Flexural-eustatic numerical model for drowning of the Eocene
periapine carbonate ramp and implications for Alpine geodynamics

Philip A. Allen*

Department of Geology, Trinity College, Dublin 2, Ireland

Peter M. Burgess'

Department of Earth Sciences, University of Cardiff, Main Building, P.O. Box 914, Park Place, Cardiff CF10 3YE, UK

Joseph Galewsky

Department of Geology, Trinity College, Dublin 2, Ireland

Hugh D. Sinclairs

Department of Geology and Geophysics, University of Edinburgh, Grant Institute, West Mains Road, Edinburgh EH9 3JW, UK

ABSTRACT

The Paleocene—Eocene Nummulitic
Limestone Formation of the Alpine periph-
ery occupies the lower most part of a strati-
graphic trinity above a major basal uncon-
formity. It is thought to have accumulated
as a foraminiferal carbonate ramp at the
distal featheredge of the underfilled north
Alpine and southwest Alpine foreland ba-
sin. We present the results of a numerical
model that links carbonate sedimentation
at the distal featheredge of a peripheral
foreland basin to the flexural subsidence of
an elastic plate subjected to a distributed
load with a superimposed eustatic sea-level
history. Carbonate accumulation is treated
as depth dependent. Model parametersare
constrained by geological and geophysical
observations of the Alpine orogen and its
peripheral foreland basin and from litera-
ture on the ecology of benthic foraminifers.

The generic Alpine model shows that the
carbonate ramp accumulates as a number
of sedimentary cycles before rapid drown-
ing, giving rise to a retrogradational strati-
graphic package terminated by a surface of
accelerated transgression and backstep-
ping. Running the model with sets of pa-
rameter values appropriate to the Paleo-
cene to middle Eocene Nummulitic
Limestone in central-eastern Switzerland,
and the late Eocene Nummulitic Limestone
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of France, resultsin a successful replication
of the first-order characteristics of the car-
bonate successions in each case. The model
highlights the sensitivity of the stratigraphy
to variations in environmental parameters
(light-extinction coefficient) and controlling
tectonic parameters such as convergence
rateand flexural rigidity. Theresultsthere-
fore also provide an interesting per spective
on thelikely range of geodynamical param-
eters, particularly equivalent elastic thick-
ness, Te, at an early stage in Alpine oro-
genesis. Combined with previous estimates
of Teat 25 Ma, 17 Ma, and the present day,
our results appear to rule out any possible
secular increase in flexural rigidity for the
European plate during Tertiary time.

Keywords: Alps, carbonate ramps, foreland
basins, numerical models, Nummulites.

INTRODUCTION

Carbonate facies occupy a number of dif-
ferent settings in foreland basins (Dorobek,
1995), including proximal positions on topo-
graphic highs, across the entire basin during
times of reduced particulate sediment fluxes,
and at the outer edge of the basin relatively
distant from the contaminating influences of
orogenic sediment-routing systems. The most
common setting is undoubtedly the distal edge
of peripheral foreland basins (proforeland ba-
sins of Johnson and Beaumont, 1995), where
the carbonate successions are preserved as the
lower unit of the underfilled trinity (Sinclair,
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1997) (Fig. 1). The lower unit of the under-
filled trinity is generally composed of shallow-
marine carbonate facies. These carbonate-
dominated units range from tens of meters
thick, asin the early Tertiary Alpine examples
from France and Switzerland, to the 1200-m-
thick Miocene Darai Limestones of Papua
New Guinea (Pigram et al., 1989).

The paleotopography and paleobathymetry
at the distal edge of foreland basins, which
strongly influence the distribution of carbon-
ate facies, are affected by a number of local
controls in addition to the first-order signature
of flexura subsidence. These controls may in-
clude the effects of strike-slip deformation of
the foreland, especially in the case of oblique
convergence, syndepositional normal faulting
due to flexural bending stresses, and reacti-
vation of preexisting passive margin or older
structures as reverse faults well ahead of the
orogenic wedge. The impact of basement de-
formation is particularly widely reported, such
as in the well-documented examples in the
Late Devonian—Carboniferous Antler fore-
land basin of western North America (Moore,
1988; Sandberg et al., 1988; Dorobek et al.,
1991) and the Mississippian to Early Permian
Marathon-Ouachita foreland in the central-
southeastern United States (Wuellner et al.,
1986; Yang and Dorobek, 1995). Patterns of
uplift and subsidence at the distal margin are
superimposed by any eustatic sea-level varia-
tions, and together have a profound influence
on carbonate deposition. Whereas our model
results cannot account for the many local con-
trols that influence three-dimensional strati-
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graphic geometries in distal foreland basins,
they provide a set of one-dimensiona bench-
marks for the stratigraphic expression of car-
bonate accumulation under a simple combined
flexural-eustatic mechanism.

The characteristic depositiona environment
for carbonates in the early Tertiary peripheral
Alpine foreland basin of France and Switzer-
land is thought to be the distal featheredge of
the basin above a variably developed flexural
forebulge unconformity (Allen et al., 1991;
Crampton and Allen, 1995). The demise of
these carbonate ramps is marked by a deep-
ening of sedimentary facies, reflecting a
drowning of the carbonate depozone. The car-
bonate succession consists of a number of pri-
marily shallowing-upward cycles. The assem-
blage of component facies within these cycles
suggests that they are arranged in a variety of
retrogradational (backstepping), aggradation-
al, and progradational stacking patterns before
fina drowning. Our aim is to explain the
thickness, cycles, stacking patterns, and
drowning of the Eocene carbonate ramps in
relation to a set of geodynamic, paleoecolog-
ica, and sedimentological parameters. Geo-
dynamic parameters can rarely be well defined
in geological case studies (exceptions are
Yang and Dorobek, 1995; Sinclair, 1997).
However, the evolution of the Alpine orogenic
wedge and peripheral foreland basin devel-
opment in France and Switzerland are now
known well enough to allow a successful test
of a numerical model for carbonate drowning
(Galewsky, 1998). We conclude that the car-
bonate ramps around the outer edge of the Al-
pine foreland basin in Switzerland and France
developed at the distal feather edge of a flex-
ural foredeep under a precise combination of
geodynamic, eustatic, ecologic, and sedimen-
tological conditions, although we cannot rule
out the possibility of partia deposition in
bulge-top positions (sensu DeCelles and Giles,
1996). Our results therefore confirm the per-
ialpine carbonate ramps as distal foredeep de-
posits and in addition alow a refinement of
ideas on the early Tertiary development of the
orogen-basin system. The links established be-
tween stratigraphic architecture and forcing
mechanisms will be of use in investigating
analogous deposits in other foreland basins
worldwide.

OVERVIEW OF THE EARLY
TERTIARY PERIALPINE CARBONATE
RAMPS IN FRANCE AND
SWITZERLAND

During the early underfilled stage of the Al-
pine peripheral foreland basin a carbonate
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Figure 1. General scheme of the underfilled trinity of foreland basins, adapted from Sin-
clair (1997). (A) Location of carbonates at distal margin of peripheral foreland basin. (B)
Underfilled trinity of basal shallow-water limestones, hemipelagic marls, and turbidites
derived from the orogen (s.|.—sea level). (C) Chronostratigraphic diagram showing diach-
ronous migration of facies belts over foreland plate.

ramp developed around the distal edge of the
flexural foredeep (Fig. 2) (Allen et al., 1991;
Sinclair, 1997), as in other examples in anal-
ogous basin settings (e.g., Jacobi, 1981; Tan-
kard, 1986; Pigram et a., 1989; Dorobek,
1995). The carbonate ramp, known as the
Nummulitic Limestone, is well exposed and
has been intensively studied in both Switzer-
land and southeastern France (Bodelle, 1971;
Campredon, 1977; Lateltin and Muller, 1987;
Herb, 1988; Crampton, 1992; Crampton and
Allen, 1995; Sinclair et a., 1998). It formsthe
basal part of the underfilled trinity developed
above the basal Tertiary unconformity (Fig. 3)
(Boussac, 1912; Sinclair, 1997). This basal un-
conformity has been interpreted as a flexural
forebulge unconformity in eastern Switzerland
(Crampton and Allen, 1995); the underfilled
trinity is interpreted as a deepening-upward
succession from distal carbonate ramp to pe-
lagic marls to orogen-derived siliciclastics.
These three facies associations occur diach-
ronously across the foreland basin (Fig. 1),

younging to the north-northwest in Switzer-
land (Boussac, 1912; Schumacher, 1948;
Herb, 1988) and to the west and southwest in
France (Martini, 1968; Pairis, 1988). This sup-
ports the view that the trinity represents coeval
facies belts in an asymmetrical foreland basin
flexed downward by an Alpine load system,
which migrated onto the European craton dur-
ing early Tertiary time.

Structural Setting

The Nummulitic Limestone and other
units in the underfilled trinity are found in
a number of different settings around the
Alpine arc (Fig. 2). In Switzerland the Num-
mulitic Limestone is found in the nappes of
the Helvetic Alps and in the deformed (but
not detached) sedimentary cover of Hercy-
nian crystalline basement massifs such as
the Aar (Trimpy, 1980; Pfiffner, 1986;
Herb, 1988; Allen et al., 1991; Crampton,
1992). Similar sediments are found in large
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Limestone) around the Alpine arc in France and Switzerland, showing main tectonic units
and locations discussed in text. A—Aar, G—Gotthard, MB—Mont Blanc, B—Belledonne,
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footwall synclines in the Haute Savoie area
near the France-Switzerland border (Latel-
tin, 1988; Butler, 1989; Guellec et al., 1990;
Mugnier et al., 1990). Farther to the south,
they are found in thrust sheets around the
eastern margin of the Pelvoux Massif (Bar-
bier, 1956; Deharveng et al., 1987) and in
its slightly deformed cover in the Champ-
saur district of les Hautes Alpes (Waibel,
1990; Gupta, 1994). Additional exposures
are found in Haute Provence and les Alpes
Maritimes in synclines on top of Alpine
southwest-directed thin-skinned structures
(Lemoine, 1972; Elliott et al., 1985; Pairis,
1988; Lickorish and Ford, 1998) and east-
west—oriented folds related to the Pyre-
nean-Provencal phase of deformation (Go-
guel, 1936; Lemoine, 1972; Siddans, 1979).
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Underlying Succession

A pre-Nummulitic Limestone succession is
preserved in structurally controlled topograph-
ic lows beneath the Nummulitic Limestone lo-
caly, especialy in the French sector of the
basin (Haute Savoie, Champsaur district of les
Hautes Alpes, Alpes Maritimes). These pre- or
Infranummulitic Limestone sediments record
subaerial, shallow-marine, littoral, lagoonal,
and estuarine environments devel oped prior to
Nummulitic Limestone transgression. The
precise structural controls vary from one area
to another. In Haute Savoie (Chaplet, 1989;
Lateltin and M{ller, 1987), the structural pa-
leotopography has been linked to the early
stages of extension in the western European
rift system (Pairis and Pairis, 1975; Ziegler,

1988). Normal faults along the basin margins
have offsets of tens of meters and generated
significant paleorelief (Lateltin and Muller,
1987; Sayer, 1995). Much of this relief was
reduced by the accumulation of aluvial and
lagoonal sediments in topographic lows prior
to transgression and establishment of the
Nummulitic Limestone carbonate ramp (Sin-
clair et a., 1998). In the Champsaur area, the
structures are reverse faults (Ford, 1996; Gup-
ta, 1997) that have been interpreted in terms
of inversion of passive margin half graben to-
gether with crystalline basement, such as the
Pelvoux Massif, in response to Alpine com-
pression (Gupta and Allen, 2000). In the Al-
pes Maritimes, the structures are associated
with east-west folds and faults linked to the
Paleocene—early Eocene Pyrenean-Provencal
orogenic phase (Debrand-Passard, 1984). In
these localities Infranummulitic Limestone
sediments pass via a ravinement surface into
open-marine carbonate facies dominated by
large foraminifers.

In the Helvetic nappes of central-western
Switzerland, terrestrial sediments, locally pi-
solitic iron-rich sandstones and breccias
(Zwahlen, 1986), fill cracks, fissures, and ir-
regularities in the Mesozoic substrate. These
terrestrial sediments, known as sidérolithique,
are thought to have formed on an uplifted,
karstified land surface during Paleo-
cene—Eocene time (Wieland, 1976; Trimpy,
1980; Wiedmann, 1984). Where the Infra-
nummulitic Limestone rocks are absent, as in
the parautochthon of the Aar Massif in eastern
Switzerland, eroded and dlightly tilted Meso-
zoic rocks are abruptly overlain by transgres-
sive marine greensands followed by forami-
niferal limestones (Herb, 1988; Allen et a.,
1991; Crampton, 1992).

Facies and Facies Cycles

The Nummulitic Limestone contains a
range of facies, which together suggest depo-
sition on a carbonate ramp, similar to those
interpreted from the Tertiary of Egypt and
Oman (Aigner, 1983; Racey, 1990). The inner
ramp comprised bioclastic shoals dominated
by either peloids or nummulitids (Alpes Mar-
itimes and Switzerland) or calcareous red al-
gee (Haute Savoie). Middle ramp sediments
consist of foraminiferal and foraminiferal-al-
gal wackestones and packstones with robust
forms such as Nummulites and Amphistegina
found in the uppermost strata of middle ramp
facies, and slender, flat Discocyclina and Op-
erculina in the lowermost strata of middle
ramp facies. The outer ramp consisted of mud-
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stones, marls, and siltstones, with abundant
nektonic bivalves (Crampton, 1992; Sinclair et
al., 1998).

The Nummulitic Limestones are in general
organized in distinct shallowing-upward cy-
cles, separated by surfaces of rapid deepening;
details within cycles, their frequency, number,
and total thickness vary from one locality to
another (Figs. 4 and 5) (Table 1). In broad
terms, however, the late Paleocene to mid-Eo-
cene cycles preserved in Switzerland are thin
(<10 m), of long duration (>1 m.y.) and few
in number (<3), whereas the late Eocene ex-
amples preserved in France are thin to very
thin (few to 10 m), short in duration (<500
k.y.) and large in number (<10). The total
thickness of the Nummulitic Limestone can
reach 70 m, as in the Platé area of Haute Sa-
voie (Pairis and Pairis, 1975), due to synsed-
imentary faulting, and 80 m in the Champsaur
district of les Hautes Alpes (Gupta, 1994),
where incised valley fills are preserved (Gup-
ta, 1997), but total thicknesses are generaly
<40 m. Variability is also particularly marked
in Haute Savoie, where inherited structural
heterogeneity continued to influence Num-
mulitic Limestone facies and cycle thicknesses
(Lateltin and Mdller, 1987; Villars et 4.,
1988). Although paleorelief was reduced by
deposition of pre-Nummulitic Limestone sed-
iments, enough structural paleotopography
was present to cause the nondeposition or ero-
sion of as many as three Nummulitic Lime-
stone cycles over structural highs. In most lo-
calities throughout the France-Switzerland
area, the uppermost cycle is abruptly termi-
nated by a surface of major backstepping, rep-
resenting the final drowning of the carbonate
ramp at that particular locality.

Although the long-term trend from subaer-
ial emergence of the foreland, inundation, and
ramp drowning is retrogradational, sets of cy-
cles are commonly stacked in progradational
and aggradational patterns. For example, in
the Thones syncline, Haute Savoie at Chinail-
lon, eight aggradational to progradational cy-
cles total 38 m in thickness (Sinclair et al.,
1998); middle to outer ramp facies dominate
lower cycles and inner ramp facies dominate
upper cycles, suggesting that the overall stack-
ing pattern below the ramp drowning surface
is progradational rather than retrogradational.
Retrogradational carbonate ramps are cited as
typical of a range of distal foreland basins,
including the Middle Ordovician of Virginia
and Tennessee (Read, 1980; Ruppel and Walk-
er, 1984), the Mississippian Lodgepole For-
mation of Montana (Elrick and Read, 1991),
the Mississippian Fayetteville Limestone of
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Figure 5. Schematic illustration
of facies cycles around the Al-
pine arc from southeastern
France to eastern Switzerland
in their chronostratigraphic
position.
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TABLE 1. CYCLES IN THE NUMMULITIC LIMESTONE IN SWITZERLAND AND FRANCE USED TO CONSTRAIN MODEL PARAMETERS

Stratigraphic or tectonic unit

Biostratigraphic age

Cycle duration and number;
stratigraphic thickness

References

Blattengrat unit, eastern Switzerland,
south Helvetic zone; Einseidler
Limestone, Helvetics, Sihltal

Aar Massif parautochthon, central-
eastern Switzerland, Glarus and
Gratibunden, Helvetic zone

Helvetic thrust sheets; e.g., Sanetsch,
Valais

Haute Savoie, France, Thones
syncline

Alpes Maritimes, France, northern
synclines (Annot, Argens, Agneres)

Les Haute Alpes, Champsaur district;
e.g., at Crete de I'Arche,
parautochthon of Pelvoux Massif

Fliegenspitzschichten and basal
sandstone of Batoni Formation are
Paleocene; Batoni Sandstone
Member is mid-late Cuisian;
Nummulitic Limestone Member is
Cuisian to early Lutetian.
Fleckenmergel (Lutetian—
Priabonian) marks ramp drowning

Burgen Formation is mid-Lutetian.
Pecten beds represent ramp
drowning in late Lutetian

Hohgant Formation is Priabonian
Le Chinaillon locality, Nummulitic

Limestone is Priabonian

Nummulitic Limestone Formation is
Priabonian

Nummulitic Limestone Formation is
Priabonian

Batdni Sandstone 30 m; Nummulitic
Limestone 20 m in northwest, 50 m
in south and southeast; average
cycle duration 3 m.y. based on
Palaeocene-Lutetian interval; 4
cycles in llerdian to Cuisian (6.5
m.y.), giving cycle duration of ~1.5
m.y.

2 to 3 cycles in any locality; e.g.,
Kistenpass, each ~10 m thick; 20
m preserved beneath major
backstep surface; duration <2 m.y.

3 cycles, each 5-10 m thick; average
duration <1 m.y.

Up to 8 cycles, each 1 to 10 m thick,
duration <400 k.y.; 33 m below
major backstep surface, 20 m
above

4-6 cycles in northern synclines; 6
cycles at Ivoire (32 m below major
backstep surface); 8 cycles at St.
Antonin (42 m below major
backstep surface)

7 wave cut platforms and risers, each
~10 m thick; duration of <500 k.y.;
Nummulitic Limestone <80 m thick

Blattengrat: Bisig (1957), Rueffli
(1959), Wegmann (1961), Lihou
(1995), Lihou and Allen (1996).

Einseidler Limestone: Bisig (1957),
Wegmann (1961), Stacher (1980).

Heim (1909), Leupold (1966), Herb
(1988), Crampton (1992), Crampton
and Allen (1995).

Breitschmid (1978), Steffen (1981),
Zwabhlen (1986).
Sinclair et al. (1998)

Sinclair et al. (1998)

Gupta (1994), Gupta and Allen (1999)

Arkansas (Handford, 1993), and the Upper
Pennsylvanian to Lower Permian Va Verde

basin and Marathon region of western Texas

(Ross and Ross, 1985; Yang and Dorobek,
1995). The precise stacking pattern of cycles

most likely reflects a complex local interplay

of carbonate production rates and creation of
accommodation space, and is not reproducible
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in the generalized numerica model as cur-
rently formulated (see following).

PALEOECOLOGY OF THE
NUMMULITE BANKS

Numerical models of drowning have been
developed for coral reefs subjected to eustatic

sea-level rise (e.g., Bosscher and Schlager,
1992). The Nummulitic Limestone of the per-

ialpine early Tertiary is composed primarily of

the skeletons of large benthic foraminifers. It
is therefore necessary to know something

about the paleoecology and paleoenviron-
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fers were equipped with symbiotic algae, asin
modern relatives such as Heterostegina. For
symbionts to function, sufficient light would
be required. Consequently, foraminiferal hosts
must have lived in the euphotic zone at depths
of <150 m (Racey, 1990), but probably >5
m, because too much light retards growth
(Rottger, 1976; Hallock, 1985). The ided il-
lumination depth range for symbionts varies
with the turbidity of the water. However, the
modern Heterostegina functions best under
300 lux in the laboratory (Rottger, 1976), and
occurs in depths of 1—88 m in modern seas
(Reiss and Hottinger, 1984).

The need to make efficient use of light lev-
els may explain variations in shape, i.e, thin
flat forms in deeper water and more inflated,
globular forms in shalower water: modern
forms such as Operculina show this (Reiss
and Hottinger, 1984). A large size has been
suggested as advantageous for existence at
low nutrient levels (Hallock, 1985). If this is
the case, the abundance of the large Nummu-
litids and Discocyclinids in the Swiss Num-
mulitic Limestone may indicate generally low
nutrient levels.

Brasier (1980) proposed that the ratios of
planktic, agglutinated, and benthic forms re-
flect water depths. Planktic forms are only sig-
nificant at water depths >80—100 m, and are
extremely rare in water depths shallower than
40 m.

These considerations allow the component
facies of the Nummulitic Limestone to be in-
terpreted in terms of carbonate ramp suben-
vironments. Details of the high-frequency
stratigraphy of the Nummulitic Limestone
around the Alpine arc are summarized in Te-
ble 1 and depicted in Figures 4 and 5. Sedi-
mentological details can be found in the ref-
erences cited therein.

MODEL DESCRIPTION

Numerical models of carbonate stratigraphy
are based on a depth-dependent carbonate pro-
duction function that is linked to known trends
of light attenuation with depth in the ocean
(Bice, 1991; Bosscher and Schlager, 1992).
Shallowing-upward cycles up to a few tens of
meters in thickness have been modeled nu-
merically by a simple superimposition of this
depth-dependent carbonate production func-
tion and a sinusoidal eustatic curve (Goldham-
mer et al., 1987; Spencer and Demicco, 1989;
Watney et al., 1991). The one-dimensional
numerical model used in this study links car-
bonate sedimentation with flexural subsidence
of an elastic plate, initially developed by Gal-
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TABLE 2. ESTIMATES OF EQUIVALENT ELASTIC THICKNESS FOR THE ALPINE FORELAND

Location Te Authors

(km)
Based on gravity data
Western Switzerland 20 Karner and Watts (1983)
Eastern Switzerland 50 Karner and Watts (1983)
Alps and Molasse basin 15 Lyon-Caen and Molnar (1989)
Western Alps 30-39 Macario et al. (1995)
Eastern Alps 33-40 Macario et al. (1995)
Whole Alps 27 Macario et al. (1995)
Western Alps 5-15 Stewart and Watts (1997)
Western Swiss Alps 25 Burkhard and Sommaruga (1998)
French Alps and eastern Switzerland ~30 Stewart and Watts (1997)
Alps and Molasse basin 50 Royden (1993)
Based on stratigraphic studies
Central Switzerland at 17 Ma 10+5 Sinclair et al. (1991)
Central Switzerland at 25 Ma 10-15 Schlunegger et al. (1997)
Alpine arc, Switzerland, and southeast France, Eocene <17 Sinclair (1996)
Based on thermokinematic modeling
North Alpine foreland (broken plate) 25 Okaya et al. (1996b)
North Alpine foreland (continuous plate) 40 Okaya et al. (1996b)

TABLE 3. KINEMATIC DATA FROM THE ALPINE WEDGE

Location of transect Time interval

Pinch-out migration and References

thrust advance rate

(mm yr)

Flysch phase

Switzerland Latest Maastrichtian to 6-12 Sinclair and Allen (1992)
mid-Oligocene

Western Switzerland Eocene to mid-Oligocene 10-14 Sinclair and Allen (1992)

Western Switzerland Oligocene (40-30 Ma) 10-20 Burkhard and Sommaruga

(1998)

Switzerland Eocene 8-13 Sinclair (1997)

France Eocene 5-8 Sinclair (1997)

Eastern Switzerland Eocene to mid-Oligocene 3-4 Pfiffner (1986)

Alpine region Mid-Cretaceous to early ~10 Sinclair and Allen (1992)
Eocene

Eastern Switzerland Eocene (50-40 Ma) 15 Schmid et al. (1996)

Geotraverse

Alpine region Eocene (51-38 Ma) 12 Dewey et al. (1989)

Molasse phase

Western Switzerland Oligocene (30-22 Ma) 5 Burkhard and Sommaruga

(1998)

Switzerland Late Oligocene to 1-4 Sinclair and Allen (1992)
Miocene

Central-eastern Miocene 2-4 Sinclair et al. (1991)

Switzerland
Western Switzerland Oligocene 7-9 Homewood et al. (1986)
Western Switzerland Miocene 2 Homewood et al. (1986)

ewsky (1998) to model cora platforms off-
shore Papua New Guinea. There are two con-
siderations when using this model to
understand the Alpine Nummulitic Limestone.
First, the Alpine carbonate accumulations rep-
resent nummulite banks rather than coral
buildups; second, there is a correlation be-
tween the maximum rate of platform growth
and observational interval (Sadler, 1981;
Schlager, 1999). Consequently, the value of
the maximum growth rate of Holocene reefs
needs to be decreased to represent the Eocene
Alpine examples.

In contrast to the carbonate sediments of
cora platforms, the carbonate sediments pro-
duced within a nummulite bank are potentially

subject to significant transport or dissolution
(Hallock, 1981). Thus, the relationship be-
tween carbonate production rates and sedi-
ment accumulation rates is potentially com-
plex. The coral-growth algorithm of Bosscher
and Schlager (1992) used by Galewsky (1998)
scales a maximum upward coral growth rate
with the depth-dependent extinction of pho-
tosynthetically active light. In most Holocene
coral reefs, this maximum upward growth rate
is ~10 mm yr* (see Schlager, 1999, for a
compilation of Caribbean and Indo-Pecific ex-
amples). The growth of large foraminifersis,
like that of corals, dependent on the amount
of light available for photosynthesis (e.g., Hal-
lock et al., 1986). However, the accumulation
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rates for banks of large foraminifers are
thought to be substantially less than the max-
imum growth rate of corals, or ~0.01-0.9 mm
yr* (Hallock, 1981), i.e.,, 1—2 orders of mag-
nitude smaller than the Holocene cora growth
rates. We take a maximum foraminiferal
growth rate of 0.02 mm yr-%, toward the lower
end of this range, in recognition of the obser-
vational interval of the Eocene examples
(Schlager, 1999). Although this value is to
some extent arbitrary, it is consistent with the
carbonate production functions of Gildner and
Cisne (1990) and Demicco (1998). To obtain
the accumulation rate as a function of depth,
we scale the accumulation rate of the num-
mulite banks by the depth-dependent photo-
synthesis function of Bosscher and Schlager
(1992).

Subsidence is modeled as the flexural de-
formation of an elastic plate subjected to adis-
tributed load (Jordan, 1981). The load is mod-
eled as a simple taper composed of crustal
density rocks (average density of 2500 kg nr3)
infilling the deflection, with a maximum sur-
face elevation at the rear of the wedge. The
flexural effects of sediment accumulation and
of eustatic sea-level variations are not consid-
ered. Eustatic sea-level variations are modeled
as a sinusoidal curve. Kominz et al. (1998)
showed that the eustatic variation in the Pa-
leogene was 0.5—3 m.y. in period and a few
tens of meters in maximum amplitude. During
each 50 k.y. time step, the position of the load
advances toward the foreland at a predefined
convergence rate. The tectonic subsidence due
to the encroaching load is calculated using the
equation for elastic plate flexure, and the new
depth of the plate relative to eustatic sea level
during that time step is calculated. The up-
ward growth of the carbonate ramp is calcu-
lated, based on the depth of the ramp during
that time step, and new growth is added to the
ramp. If the growth of the ramp is limited by
alack of accommodation space, the model al-
lows the ramp to grow to sea level, and the
excess carbonate that would have been pro-
duced is not considered further. In reality,
however, the excess carbonate would be trans-
ported basinward with the net effect of ramp
progradation. Thus, even though the tectonic
subsidence in a foreland basin supports an
overal pattern of carbonate ramp retrograda-
tion (Galewsky, 1998), periods of very low
sea-level variation or of vigorous carbonate
production may lead to progradation of the
carbonate ramp into the foreland basin, as
seen from our field data.

The model space is 100 km long, divided
into 100 m cells. The height of the plate with
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Figure 6. Restorations of crustal-scale geometry of the Alpine orogen in the early Paleo-
cene (A), early Eocene (B), and late Eocene (C), together with the present-day cross section
(D). The present-day cross section is derived from seismic reflection and refraction pro-
filing along a north-south transect close to the border of Switzerland and Austria (Schmid
et al., 1996). a—The northernmost position of the Apulian upper crust, represented by
the Austroalpine nappes. b—The southernmost European crust situated north of the Va-
lais Trough (Trumpy, 1980) at 65 Ma becomes initially subducted at 50 Ma (Stauble and
Pfiffner, 1991; Froitzheim et al., 1996; Schmid et al., 1996), and metamor phosed to eclogite
facies (Adula nappe) by 40 Ma at depths of 50-90 km. c—Refer ence point in the European
lower crust. Ad—Adula crust, NP—North Penninic metasediments, SP—South Penninic
metasediments (Blndner schiefer); BG—Bergell Granite.

its developing carbonate ramp is updated after
every 50 k.y. time step. A point is reached,
under certain combinations of parameters,
when the upward growth rate of the ramp can-

not compensate for the accommodation space
generated during that time step, at which point
the ramp is drowned. The output of the model
gives the total time elapsed before drowning,
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MODEL FOR DROWNING OF THE EOCENE PERIALPINE CARBONATE RAMP

the total thickness of carbonate deposited, cy-
cle thicknesses, and water depth of deposition.
The latter three ouputs can be directly com-
pared with preserved ramp deposits. Limita-
tions in biostratigraphic control generaly per-
mit only a coarse test of the model with
observed durations of carbonate accumulation.
Water depths, sea level, depth to basement,
and depth to the top of the carbonate bank are
tracked through model time and presented
graphically here.

The one-dimensional model outputs are di-
rectly comparable with field sections or bore-
hole records. Because the distal foreland basin
carbonate facies belt migrates diachronously
across the foreland ahead of the orogenic load,
the one-dimensional sections apply to al po-
sitions in the foreland basin, except those that
were inboard of the first node at the very onset
of flexure. Such localities are unlikely to have
preserved distal carbonate facies and therefore
can be neglected from this study.

CONSTRAINTS ON MODEL
PARAMETERS FROM THE ALPINE
CASE STUDY

Amplitude and Frequency of the Eustatic
Signal

The preserved thicknesses of the cycles in
the Nummulitic Limestone cannot be directly
used to estimate the amplitude of the pre-
sumed eustatic forcing mechanism for relative
sea-level change. It is noteworthy that only a
fraction of the possible paleobathymetric
range of a nummulite limestone ramp is pre-
served in the facies that comprise individual
cycles. However, using the water depth esti-
mates based on paleoecologica studies, there
must have been several tens of meters of
change in water depth through individual cy-
cles in the late Paleocene to mid Eocene ex-
amples in central-eastern Switzerland, but
somewhat smaller values in the Priabonian ex-
amples in France and western Switzerland.

The frequency of eustatic change is ex-
tremely difficult to assess from field data (Ta-
ble 1). Relative dating of the Nummulitic
Limestone in Haute Savoie, Alpes Maritimes,
and les Haute Alpes based on the foraminif-
eral assemblage (Bodelle, 1971; Mougin-
Grosso and Pairis, 1973; Campredon, 1977),
the age of the underlying Infranummulitic
Limestone interval based on the occurrence of
the gastropod Cerithium diaboli (Pairis, 1988)
and vertebrate remains (Weidmann et al.,
1991), and the fauna assemblage of the over-
lying Globigerina marls, merely alows the
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Figure 7. Generic Alpine model run using the set of parameter values shown in Table 4.

See text for discussion.

Nummulitic Limestone to be assigned to the
Priabonian—a time window of more than 3
m.y. (Berggren et al., 1995). Using these age
limitations, the maximum duration of individ-
ua stratigraphic cycles is likely to be in the
range of 400—500 k.y. (Table 1).

As many as seven wave-cut platforms and
six risers have been identified in the Priabon-
ian Nummulitic Limestone at Créte de |’ Arche
in the Champsaur district (Gupta and Allen,
1999). Magnitudes of sea-level change of as
much as 30 m can be estimated from paleo-
cliff heights.

The Nummulitic Limestone and associated
formations in eastern-central Switzerland span
a larger interval, from Paleocene to Lutetian
time (Table 1). Few cycles are preserved at
any locdlity; eg., only 2—3 cycles are pre-
served in the Lutetian Birgen Formation in
the Kistenpass region of the Aar parauto-
chthon in Canton Glarus (Herb, 1988; Allen
et a., 1991; Crampton, 1992). Cycles in Pa
leocene to middle Eocene strata in east-central
Switzerland therefore appear to have had lon-
ger durations (>1 m.y.) than their counterparts
in the upper Eocene strata of France.

These estimates from field observations ful-
ly accord with the independent estimates of
eustatic frequencies and amplitudes calculated
by Kominz et al. (1998) for Paleogene time.

Flexural Rigidity of the European Plate

The flexural rigidity of the European plate
during Alpine orogenesis has been estimated

by a number of different methods (Table 2).
(1) Gravity (Bouguer anomaly) data have been
matched with the modeled gravity field cal-
culated for given values of flexural rigidity
(Karner and Watts, 1983; Lyon-Ceen and
Molnar, 1989; Stewart and Watts, 1997). (2)
Inverse modeling has used the coherence be-
tween surface topography and the gravity field
(Macario et a., 1995). (3) The deflections of
the present-day basement and the gravity field
have been used as a constraint in a dynamical
model of flexure of a broken plate (Royden,
1993). (4) Present-day geometry derived from
seismic experiments (Burkhard and Somma-
ruga, 1998) and retrodeformed basin stratig-
raphy at certain time slices (17 Ma, Sinclair
et a., 1991; 25 Ma, Schlunegger et al., 1997a)
have been used to reconstruct cross-sectional
basin geometry and matched with predicted
profiles for different values of flexural rigidity.
(5) The plan view curvature (and paleocur-
vature derived from points of onlap of the
Nummulitic Limestone on the European cra-
ton) of the Alpine arc has been correlated with
flexural rigidity (Sinclair, 1996; discussion by
Zweigel and Zweigel, 1998). (6) Thermokin-
ematic modeling alows the calculation of
strength envelopes across the orogen, and
thereby estimates of flexura rigidity (Okaya
et al., 1996a, 1996b).

Thereis considerable evidence that the flex-
ural rigidity (expressed as equivaent elastic
thickness, Te) of the European plate in western
Switzerland is currently very weak (~10 km).
This weak zone coincides spatially with the
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TABLE 4. SUMMARY OF INPUT PARAMETERS, AND MODEL OUTPUT AND FIELD-BASED ESTIMATES

Input parameter Generic Alpine case French late Swiss early
(Sensitivity tests) Eocene to middle
Eocene
Flexural rigidity expressed as elastic thickness 20 km 15 km 25 km
(15, 25 km)
Tectonic advance rate in Eocene 8 mmyrt 8 mm yrt 12 mm yr
(4, 8, 12 mm yr-?)
Maximum carbonate productivity 20 mm.y.—* 20 mm.y.—* 20 m m.y.~*
Light-extinction coefficient 0.05 m 0.05 m 0.05 m*
(0.025, 0.075 m)
Amplitude (half excursion) of eustatic variation 15m 10 m 20m
Period of eustatic variation 500 k.y. 400 k.y. 1m.y.
Field-based estimates
Duration of carbonate deposition 3my. 6.5 m.y.
Thickness of carbonate deposit <40 m 20—-30m
Number of cycles <9 2-3
Model output Figure 7 Figure 12 Figure 11
Duration of carbonate deposition 5m.y. 2.7 m.y. 2.7 my.
Thickness of carbonate deposit 60 m 36 m 25m
Number of cycles 10 8 3

region of heating associated with the western
European rift system. Because this rifting is
late Eocene, especially early Oligocene, in
age, it is questionable whether it affected the
backstepping and drowning of the Nummulitic
Limestone. In addition, Alpine shortening has
now compressed the zone between the out-
crops of Nummulitic Limestone and the west-
ern European rift system. A palinspastic res-
toration to the Eocene would place the future
site of the Rhine Graben more than 200 km
from the stratigraphic pinch out of the Num-
mulitic Limestone, and perhaps twice that
from the edge of the subducted European
plate.

Away from the weak zone in western Swit-

50

zerland, estimates of Te vary widely according
to the techniques used (Table 2). A number of
estimates based on a variety of methods con-
sistently give elastic thicknesses to ~25 km.
We therefore use values of elastic thickness
between 15 km and 25 km in the generic
model.

Kinematics of the Alpine Wedge

The advance rate of the thrust front in Swit-
zerland during the Tertiary was documented
by Homewood et al. (1986), Sinclair et al.
(1991), Sinclair and Allen (1992), and Sinclair
(1997) on the basis of bracketing of proximal
basin margin fault activity by the ages of the
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Figure 8. Model results using equivalent elastic thicknesses (Te) of 15 km and 25 km.
Other parameter values as in Table 4 (generic model).
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youngest stratigraphy cut by the fault and of
the oldest stratigraphy draping the fault. Sin-
clair and Allen (1992) proposed a fast-mov-
ing, low-angled taper in Eocene time, corre-
sponding to the so-called flysch stage,
compared to a slow-moving, more steeply ta-
pered orogen in the so-called molasse stage.
They identified an increase in the exhumation
rate of the orogenic wedge at the time of slow-
ing of the frontal advance rate.

There is a decoupling of the rate at which
a wedge advances over the stratigraphy of the
foreland plate and the rate of influx of mass
into the orogenic zone driven by plate con-
vergence (Hardy et al., 1998). Consequently,
the frontal advance rate cannot be used di-
rectly as a surrogate for the migration of a
spatially variable load over the foreland plate.
Although there have been attempts to recon-
struct the structural, denudational, and strati-
graphic evolution of the orogen and foreland
basin during the Oligocene—Miocene molasse
phase (Schlunegger et al., 1997a, 1997b, 1998),
a similar approach for the Eocene phase of the
basin is more difficult because of the uncer-
tainties in structural restoration and paleowater
depths. The time-averaged rates are summa-
rized from various sources in Table 3.

The rate of convergence between the Eu-
ropean plate and the southern indenting plate
(or microplate) can be estimated from relative
plate-motion studies (Dewey et a., 1989) and
from retrodeformation studies (Schmid et a.,
1996; Burkhard and Sommaruga, 1998) (Fig.
6). The overal time-averaged convergence
rates from 65 Ma to the present for the two
methods are strikingly similar (Table 1;
Schmid et a., 1996, p. 1054) (7.2 mm yr? vs.
7.9 mm yr, respectively). There are somein-
teresting differences between the two ap-
proaches over smaller time periods, but the
genera picture is coherent (Table 3). Both
studies indicate a slowing of the convergence
rate into Oligocene time, and especially
through Miocene time. This trend strongly
supports the tectono-stratigraphic techniques
of Homewood et al. (1986), Pfiffner (1986),
Allen et al. (1991), Sinclair and Allen (1992),
and Sinclair (1997). We take a range of 8—12
mm yr-* for the Eocene in our ramp-drowning
model. Sinclair (1997) also compiled rates of
distal pinch-out migration of the underfilled
basin, and obtained a rate of 8-13 mm yr-.
The similarity of this range to the tectonic
rates given here is suggestive of an orogen and
basin that were migrating across the European
foreland in a steady-state fashion.
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Other parameter values as in Table 4 (generic model).

MODEL RESULTS

We first present a standard generic case
(Fig. 7) with the parameter values given in
Table 4 to indicate the general behavior of the
model. We then explore the sengitivity of the
model to variations in two tectonic parame-
ters, the flexural rigidity of the plate (Fig. 8)
and the convergence rate (Fig. 9), and one en-
vironmental parameter, the light-extinction co-
efficient (Fig. 10). The model is then run with
sets of parameter values appropriate for the
late Paleocene—middle Eocene of Switzerland
and the late Eocene of France (Figs. 11 and
12). In the model output in Figures 7-12, the
depth to basement and the depth to the top of
the carbonate bank are tracked through model
time. The total duration of carbonate deposi-
tion before drowning and the tota thickness
of carbonate can be compared easily with field
data (Table 4).

In the generic case (Fig. 7), nummulite
bank accumulation begins above a subaerial
unconformity at the start of the model run.
Early carbonate cycles within an overall retro-
gradational succession are thin, dominated by
shallow-water facies and bounded by surfaces
of subaerial emergence that formed during eu-
static lowstands. Cycle thicknesses increase
upward because of the absence of depositional
hiatuses and comprise deeper water facies
with no subaerial emergence. Upper cycles be-
come very thin due to the limiting effect of
water depth on carbonate accumulation. Even-
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tually the bank is abruptly drowned during a
relative sea-level rise at an elapsed model time
of ~5 m.y., and then continues to subside into
water depths too deep for carbonate accumu-
lation. The carbonate bank attains a maximum
thickness of dlightly less than 60 m, compris-
ing 10 facies cycles driven by eustatic change.

The effect of flexura rigidity can be illus-
trated by comparing the two model runs in

Figure 8, where all other parameters are the
same as in Table 4. The weaker plate increases
the rate of tectonic subsidence in the dista
foreland basin, causing early drowning of the
bank and the preservation of relatively few cy-
cles. When the plate is stronger, the tectonic
subsidence rate in the distal part of the basin
is smaller, which keeps the bank within the
carbonate-producing zone for longer periods
of time, allowing more cycles to be preserved.
Stratigraphic thicknesses reflect the interplay
of bank duration and carbonate accumulation
rates. The rapid drowning with the weak plate
results in a thinner stratigraphy in these model
runs. Cycles show the same pattern of thick-
ening, then rapidly thinning upward through
an overall retrogradational package.

The sensitivity of the model to variationsin
the convergence rate is illustrated in Figure 9.
The model was run at convergence rates of 4
mm yr, 8 mm yr-, and 12 mm yr=, with the
standard set of parameter values shown in Ta-
ble 4. The fast convergence rate causes the
carbonate bank to subside rapidly as the flex-
ural wave advances, whereas at slow conver-
gence rates the bank remains in the carbonate-
producing zone for along time. Consequently,
bank duration, stratigraphic thickness, and
number of cycles decrease with increasing
convergence rate. With afast convergencerate
of 12 mm yr-*, the carbonate bank accumu-
lates <20 m of sediment over a period of ~3
m.y., with 5 cycles preserved. This is a plau-
sible explanation for Alpine field data. With
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parameter values as in Table 4 (generic model).
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Figure 11. Model output for a set of parameter values (Table 4) applicable to the early-
middle Eocene of Switzerland. (A) Conventional output showing bank thickness versus
time. (B) Synthetic stratigraphic section showing three eustatically driven cycles below

drowning surface.

the moderate convergence rate of 8 mm yr-,
the bank accumulates ~55 m of sediment over
a period of 5 m.y., preserving 7 cycles. With
the slow convergence rate of 4 mm yr, the
bank accumulates large thicknesses of carbon-
ate sediment (165 m) because it is easily able
to keep up with flexural subsidence. The bank
is drowned after 13 m.y. with 26 cycles of 500
k.y. duration preserved. This slow case is not
supported by Alpine field data.

Figure 10 shows the sensitivity of the mod-
el to variations in the light-extinction coeffi-
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cient. A threefold variation in light-extinction
coefficient has a second-order effect compared
to variations in elastic thickness and conver-
gence rate. The higher light-extinction coeffi-
cient of 0.075 m™ accentuates the depth de-
pendency of carbonate production, causing
carbonate to accumulate more slowly and the
bank to drown earlier.

The late Paleocene—middle Eocene Num-
mulitic Limestone in Switzerland can be ap-
proximated best by the parameter values given
in Table 4 (Te = 20 km, convergence rate of

12 mm yr?, and eustatic period of 1 m.y.).
The model output (Fig. 11, A and B) shows
two well-developed cycles, each >~10 m
thick, dominated by shallow-water facies, fol-
lowed by an extremely thin cycle of deep-wa-
ter deposits before bank drowning. The entire
succession has a duration of ~3 m.y. and total
thickness of 25 m. Best estimates from field
data (Table 1) suggest 2 to 3 cycles preserved,
20-30 m for carbonate thickness and <6.5
m.y. for the duration of carbonate deposition.
This model result therefore satisfies most of
the field observations reasonably closely, but
we are unable to replicate long periods of car-
bonate deposition with any reasonable com-
bination of parameter values. Increasing the
elastic thickness to 25 km has the unwanted
result of increasing carbonate thickness and
facies cycles to unjustified values (43 m and
5 cycles).

The late Eocene Nummulitic Limestone of
France is best approximated by the parameter
values given in Table 4 (Te = 15 km, con-
vergence rate 8 mm yr-*, and eustatic period
of 400 k.y.). The model output (Fig. 12, A and
B) shows 8 cycles preserved, which initially
thicken and deepen upward before thinning
and rapidly deepening upward to the drowning
surface. Drowning takes place after <~3
m.y., with the preservation of 36 m of stratig-
raphy. Best estimates from field data (Table 1)
suggest as many as 9 cycles comprising 30—
40 m carbonate thickness over ~3 m.y. This
model result therefore very satisfactorily rep-
licates the field observations.

DISCUSSION AND CONCLUSIONS

Although Crampton and Allen (1995) pro-
posed that the Nummulitic Limestone in east-
ern Switzerland was deposited in a distal fore-
land basin above a flexural forebulge
unconformity, their emphasis was on the spa-
tial and temporal characteristics of the ero-
sional unconformity and on regional patterns
of subcropping and onlapping stratigraphy
rather than on the architecture of the Num-
mulitic Limestone. The numerical model,
when independently constrained by choices of
parameter values derived from geological and
geophysical observations and ecological lit-
erature, successfully simulates the essential
characteristics of the Nummulitic Limestone
in terms of duration of deposition, total thick-
ness, and paleowater depths of the stratigraph-
ic package. Using estimates of cycle period-
icity from field studies, the approximate
number of cycles within the stratigraphic
package is adequately predicted by the model.
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Figure 12. Model output for a set of parameter values applicable to the late Eocene of
France. (A) Conventional output of bank thickness versustime. (B) Synthetic stratigraphic
section showing eight eustatically driven cycles below drowning surface.

The success of the model in replicating the
first-order characteristics of the Nummulitic
Limestone in the Alpine foreland during early
Tertiary time gives us confidence that the set
of parameter values listed in Table 4 is plau-
sible. Although they are clearly not a unique
set, there is limited scope for mgjor variation
of any of the parameters from their stated val-
ues if bank thickness and duration, cycle
thicknesses and number, and depositional wa-
ter depths are al to be replicated simulta-
neously. Consequently, our results are of sig-
nificance to the evaluation of geodynamical
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parameters describing Alpine evolution. In
particular, it is highly unlikely that the elastic
thickness of the European plate was >20 km
and <15 km in Eocene time. A more rigid
plate promotes too much and too prolonged
carbonate deposition, and too many cycles. A
less rigid plate causes almost immediate
drowning of the nummulitic bank. Combined
with the estimates of Te for 25 Ma, 17 Ma,
and the present day given in Table 2, our re-
sults appear to rule out any possible secular
increase in flexura rigidity of the European
plate through the Tertiary. Similarly, it is un-

likely that the convergence rate in Eocene
time was <8 mm yr*. A slow convergence
rate produces too much carbonate deposition
over too prolonged a period of time.

Lateral or secular variations in carbonate
productivity caused, for example, by the ef-
fects of turbidity on light extinction are likely
to have a second-order effect on carbonate ac-
cumulation and drowning. Because the one-
dimensional numerical model concerns depo-
sition at the distal featheredge of the foreland
basin, far-field effects of river plumes derived
from the orogen are thought to be minimal.
However, it is plausible that the suspended
sediments of rivers draining the foreland plate
could have a significant effect in compromis-
ing or shutting down carbonate productivity in
the distal foreland basin. The admixture of sil-
iciclastics in the Birgen Formation in the
Muttsee-Kistenpass region of Glarus, Switzer-
land (Allen et a., 1991), may be an indication
of such a process.

It is unnecessary in the model to begin car-
bonate deposition in positions beyond the first
node in bulge top positions, athough this is
not excluded as a possibility. To test this pos-
sibility will require an a priori eustatic curve
for Eocene time. We do not believe that the
Hag et a. (1987) model can serve this
purpose.

The main conclusions of this study are as
follows.

1. Nummulitic Limestone thickness and du-
ration, component cycle thicknesses and num-
ber, and stacking patterns vary from place to
place in the Alpine foreland. The broad pat-
tern, where the effects of synsedimentary fault
activity can be discriminated and accounted
for, is of asmall number of thin, long-duration
cycles preserved in Paleocene to mid-Eocene
Nummulitic Limestone in Switzerland, but of
a larger number of shorter duration cycles in
the late Eocene of France.

2. We have adapted the flexural-eustatic-bi-
ological coral platform drowning model of
Galewsky (1998) to better suit the foraminif-
eral buildups of the Alpine periphery in early
Tertiary time. Model parameters are con-
strained as closely as possible from ecological
literature and geological and geophysical ob-
servations on the Alpine orogen and its pe-
ripheral foreland basin. Model runs have been
carried out with a maximum carbonate accu-
mulation rate of 0.02 mm yr-%, an extinction
coefficient of 0.025—0.075 mr?, a conver-
gence rate of 4—12 mm yr, equivalent elastic
thicknesses of between 15 and 25 km, and eu-
static variations of period from 400 k.y. to 1
m.y. and amplitudes of 10—20 m.

1063



3. The numerical model successfully simu-
lates the first-order characteristics of the Num-
mulitic Limestone, i.e., its total thickness and
duration, number of cycles and cycle thick-
ness, and the overall retrogradational nature of
the stratigraphic package. The case for the
Nummulitic Limestone as a distal foreland ba-
sin carbonate ramp deposited basinward of the
first node of the flexed European plate is
therefore convincing.

4. The adequacy of the model in simulating
the Nummulitic Limestone, and the sensitivity
of the model to variations in parameter values,
provides an independent corroboration of geo-
dynamic parameters such as convergence rate
and particularly flexural rigidity. A conver-
gence rate of 8-12 mm yr* and an equivalent
elastic thickness in Eocene time of between
15 and 20 km appears to be required.
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