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Abstract The Rymmen and Eriksberg gabbros preserve
the crystallization products of hydrous basaltic liquids,
ranging from anorthosite and troctolite to highly frac-
tionated oxide gabbro, diorite, and leucotonalite. The
high initial water content of the liquids that filled the
magma chambers (1.5-3 wt%) allowed amphibole to
saturate as an interstitial mineral even in the earliest
formed cumulates. The increasing water content of the
system helped to produce a thick sequence of cumulates
with anorthitic plagioclase (Ang; 9,). The growth of
interstitial amphibole caused much more interstitial li-
quid to be incorporated into the cumulates than might
be expected for dryer basaltic systems, producing a very
imperfect fractional crystallization process. Compari-
sons of models of the trace-element evolution of the two
intrusions reveal that the overall enrichments of some
elements are adequately predicted by a perfect fractional
crystallization model but all agree better with an
imperfect fractional crystallization model. This reflects
the change in the bulk distribution coefficients of the
solid assemblage upon amphibole saturation, with the
retention of elements compatible in amphibole in the
crystal pile and the loss of elements incompatible in
amphibole from it. These results stress the importance of
understanding the physical, as well as the chemical
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processes involved in fractional crystallization and in
particular the role of postcumulus processes.

Introduction

Studies of mafic intrusions have been focused on rela-
tively “dry” systems (e.g., Parsons 1987, Cawthorn
1996) and therefore the knowledge of how “wet” mafic
magmas differentiate at depth is limited. The presence of
a significant amount of H,O in a basaltic liquid changes
its physical properties (lower viscosity, lower density,
lower liquidus/solidus) and phase relations (Burnham
1979; Anderson 1980). The lower density and viscosity
of the liquid may promote convection in the magma
chamber and help to facilitate compaction in the accu-
mulating crystal mush. Higher H,O contents will also
stabilize amphibole earlier during the crystallization of a
basaltic liquid, producing a pronounced difference in
bulk distribution coefficients for the solid assemblages in
wet versus dry basaltic liquids. Early fluid saturation,
which will occur in hydrous basaltic systems, also creates
a larger potential for exsolved fluids to modify the solid
assemblage and the fractionation path of the overlying
liquid (Meurer and Boudreau 1998a, 1998b).

The Rymmen and Eriksberg gabbros are remarkably
similar bodies that are part of the Proterozoic Trans-
scandinavian Igneous Belt (TIB) in southern Sweden
(Gaal and Gorbatschev 1987; Fig. 1). They preserve
cumulates crystallized from relatively primitive, hy-
drous, high-alumina tholeiites and provide excellent
opportunities to understand differentiation where “wet”
magmas are envisaged at depth (e.g., Sisson and Grove
1993a, 1993b; Bindeman and Bailey 1999; Miintener
et al. 2001; Grove et al. 2002). Here we present the field
relations, petrography, whole-rock compositions, and
both major- (microprobe) and trace-element (laser 1C-
PMS) compositions of the minerals of both intrusions.
This helps to constrain intensive parameters such as



temperature, pressure, oxygen fugacity, and the major-
element composition and initial H>,O content of the
parental liquids. Inversion modeling of the bulk-rock
compositions is used to determine the trace-element
evolution of the differentiating liquids and these trends
are compared to models of perfect and imperfect frac-
tional crystallization to understand the role of amphi-
bole crystallization in the crystal pile, in a fractionating
basaltic system.

Field relations
The Rymmen gabbro

The Rymmen gabbro is part of the Smaland-Virmland
section of the TIB, and lies within the Protogine Zone
(e.g., Gorbatschev 1980; Larson et al. 1990), a N-S-
trending shear zone south of Lake Vittern that Wahl-
gren et al. (1994) interpreted as the Sveconorwegian
Frontal Deformation Zone (Fig. 1). The Rymmen gab-
bro is approximately circular in exposure and 4 km in
diameter (Fig. 2). The area is flat, with the highest
exposures measuring 20 m above lake Rymmen. Con-
tacts with the foliated TIB-granitoids are not exposed,
but back-veining into the gabbro and partial melting of
the surrounding granite close to the contacts indicate
that the Rymmen gabbro is intrusive into the granitoids,
consistent with radiometric dating on zoned zircon in
the partially melted host rock (Claeson 1999b).

Modal layering is defined by variations in plagioclase,
resulting in rocks that range between olivine melagabbro,
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Fig. 1 Sketch map showing location of the Rymmen gabbro (Ry),
the Eriksberg gabbro (Er) and tectonic subdivision of southern
Sweden (modified after Juhlin et al. 2000). Key: 1, Svecofennian
Domain (SD); 2, Transscandinavian Igneous Belt (71B); 3,
Southwest Scandinavian Domain (SSD); 4, Phanerozoic cover (in
black). Protogine Zone (PZ), Sveconorwegian Frontal Deforma-
tion Zone (SFDZ)
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troctolite, and anorthosite. Layering is most obvious in
olivine-bearing rocks and is absent in quartz- and biotite-
bearing rocks. It strikes E-W and dips between 60 and
90° to the south (Fig. 2). Higher modal proportions of
olivine in the northern part and of Fe-Ti oxides in the
southern part suggest that the floor of the intrusion is
exposed along the northern margin. This is consistent
with the cryptic layering and the dip of modal layering,
all indicating that the intrusion is tilted towards the
south. Magnetic susceptibility of outcrops also defines
the layering in the intrusion (Fig. 3), and overall it shows
a strong, positive magnetic anomaly, as do several other
mafic intrusions in this part of the TIB (Wikman 2000).

Crystallization proceeded from the margins inward
but the bulk of the cumulates (approximately 3 km)
accumulated on the floor of the intrusion. Fe-Ti oxide-
rich rocks mark the sandwich horizon, the meeting of
the upward and downward growing -crystallization
fronts. Deformation and subsequent hydrothermal
alteration is restricted to a few discrete shear zones. Thin
(<20 cm) ultramafic veins occur within the olivine-
bearing parts of the gabbro and some are corundum-
bearing (Claeson 1999a).

The Eriksberg gabbro
The Eriksberg gabbro (Magnusson 1925; Vinnefors

1985; Lundegardh 1987) is situated in the Smaland-
Virmland granitoid belt, east of the Protogine Zone and
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Fig. 2 Structure element map of the Rymmen gabbro, delineated
by the thin line
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Fig. 3 Magnetic susceptibility map displaying the surface distribu-
tion of magnetic minerals within the Rymmen gabbro. Note that
the susceptibility is high in the proposed roof section even where
the whole-rock Mg# is relatively high (Fig. 5)

west of the Sveconorwegian Frontal Deformation Zone
(Fig. 1). The intrusion is deformed locally, but most of
the igneous structures and textures are preserved. The
gabbro shows clear intrusive relations with the host,
forming apophyses within the granitoids that contain
K-feldspar xenocrysts. There is less outcrop of the Eri-
ksberg gabbro than of the Rymmen gabbro and much is
hidden by lake Daglésen (e.g., a fault may cut the
intrusion beneath the lake Fig. 4).

Both modal and rhythmic layering occur in primitive
gabbros and the general features of the Eriksberg are
similar to the Rymmen. However, a zone of diorite
occurs in the southwest and leucotonalitic dykes, with
pegmatitic contacts and fine-grained interiors, cut the
gabbroic rocks of the Eriksberg gabbro. Leucotonalitic
dykes are not found outside the intrusion indicating that
they are local differentiates. Amphibole is present at
some contacts between the gabbroic rock and the leu-
cotonalitic dykes, and Vinnefors (1985) referred to the
dykes as “gabbro pegmatite”. Faults, locally filled with
leucotonalite, are interpreted as synmagmatic and have
displacements of 5 to 20 cm. These are most readily seen
in rhythmically layered outcrops.

Mineral- and whole-rock compositions

Minerals were analyzed at the Earth Sciences Centre,
Goteborg University, using a Zeiss® DSM 940 scanning
electron microscope (SEM) with a Link® energy dis-
persive spectrometer (EDS) system for major-elements.
We used an accelerating voltage of 25 kV, a sample
current of about 1 nA, a counting live-time of 100 s, and
calibrated with natural minerals and simple oxide stan-
dards. Cobalt was used as a reference standard and to
minimize drift and the raw counts were reduced using
a ZAF correction. Trace-element compositions were
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Fig. 4 Sketch map of the Eriksberg gabbro with structure elements.
Note that the quartz diorite to diorite on this map is not the rocks
referred to in this study, which only accounts for rocks within the
Eriksberg gabbro

determined using a Cetac ASX-200 Nd-YAG UV laser
for sampling and a HP-4500 quadrupole ICP-MS for
analysis at Goteborg University. The procedures are
detailed in Meurer and Claeson (2002) and estimated
precision is approximately dependent upon elemental
concentrations as follows: 210 ppm (better than 5%),
0.25-10 ppm ( £10%), 0.05-0.25 ppm ( <20%) and
<0.05 ppm (~20-50%).

Petrography and major element characteristics

Rocks from the Rymmen and Eriksberg gabbros have
many similarities and we summarize these common
features first. The bulk of both intrusions are medium
grained (1-5 mm) with rare plagioclase megacrysts (10—
15 mm). Most samples are cumulates containing sub-
euhedral cumulus grains surrounded by interstitial,
postcumulus minerals. Early cumulates consist of
cumulus plagioclase and olivine with interstitial mag-
matic hornblende, clinopyroxene, and orthopyroxene.
These range from olivine melagabbro and olivine mel-
agabbronorite, to troctolite (mela to leuco), and anor-
thosite. The evolved Fe-Ti oxide-rich gabbros and
diorites contain plagioclase, ortho- and clinopyroxene.
Major-element mineral analyses from the main parts
of each intrusion reveal a significant spread in compo-
sitions (Table 1). However, the major-element compo-
sition of cumulus plagioclase, present throughout both
intrusions, is unzoned in early cumulates and mostly so
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Table 1 Representative plagioclase, olivine, clinopyroxene, orthopyroxene and magmatic amphibole mineral analyses

Rock Sample Mineral Na,O MgO Al,O4 SiO, K,0 CaO TiO, Cr,03 MnO FeO Sum
Hbl-dio Ry95626 Plag 5.15 28.6 54.8 0.03 10.8 0.13 99.5
Gab-nor Ry95084  Plag 3.70 30.8 51.9 0.02 13.5 n.d. 99.9
FeTi-ga Ry95047 Plag 3.20 324 49.7 0.04 14.8 0.18 100.4
Gab Ry95585 Plag 1.61 34.3 46.3 n.d. 17.6 0.11 99.9
Lol-gab Ry95074  Plag 1.31 34.8 459 n.d. 18.2 n.d 100.2
Ol-gab Ry95597 Plag 1.23 34.7 46.1 0.01 18.4 n.d. 100.4
Ol-gab Ry95605 Plag 1.03 35.7 45.5 0.04 18.7 0.07 101.0
Hbl-dio Er96122 Plag 6.65 27.1 58.4 0.08 8.40 0.11 100.8
An-gab Er96114 Plag 1.45 344 459 n.d. 17.8 0.25 99.8
Mel-gab Er96119 Plag 1.25 34.5 45.6 0.01 17.9 0.20 99.4
Mel-gab Er96100 Plag 1.10 35.6 45.5 0.04 18.3 n.d. 100.6
Gab Ry95585 Oliv 38.8 38.5 0.33 23.0 100.7
Lol-gab Ry95074  Oliv 40.9 39.2 0.30 20.7 101.1
Ol-gab Ry95608 Oliv 41.8 39.1 0.27 19.2 100.4
Ol-gab Ry95605 Oliv 42.6 38.7 0.29 19.1 100.7
An-gab Er96110 Oliv 37.9 38.1 0.45 23.0 99.4
Mel-gab Er96119 Oliv 39.4 38.6 0.34 22.2 100.5
Mel-gab Er96100 Oliv 40.8 39.0 0.33 20.9 101.0
Gab-nor Ry95084 Cpx 0.18 14.5 1.95 53.0 21.5 0.38 n.d 0.43 8.69 100.6
FeTi-ga Ry95047 Cpx 0.37 15.0 2.66 51.6 21.5 0.60 n.d. 0.26 7.77 99.8
Gab Ry95585 Cpx n.d. 16.2 2.89 53.0 21.8 0.43 0.36 0.17 6.36 101.1
Lol-gab Ry95074 Cpx n.d. 15.9 3.14 53.2 21.8 0.36 0.31 0.19 6.03 100.9
Ol-gab Ry95597 Cpx n.d. 16.0 3.18 52.2 22.9 0.44 0.42 0.11 4.27 99.6
Ol-gab Ry95605 Cpx n.d. 17.5 3.40 52.5 21.6 0.54 0.71 0.17 4.48 100.8
Hbl-dio Er96122 Cpx 0.31 12.0 1.34 55.2 22.0 0.27 n.d. 0.54 10.9 99.7
An-gab Er96110 Cpx 0.35 15.4 3.27 52.0 20.7 0.60 0.03 0.25 8.12 100.7
Mel-gab Er96119 Cpx 0.28 16.1 1.38 53.6 23.1 0.26 0.20 0.22 5.36 100.5
Ol-gab Er96106 Cpx 0.25 16.2 3.11 51.6 21.2 0.36 0.23 0.19 6.55 99.6
Gab-nor Ry95084  Opx n.d. 19.4 0.89 52.7 1.06 0.21 n.d 1.10 25.7 101.1
FeTi-ga Ry95047 Opx 0.17 23.3 1.66 52.7 1.31 0.29 n.d. 0.57 19.3 99.4
Gab Ry95585 Opx n.d. 28.5 1.59 54.7 0.98 0.18 0.12 0.38 13.3 99.7
Lol-gab Ry95074  Opx n.d. 29.1 1.70 554 0.64 n.d. n.d 0.41 13.4 100.7
Ol-gab Ry95597 Opx n.d. 29.8 1.84 54.9 0.84 n.d. n.d. 0.30 12.2 99.8
Ol-gab Ry95605 Opx n.d. 29.7 1.62 54.6 0.91 n.d. 0.16 0.35 12.3 99.6
Mel-gab Er96119 Opx 0.10 29.2 1.63 54.9 1.32 0.17 0.19 0.27 12.4 100.1
Mel-gab Er96100 Opx n.d. 29.7 1.11 56.1 1.09 n.d. 0.04 0.34 12.3 100.8
Hbl-dio Ry95626 Amph 1.29 9.9 12.4 44.4 0.60 11.4 0.82 n.d 0.37 16.8 97.9
Gab-nor Ry95084  Amph 1.21 13.2 10.0 46.0 0.81 11.9 1.55 n.d 0.22 13.1 98.1
FeTi-ga Ry95047 Amph 2.05 13.5 13.3 439 0.70 12.0 1.83 n.d. 0.12 11.5 98.9
Gab Ry95585 Amph 1.76 15.0 12.1 44.6 0.92 12.4 2.49 0.28 0.16 9.12 98.9
Lol-gab Ry95074  Amph 2.06 17.4 12.4 45.6 0.24 12.5 0.43 n.d 0.12 7.25 97.9
Ol-gab Ry95597 Amph 1.95 17.3 13.2 459 0.33 12.4 0.83 n.d. 0.09 6.93 99.0
Ol-gab Ry95605 Amph 2.01 16.6 16.7 43.2 0.16 12.1 0.09 0.10 0.12 7.08 98.1
Hbl-dio Er96122 Amph 1.23 9.55 9.78 44.7 0.80 11.3 0.78 n.d. 0.45 18.6 97.2
An-gab Er96114 Amph 1.55 15.4 11.5 454 0.79 12.3 0.70 0.38 0.10 9.79 97.9
Mel-gab Er96119 Amph 2.75 16.6 12.9 43.5 0.26 11.4 0.80 0.33 0.17 8.63 97.2
Mel-gab Er96100 Amph 2.04 16.8 11.6 44.8 0.44 11.4 2.70 0.04 0.11 8.25 98.2

n.d. not detected

in the evolved rocks. Inclusions of plagioclase are found
in amphibole and clinopyroxene. Areas of symplectite
that originally were inclusions of plagioclase are seen in
olivine (Claeson 1998). Locally, coronas are developed
where olivine is in contact with plagioclase (the miner-
alogy of the symplectites and coronas are discussed in
the thermobarometry section below). The corona
structures overprint interstitial amphibole and are
interpreted as products of deuteric reactions (Claeson
1998). Clinopyroxene is unzoned, lacks exsolution fea-
tures, and is both granular (cumulus) and interstitial,

sometimes in the same sample with no detectable major
element difference. Orthopyroxene is interstitial in oliv-
ine-bearing parts of the intrusions, but is cumulus in
evolved parts. Amphibole is present in most samples,
and in some thin-sections poikilitic amphibole is almost
the only interstitial mineral. In early-formed cumulates,
plagioclase and olivine reacted with the interstitial liquid
to form amphibole (Meurer and Claeson 2002). Acces-
sory pleonaste (green spinel), picotite, and chromian
magnetite are present in early cumulates. The inferred
order of crystallization is:

Spl + Pl + Ol - Pl + Ol + Cpx — Pl + Ol + Cpx + (Usp - Mag)ss + Opx
— Pl + Cpx + (Usp - Mag)ss + Opx — Pl + Cpx + (Usp - Mag) ss + Opx + Hbl
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The stages with ulvéspinel-magnetite solid solution are
not well constrained for the Eriksberg gabbro (see below).

Features specific to the Rymmen gabbro

The outer parts of the Rymmen gabbro are the most
primitive, followed by the central Fe-Ti oxide-rich
samples, and the most evolved samples are at the same
stratigraphic level as the central Fe-Ti oxide part but
closer to the lateral margins (Fig. 5). Hornblende gab-
bro-diorite occurs as coarse-grained to pegmatitic rocks
and is the most differentiated rock type found. Magne-
tite-ulvospinel occurs in evolved cumulates and ilmenite
is mostly found as exsolution lamellae in magnetite, and
rarely as discrete grains coexisting with magnetite in the
Fe-Ti oxide rocks.

Fig. 5 Distribution maps | 141000

Significant sidewall growth and lateral variations at
the sandwich horizon make height above the floor an
unreliable indicator of the evolution in the Rymmen
gabbro. Therefore, we show the evolution of the system
by ordering the samples based primarily on their posi-
tion in the intrusion. For samples from near the side-
walls or roof we also use the anorthite content of
plagioclase and molar MgO/(MgO + FeOrt) of mafic
silicates to construct an approximate stratigraphy
(Fig. 6).

Features specific to the Eriksberg gabbro
Distinctive features of the Eriksberg gabbro include rare

inclusions of clinopyroxene in olivine that have higher
Mg# (88) and more calcic composition (CaMgFe =48,

1 141000

showing An in plagioclase,

Fo in olivine, Mg# in
clinopyroxene, orthopyroxene,
and amphibole, and whole-rock
Meg#. The magnetic
susceptibility contours from
Fig. 3 are shown for
comparison
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Fig. 6 Stratigraphic relations for the Rymmen gabbro, the first
column shows the variation of the total mode ordered by the
evolution of plagioclase and Mg/Fe silicates (see text). O/ olivine,
Pla plagioclase, Pyx clino- and orthopyroxene, Amp amphibole, Op
opaque minerals, and Misc biotite, quartz, k-feldspar, and other
accessory minerals. The consecutive columns show variations in
mineral compositions, where the dot marks the average and the /ine
indicates the range. Samples 608 and 633, used for laser work, are
marked in the plagioclase column

Fig. 7 Stratigraphic relations for the Eriksberg gabbro, ordered by
the evolution of plagioclase and Mg/Fe silicates (see text and
Fig. 5). Samples 108 and 115, used for laser work, are marked in
the plagioclase column

46, 6) than other clinopyroxene. Gedrite, a Na-rich or-
thoamphibole typically restricted to metamorphic rocks,
is an igneous mineral in an early-formed troctolitic
cumulate (Claeson and Meurer 2002). Quartz and K-
feldspar occur at the margins where partial melts of the
surrounding granitoid have modified the liquid compo-
sition.

Extreme differentiates of the Eriksberg gabbro in-
clude diorite and leucotonalite dykes (Fig. 7). The
hornblende diorite contains evolved plagioclase (An
36-42), rare clinopyroxene, and small remnants of
cumulus orthopyroxene. The leucotonalite dykes con-
tain quartz, plagioclase (An 10-25), K-feldspar, and

Olivine Plagioclase Clinopyroxene Orthopyroxene Amphibole
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biotite as major minerals. Accessory minerals include
apatite, zircon, monazite, allanite, Th-silicate (thorite or
huttonite), and xenotime (Claeson 2002).

Mineral trace-element characteristics

Three primitive troctolites with interstitial clinopyrox-
ene, orthopyroxene, amphibole, and biotite were se-
lected for laser ablation ICPMS, two from the Rymmen
gabbro and one from the Eriksberg gabbro. Analyses of
plagioclase, clinopyroxene, orthopyroxene, amphibole,
and biotite were collected for a more complete charac-
terization of the intrusions and to use in comparison
with the models of fractional crystallization discussed
below. Analyses of clinopyroxene, amphibole, and bio-
tite were collected using a 100 um spot size and ortho-
pyroxene and plagioclase using a 200 pm spot size
(eTables 1, 2, 3, 4). For the cumulus minerals, we at-
tempted to analyze core compositions but the spot size
and potential complications of sampling a 3D object
from a random 2D section means that some analyses
may include evolved overgrowths. For the interstitial
minerals, we analyzed the centers of large areas of these
grains that are most likely to preserve the more primitive
parts of these crystals (Meurer and Claeson 2002). The
trace-element characteristics of the plagioclase and py-
roxenes have compositions similar to these minerals
crystallized from other basaltic liquids.

Plagioclase analyses from all samples show similar
features. All show a significant range in incompatible
element concentrations. For example, the La concen-
trations vary by a minimum of 6.5 times for sample 633
from the Rymmen gabbro to 10.5 times for sample 108
from the Eriksberg gabbro (eTable 1). We consider
these minimum variations since we attempted to only
analyze core compositions and so would suspect that
analyses of rims might have resulted in an even larger
observed variation. The incompatible element concen-
trations within each sample are correlated such that Y,
Zr, the REE, Ba, Pb, Th, and U all define positive trends
when plotted against one another. The coherent behav-
ior of trace elements with a variety of geochemical
characteristics strongly suggests that the variability re-
flects fractional crystallization and is not an artifact of
inclusions or alteration in the analyzed grains.

Clinopyroxene and orthopyroxene trace-element
compositions also show the compositional features
associated with fractional crystallization (eTables 2 and
3). In the pyroxenes the variations are smaller, on the
order of six times, than in plagioclase for most incom-
patible elements. Notable exceptions are Ba and Rb in
both pyroxenes, which show large variations not corre-
lated with other similarly incompatible elements (e.g.,
Th, U). Given the relatively mobile character of these
elements it is likely that the high concentrations reflect
small amounts of altered material included in the laser
analyses. However, other variability in the pyroxenes
clearly reflects the effects of fractional crystallization.

For example, orthopyroxene analysis 608—6 from the
Rymmen gabbro has high Zr but low concentrations of
REE and Sc, Ti, and V (eTable 3). These characteristics
are consistent with growth of the orthopyroxene after a
significant amount of amphibole crystallized and de-
pleted the liquid in the Sc, Ti, V, and the REE but not in
Zr (Meurer and Claeson 2002). Some of the orthopy-
roxene grains analyzed have particularly high concen-
trations of Co and especially Ni and likely formed by
reaction of olivine with the liquid (e.g., 633-1 and 108-
6). However, the majority of the orthopyroxene analyses
and all of the clinopyroxene analyses have very limited
ranges in their Co and Ni concentrations (eTables 2 and
3). The limited range in Co and Ni is consistent with the
high and mostly invariant Mg# of these pyroxenes and
suggests that the liquid composition was buffered by
reaction with olivine.

Amphibole trace-element concentrations are highly
variable both in regards to compatible elements (e.g., V,
Ti) and incompatible elements (eTable 4), consistent
with systematic changes during progressive crystalliza-
tion reported in a detailed study of an amphibole from
the Eriksberg gabbro (Meurer and Claeson 2002). For
example, primitive amphibole REE patterns are similar
in shape to those of clinopyroxene. With differentiation
they become progressively depleted in the middle REE
producing a flat negative slope and a slight positive
Eu anomaly. The most evolved amphibole patterns are
“W”-shaped owing to the strong depletion of the middle
REE except for Eu.

The Ti content in biotite is high in Eriksberg and low
in Rymmen (eTable 4). However, Claeson and Meurer
(2002) reported low Ti concentrations in biotite from
another primitive cumulate from the Eriksberg, sug-
gesting that the crystallization behavior of biotite is
similar to that of amphibole. That is, both show large
compositional variations in trace elements because they
grew from an evolving interstitial liquid. The coupling of
high Ti and low Zr in the biotite from the Rymmen, and
low Ti and high Zr in the biotite from the Eriksberg, is
similar to that seen in the detailed study of an amphibole
oikocryst from the Eriksberg (Meurer and Claeson
2002).

Whole-rock chemical analysis

Whole-rock samples from the Rymmen (Table 2) and
Eriksberg (Table 3) gabbros were analyzed by ICPMS
and ICPAES at Activation Laboratories LTD, Ontario,
Canada. Whole-rock analyses are of 5 to 6 kg samples
that were percussion crushed, split, and then powdered
in an agate swingmill. The international standard JB-1
was analyzed as an unknown and the observed and ex-
pected concentrations are given as a basis for assessing
data quality (Table 2). The Pb concentrations in many
of the samples are below the Act. Labs detection limit of
5 ppm. We therefore reanalyzed a primitive troctolite
from the Rymmen gabbro by ICP-MS (at Gdéteborg
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Table 3 Whole-rock major (wt%) and trace element (ppm) analy-
ses of the Eriksberg gabbro

Sample 96100 96114 96115 96117 96118 96121 96122
SiO, 41.13 4350 41.57 4541 7589 4534 54.04
TiO, 0.17 0.03 0.07 0.13 0.15 0.08 0.83
AlLO; 1225 26.67 18.01 1282 13.16 2830 17.36
Fe,O; 11.51 4.15 8.75 8.48 0.61 3.33 9.75
MnO 0.17 0.06 0.12 0.14 0.01 0.05 0.16
MgO 21.29  6.50 15.18 16.52  0.99 3.73 3.79
CaO 6.74 13.92 9.40 1293 2.3l 14.70  7.36
Na,O 098 1.46 1.17 0.90 4.23 1.48 3.69
K0 0.19 0.06 0.12 0.14 2.07 0.69 1.79
P,0s5 0.04  0.02 0.03 0.02 0.03 0.02 0.17
LOI 4.48 2.69 5.37 3.16 1.13 2.02 0.83
Sum 98.95 99.06 99.79 100.65 100.58 99.74 99.77
Mg# 78.6 75.6 71.5 79.4 76.3 68.9 435
Sc 13 3 7 43 3 7 24

\" 65 17 33 110 11 35 198
Co 105 34 83 73 2 20 26
Ni 318 69 175 189 n.d. 47 12
Pb 28 n.d. 10 n.d. 18 6 21
Rb 5.1 1.5 2.8 5.4 96 34 57
Cs 0.6 n.d. n.d. 0.4 1.2 1.6 1.4
Ba 57 33 49 31 254 82 486
Sr 270 554 360 299 307 602 388
Ta 0.07 0.04 0.04  0.03 4.13 0.16 0.56
Nb 1.3 0.7 0.8 0.7 14.7 1.3 9.1
Hf 0.5 0.4 0.3 0.4 2.7 0.4 3.2
Zr 14.6 10.2 8.1 9.2 193 12.6 144
Y 4.4 1 2.1 4.8 69.1 2.6 30.9
Th 0.26 0.1 0.28 0.22 45.8 1.01 4.87
U 0.12 0.05 0.11 0.09 9.74 0.17 2.1
La 1.97 1.05 1.89 1.52 55.1 2.19 259
Ce 4.68 2.01 3.69 3.54 116 4.38 53.8
Pr 0.61 0.23 0.42 0.49 12.10  0.51 6.08
Nd 3.03 1.03 1.87 2.54 44.4 2.22 26.23
Sm 0.84 0.18 044  0.73 9.39 0.5 5.7
Eu 0.30 0.21 0.22 0.28 0.39 0.31 1.36
Gd 0.78 0.19 0.39 0.84 7.85 0.42 5.08
Tb 0.13 0.03 0.05 0.14 1.5 0.07 0.87
Dy 0.72 0.15 0.32 0.84 10.29  0.36 5.25
Ho 0.16 0.03 0.08 0.17 2.24 0.08 1.09
Er 0.48 0.09 0.23 0.54 7.18 0.26 3.29
Tm 0.07 0.02 0.03 0.08 1.17 0.04 0.47
Yb 0.39 0.1 0.23 0.46 7.83 0.27 3.09
Lu 0.06 0.01 0.03 0.06 1.17 0.04 0.49

n.d. =not detected.

University) and determined a Pb concentration of
2.5 ppm, which agrees well with the concentration of Pb
in the minerals. As the sample has low concentrations of
other incompatible elements this value is considered a
minimum and is used in the calculations below for
samples with reported Pb <5 ppm (See Fig. 8).

All samples show U and large ion lithophile element
enrichments and Ti-Nb-Ta depletion relative to N-
MORB (Fig. 4). All profiles are nearly parallel, except
for those for the most evolved rocks, the pegmatitic
gabbro of Rymmen gabbro and the leucotonalite in
Eriksberg gabbro. The leucotonalite differs with higher
Th, U, and Ta and lower Ti, Eu, and P. Two Fe-Ti oxide
gabbros from the Rymmen gabbro with 9 and 17%
opaques have positive Ti anomalies but all others have
negative Ti anomalies, including a sample from the
Eriksberg gabbro with 3% opaques.
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Fig. 8 Spidergram of whole-rock samples. The Pb detection limit is
5 ppm, data points below that are question-marked. N-MORB

norm values from Sun and McDonough (1989). Note, only the top
two samples in the Rymmen gabbro are from pegmatitic gabbros

Constraints on intensive parameters
Temperature, pressure, and oxygen fugacity

Mineral pairs with different parageneses provide infor-
mation about magmatic and subsolidus mineral equili-
bration temperatures. The two-pyroxene
geothermometers of Wood and Banno (1973), Wells
(1977), and Powell (1978) give temperatures in the
Rymmen gabbro from 930 to 1,065 °C (Claeson 1998)
and in the Eriksberg gabbro from 920 to 1,005 °C. These
are interpreted as reflecting the lower temperature range
for crystallization. Primary amphibole-plagioclase geo-
thermometery (Holland and Blundy 1994) in the Rym-
men gabbro yields temperatures of 865+35 °C at 6 to
8 kbar (Claeson 1998), the gabbroic rocks of the Eri-
ksberg gabbro yield temperatures of 930+ 65 °C at 4 to
6 kbar (n=22), and in the Eriksberg diorite 741 £5 °C
at 4 to 6 kbar (n=23). The edenite-richterite thermometer
was applied in all cases except where plagioclase was too
calcic, X, above 90. Temperature estimates for
the formation of kelyphytic coronas in the Rymmen
gabbro are 800+30 °C at 6 to 8 kbar (Claeson 1998)
and in the Eriksberg gabbro, using the amphibole-pla-
gioclase geothermometer, yield 845+15°C at 4 to
6 kbar (n=18). The temperatures derived from the
primary amphibole-plagioclase mineral pairs either
reflect the lowest magmatic temperatures or highest
subsolidus temperatures. In contrast, the temperature



from the coronas clearly reflects subsolidus mineral
equilibration (Claeson 1998).

The kelyphytic coronas consist of enstatite = amphi-
bole and phlogopite, combined with an outer rim of
symplectic intergrowth of green spinel and amphibole,
and were used to deduce the emplacement depth of the
Rymmen gabbro at 6 to 8 kbar (Claeson 1998). Kely-
phytic coronas in the Eriksberg gabbro are neither as
well developed nor as abundant as in Rymmen, which is
an indication that the Eriksberg gabbro was emplaced at
a shallower depth of 4 to 6 kbar. The magmatic
amphibole geobarometers of Hammarstrom and Zen
(1986) and Johnson and Rutherford (1989) agree with
the pressure estimates based on the kelyphytic coronas
(Claeson 2001).

Magnetite with exsolved ilmenite in the Rymmen and
Eriksberg gabbros implies that most of the Fe-Ti oxide
was originally magnetite-ulvéspinel solid solution. The
almost total lack of primary ilmenite may be in part due
to a low Ti content in the parental magmas (e.g., Frost
et al. 1988; Vogel et al. 1999), but is primarily a conse-
quence of differentiation at relatively high fO, (e.g.,
Snyder et al. 1993). According to the experimental
results of Toplis and Carroll (1995) and Ariskin and
Barmina (1999) magnetite- ulvéspinel is the first oxide to
crystallize above the fayalite-magnetite-quartz (FMQ)
buffer, and comparing the oxide mineralogy of the
intrusions with the experimental data an estimate of
FMQ+1 or above is reached for both.

Constraints on initial magma compositions

The Mg#’s of the most magnesian mafic minerals of the
Rymmen or Eriksberg gabbros are not in equilibrium
with primary mantle melts. The equations of Roeder and
Emslie (1970) and Wood and Blundy (1997) show that
the Mg# of the equilibrium liquid for the most magne-
sian olivine or clinopyroxene is around 60 in both
intrusions. This is below the proposed lower limit (64)
for the Mg# of plagioclase-saturated liquids in equilib-
rium with the mantle (Longhi et al. 1999). The olivine
and clinopyroxene compositions reflect either fractional
crystallization of mantle derived liquids prior to
emplacement, postcumulus re-equilibration, or both
(e.g., Meurer and Boudreau 1998a, 1998b). The rela-
tively low contents of Cr and Ni favor an earlier frac-
tionation event.

With the notable exception of the interstitial amphi-
bole, the Rymmen and Eriksberg magmas produced
cumulates with assemblages typical of olivine tholeiites
(e.g., Ghiorso and Carmichael 1985, 1987; Bartels et al.
1991) and so the magmas that filled the chambers are
believed to have been hydrous, primitive tholeiites or
picrites. The lack of K-feldspar in any uncontaminated
rock of the Rymmen or Eriksberg gabbros, except for
the leucotonalite, suggests an initially low K,O magma
(cf. Kushiro 1979). The low Na,O in clinopyroxene, near
the detection limit of the SEM-EDS, suggests low
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magmatic Na,O (Lundstrom et al. 1998). Salitic high-Ca
clinopyroxene appears to result from a low silica activity
in the liquid and is possibly an attribute of high H,O
activity (e.g., Beard and Borgia 1989; Gaetani et al.
1993; Shi 1993). The anorthite-rich composition of pla-
gioclase in both intrusions, along with the presence of
high-Al spinels, suggests a liquid composition low in Na
and high in Al and H,O (e.g., Beard and Borgia 1989;
Sisson and Grove 1993a; Panjasawatwong et al. 1995;
Pearce et al. 1995; Kuritani 1998; Bindeman and Bailey
1999).

Several lines of evidence indicate that the Rymmen
and Eriksberg gabbros crystallized from a relatively
hydrous liquid and on the basis of the following obser-
vations, we estimate the liquids that filled the chambers
had between 1.5 and 3 wt.% H,O. The high anorthite
content in plagioclase, high wollastonite content in
clinopyroxene, and magmatic hornblende indicate a
hydrous magma (e.g., Gaetani et al. 1993; Sisson and
Grove 1993a), as does the crystallization of primary
orthopyroxene without any pigeonite (Cawthorn 1994).
Interstitial amphibole occurs throughout both intrusions
and is by far the most abundant interstitial mineral in
some of the most primitive gabbros (Figs. 6, 7). If H,O
is the limiting component needed to initiate amphibole
crystallization, this implies that the original H,O content
was less than but close to the ~2-3 wt% needed to
stabilize amphibole. Estimates of less than 2-3 wt%
H,O (e.g., Tatsumi and Eggins 1995; Morra et al. 1997)
are suggested for high-MgO arc basalts, whereas the
H,O content of hydrous high-alumina basalts is esti-
mated at 3-6 wt% (e.g., Beard and Lofgren 1992; Kin-
zler et al. 2000). The bulk compositions of the intrusions
suggest an initial liquid composition intermediate be-
tween these so we take 3 wt% H,O as an upper limit for
the initial water content.

Discussion
Interstitial amphibole and trace-element evolution

Most studies of fractional crystallization are based on
cumulates formed by crystallization of relatively dry
basaltic systems (e.g., the Bushveld and Stillwater com-
plexes). Both theoretical (Shirley 1986; Meurer and
Boudreau 1996), and observational (Meurer and Boud-
reau 1998a, 1998b) studies suggest that compaction of a
crystal mush formed at the floor of these intrusions can
result in near perfect fractional crystallization. Com-
paction has also been shown to be important in shallow
sills (Shirley 1987) and even in thick basaltic flows
(Philpotts et al. 1996). Comparison of the physical
parameters of the dry and wet basaltic systems would
seem to favor more efficient compaction with higher
water contents. Additional water decreases the viscosity
of the liquid and increases the density contrast between
the solid and liquid, both of which favor faster com-
paction. In addition, the deep-seated emplacement of the
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Rymmen and Eriksberg gabbros favors slow cooling,
which should allow compaction more time to operate.
However, textural and compositional analysis of
cumulates from throughout both the Rymmen and
Eriksberg gabbros indicate that significant postcumulus
crystallization took place. In particular we find that,
although not a cumulus mineral until late in the crys-
tallization of these intrusions, amphibole is found in
considerable amounts even in the most primitive
cumulates (Figs. 6, 7).

Calculating the trace-element evolution of liquids
from cumulate compositions

We evaluate the trace-element evolution of both intru-
sions and then compare these results to models of perfect
(i.e., complete removal of interstitial liquid) and imper-
fect fractional crystallization (resulting in interstitial
amphibole crystallization) to better understand the
importance of early amphibole crystallization. The
trace-element compositions of the parental and evolving
liquids in both intrusions are estimated using a bulk-
rock inversion. This model assumes that minerals
interstitial to the cumulus grains precipitated from an
equilibrium liquid and is based on the approach of
Bédard (1994). The bulk distribution coefficient (D) of
an element (i) is used to calculate the concentration of
that element in the equilibrium liquid. The bulk D for
element #, in minerals and liquid (j), is calculated
according to Eq. (1), where « is the modal proportion
and Kd is the Nernst distribution coefficient.

zn: #Kd/ = pBulk
=1

(1)

Kd-values used in the calculations are tabulated in
Table 4. The crystallized liquid phase (CL) is assigned
Kd=1 (cf. Bédard 1994) and one minus the modal
amount of cumulus minerals gives the modal proportion
of CL. An example is given for Cs in an olivine gabbro
in Eq. (2).

DBYIK — oo K2l 4 o KA 4 oKl + o KA
(2)

Equation (3) is used to estimate the concentration of the
element in the coexisting liquid by dividing the whole-
rock concentration (WR') by the bulk D.

IR
[Lig]' = m (3)
The critical assumptions in this model are that the
interstitial minerals crystallized from a liquid initially in
equilibrium with the cumulus minerals, and that the
solid phases that grew from the interstitial liquid can be
distinguished. This distinction is straightforward for
minerals that are clearly not cumulus, such as accessory

Table 4 Kd values used in calculations

ol pla cpx opx amp  mag
Cs 0.00015 0.015 0.001 0.00015  0.05  0.001
Rb 0.0002 0.015 0.001 0.0002 0.11 0.001
Ba 0.0003 0.4586  0.001 0.0005 0.43  0.001
Th 0.0003 0.05 0.0021  0.0007 0.41 0.02
U 0.0003 0.05 0.0028  0.0009 0.5 0.02
Nb  0.001 0.03 0.008 0.0013 0.76  0.04
Ta 0.001 0.03 0.013 0.0025 0.76  0.04
K 0.0002 0.097 0.001 0.0002 0.22  0.001
La 0.0003 0.124 0.0536  0.0008 0.2 0.015
Ce 0.0003 0.117 0.0858  0.0016 043  0.016
Pb 0.0003 0.13 0.0102  0.0121 0.2 0.0217
Pr 0.0003 0.105 0.124 0.0032 0.65 0.018
Sr 0.00036 1.83 0.1283  0.0012 049  0.022
P 0.0002 0.075 0.13 0.003 0.25 0.024
Nd  0.0002 0.068 0.1873  0.0056 1.23  0.026
Sm  0.00018 0.058 0.291 0.015 2.03  0.024
Zr 0.001 0.04 0.26 0.032 0.83  0.12
Hf 0.0029 0.04 0.33 0.06 0.83 097
Eu 0.0002 0.22 0.3288  0.03 1.73  0.025
Ti 0.002 0.043 0.34 0.086 3 20
Gd  0.00025 0.035 0.367 0.034 2.51 0.018
Tb 0.000475  0.031 0.404 0.054 2.7 0.019
Dy 0.0007 0.026 0.38 0.077 3.01 0.018
Y 0.001 0.026 0.412 0.095 2.58 0.018
Ho 0.00122 0.018 0.4145 0.1 2.9 0.018
Er 0.00174 0.0145  0.387 0.12 2.9 0.018
Tm  0.00348 0.012 0.4085 0.16 293  0.018
Yb 0.00522 0.0097  0.43 0.22 296 0.018
Lu 0.00852 0.008 0.433 0.22 2.59  0.018

Sources: Beattie 1993; Bédard 1994, 2001; Blundy 1997; Blundy
and Shimizu 1991; Canil and Fedortchouk 2001; Chazot et al.
1996; Dunn 1987; Dunn and Sen 1994; Kennedy et al. 1993; Kohn
and Schofield 1994; Meurer and Claeson 2002; Nielsen et al. 1992;
Philpotts and Schnetzler 1970; Rollinson 1993; Watson et al. 1987

phases (e.g., apatite, zircon, sphene, etc.) in primitive
cumulates. The incompatible element contribution of
these minerals to the bulk rock composition is implicitly
accounted for in the liquid component used in the cal-
culation. Distinguishing other postcumulus growth is
simplified by the oikocrystic habit of the pyroxenes and
amphibole and by the fact that continued growth of
plagioclase and olivine is halted when these minerals
react with the liquid to form amphibole.

The quality of the bulk-rock inversions can be eval-
uated by comparing the calculated composition of
minerals in equilibrium with the liquids and the ob-
served mineral compositions in the rocks. Average laser
ICPMS data from the cores of the minerals from two
samples from each intrusion were used for the compar-
ison. For most elements, the observed trace-element
concentrations define a parallel trend that is displaced to
slightly higher values than the calculated concentrations
(Fig. 9). This is consistent with some re-equilibration of
the mineral cores with evolved overgrowths on the rims
and/or analyses that include rim material (we did not
filter the data prior to averaging) and points out a po-
tential pitfall to simply inverting the mineral composi-
tions. The only trace elements that fall significantly off
the trend are Th and U in clinopyroxene (observed
> calculated) and Zr in plagioclase (observed <calcu-
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Fig. 9 Comparison of calculated (ppm) calculated (ppm)
calculated compositions of 102 1 102 10* 10 102 1 10 104
minerals in equilibrium with -
the bulk-rock inversion liquids Rymmen 4 Eriksberg N 104
and the observed mineral N 10
compositions in the rocks.
Samples 608 (filled) and 633 . / s 102 o
(unfilled) (Rymmen) and 96108 + 10 g
(filled) and 96115 (unfilled) < 5
(Eriksberg). See text for 3 | &
discussion - &‘y’j{ | . <)
a . : b epla - or e b B
WA ram R | 2
a pX 2 ° * opla
. opla 410 o amp 1
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lated). The Kd’s for Th and U in clinopyroxene used in
these calculations are very low (0.001), and if correct,
then a combination of kinetic effects and inclusion of
evolved material in the analyses might explain the dis-
crepancy. In three of four samples the Zr concentration
in the plagioclase is much lower than expected suggest-
ing that the Kd used for Zr in plagioclase is too high.
Overall, the co-linear comparison suggests the bulk-rock
inversion technique approximates the equilibrium liquid
compositions.

Estimates of the percentage of the intrusion crystal-
lized for each of the calculated liquid compositions were
made so that the evolution of the systems can be eval-
uated. The percentage crystallized for the Rymmen
gabbro was estimated based on the distribution of rocks
in the intrusion. Limited outcrops make similar esti-
mates for the Eriksberg gabbro difficult so we used a
combination of sample distribution and composition,
and analogy with the estimates for the Rymmen gabbro.
Calculated liquids from rocks formed with less than

Fig. 10 N-MORB normalized 104
spidergrams showing (a) . 0-40% 40-70% _y _70-85% _y 85-90% 90-95% _, 90-95% _>95% _>95%
trace-element inversions with 4+ (Usp (2nd) (3rd) (596) (047/007) (084/011) (082) (626)
estimates of fraction
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Fig. 11 N-MORB normalized 10%
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90% crystallized are tightly grouped for the Rymmen
gabbro but show a slight range in the Eriksberg gabbro
(Figs. 10, 11). The spread in the Eriksberg gabbro may
reflect the plotting of individual samples. By averaging
three to four inversions of similar rocks from Rymmen
gabbro the uncertainty associated with analytical error
and estimates of the percent crystallized liquid of the
inverted liquid composition is reduced (Bédard 1994). In
the Rymmen gabbro, maximum enrichments in the
heavy REE are found in the magnetite-bearing rocks
with 90 to 95% crystallized while the more incompatible
elements are most enriched in samples with >95%
crystallized. In the Eriksberg gabbro comparison of a
sample with >95% crystallized with a leucotonalite
dike, which is taken as a liquid composition, shows them
to be very similar with some notable exceptions. Strong
depletions in P and Ti in the leucotonalite suggest that
both Fe-Ti oxides and apatite were fractionated near the
end stages of crystallization (Fig. 11).

Modeled liquid compositions for the Rymmen and
Eriksberg gabbros, normalized to normal mid-ocean
ridge basalt, show that the parental liquids were en-
riched in the highly incompatible large-ion lithophile
elements but depleted in the moderately incompatible

elements, especially the heavy REE (Figs. 10, 11). The
patterns from the most primitive troctolites show dis-
tinct negative anomalies for Nb, Ta, P, and Ti, minor
negative anomalies for Zr and Hf, and positive anoma-
lies for Pb and Sr. The large overall negative slope of the
patterns and the anomalies are all consistent with an arc
setting for these intrusions (e.g., Tatsumi and Eggins
1995).

Modeling perfect and imperfect fractional crystallization

We modeled the evolution of both intrusions assuming
perfect fractional crystallization and imperfect frac-
tionation that includes 10% interstitial amphibole
(Figs. 10, 11). The models are based on the following
assumptions: (1) After initial infilling, replenishment of
the chamber was minimal. This is consistent with the
low concentrations of compatible elements in the
progressively more evolved rocks suggesting no
significant additions of magma occurred. (2) The
fraction of the system crystallized can be reasonably
estimated from sample locations and compositions as
discussed above. (3) The crystallization sequence in the



Eriksberg gabbro is the same as that in the Rymmen
gabbro.

Since we can directly observe the fractionating
assemblage, the uncertainty involved in using a recon-
structed major element composition of the parental li-
quid, and modeling the fractionation process in terms of
major elements to get the mineral proportions, is not
required. Rather, the model is based on estimates of the
percent crystallized of each type of cumulate in the
Rymmen gabbro. Initially this means that olivine and
plagioclase are fractionated but as the system evolves
clinopyroxene, orthopyroxene, and eventually Fe-Ti
oxides and amphibole are included in the cumulus
assemblage.

For the imperfect fractional crystallization model we
use amphibole as the interstitial phase because it forms
as a reaction of the liquid with plagioclase and olivine
(Meurer and Claeson 2002) and can be found in even the
earliest cumulates. The amphibole is interpreted to have
crystallized from interstitial liquid initially in equilib-
rium with the cumulus assemblage. This crystallization
takes place during compaction of the crystal pile and the
remainder of the liquid is returned to the supernatant
liquid (Meurer and Claeson 2002). This complex process
is simplified in the imperfect fractional crystallization
model by simply treating amphibole as though it was a

Table 5 Model parameters used in the trace-element fractionation
model
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301

cumulus mineral. The trace-element evolution is then
calculated using the same Kd’s used in the bulk-rock
inversions (Table 4) and other model parameters as
summarized in Table 5. We have not included the effects
of accessory minerals such as apatite and zircon in these
calculations because both the bulk rock P,Os and Zr
concentrations and a detailed SEM study of the primi-
tive cumulates reveals that apatite is scarce and zircon
absent (work in progress).

Contrasting the perfect and imperfect fractional
crystallization models shows that the effect of interstitial
amphibole crystallization is most pronounced in the less
incompatible elements, especially the heavy REE
(Figs. 10, 11). Comparison of the modeled liquid com-
positions with those of the Rymmen gabbro reveals that
even for cumulates thought to represent small fractions
of liquid remaining, the trace-element compositions are
not nearly as enriched as predicted even by the imperfect
crystallization model. The composition of a leucotona-
lite dike from the Eriksberg gabbro, taken as a liquid,
matches the most evolved liquid compositions modeled
by imperfect fractional crystallization (Fig. 11). Analysis
of liquid compositions from arc settings (Christe and
Hannah 1990; Barnes et al. 1990) interpreted to have
crystallized from hydrous basaltic liquids reveals that
they show trace-clement variations similar to those
produced by the imperfect fractional crystallization
model (Fig. 12).

Conclusions

Crystallized (%) ol pla cpx opx amp mag
25.0 55 45 .. . .
50.0 35 65 Characterization of layered gabbroic intrusions crystal-
75.0 15 65 20 lized from hydrous basaltic liquids reveals fundamental
87.5 1055 35 differences to layered intrusions crystallized from rela-
ggg 10 4512 %g }8 15 5 tively dry basaltic liquids. In primitive gabbroic cumu-
98 4 45 5 10 15 5 lates fqrmed in dryer intrusions such as the Bushveld
99.2 45 25 10 20 and Stillwater complexes, the bulk of whatever crystal-
Imperfect fra%tioﬂal crystallization lized interstitial liquid is present occurs as evolved
gg%ﬁa“‘zed (%) ?5 g(l)a cpx - opx ?{fp mag  oyergrowths on the cumulus minerals and very little is
50.0 30 60 10 foqnd as new minerals such as amphibole, apatite, or
75.0 10 60 20 10 oxides. In contrast, the high water content of the
87.5 10 50 30 10 Rymmen and Eriksberg gabbros helped to stabilize
93.8 5 30 25 10 10 amphibole early during the cooling of the crystal mush
96.9 40 20 10 25 5 . . . L .
98 4 40 20 10 35 5 at the floor of the intrusions. The reaction of liquid with
992 40 20 10 30 plagioclase and olivine (Meurer and Claeson 2002) al-
lowed a significant amount of amphibole to crystallize
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over a small temperature range. Thus compaction, dif-
fusion, and/or other postcumulus processes that can
reduce the fraction of interstitial liquid in dryer intru-
sions, did not operate efficiently. The incorporation of a
large proportion of amphibole strongly modified the
bulk D of the interstitial assemblage. The return of li-
quid from the crystal pile after amphibole saturation is
reflected in the relative depletions of elements more
compatible in amphibole (e.g., the middle REE, Ti, V,
etc.) while elements that are very incompatible in
amphibole are enriched. The result of these relative
depletions and enrichments is to steepen the MORB
normalized trace-element patterns with progressive
fractionation.

Recent arc-cumulates are studied by the mineral
assemblages and compositions of ejected plutonic blocks
from arc volcanic associations (e.g., Arculus and Wills
1980; Conrad and Kay 1984; Beard and Borgia 1989;
Pearce et al. 1995; Morra et al. 1997, Warner and
Wasilewski 1997). The lack of stratigraphic control on
these samples makes it problematic to understand how
the separation of liquid from crystals and the crystalli-
zation of interstitial liquid contribute to the evolution of
these liquids. The growth of amphibole as an interstitial
phase may be responsible for both its apparent involve-
ment in the fractionation of basaltic liquids in arc set-
tings, and the paucity of amphibole phenocrysts in the
erupted basaltic liquids (e.g., Bédard et al. 1987; Romick
et al. 1992; Kay and Kay 1985). For example, consider a
volcano tapping either the Rymmen or Eriksberg magma
chambers after 20% crystallization and the return of
some evolved liquid from the crystal pile. The lava gen-
erated would be basaltic (based on the fractionating
assemblage), would not be saturated in amphibole, but
would have some trace-element characteristics of
amphibole fractionation because of the returned liquid
from the crystal pile. Short of dismembering the cumulus
pile, the interstitial amphibole will not be found in the
erupted basaltic liquids because it is not a liquidus phase
in the magma chamber. Thus, although amphibole is
unavailable for inclusion as a phenocryst it still imparts a
chemical signature to the lava compositions. The concept
and mechanism of imperfect fractional crystallization
developed here has many similarities with the in situ
fractionation model proposed by Langmuir (1989) and
has general importance for the study of volcanic
rocks and the reliance on phenocryst assemblages to
infer how fractionation might have modified liquid
compositions.
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