
Chapter 6

Thermal maturity

F. G. Christiansen, C. J. W. Koch, H. Nøhr-Hansen, S. Stouge, E. Thomsen and
p. Øst/eldt

Two of the aims of the 'Nordolie' project were to
investigate the thermal maturity pattern of potential
source rocks in North Greenland and to provide in
formation on the thermal history of the basin.

Organic diagenesis of source rocks is a function af the
burial and thermal history of a basin with the two most
important factors being temperature and time. In the
present study a multidisciplinary approach has been
applied to the maturity concept and a large number of
different maturity parameters with varying sensitivities
have been combined. Each sedimentary basin in the
world has its own unique thermal history which is ex
pressed by the maturity parameters. Consequently it is
important to establish the local empirical relations be
tween the various parameters and especiaIly in oi!-re
lated studies to deduce parameters corresponding to the
possibIe onset of both oi! generation and oi! cracking, in
other words to define 'the oil window'.

In Lower Palaeozaic basins a number af particular
problems arise due to their age. The history of such old
basins is often complicated to umavel. This is alsa true
in central North GreenJand where no post-Silurian de
posits have been preserved (see Chapter 2). The lack of
plant material in the early stages of evolution inhibits
the use of the universal maturity parameters such as
vitrinite reflectance (e.g. Tissot & Welte, 1984) and
spore coloration (Staplin, 1969) and instead less reliable
reflectance measurements are carried out on amor
phous kerogen and bitumen; the Thermal Alteration
Index (TAI) is determined from the colour of amor
phous kerogen. On the other hand the limited variation
in composition of the organic matter (dominance of
Type Il kerogen) is an advantage in the interpretation of
geochemical maturity parameters, especiaIly the Tm• x af
the Rock Eval pyrolysis and the parameters derived
from high molecular weight cyclic biomarkers.

Thermal maturity mapping of most sedimentary ba
sins, especiaIly petroliferous, starts as a one-dimen
sional study (single well data) and expands to two
dimensional (few wells projected onto cross-sections) or

even three-dimensional studies (control from numerous
wells). In all cases an expected down-hole increase in
maturity facilitates interpretation; the main problem is
the variation in type of organic matter with depth, i. e.
comparison of parameters measured on different mate
riais. In North GreenJand the basin is deeply eroded
and well exposed but there are no wells. No details were
known on maturity gradients prior to sampling although
an increase towards the north was expected due to the
position of the metamorphic belt.

The maturity studY presented below is essentiaIly
two-dimensional, the present-day surface being pro
jected into a horizontal plane. This broad simplification
seems valid although the terrain is rough; only minor
variations of maturity with attitude have been observed
(see a folIowing section).

The maturity mapping concerns the outcropping Of

ganic-rich units. An attempt to predict the maturity
spatiaIly for any given unit has been made. In this
context the thick organie-lean sequences are problem
atie, especiaIly the shallow-water carbonates towards
the south and the turbidite sandstones towards the
north. The only applicable maturity parameters in such
sediments are the Conodont Alteration Index (Epstein
et al., 1977) and X-ray diffraction data on clay minerals
(e.g. Foscolos et al., 1976). Both parameters provide
little specific data on petroleum generation and de
struction and provide no reliable input data for thermaJ
modeIling, although various authors have tried to corre
late them to other, better established indicators (He
roux et al., 1979; Bustin et al., 1985a).

Measured maturity parameters

The analyticai programme including details on sam
ple preparation and laboratory techniques is described
in Chapter 3. Most of the measured parameters are
based on physical and chemical properties of the resid
ual kerogen ar its generation products, hydrocarbons
(bitumen).
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Fig. 25. Maturity map of the area where the Henson Gletscher Formation is exposed. The iso-Tma> lines are taken from Chris
tiansen et al. (1987), the line corresponds to the maturity profile shown in fig. 36.

For screening purposes a combination of Rock Eval
pyrolysis (TmaJ and palynological studies (TAI) has
been applied. Preliminary results covering most of the
region were published by Christiansen et al. (1985) and
these were followed by more detailed studies on the
Cambrian and Silurian sOurce rocks (Christiansen et al.,
1987; Christiansen & Nøhr-Hansen, 1989).

A number of other maturity parameters have sub
sequently been included in the study, generally deter
mined on a much smaller number of samples, but em
ploying more sophisticated techniques. Gas chromato
graphy (Ge) and gas chromatography/mass
spectrometry (GC/MS) provide several maturity param
eters both from extraction data and from specific molec
ular compounds. Coal petrographic methods on pol
ished samples give reflectance and in rare cases fluo
rescence values for both kerogen and bitumen. In
addition graptolite reflectance studies have been carried
out. Finally a number of less commonly used methods

such as X-ray diffraction of kerogen ('kerogen crystal
linity') were applied at a later stage.

In the folIowing the different parameters obtained are
presented regionally method by method. This is fol
lowed by considerations of thermal maturity parameters
and the boundaries of the oit window. The interdepend
ence of the various parameters, both regionally (com
posite maps and profiles) and sample by sample (cross
plots), is discussed in a succeeding section. Finally, the
few local thermal anomalies are described and the lim
ited data available from Peary Land are reviewed.

Rock Eval pyrolysis: Tmax

Rock Eval pyrolysis is the most widely applied tech
nique in this maturity study. More than 600 samples
were analysed providing more than 260 reliable Tmax

values. All pyrogrammes were inspected visually ,
whereupon a number of Tmax values were excluded from
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Fig. 26. Maturity map of central and western North Greenland, based
mainly on data for the Silurian from Christiansen & Nøhr-Hansen (1989).
The line in Washington Land corresponds to the maturity profile shown in
fig. 37, the numbers in brackets refer to the rank in maturity in the
composite maturity profile in fig. 38. 8"
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further consideration. Samples with small S2 values «
0.2 mg Helg rock) were omitted; only values from
visually well defined S2 peaks were included (see fig.
10). Bitumen-stained samples were also excluded; these
were typically recognized by high SlrrOC and S1IS2
ratios, skewness of S2 peaks towards the SI peak and
overlap between SI and S2 peaks (see fig. 10). Gener
ally these bitumen-stained samples exhibit anomalously
low Tm• x values which are not representative of the
thermal maturity.

Usually there is only minor variation of Tmax values
within individual cores, sections or smaller areas. For
Tm.. values < 440°C a scatter of ± 5° is typical; for
values ~ 450°C a variation of ± 10° is commonly ob
served, and the variation increases for poorly defined
Tma, values above 470°C (see e.g. figs 35-39). These
variations are small compared to most Mesozoic basins,
and would be much smaller if only the most organic-rich
samples were considered (e.g. TOC > 2%). The con
stant Type II kerogen composition prior to subsidence
and thermal alteration (see Chapter 5; Christiansen &
Nøhr-Hansen, 1989) ean be expected to reduce the var
iation compared to regions with lacustrine (mainly Type
I kerogen) or terrestriaIly dominated (mainly Type III
kerogen) deposits.

As a consequence it is possibie to utilize Tmax average
values in the preparation of thermal maturity maps,
typically calculated for single sections or smaller areas.
Two examples are shown in figs 25 and 26, one including
the area where the Henson Gletscher Formation is ex
posed, the other covering the whole region. The tenta
tively drawn iso-Tmax lines clearly define a distinct ther-

mal maturity trend with a strong gradient from south to
north.

The maturity map for the Cambrian source rocks is
relatively detailed and the calculated values are typ
ically spaced at intervals of 5 to 10 km. Due to the
systematic increase in maturity from south to north
contouring the Tmax values is easy. The iso-Tmax lines are
closely spaced; the distance from the 440° ('early ma
ture') to the 460° ('end of generation') is only 8 to 12
km, and from 440° to 500° (no hydrocarbons preserved
at all) about 25 km (fig. 25). The map of the whole
region is based mainly on values from the Silurian shales
(fig. 26). In this case the values are more scattered with
typical distances between 10 and 30 km. Contouring the
data is difficult, and the result is probably not as accu
rate as the Cambrian map, since the iso-lines have the
same trend as the strike of the exposed Silurian shales.
The distance between iso-lines increases towards the
west and south, especiaIly for the early mature to ma
ture areas in Hall Land and Washington Land (fig. 26).

Thermal Alteration Index (TAI)

Measurements of the Thermal Alteration Index
(TAI) were widely applied for screening purposes in
combination with Rock Eval analyses (Christiansen et
al., 1985, 1987; Christiansen & Nøhr-Hansen, 1989). In
order to obtain consistent results the samples were all
examined by one person (HN-H) using constant micro
scope conditions. The TAI value was visually evaluated
from the colour of the rim of the relatively large amor
phous kerogen particles using a scale from l to 5 with a
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± subdivision (Staplin, 1969; Burgess 1974; Dow,
1977). Selected examples with a progressive coIoration
are shown in Plate 5. Increase in thermal alteration not
only changes the colour of the kerogen but also the
structure. Immature to early mature kerogen which has
expelled only minor amounts of hydrocarbons has a
f1uffy structure (not illustrated), mature kerogen has a
granular to f1aky appearance (Plate 6 A) whereas post
mature amorphous kerogen has a more spongy charac
ter (Plate 6 B). Newly genera ted bitumen was also
observed in the palynological slides. It occurs typically
as angular particles reflecting the crystal faces of pores
or as fine stringers (see Chapter 7 and Plate 10). The
bitumen often has a paler colour than the associated
kerogen and was therefore avoided in TAI determina
tions.

The TAI values are fairly constant within single cores
or smaller areas, typically with one or two, occasionally
three, dominating values (e.g. 2+, 2+ - (3-) or (2+) 
(-3-) -3) (figs 35-38; Christiansen et al., 1985, fig. 5;
Christiansen & Nøhr-Hansen, 1989, fig. 6). Hence it has
been possibIe to prepare TAI maps with tentatively
drawn iso-TAI lines for the Cambrian Henson Gletscher
Formation (Christiansen et al., 1987) and for the Silur
ian shales (Christiansen & Nøhr-Hansen, 1989). Both
maps are in good agreement with maps of Tm3x confirm
ing the distinct trend with rapidly increasing maturity
from south to north (see also the profiles in figs 35 to
38).

Gas chromatography and gas
chromatography/mass spectrometry

GC and GOMS analyses provide a number of maturi
ty parameters, both from extraction data and from spe
cific molecular compounds. Furthermore evaluation of
gas chromatograms may, at Ieast qualitatively, support
interpretation of the thermal maturity. The analyticaI
programme included investigations of both extracts of
shale and lime mudstones (source rocks) (n> 25) and of
migrated bitumens (n > 25). The source rock data are
easily applied in the thermal maturity study whereas the
bitumen data should be treated with caution as they
represent not only the thermal history of source rocks
prior to expulsion but also the post-migrational history
of the reservoir.

The analysed samples are divided inta three main
catagories according to maturity (fig. 27):

l) Samples with very low extractabilities; almost all af
the original hydrocarbons are cracked to carbon and
methane. These samples occur in the postrnature zone
where the Tmax is higher than 480°C or not defined.

2) Samples with low to high extractability but without
any preserved high molecular weight cyclic biomarkers
such as steranes and hopanes. These samples are from
the mature to postrnature zone with corresponding Tmax

values between 440°C and 480°C.
3) Samples with high extractabilities and with cyclic

biomarkers present. They only occur in early mature
areas south of the 440°C iso-Tmax line.
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Fig. 27. Map of central and western North Greenland showing regional
variation of maturity parameters derived from the GC and GClMS meth
ods.
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rium; especiaIly the values for the samples from Warm
ing Land and Wulff Land are rather scattered (fig. 28),
probably due to biodegradational effects (see Chapter
7).
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Fig. 28. Thermal maturity parameters based on isomerization
of steranes and hopanes. (A) Empirical relations between mea
sured values, equilibrium values and oil generation. Based on
Mackenzie (1984) and 0stfeldt (1987a). (B) Measured values
from Washington Land (filled squares: source rock extracts;
open squares: bitumen) and southern Warming Land and
Wulff Land (open triangles: bitumen).

The first category is not considered further. The data
from the second category are additionally supported by
the gas chromatograms which show that the saturates
are highly paraffinic with a pronounced light-end bias
(0stfeldt, 1987b). This suggests a high maturity, prob
ably ranging from peak generation to post generation.
The samples cannot, however, be ranked in detail using
this method only. The third group is also dominated by
paraffins, extending up to ~5' and with some light-end
bias towards light hydrocarbons. The presence of cyclic
biomarkers allows the thermal maturity and history of
these early mature samples to be determined in detail,
employing isomerization ratios of steranes and hopanes.

Four ratios, all rising with increasing thermal maturi
ty, were applied (fig. 28; see review by Mackenzie,
1984, and analyticaI detail s by 0stfeldt, 1987a,b, and in
Chapter 3).

CJ1 and C32 hopanes were measured for the 22R to
22R + 22S conversion both of which reach equilibrium
values of 0.6 at pre- to early oi! window maturity. Both
Washington Land source rocks and bitumen and also
the migrated biturnens from southern Warming Land
and Wulff Land have reached these values (fig. 28). Cz.J
steranes were measured for the 20R to 20R + 20S
conversion. The equilibrium value of approximately 0.5
is reached just before peak generation. Such values
were obtained in southern Warming Land and Wulff
Land whereas the Washington Land samples display
slightly lower values (fig. 28). The (3(3/aa + (3(3 ratio
reaches equilibrium late in the oil window with avalue
of about 0.63 using the present technique. It is question
able whether any of the samples have reached equilib-
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Organic petrological parameters

Organic petrological investigations of samples from
North Greenland have been carried out in order to:

1) support the thermal maturity mapping based on
screening methods (Tma, and TAI) with retlectance
measurements on kerogen and indigenous bitumen
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(Rok, Rok~, Rob), especiaIly in the area where the Cam
brian Henson Gletscher Formation is exposed;

2) study the migrated biturnens, both in order to use
bitumen retlectance (RoB) in the maturity study (this
chapter) and for a general discussion of the migration
and diagenesis history (Chapter 7);

3) use tluorescence measurements as maturity indica
tors in these Early Palaeozoic sediments where most
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other organic petroiogicai parameters are rather diffi
cult to apply;

4) calibrate the untii now little applied maturity pa
rameter based on graptoiite reflectance (RmaxG, or al
ternatively Rr

Gor RminG) with other parameters.

Details are provided by Stouge et al. (1988) and
Thomsen & Guvad (1987).

Due to lack of vitrinite sensu stricto in the Early
Palaeozoic, the reflectance studies were restricted to
kerogen and its maturation products, indigenous bitu
men in the source rocks or migrated bitumen. Previous
examples of reflectance measurements in Lower Palae
ozoic sediments with relevance to the present work
inc1ude studies of bitumen (Robert, 1974; Sikander &
Pittion, 1978; Ogunyami et al., 1980), graptoiites and
other zooc1asts (e.g. Goodarzi et al., 1985; Goodarzi &
Norford, 1985; Bertrand & Heroux, 1987) and 'vit
rinite-iike compounds' in the kerogen (e.g. Kisch, 1980;
Buchardt et al., 1986).

The studied kerogen from North Greeniand is amor
phous (Type II) and derived from marine aigae (Chap
ters 4 and 5). In terms of organic constituents it is
dominated by the liptinite maceral group (Gutjahr,
1983). However, some stringers of vitrinitic type of
organic matter are aiso observed. Measurements were
carried out mainly on these stringers (Rok) and on the
generated bitumen (Rob), in many cases, especiaIly at
higher maturities, with a common population (Rokb).
Reflectance of migrated bitumen (RoB) mayaiso be
applied as a maturity parameter, and a linear relation
between reflectance of true vitrinite and solid bitumen
has been suggested (Jacob, 1985).

The reflectance values from the Cambrian sequence
in Freuchen Land support the maturity trend outlined
by screening methods (figs 29, 30 and 36). The values
are, however, rather scattered making ranking based on
single samples questionable. The reflectance of kerogen
and migrated bitumen (R/, (Ro

kb), RoB) seems to follow
the same trend with a general increase from Ro ~ 0.75%
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Fig. 29. Regional variation in reflectance values of shale and lime mudstone. Rok: reflectance of kerogen, Rob: reflectance of
indigenous bitumen, R/b: reflectance of kerogen and indigenous bitumen (one population in reflectogram); F: fJuorescence of
kerogen or indigenous bitumen.



(Tmax < 440°C) in the southern part to Ro ~ 1.75% in
the northern part of the area (Tmax > 500°C) (figs 29 and
30). In contrast indigenous bitumen (Rob, (R/b» often
shows rather low values, even in highly mature areas,
pointing towards a limited new generation of hydrocar
bons late in the subsidence history.

In the remaining region a similar strong south to
north gradient is supported by the reflectance values.
All the samples from southern Warming Land and
Wulff Land (Tmax < 440°C) have RoB values in the range
0.1 to 0.5%. AIso the Washington Land samples (Tmax <
445°C) have low reflectance values with ReB from 0.15
to 0.6% and R/, Reb and R/b between 0.5 and 0.9%
(figs 31, 32, 36, 37 and 38). In the mature to postmature
areas in Nares Land, Wulff Land and Nyeboe Land
significantly higher ret1ectance values have been rec
orded (figs 31 and 32).

Fluorescence of bitumen and liptinitic kerogen has
only been reported from a limited number of samples,
and systematic measurements of A-max and Q values
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have only been carried out on bitumen samples from
Washington Land, southern Freuchen Land and Nares
Land (see details in Thomsen & Guvad, 1987).

Measurements of graptolite reflectance on a number
of samples of Silurian shale with a regional distribution
and a few Ordovician shales from the northern folded
part of the region are included in the study.

Two of the measured parameters, RmaxG (maximum
reflectance) and R,G (random reflectance), seem appli
cabie in the regional maturity mapping and support the
previously mentioned increase in maturity from south to
north (fig. 33).

The lowest values are recorded from Washington
Land (R,G < 0.77%, Rmax

G < 0.87%), followed by
southern Nares Land and southern Hall Land (fig. 33).
The Silurian shales in the region between show higher,
but relatively constant values. The few samples from the
folded northern part of the region yield very high values
of graptolite reflectance (R,G: 4.34-7.24%, Rmax

G: 8.39
9.03%).
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Fig. 30. Regional variation in reflectance values of migrated bitumen (cire/es with dots: macroscopie bitumen in vugs, veins; open
circies: stained carbonates and sandstones). F: fluorescence of migrated bitumen.
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Fig. 31. Regional variation in reflectance values of Silurian shales.
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X-ray diffraction of kerogen

X-ray diffraction of kerogen provides a potential ma
turi ty indicator, although it has been little used in hy
drocarbon studies (see Koch, 1987). The structural state
of the kerogen, which changes with increasing thermal
maturity, is described by employing two parameters dOO2

(d-spacing of 002 in 'graphite') and WHHoo2 (width at
half height of the 002 peak in 'graphite') (see analyticai
details in Chapter 3; Wedeking & Hayes, 1981; Koch,
1987).

The material includes eight organic-rich Cambrian to
Ordovician samples representing a profile with known
increase in thermal maturity (figs 25 and 36) and seven
organic-rich Silurian shales which are regionally scat
tered but easily ranked in order of increasing thermal
maturity (figs 26 and 38; Koch, 1987).

The immaturc to early mature samples are character
ized by very broad diffraction peaks, WHH values
above 5, and an intense scattering in the angular range
10-30° 2fJ (figs 34, 36 and 38). Sampleswith higher
maturities (mature to postmature) show sharper diffrac-

Fig. 32. Regional variation in reflectance values of migrated bitumen
(vugs, veins, stained carbonates and sandstones).
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tion peaks, WHH values between 4 and 2.5, and a
decrease in the scattering (figs 34 and 36). The two
analysed postrnature to low metamorphic samples have
broad but well defined diffraction peaks, WHH be
tween 4 and 5, and only little scattering (figs 34 and 36).
The presence of 101 diffraction is noted in these sam
ples.

.60·

Thermal maturity and the oil window

In the foregoing it has been demonstrated how each
of the measured maturity parameters support the gen
eral mapped pattern of rapid increase in organic diag
enesis from south to north. The parameters vary consid
erably in applicable range of maturity as well as in
exactness. Only a few of the parameters provide specific
information on the four most important thresholds in
petroleum exploration: (1) onset of petroleum gener
ation, (2) peak generation, (3) end of petroleum gener
ation, (4) end of petroleum preservation.
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Fig. 33. Regional variation in reflectance values of graptolites.
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Fig. 34. X-ray diffractograms of Cambrian samples ranked in
order of increasing thermal maturity (from south to north).
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In North Greenland where the distribution and matu
rity gradient of source rocks are known in considerable
detail, the generation of petroleum is systematically
registered as a decrease in residual potential of the
kerogen and as an increase in hydrocarbon content of
the source rocks.

The variation of these factors with increasing thermal
maturity, in this case expressed as Tmax values, is shown
as circumscribed curves of the Hydrogen Index, S1I
TOC, and SOM/TOC (fig. 35). The Hydrogen Index
curve, which reflects the residual generation potential
of the organic matter, decreases drastically between
Tma. values of 438°C and 445°C ('peak generation'). The
onset value is not known exactiy but probably corre
sponds to a Tmax value of - 43SOC. No significant poten
tial is present at maturities higher than a Tmax of 460°C
to 470°C ('end of generation'). The other two curves
reflect the presence of generated hydrocarbons in the
source rocks, either as the bitumen transformation ratio
(mg SOM/g TOC) or as the Rock Eval parameter S1I
TOC. Despite differences in number of analysed sam
ples and in the techniques themselves, the two curves
are similar (fig. 35). Maximum values are obtained at
conditions corresponding to 'peak generation' and 'just
after peak generation' (Tlllax : 440°C to 455°C). The pet
roleum content is drastically reduced at maturities be
tween Tmax of 470°C and 475°C ('bottom of preserva
tion') and virtuaIly no petroleum is preserved at Tmax

values higher than 485°C (fig. 35).
Although the two generation curves follow the c1assi

cal 'Phillippi-trend' it must be noted that one quantita
tive difference from other petroleum provinces is that
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the highest bitumen ratios observed in North Greenland
are only about 60 mg SOM/g TOC compared to maxi
mum values between 150 and 200 in many other basins
(Tissot & Welte, 1984). These high values are often
from actively generating and expelling source rocks,
conditions which the North Greenland source rocks
reached during the Devonian (?) (see Chapter 8 for
further discussion). Since that time significant amounts
of hydrocarbons have been lost by further migration
and degradation, by surface alteration and evaporation.

The interpretation of generation/degradation with in
creasing thermal maturity is further supported qual
itatively by direct observation of petroleum or its al
tered relicts in the fieid, in palynological preparations
and in polished samples. The decrease in generation
potential of the kerogen is also observed as increasing
coloration, degradation and reflectance. However,
threshold values for onset, peak and end of generation
can only be determinated empirically by comparison
with the above-mentioned parameters.

HI=100 mg 82/% TOG mg 81/% TOG mg 80M/g TOG

100 200 300 400 500 0.1 0.2 0.3 0.4 10 20 30 40 50 60 70
430 430 430

, ,, , ,
440 : , , 440440 ,.. ,.-: .- :' . '.. " --..:: . .. - "1450 450 l 450)( ., ,-

Ol
E
I-

W 460 460 460
...J
a.
:E ", ,.,
« 470 470 470
(f)

",/

480 480 480
/ ,.,

I

~:f
/

(

A B
I

C490 490 490

I$ ('l'

Fig. 35. Plots of hydrocarbon generation parameters versus thermal maturity (sample Tmax) for Cambrian and 5ilurian source
rocks. (A) Hydrogen Index (100 x mg 52/% TOC), only samples with TOC > 2.0% are included. (B) (mg StI% TOC), only
samples with TOC > 2.0% are included. (C) Extractability (mg 50MIg TOC), samples with TOC < 2.0% are in parenthesis.
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Fig. 36. Maturity profile through the area where the Henson Gletscher Formation is exposed showing
the relations between most af the measured maturity parameters. See fig. 25 for location.

Empirical correlation of maturity
parameters

The empirical relations between the maturity param
eters employed are illustrated in various ways as pro
files, composite profiles, cross plots and finally as a
synoptic figure.

Two profiles at an oblique angle to the maturity trend
illustrate the scatter and the sensitivity of the measured
values. One of them is from the area where the Henson
Gletscher Formation is exposed (fig. 36), the other is
from the Silurian shales outcrop area in Washington
Land and Hall Land (fig. 37). Similar information is
shown in the composite profile (fig. 38) where subareas

with outcropping Silurian shales are ranked in order of
increasing maturity (based on Tmax average values). All
three profiles illustrate that a large number of analyses
are necessary, and that none of the methods are fully
adequate by itself.

A number of cross plots are included to show the
direct relations between measured maturity indicators,
especiaIly of Tmax versus other parameters. Fig. 39
shows the relation between calculated Tmax average val
ues (Reg. Tmax ) and Tmax values for individual samples.
In many subareas, especiaIly with Tmax below 460°C,
only minor variation is observed. A number of observed
anomalies (I, II and III) will be discussed in the folIow
ing section.
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Fig. 37. Maturity profile through western Washington Land and Hall Land showing the relations between
most of the obtained maturity parameters. See fig. 26 for location.

A consistent relation between Reg. TAI values and
Reg. Tmax is observed (fig. 40). The TAI values are most
sensitive at ear!y to peak generation (below Tmax of
450°C) and at the beginning of metamorphism with only
little distinction between.

The relation between reflectance of kerogen (Rok and
Ro

kb) and Reg. Tmax or sample Tmax is not sufficient1y
clear to be easily applicable. A considerable scattering
around a roughly linear (?) correlation may be sug
gested (fig. 41).

Reflectance of migrated bitumen (RoB) is much more
sensitive to increasing thermal maturity and displays a
well defined correlation with the Reg. Tmax (fig. 42).
The reflectance of graptolites, whether expressed as R,G
or as Rmax

G , shows a distinct correlation with measured
Tmax values (fig. 43). Both graptolite parameters are
very sensitive in the Tmax range from 435°C to 460°C and
show a dramatic increase in postmature to low meta
morphic rocks.

There is also a consistent relation between the re
gional Tmax values and WHHOO2 with a roughly linear

trend in the Tmax range from 450°C to 520°C and the
high, but scattered, WHH values at Tmax < 450°C (fig.
44). The pattern of high WHH values in the postmature
samples from the northern part of the region is not fully
outlined butappears comparable to the results by We
deking & Hayes (1983).

All measured parameters with increasing maturity
showing onset, peak, end of oil generation, end of oil
preservation and beginning of metamorphism are com
piled in fig. 45. Note the folIowing empirically deter
mined threshold values which seem to be valid for both
the Cambrian and the Silurian source rocks in North
Greenland:

Onset o[petroleum generation: Reg. Tmax : 43~37°C,

TAI: 2--2, R/: 0.5-0.8, RoB: 0.1-0.5, Rmax
G : 0.5-0.9,

R,G: 0.5--0.7, WHH: > 6.

Peak generation: Reg. Tmax : 440-445°C, TAI: 2-2+,
Rok: 0.7-1.0, RoB: 0.5-1.0, R max

G
: 0.7-1.2, R,G: 0.6-1.1,

WHH: 4.5~.
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End of generation: Reg. Tmax : 465°C, TAI: 3--3, R,k:
1.0-1.5, RoB: 1.0-1.5, Rmax

G: 1.4-2.4, R,G: 1.1-1.6,
WHH: 4-3.5.

et al., 1985). However, a number of minor differences
should be noted:

End of preservation: Reg. Tm• x : 475°C, TAI: 3--3,
Rok: 1.1-1.6, RoB: 1.2-1.8, R max

G: 1.5-2.5, R,G: 1.2-1.7,
WHH: 3.5-3.

These threshold values and the empirical relations
between the measured maturity indicators in general
are comparable with many previously proposed matura
tion schemes (e.g. Dow, 1977; Heroux et al., 1979;

Tissot & Welte, 1984; Bustin et al., 1985a,b; Macauley

1) Large variation in reflectance values of kerogen in
North Greenland and relatively low values of the pres
ervation limit.

2) A surprisingly good correlation of RoB (reflectance
of migrated bitumen) with other parameters.

3) Lack of fluorescence in many early mature to ma
ture source rocks.

4) A systematic and good correlation between
WHH OlJ2 and other indices throughout the maturity
scale.
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The above compilation illustrates that the various
parameters applied vary considerably in exactness, sen
sitivity and range of application. All the recorded pa
rameters are very sensitive and applicable in the range

from early mature to peak generation conditions. In the
range from peak to late ar end af generation only a few
af the data available provide a significant distinction
(mainly Tma• and WHH, to alesser degree RoB). In the
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postrnature to low metamorphic range detailed mapping
seems difficult due to the loss of hydrocarbons (no
Tmax)' Some of the reflectance values (Rmax

G
, Ro

G
, ~B,

(~kb» and WHH are the most sensitive parameters in
this range.

Local maturity anomalies

Although most of the data presented support a very
distinct maturity pattern, a number of anomalies have
been recorded in the form of either single sections,
localities, ar smaller areas. The anomalies were de
tected by variation in Tmax ar occasionally in TAI, and
later supparted by reflectance and GC analyses.

Two obvious examples occur in the Cambrian se
quence, and twa more in the Silurian. In the area
around the type section of the Henson Gletscher For
mation (fig. 25) the Tmax values are very scattered. Sam
ples with well defined S2 peaks have Tmax dase to 470°C
whereas other samples have considerably higher values
in the range 480°C to 490°C (figs 36 and 39). These local
high maturation values are probably associated with the
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(B) Sample Tmax (dots; crosses are regional values from sam
ples without any measured or defined Tmax value) versus R,G.
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fault zones or basic dykes present in the area. Also the
area around the Cl and C2 drill sites (fig. 25) displays
scattered Tmax values. In this case the well defined Tmax

values dose to 445°C are from the uppermost shales of
the Henson Gletscher Formation, whereas the lower
shales have higher and poorly defined values in the
range 455°C to 470°C.

Both Silurian anomalies show a striking variation in
maturity depending on stratigraphic and topographic
height (fig. 46). At two locations, around the Nt and N2
drill sites in eastern Nyeboe Land and in central Wulff
Land (the valley compared to neighbouring hills), the
shales overlying the carbonate shelf sequence have a
very high maturity (Tmax 4800C) and those a few
hundred metres higher a considerably lower maturity
(fig. 46). These systematic differences are comparable
to those at the CI-C2 locality and are too large to be
caused by differences in subsidence depth and too well
documented to be caused by analyticai errors.

The local high maturity of the lowermost shales is
more Iikely to be the result of major shearing/thrusting
along the contact zone between carbonates and shales
which may represent a major decollement surfaee (Lar
sen & Escher, 1985), or as interaction of hot basinal
fluids penetrating through the same zone. In the case of
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the valley In central Wulff Land an additional factor
may have been a fault/joint zone striking parallel to the
lake, which could also have permitted migration of hot
fluids.

Thermal maturity of the Peary Land
region

In the Peary Land region the available data are less
systematic as regards both regional distribution and
measured parameters. However, knowledge of the dis
tribution of potential source rocks and their thermal
maturity pattem west of this region allows a re-eval
uation of analyticai work carried out previously by
Rolle (1981) and Rolle & Wrang (1981).

The Silurian deep-water sequence including organic
rich shales can be traced for at least 250 km east of
Freuchen Land before it is overlainJtruncated by ther
mally immature to mature Upper Palaeozoic and Meso
zoic sediments (fig. 47; Christiansen et al., in press).
The Henson Gletscher Formation ean only be traced for
about 80 km in the western part of Peary Land and the
lack of organic-rich units in the Cambrian shelf se
quence fu"rther east makes detailed maturity mapping
difficult.

More than 120 samples of Lower Palaeozoic sedi
ments from the Peary Land region were analysed with
GC (Rolle & Wrang, 1981) and the same samples have
since been complemented by Rock Eval analyses. A
small number of additional samples have been analysed
recently by various other methods.

All of the studied Silurian shales have, despite rea
sonably high TOC contents (1-3%), virtuaIly no gener
ation potential (S2 < 0.1 mg HC/g sample), very low
extractabilities « 10 mg SOMlg TOC), no defined Tmax

values, and are consequently considered as postrnature
or even low metamorphic (fig. 47).

Most other samples with TOC > 1% are from the
Brønlund Fjord Group, especiaUy from the Henson
Gletscher Formation, and are, with the exception of one
locaiity, included in the 'Nordolie' study area (see figs
15, 19 and 30). In the Løndal area, just south of Hans
Tavsen Iskappe (fig. 47), the Henson Gletscher Forma
tion seems early mature with a Tmax average of 441°C,
high extractability, preserved cyclic biomarkers, and a
high generative potential (S2 up to 25 mg HC/g sample,
HI up to 300).

Organic-rich shales (1-10% TOC) from the Ordo
vician Vølvedal and Amundsen Land Groups occurring
in Johannes V. Jensen Land are postrnature to low
metamorphic with no defined Tmax values and very low
extractabiiities (fig. 47). One sample containing highly
coalified impsonite has a Rob of 4.70 (Thomsen & Gu
vad, 1987) corresponding to a vitrinite reflectance of
approximately 3.3 using the equation of Jacob (1985).

Most of the remaining samples provide very little
information on the thermal maturity due to their low
organic carbon and hydrocarbon content. The presence
of minor amounts of migrated bitumen cannot be ex
cluded, the gas chromatograms of these samples all
have a strong light-end bias suggesting a high maturity.

Despite the iimited data base, it is concluded that the
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Fig. 47. Simplified map of the Peary Land region based on Geological Map of Greenland 1:500 000 sheet 8, Peary Land. The
distribution of Silurian shales (stippied), the Cambrian BrØnlund Fjord Group with the Henson Gletscher Formation (vertically
hatched/black) and Upper Palaeozoic, Mesozoic and Cenozoic Wandel Sea Basin sediments (horizontally hatched) is indicated.
Furthermore the folIowing maturity values are shown: Tmax (e.g. 441 or n.d.), TAI, reflectance of bitumen/kerogen, extractability
(very low: cross, low to high: star; only shown for samples with more than 2% TOC). The tectono-metamorphic zones are taken
from Higgins et al. (1985).

northern postmature (to low metamorphic) zone of cen
tral and western North Greenland continues eastwards
where it covers all of Johannes V. Jensen Land and
most, if not all, of the southern part of Peary Land. The
expected transition to mature or immature areas to
wards south cannot be mapped with the data available.

Summary

The thermal maturity pattern of the organic-rich units
in North Greenland has been mapped by screening
methods and later by a number of other, more sophisti
cated, methods. All measured maturity indicators have
been empirically correlated with special emphasis on
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Fig. 48. Simplified thermal maturity map of North Greenland based on aH available data. The Lower Palaeozoic pattern is based
on data from the present chapter, Upper Palaeozoic and Mesozoic values are from Christiansen et al. (in press).

threshold values for (1) onset of petroleum generation,
(2) peak generation, (3) end of generation and (4) end
of petroleum preservation.

Generally a consistent and simple maturity pattem is
observed, with the exception of a few matU11ty anoma
lies probably caused by intrusions or tectonism. The
regional pattem is simplified in fig. 48 which shows a

very large northern area, which is considered as low
metamorphic in terms of organic diagenesis. South of
this zone, two relatively narrow east-west trending
zones with thermally postmature and mature surface
rocks are defined. The southern part of the region in
cludes thermally immature to early mature surface
rocks.
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Plate 1. Kerogen
A. Sample with a relatively low (0.21 % TOC) kerogen content

and a dominance of finely disserninated amorphous kerogen
in a silica gel, Lafayette Bugt Formation, Nyeboe Land,
GGU 316490--1, unsieved organic materia\.

B. As A., Lafayette Bugt Formation, Nyeboe Land, GGU
316490-2, sieved organic material (on lO,um nylon mesh).

C. Sample with a relatively moderate (1.15% TOC) kerogen
content and small to moderate amounts of large amorphous
kerogen particles, Thors Fjord Member, Nares Land, GGU
318007-18-1 unsieved organic materia!'

Plate 2. Cambrian palynomorphs

A. Acritarch-like folded alga. Middle Cambrian Sydpasset
Formation, Freuchen Land, MGUH 19334 from GGU
315873-2; 139.5-13.9.

B. Acritarch-like folded alga. Middle Cambrian Sydpasset For
mation, Freuchen Land, MGUH 19335 from GGU
315873-2; 150.6--7.0.

C. Two acritarch-like folded algae. Middle Cambrian Sydpas
set Formation, Freuchen Land, MGUH 19336 (large light
body), MGUH 19337 (dark small body), both from GGU
315873-2; 122.0-15.3.

D. Acritarch-Iike folded alga. Middle Cambrian, Ekspedition
Bræ Formation, Freuchen Land, MGUH 19338 from GGU
324217-2; 139.2-14.9.

E. Acritarch-like folded alga. Middle Cambrian, Ekspedition
Bræ Formation, Freuchen Land, MGUH 19339 from GGU
324300-2; 131.2-13.4.

Plate 3. Ordovician palynomorphs
A. Acritarch. Upper Ordovician Troedsson Cliff Member,

Washington Land, MGUH 19344 from GGU 316968-2;
145.3-17.8.

B. Acritarch. Upper Ordovician - Lower Silurian Aleqatsiaq
Fjord Formation, Washington Land, MGUH 19345 from
GGU 316085-4; 124.1-21.3.

C. Graptolite fragment, Upper Ordovician Troedsson Cliff
Member, Washington Land, MGUH 19346 from GGU
316968-2; 128.1-2.9.

D. Scolecodont, Upper Ordovician, Troedsson Cliff Member,
Washington Land, MGUH 19347 from GGU 316968-2;
148.8-15.1.

E. AIga. Upper Ordovician - Lower Silurian Aleqatsiaq For
mation, Nyeboe Land, MGUH 19348 from GGU 316103-2;
135.0-15.0.

F. Filamentous alga. Upper Ordovician - Lower Silurian Ale
qatsiaq Formation, Washington Land, MGUH 19349 from
GGU 316058-2; 135.1-4.2.

Plate 4. Silurian palynomorphs
A. Chitinozoan, Angochitina cf. A. elongata. Upper Silurian

Wulff Land Formation, Wulff Land, MGUH 19350 from
GGU 315950-3; 136.9-17.2.

B. Chitinozoans, Linochitina erratica. Upper Silurian Wulff
Land Formation, Wulff Land, MGUH 19351 from GGU
315950-2; 154.3-9.6.

C. Retiolites, graptolite fragment. Upper Silurian, Wulff Land
Formation, Wulff Land, MGUH 19352 from GGU
315950-3; 155.1-11.1.

D. Graptolite fragment, Upper Silurian, Wulff Land Forma
tion, Wulff Land, MGUH 19353 from GGU 315950-2;
127.3-5.7.

E.-H. Trilete spore-like bodies, figs E and F with a degraded
bitumen-like appearance.
E. Lower Silurian Lafayette Bugt Formation, Washington
Land, MGUH 19354 from GGU 211760-2; 143.3-17.2.
F. Upper Silurian Wulff Land Formation, Wulff Land,
MGUH 19355 from GGU 315950-3; 15950-3; 155.5-8.2.

D. As C., Thors Fjord Member, Nares Land, GGU 318007
18-2, sieved organic material (on lO,um nylon mesh).

E. Sample with a relatively large (5.09% TOC) kerogen con
tent and a dominance of large amorphous kerogen particles,
Thors Fjord Member, Nares Land, GGU 318007-32-1, un
sieved organic material.

F. As E., Thors Fjord Member, Nares Land, GGU 318007
32-2, sieved organic material (on lO,um nylon mesh).

Scale bar: 20,um.

F. Acritarch-like folded alga. Middle Cambrian, Ekspedition
Bræ Formation, Freuchen Land, MGUH 19340 from GGU
324217-2; 141.9-11.4.

G. Lump of algal or spore-like elements. Middle Cambrian,
Ekspedition Bræ Formation, Freuchen Land, MGUH 19341
from GGU 324300-2; 127.8-14.4.

H. Diad-like lump of algal or spore-like elements. Middle
Cam brian, Ekspedition Bræ Formation, Freuchen Land,
MGUH 19342 from GGU 314300-2; 138.5-17.8.

I. Lump of alga or spore-like elements. Middle Cambrian,
Ekspedition Bræ Formation, Freuchen Land, MGUH 19343
from GGU 324300-2; 157.7-14.7.

Scale bar: 20 ,um.

G.-L. Spores with trilete rays. Upper Ordovician, Troedsson
Cliff Member, Washington Land (Nøhr-Hansen & Koppel
hus, 1988).
G.-1. Besselia nunaatica, MGUH 17539 from GGU
316968-2; 125.5-8.3.
G. Distal view illustrating the minute ornamentation.
H. Equatorial view.
I. Internal proximal view.
J. Besselia nunaatica, two connected spores, internal proxi
mai view, MGUH 17541 from GGU 316968-2; 155.1-11.9.
K.-L. Besselia nunaatica. MGUH 17542 from GGU
316968-2; 123.8-15.9.
K. Distal view illustrating the ornamentation.
L. lnternal proximal view.

Scale bar: 20,um.

G. Upper Silurian Nyeboe Land Formation, Nyeboe Land,
MGUH 19356 from GGU 319234-2; 119.3-11.0.
H. Upper Silurian Nyeboe Land Formation, Wulff Land,
MGUH 19357 from GGU 319210-3; 130.6--21.4.
I. Spherical folded algae, acritarchs? Lower Silurian La
fayette Bugt Formation, Hall Land, MGUH 19358 from
GGU 324157-2; 144.2-8.5.
J. Tubular structure. Upper Silurian Nyeboe Land Forma
tion, Wulff Land, MGUH 19359 from GGU 319210-3;
146.6--16.5.
K. Tubular structure. Upper Silurian Nyeboe Land Forma
tion, Nyeboe Land, MGUH 19360 from GGU 319234-2;
138.8-8.0.
L. Rounded drop-shaped palynomorphs. Lower Silurian La
fayette Bugt Formation, Washington Land, MGUH 19361
from GGU 316061-2; 137.1-14.8.

Scale bar: 20,um.



Plate l. Kerogen
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Plate 2. Cambrian palynomorphs
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Plate 3. Ordovician palynomorphs
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Plate 4. Silurian palynomorphs..
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Plale S, Progressive coloration of amorphous kerogen with increasing Ihermal alteration

l'lale S, Progressive coloration of amorphous kerogen with increasing thermal alteration

Scalc bar: 50I,m

A. TAI: (2)-2'. GGU 211759-2. B. TAI: 2'-(3 l. GGU 324405-2. C. TAI: 4'. GGU 316475-1.



IlIate 6. Change in structure of amorphous kerogen wilh increasing thennal alteralion as observcd
in thc scanning electron microscope

Plate 6. Change in struclure of amorphous kcrogen with increasing Ihermal alteration as obscrvcd in
the scanning e1ectron microscopc

A TAI 2'-(J). T_.~. GGU 32~2. 'luk bar: IO pm.

Pl3te 7. Field appcarance of bitumen

A. Sccpmg asphalt from southern Wulfr Land (equl\'3lent to
GGU JU200I·

Plate 8. Macroscopic bitumen in slabs

A Asphalt from seep m dolomlte brcccla GGU 324200A.
D. Llke A. St;llncd. DO. Dl. 02, Cl. C2 correspond to gener

atlon~ of dolomitc and cakite.

Plate 9. Bitumen in thin section

A. Bitumen in eoral. GGU 32~I30B. utfayene Bug! Forma
tion. Nychoc L:ll1d. Plane light. st:lined. C: e:Ileite. Fe·C:
Fe-rich ealeite. B: bitumen. scak bar: I mm.

B. Bilumen in eoral. GGU 316067, LafayeIle Bugt Formalion,
WashinglOn Land. Crossed nicols + g}'psum plate. O:
quarlz. C: eakile. B: bitumen, scale bar: I mm.

C. Bltumen·rilled fraeturc in ealcarcnite. GGU 318013-09,
Lafa)'ctlc Bugt Fonnation. Nycboe Land. Plane: light. scalc
bar: 2 mm.

il TAI ~'. T_. nd., GGU JI6475-2. SC'3le bar 10pm

(J Hard ~id bllumcnLll dolomllc \ug Ln thi: S)dpassct Fonna·
1I0n (et(uI\alenl to GGU 32~287-J2-1299. rore GGU
318003)

C A~phalt from seep lil dolomltc brcccla. StaLncd Same gen
cr.lILons of carbonalc-s as A and Il GGU n-l200E.

D lIard solid bilumen il} vugs and ,'ems lil dolomile grain.
~tone. DO: dolomile grainstonc. Dt: saddle dolomltc. Corc
GGU J 18003.

D. Two.pha~d bitumen (black and yellow) (Ill, B2) in s..ddle
dolomile vcill~ (DI) cross-cuning dolomile grainstonc (DO).
See dosc·up (;Irrow) in Plate 11. GGU 318003-53.I-Icnson
Gletscher Form;uion. Freuehen Land. PI;LIle light. se;tle bar:
2 mm.

E.·F. Sadtlle dolomitc vein (DI) in dolomilC grainstonc (DO).
Billllllen occurs as impregnation in DO (BI). as residual
maller in the contacl bclwccn DO lind DI (B2. R,,: 0.92%)
and in the centre uf tlle "ein (B3. R,,: 1.21%). GGU
318003-21. S)"dpassct Fonnation. Freuchcn Land. Plane
light. seale bars: I mm.

Plate IO. Bitumen in palynologically prepared samples obscrved in microscope or in SEM

A. B,tumen ....'th flak) appcaraocc (nolC C1')'Slal imprC5Sions).
GGU 315112-1. Rydcr Glclscher Group Fm 6. Wulff Land.
Scalc bar: 25 Jim.

B. Globular bItumen. GGU 315865-2. AftenSlJcrnes00 Fonna·
1I0n. Nares Land. SC'3lc bar: 50 pm.

C. Globular bllumen .. hich has bccn eXlrudcd dunng and afler
sample preparalion by the x)'lene<onlamlllg moullting me
dium. GGU 315199. Rydcr Glelscher Group Fm 6. Warming
bnd. Scale bar: 12.5 Jlm.

D. BLtumen "'Ith flak)' appc:araocc (nolc Cf)'Slallmpressions).
GGU 315112-1. R}'dcr Gletscher Group Fm 6, Wulff Land.
Scalc bar: IO pm.

E. Illlumcn mirroring imprinls of cl)'Stals from coral space.
GGU 316067-2. Lafayette Bugt Formation. WashinglOll
Land Scalc oor: 10 pm.

F. Thread-hke bllumcn. GGU 324453. Buen FormalIon. Wulff
Land Scale oor: 25 pm.



Plate 7. Field appcarance ol bitumen
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Plate 8. Macroscopic bilUmcn in slabs



•

, .

DO"

D•

9 Bitumen in thin scctionPlate .

~

"",'
, ,

.-'

,

'.

,c

" Dl

'DO
"

" .

... -..j',

•

Dl

----

-, .,,

Dl

E



Plate IO. Bitumen in palynologically prepared samples observed in microscope or in SEM
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Plale II. Bitumen in polished section

82

81 /

Plale I J. Bitumen in polished seclion

GGU 318003-53. Henson Gletscher Formation. Freuchen
Land.

Scalc bar: 50 11m

A. I-luorcscelll light photograph of Iwo·phase bitumen.

B. Normal reneeted light photograph of ~me fieId. 11le ye!.
low-nuorescent low·rcnecling bitumen (82) has a Ru of
0.08% and the dark non·fluorcsccnt high.rcflccting bitumen
(BI) a R"of 1.17%.

C(/\'I'" pie/I'"
C:lmbrian and Ordovid:m strata at Blue aars. Wulff Land. NOrlh Greenland. Photo: J. Lautrup. GGU.
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