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SAMMANFATTNING

Jirnmalmsfyndigheten i Dannemora bestdr av ungefir 25 kroppar av bide manganrik och manganfattig kalk- och
skarnjirnmalm vilka var féremal for gruvbrytning under flera hundra ar fram till &r 1992. Fyndigheten omfattar
ocksé ndgra sulfidmineraliseringar som bréts kring forra sekelskiftet. Vird- och sidobergarter till malmerna utgérs
av brant stupande enheter av svagt omvandlade sedimentira och felsiska vulkaniska bergarter tillhérande den sve-
kofenniska "leptitformationen” med en alder av ca 1,9 miljarder &r. Ursprungliga bergartsstrukturer och texturer
4r vil bevarade och har gett goda méjligheter till faciesanalyser och tolkningar av de ursprungliga sedimentira
miljderna. Fyndigheten antas ha bildats i ett omride med ryolitisk vulkanism och kalderabildning och sedimenta-
tionen antas ha dgt rum i flera olika miljder: 6ppen marin, lagunartad och saltbildningsplatser. Upplyftning och
nersinkning pa grund av vulkanismen féreslas som huvudskilet till de upprepade regressionerna och transgres-
sionerna inom omrddet. Detta har mdjliggjort &terkommande avsittningar av vulkanoklastiska tidvat-
tenavlagringar, dolomitiska karbonatavlagringar av sabkha-typ och saltskorpeavlagringar. De sistnimnda har varit
yteerst viktiga for malmbildningen d& de har fungerat som effektiva fillor for metallutfillningar frin laterala,

metallférande hydrotermala 16sningar i manga av sedimentationssekvenserna.

ABSTRACT

The Dannemora ore deposit consists of about 25 bodies of both manganese-rich and manganese-poor limestone
and skarn iron ore, which were mined for several hundred years until 1992. It also contains a few sulphide min-
eralizations, which were mined in earlier times. The deposit is hosted by steeply dipping units of slightly altered
sedimentary and felsic volcanic rocks belonging to the Svecofennian “leptite formation” with an age of around
1.9 Ga. Original rock structures and textures are well preserved and have provided good opportunities for facies
analysis and interpretation of original sedimentary environments. A model for the geological evolution of the
deposit based on a basin analysis is proposed. The deposit is interpreted to have formed in a rhyolitic,
caldera region with sedimentation in an open marine, lagoonal, and salina environment. Volcano-induced
uplift and subsidence is proposed as the primary reason for the repeated regressions and transgressions within
the area. These have produced recurring depositional sequences of volcaniclastic tidal deposits, dolomitic carbon-
ate sabkha deposits, and salt pan deposits. The latter have been paramount for the ore formation, as they have
functioned as efficient traps for metal precipitation from lateral metalliferous, hydrothermal solutions in many of
the depositional sequences.

Keywords: Palacoproterozoic, Svecofennian, Dannemora iron deposit, depositional sequences, volcaniclastic rocks,
bubble-wall shards, accretionary lapilli, stromatolites, evaporites.

INTRODUCTION

The Dannemora ore deposit is situated in the eastern part
of central Sweden, about 45 km NNE of Uppsala and
120 km north of Stockholm (Fig. 1). It contains about 25
bodies of both manganese-rich and manganese-poor lime-
stone and skarn iron ore. Many of them have been known
for more than 500 years and have been mined for iron
during several hundred years until 1992 when the mining
operations finished. The deposit also comprises a small
number of sulphide mineralizations, which were mined in
earlier times. The deposit and its surroundings have pre-
viously been described in Erdmann (1851), Térnebohm
(1878), Nystrom (1922), Tegengren (1924), and Geijer
& Magnusson (1944) and others. However, these authors
only described the surface bedrock, or very limited and

I. LAGER

shallow parts of the deposit. Through extensive mining
and continued exploration, down to a depth of more
than one thousand metres between 1944 and 19806, sig-
nificantly larger portions of the Dannemora deposit have
been exposed than were previously available for investiga-
tion, thereby revealing a multitude of new geological data.
Some of the recent data have previously been presented
by Lager (1986), but further geological investigations un-
til 1992 revealed many new features, thus prompting an
amplification and revision of earlier results and interpreta-
tions. This paper contains a more comprehensive summa-
ry, with updated geology of the Dannemora ore deposit,
than presented by Lager in 1986.
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Fig. 1. Simplified aeromagnetic total-intensity survey of the Dannemora district.

REGIONAL GEOLOGY

The Dannemora deposit is hosted by Palacoproterozoic,
c. 1.9 Ga, Svecofennian, metavolcanic rocks of the “leptite
formation” (see Lundqvist 1979). They probably belong
to the uppermost part of a volcanic sequence, which char-
acterizes the whole of the metalliferous Bergslagen area in
southern, central Sweden (Lundstréom et al. 1998). Dur-
ing the Svecokarelian orogeny, these rocks were deformed
and metamorphosed to low, medium, and high grades
of regional low pressure metamorphism (Stephens et al.
2000, Stalhds 1991). A number of well preserved areas
are described from western Bergslagen (e.g. Sundius 1923,
Magnusson 1925, Bjork 1986, Oen 1987, Lundstrom
1995). Due to the generally stronger regional metamor-
phism, such areas are rare in the eastern, coastal areas.
However, the rocks in the Uppsala-Dannemora area are
reasonably well preserved. The regional geology of eastern
Bergslagen is described by Stdlhss (1991).

The bedrock within the Dannemora area and its sur-
roundings, here called the Dannemora district (Fig. 2), is

characterized by steeply dipping strata of well preserved
sedimentary and felsic volcanic rocks. These units occur
in belts of variable thicknesses between early orogenic
Perpendicu-
lar to the extension of the Dannemora deposit the belt

granitoids (granites, granodiorites etc.).

is thickened due to isoclinal folding with low-angle fold
axes. There the belt consists of two synclines, separated by
an anticline, where the Dannemora deposit is part of the
ESE syncline, here called the Dannemora syncline. The
deposit stands out on the aeromagnetic map of the area
(Fig. 1) as an extensive magnetic anomaly with high gamma
values. Note the widened anomaly caused by the deep-
seated Diamantmalm 2 ore body (Fig. 3 and Fig. 4, cross-
section 1). The aeromagnetic map also shows other mag-
netic anomalies, but these all have a limited extension
and low gamma readings. These anomalies are also caused
by iron ore bodies of which several have been explored

and exploited in earlier times (Fig. 2, “iron ore mines

[closed]”).

THE GEOLOGY OF THE PALAEOPROTEROZOIC LIMESTONE-HOSTED DANNEMORA IRON DEPOSIT, SWEDEN
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ore or open rooms from iron ore mining, yellow = volcaniclastic rocks or "felsite porphyry” dykes, white =
limestone, red = granodiorite, and light brown = zinc ore.
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THE DANNEMORA SYNCLINE

Shape and extent

The shape and extent of large parts of the Dannemora
syncline at the 300-350 m level can be seen in Figure 4.
The carbonate and ore-bearing section of the syncline, the
Dannemora ore deposit, has a total length of about 3 km
and a width of about 400 to 800 m. The deposit strikes
approximately N30°E and dips between 80 and 90° to-
wards the northwest at the surface and between 55° and
70° at the 350 m level. The Dannemora syncline, which
plunges a few degrees towards the northeast, is composed
of two steeply dipping fold-limbs of which the WNW-
limb is slightly overturned (Fig. 4, cross-section A—A,).
The stratigraphy is similar in both limbs and the original
way-up directions of bedding have been determined by
grading, cross-bedding, erosional surfaces, and the orien-
tation of stromatolite-like structures. The hinge of the
syncline has only been observed within the southern part
of the deposit (Fig. 4, cross-section A—A,). Despite inves-
tigations of the bedrock towards the north, the hinge has
not been revealed there. In the north, it is possible to trace
the "leptite formation” down to a depth of 1150 m (ore
down to 1000 m) with the aid of diamond drilling and it

most likely continues even deeper.

Metamorphism

The mineral parageneses of the rocks must have changed
many times after deposition. Particularly, the regional
metamorphism during the Svecokarelian orogeny must
have had potential to change the mineral parageneses.
However, the rocks are structurally so well preserved, that
the post-depositional (post-volcanic-hydrothermal) proc-
esses can be assumed to have been essentially isochemical.
Therefore, the mineralogical composition of the skarns
and chlorite felses etc. may essentially reflect the geochem-
ical alteration created by the syndepositional, diagenetic
or hydrothermal processes.

The rocks in the exposed parts of the Dannemora syn-
cline are mainly metamorphosed in low greenschist facies,
but locally up to lower amphibolite facies within hydro-
thermally altered areas. The “meta-"prefix should there-
fore precede the rock names. However, primary structures
and textures are generally preserved well enough to allow
their recognition and allow interpretations of the origin
of the rocks. Therefore, both sedimentary, and magmatic
names will be used without the prefix — alongside with
some commonly used metamorphic names such as quartz-
ite, chlorite fels, and skarn.

I. LAGER

Rock types

The rock types in the Dannemora syncline include both
primary supracrustal rocks, such as volcaniclastic and
carbonate rocks, and diagenetically and hydrothermally
altered supracrustal rocks, such as chlorite fels, skarn
(Fe-Mn-Ca-Mg silicate rocks), iron and sulphide ores, as
well as intrusive rocks, e.g. felsic and “greenstone” por-
phyries, diorite, and granodiorite, of which most are to be
found in Figure 4. Many of the supracrustal rocks occur
as finely laminated heteroliths too thin to be reproduced
on the current map scales. In Figure 4, such rocks have
been labelled with the name of the dominant lithology
within the unit. Furthermore, the chlorite fels, skarn, sul-
phide ores and many of the intrusive rocks have not been
included in Figure 4 due to their negligible thickness.

Formations

The stratigraphic sequence in the Dannemora syncline
has been divided informally into a lower and an upper for-
mation (Fig. 4 and Plate 1c). In addition, the upper for-
mation is divided into a basal unit and an upper unit. The
lower formation is composed exclusively of volcaniclastic
rocks. The basal unit of the upper formation consists also
solely of volcaniclastic rocks, but the volcanic rocks con-
tain lithic clasts of iron ore, which are lacking in the lower
formation. Beds of iron ore and carbonate rocks are com-
pletely missing there. The upper unit of the upper for-
mation on the other hand, is composed of beds of vol-
caniclastic rocks as well as beds of iron ore and carbonate
rocks.

Depositional environments

Several different depositional environments are proposed
for the deposits of the Dannemora syncline. The main
types of names used here for depositional environments
are open marine, open lagoon, closed salina, and terrestrial
environment. They have been used with the following
meanings: open marine — oceanic environment without
any protecting barrier, open lagoon — a body of water
with a protecting barrier, but partly in connection with
the ocean and its equilibrating effects, through superficial
channels, closed salina — a body of water, near the ocean
coast with sea-water recharge, but without any superficial
connection with the ocean and its equilibrating effects,
and terrestrial environment — the dry land.



Depositional sequences

The stratigraphy of the Dannemora syncline is divided
into three depositional sequences of the 1st order (Plates
1 and 2). They are interpreted as transgressive-regressive
sequences. The depositional sequences 1 and 2 of the 1st
order constitute the basal part of the lower formation.
They are suggested to have been deposited in open ma-
rine and terrestrial environments (see “Stratigraphy and
paleogeographic evolution” below and Plate 2). The depo-
sitional sequence 3 of the 1st order consists of the upper
part of the lower formation, and the basal and upper unit
of the upper formation (Plates 1 and 2). The upper part of
the lower formation and basal unit of the upper formation
are considered to have been deposited in an open marine
environment (see “Stratigraphy and paleogeographic evo-
lution” below and Plate 2). The upper unit of the upper
formation is suggested to have been deposited in repeated
open marine, open lagoon, closed salina, and terrestrial
environments (see “Stratigraphy and paleogeographic evo-
lution” below and Plates 1 and 3). This unit is divided
into 14 depositional sequences of the 2nd order (open
marine, open lagoon, closed salina, and terrestrial depos-
its), thought to be transgressive-regressive (see “Stratigra-
phy and paleogeographic evolution” below and Plates 1
and 3). At the bottom of these sequences the sediments
may be sorted in depositional sequences of the 3rd order
(two types: one with foreshore, beach, and tidal flat de-
posits and one with subtidal and sabkha deposits), consid-
ered as transgressive-progradational (shallowing upwards)
sequences (see ”Stratigraphy and paleogeographic evolu-
tion” below and Plate 4). In the upper portion of these se-
quences there are in many cases also depositional sequenc-
es of the 3rd order (primary evaporative gypsum and hal-

ite deposits), regarded as dilution-aggradation (drying up-
wards) sequences (see “Stratigraphy and paleogeographic
evolution” below and Plate 4). Furthermore, in the depo-
sitional sequences of 3rd order, the sabkha deposits some-
times can be separated into depositional sequences of the
4th order (spring and storm flood, chert, primary algal
mats, and evaporative gypsum deposits). They are inter-
preted as dilution-aggradation (drying upwards) sequenc-
es (see "Evidence of primary organic life” below).

Deformation

During the period of granitic magmatism, the originally
horizontal layers of the supracrustal rocks were raised to
a steeply dipping position. Apart from this intrusion-re-
lated folding, faulting with associated minor drag-folding
is the dominating deformation style in the Dannemora
iron ore deposit. Secondary foliations exist only in close
association with fault zones, and lineations occur only
locally parallel with the fold axes in minor folds. Slaty,
fracture and crenulation cleavages have been observed in
fault zones with associated deformation of e.g. accretion-
ary lapilli.

Several major fault zones are horizontal or gently dip-
ping (Figure 4, sections 1 and 2). These zones always show
top-to-the-south kinematics. The greatest known hori-
zontal displacement is 400 m. The Diamant 1 orebody is
faulted 400 m towards the south in relation to the Dia-
mant 2 orebody at the 420 m level (Fig. 3). Two conspic-
uous parallel systems of steeply dipping fault zones also
occur. One strikes N15°W and dips 60-90°W, the other
strikes N10°E and dips 85°W (Fig. 4). As a rule, dextral

kinematics are indicated for these zones.

DESCRIPTION AND GENETIC INTERPRETATION OF ROCKTYPES

Below, the following rock types in the Dannemora syn-
cline are described: volcaniclastic rocks, carbonate rocks,
chlorite felses, skarn, iron ores, sulphide ores, dyke and sill
complexes, and granodiorite. Evidence of primary organic
life, and dolomitization are also treated in this chapter,
but as separate topics.

Volcaniclastic rocks

The volcaniclastic rocks in the Dannemora syncline are
rhyolitic in composition, commonly with a high potas-
sium content (Table 1). All of them have a low sodium
content with the exception of the pyroclastic flow depos-
its, which are a little higher in sodium. The reported com-
positions of the pyroclastic flow deposits, however, are
mean values for 10 analyses, and the spread in the potas-

sium and sodium content is high. The sample localities
of the 14 samples of pyroclastic flow and fall deposits are
shown in Plate 2. From the reported values, it is evident
that the potassium content increases and the sodium con-
tent decreases twice upwards in the stratigraphy. A high
sodium content is correlated with a higher amount of
sodium feldspar phenocrysts, and hence the K,0/Na,O
ratio is, at least partially, due to primary magmatic dif-
ferences. This is in accordance with the presence of two
types of dykes, i.e. low sodium content “felsite” dykes with
quartz phenocrysts and high sodium content “greenstone
porphyry” dykes with sodium feldspar phenocrysts. The
main minerals are quartz, albite, microcline, and sericite,
but in some cases illite, chlorite, calcite, or epidote may
occur.
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Table 1. Chemical compositions of different rocks (mean values of chemical analyses made by SGAB Analys using ICP.

The Fe,O;-content is calculated).

Rocks No. Si0O, TiO, ALO; Fe,0; FeO MnO MgO CaO K,O0 Na,0O P,0; LOI Sum Ba
samples % % % % % % % % % % % % % PPM
Upper formation
Pyroclastic fall deposits 7 7417 012 1362 082 0,70 0,09 1,09 218 490 055 0,02 1,50 99,76 538
Pyroclastic breccia 1 61,60 0,09 9,96 0,45 1,50 0,37 1,19 16,00 3,86 0,24 0,01 4,30 99,57 113
Redep. pyroclast. dep. coarse 21 68,53 025 1242 400 280 0,13 1,31 163 5,10 0,66 0,05 1,33 98,21 8107
Redep. pyroclast. dep. fine 4 56,33 0,16 17,18 068 158 020 1,90 11,46 669 065 0,02 2,83 99,68 633
White spherical structures 2 7190 0,06 10,50 0,97 125 042 045 1160 0,24 0,05 0,01 2,40 99,85 75
Calcite limestone 12 15,92 0,04 1,75 112 150 055 1,72 4554 049 0,06 0,02 31,14 99,85 119
Dolomitic limestone 17 6,79 0,03 1,02 466 514 152 1126 3294 0,15 0,05 0,03 3586 9945 63
Chlorite fels 4 36,83 020 1430 357 870 099 1476 6,46 425 023 0,08 8,60 98,97 362
Jaspilite 71,33 0,07 511 1344 330 004 054 120 208 032 0,03 0,93 98,39 7163
Skarn (Mn-poor silicates) 1 - 0,09 531 1475 320 125 122 2960 0,03 0,05 0,08 - 55,58 9
Skarn (Mn-rich silicates) 2 - 0,01 0,09 189 3145 2249 292 084 0,02 0,03 0,00 - 59,74 8
Iron ore (Mn-poor) 3 - 0,01 0,36 4577 22,67 0,28 4,31 355 0,09 007 0,08 - 7719 1
Iron ore (Mn-rich) 5 - 0,03 1,40 4321 2194 399 6,41 3,12 044 0,03 0,03 - 80,60 124
Lower formation
Pyroclastic flow deposits 10 70,18 0,21 14,14 ,76 1,43 0,07 0,85 1,92 544 1,99 0,05 1,53 99,57 997
Pyroclastic fall deposits 7 73,56 0,20 13,52 093 004 08 142 563 066 0,02 1,64 99,67 716
Intrusions
Felsite porphyry 2 74,70 0,07 13,056 053 1,20 0,07 0,61 0,36 690 0,77 0,01 1,056 99,32 3259
Greenstone porphyry 1 69,70 027 1430 0,75 250 006 084 221 407 322 0,03 1,40 99,36 1592
Diorite 2 4765 091 1430 2,83 925 043 814 846 0,79 136 0,31 430 98,73 399
Granodiorite 5 67,92 039 1428 1,00 304 010 132 347 308 275 0,4 1,94 9943 822

The volcaniclastic rocks are composed of thousands
of laminae and beds with very varied appearance. An at-
tempt to subdivide similar beds and bed sequences into
genetic types has been made. Some deposit types, such
as pyroclastic surge deposits, have been grouped together
with other types because they are too thin or are too dif-
ficult to discern in the thin drill cores used for facies analy-
sis. Therefore, only the following four genetic groups of
volcaniclastic rocks have been distinguished (Fig. 4 and
Plates 1-4); pyroclastic flow deposits, pyroclastic breccia,
pyroclastic fall deposits, and redeposited, pyroclastic de-
posits. In some areas the genetic groups alternate so inti-
mately that far from all can be presented on the map at
the scale presented here. In these cases, only the dominant
rock types have been used.

The pyroclastic flow deposits

Pyroclastic flow deposits of two types have been identified
in the Dannemora syncline, namely, 1) subaerial pyroclas-
tic flow deposits (pumice flow deposits or ignimbrites)
and 2) subaqueous pyroclastic flow deposits (pumice flow
deposits or ignimbrites).

1) The subaerial pyroclastic flow deposits (pumice flow
deposits or ignimbrites) are found solely within the depo-
sitional sequence 2 in the lower formation (Plate 2). These
deposits constitute a group of several flow beds, with a bed
thickness of 1.5-14 m. Each bed consists of a thick, red or
greyish-red basal unit and a thinner, grey upper unit. The
basal unit contains numerous black and red pumice clasts,
which are poorly sorted and normally ungraded (Fig.

I. LAGER

5a). Locally the pumice clasts have irregular shapes as in
Fig. 5a, but mostly they are flattened and found as c.
1-5 mm thick and 1-10 c¢m long clasts (Figs. 5b—c and
6a—c). Typical of the basal unit is also abundant 1-5 mm
large feldspar phenocrysts and/or 1-7 mm large blue-col-
oured quartz phenocrysts (Figs. 6a—c). Lithic clasts are
also common in the basal unit, for example, of older felsic,
pyroclastic rocks (Fig. 7a). The upper unit is characterized
by dispersed, dark grey, angular pumice without flattening
and 1-3 mm large feldspar and/or white quartz pheno-
crysts (Fig. 7b).

Poor sorting and variable amounts of ash, pumice lapil-
li and blocks is typical for pyroclastic flow deposits (pum-
ice flow deposits or ignimbrites) (e.g. Cas and Wright
1987). Red colour of the pumice may result from thermal
oxidation, a process that reflects cooling of hot material
while in contact with air (e.g. McPhie et al. 1993).The
alternation between the red or greyish-red basal units and
the grey upper units in the flow deposits in Dannemora
indicates that the red colour in the basal units is caused by
early thermal oxidation rather than later processes. Flat-
tening of pumice may have several origins, e.g. post-em-
placement welding, burial compaction and tectonic folia-
tion or lineation. The alternation between flattened pum-
ice in the basal units and non-flattened pumice in the up-
per units in Dannemora suggests that the flattening of the
pumice is caused by post-emplacement welding and not
by burial compaction or tectonic foliation or lineation.
Welding and thermal oxidation are features suggesting a
hot, gas-supported emplacement of the material (McPhie
et al. 1993).



Fig. 5. Parts of pyroclastic flow deposits
with juvenile fragments: a) with red, irregu-
lar, non-flattened, pumice fragments. b) with
red, flattened, pumice fragments. c¢) with
grey, sligthly flattened, pumice fragments.
Dark spots are phenocrysts of quartz. Pho-
tographs of drill-core samples from red or
greyish-red basal units of flow beds in the
lower formation.

Fig. 6. Parts of pyroclastic flow deposits
with different phenocrysts and juvenile
fragments: a) with feldspar phenocrysts
(light spots) and black and red, flattened,
pumice fragments (black and red len-
ses). b) with quartz phenocrysts (white
spots) and flattened pumice fragments
(red lenses). c) with feldspar (light red
spots) and quartz (bluish-grey spots)
phenocrysts and pumice fragments not
seen in the photograph. Photographs of
rock samples from red basal units of
flow beds in the lower formation.

Fig. 7. Parts of pyroclastic flow bed
units: a) with a red lithic clast (clast
margin is outlined with black) with
a strongly welded structure. Photo-
graph of drill-core sample from the
red basal unit of a flow bed in the
lower formation. b) with dispersed,
dark grey, angular pumice without
flattening. Photograph of a drill-core
sample from the grey upper unit of a
pyroclastic flow bed in the lower for-
mation.

The poor sorting, the content of numerous pumice
lapilli, the red colour of the pumice, and the existence of
flattened pumice in the basal units thus indicate that this
type of deposits in the Dannemora area originally formed
as pyroclastic flows. The grey upper units with grey, an-
gular pumice without flattening suggest emplacement of
more chilled material at the top of the flows. The intense
red coloration and flattening of the pumice in the basal
units, the absence of normal grading in the flow beds, and
their lack of interbedding with turbidites suggest that the
emplacement of these deposits was subaerial.

2) The subaqueous pyroclastic flow deposits (pumice
and ash flow deposits or ignimbrites) occur within all
three depositional sequences in the lower formation
(Plate 2) and in the basal unit of the upper formation (Plate
2, the deposits are included in the signature for pyroclas-
tic flow, fall and redeposited pyroclastic deposits). Besides
that, a single bed of a subaqueous, pyroclastic flow deposit
has been observed in the upper formation in the ESE limb
of the syncline (see below under ”Pyroclastic breccia”,

Fig. 4). Disregarding this single bed the subaqueous py-
roclastic flow deposits are to be found in groups of sev-
eral flow beds, with bed thicknesses of 1-15 m. The sub-
aqueous flow deposits are mostly very similar to the sub-
aerial pyroclastic flow deposits but they are more greyish,
although they locally contain red flattened pumice clasts.
Sometimes, as in the basal unit of the upper formation,
the subaqueous pyroclastic flows are more fine-grained
and lack pumice (ash flow deposits). They consist of abun-
dant bubble-wall shards and 1-7 mm large, often corrod-
ed, blue phenocrysts of quartz (Fig. 8). Zones of non-flat-
tened bubble-wall shards (Figs. 9-10) and flattened bub-
ble-wall shards (Fig. 11) alternate in this type of pyroclas-
tic flow deposit.

The subaqueous pyroclastic flow deposits are also char-
acterized by a faint normal grading and a high content
of yellow-green, epidote-rich, lithoclasts (Fig. 12) associ-
ated with a conspicuous epidotization. Some of the flow
beds in the basal unit of the upper formation also con-
tain lithoclasts of iron ore. The subaqueous pyroclastic
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Fig. 8. A quartz phenocryst in a pyroclastic flow deposit (ash
flow deposit) with non-flattened bubble-wall shards. Photomi-
crograph of a specimen from the basal unit of the upper forma-
tion. Plane polarized light.

Fig. 9. A part of a pyroclastic flow deposit (ash flow deposit)
with non-flattened bubble-wall shards. Dark is fine-grained
shards of feldspar. Transparent is cement of quartz. Photomi-
crograph of a specimen etched with hydrofluoric acid, from the
basal unit of the upper formation. Plane polarized light.

Fig. 10. A part of a pyroclastic flow deposit (ash flow deposit)
with non-flattened bubble-wall shards. Dark is fine-grained
shards of feldspar. Transparent is cement of quartz. Photomi-
crograph of a specimen etched with hydrofluoric acid, from the
basal unit of the upper formation. Plane polarized light.
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Fig. 11. A part of a pyroclastic flow deposit (ash flow deposit)
with flattened bubble-wall shards. Dark is fine-grained shards
of feldspar. Transparent is cement of quartz. Photomicrograph
of a specimen etched with hydrofluoric acid, from the basal unit
of the upper formation. Plane polarized light.

Fig. 12. A part of a pyroclastic flow de-
posit with greenish-yellow, epidote-alte-
red, lithic fragments. Photograph of a
drill-core sample from the lower forma-
tion.

flow deposits are often interbedded with normally graded,
greyish-brown, volcaniclastic turbidites.

The similarity of these deposits to the subaerial pyro-
clastic flow deposits in Dannemora suggests that also they
are pyroclastic flow deposits. Welding is also possible in
subaqueous environments (Howells et al. 1991), but is
much less common than in subaerial environments (Cas
and Wright 1991). The faint normal grading in the sub-
aqueous pyroclastic flow deposits and their interbedding
with volcaniclastic turbidites indicate that the emplace-
ment of these deposits was subaqueous.



The pyroclastic breccia deposit

A pyroclastic breccia deposit occurs in a funnel-shaped
structure in the ESE limb of the Dannemora syncline,
within the upper unit of the upper formation (Fig. 4, the
shape is not apparent at the 350 m level). The structure
locally cuts the surrounding rocks. Upwards, the fun-
nel-shaped breccia gradually changes to a laterally extend-
ed, 50 m thick bed of a subaqueous pyroclastic deposit
of the same type as described above. The funnel-shaped
structure is composed of a massive, light-red breccia with
1-10 c¢m large angular lithic fragments of pink volcani-
clastic rocks, dark dolomitic limestone, and locally mag-
netite (Fig. 13a). It also contains abundant 2—-6 mm large
quartz phenocrysts. It is hydrothermally altered to vary-
ing degrees and is also partially hydrothermally brecciated
(Fig. 13b).

The shape and the composition suggest that this de-
posit was formed as a pyroclastic breccia, deposited and
hydrothermally altered within a volcanic explosion vent.
The breccia deposit has a somewhat lower SiO, content
than the pyroclastic flow and fall deposits, which may be
due to the presence of limestone xenoliths in the pyroclas-
tic breccia, but possibly also to the hydrothermal altera-
tions.

Fig. 13. a) A part of a pyroclastic breccia deposit with light red
fragments of volcaniclastic rocks and dark of dolomitic limesto-
ne. b) A part of a brecciated pyroclastic breccia deposit with
the same fragments as in figure a). Photographs of drift walls
in the mine from the upper unit of the upper formation.

The pyroclastic fall deposits

Two types of pyroclastic fall deposits have been recorded
in the Dannemora syncline: 1) subaerially emplaced and
2) water-settled pyroclastic fall deposits. The chemical
compositions of the pyroclastic fall deposits are reported
in Table 1.

1) Subaerially emplaced pyroclastic fall deposits
(facies A in Plate 4) have been recorded in both the lower
and upper formation. In the lower formation (Fig. 4 and
Plate 2) they occur in the depositional sequences 1 and 2.
There they are found in up to one hundred metres thick
units, which can be divided into diffuse, 1-2 m thick beds
or in more distinct cm-thick layers. There are no signs
of interlayering of pyroclastic flow deposits, volcaniclastic
turbidites or tempestites. The subaerially emplaced py-
roclastic fall deposits in the lower formation are grey,
fine-grained and rather well sorted, but they may locally
contain dispersed black, 2-40 mm large, cuspate-shaped
pumice and white, silicified, lithic clasts. Some beds are
also characterized by a high content of 1-5 mm large
white quartz phenocrysts. The phenocrysts and clasts
locally define a diffuse normal grading. Silicification and
sericitization appear to be common in many beds but
bubble-wall shards have nevertheless been observed with-
in many of them.

In the upper formation, the subaerially emplaced py-
roclastic fall deposits occur in the upper unit in e.g. the
depositional sequence 8 (Plate 3). They may be found as
solitary or repeated beds, from 0.1 metre up to several
metres in thickness. There are no signs of interlayering
of volcaniclastic turbidites or tempestites. The subaerially
emplaced pyroclastic fall deposits in the upper formation
vary in grain size between clay, silt and sand and they are
rather well sorted. They are brown to brownish black and
consist mainly of illite with diffuse bubble-wall shards.
They may also contain 1-4 mm large, commonly idio-
morphic quartz phenocrysts and up to dm-sized lithic
clasts, which, in some cases have caused evident bomb-
sag structures. Also, many beds are characterized by non-
graded accretionary lapilli (Figs. 14a, b) of which some
have a light-coloured core of ash material (cored lapilli)
(Fig. 14a), while others are composed of multiple concen-
tric shells. The lapilli are broken in places (Fig. 14b).

Relatively good sorting and varying amounts of inter-
nal stratification or lamination in pyroclastic material are
typical for pyroclastic fall deposits (e.g. Cas & Wright
1987). The subaerially emplaced pyroclastic fall deposits
in the lower formation consist of bubble-wall shards, cus-
pate-shaped pumice, lithic clasts, and quartz phenocrysts.
They are rather well sorted and more or less stratified,
which suggests that they are pyroclastic fall deposits. The
lack of interlayering of volcaniclastic turbidites or tempes-
tites indicates that they were subaerially emplaced.
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Fig. 14. a) A part of a brown, illitic, subaerially deposited, pyro-
clastic fall deposit with accretionary lapilli. Note that several of
the lapilli have a light core (cored lapilli). Photograph of a rock
sample from upper unit of the upper formation (sequence 8 in
Plate 3). b) A part of a subaerially deposited pyroclastic fall,
with accretionary lapilli and small quartz phenocrysts (white).
Note the lapilli with several concentric shells at the bottom of
the photo. Microphotograph of a specimen from the upper unit
of the upper formation (sequence 8 in Plate 3). Plane polarized
light.

During Plinian eruptions, large volumes of pumice
are ejected and extensive pumice-fall deposits are pro-
duced. Near-vent deposits can be very coarse whereas they
away from the vent deposits become fine-grained (Cas
& Wright 1987). The subaerially emplaced pyroclastic
fall deposits in the lower formation are found in up to
one hundred metres thick units, demonstrating the very
large volumes of ejected material, which implies an ori-
gin from explosive eruptions of Plinian type. Several erup-
tions must have contributed to the deposition as the units
are too thick to have been deposited from one single erup-
tion. The subaerially emplaced pyroclastic fall deposits
in the lower formation are fine-grained and rather thinly
bedded, which indicates that their deposition was distal.

The subaerially emplaced pyroclastic fall deposits in
the upper formation consist of illite-altered bubble-wall
shards, quartz phenocrysts, and locally accretionary lapilli
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Fig. 15. a) Brown, illitic, water-settled, pyroclastic fall deposits
interbedded with epidote-zoisite-cemented, volcaniclastic tur-
bidites or tempestites (light beds). Evidence of development
of light spherical structures can also be observed in figure. b)
Weakly deformed accretionary lapilli occur both in the brown
beds of pyroclastic fall deposits and in light, normal graded tur-
bidites. Photographs of an outcrop in the basal unit of the up-
per formation. Outlined area in a) is enlarged in b).

and up to dm-sized lithic clasts. Accretionary lapilli are
common in a wide variety of primary pyroclastic deposits,
such as pyroclastic, surge, and fall deposits (McPhie et al.
1993). The subaerially emplaced pyroclastic fall deposits
in the upper formation are rather well sorted and more
or less stratified, which suggests that they are pyroclastic
fall deposits. The content of up to dm-sized lithic clasts
indicates a near-vent deposition. The lack of interlayered
volcaniclastic turbidites or tempestites suggests subaerial
emplacement.

2) The water-settled pyroclastic fall deposits have only
been recorded in the upper formation (Fig. 4 and Plate 3).
They may occur in the lower formation as well, but it has
not been possible to distinguish them from volcaniclastic
turbidites or tempestites. In the basal unit (Plates 1 and
3) of the upper formation they are found between py-
roclastic flow deposits and redeposited pyroclastic depos-
its (Fig. 15, between volcaniclastic turbidites or tempes-
tites), whereas in the upper unit they are interbedded with
volcaniclastic turbidites or tempestites and limestones
(Fig. 16). They may occur as solitary or repeated beds,
from 1 to 5 dm thick. Oscillatory ripple marks are ob-
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Fig. 16. Brown, illitic, water-settled pyroclastic fall deposits in-
terbedded with volcaniclastic turbidites or tempestites (light
beds) overlie chlorite fels and nodule bedded, dolomitic
limestone. The uppermost part of the sequence is composed
of calcite limestone (light grey beds) interbedded with volca-
niclastic turbidites or tempestites (dark beds) and dolomitic
limestone. Note the dark, lithic fragments with a pale grey, alte-
red, outer rim (F) in the pyroclastic fall deposits and the contor-
ted, white bed in the lower nodule bedded, dolomitic limestone
(pseudomorph after a "chicken wire” anhydrite bed?). Photo-
graph of a drift roof in the mine in the upper unit of the upper
formation.

Epidote
lithoclasts

Volcanicl
turbidite

2 Platy
. ash shards

=
w
[=]
o
SO
LT
==
X
=0
Q=
3
3
o
=
>
2

Crystals and
fragments

ubble-shaped structures filled
with zoisite and tourmaline

Epidote lithoclast

Volcaniclastic turbidite
with epidote lithoclasts

Fig. 18. Brown, illitic, water-settled pyroclastic fall deposits in-
terbedded with epidote-zoisite-cemented, volcaniclastic turbi-
dites or tempestites (light beds). Outlined area in a) is enlarged
in b). a) A turbidite or tempestite bed with a large number of
epidote lithoclasts can be seen at the bottom of figure. b) Epi-
dote lithoclasts can also be found in the lowermost parts of the
brown pyroclastic fall deposits. Some of the brown beds of py-
roclastic falls contain bubble-shaped, light-coloured, 5-10 mm
large structures filled with zoisite and tourmaline. Photographs
of an outcrop in the basal unit of the upper formation.

served in some beds. Their grain size varies between clay,
silt and sand. They may be graded with accumulations of
crystals of quartz or feldspar and/or heavy fragments at
the base and less dense or platy clasts in the upper parts
(Fig. 17). The water-settled pyroclastic fall deposits are
brown to brownish black in colour. They consist mainly
of illite but may also contain 1-4 mm large, in many cases
idiomorphic quartz phenocrysts and up to dm-sized frag-
ments, commonly composed of epidotized volcaniclastic
rocks (Figs. 16 and 18). Also the water-settled pyroclastic
fall deposits may contain accretionary lapilli and are then
overlain by volcaniclastic turbidites (Fig. 15). The water-
settled pyroclastic fall deposits can also be rich in bub-
ble-shaped, often light-coloured, 5 to 10 mm large struc-
tures, which are filled with zoizite, tourmaline, and axinite
(Figs. 18 and 19). The two latter minerals explain a re-
markably high boron content in this type of volcaniclas-
tic deposit, up to c. 100 ppm. The water-settled pyro-
clastic fall deposits may also contain abundant conspic-
uous light-coloured, zoisite-rich, spherical, 1 dm large
structures (Figs. 20a and b). Water-settled, pyroclastic fall
deposits are not included as a facies in the suggested,
hypotethic depositional sequence (Plate 4). In cases where
a depositional sequence of the 2nd order (see “Depo-
sitional sequences” above) is terminated by a water-
settled, pyroclasticfall deposi, itis characterized by interlay-

Fig. 17. A brown, illitic, water-settled, pyroclastic fall deposit
with heavy crystals and fragments at the bottom and platy ash
shards at the top. A layer of volcaniclastic turbidite or tempes-
tite is situated above the pyroclastic fall deposit. Photograph of
an outcrop in the basal unit of the upper formation.
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Fig. 19. A part of a brown, illitic, water-settled pyroclastic fall
deposit containing bubble-shaped, light-coloured, 5-10 mm
large structures filled with zoisite, axinite and tourmaline. Pho-
tograph of a rock sample from the upper unit of the upper for-
mation.

ering of volcaniclastic turbidites or tempestites with light-
coloured, spherical structures.

The water-settled pyroclastic fall deposits resemble the
subaerially emplaced deposits with respect to composition
and stratification, which suggests that also they are fall
deposits. They also contain accretionary lapilli, which is
not contradictory to a subaqueous emplacement as accre-
tionary lapilli may be deposited, redeposited or reworked
even in subaqueous settings (McPhie et al. 1993). The
water-settled deposits are interbedded with volcaniclastic
turbidites or tempestites, which indicates a subaqueous
emplacement. Besides, they may be graded with accumu-
lations of crystals of quartz or feldspar and/or heavy frag-
ments at the base and less dense or platy clasts in the upper
parts. This may be evidence of water-settling of the mate-
rial (McPhie et al. 1993). Some of the water-settled py-
roclastic fall beds contain oscillatory ripple marks, which
points to an emplacement above the storm-wave base. The
bubble-shaped, light-coloured, 5 to 10 mm large struc-
tures in the water-settled pyroclastic fall deposits are in-
terpreted as infilled gas cavities, and the abundant light-
coloured, zoisite-rich, spherical, 1 dm large structures are
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Fig. 20. a) A part of a brown, illitic, water-settled pyroclastic fall
deposit containing some light-coloured, spherical, 1 dm large
structures. Photograph of a drift wall in the mine in the upper
unit of the upper formation. b) A part of a brownish-black, illitic,
water-settled pyroclastic fall deposit containing a large number
of light-coloured, spherical, 1 dm large structures. Photograph
of a drift wall in the mine in the upper unit of the upper forma-
tion.

suggested to have formed as concretions during diagenet-
ic remobilization of material in carbonate-cemented vol-
caniclastic turbidites or tempestites (Fig. 15).

In the basal unit (Plates 1 and 3) of the upper forma-
tion, the water-settled pyroclastic fall deposits are inter-
bedded with pyroclastic flows. This suggests that they
were formed from ash clouds that accompanied pyroclas-
tic flows (Cas & Wright 1987; McPhie et al. 1993). In the
upper unit of the upper formation there is no stratigraph-
ic relationship between pyroclastic fall and flow deposits.
Nevertheless, pyroclastic flow deposits are demonstrated
in connection with the pyroclastic breccia. Ash clouds and
accompanying pyroclastic flows may have been deposited
in different areas. In that case, both the water-settled and
subaerially emplaced pyroclastic fall deposits in the upper
unit of the upper formation have been formed from ash
clouds that accompanied pyroclastic flows.

Redeposited pyroclastic deposits

Five main types of redeposited pyroclastic deposits have
been distinguished in the Dannemora syncline: 1) vol-
caniclastic eolian deposits, 2) volcaniclastic beach and



shoreface deposits, 3) volcaniclastic tidal flat deposits, 4)
volcaniclastic tidal channel deposits, and 5) volcaniclastic
turbidites. The chemical compositions of the redeposited
pyroclastic rocks are found in Table 1. Coarse, redeposited
pyroclastic deposits have a composition, which resembles
that of the pyroclastic flow and fall deposits. However,
it does show a higher iron content compared to the py-
roclastic flow and fall deposits, which is due to the pres-
ence of magnetite clasts. It also displays an unusually high
barium content, which reflects a high baryte content. The
fine-grained, redeposited pyroclastic deposits have both a
lower SiO, content and a higher Al,O;, TiO, and CaO
content. The lower SiO, content and the higher ALO,
and TiO, content indicate strong leaching of SiO, and
hence a concentration of Al,O, and TiO,. The higher cal-
cium content depends on the fact that the material in the
fine-grained, pyroclastic deposit is mixed with calcite and
zoisite.

1) Volcaniclastic eolian deposits (parts of facies K in
Plate 4) have only been observed in the upper unit of the
upper formation and then only as solitary, 1-3 cm thick

beds overlying calcite limestone with pseudomorphs after
gypsum mush (see *Calcite limestone with pseudomorphs
after gypsum mush” below). Apart from the lack of mag-

nesium alterations, they are equivalent to the chlorite fels
beds in the dolomitic limestones with pseudomorphs after
gypsum mush. They have a grain size between silt and clay
as well as characteristically uneven bases and planar tops
(Fig. 21, in the lower part of the photograph). They are
brown and consist mainly of illite.

The composition of the volcaniclastic eolian deposits
in the upper formation is similar to that in the fine-
grained, illitic pyroclastic fall deposits, which suggests that
the material of the eolian deposits primarily was volcanic.
No textural or structural evidence that could tell whether
these deposits are eolian or pyroclastic fall deposits has
been found. The volcaniclastic eolian beds are interpret-
ed as such as they always overlie calcite limestone with
pseudomorphs after gypsum mush. Gypsum mush forms
in the transitional zone between intertidal and supratidal
conditions (e.g. Shinn 1983), which indicates that vol-
caniclastic eolian deposits in the upper formation are de-
posited in a zone, where also eolian sedimentation is com-
mon (e.g. Reading 1986).

2) The volcaniclastic beach and shoreface deposits
(facies M and P in Plate 4) have only been recorded in
the upper unit of the upper formation in the depositional
sequences 1-3, 7-9, 11, and 13 (Plate 3). They show
a cyclic alternation of layering with an initial transgressive
phase of volcaniclastic beach and shoreface deposits (facies
M) and a final depositional phase with 1 to 3 metres
thick beds of prograding volcaniclastic beach and shore-
face (facies P) and tidal flat deposits (depositional se-
quences of the 3rd order). The transgressive beach depos-
its are often planar bedded with alternating pebbly and
sandy beds. The shoreface deposits are cross-bedded and
consist of sandy beds. The volcaniclastic beach and shore-
face deposits are rather well sorted. They are brown, grey,
black, or pale red in colour. The pebbly beds normally
contain somewhat worn fragments of grey, pink, or white
silicified, volcaniclastic rocks, accretionary lapilli, brown
illitic pyroclastic fall deposits, dark chlorite fels, dolomitic
limestone, and iron ore (Figs. 22-24). The sandy units
contain abundant winnowed quartz phenocrysts and are
classified as quartzites (Figs. 22-25).

The content of clasts of silicified, volcaniclastic rocks,
accretionary lapilli, brown illitic pyroclastic fall deposits,
and winnowed quartz phenocrysts indicates that most
of the material of the volcaniclastic beach and shoreface
deposits was primarily volcanic. The initial transgressive

Fig. 21. Brownish-black, volcaniclastic turbidites (V. turbidite)
interbedded with chert and siderite on top of calcite limestone
interbedded with rocks interpreted as volcaniclastic eolian de-
posits. Note the uneven base and the planar top surface of
some beds in the calcite limestone interbedded with volcanic-
lastic, eolian deposits (see text for explanation). Photograph of
a drift roof in the mine in the upper unit of the upper forma-
tion.
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Fig. 22. A part of a volcaniclastic beach deposit with grey and
white altered, rounded, redeposited, pyroclastic fragments and
brownish-black, partly broken, redeposited accretionary lapilli.
Photograph of a rock sample from the upper unit of the upper
formation.

Fig. 24. Redeposited pyroclastic rocks (b and c) overlie brown,
illitic, pyroclastic fall deposits (a): a) fine-grained, brown, illitic,
pyroclastic fall deposit. b) a beach deposit with clastic, winno-
wed quartz phenocrysts (volcanic quartzite). ¢) a beach depo-
sit with rounded fragments of brown, illitic, pyroclastic fall de-
posits (volcanic conglomerate). Photograph of a rock sample
from the upper unit of the upper formation.

Fig. 23. A part of a volcaniclastic beach deposit with clastic,
winnowed quartz phenocrysts (white spots, volcanic quartz-
ite) in the upper part of the photo and rounded fragments of
brown, illitic, pyroclastic fall deposit (volcanic conglomerate) in
the middle and lower part. Photograph of a drift wall in the mine
in the upper unit of the upper formation.

I. LAGER

Fig. 25. A part of a volcaniclastic beach deposit with clastic,
winnowed quartz phenocrysts (white and grey spots). Photo-
graph of a rock sample in the upper unit of the upper forma-
tion.



phase with planar bedded pebbly and sandy beds fol-
lowed by cross-bedded sandy beds suggests a transgressive
deposition of beach and shoreface deposits (e.g. McCub-
bin 1982). The final phase with prograding volcaniclastic
beach and tidal flat deposits supports this. It is possible
that the deposits are too poorly sorted to be interpreted
as beach and shoreface deposits (Figs. 22-25) and that a
rapid volcano-induced subsidence better could explain the
unusually poor sorting,.

3) Volcaniclastic tidal flat deposits (facies O in Plate 4)
have only been observed in the upper unit of the upper
formation (in the depositional sequences 8 and 9, Plate
3; facies O in Plate 4). They occur in 1-2 m thick units
made up of 1-5 cm thick beds, with sandy bases and clay-
ey tops, which together may show wavy, lenticular and
flaser bedding, locally with bipolar cross-lamination. The
sandy bases are dominated by winnowed quartz phenoc-
rysts.

The content of winnowed quartz phenocrysts and sil-
icified bubble-wall shards suggests that most of the mate-
rial of the volcaniclastic tidal flat deposits was primarily
volcanic. The composition of the beds (sandy bases and
clayey tops), the wavy, lenticular and flaser bedding, and
the bipolar cross-lamination indicate that the volcaniclas-
tic tidal flat deposits in the upper unit of the upper forma-
tion really are tidal flat deposits (Weimer 1982).

4) Volcaniclastic tidal channel deposits (parts of facies
N in Plate 4) have only been observed in the upper unit
of the upper formation together with volcaniclastic tidal
flat deposits (in the depositional sequences 8 and 11, Plate
3) They occur as 0.2-1.5 m thick units with lensoidal
shape. The units are sandy and consist mostly of win-
nowed quartz phenocrysts. They are cross-bedded with
clayey foresets.

Due to the content of winnowed quartz phenocrysts it
seems that most of the material of the volcaniclastic tidal
channel was primarily volcanic. The lensoidal shape of the
volcaniclastic tidal channel deposits indicates that they are
such. Their occurrence together with volcaniclastic tidal
flac deposits and their composition of sandy, cross-bed-
ded material with clayey foresets, imply that they are tidal
(Clifton 1982, Weimer et al. 1982).

5) Volcaniclastic turbidites or tempestites (parts of
facies L in Plate 4) are found in the lower as well as the up-
per formation. In the lower formation, and locally in the
upper, they appear as millimetre to metre thick beds on
top of each other (Fig. 26). In the upper formation they

Fig. 26. In the lower part of the Figure, several brown, volcanic-
lastic turbidites can be seen. In the upper part of the figure,
brown, volcaniclastic turbidites interbedded with zoisite-altered
volcaniclastic turbidites (white) and limestone (dark) are vi-
sible. Photograph of a rock sample from the upper unit of the
upper formation.

may also be found as isolated beds in limestone and in-
terlaminated or interbedded with pyroclastic fall deposits
(Figs. 15-18), chert (Fig. 21), siderite (Fig. 21) or calcite
limestone (Fig. 16, upper part and Fig. 27). Jaspilite can
also be found in the uppermost parts of the beds (Fig. 28).
Silicified bubble-wall shards have been observed in the jas-
pilite in several cases. The volcaniclastic turbidites or tem-
pestites have a grain size, which alternates between clay,
sand, and granule in both formations. They are normally
graded. In a few cases ripples have been observed at the
top of respective beds. The volcaniclastic turbidites are
brown, grey, light grey or light red. They may contain
clasts of chert and epidote-altered, volcaniclastic rocks
(Figs 17 and 18a), as well as winnowed quartz pheno-
crysts. In the upper formation they also contain clasts
of illitic, pyroclastic fall deposits and chlorite fels and in
some cases accretionary lapilli (Fig. 15).

The presence of clasts of epidote-altered, volcaniclastic
rocks and brown illitic pyroclastic fall deposits, accretion-
ary lapilli, and winnowed quartz phenocrysts indicate that
most of the material of the volcaniclastic turbidites was
primarily volcanic. The normal grading in the volcani-
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Fig. 27. Volcaniclastic turbidites interbedded with calcite li-
mestone. Volcaniclastic turbidites are brown, zoizite-altered
volcaniclastic turbidites are light red, calcite limestone is
grey. Note the crenulation cleavage on top surface (left).
Photographs of a rock sample from the upper unit of the up-
per formation. Left half of photo — from above. Right half of
photo — from the right.

Fig. 29. A volcaniclastic, normal graded storm layer on the top
of chlorite fels, and nodular and white- and grey-bedded, do-
lomitic limestone. The storm layer contains a large number of
winnowed quartz phenocrysts. Photograph of the roof in the

mine in the upper unit of the upper formation

I. LAGER

Fig. 28. A part of a volcaniclastic turbidite or tempestite de-
posit with sandy and clayey beds and jaspilite. Photograph
of a rock sample in the upper unit of the upper formation.
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clastic turbidites suggests that they are turbidites or tem-
pestites (storm layers). However, most volcaniclastic tem-
pestites that occur in the Dannemora syncline are called
volcaniclastic turbidites as there have been difficulties to
discern wave ripples, hummocky cross-stratification and
other distinguishing features of tempestites. In a few cases,
tempestites have been distinguished on the basis of their
position in the stratigraphy. For example, a bed in the in-
ter- and supratidal part of the upper formation has been
interpreted as a volcaniclastic storm layer (a tempestite
bed, Fig. 29) created by a storm flood after a rapid sub-
sidence. The occurrence of chert and siderite intercalated
with this type of redeposited volcaniclastic rock is not
well understood and should be further studied.

Carbonate rocks

Carbonate rocks are only found in the upper unit of
the upper formation (Fig. 4 and Plate 1c). Two different
varieties of carbonate rocks have been distinguished: cal-
cite limestones and dolomitic limestones. The latter are

much more frequent. The chemical composition of the
two types is presented in Table 1. The calcite limestones
are always light-coloured (white, light grey or light red),
calcium-rich and contain only small amounts of Mg, Fe
and Mn. The dolomitic limestones are normally much
darker (dark grey or black), magnesium-rich and have an
iron content of between 5 and 30 % (30 % Fe is the limit

Fig. 30. Limestones: a) Light, calcite limestone. b) Dark grey,
dolomitic limestone. Photographs of rock samples from the
upper unit of the upper formation.

Fig. 31. Nodular calcite limestone intercalated with calcite
limestone with signs of algal mats (tufted laminae and fenestral
porosity, not visible in the figure). Photograph of a rock sample
from the upper unit of the upper formation.

Fig. 32. A sequence with volcaniclastic turbidites at the base,
followed upwards by calcite limestone turbidites and massive
dolomitic limestone. In the massive dolomitic limestone a chlo-
rite fels bed occurs. Photograph of a drift roof in the mine in
the upper unit of the upper formation.

between iron ore and Fe-bearing dolomitic limestone on
the mine maps) and a manganese content between 0.5
and 1.5 % (Figs. 30-32). The dark colour of the dolom-
itic limestones is due to the presence of fine-grained mag-
netite, graphite, and subordinate chlorite. No systematic
investigation of the distribution of these minerals has been
done, even though this could shed light on variations of
the redox conditions in the palaco-environment.

The calcite limestones

Calcite limestones occur in metre to several metres thick
units. They are either composed of laminae or beds depos-
ited on top of each other (Figs. 31 and 32) or intercalated
with other deposits, e.g. volcaniclastic turbidites, dolom-
itic limestone or siderite (Figs. 21 lower part, 28, 33, and
34). Calcite limestones, with or without interlaminations
of other rocks, commonly occur on top of redeposited py-
roclastic units and are overlain in turn by dolomitic lime-
stones (Fig. 32). In special cases (as in sequence 11 in the
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Fig. 33. Calcite limestone (light grey) interbedded with dolo-
mitic limestone (black), volcaniclastic, eolian deposits (brown)
and zoisite-altered volcaniclastic, eolian deposits (white). Note
the uneven base and the planar top surface of some beds (see
text for explanations). Photograph of a drift roof in the mine in
the upper unit of the upper formation.

Fig. 34. Calcite limestone (grey) interbedded with dolomitic
limestone (black), siderite (brown), and zoisite-altered rede-
posited pyroclastic rocks (white). The beds are folded. Photo-
graph of a drift roof in the mine in the upper unit of the upper
formation.

I. LAGER

upper formation, Plate 3), interbedding between calcite
and dolomitic limestones occur (Figs. 33 and 34). The
calcite limestones are generally very finely crystalline and
it is often possible to observe an original clast size, which
varies between clay, silt, and sand. The calcite limestones
can genetically be divided into four different facies: 1)
calcite limestone turbidites, 2) nodular calcite limestones,
3) calcite limestones with pseudomorphs after gypsum
mush, and 4) calcite limestones with signs of primary algal
mats.

1) Calcite limestone turbidites (parts of facies L in
Plate 4) are found in most of the depositional sequences
1-14 in Plate 3, on top of volcaniclastic turbidites. They
are composed of 1 to 25 mm thick laminae or beds de-
posited on top of each other (Fig. 32) or intercalated with
other types of calcite limestones or other types of deposits.
They consist of clasts of calcite and usually have a normal
grading between silt and clay. In cases where the limestone
is interbedded with volcaniclastic turbidites (Fig. 28) it is
partly composed of the limestone turbidites and partly of
what is interpreted as beds of carbonate particles settled
out of suspension.

The normal grading in the calcite limestone turbidites
suggests that they are turbidites or tempestites (storm lay-
ers). However, most calcite limestone tempestites that oc-
cur in the Dannemora syncline are called calcite limestone
turbidites as there have been difficulties to discern distin-
guishing features between the two types of deposits.

2) Nodular calcite limestones (facies K in Plate 4) have
only been observed in the depositional sequences 10 and
11 (Plate 3). They are composed of 5 to 10 mm thick
layers deposited on top of each other, consisting of lami-
nae with white nodules alternating with laminae of cal-
cite limestone with signs of primary algal mats (Fig. 31).
The latter laminae are composed of crenulated, brownish,
carbonate laminae with interlayered flat pores filled with
clear, greyish-blue calcite, which is difficult to discern in
Figure 31.

The shape of the nodules in the nodular calcite lime-
stone laminae indicates that nodules primarily have formed
by diagenetic transition of gypsum to anhydrite (Schreiber
& Kinsman 1975; see also "Nodular dolomitic limestone”
below). The crenulated carbonate laminae and the cal-
cite-filled pores points to primarily tufted algal mats and
fenestral porosity (see “Evidence of primary organic life”
below).

3) The calcite limestones with pseudomorphs after
gypsum mush (part of facies ] in Plate 4) have been
observed in depositional sequences 10, 11, and 13
(Plate 3). They are composed of 1-5 cm thick beds of light-
coloured calcite limestone with planar bases and uneven,
white, nodular tops intercalated with 1-4 cm thick beds of
volcaniclastic, eolian deposits (see "Volcaniclastic eolian de-



posits” above) (Fig. 21, lower part, and Fig. 33). The calcite
limestone beds consist of clasts of calcite. They usually have
a grain size between silt and clay. The beds of volcaniclastic,
eolian deposits have uneven bases and planar tops and are
clay-silt-sized.

The shape of the nodules in the top of the limestone
beds indicates that nodules primarily formed by diagenet-
ic transitions of gypsum to anhydrite (Schreiber & Kins-
man 1975). This in turn suggests that the nodules prima-
rily formed from gypsum mush created on top of spring
or storm tide beds of carbonate clasts, as gypsum mush
forms in the transitional zone between intertidal and
supratidal conditions (Butler 1965, Kendall & Skipwith
1969, Kinsman 1964). Volcaniclastic, eolian deposits cov-
ered the uneven surface of mush and may have protected
the mush from dissolution. Spring or storm tide floods
eroded the tops of the eolian sediments.

4) Calcite limestones with signs of primary algal mats
(parts of facies ] in Plate 4) have only been observed in
depositional sequence 10 (Plate 3), but may also exist in
other sequences. They are found in tidal sediments in
1-3 cm thick beds of cyclically repeated sequences of
calcite limestone with pseudomorphs after gypsum mush
and chert. The calcite limestones with signs of primary al-
gal mats are characterized by the content of tufted laminae
and fenestral porosity (see “Evidence of primary organic

life” below).

The dolomitic limestone

The dolomitic limestones occur most often in one to sev-
eral metres thick units, which are generally composed of a
number of stacked beds with slightly different character-
istics. On rare occasions, 5 to 10 cm thick beds of dolo-
mitic limestone are found interlayered with the calcite
limestone (Figs. 33 and 34). However, the most common
occurrence is a sharp transition from calcite limestone to
dolomitic limestone upwards in the sequence (Fig. 32).
Locally, the dolomitic limestones are intercalated with
chlorite fels (in the upper part of Fig. 35). The dolomitic
limestones are normally very fine-grained but some units,
such as carbonate layers occurring in the proximity to
stromacolite-like structures, may be coarse-grained with a
crystal size up to 5-10 mm. The texture in the dolomitic
limestones is more diffuse than in the calcite limestones.
Thus, clastic textures can rarely be discerned with the ex-
ception for accumulation of 1 to 20 c¢m large clasts of
light-coloured carbonate in two dolomitic limestone beds
(Fig. 36) along unconformity surfaces in the ESE limb.
As this variety of limestone occurs along the unconform-
ity surfaces and occurrences of pseudomorphs after eva-
porites are common in the Dannemora ore deposit (see
below) it is interpreted as formed through dissolution of
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Fig. 35. A section of what is interpreted as a prograding sabk-
ha sequence of dolomitic limestone. At the base white- and
grey-bedded dolomitic limestone can be seen, which is over-
lain by nodular dolomitic limestone (mainly white) and dolo-
mitic limestone with pseudomorphs after gypsum mush (grey
and white) intercalated with chlorite fels (black). Between the
latter two units there are structures similar to tepee structures.
Note the uneven bases and the planar top surfaces of some of
the chlorite fels beds. (See text for explanations). Photograph
of a drift roof in the mine in the upper unit of the upper forma-
tion.

Fig. 36. Dolomitic limestone collapse breccia. Photograph of a
rock sample in the upper unit of the upper formation.

evaporites with ensuing collapse of overlying sedimentary
strata (i.e. limestone collapse breccia, James 1984).

The dark colour of the dolomitic limestone makes
the identification of structures difficult. Nonetheless, at-
tempts have been made to sub-divide the dolomitic lime-
stones into groups with the help of different textures and
structures. The following nine different types have been
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distinguished: 1) massive dolomitic limestones, 2) white-
and grey-bedded dolomitic limestones, 3) nodular dolo-
mitic limestones, 4) dolomitic limestones with pseudo-
morphs after gypsum mush, 5) dolomitic limestones with
pseudomorphs after bottom-growing gypsum, 6) spotted
dolomitic limestones, 7) dolomitic limestones with stro-
matolite-like structures, 8) dolomitic limestones with
pseudomorphs after massive halite, and 9) dolomitic lime-
stones with box-work structures.

1) Massive dolomitic limestones (facies G in Plate 4)
are found in most of the depositional sequences (Plate
3). They constitute large portions of the dolomitic lime-
stones. Locally, they may contain beds of chlorite fels
(upper part of Fig. 32). The massive dolomitic limestones
are usually very fine-grained (micritic), dark grey to black,
massive, and structureless. The dark colour may be due to
a high graphite content.

Their fine-grained texture and the lack of bedding in-
dicate that they were deposited in the deeper parts of
the basins, where they precipitated mainly from a suspen-
sion. The graphite content suggests a voluminous organic
production with a contemporaneous stratification of the
water column. This resulted in a reducing environment.

2) White- and grey-bedded dolomitic limestones
(facies F in Plate 4) occur in the depositional sequences
3-6, 10, 12, and 13 (Plate 3), either above or below the
massive dolomitic limestones. They are diffusely separat-
ed into 1-20 cm thick, white and grey, fine-grained beds
(lower part of Figs 29 and 35). Locally they contain pseu-
domorphs after gypsum (see “Spotted dolomitic lime-
stone” below).

The alternating white and grey beds may have formed
through interbedding of carbonate precipitated from sus-
pension with material deposited by turbidity currents.

3) Nodular dolomitic limestones (part of facies I in
Plate 4) have been found in the depositional sequences
1-4, 6-7, and 9-10 (Plate 3). They are composed of al-
ternating fine-grained beds of dark, dolomitic limestone
and white beds with 5-15 mm large nodules and locally
pseudomorphs after gypsum (central parts of Figs. 29, 35,
and 37). This type of dolomitic limestone may also con-
tain contorted white layers (lower part of Fig. 16).

Structurally, the nodular dolomitic limestone closely
resembles the supratidal sediments deposited along the
Abu Dhabi coast of the Persian Gulf, described by e.g.
Shearman (1966), Kinsman (1969), Butler (1970), Bush
(1973), and Kendall (1984). Evaporites found in these
types of sediments have been interpreted as formed by dia-
genetic processes within supratidal environments because
of their close resemblance to the sedimentary sequence in
the progradational wedge along the Abu Dhabi coast. The
nodules formed during diagenetic transition from primary
gypsum to anhydrite. The nodular dolomitic limestones

I. LAGER

Fig. 37. Nodular dolomitic limestone composed of white no-
dules, pseudomorphs after gypsum and dissolution surfaces
(stylolite-like) with overlying chlorite. Photograph of two rock
samples from the upper unit of the upper formation.

are believed to have formed in a similar fashion as the su-
pratidal sabkha deposits. The contorted white layers re-
semble “chicken wire structures”, described by e.g. Shinn
(1983). These structures can be seen in many ancient gyp-
sum and anhydrite deposits.

4) Dolomitic limestones with pseudomorphs after gyp-
sum mush (part of facies I in Plate 4) have been observed
in the depositional sequences 1-3, 7, and 9-10 (Plate 3).
They are composed of 1-5 c¢m thick beds of dark dolom-
itic limestone with planar bases and uneven, white, nod-
ular tops. The dolomitic limestone beds are intercalated
with 1-40 mm thick beds of chlorite fels (upper part of
Fig. 35). They normally have a grain size between silt
and clay. The chlorite fels beds have uneven bases but pla-
nar top surfaces, and they are composed of clay—silt-sized
chlorite, sometimes with winnowed quartz phenocrysts.
Apparent “tepee-like structures” have been observed under
the dolomitic limestone with pseudomorphs after gypsum
mush (Fig. 35).

The similarity between the calcite and dolomitic lime-
stones with pseudomorphs after gypsum mush suggests
that they have the same origin (see “Calcite limestones
with pseudomorphs after gypsum mush” above). The nod-
ules were primarily gypsum mush created on top of spring
or storm tide beds of carbonate clasts. However, the dolo-
mitic limestones were dolomitized. The mode of occur-
rence of the chlorite fels indicates that its unaltered pre-
cursor was composed of windblown volcaniclastic mate-
rial (see “Chlorite fels eolian deposits” below). The oc-
currence of tepee structures is common in intertidal and
supratidal environments (Burri et al. 1973; Warren &
Kendall 1985).

5) Dolomitic limestones with pseudomorphs after
bottom-growing gypsum (facies D in Plate 4) are en-
countered in the depositional sequences 47 and 12
(Plate 3).They are characterized by more than cm-thick
layers of dolomitic limestone composed of white, vertical,
and elongated bodies. These often contain laminations
with sharp-edged corners, visible in sections cut perpen-
dicular to the depositional surface (Fig. 38). If cut parallel
to the depositional surface, they appear as more isomet-



Fig. 38. Dolomitic limestone with pseudomorphs after bottom-
growing gypsum: a) cut parallel to the deposition surface. Iso-
metric, angular, white bodies with a network of chlorite bet-
ween the individuals are visible. b) cut perpendicular to the
deposition surface. Elongate, vertical, white bodies with diffu-
se growth laminae with sharp-edged corners that grew on top
of dolomitic limestone with stromatolite-like structure. Photo-
graphs of a rock sample from the upper unit of the upper for-
mation.

ric, angular bodies, separated by a thin network of chlorite
(Fig. 38).

Morphologically, the elongated bodies resemble pseu-
domorphs after gypsum crystals grown on the bottom of
a coastal salina, e.g. as in Marion Lake, Australia (Warren
1982, Reading 1986). Therefore, such an interpretation is
also suggested here.

6) Spotted, dolomitic limestones (facies F in Plate 4)
have been found in the depositional sequences 4, 6-7, 10,
and 12 (Plate 3). They are encountered above the massive
dolomitic limestones and below bedded, dolomitic lime-
stones with stromatolite-like structures, and locally under
the nodular dolomitic limestones. The spotted dolomitic
limestones are composed of dark, massive or white- and
grey-bedded dolomitic limestone with scattered, white,

Fig. 39. Spotted dolomitic limestone with pseudomorphs after
displacive gypsum, now composed of calcite (light spots).
Photograph of a drift wall in the mine in the upper unit of the
upper formation.

Fig. 40. Dolomitic limestone with stromatolite-like structures: a)
a surface parallel to the depositional surface exposes almost
circular, concentric laminations can be seen. b) a surface per-
pendicular to bedding displays dome shaped structures in the
lower part and pseudomorphs after fan-like growth of gypsum
crystals in the upper part. Photographs of rock samples from
the upper unit of the upper formation.

1-10 mm large, often lenticular, spots (Fig. 39).

The spots are composed of carbonate. However, their
shape is very similar to diagenetically grown replaced
crystals of gypsum, found in different types of sabkhas
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Fig. 41. Dolomitic limestone with a bed of stromatolite-like
structures (above the red curve) on top of a bed with pseudo-
morphs after massive halite. Photograph of a rock sample from
the upper unit of the upper formation.

(Dronkert 1977; Schreiber 1978). The spots are therefore
interpreted as pseudomorphs after replaced gypsum.

7) Dolomitic limestones with stromatolite-like struc-
tures (facies E in Plate 4) have been observed in the depo-
sitional sequences 2, 4-7, and 12 (Plate 3). They are the
most spectacular of the limestones occurring in the Dan-
nemora area. They are formed by laminated units, which
in cross-section parallel to the bedding (Fig. 40a) are
circular and if cut perpendicular to the depositional sur-
faces are more or less dome-shaped (Fig. 40b lower part,
Fig. 41 upper part, and Fig. 42 central part). The dome-
shaped units have a diameter between 1 and 50 cm (nor-
mally around 10 cm) and a height of between 0.2 and
2 dm. Laminae are distinguished by an alternation be-
tween lighter- and darker-coloured, 0.5-10 mm thick,
carbonate laminae and commonly paper-thin, chlorite
laminae. The light colours of the laminae facilitate identi-
fication of the stromartolite-like structures in the otherwise
dark dolomitic limestones.

Fig. 42. Interbedded dark and light, dolomitic limestone. The
light limestone is laminated and shows stromatolite-like struc-
tures cut perpendicular to the deposition surface. Several dis-
solution surfaces can be observed. Photograph of a drift roof in
the mine in the upper unit of the upper formation.
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Fig. 43. Dolomitic limestone with stromatolite-like structures
cut perpendicular to the depositional surface. Note the shifts
between laminations with rounded surfaces (dissolution sur-
faces) and with sharp-edged corners (growth surfaces). Photo-
graph of a rock sample from the upper unit of the upper forma-
tion.

Parts of the light-coloured laminae commonly have a
nodular appearance suggesting that the lighter-coloured
laminae primarily formed through formation of nodules
during diagenetic transition from gypsum to anhydrite.
Many of the laminae are not round but show a distinct
tendency of having sharp-edged corners (Figs. 43 and

lith
stromatolite-like
= ; structures

Fig. 44. Dolomitic limestone with stromatolite-like structures cut
perpendicular (a) and partly oblique (b) to the depositional sur-
face. a) Stromatolite-like structures with sharp-edged corners.
b). A section beginning with bedded, dolomitic limestone and
continuing upwards with dolomitic limestone with stromatolite-
like structures, dolomitic limestone with pseudomorphs after
bottom-growing gypsum and with cubic pseudomorphs after
massive halite (not visible in the figure). This section is inter-
preted as an aggrading, sublittoral sequence of pseudomorphs
after evaporites in dolomitic limestone (a drying upwards se-
quence). Photographs of drift walls in the mine in the upper unit
of the upper formation.



44a). In Figure 43, the shape of the laminae alternates
between rounded and sharp-edged. This closely resem-
bles the alternation between dissolution surfaces (round-
ed shapes) and growth surfaces (sharp-edged shape) on
bottom-growing gypsum in modern salinas described by
Schreiber & Kinsman (1975), Schreiber (1978), and
Warren (1982). Many, more extensive, dissolution surfac-
es can be observed in Figure 42 in the stromatolite-like
structures. In an evaporite environment these would rep-
resent dissolution surfaces formed during transgressions.
Richter-Bernburg (1973) reported fan-like growth of gyp-
sum beds, forming domed structures termed “cavoli” or
”cabbage structure” from Sicily. Warren (1982) described
fanned crystal beds or domes of gypsum that nucleated
on the bottom of ponds. In the upper parts of Figure
40b, structures that closely resemble the primary fan-like
growth of gypsum can be seen. Also these structures con-
tain dissolution surfaces.

In the comprehensive literature on stromarcolites, e.g.
in Walter (1976), they are often reported as having formed
organically. Carbonate particles settled on sticky algal mats
and the shape of the stromatolites formed through a com-
plicated combination of successive growth of new algal
mats, carbonate laminae, and erosion. Many of the light-
er-coloured laminae in the stromatolite-like structures in
the Dannemora area are too thick to have formed through
accumulation of carbonate particles on algal mats. Fenes-
tral porosity appears to be missing, and no microfossils
have been found. All the above-mentioned characteristics
of the stromatolite-like structures in the Dannemora area
instead suggest that a primary gypsum production com-
bined with dissolution has dominated the formation of
the stromatolite-like shapes rather than algal mats. The
primary gypsum laminae could very well have been in-
terlaminated with algal mats, especially where the thick-
ness of the laminae is minimal. This has, however, not
been proven. The literature describes several cases of in-
terlaminations between evaporites and algal mats from
younger environments, e.g. in Poland (Vai & Ricchi-Luc-
chi 1977).

8) Dolomitic limestones with pseudomorphs after
massive halite (facies C in Plate 4) have been encountered
in the depositional sequences 57 and 12 (Plate 3). They
consist of 5 dm to several metres thick, commonly dark
grey layers, which contain more or less visible square- or
cube-like inclusions within a dark rock matrix (Fig. 42
and 44b). In exceptional cases, these squares or cubes may
contain light-coloured laminae and their shape becomes
more evident (Fig. 41). Pores and cavities between the
cubes are commonly magnetite-filled. The dark dolom-
itic limestones with pseudomorphs after massive halite

are often interbedded with light-coloured beds of dolom-
itic limestone with stromatolite-like structures (Fig. 42).
Another example of alternating layers of light and dark
dolomitic limestone can be seen in Figure 44b. The base
consists of white- and grey-bedded dolomitic limestone,
which upwards changes into dolomitic limestone with
stromatolite-like structures and dolomitic limestone with
pseudomorphs after bottom-growing gypsum and ends
with dolomitic limestone with pseudomorphs after mas-
sive halite.

The distinct shape of squares and cubes in the dolom-
itic limestones indicates that they are pseudomorphs after
primary evaporites, most likely halite. If the stromatolite-
like structures in Figure 44b represent large crystals and
the pseudomorphs after bottom-growing gypsum smaller
crystals, then this represents a natural evolution for a
drying-upwards sequence where the number of crystal nu-
clei increases with the increase of the concentration of
the evaporitic brine. The laminae in the stromatolite-like
structures are interpreted as mainly composed of dissolu-
tion surfaces formed by repeated dissolution at lower con-
centrations during the early stages of the sequence, where-
as the laminae in the dolomitic limestones with pseudo-
morphs after bottom-growing gypsum chiefly constitute
growth surfaces during higher concentrations and less dis-
solution. The sequence terminates with dolomitic lime-
stone with pseudomorphs after massive halite, which con-
firms an increasing concentration in the evaporitic brine.
This type of sequence can be repeated several times to-
wards the end of the depositional sequences of the 2nd
order (Plate 4). There it forms sequences of the 3rd order,
which preferentially occur towards the centre of the differ-
ent depositional basins. These sequences are referred to as
primary evaporite pans in Plate 4.

9) Dolomitic limestones with box-work structure (not
represented in Plate 4 but may occur there in facies C, D,
and E) have only been identified below channel-shaped
formations of pyroclastic fall and redeposited pyroclastic
deposits (depositional sequence 8 and 9 in Plate 1) in the
depositional sequences 6 and 7 (Plate 1). They contain
abundant 1-5 ¢m large pores among remnants of stroma-
tolite-like structures and pseudomorphs after evaporites.
The pores are filled with magnetite and carbonate (Figs.
45 and 46) and in places this type of limestone is intruded
by veins, filled with the same minerals (Figs. 46 and 47).

The pores in the dolomitic limestones with box-work
structure appear to have formed through dissolution of
evaporites and carbonates, for example, through circula-
tion of sea-, ground-, or hydrothermal waters, similar to
what has happened in the salinas in South Australia (War-
ren & Kendall 1985).
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Fig. 45. Dolomitic limestone with boxwork structure. a) Vugs in
the dolomitic limestone (white and light grey) filled with magne-
tite (dark grey and black). Photograph of a drift wall in the mine
in the upper formation. b) The right hand part of the drill-core
similar to a). The left hand side is composed of spotty iron ore
with spots of carbonate (light grey) in a groundmass of magne-
tite (bluish grey-dark grey). Photograph of a drill core from the
upper unit of the upper formation.

Fig. 46. Magnetite (black) in pores and in a vein in dolomitic
limestone (white and grey) with boxwork structure. Note that
the vein and even some of the pores are also partly filled with
carbonate. Photograph of a rock sample from the upper unit of
the upper formation.

I. LAGER

Chlorite felses

Chlorite felses are only found in the upper unit of the up-
per formation (Fig. 3 and Plate 1¢). Two different varieties
of chlorite felses have been discerned: eolian chlorite fels
deposits and chlorite fels turbidites. The chemical compo-
sition of the two types is presented in Table 1. It is con-
trolled by the content of the mineral chlorite and there-
fore characterized by a low SiO, and a high MgO content.
The chlorite felses are found as millimetre to several me-
tres thick laminae or beds in the lower and upper parts
of the dolomitic limestone deposits in the depositional se-
quences of the 2nd order (Plates 3 and 4). Likewise, they
occur above the iron ore or dolomites with stromatolite-
like structures and pseudomorphs after evaporites in the
top of these sequences, laterally outside the profile B in
Plate 3 (skarn in Plates 3 and 4). These beds are too thin
to be presented on the map in Figure 3, but are impor-
tant for the interpretation of the evolution of the area.
The chlorite felses are dominated by clay- to silt-sized
particles and mainly composed of the minerals chlorite,
dolomite, calcite, and quartz. Quartz occurs as somewhat
worn clasts of phenocrystic quartz crystals with partially
preserved crystal faces and corrosion embayments.

The existence of phenocrystic quartz crystals in the
chlorite felses points towards a volcaniclastic origin for
them. The chlorite felses only occur in dolomitic lime-
stone, which suggests that the alteration from volcaniclas-
tic deposits to chlorite felses occurred in connection with
the dolomitization of calcite limestones (see Dolomitiza-
tion below). The chemical composition of the chlorite
felses compared with that of the fine-grained redeposited
pyroclastic deposits shows that both have a relatively high
Ti, Al, and K content (Table 1). If fine-grained, redepos-
ited pyroclastic deposits have been precursors to chlorite
felses, a removal of Si and Ca, and an addition of Fe, Mn
and Mg must have occurred. Thus, a similar exchange of
elements seems to have happened as during the dolomi-
tization of the calcite limestone to dolomitic limestone.
The presence of frequent clasts of chlorite fels in overlying
sediments indicates that the alteration of the volcanoclas-
tic deposits was prior to the deposition of the overlying
depositional sequence.

Eolian chlorite fels deposits

Eolian chlorite fels deposits (parts of facies I in Plate 4)
are found in the depositional sequences 1-3, 4 (laterally
outside profile B in Plate 3, in which the chlorite fels cor-
responds to skarn), 6-7, and 9-10 (Plate 3). They may

Fig. 47. Iron ore vein in dolomitic limestone with stromatolite-
like structures and pseudomorphs after evaporites. Photo-
graph of a drift wall in the mine in the upper unit of the upper
formation.



occur either as 1-40 mm thick beds in sabkha sediments,
where they are intercalated with dolomitic limestone with
pseudomorphs after gypsum mush (upper part of Fig. 35),
or as 10 centimetre to 1 metre thick repetitions of beds
on top of limestone or iron ore, as the uppermost part of
closed salina deposits. The chlorite felses intercalated in
the sabkha sediments have characteristically uneven bases
and planar tops and have a black colour.

The composition and the mode of occurrence of the
chlorite fels eolian deposits imply that their unaltered pre-
cursor was composed of windblown volcaniclastic mate-
rial.

Chlorite fels turbidites or tempestites

Chlorite fels turbidites or tempestites (parts of facies E
and H in Plate 4) occur in the depositional sequences 4,
5 (laterally outside profile B in Plate 3, in which the chlo-
rite fels corresponds to skarn), and 6-7 (Plate 3). They
were deposited in the sublittoral parts of the dolomitic
limestones, partly as isolated or repeated 1-50 cm thick
beds in the massive dolomitic limestone (Fig. 32) or above
eolian chlorite fels deposits in the basal part of the over-
lying sequence. Partly, they were deposited as 1-10 mm
thick laminae or beds in the dolomitic limestone with
stromatolite-like structures and pseudomorphs after evap-
orites. The chlorite fels turbidites or tempestites have a
normal grading. Pseudomorphs after gypsum have been
noted in some of the chlorite fels beds (Fig. 48).

The composition of the chlorite fels turbidites or tem-
pestites suggests that the unaltered precursor was volcani-
clastic material. The primary material of the chlorite fels
beds in the dolomitic limestone with stromatolite-like
structures and pseudomorphs after evaporites was most
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Fig. 48. Chlorite fels with pseudomorphs after displacive gyp-
sum, now composed of calcite (light lenses). Pyrite crystals are
sometimes seen in connection with the pseudomorphs. Photo-
graph of a rock sample from the upper unit of the upper forma-
tion.

likely deposited as volcaniclastic turbidites or tempestites.
This was later altered to chlorite during the dolomitiza-
tion event. The occurrence of chlorite beds in the sublit-
toral massive dolomitic limestone indicates that the chlo-
ritic material was redeposited. The normal grading in the
chlorite felses of this type suggests that they are turbidites
or tempestites (storm layers). They may have been depos-
ited sublittorally among clastic dolomitic material, when
settling out of suspension. Bedded chlorite felses in the
basal part of some sequences above eolian chlorite fels de-
posits also seem to be turbidites or tempestites. The chlo-
rite fels turbidites and tempestites have not been separated
as a consequence of difficulties to discern distinguishing
features of tempestites.

Skarn (Fe-Mn-Ca-Mg-silicate rocks)

Skarn is a relatively rare rock type in the Dannemora
syncline and it occurs only in the upper unit of the
upper formation. Two types of skarn have been observed.
One type is green with reddish inclusions, Mn-poor and
Ca-rich, and composed of the minerals diopside, actin-
olite, garnet, and varying amounts of magnetite. The
other type is brown and Mn-rich with a manganese con-
tent up to 25 %, composed of the minerals knebelite,
dannemorite, serpentine, and varying amounts of magnet-
ite. The chemical composition of the skarn can be seen in
Table 1. Skarn occurs in 1-7 m thick beds, too thin to be
shown on the current map scales. Generally, the Mn-poor
beds are found above Mn-poor skarn iron ore and Mn-
rich beds above Mn-rich skarn iron ore as massive, up-
permost layers in the depositional sequences, for example
in the sequence 4 (Plate 3 and facies B in Plate 4). This
type of skarn has a very limited lateral extent and either
pinches and swells or locally disappears completely. Some
skarn rocks are laminated or bedded and form the basal
parts of the depositional sequences, for example in se-
quence 5 (Plate 3). The grain size of the skarn varies be-
tween 1 mm and several cm.

The chemical composition of the skarn, with low con-
tents of the less mobile elements Ti and Al, suggests that
the skarn precursor was limestone and not volcaniclastic
rocks or chlorite fels (Table 1). However, the identical
stratigraphic positions of skarn and eolian chlorite fels
deposits or chlorite fels turbidites or tempestites, imply
that the latter are the skarn precursors. The close relation-
ship between skarn and iron ore indicates alteration of
the chlorite fels to skarn by similar hydrothermal fluids
that gave rise to the iron ore. If chlorite fels was the pre-
cursor to skarn, a removal of Ti, Al and K, and an addi-
tion of Fe, and to the Mn-rich skarn also Mn, must have
occurred. The hydrothermal fluids must in that case have
been warm enough to facilitate this alteration. The lim-
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ited lateral extent of the skarn beds and the locally over-
lying laminated and bedded skarn beds suggest that ero-
sion of skarn beds has occurred and that the bedded skarn
was redeposited. This, and the occurrence of clastic frag-
ments of skarn in overlying sediments, indicate that the
process of altering the precursor to skarn occurred prior to
the deposition of the overlying depositional sequence.

Iron ores

Iron ores have only been found in the upper unit of the
upper formation where they occur in 8 out of 14 investi-
gated depositional sequences of the 2nd order (Plate 1).
The iron ores are always found in the upper parts of the
sequences, especially in the central parts of the sedimen-
tary basins. They are normally massive and strata-bound
to the parts of the dolomitic limestone that have stroma-
tolite-like structures and pseudomorphs after evaporites,
which the iron ores have partially or completely replaced.
They are thickest in the central parts and thin towards the
edges. Due to both primary and tectonic features, the beds
of iron ore are separated into c. 25 bodies situated at dif-
ferent depths in the mine.

The iron ores are composed of aggregates of several
minerals, although the main constituent is magnetite. The
aggregates may contain silicate minerals such as knebelite,
dannemorite, diopside, actinolite, chlorite, and serpentine
as well as carbonate minerals such as calcite, dolomite,
siderite, and rhodochrosite. Depending on the distribu-
tion of these minerals within the ore, and the iron and
manganese content, the ore has traditionally been classified
as Mn-rich skarn iron ore, with an iron content varying
between 30 and 50 % and a manganese content between
1 and 6 %, and Mn-poor skarn and carbonate iron ore,
with an iron content varying between 30 and 50 % and
a manganese content between 0.2 and 1 %. The cut off
grade was 30 % Fe. The chemical composition of the iron
ores can be seen in Table 1. Unfortunately the SiO,
content is missing. The SiO, content varies depending
on whether the ore is skarn-hosted or carbonate-hosted.
The iron is mostly bound to magnetite, Fe,O,, but also
to silicates such as knebelite (Fe,Mn)SiO, and dannemo-
rite (Fe,Mn,Mg)-Si;O,,(OH),. Apart from Fe and O, the
magnetite also contains some manganese. The manganese
content of the magnetite in 10 different orebodies in the
deposit is given in Table 2. Note that the manganese con-
tent of the magnetite in one of the orebodies (Konsting
2) is as high as 3.1 %. In the remaining analysed orebod-
ies, the Mn content in magnetite is relatively low, even if
the manganese content of the ore is high. This indicates
that most of the manganese in the iron ore in Dannemora
is bound to other minerals than magnetite, e.g. knebelite
and dannemorite, except in the Konsting 2 orebody.

I. LAGER

The iron ores are, as a rule, dense or very fine-grained.
In the ESE fold-limb of the Dannemora syncline, a coars-
er grain size (up to 0.5 mm) has been observed. They are
mostly spotted iron ores, with 1-50 mm big silicate con-
centrations (in skarn iron ores) or carbonate minerals (in
carbonate-hosted iron ores) surrounded by a fine-grained
matrix of magnetite (Fig. 49a). Rare, bedded iron ores
occur with alternating magnetite and carbonate or skarn
beds (Fig. 49b). The latter morphologically resemble the
dolomitic limestone with pseudomorphs after gypsum
mush intercalated with the chlorite fels. The skarn beds
often have uneven bases and planar top surfaces, similar to
the chlorite fels in the limestone. Stromatolite-like struc-
tures have been observed in the ores and, in some cases,
also structures resembling pseudomorphs after evaporites
(Fig. 50).

Laterally, outside the ores, where the total iron content
does not exceed 30 %, magnetite is often found in vugs in
the dolomitic limestone (Figs. 45 and 46) with box-work
structures, described in “Dolomitic limestones with box-
work structures” above. This variety locally grades into
carbonate-spotted iron ore (Fig. 45b). It also contains 1 cm
to approximately 2 m thick veins of magnetite or iron ore
(Figs. 46 and 47). The veins and the vugs in the dolom-
itic limestone may also contain carbonate, which was de-
posited prior to the magnetite (Fig. 46). It seems probable
that the pores formed primarily through dissolution of
material, which was followed by deposition of carbonate
on the walls of the resulting cavities. The remaining cavi-
ties were later filled with magnetite. It is suggested that
the evaporites dissolved first, starting with halite. Where
the dissolution and subsequent precipitation were exten-
sive, only relics of the original sediment remain where the
remnant carbonate forms spots in a matrix dominated by
magnetite (Fig. 45b). In some cases, the iron ores resemble
collapse breccias formed through the dissolution of evap-
orites with subsequent collapse of overlying sedimentary
strata (James 1984). This could partially explain the for-

Table 2. Manganese content in magnetite in 10 different ore
bodies (microprobe analyses made by the Geological Survey
of Sweden). Manganese content in magnetite in 10 different ore
bodies.

Ore bodies % Mn % Mn
in ore samples in magnetite
Svea 3.90 0.42
Konstang 2 3.40 3.10
Sjohag 1 0.48 0.09
Konstang 4 0.75 0.33
Strom 2.30 0.28
Kruthus 0.43 0.10
Myr 1.80 0.16
Mellanfélt 2.50 0.36
Lyndon 0.97 0.06
Norrnas 1.90 0.17




Fig. 49. a) A representative sample of spotted iron ore from the
Dannemora deposit. The bluish-grey groundmass is magnetite
and the dark spots are Fe, Mn, Mg, and Ca- skarn minerals.
b) A rare sample of bedded iron ore in Dannemora deposit.
The bluish-grey beds consist of magnetite and the dark beds
are Fe, Mn, Mg, and Ca-skarn minerals. Photographs of rock
samples from the upper unit of the upper formation.

 Pseudomorphs after evaporites?

Fig. 50. Iron ore with pseudomorphs after evaporites? (magne-
tite and skarn laminae with sharp- edged corners). The grey
groundmass is magnetite and the dark spots are Fe, Mn, Mg,
and Ca-skarn minerals. Photograph of a rock sample from the
upper unit of the upper formation.

mation of skarn-spotted iron ores. The skarn spots would
then represent altered fragments of collapsed overlying,
eolian volcaniclastic sediments.

The bedding, the stromatolite-like structures, and the
pseudomorphs after evaporites occur in some parts of the
iron ores either as continuous or discontinuous beds and
laminae of skarn. In these cases, it appears most likely that
beds and laminae of chlorite fels, which are common in
areas containing bedding, stromatolite-like structures, and
pseudomorphs after evaporites, have altered to skarn dur-
ing replacement of the remaining sediments by the mag-
netite. This replacement is most obvious in the case of
gypsum. The spots in the skarn-spotted iron ores could
partially also have formed during this event.

The exsolution, pore formation, material replacement,
and skarn formation must have involved large volume
changes through material transport, indicating both re-
moval and addition of new material. This, in turn, should
be visible in the overlying strata as either doming or col-
lapse depressions. If the ore formation occurred long after
deposition of the overlying sequence, then this sequence
should be affected. There are, however, no signs of this.
Only collapse of the overlying beds (e.g. volcaniclastic
eolian deposits) within the same sequence has been ob-
served. This suggests an ore formation prior to the depo-
sition of the overlying sequences. The facts that the iron
ores locally, in both limbs of the Dannemora syncline,
show evidence of early erosion (Plate 1) and that the over-
lying sediments often contain ore clasts, suggest that the
ore formation occurred prior to the accumulation of the
sediments in the overlying sequences. The occurrence of
ore in 8 stratigraphic levels within the upper formation
implies that a similar ore-forming process was repeated at
least 8 times during deposition of the host sediments. The
dolomitic limestone contains small amounts of both iron
and manganese (Table 1). When iron ore occurs at the top
of the depositional sequence, i.e. close to the palaeo-sur-
face, it is possible that the ore formation occurred through
weathering of the iron- and manganese-rich, dolomitic
limestone with enrichment of iron and manganese in the
near surface layers. However, the iron ores are situated
within the central parts of the depositional basins, i.e. in
depressions or low-lying areas in the palaco-landscape. If
ore deposition occurred through residual weathering only,
then the iron ores would not only be concentrated in the
low-lying areas of the basin but also in the topographically
higher areas along the margins, unless extensive erosion
has taken place.

The enrichment of iron and manganese appears in-
stead to have been caused by circulation of iron- and man-
ganese-rich hydrothermal fluids. These fluids are suggest-
ed to have been warm enough to alter the silica-rich units,
such as the chlorite felses, to skarn containing Fe- and
Mn-silicates. No alteration zones occur below the ore in
the investigated area, which indicates that vertical trans-
port of Fe and Mn did not take place there. However, ver-
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tical conduits must have been located elsewhere. A lateral
transport of Fe and Mn is very likely in the area as the
ores were deposited in an environment controlled by vol-
canic activity, probably with a high hinterland relief. The
hydrothermal fluids migrated from the hinterland towards
low-lying areas. Some deposition of Fe and Mn occurred
in the carbonate sediments during transport but the bulk
of the elements were deposited in the centre of the deposi-
tional basin in the evaporite pan deposits. Here, the fluids
were concentrated through evaporation with an increasing
accumulation of evaporites. This setting was exceptionally
favourable for dissolution, precipitation, and material re-
distribution. The latter is indicated by the occurrence of
stromacolite-like structures and pseudomorphs after evap-
orites in the iron ore. That the ore deposition was repeat-
ed at least 8 times during accumulation of the supracrus-
tal rocks in the Dannemora area is most likely linked to
the variations in the supracrustal evolution and volcanic
activity (see chapters “Stratigraphy and supracrustal evo-
lution” and “Conclusions”).

Sulphide ores

Sulphide ores and mineralizations have only been ob-
served in the upper formation of the Dannemora syn-
cline. The sulphide ores can be divided into two catego-
ries based on their mineralogical composition. One cat-
egory contains sphalerite and galena with traces of silver
(up to 20 ppm) and the other contains chalcopyrite, py-
rite, arsenopyrite, and pyrrhotite with traces of gold (up to
4 ppm). The distinction is not always sharp. According to

Sparbanksgruvan mine

mode of occurrence, the sulphide ores can also be divided
into three groups: massive sulphide vein deposits, strata-
bound sulphide deposits, and sulphide fracture minerali-
zations.

Massive sulphide vein deposits

Only one massive sulphide vein deposit has been found
in the Dannemora syncline, namely in the shallower parts
of the Silvbergsmalmen ore (Fig. 4) in Sodra filtet (the
southern field) within the Svavelgruvan mine. The mine
has been inaccessible for many years. It was described by
Baeckstrom (1923) and Tegengren (1924) who state that
the sulphides in the southern field occur both as a massive
vein deposit truncating the iron ore layers in Svavelgruvan
and as bands, schlieren, and impregnations in the Fe-ore
bodies. A map of the massive vein deposit (Svavelgruvan)
at the 40 m level is shown in Figure 51. The sulphides
there are sphalerite, pyrite, pyrrhotite, and arsenopyrite
with subordinate galena and chalcopyrite.

Baeckstrém (1923) and Tegengren (1924) interpreted
the sulphide ore genesis as epigenetic and mainly younger
than the iron formation, since they regarded the alteration
of an intrusive metadolerite, as related to the ore forma-
tion. It was also suggested that the sulphide ores in Dan-
nemora are genetically linked to the "Uppsala granite”,
i.e. the granodiorite found within the syncline (Fig. 4).
This view cannot be evaluated due to the inaccessibility
of the southern field. However, considering that most of
the other studied sulphide ore deposits in Dannemora are
stratabound it is likely that also the massive vein deposit
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Fig. 51. Geologic map of the Svavelgruvan mine at the 40 m level in the Silvbergsmalm ore. See Figure 4 for

location. Modified from Tegengren et al. (1924).
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Fig. 52. Geologic map of a copper mineralization in the upper formation at the 460 m level. Modified from a mine map. The approx.
location of the sulphide ore can be seen in Figure 4 (see local grid for reference).

Fig. 53. A chalcopyrite-cemented breccia with fragments of
chlorite fels and limestone. Photograph of a rock sample in the
upper unit of the upper formation.

(Svavelgruvan) is stratabound. The vein-like appearance
of the latter may well be due to deformation and drag
faulting, or alternatively, the altered “metadolerite” may
simply be a misinterpreted layer of skarn.

The stratabound sulphide deposits

Stratabound sulphide deposits have been identified on
both sides of the iron ore (Plate 1), in the uppermost part
of the depositional sequence 6 (Plate 3) within the upper
formation of the WNW limb. On the NNE side of the
iron ore, the sulphide deposit consists of chalcopyrite, py-
rite, arsenopyrite, and pyrrhotite with traces of gold and
to the SSW of the iron ore it consists of sphalerite and
galena with traces of silver. A few deposits of sphalerite
and galena have been found in the ESE limb in similar
stratigraphic positions. All deposits have very low metal
contents and are not economic. The extent of the NNE
deposit at the 460 m level in Plate 1 is shown in Figure 52.
It should be noted that the sulphide mineralizations are
hosted by sequence 6, while iron ore Sjohag 1 is hosted by
sequence 3 and Sjohag 2 by sequence 2.

The temporal relationship between the central iron ore
in sequence 6 and the surrounding sulphide mineraliza-
tions is difficult to determine as large parts of sequence
6 have been eroded away (Plate 1). The sulphide miner-
alizations are parallel to the bedding (Fig. 52) and always
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occur, as do the iron ores, in the dolomitic limestone with
stromacolite-like structures and pseudomorphs after evap-
orites. These sulphide mineralizations are not as massive
as the iron ores but occur as disseminations and thin vein-
fillings in the dolomitic limestone and locally also as sul-
phide-cemented breccias above the stromatolites (Fig. 53).
In the sulphide-bearing limestone, tremolite-bearing frac-
ture fillings are common. These fractures may have result-
ed from doming related to the volcanic activity.

The age relationship between the stratabound sulphide
deposits and the iron ores, overlying sediments, and sul-
phide ores in the southern field has not been established
with any certainty. It cannot be excluded that the strata-
bound sulphide deposits, like the iron ore, are older than
the sedimentary rocks in the overlying sequence. Support
for this idea is the fact that all stratabound sulphide de-
posits are found within the same stratigraphic level in
both the WNW and ESE limb of the syncline. If the
sulphide mineralization took place after the formation
of the whole upper formation then many more suitable
host rocks would have been available within other se-
quences. It seems probable that the stratabound sulphide
deposits, like the iron ores in Dannemora, formed by
metals precipitating from laterally flowing, hydrothermal
fluids into the areas containing stromatolites and evap-
orites before overlying layers were deposited. This means
that a change in the composition of the hydrothermal
fluids took place from Fe- and Mn-enriched to Cu-, Zn-,
and Pb-enriched fluids. The tremolite-bearing fracture
fillings in the sulphide-bearing limestone indicate that the
latter fluids also were Si- and Mg-rich.

The sulphide fracture mineralizations

Sulphide fracture mineralizations have only been observed
in the proximity of the suggested explosion vent in the
ESE limb (see “Pyroclastic breccia deposit” above). An ex-
tensive system of planar fractures, filled with sphalerite,
galena, and arsenopyrite emanate from this structure and
continue into and cut the nearby Kruthus iron orebody
(Fig. 4). The pyroclastic breccia deposit in the explosion
vent (Fig. 12) is intensely hydrothermally altered.

The pyroclastic breccia deposit, hydrothermal altera-
tion and fracture mineralization can most likely be attrib-
uted to the same volcanic event. The Kruthus iron ore,
body formed during deposition of sequences 2 and 3 and
the above-mentioned volcanic event took place during the
evolution of depositional sequence 6 (Plate 3). The area
around and below the vent may have served as a vertical
conduit for the metalliferous hydrothermal fluids prior to
the explosion. The hydrothermal fluids then flowed later-
ally and resulted in the mineralizations in depositional se-
quence 6.

I. LAGER

Dyke and sill complexes

There are two types of porphyritic dykes in the area. In the
local mine nomenclature, these were called “felsite por-
phyry” and “greenstone porphyry”. However, both have a
rhyolitic composition. The third type of dyke is known as
“diorite”, but is in fact andesitic. Their chemical composi-
tions are shown in Table 1. The “felsite porphyry” (with a
low sodium content) is brown, and contains phenocrysts
of quartz whereas the “greenstone porphyry” (with a mod-
erate sodium content) is grey-green and contains sodium
feldspar phenocrysts. The “diorite” is massive and homo-
geneous. All three dyke rocks are fine-grained. The “fel-
site” and “greenstone porphyries” have only been iden-
tified in the upper formation, but should also occur in
the lower formation. The “diorite” is common in both
the lower and the upper formations. All three rock types
occur as 10 cm to 10 m wide, steeply dipping dykes,
but the “felsite” and “greenstone porphyries” also occur
as low angle dykes (Fig. 3) and sills (Fig. 4). Only a few
are wide enough to be shown on the map (Fig. 4). The
dykes intrude all supracrustal rocks within the deposit.
The “greenstone porphyry” also cuts the “felsite porphy-
ry”. The “felsite” and “greenstone porphyries” are probably
subvolcanic intrusions. The “diorite” occurs only as steep
dykes and intrudes all rocks within the deposit, including
the granodiorite (see below) and is thus the youngest rock
type in the Dannemora area. None of the dykes appears to
have been affected by the ore related hydrothermal fluids.

Granodiorite

The granodiorite (the chemical composition is shown in
Table 1) is composed of quartz, microcline, albite, and bi-
otite. The grain size is normally around 1 mm and the
colour is mostly grey, but may occasionally be red. It
also contains dark enclaves, around 10 c¢m in size, which
are interpreted as the result of magma mixing. The gran-
odiorite belongs to the early orogenic granitoid suite,
c. 1.89 Ga in age, and is visible in the southwestern parts
of the Dannemora syncline where the contact with the
supracrustal rocks is fault-bounded and sharp. No intru-
sive contact between the granodiorite and the supracrus-
tal rocks has been observed, nor any contact with signs
of erosion and subsequent sedimentation. In the north-
eastern parts of the syncline the granodiorite has not been
encountered.

Evidence of primary organic life

Signs of primary organic life have been observed in some
calcite limestones. An example of this is shown in Figure
54, where a number of cyclically recurring depositional
sequences of the 4th order are shown. Several of the lime-
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Fig. 54. a) cyclic depositional sequences of the 4th order with evidence of earlier or-
ganic life (fenestral porosity and tufted algal mat-limestone laminae) in chert bedded,
calcite limestone. A complete sequence starts with storm beds of calcite limestone
(primary evaporite clasts?) and continues upwards with chert, algal mats, and calcite
limestone with pseudomorps after evaporites. Photographs of a rock sample in the
upper unit of the upper formation. Outlined area in a) is enlarged in b).

stone beds, shown in Figure 54 contain calcite-filled vugs,
which resemble “bird’s eye” structures (Shinn 1968) or
“fenestrac” or “fenestral porosity” (Shinn 1983). Where
these structures occur in predominantly muddy rocks,
they are considered to be reliable indicators of supratidal
deposition. Volume shrinkage and gas bubbles in the mud
are the most likely causes of fenestral porosity. If these
structures occur together with algal mats, then organic de-
cay is an obvious explanation for the gas formation. Evi-
dence for this process includes wavy limestone laminae,
which closely resemble the shape of the algal mats de-
scribed by Hoffman (1976) (see Fig. 54). A complete se-
quence (Fig. 54) starts with storm beds of limestone, fol-
lowed by chert, limestone with algal mats and, uppermost,
limestone with pseudomorphs after evaporites (gypsum
mush). If this interpretation is correct, then the sequence
could be called a “drying upwards sequence”, which start-
ed with a transgression (storm flood). Occasional storms
deposited storm beds, possibly with evaporite clasts.
After dilution, SiO, was precipitated out of solution.
Thereafter blue-green algae flourished and carbonate clasts
adhered to sticky algal mats. During evaporation, the sa-
linity increased and the evaporites precipitated as gypsum
mush. The occurrence of chert here is not well understood
and should be more thoroughly investigated.

Traces of micro-organisms have only been found in
jaspilite, in which 0.05 mm long threads of micro-crys-
tals of hematite have been observed (Fig. 55). These thin
threads resemble filaments of blue-green algae.

Fig. 55. Evidence of primary organic life? Small "threads” (fila-
ments) now consisting of hematite in chert. Photomicrographs
of a thin section from the upper unit of the upper formation.
Plane polarized light. Outlined area in a) is enlarged in b).
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Microfossils have not been found in the dolomitic
limestones, nor in limestones with stromatolite-like struc-
tures. This does not, however, exclude the possibility of a
rich organic life at the time of the original sedimentation
of the dolomitic limestone, since morphological evidence
of this may have been completely obliterated by subse-
quent diagenesis and metamorphism. There are other in-
dications, which point towards the existence of organic
life. The graphite in the dolomitic limestone, for example,
could constitute remnants of primary organic life. Moreo-
ver, the dolomitic limestones, even those with stromato-
lite-like structures, often contain pyrite flecks, which could
have formed from bacterial sulphate reduction of organic
life forms during which both H,S and Fe sulphides were
produced (Kendall 1984). Both sulphates and iron were
readily available in the dolomitic limestones.

Dolomitization

A lithostratigraphic evolution model for the formation of
a depositional sequence of the 2nd order in the upper
unit of the upper formation in the Dannemora ore de-
posit is presented in Plate 4. The lithologies at the bot-
tom of the sequence are composed of redeposited pyro-
clastic rocks. Following upwards in the sequence occur
calcite limestone, dolomitic limestone, and pyroclastic fall
deposits. Different structures and pseudomorphs reflect
the depositional environments; first an open marine en-
vironment with volcaniclastic shoreface, beach and tidal
flat sedimentation, then an open lagoon with deposition
of carbonate sabkha, after that a closed salina with forma-
tion of an evaporite pan with surrounding mudflats, and
finally a terrestrial environment with pyroclastic fall depo-
sition. Much of the original sediments has thus been re-
placed through different processes, especially the carbon-
ates and the evaporite deposits. Dolomitization was one
such process, and it was important during the evolution of
the Dannemora deposit.

No single criterion can be used on ancient dolomite
to propose a single dolomitization model (Warren, 1989).
Many ancient dolomites show evidence of having passed
through several dolomitization stages, probably associ-
ated with more than one replacement process. Dolomites
which contain dolomite pseudomorphs after gypsum have
been reported from both young and ancient rocks around
the world (i.e. Beales & Hardy 1980; McClay & Car-
lisle 1978). These are thought to have been precipitated
from hypersaline waters. As the sabkha sediments of the
dolomitic limestone in the Dannemora upper formation
are fine-grained and originally probably contained both
organic material and evaporites, the dolomitization most
likely took place according to the “sabkha model” (Kins-
man 1964, McKenzie 1980, Warren 1989, Shinn & Loyd
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1969, 1983). According to that model, dolomitization of
pre-existing CaCO; tends to form at the surface on supra-
tidal flats, a few cm above normal high tide. In this set-
ting, phreatic groundwater is brought to the surface by
capillary action, or seawater is supplied by surface flood-
ing during storms. Subsequently, evaporites are formed
from highly concentrated brines. Calcium is selectively
removed from solution through precipitation of arago-
nite and gypsum, thus elevating the Mg/Ca ratio to levels
many times higher than that of ordinary water. Changes
in pH associated with respiration and photosynthesis of
blue-green algae, as well as oxidation and the pumping
action of fluctuating groundwater, may also be contribut-
ing factors in supratidal dolomitization. The removal of
sulphate ions through bacterial sulphate reduction — the
presence of which inhibits dolomite precipitation — is of
great importance.

A suitable model for the dolomitization of the origi-
nal closed salina sediments of dolomitic limestone in the
Dannemora area is harder to find. These sediments are
mostly fine-grained, except in some beds where they have
a crystal size up to 5-10 mm. They have most likely also
contained organic material and evaporites. The “brine re-
flux model”, in which the palacoenvironment is defined as
a restricted lagoon behind some sort of sill or reef acting as
a physical barrier to the free inflow of fresh seawater (War-
ren 1989), could therefore possibly fit the dolomitization
process of some parts of these sediments. This model is
very similar to the sabkha model. However, the brine re-
flux model is usually invoked for explaining thicker, much
larger-scale ancient dolomites associated with evaporites.
The formation of carbonates and evaporites occurred on
the bottom of the lagoon. Once this began, the Mg/Ca
ratio of the remaining brine increased, thereby raising the
solution density and causing the magnesium-enriched so-
lutions to sink down through and dolomitize the underly-
ing limestones, as the solutions migrated seawards.

The recurring Mg-rich chlorite fels beds in the dolom-
itic limestone most likely formed by alteration of volcani-
clastic beds according to the “sabkha model” or the “brine
reflux model”. The described models can partially ex-
plain the increased magnesium content in the carbonates,
but hardly in all parts of the deposit. Iron ore precipita-
tion with accompanying skarn formation, and sulphide
fracture mineralizations with associated tremolite-bearing
fracture fillings, suggest that the bedrock was also flushed
by laterally flowing hydrothermal fluids. Some of these
fluids may have leached Mg while flushing the bedrock
in one place and caused dolomitization in another. Skarn
for example, seems to have formed by the alteration of the
Mg-rich chlorite fels by hydrothermal fluids. This altera-
tion must have included release of Mg.

In addition to magnesium, the dolomitic limestones



also contain some iron and manganese (Table 1), which
could have been incorporated in the same fashion as sug-
gested by Eriksson et al. (1976) for the formation of some
similar Proterozoic carbonate sequences in South Africa.
The atmosphere was more reducing during the Protero-
zoic compared to today, and iron and manganese occurred

in solution in river and groundwater to a greater extent.
If the pH increased, the Fe carbonates precipitated first,
followed by Fe-Ca carbonates and, finally, by Fe-Ca-Mn
carbonates, either through sedimentation or diageneti-
cally.

STRATIGRAPHY AND PALAEOGEOGRAPHIC INTERPRETATION

The stratigraphy of the Dannemora syncline is divided
into three depositional sequences of the 1st order (Plates
1 and 2). The depositional sequences 1 and 2 of the 1st
order constitute the basal part of the lower formation. The
depositional sequence 3 of the 1st order consists of the up-
per part of the lower formation, and the basal and upper
unit of the upper formation (Plates 1 and 2).

The lower formation has mainly been investigated by
sporadic drill-cores and therefore information about its
original topographic relationships at different stages of the
evolution is lacking. These relationships have, however,
been satisfactorily reconstructed for the upper formation
by access to a large number of underground galleries and
drill-cores (the latter often in sections every 25 m). Faults
are abundant in the area, causing a tectonic repetition of
beds in some sections and cutting out of units in others.
To what extent this has occurred in the lower formation
has not been possible to determine.

The lower formation

The lower formation is solely composed of primary py-
roclastic and redeposited pyroclastic rocks. A schematic
subdivision of the lithostratigraphy of the lower forma-
tion and the basal parts of the upper formation (in section
y=2150 m) has been constructed in Plate 2. Only three
types of deposits have been discerned in the lower forma-
tion: pyroclastic flow, pyroclastic fall, and redeposited py-
roclastic deposits. Within certain parts of the stratigraphy,
these types alternate too intimately to be presented on
Plates 1 and 2 in the current scale. In these cases, only the
dominant unit has been displayed.

The depositional sequence | of the Ist order

The depositional sequence 1 begins with pyroclastic flow
deposits (pumice flow deposits or ignimbrites ), which
are composed of 25 beds, 2-15 metres thick (unit A in
Plate 2). The pyroclastic flow deposits contain abundant
epidote-rich lithoclasts. They are overlain by around 100
beds, 0.5-3 metres thick, which appear to be composed
of primary eruptive products (pyroclastic flow deposits)

or volcaniclastic, mass-flow deposits. Above these beds,
several hundreds of 1 to 50 cm thick beds of redeposited
pyroclastic units, volcaniclastic turbidites, and probably
tempestites (unit B in Plate 2) occur. The sequence ends
with a 100 m thick stratified unit of pyroclastic fall depos-
its (unit C in Plate 2).

The depositional sequence 1 is not complete as the
bottom unit probably is lacking. Units A and B (Plate 2)
are interpreted as subaqueous because the pyroclastic flow
deposits are in some cases intercalated with volcaniclastic
turbidites and also overlain by such deposits. No hum-
mocky cross-stratification or oscillatory ripple marks have
been observed, and hence the prevailing water depth has
been impossible to determine. Such structures are, how-
ever, hard to discern in the thin drill-cores that were used
for this study. Units A and B are assumed to be open ma-
rine deposits like parts of the upper unit of the upper
formation (the upper part of depositional sequence 3).
There, typical marine sediments are found, e.g. volcano-
clastic tidal flat deposits with wavy, lenticular, and flaser
bedding and bipolar cross-lamination. No carbonate de-
posits have been observed in units A and B, also pointing
at deposition in an open marine environment, while car-
bonate deposits seem to be built up in more protected
water bodies (Plate 5). The great number of epidote
lithoclasts in the pyroclastic flow deposits implies that car-
bonate deposits exist further away, in the neighbourhood
of the volcanic vent, fragmented by the eruptions and
transported and altered to epidote by the flows. The unit
Cis interpreted as deposited in a subaerial environment as
it is not interlayered by any volcanic turbidites.

The depositional sequence 2 of the Ist order

The depositional sequence 2 is initiated with volcaniclas-
tic turbidites or tempestites (unit D in Plate 2), which are
superposed by a pyroclastic flow deposit (pumice flow de-
posit or ignimbrite) composed of 6 beds, 7—15 metres thick
(unit E in Plate 2). Also this deposit contains abundant
lithic epidote-rich clasts. The sequence ends with a pyro-
clastic flow deposit (pumice flow deposit or ignimbrite)
composed of 13 red beds, between 1.5 m and 14 m thick
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(unit F in Plate 2), followed by 25 grey to greyish red,
1-9 m thick beds with dispersed black, cuspate clasts (unit
G in Plate 2). These latter beds have been interpreted as
pyroclastic fall deposits but the lower part may be mingled
with pyroclastic flow deposits originating from the earlier
eruption.

The turbidites in the unit D, and locally the intercalat-
ed turbidites in unit E, indicate that these units were de-
posited in a subaqueous environment. They may be open
marine deposits for the same reasons as stated for the units
A and B. The great number of epidote lithoclasts in the
pyroclastic flow deposits suggests also in this case that car-
bonate deposits exist further away in the neighbourhood
of the volcanic vent. Unit F is thought to be terrestrial be-
cause the pyroclastic flow deposits are more reddish (more
oxidized) than the open marine variety E and also more
intensely flattened. They are not interlayered with vol-
caniclastic turbidites.

The depositional sequence 3 of the Ist order

The depositional sequence 3 starts with brown, volcani-
clastic turbidites (unit H in Plate 2), followed by pyro-
clastic flow deposits (ash flow deposits), composed of 113
flow beds, 0.5-15 m thick (unit I in Plate 2). The flow
deposits contain abundant lithic epidote-rich clasts.

The units H and [ are interpreted as subaqueous and
also open marine deposits for the same reasons as stated
for the units D and E. The great number of epidote
lithoclasts in the pyroclastic flow deposits once again in-
dicates that carbonate deposits exist further away, in the
neighbourhood of the volcanic vent. The sequence con-
tinues upwards with the upper formation (Plate 2).

The upper formation

The upper formation constitutes the uppermost part of
the depositional sequence of the Ist order. It is divided
into a basal unit and an upper unit (Plates 1c and 2)
with respect to the occurrence of lithic clasts of magnet-
ite and beds of iron ore and limestone. In the basal unit,
lithic clasts of magnetite are common, but beds of iron
ore and limestone are completely missing. On the other
hand, beds of iron ore and limestone are common in the
top unit.

The basal unit: The stratigraphy of the basal unit of the
upper formation is presented in Plate 2. This part of the
formation is composed of alternating pyroclastic flow
deposits (ash flow deposits), pyroclastic fall deposits and
volcaniclastic turbidites, which are not separated in Plate
2. The pyroclastic flow deposits contain a great number
of epidote-rich lithic clasts and clasts of magnetite. Some
beds of the pyroclastic fall deposits are characterized by
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accretionary lapilli and some beds of the volcaniclastic
turbidites by ripple marks.

The interbedding between the volcaniclastic turbidites
and the pyroclastic rocks indicates that the depositional
environment was subaqueous. The existence of accretion-
ary lapilli and ripple marks suggests a deposition in shal-
low water. The basal unit is assumed to be an open ma-
rine deposit like parts of the upper unit of the upper for-
mation. The common epidote-rich lithic clasts and clasts
of iron ore in the ash flow deposits imply that carbonate
rocks and iron ores occurred in the vicinity of the investi-
gated area.

The upper unit: The lithostratigraphic section in the up-
per formation within the investigated parts of the WN'W
limb is presented schematically in Plate 1c. The basal unit
is followed uwards by the upper unit, which is character-
ized by pyroclastic fall and redeposited pyroclastic depos-
its, carbonate rocks, and Mn-rich and Mn-poor iron ore.
Other lithologies also occur, e.g. chlorite fels and skarn,
but their limited thickness and lateral extent do not allow
representation on the map.

The lateral variations in thickness of different layers
of the upper unit of the upper formation (Plate 1c¢) are
related to the varying extents of erosion and sedimenta-
tion in different parts of the depositional basin. The thick-
ness variations of the layers reflect the approximate shape
of sedimentary basins during different stages of the evolu-
tion. Through detailed studies of the stratigraphy it has
been possible to subdivide the unit into 14 depositional
sequences of the 2nd order by studying the erosional sur-
faces and correlation of their lateral changes (Plate 1b).
Note that iron ore-bearing beds occur in 8 of the sequenc-
es, where they are found in the central portions of the up-
per parts. It seems very likely that the carbonate rocks and
the majority of the pyroclastic fall deposits and redepos-
ited pyroclastic rocks were deposited in subaqueous envi-
ronments in depositional basins of different size.

Plate 1a attempts to illustrate the temporal variations
of the lateral sizes of the basins. The basins are numbered
from 1 to 14 in chronological order. Each basin represents
a corresponding depositional sequence. Plate 1a illustrates
that the basins increased and decreased in size through
time and that they during some periods were divided into
two separate basins. Repeated transgressions and regres-
sions must thus have occurred. Basins 1 to 3 all had a large
lateral extent and also extended into surrounding areas. A
comparison with Plate 1b indicates, however, that all three
are missing in the central parts. The following three basins
(4-6) were each separated into two basins, divided by a ge-
ographical high. This can be explained by the existence of
a (volcano-induced ) dome, which slowly uplifted the area
after the end of the 3rd depositional sequence. Along the



SSW side the uplift was accompanied by a growth fault.
Sequences 1-3, as well as other parts of the lower portion
of the upper unit of the upper formation, deposited on
the emergent central high, were eroded away with time.
Erosion also took place in adjacent basins, since these were
gullies in the early stage of depositional sequence 4. At this
time, erosion of sequences 2 and 3 continued. In basins
4 to 6 these gullies were filled in. The following basin,
number 7, overflowed and deposited sediments over the
entire region. After the completion of basin 7 the whole
area was drained, subsidence followed due to compaction
of earlier sub-basins, and new basins formed, especially in
the SSW. The entire landscape suffered from intense ero-
sion, especially the SSW sub-basin as it was transformed
to a drainage pathway. It was eventually filled in during
the formation of basin 8, and in basins 9 and 10 the whole
landscape was blanketed with sediments. Continued com-
paction, especially in the right hand sub-basin (Plate 1)
again created a basin, which was filled by sequence 11.
The remaining basins (12-14) con

tinued to supply material to further blanket the landscape
and fill depressions in the topography.

The lithostratigraphy in the top of the upper forma-
tion within the investigated parts of the WNW limb is
summarised in Plate 3 The lithostratigraphy is presented
by a number of logs labelled B-F and their positions are
marked in Plate 1. The logs represent locations in the cen-
tre of the basins, and hence the stratigraphy of the peri-
pheral parts is uncertain. The logs are divided into 14 de-
positional sequences of the 2nd order. The stratigraphy
presented in Plate 3 is a composite of many sections from
different levels within the mine. In total, 10 different
rock types and 11 sedimentary structures have been iden-
tified (see Plate 3), which in different combinations com-
pose all the different sedimentary facies. The erosional un-
conformities delimit the depositional sequences. Certain
facies types are missing in some sequences whereas others
are repeated. The logs (Plate 3) show that the depositional
sequences started with transgressive and terminated with
regressive sedimentation.

MODEL OF SUPRACRUSTAL EVOLUTION

The lower formation and the basal unit of the
upper formation

The volcanic rocks in south central Sweden have essential-
ly a rhyolitic composition. Allen et al. (1996) presented
facies analyses of rhyolitic, pyroclastic rocks of the same
age as the Dannemora rocks from a number of localities in
central Sweden. Here, volcanism is thought to be linked
to shallow marine to subaerial, rhyolitic pyroclastic cal-
dera volcanoes. The depositional environments for the
proximal and medial facies associations are interpreted as
principally from shallow water to subaerial, and for the
medial to distal ash-siltstone facies associations as pri-
marily shallow to deep marine environments. Observed
transgressions and regressions were interpreted as related
to subsidence and uplift in connection with the regional
magmatic extensional-compressional cycles or variations
of the latter related to the evolution of individual volca-
noes.

The volcaniclastic rocks in the lower formation and
the basal unit of the upper formation in the Dannemora
syncline alternate between pyroclastic flow, pyroclastic
fall, and redeposited pyroclastic rocks in a similar fashion
as in other regions in central Sweden. Also in the Danne-
mora area, the volcanism could have been tied to rhyolitic,
pyroclastic caldera volcanoes. The depositional environ-
ment was medial and changed between shallow marine
and subaerial. If the presented interpretation of the lower

formation is right then the investigated part of the lower
formation has undergone three stages of regression and
two stages of transgression, which have caused the st or-
der depositional sequences 1-3 (Plate 2). If the general
interpretations by Allen et al. (1996) are applied to the
Dannemora area, the regressions could be the response to
uplift and the transgression to subsidence, all tied to the
volcanic activity. The regressions could of course also be
related to basin infill by pyroclastic and redeposited pyro-
clastic material and sea-level changes. The transgressions
could also have resulted from both burial compaction and
sea-level changes.

The upper formation

The third depositional sequence of the 1st order contin-
ues upwards with the upper unit of the upper formation.
Fourteen depositional sequences of the 2nd order have
been discerned in that unit (Plates 1b and 3). Plate 3 illus-
trates that many of the sequences are initiated with rede-
posited pyroclastic units and terminated with iron ore or
pyroclastic fall deposits (chlorite fels or skarn). This sug-
gests that volcanic activity has had a major influence on
water depth and depositional environment. Subsidence
appears to have occurred after each pyroclastic eruption
with influx of seawater in the depositional basin as a re-
sult. Before each eruption, it appears that doming raised
the basins above sea level. Hence, a model for the develop-
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ment of a depositional sequence of the 2nd order is pro-
posed. According to that model the lithostratigraphy of a
hypothetical depositional sequence of the 2nd order has
been constructed (using the data in Plate 3) and compared
against an assumed curve of volcano-induced subsidence
and uplift (Plate 4). It should be noted that the observed
transgressions may have, at least partially, been caused by
sea-level changes and sediment compaction and proven
regressions by sea-level changes and sediment prograda-
tion. Plate 4 also lists sedimentary environments, depo-
sitional sequences of the 3rd order, and other geological
events. Plate 5 shows paleogeographic reconstructions for
five main stages (stages 1-5) of the suggested depositional
sequence.

Stage |

Due to volcanic subsidence, the subsequent transgres-
sions migrated in over the pyroclastic material and each
depositional sequence started with erosion and deposi-
tion of volcaniclastic beach and shoreface deposits (facies
P and M; Plate 4 and Table 3). Tidal flats developed and
prograded, and transformed into volcaniclastic tidal flat
deposits (facies O). Renewed subsidence occurred with
accompanied deposition of transgressive, volcaniclastic
beach, shoreface and tidal flat deposits. As progradation
and transgressions occurred a number of times, new vol-
caniclastic depositional sequences of the 3rd order were
formed. The volcaniclastic tidal flats were transversed by
a number of tidal channels, in which volcaniclastic tidal
channel sediments were deposited (facies N). When the
transgression was faster than the progradation of tidal sed-
iments, these were replaced by fining-upwards sequences
of volcaniclastic beach and shoreface deposits, and tur-
bidites or tempestites (facies M, B, and L). At the end of
this stage of the evolution, an open lagoon was gradually
created through the formation of a barrier of redepos-

ited pyroclastic materials. This barrier protected the ba-
sin brine against the equilibrating effects of the oceans to
some extent. Silica and iron precipitated, which were later
transformed to jaspilite or chert and siderite.

Stage 2

Algal mats, aragonite, and calcite formed in the tidal
sediments surrounding the lagoon. Storm floods created
storm layers of carbonates and also turbidites or tempes-
tites of carbonates and volcaniclastic material, which were
deposited in the deeper parts of the lagoon. The basin
slowly transformed into a rapidly prograding sabkha. In
the inter- and supratidal parts of the sabkha, gypsum
precipitated diagenetically due to evaporation. Gypsum
also precipitated as gypsum mush after evaporation from
storm floods. New storm floods quickly eroded previous
mush layers and instead deposited clastic gypsum layers.
Also silica precipitated (facies J; Plate 4 and Table 3).
Gypsum was altered to anhydrite, which formed nodules
(facies K) or “chicken wire structures” (see Shinn 1983).
Evaporation and diagenetic alterations resulted in frac-
tures and “tepee structures” (see Burri et al. 1973, War-
ren & Kendall 1985). The supratidal parts of the sabkhas
were exposed to extensive erosion through deflation. The
deposition of eolian and locally volcaniclastic material
may have occurred during this time. The erosional effect
of the wind created uneven surfaces in the volcaniclastic
eolian sediments. The carbonate and evaporite sediments
in these parts were dolomitized according to the “sabkha
model” for dolomitization (Kinsman 1964, Shinn & Loyd
1969, McKenzie et al. 1980, Shinn 1983, Warren 1989).
The volcaniclastic sediments in the carbonates were si-
multaneously altered to the precursor of the chlorite fels
(facies I).

Renewed transgression swept in over the sabkha, which
then started to prograde. This was repeated, resulting in

Table 3. Different facies and sedimentary environments in Plate 4.

Sedimentary

Facies environment

A Pyroclastic fall deposit Terrestrial

B Skarn altered, volcaniclastic eolian deposit Terrestrial

C Dolomitic limestone with pseudomorphs after massive halite Sublittoral

D Dolomitic limestone with pseudomorphs after bottom-growing gypsum Sublittoral

E Dolomitic limestone with stromatolite-like structures Sublittoral

F Spotted dolomitic limestone Sublittoral

G Massive dolomitic limestone Subtidal

H White- and grey-bedded dolomitic limestone Subtidal

I Nodular dolomitic limestone Sabkha

J Calcite limestone with pseudomorphs after algal mats and chert Sabkha
Calcite limestone with pseudomorphs after gypsum mush Sabkha

K Nodular calcite limestone Sabkha

L Volcaniclastic turbidites or tempestites bedded with calcite limestone Subtidal

M Transgressive, volcaniclastic beach and shoreface deposit Beach, shoreface

N Volcaniclastic tidal channel deposit Tidal channel

O \Volcaniclastic tidal flat deposit Tidal flat

P Regressive, volcaniclastic shoreface deposit Shoreface

I. LAGER



depositional sequences of the 3rd order, or “shallowing-
upwards sequences”, being deposited (see James 1984).
Finally, the prograding sabkha could not keep up with the
continued transgression and sedimentation was replaced
by turbidites or tempestites of carbonate (facies H; Plate
4 and Table 3) and finally by massive carbonate deposited
from suspension (facies G). Possibly, the water in the la-
goon became stratified and a lower reducing layer formed,
which was caused by a rich organic production. Organic
material was preserved in the sediments due to the reduc-
ing environment and is present today as graphite, a prod-
uct of later metamorphic alterations.

Stage 3

The dormant volcano resumed activity with doming or
uplift as result. A regression began, which caused a grad-
ual isolation of the lagoon and a closed salina evolved.
Seawater recharge occurred through intra-sediment flow.
Groundwater was also discharged into the basin. Due to
hot climate, an intense evaporation of the basin water
commenced. The lake diminished until only a central,
shallow, saline lake with surrounding carbonate mud flats
remained. In this lake, fine-grained carbonate turbidites
were deposited, interlayered with algal mats. Displacive
gypsum crystals gradually formed in the sediments (facies
F; Plate 4 and Table 3).

During continued evaporation, bottom-nucleated
gypsum began to grow on the lake bottom. The first crys-
tals to form were large and partly fan-shaped with many
dissolution surfaces, which gave rise to stromatolite-like
structures (facies E; Plate 4 and Table 3). Algal mats may
also have occurred between the gypsum crystals. When
the salinity increased, more and more bottom-growing,
vertically elongated gypsum crystals began to grow (facies
D), mainly due to fewer dissolution surfaces. Finally, when
evaporation reached its maximum, bottom-growing, mas-
sive, halite crystals were deposited (facies C ). In connec-
tion with the transition to an increasingly pluvial climate,
the lake area expanded and migrated over the mud flats
with possible dissolution of the salt layers as a result.
During alternating arid and pluvial conditions, repeated
depositional sequences of evaporites formed. This type of
event of the 3rd order may be called a “drying-upwards
sequence”. The gypsum is partially altered to nodules of

anhydrite, even in the salina environment.

The salina sediments were dolomitized diagenetically,
which probably occurred in pulses in several ways. An
initial dolomitization may have taken place according to
the ”brine reflux model” described by e.g. Warren (1989).
A later and more complete dolomitization was probably
caused by laterally flowing hydrothermal fluids in connec-
tion with the ore forming hydrothermal event.

Stage 4

During the final stage of the doming, the volcanic activity
yielded plenty of metalliferous hydrothermal fluids. From
the elevated, surrounding hinterlands, these fluids migrat-
ed laterally into the central parts of the salinas. The salt
pan sediments functioned as a trap for the fluids, resulting
in metal-precipitation and replacement. Initially, the fluids
were mainly Fe- and Mn-bearing, which resulted in iron
ores. Later, when the fluids were warmer and Zn-, Pb- and
Cu-bearing, updoming was maximal. The rocks were then
fractured and suitable for sulphide precipitation. The sul-
phur was introduced through bacterial sulphate reduction.

Supralittoral parts of the salina complex were exposed
to considerable erosion through deflation. Deposition of
eolian carbonate as well as volcaniclastic material could
occur also on top of bottom-growing evaporites. In some
places, the whole complex was covered with volcaniclastic
eolian material, which was changed to chlorite fels during
the dolomitization of the carbonate rocks. This material
was later altered to skarn (facies B; Plate 4 and Table 3)
by the same hydrothermal fluids that formed the ores and
mineralizations.

Stage 5

At the end of the development of the depositional se-
quence of the 3rd order, the volcano erupted and pyroclas-
tic material (facies A; Plate 4 and Table 3) was deposited.
One or more layers of pyroclastic flow and/or fall mate-
rial were deposited over parts or the entire salina complex.
The pyroclastic material was either deposited in water or
on land. This was controlled by the moment of the vol-
canic eruption related to the stage of development of the
depositional sequence.
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DISCUSSION

The proposed model for development of the depositional
sequences of the 2nd order is not valid in all parts, for all
sequences. There are deviations. The suggested first phase
of the model with open marine environment is based
upon the occurrence of tidal flat and tidal channel depos-
its in the depositional sequences 8 and 9 (Plate 3). These
deposits have been interpreted as tidal with help of the
occurrence of bipolar cross-bedding and wavy, lenticular
and flaser bedding. Such structures have not been found
in the other sequences, where there is abundant evidence
for subaqueous deposition but no proof of marine. Never-

theless, stage 1 could have been open marine even during
the deposition of these sequences, because the transgres-
sions could have been too rapid for the development of
prograding tidal flats with tidal channels.

Chert and siderite are commonly intercalated, espe-
cially with volcaniclastic turbidites at the basal parts of
many sequences (Plate 3 and Fig. 21). Maybe it is easier
to explain deposition of chert and siderite, during a trans-
gressive phase, in a more protected waterbody, than in an
open marine environment, e.g. in a closed salina. There,
stratification of the water column could occur after di-
lution. Even if some of the sequences start with deposi-
tion in a closed salina, the essence of the proposed model
should be true. Volcano-induced subsidence could have
caused transgressions into the salina with help of seawater

recharge through the barrier. The carbonate sabkha de-
posits in Plate 4 are, in that case, carbonate mudflat de-
posits and the depositional sequences of the 4th order of
primary stormbeds, chert, algal mats, and evaporites are
sublittoral instead of supratidal (see Fig. 54 and “Evidence
of primary organic life” above).

The proposed model is based on observed, repeated
sequences of facies with interpreted sedimentary environ-
ments. The observed bipolar cross-bedding and wavy, len-
ticular and flaser bedding in the deposits interpreted to be
tidal flats and channels can also be found in fluvial depos-
its, but more seldom. Irrespective of these deposits being
fluvial instead of tidal, there is no evidence of superficial
connection with the marine environment. The deposition
could have taken place in an inland playa lake as well as in
a closed salina. If deposition occurred in an inland playa
lake, the transgressions and regressions were not volcano-
induced but rather due to changes between pluvial and
arid climate. The repeated dolomitization would be more
difficult to explain if the depositional environment was an
inland playa lake.

The proposed model for development of the deposi-
tional sequences of the 2nd order seems therefore most
plausible. Some of the sequences begin with open marine
deposits in the basal parts and others with closed salina
deposits.

CONCLUSION

A performed basin analysis suggests that the stratigraphy
of the Dannemora syncline consists of three transgressive-
regressive depositional sequences of the 1st order (Plate
2). It seems plausible that each sequence consists of open
marine deposits in the basal parts and terrestrial depos-
its in the upper parts. The depositional sequences 1 and
2 of the 1st order constitute the basal part of the lower
formation. The depositional sequence 3 of the 1st order
consists of the upper part of the lower formation, and the
basal and upper unit of the upper formation (Plates 1 and
2). The lower formation is composed exclusively of vol-
caniclastic rocks. The basal unit of the upper formation
also consists solely of volcaniclastic rocks, but the volcanic
rocks contain lithic clasts of iron ore, which are lacking in
the lower formation. Beds of iron ore and carbonate rocks
are completely missing there. The upper unit of the upper
formation on the other hand, is composed both of beds
of volcaniclastic rocks and beds of iron ore and carbonate
rocks. The upper unit of the upper formation is suggested
to have been deposited in repeated open marine, open la-
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goon, closed salina, and terrestrial environments (Plates 1
and 3). The carbonate rocks were deposited in the open
lagoon and the closed salina environment. Some of them
were primary evaporites. The iron ore was emplaced by
hydrothermal fluids in the closed salina environment. If
this is valid, the carbonate rocks and the iron ores formed
just at the transition from open marine to terrestrial en-
vironment.

During the development of the depositional sequences
1 and 2, there were changes from open marine to terres-
trial environments, but no carbonate rocks or iron ores
have been found there within the investigated area. The
lack of carbonate rocks may be caused by too voluminous
deposition of pyroclastic deposits at the critical stage. The
lack of iron ores may be explained by too long distance
to the volcanic centre and the hydrothermal solutions. A
great number of epidote lithoclasts in the pyroclastic flow
deposits in these sequences implies that carbonate rocks
existed further away. The carbonate rocks have been de-
posited in the neighbourhood of a volcanic vent and have



been fragmented by eruptions. Flows have transported the
fragments and altered them to epidote. During the devel-
opment of the basal unit of the upper formation there was
no passage from open marine to terrestrial environment,

but common epidote-rich lithic clasts and clasts of iron
ore in ash flow deposits suggest that carbonate rocks and
iron ores occurred in the vicinity of the investigated area.
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a. Basin extensions with time in the upper unit of the upper formation.
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Plate 1. a) Basin extensions and b) depositional sequences of the 2nd order in the upper unit of the upper formation, and
c) reconstructed lithostratigraphy in the main part of the north-western limb of the Dannemora syncline. Some of the beds have
been emphasized to be visible, other, thin beds are discarded.
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is indicated as Section A in Figure 3 and Plate 1. A—I correspond to different rock units described in the

text.
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Plate 3. The lithostratigraphy of the upper unit of the upper formation (open marine, open lagoon, closed salina, and ter-
restrial deposits) divided in depositional sequences (14) of the 2nd order presented as geologic logs. The logs are construc-
ted from several sections mapped in the mine. Their locations are marked in Plate 1. Cl=clay, Sd=sand, Gr=granules.
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Plate 4. The lithostratigraphy in a hypotethic depositional sequence of the 2nd order deposited open marine, in an open lagoon,
in a closed salina, and terrestrially, related to volcano-induced subsidence and uplift. Cl=clay, Sd=sand, Gr=granules.
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Plate 5. Landscape models of different stages in the hypotethic depositional sequence in Plate 4.
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