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Shale samples collected from alluvial-fan and intertidal-subtidal deposits of the Visingso
Group (Upper Proterozoic; southern Sweden) were studied petrologically and analysed for
major and trace elements (Ni, Zn. Pb, Mn, Cr, Sr and Ba). The reddish alluvial-fan shales
contain hematite and have higher illitic clay minerals/chlorite ratio than the greenish alluv-
ial-fan shales (3.7 and 2.7, respectively). The intertidal-subtidal shales studied were greyish
to black in colour and contain carbonates and pyrite and their average illitic clay minerals/
chlorite ratio is 2.3. The mineralogical differences among the shale groups account for the
differences in abundance and/or distribution pattern of, particularly, Fe +, Fe3+, Mg, Ca,
Mn, Ba and Sr.
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Introduction

The Visings6 Group (Upper Proterozoic) consists
of unmetamorphosed sedimentary rocks that occur
in the area of Lake Vittern and its surroundings in
southern Sweden (Fig. 1). The group is comprised
of three lithostratigraphic units (Collini 1951): a
lower, middle, and upper unit (Fig. 1). Shale
samples from the middle unit are reddish and grey-
green in colour and represent alluvial-fan deposits
that are interbedded with arkosic sandstones. The
shale samples studied from the upper unit are grey
to black and represent intertidal-subtidal deposits
interbedded with carbonate rocks, calcarenites and
calcareous sandstones. The lower unit is mainly
composed of beach-deposited quartz arenites. The
diagenesis of the sandstones has been studied by
Morad (1983, 1986) and AlDahan & Morad (1986).

The aims of this paper are to investigate the pos-
sible chemical and mineralogical variations of shales
in relation to facies and colour and to evaluate the
effects of diagenesis on their geochemical evolution.

Analytical methods

Sixteen reddish coloured and fifteen grey-green
coloured shale samples from the middle unit and
twenty one shale samples from the upper unit were
used in this study. The analyses (performed on bulk

shale samples) of most of the major elements were
made following the wet-chemical methods of
Kolthoff & Sandell (1959). Concentrations of
sodium, potassium and the trace elements were de-
termined by an atomic absorption spectropho-
tometer. Six representative samples from each shale
group were powdered and analysed by CuK, X-ray
diffractometer using Ni-filter at a rate of 1° 26/min
for purpose of semiquantitative determination of
bulk-mineralogical composition based on measure-
ment of the areas under the peaks. Selected sample
chips were coated with a thin layer of gold and
examined by a JEOL JSM840 scanning electron
microscope (SEM) equipped with an energy disper-
sive X-ray analyser.

Results and interpretation

Petrography and mineralogy

The shales studied have dominating particle size
that ranges from clay to silt. Thin (0.5—1 mm) inter-
laminations of silt and silty clay laminae that usually
terminate into clay laminae are common (Fig. 2A).
Silt-sized micas occur in the clay laminae and along
the clay-silt laminae (Fig. 2B). The clay mineral
flakes in the clay laminae are arranged parallel to
bedding but bent around fine silt-sized quartz and
feldspar grains (Fig. 2C). Shales comprised pre-
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Fig. 1.
setting of the Visingsé Group in the area of Granna.

Table 1. Average mineral composition of the shales based
on X-ray diffraction analyses.

Minerals (vol. %) RS GS ISS
Quartz 35 34 29
Potassium feldspar 5 6 5

Plagioclase 2 2 3

Illitic clay minerals + 41 40 35
mica

Chlorite 11 15 15
Kaolinite 4 3 4

Carbonates trace trace 8

Pyrite 0.0 trace 1

Hematite 3 trace 0.0

(A) Location map and outcrops of the Visingsé Group (Shaded area). (B) A general geological

dominantly of clay mineral flakes are characterized
by good fissility (cf. Blatt et al. 1980). The mica
flakes are commonly etched due to dissolution.
oxidized into hematite (in the reddish shales) and
replaced by clay minerals (Fig. 3).

The average bulk mineralogical compositions of
the shale groups are given in Table 1. Illitic clay
minerals (including micas), quartz, chlorite and
feldspar are dominant. Potassium feldspars domi-
nate over plagioclase. Carbonates and pyrite occur
mainly in the intertidal-subtidal shales (ISS) of the
upper unit. The carbonate occurs as authigenic algal
precipitated calcite or as micrite/microdolomite dis-
persed within the clay minerals. Partially dissolved
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carbonate intraclasts were also observed (Fig. 4).
Authigenic pyrite occurs as aggregates composed of
several crystals close to altered biotite (Fig. 5).
These pyrite-crystal aggregates represent incomple-
tely developed framboidal texture (Fig. 5B, C);
however, true framboidal pyrite occurs too. The
grey-green alluvial-fan shales (GS) and to lesser ex-
tent the ISS shales have a lower illitic clay/chlorite
ratio (2.7 and 2.3, respectively) than the reddish
alluvial-fan shales (RS; 3.7). The RS shales are
characterized by the presence of extremely fine
iron-oxide pigment intermixed or attached to the
clay mineral flakes (cf. Caroll 1958).

Although quartz occurs predominantly as detrital
grains, trace amounts of authigenic fine-crystalline
quartz were detected by means of the SEM exami-
nation (Fig. 6). Feldspar grains are sligtly to pervas-
ively etched (Fig. 7A) and/or replaced by clay min-
erals (Fig. 7B). Ilmenite and titaniferous magnetite
occur as few grains that are altered into Ti-oxides
and pyrite (in the ISS and GS samples) or into Fe-
and Ti-oxides (in the RS samples) (Morad &
AlDahan 1986).

Major and trace element chemistry

By way of introduction, it should be borne in mind
that the correlations between the major elements
discussed below represent a closed system. Caution
must be taken when interpreting them.

The average chemical composition reveals differ-
ences in major and trace element contents between
the three groups of shales (Table 2). SiO, is highest
in the RS shales due to the higher content of quartz
and illitic clay minerals. The low SiO, content in the
ISS shales is due to the presence of higher amounts
of carbonate minerals than in the other shale
groups. The positive correlation of TiO, with
Al O3, K,0O and Fe,03 in the GS and RS shales
(Tables 3 and 4) suggest that Ti is mostly allocated
in the illitic clay minerals and mica. TiO, is also
present as fine-crystalline Ti-oxides and occurs in
detrital Fe-Ti oxides. The amounts of Al,O5; which
resides in the clay minerals and feldspars, is negat-
ively correlated with SiO, (mainly as quartz) par-
ticularly in the RS and GS shales (Tables 3 and 4)
and with CaO (i.e., carbonates) in the ISS shales
(Table 5).

One very obvious difference between the shale
groups is the Fe,O; and FeO contents. Although
the total iron content does not vary considerably
within the three shale groups, the Fe,O3/FeO ratio
is much lower in the ISS (0.5) and GS (0.6) shales
than in the RS shales (2.9). This difference is
related to the presence of hematite and, to a small
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Fig. 2. SEM micrographs showing: (A) microinterlami-
nation of clay-rich (S) and silt-rich (St) laminae in a shale
sample from the distal-fan deposits. (B) The same feature
as in Fig. 2A but revealing the presence of parallel aligned
mica flakes (arrows) in the clay-rich laminae and at the
upper and lower surfaces of a silt-rich layer bounded by
clay-rich layers. (C) Part of the clay-rich layer in Fig. 2B
shown at higher magnification to show the parallel align-
ment of the clay mineral flakes and their local bending (ar-
rows) around the fine silt-sized quartz and feldspar grains.

extent, more illitic clay minerals (notice the positive
correlation between Fe,O3; and K,O in tables 3 and
4) in the RS shales. The lower Fe,O;/FeO ratio in
the GS and ISS shales is related to the more abun-
dant pyrite and chlorite. However, the weak corre-
lation coefficient of FeO with MgO and AL,O; in
the ISS (Table 5) shales suggests that FeO substan-
tially occurs as pyrite.
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Fig. 3. A SEM micrograph showing a biotite grain partly replaced by clay mineral flakes (arrows) and

hematite (H) in a shale sample from the distal-fan facies.

The positive correlation between MgO, FeO, and
AlLOj; in the RS and GS shales (Tables 3 and 4) in-
dicates that Mg occurs mainly in the chlorite. The
higher amounts of MgO in the GS shales than in the
RS shales is related to the higher chlorite content in
the former shales. The MgO and CaO contents are

highest in the ISS shales and the positive correlation
between them (Table 5) suggests their presence
mainly as carbonates. In the GS and RS shales CaO
is positively correlated with Al,O; suggesting the
occurrence of Ca mainly as plagioclase. The Na,O
contents do not vary considerably between the shale

Table 2. Average chemical composition of the reddish alluvial-fan shales (RS;
16 samples), grey-green alluvial-fan shales (GS: 15 samples), and intertidal-

subtidal shales (ISS; 21 samples).

RS GS ISS
SiO, (Wt. %) 62.43+1.80 60.98+2.61 55.93+7.70
TiO, (Wt. %) 0.94+0.15 0.86%0.14 0.80%0.14
AlLO; (wt. %) 16.70£0.93 17.25+1.27 15.37+2.72
Fe,0; (Wt.%) 4.49%1.24 2.53£0.67 2.13%1.12
FeO (wt. %) 1.53£0.38 4.13£0.70 3.99+1.25
MgO (wt. %) 1.4240.53 2.11£0.60 2.57+1.48
Ca0O (wt. %) 0.96+0.40 0.94%0.20 5.29£5.20
Na,O (wt. %) 1.52+0.69 1.48%0.18 1.47£0.67
K,O (Wt.%) 3.36£0.78 3.77+0.39 3.15+0.88
Mn (ppm) 350+ 89 977+135 861+358
Zn (ppm) 59+ 18 58+ 25 67+ 29
Ni (ppm) 38+ 11 32+ 6 44+ 17
Pb (ppm) 29+ 10 28+ 16 32+ 14
Cr (ppm) 75+25 61+32 69+36
Sr (ppm) 174% 70 189+ 62 322+151
Ba (ppm) 329+120 345+112 459+110
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Fig. 4. A SEM micrograph showing a partly dissolved cal-
cite intraclast (arrows) in a shale sample from the interti-
dal-subtidal facies.

groups due to the small variations in the plagioclase
contents.

Chemical differences between the three shale
groups are revealed from the trace element distri-
bution too (Tables 3—5). Mn content is lower in the
RS than in the GS and ISS shales (the latter two
groups have similar Mn content). Mn substitutes for
Fe?" and Mg in chlorite and is thus more abundant
in the GS than the RS shales. This is confirmed by
the positive correlations between FeO, MgO, MnO
and Al,O; (Tables 3 and 4). Table 5 reveals that
Mn in the ISS shales is positively correlated with
MgO and CaO indicating that Mn substitutes for Ca
and Mg in the carbonates.

The Zn and Ni contents in the GS and RS shales
are somewhat lower than in the ISS shales and are
positively correlated with FeO, Fe,O;, Al,O;
and/or MgO (Tables 3—5) suggest that they occur in
chlorite, illitic clay minerals and pyrite. The Pb con-
tent does not vary between the three shale groups
and has a positive correlation with MgO and/or FeO
in the GS and ISS shales suggesting that it occurs in
chlorite and pyrite. In the RS shales, Pb is positively
correlated with Fe,Oj; indicating its occurrence as
hematite. The Cr content which differs slightly be-
tween the shale groups is positively correlated with
Fe,03, Al,O; and K,O (Tables 3 and 5) indicating
its occurrence in illitic clay minerals and mica.

Fig. 5. (A) A SEM micrograph showing the occurrence of
a biotite flake in a silty shale sample from the intertidal-
subtidal facies. (B) A higher magnification of the area
delineated in Fig. SA showing the presence of authigenic
pyrite (Py) close to the biotite flake (arrow). (C) The tex-
ture of pyrite (Py) in Fig. SB shown at higher magnifi-
cation. Notice the octahedral shape of the pyrite crystals.

Petrology and geochemistry of Upper Proterozoic 65

Fig. 6. A SEM micrograph showing that authigenic quartz
has filled a micropore in a shale sample from the distal-fan
facies.
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The Sr and Ba contents in the GS and RS shales
are positively correlated with K,O and Na,O indi-
cating their occurrence in feldspars. The average Sr
and Ba contents are higher in the ISS shales than in
the other two groups and are positively correlated
with CaO and MgO indicating the they reside in the
carbonates too.

Some geochemical parameters of the Visingso
Group shales were compared with those of Archean
to Phanerozoic shales studied by Schwab (1978).
The Visingsé shales display a scatter when the
Si0,/Al,03 ratio vs Na,O/K,O ratio is plotted but
mainly occur below the ranges for the Early to Late
Proterozoic (Fig. 8). The Visingso shales are de-
pleted in SiO, and Na,O but have similar contents
of FeO+Fe,03;+MgO+Ca0O+Na,O compared to
the Archean to Phanerozoic shales (Fig. 9). De-
pletion in SiO, is apparently related to the finer
grain size (more clay minerals) and lower amounts
of quartz in the Visingsdé samples compared to the
sedimentary rocks of Schwab (1978).

Discussion and conclusions

The results presented is this study show that minera-
X LW logical and/or chemical differences between shales
‘\ 5. in a single sedimentary sequence might be con-
T N ® i trolled by depositional environment and/or diage-
®1,200% THM " netic modifications. The colour of the shales is con-
trolled by the redox potential of the pore solutions

Fig. 7. SEM micrographs showing (A) partially dissolved  and is important during very shallow burial dia-
feldspar and (B) partially dissolved and kaolinitized feld- genesis. Under oxidising conditions, reddish colour
spar (arrow). forms due to stabilization of Fe-oxides/hydroxides

Table 3. Correlation matrix of chemical parameters of the reddish alluvial-fan shales.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

SiO, 1.00
TiO, -0.52 1.00
ALO, -0.55 0.56 1.0
Fe,O, ~0.68 0.58 0.5
FeO -050 - 0.52 -0.58 1.00
MgO —0.51 - 051 —=0.56 0.59 1.00
- - = - 100
0.5
0.6

= 0.53 1.00

CaO -0.56 -
Na,O - - - =
K,O - 0.55 0.52 -0.69 —0.75
Mn = = - 0.54 050 -
Zn - = = = =] 0.54 050 - - - 1.00
Ni = - = = 0.50 -
(13) Pb B - 0 0.58 = =
(14) Cr - -0 )

(15)  Sr - - 0.

(16) Ba =i o ()

1.00

N N o~
—_ OO0 WA W~
T e e

—_
— e —
N
~

—~ = 0.56 = - 0.76 1.00

0.50 —0.51 0.51 - 068 - -~ T 100
- - - 05405052 - - - - - -

— means <0.50 and <-0.50
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Table 4. Correlation matrix of chemical parameters in the grey-green alluvial-fan shales.

7 8 9 10 11 12 13 14 15 16

(1) Sio, 1.00

(2) TiO, —-0.61 1.00

(3) ALO, -0.86 0.53 1.00

(4) Fe,0, =052 0.56 0.51 1.00

(5) FeO  —068 — 050 —0.71 1.00

(6) MgO  —0.63 —0.52 0.52 —0.65 0.85 1.00
(7) CaO -059 - - -053 051 -
(8) NaO - = 056 = - =
(9) K,O —053 054 059 0.70 —0.76 —0.70
(10)  Mn . - 053 - 050 053
(11) Zn - - 060 058 0.52 0.55
(12) Ni o = = = 053 050
(13) Pb = — - —051 055 054
(14) Cr = = B 0% = =
(15)  Sr -054 - - = - N
(16) Ba — 0852 =~ = . -

1.00

0.51  1.00

= - 1.00

- -050 - 1.00

- - = - 1.00

- = — - - 1.00

- = - - - 0.54 1.00

— 0.66 - - = = - 1.00

- 0.64 - = - = = - 00
0.52 053 - - - - 0.60 0.51 - 1.00

— means <0.50 and <-0.50

mainly as fine pigment. These pigment can be of
detrital or diagenetic origins. Conversely, grey-
green and black colours in shale form under reduc-
ing conditions (cf. Thompson 1970; Van Houten
1972; Morad 1983). Reducing conditions enhance
the dissolution of Fe-oxides and precipitation of dis-
solved Fe?" as pyrite, chlorite or carbonate (Berner
1981).

Formation of pyrite and carbonates as well as
relatively abundant chlorite in shales of the upper
unit reflect the influence of sediment diagenesis
under marine environment (intertidal-subtidal).
These minerals exerted a major influence in the dis-

tribution of elements in the shales. Mn, Mg, Sr, and
Ba were incorporated in the carbonate whereas Fe
was incorporated in the pyrite too. In the alluvial-
fan shales, these elements occur mainly in the sili-
cates.

As shown by figures 8 and 9 secular changes in
composition of the Earth’s upper crust cannot solely
explain the variations in chemical composition of
the Visingso shales or the clastic sedimentary rocks
presented by Schwab (1978). Instead, we believe
that chemical compositions of clastic rocks are
strongly controlled by grain size, depositional en-
vironment and diagenetic evolution path. For exam-

Table 5. Correlation matrix of chemical parameters in the intertidal-subtidal shales.

i 8 9 10 11 12 13 14 15 16

(1) SiO, 1.00
(2) TiO, ~1.00

(3) ALO, - 052 1.00

(4 FeO,, - -  — 100

(5) FeO o - - 053 1.00

(6) MgO -076 - -056 - -  1.00
(7) CaO -0.78 —0.51 —=0.56 —  —  0.50
(8) Na,O . = 064 B = =

(9) K0 - - 062 - - -051
(10) Mn - = = - =

(11) Zn “ = o= = 053 =

(12) Ni = = = 05 =

(13) Pb S 0= @ 2 05 =

(14) Cr - - 053 051 - -

(15)  Sr -0.79 - = = = 0.5
(16) Ba 073 - ~ = = 050

1.00
~0.50 1.00

- - 100

070 - - 100

- = = 050 1.00

- - - = = 100

- - - 05508 - 1.00

- -05% - - - - 100

093 - - 068 - - — - 100
077 - - 060 - - - - 092 1.00

— means <0.50 and <-0.50
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Fig. 8. A plot of the shale samples studied on a SiO,/Al,O,
ratio vs Na,O/K,O ratio diagram in order to compare their
compositions with those of Archean to Phanerozoic sedi-
mentary rocks (Schwab 1978).

ple, enrichment of shales in Na relative to K or Ca
might be due to albitization of detrital potassium
feldspar and plagioclase, respectively. Albitization
of K-feldspar is common in the alluvial sandstones
of the Visings6 Group (Morad 1986) but has not
been detected in the shales. This might explain the
lower Na,O/K,O ratio in the Visingso shales (fig. 8)
compared to the sedimentary rocks of Schwab
(1978).
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