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Abstract
Diffusion profiles in olivine crystals from the final mafic eruption products of the compositionally zoned Laacher See tephra 
deposit were measured to identify recharge and eruption-triggering events prior to the eruption of the Laacher See volcano 
(12.9 kyr). These products represent the hybrids of mixing between phonolite and intruding basanite at the bottom of the 
reservoir, which is likely related to the eruption-triggering event. Additionally, olivine crystals from ten basanitic scoria cones 
and maar deposits (East Eifel) and two nephelinites (West Eifel) were analyzed to constrain histories of olivine in Quaternary 
basanite magmas. Olivine crystals from the Laacher See hybrids vary in core composition  (Fo83–89) and show reversely zoned 
mantles with high  Fo87.8–89 compared to olivine in East Eifel basanites erupted in nearby, older scoria cones. Towards the 
crystal margin, olivine in the hybrids develop a normally zoned overgrowth  (Fo86.5–87.5). Olivine from East Eifel basanites 
show similar zonation and core compositions  (Fo80–88) but have less forsteritic mantles  (Fo83–88) indicating that these basan-
ites are less primitive than those recharging the Laacher See reservoir (> Fo89). Olivine in the West Eifel nephelinites show 
mantles similar to those from Laacher See  (Fo87.5–90), but have normal zoning and high-Fo cores  (Fo88–92). This indicates that 
olivine in the Laacher See hybrids were entrained by a near-primary basanite from older cumulates just before hybridization 
of the basanite with the phonolite. Diffusion modeling indicates maximum timescales between entrainment and eruption of 
Laacher See of 30–400 days that are comparable to those calculated for olivine from basanitic scoria cones (10–400 days).
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Introduction

The mitigation of potentially violent eruptions of evolved 
magmatic systems necessitates a better understanding of 
the pre-eruptive processes such as how fast magmas ascend 
from deep crustal reservoirs or mantle sources and how fast 
resident magmatic systems in the crust can be reactivated 
and triggered to erupt. Many recent studies focus on linking 
the chemical evolution of magmatic systems to the related 
timescales (e.g. Albert et al. 2015, 2016, 2019; Kahl et al. 

2011, 2013; Viccaro et al. 2016; Rasmussen et al. 2018; 
Ubide and Kamber 2018). Such studies have shown that the 
interaction of ascending mafic magmas with more evolved 
melts and crystal mush are a common process in many vol-
canic systems (e.g. Sparks et al. 1977; Hildreth 1981; Bach-
mann and Bergantz 2004; Marsh 2006; Hildreth and Wil-
son 2007). Mafic recharges and subsequent magma mixing 
may, therefore, be major factors in destabilizing magmatic 
systems and potentially triggering eruptions (e.g. Sparks 
et al. 1977; Murphy et al. 2000; Eichelberger et al. 2006; 
Wark et al. 2007; Ruprecht and Plank 2013; Cashman and 
Giordano 2014). Processes that may lead up to eruption are 
preserved in chemically zoned crystals, either in phenocrysts 
from the recharging magmas or antecrysts disaggregated 
from older crystal mush. Crystal zoning provides informa-
tion about chemical compositions of the interacting magmas 
and the timescales between this interaction and eruption. 
After the entrainment by a foreign magma, the crystals start 
to homogenize with the new composition to reach equilib-
rium. This homogenization will endure until (1) the crystal 
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is completely re-equilibrated or (2) the process is inter-
rupted by cooling (e.g. eruption). If homogenization remains 
incomplete, the compositional gradient between crystal core 
and rim (in equilibrium with the new melt) can be mod-
eled to constrain the timescales of diffusion and to track the 
relative periods of time between distinct magmatic events 
such as magma mixing and eruption (e.g. Costa and Dungan 
2005; Cooper and Kent 2014; Lynn et al. 2018). Composi-
tional gradients also allow to reconstruct the temperature 
history of crystals with known residence time (Rubin et al. 
2017; Rout and Wörner 2018). Diffusion of major elements 
(Mg–Fe) and trace elements (e.g. Ni) in olivine occurs in the 
range of hours to years and is, therefore, useful to identify 
processes as magma ascent (Gordeychik et al. 2018; Mutch 
et al. 2019), crystal mush reactivation (Bradshaw et al. 2018) 
and mixing processes (Kahl et al. 2011, 2013; Albert et al. 
2015, 2016, 2019; Sundermeyer et al. 2020) that are directly 
connected to eruptions.

Ascending magmas often interact and mix with older, 
resident and more evolved magmas and disaggregate older, 
but cognate crystal-rich mushes that are stored at shallower 
levels (e.g. Cooper et al. 2016). Recent studies show that 
mixing and eruption in basaltic magma systems can occur 
within days to months (e.g. Viccaro et al. 2016; Brenna 
et al. 2018; Lynn et al. 2018; Albert et al. 2019; Sunder-
meyer et al. 2020). Even large and compositionally evolved, 
silicic systems may also yield timescales of only a few years 
between recharge events and eruption, which is an exceed-
ingly short time for reactivation of these long-lived systems 
(Cooper and Kent 2014; Cooper et al. 2016; Druitt et al. 
2012, 2016).

In this study, diffusion times of olivine crystals from the 
phonolitic Laacher See volcano in the East Eifel volcanic 
field (western Germany) are calculated to track the timing of 
pre-eruptive processes and the final recharge event in a pho-
nolitic magma chamber prior to eruption. We find that the 
olivine crystals analyzed here are antecrysts entrained from 
a basanitic crystal mush during ascent but prior to recharge 
of, and mixing with the resident phonolite magma. Major 
(Mg–Fe) and trace elements (Mn, Ca, Ni) were chosen to 
model residence times in the hybrid phonolite + basanite 
mingled/mixed magmas that formed at the bottom of the 
magma chamber within the upper crust (Wörner and Wright 
1984). Furthermore, in order to constrain ascent rates of 
such basanite magmas from deep to shallow reservoirs, oli-
vine crystals from basanitic scoria cones of the East Eifel 
and, for comparison, nephelinitic maar deposits of the West 
Eifel, were also analyzed to determine their magmatic his-
tory before eruption and, by analogy, with respect to mixing 
with the phonolite magma reservoir at Laacher See volcano.

Geological setting

Eifel volcanic field

The Quaternary Eifel intra-plate alkaline volcanic fields 
are located in the Rhenish Massif, western Germany. The 
Eifel belongs to the Central European Volcanic Zone, a 
belt of Cenozoic volcanic centers that extend in SW-NE 
direction from the Massif Central and the Rhine Graben 
towards the Rhenish Massif and to the Eger Graben vol-
canism in the east (Michon and Merle 2001; Nowell et al. 
2006). In the Eifel, an older phase of volcanism occurred 
at 44–40/38–34 Ma in the Hocheifel (Fekiacova et  al. 
2003; Jung et al. 2006), where alkaline magmas such as 
basanites, nephelinites, and alkali basalts were erupted 
(Jung et al. 2006). A younger phase of volcanic activ-
ity took place during the Quaternary and can be related 
to a thermal anomaly of 150–200 °C higher than ambi-
ent temperatures in the asthenospheric mantle (Mertes 
and Schmincke 1985; Ritter et  al. 2001; Nowell et  al. 
2006). The Quaternary West Eifel volcanic field (WEVF; 
Fig. 1a) consists of 240 eruptive centers, mostly scoria 
cones and maars (Duda and Schmincke 1985; Mertes and 
Schmincke 1985) dated from 0.7 to 0.01 Ma (Mertes and 
Schmincke 1985). Volcanism in the East Eifel volcanic 
field EEVF started at 0.46  Ma and culminated in the 
12.9 kyr eruption of the Laacher See volcano (Schmincke 
2007). The most recent eruption occurred at Ulmener 
Maar at 11 kyr BP (Schmincke 2007). West Eifel volcanic 
products are dominated by high-K magmas such as leu-
citite, nephelinite and basanite (Mertes and Schmincke 
1985). The East Eifel is subdivided into the older Rieden 
center (~ 460–430 kyr; Schmincke 2007) that produced 
phonolitic, leucititic and nephelinitic magmas and a 
younger, south-eastern part (starting at 215–190 kyr at 
Wehr volcano, Wörner et al. 1988; Schmincke 2007) that 
is dominated by basanitic and tephritic scoria cones and 
maars (Duda and Schmincke 1978, 1985; Bednarz and 
Schmincke 1990; Schmincke 2007). More evolved mag-
mas were erupted at three main locations: Rieden (pho-
nolitic; Schmincke 2007), Wehr (phonolitic and trachytic; 
Wörner et al. 1988), and Laacher See (phonolitic; Wörner 
and Schmincke 1984a, b).

Laacher See volcano—chemical evolution 
and eruption

Laacher See volcano is located in the center of the East 
Eifel volcanic field to the west of the Neuwied Basin (van 
den Bogaard and Schmincke 1984; Schmincke et al. 1999; 
Schmincke 2007). The magmatic reservoir of Laacher 
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See consists of a magma chamber with its top located at 
~ 3–6 km depth as indicated by pressure estimates based 
on experimental phase equilibria (Berndt et  al. 2001; 
Harms et al. 2004; Wörner 1982; Wörner and Schmincke 
1984b) and xenolith evidence (Wörner et al. 1982; van den 
Bogaard and Schmincke 1984). The magma chamber is 
interpreted to be embedded in cumulates (Tait et al. 1989) 
and a carapace of cogenetic syenitic rocks that contain 
interstitial phonolitic melt (Rout and Wörner 2018). This 
magmatic system is emplaced within sedimentary country 
rocks of the Lower Devonian and reaches down to phyl-
lites and metamorphic schists (Wörner et al. 1982; van den 
Bogaard and Schmincke 1984).

T h e  e r u p t i o n  o f  L a a ch e r  S e e  o c c u r r e d 
12.880 ± 0.040 kyr BP [tephra in varved lake sequences, 
e.g. (Brauer et al. 1999; Lane et al. 2015; Bronk Ram-
sey et al. 2015)], an age that overlaps with a 14C age of 
12.934 ± 0.165 kyr BP (Baales et al. 2002). Within days 
to weeks, the volcano released about 6.3 km3 (DRE) of 
volcanic products (van den Bogaard and Schmincke 
1985; Schmincke et al. 1999). It was the largest eruption 
in Europe during the late Quaternary and dispersed over 
20 km3 of pumice and ash over > 230 000 km2 of central 
Europe (van den Bogaard and Schmincke 1985; Baales 
et al. 2002; Engels et al. 2015). The Laacher See tephra 
(LST) was deposited to the east-northeast, south and, at the 
very end of the eruption, south to west of the volcano (van 
den Bogaard and Schmincke 1985; van den Bogaard 1995) 
and has caused damming of the Rhine river and the ephem-
eral formation of a large lake (Park and Schmincke 1997, 
2020; Schmincke et al. 1999). Evolution and structure of 
the magmatic reservoir are well constrained by studies on 
the erupted volcanic products (Wörner and Schmincke 
1984a, b; Wörner and Wright 1984; Wörner et al. 1985; 

Tait et al. 1989; Bourdon et al. 1994; van den Bogaard 
1995; Harms and Schmincke 2000; Berndt et al. 2001; 
Ginibre et al. 2004; Schmitt 2006; Schmitt et al. 2010; 
Rout and Wörner 2018). The compositionally and textur-
ally stratified LST deposits as described by Wörner and 
Schmincke (1984a) are subdivided into three main units: 
Lower, Middle, and Upper Laacher See tephra [LLST, 
MLST, and ULST, based on Schmincke (1977); Fig. 1b]. 
The LLST and MLST are characterized by highly evolved 
and crystal-poor (< 10%) phonolite. Towards the top of 
the deposit, as the eruption proceeded, crystal content 
increases to up to > 50% in the uppermost layers. Simul-
taneously, magmatic compositions become less evolved 
with time during the eruption towards a more mafic pho-
nolite at the uppermost ULST. These observations indi-
cate that the LST represents the content of an inversely 
erupted, chemically zoned magma chamber. Mass balance 
arguments based on major and trace element modeling of 
magmatic differentiation suggest that the ~ 6 km3 of zoned 
phonolite magma formed from about ten times the volume 
of parent basanite by crystal fractionation (Wörner and 
Schmincke 1984a, b). The formation times of the Laacher 
See phonolite are still discussed. Bourdon et al. (1994), 
based on U-Th disequilibria, document a two-step forma-
tion over a period of ~ 100 kyr by differentiation from an 
originally primitive basanite to mafic phonolite and addi-
tional 10–20 kyr towards a more evolved phonolite after 
emplacement in the shallow crust. The chemical zonation 
within the phonolite magma reservoir formed likely as a 
result of convective fractionation within the differentiat-
ing magma body, as evidenced from studies on the com-
position of cumulate nodules (Tait et al. 1989) and zoned 
sanidine (Ginibre et al. 2004). The timescales necessary to 
produce the compositional layering are within a range of 

Fig. 1  a Map of the Eifel 
Volcanic Fields [redrawn and 
modified after Mertes (1983)]. 
Black dots show eruptive cent-
ers, red dots mark centers with 
sample locations. b Stratigra-
phy of the Laacher See Tephra 
[modified after Ginibre et al. 
(2004)]. The samples studied 
here are mafic hybrid clasts 
at the top of the ULST that 
represent the final products in 
the eruption sequence (red box). 
Inset shows the location of the 
volcanic fields in relation to the 
uplifted Rhenish Shield and the 
Upper and Lower Rhine Graben 
(URG, LRG)
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~ 3 kyr (Tait et al. 1989) which is largely consistent with 
the 10-20 kyr of total residence time for phonolite magmas 
in the Laacher See magma system (Bourdon et al. 1994; 
Schmitt 2006; Schmitt et al. 2010).

The eruption of crystal-rich mafic phonolite towards the 
top of the ULST represents the lower parts of the magma 
chamber. The final erupted products are compositionally 
heterogeneous mafic clasts with a disequilibrium mineral-
ogy of olivine, Mg-rich clinopyroxene megacrysts, phlo-
gopite, and the entire range of phenocrysts also observed 
in the crystal-rich phonolite, including zoned sanidine 
(Rout and Wörner 2020). These hybrids are interpreted 
to have formed by mixing and mingling between phono-
lite magma, cumulate minerals, and an intruding basanite 
(Wörner and Schmincke 1984a, b; Wörner and Wright 
1984, Wörner et al. 1985). The event of basanitic recharge 
was suggested to have been immediately prior to the erup-
tion, as indicated by the incomplete mixing and the occur-
rence of hybrid magmas only in the lowermost part of the 
reservoir and thin post-mixing overgrowths on resorbed 
basanitic clinopyroxene crystals (Wörner and Wright 
1984). These authors interpret the mixing, therefore, as 
a result rather than the trigger of eruption. As we will 
see from this and a companion study (Wörner and Rout 
2020), we can now provide more detailed information on 
the timing of mixing and eruption during the final stages 
of magma evolution at Laacher See volcano and its erup-
tion trigger.

Samples and analytical methods

Sample description

This study focuses on olivine in samples from the most 
mafic hybrid products (phonolite + basanite) from the 
uppermost part of the Laacher See tephra deposit (Fig. 1a, 
b) in order to constrain the time scale of mixing/mingling 
to eruption of the phonolite magma reservoir. The ana-
lyzed material comprises 47 olivine crystals from nine 
samples from the mafic hybrids of the ULST. To further 
constrain ascent times for such mafic magmas from deep 
(upper mantle/lower crustal) levels towards the shallow 
crust and to the surface, 21 samples from ten basanitic 
scoria cones and maar deposits in the East Eifel (Alte 
Burg = AB, Dachsbusch = HDA, Eppelsberg = EPB, 
Nastberg = NAS, Nickenicher Sattel = NISA, Plaidter 
Hummerich = PLH, Rothenberg = E41, Sattelberg = SAT, 
Tönchesberg = TÖN, and Veitskopf = VEI), and five sam-
ples from two locations in the West Eifel (Meerfelder Maar 
at Deudesfeld = DEU, Pulvermaar = PUL) were also ana-
lyzed (Fig. 1a).

Laacher See hybrids

Upper Laacher See hybrid clasts represent samples 1089 
to the most mafic 1101-3 with MgO-contents of 1.0 to 6.9 
wt% (whole rock sample numbers and data from Wörner and 
Schmincke 1984a; Wörner and Wright 1984). The samples 
were obtained from the last, uppermost section of the ULST 
(Fig. 1b) and cover (1) relatively homogeneous, relatively 
mafic pumice clasts, which are similar to ULST phonolites 
with respect to their mineral content dominated by sanidine 
and plagioclase, with minor amounts of amphibole, clinopy-
roxene, phlogopite, magnetite and sphene. However, these 
samples also contain rare forsterite-rich olivine with Cr-spi-
nel inclusions indicating the hybrid character. More mafic 
hybrids (2) are less vesicular, often compositionally hetero-
geneous on a cm scale with crystal-rich schlieren enclosed in 
dark dense mafic material that contain olivine and clinopy-
roxene megacrysts (Wörner and Wright, 1984; Wörner and 
Schmincke 1984a). Olivine occurs as euhedral crystals up to 
8 mm in size, with some showing strong resorption (Fig. 2a). 
Groundmass olivine (< 50 µm) are observed in all Laacher 
See hybrid lava samples and show either resorption similar 
to the macrocrysts or a reaction corona of clinopyroxene.

Mafic magmas from scoria cones and maar deposits 
in the East and West Eifel

Basanite and nephelinite samples include lava and dikes as 
well as agglutinates from Eppelsberg, Plaidter Hummer-
ich, and Sattelberg scoria cones that cover their eruptive 
sequence and compositional variations from the base to the 
last erupted products. The samples are dense (< 10 Vol.% 
vesicles, except of PLH-3 with ~ 20 Vol.%) and porphyritic 
in texture with phenocrysts of zoned clinopyroxene (< 15 
Vol.%), olivine (up to 5 Vol.%) and phlogopite as phe-
nocrysts. Olivine phenocrysts are euhedral to subhedral, but 
have commonly resorbed outer rims (Fig. 2b). Rare olivine-
rich mantle-derived xenoliths, partially with a clinopyroxene 
reaction corona, occur in samples from Rothenberg, Nicken-
icher Sattel, Sattelberg, and Tönchesberg that were erupted 
towards the end of activity of these scoria cones. From 
the West Eifel, we also collected a mafic crystal cumulate 
and mantle-derived peridotite nodules as well as juvenile 
melilite-nephelinite clasts from, respectively, the Pulver-
maar and Meerfelder Maar tephra deposit (see Mertes and 
Schmincke 1985; Duda and Schmincke 1985 for bulk lava 
compositions).

Mineral analyses

Electron microprobe analyses were performed using the 
JEOL JXA 8900RL instrument at the Geoscience Center, 
Georg-August-University, Göttingen. Major (Si, Mg, Fe) 
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and trace elements (P, Al, Cr, Mn, Ca, Ni, Co, and Zn) were 
measured at conditions similar to those described in Gordey-
chik et al. (2018): Counting times were set to 15/5 s for peak/
background of the major elements, 60/30 s for Mn, 120/60 s 
for Ca, Cr, and Zn, 180/90 s for Co, 260/130 s for Ni and Al, 
and 300/150 s for P. Accelerating voltage was set to 20 keV 
with a beam current of 300 nA and a beam focused to 1 μm. 
The extended counting times and high beam current result 
in 2σ-uncertainties of < 1% for the major elements, < 2% for 
Ca, Mn, and Ni, and < 4% for Al. Uncertainties are 9–12% 
for Co and 6–10% for P, but can reach up to 20% in olivine 
crystals with P < 0.01 wt%. Zn and Cr have uncertainties of 
10–40% and 10–70% due to their low concentration close 
to the detection limits (0.006 wt% and 0.004 wt%, respec-
tively). Reference materials for calibration are San Carlos 
olivine (Si, Mg), hematite (Fe), rhodonite (Mn), wollastonite 
(Ca), NiO (Ni), anorthite (Al),  ScPO4 (P),  Cr2O3 (Cr), Co 
metal (Co), and gahnite (Zn). All standards were measured 
before and after every analytical session, San Carlos olivine 
and hematite reference materials were additionally analyzed 
after each line profile measured.

Quantitative line profiles were measured from rim to core 
(2–5 μm step size) to document chemical zonation in olivine 
at high spatial and analytical resolution. Additionally, single 
point analyses were performed on 30 olivine crystals from 
ULST hybrid clasts, 147 olivine crystals from the East Eifel 
basanite samples and 82 olivine crystals from West Eifel 
nephelinite samples. Two to three measurement points were 

set on each olivine grain to obtain representative core and 
rim compositions. Our analyses focus on olivine macrocrysts 
but include also olivine crystals in the matrix as well as 
olivine-rich xenoliths. All analytical data is given in Online 
Resource 1 and 2.

Element distribution maps for Ni, Ca, P, Al, and Cr were 
acquired for two zones of one olivine grain (240 * 240 μm 
and 240 * 416  μm) of a complexly zoned crystal from 
Eppelsberg basanite (EPB19-1-3id8). Measurement condi-
tions during mapping were 20 keV at high 600 nA to detect 
trace elements with sufficient precision.

Thermometry and crystal orientation

Temperature is the major factor that controls elemental dif-
fusion and must be, therefore, carefully constrained for dif-
fusion modeling. Temperatures were calculated based on 
the Al-in-olivine/spinel—thermometer (Coogan et al. 2014) 
based on 20 olivine-spinel-pairs in samples from Laacher 
See Tephra, six in samples from Eppelsberg (EPB), and 
three in samples from Rothenberg (E41) using the same 
measurement conditions for olivine as described above. A 
special analytical set-up was applied to measure spinel inclu-
sions (20 keV, 20 nA, a focused beam). Counting times were 
set to 30/15 s for Ti and Cr, and 15/5 s for Si, Al, V, Mg, Fe, 
Mn, Ni, Zn. The analyses encompass Cr-spinel inclusions 
from all compositional zones of olivine crystals. The spinels 

Fig. 2  Back-scattered electron (BSE) images of representative oli-
vine crystals from the samples from Laacher See (a), Rothenberg 
(b), Eppelsberg (c), and Meerfelder Maar (d–f). Olivine crystals from 
Laacher See mafic hybrids, Rothenberg, and Eppelsberg show the 
complex reverse zoning (reverse-normal) that is typical for all olivine 

crystals from the East Eifel samples. Yellow lines mark measured line 
profiles (see Fig. 4a, b). Olivine from Meerfelder Maar samples show 
the normal-zoned high-Fo cores that are typical for samples from the 
West Eifel. f Example of reverse-normal zoning trend which occurs 
rarely in the samples from the West Eifel nephelinites
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have #Cr of 0.05–0.50, which match the calibration range of 
the thermometer (0 < #Cr < 0.69; Coogan et al. 2014). The 
complete dataset is given in Online Resource 3.

Elemental diffusion of Mg–Fe, Mn, and Ni in olivine is 
strongly anisotropic and can be described as 6 Da = 6 Db = Dc 
(Dohmen et al. 2003; Costa and Chakraborty 2004) with 
Da, b, c as diffusion coefficients along the crystallographic 
axes. Diffusion modeling, therefore, requires the knowledge 
of crystal orientation with respect to the direction of the 
measured profile. For oblique cuts, the orientation of the 
olivine crystals was determined via EBSD (electron back-
scatter diffraction; Prior et al. 1999) at the FEI Quanta 200 
F scanning electron microscope at the Geoscience Center, 
Georg-August-University, Göttingen. The thin sections were 
not coated to avoid signal weakening. 10–15 measurement 
points were set along the analyzed line profiles to exclude 
heterogeneities in crystal orientation using a DigiView V 
camera (EDAX-Ametek) and TSL OIM software for data 
collection (measurement conditions: 15 keV, 150 µA, and 
4 µm spot size).

Results

Chemical composition of olivine crystals 
from Laacher See hybrids

We distinguish three types of olivine crystals in the hybrid 
clasts:

1 Olivine macrocrysts in Laacher See hybrids are similar 
in size and shape to phenocrysts in basanitic samples 
from scoria cones (see below) and between 100 and 
500 µm in size. Texturally they are clearly in disequi-
librium with the phonolitic minerals (e.g. sanidine, pla-
gioclase, amphibole, sphene) in the mingled rocks. As 
such, these olivine crystals are xenocrysts to the phono-
lite but could be phenocrysts with respect to the basan-
ite. Compositionally, these macrocrysts can be divided 
into three zones (Figs. 3, 4): (a) core compositions 
that are variable between different crystals  (Fo83.1–89.1, 
NiO = 0.07–0.24 wt%, Figs. 5, 6), (b) a high-Fo mantle 
 (Fo87.8–89, NiO = 0.15–0.2 wt%), which is rather uniform 
for all crystals, (c) a thin (< 10 μm) overgrowth at the 
outer rims back to  Fo84.7-86.8 and NiO = 0.12–0.15 wt% 
(Figs. 3, 4a–c). This results in complex (reverse-normal) 
zoning forming peculiar “inverse loops” in Ni–Fo dia-
grams (Fig. 5). It is apparent that these olivine crystals 
must have had a prolonged history during which they 

Fig. 3  Backscattered electron image (BSE) showing mass contrasts 
(dark = Mg-rich; bright = Fe-rich) and elemental distribution maps for 
Mg, Fe, Ni, Ca, and P in olivine from Eppelsberg (EPB19-1-3-id8). 
Red squares mark the mapped areas. Element concentrations increase 
from blue over green to reddish colors. Reverse-normal zonation is 
clearly visible by the high-Mg mantle and low-Mg rim. P is highly 

concentrated in the mantle and also shows distinct zoning in the oli-
vine core, which is already homogenized in other, more slowly diffus-
ing elements. Note the absence of a compositional gradient where the 
crystal was fragmented and the fracture surface is now exposed to the 
host matrix
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encountered different melt compositions from which 
they grew and with which they exchanged by diffusion.

2 Olivine megacrysts differ profoundly from the strongly 
zoned olivine macrocrysts described above: megacrysts 
are compositionally homogeneous throughout their 
cores and are only zoned at the outermost < 50 µm of the 
crystals. However, the composition and inverse looped 
pattern of the outermost zoning are similar to the macro-
crysts. Minor and trace elements in general show zoning 
patterns similar to Fo at the mantles and are unzoned 
in the olivine cores. The trends of zoning pattern for 
NiO differs from those of Fo in several crystals (Fig. 7). 
Whereas Fo is reversely zoned, NiO shows normal zona-
tion and a mantle is absent  (NiOcore = 0.19–0.23 wt%).

3 Olivine microcrysts  (Fo87.4–89.2, NiO = 0.17–0.2 wt%) 
are abundant in the matrix of the hybrid clasts, small in 
size (less than 30 μm) and distinctly more Mg-rich than 
the outer rims of the cores of olivine crystals described 
above. However, these smaller crystals are similar in 
composition  (Fo86.3–89.1, NiO = 0.14–0.2 wt %) to the 

outer mantles of the macro- and megacrysts described 
above.

In addition to these types, previous work has identified 
olivine from xenoliths in Laacher See hybrid samples that 
were not analyzed in this study. Three types of ol-bearing 
xenoliths are distinguished: cpx-rich and ol-bearing wehr-
lites, mantle-derived peridotites, and ol-rich, dense cumu-
late clasts with olivine compositions of  Fo84–86 (Wörner 
and Schmincke 1984a; Wörner and Wright 1984).

Origin of the different olivine types

All olivine crystals in Laacher See hybrid lavas are clearly 
related to a basanite magma that intruded and intermingled 
with the resident phonolite before eruption. Olivine meg-
acrysts occur together with large (> 1.5 cm) composition-
ally homogeneous clinopyroxenes and equally homogeneous 
megacrystic phlogopites (> 1 cm) and, therefore, are likely 
derived from the same sources. Probably, these megacrysts 
represent crystal cargo that was picked up by the basanite 

Fig. 4  Major and trace element 
concentrations in selected oli-
vine crystals from a, d Laacher 
See, b, e Rothenberg, and c, f 
Eppelsberg. For Fo, MnO, CaO, 
and NiO 2σ-uncertainties are 
within the symbols. Olivine 
from basanitic samples show 
at least two additional growth 
zones in slowly diffusing trace 
elements (P, Al, Cr) at distances 
of ~ 40 and ~ 100 μm from the 
rim. These growth zones are 
not visible in major element 
concentrations due to faster 
re-equilibration. Such zoning is 
absent in olivine from Laacher 
See samples
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during ascent from older basanitic intrusive bodies. We note 
that to our knowledge such homogeneous megacrysts have 
not been observed in basanites erupted from scoria cones in 
the East Eifel.

Olivine macrocrysts are considered to represent the phe-
nocrysts of the basanite magma. Their cores and mantle 
zonation reflect the ascent and compositional history of the 
basanite before intruding and mingling into the Laacher 
See phonolite magma. Since the mantles of the macrocrysts 
and olivine in the matrix are of the same composition, the 
crystallization of matrix olivine probably occurred contem-
porarily with the formation of the high-Fo mantle of the 
macrocrysts. Both also show resorbed crystal shapes. There-
fore, we argue that the Fo-rich mantles and the microcrysts 
olivine must have been formed before the basanite-phonolite 
mingling event.

This means that the basanite magma intruding into the 
Laacher See phonolite reservoir prior to its eruption must 
itself have had a history of mixing and zoned olivine growth 
before mingling with the crystal-rich mafic phonolite. As we 
will demonstrate below, this prior history of the Laacher See 
basanite is distinct from the history of basanite lavas that 
erupted in nearby scoria cones.

Composition of olivine phenocrysts in East Eifel 
basanites

The olivine phenocrysts analyzed in samples from the basa-
nitic East Eifel scoria cones that formed during the past 
c. 100–200 kyr activity close to the Laacher See eruptive 
center also share a complex-reverse zoning pattern similar, 
but not identical to those of the olivine crystals from the 
Laacher See hybrids. A common feature is the homogeneous 
core at variable Fo and a relatively Fo-richer mantle (Figs. 4, 
5, 7). However, the maximum mantle compositions of phe-
nocrysts in basanites are always below  Fo88 and thus never 
reach the maximum Fo in mantles observed in Laacher See 
hybrid samples  (Fo89). One olivine crystal from an Eppels-
berg sample shows a zoning pattern for NiO and Fo distinct 
from those in the other basanites but similar to the meg-
acrysts from Laacher See hybrids (Fig. 7).

Line profiles of trace elements (P, Al) in olivine crystals 
from Rothenberg and Eppelsberg samples also reveal a more 
complex history with distinct growth zones (Figs. 3; 4e, f). P 
has a low diffusivity in olivine (Watson et al. 2015) and will, 
therefore, preserve compositional growth zonation, while 
Mg–Fe, Mn, and Ni will tend to become equilibrated by dif-
fusion (Milman-Barris et al. 2008; Bouvet de Maissonneuve 
et al. 2016; Gordeychik et al. 2018). Several correlated peaks 

Fig. 5  Measured NiO and Fo concentrations along line profiles in 
zoned olivine crystals from Laacher See phonolite, and Rothenberg 
and Eppelsberg basanite. The lines start at the crystal cores and 
trace olivine compositions towards forsteritic mantles and then back 
towards the low-Fo rim. All olivine crystals show this same general 
pattern of reverse zoning towards a Fo-maximum followed by nor-
mal zoning. Olivine cores can be divided into distinct groups based 
on NiO/Fo distribution along the profile. Several cores (three from 
Eppelsberg and three from Laacher See) have starting compositions 
that fall above the general Fo-Ni trend from maximum Fo to the rims. 

The yellow field identifies the common composition  Fo86.5–87.5, which 
marks the maximum forsterite content in olivine mantles from basan-
ite scoria cones that largely overlaps with zoned olivine from Laacher 
See hybrids. Olivine mantles in the Eppelsberg samples do not reach 
the common composition, which may be due to re-equilibration 
towards lower Fo contents. The region circled by a black dashed line 
(Mafic basanite) indicates uniform maximum Fo contents in mantles 
of olivine from Laacher See hybrids that is never observed in basanite 
samples
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in P- and Al-contents show at least two distinct growth zones 
in olivine from the Rothenberg basanite (E41) at ~ 40 µm 
and ~ 100 µm distance inwards from the rim (Fig. 4e, f).

Olivine core compositions are rather variable and range 
from  Fo80.7–88.4 (Fig.  6a) with compositional variations 

being similar for all basanites:  Fo82.5–87 (AB),  Fo83–87.2 
(EPB),  Fo83.1–83.8 (E41),  Fo83.7–86.8 (HDA),  Fo83.3–86.4 
(NAS),  Fo84.2–88 (NISA),  Fo82.7–88.4 (PLH),  Fo80.9–88.2 (SAT), 
 Fo80.7–88.2 (TÖN), and  Fo81.1–87.9 (VEI). NiO-contents in 

Fig. 6  NiO-Fo diagrams for a 
cores, b mantles, and c rims 
of all olivine crystals analyzed 
in this study. Grey and reddish 
fields mark the measured core 
compositions from West and 
East Eifel olivine samples, 
respectively, as reference in 
all three diagrams. The green 
field shows peridotite com-
positions after Carswell et al. 
(1979), Simon et al. (2007), and 
De Hoog et al. (2010). Core 
compositions of olivine crystals 
clearly differ between high-Fo 
compositions for the West Eifel 
nephelinite and more evolved 
compositions found in the East 
Eifel basanite samples. Olivine 
cores from the Laacher See 
hybrids largely overlap those 
from the East Eifel basanites. 
However, mantle compositions 
in olivine from hybrids reach 
to distinctly higher values of 
up to  Fo89. The high-Fo olivine 
crystals from the nephelinites 
partially overlap with olivine 
compositions in peridotites and 
some may, therefore, originate 
from disaggregated peridotite 
xenoliths
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olivine cores are also variable in all basanite samples 
between ~ 0.05 and 0.21 wt%.

Overall, the mantle compositions of olivine crystals 
from the basanite samples show a range similar to the cores 
 (Fo80.4–87.8, NiO = 0.07–0.21 wt%), however, the mantles 
always show higher Fo contents than the core (up to 7 mol% 
Fo). This results in typical “humped” concentration profiles 
(e.g. Figs. 5, 7) where the core composition and the maxi-
mum Fo content is different in each crystal. The higher aver-
age Fo contents of the mantles clearly indicate that the maxi-
mum is formed by olivine crystals interacting with a basanite 

magma that is more mafic than the host melt from which 
the olivine cores have grown. However, the maximum Fo-
content in the olivine mantles is always significantly lower 
than those found in Laacher See hybrid lavas (see above).

The large compositional range of olivine mantle composi-
tions indicate that the basanite melts from which they have 
grown are rather different in composition. An important 
observation in this context is that the mantles not only dif-
fer between samples but also, and to the same extend, within 
a particular basanite host. This may be unexpected because 
the mantles should represent equilibrium with a new, more 
mafic basanitic melt and, therefore, are expected to be simi-
lar in olivine from a particular sample.

However, the mantle compositions form a sharp peak 
and no compositional plateau amenable for diffusion mod-
elling is observed (Fig. 4a–c). Thus, the peak Fo values 
may not represent the original equilibrium composition 
but were already affected by diffusion between mantle 
and rim. An additional possibility is that resorption of the 
crystal that has cut to variable depth into the composi-
tional gradient extending from a uniform high-Fo mantle 
into the uniform core. In both cases, the original mantle 
Fo-composition would have been overprinted and variably 
lowered by diffusive equilibration and only the maximum 
Fo-rich mantle composition (~ Fo86–88) in a sample can be 
assumed to be close to, and a minimum value for the equi-
librium composition of the melt from which the mantles 
have grown.

Fo-contents towards the outer rims are generally low, 
but cover a wide range  (Fo68.6–87.2; Fig. 8). This may be 
partly caused by analytical limitations due to the steep 
gradients and the narrow zoned rim overgrowth (< 10 µm), 
which could not be reliably measured to the very boundary 
of all crystals (Fig. 6c).

Matrix olivine (< 50 µm) were analyzed only in basan-
ite samples from Eppelsberg  (Fo73.8–79.6, NiO = 0.04–0.08 
wt%). They are even more evolved than the rims of the 
phenocrysts  (Fo79.4–87.2, NiO = 0.07–0.21 wt%).

Chemical composition of olivine crystals from West 
Eifel nephelinites

Olivine phenocrysts from the West Eifel nephelinite sam-
ples from Meerfelder Maar and Pulvermaar (DEU, PUL) 
are dominantly normally zoned with a high-Fo core and 
a low-Fo mantle (Figs. 2d, 8). Olivine crystals with three 
compositional zones are also rarely found and show either 
a normal-normal zoning with a two-step decrease of Fo-
content towards the mantle or a reverse-normal zoning as 
observed for olivine crystals from the East Eifel samples 
(Fig. 2e, f).

Fig. 7  Rare olivine in Laacher See and Eppelsberg samples show a 
zoning in NiO, which differs from the Fo zoning pattern and lacks a 
NiO-rich mantle. Commonly, element distribution of NiO along the 
measured profiles is similar to Fo. Nakamura (1995) and Lynn et al. 
(2017) interpret this phenomenon as a result of diffusion-triggered 
zoning due to heating or magma mixing, which affected only the 
faster diffusing Mg–Fe
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Olivine cores are more primitive with  Fo86.1–92.2 (DEU) 
and  Fo85.2–91.8 (PUL) and NiO = 0.1–0.39 wt%. Olivine 
mantles are less forsteritic with  Fo87.3–89.9 (DEU) and 
 Fo86.3–91.6 (PUL).

Matrix olivine were analyzed in DEU  (Fo86.5–88.4, 
NiO = 0.05–0.22 wt%) and PUL  (Fo74.9, NiO = 0.05 wt%). 
The compositions of matrix olivine from DEU correlate 
with the rims of the phenocrysts and are also close to the 
common composition  (Fo86.5–87.5, NiO = 0.1–0.2 wt%), to 
which the mantles of all analyzed olivine compositions 
tend to converge (Figs. 6c, 8). It is notable that this com-
mon composition is the same as for the rims of olivine 
crystals in Laacher See hybrids.

Ol‑rich xenoliths

Small peridotite xenoliths (less than 2 cm) rarely occur 
in basanite samples of the East Eifel but are abundant in 
more primitive West Eifel nephelinite centers. Analyses 
were performed on 14 xenolithic olivine crystals from four 
East Eifel basanite lavas and one West Eifel nephelinite. 
In the East Eifel, two types were identified based on their 
composition: (1) one type is low in Fo and NiO  (Fo79.3–80.9, 
NiO = 0.11–0.19 wt%; samples NISA and E41), and (2) a 
high-Fo and high-NiO type  (Fo88.6–90.1, NiO = 0.27–0.38 
wt%; NISA, SAT and TÖN). However, one analysis from 
SAT matches none of the compositions  (Fo87.4, NiO = 0.14 
wt%). The distinct high-Fo/high-NiO type can be clearly 

identified as olivine from mantle peridotites (Fig. 6a). Oli-
vine from the xenoliths found in the Rothenberg basanite 
dike have low  Fo83–84.1, but a high NiO = 0.23–0.3 wt%. 
This xenolith shows a 50–100 μm cpx-reaction rim with the 
basanite host. Its interior shows equilibrated grain textures 
and, therefore, probably represent older dunitic cumulates 
from unrelated mafic magmas. Some low-Fo/high-NiO oli-
vine compositions fall distinctly above the general Fo-Ni 
trends (Figs. 5, 6) and their mantles show increasing Fo at 
constant Ni. Such olivine core compositions may be strongly 
affected by extended diffusion with a more evolved host 
magma, reflecting the faster Mg–Fe interdiffusivity com-
pared to Ni. These cores have later been overprinted by a 
second diffusive exchange with more mafic magma, thus 
creating the horizontal trend between core and mantles in 
Fo–NiO space (Fig. 5).

The xenolithic olivine of the sample DEU (14 analyses) 
from the West Eifel show exclusively the high-Fo/high-NiO 
composition  (Fo88.7–89.1, NiO = 0.3–0.4 wt%), but these com-
positions are still more evolved than some of the phenocrysts 
analyzed in West Eifel nephelinite.

Temperature constraints for Laacher See hybrids

Olivine-spinel pairs from Laacher See hybrids give 
1047–1145 °C (average: 1106 ± 43 °C) for  Fo86–87 cores 
and 1162–1218 °C (average: 1172 ± 32 °C) for  Fo89 mantles. 
These core temperatures for  Fo86–87 olivine-spinel pairs are 

Fig. 8  Boxplots showing the 
compositional range of olivine 
cores, mantles, and rims in all 
samples for easier comparison. 
Olivine core compositions 
from East Eifel basanites cover 
a similar range but are always 
lower than those from Laacher 
See hybrids and the West Eifel 
nephelinites. Maximum mantle 
compositions of olivine in 
basanite samples are all more 
forsteritic than their cores, indi-
cating reverse zoning, and are 
also less variable in composition 
than the cores. In the nephelin-
ite samples, olivine mantles 
are all less forsteritic than their 
cores. Their outermost rims are 
in general less forsteritic than 
cores and mantles, but cover a 
wide range in each sample. This 
could, however, be due to the 
narrow widths of the outermost 
zone (a few microns) that make 
measurements analytically 
difficult
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only slightly above the temperature of 1060 °C for hybrids 
estimated by Wörner and Wright (1984) for the equilibrium 
of olivine inclusions  (Fo85) in clinopyroxene in the same 
rock types from the same stratigraphic ULST section (their 
sample 1099–12). Olivine-spinel temperatures calculated 
here reflect crystallization temperatures at the time when 
the spinel was enclosed in the growing olivine crystals. The 
thermometer is not sensitive to re-equilibration during cool-
ing of the lavas or after mixing with lower temperature pho-
nolite due to the very slow diffusion of Al in olivine (Coo-
gan et al. 2014). Therefore, average mantle-temperatures of 
around 1150 to 1170 °C likely represent the maximum tem-
peratures during olivine crystallization and subsequent mix-
ing between different basanite magmas during ascent and 
these temperatures should apply to the diffusive exchange 
between core and Fo-richer mantle. However, after hybridi-
zation with relatively “colder” mafic phonolite magma 
(880 °C, Wörner and Schmincke 1984a, b; Berndt et al. 
2001), the temperature range at which the olivine crystals 
started to equilibrate with the new equilibrium composition 
must have been significantly lower, within the range between 
1170 and 880 °C. Since the hybrid samples show a large 
range of compositions along a mixing trend (Wörner and 
Wright 1984), the relative proportions of basanite to pho-
nolite, and thus the temperatures after hybridization, were 
highly variable, which must be considered in the modeling 
of diffusion in the rims.

Temperature constraints for mafic lavas erupted 
at the Rothenberg and Eppelsberg scoria cones

Temperatures were constrained from spinel inclusions in 
olivine for the mafic samples from the Rothenberg and the 
Eppelsberg basanite. In the basanite samples, spinel inclu-
sions with an adequate size for analysis and compositions 
within the calibration range of the thermometer are rare. 
Within the sample from Rothenberg, some of the inclusions 
were compositionally close to Ti-bearing magnetite and only 
crystallization temperatures for  Fo84–86 could be constrained 
(1152–1170 °C, average: 1159 ± 23 °C). For the sample 
from Eppelsberg basanite, crystallization temperatures of 
1157–1202 °C (average: 1183 ± 26 °C) are constrained only 
for less forsteritic olivine compositions  (Fo83–84).

Pressure constraints

For Laacher See hybrid clasts we took a minimum pres-
sure of 2 kbar for diffusion modeling based on the depth 
of the magma chamber constrained by previous workers 
(Wörner and Schmincke 1984a; Berndt et al. 2001; Harms 
et al. 2004). A similar pressure estimation is used for the 
Eppelsberg and Rothenberg basanites. The error caused by 

uncertain pressure values is negligible with respect to the 
uncertainty of temperatures.

Our approach to diffusion modeling

Olivine crystals from the final products of the Laacher 
See eruption are used here to constrain their growth his-
tory and residence times in the late-erupted mafic, hybrid 
host magma. As a complement, olivine from basanite lavas 
(bombs, lapilli and dikes) from several nearby (but sig-
nificantly older) basanite scoria cones were also analyzed 
to constrain ascent times of mafic recharge magmas from 
mantle or lower crustal depths. Since for these samples we 
concentrate only on the outer diffusion boundaries between 
core and crystal rims, these diffusion times should represent 
the timespan between entrainment of olivine crystals into 
a new magma and their rapid cooling after eruption at the 
surface. We term this point of entrainment as reactivation 
time of older olivine crystals (Sundermeyer et al. 2020). Oli-
vine crystals can be reactivated from prior storage in a crys-
tal mush or cogenetic cumulates, or from a resident, more 
evolved magma by a newly ascending more mafic magma. 
On the other hand, olivine crystals may be carried up in 
mafic magmas from depth into shallower reservoirs where 
they mix with evolved, olivine-free magma. The compo-
sitional relations between olivine (Fo-content) and hybrid 
magmas (Mg#) will depend on which of these processes 
was operating. In any case, the magma mixing event initi-
ates diffusive re-equilibration of olivine cores to the new 
equilibrium composition of the new hybrid host magma. 
Given a sufficiently long time, which mostly depends on 
temperature and size of the crystals, the core may completely 
homogenize with the new surrounding magma. However, if 
this process remains incomplete (e.g. due to fast eruption 
or cooling during the eruption), the compositional gradient 
between mantle and core can be used to determine the time-
scales of equilibration and the original core compositions 
can constrain parent magma compositions. In our samples, 
the olivine crystals often show an additional very thin (few 
microns) zoned overgrowth at the outermost rim, which 
is the product of a late, short crystallization from the host 
matrix after mixing and/or diffusion event that reflects a final 
phase of ascent and cooling after eruption.

Zones of growth and diffusion, both forming composi-
tional gradients, and growth during diffusion must be iden-
tified for diffusion modeling (Shea et al. 2015). Neglecting 
the effect of growth will result in an overestimation of the 
modeled timescales (Costa et al. 2008). However, there are 
several ways to distinguish diffusion from growth zoning. 
Compositional maps that focus on sharp crystal apexes show 
different zoning patterns for growth and diffusion: while 
growth zoning will produce compositional zones strictly par-
allel to the crystal faces, thus mimicking the crystal apexes, 
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diffusion will produce smooth rounded zonation haloes 
across the apexes. Figure 3 shows an example of such diffu-
sive smoothing around crystal apexes and thus suggests that 
zoning in these olivine crystals from Laacher See hybrids 
results from diffusion. The comparison of fast (Mg–Fe) 
and more slowly diffusing elements (Ni, Al, P) is an addi-
tional tool to distinguish whether compositional gradients 
are induced by diffusion or growth. Line profiles for Ni, 
Al, and P show significantly steeper and narrower gradients 
compared to the Fo-content between both core/mantle and 
mantle/rim (Fig. 4). Therefore, this is solid evidence that 
the Mg–Fe gradients are the result of a diffusion-dominated 
process. Further, the relationship between Fo-content and 
NiO also allows distinguishing growth from diffusion due 
to the different diffusion of Mg–Fe and Ni (Gordeychik 
et al. 2018). For normally zoned olivine, growth results in 
a steep convex trend from core to mantle in a NiO–Fo dia-
gram (Fig. 5). In contrast, it may be expected that diffusion 
is characterized by generally shallower trends (concave in 
normal zoned crystals and convex in reverse zoned crystals) 
if interdiffusion of Mg–Fe is faster compared to the diffu-
sion of Ni. The core-to-mantle gradients in olivine from East 
Eifel mafic lavas and Laacher See hybrids show a shallow 
trend from core to mantle and mantle to rim thus also sug-
gest that these gradients are dominated by diffusion.

Diffusion profiles were modeled with both, a non-isother-
mal model that considers cooling of the melt during diffu-
sion following the temperature constraints given above and 
an isothermal approach (DIPRA; Girona and Costa 2013). 
For both models, we assumed a step model for the compo-
sitional change between the core with an initial composi-
tion  C1 and the high-Fo mantle with a composition  C2. It 
is unconstrained whether the outermost rim already existed 
during diffusive exchange between core and mantle. There-
fore, either, this mantle evolved in a second stage of dif-
fusion to the low-Fo composition  C3 of the rim or the rim 
formed later and was then modified by diffusion. If a wider 
rim already existed during core-mantle diffusion, then a 
s-shaped diffusion profile may have existed that was later 
(partly) removed by dissolution and/or modified by rim dif-
fusion. However, a significant resorption event between man-
tle and rim is not indicated by the lack of distinct resorption 
interfaces that otherwise would be documented by slowly 
diffusing elements (e.g. Al, P). We tested both scenarios in 
our model, one based on diffusion between core-mantle-rim-
melt and one for diffusion between core-mantle-melt. We 
found that due to the narrow gradients (< 15 μm), the differ-
ences in calculated timescales are negligible and within the 
overall uncertainties of the model (see discussion below).

The diffusion models calculated below then provide 
two timescales for the Laacher See hybrid samples, which 
represent (1) the time between entrainment of olivine that 
is relatively low in Fo by a more mafic basanite and its 

intrusion into the phonolite magma chamber, and (2) the 
time between subsequent basanite/phonolite mixing, and 
eruption. For the Laacher See hybrids, we will first test an 
isothermal diffusion model based on the DIPRA algorithm 
(Girona and Costa 2013) and then a non-isothermal model 
(Petrone et al. 2016; Rout et al. 2020), and compare and 
evaluate the results. For the basanitic olivine we only model 
the inner diffusive boundaries. The gradients between the 
narrow mantle and the rim was not modeled at all for oli-
vine from Eppelsberg and Rothenberg basanite, because the 
parallel gradients of Fo and slowly diffusing trace elements 
are similar and thus indicate a growth-dominated zonation 
(Fig. 4). Note, however, that all our models only return maxi-
mum timescales because (1) the Laacher See eruption lasted 
several days with the hybrid magmas being erupted towards 
the very end and the duration of the ongoing eruption would 
be part of the calculated diffusion times; and (2) for basan-
ite lava and dike samples from scoria cones it cannot be 
excluded that diffusion continued after the eruption due to 
non-instantaneous cooling.

Diffusion modeling using DIPRA

The software DIPRA calculates timescales using a finite 
1-dimensional, numerical modeling approach and the dif-
fusion coefficients, that were experimentally determined 
by Petry et al. (2004), Coogan et al. (2005), Dohmen and 
Chakraborty (2007) and Dohmen et al. (2007). The model 
considers the change of Fo content in the olivine with time 
due to diffusion and thus the compositional dependence of 
changing diffusion coefficients (Girona and Costa 2013). In 
all analyzed olivine crystals, the diffusion of Mg–Fe, Mn, 
Ca, and Ni was modeled separately. A detailed overview 
of all modeling parameters is given in Online Resource 4 
(Fig. 9).

The software uses the root-mean-square-method (rms) 
to find the best-fit model curve (Girona and Costa 2013). 
For this, the initial concentrations C1, C2, and C3 must be 
defined. Within a number of steps dt and dx in time and 
space, which must be provided, DIPRA searches the best-fit 
between the measured profile and the model curves for every 
time and space step:

with N as the number of data points, Cx
j
 being the measured 

concentration C of an element i at a distance x, and Cx,j

i
 being 

the modeled concentration C of an element i at a dis-
tance × after j time steps (Girona and Costa 2013).

Since the cooling rate and temperature distribution is 
unknown, diffusion times were calculated (1) at an inter-
mediate temperature implying only minor cooling and (2) 
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a minimum temperature assuming that the main part of the 
diffusion took place in the colder hybrid melt. The inter-
mediate temperature is defined as Teffective = 0.95 * Tcalculated 
(Chakraborty and Ganguly 1991; Costa et al. 2008). This 
relationship is defined for element diffusion with activation 
energies Ea = 200 kJ mol−1 (Chakraborty and Ganguly 1991; 
Costa et al. 2008). This is in the range of the activation ener-
gies for diffusion in olivine used in the software DIPRA 
(Diffusion Process Analysis) by Girona and Costa (2013): 
EFo = 201 kJ mol−1, EMn = 201 kJ mol−1, ENi = 220 kJ mol−1, 
and ECa = 193–207  kJ  mol−1 depending on the crystal-
lographic orientation. The estimation of an effective tem-
perature close to the maximum temperature is based on the 
exponential dependency of the diffusion coefficient on T. 
Therefore, the major part of diffusion occurred at the begin-
ning of the diffusion process, when temperatures are still 
high (Costa et al. 2008). This estimation results in effective 
temperatures Teffective ~ 1114 °C for Laacher See, 1101 °C for 
Rothenberg, and 1123 °C for Eppelsberg samples.

The minimum temperatures for the hybrid can be esti-
mated taking the calculated temperatures for the olivine 
mantles (1172 °C), the temperature of ~ 880 °C for the mafic 
phonolite (Berndt et al. 2001), and the average 40/60% ratio 

of phonolite/basanite mixing proportions by Wörner and 
Wright (1984) as ~ 1055 °C. However, the proportions of 
basanite/phonolite cannot be assumed to be the same for all 
hybrid samples. Considering the uncertainty of the Coogan 
et al. (2014) thermometer and the 30% basanite component 
being a minimum value, we estimate a minimum tempera-
ture of T = 1000 °C for the temperature of the hybrid hosts.

For error calculation we used the 2σ-uncertainties 
obtained from the analytical measurements (Fo = 0.2 mol%, 
Mn = 0.004 wt%, Ca = 0.003 wt%, and Ni = 0.003 wt%), and 
the standard deviations from the calculation of Teffective that 
include the uncertainty given for the thermometer (± 20 °C, 
Coogan et al. 2014). The uncertainties for T are ± 32 °C 
for Laacher See hybrid samples, ± 23 °C for Rothenberg, 
and ± 26 °C for Eppelsberg. Temperature is the dominant 
parameter controlling diffusion and, therefore, uncertainties 
in calculated diffusion times. The uncertainties for T used 
here result in time uncertainties that are mostly in the range 
of 26–78% for diffusion modeling of Mg–Fe, 32–119% for 
Mn, 29–104% for Ca, and 30–130% for Ni, but can reach up 
to 300% for crystals with very short diffusion times (days) 
and a low compositional contrast between core, mantle, and 
rim.
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Fig. 9  Isothermal diffusion modeling of a Mg–Fe, b Ca, c Mn, and d 
Ni in a representative olivine crystal from the Laacher See (LSH-1-1) 
using DIPRA (see text for discussion and explanations). Green lines 
show the estimated initial zoning at the time t0, when the olivine is 
reactivated and starts diffusive equilibration for a timespan Δt until 

diffusion is interrupted at the time t1 (red line) by cooling (e.g. erup-
tion). The time obtained by modeling a curve best-fitting the meas-
ured profile represents the timescales between entrainment by the 
basanite and eruption
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Non‑isothermal modeling

The distinct compositional zones observed in olivine crystals 
may have formed at different times and temperatures. These 
processes can be modeled using a non-isothermal diffusion 
model e.g. NIDIS (Non-Isothermal Diffusion Incremental 
Step model) from Petrone et al. (2016), which was recently 
modified by Rout et al. (2020). This model allows the step-
wise modeling of diffusion in complex zoned crystals at dif-
ferent temperatures. The core started diffusive equilibration 
with the mantle composition at a time t1 and a temperature 
T1, and equilibrated for a timespan ∆t1. After that time, the 
rim is formed and the mantle started equilibration with the 
rim composition (at a time t2 and a temperature T2). During 
the time span ∆t2 the rim equilibrates, but simultaneously 
the core equilibration continues its diffusive exchange at the 
different temperature T2. The sum of the times ∆t1 and ∆t2 
represents the total time of diffusion (Petrone et al. 2016).

The non-isothermal model used in this study is based on 
a 1-dimensional, numerical approach as described by Costa 
et al. (2008). The diffusion times were calculated using ini-
tial compositions, pressure and min./max. temperature val-
ues identical to the isothermal model. Since the cooling rates 
are unknown, we decided to model diffusion in olivine from 
the Laacher See hybrids with a stepwise cooling, assuming 
a rapid temperature decrease when the basanite entered the 
Laacher See magma chamber and mixed with the colder 
phonolite.

The non-isothermal modeling shows that the time ∆t1 
of core-mantle diffusion high temperatures of 1114 °C to 
1172 °C must have been very short (from hours to < 15 days, 
see results below). This short time scale refers to the earlier 
basanite-basanite mixing event. The second stage of diffu-
sion that affected the rims took part at low temperatures 
(1000 °C) then represents the major part of the entire dif-
fusive history. The short timescales and the high tempera-
ture uncertainties result in relative time uncertainties of 80 
to > 100%. The timescales are consistent to those obtained 
from the isothermal modeling at 1000 °C in DIPRA due 
to the short diffusion period at high temperatures but yield 
higher relative errors.

Results: calculated diffusion times

Results of model calculations are summarized in Fig. 10 and 
Table 1. For olivine from the Laacher See hybrids, the time-
scales obtained from olivine core-mantle-rim zoning range 
from 1 ± 1 to 49 + 35/− 20 days based on Mg–Fe diffusion 
at Teffective = 1114 °C. Maximum timescales at 1000 °C are 
up to 410 days. Diffusion times for trace elements are in 
good agreement and vary between 1–34 (+25/− 12), 1–30 
(+18/− 13), and 1–36 (+41/− 28) days for Mn, Ca, and Ni, 
respectively. The non-isothermal model yields very similar 

timescales of < 15 days for core diffusion at 1114 °C and up 
to 400 days for core and rim diffusion at 1000 °C.

Diffusion times calculated for olivine from the basan-
ite sample E41 at intermediate temperatures are generally 
longer (up to 406 days). Olivine from E41 gave a range of 
timescales between 47 (+ 18/− 14) and 406 (+ 238/− 126) 
days for Mg–Fe diffusion. Mn, Ca, and Ni gave comparable 
results, except for one crystal E41-4-3, with tFo = 406 days 
and tNi = 154 (+ 64/− 82) days. However, given the uncer-
tainties these diffusion times still overlap. Olivine from 
EPB gave shorter diffusion times of 17 (+ 8/− 7) to 125 
(+ 52/− 50) days (maximum times along a-axis), which 
again correlate well with trace element diffusion times (12 
+ 12/− 8 to 88 + 40/− 67 days).

Fig. 10  Diffusion times of Mg–Fe, Mn, Ca, and Ni in olivine from 
Laacher See, Rothenberg, and Eppelsberg. Diffusion times of ana-
lyzed olivine crystals from Laacher See are exceedingly short 
(< 50 days) up to 415 days depending on the chosen model and tem-
perature path. However, the timescales indicate that the phonolitic 
magma chamber was reactivated only within 2 to 14  months prior 
to eruption (maximum estimates). Olivine from the basanitic sam-
ples show maximum diffusion times, which vary from tens of days 
up to 400 days. Large uncertainties are mainly caused by temperature 
uncertainties
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Discussion: implications for magmatic 
evolution and eruption

Olivine compositions and zoning patterns show that basanite 
from the East and nephelinite magmas from the West Eifel 
volcanic field are distinct in their composition, origin, and 
histories. Both are again different from olivine contained 
in the basanite magma that intruded into the Laacher See 
magma system within weeks to months before its eruption 
13 kyr ago. The observation that olivine from the East Eifel 
basanite samples are less forsteritic (corresponding to more 
evolved magmas) than those from the West Eifel, correlates 
with the generally more evolved volcanic products in the 
East Eifel compared to the more primitive composition of 
magmas in the West Eifel (Schmincke 2007). Our analyses of 
olivine crystals reveal two distinct trends for East and West 
Eifel volcanic products with respect to their Fo- and NiO-
relationship (Fig. 6a). Olivine core compositions from the 
West Eifel nephelinite samples fall on a steep crystallization 
trend of mantle-derived melts starting from an equilibrium 

composition with > Fo90 and high NiO (> 0.3 wt%). The near 
primary nature of these West Eifel nephelinite magmas is 
also indicated by the abundance of mantle-derived peridotite 
xenoliths (e.g. sample DEU from the Meerfelder Maar; Witt-
Eickschen et al. 2003) and high-pressure cumulates from the 
base of the crust (PUL: Pulvermaar; Lloyd 1987; Duda and 
Schmincke 1985).

The reverse zoning pattern commonly found in olivine 
from East Eifel basanite samples indicate a common his-
tory for most basanite-derived olivine crystals and their host 
magmas, which is different from that of the nephelinites. 
The compositional range of their cores results from mixing 
of variably evolved basanitic melts with equilibrium olivine 
of < Fo88 and low NiO (< 0.2 wt%). The typical reverse-
loop zonation starting from these cores towards a relatively 
uniform, more forsteritic mantle  (Fo86.5–87.5) indicate that 
these magmas and their olivine crystals mixed after previous 
storage with new ascending, more mafic basanite magmas.

The uniform composition of olivine mantles (~ Fo86.5-87.5, 
NiO = 0.1–0.2 wt%) marks

Table 1  Diffusion times of 
olivine crystals from Laacher 
See mafic phonolite-basanite 
hybrid clasts (LS-samples) 
and Rothenberg (E41) and 
Eppelsberg (EPB) basanite

Diffusion times from EPB are maximum times calculated for diffusion along the a axis

Crystal No. Mg–Fe Mn Ca Ni

Time – + Time – + Time – + Time – +

LS-A-2 7 4 4 4 3 4 9 4 5 12 6 11
LS-A-7 22 8 14 14 14 22 30 13 18 17 9 10
LS-B-1 1 1 1 1 1 3 1 1 1 1 1 1
LS-B-2 28 13 23 22 20 36 17 7 10 22 11 18
LSH-1-1 16 9 9 12 5 13 25 11 14 5 4 4
LSH-1-5 6 4 5 6 4 6 – – – 2 2 4
LSH-2-3 5 3 4 1 1 3 9 8 6 6 3 4
LSH-2-9 11 6 7 10 5 8 13 6 12 3 2 3
LSH-3-2 18 6 10 21 10 25 20 8 16 23 14 27
LSH-3b-2 14 9 10 – – – – – – – – –
1101-3-3 9 3 6 5 2 4 9 3 7 5 3 3
1101-3-5 49 20 35 – – – – – – 36 28 41
1101-3-6 26 14 16 34 12 25 – – – 24 10 14
E41-4-1 291 213 103 211 61 159 182 80 77 254 167 346
E41-4-3 406 126 238 343 297 252 340 97 151 154 82 64
E41-4P-1 153 66 78 156 61 63 102 38 59 142 43 84
E41-4P-2 47 14 18 42 14 15 74 32 31 22 11 10
E41-4P-4 123 55 52 85 55 65 85 48 34 41 14 23
E41-4P-6 187 57 67 200 54 71 183 59 67 151 56 116
EPB19-1-2xc2 78 33 33 64 27 30 35 18 16 21 8 10
EPB19-1-3id1 17 8 7 25 9 23 29 30 22 – – –
EPB19-1-3id2 64 42 42 62 38 63 52 16 37 19 19 37
EPB19-1-3id4 81 25 50 – – – 84 28 77 219 100 125
EPB19-1-3id5 101 53 67 34 25 24 31 13 23 83 40 40
EPB19-1-3id8 72 26 33 44 26 26 69 37 28 16 14 12
EPB19-2-2id3 125 52 50 88 67 40 77 24 42 12 8 12
EPB19-2-2id4 70 28 39 – – – 46 26 26 81 79 92
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(1) the maximum Fo-content found in olivine cores from 
East Eifel basanite

(2) the common mantle composition, to which all cores 
equilibrated.

(3) to the common composition of olivine rims from 
Laacher See hybrids.

(4) the minimum Fo- and NiO-content found in olivine 
mantles/rims in West Eifel nephelinite samples, whose 
magnesian cores represent primary magma composi-
tions (Fig. 6a–c, 8). Thus, this composition is com-
mon to all samples that we studied and is intermediate 
between more evolved basanite and primary mantle-
derived melts.

History and composition of the Laacher See 
recharge magma

It was previously assumed that the basanite recharging into 
the Laacher See magma chamber is equivalent to magmas 
previously erupted in older basanitic scoria cones surround-
ing the Laacher See volcano (Wörner and Wright 1984). 
However, the cores of olivine crystals in Laacher See 
hybrids show a large compositional range that extends from 
 Fo83 to > Fo88 (Fig. 6a) and their mantle compositions even 
reach up to  Fo89.1 and NiO = 0.24 wt%. Such high-Fo and 
intermediate NiO composition is neither observed in East 
Eifel basanite nor West Eifel nephelinite and extends the 
trend of olivine cores from basanites towards a more mag-
nesian composition (Fig. 6a). The less forsteritic composi-
tions within this large range in olivine core compositions 
overlap with those of olivine erupted in basanite magmas 

Fig. 11  a Schematic model of the magmatic systems beneath the 
basanitic scoria cones and the Laacher See volcano [after earlier con-
cepts developed in (Wörner and Schmincke 1984b; Tait et  al. 1989; 
Ginibre et al. 2004; Schmitt et al. 2010)] with depth constraints from 
xenolith evidence and experimental petrology (Wörner et  al. 1982; 
van den Bogaard and Schmincke 1984; Wörner and Schmincke 
1984b; Berndt et al. 2001; Harms et al. 2004). The model shows (in 
an inverted sense) the compositional zonation from ULST to MLST 
and LLST phonolite magma as a molten core from which the erup-
tion occurred 13 kyr ago. This core is embedded in an intrusive cara-
pace of older and colder syenite-carbonatite and cumulate rocks that 
are found as abundant cogenetic lithics in the tephra deposit (Tait 
et  al. 1989; Rout and Wörner 2018). These syenites and cumulates 
have been dated (Bourdon et al. 1994; Schmitt et al. 2010) to range in 

age from 13 to 30 ka, they also have quenched interstitial phonolitic 
glass and thus represent the extended residence time of the active 
phonolitic magma system in the shallow crust. b Shows zooms of the 
magma reservoirs at the base of the phonolitic Laacher See volcano 
and the nearby basanitic scoria cones. The processes of recharge, 
crystal reactivation, mixing and their timing are in detail shown in c. 
Mafic recharges connected to basanite-basanite mixing and olivine 
reactivation occurred both, at the Laacher See volcano and the sco-
ria cones at Eppelsberg and Rothenberg ~ 410 days prior to the erup-
tion. At Laacher See volcano, the basanite subsequently entered the 
phonolitic magma reservoir and mixed/mingled with the mafic pho-
nolite in the lower part of the chamber < 400 days prior to the erup-
tion. Aerial photo of the Laacher See crater (inset) provided by Wal-
ter Müller
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at the scoria cones. This indicates that some of the olivine 
crystals in the recharging basanite initially had similar histo-
ries compared to those erupted at the scoria cones. However, 
the additional presence of more magnesian olivine crystal 
cores and also distinctly more magnesian overgrowths on 
all olivine crystals in the Laacher See hybrids then indicate 
that the recharging basanite must have had a different history 
and composition compared to the basanites that erupted in 
nearby scoria cones (Figs. 5, 6b, 11).

There are two important conclusions from this 
observation:

(1) before entering the Laacher See magma chamber, the 
recharging basanite entrained olivine crystals with 
a range of compositions that were stored either in a 
crystal mush or contained in basanite magma in the 
crust at the time when the Laacher See volcano erupted. 
Most of these crystals are similar to those known from 
erupted basanites in the East Eifel. However,

(2) the new basanite magma was significantly more mafic 
than any of the basanites erupted from the nearby sco-
ria cones. Only the outer rims of olivine crystals from 
the hybrids are uniform and again less magnesian in 
composition  (Fo86.5–87.5, Fig. 6c) and thus reflect the 
composition in equilibrium with the hybrid matrix that 
formed after basanite-phonolite mixing.

Origin and mixing history of basanite magmas 
in the East Eifel

Distinct growth zones in olivine crystals from the basanite 
samples shown by P- and Al-content are evidence for sev-
eral heating events (Milman-Barris et al. 2008) that may 
reflect frequent basanite-basanite mixing events as docu-
mented also from eruptive products of the WEVF (Shaw 
and Klügel 2002; Shaw 2004). The basanite magmas from 
the scoria cones are either products of mixing between mafic 
magmas with variable, slightly more evolved magmas or 
they entrained cumulate crystals of variable composition 
from an older residual crystal mush. The observed compo-
sitional range of low-Fo olivine cores is consistent with both 
interpretations. Since no magnesian olivine cores > Fo88 are 
found in basanite lavas, the mafic endmember of mixing can-
not have been a primary magma which would be expected to 
carry olivine > Fo90 as is recorded in West Eifel nephelinites. 
Except for the recharge magma that formed the Laacher See 
hybrids, there is no evidence for primary basanite magmas in 
our samples from the East Eifel. However, both the erupted 
basanites and the basanite endmember of the Laacher See 
hybrids share the “common” composition at  Fo86.5–87.5 (yel-
low field in Figs. 5,7). Such a composition could in principle 
be produced by mixing of variably evolved basanite magma 
as represented by the range in olivine core compositions 

 (Fo80 to  Fo86; Fig. 6) and a recharge magma that is in equi-
librium with  Fo89, i.e. the most mafic mantle composition 
observed in olivine crystals contained in the hybrids (circled 
“basanite” field in Fig. 5).

However, this brings up the question why this  Fo89 com-
position itself is completely absent in olivine crystals from 
the basanite samples from scoria cones but so prominent in 
all crystals from the basanite-phonolite hybrids. Whatever 
the reason is for this difference, this observation must indi-
cate the distinct character of the particular basanite magma 
that mixed with, and possibly triggered the eruption of the 
Laacher See phonolite.

One possible explanation for the absence of mantles with 
 Fo89 in olivine crystals from the basanite samples may be 
due to their advanced equilibration by diffusion at high tem-
peratures (~ 1100 °C), during which initially Fo-rich com-
positions must all have re-equilibrated towards the common, 
less forsteritic composition found in the basanites. Diffusion 
modeling shows that a narrow mantle with  Fo89 can equili-
brate to  Fo86 within tens up to few hundred of days, which 
is in the range of diffusion times calculated in this study.

This scenario implies that:

(1) scoria cones are fed from basanite magmas with an 
extended history (up to > 1 year) of crustal transfer, 
residence, and basanite-basanite mixing connected to 
olivine reactivation from crystal mushes/cumulates, 
and

(2) the recharging basanite the Laacher See magma reser-
voir had a distinct history: it must have risen directly 
from mantle magma reservoirs in shorter time (possi-
bly < 15 days as evidenced from olivine core diffusion 
times) and mixed with the phonolite less than 400 days 
prior to eruption. This interpretation has profound 
implications for assessing precursor activity of poten-
tial future eruptions in the region.

What happened prior to the eruption of the Laacher 
See volcano?

The pre-eruptive processes, eruption triggering events and 
the timescales of reactivation of the Laacher See magmatic 
system have long been subject to study, but details remain 
unclear. U-Th isotope dating of minerals that crystallized 
from the Laacher See phonolite magma has clearly shown 
that evolved phonolitic magmas resided for more than 
20,000 years below the Laacher See volcano before it even-
tually erupted (Bourdon et al. 1994; Schmitt 2006; Schmitt 
et al. 2010). This naturally begs the question why phonolite 
magmas did not erupt earlier and what was the final trig-
gering event. It is known from other volcanic settings that 
mafic recharge events and subsequent magma mixing may 
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cause precursor geophysical activity (e.g. Kahl et al. 2011, 
2013; Sundermeyer et al. 2020) and eventually trigger erup-
tions (Sparks et al. 1977; Murphy et al. 2000; Eichelberger 
et al. 2006; Wright et al. 2011; Ruprecht and Plank 2013; 
Cashman and Giordano 2014; Wolff et al. 2015; Wiebe 
2016). Therefore, with respect to the Eifel Volcanic fields, 
it is important to understand ascent and mixing time scales 
for mafic magmas. To this end, diffusion times of olivine 
were already calculated for several primitive eruptive cent-
ers in the West Eifel such as Baarley, Gemündener Maar, 
and Meerfelder Maar (Shaw and Klügel 2002; Shaw 2004). 
Zoned olivine in xenoliths document fast ascent times from 
the mantle and probably several recharge events years prior 
to the eruption (Shaw 2004) with only months to hours 
between the last mixing, degassing, and eruption (Shaw and 
Klügel 2002; Denis et al. 2013; Shaw et al. 2018).

Diffusion times of olivine crystals analyzed in this study 
indicate similar timescales for the ascent of the basanite 
(< 15 days) that intruded into the Laacher See phonolite 
magma system less than 400 days before the cataclysmic 
eruption 13 kyr ago. Several earlier recharge events were 
suggested by Rout and Wörner (2020) to have occurred dur-
ing the 20,000 years history of phonolite magma residence 
but these apparently did not result in eruptions.

Using diffusion modeling of zoned sanidine phenocrysts 
from carbonatitic syenites representing the top and mar-
gins of the magma chamber (Fig. 11a), Rout and Wörner 
(2018) proposed a final heating and destabilization event 
within years prior to the eruption. This event is not pre-
served in the olivine crystals likely due to re-equilibration. 
However, Rout and Wörner (2018) also modeled diffusive 
re-equilibration of exsolution lamellae in sanidines, that 
formed during a period of relatively cold storage in the syen-
itic, crystal-rich carapace surrounding the magma reservoir. 
These indicate heating above the solvus of 725 °C within 
15–50 days prior to the eruption. Such timescales are con-
sistent with short olivine diffusion times calculated in this 
study at T = 1114 °C. The temperatures estimated for the 
syenites surrounding the phonolite are ~ 325–400 °C lower 
than those calculated here for from olivine-spinel pairs from 
the basanite intruding into the base of the magma system. A 
strong temperature gradient must have existed between the 
LLST syenites, the evolved phonolite at the top to the mafic 
phonolite, phonolitic crystal mush, and the intruding basan-
ite at the bottom. Such a temperature gradient was already 
estimated by Wörner and Wright (1984) between the LLST 
to ULST phonolite (800–860 °C) and the mafic hybrids 
(1060 °C). This also supports the hypothesis that magma 
mixing/heating was restricted to the bottom of the reservoir 
as also indicated by the occurrence of hybrid components 
only in the uppermost ULST (i.e. the lowermost part of the 
magma chamber; Wörner and Wright 1984; Tait et al. 1989; 
Berndt et al. 2001; Ginibre et al. 2004).

As outlined above, the olivine crystals in the hybrid mag-
mas had a history distinct from those found in basanitic sco-
ria cones and were entrained into the basanite magma only 
shortly before mixing and eruption (Fig. 11c). However, it 
is unconstrained whether these olivine crystals were stored 
before entrainment in a crystal mush at the bottom of the 
Laacher See magma chamber, i.e. resulted from the previ-
ous intrusions of basanite documented by Rout and Wörner 
(2020) or whether these olivine crystals were derived from 
a deeper reservoir below (and not directly connected to) the 
Laacher See magma reservoir. We can, however, speculate 
that previous basanite intrusions were not able to enter the 
Laacher See magma chamber directly due to the nearly-rigid 
crystal mush functioning as a temporary barrier (Pallister 
et al. 1992) until a particularly strong recharge event brought 
new, near-primary magma from deep (mantle) levels.

The narrow range of timescales indicates that the final and 
critical recharge was a single event rather than an extended 
phase of continuous intrusions. Previous studies (Folch and 
Martí 1998; Snyder 2000; Wark et al. 2007) showed that 
mafic recharge events can trigger silicic eruptions within 
months even without wholesale magma mixing, simply due 
to over-pressurization caused by volatile exsolution from 
the cooling and crystallizing recharge magma. A similar 
scenario is assumed to have triggered the 1991 Pinatubo 
eruption (Pallister et al. 1992; Kress 1997; Folch and Martí 
1998) and may be also reasonable for Laacher See.

Our results show that the phonolitic magma chamber 
can be activated and brought to eruption within maximum 
400 days after an extended storage time of tens of thousands 
of years by a single critical recharge event. Given the uncer-
tainties in such diffusion modeling, this timescale is con-
sistent with estimates by Rout and Wörner (2020) based on 
diffusion modeling of Ba in sanidines from the same rocks 
that gave maximum diffusion times of 1.5–3 years after pho-
nolite-basanite mixing. Whether or not an additional trigger 
was related to  CO2-degassing from the recharge basanite and 
the effect of  CO2-flushing on the phonolite magma (Caricchi 
et al. 2018) remains to be investigated.

Conclusions

Magmatic processes prior to the phonolitic Laacher See 
eruption (13 kyr) have been reconstructed with respect to 
their timescales and the composition of involved magmas 
using compositions and diffusion modeling in olivine crys-
tals from the hybrid phonolite-basanite tephra clasts that 
were produced at the very end of the eruptive sequence. 
These hybrids were interpreted to have formed after intru-
sion of basanite magma into the lowermost part of a chemi-
cally zoned phonolite magma chamber.
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The composition and zonation of olivine crystals con-
strain the pre-eruptive history of the evolved Laacher See 
magma reservoir after 20 kyr of storage:

1 Laacher See hybrids that formed from basanite-phono-
lite mixing and mingling contain olivine crystals that 
show complex reverse zonation with variable cores 
 (Fo83–89) and more magnesian mantles with  Fo87.8–89.

2 Compositional mapping and measured profiles show that 
the smooth compositional gradients between core and 
mantles formed by diffusion and partial equilibration 
after entrainment by a more mafic basanite magma.

3 The basanite that intruded into the resident Laacher 
See phonolite reservoir was distinctly more mafic 
than basanites erupted in nearby scoria cones. This 
recharging basanite contained olivine crystals that were 
entrained from older intrusions during ascent < 15 days 
before entering the Laacher See magma system.

4 Mixing of mafic basanite and the crystal-rich phonolite 
magma at the base of the Laacher See magma chamber 
resulted in hybrids that are in equilibrium with  Fo86.5–87.5 
as shown by the outermost olivine rim compositions.

5 Basanite lavas erupted from the older scoria cones sur-
rounding Laacher See volcano represent more evolved 
compositions as represented by their less forsteritic oli-
vine cores  (Fo80–88) compared to the basanite recharg-
ing the Laacher See reservoir  (Fo89). These cores equili-
brated after mixing with intermediate hybrid magmas (in 
equilibrium with  Fo86.5–87.5).

6 We document short diffusion times for the composi-
tional zonation in olivine crystals from the Laacher See 
hybrids. The olivine crystals started diffusive equilibra-
tion with the mafic basanite  (Fo89) less than 15 days 
before entering the Laacher See magma chamber. Sub-
sequently the crystals further exchanged by diffusion to 
the new hybrid host  (Fo86.5–87.5) after phonolite-basanite 
mixing for maximum 400 days.
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