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Abstract: We analyzed mineralogical characteristics, and major as well as rare earth element concentrations
from a cryptotephra layer in sediments of the infilled maar of Auel (Eifel, Germany). The results of detailed
geochemical analyses of clinopyroxenes and their glassy rim of the specific layer are most similar to those from
the Campanian Ignimbrite (CI) Tephra occurrence in a loess section at Urluia (Romania). Both records show
idiomorphic green clinopyroxenes and formation of twisted minerals up to millimeter scale. The cryptotephra
in the Auel core has an age of around 39,940 yr b2k in the ELSA-20 chronology, almost identical to the latest
Ar/Ar dates for the Campanian Ignimbrite/Y5 eruption. These observations suggest that parts of the CI ash
cloud were transported also northwestward into Central Europe, whereas the main branch of the CI ash plume
was transported from southern Italy towards the NE, E and SE.

Keywords: Eifel maar sediments; Campanian Ignimbrite Tephra; Marine Isotope Stage 3; Greenland
Interstadial 9; Heinrich Event 4; green clinopyroxene

1. Introduction

The Eifel is a low mountain range in western Germany, which is characterized by intraplate
volcanism [1]. The volcanic Eifel can be divided into three areas: the High Eifel with volcanic activity
from the Tertiary and the Western and Eastern Eifel, which have the only two Quaternary volcanic
fields in Germany. A special feature of volcanism in the Eifel is the existence of various maars. At
present there are still six maar lakes and about 60 infilled maars in the western Eifel [2]. Since 1998
the investigation of paleoclimatic changes in the Eifel volcanic area is carried out in the ELSA (Eifel
Laminated Sediment Archive) project at Johannes Gutenberg University Mainz using various drill
cores from FEifel maars (https://elsa-project.de).

The Campanian Ignimbrite (CI) ash is a phonolithic to trachytic tuff from a Late Pleistocene
volcanic event, apparently the largest eruption during Marine Isotope Stage 3 (MIS 3) in Europe
(Silleni et al. [3] and references therein). It is derived from the Phlegraean Fields in Campania region
(Central Italy) (Figure 1). A huge caldera shapes the landscape of the Phlegraean Fields consisting of
a subaerial and a submerged part and covering a total area exceeding 200 km?. This characeteristic
structure formed during two major caldera collapses related to the eruptions of the Campanian
Ignimbrite and the younger Neapolitan Yellow Tuff (e.g. Pabst et al. [4]). Gases from plinian
eruptions can be transported many kilometers into the atmosphere, or even into the stratosphere.
Fisher and Schmincke [5] described a plinian character of the eruption. Fedele et al. [6] calculate the
volume of the magma to be at least 200 km?. Fisher et al. [7] mention that the original pyroclastic flow
covered an area of 30,000 km? and a bulk volume of up to 500 km?3. Around 39.85 + 0.14 ka years ago,
the largest eruption of the Campanian Y5-tephra (CI/Y5) finally occurred in the extensive Phlegraean
Fields [8]. A related tephra deposit was first dated in marine sediments of the Mediterranean by
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oxygen isotope stratigraphy that resulted in an interpolated age of about 38,000 yr BP [9]. Ar/Ar dates
by De Vivo [10] shifted the age to 39.28 + 0.11 ka, improved by Giaccio et al. [8] to 39.85 + 0.14 ka
(*°Ar/*Ar). Lin et al. [11] attribute the CI/Y5 to a bipolar sulfate spike at 39,915 yr b2k and 39,869 yr
b2k, which fits the latest Ar/Ar dates very well. The ice core of North Greenland Ice Core Project
(NGRIP) was checked for glass shards at that time interval, but respective particles were not found.
Based on a study by Silleni et al. [3] the total erupted bulk volume estimate is 457-660 km? (181-265
km3 dry rock equivalent (DRE)). This volume corresponds to a eruption magnitude of 7.7 - 7.8 and
to a Volcanic Explosivity Index (VEI) of 7, which makes the eruption at ca. 40 ka to the largest in
Europe during the entire Quaternary.

The CI/Y5 is a clear temporal marker of Quaternary stratigraphy in different countries [3] in the
form of sedimentary records including marine records [12,13] terrestrial sequences [14], cave
environments [6,15], and lake records [16]. Beside the impressive and landscape shaping proximal
record , the supra-regional dimension of this event was first recognized by the widespread tephra
records in the marine realm. In their review paper, Keller et al. [17] defined stratigraphic zones to
which the tephras from marine sediments of the central and eastern Mediterranean were assigned.
They proposed a scheme (from V to Z), in which the tephra which we now know originated from the
Campi Flegrei was named Y5 and related to the eruption center of Ischia Island of the Campanian
vulcanological province. Proximal to the eruption center, the event left behind mainly cooled
pyroclastic flows (ignimbrites) and is therefore also named as such, Campanian Ignimbrite eruption.
However, a more complex record is also found proximally on a scale of at least 100 km around the
Campi Flegrei, which begins with a Plinian phase (in turn complex in structure but quantitatively
subordinate) and ends with the products of the Campanian ignimbrite eruption, the Cl-phase [18,19].
Distally, only tephra deposits are found in the marine as well as in the continental realm, which in
turn can also have a complex stratigraphic structure. Even at distances of 1000 km, the sequence
begins with tephras of the Plinian phase and then be abruptly overlaid by products (mostly glass
ashes) of the CI, the Campanian co-ignimbrite tephra [20]. The total amount of tephras of the CI
clearly predominate spatially and thus also quantitatively. It is assumed that the final caldera
formation (collapse) as a result of the partial emptying of the magma chamber is responsible for the
CI and thus for the proximal pyroclastic flows and the widespread distal glass tephras [3]. Hence,
looking from outside Italy on the products of the CI in a distal stratigraphic archive we are always
dealing with the CI layer very probably dominated by the Campanian co-ignimbrite tephra. Silleni
et al. [3] explain that it is difficult to estimate a deposit volume as accurate data may be lacking, e.g.,
due to the thinning of ash layers, which is essentially the issue. Distal tephra from the Cl-eruption
were described so far in Italy, North Africa, over large parts of the eastern European continent as far
as Kostenki at the Don River in Russia, in the central and eastern Mediterranean Sea, and the Black
Sea (Figure 1A; for review see i.e. [3,14,21-26]). The CI is widespread in southern Romania and
northern Bulgaria often found in loess-paleosoil sequences (LPS), fluvial and cave deposits and was
identified by the characterist geochemical fingerprint of the well-preserved glass shards (e.g. Tsanova
et al. [27]). It can reach thicknesses from several decimeters up to more than 1 meter [24]. However,
an unequivocal airfall is known from a LPS located in a quarry (Figure 2) about one kilometer
southwest of the village of Urluia (Romania). The sample used in this study was taken from the base
layer of the airfall strata. The age of the tephra layer was determined by optically stimulated
luminescence (OSL) dating of the surrounding loess. Samples just below the tephra, revealed ages
ranging from 38.7 + 3.3 ka to 41.1 + 3.4 ka [24].

Geochemical and mineralogical composition of the proximal Campanian Ignimbrite eruption
products were analyzed in several studies (Fedele et al. [18] and references therein; [28]). In
decreasing order of abundance minerals of alkali feldspar, plagioclase, clinopyroxene, biotite,
magnetite and apatite are typical phenocrysts of the dominantly glassy matrix. Next to the ubiquitous
glass, a greenish clinopyroxene (cpx) is characteristic for these deposits. Further analyses can be
found by Tomlinson et al. [29] and also by Civetta et al. [21]. Veres et al. [14], for example, examined
glass shards in different locations in Romania (Caciulatesti, Draganesti-Olt, Daneasa and Lunca). The
chemical composition can be compared with the values from Italy. SiO: also dominates here with 58
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- 62wt%, followed by around 7 — 10wt% K20 and 3.5 — 7wt% Na2O. Traces of CaO and FeO are also
present here.
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Figure 1. (A) Schematic view on the distribution of the CI tephra in Europe (open orange line to the
north-east, see also [30-34]); Campi Flegrei as eruption site (orange dot); Eifel Lake sediment cores
(red star); created with QGIS, base map WorldTerrain by USGS, Esri, TANA, DeLorme, and NPS. (B)
Eifel (orange-colored marking) and analyzed locations of cores AU3 & AU4 in Auel maar and cores
DE3 & DE4 in Dehner maar (C) as well as core JW3 in Jungferweiher (D).

Underlying Upper Cretaceous carstiﬁé&'lirﬁeft;;me 3

Figure 2. View of the Urluia loess deposit looking east (A). The CI airfall layer is an up to more than
one-meter-thick section in the massive loess deposits, which represent the last glacial cycle (compare
to Figure 3 in Fitzsimmons et al. [24]; [35]). On the right edge of the image, the stages (MIS 1-9) are
also marked. The red circle shows the point at which the sample was taken from the base of the tephra
layer, which is up to a thickness of one meter. Laterally, the tephra thins out towards the south and
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usually only appears as cryptotephra mixed with loess. Part B displays a sample from the base layer
of the tephra in direct contact to the underlying loess — similar to that used in this study (beige
sediment hold by a left hand =loess and greyish material with sandy appearance = tephra; black frame
indicates the analyzed basal layer). For Pleistocene loess stratigraphy we refer to Markovi¢ et al. [36].

Up to this study, a potential CI fallout was not observed in central Europe. Either the CI plume
did not reach that far north or west respectively, or it was not observed due to the lack of high
sedimentation rate geoarchives of MIS 3 in central Europe. MIS 3 lakes in Northern Europe were
overrun by the glaciers of the Last Glacial Maximum (LGM), and lakes in the Alpine foreland by
respective mountain glaciers and their meltwater runoff. However, the so called Neapolitan Yellow
Tuff (NYT) a late glacial tephra layer stemming from the same eruption centre and dated to 14.9 ka
was recognized in lake Langsee in the south-eastern Alps (Austria) [37,38]. This finding indicates that
there are atmospheric circulation patterns through which volcanic ash such as NYT can be
transported directly northwards from the Campi Flegrei to Central Europe. The only MIS 3 lakes in
northern central Europe with fine-grained sediments associated with the CI appear to be the maar
lakes of the Eifel (Germany), where MIS 3 sediments were recovered by Sirocko et al. [2,39-41] in at
least seven sites (c.f. Albert and Sirocko [42]).

2. Materials and Methods

2.1. Samples

The samples investigated in this study were taken from drill cores of infilled maar lakes from
the Eifel region (Germany) and from a loess sequence on the Dobrogea Plateau in SE Romania close
to the Black Sea. The Romanian site was chosen for comparison beacause, like the cryptotephra found
in the Eifel, it represents a distal occurrence of the CI; however, there it is a thick and un-reworked
tephra deposit. The drill cores AU3 and AU4 are from the infilled maar lake at Auel (Eifel, Germany)
as well as drill cores DE3 and DE4 from the Dehner infilled maar (Figure 1C) and JW3 of
Jungterweiher (Figure 1D). Photos of the respective core section are documented in Figure 3. The
same cores were used to construct the ELSA-20 chronology [41] which is the base for the age as
described later in this paper. The AU3 core has a length of 102 m and coordinates of 50.2825 °N and
6.5951 °E (456 m above sea level) while AU4 has a length of 104.50 m and coordinates of 50.2821 °N
and 6.5949 °E (457 m above sea level). The Eifel area at the Dehner maar, whose drill cores provide a
comparison, is 100 m higher. DE3 core (50.2928 °N and 6.5066 °E) has a length of 88 m and is located
at 565.37 m above sea level. The 75 m thick DE4 core (50.2923 °N and 6.5073 °E) has a similar location
at 566 m above sea level. A blue-green stripe in the thin section DE4 49.70 — 49.80 m as a good feature
for the analysis (Figure 12). A comparison also shows the depth of 48.00 — 49.00 m of core JW3 (length
of 78 m) in the Jungferweiher (50.2210 °N, 6.9771 °E) at 435 m above sea level, in which twisted
minerals were found at around 48.80 m (Figure 3). The analysis of this core and its stratigraphy is
discussed in Sirocko et al. [1]. The only visible indicating for a CI-tephra in the cores is a green-blueish
sediment hue at 49.78 m in core DE4. However, the cryptotephra is not visible to the naked eye in the
DE3, and AU3 as well as AU4.
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Figure 3. Photographs of lake sediment cores from Auel maar, Dehner maar and Jungferweiher (green
markings define presence of cpx, dashed markings show the twisted minerals). The age in these
selected parts is determined to be about 40,000 to 39,000 yr b2k (Sirocko et al., unpublished).

The sample at Urluia (south-eastern Romania) was taken from an extensive LPS on the Dobrogea
Plateau separating the Lower Danube steppe landscape from the Black Sea. The CI layer is found in
the upper part of a loess package stratigraphical ranging from Middle Pleistocene (XMIS 11) to
Holocene (44.0947 °N, 27.9021 °E) [43,44] and situated at about 110 m above sea level [45]. Figure 4
shows a scatter sample of the tephra from Urluia. In addition to the glasses, pumice aggregates are
also visible.
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Figure 4. Incident light images of a scatter sample of the tephra from Urluia; only particles larger than
125 pum are shown. In Part A, the red arrow points to a dark green cpx imbedded in glass shards and
pumice fragments. The photo of Part B was taken with 60x magnification showing glass shards and
pumice; the latter is rich in Fe-Ti-oxides (black inclusions) (Photos by Philipp Schulte, RWTH Aachen
University).

2.2. Optical analysis

Mineral grains in the dried fraction >150 um were analyzed under a binocular (M3Z binocular
from WILD, Heerbrugg, Switzerland) with a zoom range of 6.5x — 40x. The samples of AU3, AU4 and
DE3 were analyzed in 10 cm increments. The same counting was done in 1 cm increments for core
DE4, where a recrystallized blueish layer is well visible at 49.78 m, mineral grains are shown in Figure
5.

The optical analysis was used to screen the entire sand fraction of the mineral grains, but in
particular greenish clinopyroxenes (cpx) and twisted minerals were counted. Greenish cpx can
occasionally appear in Eifel tephra deposits, but the twisted minerals appear to be unique and have
not been documented for any of the other tephra in the ELSA cores, see Sirocko et al. [1]. Cpx
generally occurs as euhedral to subhedral crystals (up to 1 mm in size) with a homogeneous pale
green color, suggesting textural equilibration with the host glass [46]. The twisted minerals were
given this particular form by mechanical stress in the plastic state. The twisting processes apparently
involved several different minerals but showed the same habit in Auel and Urluia. To further
document that these minerals in Urluia and the Eifel lake sediment cores are indeed from the same
source, we analyzed the geochemistry of greenish cpx in both the Eifel cores and the Urluia sample
(Figure 5).

AU3 AU4 DE3 DE4 Urluia

Auel infilled maar Auel infilled maar Dehner infilled maar Dehner infilled maar base layer of
campanian ignimbrite

dark green,
idiomorphic
clinopyroxene

twisted
minerals

[ EPMA (Fig. 7, part A) and LA-ICP-MS (Fig. 7, part B)

Figure 5. Overview of minerals in the Eifel drill cores of Auel maar and Dehner maar (Germany) as
well as in the loess deposit Urluia (Romania). The red-marked pictures indicate the cpx samples used
for geochemical analysis (Figure 7).

2.3. In situ Reflectance Spectroscopy (ISRS, Corg(chlorins))

Figures 9 and Figure 11 present Corg(chlorins) values which were analyzed with mm resolution
along the cores AU3 and AU4, marked against age [yr b2k], while Figure 10 is plotted against depth
[m]. Corg(chlorins) are calculated from the reflectance of the sediment surface in discrete 10 nm steps,
which reveals an absorption at 670 nm, caused by the chlorophyll derivates from diatoms and
chrysophytes. The method was developed by Rein and Sirocko [47] and recently adapted by Sirocko
et al. [41] for the two Auel cores. Details on the method were documented in the above publication.
The resultant curves for AU3 and AU4 reveal a pronounced Corg(chlorins) maximum for GI8 at 37,000
yr b2k [41] but also the spike of GI9 (Figure 9). The sediment section between these interstadials,
which are known to bracket the CI were evaluated for the occurrence of greenish cpx.
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2.4. Geochemistry

The geochemistry studies were carried out both at the Institute for Geosciences of Johannes
Gutenberg University (Mainz) and at the Bayerisches Geoinstitut (Bayreuth University Campus).

The analysis in Mainz is divided into electron probe microanalysis (EPMA) and then laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). For the former, a dark green,
idiomorphic cpx from AU3 core and the Urluia sample were selected (Figure 5, red-marked pictures).
The preparation of the cpx samples and EPMA analysis were carried out according to the method of
Reed [48] using a Leica DMRX point logger (objective: PL Fluotar 5x/0.12P ¢/-/B) which was equipped
with an automatic X,Y stage. Overall, 20 EPMA readings were carried out, 14 with AU3 and 5 from
Urluia.

Trace element analysis for rare earth elements (REE) was performed using LA-ICP-MS according
to Prelevic et al. [49]. The analysis of the elements was carried out using an Agilent 7500ce ICP-MS
coupled to NewWave NWR 193 (ArF Excimer Laser 193). After EPMA analysis, two uniform green
cpx were selected for this analysis, one from the AU3 core (EPMA sample 10) in the Eifel region
(Germany) and the other (EPMA sample 14) from the loess deposit in Urluia. These two cpx were
placed in an argon plasma, melted and evaporated to almost dryness over a period of four days in
closed Savillex beakers with concentrated hydrofluoric acid. The so prepared cpx samples were used
for mass spectrometry analysis.

The utilized LA-ICP-MS system consisted of an Elan DRC-e quadrupole mass spectrometer
(Perkin Elmer Instruments, Canada) attached to a Geolas M 193nm ArF Excimer Laser system
(Coherent Inc., USA). Technical details about this system can be found in Giinther et al. [50]. Pyroxene
was ablated using a laser beam of 40 um in diameter. The laser was operated at a frequency of 10 Hz
and an output energy of 80 mJ, which results in an energy density of ca. 10 J/cm? at the sample surface.
The sample chamber was flushed with helium gas at a rate of 0.4 1/min, to which Ar was added on
the way to the ICP-MS. Instrument background was measured for 30 seconds before each analysis,
and the sample was measured for another 30 seconds. The masses Na?, Mg?, Al¥, Si%, P31, K¥, Ca%,
Sc#5, Tiv, V51, Mn>5, Fe57, Rbs85, Y89, Zr%, Nb%, Cs!3, Bal¥, La'¥, Cel4 were measured with a dwell time
of 10ms, whereas V5!, Sm'¥, Dy'®, Er'¢’ , Lu'”> and Ta'®! were measured with a dwell time of 20 ms.
Integrated signal intensities were referenced to NIST SRM 610 glass [51] according to routines
described in Longerich et al. [52]. Calculated element ratios were then turned into absolute values by
normalizing all major and minor element oxides to 100 wt%.

Furthermore, analyses were processed with the aid of micro X-ray fluorescence (uXRF). The data
used were generated with an Avaatech X-ray fluorescence core scanner at the Max Planck Institute
for Chemistry in Mainz; the method is described in Richter et al. [53] and also mentioned in Sirocko
et al. [41].

2.5. Pollen

The pollen sample preparation was carried out according to Berglund and Ralska-Jasiewiczowa
[54] and Feegri and Iversen [55]. The long pollen sequence for the Auel cores itself is presented by
Britzius et al. [56].

3. Results

Both the green clinopyroxenes (cpx) as well as the twisted minerals were observed in the base
layer of the Cl airfall at Urluia (Figure 4), and also in the Eifel cores in the sediment section subsequent
to GI9. The optical analysis of tephra in the cores of the Auel maar revealed green cpx at depths of
68.60 — 69.60 m in AU3, and 69.05 — 69.55 m in AU4. The base of these depths corresponds to an age
of about 39,850 + 150 yr b2k on the ELSA-20 chronology [41]. Twisted minerals were detected in AU3
at 69.50 — 69.60 m, and 69.55 — 69.70 m in AU4). In addition, the green cpx from both Auel cores and
Urluia show frequently a glassy rim. The results of the EPMA showed an almost identical
composition to the CI glasses known from distal tephra deposits [14,18].
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Apparently, the twisted minerals are exclusively associated with the first phase of the eruption.
Furthermore, Kendrick et al. [57] pointed out that shear forces occur in the conduit during the
eruption process deforming minerals in the crystal mash particularly with the type of magma from
which the CI originated. On the one hand, this may lead to fracturing, but also to plastic deformation
depending on the physical state of the magma in the eruption conduit (viscous, plastic, brittle). In
addition, Arbaret et al. [58] present the results of deformation experiments of melts produced in the
laboratory, in which fractured deformation of minerals occurs producing seemingly “twisted”
minerals. Further investigations are necessary to clarify the process which leads to the formation of
twisted minerals found in our samples.

Figure 6 shows the ratios of the chemical elements in the Eifel drill cores AU4, DE3, and DE4.
The elements are titanium (Ti), potassium (K) and vanadium (V) contents, which are plotted against
aluminium (Al). The stratigraphic record in these Eifel drill cores reveals increased element ratios of
Ti/Al, K/Al and V/Al indicative for cryptotephra occurrence (e.g. Tomlinson et al. [29]). No vanadium
was found in the DE3 core. The depth range in each of the three cores is chosen so that special features
in the chemical ratios can be recognized in comparison to the minerals. In the AU4 core, the depth
range is in the 69-70 m range. It is noticeable that in this meter in all three diagrams (Ti/Al, K/Al,
V/Al) the increase in values consistently occurs at a similar depth (69.60-69.70 m). The field with the
occurrences of the twisted minerals, which in turn are found in the first phase of the eruption, is also
located in this area. The same applies to the cores of the Dehner Maar. In the DE3 core, the area of the
twisted minerals is even only in the field of the higher values of Ti/Al and K/AL In the DE4 core,
twisted minerals can be found 2 cm after the values of the chemical ratios of Ti/Al, K/Al and V/Al
increase. This also harmonizes well. Overall, it is therefore noticeable that with the increase in Ti/Al,
K/Al and V/Al the presence of twisted minerals in particular was also recognized.

AU4 Au4 AU4 DE3 DE3 DE4 DE4 DE4
TirfAl KAl VIAl TilAl K/Al Ti/Al KI/Al VIAI
[ratio] [ratio] [ratio] [ratio] [ratio] [ratio] [ratio] [ratio]
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Figure 6. Element ratios in the Eifel drill cores AU4, DE3, and DE4 indicative for cryptotephra
occurrence. (blue area = increase and field of the higher values of the chemical ratios; dashed strip =
twisted minerals). The values of the AU4 core are from Sirocko et al. [41].

3.1. Geochemical analysis

The results of EPMA and LA-ICP-MS on green cpx from AU3 core and Urluia demonstrate a
comparable distribution of main elements (Figure 7A) and a similar rare earth element spectrum
(Figure 7B). Both samples contain about 50% SiO2 as well as high CaO (>20%) and MgO (>10%)
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values. Additionally, FeO and AlI203 were found in both samples with slightly different values of
about 8% for FeO and AI203 in the Eifel cpx and 10% (FeO) and only 3% (Al1203) in the cpx from
Urluia. The sample from AU3 (depth of 69.50 — 69.60 m) and the base layer from Urluia were analyzed
by EPMA and LA-ICP-MS. The measurements of the chemical composition of the glassy rims here
show that the glass particles also have a high proportion of SiO2 (60.01 %). However, it is noticeable
that the glass also contains 6.18% Na20 and 7.24% K20 (c.f. Figure 7). This is proof that the volcanic
glasses do not originate from the Eifel region, as this is low in potassium. The obtained values are

confirmed by Wulf et al. [59] presenting and discussing geochemical data of volcanic glass from
tephras in lake records from northern Greece.

60

a
o

H
o

Part of element in percent [%]
N w
o o

-
o

0 Lo
Na,O SiO,

KO TiO,

FeO Al,O;

MgO CaO Cr,0; MnO

—— Green Cpx
(AU3, 69.60 m)

—— Green Cpx
(Urluia)

—— ubiquitous green
Cpx of type Cpx2
by Fedele et al.
(2009)

® Mean Auel,
4 samples

e Mean Urluia,
5 samples

(A)

1000

100

10

Sample/Chrondite [pg/g]

—— Green Cpx
(AU3, 69.60 m)

—— Green Cpx
(Urluia)

—=— Chondrite
normalized data
by Evensen
etal. (1978)

® Mean Auel,
4 samples

e Mean Urluia,
4 samples

La Ce

Pr

Nd Sm Eu

Gd Tb

Dy Ho Er Tm Yb Lu

(B)

Figure 7. Main element (A) and trace element contents (B) in sample 10 (AU3) and sample 14 (Urluia)
compared with data from Fedele et al. [46] (green line). REE data is normalized to chondrite

employing data from Evensen et al. [60]. Mean values from Auel and Urluia measurements are

marked as points.

The major elements composition of cpx and glass presented in Figure 7A as well as Table A4,
and Tables A1, A2a-b show the overall good agreement of the chemical composition obtained from
Auel (AU), Urluia (URL) and the Phlegraean Fields. For the latter, compositional data of glass from
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the most voluminous Welded Grey Ignimbrite (WGI) from the study of Fedele et al. [18] were
selected. Moreover, for the glass data the average was only calculated from samples for which all
elemental analyses were above the detection limit (38 data sets). Despite increasing relative
differences with decreasing absolute element concentrations, the compositions lie within the known
variation range of the CI eruption products and thus suggest a common origin of minerals and glass.
In addition, it should not be forgotten that 1) the data come from different laboratories and that 2)
the mean values are hardly comparable from a statistical point of view.

In Figure 7B and Table A3 average rare earth elements (REE) compositions of cpx (LA-ICP-MS
data) for samples from the Breccia Museo formation (Phlegraean Fields; e.g. Fedele et al. [61]) are
shown in comparison to results obtained for cpx from Auel cores and Urluia. The Breccia Museo
Formation was interpreted as a proximal facies of the CI eruption products. The Cpx2-type
clinopyroxenes of this sample set are most widespread in trachytes and less abundant in
trachyphonolites and originated therefore from a less evolved trachytic magma [46].

It is remarkable that the pattern of relative trace element concentrations of green cpx are
comparable in both samples (AU3 and Urluia) in the entire REE spectrum (Figure 7B and Table A5)
with slight lower element concentrations in the green cpx from AU3 (Eifel). In both cpx samples 14
rare elements were detected with highest concentrations (pg/g) of Nd (100 in Urluia / 90 in the Eifel),
Pr (90 / 80), Sm (90 / 70), Ce (80 / 80), Eu (80 / 60), La (70 / 70), Gd (75 / 50) and decreasing content
values for trace elements Tb, Dy, Ho, Er, Tm, Yb, and Lu with up to 25 ug/g (Urluia) and 8 ug/g
(AU3), respectively.

Green cpx from both drill cores of Auel (AU3 and AU4) and Urluia show frequently a glassy
rim, which represents a sample of the magma at the moment of eruption. The results of the EPMA
showed an almost identical composition to the CI glasses known from proximal CI and distal tephra
deposits [14,18,29,45]. A back scatter electron (BSE) image of a cpx with glassy rim from AU4 and
respective EPMA data are shown in Figure 8.

doi:10.20944/preprints202312.1783.v1
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EPMA results Mass percent
Na,O 6.18
K,O 7.24

Cl 0.494
FeO 2.65
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P,Os 0.0832
Ca0 1.66
MnQO 0.1659
MgO 0.4071
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AlLO, 18.72
Total 97.9342
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Figure 8. BSE image of a cpx with glassy rim from drill core AU4 including EPMA results of the glass.

3.2. Stratigraphy

The first stratigraphy for an Auel core was published for AU2 [2]. Stratigraphy of cores AU3 and
AU4 were analyzed in 1 mm steps and revealed now all Greenland interstadials almost perfectly [41].
The curves of organic carbon (Corg(chlorins)) from the investigated Eifel cores (AU3, AU4) are plotted
here again in comparison to the oxygen isotope (5'*0) from the North Greenland Ice Core Project
(NGRIP) (Figure 9). The Corg(chlorins) maxima in the interstadial around the time of the CI are well
detectable. Figure 10 shows the intervals where greenish cpx and twisted minerals are visible in the
sieved fraction >150 um. The twisted minerals are concentrated in a small section, which we interpret
to be the base of the CI fallout; a correlation suggested by the similarity of greenish cpx and twisted
minerals in Urluia and the layer at 69.55 m in AU4. The greenish cpx in the core is observed over an
interval of 20 cm following the initial airfall, which we interpret to have been caused by bioturbation
or subsequent erosion of ash particles from the catchment into the lake.
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Figure 9. ELSA data (Corg(chlorins)) in Auel maar (AU3, AU4) [41] in comparison to the NGRIP (51¥O)
[62]. Corg(chlorins) data were smoothed with a 12 pt mean and 80 with a 40 pt running mean,
respectively. The position of the CI layer is marked as a red line.

The Corg(chlorins) values are presented in Figures 10 and 11 with the sections of the greenish cpx
and twisted minerals highlighted. Figure 10 shows the cpx section and twisted minerals in all cores
versus depth, Figure 11 versus age. Twisted minerals are found in both cores (AU3: 69.50 — 69.60 m;
AU4: 69.55 — 69.70 m), but only in the deeper area and thus in the older period. It is striking that the
ClI layers of both cores are located at the depth in relation to a Corg(chlorins) rise.
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Figure 10. ELSA data (Corg(chlorins) of drill cores taken from Sirocko et al. [41], occurrence of cpx and

Depth [m]

twisted minerals) in Auel maar against depth [m]. Cpx is marked as a green area (numbers define
quantity). Locations of the twisted minerals are indicated in dashed markings (numbers define
presence). Corg(chlorins) data were smoothed with a 5 pt running mean. CI is marked as a reddish
line.

The data of Figure 11 are the same as Figure 10, but now plotted versus age on the ELSA-20
chronology. We observe at depth of the CI layer an increase of Corg(chlorins), which is well visible in
AU3 and AU4, but not completely well in the cores from Dehner maar (Figure 12). Dehner Maar has
no inlet and thus does not receive nutrients from the catchment, which is the dominating source of
the Corg(chlorins) in Auel. Chlorins are degradation products of chlorophyll, for example from fossil
Chrysophyceae, and are biomarker pigments [63]. As Chrysophyceae occur in freshwater, Auel is
ideal for observing the interstadials of MIS 3 while the Dehner maar is not very sensitive to this
process. This explains the differences of the Dehner Corg(chlorins) records in comparison to the Auel
records (Figures 10-12).
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Figure 11. ELSA data (Corg(chlorins) of drill cores taken from Sirocko et al. [41], occurrence of cpx and
twisted minerals) in Auel maar against age [yr b2k]. For a simile, there is an additional plot of NGRIP
[62]. Cpx is marked as a green area (numbers define quantity). Localities of the twisted minerals are
indicated in dashed markings (numbers define presence). Corg(chlorins) data were smoothed with a 5
pt mean and d'%0 with a 10 pt mean. CI is marked as a reddish line.

Figure 12 presents the stratigraphic position of the greenish cpx and the twisted minerals in the
Dehner maar (cores DE3 and DE4) versus depth [m]. Here, too, it is noticeable that the twisted
minerals can be found in the lower area, i.e. the older part. Overall, the depth in the Dehner maar
defines a range between 49.70 — 50.40 m and is therefore slightly younger than GI9.
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Figure 12. ELSA data (Corg(chlorins) of drill cores, occurrence of cpx and twisted minerals) in Dehner
maar against depth [m]. Corg(chlorins) data were smoothed with a 5 pt running mean.

3.3. Result summary

The results above have documented the depth of the CI at 68.60 — 69.60 m in core AU3, 69.05 —
69.70 m in AU4, 50.00 — 50.40 m in DE3 and 49.70 — 49.90 m in DE4. The first appearance of twisted
minerals on the ELSA-20 chronology after Sirocko et al. [41] appears to be the most probable depth
representing the time of eruption. The curves of Figures 3-9 reveal the CI several cm at the end of
GI9, thus in the time interval of 39,900 — 39,950 yr b2k, which is the time window also dated by Ar/Ar
dating [8,10]. The ELSA-20 stratigraphy places the fallout layer at an age of 39,850 yr b2k + 150 years.
The end of GI9 was dated in the Greenland ice to 39,940 yr b2k according to the GICC05 time scale
[62]. The CI thus appears to have occurred about 50 years before the end of GI9 but taken into account
the 150 years error of the ELSA-20 stratigraphy in could be even 200 years after the end of GI9.

4. Discussion

The geochemical and mineralogical composition of the proportion of the CI ash cloud, which
has reached central Europe, allows inference on the dynamics of the cloud transport. This is however
a topic, which needs much more detailed geochemical and isotopical analysis, which we are planning
to undertake in a future study. In this paper and a special issue of QUATERNARY about the MIS 3
climate and vegetation, we will finally evaluate, if, or what, environmental changes were associated
with the fallout in central Europe. The second part of the discussion will then deal with timing of the
eruption relative to global processes, in particular insolation, paleomagnetism, and North Atlantic
hydrographic changes.

4.1. Environmental change associated with the Campanian Y5-tephra

The Figures 13 and 14 present the pollen in the millennia before and after the CI event. Figure
13 presents selected pollen taxa on the depth scale. Figure 14 presents the same data on the ELSA-20
chronology. Full documentation of the pollen is given in Britzius et al. [56]. Albert et al. [64]
documented that the reaction of the lake temperature to warming is instantaneously and tightly
related, best visible by the very similar shape of maxima and minima in both the NGRIP 580 and the
AU3 Corg(chlorins). Cold stadials caused tree populations to decline and steppe taxa to expand,
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whereas during warmer interstadials, trees dominated the pollen spectrum [56]. During both stadial
and interstadial conditions, boreal and temperate taxa stayed present, varying only in the proportion
of the total pollen sum.

Figure 14 documents that pollen in the decades before the CI are the same as during GI9. Boreal
tree taxa (Picea, Pinus, and Betula) as well as pollen of Poaceae are dominant throughout the total
68.00 — 72.00 m depth range, temperate taxa build up to about 20% of the total terrestrial pollen sum
from 70.80 to 70.30 m and 69.40 to 68.90 m. These derived mainly from typical trees of the flood plains
like Alnus and Salix, but also Quercus (Figure 13). All taxa continue to be present in the decades after
the CI; thus, we infer that the environmental change caused by the eruption and deposition of small
amounts of ash particles was minimal in the Eifel region. This is different to the airfall regions in
eastern Europe, where the airfall is locally preserved in more than 1 m thickness, for example in
Urluia.

Tree pollen and Corg(chlorins) show 2 peaks during GI9, one before the CI layer with a duration
of about 100 years, and one directly after the CI event. The pollen do not indicate any principle change
of the vegetation following the CI eruption, but, on the contrary, the second increase of
bioproductivity at least in the lake of Auel, where we observe a Cory maximum around 69.05 m in
AU4, not following the tight relation between Greenland and the Eifel (compare Albert et al. [64]). A
possible explanation for the local Auel anomaly may hint to a positive effect of the airfall on the lake
diatoms by the input of potassium (K) to the lake water.

A pronounced change in the pollen is observed i.e. about 39,700 yr b2k, and thus about 240 years
after the CI eruption according to the ELSA-20 chronology. At this time, Poaceae, Alnus, Quercus and
Salix decrease strongly or even disappear from the pollen spectrum. Instead, Artemisia spread. This
pattern could be indeed caused by a climate deterioration at 39,700 yr b2k, thus 200 years after the
end of GI9, 240 years after the CI, but about contemporaneous with the onset of the Heinrich Event 4
(H4) cold spell in the North Atlantic. A precise date for the H4 onset could not be derived from the
marine sediment itself, it is thus our ELSA AU4 record, which suggests, that the onset of H4 was
between 39,900 and 39,700 yr b2k, which is consistent to results of Rasmussen et al. [62]. The CI was
thus not directly associated with the onset of the H4 events.

The CI tephra might have however changed the soil properties in the Eifel volcanic landscape.
The decades immediately after the CI show an increase of Quercus and Alnus, which results in an
increase of the Temperate Forest summary curve (Figure 14). This increase of temperate taxa during
the transition into a cold stadial is unexpected. Thus, we infer that oak and elm might have benefitted
from the potassium (K) of the ash deposits. The increase of these two trees is paralleled by a
Corg(chlorins) maximum, one of the very few, which are not paralleled by a maximum in the
Greenland 8'0. Thus, the Corg(chlorins) maximum subsequent to the CI layer could be caused by
increase of Si and K in the river water, draining the catchment of Auel. This pattern could be indeed
attributed to the Cl airfall, resulting in spread of oak and elm trees via K-fertilisation — seasonal decay
of leaves producing Nitrate and Phosphate, causing increases in nutrient runoff into the lake system.
This must not be the only possible interpretation for the environmental change after the GI but would
explain all observed features in the vegetation and the lake Corg(chlorins) content.

doi:10.20944/preprints202312.1783.v1
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4.2. Comparison to the global climate between 45,000 and 35,000 yr b2k

Massive volcanic eruptions with S-rich ashes reaching the stratosphere are known to potentially
effect the climate on a global scale; see the recent example of Pinatubo in 1991, that cooled the Earth
temperature for about two years. Costa et al. [65] confirm that injection of such aerosols into the
stratosphere can lead to an extended volcanic winter. The CI eruption, however, was not as effective.
It was difficult to detect the fingerprint of the CI in the Greenland ice at all, but now it is suspected at
39,900 years in the NGRIP record, see chapter 3.2.

Figure 15 presents several records of globally important climate related curves. All of these
records, except NGRIP, do not have the resolution to detect a potential impact from the CI layer. The
geomagnetic intensity, with its pronounced minimum during the Laschamp event, centred at 41,000
yr b2k, was already increasing for several centuries. The H4 events, representing decay of the North
American ice sheet started with the CI in the marine curve of Martrat et al. [66]. The time resolution
of the marine record is however not sufficient to resolve this event even with century resolution. The
pollen auf AU3, presented above had indicated that the environment in the Eifel remained stable for
240 years even after the CI event; thus it is unlikely that the CI caused the cooling of the H4.

Insolation  Paleomagnetic field "Be MD01-2443/4 NGRIP-5¢cm AU3 DE3 DE4
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Figure 15. Comparison with global analyses contemporaneous to the timing of the CI [yr b2k]. The
ages of NGRIP and the additional events (GI9, GI8, as well as H4) are based on Rasmussen et al. [62].
Since all events take a certain period of time, the onset is shown here in each case. It also can be seen
that the CI occurs after the interstadial period GI9, and coincides with the onset of H4, a cold stadial.
0180 is smoothed with a 10 pt mean. Berger and Loutre [67] measured insolation at 60°N, the values
from SST are from Martrat et al. [66]. Korte et al. [68] define a global paleomagnetic field, and
Muscheler et al. [69] provide beryllium measurements. The comparison to the Corg(chlorins) values of
AUS3 core is from Sirocko et al. [41]. ACE means Auel Cooling Event (compare Albert and Sirocko
[42]).

5. Conclusions

The study of the lead/lag relations between the CI fallout and the Eifel vegetation indicates that
the CI ash reached indeed central Europe, but the environmental effect was not strong, potentially
with a slight effect on soil nutrient contents.
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We do not see a direct relation of the CI to any process on the global time scales, but this might
be at least partially caused by the lack of indeed annual/decadal resolution records for the time of the
CL

The CI event occurred however in a millennium after intense changes in the global magnetic
field strength effecting the intensity of solar radiation, which reached the Earth’s surface. The CI
occurred however decades or even centuries before the massive changes in the North Atlantic during
the onset of the H4 event.
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Appendix A
Table Al. EPMA results of major elements (in mass percent) of green single cpx minerals from Auel

maar lake and Urluia outcrop compared to data from the Phlegraean Fields [46]. Only the most
ubiquous green cpx of type Cpx2 from the data set of Fedele et al. [46].

SampleID SiO: TiO: AlL:0s FeO MnO MgO CaO Na:0

Auel (AU)
AU-1 50.13 0.29 4.38 6.60 0.12 14.05 22.23 0.66
AU-2 49.54 0.63 3.76 8.37 0.39 13.20 22.60 0.43
AU-3 48.70 1.16 5.53 4.44 0.10 14.91 22.43 0.54
AU-4.2 49.87 0.65 2.57 8.90 0.78 12.84 22.15 0.64
Mean* 49.56 0.68 4.06 7.08 0.35 13.75 22.35 0.57
Urluia (URL)
URL-1 49.10 0.54 347 8.11 0.44 13.23 22.55 0.43
URL-2 49.95 0.40 2.68 7.52 0.42 13.61 23.06 0.49
URLA4 48.17 0.71 4.05 8.51 0.41 12.80 22.69 0.48
URL-6.2 49.39 0.65 2.39 9.24 0.83 12.11 22.87 0.60
URL-6.3 49.53 0.82 3.98 6.33 0.36 14.31 22.36 0.45
Mean** 49.23 0.63 3.31 8.00 0.49 13.21 22.71 0.49
Phlegraean Fields, c.f. Fedele et al. [46]
Mean*** 50.10 0.58 3.57 8.31 0.35 13.46 22.98 0.34

* Mean AU, 4 samples; **Mean URL, 5 samples; ***Mean Phlegraean Fields, 11 samples
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Sample ID Na:0 K20 Cl FeO SiO2 P20s
Urluia (URL)
URL-3.2 8.88 5.18 0.59 3.52 55.27 0.00
URL-5 4.29 8.42 0.39 2.72 60.47 0.07
URL-6.1 4.68 8.02 0.51 3.04 58.03 0.04
URLDb_4-3 6.04 7.60 0.64 2.76 59.26 0.06
URL_1-1a 4.18 8.47 0.35 2.99 60.12 0.10
Mean* 5.61 7.54 0.50 3.01 58.63 0.05
Auel** 6.18 7.24 0.49 2.65 60.01 0.08
Phlegraean Fields, c.f. Fedele et al. [46]
Mean*** 4.53 8.42 2.84 59.78 0.20

* Mean Urluia, 5 points; ** Auel (AU-4.1, single point); **Mean Phlegraean Fields, 38 samples

Table A2b. EPMA results of major elements (in mass percent) of glass from Auel maar lake and Ur-
luia outcrop compared to data from the Phlegraean Fields [46].

Sample ID CaO MnO MgO TiO: AlL:Os Total
Urluia (URL)
URL-3.2 1.30 0.42 0.19 0.35 22.51 98.21
URL-5 1.98 0.12 0.56 0.31 18.39 97.72
URL-6.1 2.07 0.18 0.58 0.44 17.87 95.46
URLb_4-3 1.73 0.24 0.33 0.42 18.43 97.50
URL_1-1a 2.12 0.10 0.52 0.35 18.03 97.33
Mean* 1.84 0.21 0.44 0.37 19.05 97.25
Auel** 1.66 0.17 0.41 0.32 18.72 97.93
Phlegraean Fields, c.f. Fedele et al. [46]
Mean*** 1.96 0.22 0.47 0.38 18.18

* Mean Urluia, 5 points; ** Auel (AU-4.1, single point); ***Mean Phlegraean Fields, 38 samples

Table A3. Average REE (in ppm and normalized to chondrite) compositions of cpx (LA-ICP-MS da-
ta) for samples type Cpx2 [46] from the Phlegraean Fields.

Element Mean Phlegraean Fields Chondrite normalized data [60]
11 samples
La 16.18 66.16
Ce 54.09 84.80
Pr 9.82 101.88
Nd 54.82 115.70
Sm 16.22 105.31
Eu 4.68 80.71
Gd 15.32 74.98
Tb 2.05 54.86
Dy 12.25 48.19
Ho 2.08 36.75
Er 5.40 32.55
Tm 0.70 27.23
Yb 431 26.10

Lu 0.63 24.99
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Table A4. Parts of elements in percent from AU3 (69.60 m) compared to data from Urluia.

Oxides Green Cpx (AU3, 69.60 m) Green Cpx (Urluia)
Na20 0.33 0.65
SiO:z 45.52 50.98
K20 0.02 0.02
TiO: 2.50 0.64
FeO 6.52 9.41
AlOs 7.29 2.62
MgO 13.06 12.47
CaO 24.10 22.63
Cr20s 0.14 0.07
MnO 0.10 0.74

Table A5. Measurements of REE [pg/g] from AU3 (69.60 m) compared to data from Urluia.

Element Green Cpx (AU3, 69.60 m) Green Cpx (Urluia)
La 51.39 53.31
Ce 67.97 73.85
Pr 70.77 86.54
Nd 67.60 93.42
Sm 43.96 82.34
Eu 34.06 68.42
Gd 24.87 57.81
Tb 15.03 44.94
Dy 12.40 38.65
Ho 8.55 29.10
Er 6.59 25.18
Tm 5.04 19.30
Yb 5.61 20.30
Lu 4.65 16.58
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