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Abstract 

The septarian carbonate concretions from the Boom Clay (Belgium) consist mainly of authigenic minerals such as 
micrite (:'S 70% bulk volume) and pyrite framboids ('""' 3% ). These mineral phases occur between detrital grains and 
fossils. The septarian cracks are lined with calcite, which is sometimes covered with pyrite. The preservation of del­
icate sedimentological features in the concretion matrix (hardly compacted faecal pellets, burrows and uncrushed 
shells) points to an early origin of the concretions. Systematic geochemical variations from concretion centre to 
edge suggest that growth continued during shallow burial. The 813C values (-17.5 to -20.5%0) of the concretionary 
carbonate show that bacterial sulphate-reduction processes were dominant. Sulphate-reduction-derived HC03 -
was diluted by marine-related HC03 - , derived from dissolved bioclasts. A slight enrichment in 813C during growth 
is caused by the decreasing influence of sulphate reduction because of the progressive closure of the diagenetic 
system due to shallow-burial compaction. The 8180 values (-0.5 to + l.0%o) of the concretionary carbonate point 
to a marine origin. The slightly 180-depleted signature with respect to time-equivalent marine-derived carbonate 
relates to the incorporation of an 180-depleted component, originating from sulphate and organic matter. The slight 
decrease in 8180 during growth relates to an increasing influence of this component and to a decreasing influence 
of seawater-derived oxygen during early diagenesis. 

Introduction 

Organic-rich marine deposits are characterised by a 
sequence of depth-related diagenetic zones (Irwin et 
al. 1977, Irwin 1980, Coleman 1985, Curtis 1987, 
Dix & Mullins 1987, Raiswell 1987, Clayton 1992, 
Winter & Knauth 1992). Within each zone specific 
diagenetic processes occur of which degradation of 
the primary organic matter is one of the most im­
portant. Bicarbonate production can induce carbonate 
precipitation. The isotopic composition of these car­
bonates reflects the organic processes by which they 
have been formed. Changes in elemental and iso­
topic compositions within carbonate concretions in 
marine sediments may record changes in pore-water 
chemistry during their growth (Hudson 1978). 

This paper aims to discuss the genesis of carbonate 
concretions in the Oligocene Boom Clay Formation in 
Belgium, and to report on subtle shifts in 813C and 
8180 signatures which reflect variations in C and 0 
sources during concretion growth. In the Boom Clay, 
more than 10 closely spaced concretion-bearing hori­
zons are present which can be correlated over several 
tens of kilometres (Vandenberghe & Laga 1986). This 
correlation is based on differences between the concre­
tions of different horizons in shape, size, composition 
and cementing phases within the septarian cracks. The 
burial depth never exceeded 130 m (Vandenberghe & 
Laga 1986). Therefore, burial-diagenetic overprinting 
can be excluded. This paper discusses data from con­
cretions of septaria horizon 40 (henceforth called S40) 
which is considered representative for most septaria 
horizons in the deposit. 
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Figure 1. Simplified palaeogeographic map of the Rupelian sea 
north of Belgium, with schematic isopachs of the sediments (after 
Vinken 1988). Present-day outcrops of the Rupelian Boom Clay in 
Belgium are indicated in black. 

The marine Boom Clay Formation (Rupelian, 
Lower Oligocene) crops out in northern Belgium (Fig­
ure 1). The formation, which can be up to 110 m 
thick (Mol borehole), consists of a cyclic sequence 
of silty clays and clayey silts with a rather constant 
chemical and mineralogical composition throughout 
(Vandenberghe 1978). A generalised section is shown 
in Figure 2A. The layering (Figure 2B) is the result of 
variations in grain size, carbonate content and organic­
matter content, and reflects changes in local tectonics, 
eustacy and climate (i.e. Milankovitch cyclicity, Van 
Echelpoel & Weedon 1990, Van Echelpoel 1991). The 
layering is also reported in boreholes in the North Sea 
(Vandenberghe et al. in press) as well as in outcrops in 
NW Germany (Jung & Langer 1990). 

Sampling and methodology 

For a pilot study, S40 concretions were sampled from 
outcrops in the type area of the Boom Clay Formation, 
ca. 30 km north of Brussels (Figures 1, 2). Con­
ventional, cathodoluminescence (CL), scanning elec­
tron (SEM) and backscattered electron microscopy 
(BSEM) were used for petrographic characterisation. 
Cathodoluminescence petrography was carried out 
with a Technosyn Cold Cathodo Luminescence Model 
8200 Mk II (operating conditions: 16- 20 kV, 420 µ,A 
gun current, 0.05 Torr vacuum and 5 mm beam width). 
SEM and BSEM research was conducted with a Jeol 
JSM 6400. In addition, thin sections were stained 

with Alizarine-Red-S and potassium ferrycyanide to 
differentiate between carbonate phases and to gather 
information on their relative iron content (Dickson 
1966). 

From three representative concretions a slab was 
taken from the middle part, in a direction normal to the 
bedding plane. Samples were then collected as shown 
in Figure 2D. They were subsequently crushed and 
analysed for: 

Concentrations of major and trace elements of 
bulk composition (after lithium-metaborate and 
HN03 dissolution and analysis by atomic emis­
sion spectrometry). Loss on ignition (LOI) was 
measured from 105 to 1000°C, while the insolu­
ble residue (IR) was analysed gravimetrically after 
dissolution in HCl (0.5N). 
Concentrations of major and trace elements after 
0.5N HCl dissolution (analysed by atomic absorp­
tion spectrometry). 
Stable carbon and oxygen isotopic compositions 
of the carbonate fraction. Samples were treated 
with anhydrous ::::100% orthophosphoric acid, us­
ing standard techniques after McCrea (1950). The 
results are reported in the 8-notation, relative to 
the PDB standard, for both carbon and oxygen 
(McCrea 1950). All data have been corrected for 
spectrometric analyses, based on the procedure 
of Craig (1957), and using repeated analyses of 
NBS-20 Solnhofen limestone (Coplen et al. 1983). 
Reproducibility, determined by replicate analysis, 
is better than ± O.l %0 for oxygen and carbon at 
the 20' level. Measurements were performed on 
a Finnigan Mat Delta-E stable isotope ratio mass 
spectrometer. 

Field description and petrography 

The septarian carbonate concretions in the Boom Clay 
always occur within thin bioclast-rich layers (Fig­
ure 2C). For S40, the present fossil content within 
the layer is about 15% but it differs from layer to 
layer. Preserved fossils mainly consist of coccoliths 
(Figure 3A); other fossils are foraminifera, ostracods, 
gastropods and bivalves. The layer displays a higher 
present-day porosity than the surrounding host sedi­
ment. This was most likely also the case after depo­
sition. If so, such horizons may have acted as fluid 
conduits. 
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Figure 2. A) Composite lithostratigraphic column of the outcropping Boom Clay displaying the cyclic sequence of silty clays and clayey s il ts. 
SOS to S80 are septaria horizons (after Vandenberghe 1978). B) Cyclic alternation of silty clays (light grey in this photograph) and clayey silts 
(dark grey). Boom Clay quarry at Rums!, 30 km north of Brussels. Arrow indicates the carbonate-rich layer in which the S40 concretions occur. 
Height of photographed part of outcrop is ca. 16 m. C) S40 concretions occurring within a carbonate-rich layer (arrow) in the middle of a clayey 
horizon. See also Figure 2B. D) S40 concretion sawed normal to bedding, illustrating the flattened spheroidal shape and the calcite-lined, partly 
open septarian cracks. Subsamples for geochemical analysis were taken as indicated: carbon and oxygen isotopic analysis, D subsamples of 
1 cm3 for major and trace element analysis. 
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Figure 3. Petrography of S40 concretions from the Rupelian type locality at Rumst. A) SEM photomicrograph of carbonate-rich layer next to 
S40 concretions. Coccoliths create an open pore network within these otherwise rather compact clays. Scale bar = 1 µ,m. B) Photomicrograph 
of well-preserved faecal pellets within the concretion. Note the uncompacted to slightly compacted nature of the pellets. Framboidal pyrite is 
present between the pellets. Scale bar = 300 µ,m. C, D) Photomicrographs testifying to displacive concretion growth. Fossil shells (C) as well 
as pyrite nodules (D) are disrupted and the created open space is cemented by sparite. This also illustrates the early-diagenetic nature of the 
pyrite. Scale bars (C) = 100 µ,m , (D) = 600 µ,m. E) SEM photomicrograph showing carbonate partly replacing a clay-rich faecal pellet. Scale 
bar = 10 µ,m. F) SEM photomicrograph of an HCl-etched sample showing several bacteria (arrows) upon a large calcite crystal. Scale bar = 
10µ,m. 
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Table 1. Variations in chemical composition across an S40 concretion of about 15 cm thickness from the Rupelian type locality at Rumst. 

Bulk rock 

Si02 Al203 Fe tot. Fe203 FeO Cao MnO MgO 

(%) (%) (%) (%) (%) (%) (%) (%) 
* 

13.20 4.49 2.07 0.97 0.99 42.0 0.12 2.31 
12.14 4.19 1.79 0.94 0.77 42.3 0.14 2.21 
10.40 3.93 1.50 0.88 0.56 43.7 0.13 2.15 
10.38 3.72 1.40 0.77 0.57 43.7 0.11 2.13 
10.75 4.02 1.53 0.90 0.57 43.5 0.13 2.16 
11.86 4.12 1.90 1.02 0.79 42.4 0.14 2.08 
13.06 4.43 2.20 1.11 0.98 41.2 0.12 2.18 

* Fe tot. = (Fe2+ + Fe3+) recalculated to Fe203 

In general, all septarian concretions in the Boom 
Clay have a flattened ellipsoidal shape (Figure 2D). 
Sedimentary laminae or concentric zones have not 
been observed in these concretions. All concretions 
consist of a fine-grained matrix of detrital compo­
nents and fossils, tightly cemented with micrite and 
microspar. Clay minerals dominate, together with de­
trital quartz. Minor amounts of muscovite, glauconite, 
feldspars, collophane and iron-oxides (possibly oxi­
dised pyrite) also occur, as do coccoliths, foraminifera, 
ostracods, gastropods, and double-shelled molluscs 
which are mostly in life position. Delicate shells are 
often well-preserved and do not show any significant 
compactional deformation. Burrows ( < 2 mm in di­
ameter) frequently occur. Faecal pellets are clearly 
visible (Figure 3B). They occur in small groups within 
the concretion matrix, especially in burrows, and they 
are hardly compacted. Framboidal pyrite is present 
throughout the concretion matrix. It also occurs as 
infillings in foraminifera, or concentrated in burrows 
(Figure 3B). Large solid shell valves are often dis­
rupted, with sparry calcite filling the created spaces 
(Figure 3C). Similar textures develop in burrows and 
in small concretionary pyrite bodies (Figure 3D). 

The relatively uncompacted nature of the pellets 
and the presence of paper-thin uncrushed shell frag­
ments indicate that lithification was initiated before or 
during the initial stage of compaction. At this stage, 
the sediment had a high porosity so that the dominant 
lithification process was cementation. The disrupted 
solid parts (thick shells and small concretionary pyrite 
bodies) which occur in all orientations (also perpen­
dicular to stratification), and which do not show any 
relationship to internal shrinkage, indicate that cemen­
tation was to a certain degree displacive. However, 

Carbonate fraction 

LOI IR Fe Mg Mn Sr Na K 

(%) (%) (ppm) (%) (ppm) (ppm) (ppm) (ppm) 
(HCI 0.5 N 
insoluble) 

35.0 20.9 6150 0.92 767 541 284 1101 
35.8 18.3 5009 0.85 827 503 281 1017 
36.5 16.8 4191 0.90 770 500 288 1101 
36.8 16.4 3978 0.89 720 484 275 1042 
36.4 17.1 4359 0.91 767 506 298 1252 
35.8 17.5 5400 0.87 802 509 286 1147 
35.1 19.9 6900 0.92 752 563 293 1185 

replacement of the sediment by carbonate also took 
place. This can be inferred from the replaced faecal 
pellets (Figure 3E) and also from the partly replaced 
detrital grains, such as quartz and feldspars. Based 
on the 0.5N HCl-insoluble residue, the detrital con­
tent is presently < 20% and indicates that replacement 
and/or displacement by carbonate were, apart from 
cementation, important processes. 

In etched samples (IN HCl for 1 minute) fossil 
bacteria occur on carbonate minerals (Figure 3F). This 
probably indicates that bacteria played a role in the 
precipitation of carbonate minerals, a process that was 
also invoked by Folk (1993). Since Ca2+ attaches 
strongly to bacterial cell walls, these bacteria create 
local microenvironments where the Ca2+ concentra­
tion is enhanced. This may cause supersaturation with 
respect to calcite. Carbonate minerals will then crys­
tallise within or around the bacteria. This suggests that 
bacteria are important in carbonate concretion growth. 

Geochemistry 

Apart from an outer, relatively clay-rich edge(± 1 cm 
thick), the internal matrix of S40 concretions seems 
homogeneous. Samples for geochemical analysis were 
taken each centimetre, in vertical and horizontal di­
rections (Figure 2D). In both directions, systematic 
variations in elemental and isotopic composition oc­
cur from centre to edge. Since these compositional 
changes are similar for all directions, only data from 
one of the vertical sections are given in Table 1 and 
Figures 4 and 5. 
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Figure 4. Variations in chemical composition across an 540 concretion of about 15 cm thickness from the Rupelian type locality at Rums! (full 
data in Table 1). A decrease in the CaO content of the bulk rock towards the concretion edges is coupled with an increase in Si02, Al203, 
Fe203 and IR. Within the carbonate fraction, Fe .increases towards the edges. 

Major and trace element composition 

Table 1 and Figure 4 show the chemical variation 
across one S40 concretion. The carbonate content of 
the concretions (carbonate cement and bioclast re­
licts ), measured as CaO, generally varies between 70 
and 80%. A remarkable feature occurring in the three 
investigated S40 concretions is the systematic compo­
sitional variation from centre to edge. Similar trends 
in major and trace elements have been observed in 
other concretion horizons in the Boom Clay (De Craen 
1998) as well as in other formations (Raiswell 1971, 
1976, Curtis et al. 1975, 1986, Irwin 1980, Gautier et 
al. 1985, Mozley 1989, Scotchman 1991, Moore et al. 
1992). 

A decrease in the Cao content of the bulk rock 
towards the concretion edge is coupled with an in­
crease in Si02, Alz03, Fe203 and insoluble residue 
(IR). Within the carbonate fraction, Sr and Fe display 
an increasing trend towards the edge. This is also the 
case for Mn, although for this element concentrations 
decrease again in the outermost rim. No clear trend is 
recognisable for Mg, Kand Na. However, the rather 
high content of the last two elements suggests that 
also leaching of Kand Na from clays occurred. Since 
no covariance exists between K and Fe, and between 
Mn and Sr, Fe and Sr contents mainly relate to the 
carbonate fraction. 

These variations are interpreted in terms of con­
cretion growth during burial. Burial causes a decrease 
in the pore space available for carbonate cementation. 
The content of detrital minerals, reflected in the pat­
terns of Si02, Alz03, Fe203 and IR, thus increases 
from concretion centre to edge. The increase in Fe and 

partly also in Mn in the carbonate fraction reflects an 
evolution towards increasing reducing conditions. 

These trends confirm the petrographic observa­
tions, namely that concretion growth was initiated 
during very early diagenesis within the first metres of 
burial, and continued during shallow burial. 

Carbon and oxygen isotope composition 

The stable carbon isotopic composition of the three 
investigated S40 concretions varies between -17 .5 and 
-20.5%0. A progressive enrichment in 13C from con­
cretion centre to edge is observed, with a reversal in 
the outermost, relatively clay-rich part (Figure 5). The 
8180 values vary between - 0.5 and + 1 %0 and show a 
depletion in 8180 from centre to edge, with a reversal 
in the outer part (Figure 5). 

The isotopic signatures of the S40 concretions and 
the evolution of these signatures during concretion 
growth can only be explained by considering differ­
ent sources. For carbon these sources are: seawater 
HC03 - , HC03 - derived from the bacterial degrada­
tion of organic matter (sulphate reduction, methano­
genesis ), HC03 - derived from the oxidation of up­
ward diffusing methane, and HC03 - derived from the 
dissolution of fossils. Oxygen sources are: seawater 
(H20, HC03-, S042- ), HC03- derived from the 
bacterial degradation of organic matter and HC03 -
derived from the dissolution of fossils. 

Carbon 
Light carbon isotopic values are generated during bac­
terial oxidation, microbial ferric iron reduction and 
bacterial sulphate reduction (Irwin et al. 1977, Ir­
win 1980). The light carbon isotopic signature of the 
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Figure 5. Variation in carbon and oxygen isotopic composition of 
three representative S40 concretions from the Rupelian type locality 
at Rumst. The arrow shows the evolution of the isotopic composition 
from centre to edge of the S40A concretion. A similar evolution is 
present in the other concretions. The isotopic composition of the 
septarian cements is also shown. 

S40 concretions, between -17.5 and -20.5%0, its lim­
ited range, the inferred presence of sulphate-reducing 
bacteria, and the widespread presence of framboidal 
pyrite, indicate that the S40 concretions formed 
mainly or entirely within the sulphate-reduction zone, 
with major HC03 - contribution from degradation 
of organic matter by sulphate-reducing bacteria (Ir­
win et al. 1977, Irwin 1980, Coleman & Raiswell 
1981, Raiswell 1987). However, mixing with less 
13C-depleted HC03- must have occurred in the S40 
concretions, since the carbon isotopic composition is 
slightly more enriched in comparison to the - 25%0 
value which is typical for the sulphate-reduction zone. 
Bioclasts occurring within the concretions, might ex­
plain this relative enrichment. However, their content 
which is estimated to vary around 1 % of the bulk 
rock volume, is too low to explain the observed iso­
topic shift. HC03 - derived from dissolved aragonitic 
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material from the bioclast-rich layers, in which the 
concretions occur, forms a likely alternative source. 
Neither can HC03- derived from methanogenesis be 
excluded. However, it is unclear whether the influx 
of methanogenic HC03 - would allow to maintain 
the 813C within the limited range recorded in the 
concretions. 

The changes in stable carbon isotope composition 
in the S40 concretions may be explained in several 
ways: 
1) Transition from sulphate reduction to methano­

genesis. Sulphate-reduction processes generate 
HC03 - with a 13C-depleted carbon isotope com­
position. As burial proceeds, the sediment reaches 
the methanogenesis zone, where isotopically light 
CH4 and isotopically heavy HC03 - are produced. 
Increasing contribution of the isotopically heavy 
HC03- can explain a trend towards 13C enrich­
ment. Methanogenesis, however, is usually con­
sidered to be of limited importance in the Boom 
Clay, but it can be invoked to explain the observed 
trend in 813C in the S40 concretions. 

2) Changes in sulphate-reduction process, organic 
matter or bacteria. Changes in D13C of the pro­
duced concretionary carbonate can occur as a func­
tion of the type of organic matter species that 
is altered through time. It is likely that, during 
the initial stages of sulphate reduction, the easily 
degradable types of organic matter will be af­
fected first. As time proceeds, other less easily 
degradable types of organic matter will be af­
fected. This may result in a change in the carbon 
isotope signature, depending on the original iso­
tope composition of the oxidised organic matter. 
Moreover, if different types of sulphate-reducing 
bacteria are involved, different isotopic fraction­
ations may occur. This is directly related to the 
dominant sulphate-reduction process (Claypool & 
Kvenvolden 1983). Unfortunately, insufficient in­
formation is available to evaluate this possibility. 

3) Variations in the relative contributions of marine­
derived and sulphate-reduction-derived carbon. 
Local differences in sedimentology (such as type 
and amount of reactive organic matter, bioclasts, 
... )and changes in sedimentological and concomi­
tant ear!y-diagenetic conditions during shallow 
burial cause changes in the relative contributions 
of carbon derived from different sources. In our 
opinion, this is the most important process causing 
the observed trend in the S40 concretions. Dur­
ing shallow burial, the diagenetic system changes 
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from open to semi-closed or closed, and thus 
the replenishment of the sediment's pore-water 
with seawater sulphate decreases. This occurs be­
fore methanogenesis might start to interfere. The 
amount of S042- available for reduction decreases 
and thus the sulphate-reduction process becomes 
hampered. Consequently, a decrease in the con­
tribution of sulphate-reduction-related HC03 - oc­
curs, which results in a slight enrichment of 
Be. The systematic trend reversal at the edge of 
the S40 concretions indicates that a Be-depleted 
HC03 - source becomes more important. Possibly, 
a depletion of the amount of easily dissoluble bio­
clasts can explain the trend reversal. 

Oxygen 
The 8180 values are lower than those expected from 
reported Oligocene marine components. These re­
ported 8180 values vary between + 1.0 and + 2.5%o 
(Shackleton 1986). Analysed bioclasts of the Boom 
Clay (Nucula shells, gastropods) indeed display 8180 
values between +1.5 and +2.1%o. A depletion with re­
spect to marine water has previously been explained 
by Sass et al. (1991) as a result of the incorporation of 
180-depleted oxygen from sulphate and organic matter 
into the pore-water bicarbonate. Very recently, such 
a mechanism has been proved by laboratory experi­
ments, carried out by Mortimer & Coleman (1997), 
who showed that 8180 values of early-diagenetic ma­
rine carbonates are anomalously low due to microbial 
influences. Nevertheless, the 8180 values of the S40 
concretionary carbonates are still compatible with an 
early initiation of concretion growth, close to the sedi­
ment/water interface. Similar observations were made 
by Raiswell (1976), Hudson (1978), Pearson (1979), 
Coleman & Raiswell (1981), Thyne & Boles (1989) 
and others. 

Mozley & Burns (1993) recently invoked several 
mechanisms to explain 180-depletion trends in marine 
carbonate concretions. Based on the previous observa­
tions, one or more of the following processes can be 
invoked for the Boom Clay concretions: 

1) Increasing precipitation temperatures. Oxygen 
isotope fractionation between water and carbonate 
is strongly temperature-dependent. Lower 8180 
values are associated with higher precipitation 
temperatures (Veizer 1992, Hoefs 1997). By ac­
cepting a constant water composition and using the 
palaeotemperature equation of Craig (1965; mod-

ified after Epstein et al. 1953), the isotopic shift 
from concretion centre to edge reflects a tempera­
ture increase of about 3.8°C. This corresponds to 
concretion growth over a 130 m interval (accepting 
a geothermal gradient of 3°C/100 m). This is in the 
order of the maximum burial depth of the Boom 
Clay in the Rupel area. As stated before, concre­
tion growth started within the sulphate-reduction 
zone and clear evidence that growth continued in 
the zone of methanogenesis is absent. The lower 
limit of the sulphate-reduction zone is determined 
by the balance between S04 2- diffusing down 
from the depositional waters and S04 2- consump­
tion by bacteria (Curtis 1987), and most typically 
reaches to 10 m depth (Coleman & Raiswell 1981; 
Dix & Mullins 1987). However, it is doubtful 
whether sulphate reduction in our case reached 
down to a depth of > 100 m. The 180-depletion 
is thus enhanced by other processes. 

2) Recrystallisation or influx of meteoric water dur­
ing the Late Rupelian-Chattian emersion. In 
the S40 concretions, the concretionary carbonate 
shows similar CL and SEM characteristics from 
centre to edge, and microfabrics and concentric 
geochemical variations are preserved. Neither dis­
solved or corroded crystals, nor the development 
of zoned cements have been observed. Thus no 
evidence for recrystallisation or meteoric alter­
ation is present. Furthermore, these processes can­
not explain the trend reversal in oxygen isotopic 
composition at the concretion edge. 

3) Water/mineral interactions. Interaction of the 
pore-water with authigenic clay minerals, resulting 
from the alteration of volcanic material which is 
present in the Boom Clay (Zimmerle 1991, 1993), 
can explain the depletion in 180. 

4) Incorporation of 180-depleted oxygen derived 
from sulphate and organic matter. 180 -depleted 
oxygen isotope compositions of carbonates can 
reflect the diagenetic modification of pore-water 
due to bacterial oxidation of organic matter by 
sulphate (Coleman & Raiswell 1981, Sass et al. 
1991, Mortimer & Coleman 1997). Isotopically 
light oxygen is derived both from sulphate and 
organic matter. During shallow burial, the diage­
netic system becomes gradually more closed with 
respect to seawater and seawater sulphate. Conse­
quently, the sulphate-reduction process will slow 
down and the influence of oxygen derived from or­
ganic matter or sulphate decreases with time. The 



observed 180-depletion thus cannot be explained 
by the sulphate-reduction process. 

Estimated concretion growth rates 

The cyclic sedimentation of the Boom Clay Forma­
tion is controlled by orbital, climatological forces (Van 
Echelpoel 1991). Based on the assumption that either 
the 41 ka obliquity or the 100 ka eccentricity was the 
dominant controlling process, an average sedimenta­
tion rate of 2.44 or 1.00 m/100 ka, respectively, can 
be calculated. According to N. Vandenberghe (pers. 
comm.) the 100 ka eccentricity process was prob­
ably dominant, since in that case the Boom Clay 
Formation represents about 80% of the sedimenta­
tion record over the whole time period of about 5 
Ma. If concretion growth happened over the ' typi­
cal' depth of the sulphate-reduction zone, i.e. down 
to 10 m (Coleman & Raiswell 1981, Dix & Mullins 
1987), a minimum concretion growth rate of an S40 
concretion with a total volume of 10 000 cm3 can 
be calculated. In the obliquity-controlled and the 
eccentricity-controlled cyclicity scenarios, concretion 
growth would be in the order of 24.4 and 10 mm3 /a, 
respectively. This is equivalent to 0.66 x 10- 3 and 
0.27 x 10-3 mo! CaC03/a, respectively. Obviously, 
these values only indicate an order of magnitude and 
would change according to variations in concretion­
growth duration (i.e. depth). 

Septarian cracks 

All concretions in the Boom Clay show a typical sep­
tarian cracking pattern (Figure 2D). The cracks are 
at their widest in the centre and narrow towards the 
concretion margins. They never reach the concretion 
surface. Vertical cracks are better developed than hor­
izontal ones. The cracks, of which the larger ones are 
open, are lined with several generations of fibrous cal­
cite cement and/or cuboctahedral pyrite, several tens 
of microns in size. The cracks either cut through fossil 
shells or follow the fossil outline. The cracked fossils 
reflect advanced cementation of the concretion at the 
time of cracking. In the second case, the fossils are 
pulled out of the surrounding sediment on one side, 
where a mold remains. In this case, the fossils were not 
cemented with their surrounding sediment. This is fre­
quently observed towards the edges of the concretions. 
Here tapering flakes of concretion material occur at 
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both sides of the cracks (Figure 6A). Similar flakes 
have been described by Hesselbo & Palmer (1992). 
They resemble structures created by cracking of stiff 
Boom clay (Figure 6B). Cracks near edges tend to be 
curved in contrast to the vertical rectilinear cracks in 
the centres of the concretions. 

These observations suggest that, at the time of 
cracking, the core of the concretion was well cemented 
so that brittle cracks developed, which may cross-cut 
fossil shells, etc. The outer parts were not entirely ce­
mented and had both brittle and plastic characteristics. 
Here, flakes and curls of the concretion matrix devel­
oped within the cracks and fossils were pulled out of 
their surroundings. At the outermost edge, the partly 
cemented sediment was still very clay-rich and plastic, 
allowing gradual disappearance of the cracks. 

Septarian cracks are characteristic of highly porous 
sediments (Raiswell 1971). Richardson (1919), Lipp­
man (1955), Berner (1968) and Raiswell (1971) noted 
that dewatering of the originally plastic or gel-like 
concretion centre caused shrinkage cracks with a 
characteristically hexagonal pattern. Hudson & Fried­
man (1974), Duck (1995) and Mostefai: (1996) also 
favoured the idea that septarian cracks formed by 
dewatering of the concretion matrix. Astin (1986), 
however, suggested that the cracks formed as tensile 
fractures during burial and compaction of the host sed­
iment. Physical compactional stresses, causing over­
pressuring in the enclosing mudrock, would result 
in tensional failure of concretions. In the absence of 
extensional tectonics (low horizontal stresses), septar­
ian cracking would require raised pore-fluid pressures 
to form. This could be achieved during rapid burial, 
when sediment compaction is so fast that pore-fluids 
cannot escape. Sedimentation rates for the Boom Clay, 
calculated by Van Echelpoel (1991) are in the order of 
1.00 to 2.44 m/100 ka. Whether these moderate rates 
were high enough to generate the overpressuring of 
Astin's interpretation is difficult to evaluate. Recently, 
Hounslow (1997) argued that septarian cracks form as 
a result of tensional failure due to local excess pore­
fluid pressure inside the concretions, in normally con­
solidating mudrocks. This excess pressure is caused by 
the permeability reduction initiated by cementation. 

Septarian crack cements 

The septarian cracks are lined with a brown calcite. 
This colour could be due to inclusions of organic 
matter (Scotchman 1991) or dispersed oxidised Fe. 
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Figure 6. Septarian cracks and cements in S40 concretions from the Rupelian type locality at Rums!. A) Macroscopic view of a crack wall 
in the outer part of an S40 concretion, with tapering flakes of concretion material cemented by calcite. Development of the flakes reflects 
plastic behaviour of the concretion at the time of cracking. Scale bar= 1 cm. B) Development of tapering flakes within outcropping stiff Boom 
Clay fractured today. These are comparable to the flakes present within cracks which occur in the outer parts of the concretions (Figure 6A). 
Scale bar = 1 cm. C) Photomicrograph showing the first generation of radiax ial fibrous calcite cement, Cl. The overgrowing fibrous calcite 
cement, C2, is slightly more ferroan, and is in optical continuity with Cl. Note also the exceptionally well developed crystal terminations of 
Cl (arrow). Scale bar = 100 µ.m. D) Photomicrograph showing the conical nature of the Cl cements. The first two calcite generations cannot 
be distinguished without staining or CL microscopy. The inclusion-rich zone (arrow) marks the contact between C2 and C3 calcite cement. 
The latter is characterised by its fibrous and conical texture and its brown colour. The irregular outer surface is due to sample preparation. 
Scale bar = 100 µ.m. E) SEM photomicrograph of rhombohedral calcite crystals (C4) upon fibrous calcite (C3). Scale bar = 10 µ.m. F) SEM 
photomicrograph illustrating another aspect of the rhombohedral calcite cement (C4). Scale bar= 10 µm. 
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Calcite Texture Extinction CL Fe content 
cement 

Open space generation 

~ __ t~o _:;r;;a~ ~r _o~s~N_at!_o~ ___ + 

C4 rhombohedral ? ? very rich 

C3 radiaxial normal non-luminescent very rich 
fibrous 

C2 radiaxial undulose non-luminescent moderate 
fibrous 

C1 radiaxial undulose dull low 
fibrous orange-brown 

Figure 7. Schematic representation of the cement generations Cl to C4 filling the septarian cracks. Thickness of cement lining in open cracks 
is up to 0.5 cm. 

The calcite cement consists of different generations 
(Figures 6A- D). Their petrographic characteristics are 
shown in Figure 7. Growth of the first cement gen­
eration, Cl, was often initiated on an apex on which 
bundles of fibrous crystals grew (radiaxial fibrous ce­
ment). Close to the crack wall, a lot of inclusions 
are present, mainly consisting of small fragments of 
the concretion matrix. Well-defined crystal termina­
tions, like those shown in Figure 6C, are present 
exceptionally. A second cement generation, C2, oc­
curs as overgrowth cement. It is in optical continuity 
with the first generation. This cement, however, stains 
blue, pointing to a higher Fe content. In between the 
C2 calcite and the third cement generation, C3, an 
inclusion-rich zone occurs (Figure 6D). The fibrous 
C3 cement displays a brownish hue in thin section and 
is strongly ferroan and nonluminescent. It consists of 
different divergent cones. A fourth cement generation, 
C4, has only been identified under SEM. It consists 
of rhombohedral calcite crystals occurring on top of 
the C3 cones (Figures 6E, F). Subsequently, octahedral 
pyrite may occur. 

The Cl calcites are identical to the cone struc­
tures described by Marshall (1982). Kendall & Tucker 
(1973) interpreted similar radiaxial fibrous calcite 
phases as replacement of precursor acicular calcite ce­
ments. However, Kendall (1985) later reinterpreted 

these radiaxial fibrous calcite cements as being pri­
mary in origin. The radiaxial texture results from 
split-crystal growth which is commonly caused by 
crystal poisoning. The septarian cements within the 
S40 concretions are also interpreted as being primary 
in origin, since acicular relict textures have not been 
observed. Recrystallisation also would have caused a 
homogenisation of the chemical composition of Cl 
and C2. However, a rather distinct difference in Fe 
content exists between these cement generations. This 
increase in Fe content, which concurs with an evolu­
tion in CL characteristics from dull to nonluminescent, 
reflects an evolution towards increasing reducing con­
ditions. A similar evolution can be inferred from the 
stable isotopes. 

The carbon and oxygen isotopic data of the cal­
cite cements in various concretions (not specified) are 
shown in Figure 5. Unfortunately, it was not possible 
to sample the four generations separately. Values of 
the earliest fibrous calcites (Cl and C2) vary from -
18.87 to-14.69%0 for 813C and from -0.02 to -1.12%0 
for 8180 . These values are comparable to the iso­
topic composition of the concretion matrix. It can 
therefore be concluded that precipitation of Cl and 
C2 occurred from marine-related fluids within the 
sulphate-reduction zone. According to petrographic 
observations, this happened when the concretion was 
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Figure 8. Schematic representation of concretion growth during burial with emphasis on the evolution of the contributing sources of different 
carbon and oxygen isotopes. OX= oxidation zone; SR = sulphate-reduction zone; ME= methanogenesis zone. 

in its final stage of growth. The general trend to less 
depleted 813C and more depleted D180 continues in 
the ferroan calcite cement phases C3 and C4. They 
possess 813 C values of-11.94 and -11.52%0 and 8180 
values of -0.85 and -1.72%0. Such an evolution to­
wards less depleted 813C and more depleted 8180 
values reflects cementation during progressive shal­
low burial down to the transition zone from sulphate 
reduction to methanogenesis (Irwin et al. 1977). 

Conclusions 

The Boom Clay Formation contains several horizons 
in which septarian carbonate concretions occur. Based 
on petrographic and geochemical studies of the S40 
horizon, a representative example for these horizons, a 
model for concretion growth with an emphasis on the 
evolution in isotopic signature is proposed in Figure 8. 
The following conclusions can be drawn: 

1) Stable carbon and oxygen isotopic data (813C be­
tween -17.5 and - 20.5%0, 8180 between +1 and 
- 0.5%o) indicate that the concretions formed early 
in diagenesis, under anoxic conditions, close to the 
sediment/water interface and within the zone of 
sulphate reduction. Minor influences of methano­
genesis, however, cannot be excluded. Early dia­
genetic growth, before significant compaction, is 

also indicated by the preservation of delicate sedi­
mentological features, such as uncompacted faecal 
pellets and uncrushed paper-thin shells. 

2) The concretions formed due to carbonate precip­
itation in the pores of the sediment. The Ca2+ is 
mainly derived from the dissolution of aragonitic 
skeletal material, while the HC03 - originated 
both from such material and from bacterial reac­
tions degrading organic matter. Disrupted shells, 
pyrite nodules and stretched burrows indicate that 
cementation was partly displacive. Replacement of 
the sediment by carbonate also occurred, as proved 
by the replaced faecal pellets and by relicts of 
detrital grains which were partly replaced by car­
bonate. The existence of few intensively corroded 
detrital grains which are dispersed within the ma­
trix suggests that replacement was pervasive. 

3) Systematic changes in major and trace elements 
occur from concretion centre to edge, and reflect 
the evolving pore-water geochemistry during shal­
low burial. The increase of Fe and Mn contents in 
the carbonate fraction is interpreted in terms of the 
evolution from suboxic to reducing pore-waters. 

4) The 8180 values of the concretionary carbonate 
are slightly lower than expected for carbonate pre­
cipitation in equilibrium with Oligocene marine 
water. This discrepancy is explained by microbial 
influences, namely incorporation of 180-depleted 



oxygen derived from organic-matter degradation 
and sulphate reduction under reducing conditions 
(Sass et al. 1991, Mortimer & Coleman 1997). 

5) The isotopic signature of the concretions and 
the evolution of this signature during concretion 
growth can only be explained considering different 
sources. Gradual closure of the diagenetic system 
results in changes in the relative contribution of 
marine-derived and bacterial-derived carbon and 
oxygen, resulting in a 13C enrichment and 180 
depletion. 

6) The septarian cracks developed during concretion 
growth. Cracking occurred when the concretion 
core was already cemented. In the outer concretion 
zones, which were both brittle and plastic, tapering 
flakes border the cracks. At the outermost edge, 
the partially cemented sediment reacted plastically 
and cracks became curved and gradually ended. 

7) The septarian cracks, of which the larger ones are 
open, are lined with brown fibrous calcite cement. 
Four calcite cement generations can be recognised. 
They show an evolution towards higher Fe con­
tents. Rhombohedral calcite cement and finally 
pyrite form the latest cement phases. The stable 
carbon and oxygen isotope ratios of the calcite 
cements are in line with the stable isotope trend 
recognised within the concretion body. Calcite ce­
mentation started in the sulphate-reduction zone 
and possibly ended at the transition from sulphate 
reduction to methanogenesis. 
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