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Abstract

:

The analysis of tephra layers in maar lake sediments of the Eifel shows 14 well-visible tephra during the last glacial cycle from the Holocene to the Eemian (0–130,000 yr b2k). These tephra were analyzed for their petrographic composition, which allows us to connect several tephra to eruption sites. All tephra were dated by application of the ELSA-20 chronology, developed using the late Pleistocene infilled maar lake of Auel and the Holocene lake Holzmaar (0–60,000 yr b2k). We extend the ELSA-20 chronology with this paper for the millennia of 60,000–130,000 yr b2k (ELSA-23 chronology), which is based on the infilled maar lake records from Dehner, Hoher List, and Jungferweiher. The evaluation of the tephra from the entire last glacial cycle shows that all 14 tephra were close to interstadial warming of the North Atlantic sea surface temperatures. In particular, phreatomagmatic maar eruptions were systematically associated with Heinrich events or C-events. These events represent times of warming of the Southern Hemisphere, global sea level rise, and CO2 increase, which predate the abrupt interstadial warming events of the Northern Hemisphere. This synchroneity indicates a physical relationship between endogenic and exogenic processes. Changes in the lithospheric stress field in response to changes in continental ice loads have already been suggested as a potential candidate to explain the exogenic forcing of endogenic processes. The chronology of volcanic activity in the Eifel demonstrates that intraplate mantle plumes are also affected by the exogenic forcing of endogenic processes.
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1. Introduction


1.1. West Eifel Volcanic Field


The West Eifel Volcanic Field (WEVF), located in the middle of central Europe (Figure 1A), has experienced continuous episodes of uplift since the early Eocene, always accompanied by volcanic activity [1,2,3,4,5]. This ongoing volcanic activity during the Late Pleistocene in the Cenozoic period is attributed to the heat anomaly of the Eifel plume, currently located at a depth of 70 km, causing a doming effect in the asthenosphere [6]. Melts originating from the melting zone at the lithosphere–asthenosphere boundary ascend into the lower to middle crust until they reach neutral buoyancy and accumulate in small magma chambers. The connections between these magma chambers and the surface occur along pre-existing faults, as evidenced by the alignment of the WEVF with the major tectonic lineaments of the Rhenish Shield (Figure 1B). The landscape of the Eifel is thus formed on the Grauwacke, limestone, and sandstone of Devonian age, pitted with more than 200 scoria cones and about 70 maar structures. Seven of the maar craters are now lakes characterized by varved sediments, which have attracted paleolimnological research during the last 30 years [7,8,9].



The ascent of highly alkaline magmas, ranging from nephelinitic to basanitic compositions, into the Earth’s crust beneath the Eifel volcanic fields resulted in the rapid formation of maar volcanoes through interactions with groundwater and surface water (Figure 2). The explosive nature of phreatomagmatic eruptions is attributed to the abrupt heating of groundwater by rising magma, which causes an expansion of water in the sediment pore space. This process leads to the ejection of the uppermost strata, creating holes several hundred meters deep. The ejected material consists primarily of country rocks comprising up to 90% of the tephra layers, which are mixed with juvenile volcanic minerals, pumice, and scoria. These materials collectively form the tuff wall surrounding a maar. The formation mechanism of these maars, resulting from phreatomagmatic eruptions, has been extensively studied by Büchel et al. [1], Lorenz [11], and Schmincke [12]. The accumulation of numerous phreatomagmatic explosions gives rise to solitary “round holes” in the landscape, reaching widths of up to 1.5 km and depths of 150 m, all rimmed by a tuff wall (Figure 2, Figure 3, Figure 4 and Figure 5). The tuff exhibits various grain sizes, with the coarsest material found in the tuff wall. It can also be transported over several kilometers by base surges. While the grain size decreases with transport distance, the petrographic composition indicative of phreatomagmatic eruptions remains consistent. These eruptions also expel rock fragments known as xenoliths and minerals, referred to as xenocrysts, throughout the magma’s path, primarily representing strata from the uppermost 200 m. Consequently, the base layer of a maar eruption consists of fragments of rocks, which reflect the geological composition at the eruption site; Figure 6 shows the core JW3 from the Jungferweiher as an example, which exhibits a breccia at its base consisting of the fallout from the eruption and collapsed rocks from the crater flanks.



In addition to the volcanic maar lakes, the WEVF also features scoria cones and lava flows resulting from eruptions during the late Quaternary period. Dating of volcanic rocks at the site of eruption has been achieved using techniques such as K/Ar and 40Ar/39Ar [13,14,15,16,17,18,19]. The resultant ages on the volcanic rocks date the Laacher See eruption to about 13,000 BP (years before present), the Wartgesberg to 32,000 BP, the Mosenberg to 80,000 BP, and the Dümpelmaar to 111,000 BP, revealing volcanic activity during the entire last glacial cycle. The volcanic ash produced by these eruptions differs significantly from the maar tephra in terms of petrographic characteristics. Ash layers found in lake sediments tend to have a very fine grain size and contain pyroxenes, scoria, and pumice, which are also present in maar eruption layers. However, the maar eruption layers consistently contain a high proportion of fragments from the surrounding host rock (Figure 2).



Maar lakes in the Eifel have diameters ranging from 100 to 1500 m. Drilling data indicate an average sediment filling of approximately one-tenth of the lake diameter. For instance, the 1.5 km wide Jungferweiher maar was filled with 150 m of lake sediment, representing the maximum observed thickness among the ELSA (Eifel Laminated Sediment Archive) drillings (Figure 6). Radiocarbon dating (14C) of the Marine Isotope Stage (MIS) 3 section and optically stimulated luminescence (OSL) dating of MIS 5 have been conducted on many ELSA cores [20]. In this paper, we present the 150 m long lake sediment cores JW2 and JW3 from Jungferweiher with new 14C dates from a section tuned to Greenland Interstadial (GI) 8. A total of three new 14C dates were measured on Picea needles from separate samples, and date exactly in the expected age around 38,000 yr b2k (years before the year 2000) (Figure 7). These long Jungferweiher cores are of particular importance for this study because they present the MIS 3, MIS 4, and MIS 5 tephra in superposition all in one core covering the time span from approximately 30,000 to 130,000 BP [21]. The average sedimentation rate for the JW cores is 1 mm/year (Figure 6), a value typical for many maar sites. The pollen from the JW3 core has been incorporated in the pollen stack as presented by Britzius et al. [22] (this issue).



The ELSA Project was initiated in 1998 and has since systematically scored 50 of the 68 maar sites in the Eifel. Seven of these sites are open lakes with water depths deeper than 20 m, and all others were infilled during the Pleistocene or early Holocene. Twenty infilled maar structures were drilled using Seilkern Technology down to about 100 m, including four of the lakes with a UWITEC piston core, and freeze-core equipment. All of these sediment cores revealed visible layers of tephra, which were petrographically/geochemically characterized and dated by Förster and Sirocko [23] and Förster et al. [24].



These cores reveal Corg variations with a succession of warming events almost identical to the Greenland/North Atlantic temperature variations (Figure 8 and Figure 9; age models of the cores in Figure 7). Warming events in Greenland are called Greenland Interstadials (GIs), and cold phases are called Greenland Stadials (GSs). The very coldest phases have been named Heinrich events (H), when the North Atlantic was covered with drifting icebergs from the decay of the North American ice sheet.



Sirocko et al. [27] recently documented tight control of North Atlantic sea surface temperatures regarding the climate evolution and vegetation cover in central Europe for the last 60,000 years (Figure 9). All GIs were apparently associated with an increase in the Eifel maar lake surface water temperatures, paralleling the activity of the North Atlantic Meridional Overturning Circulation (AMOC). All interstadials witnessed the expansion of trees, at least in the Eifel, and thus most probably in many other regions of Central Europe. The millennia between interstadials were characterized by steppe-taxa, mainly grasses, as shown in the work of Britzius et al. [22] (this issue). The time series of environmental changes was recently extended by Riechelmann et al. [26], with Corg records back to 130,000 yr b2k, which document the synchroneity of the MIS 5 forest development and stalagmite growth phases (Figure 8 and Figure 9). The dates of tephra were already included in the work by Riechelmann et al. [26] but are evaluated here in more detail.
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Figure 9. Comparison of the ELSA-23 tephra with established time series of insolation [28], atmospheric CO2 in Antarctic ice [29], δ18O in Greenland ice [25], variations in geomagnetic field strength [30], and solar intensity as reconstructed from 10Be in Greenland ice [31]. Additionally, the δD [32], sea surface temperature [33], Marine Isotope Stages [34], sealevel changes [35], tree vs. non-tree pollen [22] and the speleothem growth from the speleothem stack [26] are displayed. 
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The dates for all tephra were taken from the stratigraphy of the ELSA lake sediments [9,20,27]. At first sight, Figure 8 and Figure 9 reveal that all volcanic eruptions in the Eifel occurred very close to the times of abrupt Greenland/North Atlantic warming events. Accordingly, the Eifel volcanic activity occurred in the centuries before the North Atlantic/Greenland interstadials. Unfortunately, it is not unequivocally documented if all Greenland warming events are indeed associated with global sea-level rise. Siddall et al. [36] and Grant et al. [35] show global sea level rise before GI17, GI14, GI12, GI8, which are GIs with a length of more than 1000 years, and associated with Heinrich events before the abrupt warmings. An open question, however, is whether shorter GIs like GI4, GI3, and GI2, which lasted only a few centuries, have also been associated with sea level rise, or if they just represent changes in the North Atlantic surface water temperatures.



Sea level change is always associated with continental ice volume change, and model studies have revealed that ice volume changes affect the stress field of the continental crust [37]. In this study, we will evaluate whether the Eifel volcanic activity is indeed only related to times of sea level changes, or if they have also been affected by all GIs, and thus North Atlantic sea surface temperature changes. In this case, the AMOC would show a relationship with Eifel intraplate volcanism. Wu et al. [38], Wang and Manga [39], and Carlson et al. [40] have suggested that climate change and changes in ground water levels are indeed highly capable of changing the stress field of the continental crust because the pore space in soil sediments is filled during increases in rainwater, which adds weight to the hydrostatical pressure on a supra-regional scale. The pore space is, on average, 20% of clastic sediments, and thus an increase in the ground water level of 10 m (typical for glacial to interglacial groundwater change) results in an additional weight of 2 m water columns in areas of hundreds of square kilometers. In addition, increases in precipitation can act very locally in lakes and rivers. Bathymetric maps of modern Eifel lakes show that the glacial terraces, i.e., the glacial lake level, are about 10–15 m below the modern lake level. Accordingly, the local hydrostatic pressure of a 10 m water column under a lake increases the weight of the continental crust above faults (always necessary for maar formation), but only locally.



In this study, we used the entire suite of ELSA lake sediment cores and their stratigraphy to document the precise temporal relationship between volcanic eruptions and the closest abrupt climate change event. Before these geodynamical topics can be evaluated further, we will first present the data basis of cores and tephra for all 14 marker tephra of the last glacial cycle.



The following chapter uses different notations for the age of the Eifel maar lakes. We present in the text the published dates with references to the respective literature. In this context, we use the age and notation as given in the original paper. The dates in this paper are presented with the ELSA-20 age notation [27], thus in [yr b2k], the official NGRIP GICC05 nomenclature.




1.2. The ELSA Cores


We center our focus on the 150 m long records retrieved from Jungferweiher, as they uniquely present sediment cores spanning MIS 3, MIS 4, and MIS 5 periods, with all tephra layers in superposition (Figures S1–S14). The most important tephra is the Dümpelmaar Tephra (DMT) with its unique color zonation (Figure 10). This zonation is visible in the outcrop site at Herchenberg, where it was dated 116,000 ± 11,000 yr BP [17], and also in the ELSA lake sediment cores of Jungferweiher, Hoher List, and Eigelbach, where it is documented a few meters above Eemian pollen spectra (Figure 10, see also [9]). The geochemical composition was found by Sirocko et al. [20] and Förster et al. [24] to be identical to the tephra present at the Herchenberg outcrop. Its 40Ar/39Ar date was corroborated by luminescence dating on both cores JW2 and HL2 by Degering and Krbetschek [21], who presented ages of this colorful marker tephra. A total of 20 14C dates of MIS 3 ages fit this age model. New dates of the core meters 34–47 m (JW2) reveal consistent radiocarbon ages of 36,300 to 39,100 cal BP, thus exactly situated in GI8 [25,41].




1.3. Tephra Layers


The thickness of tephra varies according to the distance to the eruption site and the prevailing wind direction. Accordingly, we use sediment petrography to connect some of the ash layers in the lake to potential eruption centers. For this purpose, we sampled about 50 modern tuff walls, applied the same sediment petrographic analysis as for the lake sediment tephra and included these ground data as the black column in the histograms presented in Figures S1–S14.





2. Methods


Photos of the entire cores used in this study have been documented in earlier studies. In this paper, we present only zoom photos into the tephra layers (Figures S1–S14). Only the core photo of JW3 is documented here as Figure 6 together with the 14C dates already presented by Sirocko et al. [20] (Figure 7).



2.1. Dating of Tephra Layers


Highly evolved tephra layers, such as the Laacher See Tephra (LST), have been dated by 40Ar/39Ar on sanidine crystals and have an age of 12,900 ± 560 BP [16], thus resulting in a very large error. However, LST deposits are also found in lake sediments throughout central Europe and are dated by varve counting to 12,880 BP [8]. The latest and most precise date for the timing of the Laacher See eruption comes from a dendrochronological study, dating the eruption to the year 13,056 yr b2k [42].



Mafic eruption centers such as scoria cones and maar volcanoes are largely devoid of primary sanidine and must be 40Ar/39Ar dated on glass samples. Exceptionally well-preserved glasses are known from the lava flows of the Alf creek valley, which were dated to 31,000 ± 11,000 BP [13]. A comparable age of 33,600 ± 2400 BP has been determined for the loess below the Wartgesberg [43]. The Meerfelder Maar has been dated with 14C to 41,300 uncalibrated BP [44].



However, caution must be taken with respect to 40Ar/39Ar dating of maar volcanoes in the central WEVF between Gerolstein and Daun. Their tephra deposits contain xenocrystic sanidine often also found as volcanic bombs composed of sanidinite, sourced from older intrusions of evolved magma that formed in the first stage of the volcanic field at ~500,000 yr b2k [4]. These are ages for the formation of the sanidines during their crystallization in shallow crustal reservoirs and do not represent the eruptions’ dates. For example, the Dreiser Weiher Tephra (DWT) contains xenocrystic sanidine sourced from crystallized bodies of phonolitic magma that intruded into the upper crust of the central part of the WEVF during the first magmatic episode at ~500,000 yr b2k [4].



Some wood remains preserved in the tuff wall around the west Eifel maar lakes, and infilled maar lakes have been dated using 14C [45]. These ages have been determined by alpha spectroscopy and show ages of around 20,000 BP, but these dates are well beyond the applicability of the alpha counting used in those days and thus cannot be used to indeed date the MIS 3 tephra but have to be regarded as ages older than 20,000 BP (M. Geyh, pers. comm.).



The chronology of the tephra in this paper is based on the stratigraphy of cores AU3 and AU4 from the infilled maar lake of Auel. Both Auel cores have been analyzed with mm resolution (sub-annual) for Corg (chlorins), which represents the presence of chlorophyll producing algae, mainly diatoms, which flourish in this lake during times of high nutrient content and warm surface water of the MIS 3 Auel paleolake [25]. These authors also present 14C dates for the Auel cores by dating several different components. Most of these dates document an MIS 3 age of the Auel record, but the 14C record also contains wood particles, eroded from the catchment of Auel, which show ages older than the depositional age. Both AU3 and AU4 show, however, the full succession of all Greenland interstadials of MIS 3, and were thus merged into one record, the ELSA-20 Corg stack [25].



This sub-annual resolution record was subsampled to one year resolution and tuned to the end and beginning of the MIS 3 Greenland interstadials. The ELSA-20 Corg stack was tuned with a mathematical algorithm to the Greenland GICC05 chronology. We thus transferred the error of ±150 years of the annual layer counted NGRIP GICC05 chronology [36], which resulted in a combined error of about ±200 years for the ELSA-20 chronology.



The dating of the tephra in the Auel cores was performed by linear interpolation between the end and the beginning of the subsequent interstadial. We do not know if the sedimentation rate during the respective segment was indeed linear, thus adding another 50 years to the uncertainty of the tephra layers and resulting in a final age error estimate of ±250 years relative to the GICC05 chronology. However, the error relative to the onset of the Greenland Interstadials is about 50 years, which allows us to determine the age offset of the tephra to the Greenland warming events on the scale of several decades.



The Auel based ELSA-20 chronology was then transferred to the 156 m long core JW3 from the infilled maar lake of Jungferweiher, which is used to extend the ELSA-20 chronology into MIS 5. The tuning of the MIS 5 Corg (chlorins) maxima is not as perfect as for the Auel record, but Corg maxima can be related to the GICC05 ice core stratigraphy, which results in a continuous record from about 35,000 to 135,000 yr b2k. JW3 has two feldspar luminescence ages in the early MIS 5 [21] and reveals a pollen record with the typical Eemian succession at the base between 140 and 150 m. We present in this paper three new 14C ages from the depth assigned by the tuning to GI8; the 14C ages indeed exactly match the tuned age (Figure 7). AU3, AU4, JW3, and also the cores HL2 and HL4 from the infilled maar of the Hoher List show the same succession of distinct tephra layers, which are mineralogically and geochemically correlated between all five cores. These present together the basis of the ELSA-23 chronology, which now covers the entire time span from today to 132,000 yr b2k (Figure 8).




2.2. Petrography of Tephra Layers


Tephra from maar lakes, scoria cones, and evolved volcanoes (Figure 3, Figure 4 and Figure 5) are distinguishable by their content of mafic minerals (pyroxene), white minerals that are indicative of evolved lavas (leucite, sanidine), rock fragments (reddish and grayish sandstone, quartzites), and scoria and pumice/glass. Maar tephra, in contrast, are rich in fragments of country rock that are composed of reddish and grayish sandstones in the Eifel region (Figure 11 and Figure 12). Förster and Sirocko [23] developed a method to distinguish the lake sediment tephra by counting certain minerals/components and presented the results as a histogram, which we present here for all 14 marker tephra in Figures S1–S14. The potential samples for marker tephra were recently re-evaluated and counted again, including additional samples. These were analyzed with a reduced list of minerals/components (reddish sandstone, grayish sandstone, amphibole, pyroxene, scoria and mica) in comparison to the work of Förster and Sirocko [23]. Quartz, pumice, and leucite were removed from the new counting procedure, although pumice and leucite will continue to be mentioned separately if they are of characteristic importance to a tephra (Figure 12). The quartz content from a single tephra can show a wide range of values, depending on the core from which it was sampled. This is likely due to quartz being transported by the eruption itself if a quartz vein was present in the ejected strata or transported as non-volcanic sediment into the maar lake by either eolian and/or fluvial transport during the eruption of the corresponding tephra. Pumice was excluded since it is difficult to handle during sieving ascribed to its buoyant behavior leading to potential skewed results. During the re-evaluation, it was found that leucite, if present, was found only in the initial layers of tephra. Therefore, leucite does not have to appear in all tephra deposits of a corresponding eruption across the sampled maar lakes, probably because of changing wind directions during the eruption.




2.3. Geochemical Characterization of Tephra Layers in the Lake Sediments


Glasses from widespread and young evolved tephra layers from the East Eifel Volcanic Field (EEVF), such as the LST, have been geochemically identified within ELSA maar drill cores before [20]. However, for the basaltic maar and scoria cone volcanoes, the glass samples are low in SiO2 and are more prone to alteration, and thus show changes in alkaline and earth alkaline metal content. For the basaltic volcanoes, we performed 2200 clinopyroxene analyses at 16 sites [24]. The source volcanoes belong to the three different magma suites of ‘foiditite’ (F)-, ‘olivine nephelinite and basanite’ (ONB)-, in the West Eifel, and ‘basanite east’ (BE)-suite in the East Eifel [3], which enabled us to distinguish between individual tephra layers by their clinopyroxene chemistry. In Figure 13, we present the analyses of the glass and clinopyroxenes of the selected tephra that reveal a distinct fingerprint in the geochemical composition. While glass samples of mafic tephra are widely scattered (Figure 13A) and the glass fragments of the highly differentiated DMT are less altered and located within the field of young (<215 ka) plagioclase phonolite-trachyte composition of the EEVF, showing distinctly high SiO2 of >60 wt.%. Mafic tephra are best compared by their clinopyroxene geochemistry (B) of the Al(VI) vs. Al(IV) relationship, which shows distinct groups depending on the clinopyroxene crystallization depth. The eruption sites and their corresponding tephra ages in the ELSA lake sediments were as follows (Figure 13B): LST was associated with Auel core AU2 at 13.90 m. The Eltville Tephra (EVT) from the Remagen location (REM3A 4.40 m) and samples of Auel core AU3 at 24.40 m correlate with clinopyroxenes from the young BE-suite scoria cone Wingertsberg. The Wartgesberg Tephra (WBT) corresponds with AU2 at 36.80 m and Dehner Maar core DE3 at 37.90 m. The Schalkenmehrener Maar Tephra (SMT) aligns with JW3 at 80.90 m. The Mosenberg Tephra (MOT) connects with HL4 at 27.30 m and JW3 at 124.60 m. The Jungferweiher Tephra (JWT) corresponds with JW3 at 154.40 m and HL2 at 82.20 m (see also Figure 7).





3. Results: Documentation of the 14 Marker Tephra Layers Deposited in the Maar Lake Sediments of the Last 130,000 Years


3.1. Ulmener Maar Tephra (UMT) 10,650 yr b2k (Figure S1)


An overview of the 14 marker tephra of the last 130,000 years starts with the Ulmener Maar Tephra (UMT), which is the youngest volcanic eruption of the Eifel Volcanic Fields. It was dated to 10,000 BP using wood residuals [45]. Varve counting of the UMT in the first Holzmaar records resulted in an age of 11,000 varve years BP [7]. Varve counts in lake sediments from the Meerfelder Maar place the UMT at 11,200 varve years BP [8].



The UMT is well documented in ELSA core HM1 from Holzmaar as a 3 mm thick layer at 8.5 m (Figure S1). An ELSA varve age for this tephra will be provided with the upcoming ELSA varve stack. For 14C dating of the Ulmener Maar eruption, we collected 12 14C samples in a tunnel through the Ulmener Maar tuff wall. Three samples from the roots of a standing tree, which grew at the site during the time of eruption, gave consistent ages of 11,107 to 10,575 yr cal BP, which we used to calculate the eruption age as 10,650 yr b2k. The 12 14C samples of wood/roots were analyzed at the CEZA laboratory in Mannheim.




3.2. Laacher See Tephra (LST) 13,056 Dendro Year b2k (Figure S2)


The Laacher See is the youngest eruption center of the EEVF. Its cataclysmic eruption dwarfs all other volcanic eruptions of both Eifel Volcanic Fields [5,46]. The tephra layer is widespread across Europe and appears in lake sediments as far as Finland and Switzerland. The visible layers in the lake sediments do not always represent air fall but show colors from the rocks of the surrounding geological strata. Apparently, the LST at Auel has a reddish color because most of the particles were washed into the lake from the catchment with outcrops of reddish Devonian or Triassic sandstones (Figure S2). The LST is always associated with abundant pumice and sanidine, which can reach more than 40% of particles. The geochemistry of pyroxenes from the lake sediments reveals an identical composition of pyroxenes at the eruption site (Figure 13). Typical minerals of the LST such as hauyn are not observed in the lake sediments because this mineral is unstable under oxic conditions in lake water.




3.3. Eltville Tephra (EVT), 24,720 yr b2k (Figure S3)


Numerous loess deposits of the Last Glacial Maximum show a widespread tephra layer in the Netherlands, Belgium, and Southwest Germany. The origin is likely from the EEVF [24,47]. A compilation of ages in loess deposits yield an age of 24,300 ± 1800 yr b2k [48]. The tephra contains mainly mafic minerals, such as clinopyroxene, amphibole, and scoria. It appears in the varve-counted DE3 record at 30.57 m as a 2 mm thick dark layer of tephra at 24,720 yr b2k, i.e., 3.41 m before the onset of GI2, which is dated to 23,340 yr b2k [36] (Figure S3). The glacial sediments of Auel do not allow a precise age determination for this interval, but the tephra at 24.41 m is immediately before a small sulfur spike, which we attribute to GI2.



We conducted an electron microprobe analysis to compare the geochemistry of the EVT in AU4 and DE3 with samples from the Remagen EVT (kindly provided by P. Fischer, Mainz). The geochemistry points towards a source from the EEVF. Further discussion of the EVT source regions and their respective geochemical data for all other tephra were presented by Förster et al. [24].




3.4. Wartgesberg Tephra (WBT) 28,100 yr b2k (Figure S4)


The Wartgesberg is the largest scoria cone complex of the WEVF (Figure 4) and was dated previously to 31,000 ± 11,000 BP [13], 33,600 ± 2400 BP [43], and 32,000–25,000 BP [49]. The volcano consists of several amalgamated scoria cones and two large lava flows extending from 2 to 6 km from the complex (Figure 4). The ELSA drill-cores show three 10–30 cm thick mafic tephra layers between GI3 and GI4 (28,100 yr b2k) that correlate in petrographic composition and time with the Wartgesberg complex (Figure S4). The main tephra is thus accompanied by two smaller tephra, which show a similar mafic composition to the main eruption but are more enriched in rock fragments from phreatomagmatic activity and thus document contributions from nearby maar structures, most likely the Sprinker Maar and Trautzberger Maar. The tephra occurred 320 years before the onset of GI3 and 500 years after GI4.




3.5. Unknown Tephra 1 (UT1) 30,300 yr b2k (Figure S5)


A similar mafic tephra layer is also present at 30,300 yr b2k and shows a composition similar to that of the WBT, with higher contents of country rock fragments (Figure S5). It may be an earlier eruption of the Wartgesberg complex or another mixed maar–scoria cone eruption in the South-East of the West Eifel, potentially the Holzmaar, whose time of eruption has not been precisely identified yet, but must be older than 27,000 varve years BP [8]. Unfortunately, Holzmaar has no tuff wall, and thus, the mineral composition of the eruption cannot be determined. UT1 occurred between GI5 and GI4 at 30,300 yr b2k, which places the eruption at the beginning of the H2. Another possible eruption center of a mixed phreatomagmatic and scoria cone eruption is the Booser Doppelmaar complex.




3.6. Dreiser Weiher Tephra (DWT) 40,370 yr b2k (Figure S6)


The Dreiser Weiher is located within the center of the WEVF. Given its phreatomagmatic origin, the DWT consists largely of country rock fragments of grayish and reddish sandstone, and pyroxenes (Figure S6). In addition, the tephra contains xenocrystic sanidine, which is sourced from older intrusions of phonolitic magma within the central part of the WEVF [4]. The tuff wall of the Dreiser Weiher is well known for its large olivine bombs. Olivine is, however, not stable in the lake sediments and was never observed in any maar lake layer of the DWT. The DWT is dated about 100 years before GI9, thus at an age of 40,370 yr b2k. We carefully checked the DWT for greenish pyroxenes and twisted minerals, as found in the Campanian Ignimbrite (CI) [50] (this issue), but these minerals were not found in the DWT.




3.7. Meerfelder Maar Tephra (MMT) 47,340 yr b2k (Figure S7)


The Meerfelder Maar is a large maar volcano in the South-East of the WEVF. The tephra layer is rich in country rock of reddish and grayish sandstone (Figure S7). The Meerfelder Maar was dated previously by 14C with an uncalibrated age of 41,300 14C BP [44]. The age of the MMT in the ELSA-20 chronology is at 47,340 yr b2k, which places it to the end of H5, shortly before the onset of GI12.




3.8. Auel Maar Tephra (AUT) 59,130 yr b2k (Figure S8)


The ELSA-20 Corg time series ends at 59,130 yr b2k with the eruption of the Auel maar [25]. The site of Auel is only a 2 km distance to the Dehner Maar and accordingly, we observed a thick tephra of 80 cm thickness in the Dehner core DE3 (Figure S8). The Auel tephra was not sampled from the Auel tuff wall because this is not clearly distinguishable in the landscape, but at the base of core AU2, which was drilled 10 m into the late eruption fallout. The Auel tephra is characterized by a high content of reddish sandstone fragments derived from nearby Buntsandstein outcrops or reddish Devonian sandstones, which are also exposed in the catchment of the Auel maar site. Sirocko et al. [25] determined an age of 59,130 yr b2k in the tuned lake sediment records of cores AU3 and AU4.



The record of AU2, however, is deeper than AU3 and AU4, and we realized that the Auel Maar Tephra (AUT) already becomes visible before a Corg (chlorins) peak, which could represent GI18. If this possible connection is considered, the AUT could have an age of about 64,000 yr b2k. The final age determination for the AUT is still open but will be derived by the ongoing varve counts of core DE3 (Sirocko, unpublished).




3.9. Schalkenmehrener Maar Tephra (SMT) 72,090 yr b2k (Figure S9)


Apart from displaying a high content in grayish sandstone, the appearance of leucite distinguishes the SMT from most other maar tephra layers. Leucite minerals have been reported from the tuff wall of the Schalkenmehrener Maar [3,4] where we sampled it, but leucites were weathered to analcime [23]. Not all of the samples attributed to the SMT indeed contain leucite. This could be explained by the weathering of leucites in soils and lake sediments, as well as by changes in wind direction. The high amount of leucites in the Jungferweiher core JW3 at 80.94 m, 5 km east of Schalkenmehren, indicates a prevailing wind direction from the west. It is possible that the wind that transported the SMT towards the NW to the Dehner Maar was blowing only in the later phase of the eruption. If the leucite was concentrated in the initial eruption cloud, it would explain why this mineral was not found in the SMT layer at the Dehner Maar and Auel Maar. The SMT appears in the cores HL2 and HL4 as a thick layer containing chunks of ejected strata as well as scoria, which show signs of welding. Geochemical investigations of clinopyroxenes by means EPMA show that samples from the Schalkenmehrener Maar plot were among those found in JW3 at 80.9 m (Figure 13B). Detailed plots of Al(VI) versus Al(IV) and Ca/Na versus Mg# indicate that the Schalkenmehrener Maar clinopyroxenes crystallized in the lower to middle crust from mafic to intermediate melts (Figure 13B).




3.10. Dehner Maar Tephra (DET) 76,100 yr b2k (Figure S10)


The oldest tephra in the DE3 core is from the Dehner Maar itself and appears at 79.61 m depth (Figure S10). The DET is, together with the SMT, the most important tephra to synchronize the MIS 3 lakes with the older MIS 5 lakes. We find a 5 cm tephra layer of similar composition in the cores JW3, DE3, HL2, and HL4 (Figure S10).



The age of the DET is slightly older than that of the SMT, but still younger than that of GI21, which is clearly visible in all four cores (Figure 14). The difficulty for comparison comes from the peculiar position at the very top of the HL cores and at the very base of the DE cores. It is thus the position in the continuous JW3 record that we use for the final age determination after GI21 and before GI20, with an approximate age of 76,100 yr b2k.




3.11. Mosenberg Tephra (MOT) 87,590 yr b2k (Figure S11)


This colorful tephra of about 10 cm thickness is visible in all cores of this time interval (Figure S11). The annual layer counts in core HL2 reach close to this tephra and gave an age of about 80,000 varve yr BP [9]. This date corresponds very closely to the luminescence dating reported by Zöller and Blanchard [51], who also measured 80,000 BP on slate xenoliths from the Mosenberg outcrop. Geochemical investigations on pyroxenes by Förster et al. [24] support this assignment in the field and the cores. However, the fine striations in two cores (JW3 and HL4) show that this eruption occurred in several phases, or that contemporary eruptions took place at other locations that led to a complex tephra composition. The tuning of the HL4 Corg (chlorins) curve to the Greenland ice places the MOT at an age of 87,590 yr b2k.




3.12. Chalk Tephra (CHT—Former Unknown Tephra 5 (UT5))—104,050 yr b2k (Figure S12)


The Chalk Tephra (CHT/UT5) is characterized by 50% pyroxenes but also contains about 30% grayish sandstone fragments (Figure S12). This is neither the composition of a typical maar tephra nor of a pure strombolian eruption. The most likely explanation is an initial phreatomagmatic maar eruption that subsequently led to a magmatic eruption. During the course of the ELSA drillings, we found three locations that are morphologically clearly a maar but filled with volcanic cinders up to a drilling depth of 30 m. These are the Duppacher Maar, the Kirchweiler Maar, and the Gerolsteiner Maar. In Duppach and Gerolstein, the slags originate from a cinder cone that is still clearly visible in the terrain immediately adjacent to the maars; in Gerolstein, however, an associated basalt flow has been dated to about 30,000 years ago with 40Ar/39Ar [13]. Although, it is quite possible that this lava flow is younger than the Gerolsteiner Maar. Finally, Kirchweiler, Duppach, and Gerolstein are still candidates to represent the site of eruption for the CHT (formerly called UT5 by Förster and Sirocko) [23].



We used a unique feature of this tephra layer to name it Chalk Tephra; indeed, the tephra in all cores apparently contains carbonates and inspection with a binocular reveals these carbonates as lake chalk. Chalk forms only under warm climate conditions and this eruption occurred during an interstadial, i.e., the beginning of GI23 according to its position in the Corg record of Jungferweiher and Hoher List cores (Figure 9).




3.13. Dümpelmaar Tephra (DMT) 109,000 yr b2k (Figure S13)


This colorful striking maar tephra is found in four cores and is probably the best recognizable marker tephra of the entire West Eifel (Figure 13 and Figure S13). The tephra originates from the East Eifel, i.e., from about 50 km away and its fallout must have covered the entire West Eifel; respective photos were already reported by Sirocko et al. [20]. The typical color zonation is found in the East Eifel in the Herchenberg outcrop and the sanidine minerals common in this highly differentiated tephra are dated at Herchenberg to 116,000 ± 11,000 years by van den Bogaard et al. [17]. It was also dated by varve counting to 106,000 yr by the first annual layer counting in core HL2 [9], which is within the error range of the original 40Ar/39Ar dating. Its position in the HL4 and JW3 Corg records is exactly at the onset of GI24, with an ELSA-23 age of 109,000 yr b2k on the GICC05 scale.




3.14. Jungferweiher Tephra (JWT) 132,000 yr b2k (Figure S14)


Shortly below the first warm-period pollen of the last interglacial period (in terrestrial Quaternary geology called Eemian), corresponding in principle to MIS 5e, a tephra is found in the varve counted core HL2, but also in the basal fallout from JW3 at 155 m (Figure 6 and Figure S14). The modern Jungferweiher is very large but has no tuff wall. It is likely that the tuff wall has collapsed into the deep crater depression of the initial maar basin. Accordingly, we sampled the tephra at the base of JW3 to document the typical mineral composition of this maar eruption. A specific feature of the JWT is whitish, strongly weathered sandstone, which can also be found in the outcrops on the southwestern flank of the maar structure. The JW3 core provides a complete pollen spectrum for the Eemian [9] and the time of eruption must be well before the onset of the Eemian. Thus, we assign an eruption age of about 132,000 yr b2k for this largest maar of the Eifel.



Figure 15 summarizes the succession of all 14 marker tephra presented in this paper and the age covered by the respective ELSA sediment cores. The JWT is the most important marker layer for extending the ELSA tephra time series even further back in time, as it is also observed in the uppermost sediments of core WD1 from Walsdorf, which we will present in the near future to extend the ELSA-Tephra-Stack back to the begin of MIS 7 (Figure 15). WD1 is dated with luminescence analyses [21] and shows a high number of tephra layers, including the 40Ar/39Ar dated Glees Tephra (GLT) (151,000 yr b2k) and Hüttenberg Tephra (HBT) (215,000 yr b2k).



Other tephra that were used by Förster and Sirocko [23] are not included in this paper. These are Unknown Tephra 3 (UT3) that were not found in all cores presented in this paper, and GLT and HBT, because they are beyond the temporal focus of this paper. Furthermore, four new tephra were added: EVT, AUT, MOT, and CHT. The MMT and SMT were formerly named UT2 and LcT, respectively.





4. Discussion


Table 1 presents only the marker tephra, which we observed in several sediment cores from the Eifel maar lakes of a certain period. Accordingly, the durations of the maar eruptions must have been long enough to have been affected by changing wind directions and the spread of tephra over the entire region. Small local eruptions of short durations may form individual tephra layers in a single lake. However, they cannot be regarded as marker tephra and have not been documented in the ELSA-23-Tephra-Stack. Accordingly, our 14 marker tephra do not represent the entire number of volcanic eruptions during the last glacial cycle, but only the most prominent, well-visible events.



Several of these marker tephra may represent more than one eruption site because it is quite likely that several maar eruptions occurred at exactly the same time. Tephra with prominent zonation, such as DWT, MOT, or DMT, could be candidates for multiple synchronous eruptions. This would also explain why a zonation is not necessarily visible in all records, depending on the wind direction of each single eruption. Some of the observations of color/mineral change within a tephra layer do not necessarily show a change in the ejecta composition of one eruption but can show separate, synchronous eruption events. Such a structure is not only difficult for petrographic characterization but also leads to inconsistent patterns in the petrographic histograms. Accordingly, for our discussion on the origin of the Eifel volcanism, we will only use these marker tephra, which are consistent between different sites and can be accurately dated in comparison to the climate-driven Corg records that we use to transfer the GICC05 scale to the ELSA maar records.



Relation between Phreatomagmatic Maar Eruptions and North Atlantic Heinrich Events


Most tephra layers occur before the warming events of the Northern Hemisphere interstadials. Indeed, all MIS 3 Heinrich events and MIS 4/5 C-events were associated with phreatomagmatic maar eruptions in the Eifel (Figure 9), i.e., active volcanism occurred over the Eifel mantle plume, which indicates a relationship between ice sheet decay, global sea level change, asthenospheric processes, and volcanic activity (Figure 16). Heinrich events are the Northern Hemisphere response to Southern Hemisphere warming (visible in the EPICA δD record), paralleled by CO2 increase [35], and probably (within the dating error) causing global sea level rise [28]. Figure 17 presents a comparison of the Antarctic and Greenland temperatures, global atmospheric CO2 increase, global sea level rise, and Northern Hemispheric Heinrich events, which appear to be the boundary conditions of the maar eruptions in the Eifel volcanic fields of central Europe. The close temporal relationship of volcanic activity in the Eifel with global climate change can be explained by the following two alternative scenarios of atmosphere–mantle connection:




	
Primary changes in the upper mantle may cause changes in the heat flow trapped under continental ice sheets. If ice sheets are thick enough to be near the point of basal melt, they will surge as soon as the threshold for basal melt is reached. An alternative endogenic–exogenic forcing could imply intensification of Mid-Ocean Ridge spreading rates, warming of ocean water, and increase in water volume, leading to sea level rise, which destabilized the shelf-based ice proportions, leading to a surge in continental ice.



	
The other scenario is exogenic forcing, which causes an endogenic response. If ice sheets increase and decrease in size by climatic forces only (insolation, ocean currents, greenhouse gases), one must assume that the changes in the lithospheric stress and associated changes in the oceanic crust stress field are due to the increase in water mass in the oceans and/or loss of ice on the continents (Figure 16). These changes in the global lithospheric stress field could activate tectonic faults that connect the Earth’s atmosphere and surface to the mantle/asthenosphere during times of isostatic adjustment. Under this scenario, exogenic climate forces would act as a trigger for tectonic activity and volcanism.








The data from the Eifel ELSA cores do not provide a clear indication for one or the other explanation. However, the synchroneity between these endogenic and exogenic processes clearly suggests that the Earth and atmosphere are indeed a coupled system, especially during times of abrupt climate change.





5. Conclusions


	
The Eifel volcanism during the last glacial cycle is characterized by 14 tephra layers from volcanic eruptions, which are visible in all cores across the entire Eifel.



	
The eruptions must have taken place over several days to weeks, which are necessary to explain the regional extent of these marker tephra.



	
Some of the tephra were connected to an eruption site by studying the sediment petrography of the tuff wall around the maar structures and comparing them with discrete tephra layers in the ELSA sediment cores.



	
Tephra from phreatomagmatic eruptions can be best differentiated from volcanic ashes by the amount of host rock fragments, which are derived from the Devonian and Triassic rocks at the site of eruption.



	
Most marker tephra occurred during cold phases (Heinrich events and C-events), when the continental ice sheets decayed, meaning they are synchronous with global sea level rise and synchronous with the loss of ice-load on the continents.



	
Several tephra have occurred during warm phases; however, they always occur in close connection to times of abrupt warming when precipitation over land has increased, leading to local lake level rise or regional soil moisture change.



	
Color changes and associated changes in mineral compositions indicate that several of the tephra represent multiple, synchronous eruptions from maar volcanoes and scoria cones.



	
The focus of eruptions in the millennium before warming can be explained by a relationship between Eifel intraplate volcanism and global sea level and Scandinavian ice load, which have the potential to affect the lithospheric stress field in Central Europe.



	
The timing of the eruptions close to warming indicates exogenic forcing of endogenic processes. Alternatively, one could also assume that a global period of increased volcanic activity traps geothermal heat under the continental ice sheets and causes their decay.



	
A final potential interpretation could involve the increase/decrease in precipitation and thus the weight of the water in the pore space at the groundwater level or in the maar lake. Maar lakes are known to occur along existing faults, which could be activated by the load of lake level increase of many meters in the case of maar structures without an outlet.
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Figure 1. (A) Digital Elevation Model of the central European topography during the time of the Last Glacial Maximum sea level lowstand; (B) Digital Elevation Model of the West and East Eifel Volcanic Fields (WEVF and EEVF), together with sites of scoria cones, infilled maar lakes, and open maar lakes [10]. 
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Figure 2. Schematic sketch of eruption and sediment fill in the maar basin of Auel. 
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Figure 3. Digital Elevation Models of the sites for all cores used for the ELSA-23-Tephra-Stack. Catchment area marked in green. 
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Figure 4. Aerial photograph of a typical Eifel volcano, a scoria cone (copyright University of Mainz). 
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Figure 5. Photo of a maar lake (A) (Weinfelder and Schalkenmehrener Maar lake) and an infilled maar lake (B) (west of Hoher List) with drilling equipment (C,D) (copyright University of Mainz). 
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Figure 6. Photo of sediment core JW3 from the Jungferweiher. Tephra are marked in red and interstadial sections in white. 
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Figure 7. Age model with 14C dates for the long JW2 and JW3 cores from the infilled maar of Jungferweiher (compare Figure 6). Additionally, age models of the AU3, AU4, DE3, DE4, HL2, and HL4 cores are displayed. 
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Figure 8. Synopsis of the ELSA-23-Pollen-Stack [22] (this issue) and tephra as presented in this paper (NGRIP data from [25] and speleothem stack from [26]). 
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Figure 10. Photos of the sanidine-rich Dümpelmaar Tephra (DMT), 40Ar/39Ar dated to 116,000 ± 11,000 BP [17] at the site of eruption in the Herchenberg (EEVF) and in ELSA lake sediment cores from Hoher List and Jungferweiher [20], which can also be compared with Figure S13. 
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Figure 11. Photos of the tuff wall for two maar eruptions, including (A) one eruption that occurred in a region of reddish Buntsandstein rocks; (B) the other that occurred in a region of grayish Devonian Grauwacke. 
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Figure 12. Sediment petrography of the fraction 150–250 µm used to classify the volcanic ash layers in the ELSA lake sediments. Original photos from ELSA sediment cores. Grayish and reddish sandstone represent fragments from the surface rocks at the site of eruption. Pyroxenes characterize mafic eruptions and while sanidines characterize highly evolved magma or xenocrystals from evolved crustal reservoirs. 
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Figure 13. Geochemical fingerprint for selected tephra (modified from Förster et al. [24]). Glass samples of mafic tephra are widely scattered (A), while the glass fragments of the highly differentiated Dümpelmaar Tephra are less altered and located within the field of young (<215 ka) plagioclase phonolite-trachyte composition of the EEVF, showing distinctly high SiO2 of >60 wt.%. Mafic tephra are best compared by their clinopyroxene geochemistry (B) of the Al(VI) vs. Al(IV) relationship that show distinct groups depending on the clinopyroxene crystallization depth. 
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Figure 14. Temporal relation of the ELSA-23 tephra to the nearest warming event, with EPICA δD shown in blue [39] and NGRIP δ18O shown in black [36]. Time scale taken from the original publications. 
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Figure 15. Overview of the Tephra in ELSA cores with ages determined from the ELSA-23 chronology. 
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Figure 16. Schematic sketch of the potential endogenic and exogenic processes causing mantle plume rising, uplift and finally a maar/volcanic eruption in the uplifted regions. 
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Figure 17. Temporal relationship between active Eifel volcanism and warming phases. 
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Table 1. Ages and depths of all tephra of the ELSA-23-Tephra-Stack in all dated ELSA lake sediment records (* the UMT does not qualify as a marker tephra in this paper but is important nonetheless, as it is the youngest of the known Eifel tephra). We discuss the limitation of the age error calculations in Section 2. The age error for the tephra of the last 60,000 years should be about ±250 years and the age error for the MIS 5 section could be even larger.
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