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Abstract

Samples and documentation of outcrops and drillings, facies analysis, whole rock geochemistry and radiometric ages have
been employed to re-evaluate the Late Carboniferous Tharandt Forest caldera (TFC) and the co-genetic Niederbobritzsch
granite (NBG) in the eastern Erzgebirge near Dresden, Germany. The c. 52 km? TFC harbours strongly welded ignimbrites
with a preserved minimum thickness of 550 m. Composition of initial fallout tephra at the base of the TFC fill, comprising
lithics of rhyolitic and basic lava, and of silica-rich pyroclastic rocks, suggests a bimodal volcanic activity in the area prior
to the climactic TFC eruption. The lower part of the TFC fill comprises quartz-poor ignimbrites, overlain by quartz-rich
ignimbrites, apparently without a depositional break. Landslides originating from the collapse collar of the caldera plunged
into the still hot TFC fill producing monolithic gneiss mesobreccia with clasts <1 m in a pyroclastic matrix. Aphanitic
and porphyritic rhyolitic magma formed ring- and radial dykes, and subvolcanic bodies in the centre of TFC. Whole rock
geochemical data indicate a high silica (most samples have > 73 wt% SiO,) rhyolitic composition of the TFC magma, and a
similar granodiorite—granitic composition for the NBG. Based on drillings and caldera extent, a minimum volume of 22 km?
of TFC fill is preserved, the original fill is assumed at about 33 km®. This estimate translates into a denudation of at least c.
210 m during Late Paleozoic to pre-Cenomanian. Telescopic subsidence of the TFC took place in two, perhaps three stages.
A possible TFC outflow facies has been completely eroded and distal TFC tuff has not been recognized in neighboring basins.
New CA-ID-TIMS measurements on two TFC samples gave mean zircon ages of 313.4+0.4 Ma and 311.9 +0.4 Ma; two
samples from NBG resulted in 318.2 + 0.5 Ma and 319.5 + 0.4 Ma. In addition, for one sample of the ring dyke an age of ca.
314.5+0.5 Ma has been obtained. These ages, together with field relations, allow for a model of a long-standing evolution
of an upper crustal magmatic system (~5 Ma?), where pulses of magmatic injection and crustal doming alternate with mag-
matic quietness and erosion. Together with the Altenberg—Teplice Volcanic Complex, located some 10 km to the southeast,
the TFC-NBG Complex represents an early post-Variscan magmatic activity in central Europe.
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Introduction

At the end of Variscan orogeny, widespread and intense
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Intense magmatism took place in both, western and east-
ern parts of the Erzgebirge/Kru$né hory, located at the Ger-
man—Czech border region. The metamorphic basement com-
prises a Variscan nappe stack with different P-T histories
(Rotzler et al. 1998; Schmidicke et al. 1995; Willner et al.

1997). Mainly plutonic rocks crop out in the Western Erzge-
birge while both plutonic and volcanic rocks occur in the
Eastern Erzgebirge. There, the magmatic activity is mainly
confined along a NNW-SSE trending zone (Fig. 1). These
are, from south to north, the Altenberg—Teplice Volcanic
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Fig. 1 Geological sketch map of the eastern Erzgebirge showing the
Tharandt Forest caldera (TFC), the Niederbobritzsch granite (NBG),
the BerggieBhiibel-Sayda dyke swarm (BSDS), and the Altenberg—
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Teplice Volcanic Complex (ATVC); blue box shows location of
Figs. 2, 4 and 5 and Appendix Figures B (modified after Hoth et al.
1992)
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Complex (ATVC; Breiter et al. 2001; Hoffmann et al. 2013;
Walther et al. 2016; Casas Garcia et al. 2019; Tomek et al.
2019, 2021), the NE-SW-trending BerggieBhiibel-Sayda
Dyke Swarm (BSDS; Wetzel 1984; Winter et al. 2008)
and the Tharandt Forest caldera—Niederbobritzsch gran-
ite (TFC-NBG). While the elongated shape of the ATVC
reflects an evolution under a regional transtensional regime
(Casas Garcia et al. 2019), the TFC has the rounded shape of
a classic piston caldera surrounded by a dome-like structure
of the hosting gneiss (Freiberg gneiss dome). Gneiss domes
are a common feature of the entire Erzgebirge (Willner et al.
2000).

Piston calderas are typically related to magma reservoirs
at shallow depth (Walker 1984; Cole et al. 2005). Deep ero-
sion, as assumed for the TFC, may reveal stepped subsid-
ence accommodated along ring faults, often associated with
cone sheet dykes (Kennedy and Stix 2007; Kennedy et al.
2012; Galetto et al. 2017). Lipman (1976) reported on lithic
breccias intermixed with ignimbrites, similar to the features
present in the TFC, which are exposed in deeply eroded cal-
deras in the western San Juan Mountains (CO, USA). They
originate from syn-eruptive rock fall and landslides (sensu
lato) at the caldera walls.

The geometry of many caldera systems is strongly influ-
enced by the dynamics in the upper crustal magma res-
ervoirs and by (sub-) volcanic pulses; the latter may lead
to resurgence or regional doming (Kennedy et al. 2012;
Gregg et al. 2012). Henry et al. (1997) studied the Solitario
lacco—caldera complex in southwestern Texas where a 16 km
structural dome formed by the emplacement of a laccolith.
On its summit, a c. 6-km-wide caldera erupted. A similar
scenario will be discussed here for the TFC related to the
NBG. Furthermore, as we shall display for the TFC-NBG
complex, many sub recent upper crustal magmatic centres,
like Yellowstone, Jemez Mtns. and Cerro Galan, experienced
a longstanding history with complex crustal magma reser-
voirs and nested calderas (Folkes et al. 2011; Kelley et al.
2013; Myers et al. 2019).

So far, publications on TFC were restricted to informa-
tion from outcrop features and samples (Benek 1980). Alex-
owsky et al. (2012) issued a revised geological map covering
the eastern part of TFC, presenting some data from drillings
(see also Stanek and Renno 2001). In the late 1960—early
1970s, the SDAG Wismut (since 1991: Wismut GmbH) car-
ried out a detailed exploration project on the TFC, includ-
ing intensive drilling as deep as 371.4 m (Kalmykow et al.
1971). Based on these exploration drillings (cores and docu-
mentation) and outcrops, we present a detailed re-evaluation
of the lithofacies, geometry and evolution of the TFC. New
whole rock geochemical data and U/Pb ages on zircon from
TFC and the adjoining NBG are presented, contributing to
better constrain the style and timing of intrusive and vol-
canic activity in the Eastern Erzgebirge.

Geological setting and previous studies

The metamorphic units of the Erzgebirge show nume-rous
large structural domes (e.g., Freiberg dome, Reitzen-
hain—Catherine dome) with a few located above Variscan
plutonic complexes (Freiberg dome, Schwarzenberg dome;
Willner et al. 2000). The TFC and the southwesterly adjoined
Niederbobritzsch granite (NBG) are hosted by the Freiberg
gneiss dome (diameter c. 40 km; “Freiberger Gneiskuppel”)
that displays a concentric alignment of the D2 foliation around
TFC and NBG (Willner et al. 2000). While the outcrop of
NBG is positioned in the centre of the dome, the TFC is some-
what displaced towards the northeast (Fig. 1). Outcrops in
the core of the dome display coarse-grained biotite gneiss
(orthogneiss called Inner Freiberg Gneiss, IFG, Tichomi-
rowa et al. 2001). It is part of the medium pressure—-medium
temperature unit (MP-MT; Kroner et al. 1995; Rotzler 1995)
and has a protolith age of 550-540 Ma (Kroner et al. 1995;
Tichomirowa et al. 2001, 2012). They are enclosed by fine-
grained grey paragneiss (Outer Freiberg Gneiss—OFG,
Fig. 1) interpreted as meta-greywackes (with the youngest
zircon age population at ca. 575 Ma; Tichomirowa et al. 2001,
2012) belonging to the high pressure-high temperature unit
(HP-HT; Schmaédicke et al. 1995; Willner et al. 1997; Rotzler
et al. 1998). The OFG contains lenses of amphibolites and
small eclogite bodies (Tichomirowa et al. 2001, 2012).

Granites of the Erzgebirge/Krusné hory are typically divided
into earlier low-F biotite granites and later highly evolved
Li—F-rich two-mica granites (Forster 1998). These two groups
were also named the “older intrusive complex” (OIC) and the
“younger intrusive complex” (YIC; e.g., Lange et al. 1972;
étemprok 1986; Tischendorf et al. 1987). In addition, some
authors distinguish “transitional granites” corresponding to
low/medium-F two-mica monzo- and syenogranites (Stemprok
1986). The older I/S type granites have Upper Mississippian
to Lower Pennsylvanian ages (like for instance the southern
Eibenstock—Nejdek pluton: c. 322 Ma, Kovéaiikova et al. 2007;
Aue-Schwarzenberg: ca. 323-322 Ma, Tichomirowa et al.
2019; Bergen and Kirchberg: ca. 320-318 Ma, Tichomirowa
et al. 2019) and are probably coeval with the ATVC and the
co-genetic Flaje pluton (325-317 Ma according to Casas Garcia
et al. 2019; Tomek et al. 2021), and with the TFC-NBG.

The TFC is a deeply eroded caldera structure, as, in princi-
ple, already interpreted by Moesta (1928); the caldera character
has been clarified later by a detailed study of Benek (1980).
The content of phenocrysts (qtz, fsp) ranges from 13% for the
“normal rhyolite” (here named quartz-poor ignimbrite, QPI)
up to 33% for the quartz-phyric rhyolite (here QRI; Schulze
1963). Benek and Harff (1981) presented data on the mean
size of crystals (qtz, fsp), lithics and fiamme, together with a
rough estimate of the modal distribution. The voluminous QPI
is overlain by QRI, and there are transitions between the two
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types (Figs. 2, 3). The 3d orientation and abundance of fiamme,
and the distribution, size and types of lithics in QPI and QRI
were measured in detail by Benek (1980; Fig. 4 and Appendix-

Fig. B).
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Fig.2 Geological sketch map of the TFC-NBG complex based on
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The TFC exposes welded ignimbrites in a c. 52 km?
area. Much of the TFC is encircled by orthogneiss (IFG)
and fine grained paragneiss (OFG). Towards the north-
east, early Paleozoic phyllites and slates (PPS) of the
Nossen Wilsdruff slate mountains crop out overriding

et al. 1971; Benek 1980; Alexowsky et al. 2012); HHB Herrndorf—
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IFG along a gently dipping fault. The Hartha Fault shown
in Fig. 2 is a local volcanotectonic element active during
caldera subsidence which delimitates TFC ignimbrites
from PPS (see below).

About half of the TFC is discordantly covered by Cre-
taceous sediments (<28 m thick, Alexowsky et al. 2012).
In the north, an Oligo—Miocene basaltic vent is located
(Ascherhiibel), with associated 2-km-long lava flow rel-
ict located to the northwest (Fig. 1).

Ring and radial dykes are exposed at the TFC margin.
At Steinhiibel, a NW-SE-striking dyke has a 250-m-wide
bulge (Fig. 2; Lapp and Breitkreuz 2015). In the centre of
the bulge, a welded pyroclastic domain crops out. A similar
situation was described at Turmberg and Burgberg of the
BerggieBhiibel-Sayda dyke swarm by Winter et al. (2008;
Fig. 1). The pyroclastic domain at Steinhiibel displays verti-
cally NW-SE-oriented flamme and subhorizontally oriented
cooling columns (Lapp and Breitkreuz 2015).

Previous studies documented various rounded and elon-
gated intrusions of pyroclastic and coherent material into
the PPS and the gneiss surrounding TFC (Figs. 1, 2; Sauer
1887; Sauer and Beck 1891; Pietzsch 1914; Benek 1980;
Stanek and Renno 2001; Alexowsky et al. 2012). Lithology
and volcano-tectonic structures in one of these intrusions,
the SW-NE-oriented “Grunder Spalte” (Fig. 2), has been
investigated in detail by Schwab (1962).

Kalmykow et al. (1971) carried out a detailed exploration
campaign on TFC and they discovered, by drilling, bod-
ies of subvolcanic rhyolite in the central TFC. A number
of deep drillings carried out by the SDAG WISMUT near
Grillenburg (Fig. 2) have not penetrated completely the TFC
rhyolites; among these, drilling 853H/69 reached down to
371 m (Fig. 6 and Appendix-Fig. A). For the quartz phe-
nocryst-poor rhyolite, Benek (1980) assumed a thickness
of 500-600 m inferred from the bowl-like shape of the 3d
orientation of pseudofluidal texture in outcrops (fiamme;
Fig. 4a). For the quartz-rich rhyolite another 300 m in thick-
ness is suspected. According to Forster et al. (2008), the
preserved volume of the ignimbrite is 25-30 km?>.

A peculiarity of the Late Carboniferous TFC is the glassy
facies of the famous spherulitic pitchstone (“Kugelpech-
stein”) of Spechtshausen (Figs. 2, 7h). The pitchstone is a
densely welded lithic-rich, quartz-poor ignimbrite, related
to QPI. Microcrystalline spherulites up to 15 cm in diameter
grew around lithic fragments (Lapp and Breitkreuz 2015).

The Niederbobritzsch granite (NBG, Fig. 1) belongs to
the group of late-Variscan low-F biotite monzogranites that
possess transitional I- to S-type affiliation (Forster et al.
1999; Romer et al. 2014). Their low initial 3’Sr/¢Sr-ratios
(0.705-0.706) and their high 8''B values (20-21%o) point
to a larger contribution of mafic material in the source com-
pared to other low-F granites in Saxothuringia (Romer et al.

@ Springer
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2014). It forms a multiphase pluton that consists of four
mappable, texturally and compositionally distinct intrusive
units (Rosler and Budzinski 1994; Forster 2000). A Pb—Pb
zircon evaporation dating yielded a Late Carboniferous age
(320 + 6 Ma; Tichomirowa 1997). Forster (1998) published
an EMP age of 324 +4 Ma on monazite, xenotime and
uraninite.

For the TFC, Kalmykow et al. (1971) assembled a map
of the vertical magnetic field anomaly (AZ), based on a
detailed magnetic field balance survey (Fig. 5). The map
features prominent pairs of positive and negative anoma-
lies, which, principally, may represent inductive anomalies
or remanence. In northern hemisphere latitudes, the former
typically is characterized by a negative anomaly positioned
to the north of a positive domain. Inductive anomalies may
be interpreted for the area of the Cenozoic Ascherhiibel vol-
cano and the associated lava to the northwest (Figs. 1, 5).
The other anomalies in Fig. 5 are presumably related to the
presence of Fe-oxide-rich volcanic and subvolcanic units
of the TFC. The faulted southern margin of the TFC is well
imaged by strong anomaly pairs (further description/inter-
pretation in the result and discussion sections). Kalmykow
et al. (1971) also outlined faults assumed or confirmed by
the documented magnetic patterns (Fig. 5).

@ Springer

Methods

For the present study, the available documentation of explo-
ration drillings in the TFC area has been re-evaluated. In
particular, deep-reaching drillings (> 100 m) have been con-
sidered for TFC lithofacies and geometry analysis. Apart
from scarce outcrops, all preserved drill cores, located in the
core depository of the Saxony State Survey for Agriculture,
Environment and Geology (Freiberg), have been examined
and sampled (see blue signatures in Fig. 6 and Appendix-
Fig. A). Samples have been cut and one half polished. The
other half was used for thin sections and, where feasible,
for whole rock geochemical analysis. Sample label, e.g.,
103/69-141.0, is drilling number/year-depth in meter below
surface. Thin sections have been examined for qualitative
petrography and volcanic facies analysis. 13 thin sections
have been coloured for K-feldspar and used for modal analy-
sis (1000 points per thin section; Table 2). With pyroclastic
rocks, fiamme and phenocrysts therein have been counted
as groundmass or crystals, respectively. In the same set of
thin sections, maximum particle size (MPS; mean value of
three largest crystals) of quartz and feldspar was measured
(Table 2).
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All samples selected for geochemistry display only weak
alteration (partial sericitisation of feldspar, presence of pri-
mary fibrous crystals in spherulites). Twenty-nine whole
rock samples of drill cores have been analyzed by ALS
Minerals, Loughrea, Ireland, for main and trace elements
(Appendix Table A). Samples with few or absent lithics
have been selected; except sample 556-/69-50.0 which has

a lithic-rich, GRI lithology. Major oxides have been deter-
mined by ICP-AES and trace and rare earth elements by ICP-
MS methods. Whole rock geochemistry of surface samples
is displayed in Appendix Table B; analysis has been carried
out at ACMELAB, Vancouver (Canada; Analytical methods
and detection limits for both labs in Appendix-Table C; geo-
reference list for outcrop samples in Appendix-Table D).
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From each, TFC and NBG, two samples were dated by
the CA-ID-TIMS method to get a first estimate of their mag-
matic duration. In addition, one sample was dated from the
southern ring dyke of TFC (for location see Fig. 2, data in
Table 3). CA-ID-TIMS ages have been shown to be accurate
and precise at a 0.1% level (£0.3-0.4 Ma at ca. 300 Ma;
Tichomirowa et al. 2019; Liitzner et al. 2021). The accu-
racy was checked in the TIMS lab in Freiberg by dating
international standards yielding 1064.6 + 1.3 Ma for the
standard 91500 (certified age is 1062.4 +0.4 Ma according
to Wiedenbeck et al. 1995, and 1063.6 + 0.3 Ma according
to Schoene et al. 2006) and 417.3 +0.6 Ma for the standard
Temora 2 (certified age is 416.8 +0.3 Ma; Black et al. 2003).

Dating was performed in the TIMS lab at TU Bergakad-
emie Freiberg (Germany). Selected zircon grains (ca. 15-30
per sample) were annealed for 72-96 h at 850 °C and subse-
quently chemically abraded with concentrated HF and HNO,
for 12-15 h at 200 °C. This procedure dissolves crystal
domains with strong radiation damage which are suspected
to have experienced post-crystallization lead loss (Mattinson
2005). Afterwards, the acid together with dissolved zircon
material was completely pipetted out and 3.5 N HNO; was
added to the remaining zircon grains and fragments, and left
for 30 min. at 50 °C to remove surface lead. Several cleaning
cycles with water combined with repeated ultrasonic treat-
ment were conducted before single zircon fragments were
selected for further processing.

Single zircon grains/fragments were washed with 3 N
HNOj; and transferred into cleaned microcapsules with a
small drop of this fluid and three drops of concentrated HF.
Samples were spiked with 6-10 mg of a 25Pb-2**U-23U-
tracer solution (ET535 at TU Bergakademie Freiberg; Con-
don et al. 2015). For final dissolution, the microcapsules
were placed in Parr vessels and heated to 200 °C for 48 h,
followed by drying at 130 °C and then re-dissolution in 6 N
HCI for 24 h at 200 °C to transfer them into chlorides. After
repeated drying, the samples were dissolved in ten drops of
3.1 N HNO; and transferred into micro-columns for col-
umn chemistry. U and Pb were separated from the rest of
the sample by anion exchange chromatography using HCl
and H,O. The U and Pb containing fraction was loaded on
pre-degassed rhenium filaments with a drop of silica gel and
measured with a Finnigan Mass Spectrometer MAT 262
using a secondary electron multiplier (SEM).

Results
Geometry and outcrop relations

The TFC comprises a c. 10 km wide, sub circular area where
quartz-poor- and quartz-rich ignimbrites crop out, or have
been discovered by drilling—in places, below the cover of
Cretaceous sediments (Figs. 1, 2, 3). Ignimbritic facies has
been detected by drilling down to 371.4 m depth (drilling
853H/69, Fig. 6), however, the preserved maximum thick-
ness of the caldera fill is not known. In the central part of
the TFC, subvolcanic rhyolitic bodies have been discovered
by drilling (Figs. 2, 3; Kalmykow et al. 1971). In the north-
eastern sector, the TFC occurs adjoined to early Paleozoic
phyllites and slates (PPS) along a NW-SE-trending sharp
contact (Hartha Fault, Fig. 2). Southwest of the Hartha
Fault, TFC fill deposits rest on PPS basement located in
less than 218 m depth, as detected by a number of drillings
(Figs. 2, 6). This block, herewith named Herrndorf—-Hartha
Block (HHB), is presumably delimited to the southwest by
the NW-SE-striking Herrndorf Fault (Fig. 2; Benek 1980).
In the eastern and southern sectors, sub circular fault/con-
tacts sets TFC ignimbrite and gneiss-rich breccia against
OFQG, in the western sector against IFG (Tichomirowa et al.
2001). The distribution of lithics in the caldera fill ignim-
brites reflects the type of host rocks. While in the central
and southern part of TFC, gneiss fragments dominate, in
the northeast, slate fragments derived from the PPS prevail
(Fig. 4b; Benek 1980).

In places, complex contact relations exist between TFC
ignimbrites and host rocks: (1) in the north, near Mohorn,
an ignimbritic protrusion has been mapped trending NE-
wards into the PPS (Schwab 1962; Benek 1980); (2) in the
east, near Tharandt, a c. 2 km long spur of brecciated gneiss
protruded northwards into the TFC ignimbrites (Fig. 2;
Benek 1980); (3) at the southwestern TFC margin, flamme-
rich pyroclastic dykes crosscut gneiss, and nearby, lenses of
gneiss-rich breccia have been mapped.

Along the NE-, E-, SE-, S- and SW-sectors an outer ring
fault/dyke encircles the TFC, with a distance of up to 1500 m
away from the inner ring fault system (Fig. 2). The outer ring
system separates IFG from OFG (Figs. 1, 2; Tichomirowa
et al. 2001; Alexowsky et al. 2012; Sebastian 2013), and
it experienced emplacement of aphanitic and porphyritic
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rhyolitic dykes. In the SE-sector, a radial coherent rhyolitic
dyke can be followed striking NW-SE (Steinhiibel, Fig. 2;
Lapp and Breitkreuz 2015). To the west of TFC, rhyolitic
dykes trending NNE to SSW (from Hetzdorf to Naundorf;
Fig. 2) have been mapped which presumably are related to
the outer ring system.

Lithofacies types and their distribution

The main TFC lithotypes have been described in Table 1
(see Fig. 7 for macroscopic- and Fig. 8 for microscopic
textures). Modal composition and maximum particle size
(MPS) on quartz and feldspar from selected samples are dis-
played in Table 2. Biotite, the only known mafic mineral,
occurs rarely and strongly altered in most of the TFC litho-
types (Benek 1980). Alexowsky et al. (2012) described the
presence of biotite-rich rhyolite at the base of the quartz-rich
ignimbrites in drilling 853/69. Lapp and Breitkreuz (2015)
noted biotite-rich domains in the NW-SE-trending coherent
dyke at Steinhiibel.

In the northeast, on the Herrndorf—Hartha Block (HHB),
the PPS basement below the TFC fill has been reached by
several drillings (Figs. 2, 6, Appendix-Fig. A); the basal
successions of QPI are associated with clast-supported pyro-
clastics (VRI) and with vitreous ignimbrite domains (VI).
Along the southern and southeastern TFC margin and, in
places, in the central TFC, gneiss-lithic-breccias (GRI) are
intercalated within QPI.

QPI is the dominant lithotype of the TFC fill (Figs. 2, 3,
6 and Appendix-Fig. A). It is characterized by low crystal-
linity (< 10 vol%), and in particular by a small amount or
absence of quartz crystals (<0.2 vol%, Table 2). Plagioclase
and K-feldspar crystal clasts comprise 2.9-5.2 vol% and
0.7-3.6 vol%, respectively (Table 2). QPI is generally rich
in fiamme with parataxitic welding compaction (Figs. 7b,
8d, f, Appendix-Fig. B; Quane and Russell 2005). It contains
varying amounts of lithics (gneiss, schist and volcanic clasts,
Fig. 4b; Benek 1980).

Outcrops and drillings show domains of gneiss-rich brec-
cia and ignimbrites (GRI) at the caldera margins and also
in the central part of TFC (Figs. 2, 3, 4b, 6, 7e; Kalmykow
et al. 1971; Benek 1980). Intercalated with QPI and QRI
(Figs. 2, 3), GRI varies between clast-supported gneiss brec-
cia, and gneiss-rich, matrix-supported ignimbrites, both hav-
ing a rhyolitic pyroclastic matrix with fiamme, in places.
Volcanic lithic-rich ignimbrite (VRI) and related pyroclastic
deposits have been detected on the HHB, at the base of the
TFC fill, in drillings 301/70, 310/70 and 322/70 (Figs. 2, 6,
71, g, 8, Appendix Fig. A). Apart from pumice and ex-glass
shards, the dominant volcanic lithic type is SiO,-rich lava
(Fig. 7b). Subordinately, fragments of basic volcanic rocks
(Fig. 8a) and of the metamorphic host of TFC are present
(Benek 1980).

The famous “Kugelpechstein” (pitchstone with spheru-
lites) is a vitric ignimbrite (VI), co-genetic to VRI and QPI
(Figs. 7h, 8e). It is known since a long time from an out-
crop near Hartha (Fig. 2) but it has also been detected in
two drillings (311/70, 322/70, Fig. 6, Appendix-Fig. A).
All three occurrences are located close to the Hartha Fault
which separates TFC from PPS. VI displays a black, welded,
quartz-poor vitroclastic texture containing polymict, mainly
volcanic lithics. In many cases, the lithics functioned as
nuclei for the growth of microlitic spherulites (<15 cm in
diameter; spheroids accord. to Bryan 1941; Breitkreuz 2013;
Lapp and Breitkreuz 2015).

Overlying QPI with a transitional contact (Benek 1980),
quartz-rich ignimbrite (QRI) dominates the central TFC
(Figs. 2, 3, 6, 7a). As an exception, the documentation for
drilling 852/68 revealed an alternation of QPI and QRI
(Appendix-Fig. A), however, no core material is preserved
for confirmation (see “Caldera evolution”). QRI shows weld-
ing compaction and spherulites. Amount of groundmass var-
ies strongly (54.3-83.9 vol%), the rest comprising varying
proportions of quartz, plagioclase and K-feldspar crystal
clasts (Table 2).

Much of the concentric and radial ring dykes and the
subvolcanic bodies in the TFC centre comprise crystal-poor
(£4 vol% phenocrysts, Table 2), in parts flow-foliated, rhyo-
lite rocks (subvolcanic aphanitic rhyolite, SAR, Figs. 2, 3,
7c; Table 1). In addition to SAR, the eastern segment of
the ring dyke system and a N-S-trending dyke near Grund
expose strongly porphyritic rhyolite domains (subvolcanic
porphyritic rhyolite, SPR, Fig. 7i). There, the proportion
of felsic groundmass is as low as 57 vol% (Table 2) and
feldspar phenocrysts reach almost one cm in diameter.
Finally, in the central TFC, drillings exposed in-situ brecci-
ated QRI-, rarely QPI rocks (in-situ breccia, ISB, Figs. 2, 3,
7d). The ISB domains are spatially closely related to SAR
dykes, thus, we assume that the brecciation was related to
the emplacement of the SAR dykes.

The caldera margin
The northeastern sector

On the HHB, drillings 310/70, 311/70, 320/70, 321/70 and
322/70 reached the basement of Early Paleozoic phyllites
and slates (PPS) at depth of 218 m, 199 m, 120 m, c. 140 m
and 122.5 m, respectively (Figs. 2, 6 and Appendix-Fig. A).
In these drillings, as in 303/70, the overlying volcanoclastic
succession is rich in volcanic lithics (VRI) such as rhyolitic
lava and welded ignimbrite. For instance, in 311/70 it com-
prises a 100 m succession of poorly sorted, matrix- to clast-
supported volcanic breccia. At 179-190 m depth, a well-
sorted, clast-supported lapillistone (fallout deposit?) has

@ Springer



1276 International Journal of Earth Sciences (2021) 110:1265-1292

@ Springer



International Journal of Earth Sciences (2021) 110:1265-1292

1277

«Fig.7 Photos of polished rock slabs and core halves represent-
ing the major TFC lithotypes: a QRI, outcrop sample (50°57'07" N,
13°28'06" E); b parataxitic QPI, outcrop sample (50°59'56" N,
13°28'56" E); ¢ flow-foliated SAR dyke (drilling 637/69-9.7); d in-
situ breccia, ISB (drilling 305/70-80.4); e gneiss-rich ignimbrite,
GRI (drilling 103/69-38.2); f volcanic-lithic-rich ignimbrite, VRI
(drilling 301/70-133.6); g lapillistone, rich in SiO,-rich lava frag-
ments (VRI, drilling 311/70-184.6); h crystal-poor and lithic-rich
vitreous ignimbrite, VI (pitchstone; drilling 322/70-111.0); i subvol-
canic porphyritic rhyolite (SPR), outer ring dyke (drilling 604/69—
137.0); for lithofacies acronyms see Table 1; scale bar 1 cm

been drilled that is rich in SiO,-rich lava fragments (Fig. 7g).
At 98 m depth, 30 cm of spherulitic, lithic-rich pitchstone
(VD) is overlain by quartz-poor ignimbrite (QPI). Notably,
at 133.6 m depth, drilling 301/70 exposes volcanic lithics
of basic composition, indicating a pre-TFC basic volcanic
activity in the area (Fig. 8a). In summary, the northeastern
sector of the TFC is structured by a southwest-wards down-
stepping of PPS and overlying TFC fill. Apparently, the
HHB documents the initial stage of TFC evolution. Benek
(1980) reported dominance of schist lithics in the ignim-
brites of this area (Fig. 4b).

Near Tharandt, a N-S-oriented elongated domain of QPI
projects into the hosting gneiss and schists (Fig. 2) which
could be part of the inner TFC ring system. 3d-measure-
ments on fiamme revealed a sub vertical orientation (Benek
1980, Fig. 4a) suggesting that the promontory served as a
major vent zone active during the early TFC evolution.

The southeastern sector

Drilling 318/70 is located close to the TFC-gneiss contact,
with a final depth of 194.3 m in QPI. This well contains a
GRI lens (78.4-133.0 m; Fig. 2, Appendix-Fig. A). Nearby,
drillings 556/69 and 565/69 expose c. 95 m and 45 m thick
domains of GRI, respectively. These field relations illustrate
(1) the presence of a steep caldera wall along the inner ring
system, and (2) it suggests landslide activity during QPI
deposition, caused by instability of the southeastern caldera
wall (Lipman 1976, 1997). The juxtaposition of host gneiss,
QPI and GRI along the inner ring system is characterized
by strong margin-parallel magnetic anomalies (Fig. 5).
The outer ring fault system separates a biotite gneiss block
(OFG), positioned inside the ring fault, from orthogneiss
(IFG) outside the ring fault (Fig. 2; Tichomirowa et al. 2001;
Sebastian 2013). The ring also hosts a prominent ring dyke
comprising SAR and SPR domains. Near Klingenberg, a
ca. 1-km-long NW-SE-trending QPI domain intruded OFG
(Fig. 2).

The southwestern sector

This sector displays a prominent TFC margin-parallel, mag-
netic anomaly pair (Fig. 5), possibly caused by steep and
sharp contact between caldera fill and surrounding parag-
neiss. East of Naundorf at an artificial scarp (former train
track), welded pyroclastic dykes (< 1.5 m thick) are exposed
cross-cutting gneiss, documenting that magma ascent and
fragmentation took place also along the ring dyke system.
Furthermore, Kalmykow et al. (1971) and Benek (1980)
described a GRI domain, extending for 2.5 km along the cal-
dera margin (Fig. 2), suggesting that landslides were active
also at the caldera wall in the southwestern TFC.

The northwestern sector

Near Grund, a NE-SW-oriented promontory of QPI and
QRI extends from the main TFC fill body into the PPS host
(Fig. 2). There, outcrops and drilling 301/70 show steeply
oriented fiamme (Fig. 4a, see also Fig. 7f). Benek (1980)
stated that the Grund promontory also hosts a “post-ign-
imbritic” rhyolitic dyke (“Granitporphyr”, SPR). Presence
of QPI, QRI and the dyke in this promontory suggests that
this domain functioned as a magmatic feeder throughout
the TFC evolution. In an abandoned quarry near Grund, the
“Porphyrficher”, a well-known natural monument (Schwab
1962; Eberlein 2004), shows a fan-like array of curved cooling
columns in QPI (Benek 1980; see Fig. 4 in Lapp and Breitkreuz
2015). We assume that the curvature of the columns is related
to irregular or faulted contact of QPI with the PPS substrate.

Outside the TFC fill domain (Fig. 2), isolated outcrops
of flamme-rich QPI have been mapped in orthogneiss near
Mohorn (and drilling 646/69 not depicted here). In his pro-
file 1, Benek (1980) displayed this ignimbrite occurrence
as an erosional remnant. However, Benek showed 3d-ori-
entation of fiamme yielding steep inclinations of > 60°
in this outcrop (Fig. 4a). In this area, the magnetic map
shows a NW-SE-oriented negative anomaly (Fig. 5). All
these characteristics suggest that the isolated outcrops near
Mohorn resemble another TFC vent complex rather than
erosional remnants of caldera outflow facies. Furthermore,
NNE-SSW-trending rhyolitic dykes have been mapped near
Hetzdorf and Naundorf, suggesting a possible continuation
of the outer ring fault system in the west (Fig. 2).

The central part of the caldera

As displayed in Figs. 2 and 3, the central part of the TFC
is dominated by quartz-rich ignimbrites (QRI), with sub
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Fig. 8 Microphotographs from TFC thin sections: a basic volcanic
lithic with plagioclase prisms in VRI (partial view; drilling 301/70-
133.6; crossed nicols); b fragment of a radiate fibrous spherulite
in a fallout deposit (VRI; drilling 311/70-184.6; crossed nicols);
¢ eutaxitic flamme with recrystallized core in a vitroclastic matrix

horizontally oriented flamme (Fig. 4a; Benek 1980). Drill-
ing 103/69 (Fig. 6) documents c. 80 m of GRI indicating that
some caldera wall landslides reached the central TFC area.
Kalmykow et al. (1971) were the first to display subvolcanic
aphanitic rhyolite (SAR) in the central TFC (Figs. 2, 3). The
complex is spatially closely associated with domains of brit-
tle fragmented QRI (ISB), implying that the emplacement of

@ Springer

(QPI, drilling 318/70-69.7); d parataxitic flamme (partial view)
in vitroclastic matrix (QPI, drilling 322/70-90.0); e vitroclastic
welded matrix preserved as pitchstone (VI, drilling 322/70-111.0);
f coarsely recrystallized fiamme with preserved texture of elongated
vesicles (QPI, drilling 565/69-75.4; crossed nicols)

the rhyolitic SAR melts took place when the QRI has already
cooled down. A dense array of N-S trending magnetic
anomalies is located in the southern central TFC (Fig. 5).
Its origin is unclear, we may speculate about the presence
of a magmatic feeding complex (see Sect. 5.3).



International Journal of Earth Sciences (2021) 110:1265-1292 1279
Table 2 Modal and MPS analysis on selected TFC lithotypes (Table 1)
Lithotype; sample Areal % quartz Areal % pla-  Areal % Areal % lithics Areal % MPS (mm)  MPS
gioclase K-feldspar groundmass quartz (mm)
feldspar
QPI; 103/69-141.0 42 2.4 1.9 914 3.7
QPI; 103/69-143.9 0.2 34 3.6 1.9 90.9 0.6 2.8
QPI; 318/70-44.3 5.2 34 0.6 90.8 3.1
QPI; 318/70-194.2 0.2 3.8 0.7 1.1 94.2 2.3
QPIL; 507/69-52.9 0.1 2.9 2.5 1.1 934 0.4 2.4
QRI; 131/69-33.9 7.2 34 6.0 0.3 83.2 1.9 25
QRI; 305/70-42.0 8.9 2.1 49 0.2 83.9 2.1 1.8
QRI; 610/69-28.0 13.7 7.7 20.9 34 54.3 2.1 1.8
QRI; 610/69-172.8 6.4 7.5 10.6 2.7 72.9 2.3 1.8
SAR; 631/69-40.4 0.5 1.5 0.1 2.0 96.0 1.0 14
SAR; 637/69-50.8 2.8 0.0 0.0 0.0 97.2 1.3
SPR; 604/69-137.0 14.8 11.7 154 0.5 57.5 3.6 4.6
SPR; 605/69-15.9 9.4 6.4 23.7 0.3 60.1 33 7.8
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Fig.9 Whole rock geochemistry of TFC-NBG samples I: a total
alkali vs. silica (TAS) plot according to Le Maitre et al. (2002); b Zr/
TiO, vs. Nb/Y plot according to Pearce (1996); ¢ Rb vs. Sr plot; d

Whole rock geochemistry

Whole rock geochemistry of TFC (sub-) volcanic rocks
(data in Appendix-Tables A and B) and of the adjoined

Ba vs. Sr plot; TFC data: Appendix-Tables A and B; NBG data from
Forster et al. (1999)

NBG (Forster et al. 1999) has been plotted in Figs. 9 and
10. The TAS diagram (Fig. 9a; according to Le Maitre et al.
2002) reveals a common rhyolitic composition for the TFC
lithologies (see also Alexowsky et al. 2012). NBG ranges
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Fig. 10 Whole rock geochem-
istry of TFC-NBG samples II:
Spider diagrams (a—d) normal-
ized to UCC (Rudnick and Gao
2014), REE plots (e-h) normal-
ized to chondrite according to
McDonough and Sun (1995); a
and e QPI; b and f QRI; ¢ and
g SAR, SPR, VI; d and h NBG;
TFC data: Appendix-Tables A
and B; NBG data from Forster
et al. (1999)
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mainly from monzonitic to granitic composition (Fig. 9a).
The immobile element plot (Zr/Ti vs. Nb/Y; Fig. 9b; accord-
ing to Pearce 1996) principally confirms the rhyolitic/dacitic
composition while two SAR samples plot into the trachytic
field due to their lower Y concentrations. The NBG data
display for two samples, a tendency towards trachytic—syen-
itic composition mainly due to their lower Y concentrations
(Fig. 9b). One of these two samples (with the highest Zr/
Ti ratio—caused mainly by its very low Ti concentration)
represents an aplite that has distinct concentrations in many
elements (lower Ba, Sr, LREE, Zr, Hf, Ti, but higher Th
concentrations), and should be discussed separately. QPI
and SAR have the lowest Sr concentrations that might be
interpreted as most fractionated melts compared to the less
fractionated NBG melts (Fig. 9c). However, for the pyro-
clastics rocks QRI, QPI and VI, compositional changes due
to loss of fine melt clasts during ash cloud formation should
be considered. While feldspar fractionation seems to have
been dominant for NBG and QPI melts (Fig. 9d), the other
TFC rocks display no clear fractionation trend.
Multi-element plots show very similar pattern for QPI
and QRI with large negative Ba, Sr, Ca and Ti anomalies
that are less pronounced in some of the SPR and VI sam-
ples (Fig. 10). There is no difference between QPI and QRI
neither in their REE pattern (Fig. 10e, f) nor in their multi-
element plots (e.g., Fig. 10a, b) but a slight tendency towards
higher Ba, Sr (Fig. 9c, d), and slightly higher U concentra-
tions for QRI compared to QPI. The SAR samples show
wide variations. All four analyzed samples have high Ba
concentrations (Figs. 9d, 10c). The two SAR samples that
plot in the trachyte-syenite field (Fig. 9b) are from a drilling,
have high SiO,- (76.5-78.1 wt%), high K,O- (6.8-7.4 wt%),
and slightly higher MgO concentrations. In addition, these
two samples have extremely low Na, Sr, and Ca-, low Zr,
Hf and Ti-, and the lowest HREE contents (Fig. 10g). The
two other SAR samples that were collected from surface
outcrops contain biotite, and have even higher MgO con-
tents (0.5-0.8 wt%, that is higher than all QPI and QRI sam-
ples), and high TiO, contents (0.38-0.47 wt%; again higher
than all QPI and QRI samples). Distinctly to the two SAR
samples from drilling, one of the outcrop samples has very
high Sr, Na, Ca, Zr, and Hf concentrations. This sample has
the lowest SiO, (65.7 wt%), and the highest Al,05, FeO, ...
MgO, and TiO, concentrations and probably represents the
least fractionated sample. Therefore, the SAR samples show
very distinct concentrations of both, compatible and incom-
patible trace elements. Similarly, SPR samples display wide
variations in their geochemistry with few samples again
being extremely depleted in Sr and Ca while others show
much less depletion in these elements (Fig. 10c). However,
all SPR samples have lower Ba and higher Sr concentrations
compared to SAR (Fig. 9d). The two analyzed VI samples
(one from a drilling, the other from a surface outcrop) again

are quite different in their geochemical pattern (Fig. 10c).
The four samples from NBG (Forster et al. 1999) have only
slightly lower SiO, contents, and higher MgO, TiO,, CaO,
Al,O;, and FeO,,, concentrations. Except for the highly
fractionated aplite, they have distinctly less pronounced Eu
anomalies, and the lowest REE concentrations (both LREE
and HREE, Fig. 10h). Compared to all (sub)volcanic sam-
ples, they have the lowest degree of fractional crystalliza-
tion resulting in various but less evolved negative anomalies
for Ti, Eu, Ca, and Sr in multi-element plots (Fig. 10d). In
summary, NBG and SPR samples correspond to the least
evolved melts while most QRI melts show an intermedi-
ate degree. The highest degree of fractional crystallization
can be assigned to the majority of QPI and SAR samples
(Fig. 9c, d).

Radiometric ages

The U-Pb isotopic results of five samples are given in
Table 3 and presented in Fig. 11 as 2°°Pb/>*3U age ranked
plots for each individual sample (sample location in Fig. 2).
Nine to 24 grains were analyzed for each sample. Mean sam-
ple ages were calculated from age clusters that are inter-
preted as crystallization ages. The error of weighted mean
ages is given as +x/y/z where x is the internal 20 measure-
ment error, y is the internal 2¢ error plus tracer calibration
uncertainty, and z additionally includes the uncertainty of
the decay constant (Schoene et al. 2006).

24 zircons were dated from sample NBG 1 of the Nied-
erbobritzsch granite. The first five zircons leached for 12 h
(standard leaching; see Methods; fraction “a” in Table 3)
yielded ages from 236.1 to 314.1 Ma. The large age scatter
was interpreted due to severe Pb loss so that an additional
step of leaching (another 12 h; fraction “b” in Table 3, “24 h
CA” in Fig. 11) was applied to 18 further zircon grains.
Except one very young age (233.3 Ma) and one xenocrys-
tic age (407.6 Ma), the remaining 16 analyses resulted in
a much smaller age spread (from 311.0 to 322.4 Ma). The
age of 322.4 Ma is at least 4 Ma higher than all remain-
ing dates and is therefore interpreted as a zircon antecryst
(Miller et al. 2007). All other zircons form a continuous
range from 311 to 318 Ma where the younger ages may
be explained by slight Pb loss. To test this hypothesis, a
third leaching step (additional 12 h resulting in 36 h total
leaching; fraction “c” in Table 3, “36 h CA” in Fig. 11) was
applied. After such severe leaching, only one measurement
was possible yielding 318.2 Ma. This age is identical with
two other dates (the oldest) resulting in a weighted mean age
of 318.2+0.3/0.3/0.5 Ma for this sample (Fig. 11).

17 zircons were dated from sample NBG 2 mainly
yielding ages from 315 to 322 Ma with three considerably
younger ages (208, 275, 304 Ma). One grain yielded a dis-
tinctly older age (322 Ma) and is interpreted as an antecryst.
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We calculated a weighted mean age from the four oldest
dates resulting in 319.5+0.1/0.2/0.4 Ma (Fig. 11) and
explain the tail towards younger ages for the remaining zir-
cons as slight Pb loss.

For TFC, two samples were dated (“Grund”, 99-103).
13 zircons from sample Grund (QPI) yielded ages between
308 and 314 Ma. Five grains define an age cluster with
311.9+0.1/0.2/0.4 Ma interpreted as the crystallization age.
We suggest that the five younger zircons suffered from slight
Pb loss while the three older zircons represent antecrysts.

13 zircons were dated from sample 99—103 (small N-S-
oriented SAR dyke in QRI east of Hetzdorf). Three meas-
urements can be assigned to xenocrysts (540, 533, 346 Ma).
One analysis is distinctly younger (295 Ma). The remaining
nine zircons scatter between 310.2 and 313.6 Ma with four
measurements forming an age cluster with identical ages
resulting in 313.4 +0.2/0.2/0.4 Ma interpreted as the crystal-
lization age of this sample.

For the outer ring dyke, sample 99-63 was analyzed.
Ten zircons were dated where the three oldest zircons
form an age cluster resulting in a calculated mean age of
314.5+0.4/0.4/0.5 Ma. The remaining seven younger zir-
cons from sample 99-63 suffered from slight Pb loss.

In summary, we obtained an intrusion age for the
NBG between 318.2+0.5 and 319.5 +0.4 Ma. The two
samples from TFC are>5 Ma younger (311.9+0.4;
313.4+0.4 Ma) while the sample from the outer ring dyke
is slightly (<1 Ma) older than the other two TFC samples
(314.5+0.5 Ma).

Discussion

Based on previous studies, including geophysical data, and
the new textural, geochemical, geochronological information
presented here, a number of issues on the evolution of the
TFC-NBG complex will be discussed. These include the
relation between the quartz-poor and -rich ignimbrites, the
caldera geometry, -evolution and -timing, magnetic data, and
estimates on volume and erosion.

Caldera type and anatomy

The TFC is a typical plate (piston) -type caldera with steeply
dipping caldera ring faults (Cole et al. 2005; Lipman 2007).
Walker (1984) distinguished between calderas which expe-
rienced incremental growth and those which formed during
a single catastrophic eruption. During the climactic phase
of TFC, eruption of quartz-poor to quartz-rich magma took
place apparently with no eruptive breaks (as would be indi-
cated by sedimentary intercalations or paleosoils). Appar-
ently TFC comprises a single pulse caldera system.

Gneiss-lithic-rich breccias (GRI) are a prominent fea-
ture of TFC associated with the formation of QPI and QRI
(Figs. 2, 3, 12). Lithic-rich domains in caldera systems
can be deposited by pyroclastic flows (co-ignimbritic lag
breccias, Walker 1985) or they resemble rock avalanche
deposits related to caldera wall instability and landslides
(Lipman 1976). Polymict composition of initial TFC pyro-
clastics (VRI) preserved on the HHB suggests that lag brec-
cias should also be polymict containing different types of
lithics. Instead, the GRI is monomict exclusively compris-
ing angular gneiss fragments up to 1 m in size (monolithic
mesobreccia, Lipman 1976). The pyroclastic matrix of GRI
suggests that the debris avalanches originated from steep
caldera walls (collapse collar, Lipman 1997) and plunged
into and mingled with the still plastic pyroclastic material.

During the post-caldera phase of the TFC, SAR formed
as central intrusions, and as ring and radial dykes. SPR
domains formed in the outer ring dyke system and in the
N-S-oriented dyke near Grund. Sample 99-63 from the ring
dyke yielded an age of 314.5+ 0.4 Ma. Thus, parts of the
ring dyke system formed early during TFC evolution. How-
ever, modal composition of most of the ring dyke rhyolites
renders unlikely a role as a major feeding system for the
climactic TFC eruption.

Possibly, the inner and the outer ring faults were posi-
tioned inside TFC close to its margin. Later erosion removed
caldera fill and possible post-caldera lava domes. Post-
caldera vent rings, situated on cone sheet-type fractures,
are related to updoming rather than to caldera subsidence
(Walker 1984). Steeply inward-dipping fiamme orientation
observed at the margins of TFC (Fig. 4a) favors presence of
inward dipping ring fractures (Walker 1984). A literature
survey on some 160 calderas led Walker (1984) to conclude
that post-caldera vents often occupy a central position, as
with the SAR bodies in central TFC. Apparently no resur-
gence of the caldera floor occurred. This assumption is sup-
ported by the sub horizontal 3d orientation of fiamme in
central TFC (Fig. 4a).

Estimates on volume and erosion

On the map presented here (Fig. 2), the TFC fill covers about
52 km? (50 km? accord. to Benek 1980; Forster et al. 2008).
Based on outcrop features and geometric considerations,
Benek assumed a thickness of 600 m for QPI, and <300 m
for QRI in the central TFC. Drilling 853H/69 revealed a
minimum thickness of 371.4 m for QPI in the central part
of TFC (Fig. 6). Drilling 610/69 exposes 176 m of QRI.
Assuming a cumulative minimum thickness of 550 m for the
central and southern TFC and a mean depth of 180 m for the
PPS basement on the HHB in the northeast, we calculated a
minimum volume of 22 km® of preserved caldera fill (Forster
et al. 2008: 25-30 km?). Sub recent calderas with a structural
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diameter of 10 km, like TFC, produced a total volume of
erupted magma in the order of 100 km? (Geshi et al. 2014).
Mason et al. (2004) stated that many sub recent calderas pro-
duced roughly equal volumes of caldera fill, caldera outflow
and co-ignimbritic ash deposits. However, these relations
have to be applied with caution (Cook et al. 2016). Assum-
ing some 33 km? of original TCF fill indicates that erosion
removed c. 11 km?, translating into a minimum erosion of c.
210 m of caldera fill. Thus, about an upper third of the TFC
fill has been removed by Late Paleozoic to pre-Cenomanian
erosion (Fig. 12). These estimations position TFC into the
lower size class of Permian—Carboniferous volcanic centres
in central Europe (Table 4).

Relation between geology and magnetic anomalies

The Cenozoic basaltic domains west and northwest of Har-
tha are marked by pronounced anomaly pairs (Figs. 1, 5).
Strong magnetic anomaly pairs also follow the inner TFC
ring fault (Figs. 2, 5) presumably reflecting the lithologi-
cal contrast between caldera fill and hosting gneiss and/or
dykes. This is in contrast to the outer fault/dyke system: (1)
The NE-SW-trending rhyolitic dykes mapped between Hetz-
dorf and Naundorf, and the group of pyroclastic domains
north of Hetzdorf (Fig. 2) are not displayed by magnetic
anomalies (Fig. 5). (2) Similarly, the outer ring dyke/fault in
the east and south of TFC (near Colmnitz and Klingenberg),
prominent in the geological map (Fig. 2), is not reflected in
magnetic anomalies. The small negative anomaly west of
Grillenburg may be related to the central subvolcanic com-
plex (SAR, ISB; Figs. 2, 3, 5). Only the radiate dyke east
of Klingenberg, including the Steinhiibel, is marked by a
moderate positive magnetic anomaly (Figs. 2, 5).

The NE-SW- to N-S-oriented array of strong magnetic
anomalies south of Grillenburg has no clear equivalence
in the available geological data, except its vicinity to the
inner ring fault system. As we discuss below, it might resem-
ble part of a late stage magmatism and caldera subsidence
(Figs. 12, 13). NW-SE- and NE-SW-trending faults in the
HHB interpreted from the magnetic data by Kalmykow et al.
(1971; Fig. 5), suggest that this block is structurally com-
plex, in contrast to the simplified display in Figs. 2 and 12.

Caldera evolution
Pre-caldera phase

On the HHB, several drillings exposed initial clast- to
matrix-supported pyroclastics (VRI) that contain fragments
of SiO,-rich lava (dome) and, subordinately, ignimbrite- and
basic volcanics. The VRI deposits resemble fallout lapilli
beds formed during an initial (?sub-) Plinian eruption phase.
The population of lithics indicates small-scale SiO,-poor
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to -rich volcanic activity in the area prior to TFC eruption
(Fig. 12). The wide variation of the geochemical composi-
tion of VRI samples most probably relates to mixing of such
diverse (basic to acid) volcanic fragments.

Early climactic phase

The early climactic phase comprises the formation of volu-
minous QPI caldera fill associated with pronounced subsid-
ence of the caldera floor. Subsidence concerned the central
TFC part and the HHB (Fig. 12). The latter is inferred from
VI domains, located close to the Hartha Fault, its forma-
tion caused by swift cooling. Abundance and size of large
fiamme suggests poor fragmentation and resulting pyroclas-
tic fountaining along NW-, N-S-, and NE-SW-oriented fis-
sures (Tharandt, Mohorn, Grund), and along ring faults, tap-
ping a crystal-poor, geochemically highly differentiated part
of the TFC magma reservoir (e.g., high SiO, 73.5-75.1 wt%;
low MgO 0.05-0.28 wt%). Eruption from multiple vents is
also supported by the distribution of lithics in the caldera fill
with a dominance of gneiss lithics in the south and of schists
in the north (Fig. 4b).

During this phase, steep caldera walls formed, where
instability led to landslides at the eastern and southern seg-
ments of the caldera wall. The gneiss debris plunged into
the still hot caldera fill. Most of the landslide material has
been detected at the caldera margin along the inner ring
fault, however some landslides reached the southern part of
the central TFC. It remains unclear whether the landslides
originated from the walls of the inner and/or of the outer ring
fault system. As mentioned before, a formation of ring dykes
in this early phase is indicated by the CA-ID-TIMS age of
sample 99-63. The chemical composition of this sample is
similar to those from the highly evolved QPI melts (high
Si0, 74.2 wt%, low MgO 0.16 wt%, Appendix-Table B).

Late climactic phase

Caldera fill transits from quartz-poor (QPI) to -rich compo-
sition (QRI), suggesting tapping of another, more crystal-
lized, and geochemically less differentiated magma batch
(Fig. 9). Actually, the mode of sample 610/69-28.0 with c.
42 vol% crystals qualifies as crystal mush (Table 2; Huber
et al. 2012). In the course of the early to late climactic phase,
welding compaction affected the accumulating caldera fill
leading to a bowl-shaped geometry of the 3d fiamme orienta-
tion (Fig. 4a, Benek 1980).

Many large caldera-forming systems build up mid- to
upper crustal magma reservoirs over long time periods
(Folkes et al. 2011; Myers et al. 2019) where crystallization
upon cooling alternated with reheating by underplating or
injection. In places, e.g., in the Late Paleozoic Wurzen vol-
canic system in northern Saxony, magma mingling occurred,
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Fig. 11 Single grain zircon analyzes and 2°Pb/?3¥U weighted mean
ages for the dated samples (see Fig. 2 and Table 3). Each single zir-
con grain/fragment analysis including its 2o uncertainty is repre-
sented by a horizontal bar. Grey bars are not included in the calcula-
tion of weighted mean ages. The weighted mean ages are shown by

documented by fiamme and minerals of different geochemi-
cal composition (Repstock et al. 2018). In the TFC fill ign-
imbrites, no such variations have been recorded.

Benek (1980) presented a lithostratigraphic column of the
TFC fill with QPI forming the lower part, overlain by QRI.
This succession is generally confirmed by the geological
map (Fig. 2) with QRI occupying the central part of the TFC,
and by a number of drillings (Figs. 2, 6). However, drillings
852/68 and 131/69 (Fig. 6 and Appendix Fig. B) reveal TFC
domains where QPI overlies QRI or where these lithologies
alternate. The designation to one of the two lithologies in
Figs. 3, 6 and Appendix Fig. A mainly relies on the original

vertical lines. Uncertainty in the weighted mean ages are reported as
x/ylz where x is the internal 20 measurement error, y is the internal 2o
error plus tracer calibration uncertainty, and z additionally includes
the uncertainty of the decay constant (Schoene et al. 2006)

drilling documentations which were based on macroscopic
or hand lens examination. We were able to verify the quartz
phenocryst content only for some drilling sections (blue sig-
nature in Fig. 6 and Appendix Fig. A). Our modal analysis of
nine samples show quartz content between 0.0 and 0.2 vol%
for QPI and 6.4-13.7 vol% for QRI (Table 2). Theoretically,
the observed distribution of QPI and QRI domains may have
been caused by temporally synchronous tapping of quartz-
rich and -poor magma batches during the climactic phase
of TFC. Also, post-depositional, density-controlled vertical
movement of the still hot TFC fill may have played a role to
explain the observed distribution.
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Fig. 12 Schematic NE-SW profile through the TFC-NBG complex,
depicting the assumed pre-erosion scenario; GRI gneiss-rich ignim-
brite, ISB in-situ breccia, NBG Niederbobritzsch granite, QPI: quartz-
poor ignimbrite, ORI quartz-rich ignimbrite, SAR sub volcanic apha-

Figure 13 shows the Bouguer gravity map of the
TFC-NBG area, and the main ring- and radiate dyke/
fault systems of TFC, copied from Figs. 2 and 5. During
Stage 1, related to the eruption of quartz-poor magma,
subsidence took place along the outer ring dyke/fault and
the Hartha fault. During this early phase, the pyroclastic
apophyses east of Mohorn and near Tharandt formed.
Stage 1 does not stand out in the gravimetric image due
to a missing density contrast within the gneiss domains.
The preserved caldera fill circumscribed by the Stage
2 ring dykes/faults caused a pronounced negative grav-
ity anomaly (Fig. 13). Stage 2 faults and dykes are also
clearly marked by magnetic anomalies (Fig. 5). Benek
(1980) noted that the pyroclastic/coherent apophysis
near Grund also contain QRI material, implying that
it served as an active feeder throughout the climactic
phase. A somewhat speculative Stage 3 dyke/fault near
Grillenburg is inferred from the curved magnetic anoma-
lies (Fig. 5). In summary, TFC resembles a telescoped
caldera system, its subsidence proceeded in two, perhaps
three stages.

Post-caldera phase

Sub horizontal 3d-orientation of fiamme in the cen-
tral TFC (Fig. 4a) renders caldera resurgence unlikely.
Instead, the central part of the TFC fill experienced
intrusion of SAR provoking brittle deformation of appar-
ently cool QRI (ISB; Kennedy et al. 2012). Post-caldera
updoming (Walker 1984) of the Freiberg gneiss dome
resulted in the formation of ring and radiate dyke systems
harboring SAR and SPR.
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nitic rhyolite, SPR sub volcanic porphyritic rhyoulite, 7FC Tarandt
Forest caldera, VI vitrophyric ignimbrite, VRI volcanic lithic-rich
ignimbrite

Relation of TFC with NBG and the evolution
of the Freiberg gneiss dome

The NBG is cropping out southwestwardly adjacent to the
TFC ring fault system (Figs. 1, 2, 12, 13). Above we esti-
mated the possible minimum amount of post-caldera erosion
in the order of 210 m. Thomas (1994), and Thomas and
Klemm (1997) estimated emplacement levels of 6.5-3 km
for Variscan granites from the Erzgebirge (including NBG)
based on melt inclusion studies. This implies that there was
a phase of considerable denudation of the Freiberg gneiss
dome prior to caldera eruption. The NBG represents an
earlier period of upper crustal magma accumulation in the
central area of the Freiberg gneiss dome as supported by the
new CA-ID-TIMS ages showing that NBG is about 5 Ma
older than TFC. The geochemical composition of this biotite
bearing granite corresponds to lowest degree of melt dif-
ferentiation (e.g., lowest SiO, 66.8-74.2 wt%, higher MgO
0.46-1.4 wt%; higher TiO, 0.25-0.59 wt%; less evolved
Eu-anomaly; Figs. 9a and 10d, h). Eruption of TFC marks
the final phase in the evolution of the NBG-TFC magma
complex. In the TFC, virtually no granite clasts have been
observed (Benek 1980) implying that the NBG was not
exposed at the southern caldera wall when the monomict
GRI-forming landslides occurred.

The longstanding magmatic activity of the TFC-NBG
complex was accompanied by upper crustal doming. After
NBG incremental emplacement, doming, presumably by
emplacement of hypothetical (not discovered yet) mag-
matic bodies below NBG, and erosion took place bring-
ing the NBG closer to the Late Carboniferous paleosurface
(2 km uplift within 5 Ma would result in 0.4 mm/year). The
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Table 4 Areal extent and volume estimates of major Permian—Carboniferous caldera and subvolcanic complexes in central Europe

Name (locality) Diameter/area Estimated magma  References

volume (km?)
Ora caldera (northern Italy) 1680 km? >1290* Willcock et al. (2013)
Wurzen caldera (northern Saxony, eastern Germany) 1500 km? >200? Repstock et al. (2018)
Rochlitz caldera (northern Saxony, eastern Germany) 54 km 1060 Hiibner et al. in revision
Altenberg-Teplice volcanic complex (southern Saxony/northern Czechia) 630 km? >320* Casas Garcia et al. (2019)
Tarandt Forest caldera (central Saxony, eastern Germany) 10 km 22% This presentation
Halle Volcanic Complex (eastern Germany), mainly subvolcanic 25 km 300 Breitkreuz et al. (2018)
Flechtingen subvolcanic andesite (near Magdeburg, Germany) 20 km 10 Luthardt et al. (2020)

“Preserved caldera fill; only Ora caldera includes minor caldera outflow deposits

pronounced caldera subsidence during the climactic TFC
phase juxtaposed the NBG and the caldera fill in the south-
western sector of TFC. Of the longstanding (? 5 Ma) mag-
matic activity of TFC-NBG complex at least four phases
are documented by outcrops and drillings: (1) the incremen-
tally grown NBG, (2) small-scale pre-TFC volcanic activity,
clasts of which have been drilled on HHB, (3) the climactic
TFC eruption fed from a number of fissures, and (4) the
post-caldera intrusion of rhyolitic subvolcanic bodies.

Magmatic activity and inter-basin correlation

The NBG intruded slightly later compared to the oldest gra-
nitic plutons in the Western Erzgebirge (Aue-Schwarzenberg
at 323-322 Ma) but coeval with further Variscan granites
that belong to the “Older igneous complex” (see Sect. 2).
The formation of TFC took place slightly later than the
formation of the evolved tin granite pluton in the Western
Erzgebirge (Eibenstock: 315-314 Ma; Tichomirowa et al.
2019). TFC-NBG has partially overlapping radiometric ages
with ATVC (325-317 Ma, Casas Garcia et al. 2019; Tomek
et al. 2021), suggesting a more or less synchronous or over-
lapping activity of both volcanic complexes. Radiometric
ages of volcanic and volcaniclastic rocks in neighboring
basins, such as Dohlen-, Brandov—Olbernhau-, Floha- and
Chemnitz basins (Hoffmann et al. 2013, Luthardt et al. 2018,
Locse et al. 2019; Zieger et al. 2019) are > 10 Ma younger
than TFC. Volcaniclastic deposits in the Hainichen Early
Molasse basin yielded a radiometric age of 330+4 Ma
(Gehmlich et al. 2001), and thus is older than TFC. In con-
clusion, distal tuffs or caldera outflow facies of TFC are not
known so far.

Conclusion
The ca. 40-km-wide Freiberg gneiss dome presumably

formed due to episodic ascent of silicic magma in the
Bashkirian-Moscovian (Pennsylvanian) building up a

13‘;25‘ 13"‘30‘ 13:35'

\\\\ 81 —
A
S3 ===

\\s—_//

Granite ———-

Fig. 13 Bouguer map of the TFC-NBG area (Saxony State Sur-
vey for Agriculture, Environment and Geology, Freiberg, Germany,
unpubl. file) displaying a sub circular negative anomaly (light grey)
caused by the rhyolitic caldera fill; the small pronounced anomaly in
the northwest, south of Mohorn, presumably depicts one of the major
TFC vents; Stages S1-3: assumed position of ring and radiate dyke/
fault systems; for discussion see text; for location see Figs. 2 and 5

mid- to upper crustal reservoir with a longstanding activity.
The Niederbobritzsch Granite (NBG, 319 Ma) represents
an early phase of the magmatic activity while the Tharandt
Forest caldera eruption (TFC, 312-314 Ma) and post-caldera
dyking mark the final episode. Field relations suggest that,
between NBG and TFC formation, substantial updoming and
erosion took place.
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TFC displays characteristics of a piston-type caldera pre-
sumably performing a single pulse caldera floor subsidence.
TFC eruption was initiated by (?sub-) Plinian fallout includ-
ing volcanic fragments from pre-TFC volcanic activity. In a
first phase, during the climactic eruption, fed by a multi-vent
system, a phenocryst-poor rhyolitic, highly differentiated
magma batch has been tapped, later, more crystal-rich, less
evolved melts ascended. Landslides from steep caldera walls
(collapse collar) led to the formation of monolithic meso-
breccia. During and after the climactic eruption, aphanitic
and porphyritic rhyolitic melts emplaced in central TFC, and
in ring and radiate dyke systems. Comparing the TFC geom-
etry with data from (sub-) recent calderas world-wide, we
assume a minimum volume of 22 km?® of preserved caldera
fill. This can be translated into a minimum erosion of 210 m.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00531-021-02015-x.
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