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Abstract

Extensional tectonics in the Late Paleozoic Central Europe was accompanied by rift magmatism that triggered voluminous
intracontinental caldera-forming eruptions. Among these, the Lower Permian Rochlitz Volcanic System (RVS) in the North
Saxon Volcanic Complex (Eastern Germany, Saxony) represents a supereruption (VEI 8, estimated volume of 1056 km?) of
monotonous rhyolites followed by monotonous intermediates. Mapping, petrography, whole-rock geochemistry along with
mineral chemistry and oxygen isotopes in zircon display its complex eruption history and magma evolution. Crystal-rich
(> 35 vol%), rhyolitic Rochlitz-a Ignimbrite with strong to moderate welding compaction erupted in the climactic stage after
reheating of the magma by basaltic injections. Due to magma mixing, low-volume trachydacitic-to-rhyolitic Rochlitz-f Ign-
imbrite succeeded, characterized by high Ti and Zr-values and zircon with mantle 5'0. Randomly oriented, sub-horizontally
bedded fiamme, and NW-SE striking subvolcanic bodies and faults suggest pyroclastic fountaining along NW-SE-oriented
fissures as the dominant eruption style. Intrusion of the Leisnig and the Grimma Laccoliths caused resurgence of the Rochlitz
caldera forming several peripheral subbasins. In the post-climactic stage, these were filled with lava complexes, ignimbrites
and alluvial to lacustrine sediments. Significant Nb and Ta anomalies and high Nb/Ta ratios (11.8-17.9) display a high degree
of crustal contamination for the melts of the RVS. Based on homogenous petrographic and geochemical composition along
with a narrow range of 8'%0 in zircon Rochlitz-« Ignimbrite were classified as monotonous rhyolites. For the Rochlitz-p
Ignimbrites, underplating and mixing with basic melts are indicated by Mg-rich annite—siderophyllite and §'%0 < 6.0 in
zircon. The wide spectrum of 8'80 on zircon suggests an incomplete mixing process during the formation of monotonous
intermediates in the RVS.

Keywords Monotonous rhyolites - Monotonous intermediates - Magma mixing - Ti-in-biotite thermobarometer - '%0 in
zircon - VEI 8 fissure eruption
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Eruptions forming voluminous crystal-rich ignimbrites are
often related to reheating of crystal mush in the magma res-
ervoir; underplating/injection of basic melts causes magma
mingling, mixing and homogenization (Smith 1979; Bach-
mann et al. 2002; Bachmann and Bergantz 2004; Chris-
tiansen 2005; Folkes et al. 2011). This may result in the
formation of monotonous intermediates known from many
subduction-related settings (Hildreth 1981; Huber et al.
2012; Bachmann and Huber 2016; Kaiser et al. 2017). In
these magmatic systems, melt extraction may result in zoned
crystal-poor rhyolitic magma batches (Bachmann and Ber-
gantz 2008a). Watts et al. (2016) reported on numerous
supereruptions leading to high-volume, crystal-rich rhyolitic
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monotonous ignimbrites which display a limited variation in
whole-rock geochemistry and open-system magmatic pro-
cesses with a complex evolution (Cooper and Wilson 2014).

The late to post-orogenic phase of the Variscan Orogen in
central Europe features many silica-rich, high volume vol-
canic complexes with large, crystal-rich ignimbrite sheets,
associated with lava complexes and subvolcanic units (Tim-
merman 2008; Repstock et al. 2018). Among these volcanic
complexes, studies have been carried out on the Ora caldera
complex in northern Italy (Willcock et al. 2013; Willcock
and Cas 2014), the Donnersberg Formation in the Saar-Nahe
Basin in south-western Germany (Lorenz and Haneke 2004;
Boy et al. 2012) and the Northeast German Large Igneous
Province (Benek et al. 1996; Paulick and Breitkreuz 2005;
Breitkreuz et al. 2007; GeiBler et al. 2008). Further exam-
ples are the Halle Volcanic Complex in central Germany
(Breitkreuz et al. 2018; Fig. 1) and the Intra-Sudetic
and North Sudetic Basins in Poland and Czech Republic
(Awdankiewicz 1999).

In the Saxothuringian domain of the Variscides, numer-
ous Late Paleozoic volcanic centers are located (Fig. 1).
In the Erzgebirge Block, the Mid-Carboniferous Tharandt
Forest Caldera (Benek 1980) and Teplice—Altenberg Vol-
canic Complex (e.g., Breiter et al. 2001; Breiter et al. 2012;
Breitkreuz et al. 2021; Ml¢och and Skécelova 2010; Walther
et al. 2016, Casas Garcia et al. 2019) evolved. At the Car-
boniferous—Permian boundary further volcanic activity led
to formation of the Meif3en Volcanic (Benek et al. 1977),

the Chemnitz Basin with its petrified forest (Schneider et al.
2012), and the North Saxon Volcanic Complex.

The North Saxon Volcanic Complex (NSVC) is located
east of the city of Leipzig (Eastern Germany, Saxony)
and extends over 54 x 54 km. It contains at least two large
nested caldera systems (Fig. 2), the Wurzen Volcanic Sys-
tem (WVS, Repstock et al. 2018) and the Rochlitz Volcanic
System (RVS; Eigenfeld 1978). Like in the San Juan Moun-
tains (Lipman 1976, 1997), partial erosion of the NSVC
enabled deep insight in climactic and post-climactic pyro-
clastic deposits and subvolcanic bodies. Partial erosion also
removed caldera-outflow facies for both, WVS and RVS.

It has to be noted that the WVS is one of the first exam-
ples of monotonous intermediates recorded to have formed
in an intra-continental setting.

A spectrum of eruption styles has been reported for the
climactic phase of large caldera systems. On the one hand,
an initial eruption column accompanied by Plinian fallout
may collapse, forming voluminous ignimbrites (e.g., Taupo
Volcanic Zone, Wilson et al. 2006; Minoan eruption of the
Santorini Volcanic Field, Johnston et al. 2014; Valles Cal-
dera, Cook et al. 2016a, b). On the other hand, pyroclastic
fountaining (Branney and Kokelaar 2002) from fissures or
ring dykes is the dominant eruption style of many large cal-
dera systems (Long Valley Caldera, Hildreth and Mahood
1986; San Juan Mountains, Bachmann et al. 2000; West-
ern Snake River Plain, Branney et al. 2008; Ora Forma-
tion, Willcock et al. 2013). Pyroclastic fountaining along
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Fig. 1 Simplified geological map of Late Palaeozoic basins and volcanic centers in Saxony and neighboring areas (Modified after Hoffmann

etal. 2013)
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NW-SE-striking fissures was the predominant eruption style
assumed for the WVS (Repstock et al. 2018).

For the RVS, we combine data from previous studies with
new data on physical volcanology and petrography from out-
crop and drillings (aspect ratio and orientation of fiamme,
granulometry, maximum particle size). New whole-rock
geochemistry, biotite chemistry and 8'30 on zircon are pro-
vided. The results obtained will be used to reconstruct the
evolution of one of the largest eruptions in central Europe
during the Late Paleozoic. This study depicts several erup-
tion stages of the RVS, and the magma evolution of a super-
volcano in an intra-continental setting.

Geological setting

The NSVC, situated east of Leipzig (Figs. 1, 2), covers an
area of ¢. 1600 km? and represents a nested caldera complex
hosting the large Rochlitz and the Wurzen Volcanic Systems,
with diameters of 54 and 26 km, respectively (Figs. 1, 2;
Rollig 1969, 1976; Eigenfeld 1978; Repstock et al. 2018).
Although northern Saxony is largely covered by Quaternary
(peri-) glacial deposits, local outcrops, many quarries and
hundreds of exploration drillings allow for good insight into
the distribution of NSVC lithotypes. First data on whole-
rock geochemistry of NSVC units were published by Wetzel
et al. (1995), characterizing the volcanic rocks as subalkaline
to slightly alkaline with a rhyolitic to slightly trachytic com-
position. Radiometric ages, ranging from 300 to 287 Ma,
were published by Wendt et al. (1995) and Hoffmann et al.
(2013).

According to Walter (2006) the volcaniclastic and epi-
clastic succession of the NSVC can be subdivided into four
formations (Fig. 3). The lowermost Kohren Formation over-
lies metamorphic basement rocks and comprises alluvial to
fluvial sand- and siltstones as well as debris flow deposits
intercalated with basic to silica-rich pyroclastics and lavas
(Walter 2006). Biostratigraphy suggests a deposition age
close to the Permian—Carboniferous boundary (Barthel et al.
1976). Hoftmann et al. (2013) obtained a radiometric age of
298.3 +£9.1 Ma (U/Pb SHRIMP on zircons) for a tuff at the
base of the formation. In previous studies (e.g., Hohl and
Wilsdorf 1966; Walter 2006, 2012), the Leisnig Porphyry, a
complex silica-rich magmatic body of 16 km in E-W-exten-
sion and up to 220 m in thickness, has been interpreted as a
lava flow belonging to the Kohren Fm. (Figs. 2, 3). Within
the Leisnig unit, Hohl and Wilsdorf (1966) distinguished
a “normal” facies dominated by feldspar phenocrysts from
biotite- and quartz-dominated domains (Fig. 5). In the center
of the Leisnig Porphyry, two dyke complexes, partially in
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Fig.3 Lithostratigraphic chart of the NSVC; based on Walter (2006,
2012), Hoffmann et al. (2013), Repstock et al. (2018). *Nomenclature
after Walter (2012)

pitchstone facies with large lithophysae (Gotze et al. 2020),
were recognized (Hohl and Wilsdorf 1966).

The Rochlitz Fm. consists of various welded ignim-
brites, with a minimum thickness of 400 m (Rollig 1976),
overlying both the Kohren Fm. and the Variscan base-
ment (greywacke, schist, phyllite, quartzite and gneiss;
Figs. 2, 3). Variation in the modal mineral content has
been applied to distinguish four depositional units (Rj,
Ry, Ry, Ry Rollig et al. 1970, Eigenfeld 1978). This
subdivision was supported by Wetzel et al. (1995) using
geochemical data. Based on joint measurements, Eigen-
feld (1978) allocated each unit as an individual cooling
unit. Unit R; has been dated with SHRIMP U/Pb on zircon
at 294.4 + 1.8 Ma (Hoffmann et al. 2013). These authors
emphasized, the analyzed unit yielded no inherited zircon.

No caldera outflow facies, equivalent to R; to Ry, has
been recognized in the neighboring Saale and Dohlen Basins
(Fig. 1; Ehling and Gebhardt 2012; Reichel and Schneider
2012). However, according to Fischer (1991) and Schnei-
der et al. (2012), a prominent pyroclastic flow deposit of the
Chemnitz Basin (Fig. 1), the partly vitrophyric Planitz Ign-
imbrite (296.6 +3.0 Ma, Hoffmann et al. 2013), represents a
distal deposit of the RVS. However, Repstock et al. (2019)
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showed some significant differences in mineral textures and
biotite composition between the RVS ignimbrites and the Plan-
itz Ignimbrite.

The following Oschatz Fm. consists of a terrestrial sedi-
mentary succession intercalated by low-volume pyroclastic
deposits, lavas and subvolcanics (Fig. 3; e.g., Walter 2006)
accommodated in three subbasins: (1) the Miigeln Subbasin
in the east comprises a large lava complex (Kemmlitz Por-
phyry, Gotze et al. 2017) and various terrestrial sediments
(Saalhausen Beds, Bortewitz Lake; Walter 2010); (2) the Melt-
ewitz Subbasin in the northeast consists of conglomerates and
local ignimbrites, e.g., the Dornreichenbach Ignimbrite; (3)
the Borna Subbasin in the southwest contains small-volume
volcanics, e.g., the Frohburg Ignimbrite and alternating tuffs
and ignimbrites of the Buchheim Porphyry. Kuhn (1968) inter-
preted the latter as flow-foliated lava. According to Anegg
(1970) and Wetzel et al. (1995), in outcrops near Grimma,
lava and subvolcanic units show extrusion over (Gattersburg
Porphyry) or intrusion into (Grimma Porphyry) the Rochlitz
Ignimbrites.

The youngest NSVC unit is the Wurzen Fm. compris-
ing>199 km® of welded ignimbrites and subvolcanics (Rollig
1969; Repstock et al. 2018). Like with the Rochlitz Ignim-
brites, these caldera fill ignimbrites are extremely crystal-rich
(up to 58 vol%), including 1-6 vol% clino- and orthopyroxene

(e.g., Rollig 1969; Rollig et al. 1970; Repstock et al. 2018). No
caldera outflow facies has been detected, so far. Whole-rock
geochemistry reveals a trend from silica-rich to intermediate
composition (Repstock et al. 2018). The WVS ignimbrites
were intruded by porphyritic granite magma forming extended
NW-SE-oriented subvolcanic bodies that contain pyroxene
phenocrysts.

The WVS evolution is characterized by magma mingling
and mixing due to underplating and reheating by basaltic melts
(Repstock et al. 2018). Applying different radiometric meth-
ods, Wendt et al. (1995) established an age of 287 +3 Ma for
the WVS ignimbrites and Hoffmann et al. (2013) determined a
SHRIMP U/Pb age on zircon of 289.3 +4.1 Ma for a rhyolitic
porphyritic dyke cutting through the granite porphyry.

Local hydrothermal activity and widespread Mesozoic
and Cenozoic subtropical weathering led to intense altera-
tion in central Europe (Dill et al. 2015). In places, the NSVC
volcanics were kaolinized up to 40 m depth (e.g., Kemmlitz
Porphyry, Fig. 6; Schwerdtner and Storr 1983; Walter 1991).
At the “Rochlitzer Berg” (for location see Online Resource
Table 1), alteration formed an outstanding facies of the
Rochlitz Ignimbrite called Rochlitz Porphyry Tuff with
high porosity, a prominent eutaxitic texture and a bright red
colour (Fig. 4A). It is utilized as dimension stone for more
than 1000 years.

Table 1 Old and new nomenclature, lithostratigraphy and interpretation of RVS units

Former studies (after Réllig, 1969, Anegg 1970, Eigenfeld 1978) This study
. Unit (old Petrographical classification and . Unit (new Petrographical and geochemical )
Formation L Interpretation L Interpretation
nomenclature) characteristics nomenclature) characteristics
Greyish crystal-and fiamme-rich small i £ highl
mall eruption of hi
Dornreichenbach  Rhyolitic ignimbrite, o . Dornreichenbach ignimbrite, highest SiO, and lowest Zrand 'p L - ,y .
. Local ignimbrite X X ) ) differentiated ignimbrite in the
Porphyry most gtz in NSVC Ignimbrite Ti, Nb/Ta and La/Nb in NSVC, pronounced ) )
5 ) Meltewitz Subbasin
negative Eu and Ti anomaly
Buchheim Rhyolitic ignimbrite, . . Intercalation of tuffs and strongly welded, Alternating strata of fallout tuffs
Lava complex Buchheim Volcanics " L 5 . K
Porphyry weakly welded trachydacitic to rhyolitic ignimbrites and ignimbrites
. ) Porous, weakly welded, crystal-poor, . . " X
N Frohburg Rhyolitic ignimbrite L X . X . 3 X Eruption of highly differentiated
] X Local ignimbrite Frohburg Ignimbrite rhyolitic ignimbrite, pronounced negative =~ L )
2 Porphyry less fiamme, weakly welded, . ignimbrite in the Borna Subbasin
S Eu and Ti anomaly, HREE elevated
I
o q 5 . -
Microgranite, trachydacitic to rhyolititc,
Grimma Porphyry Phenorhyolite, flow foliation Subvolcanic Grimma Laccolith E ) o Y . Laccolith complex with apophyses
smoky gtz dominant, coarsely porphyritic
Leisnig Porphyry  Subvolcanic body Lava complex Leisnig Laccolith Microgranite, flow foliation Laccolith complex in central RVS
Altered ignimbrite around Grimma X .
lava from a . X o ) Altered facies of Rochlitz
Gattersburg . L Rochlitz-a and -B Laccolith, similar petrographic features ) X X
Phenoryholite, flow foliation stratovolcano/ . 3 . . R Ignimbrites around Grimma
Porphyry ) Ignimbrites and geochemical composition as Rochlitz .
subvolcanic | i Laccolith
Ignimbrites
Rhyolitic ignimbrite, partly Kfs Distinct ignimbrites of . X __ Positive Pb anomaly, Mg- and Mn-poor Final ignimbrites of the Rochlitz
Rn ) o i . Rochlitz N Ignimbrite R - X
dominant, reddish fiamme Rochlitz eruption biotites, K-rich sanidine eruption
Trachydacitic to rhyolitc ignimbrites of
reyish color, high Ti and Zr, less . .
Rhyolitic ignimbrite, only ignimbrite  Third eruption of . . X grey 8 X . Monotonous intermediate
N Rui 3 . R K Rochlitz-B Ignimbrite pronounced negative Eu anomaly, Mg-rich 3
= with pyroxene Rochlitz Ignimbrite . " . ignimbrites
5 and Mn-poor biotites, several zircon with
g 5180 <6
R Rhyolitic ignimbrite, more crystals Second eruption of Rhyolitic ignimbrites, moderate Ti and Zr
1 3 . . .
thanR,, less fiamme Rochlitz Ignimbrite . ~values, high Mn in biotites and narrow Main eruption of the RVS,
Rochlitz-a Ignimbrite . . )
First eruption of range in §1%0 in zircon compared to monotonous rhyolite
R Rhyolitic ignimbrite N
' v & Rochlitz Ignimbrite Rochlitz-B
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Fig.4 Rock slabs of RVS
samples. A Porphyritic ignim-
brite (Rochlitz Porphyry Tuff)
from “Rochlitzer Berg”; B fine
grained phreatic dyke crosscut-
ting Rochlitz-a Ignimbrite at
“Rochlitzer Berg” in NW-SE-
direction; C Part of a 40 cm
thick rhyolitic flow-foliated
sill intercalated in the “Last-
auer Tuff” (locality 23/5/13/2
in Online Resource Table 1)
representing a possible early
intrusion phase of the Leisnig
Laccolith

Methods

Samples were taken from 69 outcrops and quarries,
in addition with 16 samples from drill cores (Online
Resource Fig. 1). Besides, 49 drilling reports have been
considered. For establishing the emplacement mode of the
subvolcanic bodies, detailed mapping and evaluation of
drilling descriptions were carried out. Petrographic analy-
ses were accomplished on 106 thin sections. Phenocryst
mode and maximum particle size (MPS, four measure-
ments per thin section, Online Resource Table 3) on min-
erals and fiamme were measured by applying ZeissAx-
ioVision 4.9 and JMicrovison software. Long-axis strike
and dip of flamme were determined for constraining the
eruption style and vent locations (Fig. 2; Online Resource
Table 2). The aspect ratio of fiamme (ratio of height and
length) has been calculated and classified according to
Quane and Russell (2005).

77 geochemical bulk-rock analyses on whole-rock sam-
ples (0.5-2 kg per sample, Online Resource Table 4) from
the RVS volcanic rocks were carried out at Bureau Veri-
tas in Vancouver (Canada). Analyses on major element
oxides, minor and trace elements were measured with

@ Springer

inductively coupled plasma mass spectrometry (ICP-MS),
and the elements Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi, Ag,
Au, Hg, Tl and Se by inductively coupled plasma atomic
emission spectroscopy (ICP-AES).

Composition of biotite (Online Resource Table 6) and
feldspar (Online Resource Table 7) was investigated using
at a JEOL RX8900d wd/ed combined micro analyzer at the
Institute of Material Science, TU Bergakademie Freiberg.
The applied spectral lines, standards and counting times
are presented in Online Resource Table 5. Additional
analyses were performed at the Berlin Museum of Natural
History—Leibniz Institute for Evolution and Biodiversity
Science, using a JEOL JXA-8500F field emission elec-
tron probe micro analyzer. Operating conditions for both
were set to 15 keV and 20nA with a beam diameter up to
2 um. Analyses at the EPMA in Berlin were calibrated on
Smithsonian international mineral standards. For spectral
lines, standards and peak counting times on each analyzed
element see Online Resource Table 5.

Zircon crystals have been mechanically separated from
samples using high-voltage pulse SelFrag in the Geologi-
cal Institute of TU Freiberg. For concentration gravity sep-
aration was performed. The zircon was manually picked
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and mounted. The standard TEMORA II (one standard per
three unknowns) was also mounted.

Oxygen isotopes have been quantified on zircon (Online
Resource Table 8) at a SHRIMP II multi-collector ion
microprobe at Micro-area Analysis Laboratory of PGI-
NRI, Warsaw. The configuration of the instrument and
applied analytical procedure were based on Ickert et al.
(2008). The oxygen isotope data were corrected using the
POXI MC software (P. Lanc). Oxygen isotope ratios are
reported in standard per mille notation relative to Vienna
Standard Mean Ocean Water.

Results
Structural outline of the RVS caldera

In the vicinity of the town of Rochlitz and at the southern
margin of the Miigeln Subbasin, the Rochlitz Ignimbrites
rest on Variscan basement with an erosional unconform-
ity. The outline of the RVS is marked by andesitoids of the
Kohren Fm. occurring at the northeastern and eastern mar-
gin as well as in the Borna Subbasin (GlaBer 1983; Fig. 2).
Outcrops and drillings reveal that the RVS is bordered by
subvertical faults in the N, NE and SW, which are assumed
to have acted as volcanotectonic normal faults during cal-
dera subsidence (Fig. 2). As depicted in profile 3 (Fig. 2),
the southern part of the Rochlitz caldera is characterized
by a piecemeal-like, intense block faulting (Branney and
Kokelaar 1994).

Porphyritic laccoliths with granitic composition emplaced
both in the central RVS and at its northeastern margin
(Fig. 2). Emplacement of the laccoliths in the center led to
a caldera resurgence forming several subbasin. The central
laccoliths of the RVS strike NW-SE, like the subvolcanic
bodies of the WVS (Repstock et al. 2018). A small block
of the Variscan basement was uplifted in the central RVS
forming a horst like structure (Fig. 2).

Lithostratigraphic framework of the RVS

Based on the new data set the classification of the Rochlitz
Fm. had to be modified (see Table 1). Granulometric and
geochemical data do not allow for a distinction between the
subunits R; and Ry; (Figs. 9, 10). However, the new whole-
rock immobile trace element data (Ti, Zr, P), and biotite
geochemistry are helpful to differentiate Ry;; and Ry from
R; and Ry;. Therefore, the units Ry and Ry; are grouped to the
new unit Rochlitz-a and Ry will be renamed as Rochlitz-f.
The subunit Ry will be renamed to Rochlitz-N for a coherent
labeling. Following the geochemical data presented here,
this sub-unit can be divided into the Schona and Thalheim

subtypes. Based on our textural investigation, a new nomen-
clature for some RVS volcanics and subvolcanics has been
established (Table 1).

Rochlitz ignimbrites

In the southern part of the NSVC, a continuous belt of out-
and subcrops of the welded Rochlitz Ignimbrites occurs. The
belt measures c. 54 km from the Borna Subbasin in the west
to the Miigeln Subbasin in the east (Fig. 2) covering an area
of c. 880 km?. In this belt, numerous exploration drillings
(=100 m deep) were drilled into the Rochlitz Ignimbrites,
such as Borna 1/56 (146 m), Saalhausen 1/22 (224 m), and
Ballendorf 1/61 (119 m; Fig. 7). Drilling Frauendorf 1/54
completely perforated the Rochlitz Fm. exposing 398.7 m
thickness for the Rochlitz Ignimbrite (Fig. 7). Further drill-
ings, which also document a thickness of the RVS ignim-
brites up to 400 m were used to construct profiles depicted
in Fig. 2. Besides, isolated outcrops and a few drillings at
the northern and northeastern margin of the NSVC exhibit
welded ignimbrites considered as Rochlitz Ignimbrites
(Fig. 2; see also Rollig et al. 1970, Wetzel et al. 1995, Wal-
ter 2006). Fallout and surge deposits related to the Rochlitz
Ignimbrites have not been observed in the NSVC (Table 1).

As depicted in Fig. 2, the lowermost unit Rochlitz-o
shows the largest distribution, whereas Rochlitz-p is
restricted to an area in the northwest of Colditz. West of
Oschatz and northeast of Wurzen (Fig. 2), Rochlitz Ignim-
brites occur locally summarized as Rochlitz-N (Eigenfeld
1978). However, field relation and drillings do not expose
transitions from Rochlitz-o to Rochlitz-f Ignimbrites.

All Rochlitz Ignimbrite units comprise phenocrysts of
plagioclase, alkali feldspar, quartz, biotite and pseudomorphs
of chlorite after pyroxene (Online Resource Table 2). Con-
tents of quartz, plagioclase and K-feldspar vary significantly
within a single unit, however, the broad spectrum allows no
differentiation between the units. As a consequence, a sub-
division of RVS ignimbrites based on modal composition,
as proposed by Eigenfeld (1978), cannot be maintained. The
Rochlitz Ignimbrites have crystal contents between 35 and
47 vol% (Online Resource Table 3). Maximum particle size
(MPS) ranges between 2.0 and 4.5 mm for quartz and feld-
spar (Online Resource Table 3). Scarce lithics (granulites,
sandstones and volcanic rocks) occur with a MPS of 1 cm
(Fig. 8A-D). Frequently, small agglomorates of feldspar,
quartz and Fe-Ti-minerals and micrographic intergrowth
of quartz and biotite have been documented (Fig. 8E). The
groundmass consists of a fine mosaic of quartz and K-feld-
spar. Typical characteristics of the Rochlitz Ignimbrites are
a homogenous mineral and structural content, a strong to
moderate welding compaction (Fig. 8H) and embayments on
plagioclase and quartz (Fig. 8F, Online Resource Fig. 3A,
B). Domains of partially devitrified vitrophyric Rochlitz-o
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with perlitic texture occur near Lastau (Fig. 8C), Ebersbach
and Korpitzsch (Online Resource Table 1; Eigenfeld 1978,
Jentsch 1979). In some areas of the central RVS, Rochlitz-o
shows spherulites formed on the margin of fiamme (Fig. 8I).

The Rochlitz Ignimbrites are rich in fiamme with sizes
up to 13 cm (Drilling Meltewitz 1/66, Figs. 7E, 8A-D).
The aspect ratio of fiamme displays a eutaxitic texture
(Fig. 8A—C, Online Resource Fig. 3C, D), ranging between
II and V according to Quane and Russell (2005; Online
Resource Table 2), with no significant vertical trend
(Fig. 7E). Measurements on fiamme in natural outcrops and
quarries reveal subhorizontal bedding and no preferred ori-
entation of elongation on a regional scale (Fig. 2; Online
Resource Table 2). The fiamme of Rochlitz-N are oxidized
and hematized resulting in a reddish color (Fig. 8B), whereas
the other units have black to green fiamme. Fiamme of
Rochlitz-a display sometimes a porphyritic structure and
have a low compaction (rank II-IV) compared to Rochlitz-f
fiamme with rank IV-V. The latter contains less phenocrysts.

Post-climactic processes and rock units (Oschatz
Fm.)

The rhyolitic Leisnig Laccolith comprises three different
lithotypes: a "normal" feldspar-dominated type and quartz-
or biotite-rich types (Fig. 5; Hohl and Wilsdorf 1966). All
lithotypes have 70-90 vol% of groundmass and MPS of
quartz, feldspar and biotite phenocrysts is 3.0 mm, 5.0 mm
and 2.5 mm, respectively. Some domains are biotite-rich
(3-6 vol%), compared to the normal type with 1-3 vol%.
Throughout the accessible outcrops near the top margin of
the laccolith, coherent facies with flow foliation and trains of
vesicles are present. Flow foliation dips sub-horizontally to
steeply eastward and southward, sub-parallel to the top mar-
gin of the laccolith (Fig. 5). Textures of carapace facies typi-
cal for rhyolitic lava flows, such as (ex-) glassy and pumice
domains, spherulites and lithophysae, and, most important,
brecciated domains (Manley and Fink 1987; Manley 1996)
have not been observed.

Drillings close to Seifersdorf (Fig. 5) reveal a maximum
thickness of 220 m for the Leisnig Laccolith and an offset
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of its base of c¢. 180 m. Furthermore, at the river bank of
the Zwickau Mulde, south of Colditz, a 40 cm thick weakly
porphyritic, rhyolitic sill intruded in the “Lastauer Tuff”
at the base of Rochlitz-a (Pietzsch 1962; Fig. 4C; locality
23/5/13/2 in Online Resource Table 1).

NE-SW-striking phreatic dykes are crosscutting the
Rochlitz Ignimbrites at Scheergrund and in an active quarry
at “Rochlitzer Berg” (Fig. 4B; Online Resource Table 1).
In summary, we interpret the Leisnig Porphyry as a lac-
colith complex emplaced into the tuffs and sediments of the
Kohren Fm. below the Rochlitz Ignimbrites. The small sill
near Lastau is, due to the similar geochemical composition
and its position is considered as cogenetic to the emplace-
ment of the Leisnig Laccolith. The formation of the phreatic
dykes, crosscutting the Rochlitz Ignimbrites, may have been
related to vapor explosions caused by the emplacement of
the Leisnig Laccolith.

In the central RVS, the microgranitic Grimma Por-
phyry intruded in the Rochlitz Ignimbrites (Figs. 2, 3). The
NW-SE-oriented subvolcanic body extends 8 x4 km. The
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Grimma Porphyry is characterized by an aplitic crystal-
line groundmass with large phenocrysts (up to 1.5 cm) of
smoky quartz dominating over altered feldspar and biotite.
The phenocrysts make up 13-22 vol% of bulk rock. At the
eastern margin several sills (protolobes acc. to Hutton 2009)
occur, depicting a laccolith structure for the Grimma Por-
phyry (Fig. 2 profile 1) leading to renaming the subvolcanic
complex as Grimma Laccolith.

In the Borna Subbasin the post-Rochlitz succession com-
prises lava, pyroclastic rocks and clastic sediments (clay-
and sandstones, coal; Figs. 6, 7A, B). The slightly porphy-
ritic Buchheim Volcanics are strongly welded ignimbrite
(rank V, Quane and Russell 2005) with a maximum thick-
ness of 120 m interbedded with fallout tuff. Its basal part is
vitrophyric, in places. The Buchheim Ignimbrite has a high
crystal content of 35-47 vol% (Online Resource Table 3).
The Frohburg Porphyry (50 m thickness) is an ignimbrite
with eutaxitic texture. Its crystal content between 15 and
19 vol% is low compared to the other volcanics of the RVS.
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In contrast, the Miigeln Subbasin in the eastern RVS con-
tains predominantly clastic sedimentary rocks (lacustrine to
alluvial) with intercalations of tuffs and coals (Figs. 6, 7D,
E). At the base of the succession, the at least 70 m thick
Kemmlitz porphyritic rhyolite lava occurs (Fig. 6; Gotze
et al. 2017), which is actively being quarried for kaolinite
(Schwerdtner and Storr 1983).

Furthermore, in the Meltewitz Subbasin between Schona
and Oschatz, Rochlitz-a Ignimbrite is overlain by a 110 m
thick monomict, matrix- to clast-supported conglomerate
(Fig. 7E). The porphyritic rhyolite lithics (& <7 cm) may
have been transported by debris flows from a lava dome (not
exposed by drilling so far) which presumably formed along
the RVS caldera margin. The conglomerate is overlain by a
57 m thick succession of fallout tuffs and reworked, in parts
cross-bedded volcanoclastic deposits. The uppermost unit in
drilling Meltewitz 1/66 (Fischer 1968) is the 45 m light gray
Dornreichenbach Ignimbrite (Figs. 2, 7E)—a flamme—and
plagioclase-rich, moderately to weakly welded ignimbrite
(rank ITI-IV, Quane and Russell 2005). The total crystal
content of the ignimbrite varies from the lower part with 43
vol% to the upper part with 33 vol%. It comprises 24 vol%
of feldspar, 12 vol% of quartz, and 1.3 vol% of biotite with
5-9 vol% of lithics. Since pyroxene and amphibole are rare,
the Dornreichenbach Ignimbrite can clearly be distinguished
from the nearby Wurzen ignimbrites (Rollig 1969).

Whole-rock geochemistry

The Rochlitz Ignimbrites can be classified as trachy-
dacite and rhyolite using the TAS diagram (Fig. 10A).
Rochlitz-o has a wide compositional range (SiO,=66-81
wt%, Na,0 + K,0=4.0-8.9 wt%). Rochlitz-f reveals a
slightly more trachydacitic composition (SiO, =67-72 wt%,
Na,0+K,0=28.4-8.8 wt%). The Zr/Ti vs. Nb/Y ratios sup-
port the classification based on major elements (Fig. 10C).

The Rochlitz Ignimbrites have a peraluminous character
(A/CNK=1.23-1.86) and show a subalkaline rhyolitic trend
(Fig. 10A, B; Online Resource Table 1). Only ignimbrites
of Rochlitz-p show transition from subalkaline to alkaline
affinity (Fig. 10A). The trachydacitic Rochlitz-f has the
highest TiO, (0.32-0.55 wt%) and Zr values (266—-386 ppm;
Fig. 10D).

The Rochlitz-N occurrences near Oschatz and Wildschiitz
(Rochlitz-N type Thalheim) have relatively low SiO,-content
(69-73 wt%) and high values of TiO, (0.26-0.36 wt%) and
Zr (260-300 ppm), whereas the occurrences near Schona
and Lampersdorf (Rochlitz-N type Schona) have high
Si0O,-content (75-78 wt%), but low TiO, (0.12 wt%) and
Zr (115-150 ppm) concentrations (Fig. 10A, D) resulting in
elevated Zr/Ti ratios.

Whole-rock analyses of the Rochlitz Ignimbrites reveal
a wide range of alteration (Fig. 9); however, Rochlitz-§

and Rochlitz-N display the least alteration (Online
Resource Fig. 2). Ignimbrites of Rochlitz-f seem to have
a trachydacitic to rhyolitic composition before alteration
started. In contrast, the original composition of Rochlitz-N
ignimbrites was rhyolitic. The unaltered composition of
Rochlitz-a is difficult to determine because of the different
alterations as sericitization and K-feldspar crystallization.
Considering the alteration index (Ishikawa et al., 1976)
and the Carbonate—Chlorite—Pyrite Index (Gifkins et al.,
2005) the predominant alteration of the volcanic rocks of
the RVS is a hydrothermal sericitization and K-metasoma-
tism leading to higher values of K (Fig. 9). The kaolinized
samples of the “Rochlitzer Berg” experienced depletion
of alkali metals (<1 wt% Na,O and 2.5-3.4 wt% K,O,
Online Resource Table 4). The high silica contents are a
consequence of this depletion.

Mantle-normalized trace element pattern shows a com-
mon trend with pronounced negative anomalies of Ba, Nb,
Ta, Sr, P and Ti for all Rochlitz Ignimbrites (Fig. 11A).
A small variation in Zr is evident. Rochlitz-f shows less
pronounced negative anomalies. Significant differences
are depicted for Pb (Fig. 11A). Both Rochlitz-N domains,
Schona and Thalheim (Fig. 2), display positive Pb anoma-
lies, whereas the main Rochlitz types are characterized by
moderate negative anomalies. The low degree of alteration
for Rochlitz-f ignimbrites is confirmed by a significantly
weak Ba anomaly. The strong variation observed for Pb
and Sr in the Rochlitz subunits bears, at least in parts,
magma genetic significance (e.g., Dostal et al. 1979; Vogel
et al. 2004), in spite of the strong mobility of these ele-
ments during weathering and alteration of feldspar.

The chondrite-normalized REE patterns of the Rochlitz
volcanics have a similar trend, with Rochlitz-f showing a
less pronounced negative Eu anomaly and lower HREE
values (Fig. 11B). One sample of Ry shows enriched
HREE raising the mean values (Fig. 11B).

The subvolcanic Leisnig Laccolith has a chemical com-
position similar to the Rochlitz Ignimbrites (Fig. 10A, C).
Mantle-normalized trace element pattern of the Leisnig
Laccolith is similar to the Rochlitz Ignimbrites; however,
with a less pronounced negative Eu-anomaly and overall
depleted REE (Fig. 11D). The Nb/Ta ratios (~ 12.5) are
lower than for the Rochlitz Ignimbrites (~ 14.6) showing a
slightly enhanced continental contamination (Green 1995).

Previous studies of Rollig et al. (1970) and Wetzel et al.
(1995) depicted a lava surrounding the Grimma laccolith,
the Gattersburg Porphyry. Our investigation revealed a
pyroclastic eutaxitic texture and mineral content similar
to the Rochlitz Ignimbrites (Online Resource Table 3).
Similarities are also shown by the geochemical data and
mantle-normalized trace element patterns (Figs. 10, 11).

Post-Rochlitz volcanic and subvolcanic units can be dis-
tinguished from the Rochlitz Ignimbrites using geochemical
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Fig.8 Textural and petrographic features of Rochlitz Ignimbrites.
A-D rock slabs, E-I thin sections (for location see Fig. 2). A
Rochlitz-o Ignimbrite from drilling Meltewitz 1/66 with close-up of
fiamme and eutaxitic texture. B Strongly welded Rochlitz-o Ignim-
brite from the drilling Meltewitz 1/66 (Fig. 7E) displaying hematized
and serizitized small fiamme (sample Mle 1/66 R10). C Devitrified
Rochlitz-o from an outcrop near Lastau. D Rochlitz-N with typical
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hematized fiamme and eutaxitic texture. E Glomerophyric texture
aggregates of Bt, Kfs and Qtz in Rochlitz-a. F Quartz embayments
in Rochlitz-f. G Rochlitz Porphyry Tuff from the “Rochlitzer Berg”
with typical long and hematized fiamme and undulose extinction of
Qtz. H Compaction structure in Rochlitz-a. I Spherulites at the mar-
gin of fiamme in Rochlitz-a
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analyses. The Dornreichenbach Ignimbrite of the Mel-
tewitz Subbasin shows the highest silica content within a
narrow range (74-75 wt%). The concentration of the alka-
lis (Na,O + K,0) ranges between 6.3 and 9.0 wt%, which
presumably displays secondary depletion or enrichment
(Fig. 10A; Online Resource Fig. 2). In contrast, the Froh-
burg Ignimbrite has the highest alkali concentration (up to
9.8 wt%; Fig. 10A). It can be further distinguished from the
Rochlitz Ignimbrites by relatively low Nb/Y values (Online
Resource Table 4). The significantly low La/Nb and Nb/
Ta ratios (Online Resource Table 4) allow discrimination
of Dornreichenbach and Frohburg Ignimbrites from other
RVS volcanics.

The Oschatz volcanics show mantle-normalized trace
element patterns similar to the Rochlitz Ignimbrites. The
Frohburg Ignimbrites have the highest HREE values in the
NSVC. Similar REE and incompatible element pattern of the
Grimma Laccolith and the Rochlitz-a Ignimbrite suggest a
cogenetic magma evolution.

Mineral chemistry and §'20 in zircon

K-feldspar from Rochlitz-a and -f Ignimbrites has sanidine
signature, whereas Rochlitz-N contains ternary feldspar
(Fig. 12, Online Resource Table 7). The composition of
biotite in all Rochlitz Ignimbrite units ranges from sidero-
phyllite to annite. Biotite of the Rochlitz-f Ignimbrite covers
the largest element distribution at the octahedral site (Mg#
from 24.4 to 52.7, Fig. 13A, Online Resource Table 6). Bio-
tite in Rochlitz-a and Rochlitz-N Ignimbrites reveals a nar-
row Fe-rich compositional range, with FeO-concentrations
around 28.6 and 25.9 apfu for Rochlitz-a (Fig. 13A). All
biotite of the RVS plots in the field of primary magmatic
biotite (Fig. 13D). Along with iron, the manganese concen-
tration is high in Rochlitz-o (Ry;) biotite compared to those
of other units (Fig. 13B). This may indicate crystal growth
in more evolved melts, whereas the Mg-rich annite—sidero-
phyllite from Rochlitz-p crystallized in less evolved parts
of the Rochlitz magma reservoir. The highest Ti-concen-
trations can be reported for the Mg-rich annite—siderophyl-
lite of Rochlitz-p (up to 10.4 wt%; drilling Ballendorf 1/61;
Fig. 13C, Online Resource Table 6).

Crystallization conditions in the Rochlitz magma res-
ervoir can be explored by applying the Ti-in-biotite ther-
mometry of Henry et al. (2005) and barometry of Wu and
Chen (2015). This thermometer requires conditions of XMg
(Mg/ Y \g4re) in a range of 0.275 to 1.000 and Ti between
0.04 to 0.60 apfu (Henry et al. 2005). For Rochlitz-a, a crys-
tallization temperature of 732 +30 °C and 768 +30 °C for
Rochlitz-p have been obtained. The pressure can be esti-
mated with 4 +2 kbar. Assuming an average density of 2.8 g/
cm?’ for the Late Palaeozoic crust in this region, we estimate
the crystallization depth at around 15 +7 km.

Oxygen isotopes in zircon from the Rochlitz-a and -§ Ign-
imbrites have a range from 3.87 to 9.61%o (Online Resource
Table 8, Fig. 14). Zircon of Rochlitz-f (3.87-9.61%o) is
more heterogeneous than of Rochlitz-o (6.47-9.39%o0). The
zircon cores of Rochlitz-a have a narrow range between 6.71
and 7.17%o with higher values in the rims (7.33-8.09). In
contrast, zircon of Rochlitz-p has higher 8'%0 in the cores
than in the rims (Fig. 14).

Discussion
Eruption style forming the RVS climactic ignimbrites

Classic models of caldera evolution comprise thick mostly
welded caldera fill, thin but widely distributed caldera out-
flow and ring dyke feeding systems (Lipman 1984; Cole
et al. 2005). Thick ignimbrite packages may also form out-
side a caldera, as documented for the Bishop Tuff of the
Long Valley Caldera (Hildreth 2004; Chamberlain et al.
2014), requiring a pre-existent deep topography. In pre-cli-
mactic stage of the RVS evolution (Fig. 16, stage 1; Table 2),
andesitoid lava complexes of the Kohren Fm. formed close
to the future RVS ring fault system (Figs. 2, 16; GlaBer
1983). On the other hand, Repstock et al. (2018) interpreted
NW-SE-trending central subvolcanic bodies and dykes to
represent major feeding fissures of the WVS (see also Bran-
ney et al. 2008 for the western Snake River system). Simi-
larly, the Grimma Laccolith emplaced as a NW-SE-trending
subvolcanic body in the central RVS. In the southeastern
extension of it, the presence of the multi-vent Leisnig Lac-
colith complex gives further evidence for a fissure-shaped
feeding system of RVS (Fig. 2). The Buchheim Volcanics
overlying the Rochlitz-f Ignimbrite in the west of the RVS
represent a possible reactivation on the NW-SE-trending
vent assumed for Rochlitz-f. In contrast to classic caldera
with uniform piston subsidence, the Rochlitz caldera floor
fragmented forming a piecemeal caldera with numerous
vents according to Roche et al. (2000). Randomly oriented
fiamme as in the Rochlitz Ignimbrites are typical for these
eruptions (Scafell Caldera, Branney and Kokelaar 1994).
Intra-caldera faults in the west and in the Miigeln and Melt-
ewitz Subbasin (Fig. 2) support this interpretation.

During the climactic stage of the Rochlitz caldera (stage 2
phase 1), high volumes of crystal-rich, rhyolitic and strongly
to moderately welded ignimbrites formed (Rochlitz-a;
Figs. 8D, 15; rank II-IV, Quane and Russell 2005). The
high and homogenous welding compaction is a result of
a fast deposition without significant breaks. No fallout or
surge deposits, at the base or as intercalations in the Rochlitz
Ignimbrites have been documented making Plinian eruption
phases unlikely. Instead, we infer pyroclastic fountaining
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from NW-SE-trending fissures to be one of the dominant
eruption styles.

Towards the termination of the climactic stage (stage 2
phase 2), the eruption of low-volume, crystal-rich, rhyolitic
to trachydacitic magmas took place close to the western
(Rochlitz-p) and northeastern margins (Rochlitz-N) of the
Rochlitz caldera (Fig. 16). Scarcity of lithics in the Roch-
litz system can be explained by rapid sealing of conduits by
ascending magmas. It is also corroborated by the lack of
inherited zircon in Rochlitz-a (Hoffmann et al. 2013).

The stratigraphic relation between Rochlitz-o and - is
not well established. A clear contact between these subu-
nits has not been documented in outcrops or drillings so
far. Drilling Ballendorf 1/61 (Fig. 7C) displays c. 110 m of
Rochlitz-$ Ignimbrite without reaching the base. The ignim-
brite is followed directly by the Buchheim Volcanics of the
Oschatz Formation. Other drilling reports in this area supply
information about tuffs and metamorphic basement underly-
ing Rochlitz-p, lacking Rochlitz-a Ignimbrite. These obser-
vations can be explained by an assumed paleo-topographic
high in the Ballendorf area present during the deposition of
Rochlitz-a. Much of Rochlitz-f3 Ignimbrite may have been
eroded, leaving an erosional relict in the area northwest of
Colditz (Fig. 2).

Magnitude of RVS climactic eruption

For magma volume calculation of the climactic Rochlitz-o
Ignimbrite, a constant minimum thickness is estimated at
400 m (Fig. 7). The extension under the Wurzen Caldera is
unknown, because no drilling reached the Rochlitz Ignim-
brites underlying the Wurzen Ignimbrites. Assuming that
the RVS ignimbrites completely underlie WVS (1300 km?),
a volume of c. 533 km? of preserved caldera-fill results. Con-
fining the calculation to the continuous out- and subcrop
belt in the southern NSVC (880 km?), a volume of 352 km?

@ Springer

can be assessed for the preserved caldera-fill ignimbrites.
Sub recent calderas produced similar volumes of caldera
fill, caldera outflow and co-ignimbritic ash deposits (Mason
et al. 2004). Thus, using the conservative distribution, the
total erupted volume of the RVS can be estimated as 1056
km?. According to Cook et al. (20164, b), these calcula-
tions should be treated cautiously. Even this conservative
volume estimation would result in a VEI of 8 (Newhall and
Self 1982) rendering the Rochlitz event a supereruption
(Rampino and Self 1992), comparable to the Permian Ora
Fm. in northern Italy (1290 km?, Willcock et al. 2013). RVS
would thus make one of the largest caldera systems in central
Europe. Furthermore, the RVS is significantly larger than the
WVS (c. 199 km?, Repstock et al. 2018) that formed a few
million years later in the NSVC.

Post-climactic evolution

Presumably early in the post-climactic phase (stage 3 phase
1) the Leisnig Laccolith emplaced at the south-eastern mar-
gin of the RVS resulting in resurgence and formation of
intra-caldera subbasins (Fig. 16; Fridrich et al. 1991; Ken-
nedy et al. 2012). The magma intruded into volcaniclastic
deposits of the Kohren Fm. underlying the Rochlitz Ign-
imbrites (among others the Wendishain ignimbrite; Fig. 5).
The magma intruded into the still unconsolidated sediments.
They can be considered as a suitable emplacement level
between high strength metamorphic basement below and
the thick welded Rochlitz Ignimbrites above (Awdankie-
wicz et al. 2004; Rocchi and Breitkreuz 2018). The dyke/
pitchstone domains located southwest of Leisnig and to the
north of Wallbach represent feeding systems for the Leisnig
Laccolith (Fig. 5). The two isolated outcrops of the quartz-
rich rhyolite in the basement south of Erlbach (Fig. 5) might
be considered as additional feeding systems. This implies
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that the Leisnig Laccolith originally extended further to the
south.

The presence of NE-SW-striking phreatic dykes cross-
cutting Rochlitz Ignimbrites at Scheergrund and in a quarry
at Rochlitzer Berg (Fig. 4B; Online Resource Table 1) sup-
port the thesis of the Leisnig Laccolith. The dykes may have
originated from phreatic explosions that occurred during
the emplacement of the Leisnig Laccolith. The small sill at
Lastau may represent an early intrusion phase of the Leis-
nig subvolcanic complex like the elongated, sub-horizontal
bodies in the Henry Mtns. in Utah (Horsman et al. 2009).
In drillings, tuff intercalations occur between Leisnig Lac-
colith protolobes which we consider as rafts of host rocks
engulfed by rhyolitic melt. The new interpretation of the

CaO+Na,0+K,0 (ACNK; mol%). C Zr/Ti vs. Nb/Y after Pearce
et al. (1996). For data see Online Resource Table 4. D TiO, vs. Zr
diagram (for symbols see Fig. 9)

Leisnig Porphyry as a laccolith implies emplacement after
the climactic eruption of the Rochlitz Ignimbrites, and con-
sequently it does not belong to the Kohren Fm. Apparently,
after the climactic phase, magma ascended from the res-
ervoir, leading to the resurgence of the caldera like in the
Caetano Caldera and Valles Caldera (stage 3 phase 1; John
et al. 2009; Kennedy et al. 2012).

The coarse crystalline Grimma Laccolith, which intruded
the Rochlitz Ignimbrites, reveals textural and geochemical
differences to the weakly crystalline Leisnig Laccolith sug-
gesting an origin from different magma batches (Fig. 16).
Due to the geometry of the Grimma Porphyry with pro-
tolobes (Hutton 2009), documented in various outcrops and
drillings (Online Resource Fig. 2 profile 1), it can be also

@ Springer
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Fig. 11 Trace element and REE pattern of RVS rocks. A, C, E normalized to primitive mantle after Sun and McDonough (1989); B, D, F nor-
malized to chondrite after McDonough and Sun (1995)

defined as a laccolith. The intrusion of subvolcanics at the
end of the climactic phase of caldera eruptions is a typical
feature of long-lasting magmatic systems (e.g., Chiaradia
et al. 2009).

The monomict volcaniclastic conglomerate in the Melte-
witz drilling presumably derived from a collapsed lava dome
in the Meltewitz Subbasin indicates that post-climactic mag-
matism was also active at or near the RVS ring fault system
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Fig. 12 Feldspar composition in Rochlitz Ignimbrites. Rochlitz-o and
-p only contain sanidine. The sanidine composition of Rochlitz-N is
mainly K-rich. Plagioclase of Rochlitz-N contains up to 26% An (for
symbols see Fig. 9)

(Fig. 2). Monotonous rhyolites are typical for open-system
magma processes resulting in lava domes like in the Caetano
Caldera in Nevada (Watts et al. 2016).

Due to the resurgence, the Borna, Miigeln and Melt-
ewitz Subbasins formed in the moat depression around
the resurgent dome(s) (stage 3 phase 1; Figs. 2, 16). The
strongly welded Buchheim Ignimbrites of the Borna Subba-
sin reach a thickness of 120 m and host several intercalated
tuffs, which presumably resulted from a series of smaller
eruptions. Likewise, in the Meltewitz Subbasin, 110 m of
conglomerates, overlain by 57 m of tuffs and by the Dorn-
reichenbach Ignimbrite requires presence of a resurgence-
related paleo-topography. The effusion of the at least 5.6 km®
rhyolitic Kemmlitz Lava marks the earliest post-climactic
volcanic activity in the Miigeln Subbasin (Figs. 6, 16; Gotze
et al. 2017). Above, 250 m thick alluvial to lacustrine sedi-
ments accumulated (Figs. 6, 16). Thus, we interpret that the
emplacement of the Leisnig Laccolith (max. thickness of
220 m) preceded the deposition in these subbasins (Fig. 16).

Magmatic evolution

The overall magmatic trend of the Rochlitz caldera-form-
ing eruption is one from a homogenous, rhyolitic crystal-
rich melt (monotonous rhyolite) for Rochlitz-a to a typi-
cal monotonous intermediate composition for Rochlitz-f3
(Figs. 14, 15; Hildreth 1981). Repstock et al. (2021) applied
arange of geothermo- and barometers to constrain the depth
of the WVS magma reservoirs between 15 and 40 km. The
biotite geothermo- and barometry presented here yielded a

depth of 15 km for the magma chamber of the RVS. With
an error of +7 km the uppermost magma chamber can be
postulated with ~8 km, comparable to the estimates for the
monotonous rhyolite Ongatiti ignimbrite (Cooper and Wil-
son 2014).

Reheating by underplating enables the eruption of crys-
tal-rich magma is a widely accepted concept (Bachmann
et al. 2002; Bachmann and Bergantz 2004; Huber et al.
2009, 2012). For the eruption of the voluminous rhyolitic
and crystal-rich Rochlitz-o magma intense reheating had to
occur (Fig. 16). In contrast to similar eruptions of crystal-
rich magmas (Ongatiti Ignimbrite, Cooper and Wilson 2014;
WVS, Repstock et al. 2018) apparently magma mingling was
not important for the RVS as suggested by lack of fiamme
and minerals with basic composition. Instead, magma mix-
ing is indicated by resorption textures in plagioclase and
quartz in Rochlitz-B Ignimbrite (Fig. 8F, Online Resource
Fig. 3A, B) showing disequilibrium between magma and
crystals (Patifio Douce and Johnston 1991; Matthews et al.
2012). Wetzel et al. (1995) already discussed magma mix-
ing as the dominant process for RVS. Convection in the
upper part of the magma chamber resulted in homogeniza-
tion forming voluminous rhyolitic magma batches as it has
been stated for the Nevada Volcanic Field (Henry and John
2013), the Ongatiti Ignimbrite (Cooper and Wilson 2014)
and the Caetano Tuff (Watts et al. 2016). Due to the homog-
enous and distinct biotite composition (Fig. 13) and the nar-
row range in 8'80 of zircon of Rochlitz-a (Fig. 14), these
ignimbrites constitute large-volume monotonous rhyolites
(Fig. 15).

The slightly more basic composition of the Rochlitz-f
Ignimbrite together with Nb/Ta ratios up to 17 sug-
gests magma mixing with underplating basic magma
that resulted in a monotonous intermediate composition
(Fig. 16; Green 1995; Bachmann and Bergantz 2008b;
Huber et al. 2012). The significant negative Ti anomaly
(Fig. 11) indicates fractionation of Fe—Ti-minerals like
titanomagnetite and ilmenite. These minerals can be found
in glomerocrysts, which are cumulates of a less evolved
magma (e.g., Ellis et al. 2013). The pseudomorphs of
pyroxene together with the absence of amphibole in RVS,
indicate injection of H,O-poor, basic magma. This is sup-
ported by low 8'80 in some zircon rims. Due to the large
heterogeneity of 8'%0 in the Rochlitz-p zircon, it can be
assumed, that the homogenization process, typical for
monotonous intermediates, remained incomplete in RVS.

The high Nb/Ta ratios (12.3-17.9, Rochlitz-«a;
12.8-17.3, Rochlitz-f) show a lower degree of differen-
tiation (Green 1995; Ballouard et al. 2015) in contrast to
the values of 9.1-10.3 and 9.8-9.9 of the post-climactic
Dornreichenbach and Frohburg Ignimbrites, respectively
(Online Resource Table 4). The lower Nb/Ta ratio and a
more pronounced negative Eu anomaly suggest a higher
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degree of plagioclase fractionation with a higher oxidation
state for these post-climactic ignimbrites of the Oschatz
Formation (Online Resource Fig. 4, Green 1995). The
higher degrees of crustal contamination, indicated by a
La/Nb ratio of 2.0-2.6 for the Dornreichenbach Ignim-
brite and of 2.0-2.3 for the Frohburg Ignimbrite, signif-
icant negative Nb and Ta anomalies and low Ti values
support this interpretation (Thompson et al. 1984; Cook
et al. 2016a, b).

In the Borna Subbasin, the Buchheim Volcanics dis-
play REE pattern different from the neighboring Froh-
burg Ignimbrite suggesting origin from two separate
magma batches. A less pronounced negative Eu anomaly
of the Buchheim Volcanics implies a less differentiated
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2005). Data from Rochlitz-N are from subtype Thalheim. Biotite of
Rochlitz-p has higher Ti and Mg contents than other Rochlitz Ignim-
brites

magma. Furthermore, based on Nb/Ta ratio of 14.7-15.8
this magma also experienced a lower degree of crustal
contamination.

The trachydacitic composition of Rochlitz-f§ suggests
origin from a less evolved magma compared to Rochlitz-a,
which is also supported by the presence of Mg-rich bio-
tite. The Mg-poor and Fe-rich biotite of Rochlitz-a reflects
a more differentiated magma. The large range of XMg of
Rochlitz-p biotite suggests presence of different magma
zones in the reservoir, resulted from basic intrusions in the
crustal magma chamber, tapped by several fissure eruptions.
The Mg-rich biotite may represent early cumulates that were
extracted after homogenization (Lubbers et al. 2020). In
granitic melts, Mn and Fe contents increase in biotite with
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Table 2 Evolutionary stages of the RVS

Stage

Name

Units

Interpretation

S1 pre-caldera

S2 climactic phase 1

S2 climactic phase 2

S3 post-climactic phase 1

S3 post-climactic phase 2

Pre-caldera eruptions

Caldera forming and eruption of monoto-
nous rhyolites

Homogenization due to magma mixing
and eruption of monotonous intermedi-
ates

Resurgence

Post-climactic eruptions and resting
phase

Kohren Formation

Rochlitz-o Ignimbrite

Rochlitz-f Ignimbrite

Leisnig Laccolith
Grimma Laccolith
Kemmlitz Lava

Dornreichenbach Ignimbrite

Frohburg Ignimbrite

Buchheim Volcanics

Sediments of the Oschatz
Formation

Extrusion of andesitoids at the margin of
the caldera and tuffs

Forming fault structures in the east and
north

Reheating of the non-eruptible crystal-rich,
rhyolitic magma by basic underplating

Homogenization and eruption of volumi-
nous monotonous rhyolites

Ongoing reheating with basic injections
into magma chamber

Magma mixing but incomplete homogeni-
zation

Eruption of monotonous intermediates in
the northwest central area of the RVS

Differentiation of the magma reservoir

Intrusion of Leisnig Laccolith and Grimma
Laccolith leading to a resurgence

Eruption of Kemmlitz Lava in the Miigeln
Subbasin

Volcanic activity in Borna and Meltewitz
Subbasin, e.g., eruption of ignimbrites
Small eruptions with deposition of tuffs in

the Miigeln Subbasin
Deposition of sediments
Resting phase before the WVS activity

. . m tz- itz- NSVC
0. Rochlitz-o Rochlitz-B 10 Rochlitz-a Roczltz B Volcaangzmplex Cietano Caldera ﬁ{och“tz-q (core, rim)
X : | 4 i l X,A Rochlitz-B (core, rim)
9 1 X t E i Halle Volcanic Complex
g | « A 8 - a i i ] : ® Spitzberg
* ; ' ® Wettin
o 7 & ﬁo T A ®e e ® Halle 1390
% . '-06_ ° Halle 1044
A A Caetano Caldera
| R T e e i o cantane Tuff, lower unit
@ Carico Lake pluton
4 4 A 4 4 Redrock Canyon porphyry
3 A Center caldera lava/plug
core rim core rim

Fig. 14 A Zircon 8'0 of Rochlitz-o and -p, for values see Online
Resource Table 8. B Comparison of zircon 8'80 from different
monotonous rhyolites with the RVS. Data of Halle Volcanic Complex

higher differentiation (Miller and Stoddard 1981). Further-
more, the high values of Mn (0.03-0.06 apfu, 0.2-0.4 wt%)
in Rochlitz-a biotite (compared to Rochlitz-p, 0.01-0.02
apfu, 0.0-0.1 wt%; Fig. 13B), the more pronounced negative
Eu-anomaly (Fig. 11) and the high silica content (Fig. 10)
of Rochlitz-a Ignimbrite indicate a higher differentiation.

are from Stodczyk et al. (2016) and for Caetano Caldera from Watts
et al. (2016). Orange area marks area for zircon formed in the mantle
(Valley 2003)

The RVS magma evolution, displaying a trend from
voluminous rhyolitic ignimbrites to monotonous intermedi-
ates, can be compared with other magmatic centers like the
Halle Volcanic Complex (Breitkreuz et al. 2015; Stodczyk
et al. 2015, 2016), the Ongatiti Ignimbrite in New Zealand
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Fig. 15 Phenocryst content vs. SiO, of Rochlitz Ignimbrites: R-o—
Rochlitz-oc Ignimbrite, R-p—Rochlitz-p ignimbrite, R-N-Rochlitz-N
ignimbrite. Grey bars and lines display composition of ignimbrites
from the western USA (data from Hildreth 1981; Lipmann 2000,
2006) and the Caetano Caldera (Watts et al. 2016). For comparison
FC—Fish Canyon Tuff; FCM—Fish Creek Mountains Tuff; KN—
Kneeling Nun Tuff; MT—Monotony Tuff; SM—Snowshoe Mountain
Tuff; AS—Apache Spring Tuff; AT—Ammonia Tanks; A-4—Aso-4;
BT—Bishop Tuff; LC—Lava Creek Tuff; RM—Ranier Mesa; S
caldera forming eruption of Shikotsu; T—Tshirege; TC—Tiva Can-
yon; TS—Topopah Spring

(Cooper and Wilson 2014) and the Caetano Caldera (Watts
et al. 2016) in the Nevada Great Basin.

The Halle Volcanic Complex (HVC), located northwest
of the RVS, is dominated by large laccolith units (Fig. 1).
According to Stodczyk et al. (2015) the chemical composi-
tion is similar to RVS. The range of §'%0 in zircon is very
limited compared to the variation in RVS (Fig. 14). Thus,
the HVC can be considered as a “non-erupted monotonous
rhyolite”. The synchronous development (300-290 Ma,
Breitkreuz et al. 2009; Hoffmann et al. 2013) in an intracon-
tinental extensional setting (Romer et al. 2001), and similar
geochemical composition suggest a cogenetic evolution of
the RVS and the HVC.

The Ongatiti Ignimbrite and the Caetano Caldera display
similarities in the magmatic evolution, whereas the geologi-
cal setting differs from the tectonic environment of RVS.
Both are classified as monotonous rhyolites (Cooper and
Wilson 2014; Watts et al. 2016). Watts et al. (2016) postu-
lated an evolution of monotonous rhyolites to monotonous
intermediates due to basic injections leading to an eruptible
mush for the rhyolitic, crystal-rich magma. Biotite in the
Caetano Tuffs shows similar trends in Mg and Ti enrich-
ment in the upper units like Rochlitz-p. The initial phase of
both systems is characterized by extrusion of andesite melts.
Injection of low-SiO, magma into a SiO,-rich magma cham-
ber induced magma mixing and the formation of a homog-
enous high-SiO, cap and a heterogeneous less evolved lower
part. After the eruption of the high-volume, crystal-rich
Caetano Tuff, a less siliceous magma erupted. The Lower
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Caetano Tuff of the Caetano Caldera displays a narrow 8'%0
range in zircon (7.59-9.72%o, Watts et al. 2016; Fig. 14) like
Rochlitz-o leading to interpretation as monotonous rhyolite.
Resorption structures in plagioclase of the Upper Caetano
Tuff evidence for injections of basic magma and mixing pro-
cesses forming monotonous intermediates like Rochlitz-p.

With a calculated melt temperature of 755 °C, a crystal
content of approx. 30% and a volume of more than 1000
km?®, the evolution of the RVS is comparable to the erup-
tion conditions of the Ongatiti Ignimbrite of the Taupo
Volcanic Zone, New Zealand (more than 500 km?, tem-
perature between 770 and 820 °C, 20-30 vol% crystal con-
tent, Cooper and Wilson 2014). These authors postulated a
depth of 4-6 km for the Ongatiti magma reservoir, which is
comparable to the calculated minimum depth of 8 km and a
mean depth of 15 km estimated for RVS.

Conclusions

Petrographic features, whole-rock analyses, mineral chemis-
try of biotite and oxygen isotopes in zircon allow to charac-
terize the different ignimbrites and other (sub)volcanic rocks
of the RVS. The Rochlitz-a Ignimbrite can be classified as a
high-voluminous monotonous rhyolite. In contrast, the fol-
lowing low-volume Rochlitz-f Ignimbrite has a trachydacitic
composition. High TiO, and Zr content in whole-rock and
lower 8'30 in zircon reflect origin from a monotonous inter-
mediate magma which experienced magma mixing by basic
injections into a crustal magma chamber.

The evolution of the RVS can be summarized as follows:

1. The minimum volume of RVS can be estimated at 1056
km® suggesting a magnitude of VEI 8. The caldera
extension (880 km?) is comparable to other large cal-
deras with VEI 8, thus, the RVS represents one of the
biggest eruptions in central Europe.

2. The RVS comprises large-volume monotonous rhyolites
as well as monotonous intermediates erupted in phase
1 of the climactic stage. Reheating by underplating and
injections of basic magma led to the eruption of the
crystal-rich melts.

3. During the second phase of the climactic stage, basic
injections into a crustal magma chamber caused magma
mixing forming a monotonous intermediate composition
prior to the eruption of Rochlitz-f3 Ignimbrite.

4. Magma mixing was incomplete as reflected by the wide
range of oxygen isotope ratios in zircon of Rochlitz-f.

5. We consider central fissure eruptions along NW-SE-
trending faults as the main eruption style of the RVS
resembling characteristics of a piecemeal caldera. Pres-
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Fig. 16 Evolution model of the
RVS with stages S1-S3. Stage
1) Pre-caldera eruptions during
Kohren Fm.; Stage 2 phasel)
Climactic phase of the Rochlitz
caldera with deposition of
voluminous, welded rhyolitic
Rochlitz-o ignimbrites; Stage 2
phase 2) Termination of the cli-
mactic phase with deposition of
Ti- and Zr-rich, rhyolitic to tra-
chydacitic welded ignimbrites
of Rochlitz-f and -N; Stage 3
phase 1) Early post-climactic
resurgence phase; emplacement
of the Leisnig Laccolith caused
resurgence of the Rochlitz cal-
dera and formation of the intra-
caldera subbasins; emplacement
of the Grimma Laccolith in the
apex of the resurgent dome;
extrusion of the rhyolitic,
porphyritic Kemmlitz Lava in
the Miigeln Subbasin; Stage 3
phase 2) Late post-climactic
phase: eruption of low-volume,
strongly welded ignimbrites
(Buchheim Volcanics) in the
Borna Subbasin; deposition

of sediments (e.g., Saalhausen
beds, Fig. 6) and low-volume
pyroclastic deposits (e.g.,
Dornreichenbach Ignimbrite);
display of the caldera complex
is vertically exaggerated

@ pre-caldera eruptions (Kohren Fm.)
WSW ENE

small explosive, pre-caldera eruptions

pre-caldera andesitoids

@ phase 1: climactic caldera forming phase, eruption of monotonous rhyolites (Rochlitz Fm.)
WSW ) ENE

deposition of large volume Rochlitz-a

/\_’/ImOm

rhyolitic, crystal-rich mush :I: 10 km

pyroclastic fountaining

homogenization of
magma chamber

underplating and reheating
by basaltic injections

@ phase 2: climactic homogenization phase, eruption of monotonous intermediates (Rochlitz Fm.)
WSW ENE

deposition of
Rochlitz-B and Rochlitz N

T100m

10 km

—

magma mixing due to basaltic injections

@ phase 1: post-climactic resurgence phase, forming of margin subbasins (Rochlitz and Oschatz Fm.)

WSW Borna Subbasin Mugeln Subbasin ENE
ascent and emplacement of the subvolcanic Grimma Laccolith

emplacement of the Leisnig Laccolith causing resurgence of Rochlitz caldera

Kemmlitz Lava
T100m

forming of rhyolitic cap 10 km

—

decreasing influence or
absence of basaltic injections

@ phase 2: post-climactic resurgence phase (Oschatz Fm.)
WSW local eruptions in Borna Subbasin ENE

(Buchheim Volcanics, Frohburg Ignimbrite) deposition of Oschatz sediments (coal, conglomerates, sands, tuffs)
1Y and formation of perennial lakes in Mlgeln Subbasin

T100m

10 km

—
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ence of additional vents is displayed by dyke and lac-
colith complexes at the caldera margin.

6. The rhyolitic subvolcanic units in the caldera center can
be confirmed as laccolith complexes, emplaced below
and into Rochlitz Ignimbrites, respectively, during the
post-climactic stage. Their intrusion led to a caldera
resurgence forming three subbasins in the periphery.

7. The subdivision of the Rochlitz Ignimbrites into four
subunits (R_j; and Ry), as proposed in previous studies,
cannot be maintained. Instead, based on geochemical
composition, a new subdivision is postulated. Rochlitz-o
and -f Ignimbrites dominate. Besides, Rochlitz-N Ign-
imbrites locally occur can be further classified as Schona
type in the North and Thalheim type in the East.

8. An increasing differentiation in the magma chamber
after the eruption of the monotonous intermediates is
shown by the numerous low-volume ignimbrites erupted
in the second phase of the post-climactic stage.

9. A correlation of the post-climactic succession (Oschatz
Formation) in the three subbasins is not possible due
to their different lithostratigraphy; however, a general
cogenetic evolution in post-caldera depressions can be
assumed.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00531-021-02053-5.
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