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Abstract New observations and geochemical analyses of
volcanic features in the 170-km-long Western Volcanic Zone
(WVZ) of Iceland constrain spatial and temporal variations in
volcanic production and composition associated with the last
major deglaciation. Subglacial eruptions represent a signifi-
cant portion of the late Quaternary volcanic budget in
Iceland. Individual features can have volumes up to
~48 km® and appear to be monogenetic. Subaqueous to sub-
aerial transition zones provide minimum estimates of ice sheet
thickness at the time of eruption, although water-magma in-
teractions and fluctuating lake levels during eruption can lead
to complex lithological sequences. New major and trace ele-
ment data for 36 glacial and postglacial eruptive units, com-
bined with observations of lava surface quality, passage zone
heights, and *He exposure ages of some glacial units, indicate
a maximum in volcanic production in the WVZ during the last
major ice retreat. Anomalously high volcanic production rates
continue into the early postglacial period and coincide with
significant incompatible element depletions and slightly
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higher CaO and SiO, and lower FeO content at a given
MgO. Subglacial units with strong incompatible element de-
pletions also have lava surfaces that lack evidence of subse-
quent glaciation. These units likely formed after the onset of
deglaciation, when rapidly melting ice sheets increased de-
compression rates in the underlying mantle, leading to anom-
alously high melting rates in the depleted upper mantle. This
process also can explain the eruption of extremely depleted
picritic lavas during the early postglacial period. These new
observations indicate that the increased volcanic activity asso-
ciated with glacial unloading peaked earlier than previously
thought, before Iceland was completely ice free.

Keywords Subglacial volcanism - Iceland - Mid-ocean
ridge - Igneous petrology - Mantle melting - Deglaciation

Introduction

The end of the last major deglaciation was associated with
unusually high volcanic productivity and correlated changes
in lava composition throughout Iceland’s neovolcanic zones.
This phenomenon has been inferred for the Reykjanes
Peninsula (Jakobsson et al. 1978; Gee et al. 1998), the
Western Volcanic Zone (WVZ) (Sinton et al. 2005), Veidivotn
in the Eastern Volcanic Zone (Vilmundardéttir and Larsen
1986), and the Theistareykir and Krafla regions (Seemundsson
1991; Slater et al. 1998; Maclennan et al. 2002) in the Northern
Volcanic Zone (NVZ). Evidence suggests that magma produc-
tion in the early postglacial period was up to ~30 times the
present-day values and coincided with large changes in incom-
patible element content of the erupted lavas (e.g., Maclennan
et al. 2002; Sinton et al. 2005). Although some authors relate
the eruption pulse to enhanced tapping of crustal magma cham-
bers in response to the mechanical effects of glacial unloading
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(Gudmundsson 1986; Gee et al. 1998), theoretical consider-
ations (Jull and McKenzie 1996) and chemical data
(Hardarson and Fitton 1991; Slater et al. 1998; Maclennan
et al. 2002; Sinton et al. 2005) are consistent with an increase
in melting rates due to enhanced mantle decompression
resulting from glacial unloading.

Prior studies have mainly looked at volcanic production
only in the postglacial record or compared chemical variations
in a small number of postglacial and glacial units. Thus, while
correlations between ice removal and increased volcanic out-
put are expected, the paucity of detailed data on late glacial
volcanism limits our understanding of the detailed timing and
magnitude of this effect (Licciardi et al. 2007; Jakobsson and
Gudmundsson 2008). Since melt migration rates are finite,
there should be a lag between the unloading-induced increase
in mantle melting and the corresponding increase in volcanic
production at the surface, but the magnitude of this effect is
currently unconstrained by observation.

Within the WVZ, the postglacial record exhibits a peak in
volcanic productivity and related geochemical variations in
the first 2000 years following ice removal. However, the post-
glacial history records only the after-effects of deglaciation.
Did even higher volcanic production characterize the late gla-
cial period? Do late glacial eruptions show even stronger geo-
chemical signatures of enhanced mantle melting? How soon
after the onset of deglaciation and the resulting mantle melting
perturbation are the effects seen on the surface?

The goal of this study was to examine a representative
number of subglacial features within the WVZ with the objec-
tive of extending the eruptive chronology and associated geo-
chemical variability into the last glacial period. We selected a
suite of 20 subglacial edifices in the WVZ (Fig. 1) for this study.
We have distinguished the subaqueously and subaerially
formed lithologies that comprise each of these features,
evaluated their eruptive conditions and erosional history, and
estimated their total eruptive volumes. We report new
geochemical data on these units, including glass and whole
rock chemical analyses for major and trace elements, and four
new cosmogenic “He exposure ages. In addition, we have
refined the postglacial eruptive history of the WVZ reported
in Sinton et al. (2005) with new constraints on the ages of
several postglacial units and previously unreported trace ele-
ment data. The combined data represent the most complete
time-stratigraphic eruption record for any length of mid-ocean
ridge and more fully document the magmatic response to de-
glaciation in western Iceland.

Effusive volcanism takes two primary forms: fissure erup-
tions and lava shields (central vent eruptions). In the subgla-
cial environment, the products of fissure eruptions are tindars
or méberg ridges, whereas lava shields commonly form tuyas
or table mountains. In this study, we concentrate on the latter
because they (1) tend to be larger in volume and therefore
dominate the volcanic budget, (2) have passage zones that
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can be used to estimate ice thickness at the time of eruption,
and (3) are surmounted by subaerial lava that is amenable to
geological observations on posteruption erosion and exposure
age dating.

Tuya morphology

Table mountains, also known as tuyas (Mathews 1947), or stapi
in Icelandic (e.g., Kjartansson 1959), are the products of subgla-
cial volcanic eruptions and have distinctive morphological char-
acteristics derived from eruption through an ice sheet. Generally
thought to be monogenetic, these steep-sided, nearly flat-topped
features are the subglacial equivalent of lava shields and are
common in Iceland (e.g., Kjartansson 1959; Walker 1965;
Jones 1969, 1970; Skilling 2009), western Canada (e.g.,
Mathews 1947; Moore et al. 1995; Edwards et al. 2009), and
Antarctica (e.g., Smellie et al. 1993; Smellie 2000). Interactions
between the erupting lava and melting ice can lead to sudden
changes in eruption style and produce complicated morphologi-
cal features and lithological sequences (e.g., Smellie 2000;
Werner and Schmincke 1999; Skilling 2009).

Subglacial eruptions initially produce steep-sided volcanic ed-
ifices composed of pillow lavas and hyaloclastite breccias in an
ice-confined lake of glacial meltwater (e.g., Kjartansson 1961;
Jones 1969, 1970; Smellie 2000). Once the eruptive vent
emerges above the lake surface either from edifice growth or lake
drainage, the eruption style changes to subaerial lava effusion,
producing the capping, low-angle lava shield that gives these
features their characteristic shape (Fig. 2). The contact between
the subaerial capping lavas and the underlying subaqueous unit is
known as the passage zone (Jones 1969). A single eruption can
include multiple rounds of lake filling and draining, sometimes
generating multiple passage zones (e.g., Jones 1969; Smellie
2006; Skilling 2009). The highest of these transitions marks the
maximum known elevation of the ice-ponded lake and so pro-
vides a minimum estimate of ice thickness at the time of eruption
(e.g., Walker 1965; Jones 1969; Semundsson 1980;
Gudmundsson 1998; Werner and Schmincke 1999).

Not all subglacial eruptions emerge above the lake surface nor
produce classic table mountain morphology. Elongate ridges of
hyaloclastite and/or pillow lavas, sometimes called tindars or
moéberg ridges, are another form of subglacial eruption,
interpreted to be the subglacial equivalents of fissure eruptions.
Hyaloclastite ridges typically lack a subaerial lava sequence, but
the relationship between them and tuyas is gradational and some
units may have features spanning the two categories. Just as
postglacial fissure eruptions in the WVZ tend to have lower
eruptive volumes on average than lava shields (Sinton et al.
2005), moberg ridges tend to be smaller than tuyas (e.g.,
Jakobsson and Johnson 2012; Pederson and Grosse 2014).

Some WVZ units contain only localized and/or thin sub-
aqueous sections of pillow lava, breccia, and/or hyaloclastite,
suggesting limited ice or water interaction. These units did not
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Fig. 1 Shaded relief map of the
WVZ showing the distribution of
postglacial, transitional, and
subglacial eruptive units of this
study (modified from
Semundsson 1991; Johannesson
and Saeemundsson 1998; Sinton
et al. 2005; Seemundsson et al.
2010). Lighter and darker shades
of subglacial units denote
subaqueous lithologies (pillow
lavas and/or hyaloclastite) and
subaerial lava flows, respectively.
See Supplementary Material for
maps of individual units. /nset:
Map showing the principal plate-
boundary zones in Iceland: the
Reykjanes Peninsula (RP),
Western Volcanic Zone (WVZ),
Hofsjokull Zone (HZ), Eastern
Volcanic Zone (EVZ), and
Northern Volcanic Zone (NVZ)
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erupt through an ice sheet sufficiently thick or extensive to
build the classic table mountain morphology, and in some
cases, it is not clear whether the water interaction was related
to an ice sheet or something else (e.g., higher relative sea
levels). We call these features transitional units in this paper,
but many have previously been referred to as “finiglacial”
(e.g., Semundsson 1995; Sinton et al. 2005) as they are
thought to have formed near the end of the last glacial period
when ice sheet extents were waning.

Tuyas can be extremely large, the biggest being
Eiriksjokull in the WVZ with an estimated eruptive volume
of ~48 km®. These impressive features represent a significant
portion of the volcanic budget in Iceland, but little documen-
tation currently exists on them. Chemical data on Icelandic
tuyas are relatively sparse; Moore and Calk (1991) presented
glass and whole rock analyses from six tuyas, and Jakobsson
and Johnson (2012) presented data from ~37 WVZ
intraglacial units, including both tuyas and tindars. Eruption

21°0'W

20°20'W 19°40'W

ages for subglacial features are extremely difficult to deter-
mine. Radiocarbon dating is impossible due to the lack of
preserved organic material, and many are relatively young,
low-K basalts, making them unsuitable candidates for ra-
diometric dating by *°Ar/*’Ar and K-Ar methods.
Licciardi et al. (2007) applied cosmogenic exposure dat-
ing to selected table mountains and discussed the poten-
tial limitations of this chronologic tool for these unique
volcanic features.

Cosmogenic *He analysis of six WVZ table mountains by
Licciardi et al. (2007) all yielded late glacial ages, consistent
with eruption through a thinning ice sheet, but not all tuyas are
necessarily late glacial in age. Identifying which ones are part
of this process and constraining their approximate eruption
ages are important steps to understanding the interrelation-
ships among glacial unloading, mantle melting, and volcanic
output, and to exploiting this unique process to investigate
fundamental aspects of mantle melting.
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Fig. 2 Features of WVZ
subglacial volcanic edifices. a
Hratfell exhibits classic tuya
morphology with a single,
roughly horizontal passage zone
(vellow dotted line). b Multiple
passage zones visible on the
upper reaches of Hlodufell. ¢
Hestfjall’s southward-dipping
passage zone and summit scoria
cone. d Scoria cone on Skrida
coinciding with the passage zone.
e Subaerial lava of Porisjokull
showing unmodified ropy
pahoehoe structure. f Contact
relations showing Porisjokull
hyaloclastite overlying
Geitlansjokull

Glacial chronology

Evidence from glacial moraines, radiocarbon ages on marine
sediments, locations and elevations of marine terraces and
strandlines, as well as other empirical data on climate and
vegetation history have been used to construct the likely dis-
tribution of Icelandic glaciers from the last glacial maximum
(LGM, ~25 ka) to present day (see Geirsdottir et al. (2007,
2009), Norddahl et al. (2008), and Le Breton et al. (2010) for
reviews).

During the LGM, ice extended beyond the present shore-
line with an estimated maximum ice sheet thickness of about
2000 m (Norddahl and Pétursson 2005; Hubbard et al. 2006).
Ice retreat began during the Oldest Dryas (~18-14.7 ka), cul-
minating in a catastrophic breakup of the LGM ice sheet and
rapid deglaciation during the Bolling-Allerad warm stage
(~14.7-12.8 ka) which led to an estimated ~75 % reduction
in the ice sheet size (Geirsdottir and Eiriksson 1994;
Geirsdottir et al. 2000). This warming may have been
interrupted by a brief cold snap during the Older Dryas stage
(~14-13.7 ka), and a longer cold snap led to a readvancement
of the ice sheet during the Younger Dryas (YD, ~12.8—
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11.7 ka, Fig. 6). Current estimates of the YD ice sheet suggest
it reached <50 % the size of the LGM ice sheet, with signifi-
cant portions of the southern lowlands remaining ice free
(Geirsdottir et al. 2007, 2009).

Beginning around ~11.7 ka (Pre-Boreal, ~11.7-10.5 ka),
the ice sheet again went into retreat, and isostatic rebound
caused sea level to fall below the present shoreline. By the
onset of the Boreal stage (~10.5-8 ka), Iceland is thought to
have been largely ice free, except for perhaps the highest
peaks. Isostatic rebound, which lags behind glacial melting,
probably was completed by ~9-8 ka (Sigmundsson 1991).
Meanwhile, another significant cold snap occurred 8.2 ka
ago and may have resulted in renewed growth of glaciers in
the highlands around Langjokull. Iceland is thought to have
been largely ice free during the mid-Holocene thermal opti-
mum (Geirsdottir et al. 2009; Larsen et al. 2012). The present-
day glaciers began to form during the neoglaciation ~5 ka, and
recent modeling suggests that Langjokull grew to encompass
many of the surrounding peaks (e.g., Porisjokull, Eiriksjokull,
Geitlandsjokull, and Hrutfell), which may have hosted perma-
nent snow cover or a passive glacier for most of the past ~2 kyr
(Flowers et al. 2008).
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Methods
Field study

This study focuses on 20 subglacial units selected for their youth-
ful appearance (lack of extensive erosion, slumping, soil devel-
opment), presence of capping subaerial lava, and accessibility.
By focusing on tuyas rather than hyaloclastite ridges, this study
assesses the eruptive characteristics of the volumetrically most
important manifestations of subglacial activity in the WVZ.
Table 1 provides a summary of primary observations on
tuyas in this study, with preliminary geologic maps, sample
locations, and field observations of individual units available
in Supplementary Materials. For each feature, we attempted to
determine the general distribution of pillow lava, hyaloclastite
breccia, and finer grained, well-bedded hyaloclastites within
the subglacial sections; identify passage zone height(s); make
observations of the extent of modification of subaerial lava
surfaces; and collect samples at various stratigraphic levels

for geochemical analysis. In most cases, this was accom-
plished in 1-3 days of field work on each feature. Our new
mapping relies heavily on prior work by Seemundsson (1992,
1995), Johannesson and Semundsson (1998), Sinton et al.
(2005), and predecessors, with contacts located precisely in
areas we visited (solid lines), and inferred based on topogra-
phy and/or visual observations of areas we were unable to visit
in the field (dashed lines). In several cases, we found internal
contacts significant enough to merit further investigation into
the unit’s monogeneity (see later sections). For units with cap-
ping subaerial lava, we report passage zone heights (the pas-
sage zone elevation minus the average base elevation), which
correspond to the minimum heights of the confined
intraglacial lake levels at the time of emergence. Eruptive
volumes were calculated in ArcGIS using a 50-m spatial res-
olution digital elevation model and an estimated base eleva-
tion for each individual eruptive unit, and are comparable with
previous estimates (e.g., Moore and Calk 1991; Licciardi et al.
2007; Jakobsson and Johnson 2012).

Table 1 Tuyas and transitional

units of the Western Volcanic Unit Type Volume Passage Chemical Surface Exposure age
Zone (km®) height (m) group group (ka)*
Heidin ha Transitional 6.8 - A I 9.3+0.4*
Jokulstallar Transitional 8.1 140 A I
Leggjabrjotur Transitional 6.3 80 A I
N. Langjokull Transitional 5.3 160 A 1
Hagafell shield  Transitional 4.5 160 A I
Trolladalur Transitional 3.2 50 A I
borisjokull Subglacial 10.7 300 A I 11.6+0.3*
Eiriksjokull Subglacial 482 540 A I
Krakur Subglacial 0.8 240 A I
Kjalfell Subglacial 0.8 330 A I 9.9+0.6*
Bitra Transitional 0.7 >260 B I
Hestfjall Transitional 1.7 210 B I
Hlooufell Subglacial 39 460 B I (10.7%%)
Skrida Subglacial 34 320 B I 10.5+0.2
Geitlandsjokull ~ Subglacial 52 480 B I
Stora- Subglacial 2.6 470 B v 7.1£0.2%
Bjornsfell
Geitafell Subglacial 1.0 220 C I 11.4+0.7
Hrafnabjorg Subglacial 1.5 380 C I
Hvalfell Subglacial 2.9 470 C I 12.6+0.4
Litla-Bjomsfell ~ Subglacial 0.4 >520 C -
Fanntofell Subglacial 0.7 290 C v
Hognhofoi Subglacial 3.8 540 C v 10.2+0.3
Kalfstindar Subglacial 1.1 >540 C -
Raudafell Subglacial 4.1 620 C v 12.2+0.2
Hrutfell Subglacial 11.5 600 C v

# Asterisk (*) denotes new ages from data presented in this study. All others from Licciardi et al. (2007), with (**)
denoting a revised age for HI6oufell based on a more recent unpublished analysis (Licciardi, personal commu-
nication). See text for definition of chemical groups and the assignment of individual edifices. Passage heights are
heights above the base of the edifice
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Observations of subaerial lava surfaces were used to assess
the extent of modification by ice after eruption. For those units
with relatively unmodified ropy pahoehoe or other surface
features, samples were collected for exposure age dating.
Surface samples were collected in accordance with the
methods described in Licciardi et al. (2007), targeting
olivine-phyric surface lava from high-standing areas such as
tumuli and other lava rises to minimize the possible effects of
burial. Samples collected for whole rock geochemical analy-
ses were taken from the fresher, massive interiors of subaerial
lavas and pillows to minimize alteration. Where present,
glassy rinds from pillows and scoria were collected for major
element analysis by electron microprobe. We attempted to
maximize spatial coverage while sampling the greatest verti-
cal stratigraphic section possible within each unit in order to
investigate their petrological evolution. Sample locations for
individual units are shown on the geologic maps in the
Supplementary Material.

Geochemical analyses

Major and trace element data were collected on whole rock sam-
ples by X-ray fluorescence (XRF) spectrometry with the
University of Hawai‘i Siemens 303AS using techniques de-
scribed by Eason and Sinton (2009), consistent with the existing
postglacial data presented both there and in Sinton et al. (2005).
Selected XRF data are reported in Table 2, with all sample anal-
yses reported in Supplementary Table S1 along with correspond-
ing standards data in Supplementary Table S2.

Low-abundance trace elements were analyzed in selected
postglacial and subglacial samples by inductively coupled
plasma mass spectrometry (ICP-MS). Most postglacial sam-
ples were analyzed using the University of Hawai‘i VG
PlasmaQuad according to the methods described in Eason
and Sinton (2009). Samples from subglacial and transitional
units were analyzed at Washington State University on an
Agilent model 4500 ICP-MS (full description of methods
available at http://www.sees.wsu.edu/Geolab/note/icpms.
html). Selected ICP-MS data are reported in Table 2, with all
analyses reported in Supplementary Table S3.

For glass samples (glassy rinds of pillow basalts, glassy
scoria, and ash samples), major and minor element concentra-
tions were collected using the University of Hawai‘i JEOL
JXA-8500F five-spectrometer electron microprobe with an
accelerating voltage of 15 keV, 10 nA beam current, and
20 um beam diameter. Three to five glass chips were analyzed
for each sample, with a minimum of three points (typically 4—
5) measured on each glass chip. The exception to this proce-
dure is sample IS-47, an ash layer from beneath Kjalhraun, for
which multiple glass shards were analyzed from 10 separate
horizons for a total of 90 point analyses (see Supplementary
Table S4). Peak and background counting times were 60 s for
S; 50 s for Al, K, and Mg; 40 s for Si and Ca; 30 s for Ti, Na,
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Fe, and P; and 20 s for Mn. Microprobe analyses were cali-
brated using glass standards Makaopuhi A-99 (Si, Al, Ca,
Mg), Juan de Fuca VG-2 (Fe), and mineral standards sphene
glass (Ti), orthoclase (K), Verma garnet (Mn), Amelia albite
(Na), fluorapatite (P), and troilite (S). A ZAF matrix collection
was applied to all analyses. Average glass compositions for
each rock sample are reported in Supplementary Table S5.

Cosmogenic *He measurements

Only the outermost 2—-3 c¢m of lava surfaces were sampled for
helium analysis, thus minimizing corrections for depth in the
lava flows. Olivine phenocrysts were separated from surface
samples by crushing, magnetic separation, and handpicking.
Olivine phenocrysts 0.5 to 1 mm in size (0.355-2 mm for IS-
44A) were selected for purity (lack of adhering groundmass)
and washed in acetone and methanol prior to measurement.
The helium concentrations and isotopic compositions were
measured by crushing and melting at the Woods Hole
Oceanographic Institution using a 90° magnetic sector mass
spectrometer. Olivine phenocrysts were first crushed in a vac-
uum to selectively release the magmatic helium, thought to be
trapped primarily in melt and fluid inclusions. The resulting
crushed olivine powder was then melted in a resistance furnace
to release the helium held in the crystal matrix of the olivine,
which hosts the majority of the cosmogenic *He (Kurz 1986).
The quantity of magmatic *He is calculated using the mea-
sured *He/*He for the helium released by crushing, while
the cosmogenic *He is calculated by subtracting the
inherited/magmatic *He from the total measured *He in
the sample. While it has been suggested that *He production
rates may vary slightly as a function of olivine composition
(Lal 1991), this is unlikely to play a significant role in this
study due to the relatively small compositional variation
among these basaltic units (Licciardi et al. 2007). For a full
description of the methodology, including assessments of
data reproducibility, see Kurz (1986), Kurz et al. (1990),
and Licciardi et al. (1999, 2006).

Owing to low olivine abundances in many of the units,
only four new table mountain samples yielded sufficient oliv-
ine for cosmogenic helium measurement (Table 3),
supplementing data for six WVZ table mountains reported in
Licciardi et al. (2007). Production rates and scaling used are
consistent with the local calibration reported by Licciardi et al.
(2006) and are identical to those reported by Licciardi et al.
(2007). All ages in this paper are reported in calendar
years before present (years before 1950 A.D.) unless
noted otherwise.

One sample from Poérisjokull (IS-63B) had such a small
amount of gas released by crushing that the inherited
*He/*He value could not be determined reliably. Because
the cosmogenic helium is dominant, the inherited correc-
tion is small and the resulting age calculation for this sample is
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Table 2 Representative sample analyses

Sample no. IS-1 IS-6 IS-10A IS-31 IS-37A IS-46B IS-55B
Unit Hrafhabjorg Bitra Hestfjall Geitafell Hvalfell Kjalfell Trolladalur
Major and trace element data by XRF

SiO, 48.65 49.19 48.19 48.89 48.04 48.30 48.85
TiO, 1.81 1.25 1.75 2.13 1.68 1.45 1.28
ALO; 1557 16.81 14.84 15.30 15.36 15.53 17.20
FeO* 11.78 10.69 12.23 12.20 11.52 12.13 9.94
MnO 0.20 0.17 0.20 0.19 0.19 0.19 0.17
MgO 7.63 7.40 8.42 7.33 8.63 9.04 7.60
CaO 12.37 13.60 12.54 11.97 12.85 12.08 13.91
Na,O 1.79 1.63 1.94 1.97 1.40 1.54 1.37
K,O 0.20 0.07 0.13 0.32 0.18 0.11 0.05
P,Os 0.25 0.10 0.18 0.32 0.20 0.14 0.12
Sum 100.2 100.9 100.4 100.6 100.1 100.5 100.5
LOI —-0.52 —0.11 -0.01 —-0.53 -0.12 -0.67 -0.38
Sc 41 42 37 38 42 38 40

A% 313 284 304 301 341 305 283
Cr 321 216 308 289 538 403 439
Co 48 25 44 41 53 52 41

Ni 106 78 101 105 150 181 118
Cu 118 101 100 109

Zn 97 74 86 93 93 91 65
Rb 3.8 1.3 24 6.5 42 2.6 1.5
Sr 214 184 178 237 210 158 167
Y 28 21 27 30 23 23 19
Zr 116 62 89 135 94 58 47
Nb 15.0 6.5 10.6 19.0 15.1 5.6 5.1
Trace element data by ICP-MS

La 9.83 5.07 7.10 13.07 9.30 423 3.28
Ce 23.75 12.19 17.75 3041 22.00 10.72 8.99
Pr 343 1.83 2.66 423 3.10 1.67 1.45
Nd 15.92 8.91 12.74 19.03 14.05 8.20 742
Sm 4.38 2.66 3.78 5.04 3.75 2.72 241
Eu 1.59 1.05 1.39 1.76 1.39 1.10 0.95
Gd 5.08 332 4.55 5.49 4.32 3.50 2.99
Tb 0.88 0.59 0.80 0.93 0.71 0.65 0.54
Dy 5.43 3.85 5.06 5.79 443 422 3.51
Ho 1.09 0.81 1.08 1.14 0.91 0.89 0.74
Er 2.96 2.25 292 3.08 245 241 1.98
Tm 042 0.32 0.40 043 0.35 0.35 0.28
Yb 2.56 1.94 2.50 2.58 2.11 2.20 1.73
Lu 0.39 0.30 0.40 0.40 0.33 0.35 0.27
Ba 58 32 35 87 67 31 19
Th 0.52 0.33 0.32 0.95 0.63 0.26 0.10
Hf 2.88 1.65 237 3.35 242 1.67 1.39
Ta 0.87 0.40 0.63 1.16 0.89 0.33 0.31
U 0.16 0.09 0.10 0.29 0.18 0.08 0.03
Pb 0.59 0.34 0.46 0.82 1.12 0.31 0.26
Rb 3.0 0.8 1.9 5.8 32 1.7 0.6
Cs 0.04 0.01 0.03 0.06 0.04 0.02 0.01
Sc 42.0 432 438 39.5 41.8 40.0 425
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Table 2 (continued)

Sample no. IS-61 IS-64A IS-66 IS-69A IS-73 IS-76A IS-84A
Unit borisjokull borisjokull HIlodufell Hognhofoi Raudafell Stora-Bjornsfell Skrida
Major and trace element data by XRF

SiO, 48.88 48.39 48.93 48.13 48.31 47.85 49.46
TiO, 1.03 0.94 1.49 1.87 1.54 1.48 1.18
ALO; 15.70 16.33 15.83 15.75 15.56 16.50 16.20
FeO* 10.24 9.85 11.50 11.78 11.16 11.18 10.61
MnO 0.17 0.17 0.18 0.19 0.18 0.18 0.17
MgO 8.85 9.75 8.21 8.32 9.33 8.82 8.49
CaO 13.86 13.27 12.51 11.92 11.97 12.26 13.35
Na,O 1.39 1.32 1.58 1.86 2.20 1.67 1.37
K,O 0.03 0.03 0.14 0.24 0.28 0.10 0.10
P,0s 0.06 0.05 0.10 0.18 0.16 0.16 0.13
Sum 100.2 100.1 100.5 100.2 100.7 100.2 101.1
LOI -0.39 —0.39 —0.60 —0.62 —0.51 -0.49 —0.36
Sc 42 39 42 38 40 33 40

v 269 248 319 318 293 260 281
Cr 459 575 459 339 473 362 388
Co 46 50 49 52 39 48 49
Ni 130 187 162 142 181 164 130
Cu 108 101 86 118 90

Zn 63 65 93 94 87 76 73
Rb 1.1 12 2.7 4.1 5.1 2.1 2.6
Sr 118 117 172 234 208 193 154
Y 18 16 23 24 21 21 21

Zr 25 23 71 96 85 65 56
Nb 2.0 1.8 7.4 133 13.1 7.5 5.9
Trace element data by ICP-MS

La 1.48 1.30 5.49 9.22 8.82 5.31 425
Ce 4.13 3.54 13.07 20.84 19.57 12.76 10.16
Pr 0.71 0.64 2.01 3.05 2.81 1.98 1.55
Nd 4.11 3.68 9.82 14.18 12.58 9.61 7.49
Sm 1.64 1.47 3.03 3.94 3.33 2.92 238
Eu 0.72 0.65 1.17 1.47 1.26 1.18 0.95
Gd 243 2.18 3.80 4.52 3.84 3.60 3.10
Tb 0.47 0.42 0.67 0.77 0.64 0.64 0.57
Dy 3.19 2.87 439 4.80 4.12 4.02 3.81
Ho 0.70 0.63 0.92 0.96 0.84 0.84 0.81
Er 1.99 1.77 2.52 2.54 227 2.30 221
Tm 0.29 0.26 0.36 0.36 0.32 0.32 0.32
Yb 1.78 1.60 223 2.19 1.91 1.98 1.97
Lu 0.28 0.25 0.34 0.33 0.30 0.30 0.31
Ba 11 10 37 65 68 34 31

Th 0.06 0.05 0.36 0.62 0.65 0.25 0.28
Hf 0.92 0.81 1.91 2.50 2.17 1.75 1.55
Ta 0.12 0.11 0.45 0.80 0.77 0.47 0.33
0] 0.02 0.02 0.10 0.19 0.20 0.08 0.09
Pb 0.18 0.15 0.44 0.64 0.62 0.35 0.41
Rb 0.5 0.4 23 4.0 4.6 1.7 1.8
Cs 0.01 0.01 0.03 0.05 0.06 0.02 0.02
Sc 45.6 37.8 40.0 38.6 38.5 37.4 43.1
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Table 2 (continued)

Sample no. IS-91 1S-92 1S-99 1S-107 IS-110 IS-116
Unit Eiriksjokull Eiriksjokull Fanntofell Hrutfell Geitlandsjokull Krakur
Major and trace element data by XRF

SiO, 49.34 49.98 48.99 48.47 49.19 48.16
TiO, 1.04 1.08 1.72 1.75 1.43 1.32
ALO; 17.14 18.11 14.03 16.01 16.07 15.29
FeO* 10.40 10.37 11.62 11.85 10.93 10.97
MnO 0.17 0.17 0.18 0.18 0.18 0.18
MgO 7.85 6.71 11.09 8.41 7.33 8.62
CaO 13.37 13.63 1143 12.17 13.15 12.68
Na,O 1.59 1.42 1.28 1.66 1.44 1.51
K,0 0.07 0.06 0.35 0.14 0.11 0.07
P,0s 0.02 0.12 0.25 0.18 0.11 0.11
Sum 101.0 100.3 100.9 100.8 99.9 98.9
LOI —0.50 —0.49 —0.35 —0.56 —0.32 —0.49
Sc 45 41 37 37 45 42

v 283 288 305 293 330 284
Cr 142 155 892 264 408 380
Co 35 43 58 36 30 36
Ni 117 86 268 156 108 166
Cu 97 88 107 110 104

Zn 76 75 92 93 87 88
Rb 1.7 1.8 8.1 2.6 25 1.2
Sr 140 151 238 209 167 136
Y 20 20 22 25 23 27

Zr 41 43 106 100 74 72
Nb 3.0 3.0 18.0 12.3 8.9 6.8
Trace element data by ICP-MS

La 232 2.58 12.46 8.02 5.92 441
Ce 6.13 6.66 27.24 19.31 14.09 11.11
Pr 1.03 1.11 3.76 293 2.13 1.81
Nd 5.46 5.89 16.65 13.89 10.19 9.28
Sm 2.02 2.13 4.11 398 3.01 3.14
Eu 0.87 0.90 1.45 1.52 1.19 1.25
Gd 2.87 2.94 4.39 4.63 3.78 4.18
Tb 0.54 0.56 0.72 0.81 0.67 0.76
Dy 3.59 3.71 437 497 432 5.08
Ho 0.78 0.80 0.87 1.02 0.91 1.06
Er 2.15 221 227 2.66 245 2.86
Tm 0.31 0.32 0.32 0.37 0.35 0.41
Yb 1.92 1.97 1.92 227 2.19 2.52
Lu 0.30 0.31 0.30 0.35 0.35 0.39
Ba 16 19 103 45 37 26
Th 0.13 0.16 1.06 0.34 0.30 0.13
Hf 1.22 1.29 2.68 2.50 1.89 1.97
Ta 0.17 0.17 1.07 0.72 0.50 0.38
u 0.04 0.05 0.31 0.11 0.09 0.05
Pb 0.23 0.30 0.84 0.45 0.41 0.27
Rb 0.8 1.0 7.1 2.0 1.6 0.6
Cs 0.01 0.01 0.09 0.02 0.02 0.01
Sc 40.8 40.2 37.7 39.2 42.6 41.2

Oxide abundances given in weight percent and trace elements in parts per million. Total Fe as FeO*
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not particularly sensitive to that parameter. Using the highest mea-
sured magmatic (crushing) *He/*He value obtained for the age
calculation would yield an exposure age lower by 5 %. We note
that this sample is also extremely depleted in incompatible trace
elements (see section on “Geochemical composition”), which is
consistent with the exceptionally low magmatic *He measured.

Results
Tuya geology

Selected geological observations are summarized in
Table 1, including passage zone heights, estimated erup-
tive volumes, and extent of modification of lava sur-
faces. More detailed descriptions of the lava surface
and other related geologic observations can be found
in Table S6 in the Supplementary Material. Although
some units have a single, well-defined passage zone contact
(e.g., Hrutfell, Eiriksjokull, Porisjokull), the transition between
subaqueous and subaerial eruptive styles is more complex for
many units. Some tuyas have multiple passage zones, locally
producing a bench-like morphology (e.g., Hlodufell, Fig. 2b)

(Skilling 2009). The local presence of multiple passage zones
could reflect fluctuating lake levels during a single continuous
eruption or mark multiple eruptive episodes. Lava delta foreset
breccias are common immediately below (or interbedded with)
the lowest subaerial lava flows and were likely deposited when
subaerial capping lava flowed into the ice-confined lake.
Several tuyas have scoria cones and sheets composed of glassy
scoria just above the passage zone or close to the summit
region (e.g., Hestfjall, Kjalfell, Hlodufell, Skrida; Fig. 2c, d).
In addition to table mountains with subaerial capping lava, we
also sampled Kalfstindar and Litla-Bjormsfell, which lack sub-
aerial lava flows.

Units we refer to as “transitional” have thin subaqueous
sections (most <200 m thick) that extend less than halfway
around the perimeter of the unit. The relatively small propor-
tion of subaqueous lithologies indicates more limited water
interaction during their eruption and suggests that the ice sheet
present during their eruption, if any, was too thin or not exten-
sive enough to confine glacial meltwater for much of the erup-
tion’s duration.

Some tuyas have mappable subunits with mineralogical
differences visible in the field. Most of Eiriksjokull surmounts
a less vesicular lower subunit with less plagioclase (~10 vs.
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Fig. 3 Rare earth element (REE) concentrations normalized to primitive
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Chemical Group A (including both subglacial and transitional units), ¢
Chemical Group B, and d Chemical Group C. Data are unit averages (~2—
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3 samples per unit). Depletions in light rare earth elements characterize

Group A subglacial and transitional units, in contrast to other subglacial
and later postglacial units
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Table 3 New helium isotope data for WVZ units

Longitude *He/*He (R/R,, crush) *He/*He (R/R,, melt) “*He (107'° cm® g™') He. (10°at g ') Scaling factor Age (ka, £10)

Olivine (g) Altitude (km) Latitude

Sample Unit

9.9+0.6
9.3+0.4
11.6+0.6

2.518

32.2+1.9

42+0.2
2.9+0.1
4240.1
10.0+0.1

220+4

11.2+0.6
12.24+0.6

—19.5329
—21.6284
—20.8079
—20.7182

64.7749

0.981

0.1244
0.2904
0.2819
0.2597

[S-44A  Kjalfell
IS-51B  Heidin ha
IS-63B  boérisjckull

1.801
2.617

21.8+0.9
29.4+1.2

213+4

63.96345
64.5349
64.4917

0.597
1.027
0.972

255+4

1.9+1.0
8.8+0.5

7.1+0.2

2.499

23.0+0.6

70.0+1.3

IS-76B  Stéra-Bjornsfell

Helium measurement uncertainties based on a 0.5 % uncertainty on the * He peak and an error of 2x10'2 ¢cm® STP (about 3 %) on the blank. * He/* He ratios are reported relative to the atmospheric value

(R/R, where R,=1.386x10°). For all samples, crushing and melting were performed on the same mineral separately. Scaling factors are the ratio of production at sample location to production at sea level

at high latitudes, following Table 2 in Lal (1991). Uncertainties of individual exposure age determinations include propagated 1o analytical uncertainties only

20 % or more for most samples, and mostly clustered in small
glomerocrysts) and more abundant olivine (>5 vs. 1-3 %).
However, these two subunits are not chemically distinguish-
able (Supplementary Material Fig. S1). The presence of sub-
aerial flows at the same elevation as the subaqueous
hyaloclastite of the lower subunit indicates that water levels
dropped significantly during the eruption; the passage zone
elevation is 300400 m lower on average on the eastern side
of the edifice than on the western side. Similarly, Krakur con-
sists of a lower sequence of pillows and hyaloclastite breccia
containing ~15 % olivine, overlain by nearly aphyric pillow
lavas and subaerial flows that comprise the rest of the tuya.
Along with less olivine, samples from the upper subunit have
lower MgO contents than the lower sequence, but the two
lithologies have identical trace element ratios (e.g., K/Ti, Zr/
Y, Nb/Y), and appear to be related by fractionation (Fig. S1).
Hrutfell is built on a low-lying, pillow-dominated pedestal
(total extent unknown) that contains only 1-3 % olivine phe-
nocrysts, in contrast to porphyritic (~15 % plagioclase and
5 % olivine) lavas that make up the main body of Hrutfell.
In this case, chemical data (Fig. S1) indicate that the two units
of Hrutfell are unlikely to be comagmatic (see Discussion
section Monogeneity and eruptive style).

Although most WVZ tuyas are isolated edifices,
hyaloclastite breccia that we interpret to be part of
borisjokull laps onto the flanks of Geitlandsjokull (Fig. 2f),
indicating that Porisjokull is younger than Geitlandsjokull;
borisjokull hyaloclastites also partially bury a fault scarp near
its southwestern end (Supplementary Material), providing fur-
ther evidence for a relatively young age for this tuya.

Geochemical composition

WVZ tuya samples span a considerable range in extent of
differentiation and incompatible element enrichment. We have
subdivided them into three main chemical groups using
chondrite-normalized (denoted by superscript N) lanthanide
rare earth element (REE) ratios (Fig. 3)—Group A: incompat-
ible element-depleted units, La/SmN<1.0; Group B: La/
Sm™>1.0 and La/Lu™<2.0; and Group C: incompatible
element-enriched units with inclined REE patterns, La/Lu™>
2.0. New REE data from WVZ postglacial lavas show that
they have REE patterns that are most similar to our
Chemical Group B (Fig. 3).

Chemical Group A comprises all of the transitional
units in the WVZ except Bitra and Hestfjall, as well as
borisjokull, Eiriksjokull, Krakur, and Kjalfell table
mountains. In addition to their flat to light REE-
depleted patterns (Fig. 3b), these samples have corre-
spondingly low ratios of other highly incompatible to
moderately incompatible elements. They also define ex-
tremes in major element compositions, extending to
lower TiO,, K,O, and P,0s5 contents at a given MgO
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than other WVZ subglacial units (Fig. 4), and tend to-
ward higher CaO and SiO, and lower FeO*, although
there is more overlap in these oxides. Porisjokull,
Eiriksjokull, and N. Langjokull have the most extreme
trace element depletions of any subglacial units in this

study.

Chemical Group B includes southern transitional units
Bitra and Hestfjall and tuyas Skrida, Hlodufell,
Geitlandsjokull, and Stora-Bjornsfell. This group is composi-
tionally intermediate to groups A and C, with REE patterns

Fig. 4 Major element chemical
variations of transitional units and
table mountains in the WVZ,
color-coded by chemical group
(see Table 1 and text for group
definitions). Filled symbols
denote whole rock data, open
symbols denote glass data. Also
plotted are glass data for selected
units from Moore and Calk
(1991) MC91). Gray fields
encompass glass and whole rock
data for WVZ postglacial lavas
(excluding picrites) from Sinton
etal. (2005) and Eason and Sinton
(2009)
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that are the most similar to postglacial lavas (Fig. 3) and fairly
moderate major element oxide concentrations overall (Fig. 4).

Chemical Group C units, which have inclined REE patterns
(Fig. 3a), tend to have high TiO,, K,0, P,Os, and other ele-
ments that behave incompatibly during mantle melting
(Fig. 4). Groups B and C both tend to have lower CaO and
slightly higher FeO* than most Group A lavas (Fig. 4). This
group includes units Fanntéfell, Geitafell, Hognho£01,
Hrafnabjorg, Hrutfell, Hvalfell, Raudafell, and Litla-
Bjomsfell.
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All samples, regardless of chemical group, have positive
Eu anomalies that are most evident in the least differentiated
samples with high MgO and low Yb concentrations. These
same samples also have positive Sr anomalies, which decrease
and eventually become negative with increasing extents of
differentiation. The decrease in Eu and Sr anomalies with
increasing Yb is consistent with plagioclase fractionation,
which preferentially removes these elements from the melt.
The positive Eu and Sr anomalies in the less evolved magmas
are unlikely to be the result of plagioclase accumulation, de-
spite plagioclase abundance locally up to ~20 % phenocrysts,
because the magnitude of the positive Eu anomalies does
not correlate with modal mineralogy. We therefore favor
the alternative explanation that melting of recycled,
plagioclase-rich lithologies in the upwelling source be-
neath the WVZ may produce positive Eu and Sr anom-
alies in the primary magmas (e.g., Chauvel and Hémond
2000; Sobolev et al. 2000).

Many individual tuyas show internal chemical variation,
with lavas becoming increasingly differentiated up section.
In each of the ten edifices for which we have both subglacial
(pillow lavas and pillow clasts in hyaloclastic pillow breccias)
and subaerial whole rock data, the subaerial lavas consistently
have lower MgO than their subglacial counterparts
(Supplementary Fig. S2). Decreasing MgO with stratigraphic
height also was observed in glass data on a limited number of
features by Moore and Calk (1991), and several postglacial
lava shields show decreasing MgO toward their summits
(Sinton et al. 2005; Eason and Sinton 2009). Declining MgO
is consistent with increasing differentiation, which likely ac-
companies declining magma supply during later stages of
subglacial lava shield evolution.

Subaerial lava surfaces

We observe a wide range of lava surface preservation among
the different edifices of the WVZ, varying from pristine sur-
faces equivalent to those on early postglacial lavas, to highly
modified, scoured and locally eroded surfaces. Although indi-
vidual edifices can show a range of surface preservation across
their summits, this range is limited for any individual edifice.
We distinguish four distinct categories of lava surface quality
based on how common or pervasive surficial modification is
across all observed areas for a given edifice.

Surface Category I units exhibit little to no surface modifi-
cation beyond the typical amounts of weathering observed on
older postglacial units. Ropes, crustal rinds, and other delicate
surface structures are common on lava surfaces in this group,
which includes all of the transitional units as well as the re-

markably well-preserved capping lava of Porisjokull (Fig. 2e).

Units in Surface Category II exhibit mild to moderate
amounts of surface modification; the outermost few centime-
ters of surfaces commonly have been removed, but some ropy
pahoehoe structures, small channels or inflationary lobes, and
similar primary flow features can still be recognized locally.
Tuyas in this category include Bitra, Eiriksjokull, Hestfjall,
Hlooufell, Kjalfell, Krakur, and Skrida (Table 1).

Surfaces for Categories III and IV are more extensively
modified. Category III lavas are generally shattered and
blocky, with moderate to extensive removal of the outermost
parts, such that little to no original lava surface remains. In
some cases, individual flow units are still discernible even
though the surfaces are no longer continuous. Some units
show signs of possible glacial scouring, but the evidence is
ambiguous or inconsistent in the areas we traversed. Tuyas in
this group include Geitafell, Geitlandsjokull, Hrathabjorg, and
Hvalfell. Units in Category IV (Fanntéfell, Hognhofoi,
Raudafell, Hratfell, Stora-Bjorsfell) show extensive surface
removal with explicit signs of glacial erosion, including gla-
cial striae, scouring and/or polish and, in some cases, the be-
ginnings of valley erosion.

Modification of lava surfaces on high-elevation table
mountains receiving frequent snowfall, profound diurnal and
seasonal temperature variations and possibly prior cover by
glacial ice can be expected to reflect both the time since for-
mation and local variations in snow pack, ice thickness, tem-
perature, and underlying slopes. The most profound effects
accrue when thick ice moves downslope, abrading the under-
lying lava surface. The absence of glacial evidence on a par-
ticular unit does not necessarily preclude the possibility of it
having been covered for some time after it formed, as long as
the snow and ice was relatively stagnant and generated little
erosion. Ice toward the stable interior of an ice sheet might
have low velocity compared with the more active outer mar-
gins, or, if conditions were cold enough, the base of the ice
could have been frozen to the underlying bedrock, as occurs in
some polar glaciers (e.g., Goodfellow 2007). Thin glaciers are
unlikely to flow, and it is therefore possible that some tuyas
could have experienced extended periods of ice burial without
exhibiting much surface damage. Even in the absence of gla-
cial ice, harsh climates with frequent freeze-thaw cycles can
enhance weathering of the outer crust, or cause extensive frac-
turing and shattering of the lava surface, creating blocky, jum-
bled surfaces out of originally smooth, continuous flow units.

These local effects arising from variations in latitude,
elevation, and localized climate can overprint the effects
associated with the general changes in temperature and
amount of ice present during the transition out of the
last glacial period, which makes a direct correlation be-
tween the extent of surficial damage and age highly
tenuous. Nevertheless, the presence of unmodified,
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pristine lava surfaces is more likely to characterize rel-
atively young lava flows, whereas the total lack of orig-
inal flow surfaces, especially where there is evidence of
glacial scouring and polish, clearly indicates post-
eruptive covering by glacial ice of significant thickness.

*He exposure ages

New cosmogenic “He concentrations and calculated exposure
ages for each unit are presented in Table 3. We do not correct
for geomagnetic modulation of *He production rates because
cosmogenic nuclide production at high latitudes is thought to
be insensitive to changes in the magnetic field (Gosse and
Phillips 2001; Pigati and Lifton 2004; Licciardi et al. 2006).

Licciardi et al. (2006, 2007) discussed uncertainties asso-
ciated with cosmogenic exposure dating of Icelandic table
mountains. Glaciation and other forms of burial temporarily
block cosmic rays, leading to exposure ages that are younger
than the actual age of formation. Surface erosion and snow
cover lead to additional offsets from eruption age. The cosmic
ray neutron-induced spallation reactions that produce cosmo-
genic *He decrease exponentially with depth in the rock, and
while some correction can be made by adjusting the effective
production rates, this requires knowing erosion rates from
some other method.

Only if a lava flow has been continuously exposed to cosmic
rays since eruption and not undergone significant erosion or
cover will an exposure age equal the eruption age. In all cases,
the major sources of uncertainty inherent in this method result
in ages that are anomalously low (too young). For example, the
published exposure age determined for Hl6dufell of 8.2 ka
(Licciardi et al. 2007), a time when this part of the WVZ was
almost certainly completely ice free, is too low to be the age of
formation and therefore probably reflects either surface removal
or a significant period of burial. Subsequent sampling from
well-preserved, high-standing tumuli surfaces on this tuya sum-
mit yielded a revised age of 10.7 ka (Licciardi, personal com-
munication). Similarly, the sample from Stora-Bjérnsfell, which
shows evidence for glacial scouring elsewhere on the summit,
yields an erroneously young age (7.1 ka). Thus, owing to the
effects of long-term burial on cosmogenic *He production, we
regard all cosmogenic exposure ages as minima for the eruption
age. We estimate that exposure ages may be less than the actual
eruption age by as much as several thousand years in some
cases, particularly for the highest peaks around Langjokull
(e.g., borisjokull, Eiriksjokull, Geitlandsjokull, Hrutfell, and
perhaps Krakur and Hlooufell), where recent modeling sug-
gests that this region may have hosted a substantial permanent
snow cover or passive glacier for most of the past
2000 years (Flowers et al. 2008). Exposure ages should be
closest to actual eruption ages for postglacial units and the least
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modified tuya units, with declining confidence for older and/or
more modified units.

Revisions to postglacial eruptive history

Postglacial geochemical data and an eruptive history for the
postglacial WVZ were presented in Sinton et al. (2005). Here
we revise the age estimates of two of those units and describe
two additional eruptive units in the southern WVZ not recog-
nized by Sinton et al. (2005).

Sinton et al. (2005) noted that Kjalhraun is immediately
underlain by a distinctive black ash up to 15 cm thick and
speculated that this ash might represent an early explosive
phase to the Kjalhraun eruption. We have since discovered a
better-preserved ash section more than 1 m thick beneath
Kjalhraun to the east of Kjalfell. New chemical data indicate
that the section is mostly chemically uniform (Supplementary
Table S3), except for one anomalous horizon high in the sec-
tion (IS-47B) that has higher Ti and K, similar to known
compositions from Katla. All other analyses match that of
the basaltic Saksunar ash, which likely erupted from
Grimsvétn in the Eastern Volcanic Zone 10,347+45 ice core
years B.P. (Svensson et al. 2008 and references therein).
Because there is no intervening layer of soil, we estimate the
age of Kjalhraun to be ~10,000 years B.P., more than
2000 years older than the ~7800 years B.P. estimate of
Sinton et al. (2005) based on the correlation of a silicic ash
layer ~22 cm above the Kjalhraun lava with Hekla 5.

*He exposure dating provides a new minimum age estimate
for Heidin ha, a transitional unit in the southern WVZ, of
~9300 years B.P. This area is thought to have been completely
ice free by then (see earlier section on “Glacial chronology™),
and the limited subaqueous eruptive portion of this unit could
be the result of interaction with liquid water not associated
with glacial ice. We also distinguish a new unit,
Strandahraun, as being chemically distinct from Heidin ha
(see Supplementary Table S3) consistent with the mapping
of Jonsson (1978) and Seemundsson et al. (2010). In addition,
geological relations (Semundsson et al. 2010) indicate that
these units are all likely younger than Hlidarhraun, the small
d18 picrite of Jonsson (1978). Thus, there are at least four
postglacial compound lava units in this area (Hlidarhraun,
Strandahraun, Hafnarhraun, and Selvogsheidi) that are all
older than Heidin ha. These earlier, only partially exposed,
units lack evidence for ice or water interaction.

In addition, we have modified the map area of
Hallmundarhraun to show the presence an older lava, called
Borgarhraun by Jakobsson (2013), which he estimates to be
1800-4500 years old. We also consider NE Langjokull and
Jokulkrokur to be part of the same eruptive unit, as previously
suggested by Sinton et al. (2005). Limited samples are geo-
chemically indistinguishable, and although poorly exposed
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beneath glacial deposits and the edge of the current ice cap,
topographical relations suggest that they could be distal flows
from a single, larger lava shield that mainly lies beneath
Langjokull.

Discussion
Monogeneity and eruptive style

Some of the tuyas in our study exhibit mappable subunits with
mineralogical differences visible in the field, raising the ques-
tion of whether any of these compound features might actually
represent more than one unrelated eruption. In the discussion
below, an “eruption” may contain separate eruptive phases, go
through periods of quiescence, and span months to decades,
but its products consist of material from a single, chemically
coherent magma source.

64°20'N

20°35'W 20°30'W

Eiriksjokull and Krakur can each be divided into lower and
upper subunits with differences in mineralogy and passage
zone (see Supplementary Material). Both horizons within
Eiriksjokull are plagioclase-phyric with similar, distinctive
chemical characteristics, including incompatible element de-
pletions that are extreme for the WVZ (Supplementary
Material Fig. S1). We therefore interpret the two parts of
Eiriksjokull to be comagmatic and to represent different phases
of a single eruption. A lower sequence at Krakur consists of
olivine-phyric (~15 %) pillows and hyaloclastite breccia, over-
lain by nearly aphyric pillow lavas and subaerial flows that
comprise the rest of the tuya. Substantial scatter in the whole
rock major element data partly reflects variable phenocryst
contents and a liquid line of descent is not well defined
(Fig. S1). Despite the striking difference in mineral mode, the
two lava types have nearly identical incompatible trace element
ratios, consistent with the interpretation that these units could
have erupted from the same magma reservoir (Fig. S1).

Geology of the Kalfstindar-Hégnho6fdi-Raudafell Lineament

Surfacial Deposits

alluvium and drift

Postglacial lava
i Lambahraun, 3600 B.P.

E Skéflungar, ~5300 B.P.
Skjaldbreidur II

Kalfstindar-Hognho6fdi-Raudafell

- supraglacial lava

hyaloclastic breccia and talus

W pillow lava

Older Units

supraglacial lava
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Geology by J. Sinton and D. Eason, 2009-10,
| after Sinton et al., 2005
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Fig. 5 Geologic map of the Kalfstindar-Hognho6foi-Raudafell lineament. Crosses (+) denote sample locations. The three edifices are colinear, striking
N45° E. Chemical and lithological data are consistent with all three features being produced during a single eruption (see text for discussion)
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64°25'N

20°35'W

Fig. 6 Geologic map of the Hlodufell area. Crosses (+) denote sample
locations. Note two horizons of subaerial lava, separated by a sheet of
scoria on Hlodufell, indicating a change in eruptive style. Hlodufell tuya

In contrast to the chemical and lithological variations at
Eiriksjokull and Krakur, Hrutfell appears to be built on a
low-lying pedestal of pillow-dominated subglacial material
that is chemically unrelated to the main edifice. In this case,
significant changes in mineralogy and topography correspond
with trace element compositions that cannot be related by
magmatic differentiation (Fig. S1); we suggest that the lower
pedestal of Hrutfell formed from an earlier eruption and is
unrelated to the overlying tuya. Our volume calculation for
Hrutfell excludes this lower pedestal.

Two adjacent table mountains Raudafell and Hognhofoi
were interpreted by Licciardi et al. (2007) as relatively unmod-
ified features differing in age by ~2000 years. However,
Moore and Calk (1991) described them as “glaciated” and
Jones (1969) noted that both are built on a continuous se-
quence of olivine-rich pillow lava. Not only is there a single
basal pillow layer, but overlying the pillows, both features
comprise similar, coarse-grained hyaloclastite breccias, with
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is built on a sequence of hyaloclastites and pillow lavas that extend
northward to include Porolfsfell, which we consider to represent early
eruptive products of the same eruption that formed Hlodufell

poorly developed bedding that is generally consistent across
both units. We recognize no discernible geological boundaries
between them. Both edifices are surmounted by massive,
plagioclase-phyric subaerial lava. Our observations confirm
the eroded nature of Raudafell and Hognh6f0i, which are sep-
arated by an erosional valley or wash. Breccias similar to those
on Rauodafell and Hognh6foi also comprise Kalfstindar, a
tindar northeast of Hognhofdi separated by a narrow finger
of postglacial lava (Fig. 5). Raudafell, Hognh6fdi, and
Kalfstindar lie along a N45° E trend that is subparallel to
regional volcanic lineaments in this part of the WVZ (Sinton
etal. 2005). Whole rock geochemical data for Kalfstindar and
Raudafell are similar despite some scatter, while Hognh6foi
data are offset to lower MgO and inconsistently offset in other
major elements (Fig. S1). The scatter of the whole rock data
likely reflects the varying amounts of crystal accumulation
that characterize these units. Glass data for Raudafell,
Hognho101, the basal pillow unit that underlies them, and
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Kalfstindar form geochemically coherent trends (Fig. S1), and
the glass and whole rock data from all three features define
major and trace element trends that are consistent with
crystal fractionation from a single parental magma. Taken
together, coherent chemical trends, generally similar ex-
tents of erosion, identical internal lithological constitution,
and collinearity parallel to overall trends in the WVZ sug-
gest that these three features represent the eroded remnants
from a single eruption along a ~10-km-long fissure
trending N45° E. If so, the 2000-year difference in cos-
mogenic exposure ages (Licciardi et al. 2007; Table 1)
must reflect differences in post-formation erosion, depth
within the lava surface, and/or burial by snow and ice.

Similarly, we propose that Hlooufell and Porolfsfell, a
small neighboring pillow lava mound just to the northeast,
are part of the same eruptive unit. Pillows on the south side
of Hlooufell are lithologically similar to those at Porolfsfell,
and the inferred vent locations from these two subglacial fea-
tures (Skilling 2009) lie on the same NE-SW trend that dom-
inates this section of the WVZ (Fig. 6). The two available
geochemical analyses from Pordlfsfell lie well within the com-
positional range of Hlodufell for all elements analyzed
(Fig. S1), supporting the interpretation that these two units
are comagmatic.

The interpretation that separate but collinear subglacial ed-
ifices are coeruptive has implications for the styles of volcanic
activity during subglacial eruptions. We propose that the
Hlooufell-borolfsfell and Raudafell-Hofnhofoi-Kalfstindar
sequences likely began as eruptions from fissures ~5 and
10 km long, respectively, before focusing to localized eruptive
centers that built tuyas. Localization during fissure eruptions
is common in recent eruptions in Iceland (Thorarinson et al.
1973; Wadge 1981; Harris et al. 2001) and has been proposed
for some postglacial lava shields (e.g., Rossi 1996; Eason and
Sinton 2009). Furthermore, the recognition of multiple erup-
tive phases within some individual tuyas indicates that table
mountain and lava shield formation can be episodic, as is well
documented for some postglacial, fissure-fed eruptions (e.g.,
Semundsson 1991).

With the exceptions noted above, the new geological
observations and chemical data are generally consistent with
the interpretation that most tuyas in the WVZ are monogenetic,
representing the products of single eruptions. However, the
sampling density of individual edifices in this study is far
less than that of, for example, Maclennan et al. (2003) or
Eason and Sinton (2009) and is insufficient to fully evaluate
this relation. Additionally, previous studies of table mountains
and large lava shields have noted that MgO contents tend
to decrease with increasing height in the edifice (~ erup-
tion time), in some cases correlated with changes in trace
element ratios (e.g., Moore and Calk 1991; Eason and
Sinton 2009), which creates added complications for
assessing monogeneity from small sample sets.

a
600 | ,
£ A
= 7
=) B AN
2 ’
7
g400 - =
8 /A A
S T mA
a A d
(%] . 7 A
$ 200 A,
//\ . o
4 Group A units ¢
,e
0 A
Chemical Group b
40 + A (transitional)
- A A (tuya)
® | |
2 30 (o}
p=}
©
>
220
a
=
. u
A
10
. - . ¢
Ao *
. A
0 | | A A ; ’ A A
0 40 80 120 160

Distance NE along WVZ (km)

Fig. 7 Plot of a maximum passage zone height (transition between
subaqueous and subaerial eruptive styles) and b eruptive volume for
each unit with approximate distance NE along the WVZ (0 at the south
coast). Symbols denote chemical group. Note that units in Chemical
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The total volumes of Eiriksjokull and Pborisjokull make
them among the largest single eruptive units yet recognized
in Iceland, with important implications for their underlying
magmatic processes. The combination of large volumes (up
to ~48 km®, Table 1) and lava morphologies that indicate low
average effusion rates require that these can be very long-lived
features, unlikely to have erupted from magma chambers with
sizes as great as their erupted volumes. Rather, we favor the
interpretation that these features formed by eruptions that were
sustained by continuing magma recharge from the mantle, as
proposed for Icelandic lava shields (Sinton et al. 2005). Such a
process would be expected to contribute to geochemical het-
erogeneity within the edifices.

Passage zone height and eruption conditions

Tuya passage zone heights have been used to place minimum
constraints on ice sheet thickness, but considerable uncer-
tainties and variability make a direct conversion to total ice
thickness difficult. Intraglacial lake surface elevation is par-
tially controlled by drainage outlets, either limited by the low-
est spillway or, in cases where the water is able to float the ice
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and drain out the base, could represent the critical volume of
water capable of being contained by the surrounding glacial
walls (e.g., Smellie 2000; Gudmundsson et al. 2004). Smellie
(2000) suggested that lake levels might be 10-15 % lower
than the elevation of their host glacier, while later observations
during the 1996 subglacial eruption at Gjalp showed that the
lake levels were 20-25 % lower than the total ice elevation
(Jakobsson and Gudmundsson 2008).

Although we are unable to determine precisely the total ice
sheet thickness from passage zone heights, we note that tuyas
with the highest passage zones are all in the northern half of
the WVZ, consistent with the original ice sheet being thickest
at high elevations near the center of Iceland and thinner near
the coast (Fig. 7a) (e.g., Walker 1965; Hubbard et al. 2006).
Subaqueous facies constitute only a small proportion of the
total volume of the transitional units, consistent with them
having formed after ice had significantly retreated from the
region. Although passage zone contacts on most units are
roughly horizontal, three units in the southern WVZ
(Geitafell, Bitra, Hestfjall, Fig. 2c) have relatively low maxi-
mum passage zone heights that dip up to ~5° to the south,
away from the interior, and Bitra, Trolladalur, and Heidin ha
contain subaqueous facies almost exclusively on their north-
ern perimeters. If the dipping passage zones are a primary
feature, these units may have erupted through a relatively thin
ice sheet incapable of keeping an intraglacial lake confined for
the duration of the eruption. More likely, the southward dips
of the passage zones could reflect differential rebound with
increasing degree of uplift toward the center of Iceland.
Further north in the WVZ, Eiriksjokull’s passage zone dips
~2° to the west, away from the likely center of glacial loading,
also consistent with differential rebound. Hyaloclastite se-
quences for some eruptive units south of Thingvallavatn
(Bitra, Hestfjall, Geitafell) indicate that at least ~200-300 m
of water was present when they were erupted.

Deglaciation and volcanism

Decompression melting is the dominant mechanism for
melt generation beneath spreading centers and oceanic islands
wherein hot, upwelling mantle material crosses its solidus and
begins to melt. In a steady-state spreading system with uni-
form plate separation, this process should result in nearly con-
stant melt production rates through time. However, rapid melt-
ing of a large ice sheet during deglaciation in Iceland tempo-
rarily increased decompression rates in the underlying mantle,
resulting in increased melt production. Numerical modeling
by Jull and McKenzie (1996), which assumes an axisymmet-
ric ice load with a radius of 180 km and a maximum central
thickness of 2 km that melts steadily over a period of
~1000 years, predicts average melting rates during glacial
unloading to be ~30 times greater than for steady-state decom-
pression melting controlled by plate spreading. While actual
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unloading was more prolonged and likely occurred in stages,
this modeling demonstrates the viability of glacial unloading
to produce the observed increases in early postglacial volcanic
production in the neovolcanic zones of Iceland. The recent
studies of Pagli and Sigmundsson (2008) and Schmidt et al.
(2013) highlight the potential effects of glacial melting even in
recent time, with estimates of up to 0.23 km®/year of new
magma being produced beneath Iceland in association with
isostatic uplift rates up to 25 mm/year during the last century.

Geochemical variations

Mantle decompression associated with deglaciation causes
increased melting rates in the shallow parts of the melting
region, where the residual mantle has been depleted in
incompatible elements by deeper melting. This effect has
consequences for resulting magma compositions, with the
amount of incompatible element depletion depending on
both the rate of additional decompression and the profile
of melt fraction versus depth (Jull and McKenzie 1996;
Slater et al. 1998; Maclennan et al. 2002). Sinton et al.
(2005) noted substantial depletions in incompatible ele-
ments in transitional and early postglacial units in the
WVZ. Samples from tuyas in Chemical Group A also
share this geochemical signature. Decompression associ-
ated with deglaciation provides a mechanism for generat-
ing the extreme trace element depletions and low-pressure
melting signatures found in these units.

WVZ subglacial and transitional units in Chemical Groups
B and C have trace element compositions within the expected
range for normal melting models of a reasonable mantle com-
position for Iceland (Fig. 8). In contrast, most units from
Group A, along with some early postglacial eruptive units
and the picrite units Asar and Burfell (whose ages are not well
constrained but also thought to be early postglacial), have
trace element compositions that are more depleted than can
be produced by simple partial melting (i.e., aggregated frac-
tional melts produced by decompression melting during pas-
sive upwelling due to plate spreading) of a reasonable
Icelandic mantle.

Coincident with the strong trace element depletions, Group
A subglacial units and some early postglacial units have high
SiO, and CaO and low FeO contents (Figs. 4 and 8b), consis-
tent with enhanced melting in the uppermost mantle, as is
predicted for deglaciation-induced perturbations to mantle
melting. Low-pressure peridotite melting experiments gener-
ate melts with higher SiO, and CaO (at moderate melting
extents before clinopyroxene is depleted from the residue)
and lower FeO than melting at higher pressures (Jaques and
Green 1979; Hirose and Kushiro 1993; Kushiro 1996;
Hirschmann et al. 1999; Wasylenki et al. 2003). Early post-
glacial lavas in the NVZ also have lower FeO and higher CaO
contents than older subglacial units erupted prior to
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deglaciation (Maclennan et al. 2002). Additionally, Stracke
etal. (2003) showed striking correlations among incompatible
element depletions, decreasing FeO, and less radiogenic
isotope ratios among Theistareykir lavas. The correlation of
La/Sm with FeO in the present study is consistent with greater
incompatible element depletions in the shallowest part of the
mantle melting zone. While we do not examine WVZ isotopic
data in this current study, Sims et al. (2013) report isotopic
data from Theistareykir and Krafla in the NVZ and find that
units that erupted shortly after deglaciation preferentially sam-
ple the more isotopically depleted mantle component. This is

La/Sm

Sm/Yb

35

b

low F, high P
3.0 4+

25+

2.0 +

high F, low P

0.5 } } } } } } } }
10 11

2.3

2.1

0.9

N
8.5 9
MgO

9.5 10

07 e poe

melting (P) for each unit calculated using the thermobarometer of Lee
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using samples with MgO >8.5 wt%. The correlation of calculated melting
P with Nb/Zr at low values indicates that the most chemically depleted
samples form from melting in the shallowest part of the mantle upwelling
zone. d Sm/Yb versus MgO, showing that Sm/Yb ratios are relatively
insensitive to the amount of differentiation within groups, such as what
might occur during storage in the crust. Differences between groups must
be controlled by variation in melting processes

consistent with the largest increase in mantle melting rates
occurring in the shallow part of the melting region, where
prior melting at depth has already depleted the more fusible
enriched component.

To further illustrate this effect, we used the thermobarometer
for mafic magmas of Lee et al. (2009) to calculate an
estimated average pressure of mantle melting (P). Based pri-
marily on magma Si and Mg contents, this thermobarometer is
designed to be less sensitive to variations in mantle source
composition than the ones based on elements that behave more
incompatibly during mantle melting. The thermobarometer is
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meant for magmas that have fractionated olivine only, so we
apply it here to WVZ samples with MgO >8.5 wt % to mini-
mize the effects of plagioclase fractionation. Results are shown
in Fig. 8c, with calculated P plotted against Nb/Zr. Chemical
Group A (average of 2.1 GPa) and the two picrite units
(1.4 GPa) have the lowest calculated pressures, while
Chemical Groups B and C have more moderate calculated
pressures, both averaging ~2.5 GPa. Postglacial lavas yield
more variable mean pressures, averaging ~2.6 GPa. The ex-
treme trace element depletions and low calculated melting
pressures of Chemical Group A subglacial units (Porisjokull,
Eiriksjokull, and to a lesser degree Krakur) are consistent with
the predicted effects from deglaciation-induced decompression
melting.

Postglacial Icelandic picrites

The most extreme incompatible element depletions are shown
by small picrite lava shields in the WVZ (Fig. 8). Similar
small-volume picritic lava shields exist in the Reykjanes
Peninsula (Jakobsson et al. 1978; Gee et al. 1998,;
Saemundsson et al. 2010) and Northern Volcanic Zone (e.g.,
Maclennan et al. 2002). Isotopic data on picrites in Iceland
require a relatively unradiogenic mantle source (e.g., Elliot

Fig. 9 Variations in a Zr/Y and b

et al. 1991; Chauvel and Hémond 2000; Momme et al.
2003; Brandon et al. 2007; Peate et al. 2008), and there has
been considerable debate about whether this depleted source
is regional ambient MORB mantle or an intrinsic component
of the upwelling plume (e.g., Kerr et al. 1995; Fitton et al.
1997, 2003; Chauvel and Hémond 2000; Kempton et al.
2000; Stracke et al. 2003; Thirlwall et al. 2004; Kokfelt
et al. 2006; Peate et al. 2008; Koorneef et al. 2012).

Although few have been dated, each of these units appears
to be among the oldest postglacial units in its immediate vi-
cinity and most are thought to be early postglacial in age. The
three picritic lava shields in the WVZ (Asar, Burfell, and
Hlidarhraun) are found in the southernmost end of the
neovolcanic zone and are all small in volume (<0.1-
0.2 km®). They are clearly older than the 5200-year-old
Leitahraun (Sinton et al. 2005) and likely older than Heidin
ha (Jonsson 1978; Semundsson et al. 2010). Where exposed,
the base of Burfell lies directly on interglacial shield lavas
without an intervening layer of soil (Sinton et al. 2005).
Although all are olivine-phyric, olivine accumulation alone
cannot account for their extreme incompatible element and
isotopic depletions.

The relations shown in Fig. 8 indicate that the depletion in
Icelandic picrites can be considered an extension of the trends
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produced by deglaciation. Whatever the origin of the depleted
component, it should be preferentially sampled by melting in the
uppermost mantle, as more enriched mantle components are
melted out at greater depths (as discussed above). Previous au-
thors (Fitton et al. 1997, 2003; Momme et al. 2003; Sinton et al.
2005) proposed that continued melting of progressively depleted
upwelling mantle (e.g., dynamic melting of Langmuir et al.
1977) can yield the observed trace element compositions of
Icelandic picrites. Here we argue that glacial unloading,
which preferentially samples the shallowest and most deplet-
ed mantle component, provides a realistic physical mecha-
nism for when and why this process might take place.

Late glacial volcanism in the WVZ

The subglacial units in Chemical Group A (Poérisjokull,
Eiriksjokull, and to a lesser degree Krakur and Kjalfell) are
characterized by strong incompatible element depletions.
Their major element compositions yield some of the lowest
calculated melting pressures in all the WVZ (Figs. 8 and 9),
while their lava surfaces are among the least modified (best
preserved) of any of the tuyas in this study. Although variable,
passage zone heights for edifices from this group tend to be
low, even in the northern highlands (Fig. 7).

These relations illustrate a striking result of this study,
which is the extent to which major element composition, in-
compatible element depletion, passage zone heights, and lava
surface preservation covary. The least modified lava surfaces
tend to occur in tuyas showing the most profound geochemi-
cal signatures of enhanced decompression melting, and most
of these features also have the thinnest subaqueous sequences.
Considering the potential effect of local climatic conditions on
lava surface erosion rates, it is perhaps surprising that
these observations correlate as well as they do. Our new
data combined with that of Licciardi et al. (2007) indi-
cate that minimum ages from exposure dating can devi-
ate from actual eruption ages by several thousand years.
Nevertheless, there is a crude correlation among these
ages and geological and geochemical variations that
should be time dependent (Table 1).

We identify 14 units in the WVZ (first 14 listed units in
Table 1) for which these internally consistent relationships
indicate formation after the breakup of the LGM ice sheet.
These units include all of the transitional units, as well as those
tuyas that exhibit little to no surface modification. Using con-
straints from glacial chronology, we further subdivide these
late glacial units into two groups with different age constraints
as follows.

One late glacial group (Late Glacial 1, LG-1) consists of
transitional units in the north that likely formed after the ad-
vance of the Younger Dryas ice sheet. Kjartansson (1959,
1961) interpreted the morphology of the transitional unit
Leggjabrjotur to reflect eruption through thin ice or shallow

lake water, followed by prolonged subaerial extrusion of
“postglacial” shield lava. Sinton et al. (2005) extended this
interpretation to explain similar morphology in other transi-
tional units in the northern WVZ near Langjokull (N.
Langjokull, Jokulstallar, and the Hagafell shield). None of
these transitional units erupted through an ice sheet sufficient-
ly thick or extensive enough to build the classic table moun-
tain morphology. Each contains subaqueous sections of pillow
lava, breccia, and/or hyaloclastite, but only up to ~160 m
thick. The lava surfaces of these units (all Surface Category
I) are indistinguishable from postglacial lava surfaces, with
intact ropes and other delicate surface features, and previous
authors (Kjartansson 1983; Sinton et al. 2005) argued that
none of them experienced modification by ice after they
formed. The subaerial summit crater of Leggjabrjotur
(Solkatla) remains unmodified although the eruptive centers
of'the others in this group are now buried beneath Langjokull.

The northern part of the WVZ likely retained an extensive
ice cover until the end of the Younger Dryas, and these
transitional units experienced limited interaction with thin
ice or water and show no signs of subsequent modification
by overlying glaciers. These relations are consistent with for-
mation during the final stages of melting of the Younger Dryas
ice sheet (~11.7-10.5 ka). This period of late glacial activity
was only slightly earlier than some of the oldest radiocarbon-
dated postglacial lavas, including Hellisheidi A (10,
300 years B.P.) and Pingvallahraun (10,200 years B.P.), locat-
ed further south (Semundsson 1991; Sinton et al. 2005 and
references therein). It is reasonable to assume that contempo-
raneous eruptions could have produced subglacial or transi-
tional units in the northern highland area while postglacial
units were being emplaced in the more temperate south.

We define a second group (Late Glacial 2, LG-2) that in-
cludes both the transitional units in the southern lowlands
(Bitra, Hestfjall, Trolladalur, and Heidin hd) and northern
tuyas that exhibit little to no surface modification (Surface
Categories I-1I). The tuyas in this group (Porisjokull,
Eiriksjokull, Krakur, Kjalfell, HIooufell, and Skrida) have
subaqueous zone thicknesses ranging from ~200 to 540 m.
Although some of the northern tuyas have subaerial lava sur-
faces that look as unmodified as postglacial units, their thick
subaqueous sections indicate that these units erupted through
a substantial ice sheet. If the estimates for a relatively small
Younger Dryas ice sheet are correct, the larger tuyas would
have had to have erupted through the LGM ice sheet. The
presence of delicate lava features and the general lack of ev-
idence for glacial reworking suggest that any post-formation
burial by snow and ice was insufficient to significantly affect
lava surfaces.

Some of the LG-2 table mountains (Porisjokull,
Eiriksjokull, and to a lesser degree Krakur) have the most
pronounced geochemical signatures predicted for
deglaciation-induced mantle decompression (extreme
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incompatible trace element depletions (Figs. 4 and 8), coupled
to the lowest calculated melting pressures (Fig. 8), and the
least modified surfaces of any of the tuyas in this study. This
is an important result as it establishes that the geochemical
effects of deglaciation became manifest prior to the disappear-
ance of glaciers in Iceland. Maximum absolute ages are diffi-
cult to place on these units, but the combined evidence strong-
ly suggests that they erupted near the end of deglaciation,
during or just after the bulk of the glacial unloading (after
~14.7 ka) and before the ice sheet had completely melted.
Among the late glacial lava units in the southern lowlands,
Trolladalur shows minimal interaction with snow or ice and
only on its northern perimeter, and Heidin ha is
stratigraphically younger than some early postglacial lavas.
Given the relatively unmodified surface of this latter unit,
our new exposure age of 9.3+£0.4 ka is likely close to its
eruption age. Variations in local climate coupled to uncer-
tainties in the thickness of the Younger Dryas ice sheet pre-
cludes assignment of individuals in this group to specific ages,
but all the LG-2 units likely formed in late glacial to early
postglacial time. To accommodate these overlapping age rela-
tions and account for uncertainties in ice sheet thickness and
glacial retreat chronology, we use the end of deglaciation
(~10.5 ka) as a conservative estimate for the minimum age
of this group. The generous age range assigned to LG-2
(~14.7-10.5 ka) encompasses most of the major deglaciation.
Other subglacial (glacial, GL) units in the WVZ appear to
be older, exhibiting more extensively modified lava surfaces
and having the greatest passage zone heights. These units have
lost their outermost surfaces (2—3 cm or more in places), and
many of them exhibit evidence of glacial scouring, polishing,
or significant fracturing. These are units in Surface Categories
I and IV whose maximum passage zone heights also tend to
be higher (average ~450 m, with a maximum of ~600 m for
Hrutfell). We interpret this group as being at least 12 kyrs old,
predating the Younger Dryas, and most likely erupting before
or during the first major ice retreat, i.e., before ~14.5 ka. Some
of the most modified units (e.g., Fanntofell) could even pre-
date the Weichselian. Because of the lack of original lava sur-
faces and extensive surface modification, “exposure” ages on
these features yield values substantially younger than the actual
age of formation (Licciardi et al. 2007). Of the five with expo-
sure ages, at least two of them (Hognho{0i and Stéra-Bjomsfell)
yielded Holocene exposure ages that are clearly too young.
Although we are unable to assign specific ages to individ-
ual units, we emphasize that consistency among the various
observations is likely to have relative age significance. The
maximum passage zone height for individual units tends to be
highest in the oldest age group and decreases over time to the
transitional units, which record a minimum of possible water/
ice interaction, limited both spatially and in thickness. This is
broadly consistent with these features erupting through a thin-
ning ice sheet, allowing for local variations in climatic and
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Fig. 10 a Average estimated WVZ volcanic production rates (in km®/
1000 years) versus time. See text for description of tuya volume
estimates; postglacial and transitional estimates after Sinton et al.
(2005). Eruptions are binned in 2000-year increments except for the
>14 ka bin for which the maximum unit ages are unknown. The age
range for LG-2 spans multiple bins, so volumes have been partitioned
between bins proportionally. b Average volume per event versus time,
using same binning as in a. ¢ Number of known eruptive units within
2000-year bins, with fissure eruptions shown in orange and central vent
eruptions (tuyas or postglacial lava shields) in green. KHR Kalfstindar-
Hognhofoi-Raudafell lineament, which likely began as a 10-km-long
fissure that localized to more than one tuya edifice (see text). Note that
these plots are likely to reflect undersampling of older and smaller units

seasonal effects, and the irregular relationship between glacial
thicknesses and ponded water levels. Also, as noted previous-
ly, hyaloclastites likely part of Porisjokull (LG-2, Surface
Category 1) lap onto the flanks of Geitlandsjokull (GL,
Surface Category III) (Fig. 2f), providing additional geologi-
cal support for these relative age groupings where we have an
observable contact between subglacial edifices.

Volcanic production and spatiotemporal variations

Although previous studies documented the effects of
deglaciation-induced melting in early postglacial lavas (e.g.,
Jakobsson et al. 1978; Seemundsson 1991; Gee et al. 1998;
Slater et al. 1998; Maclennan et al. 2002; Sinton et al. 2005),
our results indicate that the strong geochemical signature of
enhanced decompression melting began in the late glacial
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period, with the most pronounced geochemical signature of
glacial unloading beginning prior to the end of deglaciation
(Fig. 9). Abnormally high volcanic production rates persisted
into the early Holocene, but the presence of unusually large
table mountains in the late glacial WVZ record suggests that
surface volcanic production might also have peaked prior to
the onset of the postglacial period. Understanding the relation-
ship between geochemical signatures of mantle melting and
surface volcanic production has implications for melt migra-
tion rates in the mantle and the crust (Maclennan et al. 2002).

To better assess time-varying volcanic production, we di-
vided available unit data (volumes and number of eruptions)
into 2000-year bins; volumes for LG-2 units, whose age range
spans multiple bins, have been distributed proportionately
(Fig. 10). We have few constraints on ages within the GL
group. The important point from Fig. 10 is that, even gener-
ously apportioning the GL volume to only the last ~6000 years
of the glacial period, the data indicate a very large increase in
eruptive productivity during deglaciation. Within uncer-
tainties, the analysis suggests volcanic production peaked
~10-14 ka and remained high during the early postglacial
period, dropping off dramatically at around ~8 ka. The volca-
nic production peak (Fig. 10) and profound signature of en-
hanced decompression melting (Fig. 9) are roughly coincident
within the uncertainties for each. An important result of this
study is that the volcanic response to deglaciation is evident
on the surface before the ice has finished melting and
unloading is complete. The presence of numerous (and some-
times very large) table mountains in other neovolcanic zones
of Iceland shows that large subglacial outpourings are not
limited to the WVZ, but comparable temporal constraints do
not presently exist for these areas.

There is also a spatial variation in eruptive volume, with the
largest subglacial units located in the northern part of the
WVZ (Fig. 2b). Because the effects of glacial unloading
should be greatest near the center of Iceland where the ice
sheet was thickest, the larger total volume of erupted material
in the north is consistent with predictions for deglaciation-
induced melting. Additionally, ratios of highly incompatible
to less incompatible trace elements tend to be lower in the
northern half of the WVZ near Langjokull (Fig. 9), which
appears to be a long-lived feature of the WVZ (Schilling
et al. 1982; Jakobsson et al. 2000; Sinton et al. 2005). Thus,
in this region, variations in the melting process (e.g., higher
extents of melting in the north) might be superimposed on a
regional gradient in mantle source composition along-axis.

This study includes all of the larger tuyas in the WVZ,
which account for the majority of total eruptive volume during
this time period, although it is still an incomplete accounting
of volcanic activity. It does not include Skridufell (~8 km®) or
most hyaloclastite ridges of the WVZ. We estimate that the
total volume of hyaloclastite ridges and other subglacial fea-
tures not included in Table 1 amounts to less than ~30 km3,

although it is presently impossible to partition this volume to
specific periods within the Pleistocene. There is likely also a
component of the total erupted volume that is missing due to
burial and erosion of older units, including removal of mate-
rial during large flooding events (e.g., jokulhlaups). Although
this study likely underestimates the total volumes and maxi-
mum production rates during deglaciation, the minimum erup-
tive volumes and corresponding eruption rate estimates com-
prise the currently best-constrained eruptive chronology of
any volcanic zone in Iceland for this time period.

While eruption rates decrease to steady-state values within
a few thousand years, the gradual increase in incompatible
elements throughout the postglacial period (Fig. 9) indicates
that the compositional consequences of deglaciation are lon-
ger lived. One might expect trace element compositions to
have a more protracted recovery than the melt flux, because
chemical transport rates in the mantle should be slower than
melt transport rates in the case of porous flow, with the effec-
tive velocity for a given trace element inversely proportional
to its partition coefficient (e.g., Richter 1986; Navon and
Stolper 1987; Spiegelman 1996). In addition, the surface expres-
sion of the geochemical signature of glacial unloading could be
prolonged by magma mixing and storage in crustal reservoirs.

Crustal processes

Rapid rebound during glacial unloading can lead to fluctua-
tions in local stress regimes and tensile strength of the crust,
which could promote eruption and reduce the amount of time
magma resides in crustal reservoirs (Gudmundsson 1986).
Reduced magma residence time limits the opportunity for
magma mixing, assimilation, and evolution, which Gee et al.
(1998) argued could account for some of the chemical varia-
tions characteristic of early postglacial activity. High and var-
iable MgO contents in the late glacial to early postglacial could
be interpreted as reflecting shorter crustal residence times dur-
ing glacioisostatic rebound (Gudmundsson 1986; Gee et al.
1998), as might be expected from the increased flux of material
into the crust during this time. However, processes in the crust
alone cannot account for the large variations in incompatible
element ratios that are relatively insensitive to crystallization
and crustal assimilation (e.g., Sm/Yb, Zr/Y) (Figs. 8d and S1).

Irrespective of stress changes associated with glacial
rebound, the dramatic increase in melt supply from
deglaciation-induced mantle melting should increase the mag-
ma flux through crustal reservoirs and decrease magma resi-
dence times. We note that both the estimated frequency of erup-
tion and the average erupted volume for individual events ap-
pear to be roughly three times higher during unloading com-
pared to that of the most recent 4000 years (Fig. 10), although
such plots reflect undersampling of older and smaller units.
Nevertheless, the increase in eruptive productivity seems to be
accommodated by both an increase in the number of eruptions
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and in the volume of individual eruptive events. Understanding
exactly how the excess magma in the crust is being partitioned
will require better age constraints than currently available.

Ice retreat and the resulting glacial rebound also appear to
be associated with a change in eruptive style. Lava shields are
the dominant eruptive style in the WVZ during the early post-
glacial period (Sinton et al. 2005), and the presence of abun-
dant early postglacial lava shields elsewhere in Iceland also has
been associated with glacial rebound (e.g., Sigvaldason et al.
1992; Jakobsson et al. 1978). Gudmundsson (1986) proposed
that the bending stresses in the crust associated with rapid
isostatic adjustment would promote lava shield formation by
decreasing the reservoir volume required to supply a sustained
shield eruption. We note that the high melt supply during this
period might also promote shield growth. Lava shields, which
tend to be large volume and form at relatively low effusion
rates, are thought to be sustained by mantle recharge over the
course of their long-lived eruptions (Sinton et al. 2005). This is
consistent with the tendency for these units to have higher
MgO contents (due to lower magma residence times) and with
a large volume of recharge melt available during and immedi-
ately after glacial unloading to sustain long-lived eruptions.
Although we are unable to quantify the relative proportion of
central vent versus fissure style eruptions during the late glacial
period without knowing the ages of hyaloclastite ridges, we
note that every known early postglacial eruption (older than
~8 ka) in the WVZ is a lava shield, while most of the eruptions
in the last 4000 years were fissure eruptions (Fig. 10).

There are competing ideas as to whether stress changes in
the crust during glacioisostatic rebound promote or inhibit
eruption, and the effects likely vary depending on location
with respect to the center of the ice sheet (e.g., Pagli and
Sigmundssson 2008; Albino et al. 2010; Sigmundsson et al.
2010; Hooper et al. 2011). Glacial unloading should reduce
the confining lithostatic stress, which may decrease the
amount of overpressure required to initiate diking (e.g.,
McLeod and Tait 1999; Jellinek and DePaolo 2003; Jellinek
et al. 2004). However, Hooper et al. (2011) suggest that pres-
sure changes associated with ice retreat may also alter the
magma storage capacity of the crust, favoring intrusion over
extrusion depending on dike orientation and proximity to the
edge of the ice sheet. They suggest that, at least in the present-
day Upptyppingar region (Northern Volcanic Zone), the over-
all effect is to increase the expected erupted volume beneath
the melting ice cap for dikes oriented parallel to the rift zone.
This relationship could help explain the formation of such
large volume table mountains during deglaciation.

Conclusions

Tuyas and other subglacial eruptions represent a significant
portion of the volcanic budget in Iceland. Those in the
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Western Volcanic Zone have eruptive volumes up to
~48 km® but still appear to be monogenetic. Water-magma
interactions during eruption result in a range of lithological
facies and exhibit evidence for fluctuating lake levels during
eruption. Some units record multiple or dipping subaqueous to
subaerial transition zones. We have documented two cases of
subglacial eruptions that likely began as 5-10-km-long sub-
glacial fissure eruptions that later localized to point sources,
eventually constructing subaerial table mountains.

WVZ subglacial edifices show a range of morphologies
and internal constitution. Some units, which we call
“transitional,” have relatively thin (mostly <160 m), locally
occurring subaqueous sections. Tuyas with the classic steep-
sided table mountain morphology have thick subaqueous sec-
tions up to ~600 m high. Subaerial lava surfaces on transition-
al units are relatively unmodified by post-emplacement ero-
sion, similar to the surfaces of older postglacial lavas. Pristine
lava surfaces also were observed on some larger tuyas, most
notably on Poérisjokull, although most tuyas with large passage
zone heights tend to have more extensively modified lava
surfaces.

Lava and hyaloclastite samples from WVZ subglacial and
transitional units encompass the compositional range of WVZ
postglacial lavas and significantly extend the compositional
range of the most highly incompatible trace elements.
Particularly notable are a subset of subglacial and transitional
units that are strongly depleted in incompatible elements and
have low FeO and slightly higher than average SiO, and CaO
contents. These compositional characteristics are shared by
some very early postglacial lavas in the WVZ and elsewhere
in Iceland. This geochemical signature is consistent with in-
creased decompression melting preferentially in the shallow
mantle in response to glacial unloading.

We combine field relations, observations of lava surface
preservation, constraints from passage zone heights, and min-
imum ages from cosmogenic *He exposure dating to distin-
guish late-glacial volcanic edifices from older ones. Older
tuyas tend to have high passage zone heights indicating erup-
tion through thick ice, and heavily modified surfaces, with
extensive weathering and local evidence of post-eruption gla-
cial activity, including glacial straie, polished surfaces, and
extensive erosion and valley formation. These edifices tend
to have chemical compositions similar to, or more enriched in
incompatible elements than, WVZ postglacial lavas.

We recognize two younger groups of edifices, both of
which we interpret to have formed after the onset of deglaci-
ation (<14.7 ka), when rapidly melting ice sheets increased
decompression rates and preferentially increased melting in
the shallow, depleted mantle. Both groups have subaerial lava
surface morphologies that range from nearly pristine, with
ropes and other delicate surface features intact, to moderate
degrees of surface modification and removal of the outermost
1-3 cm of lava surfaces. The youngest group includes
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transitional units in the northern highlands, which likely over-
lap in age with the oldest early postglacial lavas in the south-
em WVZ. Another group of late glacial edifices includes tran-
sitional units in the southern lowlands (Bitra, Hestfjall,
Trolladalur, and Heidin hd) and larger tuyas that must have
erupted through thicker glaciers, but still retain relatively un-
modified lava surfaces. These include Porisjokull and
Eiriksjokull which, together with the picrite units Asar and
Burfell, have lavas with the most profound incompatible ele-
ment depletions observed in the WVZ.

These new observations suggest a maximum in volca-
nic production in the WVZ after the onset of deglaciation,
but prior to complete ice removal. The timing of this peak
in eruptive activity occurs earlier than noted in previous
studies based solely on postglacial data. Increased
volcanic production continues into the early postglacial
period, with average eruption rates remaining high until
~8 ka. Distinctive chemical compositional characteristics
coincide with this period of anomalously high productivity.
In contrast with the relatively rapid decline in volcanic
production, incompatible element concentrations gradually
increase back toward steady-state levels throughout the
entire postglacial period. The observed geochemical varia-
tions during and shortly after deglaciation are consistent
with increased melting occurring preferentially in the shal-
low, depleted upper mantle, as predicted by models of
deglaciation-induced mantle decompression. This process
can also explain the preferential eruption of highly deplet-
ed, high-MgO picritic lavas in early postglacial time.
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