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Sedimentology of the Minette oolitic ironstones of Luxembourg and Lorraine: a

Jurassic subtidal sandwave complex

T.A. L. TEYSSEN*

Geologisches Institut, Universitit Bonn, Nussallee 8 5300 Bonn, Germany

ABSTRACT

The oolitic ironstones of the Minette were deposited during Toarcian/Aalenian times in a nearshore
environment of the Paris Basin, The sedimentary sequence comprises up to 13 coarsening upward
depositional cycles. The development of the cycles and different facies types are described. The iron ooids
accumulated in a subtidal environment under the effects of tidal currents. Sand waves, which form an
important part of the Minette sediments, were deposited under both time-velocity symmetrical and time-
velocity asymmetrical tides. From the study of their internal structures the time-velocity patterns of the
currents, current speeds (up to 0-9m s~ ') and net transport rates have been estimated (29 gm~" s~ ! in the
case of large-scale sand waves controlled by time-velocity symmetrical tides). Sand wave heights and
calculated near-bed current speeds suggest a mesotidal regime. Sedimentary facies include large-scale sand
waves, subtidal shoals with channels and an offshore muddy shelf. Conclusions as to bathymetry are drawn
from ichnofaunal associations and from the study of wave ripple marks. Finally a depositional model of
the Minette iron formation is proposed which may be applicable to other oolitic ironstones.

INTRODUCTION

The Minette oolitic ironstones are the type ore deposit
of the Phanerozoic shallow marine, oolitic Minette-
or Clinton-type Iron Formations. Whereas much work
has been done on the mineralogy and geochemistry
(Cayeux, 1922, Taylor, 1949, Hallimond, 1951, Kim-
berley, 1979, James & van Houten, 1979 and many
others) and diagenesis (Bubenicek, 1971, 1983), less
emphasis has been placed on the sedimentology of
these ironstone deposits (Bubenicek, 1964; van Hou-
ten & Karasek, 1981; Hallam, 1966; Dimroth, 1977;
Bhattacharyya, 1980). Investigations on the genesis of
the iron ooids of the Minette ironstones have recently
been conducted (Siehl & Thein, 1978). The aim of this
study is to reconstruct the depositional processes
which formed the ironstones.

The Minette oolitic ironstones were deposited in
late Toarcian and early Aalenian times in a NE-
striking marginal trough of the Paris Basin (Fig. 1, cf.
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also Megnien, 1980). There were two basins of
ironstone deposition, the larger Briey Basin (Fig. 2) in
Luxembourg and northern Lorraine, and the smaller
Nancy Basin in central Lorraine. This study deals
with the Briey Basin.

The Briey Basin was divided into two sub-basins,
Esch-Ottange and Differdange-Longwy (Fig. 2). In
the basin of Differdange-Longwy the deposition of
ironstones began earlier, but also ended earlier than
in the basin of Esch-Ottange (cf. Thein, 1975; Achilles
& Schulz, 1980). The two sub-basins were separated
by the Audun-le-Tiche fault which was active during
sedimentation (Lucius, 1945), as were most of the
other NE-striking faults (Achilles & Schulz, 1980).

The Minette sediments were deposited under the
influence of tidal currents, as can be concluded from
sedimentary structures as internal structures of sand
waves, bipolar cross-stratification and bipolar orien-
tation of belemnites, and occasional channel fill
deposits. The conclusions on the tidal origin of the
ironstones will be outlined in detail in the following
sections.
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Fig. 1. Area of investigation in the north-eastern part of the Paris Basin. Dashed line is the outcrop of the Toarcian~Aalenian
boundary. The position of the Basin of Briey south of Luxembourg is outlined.

LITHOSTRATIGRAPHY AND FACIES

The sedimentary sequence has a cyclic pattern
(Bubenicek, 1964; Thein, 1975; Siehl & Thein, 1978,
Achilles & Schulz, 1980) which is the basis of the
stratigraphical subdivision. Up to 13 cycles are
present. A cycle develops from a muddy facies
(Zwischenmittelfazies in the German, Intercalcaire in
the French literature) to a transitional facies and an
ironstone facies (Lagerfazies, Couche). The cycle
generally ends with a coquina bed (Fig. 3). Within
these coarsening upward cycles there is a general
increase in grain size, ooid content, bioclast content,
and probable current strength, and a decrease in
bioturbation (Fig. 3).

The muddy facies is composed of fine grained, silty
and muddy sediments which are poor in iron ooids.
The sedimentary structures are linsen- and flaser-
bedding, but in most cases the bioturbation has more
or less completely destroyed the primary structures.
Trace fossils comprise Rhizocorallium jenense, R.
irregulare, Planolites beverleyensis, Palaeophycus tubu-

laris, Phycodes, Teichichnus, Dendrotichnium alternans
and Olivellites. Bivalves are commonly found in living
position. Belemnites show a bipolar orientation.

In the transitional facies the size of cross-sets
increases but ripple cross-lamination and small-scale
cross-bedding predominate. The iron ooid content
also increases and bioturbation is less pronounced.

The ironstone facies is composed of iron rich rocks
containing limonitic and chamositic coids. Limonitic
ooids are composed of goethite (Braun, 1964; Thein,
1975), the latter containing seven A-bertierine and 14
A-chamosite (Orcel, Hénin & Caillére, 1949; Millot,
1970; cf. also Brindley et al., 1968; Odin & Matter,
1981). The ooids generally have a more or less elliptical
shape; the cores are of quartz or of fragments of iron
ooidsoriron crusts and rarely of echinoderm fragments
(Siehl & Thein, 1978). The median grain size of the
ooids varies between 0-2 and 0-5 mm. Quartz is of
sand and silt grain size with angular to subrounded
grains of silt fraction and well rounded and sorted
grains of sand size. Bioclasts and whole fossils
(bivalves and belemnites, rarely ammonites) are
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Fig. 2. Thickness of the Minette Iron Formation of the Basin of Briey after IRSID (1967), faults after Lucius (1945). The fault
of Audun-le-Tiche separates the subbasin of Esch-Ottange from the subbasin of Differdange-Longwy.
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Fig. 3. Schematic sketch of a depositional cycle of the
Minette deposits. The sequence leads from a muddy facies
to a transitional facies and the ironstone facies with an
overlying coquina bed. Grain size, contents of iron ooids and
of bioclasts and current strength increase; the bioturbation
decreases. Scales give orders of magnitude. See text for
further explanation.

abundant. Cementation of the ironstones is partly
calcitic (neomorphic sparite), partly sideritic-chloritic
(Bubenicek, 1983). The ooid sands are well sorted and
locally very well sorted.

The sedimentary structures of the ironstone facies
are small- to medium-scale cross-stratification due to
bipolar current directions and herringbone-structures.
Wave and current ripples and sand waves are
abundant. The lebensspuren comprise Spongeliomor-
pha nodosa, Arenicolites variabilis, Skolithos and escape
traces.

The asymmetrical cycles can easily be discerned in
the outcrop. The facies of the lower part of the Minette
Formation are generally as described above. In the
upper part of the formation the differences between
muddy facies and ironstone facies are less pronounced
with respect to both petrography and sedimentary
structures. Locally, several coquina beds can be found
within a cycle. The occurrence of these coquinas and
the minor differences between muddy facies and
irenstone facies have been explained by a shallowing
of water depth in the upper part of the Iron Formation

(Achilles & Schulz, 1980, Teyssen, 1983a). Some fining
upward sequences within a coarsening upward cycle,
found in the upper part of the formation, are
considered to represent filling up and silting up of
channels.

A cyclic development as described above is also a
typical feature of other Minette-type Iron Formations
such as those of England (Hallam & Bradshaw, 1979)
or especially of the Devonian Shatti Formation of
Libya (van Houten & Karasek, 1981) and of the
Cretaceous Nubia Formation of Egypt (Bhattacha-
ryya, 1980). In these examples, as well as in the
Minette of Luxembourg and France (Bubenicek,
1971; Siehl & Thein, 1978 ; Megnien, 1980), the muddy
facies has been thought to represent offshore shelf
muds and the ironstone facies to represent subtidal
bars. In that model one regression would have
produced one cycle and each regression was followed
by a transgression. Although many ironstone se-
quences might well reflect sea-level changes (e.g. those
of England, see Hallam & Bradshaw, 1979), there is
no explanation in detail for an external control of the
very regular cyclic pattern of sedimentation. This
paper will propose an autocyclic depositional model
of the Minette Iron Formation which avoids the
difficulties of some of the other models.

SAND WAVE EVOLUTION IN THE
MINETTE

The bipolar cross-stratification suggests a tidal control
of sedimentation (see Thein, 1975). The need for
substantiationof the tidal control led to the recognition
and investigation of sand waves which form a
considerable portion of the Minette sediments. Differ-
ent types of sand waves (sensu Allen, 1980, implying
evolutionunder true reversing currents) in the Minette,
with particular internal structures, reflect different
tidal systems. Two main types of tidal systems need to
be considered (cf. Allen, 1980):

(1) Time-velocity asymmetrical tides result from
superimposition of a strictly periodic component U, ()
on a steady component U,, U, not being small in
comparison with the peak value of U,(¢). In this case
the sediment transport rate due to the dominant
current considerably exceeds the rate due to the
subordinate current (Allen, 1980, fig. 4; Allen, 1982;
Heath, 1981; Teyssen, 1984).

(2) Time-velocity symmetrical tides, on the other
hand, result from superimposition of a periodic flow
U,(?) on a steady component U, but U, being small in
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comparison with the peak value of U,(7) (Allen, 1980).
In this case the transport rates of the two reversing
currents are more or less comparable.

Sand waves controlled by time-velocity symmetrical
tides

Sand waves of this category have been studied in
many recent examples, such as in the North Sea
(Houbolt, 1968; Kenyon et al., 1981), the Jade estuary
of northern Germany (Reineck, 1963) and the Yellow
Sea (Klein ef al., 1982). Although Allen (1980) gave
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some very useful theoretical considerations, no satis-
factory example of ancient sand waves clearly laid
down under control of time-velocity symmetrical tides
has so far been recognized and described. The Minette
iron formation, however, displays some very well-
developed examples. They can best be studied in the
Prinzenberg outcrop 2 km to the north of Differdange/
Luxembourg (coordinates 58800 67350).

The sand waves show the following diagnostic
features. The top of the sand wave (and of the
respective depositional cycle of the Minette) is a sharp
sedimentary discordance (Fig. 4A). The foresets of
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Fig. 4. Internal structure and model of sand wave evolution due to time-velocity symmetrical tides, Prinzenberg outcrop.
L, ironstone facies; Z, muddy facies; E,, first-order bedding planes; E,, second-order bedding planes; Ej, third-order bedding
planes; I, cross-bedding; 2, linsen- and flaser-bedding; 3, silt- and mudstone, 4, bioturbation.

(A) General view of a sand wave of one depositional cycle, large-scale, low-angle foreset-beds (L) and flat lying bottomsets (Z).
(B) Detail from the foresets, beds with small-scale, bipolar cross-sets; cover of silt- and mudstone; at the right hand margin
indication of grain-size tendency within a bed.

(C) Detail from the transition of the foresets into the bottomsets.

(D) Equal area projection of poles to cross-bed planes from a sand wave of the Lower Calcareous Cycle at the Prinzenberg
locality; left: second-order bedding planes indicating the direction of migration of the sand wave; right: third-order bedding
planes with bipolar directional distribution indicating local ebb and flood palaeoflow directions.

(E) Model of sand wave evolution.

(F) Time-velocity pattern of the governing partial tides, note the different period duration of the M, tide (~ 12 hr) and of the
M; tide (~ 14 days).
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the sand wave are composed of complex, low-angle
dipping beds, which will here be called ‘foreset-beds’,
not to be confused with ‘foresets bundles’ (Boersma,
1969; Visser, 1980) of sand waves under control of
time-velocity asymmetrical tides. The foreset-beds
can be traced from the discordance at the top through
the ironstone facies (upper part of a cycle) into the
muddy facies (lower part of the cycle), such that
isochronous lines cut the boundary between ironstone
facies and muddy facies. The thickness of individual
beds is of the order of 0-2 m. Within the foreset-beds,
small scale, bipolar cross-stratification can be identi-
fied (Fig. 4B). The beds are bioturbated, with vertical
burrows which penetrate downward from the top of
the bed. The muddy facies in the lower part of the
sand wave consists of bioturbated linsen-bedded
sediments. The height of a sand wave, and therefore
of a sedimentary cycle, was in excess of 6 m.

Following Allen (1980) three different bedding
planes can be identified (Figs 4 and 8): first-order
bedding planes (E,) are the discordances between
sand waves, that is the surface upon which the sand
wave migrated (Fig. 4A, E). Second-order bedding
planes (E,) are the interfaces between the low-angle
foreset-beds (Fig. 4A, B). These planes correspond to
the steeper lee-slope of the sand wave (Fig. 4E). Third-
order bedding planes (E;) are due to the small-scale
cross-stratification within the beds (Fig. 4B).

The crest lines of the sand waves were straight or
slightly curved as shown by reconstruction from the
Prinzenberg exposure (Fig. 5).

The ironstone facies originated as foreset-bed
sediments on the lee-slope during migration of the
sand wave. Reversing currents of nearly equal strength
(but not exactly equal strength, see below) caused
reversing bedload transport of sand upon the slope as
small-scale cross-sets (Fig. 4B, E). The muddy facies
originated between the sand wave crests as bottomset
deposits of the sand wave.

Deposition and erosion of cross-sets within the
foreset-beds, due to the alternating currents, ceased
around neap tides. The final cross-sets of each spring
tide period, with its traces of suspension feeders, were
thus preserved. During neap tide periods the silt and
mud cover of the beds was laid down (Fig. 4B).

The very regular development of a sand wave with
its foreset-beds cannot be explained by considering
the 12-4 ir M, tide only as Allen (1980) has done in
his theoretical approach. This component determines
the small-scale trough cross-bedding. The very regular
development of the foreset beds seems to have been
externally controlled also. Butsince there is no periodic
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Fig. 5. Map of sand wave crest-lines observed in the different
depositional cycles of the Prinzenberg exposure (from bottom
to top): A, Grey Cycle; B, Red Cycle; C, Lower Calcareous
Cycle; D, Upper Calcareous Cycle. 1, Outcrop wall with
indication of the apparent dip of second-order bedding
planes (E;). 2, Local direction of migration of the sand wave.
3, Crest-line of the sand wave at different moments. 4, Cut
of the sand wave of the Red Cycle by a subtidal channel,
within this channel smaller-scale sand waves were formed
which were controlled by time-velocity asymmetrical tides
due to channelized flow. 5, Site and number of a stratigraph-
ical section.
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variation in foreset-bed thickness over some hundred
metres of outcrop length (which comprises more than
200 beds), the partial tide which gave rise to the
formation of foreset beds must itself be controlled by
another longer-period partial tide. On the other hand
the partial tide under consideration must cause a
component of tide force which is strong enough to be
well reflected in the geological record. The only partial
tide which fits these requirements is the 327-9 hr M;
tide. The development of the sand wave is therefore
suggested to result from the effects of both the M, tide
and the M; tide (Fig. 4F). In attributing a foreset-bed
to the 327-9 hr M, tide the net sediment transport rate
(averaged over a lunar cycle) of the Prinzenberg
example can be estimated as 28-9g m~' s~! (sand
wave height 6 m, thickness of foreset beds 0-2 m, dip
angle of beds 7°, sediment density 3-6 g cm ™3 calcu-
lated from the contents of iron ooids, quartz and
bioclasts of the rocks. The primary density might have
been smaller because of a probable greater porosity of
the iron ooids during deposition.)

The time-velocity pattern of the governing currents
can also be reconstructed. The local ebb and flood
current directions can be determined from cross-
bedding measurements within the foreset beds (Fig.
4D). By measuring the orientation of the foreset beds,
the direction of migration of the sand wave can be
determined (Fig. 4D). The slope of the foresets was
steepened by the flood current and flattened by the
ebb. That the slightly dominating current was the
flood can be concluded from the palacogeographical
reconstruction (Teyssen, 1983a). Since the directions
of flood, ebb, and that of migration are related to each
other, the strength of the two currents must be such
that the sand wave develops in equilibrium with the
governing forces. This equilibrium condition allows
the estimation of the ratio of ebb and flood sediment
transport rates J; and J, applying basic physical
concepts (Fig. 6A). Unfortunately that ratio cannot
easily be transformed to the more important ratio of
peak velocities U, and U, because there are many
possible solutions of the required ratio of peak
velocities. Figure 6(B) gives two solutions having been
suitably but arbitrarily chosen from the set of possible
solutions. These two are mathematically equivalent,
chosen such that both equally have the required ratio
of transport rates and equal threshold velocities for
bedload sediment entrainment {being a function of
grain size and grain density), but they then necessarily
have different ratios of peak speeds (1-8 and 1-64
respectively) and different high steady flow compo-
nents (0-285 and 0-17 respectively). The ratio of peak

speeds obviously varies with the value of the greater
peak velocity (Fig. 6C). Since very high near-bed
velocities seem not to be probable because of the
small-scale cross-sets, a ratio of peak velocities of
about 1-5 seems to be acceptable (Fig. 6C). In adopting
this approach one can also caliculate Allen’s (1980)
velocity symmetry index V, (as 0-2) and velocity
strength index V| (as 1-5) for the fossil example (Fig.
6C). The plausibility of these figures can be deduced
by referring to Allen’s (1980, fig. 8) regime diagram
for sand waves which has been set up for a value of
(Upns + Uy) being slightly different from that suitable
for the Prinzenberg sand waves. The Prinzenberg
example must then be attributed to class V (cf. Fig. 8)
which was also suggested from inspection of the
internal structures.

Sand waves controlled by time-velocity asymmetrical
tides

Sand waves controlled by time-velocity asymmetrical
tides have in recent years been the focus of discussion,
particularly with respect to internal structures, stabil-
ity and dynamics (Nio, 1976, Visser, 1980; Boersma
& Terwindt, 1981; Allen, 1982; Langhorne, 1982;
Allen & Homewood, 1984; Teyssen, 1983b, 1984).
These sand waves have been studied in recent and
fossil examples from siliciclastic rocks.

Sand waves controlled by time-velocity asymmetri-
cal tides with bundle structure occur widely in the
Minette sediments. In all cases these sand waves form
part of the ironstone facies at the upper part of a
depositional cycle. Evolution of these sand waves is
not directly related to the sedimentation of the
underlying muddy facies, in contrast to the situation
in sand waves under control of time-velocity sym-
metrical tides.

One of the best examples of a sand wave controlled
by time-velocity asymmetrical tides is in the outcrop
south of Maison Schneider between Rédange and
Hussigny-Godbrange (France) (coordinates 60130
62030). Figure 7 (A) displays the internal structures of
a part of the sand wave. The tidal bundles, which are
attributed to the ebb current because of palaeogeo-
graphical constraints (Fig. 13), are separated by
coupled mud layers. Thin layers or lenses of flood
sands were laid down between the slack water mud
drapes. Ripples due to ebb-current backflow, and
flood current upslope flow can be recognized on the
mud layers. The internal structures are comparable to
those observed by Visser (1980) and Allen (1982) in
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Fig. 6. Estimation of the time-velocity pattern of the tidal currents effective during deposition of the sand wave of the Lower
Calcareous Cycle of the Prinzenberg outcrop. Indices V, and V, after Allen (1980). (A) Estimation of the ratio of sediment
transport rates J, (flood) and J, (ebb) from tidal current directions and direction of migration of the sand wave. Evolution of
the slope of the sand wave (direction of migration) is in equilibrium with maximum velocities and transport rates of the
respective current stages. The slope is steepened in flood direction and again flattened in ebb direction. The indicated transport
rates J; and J, cause transport of a sediment unit volume with the direction of migration of the sand wave. (B) Different
solutions of the ratio U, /U, of maximum tidal velocities with equal ratios of transport rates J,/J5, but different maximum flood
velocities U, and different magnitudes of steady velocity component (0-285 and 0-17 respectively). The threshold velocity for
bedload sediment entrainment is 0-27 m s~ ! in both cases. (C) Variation of the ratio of maximum tidal velocities U, /U, with
U, (top). Variation of the velocity symmetry index V', and of the velocity strength index V; with U,/U, (bottom).

pure siliciclastic sand waves. Reactivation surfaces of
class B (after de Mowbray & Visser, 1982) are
developed. The sand wave has a preserved height of
1-5m, but it seems to be truncated at the top.
Considering this and the compaction of the carbonate-
rich rocks an original height of at least 2 m is probable.

Dominant and subordinate current sands can also
be distinguished from the grain size (Fig. 7B), the
median of the ebb sands (dominant current stage) is
about one phi unit coarser than that of the flood sands
(subordinate current). The sorting of ebb and flood
sand is comparable (Fig. 7D). Ebb and flood sands
are different not only in grain size but also in
composition (Fig. 7C). The ebb sediments contain
mainly coarse, well-sorted iron ooids (72%) and a low
amount of badly sorted quartz grains. In the flood

sands the amount of quartz largely exceeds that of
iron ooids (29%). Both the medians of quartz and iron
ooids are smaller in fiood than in ebb sediments. The
sorting of quartz is much better in the flood sands.
One may conclude that the less effective flood current
caused a grain-selective transport of the sediments
having been transported to the front of the sand wave
by the previous ebb current. The flood ripples were
mainly built up of the quartz grains of lesser density,
sediment entrainment of the denser iron ooids was
possible only to a limited extent. Some strange
attributes of the grain-size distributions are that there
are fewer coarse, well-rounded quartz grains which fit
with their equivalent hydraulic diameter to the iron
ooids, but there is more fine-grained, angular quartz.
The coarse, probably denser ooids and fine, light
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Fig. 7. Internal structure and grain size of a sand wave from the Red Cycle, south of Maison Schneider. (A) Sketch of the
internal structure, the figures indicate thickness of tidal bundles and azimuth of dip/dip angle of the foresets. Diagram of
palaeocurrent directions at the left margin. (B) Grain-size distribution of ebb and flood sands plotted in probability net. The
distributions have been obtained from thin sections, the corpuscle effect was compensated by a Monte Carlo simulation (cf.
Teyssen, 1983a). (C) Grain-size distributions of the subpopulations of iron ooids and quartz grains of the ebb and flood
sediments {cf. text). (D) Folk & Ward parameters of the grain-size distributions of ebb and flood sediments.
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quartz grains are not hydraulically equivalent in joint
bedload transport. The reasons for this association,
which is found in most Minette sediments and also in
the Cretaceous Nubia deposits (Bhattacharyya, 1980,
p. 21), and which suggests immature sediments with
joint transport over only short distances, remain
uncertain at present.

Estimation of the palaeotidal near bed ebb peak
velocity effective during evolution of the described
sand wave can be done using a kinematic model
(Teyssen, 1984). This leads to a value of 0-9m s~ ',
Estimations using parameters of other sand waves
from the same depositional cycle are of the same
order. The relatively high palaeotidal flow velocities
and heights of both types of sand waves would most
probably fit to the assumption of a mesotidal regime
(Hammond & Heathershaw, 1981; Teyssen, 1983a).

Sand waves as described above are very common in
the Minette sediments, but sand waves with a different
development can also be found. Some sand waves
have bundles not separated by mud drapes. The
bundle interfaces can nevertheless be clearly identi-
fied, because a fining upward tendency within the
bundles gave rise to different cementation and later to
different carbonate leaching. Mud drapes may not
have been formed because of flow velocities being too
high over the whole tidal cycle for settlement of mud
from suspension (see Allen, 1982, for further discus-
sion of drape suppression). Different evolution of mud
drapessuggests different shapesoftidal current ellipses
of rotary tides (Allen, 1982, fig. 13). Measurements of
the thickness of tidal bundies show ‘thin-thick’-
alternations (cf. Teyssen, 1984) which suggest a
semidiurnal tidal system (Visser & de Boer, 1982).
Figure 8 gives a general model of sand wave internal
structures due to different time-velocity patterns of
the currents, which summarizes the observations
made in the Minette.

TRANSPORT DIRECTIONS

Tide-controlled sedimentation of the Minette Iron
Formation was initially deduced from cross-bedding
measurements. Measurements have been taken in the
outcrop zone between Longwy (France) and Dude-
lange (Luxembourg) as well as in the subsurface in
mines in France. Figure 9 gives a cumulative diagram
of cross-bedding measurements in the Minette clearly
displaying bipolar current directions. The bipolarity
appears on cumulative diagrams of measurements of
the separate depositional cycles, as well as in the

607 Cross -bedding measucements

0.-5.-14.-21.-30.-37 - 44 -lines

Fig. 9. Equal. area projection of cross-bedding measurements
from the Minette Iron Formation. Note the bipolarity of
currents, ebb currents to the SW, flood currents to the east.

distributions from individual sites (Thein, 1975,
appendix 4; Teyssen, 1983a). The flow pattern does
not change significantly among the depositional cycles
of the Formation (Teyssen, 1983a). The data from the
individual measurement sites have been used for a
vector trend surface analysis after Fox (1967) (cf. also
Shakesby, 1981) to prepare maps displaying continu-
ous flow pattern of ebb and flood currents (Fig. 10).
The maps show flood currents to the NE and east and
ebb currents to the SW and west. East and NE
directions have been attributed to the flood because
the Ardennes and Rhenish Massifs were probably
emergent during deposition of the Minette (Fig. 13;
Megnien, 1980, vol. 1, fig. 4.10, 16.3; Ziegler, 1982,
encl. 18). The ebb was generally the dominant current
as shown by observations on many sand waves and by
most of the directional distributions at individual
measurement sites. Thus the ebb currents coincide
with the net sediment transport directions, which is
in accordance with the thickness distribution of the
formation (Fig. 2). The results obtained here (Figs 9,
10 and 13) contradict the palaeogeographical concep-
tion of IRSID (Institut de Recherche de la Siderurgie,
1967). The different transport directions to the NE
and SW were not restricted to geographically separ-
ated zones of marine and fresh-brackish water as
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Fig. 10. Maps of flood and ebb palaeocurrents of the outcrop zone of the Minette evaluated from a trend surface analysis after
Fox (1967), the trend being a sum of linear, quadratic and cubic surfaces.

stated in the IRSID atlas (1967), but nearly every
measurement site shows interfingering of cross-sets
due to both ebb and flood currents. Neither are there
any palaeontological hints for brackish or fresh water
as proposed by IRSID (1967). Sedimentary structures,
fauna and trace fossils suggest a fully marine environ-
ment throughout the whole extent of the Minette Iron
Formation.

DEPOSITIONAL MODEL OF THE
MINETTE

On the basis of the resuits presented above a

depositional model of the Minette can be established
both for vertical build-up and local palacogeography
(Figs 12 and 13).

It has been shown above that in the case of sand
waves controlled by time-velocity symmetrical tides
the facies types of one depositional cycle (muddy
facies and ironstone facies) were formed under a
continuous sedimentary process, the migration of a
sand wave. In the Prinzenberg outcrop four sand
waves have built up the sedimentary pile (Fig. 5) by
overriding each other. Thus the cyclic sequence can
be explained without assuming any transgression.
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Sand waves migrated in a geological frame of a slowly
prograding shoreline.

This explanation holds for a major part of the
Minette sediments, but it does not apply to sand waves
controlled by time-velocity asymmetrical tides found
in the ironstone facies of a cycle. The deposition of
that sand wave category is not related to the deposition
of the muddy facies of the respective cycle. The sand
waves are replaced laterally by deposits showing
bipolar, small-scale, mostly trough cross-stratification,
deposits which can be interpreted as (probably
subtidal) shoals. The sand waves may have formed at
the margins ofthose shoals or within subtidalchannels.
Channelized flow is in accordance with the relatively
high subtidal flow velocities. The muddy facies is now
to be interpreted either as intertidal muddy flats or as
deeper water mud flats seaward in front of the shoals.
The latter has already been assumed by Siehl & Thein
(1978) and suggests prograding or shoal advance over
a more distal muddy facies as also proposed in the
model of van Houten & Bhattacharyya (1982). The
problem can be solved from two independent lines of
reasoning.

The first evidence comes from the bioturbation,
which is different in the coarse grained shoal deposits
and in the muddy facies. Figure 11 shows the
ichnofaunal associations of the facies types together
with their bathymetric ranges. Although conclusions
as to precise bathymetry from trace fossils are not

infertidal subtidal shoreface offshore
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wave base

IRONSTONE FACIES
Arenicolites variabilis
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Palaeophycus tubularis — s
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Fig. 11. Bathymetry of the facies types according to the
ichnofaunal associations, bathymetric range of the traces
after different sources (cf. text, also Teyssen, 1983a).

possible, an estimate of relative bathymetric differ-
ences between the muddy facies and the ironstone
facies is given in Fig. 11 by comparison with other
Jurassic trace fossil associations (Fiirsich, 1974, 1975,
1976, 1977, 1981; Ager & Wallace, 1970; Wincierz
1973; Farrow, 1966; Seilacher, 1967). The conclusion
is that the muddy facies was not intertidal but
originated in somewhat deeper water than the respec-
tive ironstone facies.

Secondly, wave ripple marks were investigated.
Generally the effects of waves are less strong in the
Minette than the effects of currents. But wave ripple
marks can be found in both the muddy facies and the
ironstone facies. They can be distinguished from
current ripples by their symmetry and by additional
diagnostic features of their internal structures (de
Raaf, Boersma & van Gelder, 1977). Wave ripple
marks were measured and used to estimate the
parameters of the formative waves using a method of
P. Allen (1981) (cf. also Homewood & Allen, 1981;
Allen & Homewood, 1984 ; Komar, 1974; Allen, 1979;
Miller & Komar, 1980). Conclusions from a bimodal
distribution of wave periods led to the result of
somewhat greater water depth for the muddy facies
than for the ironstone facies, a general water depth
between several metres and some ten metres seemed
to be most probable (Teyssen, 1983a). The muddy
facies should have formed seaward in front of subtidal
shoals, the shoals prograding over a more distal muddy
facies (cf. Siehl & Thein, 1978, van Houten &
Bhattacharyya, 1982).

In principle there should not be any difference
between migration of large-scale sand waves and
advance of subtidal shoals over its distal muddy facies.
Referring to and expanding the model of sand wave
internal structure (Fig. 8) one should expect that in
the case of exactly equal strengths of ebb and flood
currents (not included in Fig. 8), 2 sand wave type will
be developed which cannot be distinguished from a
shoal. Subtidal shoals advancing over a distal muddy
facies could in principle be incorporated into the sand
wave conception of Fig. 8, but, practically, could not
be recognized as sand waves in the field.

Upbuilding of the sedimentary record occurred as
follows. It is not necessary to correlate regressions and
transgressions with each individual cycle. Generally
the lower part of the formation was built up by large-
scale, subtidal sand waves overriding each other
during progradation of the shoreline (general regres-
sion). On the other hand, there were transgressive
events during deposition of the Minette as can be seen
from the facies alterations in the upper part of the
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sequence. There are hints at a shallowing of water
depth (Achilles & Schulz, 1980; Teyssen, 1983a).
Subtidal shoals were formed instead of sand waves.
The shoals also migrated to the SW and gave rise to a
similar cyclic development of the formation. Both
large-scale sand waves and subtidal shoals were cut
by tidal channels (cf. Fig. 5) within which medium-
scale sand waves developed under channelized flow.
The formation was built up in the frame of a
progradation being disturbed by a few minor trans-
gressive events (Fig. 12).

The ideas of Siehl & Thein (1978) on the genesis of
the iron ooids themselves (which has not been the
scope of this study) have been incorporated into the
model depicted in Figs 12 and 13. The majority of the
iron ooids may have been derived from latosols of
continental areas under lateritic weathering, as has
been concluded from geochemical investigations. That
is also in accordance with the fact that most ooid cores
are quartz grains or fragments of ooids or iron crusts
and cores of fragments of carbonate shells are rare.
The sedimentary structures give hints to turbulent,
oxygen-rich water, which is in contradiction to
Bubenicek’s (1971) assumption of marine iron ooid
genesis. Thus the ooids are supposed to have been
formed on land and transported by rivers to the
marine zone of accumulation.

A palaeogeographic map of the zone of Minette
deposition (Fig. 13) summarizes most of the results
which were obtained in the study of sand wave internal
structures and in the analysis of wave ripple marks
(Teyssen, 1983a). The lateral equivalents of the
Minette in the more central part of the Paris Basin
(cf. Megnien, 1980) are interpreted as shelf muds with
respect to the overall palaeogeographical situation (cf.
Ziegler, 1982). The position of the shoreline and of
the intertidal zones (Fig. 13) is hypothetical, since
recent erosion makes direct observations impossible.

There are some iron formations which are very
similar to the Minette, and which have many
sedimentological attributes that may be explained by
the model proposed for the Minette (van Houten &
Karasek, 1981; Bhattacharyya, 1980; Kimberley,
1980). But possible applicationsof the model presented
above to other Iron Formations remain for the future.
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