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Oolitic iron formations: marine or not marine?

By Reinhart A. Gygi1)

ABSTRACT

A model is proposed for oolitic ironstone formation in open, shallow to deeper marine environments.

Iron is derived from the land. It is concentrated in the sea by a two-stage process. Iron ooids are
formed at the distal fringe of an argillaceous, terrigenous sediment fan in an environment of slow mud
deposition below the normal wave base. The model predicts that formation of goethite or limonite ooids
side to side with chamosite ooids can take place in normally aerated sea water from moderate depths
down to about 100 m. The hitherto unknown origin of iron ooids with alternating crusts of chamosite and

goethite/limonite can be understood in terms of this model. No special submarine topography has to be

postulated. The origin of oolitic ironstones with a very large areal extent and a diverse ammonite fauna,
like those of the Middle and earliest Late Jurassic of east-central France. Switzerland, and southern
Germany, can be explained by the model. The model may be applicable to Jurassic iron oolites in
northern Germany and southern England too. It is derived from a detailed paleoecological analysis of
the iron oolitic Schellenbrücke Bed (Late Jurassic) in northern Switzerland. In this bed. goethite as well
as chamosite iron ooids were accreted in an environment supporting abundant and diverse life, in water
about 80-100 m deep.

The principal conclusion is that known oolitic ironstones probably have been formed in more than a

single mode. There is overwhelming evidence for the marine origin of many European oolitic ironstones,
but at the present time, a nonmarine diagenetic mode of formation can not be excluded in some other
cases.

ZUSAMMENFASSUNG

Ein Modell für die Eisenoolith-Entstehung in einem offenmarinen Milieu bei geringer bis grösserer
Wassertiefe wird vorgeschlagen. Das Eisen stammt von der lateritischen Verwitterung auf dem Land.
Seine Konzentration im Meer findet in einem zweistufigen Prozess statt. Die Eisenooide bilden sich unter
der normalen Wellenbasis am distalen Rand eines terrigenen. tonhaltigen Schlammfächers bei stark
verlangsamter Sedimentation. Chamositooide können sich am gleichen Ort wie Goethit- und Limonit-
ooide in gut belüftetem Wasser bilden, in einem bathymetrischen Intervall von ziemlich seichtem bis

etwa 100 m tiefem Wasser. Das Modell gibt auch eine Erklärung für die Entstehung der bis jetzt schwer
zu interpretierenden Eisenooide mit alternierenden Rinden aus Chamosit und Goethit/Limonit. Für die
Ooidbildung muss keine besondere submarine Topographie postuliert werden. Die Genese von eisen-
oolithischen Horizonten mit einer sehr grossen horizontalen Ausdehnung und artenreichen Ammoniten-
faunen wird verständlich, wie etwa die der Horizonte im Mittleren Jura und im unteren Oberjura des

östlichen Mittelfrankreich sowie des Schweizer und des süddeutschen Jura. Das Modell lässt sich

möglicherweise in modifizierter Form auch auf die Eisenoolithe des Jura in Norddeutschland und in
Südengland anwenden. Es wurde aufgrund einer detaillierten palökologischen Analyse der eisenooli-
Ihischen Schellenbrücke-Schicht im Oberen Jura der Nordschweiz entworfen. In dieser Schicht entstanden

nebeneinander Goethit- und Chamositooide bei einer Wassertiefe von 80 bis 100 m in einem Milieu,
welches einer häufigen und artenreichen Ammonitenfauna günstige Lebensbedingungen bot.

Die wichtigste Schlussfolgerung ist die. dass sich die bis jetzt bekannten Eisenoolithe wahrscheinlich
nicht alle auf die gleiche Weise gebildet haben. Bei vielen europäischen Eisenoolithen darf eine marine

') Museum of Natural History. Augustinergasse 2. CH-4051 Basel.
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Genese als erwiesen angenommen werden, doch muss gegenwärtig bei gewissen anderen Vorkommen
auch mit der Möglichkeit einer nichtmarinen, diagenetischen Entstehung gerechnet werden.

RÉSUMÉ

Un modèle est proposé pour la formation d'oolites ferrugineuses dans un milieu d'une mer ouverte
plus ou moins profonde. Le fer est dérivé de l'altération latéritique terrigene. Il est concentré dans la mer
par un processus en deux étapes. Les ooides ferrugineuses sont formées au bord distai d'un dépôt de
sédiments terrigènes argileux dans un milieu de sédimentation réduite en-dessous de la base normale des

vagues. Le modèle prédit que les ooides de goethite ou de limonite peuvent se former au même endroit
que des ooides à chamosite dans une mer normalement aérée, dans un intervalle bathymétrique de

profondeurs modérées à environ 100 m. L'origine d'ooides avec des croûtes alternantes à chamosite et à

goethite/limonite. qui était inconnue jusqu'à présent, devient compréhensible par ce modèle. Il n'est pas
nécessaire de postuler une topographie sous-marine particulière. Le modèle fournit une explication de

l'origine des oolites ferrugineuses avec une très vaste extension latérale et avec une riche et diverse faune
d'ammonites, comme celles du Jurassique moyen et supérieur du centre-est de la France, de la Suisse

septentrionale et du sud de l'Allemagne. Il est possible que le modèle soit applicable aux oolites
ferrugineuses du nord de l'Allemagne et aussi du sud de l'Angleterre. Le modèle est conçu d'après une
analyse détaillée palécologique du dépôt à ooides ferrugineuses de la Schellenbrücke (Jurassique
supérieur) au nord de la Suisse. Dans cette couche, l'accrétion d'ooides de goethite et de chamosite a eu
lieu à une profondeur d'environ 80-100 m. dans un milieu qui permettait le développement d'une
abondante et diverse faune d'ammonites.

La conclusion principale est que les oolites ferrugineuses connues se sont probablement formées de
plus d'une seule façon. On peut admettre avec certitude une origine marine pour un nombre important
d'oolites ferrugineuses d'Europe, mais à présent on ne peut pas exclure une formation non marine
diagénétique dans certains autres cas.
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1. Introduction

The origin of oolitic iron formations is debated to this day. Most English
(Hallam 1966, Hallam & Bradshaw 1979) and some German students (Aldin-
ger 1957a) of the European Jurassic envisaged the formation of iron ooids to occur
in an open, shallow marine environment. Others pointed out that chamosite is stable
only in the absence of free oxygen, and consequently advocated a concretionary
origin of chamositic ooids during diagenesis (Gebert 1964, Schellmann 1969). One
shortcoming of the latter hypothesis is obvious. Iron ooids with alternating concentric

crusts of goethite and chamosite have been described and figured by several
authors. There is no satisfactory explanation how such particles can be formed
during diagenesis. Lateritic spherules washed into the sea and being concentrated in
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nearshore marine waters seem to be another possibility (Siehl & Thein 1978).
Lemoalle & Dupont (1973) presented evidence that goethitic iron ooids are now
being accreted in the shallow waters of brackish Lake Chad (Africa). Recently.
Kimberley (1979) has proposed a revised version of a model which he apparently
thought to be universally valid for the formation of all known oolitic ironstones.

The assertion of Kimberley's model is that in the course of an upward shallowing

cycle, aragonitic oolite in an "inland sea" is covered by a sheet of argillaceous,
terrigenous mud. Continuing deltaic deposition will eventually raise the sediment
surface above sea level, thus allowing fresh water to percolate the argillaceous cover
and the underlying oolite. Iron and aluminium are then eluviated from clay minerals,

and replace aragonitic ooids completely by chamosite. Kimberley (1979, p. 123)
drastically illustrated the old perception that the amount of iron dissolved in
seawater is so small that direct precipitation of iron from normal seawater could not
lead to the deposition of significant iron orebodies. Several times the volume of the
world's oceans would have been necessary to produce the large Pliocene oolitic iron
formation of Kerch (USSR, see Sokolova 1964).

Bradshaw et al. (1980) promptly challenged Kimberley's implicit assertion that
all known oolitic iron formations could have been formed only diagenetically on
land. In a reply. Kimberley (1980) rejected the arguments of Bradshaw et al.

(1980). At the present time we are not aware of facts proving the model of Kimberley

(1979) to be wrong. Therefore, the origin of oolitic ironstone by diagenesis on
land must be considered as one possible mode of formation. But, as we shall see,

Kimberley's model in its present form is inconclusive. The question now is whether
there is sufficient evidence that iron ooids can be formed in the marine environment,
as many European workers have maintained. It is the purpose of this paper first to
present new evidence that iron ooids can be formed in normally aerated seawater,
in a depth as great as 100 m. This is concluded from sedimentologie, mineralogie,
and paleontologie observations in an iron oolitic horizon of Late Jurassic age in
northern Switzerland. Then, the results are combined into a model for iron ooid
formation in an open, deeper marine environment. Finally, the applicability of the
model to other oolitic iron formations is shortly discussed.

2. The Schellenbrücke Bed

The horizon has only recently been defined and named (Gygi 1977, p. 454). At
Herznach. canton Aargau. it is the top bed of a thick iron oolitic succession (Fig. 1).

Sedimentation of this facies began with a condensed bed (A 5 of Jeannet 1951) in
the subchron of the Kosmoceras (Zugokosmoceras) enodatum Subzone, or in late
Lower Callovian time (Thierry 1978), and ended about at the turn between the
Cardioceras (Cardioceras) cordatum Zone and the Cardioceras (Subvertebriceras)
densiplicatum Zone (Sykes & Surlyk 1976, p. 423; Sykes & Callomon 1979,

Fig.3). or at the end of the Lower Oxfordian (Fig.2, see also Gygi 1969, p. 101). The
lower part of the succession (Lower and Middle Callovian) has been mined for iron
ore during the Second World War and some time after. The whole section to the
Middle Oxfordian is therefore well-known (Jeannet 1951, Gygi 1977). There are no
sediments other than iron oolitic anywhere in the succession. Only the percentage of
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Fig. 1. Geographic range of the Schellenbrücke Bed.

iron ooids in the rocks varied widely with time. Deposition was not continuous. A
major hiatus encompassing at least three subzones could be documented by ammonites

between the nodular bands of the Scarburgense Subzone (Fig.2. earliest
Oxfordian) and the Schellenbrücke Bed of the Cordatum Subzone, the last subzone
of the Lower Oxfordian (Marchand & Gygi 1977). In the region of Herznach, iron
oolitic sediments have thus been deposited intermittently and at variable rates
during a time of about 6 my (Van Hinte 1976, Gygi & McDowell 1970).

2.1 Depositional history

The nodular bed (cf. Fig. 2) of stage A in Figure 3 was formed during
Scarburgense time, as documented by three Pavloviceras pavlowi found in situ in the

uppermost nodular horizon (Gygi & Marchand 1981). At one place in the Herznach

iron mine, the lowest nodular horizon grades into a continuous limestone
band. This, and the fact that there is sometimes a lateral transition from nodules to
marl, indicates that the nodules have been formed during early diagenesis out of a

primary, iron oolitic succession of marl and limey marl, in a process described by
Hallam (1964). This assumption is corroborated by the fact that the abundance of
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Fig.2. Chronostratigraphic position and correlation of the Schellenbrücke Bed. Note the great difference
of thickness in lithostratigraphic units between Liesberg and Herznach.

iron ooids is typically 5-10% in the nodules, and may exceed 20% in the interstitial
marl. The iron ooids in the marl are always oxidized. In the uppermost nodular
band as much as 20% of the iron ooids are in part or wholly chamosite. Some of the
marl between the upper nodules has been scoured by a strong current prior to the
onset of deposition of the Schellenbrücke Bed in Cordatum Subzone time. The bare
surfaces of the nodules were then subject to bioerosion. Boring microorganisms,
fungi or algae, made the surfaces irregular and rough. This even led to fragmentation

of some of the nodules (Fig. 3B). The irregular shape and size of the fragments
is evidence that they are not mechanically broken and scoured pebbles, as would
have been formed if the surface of stage B had been emergent in the intertidal zone
at any time. In Cordatum Subzone time there was first a short term of sedimentation.

A thin deposit of ferruginous lime mud (Fig. 3C) made partial to near-complete

fossilization of a few Cardioceras s. str. possible. Induration of the ammonite
casts must have taken place before that of the enveloping sediment. All of this
sediment has been whirled up and carried away by a current shortly after its

deposition (Fig. 3D). Ammonite casts and parts of such (often indistinguishable
from lithoclasts) lay bare at the sediment surface for some time. There they became
encrusted with limonite. Some of the ammonite casts and "lithoclasts" were then
dug into the ferruginous, much older marl under them by burrowing animals (which
are not preserved), thus being placed below older ammonites of the Scarburgense
Subzone (Fig.3.E). The absence of calcareous sediment in the burrows is proof that
the lime mud deposited at stage C had been entirely removed prior to burrowing.
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Fig.3. Depositional history of the Schellenbrücke Bed. Explanation in the text.

Subsequent sedimentation of ferruginous lime mud (Fig.3£) was again rapid and
episodic. Two more events of erosion can be recognized to have occurred between
times of deposition at stage E (Gygi & Marchand 1981). Erosion was followed by
prolonged intervals when bio- and true lithoclasts were covered by limonite crusts.
Thus has been formed a pseudo-conglomerate which resembles the so-called
Conglomérat de Bayeux (Bajocian) in northern France, as figured by Fürsich
(1971, Fig. lc). The large clasts covered by iron oxide crusts compare well with the
"snuff-boxes" as described and figured by Gatrall et al. (1972). Serpulids grew at the
underside of undercut nodules, as at stage B. Small clasts with a diameter not
exceeding 6 or 7 cm may be encrusted all around, indicating that they have been
overturned. The small lithoclasts are in fact mostly bioclasts at various stages of
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incomplete preservation, which may make the recognition of the original fossil

(mostly ammonites) impossible. Larger bioclasts of Perisphinctes. with a diameter of
as much as 20 cm. have been encrusted with limonite on the upper surface only.
Some of them were then overturned, and the lower surface, now exposed, was
corroded by bioerosion. Thin stromatolitic crusts may occur on such corroded
surfaces. Matrix, litho- and bioclasts of the Schellenbrücke Bed have an average content

of about 10% iron ooids. Most of these are oxidized near Herznach, but in other
sections the majority may consist of pure chamosite (Gygi 1969). Sedimentation of
the Schellenbrücke Bed was terminated by the development of a hardground. This
was capped by a continuous crust of limonite or chamosite with a shining, verrucose
surface. The crust can be followed over a distance of many tens of kilometers (see
Gygi 1969, p. 97). There are sections where the Schellenbrücke Bed is reduced to
this crust as a result of extreme condensation.

2.2 Fauna and taphonomy

In the interior of the Schellenbrücke Bed. a sparse soft ground-burrowing
infauna is represented by few echinoids (Collyrites) and some bivalves (Pholadomya).

The length of Pholadomya individuals does not exceed 5 cm. All Pholadomya
are probably juveniles. The actively suspension-feeding siliceous sponges can only
be recognized in thin section. No whole specimens are present. There are but small
parts of calcitized skeletons, and these usually grade into the matrix without a well-
defined boundary. The parts appear to be the portions of whole, macerated skeletons

(Ziegler 1964) which happened to be buried and thus preserved by small
amounts of sporadically deposited lime mud. Siliceous sponges must then have been

Table: Faunal assemblage of the Schellenbrücke Bed and of the lime-equivalent Glaukonitsandmergel in
northeastern Switzerland.

Schellenbrilcke Bed Glaukonitsandmergel

Porifera P - 1 0.2%

Brachiopoda: Hhynchonellida 15 1.0% 6 1.1%

Terebratulacea 13 0.8,* 3 0.5%

Bivalvia 41 2.6% 32 5.7%

Gastropoda 123 7.9% 9 1.6%

Cephalopoda: Nautilaceae 7 0.454 - -
'Phylloceratidae 14 0.9%' 2 0.4%"

Oppeliidae 124 7.9% 132 23.4%
Ammonoidea Perisphinctidae 565 36.2% -85.6% 162 28.6% •68.1%

Cardioceratidae 568 36.4% 73 12.9%

.Aspidoceratidae 65 4.2%. 16 2.8%.
Belemnoidea 7 0.4% 102 18.0%

Echinodermate : Echinoidea 9 0.6% 5 0.9%
Crinoidea: stem fragments - - 4 0.7%

Vertebrata: individual shark teeth 10 0.7% 18 3.2%

Total number of specimens: 1561 100% 565 100%
P: Parts of incompletely fossilized

specimens present
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more abundant in the biocenosis than in the taphocenosis recorded in the Table.
Crinoids are passive suspension feeders. They are absent at the excavated sites in the
Schellenbrücke Bed. This can hardly be the consequence of unfavourable conditions
of fossilization due to prevailing nondeposition. The absence of crinoids may be

primary because of bottom currents being normally so slack that only active
suspension feeders like sponges or brachiopods could obtain an adequate food
supply. Gastropods, mostly pleurotomariids. are the dominant element of the vagile
benthos. Cephalopods, most of which are ammonites, are most common by far in
the taphocenosis. Boreal Cardioceratidae and tethyan Perisphinctidae make up two
large groups of almost equal size (Table). Oppeliidae and Aspidoceratidae are much
less abundant, and Phylloceratidae are rare. The predominance of ammonites may
have been even greater in the biocenosis than in the taphocenosis. For instance,
most brachiopods found in the excavations are well-preserved, whereas ammonites
were often so incomplete that they were not collected (Gygi 1977, p. 438). The
incompleteness of these ammonites was caused by partial fossilization. The calcium
carbonate in the ammonite shell is all aragonite. Dissolution of this mineral could
begin early in diagenesis, often before the sediment which had got into the shell
after the death of the animal was entirely lithified (see below).

2.3 Facies relationships

Oxfordian sedimentation in the central Jura mountains began with an iron
oolitic marl. This condensed horizon, with a rich, almost pure ammonite fauna
including Cardioceras paucicostatum. has been formed during the earliest part of the
first Oxfordian Subzone, and is only 0.25 m thick (Fig.2, left side of Fig.4). Above are
40-50 m of marl-clay grading upwards into marl, the Renggeriton (Fig.4). In the
lowermost 5 m of the Renggeriton are Scarburgiceras scarburgense and Pavloviceras.
These ammonites occur also at Herznach. in the uppermost band of nodules which
are incorporated into the Schellenbrücke Bed (Fig.2 and 3). Above the Lower
Oxfordian Renggeriton of the central Jura mountains there is a succession of dark
grey marl with bands of calcareous nodules, the so-called Terrain à Chaules (Fig.4).
Rollier (1888) has confirmed the conclusion of Oppel (1856-8) that the thickness

W E
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Sealevel
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'tengg er
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Fig.4. Facies relationships of Lower Oxfordian sediments in northern Switzerland. Not to scale,
thickness of iron oolitic and glauconitic horizons greatly exaggerated.
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of the argillaceous Lower Oxfordian sediments is drastically reduced towards the
south, where the succession grades laterally into a thin, iron oolitic horizon. It is

apparent from an article by Koby (1899) that only the lower part of the Terrain à

Chailles is time-equivalent with the Schellenbrücke Bed proper (Cordatum Sub-

zone. Marchand & Gygi 1977). A few ammonites only could recently be collected
in situ in the lower Terrain à Chailles. They confirm Koby's work, but at present
only a rough estimate can be made of the portion of the Terrain à Chailles belonging

to the Cordatum Subzone. The thickness must be of the order of 10 to 15 m. It
decreases to the south and to the east. Where the thickness is reduced to less than
about 1 m. the facies becomes iron oolitic (Gygi 1969) and is then called the
Schellenbrücke Bed (Gygi 1977). North of the Rhine River, this thin horizon grades
into an equally condensed marl-clay (Fig. 1. 2. and 4) with as much as 30% of
glauconite (Gygi 1969). This has been named Glaukonitsandmergel by Zeiss
(1955). The marl-clay has a dark-green colour. Its upper surface is brown as a result
of oxidation. This thin oxidized horizon is time-equivalent with the ferruginous crust
on top of the Schellenbrücke Bed. The Glaukonitsandmergel has been dated

radiometrically by Gygi & McDowell (1970). The average thickness of the
Schellenbrücke Bed as well as the Glaukonitsandmergel is of the order of 10 cm.

2.4 Environment of deposition

The sediment of earliest Oxfordian age in northern Switzerland (Paucicostatum
Horizon at the base of the Scarburgense Subzone, see Marchand in Debrand-
Passard et al. 1978. and this paper. Fig.2) is condensed. Its maximum thickness
amounts to only a few decimeters, and drops to zero east of Herznach (lowermost
horizon on the left side of Fig.4, see also Gygi 1977. Pl. 11, section 2. bed 6). Iron
ooids occur in varying amounts in a matrix of argillaceous mud. together with
almost pure, diverse cephalopod faunas which are abundant in some places.
Sediment as well as fauna suggest deposition below the normal wave base in water
moved by weak currents. Adequate aeration and normal salinity of the water may
be inferred from the fauna, although it is now apparent that not all cephalopods of
the Recent are strictly stenohaline (Brakoniecki 1980). The muddy matrix of the
sediment indicates that the water directly above was normally quiet. Thus, the
minimal deposition rate probably reflects an insignificant influx of terrigenous clay.
Seawater must then have been highly transparent, with the photic zone reaching to
an exceptional depth. Most of the older sediments in this region were lithified at the

onset of Oxfordian deposition. Hard substrate, very clear water, and subsequent
sedimentation at an extraordinarily low rate would have been ideal for hermatypic
coral growth to start. However, there are no corals at all. If too great a depth alone

were the cause for their absence, a minimum depth of about 80 m would have to be

inferred because of the probably unusual water transparency (see James & Gins-
burg 1979, and Budd & Perkins 1980, p. 893). As we have seen, insufficient bottom
currents could have been another limiting factor, and the temperature may have
been too low. The whole area of what is now northwestern Switzerland was
apparently a wide and relatively deep open marine shelf.
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At the time the first Scarburgiceras scarburgense and Creniceras renggeri
appeared, sedimentation of bluish grey marl-clay (Renggeriton) began in the central
Jura mountains (Fig.4). The rate of deposition markedly increased, and the
argillaceous sediment fan prograded to the south and east. The nodular bed (Fig.2) of
stage A in Figure 3 is the condensed, distal facies at the fringe of the fan (see Fig.4
or Gygi 1977, Pl. 11, section 2, beds 7 and 8). The hiatus between the nodular bed
and the Schellenbrücke Bed in the region of Herznach (Fig.2) points to a regional
increase in water depth during the Mariae Chron. Owing to this, the outer limit
of sedimentation receded, and a nonsequence developed in the distal part of the
Lower Oxfordian sediment lobe (Fig.4). Ammonites are still fairly abundant in
the part of the Terrain à Chailles which is of Cordatum Subzone age. Further up in
the succession, the proportion of bivalves increases, indicating that sedimentation
outweighed subsidence or eustatic sea level rise at the turn from Lower to Middle
Oxfordian. Concomitant with shoaling was a general increase of the carbonate
content in the sediment. In the upper (Middle Oxfordian) part of the Terrain à

Chailles, the bivalve Pholadomya became very abundant, and hermatypic corals
made their first, patchy appearance (Koby 1899, p. 211, 217).

In the Schellenbrücke Bed, there is some direct sedimentological evidence for
water depth. The demonstrably complete removal of fresh unconsolidated sediment
on several occasions could have been accomplished only by an essentially unidirectional

current. Stirring up of loose sediment in normally quiet bottom waters may be

brought about in moderately deep water by a storm, or in water of any depth by an

earthquake-generated tsunami wave (Lucas 1966). Water motion induced by a

tsunami may be inferred to be oscillant without a superimposed directional
component. There is no indication that the Schellenbrücke Bed was deposited on a

surface with an appreciable slope. On a level bottom, sediment resuspended by a

tsunami would settle essentially in the same area after water movement had died
down. Storms appear to be a better explanation to account for infrequent but strong
currents that could sweep away unconsolidated deposit entirely from one place
(Fig. 3D), and rapidly resediment the same small amounts of deposit elsewhere, as

at stage C in Figure 3. This sets a maximum limit to the possible depth of water in
which the Schellenbrücke Bed has been laid down.

The mode of preservation (taphonomy) of ammonites puts a further constraint
on water depth. Broken casts were fractured by differential compaction, for instance
when buried above a lithoclast. The fragments are always close together. The
fracture edges of the casts are never abraded, but they do sometimes show traces of
plastic deformation which took place after the shell was partly or wholly dissolved
and prior to complete induration of the cast. This is a strong argument for deposition

below the normal wave base, as is the absence of fragments of empty ammonite
shells (cf. Ziegler 1962, Fig.2). The random orientation of ammonite casts, probably

due to the action of burrowing animals, points in the same direction. Kuenen
(1964, p. 228) stated that storms may displace rocks half a kilogram in weight at
depths of over 60 m. The common fossilization of delicate spines in Cardioceras is

compelling evidence that the sediment enveloping bio- and lithoclasts of the
Schellenbrücke Bed was often lithified before a current capable of displacing more
than mud-grade sediment intervened.
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Overturn of clasts by currents was then unusual, if it happened at all. even
though events of erosion must have occurred more often than can be read from the
sediment, since loose deposit was not normally present. Well-developed stromatolites

(Gygi 1969. Pl. 1. Fig.2). borings by microorganisms in ammonite shells or in
small bioclasts (Gygi 1969. P1.2. Fig. 5), and iron oxide crusts in the Schellenbrücke
Bed might be interpreted as evidence that the bed got temporarily into an intertidal
or even a supratidal environment, for instance by eustatic fluctuations of sea level.
Changes in sea level have been invoked to account for parallel observations in a

similar sediment (Fürsich 1971). Such an assumption is unnecessary, because
stromatolites and iron oxide crusts now being formed have been discovered in water
more than 100 m deep off Belize by James & Ginsburg (1979). Fossil deep-water
stromatolites have been described by Playford & Cockbain (1969) from a

beautifully exposed barrier reef in the Devonian of Australia (see Playford 1980).

Borings by microorganisms can no longer be regarded as evidence for shallow water,
since Scoffin et al. (1980) have observed that the abundance of borings produced
by fungi on Rockall Bank actually increases in depths below 150 m where agitation
is infrequent. Boring microorganisms in the Schellenbrücke Bed were probably
fungi (see below). Taphonomical evidence from the Schellenbrücke Bed indicates
that the water depth was greater than 70 m. according to observations in the Recent
given by Kuenen (1964. p. 228).

Some information about depth of deposition may be deduced from the minerals
chamosite and glauconite. Glauconite is rare in the Schellenbrücke Bed to the point
where it can even be absent from some thin sections. In the time-equivalent Glauko-
nitsandmergel near Schaffhausen there is as much as 30% glauconite which has been
identified by several methods (Gygi & McDowell 1970). Chamosite could not be

found in that horizon, but varying proportions of the iron ooids in the
Schellenbrücke Bed are chamositic. In a borehole, the ferruginous crust capping the
Schellenbrücke Bed has been found to consist of chamosite (Gygi 1969. p. 60). Part
of the chamosite appears to have been oxidized a short time after its formation, as

indicated by chamositic ooids preserved in different stages of pervasive oxidation, in
a single thin section. In Recent tropical seas, chamosite-like minerals are being
formed in depths ranging from 10 to 150 m (Porrenga 1967). According to this
author, substantial glauconite formation takes place at temperatures lower than
15 °C. This mineral is formed in Indonesia only in water deeper than 55 m (Kuenen,
in Cloud 1955, p. 488). Glauconite was found to be forming off the Niger Delta
from a depth of 60 or 70 m, but it becomes abundant only below 125 m (Porrenga
1967). The paleolatitude of northern Switzerland was somewhat more than 30°N
during the Oxfordian (Firstbrook et al. 1979). The tropical zone was wider at that
time than now. as indicated by hermatypic corals in the Middle Oxfordian of
Greenland (Beauvais 1977) at a paleolatitude of more than 50° N. The Oxfordian
sediments of Switzerland were thus deposited in a tropical sea, and the depth of
formation intervals for Recent chamosite and glauconite in the tropics may be used
as general guidelines. The depth limit below which glauconite formation was
prolific, may have been, owing to the relatively high paleolatitude. at a somewhat
higher level in the Swiss Oxfordian than it is in Recent equatorial waters, assuming
that the temperature gradient with depth was the same in Oxfordian tropical seas as
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in Recent ones. It is likely that the glauconite-rich Glaukonitsandmergel near
Schaffhausen was deposited in deeper water than the Schellenbrücke Bed was.
probably below 100 m.

There are marked differences in the ammonite assemblages of the two horizons.
17% of the ammonites in the Glaukonitsandmergel are Cardioceratidae. as are 42%

in the Schellenbrücke Bed (Table). Debrand-Passard & Marchand (1979) have
found a deposit from the Scarburgense Subzone in northeastern France where the

percentage of Cardioceratidae in ammonites is as high as 90. There, the ammonite
fauna is associated with abundant bivalves. It is therefore possible that Cardioceratidae

preferred relatively shallow water. The Oppeliidae have an opposite tendency.
Only 9% of the ammonites in the Schellenbrücke Bed are Oppeliidae, as compared
to 32% in the Glaukonitsandmergel (Table). Ziegler (1967) defined depth zones for
faunal assemblages which are based on reliable field evidence down to a depth of
about 200 m. According to this author, the ammonite assemblage of the
Schellenbrücke Bed indicates a maximum depth of about 100 m. The much greater
abundance of Oppeliidae in the Glaukonitsandmergel, as interpreted according to
Ziegler (1967), is another, faunal, indication that this horizon was deposited in

deeper water than the Schellenbrücke Bed. James & Ginsburg (1979) found iron
oxide crusts at depths between about 40 and 150 m. Most of the ammonites in the

Glaukonitsandmergel are encrusted with limonite. If it were permissible to apply the
observation of James & Ginsburg to the Jurassic, this would mean that the lower
limit of the depth of deposition of the Glaukonitsandmergel would be close to
150 m. Ziegler (1967) concluded that at about this depth Oppeliidae become more
abundant than Perisphinctidae. Oppeliidae are somewhat less common than
Perisphinctidae in the Glaukonitsandmergel, which may be interpreted as meaning
that the horizon was deposited in water less than 150 m deep.

3. Interpretation and discussion

The depositional history and the facies relationships of the Lower Oxfordian
deposits in northern Switzerland can be reconstructed with ammonites at the
subzone level. The nodular bed and the Schellenbrücke Bed near Herznach are
condensed, relatively deep-water facies at the distal fringe of a thick, argillaceous
succession, which filled in, from the northwest, a basin of more or less uniform
depth. Condensation appears to be a typical property of many iron oolites (Hallam
1966, Talbot 1974). In the Schellenbrücke Bed, condensation has led to an unusual
concentration of fossils (Marchand & Gygi 1977). Kimberley (1979, p. 120) noted
that Phanerozoic iron oolites are "generally highly fossiliferous". On the contrary.
Recent aragonitic oolite shoals in the state of formation support only a thin population

mainly of echinoids. asteroids, and some minute gastropods. Whole macrofos-
sils in lithified calcareous oolites are rare. Kimberley has never used fossils in order
to interpret a paleoenvironment in detail. In addition. Kimberley seems to be

unaware of the ample literature on diagenetic textures produced in aragonitic
oolites by fresh water in the phreatic zone where he supposes ferruginization to take
place. At least some of such textures (see Longman 1980) should be recognizable in
iron oolites if these were formed according to Kimberley's model. All Lower
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Oxfordian deposits of northern Switzerland are marine, and they are covered by
marine sediments.

Sedimentological evidence for the depth of deposition of the Schellenbrücke Bed
indicates only a broad outline. The horizon has been formed below the normal wave
base, but it has been within reach of storm-generated waves. Chamosite and
glauconite provide more detailed information, although many problems of the
mode and the environment of formation of these minerals are still unresolved. The
virtual absence of glauconite from the Schellenbrücke Bed. when paleolatitude data
are taken into account, indicates a water depth of less than 100 m. The taphonomy
of ammonites suggests that the water was more than 70 m deep. The depth interval
indicated by iron oxide crusts of the kind described by James & Ginsburg (1979)
needs confirmation in other warm seas before such crusts can be used with
confidence as depth indicators. Deep-water stromatolites have as yet little potential for
detailed environmental interpretation. Borings by microorganisms seem to be

typical of iron ooids. Ellis has illustrated and named some from the Frodingham
Ironstone as early as 1917. and described them as fungi. Very similar borings in the
Schellenbrücke Bed have been interpreted as fungi by Gygi (1969, p.45) as well.
Boring fungi in thin section cannot readily be used to estimate water depth (compare

Budd & Perkins 1980, with Scoffin et al. 1980), and they are difficult to
distinguish from boring algae. There is no indication to the environmental conditions

which caused hard surfaces either to be eroded by boring organisms, or to be
covered by ferruginous crusts. The most detailed and reliable paleoenvironmental
information can be deduced from the invertebrate fauna. Ammonites are the most
useful indicator for deeper water assemblages. The depth zones of Ziegler (1967),
although defined in Kimmeridgian sediments, can be easily recognized in the
Oxfordian of northern Switzerland.

This is not surprising, since Natland (1933) for instance found good correlation
between depth zones of Recent and Pliocene foraminifera in southern California.
The faunal assemblage indicates that the Schellenbrücke Bed has been deposited in
water about 80-100 m deep. Three other independent lines of evidence are in accord
with this. Therefore it may be concluded that the order of magnitude of the estimate
is correct.

The iron ooids in the Schellenbrücke Bed are certainly not lateritic spherules
washed into the sea. Neither can they have been formed in nearshore waters and
then been transported to a greater depth. Otherwise, iron ooids would occur in the

part of the Terrain à Chailles which is the proximal time equivalent of the
Schellenbrücke Bed. The ferruginous crust on the surface of the hardground on top of the
Schellenbrücke Bed is proof that iron has been concentrated in situ. The sequence
ferruginous lime mud/iron ooids/ferruginous crust may reflect different rates of
sedimentation in descending order of rate. Hessland (1949) was of the opinion that
boring and enveloping microorganisms, which he thought to be algae, could form
iron ooids by precipitating iron. Hessland, however, did not prove that the brown
substance in the penetrating filaments was iron oxide. Iron-secreting algae have not
as yet been reported from the Recent. It is more likely that the brown substance in
the filaments, which probably is iron oxide, was precipitated in the empty tubes after
the death of the boring organisms (see James & Ginsburg 1979), as micritic
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carbonate is precipitated in empty boreholes made by algae in Recent aragonitic
ooids (see Bathurst 1975). It is evident from Gygi (1969. P1.2. Fig.5) that perforation

of the nucleus of an iron ooid and formation of the cortex are successive,
unrelated processes. Aldinger (1957a) and Gebert (1964) proposed that interstitial
water rising from compacting argillaceous sediment could provide iron for iron ooid
formation near the sediment/water interface. Kimberley (1979, p. 124) rejected this
as being quantitatively insufficient. His argument is based on the iron content of
drinkable, subsoil groundwater. This can certainly not be compared with interstitial
water of marine sediments. Kimberley's objection is thus untenable. Observations
by McGeary & Damuth (1973) confirmed that precipitation of iron from interstitial

water near the surface of an argillaceous sediment can take place, but in the case
of the Schellenbrücke Bed this is unlikely. In most of the area where the bed is

present there is no argillaceous sediment underneath which might have undergone
compaction at the time the Schellenbrücke Bed was being formed. The horizon
above the Schellenbrücke Bed is a condensed deposit which is less than 10 cm thick
in most sections, even though it encompasses both the Densiplicatum Zone and the
Antecedens Subzone of the Transversarium Zone (Gygi & Marchand 1981).
Condensation and glauconite in this thin horizon are evidence that the sea became
deeper during the Densiplicatum and the early Transversarium chron. The horizon
represents the initial, "transgressive" part of the next upward shoaling cycle of more
than 200 m of fully marine sediments (Gygi 1969). Ferruginization of the Schellenbrücke

Bed in terms of Kimberley's model cannot seriously be considered under
these circumstances. Neither can ferruginization of the Callovian iron oolitic orebody
of Herznach with its almost pure ammonite fauna, because the orebody is overlain by
iron oolitic horizons with similar ammonite faunas.

4. Model of marine iron ooid formation

Formation of iron ooids on a relatively deep, open marine shelf, as testified
mainly by an abundant and diverse fauna, may have taken place in the following
sequence: Ferric iron oxide derived from weathering on land, in a tropical climate
with adequate rainfall, coated the surfaces mainly of clay minerals (chiefly kaolinite),

but it could also coat other mineral grains from clay to sand size (Carroll
1958, p. 2, cf. Aldinger 1957a, p. 8). Rainfall supporting vegetation on neighbouring

land is indicated by abundant pieces of fossil wood in the Lower Oxfordian beds
6 and 7a of an excavation made near Herznach (Gygi 1977, Pl. 11, section 2). Rivers
washed the iron-coated grains into the sea. In early Oxfordian time, the minerals
were deposited in northwestern Switzerland in a mainly argillaceous succession
about 50 or 60 m thick. Illite is the dominant clay mineral (Pfrunder & Wickert
1970). Illite can carry iron, but less than kaolinite. The capacity of the iron transport
mechanism as proposed by Carroll (1958) is thereby restricted, but the dominance
of illite and the alleged absence of kaolinite (Pfrunder & Wickert 1970) is not an
impeding factor, as Hallam (1966, p. 1309) apparently thought. The observations
made by Lemoalle & Dupont (1973, p. 175) in Lake Chad are qualitative evidence
for this process, and the authors proved by measurements (p. 176) that the iron
transportation mechanism as proposed by Carroll (1958) is effective. After
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deposition, the Eh value of the interstitial water became negative as a result of the

decomposition of organic matter (Berner 1971. p. 119). Ferric iron on the surface of
mineral grains was thereby reduced to the ferrous state. This was dissolved in the
interstitial water, while compaction of the fresh deposit drove the solution to the
sediment surface (Aldinger 1957a. p. 8). The deeper part of the deposit was thus
depleted in iron, as has been measured by Hinze & Meischner (1968) in a Recent
sediment of the Adriatic Sea. At the arrival at the aerated zone directly below the
sediment-water interface, iron was reoxidized and precipitated as amorphous or
extremely fine-grained Fe(OH)3. The iron-enriched zone migrated up with the
sediment surface in the course of deposition because of smothering, which constantly

brought the zone back into a reducing environment. There the iron was again
reduced, dissolved and then precipitated near the subsequent sediment surface. No
ferruginous horizon has been found to date in the Renggeriton or Terrain à Chailles
of northwestern Switzerland except at the upper limit of the Terrain à Chailles in a
section near Soulce, canton Jura (Gygi. unpublished data). Therefore, it must have
been normal that iron was removed in the course of sedimentation. Unlithified mud
of the Schellenbrücke Bed, which was deposited in water possibly as deep as 100 m,
could be put in motion by currents induced by waves less than 2 m high, according
to the diagram in Figure 5 by Komar & Miller (1975). Since the water over the
argillaceous deposits in the northwest was less deep, it may be assumed that storms
resuspended the superficial, iron-enriched part of the sediment in the northwest
more frequently than that of the Schellenbrücke Bed. If this happened not uncommonly

and on a depositional slope, the particles in suspension would tend to be

resedimented downslope. The iron hydroxide being the material with the smallest
grain size would be the first to be whirled up, and the last to settle during resedimentation.

Therefore it would travel the greatest distance. Here is a mechanism of
elutriation which might have been the cause of the lateral facies relationship of
thick, argillaceous sediment depleted in iron with iron-enriched, condensed deposit
at the distal fringe of an argillaceous succession.

Several authors concluded that iron ooids were formed when being rolled by
gentle currents at the surface of muddy sediment. The view that mud could be

deposited at the same place where iron ooids are accreted by currents seems to be

contradictory at first glance. This problem can be solved by assuming an environment

where water is normally quiet, and currents occur only occasionally. Times of
calm water are a prerequisite for mud deposition. For example, the short quiescence
between tidal currents is sufficient. Deposition of mud therefore may occur at any
depth from the intertidal zone down. Net mud accumulation is even possible as a

matrix between oncoids. with a diameter of up to several centimeters, which are

regularly rolled by strong tidal currents (Gygi 1969. p. 112). Net deposition or
winnowing of mud in shallow water apparently depends on two factors. One is the

rate of mud supply (McCave 1971, p. 93). The second depends on whether or not an
unidirectional component is superimposed on oscillant currents (Swift 1979). Mud
in itself gives no information about depth, or intensity of water movement at the site
of deposition. The work of Porrenga (1967) and Knox (1970, 1971) indicates that
there is a limit of minimum water depth for the formation of chamosite ooids. On an

open shelf, episodes of gentle currents recurring at irregular intervals can only be



248 RA. Gygi

expected below the normal wave base as an unusual condition during rough
weather. The maximum depth limit is where episodic currents are never strong
enough to move particles the size of iron ooids. It may be concluded from examples
given by Kuenen (1964) that this may well be as deep as 100 m. Only ferric iron can
be transported in normal seawater. Undeformed goethite or limonite ooids are
therefore probably mostly of primary origin. Chamosite ooids are commonly
deformed during compaction or by burrowing animals. The internal structures
illustrated by Knox (1970) are evidence that the ooids are formed at the sediment
surface, as envisaged by Curtis & Spears (1968). Reduction of ferric iron and
crystallization of chamosite must take place after an ooid is buried (see Talbot
1974) by mud resuspended during ooid accretion. The ooid is thereby placed into
the reducing environment beneath the water-sediment interface. Presence of organic
matter is a prerequisite for establishment of reducing conditions in interstitial water.
A chamosite ooid can be further accreted when a subsequent episodic current has
removed the sediment cover. If then the ooid is once more smothered by settling
mud after water movement has ceased, the new cortex will again become chamosite.
If not, or if the covering sediment sheet is too thin, the iron in the fresh cortex will
remain in the ferric state, and the chamositic ooid becomes enveloped by a crust of
limonite or goethite, which might give the chamosite in the interior some protection
from being oxidized. Repetition of this would lead to the formation of the well-
known, but hitherto enigmatic iron ooids with alternating chamositic and goethitic
or limonitic crusts (see Finkenwirth 1964. p.80. Thienhaus 1969. P1.2, Fig. 1.

Gygi 1969, P1.3. Fig. 8. and Freitag 1970, Photogr.4. and James & van Houten
1979, p. 129). Such a mode of ooid accretion seems to be possible only if the net mud
sedimentation rate is low, as Hallam (1966), Talbot (1974). and James & van
Houten (1979) have concluded.

5. Discussion of the model

This model gives an explanation for the current-induced accretion of iron ooids
on the surface of synsedimentary mud, and for the formation of chamosite ooids in a

well-aerated environment supporting abundant and diverse life. The model is compatible

with the observation that brown (goethitic or limonitic), undeformed iron ooids can
coexist with commonly deformed chamosite ooids, or ooids with alternating crusts of
chamosite and goethite/limonite, and chamosite ooids in various stages of oxidation.

Close coexistence of different ooid types very probably reflects formation in the
same environment (cf. Finkenwirth 1964, p. 82). The faunas indicate that marine
iron ooids may be formed in a relatively broad depth interval from shallow water
(Talbot 1974. p.441) down to about 100 m. It is not necessary to assume a special
submarine topography with a clastic trap to account for the observed facies relationships,

as Hallam (1966) has done. The model is in agreement with the fact that
oolitic ironstones are typically condensed. Unusually strong storms may be invoked
as a cause for the winnowing of mud leading from mudstone to packstone concentration

of iron ooids. as is found for instance in the upper half of the Callovian
orebody of Herznach. The "transgressive" character of some iron oolitic horizons
can be understood in terms of this model.

The Hjulström effect is critical to the model. Unexpectedly high current veloci-
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ties may be necessary for the resuspension of cohesive mud. However, it is established

that mud has been resuspended in the Schellenbrücke Bed. Observations are
rapidly accumulating that storm-induced mud resuspension and transport can be a

large-scale geologic process (Swift 1979. Cacchione & Drake 1979). Young
& Southard (1978) have made in-situ measurements on the bottom of Buzzard
Bay, Massachusetts. Another crucial point in the model is the position of the zero
£/»level within the sediment. In a mud under normally aerated seawater. the Eh of
the interstitial water may become negative at a very short distance down from the
sediment surface (ZoBell 1946. Table 6. Ginsburg 1957. p. 88). Precise data are
not available due to the inaccuracy of measurements in the field (see Friedman
& Sanders 1978. p. 137). Personal observations in the intertidal and shallow
subtidal zones of the Jadebusen Bay of the southern North Sea and in Bermuda,
indicate that the zero Eh surface is close to or within millimeters from the sediment
surface in mud-grade deposits. A negative Eh in a sediment may be assumed from
grey hues of varying intensity, and from the odor of hydrogen sulfide. This
substance is stable only in the absence of free oxygen. A problem particular to the
Schellenbrücke Bed is the rapid lithification of the calcareous mud, as indicated by
the preservation of delicate spines in cardioceratid ammonites. The preferential
occurrence ofmarine iron ooids in condensed deposits suggests that iron ooid accretion
is a slow process. Did lithification of mud in the Schellenbrücke Bed proceed slow
enough to allow for iron ooid formation? We have seen that the matrix of this
horizon became lithified at an uneven rate. Some portions must have remained
unconsolidated long enough to make iron ooid accretion possible.

Unsolved problems are the selective mode of accretion of iron ooids on the
surface of a sediment which, in the case of the Schellenbrücke Bed. has a very
different composition than the ooids. We have as yet no satisfactory explanation for
the apparently syngenetic impregnation of calcareous ooids with iron hydroxide, as

figured by Freitag (1970. Photogr. 2). The generally good sorting of iron ooids
which have been formed in relatively deep water, is not understood. There is no
indication of what created the reducing conditions necessary for the formation of the
chamositic part of the crust on top of the hardground of the Schellenbrücke Bed. but
there is evidence that the crust has not been formed under anoxic water (see above).
Another problem which has to be specially discussed in relation to the
Schellenbrücke Bed is ooid reworking. The horizon is so thin that reworking of iron ooids
from older sediments cannot be ruled out. But this is unlikely, since iron ooids are
always present, even where the horizon overlies sediments without iron ooids.

Transportation might have been the cause for this, but if currents had displaced
ooids over distances of many kilometers they would have winnowed the fine-grained
matrix completely in the process. This has never been found. Moreover, the chamositic

ooids. which are initially soft and may remain soft until after the muddy matrix
is lithified (Gygi 1969. p. 46), would have been destroyed by abrasion in the course
of prolonged transportation (cf. Aldinger 1957a. p. 7). It is not known how
bioclasts of any size could be overturned in water over 80 m deep. A possible explanation

is given by Gygi (1969, p. 105) for another condensed horizon in the Late
Jurassic of northern Switzerland. In the Recent, rays and hogfish have been
observed to overturn rocks in search of food.
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The applicability of this model to other iron oolitic formations cannot be tested
in detail, because the lateral facies relationships of most oolitic ironstones are not
well-known. The following iron oolitic rocks or ores appear to compare well with the
Schellenbrücke Bed by their very wide areal extent and fauna: "Murchisonae Beds"

(Upper Aalenian. Aldinger 1951b, Fig.3). "Humphriesi Bed" (Middle Bajocian.
Aldinger & Frank 1944. Fig.4), "Macrocephalus Beds" and "Anceps-Athleta
Bed" (Callovian) in northern Switzerland and southern Germany. The Early
Jurassic minette ores of Lorraine, France (Bubenicek 1964). southern Germany
(Aldinger & Frank 1944. Fig.2). and northern Germany (Hoffmann 1969.

Fig. 33) have probably been formed in a shallow-water, near-shore environment.
Formation of the Late Jurassic iron oolitic ores of northern Germany (Simon 1969)
and southern England must have occurred in a similar, possibly even lagoonal
setting (Talbot 1974, Fig. 5-6). There is no evidence that the iron ooids of these
shallow-water formations originated in a mode fundamentally different from the

one proposed in the above model. It is evident from the work of Hallimond 1925.

p.61) that the Northampton Ironstone is condensed, and that the uppermost bed of
the Cleveland Dogger has a wide areal extent (p. 59). The orebodies are associated

or even interbedded with argillaceous mud (Hallimond 1925, p.42, Talbot 1974,

Fig.3). They have accumulated in depressions rather than on submarine highs
(Simon 1969. Fig. 124, cf. Hallam 1967. Fig. 5). It is possible that iron ooid accretion
in a lagoon, or in a closed brackish basin like Lake Chad, can proceed at a high rate
(Lemoalle & Dupont 1973, p. 176). and without an intervening concentration by
compactional eluviation and subsequent elutriation.

6. Conclusions

Iron has been concentrated in the Schellenbrücke Bed either in the fine-grained
matrix, in iron ooids. in crusts on litho- and bioclasts, or on the hardground at the

upper surface of the bed. The environment of deposition was an open marine shelf
with very little sedimentation, supporting an abundant and diverse fauna in water as

deep as 100 m. The concentration of iron took place in two stages. Iron was eluvi-
ated in the course of compaction from a thick succession of argillaceous sediments in
a more proximal position. Iron hydroxide was first concentrated near the slightly
sloping sediment-water interface of this deposit (less than one-half degree. Gygi.
unpublished data). Repeated whirling up and downslope resedimentation of the

uppermost deposit led to further concentration of iron hydroxide by elutriation near
the distal fringe of the argillaceous sediment fan. This was the place where ooids
with ferric iron were accreted, normally when being rolled by episodic currents.
When an ooid was covered by an adequate sheet of settling mud immediately after
accretion, the fresh crust was diagenetically transformed into chamosite. provided
that the crust had the right chemical composition (see Curtis & Spears 1968), and
that the mud contained enough organic matter. Ooids remaining at the surface or
being covered by too thin a sediment sheet, or by sediment with too little organic
matter, developed crusts of goethite or limonite.

1. There can be no doubt that some Jurassic oolitic iron formations of central
and northern Europe originated in shallow to deeper marine waters.



Oolitic iron formations 251

2. Lateritic spherules apparently can be concentrated in shallow marine
sediments. Such spherules might be difficult to distinguish from iron ooids of marine
origin if the spherules were well-sorted and had distinctly concentric crusts.

3. Careful observations suggest that iron ooids are now being accreted in the
shallow and brackish waters of Lake Chad. This is an indication that iron ooid
accretion is possible in waters with varying salinities.

4. There is no reason to reject ferruginization of aragonitic oolite by fresh water
on land as a possible mechanism for oolitic ironstone formation. But at present it is

impossible to judge the validity of Kimberley's views unless convincing sedimentological

and faunal evidence supporting the model is produced. The main conclusion
of this paper is that known oolitic ironstones probably have been formed in more
than a single mode.
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