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ABSTRACT 

Molenaar, N., 1984. Palaeopedogenic features and their palaeoclimatological significance 
for the N~vremont Formation (Lower Givetian), the northern Ardennes, Belgium. 
Palaeogeogr., Palaeoclimatol., Palaeoecol., 46: 325--344. 

The lower member of the N~vremont Formation is characterized by the frequent 
occurrence of pedogenic features, which suggest intermittent exposure of the fluvial 
depositional environment. 

The evidence for pedogenesis comprises horizons of calcite glaebules and nodular cal- 
crete, haematite segregation, resulting in pronounced colour mottling, and the formation 
of palaeosolic root-horizons with root tubes, cutanic features, burrows and striotubules. 

Based upon the presence of these features, it is suggested that the climate was semi- 
arid. The source area of the quartz-rich parent clastic sediment was presumably subjected 
to intensive chemical weathering, resulting in mature quartzose sediments, with illite and 
kaolinite as dominant clay minerals. 

INTRODUCTION 

Descr ip t ive  s tudies  of  the  Devon ian  sed imen t s  in the  n o r t h e r n  Belgian 
Ar dennes  have  resu l ted  in a wel l -establ ished s t ra t igraphic  f r a m e w o r k  ( C o e n - -  
Aube r t ,  1974) .  However ,  l i t t le is k n o w n  o f  the  depos i t iona l  env i ronmen t s ,  
especial ly  fo r  the  Middle Devonian .  S e d i m e n t a t i o n  dur ing  the  Ear ly  Givet ian  
was p r o b a b l y  s t rong ly  in f luenced  b y  the  p resence  o f  the  L o n d o n - - B r a b a n t  
Massif, s i tua ted  no r th  o f  t he  D i nan t  Basin, and  pe rhaps  b y  the  S tave lo t  Massif 
(Tsien,  1974) ,  s i tua ted  sou theas t  o f  the  Vesdre  Basin. The  f irst  was a pro-  
n o u n c e d  high dur ing m o s t  o f  pos t -Ca ledon ian  Paleozoic  t ime  (Coen-Auber t ,  
1974;  Ziegler, 1978) .  Dur ing  the  earl iest  Givet ian  this high p r o b a b l y  f o r m e d  
a l andmass  t h a t  was pa r t  o f  the  Old Red  Cont inen t .  

0031-0182184]$03.00 © 1984 Elsevier Science Publishers B.V. 
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The Giv~tian in the northeastern part of the Dinant Basin and the western 
part of the Vesdre Basin (Fig.l) can be subdivided into two formations 
(Fig.2), the lowest being the N~vremont Formation (Coen-Aubert, 1974). 
The lower part of the N~vremont Formation consists of quartzose clastics, 
the upper part is composed of limestones or dolomites. The lower member 
of the N~vremont Formation, which will be referred to as Member 1, is com- 
posed of a variegated clastic sequence. This sequence consists of interbedded 
red, grey and mottled conglomerates, arenites and clastic wackes. The com- 
position is predominantly quartzose, although carbonate grains may be an 
important constituent in the upper part of Member 1. 

The aim of this paper is to establish a depositional environment for the 
lower part of the N~vremont Formation by means of interpretation of early 
diagenetic features. Furthermore, evidence will be given for the presence of 
pedogenic features comparable to those in recent soils. Palaeosols might be 
expected since terrestrial plants developed during the Early Devonian. How- 
ever, with the exception of the description of Old Red Sandstone calcretes 
by Allen (1974) and Leeder (1975), few Devonian palaeosols have been de- 
scribed so far (McPherson, 1979; Ortlam, 1980). 

Samples were studied from exposures at Barse-Vierset (1), Tilff (2), Prayon 
(3), Trooz-Fraipont (4), and Les Mazures (5) (Fig.l) by means of petro- 
graphical study of some 100 thin sections, X-ray diffraction study and scan- 
ning electron microscopy. 

GIVETIAN ~ L ~ 3 ~:_~DR]E ! 

COUVINIAN V6~m 

Fig.1. Sample  locat ions  and general d is t r ibut ion  of  the Couvinian,  Givetian and Frasnian 
in the no r the rn  par t  o f  the  Dinant  Basin and the wes tern  par t  o f  the  Vesdre Basin. Thick- 
ness of  M ember  1 or the exposed  par t  o f  Member  1 ranges f rom 4 to 19 m. (1 = Barse- 
Vierset;  2 = Tilff; 3 = Prayon;  4 = Trooz-Fra ipont ;  5 = Les Mazures.)  
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Fig.2. General stratigraphy and lithology (after Kasig and Neumann-Mahlkau, 1969; 
Coen-Aubert, 1974; and measured sections (Fig.I)) .  

DESCRIPTION AND INTERPRETATION 

Host rock 

The clastics constituting Member 1 in the studied exposures are quartz- 
arenites or lithic arenites, conglomerates, and wackes, in descending order of 
frequency. X-ray diffraction studies show that illite and kaolinite are the 
main clay minerals, occurring in various proportions,  while chlorite occurs in 
minor amounts.  The clastics build up sheet-like or lenticular layers, consist- 
ing internally of  broad, shallow scour and fill deposits with low-angle cross 
lamination or horizontal lamination. Locally, they may be arranged in 
thinning-upward and fining-upward sequences. The siliciclastics were probably 
eroded from rocks cropping out  in the London--Brabant  Massif, as indicated 
by the presence of some tourmaline-quartzite clasts (Kasig and Neumann- 
Mahlkau, 1969). 

The sediments are lithified predominantly by quartz cementat ion in the 
quartzose terrestrial deposits, or by both quartz and calcite cementat ion in 
the presumably lacustrine and shallow marine clastics (Molenaar, in prep.). 
The cementat ion occurred partly penecontemporaneously,  and partly during 
burial diagenesis, as witnessed by, respectively, the lack of  or presence of  
compactional  features. Locally haematite may form a cementing agent and a 
pigment. 

The sediments of  Member 1 possess a high mineralogical maturity.  Frame- 
work components  of  the arenites are predominantly quartz. Lithic fragments, 
such as phyllitic-clayey rock fragments, siltite, arenite and metaquartzite 
rock fragments and carbonate (bio)clasts occur in varying percentages. These 
carbonate (bio)clasts occur in several layers in the upper part of  the sequence. 
The fossil content  points to some lacustrine intercalations and (reworked) 
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Fig.3. Slightly reworked gyrogonites  (G) with internal geopetal  sediment  and geopetal  
accumula t ion  of  matr ix  on top of  clastic grains. The arrow indicates the stratigraphic 
facing. The mechanical ly  infi l trated matr ix  is iron-rich. The sediment  is a sublithic arenite- 
wacke f rom a lacustrine intercalat ion with some carbonate  clasts and calcite cement .  
Sample TF54,  Loca t ion  4. Plane-polarized light. Scale bar = 1 mm. 

marine incursions towards the top of  Member 1. Gyrogonites, i.e. calcified 
female fructifications of  charophytes (Fig.3), and peloids indicate lacustrine 
conditions, whilst worn bioclasts, brachiopod fragments and fossiliferous 
l imestone fragments are relicts of  the marine incursions. The quartz grains 
may be second cycle, because of  the presence of  some worn overgrowths. 
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Quartz grains show an embayed surface in several wackes, probably caused 
by superficial dissolution. The roundness of  the quartz grains varies from 
very angular to well rounded, or it may be totally obscured by quartz over- 
growths or marginal replacement by ferric oxides. Sorting also displays a 
large range. Arenites are well sorted to very poorly sorted, while the conglo- 
merates are nearly always poorly or very poorly sorted. This variable textural 
immaturi ty and the range in mineralogical maturi ty (mature to submature) 
were probably caused by extensive mechanical mixing of the sediments. 
Vadose diagenesis was active during these relatively long periods of slow sedi- 
mentat ion or pauses in sedimentation, as indicated by the presence of  the 
various pedological features described in this paper. Apart from roots and 
plant fragments, further fossil remains are scarce. 

Root  channels 

Dispersed throughout  the conglomeratic and arenitic sediments are tubular 
structures or systems of  branching tubes, which are interpreted as being 
caused by root  penetrations. These tubes are empty  or they may still be 
filled with organic material, now carbonized. The former root  tubes are 
arranged in horizons approximately parallel to the bedding, and probably 
mark the palaeopedomorphic surfaces. They have been traced over a distance 
of  several hundred meters near section 4. The root- tube horizons at several 
stratigraphic levels in sections 1 and 4 indicate a former vegetation-cover. 

Roo t  tubes, with a maximum diameter of  2 cm, formed a path along 
which other processes occurred preferentially. One of these processes was 
the segregation of  iron compounds.  This resulted in bleached zones along the 
channels and dark-red iron enrichment zones or neoferrans, which show dis- 
t inct inner margins towards the channel and vague outer  margins. These 
bleached zones and neoferrans are clearly visible in Fig.4. 

Burrows and striotubules 

In several samples the sediment is disturbed by striotubules (Fig.5}. These 
are striated (animal) burrows. Similar features have been described by 
Buurman (1980). Visibility of  these structures is sometimes enhanced by 
iron and manganese oxides separations. In several samples burrowing caused 
clearly visible mixing of  primary clayey and sandy laminae. These burrows 
may be partly filled with gypsum or baryte. 

Clay illuviation 

nluviation cutans, composed of  clay-sized material, are common in many 
of the sandstones as well as the conglomerates. However,  in the conglomer- 
ates and the wackes this feature seems to be restricted to former permeable 
channels, because of  the presence of  a primary, i.e. detrital, clay matrix in 
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L t. 

Fig.4. Photograph of hand sample showing root  channels (R), light brown leached zones 
(L), brown neoferrans (N), and greyish brown porous arenite with clay cutans dispersed 
throughout  the sediment. Sample TF60, Location 4. Sample is 16 cm long and 9 cm high. 

many conglomerates and associated low porosity.  Apart from some detrital 
clay in the arenites, occurring as matrix and/or clasts, clay may be present 
around grains and bordering vugs. Clay flakes, predominantly illite and kaol- 
inite, are aligned with their (001) planes parallel to grain boundaries and vug 
boundaries (Fig.6B, C), forming a birefringent fabric, i.e. a clay cutan 
(Fig.6A). Permeability may be greatly reduced, creating an impermeable 
layer or horizon. 

In vugs and larger pores these cutans, referred to as void argillans (Brewer, 
1964), are often mammilated, as variations in thickness of  the cutan result in 
curved cutanic surfaces. Owing to compaction in the wackes, argillans (pre- 
sumably former void argillans) were squeezed into irregular masses still 
possessing a birefringent fabric. In other cases the irregular clayey masses are 
compacted clay-filled burrows or clay lenses between sand-filled burrows. 

Clay-cutans are the result of  mechanical infiltration in a formerly porous 
sediment (Teruggi and Andreis, 1971; Brewer, 1972; Walker et al., 1978). 
Above or near the former watertable or above impermeable layers the clay- 
sized material was flushed in and remained in the pores when downward 
flux with clay particles in suspension stagnated and the water evaporated. 

Clay illuviation is a process restricted to the vadose zone or the zone of  
fluctuating groundwater table (Teruggi and Andreis, 1971; Walker et  al., 
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Fig.5. P h o t o m i c r o g r a p h  f rom th in  sec t ion  showing  a s t r io tubu le  and  some calcre te  glae 
bules. Glaebules  seem to be displaced s o m e w h a t  by the  bur rowing  agent.  Sample  TF88 ,  
L o c a t i o n  4. Crossed nicols.  Scale bar  = 1 mm.  

1978). Clay cutans are very frequently observed in paleosols (Terugi and 
Andreis, 1971). However, soil formation is not  a prerequisite, since they may 
also form in (semi) arid regions (Walker et  al., 1978). Their relationship with 
palaeosols is sometimes clearly demonstrated by former root  tubes with clay 
cutans (Fig.7) or by the presence of  other pedogenic features. The thickness 
of  the cutans is probably mainly dependent  on the diameter of  the connec- 
tions between pores, which is a function of  sorting and packing of  the sedi- 
ment. Since the distribution of  sorting and packing is inhomogeneous, thick- 
nesses of  cutans display a similarly irregular distribution. The settling of  clay 
particles is likely to have obstructed small pore connections. This caused the 
stop of  the downward flux. In this case, porosi ty would be partly preserved. 
The thickness of  the cutans is probably also affected by the duration of  the 
interruption of  sedimentation, A long interruption, and thus a long residence 
in the vadose or uppermost  phreatic zone, would allow more clay to be 
moved downward.  In general, this occurs in conjunction with the formation 
of  palaeosols, since palaeosol development typically represents a major break 
in the sedimentation. 

Whenever clay cutans were thick enough, and completely enclosed the 
framework components ,  they prevented later cementat ion (Heald and Larese, 
1974). This resulted in a friable and porous sediment. 
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Fig.6. Example of arenite with mechanically infiltrated clay forming clay cutans. A. 
Oriented birefringent clay around very angular quartz clasts, one with worn overgrowth, 
and mammilated argillans inside and bordering larger vugs with reduced primary porosity 
(P). Partly crossed nicols. Sample TF60, Location 4. Scale bar = 0.1 mm. B. Scanning 
electron microphotograph of the same sample showing the clay cutans. Secondary electron 
image. C. Detail of 6 B: oriented clay platelets parallel to the quartz grain surface. Secon- 
dary electron image. 

Haema tite 

Iron (oxi)hydrate compounds,  now converted to haematite as identi- 
fied by XRD, were not  present in the sediment at the time of  deposition, 
apart from some haematitic clasts in conglomerates and as clay-sized ma- 
trix in some wackes at the top  of  fining-upward sequences. Iron com- 
pounds are manganese-rich as is shown by  SEM observations. 

The iron and manganese (oxi)hydrates were also flushed in mechanically. 
Mechanical infiltration usually took  place concurrently with clay infiltration, 
which occurred in at least two phases: one phase penecontemporaneously 
and a second phase after partial quartz cementation. The infiltrated, i.e. 
illuviated, iron and manganese compounds  occur in cutans around framework 
grains, dispersed throughout  the sediment or along permeable channels. They 
form ferrans (as a separate phase) or ferri-argillans (together with clay 
minerals) (Brewer, 1964). Locally, the iron and manganese compounds  may 
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Fig.7. Photomicrograph of a root tube with carbonized wood fragments (CW) and clay 
cutans (indicated with arrows) around the former rootlet in an arenite with some primary 
clay matrix (PM). Plane-polarized light. Sample B23, Location 1. Scale bar = 1 mm. 

thus fo rm the cement ing  material ,  par t ly  or  comple te ly  filling the pores.  The 
occur rence  of  geopetal  s t ructures  indicates the mechanical  m o d e  of  infiltra- 
t ion (Fig.3). F requen t ly ,  bo th  mechanical  infi l t rat ion and chemical  infiltra- 
t ion and /o r  redis t r ibut ion (gleying) are cont ro l led  by the  presence o f  
permeable  channels  such as r o o t  tubes  or burrows,  causing a mo t t l ed  distri- 
bu t ion  o f  clay and haemat i te  in the sediment .  

However,  iron and manganese  infi l trat ion canno t  be a t t r ibu ted  to pedo- 
genic processes with cer ta in ty ,  since inf i l t rat ion cou ld  have occur red  above 
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the water table regardless of  the presence of  a soft. The only prerequisite for 
this process is a lowered groundwater level. 

Apart from detrital supply, intrastratal solution of ferro-magnesian minerals 
in a chemically immature sediment is capable of  introducing iron-manganese 
compounds  into the sediment, and of causing red colouration (Walker, 1967; 
Morad, 1983). However, because of the high mineralogical maturi ty of the 
sediments of  Member 1, and the almost total lack of  ferro-magnesian mineral 
grains and authigenesis of clay-minerals, which would be a result of intra- 
stratal solution, this can be ignored as a source for iron--manganese com- 
pounds. Infiltration probably accounts for (nearly) all the iron and manganese 
compounds.  

Mottling and ferric glaebules 

Colour mottling is a common feature in many of the arenites and wackes. 
They occur as light grey to greenish mottles, frequently vermicular, within a 
reddish matrix. The mottles may have either diffuse or distinct boundaries. 
In several samples they are clearly associated with former root  tubes, i.e. a 
bleached zone around the tube. 

After infiltration, the iron and manganese (oxi)hydrates were subjected to 
two modifications: redistribution (gleying), and recrystallization, causing red 
colouring. Redistribution of  the iron and manganese compounds  was a fairly 
common process in the wackes as well as in the arenites. This resulted in a 
pronounced colour mottling, i.e. light grey to greenish greyish spots caused 
by removal of these compounds.  Especially along preferred water channels, 
such as burrows and former root  tubes redistribution and consequently 
mottl ing was very frequent.  Figure 4 shows an example of  the leaching and 
the resulting bleached zones around former root  tubes, with dark colored 
neoferrans-mangans. 

Segregation processes, i.e. the redistribution of the iron--manganese com- 
pounds,  were caused by pseudogleying (Buurman, 1980). Pseudogleying 
occurs above or near a low groundwater level. Periodic wetting of the soil 
occmTed predominantly downward along permeable channels, such as root  
tubes and burrows. The greater part of the soil above this low groundwater 
level was thus oxidized, while wet ted channels periodically possessed a reduc- 
ing micro-environment (Buurman, 1980). In these channels, iron and man- 
ganese compounds  became reduced and thus soluble. Leaching and eventual 
reprecipitation in the oxidized parts of  the soil was the consequence (Fig.4). 
The pseudogleying resulted in a red matrix with leached greyish spots. 

In some samples segregation processes caused concentration of the iron 
(and manganese) oxides in small massive ferric nodules (Fig.10), often com- 
bined with calcite, forming compound  calcite-ferric glaebules (Figs.8A, B, C 
and Fig.10). The ferric nodules do not  possess an internal fabric and mostly 
have a similar or slightly lower content  of  clastic grains as compared to the 
matrix. The size of  the ferric glaebules in the wackes (up to 1 mm) shows 
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Fig.8. A. C o m p o u n d  glaebule wi th  ferric nuc leus  in a wacke.  Crossed nicols.  Sample  TF86 ,  
Loca t i on  4. Scale bar  = 0.2 ram. B. Small  concen t r i c  l amina t ed  c o m p o u n d  ferric-calcite 
glaebule.  P lane  po la r ized  light. Sample  T F 8 7 ,  Loca t ion  4. Scale bar  = 0.2 mm.  C. Large 
concen t r i c  l amina t ed  c o m p o u n d  ferric-calcite glaebule wi th  glaebular  ha lo  and  high con- 
t en t  of  clastic qua r t z  grains. Par t ly  crossed nicols.  Sample  TI39 ,  L o c a t i o n  2. Scale bar  = 
1 mm.  D. Detai l  of  Fig.8C:  ca lc i te -coated  quar t z  grains, i.e. calci tans,  inside the  glaebule.  
P lane-polar ized  light. Sample  TI39,  L o c a t i o n  2. Scale bar  = 0.5 mm.  
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that they were not  in hydrodynamic equilibrium with the coarse siliciclastics. 
Frequently they grade outwards into the sediment, possessing a diffuse 
boundary or a glaebular halo. In contrast, the compound glaebules are often 
concentrically layered (Fig.8C) with one or more thin haematitic laminae 
(Fig.8B), or a haematitic nucleus (Fig.8A). 

The diffuse glaebular boundaries and the association with mott led host  
rocks suggest that the redistribution of  iron--manganese, which sometimes 
culminated in the formation of glaebules, can be interpreted as mainly due 
to pedogenic accretionary processes (Brewer and Sleeman, 1964). 

Colour 

Present rock colours vary from greyish-red and pale orange-red, or light to 
very light grey. The red colouring is caused by the amount  of  iron-oxides and 
their distribution. In the clayey--silty matrix of  the wackes and in some con- 
glomerates primary pigment, i.e. detrital clay-sized iron-oxides, might have 
been present. In the arenites, most  of the iron compounds  were infiltrated as 
primary matrix content  is very low. Subsequently the iron was redistributed 
by pseudogleying. 

After (re)precipitation and subsequent  oxidation, the iron oxides were 
converted into haematite, which constitutes the red pigment; the so-called 
ageing (Turner, 1980). This conversion to haematite could be partly of  pedo- 
genic nature in semi-arid and arid climates (Walker, 1967; Van Houten, 1973; 
Bown and Kraus, 1981). However, diagenetic conversion of part of the iron 
compounds  and/or haematite into (re)crystallized cement  is indicated by 
replacement of  quartz clasts, authigenic quartz overgrowths, and quartz 
cement  by haematite crystals. The present colour distribution is thus the 
result of penecontemporaneous processes, partly pedogenic, as well as of 
burial diagenesis. 

Calcite and compound glaebules 

In the upper part of  the fining-upward sequences, glaebules (sensu Brewer, 
1964) are a fairly common feature. The host-rock is usually a greyish-red 
coloured wacke, and occasionally an arenite. In a few cases reworked nodules 
and other  pedorelicts such as papules (Brewer and Sleeman, 1964; Brewer, 
1972) were observed. 

Concurrent with, or shortly after the infiltration of iron compounds,  cal- 
cite supply and precipitation took  place. This caused the development of 
whitish calcite glaebules. The glaebules range in diameter from 0.1 to 1.5 mm 
and are massive micritic or microsparitic nodules, or they may alternatively 
be concentrically laminated. In the latter case they are called concretions 
(Brewer, 1964). Sometimes the glaebules may be compound,  i.e. they may 
possess some haematitic laminae or a haematite nucleus (Fig.8). The haema- 
tire was probably precipitated periodically during reducing conditions in a 
still-porous calcite nodule (Chakravarty et al., 1982). 
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The concentric habit  is caused by an alternation of calcitic and hematitic 
laminae in the compound glaebules or by a slight variation in the size of  cal- 
cite crystal: the glaebule nuclei are often sparitic while the outer  laminae or 
layer are micritic to microsparitic. In the latter case, the laminations are 
diffuse and the concentric habit  is faint. Most calcite glaebules have a distinct 
boundary,  whilst the larger compound glaebules tend to have diffuse bound- 
aries and glaebular halos (Fig.10). 

In the fining-upward sequence (section 2 and 4) the number and size of 
the glaebules increase towards the top. In the uppermost  level, the glaebules 
are clustered together forming calcrete nodules up to 1.5 cm in size (Fig.9) 
(Nagtegaal, 1969; Reeves, 1970; Allen, 1974; Steel, 1974). The consti tuent  
glaebules are separated from each other  by thin films of  clayey material where 
stylolitization may have occurred preferentially during burial diagenesis. 
Owing to shallow burial compaction or to the stylolitization, several nodules 
tend to have their long axes parallel to the bedding. 

Nodule growth was displacive as indicated by the lower percentage, or 
even the total absence, of clastic grains inside the nodules. If (quartz) grains 
are present, an occurrence which is generally restricted to compound glae- 
bules, they may be enveloped by a single calcite crust (Fig.8D), a feature 
characteristic of calcrete (Nagtegaal, 1969). This crust, called calcitan 
(Jongerius and Rutherford,  1979), is composed of wedge-shaped microspar- 

Fig.9. Calcrete  nodu le  wi th  c i rcular  cracks  and  craze planes,  c o m p o s e d  of  coa lescent  
calci te  glaebules.  Crossed nicols.  Sample  TI30,  Loca t i on  2. Scale bar  = 1 mm.  
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Fig.10. Ferric glaebules with undifferentiated fabric and diffuse boundaries (fg) and some 
low-Mg calcite glaebules (cg) and compound ferric-calcite glaebules (fcg) in a poorly sorted 
wacke. Partly crossed nicols. Sample M5, Location 5. Scale bar = 1 mm. 

sized calcite crystals, oriented with their long axes perpendicular to the grain 
surface. 

The larger glaebules may be dissected by curved or irregular cracks, now 
infilled by microspar-sized calcite, spar-sized calcite, haematite, and occa- 
sionally by gypsum--anhydrite.  These cracks were caused by desiccation, 
since evidence of dissolution is absent. Along the margins of the cracks (if 
calcite filled) the glaebule shows crystal enlargement into microspar or spar. 
Glaebules and calcrete nodules do not occur together with root tubes. 

The fact that calcite glaebules grade into nodular calcrete and display a 
broad range in size; the displacement of the host rock by the calcite glaebules; 
the disruption of calcite glaebules by striotubules; the presence of desiccation 
cracks; and the glaebular halos around several larger compound glaebules all 
suggest that the glaebules are orthic pedogenic features, i.e. that they are 
formed in situ during a pre-burial stage. 

GENERAL INTERPRETATION AND DISCUSSION 

According to the internal organization into sheet-like or lenticular layers 
with shallow internal scour-and-fill structures and horizontal or subhorizontal 
lamination and arrangement of layers in thinning-upward and fining-upward 
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sequences, Member 1 is thought to consist of  (distal) sheetflood deposits, 
stream channel deposits and crevasse splay deposits. The arenites in which 
mechanical infiltration occurred were probably deposited in the interchannel 
areas or in the abandoned part of a coastal alluvial plain. The fluvial and 
terrestrial nature of  the deposits is confirmed by the root  horizons, glaebule 
horizons, and by the vadose illuviation. That the coastline was in the vicinity 
appears from some marine intercalations, with a high content  of clastic 
carbonate towards the top of Member 1. These carbonate grains probably 
originated from marine lagoonal influxes. Thus it is likely that  the pertinent 
area belonged to the southeastern edge of the Givetian Old Red Continent. 

Most of  the features, such as the root-horizons and the glaebule horizons 
as well as the colouration, are arranged parallel to the bedding. Especially in 
Location 4, several horizons could be traced over a distance of  several 
hundreds of  meters. This suggests that the bedding was likewise parallel to 
the palaeomorphic surface and the associated palaeo-groundwater level. The 
various processes apparently occurred during the absence of  major tectonic 
movements  and erosion (Dorn, 1960; Bless et  al., 1980). 

Most of  the pedogenic features are dispersed throughout  the sections and, 
perhaps with the exception of the fining-upward sequences (section 2 and 4), 
they never compose a complete palaeosol profile. This may indicate a slow 
subsidence of  a fairly stable continental margin with continuous local rework- 
ing of the sediments and soils. 

A number  of  the processes are thus penecontemporaneous but  not  neces- 
sarily pedogenic : in particular the mechanical clay and iron--manganese infil- 
tration. Others are definitely pedogenic and also occurred in the vadose to 
very shallow phreatic zone: part of  the clay and iron--manganese infiltration; 
the calcite infiltration and segregation, combined with ferro-manganiferous 
oxides in glaebules and compound glaebules; the separation of  ferro- 
manganiferous oxides by gleying. Conversion to haematite is in part  a burial 
diagenetic process. 

A low groundwater level is indicated by the process of pseudogleying, 
which points to an oxidized dry soil (Buurman, 1980), as well as by the infil- 
tration of  clay minerals and iron--manganese compounds  with downward 
waterf low (Walker et al., 1978). Furthermore,  a low ground-water level is a 
prerequisite for the formation of  nodular calcrete and calcite glaebules, since 
these are only stable in a largely dry soil. The presence of  the calcrete nodule 
horizons and/or calcite glaebules also indicates a low and highly periodical 
(seasonal) precipitation with net evaporation and a fairly high temperature 
(Nagtegaal, 1969). The ferric oxide lamination in the compound glaebules 
were caused by mobilization of iron (and manganese) compounds  during wet  
and thus reducing periods. Subsequent precipitation occurred after preferen- 
tial evaporation of still porous calcite nodules. They also point  to alternating 
dry and wet periods (Sehgal and Stoops, 1972; Chakravarty et al., 1982). 
Apart from the pseudogley, the cracks in the calcrete nodules caused by in 
situ brecciation also seem to point  to an alternate wetting and drying of  the 
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sediment (palaeosol) (Freytet ,  1973). A semi-arid climate is also indicated by 
the precipitation of  calcium sulphates in former burrows and by the occur- 
rence of  ferric glaebules (e.g. Gallaher et al., 1974). 

However, the ca]crete does not  progress beyond the first stage of ca]crete 
formation (stage 1 of Leeder, 1975), i.e. small nodules dispersed throughout  
the host  sediment (Wieder and Yaalon, 1982). Furthermore,  it does not  
occur concurrently with illuviated materials and root  tubes. Accumulation of 
pedogenic ca]crete is controlled by such factors as time, topography,  climate 
and chemical factors, i.e. the supply of calcium carbonate in case of  silici- 
clastic and non-calcareous sediments. Since the sedimentation rate was very 
low in this area, enough time was available for the potential formation of 
calcrete. During the Givetian, a period of approximately 5 Ma (Odin, 1982), 
10--70 m of sediment were deposited in the studied area. When the topo- 
graphic gradient is too  high and/or rainfall is too  high, the calcium carbonate 
consti tuents are flushed out  of the sediment. However, the sedimentary 
structures suggest shallow, relatively low-energy fluvial channels on a flat 
coastal alluvial plain. A low relief is also indicated by some marine incursions 
in Member 1. Thus, a more conclusive explanation of stage 1 of  ca]crete for- 
mation is that  the precipitation was somewhat  higher than ideal circum- 
stances, as is also suggested by the various levels with traces of  vegetation 
and by the mineralogical composit ion of  the clastics. 

The supply of iron and manganese (oxi)hydrates (in solution or bound to 
clay minerals) and the high mineralogical maturi ty (Suttner et al., 1981) 
could be explained by intensive chemical leaching and weathering in the 
source area. This resulted in the quartzose composit ion of  the clastics. 

CONCLUSIONS 

Member 1, constituting the lower part of  the N6vremont Formation,  is 
characterized by the presence of pedogenic features. These are pseudogley, 
glaebules, nodular calcrete and root  horizons. 

Early vadose diagenesis and clay and iron--manganese illuviation played an 
important  role. This diagenesis might have been associated in part with 
palaeosols. Diagenesis and pedogenesis are indicative of a semi-arid climate, 
while the composit ion of the sediments and the illuviated iron--manganese 
compounds  suggest intensive weathering in the source area. 

Based on the terrestrial character of Member 1, the Old Red Continent 
extended into the western part of the Vesdre Basin during the earliest Give° 
tian. 

The colour of  the variegated sediments is of post-depositional nature, i.e. 
formed partly during pre-burial stage and partly during burial diagenesis. 
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