several meters of sediments. The
stratigraphic position of the storm layers,
concretion-rich horizons, and bioturbated layers
can vary from section to section.

(corresponding to 250 m when deposited) clearly exceeded the depositional water
depth of about 30 m and a sealevel rise of 10-20 m (Haq et a. 1987; Branger and
Gonnin 1994). Subsidence was accelerated very likely by extension related to the
opening of the Tethys and Atlantic Oceans (Wildi et al. 1989; Wetzel et al. 1993).
The subsidence pattern was probably affected by a preexisting complex graben sys-
tem (e.g., Laubscher 1986) and related faults in the basement that formed at the end
of the Paleozoic.

MATERIAL AND METHODS

Thin sections of oriented samples were studied by light microscopy and by cold
cathodoluminescence microscopy (CITL Mark I1). Samples for oxygen and carbon
isotope measurements were taken by a dental drill from the same pieces from which
the thin sections were cut, so isotope samples can easily be related to the micro-
scopically defined carbonate cement domains. The isotopes were measured by aVG
Isogas PRISM mass spectrometer. |sotope compositions are expressed in notation
as per mil deviations from the international PDB carbonate standard. Analytical
precision based on routine analysis of the interna standard (Carrara Marble) was
+0.10%o for §'80 and *0.05%. for 6'3C.
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Fic. 3.—Paeogeography of central Europe during the Aalenian (after Ohmert and
Rolf 1994, changed dlightly); the study area was covered by an epicontinental sea
where muddy sediments accumulated, but the area to the south and west was dif-
ferentiated into swells and depressions. Insert shows the Northern Hemisphere; ar-
row points to present-day Switzerland.

RESULTS

Hiatus beds were found in 10 of 12 sections studied (Fig. 1); they occur at dif-
ferent positions within the stratigraphic sequence and in severa horizons a some
localities. The beds can be traced over several meters to tens of meters depending
on the extent of an outcrop, but they can vary in thickness. Four categories of hiatus
beds were recognized.

Types of Hiatus Beds

The various types were grouped between the two end members: bored and en-
crusted micrite nodules within a bioclastic host sediment (type 1), and thick micritic
beds having distinct internal structures (type 1V).

Type |.—Ellipsoida to round, gray micrite nodules, typically 5-8 cm in size,
acted as a hard substrate on the seafloor and were bored and encrusted by organisms.
They occur within wackestone containing primarily echinoderm and mollusc debris.
The nodules and borings show a blackened rim enriched in pyrite (Fig. 4).

Type ll.—Light gray, irregular-shaped to rounded micrite nodules, 1-5 cm across,
occur in a bioclastic mudstone to wackestone and locally packstone. Bioclasts are
echinoderm or mollusc debris. Some of the micrite nodules are homogeneous,
whereas others display faint bioturbationa structures. The nodules are only rarely
bored or encrusted; most have a rim enriched in pyrite. Irregular, stromatactis-like
voids occur in the vicinity of the nodules. These voids match nearly al criteria for
stromatactis given by Bathurst (1982) except that they do not occur in muds of
Paleozoic bhioherms; therefore, they are called ** stromatactis-like'’. The voids are
filled with a brown-white color-banded calcite. Any remaining void space is occu-
pied by blocky calcite or left open (Fig. 5).

Type I11.—A gray to brownish bioclastic wackestone with micrite patches forms
beds up to 10 cm thick. The micritic parts resemble nodules, but they have no sharp
boundaries and lack borings and encrustation. In the matrix, stromatactis-like voids
are up to 10 cm long and 2 cm high. Their long axes are roughly parallel to bedding.
The margins of the voids are irregular. The void fill consists of a brown-white
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Fic. 4—Vertical section of type | hiatus bed, consisting of micrite nodules with
irregular corroded surfaces, borings (b), and encrusting organisms (€) embedded in
a hioclastic wackestone. Margins of micrite nodules and borings are impregnated

with pyrite (p).

color-banded calcite, with remaining space occupied by white spar or still empty
(Fig. 6).

Type IV.—Densely packed, coaescing dark gray micrite nodules form beds up
to 20 cm thick. These nodules have an irregular, knobby surface when weathered.
The most striking feature of these beds are irregular, connected cavities up to severa
decimeters long, which resemble miniaturized cave galleries (Fig. 7A). They have
a remarkable fill: homogeneous, gray, rounded or irregular-shaped micritic nodules
1 mm to 1-2 cm in size that are surrounded by several generations of aternating
brown to black and white calcite cement (Fig. 7). At least two phases of development
can be deduced. First, a cavity system formed which is characterized by pyrite
impregnation along its walls and around the nodules within it. During the second
phase, nodule-filled cavities without a pyrite impregnation formed (Fig. 7B).

Fic. 5—Vertical section of hiatus type Il bed, consisting of irregular to round,
homogeneous (h) or faintly bioturbated (t) micritic nodules embedded in a lime
mudstone to wackestone. Some nodules are indistinctly bored (b) but most are not.
Some nodules are pyrite-rimmed (p). Some nodules have corroded margins (arrow).
Voids (v) are filled by laminated cement and white calcite (c).
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Fic. 6.—Vertical section of type Il hiatus bed. A) Lime mudstone to wackestone
with laminar stromatactis-like voids (v) having a brownish laminated cement aong

the margins followed by white calcite; void (y) is shown in part B. B) Laminated
geopeta sediment within a stromatactis-like void.

Cements

The limestone beds contain several cement types, al of which are now calcite:
micrite, stellate cement, fibrous cement, and blocky cement.

Micrite—Micritic cement occurs mainly in nodules but also in other parts of the
hiatus beds. The nodules contain fine-grained siliciclastic material, a varying amount
of detrital quartz, bioclasts, and diagenetic euhedral pyrite (5-25 um in size) (Fig.
8). The micrite is microscopically homogeneous; in only a few cases is a peloidal
texture visible. The micrite shows a red, brownish-orange to brown cathode lumi-
nescence. The isotope values are §3C —11 to —18%. and 580 —5 to —10%o (12
measurements). The isotope values do not vary significantly along a transect through
anodule for both §13C and 5*80. Micrite also occurs as cement between the nodules,
which acted as pebbles after being exhumed.

Stellate Cement.—This cement type is similar in terms of size and morphology
to the stellate crystals described by Roberts et a. (1993). Small elongate crystals,
20-80 wm long, are arranged nearly perpendicular to each other in three dimensions
like the axes of an octahedron. Therefore, a mosaic with nearly perpendicular ori-
entation of calcite crystals is observed in thin section (Fig. 9). Euhedral pyrite (10—
20 wm in diameter) occurs within the cement. Stellate cement occurs in the inter-
stices between micrite nodules of beds of types | and Il and fills borings (Figs. 8,
9). In the types 11 and |11 beds stellate cement co-occurs with micrite and surrounds
quartz grains or bioclasts. In type IV beds stellate cement co-occurs with other
cements within the cavity systems. The boundaries between stellate and other ce-
ments are sharp. Stellate cement luminesces red to brownish red, with small, dark
brown to nonluminescent interstices, generaly a little darker than the micrite. The
613C isotope values range between —6 and —13%. and the 680 values between
—5and —9%o (13 measurements).

Fibrous Cement.—Fibrous cement occurs in stromatactis-like voids and inter-
connected cavity systems of types II, 111, and IV beds. It forms as laminae 0.2-1
mm thick that alternate with seams 2040 wm thick rich in clay and pyrite (Fig.
10). Typicaly, the length of the crystals increases from 0.2 mm at the base of a
void to 0.8-1.2 mm in the center (Fig. 10). The top of a fibrous cement generation
is commonly corroded prior to being overlaid by blocky cement. The fibrous cement
is cloudy and includes fluids and some small pyrite grains. The luminescence color
is orange—red with some dark red to brownish banding related to layers enriched in
clay and pyrite. Individual fibrous crystals are not visible under CL. The fibrous

Fie. 7.—Horizontal section of type IV hiatus bed. A) Micritic bed having an
extended cavity system filled with cement and nodules. B) Detailed view of the
lower central part of part A showing the irregular cavity shape and the complex fill
consisting of micrite nodules and multiple generations of cement (m). Some parts
of walls and the nodules are impregnated with pyrite (p), whereas others are not (n).
Remaining cavity space is filled with white calcite (c) or is still open.

cement has an isotopic signature of 6*3C —34 to —39%%o and 6'80 —2 to —5%
(9 measurements).

Blocky Cement.—Blocky cement fills the remaining pore space. Crystals range
in size between 0.1 and 1 mm, are clear, and do not contain pyrite. Although mor-
phologically similar, two types of blocky cement can be distinguished with respect
to their position within the void and cavity fills:

(1) Where blocky cement overlies corroded fibrous cement, the luminescence
color is brown, dark brown, to dull; §'3C values vary between —3 to —8%. and
6180 between —5 to —11%o (7 measurements).

(2) Within the cavity systems some blocky cement is brownish where it surrounds
micrite nodules. The luminescence color is orange. The isotope values are 6*3C —5
to —7%o and 880 —6 to —9%. (3 measurements).



174

Fic. 8—Thin section of exhumed, micrite cemented nodule (cross-polarized
light). The boring (b) infilled with stellate cement (see Figure 9), the margin of the
nodule (m), and the wall of boring (w) are enriched in pyrite (black staining).

RS Damed . —

Fic. 9.—Stellate cement with scattered pyrite (small black grains) and quartz silt
(white) in normal (upper part) and cross-polarized light (lower part).
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Fic. 10.—Fibrous cement found in stromatactis-like voids (see Figure 5B) in nor-
mal (upper part) and cross-polarized light. At the base, equant crystals are followed
by successively more elongate fibrous cement interlayered with pyrite (p) seams.
Transversaly cut fibrous crystas (t) are present on top of the longitudinaly cut
fibrous crystals (I).

FORMATION OF HIATUS BEDS

The macroscopic observations define the relative succession of processes and the
minimum number of steps needed to form the limestone beds (Table 1); the micro-
scopic observations, in addition, provide a cement stratigraphy. When both sets of
observations are related to the geochemical data, they allow estimation of the relative
depth below the seafloor at which the cements were precipitated.

Geochemical Zones

The succession of geochemical zones within sediments is known from the pore-
water composition of modern sediments and the minerals precipitated therefrom

TasLE 1.—Macroscopically identified steps in formation of hiatus beds

Type |

Type Il

Type 1l

Type IV

Formation of micrite
nodules

Exhumation of nodules

Boring and encrustation

Pyrite precipitation and
cementation

Formation of micrite
nodules

Exhumation of nodules

Boring

Pyrite precipitation and
cementation

Void formation

Filling of voids

Micrite cementation
(diffuse nodules)

Slight erosion of sea-
floor

Pyrite precipitation and
cementation

Void formation

Filling of voids

Micrite cementation (co-
alescing nodules)

Slight erosion of sea-
floor

Formation of cavity sys-
tem

Pyrite and carbonate
precipitation

Further development of
cavity system

Filling of cavity system
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geochemical zone major reactions
water seafloor
aerobic = T
TODN o) LL U . . CHyO + 0y = COy + HyO
oxidation 2 bioturbation CH0 + Oy = HCOZ + H*
of organic e
matter Fe?* 2Fe05 + CH,0 + 3 Hy0 = HCOg' + 4 Fe®" + 7 O
H 2 diffusive loss of HCO3 and/or .
anaerobic Fe?* + H,S + CaCOy = FeS + CO, + Hy0 + Ca®*
oxidation S04% sulfate
of organic reduction 2 CH,0 + SO,% = 2 HCO, + H,S
matter
S ——
anaerobic ! ! CH, + 50,7 = HCOy + HS ™+ H,0
oxidation : ; A ¢ ® ¢
of methane ! ¢ [
Fe2t CHy COp—— CHyCOOH =CO, + CH,
I—/
CO, + 4 H, = CHy + 2 H,0
methano- CH 2 CH0 +2H,0=4H;+2C0,
genesis 4
13 CH,0 + 2 Fe,03 + 3 Hy0
=6 CH, +7 HCOy + 4 Fe?* + OH

Fic. 11.—Geochemical zones in the studied sediments as reconstructed in analogy
to modern environments and fossil counterparts (equationsin lines 1, 6, 7, 8, and 9
after Whiticar (1996), in lines 2, 3, and 5 after Spears (1989), in line 4 after Canfield
and Raiswell (1991), and in line 10 after Raiswell (1987); however, this reaction
takes place only if sufficient iron is available).

(e.g., Claypool and Kaplan 1974; Curtis et a. 1986; Balzer et a. 1987; Coleman
1993; Middleton and Nelson 1996; Whiticar 1996; and references therein) and is
summarized in Figure 11. The amount of buried organic matter and the sedimen-
tation rate control the vertical extent of these zones.

In the uppermost zone, close to the seafloor, dissolved oxygen and sulfate occur.
First, oxygen is consumed by aerobic oxidation of organic matter. Then Mn and Fe
act as electron receptors, the latter possibly involved in precipitation of Fe sulfides.
Farther down, sulfate is reduced by anaerobic oxidation of organic matter (Fig. 11).
Within the upper part of the sulfate-reduction zone sulfide can provide an acidic
environment as the akalinity generated diffuses into the overlying seawater and/or
precipitation of Fe sulfide provides additional H* (Fig. 11); the excess H* is buff-
ered by dissolution of carbonate (e.g., Mettraux et al. 1989; Canfield and Raiswell
1991). Beyond the sulfate reducing zone, remaining organic matter can be converted
to CO, and methane (Fig. 11). Methane can diffuse upward and is anaerobically
oxidized in the sulfate reduction zone, providing excess akalinity for carbonate
precipitation. Methanogenesis, however, generates CO, rather than alkalinity, hence
porewater in the methanogenic zone can approach undersaturation with respect to
CaCO, at a certain depth zone, especialy if reactive Fe is low (Coleman and Rais-
well 1993) and thus cause dissolution. In general, the bulk carbon phase will till
retain the approximate isotopic signature of the organic matter from which CO, and
methane phases were initialy derived, i.e. —25 to —30%.. During further kinetic
fractionation the residual methane becomes heavier and the bicarbonate produced
becomes lighter than the CH, from which it was derived (e.g., Raiswell 1987).
Carbonate precipitated within one of these depth zones is characterized by its 6°C
isotope signature (Fig. 11) reflecting aerobic oxidation of organic matter, anaerobic
oxidation of organic matter within the zone of sulfate reduction, or anaerobic oxi-
dation of methane (e.g., Anderson and Arthur 1983). Because of carbonate disso-
Iution, any mixing with other carbonate sources can affect the isotope signature (e.g.,
Raiswell 1987).

The absolute depth values within the sediment can be roughly estimated by com-
parisons with modern analogues and by analyzing the spatial relation of nodule-rich
horizons to the previous sediment surface. For this purpose shallow-marine settings
with the same sedimentation rate were considered. The average sedimentation rate
of the Opalinus Mudstone is estimated by total thickness versus time of deposition.
After decompaction from a present-day porosity of 15% to 75% when deposited
(Wetzel 1990), the sedimentation rate was in the order of 30 cm/kyr at the seafloor.
In modern argillaceous analogues with sedimentation rates of about 30 cm/kyr, the
sulfate reduction zone extends from 20 cm to about 120 cm below the sediment
surface (e.g., Baltic Sea; Balzer et d. 1987), but it can be narrower than that (e.g.,
Grossman 1984).

Under favorable circumstances, the position of the sulfate reduction zone can be
estimated in the fossi| state; indicators of slow sedimentation may reflect the position
of the previous seafloor, and the nodule-rich horizon below represents the sulfate
reduction zone. Such a situation was encountered four times. The layers rich in
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Fic. 12.—Isotope values of the four cement types encountered in the hiatus beds.
Micrite values are typical for the sulfate reduction zone. Stellate cement values
indicate mixing with previously dissolved carbonate. Fibrous cement carries an iso-
tope signature of methane oxidized in the sulfate reduction zone. The spar cement
is of late diagenetic origin.

fossils occur about 10 cm above the nodule-rich horizon, and its upper and lower
boundaries roughly reflect the position of the sulfate reduction zone. After decom-
paction, the upper boundary of the nodule-rich layers was 30-40 cm and the lower
was 120-150 cm below seafloor. This is in good agreement with estimation from
modern equivalents (see above).

I sotope Data

The morphologicaly different cements occupy four fields in a graph of §°C
versus 6180, suggestive of four discrete geochemical zones (Fig. 12).

Carbon |sotopes—The akalinity generated by the microbially mediated decay
of even low concentrations of organic matter is enough to overwhelm the alkalinity
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Fic. 13.—In the upper part of the sulfate reduction zone, carbonate of ammonite
shell and micrite nodule has been dissolved where exposed to pore fluids (white
arrows) and pyrite (p) has been precipitated where carbonate was dissolved; the shell
has not been dissolved where it was protected by micrite (m) precipitated during a
previous phase of hiatus bed formation; when passing further into the sulfate re-
duction zone, carbonate (c) was precipitated again (see Figure 11).

originally present in seawater (Coleman and Raiswell 1993). Although 63C of car-
bonates due to sulfate reduction is theoretically —25%o, typical measured values are
—11 to —18%o, suggesting mixing with another carbonate source, probably of ma-
rine origin or microbially generated methane (e.g., Coleman and Raiswell 1993,
Middleton and Nelson 1996).

The micrite cement shows evidence for such mixing because its isotope signature
is somewhat heavier than predicted, but its precipitation within the sulfate reduction
zone is indicated by the presence of pyrite (e.g., Von Rad et a. 1996). The micrite
could have been directly precipitated by microbes (e.g., Kazmierczak et a. 1996).

The stellate cement carries an isotopic signature suggestive of Fe or Mn reduction
(Anderson and Arthur 1983) and related oxidation of organic matter, but correspond-
ing Fe and Mn carbonates were not encountered, rather only calcite and pyrite. The
latter suggests the formation of stellate cement within the sulfate reduction zone,
probably in the upper part just after carbonate was dissolved, resulting in corroded
shells and nodules (Figs. 11, 13). Thus, mixing of the dissolved carbonate and the
newly produced alkalinity compounds was very likely and led to the wide range of
isotope values (6*°C —6 to —13%o) of the stellate cement. The variation depends
on the amount of dissolved shell material (heavy values) or micrite nodules (light
vaues). The stellate cement might have precipitated under the influence of microbes,
as suggested by the experiments of Roberts et al. (1993). The crystals, however, are
too large to be precipitated directly within microbes, so we assume that biocatalytic
effects of microbial matter induced the formation of the crystals.

Fibrous cements have been documented and debated extensively (see review by
Kendall 1985), and it has been argued that filamentous microbes may have affected
the growth of the crystals (Mettraux et a. 1989; Violante et al. 1994). In the cases
we studied, filaments were not observed within the fibrous cement. The isotopic
signature, however, indicates microbia fractionation of the cement carbon. Taking
into account the structure of fibrous cement and the wide range of environments
where it occurs, for instance reefs, mud mounds, septarian fissures, and travertines
(e.g., Kendall 1985, Violante et al. 1994), we conclude that microbes acted as cat-
aysts: the specific membrane structure of certain microbes and oversaturation with
respect to carbonate led to precipitation of fibrous cement. An appropriate membrane
structure may be found in a large group of microbes corresponding to the wide
environmental range of formation of fibrous cement.

Oxygen |sotopes—The measured oxygen-isotope values of the early cements
tend to be 6-8%o lighter than expected marine values (e.g., Hudson 1977). Such a
shift to light oxygen-isotope values is not uncommon for mudstone-hosted concre-
tions (e.g., Hesselbo and Palmer 1992; Burns 1998). The common explanations for
this phenomenon are diagenetic ateration of volcaniclastic material, rapid precipi-
tation of carbonate minerals, interaction with organic matter, freshwater influx, and
(re)erystallization at elevated temperatures (Burns 1998). None of these explanations
is valid for the diagenetic carbonates of the Opalinus Mudstone, for the following
reasons:

(1) Altered volcaniclastic material (as described by, e.g., Zimmerle 1982) has not
been observed in the studied sections.

(2) Rapid precipitation of carbonates does not significantly affect the isotopic
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composition of the cements (Burns 1998); furthermore, there is no trend to decreas-
ing isotope values in a nodule from center to rim (see above).

(3) Dynamic equilibrium precipitation (Sass et a. 1991) typically occurs in or-
ganic-rich (>5% C,,,) mudstones formed under oxygen-deficient conditions, but
such conditions were not met in the Opalinus Mudstone.

(4) Freshwater influx can be excluded: the surrounding mudstones are of very
low permeability (similar modern muds have 10-7 to 10-° m/s; Silva et a. 1981),
and there is no evidence for subaeriadl emergence of the Opalinus Mudstone (e.g.,
Etter 1995); also, micrite nodules with the same light oxygen-isotope signature occur
throughout the Opalinus Mudstone.

(5) Not al cements show evidence of recrystalization, but al have the light
OXygen-isotope values.

All standard explanations for the light oxygen-isotope values are unsatisfactory,
and we speculate that the oxygen—now bound in carbonates—was fractionated
probably by microbes during sulfate reduction (Cypionka 1994).

Bed Formation

The basic process for the formation of limestone beds is early precipitation of
micrite as single (types | and II) nodules, or alayer formed by diffuse (type I11) or
coalescing (type 1V) nodules (Fig. 14). The micrite occurs in both the nodules of
type | and Il beds and in micrite-cemented beds of types |1l and V. It has the same
isotopic composition (6%3C — 11 to —18%o) that is suggestive of anaerobic oxidation
of organic matter in the sulfate reduction zone. The resultant excess akalinity in-
duced micrite precipitation (Fig. 11).

The nodular micrite within al hiatus beds is similar in geometry, interna fabric,
cathodoluminescence color, and isotopic signature to micrite nodules that occur in
association with Thalassinoides and other traces throughout the Opalinus Mudstone.
We conclude that the nodules were winnowed from these burrow systems. The
formation of micrite nodules in burrows has been refated to the organic matter in
the tube fill (e.g., Ziebis et a. 1996). When buried, the localized surplus of organic
matter may have favored microbia activity, including sulfate reduction and resultant
precipitation of carbonate.

The nodules needed time to grow; for instance, Coleman and Raiswell (1993)
calculated growth times in the range of 7400 to 52,000 years. In contrast to these
long time spans, very fast-growing nodules have been reported by Pye et al. (1990)
and Moore et a. (1992). These concretions, however, differ significantly in their
mineralogy (Fe carbonates) and depositional environment (marsh showing fresh-
water influx and subaerial exposure) from those studied by the above authors. Be-
cause the nodules we studied occur in environments similar to those of the slowly
growing ones, we assume—without proof—a similar growth rate. Therefore, the
nodules should not have passed through the sulfate reduction zone too fast, and the
sedimentation rate must have been lower than the average value for the Opalinus
Mudstone; otherwise the nodules would have passed out of the sulfate reduction
zone within about 3000 years. It is very likely that the sedimentation rate was
reduced before and after exhumation of nodules by storms or currents. In fact,
indicators of slow sedimentation, such as horizons rich in fossils, occur close to the
nodule-rich layers and support the inference of reduced deposition.

The residence time of the exhumed nodules on the seafloor controlled the degree
to which they were bored and encrusted. When buried again, nodules and host
sediment returned to the upper part of the sulfate reduction zone, where carbonate
dissolution and Fe sulfide precipitation could occur (Figs. 5, 11, 12; see above).
Farther down, stellate cement formed with its typical isotopic signature (see above).
During subsequent burial, micrite was precipitated having an isotope signature typ-
ica of the sulfate reduction zone.

Cavity Systems and Stromatactis-Like Voids

The cavity systems within the type IV beds have a multiple origin. After initial
cementation the first phase of dissolution started in the upper part of the sulfate
reduction zone (Fig. 11; see above). The geometry of the cavity systems and the
presence of rounded micrite components within the systems suggest that dissolution
occurred along the boundaries of coalescing nodules. The second phase of cavity
formation in type IV beds is similar to the formation of the stromatactis-like voids
in the types 11 and |11 beds. Below the sulfate reduction zone, methanogenesis is the
main microbial process, simply written as 2CH,O + H,0 = 2CO, + 4H, and CO,
+ 4H, = CH, + 2H,0 (eg., Coleman 1993). Thus CO, is produced and reduced
(e.g., Claypool and Kaplan 1974). It is important that dissolved carbon is added as
CO, in the methanogenic zone rather than as HCO;~ in the sulfate reduction zone,
and hence alkalinity decreases (Rice and Claypool 1981) unless significant Fe re-
duction accompanies methanogensis (Raiswell 1987). The decrease in akalinity due
to CO, production may be buffered by dissolution of carbonate, which resuits in
enlargement of the cavities of type IV beds and formation of the stromatactis-like
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analogues.

voids found in the types Il and 11l beds. Thereafter carbonate (and some pyrite)
precipitated repeatedly, producing a laminated infill (Fig. 10).

The voids and cavities were formed by dissolution, which is controlled by dif-
fusion. Dissolution may have required considerable time spans, during which the
developing hiatus beds resided in a carbonate-dissolving environment. The large
voids, therefore, document periods of reduced sedimentation. The required long time
of retarded buria to form them represents an unusual situation. This may be the
reason why such dissolution features are not generally observed in hiatus beds and
concretions.

DISCUSSION

The different types of hiatus beds formed in response to similar processes (Fig.
12). The differences between the four types are explained by variations in sedimen-
tation and erosion, which determined the residence time of the specific layers within
the geochemica zones. Cementation by micrite indicates prolonged residence time
within the sulfate reduction zone and, hence, reduced sedimentation on the seafloor.

Thereafter, erosion might have occurred; in the case of strong erosion, the freshly
formed nodules became exhumed, bored, and encrusted (types | and I1), whereasin
case of dlight erosion, the micrite-cemented layers were placed in the upper part of
the sulfate reduction zone and dissolution occurred (type [V). The rate and continuity
of sedimentation during reburia of the exhumed nodules controlled whether or not
dissolution occurred. In case of high and continuous sediment input, additional ce-
ment precipitated. If sedimentation was reduced when the developing hiatus bed was
within the upper part of the sulfate reduction zone (type 1), or within the upper
zone of methanogenesis (types |11 and 1V), voids and cavities were formed by dis-
solution. Consequently, hiatus beds with voids or cavities are indicative of multiple
interruptions of sedimentation.

The hiatus beds occur in the opalinum and comptum ammonite subzones at vary-
ing frequencies of 0-3 per section, mainly at the base, in the middle, and/or on top
(Fig. 15). The hiostratigraphic control and the observed pattern excludes their syn-
chronous formation. Therefore, a unifying process such as sealevel change very
probably did not control the formation of the hiatus beds. Alternatively, differential
subsidence provides an explanation. The decompacted thickness of the hiatus-bed-
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hosting mudstones of 230 m exceeds the depositional water depth at or below storm
wave base. Thus, the accommodation space was provided during sedimentation (see
above). Such subsidence rates resulted not only from overburden-induced compac-
tion and isostasy but also from tectonic subsidence—likely at least 25% of the
accommodation space (Allia 1996). In fact, tectonic activity within the basement is
documented by altered upper Paleozoic rocks that now provide an Aaenian radio-
metric age and indicate hydrothermal activity at that time (Schaltegger et a. 1995).
Adenian movements were related to extension in the Tethyan and Atlantic realm
(e.g., Lemoine et a. 1986), and the area in between was affected by extensional
stresses (e.g., Philippe et a. 1996). Further evidence for reactivation of preexisting
grabens and normal faults within the basement and resultant differential subsidence
is shown by increased sediment thicknesses above grabens (Fig. 15). There, blocks
rotated dlightly along listric faults and led to additional differentiation of the seafloor
topography. The hiatus beds were formed on such swells (Figs. 15, 16). Because
sediment thickness is not significantly reduced where hiatus beds occur, the swells
were certainly not permanently elevated in the rapidly subsiding basin.

The hiatus beds in the Opainus Mudstone illustrate clearly the importance of
differential subsidence for their formation. Thus, the question arises how tectonism
in general affected the formation of hiatus beds and hiatus concretions. Observations
from this study, as well as the hiatus beds reported by Wignall (1989) and Hesselbo
and Palmer (1992) that formed on differentialy subsiding swells, suggest that the
number of hiatus beds that formed in this way has most likely been underestimated.

Hiatus concretions do not occur at uniform frequencies in the rock record. The
Ordovician, Jurassic and Cretaceous seem to contain significantly more hiatus con-
cretions and hiatus beds (Wilson and Palmer 1992). Third-order sealevel changes
have often been thought to control the formation of hiatus concretions and hiatus
beds (e.g., Van Wagoner et a. 1988; Firsich et a. 1991). If we consider the better
documented post-Paleozoic sealevel changes (e.g., Hag et a. 1987), third-order sea-
level changes are not thought to vary significantly in period and amplitude through
time, yet the frequency of hiatus concretions does. Therefore, sealevel changesaone
are not sufficient to explain the stratigraphic frequency of hiatus beds. Shelf ba
thymetry may play an important role. During long nonglacial time intervals the shelf
was probably located in water shallower than today (Hay and Southam 1977). There-
fore a larger proportion of the shelf area than today was affected by storms that
could winnow out concretions and form hiatus beds. If shelf hypsography, however,
was the only factor that led to these perceived maxima in hiatus bed distribution,
the Tertiary and Triassic should show increased frequencies of hiatus concretions,
but apparently they do not.

The breakup of Pangea increased the area of shelves significantly (e.g., Wyatt
1986). This occurred mainly during the Jurassic and Cretaceous (e.g., Ziegler 1990).
Furthermore, until breakup was achieved, rotation of blocks within an extensional
regime led to differential subsidence. We conclude, therefore, that the frequency of

fault within the basement

Late Paleozoic graben

Swiss coordinate grid
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Fic. 15—O0blique map of the study area
showing occurrence of hiatus beds within the
studied sections, isopachs of the Opalinus
Mudstone, and the outlines, as known so far, of
the Permo-Carboniferous troughs; the trough in
the eastern part is well known (e.g., Diebold
1988) whereas the boundaries of the trough in
the western part are more tentative (Boigk and
Schoneich 1970; Laubscher 1986). Differential
subsidence is indicated by lateral impersistence
of hiatus beds (suggesting their diachroneity),
more frequent occurrence of hiatus beds along
the rims of the trough in the basement, increase
in sediment thickness above the trough in the
basement, and domains where hiatus beds occur
at asimilar level, i.e., western, southeastern, and
eastern part.

hiatus beds on a long time scale resulted from several processes: a roughly constant
background distribution related to sealevel changes, and a long-term, changing pro-
portion related to hypsography of shelves and differential subsidence.

CONCLUSIONS

Limestone beds—termed hiatus beds—formed in the nearly carbonate-free shal-
low-water Aalenian mudstones of northern Switzerland by discontinuous sedimen-
tation and erosion. Anaerobic oxidation of organic matter by microbes provided
excess alkalinity, inducing carbonate precipitation. The biogeochemical carbonate
factory fluctuated as indicated by a distinct cement stratigraphy.

Four main types of cement occur, each characterized by a distinct morphology
and isotope signature: (1) micrite (6'3C —10 to —20%.; anaerobic oxidation of
organic matter); (2) stellate calcite cement (63C —5 to —10%o; anaerobic oxidation
of organic matter and mixing with dissolved carbonate); (3) fibrous cement (6*°C
—30%0; methane oxidation); and (4) blocky calcite (§°C —5%o; late diagenesis).
Except for the late blocky cement, all cements contain pyrite, indicating carbonate
precipitation within the sulfate reduction zone.

The hiatus beds document several phases of cementation and dissolution of car-
bonate, al being related to biochemica processes and diffusion. Thus, to form or
to dissolve significant amounts of carbonate requires a protracted period of time
during which geochemical conditions must have remained constant; we envision at
least several thousands of years. While being in arapidly accumulating environment
(sedimentation rate about 30 cm/kyr), sufficiently long residence times within a
specific geochemical zone can be achieved only if sedimentation rate becomes
strongly reduced. Such phases of reduced sedimentation occurred repeatedly.

The hiatus beds did not form simultaneously across the study area and were
probably not related to sealevel changes. They probably formed on short-lived swells
that resulted from differential subsidence when fault-block rotation produced sea-
floor topography. Because of different orientations, preexisting faults would have
become reactivated even by subtle changes of the paleo-stress field. Thus, the swells
did not develop simultaneously. Differentia subsidence was induced by reactivation
of basement structures.

Hiatus beds in general can be interpreted in terms of sequence stratigraphy and
can be related to sealevel changes. However, it has to be taken into account that
differential subsidence can lead to the same effect. This may provide a reasonable
explanation for maximum in hiatus beds during the Jurassic and Cretaceous—they
formed on the newly formed shallow shelves when Pangea broke up.
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