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Abstract The Katla volcano is a bimodal caldera complex within Iceland's basalt-dominated Eastern
Volcanic Zone. To unravel the petrogenesis of silica-rich rocks from Katla, we provide new 8'%0 values for
almost 60 basaltic, intermediate, and high-silica eruptive rocks, including a number of partially melted felsic
xenoliths. The basaltic samples display a range in bulk-rock 8'30 values from +4.3 to +8.5%0 (n = 17) and the
sparse intermediate samples from +4.1 to +5.9%o (n = 3). In turn, silicic rock samples and feldspar separates
range from +2.7 to +6.4%0 (n = 38), whereas felsic xenoliths yield the lowest values from —4.9 to —2.3%o
(n = 4). The majority (95%) of the Katla silicic volcanics have 8'80 values below typical MORB (i.e., <5.0%o),
ruling out an origin via closed-system fractional crystallization from the basaltic magmas. We utilized the new
5'80 values to model possible assimilation and fractional crystallization (AFC) scenarios. The results indicate
an early stage of FC/AFC at deep- to mid-crustal levels, followed by assimilation of low-8'30 hydrothermally
altered sub-volcanic materials similar to the low-8'%0 felsic xenoliths at shallow crustal levels. Such a two-stage
magma evolution is consistent with available geophysical and geobarometry studies at Katla, indicating mid- to
deep-crustal and shallow-crustal magma domains. Importantly, mafic rocks dominantly show MORB-like 5'80
values, whereas low 820 values occur essentially in silicic rocks only. This implies that the low-8'%0 values at
Katla are imposed by interaction with the Icelandic crust rather than reflecting low 8'%0 mantle sources.

Plain Language Summary Iceland is a basalt-dominated volcanic province, but central volcanoes
such as Katla show abundant silicic rock compositions. To better understand how Katla's silica-rich rocks form,
we measured oxygen isotope values (5'%0) of about 60 rock samples, including basalt, intermediate, and silica-
rich rocks, as well as plutonic rock fragments found in the lavas. The basalts show mantle-like 8'30 values,
while intermediate rocks display a similar but smaller range. The silica-rich rocks show the broadest range of
values, whereas the plutonic rock fragments have the lowest values of all the samples analyzed. Moreover, most
of the silica-rich rocks from Katla have oxygen isotope values below those of typical basaltic rocks, which
suggests that they did not form by closed system evolution alone. The most likely explanation is that evolving
magmas rose from depth via several storage levels and eventually interacted with low 6'®0 altered materials
from the shallower parts of the volcanic edifice. This two-step process agrees with studies on Katla's interior
through seismic tomography, which shows different areas of magma residence at both deeper and shallower
levels. We conclude that the low oxygen isotope values in Katla's silica-rich rocks seem to result from
interactions with local crust and not from deep mantle sources.

1. Introduction

Basaltic lithologies dominate the Icelandic surface geology (>80%). Silicic rocks are present in smaller amounts
(c. 15%), and only <5% intermediate igneous rocks are mapped, thus defining a pronounced compositional gap
(Carmichael, 1964; Jakobsson, 1979; Walker, 1966). Iceland is located in a basaltic oceanic rift setting situated on
top of the Mid-Atlantic Ridge, and so the amount of silicic eruptive material is unusually large for an oceanic
island. Consequently, Iceland is widely considered a type-locality of bimodal magmatism (e.g., I. Bindeman
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etal., 2012; Bunsen, 1851; Charreteur et al., 2013; Sigurdsson, 1977). Katla volcano in South Iceland is one of the
most prolific volcanic complexes in the active volcanic rift zone in Iceland and displays a varied eruptive history,
involving frequent basaltic tephra eruptions but also silica-rich eruptive events (e.g., Budd et al., 2016; Lacasse
et al., 1995, 2007; Larsen et al., 2001; Thordarson & Hoskuldsson, 2008; Oladéttir et al., 2008). Under current
climatic conditions with prevailing north-westerly winds, a future major felsic explosive eruption at Katla could
be a notable volcanic event in the North Atlantic region (e.g., Harning et al., 2024 and references therein), with
potentially severe local and regional effects, including disruption of air traffic across large swathes of Northern
Europe.

The origin of silica-rich explosive rocks at Katla is not yet fully resolved, and two main petrogenetic models are
currently discussed. The first model involves extraction of an evolving assemblage of mineral phases by fractional
crystallization (FC) from a basaltic parent mantle melt, whereby the residual magma gets progressively more
evolved while the extracted mineral phases (e.g., olivine, clinopyroxene, plagioclase, apatite, ilmenite, titano-
magnetite, K-feldspar) are concentrated in deeper crustal cumulate lithologies (e.g., Carmichael, 1964; Furman
et al., 1992; Jénasson, 2005; MacDonald et al., 1990). Fractional crystallization during multiple stages coupled
with magma mixing and hybridization has also been proposed (e.g., Blake, 1984; Macdonald et al., 1990;
Sigurdsson & Sparks, 1981), which represents a variation of the classic FC scenario. The second model is based
on partial melting of rocks at crustal levels involving either plagiogranite or hydrothermally altered basaltic rocks
(e.g., I. Bindeman et al., 2012; Gunnarsson et al., 1998; Lacasse et al., 2007; Muehlenbachs et al., 1974;
Oskarsson et al., 1982; Pope et al., 2013; Rasmussen et al., 2022; Sigmarsson et al., 1991; Sigurdsson, 1977).
Quenched xenoliths in Iceland that record different stages of remelting as the result of heterogeneous melting of
crustal compositions are the main line of support for this model, and include trondhjemite, gabbro, and leucocratic
granodiorite lithologies (Geiger et al., 2016; Gunnarsson et al., 1998; Gurenko et al., 2015).

Another line of investigation explores the unusually widespread occurrence of sub-mantle “low-8'*0 magmas™
throughout Iceland. Specifically, compared to mid-ocean ridge (MORB; c. 5.5%0) basalts, the 5'®0 values of
central Iceland basaltic rocks are often remarkably low (I. N. Bindeman et al., 2022; Muehlenbachs & Clay-
ton, 1972; Pope et al., 2013; Rasmussen et al., 2022; Winpenny & Maclennan, 2014). This can be explained by
either relatively low primary mantle 8'®0 values under Central Iceland, perhaps down to ca. +4%o, or by the
northerly cold oceanic climate in Iceland, which generates high rates of precipitation. The latter, in combination
with crustal extension, active volcanism, and crustal remelting, promotes deep meteoric-hydrothermal systems
and produces an extensively altered crust to a depth of >3 km with §'®0 values down to lower than 0%o (e.g., L
Bindeman et al., 2012; Eiler, 2001; Hattori & Muehlenbachs, 1982; Muehlenbachs et al., 1974). The magnitude of
'80-depletion of the various crustal rocks in this setting depends on specific water/rock ratios in different hy-
drothermal systems and stronger depletion results from higher rates of interaction with circulating low-5'%0
meteoric and geothermal waters. Notably, the resulting low-8'%0 altered rocks are common at central volcanoes
(Hattori & Muehlenbachs, 1982). In contrast, 3'30 values above +7%o are rarely found in igneous rocks in
Iceland (e.g., Berg et al., 2018; I. Bindeman et al., 2008), and 580 values of igneous rocks which exceed the
range generated by closed-system fractionation of mantle-derived magmas (+5.7 to c. +7%o; Valley et al., 2005;
I. Bindeman et al., 2008) have usually either experienced low-temperature isotope exchange or assimilated low-
temperature altered material (or a combination of these).

The main focus of petrological investigations at Katla volcano has been on the mafic end of the eruptive spectrum
(e.g., I. Bindeman et al., 2008; Oladéttir et al., 2008, 2018; Thordarson et al., 2001). The silicic compositions are
an important part of the Katla volcanic system; however, considering that six silicic eruptions from Katla have
been correlated with the largest layers of the extensive North Atlantic Ash Zone One (Larsen et al., 2001). The
controversial origin of high-silica rocks in Iceland led us to investigate a large suite of mafic to silica-rich rocks,
plus several mineral and tephra samples from Katla volcano for their oxygen isotope ratios. We present a total of
62 new 8'%0 values to complement existing major and trace element as well as radiogenic isotope data on the
same sample suite (see Budd, 2015; Lacasse et al., 2007). The new isotope data help to test existing geochemical
and geophysical models of the inner workings of Katla volcano and refine our understanding of the petrogenesis
of silica-rich Katla rocks and thus contribute to the wider debate on silicic rock formation in Iceland. In addition,
the new oxygen isotope data enable us to assess open versus closed system differentiation processes as well as the
origin of mafic Katla magmas, and the new data will thus help to better understand the intrinsic volcanic behavior
of the Katla system through time.
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Figure 1. Geological overview map of Iceland showing Ages of basalt formations and locations of volcanic systems. Katla is one of the larger volcanic systems in
Iceland and is located near the southern tip of the island (blue box). The inset (top right) shows the active volcanic zones and structural elements after A.
Gudmundsson (2007), comprising the Northern Volcanic Zone (NVZ), Eastern Volcanic Zone (EVZ), Western Volcanic Zone (WVZ), Mid-Iceland Belt (MIB),
Reykjanes Volcanic Belt (RVB), Reykjanes Ridge (RR), South Iceland seismic zone (SISZ), Tjornes Fracture Zone (TFZ), and Kolbeinsey Ridge (KR). The location of

Katla is marked by a green box.

2. Geological Background
2.1. Geological Setting of Katla Volcano

Katla central volcano in South Iceland is located to the east of the Eyjafjallajokull volcano within the Eastern
Volcanic Zone (EVZ) of Iceland (Figure 1) and is situated largely beneath the Myrdalsjokull ice cap (Bjornsson
et al., 2000; Larsen et al., 2001). The sub-ice topography of the area was mapped by radio echo soundings by
Bj6rnsson et al. (2000), which revealed a 14 km diameter subglacial caldera enclosing an area of c. 100 km?® with a
depth of 600-750 m. The caldera rim reaches 1,380 m.a.s.l. and is shaped by three major glaciers. Numerous
major subglacial ridges as well as several 750 to 1,100 m high individual peaks can be distinguished geo-
morphologically from the caldera rim. The topographic highs are thought to have resulted from subglacial
eruptions on the caldera floor or along the caldera rim (Bjornsson et al., 2000). Katla is considered one of the most
productive volcanoes in Iceland and has erupted over 180 times during the Holocene with individual eruption
volumes of tephra of up to 1.5 km® (Thordarson & Héskuldsson, 2008). Eruption frequencies between 10 and
30 times per millennium were reported for the period of the past 8.4 ky (Oladéttir et al., 2008). These were
dominantly basaltic, but at least 17 of the Holocene eruptions at Katla comprised dacitic and rhyolitic magma
(Larsen et al., 2001). A series of at least five rhyolitic Plinian eruptions took place in the time interval between
12.3 and 11.2 ka (e.g., Harning et al., 2024), including the 12.3 ka Vedde Ash eruption (Blockley et al., 2007) and
the slightly younger Sélheimar ignimbrite event. The former dispersed tephra over large swaths of the European
continent, reaching as far as the Balkan Peninsula, while the testament of the latter is ¢. 7 km® of pyroclastic
deposits that blanket the southern slopes of the volcano (Blockley et al., 2007; Lacasse et al., 1995; Tomlinson
et al., 2012). The felsic magma that erupted since, referred to as SILK (= silicic Katla events), are dacitic in
composition and show more restricted tephra volumes of 0.01-0.3 km? (Larsen et al., 2001; Oladéttir et al., 2008).
The most recent subaerial pyroclastic eruption occurred in 1918 (Budd et al., 2016; Sturkell et al., 2008, 2010) and
lasted 24 days, generating a ~14 km high eruption column (M. T. Gudmundsson et al., 2021; Larsen, 2000).

2.2. Summary of Previous Work

A simple plumbing system at Katla was suggested by previous petrological studies that considered the volcano to
be directly fed with magma from lower- to mid-crustal levels and at present a magma storage/chamber at shallow
crustal depths was considered unlikely (Oladéttir etal., 2005, 2008). A seismic anomaly and a non-magnetic body
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were recognized at c. 5 km below the summit of Katla, however, indicating a shallow magma pocket or reservoir
to underlie the volcano. Moreover, an intruding silicic cryptodome has been recognized at shallow crustal levels
beneath the volcano based on seismic anomalies (O. Gudmundsson et al., 1994; Jeddi et al., 2016, 2017,
Jonsson & Kristjansson, 2000; Soosalu et al., 2006). Provided a silicic magma reservoir exists beneath the Katla
caldera, a scenario similar to that of the Eyjafjallajokull volcano is plausible, where during the 2010 eruption
remobilization of an older and more evolved magma reservoir was caused by injection of mafic magma (cf.
Sigmarsson et al., 2011; Sigmundsson et al., 2010). Most recent mineral-melt thermobarometry studies of
eruptive basaltic materials from Katla indicate a shallow-level (<8 km depth) as well as a deep- to mid-crustal
(220 km depth) magma reservoir beneath the caldera, hinting at a two-tiered plumbing system (Budd
et al., 2016; Kelley & Barton, 2008). Pilot studies of combined geobarometry modeling and oxygen isotope data
of eruptive material from Katla suggested a ~10 km crystallization depth for basaltic magma with mantle-like
5'%0-values, that is, ~+5.8%o, that is feeding a shallower silicic reservoir at ~3 km with relatively low
8'%0-values of ~+3.8%0 (Budd, 2015).

3. Sample Set

A suite of 62 basaltic to silica-rich rocks as well as tephra and mineral samples derived from Katla were used in
this study (Figures S1 and S2 in Supporting Information S1). The samples were previously characterized by
Lacasse et al. (2007) and Budd (2015). The presented data comprise 52 new oxygen isotope analyses from the
samples of Lacasse et al. (2007), which were combined with pilot oxygen data presented in Budd (2015) (n = 10)
(Table 1; Figure 2). In detail, the oxygen isotope analyses presented here comprise basaltic (n = 17), intermediate
(n = 3), and silicic bulk rocks (n = 33) in addition to feldspar separates extracted from silicic rocks (n = 5) and
several felsic plutonic xenoliths (n = 4). Sampled areas cover the Myrdalsjokull glacial ice cap and the ice-free
land southward toward the coast, involving lava sequences, pyroclastic rocks and jokulhlaup deposits (Figure 2).
The exposures include (a) basaltic lava flows, (b) ice-free rhyolitic lava sequences at Blafell, Gvendarfell, Kriki,
and a nunatak at Austmannsbunga, (c) exposures of pyroclastic rocks from the last silicic eruption at ~12 ky at
Enta, Huldufjoll, Dalargil, Hasargil and Rjipnagil, (d) layers of historical and prehistoric tephra falls (e.g., the
1918 eruption), and (e) jokulhlaup deposits at Skdgsandur and Dyrhélaey (Budd, 2015; Budd et al., 2016; Lacasse
et al., 2007). Five silicic rock samples were selected for feldspar separation. The feldspar separates were hand-
picked from whole rocks, and subsequently also analyzed for oxygen isotopes, allowing mineral-rock equilibrium
to be assessed (Table 1). There are no systematic age constraints available on the rock samples, but the nunataks
that are in the vicinity of and protrude Myrdalsjokull Glacier are known to be pre-Holocene in age (i.e., samples
KATO1-A, KATO1-B, KATO02-18, KAT02-19a, KAT02-19b, KATO02-20, 1C95-132, IC95-193, 1C95-194;
Lacasse et al., 2007; Figure 2), whereas the tephra samples from Budd et al. (2016) were dated at 8, 4.22, and
1.25 ky and include a sample from the historical 1918 eruption.

Whole-rock major and trace element data as well as radiogenic isotope data from Budd (2015), Budd et al. (2016),
and Lacasse et al. (2007) were employed for this study. The compiled whole-rock data set can be found in Data
Set S1. The SiO, range of the Katla basaltic suite of our study varies between 43 and 51 wt.% and the rocks display
slightly alkaline characteristics and fall within the basalt and picrobasalt fields on a total alkali versus silica (TAS)
plot (Figure 3). The silicic volcanics and xenoliths of the Katla lavas range between 67 and 72 wt.% SiO, and plot
as dominantly subalkaline rhyolites and subalkaline trachydacites (Figure 3). Compositions of the silicic vol-
canics show limited variability in Al,O5 (12.8-13.9 wt.%), TiO, (<0.5 wt.%), Fe,05 (2.0-5.3 wt.%), MnO (<0.2
wt.%), MgO (<0.4 wt.%), CaO (0.5-2 wt.%) and Na,O + K,O (8.2-9.9 wt.%) (Data Set S1). Samples of in-
termediate composition are rare and classify as basaltic andesite and trachyte/trachydacite, with SiO, compo-
sitions between 56 and 66 wt.%.

Whole-rock trace element concentrations of the Katla samples are shown in a multielement variation diagram
normalized to primitive mantle (Figure 4) and the full trace element and rare earth element data are given in Data
Set S1. The basaltic samples display a comparatively narrow compositional range with a strong enrichment
relative to E-MORB (see also Lacasse et al., 2007). Published data for basaltic tephras differ from the basaltic
sample suite we present, and may link to Holocene tephras at Katla being generally aphyric, contrasting pre-
Holocene lavas and tephras. The silicic suite displays a distinct enrichment in light rare earth elements
(LREE) compared to heavy rare earth elements (HREE) and shows pronounced negative Sr and moderate Eu
anomalies, suggesting late-stage removal of plagioclase during magma evolution, thus pointing at fractional
crystallization as an important petrogenetic process during differentiation from intermediate to silicic.
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Table 1
Sample List and 5'°0 Values of the Investigated Katla Rock Suite
Sample no. Locality Rock type Composition 580 (%o) LOI
KAT-8 Rjtpnafell Tephra Basaltic 6.7 7.30
KATOI1-A Above Huldufjoll Pumice High-silica 4.3 343
KATO1-B Above Huldufjoll Obsidian High-silica 4.1 0.15
KAT02-1 W. Husargil Obsidian High-silica 4.3 0.31
KATO02-2 W. Hisargil Pumice High-silica 4.1 0.62
KATO02-3 W. Hisargil Tephra Intermediate 4.6 3.12
KATO02-4 W. Husargil Obsidian High-silica 3.8 0.90
KATO02-5 W. Husargil Pumice High-silica 3.8 1.85
KATO02-7 E. Rjipnagil Basalt Basaltic 5.8 —0.50
KAT02-8 E. Dalargil Bulk matrix High-silica 2.7 2.29
KATO02-9b E. Dalargil Pumice High-silica 33 2.42
KATO02-10 E. Dalargil Pumice High-silica 3.7 1.70
KATO02-11 W. Hofsargil Rhyolite High-silica 3.7 1.43
KATO02-11* W. Hofsargil Rhyolite Feldspar sep. 3.1 -
KATO02-12a W. Hofsérgil Basalt Basaltic 5.8 —-0.24
KATO02-12b W. Hofsérgil Pumice High-silica 3.8 3.19
KATO02-12¢ W. Hofsargil Bulk matrix High-silica 34 2.25
KATO02-14 Dyrhélaey Tephra Intermediate 59 2.44
KAT02-17 Alftaver Basalt Basaltic 5.1 -0.26
KATO02-18 Austmannsbunga Rhyolite High-silica 6.4 0.32
KAT02-18* Austmannsbunga Rhyolite Feldspar sep. 6.3 -
KATO02-180" Austmannsbunga Rhyolite High-silica 6.4 0.30
KATO02-19a Enta Obsidian High-silica 4.6 0.31
KATO02-19b Enta Pumice High-silica 3.5 3.04
KAT02-20 Enta Pumice High-silica 4.0 0.70
KAT02-24 Dyrhélaey Basalt Basaltic 5.8 —0.02
KATO02-25 E. Rjtpnagil Tephra High-silica 2.9 2.08
KATO02-26 E. Rjtipnagil Pumice High-silica 43 1.45
KATO02-27a E. Rjtpnagil Obsidian High-silica 3.6 0.29
KATO02-27b E. Rjipnagil Pumice High-silica 3.6 2.30
KAT02-28b E. Rjipnagil Obsidian High-silica 4.1 0.17
KAT02-37a W. Husargil Xenolith High-silica -33 0.22
KAT02-37b W. Husargil Xenolith High-silica —23 0.58
KAT02-37¢c W. Husargil Xenolith High-silica -3.6 0.59
KATO02-38b W. Hisargil Obsidian Intermediate 4.1 0.63
KAT02-39 W. Hisargil Pumice High-silica 44 1.14
KAT02-40 Skégasandur Lapilli Basaltic 52 —0.64
KAT02-43 Sélheimajokull Lapilli Basaltic 5.9 —0.69
KAT02-44 E. Jokulsa Lapilli Basaltic 52 —0.47
KATO02-45 E. Husargil Pumice High-silica 3.8 0.21
KAT02-46" E. Husargil Rhyolite High-silica 4.0 0.29
KATO02-46" E. Husérgil Rhyolite Feldspar sep. 32 -
KATO02-68 W. Mulakvisl Lapilli Basaltic 52 0.31
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Continued
Sample no. Locality Rock type Composition 580 (%o) LOI
KAT-125 Atley Tephra Basaltic 43 —0.80
KAT-422 Atley Tephra Basaltic 8.5 8.00
KGVIA Gvendarfell Rhyolite High-silica 4.2 0.74
KGV1A? Gvendarfell Rhyolite Feldspar sep. 3.5 -
KGV1B?* Gvendarfell Basalt Basaltic 5.8 0.09
KGV3* Gvendarfell Rhyolite High-silica 3.8 0.13
KGV3* Gvendarfell Rhyolite Feldspar sep. 34 -
KGV4* Gvendarfell Basalt Basaltic 5.7 1.14
1C95-37 Thakgil Granophyre High-silica —4.9 0.37
1C95-60 Austurgil Obsidian High-silica 5.0 0.07
1C95-65 Austurgil Tephra High-silica 4.8 2.93
1C95-66 Austurgil Tuff Basaltic 5.9 —0.70
1C95-67 Austurgil Tuff Basaltic 52 —0.55
1C95-132 Kriki Obsidian High-silica 42 0.15
1C95-139 Stérihryggur Basalt Basaltic 4.6 —0.69
1C95-142 Gvendarfell Obsidian High-silica 34 0.26
1C95-155 Oddnyjartjorn Tephra High-silica 3.1 3.06
1C95-193 Blafell Obsidian High-silica 3.5 0.09
1C95-194 Blafell Tuff Basaltic 6.1 —0.05
Note. Oxygen isotope values are given in §-notation and presented in per mil (%o) relative to SMOW. The analytical error was
0.10%o (1-sigma) for all samples of the study. Loss on ignition (LOI) values are given in wt.%. “Oxygen isotope analysis from
Budd (2015). LOI values are from Lacasse et al. (2007) and Budd (2015).
According to the published Sr and Nd isotopic data (Lacasse et al., 2007), the studied Katla samples show the
lowest '“*Nd/'**Nd among reported Icelandic rocks (Figure 5), but there is considerable variation in '**Nd/'**Nd,
which does not correlate with the degree of differentiation (see below). Instead, we observe distinct magmatic
lineages with different 13N d/'**Nd and the variation in Nd isotopic composition likely reflects heterogeneity in
the Katla mantle sources (see below). The relatively low '**Nd/'**Nd values are compatible with, for example, a
contribution from (recycled?) continental sources as suggested elsewhere (e.g., Torsvik et al., 2015). Importantly,
if mantle source heterogeneity is a factor for explaining the variation in Nd isotopes, then we can test using
oxygen isotopes if the possibly distinct mantle sources contain variable 5'%0 signatures.
4. Methodology
Selected lava, xenolith, shallow intrusive, and tephra samples from the sample suites of Budd (2015) and Lacasse
et al. (2007) were cut and thin section preparation was conducted. Back-scatter electron images (See Text S1 and
Figure S2 in Supporting Information S1) were acquired on a Cameca SX100 electron microprobe at the Uni-
versity of Freiburg, Germany, under standard operating conditions of 15 kV accelerating voltage and 20 nA beam
current.
In preparation for isotopic analysis, samples were crushed and powdered at Uppsala University and at the Natural
History Museum in Stockholm using an agate mortar. No visible weathering was present in the analyzed samples.
Whole-rock oxygen isotope analyses were carried out at the University of Cape Town (UCT), South Africa using
conventional fluorination following the method by Vennemann and Smith (1990). A number of samples (n = 10)
from a pilot investigation (Budd, 2015) were included in this study and were analyzed in the same laboratory, but
are marked as being derived from the PhD thesis of D. Budd in the various tables. These include a limited number
of data from feldspar separates (n = 5) analyzed by laser fluorination (LF) and the reader is referred to
Budd (2015) for analytical details on the LF procedure. For the other samples, approximately 10 mg of bulk rock
TROLL ET AL. 6 of 22
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Figure 2. Sample locations for this study. The actual basin of Katla caldera lies beneath the Myrdalsjokull Glacier. The extent of the caldera is indicated by a thick black
line. The investigated samples are from the sample suites of Lacasse et al. (2007) and Budd (2015) and comprise 57 whole-rock samples and 5 feldspar crystal separates

(see text for details).

powder was oven-dried at 50°C and samples were subsequently degassed under vacuum at 200°C. The silicates
reacted with CIF; during 4 hr at 550°C and the liberated O, was subsequently converted to CO, using a hot
platinized carbon rod. The samples were fluorinated individually in the presence of ~10 kPa BrFs and break seal
tubes were used to collect the purified CO,. A Thermo DeltaXP mass spectrometer in the Archeology department
at UCT was used to measure the isotope ratios of the extracted gases. The results of the oxygen isotope analyses
are reported in standard &-notation relative to Standard Mean Ocean Water (SMOW), where 6 = (R /
R — 1) x 1,000, and R is the measured 180/1°0 ratio. Corrections for drift in the reference gas and
normalization of the raw data to the SMOW scale were performed with measured values of the UCT internal
quartz standard MQ. The long-term variability of MQ suggests 1-sigma uncertainty of 0.10%o.

sample’

standard

Whole-rock major and trace element data (Data Set S1) were utilized from previous studies (Budd, 2015; Budd
et al., 2016; Lacasse et al., 2007). These data were employed in conjunction with the new oxygen isotope data to
quantitatively assess closed system versus open system processes (i.e., FC vs. AFC; cf. Heinonen et al., 2021;
Meade et al., 2014; Troll et al., 2005). The modeling was performed initially using initial screening via simple
binary mixing and the traditional AFC model of DePaolo (1981) and expanded upon by employing the more
recent Magma Chamber Simulator (MCS) software package (Bohrson et al., 2014, 2020; Heinonen et al., 2020),
which utilizes thermodynamic constraints to assess the chemical evolution of differentiating magmatic systems. A
total of over 330 models were calculated (Svanholm, 2021), and only the final results are summarized here. The
MCS model simulations and related input parameters are explained in detail below.
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Figure 3. (a) Total alkali versus silica diagram (TAS) of whole-rock compositions for the Katla sample materials presented in this study using data from Budd (2015) and
Lacasse et al. (2007). Available glass data in the literature are not plotted. The bimodality displayed for the Katla lavas of this study exhibits SiO, values between 43 and
51 wt.% for the basaltic suite and between 67 and 72 wt.% for the silicic suite. The silicic subset of samples (n = 33) is slightly alkaline to subalkaline and mainly plots in
the rhyolite and the trachyte/trachydacite fields. The basaltic samples (n = 17) plot dominantly in the basalt field, but some samples are classified as picrobasalt.
Intermediate compositions (n = 3) range between 56 and 66 wt.% and plot as basaltic andesite and trachyte/trachydacite. Literature reference data from Budd

etal. (2016), Larsen et al. (2001), Meara et al. (2020), Oladéttir et al. (2008), Tomlinson et al. (2012). (b—e) Variation diagrams of whole-rock compositions versus SiO,
of the Katla sample suite from Budd (2015) and Lacasse et al. (2007) (See Data Set S1 for full data set). (b) Al,O, (c) Fe, 05, (d) MgO, (e) CaO versus SiO, wt.%.
Literature reference fields as above. Note: a pronounced compositional gap exists between the Katla Silicic Volcanics and Katla Basaltic Suite. Abbreviations for

(a) PB = picro-basalt, T/B = tephrite/basalt, PT = phono-tephrite, TP = tephry-phonolite, P = phonolite, TB = trachybasalt, BTA = basaltic trachyandesite,

TA = trachyandesite, T = trachyte, TD = trachydacite, B = basalt, BA = basaltic andesite, A = andesite, D = dacite, and R = rhyolite.
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Figure 4. Multi-element variation diagram of available whole-rock Katla trace element cmpositions from Budd (2015) and
Lacasse et al. (2007) (Data Set S1). Concentrations are normalized to primitive mantle from Sun and McDonough (1989).
KBS (n = 11) displays enriched concentrations relative to E-MORB. The KSV (n = 21) displays an LREE enrichment as
well as Sr and minor Eu depletions. Literature data (HST) from Meara et al. (2020) plotted for reference as well as average E-
MORB and N-MORB after Sun and McDonough (1989).
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Figure 5. Sr and Nd isotope ratios of available KBS and KSV whole-rock samples (Lacasse et al., 2007; Data Set S1)
compared to other volcanic rocks from Iceland (Hards et al., 2000; Kokfelt et al., 2006; Prestvik et al., 2001; Sigmarsson
et al., 1992; Stecher et al., 1999) and HIMU, PREMA and DM reference values (Rollinson, 1993). Inset modified after
Rollinson (1993).
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Figure 6. Whole-rock 8'®0 values from this study and published Icelandic 8'0 reference values. The 8'%0 range of the Katla Silicic Volcanics bulk rocks (KSV)
(n = 33) falls between +2.7 and +6.4%o. Separated feldspar from silicic samples (n = 5) range between +3.1%o and +6.3%o and have been integrated into the KSV bar
marked as dark red squares. The intermediate samples (n = 3) show a range of +4.1 to +5.9%o, and the Katla Basaltic Suite (KBS) (n = 17) falls between +4.3 and
+8.5%0. The Katla Felsic Xenoliths (KFX) (n = 4), in turn, show values of —4.9 to —2.3%o. The 8'80 values of the silicic rocks show a range from mantle-like values to
below the mantle MORB range, while the bulk of the basaltic rocks plot within the mantle MORB range. The felsic xenoliths show the lowest values in our Katla sample
suite. Data from this study are plotted as squares, and the reference data are plotted as bars. Literature data from '"Muehlenbachs et al. (1974); *Hattori and
Muehlenbachs (1982); *Oskarsson et al. (1982); “Condomines et al. (1983); °Ito et al. (1987); *Macdonald et al. (1987); "Hemond et al. (1988); ®Sigmarsson

et al. (1991); Macpherson et al. (2005); "®Valley et al. (2005); 'Thirlwall et al. (2006); 1. Bindeman et al. (2012); "*Pope et al. (2013); '*Budd (2015); '*Winpenny
and Maclennan (2014); "*Berg et al. (2018); '’I. N. Bindeman et al. (2022); '®Troll et al. (2024),"’Martin and Sigmarsson (2010).

5. Oxygen Isotopic Composition of the Katla Rocks

Whole-rock 8'30 values (Table 1) of the Katla Basaltic Suite (n = 17) show a range between +4.3 and +8.5%o
and the bulk of the basaltic samples lie within the MORB range (+5.7 = 0.2%0; Cooper et al., 2009; Ito
et al., 1987) and within the range of fresh Icelandic basalts (Figure 6). Two of the basaltic samples (KAT-8 and
KAT-422) exhibit high §'%0 values (46.7%o and +8.5%o, respectively) but also distinctively high LOI values (>5
wt.%; Figure 7). Their oxygen isotopic compositions have likely been affected by hydrous alteration at very low
temperatures (near the surface) (see Berg et al., 2018). We also suspect that the low 5'%0 values (+4.3%o and
+4.6%o, respectively) of two basaltic samples (KAT-125 and 1C95-139) with negative LOI may have been
affected by post-solidification processes, such as reheating (cf. Berg et al., 2018; Donoghue et al., 2010; Figure 7),
especially as these samples also have relatively low LOI values. Accordingly, we do not consider these extreme
samples further since their 5'®0 values may not be primary, that is, they may have been compromised by
alteration or reheating processes. Thus, the most robust '30 values for the Katla basaltic rocks in our study range
between +5.1 and +6.1%o.

The Katla Silicic Volcanics (n = 33) exhibit whole-rock 8'®0 values ranging from +2.7%o to 4+6.4%q, which is
below or at the lower end of the range for typical mantle-derived Icelandic basaltic lavas (Figure 6), with the
exception of two outliers with high 5'20 values of +6.4%0 (KAT02-18 and KAT02-180). Both of these samples
show reasonable LOI (<1 wt.%; Figure 7) and we thus consider their §'®0 values to be magmatic. We also show
data for feldspar separates for five samples. These have slightly lower values than their respective whole-rocks
(by between 0.1 and 0.8%¢), which is broadly consistent with equilibrium between the minerals and their host
magma (Table 1).
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Figure 7. Whole-rock values for Loss on Ignition (LOI) versus oxygen isotope results. Uncertainty of the analyses is smaller than the symbol size. Arrows indicate
directions of high- versus low-temperature alteration trends. A small number of basaltic samples have high LOI values that are associated with mildly to considerably
elevated 5'%0 values, whereas the majority of the KBS and the KSV as well as the Silicic xenoliths seem to show no significant within-group 8'%0 variations with

increases in LOIL The two high LOI samples are presumably hydrated and their oxygen isotope ratios are likely to reflect secondary processes rather than magmatic

values.

The felsic xenoliths (n = 4) show strongly negative 8'%0 values from —4.9 to —2.3%o. We postulate that they
experienced alteration through interaction with low-8'20 meteoric waters in the upper crust before being captured
by ascending magmas and partially remelted. The intermediate rock suite (n = 3) displays 8'%0 values of +4.1 to
+5.9%0, which is comparable with both the silicic and the basaltic suites. We consider these values to be
magmatic although they may represent mixed values between basaltic and silica-rich endmember magmas.

In a plot of '**Nd/'**Nd versus 8'%0 values (Figure 8), the Katla volcanic rocks form three lineages that likely
reflect Nd mantle source heterogeneity (see also Figure 5). However, 8'%0 values do not correlate with
3Nd/"*Nd and the basaltic samples show very similar 'O values, whereas the Silicic Volcanics show
consistently lower 8'%0 values compared to the Basaltic Suite. This strongly suggests that the variation in 5'%0
value between basaltic and silica-rich volcanics is controlled by differentiation processes and not by mantle
source heterogeneity. The differentiation processes, which are discussed in the following sections, were likely
very similar within the distinct lineages.
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Figure 8. Whole-rock 8'80 values versus available '**Nd/'**Nd of the Katla volcanic rocks. Nd isotopic values from Lacasse et al. (2007) distinguish several horizontal
arrays on this plot. The uncertainty of the analyses is smaller than the symbol size. In detail, samples seem to form three distinct differentiation lineages (purple dashed
arrows), the parental melts of which were either (i) derived from a source with possible minor variation in Nd isotopic composition or (ii) were variably affected by
assimilation of for example, lower crustal materials.

6. Thermodynamic Modeling of Differentiation

The advanced energy-constrained modeling of closed- and open-system differentiation and its effects on phase
equilibria, major elements, trace elements Zr and Sr, and 8'0 values was performed using MCS. The pressure of
100 MPa was chosen to represent the shallow magma chamber indicated beneath Katla, as explained earlier. The
MCS versions used were 2019AH for major elements and 2019AM for trace elements and isotopes. The MELTS
engine used for the calculations of phase equilibria was version 1.2.0 (Ghiorso & Gualda, 2015; Gualda
et al., 2012).

An average of representative and non-altered samples of the Katla Basaltic Suite at liquidus temperature
(1,125°C, as automatically defined by MELTS algorithms in MCS) was used as the magma starting composition
(Data Set S2). A water content of 0.5 wt.% was assumed for the parental magma (see Budd et al., 2016). In the
models involving assimilation, the average composition of the Felsic Xenoliths was used for the wall rock
(assimilant) (Data Set S2). A value of 1 wt.% of water was used to represent moderate hydration of the wall rock
due to hydrothermal alteration; this is higher than the water content of fresh Icelandic basalt (Radu et al., 2023),
and also than the LOI in the (likely dehydrated) felsic xenoliths (Figure 7). The Fe>*/Fe*! ratio was estimated to
initially be 0.15 for the wall rock and the magma, but was not forced during the simulations (see Oskarsson
et al., 1994).

We modeled assimilation by stoping-fractional crystallization (hereafter referred to as SFCy;cg; Bohrson
et al., 2020) in which an assimilant is added to the crystallizing magma in bulk amounts using the recharge (R)
function of MCS as controlled by the user. This can be broadly considered to simulate the assimilation of country
rock material either as whole blocks of felsic wall rock or as portions of felsic partial melts from more mafic wall
rock in the shallow crust. Hot (700°C) blocks of wall rock material were added to the fractionating magma in five
steps, in which we varied the mass of the blocks between 1, 3, and 5 mass units (relative to the 100 mass units of
the parental magma and resulting in total degrees of assimilation of 5, 15, and 25 wt.%, respectively). A hard stop
temperature of 900°C was chosen for the models as this is sufficient to reach the most evolved compositions in the
rock data.
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For the behavior of trace elements Zr and Sr during crystallization, we used phase-specific partition coefficients
based on Boudreau (1999), Ewart and Griffin (1994), Fujimaki (1986), Olin and Wolff (2010), Stimac and
Hickmott (1994) (Data Set S2). The partition coefficients for olivine and apatite were constant, whereas the
partition coefficients for feldspar (plagioclase), clinopyroxene, spinel, and rhomb-oxide were temperature-
dependent. The treatment was based on the availability of temperature-dependent partition coefficient data and
the overall stability range of the phases (see Heinonen et al., 2020).

The MCS trace element and isotope engine does not consider fractionation of '30/'°0 during crystallization (see
Heinonen et al., 2020). In order to take this effect into account, we modified the engine so that within each
temperature step (= equilibrium crystallization step) oxygen isotopes in the magma were determined using
equation A = (1/(F + a(1 — F)) — 1)*1000, in which A is the change in 8'80 value, F is the fraction of the residual
melt at the end of the temperature step (i.e., 1 — fraction of crystals formed), and « is '®0/'®0 in the formed
crystals divided by '®0/'°0 in the residual melt. Phase-specific « values for a given temperature are poorly
constrained (see Eiler, 2001) so instead we used a bulk value of 0.9995, which corresponds to circa +1 %o change
in 8'%0 from basaltic to rhyolitic compositions, which is commonly observed in magmatic systems controlled by
fractionation (e.g., I. Bindeman, 2008; Chivas et al., 1982; Taylor & Sheppard, 1986).

The full major and trace element input and output for three SFCy;cg simulations and one FCy;cg simulation are
compiled in Data Sets S3—S6 and selected results are illustrated in Figure 9. For more detailed information on how
MCS works and on how to read the input and output information, the reader is referred to Bohrson et al. (2020),
Heinonen et al. (2020), and the MCS website (https://mcs.geol.ucsb.edu/). The pressure of 100 MPa was chosen
on the basis of seismic evidence on the probable depth of the shallow magma chamber beneath Katla, but we also
tested FC modeling at 500 MPa (depth of ~20 km). These results overlap with the FC curve illustrated in Figure 9
with a minor difference in initial Sr enrichment prior to plagioclase crystallization that was delayed by ~40°C in
comparison to the 100 MPa model. Variations in pressure are thus neither expected to significantly influence the
interpretations based on the presented results.

7. Discussion
7.1. Oxygen Isotopes and Differentiation of Katla Magmas

It is apparent from the modeling that fractional crystallization from basaltic parental magmas of the Katla Basaltic
Suite cannot explain the low 8'%0 values of the majority of the Katla Silicic Volcanics (Figure 9). Only two Katla
Silicic Volcanics samples of this study (KAT02-18 and KAT02-180, trace element data only available for the
former with §'0 = +6.4%) could possibly originate from closed-system fractional crystallization from a Katla
basaltic parent magma. These two samples fall, moreover, in line with similar silicic rocks from Hekla and
Oraefajokull volcanoes with 8'%0 values from +5.2 to +6.0%o, which were previously suggested to have orig-
inated from closed-system fractional crystallization processes (cf. I. Bindeman et al., 2012; Martin & Sigmars-
son, 2007; Schattel et al., 2014; Sigmarsson et al., 1992). It is also possible that these samples are related to some
older and completely different stages of volcanism in the area, since they have been collected from the caldera
wall (Figure 2; see Lacasse et al., 2007). Apart from these two anomalous samples, the Katla Silicic Volcanics
plot significantly below the predictions of the simple oxygen isotope fractionation model (cf. I. Bindeman, 2008;
Figure 9). The observed elemental and isotope trends require open system processes and specifically the addition
of a high-silica, low-5'80 component by assimilation rather than interaction with low-8'%0 hydrothermal fluids
during magma evolution. The latter process is unlikely since 8'%0 values do not show a clear correlation with
water content (i.e., with LOI) and elemental variations require assimilation of a wall rock of similar trace element
concentrations to the silica-rich Katla volcanics (Figures 7 and 9). The best-fit results of the assimilation models
correspond to a scenario in which hydrothermally altered crustal material represented by the Felsic Xenoliths are
added to a fractionating magma represented by the Katla Basaltic Suite (Figure 9). Indeed, the full range of
compositions from basalts to intermediate and felsic volcanics at Katla can be generated by a reasonable degree of
assimilation between 5 and 25 wt.%.

The studied Felsic Xenoliths exhibit negative §'%0 values and display clear petrographic partial melting textures
(see Figures Sle and S1f in Supporting Information S1), implying they were exposed to hydrothermal overprint
and experienced subsequent recycling in hot Katla magmas during ascent. Most likely they represent part of the
plutonic suite inside Katla. As previously argued by Gunnarsson et al. (1998), quenched xenoliths preserved at
various degrees of remelting provide crucial support for the partial melting of older magmatic crust. The remelting
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Figure 9. Whole-rock 8'30 values versus SiO, and MgO contents and Zr, and Sr concentrations of the Katla volcanic rocks and felsic xenoliths are shown together with
the results of FCy,g and SFCy,¢ simulations (total of 5, 15, and 25 wt.% of assimilation in five stoping steps indicated by stepwise drops in 580 values). Major and
trace elements plotted are from XRF analyses. Samples with a high LOI were excluded from this diagram. The yellow triangles illustrate bulk mixing of the felsic
xenoliths with KBS-derived magma after 70-78 wt.% fractional crystallization. See text and Table 1 and Data Sets S3—-S6 for model details.

of hydrothermally altered crustal material is potentially a very fast process as the material is hydrated, resulting in
quick recycling of subvolcanic materials (cf. I. N. Bindeman & Simakin, 2014; Budd et al., 2017). The most likely
source of low-8'#0 material is thus reasoned to be the hydrothermally altered roof and wall material of the magma
reservoir as seen at other larger caldera systems such as the Yellowstone hotspot track, Toba volcano, and others
(see Boroughs et al., 2012; Budd et al., 2017; Curtis et al., 2013; Pritchard & Larson, 2012; Riishuus et al., 2015;
Seligman et al., 2014; Troch et al., 2019; Watts et al., 2012). In such systems, meteoric water altered the sur-
rounding roof and wall rock at high temperatures because of extensive fracturing and brecciation caused by, for
example, previous caldera collapses. Fractures act as pathways for the hydrothermal fluids and promote mobi-
lization of the low-8'%0 material into the resident magma. A weakened and fractured reservoir roof is susceptible
to partial collapse and stoping, for example, during earthquakes or minor magma injection events with rapid
recycling and remelting of the low-8'%0 material (e.g., I. N. Bindeman & Simakin, 2014; Boroughs et al., 2012;
Budd et al., 2017). In summary, our modeling, petrographic evidence, and comparison to volcanic systems
elsewhere support the concept of edifice or crustal remelting rather than prolonged closed system fractional
crystallization processes at work beneath Katla volcano. The Katla system therefore does not conform with either
endmember of the volcanic system scheme in Iceland as proposed by Martin and Sigmarsson (2007). These
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authors suggest that within rifts in Iceland, silicic magmas are generated mostly by partial melting of altered mafic
crust, whereas in off-rift settings, silicic magmas are thought to form by fractional crystallization. Katla, located in
the south domain of the East Volcanic Zone of Iceland, seems to reflect both partial melting and assimilation as
well as fractional crystallization.

Is it possible to make a more comprehensive interpretation of the magma differentiation processes at Katla? First,
it is important to acknowledge the bimodal distribution of rock compositions with only a few intermediate
samples (Figure 3). The compositional gap is not straightforward to reconcile with a continuous AFC-style
lineage, and several explanations may apply. The intermediate compositions may simply not be represented in
the sample set as they may not have erupted and it is possible that magma compositions that were primitive (KBS)
or had reached a certain degree of differentiation (KSV) were preferably tapped by the volcanic system. On the
other hand, this may not be very likely since many ocean islands, and especially Iceland, are bimodal magmatic
systems (e.g., Bunsen, 1851; Meyer et al., 1985; Sigmarsson et al., 1991; Sigurdsson, 1977). The intermediate
compositions may then be the result of mixing of silica-rich magmas that contain a crustal anatectic component
with mafic magmas that act as a heat source for the crustal melting (cf. Troll et al., 2004, 2021), mimicking an
AFC-style evolution but circumventing a continuous crystallization series. A variation on this theme may be the
PICA concept (progressively inhibited crustal assimilation), an explanation for the compositional gap proposed
for the Carlingford Igneous Center, Ireland, where the crust can initially produce large volumes of silicic partial
melts when heated by mafic magma before quickly becoming refractory (Meade et al., 2014). The resulting silicic
magma ceases to be able to melt the surrounding crust as fertile partial melts are becoming rapidly exhausted and
can no longer form (cf. Duffield & Ruiz, 1998; Meade et al., 2014). These melts can then only melt new crust if
they encounter compositions with low melting points elsewhere in the magmatic system.

In addition, the distinct §'%0 values of the Katla Basaltic Suite versus the Katla Silicic Volcanics, coupled with the
pronounced bimodal distribution for SiO,, MgO, Zr, and Sr concentrations (Figure 9), indicate that magmatic
differentiation at Katla happens in two separate stages. The first stage consisted of fractionation (and possibly
minor assimilation) deeper in the magma system, whereas the second stage consisted of bulk assimilation of felsic
materials closer to the surface and closer in time to eruption. We do not have control of the possible assimilants in
the first stage, but the involvement of an isotopically similar mafic country rock cannot be excluded. The sug-
gested second stage of differentiation at shallow pressure is represented by the MCS models and subsequent bulk
mixing lines between differentiated model compositions and the felsic xenoliths in Figure 9. The low-8'0
assimilant represented by the Felsic Xenoliths had a very similar major, trace element, and radiogenic isotope
composition to the KSV samples, but the original wall rock materials had been hydrated before being remelted.
This similarity can explain the insignificant modification of most of the elemental and radiogenic isotope
abundances (Figures 3-5), the latter within the different source lineages, but allows for significant changes in
8'80 values during the second stage (cf. I. N. Bindeman & Simakin, 2014; Figure 9).

We note that the results of a two-stage magma evolution process to produce the low-5'%0 Katla Sicic Volcanic
suite are consistent with geophysical models of a deeper basaltic crustal magma storage system and a shallow (top
few kilometer) reservoir (e.g., Jeddi et al., 2016; Figure 10). Such a broadly two-tiered arrangement in magma
plumbing, with a shallow magma system in place, may have been a persistent feature for at least the last 8.5 kyrs
(Budd et al., 2016). Geobarometry evidence from Budd (2015) and Budd et al. (2016) on silicic as well as basaltic
compositions erupted over at least the last 8.5 kyrs indicates a shallow storage for silicic materials of around 3—
5 km depth, whereas basaltic samples record magma storage depths down to upper mantle levels at >25 km, but
with marked peaks at of 10—15 km depth, at 20-25 km depth, and again at 30 km depth beneath the volcano. This
is broadly in line with recent OPAM glass barometry published by Baxter et al. (2023), who suggest that Katla
magmas last equilibrated in the top 3—5 km, which is in line with the upper end of the seismic anomaly described
by Jeddi et al. (2016), and which these authors interpreted as an upper (silicic) magma reservoir system under
Katla volcano.

Finally, we emphasize that regardless of the differentiation taking place in one or several stages, our models
strongly suggest that the low 8'%0 values of the Katla Silicic Volcanics are the result of assimilation of older
hydrothermally altered crust and are not inherited from the mantle source.
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7.2. Implications for Iceland Magma Genesis

In a wider context, AFC-style processes and assimilation of partial or bulk melts of hydrothermally altered crust
may help explain the relatively high abundance of silicic magmatism in Iceland compared to MORB and ocean
island volcanic settings. Low-5"%0 silicic rocks similar to Katla Silicic Volcanics have been described from
several central volcanoes and caldera-type localities such as Askja (8'%0 = —9.0 to +2.8%¢) and Krafla
(8'80 = +3.1%0) and many other high-silica low-8'80 magmatic centers in Iceland (e.g., I. Bindeman, 2008; L.
Bindeman et al., 2012; Gurenko et al., 2015; Macdonald et al., 1987; Pope et al., 2013; Zierenberg et al., 2013). In
addition, xenoliths of felsic composition are common in Icelandic eruptive material (Gurenko et al., 2015;
Sigurdsson, 1968). Previously, Walker (1966) suggested that fractional crystallization alone could not account for
the high abundance of silicic compositions with the simultaneous absence of intermediate compositions in Ice-
land, because closed-system FC would produce only ~5 wt.% high-silica rhyolite. Iceland is an excellent natural
laboratory to study these kinds of processes since the northerly position and the cold oceanic climate promote
deep meteoric-hydrothermal systems with low 8'®0 values (Troch et al., 2019), which makes the assimilation
process traceable using oxygen isotopes. In subtropical and tropical oceanic islands this might be more difficult,
yet we encourage research on whether open-system processes described here and elsewhere could explain
bimodal compositions on other oceanic islands as well (e.g., Bohrson & Reid, 1997). Potential contributions from
not only felsic but also pre-existing mafic crust remain to be studied in detail in Katla and elsewhere.

The digestion of earlier crust may not only explain the bimodal distribution of volcanic rock compositions but also
contribute to the style of the eruptions. Assimilation processes have been suggested to influence the eruptive
behavior of many volcanic systems, especially by increasing the volatile budgets of magmas (e.g., Borisova
et al., 2013; Budd et al., 2017; Gardner et al., 2013; Handley et al., 2018, Takach et al., 2024). This notion is
consistent with the relatively low LOI of the felsic xenoliths compared to the LOI of the silicic samples at the
same SiO, contents (see Figure 7), implying that they released volatiles during heating and remelting (e.g.,
Donoghue et al., 2010). The possible late and large-scale assimilation stage of hydrothermally altered crust, as
described here for Katla, has the potential to introduce considerable amounts of volatiles in already differentiated
magma compositions. The addition of volatiles enhances exsolution of a fluid phase at higher pressures and
decreases density of magmas, and can thus promote tapping and eruption of felsic compositions in magmatic
systems, especially as some recent studies have suggested that there is a sweet spot for eruptive behavior at about
~4-5.5 wt.% of dissolved water contents (Brookfield et al., 2023; Popa et al., 2021). Such high water contents
might be difficult to reach only by fractionation of rather volatile-poor primitive magmas in oceanic island
settings and we speculate that crustal assimilation may play an important but perhaps underrated role in driving
explosive behavior at more evolved ocean island volcanoes.

8. Conclusions

To advance the debate on the origin of silica-rich rocks in Iceland, this study contributes over 60 new oxygen
isotope values on a suite of basaltic to silica-rich rocks from Katla volcano. The §'80 values of the basaltic sample
suite (46-50 wt. % SiO,) range from +4.3 to +8.5%o, and the intermediate suite ranges between +4.1 and +5.9%o,

Figure 10. (a) Summary SiO, versus 8'80 plot of the new Katla oxygen data presented here compared with previously reported “fresh” Icelandic rocks (gray cloud; 1. N.
Bindeman et al., 2022; Condomines et al., 1983; Gunnarsson et al., 1998; Hards et al., 2000; Hemond et al., 1988; Macpherson et al., 2005; Prestvik et al., 2001;
Sigmarsson et al., 1992; Troll et al., 2024). The dominant fraction of the analyzed samples falls within the previously established Icelandic rock array with only very few
exceptions. A Rayleigh fractionation curve (dotted black line) from one of the basaltic (parent) samples outlines the effects of closed-system crystal fractionation from
basalt to rhyolite, which results in a ~1%o increase (e.g., I. Bindeman, 2008; Taylor & Sheppard, 1986). The bulk of the silicic Katla samples display a distinct deviation
from the closed-system fractionation curve showing a trend toward lower 8'®0 values. This implies the addition of low-8'%0 material during magmatic evolution
(schematically represented by solid black lines), likely with a component similar to the partially melted silicic xenoliths of this study as they display sufficiently low
580 values. (b) Schematic sketch of the plumbing system beneath the Katla caldera. A shallow level magma reservoir has recently been imaged through a P-wave
velocity model, as shown in the color scheme at the bottom of the figure (after Jeddi et al., 2016). From these geophysical constraints (Jeddi et al., 2016), a high velocity
core at 5 km depth and below is interpreted to consist of mafic cumulates, above which hot rhyolitic material is proposed to reside. We show the broadly two-tiered
magma plumbing system on the basis of geophysical and geobarometry studies (cf. Budd, 2015; Budd et al., 2016; Jeddi et al., 2016, 2017) with a set of shallow
reservoirs (at 5-2 km depth) rather than a single larger shallow-level chamber. We postulate that magma evolution takes place initially in a deep- to mid-crustal mafic
magma reservoir system, followed by differentiation and interaction with hydrated sub-volcanic wall and roof rock (with lower 5'%0 values) in a shallow-level silicic
magma reservoir. This second-stage of differentiation at shallow crustal levels causes a decrease in 5'®0 values in the evolved silicic magmas but does not cause
significant changes in major or trace elements at that stage since the wall rock materials are otherwise similar to the silicic magmas hosted in the shallow system. The low
580 values of the wall- and country rock and thus the assimilants are the result of circulation of meteoric waters that are characterized by variably depleted 8'%0 values.
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but when eliminating altered samples, the basaltic suite ranges from 5.1 to 6.1%o, showing a narrow composi-
tional field that overlaps with MORB (5.5-5.7%o; Cooper et al., 2009; Ito et al., 1987). The §'%0 values of the
Katla silicic volcanic rocks (67 to >70 wt.% SiO,), in turn, range between +2.7 and +6.4%o, whereas the silicic
xenoliths range between —4.9 and —2.3%o. Approximately 97% of the analyzed silicic rocks at Katla thus show
low-5"%0 values (<5.0%0), and are thus significantly below the 5'®0 values of the mantle MORB range. We
postulate a distinct two-stage magma evolution process to produce the low-5'%0 silicic rocks at Katla. The first
stage involves basaltic magmas with “normal” upper mantle type oxygen isotope ratios (cf. I. N. Bindeman
et al., 2022) that begin to fractionate to more silica rich compositions. In the second stage, the evolving magmas
ascend and interact with low-8'%0 sub-volcanic and/or plutonic material of the hydrated magma chamber walls
and roof at shallow crustal depths. The major finding of this work, the two-stage magma evolution process that
explains the presented geochemical data, is further supported by existing geobarometry and geophysical studies at
Katla, supporting a deeper basaltic magma reservoir system (>10 km) that feeds a silicic magma domain in the
upper crust (c. 3 km). This conceptual model is further supported by partial melting textures (symplectites) and
resorption features in the felsic xenoliths that also show the lowest 8'%0 values recorded in the entire Katla sample
suite, and which can be shown to be an appropriate assimilant through energy constrained geochemical modeling.
Importantly, our data underline that the “low 8'®0 signature” in Katla silicic volcanics is a feature added to the
magmas during crustal differentiation and does not constitute evidence for unusually low 8'30 mantle under
southeast Iceland.

Data Availability Statement

The data underlying this study is available in Troll et al. (2025) [Dataset]. The data set includes whole rock data
and modeling parameters. The MCS modeling was performed using the Magma Chamber Simulator (MCS)
software package available from the UC Santa Barbara website (https://mcs.geol.ucsb.edu/code).
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