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Abstract 

The Lower Triassic Bunter Sandstone Formation is a 
continental redbed sequence deposited under arid to 
semi-arid conditions in a low-energy, fluviatile-aeolian
sabhka environment. The sediments display many di
agenetic features in common with modern and ancient 
redbeds deposited under similar conditions, but local 
influences on the diagenetic assemblage by factors such 
as provenance, structural setting and depositional envi
ronment can be ascertained. With burial depths of only 
1000-2000 meters, effects of compaction are limited, 
high intergranular porosities remain, and no clear 
depth-related patterns are noted. 

The diagenetic assemblage consists of quartz and 
feldspar overgrowths, Fe-Ti oxides, carbonates (calcite 
and dolomite), analcime, authigenic clays, anhydrite 
and halite. The distribution of authigenic minerals is 
controlled by sedimentary facies, with greater amounts 
of poikilotopic anhydrite and halite in sandstones and 
more abundant dolomite and analcime in claystones 
and heterolithic sands. In addition, the replacement of 

ferromagnesian minerals by mixed-layer clays results in 
the greater abundance of these clays in sandstones rela
tive to claystones. 

A well-preserved eogenetic assemblage consisting of 
albite and quartz overgrowths, analcime, dolomite, cal
cite, gypsum and clays is indicative of highly evapor
ative conditions and may reflect higher sodium concen
trations in the depositional brines associated with the 
more basinal, low-energy parts of the depositional en
vironment. Such concentrated brines strongly influen
ced the diagenetic pathways. In contrast, anhydrite and 
halite are the product of mesogenetic reactions in asso
ciation with late stage Zechstein brines which invaded 
the more permeable sands during halokinesis. 

The strength and character of the depositional brine 
is an early control on subsequent diagenetic evolution. 
Within the specific geochemical regime of a given litho
facies, selective reactions occur which characterize par
ticular microenvironments. These reactions impart an 
early eogenetic imprint upon later diagenetic events. 
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Introduction 

T he fo llowing repo rt summarizes one part o f the E n
e rgy Resea rch Proj ect (EFP-83) e ntitled "The Diagen
es is of Clastic R eservoir R ocks in the D anish U nder
ground ". The proj ect , which was fund ed by the Danish 
Ministry of Energy, extended from August , 1983 -
March, 1986 and was a cooperative effort between the 
Geological Survey of Denmark (DGU ) , D ansk Olie & 
Naturgas A /S (D.O .N .G .) and the Geological Institute 
of Aarhus Unive rsity, Denmark . Proj ect leadership 
was administrated by DGU; first by Stanley Fine 
through Sept. 1985 and the reafte r by Patle Rubx k An
derse n. 

The pu rpose of the proj ect was to docume nt the de
trital and di age ne tic assembl ages in four Tri ass ic and 
Ju rass ic sandy form ations and attempt to re late the ir 
di age ne tic modifica tions to factors such as depth , pro
ve nance, lithofaci es and tecto nism . A database fo r the 
compute r trea tme nt of the many parametres used in a 
di agenes is study was a lso established. 

The results o f the project a re prese nted in the fo l
lowing reports: 

DG U publications series A : 
Part I : Bunte r Sandsto ne Fo rmatio n (Tri assic) by Sta n

ley Fin e . 
Part 2: G assum Form ation (Tri assic/Ju rassic) by He n

rik Friis. 
Part 3: Haldage r Formation (Jurassic) by Palle Rubx k 

Andersen. 

Internal Reports: 

Documentatio n fo r co mpute r progra mme! and po int
counting procedure deve loped for th e Di age nes is Pro
ject by Stanl ey Fine . 

Skage rrak Proj ect. Minera logica l co mpositio n and 
di agenet ic processes in Skage rrak Fo rmati on sa nd
stones by Yiggo Je nse n. 

Pre limin ary investiga ti o n on the di age nesis of the in
te rva l 1983-2 167 111 b.RT. (Skage rra k Fo rmati o n ?), 
Yindin g-1 by Pa li e Rubx k A nde rsen . 

Project summ ary repo rt to the Mini stry of Energy by 
Pa ll e Rubx k Anderse n and Stanley Fine . 
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Stratigraphy 

The Bunter Sandstone Formation forms the upper, 
arenaceous part of the Bacton Group, a sequence of 
Lower Triassic elastic rcdbeds previous ly des ignated as 
the Midd le Bu nter (Buntsa ndstei n) . T he na me Bunter 
Sa ndsto ne Form at ion was defi ned by Rh ys (1974) for 
the southe rn North Sea Basin a nd his termi no logy was 
later introduced into Dan ish lithostratigraphic nomen
clature by Bertelsen (1980). 

studies by Fine ( I 986), have since revised th is tran
sitiona l zone and des ignated the Ringk0bing-Fyn High 
as the boundary between these two format ions. 

The Bu nter Sandstone Formation is found in the 
North German Basin in the Dan ish onshore region (fig 
1). Although Berte lsen ( 1980) found that it coalesces 
with the Skagerrak Formation in the central part of the 
Danish-Norwegian Basin further to the north, later 

T he Bu nter Sa ndstone Fo rmatio n is underla in by the 
pclitic Bu nter Sha le Formation and overlai n by the 
cvaporitic 0rslev Format ion (table 1). No forma l sub
division of the Bunter Sandstone Formation has been 
undertaken , but separation into two d isti nct sandstone 
units, especially in the more southerly reaches of the 
Dan ish area, has proven feas ible. C le mmensen (1986) 
relates these upper and lower sandstone sequences to 
German lithostratigraphic units in the central and 
southern part of the North German Basin. 

Germano-type Facies Province 
Northern Marginal 

Facies Province 

-..... 
:o Loi land Group 0rslev Formation 0::: 

C -.Qj 
..... -- ... ............... . ... 
Ul . ..... . ... .. . . ... . .. . .. 

Skagerrak Formation .... ..... . ... . . . .... . . 
-0 

. . . . . . . . . . . . . . . . . . . . . . . 
C ::"::"sun.te·r· ·sa·n-dstone::: : 
d . ... .. . .. . . . . . ..... . ... . . . . . . . . . . . . . . . . . . . . . . 
Ul :::::: ::::: i=ormat,611: :::::::::::: +-' 
C 

...... .. . .. .... . .... ... . . . . . . . . . . . . . . . . . . . . . . 
:::::, Bacton Group 

. . . . . . . . . . . . . . . . . . . . . . . . . ... .. . . . . ........ . .. . . . . . . . . . . . . . 
CD 

Bunter Shale 

Formation Smith Bank Formation 

Tab le I. Lithostratigraphy of the Lower Triassic. Denmark. 
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..... 
. . . . . . . . . . . . . . . ..... . . . . . . . . . . . . . . . . . . . . . . . . 

Fig. 1. Regional distribution of the Bunter Sandstone Formation. The Tfjnder, R9dby and Helgoland localities lie upon salt struc
tures. 
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Tectonic setting and burial history 

In the Danish area, the Bacton Group represents the 
first major regressive phase of the Triassic (Bertelsen 
1980). Tectonic activity increased during deposition of 
the Bunter Sandstone Formation and elastic input into 
the basin increased. A probable Variscan event had 
originally divided the northern margin of the basin into 
a number of major and minor structural elements 
which played a significant role in the later depositional 
history of the region through a combination of differen
tial subsidence and active faulting. Synsedimentary 
faulting was especially active during deposition of the 
Bunter Sandstone and indeed, an unconformity (Hard
egsen tectonic event ?) may be present at the base of 
the Upper Bunter sand unit. These movements re
sulted in a step-like pattern of sedimentary piles which 
thicken from an average of 86 m in the most northerly 
structural block to 216 m in the most southerly one. 
Furthermore, movement of Zechstein salt during the 
early to middle Triassic led to the formation of the E-W 
trending T0nder trough (half-graben) (fig 1) and later 
halokenesis created the T0nder and R0dby salt pillows. 

10 

Little is known concerning the burial history of the 
region. The top of the Bunter Sandstone Formation is 
found today between approximately 1100-2000 metres, 
increasing in depth from north to south. However, 
post-burial inversion of the Triassic sequence is docu
mented by both the absence of Jurassic sediments as 
well as a weak unconformity between the overlying 
Cretaceous beds and the Triassic. Although the amount 
of uplift is unknown, it probably did not exceed 500 m 
(Claus Andersen, pers. comm.). Halokinesis has lo
cally disturbed this regional pattern along the southern 
margin of the T0nder Trough, but on a subordinate 
scale. 

Modelled geothermal gradients of 25° - 35°C/km 
(Michelsen et al. 1981) correlate well with bottom-hole 
values and suggest that current temperatures in the 
Bunter Sandstone Formation are around 60° - 70°C in 
the study area. However, even with a geothermal gra
dient of 40°C/km, and effective burial 500 m deeper 
than present depths, temperatures would probably not 
have exceeded 100°C. 



Sedimentological framework 

Recent sedimentological studies of the Danish Bunter 
Sandstone Formation have been undertaken by Ber
telsen (1980) and Clemmensen (1986). Together with 
studies of the equivalent German middle Buntsand
stein by Clemmensen (1979) and Mader (1982, 1983) 
among others, a picture emerges of alternating sabhka, 
aeolian and fluviatile deposition under relatively low 
energy conditions. To some extent, sedimentation was 
controlled by periodic variations in climate or tectonic 
activity which resulted in a discontinuous and variable 
supply of elastic material into the basin and led to the 
rapid fluctuation of depositional boundaries. 

Paleogeographic reconstructions of German and 
British Lower Triassic sediments indicate an overall 
northerly transport direction from southern source re
gions (ie. Audley-Charles, 1970, Mader 1983). For the 
marginally located Danish Bunter Sandstone, however, 
heavy mineral studies (Larsen & Friis 1975), wireline 
dipmeter surveys in some wells (Leth Nielsen, pers. 
comm.) and facies patterns (Clemmensen, 1986) indi
cate that fluvial progradation in this region was mainly 
from north to south and aeolian sediments may have 
been deposited by southerly as well as northeasterly 
paleowinds. On a local scale, changes in fluvial trans
port direction are considerably more variable, suggest
ing a significant degree of local control. 

The Bunter Sandstone Formation generally consists 
of two sand units separated by a thick claystone inter
val. Each of these two major sandstone units is divided 

into a smaller number of sand beds which, on the basis 
of wireline log signatures, varies from about 1 m to 
nearly 25 m in thickness. Although the number of indi
vidual sand beds varies considerably within the Bunter 
Sandstone Formation as a whole, the sand/shale ratio is 
fairly consistent, generally with values between 20% 
and 35% net sand. 

The lower Bunter sand is mainly a mixed aeolian
fluvial-sabhka unit with sand beds 3--4 meters thick and 
very uniform total thicknesses of 33-36 m. It is only 
found in wells south of the T0nder Trough and can be 
easily correlated because of its widespread lateral con
tinuity. 

The upper Bunter sand consists mostly of fluviatile, 
moderately-sorted sandstones which represent re
peated flooding events by ephemeral streams. Numer
ous thin fining-upwards sequences are stacked upon 
one another, yielding total sand bed thicknesses up to 
nearly 25 m. Since sabhka and lake mudstones up to 
several meters thick can interfinger with these sands, 
several distinct sand intervals can be recognized. No 
certain aeolian deposits are noted, but fluvial deposits 
may be partially reworked. 

The upper Bunter sand is found throughout the in
vestigated region. Unlike the lower Bunter sand how
ever, it varies greatly in thickness (from 30--75 m), 
shows no regular distribution pattern, and has little lat
eral continuity. 
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Lithology and facies 

The Bunter Sandstone Formation consists of red
brown, yellow-brown and greenish grey sandstones, 
siltstones and claystones which locally can be more or 
less calcareous, dolomitic, anhydritic or micaceous. 
Samples are generally hard, but unconsolidated sandy 
layers also occur. 

Sandstones are mostly very fine to fine-grained, al
though medium-grained sandstones, especially in the 
lower Bunter sand, are also found. No coarse-grained 
sands or gravels are present. 

Siltstones are generally redder and more micaceous 
than the sandstones. Claystones are massive or lami
nated and have a variable silt content. They are redder 
and more micaceous than the coarser-grained sedi
ments and may have scattered nodules of anhydrite 
(formerly gypsum) or cubes after halite. In general, the 
amount of total carbonate, anhydrite and halite is 
higher in the sandstones. 

Clemmensen (1986) divided the Bunter Sandstone 
Formation into 14 sedimentary facies, but for the pur
poses of this study, these facies have been reduced to 
five major types. These are: 

Facies 1: clay clast conglomerate. 
Facies 2: massive or horizontally laminated claystone 

or siltstone. 
Facies 3: heterolithic, clayey siltstone to fine-grained 

sandstone. 
Facies 4: small scale cross-bedded, structureless, dis

turbed or horizontally laminated, mostly fine
grained sandstone. 

Facies 5: large scale cross-bedded, fine to medium
grained sandstone. 

It is emphasized that these facies have been used as 
lithofacies, representing increasing grain sizes from fac
ies 2-5. Facies 1 is poorly represented and not con-

12 

sidered further. In addition, since aeolian and fluvia
tile, rather than sabhka deposits, are the facies asso
ciations which have received the most interest, facies 4 
& 5 comprise about 75% of the investigated samples 
even though sandstones only make up around 25% of 
the entire Bunter Sandstone Formation. A typical sedi
mentological log is presented in fig. 2. 

T0NDER-3 

i~ § 
uv> V, 

(ml f me 

V) 
LITHOLOGY 

I-
iii ~ Siltstone 
0 

~ Sandstone a.. 
w ~ Heterolith { 50¼ Claystone 0 and 50 1/o Sandstone) 

z ~ Claystone clasts <f 
::::i 
0 
w 

ADDITIONAL SIGNS <f 
I 

w X Anhydrite nodule 
...J 

~ - 601d 

> :::, STRUCTURES 
...J 
u. ~ Large-scale crossbedding 

~ Horizontal lamination 

~ Small-scale crossbeddmg 

V) 
~ Climbing ripples 

I- ~ Wave-ripples 
iii 
0 ~ Mud cracks 

a.. ~ Disturbed bedding w 
0 ~ Water-release structure 

<f 
I 
~ 
CD 
<f 
V) 
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Fig. 2. Typical sedimentological log, Bunter Sandstone Forma
tion. The sequence illustrated here is part of an 18 meter cored 
interval in the lower Bunter sand unit. 



Analytical results 

Textural data and classification 

Eight wells were incorporated into this study. Sampling 
is presented in figure 3 and clearly illustrates the large 
number of samples in the T0nder wells compared with 
the others. In order to study greater depth variations, 
some samples from Helgoland were also considered. 
Helgoland lies centrally in the North German Basin 
and is the closest outcrop of Buntsandstein to the Dan
ish area (fig 1). 

Fabric and textural data may be summarized as fol
lows. Sorting varies from poor to good and may display 
considerable variation even within small intervals. 
Grains are generally subangular to subrounded, but the 
larger grains may be well-rounded. Textural maturity 
ranges from immature to mature, but is most com
monly submature. The samples display few signs of sig
nificiant mechanical deformation and grain contacts are 
dominantly tangential to long. 

Textural data can provide useful sedimentological in
formation, but as pointed out by Wilson & Pittman 
(1977) and many others, diagenetic processes can signi
ficantly alter these parameters and care must be taken 
in applying them. The data presented here is obviously 
subject to t~ese considerations. Thus, while it is felt 
that grain size and sediment orientation reflect the de
positional conditions fairly accurately, later events 
have modestly reduced the degree of sorting and textu
ral maturity and increased the amount of mechanical 
deformation. Grain shape has also been changed, but 
more by marginal grain corrosion than by grain over
growths. 

Point-counted mineralogical data is given in table 2. 
Samples consist of the following detrital fractions: 
20-65% quartz, 5-20% feldspars and 2-12% rock frag
ments with minor and trace amounts of micas, opaques 
and heavy minerals and variable amounts of clay ma
trix. There are highly variable amounts of ooids and 
claystone intraclasts. Authigenic components include 
calcite, dolomite, anhydrite, barite, analcime, halite, 
quartz, feldspar, Fe-Ti oxides and clays. Visible thin 
section porosity ranges from 2-30% but averages 18%. 

According to Folk's classification (1968), the sand
stones are subarkosic to arkosic. Figure 4 further illus
trates that the samples from the T0nder wells, particu
larly those from T0nder-5, are somewhat more quartz
rich than those from the R0dby- l, Arnum-1 and H0n
ning- l wells. In addition, it is generally observed that 
the more coarse-grained sandstones (Facies 5) are less 
arkosic than the fine-grained sandstones (Facies 4). 

in 
metre 

0 

1150 

1200 

1250 

1300 

1350 

1400 

I~Helgoland 9 2-2-2 -Out 
( Germany) 

~R0dby 1 9 2-5 3.3 Co 

1450 J~Arnum 1 12·4·8·3•7•Co 

1500 

1550 

z~Aabenraa 1 1 ·1 1 ·1 Co 

1600 

z-H0nning 1 7-2-3-2-4-Co 

1650 
,-Tonder 1 1· 2· •2-Co 

Tonder 4 56 13 • 20 13. 5-Co 
1700 

Tonder 3 31 9 14 5 21. Co 

1750 

,--Tonder 5 23 6 17 6 6 Co 

1800 

1850 I i.0gumkloster 1 swc 

1900 

1,9 · 38 79 · 35 49 

Number of thin sections~- ~I 
Number of point-counted thin sections 

Number of bulk mineralogical (XRD) analyses -- __ _ 

Number of clay (XRD) analyses--------~ 

Number of samples studied by SEM --------~ 

Co= Core SWC = Side Wall Core Out =Outcrop Depth 1n metres below K.B. 

Distribution of analyses, Bunter Sandstone Formation. Intervals tor each well 

reflect sampling interval, not the Formation interval, which may be greater. 

Fig. 3. Sampling profile, Bunter Sandstone Formation. The 
numbers in the legend are the sums for each type of analysis. 
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This is probably a primary depositional feature and 
does not appear to be related to diagenetic modifica
tions. A detailed petrographic description of all com
ponents follows below. 

Methodology 

Samples were analyzed by thin section, SEM, X-ray 
diffraction and electron microprobe. In addition, facies 
were assigned to samples based upon earlier sediment
ological descriptions by workers at the Danish Geolog
ical Survey and Clemmensen (1986). All quantitative 
data were then treated by computer, using software de
veloped especially for the project (Fine, 1985). 

Thin sections were prepared on samples cut normal 
to bedding and were examined by classical optical 
methods. Point-counts were carried out on selected 
slides, aided by a combined Alizarin Red S Potassium 
ferricyanide stain for carbonates (Friedman 1971) and a 
sodium hexacobaltnitrate stain for K-feldspar (Ibid). 
All thin sections were impregnated with a blue-colored 

14 

epoxy to aid porosity recogmt10n. Between 350-500 
points were counted for each sample. 

Scanning electron microscopy (SEM) was carried out 
on either a Cambridge MK 2 or a Cambridge S180 with 
EDS. 

X-ray diffraction was used to analyse samples for 
both their bulk mineralogical content and their < 2 µm 
clay assemblages. It is recognized that the use of the < 
2 µm fraction may have selectively removed kaolinite 
from the samples, but comparison with thin section and 
SEM data indicates that kaolinite was only found in 
very small amounts. 

Bulk analyses have been quantified in an uncor
rected manner such that individual mineralogical 
trends between samples may be discerned, but absolute 
values are meaningless and no scale is given on plots us
ing bulk X-ray data. Clay minerals have been analyzed 
by the common methods (Carroll 1970). Clays have 
been quantified using a scale from 1-5 (see table 6 for 
explanation). Electron microprobe analyses were car
ried out on a JEOL 733 LINK energy-dispersive system 
with a ZAF/FLS-4 program. A 1 nA current with fo
cused beam was used. 



...... 
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Table 2. Point-counted mineralogical data, Bunter Sandstone Formation. Values are in volume percent. 

Sample 
number 

1948 
1949 
1641 
1261 
1264 
1265 
1269 
1268 
1273 
1274 
1153 
579 

1155 
580 

1163 
1156 
1157 
1159 
1158 
1288 
1276 
1279 
1280 
1281 
1282 
1283 
1297 
1298 
1305 
1302 
1635 
1637 
1309 
1310 
1311 
962 
963 
967 
970 

Average: 
Interval: 

Well 

name 

He Igo land 
Helgoland 
Rodby-1 
Rodby-1 
Arnum-1 
Arnum-1 
Arnum-1 
Arnum-1 
H0nning-l 
H0nning-l 
Tonder-3 
Tonder-3 
Tonder-3 
Tonder-3 
Tonder-3 
Tonder-3 
Tonder-3 
T0nder-3 
Tonder-3 
Tonder-4 
Tonder-4 
Tonder-4 
T0nder-4 
Tonder-4 
Tonder-4 
Tonder-4 
Tonder-4 
Tonder-4 
Tonder-4 
Tonder-4 
Tonder-4 
Tonder-4 
Tonder-5 
Tonder-5 
Tonder-5 
T0nder-5 
Tonder-5 
Tonder-5 
Tonder-5 

Depth Mono. 
(meter) quartz 

0.00 38.1 
0.00 45.3 

1151. 72 40.2 
1367.78 44.2 
1440.48 21.6 
1440.48 23.2 
1442.98 33.3 
1444.18 26.9 
1632.95 34.7 
1633.60 35.9 
1651.03 26.4 
1657 .00 30.2 
1671.30 43.4 
1671.30 43.0 
1675.26 36.9 
1677.24 36.1 
1795.00 57.9 
1795.00 28.3 
1806.05 35.8 
1642.20 29.0 
1658.15 25.9 
1664.30 30.5 
1666.05 31.7 
1667.80 32.1 
1669.50 34.1 
1671.00 26.2 
1679.50 37.9 
1681.25 19.7 
1684.30 43.5 
1689.15 49.0 
1776.50 32.2 
1795.21 29.0 
1738.47 47.9 
1739.59 44.7 
1739.91 46.5 
1857.35 41.6 
1860.45 42.0 
1871.55 29.5 
1879.70 32.2 

35.6 

Poly. 
quartz 

12.0 
9.0 
6.6 
5.2 
0.8 
2.3 
1.9 
3.1 
3.0 
4.9 
2.1 
6.5 
7.0 
7.9 
3.9 
7.4 
5.2 
4.5 
5.5 
3.1 
3.5 
4.5 
3.7 
4.9 
7.7 
5.6 
7.8 
3.7 
4.8 
7.0 
7.8 
5.1 
4.3 
7.5 
7.1 
7.1 
5.3 

10.5 
9.8 

5.5 

Sediment- Crystal-
Plagio- K-Feld- ary rock 
clase spar fragm. 

1.6 
1.0 
2.2 
4.5 
3.5 
4.2 
4.7 
6.7 
5.7 
5.6 
6.8 
5.3 
2.2 
1.1 
3.0 
4.1 
0.2 
3.6 
2.5 
4.1 
6.4 
8.4 
7.6 
9.0 
6.2 
4.9 
6.2 
2.5 
3.5 
5.0 
7.0 
9.9 
4.7 
6.3 
3.5 
4.5 
4.2 
0.7 
4.4 

4.6 

10.7 
9.0 

10.7 
8.3 
9.1 

11.4 
10.8 
10.2 
13.7 
12.2 
10.2 
9.3 
6.2 
7.9 
8.4 
8.0 
5.8 

14.5 
9.4 
8.4 
9.1 
7.5 
5.7 

12.1 
6.8 
5.6 
5.8 
3.7 
7.0 
6.0 

10.1 
9.5 
4.7 
3.5 
3.3 
5.5 
7.8 
4.5 
5.4 

8.2 

0.3 

0.4 
0.2 
0.2 
0.2 

0.4 
1.0 
2.8 
0.6 
0.4 
0.2 
1.1 

0.4 

0.4 
0.4 
0.3 

0.2 
1.1 

0.2 

0.2 
0.2 
0.2 
0.3 
0.2 
1.0 
0.7 
0.4 
I.I 
0.4 

0.5 

line rock 
fragm. 

6.3 
5.2 
8.1 
5.5 
2.5 
2.3 
6.1 
4.1 
3.4 
2.7 
6.4 
5.3 
4.6 
2.6 
4.1 
6.3 
3.0 
8.3 
3.6 
2.3 
3.7 
5.2 
5.0 

10.7 
5.7 
4.3 
6.2 
1.9 
3.1 
3.0 
7.8 

10.1 
4.3 
2.3 
4.7 
3.9 
1.7 
2.2 
3.2 

19.7:57.9 0.8:12.0 0.2:9.8 3.3:14.5 0.2:2.8 
4.7 

1.7:10.7 

Total 
mica 

0.2 
6.0 
4.2 
1.7 
6.1 
0.7 
1.4 
3.4 

p 

0.6 

0.6 

0.2 
1.6 
1.6 
1.8 
2.1 

2.0 

0.2 

0.3 

p 

1.7 
P:6.1 

Heavy 
mineral and 

opaques Ooids 
Intra
clasts 

0.3 

0.4 

0.6 
1.6 
1.4 
0.2 
0.2 
1.2 
I.I 
0.9 
0.4 
0.6 
0.6 
3.2 
1.7 

0.6 
1.1 
1.1 

2.1 
0.3 
0.4 
1.6 
1.0 
0.2 
0.8 
0.5 
0.8 
0.3 
1.4 

0.2 
0.9 

0.9 
0.2:3.2 

3.4 
0.3 

0.4 

0.3 
0.8 
0.7 

0.4 

8.3 
0.4 
0.2 

0.2 

p 

0.2 
0.2 
1.0 
0.2 
0.4 
1.0 
1.1 
1.4 
0.2 

2.5 
26.7 

2.5 

1.4 
20.0 
12.5 
3.8 
6.5 
3.0 
3.5 
5.3 
4.0 
1.8 
1.3 

0.9 
2.4 
0.2 
2.3 
5.1 
4.3 
2.3 
3.4 
1.3 

5.3 
0.7 
1.4 

48.1 
2.5 
0.2 

0.7 
1.0 
0.5 

0.3 
0.9 

2.2 4.7 
P:26. 7 0.2:48. l 

Calcite 

2.9 
8.0 

7.8 
3.1 
2.3 
7.3 
4.5 

p 

3.9 

7.3 

4.8 
0.6 

4.8 

8.1 
8.4 
5.7 

1.8 

6.4 

4.9 
P:8.4 

Doto- Total 
mite carbonate 

2.9 
4.6 

p 

0.4 

5.7 
7.1 

1.4 
0.3 

2.0 

3.2 

2.8 
P:7.1 

2.9 
8.0 

7.8 
6.0 
6.9 
7.3 
4.5 
8.0 
7.0 

7.4 
3.9 
3.9 
7.7 
3.5 

10.5 
7.7 
7.2 
4.8 
4.5 
7.6 
4.8 
6.8 
6.7 
4.8 
2.1 
4.1 
3.0 
9.5 
8.7 
5.7 

0.2 
3.8 
2.0 
9.6 

10.4 

6.0 
0.2: 10.5 

Anhyd
rite 

0.2 

0.2 
6.0 
9.0 
0.6 
0.4 

0.4 

6.7 
21.8 
2.1 
1.4 

0.7 
3.8 
0.8 
7.9 
8.8 
2.0 
2.0 

7.3 
16.5 
15.6 
0.3 
0.7 
0.3 

4.8 
0.2:21.8 

analcime 

1.0 

0.4 
1.2 
1.4 

0.2 
1.6 
0.5 
0.8 
0.9 
0.3 
0.2 
0.4 
I.I 
0.6 

0.5 
0.8 
0.6 
2.4 
1.4 
1.6 
1.4 
0.4 
1.8 
1.2 
0.5 
0.6 
1.0 
2.5 
2.4 
0.6 
0.5 

0.6 
4.7 

I.I 
0.2:4.7 

Total 
clays 

3.8 

2.4 
16.7 
16.9 
6.8 

10.2 
6.2 
8.2 

0.8 
2.4 

19.0 
4.8 

3.8 
5.5 

10.5 
15.2 
5.9 
5.5 
3.8 
2.4 

20.6 
3.8 
4.4 
0.6 
0.4 
0.8 
5.4 
6.3 
4.0 

6.1 
2.5 
3.0 

Total 
porosity 

22.2 
19.0 
15.5 
18.8 
11.7 
14.2 
21.9 
19.8 
21.0 
15.5 
18.4 
15.6 
25.5 
27.3 
14.4 
17.1 
22.3 
17.2 
19.3 
5.1 

19.5 
25.3 
23.9 
18.0 
23.3 
15.9 
22.0 
2.1 

20.3 
12.5 
17.6 
16.6 
18.6 
22.1 
17.0 
11.0 
30.3 
10.5 
17.0 

6.5 18.1 
0.4:20.6 2.1 :30.3 

facies 

5 

5 
4 

4 

4 
4 
4 
4 
4 

4 

4 
4 
5 

5 

4 

5 
5 

5 

5 
4 
5 

4 
4 

5 
5 
4 

5 
I 
5 
5 
4 

4 

4 

5 
5 
4 
5 
5 
4 
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Fig. 4. Rock classification, after Folk (1968). 

Detrital components 

Quartz 

Both monocrystalline and polycrystalline types are 

present. Monocrystalline grains range in amounts from 

19.7-57.9% with approximately equal proportions of 

straight and slightly undulose varieties. Polycrystalline 

grains, identified as having 3 or more composite grains, 

are always subordinate in number and although some 

quartz grains have characteristics common to a meta

morphic source, no clear genetic association emerges. 

Finally, rare and scattered second-cycle quartz grains 

have been observed. These tend to be larger than the 

average grain size and may be identified by rounded 

overgrowths and/or an anomalous clay lining texture 
(plate IA). 

The degree of alteration increases from unstrained to 

strained to polycrystalline types (table 3). In detail 

however, the degree of quartz alteration varies greatly 

from grain to grain. Clays, carbonates and anhydrite 

may all corrode and replace quartz and although no 

clear pattern is seen, it nevertheless appears that 

whereas clay is the dominant element attacking poly

crystalline quartz, no preferential alteration by any au

thigenic component is noted for the fresher monocrys

talline grains. Alteration of polycrystalline grains com

monly occurs along crystal boundaries, with the result 

that these grains undergo pronounced intragranular 

dissolution leading to disaggregation of the polycrys

talline fragment and subsequent creation of a second

ary silt-sized fraction. Although intragranular dissolu

tion may occur in up to 25% of the polycrystalline 

quartz grains, it is noted in less than 3% of the mono

crystalline grains, perhaps due here to the preferential 
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removal of inclusions. Marginal corrosion, on the other 

hand, is noted for both quartz types. 
Grains are commonly coated by an iron-oxide 

stained clay and original surface features are difficult to 

detect. Frosted grains and rare mechanically induced 

V-shaped indentations have rarely been observed by 

SEM however (plate 2A). 

Feldspars 

Both plagioclase and alkali feldspar is present. K-feld

spar (8-14.5%) is generally more abundant than pla

gioclase (5-9.8%) although they may occur in approxi
mately equal amounts. The K-feldspars consist of 

nearly equal amounts of microcline and untwinned K
feldspar ( orthoclase) with subordinate perthite. Micro

cline may be more common than untwinned K-feldspar 

in the Upper Bunter Sandstone. Microprobe data indi

cates that the plagioclase feldspars compositionally 

range from albite to andesine. 
The freshness of the feldspar varies considerably. 

Feldspar alteration includes vacuolization, sericitiza

tion, replacement and leaching. In general, plagioclase 

is only slightly more "dirty" in appearance than K-

., ., ., 
~ "' "' v=; 0 ~ :§ C: :::- :::- !:! 

u ti 0 
ci .. 

u !:! 0 a. a. E 0 
ti u ti ·en "' ci "' 1ii .:£ Cl C: 2:- -0 !l 

0 :::, :::, 0 
~ 

.:£ >- u e 
~ If •O a: <( if u 0 

O' Cl:: LL 

Degree of 
Alteration: 

Fresh 74 -91 32-75 7 -29 18 -69 6 -24 
85 48 16 37 12 

Moderately 9 -25 25-50 31 - 71 25-60 39-59 

Altered 14 38 51 48 47 

Very 1 - 2 6-27 14 -48 6 -32 32-53 

Altered 1 16 33 17 44 

Replacement 
By: 

Carbonate 2 -18 1 -19 6 -40 11 - 31 3-20 
6 12 16 16 15 

Anhydrite 1 - 7 5 11 -13 3 -20 7 -19 
4 5 12 9 15 

Clays 2 -26 5-75 20-68 7 - 68 25-69 
7 34 48 38 58 

lntragranular 
Dissolution: 1 - 3 5 -24 7 -43 6 -25 28-69 

2 15 23 14 47 

Overgrowths 

Observed: 1 - 19 38-59 4 -37 8 - 37 -
10 5 18 18 -

74 - 91: Interval 85: Average Values in vol. °lo 

Table 3. Percent alteration of detrital grains, based on point-counts. 

The terms fresh, moderately altered and very altered are subjective. 



feldspar, but plagioclase has undergone a considerably 
greater degree of dissolution than the potassium feld
spar. Microprobe analyses of partially leached plagio
clase grains show a wide range in composition. In two 
andesines of similar composition for example, one may 
be very fresh while the other is strongly leached. As 
discussed by Berner and Holdren (1977), such variabil
ity is probably controlled by the structural state of the 
feldspar. 

Replacement occurs either irregularly and/or prefer
entially along cleavage traces. Both thin section and 
SEM microphotographs clearly illustrate this structural 
control (plates lB, 2B, 2C). Dramatic grain dissolution 
is also observed, particularly for plagioclase and es
pecially within grain interiors. Despite this intensive 
leaching, the skeletal grains relicts generally preserve 
an identifiable grain morphology (plate IC). 

The feldspars are most commonly altered to clay. 
Carbonate and anhydrite replacement may play a lo
cally significant role. It should be noted that whereas 
the number of feldspar and other detrital grains being 
replaced by carbonate or anhydrite correlates reason
ably well with the modal distribution of these cements 
in thin section, the number of detrital grains being re
placed by clay is proportionally much greater than the 
total amount of clay observed in thin section (fig. 5). In 
other words, both clayey and relatively clay-free sands 
have approximately equal amounts of clay-altered feld
spar, which suggests that some feldspar alteration may 
be pre-depositional. 

Rock fragments 

Crystalline rock fragments range from 1.7 to 11.8% of 
the tcrrigeneous fraction. Metamorphic and igneous 
rock fragments are the most common and include 
mostly granites and gneisses with subordinate phyllites 
and schists. Within an approximate 15 meter interval in 
the Upper Bunter Sandstone in Tonder-3 and Ton
der-4, granitic fragments with a myrmekitic texture are 
a common component of the crystalline rock fragments 
and may be a useful means of correlation between 
these two wells. Volcanic rock fragments were not ob
served. 

Detrital sedimentary rock fragments never exceed 
3%. They include chert ( < 1 % ) as well as some green
ish, possible siltstone fragments. Red claystone clasts 
are a common component (fig. 2) but sedimentological 
criteria suggests that they are intraformational, perhaps 
rip-up clasts from overbank deposits (Clemmensen, 
1986). As such, they are not included together with the 
above-mentioned terrigeneous grains and are similarly 
not incorporated in a rock classification triangle of Folk 
(1968) (fig. 4). 

Of all the detrital components, rock fragments are 
most affected by alteration. Less than 25% of the crys-

2 DGU Serie A nr. 15 

talline fragments may be classified as fresh but between 
32-53% are classified as very altered (see table 3). In 
fact, the percentage of altered rock fragments is prob
ably underestimated since extensive alteration makes 
recognition of such grains problematic. As was also the 
case for polycrystalline quartz and feldspar grains, clay 
replacement is the dominant type of alteration and 
feldspars are preferentially altered relative to quartz 
within a given rock fragment. When present, replace
ment by anhydrite or carbonate is less mineralogically 
selective and seems to attack the grain as a whole. 

Dissolution of rock fragments is a common feature, 
observed in 30% to nearly 70% of the grains. The feld
spars are preferentially leached, leading to the forma
tion of secondary porosity and the eventual disaggrega
tion of these composite fragments. The pervasive 
leaching of sedimentary rock fragments or intraclasts 
indicates that cherts and clays have also been subject to 
removal. In most cases, accompanying marginal corro
sion has resulted in pitted and etched surfaces and ir
regular grain shapes. 

Micas 

Micas generally range from <1-3% in the investigated 
sandstones although up to 6% was encountered in Ar
num-1. Micas clearly increase in the more poorly
sorted silt- and claystones and visual estimates indicate 
that between 5-10% micas are present here. There is a 
tendency for the fluviatile Upper Bunter Sandstones to 
be more enriched in micas than the more aeolian 
Lower Bunter Sandstones. 

Biotite is the most common mica, followed by mus
covite and rare chlorite. As described by Turner (1980, 
p. 286), biotites are commonly oxidized, and develop 
hematite along cleavage traces, but this type of al
teration varies considerably. In extreme cases, the bio
tite has been entirely replaced by iron oxides. Clay re
placement has also been observed, but the type of clay 
could not be determined. SEM microphotographs of 
biotites reveal surfaces which are pitted and examples 
of carbonate replacement have been noted. 

The micas in the claystones are generally unde
formcd and although similarly undeformed grains are 
seen in the sandstones, micas are commonly bent or 
even splintered here. Plate ID illustrates a muscovite 
grain which has been deformed by an unknown grain 
which must have been leached at a later point. 

Accessory minerals 

The accessory minerals are divided into non-opaque 
and opaque groups. Less than 1 % non-opaques and up 
to 3% opaques may be scattered throughout a sample. 
Thin, well-sorted stringers have been noted in a few 
samples of the Upper Bunter Sandstone. 
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DETRITAL GRAINS Bl:TNG 
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DETRITAL GRAINS BEING 

REPLACED BY CARBONATE 

Fig. 5. Degree of alteration of detrital grains vs. total abundance of the replacing phase. Quantification from point-counts. 

The non-opaque accessories consist dominantly of 
garnet with subordinate zircon and much rarer epidote, 
rutile, apatite, tourmaline and sphene. The garnets and 
zircons are well-rounded and appear to be relatively 
fresh but when studied as heavy mineral separates, cor
rosion of the garnets is apparently more pronounced 
(Henrik Friis, pers. comm.) 

No attempt was made to quantitatively distinguish 
between primary and secondary opaque minerals. The 
opaque minerals are dominantly hematite with lesser 
amounts of magnetite and anatase. Microcrystalline he
matite is especially associated with clay and causes the 
strong red coloring in the sediments. Iron-bearing pha
ses such as biotites and former ferromagnesian miner
als often have a particularly strong stain. Walker 
(1967), Walker and Honea (1969), Ixer et. al. (1979), 
Turner (1980) and Morad (1983) have described the 
processes involved in the coloring of redbeds. 

Ooids 

Ooids are found in amounts ranging from < 1 % to 
around 30% ( table 2). In detail however, ooids are 
either concentrated in thin horizons in aeolian beds 
from the Lower Bunter Sandstone or found as single, 
scattered grains in both Lower and Upper Bunter units. 

Ooids range in size from 0.1-0.4 mm and closely par
allel the sedimentary sorting within a given thin sec
tion. They are largest and best preserved in the ooid
rich laminae. Oolites ( ooid-rock fragments) are some
times observed as well. The source of the ooids is un
known. Clemmensen (1986) suggests that they could be 
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contemporaneous, wind-blow, marginal lake deposits 
but ooids are also known from both the underlying 
Bunter Shale Formation (Bertelsen 1980) as well as the 
Permian (Clark & Tallbacka 1980). 

Both tangential and radial substructures, as de
scribed by Simone (1981), are seen in the ooids. These 
two types occur in approximately equal amounts, show 
several generations of growth interrupted by ferric
stained concentric rings and may have variably thick 
drusy, pore-filling calcite crystals growing radially from 
their margins (plates lE, 2D). A calcite-replaced 
quartz or feldspar nucleus is sometimes noted. 

When compared with the ooid-rich laminae, the 
smaller, scattered ooids are more irregular in shape and 
their internal structure is more indistinct. In addition, 
pore-filling, drusy calcite crystals tend to be poorly de
veloped on these ooids. 

Ooids are often affected by intragranular dissolution. 
Even in the ooid-rich horizons, where the ooids appear 
least altered, around 25% show signs of leaching. Fur
thermore, internal dissolution is sometimes noted des
pite the presence of thick authigenic growth outwards 
from the margins of the same grain (plate lF). This au
thigenic growth has rarely been noted growing inwards 
into the leached ooid interior. Ooids have also been af
fected by pre-depositional fracturing as well as post
depositional compaction and pressure solution. The 
latter process results in deformation of these relatively 
soft fragments by squeezing between, and penetration 
by, harder detrital grains such as quartz and feldspar 
(plate 2E), and sutured contacts may result. There is 
often an unusually thick iron oxide lining along these 
contacts. Staining indicated that the ooids were iron 



free calcites and microprobe analyses of ooid interiors 
and drusy authigenic margins proved that they both 
consist of nearly pure CaCO3 • No compositional zoning 
was evident. 

lntraclasts 

Due to the combined diagenetic processes of deforma
tion, replacement and dissolution, the primary charac
ter of sedimentary intraclasts has often been masked. 
In addition, similar diagenetic processes affecting labile 
grains such as feldspars, micas and crystalline rock frag
ments can lead to misidentification of these detritals as 
intraclasts. 

Claystone and siltstone intraclasts have been recog
nized. They were identified by criteria such as texture 
and grain size, color, type of alteration, resemblance to 
matrix and the adjacent clay layers and resemblance to 
each other. The intraclasts range from < 1 % to nearly 
48% in thin section, may be up to 0.8 cm in length and 
are especially abundant in the Upper Bunter Sand
stone. They are generally red-brown in color and may 
display lamination. In certain intervals, the clasts may 
contain either gypsum (now anhydrite) prisms or dol
omite rhombs (plates lG, 2F). The presence of reddish 
clots of clay within some colourless or yellowish mi
critic fragments suggests that they may be totally re
placed clay- or siltstone clasts. 

Mechanical compaction of the relatively soft clasts 
has often resulted in the development of a pseudo
matrix and it may be noteworthy that the squeezed 
clasts are commonly the best preserved. Intragranular 
dissolution has played an important role; at least 25% 
of the intraclasts are leached and marginal corrosion is 
observed throughout. The siltstone clasts tend to be 
more leached than the more strongly reddish-stained 
claystone clasts. Leaching of the micritic clasts varies 
greatly. Replacement and secondary pore-filling of 
leached clasts by carbonate, anhydrite, clays? and anal
cime are frequently noted. 

A uthigenic components 

The following authigenic minerals have been found: 
quartz, feldspar, carbonate, analcime, anhydrite, bar
ite, halite, iron and titanium oxides and various clays. 
These minerals occur as products of several diagenetic 
processes including replacement and precipitation, 
they may occur in one, two or more generations and 
they often show complex relationships with one an
other. Yet, despite the many cements and the 1-2 km 
burial depths, some of the sandstones are unconsoli
dated and others display no apparent form of bonding 
other than thin hematite-stained, tangentially oriented 
clay pellicles around the detrital grains. 
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The minerals are discussed individually in detail be
low. 

Quartz 

Optically continuous quartz overgrowths arc found in 
nearly all samples. They occur on up to 19% of the 
quartz grains in any given thin section (table 2), but 
they are very small and volumetrically contribute less 
than 1 % to the rock. The overgrowths occur most fre
quently on monocrystalline grains but are occasionally 
noted on polycrystalline grains as well. Although over
growths are easily noted by SEM, petrographic re
cognition is usually based upon the presence of a thin 
dust ring on detrital grain surfaces, and as a result, 
overgrowths in the clay-free aeolian units of the Lower 
Bunter Sandstone may be more common than recog
nized. Discrete crystals of authigenic quartz were not 
observed. 

The overgrowths are individual crystallites which 
have the typical rhombohedral and prismatic projec
tions (plate 2G), described by Waugh (1970) and Pitt
man (1972). Larger overgrowths coalesce, and in a few 
cases, form a meniscus which cements an adjacent 
grain. Overgrowths are generally 5-20 µm thick but oc
casionally obtain sizes up to 40 µm. Larger quartz over
growths, between 60--90 µm, have also been observed 
(plate lA), but these are rounded, have unusually thick 
and irregular clay linings on detrital and overgrown sur
faces and may be attributed to second-cycle grains, per
haps from a Permian source. Small idiomorphic facets, 
less then 10 µm, are rarely noted forming on these sur
faces. 

The quartz overgrowths project from both clean and 
clayey grain surfaces. The overgrowths themselves may 
or may not be lined by a reddish, tangential iron-oxide 
stained clay. The common association between quartz 
overgrowths and this clay suggests that the two events 
occurred simultaneously and rather early in the di
agenetic history of the sediment. Some examples of 
quartz cementation in association with other, later
formed authigenic minerals however, (ie. analcime), 
indicates that there have been at least two generations 
of quartz authigenesis. 

Alteration of authigenic quartz was rarely observed. 
Only one clear example of carbonate corrosion upon a 
quartz overgrowth was noted in thin section and no un
equivocal signs of secondary quartz dissolution were 
seen with the SEM. 

Feldspars 

10--40% of the feldspars in any given sample may exhi
bit overgrowths, but they are volumetrically insignifi
cant and contribute less than 0.5% to the rock volume. 
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The overgrowths, which range in size from 5-30 µm, 
are sometimes recognized by a rhombohedral outline 
which is commonly developed parallel to the long grain 
axis and may show the typical hacksaw-like termina
tions described by Waugh (1978), (plates 2H, 3A). The 
overgrowths have only been observed growing into pri
mary poreroom; no examples of authigenic feldspar in 
leached grains were noted. Furthermore, no discrete 
authigenic feldspars have been observed in the investi
gated materials. 

Both Na- and K-rich overgrowths are present. Al
bitic overgrowths appear to be slightly more common 
than K-feldspar overgrowths, but in any case, the oc
currence of both K- and Na-overgrowths contrasts with 
the observations of Waugh (1978) who noted only a sin
gle plagioclase overgrowth in an extensive study of 
British Permo-Triassic sandstones. 

Microprobe analyses of plagioclase overgrowths re
veal nearly stoichiometric NaAISi3O8 with an Na-mole 
percent between 98.8-100.0. This pure end-member 
composition is found irregardless of the host detrital 
plagioclase composition which varies from andesine 
(Ab397An5820r18) to oligoclase (Ab822An129Or48). Mi
croanalyses have also shown that slightly less pure al
bitic compositions have been found as skeletal relicts 
both as rims and within the center of strongly leached 
grains. As textural relationships suggest that these al
bites cannot be overgrowths, and no signs of active al
bitization have been recognized in these samples, it is 
likely that they are relicts of detrital grains rather than 
discrete authigenic albite crystals. Recently, Helmold 
and van de Kamp (1984) showed that albite over
growths have a purer end-member composition than 
detrital albite rims and partially dissolved albite grains. 

Microprobe analyses of 3 K-feldspar overgrowths 
yield an average composition of SiO2 63.66%, Al2O3 

17. 92% and K2O 16.13%, corresponding to mole per
cents of Ab28An112Or971 . Average molecular propor
tions of 5 detrital K-feldspars are Ab10_6An06Or88 _6• 

Thus, although the overgrowths are clearly closer to 
end-member KA1Si3O8 than the detrital grains, they 
are significantly less pure than the K0 _992_0 998A1Si3O8 

mole percent overgrowths presented by Ali and Turner 
(1982) for Triassic sandstones in central England. 

As was the case for authigenic quartz, feldspar over
growths have either been precipitated on pore-linings 
consisting of iron-oxide stained clays or directly onto 
the surface of the detrital grain. In detail, the over
growths may be mixed with this reddish clay, indicating 
that feldspar authigenesis and iron-oxide/clay lining 
precipitation occurred simultaneously. It has not been 
possible to determine any sequential relationships be
tween Na- and K- feldspar overgrowths. 

Despite the often altered and leached nature of the 
detrital feldspars, the overgrowths appear to be rela
tively fresh. However, late stage carbonate and an-
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hydrite cements may corrode and replace both the de
trital feldspar grains and their overgrowths. 

Carbonate 

Carbonates are found in nearly every sample, aver
aging 6.0% and having abundances up to 10%. In a sin
gle case (not averaged), an extensive calcite cement, 
suggestive of a calcrete, is found at 1150 m depth. 

Both calcite and non-ferroan dolomite have been 
identified, filling pore space and replacing detrital 
grains as well as authigenic phases. Carbonate itself 
may be replaced by anhydrite but is otherwise unal
tered. With the exception of ooids and very rare shell 
fragments, detrital carbonate is difficult to confirm. Al
though several of the larger dolomite grains are found 
with some of the sorting and morphological characteris
tics suggestive of primary (allogenic) grains which were 
discussed by Sabins (1962), these same rhombs often 
display clear replacement fabrics and sharp edges in
dicative of secondary formation. 

Carbonates are found in a number of textural forms. 
Calcite is observed as (1) pore-filling drusy crystals 
growing radially from ooid margins, (2) irregularly 
shaped grain replacement fabrics and (3) poikilotopic 
domains cementing relatively large areas. Dolomite is 
noted as (1) small (ea. 30 µm), scattered, pore-filling 
rhombs, (2) similar small rhombs commonly associated 
with red, iron-oxide stained clay and (3) larger (100-
200 µm) replacement rhombs. 

Perfect rhombohedral and scalenohedral forms (dog
tooth and nailtooth spar), are commonly radially devel
oped from the margins of ooids and shell fragments 
(plate 20). The crystals are 10-40 µm in length and in 
rare cases, may reach sizes up to 150 µm and coalesce 
with drusy growth on adjacent ooids to form an exten
sive pore-filling cement. The drusy growth may be 
found on any type of ooid; tangential or radial, whole 
or fractured, leached or fresh. 

Calcite is rather corrosive upon all earlier phases and 
partially or totally replaces many of them. The calcite 
cement often attains a poikilotopic character. 

Dolomite occurs only as well-formed rhombohedra. 
Pore-filling rhombs have a uniform size around 30 µm 
and are found as single, clean idiomorphic crystals 
which are scattered throughout the sandstones. They 
are especially found in association with analcime (plate 
3B) and may be found in both primary and secondary 
pores. Fig. 6, based on bulk mineralogical X-ray data, 
shows the positive correlation between these two pha
ses. Similar-sized dolomite rhombs are often associated 
with the detrital, reddish, hematitic clays so character
istic of the formation. X-ray diffraction data shows that 
dolomite is concentrated in the clayey beds and pe
trographic studies further illustrate how dolomite 
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Fig. 6. Correlation between dolomite and analcime, based upon bulk mineralogical X-ray data. Point-counts show a similar trend. 

rhombs are often concentrated in the red claystone in
traclasts found in the sandy intervals (plates 1 G and 
2F). Although dolomite rhombs are not always found 
in these rip-up clasts, it is nonetheless noteworthy that 
they are so consistently found together with hematitic 
clay and not, for example, with other authigenic clays 
(ie. greenish, altered rock fragments or seriticized feld
spars). The presence of many small red-clay stained 
dolomites can be used to identify intragranular porosity 
resulting from the dissolution of claystone intraclasts. 

Larger dolomite rhombohedra are also observed. 
Some, clearly resulting from replacement, have a 
rounded, red-clay stained core indicative of an un
known precursor (plate lH), but in other rhombs, signs 
of replacement may be missing. In any case, the dol
omite_ may be marginally corrosive on any number of 
detrital fragments and, in some cases, the overall rhom
bic form may encapsule several grains. Rarely, a large 
dolomite is noted marginally replacing an ooid, the 
presence of drusy calcite growth on both sides of the re
placing rhomb suggests that calcite authigenesis fol
lowed dolomite replacement. 

The distribution of replacement carbonate relative to 
pore-filling carbonate indicates that calcite has no pref
erence for either mode whereas dolomite seems mostly 
to occur as a replacement product. Thus, calcite is 
more likely to have a greater effect on porosity reduc
tion than dolomite. 

Carbonates were distinguished petrographically by 
staining techniques and selected samples were then fur-

ther studied by electron microprobe analysis. 45 ana
lyses of 12 samples from 6 wells reveals that both calcite 
and dolomite have remarkably uniform compositions, 
regardless of origin ( ooid, cement) or textural fabric 
(pore-filling, replacing). There were no signs of zoning. 
Data is summarized in table 4. 

These carbonates are closer to end-member com
positions than those described by Boles (1978) for the 
Tertiary Wilcox Group and appear to be rather similar 
to the calcites and dolomites presented by Burley 
(1984) for Triassic sandstones from Cumbria, England. 
It should be noted however, that unlike Burley's mate
rial, no ferroan calcites or dolomites were found in this 
study. 

Analcime 

Analcime occurs as an authigenic phase in amounts up 
to 4. 7%. The difficulty in recognizing this mineral in 
thin section however, when coupled with its common 
occurrence in nearly all bulk samples analyzed by 
XRD, suggests that it is more abundant than the point
counted values indicate. Fuchtbauer (1967) reports the 
occurrence of up to 15% analcime in the middle Bunt
sandstein but analcime is not mentioned in studies of 
time-equivalent Triassic sediments from the United 
Kingdom (Waugh 1978, Colter & Ebbern 1978, Burley 
1984, Knox et al., 1984). 

Analcime is found as single, euhedral to subhedral 
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pore-lining trapezohedra from 10-80 µm in size, as 
semi-poikilotopic pore-filling crystals up to 300 µm 
and, when seen in clays, also as large vuggy infillings 
(plates 3B, 4A, and 4B). It is commonly seen lining sec
ondary pores, especially those due to the leaching of in
traclasts or clay-replaced grains, but it may also line 
primary intergranular pores, often for example, from 
the margins of ooids (plate lE). An intimate asso
ciation between analcime and pore-filling dolomite 
rhombs is also observed (plate 3C), indicating that 
these two phases formed simultaneously. Van Houten 
( 1962), described dolomite rhombs in association with 
analcime, precipitated in shrinkage cracks from the 
rcdbcd Upper Triassic Lockatong Formation, U.S.A. 

Analcime generally has a clear appearance although 
it may occasionally encapsule reddish clots of clay. This 
clay may be flocculated detrital debris, either from ma
trix or leached grains, which was incorporated into 
analcime during its later precipitation. 

Alternatively, the clay may be relicts of a replace
ment process from which analcime formed directly. No 
clear signs of corrosion or replacement by analcime are 
observed and although analcime itself is often strongly 
corroded (plates lE, 4A), these skeletal shaped anal
cime grains commonly abut empty poreroom and no 
leaching agent is obvious. In plate 3D, a clay lining is 

Calcite 

CoO 

MgO 

FeO 

a b C d e f 

51.07 53.31 54.06 51.93 54.03 5514 

0.19 0.34 0.51 0.89 0.99 0.17 

0.80 0.00 0.33 0.18 0.17 0.05 

a Ooid core, partially leached, Hll'lnning 1 

b Drusy growth on some ooid, Hll'lnning 1 

c Poikilotopic, pore-filling, R!ldby 1 

d Replacing, Helgolond 

e Ooid core, T!lnder 4 

f Drusy growth on some ooid, Tll'lnder 4 

Average calcite ( 34 analyses): Co o.96 Mgo.02 Feo.01 

Dolomite a b C 

CoO 31.64 30.06 30.80 

MgO 20.12 18.96 19.55 

FeO 0.38 0.39 0.38 

a Replacement dolomite, TGlnder 4 

b Dolomite rhomb in cloystone interclost, Arnum 1 

c Dolomite rhomb in clayey laminae of heterolith 
T!lnder 4 

Average dolomite ( 11 analyses) : Co ( Co o.o4 Mg o 86 Fe o 01 ) 

Table 4. Electron microprobe analyses of carbonates. 
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Arnum 1 Redby 1 Tender 1 Helgoland 

Na20 12.19 12.53 11.01 12.30 

A~O3 20.05 20.77 21.58 20.46 

SiOz 55.97 57.09 56.36 55.34 

Table 5. Electron microprobe analyses of analcime. 

seen crossing an analcime crystal. The grain is only cor
roded inside of this lining and appears fresh to the out
side of it. If this analcime has replaced a detrital grain 
(i.e. plagioclase), then the clay lining and corroded 
analcime may denote the limits of the original grain and 
the fresh analcime may represent additional pore-filling 
growth. Although both calcite and anhydrite may en
capsule analcime (plate 4D), it appears that analcime 
dissolution took place prior to, and not as a result of 
leaching by these later cements. 

Microanalyses of analcimes (table 5) reveal rather 
uniform compositions and a Si/Al ratio between 2.22-
2.37, well within the range for analcimes of nontufface
ous origin precipitated in saline, alkaline lakes (Hay, 
1966, Wilkinson & Whetten, 1964). Fuchtbauer (1983) 
mentioned possible zeolite precursors and albite re
placement of analcime in the German Buntsandstein 
but there are no indications in this study that analcime 
formed from more hydrous or alkaline zeolites nor that 
albite formed from analcime. 

Anhydrite 

Anhydrite averages 4.8% but is found in amounts up to 
22%. It invariably forms poikilotopic domains and in 
doing so, effectively cements the sediment and elimin
ates porosity (plate 3E). With the exception of halite, it 
is the last mineral to form and may replace any other 
detrital or authigenic phase. 

Anhydrite also occurs as long prismatic crystals up to 
several mm in length, often in a radiating cluster, and 
always in association with red, hematitic clay. In the 
sandy samples, these laths are only found inside clay
stone intraclasts. Both morphological and textural rela
tionships indicate that these are replaced gypsum 
prisms which originally formed at surface conditions 
within detrital clay. In some cases, the anhydrite now 
extends beyond clast boundaries and forms part of an 
optically continous unit with late diagenetic poikilo
topic anhydrite. 

As observed by Fuchtbauer (1967), anhydrite cement 
often shows an affinity for the more coarse-grained 
laminae and in the investigated sands, the anhydrite 
commonly displays a strong fabric-controlled orienta
tion which is easily seen on core slabs. Thin section 
study clearly illustrates that this anhydrite is a late di-



agenetic event. Indeed, early poikilotopic gypsum or 
anhydrite cement is neither seen in the sandy fluviatile 
nor aeolian intervals, which is somewhat surprising for 
sediments deposited under desert conditions (Kessler, 
1978). Burley (1984) recorded no more than 2% sul
phates in fluviatially-dominated Triassic redbeds from 
the l J. K., hut he found higher amounts in confined ba
sins from the English Midlands and Southern North 
Sea (pers. comm.). 

Anhydrite commonly contains relicts of reddish clay, 
ooids or analcime (plates 4C, 4D). Anhydrite itself 
docs not display signs of dissolution. 

Barite 

Small, rare, scattered grains of barite have been identi
fied by EDS analysis during SEM study. The grains 
form fresh, well-developed pore-filling crystals (plate 
3F). It has not been possible to determine their time of 
formation, but late authigenic barite occurs in amounts 
less than 1 % in the German Middle Buntsandstein 
(Fuchtbauer, 1967). 

lab. nr.: 2158 

Lab.: DGU 

Well: Htnning 1 

Depth 1632.95m 

Formation Bunter Sandstone 

Lithology: Sandstone, middle-grairied 

Chlorite: 1 

!Hite: 2 

Kaolinite: 2 

Mixed-loyer:4 {verm-il) 

K3oo·c 

7.06 

7.13 

~' 

Glyc 

Mg 

9.23 

11..05 

100~ 

14.30 

Clays 

The distinction between detrital and authigenic clays 
has been most problematic and neither thin section, 
SEM, XRD nor microprobe analyses have yielded con
clusive results. They are presented as total unspecified 
clays in table 2 and range from 0.4-20.6%. Clays are 
found as matrix, intraclasts, grain replacement, pore
linings and pore-fillings but flocculation and deforma
tion have often disturbed their textural relationships 
and the pervasive reddish staining of much clayey ma
terial has often masked their optical and morphological 
character. 

Both petrographic and SEM study confirm the tan
gential orientation of clay on most detrital grain sur
faces (plate 3G ), indicating the presence of infiltrated 
clay as described by Walker et. al. (1978). These red
dish pore-linings do not display a geopedal texture but 
rather, are concentrated in pits on the grain surface and 
are thinner at points of grain contract. They reach 
thicknesses of 20 µm in R0dby-l and form pore-bridg
ing menisci here (plate 4E), but they are generally 
much thinner. SEM/EDS study of these linings (plate 
3H) suggests that they are probably illitic. 

Lab.nr.: 2159 

Lab.: DGU 

Well : Henning 1 

Depth: 1633.60 m 

Formation: Bunter Sandstone 

Lithology Sandstone I fine-grained 

Chlorite 2 

lllite: 4 

K 3oo•c 

Gtyc. 

Mg 

9.86 

Fig. 7. XRD traces of the< 2 µm oriented clay fraction from two sandstones in the Hr;mning-1 well. Note the abundance of mixed
layer clay in the coarser-grained sample. 
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In partially-replaced grains, it is fairly straightfor

ward to recognize authigenic clays, but rather more dif

ficult to identify them. The problem is obviously com

pounded in totally replaced grains, particularly those of 

ferromagnesian origin which tend to be strongly hema

tite-stained. Authigenic clay replacement tends to oc

cur peripherally or along planes of weakness such as 

cleavages or intergrain contacts in rock fragments. 

Alteration of feldspar by sericite is common and mi

croprobe analyses of plagioclase grains confirmed a 

higher potassium content in the sericite altered areas. 

Sericitization may take place pre-depositionally, how

ever, and except for arbitrary indicative criteria such as 

size of sericite flakes and presence of associated miner-

Sample Well Depth 

number name (meter) Illite Chlorite 

2188R Helgoland 0.00 3.0 3.0 

2190R Helgoland 0.00 4.0 2.0 

2160R R0dby-l 1151.78 4.0 1.0 

2161R R0dby-l 1198.00 3.0 1.0 

2162R R0dby-l 1367.78 3.0 2.0 

2155R Arnum-1 1440.48 3.0 2.0 

2156R Arnum-1 1442.98 2.0 2.0 

2157R Arnum-l 1444.18 3.0 2.0 

2154R Aabenra-1 1569.33 4.0 1.0 

2158R H0nning-l 1632.95 2.0 1.0 

2159R H0nning-l 1633.60 4.0 2.0 

2163R Tondcr-3 1657.00 2.0 2.0 

2164R Tonder-3 1671.30 4.0 2.0 

2165R Tonder-3 1675.26 3.0 2.0 

2166R Tonder-3 1795.00 3.0 2.0 

2167R Tonder-3 1806.05 3.0 2.0 

5022R T0nder-4 1624.23 4.0 2.0 

5023R Tonder-4 1627.96 4.0 3.0 

5025R Tonder-4 1637.73 4.0 3.0 

2168R Tonder-4 1658.15 2.0 2.0 

5030R Tonder-4 1664.56 4.0 3.0 

2169R Tonder-4 1667.80 2.0 2.0 

5032R Tonder-4 1674.46 3.0 3.0 

5033R Tonder-4 1676.73 4.0 3.0 

5037R Tonder-4 1692.93 4.0 2.0 

5039R Tonder-4 1768.40 4.0 3.0 

2170R Tonder-4 1768.40 4.0 1.0 

2171R Tonder-4 1776.50 3.0 2.0 

5041R T0nder-4 1780.10 4.0 3.0 

5000R Tonder-5 1734.48 4.0 4.0 

5003R Tonder-5 1734.71 4.0 4.0 

5006R Tonder-5 1742.80 4.0 2.0 

5010R T0nder-5 1864.50 4.0 3.0 

2172R Tonder-5 1871.55 5.0 2.0 

5015R Tonder-5 1886.20 2.0 3.0 

Average: 3.4 2.3 

Interval: 2.0:5.0 1.0:4.0 

als like epidote, the time of sericite formation cannot 

be more precisely determined. In general, SEM study 

failed to reveal any diagnostic morphologies for re

placement clays, although a boxwork texture ( chlor

ite?) is presented in plate SA, a possible crenulated 

smectite is noted in plate SB and a single example of 

kaolinite is seen in plate SC. High contents of Mn and 
Ti in some clays may be indicative of replaced ferro

magnesian minerals. Microprobe analyses are also dif

ficult to interpret, as unacceptable stoichiometric for

mulae for postulated clay minerals result and it must 

therefore be assumed that these analyses reflect a mix

ture of relict grain, iron oxides and authigenic clay. 

Thirty-five X-ray diffraction analyses on< 2 µm sep-

Kaolinite Vermiculite Smectite Mixed-layer Facies 

2.0 5 

2.0 1.0 2 

2.0 2.0 4 

2.0 2.0 2 

2.0 1.0 2.0 4 

2.0 2.0 4 

2.0 3.0 4 

2.0 1.0 2.0 4 

2.0 2.0 2 

2.0 4.0 4 

2.0 4 

2.0 2.0 2.0 4 

2.0 5 

2.0 1.0 2.0 4 

2.0 1.0 3.0 5 

2.0 1.0 3.0 5 
2.0 3 
2.0 2 

2.0 2.0 4 

2.0 2.0 2.0 4 

3.0 3.0 4 

2.0 1.0 2.0 5 
1.0 3.0 4 

1.0 2 
1.0 2.0 3 

1.0 2.0 1.0 1.0 4 

2.0 2.0 2 

2.0 2.0 3 
1.0 1.0 2 

4 
4 
2 

1.0 4 

2.0 5 
1.0 3 

2.0 1.5 1.0 2.1 

1.0:3.0 1.0:2.0 1.0:1.0 1.0:4.0 

Table 6. XRD analyses of the < 2 µm clay fraction. The values 1---5 represents a quantification of each type of clay as a percent of the total clay 

assemblage. Based upon relative peak intensities and a specific method of computation (Holger Lindgreen, pers. comm.), the numbers 1---5 re-

present the following ranges: 
1: < HJ% of the total clay assemblage 4: 50---70% 

2: 10---30% 5: > 70%. 

3: 30---50% 
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arates show that at least six different clay minerals are 
present (table 6). The assemblage is dominated by il
lite, followed by chlorite and mixed-layer compositions 
consisting of various combinations of illite, smectite, 
chlorite and vermiculite. Lesser amounts of discrete ka
olinite, vermiculite and smectite are also recorded. The 
observed variation in these day assemblages is illus
trated in fig. 7 where two analyses of sandstones within 
65 cm of each other are presented from the H0nning- l 
well. 

The distribution af clay minerals reported in this 
study generally corresponds to those described by April 
(1980) for the Upper Triassic/Lower Jurassic Newark 
Supergroup of the Connecticut Valley, U.S.A. Fur
thermore, by analogy with April's work and Turner 
(1980), it is also seen that the clay mineralogy of the 
Bunter Sandstone Formation is typical of many other 
Permo-Triassic sequences. 

Iron and titanium oxides 

Although no attempt was made to differentiate be
tween detrital and authigenic opaque minerals in this 
investigation, numerous studies of redbeds ( Walker 
1967, Morad 1983) suggest that ferric oxides/hydrox
ides are formed diagenetically in an environment simi
lar to that which prevailed during deposition of the 
Bunter Sandstone. The red color of the sediment is a 
result of dispersed microcrystalline hematite in the 
clay, and indeed, crystals of hematite were occasionally 
identifiable, admixed with the clays. Microprobe ana
lyses of clayey areas show that they contain a significant 
amount of iron (from 2-5% Fe3+), most of which is 
probably attributable to minute iron oxide crystallites 
in association with clay platelets. Finally, pore-filling 
authigenic titanium oxides (anatase?), up to 30 µm in 
size, were detected by SEM-EDS analysis (plate 5D). 
Anatase had been commonly recorded in earlier stud
ies of the heavy mineral fractions (Henrik Friis, pers. 
comm.). Ixer et. al. (1979) have described pore-filling 
anatase crystals from Triassic redbeds in England. 

Halite 

Halite, which may have been derived in three possible 
ways, is present in the investigated material. These are: 

(1) salt from drilling mud, (2) salt precipitated from 
porewaters at surface temperatures after core recovery 
and (3) salt formed diagenetically at depth. In some 
cases, the origin of the salt is obvious (plate 5E), but in 
many instances it is not and it can be extremely difficult 
to characterize. Fuchtbauer (1967) discussed similar 
considerations in a study of the German Buntsandstein. 
Several salt textures such as the poikilotopic, columnar 
and small cubic forms described by Whetten (1984) 
have been recognized by SEM-EDS analysis, but pe
trographically, salt textures are much more difficult to 
classify. In all cases, salt is the last phase to form and 
when present, completely fills remaining poreroom. If 
not a drilling artifact, it puts considerable constraints 
upon porewater evolution and obviously plays an im
portant role in any reservoir evaluations. 

Porosity 

Porosity, as determined by point counts in the sand
stones, ranges from 2-30% and averages 18%. This is 
somewhat lower than the average coreplug measured 
porosity of around 24% but this difference is at least 
partially due to uncounted micropores in the clayey 
material which is admixed with the sands. Gas per
meabilities are around 500 mD. 

Porosity may be characterized as primary or second
ary (Schmidt & McDonald, 1979), but this distinction is 
not always obvious. Unequivocal examples of second
ary intragranular pores are certainly recognizable in 
leached grains (plates IC), but the origin of the more 
abundant intergranular pores (plate 5F) can be more 
difficult to determine. Oversized pores, due to the 
complete removal of detrital components have been 
noted, but grain packing relationships suggest that such 
pores are more the exception than the rule in the inves
tigated materials. 

Burley (1984) reported point-counted total porosities 
from 1-29% in lower Triassic redbeds from England. In 
these samples, grain dissolution porosity ranged up to 
8% of the total volume of the rock and averaged 23% 
of the overall porosity. These values compare well with 
visual estimates for the sandstones in this study and are 
also in good agreement with general observations by 
Siebert et. al. (1984) for sandstones such as these con
taining more than 10---15% feldspar and rock frag
ments. 
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Diagenesis 

Diagenetic sequence 

The diagenetic history of the Bunter Sandstone Forma
tion is schematically presented in fig. 8. The chro
nology was developed by interpreting a large number 
of textural relationships with the help of thin sections 
and SEM. As a result of mutual relationships between 
two or more phases, constraints were defined for vari
ous diagenetic events and an overall sequential pattern 
was formulated. The resulting diagenetic history is 
rather uniform throughout the investigated region and 
resembles, in general, that for redbed series described 
elsewhere (Walker 1967, Fuchtbauer 1967, Turner 
1980, Burley 1984). 

Diagenesis, as recognized in the Bunter Sandstone 
Formation, is the result of several processes including 
infiltration, compaction, framework grain replacement 
and dissolution, transformation and precipitation and 
dissolution of authigenic minerals. Since these pro-

cesses interact, they overlap in time and it can be diffi
cult or impossible to define specific temporal relation
ships precisely. 

The concept of diagenetic regimes in sandstones 
(Schmidt and McDonald 1979) can combine several 
processes and relate them to a specific diagenetic envi
ronment. These authors defined three major regimes 
and related them to either the chemistry of the deposi
tional environment (eogenesis), changes in the sub
surface environment during bmial (mesogenesis) or 
changes resulting from the later re-introduction of 
near-surface conditions after burial ( telogenesis). Only 
the eogenetic and mesogenetic regimes apply here 
since, with the exception of Helgoland, there is no evi
dence of any significant post-depositional uplift. In ad
dition, the Bunter Sandstone Formation is comform
ably overlain by impermeable evaporites of the 0rslev 

EOGENESIS I MESOGENESIS 
~-----------------------------+---------. TIME 

Gypsum 

Calcite 

Framework 
Alteration 

Infiltrations 
Clay 

Fe-Ti Oxides 

Feldspar 
Overgrowths 

Quartz 
Overgrowths 

Compaction 

Dolomite 

Analcime 

Anhydrite 

Halite 

Clay Replacement , ... ············•·• 

Reddening of Sediments 
[❖:-:❖:-:•:•:•:•:•:•:•:•:•:•:•:-:-:-:-:-.,.-:•:•:•.········ .............. j 

f:-: 

···········•:,:-:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•:•: .. • .............. . ... :::.::: .. 

Fig. H. Diagenetic sequence, Bunter Sandstone Formation. 
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Formation ( table 1), so any renewed communication 
with meteoric surface waters would be unlikely unless 
complete unroofing occurred. The following events are 
attributed to the eogenetic regime: early gypsum and 
calcite cements, Fe-Ti oxide/hydroxide formation, 
grain replacement by clay, grain dissolution, infiltrated 
days, quartz and feldspar owrgrowths and mechanical 
compaction. 

Mesogenesis is defined as the period when interstitial 
waters are no longer controlled by the surface environ
ment (Schmidt & McDonald, 1979). This is a useful 
characterization, but it can be quite difficult to apply in 
ancient environments. As an example, most secondary 
porosity is, by definition, generated within the meso
genetic regime (Ibid), and as such, the dissolution of 
framework components (being the major cause of sec
ondary porosity in the investigated samples), should be 
dominant at this time. However, the dissolution of fra
mework components such as feldspars and rock frag
ments, as described in redbeds by Walker (1967) and 
Walker et al. (1978), are clearly related to highly oxi
dizing formation waters within the eogenetic environ
ment. As calcite, dolomite, analcime and some clays 
can be related to depositional brines (see Diagenetic 
Processes), these authigenic phases should also be 
placed in the eogenetic regime. Still, textural relation
ships indicate that they postdated other above-men
tioned eogenetic events such as quartz and feldspar 
overgrowths and most mechanical compaction. In con
trast, late-stage cements such as anhydrite and halite 
are clearly placed within the mesogenetic regime. 

Eogenetic regime 

Very early gypsum and calcite cements represent the 
first diagentic events encountered in the investigated 
materials. Early calcite has only been noted in a single 
sample and gypsum is scattered in detrital clays. Both 
cements however, are common in desert environments 
where they form in the vadose zone as the sediment 
dries. 

Early calcite cement has only been observed in the 
Rodby-1 well (plate 4F). The cement has a poikilo
topic, displacive character indicative of calcrete and in
deed, the lack of pore linings, overgrowths and leach
ing within the calcrete all suggest that the cement was 
precipitated very shortly after deposition. These later 
diagenetic features are commonly seen in other 
Rodby-1 sandstones. Both minor corrosion and re
placement of quartz and feldspar grains by calcite is 
noted within the calcrete, however. 

By analogy with other desert environments, it cannot 
be excluded that an early halite cement also formed, 
but went back into solution after burial (Glennie et al. 
1978). In claystone core pieces, cubic-shaped impres
sions after halite? may be evidence of this. 

Once the sediments are buried below the water 
table, another series of diagenetic events begins in the 
phreatic zone. Clay infiltration is the initial event, but it 
overlaps with several later processes. Flooding onto the 
initially dry floor of the desert basin will lead to rapid 
downward percolation of muddy water which either fil
ter~ the day at low permeable horizons or deposits it 
onto grain surfaces upon reaching the water table. 
Periodic recharge into the basin could lead to several 
generations of clay which may line detrital grain sur
faces, be intermixed with contemporaneously forming 
overgrowths or coat the overgrowths themselves. 

Walker (1976) noted that detrital silicate minerals, 
including ferromagnesian minerals as well as feldspars, 
undergo two types of intrastratal alteration: (1) re
placement by clays and (2) dissolution. In practice, 
these processes are intimately associated and grains 
which suffered clay-replacement as well as dissolution 
are very common. Walker et al. (1978) stated that both 
alteration sequences are possible, but cautioned that 
preservation is likely only when replacement is fol
lowed by dissolution. As a result of aridity in desert ba
sins, unstable silicate minerals could be expected to 
survive transport and surface weathering (Walker 1976) 
and labile grains also appear to have been present in 
the original detrital assemblage of the Bunter Sand
stone Formation (plate 4G). Although some clay/se
ricite replacement of detrital grains is probably pre
diagenetic, clay replacement and dissolution first be
came significant after deposition, when the grains were 
continually bathed in intrastratal solutions. That the re
placement and dissolution of these grains is mostly di
agenetic is exemplified by the nature of the grain-clay 
textures. Leaching occurs along zones of weakness in 
the grain (plates lC, 2B, 2C) which, due to its resulting 
fragility, could not have undergone later transport 
without loss of original morphology. As a result of in
creasing compaction during burial, the replacement 
clay may mix with the interstitial matrix and become 
difficult to recognize. 

Figure 9 indicates that the mixed-layer clays are 
somewhat more common in sandstones than in finer
grained sediments. This could suggest that labile ferro
magnesian grains, which are more abundant in the 
sandstones, were preferentially altered to a mixed
layer composition. SEM study showed possible smec
titic morphologies and X-ray as well as microprobe 
analyses indicated compositions suggestive of illite
smectite/chlorite/vermiculite mixed-layer? clays. 
Walker et. al (1978) stated that replacement clays from 
desert environments in the southwestern U.S.A. are 
dominantly mixed-layer illite-montmorillorites and 
Burley (1984) suggested that replacement clays in 
Lower Triassic redbeds from the U.K. probably have 
an illite-smeetite mixed-layer composition. Jeans 
(1978), in a detailed study of Triassic clay assemblages 
in Europe, suggested that in addition to the detrital ma-
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AVERAGE CLAY ASSEMBLAGES IN DIFFERENT LITHOFACIES 
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Fig. 9. Distribution of clays in relation to lithofacies. Specific 
clay mineral abundances were quantified based on relative 
peak intensities of the total clay assemblage as measured on 
diffractograms. These relative intensities were presented on a 
1-5 scale represenling increasing percenta/ ranges (10-30%, 
30-50%, etc.). These abundances are plotted for each clay lype 
within the individual fades and normalized to balance out th e 
effect of different number of samples in each fades. Th e distri
bution of each clay type is lhus plotted as percenl occurrence 
within each lirhofacies. 
Note that illite comprises close to , or more than , half of the to
tal clay assemblage in all fades and that chlorite is generally the 
next most abundant clay mineral in all facies. Note too, that 
mixed-layer clay increases in importance in sandstones (facies 
4+5) and smectites and vermiculites decrease in these facies. 

trix assemblage of mica and chlorite found in all sam
ples , there may a lso be a more restricted exotic as
semblage consisting of a number of Mg- rich clays such 
as smectite, smectite/chlorite, smectite/mica, corren
site, chlorite and palygorskite . He provided several ex
amples of the diagenetic origin of these clays and stated 
that they were not transformation products of the detri
tal ch lorites and micas. 

The continual bathing of iron-bearing minerals in the 
strongly oxidizing intrastratal waters of the desert envi
ronment also leads to the development of hematite and 
consequent reddening of the sediments (Walker 1967) . 
As a result , the authigenic clays forming simulta
neously in this environment should also be pigmented 
like the detrital clays. This is especially true for altered 
fcrromagnesian grains, which often have a strong red
dish stain , but replaced feldspars, for example, may be 
essentially unstained . This may suggest that reddening 
ceased before replacement of these feldspars. 

Titanium is mobilized together with iron , so the for
mation of authigenic anatase, discussed on page 25 
probably occurred around this time . No textural evi
dence was found to relate this to other events but Zim-
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merle (1982) noted that newly formed titanium miner
als such as rutile and anatase generally form early and 
prior to secondary si li ca. 

Although both quartz and feldspar overgrowths are 
present , tex tural re lationships between these two ce
ments were never observed and it has been impossible 
to determine which formed first. Fuchtbauer (1967) 
and Mader (1981) in their studies of the German Bunt
sa ndstein , observed that feldspar authigenesis gener
ally preceded quartz but Kessle r (1978) stated that 
quartz overgrowths are probably earlier than feldspar 
overgrowths in his investigation of desert sandstones. 
A simultaneous origin for both cements is not unrea
sonable. 

Constraints can be placed on the timing of these 
overgrowths relative to other events. First, their asso
ciation with infiltrated clay linings indicates that they 
must a lso represent an eogenetic event. Second, the ab
sence of authigenic feldspar inside leached feldspar 
grains strongly suggests that dissolution of detrital feld
spar generally postdated overgrowths and the corrosion 
occasionally noted on feldspar overgrowths further 
substantiates this. In contrast , most quartz overgrowths 
are generally unaltered , even though detrital quartz 
grains show signs of marginal corrosion. A second gen
eration of quartz authigenesis may also have occurred 
after leaching as noted by the fresh overgrowth on the 
altered quartz? grain in plate 5G and by the textural re
lationship with analcime in plate 4H. It may be that the 
first generation of quartz overgrowths was volumetri
cally very small and corrosion is difficult to detect on 
the few clay-coated surfaces. 

Compaction of the investigated materials has been 
modest. Grain contacts are mostly tangential to long 
(plate SF) , and porosities average around 20%. At 
least 5% absolute of this value is probably due to sec
ondary porosity (see page 25). If one assumes that 
around 10% of the total rock volume is now filled by 
cement (table 2), then the true intergranular , primary 
porosity after compaction is estimated to be approxi
mately 25%. Assuming initial porosities around 35% 
and permeabilities of 10000 mD for arkosic arenites 
(Nagtegaal 1978) , then the porosity and permability re
duction within the Bunter Sandstones generally corre
sponds to values predicted at depth (Ibid). Loucks et. 
al. (1981) noted that primary intergranular porosity 
was dominant in matrix-free sandstones which had 
been buried to approximately 1800 meters depth . 

The fragile relicts resulting from the dissolution of 
feldspars and rock fragments indicates that any signifi
cant amount of mechanical compaction must have oc
curred prior to leaching. Burley (1984) explained some 
high porosity zones in otherwise more compacted sand 
sequences of the Triassic Sherwood Sandstone (U.K.) 
as possibly being due to the dissolution of a pervasive 
carbonate cement (ie. calcrete). He noted that these 
porous zones contain highly corroded quartz grains and 



leached feldspars. Compacted sands were not observed 
in the Danish sequence yet corrosive features are com
mon. In a more limited study of the Sherwood Sand
stone, Knox et al. (1984) felt that pervasive removal of 
carbonate cement was not necessary to generate porous 
sands at depth. Given the absence of compacted inter
vals and the apparent "normal" compaction gradient 
mentioned above, it is felt that the sandstones in this 
report still retain high primary porosities. In addition, 
the absence of pore linings, overgrowths and leached 
grains within the calcrete in Rodby-1 makes it unlikely 
that these diagenetic features should be found in por
ous sands had their porosity also been due to the re
moval of this early carbonate cement at a later, post
compactive date. 

Peripheral carbonate replacement of overgrowths, 
the absence of clay coatings on authigenic carbonates 
and cement-packing relationships all suggest that, for 
the most part, calcite and dolomite formation post
dated the earliest diagenetic events. Several phases of 
carbonate mobilization have taken place, but it is diffi
cult to determine just when any such specific event oc
curred. An example of this problem is illustrated in 
plate 5H where a calcite crystal has grown around some 
illite fibers of indeterminate origin. In thin section, the 
observation that calcite sometimes contains reddish 
clay relicts suggests that calcite may have replaced an 
earlier clay-replaced fragment (ferromagnesian grain?) 
or a sedimentary intraclast. In the same way, the com
mon association of small dolomite rhombs in hematite
stained clay (plates lG, 2F) may result from the re
placement of clay whereas the occurrence of larger dol
omite rhombs with a rounded, clay-lined core (plate 
lH) may be due to the replacement of some detrital 
component (Mg-rich pellets?). 

Sutured contacts on ooids indicate that some press
ure solution and removal of calcite has occurred, but 
the presence of small sparry crystals inside and outside 
leached ooid cores indicates that a later stage of calcite 
precipitation also took place. The thick iron oxide rims 
noted along pressure solution contacts (plate lE) may 
reflect the solubility of ca+2 as well as the relative im
mobility of iron in an oxidizing, alkaline environment. 
The partial dissolution of some ooid cores is probably a 
local affect attributed to their structural weakness, 
since other calcites, with similar chemical compositions 
are uneffected. Thus, although it cannot be excluded 
that earlier authigenic carbonate phases have been re
moved, signs of widespread carbonate cement dissolu
tion, as described by Burley and Kantorowicz (1986) 
have not been observed. 

The simultaneous occurrence of analcime and dol
omite (plate 3C), enables a more precise diagenetic se
quence to be formulated. First, since analcime is com
monly seen inside secondary pores resulting from grain 
dissolution, it obviously postdates clay replacement 
and dissolution. Second, analcime has also been noted 

nucleating on ooid margins (plate lE) where it predates 
drusy, pore-filling calcite. This suggests that calcite was 
the final carbonate generated and followed dolomite 
and analcime authigenesis. In detail however, there 
have been several generations of calcite and dolomite, 
from very early calcrete to later pore-filling and re
placement carbonates. Both Mader (1981) and Burley 
(1985) have described several generations of calcite and 
dolomite diagenesis. 

Mesogenetic regime 

Anhydrite is the last certain diagenetic event which af
fected these sandstones. It is extremely corrosive and 
can attack all earlier detrital and authigenic phases 
(plates 4C and 4D), thus making it easy to place an
hydrite sequentially. It is more difficult of course, to 
state the time when early formed gypsum transformed 
to anhydrite. Murray (1964) documented that the tran
sition occurs at 42°C in pure water and at lower tem
peratures with increasing salinity. Assuming a geother
mal gradient of 30°C/km, high initial salinities, and in
creasing salinities with depth, it seems likely however, 
that the transformation occurred at relatively shallow 
depths within the mesogenetic regime. Anhydrite is 
common as a relatively late cement (Heald & Baker 
1977, Hancock 1978), although Fuchtbauer (1967) and 
Markert & Al-Shaieb (1984) report that dolomite post
dated anhydrite in their respective studies of Triassic 
and Permian sediments, and Ortiz & Arti Cabo (1980) 
reported analcime which was synchronous or later than 
anhydrite in an evaporitic gypsum-carbonate complex. 

Halite has been detected partially filling all remain
ing pores in several sandstones. From textural rela
tionships it was clearly the last mineral to form, but it 
shows no reaction with any other phase. Thus, al
though its diagenetic origin cannot be proven on the 
basis of this investigation, porewater studies by Troels 
Laier (pers. comm.) strongly suggest that it formed at 
depth. Both Fuchtbauer (1967) and Burley (1985) have 
reported very late stage halite in equivalent Triassic 
sediments. 

Patterns of diagenesis 

Considerations 

The course of diagenesis will be influenced by preburial 
controls such as depositional environment, provenance 
and tectonic setting and these, in turn, direct the subse
quent interaction of physical, physiochemical and bio
chemical processes which modify the starting material. 
Isolation of single factors is extremely complex how
ever, because diagenesis is a dynamic process and the 
reactive pathways will be continually modified by ongo-
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ing events and the ability of the chemical system to 
transfer material. 

The study of possible relationships between diagen
csis and provenance, lithofacies and depth formed part 
of this investigation and they are discussed below. It is 
assumed that an arid and oxidizing climate prevailed 
throughout the region and that, on a megascale, tecto
nism was similar (ie . no telogenesis , except for Helgo
land). In addition, analogy with red bed deposits else
where (Walker 1967), suggests that biochemical and or
ganic processes played a negligible early role. 
Furthermore, there is no evidence that any late-stage, 
organ ica ll y-derived fluids have influenced diagenesis in 
the Bunter Sandstone Formation. 

Diagenesis in relation to provenance 

The detrital assemblage is rather uniform throughout 
the investigated area and there are neither significant 
mineralogical differences between wells nor are there 
differences between the upper and lower sandstone 
units within wells (table 2).The ratios for polycrys
talline/monocrystalline quartz and total feldspar/total 
quartz vary from 0.1-0.3 and 0.1-0.8 respectively, but 
show no predictable regional variation. The ratio pla
gioclase/alkali feldspar, on the other hand, varies from 
0.2-1.8 and although the amount of spreading is great-

0 
0 

est in the T0nder wells, the highest values are found 
here as well. As the degree of K-feldspar alteration 
does not appear to be greater in the T0nder wells, it is 
unlikely that the relatively higher ratios found here are 
simply due to difficulty in recognizing highly altered al
kali feldspars. Rather, the variation is probably locally 
derived. 

Although ooids are found scattered throughout the 
Bunter Sandstone Formation , they are mostly concen
trated in a few aeo lian beds of the lower sandstone 
units. Given their leached character and sutured con
tacts, together with the observation that the calcite 
crysta ls growing from their margins followed compac
tion and dissolution, it might be expected that the 
amount of calcite cement was greatest in the ooid-rich 
samples. Thin section study indicated that this was not 
the case however, suggesting that while some authi
genic calcite was probably remobilized from the ooids, 
other sources of Ca+2 must have also been available. 

lntraclasts are most common in the fluviatile units of 
the Bunter Sandstone and can be easily compacted to 
form a pseudomatrix which can reduce porosity. As 
shown in fig 10, intraclasts are most abundant in the 
fine-grained sandstones (facies 4), where they appear 
to be correlated with lower porosities when found in 
amounts greater than around 5%. In add ition , it should 
be noted that these fragments contribute clay to what 
may hydrodynamica ll y be well-sorted sand. 
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Diagenesis in relation to lithofacies 

Both bulk mineralogical X-ray data as well as petro
graphic analysis have been used to study the diagenetic 
assemblages in Iithofacies ranging from clay to fine to 
medium-grained sandstones (facies 2-5). Fig. lla, 
based only on X-ray data, illustrates the resulting fae
ies-controlled distribution. Calcite, anhydrite and ha
lite are more abundant in the sandstones whereas dol
omite and analcime occur in greatest amounts in the 
claystone and heteroliths. 

When petrographic data are considered (fig. llb), 
the trends are less obvious. This is due, of course, to 
the fact that only facies 4-5 (sandstones) were point
counted in thin section and therefore any facies-con
trolled differences are likely to be more subtle here. 
Analcime appears to be most abundant in the finer
grained sandstones, but calcite, dolomite and anhydrite 
show large variations and no preference for either fac
ies. Halite was not point-counted. 
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Fig. 1 Ja. Diagenetic minerals in relation to lithofacies, 
bulk mineralogical X-ray data. 

Fuchtbauer (1967) noted the prevalence of anhydrite 
in sandstones and Boles (1978) observed that calcites 
occur more frequently in sandstones than shales in a 
study of the Wilcox Formation, U.S.A. The common 
occurrence of diagenetic dolomite (McHargue & Price 
1982) and analcime (van Houten 1962), both together 
and in clays, is well-documented. 

Fig. 9 illustrates the distribution of the < 2 µm clay 
assemblage in relation to facies. Note that whereas the 
probable detrital clays, illite and chlorite, show no pre
ferred facies distribution, the amount of mixed-layer 
clays, which are probably of diagenetic origin, clearly 
increase in sandstones (facies 4 and 5) relative to clay
stones and heterolithic sands. The other clays show no 
marked patterns, though it should be noted .that the 
amounts of vermiculite and smectite decrease in the 
sandstones together with the increase in mixed-layer 
clays. April (1980) clearly documented the lithological 
variation in clay mineral distribution in a study of simi
lar sediments from the Connecticut Vally, U.S.A. 
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Diagenesis in relation to depth 

Temperature and pressure related diagenetic modifica

tions as a response to increasing depth of burial have 

been amply documented (Parker & Sellwood 1983 , 

McDonald & Surdam 1984). Since however , the depth 

span of the Bunter Sandstone Formation onshore Den

mark is o nly 800 metres and burial depths are less than 

2000 m (fig. 3), depth-related variations in diagenesis 

are not eas ily ascertained. Certainly , the diagenetic se

quence discussed previously (fig. 8) is contingent upon 

both depth and time under conditions of constant bur

ia l. but as no minera ls can be shown to appear or disap

pear at specific depths, only temporal relationships can 

be documented. 
Ne ith er the degree of mechanical compaction , 

amount of dissolution nor frequency of replacement 

appears to show any depth-related patterns. Further

more, when considering the distribution of the diagen

etic minera ls as a whole, both thin section and bulk 

mineralogical X-ray da ta show large amounts of scatter 
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and unce rta in relationships (fig. 12). Nevertheless , it is 

interest ing to note the generally small amounts of halite 

and anhydrite in the sandstones above 1600 metres. 

Unlike calcite, dolomite may show a weak overall in

crease with depth. Analcime often accompanies dol

omite, but does not appear to show any similar tend

ency. If considered within individual facies however, 

then analcime is observed to increase with depth within 

heteroliths and claystones (facies 2 and 3) but show no 

trend within sandstones (facies 4 and 5) . 
No compositional variation was observed for the car

bonates with increasing depth , but this may simply be 

due to the shallow depths recorded in this investiga

tion. In comparison , Boles ( 1978) noted an increasing 

ferroan content with depth and Burley (1984) reported 

both late ferroan dolomite and ankerite cements in re

dbeds which were buried to greater than 3 km . On the 

other hand , Land ( 1984) noted relatively invariant cal

cite compositions in the rap idly buried Tertiary Frio 

Formation over a depth range from 7000-15000 feet 

(2134-4572 m). 
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Fig. 12. Distribution of diagenetic minerals with increasing depth of burial in the Bunter Sandstone Formation. 
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The clay assemblage does not appear to show any 
depth-related distribution. The ongoing replacement of 
detrital phases by mixed-layer clays however, indicates 
that the amount of diagenetic clay should increase with 
increasing burial depths. Shaw (1980, p. 65) indicated 
that smectites and vermiculites may transform to 
mixed-layer compositions in an alkaline environment 
but Foscolos & Kodama (1974) implied that smectite is 
first transformed to vermiculite during the illitization 
process. Both these clays appear to decrease in sand
stones relative to mixed-layer types and with increasing 
burial, the mixed-layer clays will be transformed to ii-

lite or chlorite. According to Lahann (1980), the illit
ization reaction begins at around 50°C, which is slightly 
lower than the bottom hole temperatures recorded to
day. Indeed, from the mixed-layer clays in figure 7, it is 
probable that such a reaction has started. It is import
ant to note however, that Singer and Staffers (1979) 
showed that the smcctitc-illitc transformation was not 
only depth-related (Hower et al. 1976), but could also 
occur at near-surface conditions in an arid, alkaline set
ting. These authors indicated that the local chemical 
environment, rather than high temperatures and press
ures, could be the determining factor. 
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Diagenetic processes 

The study of diagenesis is underlain by a common 

theme; the interaction between mineral assemblages 

and the interstitial fluids. As succintly stated by Hayes 

( 1979), diagenesis is a kinetic process, and the mineral 

assemblages reported here represent only the latest 

stage of an evolution in which various reactions have 

occurred in an ongoing attempt to reach equilibrium 

with a changing environment. 
Comparisons of diagenesis in the Bunter Sandstone 

Formation with both recent (Walker 1967) and ancient 

(Fuchtbauer 1967, Burley 1984) analogs reveals that 

there is a remarkable similarity for sediments deposited 

in these arid and oxidizing environments. The differ

ences that do occur can often be attributed to such local 

factors as depth of burial, provenance, structural set

ting and specific depositional subenvironment but these 

can be quite difficult to apply in more than a qualitative 

manner. Nevertheless, a unified diagenetic model can 

be generated, based upon the diagenetic sequence and 

the probable reactions that produced the observed 

changes. 
Comparison with modern playa lakes (Last 1984) 

shows that the associated saline to hypersaline brines 

are dominated by sodium, magnesium and sulphate 

ions but there are also strongly variable amounts of 

chloride and bicarbonate ions. Much of the miner

alogical character of these playas is attributed to chemi

cal processes associated with either evaporitive concen

tration of the brines or groundwater discharge. The di

agenetic system is thus programmed at a very early 

stage by its associated fluids and any further modi

fications may be expected to be directed by this initial 

control. 
As an example, sodium-rich diagenetic minerals such 

as albite overgrowths and analcime are relatively com

mon in the Bunter Sandstone Formation despite the ab

sence of detrital phases which could be expected to 

yield significant amounts of sodium upon alteration (ie. 

acid volcanics). Nearly twenty years ago, Fuchtbauer 

(1967) observed that the distribution of secondary feld

spars in the Buntsandstein could be related to a Na/K 

line which was associated with the transition from a flu

viatile environment with K-feldspars to a brackish/sa

line environment where authigenic Na-feldspars were 

found. He stated that the depositional site was obvi

ously the determining factor and also noted that the 

distribution of analcime closely paralleled that of al

bite. Later work suggests that the actual distribution of 
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these phases may be more complex, but Fuchtbauer's 

major correlation with depositional environment ap

pears to be equally valid today. 
Changes may also be observed on a microscale. For 

example, microprobe analyses of albite overgrowths in 

the saline deposits of the Bunter Sandstone Formation 

show exceptional purity but associated K-feldspar over

growths are considerably less pure than those reported 

for time-equivalent, fluviatially-dominated sequences 

in England (Ali & Turner 1982) and in the Skagerrak 

Formation of northern Danmark (Andersen & Nielsen, 

in prep.). In addition, no analcime has been reported 

from these fluviatile environments and albitic over

growths are rare. 
The generation of eogenetic calcite ( e.g. calcrete) 

and gypsum cements can be related to calcium-en

riched waters in the depositional environment. Several 

factors influence calcrete formation including the rate 

of deposition, groundwater movements, climate and 

the availability of calcium in the substratum (Nagtegaal 

1969). Little can be said with certainty about these par

ameters but it seems likely that both the arid climate 

and the slow rate of deposition were favorable for cal

crete formation. The fact that they are not observed 

more often therefore, could possibly be related to inad

equate groundwater flushing resulting from effluent 

seepage and a fluctuating water table rather than an in

adequate supply of calcium and sulphate ions. 

The formation of dolomite is dependent upon the 

Mg/Ca ratio (Katz 1970, Irwin 1980) as well as low con

centrations of sulphate (Pierre et al. 1984). The first 

phase of dolomite formation, as rhombs in claystones, 

may have occurred as a direct response to early gypsum 

formation since this would both reduce the concen

tration of SO/ and raise the Mg/Ca ratio. Both events 

are limited to the same lithofacies and furthermore, 

they are found in Mg-rich clays. 
Under the favorable pH and Eh conditions of the 

desert environment, iron will be rapidly oxidized to fer

ric oxide, and as a result of alteration to hematite with 

time, the sediments assume a bright red color. In fact, 

given the proper interstitial conditions, essentially all 

sediments contain enough iron to produce reddening 

(Walker & Honea 1969). Titanium oxide minerals, 

such as anatase and rutile, might also be expected to 

form at this time. 
The precipitation of feldspar and quartz overgrowths 

requires that sodium, potassium, aluminium and silicon 



are removed from the intrastratal fluids. Even through 
the amount of these cements is volumetrically insig
nificant in these sandstones, the solubilities of silicon 
and aluminium are so small under neutral to slightly al
kaline conditions that the porewaters must constantly 
be renewed in order for precipitation (and dissolution) 
of aluminosilicates to proceed (Bj0rlykkc 1983). Al
though the mechanism of flushing can be discussed 
(Wood & Hewett 1984, Land 1984), it would seem self
evident that by this time the sediments must have been 
buried below the water table and were continuously 
bathed in intrastratal fluids. 

Intrastratal alteration of unstable silicates, both by 
clay replacement and dissolution, liberated a variety of 
cations into solution which could then be utilized in the 
generation of new authigenic phases. Mass balance 
studies would be needed to determine if dissolution and 
replacement alone could provide the material necess
ary for new phases, but as discussed above, the di
agenetic system was already relatively enriched in Na+, 
ca+2 and Mg+ 2 as a result of associated brines in the de
positional environment. With continuing alteration of 
detrital and authigenic phases, these as well as other ca
tions would be enriched in the associated fluids until 
such a time that precipitation of a specific phase re
sulted in a temporary reduction in the porewater con
centrations of that (those) ions needed to form this new 
mineral. 

The replacement of detrital grains to smectitic, ver
miculitic and mixed-layer clays, requires the complex 
transfer of several cations and will particularly remove 
magnesium from solution. The large cation exchange 
capacities of these clays may buffer magnesium distri
bution and under sufficiently high Si and Na activities, 
conditions may be created for the simultaneous pre
cipitation of dolomite and analcime. The common asso
ciation of these minerals in claystones and heteroliths 
indicates that such conditions are best obtained in these 
lithofacies, possibly as a result of high magnesium con
tents. 

Hutcheon (1981) showed that analcime could be 
formed directly from smectite given sufficiently high 
Na+ /H+ values and sufficiently low temperatures. Pore
water analyses of the Bunter Sandstone Formation in 
the T0nder-5 well indicates that analcime is likely to be 
the stable phase here (fig. 13), and the common asso
ciation of analcime with clay relicts suggests that such a 
reaction could have taken place. In addition, by using 
silica, aluminium and sodium to form analcime, the 
porewaters will become relatively enriched in calcium 
and magnesium ions released from smectite. This could 
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Fig. 13. Phase diagram, smectite-analcime-albite, after 
Hutcheon ( 1981). A geothermal gradient of 30°Clkm with a 
6°C surface temperature was used and a constant pH of 6.8, 
based on an average of several measurements, was assumed. 
Concentrations of Na+ were taken from porewater analyses 
(Troels Laier, pers.comm.), and two activity coefficients (Na) 
were used in order to illustrate a degree of spreading due to un
certain assumptions. The Davies equation is from Krauskopf 
(1979, p. 61). Note that analcime is the expected phase in all 
cases. 

lead to the precipitation of dolomite, given adequate 
supplies of bicarbonate. Finally, the earlier observation 
that the Si/ Al ratio of analcimes is typical for those pre
cipitated in saline, alkaline lakes suggests that the de
positional brines still exerted a strong influence on sub
sequent porewater evolution. 

The final cements, anhydrite and halite, arc poikilo
topic in texture and dominantly found in the sandstones 
where permeable pathways still existed. Due to the ear
lier formation of several Na- and Ca-rich phases (al
bite, analcime, gypsum, calcite, and dolomite), it is un
certain if these last two cements could also be gener
ated in amounts greater than 20 vol.% ( table 2) from 
these modified brines. Migration from underlying 
Zechstein salts, in connection with halokincsis, is pro
posed as the source for these late cements. Although 
the data is inconclusive, it is interesting to note that 
these cements are only found in Rodby-1 and the Ton
der wells, both of which lie on salt structures and within 
the Zechstein salt province. The absence of anhydrite 
and halite in Helgoland, where salt diapirism was also 
active, may possibly be attributed to later removal dur
ing telogenesis. Both Hancock (1978) and Dutton & 
Land (1985) have related late stage anhydrite cements 
to migration from Permian evaporites and Fuchtbauer 
(1967) implied a Zechstein source for late stage halite 
in the Buntsandstein. 
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Conclusions 

The major factors controlling diagenesis in the Bunter 
Sandstone Formation are the saline brines associated 
with the depositional environment and, on a more local 
scale, the late-stage Zechstein fluids which migrated 
upwards as a result of salt diapirism in specific struc
tural settings. Diagenetic pathways were established 
immediately upon deposition as a response to high con
centrations of distinct ions in the enveloping brines. 
These pre-diagenetic controls were, in turn, modified 
by the subsequent alteration of the mineral assemblage 
which provided additional ions to the chemical system. 

The diagenetic, facies-related variations documented 
in this report suggests that microenvironmental condi
tions were a controlling parameter which must be con
sidered in any diagenetic model. As an example, the in
timate association of analcime and dolomite, coupled 
with the greater abundances of these minerals in clay
stones and heteroliths, presumably reflects more favor
able conditions of formation in the finer-grained litho
facies. It is also significant that these minerals are gen
erally in association with claystone clasts or clay
replaced grains when found in sandstones. A smectite
analcime reaction could explain these occurrences. Fur
thermore, early gypsum formation and adjustment of 
the Ca/Mg ratio could explain the instances where dol
omite rhombs are found in claystones but are not in as
sociation with (formed prior to) analcime. The distribu
tion of eogenetic gypsum (now anhydrite) and dolomite 
together in claystone, and only in claystone, again 
strongly indicates a microenvironmental control on di
agenes1s. 

Later stage dolomite and analcime can form from as
sociated clays, and Ca+ 2 for calcite may have been pro
vided by the original brines, dissolution of plagioclases, 
alteration of smectite and to a small extent, leaching of 
ooids. Quartz and feldspar overgrowths are volum
etrically insignificant and the necessary cations could 
have been transferred from alteration of the associated 
detrital grains given sufficient porewater flushing. In 
contrast to the above eogenetic cements however, late
stage anhydrite and halite require an outside source 
and Zechstein brines are invoked. 

The formation of most of the authigenic phases docu
mented in the Bunter Sandstone Formation obviously 
required an alkaline environment but the corrosion of 
feldspar, ooids and analcime, together with the occur
rence of minor amounts of kaolinite, suggest that more 
acidic conditions were also active at times. Burley 
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(1984) discussed the possibilities of generating acidic 
porewaters, either by thermal decarboxylation of 
Permo-Triassic mudrocks or by migration from Car
boniferous sediments, in an attempt to explain exten
sive mesogenetic carbonate dissolution in the Sher
wood Sandstone. He favored the latter process and a 
similar event cannot be excluded for the Bunter Sand
stone. However, large-scale mesogenetic formation of 
secondary porosity has not occurred here and signifi
cant ionic transfer by solutions moving over large trans
port distances may not be a necessary mechanism. 
Rather, a microenvironmental chemical model is sug
gested. If, for example, as shown by Hutcheon (1981), 
the reaction smectite-analcime releases hydrogen ions, 
then a lowered pH may be generated near the clay. As 
shown in plate 3D, analcime is corroded within the 
original (smectite-replaced) grain boundary but not 
where it grew freely into porespace. In any case, subtle 
physiochemical conditions must have been active 
within the sediment since the degree of alteration can 
vary considerably over very short distances. Thus, even 
though microprobe analyses of analcime show a narrow 
range of chemical compositions, there may be a signifi
cant variation in their degree of alteration within even 
the limited area of a thin section. The same applies to 
other phases such as feldspars and ooids. In addition, 
there can also be major differences in alteration for 
grains which are in direct contact and might be ex
pected to show similar chemical behavior (i.e. analcime 
and carbonate, plates lE, 3C). In a corresponding 
manner, Siebert et al. (1984) showed how calcite for
aminifera were unaltered in a sand with strongly 
leached feldspars. 

The overall diagenetic pattern in the Bunter Sand
stone Formation (fig. 8) is typical of eogenetic alter
ation in redbed sequences (Walker 1967, Turner 1980, 
Burley 1984). The depositional environment is arid, al
kaline and oxidizing and the diagenetic assemblage re
flects these conditions. Position within the depositional 
basin is equally decisive since more saline to hypersa
line brines may be expected towards the basin center. 
However, since geomorphology can create geochem
ical depocenters at any point in a basin (April 1980), 
trends based on lithofacies, rather than a simple basin 
edge to center model, may give a more accurate indica
tion of expected diagenetic trends. The sediments in 
this study reflect a basinal, low-energy, evaporative, 
sodium-dominated assemblage. In contrast, prelimin-



ary work shows that the time-equivalent Skagerrak 
Formation in northern Denmark is a more dynamic, 
higher-energy, fluviatile, potassium-rich diagenetic as
semblage. 

The potential role played by the detrital mineral as
semblage must be measured in relation to the ions that 
these components can contribute vs. the ions which are 
available in the depositional brines. In other words, if 
the detrital assemblage mainly releases ions which are 
already abundant in the depositional brines, the di
agenetic affects produced by dissolution may be 
masked relative to a situation where large quantities of 
different ions are introduced to the porewaters. Simi
larly, since the depositional fluids in the fluviatile 
Skagerrak Formation or Sherwood Sandstone (Burley 
1984) are more dilute than the concentrated brines of 
the Bunter Sandstone Formation, the diagenetic effect 
exerted by dissolution of the detrital mineral assem
blage may also be expected to be greater in the Skager
rak and Sherwood Sandstone Formations. It is signifi
cant that extensive amounts of anhydrite and halite are 
only reported in the Sherwood Sandstone in the South
ern North Sea Basin (Burley 1985), as this area is clos
est to the Danish samples reported here and may most 
closely approximate the depositional environment of 
the Bunter Sandstone Formation. 

3 DGU Serie A nr. 15 

The distribution of clay minerals in terms of litho
logies related to specific environments within the de
positional basin has been documented by April (1980). 
He described Late Triassic/Early Jurassic sediments as
sociated with a floodplain-lacustrine system and 
showed that chemical controls and ionic concentrations 
changed from fluviatile redbeds to lacustrinc gray and 
black shales. A geochemical blueprint was thus in
voked at a very early stage for each lithology and re
lated depositional system and this, it maybe assumed, 
strongly influenced the subsequent course of diagen
esis. 

The intensities of these events will, of course, be in
fluenced by the specific microenvironments exerted 
within the individual lithofacies. As the abundance and 
distribution of these facies in the total stratigraphic pro
file is a unique reflection of the depositional setting, lo
cal variations in diagenesis must be expected. Where 
concentrated brines are present however, a strong in
itial and unifying influence is exerted, but in more di
lute porewaters, a more variable diagenetic history may 
by found. Later changes, associated with increasing 
depth of burial may be predictable, yet they are a re
sponse which demands knowledge of earlier diagenetic 
controls. 
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Summary 

1. A well-preserved diagenetic assemblage has been de
scribed in the Lower Triassic Bunter Sandstone Forma
tion, onshore Denmark. 

2. The eogenetic assemblage consists of quartz and 
feldspar overgrowths, Fe-Ti oxides, iron-poor calcite 
and dolomite, analcime, gypsum and clays and is in
dicative of highly evaporative conditions in the deposi
tional basin. Mesogenetic anhydrite and halite, on the 
other hand, are associated with Zechstein brines from 
underlying salt structures. 

3. The distribution af diagenetic minerals is clearly 
related to lithofacies. Thus, analcime and dolomite are 
most abundant in claystones and heteroliths whereas 
halite, anhydrite and mixed-layer clays are most com
mon in sandstones. Variations in the primary miner
alogy, the access of permeable pathways and the type 
of depositional brine associated with each facies can all, 
to some extent, explain the facies related variations ob
served in the diagenetic assemblage. 

4. An overriding diagenetic parameter however, is 
the influence of the depositional brine and the relative 
position of the sedimentary pile within the depositional 
basin. Where the depositional brines are concentrated 
(saline to hypersaline), they will strongly influence the 
direction of eogenesis and mask the effects caused by 
other sources of ionic input such as grain dissolution. 

5. In the Bunter Sandstone Formation, the deposi
tional brines were probably sodium-rich. This is re
flected both in the abundance of analcime and the pu
rity of albite overgrowths. However, variations within 
each facies, together with documented mineralogical 
associations (ie. dolomite-analcime, gypsum-dol
omite), suggests that microenvironmental reactions di
rected the specific diagenetic pathways. As such, any 
later large-scale, depth-related changes are a response 
to these early eogenetic imprints. 
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PLATES 1-5 



PLATE 1. 
A. Rounded quartz overgrowths (qo) suggesting that this quartz grain (g) may be a recycled sedimentary fragment. Tonder-4, 1976.50 m, two 

polarizers. Bar 100 µm. 

B. Clay (cl) replacement of K-feldspar (Kfs, stained yellow) showing structural control. Clay is strongly hematite-stained. Tonder-3, 1651.03 m, 

two polarizers. Bar 25 µm. 

C. Strong intragranular dissolution of plagioclase (plfs). Note how grain morphology is generally preserved, indicating that dissolution post

dated most compaction. Tonder-3, 1651.03 m, one polarizer. Bar 50 µm. 

D. Deformed muscovite (mu). The grain which penetrated the mica is now removed (arrow), indicating that dissolution followed compaction. 

Tonder-3, 1663.94 m, one polarizer. Bar 100 µm. 

E. Ooid showing small drusy calcite crystals (c) growing radially from margins. A euhedral, pore-filling and partially leached analcime (an) is 

also seen on the ooid margin. Textural relationships indicate that analcime preceded calcite growth, but the absence of drusy calcite within the 

leached analcime suggests that dissolution post-dated calcite. Pressure solution (ps) caused by quartz penetration of the ooid is also observed. 

Note the thick iron oxide crust at this solution boundary. Tonder-3, 1671.30 m, one polarizer. Bar 100 µm. 

F. Thick calcite growth (stained red) from darker colored ooid cores resulting in extensive cement (ce). Note the partial dissolution in some ooid 

interiors (diss). Tonder-4, 1795.42 m, one polarizer. Bar 600 µm. 

G. Dolomite-replaced claystone clast. Note beginning dissolution (diss). Tonder-5, 1857.35 m, one polarizer. Bar 100 µm. 

H. Replacement dolomite rhomb poikilotopically cementing surrounding grain. Note the rounded, dolomitized clay-filled core (co). These are 

nearly always seen inside these replacement dolomites and perhaps were Mg-rich pellets. Microprobe analyses of core and rim show no com

positional differences. Tonder-3, 1806.05 m, one polarizer. Bar 100 µm. 
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PLATE 2. 
A . Mechanically induced impact pits (im) on detrita l qua rtz grain (g) . Preservation of these features suggests limited post-depositional che mical 

e tching . T011de r-3, 1663.94 m. Bar JO µm. 
B. Structurally controlled dissolution of K-feldspar (fs) on (OIO). Unaltered facet is not overgrowth . but simpl y a more resistant crystal surface 

( I 10). Arnµ-1 , 1440.48 rn. Bar IO µm. 
C. Dissolutio n and clay replace me nt (cl) of feldspar (fs). T0nder-3 , 1655.35 m. Ba r 10 µm. 
D. Pore-fi lling drusy growth of calc ite (c) extending radially from ooid (oo) margins. Arnum-1 , 1442.98 m. Ba r 30 µm. 

E. Pressure-solu tion (ps) resulting from soft ooid (oo) being deformed by harde r qua rt z gra in (q) . T0nde r-5, 1868.66 m. Bar JOO ~un. 
F. Clay cl ast with ma ny dolomitic rhombs (do). The peripheral position o f seve ral rhombs (l ,2) within the clasts suggests formation after trans
port a nd deposition . T0nder-3 , 1651.03 m. Bar JO µm . 
G. Quartz overgrowt hs (qo) on clay- lined surface (cls) of quartz grain . T0nder-3 , 1651.03 m. Bar 10 µm. 
H . Blade like feldspa r overgrowths (fo) on plagioclase. EDS indicates overgrowths a re albitic. T0nder-3 , 1795.00 m. Bar JO µm . 
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PLATE 3. 
A. Fe ldspar overgrowths (fo) with hacksaw terminations. E DS indicates that they are K-feldspar. T0nde r-3 , 1795.00 m . Bar 5 µm. 
B. A ssociation of dolomite (do) and analcime (an) as pore-filling phases. T0nder-3 , 1806 .05 m. Bar 30 µm. 
C. Intim ate intergrowth of pore-filling dolomite (do) and analcime (an) . Note the fresh nature of the dolomite but the corroded character of the 
analcime. especially the crystal in the upper le ft (arrow). T0nder-3 , 1806.05 m. Bar 10 µm . 
D . Analcirne (an) with clay lining (cl). Note how the crystal inside the clay lining is strongly corroded (co) whereas ana lcime to the outside is eu
hcdral and fresh. The corroded analcime may represe_nt the product of clay replacement whereas the una ltered analcime may represent addi 
tiona l pore-filling growth. T0nder-3 , 1651.03 rn . Bar 5 µm. 
E . Poikilotopic , pore-fillin g anhydrite cement (anhy). Note the dramatic effect on porosity . T0nder-3 , 1654.80 rn. Bar 20 µm. 
F. Pore-fillin g barite (ba) as determined by E DS. Arnum-1 , 1444.18 rn . Bar 30 µrn. 
G. Tange ntia ll y-oriented platelets of infilt rated clay on detrital gra in surface . T0nder-3, 1657.00 m. Bar 2 µm. 
H. Clay linings forming pore-bridging meniscus (pbm). E DS suggests that such infiltrated clay is illitic. T0nder-3. 1795.00 m . Bar 5 µrn. 
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PLATE 4. 
A. Analcime (an) filling oversized pore (dashed). Packing re lationships clearly ind ica te that grain was removed and re licts within the ana lcime 
suggest a fo rmer smectitic? clay (cl ). A detrital grai n may have been replaced by clay which was itself replaced by analcime. Note that the anal
cimc is partia lly disso lved. T0nde r-4 , 1666.05 m , one polarizer. Ba r 100 µm. 
B. Dolomit ic claystone with ana lcime (an) infilling vugs and dolomite (do) crystals lining vugs . T0nder-4 , 1768 .40 m , one po larize r. Bar 200 µ111 . 
C. Ooid (oo-s ta incd red), bei ng replaced by anhydrite cement (anhy). Note the inte rpene trants (a rrow) and the ooid margin (mar). A uthigenic, 
drusy calci te crysta ls are not see n . T0nde r-5, 1868 .73 111 , two polarize rs. Ba r 50 µm. 
D. A nalcime (an) being repl aced by anhydrite (anhy). The irregula r dissolution of the analcime suggests that it was leached prio r to anhyd ri te 
ccmenta tion . T0nde r-5, 1739.59 m , two polarizers. B ar 25 µ111 . 
E. Hernatite-stained , pore- lining infil trat ions clay (ic) form ing a pore-bridging meniscus(pbm). R 0dby-l , 1151.72 m, one pola rize r. Ba r 50 µm . 
F. Ca lcrete. Note the floa ting grains caused by displacive calcite cementation and note the absence of clay lin ings and leaching in the detrital 
grains. Calcite is stained red , K-feldspars are ye llow. R0dby-l, 1152.14 111 , one po larizer. Bar 1000 µ111 . 
G. Probab le basal cu t (001) (dashed) , of a clay-rep laced amphibole (am) now undergoing intragranular dissolution. H 0nning-1 , 1633 .60111 , one 
polarizcr . Bar JOO µm. 
H. Late stage quartz overgrowths (qo) fo llowing analcime (an). T he ana lcime probably replaces clay (see higher birefrigent re licts (r) in ana l
cimc). T0nder-3 , 1677.24 111 , two polarizers , with gypsµ plate to enhance contrast. Bar 25 µm. 
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PLATE 5. 
IA . Chlorite? (chi) with boxwork texture. T0nder-3 , 1654.80 m. Bar 5 µm. 

B. Smectite1 (sm) with crenulated texture. R0dby-l , 1152.07 m. Bar 10 µm. 

C. Vermiform kaolinite aggregate (kaol) . Note possible filamentous illite/smectite (il/sm) assoc iated with kaolinite verm. T0nder-3, 1657.00 m. 

Bar 5 µm. 
D. Pore-fi lling, authigenic Ti-rich mineral , probably anatase (anat) . Note twinning (arrow). T0 11 der-3 , 1671.30 m. Bar 10 µm . 

E. Halite (ha) covering a calcite rhomb (c). The salt is obviously an artifact , associated wi th drilling mud. T0nder-3 , 1663.94 m. Bar 10 µm. 

F. Primary intergra nula r porosity in fin e-gra ined sandstone. Note good porosities and permeabilities. Small quartz (qo) and fe ldspar (fo) over

growths arc denoted by arrows. T0nder-3, 165 1.03 m. Bar 50 µm. 

G. Second generation of quartz overgrowth (qo). Note the fresh appearance of the overgrowth compared to the altered host gra in (hg) , indica

ting that this stage of quartz authigenesis post-dated leaching. T0nder-5, 1868.66 m. Bar 20 µm. 

H . Illite fibers (ii ) encapsuled in calcite cement (c) . It is not possible to state whether the illite is detrita l or diagenetic. H0nning- l , 1632.95 m. 

Bar 10 µm. 
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