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Volcanic eruptions in Iceland occur either from fissures or central vents (lava shields). Within the post-glacial
Western Volcanic Zone, the Thjófahraun fissure-fed lava field and Lambahraun lava shield were both erupted
~4000 yrs B.P. with eruptive centers separated by only ~25 km. Thjófahraun erupted ~1 km3 of pāhoehoe and
'a'ā lava from a 9-km long fissure, whereas the Lambahraun lava shield erupted N7 km3 of low effusion-rate
pāhoehoe. Thjófahraun lavas contain higher K, Rb, Yand Zr, and lower CaO than Lambahraun lavas at the same
MgO, with variations broadly consistent with evolution by low-pressure crystal fractionation. Lambahraun
spans a larger range of MgO, which generally decreases over time during the eruption. Lambahraun samples
with high Al2O3 and low TiO2 and FeO likely reflect up to 15% plagioclase accumulation. In addition, all samples
from Lambahraun exhibit increasing CaO and Nb/Zr with decreasing MgO and overall incompatible-element
enrichments greater than predicted by crystal fractionation alone. Although the increase in Nb/Zr and other
incompatible elements could be explained bygraduallymore incompatible-element enriched parental magma
being supplied to the magmatic system during the course of the Lambahraun eruption, this process requires
very small-scale trace element heterogeneities in the mantle that are apparently decoupled from isotopic
variations and a systematic relationship between parental magma composition and extent of differentiation.
Alternatively, correlations among incompatible element concentration, increasing differentiation and time
during the eruption can be related by concurrent wallrock assimilation and crystallization during melt migra-
tion through the crust. Geochemical modeling of assimilation of wallrock clinopyroxene concurrent with crys-
tallization of olivine (±plagioclase) effectively reproduces the observed chemical variations of Lambahraun
samples. Similar chemical characteristics exist in several other Western Volcanic Zone lava shields but not in
fissure eruptions. Magmas that fed fissure eruptionsmay also have beenmodified by interactionwith the crust
prior to aggregation in crustal magma chambers, but the geochemical signature of this process is obscured by
magmamixing. In contrast, Icelandic lava shields that preserve deeper level processesmay not have developed
shallow magma chambers; rather they probably represent slow effusion from magma systems that are con-
tinually being recharged and reacting with the crust during the course of their eruptions.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The study of the products of single volcanic eruptions is one of the
most direct ways to assess the nature of underlying magmatic pro-
cesses that occur prior to and during eruptions. Erupted volumes and
chemical composition of individual lava flows constrain the size, tem-
perature, and internal variation within sub-volcanic magma reser-
voirs, which in turn can affect the style of eruption. The nature and
extent of chemical heterogeneity within individual eruptive episodes
can be used to constrain melting, differentiation andmixing that must
occur over time scales limited by eruption durations and periods be-
tween eruptions at specific locations. Among the questions that can be
inton@hawaii.edu(J.M. Sinton).
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addressed by such studies includemagmatic controls on eruption rate,
resultant lava morphology, and the nature of magma chambers, if any,
from which the magma is erupted.

To fully address relationships among melting and differentiation
processes of individual eruptions and their corresponding eruptive
style, magma supply, and crustal storage characteristics requires infor-
mation on flow morphology, eruptive vent characteristics, estimates
of erupted volume, and sufficient sampling to quantify chemical het-
erogeneity. The highest level of detail for volcanic eruptions can only
be attained for historical events with contemporaneous observations
and sampling. For pre-historical eruptions, detailedmapping and sam-
pling is especially difficult to accomplish along submarine mid-ocean
ridges and consequently, studies at the scale of individual mid-ocean
ridge eruption units are rare (Perfit and Chadwick,1998; Embley et al.,
2000; Sinton et al., 2002; Bergmanis et al., 2007). Even in Iceland,
where the mid-ocean ridge system is well exposed above sea level,
there have been relatively few detailed studies of single lava flow
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fields (Maclennan et al., 2003b) and no lava shields have erupted in
historical time.

The neovolcanic zones of Iceland are ideal for investigating
processes associated with individual eruptive units. The very slow-
spreading (3–7mm/yr (LaFemina et al., 2005))Western Volcanic Zone
(WVZ) forms a 170-km long portion of the Mid-Atlantic Ridge plate
boundary, comprising the western limb of a microplate in South
Iceland (Fig.1). All post-glacial (since ~12 ka) eruptive units of theWVZ
have been mapped, sampled and analyzed for major and trace
elements, and age constraints have been determined for most
eruptions from 14C-dating and tephrochronology (Sinton et al.,
2005). Sr, Nd, Pb and Hf isotopic ratios have been determined for a
subset of samples (Halldórsson et al., 2008b). Lava flow fields
produced during single eruptive episodes range from ~0.1 to
N15 km3, encompassing a range in lava morphology and styles of
eruptive activity. Thus, this portion of the ridge is an ideal location to
investigate a variety of volcanic processes, including spatial and
temporal variations in eruption style, melting and differentiation
processes, and source heterogeneity.

Volcanic eruptions in Iceland occur either as fissure or central vent
(lava shield) eruptions. Fissure eruptions tend to produce lavas indica-
tive of high average effusion rates from small spatter cones extending
over several kilometers to tens of kilometers. In contrast, most lava
shields are composed almost entirely of relatively dense pāhoehoe
lava from edifices that are surmounted by a central caldera, typically
0.5–2 km in diameter. However, the nature of the reservoirs that feed
these eruptions and the underlying magmatic processes that occur
Fig. 1. Map of Iceland showing the principal plate-boundary zones in Iceland: the Northe
Volcanic Zone (WVZ), and Reykjanes Peninsula (RP). These volcanic zones connect up to th
seismic zone (SISZ) represents a transform boundary on the south side of the south Iceland
prior to eruption are poorly known. Sinton et al. (2005) proposed that
fissure eruptions tap extant, well-mixed crustal magma chambers,
whereas the chemical variations in lava shields are inconsistent with
large, well-mixed magma reservoirs and seem to require mantle re-
charge during the course of several decade-long eruptions. In order to
better understand the underlyingmagmatic processes associated with
differences in eruptive style, we have undertaken a detailed study of
the products of twoWVZ eruptions— a lava shield (Lambahraun) and
a fissure eruption (Thjófahraun) — both erupted about 4000 yrs ago
with the locus of activity separated by about 25 km (Fig. 2). The selec-
tion of two units erupted close to one another in both space and time
along the WVZ minimizes temporal and spatial variations in process-
es related to mantle composition and crustal structure. We use the
geochemical variability of the erupted products of Lambahraun and
Thjófahraun to constrain the differences in their respective crustal re-
servoirs, theirmelting and differentiation histories, and potential source
variations. The selection of Thjófahraun and Lambahraun requires that
any spatial or temporal variations must be less than ~25 km and
~400 years.

2. Data and methods

2.1. Field study

The areal limits of both Lambahraun and Thjófahraun flow fields
and internal contacts within the Thjófahraun field were determined
using a combination of aerial photographs and field mapping; the
rn Volcanic Zone (NVZ), Eastern Volcanic Zone (EVZ), Hofsjökull Zone (HZ), Western
e Tjörnes Transform Zone (TTZ) and Reykjanes Ridge (RR) offshore. The south Iceland
microplate. Box outlines the area of Fig. 2.



Fig. 2. Shaded relief map of the central Western Volcanic Zone showing the distribution of post-glacial lava units, including Lambahraun (lbh) and Thjófahraun (tfh). Modified after
Sæmundsson (1992) and Sinton et al. (2005).
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external contacts shown in Figs. 2–4 are modified slightly from those
of Sinton et al. (2005). Sub-units within the Thjófahraun field and
their relative ages were determined from aerial photographs and field
observations. Where possible, we attempted to assign individual flow
units to the vents fromwhich they were erupted, although this is typi-
cally only possible for the youngest units. Sixteen additional samples
collected for this study from both units supplement the 33 analyses
reported by Sinton et al. (2005) to better cover the spatial range of each
flow field.

2.2. XRF analysis

Whole rock X-ray fluorescence (XRF) data were measured on the
University of Hawai'i Siemens 303AS XRF spectrometer using a Rh-
target, end-window X-ray tube. Whole rocks were crushed in an
alumina swing mill, and powders were analyzed for major elements
on fused disks following methods similar to those of Norrish and
Hutton (1977). Trace elements were analyzed on pressed powder
pellets. Peak intensities for the trace elements were corrected for
backgrounds, line interferences and matrix absorption using methods
similar to those of Chappell (1992). Corrected intensities were cali-
brated against a wide range of natural rock standards. Accuracy and
precision data for this system are reported in Sinton et al. (2005). New
analytical data are reported in Table 1. All analytical data from Lam-
bahraun and Thjófahraun, including previously published sample
analyses from Sinton et al. (2005), are available as a supplemental
dataset.

2.3. ICP-MS analysis

Low-abundance trace elements were analyzed in selected samples
by inductively-coupled, plasma mass spectrometry (ICP-MS) using
the University of Hawai'i VG PlasmaQuad instrument. Clean rock chips
were crushed in alumina, from which 0.1200 g were digested in a
mixture of HNO3, HCl and HF in sealed teflon CEM digestion vessels,
using amicrowave digestion oven at 90 psi. After digestion, the vessels
were uncapped and heated to evaporate the solutions to near dryness,
which were then diluted to ~100 g with 2% ultra-clean, distilled HNO3.
The solutions were stored in acid-cleaned plastic bottles until ana-
lyzed. Prior to analysis, sampleswere diluted 1:10 in 2%HNO3. Amixed
internal standard solution of Zn 67, In 115, andBi 209, diluted to 1.0, 2.5,
5.0, and 10.0 ppb, in 2% HNO3 was run along with each sample for
instrument calibration. Samples were calibrated against international
rock standards JB-3, NIM-N, JB-2, JGb-1 (Tables 2 and 3).

2.4. Mineral analyses by electron microprobe

Mineral compositions were determined using the University of
Hawai'i Cameca SX-50 five-spectrometer electron microprobe, using
an accelerating voltage of 15 kV, 20 nA beam current, and 10 µm beam



Fig. 3. Geologic map of Thjófahraun. Subunits defined on field relations (overlapping flows) andmineralogical differences. Y in Y–O pairings designates younger flows. Circles denote
locations of samples with whole-rock XRF analyses. Topographic contours are in 20 m intervals.
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diameter. Olivine and plagioclase analyses reported here are averages
of aminimumof three spots collected from individual crystals (Table 4).
Zoning profiles also were collected for selected plagioclase pheno-
crysts. A PAP-ZAF matrix correction was applied to all analyses.

Olivinewas analyzed for Si, Mg, Fe, Ca,Mn andNi using peak count-
ing times of 60 s for Mg, Si, Ca and Fe, and 30 s for Mn and Ni. Back-
ground counting times were 30 s for Mg, Si, Ca and Fe, and 15 s for Mn
andNi. Sampleswere calibrated against San Carlos olivine (Mg), Spring-
water olivine (Fe), Verma garnet (Mn), diopside (Si and Ca) and Ni-
metal (Ni) standards.

Plagioclase was analyzed for Si, Al, Fe, Mg, Ca, Na and K with peak
counting times of 30 s for Si, Mg, Al and Na and 60 s for Fe, Ca and K.
Background counting times were 30 s for Fe, Ca and K, and 15 s for Si,
Mg, Na and Al. Na was analyzed first in each acquisition to minimize
loss due to volatilization. Sampleswere calibrated againstmineral stan-
dards Lake County plagioclase (Si and Al), San Carlos olivine (Fe and
Mg), Amelia albite (Na), anorthite (Ca) and orthoclase (K).

2.5. Petrographic study

Thin sections were examined for textural indications of disequili-
brium and 1000-point counts were collected on selected samples to
determine mineral modes. Mineral grains b0.05 mm in size appear to
have crystallized post-eruption, and are considered “groundmass” for
counting purposes, so that our modes reflect the pre-eruptive pheno-
cryst assemblage. Exceptions to this are some samples from Lamba-
hraun whose groundmass has crystallized to sub-ophitic textures —
modes from these samples represent an assemblage that has cooled
relatively slowly after eruption. Modal data are reported in Table 5
with estimated errors ranging from b1 to 3% (Howarth, 1998).

3. Results and observations

3.1. Eruptive units and chronology

3.1.1. Thjófahraun
Thjófahraun lavas erupted from a highly effusive fissure system

approximately 9 km long (Fig. 3). Radiometric carbondatingof charcoal
remains beneathflows of this unit yields an age of 3680±60 calibrated
years B.P. (Sinton et al., 2005). About 1.0 km3 of lavawas erupted from
10 separate spatter cones aligned in a SW–NE trend. Lava channels up
to 100-mwide arewell developed close to eruptive vents, but we have
not identified lava tubes or tube break-out structures in this unit.

We have divided the Thjófahraun field into 19 different subunits
with boundaries defined by field observations and mineralogical dif-
ferences (Fig. 3). All of the early phases of the eruption are pāhoehoe
lava. Later units include some flowswith transitional morphology. The
youngest flow units are small-volume 'a'ā flows. Individual lava flows
range up to 5m thick, althoughmanyare less.Many of the subunits can
be correlated to specific vent locations.

The relative age relations between subunits allow us to trace this
eruption's chemical and mineralogical variability through time. Some
of the oldest lavas make up the lower SW and NE-most portions of
Thjófahraun. These subunits tend to be more olivine-phyric (up to 7%)



Fig. 4. Geologic map of Lambahraun. Sample locations with XRF analyses shown. Symbol size scales with Nb/Zr (circles) and MgO wt.% (squares). More distal samples tend to have
higher MgO and lower Nb/Zr than samples closer to the vent. Topographic contours are in 20 m intervals.
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and have slightly higher MgO contents than lavas in the SE. We are
unable to determine age relations between the older NE and SW
subunits, so it is difficult to say if there is an age sequence to vent
activity, but both areas are generally older than the SE lavas based on
stratigraphic field relations. The last lavas erupted are plagioclase-
phyric 'a'ā lavas erupted from at least three vents spanning almost the
entire length of the eruptive fissure system. These later lavas contain
very little olivine (b3%), but more abundant plagioclase phenocrysts
(5–7%). By comparisonwith the well-documented 1975–1984 fissure-
fed Krafla Fires eruptive episode (Björnsson,1985; Sæmundsson,1991),



Table 1
Whole-rock XRF analyses.

Unit Lambahraun Thjófahraun

Sample
no.

IT-390 IT-476 IT-477 IT-479 IT-483 IT-485 IT-486 IT-487 IT-488 IT-490 IT-492 IT-13 IT-53 IT-137 IT-278 IT-473

Easting 0527548 0522666 0524173 0525844 0529247 0530936 0533027 0525108 0523195 0529601 0530315 0505300 0506340 0507290 0506190 0508819
Northing 7150977 7137528 7139409 7140971 7142661 7141047 7141556 7129769 7130099 7135985 7138932 7128150 7128665 7130275 7133885 7132715
SiO2 48.80 47.40 48.15 48.18 48.54 49.03 48.78 48.17 47.60 47.99 48.88 48.41 48.41 49.26 48.51 49.03
TiO2 2.13 1.85 1.86 1.61 1.75 1.86 1.62 1.88 1.89 1.66 2.28 1.87 1.73 1.91 1.77 1.78
Al2O3 13.98 15.14 14.97 16.41 15.99 15.91 17.06 15.14 15.05 15.70 13.84 14.94 15.46 15.47 15.07 15.46
FeO⁎ 13.08 12.37 12.28 11.12 11.57 11.74 10.63 12.31 12.43 11.71 13.52 12.26 11.73 11.82 12.05 12.15
MnO 0.20 0.20 0.20 0.18 0.19 0.20 0.18 0.20 0.20 0.20 0.22 0.20 0.19 0.19 0.19 0.18
MgO 6.86 9.68 7.79 7.70 7.04 6.76 6.72 8.58 8.56 8.29 6.62 8.00 8.46 7.34 8.33 8.39
CaO 12.64 11.53 12.41 12.62 12.80 12.95 13.27 12.00 11.95 12.33 12.51 11.94 11.96 11.99 11.92 11.49
Na2O 2.06 1.89 1.96 1.88 1.82 1.99 1.86 1.90 1.89 1.73 2.08 1.99 2.09 2.19 2.06 1.48
K2O 0.21 0.16 0.18 0.17 0.17 0.18 0.16 0.17 0.17 0.13 0.21 0.23 0.21 0.24 0.23 0.18
P2O5 0.26 0.19 0.22 0.20 0.21 0.22 0.20 0.18 0.19 0.16 0.27 0.23 0.17 0.21 0.21 0.21
Sum 100.24 100.41 100.01 100.08 100.09 100.85 100.50 100.55 99.95 99.91 100.44 100.08 100.42 100.63 100.33 100.36
Sc 50 41 42 38 39 41 39 43 39 43 48 40 42 43 41 39
V 404 323 351 296 326 343 309 330 334 351 391 352 336 378 350 336
Cr 309 386 330 331 308 322 380 297 306 315 282 352 404 336 389 365
Co 46 55 50 45 43 42 41 47 47 50 46 46 51 45 51 49
Ni 64 176 108 114 90 76 84 121 124 129 64 122 157 107 140 160
Cu – 102 – – – – – 109 106 – – – – – – –

Zn 108 104 102 83 91 93 83 99 98 101 109 98 100 102 102 99
Rb 3.8 3.3 3.3 3.1 3.3 3.1 2.9 3.3 3.2 3.3 3.5 4.6 3.9 4.8 4.4 4.0
Sr 195 198 193 208 204 203 208 189 191 187 202 190 185 203 193 200
Y 31 24 27 23 25 26 23 27 27 26 33 28 25 28 27 25
Zr 119 84 99 91 96 101 86 91 92 91 120 106 92 115 103 107
Nb 15.0 10.0 12.9 11.7 12.7 12.8 10.8 11.2 11.2 10.8 15.7 12.5 10.1 13.5 12.3 12.3
Ba 38 36 33 41 37 42 32 35 46 30 50 50 42 53 38 45

Oxide abundances in wt.%, trace elements in ppm. FeO⁎ = total Fe expressed as FeO. Sample locations are given in WGS84 UTM coordinates.

Table 2
ICP-MS standards data.

n JGb-1 JB-3 JB-2 NIM-N B-THO BIR-1

6 s Value 3 σ Value 3 σ Value 4 σ Value 3 σ Value

Ba 61 2.19 63 223 12.08 245 208 9.26 208 78.6 2.56 84 6.2 0.31 7.14
La 3.50 0.09 3.6 8.48 0.17 8.85 2.34 0.06 2.36 2.81 0.04 3 0.68 0.01 0.62
Ce 8.48 0.27 8 21.16 0.42 21.5 6.62 0.13 6.77 5.81 0.04 5.8 1.90 0.09 1.92
Pr 1.20 0.05 1.14 3.38 0.17 3.39 1.21 0.04 0.99 0.77 0.04 0.71 0.38 0.01 0.37
Nd 5.27 0.19 5.56 15.41 0.39 15.4 6.20 0.05 6.65 3.17 0.10 3 2.30 0.12 2.38
Sm 1.44 0.08 1.49 4.15 0.05 4.27 2.24 0.01 2.25 0.82 0.03 0.8 1.04 0.05 1.12
Eu 0.66 0.03 0.63 1.37 0.03 1.31 0.86 0.01 0.86 0.61 0.02 0.63 0.53 0.03 0.53
Gd 1.66 0.06 1.63 4.71 0.23 4.57 3.31 0.10 3.28 1.00 0.05 0.97 1.73 0.07 1.87
Tb 0.27 0.02 0.3 0.75 0.04 0.74 0.58 0.01 0.62 0.16 0.01 0.16 0.33 0.01 0.36
Dy 1.74 0.07 1.55 4.60 0.22 4.55 4.01 0.11 3.7 1.05 0.05 1.04 2.41 0.09 2.51
Ho 0.36 0.02 0.33 0.94 0.05 0.8 0.88 0.04 0.81 0.22 0.02 0.2 0.53 0.01 0.56
Er 0.99 0.05 1.06 2.63 0.14 2.61 2.57 0.11 2.62 0.64 0.03 0.66 1.56 0.05 1.66
Tm 0.14 0.01 0.15 0.38 0.03 0.41 0.37 0.01 0.43 0.09 0.00 0.1 0.23 0.01 0.25
Yb 0.92 0.04 1.02 2.45 0.09 2.62 2.52 0.10 2.51 0.63 0.02 0.67 1.54 0.06 1.65
Lu 0.14 0.01 0.15 0.37 0.03 0.39 0.39 0.02 0.39 0.10 0.01 0.1 0.23 0.01 0.25

Standard analyses givenwith number of runs (n) and standard deviation (σ). B-THO is a re-collected sample from the same locality as BIR-1. Accepted values are those of Govindaraju
(1994).

Table 3
ICP-MS analyses.

Unit Thjófahraun Lambahraun

Sample no. IT-35 IT-35 IT-35 IT-133 IT-144a IT-144a IT-181 IT-182 IT-184 IT-184

Ba 56.6 58.1 59.2 53.5 58.8 57.7 40.7 49.2 46.4 48.9
La 8.42 8.65 8.76 8.04 9.53 9.38 6.26 8.54 7.83 8.31
Ce 21.1 22.0 22.2 19.9 23.2 22.8 15.9 21.0 19.5 20.6
Pr 3.03 3.12 3.18 2.86 3.44 3.39 2.48 3.20 2.96 3.12
Nd 13.6 14.1 14.2 12.9 15.0 14.6 11.3 14.1 13.1 13.8
Sm 3.76 3.88 3.91 3.51 4.20 4.17 3.29 3.99 3.72 3.90
Eu 1.41 1.46 1.50 1.33 1.59 1.53 1.33 1.53 1.44 1.51
Gd 4.27 4.35 4.45 4.16 4.92 4.75 3.97 4.61 4.42 4.60
Tb 0.71 0.75 0.76 0.69 0.85 0.83 0.69 0.80 0.76 0.80
Gd 4.41 4.55 4.63 4.27 5.05 4.91 4.07 4.73 4.51 4.70
Dy 4.58 4.72 4.81 4.40 5.19 5.05 4.22 4.86 4.70 4.93
Ho 0.95 0.97 0.98 0.90 1.09 1.07 0.88 1.01 0.98 1.04
Er 2.62 2.71 2.74 2.52 3.03 2.93 2.44 2.83 2.74 2.92
Tm 0.37 0.37 0.39 0.35 0.44 0.43 0.36 0.41 0.40 0.42
Yb 2.46 2.53 2.57 2.34 2.73 2.68 2.22 2.55 2.52 2.64
Lu 0.36 0.38 0.38 0.35 0.42 0.42 0.34 0.40 0.38 0.41
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Table 4
Representative mineral analyses.

Representative analyses of plagioclase

Unit Lambahraun Thjófahraun

Sample anal. IT-184e IT-273e IT-297 IT-300 IT-35 IT-133

1 2 3

SiO2 45.7 47.5 48.8 47.3 47.4 49.7 48.6 49.0
Al2O3 34.0 32.8 31.8 33.0 32.7 31.2 32.1 31.7
FeOa 0.57 0.49 0.58 0.59 0.55 0.66 0.64 0.69
MgO 0.15 0.19 0.19 0.19 0.18 0.21 0.19 0.18
CaO 17.3 15.9 15.2 16.3 16.0 14.3 15.3 15.2
Na2O 1.47 2.18 2.73 2.09 2.37 3.15 2.60 2.76
Totalb 99.2 99.0 99.3 99.5 99.2 99.2 99.4 99.5

Cations on the basis of 8 oxygens
Si 2.127 2.202 2.253 2.188 2.198 2.292 2.242 2.260
Al 1.865 1.792 1.730 1.799 1.787 1.696 1.746 1.723
Fe 0.010 0.009 0.010 0.010 0.010 0.011 0.011 0.012
Mg 0.010 0.013 0.013 0.013 0.012 0.014 0.013 0.012
Ca 0.863 0.789 0.754 0.808 0.795 0.706 0.756 0.749
Na 0.133 0.196 0.244 0.187 0.213 0.282 0.233 0.247
Total 5.007 5.000 5.004 5.006 5.015 5.001 5.001 5.002
AnMc 86.7 80.0 75.4 81.1 78.7 71.3 76.4 75.0

Representative analyses of olivine

Unit Lambahraun Thjófahraun

Sample anal. IT-182 IT-273e IT-276 IT-297 IT-300 IT-35 IT-133

1 2

SiO2 38.9 38.4 38.2 37.7 38.6 38.3 39.4 38.9
FeOa 17.3 19.2 19.5 21.9 19.9 21.3 17.0 16.3
MnO 0.26 0.31 0.29 0.32 0.27 0.31 0.25 0.36
MgO 43.5 41.5 41.5 39.4 40.7 39.8 43.0 44.0
CaO 0.29 0.36 0.33 0.35 0.34 0.39 0.29 0.28
NiO 0.16 0.14 0.12 0.10 0.10 0.07 0.14 0.22
Total 100.4 99.9 99.9 99.8 99.9 100.2 100.1 100.1

Cations on the basis of 4 oxygens
Si 1.039 1.047 1.044 1.054 1.057 1.059 1.051 1.035
Fe 0.174 0.197 0.201 0.230 0.205 0.222 0.171 0.163
Mn 0.006 0.007 0.007 0.008 0.006 0.007 0.006 0.008
Mg 1.731 1.687 1.692 1.642 1.662 1.640 1.710 1.746
Ca 0.008 0.011 0.010 0.010 0.010 0.012 0.008 0.008
Ni 0.003 0.003 0.003 0.002 0.002 0.002 0.003 0.005
Total 2.961 2.953 2.956 2.946 2.943 2.941 2.949 2.965
Fod 81.7 79.4 79.1 76.2 78.5 76.9 81.9 82.8

a Total Fe as FeO.
b K2O for all plagioclase analyses is below detection limit=0.017 wt.%.
c An=Ca⁎100/(Ca+Na+K).
d Fo=Mg⁎100/(Mg+Fe).
e Lambahraun sample with plagioclase accumulation.
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the flow field was probably produced during a series of short-lived
(days toweeks) eruptive events that together comprise a major rifting
episode. Although the exact duration of this episode is not known,
estimates of effusion rates for pāhoehoe and 'a'ā lavas (Rowland and
Walker, 1990) indicate a total eruption time for the complete 1 km3 of
Thjófahraun lava on the order of months to years.

3.1.2. Lambahraun lava shield
Lambahraun is a moderately large, monogenetic, low-angle lava

shield covering N140 km2, with an estimated 7.3 km3 of erupted lava
(Fig. 4). Radiometric dating from two separate localities gives an aver-
age age of 4100±500 years B.P. (Sinton et al., 2005). Lambahraun
mainly consists of dense pāhoehoe lava in hundreds of thin flow units
that likely formed at low effusion rates (Rowland and Walker, 1990;
Rossi, 1996). The large erupted volume and inferred low average erup-
tion rate suggests that this lava shield was produced over a period of
several decades. Although the field mainly consists of on-lapping flow
units, there are no mappable subunits within it. Furthermore, large
hornito spires are common around the summit caldera and we have
identified at least onemajor tube breakout elsewhere in the flow field.
Thus, tube-fed lavas are probably more common in Lambahraun than
in Thjófahraun and correlation of individual samples with time during
eruption ismore equivocal. Lambahraun lavas tend to bemore porphy-
ritic than Thjófahraun lavas with little indication for any systematic
spatial correlation of its mineralogy. Many samples are nearly holo-
crystalline, particularly in the interiors of tumuli, indicating relatively
slow cooling after eruption.

Although we are unable to define a strict eruption chronology for
Lambahraun, the flow field is areally zoned with respect to several
chemical parameters. Samples from the SW portions of the flow field
tend to have higher MgO and lower Nb/Zr than those closer to the
summit vent in the NE (Fig. 4). Despite the complications that tube-
fed lava adds to determining an eruption chronology, in general the
more distal SW lavas appear to have erupted earlier than the more
evolved lavas N and E of the summit caldera. The spatial relationships
therefore suggest that the erupted magma generally became progres-
sively more differentiated with higher Nb/Zr during the course of the
eruption. Late eruption of more differentiated magma has also been
observed in otherWVZ lava shields (Sinton et al., 2005) and elsewhere
in Iceland (Moore and Calk, 1991).



Table 5
Petrographic modes. Rock modes based on 1000-point counts.

Unit Relative phase abundance (%)

Sample ol plag cpx Groundmass Vesicles Total

Lambahraun IT-181 5.9 8.5 0.2 70 15.4 100.0
IT-182 0.2 7.6 – 74.4 17.8 100.0
IT-183a 22.7 36.2 3.6 15.4 22.1 100.0
IT-185 1.6 4.4 0.1 87 6.9 100.0
IT-274a 12.6 20.6 5.5 43.5 17.8 100.0
IT-298a 23.4 34.8 3.6 25.1 13.1 100.0
IT-299 1.4 3.1 – 75.5 20 100.0
IT-301 2.8 16.2 0.7 57.8 22.5 100.0
IT-483a 6.4 19.1 1.5 54.5 18.5 100.0
IT-485a 6 17.2 1.3 58 17.5 100.0
IT-486a 7.7 14.8 – 53.2 24.3 100.0
IT-487 3.8 3.8 – 69.2 23.2 100.0
IT-490a 9.3 13.6 0.4 63.6 13.1 100.0
IT-492a 18.7 29.3 5.6 26.3 20.1 100.0

Thjófahraun IT-35 2.8 5.9 – 76.9 14.4 100.0
IT-42A 1.8 1.1 – 79.8 17.3 100.0
IT-42B 2.0 1.3 – 78.5 18.2 100.0
IT-81 1.7 2.7 – 75.5 20.1 100.0
IT-133 2.2 0.3 – 87.2 10.3 100.0
IT-134A 1.3 0.4 – 82.2 16.1 100.0
IT-135 2.9 1.2 – 79.5 16.4 100.0
IT-139 1.3 4.1 – 79.3 15.3 100.0
IT-144A 2.5 1.6 – 86.2 9.7 100.0
IT-156 4.1 6.8 – 71.4 17.7 100.0
IT-158 3.4 0.1 – 78.7 17.8 100.0
IT-159 2.2 6.3 – 76 15.5 100.0
IT-169 1.8 0.9 – 90.1 7.2 100.0
IT-367 3.2 1.1 – 87.8 7.9 100.0

a Sample has coarse groundmass. Point counts not representative of phenocryst
assemblage.
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3.2. Chemical variations

3.2.1. Crystal fractionation
Olivines in both Thjófahraun and Lambahraun appear to be in equi-

libriumwith their host rocks (Roeder and Emslie, 1970) based onmin-
eral and whole rock compositions. Groundmass olivines and rims on
olivine phenocrysts commonly have slightly lower forsterite (Fo=
Mg⁎100/(Mg +Fe)) contents than phenocryst cores, consistent with
later crystallization. Plagioclase phenocrysts tend to have normal or
oscillatory zoning, and some of the larger phenocrysts have a sieved
texture. Thjófahraun plagioclase grains have significantly lower An
content for a given rock MgO or coexisting olivine Fo content than
Lambahraun plagioclase. We interpret this to reflect the lower CaO of
the melt fromwhich they crystallize, as Thjófahraun lavas have lower
CaO contents than Lambahraun at the same MgO (Fig. 5), while Na
and Al contents are not significantly different.

The whole-rock chemical variation of Thjófahraun is broadly con-
sistent with evolution by shallow crystal fractionation. Analyzed sam-
ples span a range of ~1.5 wt.% MgO around a median of 8.0 wt.%, and
exhibit limited chemical variability at a given MgO (Fig. 5). While lava
compositions are more restricted in MgO than for Lambahraun, the
range of values at a givenMgO appears to be greater. Although plagio-
clase occurs in someof the samples, CaO andAl2O3 values anti-correlate
with MgO, suggesting that Thjófahraun magmas did not fractionate
plagioclase prior to eruption. Early Thjófahraun flows have compo-
sitions spanning the entire spread of MgO. Late-stage 'a'ā lavas have
relatively low MgO with limited chemical variability (Fig. 5). These
results suggest early eruption from a relatively poorly mixed magma
chamber, followed by later eruptions that tapped amore homogeneous
and probably smaller volume of more differentiated magma.

The major and trace element variation of Thjófahraun whole rocks
canbemodeledby simple fractionation scenariosusingMELTS (Ghiorso
and Sack, 1995; Smith and Asimow, 2005). The best-fit model run
contains 0.4 wt.% H2O for a crystallization pressure of 1 kb (QFM-2). A
value of 0.4 wt.% is within the range expected for Icelandmagmas (e.g.,
Schilling et al., 1983; Metrich et al., 1991; Nichols et al., 2002), although
MELTS runswith lowerwater contents are also able to approximate the
observed trends at slightly higher pressures (1.5–2 kb). Note that there
is some uncertainty in the water content due to the interplay with the
model pressure, because both higher water content and higher pres-
sures suppress the appearance of plagioclase on the liquid line of
descent. Although we biased our analyses to the least phyric samples,
the data reported are for whole rocks, and therefore not true liquid
compositions.

Lambahraun samples show a greater variation in MgO than
Thjófahraun (~2.5 wt.% MgO), and are significantly lower in K2O, Rb,
Y and Zr, and higher in CaO than Thjófahraun lavas for the same MgO.
Overall chemical variations within Lambahraun are more complicated
than for Thjófahraun. For example, there are two distinct populations
of Lambahraun samples on Al2O3, FeO and TiO2 vs. MgO (Fig. 5). Also,
both CaO and Nb/Zr increasewith decreasingMgO, despite widespread
presence of plagioclase in Lambahraun lavas. Thus, several features of
Lambahraun are inconsistentwith simple low-pressure fractionation of
the mineral phases observed in the lava, especially at low MgO.

3.2.2. Crystal accumulation in Lambahraun lavas
Some Lambahraun samples have higher Al2O3 and CaO and signif-

icantly lower FeO, TiO2, P2O5, and to a lesser degree K2O (open sym-
bols, Fig. 5), than the main trend of most samples from this unit. These
same samples also tend to be low in Mn, Sc, V, Zn, Y, Zr and Nb, while
exhibiting slightly higher Sr. Such variation is not consistent with
crystal fractionation, but can be explained by up to 15% accumulation
of plagioclase in these whole-rock samples. The amount of plagioclase
accumulation has been evaluated by linear subtraction of a repre-
sentative plagioclase composition (IT-273 analysis in Table 4) from
these sample compositions along a path of constant Mg# until the
liquid intersects the main liquid line of descent. The amount of plagio-
clase subtracted ranges from 5 to 15%, and is in all cases less than the
amount of modal plagioclase in the sample (Table 6, Fig. 6). The part of
the system where excess plagioclase was accumulated is poorly
constrained but presumably could occur by gravitative or dynamic
processes in a magma reservoir, during transport to the surface, or in
lava flows after eruption. The latter interpretation is supported by the
observation of substantial variations in plagioclase abundance over
scales of a few decimeters within individual tumuli of the flow field,
although this observation does not preclude the possibility that some
accumulation could be pre-eruptive.

Among the most surprising features of the Lambahraun data are
steady increases in CaO, highly incompatible element abundances,
and incompatible element ratios such as Nb/Zr with decreasing MgO
(Fig. 7). Although some major element trends (e.g., Al2O3, FeO) indi-
cate plagioclase fractionation has occurred, CaO abundances are higher
than would be predicted by simple crystal fractionation alone, even
after correcting for plagioclase accumulation. Low-pressure crystal
fractionationpaths predicted byMELTS (Ghiorso and Sack,1995; Smith
and Asimow, 2005) yield CaO and incompatible element values signif-
icantly lower than the observed trends (Fig. 7). While crystallization
at slightly higher pressures can lead to higher CaO contents due to the
delay in plagioclase crystallization, this is inconsistent with other
major element trends, particularly that of Al2O3. CaOwill become even
more depleted at higher pressures of fractionation because of the early
crystallization of Ca-rich pyroxene at high pressure. These results indi-
cate that Lambahraun lava compositions are inconsistent with the
combinedeffects of crystal fractionation andplagioclase accumulation.

The progressive increase in CaO and decrease in Al2O3 with de-
creasing MgO requires the addition of a Ca-rich, Al-poor component,
such as clinopyroxene, in this process. Multiple linear regression of the
major elements indicates a net addition of ~5% clinopyroxene for the
total range of MgO concurrent with olivine and plagioclase removal to



Fig. 5.Major element chemical variations of Thjófahraun (squares) and Lambahraun (diamonds). Open diamonds are Lambahraun samples displaced from the main trend, which we
interpret to be affected by plagioclase accumulation (see text for discussion). Open squares denote Thjófahraun late-stage 'a'ā flows. Solid line shows 1 kb fractionation model for
Thjófahraun determined by the Adiabat_1ph version of MELTS (Ghiorso and Sack, 1995; Smith and Asimow, 2005) with oxygen fugacity of QFM-2 and 0.4 wt.% H2O in the starting
magma (IT-133). Crosses in each panel denote 2σ uncertainty in analytical data.
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explain the high CaO and other major element values in the more
evolved rocks (Table 7). As crystal accumulation has already been
shown to play a role in Lambahraun's evolution, and there is both
Table 6
Plagioclase accumulation in Lambahraun samples (mass fractions).

Sample Modal plag Modeled accum

IT-183 0.43 0.06
IT-273 0.20 0.08
IT-184 0.15 0.07
IT-301 0.20 0.08
IT-479 0.19 0.10
IT-483 0.22 0.09
IT-485 0.19 0.09
IT-486 0.18 0.15
IT-490 0.14 0.05
petrographic and chemical evidence for clinopyroxene accumulation
in selected other Icelandic lava flows (Maclennan, 2008a; Halldórsson
et al., 2008a,b), it is appropriate to consider whether the progressive
enrichment in CaO and incompatible elements can be accounted for
by increasing amounts of clinopyroxene accumulation with decreas-
ing MgO content, despite a lack of petrographic evidence for this pro-
cess in Lambahraun samples. The thin dashed line in Fig. 7 shows a
predicted evolutionary trend calculated by addition of increasing
amounts of clinopyroxene, up to a total ~5% accumulation predicted
from mass balance at low MgO, to the MELTS-predicted fractionation
run. This predicted trend fits the major element data better than frac-
tionation±plagioclase accumulation alone, but only at MgO values
greater than ~7.5wt.%MgO, belowwhich clinopyroxene accumulation
and the MELTS-predicted clinopyroxene fractionation paths are co-
linear. Although themajorelement data couldbe reconciledwith clino-
pyroxene accumulation to magmas that failed to fractionate



Fig. 6. Correction for plagioclase accumulation in Lambahraun samples. Sample compositions corrected back to the main liquid line of descent for Lambahraun (solid symbols) along
lines of constant Mg# using an average plagioclase composition. Open diamonds are uncorrected values, shaded diamonds are corrected compositions.
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clinopyroxene, e.g., magmas that crystallized clinopyroxene crystals
thatwere not fractionated, this process produces strikingmisfits to the
trace element variations. Incompatible elements such as Nb and Zr
show under-enrichments at lower MgO, and trace elements that are
less incompatible in clinopyroxene, like V and Sc, exhibit striking over-
enrichments.

Taken together, there is both petrographic and chemical
evidence for accumulation of excess plagioclase crystals in some
Lambahraun rocks, and visual evidence in outcrops that plagioclase
crystals are mobile in surface lava flows of this unit. Although
clinopyroxene accumulation produces slightly better fits to major
element data, it produces greater misfits in trace element variations.
Thus, although clinopyroxene accumulation has been well documen-
ted in some Icelandic lava flows, we lack both petrographic and
chemical evidence that it has been important in controlling the
unusual Lambahraun chemical variation.

3.2.3. Evidence for partial melting processes in Lambahraun chemical
evolution

In addition to the enrichment in CaO and Nb at lowMgO values, are
enrichments in light rare earth elements (REE) (Fig. 8). Themagnitude
of enrichment for a given element is approximately inversely corre-
lated with melting partition coefficients for these elements, such that
themost highly incompatible elements Nb, Zr, La, Ce show the greatest
enrichment at low MgO. We calculate the effective over-enrichment
for elements i in a low-MgO Lambahraun composition (6.7 wt.%) as
εi =Ci/Ci⁎, where Ci is the concentration of element i in the sample,
and Ci⁎ is the expected concentration of that element from crystal
fractionation. There is a clear negative correlation between the cpx-
liquid partition coefficient (Kd

cpx-liq) and the degree of over-enrichment
(εi) (Fig. 9). The relationship between trace element incompatibility
and the relative misfits of Lambahraun data from predicted crystal
fractionation trends is consistent with partial melting, and opposite of
what one would expect for clinopyroxene crystal accumulation in the
proportion required by the major element linear regression analysis
(Fig. 9). We therefore consider various scenarios in which a partial
melting process may contribute to Lambahraun's geochemical evolu-
tion. This partial melting signature could be produced either inmantle
melting, e.g., by variable melting or source variations, or by reaction in
the crust. In this section,weoutline and evaluate differentmechanisms
by which apparent coupling between magma evolution and enrich-
ment via partial melting could occur.

Simple magma mixing between incompatible element-depleted,
high-MgO magma and incompatible element-enriched, low MgO
magma should produce linear chemical variation vs. MgO, as seen, for
example, in the variation trends of P and Nb. However, many element
trends exhibit distinct kinks correlated to fractionating phases or
curved relations with MgO (e.g., Al2O3, TiO2, FeO, Sc, V). Additionally,
spatial variations in the Lambahraun flow field (Fig. 4) suggest that
low-MgO lavas with the highest Nb/Zr ratios were erupted late in the
sequence of the volcano. Thus, the inferred eruptive sequence and
chemical variations are inconsistent with progressive recharge where
the most recent magma would be expected to be more Mg-rich than
the resident magma.

A slightly different scenario is that incompatible element-depleted
resident magma is progressively diluted with more enriched recharge
magma prior to or concurrent with crystal fractionation. Concurrent
mixing and crystallization was proposed by Maclennan (2008a) to
explain olivine melt inclusion data from the Northern Volcanic Zone
in Iceland. However, although the relative trace element enrichments
are correlated with Kd

cpx-liq, they also are associated with enrichment
of CaO, which would not be expected from variable partial melting of



Fig. 7. Selected chemical variations of Lambahraun; shaded diamonds are sample compositions that have been corrected for plagioclase accumulation (see text and Fig. 6).
Thjófahraun data shown as gray fields. Thin solid line is the MELTS fractionation model for Lambahraun (see Fig. 5 caption for run conditions); thin dashed line is the MELTS
fractionation trend plus the addition of increasing amounts of clinopyroxene accumulation (see text for discussion); dotted line shows energy-constrained AFC model using
equations of Spera and Bohrson (2001); thick solid line is the MAFC model calculation which simulates crustal interaction during melt migration by “refreshing” wallrock
composition in each step (see text for description of calculation). Wallrock composition and other details of the AFC and MAFC models are given in Table 8.

Table 7
Linear regression of Lambahraun evolution.

Parent Daughter ol plag cpx Predicted
melt comp.IT-181 IT-185

SiO2 47.87 48.84 40.14 46.73 53.58 48.83
TiO2 1.78 2.28 0 0 1.12 2.22
Al2O3 15.33 13.59 0 34.16 4.01 13.59
FeO 12.31 13.72 11.46 0.40 6.37 13.74
MnO 0.19 0.22 0.24 0 0.10 0.25
MgO 9.16 6.77 47.00 0 15.45 6.77
CaO 11.57 12.35 0.30 17.10 20.03 12.37
K2O 0.12 0.18 0 0.02 0 0.19
P2O5 0.16 0.26 0 0 0 0.24

Predicted
contributions

−0.11 −0.14 0.05

Negative predicted contributions represent net fractional crystallization of the mineral
phase; positive values represent net addition (assimilation).
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a common upper mantle assemblage. Therefore, if Lambahraun
variations reflect mixing of melts derived from mantle melting, the
source mantle must be heterogeneous on a very small scale and
produce differing primary magma compositions over a timescale of
decades. Although there is evidence for heterogeneities in the mantle
under Iceland (Zindler et al., 1979; Hémond et al., 1993; Stracke et al.,
2003; Thirlwall et al., 2004; Maclennan, 2008a), preliminary isotopic
data (Halldórsson et al., 2008b) indicates that the source mantle
for Thjófahraun and both high-Nb/Zr and low-Nb/Zr Lambahraun
lavas are isotopically similar. Thus, if mantle heterogeneity is
responsible for varying incompatible element ratios in Lambahraun,
the trace element heterogeneity must be decoupled from isotopic
ratios, and progressive recharge must be accompanied by an increase
in fractionation.



Fig. 8. Selected rare earth elements (REE) for Lambahraun and Thjófahraun samples normalized to the highest MgO sample analyzed by ICP-MS for their respective units (IT-181 for
Lambahraun, IT-133 for Thjófahraun). Elements in parentheses not included in modeling. Relatively flat patterns for Thjófahraun samples with total REE abundance increasing with
decreasing MgO are consistent with fractionation. Note the pronounced enrichment in light REE relative to heavy REE in Lambahraun samples with low MgO. Model runs represent
mixing of 0.1% partial melting of wallrock in each increment of −0.1 wt.% MgO, shown for a range of mixing proportions (M=ratio of anatectic to primary melt).
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3.3. Crustal interaction in Lambahraun magmas

An alternative process that couples incompatible element enrich-
ment and decreasing Mg# is melt–wallrock interaction during melt
migration and/or storage in the crust. Ourmajor elementmass balance
results indicate combined addition of a clinopyroxene component
coupled to fractional crystallization of plagioclase and olivine. Because
the magnitudes of enrichment are approximately inversely correlated
with clinopyroxene-liquid partition coefficients (Fig. 9), the clinopy-
Fig. 9. Plot of enrichment factors (εi) for selected trace elements at 6.7 wt.%MgO vs. clinopyro
as εi =Ci/Ci⁎, where Ci is the concentration of element i in the sample, and Ci⁎ is the expecte
square deviation of εI–MgO for all samples. Black line shows values for accumulation of 5
enrichment is consistent with partial melting of clinopyroxene, and not accumulation or di
roxene assimilant must be in the form of clinopyroxene-dominated
melts, rather than whole-scale digestion of clinopyroxene crystals. In
this regard, the process is similar to concurrent assimilation and frac-
tional crystallization (AFC) (e.g. DePaolo,1981;O'Hara,1995,1998; Spera
and Bohrson, 2001).

Most AFC models assume constant pressure, such as a resident
magma chamber that reacts with surrounding wallrock. The composi-
tion of the anatectic (wallrock-derived)melts followmelting functions
based on the partition coefficients of each element, so that the earliest
xene-liquid partition coefficient (Kd
cpx-liq). Enrichment factor for each element calculated

d concentration of that element from crystal fractionation; error bars denote root mean
% clinopyroxene crystals. The result indicates that Lambahraun incompatible element
gestion of clinopyroxene crystals.



Table 8
MAFC model partition coefficients and melting parameters.

Partition coefficients Starting compositions

Mineral ol plag cpx C0 Cwr

Sc 0.33 0.025 0.8 38 30
V 0.3 0.01 1.6 318 300
Y 0.023 0.027 0.467 23 28
Zr 0.004 0.0128 0.1234 80 83
Nb 0.001 0.04725 0.0077 8.8 4

(IT-181)
La 0.000007 0.08 0.0536 6.26 4
Ce 0.00001 0.1 0.0858 15.9 12
Nd 0.00007 0.1 0.1873 11.3 11
Sm 0.0007 0.0845 0.291 3.29 2.8
Eu 0.00095 0.2 0.33 1.33 1.1
Dy 0.004 0.06 0.45 4.22 4
Er 0.009 0.02 0.50 2.44 1.9
Yb 0.02 0.02 0.60 2.22 2.5

Melting parameters
Xwr (%) 7.8 57.7 34.4
p (%) 5 5 90

Proportions of crystallizing phases taken from major element linear regression. Partition
coefficients from compilation of Keleman et al. (2003), Dunn and Sen (1994), Green
(1994), Jones (1995), McKenzie and O'Nions (1991, 1995). Crustal mode (Xwr) deter-
mined from the CIPW norm calculation of average WVZ basalt (Sinton et al., 2005).
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anatectic melts are the most enriched in incompatible elements, fol-
lowed by a gradual decline in incompatible element concentration as
they are stripped from the surrounding wallrock. This process results
in concave down incompatible element vs. MgO variation curves for
themagma (Fig. 7) that differ fromobserved Lambahraun sample data,
which show a steady, continuous increase in incompatible element
concentrations with MgO-variation trends that are linear to concave
up.

To avoid the inevitable depletion in incompatible elements that
occurs during reaction with a static wallrock, we envision a process
that allows the crustal assimilant to remain relatively undepleted by
priormelting. In amagma chamber setting, thismight occur if partially
melted wallrock is progressively stoped into the convecting interior of
the chamber, exposing new wallrock for partial melting. However, we
see no physical evidence for partially digested wallrock, and complete
digestion should have strong effects on the major element chemical
variability, depending on the mode of the digested crustal material.
While we have not fully explored the chemical consequences of this
process, we propose instead that wallrock melting occurs during melt
migration through the crust, which eliminates the need to account
for undigested crustal material. In this model, partial melts of wallrock
are assimilated over a range of pressures determinedby the initial tem-
perature and solidus of thewallrock, and the amountof heat conducted
from a migrating melt into its surroundings. This process naturally
increases the melt's incompatible element concentration by contin-
ually introducing fresh, unmelted wallrock to the anatexis process as
the surrounding crust heats above its solidus. Hereafter,we refer to this
process as migrating AFC (MAFC).

3.4. Assimilation modeling

To model the MAFC process, we utilize equations of nonmodal
fractional melting and crystallization (Shaw, 1970) in a simple, step-
wise calculation. By discretizing the problem into small steps in melt
MgO content (equivalent to small steps of temperature of the cooling
melt), we can model crystallization of the magma and mix in variable
proportions of melted wallrock, tracking the combined effects on melt
composition. Crystallizing phase proportions are determined from the
major element compositional variations.We define two crystallization
regimes (olivine only and olivine+plagioclase) basedon a distinct kink
inMgOvariation trendswhenplagioclase joins the crystallizing assem-
blage (~7.76 wt.% MgO). Average crystallizing proportions of olivine
(MgON7.76) or olivine+plagioclase (MgOb7.76) from linear regres-
sions of these two separate portions of the major oxide trends can be
divided into crystal fractions per unitMgO. For each small step inMgO,
we calculate the change in incompatible element composition of the
melt from fractional crystallization of the relevant phases (olivine±
plagioclase) and mix in a small proportion of melt derived from non-
modal fractional melting of wallrock. Olivine, plagioclase and clinopy-
roxene proportions in the wallrock (X's in Table 8) are set to the CIPW
norm of averageWVZ basalt from Sinton et al. (2005). We derived the
wallrock trace element composition using the dynamicmelting model
for the Iceland WVZ of Sinton et al. (2005), with ~2% melting in the
garnet field followed by 10% melting in the spinel field of primitive
mantle (Sun and McDonough, 1989). Lacking further constraints on
the crustal composition beneath Lambahraun, we choose this com-
position as representing an average crustal composition under the
WVZ. This is a simplification of what is certain to be a heterogeneous
crust whose composition changes with depth, quite possibly in non-
systematicways. To simulate the effects ofmeltmigration,we “refresh”
the wallrock, so that the initial composition for each AFC step is the
original, unmelted crustal composition. Using the melt–solid partition
coefficients given in Table 8, we calculate the compositional evolution
of selected trace elements (Sc, V, Y, Zr, Nb, La, Ce, Sm, Eu, Dy, Yb and Lu)
assuming the melting mode (p's in Table 8) is dominated by clinopy-
roxene. Results are plotted in Figs. 7 and 8.
Due to the trade-off between extent of anatectic melting (Fm) and
themixingproportion (M=ratio of anatecticmelt toprimarymagma),
there is a range of conditions over which the model can approximate
the observed data. Best-fit model runs have relatively lowmixing pro-
portions (M~0.08–0.16% of partialmelt added in each step) and a fairly
broad range of permissible Fm values (b0.1–5% partial melting of wall-
rock at each step), resulting in a total contribution of 3–5% anatectic
melt over the observed range of sample MgO (9.6–6.6 wt.% MgO). We
assume melting to be dominated by clinopyroxene, as required by the
~5% addition of clinopyroxene indicated by major element linear re-
gression. Although the values we used (p's in Table 8) are somewhat
arbitrary, the model is relatively insensitive to the melting mode, and
a wide range of mineral contributions to the melt can produce the ob-
served chemistry. Results for some of themore incompatible elements
can be strongly affected by accessory minerals present in the wall-
rock, as their presence can greatly affect bulk D's for certain elements.
Themodel we present in Figs. 7 and 8 contains olivine, plagioclase and
clinopyroxene proportions as determined above. At such low degrees
of partial melting, the model is far more sensitive to the chosen par-
tition coefficients than the X's so, although we have assumed a single
wallrock composition for this exercise, a wide range of bulk crustal
compositions could give similar results. Olivine can range from 5 to
30%, plagioclase from30 to 65%, and clinopyroxene from25 to 60%, and
still reasonably approximate the observed data within the uncertain-
ties of the model. Because the model predictions are so sensitive to
partition coefficient values (particularly for the more incompatible
elements) and these are not all well-known, this is our greatest source
of uncertainty.

It is important to note that our MAFC model is not thermody-
namically constrained, nor does it take into account the amount of
heat actually available for melting or the chemical potentials of the
phases involved. Coupling thermodynamic constraints with the geo-
chemical evolution of the individual phases, i.e., incorporating heat
conduction from the migrating melt into its surroundings, the latent
heat of crystallization, and pressure-dependent phase equilibria, are
worth investigating, although beyond the scope of this paper. The sim-
plified model presented here shows that the observed geochemical
trends can be reproducedwith reasonable extents of melting and frac-
tionation and a suitable wallrock composition, recognizing that the
magnitude of the geochemical effects of this process will ultimately
depend on a range of energy constraints not presently considered.



Fig. 10. Schematic representation of the MAFC process that couples extent of crustal
assimilation and crystal fractionation during a period of continuous magma supply; t1,
t2, t3 represent progressively later times. Gray-shaded region is wallrock and the central,
region is a schematic representation of a melt pathway with fractionating solids that is
hotter at the base (T=Tm

0 ) than at the top (TbTm0 ). Lines on left side of melt pathway
show evolution of a hypothetical isotherm; lines on right side show schematically how
thewallrock solidus varies with time.With progressive supply of hotmagma, the region
of wallrock affected by partial melting expands upward and slightly outward with time.
At later times, wallrock higher in themelt pathwaywill reach its solidus temperature. In
this way, later lavas may have last equilibrated at lower magma temperatures and inter-
acted with the most crust along its path.
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4. Discussion

4.1. Crustal controls on MAFC processes

Factors that might control the extent of reaction of melt with the
crust throughwhich it migrates during ascent include the geometry of
melt migration (i.e., whether in channels or along grain boundaries),
the rate of melt supply and the melt–rock ratio at different levels
in the crust. Evidence from oceanic gabbros suggests melt migration
in the lower crust occurs as reactive porous flow through a crystal
mush (e.g., Natland and Dick, 1996; Coogan et al., 2000; MacLeod and
Yaouancq, 2000). Migration rate and the melt–rock ratio are depen-
dent on the porosity and permeability of themush (Hunter,1996). The
extent of reaction of melt with its surroundings might also be ex-
pected to depend on the amount of crust themelt passes through prior
to eruption. Crustal thickness in the WVZ is generally in the range of
20–25 km(Bjarnason et al.,1993; Allen et al., 2002). Evidence formelt–
wallrock interactions can be preserved in both the textures and com-
positions of gabbroic rocks as well as in the chemical signatures of
erupted lavas, and crustal interaction has been called on to explain
gabbro xenoliths from picritic lavas that show evidence for partial
melting andmineral resorption (Larsen,1979;Hansteen,1991;Gurenko
and Sobolev, 2006), and trace element and isotopic enrichments in
Icelandic lavas (Muehlenbachs et al., 1974; Óskarsson et al., 1982;
Condomines et al., 1983; Hémond et al., 1988; Nicholson et al., 1991,
Maclennan, 2008b, Halldórsson et al., 2008a). Evidence from oceanic
gabbro suites and ophiolites indicates melt–rock reaction may be a
ubiquitous process in oceanic crust that is not unusually thick, andmay
be an important contributor to the geochemical evolution of MORB
(Meyer et al.,1989; Natland andDick,1996; Coogan et al., 2000; Bédard
et al., 2000; Kvassnes andDick, 2000; Dick et al., 2002; Kvassnes, 2004;
Kvassnes and Grove, 2008; Lissenberg and Dick, 2008).

Although a MAFC process involving wallrock assimilation suc-
cessfully explains many of the chemical attributes of Lambahraun, the
question remains as towhere this assimilation is actually occurring. As
higher pressures tend to favor clinopyroxene as a solid phase, increas-
ing its stability field at the expense of olivine, it seems unlikely that
this process can take place at great depth. Thermodynamic modeling
of phase relations using MELTS (Ghiorso and Sack, 1995; Smith and
Asimow, 2005) indicates clinopyroxene is likely to be on the solidus at
pressures b4 kb for this basaltic melt composition. Under these con-
ditions, olivine and plagioclase crystallization could occur simulta-
neously with partial melting of wallrock clinopyroxene provided heat
transfer to the wallrock is sufficient to cause anatexis. As noted previ-
ously, theMAFCmodel is relatively insensitive to themeltingmode, so
we are unable to constrain the extent to which olivine and plagioclase
may also be partially melted. Crystallization of olivine and plagioclase
mayeffectively obscure any compositional contribution thatmelting of
these phases might have, so while they may also be involved, the only
distinguishable signature in the erupted basalts is the contribution
from clinopyroxene.

One appealing attribute of the MAFC process is that it couples ex-
tent of fractionation and wallrock assimilation, with the most evolved
(lowestMgO) rocks having themost crustal contamination. The spatial
distribution (Fig. 4) observed in Lambahraun, in which lavas with
higher incompatible elements tend to be located close to the ventwhile
more distal lavas are less enriched, has also been observed in other
Icelandic lava shields (Maclennan et al., 2003b; Sinton et al., 2005).
However, this distribution also indicates a time dependency that is less
intuitive: the last lavas erupted are also the most modified by a crustal
contaminant. One possible explanation is that the eruption rate (melt
extraction rate) decreases over time, so that the later lavas spendmore
time in the crust and thus have more time to evolve and interact with
the surroundingwallrock. Additionally, the location of the assimilation
process may change over time. Prolonged exposure to melt progres-
sively heats up wallrock until it reaches its solidus temperature and
starts melting. With a continuous but not necessarily constant melt
flux, the location of the solidus migrates upwards through the crust
over time so that later melts interact with wallrock higher in the tran-
sport column (Fig. 10). In this scenario, the latest melts would last
equilibrate higher in the crust, with correspondingly lower tempera-
ture and lower MgO (e.g., Rubin and Sinton, 2007) than early melts
that equilibrated at greater depths. The extent towhich this scenario is
reasonable will require careful consideration of the rates involved in
the various processes, including heat exchange, melt velocity, mineral
dissolution, and possibly diffusion.

Most existing evidence from oceanic gabbros indicates precipita-
tion of clinopyroxene during melt–wallrock interaction, with dissolu-
tion of olivine and plagioclase (e.g., Meyer et al., 1989; Natland and
Dick, 1996; Coogan et al., 2000; Kvassnes and Dick, 2000; Lissenberg
and Dick, 2008), i.e., the opposite of the process we propose here.
These studies examined the final stage in evolution of oceanic gabbros:
the freezing of late-stage melts with precipitation of clinopyroxene,
with or without simultaneous dissolution of olivine and plagioclase.
However, when there has been a long time between eruptions and the
crust has solidified, influx of magma into the system during new mag-
matic episodes might reverse this process, preferentially melting the
wallrock clinopyroxene and precipitating magmatically-derived oli-
vine±plagioclase.

4.2. Lava shields and fissure eruptions in Iceland

Thjófahraun's geochemical variations and mineralogical progres-
sion with time are broadly consistent with evolution in a shallow
magma chamber. Early lavas contain small amounts of olivine with
little to no plagioclase. As the eruption continues over somemonths to
years, themagmacarries a greater proportion of plagioclase, consistent
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with a single body of magma crystallizing at low pressure. The last
lavas erupted are plagioclase-phyric 'a'ā flows with generally lower
MgO (Fig. 5). Assuming this eruption taps a batch of resident magma,
the minimum volume of reservoir melt is N1 km3. Probably there was
much more: estimates of the intrusive vs. extrusive volumes at Krafla
in Iceland (Tryggvason, 1984, 1986; Sigurdsson, 1987), as well as geo-
logic observations at Hess Deep (Stewart et al., 2005) and along the
SEPR (Bergmanis et al., 2007), indicate less thanhalf of themagma that
exists in shallow magma chambers ever reaches the surface during
rifting events. In simple models of a magma chamber filling and pres-
surizing prior to eruption, the erupted volume is aminimumconstraint
on the magma overpressure — that is, the amount of excess magma
necessary to initiate diking to the surface — not the total volume of
melt resident in the chamber. By some estimates, typical crustal reser-
voir volumesmay be as high as 30 times the volume of eruptedmagma
(Blake, 1981; Head et al., 1996). Once diking has reached the surface,
magma can erupt fairly quickly, resulting in higher eruption rates, as
indicated by lava morphology of the Thjófahraun flow field.

The nature of chemical heterogeneity in Lambahraun suggests that
the erupted magmas may never have resided in a large, well-mixed
magma chamber. Clinopyroxene barometry and major element chem-
istry indicates that some magma chambers in Iceland may be as
deep as the lower crust or even upper mantle (Maclennan et al., 2001,
2003a, b). In the case of Lambahraun, if there is melt storage near the
surface, it must be limited in extent and host little magmamixing. We
envision crustal melt storage under Lambahraun as an interconnected
network of many smaller melt bodies (pores to small melt lenses and
sills), which primarily serve as pathways for melt migration rather
than long-term storage (Fig.11). In this scenario, the eruption ratemay
be dependent on the rates at which melt can be extracted from the
mantle and migrate upwards through the crust. This is fundamentally
different from a fissure eruption like Thjófahraun that is fed from a
shallow chamber, in which the eruption proceeds relatively quickly
once enough overpressure exists to initiate diking to the surface,
erupting the excess magma and relieving the pressure in the chamber.

Although we have no direct evidence for a deep magma chamber
beneath Lambahraun as has been posited for some other eruptive
units in Iceland (Maclennan et al., 2001, 2003a,b), if there were melt
storage near the crust–mantle boundary, an eruption from such a
depth could result in a much greater volume of extrusive lava than
Fig. 11. Schematic representation of plumbing systems for Icelandic fissure and lava shield
eruptions are fed by shallow, moderately well-mixed magma chambers. In contrast, chem
reservoirs. Instead, we envision crustal melt storage under Lambahraun as an interconnect
primarily serve as pathways for melt migration rather than long-term storage. Drawing not
from a shallow crustal reservoir. The overpressure required to reach
the surface from near the crust–mantle boundary is greater, such that
more eruptible magma must accumulate prior to diking in order to
reach the surface and result in an eruption. Lava shield eruptions
might begin as fissure-fed lava flows in the initial stages of the erup-
tionwhen the driving pressure is high, gradually closing down to a few
discrete centers of eruption, and eventually a single source vent
(Rossi, 1996). It is this last stage in the eruption chronology, with its
relatively low effusion rates but steady supply of magma that builds
the classical lava shield morphology. This continued supply of magma
through the crust and relatively low melt velocities could provide
ideal conditions for melt–wallrock interaction.

Lambahraun is not the only post-glacial lava shield in the WVZ to
show signs of crustal interaction. Although most other WVZ units are
not as completely analyzed, a number of other shields exhibit the same
geochemical signature of increasing CaO and incompatible element
compositions with decreasing MgO, most notably Thingvallahraun,
Hallmundarhaun and Leggjabrjótur (see Fig. 12; chemical data from
Sinton et al., 2005). Although detailed study of the chemical and
mineralogical variation in these units has not been undertaken, we
consider them likely candidates for this process. All of these shields
have large erupted volumes (6.3–10.8 km3). Notably, we have not
found the geochemical signature of crustal interaction in any of the
fissure eruptions, although some lack sufficient data to fully describe
geochemical evolution paths.

Icelandic fissure eruptions tend to occur with higher average
effusion rates than the longer-lived shield eruptions, building rows of
spatter cones and producing a higher proportion of 'a'ā units. It is
possible that melt transport is too fast (or too short-lived) to heat the
wallrock sufficiently to induce significant melting during fissure
eruptions. In this scenario, crustal interaction might occur only in
longer-lived, relatively low-effusion rate eruptive style of the large
lava shields in the WVZ. However, because fissure eruptions are
probably fed by moderate-sized crustal reservoirs, it is equally likely
that any chemical signature of early crustal interaction was at least
partially obscured during subsequent storage and mixing in shallow
magma chambers. This hypothesis can explain some of the scatter in
the Thjófahraun data, as incomplete or partial mixing may preserve
some of the geochemical heterogeneity, which is then over-printed by
the signature of subsequent crystallization in the magma chamber.
eruptions; sections drawn parallel to the rift zone axis. Evidence suggests that fissure
ical variations in some lava shields are inconsistent with the presence of well-mixed
ed network of many smaller melt bodies (pores to small melt lenses and sills), which
to scale.



Fig. 12. m(Nb/Y) vs. m(CaO) for units in the Western Volcanic Zone with at least 10 whole-rock sample analyses, where m denotes the slope of regression lines plotted against the
total range of MgO for each unit. Strongly negative slopes in Nb/Y (and other similar incompatible element ratios, not shown) vs. MgO generally correlate with steeper CaO vs. MgO
variation for some large lava shields in the Western Volcanic Zone (solid triangles). These are the chemical signatures of the MAFC process identified for the Lambahraun lava shield.
See text for discussion.
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Taken together, our study supports the suggestion that Icelandic
fissure eruptions represent short-lived, high-effusion eruptions that
tap shallow melt reservoirs, while lava shields may lack shallow
reservoirs and avoid the mixing that occurs in them.

Evidence suggests that crustal assimilation may be widespread in
the Western Volcanic Zone, and could be more prevalent than the
current data allow us to see. While the thick crust in Iceland might
enhance crustal interaction processes, similar processes have been
suggested to play a role in other mid-ocean ridge settings even where
the crust is not unusually thick (Meyer et al., 1989; Natland and Dick,
1996; Coogan et al., 2000; Bédard et al., 2000; Kvassnes and Dick,
2000; Dick et al., 2002; Kvassnes, 2004; Kvassnes and Grove, 2008;
Lissenberg and Dick, 2008) as well as at other hotspots (e.g.,
Pietruszka et al., 2009). We also emphasize that the process of crustal
interaction can significantly alter major element concentrations and
trace element ratios, parameters that are commonly used to infer
melting conditions inmanyMORB studies. Although theMAFC process
described in this paper is closely tied to the extent of differentiation as
reflected in MgO contents, we also note that early crustal interaction
and the chemical modifications it produces can be obscured bymixing
in shallow magma chambers if shallow melt aggregation precedes
eruption. These results suggest that inferences on melting conditions
and source compositions may only be reliable for the least differ-
entiated lava compositions from individual eruption sequences.

5. Conclusions

Thjófahraun and other fissure eruptions in Iceland represent short-
lived, high effusion rate eruptions from an extant crustal reservoir.
Early phases of Thjófahraun's eruption are dominated by olivine-
phyric pāhoehoe lavawith sample chemistry covering the full range of
Thjófahraun's compositional variation, while later flow units transi-
tion to small-volume, plagioclase-phyric 'a'ā flows that tend to be
more uniformly differentiated. Mineralogical and compositional var-
iations are consistent with evolution in a shallow magma chamber.
The 7.3 km3 Lambahraun lava shield is composed of dense
pāhoehoe lava, indicating a relatively low effusion rate over a long-
lived eruption. Spatial distribution of lava compositions suggests that
the erupting magma became progressively more differentiated and
enriched in incompatible elements with time during the eruption.
Evidence for plagioclase accumulation is present in outcrops, thin
section, and in the chemistry of some samples. Whole-rock composi-
tional variations from Lambahraun are inconsistentwith simple evolu-
tion in a shallowmagma chamber, exhibiting increasing CaO andNb/Zr
with decreasing MgO content and incompatible element enrichments
greater than predicted by crystal fractionation alone. The correlation of
this enrichment with increasing differentiation and time during the
eruption lead us to favor a process of concurrent wallrock assimilation
and crystallization during melt migration through the crust, and we
develop a MAFC model to explore the chemical effects of this process.
The most evolved Lambahraun compositions are consistent with a
total addition of 3–5% anatectic melt derived from less than 5%melting
of the crust to the Lambahraunmagmatic system. Similar geochemical
characteristics exist in several other WVZ lava shields, but not in the
available data from fissure eruptions. Crustal interaction might be
more likely in long-lived, voluminous shield eruptions, where slow
effusion could be related to low melt propagation velocities through
thick crust.
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