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Abstract 

Thickness and distribution of Late- and Post-glacial sediments in an Eastern Jutland 
valley system have been mapped, and their sedimentogenetic and diagenetic relations 
have been studied. The chemical and sedimentological methods used are discussed in 
detail. Post-glacial marine sediments formed in a tidal fjord environment are the most 
important deposits in the area, and it is shown that river supplies of freshwater control 
the salinity of the environment and were responsible for the rather high content of 
all ochthonous material in the sediment. The marine sediments rest on Late-gl acial sand, 
whose surface topography indicates that the valleys were formed by subglacial erosion. 
Local occurrences of dead ice were present at least until the Littorina sea (Atlantic) 
transgression. Depth conditions for Early Post-glacial peat are used to estimate the 
groundwater level and the course of the river Gudena in the Continental Period. 
Sedimentary facies in the Atlantic Littorina sea are discussed, including salinity, tidal 
activity, water depth, nutrient conditions, and exchange of stagnant bottom water from 
the deepest parts of the fjord area. The sequence seems to have been influenced only 
by minor syndi agenetic and weathering processes. 

With the intention of providing supplementary information to that obtained from 
mapping of the Post-glacial sediments of the region 161 electric soundings have been 
carried out in the Randers fjord area. The specific resistivity of the sediments has 
been determined and the principle limitations of the methods applied have been investi­
gated. Interpretation of the electric soundings has been done using a new system of 
computer programs. Maps showing the thickness relationships and variations in specific 
resistivity in the uppermost, largely Post-glacial deposits in the area have been pre­
pared, and a map showing the location of the surface of the Danian limestone and 
occurrence of Tertiary clay is also presented. 



Introduction 

The investigation of Late- and Post-glacial sediments in the Randers fjord 
area can be taken as a natural continuation of earlier research carried out in 
the Rosenholm depression (Villumsen 1973), where Late- and Post-glacial 
sediments from a freshwater basin were studied. The Randers fjord area 
includes Rosenholma valley, Aliinga valley, Virring bay, Grund fjord, and 
the parts of Randers fjord situated on the RANDERS MAP SHEET. For 
some time during the Post-glacial time this area was covered by the Atlantic 
Littorina sea, and a study of the Late- and Post-glacial deposits from this 
area and a comparison with results from the Rosenholm study will therefore 
permit interpretations of many different sedimentary facies in the transition 
zone from a pure freshwater to a marine environment. 

The investigation is divided into three main parts, namely: 
a geochemical and sedimentological study (by Arne Villumsen) 
a geoelectric investigation (by Holger Lykke Andersen), and 
a paleontological investigation (by Anne-Lise Lykke Andresen and Jytte 
Christensen). 

The present paper describes the results of the geochemical, sedimentological, 
and geoelectric investigations. Some preliminary results from the pale­
ontological study have kindly been provided from the authors mentioned 
above, and these results are included here. The entire results of the pale­
ontological study will be published at a later date. 



Geochemical and 
sedimentological investigations 
Arne Villumsen 

History of research 

The geological development of the Randers area is complex (Larsen et al. 
1972) and up to now is not known in detail. In order to illustrate some main 
features of the genetic history of the area, Sorgenfrei's (1952) investigations 
can be mentioned. He demonstrated that tectonic movements of the pre­
Quaternary deposits have played an important role in the foundation of the 
great east-west trending valleys which today dominate the morphology of 
the northern part of the RANDERS MAP SHEET. The .area was further 
modelled during the Quaternary glaciations. Concerning this A. Jessen (1918) 
writes: 

"The large, wide valleys around Randers fjord, the rivers Gudena and 
Nirrea, are very old an can be traced back to at least the Wiirn1 glaciation. 
During the last phase of glaciation, when the great outwash plains were 
formed, and during the subsequent melting of the ice, these valleys were 
the bed for subglacial and later extramarginal meltwater-rivers. These rivers 
with their great floods and tremendous material transport transformed the 
original valleys, first by erosion, later by filling irregularities in the valley 
bottom, so that the original V-formed cross-section was transformed to a 
U-form with flat bottom and steep flanks". (A. Jessen 1918, p. 11 (trans­
lated)). 

It is generally accepted that the southern part of Denmark was situated 
above sea-level during the Late-glacial period (see for example Krog's (1968) 
outline concerning the distribution of Late- and Post-glacial marine sediments 
in Denmark) and this explains why Late-glacial marine deposits are not found 
in the Randers area. Different investigators have found peat deposits under­
lying the Post-glacial marine sediments in the Randers area and in the ad­
joining valleys. Feddersen, who made a boring in the N0rrea valley in 1881 
(according to A. Jessen 1918) was one of the first to report this, but peat 
layers were later found at a number of localities below the marine sediments 
in the Randers area (A. Jessen 1918). These freshwater deposits are normally 
dated to "fastlandstiden" (the "Continental Period"), a chronostratigraphical 
unfortunate name, which roughly includes the Preboreal and Boreal Chrons 
in this area. During the following Littorina transgression most of the Randers 
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area was covered by the sea, the maximum extension of which was mapped 
by A. Jessen (1918, 1920). The estuary of the river Gudena, which in "fast­
landstiden" was situated some distance out in the recent Kattegat (Mamer 
1969), retired to the vicinity of the present town of Langa (A. Jessen 1918) 
when the Littorina sea reached its maximum extent. Wave motions and tidal 
activity were more intense than today (Nielsen 193 8) and this contributed to 
the formation of the steep coasts which are often seen limiting the Littorina 
sea deposits in the Randers area. 

The development of the vegetation in Randers fjord was studied by K. 
Jessen (1918). Temperature and salinity conditions were discussed by Jo­
hansen (1918) based on the fauna of the Littorina deposits. Both tempera­
ture and salinity were higher in the Littorina sea than they are today in the 
remaining part of the fjord system (Johansen 1918). 

By investigations carried out around the small peninsula of Dyrholmen 
in Virring bay (see fig. 1) Troels-Smith (1942) demonstrated the presence 
of 3 separated Littorina transgression layers which he dated by their pollen 
content to the Atlantic. According to Mertz (1924), the uplift of the Randers 
area after the maximal Littorina transgression and up to today has amounted 
to some 3-4 metres. An important part of the area, especially around the 
recent Randers fjord and Grund fjord, has quite recently been effectively 
drained and has become permanent dry land after the establishment of 
major pump stations. 

Description of localities 

The investigated area includes an Eastern Jutland valley system. The valleys 
are today covered by Post-glacial marine and freshwater sediments, while 
the surroundings are build up of sandy tills from the Wiirm glaciation and 
Late-glacial outwash sands. Only the Late- and Post-glacial deposits in the 
valley system have been included in this study. Fig. 1 shows location of the 
investigated area which includes Rosenholma valley, Allinga valley, Virring 
bay, Grund fjord and Randers fjord. 

The Rosenholm& valley is quite narrow. The bottom of the valley slopes 
from about 12 m (above sea level) in the south-eastern end to 5 m in the 
northwest where the small river Rosenholma flows into the Allinga valley. 
The river Rosenholma drains the Rosenholm depression which has been 
geologically described by Villumsen (1973). The Rosenholma valley is 
covered by a thin layer of Post-glacial peat. 
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The Allinga valley has a total length of about 15 km. It includes the low 
lying area between the village of Robdrup and the recent Grund fjord. The 
western part of the area - around Klausholm castle - is up to 1 km across, 
and is covered by a few metres of peat resting mostly on sand. A few km 
northeast of K.lausholm the valley is very narrow (about 200 metres) and 
here the youngest deposits are also Post-glacial peat, but below the peat 
marine sediments are often seen. The valley bottom is about 7-8 m above 
sea level at Robdrup and some 3 m at Vester Alling. A little northeast to 
the village of Vester Alling the valley opens to an extensive, almost horizontal 
area, part of which, Virring bay, extends a few kilometres to the west. 
Nearly half way between Vester Alling and the castle of Gammel Estrup 
the Allinga valley has a narrow connection to the southeast (to Kolindsund). 
The last part of the Allinga valley (from Gammel Estrup to Grund fjord) 
is about 1 km across . The valley bottom slopes gently from ea. 3 m at 
Vester Alling to about + 0.2 m at the inner part of Grund fjord. The 
sediments in this part of the valley are mainly Post-glacial peat underlain 
by marine clay and gyttja. 

Virring bay. The western part of this area lies 3-4 m above sea level and 
is made up of peat without marine sediments. In the area between the 
village of Virring and the Allinga valley the peat rests on marine clay and 
silt. Virring bay is approximately 1 km across. 

Grund fjord includes the northeastern part of the investigated area. It is 
demarcated from Randers fjord by a north-south line through the village of 
Ugelhuse. The area is horizontal at about 0.2-0.5 metres above sea level. 
The youngest sediments consist of alternating layers. of sand and clay with 
a minor content of organic matter. The sediments in the recent Grund fjord 
are not included in this investigation. 

Randers fjord. Only the valley between the village of Ugelhuse and the town 
of Randers has been studied in this connection. The area is about one 
kilometer wide and is covered by a relatively thin peat layer, which overlies 
Post-glacial marine sediments. The river Gudena runs from west to the east 
and at the village of Ugelhuse it turns at a right angle to the north. The 
sediments below the recent Randers fjord are not included in this invest­
igation. 
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Fig. I. Location map for the Randers fjord area. The asterisks indicate type localities. 
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Working methods and discussion of their applicability 

Field work 

Depth mapping. During the field work systematic depth mapping of the 
area was carried out, using a Hiller-type corer. The localities of borings 
(about 85 in total) can be seen in plate 1. Nearly all the borings stopped 
for technical reasons in a sand deposit below the Post-glacial sediments. This 
sand deposit is believed to be roughly Late-glacial in age. (A detailed dis­
cussion concerning the age of the sand is given on p . 43). Plate 1 shows 
the topography of the sandsurface. An investigation of the thickness of the 
Post-glacial sediments and the deeper lying deposits of the area has been 
carried out by H. L. Andersen using geolectric methods and the results 
of his study are presented in this paper (pp. 93-110). 

During the depth mapping a total of 6-700 samples of mainly Post-glacial 
marine sediments were taken for paleontological and other studies. Some 
preliminary results of this investigation are incorporated in the present paper 
(kindly communicated by Mrs. A.-L. Andersen), but the final report con­
cerning the faunal conditions will be published at a later date. 

Field measurement of pH and Eh was carried out for a few borings as 
described by Villumsen (1973). 

Type localities: Based on the results of the depth mapping 3 type localities 
were selected as representatives for three of the main facies. The type local­
ities are indicated in fig. 1 and plate 1 by asterisks. At these localities un­
disturbed sediment cores were taken using a Geonor A/S 54 mm sampler. 
With a few exceptions only this material was used for the chemical and 
sedimentological laboratory investigations. 

Laboratory work 

X-ray radiographs were taken of most of the core material following the 
method described by Thiede and Larsen (1971). 

Water content. The water content of all the samples collected during the 
depth mapping was determined by weight loss after drying in an oven for 
24 hours at 110°C. This determination of the water content is an excellent 
and rapid method which often gives an indication of the lithological diffe­
rences, especially for sediments which are saturated with water. Very often 
small variations in the content of organic matter will clearly influence the 
water content of the sediment. Fig. 2 shows the correlation between water 
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content (% of dry matter) and the sediment types in the investigated area, 
based on about 600 determinations. It is clearly seen that an increase of 
clay and organic matter in the sediment causes the water content to rise. 
The peat varies widely in its water content mainly because it was not fully 
water saturated when the material was sampled. Further the Early Post­
glacial peat, which lies below some l O m of marine sediments, might have 
lost some water during compaction. Generally the peat in the area is very 
sandy, which of course also influences its water content. 

The investigated sediments, which contain several compounds that are 
unstable under oxidizing conditions will, during drying in an oven as de­
scribed above, undergo major changes in chemistry and mineralogy such 
that subsequent laboratory analysis will be of a questionable value. There­
fore the samples from the type borings were dried by freezing under vacuum 
(- 50°C, 0.05 mm Hg). By this method very small transfonnations of the 
material will occur. All the analytical results are converted to dry weight at 
l 10°c. 

Grain size distribution was determined by wetsieving. Silt and clay contents 
were calculated using Stokes law. The content of organic matter and 
sulphides caused some difficulties in the grain size determination: The 
samples were treated by H 20 2 for destruction of the organic matter, but 
some sulphuric acid was produced by oxidation of the sulphides and this 
attacked some of the sample material. Presumably the uncertainty of the 
method is about 10 % . 

The loss on ignition was determined after ignition at 1000°C for 20 minutes 
to ensure a total removal of CO2 from carbonates. The results could be 
reproduced with a relative uncertainty of ± 5 % . This determination is 
rather simple, but it has in many cases been used successfully to obtain a 
measure of the total content of organic matter in a sediment, for example 
in pure organogenic deposits. Generally, however, the change in weight of 
a sediment by the ignition is a result of many, often mutually dependent, 
processes, and therefore it is difficult to interpret the loss on ignition. Its 
application as a direct measure of the content of organic matter can often 
be highly questionable: 

By the ignition at 1000°C not only organic matter will disappear. In the 
present case the changes in weight will further include: loss of chemically 
combined water from opal, clay and other hydrous silicates; loss of CO2 

from the carbonates; increase in weight caused by oxidation of reduced iron 
compounds (FeO --+ Fe,p 3); decrease or increase in weight caused by the 
sulphur content (by base deficit part of the sulphur will disappear with the 
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combustion products, resulting in a weight decrease). If the sample has a 
sufficient content of bases (for example as CaC03), the sulphur in the 
ignited sample will remain as sulphates, causing an increase in weight by the 
oxygen uptake. 

In calcareous sediments the reduced loss on ignition (i.e. the total loss on 
ignition - C02 loss from carbonates) might be an acceptable measure of the 
caustobiolithic fraction, but still better this part of the sediment is indicated 
by the content of organic C, which is used in the present context. 

C02 in carbonates. By using 10 % HCl the C02 was expelled from the 
samples, absorbed in sodium asbestos and then determined gravimetrically. 
The uncertainty on the double determinations lies within ± 2 % relatively. 

In many cases the C02 content originates from CaC03 alone. In such 
cases the C02 content is often determined by titration, but as for this sample 
material the presence of FeC03 and organic matter could make the titration 
uncertain. Therefore the above mentioned method was used, although it is 
more time consuming. 

Total C. The total carbon content was determined gravimetrically after 
combustion in a Leco 521 induction furnace. The uncertainty is ± 2 % 
(relative). 

Organic C was calculated as the difference between total C and C03-C. 
This is one of the best measures of the content of organic matter in the 
samples, and today it is normally used. The total content of organic matter 
has sometimes been estimated, based on the content of organic C using 
different conversion factors (Orr, Emery & Grady 1958). However, as the 
organic fraction normally has a wide range in composition, partly because 
of differences in the organic source material, partly because diagenetic 
transformations can give different alteration products, conversions like these 
should normally be avoided. 

Total N. The N content was determined by a normal Kjeldahl analysis, by 
which nitrogenous compounds except N03-N are converted into (NH4hS04 

in a boiling mixture of K2S04, CuS04, HgO and H 2S04 (cone.). The nitrogen 
content is then determined by distillation and titration of NH3• The un­
certainty of the method is about ± 2 % (rel.). Qualitative N03 tests (see 
below) were in all cases negative, and thus the nitrogen content determined 
by the Kjeldahl method gives the total N content of the samples. 
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NOrN, qualitative. Qualitative NO3 tests were carried out on a water ex­
tract of the samples using the brucine method . All the NO3 tests were 
negative, which means under the present conditions that the NO3 concen­
tration in the sediment is less than 0.01 % . 

NH4-N. In a reduced environment the pore solution often contains appre­
ciable quantities of ammonia, some of which might be preserved in the 
sample after the freeze-drying process used in the present case. This contri­
bution to the nitrogen content of the samples is presumably of minor 
importance. On the other hand ammonia can react with the clay minerals, 
and this often makes interpretations of the total N content of the samples 
difficult (see below). 

Fixed and exchangeable NHrN. NH/ can either neutralize negative charges 
within the clay mineral lattice (fixed NH-1 +) or at the clay mineral smiaces 
exchangeable NH_1-N was determined : After repeated treatment by I N KCI 
amount of NH-1 + which can be extracted by 1 N KC! (Stevenson & Cheng 
1972). The nitrogen, which is incorporated in the sediment, in this way, 
depends, among other things, on the clay mineral type. According to Nielsen 
(1971) Allison & Roller (1955) indicated that vermiculite can, on average, 
fix 50 meq NH/ per 100 g clay mineral, which corresponds to 0.7 % N. 
For montmorillonite and illite they found 6 meq and 1 meq NH/ , 
respectively, per 100 g clay mineral. According to the authors above, 
kaolinite could not fix NH/. 

In a representative series of 6 samples from the investigated area the 
exchangeable NH4-N was determined : After repeated treatment by 1 N KCl 
MgO was added to the extract, and then NH3 was distilled, accumulated 
and determined spectrophotometrically following Nessler's method. The 
results showed that exchangeable NHrN amounted to 10 % of the total 
nitrogen content. 

The content of fixed NH-1-N was not determined. An estimate based on 
the above mentioned ability to fix NH4 for different clay minerals, knowledge 
of the clay mineral type, and the grain size distribution for the present 
samples, gives the same order of magnitude for fixed NHrN as for ex­
changeable NHrN. It may thus be concluded that about 1/5 of the total 
nitrogen content might be combined with the clay fraction. This is of 
importance in a discussion of the applicability of some of the parameters 
which have often been used to characterize the composition of the organic 
fractions and their degree of transformation (for example the C/N ratio and 
the total nitrogen content as determined by the Kjeldahl method). 

~s systematic determinations of the fixed and exchangeable NH.-N were 
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not performed, the contents of organic N cannot be calculated ( = total N 
- (fixed N + exchangeable N)). Therefore the nitrogen content given in 
this paper is less suitable as a measure of the sediment's total caustobiolithic 
fraction than the content of organic C. 

The C/N-ratio. The ratio between organic carbon and nitrogen in a sediment 
often varies widely and is normally difficult to interpret. According to 
Arrhenius (1950), Gripenberg (1934) investigated the C/N ratio in Baltic 
Sea sediments and related the high C/ N values to supply of land-derived 
organic matter which were supposed to have entered the Baltic Sea in 
solution or suspension. Hansen (1959, 1962) classified modern freshwater 
lake sediments using among other parameters the C/ N ratio. A high ratio 
is characteristic of the lake sediment type "dy", and Hansen believed that 
a supply of terrestrial humus to lakes generally increases the C/ N ratio in 
the sediment. Hansen also found that the C/ N ratio could be used for a 
classification of fossil lake sediments. An interpretation of small variations 
in the C/ N ratio should be avoided (Hansen 1964a) because post depositional 
transformations will effect the C/ N ratio. - Based on investigations of the 
Red Sea sediments Mohamed (1949, according to Arrhenius 1950) believed 
that the C/ N ratio was like the value found in living plankton. It is possible 
that the special chemical conditions of the Red Sea water can explain 
Mohamed's surprising conclusion (Red Sea water has a high Mg content, 
which can prevent chlorophyll decomposition (see the later section on the 
chlorophyll content)). Arrhenius (1950) showed that higher C/ N ratios 
occur with greater total content of organic matter in the sediments. According 
to Stevenson & Cheng (1972) the reason for this could be that the content 
of NHrN fixed in the clay minerals contributes only to a relatively minor 
extent to the total nitrogen content in samples where the concentration of 
organic matter is high. Bordovskiy (1965) states that the contents of N and 
P in planktonic material will be selectively effected by aerobic decomposition 
processes, and therefore the C/ N ratio of the organic matter in a marine 
sediment will normally be higher than in the plankton. Generally this means 
that allochthonous organic matter will have higher C/ N values than the 
source material because the allochthonous fraction has normally been under 
oxidizing conditions for a greater period of time. Stevenson & Cheng (1972) 
showed that the content of amino acids was great in sediments with low 
C/ N ratios which supports Bordovskiy's theory (1965) concerning selective 
decomposition of compounds rich in nitrogen. Stewart & Gorsline (1962) 
assumed that high C/ N values which they found for marine near-shore 
sediments were caused by the large content of land-derived plant material. 
- The conclusion of this is that by the C/ N ratio it is possible to distinguish 
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between allochthonous and autochthonous organic components of a modem 
sediment. The allochthonous part of the material has the highest C/ N ratio. 
This primary difference, however, cannot be expected to be preserved during 
the diagenetic alterations to which the organic fraction of the sediment will 
be subjected. Decisive importance should not be attached to small variations 
in the C/ N ratio, neither for modem nor for ancient sediments. As a closing 
remark to the discussion of the C/ N ratio it should again be underlined 
that only the ratio between the organic carbon and the organic nitrogen has 
a real meaning when characterizing the organic content of a sediment. A 
Kjeldahl determination of the nitrogen will not, as earlier mentioned, be 
usable as a direct measure of the organic N in sediments where a certain 
amount of clay is present. 

Total S (1st method) was determined using a Leco 532-000 type automatic 
sulphur titrator. Results from this apparatus are normally slightly low because 
S03 from the combustion products is not included in the titration. To test 
this method another, more time-consuming, technique was used (see below). 
It appeared that the Leco method gave a mean sulphur content of 97 % 
of the total S, and therefore the results are here used without correction. 

Total S (2nd method). By using a modified version of Eschka's method 
(Dansk Standard No. 155) the total sulphur content was determined in the 
following way: A weighed subsample was ignited in a crucible with a 
mixture of Na2C03 and MgO for two hours at 850°C. By this means all 
the sulphur in the sample is converted to so4- 2 and S03- 2• The sample is 
then oxidized in a porcelain container by bromine water (SO/- + 0 -+ SO/-) 
and acidified by HCl before evaporation to precipitate Si02. The evaporated 
rest is soaked with HCl, and the sulphates are dissolved in distilled water. 
Si02 was then removed by filtration, and after adding BaC12 the total S 
content was determined from the precipitated amount of BaS04• The un­
certainty is about 5 % relative. 

SO r S. A weak HCl solution is added to the sample, and the sulphates are 
dissolved by boiling. After filtration the sulphates are precipitated by BaC1 2 

and determined gravimetrically. The uncertainty is about ± 1 mg SOJ. In 
the actual case only minor amounts of SOrS were found. 

Elementary S. After chloroform extraction the sample was filtered, evap­
orated (at 60-70°C) and weighed. In addition to elementary S, fat and 
waxes will be extracted by the chloroform, and thus the method has an 
inbuilt uncertainty. 
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Fig. 3. Absorption spectra of 5 samples from the Randers fjord area. Absorption 
maxima at 2 = ea. 750 nm originate from bacteriochlorophyll a, which is produced 
by purple sulphur bacteria. Absorption maxima at 2 = ea. 660 nm originate from 
chlorophyll remains (see text p. 20). 

Elementary S from purple sulphur bacteria. Some of the bacteria of the 
sulphur cycle are photoauthotrophic. For example this applies to purple 
sulphur bacteria, which can live in shallow, anaerobic environments where 
light is admitted. The bacterial activity results in an accumulation of ele­
mentary sulphur, produced from H 2S or sulphides. In a few samples the 
content of pigment from purple sulphur bacteria (bacteriochlorophyll a) was 
determined as follows: 

2 g pulverized sample was extracted by 25 ml ether for about 1 hour. 
After centrifugation the extinction of the filtrate for wavelengths between 
200 nm and 1000 nm was measured using a Hitachi-type spectrophotometer. 
In only one of the samples, No. 23, was an extinction maximum of about 
750 nm found (see fig. 3), and presumably this originates from a content 
of bacteriochlorophyll a as other pigments show no extinction in this wave­
length area (Fenchel & Straarup 1971). As the content of elementary S in 
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sample No. 23 is anomalously high (2.2 % - see table 2), it seems reasonable 
to assume that only this sample has a content of bacteriochlorophyll a. 
Sample No. 23 was sedimented in a special environment, which is not 
characteristic for the investigated area as a whole. It may therefore be con­
cluded that normally elementary S originating form either purple or green 
sulphurbacteria (which have the same requirements for light, se page 20) 
has generally been of minor importance in controlling the sulphur content 
of the sediments in the area. The absorption has not been converted into 
an absolute measure of bacteriochlorophyll a. 

The sulphur isotope ratio was determined according to the method of Hart­
mann & Nielsen (1969) and Thode et al. (1961): 

To 1 g of pulverized, vacuum dried sediment sample a few drops of H 20 2 

and bromine water were added, and then the sample was slowly evaporated. 
This treatment and the following evaporation with bromine water and aqua 
regia transforms all the sulphur compounds into sulphates. The nitric acid 
was then removed by evaporation with HCL After this the sulphates were 
transformed into H2S by a reduction solution (500 ml HI (density 1.7), 
816 ml cone. HCl, 245 ml H3PO2, after Thode et al. (1961)). The evolved 
H2S was bubbled through distilled water using a nitrogen current· and then 
precipitated as CdS in a hydrous solution of cadmiumacetate. After filtration 
and vacuum drying the CdS was ignited at about 700°C in evacuated quartz 
ampoules, by which the sulphide content was transformed into SO2• The 
ratio between 32SO2 and 34SO2 was then measured using a mass spectrometer 
(type Varian MAT.CHS, ionsource electron bombardment). As standard 
CdS (from Riedl de Haen/ Hannover) with a o34S value of + 10.8 %0 
was used. 

( 34S/ 32S)sample - (34S/ 32S) meteorite standard 
X 1000) 

( 34S/ 32S) meteorite standard 

As the mass spectrometer had a molecular flow gas admission system, and 
as the measurings were taken in a series, the calculated a34S values (%o) 

cannot be given more accurately than in table 2. 
As the maximum content of total S is found in the marine sediments 

it may be assumed that the sulphate content of the Littorina sea was im­
portant for the accumulation of sulphur in the sediments. Hartmann & 
Nielsen (1969) described a similar model for the formation of sulphides 
in recent Baltic Sea sediments: The reduction of sea water sulphate takes 
place by means of bacteria, whose activity in the Baltic Sea is restricted to 
the uppermost few cm of sediment which has a diffusion contact with the 
sea water (Hartmann & Nielsen 1969). The sulphate reduction results in 
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fractioning of the S isotopes, so that the o34S values for the sediment sul­
phides are often found to be negative, while sea water sulphate has a o34S 
value of about + 20 %0 (the sediment sulphur is isotopically lighter than 
sea water sulphate). Hartmann & Nielsen (1969) investigated the relationship 
between the degree of isotopic fractionation and the sedimentary environ­
ment and found that the sedimentation rate was the most important factor . 
For the actual samples from the Randers area the o34S values give some 
support to Hartmann & Nielsen's model (1969) as the highest S contents 
and the most negative o34S values are found where the rate of sedimentation 
seems to have been relatively slow. 

The content of residual chlorophyll. From a small subsample (normally 1 g) 
the pigment content was extracted with 100 ml 85 % ethylalcohol for 20 
hours. The absorption for the filtrate was measured at 662.5 nm using a 
Perkin-Elmer, Hitachi type spectrophotometer. - Fresh chlorophyll as well as 
many of its decomposition compounds show a maximum extinction at about 
660 nm (Orr & Grady 1957), and therefore a good measure of the pigment 
content can be obtained based on the extinction intensity at this wavelength. 

Green sulphur bacteria also show a maximum extinction at 660 nm, and 
it is not immediately possible to distinguish between chlorophyll and pigment 
from green sulphur bacteria (Fenchel & Straarup 1971). In the present case, 
however, green sulphur bacteria have presumably contributed very little to the 
absorption at 662.5 mm because green sulphur bacteria approximately have 
the same requirements for light as purple sulphur bacteria, which as earlier 
mentioned have only been found in one case in a special sedimentary 
environment in the investigated area. 

In order to correct the measured extinction intensities at 662.5 nm the 
mean extinction of the extract in the wavelength interval from 520 nm to 
800 nm was subtracted from the readings. After this the corrected measure­
ments (table 3) should give a reliable impression of the chlorophyll content 
in the sediments (Sanger & Gorham 1972). Most of the autochthonous organic 
fraction in the marine environment is produced by the flora through photo­
synthetic activity. In marine areas of shallow water the bottom vegetation 
might make an important contribution, but generally floating plants or phyto­
plankton are the main source of the organic matter in the sea, and in order 
to sustain their production, nutrients, light and C02 are required. The ap­
plication of the chlorophyll content as a measure of the organic matter in the 
marine productive layer is rather problematical, partly because different 
types of phytoplankton have different clorophyll contents, and also because 
the chlorophyll content of the same type of phytoplankton may depend on 
the growing rate. As a mean value it is presumed that organic matter in 
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surface sea water contains 6 % green pigment, expressed as chlorophyll. 
Phytoplankton contain much more chlorophyll than terrestrial plants. Thus 
green leaves contain only about 0.8 % chlorophyll (Orr, Emery & Grady 
1958). Chlorophyll is unstable under oxidizing conditions, with the result 
that the sediment sometimes only receives a very small part of the primarily 
produced chlorophyll. Decomposition processes cause chemical changes in 
the chlorophyll molecule, and therefore the green organic pigment of a sedi­
ment cannot always properly be named chlorophyll. In most cases the first 
step in the chlorophyll decomposition is liberation of Mg, and pheophytin is 
formed. Further change in the organic fraction can result in the formation 
of porphyrin, which is a vanadium-bearing organic-chemical complex (Welte 
1969). In the geological literature chlorophyll-resembling compounds have 
been described as sediment chlorophyll, chlorophyll remains, green pigment, 
pheophorbide or pheophytin (Orr & Grady 1957). The greatest content of 
chlorophyll remains have been found in dark, cold anaerobic environments, 
and under these conditions differences in the primary production are sup­
posed to be preserved, and the pigment content can thus be used as a measure 
of the nutrient conditions in the environment of formation (Sanger & Gorham 
1972). Besides anaerobic conditions (and thus low benthonic activity) a 
high Mg content seems to stabilize the chlorophyll content of the sediment 
(Nissenbaum, Baedecker & Kaplan 1972). From Danish deposits chlorophyll 
content has been described from the interglacial lake sediment at Rodeb~k 
(Andersen & Gundersen 1955). 

Quantitative measures of the content of chlorophyll remains are given by 
Parsons & Strickland (1963), who calculated the pigment content including 
chlorophyll. If for the Randers fjord sediments it is assumed that the original 
chlorophyll content has been transformed to pheophytin, it is possible to give 
a quantitative measure of the pigment content using the extinction inten­
sities at 662.5 nm. Data from Strickland & Parsons (1968) and Orr & Grady 
(1957) have been used to calculate the specific absorption coefficient of 50 
1/g cm, which is valid for pheophytin in an ethylalcohol solution. This 
numerical value indicates that 1 g of pheophytin dissolved in 1 litre of ethyl­
alcohol will give an extinction (absorption) of 50 when the light beam in 
the spectrophotometer passes through 1 cm of the solution. The absolute 
pheophytin content which is found by this conversion procedure is of course 
not a totally correct value of the pigment content as its exact composition 
is not known. In spite of this reservation the pigment content expressed as 
pheophytin should for the present sediment be more reliable than the semi­
quantitative measures given by the extinction intensities, and also more rele­
vant than a conversion of the extinction measurements to an absolute quantity 
of chlorophyll using another specific absorption coefficient. 
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Biogenous lime. From a known sample quantity the shell material in the 
fraction > 1 mm was separated, and the lime content was determined by 
weighing. This biogenic lime is dominated by benthonic molluscs while lime 
from foraminifers is subordinate (pers.comm. A. L. Andersen). In a brackish 
or marine environment, like main part of the investigated area, it is assumed 
that the importance of the flora for the primary lime sedimentation is minor 
compared to the contribution from the molluscs. As an important source of 
error it should be mentioned that in many cases partly dissolved and crushed 
shell material will pass the 1 mm sieve, and will therefore not be included as 
biogenous lime. 

The opal content. The determination of opal is performed in order to obtain 
an impression of the content of diatoms in the sediment. The determination 
was carried out using a modified version of the method of Lunge and Mill­
berg (Hillebrand et al. 1955, p. 852) : ½ -1 g sample (depending on the 
diatom content) was weighed in a porcelain container, and a few drops of 
soda solution and about 10 ml 30 % HP2 were added to oxidize the organic 
matter. After this the sample was treated with 75 ml of a 10 % Na2CO3 

solution for 2 hours at 90-100°C. The solution was then filtered, and the 
filtrate acidified with HCl, and then evaporated to dryness for precipitation 
of Si02. After ignition at 900°C the precipitated amount of Si02 was de­
termined gravimetrically. As it is possible that the soda solution can attack 
other Si02 compounds than the diatom opal, some uncertainty for the 
determinations cannot be excluded. Experiments with reaction time and 
concentration of the soda solution have shown that the solubility is strongly 
dependent on the sediment's age, presumably because of differences in dehy­
dration of the opal. Therefore differences in the opal content of less than 
1 % are not considered to be significant. 

The content of acid soluble components. The determination of the contents 
of Al, Fe, Mn, Ca, Mg, Na, K, Cr, Cu, Zn, Pb, V, Li, Rb, and P were 
determined in a solution of the sample produced by boiling with aqua regia 
( 2/2 HCl, 20 % + ½ HNO3, 68 % ) as follows: A subsample of 1 g was 
boiled with 50 ml aqua regia for 2 hours followed by evaporation (120°C) 
to dryness for total precipitation of SiO2• The evaporation residue was mois­
tened with HCl, and distilled water was added. The insoluble residue and pre­
cipitated SiO2 were filtered, washed and determined gravimetrically. The 
filtrate was used for the determination of metals and P. - The treatment 
with aqua regia leads to solution of carbonates, sulphides, phosphates, hy­
droxides and some silicates (in the present case mainly the clay minerals), 
while quartz, feldspars, amphiboles, and well-crystallized clay minerals etc. 
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will remain undissolved. Some elements were determined in solutions pro­
duced by boiling of the sample with 20 % HCl. This treatment seems to 
dissolve the same compounds as the boiling with aqua regia, besides some of 
the sulphides. Unless otherwise stated the indicated content of elements is 
determined in solutions produced by aqua regia treatment of the samples. 

Ca, Fe, Mn, Mg, Cr, Cu, Zn, V, and Li. The content of these elements was 
determined in a diluted solution using atomic absorption (Perkin-Elmer, 
303). The uncertainty of the determinations is strongly dependent on the 
concentration. For Ca, Fe, Mn, and Mg the uncertainty varies from ± 2 % 
(rel.) for the highest concentrations to approximately ± 20 % (rel.) for 
small contents. For the contents of Cr, Cu, and V differences below 10 ppm 
are not considered to be significant. Variations in the Li content greater 
than 5 ppm are significant. The uncertainty on the Zn determinations is 
presumably higher than for the other elements (e.g. Cr, Cu, and V) because 
it is difficult to entirely avoid contamination during the preparation work. 

Pb was determined on an extract (see below) from the aqua regia solution 
by atomic absorption (Perkin-Elmer model 300) using graphite furnace 
(HGA72) and Deuterium background corrector. The extraction was perfor­
med as follows: a sub-sample of the aqua regia solution was buffered with 
1 M sodiumcitrate, extracted by xylene with DDDC (diethylammonium­
diethyldithicarbominat) as complex-forming agent and dithizone as indicator. 

Rb was determined by atomic absorption in a solution produced by boiling 
with 20 % HCl. The uncertainty has the same order of magnitude as stated 
for Li. 

Na and K were determined using an EEL type flame photometer. Uncer­
tainty 2-5 % (rel). 

Al was determined by spectrophotometer (Perkin-Elmer, Hitachi) . Un­
certainty ± 10 % (relative). 

P. The determination was performed spectrophotometrically on a weak 
sulphuric acid solution. Uncertainty 10-20 % (rel.). 

Si02 from acid-soluble silicates was determined in a selected series of samples 
after the treatment with aqua regia using the same method as for the 
determination of the opal content (p. 22). 
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Insoluble residue is the ignited remains of the sample after the treatment 
with aqua regia. It includes quartz, opal, feldspars, amphiboles, and well­
crystallized clay minerals. 

Semi-quantitative modal analysis. The mineralogical compos1tion (modus) 
of the samples was determined for the total material as well as for the clay 
fraction using a Philips X-ray diffractometer with Cu-Ka-radiation. For each 
mineral the intensity of the reflections will be a usable, semi-quantitative 
expression of its concentration and thus of its variation throughout the 
investigated sequence. 

Modus of the bulk sample was determined directly for the dried and pulveri­
zed sediment. Quartz, feldspar and calcite are the dominating minerals; am­
phibole is sometimes present. Most of the samples contain pyrite. In one 
sample a small content of marcasite was found. About half of the investi­
gated samples were found to contain a mixed carbonate mineral ((Mn, Ca, 
Mg, Fe) CO3, see later). 

Modus of the clay fraction was determined for the fraction < 2 ,am from a 
selected series of samples. To obtain a precise identification and a reliable 
quantitative measure, orientated preparations and treatment with ethylene­
glycol and hydrochloric acid were used. 

Norm calculations. The modus, determined by X-ray diffractometry, and 
the chemical composition of the acid-soluble fraction were used as the basis 
for a calculation of the mineralogical composition (norm) of the investigated 
sediments. 

As earlier mentioned the treatment with aqua regia will leave part of the 
sample undissolved, and therefore the chemical composition of this insoluble 
residue is not known. In the present case the insoluble residue are more or 
less dissolved by the aqua regia treatment (Villumsen & Nielsen 1976). 
The acid soluble fraction of the material is dominated by Fe, Al, S, and Ca, 
while the content of Mg, K, Na, P2O5, Cr, Cu, Pb, Zn, V, Li, and Rb is 
relatively small. 

Norm of the bulk sample 

FeS2• As the modus showed pyrite content in almost all samples, the FeS2 

norm was first calculated. The values are shown in table 2 where the excess 
either of Fe (indicated as Fe2O3) or of S is also shown. The same table gives 
the contents of elementary S and SOrS. The correlation between the FeS2 
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Fig. 4. Correlation between X-ray intensity of FeS2 (at d = 2.709 A) and FeS2-norm. 
For samples Nos. 21 and 23 (framed) the FeS2-norm is too high because these samples 
contain considerable amounts of elementary S. 

norm and the intensity of the pyrite reflection (measured at d = 2.709 A) 
is fairly good (fig. 4) with a few exceptions : Samples Nos. 21 and 23 
(framed in fig. 4) have a very high FeS2 norm which must be too high, as the 
remaining content of S (after the norm calculation) is lower than the con­
tent of elementary sulphur found in these two samples. The correspondence 
between the pyrite X-ray intensity and the FeS2 norm shows that the sulphur 
content occurs mainly as FeS2, and that possible FeSx is quantitatively of 
minor importance. It may also indicate that the content of organic combined 
sulphur is not essential for the amount of total sulphur in the sediment, as 
the content of organic matter shows a wide range of variation (cf. table 3) 
in the investigated samples. Presumably the FeS2 norm is, in most cases, 
a little too high because the samples are believed to contain a small amount 
of elementary sulphur and sulphate S (table 2). A systematic determination 
has not been performed, and correction of the FeS2 norm is therefore not 
possible. 

CaCO3 norm was calculated similarly (table 4). As it appeared that parts 
of the investigated sequence had a surplus of carbonate (CO2) relative to 
the amount of CaO, the sediment must contain other carbonates besides 
CaCO3. The intensity of the CaCO3 reflection (X-ray diffractometry) corre­
sponds poorly with the CaCO3 norn1, and it is therefore possible that a 
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Fig. 5. Correlation between Al2O3 and Fe2O3-residue (= total Fe2O3 - Fe2O3 from 
FeS2). Samples containing mixed carbonate are indicated by a solid triangle. - The 
figure shows that an increase in Al2O3 corresponds to an increase in Fe2O3-residue, but 
the correlation is rather poor. A better correlation is obtained if a variable amount of 
iron is incorporated in the mixed carbonates. Samples Nos. 43, 64, and 118 (framed) 
have abnormally high contents of Fe2O 3-residue, probably because of epidiagenesis or 
weathering. 

certain amount of carbonate (CO2) should be related to other carbonates 
than CaCO3. This implies that the CaCO3 norm (table 4) may be to high. 

Other carbonates. The CO2 remaining after the CaCO3 norm was calculated 
and, as mentioned above, poss,ibly a certain amount of CO2 already included 
in the CaCO3 norm must belong to other carbonate minerals. It is most 
reasonable that this amount of CO2 is combined with Fe, Mn, Mg, and Ca 
in a mixed carbonate; the justification of this is given below: 

Fig. 5 shows that what is left of Fe2O3 ( = total Fe2O3 minus Fe2O3 from 
the FeS2 norm) shows a tendency to correlate with the content of Al2O3 

except for 3 samples - Nos. 43, 64, and 118 (see fig . 5) . These samples 
have abnormally high iron content, presumably because they have been 
subject to oxidizing and acid conditions after deposition. The correlation 
indicates that in normal cases a certain amount of iron is combined with 
the clay fraction, as Al2O3 can only be present in clay minerals (see page 
29). As it seems reasonable that iron carbonate can exist in chemical equili­
brium in the investigated samples, the amount of Fe2O3 equivalent to the 
carbonate CO2 ( = total carbonate CO2 minus CO2 in the CaCO3 norm) 
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Fig. 6. Correspondance between clay content and SiO2 from acid-soluble silicates (8 
sai:nples). 

was subtracted from the Fe2O3 residue in order to obtain a better correlation 
between A12O3 and iron than shown in fig. 5. The new calculated Fe2O3 

values, however, correlate in many cases less well with Al2O3 than previously, 
and therefore it is hardly possible that the carbonate mineral is pure iron 
carbonate. The best correlation between Al2O3 and the iron residue is 
obtained if varying amounts of Fe2O3 is subtracted, and therefore it is 
assumed that a certain amount of iron is combined with the carbonate 
mineral. - In fig. 5 samples which contain a surplus of CO2 after the CaCO3 

norm has been calculated are shown by triangles. Characteristic of these 

samples is a relatively high MnO content, and therefore it is assumed that 
the carbonate mineral also contains some Mn. As the MgO content of the 
same samples is slightly higher than the amount which correlates with Al2O3 

(see fig. 8), it is suggested that the carbonate mineral is also Mg-bearing. 
From an anaerobic basin in the Baltic Sea Hartmann (1964, p. 13) de-
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Fig. 7. Correlation between Al2O3 and clay content (23 samples). 
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Fig. 8. Correlation between Al2O 3 and MgO. Samples containing mixed carbonate are 
shown by solid triangles. 

scribed a mixed carbonate mineral which may be analogous to the carbonate 
mineral found in the Randers fjord area. Hartmann published its chemical 
composition as Mn50 _8 Ca25 .46 Mg9_72 Fe8,02 CO3, and by X-ray diffractometry 
he found its main reflection at d = 2.89 A. In 17 of the investigated samp­
les from the Randers fjord area this reflection was also found (table 4), 
and this is considered the final evidence of the existence of the mixed car­
bonate mineral. As the 2.89 A reflection is observed not only in the samples 
which contain a surplus of C02 relative to the CaCO3 norm, it seems likely 
that the CaCO3 norm has been overestimated, and the mixed carbonate 
may therefore also contain Ca. The conclusion of this is that the carbonate 
content of the sediment consists of CaCO3 and a mixed carbonate mineral 
to which Mn, Ca, Mg, and Fe is combined. The exact chemical composition 
of the mixed carbonate is not known. 
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Norm of the clay fraction. As mentioned earlier the clay minerals are not 
assumed to be totally dissolved by the aqua regia treatment. On the other 
hand an increasing amount of Si02 from acid soluble silicates corresponds 
to an increasing clay content (fig. 6), and in fig. 7 it is shown that an in­
crease in clay content corresponds to an increase in Al20 3• Chemical analyses 
of the clay fraction have not been performed, and as the mineralogical com­
position of the sediment is relatively complex it is not satisfactory to carry 
out a regular norm calculation for the clay fraction. This applies especially 
to elements which are in the present case combined to several minerals, for 
example Fe, which is present in FeS2, mixed carbonate, clay minerals and 
perhaps in phosphates. Instead of a norm calculation for the clay fraction 
its mineralogical composition is illustrated for each of the elements deter­
mined to discuss its relation to AJ20 3, which presumably is present only in 
clay minerals. If an element has a positive correlation with the Al20 3 content, 
that element may be combined with a clay mineral, but other explanations 
are possible (for example fine-grained organic matter can be sedimented 
selectively with the clay). 

Fe20 3• A certain amount of the acid soluble iron in the samples, here stated 
as Fe20 3, is combined with pyrite and with a mixed carbonate (see page 
27). Fig. 5 shows that after subtraction of the Fe in the pyrite norm, the 
Fe20 3 residue increases with increasing Al20 3 content, both for samples 

which contain mixed carbonate and for samples where the presence of mixed 
carbonate is not demonstrated. This indicates a certain iron content of the 
clay fraction. 
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0.3 ... 
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Fig. 10. Correlation between Al2O3 and Na2O. Samples Nos. 68, 69, and 71 have high 
water contents, which may have increased the Na2O contents of the samples. 
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Cao. The surplus of CaO (table 4) shows no relationship to the Al2O3 con­
tent. It is possible that some Ca is combined with P2O5 or with the organic 
fraction instead of clay minerals. 

MgO. As mentioned on page 27 samples which contain mixed carbonate 
have the greatest MgO content. In fig. 8, which shows the relationship be­
tween MgO and Al2O3, samples which contain mixed carbonate are indicated 
by triangles. By subtracting a certain amount of MgO from these samples 
a fairly good correlation between MgO and Al2O3 for almost all samples 
can be obtained, and thus it is reasonable that the clay fraction contains 
Mg. In accordance with this the modal analysis showed that clay minerals 
rich in Mg (montmorillonite and chlorite) are often strongly represented in 
the clay fraction. Samples Nos. 29, 32, 43 , and 45 (framed in fig. 8) contain 
relatively less MgO than the other samples, which may be due to solution 
processes. No accordance between MgO and Al2O3 can be demonstrated for 
the peat samples (Nos. 21 and 23). 

K 20 . Fig. 9 shows the dependence that K2O shows on Al2O3• It is seen 
that samples with the lowest MgO contents (fig. 8) have abnormally low 
contents of ~O. Otherwise the correlation is so good that it may reasonably 
be concluded that K2O is combined with the clay minerals. 

Na20. In fig. 10 the content of Na2O is plotted against Al2O3. The marked 
samples (Nos. 68, 69, and 71) are taken from the upper part of boring 
No. 80*, where the content of organic matter, and hence the water content, 
is relatively great. It is possible that a saline pore solution has increased the 
Na2O content. No correlation with Al2O3 can be demonstrated, even if these 
three samples are excluded, and the Na2O content thus does not seem to 
originate from the clay fraction. 

L; 
ppm 

3 5 

30 : ' .. 
25 

20 
. •: . 

15 

10 

.. 
Fig. 11. The positive correlation between Al2O3 and Li indicates that Li is combined 
to the clay fraction. 
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Fig. 12 . Correlation between Al20 3 and Rb. 
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MnO . No correlation with Al2O3 can be seen, presumably because an im­
portant part of the MnO content is combined with the mixed carbonate 
mineral as mentioned on page 27 . 

Li and Rb. Bulk sample analysis of Li and Rb shows a fairly good correlation 
with the A1 20 3 content (figs. 11 and 12.) A more detailed investigation of 
Li and Rb (and B) (Villumsen & Nielsen 1976) has demonstrated that 
paleosalinity does not control the Li and Rb contents. 

Cr, Pb, Zn, Cu, and V. Figs. 13-17 show the relation between Al 20 3 and 
these elements. A common feature is a tendency to increase with greater 
Al20 3 content, but in most cases a wide scattering of the observations is 
apparent. The mutual relationships between Cr, Pb, Zn, Cu, and V have 
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Fig. 17. Correlation between Al2O3 and V. 

been tested, and there is a positive correlation between Cu and Zn. Concer­
ning the other elements the correlation tendency is weaker, but a certain 
relation between Cr and Zn, V and Zn, and between Pb and Zn cannot be 
excluded. Furthermore, the Cu content seems to increase concurrently with 
the FeS2 norm, but for the Zn content this tendency is extremly weak. 
As the contents of these elements are fairly low (see table 5), and as the 
sample material consisted of only 33 samples, it does not seem reasonable 
to discuss their interrelations in further detail. 

Final comments on the composition of the clay fraction. By the use of a 
series of diagrams is was shown above that the Al2Oa c;ontent is related 
to some extent to Fe2O3, MgO, K2O, Rb, Li, and Cr. These elements in­
crease when the Al2O3 content increases, and therefore they belong essen­
tially to the clay fraction. It cannot be finally decided whether these elements 
are combined with clay minerals or with another component which fluctuates 
parallel to the Al2O3 content. (A more detailed discussion of the chemistry 
and mineralogy of the clay fraction is given by Villumsen & Nielsen 1976). 

Humic acids. The term humic acid has been used in the geological literature 
with a variety of meanings. Humic acid (HA) in this connection includes 
the part of the organic fraction which, after remove! of fat, wax etc., can be 
extracted by 0.2 N NaOH and precipitated by HCI. 

The process of formation of HA is not yet known in details. Lignin and 
cellulose are mainly believed to be the source material of HA, but sometimes 
other components (for example protein) may be involved (Francis 1961). 
According to Degens (1967) the chemical composition of HA depends on 
the composition of the source material, but others (for example Uspenskiy 
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& Radchenko 1955, according to Bordovskiy 1965) are of the op1mon 
that the source material does not influence the composition of the HA 
formed. HA formation occurs as a result of microbiological processes under 
aerobic conditions (humification) for example in the upper, dry parts of 
peat bogs or on land (Teichmi.iller & Teichmi.iller 1967). Under anaerobic 
conditions the continuous microbiologic reactions will hardly alter the HA 
content, and therefore fossil layers of humufied peat are preserved in, for 
example, Danish raised bogs (Bahnson 1968). 

Degens (1967) states that as lignin is presumably the main source of 
organic matter which is transformed to HA, the HA content in marine 
sediments must be of continental origin as lignin is not important in marine 
plants. In agreement with this Skopintsev (1950, according to Bordovskiy 
1965) states that the humus content in marine sediments is an allochthonous 
component, which has a low nutrient value and characteristically has a high 
C/N ratio. Veber et al. (1956, according to Bordovskiy 1965) found that 
the HA content in the anaerobic zone in the Black Sea amounts to 10-20 % 
of the organic fraction, and stated that anaerobic HA formations cannot 
be excluded. According to Nissenbaum et al. (1972) Otsuki & Hamya (1967) 
stated that HA may originate from planktonic organic matter. Based on 
C-isotope investigations Brown et al. (1972) considered that HA can only be 
of continental origin. Thus there is no general agreement about the origin of 
HA, but concerning the Randers fjord area it seems most reasonable that HA 
is an allochthonous component as many other observations (for example the 
great amount of detrital material in the sediment, see page 75) make ad­
mission of considerable amounts of allochthonous material to the fjord area 
likely. Quantitative determinations of the HA content have not been petior­
med. 

Normally HA or other types of organic matter in solution or in colloidal 
form are belived to be very active in sedimentogenesis as well as in dia­
genesis. In order to illustrate this a short review is presented below: 

Chemical weathering for example is described by Baker (1973), who 
states that HA can be very effective during mineral degradation and 
mobilization of metals in podsol profiles. Bader et al. (1960) and Bordovskiy 
(1965) refer to the interaction between clay and organic matter present 
either in solution, as a suspension or in colloidal form. They point out 
that during the transportation this type of organic matter can react with 
clay to form complex compounds which will later on be deposited. This 
is one of the reasons why fine grained sediments often have the highest 
content of organic matter. Khan & Schnitzer (1972) demonstrated that HA 
was able to prevent flocculation of other types of organic matter. According 
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to Bader (1956), Turner (1932) and Gedroiz (1933) stated that organic 
matter may be 7-8 times more effective for ion exchange than clay minerals. 
Diagenetic transformations of organic material, which is initially controlled 
by microbiologic activity, can be restricted, partly because somewhat trans­
formed lignin compounds (presumably mainly HA) may form the so-called 
lignoprotein complexes which are difficult to decompose and therefore 
prevent nitrogen uptake by the organisms (Bader 1956) . Diagenetic reactions 
are thus retarded by a nutrient deficit. 

Electron spin resonance (ESR) investigations of the humic acid content. 
ESR investigations have received increasing interest for the characterization 
of humic acids (HA) during recent years . The ESR method is described, 
and its validity is discussed by Pedersen and Villumsen (1974). By the ESR 
method it seems possible to classify HA from fossil sediments according 
to the pH of the environment of formation and to divide them into two 
classes (see fig. 18) . Empirically a pH value of about 4.6 has been found 
to separate the two classes (class I: pH < 4.6, class II: pH >4.6, Cheshire 
and Cranwell 1972). ESR spectra obtained from the HA from the Randers 
fjord area in all cases belonged to class II. As the HA content is believed 
to be an allochthonous component of the sediment this means that the pH 
level during the Late- and Post-glacial epoch has been above 4.6 in the area 
round the investigated sediment basin where HA formation has occurred . 

Carbon isotope ratio. The ratio between the stable isotopes 13C and 12C is 
often used to distinguish between organic matter produced in a marine 
environment and that from terrestrial and limnic environments. Marine 
plants (except marine phytoplankton) and animals have a 13C/ 12C ratio 
slightly higher than limnic and terrestrial organisms, and this difference 
seems to be preserved during the diagenetic transformation processes ("ein­
kohlung", oil formation etc.), to which the organic fraction is subject after 
deposition. The C isotope ratio for marine phytoplankton is roughly the 
same as for terrestrial plants (Wickmann 1952; Craig 1953; Schwarz 1969; 
Newmann et al. 1973). The isotope ratio also depends on the temperature 
in the formation environment. Thus Rogers and Koons (1969) found a de­
creasing 13C/ 12C ratio in sediments containing glacial fauna. This means that 
a temperature decrease can influence the isotope ratio for marine sediments 
in the same way as an increase in content of terrestrial or freshwater organic 
matter. When knowledge of temperature conditions is available, as in the 
present case (Iversen 1973), the 13C/ 12C ratio is one of the most suitable 
parameters for evaluation of the importance of non-marine supplies to a 
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Fig. 18. ESR-spectra of acid-boiled humic acids (ABHA). Humic acids formed in acid 
environments will give class I ESR-spectra, while class II spectra are obtained from 
ABHA formed in more alkaline environments. The figure shows two class I spectra 
from raised bog peats and an example of a class II spectrum found in all ABHA 
from the Randers fjord area. 



marine sediment basin. The carbon isotope ratio was determined in a few 
representative samples from the Randers fjord area in the following was: 

From a suitable amount of sample CaCO3 was removed by treatment 
with dilute HCl. After this the sample was combusted at about 900°C in 
pure oxygen. The evolved combustion products were purified using a series 
of absorption phases for amongst others NH3, SO2, and halogens. The re­
maining pure CO2 was absorbed in a NHpH solution, and precipitated as 
CaCO3 by CaC12• CaCO3 was then dissolved by dilute phosphorous acid 
treatment, and the ratio 13C/ 12C determined on the expelled CO2 using a 
mass spectrometer. The results (see table 3) are indicated as o13C %0, i.e. in a 
form immediately comparable to the international standards. 

(1 3C/ 12C)sample - (13C/ 12C)standard 
_____________ X 1000) 

( 13C/ 12C)standard 

Composition of the sequence 

Depth mapping of the investigated area included the upper 10-15 metres 
of sediment. For technical reasons thicker sand deposits (i.e. above ½ -1 m) 
were not drilled. The area is dominated by Post-glacial marine sediments, 
which rest upon a sand deposit of presumed Late-glacial age. One of the 
type borings (No. 32*) included a few metres of the Late-glacial sediment, 
and it appeared that at this locality the sequence includes Late-glacial fresh­
water gyttja. Below this lake sediment, whose upper part has been dated 
by pollen analysis to Younger Dryas, stratified outwash sand and gravel were 
found . Fig. 19 shows a generalized standard profile, composed of observa­
tions from the entire Randers fjord area. In stratigraphical order the sequence 
includes: 

Post-glacial freshwater peat 
Post-glacial brackishwater gyttja 
Post-glacial marine clay and silt (Littorina deposits) 
Early Post-glacial fresh- and brackishwater peat 
Late-glacial sand 
Late-glacial freshwater gyttja 
Late-glacial sand. 

In the following pages each unit of the profile is described, based mainly 
on the observations from the three type localities . 
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Fig. 19. Generalized lithologic profile for the investigated section. 
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I. Late-glacial sediments 

Younger Dryas gyttja. At type locality No. 32* (for location see fig. 1) a 
blackish grey clay gyttja with light grey burrows was found. This lake deposit 
rests on outwash sand and gravel and is also overlain by outwash material. 
Pollenanalytically the upper part of the gyttja is assigned to Younger Dryas. 
lt contains a freshwater fauna (including a.o. Pisidium sp. and Bithynia sp.) 
which seems to indicate that sedimentation occurred in a shallow lake 
(water depth less than 3 metres). The burrows were hardly recognizable on 
X-ray radiographs, and the gyttja thus seems to be a homogeneous mixture 
as regards mineralogy and grain size. Figs. 20, 21, and 22 shows that the 
gyttja (sample No. 41) is rich in organic matter, lime and diatoms (opal). 
So the environment of deposition seems to have been strongly influenced by 
biological activity, which is also indicated by the C/ N ratio ( = 7) (Hansen 
1964 b ). The gyttja has a low content of minerogenic material (low insoluble 
resid_ue), and therefore the transport of elastic material to the lake where the 
gyttja was formed has presumably been relatively minor. The gyttja contains 
about 30 % clay, of which some 40 % is montmorillonite, 40 % illite, and 
20 % kaolinite + chlorite (Villumsen and Nielsen 197 6). The content of 
total S is about 1 % , and the FeS2 also amounts to 1 % . It is possible that 
the observed colour variations for the burrows in the gyttja are controlled by 
the iron content, partly because a considerable amount of iron remains after 
the FeS2 norm has been calculated (fig. 21 and table 2). If this is correct, the 
redox potential in the light grey burrows was higher than in the blackish grey 
gyttja at the time of formation. 

Lithological and paleontological change at the Late-/Post-glacial transition. 
The gyttja described above differs greatly from the stratified sediment which 
overlays the Younger Dryas gyttja in boring No. 32*. Figs. 20 and 21 show 
some of its most important characteristics: Low content of organic matter 
and high amount of insoluble minerogenic material. At a depth of about 
6 metres (below surface) a distinct lithological change mainly from sand 
to clay is observed. Investigations of the molluscs and diatoms (A.-L. An­
dersen and J. Christensen, personal comm. 1973) showed that freshwater 
conditions had prevailed during the deposition of the sediments found below 
6.60 metres, and that the sand layer immediately above this (see fig. 20) 
contains molluscs and diatoms which indicate a salinity of 15-20 % . The 
fauna resembles a Post-glacial Littorina fauna, and the resemblance 
is so exact that the possibility that this marine sediment is Late-glacial can 
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be excluded. Results of a pollenanalytical examination of the lower part of 
this marine deposit may indicate that the transgression is younger than 
Boreal, but exact dating was not possible partly because of the considerable 
content of rebedded pollen. As earlier mentioned the freshwater sediments 
below the Littorina transgression layer are characterized by large amounts 
of minerogenic material, and as this increases upwards through the section it 
is assumed that the whole series of freshwater sediments below the marine 
deposit is of Late-glacial age. Thus the transition between the Late- and the 
Post-glacial sediments is fixed at a depth of 6.60 m below surface ( 4.18 m 
below sea level) as for boring No. 32 *. The transgression layer seems, as 
stated above, to be younger than Boreal, and as the first Littorina transgres­
sion hitherto reported from this area is the Middle Atlantic transgression 
(Troels-Smith 1942), sediments representing Preboreal, Boreal, and possibly 
Early Atlantic seem to be absent at this locality. From this it appears that 
age determinations in boring No. 32* are based on paleontological and 
lithological observations and supported by a few pollen examinations. In 
the remaining part of the investigated area the stratigraphic division of the 
sediment is exclusively based on lithology, and paleontology, such that 
sediments with large contents of minerogenic material are referred to Late­
glacial time, while sediments containing organic matter or a marine fauna 
are considered to be Post-glacial. Of course datings like these cannot be 
very precise, and do not allow a general discussion of discontinuities in 
sedimentation etc. at the transition between the Late- and Post-glacial. 

Late-glacial sand. In most of the borings which were carried out during the 
depth mapping a sand deposit was found below the marine sediments which 
could not be drilled for technical reasons. Accordingly, this sand deposit 
covers the sedimentation basin which was filled with sediments during the 
Post-glacial. As it seems to correspond in age with the Late-glacial sand 
which limits the investigated area in the valleys, the sand in the present 
context is considered to be Late-glacial although its age is stated with a high 

degree of uncertainty. 
Plate 1 shows the topography of the Late-glacial sand surface compiled 

from the depth mapping data. In the area round borings Nos. 25, 69, 78, 
and 79, north of Ugelhuse, the age of the sand is especially questionable: 
The sand bank which stretches from the north a small distance southwest 
into Randers fjord interrupts the morphological system formed by the elon­
gate east-west depressions in Randers fjord and Grund fjord. As the upper 
part of the sand bank contains marine molluscs, it seems reasonable to assume 
that this sand bank was formed in the Post-glacial Littorina sea. This 
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assumption is supported by other observations (see the discussion of Early 
Post-glacial sediments, p. 51). 
The bottom topography in Randers fjord, Grund fjord and Vining bay, which 
is dominated by the elongate east-west depressions, supports the theory of 
subglacial erosion as an important factor in the formation of the valley 
system, as mentioned by A. Jessen (1918). According to him irregularities 
in the valley bottom were filled by Late-glacial outwash sediments after 
the ice had left the area. As the surface of Late-glacial sand is obviously 
still characterized by an irregular relief, it can be assumed that during the 
melting period the deep depressions were filled with dead ice. It will later be 
demonstrated (p. 58) that dead ice was also present in the Post-glacial time. 
Unlike these valleys, that of Rosenholma was presumably not formed by 
subglacial erosion; instead it is assumed to have been eroded by the outward 
flow from the Late-glacial Rosenholm depression (Villumsen 1973). The 
Late-glacial outwash sand which demarcates the area of investigation in 
the western part of Allinga valley is presumably only a minor remnant of a 
large sand deposit which might once have covered most of the Allinga valley, 
the older genetic relations of which are unknown. 

The part of the Allinga valley which was filled with Post-glacial sediments 
was presumably eroded by a Late-glacial river running from west to east. 
According to Harder (1908) the Late-glacial sand below the Littorina sedi­
ments in the Allinga valley round the castle of Gl. Estrup were probably 
sedimented by the meltwater river, which flowed from southeast to northwest, 
passed Gl. Estrup, and had its outlet near the village of Bode (plate 1). Thus 
the sand bottom in the investigated area is not a well-defined chronostrati­
graphic unit, but instead forms a lithological main type which must roughly 
be of Late-glacial age in the whole area. 

2. Post-glacial sediments 

Early Post-glacial deposits. It was mentioned in the introduction that there 
have been earlier reports on shallow-water deposits from different localities 
in the valley which border the Randers fjord area. These sediments are 
normally referred to "fastlandstiden" (the Continental Period) , i.e. the 
section of the Post-glacial during which most of Denmark was situated above 
sea level. This period closes with the transgression of the Littorina sea. 
During the depth mapping peat and gyttja were found below the L ittorina 
sediments at several localities . The chronostratigraphical use of the term 
"fastlands"-sediment (Continental sediment) has earlier been discussed, and 
in the following context the term "Early Post-glacial" is used instead. Fig. 
23 shows the localities and the level at which Early Post-glacial peat has 
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Fig. 24. Lithology of Late- and Post-glacial sediments found by boring No. 53. 

been found within the investigated area. In boring No. 53, carried out in the 
Allinga valley about ½ km SW of Vester Alling sediments from the oldest 
Littorina transgression are found about 5 m below surface, i.e. at a level 
of -2 metres (see fig. 24).Immediately below the marine sediments peat 
without calcareous molluscs is present (samples Nos. 1280 & 1281), and 
below the peat freshwater sediments occur. For lithological reasons the 
transition from sand (sample No. 1285) to gyttja (sample No. 1284) is 
believed to correspond to the Late-/ Post-glacial boundary. Characteristic 
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Fig. 25. X-ray radiograph (X 1) of core material from type locality boring 32*. Depth 
5.48-5.63 m below surface. The figure shows the autochthonous peat with distinct 
traces of roots. 
Fig. 26. X-ray radiograph ( X 1) of core material from type locality boring 80*. Depth 
11.03-fl.19 m below surface. The photo shows the allochthonous, layered peat deposit. 
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of this boring and also of boring No. 13 which was drilled at Vester Alling, 
is the presence of Post-glacial freshwater sediments below the Littorina 
deposits. Normally Post-glacial freshwater sediments have not been found 
below the Early Post-glacial peat in the other borings. The general impression 
is that the peat, as well as the underlying sand sediment normally con­
tains a brackish fauna. As a presumably representative example for Randers 
fjord and Grund fjord some observations from boring No. 80* can be 
mentioned . The paJeosalinity of the sand deposit below the Early Post­
glacial peat (fig. 30) is about 10 %0, while the peat itself contains a fauna 
indicating more freshwater conditions (salinity about 4 %0). 

The various laboratory investigations showed that the peat within the 
area had a rather varying composition: 

The Early Post-glacial peat found in boring No. 32* has a high content of 
organic matter (org. C about 50 % ), while rninerogenic material is subordi­
nate (2-5 % ). Wood is very scarce in the peat. On the X-ray radiograph 
(fig. 25) which sI-.ows a sequence of this peat, well-developed root traces 
have been observed. Thus this peat seems mainly to be of autochthonous 
origin, and a preliminary paleobotanical investigation of the peat shows that 
it can be classed as eutrophic freshwater peat with Dryopteris. Pollen of 
Pinus are present (S. Th. Andersen, personal comm.). The peat contains 
about 3 % of nitrogen and has a high S-content (about 4 % S-total). A 
considerable amount of elementary sulphur (2.2 % ) was found in it, and 
this is believed to have been formed by photoautotrophic sulphur bacteria as 
a high quantity of their pigments was found in the peat (see page 18). These 
bacteria required an anaerobic environment and shallow water. The peat 
contains diatoms indicating brackish conditions (salinity 17-20 %o). This 
information indicate that the peat was formed in a freshwater bog area, 
which was temporarily covered by sea water. 

Quite another type of Early Post-glacial peat was found in boring Nos. 
80* and 54*: In the field the peat from boring No. 80* (fig. 30) was 
characterized as clayey and sandy. In accordance with this the loss on 
ignition is only about a third as much as for the peat in boring No. 32*. 
Fig. 26 (X-ray radiograph) shows a section of this deposit where there are 
abundant layers of wood. Although wood and bark remains seem to 
constitute an important part of the peat (S. Th. Andersen, pers.comm.), 
its C/N ratio is only 14. The peat thus seems to be a mainly allochthonous 
formation like that found in boring No. 54* (fig. 27). Structurally the lower 
parts of this peat especially resembles the deposit found in boring No. 80*, 
and many other points of similarity between the peat from the two locali­
ties are demonstrated in figs. 27-32. The low C/ N values of the peat in both 
borings might indicate a low degree of decomposition, but there might be 
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other reasonable explanations for this, such as a differing composition of the 
organic source material. 

As stated above, there are sedimentogenetic differences between the Early 
Post-glacial peat found at the three type localities: 

In boring No. 32* autochthonous peat almost without minerogenic 
material occurs. In borings Nos. 54* and 80*, on the other hand, an 
allochthonous deposit was found, composed mainly of wood mixed with 
sand and clay. Salinity conditions of the allochthonous peat support the 
assumption that the peat is older than the Littorina deposits, but it has been 
rebedded during the first marine transgression, which according to Troels­
Smith (1942) reached the area during the Atlantic. In the Allinga valley at 
Vester Alling (boring No. 54*) the Littorina sea has not reworked the Early 
Post-glacial peat material. 

Early Post-glacial peat as indicator of the groundwater level. The Early 
Post-glacial peat deposits, in spite of the above mentioned differences, can 
generally be taken as shallow water sediments. Thus the peat is an important 
indicator of the sedimentary environment during the Early Post-glacial Con­
tinental Period. The courses of the rivers Gudena and Allinga in the Early 
Post-glacial time are not known in detail, but they must have flowed along 
Randers fjord and the Allinga valley respectively on their way to a pro­
bably common outlet to the sea, presumably several kilometres north of the 
investigated area as no other connections to the sea were possible (see plate 
1) . The distribution of the Early Postglacial peat (fig. 23) gives a pos­
sibility of obtaining a more detailed impression of the river courses in the 
valley systems, and at the same time provides a good basis for discussion 
of the age relations for the so-called Late-glacial sand sutiace. If the mor­
phology of the sand substratum during the Early Post-glacial period ap­
peared as today (plate 1), the river Gudena should pass a system of local 
depressions on its way downstream. Depressions below the level of the 
highest sand barrier then would be filled up with water, and therefore lake 
sediments should be present in the deepest depressions today. This, however, 
is not the case, and therefore it must be assumed that either the sand bar­
riers were not present or the deep depressions were not formed in Early Post­
glacial time. The last possibility again involves dead ice as a genetic element. 
Both theories generally seem reasonable, but in some cases, for example 
in the area north of U gelhuse, the sand barrier was present in Early Post­
glacial time. Thus Randers fjord and Grund fjord seem to have been free 
of larger lakes. In this area most of the peat occurs at levels between -8.5 
and -11.5 m. This means that the groundwater table or at least the sutiace 
of the river Gudena in the Early Post-glacial time was situated at about the 
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level -10 m in this area. As an objection it could be assumed that the 
whole Randers fjord contained such great quantities of dead ice that 
sedimentation took place at a higher level, but as all the peat deposits with 
only one exception (boring No. 33) were found at fairly constant levels, 
this objection cannot be very important. Dead ice might have been locally 
significant for example in the area around boring No. 33 (see below). As 
indicated above, it can be assumed that the river Gudena left the investigated 
area with its surface at about the -10 m level. It is natural then to try to 
estimate its course outside the area studied . An impression of the slope of 
the river can be obtained from plate 1 fig. 23, and assuming that the river 
Gudena continued towards the sea with constant slope a good correspon­
dance with the recent morphology of the sea bottom can be obtained (see fig. 
33): In the area about 20 km north of Ugelhuse the -10 m level limits a 
narrow, deeper north-south trending part of the recent sea bottom, and it is 
believed that this locally marks the course of the river Gudena in Early 
Post-glacial time. 

Compared to the slope of the river Gudena, the river Allinga seems to have 
had a steeper gradient. Based on the elevation of the peat found in borings 
Nos . 54*, 53, and 13 the surface of the river Allinga in the area around 
Vester Alling seems to have been at a level of about -3 m in Early Post­
glacial time (fig. 23). 10 km downstream the surface drops to -6 m as peat 
was found at this level in boring No. 64 (north of Gammel Estrup). The 
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mean slope for the river within this section is about 30 cm per km. Fig. 34 
illustrates the slope for the upper part of the river (around Klavsholm 
castle) and shows that the sand substratum drops from + 4 m in boring 
No. 83 to ea. - 0.5 m in boring No. 9 . As lake sediments (gyttja) have only 
been found between the sand barriers at one locality (boring No. 6), it is 
believed that the river Allinga during the Early Post-glacial time had about 
the same slope as the sand bottom. This means that the upper section of the 
river had a mean slope of 1 m per kilometre. It is possible that the slope of 
the river was even greater at that time, because it undoubtedly deepened its 
bed later in the Post-glacial time. 

Local ocurrences of dead ice in Early Post-glacial time. As mentioned above 
the Early Post-glacial peat in Randers fjord and Grund fjord is situated 
at approximately the same level. The peat found in boring No. 33 (fig. 35) 
makes an exception, since here a thin layer of sandy freshwater gyttja (depth 
14.20-14.40 m below surface) was found above the peat, while in boring 
No. 33 A (about 20 m from No. 33) a clayey gyttja more than 1 m thick 
was found above the peat (depth 12.50'-13 .50 m). Based on their lithology 
and fauna these gyttja occurrences are believed to be roughly synchronous. 
The content of sand and the thickness of the gyttja deposit in boring No. 33 
might indicate a more marginal environment of formation than for the 
thicker, clayey gyttja found in boring No. 33 A, i.e. the gyttja found in 
boring No. 33 A must have been formed at the lowest level. Thus a vertical 
dislocation of these Early Post-glacial peat and gyttja deposits seems to have 
occurred, and as occurrences of dead ice were likely within the area, it is 
assumed that this is caused by melting of dead ice in the substratum. It does 
not seem possible to decide when the dislocation ceased. 

It can be stated conclusively that the Early Post-glacial sediments are 
dominated by allochthonous peat, which for most of the area can be assumed 
to have been rebedded during the first Littorina transgression. The peat, 
which generally is taken as an indicator of shallow water environments, 
shows by its distribution that the Early Post-glacial groundwater table in 
Randers fjord and Grund fjord was situated at a level of - 8.5 to -1 0 m, 
and that the river Gudena during this period had a moderate slope, contrary 
to at least the upper part of the river Allinga. Depth conditions for the peat 
around boring No. 33 indicate the presence of local occurrences of dead 
ice in Early Post-glacial time. 

Post-glacial marine sediments. The Early Post-glacial shallow water deposits 
are overlain by marine sediments in most of the investigated area. These 
marine sediments are the thickest deposits within the area (fig. 19). Large 
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parts of the marine sequence certainly were formed in the Littorina sea, 
but as marine conditions persisted from Atlantic time (Iversen 1937; Troels­
Smith 1942) until today (Johansen 1918), it is hardly possible to distinguish 
between Littorina sediments and younger, marine deposits using sedirnent­
ological and chemical methods. In the following context the marine sediments 
are therefore discussed collectively. 

The marine sediments include a locally more than 10 rn thick series of 
silty clay and gyttja, which normally is grey, greenish grey or blackish grey 
in colour. The macroscopic fauna is dominated by molluscs with calcareous 
shells, which locally have a corroded surface, especially when the shells are 
found in sand layers. Normally, however, the shell material is well-preserved, 
often with an intact epidermis. At sorne localities, for example in the area 
between Bode and Gammel Estrup, larger occurrences of shell-breccia dom­
inated by Ostrea and Cardium are present. The marine sediments are some­
what diverse within the investigated area. The 3 type localities (fig. 1) were 
selected as representing the most impO'rtant marine sedimentary environments: 

Boring No. 80* is assumed to contain the most complete and the rnost 
marine series of sediments, because it is located in the largest and deepest 
valley, and closest to the sea. 

Boring No. 54* was drilled in the Allinga valley at a locality which was 
covered by the Littorina sea only for a short period; therefore this boring 

illustrates the marginal facies where a river flowed into the Littorina sea. 
Boring No. 32* also represents a marginal sedimentary environment, but 

contrary to boring No. 54* it is situated in a relatively quiet environment 
without freshwater supply. A detailed characterization of these 3 type borings 
supplemented by field data frorn the other borings should accordingly give 
a reliable, general impression of the sedimentogenetic development of the 
whole area. 

Boring No. 80*: The drilled sequence includes in total 12 rn of sediment 
of which the lowermost 50 crn is believed for lithological reasons to be of 
Late-glacial age. The early Post-glacial peat at about 11 rn depth was, as 
earlier mentioned, presumably rebedded during the Littorina transgression. 
The overlying ea. 10.5 m of sediment is a silty, blackish-grey deposit con­
taining marine molluscs. Chemical, sedirnentological, and palaeontological 
studies show that this sediment profile consists of 3 units (see figs. 30, 31, 32): 

Lower part of boring No. 80* (between 10.5 rn and 8 m below surface). 
An example of the sediment is given by the photo fig. 36 which shows the 
core section 9.55-8.93 m below surface. The deposit is a silty, blackish-grey 
clay which upon oxidation rapidly becomes totally black. The content of 
organic matter is concentrated in thin layers, and sand laminae are common, 
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Fig. 36. Photo showing the lower part of the sedi­
ments from type locality boring 80* (depth 8.93- 9.55 
m below surface). The layered appearance is- essen­
tially caused by thin laminae of organic matter. 
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thus giving the sediment a layered appearance. The fauna indicates a paleo­
salinity of 10 %0 immediately above the Early Post-glacial peat where 
Theodoxus fluminalis is present. Between ea. 9.5 and 8 m below surface 
the fauna is dominated by Hydrobia while Cardium and Littorina are also 
present. This indicates an increase in salinity to 15-20 %0. The presence of 
Theodoxus f luminalis is indicative of an agitated, shallow and brackish 
environment. Investigations of the organic fraction (fig. 30) show an up­
wards decrease of organic matter, and as the content of nitrogen is almost 
constant throughout the section, a decrease in the C/ N ratio can be observed. 
It is possible that this can be explained by benthonic activity. 

The central part of boring No. 80* (between 8 m and 3.5 m below sur­
face). This sediment can, like the lower part, be described as a silty blackish­
grey clay, but is characterized by its content of several millimetre-thin alter­
nating light and bluish-black layers. These laminae are believed to represent 
frequent changes in redox potential at the sea bottom during sediment forma­
tion. X-ray radiographs (figs. 37-41) show that this central part of the marine 
section is markedly layered also after oxidation of the material. On fig. 37 
a grain size variation between the different thin layers can be seen (dark 
layers = clay; light layers = silt). The fauna in this central part is poor in 
species. Almost exclusively small specimens of Spisula subtruncata and 
Corbula gibba have been found, indicating a salinity of up to 30 %o and 
quieter conditions . The fauna seems to be present only in certain horizons, 
separated by clearly layered fossil-free sequences. Within the fossiliferous 
layers (e.g. lower part of fig. 37) the shells are found separated, and a 
faint tendency for an orientation of the shell material can be observed. A 
little higher in the profile (see fig. 38) the orientation seems to be quite 
random. Fig. 39 gives a good example of well developed layering in the 
sediment and its fauna, which like the whole central part of this boring only 
includes small forms of molluscs. Fig. 40 shows the only sign of bioturbation 
found in the central part. Fig. 41 shows the same layered sediment, but in 
this case the fossils are concentrated in a single layer and the bivalves are 
preserved coherent. No orientation of the shells in this layer can be seen. 
Concerning chemical composition the central part of boring No. 80* differs 
from the lower and the upper part of the sequence. The central part has a 
lower content of MnO, CO3-C, and CaO thus giving a lower CaCO3-norm 
(table 4). In agreement with this the content of biogenic lime is lower. Al2O3, 

J<,iO, MgO, Fe2O3, and P2O5 are higher in the central part, possibly because 
the clay content is higher or easier soluble than in the lower and upper parts. 
Illite seem to be more common in the central part. 

Upper part of boring No . 80* (between 3.5 m below and up to the sur­
face): Characteristic for the upper part is a slightly higher sand and silt 
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Fig. 37. X-ray radio graph ( X 1) from type locality boring 80* (depth 6.21-6.35 m below 
surface). The photo gives an impression of the layered sediment which is present in the 
middle of the marine section from this type locality (light layers = silt; dark layers 
clay). The fauna which includes almost exclusively Spisula subtruncata, is found in 
special horizons. A faint tendency for the shell material to be oriented can be seen. 
Fig. 38. X-ray radiograph ( X 1) from the middle part of the marine sediment at type 
locality boring 80* (depth 6.07-6.21 m below surface). The fauna is, as in fig. 37, 
dominated by Spisula subtruncata, but here the shell material shows a random orien­
tation. 



Fig. 39. X-ray radiograph (X 1) from the middle part of the marine sediment at type 
locality boring 80* showing an almost non-fossiliferous, clearly layered sediment. Depth 
5.35-5.49 m below surface (light layers = silt; dark layers = clay). 
Fig. 40. X-ray radiograph ( X 1) from the middle part of the marine sediment found 
at boring 80*. Depth 5.20--5.35 m below surface. There are traces from a burrowing 
organism which has disturbed the layering of the almost fossil-free sediment. 
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content, and accordingly the content of acid soluble components originating 
from the clay fraction decreases (e .g. Al2O3, MgO, K2O). The content of 
organic matter is higher in the upper than in the central part, and roughly 
of the same order of magnitude as in the lower part. The opal content (from 
diatoms) has a maximum in the upper part of the sequence, and the biogenic 
lime goes up to 13.6 % . The fauna includes Cardium and Littorina and as 
in the lower section Hydrobia dominates . This indicates an approximate 
salinity of 15-20 % , and in the uppermost part the salinity was even lower 
than this. The fauna is either evenly distributed in the sediment or concen­
trated in occurrences of shell-breccia. 

Boring No. 32*: The marine part of boring No. 32* embraces slightly more 
than 5 m of sediment (figs. 20, 21, and 22). The oldest marine deposits 
include about 0.5 m of sand and clayey silt (depth 6.60 m to ea. 6 m below 
smiace) followed by about 1 m peat which is in turn overlain by ea. 4 m 
of blackish-grey silty clay or clay-gyttja. The fauna in the sand deposit 
below the peat indicates that the salinity has been 10-20 %0 , and as men­
tioned earlier its composition is like a quite normal Littorina fauna. In the 
layer of clay and silt immediately below the peat no molluscs or diatoms 
were found, presumably because of solution processes. The peat, which as 
stated earlier contains brackish-water diatoms, is assumed to have been 
deposited in. a bog area which was temporarily covered by the Littorina sea. 
The fauna and sediment investigations show that the marine deposits above 
the peat are composed of 3 different parts: 

The lower part (depth 5-4.5 m below surface) contains Cardium and 
Hydrobia, which indicate a salinity of 15-20 %0 . Fig. 42 is an example of 
the sediment immediately above the peat. It is characteristic for the lower 
part that no layering can be observed , and that the fossils are scattered in 
the sequence. The bivalves are sometimes preserved with their shells 
coherent, but separate shells are also often found. 

Within the next 1.5 m of the profile (between 4.5 and 3 m below surface) 
a more marine fauna including Littorina and Cardium is present, indicating 
a paleosalinity of 25-30 %0 and a tidal environment. Alternating layers of 
clay and silt are characteristic for this central part of the marine sediment. 
The fossils seem to occur mostly in the silt layers. No preferred orientation 
of the shells can be observed within the silt layers. The photo, fig. 43, is an 
example of the layered sediment: At the bottom of the photo there is a 
thick silt layer with Hydrobia and Cardium amongst others. Above this clay 
without shells is present. The limit between the silt and clay is well-defined 
and might represent a hiatus. Above the clay layer an increase in grain size 
occurs (to silt), and at the same time the content of molluscs increases 
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Fig. 41. X-ray radiograph (X 1), same locality and same part of marine sediment as 
fig. 40. Depth 5.05-5.20 m below surface. The small specimens of Spisula are here 
concentrated in a single layer. 
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Fig. 42. Photo from type locality boring 32*, depth 
4.26--4.93 m below surface. The photo gives an 
example of the marine sediment found above the 
Early Post-glacial peat. Lack of layering and large 
specimens of, amongst others, Cardium which are 
evenly distributed through the profile, are characte­
ristic for this deposit. 
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(Hydrobia, Littorina, Cardium, Mytilus) . Upwards the single layers are thin­
ner, but still a correspondance between grain size and fossil content seems 
to exist (fig. 44). 

In the upper part of this section (from 3 m to 1 m below surface) the silt 
content decreases while its gyttja character increases. Compaction of the 
sediment core during the drilling has disturbed the sequence so that no 
reliable structural information can be obtained. Investigations of the fauna 
show that the salinity was a little lower (20-25 %0) than in the central part, 
and effects of tidal water are absent. The bivalves are preserved coherent, 
and as the content of silt decreases, there is evidence of quieter environments. 
Through the upper part of the boring the salinity decreases to very low 
values. The uppermost metre is presumably formed in a freshwater environ­
ment. 

Thus investigations of both fauna and sediment show that the marine 
deposit above the peat (i.e. from 5 to 1 m below surface) can be taken as a 
section separated in 3 units: 1) Between 5 and 4.5 m (below surface) a non­
layered, silty, greyish black clay. 2) From 4.5 to 3 m (below surface) al­
ternating layers of silt and clay. The general impression is that the fauna, 
which is influenced by tidal activity is found especially in the silt layers. 
3) Betwee~ 3 and 1 m (below surface) the fauna and lithology indicates a 
quieter environment without tidal movements. 

It is obvious th4t the moderate number of samples investigated from the 
marine part of boring No. 32* restricts the posibility of deciding whether 
the above mentioned division of the sequence can also be found by chemical 
methods. Taken as a whole the marine sediment found above the Early 
Post-glacial peat in boring No. 32* is similar to the upper and lower marine 
parts of boring No. 80*, altho~gh some minor differences should be noticed: 
The content of organic matter is a little higher in boring No. 32* , the C/ N 
ratio is 10-12 in boring No. 32*, while it is about 8 in boring No. 80*. 
The contents of Al2O3, K2O, and MgO in boring No. 32* are of the same 
order of magnitude as in the central part of boring No. 80*. So it seems 
that the content of soluble clay and organic matter is somewhat higher in 
the marine sediments in Virring bay (boring No. 32*) than in the remaining 
part of the investigated area. The reason for this is possibly that boring 
No. 32* is situated in an area where freshwater supplies have been sub­
ordinate. 

Boring No. 54* was drilled in the Allinga valley at a locality which was 
covered by the Littorina sea for a short period only. The exact demarcation 
of the marine sequence in boring No. 54* (see fig. 27) is complicated partly 
because the core recovery was relatively bad and partly because the molluscs 
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Fig. 43. X-ray radiograph (X 1) from boring 32*. Depth 3.77-3.93 m below surface. In 
the lower part of the photo a silty layer containing Hydrobia sp. and Cardium sp. is 
seen. Above this there is a discordant clay layer without fossils. In the upper part of 
the photo the sediment is rich in silt, and contains large forms of Hydrobia, Cardium, 
and Littorina. The large bivalve just above the fossil-free clay layer is a Mytilus. 

Fig. 44. X-ray radiograph (X 1) from boring 32*. Depth 3.61-3.77 m below surface. 
The fauna is dominated by Hydrobia and Cardium, which is found preferentially in the 
most silty layers. 



have been dissolved from the uppermost 3 m of sediment. - The lower 
boundary for the marine sed iment is fixed at a depth of 6 m below su,face 
(level - 3.17 m) where marine molluscs are present in thin sandlayers in 
the Early Post-glacial peat. The upper boundary is assumed to be about 1 m 
below surface (level + 1.80 m) because fossi ls including Cardium were 
found at this level in another boring in the vicinity (boring No. 12) . This 
marine sequence which in thickness amounts to 5 m contains a varied series 
of brackish- and freshwater sediments, in which allochthonous minerogenic 
and organogenic components are present in varying amounts. Lithologically 
the deposit can be described as a grey and grey ish-brown silty clay which 
contains some gyttja. Layers of clayey peat occur locally. The content of 
organic matter and the C/ N ratio is higher than in the two other type borings. 
The insoluble residue does not differ significantly from boring No. 32* and 
80* , presumably because boring No. 54* has a higher loss on ignition. The 
CaCO3-norm and the content of biogenic lime is lower in bo1ing No. 54':C, 
possibly because of the solution processes al ready mentioned. Pollenanalytical 
dating of the oldest marine sed iment (depth 5.70 m below sudace) was not 
possible as the pollen content was strongly decomposed and presumably 
rebedded. It was, however, poss ible to date the lowest part of the thickest 
marine (brackish) laye r in the boring (between 4.40 and ea. 3 m below 
surface) to Atlantic time based on samples taken at 4.30 and 4.00 m below 
surface. The sediment is layered and conta ins many relatively large, separate 
Cardium shells with random orientation. 

The marine sediments found in the 3 type borings can thus be taken to 
illustrate 3 different facets of the sedimentogenesis during the Littorina 
period. Jn borings Nos. 80* and 32* a marine deposit which can be sub­
divided into three parts is present, and in boring No. 54* there is a profile 
through alternating freshwater and brackish sediments. In a later chapter 
(p. 73) the sedimentary environment and its development will be discussed 
based on the observations mentioned above. An attempt is now made to 
clarify for which parts of the investigated area each of the type borings is 
representative. The data available for this interpretation , besides the litho­
logical field description , includes only a systematic determination of the 
water content of the samples. The water content varies from 25 % to more 
th an 600 % within the area (fig. 2), but normally values between 50 % 
and 150 % are found. The lowest values are generally found (normally less 
than 100 % ) in sa mples from Randers fjord, Grund fjord and Allinga valley 
north of Gammel Es trup. In the remaining part of the Allinga valley and 
in Virring bay the water content is normally around 150 % . Lower values 
a re found for deposits just above the sand substratum . This regional ten­
dency, combined with the analytical results from the type borings, is assumed 
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to indicate that the content of organic matter 1s greatest in the sediments 
in Virring bay and in the upper part of the Allinga valley. 

The above mentioned 3-fold division of the marine sequence is confirmed 
by the determination of water contents at a number of localities. In Randers 
fjord, Grund fjord, and Allinga valley north of Gammel Estrup the highest 
water content was found in the central part of the marine sequence, as for 
boring No. 32* and 80*. Characteristic for boring No. 80* is a slightly 
higher content of clay and organic matter in the central part, while other 
parameters which might influence the water content are relatively constant 
through the profile. The observed variations in water content for the sedi­
ments in Randers fjord, Grund fjord and the lower part of Allinga valley 
are therefore assumed to express differences in the clay content and in the 
content of organic matter which consequently are greatest in the central 
parts of the marine profile. Another characteristic feature of the central 
part of boring No. 80* is the presence of thin light and blackish- or bluish­
grey laminae. These thin layers have been found in many other bo1ings. 
Fig. 45 shows the area in which the water content is greatest in the central 
part of the marine sediments and where alternating thin layers of light- and 
bluish-grey colours have been found at the same level as in boring No. 80'~. 
Based on this boring No. 80* is assumed to be representative of the area 
shown in fig. 45 which includes most of Randers fjord, Grund fjord and 
pa1is of Allinga valley. 

The central parts of the Littorina deposits in boring No. 32* seems, as 
earlier mentioned, to be influenced by tidal activity, and to contain slightly 
more silt than the rest of the profile. Therefore the water content of the 
central part is the lowest. Likewise, fig. 45 shows the area for which boring 
No. 32* is typical, that is the area covered by borings where minima in 
water content occur in levels corresponding to boring No. 32*, and where 
at the same time the content of sand or silt is greatest. Boring No. 32* is, 
as shown at fig. 45, only characteristic for a minor part of the investigated 
area (Virring bay and parts of Allinga valley). It is difficult to demarcate 
the area for which boring No. 54* is representative. Based on lithology, 
water content and the geographical conditions it is assumed that it is only 
characteristic for a small area in the immediate vicinity of boring No. 54* 
(see fig. 45). In parts of the investigated area deposits are found which are 
not represented by the type borings: in the area around the village of Bode 
where the drilled sequence is only a few metres thick, alternating thin layers 
of clay, silt and sand were found, and it is assumed that this deposit repre­
sents a marshy sediment. Laboratory investigations of this deposit have not 
been performed. 
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Post-glacial freshwater deposits. As earlier mentioned the Littorina sea during 
its maximum transgression reached a few km west of Vester Alling. In the 
Allinga valley west of this the only major freshwater deposit of the invest­
igated area is present. The profile which attains a maximum thickness of a 
little more than 3 m (fig. 34) includes up to 2 m gyttja resting on the Late­
glacial sand substratum; above the gyttja fen peat is present. At some 
localities no gyttja is found, and the peat rests directly on Late-glacial sand. 
Fig. 34 shows a longitudinal section through the freshwater sediments. It 
can be seen that the gyttja formation occurred in 3 small lakes, separated 
by sand barriers, which were not found during the depth mapping. The top 
of the sand barriers must have been a little higher than the level of the top 
of the gyttja which they demarcate (some uncertainty may be caused for 
example by later compaction of the sediment). The following overgrowth 
of the area, by which the peat formation became possible, might correspond 
to the final regression phase of the Littorina sea. Formation of freshwater 
deposits became possible as the sea regressed, and it seems that most of the 
investigated area had a freshwater phase after the marine. At some localities 
this has hardly been registered in the sediments, and in part of the area 
freshwater environment has not yet replaced the marine. This is especially 
the case for the meadows around Randers fjord and Grund fjord, where 
overgrowth is still taking place, and where an important decrease in the 
fjord-area has been noticed in the last 200 years (Johansen 1918). The 
thickness of the freshwater deposits decrease from the inner parts of the 
Allinga valley towards the recent fjords . Intensive agricultural use of the 
area has reduced the possibility of detailed geological interpretations of the 
freshwater sediments. 

Description of the sedimentary environments 

The present investigation supports the preexisting overall impression of the 
Late- and Post-glacial developments of Denmark, but some general aspects 
of the sedimentary environment in a protected fjord area can be illustrated. 

Salinity: The determination of the salinity in the environment of formation 
is based on the fauna and in a few cases also on the content of diatoms. 
The Late-glacial sediments are all deposited in freshwater, the Younger 
Dryas gyttja in a lacustrine environment, while the Late-glacial sand is 
interpreted as a fluviatile deposit. Early Post-glacial, undisturbed freshwater 
sediments (peat and gyttja) are apparently present only in the upper part 
of Allinga valley (SW of Vester Alling). The remaining occurrences of Early 
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Post-glacial peat within the area were presumably redebbed by the first 
Littorina transgression. All the marine sediments are believed to be Post­
glacial in age, based on the composition of the fauna. As earlier mentioned 
it is hardly possible to separate Littorina sediments from younger marine 
sediments, and therefore the marine sediment is discussed as a whole: The 
salinity of the marine sequence seems to vary in the same way throughout 
the whole area: the lower and upper parts were formed under more brackish 
conditions than the central part, where the fauna indicating the highest 
salinity is present. The central part of boring No. 80* was formed at a 
salinity of ea. 30 1/,,o and as expected the salinity were lower at the two other_ 
type localities. In boring No. 32* the maximum was 25 %0 while it was only 
about 15 %0 in boring No. 54*. A pollen analytical dating of the most marine 
sediment found in boring No. 54* showed an Atlantic age, and it is there­
fore assumed that the salinity culminated in the area as a whole when the 
Littorina sea had its maximum extension in Atlantic time. Freshwater supplies 
through the Allinga valley must be responsible for the much lower salinity 
in boring No. 54* than in boring No. 32* which are located only 3-4 km 
apart but in the more protected Virring bay . A. Jessen (1918) stated that the 
marine surface water of the Littorina sea, like the present Randers fjord 
(Jacobsen 1918), was less saline than the bottom water, which possibly could 
have stabilized the water in the deepest parts of the area and thus promoted 

stagnant conditions. 

In a recent paper (Villumsen and Nielsen 1976) the possibility of using 
certain chemical elements (Li, Rb, B) as indicators of paleosalinity was 
discussed for the Randers fjord area. It was demonstrated that effects other 
than paleosalinity governed the chemical composition of the sediments, and 
no supplementary information concerning the paleontological salinity inter­
pretations can therefore be given. 

Supplies of freshwater to the area. During the Late- and Post-glacial time 
the investigated area received large amounts of freshwater from the rivers 
Gudena and Allinga and from many local creeks opening to the valley 
system. In many ways these influxes of freshwater have influenced the sedi­
mentary development of the area, for example by lowering the salinity. 

The sediments content of allochthonous material. The sediment can be taken 
as a variable mixture of minerogenic and biogenic components. Alloch­
thonous, minerogenic matter includes quartz, feldspars, amphiboles, lime, 
etc., while the organogenic fraction consists of living fauna and flora ele­
ments as well as dead organic matter in different stages of decomposition. 
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Biogenic material can be divided into two main groups: a non-combustible 
(acaustobiolithic) and a combustible (caustobiolithic) fraction (Pettijohn 
1957). 

a. Allochthonous, minerogenic material: Treatment with acids leads to 
solution of part of the sediment, while quartz, felspars , amphiboles etc. and 
Si02 from decomposed silicates (including clay) and from opal (diatoms) 
will remain as an insoluble residue. After correction for the content of 
diatom-SiO2 and addition of non-biogenic lime a fairly reliable expression 
of the size of the total minerogenic fraction can be obtained (table 1). It is 
seen from the table that the minerogenic content is very high for the Late­
glacial sediments. The supply of minerogenic material via the liver Allinga 
seems only locally to have influenced the sediments, although the slope of 
the river Allinga, as mentioned on page 5 6, was rather high. The highest 
content of minerogenic material in the Post-glacial sediments is found in 
Randers fjord. In the marine sequence the highest salinity and the lowest 
content of minerogenic material" seem to correlate within the , area represented 
by typelocality No. 80* (fig. 45). 

b. Allochthonous, biogenous material: The acaustobiolithic fraction is 
dominated by biogenic lime and silica from diatoms. It is believed that the 
acaustobiolithic fraction is mainly authocthonous, although some rebedding 
cannot be excluded. In a few cases larger occurrences of shell-breccia have 
been found, and these of course make the specification of the trophic state 
uncertain when based on the content of biogenic lime. 

The caustobiolithic fraction is expected to include varying amounts of 
organic matter produced and sedimented within the sedimentary basin and 
organic material formed in the surrounding area and from there transported 
to the investigated area. Here it seems generally possible to distinguish be­
tween allochthonous and autochthonous organic matter: organic material 
is normally sensitive to oxidative processes, and as the allochthonous organic 
fraction normally spends the longest period in oxidizing environments, the 
allochthonous components will attain a more stable composition than the 
autochthonous. This means that the allochthonous organic matter will have: 

higher C/ N ratios 
greater contents of humic acids and 
lower pheophytin contents 

than the autochthonous organic material. For the marine sediments the 
allochthonous organic material will mainly be of terrestrial, lacustrine or 
fluviatile origin. A possible content of wood in the marine sediment can 
therefore only be allochthonous. Besides this the ratio 13C/ 12C is different 
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for organic material produced in fresh and marine environments . In the 
present case several different possibilities therefore seem to exist to separate 
the two types of organic material. 

In the following context an attempt is made to illustrate the amount and 
variation of the allochthonous organic material through the investigated 
sequence and within the area as a whole. The Younger Dryas gyttja (boring 
No. 32*) contains so little minerogenic material that the freshwater Lake 
where the gyttja was formed must have been free from great freshwater 
supply. On the other hand the Late-glacial sand which in boring No. 32* 
overlies the gyttja as well as the Late-glacial sand bottom represents a period 
in which elastic supplies dominated. While the older parts of the Late-glacial 
sand according to Harder (1908) were formed when the ice melted from 
the area, the younger sand deposits, for example the sand above the Younger 
Dryas gyttja (boring No. 32*), must consist of local outwash material sup­
plemented by elastic material from the source area of the rivers Gudena and 
Allinga as the inland ice in the last part of the Late-glacial time had long 
since disappeared from Denmark. The Early Post-glacial peat found in the 
deepest levels of the valley system contains, as already mentioned, a fauna 
indicating brackish conditions. As the layering is marked and the sand con­
tent rather large, most of the peat occurrences seem to be allochthonous. 
However, the ea. 1 m thich Early Post-glacial peat found in boring No. 32* 
(Virring bay) is assumed to be autochthonous as the peat is extremely rich 
in organic carbon and contains many traces of roots. The minerogenic part 
of the Post-glacial marine sediment decreases as earlier mentioned rather 
uniformly for the main part of the area to a minimum value which was 
attained during the maximum Littorina transgression in the Atlantic. At the 
same time the highest content of clay is found. The minerogenic content is 
generally highest in Randers fjord (60-75 % in boring No. 80*), while 
the smallest content is found in Allinga valley. The river Allinga was appa­
rently not so important for the supply of minerogenic material as could be 
expected from the relatively steep slope of the river. Throughout the area 
the lowest content of organic matter corresponds to the maximum trans­
gression, which might indicate a mainly allochthonous origin for the organic 
matter in the marine sediment. This assumption is supported by other ob­
servations: 

1) The total autochthonous biomass (the amount of organic matter estimated 
on the base of the pheophytin content) only amounts to 5- 20 %o of the 
sediment which corresponds to not more than 10 % of the sediment's total 
content of organic matter. 
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2) The o13C-values (table 3) which were determined on a selected series 
of samples from the area where the allochthonous contributions were 
assumed to be the lowest (boring No. 80*, Randers fjord) all indicate that 
the organic C was either formed in a terrestrial or limnic environment or 
originates from marine phytoplankton. But as the total content of organic 
matter containing pheophytin is subordinate in quantity, marine phyto­
plankton cannot have influenced the o13C-value much. It is therefore believed 
that the organic matter is mainly of terrestrial or limnic origin, and thus the 
organic matter is an allochthonous component of the marine sediment. 

The C/N ratio varies in the same manner through the sediment profiles 
within the investigated area. The lowest C/ N ratios are found in the level 
corresponding to the maximum transgression. The highest values (10-18) 
occur in the sediments from Allinga valley (boring 54*), but towards the 
more open sea the C/ N values decrease (C/N is 6-10 in boring No. 80*, 
except for the Early Post-glacial peat, see fig. 30). Corresponding to this 
decrease a drop in the content of organic C from 10-15 % in boring No. 54,:, 
to 1-5 % in boring No. 80* can be noted. The lowest C-contents are found 
in all borings at levels corresponding to the maximum transgression . The 
quantitative distribution of humic acids seems to vary in the same way as 
the content of organic C. 

The total pheophytin content does not vary much, but an increase in 
pheophytin relative to total organic C is seen towards the sea. As the 
conditions for benthonic decomposition of the organic matter (which might 
cause a decrease in C/ N ratio, Hansen 1964 b) seems to have been un­
favourable at least during the formation of the central part of boring No. 80* , 
it is assumed that the C/ N ratios have remained roughly unchanged since 
sedimentation. The regional variation in the C/ N ratios, pheophytin con­
tents, organic C, and of humic acids , might indicate that the importance 
of autochthonous organic material increased towards the open sea. As stated 
earlier the allochthonous organic matter is quantitatively the most important. 
As a final comment it should be mentioned that the N/ P ratio varies roughly 
parallel to the C/ N ratio, but a detailed discussion of the N/ P quotient is 
not possible on the investigated data. 

Tidal movements: The tidal activity of the Littorina sea was more intense 
than in the Danish sea area today (Nielsen 1938). Fauna investigations 
from the Randers area show the greatest tidal effect in the Littorina sea up 
to the maximum transgression (Atlantic time). After this the amplitude of the 
tides decreased again. This observation corresponds to Nielsen's (1938) 
explanation of the hydrological conditions in the Littorina sea. He stated that 
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a decrease of the tidal movements occurred when the land connection between 
England and Denmark ceased to exist. The tidal range cannot be given with 
reasonable certainty before the fauna] investigation is finished. Yet it seems 
probable, estimated on lithology and the morphology of the Late-glacial 
sand deposit, that the difference between low- and high-tide was about 2 m. 
This tidal activity, combined with the wind action, must have been able to 
erode the Quaternary sediments just outside the investigated area. That this 
was so is readily seen in the steep Littorina cliffs in the area. 

Marine, tidal sediments: Boring No. 32* includes a fauna characteristic for 
tidal environments. At the same time the fauna is that requiring the highest 
salinity (20-25 %0) in this boring. As the maximum salinity must have prevai­
led synchronously throughout the area, the most marine sequence of the 
borings must therefore have been formed in a tidal environment. The core 
recovery from boring No. 54* was as earlier mentioned so bad that inter­
pretations ba~ed on sediment structures were not possible. But for boring 
No. 32* and 80* the cores were good enough for X-ray radiographs. At these 
two type localities two widely different facies are met with. 

Boring No . 32* . The photos, figs. 43 and 44 show examples of the sedi­
ment structures and the distribution of the fauna. It is seen that alternating 
clay and silt layers occur, and that the molluscs are predominantly present 
in the most silty layers. The transition between clay and silt layers is some­
times so abrupt that it seems most reasonable that the transition represents 
a hiatus. It is therefore assumed that these sediments were formed in a 
shallow, littoral environment. 

Boring No. 80*. The sediment structures (figs. 37-41) in the part of boring 
No. 80* where the fauna demanding the highest salinity is present indicates 
quite another type of environment from that in boring No. 32*. The sediment 
which is laminated and clayey was no doubt deposited below wave base. 
The composition and distribution of the fauna and the absence of traces of 
benthonic activity show that conditions were unfavourable for the higher 
biological life. The content of diatoms (which assumedly includes benthonic 
as well as planktonic forms) is not to the same extent as the content of bio­
genic lime low within this sequence, and therefore nutrient conditions do not 
seem to have been generally poor. The great number of alternating light and 
bluish-black laminae might indicate a fluctuation in oxygen content at the 
sediment water contact, and it seems probable that periodic anaerobic con­
ditions alternated with periods where the supply of oxygen made a short 
period of benthonic life possible. It might seem paradoxical that the minimum 
water exhange occurs in the fjord area nearest to the open sea. The expla­
nation must be that the water depth was so great around boring No. 80* that 
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no exhange of water occurred at the bottom. It seems most probable that 
this was caused by a system of barriers lying at a level just permitting ex­
change of water in Virring bay, but not in the deepest parts around boring 
No. 80*. As boring No. 80* is taken as representative of the sedimentary 
environment in Randers fjord, Grund fjord , and the northern part of Allinga 
valley (fig. 45), the system of barriers may have been located in the area 
north of Ugelhuse, as no other connexion to the sea is possible. Just around 
borings Nos. 78-69-70-71 a sand barrier is present (plate 1) which as earlier 
stated might be Post-glacial in age (p. 43). The maximum height of the 
barrier is at a level of -3 to -4 m, which roughly corresponds to the highest 
level where the laminated sediment occurs in boring No. 80*. Thus it seems 
possible that the sand barrier north of Ugelhuse has prevented the exhange 
of bottom-water in much of the investigated area. 

Water dept: The distribution of the different sediment types combined with 
knowledge of the topography of the sedimentary basin makes an estimation 
of the water depth possible. 

The Late-glacial gyttja (boring No. 32*) was, as earlier mentioned, formed 
in a shallow freshwater Jake where the water depth estimated by the fauna 
was less than 3 m. The Early Post-glacial freshwater sediments in the upper 
part of Allinga valley (mainly peat) are generally taken as shallow-water 
deposits formed in a paludal environment with a subordinate fluviatile cha­
racter. The allochthonous peat deposits in Randers fjord, Grund fjord, and 
the lower part of Allinga valley are also shallow-water sediments which were 

rebedded during the first Littorina transgression (see p. 51). The Littorina 
transgressions within a part of Virring bay were investigated by Troels-Smith 
(1942) working around Dyrholmen, a small peninsula about 1 km west of 
boring No. 32*. He showed that the earliest Littorina transgression which 
reached Dyrholmen was the Middle Atlantic. Sediments from this period were 
found at a level of -1.5 m and higher (Troels-Smith 1942). The deepest level 
at which marine sediments are found in boring No. 32* is -4.18 m (seep. 43). 
It is not impossible that a marine transgression older than the Middle Atlantic 
could have reached the area, as the topography of the Late-glacial sand 
surface (plate 1) shows no barriers higher than ea. -2 m in the area between 
boring No. 32* and the open sea. However, this interpretation is too specu­
lative for detailed discussion based on the data available at present. 

Assuming that the first Littorina transgression reached the -2 m level the 
increase in water depth of Randers fjord and Grund fjord must have amoun­
ted to 6-8 m, as the Early Post-glacial peat deposits here are found at levels 
between -8.5 and -10.5 m. An analogous sudden increase of water depth is 
reported to have occurred in Pnesto fjord in Atlantic time (Mikkelsen 1949, 
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op.cit. Krog 1968). During the maximum transgression (the Middle Atlantic) 
the Littorina sea reached even higher levels. Troels-Smith (1942) thus men­
tions a level of at least + 3 m. During the remaining part of the Post-glacial 
the sedimentation and land elevation in combination resulted in a decrease 
of water depth, and today formation of marine sediments takes place only 
in a rather limited part of the area investigated. 

Nutrient conditions: The content of nutrients is only one of several factors 
influencing the biological activity which might take place in a sedimentary 
basin. Rawson (1939, according to Stewart and Rohlich 1967) presented a 
schematic outline concerning the complicated interrelationship which might 
exist between for example the topography of the source area, the shape, 
water depth, and the oxygen conditions of the sedimentary basin. The nutri­
ents which normally are believed to be the most important are N and P, but 
a number of compounds which are normally present in small amounts can 
be of enormous importance for the biological life. Many authors have tried 
to quantify the nutrient conditions (trophic state) for fossil sedimentary 
environments by chemical analysis of the sediments. As a Danish example 
of this Hansen's (1964 b) method is mentioned. He calculated the trophy 
for lake sediments using the ratio: 

opal + CaC03 

opal + CaC03 + minerogenic matter 

Other authors consider that the nutrient state is better expressed by the 
content of chlorophyll remains (Sanger and Gorham 1972). Using a modified 
version of the Hansen (1964 b) method where the sum of biogenic lime + 
opal is given in percent of the sum CaC03-norm + insoluble residue (in­
cluding Si02 from diatoms, seep. 24) the nutrient condition for the Randers 
area has been calculated . The result is shown in table 6 where the pheophytin 
content (originating from the primary chlorophyll content) is also given. 
There is no correspondance between the two measures of the trophic state, 
but this is not surprising: Under the assumption that no rebedding or solution 
of diatoms, biogenic lime or pheophytin has occurred, the two expressions 
for the nutrient conditions will be illustrative for the trophy in two different 
zones, i.e. the pheophytin content representing the tropbogene zone (zone 
of photosynthetic activity) , while the biogenic lime + part of the diatom 
silica formed at the bottom of the sediment basin. The content of nutrients 
may have been optimum throughout the water column, but as earlier stated 
the benthonic life was restricted for a certain period because of lack of oxygen 
in the deepest part of the area. Besides oxygen deficit the presence of 
toxic compounds released from the euxinic environment might have inhibited 
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benthonic life without influencing the biological production in the upper 
layers of water. In the shallow parts of the fjord system the oxygen supply 
seems to have been good, but here secondary processes (rebedding, solution) 
have disturbed the original sediment to a considerable extent. Therefore 
measurement of the trophic state is very uncertain. Thus it must be con­
cluded that no reliable measurements of the trophic state can be given based 
on the chemical parametres determined in this study. 

Summary of the development of the sedimentary environment during the 
Late- and Post-glacial times. The Late-glacial sediments included in this 
investigation are dominated by fluviatile freshwater deposits transported to 
the area by the river Gudena, Allinga, and local creeks. Late-glacial fresh­
water gyttja formed in a shallow lake has been found at a single locality. 
Late-glacial marine sediments have not been found in the area. In the Early 
Post-glacial (the Continental Period) the Randers fjord area was covered 
by bogs and small freshwater lakes. Occurrences of dead-ice have been 
present at least until the Littorina sea transgressed the deepest parts of 
Randers fjord. By the Littorina transgression rebedding of the Early Post­
glacial peat took place in most of the area. The water depth in Randers fjord 
suddenly increased by 6-8 m (possibly more). During the maximum exten­
sion of the Littorina sea most of the area investigated was sea covered. Only 
the area around Klavsholm remained a freshwater environment but the 
water table in this area seems to have been closely linked to fluctuations in 
sea level. The river supply of minerogenic and organic material was least 
during the maximum transgression. Freshwater supplies from the Allinga 
river caused, as expected, a relatively low salinity in Allinga valley and from 
here an increase to about 30 %0 towards the open sea can be noticed. In the 
Littorina sea tidal fluctuations with an amplitude of abouth 2 m occurred. 
These caused a total water exchange in the shallow marine areas while 
euxinic conditions prevailed in the bottom region in the deepest part of the 
fjords. No satisfactory measurement of the nutrient conditions has been 
obtained in the present investigation, but it seems that the total content of 
autochthonous organic matter in the sediment amounts to less than 10% of 
the total content of organic matter. After the maximum extension of the 
Littorina sea the tidal effect decreased and as a combined effect of isostatic 
uplift, sedimentation, and overgrowth the sea regressed, and freshwater 
deposits (gyttja and peat) formed in the area abandoned by the sea. This 
regression still continues and today a minor part of the original fjords are 
sea covered. 
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General outline concerning the changes in a sediment 
during diagenesis and weathering 

A newly formed sediment will normally immediately be subjected to dia­
genetic transformations. Diagenesis here includes the period from when a 
particle hits the sediment surface and becomes part of the sediment until 
the start of metamorphism, or until the sediment is subject to erosion and 
weathering (Fairbridge 1967, p. 32). The most sensitive parts of the sediment 
(especially clay and organic matter) might, even before diagenesis starts, have 
been altered by aquatolytic and halmyrolytic processes (Muller 1967, 140 
pp.). According to Fairbridge (1967) the diagenesis can be divided in 3 
phases: 

A. Syndiagenesis which occurs at the time of sedimentation and includes 
the processes in the sediment governed by biological activity. 
B. Anadiagenesis, during with the sediment becomes indurated as a 
result of physical and chemical influences (compaction, squeezing of 
pore solutions, cementing etc.) 
C. Epidiagenesis, which includes alterations occuring in the sediment 
after it has been elevated and brought into contact with groundwater. 

If the sediment is raised above the groundwater level the epidiagenesis will 
be replaced by erosion and weathering, by which for example oxidation of 
iron sulfides can take place. These three main phases of diagenesis are 
characterised by the fact that the pore solutions of the sediment lie in dif­

ferent part of a normal Eh/ pH diagram (see for example Fairbridge 1967, 
fig. 1 p. 26) . 

The syndiagenesis occurs at pos'itive as well as negative Eh-values, and 
pH between 6 and about 10. The anadiagenesis takes place within roughly 
the same pH interval as syndiagenesis but the Eh is slightly lower. Epidia­
genesis is normally characteristic by an oxidizing, rather acid environment 
(pH = 4-6). During weathering which might follow epidiagenesis, the pH 
can decrease to extremly low values (pH = 2-3), while Eh at the same time 
is high. Assuming that the sediment attained equilibrium under the different 
conditions to which it was submitted during diagenesis, it might be possible 
to judge how far the diagenetic development reached, and possibly also 
which diagenetic phases the sediment has passed through. 

As stated above the organic fraction is much more sensitive to diagenetic 
processes than the inorganic part of the sediment. It has been demonstrated 
that detailed investigations of the organic matter might give very good 
illustration of the course of diagenesis (Degens 1967; Prashnowsky 1971). 
Plant material which, via the peat and the brown coal stage, is transformed 
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first to bituminous coal and then to anthracite has passed the transition be­
tween syn- and anadiagenesis when the peat stage is left (biological activity 
ceases during the peat stage) . The anadiagenesis only includes that part of 
the coalification in which plant remains are visible (the so called "soft brown 
coal stage"). Normally soft brown coal is found together with lightly con­
solidated sand and clay which are not yet subject to anadiagenetic alterations. 
This underlines the suitability of the organic matter as an indicator of 
especially the early diagenetic conditions. But as mentioned above, the 
organic and inorganic fractions of the sediment will normally be at different 
diagenetic stages; it is therefore worth mentioning which sediment fraction 
the different diagenetic concepts are used on. 

In the Randers fjord area the sediment as a whole seems to have been 
subject to syn- and epidiagenetic influences. It is possible that compaction 
and squeezing of pore water from the Early Post-glacial peat should be refer­
red to the anadiagenetic stage, but at the inorganic part of this deposi t seems 
unaffected by anadiagenesis it is assumed that no anadiagenetic transfor­
mations occurred in the investigated sediments. 

A short outline is now given of the syn- and epidiagenetic processes and 
their traces, which might be recognized in the Randers fjord area by the 
methods used. 

The syndiagenesis includes as earlier mentioned that part of the dia­
genesis in which biological activity takes place. Normally syndiagenesis is 
subdivided into an initial phase and an early burial phase, separated by a 
zero value for Eh (initial phase Eh > 0, early burial Eh < 0). The processes 

of the initial phase are at first governed by the chemical composition of the 
water in which the sedimentation occurs. By continued deposition the sedi­
ment will lose its direct contact with the overlying water, and the pore solution 
will start its own development, regulated by biological processes. Often a 
certain amount of organic material will be present in the sediment, and 
throughout syndiagenesis this will strongly influence the reactions in the 
pore solution. The organic matter serves as a source of nutrients - or energy 
- for the biological life, the macroscopic as well as the microbiologic life. 
The benthonic activity occuring in the bottom layer and the uppermost few 
millimetres or centimetres of sediment might destroy the stratification. For 
the biological processes the most decomposible organic material with the 
highest nutrient content will be used first. This leads to a decrease in the N 
content as compounds rich in nitrogen (for example free amino acids) are 
normally the most unstable (Degens 1967). The decomposition of the organic 
matter corresponds to hydrolysis by which NH4 + and POi- are lost, and the 
organic remains are oxidized to H20 and C02 (Richards 1965). The C02 

formation will contribute to a lowering of the pH level in the pore solution 
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from about 8 (in normal sea water) to 7 or 6.5 (Fairbridge 1967), which 
makes the solution of lime possible. The NH~ + released is unstable when O,i 
is present, and by bacterial activity (or by pure chemical reactions) it will 
be converted to N2, No2- and NO3-. The intensity of the biological activity 
depends on the amount and nutrient value of the organic material; the rate 
of sedimentation; the migration rate of the bacteria etc., which cause the 
decomposition; and on the grain size distribution (Oppenheimer 1960; 
Bordovskiy 1965; Fenchel 1969). The decomposition of the organic ma­
terial will use all the oxygen available, and continued decomposition of the 
organic fraction takes place with N03- and No2- as suppliers of oxygen, 
thus enabling a continued release of CO2 and H2O (Richards 1965). It should 
here be noticed that Eh is still positive when all the oxygen is used up. Thus 
Mortimer (1941) mentioned a laboratory experiment where E 7 (i.e. Eh 
at pH= 7) was + 300 m V to + 200 m V in a fluid free of oxygen. The 
transition from positive to negative Eh values occurs normally very abruptly 
in the sediment, often in only a few mm of sediment ('redox discontinuity 
layer'). The negative Eh values are mainly buffered by a sulphide-sulphate 
system (Fenchel and Riedl 1970; Fenchel 1969), while the systems govering 
the higher Eh values are not known in detail (Fenchel 1969). 

The authigenic mineral paragenesis of the initial phase is stable at Eh 
> 0 and pH about 7. Often iron compounds will dominate, and therefore 
yellow and grey layers, corresponding to the oxides of the initial phase, 
are often seen in recent sediments, while black sediments, which are in many 
cases found below the grey layers, take their colour from iron sulphides, 
and are accordingly formed in the early burial stage (Fenchel and Riedl 
1970, p. 259). 

The zone of the initial phase of the diagenesis is restricted to the upper 
part of the sediment, normally to depths ranging from a few millimeters to 
30-50 cm (Fairbridge 1967). In extreme cases, for example below the 
surf zone, it extends to a few metres (Fenchel and Riedl 1970 ). Sometimes 
the initial phase is totally omitted, for example in cases where the oxygen 
supply is unable to reach the sediment surface. In eutrophic lakes and fjord 
areas bottom stagnations with an annual periodicity are common, and in 
these cases the initial phase might be rhythmically omitted (often to be seen 
as alternating layers of light and black sediments). Thus sediments which 
have been subject to the initial phase of syndiagenesis might be characterized 
by 
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lack of layering, 
low content of nitrogen, 
corroded surfaces of lime shells, 
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light grey or yellow collours, 
an authigenic mineral paragenesis which is stable at positive 
Eh and a pH of about 7, 

but none of these characteristics can alone be final evidence of reactions 
in the initial phase. For this a series of negative observations are necessary 
in addition (H2S, for example, is not present), or more advanced organo­
chemical investigations which have not been included in the present study. 

Early burial. The course of diagenesis during the early burial phase is 
extremely different from the initial phase. The lack of oxygen enables a series 
of decomposition processes to occur, causing release of toxic components 
(for example H 2S) which destroy the possibilities of higher biological life. 
The active biomass of the early burial stage forms a complex ecological system, 
exclusively built up of microorganisms (Fenchel and Riedl 1970) which cannot 
change the sedimentary structures (the layering is preserved), but which 
greatly influence the chemical composition of the pore solution, its redox­
potential and pH. The microorganisms cause, analogously to the initial 
stage, oxidation of the organic material, using S04, N03, C02, and H,P 
as sources of oxygen. The end products are H2S, NH3, CH4, and H2 (Fenchel 
and Riedl 1970). The release of these compounds will lead to an increase in 
pH to more than 9 (Zobell 1942, according to Fairbridge 1967), and Eh 
will decrease to extremely low values (-400 to -600 mV). If the pH rises to 
values of about 9, important parts of the sediment will be subject to solution 
processes (diatoms for example become unstable). Generally the new pH/Eh 
environment will stabilize a new mineral paragenesis . The sulphate reduction, 
which is one of the most important processes in the early burial stage, occurs 
by the action of the bacteria Desulfovibrio sp. which is able to start its 
activity at an Eh value of about + 100 m V (Fenchel and Riedl 1970). In 
cases where the initial stage is omitted the sulphate reducing bacteria will 
get a continuous supply of fresh S04 from the sea water. If the initial stage 
is established the S04 will be supplied by diffusion through the upper few 
centimetres of sediment. Thus an accumulation of sulphides will take place, 
and this is believed to be the most important contribution to the sulphur 
content of the sediment (Hartmann and Nielsen 1969). When the diffusion 
contact with sea water ceases (normally below a few centimetres of sediment), 
the sulphate content will rapidly be used up, and the sulphate reduction 
replaced by other processes. 

As stated on p. 19 the sulphate reduction leads to fractionation of the 
different sulphur isotopes, so that the content of the heavier 34S isotope is 
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less in H 2S - or in the authigenic minerals formed by H2S - than in the 
original sea water sulphate (the sediment sulphur has become "isotopically 
lighter") (Thode et al. 1961; Ault 1959; Hartmann & Nielsen 1969; Rees 
1973). The degree of fractionation depends on many different environmental 
parameters as for example the redox potential, the rate of sedimentation, and 
the duration of the diffusion contact to the water rich in sulphate. Thus the 
ratio of the sulphur isotopes might be a valuable indicator of the changes 
to which the sediment has been subjected during the early burial phase. 

The bacterial metabolism leads to H2S production which will, in the case 
of a low concentration of metal ions (for example in calcarous rocks, Hunt 
1967) be accumulated, and thereby possibly inhibit continued microbiolo­
gical transformation. On the other hand, if the content of metal ions is 
great, as in clayey sediments, H2S will be combined in some sulphide mineral 
(normally iron sulphide), and continued sulphate reduction is possible. The 
newly formed iron sulphide will be converted into hydrotroillite (FeSx·(H20)y) 
and afterwards to pyrite or marcasite (Galliher 1933; Kaplan, Emery, and 
Rittenberg 1963). The pH value is assumed to control whether the end 
product will be pyrite or marcasite. Normally pyrite is believed to be formed 
in weakly alkaline environments, and especially in clay sediments, while 
marcasite is found under more sandy, neutral or light-acid conditions (Fair­
bridge 1967, p. 54). Traces of the early burial stage thus include 

no macroscopic fauna (or possibly a special or one-sided fauna), 
distinct layering, 
smell of H2S, 
content of metal sulphides with a low quantity of 34S. 
solution tendency for the diatom content, 
an authigenic mineral assemblage stable at negative Eh values and 
neutral or alkaline conditions. 

The changes of the organic fraction during the syndiagenesis includes 
decomposition of the relatively unstable biochemical macromolecules and 
condensation of the decomposition products (Degens 1967). During this 
some of the hydrolysis products will escape from the sediment and return 
to the biological cyclus (P0 4, N03, etc.). During the syndiagenesis the 
microbiological activity gradually ceases, and the changes of the sediment 
through the subsequent anadiagenesis takes place by pure physical and 
chemical reactions leading to induration of the inorganic fraction and 
maturing of the organic part which will finally turn to either coal or oil. 

Epidiagenesis and weathering. If by uplifting the sediment is brought into 
contact with the groundwater zone, Eh and pH will change, depending on the 
chemistry of the groundwater. The mineral assemblage will again become 
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unstable, and it must be expected that certain epidiagenetic transformations 
will occur, leading to an equilibrium .between the minerals and the new 
environment. If the sediment is raised above the groundwater level, the 
transition between epidiagenesis and weathering is passed. The most im­
portant changes occurring in the sediment during epidiagenesis and weathe­
ring involve the oxidation of the sulphides, which leads to a strong decrease 
in pH. 

Solution tendencies and a mineralparagenesis stable under acid and 
oxidizing conditions are therefore evidence of epidiagenesis and weathering. 

Diagenetic transformations of the Late- and Post-glacial 
sediments in the Randers fjord area 

Syndiagenetic changes. As the total Late- and Post-glacial sequence contains 
FeS2, and as about half of the investigated samples contain mixed carbonate, 
it is concluded that the sediment as a whole has been subjected to syndia­
genetic early burial processes where Eh was negative. As FeS2 is normally 
present as pyrite, the environment seems to have been neutral or slightly 
alkaline. Marcasite was found only in a single sample (No. 110) indicating 
local weakly acidic conditions. Within the central part of the marine Post­
glacial sediment in Randers fjord and Grund fjord the initial stage of 
syndiagenesis seems to have been omitted rhythmically, as well preserved 
alternating light and bluish-black laminae are found. In the same sequence 
the biogenic lime content is very low and originates from a benthonic 
mollusc fauna poor in species. Apart from these special conditions which 
prevailed in the central part of the marine sequence in Randers fjord, Grund 
fjord and the lower part of Allinga valley, the sediments generally seem to 
have been marked by the initial stage: The light burrows in the black Late­
glacial gyttja (boring No. 32*), and the rich benthonic mollusc fauna in the 
marine sediment are the most evident traces of a positive redox potential at 
the time of deposition. The lime content of the Late-glacial gyttja shows 
that the environment was alkaline. The fluviatile Late-glacial sediments 
(clay, silt , sand) and the Early Post-glacial peat deposits formed in shallow 
water, and it is therefore hardly possible that the initial stage of this part of 
the sequence was omitted. Before the Littorina transgression the Early Post­
glacial peat, about 1 m thick, found in boring No. 32* (Vining bay) , must 
have been subject to an aerobic influence as its content of humic acids is 
high . Its content of pigments from photoautotrophic sulphur bacteria shows 
that after it was covered by the Littorina sea the peat was in an anaerobic, 
shallow marine environment. The shell material from the molluscs in the 
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marine series sometimes has corroded surfaces, especially when present in 
sand layers. It is possible that this solution tendency is synsedimentary (i.e. 
occurs in the initial stage), but it might also be caused by a later (epidia­
genetic) supply of acid water through these more permeable layers. 

Epidiagenetic changes. From many of the borings carried out in the valley 
around Gl. Estrup and in Virring bay it appears that in the strongly 
permeable Late-glacial sand deposit below the marine, clayey sediments 
more alkaline water without direct contact with the overlying sediments is 
present. Especially around Gl. Estrup there is sufficient pressure to raise 
the water about ½ m above the surface through the borehole. The same 
situation possibly exists in the remaining part of the area. In boring No . 80, 
for example, Eh is higher in the deepest and most sandy part of the sequence. 
These water movements, occurring below the groundwater table in the area, 
might lead to transformations of the sediments which should be considered 
epidiagenetic. 

Transformations of the sediments caused by weathering 

The isostatic elevation of the area, combined with the drainage carried out 
recently, has led to a general drop in the groundwater level, and today 
large parts of the sequence are situated above the groundwater zone. Around 
the recent fjords , Randers fjord and Grund fjord, the groundwater table lies 
about 1 m below surface, while in Allinga valley it is 2-3 m below surface. 
Within the upper 1-3 m of sediment conditions favourable for weathering 
processes (Christensen 1962) have therefore been established, and evidence 
of this is present in most of the area: In boring No. 54* molluscs with lime 
shells are not present in the uppermost 3 m of the profile, and presumably 
for the same reason the MnO content is very low in this section. The Na20 
content is low through the whole boring, while K20 is only low in the upper 
2½ m of the core. The iron content does not seem to be influenced by the 
acid environment. A minor quantity of gypsym, which was found in the 
boring at a depth of 3 m, indicates that the sulphides are unstable. In boring 
No. 32* molluscs with lime shells are either totally absent or show marked 
signs of solution within the uppermost one metre of the profile. As expected 
the weathering is the least intense in boring No. 80* where the lime has only 
been removed from the uppermost ½ m of the sequence. 
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Recent pH and Eh conditions 

As expected measurements of pH and Eh showed (fig. 46) that pH is lower 
in Virring bay (boring No. 82) than in Randers fjord (boring No . 80) . This 
because of the weathering which is, as mentioned, the most prevalent in areas 
with a low groundwater table. While pH shows only a minor fluctuation 
through the core from Randers fjord, a pH rise to about 8 is noticed in the 
lowest part of boring No . 82 from Virring bay . This is considered to result 
from the water movement which takes place in the more permeable Late­
glacial sand substratum. The Eh values are generally highest in the sediments 
above the groundwater table. In the remaining part of the sequence Eh is 
roughly the same (around 0 mV), but in the lowest part of boring No. 80 
(Randers fjord) an increase to an Eh of about + 100 mV occurs. As stated 
earlier this is taken to indicate that a water course is present in the Late­
glacial sand without connection to the pore solutions in the overlying sedi­
ments. 

Conclusions 

This study includes only sediments from the youngest part of the Late­
glacial period and the Post-glacial period. Below the Post-glacial sediments 
Late-glacial outwash sand has been found. The morphology of this sand 
substratum (plate 1) supports the assumption that the area has been sub­
jected to subglacial erosion. The deep depressions in the sand surface indicate 
occurrence of dead ice in the Late-glacial outwash period, and other obser­
vations show that the dead ice persisted for a long time during Post-glacial 
time. 

During the Early Post-~lacial shallow freshwater sediments (peat) were 
deposited in the area. The areal distribution and the depth of the peat 
(fig. 23) show that the Early Post-glacial groundwater level was about -10 m 
in Randers fjord and Grund fjord and a little higher in the remaining part 
of the area. 

During Atlantic time the investigated area, which received freshwater 
supplies from the rivers Allinga and Gudena during the Late- and Post­
glacial period, was transgressed by the Littorina sea. The Early Post-glacial 
peat deposits were rebedded during this event. The Littorina sea seems to 
have transgressed the main part of the area very abruptly, the water depth 
suddenly increasing by at least 6-8 m in the deepest parts. Later on during 
the Atlantic the Littorina sea reached its maximum extension, and at the same 
time it attained its maximum salinity presumably because the tidal movements 
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were rather strong. The difference between the high and low tide is estimated 
at 2 m. Shortly after the Littorina transgression a great sand barrier was 
built up across the valley north of Ugelhuse (plate 1) which seems to have 
restricted the exchange of water between the open sea and the Randers fjord 
area when the Littorina sea had its maximum extension. The oxygen supply 
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to the bottom water in the area was therefore insufficient for a normal 
benthonic fauna despite the rather strong tidal movements. As expected the 
freshwater supply from the rivers caused a decrease in the salinity of the 
inner parts of the fjords. Furthermore, the two main rivers were of great 
importance for the transportation of a!Jochthonous material to the sedimen­
tary basin. Different investigations of the content of organic matter have 
proved that allochthonous organic material forms the main part of the 
organic fraction. Corresponding to the maximum extension of the Littorina 
sea the supply of a!Jochthonous material was at a minimum. The tidal effect 
and the salinity decreased shortly after the main transgression, and sub­
sequently because of isostatic uplift of the area and the continued sedimen­
tation the sea regressed towards the recent Randers fjord. After this re­
gression, Post-glacial freshwater sediments extended to still larger parts of 
the area. 

Generally, the sequence seems to have been subject to processes of the 
syndiagenetic injtial stage as well as the early burial stage. In the deepest 
parts of the fjord system where lack of oxygen periodically prevailed, the 
initial phase seems to have been omitted rhythmically. In the Late-glacial 
gyttja light burrows were found in the otherwise black gyttja, which pre­
sumably shows that the initial and early burial stages occurred side by side. 
The sediments seem unaffected by anadiagenetic reactions . Different obser­
vations show that weathering processes which are still occurring in the area 
have resulted in solution of molluscs with lime shells from the youngest parts 
of the sediments. The very permeable Late-glacial sand deposits seem to 
have water flowing through them, locally under considerable pressure, which 
has no direct connection to the pore fluid of the overlying sediments. As 
this water movement occurs below the groundwater table, transformations 
of the sediments should be considered epidiagenetic. However, during this 
study it has not been possible to demonstrate with certainty any results of 
such an epidiagenetic influence. 
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Geoelectric investigations 
Holger Lykke Andersen 

Purpose and methods of the investigations 

In connection with sedimentological and geochemical investigations in the 
Randers fjord area, geoelectric investigations have been carried out with 
the primary intention of obtaining information on the sedimentary sequence 
in the area. To attempt to map the boundary between the Late- and Post­
glacial deposits was of particular significance, but deeper boundaries were 
also of interest. 

Geoelectric methods have been used previously in Denmark to investigate 
similar problems. These earlier attempts have shown that there are problems 
associated with this type of application of geoelectric techniques. These prob­
lems are partly associated with insufficient knowledge of the specific resisti­
vity of the sediments, and partly with theoretical difficulties of the method 
in determing the depths of boundaries and the specific resistivity of layers. 

With the present investigation, emphasis has been laid on drawing attention 
to the problems attendant to the method. An attempt is made to describe 
the relationship between specific resistivity and other properties of the sedi­
ment, and to clarify the limitations of the methods in connection with typical 
sedimentary succession in the area. This analysis of these considerable prob­
lems is far from being complete, but the results can serve as a complement 
to previously published experiences (Dinesen 1961; Klitten 1972) related 
to the possibilities and limitations of geoelectric methods in connection with 
the mapping of Post-glacial basins. 

As the major aim of the investigation was to describe the lithological 
variation with depth in the Randers fjord area, electric soundings were 
carried out. A total of 161 electric soundings were made using a Schlum­
berger electrode configuration (see for example Kunetz 1966) with a con­
stant potential electrode distance of 0.5 m and a maximum current electrode 
distance (L/ 2) of 100 m. 

The soundings were arranged in as regular a network as possible using 
the existing roads. The localities are shown in plates 2 and 3. 

The measurements were carried out using direct current equipment con­
structed by N . Breiner and 0. Larsen of the Geophysical Laboratory, Aarhus 
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University. The field measurements were carried out by Ole Houml?)ller, 
Torben Sl?)gaard Jensen, Jens Bach Jepsen, Knud Pedersen, and John Tych­
sen between March and June, 1972. 

Electric resistivity af Post-glacial sediments 

General review 

Knowledge of the specific electric resistivity of the sediments being studied 
is a vitally important facto·r in trying to carry out geological interpretations 
of electric soundings. Without this information it is impossible to decide 
which of the many theoretically possible models should be selected. Normally 
the mathematical interpretation of the soundings can neither definitely fix 
the thickness nor the specific resistivity of the individual horizons . One of 
the conditions to be able to make a reasonable estimate of the thickness of 
a layer is that its specific resistivity is known as precisely as possible. 

Several different methods have been used to try to obtain values of spe­
cific resistivity for the sediments in the Randers fjord area. 

a. Measurement with a roughly 2 m long probe in principle constructed in 
the same way as a lateral probe for bo-rehole measurements (Lynch 
1962; Andersen 1974) . With this probe it is possible to determine the 
specific resistivity in situ for soft sediments, such as Post-glacial clay 
and mud. 

Measurements with this probe have been carried out at the bottom 
of canals and ditches in the area around Randers fjord. The detennined 
values are for sediments which lie under the groundwater table. 

b. Measurements on cores from the type borings Nos. 32* and 80* de­
scribed in the previous chapters, and also on cores from investigation 
borings by the Arhus District Road Authority, between Kristrup and 
Dronningborg (borings Nos. V 1-3, see plate 2). 

These measurements were carried out immediately after the arrival 
of the sealed cores at the laboratory. The principles involved in the 
determinations are similar to those earlier described for sand samples 
(Andersen 1974). 

c. It has sometimes been possible to obtain average values for sediments 
directly on the basis of the electric soundings in those places where the 
soundings could be correlated with existing borings. 

This method has especially been used in connection with Quaternary 
(glacial) and Pre-quaternary sediments. 

d. With the intention of estimating the possible variation within the sand 
sediments, the specific resistivity of the groundwater in the area has been 
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Fig. 47. Summary of specific resistivity values for some characteristic sediments from 
the Randers fjord area. 
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determined . Calculations based on chemical analyses from water borings 
in the area have been carried out following Andersen (197 4) and the 
sand sediment's specific resistivity has been estimated using Archie's 
equation (Archie 1942) assuming the formation factor to be about 3-5. 

The results of the determinations of specific resistivity are summarised in 
fig. 47 in which the length of the columns represents the range of values 
for each sediment type. This does not mean that individual cases cannot be 
found in which the values for a sediment fall outside the presented intervals, 
especially for the four lowest groups in fig. 4 7 for which the number of 
determinations is relatively low. 

The main reason for the large range of specific resistivity for the sand 
sediments is the considerable variation in the resistivity of the groundwater 
(about 10-30 ohmm at 8°C). The variation given for the Danian limestone 
is an estimate and the spread can similarly mainly be referred to· the resisti­
vity of the groundwater. 

Because of uncertainty relating to the stratigraphic placing of the Tertiary 
clays in the borings, they are grouped together, though it is known that the 
lowest values come from borings in Eocene clay. 

Fig. 47 clearly demonstrates that none of the presented sedim~nt groups 
can immediately be identified by its specific resistivity. Apart from Post­
glacial clay and gyttje with very low resistivity and Danian limestone with 
very high values, many of the sediments overlap each other, especially in 
the region between about 25 and 50 ohmm. 

This naturally complicates the geological interpretation of the electric 
soundings. Sometimes the problem is reduced when it is possible to judge 
the depth at which a particular specific resistivity occurs and thereby estimate 
its stratigraphic position. 

Investigation of cores 

There were two purposes for the investigation of the specific resistivity in 
the cores. Firstly to illustrate how the specific resistivity varies with depth 
for the Post-glacial sediments and at the boundary between Late- and Post­
glacial sediments in order to investigate to what extent the specific resisti­
vity can be used to indicate the sedimentary sequence. Secondly to determine 
any relationship between lithology and specific resistivity for more detailed 
interpretation of the electric soundings. 

The results from the measurements of cores from borings Nos. 32* and 
80* are shown in figs . 48 and 49 together with the lithology of the stratigra­
phic succession. It is apparent that the two borings show rather different 
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trends. Both however show an increase in specific resistivity in the vicinity of 
the boundary between Late- and Post-glacial deposits. 

Relationship between lithology and specific resistivity. Within the Post-glacial 
sediments, boring 32* shows little variation except where related to peat 
horizons. In boring 80* the specific resistivity gradually rises with depth 
and the resistivity in the upper part is much lower than in boring 32 *. It 
is not until the base of the Post-glacial clay sediments in boring 80* are 
reached that the values are equivalent to those in the clay deposits in bo­
ring 32*. 

With the intention of showing an expected relationship between clay con­
tent and specific resistivity, grain size analyses have been carried out at 
reasonable intervals in the elastic parts of borings 32* and 80*. The distri­
butions, in weight percent of clay, silt and sand fractions are shown in figs. 
48 and 49. As shown in fig. 50 there is a fairly simple relationship which 
can be closely compared with Archie's equation (Archie 1942). 

Hill and Milburn (1956) have shown that ion concentration of the pore 
water is significant for the effect of clay on the specific resistivity of a 
sediment. The ion concentration of the pore water is not known here and 
therefore the determined relationship can only be of local significance, des­
pite the occurrence of similar relationships elsewhere (Andersen 1974). 

Boring 80* shows no apparent relationship between clay content and 
specific resistivity. This can be seen in fig. 49 which shows rather constant 
grain size distribution throughout the Post-glacial sequence, while the spe­
cific resistivity increases with depth. 

The explanation for this probably lies in the variation of the ion concen­
tration in the pore water through the sediments. While carrying out the 
borings it was noted that at this locality the pressure of the pore water in 
the Late-glacial sand was more than a meter above ground level (-0.4 m). 
An upward flow of pore water is therefore possible and since the ion con­
centration of the pore water in the Late-glacial sand is relatively low (as 
indicated by the electric soundings) it is reasonable to assume that the pore 
water of the Post-glacial material is being flushed out from below. The low 
specific resistivity at the top of the sequence is interpreted as expressing the 
marine environment with relatively high ion concentration in the pore water. 

Relationship between specific resistivity and electric soundings. Variations 
in resistivity have been derived from electric soundings carried out near the 
two borings as shown in figs. 48 and 49, together with the actual trends. 

There are two features of general significance which are expressed in 

figs. 48 and 49: 
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Fig. 50. Specific resistivity as a function of clay content in Late- and Post-glacial sedi­
ments in boring 32* from Virring bay. 

a. gradual change in res1sttv1ty is very badly reproduced by the electric 
sounding. It is represented by a series of relatively thick homogeneous 
layers (boring 80*, 1-10 m). 

b. a layer, which is thin in comparison with its depth below surface, is not 
represented in the electric sounding (boring 32*, 5.5-6 m and 9-9 .5 m). 

This last point infers uncertainty in the determination of the location of the 
boundary between Post- and Late-glacial sediments. While this boundary 
appears to be accurately represented in sounding 142 at boring 80* where 
the Post-glacial sequence is homogeneous, there is a considerable discrep­
ancy in sounding 161 at boring 32* because of a peat layer in the lowest 
part of the Post-glacial sediments. 

Relationship between organic content and specific resistivity. The manner 
in which organic mate rial effects the specific resistivity of sediments, such 
as those developed here, is virtually unknown. In connection with borings 
carried out by the Arhus Council Road Authority in the western part of 
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Fig. 51 . Specific resistivity as a function of water content in Late- and Post-glacial sedi­
ments in three borings 01 1-3) between Kristrup and Dronningborg (see plate 2). 

Randers fjord (V 1-3, in plate 2) it has been possible to compare the spe­
cific resistivity of the samples of Post-glacial sediments with their water 
content and their loss on ignition as determined on a routine basis in Arhus 
Council Road Authority's laboratory. 

No relationship between specific resistivity and loss on ignition was appa-
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rent. However, the water content of the material seems to be related to the 
resistivity, but as shown in fig. 51 there is a considerable spread in the data. 
This is probably because of the dependance of the specific resistivity of 
the sediments on other factors which are unknown. 

Interpretation of electric soundings 

General 

As a rule the interpretation takes place in two separate steps. The first is 
purely mathematical and consists of the conversion (!a (L/ 2) _,. e (Z) in order 
to derive the true specific resistivity of the layers (e), as a function of depth 
(Z) , from the apparent specific resistivity (g,,) measured as a function of the 
half distance (L/ 2) between the current electrodes. 

The second step is a geological evaluation of the true specific resistivity 
for the layers . 

An "indirect" method has been used for the first step in which the meas­
ured soundings are compared with theoretically calculated model curves. 
This has been based on the calculation procedure originally used by Ghosh 
(1971) and further developed by H. K. Johansen of the Laboratory of Geo­
physics, Arhus. Use of this method means that calculations of model curves 
for an arbitrary number of homogenous and horizontal layers can be com­
pleted in a very short time. 

A system of programs has been established based on this calculation pro­
cedure which makes it possible to calculate model curves and comparisons 
with measured soundings using a display terminal, here linked to a CDC 
6400 computer at Aarhus University's Computing Centre (Johansen 1975). 

The procedure starts with the display of the required sounding. Then one 
attempts to estimate a sequence of layers that correspond to the sounding. 
The proposed layer thicknesses and specific resistivities are then input to 

the computer which immediately calculates the appropriate model curve. 
This is then displayed in such a way that it can be compared with the 
measured values. 

If there is an unacceptable difference between the measured and calculated 
curves, corrected values are input for one or more of the layers and/ or 
maybe the number of layers is altered. The corrected model curve is calcu­
lated and displayed, the process being repeated until a satisfactory agreement 
is obtained (I, table 7 p. 120). 

It has been found that using this procedure it can often be difficult to 
arrive at an acceptable model within a reasonable time. The most rational 

102 D.G.U. II . rk. nr. 107 



100 

20 

2 

1 

101 

129 

145 

10 20 

Fig. 52 . Characteristic sounding curves for the Randers area. 

100 

procedure is to make the first estimate by means of the traditional method 
using an atlas with two- and three-layer master curves, combined with 
auxilliary curves (Deppermann et al. 1961). 

When a reasonably good agreement has been reached between the meas­
ured and calculated curves, an automatic process of fine adjustment of 
the layer parameters takes place. This is done using a calculation method 
and computer program also developed by Johansen (1976). In addition to 
fine adjustment, extreme values of layer thickness and specific resistivity 
are calculated for each layer in the model (II in table 7, p. 120). 

Characteristic soundings and their properties 

Most of the electric soundings can be represented by the type of curves 
shown in fig . 52. The left part of the curves corresponds to layers which lie 
above the groundwater table. The location of this part of the curve depends 
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on the height above sea level and the lithology of the uppermost layers. The 
size of the curve's minimum varies with the thickness and character of the 
Post-glacial sediments. 

The most extreme minimum has been measured in the area around Ran­
ders fjord, while minima are less or totally lacking in other parts of the 
valley system. There can be a maximum towards the right hand end of the 
curves if there is Tertiary clay with low specific resistivity or saline ground­
water under the Quaternary sediments (sounding No. 101 in fig. 52). The 
curves can end with increasing values, because the Quaternary is sandy 
and thick or because it is underlain directly by Danian limestone with fresh 
groundwater (sounding No. 145 in fig. 52). 

The main interest has been concentrated on the minimum of the sounding 
curves since these are related to Late- and Post-glacial sediments. 

Principle of equivalence. According to the principle of equivalance (see for 
example Keller and Frischknecht 1966) it is not possible with certainty to 
determine both thickness (m2) and specific resistivity (e2) for a layer which 
occurs as a minimum on an electric sounding curve. 
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Only the value m2/ e2 can be determined with confidence. This shortcoming 
in the properties of a minimum curve is however here especially related to 
situations in which the Post-glacial sediments below the groundwater table 
are thin compared to the thickness of the overlying layers. 

This uncertainty associated with the principle of equivalence has been 
investigated and the results are presented in fig. 53. The problem has been 
looked at for sequences with three layers with specific resistivity e1 > e2 < (! ;i 

= 00 and thickness m1, m2, m,1 = '"JO . A sequence of model curves were 
calculated· in series characterised by definite values of mj (h· For selected 
values of (! 2/ (! i within each series (shown as curve parameters in fig. 53) the 
amount of change in e2/ l! t which brought about variation of ± 5 % in the 
specific resistivity was investigated. 

As ± 5 % is that uncertainty which is traditionally associated with the 
apparent specific resistivity in an electric sounding, the change found in this 
way expresses the uncertainty which is associated with e2 and m2• 

On the ordinate the curves in fig. 53 give the factor f which is a measure 
of the uncertainty with which m2/m1 and e2/ e1 can be detem1ined from 
sounding curves corresponding to sequences with m2/ mt as given on the 
abscisse and e2/ e1 given as curve parameters. 

As can be seen from fig. 53, the greatest uncertainty is associated with 
small relative thicknesses of the second layer (m2/ mt) and for a small 
relative values of specific resistivity of the second layer (r22! e1). In a large 
part of the Randers fjord area the ratio m2/ m1 (that is the thickness of the 
marine Post-glacial sediments below the groundwater table divided by the 
depth to the groundwater table) is greater than about four or five which 
means that the uncertainty in the determination of the thickness and specific 
resistivity can be expected to be rather small (see also table 7, p. 120). 

Principle of suppression. Boring 80* indicates that the Post-glacial section 
is most often composed of what, from a specific resistivity view point can 
be considered as two layers as the lowest part has a relatively high resistivity. 
Characteristically its value is greater than that of the layer above, less than 
that of the underlying sediments. This sequence of specific resistivity values 
gives rise to considerable difficulties in the determination of the thickness 
and specific resistivity of ther intermediate layer, or in its identification at all. 

Fig. 54 illustrates the nature of this problem. The basis for fig. 54 is a 
series of four-layer model curves which are compared with three-layer model 
curves. Taking into consideration that the four-layer curves have a ± 5 % 
uncertainty, the four-layer model curves, which are identical with the three­
layer model curves are found, as shown in fig. 54. 
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For the selected, rathe1' characteristic resistivity ratio and the selected 
uncertainty, the following apply: 

a. The intermediate layer (third layer in the model) is only recognised as 
a separate layer when its thickness is about twice that of the total over­
lying (critical thickness is equal to about two). For lower values of spe­
cific resistivity for the second layer, other factors being constant, the 
critical thickness for the intermediate layer is greater than two. 

b. If the intermediate layer is less than about 0.8 times the thickness of the 
total overlying layers, the following relationship holds: 

where m/ thickness of the i-th layer in a j-layer model 

specific resistivity of the i-th layer in a j-layer model. 

For lower values of specific resistivity for the second layer, the same relation 
holds for thickness of the third layer greater than 0.8. This relation generally 
means that, within certain limits, it is possible to estimate the thickness of 
an intermediate layer using three-layer model curves . 
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Within the Randers fjord area the thickness of a possible intermediate 
layer is generally less than the critical thickness. This means that an inter­
mediate layer can only be included in the interpretation when there is other 
independent evidence for its existence, as for example from boring 80*. 

Interpretation procedure 

As shown above, the electric sounding method cannot normallly provide 
unequivocal information as to the number of layers, their thickness or 
specific resistivity. 

A subjective estimate, based on independent geological information, there­
fore plays an important part in arriving at a final geological interpretation. 

In this investigation the main problem has been to arrive at an estimate 
or to the existence of, and specific resistivity for, possible intermediate layers 
in the lower part of the Post-glacial deposits. On the other hand, the prin­
ciple of equivalence has also given some problems with the determination 
of the thickness of Post-glacial sediments with low specific resistivity. 

Even within the Randers fjord area, where there are a considerable num­
ber of borings, it has by no means always been possible to arrive at a reliable 
estimate as to the nature of the sedimentary sequence. It has therefore been 
necessary to define a general rule after which the interpretation should be 
carried out. The following general rule has been applied: 

Variations in both number of layers and the specific resistivity are made 
as small as possible, of course in such a way that no obvious conflict with 
information from boreholes in the area arises. This "conservative principle" 
means that information as to facies variation which may be included in the 
electric soundings are suppressed to a minimum. 

In practice the procedure has been thus: 

a. The first models obtained from the automatic procedure (II in table 7, 
p. 120) are drawn in profiles together with the existing borehole informa­
tion. 

b. The specific resistivity of the different layers is selected using the above­
mentioned rule , being kept within the calculated extreme values. 

c. Final fine adjustment are carried out where the specific resistivity is 
fixed for as many layers as possible (III in table 7, p. 120). Then the 
final profile can be drawn using those layer parameters that give the 
best fit (see plate 5) . 
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Results and conclusions 

Pre-quaternary deposits 

An excellent presentation of the Pre-quartemary geology of the Randers 
fjord area has been prepared by Sorgenfrei (1954 ), including an elevation 
map for the surface of the Danian limestone. Schry,der (1974) later presented 
an elevation map for the surface of the Tertiary. 

The electric soundings carried out in connection with the present study 
can to some extent supplement the picture already obtained concerning the 
location of the Danian limestone surface and occurrence of Paleocene and 
Eocene clays (plate 4). 

As can be seen in fig. 4 7 the Danian limestone occurs with a higher 
specific resistivity than the other sediments in the area. This means that it 
is sometimes possible to estimate the depth to the surface of the Danian lime-­
stone as for example in the eastern part of the investigated area. 

The Tertiary clays are represented by a wide range of specific resistivities. 
Paleocene sediments with relatively high values cannot be distinguished 
from, for example till. On the other hand, Eocene clays with relatively low 
values can be distinguished from the Quaternary deposits with which they 
are most likely in contact, namely till and glacial sand. However, it must 
be pointed out that Eocene clay could be confused with other types of 
sediment which contain saline groundwater. 

Therefore, the electric soundings can only be expected to provide very 
limited information as to the Tertiary clays which, according to Sorgenfrei 
(1954), can be expected to occur in the Randers fjord region. 

Only in a small area, near Neder Romalt, are there indications from the 
electric soundings which suggest the presence of Eocene clays. 

Similarly, the soundings only sporadically indicate the presence of Pale­
ocene clay, though its presence can often not be excluded. 

The distribution pattern shown in plate 4 is therefore somewhat uncertain 
for the Paleocene clay. 

When Tertiary clays are shown as absent in the central area around Ran­
ders fjord, it is because those indications which could be interpreted as 
Paleocene clay present such a disjointed picture that it seems more reason­
able to refer it to Quaternary deposits. 

As can be seen in plate 4 the surface of the Tertiary deposits is essentially 
conformable with the ground surface. The marine Late- and Post-glacial 
deposits are thus located in areas where Tertiary limestone and clays are 
particularly deep. As demonstrated by Sorgenfrei (1954) the occurrence 
of Eocene and Paleocene clay in the area around Randers fjord, and de-
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pressions in the Danian surface, are tectonically controlled by sinking in 
connection with the rise of salt structures at Gassum and Voldum. 

It seems appropriate to point out that valley development has been 
emphasised by erosion which has probably removed most of the Te1iiary 
clay sequence. 

Post-glacial deposits 

The main aim of the geoelectric investigation was to attempt to describe the 
thickness relationships and variations in lithology of the Post-glacial deposits 
of the Randers fjord area. The results are presented in map form in plates 2 
and 3. The map in plate 2 shows the main trends in elevation of what is 
called a "high resistivity substratum". The reason for this neutral term is 
that it is apparent that there is not necessarily a coincidence between the 
stratigraphic boundary Late-/ Post-glacial and the break in resistivity values 
determined with the electric soundings. 

Comparison of this map with the elevation map for the "Late-glacial sand 
surface" (plate 1) constructed on the basis of borings shows an acceptable 
agreement in the part of the valley system south of Gl. Estrup, while in the 
rest of the area there is a tendency for the "high-resistivity substratum" to 
be deeper than the boundary found from the borings. This lack of agreement 
may be related to erroneous interpretations related to the existence of an 

intermediate layer which, due to the principle of suppression, could not be 
recognised in the electrical soundings. 

It could be that the depth found by borings, because of the equipment 
used, is only the depth to the first recorded sand layer which could be so 
thin that it does not register on the electric soundings. 

It cannot be excluded that clay and gytje horizons may occur below the 
elevations shown in plate 1. 

Since the map plate 2 is based on an interpretation, it would be meaning­
less to discuss the uncertainty of the elevations given. 

The map in plate 3 presents the main trends of variation of specific 
resistivity for the Post-glacial sediments. The lowest specific resistivity for 
the Post-glacial deposits has been chosen, partly because its value has been 
relatively well determined and partly because it appears that this value ex­
presses some essential properties of the Post-glacial deposits. 

The variations expressed in plate 3 are largely related to two factors -
lithological and pore water properties. It is not possible with the available 
material at the present time to determine the relative importance of these 
two factors. Information from boring 80* indicates that the ion concen-
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tration of the pore water plays a considerable role in the area around Ran­
ders fjord. 

With the intention of supporting this indication, measurements of specific 
resistivity have been carried out on water in canals and ditches throughout 
the area. The measurements were carried · out in the autumn of 197 5 after 
a long period with low rainfall, so that the groundwater contribution would 
be relatively large. 

The determinations revealed considerable variation within the area around 
Randers fjord. Low values (10 ohmm) occurred around the fjord and high 
values (about 20 ohmm) at the margins of the area. In the rest of the area, 
that is south of Gl. Estrup, the values were more constant (about 20 ohmm). 
With this in mind, the map in plate 3 should be interpreted differently in 
the area around Randers fjord and the area south of Gl. Estrup. In the 
Randers fjord-part of the area the map would appear essentially to show 
variations in the salinity of the groundwater, with relatively saline ground­
water in a zone stretching along, and mostly north of, Randers fjord. 

A small offshoot exists to the southwest near Holmen (north of Assentoft), 
and an area between Allingabro and 0rsted. Comparison with plates 1 and 
2 shows that these areas to some extent relate to regions with large thick­
nesses of Post-glacial sediments. This coincidence can indicate that the 
saline groundwater has not yet been compl~tely washed out, as known from 
boring 80*, but there may also be a relatively clay-rich facies developed in 
these areas. 

South of Gl. Estrup it is believed that the specific resistivities shown in 
plate 3 largely reflect lithological variations in the Post-glacial sediments. 
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Dansk sammendrag 

Sen- og post-glaciale sedimenter i Randers fjord omradet. 
Geokemiske, sedimentologiske og geoelektriske unders0gelser 

De geokemiske og sedimentologiske underspgelser af Randers fjord omra­
dets aflejringer har sigtet pa at beskrive sedimenternes dannelsesforhold og 
deres diagenese. Underspgelsen er arealmressigt begrrenset til det omrade, der 
er drekket af post-glaciale dannelser (fig. 1). Gennem en dybdekartering fore­
taget med mosebor er pavist tilstedevrerelsen af en 10-15 m mregtig lagserie, 
hvoraf hovedparten er marint ler, gytje og silt. Pa basis af resultateme fra 
dybdekarteringen udvalgtes 3 typelokaliteter, hvorfra der optoges intakte 
sedimentkerner til laboratoriebearbejdelse. De kemiske metoder, der hertil 
har vreret benyttet, er beskrevet, og deres anvendelighed er indgaende 
diskuteret. 

Den gennemborede lagserie (se fig. 19) underlejres af en sandaflejring, 
som anses stort set for at vrere af sen-glacial alder. Sandets overflademorfo­
logi (tavle 1) stptter en tidligere fremsat teori (A. Jessen 1918) om at dele 
af dalsystemet har vreret udsat for subglacial erosion, og at dpdis har spillet 
en rolle for bevarelsen af det uj revne relief. Andre observationer (se fig. 35) 
tyder pa at dpdis lokalt har vreret tilstede i omradet, i hvert fald indtil 
Littorina-havet transgredierede omradet. 

Omradets sen-glacialc sedimenter bestar overvejende af smeltevandssand. 
I et enkelt tilfrelde (boring 32*) fandtes ferskvandsgytje (yngre dryas) afsat 
i en lavvandet so. Sen-glaciale, marine sedimenter er ikke pavist. Ved en 
rrekke boringer fandtes over sandet tynde tprvelag, som antagelig dannedes 
tidligt i post-glacialtiden (fastlandstiden). Tprveforekomstemes dybdebelig­
genhed (fig. 23) anvendes som grundlag for en bedpmmelse af beliggenheden 
af fastlandstidens grundvandsspejl og med dette som udgangspunkt frem­
scettes betragtninger vedrprende havspejlets niveau udenfor underspgelses­
omradet. Hovedparten af underspgelsesomradet drekkedes i atlantisk tid af 
Littorina-havet. Det ser ud til at vanddybden i de dybeste dele af Randers 
fjord og Grund fjord herunder hurtigt er pget med 6-8 m. Senere i atlantisk 
tid naede havet sin maksimale udbredelse og havde samtidig sin hpjeste salt­
holdighed, antagelig fordi tidevandsbevregelserne i Littorina-havet var ret 
kraftige. Det anslas at forskellen mellem ebbe og flod inden for omradet 
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har vreret af stprrelsesorden 2 rn. Ferskvandstilfprslerne til omradet har, som 
man matte vente, bevirket at saltholdigheden i de inderste fjordarme var 
lavest. Samtidig har omradets to storste vandlpb, Guden aen og Allingaen, 
haft stor betydning for tilfprslen af alloktont rnateriale, som udgpr en vre­
sentlig del af de marine aflejringer. 

Formentlig ret tidligt i atlantisk tid opbyggedes en sandtrerskel tvrers over 
dalstrpget nord for U gelhuse (tavle 1), som tilsyneladende har vreret strerkt 
medvirkende til at hindre en fri vandudveksling mellem Randers fjord 0111-

radet og det abne hav, mens Littorina-havets udbredelse var stprst. Iltfor­
syningen til bunden af dele af fjordsystemet har i perioder vreret utilstrrek­
kelig for en normal bundfauna, til trods for at tidevandsbevregelserne pa 
denne tid som nrevnt har vreret betydelige. 

Det vises, at den post-glaciale marine lagserie generelt ma opfattes som 
bestaende af 3 enheder, der er indbyrdes forskellige, save! kemisk som struk­
turelt. Ved at kombinere typeboringemes udsagn om de marine lags beskaf­
fenhed med resultateme fra dybdekarteringen er der foretaget en lithologisk 
provinsinddeling af underspgelsesomradet (fig. 45). - Nreringsforholdene 
i sedimentationsmiljpet er spgt belyst, dels ved en modificeret udgave af 
Hansens (1964 a) metode, dels ved en angivelse af sedimenternes pheophytin­
indhold, men nogen endelig afklaring af nreringssituationen synes dog ikke 
at kunne fremlregges. Efter dannelsen af de marine sedimenter har omradet 
gennemlpbet en ferskvandsfase. Ferskvandssedimenterne svarende hertil er 

kun i mindre grad underspgt i denne sammenhreng. - Omtalen af lagseriens 
diagenetiske forhold stpttes i det vresentlige pa Fairbridges (1967) model 
for diagenesen, suppleret med nyere informationer fra litteraturen . Kun 
syndiagenetiske pavirkninger kan tydeligt spores i det underspgte materiale . 
Epidiagenetiske rendringer synes stedvis at kunne forega i pjeblikket. Om­
radets forvitringstilstand og den nuvrerende pH og Eh situation er illustreret 
ved fig. 46. Malingerne indicerer, at der i det sen-glaciale sandunderlag 
forekommer en vandtype, der ikke har nogen forbindelse med den over­
Iiggende lerseries porevreske. 

I fortsrettelse af de sedimentologiske og geokemiske underspgelser er der 
gennemfort en geoelektrisk underspgelse i Randers fjord omradet. Der er 
udfprt 161 elektriske sonderinger med schlumberger elektrode konfiguration. 
Lokaliseringen fremgar af tavle 2 og 3. 

Med henblik pa fortolkningen af de elektriske sondringer er det forspgt 
at belyse eventuelle sammenhrenge mellem sedimenternes lithologiske egen­
skaber og deres specifikke modstand . I Virring bugt har der i typeboring 
32* kunnet pavises en simpel sammenhreng, som vist pa fig. 50. I omradet 
omkring Randers fjord synes en anden faktor at spille en vresentlig rolle 
for den spccifikkc modstand, nemlig grundvandets varierende saltholdighed. 
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Ved undersyjgelser af boringer i den vestligste de! af Randers fjord , antydes 
der en vis indvirkning pa den specifikke modstand af sedimentemes vand­
indhold (fig. 51). 

Ved den matematiske fortolkning af de elektriske sonderinger er der be­
nyttet et regneprogram-system, som i de seneste ar er udviklet ved Labora­
toriet for Geofysik ved Arhus Universitet af H. K. Johansen. Systemet gyjr 
det muligt at foretage fortolkningen efter den indirekte metode ved interaktiv 
benyttelse af en grafisk skrennterminal, som i dette tilfrelde er tilkoblet en 
CDC 6400 computer pa Arhus Universitets Regnecenter (RECAU). Systemet 
kan endvidere foretage automatisk finjustering af lagparametre, saledes at 
jordmodeUen bringes til bedst opnaelige overensstemmelse med den malte 
elektriske sondering. Endelig beregnes ekstremvrerdierne for lagparametrene. 
Den praktiske fremgangsmade ved benyttelse af dette fortolkningssystem 
beskrives. 

Forhold, som kan henfylres til det sakaldte rekvivalensprincip og isrer til 
det sakaldte suppressionsprincip medfylrer alvorlige begrrensninger for an­
vendelsen af den elektriske sonderingsmetode i omrader med en geologisk 
opbygning som i Randers fjord omradet. Virkningen af disse principper er 
nrermere undersogt (fig. 53 og 54). 

Den geologiske fortolkning af de elektriske sonderinger har hentet vrerdi­
fuld styltte i informationer fra de mange boringer i omradet. Fortolkningen er 
iylvrigt gennnemfylrt efter det overordnede princip, at variationeme fra son-

dering til sondering i savel lagantal som specifik modstand for de enkelte 
lag er gjort mindst mulig. 

Sorn resultat af undersyjgelsen er der fremstillet kort over beliggenheden 
af "underlag med hyjj specifik modstand" (tavle 2), som anses for at vrere den 
bedst opnaelige beskrivelse af grrensen mellern sen- og post-glaciale aflej­
ringer. Desuden er der konstrueret et kort sorn illustrerer variationer i de post­
glaciale aflejringers specifikke modstand (tavle 3). Endelig har materialet 
givet anledning til fremstilling af et kort over Danienkalkens overflade og 
udbredelsen af Tertirere lerarter (plate 4). 
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Table I. Chemical analysis (aqua regia treatment). The last column shows the calcula-
ted content of total minerogenic matter (= (insoluble residue + Si02) - (opal-Si02) + 
(CaC03-norm) - (biogenous lime)). 
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0.5 
1.5 
2.5 

6.0 
1.8 
2.4 
1.3 
1.8 
0.8 
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1.3 

1.0 
1.4 
2.4 
2.4 
2.3 
2.9 
2.6 
2.7 
3.0 
3.0 
2.3 
2.4 
1.6 
4.2 

0.5 
0.5 

0.4 

2.2 

0.4 

0.9 

0.6 

0.14 

0.04 

0.08 

0.76 

0.28 

0.07 

- 34 
-20 
-38 
- 34 
- 41 
-10 
- 16 

- 38* 

-17 
-29 
-29 
-15 
- 15 
- 16 

-14 

- 31 
- 14* 

-7 
- 13 
- 2* 
- 13 
-12 

-23 

- 10 

Table 2. Norm-calculation of FeS2, based on the content of acid soluble Fe (expressed 
as Fe2O3) and the total S conte_nt. The contents of elementary S, SO4-S , and o34S values 
are shown ('*' indicates a higher degree of uncertainty on the measurement). 
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Extinction ( X 10-2) at 
J. = 662.5 nm 

Organic Total pr. g dry pr. g 
Sample No. C % N % C / N matter org. C <513C%0 

RA 4 4.90 0.52-0.52 9 4.4 90 
9 3.25 0.31-0.31 11 4.5 138 

·X· 17 4.28 0.40 11 2.4 56 
N 19 4.93 0.43 11 2.1 22 <') 

ell 21 49.13 3.0 -2.9 17 2.0 4 .5 ... 23 45.12 3.3 -3.4 14 3.2 7 0 
iXI 29 0.29 1.0 345 

32 0.46 0.070 7 1.0 217 
41 0.97 0.13 7 1.0 103 

43 2.28 0.21 11 1.0 44 
45 15.93 1.1 15 1.3 8 

•· 49 13 .01 0.78 17 2.5 19 "1' 
V) 

Oil 
51 8.94 0.93 10 3.6 40 

C: 55 15.10 0.96 16 2.4 16 ·;: 
0 56 9.74 0.55 18 1.5 15 iXI 

61 8.22 0.49 17 1.7 21 
63 0.74 0.070 11 0.9 122 

64 6.14 0.58 11 1.7 28 
68 3.09 0.46 7 3.6 117 - 29.93 
69 2.22 0.30 7 3.5 158 
71 0.88 0.15 6 1.6 182 - 27.79 

75 1.87 0.23 8 2.6 139 
78 1.82 0.28 7 2.2 121 

* 80 3.01 0.29 10 2.1 70 0 
00 83 2.14 0.26 8 2.5 117 -20.64 
Oil 

76 C: 86 2.78 0.32 9 2.1 ·;: 
0 90 2.36 0.29 8 3.0 127 

iXI 
97 1.96 0.25 8 2.2 112 
99 1.38 0.18-0.17 8 3.6 261 

- 104 1.47 0.18-0.18 8 2.2 150 
- 110 2.26 0.24-0.25 9 1.8 80 - 36.74 

- 114 5.14 0.46 11 2.3 45 - 27.15 
- 118 11.96 0.86 14 2.7 23 

Table 3 . The contents of organic carbon and total nitrogen. Based on these the C/ N 
ratio is calculated. The extinction measurement shown gives a semiquantitative expres-
sion of the chlorophyll content. The carbon isotope ratios are shown to the right of the 
table. 
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+ = mi xed 
Calculated carbonate 

CaCO3-norm Residue Residue mineral 
Sample No. CaO % CO2 % % CaO % CO2 % present 

4 8.6 6.51 14.8 0.3 + 
9 5.5 3.89 8.8 0.6 + 

~ 
17 7.2 5.39 12.2 0.4 + 

M 19 5.3 3.96 9.0 0.3 
OJ] 21 4.1 0.22 0.5 3.8 C: 

i3 23 4.8 0.37 0.8 4.4 
CCI 29 0.8 0.44 1.0 0.2 

32 7.5 6.23 13.4 0.3 + 
41 20.2 15.86 36.0 0 0 + 

43 0.6 0.16 0.4 0.4 
45 1.8 0.13 0.3 1.6 

·,,· 49 1.5 0.34 0.8 1.0 'SI' 
V) 

OJ] 
51 3.1 1.14 2.6 1.6 

C: 55 3.9 : .32 3.0 2.2 ·c 
0 56 3.7 1.85 4.2 1.4 

CCI 
61 2.9 1.24 2.8 1.3 

63 1.5 0.68 1.5 0.7 

64 2.3 0.55 1.2 1.7 

68 6.6 6.71 11.8 1.5 + 
69 14.2 9.67 22.0 1.9 + 
71 8.3 5.68 12.9 1.1 + 
75 3.7 3.28 6.6 0.4 
78 4.4 3.56 8.1 0 0 + 

* 80 5.6 3.92 8.9 0.6 + 0 
00 83 4.0 3.57 7.1 0.5 + 
OJ] 
C: 86 4.0 3.54 7.1 0.4 + ·c 
0 90 4.6 3.89 8.2 0.3 + 

CCI 
97 4.7 4.02 8.4 0.3 
99 8.1 7.52 14.5 1.1 + 

104 7.8 7.11 13.9 1.0 + 
110 7.3 7.01 13.0 1.3 + 
114 8.0 7.08 14.3 0.8 + 
118 2.3 1.72 3.9 0.1 

Table 4. Norm-calculation of CaCO3, based on the content of acid soluble Ca (ex-
pressed as CaO) and the content of carbonate-CO2 • In the last column the presence of 
a mixed carbonate mineral (Mn, Fe, Mg, Ca, -CO3) is indicated by '+'. (This mineral 
gives an X-ray peak at d = 2.88-2.89 A). 
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Sampl e Pb V Cr Cu Z n Rb L i 
No. ppm ppm ppm ppm ppm ppm ppm 

4 14 80 40 26 92 66 29 
9 18 50 48 25 90 68 28 

·X· 17 23 70 52 25 93 74 31 
N 19 25 100 37 28 110 46 28 ("') 

OJ) 21 7.5 10 5 10 59 5 Cl 
·.:: 23 2.4 10 5 12 160 7 2 0 
~ 29 4.4 20 9 7 30 8 3 

32 9.8 40 17 15 72 20 9 
41 7.4 100 22 21 96 33 17 

43 6.8 70 39 16 150 13 13 
45 9.4 70 46 35 110 51 28 

•· 49 6.0 50 39 20 96 57 28 '<I" 
V) 

51 3.6 60 
OJ) 

38 25 120 48 22 
Cl 55 2.1 60 31 34 150 41 20 ·.:: 
0 56 2.0 50 15 21 110 16 9 
~ 

61 1.9 20 11 20 89 14 8 
63 1.2 < 10 5 7 48 5 2 

64 13 40 22 22 88 21 8 
68 6.3 70 25 27 80 40 19 
69 5.9 60 22 22 66 36 14 
71 6.2 50 19 11 43 32 15 
75 8.3 90 49 30 80 69 30 
78 17 90 50 25 77 75 32 
80 12 80 44 32 150 66 26 

* 83 11 100 55 24 100 76 31 0 
00 86 
OJ) 

26 90 51 27 110 72 32 
Cl 90 26 100 55 24 87 77 35 ·.:: 
0 97 10 100 56 44 200 69 31 
~ 

97 10 90 55 24 120 67 32 
99 6.4 90 34 17 110 50 22 

104 6.9 80 33 19 130 48 23 
104 6.9 80 42 19 120 49 22 
110 80 34 23 69 54 24 
114 90 17 310 120 36 17 
118 40 17 15 70 10 6 

Table 5. The samples content of trace elements. 
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Insoluble residue Biogenic 
Sample + SiO2 + CaCO3- lime Pheophytin 

No. norm % + opal % Trophy % ppm 

4 73.0 11.4 16 88 
9 74.9 15.6 21 90 

·X· 17 72.9 10.l 14 48 
N 19 69 .0 42 "' blJ 21 3.0 0.5 17 40 C ·c: 23 5.4 64 0 
p:i 29 96.2 20 

32 91.1 1.0 1.1 20 
41 85 .1 20 

43 76.9 17.0 22 20 
45 50.0 7.3 15 26 

•· 49 56.7 12.7 22 50 "1" 

"' blJ 
51 63.8 11.4 18 72 

C 55 51.4 2.4 4.7 48 ·c: 
0 56 70.7 1.6 2.3 30 p:i 

61 71.4 tr tr 34 
63 93 .2 18 

64 72.0 21.2+ 29+ 34 

68 72.5 31.6+ 44+ 72 
69 79.2 14.1 18 70 
71 86.2 32 
75 78.9 52 
78 77.8 5.7 7.3 44 

•:❖ 80 74.5 6.9 9.3 42 
0 
00 

blJ 
83 75.7 5.8 7.6 50 

C 86 76.2 42 ·c: 
0 90 74.9 7.8 10 60 p:i 

97 77.4 4.7 6.1 44 

99 82.9 72 
104 80.1 4.6 5.7 44 

110 76.2 5.2 6.8 36 

114 69.6 4.8 6.9 46 

118 68.8 54 

Table 6. Comparison between trophic state calculated as (biogenic lime + opal) in 
per cent of (insoluble residue + SiO2 + CaCO3-norm) and the sediments content of 
pheophytin. Values marked by '+' are abnormally high because the samples contain 
shell-breccia. 
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I II III 

first 
layer esti- best best 
No. x) mate fit min. max. fit min. max. 

&' 1 35 
1 

29 25 37 30 fixed 

ID1 2 1 0.8 1.2 1 1 1.1 

&'2 13 12 10 13 10 fixed 
2 

ID2 6 4 3 5 3 3.2 3.7 

&'3 30 
- 3 

24 19 33 30 fixed 

m3 5 9 7 14 11 10 13 

4 
&'4 120 135 100 197 100 fixed 

m4 25 30 14 53 50 41 66 

5 &'5 50 31 16 51 f . 30 fixed 

x) e = resistivity in ohm 
m = thickness in m 

Table 7. Three steps of the interpretation of e lectric soundings. I: first estimate 
obtained on graphic displ ay . II: 1st automatic ca lculated best fit and ext'reme para­
meters. IlI: 2nd automat ic calculated best fit wit h some parameters fixed. 
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