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AN EXTENSIVE K-BENTONITE AS AN INDICATOR OF A SUPER-ERUPTION
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Zircon and monazite ID-TIMS U-Pb dating of four Lower Ordovician altered ash-fall tuff beds (K-Bentonites) in NW Iberia provided
coetaneous ages of 477.5+1, 477+1.3 Ma, 477.2+1.1 Ma and 477.3+1 Ma, with a pooled concordia age of 477.2+0.74 Ma. A conservative
estimation of the volume and mass of the studied K-bentonite beds (using data from the Cantabrian Zone) returns a minimum volume
for the preserved deposits of ca. 37.5 km® (Volcanic Explosivity Index - VEI = 6, Colossal). When considering other putative equivalent
beds in other parts of Iberia and neighboring realms the volume of ejecta associated to this event would make it reach the Supervolcanic-
Apocalyptic status (VEI=8, >1000 km3). Contrary to most cases of this kind of gargantuan eruption events, the studied magmatic event
took place in relation to continental margin extension and thinning and not to plate convergence. We speculate that a geochronologically
coincident large caldera event observed in the geological record of NW Iberia could be ground zero of this super-eruption.

OBLUUPHbIE OTJIOXKEHUA K-BEHTOHMUTOB KAK UHOUKATOP CYMNEPB3PbIBA
B CEBEPHOW MBEPUU HA YPOBHE 477 MUJIJIMOHOB JIET HA3AL.

G. Gutiérrez-Alonso'?, J.C. Gutiérrez-Marco?, J. Fernandez-Suarez**, E. Bernardez’,
F. Corfu®, A. Lopez-Carmona >*

Y Omoen ceonoeuu Canamancroeo ynueepcumema, Mcnanus
2 [eonoeo-eeozpaghuueckuii paxynomem Tomcroeo 20cyOapcmeennozo ynusepcumemd,
8 Uncmumym 2eopuszuxu (CSIC, UCM), Maopuo, Ucnanus.
4 Kageopa munepanoauu u nemponoeuu, Ynusepcumem Komnaymence, Maopuo, Hcnanus.
> Kagheopa eeonocuu, Yuusepcumem Amaxama, Konwvsino, Quiu
¢ Kageopa ceopusuueckux uccneoosanut, Ynusepcumem Ocno, Hopsezus.

Lamuposka U-Pb Memodom yupkoHa u MoHayuma (ID-TIMS) Yemeipex HusHeopdoBUKCKUX U3MeHeHHbIX crioed myga (K-beHmoHume!)
8 cesepo-3anadHoll Yacmu nposUHYUU Mbepus npu ycrosuu, Ymo peasibHble B03pacmel UX GOpMUpOBaHUs cocmasssaiom 477,5 + 1,3
MIH. niem, 477,2 + 1,1 MiH. nem u 477,3 + 1 MiiH iem , ¢ 06be0UHeHHbIM KOHKOPOHMGAHbIM Bo3pacmoM 477,2 + 0,74 MrH. nem. Bepoam-
Hoe pacnpocmpaHeHue Maccsl u3yYeHHblx K-6eHmoHUMosbix croed  nodobHbix omioeHul KaHmabpuaHcKol 30Hb! N0380sAem  oye-
HUMBb BbidesieHHo20 nenloso20 Mamepuana 8 obbeme nopadka 37,5 KM® (noKkasamestb B83pbiBoonacHocmuU 8ysKaHa - VEI = 6, m.e. secema
KonoccarnbHeIt). PaccMampusan dpyaue npednosigeaemMble 3KBUBAIEHMHbIe C/10U 8 Opyaux Yacmsx Mbepuu u cocedHux pe2uoHax, obbem
8blbpoca, ceaA3aHHbIt € 3MuM cobbimueM, MoxKem docmuzHymb ypoaHs cynepsynkara (VEI = 8,> 1000 kM3), Komopebil Mo2 onpedename
CyuiecmaeHHble U3MeHeHUs1 0p2aHU4eCcKo20 MUpa Ha Haulell niaHeme. BonpeKu bo/iblUUHCMBY Cy4aes makoao pooad 2U2aHMCKUX U3sep-
KeHul, nposB/eHUe 0aHHO20 MO2MamUYecKo20 CobbIMUA Mo2/10 UMeMmb Mecmo He MOJIbKO 8 peruMe HapawUBaHUsA MOUWHOCMU 3eMHOU
KOpbI NPpU CMOJIKHOBeHUU NIUM , HO U Npu UX de3uHmezpayuu, m.e. 8 pexuMe NPoAs/IeHUs BHYympunpumH+oU aKmusHOCMU UsU NPOAB/IeHUS
KPYNHbIX U3BepeHHbIX NposuHUUL . Mbl npednosiazaeM, 4mo 2eoxpoHosioauHecku cosnadaroyee KpynHoe cobbimue Kaslbdepebi, Habsodae-
Moe 8 eeosioauqecKoll nemonucu C3 Vbepuu, Morem omparames 00UH U3 2/7108HbIX 3Manos 8 380/1UUU 3eM/IuU U eé 0p2aHUHecKo20 Mupa.

Introduction

Volcanic supereruptions (Rampino and Self, 1992) are con-
templated to be those that discharge magma in excess of 10" kg,
commensurate to a volume of more than 450 km® (Self, 2006;
Sparks et al., 2005) in a relatively brief period of time (Mason
et al., 2004; Miller and Wark, 2008) with a Volcanic Explosivity
Index (VEI) (Newhall and Self, 1982) commonly over 8. These
singular volcanic episodes appear to happen prompted by melt
buoyancy (Malfait et al., 2014) with a worldwide prevalence
ranging from 1.4 to 22 events/Ma (Mason et al., 2004), which
should make them ample in the geological record.
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Still, few such eruptions are noticed in the geological record
on account of: i) the odds of preservation are scant as the deposits
they generate are easily eroded and ii) even if the deposits are
perpetuated, they are challenging to recognize and reconstruct
once they have been altered, deformed, metamorphosed and dis-
membered by ensuing geological events. For instance, the last 45
My of Earth history preserve deposits caused by at least 45 su-
pereruptions (Mason et al., 2004) while in the Ordovician period,
covering the same time span (ca. 42 My), only two supererup-
tions, preserved as altered volcanic ash-fall deposits (K-benton-
ites), have been diagnosed so far (Huff, 2008; Huff et al., 1992;



Huff et al., 2010; Huff et al., 1996; Sell et al., 2013).

In this paper we target on the Lower Ordovician ash-fall de-
posits found in northern Iberia and contribute geological and ge-
ochronological data, as well as arguments, that support the idea
that the deposits were the result of one super-eruption that oc-
cured in the rifted and extended northern margin of west Gonwa-
na during Floian times. This event took place at a passive margin
while it was being thinned and extended during the initial phases
of the Rheic Ocean opening (see Murphy et al., 2006).

Geological setting

The Lower Paleozoic succession in northwest Iberia is char-
acterized by the profusion of long-lived magmatism which is
expressed mainly by the so called “Ollo de Sapo” plutonic and
volcanic episode extending in age between ca. 490 and 465 Ma,
with a maximum at ca. 477 Ma, Fig. 1C (Montero et al., 2009b;
Talavera et al., 2013).

Within the Cantabrian Zone (CZ), this event is represented
by alkaline basalts and volcaniclastic rocks interbedded within
Upper Cambrian and Lower Ordovician strata (Gallastegui et al.,
1992; Heinz et al., 1985; Loeschke and Zeidler, 1982) together
with an extensive K-bentonite (Pedroso-Valverdin bed) within
the Lower Ordovician succession (Fig. 1A), (Garcia-Ramos et
al., 1984) which is the main object of this study. Ash-tuff beds
correlatable with the Pedroso-Valverdin bed also crop out in oth-
er parts of Iberia as the Iberian Ranges (IR) (Tranquera bed, Fig.
1A (Alvaro et al., 2008) and in the Westasturian-Leonese Zone
(WALZ) (Villa et al., 2004).

The Lower Ordovician shallow-water siliciclastic succession
hosting the studied ash beds is widely exposed in Western Europe
(e.g. Alvaro et al., 2008; Aramburu, 1989; Aramburu and Garcia-
Ramos, 1993) and its provenance established through detrital zir-
cons (Shaw et al., 2014). The Pedroso-Valverdin K-bentonite bed
(Fig. 1A) extends over the whole CZ (Fig. 1A) more than 1800
km? with a thickness between 45 and 80 cm (Aramburu, 1989). It
is interpreted as an altered ash-fall tuff (“kaolinite tonstein” Ar-
amburu, 1989; Garcia-Ramos et al., 1984). The upper and lower
contacts are very sharp and the massive ash-fall apparently did
not affect the population structure and the development of the
benthic communities, which attained a rapid recovery and re-col-
onization of the shallow marine environment in a way similar to
that observed in other Ordovician and modern ash-falls (Huff et
al., 1992; Kuhnt et al., 2005).

The origin of the Lower Ordovician magmatism in the stud-
ied sector of the Gondwanan margin (Fig. 1B) is interpreted to be
related to extension, linked to the undocking of Avalonia (Mur-
phy et al., 20006).

The three new studied samples plus a sample from Mina
Conchita (Fig. 1A) (Gutiérrez Alonso et al., 2007), were collect-
ed in the Cantabrian Zone. The K-bentonite samples contained
mainly zircon, monazite and pyrite as heavy minerals, which is
indicative of limited reworking in the sedimentary environment,
in contrast to other K-bentonites with the heavy mineral asso-
ciation zircon-tourmaline-rutile, which is a common feature of
highly reworked bentonites in which the proportion of remanié
zircons is usually high.

Geochronology

U-Pb ID-TIMS analytical method

U-Pb analytical work was conducted at the Department of
Geosciences, University of Oslo, Norway. Isotope data and de-
tails of each analyzed fraction are given in Table 1. The analytical
procedure for zircon and monazite analyses is also described in
Gutiérrez-Alonso et al., (2016). U-Pb data are shown as Wetherill
concordia plots in Fig. 1D.

Results

For sample AST-1 (Gutierrez-Alonso et al., 2007) we use the
published age of 477.5+1 Ma (Concordia age of 6 concordant
and overlapping analyses on single abraded grains, Fig. 1D.4).

For the 3 new samples selected for this study (LBL, GRADO
and TUN-194) the best U-Pb age estimate has been calculated as
described below:

Sample LBL: 11 zircon and 3 monazite fractions were ana-
lysed (see details in Table 1). Of the 11 zircon analyses, 5 are dis-
cordant and are no longer considered in age calculations. The six
concordant analyses (Table 1) yield a concordia age of 477+1.3
Ma (Fig. Fig. 1 D.1). This age is within error of the weighted
average of the 27Pb/>°U age (chosen because of reverse discord-
ance, see (Scharer, 1984) of the 3 monazite analyses (478+2.7
Ma) from the same sample.

Sample GRADO: Nine zircon and one monazite fractions
were analysed. Of the 9 zircon fractions 3 are >5% discordant
and were not considered for age calculation. With the remaining
analyses (discordance between -0.2% and 3.8%, Table 1) we cal-
culated an upper intercept age anchored at 0£10 Ma (Fig. 1D.2)
of 477.2+2.3 Ma, and a concordia age with the two top anal-
yses (Fig. 1D.2) of 477.2+1.1 Ma. This age is within error of
the 27Pb/>U age of the reversely discordant monazite analysis
(478+1 Ma).

Sample TUN-194: 10 zircon and one monazite analyses
were performed on fractions separated from this sample. Of the
10 zircon analyses, 3 were discordant and are not considered in
the age calculation (Table 1). The remaining 7 concordant zircon
analyses yield a concordia age of 477.3+1 Ma (Fig. 1D.3), within
error of the 27Pb/*’U age of the reversely discordant monazite
analysis (479+1 Ma).

Within the precision of the U-Pb analyses in this study, it can
be stated that the four samples are coeval and possibly belong to
the same volcanic event. The best age assesment for the volcan-
ic event can be gathered by the pooled 21 concordant analyses
from the four samples described above (Fig. 1), yielding a con-
cordia age of 477.2+0.74 Ma which concurs with the Tremado-
cian-Floian boundary (477.7+1.4 Ma, (Gradstein et al., 2012).
This concordia age is consistent with the age obtained using the
TuffZirc algorithm of Isoplot 3.7 (Ludwig, 2009) which provides
an age of 477.5 +0.75/-1.1 Ma using the 2*Pb/>%U ages of the
same set of 21 concordant analyses.

All the monazite analyses show reverse discordance and their
average 27Pb/*°U age is 1 to 2 Myr older than the concordia age
of the zircons in the same samples (Table 1). Since the closure
temperature of monazite for the U-Pb system and its Pb retentiv-
ity can be higher than those of zircon (e.g. (Cherniak et al., 2004)
the monazite ages could represent an older pre-eruptive stage
and the zircon be closer to the eruption stage. In any case, this
observation does not challenge the inference that all the studied
samples are coeval at the level of precision achieved in this study.

Volume and mass calculation

Given the aerial extension and the thickness of the studied
K-bentonite, and given the geochronological evidence aforemen-
tioned for its assignment to a single event, we can attempt to rcon-
struct its initial mass and volume to grade the magnitude of the
volcanic event. For this scope, we have reconstructed the Variscan
deformation by unfolding the Cantabrian Arc (Fig. 1A) and restor-
ing the shortening caused by the Variscan thrusting and folding
(Fig. 1A). Upon a conservative restoration considering the mini-
mum shortening during the late Devonian-Carboniferous Variscan
orogeny of the different units involved (ranging from 100% in the
foreland to more than 200% in the hinterland), the areal extent of
the K-bentonite bed, based on the locations of the known outcrops

21



in the Cantabrian Zone may have exceeded ca. 15000 km?, and
100000 km? when considering the correlatable beds in the proximal
IR and WALZ and Central Iberian Zone (CIZ, Fig. 1A). The thick-
ness of the studied tonstein shows a steady thinning trend from the
westernmost outcrops in the CZ, where the thickness attains up to
80 cm. In the surrounding regions, thickness estimations should be
taken cautiously as the tuff beds have suffered internal strain and
their thickness (from a few centimeters to several meters) should
be treated as a minimum.

A conservative evaluation of the volume and mass of the
studied K-bentonite (using exclusively the Cantabrian Zone
data, Fig. 1A) done with the Weibull fit method (Bonadonna and
Costa, 2012) provides a volume for the preserved deposits of ca.
37.5 km?® (Volcanic Explosivity Index - VEI = 6, Colossal) which
corresponds to a mass of ca. 8.3-10" kg using a measured mean
density value of 2200 kg/m?.

When considering other outcrops in northern Iberia which
can be likely correlated with the dated K-bentonites, these values
increase to ca. 400 km? (VEI = 7, Mega-colossal) which would
correspond to a mass of ca. 9-10'*kg. These occurrences may be
linked to the large magmatic event regionally known as “Ollo de
Sapo” (i.e. Talavera et al., 2013, and references therein) whose
main age (including many volcanic rocks and their plutonic cor-
relatives) peaks at ca. 477 Ma (Fig. 1C). Furthermore, the studied
K-bentonites are coeval with the intrusion of a peralkaline ring
complex attributed to a large caldera event in NW Iberia (Fig.
1A, (Diez Fernandez et al., 2012; Diez Fernandez and Martinez
Catalan, 2009; Montero et al., 2009a). Whether or not this calde-
ra was the main source of the dated ash-fall beds (and their cor-
relatives) cannot be ascertained with available geological data.

Discussion

The data presented document the first described occurrence
of a gigantic volcanic ash-fall/event in the Lower Ordovician.
Such an event has only been recognized in the Upper Ordovician
(ca. 454 Ma), (Fig. 1B) (Huff, 2008; Huff et al., 1998; Sell et al.,
2013).

The apparent coeval nature. same U-Pb zircon age within a
ca. 1My uncertainty, of the studied samples present in the same
stratigraphic position is an argument for a large eruptive epi-
sode in Gondwana ca. 477 My ago. The CZ is the domain where
the K-bentonite layer is better preserved but its areal extension
should have been much larger; covering most of Iberia and adja-
cent realms. Preservation of ash-fall beds (ultimately occurring
as K-bentonite layers) requires lack of sedimentary reworking
and the existence of large basins. In Iberia, the Lower Ordovi-
cian stratigraphic record is interpreted to be restricted to relative-
ly small domains due to basin fragmentation and large emerged
areas, especially in the southern part of the CIZ (Sa et al., 2013).
Given that in northern Iberia there is a continuous sedimentary
record for the Lower Ordovician, the best preservation occurs in
it and the studied K-bentonite is ubiquitously recognized in areas
lacking metamorphism and internal strain.

The large amount of igneous rocks coetaneous with the
studied K-bentonite layer found in Iberia and neighboring areas
(see Fig. 1C) is consistent with the notion that the K-bentonite
could have been much more extensive than what is preserved
in the Cantabrian Zone. Because of the fragmented stratigraphic
record, it is not possible to appraise the real size of the volcan-
ic episode recorded in NW Iberia. Still, when considering other
possible equivalent areas in Iberia and neighboring terranes (i.e.
Armorica, Sardinia, etc. (Bonjour and Odin, 1989), the volume
of ejecta related to this event would make it grasp the Supervol-
canic-Apocalyptic category (VEI=8, >1000 km3).
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Figure 1.- (A) Paleogeographic reconstruction of Western Europe in early Mesozoic times with the sample locations, the known
outcrops of ca. 477 Ma intrusive and extrusive rocks and the extension of the recognized ash-tuff layer studied as well as the conservatively
considered extension for a more interpretative volume calculation. (B) Early Paleozoic reconstruction of the Rheic Ocean opening and
the origin and putative extension of the super eruptions identified in Ordovician times. (C) Histogram, Probability Density Diagram,
and Kernel analysis plot of the available intrusive and extrusive age data between 465 and 500 Ma. in western Europe, which reveals a

significant maxima at 477 Ma, coeval with the age of the identified ash-tuff layer. (D) Wetherill concordia plots of the studied samples.
(Modified from Gutiérrez-Alonso et al., 2016)
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Table 1.- U-Pb data from the studied sample.
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