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Abstract 

108 samples from the Paleogene rocks of Denrnark were examined by standard 
X-ray techniques and their clay suites form the basis of the present study. The 
X-ray data have permitted a three-fold mineralogical zonation of the Danish Pale
ogene. 

The oldest zone (Zone I) is characterized by a high montmorillonite content, 
minor or trace amounts of illite and segregated mixed-layer clay minerals and the 
absence of kaolinite. The boundaries of Zone I coincide with the Paleocene Series. 
The clay minerals are detrital and are derived from a carbonate terrain bordering 
the Fennoscandian massif. Diagenetic changes in the marine environment and 
segregation by sorting and floculation are important factors accounting for the high 
montmorillonite content. 

A middle zone (Zone Il) is characterized by the predominance of amorphous 
material. Minor amounts of montmorillonite, illite and kaolinile are present and 
represent alteration produets of volcanic ash. Zone II is restri cted to the Mo Clay 
Formation. 

The youngesl zone (Zone III) contains variable amounts of montmorillonite, 
illite, kaolinite and random mixed-layer montmorillonite-illite . The boundaries of 
Zone III appear to extend from the lower Eocene to the Miocene. The clay minerals 
of Zone III are produets of the alteration of the volcanic material of the Fenno
scandian massif. Changes in the conditions of the source area and the physical 
environment of deposition account for the mineralogical variations. 



Introduction 

Purpose and Scope. 

The application of clay mineral studies lo geologic problems has achieved great 
importance in lhe last few decades, and the lilerature on the subject has begun to 
grow (see especially GRIM, 1953 and WEAVER, 1959). The value of clay mineralogy 
as a geologic tool lies in lhc faet thai the characleristics of clay minerals in ancien 
sediments may reflect bolh their source and environmental history. 

Clay mineral studies are particularly applicable to th e lower Tertiary sedimen ts 
of Denmark which are typically developed as a sequence of monolonous, variegated, 
unctuous clays. There have been few systematic mineralogical investigations, and 
inasmuch as these sediments record one of the mosl complete marine sequences of 
lower Tertiary rocks in the North Sea Basin, the dcsirability of more accurale iden
tificalion and correlation is apparent. 

In September, 1959, dr. phil. P . GRAFF-PETERSEN of the University of Copenhagen 
and members of the Geological Survey of Denmark proposed a systematic biostrati
graphic and mineralogical investigation of a portion of the Danish Terliary. At that 
time cand. mag. A. DINESEN of th e Survey was engaged in a study of the for
aminiferal fauna of some Paleogene sediments from Jutland . The wriler then began 
his investigation of th e clay mineralogy of the Danish Paleogenc. The objectives of 
the clay mineral investigations were: 

1. Determination or the clay minerals th ai conslilule the lower Terti ary sediments 
of Denmark; 

2. H.efinemenl of exisling knowledge concerning lhe slratigraphic subdivisions of 
the lower Tertiary of Denmark; 

3. Improvement of concepls concerning lhe genelic sign ificance of clay minerals. 

Previous W ork. 

There have been fcw systematic invesligations of the clay mineralogy of the lower 
Terliary sediments of Denmark. The most signiflcanl investigations are those of 
CLAUSEN (1932), UNMACK (1944, 1949) and GRAFF-PETERSEN (1955). CLAUSEN 
studied samples from the Kerteminde Clay and the "Plas tic Clay Group" and his 
investigations represenl a pioneering efTort in clay pctrology. UNMACK's investiga
tions included seven samples from the Eocene Mo Clay Formation, eight samples 
of the Eocene "Plastic Clay Group" and one sample of an Oligocene clay. GRAFF
PETERSEN conducted a comprehensive inves tigalion of lhc clay mineralogy of 
Eocenc samples which were recovered from borings in th e Little Bell near H.ogle 
Klint. 



General Stratigraphy 

\'arious stratigraphic classifications have been used for the subdivision of the 
Tertiary deposits of northern Europe. The terminology and classificalion outlined 
in Lexique Straligraphique International (Vol. I: Europr, Fascicule 2d, Denmark) 
is followed, with only slight modificalions, in this texl and summarized in table 1. 
The reader is referred to Lexique Stratigraphique International for detailed de
scriptions of the stratigraphic units and for a bibliography of literature pertaining 
to the Danish Paleogene. 

A monotonous sequencc of plastic, uncluous, variegated clays occurs above the 
Paleocene clay. These strata are known as the "Plastic Clay Group" and are found 
widely dislributed throughout most of Jutland and parts of Funen, Zealand and 
some of the smaller Danish islands. According to SoRGENFREI (1957 , pp. 26-27) 
the term "Plastic Clay Group" has been in usc for onr a cenlury, despile numerous 
attempts to refine the terminology. He records the following subdivisions: 

4. Si.ivind Mar! 
3. Lillehelt Clay 
2. Rosnaes Clay 
1. Clay with tufT 

The age and correlalion of the "Plastic Clay Group" has long heen a perplexing 
problem, owing partly to the scarcily of macrofoss ils and partly lo the faet that 
there have been few detailcd studies of the microfauna, mineralogy and regional 
slratigraphic relalionships. 



Methods of Study 

Sampling. 

Samples from twelve surface exposures and two borings are included in the study. 
The collecting siles selected offer the hest exposures of the stratigraphic units and 
every efforl was made to obtain fresh, unweathercd samples. Many of the surface 
sections were only recently exposed in quarry operations but some of the samples 
collected from the natura! outcrops may have been subjected to weathering. 

The collecting siles considered in this report are listed below and the locations 
are shown in figure 1. 

Locality # 1. 
Lellinge, Zealand (approximately 6 km. west of Koge). 
Lellinge Greensand (Paleocene). 
Approximately 2.5 meters of the Lellinge Greensand crop out in the banks of the 

stream Koge Aa and th e exposurc is th e type locality for the formation. The exposu re 
was described and sampled by cand. mag. A. Dinesen of the Geological Survey of 
Denmark and the foliowing six samples were included in the present study: 

Sample No. 12305- 6073, 12306- 6203, 12304- 6051, 12303- 6178, 12302-6087, 
12301-6021. 

Locality #2. 
Copenhagen, Zealand. 
Lellinge Greensand(?) - Paleocene. 
A sample of sandstone was recovered from recent diggings in th e harbor al 

Copenhagen and was made available to Lhe wriler by the Geological Survcy of 
Denmark. The enclosed label reads, "Greensand(?), Paleocene, Kongedybet, Koben
havns havn, leg. I. Bang, Sept., 1961, D. G. U. # 12313." 

Sample No. 12313. 

Locality #3. 
Lundsgaard Klint, Funen (approxima tely 3 km. southeasl of Kerteminde). 
Kerteminde Clay (Paleocene). 
The Kerteminde Clay crops out below Quaternary deposits a l Lunclsgaard Klint 

and this exposure is referred lo as the type locality for thc formation. Six samples 
were taken at two meter intervals. 

Sample No. K-la, K-lb, K-2a, K-2b, K-3a , K-3b . 

Locality # 4. 
Osterklint, Fur. 
Mo Clay Formation (Eocene). 
Four samples from the upper and the lower divisions of the Mo Clay Formation 

wcre collected from th e outcrop at Osterklint, Fur. 
Sample No. MF-1, MF-2, MF-3, MF-4. 

Locality # 5. 
Hanklit, Mors. 
Mo Clay Formation (Eocene). 



Miocene 

Oligocene 

Eocene 

Paleoccne 

Danian 

Table 1. Lower Tertiary (Paleogene) stratigraphy 
of Denmark. 

Klintinghoved Mica Clay 

Cilleborg Clay 

9 

Brown fossiliferous clay with mica and glauconi le. (:\lax . 60 m, type 
area about 3 m). 

Seplarian Clay = Branden Clay 
Greenish grey, sil ty, micaceous, glauconitic, fossiliferous clay with 

limestone concretions. (Max. 90 m, type area about 40 m). 

Siivind Mari 
Yellowish grey, pyritic marl. Abundant foraminifera . (10-100 m). 

Lillebe/1 Clay 
Greenish grey, non-calcareous clay. Generally without visible 

bedding. Micro fossils scarce. (50- 100 m). 

Riisnaes Clay = Refsnaes Clay 
Varicgated, calcareous clay. Generally without visible bedding. 

Abundant foraminifera. (10- 40 m). 

Mo Clay Formation (Limfjord area, l\orth Jutland) 
Light grey, argillaceous diatomite with interbedded tufT layers, vol-

canic sand and limestone concretions. Contains a variety of organic 
remains. (About 50 m). 

Clay wilh TufT (outsidc Limfjord area) 
Grey, partly greenish or brownish clay with thin layers of tufT. 

(10-20 m). 

Kerteminde Clay 
Grey, calcareous and non-calcareous, fossiliferous clay. (About 70 m). 

Le/tinge Greensand 
Greyish green, argillaceous limestone and marl with subordinate 

beds of glauconitic, pyritic, friable sandstone. Fossiliferous. (About 
9 m). 

I Danian Limeslone Group 

(:\Iodified from SonGENFREI, 1957) 

Four samples from Lhc uppcr and lower diYisions of lhe ~lo Clay Formation were 
collected from the oulcrop at Hanklit, ~lors. 

Sample No . MH-1, ~IH-3, ~IH-5, :MH-7. 

Locality #6.I 
Rosnaes, Zealand. 
Rosnaes Clay (Eocenc). 
Four samples of the Rosnaes Clay were collected from a lwo m eler cut rn thc 

Lemvigh-Mi.iller & Munck clay quarry near Kongslrup. 
Sample No. RC-la, RC-lb, RC-2a, RC-2b. 
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Figure 1. Sketch map of Denmark showing location of collecting siles mentioned in 
the text. 

Locality # 7. 
Ringe, Jutland (approximately 21 km. northwest of Aarhus) . 
Rosnaes Clay (Eocene). 
Three samples of the Rosnaes Clay were collected from a 1.5 meter cut in the 

Lcca quarry near Ringe. 
Sample No. RL-1a, RL-lb-2, RL-lb-1. 

Locality # 8. 
Boring at Lilie Elsted, Jutland. D. G. U. well file No. 79.174. 
Sovind Marl - Eocene-Oligocene(?). 
Lillebelt Clay - Eocene. 
The boring is located approximately 9 km. north of Aarhus, near Lille Elsted, 

Jutland. Samples of the Sovind Marl and the Lillebelt Clay were recovered with 
clay socket. Thirty samples were included in the present study. 



Locality # 9. 
Hiigle Klint, Funen. 
Oligocene sandstone. 
Sovind Mari - Eocene-Oligocene (?). 

11 

The Eocene "Plastic Clay Group" is exposed along th e easlern part of Hogle Klint 
where it underlies the nearly vertically dipping Oligocene sediments. The writer 
collected two samples from the Oligocene sandstones and mag. scient. G. Larsen 
and mag. scient A. Buch of the Geological Survey of Denmark collected a sample 
of the Sovind Mari from the "Plas tic Clay Group". 

Sample No. 1017, HK-1, HK-2. 

Locality # 10. 
Toflum, Jutland (approximately 10 km. northwest of Horsens) . 
Siivind Mar] - Eocene-Oligocene(?). 
Approximalely 5 meters of the Sovind Mar] are exposed in the quarry a t Toftum . 

Three samples were collecled from the top lhree meters of the exposure by cand. 
mag. A. Dinesen and lhey are included in thc present study. 

Sample No. 69813, 69810, 69811. 

Locality # 11. 
Sovind, Jutland (approximately 10 km. northwest of Horsens). 
SiiYind Mari - Eocene-Oligocene(?). 
Four samples were collected from a 13 meter cut in the q uarry near Sovind. 
Sample No. S-1-4, S-1-1, S-1-2, S-1-3. 

Locality # 12. 
Ormslev Kvarlsvaerk boring, Jutland. D.G.U. well fil e No. 88.213. 
Miocene(?) sillstone. 
Septarian Clay - middle Oligocene. 
Sovind Mari - Eocene-Oligocene(?). 
The Ormslev Krnrtsrnerk boring is localed approximately 10 km. soulhwest of 

Aarhus, Jutland. Samples of Miocene(?) siltstone, lhe Septarian Clay and the Siivind 
Mar] were recovered with spiral auger. Thirty-one samples were included in the 
present study. 

Locality # 13. 
Grundfiir, Jutland (approximately 14 km. northwest of Aarhus). 
Seplarian Clay - middle Oligocene. 
1liddle Oligocene clay (Sep larian Clay) is exposed in the Grundfiir Brickworks 

quarry . Five samples from a four meter cut were included. 
Sample No. S-3-1, S-3-3, S-3-6, S-3-9, S-3-12. 

Locality # 14. 
Ulstrupbro, Jutland (approximalely 38 km. northwest of Aarhus) . 
Upper Oligocene clay. 
Middle Oligocene clay. 
Approximately 10 meters of middle and upper Oligocene beds are exposed in the 

Sophienlund Brickworks quarry near Ulstrupbro. Four samples were included in 
the presen t study. 

Sample No. UO- 1, UO-2, UO-3b, UO-3a. 
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(>2 µ ) 

Reference 
portion 

Raw sample 

--- Reference portion 

Disaggregation by grinding 

Powdered sample for 
X-ray analysis 

Dispersion with water 

Separa tion o[ clay fraction with pipette 

Oriented 
aggregates 

I 
Untreated - X-ray 

I 
Ethylene glycol treated - X-ray 

I 
Heated to 250°C. - X-ray 

I 
Heated to 450°C. - X-ray 

Figure 2. Outline of laboratory procedure. 

Standard Preparation. 

Clay ( <2 µ) 

Reference 
suspension 

The general laboratory procedure is outlined in figure 2. Each raw sample was 
split into lwo parts: one pari was retaincd as a reference portion and Lhc olher was 
prepared for mineral analysis by grinding Lo a fine powdcr wilh a mortar and pestle. 
A portion of the powdered sample was firmly packed in a rcclangular sample holder 
and used for Lhe X-ray idenlificalion of Lhe non-day minerals present in Lhe sample. 
The remaining powdered sample was used for clay mineral analysis. This laller 
portion was soaked and agitaled in dislilled waler until Lh e clays were Lhoro ughly 
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dispersed. No dispersing agents were used and there was no attcmpl to rcmove thc 
carbonates through acid leeching. 

A portion of the Jess than two micron fraclion was pipetted onto glass slides and 
allowcd to evaporatc to dryness at room temperature. This procedure was utilized 
in order to oblain a nearly parallel orientation of the clay minerals. 

iV!any of the samples were examined in the clay mineralogy laboratory at the 
Mineralogical and Geological Institutc of the University of Copenhagen. Thc matcrial 
was examined on a Philips X-ray difTractomcter unit with nickel filtered copper 
radiation (CuKa) using an electronically conlrollcd arithmetic rccorder. The unit 
was operated at an accelerating potential of 36 kV and current at 16 mA with a slit 
width of 1 mm. Various scale factor: multiplier: time constant ratios were used . 
All specimens were run to 35° 2 0 with a goniometer speed of Lwo degrees per 
minutc. Thc remaining samples were examined at the clay mineralogy laboratory 
of Indiana University. Al Indiana University the samples were cxamined on a 
General Electric XRD-5 diffractomeler with nickel filtered copper radiation (CuKa) 
using an eleclronically controlled logarithmic and arithmetic recordcr. The acceler
ating potential was maintained at 50 kV and current at 16 mA with a slit width of 
1 mm. All specimens were run to 50° 2 0 with a goniometer speed of two degrees 
per minute. 

In both laboratorics diffractometer traces were first made of the untreated, air
dried, oriented slides. Diffractomeler traces were then made from the same oriented 
slides after glycolation and after healing lo 250°C. and 450°C. 

A representalive number of samples was treated with warm, dilute HCl (one part 
acid: one part water) in order to Lake ad van tage of the solubility of chloritc in this 
acid. Selected samples were also saturated with potassium and magnesium salts in 
order to delermine the nature of the expansible minerals. 

Several of the glycolaled slides examined with the Philips unit were re-examined 
with Lhe General Electric unit and the diffraclometer traces showed no significant 
differences. 

Identification of Clay Minerals. 

General Statement. As in any field of science under aclive development, differences 
of opinion have arisen as to the classification and identification of clay minerals. It 
is desirable therefore to specify the methods used for the identification of the various 
minerals. 

Kaolinile. The kaolinite group of minerals was identified by the well defined 
regular basal sequence of 7.13 Å, 3.57 Å, and 2.39 Å peaks. GRIM (1953, pp. 48- 50) 
discussed the diffraction characteristics of well-crystallized and poorly crystallized 
kaolinite. He pointed out that the transition from well-crystallized to poorly crystal
lized kaolinite is shown by a broadening and weakening of the reflcctions and a 
tendency for adjacent reflections to fuse into one. A high area/height ratio of the 7 Å 
peak was taken as indicative of poorly crystallized kaolinite and/or finely crystalline 
kaolinite. The Jack of clearly discerniblc kaolinite " doublets" (spacings of 4.17 Å 
and 4.12 Å) or "triplets" (spacings of 2.55 Å, 2.52 Å, and 2.49 Å; 2.37 Å, 2.33 Å, 
and 2.28 Å) was taken as indicative of poorly crystallized material. 
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Ch/orile. Chlorilic clay minerals may be confused with the kaolinite minerals be
cause many of the difiraction peaks of these Lwo groups coincide. The first- and 
third-order chlorite reflections (14 Å and 4. 7 Å respectively) will serve to indicate 
the presence of chlorite. However, the iron-rich chlorites frequently give only weak 
first- and third-order rellections. In such cases it is often necessary to conduct 
further tests. Kaolinite, heated to 600°C, tends lo Jose its crystalline character, 
whereas well-crystallized chlorite is only partially dehydrated at this temperature, 
causing increased intensily of the 14 Å reflection (op. cit., p. 87). Trealment with 
warm, dilute HCl can also be used to lake advantage of the greater solubility of 
chlorite in this acid . 

If a 14 Å peak did not develop after healing samples to 600°C, chlorite was con
sidered to be an unimportant constituent and the 7 Å peak attributed principally to 
kaolinite. This interpretation was often supported by Lhe presence of a distinct (003) 
reflection at 2.39 Å and by the presence of a 7 Å peak afler trealment wilh warm 
dilule HCI. 

Il/ile. The group name illite is used here for the clay minerals exhibiting an 
integral sequence of basal reflections al approximately 10 Å, 5 Å and 3.3 Å. The 
10 Å peak is typically asymmelrical toward the low angle region and the 3.3 Å peak 
is asymmelrical loward the high angle region. The Jack of symmetry is taken as an 
indication of small particle size, variation in the interlayer cation and/or occasional 
slight interlayer hydration (op. cit. p. 67 and BRADLEY, 1954). 

No allempt has been made to distinguish Lhe polymorphic forms of illite in Lhe 
complex mixtures which characterize the Danish Paleogene. 

Monlmoril/onile. The montmorillonite group of minerals was identified by (001) 
peaks at approximately 12 to 15 Å (untreated sample), 17 Å (glycolated sample) 
and 10 Å (heated sample). The c-axis dimension of monlmorillonile is nol fixed but 
varies with the type of exchangeable cation occurring between the silicate layers and 
the Lhickness of the polar molecules occurring between the silicate layers. Under 
ordinary conditions a monlmorillonite with N a+ as the exchangeable ion frequently 
has one interlayer of molecular water and a c-axis spacing of 12.5 Å; with Ca++ 
there are frequenlly two molecular water layers and a c-axis spacing of about 15.5 Å 
(GRIM, 1953, p. 57). Ethylene glycol expands the latlice of montmorillonite to 17 Å 
(op. cit., p. 93) and healing to 250°C decreases the lattice spacing to approximately 
10 Å. 

Mixed-/ayer clay minerals. BROWN and MAcEwAN (1951, p. 266) have recognized 
three types of mixed-layer clay minerals: regularly interstratifiecl clay minerals, 
randomly interstratified clay minerals, and segregated mixed-layer clay minerals. 

The regularly inlerslratified mixecl-layer clay minerals exhibit "superlattice" 
characteristics. They give a high (001) spacing and a regular series of sharp higher 
order rellections with spacings which are submultiples of the (001) spacing. The 
high (001) spacing represents a composite of the (001) spacings of the interstratified 
clay minerals. Regularly interstratified mixed-layer clay minerals were nol detecled 
in the samples slutlied. 

If the mixture is a random interslratification of layer clay minerals, a nonintegral 
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series of reflections is obtained from the basal planes. The reflections occur at 
positions wh ere the refleclions from the eomponents nearly coincide, and th ey rnry 
in intensity, shape and position, according to the relative proportion of th e con
sliluenls in th e mixed-Jayer slruclure. Randomly inlerstralified clay minerals were 
found mainly in the samples from lhe Sovind Mari. 

The segregaled mixed-layer clay minerals are characlerized by a Yarying pro
portion of calion density within individual cryslallites and from cryslallile lo crys
lallite . The di1Traction peak of the major clay mineral is generally simply altered in 
shape and intensily by lhe development of secondary layers of di1Terent composition 
within th e crystallile of the major mineral. BROWN and MAcEwAN (op. cil. , p. 267) 
stated thai segregated mixed-layer clay minerals may b e composed of a clay mineral 
in various slales of hydration. The illite slruclure is often partially "degraded" by 
interlayer hydralion . If the layers collapse wilh healing or expand wilh ethylene 
glycol treatmen t, they may be called mon lmorillonilic (BRADLEY, 1954, p. 332). 
Minor amounls of segregated mixed-layer clay minerals were iden tified in the 
sampl es studi ed. 

Serni-quantitative Analysis. 

The rela tive abundance of clay minerals present in lhe samples was detcrmined 
by the methods outlined by JmINs, GRIM and BRADLEY (1954) and ScHULTZ (1960). 
These m elhods have several ]imitations, bul are relalively simple and rapid and 
give a clearer indication of the distribution of the clay minerals in a large group of 
samples than could othcrwise be obtained. 

The peak inlensities of the major clay compo nenls were measured from the 
diJiractomeler traces of lhe glycola ted samples. The peaks in Lhe 17 Å to 7 Å range 
were used in order to obtain comparisons al co mparable di1Tractometer angles and 
in order lo minimize operating errors in measuring peak inlensilies. Thc relative 
abundance of Lhe clay minerals was recorded as parts in ten of the Jess lhan two 
micron fraction. 

Illile was used as a common clenominalor. All componenls wcre cornpared to lhc 
intensily of th e 10 Å pea k as recorcled on lhe diJiractorneler traces of lhc glycolaled 
samples. The integration procedure suggestecl by JOHNS, GRIM and BRADLEY (1954, 
pp. 246- 250) was adop led for comparing monlmorillonile wilh illile. The procedure 
consisls of sumrning the observed intensi ties from a glycolaled sample under lhe 
maximum of the 17 Å peak and th e inlensilies 1/2° 2 0 to each side of th e maximum. 
This sum is lhen clivided by a factor of four and th e quolienl compared directly 
with illite. 

It was nol possible to isolale lhe refleclions of the rnixed-layer clay minerals for 
quanlita live analysis. The minerals are monlmorillonitic and their r ela tiYe abu n
d ance is necessarily inclucled wilh monlmorillonite in the quanlilalive analyses. 
Difficulties of lhis type are inherent in all work dealing wilh nalural clay mineral 
mixtures and are caused by overlapping X-ray di1Traclion peaks from materials 
with generally similar slruclural schemes . 

The proced ure for comparing illite with kaolinile was adopted from thai suggestecl 
by ScHULTZ (1960). The procedure consists of a direcl comparison of the observed 
intensities under the m aximum of th e 7 Å peak and the 10 Å peak of lhe traces 



16 

obtained from the glycolated samples. According to ScttULTz, the two peaks should 
be compared directly when the kaolinite is of a low order of cryslallinity. The shape 
of the 7 Å peak, as recorded from the oriented slides, was used to evaluate the 
crystallinity of the kaolinite, since the critical non-basal peaks could not be dis
cerned. 



Mineralogical Data 

General Statement. 

Clay mineral data obtained from the samples studied are presented in the follow
ing paragraphs. The semi-quantitative analyses are summarized in tables 2 to 9 
and the average clay mineral composition is shown in figure 10. Representative 
diITractometer traces are shown in figures 3 to 9. 

Lellinge Greensand. 

Montmorillonitc, illite and mixcd-layer clay minerals are present in the Lellinge 
Greensand . Monlmorillonite is thc dominant clay mineral in the samples studied. 
The (001) reflection of the untreated sample occurs in the 13.4 lo 14 .5 Å range, and 
the laltice expands to 17 Å after !realment with ethylene glycol and collapses to 10 Å 
after healing to 250°C. 

The 10 Å and 17 Å diITraction peaks recorded from the X-ray analysis of several 
samples have shapes and intensilies which indicate the prcsence of segregated 
mixed-layer minerals. The 10 Å reflection is sharpened after healing and glycolation, 
indicating that the segrcgaled mixed-layer mineral is montmorillonitic. It was not 
possible lo isolate the relleclion of the montmorillonitic segregated mixed-Jayer clay 
mineral for quantitative analysis. It is, however, possible lo evaluate the total amount 
of expansible malerial present in the sample by comparing the change in intensity 
of the 10 Å peak befare and afler heat !realment. The total amount of expansible 
material thus calculated can be compared with the amount calculated for mont
morillonite and the difference allributed to the expansible mixed-layer clay. The 
results of this procedure indicate that only trace amounts of mixed-layer clays are 
present. 

Thc clay minerals are often poorly crystallized and in such cases only qualitative 
analysis is possible. Illite is present in only minor amounts and frequently the illite 
structure is partially degraded. Only minor amounts of K+ fixation were noted and 
Mg++ treatment produced no noticeable effect on the clay minerals. 

Microscopic examination of the bulk sample indicates that glauconite pellets are 
present in the Lcllinge Greensand. The term "glauconite" is currently being used 
with a dual connotation and may refer to either a greenish, micaceous mineral or 
to small, spherical, green, earthy pellets (BuRST, 1958, p. 310). In the present work 
the word "glauconite" is used as a morphologic term to describe greenish pellets in 
general. The pellets occur as cavity ftllings in foraminifera tests and as small isolated 
prllets. They are generally Jess than 0.5 mm in diameter . 

It was not possible to isolate thc pellets in thc samples studied. However, some 
samples are very glauconitic and it is likely that th e diffractometer traces reflect the 
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Figure 3. Difiractometer traces made on an XRD-5 General Electric logarilhmic 

recording difiractometer using copper radiation. 
Lellinge Greensand: Lellinge, Zealand (sample number 12304- 6051). Oriented 
specimens of the < 2 µ clay fraction. (A) Sample air-dried. (B) Sample treated with 

ethylene glycol. (C) Sample heated Lo 250°C. (D) Sample heated to 450°C. 



Sample No. 

12301- 6021 
12302- 6087 
12303- 6178 
12304-6051 
12306- 6203 
12305- 6073 
12313 

Table 2. Summary of clay mineral composition 
of Lellinge Greensand* 

Raolinite Illite 

X M (d) 
X M (d) 
X 4 (d) 
X 3 
X 3 
X 3 (d) 
X 5 (d) 

Mixed-layer 
clay minerals 

T 
T 
T 
X 
X 
T 
T 

~·Iontmor
illonite 

A 
A 
6-
7 
7 
7-
5-

19 

* The relative abundance of the clay minerals is expressed in parts in ten of the 
< 2 µ fraction . Only qualitative evaluations are given for the clay minerals which are 
poorly crystallized or present in minor or trace amounts. 

A - abundant X - absent 
M - moderately abundant (d) - partially degrad ed . 
T - present in minor or trace amounts 

mineralogy of the pellets withoul significanl amounts of conlamination from the 
non-pellet clay material. The pellets eonsisl of a helerogeneous mixture of " degraded" 
illite, montmorillonile, and segregated mixed-layer clay minerals. It would be 
necessary lo eombine X-ray diffraction data and chemical analyses of unconlamin
ated pellets in order to delermine the mineralogical composilion of the pellets with 
grealer precision. 

Kerteminde Clay. 

The Kerteminde Clay is characlerized by a high montmorillonile conlenl and the 
absence of kaolinite. lllite is also present. Monlmorillonite is the dominant clay 
mineral present and is more abundanl in the Kerteminde Clay than in the under-

Table 3. Summary of clay mineral composition 
of Kerteminde Clay* 

Sample No. Kaolinite Illite Montmor-
illonite 

K-3b X 2 8 
K-3a X 2 8 
K-2b X 1 9 
K-2a X 1 9 
K-lb X T 10-
K-la X T 10-

* The relative abundance of the clay minerals is expressed in 
parts in ten of the < 2 µ fraction. Only qualitative evaluations are 
given for the clay minerals present in trace amounts. 

T - present in minor or trace amounts 
X - absent 



20 

A 

B 

C 

D 

30 25 20 15 10 5 0 ° 2 e 
I I I I I I I 
I I I I I I 0 

3 4 5 7 10 17 A 

Figure 4. Difiractometer traces made on an XRD-5 General Eleclric logarithmic 
recording difiractometer using copper radiation. 

Kerteminde Clay: Lundsgaard Klint, Funen (sample nurnber K-2b). Oriented spec
imens of the <2 µ clay fraction. (A) Sample air dried. (B) Sample treated with 
ethylene glycol. (C) Sample heated to 250°C. (D) Sample heated to 450°C. 
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lying Lellinge Greensand . The (001 ) rellecli on of Lh e unlrcaled samples occurs in 
Lhe 14.5- 15.2 Å range, indicaling Lhe prescncc of Ca++ as Lhe exchangeable ion. The 
firsl-order montmorillonile rellcclion of Lhc glycolaled sample occurs at approx
imatcly 17 Å and at approximalely 10 Å afler Lhe sample has been heated to 250°C. 

Illite is present in only minor amounls and Lhe diagnostic reflections are often 
poorly developed. The (003) rellection is symmetrical indicating little, if any, de
gradation of the illite slruclure. The (005) rellection is very weak . 

Saturation of the samples of the Kerteminde Clay with polassium and magnesium 
salts produced no significant eITect on Lhe clay minerals. 

Mo Clay Formation. 

Eight samples of argillaceous diatomite from both the uppcr and lower diYisions of 
Lhe Mo Clay Formation were examined by X-ray diffraction techniques. T he d ilTract
ometer traces from these samples show broad bands bcginning at approximatcly 
4.4 Å indicaling thai the malerial present is predominanlly amorphous. The amor
phous malerial probably rellects the abundance of opalinc dialom tests and !esser 
amounts of volcanic glass. Minor amounts of montmorillonilc, illitc and quart z are 
also present. 

UNMACK (1949, p . 194) studied seven samples of th e "claycy di atomiles" from 
lhe Mo Clay Formation by X-ray techniqucs. She reported Lhe presence of quarlz 
and monlmorillonile in six samples and quartz, montmorillonite and kaolinile in 
one sample. She reported the (001) rellection for lhe untreated montmorillonite at 
13 Å which indicates the presence of Na+ as Lh e exchangcable cation . The mont
morillonile lattice expanded lo 17 .8 Å afler trea lmen l with glycerol. 

Rosnaes Clay . 

.-\Il of th e analyzed samples of the Ri:isnaes Clay contain montmorillonile, illile 
and kaolinite. Montmorillonile is the dominant clay mineral in the samples studied 
but is present in significanlly !esser amounts than in the Paleocene samples. The 
(001) refieclion of Lh e unlreated sample occurs in the 11. 77 lo 12.50 Å range indical
ing Lhe presence of Na+ as Lh e exchangeable ion. The lattice expands to approxi
mately 17 Å aftcr glycolal ion and collapses lo approximately 10 Å after healing to 
250°c. 

Kaolinite is present in moderate amounts. The 7 Å peak is nol aITecled by lreat
ment of the sample with warm, dilute HCl but is appreciably diminished whcn the 
sample is heated to 450°C. Kaolinite "doublets" and " triplels" were not discernable 
and Lhe height/ area ratio of Lhe 7 Å peak indicated Lh al th e kaolinite is nol well
cryslallized . 

The (001 ) reflection of illile is represenled by a weak "shoulder" on the high 
angle side of Lhe monlmorillonite peak in thc untreated sample, but lhe third-order 
rellcclion of illite is well developed and slighlly asymmetrical lo the high angle side. 
The (001) and (003) illite peaks are sharp and symmelrical afler glycolation. The 
10 Å peak is slightly increased in inlensily at the expense of the (001) peak for 
monlmorillonite after K+ saluration. The change in inlensily of Lh e 10 Å peak may 
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Figure 5. Diffractometer traces made on an XRD-5 General Eleclric logarithmic 

recording diffractomeler using copper radiation. 
Rosnaes Clay: Rosnaes, Zealand (sample number RC-2a). Orienled specimens of 
the < 2 µ clay fraction. (A) Sample air-dried. (B) Sample trealed with ethylene 

glycol. (C) Sample heated to 250°C. (D) Sample heated lo 450°C. 



23 

Table 4. Summary of clay mineral composi tion of Mo Clay* 

Sample No. I Kaolinite Illit e 

i\lF-4 X X 

MF-3 X X 

\IF-2 X X 

MF-1 X X 

11H-7 X X 

:\IH -5 X X 

MH-3 X X 

i\IH -1 X 2 

Montmor
illonite 

? 

M(?) 

M 

M 

X 

X 

? 

8 

Rema rks 

Predomina ntly amorphous 
material 

Predominantly amorphous 
ma terial 

Predominantly amorphous 
m a lerial 

Predominantly a morphous 
material 

Predominantly amorphous 
material 

Predominantly amorphous 
material 

Predominantly amorphous 
material 

With amorpho us malerial 

* The relative abundance of the clay minerals is expressed in parts in ten of the 
< 2 µ f'raclion. Only qualita tive evaluations are given for the clay minerals which are 
poorly crystallized or present in minor or trace amounts. 

M - moderately abundant 
X - absent 

Table 5. Summary of clay min eral compositi on of Riisnaes Clay"' 

Sample No. Kaolinite Illite Montmorilloni te 

RC-2b 3 2 5 
RC-2a 2 4 4 
RC-lb 4 2 4 
RC- l a 3 2 5 
RL-lb-1 2 4 4 
RL-lb-2 1 4 5 
RL-la 2 4 4 

,;, The rela tiYe ab undance of the clay minerals is expressed in parts in ten of the 
< 2 µ fraction. 

indicalc thai minor am ounts o[ "degraded" illitc are present, or it may indicate 
minor K+ fixation in the montmorillonitc lattice. The clay minerals a re not signifl
cantly affccted by mild Mg++ treatment. 

Lillebelt Clay. 

Thc mineral composition of the Lillebelt Clay is similar to that of the Riisnaes 
Clay. :\fontmorillonite is the dominant clay mineral in both formations but the 
kaoiinitc-illite ratio is reverscd. Mild K+ and Mg++ treatment had no signiflcant 
elTecl on the clay minerals. 
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Figure 6. Diffractometer traces made on an XRD-5 General Electric logarithmic 
recording diffractometer using copper radiation. 

Lillebelt Clay: Boring at Lille Elsted, Jutland (sample number 79.174, 50- 51 meters). 
Oriented specimens of the < 2 µ clay fraction. (A) Sample air-dried. (B) Sample 
treated with ethylene glycol. (C) Sample heated to 250°C. (D) Sample heated to 450°C. 



Table 6. Summary of clay mineral composition 
of Lillehelt Clay* 

Sample No. Kaolinite lllite 

79.174 - 41 to 42 m. 4 1 
79.174 - 42 to 43 m. 3 2 
79.174 - 43 to 44 m. 4 1 
79.174 - 44 to 45 m. 3 2 
79.174 - 45 to 46 m. 2 2 
79.174 - 46 to 47 m. 4 1 
79.174 - 47 to 48 m. 3 2 
79.174 - 48 to 49 m. 3 2 
79.174 - 49 to 50 m. 3 1 
79.174 - 50 to 51 m. 3 1 
79.174 - 51 to 52 m. 3 1 
79.174 - 52 to 53 m. 3 1 

25 

I Montn,orillonite 

5 
5 
5 
5 
6 
5 
5 
5 
6 
6 
6 
6 

* The relative abundance of the clay minerals is expressed in parts in ten of the 
< 2 µ fraction. 

GRAFF-PETERSEN (1955, p . 7) detected chlorite in the Lillebelt Clay samples 
which were recovered from borings in the Little Bell near Rogle Klint. 

Sovind Mari. 

The Sovind Marl is characterized by a high montmorillonitc content and minor 
amounts of illite, mixcd-layer clays and poorly crystallized kaolinite. 

Montmorillonile is the dominant clay mineral present in the samples sludied but 
the montmorillonite content does not vary appreciably from the montmorillonite 
content of the Lillebelt Clay. The (001) reflection of Lh e untreated sample occurs in 
the 12.6 to 14.7 A range and the la tlice expands to approximately 17 A " ·hen the 
sample is treated with ethylene glycol. Heat treatment causcs the latticc to collapsc 
to 10 Å. 

Sample No. 

79.174-16 m. 
79.174-22m. 
79.174 - 24 m. 
79.174-27 m. 
79.174-28 m. 
79.174-28 to 29 m. 
79.174-29 to 30 m. 
79.174-30 to 31 m. 
79.174-3 1 to 32 m . 
79.174 -32 to 33 m. 
79.174-33 to 34 m. 
79.174 -34 to 35 m. 

Table 7. Summary of clay mineral composition 
of Sovind Mari* 

lfao linite Ill ile 

4 1 
4 2 
5 2 
4 2 
4 1 
4 2 
4 1 
4 1 
4 1 
3 1 
4 1 
3 1 

:Montmor
illonite 

5 
4 
3 
4 
5 
4 
5 
5 
X 
X 
X 
X 

I 
Mixed-layer 

c lay minerals 

X 
X 
X 
X 
X 
X 
X 
X 
5 
6 
5 
6 
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Table 7. Continuecl 

Sample No. Kao li n ite 

79. l 7 4 - 35 to 36 m . 4 
79.174-36 to37m. 4 
79. 174 - 37 to38 m . 4 
79.174 - 38 to39m. 4 
79. 174 - 39 to40m. 3 
79.174 - 40 104 1 m . 3 
101 7 3 
69811 2 
69810 3 
698 13 3 
S - 1 - 3 4 
S - 1 - 2 3 
S - 1 - 1 3 
S-1 - 4 4 
88.213 - 43 to 44 m . 4 
88 .213 - 45 to 46 m . 3 
88.21 3 - 48 to 49 m . 2 
88.2 13 - 49 to 50 m . 3 
88.2 13- 50 to 51 m . 3 
88 .213 - 52 to 53 m . 2 
88.2 13 - 53 to 54 m . 3 
88.2 13 - 55 to 56 m . 3 
88.2 13 - 56 to 56. 7m. 3 
88.2 13 - 56. 7 to 57m . 3 
88.2 13 - 57 to 58 m . 3 
88. 21 3 - 58 to 59 m . 3 
88.2 13-60 to6 1 m . 4 
88.2 13 - 62 to 63 m . 4 
88 .21 3- 63 to 64 m . 4 
88.2 13 - 64 to65 m . 5 
88.2 13 - 65 to 66 m . 4 
88.2 13 - 67 to 68 m. 5 
88.2 13 - 68 to 69 m . 4 
88 .213 - 70 to 71 m. 4 
88.213 - 71 to 72 m . 5 
88.2 13 - 72 to 73 m . 4 
88.2 13- 73 to 74 m . 4 
88.213 - 74 to 75 m. 4 
88.2 13 - 76 to 77 m. 4 
88.213 - 78 to 79 m . 4 

Illite 

I 
1 
1 
1 
I 
I 
2 
3 
1 
2 
2 
2 
1 
2 
2 
1 
2 
2 
2 
2 
2 
2 
2 
l 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
1 

Montmor
illonite 

X 
X 
X 
5 
6 
6 
5 
5 
6 
5 
4 
5 
6 
4 
4 
6 
6 
5 
5 
6 
X 
5 
5 
6 
5 
5 
4 
4 
4 
3 
4 
3 
4 
4 
3 
4 
5 
4 
4 
X 

I 
Mixed-layer 

clay minera ls 

5 
5 
5 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
5 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
5 

The relative abundance of the clay minerals is expressed in parts in ten of the 
< 2 µ fraction. 

X - absent. 

Kaolinite and illite are p resent in !esser a mounts and are similar to the kaolin ite 
and illite of the Rosnaes Clay and L illehelt Clay. 

Random mixed-layer clays ch aracterize the lower portion of the Sovind Marl in 
th c boring at Lille Elsted. T he r andom mixed-layer clay mineral is com posed of 
montmorillonite with minor a mounts of interstra tified illite. The (001 ) ref1 ection of 
th c untreated samples occurs in the 13.75 to 14.75 Å range and the latti ce expansion 
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Figure 7. DifTractomeler traces made on an XRD-5 General Eleclric logarilhmic 
recording diffractometer using copper radiation. 

Sovind \,Jarl: Boring al Lille Elsted, Jutland (sample number 79.174, 28- 29 meters). 
Orienled specimens of the < 2 µ clay fraction. (A) Sample air-dried. (B) Sample 
trealed wilh ethylene glycol. (C) Sample heated to 250°C. (D) Sample healed lo 450°C. 
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is limitcd lo Jess lhan 16.6 Å when lhe sample is lrealed with clhylene glycol. Integral 
orders were not present. Heat treatment caused the lattice to collapse to approx
imately 10 Å. 

Mild K+ lreatmenl resulled in minor polassium ftxation in the montmorillonite 
lattice. No signiftcanl changes were noted after Mg++ saluration. 

Septarian Clay. 

The clay mineral assemblage of the Seplarian Clay is characlerized by the presence 
of approximately equal amounts of monlmorillonile, illile, and poorly cryslallized 
kaolinile. The ftrsl-order basal refleclion of monlmorillonile occurs in the 12.4 lo 
13 .8 Å range, indicaling lhe presence of Na+ as lhe exchangeable ion. The (005) 
refleclion of illile is of moderate intensity, indicaling that it is well-crystallized 
and/or wel1-orienled. Muscovite was noted in microscopic examination of lhe bulk 
sample and it may account in part for the observed inlensity of the (005) peak. 
There was no signiftcant change in the diffractomclcr traces of the samples which 
were subjected to mild K+ and Mg++ treatment. 

Upper Oligocene Clays. 

Variable amounts of montmorillonite, illite, and poorly crystallized kaolinite are 
present in most of the samples of the upper Oligocene clays. The ftrst-order basal 
reflection of montmorillonite occurs in the 14.47 to 15.25 Å range indicating the 
presence of Ca++ as the exchangeable calion. 

The reflection at 45.6° 2 0 indicates that the illite present may be well-crystallized 
and/or well-oriented but the reflection may be partly influenced by minor amounts 
of muscovite which can be seen in the bulk sample. There was no signiftcant change 
in the difiractometer traces of the samples which were subjected to mild K+ and 
Mg++ treatmenl. 

Table 8. Summary of clay mineral composition 
Septarian Clay* 

Sampl e No. Kaolinite lllit e 

88.213 - 37 Lo 38 m. 3 3 
88.213 - 38 to 39 Ill. 3 3 
88 .213 - 39 to 40 m . 2 3 
88.213 - 40 to 41 m. 3 3 
88.213 - 41 to 42 m . 4 3 
S - 3 - 12 3 3 
S -3- 9 -1 3 
S-3 - 6 4 3 
S - 3 - 3 3 3 
S-3- 1 3 3 
U0- 1 3 3 

I Montmorillonite 

4 
4 
5 
4 
3 
4 
3 
3 
4 
4 
4 

* The relative abundance of the clay minerals is expressed in parts in ten of the 
<2 µ fraction. 
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Figure 8. Diffractometer traces made on an XRD-5 General Electric logarithmic 
recording diffractometer using copper radiation. 

Septarian Clay: Ormslev Kvartsvaerk boring, Jutland (sample nurnber 88.213, 40-41 
meters) . Oriented specimens of the < 2 µ clay fraction . (A) Sample air-dried. (B) Sam
ple treated with ethylene glycol. (C) Sample heated to 250°C. (D) Sample heated to 

450°c. 
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Figure 9. DifTractometer traces made on an XRD-5 General Eleclric logarithmic 
recording difTractometer using copper radiation. 

Upper Oligocene clay: Ulstrupbro, Jutland (sample number UO-3a). Oriented spec
imens of the < 2 µ clay fraction. (A) Sample air-dried. (B) Sample treated with 

ethylene glycol. (C) Sample heated to 250°C. (D) Sample heated to 450°C. 



Table 9. Surnmary of clay mineral composition 
of Upper Oligocene clays'' 

Sample No . J< ao linite Illitc 

U0-3a 2 3 
U0-3b 2 3 
U0-2 6 4 
RK-2 2 4 
RK-1 4 3 

31 

Montmorillonite 

5 
5 
X 
4 
3 

* The relative abundance of th e clay minerals is expressed in parts in ten of the 
< 2 µ fraction. 

X - absent. 
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Figure 10. Lithologies a nd average clay mineral composition of some Paleogene 
sediments fro m Denmark. 



Discussion 

Mineralogical Zonation. 

Thc occurrence of particular clay minerals or clay mineral suites within rock or 
time-rock units can be used in refining stratigraphic subdivisions. The Danish Pale
ogenc can be divided into threc major zones (referred to as Zones I, II and III) on 
Lhe basis of the X-ray di!Traction data . Zone III can be tentalively divided into four 
subzoncs (referred to as Subzones III-A, III-B, III-C, and III-D). Each zone can 
be recognized by its distinctive mineralogy. Table 10 shows the mineral occurrences 
which characterize the zones a nd the differences upon which the zonalion is based. 

The lowcst zone, Zone I, is characterized by a high montmorillonite content, 
minor or trace amounts of illitc and segregated mixed-layer clay minerals and the 
absence of kaolinite. Only mi nor amounts of clay minerals are present in the middle 

l\linera l 
Zones 

Zone III 

Zone II 

Zone I 

Tabte 10. \lineralogical zonation of the Danish Paleogene 

I "' I 
'" .0 C: 

~~ 
Characte ris tic Clay Minerals Stratigraphic Units 

Upper Oligocene clay 

D Variable amounts of montmorillonite, kao- Septarian Clay 
linite and illite. Upper part of Sovind 

Mari 
-

Predomina ntly random mixed-layer mont- Lower part of Sovind C morillonite- illite with !esser amounts of 
kaolinite and illite. Mari 

-
Predominantly montmorillonite with !esser 

B amounts of kaolinite and illite (illite Lillehelt Clay 
less abundant !han kaolinite). 

-
Predominantly montmorillonite with !esser 

A amounts of illite and kaolinite (illite Rosnaes Clay 
more abundant than kaolinite) . 

Predominantly amorphous material with Mo Clay Formation minor or trace amounts of montmorillonite, (diatomite beds) illite, and kaolinite. 

Predominantly montmorillonite with minor Kerteminde Mari or trace amounts of illite and segrega ted 
mixed-layer clay minerals . Absence of kao- Lellinge Greensand linite is particularly diagnostic. 
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zone, Zone II, and the zone is characterized by the predominance of amorphous 
material. Montmorillonite, illite, kaolinite and mixed-layer clay minerals are present 
in Zone III. The presence of kaolinite distinguishes Zone III from Zone I. Variations 
in the relative amounts of kaolinite, illite and mixed-layer clay minerals can be 
used as a basis for tentatively subdividing Zone III. Subzone III-A is distinguished 
from Subzone III-B by a change in the kaolinite-il1ite ratio. In Subzonc III-B 
kaolinite is relatively more abundant than il1ite, whereas in Subzone III-A illite is 
relatively more abundant. Subzone III-C is characterized by a predominance of 
mixed-layer clay minerals. Subzone III-D contains variable amounts of mont
morillonite, kaolinite and illile. 

In some cases the mineralogical zonation shows general parallelism with the 
lithologic boundaries which have been established by field studies, but there are 
significant divergences. Subzone III-C, for example, is restricted to the lower portion 
of the lithologically homogeneous Sovind Mari. The boundaries of Zone I, on the 
other hand, appear to coincide with the Paleocenc Series and Subzone III-D 
embraces most of the Sovind Mari, the Septarian Clay, and the upper Oligocene 
clays. The mineralogical zonation thus suggests a framework which may prove use
ful in interpreting the Paleogene history of the North Sea Basin. 

Interpretation. 

The clay mineral assemblage studied could reflect three diITerent general condi
tions or a combination of the three conditions. These are: (a) the conditions in the 
source areas, such as degrec, intensity and length of time of weathering, plus the 
nature of the parent material; (b) conditions of changing environment brought 
about by transportation and depositional history and post-depositional changes; 
and Gc) recent weathering conditions. The present study considers the three general 
conditions in the interpretation of the clay mineral distribution. 

The importance of the source and environmental history in the evolution of the 
clay minerals is not always easy to evaluate. Many workers have presented evidence 
supporting environmental change (see esp. GRIM, 1958, and KELLER, 1956) and 
there is Jillie doubt thai some changes do occur during diagenesis. WEAVER (1958b), 
however, presented evidence that clays usually have a detrital origin and thai most 
of their characteristics can bc attributed to produets of the source area. 

The possibility thai the clay mineral assemblage results from alterations caused 
by recent weathering cannot be definitely dismissed. Clay mineral alteration takes 
place on surface exposures, near moraine-bedrock contacts, and along fractures 
within generally impermeable clay formations. If significant alleration has taken 
place, tbe clay mineral composition of samples collected at or near the surface 
should be markedly diiierent from tbose collected from wells below the weathered 
zone. Well samples were available for tbe Lillehelt Clay, Sovind Mari and Septarian 
Clay and no significant differences between the surface and well samples were noted. 
There is therefore liltle likelihood thai the clay minerals of these samples have been 
significantly afiected by recent weatbering. Subsurface control was not available for 
the Lellingc Greensand, Kerteminde Clay, Rosnaes Clay and upper Oligocene clays, 
and possible alteration by recent weathering should be kepi in mind. 
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Zone I is characterized by a high montmorillonite content, minor or trace amounts 
of illite and segregated mixed-layer clays, and the absence of kaolinite. The abundance 
of montmorillonite could be related to: 

(a) Relatively abundanl supply of montmorillonite depositccl contemporaneously 
with the clays and marls; 

(b) Diagencsis from other clay material because of the introcluction of the neces
sary cations in marine waters; 

(c) Segregation of clay minerals by sorling, preferential floculation, etc.; 
(cl) Post depositional alteration of other clay material to montmorillonite. 

If the montmorillonite is detrital, two possible sources warranl consideration: 
(1) The abundance of montmorillonite might be attributed to the alteration of 
volcanic ash and/or erosion of land-deposited volcanic material; (2) the montmor
illonite could represent a weathering produet of the source land. The region north 
of the Hercynian massifs experienced intense volcanic activity in the early Tertiary 
(Eocene?) and the possibility that the high montmorillonite content of Zone I re
flects the firs! stages of volcanism should be considered. There is, however, no 
evidence of an ash fall in the Paleocene sediments of Denmark nor any evidence 
for Paleocene ash deposits in the source land and therefore the possibility of a 
direct volcanic ash origin cannot be provecl. 

Montmorillonite is a common weathering produet. The nature of the source 
lands is not known but it is possible that the montmorillonite was derived from the 
metamorphic rocks of the Fennoscandian massif and/or from a carbonate terrain 
bordering the Fennoscandian massif. The non-clay mineral suite of Zone I reported 
by GRY (1935, pp. 59- 78) does not, however, indicate that th e metamorphic rocks 
of the Fennoscandian massif were an importanl source area . 

GRY (1935, p. 48) regarded much of the calcite of the Lellinge Greensand as a 
clastic componenl originating in the disintegration of the Danian carbonates. The 
clay mineralogy of the Cretaceous carbonates of Denmark has nol been stuelied but 
UNMACK (1949) and VALETON (1960, p. 32) investigated the clay mineralogy of a 
U1in clay bed ("fish-clay") at the base of the Danian Limestone Group and reported 
the presence of abundant montmorillonite, calcite, quartz and feldspar. The clay 
mineralogy of the carbonates associated with the " fish-clay" may be similar. 
Volcanic tuIT layers have been discovered recently in the Macstrichtian stage of 
northwestern Germany (VALETON, 1959, 1960). VALETON (1960, p. 34) slutlied the 
clay mineralogy of the tufI layers and reported the presence of abunclant calcium 
montmorillonite, minor or trace amounts of illite and the absence of kaolinite. This 
clay mineral suite is similar to thai of Zone I. There is, therefore, good evidence 
that the clay suite is detrital and a produet of the carbonate tcrrain and its associated 
pyroclastic malerial. 

UssING (in MADSEN, 1902, pp. 16- 21) concluded that the sedimentary cvidence 
indicated that the Paleocene clays were deposited in deep, quiet marine waters. 
Such an environment, together with slow deposition, would favor diagenctic changes 
in the clay minerals and the development of montmorillonite and illite. MURRAY 
and HARRISON (1956, p. 367) suggested that some of the " degraded" clay material 
carried into the Gulf of Mexico could, during diagenesis, have picked up Ca++ or 
perhaps Na+ in the deep portion of the Gulf and thus become diagenetic montmor
illonite. GRIM and BRADLEY (1955), and WEAVER (1958a) also indicated thai some 
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clays, previously changed by weathering, may, in the presence of suitable cations, 
revert to their original types because skeletal structures persist. GRIFFJN and l NGRAM 
(1955, p . 199) suggested tha t the kaolinite being introduced into the Neuse River 
Estuary of North Carolina might be changed into "chlorite" or illite. 

\VEAVER (1959, p . 182) suggested that segregation of clay mineral suites by so rting 
is usually more efiective than by diagenesis. Montmorillonite occurs as extremely 
small particles, while illite and kaolinite generally show a larger particle size 
distribution (GRIM, 1953). On the basis of settling velocities alonc, montmorillonite 
would stay in suspension longer and thus be distributed farther from shore. MuRRAY 
and HARRISON (1956, p. 368) noted that montmorillonite is the dominant clay 
mineral component of the Sigsbee Deep and suggested that its presence could be 
accounted fo r by difiercntial suspension and floculation. WmTEHOUSE and J EFFREY 
(1955, p . 279) also noted the tendency for preferential floculation of illite and ka
olinite relative to montmorillonite. Tims, the high montmorillonite content and lack 
of significant amounts of other clay minerals in Zone I could be explained by th e 
segregation tendencies of floculation and sorting. 

The sediments of Zone I are relatively impermeable and th erefore not particularly 
susceptible to rapid circulation of groundwater; excessive post-depositional change 
of the clay minerals by ground water is not likely. The samples studied were, how
ever, collected from surface exposures, and possible alteration of the clay slructure 
by weathering cannot be excluded . 

Although there are many variables involved, the clay mineral assemblage of 
Zone I can best be explained as a detrital suite derived from a carbonate terrain 
bordering the Fennoscandian massif. Thc high montmorillonite content can be 
attributed in part to diagenetic changes in the marine environment and/or segreg
ation by preferential floculation or current sor ting. 

The diatomites and associated tufI beds of Zone II reflect a major change in the 
geologic events of the Danish portion of the North Sca Basin. B6GGILD (191 8, p . 32), 
ANDERSEN (1937, p. 51) and NORIN (1940, p. 37) have demonstrated that a center 
of volcanism lay in the northern part of the Skagerrak. The tufI is primarily basaltic 
in composition and extends as far south as northwestern Germany. 

The volcanic activity should be reflected in the clay mineral suite of the Mo Clay 
Formation. GRIM (1953, p. 357) and WEAYER (1959, p. 171) summarized the litera
ture on the clay minerals associated with volcanic materials. They concluded that 
volcanic activity, either on a world-wide scale or in restricted areas, is most favorable 
to the format ion of montmorillonite. Volcanic material is also apparently the source 
for much kaolinite (Boss, M1SER, and STEPHENSON, 1928, p . 186, and PONDER and 
KELLER, 1960, p. 61), illite, and mixed-layer illite-montmorillonite (Boss and 
HENDRICI<S, 1945, p . 60 and W EAVER, 1953, p. 941 and BYSTROM, 1956, p. 45) . The 
results of the X-ray analyses of the diatomites studied by UNMACK (1949) and by the 
writer are inconclusive. Only minor amounts of clay minerals are present and the 
bulk of the material is amorphous. Montmorillonite is the dominant clay mineral 
present and minor amounts of kaolinite and illite can be detected. DROSTE (1961, p . 
1719) reported a similar clay mineral mixture associated with Pleistocene and 
Recent volcanic material in the saline lake basin sediments of California. The clay 
minerals present in Zone II undoubtedly are a produet of the alteration of volcanic 
material. 
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The greater variety of clay minerals in Zone III reflects the change in source 
conditions which accompanied the Eocene volcanism. It is also possible thai changes 
in the physical environment account for the variations in the clay mineral assemblage 
which defines the clay mineral subzones of Zone IIT. The comparison o[ the clay 
minerals of well samples with the surface samples suggesls tbat the clay mineral 
assemblage of Zone III has nol been significantly affected by recent weathering. 

The abundance of monlmorillonite can be attributed to the alteration of volcanic 
ash deposited in the sea and/or the erosion of land-deposited volcanic material. 
There is no reported evidence for an ash fall in the sediments of Zone III but it is 
not unlikely that some of the volcanic ash associated with the Eocene volcanism of 
the "North Atlantic Volcanic Province" was carried by the prevailing winds to tbe 
Danish portion of the North Sea Basin. There was undoubtedly abundant volcanic 
material being eroded from the Fennoscandian massif. ILLIES (1949) and NoRIN 
(1934) suggested that the Skagerrak eruptions and the outpouring of the Scanian 
basalts were almost contemporaneous. The igneous malerial is basic and ultrabasic 
and affords the type of parenl material most suited lo the formation of montmorillo
nite (Ross and HENDRICI{S, 1945, p. 64) . lLLIES (1949, p. 39) has shown thai the 
montmorillonite content of the Eocene clays of northwestern Germany decreases 
southward and disappears south of the Elbe River. The supply of the montmor
illonite seems lo be dearly related to the volcanic terrain of the Fennoscandian 
massif. 

The presence of kaolinile distinguishes Zone III from Zone I. The kaolinite may 
also have been formed by the alteration of volcanic ash or by the weathering of the 
feldspalhic material of the Skagerrak volcanics or the Scanian basalts. PoNDER and 
KELLER (1960, p . 61) coneluded Lhat much of the kaolinite associated with the vol
canic ash of the Miocene Latah Formation originated from hydrolysis of volcanic 
ash in freshwater lakes . lnasmuch as there is no direct evidence for a volcanic ash 
fa]] associated with lhe sediments of Zone III it is more likely that lhe kaolinite 
represenls a weathering produet of feldspars . There is abundanl feldspathic material 
associated with the Skagerrak volcanics and the Scanian basalts . The increase in 
the kaolinite contenl in the younger sediments of Zone III can be attributed to more 
mature weathering. The distinction between Subzone III-A and Subzonc III-B may 
therefore have as its basis more thorough weathering of parent material. The mixed
layer montmorillonite-illite clays of Zone III-C may also have originated in the soils 
of the source land during a period of prolonged weathering. 

The variations in clay mineral distribution of Zone III could also be related to 
the change in physical environment. The increasing amounts of kaolinite and illite 
might indicate changes in distance from source area, changes in the depth of water 
or changing current patterns. Varying climate and the chemistry of the marine 
environment could also be significant factors. 

The analysis of the distribution of the clay minerals of the Danish Paleogene 
tlrns suggests thai the clay mineral occurences can be related to the conditions of 
the source area with significant modifications brought about by physical and chem
ical conditions in the environment of deposition. The clay mineral distribution 
affords a mineralogical framework which can be used in the interpretation of the 
geological history of the area. A complete interpretation of the history would require 
regional data in addition to thai obtained in the present investigation. 



Conclusions 

The results of this study may be summarized as follows: 
(1) Montmorillonite is the dominant clay mineral component of most of the 

samples investigated. Variable amounts of kaolinite, illite, and mixed-layer clay 
minerals are present in many of the samples. 

(2) Three mineralogical zones can be recognized within the Paleogene interval of 
Denmark. The zones and their distinguishing characteristics are listed below from 
oldest to youngest. 

(a) Zone I is characterized by a high montmorillonite content, minor or trace 
amounts of illite and segregaled mixed-layer clay minerals, and the absence of 
kaolinite. 

(b) Zone II is characterized by the predominance of amorphous material. 
Minor amounts of montmorillonite, illite, and kaolinite are present. 

(c) Zone III contains variable amounts of montmorillonite, illite, kaolinite and 
random mixed-layer montmorillonite-illite. 
(3) Zone III can be tentatively divided into four subzones on the basis of the 

variation in the clay mineral distribution. 
( 4) The clay minerals of Zone III are produets of the alteration of the volcanic 

material of the Fennoscandian massif. Changes in the conditions of the source area 
and the physical environment of deposition account for the mineralogical variations 
wilhin this zone. 

(5) The clay minerals of Zone II represent alteration produets of volcanic ash. 
(6) The clay minerals of Zone I are interpreted as a detrital suite originating from 

the carbonate terrain bordering the Fennoscandian massif. Diagenetic changes in 
the marine environment and the segregation tendencies of sorting and iloculation 
are considered to be important factors in accounting for the high montmorillonite 
content of this zone. 

(7) The mineralogical data support the concept that the clay minerals are primarily 
detrital in origin and rellect the composition of Lhe source area. 
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Dansk sammendrag 

Nedre tertiær er i Danmark repræsenteret af en karakteristisk, tilsyneladende ret 
ensartet serie af brogede, fede lerer. En nøjagtigere identificering af de enkelte lag 
og en korrelation mellem lagene ved hjælp af lermineralogiske undersøgelser synes 
i høj grad ønskelig, ikke mindst fordi vi i disse sedimenter har en næsten komplet 
serie af de marine, nedre tertiære aflejringer i Nordsø-bassinet. 

I denne afhandling er omtalt en række undersøgelser over lermineral-sammen
sætningen i udvalgte prøver af ler bjergarter fra det danske paleogen, og resultaternes 
mineralogiske og stratigrafiske betydning er behandlet. 

Lermineralogiske undersøgelser af det danske paleogen er tidligere udfort af 
CLAUSEN (1932), UNMACK (1944, 1949) og GRAFF-PETERSEN (1955). 

Prøvemateriale og undersøgelses-metodik. 

Lermineralsammensætningen er ved hjælp af rontgendiffraktomeler bestemt på 
108 prøver fra det danske paleogen. Prøvematerialet stammer fra følgende lokali
teter, der også er vist i fig . 1: 

Lokalitet 1. Lellinge, Sjælland (Lellinge gronsand). 
2. København, Sjælland (Lellinge grønsand). 
3. Lundsgaard Klint, Fyn (Kerteminde ler). 
4. Østerklint, Fur (moler). 
5. Hanklit, Mors (moler). 
6. Røsnæs, Sjælland (Røsnæs ler). 
7. Leca-graven, Hinge, Jylland (Røsnæs ler). 
8. Boring ved Lille Elsted, Jylland (DGU ark. 

nr. 79.174) (Søvind mergel og Lillebælt ler). 
9. Røgle l{lint, Fyn (oligocæn sandsten og 

Søvind mergel). 
10. Toftum, Jylland (Søvind mergel). 
11. Søvind, Jylland (Søvind mergel) . 
12 . Boring ved Ormslev Kvartsværk, Jylland (DGU 

ark. nr. 88.213) (miocæn? siltsten, septarie-
ler og Søvind mergel). 

13. Grundfør Teglværks grav, Jylland (septarie
ler). 

14. Sophienlund Teglværks grav, Ulstrupbro, 
Jylland (oligocæn ler). 

De rontgenografiske undersøgelser er udført dels på Københavns Universitets 
Mineralogisk-Geologiske Institut, dels på det lermineralogiske laboratorium ved 
Indiana Universitet, U.S.A. Rontgendiagrammer er optaget på de naturlige prøver, 
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og derefter er prøverne glycol-behandlet, opvarmet til 250°C, og opvarmet til 450°C. 
Efter hver af de nævnte behandlinger er nye rontgendiagrammer optaget. Fig. 2 
viser en skematisk fremstilling af hele prøvebehandlingen. Et repræsentativt udsnit 
af prøverne blev behandlet med varm, fortyndet HCl for at opløse den Lilstede
Yærende klorit. Enkelte udvalgte prøver er endvidere behandlet med opløsninger af 
kalium- og magnesiumsalte for at kunne undersøge lermineralernes expansionsevne. 

De enkelte lermineralgruppers relative andel af del samlede lermineralindhold er 
bestemt efter de metoder, Jo1iNS, GmM og BRADLEY (1954) og ScHULTZ (1960) har 
udarbejdet. Disse metoder har, som alle andre benyttede metoder, visse begræns
ninger, men de er valgt, fordi de er relativt hurtige og simple at arbejde med, og de 
giver et lettere overskueligt billede af lermineralgruppernes fordeling, når det drejer 
sig om undersøgelser af el stort antal prøver. 

Mineralogi. 

Resultaterne af lermineral-analyserne er gengivet i tabellerne 2 Lil 9, og i figurerne 
3 til 9 er vist en række typiske ronlgendiagrammer. Variationen ilermineralsammen
sælning gennem den undersøgte, stratigrafiske serie vises i figur 10. 

Montmorillonil-gruppens mineraler er de dominerende lermineraler i de fleste af 
de undersøgte prøYer. Mange af proverne indeholder desuden varierende mængder 
af lermineraler fra kaolin-, illil- og mixed-layer-gruppcrne. 

Den undersøgte a0ejringsserie kan på grundlag af lermineralsammensætningen 
opdeles i tre zoner. De tre zoner, karakteriseret ved deres lermineralogiske sammen
sætning, er fra yngst til ældst: 

(a) Zone III indeholder i varierende mængder mineraler fra grupperne monl
morillonit, illil og kaolin samt mixed-layer mineraler af typen monlmorillonil-illit. 

(b) Zone II består hovedsagelig af amorft materiale, og montmorillonil-, illit- og 
kaolin-mineraler er kun til stede i små mængder. 

(c) Zone I er karakteriseret ved et stort indhold af montmorillonit-mineraler. 
Underordnede mængder - eller blot spor - af illit- og mixcd-layer-mineralcr har 
kunnet påvises, men kaolin-gruppens mineraler mangler. 

En sammenligning mellem lermineral-analyserne af prøverne fra zone III giver 
grund til al tro, al zonen på grundlag af lermineralindholdet kan opdeles i 4 under
zoner. Underzone III-D (yngst) indeholder en noget varierende blanding af monl
morillonit-, kaolin- og illit-mineraler. Underzone III-C har et dominerende indhold 
af mixed-layer-mineraler. Underzone III-B indeholder relativt mere kaolin end illit, 
mens det i underzone III-A er illit-indholdet, der er relativt større end kaolin-ind
holdet. Adskillelsen mellem underzone III-B og underzone III-A er altså baseret 
på kaolin- og illit-mineralernes indbyrdes mængdemæssige fordeling. 

I tabel 10 er lermineral-sammensætningen i de enkelte zoner sat i relation til 
stratigrafien. 

Diskussion. 

Lermineralselskabet og variationerne heri kan være afhængig af et eller flere af 
folgende tre almindelige forhold: oprindelsesmaterialets natur samt omfanget og 
arten af den forvitring, der er foregået deri; processer der er foregået under og efter 
transport og aflejring som følge af det skiftende milieu ; og endelig den recente for-
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vitring. Lermineral-sammensætningen i de undersøgte sedimenter er sogt vurderet i 
relation til disse forhold . 

Muligheden for, at den påviste lermineral-sammensætning er et resultat af recente 
forvitringsprocesser, kan på forhånd ikke udelukkes. Hvis betydningsfulde æn
dringer er foregået som følge heraf, skulle lermineralindholdet i de prøver, der er 
indsamlet på eller nær overfladen, imidlertid tydeligt afvige fra lermineralindholdet 
i de boreprøver, der er optaget fra aflejringer under forvitringszonen. Boreprøver fra 
Lillebælt ler, Søvind mergel og septarieler indgik i undersøgelserne, og disse prøvers 
lermineral-sammensætning afviger ikke fra sammensætningen i de prøver, der er 
indsamlet på eller nær overfladen. For disse tre lerarters vedkommende kan man 
derfor antage, at den recente forvitring ikke har nogen afgørende indflydelse på 
mineralsammensætningen. Boreprøver af Lellinge grønsand, Kerteminde ler, Røs
næs ler og øvre oligocæn ler var ikke tilgængelige, og en lignende kontrol kunne 
derfor ikke foretages. 

Lermineral-indholdet i zone I antages at være forvitringsprodukter, der stammer 
fra de ældre kalkaflejringer, der har omgivet det skandinaviske område. Det relativt 
store indhold af montmorillonit-mineraler kan være opstået som følge af diagenetiske 
processer i det marine milieu og/eller gennem en sortering af materialet ved af
lejringen. 

Mo-leret med dets ledsagende askelag i zone II afspejler en afgørende ændring i 
den geologiske udvikling i den danske del af Nordsø-bassinet. BøGGILD (1918, p. 32), 
ANDERSEN (1937a, p. 51) og NoRIN (1940, p . 37) har påvist vulkansk aktivitet med 
center i det nordlige Skagerrak . De vulkanske askelag kan følges så langt mod syd 
som til det nordvestlige Tyskland. Den vulkanske aktivitet må formodes også at 
være afspejlet i mo-lerets lermineralindhold, men ingen af de rontgen-undersøgelser, 
der er udført af UNMACK (1949) og af forfatteren, giver helt afgørende holdepunkter. 
Materialet er helt overvejende af amorf karakter, og blandt de tilstedeværende ler
mineraler dominerer montmorillonit-gruppen, mens kaolin- og illit-gruppernes 
mineraler kun er til stede i r inge mængde. De påviste lermineraler må dog anses for 
at være opstået ved omdannelse af vulkansk materiale. 

Den større variation i lermineral-sammensætningen inden for zone III er et udtryk 
for ændringer - efter den eocæne vulkanisme - i de områder, hvorfra materialet 
stammer. Det store indhold af montmorillonit kan være opstået ved omdannelse af 
vulkansk aske, der er aflejret i havet, og/eller det kan være dannet ved forvitring og 
erosion i land-aflejret, vulkansk materiale. Kaolin-mineralerne i Zone III er antagelig 
resultatet af feldspat-forvitring, og stigningen i kaolinindholdet inden for zonen kan 
sættes i forbindelse med en stadig mere fremskreden forvitring på landoverfladen. 
Forskellen mellem lermineral-sammensætningerne i underzone III-A og underzone 
III-B skyldes derfor, at der er sket en mere gennemgribende omdannelse af op
rindelsesmaterialet. Mixed-layer mineralerne af montmorillonit-illit typen, der er 
påvist i underzone III-C, må ligeledes henføres til en meget fremskreden forvitring, 
der har fundet sted i oprindelsesbjergarterne, inden forvitringsmaterialet er trans
porteret til aflejringsstedet. 

Variationerne i lermineral-sammensætning i zone III kan endvidere sættes i 
forbindelse med fysiske ændringer i transport- og aflejringsforholdene. Det stigende 
indhold af kaolin- og illit-mineraler kan således være afhængig af ændringer i 
transportlængde, vanddybde og strømforhold . Skiftende klimatiske forhold og æn
dringer i det marine milieu er yderligere faktorer, der kan have haft stor indflydelse. 
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Trods de fremforte usikkerheds-faktorer giver rontgen-undersogelserne af de 
danske, paleogene sedimenter grund til at tro, at bjergarternes lermineral-indhold 
kan sættes i relation til forholdene i oprindclsesområdet og til de væsentlige ændringer, 
der skyldes fysiske og kemiske betingelser i aflejringsområdet. 

Denne undersogelsesrække har ikke kunnet udstrækkes over et endnu storre om
råde, men de allerede fundne, indbyrdes forskellige lermineral-selskaber giver dog 
et mineralogisk mønster, som sammen med resultater a f andre undersøgelser kan 
tj ene til al forklare den geologiske udvikling. 
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Denne bog er sat med Monotype Fredericus Antiqua 

og trykt i 1500 eksemplarer på Andelsbogtrykkeriet 

i Odense. Papir: ekstraglittet 605, 125 g, rra De 
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