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Abstract 

We started a geochemical mapping campaign in the Early Pleistocene fluviatile Kedichem Formation in the Netherlands in 
order to meet the demand for more information about subsurface sediment compositions. Geochemical data were collected 
during a sampling campaign, and about 600 samples from the Kedichem Formation were analyzed. By linking the geochemi
cal data with lithological classifications from the TNO-NITG borehole database, we established a geochemical prediction 
model. 

Elements were divided into classes according to their geochemical behaviour in relation to lithological parameters. For each 
of the classes, we combined lithological groups in to groups with relevant geochemical differences. By calculating for each ele
ment the average composition in each of these groups, we were able to predict the geochemical composition of subsurface 
sediments by 'translating' the spatial lithological data from the TNO-NITG borehole database into geochemical data. We vi
sualized this model by calculating and interpolating the average composition of horizontal slices of the Kedichem Formation. 
The model performance is fairly good, although it has a tendency to underestimate extreme values. 

Keywords: geochemistry, mapping, sediment, subsurface 

Introduction 

Traditionally, the subsurface of the Netherlands is 
used mainly to obtain good-quality drinking and in
dustrial waters from the various aquifers. Due to lack 
of space on the surface, increasing environmental 
problems and increasing energy demand, the subsur
face will be used ever more for activities varying from 
large underground infrastructural projects to under
ground storage of waste and greenhouse gasses to the 
utilization of the underground storage capacity for 
the energy sector (natural gas and heat-exchange pro
jects). Because of the sometimes conflicting nature of 
these activities, it is necessary to evaluate the effects 
of the underground activities. This requires detailed 
knowledge about the chemical composition of the 

subsurface sediments. Subsurface geochemical map
ping to depths of tens to more than a hundred metres 
would, however, be extremely expensive using tradi
tional techniques. The amount of samples that needs 
to be analyzed for systematic characterization in three 
dimensions would be at least hundreds of times larger 
than for 'regular' surface mapping. Moreover, the 
costs of sampling alone would become astronomical 
because of the need for boreholes. In the present 
study we describe a method to predict the geochemi
cal composition of subsurface sediments on the basis 
of a limited number of analyses, using lithological and 
stratigraphical information gathered by the geological 
survey of the Netherlands (presently TNO-NITG). 

The geochemical properties of Dutch subsurface 
sediments are mainly related to a limited number of 
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sediment properties: grain size, provenance-related 
mineralogy, and several syndepositional and postde-
positional diagenetic processes (Huisman et al., 1997, 
2000b). Consequently, geochemical characteristics 
can be predicted based on lithological and mineralog-
ical properties of the sediment. Such sedimentologi-
cal data for the Dutch subsurface are recorded in the 
borehole and heavy-mineral databases of TNO-
NITG. Each borehole is spatially specifically logged, 
offering the means to build a spatial model of geo
chemical variations in subsurface sediments. 

In the present contribution, we link the geochemi
cal composition of the Kedichem Formation and its 
lithological characteristics, and apply this knowledge 
to a spatial model of the geochemical composition. 
We limited this model study to one geological forma
tion only. We chose the Kedichem Formation as there 
are large variations in lithology and sediment prove
nance that - as we anticipated - could have impact on 
the geochemical composition of the sediment. Fur
thermore, part of the formation had been studied 
geochemically by Huisman & Kiden (1998), so there 
were sufficient detailed bulk-geochemical data avail
able. We use experience gained by the process-orient
ed approach of Huisman (1998) in a spatial-statistical 
approach to provide a link between core descriptions 
and geochemistry that can serve as input for spatial 
modelling of geochemical data. 

The spatial geometry of the Kedichem Formation, 
and the patterns of the heavy-mineral suites were 
studied by Huisman et al. (2000a) in order to deter
mine the sediment provenance. 

Materials and methods 

Data sources 

Stratigraphical and lithological data 
Lithological and stratigraphical data were obtained 
from the REGIS database, in which the boreholes are 
coded according to the recently introduced macro
scopic core description based on the sedimentary 
sample coding standard of the Dutch Normalization 
Institute (Nederlands Normalisatie Instituut, 1989). 
The reader is referred to Huisman et al. (2000a) for 
more information on this database. 

Geochemical data 
For our sampling program, we selected boreholes to 
provide a broad spatial coverage. In addition we took 
cores, but no bailer and flush samples, as - in our ex
perience - they do not allow characterization of the 
effects of diagenetic processes. Unfortunately, no 
good-quality cores were available from the Ruhr Val-
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ley Graben and from the north-east of the Kedichem 
Formation area, so our data are restricted to areas in 
the provinces of Noord-Brabant and Zuid-Holland. 
Some of the cores were already several years old, and 
had been exposed to air before sampling. Our sam
pling strategy was aimed at incorporating as much of 
the geochemical variation as possible, so usually rep
resentative samples were taken from each distinct 
unit, and at least once per metre. Sample densities 
therefore can vary from one to fifteen per metre. 

Samples were dried at 60 °C, crushed and sieved 
through a 2 mm sieve and ground using a Tungsten-
carbide mill. After grinding, pressed-powder pellets 
were prepared and analyzed for major and trace ele
ments by X-ray spectroscopy, using an ARL8410 with 
a Rh tube, with full matrix correction for major ele
ments and Compton scatter method for trace ele
ments. 

Data treatment 

We selected the lithological units from the REGIS 
database that were classified as belonging to the 
Kedichem Formation (see for details on the selection 
of Kedichem sections Huisman et al., 2000a). The 
lithological codes for the boreholes that were ana
lyzed geochemically were extracted from the central 
boreholes TNO-NITG database, and coded using the 
RUNSTER-4 program in order to make them com
patible with the standard core descriptions as used in 
REGIS (seeWeijers, 1995).The geochemical analyses 
were linked by depth to the lithological descriptions. 

We divided the elements into three classes based on 
their geochemical behaviour in relation to the litho
logical parameters. For each of the geochemical class
es, we combined lithological groups into groups with 
relevant geochemical differences. Subsequently we 
calculated for each element the average composition 
in each of these groups. Finally, we used these aver
aged contents per lithological unit as a model to pre
dict the geochemical composition of subsurface sedi
ments in the Kedichem Formation. Decisions on the 
question of which elements to assign to a specific 
class and which lithological groups to combine were 
made on the basis of experience from process-based 
studies in the Netherlands (Huisman, 1998) and by 
comparing means using t-tests. 

Visualization 

We visualized the spatial distribution of the geochem
ical model result for three representative elements. As 
a 2-D approach to the 3-D spatial variation, we made 
maps that each represent a 'slice' of 5 m thickness of 
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the Kedichem Formation. If insufficient data were 
available, the slices were chosen thicker. The average 
composition of the sediments of each point was cal
culated by taking the weighted average of the model 
values for each lithological unit present in the slice. 
Maps were made of the interpolated predicted geo
chemical values with the kriging module of the 
SURFER software package. 

Results and discussion 

The geochemical model 

Three geochemical classes have been identified; they 
reflect three major sources of geochemical variation. 
These classes, with the geochemical parameters for 
each lithological unit discerned, are presented in Ta
bles 1,2 and 3. 

We found that the clay, sand and peat classes are 
different for virtually all elements. The only excep
tions are P, Th and Zr. For the elements that are 
mostly related to clay and carbonate contents (Si, Ti, 
Al, Fe, Mn, Mg, Ca, Cr, Cu, Pb, V, Zn, Ba, Ga, Nb, 
Rb, Sr and Y), the contents in gyttja are similar to 
those in clay, so these two classes have been grouped 
together. This similarity probably reflects the relative
ly high clay content that can be found in gyttja, but it 
may also relate to the difficulty in distinguishing gytt
ja from organic-rich clay macroscopically. 

There were only a few loam samples and they were 
not significantly different from any other lithological 
class. The loam-samples have therefore not been in
corporated in our model. For the elements that are 
most related to pyrite and organic-related accumula
tion (As, S, Ni and U), relevant differences occur not 
only between clay and sand, but organic-rich material 
(gyttja, peat and organic-rich clay) is put in a separate 
group with increased content of these elements. 

The main lithological groups can be further subdi
vided according to their mica content to distinguish 
between their relations of Na and K with Al. This is 
most pronounced for Na; high Na-contents occur in 
mica-bearing samples (Fig. 1). It can be explained by 
mica-rich sediments being derived from the Rhine 
river system, which also transported alpine sodic pla-
gioclase, whereas low-mica sediments were derived 
from the Scheldt system, which transported material 
poor in sodic plagioclase (cf. Huisman & Kiden, 
1998; Huisman et al., 2000b). The higher K/Al ratios 
in mica-rich sediments can be linked directly to mica 
as one of the major K sources in the sediment (Fig. 
2). A further subdivision of the main lithological 
classes proved to be of little use for geochemical dif
ferentiation. 

We established a geochemical statistical model 
based on the above data to predict the contents of Al, 
Na and Ni as characteristic elements of each of the 
three element classes. A1203 represents the grain-size 
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Fig. 1. Scatter plot of Na 2 0 versus 
A1203 (in mass %). Diamonds represent 
mica-rich, crosses mica-poor samples. 
Mica-rich samples have generally higher 
Na 2 0 contents. 
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effects, Ni the effects of diagenetic processes, and Na 
a combination of sediment provenance and grain size. 
In order to make slice maps, we calculated the con
centrations of Al, Ni and Na on the basis of the aver
age composition of each core within each slice ac
cording to: 

Fig. 2. Scatter plot of K^O versus A1203 

(in mass %). Diamonds represent 
mica-rich, crosses mica-poor samples. 
Mica-poor samples have in general a 
lower K,0/A1,0, ratio. 

20 

Ni = 24 C„ + 40 H + 9 S (Eq. 3) 

[X\=V=xciri (Eq. 1) 

where: 
Ni = amount of Ni (in ppm); 
C„ = relative amount of organic-poor clay (kg/kg); 
H = relative amount of peat, gyttja and organic-

rich clay (kg/kg); 
5 = relative amount of sand (kg/kg). 

where: 
[X] = average concentration of a certain element in 

a core in the depth range of the slice; 
n = number of lithological groups; 
c, = average concentration of element X in litho

logical class i; 
r, = relative amount of lithological group in the 

depth range of the slice. 

By filling in the values for c, (from Tables 1, 2 and 3) 
and r,, this gives for Al, Ni and Na, respectively: 

A1203= 10.5 C + 6.1 P + 3.7 5 (Eq. 2) 

where: 
A1203 = percentage of A1203; 
C = relative amount of clay and gyttja (kg/kg); 
P = relative amount of peat (kg/kg); 
5 = relative amount of sand (kg/kg). 

Na 2 0 = 0.53 Cp + 0.75 Cm + 0.18 Sp + 
0.87 Sm + 0.36 Pg (Eq. 4) 

where: 
Na 2 0 = percentage of Na 2 0; 
Cp = relative amount of mica-poor clay (kg/kg); 
Cm - relative amount of mica-rich clay (kg/kg); 
Sp = relative amount of mica-poor sand (kg/kg); 
Cm = relative amount of mica-rich sand (kg/kg); 
Pg = relative amount of peat, gyttja and 

organic-rich clay (kg/kg). 
For the last formula, we decided to classify all sedi
ments in a slice of a borehole as mica-rich if it con
tained least one mica-rich section. 

Model performance 

The performance of the model can be demonstrated 
best by comparing its outcomes with the actually 
measured geochemical composition in a core. Such a 
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Table 1. Mean concentrations (mc), standard deviations (2a) and number of samples (n) for clay-content dominated elements. Major oxides 
in mass %, trace elements in ppm. 

element clay and gyttja 

2a 

peat 

2a 

sand 

2a 

Si02 

T i0 2 

A1203 

Fe203 

MnO 
MgO 
CaO 
Ba 
Cr 
Cu 
Ga 
Nb 
Pb 
Rb 
Sr 
V 
Y 
Zn 

69.0 
0.60 

10.5 
4.4 
0.04 
0.96 
2.6 

325 
88 
15 
10 
14 
17 
87 
96 
79 
31 
54 

12.3 
0.15 
3.1 
2.8 
0.06 
0.75 
4.3 

56 
28 

7 
5 
3 
5 

31 
63 
33 

9 
26 

286 
286 
286 
286 
286 
286 
286 
286 
286 
220 
286 
286 
286 
286 
286 
286 
286 
220 

24.2 
0.28 
6.1 
9.9 
0.06 
0.77 
7.2 

213 
52 
19 
7 
8 

11 
52 

105 
52 
43 
58 

25.4 
0.22 
3.9 
6.1 
0.05 
0.47 
5.6 

103 
31 
10 
5 
4 
5 

37 
47 
45 
34 
53 

23 
23 
23 
23 
23 
23 
23 
17 
23 
23 
17 
17 
23 
17 
17 
23 
17 
23 

88.2 
0.19 
3.7 
1.5 
0.03 
0.20 
0.6 

173 
48 

7 
2 
6 
8 
2 

33 
21 
14 
18 

11.0 
0.15 
2.7 
3.3 
0.18 
0.43 
1.6 

81 
29 

6 
3 
3 
8 

23 
33 
21 

8 
17 

281 
281 
281 
281 
281 
281 
281 
281 
281 
183 
281 
281 
281 
281 
281 
281 
281 
183 

Table 2. Mean concentrations (mc), standard deviations (2a) and number of samples (n) for organic matter dominated elements. All concen
trations are in ppm. 

element 

As 
Ni 
U 
S 

organic-poor clay 

mc 

7 
24 
2 

965 

2a 

7 
13 

2 
2140 

n 

184 
184 
184 
181 

peat, gyttja 

mc 

41 
40 

4 
11600 

and organic 

2a 

95 
51 

6 
22500 

-rich clay 

n 

125 
125 
119 
119 

sand 

mc 

4 
9 
1 

574 

2a 

6 
11 

1 
1240 

n 

281 
281 
281 
250 

comparison is made in Figure 3 a for borehole Ruc-
phen-2 (see also Huisman et al., 1997; Huisman & 
Kiden, 1998). The overall performance of the model 
is quite good for Al and Ni: the modelled values for 
each lithological unit follow the measured values of 
these elements, but the extremes of the measured val
ues are higher than the model due to the averaging 
procedures. This means that the variation in the mod
el values follows the variation in actual element con
tents for these elements, but that the real absolute 
contents are more extreme. The performance of the 

Na model is poorer. The main problem is probably 
that the presence of micas was not always recorded in 
the original lithological data. The Na contents of 
low-mica sediments in our geochemical model are 
therefore in fact an average of mica-rich and mica-
poor material, which results in an overestimation of 
the Na contents. 

In some sections, there is no modelled value be
cause there was no model value for the lithological 
code ('loam' at 3 and 9.5 m depth; 'siderite' at 7 m 
depth). The data from this borehole were part of the 

Table 3. Mean concentrations (mc), standard deviations (2a) and number of samples (n) for mica-related elements. Oxides are in mass %. 

element 

K 2 0 
Na 2 0 

mica-

mc 

1.84 
0.53 

-poor clay 

2a 

0.42 
0.23 

n 

238 
238 

mica-

mc 

2.12 
0.75 

•rich cay 

2a 

0.38 
0.14 

n 

38 
38 

peat: 

mc 

1.17 
0.36 

and gyttja 

2a 

0.81 
0.29 

n 

33 
33 

mica-

mc 

0.73 
0.18 

•poor sand 

2a 

0.48 
0.14 

n 

222 
222 

mica-

mc 

1.70 
0.87 

•rich sand 

2a n 

0.40 17 
0.35 17 
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dataset used to prepare the model, so the overall 
model performance for borehole Rucphen-2 is proba
bly overestimated. Furthermore, the good quality of 
this borehole is not representative of all the boreholes 
in the TNO-NITG database, which includes a large 
number of (counter)flush boreholes. 

Figure 3b also demonstrates the effects of averag
ing the modelled geochemical values for the slice 
maps. It is clear that a large part of the variation is lost 
during this preparation for visualization. Further
more, at the top one can see (Fig. 3a) that only a 
short length of observations (approx. 30 cm) becomes 
representative for the total 5 m of sediments because 
there are no other observations. A comparison of the 
average modelled with the average measured geo
chemical parameters shows that there are consider
able differences. This is probably largely due to our 
sampling protocol, which tends to emphasize thin lay
ers of clay or organic-rich material at the expense of 
more homogeneous sand units. 

Spatial characteristics of the geochemical model 

The patterns that emerge from the maps of the mod
elled Al contents (Fig. 4a) clearly differ between the 
various slices: the slices from +30 m to -40 m show 
low Al contents in the south, and higher contents in 
the north, which indicates higher sand contents in the 
south. Furthermore, the patterns are patchy and show 
little overall continuity, indicating that the spatial pat
terns are on a smaller scale than can be studied with 
our sample densities. In the deeper slices, particularly 
below 60 m, the Al contents in Zuid-Holland de
crease significantly, reflecting an overall large-scale 
fining-upward sequence that might be related to a 
marine transgression. The Ruhr Valley Graben dis
plays high Al contents, which continue in a north
westerly direction. The occurrence of high Al con
tents, i.e. significant amounts of clay, in the areas 
where the top of the Kedichem Formation lies deep
est (Ruhr Valley Graben; Amsterdam/ IJmuiden area) 
indicates that the distribution of clay-rich deposits is 
determined at least partially by tectonic processes. 
Moreover, the distribution of Al-rich areas (such as in 
the 70-80 m slice) suggests that the main tectonic sys
tem that was active during the deposition of the 
Kedichem Formation is associated with the Ruhr Val
ley Graben subsidence, whereas the West Netherlands 
Basin fault system, which has a more westerly direc
tion (Geluk et al., 1994), was of less importance. 

The slice-maps of the modelled Ni distribution 
(Fig. 4b) show similar patterns as the Al maps. This 
can be attributed partly to the influence of the con
tents of clays and other phyllosilicates on the Ni con

tents. The association of Ni with organic-rich material 
is more important, however, as it has the most ex
treme values (see mean concentrations in Table 2; 
Nisand = 9 ppm, Niclay = 24 ppm, Niorg = 40 ppm).The 
comparability of the Al and the Ni patterns must 
therefore be attributed also to the occurrence of rela
tively abundant organic-rich sections in clay layers. 
This is consistent with an interpretation that the clay 
layers represent basin clays and oxbow-lake infillings, 
of meandering to anastomosing systems, as they often 
include peat and organic-rich horizons (cf. Einsele, 
1992). The presence and position of the most impor
tant organic-rich deposits appear to be determined by 
tectonic processes (subsidence), which is another in
dication that subsidence was active during the deposi
tion of the Kedichem Formation. 

The modelled Na contents (Fig. 4c) show in gener
al low values in the south, and variable values in the 
north of the area. This can be compared directly to 
the heavy-mineral clusters, which show high member
ships for the stable heavy-mineral cluster in the south 
(see Huisman et al., 2000a), and represents the influ
ence of the Scheldt river system on the composition 
of the Kedichem sediments. There is a clear boundary 
between high Na contents in the northern and low 
Na contents in the southern part the Ruhr Valley 
Graben (see for instance the 50-55 m slice map).This 
boundary coincides with the increase in thickness of 
the Kedichem Formation in the south of the graben. 
This supports our interpretation that this increase in 
thickness is caused by the classification of Tiglian and 
older sediments with a stable mineralogy as Kedi
chem Formation (see above). The lack of easily inter-
pretable patterns in the modelled Na contents in the 
north of the area (particularly in the province of 
Zuid-Holland) is probably caused by an interaction 
between lithological differences, differences in sedi
ments sources (local occurrences of Scheldt-derived 
sediments), and the inconsistencies in reporting re
garding the mica content in part of the core descrip
tions. 

Conclusions 

Our method to characterize the geochemical compo
sition of subsurface sediments needs only a relatively 
small number of analyses. The contents of all ele
ments, except P, Th and Zr, could be linked to litho
logical codes from the TNO-NITG borehole data
base to make predictions of geochemical properties in 
places where no geochemical data are available. The 
results show that the variations in the Kedichem For
mation are not large, but that spatial patterns can 
nevertheless be discerned. Furthermore, it appears 
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Fig. 3. Comparison between measured and modeled geochemical parameters for borehole Rucphen-2. 
A: data as measured. 
B: data averaged into slice maps. 
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Fig. 4. (pp. 388-389).Spatial geochemical models for the Kedichem Formation. 
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that a major part of the geochemical patterns in the 
Kedichem Formation can be related to tectonic pro
cesses. 

The spatial modelling of key-elements demon
strates that it is possible to predict variations of the 
average contents of these elements in Dutch subsur
face sediments. The method of linking geochemical to 

lithological data by averaging is crude, but is probably 
still the best way to proceed with a geochemical char
acterization of the Dutch subsurface. It must be not
ed, however, that the range of modelled values is in 
the same order of magnitude as the range of element 
concentrations that one can find within one lithologi
cal unit. This indicates that the absolute values of the 
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predictions should not be taken at face-value, but 
more as a general indication. An extensive sensitivity 
analysis is recommended for future geochemical sub
surface modelling. The patterns that emerge from the 
spatial modelling of lithological parameters that influ
ence the geochemical composition, however, can be 
useful for geochemical as well as geohydrological and 
stratigraphic research. 

The use of formation boundaries as a priori stratifi
cation for geochemical research would be unwise, as 
it is likely that a large number of the formation boun

daries are associated with insignificant changes in 
geochemical composition. Future geochemical char
acterization programs would be served better by 
studying sediments without a priori division in forma
tions. Differences in sediment provenance can be tak
en along as a factor that is based on sediment-petro-
logical characteristics like heavy-mineral composition 
and mica content. It must be stressed that it is not 
possible to link the geochemical composition of sedi
ments directly with the heavy-mineral content. One 
reason for this is that the heavy minerals represent 
only a small fraction (a few percent at the most) of 
the total sediment. Moreover, heavy-mineral counts, 
in which each mineral is expressed as a percentage of 
the total amount of grains, do not relate to the actual 
content of the mineral but rather to the abundance 
relative to the other heavy minerals. For example, the 
contents of Zr, which in the sediments studied occurs 
only in the mineral zircon, do not differ significantly 
between the Scheldt-derived and the Rhine-derived 
sediments in the Kedichem Formation. Still, heavy-
mineral counts from Scheldt-derived sediments show 
high zircon contents (often >50%), whereas heavy-
mineral counts from Rhine sediments show only a 
few percent of zircon. This reflects the higher heavy-
mineral content of Rhine sediments when compared 
to Scheldt material (cf. Huisman et al., 2000a). 

The present study illustrates the relative impor
tance of organic layers for the subsurface heavy-metal 
geochemistry. It may also be more important, howev
er, to understand the processes that are involved in 
diagenetic element enrichments and to know the like
lihood that such enrichments (such as shown by Ni) 
may occur, rather than to predict exactly the content 
in each specific organic layer (cf. Huisman et al., 
1998). 

For a nation-wide geochemical characterization, 
more effort is needed to describe, study and present 
the spatial patterns discussed here accurately; the 
slice maps are relatively easy to make and to use, but 
it is a crude 2-D approximation of truly 3-D variation 
patterns. In the centre of the Ruhr Valley Graben, for 
instance, variable subsidence rates probably caused 
layers that were originally more or less horizontal to 
become bowl-shaped. Such layers would appear dis
sected and divided amongst a large number of slices, 
whereas their shape could be described more accu
rately and useful in a true 3-D description of the sedi
ment body. 
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