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Sedimentology of the Mesoproterozoic (' Jotnian') Satakunta sandstone has been
examined by methods of facies and grain size distribution analysis. The unmetamor
phosed sandstone covers an NW-SE trending area about 15 x 100 km 2 in size, as
an extension of a wide submarine sandstone area. The thickness of the arkosic sand
stone formation is more than 600 meters and has been estimated to reach 1800 m.

Cross-bedding structures indicate NW directed transport of detritus. Accord
ing both the paleocurrents and the grain size distribution, the proximal part of basin
was situated in the SE. At the southwestern contact, supply tranverse to the basin
axis is evident, but the northeastern, steep border of the sandstone seems to be con
trolled by younger faults, not by the primary basin edge.

All primary features observed are typical of fluvial sediments. The only indica
tion of marine contribution is the presence of glauconite in the distal part of the

basin. The infilling of the depository was the result of an alluvial plain and, possi
bly, sandy fan delta. The sedimentation was dominated by poorly cyclic, low sinuosity
streams and, in proximal areas, by debris floods. Observations from a drill core
(591 m long) indicate that major part of the Satakunta sandstone consists of medi
um grained arkoses and subarkoses dissimilar to the coarse, pebbly sandstones typical
of the present level of erosion. It seems that the alluvial type sediments offlapped
more fine grained sandstones as the system prograded towards NW.

The precise age and original extent of the basin are not possible to evaluate,
but the development may have begun during the emplacement of rapakivi granites
and associated mafic dykes. The final preservation seems to be controlled by the
subsidence related to the eruption of 'Postjotnian' dykes and sills, which show a
clear spatial connection with the sandstone.
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The Jotnian Satakunta sandstone, Mesopro
terozoic (Riphean) in age, is located in western
Finland south of town Pori. The unmetamor
phosed, poorly exposed sandstone covers a
NW-SE trending, fault-bounded area about
15 x 100 km 2 in size. According to Winterhalter
et al. (1981) and L. Bergman (1982) the sandstone
extends under the Gulf of Bothnia and links to
gether the red beds of Satakunta graben, Gavle
valley and Nordingra area.

The term 'Jotnian' was introduced by J.J.
Sederholm (1897) for unmetamorphic sandstones
and associated igneous rocks in the Precambri
an of Fennoscandia. The Jotnian-type sediments,
arkoses, siltstones, shales and conglomerates, are
known to occur in some ten localities (Fig. 1).
All these occupy shallow basins, tectonic depres
sions or grabens bordered by fractures or fault
zones most of which are N'W-SE oriented.

The Mesoproterozoic is in Satakunta repre
sented by rapakivi granite, sandstone and olivine
diabase. The Laitila rapakivi batholith (1570 Ma;

Vaasjoki, 1977) is situated immediately to the
south of the sandstone and two coeval rapakivi
stocks are present close to the northeastern flank
of the graben (Vaasjoki et aI., 1988). The 'Sub
jotnian' diabase dykes are held to be slightly old
er (c. 1650 Ma; Pihlaja, 1987) than the rapaki
vis. Both the rapakivi and the sediments are cut
by the 'Post-Jotnian' diabases (1260 ± 10 Ma;
Suominen, 1991), and the sandstone has been es
timated 1300--1400 Ma old (Simonen, 1980).

Although detailed works concerning petrolo
gy, mineralogy and provenance of the Satakun
ta sandstone (e.g. Simonen and Kouvo, 1955;
Marttila, 1969) are present, the depositional fea
tures have not been investigated systematically.
The aim of this paper is to study the
palaeosedimentology of the Satakunta sandstone
by methods of facies analysis. Also palaeocur
rent data from 14 localities is presented. The
grainsize variation within the sandstone was 0 b
served, not only from the outcrops but also from
22 drill cores.
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Fig. 1. Location of the Satakunta sandstone and other Jotnian occurences of the Fennoscandian Shield.
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The bedrock of southwestern Finland is com
posed mainly of Paleoproterozoic (Svecofennian,
1900-1800 Ma) felsic plutonic and supracrustal

rocks; the anorogenic Mesoproterozoic rapakivi
granites and diabases are the additional consti
tuents (Fig. 2).
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Fig. 2. Geolog ical map of the Satakunta area . I = sandstone, 2 = ' Postjotnian' diabase, 3 = rapakivi, 4 = 'S ubjotnian' dia
base, 5 = migmat itic mica gneiss, 6 = metavolcanite, 7 = granite , 8 = quar tz-diorit e and tonalit e, 9 = diorit e, gabbro and
ultrama fite. Map is simplified fro m I : 100 000 map sheets (par tly unpublished) of the Geological Map of Finland .
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The Svecofennian supracrustals consist mainly
of medium-grade metamorphic mica schists and
migmatitic mica gneisses. In places, the mica
gneisses turn into high-grade metamorphic kin
zigites containing garnet, cordierite and, local
ly, sillimanite. Intermediate to mafic pyroclastics
and lavas occur as interlayers within metasedi
ments.

Synorogenic granodiorites, tonalites (some
times garnetiferous) and quartz diorites are the
predominant plutonic rocks of the basement
area. SOJme variants of granodiorite contain
microcline megacrysts. Gabbros, diorites and
ultramafic rocks are restricted to some intrusive
bodies within migmatites. True granites are
sparse as well.

Sederholm (1893) was the first to state that the
Satakunta sandstone represents a relict graben.
A. Laitakari (1925) established well the factual
extent of the poorly exposed sandstone (see re
view by Hamalainen, 1985) and recognized the
nature of faults bordering the formation.

The gravimetric studies (Lauren, 1970; Elo,
1976, 1982) have since justified the geometry pro
posed byA. Laitakari (1925); in cross-section the
sandstone becomes gradually thicker towards the
NE and has finally a subvertical, faulted contact
against the Svecofennian basement. Near the NE
contact, stratification of the sandstone, general
ly nearly horizontal, dips quite steeply (up to 35°)
towards the basin (see Fig. 5). This indicates that
the fault was here undisputably active after the
deposition.

The Svecofennian rocks suffered a polyphase
deformation. Besides the folding, major shear
and fault zones divide the bedrock into blocks
showing diverse metamorphic grades and indicat
ing likely different erosional levels. The dominant
direction of the Svecofennian ductile shear zones
is I\lW-SE:.

The Laitila rapakivi batholith and three minor
stocks (Eurajoki, Kokemaki and Reposaari) are
situated in proximity of the Satakunta sandstone.
In addition, geophysical modelling (E10, 1976,
1982) suggests that the sandstone is underlain by
several kilometers of rapakivis. The olivine dia
bases occur in form of sills and feeder dykes. The
younger ('Postjotnian') set of diabases clearly has
a spatial connection with the sandstone (Fig. 2).

BASIN

In the southwestern contact, the sandstone
seems to form a step-wise shallowing structure
(Lauren, 1970). Some inliers of Svecofennian
rocks in the fringe area probably represent fault
blocks and irregular relief of basement at the
margin of the rift valley.

The only direct evidence regarding the thick
ness of the sandstone comes from a drill hole
south of Pori, which penetrated 591 meters of
sandstone without reaching the base. According
to a gravimetric profile survey by Elo (1976),
northwest of Pori the maximum thickness of the
sandstone could be around 1800 m. However,
due to the small density contrast between the
sandstone and the rapakivi granite, the reliabili
ty of the method may be questionable.
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The detrital main components of the sandstone
are quartz and feldspars; rock fragments , biotite,
muscovite and chlorite are the most common ac
cessories. Although the sandy sediments may be
collectively labeled as arkoses, also subarkosic
and quartz arenitic rock types are present.

Mineralogy of the sandstone has been studied
by Simonen and Kouvo (1955) and Marttila
(1969). According to these authors, the sandstone
contains generally more than 50% (45-60 070)

quartz and typically 20-40% feldspar. Feldspar
is alway s predominantly microcline. Plagioclase
(An 15 - to An 3s) is generally less than 5%.
Nevertheless, the fine to medium grained arkoses
at Leistila (for location see Fig . 4 and Appendix
1) exceptionally contain nearly equal amounts of
K-feld spar and plagioclase.

The matrix in sandstones (4 to 30 %) consists
mainly of authigenic quartz and clay minerals

(Marttila, 1969). The glauconite, identified from
Makholma in NW-part of the area, apparently
indicates, at least locally, marine contribution
during the diagenesis.

Basal conglomerates have been observed along
the SW contact of the sandstone at Luvia. The
well rounded pebbles of Luvia conglomerates are
almost solely quartz and typically less than
30 mm in size. Conglomerates, slightly different
from the Lu via type , are commonly found (es
pecially in the Sak yla-Ylane district in the south
east) as glacial boulders (Fig . 3). The quartz
pebbles are still dominant but also fragments of
different ba sement rocks (gneisses, granites,
schists and quartzites) are common. The quartz
cobbles are up to 6 cm in diameter and rock frag
ments may reach about 10-15 cm in size. Typi
cally the lith ic cobbles and quartz pebbles are
subangular to rounded, respe ctively. The sandy

Fig. 3. Conglomerate boulder in Reposaari (about 3 km SW from Tahkoluoto) . Note also the sandstone
interbeds. The length of the tag is 16 cm.
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matrix consists mainly of poorly rounded frag
ments of quartz and feldspar; in addition some:
quartz cement and interstitial clay minerals are:
present.

Chemical analyses of the Satakunta sandstone
can be found in Marttila (1969). Si02 varies
from 76 to 84 070 and Al203 from 6 to 12 070. By
comparing the mineral and chemical composi
tions, a positive correlation between the Na 20 1

and CaO contents and the amount of plagioclase
is obvious. The K20 content is typically more
than 3.5 °70 (range 2.3--5.8070; 8 analyses).

Both Simonen and Kouvo (1955) and Martti
la (1969) concluded that the detritus of the sand-

stone is from Svecofennian rocks, not from the
rapakivi granites. Although the reasoning based
on different types of feldspar may be questioned
(the feldspar in the Laitila rapakivi is mostly in
termediated microcline; A. Vorma, pers.
cornm.), the detrital heavy mineral assemblage
of Satakunta sandstone seems to favour
Svecofennian provenance (Marttila, 1969). Also
the U-Pb isotopic study of detrital zircons (Vaas
joki & Sakko, 1987) exludes rapakivi as major
source and implies that the zircons in Kiperi
(Mestila) locality (see Table 1 for location) are
inherited from Svecofennian granitoids.

GRAIN SIZE. DISTRIBUTION

The gra.in size in the Satakunta sandstone for
mation varies from conglomerate to siltstone and.
mudstone but various kinds of sandstone clear
ly predominate, In outcrops, the most typical
sandstones are coarse grained and often pebbly.
However, the majority of glacial sandstorie boul
ders consists of fine to medium grained arkoses.
The only outcrops corresponding the latter type
are Leistila and Tahkoluoto.

The nearly 600 meters long drill core from Pori
consist do:minantly of medium grained sandstone;
the thin mudstone interlayers together with the

coarse sandstones in lowermost and uppermost
parts being the exceptions. In contrast the drill
cores near the SW margin of the sandstone show
a vigorous grain size variation. The generally
poor sorting is indicated by great difference be
tween average and maximum grain sizes (Fig. 4).

The most coarse grained sediments are clearly
clustered in southwestern and southern parts of
the area. Observations from drill cores imply that
this can not be explained solely by variable ero
sional levels,
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LITOFACIES DESCRIPTIONS

Methods and sites of observation

The sandstone area is flat and mostly covered
by Quaternary depo sits. At present some 30 out
crops of sandstone are known and about 10 of
them are large enough for reliable palaeosedi
mentological observat ions and measurements.
The outcrops studied in detail are listed in Ap
pendix 1 and the locations are indicated also in
Figure 4.

Dur ing the fieldwork special emphasize was
laid on sedimentary structures. The vertical sec
tions were divided into lithofacies by using the

lithology (grain size) and depositional features.
The facies codes are modified after Miall (1977,
1978). In most sites of ob servation the flat lying
sediments offered vertical sections ju st a couple
of meter s long , and the only place suitable for
a comprehensive lithofacies study is the well
known Lammaistenkoski out crop at Harjavalta.
In addition to the vertical profiles, lateral varia
tion was also observed in road cutti ngs and oth
er places with good expo sure.

The Harjavalta section

The largest out crop of the sandstone is locat
ed below the Lammaistenko ski power plant. The
tilted, about 80 m long section is not continuous,
but by moving sideways good vertical profiles can
be mapped. The two profiles were connected by
a laterally continuous horizon at the base of the
profile 2 (Figs. 5 and 6).

Gravelly lithofacies (Gm and Gp)

The Gm-facies consists of poorly sorted fine
gra vel conglomerates and very coarse grained

sandstones, which contain scatt ered pebbles up
to 20 mm in diameter. K-feldspar clast s are typi
cally angular, whereas quartz shows better round
ing (Fig. 7). No clear lateral variation of grain
size was observed. In spite of the overall coarse
ness, the sediments contain a high quantity of
mixed silty material. The color is mostly red ,
probably because of the oxidation of detrital bi
otite and other Fe-minerals (cf. Marttila, 1969).
The thickness of the massive beds is 30-40 cm
varying on average between 15 and 100 cm. The
bases of the beds show no evidence of ero sion .

Fig. 5. Collage of three photos illustrating the Lammaistenkoski out crop at Harjavalta. The location of mapping
pro files is also indicated.
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Fig. 7. Sandy pebble conglomerate of the Gm-fades. Note
the angular fragment s of feldspar. Harj avalta, profil e lA,
20 m. The length of the tag is 16 cm.

Gm-fades is often followed, without any clear
boundary, by grudely cross-bedded sandstones
of the St-facies. In the upper part of the sec
tion, where the gravels are somewhat more sort
ed and contain less silty material, one set with
poorly defined planar cross-bedding (Iithofacies
Gp) on top of Gm was obs erved.

Trough cross-bedded jacies (St, St, and Su)

Three types of trough cross-bedded lithofacies
was distinquished . The differences between the
fades are often arbitrary, but the characteristic
features can be listed . The St-facies consists of

poorly sorted , often pebbly very coarse sand
stone, which typically contains a high quantity
of fine material (Fig. 8). The cross-bedding is
poorly defined and often the distinction between
the Gm-fades is rather obscure. The setbases
have a scoop- or wedge-like form. The troughs
are 60-100 cm by width (range 40-250 cm) and
about 10-20 cm by depth (range 5-30 cm). The
individual troughs may often be traced downcur
rent for several meters. The basal parts of troughs
are often enriched in silty material.

Fades St2 resembles St , but the modal grain
size is smaller , the amount of silty material is stilI
larger and pebbles are rare. The small troughs
(width 20-90 cm, depth 5-15 cm) are grouped
into cosets and the rock is often deeply red col
ored . The fades most typically appears as later
ally discontinuous, lensoid or wedge-like inter
layers in the St ,- and Stj-units (Fig. 9), but
cosets reaching 150cm in thickness were also ob
served.

In the main part of the section St-Hthofacies
con sists of coarse to very coarse sandstones, but
in the uppermost part also medium grained var
ieties are present. The sediments show a moder
ate sorting, and the low proportion of fines is the
most striking difference to the St ,- and Stz- fa
des. Thi s rocktype is relatively resistant against
ero sion and units of St3-facies (sometimes to
gether with Sp) form tens of meters long continu
ous ridges on outcrops (Fig. 5). St-facies is
composed of well-defined sets of trough cross
beds, with trough width averaging 30-70 cm
(range 15 to 100 cm) and depth 3-10 cm (Fig.
10). Pool- or scoop-shaped troughs can have
lateral continuity of several meters and proba
bly tens ,of meters . Cosets vary from 40 cm to
1 m in thickness. A thin (less than 10 mm), pur
plish red clay layer often covers the base of a
trough.

In a two-dimensional section parallel to flow ,
the cross-strata curve only slightly at the toe, giv
ing an appearance similar to planar cross
bedding. Along with increasing amount of mixed
silt , the Width/depth-ratio of a trough decreases
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Fig. 8. Poorly sorted, coarse grained sandstone of St.-facres . Harjavalta, profile lA, 21 m. The length of the
tag is 16 cm.

paleocurrent (NW)

15

59m
2

Fig. 9. Lateral variation of different fades at Harjavalta (profile 2A, 59-61 m). Note the lensoid appearance of the silty
sandstones of the St2-facies.

and the difference between the medium grained
type of St3 and the St2-facies becomes obscure.

Intraclasts of mudstone/siltstone are occasion
ally present troughout the sandy part of the sec
tion, but they are clearly concentrateted in the
St-facies, In two places a polygonal surface
pattern resembling desiccation cracks was ob
served on top of a St.-unit.

Planar crossbedded facies (Sp)

The sets comprising the Sp-facies show a well
defined planar tabular cross-bedding. Cosets may
consist up to 6 sets, but single sets are most com
mon. Set thickness is generally around 10 cm
(range 5-35 cm). In the main part of the sec
tion , the rocks are composed of moderately sort-

koppari
Konekirjoitusteksti
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Fig. 10. Well defined , medium sca le tro ugh
cross-bedding o f Strfacics. Har java lta, pro
file 1A, 40.5 m. The length of the tag is 16 cm.

ed coa rse to very coarse sand. Planar cro ssbed
ded sandstones become mo re ab unda nt in the up
per part s, where the grain size cor responds to tha t
of medium gra ined sand . The bottom contact of
a set is generally angular, but also tangential
bases occur. A lateral downcurrent gradation of
tangential Sp-facies into fades St3 was locally
ob served (Fig. 11).

Horizontally bedded or laminated sandstone
facies (Sh)

Horizon tally bedd ed sandsto nes are rare and
occur in two distinctly different associations. The

first type is associated with fades St3 and con
sists of coarse sands with obscure horizontal
stratification. The ot her type is a medi um to fine
grai ned, silty, laminated sandstone existi ng only
in the upper part of the section. This type seems
to evolve gradat ionally from fades St, as the
proportion of fine sand increases.

Horizontally lam inated or ripp led sandy
mudstonel siltstone facies (1"1)

F l -facies includ es horizon ta lly inte rlayered
laminated muds, silts, sandy silts and rippled
sandy silts. All the three occure nces of the fades



Geological Sur vey of Finland, Bulletin 369

Fig. 11. Medium gra ined sandstone of the Sp-facies. Note the down current tr an sition from Sp to St, in the
topm ost set. Har javalta , profile 1D, 72 m. Th e tape measure is visible 10 cm.

Fig. 12. Mud ston e and sandy siltsto ne of the Fl-facie s overlain by sandsto nes of StJ- and St-facies. Harj avalt a , pro
file 2A, 62 m. The length of the tag is 16 cm.

17
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are about 1 m in thickness and the contacts
against the bordering facies appear to be sharp
(Fig. 12). The finest laminas are 2-6 mm and
those consisting of sandy silt 8-15 mm in thick
ness. The color of these layers differs, being red
and greenish to reddish gray, respectively. How
ever, the red hue does not invariably follow the

bedding, but forms irregularly shaped patches of
epigenetic oxidation. The sandy silts are partly
small scale crosslaminated and may contain scat
tered clasts up to 3 mm in diameter. The Sp is
the only sandstone facies occuring interlayered
with the fine sediments.

The Knapernummi section

The vertical section at Knapernummi is only
3,3 meters high (Fig. 13), but the outcrop has
lateral contuinity more than 20 meters. The three
sandy facies are all composed of coarse to very
coarse arkosic sandstone with maximum grain
size around 1,5-2 mm (excluding mudstone in
traclasts up to 30 mm in size). The lithofacies di
vision is based solely on internal structures.

Trough cross-bedded facies (St)

The St-facies is characterized by poorly defined
sets of trough cross-beds.The foresets are seldom
visible,but the geometry of set bases can be.
depicted. 'The trough depths are 5-10 cm and
they form cosets up to 40 cm in thickness.

Planar cross-bedded facies (Sp)

This facies includes planar cross-bedded sets
with a tabular planar or 'wedge planar geometry.
The distinction with the facies St is not always
clear, because the set bases often show a sligthly
concave form and downcurrent gradation into
the St-facies was observed. The set thickness vary
between 5-20 cm, the thick sets are typically
solitary, whereas the thinner ones form cosets up
to 4 sets. Mud chips are present in the whole sec
tion, but they are clearly enriched near the base
of Sp sets or eosets. The lower contanct of a set
is generally sharp and angular, but some very

low-angle types are also present. The low-angle
cross-bedding could, however, simply display
variable orientation of foresets in two-dimen
sional exposure or, alternatively, represent an in
termediate type between Sp and She

Horizontally bedded facies (Sh)

This facies is composed of horizontally strati
fied sandstones. The bedding features are very
indistinct and part of these sediments may, in
fact, be massive.

Mudstone facies (Fm)

The Fm-facies consists of dark red colored
mudstone. It occurs as discontinuous thin layers
(max, thickness 40 mm, commonly 2-6 mm) be
tween the sandy sets. The rock type, as well as
the mode of occurrence, is very similar to the fine
sediments associated with Stj-facies in the Har
javalta section. The narrow mudstone layers
form in vertical section an anastomosing pattern
between the lensoid, wedge-shaped or tabular
bedform.s of sandstone (Fig. 13). On a surface
parallel to the bedding plane the gentle pools and
ridges are visible. The pool bases are covered by
mudstone which thins laterally out in a short dis
tance. One rippled surface with small scale, large
index ripples was observed.
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Fig. 13. Vertical profile and lateral relationships of the differentfacies at Knapernummi. The pictures (top left and bottom)
are viewed towards the north; numbers of the vertical bars refer to the vertical profile (top right).

Sedimentary structures in other observation sites

At Naskalinkallio a section 10,5 m by total
length (about 7 metres exposed) is present. The
lower part consists of very coarse grained, part
ly pebbly, arkose with lensoidl more gravelly beds.
One thin (2 cm) interbed of siltstone was ob
served. Internal structures are seldom visible.

This may be caused partly by the coarse grain
size (massive beds), but also abundant lichen on
the outcrops hinder the observation. The only
clear bedding features are some about 20 cm thick
planar crossbeddedl sets. The upper part of sec
tion is characterized by coarse to very coarse
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grained sandstone with poorly defined trough
crossbedding resembling the St-facie s at Knaper
nummi.

In Kiperi road cutting (section 6,5 m) and at
Murronmaki (section 1,2 m) the sedimentary
structures are obscure. Both outcrops consist of
moderately sorted, coarse sandstone inter layered
occasionally with thin (less than 2 cm) remnants
of greenish siltstone. In places.trough crossbed
ded units with set thicknesses around 15 to 25 cm
are visible.

At Kallionpiiii, a badly vegetated sandstone
step 0,8 m high was found. Two tabular planar
cross-stratified sets (thickness 15-20 cm) are fol
lowed by a trough crossbedded unit. The outcrop
is much like the Knapernummi station both by
the rock-type and the depositional style.

Metsiikulma and Makholma are flat outcrops
parallel to bedding plane . They are very similar
to each other with gentl y undulating sur face of
a coarse grained arkosic sandstone with thin rem-

nants of mud stone covering the pool s. At Mak
holma 'mud chips' are very common (Fig. 14).
At Metsakulma a lot of small scale troughs are
visible on plan view. In addition, a sur face tex
ture resembling raindrops imprints was observed.

In the blasted walls of the Leist ila water chan
nel about 5 meters long section of sandstone is
visible near a contact of a diabase dyke . The ar
kosic sandstone is heavily jointed and the primary
features have been largely destroyed. The arkose
is more fine grained and quite well sorted in com
parison to most other places studied. The bed
ding structures typical for this type of the well
sorted, medium grained sandstone are best seen
in glacial boulders and in the walls of the Ulvila
church.

At Tahkoluoto, long walls perpendicular to
each othe r were exposed during the construction
of the new harbour. Large scale channels and
trough cross-bedd ing structures are typical for
thi s location (Fig. 15). The rock type is mainl y

Fig. 14. Mudston e intraclasts in a coarse grained sandstone at Makh olma. Note the epigenetic red coloring
of c1ast margins. The lens cap is 5.5 cm in diameter.
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Fig. 15. The blasted southern (at right) and eastern (at left) walls of the Tahkoluoto harbour basin. Note the
basal bounding surface of a SSE-NNW directed channel in the southern wall near the corner and correspond
ing large-scale cross-beds in the eastern wall.
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medium grained arkose or subarkose quite simi
lar to Leistila . Unfortunately, the pool was ac
cidentally invaded by sea before more detailed
observations were executed.

The all other outcrops presented in Figure 4
(Saarenmaa, Myllyoja, Sahankoski and Markku
la) con sist of coarse grained arkose and allow
very restricted possibilities for investigation .

The drill core 'Pori l'

All known drill cores from the Satakunta sand
stone area were re-examined . Unfortunately, the
primary structures are hard to identify from a
core and a meaningful lithofacies division was
not possible to establish. Most drill cores are
some ten s of meters long, and their features
resemble those ob served in outcrops. The long
drill hole (Pori I), however, reaches more than
600 meters in depth and is of a special interest.

The first 130 m (excluding 28 m of overbur
den) is characterized by medium to coarse grained
sandstones, which show patchy or overall pur
plish red coloring. Rock s are typically cro ss-

bedded (dominantly small scale trough cross
bedding ?) . Between 130 and 360 meters the sand
stone is medium grained, well-sorted and seem
ingly ma ssive . From 360 meters downwards
cro ss-bedding is obvious again and fro m 470
mete rs the average grain size corresponds coar se
sand and becomes gradually still coarser in the
lowermost part of the drillhole. The purple or red
hue appears again in depth of 400 meters and is
still locally present between 480-580 meters . The
lowermost part is not epigenetically colored and
light grey.

When looking at the core as a whole , most
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typical are pinkish arkoses ('A' in Fig. 16) and
subarkoses, but also nearly quartz-arenitic types
('D' in Fig. 16)are locally present. Mudstone rip
ups of different size are common in sandstones.

The mudstone interbeds are present in the
whole section, excluding the lowermost portion
(rare below 470 m). The y are red, green or dark
grey in color (see Fig. 16). The individual in
terbeds are typically 5 to 30 cm (range 0.5
50 cm) in thi ckness, and the fine sediments form
together less than 5 070 of the core .

Fig. 16. Different rocktypes of the drill hole 'Pori I ' . Typi
cal samples are marked by lette rs: (A) Pink, seemingly mas
sive, medium grained arkose; (B) Light brown, seemingly mas
sive, medium grained arkose; (C) Light purplish, cross-bedded
coarse sandstone; (D) Light greyish, cross-bedded quart z rich
sandstone. The diameter of the core is 32 mm . Photo by J.
Vaatainen ,

FACIES SEQUENCES

The main part of the Harjavalta section (0
55 m) is characterized by alternation of the th ree
St-litho facies interrupted sharply by Fl-facies.
The most striking feature is the overall poor sort
ing; coarse pebbly arkoses include considerable
portion of silty material. Ero sional features are
rare , sorted orthoconglomerates and reactivation
surfaces being virtually absent. Thi s system was
nam ed as ' facies association l' (late r on FA 1,
for short) .

In the upper part of the Harjavalta profile 1
sorting is better and the modal grainsize smaller
when compared to the FA 1. Most characte rist ic
for this 'facies association 2' (FA 2) are the medi-

urn to coarse grained arkosic sandstones with well
defi ned planar and trou gh cross bedding. Sp
facies is com mo n and it often has gra da tio n up
wards to lith ofacies St3 •

The lower and upper parts of the section dif
fer in average grainsize, sorting and sedimentary
structures, but parts of the FA 2 are clearly analo
gous with the FA 1. Thus, the boundary between
associations is not abrupt, but the change in
sedimentary style may roughly be located be
tween 50 and 60 meters in the profile 1.

The facies sequence was stud ied statistically by
the 'Markov cha in anal ysis'. The raw facies rela
tionship sequence was first arranged in form of
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obscure, but its position allows a tentative cycle
Sh via Sp to St (with Fm) to be figured out.

Fig. 17. The observed lithofacies relationships within the
whole Harjavalta section (above) and for the facies associa
tions (below): (A) FA 1; (B) FA 2. The number of facies tran
sitions is indicated.

A

B

a matrix and then a difference matrix was calcu
lated (for details of the method; see Miall, 1973).
Positive values in the difference matrix indicate
lithofacies transitions more probable than ran
dom. The target is to figure out real relations be
tween the lithofacies and study the cyclicity of
the sequence.

The major drawback of the method is that it
ignores the thickness of the units and the charac
ter of the cont.acts (sharp, gradational, erosion
al). An additional source of statistical error are
the unexposed parts of the section, because they
may not be situated randomly and lithofacies
with low resistance against erosion can be under
represented in the sequence. This effect may
somewhat distort the cyclic models.

In Figure 17 all observed lithofacies relations
in Harjavalta section are presented. The impor
tant transitions, with positive values and signifi
cant total number of cases, are printed by thick
in Table 1.

The lower association does not show any clear
cyclicity, althought the transitions St1 to St2 and
St3 to St2 are clearly significant. In the upper as
sociation we can outline a repetative feature Sp
to St3 to St2 • The most important difference
with the former association is the high probabil
ity of the transition Sp to St3 •

The short section at Knapernummi is charac
terized by alternation of lithofacies Sp and St (see
Fig. 13). The bases of Sp units are sharp and these
planar crossbedded sets tend to be followed
gradually by facies St. The thin Fm-units are as
sociated with facies St. The Sh lithofacies is quite
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Table 1. Difference matrices, Harjavalta section.

FI Sh Sp St1 St2 St1 Gm Gp

FI --0.01 0.35 -0.01 -0.31 0.11 -0.04 0.01
Sh -0.03 0.25 0.05 --0.11 -0.14 -0.04 0.01
Sp 0.08 0.02 0.19 -0.21 -0.06 -0.04 0.01
St3 -0.03 --0.02 -0.05 0.43 -0.08 0.01 0.01
St2 -0.03 0.00 0.05 0.06 -0.01 -0.05 0.01 dij
St 1 0.01 --0.01 -0.14 -0.11 0.12 0.10 0.01
Gm -0.03 --0.01 -0.15 0.02 -0.31 0.35 0.02
Gp -0.02 --0.01 -0.01 -0.34 -0.30 0.86 -0.04

FI --0.01 0.37 -0.07 -0.33 0.07 -0.04
Sh -0.03 -0.12 0.69 -0.31 -0.17 -0.04
Sp 0.15 0.05 -0.03 -0.11 -0.01 -0.04
St3 -0.04 --0.01 -0.04 0.25 -0.10 -0.03 dij
St2 -0.04 --0.01 0.03 0.11 -0.01 -0.06
St1 0.00 --0.01 -0.11 -0.06 0.05 0.11
Gm -0.03 --0.01 -0.13 0.10 -0.33 0.39

Sh 0.25 -0.23 -0.02 -0.03 -0.03 -0.03
Sp --0.04 0.38 -0.34 -0.03 -0.03 -0.03
St3 --0.04 -0.06 0.34 -0.04 0.08 -0.04
St2 0.08 0.16 -0.13 -0.04 -0.04 -0.04 dij
St1 --0.03 -0.23 -0.45 0.74 -0.02 -0.02
Gm --0.03 -0.22 -0.44 -0.25 -0.03 0.97
Gp --0.03 -0.22 -0.44 -0.25 0.97 -0.03

PALE04CURRENTS

In Harjavalta, Knapernummi and Naskalinkal
lio the paleocurrent data represents the whole sec
tion, and no more than two readings from an in
dividual coset was taken. In all other localities:
paleocurrent indicators were few and exposure
allowed no systematic data collection. A total of
211 measurements were made in 14 localities.

The cross-bed measurements were first correct
ed for tilt by stereographic projection, and ob-,
tained values were divided into 30° classes. Data
include planar foreset, trough foreset and trough
axis azimuth measurements, The trough axis
azimuths may be held as most reliable paleocur
rent indicators (Meckel, 1967; Michelson and
Dott, 1973)and within these the variability is very
small. In statistical calculations (Table 2) all read-

ings of a station were put together in spite of
varying »internal» variability of different types
of measurements (eg. trough axis azimuths and
trough foresets). Because the total variance is
small in all localities, this procedure may not dis
tort the results.

In all localities paleocurrents show unimodal
pattern with main transport direction towards
NW or 1'1". The stations near the SW contact of
the sandstone area show slightly more northern
trend compared to other localities (Fig. 18).

The genetic relationships between the current
and inclined bedding may be complicated in de
tail" and variable methods and scales of reference
studies hinder straigthforward comparisons (cf.
Allen, 1966; 1967; Miall, 1974). However, the
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Table 2. Paleocurrent statistics.

Arithmetic

Station Number Vectoral Consistency Standard Variance
of Mean Ratio Deviation

Readings (degrees) (0/0 ) (degrees)

Harjavalta 135 320 88.5 28.8 829
Knapernummi 21 019 88.7 28.5 811
Naskalinkallio 10 042 83.8 35.6 1264
Leistila 5 322 88.6 31.2 973
Metsakulma 8 282 94.9 19.6 384
Kallionpaa 7 324 91.3 26.1 682
Makholma 5 341 88.4 31.4 989
Tahkoluoto 4 328 99.9 2.4 6
Kiperi 4 338 94.2 22.7 516
Murronmaki 5 016 97.8 13.4 181
Myllyoja 3 277 97.6 15.3 233
Markkula 2 357 98.8 12.7 162

Saarenmaa 012
Sahankoski 335

Total 211

paleocurrent pattern apparently has some en
vironmental significance. Unimodal, low vari
ance patterns has been reported to occur in del
taic, turbiditic and even eolian environments, but

it is most characteristic to rivers with a high gra
dient and low sinuosity (e.g. Potter and Pet
tijohn, 1977).
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Fig. 18. The distribution of paleo current observatio ns.
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DEPOSITIONAI~ MODELS

Individual primary features or lithofacies are
seldom diagnostic, and the interpretation de
pends on the framework. Thus, the procedure
generally progresses from large to small. The fa
cies sequence and facies relationships act as a
norm, and the first step is to outline the most
probable depositional environment by compar
ing the observed facies association to the exist
ing models. In this phase also the overall nature
and geological setting of the studied sequence are
taken on account. The second phase is to discuss
the depositional processes behind a particular
lithofacies within the created framework. Con
sequently, the validity of the latter interpretations
is solely dependent of the model used.

The important general features of the Har
javalta section may be listed as follows: (1) the
overall coarseness of the sedliments; (2) the ar
kosic, poorly sorted and rounded nature of the
material (low maturity); (3) the minor amount of
fine sediments (less than 3070 of the total section
measured); (4) abundance of trough- and planar
cross-bedding; (5) lack of major reactivation sur
faces and (6) unimodal paleocurrent pattern.

The short Knapernummi section resembles the
St3 dominated parts of the Harjavalta profile
and also all the general features listed above are
valid. In all other sites of observation the section
is so short, or the primary features are so ob
scured, that their usefulness in the paleosedimen
tological reconstruction is vague. However, most
places show features quite similar to the Knaper
nummi section .. The important exceptions are the
more fine grained Leistila and Tahkoluoto, which
might represent a depositional environment
different from all the other stations.

The general features listed directly rule out
many environments and clearly favour rapid
deposition in a. fluvial setting. Accordingly, the
only comparable lithofacies models are those
presented for braided alluvial environment (e.g.
Miall, 1977; Walker, 1979; Reading, 1986)which

can further be divided into braided rivers, allu
vial fans and alluvial plains (Rust, 1978).

In spite of the recent invasion of fluvial facies
models, the Satakunta litofacies associations are
compared to the 'standard models' of Miall
(Jl977, 1978). For the purpose of this study they
represent the major braided river types with suffi
cient accuracy to be used as a basis for interpre
tation. The models have been derived from (and
named after) recent examples, and their major
differences are in the facies assemblages and in
the features reflecting cyclicity.

The lower part of the Harjavalta section
(]~A 1) resembles the Donjek-model or an inter
mediate between it and the more distal-type
South Saskatchewan-model. The models repre
sent gravelly and sandy braided rivers, respective
ly. An important difference to these is, however,
the observed poor cyclicity of FA 1.

The development of autocyclic features is con
trolled mainly by the degree of channelling in the
river system (Miall, 1977). The unsorted nature
of sheet-like coarse units and scarce erosional
st.ructures are also features indicating poor chan
nel development at Harjavalta. The braided ver
tical profile models of Miall (1978) lack an ex
ample for a non-cyclic sandy-gravelly stream.
However, the concept of the non-cyclic (sandy)
Platte-type sequence and the general factors con
trolling fluvial depositional styles (cf. Miall, 1985)
points the interpretation of the FA 1 to an en
vironment with broad, shallow rivers or braid
plains characterized by low sinuosity and poor
channeling.

The gravelly Gm-lithofacies allows two alter
native interpret.ations. Poorly washed, massive
sediments are typical products of 'gravity-driven'
debris flows, common in someproximal (steep
slope) alluvial environments. However, in the
studied section also texturally similar sands with
current bedding. features (lithofacies St1) are
present. This might indicate simultanous depo-
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Fig. 19. Simplified depositional models for the lower (FA 1) and upper (FA 2) lithofacies associations of the Harjavalta section.

sition of all grain sizes from a heavily loaded river
('fluid-driven' debris flow) in conditions where
the velocity of the stream suddenly decreases. To
gether these facies (Gm and St1) might represent
the high water stage of the river system and as
sociated debris floods.

From this starting point, the better sorted St3·•

and Sp-sands represent sorting of previous sedi
ments and final deposition from sinuous crested
dunes and. linguoid or transverse bars, respective
ly ('normal channel action' in Fig. 19), during
the low water stage. In this model, the St-facies
represents infill of minor channels or deposition
in the lee of larger bars and dunes.

The most fine-grained portion of the lithofa-·
cies FI is best explained by vertical accretion in
the aband.oned parts of the channel system (or
floodplain) with occasional seasonal reoccupa
tion (rippled parts and Sp-interlayers). In gener
al, the rarity of this facies suggests deposition in
an environment with poorly defined channels and
interchannel floodplain areas and/or poor preser
vation of mudstones in a cannibalistic braided
river system characterized by frequently chang
ing pattern of shallow channels.

The lithofacies association 2 of the Harjaval
ta section is well comparable to the facies model

of sandy, braided South Saskatchewan river
(Cant, ]l978; Miall, 1978). The FA 2 is charac
terized by smaller overall grainsize, better sort
ing and abundance of Sp units when compared
to the FA 1. The two former features can be ex
plained by a more distal location in the fluvial
system and the latter by common appearance of
sand flat complexes in sandy braided systems.
The observed Sp to St3 gradation may reflect
change in bedform morphology from sand flats
to sinuous crested dunes downcurrent and/or to
wards the main channel.

Both the grain size characteristics and struc
tures of the Knapernummi section are quite
similar to those of the St3/Sp dominated parts
of the Fi\ 1 in Harjavalta. The coarse sands with
poorly defined horizontal stratification might
have been originated through bottom traction in
channel; the development of sandy foreset bars
and dunes with increasing discharge probably
produced the facies Sp and St. During the low
water season, the abandoned pools between bars
dried out and the thin clay deposits on sandy
units formed, The subsequent high water cycle
then partly eroded previous bar tops and deposit
ed the rn.udchips in the lower parts of the cross
bedded units.



It is to be pointed out, however, that the
depositional models and processes suggested are
only simplified attempts based on the modern
analoques. The spectrum of fluvial systems is
wide and facies models must be seen only as fixed
points in the continuum of variability. Even with
in fluvial environment different processes may
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create analogous facies relations. A detailed in
terpretation of depositional processes demands
techniques more sophisticated than vertical pro
files, but in lithified record lacking three
dimensional exposure such methods (e.g. 'struc
tural element analysis'; Miall, 1985) are seldom
applicable.

SUMMARY AND :OISCUSSI()N

The typical sedimentary structures of the
Satakunta sandstone are planar and trough cross
beddings, symmetric, asymmetric and linguoid
ripple marks, HIUd cracks, clay galls and raindrop
imprints, and all of them are in accord with con
tinental conditions of deposition. The red color
of the sediments has been interpreted (Simonen
and Kouvo, 1955) to indicate a terrestial, oxidiz
ing environment. However, the purplish red
coloring seems to be partly, at least, epigenetic
in origin.

Although the primary features and facies as
sociations observed on outcrops fit well to the
fluvial models, it seems - in the light of the gla
cial boulders and the drill hole 'Pori l ' - that
coarse grained sandstones are clearly over
represented on outcrops. The depositional in
terpretation presented is based mainly on the
Harjavalta section and must be kept in the ap
propriate context; it is related only to the present
ly exposed level of the entire sandstone body. Ma
jor part of the sandstone has not been studied.
Unfortunately, the only outcrops, Leistila and
Tahkoluoto, consisting of medium grained sand
stone, are heavily jointed and presently under the
sea, respectively. Although fluvial model seems
to be sound, at least for the Tahkoluoto, one has
to remember that a major part of the Jotnian
Dala sandstone in Sweden has been interpreted
as eolian in origin (Pulvertaft, 1985).

Both the paleocurrent pattern and the grain
size distribution strongly support that the distal

part of the basin was situated in the NW. No evi
dence of delta sedimentation was found, but top
set deposits of a Gilbert-type fan delta are often
difficult to distinguish from fluvial sediments. In
any case, the glauconite in the NW presumably
means marine contribution in the distal parts of
the basin. Accordingto Axberg (1980) the 10t
nian sandstone at the bottom of the Bothian Sea
is »more or less quartzitic», but, unfortunately
no exact data is available. This lithological tran
sition, together with the southern and eastern
paleocurrents from Nordingra (Bergman, G.,
1980) could indicate existence of a shallow ma
rine paleobasin between these areas (see Fig .. 1).

No evidence of rapakivi provenance has been
reported, but if rapakivis were exposed to ero
sion at late stages of the basin filling and given
that the depositional model (Fig. 20) is valid, the
conglomerates in SE part of the area are relatively
young and most potential to include debris der
ived from the rapakivis. In contrast, the quartz
pebble conglomerates at Luvia may represent real
'basal conglomerates'. Their mature composition
could reflect a weathered source and stable con
ditions prior to the faulting that resulted in depo
sition of the unmature arkosic sediments.

The northern trend of paleocurrents at the SW
contact reflects supply tranverse to the basin axis.
The Harjavalta section is located near the NE
margin of the sandstone, but here all the
paleocurrent are parallel to the longest dimension
of basin. This observation probably means that
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the NE contact is not the edge of the primary ba
sin, but controlled by later events. This is sup
ported by tilting of strata at Harjavalta.

The filling of the Satakunta basin may have
a long and compound history. The major trend
of both 'Subjotnian' and 'Postjotnian' dykes in
Finland is parallel to the axis of the Satakunta
basin (see Figs. 1 and 2). No conclusive evidence
on the age relationship between the 'Subjotnian'
rapakivi-diabase association and the Satakunta
sandstone is present; neither clastic material from
rapakivis (or from 'Subjotnian' diabases) nor
sedimentary contact against rapakivi has been
reported, and -- on the other hand - observa
tions of cross-cutting rapakivi granites are lack
ing as well. In Sweden the Jotnian sandstone of
Nordingra has a depositional contact against
granite of age 1578 Ma (Lundqvist, 1990), and
both the Gavle and Nordingra sandstones con
tain fragments derived from the 'Subjotnian'
complex (Gorbatchev, 1967; Bergman, G., 1980).

Although the reliability of the old K-Ar age de
termination of the shale interbed (1300 Ma;
Simonen, 1960) may be questioned, the
paleomagnetic results (Neuvonen, 1973; Pesonen
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et al., 1989) indicate that the Satakunta sandstone
cannot be considerably older than the 'Postjot
nian' dykes. However, the present sampling ho
rizon seems to be underlain by nearly a kilome
ter thick pile of sandstone, and the maximum age
of these deposits may in principle, at least, be ex
tended even up to 1800 Ma. In summary, the up
per part of the sandstone probably deposited
about 1400-1300 Ma ago, but, as long as the
field relations between the 'Subjotnian' intrusives
and the sandstone are not observed, the possi
bility of the basin .initiation during the 'Subjot
nian' rifting (c. 1650 Ma ago) should not be ruled
out.

The original extent of the basin system is not
possible to estimate, but a comparison with the
Riphean basins of the Russian platform (cf.
Salop, 1983) makes clear that it may have been
much wider than presently. As suggested by I.
Laitakari (1983), the final preservation - and the
present margins - of the sandstone are proba
bly controlled by the subsidence related to erup
tion of 'Postjotnian' basic magmas. This late
event has not necessarily much to do with the
deposition of the sandstones studied.

CONCLUS][ONS

1. The deposition of the Satakunta sandstone
represented at present exposure level occurred by
poorly channeled braided streams in an alluvial
environment.

2. The paleocurrent pattern observed is of
unimodal, low variance type. 'Themain direction
of transport was towards the NW, but north
directed paleocurrents are evident in the SW-part

of area. According to the paleocurrents and the
grain size distribution, the proximal part of the
basin was situated in the SE.

3. The elongated, thick, fault bounded sand
stone body is interpred as a graben fill sequence.
The present areal extent of the Satakunta sand
stone is controlled mainly by movements related
to eruption of 'Postjotnian' basic magmas.
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Appendix 1. Names and locations of outcrops and drilling sites in Figure 4.

Outcrops
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A
B
C
D
E
F
G
H
I
J
K
L
M
N
o

Tahkoluoto, Pori
Makholma, Pori
Kallionpaa, Pori
Metsakulma, Pori
Knapernummi, Luvia
Markkula (Maarvuori), Luvia
Sahankoski, Luvia
Leistila, Nakkila
Lammainen, Harjavalta
Saarenmaa (Panelia), Kiukainen
Koomankangas, Kokemaki
Kiperi (Mestila), Eura
Myllyoja (Kiperjarvenoja), Eura
Lannen tehtaat, Sakyla
Murronmaki, Koylio

x = 6836.50
x = 6818.56
x = 6816.29
x = 6815.60
x = 6810.48
x = 6804.76
x = 6803.04
x = 6805.10
x = 6803.90
x = 6793.50
x = 6791.60
x = 6774.64
x = 6774.18
x = 6775.29
x = 6776.97

y = 1520.50
y = 1531.50
y = 1537.53
y = 1537.16
y = 1532.60
y= 1538.13
y = 1539.50
y = 1550.95
y = 1559.78
Y= 1553.05
y = 1566.54
Y= 1562.25
Y= 1562.00
y=1567.96
y = 1569.67

Drilling localities and depths (m)

Enajarvi, Pori (17.97)
2 Vanhakyla, Ulvila (14.12)
3 Lattomerenoja (Pori 1), Pori (618.55)
4 Pirila, Harjavalta (12.70)
5 Vareksela, Harjavalta (24.47)
6 Nayhalankangas, Harjavalta (35.75)
7 Kankaala, Harjavalta (32.70)
8 Kankaala, Harjavalta (27.00)
9 Kalmeenkulma, Koylio (24.42)

10 Kalmeenkulma, Koylio (15.46)
11 Pitkajarvi, Kokemaki (25.86)
12 Pitkajarvi, Kokemaki (145.37)
13 Sassila, Luvia (31.50)
14 Sassila, Luvia (23.00)
15 Hutsaari, Luvia (50.50)
16 Hallapera, Luvia (40.70)
17 Naskalinkallio, Luvia (50.00)
18 Huhta, Eurajoki (16.90)
19 Kyydamaki, Kiukainen (29.00)
20 Kaanaanmaa, Eura (17.07)
21 Kauttua, Eura (49.68)
22 Pehkuranta, Ylane (101.10)

x = 6827.47
x = 6814,.62
x = 6815,,50
x = 6806 .. 20
x = 6800 u 97
x = 6798 .. 01
x = 6798 .. 56
x = 6798.39
x = 6788.00
x = 6788.23
x = 6789.95
x = 6790.13
x = 6808.42
x = 6807.79
x = 6804.90
x = 6803.59
x = 6801.16
x = 6795.23
x = 6790.46
x = 6782.15
x = 6779.61
x = 6755.56

y = 1532.82
Y= 1549.11
Y= 1540.16
y = 1558.84
y = 1562.69
y = 1563.70
Y= 1564.74
y = 1565.13
y = 1566.79
y = 1567.12
y = 1568.11
y = 1568.27
Y= 1530.47
Y= 1530.85
y = 1533.89
y = 1533.95
Y= 1536.74
Y= 1544.87
Y= 1549.01
y = 1561.90
y= 1563.13
y = 1575.32
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