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The Levering lava lies within the Grande Ronde Formation of the Columbia River Basalt Group. At Sentinel
Gap it consists of a 14–20 m-thick pahoehoe sheet lobe featuring the threefold vertical division typical of
inflated pahoehoe lobes into basal zone, lava core and lava crust. Segregation structures such as horizontal
vesicle sheets are exceptionally well developed at the lava core to lava crust interface. The lava core contains
numerous well-developed vesicle cylinders which extend from the basal zone up through the core and
transform into horizontal vesicle sheets at the interface with the upper crust.
The host lava samples show no statistically significant change in composition with stratigraphic height
within the Sentinel Gap lobe. However, material in the segregation structures is markedly more evolved, with
MgO content of ∼3 wt.% compared to ~5 wt.% in the host lava. The segregations are enriched in incompatible
elements (e.g. TiO2, K2O, Ba, Zr) by an average factor of 1.6.
Modelling, constrained by whole-rock chemical composition, indicates generation of segregated material by
30 to 40% fractional crystallisation of the host lava. Field relations show that vesicle cylinders are fed by pipe
vesicles originating in the basal zone. The segregations are thus rooted in the basal crust, implying that the
melt is derived by extraction of volatile-enriched inter-crystal melt from a mush horizon near the base of the
flow.
The Grande Ronde Formation is divided into five distinct chemical groups; three high-MgO (N4.5 wt.% MgO)
and two low-MgO (b4.5 wt.% MgO). The Levering host lava belongs to one of the high-MgO groups, while its
segregations are identical to one of the low-MgO groups. This correlation leads us to propose that the high-
MgO and low-MgO groups are related by fractional crystallisation and the process by which segregations are
formed within the Levering lava emulates the subsurface process that forms the highly evolved, aphyric
Grande Ronde lavas.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Melt segregations have long been recognised as an internal feature
of some basaltic lava flows and intrusions. They have been
documented in a variety of geological settings (e.g. Anderson et al.,
1984; Caroff et al., 2000), including the Keweenawan plateau lavas
(Green, 1989), the Columbia River Basalt Group (Lindsley et al., 1971;
Puffer and Horter, 1993; Goff, 1996; Thordarson and Self, 1998),
Icelandic lava flows (Thordarson and Self, 1998; Thordarson, 2000;
Sigmarsson et al., in press), the Auckland volcanic field in New Zealand
(Rogan et al., 1996), the Toomba Basalt of Queensland, Australia
(Stephenson et al., 2000), and dolerite sills in the Karoo (South Africa)
and Palisades (USA) provinces (Walker, 1953).

Melt segregations may be preserved as one or more of a variety of
structures within lava flows. The term ‘vesicle cylinder’ is applied to
the near-vertical, cylindrical segregation structures that are preserved
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within many flows (e.g. Green, 1989; Goff, 1996; Thordarson and Self,
1998). Vesicle cylinders are typically associated with horizontal
vesicle sheets, also referred to as ‘pegmatitic differentiates’ by Walker
(1953) and Puffer and Horter (1993). These subhorizontal segrega-
tions may result in a banded stratigraphy within a single basaltic flow
(Greenough and Dostal, 1992). Coarse-grained pegmatoid veins such
as those found in theWhin Sill in north England (Tomkeieff, 1929) are
similar to horizontal vesicle sheets but have no associated vesicle
cylinders. In some lava flows, no vesicle cylinders are present, but
‘segregation vesicles’, where residual segregated melt lines vesicles in
amygdaloidal lava flows, are observed (e.g. Smith, 1967).

Segregations commonly have a coarser grainsize than their host
lava (e.g. Puffer and Horter, 1993), but are largely aphyric. Augite
crystals within the segregations often show a more well developed
ophitic texture than do those of the host lava (Lindsley et al., 1971).
Segregations may display skeletal textures (Puffer and Horter, 1993)
or graphic intergrowth textures (Walker, 1953). Crystals in melt
segregations often exhibit strong normal compositional zoning, as for
example, in those observed at Surtsey, Iceland (Sigmarsson et al., in
press).
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The melt within segregation structures is always more evolved than
thehost lava (e.g. Lindsleyet al.,1971;Greenough andDostal,1992). This
bimodal compositional distribution observed between melt segrega-
tions and their host lavawithin individual lava flows is echoed on larger
scales within lava lakes such as Kilauea Iki, Hawaii (Helz, 1987; Helz
et al., 1989) and to some extent within large igneous provinces. Of
particular interest is the Grande Ronde Formation of the Columbia River
Basalt Group. Up to 85% of the Grande Ronde Basalt consists of
essentially aphyric, highly evolved basalt with a similar composition to
that of melt segregations found within one of its constituent flows, the
Levering lava. The remaining 15% of the Grande Ronde lavas have much
higherMgOcontent andare compositionally similar to the Levering lava.

In this paper we present a model of fractional crystallisation and
buoyant rise of residual melt to explain the formation of the melt
segregation structures in the Levering lava and their compositional
difference in comparison to the host lava. We consider the implica-
tions of this model in light of the bimodal compositional distribution
of the Grande Ronde Formation, and discuss whether the model is
applicable on a magma reservoir scale in order to investigate the
importance of crystal fractionation in the generation of large volumes
of highly evolved mafic magma.

2. Samples and analytical procedures

A total of 30 samples were collected from two profiles, each
representing a complete vertical section through the Levering lava at
Sentinel Gap. Five samples were taken from the basal zone of the lava
flow, ten from the lava core and five from the lava crust. These 20
samples represent the Levering host lava. Four samples from vesicle
cylinders and three from horizontal vesicle sheets represent the melt
segregations within the flow. A further two samples were taken from
pods of vesicular residual melt at the base of megavesicles lying above
the horizontal vesicle sheets in the lava crust.

The Levering lava samples were analysed by X-ray Fluorescence
(XRF). Sixteen samples were analysed at the XRF laboratory at
Washington State University in Pullman, Washington, USA. The
remaining samples were analysed at the University of Edinburgh, UK,
using the technique described by Fitton et al. (1998). Clinopyroxene
and plagioclase from Levering lava samples were analysed by electron
Fig. 1. Map of the Columbia River Plateau showing the study area
microprobe at theUniversity of Edinburgh. Full compositional data and
analytical methods are given in the Background Datasets.

3. The Levering lava

The Levering lava is part of the N2 magnetostratigraphic unit of the
Grande Ronde Formation in the Columbia River Basalt Group. It lies
above the Cohasset lava in the Crab CreekMember, and below the Rocky
Coulee lava of the Museum Member (Landon and Long, 1989). These
members are classified as part of the Sentinel Bluffs series (Reidel et al.,
1989). The Levering lava at Sentinel Gap in central Washington state,
USA (Fig.1), was chosen for this study as it displays themorphology and
structures typical of inflated pahoehoe sheet lobes, in particular the
vesiculation features (Thordarson, 1995). A complete vertical section
through the lavaflow is exposed at Sentinel Gap,with both theflowbase
and rubbly flow top preserved (Fig. 2a). Samples can therefore be
collected at all stratigraphic levels through the flow.

3.1. Internal structure

At Sentinel Gap the Levering lava consists of a single 14–20 m-thick
inflated pahoehoe sheet lobe that features the typical threefold vertical
division of basal zone, lava core and lava crust (Fig. 3). The basal zone is
10–35 cm thick, comprising b10% of the total flow thickness. At the very
base is a 1–3 cm-thick glassy surface which features stretched glass
fibres and small elongate vesicles. Several centimetre-thick tongues of
Levering lava invade the underlying Cohassett flow, penetrating up to
1 m into the rubbly flow top and partially filling void spaces. The lava
core ranges from 7–10 m in thickness, comprising 40–60% of the total
flow thickness. Generally, it is non-vesicular (≤1% macrovesicles) but
parts feature domains of diktytaxitic texture (see Section 3.2). The
vesicular upper lava crust is 6–9m thick, comprising 40–50% of the flow
thickness, with crystallinity increasing downwards to the core–crust
interface (Thordarson, 1995).

3.2. Crystallinity

The host lava is typically fine-grained in hand specimen and
contains occasional coarser-grained plagioclase and clinopyroxene
at Sentinel Gap. The Columbia River Basalt Group is shaded.



Fig. 2. (a) The Levering lava (L) at Sentinel Gap, above the Cohasset lava (C) and below the Rocky Coulee lava (RC). (b) Pipe vesicles at the base of the Levering lavamerge into vesicle
cylinders. The pipe vesicles are inclined in the direction of flow (to the left) but transform into vertical structures as the flow stagnates. (c) Horizontal vesicle sheet being fed by
vesicle cylinders. (d) Network of vesicle cylinders and horizontal vesicle sheets.
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phenocrysts, whereas the segregations are essentially aphyric. The
mineralogy is dominated by augitic clinopyroxene and plagioclase in
thin section. Olivine is only present in minor amounts, with much of it
having been altered to red–brown iddingsite, due to oxidation while
the lava was still relatively hot (Caroff et al., 2000). Magnetite,
ilmenite and apatite are present as minor phases.

In the lowest 10–20 cm of the basal zone, the lava is hypohyaline
with 65–75 vol.% glassy mesostasis and 25–35% groundmass crystals
of ≤0.5 mm size (Fig. 4a). This grades sharply into hypocrystalline
rock above ∼15 cm height, with lava becoming progressively more
crystalline towards the top of the basal zone. The lava core consists of
holocrystalline, fine to medium-grained basalt. Where the lava is
thinnest (14–18 m) it is diktytaxitic, with up to 10% of microscopic
intercrystalline voids which are partially filled by secondary minerals
(Fig. 4b). In the thickest sections of the flow (18–20 m), the lava is
dense and the diktytaxitic texture is less apparent. The lava crust
ranges from hypohyaline in its upper part to holocrystalline at the
core–crust boundary. In general, the upper third of the lava crust is
hypohyaline, containing 50–75% of glassy mesostasis. Below this the
crust is hypocrystalline, with crystallinity increasing to ∼80% at the
core–crust boundary. The segregatedmaterial tends to be hypohyaline
to hypocrystalline at the base of the flow, but further up it is
hypocrystalline or holocrystalline. Segregated samples have a dikty-
taxitic texture, containing up to 15% intercrystalline voids (Fig. 4c,d).

Two samples from the basal zone were point-counted. Sample L1
was taken from a vesicular lava finger intruding the flow top rubble of
the underlying Cohasset lava, and as such represents a rapidly cooled
sample of the Levering lava. This sample contains 15% elongate
vesicles. The remainder of the sample, on a vesicle-free basis, consists
of 52% glassy mesostasis, 26% modal plagioclase, 19% clinopyroxene
and 2% olivine crystals.

Sample L2 is also from the basal crust, 35 cmabove theflowbase. It is
9% vesicular. On a vesicle-free basis, L2 contains 26% glassy mesostasis,
with a finer groundmass than L1, plus a total of 35% modal plagioclase,
29% clinopyroxene, 4% olivine and 5% opaque minerals. Approximately
6% of the rock is composed of larger phenocrysts of plagioclase.



Fig. 3. Stratigraphic column of the Levering lava. Left side of column indicates structural components and vesiculation features. Right side indicates jointing habits and textural
properties of lava. Degree of lava crystallinity is indicated as follows: Hh = hypohyaline; Hc = hypocrystalline; Hoc = holocrystalline. VZ = vesicular zone, where the prefix B =
basal and T= top;HVS=horizontal vesicle sheet;MV=megavesicle; PV=pipe vesicle; VC=vesicle cylinder. The profile illustrated here is 13.5 m high. The thickest sections of the
Levering lava (18–20m) display the same pattern of horizontal vesicle sheets but vesicle cylinders are poorly preserved or absent. The normalised stratigraphic height, h/l, of samples
in this study is shown, where filled circles show host lava samples, open squares show vesicle cylinders, filled triangles show horizontal vesicle sheets, and open diamonds show pods
and megavesicles.

Fig. 4. Thin sections of the Levering lava. (a) Hypohyaline basal zone L2 (normalised stratigraphic height, h/l=0.03) in plane-polarised light. (b) Holorystallinemedium-grained lava
core L6A (h/l=0.10) in cross-polarised light. (c) Holocrystalline segregated material from vesicle cylinder L8 (h/l=0.19) in plane-polarised light. (d) Hypocrystalline segregated
material from vesicle cylinder L6B (h/l=0.10) in plane-polarised light. Crystallinity of segregated samples increases with stratigraphic height. Diktytaxitic voids (v) are present in
both lava core and segregated samples.

437M.E. Hartley, T. Thordarson / Lithos 112 (2009) 434–446



438 M.E. Hartley, T. Thordarson / Lithos 112 (2009) 434–446
Clinopyroxene phenocrysts comprise 4% of the rock. Olivine is found as
occasional (≤3%) ≤20 μm euhedral crystals.

3.3. Vesiculation features

Pipe vesicles originate from themost vesicular part of the basal zone.
Theyhave anear-vertical orientationorare slightly inclined to the south-
west (5–15° fromvertical), in the direction of flow (Figs. 2b;3). The lava
core contains numerousmature andwell-defined vesicle cylinders, with
vesicles occupying 2–20% of the cylinder volume. The contact between
lava core and vesicle cylinders is sharp, with no evidence of quenched
contacts. The vesicle cylinders rise vertically from the basal crust to lava
core interface, merging with and transforming into horizontal vesicle
sheets in the uppermost part of the lava core (Fig. 2c,d). Above this, the
horizon of continuous horizontal vesicle sheets terminates and the
vesicularityof the lava increases sharply,marking the transitionbetween
lava core and lava crust. Bands of megavesicles are found in the lower
portion of the lava crust (Fig. 3). Somemegavesicles contain a thin ‘pod’
of vesicular lava in the base of the megavesicle.

In the basal zone the pipe vesicles are distributed in clusters, where
10–30 pipe vesicles are tightly grouped with a mean spacing of 3 cm
between the boundaries of adjacent pipe vesicles. The clusters
commonly occur in depressions in the undulating flow base, with a
cluster spacing of 0.5–1.5 m. Pipe vesicles in these clusters may be
inclined at high angles and truncated at the top. Such clusters are
overlain by a second generation of pipe vesicles and small, inclined
vesicle cylinders. Traced farther up the flow, these merge into larger
vesicle cylinders (Fig. 2b). This implies that pipe vesicles and small
vesicle cylinders merge together to form larger cylinders, which in
turn merge into still larger cylinders within the lava core. This is
supported by field measurements of vesicle cylinder diameters, which
increase from a mean value of 4.0 cm at a normalised stratigraphic
height, h/l=0.1 (h, height in lobe; l, total lobe thickness), to 6.0 cm at
h/l=0.35. This is observed in other flows, such as the North Shore
Volcanic Group of the Keweenawan lavas, where vesicle cylinders
appear to be fed by several pipe vesicle trains (Green, 1989).

Vesicle cylinders within the lava core also form clusters. Spacing of
individual cylinders within clusters is typically 30–40 cm, with
clusters occurring at 80–120 cm intervals. The spacing of vesicle
cylinders within clusters increases slightly as a function of strati-
graphic height; however the mean spacing of the clusters themselves
remains constant with height.

The vesicle cylinders terminate towards the top of the lava core, at
h/l=0.4–0.55. The transition from vesicle cylinders to the laterally
spreading horizontal vesicle sheets (Fig. 2c,d) implies that an
impenetrable boundary existed at this level in the flow, most probably
representing the upper solidification front, below which is liquid lava,
but above which is a more viscous, mostly crystalline lava (e.g.
Thordarson, 1995; Thordarson and Self, 1998).
Fig. 5. Internal structure of the Levering lava, with the normalised stratigraphic height h/l fr
interface shown.
The internal structure of the Levering lava varies with flow
thickness (Fig. 5). Horizontal vesicle sheets are ubiquitous throughout
the flow, but vesicle cylinders are most abundant where the flow is
thinnest. The diameter and maturity of the vesicle cylinders is also
greatest where the flow is thinnest. When viewed along the outcrop,
the base of the horizontal vesicle sheet horizon appears to be almost
horizontal, that is, at the same absolute altitude (Fig. 5). This implies
that measured differences in flow thickness are caused by undulations
of both the flow base and the flow surface, and that there is a critical
flow thickness for the preservation of vesicle cylinders.

3.4. Flow emplacement model

Collectively, the field evidence indicates that the emplacement of
the Levering lava at Sentinel Gap was that of endogenous growth,
dominated by flow inflation and transport of lava beneath a stationary
insulating crust, as is typical for pahoehoe sheet lobes. During the
initial stages of emplacement, inflation results from expansion of the
lava core and growth of the lava crust. New lava breakouts induce
localised reductions in internal pressure, allowing for the rapid
nucleation of bubbles which subsequently rise through the liquid
lava core and are incorporated into the lava crust. Once the lava crust
has reached a critical thickness with sufficient strength to retain the
incoming lava, inflation is solely accommodated by accretion of new
lava to the base of the upper crust. The basal crust is prevented from
attaining significant thickness because two competing processes,
growth and thermal–mechanical erosion of the basal crust, can
operate depending on local conditions and flow rates. Laminar flow
over the undulose flowbasemeans that, near the flow base, separation
or compression of flow lines will occur on a decimetre to metre scale.
Where separation of flow lines occurs, the resultant drop in internal
pressure can be sufficient to initiate bubble or pipe vesicle formation,
allowing for the separation of gas and/or low-density volatile-
enriched segregated material from the basal zone. Much of this
material rises and is incorporated into the flowing lava, but a portion is
preserved as elongate vesicles, truncated pipe vesicles and small
vesicle cylinders. This offers an explanation for the observation that
pipe vesicle clusters are typically situated above or within lows in the
undulating flow base. During the final stages of emplacement, the
sheet inflates slowly. The preserved vesicle cylinders and horizontal
vesicle sheets are formed at this stage. For a full discussion of pahoehoe
sheet lobe emplacement, the reader is referred to Thordarson and Self
(1998).

4. Compositional variations in the Levering lava

The Levering host lava exhibits no statistically significant composi-
tional variation with stratigraphic height (Fig. 6; Table 1). These
variations barely exceed analytical uncertainties, with the exception of
om flow base to the lowermost horizontal vesicle sheet and to the lava core–lava crust



Fig. 6. Compositional variation of wt.% major element oxides in the Levering lava as a function of normalised stratigraphic height, h/l. Sample symbols are the same as Fig. 3. Heights
of the horizontal vesicle sheets are marked by dashed black lines. Error bars show the 1σ observed standard deviations for host lava and segregations.

Table 1
Selected XRF data for Levering samples.

Sample L2A L4A L4B L7 L8 L11 L18B LM23 LM24A LM24B

Norm.
height

0.03 0.04 0.04 0.19 0.19 0.33 0.96 0.50 0.45 0.45

Location BVZ Lco VC Lco VC HVS Lcr pod Lco HVB
Analysis WSU WSU WSU WSU WSU WSU UoE UoE UoE UoE

Oxide % (XRF)
SiO2 53.41 53.14 54.86 53.81 55.36 55.98 54.44 53.86 53.99 55.27
TiO2 1.88 1.80 2.44 1.82 2.55 3.01 1.86 1.78 1.79 2.57
Al2O3 13.99 14.06 12.89 14.32 13.08 12.26 14.62 14.42 14.58 12.89
FeO 12.12 12.14 13.46 11.09 12.63 13.78 11.66 11.48 11.02 12.66
MnO 0.20 0.18 0.19 0.19 0.20 0.23 0.19 0.19 0.19 0.23
MgO 5.39 5.53 3.71 5.31 3.44 2.59 4.72 5.30 5.28 3.81
CaO 9.05 9.17 7.45 9.29 7.59 6.55 8.92 9.07 9.21 7.62
Na2O 2.77 2.86 3.06 2.79 3.02 2.94 2.51 2.59 2.68 2.84
K2O 0.90 0.85 1.50 1.11 1.67 2.12 0.83 1.04 1.00 1.70
P2O5 0.30 0.27 0.45 0.27 0.45 0.55 0.26 0.28 0.28 0.41

ppm (XRF)
La 12 11 28 29 24 39 20 22 22 29
Ce 48 56 70 56 47 59 42 45 45 63
Rb 20 12 26 23 40 56 21 25 24 42
Ba 492 453 690 458 713 899 426 395 420 636
Th 3.0 0.0 2.0 3.0 7.0 8.0 4.5 4.3 3.8 6.1
Pb 8 5 11 1 7 11 6 5 5 8
Nb 10.8 10.7 16.6 11.3 17.8 18.5 11.8 11.2 11.1 16.9
Sr 307 312 281 317 288 265 314 315 319 292
Zr 157 148 236 148 233 278 166 156 157 232
Y 36 32 48 31 48 57 36 33 33 47
Zn 110 102 131 106 138 154 127 113 117 145
Cu 28 24 45 26 41 44 38 37 39 53
Ga 23 21 25 21 23 24
Sc 39 39 35 40 41 38 39 35 38 36
V 323 333 311 315 325 371 351 323 337 412
Cr 55 59 28 59 30 15 35 30 36 1
Ni 14.0 15.0 8.0 17.0 8.0 6.0 13.6 14.5 17.9 14.4
U 1.3 0.8 0.5 1.8
Nd 22.4 22.9 23.0 32.4

Major elements normalised to 100 wt.% total oxides, with all iron given as FeO. Analyses
carried out at Washington State University are labelled WSU; University of Edinburgh
analyses labelled UoE. A full dataset is available in electronic form.
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minor variations observed in the basal zone. This will be discussed
further in Section 6.1.

There is a marked compositional difference between the host lava
and the segregated melt comprising the vesicle cylinders and
horizontal vesicle sheets. The segregations are more evolved than
the host lava, with a higher SiO2 content (Fig. 6a), and are
characterised by a low MgO content of ∼3 wt.%, compared with
∼5 wt.% for the host lava (Fig. 6b). They are enriched in incompatible
major elements (e.g. TiO2, K2O; Fig. 6c,d) and trace elements (e.g. Th,
Rb, Ba, Zr) by an average enrichment factor of 1.6. This suggests that
the segregations are generated by 30–40% fractional crystallisation of
the host lava. Trace element concentration variations show that the
vesicle cylinders and horizontal vesicle sheets lie on an evolution
trend from the host lava composition. The data also indicates
continued evolution in the vesicle cylinders and horizontal vesicle
sheets after the onset of segregation. Fractionation between compa-
tible and incompatible trace elements is observed (Fig. 7a,b), whereas
ratios of two incompatible trace elements, e.g. Ba/Zr, remain constant
(Fig. 7c,d), demonstrating that host lava and segregations share a
common parental magma. Segregations are depleted in CaO, Al2O3

and Sr by a factor of 0.8–0.9 with respect to the host lava, indicating
that plagioclase crystallisation was involved in the formation of the
segregations. The segregations are also enriched in volatiles, as is
confirmed by their high vesicle contents.

The two samples taken from ‘pods’ have compositions identical to
the lava core (Fig. 6). While it might be expected that these samples
would contain segregated material due to their proximity to major
vesiculation features, we note that the vesiculation features in both
these cases are isolated pockets where volatiles have exsolved into
large bubbles that have subsequently been frozen as the upper
solidification front descends. Neither pod is connected to segregation
structures (i.e. vesicle cylinders or horizontal vesicle sheets) present
lower in the lava, which, alongside their host lava-like composition,
implies that their formation is unrelated to the segregation process.
The pods merely represent very localised vesiculation of the host
magma during emplacement, with these vesicles subsequently being
trapped in the growing lava crust.

4.1. Preservation of segregation structures

The segregatedmelt continues to evolve as it rises through the vesicle
cylinders, with the most evolved segregations located at the lowermost
horizontal vesicle sheet. This observation canbeexplainedbyconsidering
the mode of emplacement and the cooling rate of the flow.
The emplacement time of a pahoehoe sheet lobe can be estimated
using the empirical equation t=164.8C2, where t is time in hours, C is
the observed lava crust thickness in metres and 164.8 is an empirically
determined constant (Hon et al., 1994). The lava crust grows in
thickness during emplacement of the flow (see Section 3.4), and is



Fig. 7. Trace element variation within the Levering lava, using same symbols as Fig. 3.

Table 2
Selected clinopyroxene, plagioclase and interstitial glass compositions.

Sample L15 L2 L8 L8 L6A L10 L11 L2 L18

Type host host seg seg host seg seg host host
Location Lco/Lcr BVZ VC VC Lco VC HVS BVZ Lcr
min/an# cpx1a cpx2 cpx2a cpx4b pl6a pl4a pl5b g9 g7
Comment core core core rim core core rim glass glass

SiO2 (wt.%) 50.71 50.50 50.68 49.59 53.67 52.15 57.93 71.13 55.71
TiO2 0.69 0.74 0.81 0.82 0.06 0.07 0.08 0.57 1.95
Al2O3 3.14 3.09 3.31 1.28 27.86 28.41 24.99 14.17 14.65
FeO⁎ 10.80 9.19 8.44 18.41 0.54 0.58 0.58 3.21 10.47
MnO 0.30 0.25 0.22 0.43 0.01 0.01 0.01 0.05 0.20
MgO 16.64 15.92 15.17 11.46 0.15 0.16 0.05 0.10 2.99
CaO 16.61 18.86 19.73 16.32 11.46 12.51 7.66 2.37 7.84
Na2O 0.31 0.24 0.27 0.01 5.11 4.10 6.79 5.25 3.47
K2O 0 0 0 0 0.33 0.23 0.64 0.31 0.29
P2O5 0.01 0 0.02 0.31 0.29
Cr2O3 0.04 0.09 0.25 0
SrO 0.07 0.08 0.11 0.32 0.08
BaO 0.04 0.03 0.09 0.06 0.06
Total 99.25 98.80 98.87 98.31 99.31 98.32 98.96 99.74 99.23
En (mol%) 48 46 45 34
Fs 17 15 14 31
Wo 34 39 42 35
An (mol%) 60 51 37
Ab 39 47 59
Or 1 2 4
T (°C) 1187 1172 1116 999
P (kbar) 3.8 3.0 1.3 0.1

440 M.E. Hartley, T. Thordarson / Lithos 112 (2009) 434–446
much thicker than can be explained by the simple conductive cooling
of a lava body that was in a liquid state (N95% liquid) when it stopped
flowing. The fact that segregation structures (pipe vesicles, vesicle
cylinders and horizontal vesicle sheets) form a coherent network from
the basal crust to the base of the upper crust demonstrates that the
upper crust was already present when the preserved segregations
were formed (Thordarson, 1995). For the Levering lava, an average
lava crust thickness of 6 m gives an emplacement time of approxi-
mately 230 days.

Segregated material was formed throughout the emplacement
time of the Levering lava. This is indicated by the presence of an older
generation of pipe vesicles, found at the lowest stratigraphic heights
in the basal crust. These are inclined at high angles and are abruptly
truncated due to moving lava flowing above them. Above this horizon
is a younger generation of inclined pipe vesicles and small vesicle
cylinders in the basal crust and lowermost lava core. This indicates
that the preserved segregations began to rise while the lava was still
flowing, but that the flow was slow enough to prevent amalgamation.
Segregated material continued to rise through the liquid lava core
once the flow had stagnated. These observations imply that there
is only a short time window between the stagnation and solidification
of the lava core during which the segregation structures may be
preserved.

Goff (1996) uses a simple conductive cooling model based on the
methods of Jaeger (1961) to calculate the ascent velocity of material
within the preserved vesicle cylinders, which is of the order of hours
to days for a lava flow of the Levering's thickness and rheology. The
earliest-formed segregated material will rise fastest and farthest as
the system is slightly hotter and the upper solidification front is at a
higher level. This segregated material therefore spends the least
amount of time in the segregation transport system. Later-forming
segregatedmaterial spends longer in the segregation transport system
and thus reaches a more fractionated composition. However this
material is unable to rise as far due to the descent of the upper
solidification front, and therefore horizontal vesicle sheets are formed
at lower stratigraphic levels. This explains the observation that the
most evolved segregated compositions are located in the lowermost
horizontal vesicle sheets and at the tops of vesicle cylinders.
5. Mineral chemistry in the Levering lava

While the Levering host lava and segregations are essentially
aphyric, there exists a population of crystals of a slightly larger size
than the typical groundmass crystals. These are referred to as
‘microphenocrysts’ in the discussion below. Selected mineral compo-
sitional analyses are presented in Table 2.

Microphenocrysts of clinopyroxene and plagioclase in the segrega-
tions are more evolved than those of the host lava, with clinopyroxene
becoming more iron-rich (Fig. 8a,b) and plagioclase becoming more
sodic (Fig. 8c,d). This suggests thatmicrophenocrysts in the segregations



Fig. 8. Microanalyses of clinopyroxene and plagioclase from (a) the host lava and (b) the segregations. Solid circles show data from microphenocryst cores; diamonds show
microphenocryst mid-points; squares show microphenocryst rims. Most microphenocrysts show normal compositional zoning from core to rim; this is more pronounced in the
segregated samples. Open triangles show data from groundmass crystals. Plagioclases from both host lava and segregations show less than 4% variation in K2O content, so only albite
and anorthite endmembers are shown.
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formed at a later stage than those in the host lava, and crystallised froma
more evolved parental melt. Microphenocrysts in the segregations
exhibit amuch greater degree of compositional zoning than those in the
host lava. Themost evolvedplagioclase and clinopyroxene compositions
are found at the lowermost horizontal vesicle sheet, which is alsowhere
the most evolved whole rock composition is located.

All clinopyroxene microphenocrysts and groundmass crystals are
augites. Average microphenocryst compositions are En48Fs18Wo35 in
the lava core and En42Fs23Wo34 in the segregations. Microphenocrysts
from both the host lava and the segregations exhibit normal
compositional zoning with an average decrease in the enstatitic
endmember of 5% in the host lava and 6% in the segregations coupled
with an increase in the ferrosilite endmember of 4% in the host lava
and 5% in the segregations. The most magnesian cores generally
belong to the largest crystals, and as such it is likely that they were
among the first to form in the magma reservoir. Clinopyroxene
groundmass crystals have an average composition of En47Fs21Wo32 in
the host lava and En40Fs28Wo32 in the segregations.

There are two distinct populations of clinopyroxene compositions
(Fig. 8a,b). All microphenocrysts from the host lava fall into the more
magnesian group, with clinopyroxene in the segregations being
generally less magnesian. This is indicative of two main episodes of
clinopyroxene growth.Microphenocrysts from the host lava crystallised
earliest, from a more primitive parental magma, with crystals in the
segregations forming at a later stage. Some microphenocryst cores
within the ‘segregation’ group are compositionally similar to the
clinopyroxene cores in the host lava. These more magnesian cores
generally belong to larger crystals and display the greatest degree of
normal zoning.

Individual plagioclase microphenocrysts range in composition
from An64 in the lava core to An34 in a vesicle cylinder (Fig. 8c,d).
Microphenocrysts generally exhibit normal zoning patterns from core
to rim, with the average increase in albite content from core to rim
being 11% in plagioclases from segregated melt and 4% in plagioclases
from the host lava. There is a continuum of core compositions from
An64 to An47 within the host lava (Fig. 8c), indicating that plagioclase
crystallisation was a continuous process in the magma reservoir.

Plagioclase groundmass crystals range in composition from An61 in
the basal glassy selvage to An28 in a vesicle cylinder, with average
groundmass compositions of An55 in the host lava and An42 in the
segregations.

6. Formation of segregations

Several hypotheses exist concerning the mechanism of formation
of vesicle cylinders. Field evidence suggests that vesicle cylinders form
due to the buoyant rise of segregated melt, indicating that the
segregatedmelt is both less viscous and less dense than the host lava it
rises through. Goff (1977) proposed that vesicle cylinders originate
from a Raleigh–Taylor instability (RTI) within the lower part of the
lava flow. This requires the development of a low-density, vesicle-rich
horizon of segregated melt near the base of the flow, which
subsequently rises through the flow in plumes or diapirs to achieve
gravitational equilibrium. However, the initial conditions of RTI imply
that the vesicular horizon is more viscous than the overlying host lava
(Plesset and Whipple, 1974), although, in the case of basaltic melts,
this is to some extent counterbalanced by the relative increase in
volatile content of the segregated melt, since elevated water content
leads to the lowering of viscosity. Manga and Stone (1994) also
suggest that vesicle cylinders develop from instabilities in bubble
concentration, but they do not formulate an appropriate model for
vesicle cylinder growth due to their identification of vesicle cylinders
simply as ‘highly vesicular basalt’ whilst ignoring the chemical and
textural features particular to cylinder-bearing flows (Goff, 1996).

By far themost common explanation for vesicle cylinder formation
is that of ‘gas filter-pressing’ (e.g. Anderson et al., 1984; Greenough
and Dostal, 1992; Rogan et al., 1996; Sisson and Bacon, 1999;
Stephenson et al., 2000), also called ‘vapour-differentiation’ by Goff
(1996). These terms describe a process by which “residual liquid
migrates through a porous and permeable, but rigid, network of
interlocking crystals in response to a pressure gradient generated by
vapour-saturated crystallisation” (Anderson et al., 1984). Clusters of
low-density bubbles begin to rise through the lava core, thereby
creating a region of low pressure. Residual melt and volatiles from the
host lava therefore migrate into the low-pressure region, i.e. into the
newly formed vesicle cylinder (Fig. 10b of Goff (1996)), with this
residual melt contributing significantly to the vesicle cylinders’
evolved composition. The continued accumulation of material and
the reduced pressure from the overlying lava as the vesicle cylinders
rise allows the diameter of vesicle cylinders to increase with
stratigraphic height, while the upward migration of the lower
solidification front means that later-forming vesicle cylinders begin
to grow at higher levels within the flow.

Gas filter-pressing is thus a very elegant model for vesicle cylinder
formation. However, implicit in this model is that the host lava
immediately adjacent to the vesicle cylinders will be depleted in
incompatible elements due to the migration of residual melt and
volatiles into the vesicle cylinders. This is not observed in the Levering
lava. The host lava sampled immediately adjacent to vesicle cylinders
is compositionally identical in both major and trace element
concentrations to samples taken from the centre of the lava core. In
addition, we find no textural difference between host lava adjacent to
and far from the vesicle cylinders indicating that there has been no
significant extraction of inter-crystal residual melt from the host lava.
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Therefore, while gas filter-pressing is likely to occur on a very
restricted scale, this model does not fully explain vesicle cylinder
formation.

The gas filter-pressing model also does not explain why vesicles
should preferentially form in the lowermost part of the lava flow
where the pressure (loading) is greatest. While crystallisation within
the viscous part of the basal crust will generate buoyant, volatile-
enriched melt, this in itself is insufficient to create a low-pressure
region. However, the separation of laminar flow lines over depressions
in the undulating flow base may result in a drop in internal pressure
sufficient to initiate bubble formation. In this context it is interesting
that pipe vesicle clusters are typically situated above or within lows in
the undulating flow base.

Given that segregated material is occasionally found within pipe
vesicles in the basal zone of the Levering lava, and that the pipe
vesicles feed the segregation transport system (Thordarson, 1995), it
is logical to propose that segregated melt within the Levering lava is
derived by the extraction of volatile-enriched inter-crystal melt from a
mush horizon located in the upper part of the basal crust. As such, the
segregations are sourced by b10% of the host lava volume.

Mass-balance calculations run using PETROLOG (Danyushevsky,
2001) confirm that the segregated composition can be generated by
between 30 and 40% fractional crystallisation of the lava core average
composition. This relationship betweenhost lava and segregations is in
good agreement with findings from previous studies of lava flows
containingmelt segregations (e.g. Rogan et al., 1996; Stephenson et al.,
2000; Costa et al., 2006). We assume a volatile content of 0.3–0.4 wt.%
H2O for the Levering lava. Assuming 70% degassing at the vents, this
water content is in agreementwith accepted values for Columbia River
Basalt magmas (Thordarson and Self, 1996). The segregated melt is
buoyant with respect to the host lava: although the segregations
contain more FeO than the host lava, volatiles are partitioned into the
segregatedmelt which significantly reduces its density. This buoyancy
allows the segregatedmelt to rise vertically through the stationary lava
flow, producing the vesicle cylinder structures. As the segregatedmelt
ascends through the segregation transport system, crystals from the
host lava may be entrained in the buoyant melt. The most magnesian
clinopyroxene cores found in the segregations are interpreted to be
entrained from the host lava.

The wide range of crystallisation values (30–40%) reflects the fact
that the segregated melt continues to evolve as it rises through the
segregation transport system. This is consistent with the fact that
samples from the tops of vesicle cylinders and the lowermost
horizontal vesicle sheets are somewhat more evolved than segregated
Fig. 9. AFM diagram showing the evolution of the segregations and interstitial glass.
Whole rock compositions of host lava and segregations are shown as diamond symbols.
Interstitial glass analyses from host lava samples are shown as circles; solid black circles
are from sample L2, taken from the basal zone, and open circles are from sample L18,
taken from the very top of the lava crust. Interstitial glasses from vesicle cylinders and
horizontal vesicle sheets are shown as squares and triangles respectively.
melt from lower down in the lava flow stratigraphy. The lower bound
of crystallization (30–35%) is therefore responsible for the initial
generation of the segregated melt, whereas the larger values reflect
continued fractionation after formation. Philpotts et al. (1999) show
that after 25% crystallisation of a basaltic liquid, an interconnected
crystal network exists, consisting of monomineralic chains of
plagioclase and clinopyroxene. After 30% crystallisation this network
is rigid enough to allow for the extraction of interstitial liquid without
mobilising the crystal phases (Philpotts and Carroll, 1996), which is
consistent with the aphyric character of the segregations. The strength
of the crystal network increases dramatically between 33 and 37%
crystallisation. This led Philpotts and Carroll (1996) to suggest that the
initial segregated melt is extracted after no more than 35% crystal-
lisation of the host basalt, since N35% crystallisation would limit
compaction in the lower part of the flow, and voids left behind due to
melt extraction are not observed in flows.

6.1. Interstitial glass composition

Interstitial glass compositions within the upper basal zone of the
Levering lava, measured in sample L2, display a wide compositional
range (Fig. 9). This is evidence of fractionated melt that did not
achieve sufficient buoyancy to rise through the segregation transport
system, due to its becoming too viscous to rise through the cooling
lava flow. Point-counting of sample L2 reveals that it contains
approximately 47% more plagioclase, 46% more clinopyroxene and
8% more olivine than samples L1 and L18 (from the basal and upper
glassy selvages respectively) in terms of modal abundance. This is
exactly the crystallising assemblage predicted by mass-balance
calculations in order to generate fractionated melt with the composi-
tion of the segregations. This demonstrates that segregated melt is
generated in the upper basal zone of the Levering lava.

6.2. Thermobarometry

Estimates of the pressures and temperatures of microphenocryst
crystallisation were obtained using the clinopyroxene+liquid
geothermobarometer of Putirka et al. (2003). Since no quenched
glass was available for analysis by electron microprobe, we assume
that the whole rock composition is representative of the true melt
composition.

Clinopyroxene microphenocrysts from the host lava crystallised at
pressures ranging from 5.7 to 0.3 kbar, with a large cluster of crystals
coming from pressures of 2.7 to 1.9 kbar. By contrast, no clinopyrox-
enes from the segregations is found to have crystallised at pressures
exceeding 1.3 kbar. A large subsection of clinopyroxene analyses yield
negative pressures, indicating that magma ascent rates were rapid
enough to prevent the re-equilibration or dissolution of minerals at
lower pressure. This is found in samples from other Grande Ronde
flows (Caprarelli and Reidel, 2004). Caprarelli and Reidel (2004)
suggest that this is strong evidence in favour of a deep magma
reservoir supplying Grande Ronde magmas. This conclusion is
supported by geological and geophysical evidence for a lower crustal
magma chamber at depths ≥20 km supplying the Columbia River
Basalt Group (Lange, 2002).

There is a strong linear correlation between the pressure and
temperature of crystallisation of the clinopyroxenes. Using the
methods of Caprarelli and Reidel (2004) we use the maximum
pressure of crystallisation to estimate the minimum depth of the
magma reservoir. Crustal thicknesses for the upper, middle and lower
crust are 11.25 km, 10 km and 14.25 km respectively, and have
estimated densities of 2600 kg/m3, 2850 kg/m3 and 3000 kg/m3

respectively (Caprarelli and Reidel, 2004). Given these parameters
and a maximum crystallisation pressure of 5.7 kbar for clinopyroxene,
a minimum depth of 21.4 km is obtained for themagma reservoir. This
is in close agreement with the 23 km depth obtained by Caprarelli and



Fig. 10. Chemical grouping of Grande Ronde basalts based on the chemical classifications of Mangan et al. (1986) into five regional chemical types, distinguished most easily by their
MgO, TiO2 and P2O5 contents. The groups are based on compositional data for over 1800 samples analysed at Washington State University and by the U.S. Geological Survey (see
Section 7 for details). Individual points represent analyses from the Levering lava, using same symbols as Fig. 3.

443M.E. Hartley, T. Thordarson / Lithos 112 (2009) 434–446
Reidel (2004) from the maximum pressure of clinopyroxene crystal-
lisation in Grande Ronde Basalt samples.

7. Grande Ronde chemistry

The Levering lava, from the Sentinel Bluffs series of theGrande Ronde
Formation, is highly representative of the Grande Ronde Formation as a
whole. The Levering lava displays the internal structure, and thus the
flow emplacement mechanism, that characterises Grande Ronde
pahoehoe sheet lobes (Self et al., 1998). Thermobarometry confirms
that the Levering lava was fed from a magma reservoir that is
representative of all Grande Ronde flows (Caprarelli and Reidel, 2004).
In addition, the bimodal compositional distribution between host lava
and segregations within the Levering lava is echoed on a larger scale
within the Grande Ronde Formation itself: up to 85% of Grande Ronde
Basalt consists of evolved basalt with a similar composition to the
Levering lava's segregations,while the remaining 15% is compositionally
similar to the Leveringhost lava. TheGrandeRonde Formation comprises
around 85% of the total erupted volume of the Columbia River Basalt
Group (Reidel et al.,1989). Erupted between17.0 and 15.6Ma, it contains
at least 120 major flows (Reidel et al., 1989) and has a total volume of
148,600 km3 (Tolan et al.,1989). Given the volumetric importance of the
Grande Ronde Formation to the Columbia River Basalt Group, insights
from the formation of highly evolved basaltwithin the Levering lavamay
thus be very significant when considering the generation of the large
volumes of highly evolved basalt in the Grande Ronde Formation.

Although the Grande Ronde Basalt has a relatively narrow composi-
tional range, variousattemptshavebeenmade to subdivide its constituent
flows into different chemical groupings (e.g. Landon and Long, 1989;
Reidel, 2005). A commonmethod is to define high-MgO (N4.4wt.%MgO)
and low-MgO (b3.7 wt.%MgO) groups, with intermediate compositional
groups being classified as ‘transitional’ basalts (e.g. Nelson,1989). Amore
detailed set of subdivisions byMangan et al. (1986) describes the Grande
Ronde Basalt in terms of five ‘regional’ and four ‘local’ compositional
groups on the basis of their combinedmajor and trace element chemistry.
The five regional groups consist of three high-MgO (N4.5 wt.% MgO) and
two low-MgO (b4.5 wt.% MgO) groups which are most easily
distinguished by their TiO2, P2O5 and K2O contents. In the discussion
belowwemaintain the group numberings ofMangan et al. (1986), where
Groups 1, 3 and 4 are high-MgO, and Groups 2 and 5 are low-MgO. The
four local compositional types each refer to a particular reference locality
and are distinctive in one or more major or trace elements.

Using a dataset of over 1800 samples analysed by various workers at
Washington StateUniversityand theU.S. Geological Surveyover thepast
40 years (Walker, 1973; Holden and Hooper, 1976; McDougall, 1976;
Mangan et al., 1985; Reidel, 1988; Hooper and Hawkesworth, 1993;
Hooper et al.,1995;Hooper, 2000; Reidel andValenta, 2000; this study),
we demonstrate that the compositional subdivisions of Mangan et al.
(1986) are applicable across the Grande Ronde Basalt. Samples were
assigned to one of the five compositional groups by k-means cluster
analysis (Hartigan and Wong, 1979) on the basis of 10 major element
oxides. Given our extended dataset, the mean and standard deviation
values obtained for the chemical groups differ slightly from those of
Mangan et al. (1986), but the pattern of results is preserved (Fig. 10). A
total of 171 samples had compositions falling significantly outside the
five regional groups, but correlating closely with one of the four local
groups. These samples are not considered in the discussions below.

The more magnesian host lava samples from the Levering lava fit
mainly into Group 3 (Fig. 10), with a small number fitting into Group 4.
The segregations can generally be classified as Group 2, although it
is clear fromFig.10 that someof the segregationsaremuchmore evolved
than the main body of samples from this compositional group. Given
that the high and low-Mg Levering samples are related by fractional
crystallisation, we propose that the relationship between compositional
Groups 3 and 2 of the Grande Ronde Basalt, and by extension all high-
MgO and low-MgO groups, is that of fractional crystallisation and
subsequent melt extraction via segregation on a large scale.

Using the average compositions of the high-MgOGroups (1, 3 and 4)
as given in Table 3, fractional crystallisation calculations were run using
PETROLOG. The crystallising phases modelled were olivine, plagioclase
and clinopyroxene, with calculations run at 1 log unit below the QFM
buffer. Results show that it is possible to generate compositions very



Table 3
Compositions of the five regional chemical groups of the Grande Ronde Basalt, based on the classifications of Mangan et al. (1986).

Oxide Group 1 Group 2 Group 3 Group 4 Group 5

SiO2 (wt.%) 55.17 (0.76) 55.21 (1.07) 54.35 (0.74) 54.40 (0.75) 55.60 (0.78)
TiO2 1.84 (0.17) 2.29 (0.14) 1.79 (0.08) 1.94 (0.08) 2.01 (0.13)
Al2O3 14.15 (0.43) 13.84 (0.48) 14.07 (0.37) 13.91 (0.50) 14.03 (0.38)
FeO 10.78 (0.83) 12.24 (0.83) 11.07 (0.66) 11.52 (0.76) 11.68 (0.70)
MnO 0.19 (0.02) 0.20 (0.02) 0.19 (0.01) 0.20 (0.02) 0.19 (0.02)
MgO 4.69 (0.21) 3.67 (0.30) 5.21 (0.25) 4.89 (0.23) 3.92 (0.33)
CaO 8.42 (0.28) 7.14 (0.37) 8.84 (0.36) 8.54 (0.31) 7.40 (0.49)
Na2O 3.10 (0.25) 3.13 (0.24) 3.10 (0.22) 3.13 (0.28) 3.10 (0.21)
K2O 1.28 (0.16) 1.80 (0.30) 1.04 (0.17) 1.10 (0.19) 1.71 (0.25)
P2O5 0.38 (0.04) 0.47 (0.07) 0.34 (0.03) 0.37 (0.04) 0.39 (0.05)

Average composition of chemical group given in the first column, with the 1σ standard deviation expressed in parentheses. All iron is given as FeO.
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close to the average compositions of the low-MgO Groups 2 and 5 by
simple fractional crystallisation from the compositions of Groups 1, 3
and 4. Calculations were run using a variety of water contents, the best
results being obtained with a concentration of 0.5 wt.% H2O.

Group 2, the more evolved of the low-MgO groups, can be
generated by 23% crystallisation of Group 1. All major element
concentrations fall within the 1σ standard deviation of the Group 2
average composition. In addition, 25% crystallisation of Group 4 or 29%
crystallisation of Group 3 also produce compositions within 1σ of
Group 2, with the exception of slightly elevated CaO and Na2O
contents which fall within 2σ of Group 2 (b1%).

Group 5 can be generated by 18% crystallisation of Group 1. All
major element concentrations fall within 1σ of Group 5 except Al2O3

and P2O5, which fall within 2σ. The excess P2O5 concentration is taken
up by the crystallisation of apatite, which is not modelled in these
calculations but is a common accessory mineral throughout the
Grande Ronde Basalt (Reidel, 1983). 25% crystallisation of Group 3 or
20% crystallisation of Group 4 produce compositions which fall within
2σ of Group 5 for all major elements.

In all cases the crystallising assemblage is dominated by plagio-
clase (55–60%) and clinopyroxene (35–45%), with minor amounts of
olivine (b3%).
Fig. 11. Trace element variations across the Grande Ronde Formation. Squares show data fr
Group 4 and open inverted triangles are Group 5. Trace element concentrations (a) Th vs. (L
relationship governed by fractionation processes. The scatter in these relationships is minima
by the shallow positive correlations between (c) (Ce)n vs. (La)n/Ta and (d) (La/Sm)n vs. (Ce
particularly for (La/Sm)n vs. (Ce/Yb)n. This weak signature of crustal assimilation in our data
between high and low-MgO magmas.
These results demonstrate that fractional crystallisation exerts a
first-order control over the compositional variation seen in Grande
Ronde basalts. This conclusion is in agreement with various authors
(e.g. Reidel, 1983; Hooper, 1984) who advocate large-scale crystal
fractionation of plagioclase+olivine±clinopyroxene at a deep
reservoir near the crust–mantle boundary.

7.1. Trace element abundances

Trace element ratios confirm that fractional crystallisation is a
first-order control on the composition of Grande Ronde basalts. In
particular, the incompatible trace elements follow the behavioural
patterns expected for the generation of more evolved compositions
from a parental melt. The incompatible elements Th and Hf both
display a positive correlation with (La)n (normalised to the bulk
silicate Earth composition of McDonough and Sun (1995)) as high-
MgO compositional types crystallise and the residual melt evolves to
low-MgO types (Fig. 11a).

Some authors have argued that ‘transitional’-type magmas
(3.7bMgOb4.4 wt.%) show simultaneously lower levels of mid and
heavy rare earth element fractionation and higher levels of incompa-
tible elements with respect to most high-MgO lavas (e.g. Nelson,
om Group 1 lavas; filled triangles are Group 2; solid circles are Group 3; diamonds are
a)n vs. Th, and ratios (b) Th vs. (La/Yb)n display the positive correlation expected for a
l. Evidence of magma contamination by assimilation of a crustal component is indicated
/Yb)n for the Grande Ronde Basalt; however, the scatter in these relationships is large,
suggests that assimilaton is not the most important process governing the relationship
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1989), which precludes the possibility of a simple genetic relationship
between the two groups. Nelson (1989) finds a negative trend
between the (La/Yb)n and Th between high and transitional MgO
groups, which he interprets as primarily due to differences in mantle
source composition. However, Nelson uses a small dataset from a
single vertical section of the Grande Ronde Basalt. With our extended
dataset, we show that there is a clear positive correlation between
(La/Yb)n and Th for the high and low-MgO groups of the Grande
Ronde Basalt (Fig. 11b). No compositional group deviates significantly
from the observed positive correlation. This is as expected for a
relationship controlled by fractional crystallisation processes.

While crystal fractionation exerts a first-order control on the
Grande Ronde Basalt composition, it is generally agreed that fractional
crystallisation alone is not sufficient to explain the compositional and
isotopic variations observed in the Grande Ronde Basalt. Both mantle
heterogeneity and crustal contamination are advocated as possible
explanations for these variations.

Local variations in mantle source composition are suggested by the
four local compositional groups described by Mangan et al. (1986),
which refer to four specific reference localities. These local groups
differ significantly from the five regional groups in one or more major
or trace element concentrations, and cannot be related to the five
regional groups by a simple fractionation relationship. However, any
variations in mantle source composition are minor. Regional composi-
tional Groups 1 and 4 appear to lie on an evolution trend fromGroup 3
in terms of their trace element composition, indicating that the
chemical variation between these groups is generated by fractionation
in a deep magma reservoir.

Crustal assimilation accompanying fractional crystallisation in a
magma chamber is able to enrich the magma chamber in some
incompatible elements, whilst buffering changes in most major
element concentrations (e.g. Hooper, 1984, and references therein).
The process of crustal assimilation and subsequent fractional crystal-
lisation (AFC) may occur at various locations in the crust. Hooper
(1984) favours amodel of contamination by lower crustal material in a
deep magma reservoir near the crust-mantle boundary, while Carlson
et al. (1981) argue that contamination occurs by assimilation of sialic
crustal material during transport through the continental crust or
storage in a crustal magma reservoir. Nelson (1989) favours a
granodioritic or tonalitic crustal contaminant to explain the shallow
positive correlation observed between (Ce)n vs. (La)n/Ta (Fig. 11c). A
similar positive correlation is observed between (La/Sm)n vs. (Ce/
Yb)n (Fig. 11d); however the scatter in this relationship is large. This
indicates that, while our data do carry a signature of AFC, the
dominant process in generating the variation between high and low-
MgO lavas is that of fractional crystallisation rather than AFC.

8. Extraction of highly evolved melt from a deep reservoir

Having demonstrated that fractional crystallisation is a primary
control on the bimodal compositional distribution observed in Grande
Rondemagmas, it is nownecessary to explain how thismelt reaches the
surface. Themodel of crystallisation and buoyant rise of segregatedmelt
that was applied to describe the formation of melt segregations in the
Levering lava is applicable on a magma reservoir scale to the Grande
Ronde Basalt. Large-scale transport of segregated melt has been
documented at the Kilauea Iki lava lake in Hawaii (Helz, 1987; Helz
et al.,1989),where diapiric rise of low-density evolvedmelt has resulted
in the compositional stratification of the lava lake. Such a process
operating in a deep magma reservoir could generate large volumes of
evolved melt.

8.1. Volumetric considerations

The Grande Ronde Formation has a total volume of 146,800 km3

(Tolan et al., 1989). Reidel et al. (1989) estimate that 85% of the total
volume of the Grande Ronde Basalt is composed of flows with MgO
content less than 3.8 wt.%, and 65% of the total flow volume has TiO2

N2.1 wt.%. On the basis of this estimate, up to 85% of the Grande Ronde
Basalt falls within compositional Groups 2 and 5, with the remaining
15% classified as Groups 1, 3 or 4. We assume that the four local
compositional groups are volumetrically insignificant for the purposes
of the discussion below.

The five regional compositional groups of Mangan et al. (1986) are
not easily applicable to a mappable regional stratigraphy (Tolan et al.,
1989) and although subunits of each composition (with the exception
of Group 1, found only at the top of the Grande Ronde succession) are
repeated throughout the Grande Ronde Basalt, no progressive
variation is observed between high and low MgO compositions,
which are repeated at irregular intervals (Nelson, 1989; Mangan et al.,
1986). The stratigraphic variations resemble reversals produced as a
result of replenishment, although it is likely that some of this variation
is caused by the interfingering of contemporaneous eruptions sourced
by independent plumbing systems (Nelson, 1989).

The generation of low-MgO magmas by fractional crystallisation
requires that a large volume of plagioclase+clinopyroxene±olivine
crystallising in deep magma reservoirs was left behind as a cumulate
pile (Table 2). In his study of the upper crustal structure beneath the
Columbia River Basalt Group, Saltus (1993) recognises three major
gravity lows beneath the Columbia River Basalt Group. Two of these
gravity lows, the Pasco and Grand Coulee lows, have been interpreted
by Saltus as primarily caused by low-density plutons within the
crystalline basement, “possibly felsic plutons” (Saltus, 1993). The
inferred crustal structure beneath the Columbia River Basalt Group as
modelled by Catchings and Mooney (1988) places the lower
crystalline basement between 18 and 25 km depth beneath the
thickest part of the Columbia River Basalt succession. Gabbroic plutons
within this depth range would be consistent with plagioclase+
clinopyroxene±olivine cumulates from deep magma reservoirs (e.g.
Cox, 1980). Gabbroic plutons in the upper crystalline crust between
12 and 18 km depth would be indicative of temporary storage
reservoirs for Columbia River Basalt Groupmagmas ascending through
the crust.

9. Conclusions

Melt segregations in the Levering lava are found in a mature and
well-developed system of pipe vesicles, vesicle cylinders and
horizontal vesicle sheets. The Levering lava can be described as
having a bimodal compositional distribution, with segregations
having a markedly more evolved chemistry than the main body of
lava. The segregated melt is generated by fractional crystallisation
from a crystal mush horizonwithin the basal zone of the lava flow, and
rises buoyantly through the flow. The segregation structures are
preserved once the flow begins to stagnate. Interstitial glass
compositions from the basal zone demonstrate that evolved melt is
generated in this zone. The model of fractional crystallisation and
buoyant rise can be applied on a much larger scale to explain the
bimodal compositional distribution observed in the Grande Ronde
Basalt. Although the signature of AFC is present in our data from the
Grande Ronde, we conclude that fractional crystallisation is the
dominant process by which evolved magma is generated from a high-
MgO parental magma. Crystal fractionation and extraction of evolved
melt may occur in a deep reservoir near the crust–mantle boundary or
in shallower magma storage chambers. Gabbroic plutons within the
lower crystalline basement beneath the Columbia River Basalt Group
support fractional crystallisation occurring within the crust. Pheno-
cryst phases either settle out, or in the case of N35% crystallisation,
the formation of a rigid crystal framework allows extraction of
interstitial melt without mobilising the crystal phases. This process is
capable of generating the moderately evolved, essentially aphyric
lavas that comprise up to 85% of the Grande Ronde Basalt.
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