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Abstract

This work considers petrogenesis of the largest Holocene basaltic fissure eruptions of Iceland, which are also the largest
in the world: Laki (1783–84 AD, 15 km3), Eldgjá (934 AD, 18 km3), Veidivötn (900, 1480 AD, multiple eruptions,
>2 km3), Núpahraun (ca. 4000 BP, >1 km3) and Thjórsárhraun (ca 8000 BP, >20 km3). We present oxygen isotope laser
fluorination analyses of 55 individual and bulk olivine crystals, coexisting individual and bulk plagioclase phenocrysts, and
their host basaltic glasses with average precision of better than 0.1& (1SD). We also report O isotope analyses of cores
and rims of 61 olivine crystals by SIMS with average precision on single spots of 0.24& (1SD) in 13 samples coupled with
electron microprobe data for major and trace elements in these olivines. Within each individual sample, we have found
that basaltic glass is relatively homogeneous with respect to oxygen isotopes, plagioclase phenocrysts exhibit crystal to
crystal variability, while individual olivines span from the values in equilibrium with the low-d18O matrix glass to those
being three permil higher in d18O than the equilibrium. Olivine cores with maximum value of 5.2& are found in many of
these basalts and suggest that the initial magma was equilibrated with normal-d18O mantle. No olivines or their intracrys-
talline domains are found with bulk or spot value higher than those found in MORB olivines. The d18O variability of 0.3–
3& exists for olivine grains from different lavas, and variable core-to-rim oxygen isotopic zoning is present in selected
olivine grains. Many olivines in the same sample are not zoned, while a few grains are zoned with respect to oxygen
isotopes and exhibit small core-to-core variations in Fe–Mg, Ni, Mn, Ca. Grains that are zoned in both Mg# and
d18O exhibit positive correlation of these two parameters. Electron microprobe analysis shows that most olivines equili-
brated with the transporting melt, and thin Fe-richer rim is present around many grains, regardless of the degree of
olivine-melt oxygen isotope disequilibrium.

The preservation of isotopic and compositional zoning in selected grains, and subtle to severe D18O (melt-olivine) and D18O
(plagioclase-olivine) disequilibria suggests rather short crystal residence times of years to centuries. Synglacially-altered upper
crustal, tufaceous hyaloclastites of Pleistocene age serve as a viable source for low-d18O values in Holocene basalts through
assimilation, mechanical and thermal erosion, and devolatilization of stoped blocks. Cumulates formed in response to cooling
during assimilation, and xenocrysts derived from hyaloclastites, contribute to the diverse d18O crystalline cargo. The magma
plumbing systems under each fissure are likely to include a network of interconnected dikes and sills with high magma flow
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rates that contribute to the efficacy of magmatic erosion of large quantities (10–60% mass) of hyaloclastites required by iso-
topic mass balance.

Olivine diversity and the pervasive lack of phenocryst-melt oxygen isotopic equilibrium suggest that a common approach
of analyzing bulk olivine for oxygen isotopes, as a proxy for the basaltic melt or to infer mantle d18O value, needs to proceed
with caution. The best approach is to analyze olivine crystals individually and demonstrate their equilibrium with matrix.
� 2008 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

1.1. Large basaltic fissure eruptions and Iceland

Large Icelandic basaltic fissure eruptions, which oc-
curred historically and during the Holocene (Fig. 1), pro-
duced documented impacts on the environment (e.g.
Thorarinsson, 1969). In Pleistocene times, these eruptions
were represented by subglacial tuyas, or table mountains
and hyaloclastite ridges, whereas, in post-glacial times, out-
pours of lava flows first generated large shield volcanoes
and later lava fields of significant extent, generated by fis-
sures, became more common. Such eruptions happened in
punctuated periods in the Earth’s history during formation
of Large Igneous Provinces (LIP) of flood-basalts, such as
Siberian or Deccan Traps, Columbia River basalts, and
the British Tertiary Igneous Province. Iceland represents a
subaerial segment on the mid-ocean ridge that is uplifted
by a mantle plume, and may be considered to be the small-
est example of a LIP (e.g. Thordarson and Self, 2003). Ice-
land is also a place where the hot mantle plume interacts
with the preexisting crust, as primitive basaltic melts are
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Fig. 1. Simplified map of the Eastern Volcanic zone of Iceland
showing the large fissure eruptions, all of which are associated with
a subglacial central volcanoes, and the sampled lava flows. See
Table 1 for sample description. The largest Holocene lava-flow,
Thjórsárhraun, which reached the south coast, is not drawn.
Núpahraun was produced from the crater-row, Raudhólar (see
text).
coming up to the crust and digesting it. The abundant
upper Cenozoic volcanism in Iceland combines features of
spreading, subsidence, and crustal cannibalization by the
hot primitive melts derived from the plume. Similar pro-
cesses may characterize some planets of the Solar system
with no or rudimentary plate tectonics (e.g. Io or Venus)
and the Hadean Earth. In particular, the models of crust
recycling in these environments may involve crust creation
by successive flooding, loading, and subsidence, followed
by magmatic digestion from below by successive intrusions.

We use oxygen isotopes in phenocrysts as a powerful
tool to investigate genesis of these voluminous basalts.
Since oxygen is a major constituent of silicate magmas
and rocks, its isotopic composition provides robust con-
straints on mass balances of assimilation when isotopic con-
trast is significant. Iceland is characterized by the widest
variations of oxygen isotopes among all other volcanically
active areas recognized in the past 35 years, where the crust
is fingerprinted by depleted oxygen isotopic values im-
printed by meteoric waters (e.g. Gautason and Muehlenbachs,
1998). Oxygen isotope depletions also characterize other
basalts and evolved igneous rocks around the North Atlan-
tic, an area split by the opening of the Atlantic from Green-
land’s famous 55 Ma Skaergaard intrusion to the west
(Taylor and Forester, 1979; Taylor and Sheppard, 1986;
Bindeman et al., in press) and the British Tertiary igneous
province in the east (Taylor and Sheppard, 1986; Monani
and Valley, 2001). Thus, the rift and plume related petroge-
netic processes and interaction between the plume-derived
basaltic magmas and crust, which characterize the most re-
cent basaltic volcanism from Iceland, may also characterize
the entire Cenozoic history during the opening of the Atlan-
tic. It is just that in Iceland, Pleistocene glaciation finger-
printed the upper crust with lower-d 18O values, making
the oxygen isotope contrast greater and recognition of the
processes of basalt–crust interaction and assimilation easier
to unravel.
1.2. Studied units, their compositional and isotopic

characteristics

This work represents an expansion of the earlier effort to
characterize in more detail and in larger number of manifes-
tations the large volume eruptions of Iceland. Unlike previ-
ous isotopic studies of Icelandic eruptions, we have
characterized individual phenocrysts in large volume bas-
alts with laser fluorination and ion microprobe techniques.
The selected set of samples in this study covers the largest
volume post-glacial Holocene basalts that erupted in the
past 7000 years (Table 1). Samples belong to four subparal-
lel fissure-central volcano systems of the presently active



Table 1
Description, composition, and isotopic values of analyzed samples of large volume basalts from the eastern rift zone of Iceland

Sample IC-10 IC-11 IC-7 IC-13 IC-14 IC-15 IC-16 IC-17 IC-18 IC-27 IC-28 96-Laki IC-29

System Eldgja Eldgja Veidivötn Veidivötn Veidivötn Veidivötn Veidivötn Veidivötn Veidivötn Laki Laki Laki Raudhólar
Latitude 63�57.170 64�03.140 64�06.100 64�09.890 64�08. 050 64�03.690 64�03.690 64�03. 950 64�03.560 63�56.290

Longitude 18�38.060 19�02.230 19�06. 300 18�47.240 18�47.060 19�52. 530 19�52.530 18�14.800 18�13. 250 17�41.760

Description early last VatnaoldurHnausapollur Tjörvahraun Vatnaoldur Veidivötn Thjórsárhraun Búrfellshraunhyaloclast hyaloclast Laki Hills Núpahraun
Material Tephra Spatter cone Tephra Bomb Lava Lava Spatter Lava Lava Bomb Tuffaceous Lava Lava
Eruption age 934

AD
934 AD 900 AD 900 AD ca. 150 AD 900 AD 1477 AD ca. 8500 BP ca. 3500 BP Pleistocene Pleistocene 1783 AD ca. 4000 BC

Eruptive
volume (km3)

18 >1 >1 >1 >1.5 >20 ca. 6 ? ? 15 ?

(230Th/232Th) 1.05 1.15 1.07 1.1 1.05 1.15 1 1 1.12 0.971
(226Ra/230Th) 1.13 1.21 1.11-1.14
87Sr/86Sr 0.70333 0.70317 0.70305 0.7031 0.7032 0.70312 0.70321 0.70324 0.70340
143Nd/144Nd 0.51303 0.51306 0.51303 0.513043 0.51305 0.513060 0.51303 0.51301 0.51299
d18O (&)
published
WR

4.35 3.90 4.09 3.9 3.0 4.09 3.1

groundmass,
this work

4.48 4.33 ± 0.07 3.78 3.40 ± 0.08 4.31 ± 0.13 3.73 ± 0.13 4.21 ± 0.14 3.65 ± 0.12 3.12 3.25 2.78-3.3 3.1 ± 0.1 3.66 ± 0.13

Minerals
Olivine * * — ** **** *** * **** ** * * ** ****

Plag **** ** * **** **** **** * **** *** ** ** ** ***

Cpx * * — * ** ** * ** * * * * *

wt%
SiO2 47.80 47.10 49.13 50.11 51.17 49.75 49.19 49.10 49.46 49.39 47.95 50.38 49.63
TiO2 4.607 4.499 1.722 1.661 1.553 1.619 1.726 1.725 1.511 2.263 2.358 2.835 2.556
Al2O3 12.97 12.98 15.00 14.40 15.25 14.49 14.18 16.85 15.05 13.97 13.98 13.88 14.01
FeO* 14.73 14.94 11.44 11.51 10.33 11.55 12.04 10.57 10.60 12.20 12.64 13.17 12.45
MnO 0.235 0.231 0.205 0.206 0.193 0.205 0.209 0.185 0.193 0.215 0.221 0.227 0.213
MgO 4.91 5.21 6.97 7.00 6.34 7.23 6.82 6.27 7.82 6.71 6.51 5.86 5.96
CaO 9.54 9.92 12.07 11.96 11.12 12.30 11.77 12.54 13.02 11.31 10.08 10.52 10.57
Na2O 3.09 2.86 2.20 2.04 2.67 2.25 2.32 2.17 2.07 2.50 2.27 2.73 2.74
K2O 0.81 0.73 0.21 0.20 0.65 0.18 0.20 0.23 0.14 0.29 0.27 0.42 0.44
P2O5 0.587 0.523 0.178 0.157 0.224 0.148 0.160 0.167 0.132 0.224 0.209 0.303 0.258
Sum 99.29 98.99 99.12 99.23 99.50 99.72 98.62 99.80 99.99 99.07 96.48 100.31 98.83
Mg# 0.41 0.42 0.56 0.56 0.56 0.57 0.54 0.55 0.61 0.54 0.52 0.49 0.50
ppm
Ni 16 30 63 65 62 64 55 62 82 61 58 47 45
Cr 4 18 110 98 104 107 70 176 169 121 109 66 75
Sc 29 31 42 45 38 45 45 37 45 43 44 39 39
V 393 430 322 337 259 333 349 308 318 368 350 393 356
Ba 206 186 51 47 113 45 43 45 34 65 67 97 98
Rb 15.30 14.40 3.60 3.70 14.90 3.80 3.30 3.70 1.50 4.50 5.40 8 7.60
Sr 416 400 170 150 201 151 157 167 156 192 193 229 236

(continued on next page)
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Table 1 (continued)

Sample IC-10 IC-11 IC-7 IC-13 IC-14 IC-15 IC-16 IC-17 IC-18 IC-27 IC-28 96-Laki IC-29

Zr 247 229 97 95 165 91 96 104 76 133 139 181 156
Y 38 36 26 26 29 26 27 26 22 31 32 38 32
Nb 34.7 31.4 8.1 7.5 20.6 6.7 7.9 8.9 6.8 12.7 11.7 16.0 14.5
Ga 24 23 18 18 20 17 18 19 18 19 20 20 19
Cu 41 77 122 138 111 129 143 98 126 146 151 116 105
Zn 147 141 92 95 98 95 97 89 84 108 114 125 113
Pb 4 4 2 1 3 2 1 1 2 2 1 1 3
La 27 24 6 8 17 4 7 10 6 8 8 15 11
Ce 74 65 22 17 44 15 21 20 18 25 26 29 29
Th 3 2 0 0 2 0 0 0 0 0 0 3 0
Nd 40 37 15 11 24 12 11 13 11 17 18 20 21
K/Ti 0.24 0.23 0.17 0.16 0.58 0.15 0.16 0.18 0.13 0.18 0.16 0.21 0.24
Zr/Y 6.5 6.4 3.7 3.6 5.7 3.6 3.6 4.0 3.4 4.3 4.3 4.8 4.9
K/Rb 439 422 480 440 361 395 505 506 775 539 419 422 484
Nb/Y 0.913 0.877 0.307 0.285 0.708 0.261 0.294 0.341 0.308 0.411 0.366 0.426 0.453
La/Y 0.713 0.662 0.208 0.293 0.577 0.144 0.257 0.372 0.267 0.259 0.234 0.388 0.350
Normative composition

Quartz 1.6 0.4 1.0 2.8 0.4
Orthoclase 4.8 4.4 1.2 1.2 3.8 1.1 1.2 1.3 0.8 1.7 1.7 2.5 2.7
Albite 26.4 24.4 18.8 17.4 22.7 19.1 19.9 18.4 17.5 21.3 19.9 23.1 23.5
Anorthite 19.3 20.7 30.7 29.8 27.8 29.0 28.1 35.7 31.4 26.3 28.2 24.4 24.9
Diopside 20.4 21.3 23.4 23.8 21.5 25.7 24.8 21.0 26.5 23.8 18.4 21.2 21.9
Hypersthene 14.3 13.4 18.4 20.2 18.0 17.8 18.8 16.6 14.9 19.0 23.0 15.6 18.4
Olivine 1.4 2.8 1.3 1.5 1.0 1.0 3.4 0.4
Magnetite 3.2 3.3 2.5 2.5 2.3 2.5 2.7 2.3 2.3 2.7 2.8 4.6 2.7
Ilmenite 8.8 8.6 3.3 3.2 3.0 3.1 3.3 3.3 2.9 4.3 4.6 5.4 4.9
Apatite 1.4 1.2 0.4 0.4 0.5 0.3 0.4 0.4 0.3 0.5 0.5 0.7 0.6
D18O(melt-olivine),& 0.6 0.6 0.8 0.8 0.9 0.8 0.8 0.8 0.8 0.8 0.6 0.1 0.8
D18O(Plag-melt),& �0.2 �0.2 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.2 �0.1 �0.1

Comments: Phenocryst abundances: *little (<0.5%), **some (0.5-2%; ***many(2-4%); ****lots(4-8%).
Normative composition indicates that the magmas are represented by olivine, hyperstene, and quartz tholeiites. It was used to calculate equilibrium isotope fractionation factors between melt and
olivine and plagioclase.
Sr, Nd, Th, and Ra data are reported for the same unit from published sources.
Major and trace elements were measured by XRF at Washington State University.
Radiogenic isotope analyses for the same units are from Sigmarsson et al. (1991a,b; 1992), Hémond et al. (1993), Kokfelt et al. (2003).
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Table 2
Ion microprobe, electron microprobe, and laser fluorination analyses of olivine grains in Icelandic samples

Sample Grain N d18O, & ± 1SD Fo Fe–Mg SiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO CoO Total

IC-29 Laser: Glass 3.66 ± 0.13&, Ol: 4.11 (Ol-1), 4.52 (Ol-1), 3.47 (Ol-1, large); 4.34 (Ol-1); 3.87 (Ol-1); Plag: 4.37 (Plag, 3 Xts); 4.98 (Plag-1)
Ol-1 Core 5 4.95 0.18 80.7 No zoning 39.35 0.030 0.011 18.18 0.266 42.66 0.255 0.163 0.026 100.95

Rim 2 4.99 0.02 80.7 No zoning 39.21 0.032 0.010 18.18 0.264 42.71 0.264 0.163 0.027 100.86
Ol-2 Core 5 5.14 0.03 82.3 No zoning 39.56 0.042 0.017 16.75 0.243 43.59 0.256 0.180 0.026 100.67

Rim 2 5.21 0.32 82.4 No zoning 39.44 0.035 0.014 16.59 0.243 43.43 0.267 0.178 0.025 100.22
Ol-3 Core 7 4.06 0.49 70.7 No zoning 37.64 0.022 0.000 26.42 0.406 35.75 0.219 0.082 0.033 100.57

Rim 2 4.23 0.08 71.0 No zoning 37.77 0.024 0.000 26.08 0.407 35.83 0.209 0.085 0.033 100.43
Ol-4 Core only 6 5.27 0.20 82.1 No zoning 39.23 0.042 0.013 16.91 0.242 43.61 0.271 0.179 0.026 100.52
Ol-5 Core 5 4.96 0.26 73.2 No zoning 37.84 0.024 0.001 24.47 0.365 37.41 0.237 0.071 0.034 100.45

Rim 2 5.02 0.08 73.3 No zoning 38.01 0.025 0.000 24.23 0.367 37.28 0.230 0.067 0.034 100.24
Ol-6 Core 2 4.15 0.05 73.5 Weak zoning 38.00 0.023 0.002 24.01 0.364 37.39 0.239 0.070 0.034 100.13

Rim 2 4.70 0.02 74.2 Weak zoning 38.16 0.024 0.001 23.47 0.359 37.81 0.242 0.069 0.033 100.16
Ol-8 Core 2 4.62 0.02 69.1 Reverse zoning 37.72 0.023 0.000 27.52 0.472 34.57 0.210 0.027 0.031 100.57

Rim 2 4.64 0.02 72.3 Reverse zoning 38.13 0.019 0.002 25.02 0.408 36.69 0.233 0.046 0.031 100.58

IC-10 Laser: Glass: 4.48, Ol: no data Plag: 5.00 (Plag-1), 4.68 (Plag, many)
Ol-1 Core 5 4.49 0.04 74.5 No zoning 38.29 0.022 0.002 23.44 0.330 38.45 0.279 0.134 0.032 100.98

Rim 3 4.74 0.19 74.6 No zoning 38.17 0.025 0.001 23.31 0.331 38.46 0.281 0.136 0.033 100.76
Ol-2 Core only 3 4.53 0.17 74.2 No zoning 38.35 0.024 0.003 23.74 0.328 38.28 0.281 0.141 0.032 101.18
Ol-4 Core 2 4.48 0.01 74.4 No zoning 38.52 0.025 0.001 23.39 0.339 38.16 0.280 0.142 0.032 100.90

Rim 2 4.90 0.08 74.4 No zoning 38.44 0.027 0.002 23.37 0.340 38.10 0.285 0.141 0.033 100.73

IC-11 Laser: Glass 4.33 ± 0.07&; Ol, no data, Plag. 4.64 (Plag, many)
Ol-1 Core only 2 4.29 0.04 80.5 No zoning 39.46 0.028 0.010 18.28 0.290 42.42 0.303 0.121 0.027 100.94
Ol-3 Core only 3 4.47 0.02 81.0 No zoning 38.75 0.024 0.011 17.84 0.285 42.66 0.310 0.129 0.028 100.04

IC-13 Laser: Glass 3.40 ± 0.08&; Ol: 3.5 (Ol-1); 4.31 (Ol, many); Plag: 4.70 (Plag-1), 4.73 (Plag, many)
Ol-1 Core 3 4.72 0.19 84.2 Norm. zoning 38.91 0.026 0.021 15.00 0.242 44.86 0.323 0.156 0.025 99.55

Rim 2 4.54 0.03 79.6 Norm. zoning 38.47 0.023 0.005 19.07 0.305 41.65 0.310 0.114 0.029 99.98
Ol-2 Core 2 4.36 0.02 83.7 Norm. zoning 39.04 0.026 0.018 15.46 0.246 44.44 0.324 0.153 0.025 99.73

Rim 2 4.22 0.15 79.7 Norm. zoning 38.51 0.029 0.005 19.01 0.302 41.79 0.306 0.114 0.027 100.08
Ol-3 Core 3 4.35 0.22 80.3 Norm. zoning 38.73 0.022 0.007 18.45 0.290 42.22 0.304 0.124 0.027 100.18

Rim 2 4.36 0.11 79.2 Norm. zoning 38.84 0.025 0.004 19.43 0.306 41.50 0.303 0.112 0.030 100.54
Ol-4 Core only 3 4.56 0.22 83.0 No zoning 39.20 0.028 0.016 16.04 0.252 43.98 0.336 0.154 0.026 100.03
Ol-5 Core only 3 4.41 0.10 82.9 No zoning 39.26 0.023 0.017 16.12 0.250 43.90 0.337 0.153 0.025 100.08

IC-14 Laser: Glass 4.31 ± 0.13; Ol: 3.77 (Ol-1); 3.78 (Ol-1); 3.71 (Ol1); Plag: 4.43 (Plag-1)
Ol-1 Core only 2 4.60 0.04 81.1 No zoning 38.64 0.023 0.010 17.63 0.279 42.55 0.333 0.138 0.028 99.63
Ol-2 Core only 2 4.28 0.02 81.7 No zoning 38.98 0.027 0.013 17.24 0.277 43.17 0.324 0.076 0.023 100.13
Ol-3 Core only 3 4.26 0.23 82.6 No zoning 39.00 0.036 0.019 16.36 0.260 43.70 0.334 0.159 0.026 99.89
Ol-4 Core 2 4.17 0.05 81.7 No zoning 39.05 0.026 0.012 17.23 0.278 43.08 0.327 0.075 0.024 100.10

Rim 2 4.65 0.04 81.9 No zoning 39.24 0.028 0.012 17.06 0.277 43.33 0.327 0.085 0.024 100.38
Ol-7 Core only 3 4.93 0.12 82.9 No zoning 39.11 0.029 0.016 16.20 0.263 43.91 0.332 0.151 0.056 100.07

(continued on next page)
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Table 2 (continued)

Sample Grain N d18O, & ± 1SD Fo Fe–Mg SiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO CoO Total

IC-15 Laser: Glass 3.73 ± 0.13&; Ol: 3.66 (Ol-1); 3.87 (Ol, many); Plag: 4.17 (Plag-1); 4.35 (Plag-1)
Ol-1 Core 3 4.25 0.20 81.7 No zoning 38.81 0.029 0.021 17.14 0.275 43.05 0.304 0.160 0.029 99.82

Rim 2 4.51 0.02 81.7 No zoning 38.88 0.028 0.020 17.15 0.276 43.00 0.306 0.160 0.028 99.86
Ol-2 Core 3 4.84 0.08 84.6 Norm. zoning 39.48 0.030 0.022 14.60 0.235 45.00 0.321 0.159 0.024 99.86

Rim 2 4.27 0.03 81.6 Norm. zoning 38.94 0.025 0.011 17.17 0.274 42.84 0.303 0.133 0.026 99.73
Ol-4 Core 2 4.47 0.01 84.0 Norm. zoning 39.47 0.031 0.019 15.10 0.244 44.53 0.317 0.151 0.026 99.88

Rim 3 4.49 0.16 81.5 Norm. zoning 38.96 0.025 0.011 17.31 0.277 42.70 0.305 0.131 0.028 99.75
Ol-6 Core 2 4.02 0.05 84.7 Norm. zoning 39.58 0.030 0.027 14.43 0.233 44.99 0.328 0.163 0.024 99.81

Rim 2 4.25 0.01 81.9 Norm. zoning 39.04 0.030 0.015 16.97 0.270 43.03 0.313 0.136 0.027 99.82
Ol-7 Core 2 4.12 0.10 81.3 No zoning 39.08 0.024 0.009 17.53 0.282 42.66 0.301 0.130 0.028 100.04

Rim 2 4.24 0.09 81.2 No zoning 38.96 0.025 0.009 17.60 0.283 42.61 0.305 0.128 0.027 99.94

IC-17 Laser: Glass 3.65 ± 0.12&; Ol: 3.67 (Ol-1); 3.76 (Ol-1); 3.38 (Ol-1); Plag: 3.92 (Plag-1); 4.50 (Plag-1)
Ol-1 Core only 3 4.37 0.20 85.6 No zoning 39.77 0.029 0.038 13.77 0.220 45.85 0.350 0.173 0.023 100.22
Ol-2 Core only 3 4.56 0.09 85.9 No zoning 39.44 0.040 0.047 13.43 0.216 45.88 0.345 0.177 0.023 99.60
Ol-3 Core 6 4.71 0.08 85.7 Norm. zoning 39.51 0.035 0.040 13.61 0.216 45.77 0.333 0.180 0.024 99.71

Rim 2 4.83 0.10 75.4 Norm. zoning 38.18 0.029 0.018 22.53 0.326 38.65 0.305 0.119 0.030 100.19
Ol-4 Core only 2 4.63 0.14 85.3 No zoning 39.43 0.036 0.036 13.98 0.222 45.56 0.349 0.172 0.022 99.81
Ol-5 Core 2 4.45 0.04 86.4 Norm. zoning 39.66 0.031 0.042 13.05 0.209 46.30 0.335 0.170 0.022 99.81

Rim 2 3.62 0.05 69.4 Norm. zoning 37.43 0.021 0.007 27.33 0.395 34.83 0.299 0.088 0.032 100.44

IC-18 Laser: Glass 3.12; Ol: 3.74 (Ol-1); 3.99 (Ol-1); Plag: 4.31 (Plag-1); 4.38 (Plag-1)
Ol-1 Core 5 4.35 0.00 86.1 Weak zoning 39.59 0.031 0.034 13.24 0.212 45.93 0.332 0.194 0.022 99.59

Rim 2 4.57 0.01 85.0 Weak zoning 39.69 0.037 0.035 14.25 0.231 45.13 0.334 0.182 0.023 99.91
Ol-2 Core 5 4.19 0.04 83.7 No zoning 39.37 0.032 0.020 15.40 0.248 44.30 0.330 0.165 0.024 99.89

Rim 2 4.19 0.17 83.8 No zoning 39.32 0.031 0.019 15.26 0.248 44.25 0.321 0.162 0.026 99.64
Ol-3 Core 4 4.12 0.01 83.7 Weak zoning 39.38 0.028 0.019 15.37 0.246 44.34 0.331 0.163 0.025 99.90

Rim 2 3.95 0.06 82.2 Weak zoning 38.83 0.032 0.018 16.56 0.264 42.88 0.316 0.159 0.025 99.08
Ol-4 Core 3 3.99 0.22 83.7 No zoning 39.18 0.030 0.018 15.35 0.251 44.21 0.322 0.160 0.025 99.54

Rim 2 4.19 0.04 83.7 No zoning 39.16 0.031 0.019 15.33 0.248 44.10 0.321 0.159 0.025 99.40
Ol-5 Core 2 4.19 0.04 87.1 Weak zoning 39.85 0.044 0.034 12.33 0.201 46.67 0.340 0.201 0.022 99.69

Rim 2 4.50 0.08 86.3 Weak zoning 39.71 0.043 0.035 13.02 0.209 46.02 0.338 0.197 0.024 99.60
Ol-6 Core 3 4.14 0.12 83.9 Weak zoning 39.56 0.029 0.021 15.20 0.247 44.35 0.322 0.164 0.026 99.92

Rim 2 4.60 0.03 81.3 Weak zoning 39.19 0.031 0.017 17.47 0.270 42.57 0.319 0.146 0.026 100.03
Ol-7 Core 2 4.20 0.04 85.7 No zoning 39.47 0.033 0.032 13.47 0.217 45.35 0.326 0.186 0.024 99.10

Rim 3 4.82 0.10 85.4 No zoning 39.53 0.032 0.032 13.84 0.222 45.35 0.321 0.184 0.024 99.54

IC-27 Laser: Glass 3.25; Ol: 3.57 (Ol-1); 4.33 (Ol-1); 3.96 (Ol, 3 xtls)
Ol-1 Core 2 4.49 0.00 86.9 Norm. zoning 40.14 0.047 0.043 12.66 0.198 47.06 0.330 0.212 0.022 100.70

Rim 1 5.13 0.10 83.9 Norm. zoning 39.57 0.041 0.038 15.40 0.226 44.90 0.312 0.186 0.023 100.69
Ol-2 Core 2 3.88 0.001 86.8 Norm. zoning 39.81 0.037 0.039 12.60 0.200 46.57 0.316 0.211 0.051 99.83

Rim 1 4.54 0.10 82.7 Norm. zoning 39.23 0.034 0.039 16.26 0.251 43.56 0.284 0.197 0.055 99.91
Ol-3 Core 2 3.91 0.06 77.1 No zoning 38.57 0.024 0.006 21.03 0.334 39.76 0.285 0.114 0.029 100.15

Rim 2 4.09 0.11 77.7 No zoning 38.45 0.023 0.008 20.47 0.325 40.10 0.287 0.119 0.029 99.81
Ol-4 Core 3 4.15 0.20 81.4 Norm. zoning 39.06 0.042 0.025 17.41 0.268 42.78 0.302 0.164 0.026 100.08

Rim 2 4.05 0.05 80.2 Norm. zoning 39.00 0.033 0.017 18.44 0.290 42.00 0.296 0.149 0.027 100.25
Ol-5 Core 2 4.28 0.09 85.1 Norm. zoning 39.91 0.035 0.035 14.32 0.211 45.77 0.317 0.204 0.025 100.83

Rim 2 3.69 0.03 80.0 Norm. zoning 39.29 0.029 0.015 18.72 0.285 42.10 0.304 0.145 0.026 100.92
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Oxygen isotope heterogeneity in olivine phenocrysts from Iceland 4403
eastern rift zone of Iceland (Fig. 1 and, Tables 1 and 2):
Eldgjá-Katla, Veidivötn–Bárdarbunga, Laki-Grı́msvötn,
and Raudhólar-Thórdarhyrna. Based on the whole rock
major element compositions, the lavas studied were classi-
fied as tholeiites ranging from olivine-normative (up to
1% of normative olivine) to quartz-normative (up to 1%
of normative quartz), with Mg# [i.e., Mg/(Mg + Fetotal),
atomic ratio] ranging from �0.4 to 0.6, and LOI-free
SiO2 contents of 47.5–51.5 wt% (Table 1).

Basalts have similar mineralogy of labradoritic plagio-
clase, olivine (Fo87–69) and augitic clinopyroxene, but the
proportion of olivine varies from trace up to 5 vol% (Table
1). These basalts exhibit many common features related to
major and trace element geochemistry. In particular, many
incompatible trace elements, such as Zr vs. Ti, K2O vs. Rb,
Ba vs. Sr, exhibit positive linear variations within each sys-
tem and in the Eastern Rift Zone of Iceland in general,
while correlations with MgO are expectedly negative
(Fig. 2). Such incompatible trace element variations with
indices of crystallization indicating differentiation progress
and their relatively constant ratios could potentially explain
the compositional diversity of basalts erupted in the eastern
rift zone during the Holocene by simple melting-fraction-
ation relations that change by as much as 75% from sample
to sample. For example, a range in K2O concentration of
0.14 (Veidivötn, IC-18) to 0.8 wt% (IC-10) could be inter-
preted as a result of a 5-fold crystallization/melting pro-
gress echoed by other trace elements.

However, HFSE trace element ratios and the Sr and Nd
radiogenic isotope ratios of the studied suite of samples ap-
pear specific for each volcanic system (Table 1) and help fin-
gerprint each system (e.g. Sigmarsson et al., 2000). For
example, the Thórdarhyrna system (Raudhólar fissures,
sample IC-29) basalts tend to be most radiogenic
(87Sr/86Sr = 0.7034) among the studied lavas (Table 1),
while the Veidivötn basalts (IC-13, -15, -16) are the least
radiogenic (Table 1) but most diverse. We observe no sys-
tematic relationship between radiogenic isotope and trace
element concentrations and ratios (i.e., Zr/Y, K/Ti, Nb/
Y, La/Y) in our sample suite concluding that they most
likely originated from an isotopically heterogeneous mantle
source. The small range in radiogenic isotope ratios among
studied units are rivaled by the tremendous range in oxygen
isotopic values of glass spanning >2& (Table 1). The level
of d18O depletion is different from system to system, and
when glass d18O values are correlated with MgO or compat-
ible elements, they define each system in isotopic-composi-
tional space (Fig. 2a), even when incompatible trace
element concentration trends look similar or identical
(Fig. 2b).

The present work extends our earlier results, which
showed that the Icelandic basalts from the Laki-Grı́msvötn
volcanic system, in addition to being unusually d18O-de-
pleted, are characterized by unrivaled d18O heterogeneity
of their olivine and plagioclase phenocrysts (Bindeman
et al., 2006). In particular, these olivine and plagioclase
phenocrysts span d18O values from the normal-d18O mantle
(i.e., 5.2&) to 3& below it, in equilibrium relations with
low-d18O glass. In the earlier ion microprobe study,
Gurenko and Chaussidon (2002) analyzed glass inclusions,
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their olivine hosts, and related pillow rim glasses from Mid-
fell in SW Iceland and found a d18O range from 2.4 to
6.9 ± 0.5& and 1.0 to 2.5& zoning within individual oliv-
ine crystals. They suggested that oxygen isotopic disequilib-
ria of glass inclusions with their olivine hosts might be quite
common in other Icelandic lavas.

By using laser fluorination and ion microprobe on the
same olivine populations, our present work documents
that:

(1) oxygen isotope heterogeneity of olivines and their
host matrix glass is widespread among all studied
basalts,

(2) these initial mantle melts are characterized by levels
of prior mantle depletion, as are seen in intrinsic sub-
tle differences in Pb and Nd isotopic ratios, in HFSE/
REE trace element ratios (e.g. Thirlwall et al., 2004;
Kokfelt et al., 2006), or great diversity of olivine-
hosted melt inclusions (e.g. Maclennan et al.,
2003a,b); heterogeneous mantle source is thus
required;

(3) we find phenocrystal evidence that O isotope signa-
ture was MORB-like to perhaps only slightly
(<0.4&) depleted, and greater depletions are due to
crustal processes;

(4) the observed variability toward the low-d18O values
are related to modification of the initial mantle-
derived magmas in low-d18O hyaloclastic crust,
altered by meteoric rain and snow waters. In this con-
text, the observed oxygen isotope heterogeneity in
olivine and plagioclase crystals could be ascribed to
crystal recycling of these hyaloclastites of various
age and origin and of cumulates.

2. ANALYTICAL TECHNIQUES

We devote significant attention to the technique descrip-
tion because this is the first, to our knowledge, extensive
analysis of a compositionally zoned set of olivine grains
by two independent oxygen isotope techniques.

2.1. Laser fluorination

Laser fluorination oxygen isotope analyses were per-
formed at the University of Oregon stable isotope labora-
tory using a 35W CO2-laser. Individual grains, bulk
monomineralic fractions, and glasses ranging in weight
from 0.6 to 2 mg were reacted with purified BrF5 reagent
to liberate oxygen. The gases generated in the laser chamber
were purified through a series of cryogenic traps held at li-
quid nitrogen temperature and a mercury diffusion pump to
get rid of traces of fluorine gas. Oxygen was converted to
CO2 gas using a small platinum-graphite converter, and
then the CO2 gas was analyzed on a MAT 253 mass spec-
trometer integrated to the laser line. The yields measured
were close to 100%. Four to seven aliquots of standards
were analyzed together with the unknown samples during
each analytical session. San Carlos olivine (d18O = 5.35&)
and Gore Mt Garnet (d18O = 5.75&) were used in the stan-
dard set (Valley et al., 1995; Eiler et al., 2000b). Day-to-day
d18O variability on the standards ranged from �0.1 to
�0.25&, and these values were added to the unknown sam-
ples to correct for day-to-day variability and absolute val-
ues on SMOW scale. The obtained standard deviation
precision on the standards and duplicate analyses of indi-
vidual olivine grains were better than 0.1& at 1 standard
deviation.

2.2. Ion microprobe

2.2.1. Instrumental settings and sample preparation

The 18O/16O ratios in olivines were measured using a
Cameca IMS 1270 ion microprobe at Centre de Recherches
Pétrographiques et Géochimiques (CRPG, Nancy, France).
The mounts containing olivine grains were polished using
the ALLIED High Tech Products, Inc. 6 to 0.5 lm grain
size Diamond Films and Glass Support Plates allowing less
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than 1 lm relief between the embedded olivine grains and
enclosing epoxy resin. Samples were sputtered with a
10 kV Cs+ primary beam of ca. 10 nA current focused to
10-20 lm spots. The normal-incidence electron flood gun
was used to compensate for sample charge. Secondary O�

ions were accelerated at 10 kV and analyzed at a mass res-
olution of 2500 using a circular focusing mode and a trans-
fer optic of 150 lm. The position of the energy window was
�25 ± 25 V, corresponding to the optimized acceptance by
the spectrometers. Small possible misalignment of the sec-
ondary optics usually associated with moving across sample
surface to a new position of spot was automatically tuned
by scanning the deflectors of the transfer optic to ensure
centering the secondary ion beam in the field aperture be-
fore the isotopic measurement was started. The 18O/16O iso-
topic ratios were analyzed in multi-collection mode using
two off-axis L2 and H1 Faraday cups for simultaneous
counting the 16O- and 18O-ion intensities. The gain of the
Faraday cups was calibrated daily at the beginning of each
analytical sessions using the Cameca built-in amplifier cali-
bration software. Typical ion intensities of ca. 2–5 � 109

and 4–9 � 106 counts per second (cps) obtained on the
16O and 18O peaks, respectively, yield an internal 1-sigma
uncertainty of better than ±0.1&, which was reached after
100 s (i.e., 50 cycles each of 2 s analyses time).

2.2.2. Standards and reproducibility

Because the studied olivines range in forsterite content
from �Fo69 to Fo87, it is essential to use reference olivine
standards having the same or close Fo content and also
to check for the presence of instrumental mass fractionation
on forsterite content. To account for this effect, we used two
reference olivines. The first is San Carlos olivine (SCO); we
used the same aliquot of the material analyzed by concur-
rent laser fluorination method. The San Carlos olivine, a
mantle olivine, has d18O value of +5.35&, as determined
previously by laser fluorination (Bindeman et al., 2006),
18

Fig. 3. Reproducibility of ion microprobe analyses and comparison of
Instrumental mass fractionation on San Carlos Olivine (Fo91.4) vs. CI114
on Forsterite content of olivine: measured instrumental mass fractionatio
laser fluorination on single whole isotopically-zoned grains with precision
parts of the same grains (±1SD) analyzed by laser fluorination. While th
whole-grain laser fluorination analysis, whole-grain d18O value is differe
because of isotope zoning.
and a forsterite content of 90.7 mol %, as determined by
multiple electron probe microanalyses (EPMA) of different
grains mounted separately and together with the samples of
interest. No grain-to-grain variability in forsterite content
was revealed by EPMA. The second reference olivine used
is from a piece of olivine-anorthite cumulate nodule from
Zheltovsky volcano, Kamchatka (CI114). Similarly, olivine
from this rock reveals insignificant grain-to-grain variabil-
ity in chemical composition ranging in forsterite content
from Fo74.4 to Fo74.1. The d18O value of the CI114 olivine
(+5.2 ± 0.2&) was also determined by laser fluorination
technique.

We observe a systematic difference of instrumental mass
fractionation (IMF) for SCO and CI114 olivines of 0.12&

(given d18O values of SCO-CI114), which translates to
0.0075& of IMF per each Fo number (Fig. 3a). Given that
this difference is small and is within error of our measure-
ments, we do not make an IMF correction that is specific
to the forsterite composition, and we choose to correct
our unknowns on average d18O values of measured stan-
dards. The experience from other Cameca IMS 1270–1280
labs also suggests similarly small to non-existent difference
between in-lab olivine standards of variable forsterite con-
tent within the range of Fo60–100.

We employed so-called ‘‘contiguous bracketing” of the
olivine standard run in order to be able to correct for a pos-
sible instrumental drift within a given analytical session.
Four to 10 individual d18O measurements, usually on each
of two standards, were run in the beginning and at the end
of each block of data. To correct raw data for IMF, we
used an average value of IMF in a given block of data.
In two blocks, small instrumental drift of 0.05–0.1& during
1 h was detected, and a linear parametrization as a function
of time was employed for its correction. Uncertainties on
standards in the data blocks expressed as ±1 standard devi-
ation (Table A, electronic supplement) ranged from
±0.06& to ±0.35&, with majority being from ±0.10& to
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Fig. 4. Mg-elemental map images of analyzed olivines from different large volume basalts of Iceland to demonstrate compositional (given in
mol % Fo) and oxygen isotope zoning (given in d18O values in &) or lack of it. Ovals are pits left after ion microprobe analyses of O isotopes.
(a–b) grains with normal compositional and isotopic zoning with decreasing Fo and d18O toward the rim; (c) grain with compositional zoning
but without isotope zoning; (d) compositionally unzoned grain with subtle increase in d18O toward the rim. Sample description is given in
Table 1 and analyses are in Table 2.
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±0.22&. The uncertainty on SCO and CI114 standards
when they were run together in the same blocks were nearly
identical, i.e., ±0.23& (SCO) vs. ±0.22& (CI114) suggest-
ing that both standards are equally homogeneous and
instrument stability was maintained.

The error of a single measurement results from two
sources of independent random errors: one is internal preci-
sion of the instrument (it is normally ±0.05–0.1&, 1SE -
standard error); another is represented by external repro-
ducibility of replicate standard measurements. Thus, the
standard deviations obtained on reference olivine within
each block of data were assigned to individual spot analyses
of the unknowns within that block. Our estimated total
uncertainty on a single 18O/16O measurement by SIMS is
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between 0.06 and 0.26& within single blocks of data brack-
eted by standards, with average 0.15&, 1SD between differ-
ent blocks of data and analytical sessions. However, the
analyses of the unknowns, reported in Table 2, represent
an average of 3–7 individual spot analyses within cores
and rims of each grain, and the quoted values represent true
standard deviation on the unknowns, reflecting natural var-
iability. Our olivine samples were run during three analyti-
cal sessions in 2006: March, 1 day; May, 3 days; December,
3 days (Table A, Electronic supplement). A sample mount
was thus repolished and recoated between different analyt-
ical sessions and subsequent analyses targeted cores and
rims of the same crystals, but not exact same spots. Overall,
17 crystals were reanalyzed during May and/or December,
and reported analyses of crystals represent averages of sev-
eral individual spot analyses run during these different ana-
lytical sessions. Such approach allowed us to estimate the
true reproducibility of analyses and make 21 comparisons
of reproducibility. In most cases, crystal analyses were
reproducible to within ±1 standard deviation of each day
of analysis, regardless of the time of the year they were
run. Seven out of 21 crystals reproduced within 0.1&,
and 18 out of 21 reproduced to better than 0.22&. Three
crystals (Nos. 3, 6, and 8) in sample IC-29 reproduced with-
in 0.4–0.7& when run in three different months after repo-
lishing. These crystals were then analyzed multiple times
during the same block of data in last analytical session in
December, and 0.4–0.6& zoning was found in two of them.
We therefore consider poor reproducibility to result from
the natural variability. Fig. 3b plots d18O values measured
on the same grains (but not on the same spots) by the ion
microprobe and laser fluorination analyses for a subset of
isotopically-zoned olivines from Laki (Bindeman et al.,
2006). This graph demonstrates good reproducibility with-
out a systematic d18O shift in a 3& range of olivines mea-
sured by two independent methods.
2.3. Electron microprobe

Quantitative analyses of major (Si, Fe, Mg) and minor
(Al, Cr, Ca, Ni, Co) elements and X-ray element distribu-
tion imaging of olivine phenocrysts (Fig. 4) were performed
at the Max Planck Institute for Chemistry (Mainz,
Germany) using the JEOL Superprobe JXA-8200 electron
microprobe. We used the technique similar to that de-
scribed by Sobolev et al. (2007). The 20-kV accelerating
voltage and 300 nA primary beam current were applied,
and ZAF correction routines were used to achieve true ele-
ment concentrations. The TAP crystals were used for anal-
ysis of Si, Al and Mg, PETJ: for Ca and Cr, LIF: for Fe and
Ni, and PETH: for Mn and Co. Peak and background
counting times were always equal. We applied 60 s for anal-
ysis of major elements, 120 s were applied for analyses of
Ca, Cr, Mn and Co, and 180 s for analysis of Ni. A set of
reference materials i.e., San-Carlos olivine USNM
111312/444 (Jarosewich et al., 1980), pure Al2O3, NiO,
and Co metal, as well as rhodonite for Mn and wollastonite
for Ca (Micro-Analysis Consultants Ltd., Cambridgeshire,
UK) were used for routine calibration and instrument
stability monitoring. The intensity of the Co-Ka line was
corrected for overlap with the shoulder of Fe-Kb second
order line, using a linear regression equation from Sobolev
et al. (2007).

For minor elements, the above measurement conditions
routinely yield the detection limits of around 10–30 ppm,
based on 3-sigma criteria and calculated using the software
provided by JEOL. Typical analytical uncertainties (2RSD
is 2-sigma relative standard deviation) of 0.1-0.9% were de-
fined for Si, Fe and Mg, 0.1–1.5% for Mn, Ca and Ni, 3–9%
for Co and Cr, and 6 to 35% for Al, all based on the repli-
cate measurements of the USNM 111312/444 San-Carlos
olivine standard. Each olivine grain was analyzed in the
10- to 20-lm vicinity of the craters left by SIMS. Averages
of element concentrations were calculated for core, mantle
and rim areas of the grains, which were defined using either
back scattered electron (BSE) images or element mapping
results.

The X-ray element distribution imaging was performed
to examine variations of element concentrations in the sin-
gle olivine grains. Measurements were done in the stage
scanning mode registering simultaneously X-ray signals of
five wavelength dispersive spectrometers and back-scattered
electron (BSE) image. We used TAP crystals for analysis of
Mg and Al distribution, PETJ for Ca, LIF for Fe and
LIFH for Ni, applying 20 kV accelerating voltage and
20 nA primary electron beam current. Step interval was
2 lm, and X-ray acquisition time per step was 250 ms. Final
evaluation of the measurement results were performed
using the built-in JEOL Map Analysis Software.
3. RESULTS

3.1. Oxygen isotope and compositional study of olivines:

dataset description by lava

The sample description below compares olivine analyses
by laser, ion microprobe, and electron microprobe tech-
niques between different lava flow localities (Table 2) and
discusses the disequilibrium relations of glass and olivines
in these samples (Figs. 5 and 6).

3.1.1. Thórdarhyrna-Núpahraun ca. 4000 BC

Sample IC-29 has 4.1–5.3& range among seven grains
analyzed by the ion microprobe and 3.5–4.5& among four
individual whole grains analyzed by the laser. There is a sig-
nificant crystal-to-crystal variability of both d18O and Fo,
and these parameters correlate positively in this sample.
Lower d18O (3.9–4.9&) olivines tend to be Fo70–73, while
higher d18O olivines (5.0–5.3&) are Fo81–83, forming two
distinct populations of Ol grains; one is Fo74–69 with d18O
of ca. 4.1–5.0&, while the second is Fo81–82 with d18O of
5.0–5.3&. This may suggest mixing of magmas with con-
trasting MgO content, but only slightly different d18O val-
ues, just prior to eruption so that Ol crystals had too
little time to re-equilibrate with the hybrid magma. One
Fo73.4 grain in this sample exhibits weak 0.5& d18O zoning
with higher d18O values in the rim and subtly higher Fo
content (Fig. 4e), while the rest of the olivine grains from
this sample exhibit no d18O zoning. Furthermore, no signif-
icant Fe–Mg zoning is recorded in many grains which
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nonetheless show grain to grain variability in forsterite con-
tent. Olivines in this sample deviate to higher d18O values
than the value implying equilibrium with their host glass.

3.1.2. Eldgjá 934 AD

Olivines in Eldgjá samples (IC-11 and IC-10) are scarce
and plot within a range of 4.3–4.9&. Forsterite zoning is
nearly absent and the majority of crystals tend to be
Fo74, with two grains from sample IC-11 of Fo80.5–81 and
higher in d18O. Olivines also form two populations: four
of six olivines studied are Fo74–75 with d18O of 4.5–4.9&,
and the other two olivines are Fo80.5–81.0 with d18O of
4.3–4.5&. One grain (Ol-4), in which core and rims were
analyzed, exhibits 0.4& zoning with increasing d18O value
toward the rim (Fig. 4d). Finally, the d18O values of all oli-
vines analyzed exceed equilibrium values for glass by �0.3–
1&, suggesting their inheritance.
3.1.3. Veidivötn–Vatnaöldur 900 AD

Five individual olivine grains each in samples IC-13 and
IC-15 demonstrate limited d18O and Fe–Mg variability and
zoning within 3.7–4.3& by laser and 4.0–4.8& range by ion
microprobe. Many Ol grains exhibit subtle core to rim
d18O-zoning with cores 0.1–0.6& higher than rims
(Fig. 4b). These grains are modestly zoned with respect to
Fo from Fo84 cores to Fo79 rim, thus forming positive
d18O–Fo correlation. All analyzed olivines plot 1–2& high-
er than is required by equilibrium with their host matrix
glasses. Olivines are generally higher in d18O than the equi-
librium value of the glass and thus also appear to be
inherited.

3.1.4. Veidivötn–Hnausapollur ca. 150 AD

Five analyses of cores by ion microprobe in sample IC-
14 yielded moderate core-to-core range from 4.2 to 4.9&
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with almost no Fe–Mg zoning at Fo81–83; bulk analysis of
whole large olivines by laser yielded lower values from 3.7
to 3.8& which may be explained if lower d18O rims were
present. One olivine grain, however, has a core that is ca.
0.5& lighter than the rim. Bulk analysis of olivine spans
from equilibrium to �0.5& higher on the olivine–glass plot
(Fig. 5a).

3.1.5. Veidivötn–Thjórsárhraun >8500 BP

Sample IC-17 contains olivines that are significantly
zoned with respect to both d18O and Fo (Fig. 4a). Ion
microprobe analyses of olivines yielded a range from 3.6
to 4.8&. Laser fluorination analyses of three individual
large grains yielded values 3.4 to 3&. One grain, studied
by ion microprobe, is zoned from 4.5 to 3.6& along with
strong Fo zoning from Fo86 in cores to Fo69. The d18O
and Fo define crude positive correlation (Fig. 5b). The
d18O values of these olivines deviate from equilibrium with
glass by >1&.

3.1.6. Veidivötn–Búrfellshraun ca. 3500 BP

Seven olivines in sample IC-18 include three olivines
analyzed by ion microprobe in their cores, and these values
range insignificantly from 4.1& to 4.8&, while laser analy-
ses of two whole individual olivines are in the range of 3.8–
4.0&. Highly magnesian olivines of Fo82–87 characterize
this sample. Three analyzed olivines exhibit 0.3–0.6& zon-
ing to higher d18O values closer to the rim with no signifi-
cant Fe–Mg core to rim zoning. Overall, the d18O value
of olivines is higher than required for equilibrium with host
glass.

3.1.7. Laki Hills Pleistocene hyaloclastites

Eight olivines analyzed by ion microprobe in samples
IC-27 and IC-28 yielded the widest d18O range yet from
3.2& to 5.1&, with a somewhat smaller range of whole
individual olivines obtained by laser fluorination from
3.6& to 4.3&. Two olivines from sample IC-27 (Ol-1 and
Ol-2) have reverse zoning with lower d18O cores surrounded
by higher d18O rim values. At the same time, there are two
olivines (Ol-5 from sample IC-27 and Ol-1 from sample IC-
28) whose cores are 0.3-0.6& higher d18O than their cores.
We observe crystal-to-crystal variability in Fo content from
Fo77 to Fo87, and olivine with higher Fo content always has
higher d18O values. Given wide Fo and d18O ranges, oli-
vines in these samples exhibit strong positive Fo vs. d18O
correlation, but there are a few normally-zoned olivine
grains (more Mg-rich cores compared to rims) that are re-
versely zoned in d18O, while the general tendency among
our dataset is just the opposite (i.e., Fo-richer olivines have
higher d18O values, shown in Fig. 5). The last observation
suggests that more forsteritic olivines with lower d18O val-
ues might have been entrained into the more evolved but
higher d18O magma, either as cumulates, xenocrysts or phe-
nocrysts, thereby forming Fo-poor rims on Ol grains with
higher d18O values.

3.1.8. Laki 1783–84 AD

Sample 96-Laki is the one previously analyzed in detail
by laser fluorination (Bindeman et al., 2006), and a subset
of fragments of the same crystals was studied by ion micro-
probe in this work (Table 2 and Fig. 3b). Both laser analysis
of olivine bulk and large whole grains, as well as the ion
microprobe replicate analyses of the same large grain frag-
ments, yielded an exceedingly wide range of 2–3& that ex-
tends from the mantle-like olivine values to the values that
are in equilibrium with their host glass. The Laki olivines
show mostly the narrow range of Fo74–76, with the excep-
tion of two grains of Fo84–85. Overall, the agreement be-
tween laser and ion microprobe is reasonable (except one
olivine grain), and average data plot on the 1:1 line
(Fig. 3b) with deviations comparable with 2 sigma analyti-
cal error by SIMS. The d18Olaser-d

18OSIMS values form a
normal distribution around 0.07&. The d18O values of oliv-
ine cores in sample 96-Laki are moderately to significantly
higher than those matching equilibrium with the glass
(Fig. 5).

3.2. Forsterite–Ni and d18O–Ni relationships

Olivines from nearly all basalts in this study tend to be
more Mg-rich than is required by the Mg# of their host
rocks (Table 1) with rims approaching equilibrium. In this
sense, olivine cores appear to be out of Fe–Mg equilibrium
with their host melt. Fig. 6 demonstrates positive correla-
tion of NiO contents in olivines with their d18O and Fo val-
ues. Higher-forsteritic olivines have higher Ni (Fig. 6b) and
Ca content, but lower Mn and Co contents (not shown).
The zoning with respect to Ni and other trace elements is
important to document, considering the following discus-
sion on diffusive mineral timescales and short residence
time of olivine in melt. In particular, the preservation of
major and minor elemental heterogeneity in olivines sug-
gests that the time of magma stagnation in a shallow depth
reservoir appears to be too short to anneal crystals by dif-
fusion (e.g. Bindeman et al., 2006).

3.3. Olivine–plagioclase–glass relationships

In Section 3.1, we described d18O and Fo zoning in oliv-
ine phenocrysts in several lavas and demonstrated subtle to
significant d18O variability determined by both laser fluori-
nation and SIMS methods. Since the isotopic fractionation
factor between basaltic glass and olivine D18Oglass–ol usually
ranges from 0.4& to 0.8& (e.g. Eiler, 2001; Bindeman
et al., 2004), it is essential to note that the glasses enclosing
these olivines are lower in d18O than expected for equilib-
rium with glass. Similarly, plagioclase, though being closer
to the expected d18O equilibrium with the host glass, is
nonetheless 0.5& to 1& higher than required for equilib-
rium, as follows from the available data on O isotopic frac-
tionation between coexisting melt and plagioclase crystals
(Fig. 7a). Indeed, the proper D18O (glass–plagioclase) rela-
tionship is less well defined for plagioclase because it is
strongly dependent on An content (e.g. Chacko et al.,
2001), which commonly varies from sample to sample.
Nonetheless, a robust parameterization of Bindeman
et al. (2004), which takes into account parallel changes of
normative melt composition, plagioclase composition, and
temperature, predicts that D18O (plagioclase-melt) should
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be �0.1& to �0.2& for basaltic melt compositions listed in
Table 1. In other words, the equilibrium plagioclase should
be a small fraction of one permil lighter, not heavier, than
the coexisting magma. However, we observe that some pla-
gioclase crystals in samples 18, 29, 13 are higher by up to
1& than the groundmass glass, at variance with other sam-
ples in which plagioclase crystals and groundmass are with-
in equilibrium range (Fig. 7a). Furthermore, Fig. 7b
outlines d18O values of coexisting olivine and plagioclase
demonstrating that D18O (between olivine and average pla-
gioclase) span from expected equilibrium to those which are
significantly off the equilibrium with olivine. In this context,
samples 96-Laki, 27, and 29 exhibit the greatest range of
disequilibrium (Fig. 7b).

Finally, it is worth emphasizing that common presence
of crystal–melt oxygen isotope disequilibria in the Icelandic
rocks becomes a key point in understanding Icelandic mag-
ma chamber processes since the basaltic matrix glass and
groundmass in the historic basalts studied here are usually
fresh, unaltered and very homogeneous in O isotope com-
position. Bindeman et al. (2006) have demonstrated on
the example of Laki basalts that the d18Oglass value stays
the same regardless of the degree of vesicularity (lavas or
highly vesicular and less crystal-rich scoria or tephra).
The remarkably similar d18Oglass values of 3.1 ± 0.1& are
identical to those published earlier for Icelandic whole-rock
analyses of lavas by Muehlenbachs et al. (1974) and Sig-
marsson et al. (1992, 2000) and also to the 12–20 centuries
AD tephra that resided in the Vatnajokull glacier and have
d18Oglass values identical to Laki (Table 1).

4. DISCUSSION

4.1. The origin of ‘‘phenocrysts and crystal residence

timescales

A central result of the present study is the discovery of
significant crystal-to-crystal major element and oxygen iso-
topic heterogeneity of olivine and plagioclase phenocrysts
carried by large volume basaltic eruptions in Iceland, which
is accompanied by D18O (melt–mineral) disequilibria be-
tween crystals and the melt (Fig. 5). The presence of d18O
zoning and variability in olivines within almost all studied
samples suggest that crystals are indeed captured from dif-
ferent d18O sources at a different time, and so they record
different preeruptive residence times. In this context, the
following possibilities of crystal origin could be proposed:

(1) crystals with zoning from higher-d18O cores sur-
rounded by lower-d18O rims in equilibrium with the
matrix are derived from crystal recycling from disin-
tegrated cumulates or MORB-like basaltic magmas;

(2) crystals with zoning from lower-d18O cores to higher-
d18O rims are formed by mixing of low-d18O basaltic
magma or low-d18O cumulates with normal-d18O
basaltic magma;

(3) unzoned crystals in equilibrium with the matrix indi-
cate crystallization as phenocrysts from homogenized
(low-d18O) melt or long crystal residence that led to
annealing of zoning;

(4) crystal populations with D18O (melt-mineral) disequi-
libria indicate preeruptive lowering of the d18O value
of the melt that was rapid and is not yet reflected in
the oxygen isotope crystal zoning (except the outer-
most rims) because the annealing time was too short.

Our data demonstrate that most crystals did not have
enough time to completely re-equilibrate with the surround-
ing transporting magma both isotopically and chemically.
The preservation of oxygen isotope disequilibrium between
melt and plagioclase (Fig. 7), a mineral with relatively fast
oxygen isotope diffusion, suggest that no more than a few
hundred years has elapsed since the incorporation of pla-
gioclase into basaltic melt. Likewise, olivine crystals from
the Laki eruption are unlikely to have spent longer than
1000 years in their host low-d18O magma, based on our ear-
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lier time estimates of intracrystalline diffusion calculations
(e.g. Bindeman et al., 2006). The preservation of Fe–Mg
and Ni zoning in olivines from other large-volume basalts
(described above) suggests that time was short enough
and some of those grains spend less than 10 years in the
magma prior to eruption (e.g. Costa and Dungan, 2005).
Similarly short time estimates were obtained by Gurenko
and Chaussidon (2002) and Gurenko and Sobolev (2006)
in their study of isotopically-zoned olivines from Midfell
area.

The proportion of ‘‘short-residence” zoned crystals is
variable from unit to unit. The majority of crystals in Laki
basalt, which have a relatively constant Fo75 composition
and subtle residual Ni, Ca, Mn zoning, require longer than
100 years to achieve equilibration; olivine crystals in other
basalts exhibit stronger Fe–Mg zoning (Figs. 5 and 6), sug-
gesting shorter residence times.

Below, in a series of subsections we describe how these
new observations on crystal heterogeneity and D18O (min-
eral–melt) disequilibria can reinterpret the genesis of volu-
minous low-d18O basalts of Iceland.
4.2. Origins of low-d18O magmas in Iceland

The debate on the origin of low-d18O magmas of Ice-
land started with the pioneering work of Muehlenbachs
et al. (1974), who revealed that many Icelandic basalts
are modestly to strongly 18O-depleted. Direct incorpora-
tion of many weight percent of low-d18O (ca �10& to
�15&) meteoric water into basaltic magma is not cur-
rently viewed as a feasible hypothesis, as thermal gradient
makes water migrate away from magma (e.g. Taylor and
Sheppard, 1986). The existence of these unique low-d18O
basic liquids with low crystallinity and high inferred tem-
peratures (�1160 �C; Bell and Humphries, 1972; Metrich
et al., 1991) is quite remarkable. It is even more remark-
able that these melts erupted in such large volumes, repre-
senting the most voluminous historic basaltic eruptions
worldwide, and these large volumes are often very homo-
geneous with respect to Sr, Th, and Nd isotopes (e.g. Sig-
marsson et al., 1991a). In this context, the genesis of
basalts, such as those from Laki with d18O values of +2
to +3& (Fig. 5), provides a key test to origin of these
and similar basalts of Iceland and elsewhere. Given that
these basalts are producing devastating effects on the envi-
ronment (e.g. Thordarson and Self, 2003), the origin of
volatile components (fluorine and sulfur dioxide caused
most climatic effects and impacts on the humans and ani-
mals) needs to be revisited in the framework of petroge-
netic model that explains the origin of the low-d18O
signature in the Icelandic basalts, and their isotopically-di-
verse phenocryst polulations.

4.2.1. Signature of the mantle plume?

Some researchers (e.g. Gurenko and Chaussidon, 2002;
Maclennan et al., 2003a; Thirlwall et al., 2004; Kokfelt
et al., 2006) ascribe the low to elevated (i.e., 6.2&) d18O sig-
nature in primitive basalts to the Icelandic plume itself. For
example, Skovgaard et al. (2001) compared O and Os iso-
topes in samples from basalt flows from Theistareykir vol-
cano and showed that the data were best explained by a
mixing of melts from recycled oceanic lithosphere. A pres-
ence of recycled component in the Icelandic mantle is advo-
cated also by Chauvel and Hémond (2000), Stracke et al.
(2003a,b) and Maclennan et al. (2003a).

Data on primitive glass inclusions and their olivine hosts
from the Midfell lavas by Gurenko and Chaussidon (2002)
argue for rather heterogeneous O isotopic composition of
the Icelandic mantle from 4.6& to 6.2 ± 0.5& (1r, SD).
Though the precision of these data is much lower than that
of laser fluorination technique or the present ion micro-
probe study, the lower than normal MORB-like d18O val-
ues may characterize portions of the Icelandic mantle,
which is in agreement with the values proposed by
Gautason and Muehlenbachs (1998), Eiler et al. (2000b),
Skovgaard et al. (2001). On the other hand, if the Icelandic
plume or its portions are somewhat low in d18O, based on
somewhat lower than normal d18O values of highly forste-
ritic olivines in most primitive basalts and picrites, this
departure is likely to be less than �0.4–0.7& (e.g. Breddam,
2002; Burnard and Harrison, 2005; Macpherson et al.,
2005). In this case, the plume represents recycling of the
lower portion of the old, hydrothermally-altered, low-
d18O oceanic lithosphere, similar to the evidence from the
Neovolcanic zone in Iceland (e.g. Kokfelt et al., 2006) or
the Azores (Turner et al., 2007).

However, more significant 18O depletions—particularly
those found in Laki olivine phenocrysts and matrix glasses
or in any basalts of the present study—ultimately require
crustal involvement. Strong argument supporting MORB-
like d18O values of the initial mantle melt is that even in
the stronger d18O depleted basalts, such as Laki, MORB-
like olivines with values of of 5.0–5.2& are found
(Fig. 5). Without denying a possibility of the initial mantle
melts heterogeneity and level of prior depletion/sediment
addition (e.g. Thirlwall et al., 2004; Kokfelt et al., 2006),
we believe that overall low-d18O signature of the large vol-
ume basaltic magmas on Iceland is largely due to crustal
processes, which are discussed in more detail below.

We find it puzzling that some of the forsteritic Fo88 oli-
vines, found at Theistareykir volcano (e.g. Maclennan
et al., 2003a) and analyzed by laser fluorination of single
and several crystals, reach 4.1& in d18O values, with one
extreme value as low as 3.5&. It is possible that these oli-
vines are strongly zoned with respect to d18O and that their
low-d18O signature is coming from the more voluminous
rim. The reexamination of these samples by the ion micro-
probe is thus warranted.
4.2.2. Assimilation of ultra low-d18O crust and mixing with

low-d18O silicic melt?

Finding a physical mechanism for crustal assimilation/
digestion that satisfies the required mass balance con-
straints is challenging. Most simplistic models ascribe a
very low-d18O value to the assimilant in order to limit its
mass proportions to modest values. The lowest d18O value
in Iceland of �12& was measured in one hydrothermally-
altered rock from the Krafla drillcore (Hattori and
Muehlenbachs, 1982). This single extreme value has been
used by many researchers to explain subpermil variations
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in basalts, as would be caused by minor assimilation of such
ultra low-d18O country rocks.

Alternatively, magma mixing between normal-d18O
basaltic magma and low-d18O silicic partial melt from
the hydrothermally-altered crust is often proposed as a
mechanism to generate low-d18O Icelandic magmas (Tay-
lor and Sheppard, 1986; Sigmarsson et al., 1991b; Gauta-
son and Muehlenbachs, 1998; Eiler et al., 2000a). An
example of mafic-silicic mixing is found under Iceland’s
central volcanoes, such as Veidivotn and Hekla (Sigmars-
son et al., 1991b; Zellmer et al., 2008). Mixing with low-
d18O silicic partial melt can perhaps explain modest
�1& depletion in basaltic quartz tholeiites and more si-
licic lavas, such as those found at Theistareykir and neigh-
boring Krafla volcanoes (Nicholson et al., 1991; Eiler
et al., 2000a; Maclennan et al., 2003a). Partial melting
of basic crust is also advocated by Martin and Sigmarsson
(2007) to explain the origin of the low-d18O silicic rocks in
the Eastern Volcanic zone of Iceland. However, pheno-
crysts in four large fissure basaltic systems considered here
lack textural and phenocrystal evidence of mixing with a
ultra-depleted low-d18O silicic melt, such as mafic-silicic
bands, feldspars with sieved textures, or ultra low-d18O
values in phenocrysts. Even if mixing models are correct
for moderately depleted basalts and more silicic magmas,
the use of the same mass balance requires an imaginary
assimilant of �9 to �15& in order to explain d18O values
in basalts that are more than 1& depleted in d18O relative
to mantle values. These �9& to �15& d18O values of the
assimilant would require that it had undergone nearly
complete high-temperature oxygen exchange between pres-
ent-day or estimated Pleistocene glacial meltwaters and
rocks, affecting kilometers of crust.

It seems more plausible that the bulk of the Icelandic
crust has been depleted to much more modest values of
approximately 0 to +2& (Gautason and Muehlenbachs,
1998; Eiler et al., 2000a; Skovgaard et al., 2001). The
+2& value is predicated on several silicic rocks from Askja
volcano, that are viewed as partial melts of the crust,
although xenoliths in lavas from other central volcanoes
have values of +2& to 3& (e.g. Gunnarsson et al., 1998),
and dacites from Askja can be as low as �0.2& (Sigmars-
son et al., 1991b). Derivation of low-d18O magmas with val-
ues as low as 0& requires bulk digestion of a low-d18O end-
member, rather than assimilation. Major element-d18O
mass balance suggests that in order to keep basaltic mag-
mas in the basaltic compositional range, a mafic assimilant
is required (e.g. Bindeman et al., 2006).
4.3. Origin of large-volume, low-d18O basaltic melts by

cannibalization of mafic crust

A realistic model of formation of large volumes of low-
d18O basaltic magma released during major fissure erup-
tions should include polybaric evolution. Initial mantle
melts that are variably and subtly 18O depleted, acquire
their ultimate, fissure-specific low-d18O signature in the
low-d18O basic crust, and this process does not take long,
as is evidenced by the crystal residence time and the U-
series.
4.3.1. U-series constraints on timing of assimilation

The U-series disequilibria can be used as an independent
tool to date the minimum age of the mantle melt that carries
isotopically-zoned crystals. The presence of (226Ra/230Th)
>1 in Laki, and in other low-d18O basalts from Iceland
(Table 1) suggest that the mantle melting episode, i.e. the
principal fractionation mechanism of 226Ra from 230Th,
happened less than 8000 years ago, given the short half-life
of 226Ra of only 1600 years. The 11% excess of ratios of
226Ra over 230Th for fissure eruptions Laki and Grı́msvötn
(Table 1; Bindeman et al., 2006), 13% for Eldgjá basalt, and
21% for 15th century basalt from Veidivötn (Kokfelt et al.,
2003), further confirm the widespread existence of Ra–Th
disequilibria in Icelandic fissure basalts. Assimilation or
bulk digestion of hydrothermally-altered crust and old hyal-
oclastites will most likely only decrease the degree of dis-
equilibria because the crust in this part of Iceland is
several million years old and would be in secular equilib-
rium. In either case, the presence of (226Ra/230Th) >1 values
in studied large volume basaltic lava flows requires 1) man-
tle melt younger than 8000 years and 2) crustal residence
significantly shorter than 8000 years, most likely several
times shorter, as is evidenced by mineral-diffusive
timescales.
4.3.2. Deep or shallow magma chamber to explain large-

volume low-d18O basalts?

Given the dynamic model of Palmason (1973) and
Óskarsson et al. (1982) favored by many Icelandic research-
ers, the Icelandic crust was created in rift zones and at the
same time, altered by meteoric hydrothermal alteration. As
a result of subsequent spreading, cooling and subsidence, as
well as burial by the rift-related volcanic products, the low-
d 18O hydrothermally altered basalts could be brought
down to the middle and lower crust. There, new mantle-de-
rived magma heats, melts, and exchanges with the low-d18O
basaltic crust in various proportions, thus acquiring differ-
ent d18O magma values as well as subtly different 87Sr/86Sr
and 230Th/232Th values (e.g. Sigmarsson et al., 1991a).
Many basaltic dikes accompanying large volume eruptions
could rise from magma generation zones near the Moho di-
rectly to the surface (Gudmundsson, 1987). These hypo-
thetical long and narrow magma chambers under
Iceland’s eastern rift zone (e.g. de Zeeuw-van Dalfsen
et al., 2004) were interpreted to be parental for each fissure
and are delicately separated in space by as little as 10 km
(Fig. 1), which is the approximate distance between Laki
and Eldgjá fissures. In this model, association of fissures
with subglacial central volcanoes is causal, and the latter
represent the preferred place of eruption and accumulation
of basaltic magmas.

Sigurdsson and Sparks (1978) suggested that large vol-
ume fissure eruptions in Iceland tap magma that originated
under associated subglacial central volcanoes and then mi-
grated laterally. Phenocryst assemblage. inferred sequence
of phenocryst crystallization (olivine � olivine + plagio-
clase � olivine + plagioclase + clinopyroxene), and low-
CO2 olivine-hosted melt inclusions (Hansteen, 1991) sug-
gest shallow, 1–2 kbars, preeruptive storage before erup-
tion (Bell and Humphries, 1972; Metrich et al., 1991).
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Although, these assumptions are strictly valid only for
crystals in equilibrium with the melt and not for xenocrysts,
the predominance of a shallow olivine + plagioclase, not
clinopyroxene + plagioclase, assemblage agrees with rela-
tively shallow residence, crystallization and inheritance.
However it is hard to imagine that 15 km3 of basaltic mag-
ma erupts from a shallow magma chamber without causing
the formation of a sagging caldera in response (e.g.
Gudmundsson, 1987). It is believed (although no direct
observation exists) that no subglacial caldera formation
happened after 934 AD Eldgjá and 1783–84 Laki eruptions
and that calderas on top of Katla and Grı́msvötn volcanoes
are older.

4.3.3. Preferred dynamic model—thermal and mechanical

erosion

The model advocated in Bindeman et al. (2006) put
much emphasis on the shallow cannibalization processes
of low-d18O Pleistocene hyaloclastites (Fig. 8), and here
we present further development of this model. The upper
few kilometers of the Icelandic crust are made of hyaloclas-
tites that form the base of many table mountains (Fig. 9b).
They consist of tuffaceous, highly porous, palagotinized ba-
salt (Fig. 9a) that erupted under ice during the Pleistocene
glaciation, and their total thickness may reach several kilo-
meters, as is evidenced in drillcores (Kristmannsdottir,
1982). Thus, eruption of Holocene basalts requires magma
passage through these hyaloclastites. Lower density of the
tuffaceous hyaloclastitic material would make them a den-
sity filter, and imply that basaltic magmas coming from
the mantle could stall and spread laterally forming complex
Lower C
magma

Mixi
Low-δ18O Hyaloclastitic
crust

Thermal and mechanical
erosion upon rise

Sagging subglacial calderas

H2O, CO2, SO2

Ice

Fig. 8. Hypothetical cross section through the upper stratified hyaloclas
Rapid magma transport through the interconnected network of dikes
hyaloclastites. Relatively small magma reservoirs under central volca
differences. Magma flowing through the tortuous plumbing system leads to
inheritance of crystals from older rocks, (3) their effective dispersal and ho
magma and cumulates leading to the overall homogenization of the erup
network of dikes and sills (Gudmundsson, 2000) inside low-
d18O Pleistocene hyaloclastites (Fig. 8). The mechanics of
initial emplacement of normal-d18O basalts into these hyal-
oclastites and the subsequent residence, would also lead to
detachment of hyaloclastitic blocks and their fall or rise
through the hot melt favoring isotopic exchange (Fig. 10).
Small hyaloclastitic xenoliths, are present in large volume
Holocene basalts in small quantities, may reflect these mag-
ma chamber processes (there are also hyaloclastites that are
syneruptively entrained). During vertical ascent, low-den-
sity hyaloclastites will force basaltic magma to spread later-
ally inside of them, but voluminous magma supply is easier
to obtain from a deep magma chamber. Gudmundsson
(1987) demonstrated efficacy of lateral magma propagation
model and sill emplacement under central volcanoes that
are in the upper several kilometers of the Icelandic crust.
We believe that the ‘‘fine-tune” isotopic and possibly trace
elemental differences between neighboring fissures such as
Eldgjá and Laki are generated in this shallow hyaloclastitic
crust and add up to the initial mantle-inherited
heterogeneities.

We favor a model in which mantle-derived melt with ex-
cess of (226Ra/230Th) and MORB-like d18O olivine pheno-
crysts acquire fissure-specific low-d18O melt values
through variable extent assimilation of local hyaloclastites
(Figs. 8 and 9). The majority of phenocrysts and xenocrysts
(‘‘crystal cargo”, e.g. Dungan and Davidson, 2004) are
inherited from these hyaloclastites, previous cumulates
formed by past magma passage through the same magma
plubming system, and newly formed cumulates. In this
model there is no need for a large shallow magma chamber,
rustal/Mantle
reservoir

ng, homogenization

Preexisting lava flow
boundaries/unconformities
in hyaloclastitic crust

Fallen, detached blocks

titic crust under the central volcanoes and their associated fissures.
and sills leads to thermal and mechanical erosion of low-d18O

noes serve as mixing pots, averaging out isotopic and chemical
(1) effective exchange and lowering of d18O of melt, (2) capture and

mogenization in magma, (4) effective dynamic mixing of magma and
ted magma, and (5) high magma eruption rates in each fissure.



Fig. 9. (a) Field photo of an Icelandic Pleistocene hyaloclastite
near Laki showing its tufaceous, disintegrated, permeable nature,
that makes it a perfect assimilant for Holocene magmas and source
of xenocrysts; (b) Field photo of >8500 and ca. 3500 BC Holocene
lavas (sample localities IC-17, IC-18, Table 1), Pleistocene hyalo-
clastites forming the base of the Burfell table mountain across from
Hekla volcano. Thjórsá River is in the foreground. Photos by I.N.
Bindeman.
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but it should be large enough to ensure homogenization of
d18O in the erupted melt volumes and disperse inherited
xenocrysts in it. We consider that a magma plumbing sys-
tem inside Pleistocene hyaloclastites is represented by a ser-
ies of interconnected sills and dikes that follow preexisting
layering and faults (Fig. 8). Such network serves as an ideal
place not only to capture crystals but also to exchange oxy-
gen isotopes relatively quickly by a number of mechanisms
Fig. 10. A zoom into the magma pathway inside hyaoclastites showing b
due to magmatic erosion, as well as sinking or floating of stoped hyal
expected to be liberated in the course of these processes and dispersed in
outlined below: through bulk digestion, mechanical and
thermal erosion, and stoping (Fig. 10).

It has been demonstrated in experiments and observed
in natural examples of lava tubes (e.g. Williams et al.,
2001, 2004; Ferlito and Siewert, 2006) that rapidly flowing
basaltic magma is capable of abrasive wear, mechanical
entrainment, and thermal dissolution following disintegra-
tion. Numerical modeling shows that for turbulent, super-
heated, and channelized melts, thermal and mechanical
erosion is more effective for substrates that are increasingly
unconsolidated and water rich (Williams et al., 2001), and
thus magma flow through unconsolidated hyaloclastitic
tuffs (Fig. 9) is effective. As the levels of whole-rock chem-
ical homogeneity vary from one large volume basalt to an-
other (e.g. Fig. 2), the presence or absence of a relatively
large (i.e. more than a few km3) homogenizing reservoir un-
der central volcanoes can be predicted. It can be hypothe-
sized that the presence of a shallow level mixing reservoir
(e.g. Fig. 8) determines the level of chemical homogeneity
of each particular basalt. In particular, a relatively long-
lived reservoir under Grimsvötn is likely to be larger than
ephemeral reservoirs under Veidivötn fissures. The pro-
posed model has free boundary conditions for heat and
mass balance; shallow country rocks could be preheated
and thermally and mechanically eroded by unspecified
quantities of prior basalt that flow through the network
of sills and dikes (Fig. 8).

4.4. Mechanics of isotope exchange with hyaloclastites and

mass balances

Bindeman et al. (2006) advocated that mechanics of iso-
tope exchange in the upper crust involved ‘‘crustal canni-
balization”—bulk digestion of moderately low-d18O,
hydrothermally-altered mafic crust. Crustal cannibalization
is viewed here as melting the rock by �50% or until it looses
cohesiveness (e.g. Beard et al., 2005) and contributes crystal
cargo into the flowing assimilating magma (Fig. 8), blend-
ing with the overall crystal population. While heat is lost
more rapidly in the upper crust, the lack of latent heat of
fusion of volcanic glass makes cannibalization of hyaloclas-
tites more energy efficient than assimilation of fully crystal-
line rocks. The use of energy constrained assimilation
fractional crystallization (EC-AFC) demonstrates that even
initially cold (100–400 �C) hyaloclastites are capable of
ulk assimilation and digestion of hydrated low-d18O hyaloclastites
oclastitic blocks. Many phenocrysts from these hyaloclastites are
a vertical and lateral magma flow.
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yielding �3& melts with temperatures of �1140 �C, similar
to what is observed at Laki (Fig. 11; Bell and Humphries,
1972; Thordarson et al., 1996). However, this requires addi-
tion of 35% of assimilant with d18O value of 0&, implying
that this assimilant must be basic in order to keep the final
product in the basaltic compositional range (Fig. 7 in Bind-
eman et al., 2006).

Below, we consider if two other likely processes: seques-
tration of low-d18O melt and devolatilization of fallen
blocks would be more beneficial, in terms of mass and ther-
mal balances, than bulk digestion of the basic crust in their
ability to lower d18O value of melt.

4.4.1. Sequestration vs. continuous bulk assimilation

In the continuous bulk cannibalization model (Fig. 11),
cumulates are removed continuously with assimilation and
thus record d18O value of the evolving melt (different by
the D18O (melt–mineral) isotope fractionation factor). As
a result, some oxygen from the low-d18O assimilated mate-
rial is getting constantly incorporated into the cumulate
assemblage and the cumulate pile is getting lower-d18O up-
ward (Fig. 11a). The trajectory of d18O change can be
written as:

d ¼ d ðM�AÞ þ d A ð1Þ
m m�1Þ a
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happens before digestion of the low-d18O crust; (b) bulk digestion happ
proportions of assimilant Ma, cumulate Mc, and magma Mm using ener
equilibration temperature using Spera and Bohrson (2001) approach. (d
digestion, see (a–b). (e) d18O of melt as a function of initial temperature o
where dm is the current d18O value of evolving melt, dm�1) is
its d18O value just prior to the current step, M and A are
fractions of melt relative to the initial mass of magma that
are taken from the EC-AFC model, and da is d18O value of
the assimilant.

In the sequestration model, melt fractionation and
assimilation are decoupled; cumulates are removed in a sin-
gle batch without any isotopic communication with the
assimilant or contaminated melt. The low-d18O assimilant
is added to the melt after its complete fractionation of
unmodified higher-d18O cumulates that released the latent
heat of crystallization (Fig. 11b). The trajectory of change
in this case can be written as:

dm ¼ dmiðM�AÞ þ daA ð2Þ

where all parameters are the same but dmi is the d18O value
of the fractionated melt before mixing with batch of low-
d18O assimilant. Notice that in EC-AFC model there is
no conservation of mass as the proportion of melt may in-
crease or decrease depending on the relative proportions of
cumulate and assimilant (Fig. 11c).

The sequestration model gives slightly greater decrease
in the d18O values (Fig. 11d) and requires �5% less assim-
ilation to achieve the equivalent amount of d18O depletion;
it therefore helps reducing the mass balance problem but
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not significantly. Natural crustal cannibalization phenom-
ena would likely fall between sequestered vs. bulk assimila-
tion end-member cases, but the continuous bulk
cannibalization model seems more realistic.

4.4.2. Devolatilization of fallen blocks

We explore the advantages of another possibility of d18O
modification and test if a process of devolatilization of fall-
en hyaloclastitic blocks during magma transport (Fig. 8) or
in magma chambers (Fig. 10) may significantly affect the
d18O value of magma, while minimally affecting its compo-
sitional parameters. In particular, we test if the low-d18O
water released from these fallen blocks will lead to the rapid
transformation of the d18O value of melt. Plutonic evidence
of fallen blocks is coming from the Skaergaard intrusion in
east Greenland that had 1kb crystallization pressure
(Wager and Brown, 1967; Taylor and Forester, 1979;
McBirney, 1996). There, fallen low-d18O blocks exhibit evi-
dence of thermal metamorphism, substitution of amphibole
by pyroxene, and water loss into the surrounding Skaerg-
aard magma. Sequestration of low-d18O hydrous melt was
likely responsible for crystallization of newly-discovered
low-d18O evolved ferrodioritic magmas in the center of
the intrusion (Bindeman et al., in press).

Mass and heat balance calculations were performed
(Fig. 12) to test if devolatilization of fallen blocks could
be a more efficient and rapid way to transform d18O value
of melt and cause D18O (melt–mineral) disequilibria than
either of the bulk assimilation/magmatic erosion models de-
scribed above because no latent heat of fusion is spent to
melt the fallen blocks. Writing the heat balance equation,
assuming that all heat loss by the magma of mass Mm is ab-
sorbed by the blocks of mass Mb leading to their tempera-
ture increase of DTb and devolatitization, yields the
following equation (e.g. Bindeman, 1993):

Mb=Mm ¼ ðDT mC þ DX mLaÞ=ðDT bCÞ ð3Þ

where C is the heat capacity of basalt taken as 1.5 kJ/kg K,
L is the latent heat of fusion of basalt taken as 400 kJ/kg,
DX is change of crystallinity of basic magma ranging from
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4 wt% water with extreme d18O value of �10& to maximize isotope effe
0 to 1, and a is a parameter that changes from 0 to 1 and
can be responsible for nucleation and crystallization reten-
tion. Notice that the fallen blocks will heat up and likely
achieve the final temperature of the ambient magma, while
ambient magma will cool and crystallize (Fig. 10).

Solving this equation for DTm for different values of Mb/
Mm suggest that it takes substantial mass of fallen blocks
(e.g. 1:1) to achieve significant lowering of d18O of the mag-
ma by devolatilization; this process will inevitably lead to
concurrent crystallization of the ambient magma and its
cooling by many tens of degrees. It looks, after all, that a
seemingly ‘‘sterile” mechanism of devolatilizing blocks is
not a terribly effective mechanism for lowering the d18O va-
lue of magma. When compared with the continuous bulk
assimilation model of Icelandic hyaloclastites (Fig. 8 in
Bindeman et al., 2006), equal effects could be achieved
(Fig. 12). However, devolatitization of fallen blocks, along
with associated oxygen isotope exchange with fallen blocks
in the very shallow low-d18O hyaloclastitic crust, is a rela-
tively rapid process that is capable of changing d18O melt
value preeruptively in the shallow crust, causing rapid trans-
formation of d18O melt values and all crystal cargo to be
higher in d18O than the equilibrium D18O (phenocryst-melt)
value. This is likely happening in the complex network of
sills and dikes (Fig. 8) that we advocate. Collectively, bulk
or sequestered cannibalization of hyaloclastites via mag-
matic erosion (Figs. 8 and 11), and their devolatilization
without assimilation (Fig. 12) both contribute to the rapid
preeruptive modification of the d18Omelt value and disequi-
librium D 18O (melt–olivine) relationships.

We should refer here to the results of Garcia et al. (1998,
2008) who demonstrated less severe D18O (olivine–melt) dis-
equilibria in historic Kilauea eruptions in Hawaii. In partic-
ular, Garcia et al. (1998) documented that D18O (olivine–
melt) values changed over the period of several years in the
course of the prolonged 1983–1997 Puu Oo eruption, due
to the variable lowering of the d18O value of basalt, while oli-
vines retained relatively constant d18O values. Such relation-
ships were ascribed to rapid syneruptive oxygen exchange
between basaltic melt and low-d18O, hydrothermally-altered
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Kilauea edifice, and the magnitude of D18O (olivine–melt)
disequilibria was attributed to the variable length and time
transport. Greater D18O (melt–olivine) disequilibria that we
observe in Iceland are perhaps related to the tuffaceous nat-
ure of hyaloclastites. However, this also means that the exis-
tence of D18O (melt–olivine) disequilibria is not limited to the
presence or absence of hyaloclastites.

It is important to comment that in either Iceland or
Kilauea there is no evidence of amphibole substituting
pyroxene. The absence of amphibole is likely related to
the high temperature and low pressure (ca <1 kbars or
3 km depth) of the described processes at conditions where
amphibole is unstable. By analogy, extensive hydrothermal
alteration in the 1 kb Skaergaard intrusion (Taylor and
Forester, 1979) did not result in amphibole bearing assem-
blage except to its presence at near solidus conditions in
most differentiated rocks. Furthermore, modeling of crys-
tallization by the MELTS program (Ghiorso and Sack,
1995) for a typical Icelandic composition with 9.1 wt%
MgO, under 0.2, 0.5, 1, and 1.5 kbar pressure, and with
different initial amounts of water (inherited from hyalo-
clastites) produces no amphibole. Due to the low solubil-
ity of water in basaltic magmas at low pressures, water
exsolves early: at 1 kbar, an excess of 3 wt% water will
bubble through the melt exchanging oxygen isotopes,
but leaving no amphibole behind; at 0.2 kbar, an excess
of 1.2 wt% water will be sufficient to cause melt satura-
tion. Surface eruption and long lava transport cause mag-
ma degassing and leave no more than 0.5 wt% H2O, as is
evidenced by LOI sum in major element analyses (Table
1), but it would still be interesting to sample an Icelandic
basaltic lava flow along its path to document advocated
processes of hyaloclastite-basalt interaction. MELTS mod-
eling and general phase equilibria consideration suggest
that fluxing with water will retard plagioclase and clinopy-
roxene crystallization, but expand the olivine stability
field. Examination of the outermost rims of plagioclase
and other crystals and their tiny melt inclusions will offer
a good test to document late stage water-fluxing phenom-
ena in both Iceland and Hawaii.
4.5. Implications for MORB, OIB basalts and Large Igneous

Provinces

The present ‘‘high-resolution” isotopic study of pheno-
crysts in basalts provides a word of caution about the use
of either seemingly fresh basaltic glass and/or refractory
olivine as a proxy to the mantle melting processes. It
does not disqualify however either olivine or fresh glass
as monitors of d18O values of basalts worldwide because
the present study is skewed toward low-d18O basalts of
Iceland, which erupted through a thick hyaloclastitic
crust altered by meteoric synglacial waters. It does, how-
ever, report that in this case, up to one permil disequilib-
rium values are possible, and thus in other environments
where isotopic contrast between the mantle-derived mag-
ma and the upper crust is less severe, i.e. under submar-
ine portions of mid-ocean ridges and submarine
environments, a few tenths permil of disequilibrium is
expected. As a result, we recommend not interpreting
isotope variations on the order of a few tenths permil
as reflecting mantle processes or mantle heterogeneities
between oceans or on planetary scale.

This work documents that, as the first step in shallow
level isotope transformation, the d18O value of melt may
change rapidly, but only affect crystals minimally, similar
to processes happening in Hawaii (Garcia et al., 1998;
Garcia et al., 2008). Longer crystal residence in melt, new
crystallization, and isotope exchange (by intracrystalline
diffusion and solution reprecipitation) will lead to the iso-
tope disequilibria that span from the initial normal-
d18Oolivine mantle, like values of 5.0–5.2&, to low-d18O
values in equilibrium with glass. We demonstrated above
that oxygen isotope transformation by either bulk digestion
of the crust or by fertilization by fallen blocks has energetic
and mass balance effects causing decreasing Mg# and other
differentiation parameters with d18O. Evolved basalts stud-
ied here demonstrate that the similar processes may be hap-
pening to a smaller degree even in more primitive basalts. It
is important, therefore, to work with primitive samples,
study grains individually, and demonstrate equilibria
between crystals and melt as precondition in using subtle
oxygen isotopic variations in applications to mantle geo-
chemistry. Finally, since large fissure basalts of Iceland rep-
resent miniature versions of Large Igenous Provinces, the
advocated petrogenetic processes of large-scale interaction
with the crust may be characteristic of places like Columbia
River Basalts or the Siberian Traps.
5. CONCLUSIONS

(1) Significant isotopic and chemical heterogeneity and
diverse zoning patterns in olivine crystals calls for
inheritance of olivines from variable d18O source
rocks.

(2) Mineral-diffusive timescales suggest crystal residence
in melt from weeks to hundreds of years; D18O oliv-
ine-melt and D18O plagioclase melt disequilibria calls
for d18O melt modification shortly before the eruption.

(3) Dynamic bulk digestion of pre-Holocene low-d18O
basalts, such as abundant tuffaceous hyaloclastites,
serves as a viable source of low-d18O oxygen; hyalo-
clastites inherited low-d18O values through interac-
tion with glacial meltwaters during Pleistocene
glaciation.

(4) Bulk digestion of hyaloclastites is accomplished
through thermal and mechanical magmatic erosion
during transport of Holocene basalts through the
interconnected network of dikes and sills in tuffa-
ceous hyaloclastites. Devolatilization of stoped
blocks serves as an additional aid of rapid preerup-
tive transformation of d18O melt values. Magma
plumbing systems under Iceland rift zones and
associated subglacial central volcanoes are thus
interpreted to be tortuous with high magma flow
rates.

(5) The majority of disequilibrium crystals are dynami-
cally captured from country rocks and contribute
to the overall crystal cargo.
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(6) Continuous bulk digestion of the mafic crust is the
preferred model based on isotope, heat, and mass
balance.

(7) Caution should be taken in interpreting subpermil
isotope variations in bulk olivine analyses; single
crystal isotope analysis is preferred and should be
accompanied by the demonstration of the D18O
(olivine-melt) or D18O (olivine–plagioclase)
equilibria.
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